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Abstract

During public transport disruptionghe performance othe public transporhetwork is

degraded due to unexpectexkens, resulting in delays and inconvenierfoe passenget

Therefore, e infrastructure managers and operating compajasally generate a new

public transport timetablecalled disposition timetable o0 r educe passenge
thereby limitinga negati ve 1 mpact on passeng®mwrsoé ac
generate the new timetableiffdrent rescheduling strategiese consideredsuch as

retiming, reroutingpartial or full cancellation of servicepossibly needing to take into
accauntthe feasibility ofrolling stock circulation.

In this context,disseminahg information about the running servicés critical. This

information is not only the bridge for infrastructure managers and operating companies to
provide an updatetimetabke to passengers, but also the link for them to understand
passengersd behaviours in case of disrupti
rolling stock more efficiently to offer passengers better quality servidesever, the
disseminated informatn in reality could be incomplete dnaccuratethat is,not all the
passengers immediately receive all the information about the disposition timetable. This
incompletaess ofinformation couldeopardisehe efforts of infrastructure managers and
operaing companies tonprovep as senger s sati sfacti on.

In this dissertationwe study the effects of informatioprovisionto passengers in public

transport disruptions, taking into account information availability, quality, passenger
heterogeneity, passengbehavious, disposition timetables and muftiodal transport

network. The main contribution of this dissertatioa threefold. First, we propose

rigorous mathematicaklationsto formalisethe effects of information availability to
passengersn public transport disruptios) including user equilibrium and nen
equilibrium solutions.These relations allow simulating and analyspn@ s senger s ¢
behavioursin a multrmodal networkusing an agenbased micresimulation model

(MATSIim). Secondwe combinein an innovative manner MATSIim witdin optimisation

mo d e | to expl ore powadsdfiergnt dispdsitios tntetatdes andt i o n
information strategiesThe resultsfrom this integrated model can Beelpful for
infrastructure managers and opargtcompanies to offer better services to passengers in

public transport disruptions. Thirdye propose a novel muitayer timeeventgraph

methodto quantifyandidentify the effecs of incompleteinformationt o passenger
delays and route feasibility



Part Isummariseshie information availability irpublic transport disruptions n  a - fiwh o
whenwherew h a t 0 -dinfermsiorral framework. Based on the proposed rigorous
mathematical descriptionsef the effects ofinformation availability to passengers

including user equilibrium and neequilibrium solutionswe applyMATSim to the city

of Zurich, Switzerlandio assesthe benefit of activitypased simulation in a multhodal

network. We use an existing d&yday replanning method, arfdrther extendit by a

within-day repl anning approach, to study agent s
transport disruption in one single iteration. The disruption is assum#tk asil track

blockages betweentwo major stationsZirich HB and Zurich OerlikonWe simulate

three scenarios based on different informatiawvailability and compared with a
benchmar k of agent sdé bStdisioresolts aressanalysetd forcalht di s
the agents wha@arei nvol ved in the defined distruption.
routes and transport modes shows their adaptations to the corresponding information
availability. Our analysis omlelays anather statisticseveal that informatiomvailability
significantlyinfluencessgent s6 satisfaction in public tra

Part Il applies a mixed integer programming (MIP) model to generate different
disposition timetablegollowing a disruption with the objective tominimise the total
delay of passengers. The timetab&saheduling includes the strategiek retiming,
reordering, rerouting, cancellation of train servicébe rolling stock circulation is
checked to ensure the feasibility of the disposition timetable.solve this MIP model
using a commercial solveWe then applyMATSim to simulate the activilp ased agent s o
behaviarrs with different disposition timetablesnd information strategie a multk
modal networkand analge a g e nt s dother edrfarnance mdicdtofsr the city

of Zurich.We find that he earlier the information of disposition timetable is disseminated
to passengers, the larger the improvements of satisfaction they catugagdisruption.

We also find that, @ampared to a straightforward full cancellation of train services,
computinga precise feasible rolling stodkrculation thatis able to handle partial train
cancellations can significantly benefit the passengérs particular the delay of
passengersvhose planned services are disruptiedreases substantiglhwhereas other
pasengers that are not directly affected by the disruption may expengnoe delays.

At system levelthe realisticoperationstrategy can considerably redube impact othe
disruption, with a utility impact of the disruption reduced to a fifth oigteadof the
original negative impact.

Part 1l studies the effects of incomplete information to passengers and psapose

novel multilayer timeeventg r a p h met hod to describe het e
thinking about disposition timable under different types of incomplete information

Specifically, the information we consider varies basedtwone and location that

passengers receias well ascontent Moreover,we consider differenp as senger s 06
beliefs on delay propagation (i.e. impaagdisposition timetable)Jsing ourgraph

based route choicanodel, we are able tadescribepassenger so behay



incorporatingthe impacts of incomplete information (perfect orronte) and their
belief (schedulestubborn or delagxtended).We then &amine thefeasibility of
passenger so rout es and passenge rate del a

i nformation causes more | nfeawcompdresltor out e
the perfect i nformati on. T h-eouteeirifdrneation s o f
are negligible but are large in case pkrfect informationschedulestubborn belief
causes | ess passengerso6 del atgerwwa delay a s h

extended beliefvorks better

To sum upthis dissertation provideinsights onhow the information(e.g. availability,
completenesspffectsp a s s e n g e r s @uring gublic granaport disouptions. We
guantify the value of early information and richer information to the satisfactelays

of specific passenger gips. The results can be usefulitdrastructure managers and
operating companie® understand and evaluate the effects of different information and
rescheduling strategies durinmublic transport disruptionsThis dissertation can be
beneficial for passwers, infrastructure managers, operating companies and the public
transport industry.






Zusammenfassung

Wahrend Stdrungen von offentlichen Verkehrssystemen ist die Leistung des offentlichen
Verkehrsnetzwerkes infolge von unerwarteten Ereignissen reduziert. Diese Reduzierung
fuhrt zu Unannehmlichkeiten und Verspatungen fir die Passagiere. Daher erstellen die
Infrastrukturmanager und Betriebsgesellschaften typischerweise einen
Dispositionsfahrplan um die Verspéatung der Passagiere zu minimieren. Dadurch wird der
negative Einfluss der Storungen auf die Aktivitaten der Passagiere limitidrdie
Zufriedenheit dnoht. Um einen neuen Fahrplan zu erstellen, wendenschiedenen
Neuplanungsstrategien in Betracht gezogen. Diese Strategien beinhalten eine
Neubeurteilung der Route, der Abfahrtszeiten, sowie den partiellen oder vollstandigen
Ausfall der Linien. Diese Sategien miussen moglicherweise die Rollmaterialzirkulation
bertcksichtigen.

In diesem Kontext ist es zentral, Informationen Uber die verkehrenden Linien zu verteilen.
Diese Information stellt nicht nur die Bricke von Infrastrukturmanager und
Betriebsgesellschaften zu den Passagieren dar. Sie wird auch verwendet um das Verhalten
der Passagier im Storungsfall zu verstehen. Somit kénnen die Fahrplane und
Rollmaterialzuweisung effizient geplant werden und die Qualitat fir die Passagiere erhoht
werden. Die verteilten Informationen kénnen aber in der Realitat inkomplett und ungenau
sein,so dass nicht alle Passagiere die Informationen beziglich des Dispositionszeitplanes
nicht in Echtzeit erhalten. Diese Unvollstandigkeit der Information kdnnte die
Anstrengungen  der Infrastrukturmanager und  Betriebsgesellschaften, die
Fahrgastzufriedenhezu erhéhen, gefahrden.

In dieser Dissertation betrachten wir die Effekte von dem zur Verfigung stellen von
Informationen im Zuge von Storungen von Offentlichen Verkehrssystemen, unter
Beriicksichtigung von der Verflugbarkeit und Qualitdt von Informatipnen
Passagierheterogenitat, Passagierverhalten, Dispositionsfahrplan und multimodale
Transportnetzwerken. Diese Dissertationen macht drei Hauptbeitrage an die
Wissenschaft. Erstens, stellen wir rigorose mathematische Formulierungen auf, um den
Effekt der Vefligbarkeit von Informationen fir Passagiere wéhrend Stérungen der
offentlichen Verkehrssysteme zu formalisieren. Diese Formulierungen beinhalten
Losungen fur den Fall von Nutzergleichgewicht und Nutzerungleichgewicht. Diese
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Formulierungen erlauben die Siation und Analyse von Passagierverhalten in
multimodalen Netzwerken unter Verwendung einer Adesierten Simulationssoftware
(MATSIim). Zweitens, kombinieren wir auf eine innovative Art MATSIim mit einem
Optimierungsmodell um die Passagierzufriedenheit Bezug auf verschiedenen
Dispositionsfahrplane und Informationsstrategien zu erforschen. Die Resultate der
Verwendung dieses integralen Models koénnen fur Infrastrukturmanager und
Betriebsgesellschaften nitzlich sein, um einen besseren Service fur Rass&itiend
einer Stérung zu bieten. Drittens, zeigen wie eine neuartige, mehrlagigéré&igiis
GraphMethodik auf, um die Effekte von unvollstdndigen Informationen bezuglich
Passagierverspatung und Machbarkeit von Verbindungen zu identifizieren und
quariifizieren.

Der erste Teil der Arbeit fasst die Informationsverfigbarkeit wahrend Stérungen von
°ffentlichen Verkehrssystemen ;wannwowasionem
Framework, zusammen. Basierend auf der vorgeschlagenen rigorosen mathematischen
Besdireibung der Effekte der Informationsverfligbarkeit, welches Ldsungen fur das
Nutzergleichgewicht und Nutzerungleichgewicht beinhalten, werden wir MATSim auf die
Stadt Zdrich, Schweiz, an. Somit kdnnen wir die Vorteile einer auf Aktivitaten
basierenden Sintation in einem multimodalen Netzwerk beurteilen. Wir verwenden eine
bereits existierende Neuplanungsmethode mit dem Planungshorizont von einem Tag.
Zusatzlich erweitern wir die Methode, um Neuplanungen wéahrend eines Tage zu
ermdglichen. So kénnen die Reatvahlen der Agenten wahrend einer Stdérung des
offentlichen Verkehrssystems in einer einzigen lteration untersucht werden. Es wird eine
Stoérung in Form einer Blockierung der Eisenbahnverbindung zwischen Zirich HB und
Zurich Oerlikon angenommen. Wir simuiem drei Szenarien mit verschieden
Verfugbarkeiten von Informationen und vergleichen die Resultate mit den Verhalten der
Agenten bei einem normalen Betrifi®etriebohne einer StérungDie Resultate werden

fur alle Agenten, die von der definierten Storuregihrt werden, ausgewertet. Die neue
Wahl der Agenten in Bezug auf Route und Verkehrsart zeigt ihre Adaption an die
verfugbaren Informationen an. Unsere Analyse der Verspatungen und anderen
Kennwerten zeigt, dass die Verfugbarkeit von Informationen di&iefienheit der
Agenten wahrend einer Stérung signifikant beeinflusst.

Im zweiten Teil der Arbeit generieren wir verschiedene Dispositionsfahrplane als
Reaktion auf eine Stdérung mittels eines gemig@mnzzahligen Programmierung (MIP)
Modelles. Das Zieldieses Modelles ist die Minimierung der totalen Verspatung der
Passagiere. Die Neuplanung des Fahrplanes beinhaltet eine Neubeurteilung der Routen,
der Abfahrtszeiten, sowie den partiellen oder vollstdndigen Ausfall von Linien. Die
Rollmaterialverwendung id Uberpruft um die Machbarkeit des Dispositionsfahrplanes

zu garantieren. Wir l6sen das MIP Modell mittels eine kommerziell verfiigbaren Solvers.
Danach wenden wir MATSim an, um das Verhalten der Agenten mit verschiedenen
Dispositionsfahrplanen und Infoationsstrategien in einem multimodalen Netzwerk zu
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simulieren. Im Anschluss analysieren wir die Verspatung der Agenten sowohl auch die
weiteren Kennwerte fir die Stadt Zurich. Wir zeigen auf, dass je friher die Information
bezlglich des Dispositionsfahrpk verfiigbar ist, desto grésser ist die Erhéhung der
Zufriedenheit der Passagiere. Zusatzlich zeigen wir, dass, im Verglich zm eine
kompletten Ausfall aller Fahrten, bei einer genauen Berechnung der machbaren
Rollmaterialszirkulationen Lésungen gefundenerden konnen, welche einen
signifikanten Mehrwert fur die Passagiere darstellen. Insbesondere die Verspatung von
Passagieren, deren geplante Fahrten von der Stérung betroffen sind, nehmen erheblich ab,
wahrend andere Passagiere, die nicht direkt von deur®j betroffen sind, geringfligige
Verspatungen haben kdnnen. Auf Systemebene kann die realifsitlebsstrategidie
Auswirkungen der Stérung erheblich reduzieren, wobei die negativen Auswirkungen der
Storung auf ein Funftel der urspringlichen Auswirgen reduziert werden kann.

Der dritte Teil untersucht die Auswirkungen von unvollstéandigen Informationen auf
Passagiere und schlagt eine neuartige mehrlagige Methode vor, welche auf dem Zeit
EreignisGraph  basiert. So kann das heterogene Interpretieredds
Dispositionsfahrplanes der Passagiere unter verschiedenen Variationen von
unvollstandiger Informationen beschrieben werden. Insbesondere variieren die
Informationen, die die Passagiere erhalten nach Zeit und Ort. Darlber hinaus
bertcksichtigen wir untschiedliche Ansichten der Passagiere zur
Verspatungsausbreitung (d. H. die Auswirkungen des Dispositionsfahrplans). Mithilfe
unseres grafischen Routenwahlmodells kdnnen wir das Verhalten der Passagiere unter
Bertcksichtigung der Auswirkungen unvollstaratiginformationen (perfekt oder im
Verlauf der Route) und ihrer Uberzeugung (am urspriinglichen Fahrplan orientierend oder
an der Verspatung orientierend) beschreiben. Anschliessend prufen wir die Machbarkeit
der Routen der Passagiere und die zugehorigespiiemgen. Die Ergebnisse zeigen,
dass die Informationen auf der Route im Vergleich zu den perfekten Informationen mehr
undurchfiihrbare Routen und gréssere Verspatungen verursachen. Die Auswirkungen der
Interpretation der Passagiere der Informationen aufRbute sind vernachlassigbar. Bei
perfekten Informationen sind sie jedoch gross: Orientieren sich Passagiere am
ursprunglichen Fahrplan und wird kurzfristig informiert, treten weniger Verspatungen auf,
andernfalls ist es besser, wenn sich die Passaaieder Verspatung orientieren.

Zusammenfassend bietet diese Dissertation Einblicke, wie sich Informationen (z.B.
Verfuigbarkeit, Vollstandigkeit) auf die Zufriedenheit der Fahrgaste bei Stérungen des
offentlichen Verkehrs auswirken. Die Ergebnisse konnenlrifrastrukturmanager und
Betriebsgesellschaften nuitzlich sein, um die Auswirkungen von verschiedenen
Informations und Neuplanungsstrategien bei Stérungen des o6ffentlichen Verkehrs zu
verstehen und zu bewerten.
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Riassunto

Le prestazioni di una rete di trasporti possono essere ridotte considerevolmente a causa di
eventi imprevisti, con conseguenti ritardi e disagi per i passeggeri. Quando cio accade, i
gestori dell'infrastruttura e lesieta operative solitamente producono un nuovo orario dei
trasporti, chiamato Aorario dispositivoo,

| 6i mpatto negativo sulle | oro attivit”™ e s
trasporti. Per produrre il nuovo orario, vengono prese in considerazione diverse strategie

di rischedulazione dei mezzi, quali variazioni degli orari di arrivo e/o partenza alle
stazioni, variazioni del percorso, annullamento parziale o totale dei servirigdteoento

nel caso della rete ferroviaria dei vincoli necessari affinché i veicoli ferroviari possano
circolare correttamente.

In questo contesto, divulgare le informazioni relative ai servizi in corso e fondamentale.
Queste informazioni non costituiscosolo il mezzo per i gestori dell'infrastruttura e le
societa operative per fornire un orario aggiornato ai passeggeri, ma anche uno strumento
per comprendere i comportamenti dei passeggeri in caso di interruzioni o riduzioni dei
trasporti pubblici, in mod da poter riprogrammare gli orari ed i veicoli in modo piu
efficiente ed offrire un servizio migliore in caso di interruzioni future. Tuttavia, le
informazioni diffuse potrebbero essere incomplete o imprecise: non tutti i passeggeri
potrebbero ricevere imediatamente tutte le informazioni sul nuovo orario. Questa
incompletezza ed imprecisione delle informazioni potrebbe compromettere gli sforzi dei
gestori dell'infrastruttura e delle societa operative per migliorare la soddisfazione dei
passeggeri.

In quesa tesi vengono studiati gli effetti della divulgazione di informazioni ai passeggeri
durante interruzioni o riduzioni dei trasporti pubblici, tenendo conto della disponibilita e
tempistica delle informazioni, della loro qualita, dell'eterogeneita deieggss, dei
comportament.i dei passeggeri, del | dorari c
multimodale. | contributi principali di questa tesi sono i seguenti. In primo luogo,
vengono proposte relazioni matematiche rigorose per formalizzare gli effditi de
disponibilita di informazioni ai passeggeri in caso di interruzioni o riduzioni dei trasporti
pubblici, includendo soluzioni di equilibrio e non equilibrio per i passeggeri. Queste
relazioni hanno permesso di simulare e analizzare i comportamenas$giggeri in una

rete multimodale utilizzando un modello di migod mul azi one basato
(MATSIm). In secondo luogo, vengono integrati in modo innovativo MATSIim ed un
modello di ottimizzazione, con lo scopo di studiare la soddisfazione dei passegjge

confronti di diversi orari dispositivi e strategie di informazione. | risultati di questo
modello integrato possono essere utili per i gestori dell'infrastruttura e le societa operative

per offrire servizi migliori ai passeggeri in caso interruzionriduzioni dei trasporti

pubblici. In terzo luogo, nella tesi viene proposto un nuovo metodo basato su un

di agramma ad event.i temporali a pi ¥ livell
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undéi nformazione 1 ncompl eggaie sulla possibiita di esars u i rit
percorsi differenti.

La parte | della tesi € rivolta a sintetizzare la disponibilita di informazioni durante le
interruzioni o riduzioni dei trasporti pubblici in uno schema quadridimensionale “chi
guandedovecosa”.Sulla base delle relazioni matematiche introdotte per descrivere gli
effetti della disponibilita di informazioni sui passeggeri, incluse soluzioni di equilibrio e
non equilibrio, abbiamo applicato MATSim alla citta di Zurigo (Svizzera) per valutare |
vantaygi della simulazione delle loro attivita in una rete multimodale. Abbiamo utilizzato
sia un metodo esistente di ripianificazione giornaliera, sia una nuova estensione di questo
metodo dove la ripianificazione avviene piu volte al giorno. Questa estemqsanette

infatti di studiare in un'unica iterazione le scelte di percorso degli agenti che reagiscono
ad un'interruzione dei trasporti. Nello specifico, l'interruzione considerata € il blocco della
linea ferroviaria tra due stazioni principali di ZurigBtdzione Centrale ed Oerlikon).
Abbiamo simulato tre scenari in base alla diversa disponibilita delle informazioni e
abbiamo confrontato il comportamento degli agenti con il caso in cui non ci sia stato il
blocco. Abbiamo analizzato in modo statisticosuttati della simulazione per tutti gli
agenti coinvolti nel blocco della linea. Il flusso degli agenti nei relativi percorsi e la loro
scelta dei mezzi di trasporto mostra che gli agenti adattano le proprie scelte alle
informazi oni d iresamadish Su bitardi € altre statisiiché Ha eivelatmche la
disponibilita di informazioni influenza in modo significativo la soddisfazione degli agenti
durante il blocco della linea.

La parte Il applica un modello di programmazione lineare mista (W) per generare

diversi orari dispositivi a seguito di un'interruzione dei trasporti, con I'obiettivo di ridurre

al minimo il ritardo totale dei passeggeri. La ridefinizione dell'orario dei trasporti
comprende le strategie di modifica degli orari divarr partenza, riordinamento delle
precedenze dei veicoli, modifica del percorso e cancellazione di servizi ferroviari. Per
garantire |l a fattibilit”™ dell édorario disposi
dei veicoli ferroviari sia ammissilei. 1| modello MIP viene risolto con un solutore
commerciale. In seguito, MATSIim viene applicato alla citta di Zurigo per simulare i
comportamenti degli agenti e le loro attivita in base a diversi orari dispositivi e strategie di
informazione in una rete mtimodale. Inoltre, la simulazione serve per analizzare i ritardi

degli agenti ed altri indicatori di prestazione della rete di trasporti. | risultati mostrano che

prima le informazioni sul nuovo orario sono divulgate ai passeggeri, maggiori sono i
miglioramenti della soddisfazione ottenibili durante l'interruzione o riduzione dei
trasporti. Inoltre, comparato ad una cancellazione totale dei servizi ferroviari, includere
cancell azioni par zi al i e calcol are dein modo
veicoli ferroviari puo portare vantaggi notevoli ai passeggeri. In particolare, il ritardo dei
passeggeri i cui servizi previsti sono stati interrotti diminuisce sostanzialmente; allo stesso
tempo, passeggeri che non sono direttamente coinvolti tallizione possono subire

ritardi minori. A livello di sistema, una strategiaperativa realistica pud ridurre
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considerevolmente l'impatto dell'interruzione: la misura di utilita dei trasporti durante
I'interruzione viene ridotta solamente di un quintoiemZ essere negativa come in caso
mancata informazione.

La parte 1|11 del |l a tesi studia gl ef fett
Viene proposto un nuovo metodo basato sdiagramma ad eventi temporali a piu livelli

per descrivere divergipi di incompletezza di informazione e passeggeri eterogenei nel
modo di reagire all éorario dispositivo. [
varia in base all'orario e posizione dei mezzi che i passeggeri ricevono nonché al
contenuto. Inoltre,consideriamo le diverse convinzioni dei passeggeri riguardo la

propagazione dei ritardi (ovvero | 6i mpatto
di scelta del percorso basato sul nostro huovo metodo, siamo stati in grado di descrivere

comportama t i dei passegger.i che incorporano | ¢
(perfetta oppure durante il percoiisé omout edo) e | a | oro tendenz
i nizial-eni(Aioalagd)o piuttosto che al lrdbul ti ma
(Ari-eatredovo00) . Abbiamo quindi esaminato | a f
l oro ritardi. I ri sul t-sotte causousn maggior aumerdnck | 6 i

percorsi non piu ammissibili e ritardi dei passeggeri maggioritispet ad undéi nf or m
perfetta. Gli effetti della convinzione dei passeggeri con informaziorReuia sono

trascurabili ma sono invece significativi in caso di informazione perfetta: la convinzione
orariciniziale provoca un ritardo minore dei passeggeentre la convinzione ritardo

esteso funziona meglio.

Per riassumere, questa tesi fornisce analisi su come la divulgazione di informazioni (ad
esempio, la loro disponibilita o completezza) influenzano la soddisfazione dei passeggeri
dur ant e un o ridnziorerdei uraspoatinpebblici. Questo studio e il primo a
guanti ficare |l 6i mpatto c he undéi nformazion
soddisfazione e sui ritardi di diverse categorie di passeggeri. | risultati contenuti in questa

tesi possono esse utili ai gestori dell'infrastruttura e alle societa operative per

comprendere e valutare gli effetti di diversi tipi di informazione e per meglio definire le

strategi e di ri schedul azione durante unoéin
in generale, i risultati di questa tesi possono essere utili per i passeggeri, i gestori
del |l "infrastruttura, | e societ”™ operative
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Chapter 1

| nt roducti on

1.1 Research motivation

The number of public transport passengers are estimated to continue growing rapidly
(+51% public transport passenge@lometres by 2040 with respect to 2010, Federal
Office for Spatial Development, 2016)he higher usage of public transport, especially

for the use of passengers, increasevtierability of public transportthe probability of
disruptiors and theoperation complexityPublic transport operatiomight bedisrupted

by diverse reasons, such as infrastructure maintenance, accidents, desastdrs,
malfunctions of facilities, etc. (Dorbritz, 2012). case of public transpodisruptions the
resources, necessaffpr running the public transport system as plannbdcome
insufficient These insufficient resources canttseks, rolling stock, staff, power supply,
information or train protection systems (Schranil, 2013). So research orpublic
transport operation has connection with matiyerse fields, such as capacity, train
automation, energy supply, environmentald safety issues. However, the links to
passengers, especially in case of severe disruptions of services, are still in the initial stage.
With the comparison of the improved services of road tratfie customers expect that
public transport services caalso make progress with a highguality system.The
passengefriendly public transport operations are of great importance for the future.

Public transportlisruptionsc an cause passenger sobastwallase | os't
the service provi de revahuerosse€ats atrals(ROtte identifyc o st s
that the yearly costs can exceed 1.9 million euros, due to rail disruptions in a metropolitan
public transport networkf the Netherland. Yap (2020) summarises tekind policiesn

case ofdelays and disruptions in different countries and illustrates that disruption
propagation costs are responsible for up to 8% of the total passenger disruption costs.
Transport for London (2019) reports the disruptiafisthe undeground network of

London have caused 4.9 million lost customer hours during adfeak period (from 10

1
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November to Decemberin 2019.The public transport systerastuallycontinue tdface

the challenge of improvinthe servicequalities. Europeancountries definechallenging

targets in terms of quality of servicas customersgRRAC 2012. Ojo (2019) review

the research related to the quality of serwioé different type of public transport in

different region of the worldl'o benefit the qualjt of servicesStrassle and Schneeberger

(2017) explain the customer information for the entire public transport system in
Switzerland, including regional and city networks, railways, buses in different operating
companiesThe prime motivation of thisrearchi s t o i ncrease passenge
especiallyin public transport disruptionand improve quaktof public transport services.

Managing public transport disruptionss a complex taskbecause of the mutie-

objectives of different stakeholdgithe intricate interactions of the managing prodéss,

diverse information disseminating the supplied servicés passengerspas senger s o
choicesand behaviourgn multi-modal network, etckFigure 1.1 explains the complexity

of public transport management, especiallycase ofdisruptions.The services and

feasibility are legally separated in railwélyederal Council2009, but the issues exist

also for other public transpoifhe main thre stakeholders are passengers, train operators

and infrastructure manageiRassengers are the clients of public transport, whose travel
demand should be satisfied in terms of punctuality, routes, stops, transfers, comfort, etc.
However, disruptionsgendrd v result i n passennmpessidliy i nconv
to reachthe destination, increased travel time or compelled transfera.s senger s 6
behaviours are diverse with reaction disruptins (e.g. cancelling schedules directly,

waiting for recoveryor transferring to other train®r even leaving the public transport

systen). Operating companies aim at both reducing operating costs and providing
passengers withsatisfactory services. Infrastructure managereed to ensure the
operational feasibilityin charge of eliminating timetable conflicts from the netwaile
perspectives.

The relationships of the three stakeholders are described briefly as follows. Taking
passengersd quantities and priorities i nto
adapted services (e.g. lines, stops, connections) with the checked operational feasibility by
infrastructure managers. The interactions among these three stakeholders, in case of
public transport disruptions, are linked by the information. The informatianbeathe

inner communication between the two stakeholders who define and offer the supply
services. From operating companies to infrastructure managers, the information includes

the adaptation to the running/ planned servidbs;reverse direction confirm their

feasibility from network perspectives. Furthermore, the information can be between these

two stakeholders and passengers in public transport disruptions. The information, from
operating companies and infrastructure managers to passengers, iribkidessible

adapted services in disruptiontfie reverse information flow is the feedback about
passengersd behaviours and satisfaction to t
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DEMAND SERVICES FEASIBILITY

Passenger Design adapted Operational
priorities and serviceqlines stops feasibility and slot
quantities connectionX) allocation

Passengerg

INFORMATI

Providepublic transport
serviced adapted

companies managers

//‘D\‘ Operating //‘D\ Infrastructure

Allocatd sell feasible slots

-

Figurel.l: Interactions irpublic transport disruptions

In this dissertation, we mainly focus on théormation with the directionfrom operating
companies and infrastructure managers to passengersase of public transport
disruptions This informationto passengersancontain diverse contents, such as the start
and the end time of disruptions, even the details of the rescheduled timetable, routes, stops
or alternativesDifferent information system or channels can disseminate the information

to passengers, such as statidisplay and radio broadcast vehicle display, or the
mobile apps for pas s donpuehingmiificatibne (€.§. Scheredt, r e q u
2019). This diversity of informatioms due to different rescheduling and information
strategies in specdipublic transport disruptionsyhich results in different information
availability to passengers, and therfluencespassenger ®ehaviours Especially ina
multi-modal urbannetwork, passengetsaveautonomy to decidéow they react to the
disruptions ad the available information, such @soosing the adaptations provided by
operating companies and infrastructure managardooking for other alternatives on

their own in terms of transport modes/ routes, or waiting, or even candbiirtigp etc.

The focus of this dissertation is to understand and quantify the effects of information to
passengersd behaviours iwhich s Wbarelyi discussedam s por
currentacademiaesearchThis research can not only help passengers to understav

the information influences their choices, but also can assist infrastructure managers and
operating companies o0 under stand passenger so behav
information trade off the interest® make more passengeiendly decisionsin case of

public transport disruptions.
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1.2 Research challenges

To study the effects of information to passengers in public transport disrupthens,
following severakhallengesare tackled

(1) Thecomplexity of information in public transport disruptions

As the important bridge between supply and passengersase of public
transport disruptiongnformation can be describé&m different perspectives.

The terminformation availability is from the perspective of passengexs,
express the details of inmimation that passengers receivedyhich are
disseminated by the infrastructure managersapatating companies$n case

of public transport disruptionshis can bdor instance whainformationabout

the planned/ updated supply disseminagd to passengeysvhenand where
passengecan receive updated informatiofihe terminformation strategiess

from the perspective of infrastructure managers and operating companies, to
depictther efforts to improve the information availability to passersgFor
instance, Kroon et al. (2015) study how the information available to passengers
can be complete or partighs a more specific descriptipthe termincomplete
information refers tothe delayed, imprecise, missing, partialinformation,

which is canmon and inevitable in case of disruptions, includaigerse
aspects: the delayed information availability to passengers, the limited
information content about specific public transport services at specific stations
within specific time horizon, etc. Fanstance, Betklia and Avineri (2015)
review the literature about inaccurate information under conditions of
uncertainty, including information either before departure or once on the move.

The research challenge is to understand flaetors of complexity of
information,and toclassify and study the effects of diverse information using
mathematical notations, formulas aagbropriate methods.

(2) Passengeheterogeneitycannot be neglected.

In public transport disruptions, information can have edéht effects to
different passengers, with different origin, destination, planned departure time,
planned transport mode and planned transport route, etc. For instance,
information may affect the passengers who pass the disrupted route more
significantly, compaed to other passengers who travel very favay or
passengers whare already at that momeait home.There are also passengers
whose initial plan is to pass the disrupted route multiple times, increasing the
complexity and meaning of detailing pasger heterogeneity in the research.
The findings in Carrel et al. (2013)show that passengers value delays
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differently depending on thavailable information during disruptions, e.g. the
reasons of idruptions or wherethe disruptions occumithin their trip.
However, mostiterature simplify to model passengers as groups based on
origins and destinationsonsidering onlythe aggregated passengers in the
process of timetable or rolling stock rescheduling (e.g. Binder et al, 2017). This
strong assumptiosimplifies the complexity of what passengemght doin a

real multtmodal network

The research challenge is to congidbe passenger heterogengiggpecially
throughoutthe entire day over multiple trips and activities, including the
detaieddescription of their transport modes, routes, time and activities.

(3) Pa s s e nadaptatiendn case opublic transport disruptns

Passengeadaptationsespecially in case of public transport disruptions, with

the impacts of information, need to be precisely explored in detaillsen et

al . (2018) show t hat p maedal eatwprk are ot b e h a
limited to route changes (e.g. as considered in Hickman and Bernstein, 1997),

but alsoincludetransport modg activities and time changin case of public

transport druptions, considering the impacts of information strategies/
information availability, the abovene nt i o n e d apaptatisnneeg oor s 6

be studiedT he sol uti ons of passenger sdé beha
result in auser equilibrium or nowquilibrium depending on whether each
passenger can figure out higr best solution with the guidance of information

in public transport disruptions.

Furthermore,nc as e of i ncompl et e i nihflenceat i o n,
their behaviours. The belif i s p axpectationg projestidmbout the

future unknown operationdased on the known information. For instance,
Arent ze and Ti mmer mans (2005) mo d e |
locations based on the limited informaticDonsequentlypas e nger s r 0L
choices in case of incomplete information can be different to that with the
assumption of complete information. Parvaneh et al. (2014) mention that
passengers are not always aware of all available alternatives with the uncertain
informationandd i f f er ent passengerso6 belief

Theresearch challenge is to model mathematically the impacts of information

t o passenger sbo behaviours I n publ i c 1
possibleadaptationsn multi-mo d a | net wor k, omcase afs seng:
incomplete information.

(4) Quantify the effects in a larggcale multimodal network.
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Pa s s e n gcdonssid reality happen in a muiinodal network, and
guantifying theeffects ofavailable information in disruptions should reflect
this. Someliterature considerrealised travel behaviour by means of passenger
tracking approaches (e.g. Marra et al., 2019) or smart card data usage (e.g. van
der Hurk et al.,, 2018) as a possible way to collect real data about public
transport disruptions. Howevea, comprehensive study of those factors and
real wishes of passengers through e.g. revealed preferences is difficult due to
rar e, unexpected occurrence of di srupt.
passengers under pressure and or skewed perceptiomugitidis eventsThe
evaluation of complex choices by a multitude of heterogeneous passengers is
often too complex to be included explicitly optimisationmodels, and is
instead tackled by means of simulation techniques. Among those; tzgett
simulation  models consider each passenger as an agent, able to take
independent decisionsnaximisng some utility function, based on the
understanding they have of the transport network.

The research challenge to realistically quantify the effects of informatioto

p a s s e bahavioussdnd corresponding satisfaction in a lasgpale mult

modal network, apply passenger simulation technique, such as lbapeut
simulation.

(5) Timetable and rolling stock reschedulimgpublic transport disruptions.

Infrastructuremanagers and operating companies have different objectives and
functional requirements in the process of disruption management. The adjusted
supply during disruptions typically includes a combination of rescheduling of
public transport resourcesgtimisng infrastructure capacity, vehicles, drivers,
etc.), which have a strong effect to passengers. The different possible actions of
infrastructure managers and operating companies include such as retiming,
rerouting (e.g. Binder et al., 2017), fupartial cancellation of train services

(e.g. Cacchiani et al., 2014) and rolling stock rescheduling (e.g. Veelenturf et
al., 2017).

The challenge is to take advantage of these strategies to gebettde
disposition timetablesn public transport disruptions, plying optimisation
model to quantify the optimised solution in each case with different supply
strategies.

(6) The quantificationof benefits to passengers with different rescheduling and
information strategies.

I n order t o I mpr oven ppblicstarespog disruptisn s at i s f
infrastructure managers and operating comparaesapplydifferent strategies,
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such as information strategies, timetable and rolling stock rescheduling
strategies.Different strategies might result in different level of sees to
passengers. In the process of considering strategies, diff¢a&aholders have

different objectives, which may conflict to each other. For instance, ensuring
the disrupted passengerso6 feasible r ol
propagéion to other passengers who are on the alternative routes. Some
rescheduling methods magsult inhigh cost, but result in few improvements

to passengers in case of disruptidies others, it might be the opposiferying

to quantify the effects of infmmation and rescheduling strategieshat only

beneficial for infrastructure managers and operating companies to make
deci si ons, but al so beneficial for t h
public transport disruptions.To link passengers, train emtors and
infrastructure managers in public transghigruption managemerne method

is to combinepassenger simulation aride optimisation model otimetable

and rollingstockrescheduling.

The challenge ig0 demonstrate the benefits of this holistic process, and to
explore and study the traddf towards the satisfaction pssengeris caseof
different supply and information strategies in public transport disruptions.

1.3 Research question and hypotheses

This dissertation aims at answering the followawgrarchingyuestion:

What are the influences of information to passengers in case of public transport
disruptions on a largescale mulimodal network, consideringhe interplay of
information availabiity about the disruptionupdatedoperation strategies, incomplete
informationabout future conditior®s

In detail, he subquestions are given as follows:
(1)How t o model passengersodo adaptatiimns un

public transport diziptionsandestimated he cor r es p o n dsfastign?pas s e

(2)Wh a't ar e passengersodo satisfaction unde
disposition timetables (considering different rescheduling strategies and the
feasibility of rolling stockcirculation)in public transport disruptiof?s

B How to model passengerso6 behaviours ul
(I nc. passamdegsédnbiel yepassenger sodé sat

In order to answelhesequestiors, the followinghypotheses are proped:
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H1 Information is main enablesf passengerso6é behaviours in
di sruptions; the effects of | mésaibechat i on t
andmodelled.

H2 Passengers are rational and able to choose the mawifility (e.g. the least travel
time) to reach their destinatiomith the given specific information about public
transport disruptions.

H3 The behaviours opassengerin a largescale multimodal networkin case of
public transport disruptionscan be simuked based on some functional
requirementswithin a time horizon of one full day, and consideridifferent
possibilities of modedoute/ time/ activity change.

HiHet erogeneous passengero6s delay and sati
can bequantified from the results of passenger simulation.

H5 The public transport disruptions can be describedhcludethe change of planned
schedules as input to passenger simulation or roate/changes in the process of
timetable and rolling stock rescheitg.

H6 An optimisation approach can be used dopport the rescheduling process
matching the functional requirements offrastructure managerand operating
companiesby designing adapted services and ensuring the operational feasibility
of supplyin public transport disruptions.

H7 The adaptation of passengers to different, possibly optimised timetable and rolling
stock plans, in case of public transport disruptions, can be modelled and simulated.

H8 The incomplete information in public transport delays,p@&sn ger sd bel i ef a
consequent effects to passenger saabehavio
sequence or successive states over.time

1.4 Research contributions

1.4.1 Scientific contributions

The main scientific contributions of this disséida are as follows:

(1) We define the mathematical notations and formulas to describe the effects of
i nformation availability to passengerso
descriptions are able talescribe user equilibrium and neaquilibrium
solutions corresponding to different information itadaility scenarios.
Furthermore a framework forthe classification of information availahy is
proposed forthe sake ofpassengeoriented disruption management in
transport networks. Thisameworkcan represertiow many passengers know
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about public transport disruptions, where they get to know this (e.g. at the
disrupted station), when they know it (e.g. in advance or after disruption) and
what they know (e.g. precise start and end time of pulaitsport disruption).
This framework allows determining many intermediate cases, between two
extremes of information dissemination in public transport disruptions: agents
have no knowledge about disruptions; or agents know all the eatbtail
information aboutisruptions in advance (Chapter 3).

(2) The use of agesitased micro-simulation approach to study passenger
behaviours during public traportdisruptions brings the following benefits.
The first is the consideration of movememif agents in a mukmodal
network, not only including choices within the public transport network, but
also including switching to private modes, cancelling trips, and even cancelling
or changing activities throughout a daily plan. The second is the explicit
consideration of hetegeneity of users in the activityased micresimulation
of an entire day, where detailed activities and trips are simul@texefore,
the specificand heterogeneouseactionof passengers disruptions can be
precisely understooChapter 3, 4)

(3) A novd within-day replanning modulevithin the agenbased simulation
approachs specifically designed to addrepsa s s enger s 6 publie havi o
transport disruptiosnr This within-day replanning is fundamentally different
from the traditional dayo-day replanning, as the simulation i a single
iteration; there is no equilibrium to be determined, but only a best adaptation,
corresponding to a neequilibrium solution(Chapter 3.

(4) An optimisationapproachs appliedto solve the timetable reschedulipgblem
with the feasibility of rolling stock circulation in a railway hwnd explores
alternative train routes to be used in case of disruptidn mixed integer
programming (MIP) model is applied with train order binary variables, which can
be solved bya commercial solver. The objective of tletimisationmodel is to
minimise the total delay of passengers. The timetable rescheduling includes the
strategies retiming, reordering, rerouting, cancellation of train services. In addition,
the rolling stock tculation is checked to ensure the feasibility of the disposition
timetable (Chapter 4).

(5) This dissertation innovatively combines @gtimisationmodel and an agetiased
micros i mul ati on model (Chapter 3) to explo
information strategies and disposition timetahbiesoublic transport disruptions
(Chapter 4).This combinationquantifiesthe benefitdo passengerwith different
information andrescheduling strategiea case of public transport disruptions
This combination is fast enough to be practically applicable, even for a large multi
modal network, for both planned and unplanned disruptions.
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(6) We proposea novel multilayer timeeventgraph method to describe the
incomplete information (e.g. information isstiene, duration, information
contents) and beliefiriternal, own perspective of future operations, based on
e.g.schedule or delay belief) fdneterogeneous passergdo evaluatanore
realisticallypas senger s 6 pubkchransgortnetwosk inocae of
delays. The proposed muléiyer timeeventgraph method and grajiiased
route choics are described with rigorous mathematical notations and formulas
(Chapter 5).

1.4.2 Societal contributions

The main contributions to society of this dissertatimnas follows:
For the benefits of passengers:

(1) Passengers could get better servidexth operation and information servicés)
case of public transport disruptions.

The main goal of passengers in case of public transport disruptions is to have
feasible routes to reach their destination and to reduce their inconvenience (e.g.
delays or extra transfers) as much as possible. This is studied in our research by
consideringdifferent information availability and different rescheduling strategies.
The research results areview of heterogeneous passengers in a faogée multi

modal network, includingdiversep as s e nger s modedraypet tinte/i on s
activity changes)In other terms, theesearchresults are based on a relatively
realistic mod el of t he actual -modalssenger s
transport system. In this sense, these results are valuable for the service providers
to estimate how tamprovethe service quality to passengers in case of disruptions
includingboththe operation services and information services.

The betteroperation servicefor passengereefer tofewer cancelled trains/ buses,
fewer skipped stops, smaller delays of the runmiams/ buses, and so on, in case
of public transport disruptions. For instancer cesearch result&Chapter 4show

the following improvemert of services to passengers. First, passengers who cross
the disrupted area multiple times can benefithié running trains are partially
cancelled, instead of futancelation. Secondpassengers who are directly affected
by disruptions can reduce a large delayhé disrupted trains are rerouted to the
alternative routes. This may cause a slight delay for pgeseion the alternative
route.

The betterinformation servicesnean thafpassengersan get the information via
more available channels (e.g. station display, mobile agpgarly as possible in
case of disruptionsThe provided information containmore details about

10
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disruptions (e.g. the locations/ train routes of disruption, the start and end time),
andthe adjusted train operations (e.g. time/ route change)Fetcinstance, the
results of our research show that the information services affeeiss senger s 6
satisfaction in case of disruptions. Firghe negative impact of disruption is
reduced with the available information, compared to without information. Second,
the earlier thepassengear can receive the disposition timetable, the smaller the
delay they will suffer in disruption (Chapter 3, #hird, eitherpartialinformation

about adjusted train operations or the information only available at station has
negative effects to passengers. This incomplete informatioges more infeasible
routes and more delays to passengers, and results in the deviations b#teveen
delay thatpassengers thinthey will faceand the actual delay in reality. (Chapter

5).

(2) Passengergan understand that whicapproximation of the future unknown
operations bringbetter results.

In case of incomplete information about train delgysas s senger sdé bel i ¢
further train operations affect their route choices and their delays. Our results can

help passengers to knowhich approximation/belief brings better resultai

specific incomplete information case (e.g. information type, information time
horizon) (Chapter 5).

For the benefits of infrastructure managers and operating companies:
(1) To estimatgassengefs b e h dettér o0 largescale network in disruptions.

The infrastructure managers and operating compao#&sestimatep as senger s 0
behaviours, delays and satisfaction in the lesgge multimodal network more
comprehensively in case of planned or unplanned public transport disruption.

i ncludes p wes chaicesg withirs the dismpted transport mode (e.g.
railway), mode share in other public transport modes (e.g. bus or tram) or even the
private mode (e.g. car or bike). In other terms, they can know the percentage of
passengers who keep stay in public transporsystem and how many passengers

prefer to leavendchoose other alternative transport modes (Chapter 3).

(2) To quantify the benefits of different operating and information strateigies
disruptions

The infrastructure managers and operating comgsacan test andquantitatively
understandwvhich kind of rescheduling strategies and information stratezpes

offer better services to passengers in public transport disrupiibey.can also

know the tradeoffs between different groups of passengersy.(elisruption
affected passengers or passengers on the alternative routes) from the research
results.From system level, they cajuantitativelyknow how much the impacts of

11
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disruption can be reduced with the efforts of rescheduling timetable and rolling
stock, as well as offering passengers information (Chapter 4). Moreover, this
researchis crucial for infrastructure managers and operating companies to
determine the tradeffs and balance the benefits of theescheduling and
information strategiesvith their costs (e.g. cost for vehicle shtautn, cost for
information channelsor cost for improved prediction or predictable processes
in case of disruptions

(3) To understand quantitatively the effects of incomplete information to passémgers
case of delays

The infrastructure managers and operating companies can understand the
guantitative loss of benefits due to the incomplete information in case of public
transport delay§Chapter 5)It is helpful for them to trade off the benefits arubts

of information and public transport operatioinsorder to improving the service
quality to passenger3his result is also helpful for them to decide the loegn
investment about building the information system, such as station displays, train
bus information facilities and mobile informatiom alarm delays

1.5 QOutline

The overall methodologies adopted in this research and the corresponding findings are
presentedThe structure of the resif this dissertations shownin Figure 1.2, including
the followingchapters.

Chapter2 reviews the relatediterature based on research question and hypotheses in

order to synthsize the current research gayth the characteristicof public transport

disruptions, informatiorgeneration and supply, information availability and passeagers
adaptations In detail, we reviewthe multple objectives ofstakeholdersthe existing

methodsfor timetable andolling stock reschedulinghow to integrate passengers in the

process of gemating information, what are thigpical information contents provided to
passenger s, the information channwthtie and di
guidance of information, as well as the agleased simulation approach.

Chapter3 defines tle mathematical notations and formulas to describe the effects of

i nformation avail abi | iWeyalsotsbow pow sosneputeg e r s 6 a
performance indicators of user equilibrium and -+egumilibrium solutions
corresponding to different informatio availability scenarios. In addition, a

framework for classification of information availability is proposed for passenger

oriented disruption management in transport netwowks. agentbased micro-

simulation model (MATSim), including a novel withday replanning modulesimulates
heterogeneous passenger behaviours in a-moltial network in case of disruptions.

12
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Chapterd combines amptimisationmodel and an ageitased micresimulation model to
estimatepassenger sdé sati sf acnttimetablescahd informiatiore r e n t
strategies. A mixed integer programming (MIP) model is appt®dcalculate the
disposition timetable The timetable rescheduling includes the strategies retiming,
reordering, rerouting, cancellation of train servicé&be roling stock circulation is

checked to ensure the feasibility of thgtimiseddisposition timetabke The agenbased
simulation with MATSim platform(from Chapter 3)is used in case of different
information strategies and different disposition timetables generated bgtiamsation

model of timetable and rolling stock rescheduling.

Chapterl. Introduction

Chapter2. Literature review

Part I Information availability

Chapter3.
Information availability in public transport disruptians
an agentbased simulation approach

Part Il Information strategies Part Il Incomplete hformation
Chapter4.
Information strategies and Chapter>.
timetable, rolling stock Incomplete information in
rescheduling and in public public transport delays
transport disruptions

Chapter6. Synthesis

Figurel.2: Overview of tlke dissertation structure

Chapter 5 is a more 4depth studyaboutinformation availability (from Chapter 3),
discussing the effects of incomplete information to passengers. A novellayaltitime
eventgraph method is proposed to describe the incompiétemation (e.g. information
issue time, duration, information contents) and beliete(nal, own perspective of
future operations, based ery. schedule or delay belief) for heterogeneous passengers.

13



Chapter 1lIntroduction

This method can evaluate more realistically passeng 6 behavi our s i n
network in case of delays. Thygaphbased route choiseare described with rigorous
mathematical notations and formulas.

Chapter 6 concludes research results, answers the research questions and gives insights to
futureresearch on public transport disruption management.

14



Chapter 2

L1 t er atvureev r

To answer the research questiorSiectionl.2, one significant step is to comprehend the
current research state and common research methods. we clarify the concepts of
public transport disruptions and delays in Section 2.1 to understand the complexity of the
corresponding management pracaddoreover,informationplays a important role in

the field of passengariented delay and disruption management, as the bridge
linking the supply fromnfrastructure managers angerating companies to passengers
The information in this dissertatidiocuseson the transmission, processing, messaging,
and communication systemwith the direction from the infrastructure managers and
operating companies foassengerdn general, information provision can be particularly
advantageous to passengers wttengs do not work as planned in the case of service
disruptions Cats et al., 2006 The process of passengmiented disruption
management, which we follow in the structure of this review, can be summarised as:

(1) Information generation and supplynfrastucture managers obperating
companies gather the information about the disrupted operdetermine and
implementsomedisposition timetablegSection2.2)

(2) Information contentsinfrastructure managers or operating compadeside
which aspectaboutdisruptions and disposition timetables will be disseminated
to passenger¢Section2.3)

(3) Information channeland disseminatiorthe service providerdisseminatehe
information via somaspecificchannes; (Section2.4)

(4) Information availabilityand p a s s e n g e r s:0therb theh iafermadiamn r s
becomes available to passengers; passengers adapt their behaviours based on
information;(Section2.5)

BG)Ef fects of i nformati on: passengerso b
large network and reveal the retet betweenthe quality of available
informationandp as senger sd6 sa-dife.sfaction in the

15
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The review in this chapter includes papers related to operair@rged and
passengeorienteddelay anddisruption managemerity railway, or in genergbublic
transport networks or muithodal(including private transport)etworks Section 2.2
discusses the information generation and supply from infrastructure managers and
train operating companies including the topigaulti-objectives of disruption
managemetn timetable and rolling stock rescheduling, the integrations in disruption
managementSection 2.3 summarises the information contents in current research
about public transport disruptiorfSection2.4 reviews the research about information
chamels and disseminatiorSection 2.5discuses the information availability ad
passenger sdé6 adapt at i on sdisruptiorspNelkclbse swithtar ans p o
review of agenbased simulation models modelling passengers in public transport
disruptions.Finding out the state diterature Section2.6 synthesize the literatureand
summarises the gaps to fulfil the research targets.

2.1 Public transport disruptions

Whena public transport timetable cannot keep the operations as plasheadtions from

current plan occur; typicallygither disruptions or delays are used to desctibe

abnormal situatonDel ays may be generated by the dAdi
intended as events that have a small impact on the planned operatiomilway

networks, Cacchiani et al. (2014) present in general, a disturbance refers to trains
departing or arriving later than planned, while a disruption is usually related to large

delays orcancellatios of a number of traindf he event s tdalnlsedd medins rtuh
railway malfunctions last long time and partial technical components are unavailable.

This section reviews the related research and summarises the differences and connections
between public transport disruptions and delays.

Based orliterature, the concepts of public transport disruptions and delays are compared
in the following aspects.

Resource availability The first distinction lies in resage availability in the public
transportsystem. Public transport elays refer tothe small disttbances of planned
operations, but each technical component/ resource isastilable such as tracks,
rolling stock, staff, power supply, information and train protection systems. In contrast,
disruptiors refer tothe situation thasame technical comgnents are unavailabte some
resourcesnentioned abovare insufficient(Schranil, 2013)Durand (2017) summarise
different types of disruptions based on line blockage and infrastructure cajsrite.
literatureinvestigate e disruption scenariof partial track blockageg-or instance, Hirai

et al. (2009 explore the accident caused by railway line blockageuwerse and
Huisman(2014 denotethe partial blockagas the situation that some tracks are blocked
but some limited traffic is still feasibl Similar scenarioarealso inNarayanaswami and
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Rangaraj (2013)Binder et al(2015).Liang et al. (2019andZhang and Lo (20203tudy

the metro services suspended for some time due to unexpected €heissevere
disruptionsincludethe complete bockage of theublic transporinfrastructure Wiklund
(2007) explore the interruptions of interlocking system destroyed by fire, causing the
closure of a railway lineSimilar research in Zhan et #2015, Veelenturf et al(2016)
denotes theomplete blockage as the situation that all tracks are blodkedcauses of
disruptions can b&rack maintenance (e.g. Bdecht et al., 2013pr planned engineering
based disruptions (e.g. Shires et al. 20@@hatural disaster&.g. earthquake&himizu et

al.,, 2008) extreme weather (e.g. Wang et al., 2019andalism, power supplies,
malfunctions of facilitiegDorbritz, 2012) etc.

Duration. The second distinctiois the duration time of interruptions of planned public
transport operations. Forgtance, in the railway systerRacciarelli (2013Yefines the

time window [ + a, t + b]. t is the time of a planned operatiom and b are the lower
boundary and the upper boundary of time in railway failure, respectiVieg/challenge is
thento find a new conflict free schedule given static information (timetable, railway
infrastructure, train characteristics) and dynamic information (disruptions, train positions
at timet). Based on different values afandb, Rao (2015) summariséhree fa@uses:

1 When the valuea 2 mins,b 45 mins, the focus is omeaktime train
rescheduling,

1 When the value -3 mins a 1015 mins,b 2-3 hours, the focus is on the
delay management

1 When the valud > 2-3 hours, the focus is on the disruption managgm

Reattime train rescheduling focuses on conflict detection and resolution (e.g. Rao, 2015).
Delay management foceison deciding whether to keep or drop traffic connections due to
delays (e.g. Schoébel, 2007). Disruption management refers to theofaskw timetable
design, rolling stock rescheduling and crew rescheduling@acrhiani et al., 2034

Rescheduling The differences of rescheduling in public transport delays and disruptions
can be summarised as the following aspects:

(1) The main goaln case of public transpodelays is to keep and recover the initial
schedule (e.g. Lamorgese and Mannino, 2015 contrast, there is amaller
chance to keephe initial schedulein case of disruptions. he main goalis to
provide special alternative lans during the managementof the disruption
situation, such as offering passengers feasible routes until the normal op®ration
restored (e.gKkroon et al., 201p

(2) The concept of delay management relatgsutalic transport stabilityBased on the
staistical results of railway delays in Switzerland, Graffagnino and Labermeier
(2016) makea definition of the timetable stability. That is the timetable is stable
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when all punctuality goals are achieved. Specifically, for different collections of
train runsor sums of decision, different minimal punctuality values are achieved.
In contrastdisruption managememtorerelatesto public transportrobustness; see
Weidmann et al. (2015)Andersson (2014summarises many definitions about
robustness in the curreliterature Among which, weemphasis¢he definition of a
public transport system where passengers aasily be rerouted if there is a
disruption

(3) Two main phases esti in delay management: delay situation and recovered
situation. In contrastlisruption management has four phases: transition phase to
disruption, stable disruption situati, transition phase to initiaécovered situatign
see Ghaemi (2018)

Effects to passengerdhe small disturbances of operation generally result in thegyglela

slightly perceived by passengers, withssibleimpacts to connection&Schdbel, 2007)

Disruptions carhave a more significant impactoag s enger s 6 tb criicale | and
decisions from passenger sod [Nelsen ptalg 2012y e, suct
or even worsgpassengers might not reach their destinations

Moreover data onpublic transportdelays (e.g. Biichel and Corman, 2028je easily

retrievable when monitoring the normal operation. On the opposite, it is very hard to
retiev e passengersd real wishes during disrupt:i
some extent, uni que) event and because of
willingness to answer from passeng@g.Leng et al, 2018) Public transport delaysan

be described mostly on supply characteristid® the monitoring of arrival time), while

disruptions include big chgas by the demand.

It has to be mentioned thahese distinctiondbetween delays and disruptionentain

small overlapping at the aspects of concepts and methalsa and Corman (2020)

mention that disruptidican be defined as delayed or failed eveftsere is no strict

boundary exishg between delays and disruptions, rather there is a contimange with

the aspects of the features ofdiad such as the frequencies, duratpmra s s enger sd6 del |
travel costs to passengers.

2.2 Information generation and supply

We limit ourselves to research in passergented delay and disruption manageinia

public transport/ multimodal networks, discussing the supply adaptations the

viewpoint of both theoperatorsand passegers, including the role of information as
enabler of better performance.
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2.2.1 Multiple objectives in disruption management

Many stakeholders interplay public traisport disruptionspassengers who want to move
from their origin to their destination and public transport companies who need to keep the
feasibility of operation and design betsetaptationsluring the disruptions (e.g. Leng and
Weidmann,2017b). Especially in the railway transport perspectivederal Council,
2009) train operating companies sell transport services to passengers between stations,
and the infrastructure managesell infrastucture capacity to the train operating
companies along railway lines. The viewpoints of different stakeholders are different and
translate into different paradigms to determine a best solution in public transport
disruptions From the network viewpoint,nfrastructure managers are responsible for
network traffic control while train operators aesponsibldor rolling stock schedule and
crew scheduleAt statiors, infrastructure managers are responsible for train routing and
platform assignment while traioperators are for shunt planning.

Objectives of infrastructure managers.Current research with regard to disruption
management is mainly froroperationscentric views. The main problem in railway
disruption is to reschedule the timetable, which is gdiyeperformedby infrastructure
managers. The most popular objective is to minimise train delays (e.g. Brucker et al.,
2002; Shimizu et al., 2008). There are also some variations to describe train delays more
precisely. For instance, Albrecht et al. (20]8ppose two criteria to measure the
rescheduling objectives. The one is the minimum total delay, consisting of train delays,
while the other is to minimise the maximum train delay, avoiding largely attributed delay
to one single train. Narayanaswami anahBaraj (2013) minimise the weighted sum of
the difference between the actual and scheduled arrival time at the destination for all
trains on both directions of a single trackhe second widapplied objective is to
minimise the deviationffom original imetable.For example, Hirai et al. (2009) aim at
minimising the number of stops outside stations and the deviations from original
timetable. To avoid the modifications of scheduled timetable, some papers propose
minimising the number of cancelled trains ane objective. Zhan et al. (2015) and
Veelenturf et al. (2018 minimise the number of cancelled trains and the total weighted
delay. Except minimising the delays of the operated trains and the number of cancelled
trains, Louwerse and Huisman (20idglude another two objectives from the operation
viewpoint: balancing the number of trains in both directions, and distributing the operated
trains evenly over time. The former objective is specified by the absolute difference
between the numbers of catled train sub series in each direction while the latter one is
demonstrated by the maximum time between two operated trains in the same direction.

Objectives of train operating companieb addition to timetable rescheduling, the train

operating compangneed to reschedule the rolling stock at reasonable cost, and then to
adjust the crew schedules. The literature review in this section mainly focuses on rolling
stock rescheduling. The prime objective of train operating companies is to minimise the
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operaion cost. Sato and Fukumura (2012) seek to minimise the total sum of the costs of
selected paths. The traditional objectives of rolling stock planning problem is threefold:
efficiency, service and robustness. Fioole et2806) and Cacchiani et al. (20Q1&mploy

the objectives containing three major elements: carriage kilometres (efficiency), seat
shortage kilometres (service), and the number of shunting movements (robustness).
Among them, carriagkilometres demonstrate the operational costs of the agilw
operator. Budai et al. (2010) not only use carrdkifEmetres, seat shortage kilometres
and the number of composition changes as additional objective, but also propose to
resolve as many otffalancesas possible in the rescheduling process. Besidetsdi et

al. (2012) measure the deviation of the rescheduled circulation from the original
circulation by employing three objective criteria: cancelled trips, changes to the shunting
processes, and efffalances.

Passengeicentric objectives. The literature from passengecentric views, whichdeal

with disruption managemerdire much scarcer than that fraperationscentric views.
Based on the I|literature review, there are ¢t
cannot be neglected: minimising pasger delay, minimising numbers of neglected
passengers (seating capacity), minimising general travel tliespesenGroth et al.
(2009) propos¢he objective of the operators in the disruption management process is to
minimise the number of passengerseeféd by the disruption, and to minimise the
inconvenience for the affected passengers. Bindeal.e(20T7) focus on passenger
oriented timetable rescheduling in railway disruptions and integrate three objectives:
passenger satisfaction, operational cast$the deviation from the original timetable. The
passenger dissatisfaction is given by the generalised travel time includiabiate time,
waiting time, numbers of transfers, early arrival and late ariZral. (2019) mentiosithe
objective ofminimising passenger delays in the process of dispatching decisiansler

Hurk (2015) use the objective of minimising passenger inconvenience within a
constrained operating cost.

Almodévar and Garci®ddenas (2013) study the rolling stock reschedulingdssenger
railways in case of emergencies and minimise the totsystem time of the passengers.

The objective function in Kroon et al. (2015) consists of two parts: the systatad

costs and the servigelated costs. The servicelated costs refeto the sum of the
individual inconveniences, considering the increase of passenger delay under the limits of
train capacity.

2.2.2 Timetable, rolling stock rescheduling

In public transport delay and disruption management, especially in railway disryptions
there are three maiproblems to be solveftom theliterature timetable rescheduling,
rolling stock rescheduling and crew reschedylsee Jespersdaroth et al. (2009)Here

we mainly focus on the first two tasks and summarise the correspandihgls. A short
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reviewin the following concernthe models and algorithms for timetable rescheduling in
both delay and disruption managememicluding the methods how train operators
allocate resources in order to fulfil rolling stock rescheduling in dignugpt

The methods dealing with thémetable reschedulingcan be distinguished from
microscopic and macroscopic presentation of railway network. From microscopic
viewpoint,tal t er nati ve graph is a popular method
Corman et al. (2011), aaptimisationframework is presented to reschedule train services
according to different classes of priority, which are used to group train services with
similar characteristics. Meng and Zhou (201Blve train rescheduling containing
cumulative flow variables for train rerouting. Herrigel (2015) f@susn algorithms of

periodic railway timetables during longnd midterm planning, based on which Toletti

(2018) continus to study algorithms for automatedilway traffic dispatching and
customer information.

A macroscopic level of detail of the railway network to handle disturbances is considered
in Dollevoet et al. (2012), Schébel (2009) and Tornquist and Persson (2007). Especially
consideringfrom passegercentric view Schobel (2007) studies the problem of delay
management, which consists of deciding if connecting trains should wait in a station for
delayed feeder trains or if they should depart on time. Schébel (2009) and Schachtebeck
and Schobel (2@ include constraints on the limited capacity of the tracks. A branch
andbound algorithm and several heuristic approaches are developed in order to solve
these problems.

Theliteraturemodel and produce algorittsto solvethe defined disruptions. Thaixed

integer programmingMIP) model and the train traffic simulation are widely applieok

the focus of timetable rescheduling in disruption managerntentescheduling methods

of infrastructure managers can be presented, such as retiming, reordaniogjjations,
replacing services, connections, local rerouting and global rerottargyanaswami and
Rangaraj (2013) develop a MIP model for rescheduling the train services with the goal of
minimising the weighted delay of all train servicasd solve the problem on a single
bidirectional line with disruption blocking the line for some tinAdbrecht et al. (2013)

use a metaheuristic method to construct an integrated timetable including track
maintenance to generate a new feasible schedule for thptdidisystem. IICorman et al.
(2014), centralized and distributed procedures for train rescheduling are compared, and
heuristic algorithms are proposed for coordinating different dispatching ara&sklund

(2007), the author describes a simulation pdoce for simulating train traffic at a
microscopic level to determine the effectiveness of various recovery strategies in case of
largescale disruptions.

For the focus of rolling stock rescheduling in disruption managerntentsystenrelated
costs inKroon et al. (2015) refer to three penalties: modifications in rolling stock
compositions, modifications in the shunting operations andoéuddy offbalances.
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Budai et al. (2010propose wo heuristic solution approaches dolve the rolling stock
rebalancing problem, i.greedy approachnda twophase heristic. The MIP modelin
Nielsen et al. (2012)s an adapted version of the nebdoy Fioole et al. (2006),
rescheduling the rolling stogBeriodically over a rolling horizon with Bmited length
concerning the disruption as time progres#dmodévar and Garci®odenas (2013)
propose a redime optimisation method for rescheduling rolling stock in case of
emergencies. The proposed method is based on a disgsgtesimulation modewhich
determines how to reassign rolling stock from other lines to a line with high demand. The
ontline optimisationmodel is solved using two greedheuristics, whichautomatically
generatsnearoptimal decisions about rolling stock reassignments.

In addition, there arditerature combining timetable rescheduling and rolling stock
rescheduling in public transport disruptions. For instahoegk et al. (2011) attempt to
integrate models for recovering the timetable and for rescheduling the rolliclg isto
case of a disruption. They specifically focus on subway networks. A timetable and rolling
stock allocation is determined using a MIP model.

2.2.3 Passengers in disruption management

The adjusted supply during disruptions typically includes a cortibmaf rescheduling

of public transport resourcesgtimiang infrastructure capacity, vehicles, drivers, etc.),
which have a strong effect to passengéss.described in Cacchiani et al. (2014), there

are papers dealing with the integration of passengers in different phases of rescheduling,
with the aim of determining a good new schedule for the timetable, the rolling stock and
crew duties when a disrupti@tcurs. Here we omit the quotes of thieraturefocusing
oncrew rescheduling.

Parbo et al. (2015) present a detailed summa
the difference between passenger delay and train delay, showing that maintaining
transfers is often the main concern among optimisation studies. Weston et al. (2006)
conclude that, due to the missed connectiarigjmising train delaysdo not necessarily

minimise passenger delays. Nielsen et al. (2008) investigate the differbateeen

passenger delays and train delays by means of traffic assignment model, finding that

p as s en ¢gme performancés significantly lower than that of the trains. Vij et al.

(2013) summarise the three I mpactmahsaett ors o
al. (2006) examine how travellers perceive the extent of train dafedsoncluce thata

few large delays proved to be more hurtful than several minor delays. Wardman et al.

(2012) conduct a metanalysis of European studies and summarise foushias used to

refl ect passenger soO perHemshetetab (201d)definetravel e | tin
time deviations as either the travellersoé ri
the i mpacts of ti met a bel behakdobsahoydebs considergpla s s e n g
explicitly, in orderto accurately quantify the derived impacts. However, ntestture
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consider passenger flows as static or given input (e.g. Binder et al., 2015; Schachtebeck
and Schobel, 2010; Kumazawa et al., 2008) contrast, Kroon et al. (2015) consider the
dynamic passenger flowse. passengers need to waitrerchose alternative routes if

their targeted trains are cancelled or with insufficient seat cap&atyai et al. (2011)
propose a delay managemeltgagithm considering dynamic interact®between trains

and passengers. Kunimatsu et al. (2012) demonstrate a dynamic evaluation method by
simulating train operation and passenger flow.

Passengers in timetable reschedulindollevoet et al. (2012) extend the delay
management problem with rerouting of passengers who know which connections between
trains wil|l be maintained in the near futu
updated disposition timetable considering m$mopic infrastructure capacity. Parbo et al.

(2014) propose ageneticl gor i t hm to reduce passenger so
departure times of buses; the solutions are evaluated using a detailed passenger
assignment modelBinder et al. (2017) cani d e r passengersod rerou
network by means of a linear programming model, defined for timetable reschedwding in

rail disruption. To solvehe problem for different valugsa threedimensional Pareto

frontier is explored to understand theadeoffs betweenpassenger satisfactioand

operational cost of the disposition timetabl&an der Hurk (2015) develspa model

taking into account the probability of boarding and the uncertairttye duration of large
disruptions proofing the benefitof providing personalised passenger information on
alternative routesZhu (2019)desigrs an iterative algorithm to solve the integrated model

of passenger reouting and timetable rescheduling.

Passengers in rolling stock reschedulingshaemi (2018) pragses a model for short

turning vehicles during rail disruptisnandstudiestheir simplified effest o0 passenger
satisfaction. Kroon et al. (2015) combine a passenger assignment problem (only rerouting

in a railway network) with a rolling stock rescheduling model in rail disruptibhey

approach the problem frorthe viewpoint ofoperating company,sauming that the

adjusted timetable is given as inpiat railway disruptions, considering thdynamic

passenger flows along the possible detour routes. The solution approach usetagewo
feedback loop including solvingrolling stock reschedirilg as a MIP model and a

passenger simulation.

Passengers irtimetable and rolling stock reschedulingCadarso et al. (2013) consider

the integration of timetable andlling stockreschedulingn a single modelThey also
considerthe inclusion of additional trgy the cancellationof trips, and the possible
allocation of additional rolling stock in order to alleviate some of the negative effects of
the disruptionA similar approach proposed in Cadarso et al. (2015) cosgdssenger
flows as dynamic; passengeran update their route in a railway network in reaction to a
disruption. Leng and Weidmann (2017a) discuss two different rescheduling processes
with the differenceon who, amongnfrastructure managers and train operatorakes the
definition of passergy servicesVeelenturf et al. (2017) integrate the rescheduling of the
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rolling stock and the determination of a disposition timetablecdmsideringpassenger
demandteratively.

In this dissertation, we consider an optimisation model to gendifféeent disposition
timetables based on different possible actions of operating companies, such as retiming,
rerouting, full/ partial cancellation of train services, and rescheduling of rolling stock
(Chapter 4). The comprehensive effects of the gerterdigposition timetables are
evaluated in a mukmodal network.We also make a step forward in considering
individual activities trips and beliefsof passengersvhich relate and influence passenger
reaction to disruptiomand disposition timetables (Qttar 3, 4, 5).

2.3 Information contents

Infrastructure managers awgerating companies need to produce a new timetable
and generate information to passengers in disruptmonsidering multiobjectives
benefitinginfrastructure managersperating compaas and passengers (Corman and
DO Ar i a n dor th&ddntelty of the disseminated information, different aspects are
discussed in théterature such as the optimal routestie communicatd to passengers,
which disposition timetable is applied in diptions, the duration time of disruption as
well as public transport service capacity.

For instanceGoerigk et al. (2014) study the robust timetable information; i.e., to identify

paths that bring the passenger to the planned destination even in thef chdays.

Tsuchiya et al. (2006) examipea s senger s perception of a s
about optimal routes in disruption€heng and Tsai (2014) mention that passengers
appreciate being informed about the cause of the delay. When delays wexé lbgus
external factor s, t are alleviatédecongpéred oetlge ssituatione e mo t
where the operaterareresponsible for the delajhe informationhelps passengerto

decide whether to wait for resumption or not, if not, which detour to choose. A

similar study by means of game theoretical approaches has been presented in Bouman

et al (2017), determininthat how much the information disclosed and the capacity
optimisaton mechanism have an impact on the number of passengers utilizing
resources and their satisfaction. In Kroon et al. (2015), the information obtained by
passengers is complete or partial; for example, the updated timetable, the duration

time of disruption othe train capacityvan der Hurk et al. (2018) combine a passenger
simulation mechanism, in which the duration of the disruption is uncertain and train
capacity is limitedwith anoptimisationrbased algorithm that aims teinimise passenger
inconveniene . Passengersoé rout e c htloaitlegecaivegné nds on
the timetable informatiorthat is available to themThe survey in Zanni and Ryley

(2015) show that more qualitative information can help passengers to better
understand the nate of the disruption (the timing and location along the trip, for
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example), as well as the best reaction t@énder et al. (2013) study the online delay

management problem of theffects o f Aaddi ti onal iinfofmatrooma t i o n
about the nexttations, or information about the distribution of delays) to passengers.
Chorus et al. (2007) stwudy by web survey al

early warnings, full trip assistance, timelated or locatiorspecific information,
personalzed information, multimodal information, cestlated information, information
on other than time and costelated aspectsParvaneh et al. (2014) summarise
passenger sod i nf o+#imeaprescoptive brndeskriptova, angl publie arl
personal iformation.

The information content can also include some strategies by using other transport
modes as alternatives in the disruptions. For instance, Liang et al. (2019) and Wang et
al. (2019) provide passengers about the information of the bridging iousase of

expected or unexpected metro disruptioReell et al. (2013) study the transport
routines ofurban bus riders in order to understand in advance the temporal travel needs of
individual users. Poulopoulou and Spyropoulou (2019) develop a taolgusi i var i abl
message signso acting as an fAadvanced trav
disruptions and improve traffic flow in the road networRsuglieri et al. (2015) design

the real time mobility information system for the managementirefxpected events,

delays and service disruptions concerning public transportation in the city of Milan.
Papangeli®t al. (2013) identify the requirements of réale passenger information for

each stage and type of disruption, particularly for ruralipttansport users.

In brief, the different information strategies can vary, for instance, in what information the
operating companies disseminate to passengers, when they do so, and where passengers
can receive updated informatiolm this dissertationa framework for classification of
information availability to passengers in public transport disruptions is presented (Chapter

3), able to consider most of those issues, and including the time dynamics of information

i.e. what passengers know wh@bhapte 3, 4, 5) Then, the influence of information
availability to passengersoé6 satisfaction i :

2.4 Information channels and dissemination

Some research discuss¢he dissemination chanmselof information in public
transport disruptions, either atBt stopsitations or via mobile channelsoo and
Leung (2017) prove that effective dissemination of information about the severe
disruptions and the resulting changes in the transport system, both during the
disruptions and considering the effects afte through different channels, is very
important.
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Toletti (2018)describeshe customer information in Swiss public transport systehich

is a centralised platform for the entire public transport system, including regional and city
networks, buses,na other train operating companies. It can provide information to

stations, online system and sga#fbout the current traffic situatioand the effects on
passengersdéd transport chains. Il nstead, there
company is responsible for information to their own customéfatkins et al. (2011)

show that access to mobtle checkreattime informationabout the updated schedule

can reduce passengerso6o waiting time and i
by conducting a redife experiment with the OneBusAway traveller information
application.Pender et al. (2014) explore the extent by which saoceia is beneficial

given it provides realime information. They find that it can only supplement, but not

replace conventional information dissemination approadBetrill et al. (2016) study

and understand how Twitter can be used as a communicdtéomel during disruption.

Findings indicate the potential for future applications of social media by transport
operators and authorities in producing a more effective network of communication with
passengerPziekan and Kottenhoff (2007) use both thegjismnaires and behaviour
observation method to prove that dynamistap realtime information displays can
reduce customersdéd waiting time and resul't
Some research discussithe dissemination chansebf reattime information in public

transport disruptions.

In this dissertationwe first assume and consider tygpropriate channgthatinformation
dissemination igerfectly availableto passengersand focus only on theformation
contens, i.e. which informatia is disseminatedn Chapter 3 and 4. Then, we refine and
consider the specific channels that information dissemination might be onlybéaita
stations or ofroute (Chapter 5).

2.5 Information availabilityand passenger so
behaviours

In this section, we review the research about the relatlmetsveen information
availability and passenger behaviours, as well as passenger simulation methods that can
enhance the heterogeneity of passenger in the research of public transport disruptions,
including agenbased micresimulation models.

2.5.1 Pa s s e n gadaptatéons to information

The findings in Carrel et al. (2013) show that passengers value delays differently
depending on the perceived causes as well as where they know information within their
trips. In other terms, providing good information to passengers during disruptidkeys a
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aspect. The role of information in improving passenger satisfaction in public transport
networks has been studied for disturbances and disruptions. For instance, Cats et al.
(2016) provide evidence that the provision of 4@l information can be espially
beneficial in case of service disruption.

There are strong relatioa bet we en i nformati on avail ab
adaptations irpublic transportdisruptiors. The information in Tsuchiya et al. (2006)
helps passengers decide whether to wait fesumption orchoosewhich detour: 94%
passengergrefer to have this piece of information as soon as possible, although subject to
uncertainty, rather than waiting until the informatiercertain.Adelé et al. (2019) apply

a revealegpreference questimaire to identify three categories of factors affecting
suburban train user behaviours: individspkcific factors, journegpecific factors

and informatiorspecific factors. Shires et al. (2019) apply both revealed preference
(RP) and stated intentior§Sl) data to rail and nerail users,as well adinding out

that, the level of awareness prior to arriving at the station does not seem to have a
large impact on the pattern of behavioural response. This may reflect the increased
information available fron information channels such as mobile devitesddition

the differences of individual attributes are detailed in some research. Lois et al.
(2018) report how the age of participants negatively affects information, indicating
that older individuals havesome cognitive problems with accessibility in road
transport interchanges.

Passengersdé6 possible decisions in disrup
available information with additional assumptions including the regularity of services,
passengersd6é6 familiarity to services and

combination of assumptions about these aspects links to specific aspects of a public
transport research in disruption (see for a broad over@entile and Noekel, 20)6

In the classical passengatiented rescheduling modein Subsection 2.2.3

passengs are assumed to receive perfect information about disruptions (e.g. Binder

et al., 2017; Parbo et al., 2014). Their adaptations are typically assumed to find a new
fastest path in the disrupted transport network, which means choosing an alternative
routein public transport (i.e. a different sequence of public transport services) to fulfil

some given passenger journeys from origins to destinations (e.g. Veelenturf et al.,
2017; Cadarso et al., 2019h addition passengers are often clustered into sévera
groups based on passengerso6é6 origin and d
The grouped passengersd preference in Kroo
including route preference, transfer burden, delay endurance and cond&stiiitia and

Avineri (2015) summarisethe key theoretical concepts used to explore the relationship

bet ween information and passengersé behavi
risk and loss aversion; probability weighting; affect; anchoring andgaiity aversion;

and regret aversion, under the distinction of experiential, descriptive, and prescriptive
information sourcesMor eover , passengersod beliefs are
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time information. Golledge (2002) sheuhat individuals ma& decisions based on their

beliefs of reality, their knowledge of the environment and their experieRaeganeh et

al . (2014) study |8, acansed#atiog/eimsertion/ resequeneing oth oi c e
activities in different travel information and updatibelief. Arentze and Timmermans

(2005) show that expected information gain tends to favour longer trips and variety
seeking in terms of both route and destination clspesgpecially for individuals who are

less familiar with the transport network.

Passaeger s6 adapt adaremat bmitad o clthmgsesrinuapsingleanode of
transportation, also can be alternative choices multtmodal network including

private modes andther public transport. Hickman and Bernstein (1997) develop a

path choicemodel that incorporates both tirdependent and stochastic transit

service characteristics, and allows passengers to update path choice decisions while
waiting. Sc h mi dt et al . (2017) study passenger s
disruptionduration;either they will wait until the end of disruption or taking a detour

route as alternativeAnderson et al. (2014) estimate parameters for route choice in

public transport networks by survey data, which requires a detailed estimation of the
inconwenience of a route and possibly a distinction between different passenger types

and trip purposes. The model with complete travel chain for passengers, including

various origins and destinations, different trip purposes and departure times can
describe passenger s6 behaviours with i1 nfluence o
disruptions in a more realistic waghang and Lo (2020§ocus onthe number of
passengersvho decide leaving themetro systemand studyhow to serve more

passengarby using busbridging methodn case of metro disruptions

2.5.2 Agent-based simulation approach

The evaluation of complex choices by a multitude of heterogeneous passengers is
often too complex to be included explicitly ioptimisation model, but rather
approached by mean$ simulation techniqgues. Among those, ageated simulation

models consider each passenger as an agent, able to take independent decisions
maximigng some utility function, based on the understanding they have of the
transport network.

Simulation tools. Many different simulation models have been proposed with
different modelling behaviour (assuming rationality of users), integrating demand
supply feedback (focusing on demand assignment only, or considering some feedback
to supply, and or transport netwadlgnamics), and geographical resolution and time
scale (static view, long term dynamics, or short term dynamics at seconds scale). The
TRANSIMS (TRansportation ANalysis and SIMulation System) project (Smith et al.
1995) aims at representing reactions amead to limited supply based on a traffic
simulation using cellular automata. It offers detailed simulation of traffic (incl. lanes,
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traffic signals) and rich activity patterns, but only route choices are used as part of
equilibration. Albatross (Arentzend Timmermans, 2000) and FEATHERS (Han et

al., 2011) are two similar models based on the idea of decision trees. It represents
decisions by a set of rules rather tharoatimisationproblem and generates activity
patterns with external traffic assignmefithese simulation tools do not rely on
assumption of perfectly rational agents so that parameters of the aredabre

difficult to interpret. SimMobility (Lu et aJ.2015) has a distinguishing feature of
Amull €vel 0 si mul attermm anduse) midtedn (ravel tdemand)

and shorterm (network simulation). It aims at representing all decisions from traffic
tactics to long term and is also activiigsed. Adnan et al. (2017) use SimMobility
mid-term model to simulate withiday behaviourand agent interactions, where the

i nformation propagates to the di-outaupted
reroutingdecisionmaking processes. BusMezzo is a dynamic transit operations and
assignment simulation model, which can be applied toirfmdtal metropolitan

transit networks. Cats et al. (2011) use BusMezzo to demonstrate that passengers can
profit from having reatime information on the current state of ttwmetable.The
structure of MATSIm (Axhausen, 2007) is greatly based on TRANS{BISith et al.,

1995). It is an activinbased simulation where the decisions of agents are based on
someoptimisationframework. Meister et al. (2011) present the application of agent
based transport simulation toolkit MATSIim to a lasgale scenario ofvtzerland.

Disruptions, simulation. Malandri et al.(2018) use BusMezzo to evaluate public
transport network vulnerability with a nequilibrium dynamic transit operations

model to quantify temporal and spatsillover effects of disruptionsYap (20D)

uses BusMezzo to predict disruptions and their impamipassenger delayf public

transport stops.Currently, MATSIim includes multiple transport modes to
accommodate passenger sod b estakgcemanos. Mang nd i
papers in reent years apply MATSIim to study the effects of unexpected events, but
mainly focusing on road transport contexts. For instance, Padgham et al. (2014)
couple MATSiIim with a BelieDesirelntention system to allow more extensive
model | i ng of iob-makingaSjabehdt &.4201d)eskoiv shat ageaded
simulations represent a promising approach for comprehensively modelling the
impacts of unexpected weather on transport systems. Heyndrickx et al. (2016) show
via the evaluation and simulation of MAT®I t h a't driversod costs
informing them in case of extreme weather. In the public transport field, Paulsen et al.
(2018) use MATSIm for evaluating passenger delays caused by delayed trains in
multi-modal public transport systems.

In this dissertatonwe st udy the heterogeneous passeng
in public transport disruptia The evaluation of complex choices by a multitude of
heterogeneous passengers is tackled by means of simulation techniques. Amgng those
agentbased simulation models consider each passenger as an agent, able to take
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independent decisions maxmmg some utility function, based on the understanding they

have of the transport networRiVe focus on one specific agdmised simulation

envirorment, but our ideas are applicable to any appropriate similar environment. We

apply MATSim in a mulimodal network including public and private transport modes,

under a public transport disruption, including a novel wity replanning module for

undersanding the reaction of agents to disruption and disposition timet@Dhepter 3,

4). We also considerpassengets b e | i e fpropagationth edsethat the provided

informationis incompleteandpropose a novehulti-layer timeeventgraph methodo

study passengersd6 behaviours in case of pu

2.6 Summary and research gaps

In this chapter, we reviethe gaps ofiteraturerelated topublic transport delay and
disruption managementEspecially the passengeoriented delay and disruption
management focuses on understanding and adapting the demand of passengers
(activities, trips, preferred modes, preferred arrival time), and the supply from
infrastructure managers and operating companies (operating plan, and atyabili
resources such as vehigland drivers) to offer better services to passengers. The
reviewed literature related to passengeriented disruption management, either in
public transport networks or multimodal networks, discuss the supply adaptations
during disruptions (i.e. operators point of view), demand adaptations during
disruption (i.e. passengepoint of view) and the relation between the two with
information as enabler of better performance.

Information. Literatureidentify thatinformation plas an important role in improving
passenger satisfaction in public transport networks for both disturbances and
disruptions.The generated and supplied information contargésdiverse in mangspects

such as the optimal routes to communicate to passemngeih disposition timetable is
applied in disruptions, the duration time of disruption as well as public transport service
capacity. The dissemination channels of information in public transport disruptions
are also discussed in theerature either atstops/stations or via mobile channels.

In brief, the informationavailability to passengers and the informatgirategiesfrom

service providergan vary for instancewhatis the content oinformationdisseminated

to passengers, when and where pagses can receivéhe updated informationA

framework for classification of information availability to passengers in public transport
disruptionsneeds to be defineavhich should beable to consider most of those issues,
andincluding the time dynamics of information i.e. what passengers know when. Then,

the influence of information availabyit t o passenger sgouantfiedand sf act i o
evaluatedChapter 3)In addition,the principles andeffects of information availability

to passengers in public transport disruptions need to be explained, sthidd be
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rigorous and independent of the precise solver used to compute them, with possible
formulations and descriptions of (user equilibrium, or -eqguilibrium) solutions
This slould be applicable to any appropriate similar environment, suchgeust
based simulatio(Chapter 3, 4)

Moreover,theinformation about the disposition timetalslen beincompleteor imprecise
e.g. the delayed information availability to passengersg timited information
contens about specific public transport services at specific stations within specific
time horizon.In case ofincomplete informationpassengersely on theirbelief, i.e.
p as s e expectat®d about the future unknown operations based on their known

nf or mat i

on.

The

ncompl et e

affacts otheima t i

behaviours, such as route chaicEhese effects to passengshould be further studied in
case of public tnasport delays and disruptiofShapter 5)

Passenges. In current research about railway delays and disruptitvese arditerature
consideing passengers in theptimisationmodel of delay or disruption management.
However,mostliteraturesimplify to model passengers asmogeneougroups based on
origins and destinatiorts integrate the aggregated passengers in the process of timetable
or rolling stock reschedulind heseliteratureregarding passenger behaviours in railway
malfunctions usually consider passenger flows as static or given input, with few papers
considering dynamic interactistetween trains and passengers. Rerouting of passengers
is widely consideredin the literature combining the simulation of train operation and
passenger flow together, in public transport disruptibfwyvever,the other changes of
passenger so
usually neglected.

behavi

our s, such

as changing

In other tems, theheterogeneity of individual passenger in public transport disruptions
needs deeper studguch asconsidering individual activities and trips passengers
thatrelate and influence passenger reactordisruptiors and disposition timetables.
Thehet erogeneous
disruptionneeds to be studied he evaluation of complex choices by a multitude of
heterogeneous passengers is often too complex to be included explicitly in
optimisation models, ad is instead tackled by means of simulation techniques.
Among those, age+iiased simulation models consider each passenger as an agent,
able to take independent decisianaximisng some utility function, based on the
understanding they have of the tramdmetwork(Chapter 3, %

passenger sbo

behaviour s

Furthermore more deeply considerinthe information availability, the incomplete

I nference
unknown operations based on the known informationa |l s o affects
behaviours, which should be differeénbm the assumption of complete information

(i . e. al |

information andpassengernie.dpabebkngér so

t he

operations and

del ays ar
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Theseef f ect s of i ncompl et e |1 mband saasfactiann t
needs further stud§Chapter %.

Multi-objectives The methodsto study the tradeffs of different objectives of
passengers, train operators and infrastructure managemultiple in the literature
Some establish one holistianixed-integer programming model to solve the whole
problem with the aim to get an optimal solutionithWthe detailed consideration of
modellingthreestakeholders, the model size cobkl largeand the computation timef

an optimised solutioould be casiderable Among which,the metaheuristics meitls
are appliedwvith an evaluation mechanism to imgeosolutions from initial ones, where
the challengeis to find the optimal solutionThere areliterature combiring passenger
simulation andsupply optimisation but they are generally focwsl on single transport
mode instead of mukinodal network.

Theinfrastructure managers and operating companasdd preferto quantifythe effects

of different rescheduling strategies and information strategies to passengemsulti- a
modal network, in case of disruptions. With the quantitative results, the operating
companies cannderstand thbenefitsof different strategieanddecide toexploit which
strategyin public transport disruptiond he optimisationmodelcould generate different
disposition timetables based on different possible actions of operating companies,
considering retiming, rerouting, fulpartial cancellation of train services and rolling stock
rescheduling. The comprehensive effects of the generated disposition timetables
information strategies could lealuated in a mukinodal networkChapter 4.
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Chapter 3

nformati on availabi |
transport disrufjptaisens
SIi mul ation approach

This chapter is based on the followipgblishedarticle.

Leng, N. and Corman, F. (2020he role of information availability to passengers in
public transport disruptions: An agdmised simulation approachlransportation
Research Part A: Policy and PracticE33214-236.

3.1 Introduction

Public transport disruptions have typical features nmdilfunctions of technical
components or unavailability of resource allocation, which can be caused by planned
maintenance actions, or some unexpected events such as tracks, rolling stock, staff
and power supply, failures, weather, etc. Disruptions cae Aaignificant impact on
passenger dedadt or @avelti@amdl deci sions from pa
delay or even cancelling the trip (Adelé et, 2019). One main target of public
transport disruption management is to improve the servioegpdssengers, with
effective methods such as offering information to passengers. The research in Cats et
al. (2011) suggests how the provision of information can be especially beneficial to
passengers in case of public transport disruptions. The pudohspiort networks are
organsed in services, which can be used by passengers only as far as they have
knowledge of them. In a disruption situation, the disposition timetable should be
disseminated to passengers. Based on the information they know, passetaysr

their behaviours to the new situation. In other terms, providing good information to
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passengers during disruptions is a key aspect; the information availability is an
i mportant factor to passengersodo satisfacti

The mapr goal of thischapteris to study the influence of information availability to
passengers on a largeale mulimodal network in case of public transport

di sruptions, i . e. how to model passengers
availability andmeasur e the corresponding passenger
interesting and challenging to solve because of the following aspects. First, the
available information can vary, for instance in what they dissemiaaieople, when

they do sowhere gople can receive updated information. For instance, Kroon et al.

(2015) understand how the information available to passengers can be complete or
partial. Second, passengersdé6 adaptations
information. Paulsen et.al2018)showt h a t passenger s-modale havi ou
network are not limited to route changes (e.g. as considered in Hickman and
Bernstein, 1997), also including transport mode, activities and time change. Third, the

het er ogenei ty ochnng laenegeaied. elhesfiddings@arrgd st al.

(2013) show that passengers value delays differently depending on where the
disruptonsoccur wi thin their tri p.reaiy hagenl vy, p a:
in a multtmodal network, and quantifying the available information in disruptions

should reflect this. Somléeratureconsider studying thaealised travel behaviour by

means of passenger tracking approaches (e.g. Marra et al., 2Gf@awrcard data

usage (e.g. van der Hurk et al., 2018) as a possible way to collect real data about
public transport disruptions. However, a comprehensive study of those factors and

real wishes of passengers through e.g. revealed preferences is diffieuld dare,
unexpected occurrence of di sruptions, and
passengers under pressure and or skewed perception of disruption events.

Gentile and Noekel (2016) report how the impact of information availability could be

possibly studied in a simulatichased approach. We propose to use agased
micro-simulation, to imitate large c a |l e passenger sbo behavi ol
transport disruptions. In such type of simulation, individual passengers and vehicles

are modelled tlough agents that interact with the public transport system according

to their individual goals (Bouman, 2017). Heterogeneous passengers in real world are
modelled as agents in simulations. Their daily movements are divided as consequent
activities and trip : activities represent passenger sb
staying home, at work or do shopping; trips express the connection between two
adjacent activities, characterized by transport modes chosen, travel time, etc. With a
well-defined desci pti on of passeng+®ased@nvibomes me nt s,
capabl e to simulate compr ehemedalwnetworka s s en g e
(i.e. changing transport modes between public transport and private car, bike or walk;
adjusting a departurente; changing route in a public transport network; possibly

cancel activities) and evaluate the corresponding satisfaction (Horni and Nagel,
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2016). We show that the output of agbased simulations provides a valuable
understanding of the differencesoff or mat i on avail ability to
in a given public transport disruption.

The major contributions of this chaptee as follows:

(1) We define the mathematical notations and formulas to describe the effects
of information availability t o passenger so adaptat i«
mathematical descriptions are able to compute performance indicators of user
equilibrium and norequilibrium solutions corresponding to different
information availability scenarios. In addition, a framework for sifasation

of information availability is proposed for passengdented disruption
management in transport network¥his is able to model how many
passengers know about public transport disruptions, where they get to know
this (e.g. at the disrupted 8ta), when they know it (e.g. in advance or after
disruption) and what they know (e.g. precise start and end time of public
transport disruption). This framework allows determining many intermediate
cases, between two extremes about of information dissgiom in public
transport disruptions: agents have no knowledge about disruptions; or agents
know all the detail information about disruptions in advance.

(2) The use of agetiitased simulation to study passenger behaviours during
public transport disruptins, bringing three key benefits. The first is the
consideration of movement of agents in a ramitidal network, including
choices within the public transport network, but also including switching to
private modes, cancelling trips, and even cancellingh@nging activities
throughout a daily plan. The second benefit is the explicit consideration of
heterogeneity of users, seen in #utivity-basedmicro-simulationof an entire

day, where detailed activities and trips aieulated so thatthe specific
reactionin disruptions can berecisely understood.Third, to allow such
analysis, thichapterhas to define a few aspects, providing a novel wittsg
replanning module, specifically designed to address public transport
disruption.

(3) The evaluation fothe information availability and the proposed MATSIm
implementation (including key extensions of the software modules of
MATSIim, deternning the within day replanningon a realistic case study on

a large multimodal network in Zurich, Switzerland, andhet detailed
evaluation of three different information availability under a large public
transport disruption.

This chapteris structured as follows. Section23proposes rigorous mathematical
descriptions of information availability (scenarios), includbwth user equilibrium
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and norequilibrium solutions.In addition a novel framework for information

availability classification is proposed. Secti®rB describes the detailed agdrased

simulation approach to study the information availabilityand pagse r s 6 adapt at i
Section 3.4 explains the setip of Zurich case study and analyses the simulation

results. In Sectio.5, conclusions and future work are presented.

32l nformation Availability anc
Adaptation

In this section, three exemplar scenamdsnformation availabilityare introduced
AAdvance i nformati ono, ATi mel vy i nformatic
transport disruption. In case of the same disruption, the different availability of
informationr esul t s i n di fferent passenger sbo ad

formulas to explain the mednhdatailbasedon o f pas
passenger assignment theory. We assume an appropriate channel for this information
dissemination is availab) and focus only on the content, i.e. which information is
disseminatedWe proposea i WhWhenWhereWh a t o-dirheasiom framework

for classifying information availability for passengers during public transport
disruptions.

3.2.1 Problem Description and User Equilibrium

During public transport disruptions, passengers need to adapt their travel according to
diverse information availabilityo fulfil their intentions to reach their destinations. To
explain explicitly t hediaty-basedmnsodesgpreserdsedl a dapt
in Axhausen (2007) can be appliedn t hese model s, passenger s
are described as plamdividing into activities and trips. An activity is a continuous

interaction with the physical environment, a senacg@erson, within the same so€io

spatial environment, such as home, work or other leisure. A trip is the link between

t wo adjacent activities, expressing movem
passengersd6 efforts andyframhtbe pceeias oneoInr eac hi
detail, passengers need to decide transport mode (e.g. public transport or private
vehicles) and specific route to finish one trip. Especially if a person chooses public
transport, hisher trip may contain a certain numbett@insfers and stages. A stage is

a continuous movement with one mode of transport; a transfer is the connection
between two adjacent stages in one. ffipe start and end time of activities and trips

can be flexible in a passengersodé plan.

Figure 3.1showsa n exampl e of one passengerodos daily
activities and three trips. Theaxis of theFigure 3.1represents locations, while the
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y-axis represents time over a day. This passenger startsdis/ day wi t h AAc
(athome)ad uses public transport to perform
AActivity 20 (Wor k) . The next trip ATrip
i's composed of t wo stages (AStage 10 and
within the pulb i c transport net wor k. The | ast t
AActivity 10 with public transport. The
activities (locations, time) and trips (modes, routes, stages, transfers and time) is

cal |l ed & passanger. thiguret3.1we also represent a public transport

di srupti on, which affects the passenger
trip 2 as the ADirectly affected tripo b

7\0\ Activity 1 (Home) location
\Q‘ Trip 1 (Public transport)

O Activity 2 (Work)
Disruption gl=

start time - Disruption

ocation Trip 2 (Public transport)

stage 1 : : (Directly affected trip)
Disruption s

end time Transfer 1 \

Stage 2

- Activity 3 (Shop)

\g‘ Trip 3 (Public transport)
ﬁ Activity 1 (Home)

time

Figure3.1: Terminology used in this work

We use the following notationP is the set of all the agents, the total humber of
agents bein¢P|. For each agenpi P, we defines the set of considerekl plans,

to denote all possible choices they have available to fulfil their demand. We refer to

the concepts in the sixth chapter of the book of Gentile and Noekel (2016) for more
details. This latter book s ed ficonsi dered pathso to des
route choices; i nstead, the Aconsi dered
the entire onalay journey, further composed of a sequence of activitiend trips

T.The EquatiorB1 shows the detailed compéaments

activity describes the location of activity, start and end time. We hide those details in
the following equations when not exgtly needed. A trip is defined by a set of
locationtime pair in a compact way; we also hide unnecessary detail when possible.
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The transport modes, rout es, stages are foc
the trip without detailst refers to the time ant refers to the location of the activity
or trip.

Sk = (AT, A s ATe),

. (3.1)
WhereA = tstart ’I 1:end )!Ti :{([j llj )1 J 8,1, J }

The total number of the considered plans of agenis ‘Sp‘. Among all the

considered plans, theoretically agents choose one, denotedfoy actual execution

in real life. An assignment solution corresponds to determine one such actual plan for
each agenp.

For each specific considered play,, there is a utilityu , that relates to quality

(utility, satisfaction) of this considered plan of the agpntA larger utility means the

agent is more satisfied with their considered plan in the entire-malal transport
network. In the EquatioB.2, u, depends on both the specific considered plan of

agentp andthe actual plan§; of (in general) all the other agentsd P\{ 3 .These

latter have (in general) some dependency orsthee. passengers choice interact, so

we identify them ag | S “g =5

Uy =Uy(Sy0 S), Wheres, ={5 1975 =, t B b (3.2)

Equation3.3 shows an example of a set of considered piaps s of agentp

15|
and the corresponding utility of each considered plan with the impact of other agents

in the system. In generag,, means$; whens_ is chosen, i.e. the union of all

s S5 =5.

€s . = TAT-} @ e —5) 2
Si=AT AT 2 & 5.8 8
e Sp.2 u e u(s %2 U
é a é T
é Sp3 U é U(S3 %) 0
é U é - u
é Sp,4 U é up( Sp,41 %4) l:'I
S, =€ pu, = : u (3.3)

e u e - u
é Sp.k u e up(sp,k’ EX0) u
é u e _ u
é spvk+1 u é’lp(sp,k+1’ S?,k-ﬂ_)l\,l
é . u e : u
& ool

g ols) B &5Gs sy
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Among all possible choices (assignments) garthe academic literature typically

focuses on user equilibrium solutions. Those specific set of choices, such that
each agent achieves higr best utility, in the condition that all the other agents also
achieve their best utility and nobody else can choose a different actual plan to
increase their utility (Gentile and Noekel, 2018n general, finding a user
equilibrium solution is not easy (Nagel and Floetteroed, 2016). We use kgaat
approaches to determine (an approximation of) the equilibrium solution.

For each agenp, we can write Equatio3.4, expressing the best choice of the

considered plars*p of agentp (i.e. assuming usermaximise their utility, the chosen

actual plan is the best considered pfr+ §p) among all hisher considered plans
s, in the condition that all the other agentd P\{g also choose their best
considered plar; . 5. compactly represents the best consideredsptnthe other

agents except for agent.

s, =argmaxu, @, 7% ).
ol S ) ] (3.4)
where s, = {§ | $“§ =, 't R{ D

The plans chosen at user equilibrium leadataser equilibrium (best) utilityd; of
agentp (Equation3.5).

U, = U, (S, 3)- (3.5)

In Equation3.6, the total utilityU™ of user equilibrium of undisrupted solution in a
normal day (from the system perspective) can be computed as thefseacho
agenés utility.

&
U =3au, (3.6)

p=1

3.2.2 Disruption

Once one disruption occurs, the service levels of public transport decrease, they
typically remain stable (at a lower level than original) throughout an updated plan of
operation named the disposition timetable, #mh increase back to original when

the disruption is resolved and the network can operate the original timetable again (so
call ed bathtub model , see Ghaemi, 2018)
disruption situation decreases from their oragiutility.
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Based on both the intuitive figure expressibig(re 3.} and mathematical notations

introduced, we now describe formally a disruption and the consequences it has
towards passengersd6 adaptations taof i nform
considered scenarios, an intuitive figure and a related mathematical formulation of

the choices of the users.

We formalize a disruption as follows. indicates a disruption including the stegt,
and theend timet2 , as well as a set of disrupted locatiarts(Equation3.7). The

specific services of publitransport, which may be affectedre associated to a
disruptn by means of the Al ocati onso.

D=(t2 ..t> ,L°). (3.7)

end’

Without loss of generality, a disruption affects at least one ageimt the sense that
it limits the set of considered plans. Some plans in the set of consideredsplehs

agentp become thus infeasible and unavailable for choice; we denote such set of
infeasible plans ass (D), addingD as the relevant variable. Specifically, a plan
s,«1 S,(D for agentp is infeasible if there exists at least one tfip(called
affected trip) in this plan, which matches a disrupted locatiat the timet, in

which the disruptiord takes place. More formally (Equati@mB):

$T Is,: @.t) Twithl T t ] O (3.8)

We focus on the agents whose best considereds*plare affected by the disruption.

They are called fAinvol ved R°gEyumatios3®).Ini ndi cat
ot her words, the disruption makes the i nvec
normal conditions infeasible, and they havelétermine another actual plan.

"piP°:§ I§(D. (3.9)

3.2.3 A Framework for Information Availability
Classification

We have discussed how passengersd behavio
details they know about public transport disruptions in the literature review. We
summarise these aspects into a general framework, which analyses the information
disseminatiorma | ong f our d iWhenwWkereWh a tFiguie \&/Bgives a

schematic representation of such a framework, alongaxes (corresponding to the

four dimensions). For each axis, we picked three possible levels for each dimension
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highlighted, even thaih the framework allows for a continuous range of possible
levels on each dimension. Such a framework can be used also for other types of
disruption, e.g. road disruption affecting private traffic. Our focus on public transport
disruptionand the need fothe passengers to know which services can fulfil their
mobility needs makes such a framework especially relevant for public transport
services. We consider a single disruption, which can include multiple events, failures,
and services not running; we refera singledisruption, whichis completely defined

by a disposition timetable for the entire public transport network, used. We do not
discuss technologies and costs for information dissemination but only its timely,
spatial and content characteristics.

All passengers facing the disruption would ultimately know at least that the
disruption is occurring, at the time they try to boarskeavice, whichis not running
anymore. Similarly, all passengers facing the disruption would know that the
disruption is @er, at the moment they can board a-d@rupted service which is
actually running. All other information might be available to passengers. We discuss
the proposed four dimensions in the following.

The 6 Wh oo di mensi on shows thdwehg gomeo por t i
information. The worst case is that no passengers know anything about the disruption
while the best case is all passengers know. In between, passengers can be grouped by
some specific proportion: for instance some know the disruptions (magpeath

more techsavvy and have continuous access to e.g. mobile data) and dthecdt

know (maybe they are more reactive or unfamiliar with the networliigare 3.2

we for i nstance report three cases of i w
to reach everybody; some proportion (e.g. half) of the travellers, or none of them.
The 6Whered di mension explains the | ocat

the information. This can represent activities (e.g. | know of the disruption while | am
at home or at work), on the transport vehicles (by e.g. announcements) or arriving at
the disrupted stations (by e.g. displays). Mobile and social media can be used as the
dissemination channel anywhere for passengerselicle and astop realtime
information display devices can be helpful for passengers who are involved in public
transport disruptions. Ikigure 3.2 we f or i nstance report
namely the operating companies disseminate information through all channels, able to
read all users anywhere; or disseminate information only at the disrupted station; or
they do not issue any information at all.

The O6Whend di mension describes the #Ai ssu
the users. It can be beforehand, for plannedugisins such as planned public
transport maintenances, in which the operating companies broadcast the disposition
timetable in detail in advance. In case of unexpected unplanned disruptions (like
accidents, failures, etc.), the issue time can only be #ferstart time of the
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disruption. In the worstase the information is never issued and passengers know of

the disruption only at the moment they try to boasgvice, whichis not running. A
complementary information is also the time at which theugison is resolved, which

can be disseminated at the beginning of the disruption, or later on. These information
availability can also be different in the issue time, i.e. when the operating company

sends out the announcement and the time the users @wvereghich can be even

dynamic (see e.g. the review in Corman and Meng, 2015kidare 3.2 we for

i nstance report three cases of ifwheno, n a
advance information about the disruption; or disseminate informatignunren they

realiee that the disruption is going on; or they do not issue any information at all.

The o6whatodé di mension defines the detail ed
public transport disruption. As isummarigd in literature review, the fiormation

content can be different in the aspectshd exact disruption going om.f. some

public transport line is not working), the disposition timetable implemented in this

case (e.g. bus line XX is not running), train capacity (e.g. please avaudirgp#his

train as crowding is expected), additional services planned ( e.g. bus bridging is in

place between station X and station Y), the duration time of disruption (e.g. we

expect that the disruption last at least three hours), and the optimal toutes
passengers (e.g. take this service in case you want to go from A tofByuhe 3.2

we f or i nstance report three cases of i w h
issue the precise start time and end time of disruption, and associated disposition
timetable; or only the start time (as the ending time in unknown or cannot be
precisely specified); or no information at all.

With the <classi fi catWhenwWherelvih at b-dirhepsiom p os e d
framework, diverse information availability can be ii n e d based on p a:
different level of knowledge for the public transport disruptidfigure 3.2shows

three exemplar information availabilifynore examples in Appendix Ayhich are

scenarios analysed in the remainder of thigpterto study tke effects of information

t o passengsand datistaaidn anvpubbicutransport disrupgon The A NoO

i nformati onodo s EigureaB2 means(passedgers domeat receive any

other information, apart from the fact that a disruption of aodd length is going

on, when they try to board a disrupted service; and that the same disruption is solved,

only once it is actuall solved.This also implies that no passengers can receive any

i nformation anywhere aboumadiemapscenari gl
line in Figure 3.2 means all passengers have a complete knowledge well before the

start time of the disruptions. The complete knowledge implies that all the passengers
anywhere within the mukmodal network (e.g. not only userspafblic transport, but

also those typically using cars) have access to perfect information, including the

di sposition timetabl e, the starting ti me,
i nformationo AAdvance i nf or peaadfinformaiionscenar i
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availability in public transport disruptions. In between, many scenarios with different

i nformation availability can be identifi
i nformati onodo s c diguaer3id which goesiddrsothvall passengers, n
anywhere in the mukinodal network, get to know at the precise starting time of the
disruption, that a disruption is going on; at the same time they know the disposition
timetable, and the end time of disruption.

Who

half-half

Where hat

adyance

after disrygtion starts

- No information
When —— Advance information
Timely information

Figure3.2: Framework for classification of information availability and three examples of
scenarios in public transport disruptions
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3.2.4 Advance Information

A relevant case is when passengers have perfect information beforehaod, whi

allows them to adapt at best their plan. A practical case in which disruptions are
known in advance and people can react on this, refers to for instance planned
maintenance actions, or long term disruptions where people adjust their long term
behaviourFigure 3.3e x pl ai ns passengersod adaptations
scenario. The following behaviour rules are assumed.

1 First, passengers as reaction to thsruption can change modes. A mode
change means that passengers may leave the publipdraegstem and take
private car or bike for the affected trip, or even for the entire day.

1 Passengers can also change services in disruption. A service change means that
passengers who keep using public transport can change the line they use (i.e.
bus Ine 12 instead of 40PDr they can changeansfer stations (i.e. Transfer 2
in Figure 3.3can be the same physical location as TransferHigare 3.1 or
not). Alternatively,they cartake a completely different sequence of services in
the public transpt network as far as it enables them to reach their destination
(in this case Activity 3).

T Additionall vy, some passengerso activiti
locations (e.g. shopping can be done at another location; ActivityFgjure
3.3 might not take place at the same physical location as Activity Bgare
3.0).

1 Finally, passengers can depart earlier or later than their planned time, for any
trip and activity. In the plan of the entire day, passengers can combine any of
those reactionsof themaximisation of their satisfaction.

The disruption decreases the number of the feasible considered plans. With the

hel p of AfAdvance i nformati ono, agent s C
considered plan§;" =S\-S(Di n the public transport di
short hand of AAdvance informationo. I n |

an involved agenp under disruption, by representing some of the plans infeasible

due to disruption. \ithout loss of generality and for graphical simplicity, we
grouped those lattes ( D) at the last rows of the .
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g time
Figure3.3: The effectoi Advance i nformationo

Thanks to the knowledge of all the feasible considered plans in disruption, the agents
will find another solution among the new considered pl&§§ = S\-S( D.

Theoretically,passenger assignment can reacuser equilibium in the case that
passengers can freely change their choic
behaviours after known disruptions (Nagel and Floetteroed, 2016). In fact, the
ARAdvance i nformationo scenario tiens ul t s

Equation3.11 indicates the new best considered mah' of agentp in the new

user equilibrium in the condition that all the other agentsP\{ @ find their best
considered plar; among the decreased considered plghs = s\-5( p.

45



Chapter3. Informationavailability, public transport disruptions, agebtised simulation

s, " =argmaxu, g, %" ),
Soud S (3.11)

where % = (4 8% |5 B, t RA( D

The best considered plan leads to the maximum u!;li[ﬁf/I of agentp in this new

equilibrium Due to the decrease of available co
in this case of AAdvance informationodo i s
situation without disruption (Equatid12).

UPY =g uP ¢3u, ©. (3.12)

3.2.5 Timely Information

A relevant case is also the one considering the fact that agents can only know the
information about disruptions in a manticipatory way, i.e. only after disruptions

occur . This is common for al | unpl anned d
i nf or mati on®6igura 8B4 or eefxerl at @ t he passenger s
scenario. In this case, we assume thaseagers know the perfect information of

starting time and specific length of disruption, but they know it only after the
disruption starts.

Compared to the AAdvance informationodo scel
more limited. No change can redaively take place in the past, i.e. only activities
and trips in the future (starting from the start time of the disruption) can be considered.
In particular, there cannot be any mode change (i.e. shifting to private car bike or
walk) as reaction to thelisruption. In other terms, we assume that passengers
planning to use public transport do not have an alternative private mode directly
available when theyealis there is a disruption. This can be the céseinstance

the disuption happens in thafternoonwhen people already reached their workplace

by some means. A different choice of disruption, e.g. in the morning, might oblige
people to change their mode for the entire day (i.e. taking their private car to perform
all trips). As the former cass more relevant for the informatiatisseminationwe

focus on that one. We do not consider taxi alternatives, nor bike or car sharing
systemsPassengers planning to use public transport will adapt their plan by choosing
the services enabling the bessponse (Trip leading to the maximum utility) from the
previous activity (in this example, Activity 2) to the next one (in this example,
Activity 3). We consider the maximum utility of a Trip as a combination of the
walking time, waiting time and #uehicle time, and related penalties with typical
parameters of generalized travel time. The information that a disruption occurs is
instantaneously transmittetd (and received by) all passengetsthe start time.
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Passengers that were performing an actiwijl not change the duration of such
activity (i.e. | cannot leave work at Activity 2 earlier, if | know that there is
disruption).Passengers that were waiting for a public transport service, or already on

board a public transport servieell instantaneousgl re-compute the maximum utility

path and implement it at the earliest possible time. If passengers were waiting at a
station, this can mean taking a different service; if passengers were onteains/
this can include disembarking the vehicle where thvere traveling as a connected

service might not be running anymore.

=8
- D
oc‘ahon- Trip 2
Stage
! ! Q
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Stage 2

g 70‘{ Activity 1
No : i
Trip 1
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Q Activity2
Information l@ pisruption
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F:?mple:fe || Disruption
information Bf -0 Transfer 2
i time

Figure3.4: T h e
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~
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Trip3
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Formally, this scenario can be modelled as follolve setZ, (D, s ) (addingp and

nf orm

s*p as the relevant variables) describes all the considered plans that violate the non

anticipatory condition, i.e. those plans that do not match the normal best considered

plans bef ore the

di st} Houaiion3d3 dy3.14)tIrmather tetmis,me

the agents can only consider plans such that all the activities and trips should be the
same up and until the start time of the disruption, becausigeedbct that what has

happened in the past cannot be changed any more.

Consider the involved ager’ﬂi P°, then a plars, becomes infeasible under the

ATi mel y

conditions is true:

$A i%},k’ gtart 9’ 1-Start @art /A $ ép :I,_'Ai S

*

A

i nf or mas,l B S)3, i eithea one of th¢ followeing

(3.13)
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$T isb 8% @ /TS$SIT T. (3.14)

Equation3.13 determines that for eonsidered plars,, to become infeasible, there

needs to exist an activitgy whose start timd,, is no later than the disruption start

time t2

> . and which is different from all activitieg, in the best considered plan in
the situation without disruptioﬁ;. Equation3.14 reports the same condition, for

trips.

I n t he case of fi T i nomebér yof consifleced plans ifudhero |, t he
decreases. Equatio3.15 is an example of the decreased considered plans

ST =8\(S( DU—Z( DY), further updating Equatiodl1 0. ATI 6 i s the st

of ATi mely informationo. Wi hic&l simpticitylwe s s o f g
delete two considered plans (s§.s,,.,) reported at the bottom rows in Equation

315 that are infeasi bl e becau-anécipabofy A Ti mel
disruptions.

S, =(§"UZ(D YU D

&.=(AT AT S ¢ s,

é SD,2 l:*' é up( Sp,Z’ _%,2)

é u é _

é Sp.a v 6 (S %)

é 0 é -

é .4 u & b(Se %) (3.15)
=¢ pu, £ :

é u é B

é Sp u é 4 (5,5

é u e -

é _Spvkﬂ u éup (_Sp, k+1? _S% k {)

¢ T

¢ TR _

8 0|3 U %8s Sqs)

In this scenario, the involved agents choose the plan with the maximum utility
D, TI

u('s,

determines the new actual pléiig'?’T| of any involved agenpi P° in the condition

) among the limited considered plans. We refer to Equadide, which

that all the other involved agentsl P°\{g find their best considered plas?™

among the reduced considered pl&ts' = S\ (-S( PU—ZA D,9). We assume the

considered plan of the agents who are not affected by disruption is equal to their
choice in the normal situatigh. Note that in general, this is not a user equilibrium

solution.

48



Chapter3. Informationavailability, public transport disruptions, agebtised simulation

D, TI —

s, argmaxu, &, %" )
" Sp,kiS‘S’T'
where ST = 7 (8™, "r P\ B (3.16)

U{s®™ =%, "r IR P}

In our research, the utility functio'd;;,D‘TI is calculated byhe agentbased simulation

model, see more details Bubsectior3.3.3. Due to the further decrease of feasible
considereg | an s, agentso total utility i n the
than their utility in the AAdvance i1 nfor
situation without disruption (Equatid17).

P Ly A
um =3 uFI’D,TI ¢ aUE’AI caq, U= (3.17)
p=1 p pE

3.2.6 No Information

A last relevant scenario that passengers have no knowledge about the disruption,

and the only thing they can do is to wait until the planned service starts running again.
This is a rather extremease, though it is potentially relevant. In particular, some

uses are routinely in this situation during disruptions: think about tourists (people
without familiarity with the network and the alternative choic€®) people wihout

any information availde: people without access to a mobile data connection
describing alternative choices; stations without real time connection to central
command centre; stops without a plan of the services running; eouthga
communication network; eté&igure 3.5explainspas senger s6 adaptat.
i nformationo scenari o.

I n the ANo informationod scenari o, passe.l
transport service which does not run anymore in the disposition timetable of
disruption, they can do nothing else nhwait at the station until the disruption
recovers. In our case, this happens Bigerre 3.9 at the end of Activity 2, before
Transfer 1. To express passenger sb adar
behaviour rules are assumed.

Passengers wait at the stations where they were supposed to take a public transport
service which is not running (in short,
time of the disruption. Ad thentheytake the same public transport service ag the
initial plan (i.e. if they were planning to take bus line 40 in stage 1, they will be
taking bus 40 at the end of the disruption) to the same transfer station (Transfer 1)
and take the same public transport service, until they finish theifRpipingance,if
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after Transfer 1 they were planning to take bus 50, they will be taking bus 50 at the
end of the disruption, aftehey reach the transfer paint

These behaviour rul es will resul t in del
af f ect &ldreover, some passengers may face a high risk of failure to finish
their whole plan (e.g. because bus line 50 might not run anymore).

: /“\\ Activity 1 location
\Q. Trip 1
O  Activity2
Disruption 7=
No || |start time Disruption
information | 20 ocation  Trjp 2
: \‘-'l Stage 1
| Disruption  a) Wait until g =
|| end time disruption end E“fe”
\ Stage 2 '\- Activity3
”5‘ g oo 0 Trp3
b) Keep the initial plan - \ \ /\
.\! ﬁ Activity 1
. : o0~
Inform_atlcm | time -
Issue time
Figure35: The effect of @ANo i nformatio

We first def i ne t hgas ih®first tepcin theybesadorfsidecet e d  t r
plan s*p which matches a disrupted locatidpat the timet; disruptionD takes place.

In other terms, this is the first time where the user is affected by the disruption; before
this moment hisher plan is untouched; after this, hir plan needs to be updated.
Formally,

T =T, h =min(){i:T’ §p\ (18t) Tiwith | 1°T t EL.I0D (3.18)

In detail, we usdl,,t,) to represent the specific locatitime pair where and when
the agent encounters the digruption in thi
Wemoak | this f@ANo informatio@ﬁD,%)c(aeldingDio as f

andS;as the relevant vari abl es) descri bes a

different from the normal best considered p@m tarting from the fADi

t r iggie@. the considered plans whicdre not a combination of waiting and

50



Chapter3. Informationavailability, public transport disruptions, agebtised simulation

postponing the plals;). The activities and affected trips afigercannot change to

other locations (indicating other transport modes or routes) and also cannot be
finished before the end of disruptiaf .

Consider the involved ager|[t|' P°, then a plars, becomes infeasible

i nformati on 8,sQ(&mNifieither onie of éhe following conditions
(Equation3.19 0r3.20) is true:

$T (T, 1), | &L1--J} sl,.T t,suchthatj f& eact

$T° #(f,), | GL--,J} §f suchthat j ®rwhich: (3.19)
t_j<teDnd Uj_j I:J
$A ISt 80 A 8ty B 1 U (3.20)

This can be explained as follows. Equat®i9 states thaa plans,, is infeasible, if
there is at least one trif which is no earlier thafi Di r ect | y @ihthect ed

plans_ ., compared with the trifi.” in the normally chosen plasi, such that the two trips

p.k? i

T andT  differ by Iocationsﬂ , IJ.* (i.e. the user would like to go somewhere Else

the trip happens before the disruption eﬁdsteDnd (i.e. the users have to wait until the

disruption ends, before actually moving forward).

Equation3.20 reports the similar condition for activities. Plans with activities no earlie
thanthei Di r e ct | y gdrefinéeasibleumdertthis scpnario, if the locationf

the activity A | s, is different from the location” in the s, (i.e. the agent cannot
change the location of their activities) or the activities ends before the end time of
disruptiont_ , <t2  (i.e. the agent has to delay their activities after the direct affected

trip).

Int he case of ANo i nformati ono, t he numb
further. Equation 321 is an example of the decreased considered plans

SV = S\(S( PU—Z( D'9U—Q D'9), further updating EquatioB.1 5. fi NI o i
t he short hand of Ul Mss ofi gerferality mveet deleten tvo Wi t
considered plans (i.&,,, s ,) in Equation3.2 1 t hat ar e i nfeasik

i nformati ond scenari o, and we put them a:
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S, =($MU-Q(DHUZF D'PU—F P

gsp,l:{ AT A T} g g Lﬁ( S “8)
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e u € -

é Spa 0 & (5

é U é —
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=¢ o, £

é 0 é _
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The involved agents react by determining the plan with the maximum dﬂﬁlﬁg}’m)

among the limited considered plans. In EquaB8@&®2, we look for such plal’:‘r’;,D'NI of

the involved agentpl' P° in the condition that all the other involved agents

ri P°\{g find their best considered plag™

plans S = S\(-5( DU-Z D,9U—-Q@ D '3). We assume the considered plans of

the agents who are not affected by disruption are equal to their choice in the normal
situations . Also, this is not a user equilibrium solution. Formally,

among the reduced considered

s, =arg rgN'cllxup G s ),
Sp,kl ’
where sPM = {>™ T8N | "r P \{ P (3.22)

Us® =4, "r IR Py

Due to the further decrease of feasi bl e ¢
case of ANo informationod is no more than
no more than their-r uti bndy &andthe madeandt
situation without disruption (Equatid23).

P P A |A
U DNI — é U*pD’NI ¢ éljr[’),Tl ¢ 'a'*ﬁ)),Al ¢ a U = (323)
p=1 p 2 pE p1=

3.3 Agent-based Simulation Approach

The proposed formulations and descriptions of (user equilibrium,reequailibrium)
solutions are independent of the precise solver used to compute them. We focus on
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one agenbased simulation environment, specifically MATSim, but our ideas are
applicable to any appropriate similar environment. The basic idea of MAT Skmatis t
travel demand can be predicted by simulating daily life of persons and particularly the
spatiattemporal occurrence of ocwof-home activities (see Balmer et al.,, 2009).
Agents in MATSIm are the representation of passengers in reality, which will e use
the following sections to represent passengers. Three subsections explain the
translation of the framework presented in Sectidt@vards MATSim modules; the
day-to-day replanning method used in MATSim; and the novel module able to
perform withinday replanning in public transport networks.

3.3.1 Information Availability in MATSIim

MATSIm is able to describe mobility in a muttiodal network, including private
transport and public transport schedules. MATSIim is basescheduled operations
which means the vehicle delay in daily operations is neglected. MATSim can model
any public tansport disruptions as far as it can be related to an updated disposition
timetable (i.e. which public transport services are running from where to where, at
which time, with which capacity) regardless of the precise nature and cause of the
disruption. Tlese features of MATSIim provide the foundation to model the above
information availability and the corresponding passenger adaptations.

Figure 3.6shows the modelling in MATSIm of the different information availability.

The default MATSIim works by reachireguser equilibrium solution by iterations. At

each iteration, representing a day of the users, the plans of agents are executed (i.e.
performed by the agents) and the choices of the agents are evaluated and changed by
a replanning module, if necessary. eTthasic MATSIm loop is shown in

i Be n c h mé&igute 3.6 and includes input, execution, scoring, replanning and
analysis. More details are brieflfummaried in the nextSubsection3.3.2 and
available e.g. in (Horni and Nagel, 2016).

First, the situatiorwithout disruptions is set as a benchmark to initialize agents and
determine a reference case to be used in, and compared with, the simulations

i ncluding disruptions. This is computed
(left) situation, until a stale solution is found (corresponding to user equilibrium
solution in Subsection3.2.1 ) . The fi Buesnmithh theadefauit MATSIm
setting with nor mal public transport sch

public transport disruption. The imded demand is consisting of output plans. The
out put pl ans resulting from the ABenchma
choices (i.e. the ideal situation) of all agents in a normal daily travel.
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No information

Smulation

(Execution) scoring Analysis

Benchmark

Advance information

Smulation
(Execution)

Initial
demand

Smulation

(Bxecution) SColng

scoring Analysis

Replanning Replanning

Disposition Timely information
timetable

(%(r%l::lﬁgilgrr:) scoring Analysis

Within-day replanning

Figure3.6: Theexecution in MATSim of different information availability

The initial plans are the basis which used by the passengers, when facing the
disruption. In particular the disruption is modelled through a disposition timetable,

which makes some of those init@ll ans i nf easi bl e. For the AN
(top right) i n MATSi m, the agentsoé initi:;
timetable, for a single iteration (in figure, there is no replanning). During the
disruption time, the agent will remairaiting at the stops in case the public transport

service is cancelled in the specific disposition timetable implemented. When the
disruption is recovered, MATSIim will try to execute the initial plans of agents, as far

as this is possible and compatibleiwihe public transport services amd/preferred

starting/ ending time of activities.

For the AAdvance i nformationo scenari o (m
route/ mode/ time/ activity choices are calculated by including them in the iterative

process of MATSIm (i.e. the blue box contains a replanning feedback mechanism).

Agents can rely on their experiences from previous iterations so as to gain the ideally

best solutions (i.e. new user equilibrium) which adapt the initial plans, in case of

public transport disruptions.

The ATi mely i nformationo scenario (botto
information, but only after disruption starts. Dobler and Nagel (2016) already point

out that using an iterative approach to disseminate informationtgasyproblems,

like illogical agent behaviour, which would be able to anticipate unforeseeable

events. For instance, if a replanning approach is used, agents may start rerouting
before di sruptions. The k ey moddlag 6 t o S
repl anni ng modul e, whi ch i s not reaching
Il nformati onodo but rather computing the best
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available information, and not learning from experience. This is a key novelty and
explained in detil in Subsectior8.3.3.

3.3.2 Day-to-day Replanning

As is described irsubsectior8.3 1 , both fABenchmar ko and 0
are calculated based on the deyday replanning process approximating the

stochastic user equilibrium (SUE) in MATSImhd setsS;™ and Sg'd are subset

of the set previously introducei. The overall approach, called a populatimased
co-evolutionary algorithmNagel and Floetteroed, 201 6eads as fédws:

Algorithm 3.1 Co-evolutionary, populatiofbased search

1. Initiation: Generate at least one plgn, for every agentp.
Pl

2. Iterations: Repeat the following until user equilibriuns § u*p.
p=1

a) Execution: Select ons, , of the plansS, for every agenfd .

b) Scoring: Obtain a scorg, f or every agentos sel
selected plans simultaneously in a simulation.

c) Replanning: For some of the agents, generate new ﬁ?@eﬁvs for example,

- . N Id :
as Abest repliesodo or S,%ts mut ati ons o

Execution.Inthefie x ecut i ono modul e, one plan i s s
agent, select a plag,, (which can be possibly be the plan considered at the last

iteration s, ;), with a convergent switching process (Equati24). P(Sp’k) is the
probability of choosing plars, ., T(s,, - §,;) is the switching probability from plan

S, tos

Pk p.j"

P(s)T(s- $)=Rs) Ts - ) (3.24)

Scoring. Equation3.25 shows a scoring function determining the utility of a plan for
an entire day, formulated by Charypar and Nagel (2005).ufihy of a planu,, is

computed as the sum of all activity utilitieg plus the sum of all travel (dis)utilities

U for each activityi within the numberN of activities, and trip as the trip that

follows activity i .
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N-1 N 1

U,=au, +ay (3.25)
i i 9

To ensure the convergence of scores, a learningcrageused in Equatio.26. ugeﬁv

andUWj are the agentss,, anddyis she mostr recentl awtoal

performance with that plan.

Ui =@ -c)udy i, (3.26)
Replanning. The replanning module of MATSIm works, at each iteration, by
generating alternative adjustments of the plan executed (i.e. iteratively considering

more plans fronf)) . The agentsdéd plans can be chang:

modes, departure time and activitiéto(ni and Nagel, 2006 for example, going to

work earlier or later, doing an additional activity or not, taking some mode or some

other mode to move between activities. To generate new solutions, two operators are

oft e n used i n evol ut i onBalmgretall 2000 fakedh ans : i mt
candidate solution and performs small mo d i
and Nagel, 2005) takes two candidate solutions and constructs a new one from those.

Iterations.l n each iteration, the agentsd pl ans
while those with the worst score may be discarded with a higher possibility. After a
certain amount of iterations executing different plans, the plan with the highest score

(i.e. the best considered plaﬂ*p) will be identified. This process mimics the

experience of agents from comparable situations to reach ideally a user equilibrium
solution of plans. Howevethe stability of this equilibrium is not perfecince the
simulations are stochastic (see Meister, 2011).

Analysis MATSi m has a complete output of agent ¢
trips, detailed departure and arrival t i me
functi on. Based on this outputs, agent sao
information availability, such as delays, can be analysed.

3.3.3 Within-day Replanning

The concept of withitday replanning is proposed in Dobler and Nagel (2016) for

road traffic management in unforeseeable (i.e. subject teantcipatory conditions

as owmel iTi nformati ono scenario) or partial
disruptions or accident¥Vithin-day replanning is fundamentally different from day

to-day replanning, as the simulation is done in a single iteration; there is no
equilibrium to ke determined, but only a best adaptation, corresponding to-a non
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equilibrium solution. Moreover, complex detailed behavioural model needs to be
described. Due to the very different dynamics of private car users and public transport
users, a major improvemeto this model has been necessary for application on the
public transport disruptions. In fact, car users only choose the physical network route,
while agents using public transport have to choose the train/ bus/ tram service, linking
the physical netwdrand the service network.

We use the withird a y replanning t o comput e t he
i nformati onod s cenarFigwe 3¢ XVp foliow the lhehavicuralpr e v i
assumptions as stated Subsection3.2 5 . The ag-enakinggpbcesséenci si 0 |
within-day replanning works as the following Algoritt82.

Algorithm 3.2 Within-day replanning

1. Initiation: Compute the original plam;s,in S, for every agent, regardless of th
disruption.
2a. Execution:for every agentpi P° affected in disruption, do withiday
replanning:

a) Compute the available pIar&E‘T' from S;.

b) Approximates,” as theargmaxu, €,, 5§ ) i.e. s, approximately equal to
" Sp‘kl'gg:”

=D, Tl

5.

c) Execute the new generated pigf’ .

2b. Execution: For every agent not affected in disruppdnP\ P°, executes, .

D,TI

3. Scoring: Obtain a scoig,
related some performance measure.

for every agentos exec

Without loss of generality, under the assumption of an equilibrium being reached at
the initial plans, and to avoid unneeded variability in the execution of travel plans of

agents, we focus on replanning only those agelﬁt?D, which are directly affected
by the disruption.

The agentsod plan for the entire day con
adjacent activities. Inthe withibay r epl anning modul e, t he
and all the following activities antlips until the end of the day can be modified. A

trip change can influence the start time of the following activities, and a domino
effect to next trips and activities. For each selected trip, a possible alternative is
sought, which is able to connect theevious activity to the following activity. The

plan maximisng the utility is sought, but this can be simplified as follows. Any extra
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delays in starting the disrupted trip will decrease the utility of the trip; any extra delay
in starting the disruptettip, or postponing the activity will decrease the utility of the
activity, as well as its cancellation will decrease the utility of the activity. For this
reason, under standard MATSIim parameters of evaluation of generalized travel time
we can directly dcus on computing the plan, where the immediate trip to the next
activity after the disruption has the maximum utility of the trip. Formally, under the
assumptions considered, we can also replace the computation of

argmaxu, §,, .5 ) as the computmn of argmaxu, §,, 5 ) ass, will be equal to
Tl " ska I’%’TI

" Spk I’i’

<=*D,TI

S5

For trips and activities starting after the disruption, MATSIim can execute directly the
plan computed by the withiday replanning module withoygroblems. For those

trips which were performed at the moment when the disruption begins, in case they
happen to be impossible (i.e. the agent is on a bus which breaks), the replanning
module will seek for alternative ways of movement.

3.4 Experiments and Results

We perform a large set of experiments, based on calibrated initial demand of Zirich
presented in Riesé3chuessler et al. (2016). The public transport integration is
implemented in the Zirich network, in which all public transport is integrated in
single system with a single payment scheme. So the users can use any mode as their
choices without extra charges. The total number of agents including both public
transport and private users in such Zurich scenario is 15,286, which represents a 1%
samplnhg of the of real Zlrich population. Based on the Zirich scenario, we
determine a public transport di srupti on
and satisfaction from the simulation results.

3.4.1 Zurich Scenario

Zurich HB is the central rail statiain Ziarich, used by almost 400,000 passenger trips
per day, and scheduling more than 2,800 trains per Zdaych Oerlikon is also a
major nodal point and junction for Zurich rail network, with almost 80,000 passenger
trips per day, and scheduling abo003rains per day. Physically three railway routes
connect the two stations: one passing via Zurich Hardbrticke, one passing via Zrich
Wipkingen and one direct tunnel route (DML). The railway route via Zurich
Hardbricke operates six train services: S15,3%, S6, S7, S21; Zurich Wipkingen
railway route operates six train services: S24, RE, IC4, IR75, IR37, IR70; the direct
tunnel route operates eight train services: S2, S8, S19, S14, IR36, IC8, IC5, IC1. The
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train frequency on the-Bahn train services.¢. all those beginning with S) is every
half hour, while that on most inteegion (IR) and intecity (IC) services is every
hour, except IC4 with a frequency of every two hours. Each train service stops at
Zurich HB while not all train services stop atirich Oerlikon, some pass Zrich
Oerlikon without stops (i.e. IC4, IR75, IR37, IC8, IC5 and IC1). This situation is
graphically represented iRigure 3.7 For the sake of completeness, we include in
Figure 3.7all stations (Zurich Flughafen, Schaffhausermich are the firstlast stop

for train services leaving from/ arriving to the station Zurich Oerlikon, and that do not
stop in Zurich Oerlikon.
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Figure 37: Details of rail elements and disposition schedules in Zi&gemario

Zirich Flughafen

Each line inFigure 3.7represents a train service, with the thickness related to the
frequency. The travel time between Zirich HB and Zurich Oerlikon on all railway
routes is comparable, being between 5 and 7 minutes. The red IFigsra3.7show

the assumed rail disruption: two railway routes between Ziurich HB and Zirich
Oerlikon via both Zurich Hardbricke and Zurich Wipkingen are disrupted and
unavail abl e during the afternoon peak
disposition timetablés applied during the disruption time, as follows.

9 For the disrupted train services between Zurich HB and Zurich Oerlikon, all the
train services are cancell ed bet ween
extended to the next stop beyond Zirich Oerlikin case the train service does
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