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1 INTRODUCTION

1-1 Research motivation

The sustained growth of the economy and the coatinmprovements to the quality of life
lead to an increase in the value of time, espeguaialthe developed countries. Thus, reliability
has recently emerged as an important factor irspramation and pertains to determine how
well a transportation network provides service fy&br its users.

Reliability of public transport systems has beensidered imperative by public transport
users, operators and the government. Public transgstems often fail to provide reliable
service due to regular and irregular disturbanoasised by traffic congestion, varying
passenger demands, vehicle breakdown or failureeqpfipment or infrastructure, and
incidents. Unreliability in public transport serggleads to uncertainty and consequent delays
aggravating anxiety and discomfort for the passendeurthermore, reliability is targeted by
the operating companies, firstly to improve thaternal efficiency and reduce operating costs,
and secondly to benefit from increased patronage tuservice improvements. Public
transport reliability has thereby become an inaregyg important attribute for assessing the
performance of public transport networks. In a Ssledtudy reliability has been found one
of the most important attributes of quality of paliransport services (Frimaat al, 1998).

In order to increase public transport’'s share coegbdo private modes and maintain its
competitiveness, reliability of public transporingees among all other influencing factors
such as speed, accessibility, and safety shoulidnpeoved. Empirical evidences show that
public transport patronage growth will result fraervice reliability improvements (Oldfield
et al, 1977; DETR 1997; BCSR 2003; Balcombe e2@04; VVuchic 2005; Currie et al, 2007).
For instance, the results of a British study (BS@B803) demonstrate that improving
reliability will result in more than 12% increase use of urban public transport (bus, and
light rail) within 10 years. Hence, reliability gla an important role in attractiveness of public
transportation.

With respect to the importance of reliability, ndhe question might be raised how the
impacts of reliability might be accounted for inbfia transport network design and
assessments? Consequently, does considering ligtiads an influential factor lead to
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extensions in public transport network design asskasments? Given the serious impacts of
potential disturbances on public transport netwgrrformance and service quality,
assessment and design of public transport netwookEerning reliability have received
astonishingly little attention in the literaturehd& research presented in this dissertation thesis
aims at extending the classical public transpamvak design procedure by including service
reliability as an important aspect in public tramgmetwork design and assessments.

1-2 Research background

A number of previous studies from past several yydemve found reliability of the public
transport timetable one of the most important ofterastics of public transport services
(Golob et al. 1972; Paine et al. 1969; Wallin andgit 1974). Turnquist and Bowman (1980)
examined the effect of network configuration onwwk reliability showing that service
network pattern and line density impact servicéabdity. Vuchic and Musso (1991) give
some guidelines on designing reliable public transpetworks especially for metro lines
stressing independent service line operation tcaecd service reliability. Rietveld et al.
(2001) evaluated various reliability enhancing tsigges for Dutch public transport networks
indicating that service reliability could improve timetable modification. Schmdcker and
Bell (2002) design a network observation tool narR&dE (path flow estimator) to identify
which link failure probabilities cause the mostraase of expected trip costs in a multimodal
transport network.
Ceder (2001) recommends improving operation plawissahedules such as applying priority
and control techniques, to improve the reliabiifyransit service lines as well as of the entire
public transport network. Chang et al. (2003) ardihson (2005) suggest using Intelligent
Transportation Systems to increase reliability ublg transport operations. De Kort et al
(2003) develop a methodology to compute the maximumber of train movements per hour
per direction that can be executed on a partidofeastructure element in order to achieve a
certain desired level of reliability. They applyethapproach to a planned high-speed double-
track line in the Netherlands. Recently Van Oord &an Nes (2007) have evaluated some
strategies for improving the service reliability @fe tram network in The Hague by
coordination of tram lines, and modification ofs&pacing between stops.
Most of the aforementioned attempts focus on copimd) adjusting public transport networks
in case of disturbances to weaken their impactsesvices and consequently public transport
travellers. However, the important question remavhgther it is possible to design a public
transport network in such a way that its desigreiehtly has higher service reliability and
mitigates the consequences of service disturbances’
By looking at the public transport network desigogedure, it generally consists of three
stages as follows:

» Strategic design;

» Tactical design;

» Operational design.

We will discuss these stages in this thesis. Réilialn network design can be dealt with in
the tactical and the operational design steps asch timetable design, in synchronisation, in
fleet and crew planning, in determining prioritisat tactics, and in operational management
and control stage for an existing public transpetivork. However, is it possible to deal with
reliability at the strategic level of planning whemnetwork spatial characteristics are
determined, too? In other words, is it possibleextend strategic public transport network
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design in such a way that the yielded designed ar&twias the capability of being more
robust against potential disturbances?

On the basis of available literature it can be bohed that there is a lack of sufficient
research at the strategic design level regardilgprity. Hence, we intend to deal with this
challenge in this thesis. In the next part theefoe will elaborate on the research objectives
and scopes of our dissertation thesis.

1-3 Overview of research objective, research questis and scope

Regarding the previous discussions, this thesis ainproposing an appropriate methodology
for public transport network design assessment$ widequate consideration of service
reliability. The objective that is going to be amhed in this thesis is:

Extending classical public transport network desigmd assessment by including service
reliability into the design problem and assessnoeiéria.

In order to tackle the aforementioned objectiveeréhare three main research themes that
should be addressed adequately. These researchslaee
1 The diagnosis issue, identifying causes of vanmetian public transport networks,
impacts of events, and the notion of service réitgp
2 The development of a public transport network piagn design philosophy and
procedure including new design dilemmas, extensiometwork performance criteria
to capture service reliability as well, and extensof the bi-level relationship between
network design and traveller's behaviour to inclidpacts of stochastic events;
3 The implementation issue including the identifioatiimplementation, and empirical
testing of possible reliability improving measures.

For the £'theme on diagnosis the following questions mightdised:
« Why is classical public transport service networksessment and design not
appropriate?
* Which are relevant random variations pertainingrtzan public transport networks?
* Which are the impacts of stochastic events on putdnsport network operations?
* How do transit travellers perceive service variaiguffered by them?
* What are relevant notions of service reliabilitypublic transportation?
* What are relevant impacts of service reliabilitytaveller’s choice behaviour?

Regarding the™ theme on planning, relevant research questions are

* How can service reliability be improved in the galtansport planning stages?

«  Which are relevant consequences of reliability iovprg measures for the public
transport network design problem?

» Does considering service reliability lead to newwtek design dilemmas?

* Does considering service reliability require aneesion of the classical network
design objective functions?

* Which are relevant consequences follow from comsigempacts of stochastic events
for the classical bi-level network design framewdrk

The 3% theme on implementation leads to raising the failhg questions:
« What are promising reliability enhancing measures the service network and
infrastructure planning?
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* What are relevant outcomes of applying reliabidhhancing measures at the strategic
level for overall network performance?

* Do reliability enhancing measures at the stratégvel of network planning really
work for realistic cases? And if yes, what are rthedbnsequences in terms of
improving overall network performance?

The scope of this research will be urban publindpmrtation in which we concentrate on line
bound public transport networks.

1-4 The research approach

In this research, we use several methodologies ndigpg on the context of the study.
Regarding contexts of theme 1 we synthesize qtigbtg outcomes of experimental and
empirical studies in order to identify and to catege probable stochastic events which may
impact public transport networks. We use commotglodistic formulations to estimate time
interval, and duration between stochastic everties& probabilistic formulations are applied
for the simulation of stochastic events. In ordedéetermine impacts of events on network
performance, we opt for the most relevant operatiomeasures using empirical studies such
as service running time, punctuality, regularitggRrding service reliability notions in public
transport, the focus will be on travel time rellapj and connectivity reliability. The latter
relates to network robustness. All these measures discussed extensively and the
relationships between them are distinguished. Finampacts of service variations on
traveller's behaviour are studied by synthesisimgieical findings.

Regarding our approach in theme 2, we identify eatg¢gorise commonly used operational
measures that are applied by transit operatorope evith impacts of stochastic events on
urban public transport networks. Given the impastsoperational measures on public
transport network design, we extend the public sppant network design problem
conceptually by using classical public transportwoek design and traveller's behaviour
concepts. We develop public transport network daesigrelation with service reliability and
network robustness to identify appropriate religdpgnhancing measures at the strategic level
of network planning.

Regarding the methods used in theme 3, we desigissassment tool based on the extended
network design problem discussed in theme 2. Tdubwill have the capability of capturing
all potential variations and distortions in pultiansport network including infrastructure, as
well as traveller's behaviour. The tool determinasd locates temporally random
disturbance(s) affecting public transport servieémorks, infrastructure and public transport
travellers.

With respect to the operational adjustments apphbgdtransit operators to cope with
disturbances in services, the tool assesses vacasess at the strategic level of network
planning to enhance service reliability. The defimases aim at preventing public transport
networks from random service disturbances and ithpsove service reliability. They lead to
modifications and extensions in the transport servinetwork and infrastructure. After
implementing cases, the corresponding outcomesgrmst of overall network performance
including service reliability are compared and easéd. We apply heuristic methods in
combination with engineering judgments to find atiroal service network and infrastructure
in terms of network performance including serviediability. This approach fits in the
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context ofDecision Support SystemsethodologyDecision Support Systermase related to
the design of single-level (urban) public transpatworks.

1-5 Scientific contributions of the thesis research

This thesis contributes to the State-of-the-Ars@ivice reliability considerations in the public
transport network design in various aspects categgbinto three groups:

Group 1:

« Establishment of a classification system of stottbas/ents, impacting urban public
transport networks and causing disruptions, acogrth their characteristics in terms
of time, location, severity, predictability, andytdarity;

» Establishment of a categorising system of operatioreasures and adaptive remedial
solutions, commonly applied by transit operatorsnitigate disturbances caused by
stochastic events, according to disturbance type;

* Identification and formulation of new design dilemsnin the context of the public
transport network design problem as a result obating for service reliability;

Group 2:

» Establishment of an extended PT network designdvemnk by incorporating service
reliability on the supply and demand sides. Consetly, network design objective
functions which accounts for service reliabilitylkaeen developed;

» Identification and modelling of the impacts of seevvariations offered to passengers
on route choice behaviour according to event gyl

* Formulation of an extended route choice model uidg the route set generation
procedure with the capability of incorporating paldransport travellers’ perception
of service reliability in their regular route cheibehaviour and of their responses to
unexpected variations;

Group 3:

« Establishment of new measures at the strategid lefv@etwork design for both
transport service networks and infrastructure wpibsitive impacts on network
robustness and service reliability;

» Establishment of a new planning procedure for siftacture of urban rail bound
public transport network demonstrating the effextiole of additional infrastructures
on improvement public transport network reliability

1-6 Practical relevance of the research

At least the following two practical merits ememgifrom this research are considered
relevant for public transport planning:

* Modifying spatial characteristics of service netkgin terms of network type, line
density, and line length to enhance service rditgbdbased on a decision support
system methodology will enable public transportnpkrs to adapt their existing
transport service network design to achieve higakability.

* Including additional infrastructures e.g. shortcuigpasses, and turning facilities in
existing infrastructure networks based on the datisupport system methodology
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will enable the infrastructure providers (espegiall urban rail bound public transport)
to be ensured of infrastructure quality (offeredrémsit operators).

Given these outcomes the following practitionersildaain from this research:

e Urban infrastructure plannersvill benefit from the recommendations given insthi
research for planning additional infrastructureshsas on shortcuts, bypasses, and
turning facilities. Planning of such infrastructsireould lead to more flexible public
transport infrastructure networks especially foil faound networks and could
facilitate adequate transit operations in caseasttithances.

e Public transport plannersgget recommendations for their public transportviser
network design. That is how to reconfigure theiiseng public transport service
networks in terms of network type, service linegyand service line length in order to
improve network performance including service taligy.

An example of practical relevance of this reseascthe cooperation with HTM (the public
transport operator of The Hague) with respect talysms and advise to plan additional
infrastructures for vulnerable service lines, als® gplitting a vulnerable line into two parts.

1-7 Thesis outline

This section briefly describes the contents of eabhpter of this dissertation and the
connections between them.

Figure 1-2 illustrates the structure of the mainypof this thesisChapter 2summarizes the
classical public transport network design procedlirdeals with diagnosis theme 1 already
discussed in section 1-3 by addressing why thatiwadl public transport service network
design problem is not appropriate. The commonlyduseban public transport network
patterns are studied and their spatial charadt=isivaluated. The public transport network
design problem including its design dilemmas, aedigh complexities are discussed and
consequently commonly used design methodologiesdfon the literature are assessed and
categorised. A bi-level design framework based ame theory is proposed to deal with
design complexities. Also classical public transmi@sign objective functions with different
perspectives are presented. These objective funsctawe formulated mathematically. All
design aspects presented in this chapter are acgaal the deterministic point of view by
assuming constant transport system characteristics.

Chapter 3focuses on stochastic events impacting urban @ufdnsport service networks.
This chapter deals with diagnosis theme 1 too. e focus of this chapter is to identify
potential variations in public transport networkeldheir impacts on public transport service
networks and operation.

Thus, in this chapter the event’s characteristiod @eir consequences for public transport
networks including their infrastructure are exteebi discussed. Several distinctions are
made based on event's characteristics in termsna# {interval, duration), predictability,
regularity, and location. Furthermore, event-adegptadjustment strategies and remedial
solutions that are normally used by public transpperators are reviewed and categorised.
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Figure 1-2: Schematic overview of the main body dhis thesis

Chapter 4addresses impacts of stochastic events on sgeréermance. This chapter is also
related to diagnosis theme 1 and addresses tlosvinth questions:
e Which impacts of stochastic events are exerted ablip transport network
performance?
* How do transit travellers perceive service variaiguffered by them in short run?
* Which notions of reliability are relevant in pubtransportation?
* How can service reliability be perceived by puliiansport travellers according to
regular and irregular service variations?
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* Which impacts of service variations and servicabglity determine travellers’ choice
behaviour in the short term and the long term rewspedy?

Therefore, operations performance criteria addngsservice reliability are presented and
formulated mathematically. Service quality variagosuffered by public transport travellers
reduce service reliability perceived by them. Thssyeral definitions, measurements and
criteria related to service reliability are revielvend accompanied by mathematical
formulations. Moreover, these definitions and measents are verified by empirical results
gained in various reliability-oriented studies bgmg researchers. In this chapter a distinction
IS made between events according to a regularitigrion. Finally, in this chapter impacts of
service reliability on traveller's choice behaviawith respect to route choice, departure time
choice, mode choice, and destination choice adiestwising empirical study results.

Chapter 5relates to planning theme 2 and elaborates on Ibest incorporating service
reliability in public transport network design. Comanly used approaches for enhancing
reliability at the operational, the tactical, arftk tstrategic levels of network design are
introduced, categorised and exemplified. Incorpogaservice reliability at the strategic level
of network planning raises several new public tpantsdesign dilemmas. Moreover, it results
in a new network design framework and an extendgdark design objective function. In
this formulation the impacts of disturbances in tieéwork are captured. In fact, this chapter
expresses public transport network assessment asdynd considering reliability in a
stochastic perspective. Accordingly, the assessmgtdria addressing service reliability,
discussed in chapter 4 are included in networkoperince measures. Thus, this chapter
forms an extended public transport network desigiblpm addressing service reliability.

Chapter 6also deals with planning theme 2 and studiesrtigacts of random disturbances
on public transport traveller's route choice bebavi In this chapter, a distinction is made
between impacts of regular variations and irregwariations on choice behaviour.

Furthermore, two different types of choice beharvioamed pre-trip choice and en route
choice are expressed in case of irregular variatiorthe network. These types of behaviour
depend on the event types in terms of predictgbditd also the current knowledge of a
traveller from the network situation. Thus, thisapter extends on classical route choice
models by incorporating service reliability. Twoffdrent problems are dealt with in this

chapter: First, how do public transport travellstsategically include their perception of

reliability in their regular route choice behaviBuSecond; how may public transport
travellers respond to an unexpected event by chgrigeir route choice?

Chapter 7 deals with implementation theme 3. In this chaptex extensions of public
transport network design in terms of extended serperformance criteria regarding service
reliability, operational measures applied in ca$edigturbances, and strategic measures
applied to enhance service reliability are impletadnin an assessment tool. The
methodology used in this chapter is to exempligy élitended design framework, described in
chapter 5, by a hypothetical case study resemladimgdeal commonly used tram network.
The focus is on public transport service networkigie at the strategic level. Different tactics
for modification of an existing transport servicetwork are defined, applied and their
outcomes are evaluated in terms of service religlaihd overall network performance.

Chapter 8 deals with implementation theme 3 as wadtl focuses on public transport
infrastructure network design accounting for raligh The objective of this chapter is
evaluating impacts of additional infrastructure ioyproving service reliability of the urban
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public transport networks. Hence, several variaans defined and implemented in the
hypothetical case study and the corresponding m#soare assessed in terms of service
reliability and overall network performance.

Chapter 9in relation with theme 3 validates the researnldifigs from previous chapters in a
real case study (tram network in the city of Thegttg, with realistic spatial network
characteristics. This chapter is the engineering ob this thesis and exemplifies the research
findings in practice. In this chapter the serviegfprmances of the existing tram network in
terms of reliability are assessed. Given the ass&sisresults, appropriate recommendations
are provided to enhance service reliability in tlseudied tram network. Design
recommendations that are introduced in this chaptdrappreciated by transit operator of the
city might be applied in the network in the nedufe.

Finally Chapter 10concludes the thesis, outlines findings, and pgepaecommendations for
further elaboration regarding service reliability.
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2 CLASSICAL URBAN PUBLIC TRANSPORT
NETWORK DESIGN

2-1 Introduction

In this chapter classical public transport netwdesign and related issues are discussed. The
network design problem is chosen as the overathdwaork for analyses to be done in this
research, despite of the fact that the main foduhie dissertation is on public transport
network assessments.

As the first context of this chapter we indicatatth public transport network is a part of the
transport system. In addition to the public tramspetwork, infrastructure is the other part of
the transport system. Making a distinction betwtderse two components is essential since
each one has its own characteristics in the demighassessment process. The distinction
between these two components will be clarified his tthapter by using a common layer
model.

We will also indicate by a common hierarchical sobethat public transport network design
is a part of the planning process. The planninggss is usually addressed in three different
levels, whilst public transport network designhie tontext of one planning level specifically.
Regarding public transport network design, we widiscuss network descriptive
characteristics that are dealt with in the desigiblem. Service network type and service line
types are two important spatial attributes of pultansport networks that are extensively
elaborated in this chapter.

Classical public transport network design is focuse a single level service network
predominantly in a deterministic perspective. Thamgoal in the unimodal transport service
network design problem is to determine an optineavise network given a specific design
objective. We will show that this is a complicafg@blem due to several reasons such as the
conflict between viewpoints of the public transpaperator and authorities, and travellers.
Hence, as the second context of this chapter weddlborate on classical unimodal public
transport network design in the deterministic pecspe by discussing complexities and
methods that are commonly used to deal with them.

11
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The results of this chapter are providing a putshasport network design framework that is a
basis of public transport network design and assests in the stochastic perspective. This
framework will be extended in upcoming chaptersjntyain chapter 5, in such a way that
service reliability as an influential factor is inded in network assessments.

2-2 Transportation system and its components

In this section we categorise the involved partshef transport system and express a clear
definition of each part. These definitions and tielss are essential to define a public
transport network and assess its components clyrigote a public transport network is a
part of a transport system. A transport system istm®f different parts. The layer model
provides a framework to analyse the transportaigstem and relationships between its
components. The basic model (Schoemaker et al.)18®&sists of three layers, namely
Activities, Transport Services and Traffic Servicasd two markets between them namely:

1. The Transport market between activities and trarsgovices;

2. The Traffic market between transport services aaffi¢ services.

The Activity-layerrelates to the activities performed by people, ganes, and organisations.
Typical activities are living/dwelling, work, studghopping, visiting, and recreation, while
production, assembling and storage are examplesaativities for companies and
organisations. Since activities have different tmoes in space and time, people have to make
trips and goods must be shipped. Thus the spastlldition of activities leads to a demand
pattern in space and time of trips for people amadg.

The Transport Services-Layeaffers transport facilities to people and shippdtsst as in the
activity-layer, many actors are involved from indwal persons driving their own car or
bicycle to professional organisations, each offgtiansport services to facilitate the demand
pattern. In fact, this layer provides a supply grattin space and time for the transportation of
people and goods. Typical characteristics of thigps/ are the level of service (e.g. travel
time, reliability), prices, and quality (e.g. comto

Activities

Demand Transport Supply

(persons) (levels/prices/

market | aiy)

Transport services

Demand Traffic Supply

(vehicles) (levels/prices/

market | aiy)

Traffic services

Figure 2-1: Layer model of the transportation systen
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The Transport Marketbalances demand and supply, yielding the actual gatterns for
travellers and freight. Please note that the adtyalpattern, which might be observed by
surveys, is not equivalent to the desired dematiénma For example, travellers might choose
activities nearby instead of the originally inteddectivities because of the long travel times
or high prices that are related to the transportices available. Although the transport
market is not a real market in an economic sensenamic concepts such as utility
maximisation have proved to be very useful for destg phenomena in the transport market.
Units that might be used to describe the transpantket are number of persons, volume, or
weight of goods, or distance related charactesstiach as traveller-kilometres and ton-
kilometres.

In order to provide transport services, the transpervice provider uses vehicles, or traffic
means, for performing the actual displacement opfeand/of good, which leads to a traffic
demand pattern in space and time. It should bedntitat this pattern will be different
compared the demand and supply patterns in thespoainMarket. A typical example is a
public transport route that will only partially cwmide with the actual trips using the service.
Another common phenomenon is the “empty vehiclg’ tieeded for logistic reasons such as
a taxi driving to a customer or a truck returniaghe depot after delivering its goods.

The Traffic Services-Layemprovides the possibility for vehicles to make #.trTraffic
services thus consist of various traffic infrasttmes and the regulations for using these
infrastructures. Ultimately, they might consistpoécise trajectories (paths in space and time).
The supply of traffic services can thus be seeragzmttern in space and time for the
movement of vehicles containing travellers or goadsfor (re)positioning of vehicles
logistical reasons. Related characteristics aréndgael of service (travel time), prices, and
comfort (e.g. related facilities).

The Traffic Marketbalances the traffic demand and supply, yieldimgédctual trip pattern of
vehicles. Again, the actual pattern is not necdgsatentical to the demand pattern, for
instance vehicle trips might be cancelled (no capavailable), rerouted or delayed. Please
note that in this way the Traffic Market influendbe quality of the services offered in the
Transport Market as well. Units that might be usedescribe the Traffic Market are number
of vehicles or vehicle-kilometres.

In the case of public transport the concept ofamgport service is quite clear. The public
transport company determines nearly all charatiesi®f the transport service: the vehicle
type, the service network that is lines and timemband all service attributes, such as
availability of travel information, travel costsndé the quality of the services offered.
However, the public transport companies usuallyndbdetermine the infrastructure network
that is available for the service network. This thos determined by the authorities. In the
case of private transport such as private car, liexyghe meaning of a transport service
needs some explanation. The main point is thadther provides transport to himself: the
driver as service provider and the traveller ame ghme person. Just as the public transport
company, the car-driver determines the qualityhefuiehicle and of the service during the trip,
while the authorities determine the quality of tedwork used.

We can conclude from the discussion above thatiéiseggn of a public transport network as a
part of the transport system deserves a specetath because of its characteristics and a
large number of involved attributes. The designpscoovers the transport service network
and might be oriented to the infrastructure netwtork In the next part the planning process
in public transport networks is discussed.
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2-3  Planning process in public transport networks

In this part we discuss the planning process indigggn of public transport networks. The
planning scheme is mainly important for plannersliféerentiate among design stages and
focus on the desired design level. It is generatlgepted that planning and control systems
within companies can be divided into hierarchicatlydered types of activities which
differentiate themselves according to the scopéhef planning issues addressed and the
planning horizon. This can be carried out for pubiansport just as for other products offered
on markets. Based on various theoretical definiti¢see, e.g. Anthony, 1988 ; Hellriegel
1992; Van de Velde 1999) the public transport pllagprocess may be viewed as consisting
of three levels namely:

* The strategic level,

* The tactical level;

* The operational level.

At the strategic level the design of the transpgetvice network is realised; however
depending on the public transport network type thiedsituation of existing infrastructure, the
design of the infrastructure network might alsariuded in the planning scope.

At the strategic level of network planning, spat#tributes of the service network including
the service network type, the service lines anda@ated service frequency are usually
designed (Hellriegel 1992; Van de Velde 1999). Eha® then inputs of the tactical level. At
the tactical stage the timetable is designed. bhtiaeh to timetables that are published for
travellers, internal scheduling including staff étable, number of drivers and required
vehicles are planned. After planning both the fpans network and the timetable, the
operational planning are considered to use of tliengpublic transport network efficiently
and to provide service for the users in an adedea# of convenience. Figure 2-2 illustrates
the relationship between the aforementioned desigges. Ideally operation level gives
feedback to the tactical and the strategic levedl also, tactical level gives feedback to the
strategic level. However, in practice feedback frtim lower level to the upper level is
limited.

4 N
e Strategic level 7
\ J
- ; ~N
Tactical level <
\ J

-- Operational level --

Figure 2-2: Three stages in public transport planmg



Chapter 2 - Classical urban public transport netva@sign 15

The focus of this thesis will be on the strategeel and especially the network design
problem. As will be shown in later chapters consite service reliability this implies that
operational measures should be incorporated iarhéy/sis as well.

2-4  Urban public transport network characteristics

A common approach in defining the infrastructurénoek is representing the network as a
set of nodes together with a set of links (Mandf'9)9 Transport service networks however
include lines as well. Service lines are a seriesubsequently connected links and the
corresponding nodes. Furthermore, service linessseciated with service frequencies.
Considering public transport networks, there arg@adrtant notions that describe service
network spatial characteristics. These descriptoteons are categorized as follows:

* Network hierarchythe combination of different network levels im@work;

» Service line typethe service line structure and configuration;

* Network typethe topological structure of the network.

The Network hierarchyepresents the functionality of different netwddyers forming a
transport service network. Each network level istesufor serving specific trip types,
especially with respect to trip length, while alsmviding access to higher level networks.
Each level has its own characteristics regardiragss density, network density and network
speed. Network density is defined as the length®fervice network or link network per unit
area, whereas access density expresses the nuinbatry and exit points per unit area.
Network speed can be expressed as the averagéspaes within the network.

Higher level transport networks are suited for lafigtance travel and have low access
densities, low network densities, and high netwspkeds. Lower level networks are meant
for short distance travel, and thus have high acdessities, high network densities, and low
network speeds.

The service line typeepresents spatial and temporal specificationsdive public transport
lines certain functional and operational charastes. Although some lines have irregular
forms, most can be classified into the followingesg:

» Lines heading towards/ originating from the CBDywtdown;

* Lines passing the CBD;

» Lines not passing the CBD.

Typical examples of lines heading towards or oagjimy from CBD/downtown areadial
lines Radial lines, with one terminal in the city centhe other in the suburbs; tend to follow
the major demand directions and connect regionsran side of the CBD (Vuchic 2005)
(figure 2-3-A). The highest density of travel irban areas is usually concentrated in radial
directions converging on the city centre area. €quently, most of the heavily used lines lie
between the central area and suburban centresc&énes with radial or semi radial patterns
are widely used in European cities (e.g. Amsterdeme, Hague, Zurich, and Vienna).

There are two major disadvantages for radial linesst, they provide only limited
distribution in the centre, involving long accesst@hce or transferring by passengers (Vuchic
2005). The second one is that their terminals @atéd in high —density areas where land is
precious and space is unavailable. Consequen#ysttirage of vehicles for peak hour service
is very difficult.
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Regarding service lines passing through CBfansversal linesare the typical example.
Transversal lines connect suburbs on differentssafethe city centre (figure 2-3-B). They
follow radial directions, passing through the cahtirea (Vuchic 2005). Transversal lines
have a major advantage compared to radial linesdimey serve larger area, provide better
distribution in the CBD, and might offer more opfmities for transfers with other lines.
Moreover, they have no city centre terminal. Tramsal lines are widely used in European
cities too.

A-Radial lines B-Transversal lines C- A circumferential line

Legend:

© Service line terminus point (Terminal)

e Ordinary stop

------- infrastructure

Service line

D- A circle line

Figure 2-3: Example of network service lines

Service lines that do not pass through CBD carabegorised into two types:
e Open lines;
* Closed lines.

Open service linesre located distantly from CBD, encompassing CBEbugh suburbs.
Their itinerary has two different terminals and sloeot pass through CBD. Relevant
examples of open lines might lbecumferential linesand tangential lines Circumferential
lines are laid out around central city (Figure &B-They intersect radial and transversal lines
enabling transfers with them (Vuchic & Musso 1991).

Tangential or cross-town lines are common in civéh a grid infrastructure network pattern.
In the network with a grid pattern, roads, andetg@are horizontally-vertically designed. For
example, North American cities have usually thed goattern and use tangential lines.
Tangential lines follow a tangential direction witespect to the city centre. They often
operate on streets with major commercial activitsehools, etc. and by a reasonable distance
from each other. Chicago, Philadelphia, and Torcam® cities using this type of public
transport line in addition to other line types.
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Closed service lineare usually located closely to CBD, encompassind @Gi#ough areas
around CBD. Their itinerary has only one depot donés not pass through CBD. Typical
example of the closed service lines is a circle.li@ircle or ring lines usually have two main
functions. First, they provide a direct connectamong numerous medium-to-high density
areas around city centre (inner ring) (figure 2-8-Becond, they can be effective distributors
for radial lines. As an illustration, the circlendi of London Underground connects nine
British Rail stations (London Underground webs@(7).

Please note that all of service lines illustratedigure 2-3 could be observed in non circular
cities as well. For instance, in a city with thedgnetwork pattern, there are always
possibilities to establish service line with a eddihape pattern to / from CBD.

The service network typexpresses the spatial structure of the servioearnkt The spatial
specifications of the service lines create netwdhet can be classified dominantly in 2
different geometric forms as follows:

* Radial service network pattern;

» Rectangular or grid network pattern.

When service lines are radial or transversal fousin a small area in the city centre, they
form a radial network (figure 2-4). Generally spiegk in comparison with road networks, in
public transportation, radial networks are domindittis is especially true for urban areas.
The main reason for this phenomenon is that pubdiosport is most efficient when large
numbers of trips can be served. Basically, radealvorks have some advantages as follows:

» Lines follow major travel directions, thus maximuidership per kilometre operated

service line is achieved,
* Many of the served trips do not require any transfe

In the radial network type, non CBD oriented trgas be made via a transfer. Rail networks
that follow the radial pattern are used in manydpean cities such as London, Paris, and
Munich (Urban Rail.Net 2009). Meanwhile, radial wetks have some disadvantages as
outlined below:
* Radial networks promote extreme consolidation ofise lines in the city centre;
» Radial networks provide low level of service foips those are non centre oriented
and require indirect travel via CBD with a transfer

Combination of a non passing CBD line, for examaleircle line/ ring line, with radial
network forms a radial arc service network typethis service network type, depending on
location of the ring line, a number of suburbareoted trips would be made via ring line
without transfer.

Rectangular networks consisting of a grid of sexlines can provide uniform area coverage
(figure 2-4). Trips between any two points are mesecessively circuitous and require at
maximum one transfer as in radial networks. Theg swited for urban areas with a
predominantly even density of activities and do mstimulate development of highly

concentrated areas such as CBD (Vuchic & Musso)1991

Note that service network formation depends onirthastructure network as well. In many
cases, no regular geometric form of the networklsadistinguished. As an example, we can
point out the irregular public transport networlattlexists in the Canadian city of Montreal.
Hence, in designing transport service networkspla@ner may face limitations which are
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mostly originated from the infrastructure layer.eh limitations can cause adaptations in the
service network design and shift the service netvpattern from a classical pattern such as
the radial network to an irregular pattern.

* & H

Radial Radial/Arc Grid

Rectangular

Figure 2-4: Example of network types

A conclusion from the above discussion is thatesigning public transport service networks
at the strategic level of planning, several aspgath as network hierarchy, the line type, and
the network type need to be determined. Thesectspeake service network design a more
sophisticated problem compared to road networkghénnext section the public transport
network design problem at the strategic level ébetated.

2-5 Public transport network design problem

This section defines the approach for the pub#ingport network design problem that will be
used in the several parts of this thesis. Firsalychoice will be made with respect to the
problem type. Given the selected case, correspgnciimplexities and dilemmas that the
network designer has to deal with are discussedn,Th brief review of existing methods
found in the literature and addressing the netwdesign problem are presented. By
reviewing existing methods in public transport natikvdesign, a distinction can be made with
respect to network design objectives. Hence, s sbction a discussion regarding commonly
used network design objectives are presented dsmelormulate network design objectives
mathematically, in this section we express a géreranulation of the resulting design
problem. This section will conclude with formulajinhe commonly used network design
objective functions mathematically.

2-5-1 Design problem type

The topic of public transport network design implidat different network layers should be
considered in the design scope, and thus the agipsteuld cover both service networks and
infrastructure. Also, the service network could rbaltimodal consisting of several layers.
Due to the complexity of the network design probleémbe discussed in the next subsection
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and also the objectives of this research alreadgudsed in chapter 1, we limit the network
design approach to unimodal transport service nsvo

2-5-2 Public transport network design complexitieand dilemmas

There are three aspects making the public transmiviork design a complex problem. The
first follows from the conflict between the viewpts of the traveller and the investor or
operator (Van Nes & Bovy 2000; Van Nes 2002). Tiawdllers prefer direct connections

between any origin and destination, while the itmesr operator favours a minimal network
in space and in time, thus reducing investmentsc@gjure 2-5). In order to deal with this

conflicting point of view of the authority as welk travellers, transit planners commonly opt
for design objectives that incorporate both opppsibjectives. In the next section we
elaborate on this issue.

Travellers’ optimum Investors’ optimum

Figure 2-5: lllustration of the difference in optimal network structures between
the travellers’ and the investors’ point of view

As the second aspect determining service netwar&saibility in time and space implies four
design dilemmas from the travellers’ perspectivablé 2-1 summarises these design
dilemmas and the corresponding trade-offs cau$ieget dilemmas.

In the first trade-off, short access time versuwrisim-vehicle time is determined. Many stops
per square kilometre result in short access dista®n the other hand, the services have to
stop at every stop leading to slow speeds andlitimgsin-vehicle time.

In the second trade-off, short in-vehicle time wsrshort waiting time need to be weighed.
Higher network densitythat is the total length of links used by publianisport per square
kilometre, lead to direct routes and thus shosehicle time. On the other hand, the number
of services per link will decrease, resulting iwlfsequencies and long waiting time.

In the third trade-off, minimisation of transfer&rgus short waiting times needs to be
determined. Highline densitythat is total line length per square kilometresuits in a
minimum number of transfers, but at the same timiw frequencies per line and thus to
large waiting times.

In the fourth trade-off, minimisation of transfeversus short travel times is at stake.
Distinguishing different service network levelsults in short travel times as each network
will be more suited for specific trip lengths. Atet same time, however, different network
levels lead to transfers between network levels.

The first three design dilemmas are applicablenicmodal networks; however, the key design
variables for urban public transport networks d@op sand line spacing. In assessing optimal
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relationships for stop and line spacing for urbablig transport networks, only the design
dilemmas 1, stop spacing, and 3, line spacingredegant.

Table 2-1: Classical public transport network desig dilemmas

Yielded Design dilemma Corresponding Trade-off

Service networks with higher stop density (shastep
spacing) and shorter access time vs. Service nieswath Short access times vs. Short
lower stop density (longer stop spacing) and lorrgeess in-vehicle times

time

Service networks with higher network density amadr
service frequency vs. Service networks with lowetmork
density and higher service frequency

Short in-vehicle times vs.
Short waiting times

Service networks with higher line density (shotilee
spacing) and lower service frequency vs. Serviteorks | Minimisation of transfers vs

with lower line density (longer line spacing) angdher Short waiting time
service frequency

Larger number of service networks with larger nundfe
transfers vs. Smaller number of service networkh wi
smaller number of transfers

Minimisation of transfers vs
Short travel times

The third aspect that makes the public transpdvark design problem a complex one, is the
fact that travel behaviour and public transportpyare strongly interrelated. Changes in the
public transport network such as service line, tabke, and service reliability lead to changes
in traveller's behaviour. As such, the network dasproblem is often seen as a Stackelberg
game in which one decision maker, that is the nétwaesigner, has full knowledge of the
decisions of the second decision maker, that istiéreeller, and uses this knowledge to
achieve his own objectives (Gibbons 1992; Casc2@fl). Figure 2-6 illustrates this
relationship.

— NetV\_/ork
design

Travel
behaviour

Figure 2-6: Bi-level scheme in public transport netork design

In a Stackelberg game two problem types can béndisshed. The upper problem is the
actual design objective in which optimal networladcteristics are determined given usage
of the network by the travellers, while the loweolgem describes traveller's behaviour
given the network that is supplied. In this applodte network design problem is in fact the
upper level problem.

The lower level problem usually deals with routeick only while assuming a fixed level of
demand; however, other travel choices (e.g. depatione choice, mode choice, destination
choice) need to be considered as well. However,ugtyger level of the aforementioned
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framework deals with actual network design dealintp for example, the network type, the
line type, stop spacing, line spacing , and serfreguency at the strategic level of planning.

2-5-3 Literature on the network design problem

Given the complexity of the network design problémere is a tremendous number of
literatures on this subject from different fieldsch as mathematics, transportation science,
and economy. The approaches that are widely foutitki literature may be classified into:

* Optimisation models for public transport servicénwek design;

» Design methodologies for public transport networks;

» Decision support systems.

Optimisation models focus entirely on designing matworks in which the design objectives
are traveller oriented (Lampkin & Saalmans 1967pdis et al, 1979; Hasselstrom 1979;
Ceder & Israeli 1998; Van Nes et al, 1988; MarinBato 1996; Pattnaik et al, 1998; Bielli et
al, 2002; Chakroborty 2003; Fan & Machemehl 2008ng & Yu 2007).

Lampkin & Saalmans (1967) adopt a four-step procedwnsisting of skeleton, lines, line
selection, and frequencies for designing lines as&bciated frequencies in unimodal public
transport networks. Their objective function is mirsing travel time given fleet size and
vehicle size. Hasselstrom (1979) applies a 3-stepeglure consisting of link generation, line
generation, lines selection and associated fredgeendetermination in unimodal public
transport networks. His objective function is maisimg elimination of transfers given a
budget. Ceder & Israeli (1998) use a 7-step prasedonsisting of line generation, path
generation, line selection, demand assignment,uémcjes determination, interchange
application, and evaluation for designing serviced and frequencies of unimodal public
transport networks. Their objective function is mirsing travel time plus empty seat hours.
The aforementioned formulated problems have nogmall non-linear objective, linear
constraints and a great number of variables. Tlhaeacteristics make the network design
problem as a sophisticated problem. Due to comiylesi the network design problem,
heuristic methods are widely used to cope with tomplexity in last two decades. For
instance, Van Nes et al. (1988) apply a heurisethod using Newton-Raphson technique for
analyses of a simple network. In the first ste@rgé set of lines is generated using several
techniques: manual, using a shortest path algoritteimg multiple routing and by chaining
line — segments at major transfer nodes. In therskstep a heuristic algorithm is used to
select lines and assign frequencies simultaneolilgir objective is maximising number of
passengers having no transfer, under the constrbam available fleet size and a limited set
of possible frequencies.

Bielli et al, (2002) propose a heuristic approagéngtic algorithm) to solve the transportation
bus network optimisation problem. Starting withed af predefined bus lines with associated
service frequencies; their proposed scheme triesbtain new bus networks with optimal
service performance. They use a multi-criteria ctbye. In addition to Bielli et al.’s genetic
algorithm technique, there are several researcpelyiag heuristic optimization techniques
such as ant colony algorithms and simulated anmg@hartines & Pato 1996; Pattnaik et al,
1998; Chakroborty 2003; Fan & Machemehl 2006; Y&angu 2007).

Compared to the optimisation models, design metlogiEs have less clear definitions of the
objectives and design variables. Design methodetogre used for physical networks as well
as for the transport service networks. Many methagies distinguish different network
levels and are traveller oriented. As an examplisfapproach we can mention Immers et al,
(1994). They apply a stepwise procedure consistihgriteria setup, determining access
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nodes, determining link network, and finally evaiog the network. Their design variables
are the links and their objective function is mirgimg travel time.

Decision Support Systems are all related to thegdesf single-level (urban) public transport
networks. In this case no explicit objective isided. It is up to the planner to decide whether
to focus on the traveller's or on the operatorteiiests (Van Nes 2002). The main issue in
this approach is to provide feedback on a speci@twork design according to demand
assignment and general design rules. Baaj & Mahena$$991) apply the Decision Support
Systems methodology with a multiple design objectwnction in public transport network
design. Their method consists of network designceimputer aided engineering, and transit
demand assignment. Given assignment feedbackattydy a line improvement procedure to
yield an optimum network. As another example we paimt out Shih et al, (1998). They
adopt a multiple network design objective to desgrvice lines and associated frequencies
too. Their methodology contains network design (poter aided), determining transfer nodes,
and demand assignment. Given the design assignrasalts, they apply a service line
improvement method to enhance design objective.bath methods, design variables
containing lines and frequencies are initially deti@ed and then an improvement procedure
for lines is implemented to achieve a service nétwath better performance ultimately.

2-5-4 Public transport network design objective

Basically, the main challenge in the traditionabliutransport network design is to determine
a network with an optimal performance given a dpedesign objective and possible

constraints.

As a commonly used method we opt for objectives$ it@orporate both opposing points of

view from the authorities’ perspective as well esvellers’ perspectives. In that way an
identical objective can be used for physical neksoand for transport service networks.
Typical examples of such objectives found in theréiture, that are suitable for both types of
networks are:

* Minimising total costs: minimising the sum of thests involved in travelling, that is
the total door-to-door travel time which is monetisusing the value of time, plus the
investments, maintenance and operating costs (gee\drasinghe and Vandebona
1999; Van Nes 2002);

* Maximising social welfare: maximising the sum ofmsamer surplus and producer
surplus. (see e.g. Yang & Bell 1997; Van Nes 2002).

The objective of maximising social welfare gives thost comprehensive description for the
balance between the travellers’ and the inveswlgctive from an economic point of view
(Berechman 1993; Yang & Bell 1997). It incorporagedescription of the changes in demand
as a result of the changes in the service levd ithaupplied. This description of the
relationship between supply and demand, howevekema also more complicated than the
objective of minimising total cost in which it i®gsible to assume a fixed level of demand. It
can even be shown that incorporating a demand mod#le objective of minimising total
costs might lead to the trivial solution of offegimo services at all, resulting into no travel
costs and no investments, maintenance, and opeaatiosts. In the case of the urban public
transport network design, it has been shown thatrgproper assumptions both objectives
yield similar outcomes for the resulting optimabkims (Van Nes 2000).
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2-5-5 General formulation

Given the aforementioned network design objectiuections, the following design problem
for the unimodal public transport network can berfolated. For the objective function of
maximising social welfare total travel time in thetwork is determinedT) given service
network characteristicéN): (e.g. a set of binary variables indicating whetkervice lines
include in the service network, service frequeraty). Travel time is converted to generalised
travel cost(C) by using value of time, transport fare and a PTdenpreference term. Since
generalised travel cost is considered to be tha wheierminant in mode choice, it determines
patronage(P), which determines the revenu@® consequently. Please note that fares are
assumed to be fixed. Given the level of demandb#refits for the traveller are found by the
consumer surplus terniCS) In terms of costs, operators pay for operatingtsaand
infrastructure providers/public authorities pay fovestment and maintenance costs. These
aforementioned costs together with revenue yietspecer surplugPS) that together with
consumer surplus define the level of social welfé®&V) Figure 2-7 illustrates these
relationships graphically.

Network (N)

Travel cost C(N)

Operational costs Co(N)

Investments and maintenance

Patronage P(C(N)) costs C,_(N)
im

Consumer surplus | | Revenues R(P(C(N)), r)
CS(P(C(N)),C(N))

Producer surplus
PS(R, C,, Ci,)

/

Social welfare SW(CS,R, C,, C,.)

Figure 2-7: Conceptual model of the relationships &ween the basic network variables
and the objective of maximising social welfare

For the objective function of minimising total netk costs(C,) given a fixed level of
demand, patronage will be constant consequentlg. tdtal network costs consist of travel
costs given travel time and patronage, operatirgisconvestment and maintenance costs.
Figure 2-8 illustrates this scheme.
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Network (N)

Travel time T(N)

l

Travel costs C(T(N),P)

Operational costs C,(N)

Investments and maintenance
costs C;,(N)

Total Network costs C,(C,, C,, C,,)

Figure 2-8: Conceptual model of the relationships é&tween the network cost components
and the objective of minimising total network costs

2-5-6 Formulating network design objective functiors

The aforementioned design objectives can be fortedilenathematically as function of a set
of variables. In this section we formulate bothealive functions (maximising social welfare,
and minimising total network costs) mathematically.

Maximising social welfare can be written as the safrnonsumer surplus and revenues minus
operational costs and infrastructure costs/maimesnaosts at an aggregate level:

Max SW = MAKD > @S IN+D D> R € IN- (C) N RN (21)
ik i k

Where:

SWe  Social welfare

CS= Consumer surplus

Ci= Generalized door-to-door travel costs in the oetvwetween origin and destination
k

Rix=  Operator’s revenues from providing the serviceveen originj and destinatiork in
the network

Co= Total operational costs in the network

Cim= Total infrastructure and maintenance costs imgte/ork

The approximate consumer surpldSis a function of total generalised door to doawél
cost(Cj) and patronage. It can be approximated by equg2i@) as follows:

CS(C(N)= [ Rxd (2-2)
Cik(N)

Where:
P= Patronage as a function of generalised costs
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The consumer surplus is the travellers’ componanthe objective of maximising social
welfare. It represents the benefits of travelleteovean make their trip with lower costs or
shorter travel times compared to their maximum piad®e travel costs or travel time.

Generalised travel coslix(N) is a function of travel time components and is folated as
follows (for clarity sake we exclude the indiggg andN in the formulas below):
n+1 n

T :ﬁata+ﬂwtw+:3inz tin, y+:3ntnt+,3tzttz+,3ée (2'3)
y=1 z=1
C =TVOT+ y+a =
i I (2-4)

(ﬁata+,BV\IW+:8inztin, y+:8nnt+18tzttz+ﬁé AWOT-F I’t+0'
y=1 z=1

Where:

T= Generalised travel time

ta=  Access time to the public transport service

tw=  Waiting time for boarding at the first stop

tn= In vehicle time in the public transport (schedi)le
n=  Number of required transfers between servicesline
t= Transfer time (scheduled)

te= Egress time from public transport to the destomat

B=  Weight for travel time components
VOT= Average value of time for passengers
re= Fare paid by travellers

a= PT mode preference constant

Weights(f) account for the fact that travellers have differegiuations for the different trip
time componentsa expressing PT mode preference is used in demaalgsa (e.g. mode
choice)

Given the patronage functidhit can determine the revenues for the operatsues:

RIN=>> R(G(N)=2> kORG(N) (2-5)
ik i k

Where:
R= Total revenue for the transit operator
ri=  Fare paid by travellers per trip between origirand destinatio(k)

Producer surplusP§ states benefits for the investor or the trangierator and can be
determined as follows:

PS(N=>> R(G(N)- G N- (N (2-6)
ik

The indicated objective function may have constea(e.g. budget). A budget constraint can
be formulated as:
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Co(N)< B, (2-7)

Where:
Bo=  The operational budget

The alternative objective of minimising total netwaosts is the sum of travellers’ costs,
operational costs, and infrastructure and maintemansts. It can be formulated as follows:

Min{Cj = Mifi 3" PiCik N + G N+ G )y (2-8)
ik

C,= Total network costs
Ci= Generalized door to door travel costs in the netvbetween origif and destination k
Pi=  Patronagéetween origin and destination k
o= Total operational costs in the network
Cim= Total infrastructure and maintenance costs imgtavork

2-5-7 Synthesis

Given the discussion presented in the previousasestwe conclude that firstly the public
transport network design problem is indeed a sdighted problem. However, there is ample
literature addressing the problem by using seuverdniques such as genetic algorithms. The
design approaches that are introduced in the tiitexare classified into optimisation models,
design methodologies, and decision support systémall of these approaches, the main
assumption is that public transport network charastics are static and do not vary over time
Thus, classical design methodologies do not consideertainties in service attributes due to
random variations and accordingly service religbis not a factor in the design procedure.
Furthermore, the existing models predominantly $oca service network design with a given
infrastructure. So, the infrastructure network desis not the topic of the classical public
transport network design models.

2-6  Summary and Conclusions

This chapter focused on main definitions and funelatad characteristics of classical public
transport network design. These definitions andd&mentals are essential to provide the
theoretical framework for analysing public trandpoetworks considering reliability. The
findings of this chapter will be used mainly in pker 5 of this thesis for incorporating
reliability into the network design problem.

In order to identify the scope of this researchhweéspect to public transport network design
we made a distinction between public transport il levels by categorising network
design and planning into three different levelg $trategic level, the tactical level, and the
operational level. The focus of this thesis will b the strategic level and especially the
network design problem, however, considering rdligbthus implies that operational
measures should be incorporated in the analysis.
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This chapter also elaborated on the subject ofcthgsical public transport network design
problem in general. Simple transport network desigis shown to be already a complicated
problem. We showed complexities are caused duevieral reasons:
» the conflict between view points of the public spart operator and authorities, and
travellers;
» design dilemmas raised by accounting for servicessibility;
» the strong interrelationship between travellersidsour and network design.

The commonly used objectives for the public tramspetwork design problem dealing with
conflicting viewpoints of travellers and operatdisvertors are maximising social welfare,
and minimising total costs. The former balancesititerest of travellers against those of the
investor or the operator using the economic priecg social welfare. The second objective
focuses on minimising all involved cost componentgshe network forming total network
costs. For both objective functions, there mighsbme constraints such as operating budget
as well.

To deal with the strong relationship between triavel behaviour and network design, a
conceptual bi-level framework according to gameotiias used. This bi-level framework is
based on an economic perspective. It includes lteasebehaviour and their feedback into
network design to improve network performance anachieve the optimal network.

The bi-level framework, which will be used throughathis dissertation, is a suitable
framework for elaboration. In the classical moddlere is ample literature to solve the
network design problem, whilst the lower level yeter behaviour) is not discussed
completely (Joksimovic 2007; Li et al, 2008 & 200%herefore, neither is there descriptive
analysis nor is objective regarding travel behawiouhe classical design models.

In the context of public transport network desiggare are three models addressing the public
transport network design problem namely: optimsatnodels, design methodologies, and
decision support systems. In the optimisation modet focus is entirely on designing new
networks in which the design objectives are trarebbriented. However, in the design
methodologies there are less clear definitionshef dbjectives and design variables. In the
decision support systems model the main issue jBdeide feedback on a specific network
design based on an assignment of the demand aedagdesign rules.

In all of these models, the main assumption is pldlic transport network characteristics are
constant and do not vary over time. Given the higlue of reliability placed nowadays by
travellers on travel services this is not a realistssumption anymore. Public transport
networks suffer from variations arising from di#et sources such as vehicle and devices
breakdown, personnel no show, police control, itafms in rush hours, diverse driver
behaviours and styles, maintenance works, incideadserse weather, public events, and
calamities.

Besides public transport network variations, pultiensport demand also varies. Regular
sources such as traveller's behaviour and regudarathid pattern alterations cause demand
variations. Also, there are demand fluctuationsseduby external sources such as bad
weather, and public events. Thus, the classicagdesethodologies do not pay attention to
random variations and consequently certain degreaareliability in upper and lower levels
of the bi-level framework.

Regarding these variations, the question is hosetimeed to be considered in public transport
network design and assessments? As mentionedsirchipter, the public transport network
design methods in classical forms do not consideh variations at all. Hence, in the rest of
this thesis we look at public transport networkigiesand assessment more realistically by
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considering impacts of random variations on transpervice network, infrastructure, and
public transport demand. These variations are deduin the network design problem
framework. This inclusion results in a stochasterspective of public transport network
design and assessment.

Therefore, in upcoming chapters 3 and 4 impactstahastic variations on public transport
networks and consequently network performance lv@lldiscussed respectively. Given these
effects, the extended public transport network glesind assessment scheme with capability
of dealing with impacts of random service variaidn public transport networks will be
described in chapter 5.



3 STOCHASTIC EVENTS IN URBAN PUBLIC
TRANSPORT NETWORKS

3-1 Introduction

The design of public transport networks as desdriime chapter 2 is usually based on a
deterministic point of view. All types of input the traditional design process are assumed to
be known exactly and to be constant over time. &@ha® clearly unrealistic assumptions
since transport supply varies between hours and dass, while transport demand varies as
well. In reality there are a large number of regwdad irregular variations influencing trip
demand, the public transport service network, afrdstructure.

In order to assess the influence of such variatoonpublic transport networks, in this chapter
we identify possible variations and their souraesll transport network layers containing
travellers’ behaviour, transport service networled infrastructure networks. These
variations and sources are identified in each ldgyemeans of conceptual frameworks and
using empirical findings. For instance, for thevalers’ behaviour layer we identify all
sources of variations containing choice behaviaurations, demand variations, and demand
fluctuations by using an empirical study in the 8stad area in the Netherlands. For the
transport service network layer, results of pulblansport service quality analyses that are
recently obtained in the Dutch city of The Hague studied. For the infrastructure layer we
synthesise impacts of variations in infrastructanetransit service performance from a case
study in Norway.

With respect to impacts of events on all layers t@nsport systems, understanding
characteristics of random events and ways how thiégct network layers is essential.

Therefore, we study such events’ characteristi@itgtively and categorise events based on
key criteria such as time interval, regularity, gmddictability.

Due to events’ impacts on transit operations theight be remedial adjustments in operation
to cope with disturbances and maintain serviceityudepending on the event type and the
way it might affect a transit network, operatioadjustments may be different. Therefore, in
this chapter we study and classify commonly useaptide strategies that transit operators

29
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apply to cope with disturbances in public transpogtworks regarding the event type.
Noticing possible operational adjustments appligdransit operators will enable transport
planners to propose appropriate measures at tlaegr level of network design for
facilitating operating adjustments and improvingvaee performance and reliability.

By recognising the network situation in real coiwis when all kinds of events might impact
travellers’ behaviour, the transport service nekyand the infrastructure network, it is
possible to assess actual network performance ewets quality offered to travellers. Thus,
the outcomes of this chapter will provide a valeabasis for determining public transport
service quality and network performance in realaibns which is the topic of chapter 4.

3-2 Identifying variations in transport networks

As indicated in the introduction, it is a clearhappropriate assumption to consider all types
of input consisting of infrastructure facilitiesrabhsport operation characteristics, and
travellers’ demand as being constant. In this eactwe identify causes of variations and
possible relationships between variations in pubiamsport demand and public transport
supply containing service network and infrastruetur
Variations on the demand side and the supply salese disturbances for travellers and
operators in transportation networks. Many soupmedribute to these variations. Basically,
they might be classified as follows:

e Variations in travellers’ behaviour (the demance$id

e Variations in infrastructure quality and availatyil{the infrastructure supply side);

e Variations in operator’s performance (the servigepty side).

The above rank order and priority of infrastructtmethe service network is due to the fact
that infrastructure failure itself could impact\aee network variations. Figure 3-1 illustrates
these variations where a distinction is made batwegternal and internal sources of
disturbances.

In the above figure stochastic choice behaviour d@hand alterations cause variations on
travellers’ behaviour. We explain these notiongesively in the next subsection.

Infrastructure supply is impacted by disasters,ntesiance activities and external sources of
variations. We definexternal sourcess factors beyond a public transport operatingesys
causing service alterations from plan. We elabooatesuch variations in the infrastructure
network in subsection 3-2-2.

In addition to travellers’ behaviour and infrastiwe supply, the transport service network
quality varies due to travellers’ behaviour, infrasture quality, external sources of
variations andnternal sourcesof variations.Internal sourcef disturbances are defined as
factors inside a public transport operating systamsing service alterations from plan. We
discuss more on these variations in the transpovice network in subsection 3-2-3.
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Figure 3-1: Stochastic forces acting on key elemenof public transport systems

3-2-1 Variations in traveller's behaviour

The stochastic nature of travellers’ choice behavis a source of demand variations.
Normally, there is randomness in traveller behavighich can be observed in the departure
time choice, mode choice and route choice (Bovy6i99ielsen 2000). Of course, these
variations in public transport demand will defiljtéenfluence public transport quality and its

level of services.

Figure 3-1 shows that travel demand is influencatdonly by choice behaviour alteration, but
also by:

* Regular travel demand variation;

* lrregular travel demand fluctuations.

We defineregular travel demand variationsas variations that follow predictable patterns
whilst irregular travel demand fluctuationare defined as variations of which location and
time are non-predictable, which are usually causeéxternal sources such as bad weather.
The latter might lead to a huge change in pubdingport demand level.

Regular travel demand variations over periods efdhy, days of the week, and seasons of
the year are expected. The validation of these-based variations is demonstrated using the
Dutch Travel Survey and cluster analysis techniqie®ritt et al 2001), despite of the fact
that there might be irregular travel demand vaoiaiin the survey’s database as well. Figures
3-2 to 3-4 show the result of an analysis of putthosport demand variations in the Randstad
area in the Netherlands. This urbanised area dsnsfsfour major Dutch cities: Utrecht,
Rotterdam, The Hague, and Amsterdam. It is consdlas the Dutch core economic and
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industrial zone. This analysis has been conducteskd on available data for the period
between the years 1999 to 2005. Also, a distindgdaonade between traveller types such as:
 Commuters;
e Shoppers;
» Students;
* Other travellers;

Figure 3-2 illustrates hourly variations in puliiansport demand in the month of November
for working days. This month is chosen intentiopaince educational trips are completely
made in this month as well. It shows the percentddeourly demand to the average hourly
demand for each user class. The horizontal axisates the departure time of trips. As it is
obvious, during morning and afternoon peak hoursate for commuting and educational
trip purposes increases dramatically, whereas shgppps often take place during off peak
hours.

Figure 3-3 shows daily variations in public trangpdemand in the month of November. It
shows the percentage of daily demand to the averagking day demand. Similarly, the
outcomes demonstrate that there are some sigrifi@arations in public transport demand
day by day and especially for shopping and educatidrip purposes. Of course, daily
variation is quite smaller than hourly variation.
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Figure 3-2: Hourly variations in Public transport demand (Randstad Area, 1999-2005)
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Figure 3-3: Daily variations in public transport demand (Randstad Area, 1999-2005)

Figure 3-4 illustrates seasonal variations in puldansport demand. It shows the demand
percentage in each season to the seasonal avesaged for each travel purpose. The results
demonstrate that there are some sensible diffeseincpublic transport demand seasonally
especially for educational and other trip purposgsen these results, it is obvious that
seasonal variation is higher than daily variatiorce it reaches up to 150% of average trip
demand.
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Figure 3-4: Seasonal variations in public transpordemand (Randstad Area, 1999-2005)
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As mentioned previously in studying trip demandiataons irregular demand fluctuations
that arise due to some external events are a sotitcavellers’ behaviour variations. Demand
fluctuations are irregular demand alterations wtidomot follow an expected regular pattern.
For instance, some events such as bad weatherudntid pvents influence traveller's mode
and route choice decisions and cause significatre@se or decrease in public transport
demand at the time of happening. In case of badhsgacyclists normally shift to either their
private cars or public transport. Thus, the demamalblic transport increases accordingly. If
a metro network is available, in case of bad weathe other travellers might use it
temporarily due to more convenient and reliablevises. Hence, there is huge rise of metro
network demand. Also public events, such as festiwarnival, and ceremonies attract many
people to certain locations that obviously incremaasport demand as well (Hendren 2006).
In cases such as public events, the public trahgpEivvork might be an attractive option
because of the lack of traffic jams and parkingbpems. This increases public transport
demand.

These examples demonstrate that public transpartadée is expected to suffer from
variations usually caused by external phenomenavender, there are empirical evidences
emphasising this idea too.

An empirical study by Khattak & Le Colletter (199#jvestigates the propensity of auto
commuters to switch to public transportation inpasse to unexpected traffic congestion in
the Golden Gate bridge corridor in San FranciscbeifT study shows that unexpected
situations increase public transport demand eskheceihen travellers are already aware of
events consequences. As many as 18.3% of respenditéd that they would switch to
public transportation, if suggested to do so byeatpp notice. Potential switchers were found
to be more frequent transit users than others, navhighway to divert to as an alternate
route, experience more recurrent congestion attiteance of the Golden Gate Bridge, and
have shorter transit travel times. The cause oltilexpected congestion also influenced the
propensity to switch to transit, accidents indudess people to switch than adverse weather.
Table 3-1 outlines the shift rate to public tramsgiion by the event type.

Table 3-1: Percentage of stated diversion to publizansportation in Golden Gate
corridor, San Francisco (Source: Khattak & Le Colldter 1994)

Irregular event type Stated propensity for diversim to public transport
Construction / Road work 14.7%
Accident 15.9%
Bad weather 25.5%
Other / unknown 23.7%

The stated propensities are rather naive and nmighbe quiet correct, since the capacity of
public transport networks has not been considefé@. question is how much is relative
increase in public transport ridership feasiblestdering limited capacity of public transport
in US?

Although this stated choice data is not very coawig and also might not be applicable for
European cities, it justifies that transit demaunfiess from alterations caused by three factors,
namely travellers’ behaviour, regular transit dethamriations, irregular transit demand
alterations. Therefore, transit planners shoulditar these factors in order to have a realistic
perception of transit demand.
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3-2-2 Variations in infrastructure networks

An implicit requirement in public transport netwoekaluation studies is that the necessary
infrastructure is available with appropriate qualiiere, transit infrastructure might consist of
equipments such as ticket machines, traffic coramal monitoring systems, tracks, vehicles,
switches, interlocking systems and other safetyicgdsv Additionally, public transport
services often share infrastructure with other mspdehile in the case of dedicated
infrastructure there are still crossings with ottraffic.

If infrastructure elements fail due to events, ttamsport service network can no longer use
the failed infrastructures and consequently sergperation might be temporarily halted.
There is scarce evidence about impacts of infreitre failures on service quality for urban
public transport networks. Veiseth et al (2007)fgrened an analysis for the interurban rail
network in Norway. They show that infrastructurelfa are a major source for delayed and
cancelled trains. More than 30% of the total amafntlelay hours in Norwegian trains in
2005 was caused by infrastructure failures. Thimimer can be split into five subcategories:
track, signal (including safety and communicatigstems), power supply, planned work, and
blocked tracks, as shown in table 3-2.

Table 3-2: Infrastructure related delay hours regisered in Norway in 2005 split by
infrastructure failure category (Source: Jernbanveikt 2005)

Infrastructure failure type Delay (Hours)
Track 552
Signal 1911
Power supply 624
Planned work 753
Blocked track 278

Infrastructure may suffer from impacts of exteraaénts. Thus, it is possible that some part
of infrastructure is blocked for a while due to external event. By referring to figure 3-1,
external conditions such as bad weather, incidemd, public events are factors which may
block the right of way or increase the probabibfyinfrastructure failures (Schmocker & Bell
2002; Yin & leda 2001; Immers et al 2004, 2009)r Festance, storm can hit the transit
power supply, ice can hamper interlocking systemfiop@ance and a heavy snow can block
tracks and roads. In these conditions, rail bowansiport networks might not use the affected
infrastructures until repairing activities are done

Another example is road works. Urban infrastructoeeds maintenance, and since it is part
of the city it might be affected by other buildiog maintenance activities for e.g. sewers,
cables, et cetera. Please note that it is possiblschedule these kinds of maintenance
activities in such a way that their impacts on sgortation networks are minimised in terms
affected service frequency (Higgins et al 1999).

In case of right of way blockade due to externaidibons such as snow or incidents a bus
network can also be affected. However, there igfardnce between infrastructure failures in
road bound transport and rail bound transportastfucture failures may affect a road either
partially or completely. For instance, the capaoitya two lane road might be halved, if one
lane is blocked due to road maintenance. This samg#ic congestion and delays in a part of
road network; however, it does not cause a fultdrslaut down. Thus, the impacts on private
car users as well as road bound public transpayt k&is) might be limited.
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However, in rail bound public transport the sitaatis different since track blockades take
place completely. If there is a blockade in a pérthe rail network, the affected track is out
of service fully. Thus, those service lines of fheblic transport service network using that
link shut down until it retrieves. Therefore, rdibund public transport using the affected
link(s) might no longer be operated and thus thHuemce of infrastructure failures are
relatively more severe on rail bound public transgitan on road bound public transport.

3-2-3 Variations in transport service networks

In addition to variations in infrastructure, thartsport service networks might be affected by
events as well. Different sources of disturbanamssisting of internal sources and external
sources may affect transport service networks.

In general public transport services have their awnations in service quality. Different
driver behaviour, equipment breakdown, fleet off shortage, and staff no-show are main
internal sources of service variations (Muller &dfipers 2005; Van Oort & Van Nes 2006).
For example, consider the London public transpgstesn. London Underground Limited
reports that they cancel on average 5% of all sesvalmost every day caused by internal
disturbances and this rate is even higher duriegmbrning peak period (Shimamoto 2007).
At national level the Norwegian study by Veisethakt(2007) shows that 5820 hours delay
registered in Norwegian trains in 2005 are caugedperational variations and failures. This
rate is about 37% of total delays due to all kiofldelay causes in Norwegian trains.

External sources are factors affecting service aijars that are beyond the control of the
public transit operating system. Referring to fguB-1 once again, we can observe that
external factors such as incidents and bad weatbeopnly impact infrastructure, but they
may influence also the transport service netwomrkd B/eather may reduce trains and buses’
speed. Otherwise, tubes suffer less from bad weatihresequences compared to other transit
modes. Incidents are other external factor causar@tions in service network quality. For
instance, the same study in London Underground sttbat more than 50% of the services
are cancelled in case of a major incidents (Shimara007).

Road traffic jams during rush hours are the ottveternal factor causing transit service
variations. Van Oort & Van Nes (2006) measured imgrimes of bus lines in city of The
Hague in the Netherlands. They found that durirgh doours travel times of a tangential bus
line with 6% exclusive right of way increases ardur? % and travellers suffer from 43%
increase in average waiting time. For a transvdrsah line with similar length and 100%
exclusive right of way, these values decrease dov% and 21% respectively. Furthermore,
the length of the service line is a decisive fagtdluencing impacts of external events on
services. In other words, longer service lines Whiormally consist of longer and larger
number of links are more vulnerable for externahdibons than shorter lines. This is an
obvious phenomenon since long lines are highly xposure of events’ consequences
compared to short lines.

3-2-4 Synthesis

The aforementioned discussions show that stochag#iots consisting of internal sources and
external sources of disturbances may affect th@eepublic transport system containing

travellers as the demand side, and transport gngtworks and infrastructure as the supply
side. Impacts of events on infrastructure can &ffiee transport service network as well. In

case of infrastructure failures, transport serviogght face disturbances and loss of quality.
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So far we identified probable variations that iefhige public transport networks. In analysing
variations in transport network layers (travel dedhathe transport service network,
infrastructure supply), the important issue is thaturbances and consequent level of service
variations depend on event type. Each type of ewgthtits own specific characteristics may
affect transport networks differently.

Therefore, it can be concluded that understandiegcharacteristics of stochastic events and
classifying them according to their characterisacs key aspects to assess public transport
network performance in the stochastic perspectinethe next part stochastic events are
classified based on their principal characteristics

3-3 Classification of stochastic events

In order to measure impacts of stochastic eventgutntic transport services and distinguish
remedial solutions applied by transit operatorsmidigate disturbances, the influential
characteristics of events should be determined.reTtere ample literature describing
disturbances in transport networks (Garib et al9719Chattopadhyay 2005; Muller &
Knoppers 2005; Schreuder et al, 2007); howeverncscatudies distinguish and classify
events according to their impacts on public transpervices. Therefore, in this section we
categorise stochastic events explicitly accordmtheir impacts on public transport networks
and the ways transit operators mitigate their cgueet disturbances.
Our classification is built up from the followingree dimensions (axes), namely:

* Event’s frequency;

* Event's predictability;

* Event's regularity.

In addition to the above dimensiorsgverityandspatial extensionare other criteria which
could make distinction between events. Howeveiséhe/o criteria are not applicable for all
kinds of events. They are mostly suitable for esevith low degree of regularity. Events can
also be categorised according to their sources.adewy such categorisation does not express
ways they impact transport networks and there®ret relevant very much.

Event'sfrequencyis defined as the number of occurrence of a repmpatvent per unit time.
Our categorisation is as follows:

* Frequent events;

* Semi-frequent events;

* Low frequent (occasional) events.

Some events take place frequently (e.g. once p@rimlaransport systems such as traffic jams
during rush hours or vehicles breakdown, wherebhsratvents such as calamities or major
incidents happen occasionally (e.g. once per y&dsh, there are events that take place semi
frequently (e.g. once per month) in the networkhsas minor incidents or traffic light failures
(Schreuder et al, 2007).

Additionally, events can be distinguished based tbeir degree of predictability.
Predictability refers to the degree that a correct predictionfarecast of a system’s
state reasonably can be made either qualitativetjuantitatively Events classification based
on the degree of predictability is:

* Predictable events;

* Unpredictable events.
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Some events are reasonably predictable with a degjnee of accuracyccuracyis defined

as the degree of closeness of a measured or daltwaantity to its actual value. In weather
forecast the perception of times that the forecaatle a perfect prediction as to what the
weather would be, determines the forecast accutdapisen & Hansen (2007) studies the
internet weather forecast accuracy. They classdyrmoonly used web based weather
forecasters according to the prediction accuradytha time of prediction in advance (Table
3-3).

Table 3-3: Accuracy rank groupings for short (0-4 éys previous), mid (5-6 days
previous), and long term (7-9 days previous) weathéorecasts (Hansen & Hansen 2007)

. Average accuracy rank grouping
Online Weather Channel 0-4 56 7.9
The National Weather Service 4 3
BBC Weather 10
The Weather Channel 1 4
The Weather Underground 7
IntelliCast 5 6 2
CNN Weather 2
MSN Weather 9 4 4
The Weather Network 8
Unisys 3 1
Accuweather 6 2 3

Finally events can be categorized based on theat & regularity. We define regularity of an
event as normal manner of events affecting trangpworks. In other words, regular events
which take place quite often relate normal or ieinébehaviour of transport systems. Regular
events cause minor disturbance in transport nesvatiich partly deviates from the original
plan. Irregular events are events that take plac®ranally in transport systems in terms of
pattern and occurrence expectation and generage ldisturbance in transport networks
which deviates substantially from the original plBepending on events’ degree of regularity,
we divide the consequent disturbance into:

e Minor quasi continuous ongoing;

e Major discrete.

Some variations in public transport services adse to regular events such as regular
demand variation, and traffic jam. They cause neally expectable varying conditions. For
instance, regular travel demand variations, andilaegtraffic jam during rush hours are

examples of regularly expected variations. We d@afimor quasi-continuous ongoing events
as regular ongoing events which take place in pfered patterns and cause minor variations
in public transport networks.

Minor variations in the transport supply layersaadl as transit demand may be dealt with by
responsible authorities. These variations take epleontinually and cause usually slight
variations in service performance. For instancenamievents such as minor incidents or
traffic jams cause small variations in infrastruetwuality or services that can tackled by
public authorities or operators respectively.

Besides minor continuous ongoing events, therevajer distortions that arise due rwajor
discrete eventsWe define major discrete events as events tHat face in transport
networks normally without any predefined patterd aause major distortions in the network.



Chapter 3 - Stochastic events in urban public raris;etworks 39

For instance, a major accident is a specific typenadent that normally involves human
injury or casualty. A major traffic accident mayusa an unexpected situation in the network
such as huge traffic jam behind the location ofdhbeident. It is not a planned closure of a
road nor a special event; therefore, there is rexirance notice. Other incidental phenomena
include vehicle breakdowns, natural disasters,eex¢r bad weather, vast failures of traffic
control devices for example due to electricity geta and those caused by humans (e.g.
public events).

Major discrete events can cause large variationsetwork performance. For example,
extreme bad weather or major accidents cause aideitlistortions in the network. This is the
case for the demand side as well. Transit operaisually plan services to deal with regular
demand variations. For instance, they increasacgefrequency during peak hours. However,
in some cases such as a huge rise in transit de(eagpnddue to a public event), the transit
operator may not be able to cope with events’ intgac

Given the above discussion, it is concluded thgulegity of events play the key role in
determining impacts of events on transport netwoakseit other criteria consisting events’
frequency and events’ predictability influence adlwTable 3-4 categorises several common
events based on all aforementioned criteria. Ireottat this table is digestible, we show
quantitative indications for some events. The tssof an experiment study (Tahmasseby et
al, 2007) show that on average the frequency obmimcidents is approximately 450 times
per year (1.2 times per day); whilst, it drops tbnes per year (0.13 times per day) for
vehicle breakdown. For major construction actigtiedecreases to 4.2 times per year. Hence,
we can see that dissimilar events with diverselle¥egredictability and frequency impact
transport networks differently.

Table 3-4: Event classification based on severityime intervals and predictability

Minor ongoing continuous events Major discrete eves

frequent events

semi frequent

Semi frequent

occasional event

events events
Traffic congestion : . Irregular transit
. + | Minor maintenance R
during rush hours demand Major incidents
works :
fluctuations
Bad weather : o
N . Failure in rail
conditions: Heavy Police control : .
. . traffic control Calamities
rain, Fog, Light Snow :
devices

Heavy Wind

Regular transit

Failure in traffic

Vehicle breakdowrn

Extreme bad weather

condition: Heavy snow

demand variations lights Storm, Ice,
Thunderstorm
Major construction
Minor incidents Lateness of activities

personnel

Public Events

*Gray cells indicate higher level of events’ prediaility in terms of accuracy
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3-4  Major discrete-event characteristics

In analysing public transport service quality regubuality variations caused by minor
continuous ongoing events are generally implicaitgounted for. Public transport operators
are aware of slight service quality variations arahsit demand and therefore they usually
consider spare capacity in operational aspects {engtable). However, impacts of large
variations in infrastructure, service quality amansit demand due to major discrete events
should be studies explicitly. The characteristiésegents and ways they impact transit
networks including infrastructure are two importaagpects to determine service quality
variations. In this part, the characteristics ahsomajor discrete events and ways how they
impact on public transport networks are discussed.

Service quality variations caused by major discretents in public transport networks
depend on the characteristics of the events. Tam mharacteristics in addition to time
interval and predictability are duration and looatiand severity. Depending on these
characteristics, ways events influence transpotvorks and generate disturbances are
identified, and thus impacts of an event on trartspetworks can be found out.

We define event'duration as the time period between the occurrence andariea of
disturbance caused by an event. Eves&verityis defined as the quality or condition of
events being sever specifically strictness. Balsicalents’ degree of severity is diverse even
for the same type of an event. For example, thergg\wf storm (hurricane) is determined by
the Saffir-Simpson scale (US National Weather $enZ009). It is a 1-5 rating based on the
hurricane’s present intensity. This is used to gimeestimate of the potential property damage
and flooding. Wind speed is the determining faatothe scale. The severity of incidents is
basically determined by two factors: injuries aathfities. Depending on whether an incident
leads to injuries or fatalities, the time for elimating the blocked caused by the incident varies.
Also, when the police report is required for anideat, the incident position must not be
changed which increases the blockade time.

Thus, the criteria that determine impacts of majscrete events on public transport service
performance are:

« events’ time interval (frequency);

* events’ duration;

* events’ location;

* events’ predictability.

Excluding special events causing calamities (eagthgquake) there are some major discrete
events that can take place in several types ofiputdnsport network and can result in
irregular disturbances in the network. These tygfesvents are listed as follows:

* major incidents (e.g. accidents, infrastructurtufas);

* extreme bad weather conditions such as stormsi®y, and thunderstorm;

e public events;

» vehicle failures;

» traffic control devices failures;

* road works.

Table 3-5 classifies these events according toafleeementioned criteria. Since events’
severity is not fixed even for the same event typis, excluded from the classification. But,
disturbance location expresses events’ severitydailly. When the disturbance location is
vast, for some types of events such as incidenyssmaw that the event is sever.
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Table 3-5 shows that incidents, bad weather, vehfwillures and road works have clearly
different characteristics in terms of frequencyyration, location, and predictability. For
instance, failures in transit vehicles and traffantrol devices might occur with shorter time
interval compared to other events. Table also shbafsthe duration of road works is longer
than other events.

Table 3-5: Classifications of common major discretevents according to
principal criteria

Frequency Duration Location Predictability
Eventtype | S | 2 by 3|52 S £|8 S5l 283 3 o
P o = 5= = wolx s 0 = O n = > =
T -4 |° 0 8% % olc 8 g c =2l £ c 2
— |0 5 A =]~ 5| < g o = g o
Major Incidents v v v v v
Storm v v v v
Black ice v v v v
Snow v v v v
Thunderstorm v v v v
Public events v v v v v
Vehicle failures] v v v v
Traffic_: devices v v v v v
failures
Road works v v v v

Events might be correlated in time or space. Locatumstances influence incidents

(Schreuder et al 2007). For instance, the proligholi incidents may increase during bad

weather conditions. This relationship is not stn#figrward; the weather influences the

frequency of road accidents by affecting both tbhkime of traffic, and therefore the number

of road users exposed to risk, and the risk per aintravel (Codling 1974). The adverse

weather influences public transport incidents adl. wdthough there is scarce source of

weather related incidents in level of urban tramspan the national level the WIST Report

(2006) expresses that between 1995 and 2005, 8@te&rerelated accidents or incidents
occurred on America’s railways, causing 8 deatk42 injuries, and property damage costs
of more than $189 million. The correlation betwédxan weather and road works is the other
issue of events correlation. The probability ofd@eorks increases substantially after extreme
weather conditions such as snow or storm due tadathinfrastructure.

Other than frequency and duration of events, then&sv location is an important factor
determining the severity of disruptions. Dependimgtypes of events there is a distinction
between the areas that are affected. Some evedtsasuincidents, thunderstorms, public
events, and vehicle failures affect network pdstjalvhile other type of events such as snow
and storm might influence the entire network. leaits, with a limited influenced area usually
obstruct a link and thus cause minor disruptiorthie network for a short time. Although,
depending on the location of the incident consegeemight vary and even be vast. If the
area in which an incident happens is a key locatioterms of transportation such as a
terminal, it is possible that many lines are nagylemable to be operated.
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Meanwhile, in terms of events impacts, there araesdifferences among areas. Some areas
are more vulnerable for particular event’'s occureesuch as the incident, bad weather, and
road work. Thus, the probability of events may fisiethem. For instance, junctions that are
designed without fulfilling engineering safety geiithes usually suffer from larger number of
accidents compared to well engineering designectipums. Also, bad weather such as flood,
ice and snow has severe impacts on transportatibridges tunnels, and curves. Since these
structures require to be checked frequently, pribbabf construction and maintenance (e.g.
lighting, sanitary facilities, etc) is higher fdram compared to other network parts.

Finally, major discrete events can be distinguisbaeded on their level of predictability.

Adverse weather is usually forecasted beforehandkttil level (e.g. daily and in scale of

towns). For instance, Yahoo Weather can forecastwbather condition for five days in

advance in city of Delft in the Netherlands. Puldxents are also predictable since their
program is announced in advance (e.g. several maago). For major road works, the
constructor asks the public authority for permifooehand and accordingly the plan is
publicised for public for example by using billodarnear the construction zone. Thus, for
predictable events transit operators can coordiaatt manage services accordingly. This
leads to reduction in events’ impacts on transgrapon.

In summary, three conclusions are drawn from tleyalgiscussions:

» Different event types impact differently on publicansport networks including
infrastructure;

» Different locations have different vulnerabilitiesmajor discrete events;

» Disturbances in different locations may impact publansport network performance
differently;

* Some events are reasonably predictable and thmipassible to weaken their impacts
on transit operation by using appropriate prepanati

3-5 Estimating time interval and duration of events

In order to assess impacts of major discrete evemtsservice quality and network
performance realistically, the time interval as s events’ duration in each part of the
network should be determined correctly. Time indérand duration of events can be
estimated based on statistical information. Obuigygositive time distributions have to be
chosen to estimate time interval and duration anés. Some typical patterns are Poisson
distribution, Exponential distribution, Gamma distition, and Log normal distribution. The
Poisson distribution is a discrete probability diBition that can expresses the probability of
a number of events occurring in a fixed period whet whilst the other probability
distributions are a class of continuous probabititgtributions that can describe the time
interval and duration of events. For instance, éiponential distributions are a class of
continuous probability distribution describing ttiees between events in a Poisson process
I.e. a process in which events occur continuoustyindependently at a constant average rate.

There are ample empirical evidences demonstratiagtime intervals of events can be fitted
to exponential distributions. Tsakiris & Agrafio{(i$988) show that the time interval between
successive snow and rain fall follows an exponeédigribution. Chattopadhyay et al, (2005)
focus on identifying the factors influencing raiegtadation, developing models for rail
failures. They also model the time interval betweaih breakdowns. Their model clearly
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shows that the time interval between rail breakeqadtely can be simulated by using
exponential distributions.

Similarly, empirical evidences show that event tores may be fitted to lognormal
distributions. Golob et al. (1987) analysed datanfrover 9,000 accidents involving large
trucks and combination vehicles collected over a-ywar period on freeways in the greater
Los Angeles area. They found that accident durdiibed a log-normal distribution. Their
findings have been confirmed by Giuliano (1989)e &ttended the research of Golob et al.
by applying a log-normal distribution in the incdeduration analysis of 512 incidents in Los
Angeles. Other papers that present complementatiststal analyses of incident duration
include Wang (1991), Sullivan (1997), Cohen & Ndiere (1997), Garib et al. (1997), Smith
& Smith (2000), and Fu & Hellinga (2002).

Wu et al (2006) simulate bad weather event seq@esigeh as rainstorm by stochastic models
using spatial and temporal statistical propertiesamfall process extracted from available
records. Their model demonstrates that a log nowmlisdtibution is a relevant option for
representing bad weather durations. Similar finglingd already been stated by Heneker et al,
(2001).

3-6 Events’ impacts on public transport operation

In this part we study impacts of different typeswgénts on transit operation. Recognizing the
impacts of events on transit operation will enatbile transit planner to distinguish adaptive
operational adjustments usually applied by traopgrators for tackling disturbances in the
network and thus to consider suitable measurestimark design to facilitate adjustments.

Generally, not all types of events may lead to [@oils for transit operation. Depending on
the event type, the disturbance level varies. ®a@d minor ongoing quasi-continuous events,
service disturbances usually are limited to servizening time variations as well as to
timetable variations. Variations might arise duealierations of speed as well as dwell time.
Different driver behaviours and driving styles megd to slight changes in service run times.
Most of traffic accidents are minor and their imiga@n service running time are minor, since
link blockades could be easily and quickly elimedafrom the network. An interview with
the HTM, public transport service provider in Thadgde, showed that bus services suffer
from 2,500 accidents per year, of which only 12%ehguite a long duration because of
bodily injuries (HTM 2004).

In case of minor ongoing quasi-continuous evergsaittual timetable also might be different
from the planned timetable. Service variations @adways, dwell times, layover times,
departure times, and arrival times are expectesugh conditions. These variations can be
measured by criteria such as punctuality and iteedy, although impacts of major discrete
events might be included in these criteria too. Wileelaborate more on this issue in chapter
4 of this dissertation.

However, in case of major discrete events servistuitbances are observed not only in
service running time variations, but also in theviee line itinerary as well as the associated
service frequency. During adverse weather conditidnvers run vehicles carefully and
proceed slowly. Moreover, due to high increasesafsit demand, dwell times take longer.
Thus, service running time increases substantiahich might lead to missing the service
schedule and decreasing service frequency. In ohseht of way blockade due to for

example incidents or road works, services mighbperated via a detoured path to avoid
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blocked paths. Or the service line might be spiib itwo parts. Consequently, some stops
might not be served. In section 3-7 we elaborateenum service adjustments applied by
transit operators.

With respect to these phenomena, it can be contltide determining the impacts of major
discrete events on transport networks needs exelusodels in which location, time interval,
duration, severity of events and possible correfestiamong these are accounted for. Due to
existing complexities and disturbance correlati@sulation could be a suitable technique to
deal with such types of service variations.

There is a clear difference between vulnerabilitgifferent public transport types to events.
For instance, tram services have more dedicatedasinficture and have a smaller
infrastructure network than bus services. Thusntimaber of disruptions is clearly lower for
tram service networks; however, the impact mightrioee severe.

Bus networks benefit from more flexibility since staf the road network could be used in
case of emergency. This characteristic of transpetiwvorks is namedNetworkFlexibility”
(Immers et al 2004, 2009). Network flexibility i®fthed as the capability of the transport
system to carry out more and other functions thamas originally designed for. Flexibility
then is the property enabling a system to evolvia wew requirements. We will elaborate
more on this issue in chapter 5. Table 3-6 outlthessensitivity of different public transport
networks to some major events as judged by ustaltle shows that uncovered urban public
transport networks such as bus and tram are mdnenalble to common events than covered
urban public transport networks such as metro ateturban public transport networks such
as train networks.

The discussion above demonstrates that changeanisittoperation and thus service quality
are more critical for the urban public transportwerks than for other public transport
networks. This motivates transit planners to ewualuarban public transport service
performance under disturbances caused by majoretisevents when service reliability is
concerned. In the following section we will discussw transit operators mitigate transit
services according to the disturbance type. Thasywll categorise the strategies which are
applied by transit operators to cope with evemtgacts
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Table 3-6: Vulnerability of Public transport networks to events
. . (Fully
(shared ROW) (Partial Exclusive Exclusive (Fully
Event type : ROW)Tram, Exclusive
Bus, Taxi ROW) Metro .
Trolley Bus ROW) Train
(tunnel)
(+) Delays due to| (+) Delays due to
Bad traffic jams, and probable detours, (O) (), spged
weather ) i reduction
applied detours | and speed reduction
Extreme (+) Delays due to| (+) Delays due to
bad traffic jams, and probable detours, (O) (+)
weather applied detours | and speed reduction
(+) Delays due to| (+) Delays due to (+) out of
Calamities | traffic jams, and probable detours, . (+)
, : service
applied detours | and speed reduction
. (+) Delays due to .
Public traffic jams, and (+) Dfelays due to (Q) if they. are ()
events : applied detours in operation
applied detours
(O,+) if they (O,+) if they
(+) Delays due to| (+) Delays due to are in are in
L : : operation, operation,
Road works| traffic jams, and | applied detours, if L o
: . , possibility of | possibility of
applied detours | they are in operation
frequency frequency
reduction reduction
Failure of | (+) Facing traffic
traffic jams, buses may (+) Missing the (+) out of (+) out of
control miss the prioritizing system service service
devices | prioritizing system
Failure of | (+) Facing traffic I
road traffic jams, missing (_+)_I\_/||_ssmg the (O) (O)
. S prioritizing system
signal prioritizing system
(+) D_elays, The (+) Delays, The
services using . :
(+) Delays, The the affected | SErvices using
(+) On board services using the : the affected
- segments will .
Vehicle passengers can | affected segments segments will
. . i ) be stopped -
breakdown| alight and wait for | will be stopped until : be stopped unti
. until the
the next service the broken-down the broken-
o broken-down S
vehicle is removed s down vehicle is
vehicle is
removed
removed
(+) Delays due to
Accidents | traffic jams, and (+) delays due to (O) (O)
) probable detours
applied detours
Irregular (+) Delays due to| (+) Delays due to | (+) Delays due| (+) Delays due
demand | increasing service| increasing running| to increasing | to increasing
fluctuation running time time running time | running time

Signs descriptions: Affected: (+)

Less affecteahor affected: (O)
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3-7 Transit operator adjustments

With respect to stochastic events and consequestirdances in transit networks, transit
service providers usually try to cope with disturb@s and maintain transit service quality as
good as possible. In this section we intend teg@ise strategies used by public transport
operators to deal with impacts of stochastic events
Generally, transit operators apply service adjustsieccording to type and consequent
impacts of events on the network. Depending on éhent type in terms of regularity,
operational adjustments are different. In case iobmongoing continuous events the applied
strategies focus ospeeding umndslowing downservices (Gifford et al, 2001; Chang et al,
2003; Banks 2004; Van Oort and Van Nes 2007). Bylyaipg these strategies the operator
tries to adjust the affected services within tiemning. For instance:

» skipping stops for delayed and/or overloaded vekicl

e giving priority to delayed public transport senace

* slowing down early vehicles;

» giving delay to early public transport services.

We will elaborate more on these tactics in chapter

In case of major discrete events, transit operatgréo maintain services and restore them
quickly. As such, it is likely that they attempt weeaken the events’ impacts by applying
appropriate service remedies. In urban public prartisnetworks remedial solutions are
limited to the following options:

* implementing detours;

e applying partial services, splitting the usual lared using short turn;

» skipping services partially;

» halting services temporarily/ skipping runs.

Meanwhile to keep service quality as much as ptessibmpatible with original plan, the
operator might execute the following tactics too:

« deploying extra services;

« keeping service frequency as usual by using the exhicles.

Implementing detours to avoid a blocked path isommonly used strategy. Thus, public
transport services will be maintained as effecyivad possible by diverting the path using the
available infrastructure. For bus services suclktaudt might be easily feasible, while for rail
bound transport services the options for detowrdilkeely to be limited. Naturally, due to such
detours some stops may not be served during therloisce.

Applying detours as a remedial solution can aftgmrating costs as well. Detoured services
require additional driving time and thus additiormgderating costs. Therefore, operational
consequences might limit the possibilities for epers. For instance, before applying a
detour, operators might consider a detour criterfon example, a certain maximum for the
ratio of the total running time of the line incladi detours to the normal running time. We
will elaborate more on this issue in chapter 7.

Applying partial services is another commonly usedution, especially when there is no
possibility for applying a detour. In this case gwheduled services are limited to a shorter
service line or might even be split in two differgrarts, depending on the location of the
disturbance. In this case some part of the setiieemight be skipped due to applying partial
services or splitting the service line.
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In severe conditions it is likely that some sersiceed to be skipped from the schedule; for
instance, in case of multiple disturbances alorsgraice line, or in the case of disturbances
due to extreme weather conditions or calamitieshia condition, travellers have no other
option than to use a different transport mode grdastpone their trips.

In case of some kinds of events such as publicteyeng. exhibitions, athletic tournaments,
festivals, carnivals, etc), operators might essiibldedicated extra services to maintain a
proper level of service. Normally, these extra smw will be operated between the event's
location and major points of the city such as thietkal station and the city centre.
Furthermore, operators might try to keep the ragsdavice frequency. In case of bad weather
conditions running speed will reduce, while dwathé at stops will increase as well due to
higher public transport demand. This leads to ameimse of service running times. A case
study in Ireland shows that bad weather increasesce running time around 15 % per run
(Hofmann & Mahony 2005). In order to keep the ssxvschedule as unaffected as possible,
the operator might deploy extra vehicles (if theg available). Please note that this strategy
for example in bus services may be applied in cdseshicle breakdown as well. Table 3-7
summarises the operating remedial solutions inrugaglic transport networks for different
event types.

Table 3-7: Operational remedial solutions for majordiscrete events

Operating remedial solution
Event type Line Partial Dedicated | Extra vehicles
detour services services
Incidents v
Storm v v v
Black ice v v v
Snow v v v
Thunderstorm v v v
Public events v v v v
Vehicle breakdown v v
Traffic control devices failure v v
Road works v v

Applying the aforementioned remedial solutions faysit operators depend on characteristics
of events such as predictability and location. ihstance, for reasonably predictable events
(e.g. public events), establishing dedicated sesvis announced beforehand and deploying
extra vehicles is planned accordingly. For evenith wast impact area (e.g. ice, snow)

applying remedial solutions might not be possikiece many parts of the transit network

may be affected simultaneously.

Disturbances and the aforementioned adaptive solutbring in consequences for the public
transport operators. In general, remedial adjustsnsach as detours will increase service
running time. Detours require additional drivingné, but if the extra time is shorter than the
scheduled buffer time for corresponding serviceedinactual impact, however, might be

limited. In case of applying detours if consequéekays at the end of service lines exceed
than layover time, service frequency might drop.riiaintain service frequency as original

plan, transit operators may deploy extra runsakeoof splitting service line into two or more

parts, additional vehicles might be required whitdrease operating costs too. If service runs
are cancelled due to large disturbances, operatevenue may reduce temporarily. Thus,
major discrete events and all adaptive remediaitmwis might influence operating costs.
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We conclude from the discussion above that givea disturbance type, operational

adjustments and remedial solutions, which are contynapplied by transit operators, are

distinguishable. In case of minor quasi continuongoing events, operational actions are
limited to minor service adjustments focusing oowshg down and speeding up affected
services. In case of major discrete events actrakdies are applied by transit operators to
cope with service disturbances.

3-8 Summary and Conclusions

In this chapter we introduced the stochastic petspe of public transport networks’
situations in which transit demand, the transpervise network, and infrastructure are not
constant but rather vary with time. This conditiexpresses actually a realistic situation of
public transport networks.

Stochastic events will impact transport systemstaining demand and supply including
infrastructure. The effects of stochastic eventsirdrastructure can be more critical since
infrastructure failures affect the transport sesvietwork as well and generate disturbances in
the transport system.

For the purpose of distinguishing impacts of eveoits public transport networks, we
classified disturbances in transport networks basedhree influential dimensions: time
interval, predictability, and regularity. In ordés make realistic classifications of events
regarding the aforementioned criteria, we used ouari empirical results from many
researchers in several studies such as Dutch, NoaweBritish, and American studies.

The first dimension distinguishes between eventoraing to time interval (frequency).
Some events take place frequently such as tratfit gluring rush hours, whereas there are
events such as the extreme bad weather or inciddnth happen occasionally. The second
dimension classifies events based on the degrpeedictability. Some events such as traffic
jams during rush hours, bad weather, major workegpmand public events are predictable
with a reasonable accuracy, whilst there are eva&nil as incidents, failure of traffic devices,
and vehicle breakdown that are not predictable qitdyt The latter dimension (regularity)
leads to a distinction between minor continuousoomgy events and major discrete events
causing regular and irregular variations respelgtivetransport networks.

The regularity dimension is a key aspect due tosweusents affect public transport networks.
Impacts of minor continuous ongoing events are mermugh that operators normally deal
with them. However, impacts of major discrete esare critical for transit operators. In case
of major discrete events such as incidents, extitegdeveather, vehicle breakdown and major
construction zones, the situation is cumbersomendit operators might not already be aware
of the event type and its consequences on thersysterthermore, impacts of some of those
events are vast enough to affect several partseofi¢twork simultaneously.

With respect to impacts of stochastic events amsttanetworks, we categorised the strategies
which are applied by transit operators to cope withnts’ impacts. In case of minor ongoing
continuous events, the applied tactics are maggairing-oriented. Speeding up and slowing
down services are two main tactics that are cawigdo keep service schedules as close as
possible to the planned schedule. In case of ndigmrete events, strategies are remedial-
oriented to cope with disturbances and to weakein timpacts on services. Applying detours
and running partial services are two commonly usechniques considered by transit
operators in case of major disturbance in the iraeswork.
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As an important conclusion drawn from this chaptee, showed that random variations in
transport systems caused by various types of evantde distinguished, and classified based
on several criteria such as the event's sourcentevefrequency, event's location, event’s
predictability and event’s regularity. As indicaté@fore, events’ regularity is the most
important criterion; because it leads to a distorctn ways they impacts transport systems.

Given discussions of this chapter, we can conctbdetransit service variations due to minor
continuous ongoing events are limited to servicenmg time as well as timetable variations
which are observed as regular service quality tiana and are coped with by transit
operators. However, consequent transit servicerishs caused by major discrete events is
more complicated enough not to be simply observedransit service quality indicators.
Therefore, impacts of major discrete events onsttaservice performance should be studied
explicitly by considering events’ characteristicelavays they impact service operations. We
propose simulation as an appropriate techniquesterchine the transit network situation in
case of major discrete events.

In this chapter we also conclude that dependinghenevent type transit operators might

apply different remedial solutions to mitigate evg@mmpacts on transit services. For minor

continuous ongoing events, solutions are limitedaime service adjustments, whist in case of
major discrete events actual service remedies aschpplying detour are implemented by
transit operators.

Given stochastic events and their impacts on t@msgystems, in the next chapter we will
study public transport service performance offacettavellers more quantitatively in realistic
situations when all kind of variations occur. Stasiic events containing minor continuous
ongoing events as well as major discrete eventstri@svariations in service performance and
quality of service and thus influence transit segvieliability. In the next chapter, we will

show how service performance can be measured isttohastic perspective. Also what is
the impact of service variations which is perceivedhe long term by service reliability

criterion on travellers’ behaviour?
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4 IMPACTS OF STOCHASTIC EVENTS ON
PUBLIC TRANSPORT NETWORK
PERFORMANCE

4-1 Introduction

As shown in chapter 2, the main assumption in thgsccal public transport design problem is
that all transport system components perform p#yfes expected and do not vary over time.
We demonstrated in chapter 3 that this assumpsonot very realistic, since transport
demand and supply characteristics are not fixedther words, public transport demand, the
transport service network, and infrastructure quafary over time due to minor continuously
ongoing events and major discrete events. In césmioor disturbance remedial tactics
applied by transit operators are adjusting-orienéddlst in case of major disturbances actual
remedies are implemented such as applying detours.

Regarding the layer model of the transport systamtiated by figure 2-1, now the question
is raised: what the impacts are of stochastic tiana and operational adjustments on public
transport service performance offered to travelefihe purpose of this chapter is addressing
this question which is essential to assess pulbiosport network performance in the
stochastic perspective.

In the first part of this chapter we study quantlg impacts of network variations on public
transport service performance. We will determing hariations and disturbances in transit
networks caused by minor ongoing continuous evantsmajor discrete events respectively,
affect public transport network performance. Engali methods supported by scientific
theories and techniques are discussed to quantiiaéts of stochastic variations on public
transport service quality and performance. Morepvelevant measures regarding service
performance variations are introduced sucls@wice running time variationgunctuality
and regularity.

The second part of this chapter deals with impattservice performance variations on trip
time of transit travellers. Given the level of deevoffered by the operator, transit travellers
may suffer from variations in their trip qualityh@ main indicators that are studied aevel
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time variationsandthe number of cancelled trip§hese are appropriate criteria applied to
appraise service reliability of a public transpsystem for travellers.

The third part of this chapter deals with travedldrehaviour influenced by service reliability.

As explained in chapter 2, the network design mmoblcan be modelled by a bi-level

relationship existing between network design amdelers’ behaviour. Service reliability

affects travellers’ behaviour and plays a significeole in their travel choices. Thus in this
part, impacts of service reliability on travellets¢haviour are studied based on empirical
studies.

The findings of this chapter will provide ample kgmund for developing the network

design problem concerning reliability where bothweoek design and travellers’ behaviour

are impacted by service reliability. This will beettopic of chapter 5.

4-2  Impacts of public transport network variations on service
performance

In this part, impacts of stochastic events on putthnsport service performance are studied.
We showed in chapter 3 that actual public transppgrations may be different from the
original plan due to variations caused by stochasttents. Three aspects of service
performance are considered:

* Service running time variation;

* Punctuality;

* Regularity.

These criteria are the main service performancecatars for line bound public transport
(Van Oort & Van Nes 2006, 2007).

Service running timés the amount of time that for a public transps®tvice takes to travel
along its route. Service running time may vary éach service run. This is usual due to
impacts of minor ongoing continuous events. Emalrgvidence shows that service running
time may sufficiently be described by a Normal mlgttion albeit by nature it cannot be an
exact Normal distribution because it never candygative, and because longer times are more
probable than shorter times than planned (Jenkd$;1Abkowitz et al, 1987; Seneviratne
1990; Strathman et al, 2002). There are alternatiaiestical distributions representing service
running time variations. Table 4-1 outlines othetyability distributions for the running time
variations in past studies.

Table 4-1: Transit running time distributions from previous studies

Authors Distribution function
Jenkins 1976 Normal
Andersson et al, 1979 Lognormal

Turnquist & Bowman 1980 Gamma
Abkowitz et al, 1987 Normal
Seneviratne 1990 Normal, Gamma
Lee and Schonfeld 1991 Gumbel
Wirasinghe & Liu 1995 Gamma
Strathman et al, 2002 Normal
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In case of major discrete events, there are som@gun the right tail of the running time
distribution causing large variations. In orderasess impacts of major discrete events on
service running time variations, we have perforrmeexperimental analysis in a hypothetical
public transport line involving two end terminalsdaseven middle stops. The details of this
case study are presented in appendix 2. We cossliddir major discrete events mentioned in
chapter 3. The outcomes of this study for a 20 ymae window demonstrate that major
discrete events do not affect the mean travel sigeificantly (+2%), whereas they increase
service running time variations substantially amwuB0%. This experimental study
demonstrates that impacts of major discrete ewemetsignificant enough to be considered in
quantifying service performance.

There are empirical evidences demonstrating treatetel of service running time variations
depends on service running time itself (Abkowitzl &ngelstein 1984; Van Oort & Van Nes
2006). The relationship between the standard dewiaif running time and the mean running
time for a service line is assumed as follows:

STX(1,) = 64/ 1, (4-1)

Where:
tn=  Running time
¢ = Proportionality constant

Van Oort & Van Nes (2006) measure running timeatsons of bus and tram lines in the city
of The Hague in the Netherlands considering impattainor continuous ongoing and major
discrete events. They found that during rush hélesrunning time of a tangential bus line
with 6% exclusive right of way increases by arodi2d%. For a transversal tram line of the
same length and 100% exclusive right of way, thilsi®@ reduces to 5%.

Figure 4-1 shows the standard deviation of begoh+@mning time in each direction for tram
line 1 and bus line 23 in The Hague as a functiothe trip distance from the begin stop. The
standard deviation of running time has been conmtbated averaged over peak hours in a
whole month. These two lines are relatively lond aannect a large number of regions in the
city. To estimate the standard deviation of runriinge, a morning peak hour during a month
has been chosen. As to be expected, the monthtgaté deviation of running time over
these two lines generally increases along the IBmntrary to the tram line, the standard
deviation of running time of the bus line sometindesreases. This is because of operational
measures like holding vehicles ahead of the scleeduh stop. Despite these measures, the
variation of bus running time is still larger thtrat of tram. This is probably because of the
low proportion of the bus line having its own rightt way. For the tram line the average
increase of the standard deviation is 11.1 s/km.tlk® bus line this increase is larger: 17.6
s/km.
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Figure 4-1: Standard deviations of bus and tram ruming time for each direction by
increasing trip distance (Van Oort & Van Nes 2006)

Shalaby et al, (2001) show that running time vamanot only depends on service running
time (or trip length) itself, but also it is affect by number of stops made, the number of
signalized intersection passed, and the measurddclee /hour/lane. Abkowitz and
Engelstein (1984) found that mean running timeffiscéed by line length, passenger activity,
and number of signalized intersections. Most redeas agree on the basic factors affecting
bus running times (Abkowitz & Engelstein 1983; Lesdn 1983; Abkowitz & Tozzi 1987;
Strathman et al, 2000). Table 4-2 contains a sumroffactors affecting service running
times in regular situations (minor continuous omgaevents).

As indicated in chapter 3, service running timeiataons affect operator's costs as well.

However, if the extra time is shorter than the sicted buffer time for corresponding service

lines, actual impacts, however might be limitedcése of major variations caused by major
discrete events, not only service running time esribut also there might be changes in
service line itinerary and more. Even, it mightde¢a service cancelation. Service cancelation
usually affects operator’'s revenue. During servie@celation, public transport customers

might use other modes or cancel planned trips. [Eaids to a reduction in patronage and thus
operator’s revenue.



Chapter 4 - Impacts of stochastic events on ptiditsport network performance 55

Table 4-2: Factors influencing service running timevariations

Variables Description
Distance Segment length
Intersections Number of signalized intersections
Bus stops Number of bus stops
Boarding Number of passengers boarding
Alighting Number of passengers alighting
Time Time period
Driver Driver experience and style
Period of service The duration that the driver has been on service
Stop delay time| Time lost in stops based on bufignation (low floor , etc)

The other aspect of public transport service paréorce dealing with timetable psinctuality

It is defined as the time difference between planfeg. according to the timetable) and
actual moments of either arrival or departure. tlreo words, punctuality of a line shows the
average deviations from the schedule (Muller & FuU2000). Formula 4-2 shows how to
calculate departure punctuality of a line averagest its stops (Muller & Furth 2000):

real _ 4 planned
L ]

p=1== (4-2)
N .nj

Where:

pP= Average punctuality of the line

£ = Real departure time of vehidlat stopj

tP*"= Planned departure time of vehitlat stopj

n = Number of runs

n = Number of stops

I = Line number

j= Stop number

Please note that this formulation doesn’t indivaltether vehicles depart too early or too late.
Van Oort and Van Nes (2006) compute the avepageetualityof four service lines in city of
The Hague given the formula above. The serviceslere tram and bus lines of a different
type such as radial, tangential, and transversakliFigure 4-2 shows the distribution of the
punctuality of all lines. The vertical axis expresshe percentage of service lines that match
with punctuality ranges. The figure shows that pli@ctuality distribution is skewed to the
right which indicates that the probability of var®long delays than the average. The right
skewness is due to computing punctuality in absolatue.

A further important service performance criterigmagularity. It is calculated as the average
ratio of the absolute difference of the real sexvand the planned service intervals to the
planned interval at a certain location(s) of a menline (Muller & Furth 2000). Empirical

evidences show that when service frequencies gheehthan 5 or 6 times per hour, travellers
arrive at a stop randomly (Seddon 1974, O’Flah&@y0). In this case regularity is more
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important than punctuality: headways between sstoeyehicles ideally should all be equal.
A mathematical formulation for irregularity is aslbws:
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Figure 4-2: Average punctuality of four transit lines in city of The Hague (Source: Van
Oort & Van Nes 2006)

i hp; - ha,
i hp i
PRDM, : (4-3)
n;
where
PRDM; = Irregularity of service at stgp
hp ;= Planned headway of vehidlat stog
hg ;= Actual headway of vehicleat stop
nj = Number of vehicles at stgp

To provide services with high regularity, exact aepre times are less important. In case of
equal headways the average waiting time is minichesed the distribution over vehicles is
optimal, which prevents overcrowding (i.e. undez gssumption of a uniformly distributed
arrival pattern). Van Oort & Van Nes (2006) showtthsually the regularity at the beginning
of the line is better and it decreases along tie IAt the end of the line, regularity is worse
than the average value.

Given the discussion above, a conclusion can beenthdt public transport service
performance is impacted by stochastic events ir@smf service running time, and schedule.

4-3  Impacts of service performance variations on avellers’ trips

So far we have shown how stochastic events impddiqtransport operation and the offered
services to travellers in terms of running timengiuality, and regularity. Given the
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variations in the level of service as commonly niead by time indicators the question is:
what the impact is on trip time of public transpasers?
Service running time variations, punctuality, amgkgularity in public transport networks
influence the level of service offered to travedleBasically, the door to door travel time of a
public transport user consists of:

* access time;

e waiting time(s);

* in-vehicle time(s);

» transfer time(s);

e egress time.

A door-to-door travel time of travellers excludiagcess time and egress time consists of
waiting time, in-vehicle time(s), and transfer tig)e In order to quantify travel time
variations in a passenger’s route, all travel tiommponents should be included in the
calculation. We assume the access and the egness/éiriations are negligible and therefore
can be neglected in the trip time variance calaiatThus, travel time variations can be
estimated statistically by including variations af travel time components. Equation 4-4
formulates the variance of the total travel timeainoute assuming independence among the
links constituting the route:

var{t} = ZVar{qn}J +> Var{ (N}k +> Var i}’ (4-4)
nje niz nz

Where

r= Route index

i, k,z=Link indices of in-vehicle links, waiting links drtransfer links respectively belong to
router

n=  Total number of contributing links of each type

tn= In-vehicle travel time on link

tw=  Waiting time on linkk

tt=  Transfer time on link

t= The total travel time on route

In the formula above, waiting time and transferetiare expressed by virtual links. Thus, the
variances of all travel time components need tedignated such as e.g. service running time
variances using formula 4-1.

For the discussed formula the assumption of indegrecy between link travel time variations
is certainly not correct in public transport netisrin reality travel times of successive links
depend on each other and are mostly positivelyetaigd to some degree. Ignoring this
interdependency between travel time components limigation in computing travel time
variations, if it is not already captured by prapmrality constantg in formula 4-1.
Neglecting this correlation leads to underestimmatibtrip travel time variance.

Besides travel time variations, it is possible thavellers suffer from trip cancelation. If the
transit service is not run due to major discretengs impacts (e.g. a blockade caused by an
incident), passengers are forced to use alternedivies, or in the worst case to postpone or to
cancel their trips. Obviously, in such conditiomeyt are affected by a higher impact of
service performance variations.
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The conclusion drawn from the above discussiohas passengers suffer from service quality
variations. Variations can affect trip time andriiability or in the worse condition leads to
trip cancelation. Service variation impacts in tlomg term form a service reliability
perception for travellers. This is the topic of thext section.

4-4  Public transport service reliability

The previous section discussed variations in passeh trip quality caused by public
transport service quality variations. Now the gisesis that how do travellers perceive trip
quality variations after a long term performancefsTperception influences their travel
behaviour.

The observable trip quality variations of travedlan the long time form the service reliability
perception for the travellers. The reliability pgption as indicated in the introduction plays a
significant role especially in travellers’ choicds. this section, we describe reliability in
public transport networks conceptually.

Basically, the ternreliability refers to a particular attribute of any systent tansistently
produces one or more products or services. In p@atetion, service reliability is defined as
the probability that a transport service will perfo a required function under given
environmental and operational conditions and fstaéed period of time (lida & Wakabayashi
1989). This is a general definition which is apahte for any type of transport system.
Reliability of public transport networks predomitigndeals with travel time and schedule
reliability as well as connectivity reliability (Toquist and Blume 1980; Carey 1999;
Strathman et al. 1999; Kimpel 2001; Bell 2000; Addlk & Ben Emam 2006).

Excluding schedule reliabilityravel time reliabilityis defined as the range of travel times
perceived by travellers based on their experierthetng a large number of daily trips.
Although there are not ample studies to find ow imeay travel time reliability be measured
for public transport networks, some researcherpgse the standard deviation of the entire
route travel time as an appropriate criterion f@asuring travel time reliability of a particular
route (Turnquist & Bowman 1980; Rietveld et al, 20Tseng et al 2005). In addition to the
standard deviation of route travel time, the cagfit of variation of route travel time (COV),
difference between $tand 50" travel time (90DMP), difference between™8énd 58 travel
time (80DMP) are other measures for describingetréimne reliability (Turnquist & Bowman
1980; Tseng et al, 2005; Vincent & Hamilton 20083eng et al, (2005) show that these
indicators are transformable to each other andstoamation rates depend on travel time
distribution as well. For instance, they showed tha STD of travel time can be transformed
to 80DMP of travel time by a coefficient of 0.84%hewn travel time follows a normal
distribution.

Connectivity reliabilityis defined as the probability that network nodes@nnected and can
be reached (lida & Wakabayashi 1989). Regardingetiexrs’ point of view, connectivity
reliability might for example be quantified as thember of trips that over a longer period of
time with its varying conditions could not be perfeed (Bell & lida 1997; Al-Deek & Ben-
Emam 2006).

Connectivity reliability is also studied in the ¢ext of public transport supply. On the supply
side (the service network), it can be measuredchagprobability that network nodes are still
connected (Bell 2000; Asakura et al. 2001; Kurawthal. 2004). The network is successful,
if the existing lines are in operation as plannedcase of disruptions in the system, the
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probability of service line failures might affearmectivity reliability on the supply side. For
instance, it can be quantified as the number ofieerruns that might not reach their
destinations, although all travellers might be aoleeach their destinations (after making
extra transfers and detours etc). That is an examwpthe difference between the travellers
and the operator’s point of view.

All the aforementioned indicators are quantifiedsdzh on perceived variation in trips
properties in the past, however in a long term wiadThus, reliability of a transport network
expresses long term performance recognised by lieesie There is an ambiguity how
travellers perceive reliability confronting differeexperiences. There are several empirical
analyses addressing this question. Noland and RaR®2) focus on travel time reliability
perception by studies of individual learning abtvavel conditions over time. Early work in
this area was conducted by Chang and MahmassaBB)Y1Mho performed a series of
simulation experiments to analyse how individuatjust their departure time choice in
response to previous experiences. They concluddrtheellers’ experience in the long term
plays the main role, albeit the most recent infdroma essentially the previous trip’s travel
time is important factor in adjusting the next sigeparture time.

lida et al (1992) conducted a laboratory experintenanalyse route choice behaviour and
dynamic adjustments over time. Their empiricalmeates suggested that more recent travel
experiences are more important than less receneltexperiences. They also identified
individual variations in the decision making proze3hey found that some travellers less
likely change their frequent routes regardlesshefrtexperience, whilst others change them
frequently. Polak and Oladeinde (2000) performedalzoratory experiment to examine
learning effects when travel times are varying.iffhesults support the model applied by lida
et al (1992).

We can conclude from the discussion above thaticemeliability in transportation is a
performance criterion expressing long term perforoeaalthough recent experiences impact
more on service reliability than past experiencpeemlly for minor continuous ongoing
variations. Now the question is how service religbivould influence travellers’ behaviour
and their choices such as route choice, deparitme ¢hoice, mode choice, and destination
choice. In the next part this question will be added.

4-5 Impacts of public transport service reliability on public transport
passengers’ behaviour

In this part we discuss the impacts of public tpams service reliability on public transport
passengers’ behaviour. The achievements captuheemtes of stochastic variations on
passengers’ choice behaviour.

This section consists of two parts: in the firsttp@e show empirically how public transport
users appreciate and value service reliability heirt choice behaviour. Moreover, how
reliability perception among all other factors suah travel time determines the level of
satisfaction of public transportation after longrieperformance.

In the second part we focus on the role of servambility in travel choices. Basically,

service reliability can affect travellers’ choiceHaviour in route choice, mode choice,
destination choice, and departure time choice. Wledescribe among other matters using
empirical researches how reliability may be involwe those aforementioned choices.
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4-5-1 Reliability appreciation by travellers

For a number of years research projects have shimvimportance of reliability factors in the
travel decision process, also outside the puldisdport domain. As indicated in the previous
part, there are ample evidences demonstratingtiitnatllers perceive reliability based on a
learning procedure in which more recent experieacesdlominant. Now the question is how
much reliability is appreciated by travellers comgohto other influencing factors such as
travel time.

In several studies reliability-related attributesvé been found among the most important
service attributes in a variety of situations (Rkas 1977; Jackson & Jucker 1981; Black and
Towriss 1991). For instance, Prashkar (1977) shdas private mode and public
transportation that reliability of searching timer fa parking place and waiting time for
boarding public transport is more important in deeision than just travel time.

The other important issue is that reliability pgri@en in combination with other factors such
as travel time, fares, convenience, safety, conmcrmation availability, and so on will
determine a level of satisfaction of public transgiion in a long term scale for frequent
travellers. This idea is supported by several eicadirevidences. Conlon et al, (2001)
conducted a study to measure passenger satisfadtemimplementation of major changes
along a bus route in the Chicago area. The implésdechanges led to a decrease in service
variation along the studied route. Passengers sarefied with the service quality in terms of
running time, waiting time, route dependabilitydamm time performance.

Another recent study used a service quality indeguantify passenger satisfaction with bus
service in New South Wales, Australia. This studgatudes that running time variations and
fare are the greatest sources of dissatisfactiamlewfrequency of service and seating
availability had the largest positive impact onggasyer satisfaction. The study indicates that
access time to bus stops when combined with freyuehservice is an important aspect of
reliable service from a passenger perspective (ieret al, 2003).

In the Netherlands The Hague Public Transport Camp#l’'M regularly monitors customer
satisfaction (HTM 2002). Their findings demonstr#tat public transport reliable services
increase transit patronage. This conclusion is stisi®d in American research (Vuchic 2005).
Therefore, it can be concluded from the above disiom that service reliability is valued
highly by travellers among all other influencingtiars and it impacts on their choice travel
behaviour.

4-5-2 Impacts of transit service reliability on travellers’ choice behaviour

Service Reliability can affect travellers’ choicehaviour in many aspects. The logical order
of choices based on the time scope (from short wwnelow to long time window) can be:

* Departure time choice;

* Route choice;

* Mode choice;

» Destination choice;

» Trip choice.

For public transportation, the impact of relialyilion departure time choice is important
especially during peak hours when public transpiogs are heavily used. For instance,
passengers who like to avoid overloading and priedabger waiting times, depart from their
origin normally earlier than expected departingetim
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There are several researches including relialiitgeparture time choice analyses. Some of
the earliest choice analyses under travel timenmiogy consider choice of departure time for
working trips. The central issues in the choicedeparture time concerns travel time
reliability for different departure times, the inmpence of early or late arrival and of minutes
late all of which might vary across travellers (G 1968; Small 1982; Black & Towriss
1993; Noland & Small 1995; Noland et al, 1998; Lioag 2006; Li 2008; Li 2009; van
Amelsfort 2009)

In less frequent lines, travellers do not arrivetla¢ station randomly but with some
knowledge of the departure time such that they mige their waiting times. However, Bates
et al, (2000) suggest that if travel time relidhilis low, then travellers may well ignore the
schedules and arrive more or less randomly. Th&y @lopose that incorrect perceptions will
lead to different disutility since travellers withoose for example “the incorrect” optimal
departure time.

The above discussion results in travel time rditgbas an influencing factor in departure
time choice of public transport travellers in aduhtto travel time itself.

In addition to departure time choice, the traveldireliability affects route choice too. Route
attributes (e.g. waiting time, in-vehicle time,rtséer time) in public transport networks may
be directly affected by regular variations (e.gshrdnour) and major discrete events such as
incidents. It is important to note that waiting éns directly related to the size of the amount
of headway variation (Hounsell & McLeod 1998). Téesriations are observed in a short
time window for example daily variations and afféxavellers’ choice. In choosing routes
travellers consider these variations, although thaght perceive reliability differently
depending on their attitudes. Risk prone traveltdrgously attach lower weight to reliability
of a route compared to risk adverse travellerss Thialso valid for other travel choices (e.qg.
mode choice). In an empirical study by Abdel-Atyagt (1994) travel time reliability was
found as one of the most important factors for nbwate choice, with about 54 percent of
respondents in a route choice survey indicating tf@ael time reliability is either the most
important or the second most important reason lioosing their primary commute routes. A
British study explores that if delays are often engnced, travellers will re-consider their
preferred routes (Schmdocker & Bell 2002).

Thus, we can conclude that service reliability s iafluencing factor in route choice
behaviour of public transport travellers as well.

Service reliability affects mode choice as welletees (1998) shows that people are likely to
change their mode of transport because of changesliability. Results demonstrate that
reliability has a substantial impact on the modei@h of travellers, depending whether it is
an improvement or deterioration. For instance, sitp@ unit change in service reliability of
public transport will increase 9% public transpodership, whereas a negative change will
lead to 17 % decrease in public transport riderships shows an asymmetric relationship
between public transport service reliability andlputransport ridership. Table 4-3 presents
the impacts of reliability in the mode choice ochuellers. A research done by Kdnig and
Axhausen (2002) yields similar results. Their stadynonstrates that reliability among other
influencing factors should be included in mode ckanodels.

Table 4-3: Effects of changes in PT reliability oomode choice (Source: Peeters 1998)

Change of PT reliability Regular passengefgccasional passengerdlon PT users
A Unit Increase 9% 22% 9%
A Unit Decrease 17% 44% -
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Besides departure time choice, route choice ancerobdice, destination choice is influenced
by service reliability too. Although, there is nmgirical evidence regarding the influence of
reliability on destination choice, it is natural ¢conclude from the previous discussions that
destinations served by unreliable modes may be dtssctive for travellers especially for
optional trip purposes such as leisure. Howeverjrtipact of reliability on destination choice
is not as large as on mode choice. The reasoraisdéfstinations are normally served by a
variety of modes. Hence, travellers usually havesgmlity of selecting different kinds of
modes with different level of reliability. Therefrif a mode suffers from a high level of
unreliability, it does not mean necessarily tha #tcess to the corresponding destination
always face high variations and unreliability (Beed 2007). Thus reliability is of less
concern in the destination choice process.

The discussions above demonstrate that serviabildly of public transport networks should
be included in traveller's behaviour and their cesi consisting departure time choice, route
choice, mode choice, and destination choice. Thausion of public transport service
reliability could be achieved by different measurEsr instance, in the context of route
choice including the standard deviation of trawalet or the coefficient of variation of travel
time to the route’s utility function could be atalle method. Another important point is the
perception of service reliability depends on tlye purpose and the traveller’s attitude in term
of risk averseness. Albeit as indicated before,iti@ortance of reliability is regarded lower
in the destination choice compared to other choices

4-6  Summary and Conclusions

In this chapter we studied the impacts of stochastents, which were extensively discussed
in chapter 3, on transport network service perfercea Due to minor continuous ongoing
variations taking place every day (e.g. traffic gamuring rush hour, ordinary demand
variations, etc) and major discrete events (e.gidents), service quality varies. Service
quality variations influence traveller’s time anolst as well as operator costs and revenue.

In order to evaluate public transport network perfance in the stochastic perspective, public
transport service quality should be measured wlagations are taken into account. In this
chapter we proposed inclusion of variations andseqoent costs in service performance
measures. Service quality variations criteria dised in this chapter are service running time
variations, punctuality, and regularity. In ternisservice running time variations, we showed
that service running time itself is a decisive éacalbeit, other factors such as driving style
and the number of signalized junction affect servignning time variations as well. In terms
of punctuality the findings demonstrated that thmqtuality distribution is skewed to the
right which indicates the probability of longer ag$ than the expected average delay. In
terms of regularity, it is normally high at the bagng of service lines, but it decreases along
lines. At the end of the line, regularity is wotkan the average value.

The conclusion is that public transport servicelitpiés impacted by stochastic events, and
thus may deviate from the original plan. Servicaldy deviation depends on the event type
and can be measured by common operating measwessiservice running time variations,
punctuality, and regularity. Service quality vaioas impact transit network performance so
that travellers suffer from trip time variationsdapossibly trip cancelations. Both aspects
caused by stochastic events impact travellers amdegjuently impose additional costs to
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them. Variations in quality of services offeredtavellers in the long term form the basis for
a service reliability perception in the travellensnd.

In this chapter we also studied the impact of tréimee reliability on travel behaviour as the

essential part of the network design problem. Weereed studies addressing the influence of
service reliability on different aspects of trawd@oice behaviour such as departure time
choice, route choice, mode choice and destinatimmice. Findings showed that service
reliability affects all travel choice aspects. Tihgortant point in this issue is that travellers
perceive service reliability after a long time espece according to their trip purpose and
degree of risk aversion, although the most recepérences are accounted highly especially
in case of variations caused by minor continuowgoorg events.

These findings clearly demonstrate that servicebgity is an influencing factor on both
levels of network design and travellers’ behaviand therefore, it should be included into the
network design problem. This inclusion leads toemsgions in the traditional bi-level
framework previously explained in chapter 2. Wd discuss these extensions in chapter 5.
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5 URBAN PUBLIC TRANSPORT NETWORK
DESIGN AND RELIABILITY

5-1 Introduction

In chapter 2 we described the classical publicspart network design problem. Its main
assumptions are that network supply and demandarstant and do not vary within time.
We showed in chapter 3 that this assumption isquite realistic since public transport
demand, the transport service network, and thesiructure network all vary within time.
These variations may happen due to minor ongoimgirasous disturbing events as well as
major discrete disturbing events. As defined inptéa3, minor ongoing continuous events
take place quasi continuously in a transport netvamd can be generated by internal as well
as external sources of disturbances. Their impactserms of service deviations from
planning are usually minor. Major discrete everdket place discretely in the transport
network. They are also generated by internal as aslexternal sources of disturbances;
however, they are normally without any predefinattgrn and cause major disturbance(s) in
the service network.

In chapter 4 we demonstrated that variations cabgesinor ongoing continuous events as
well as major discrete events in a public transpmtwork may seriously affect service
performance. For the operator, such variationsi@rte operations, and for passengers they
influence travel time (costs) as well as servidelpdity. Such variations are mostly dealt
with at the operational level only, whilst it istyanknown what the contribution at the
strategic level could be to reduce these variations

In order to incorporate service reliability intotwerk design at the strategic level, however,
we need to recognise tactics that are applied eppierational and tactical levels with the
intention of improvement of service reliability. e tactics can be classified into prevention-
oriented or coping-oriented. Hence, in this chaptammonly used tactics belonging to each
of these classes are discussed extensively. Theredéaling with service reliability at the
strategic level will be discussed mainly focussimgthe service network structure as well as
infrastructure.

65
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Accounting for service reliability at the strategietwork design leads to extensions of the
classical public transport network design probleithwespect to the following aspects:

* Network design dilemmas;

* Network design objectives;

* Network design bi-level framework.

All aforementioned extensions of the network despggoblem will be dealt with in this
chapter. The result will be an extended publicdpamt network design scheme at the strategic
level in which service reliability will be fully itegrated.

5-2 Reliability and Robustness

In this part public transport network charactecstthat are related to service reliability are
discussed. These characteristics may be usedferatif planning stages to improve public
transport network reliability.

As indicated in chapter 4, service reliability Haeen recognized as an important feature of
transport network performance as perceived by Heree In transportation analysis, service
reliability is quantified as the probability thatteansport service will perform a required
function under given environmental and operati@oalditions and for a stated period of time.
It is a long term service quality attribute. Getlgrain travellers’ perception of service
reliability, slight variations of transport servecare natural and acceptable for the traveller,
whilst unexpected variations yield unreliable seegiin travellers’ perception (Immers et al
2004).

We stated in chapter 4 that service reliabilityad®ng term service attribute predominantly
consists of travel time reliability and connectvitliability thereby leaving other reliability
dimensions such as arrival time reliability asitte.order to provide reliable services for
travellers, the transport service network (supglypuld be planned in such a way that it is
able to perform always its duty at an acceptablellelravel time reliability is defined as the
range of travel times experienced by travellerandua large number of daily trips, whilst
connectivity reliability is defined as the probatyithat network nodes are connected and can
be reached. Regarding connectivity reliabilitynsport networks should have the capability
of maintaining its operation at a minimum accepdblel in case of disturbances caused by
major discrete events.

With respect to the discussion in chapter 3, mowitinuous ongoing events predominantly
impact travel time reliability. Transit operatorg to deal with such events and apply several
operational measures to improve actual serviceopegnce in order to maintain long term
travel time reliability at the desired level. Howee, impacts of major discrete events are
much larger and may affect connectivity reliabiliby order to apply operational measures to
maintain or restore network and thereby maintaiceptable connectivity reliability in the
long run, the public transport network has to b#figantly robust. Thus, connectivity
reliability relates to networkobustness

Robustnesss basically concerned with the capability of ateyn to continue performing its
function (without remedial interventions) after arppof the system has been affected by a
disturbance (Immers et al 2004, 2009). Li (2008)n@s robustness as the insusceptibility of
a transport network to disturbing incidents, andstimaybe understood as the opposite of
network vulnerability. A number of working defirotis that have been collected by the Santa
Fe Institute define robustness as the degree tahwhisystem or component can function
correctly in the presence of invalid or conflictimputs (Santa Fe Institute 2000). Van Nes et
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al. (2007) define robustness as the capability aglystem as a whole to compensate for
external forces and failures in a safe and efficrmanner. A transport system is said to be
morerobust if it is capable of coping well with variationsgmetimes unpredictable) in its
operating environment with minimal damage, altergtior loss of functionality. In other
words, a more robust transport network is ablepierate within the design specifications also
for conditions that are outside the range of itsigie specifications and without applying
remedial interventions at the operational level.

Literatures (e.g. Immers et al. 2004, 2009) usewple of notions in relation with service
reliability and network robustness as such:

e Vulnerability;

* Redundancy;

* Flexibility;

* Resilience.

Vulnerability of transport service networks is defined as thesisigity of their services to
variations of transport supply caused by extermahtrnal distortions such as incidents that
result in considerable reduction or even stop angport system serviceability (Nicholson &
Du 1994; Berdica 2002). This definition shows ttiare is an inverse relationship between
vulnerability and robustness. In other words, dasireg vulnerability in transport networks
results in an increase in network robustness. Avorkt with 0% vulnerability yields 100%
robustness. The degree of vulnerability of transpetworks may be lessened/improved in
both transport service networks as well as infuastire networks.

In transport networks a higher robustness is aelievhen they are designed in such a way
that they tolerate certain variations or even faguin their components. Normally such
networks are designed for througddundancyCarlson & Dyle 2002)Redundancyor spare
capacity) is defined as the existence of more thram means to accomplish a given function
(Immers et al 2004). In other words, it is the degtion of critical components of a system
with the intention of increasing the reliability tife system, usually in the case of a backup.
High network robustness is fundamentally achievgddbsigning for sufficient network
redundancy. At the traffic level (infrastructuré)e system is designed such that if an element
fails, the remaining elements can take over theatjpms of the failed element enabling the
system to continue to function (Makoriwa 2006). feignt redundancy in public transport
networks can be achieved in both service netwodkiminastructure. Sufficient redundancy in
service networks enables travellers to have meltimlute alternatives between origin—
destination pairs. In case of failure of some rptitere might be still an alternative route
available for trips for travellers. Sufficient rediancy in the infrastructure network enables
the transit operator to divert service lines frdmit original paths and apply detours to pass
the blocked segments. In this case, a servicediilecan be operated, albeit parts of its
itinerary are blocked. We will elaborate more omsi two types of redundancy in the
upcoming section.

Flexibility in transportation is defined as the capabilityrahsport systems to carry out more
and other functions than it was originally desigf@d(Immers et al, 2004). Flexibility then is
the property enabling a system to evolve with neguirements. One way to create higher
flexibility in transport service networks is by prding extra facilities in the infrastructure
network such as detours and short turns enablegblle service operations. For instance,
existence of U-turn facilities in the middle oféioperated rail tracks will enable operators to
run partial services in case of blockades. In ¢hise the service line terminates at the location
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of the U- turn facility. Creating high network fléxity thus will improve network robustness
and connectivity reliability.

Resilienceis the attribute of a system expressing how imdials, populations, or systems’
components bounce back or respond to perturbatdmie still maintaining their original
identities and functions (Holling 1973; LongstafdB). In transport systems resilience is
defined as the capability of a transport systenrepeatedly recover from a temporary
overload or disturbance, preferably within a shorte period by its response to dedicated
remedial interventions (Immers et al, 2004). Intfaesilience describesthe system's
sensitivity/elasticity to recover by taking remddi@easures. Improving system resilience in
public transportation, which is normally done at tbperation level of planning, can
accordingly lead to service reliability enhancement

Figure 5-1 illustrates schematically the conceptredilience in transport networks. The
service quality of a line in the regular conditisrabout 95% on average, albeit it suffers from
minor variations between 90% and 100%. In caseisitidbances caused by major discrete
events, the service quality slumps down to 25%olfadjustments are applied by the transit
operator (indicated in black) the line’s servicealify will maintain low for long time;
however, in case of operational adjustments semyicdity improves after half an hour and
reaches to 75% of the desired level (indicatedneygrey line). The quickness of operational
reactions will shorten the transition phase and ls&d to a sufficiently desirable resilient
transport network.

Service quality variations (regular and irregular conditions)
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Figure 5-1: The transition phase expressing the nebrk resilience property in case of
disturbances

As stated before, impacts of minor quasi continumugoing events are mostly on travel time
reliability, whilst major discrete events affectdaly network connectivity reliability. Figure
5-2 (upper part) shows how connectivity reliabilitgn be improved in public transport
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networks. As indicated before connectivity religirelates to network robustness and thus
increasing network robustness will improve connatgti reliability in public transport
networks. Also, increasing resilience, describimg system's sensitivity/elasticity to recover
by taking remedial measures, can lead to highevar&trobustness.

However, network resilience and robustness arerselyeimpacted by network vulnerability.
In other words, more robust and resilient netweanlesless vulnerable to disturbances.

Figure 5-2 (lower part) introduces measures that loa applied at the strategic level of
network design to improve network robustness anseguently connectivity reliability. As
indicated before, increasing service network redwmog and creating service network
flexibility are two suitable methods to enhancewwsk robustness and thus connectivity
reliability. Figure 5-2 shows that increasing redancy in the service network requires
redundancy in infrastructure. This is especially tase for rail bound public transport which
is operated only on the dedicated infrastructure.

Connectivity reliability [« +
A
+
» Network robustness |«
A
A 4
Vulnerability < > Resilience
+
Redundancy in Flexibility in service !
| service network network :
: A A E
| Redundancy in Flexibility in |
| infrastructure infrastructure |

Figure 5-2: Reliability, robustness and related mesures

Also, creating flexibility in the service networkequires additional components in
infrastructure (e.g. shortcuts, turning facilitied)ich make the infrastructure network flexible.
For example, applying detours require that shosteutd turning facilities in infrastructure
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already exist. Thus, creating flexibility in thengee network requires higher redundancy and
flexibility in infrastructure.

Given the aforementioned notions, reducing vulniétgbincreasing redundancy and creating
flexibility in the transport service network andfrastructure are relevant options at the
strategic level of network design to improve netwaoobustness and thus connectivity
reliability. We will elaborate more on these opsan the upcoming sections.

5-3 Reliability improvement in public transport sysems

As discussed in chapter 4, public transport systeufier from variations in service quality
and performance. We also showed that these varsa@oise due to minor ongoing quasi-
continuous events as well as major discrete ev€itanges in service quality affect service
reliability of a transit system accordingly.
As indicated in chapter 4, improving service raligbis an aim of the operator companies
and can increase patronage as well. Approachesnfmoving service reliability in public
transport networks can be categorised as:

« Prevention-oriented approaches;

» Coping-oriented approaches.

By applying prevention measures, the planner trtiesncrease robustness and to reduce
vulnerability of both service network and infragtitwre network. By applying coping
measures, the transit operator tries to eitheriedita or mitigate impacts of disturbance on
services.

Implementing prevention-oriented approaches in naapects facilitates applying operational
measures. We will elaborate more on these issuta® inpcoming subsections.

5-3-1 Prevention-oriented approaches

In the context of prevention, the planner trieptevent variations and distortions caused by
minor continuous events and major discrete evesgpactively. Corresponding actions are
performed at the strategic management level, attabical level, at the strategic level of
service network planning, and in the infrastructueéwvork as well. Table 5-1 summarises the
corresponding tactics at both levels of servicevoet planning and infrastructure.

Strategic management:

Prevention approaches at the management level fooustrategic decisions aiming at
reducing or eliminating sensitivity of servicesvariations and distortions. The decisions do
not relate to network design; however, they migfiuence transit operations.

In the context of transit fleet utilisation usinggh quality vehicles and applying perfect
maintenance are two suitable methods to ensurénconis operation and to prevent failures
due to for example vehicle breakdowns. Of courgdyapmy such decisions in practice needs
ample investments and thus requires strong modivati

In a customer oriented perspective using low-fle@hnicles is a suitable means for reducing
dwell time variations. High-floor vehicles increaseonveniency and also the time required
for boarding and alighting for elderly, disabledsgangers, and also passengers carrying a
push car. Hence, using low-floor vehicles is recanded to facilitate elderly/disabled
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passengers and also to prevent dwell time varigteord consequently service running time
variations.

Regulating prepaid ticket systems is another mefboceducing dwell time variations. It will
prevent selling tickets inside the vehicle. Usuapyrchasing tickets directly from drivers
leads to extra dwell time and increase dwell tinagiations especially for long lines. By
installing automated ticket machines at stops eidim vehicles, less variation in dwell time
would be expected.

Finally, restricting transit drivers to the corresping timetable prevents service irregularity
and improves travel time reliability in serviceshiJ is especially more concerned for low
frequency services. Missing a service due to edglyarture imposes a long additional travel
time to travellers.

Table 5-1: Prevention tactics to preserve transitexvices from variations and distortions

Service network design Infrastructure

Tactical planning Strategic planning network design

Planning additional

Allocating slack times| Planning independent infrastructures (e.g.
in the timetable service lines shortcuts) to create

flexibility

Shortening service Designing exclusive
lines right of way

Covering/ Preserving
Increasing stop transit infrastructure

spacing from external sourceg
of disturbances

Planning redundancyj

in fleet
Allocating

prioritisation in
signalling system for
transit services

Planning the service
network with
redundancy/ flexibility

With respect to public transport network planniag,both tactical and strategic levels it is
possible to improve service reliability using pretien-oriented approaches.
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Tactical level of planning:
Prevention measures at the tactical stage normfaltyis on schedule and timetable
modifications (Israeli 1996; Carey 1998). The meesuthat are used at this stage aim at
increasing spare capacity in the timetable of mullansport services to prevent delay
propagation and thus to reduce service vulnergbline way to increase the spare capacity at
the tactical level is adding adequate slack tinethé timetable. They will enable vehicles to
catch up. This extra time is a trade off betweea dperational speed and travel time
reliability. The longer slack time is assigned, thigher travel time reliability, the lower the
average operational speed and thus longer seruvioring time are expected. We will
elaborate more on this issue in section 5-4-1 dsag new public transport design dilemmas
regarding reliability.
Basically, the slack time can be added to serwios by two different ways:

» Slack time within runs at particular instants;

» Slack time between runs at the end points.

In the first way, a small amount of slack time gdead to the running time. This amount
depends on the characteristics of the line. Esjpediaes in the city centre need some slack
time, because of crowded junctions and sharedgradth other traffic. It is also possible to
plan extra dwell time per stop. The slack time aelseon the expected distribution of dwell
time and the effects of vehicles waiting longemtin@cessary at a stop.

To use the extra dwell time efficiently, it is recmended to dwell longer at stops with a high
number of boarding and alighting. This providesglentransfer times and thus reduces the
probability of missing connections. This tacticesommended for train networks as well. For
instance, Rietveld et al. (2001) recommend increpsif train speed to have more transfer
time in connection points to improve the traveldineliability of the Dutch train network.

In the second way, operators add extra time tdayever time (recovery time) to achieve a

high punctuality of departing vehicles. This eXtxgover time can prevent delay propagation

for the next run. It is clear that both tactics ariented toward resetting the service schedule
and thus maintaining travel time reliability high.

Strategic level of planning:

At the strategic level of public transport netwagpkanning, as indicated in section 5-2
reducing vulnerability, increasing redundancy, anehting flexibility in the public transport
network layers are relevant approaches to imprewace reliability.

There are few methods at the strategic level taovg service reliability in public transport
networks as shown in table 5-1'{2olumn).

Planning independent service lines

Vuchic & Musso (1991) compare the independent &edritegrated operation of metro lines
in terms of service reliability. Basically, the gpendent operation of lines in a public
transport network is simple, but it might imposeliidnal transfer to transit users. They state
that the integrated line operation may decreasa todvel time for transit users, albeit, it
might increase unreliability for them as well. Timain reason is that integrated service lines
are more vulnerable compared to independent selivies because of using common links.
Common links might hamper and hinder successiveicgs. This is more critical for
integrated lines where service frequency is higbommon links. In metro and train networks
due to automatic control systems, the headwaysdsgtveervices should be greater than a
minimum threshold (e.g. 2 minutes). In tram and L$&fvices that are run on sight, the dwell
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time of the preceding vehicle affects running tiofighe following vehicles. It may influence
prioritising systems in the network in such a whgttthe following vehicle can not benefit
from prioritising signals.

With respect to the discussion above, Vuchic & Mug®991) recommend using independent
line operations with less vulnerability to achiewgher service reliability, while extensive
passengers’ transfers are facilitated through ohtafout and design of stations, providing
update information, and security. As examples thefer to the Paris and Tokyo metro
systems that consist of independent lines only.

Shortening service lines

In addition to independent service line operatiorejucing service line lengths is an
appropriate way to reduce service line vulnerabdgibd thus improve service reliability. We
already discussed in chapter 4 that long linesesuffore from higher regular and irregular
service variations generated by minor continuougoory events and major discrete events
respectively, than short lines. Hence, by modifysegvice line configurations, it is possible
to reduce travel time variations and also the poditya of line failures. Reducing travel time
variations leads to improvement of travel timeaillity, whereas a decreasing probability of
line failure improves network robustness and cotiviég reliability. Of course, replacing
long service lines by short service lines has cgueeces for travellers. It will generally
increase the required number of transfers and comesgly increase the total travel time for
transit travellers. Thus, reliability consideratiaill lead to a new network design dilemma.
We will elaborate more on this issue in section’.4

Increasing stop spacing in the service network

With respect to service network space accessibpisityproper way to improve travel time
reliability at the strategic level of network plang is reducing stop density in such a way that
there are always few travellers at the stops (Vant @ Van Nes 2006). This will prevent
stop skipping by drivers and thus will decreaseviserrunning time variations. However,
decreasing stop density will increase access aresggime accordingly.

Planning redundancy in fleet

Increasing redundancy in transit fleet is a propay to improve service reliability (Table 5-
1). Having redundancy in fleet is a means to ensuffécient capacity in case of a sudden rise
in transit demand. Having redundancy in the fletit emable the operator to serve the entire
transit demand in some instances and contributeaataining service reliability in the long
term.

Planning the service network with redundancy/ flexbility

Increasing line density in a certain way resultdigher redundancy in the service network
and consequently can improve service reliabilitycluding tangential lines into a service
network could facilitate operational remedies dgraisturbances (e.g. applying detour) and
also offer alternative(s) to transit travellers eTdvailability of required infrastructure enables
the transit operator to divert from the regularhpeita a detour to pass the blocked right of
way.

Furthermore, availability of several line optionsables travellers to switch between transit
lines in case of disturbances and find an altereatute for making their trip.

Infrastructure network:
At the infrastructure network level, building addital infrastructures such as shortcut
facilities create flexibility in the infrastructurand consequently in the service network and
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thus will increase network robustness. It will eleabransit operators to apply operating
remedial solutions (e.g. applying detours, or shamns) and improve connectivity reliability.
Facilities that are commonly used are shortcutpabges, and turning facilities. Applying
detours via shortcuts and bypasses and applying simos via U turns are achievable by
using these infrastructures. We will elaboratetferton this issue in the upcoming sections.

In the infrastructure network, other efforts aremhaoriented towards:

* Providing separated right of way for transit vebglvith minimum interference with
private car traffic. This is especially the caselfas and tram. Obviously for train and
metro networks, the right of way is completely esive;

* Preserving the physical network from disturbancassed mostly by external major
discrete events such as extreme bad weather, andemts. Covering network
segments physically (e.g. by tunnels) could be asilde solution for reducing
infrastructure vulnerability and thus increasingwwk robustness and connectivity
reliability.

Both measures are costly and mainly require stroatjvation before implementing. At a less
costly level, facilitating transit lines with pritizing systems (for transit systems with partly
shared right of way such as tram) is a proper wagduce regular running time variations, to
increase punctuality and regularity and thus tonta@n service reliability high.

5-3-2 Coping-oriented approaches

In the context of coping-oriented approaches, tlamsport service network is modified
temporarily during events to reduce impacts ofulistinces. Coping-oriented approaches at
the operation side focus on securing transit perémce to reduce service variations and
distortions caused by minor continuous ongoing tssand major discrete events respectively.
Measures at operational level benefit from or rezgjmeasures at the tactical and the strategic
level as well. For instance, applying operatiordjuatments in case of major discrete events
requires the infrastructure network to be moreifilx Table 5-2 categorises coping-oriented
approaches at the operational level as well asireagents recommended at the tactical and
the strategic levels of design for both the sermievork and infrastructure.

As indicated in chapter 3, the actual operationguhblic transportation show deviations from
their original plan in the stochastic perspectiRegular variations caused by minor
continuous ongoing events result in differencesvben the actual operation and the original
operation planning. Thus, the operator tries taistdervices during their operation. One way
to close actual operations with its original plannis to adjust the services adaptively to
disturbances as quickly as possible.

The applied tactics focus mpeeding upand slowing downservices (Gifford et al, 2001;
Banks 2002; Chang et al, 2003). As an example RaddRail in The Netherlands use a
systematic control and warning mechanism in casgisbéirbances in the network (Van Oort
and Van Nes 2007). Adjusting the operations of RtadiRail will be done by dispatchers in
the central dispatch room. They have a full ovewiad all vehicles and their punctuality.
Software tools are available to adjust operatiorsiaform drivers as well as travellers.

In bus networkdeapfrogging adjustment for a delayed bus is a common meth@hkK8
2002). In this method, the operator allows theolelhg bus overtakes the delayed leader bus.
In addition to leapfrogging technique, skippingpstdor delayed and/or overloaded vehicles,
and giving priority to delayed public transport\sees in the lines are other techniques
applied to speed up late services (Gifford et @01J. To slow down early services, giving
posteriority and increasing dwell time for serviedgad of time could be used. Banks (2002)
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also suggests thieobtail pathaction for overloaded buses. In other words, tgrdack a
vehicle that is preceding in the opposite directmmsert it in front of the overloaded vehicle.

Table 5-2: Tactics used in the coping-oriented apaches and the corresponding
requirements for the prevention-oriented tactics

Service network
: : : Infrastructure
Operational level Tactical level Strategic level
Speeding up/ Allocating slack
slowing down 1> times in timetable
Deploying _Opt for redundancy
additional vehicles g in fleet
Maintaining service Opt for redundancy
frequency " in fleet
Redundancy in the
Applying detours_ | . infrastructure
....................................... network
Shortenlng SerVice ........................................... 'FIeXIbIlIty In
lines =pinfrastructure
network
Planning the
Rerouting travellerg » service network
with redundancy

* The dotted arrows indicate the requirements la¢iotiesign levels

Normally, the aforementioned tactics are achiewedhle implementation of ITS (Intelligent

Transportations Systems) and DTM (Dynamic TraffiarMgement). In other words, ITS and
DTM enable the operational measures to be appliedifjson 2005; Akiyama & Okushima,

2004; Chang et al, 2003; Gifford et al, 2001).

Applying the aforementioned tactics is eased inecak existence of slack time in the
timetables. Hence, prevention-oriented approachéiseatactical level of planning will also

assist the operator to apply adjustments for copirtiy impacts of disturbances.

In case of major discrete events, operational aujeists are directed towards the following
tactics (table 5-2):

* Adding capacity to the affected services;

* Repairing affected service lines;

* Informing travellers about alternative routes.

Adding capacity to the affected services
Adding capacity to the affected services can béaeld by means of:
* Deploying vehicles with larger capacity in casenzirease in public transport demand
(e.g. due to bad weather);
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» Establishing extra services in case of high inadaspublic transport demand (e.g.
due to a public event);

» Deploying the reserved vehicles to maintain thenpdal service frequency in case of
events such as vehicle breakdown.

Applying the indicated measures requires redundamdye fleet and results in increasing
network capacity. Thus, the transit operator usedable capacity in a flexible way to satisfy
transit demand and thus to enhance service retiabi the long run.

Repairing affected service lines
The tactics for repairing an affected service nmyaaiin at maintaining service availability of
affected lines. Depending on transit mode and aldity of infrastructure different actions
are applied as follows:
* Applying detours and diversion to avoid blockedhgaand /or traffic jams in the
affected service lines;
» Shortening service runs for the affected servicedli

These two measures are suitable for bus trangieregs however, for rail bound networks it
requires dedicated infrastructure. As mentionesuipsection 5-3-1, in order to apply detours
or short service runs for rail bound networks, itdity in the service network by applying
additional infrastructures (e.g. shortcuts, U-ttaailities) play a vital role. Thus, service line
backup alternatives can be facilitated by additiomaastructures (table 5-2). Of course, these
adjustments require quick and appropriate operatiactions provided by the transit operator
too.

Informing travellers about alternative routes

Guiding travellers for alternative routes in caseervice line failures is a proper method to
deal with disturbances in the network too. Planriorgredundancy in the service network in
the context of prevention-oriented approaches aildble the operator to offer alternative
routes to travellers and to maintain connectivjyability of the public transport network.

The network with a larger number of service linbbsves the operator to offer the travellers
alternative routes. In other words, if some rodé#isdue to stochastic events, there might be
still some other routes available for them. Foitanse, various service line configurations
such as combination of radial and ring lines witb\pde different route alternatives for
travellers. In this case, if a radial line is ofituse due to an incident, travellers can traverse
via a ring line and transfer to another radial lamel reach their destination.

In order to increase service line density, requirgchstructure must be available. Adding a
service line to the service network needs availtgbdf suitable infrastructures. This is
especially relevant for rail bound public transpoetworks which are operated only in a
dedicated right of way. For instance, adding a gagvice line to a rail bound radial service
network requires dedicated infrastructure contgradditional tracks, signals, and switches.
Consequently, increasing redundancy in the tranggovice networks may lead to increasing
redundancy in the infrastructure network (Figurk)5-

5-3-3 Synthesis

Synthesizing the discussion above, there are devethods to improve service reliability at
all planning levels. Furthermore, measures thatagmied at the tactical and the strategic
levels can ease and facilitate operational measitethe strategic level of planning, opting
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for redundancy in fleet and planning for the sesuwetwork redundancy are two measures
enabling transit operators in case of disturbancescrease service capacity and to propose
alternative routes to travellers respectively. he tinfrastructure network, planning for
redundancy and creating flexibility by means of iiddal infrastructures enable transit
operators to repair service lines using detourssimit runs and maintain service operation.
Applying these measures improve service reliabilitytransit network especially for rail
bound networks. Therefore, these measures shouldcheled in public transport network
design and lead to extensions of the public trarispgiwork design problem. This issue shall
be described in the next section.

5-4 Including reliability in public transport netwo rk design

Incorporating service reliability considerationstire strategic network design stage requires
extensions of the classical network design probietin respect to:

* Network design dilemmas;

* Network design objectives;

» Bi-level relation between traveller behaviour ardwork design.

As indicated in the previous section, incorporatsegvice reliability considerations result in

new design dilemmas. These dilemmas are origirfabed trade-offs between travel time and

travel time reliability, operation costs and seevreliability, and investment costs and service
reliability. Understanding these dilemmas is esaktd assess public transport networks in
the stochastic perspective.

Improving service network flexibility and redundgmcand also applying operational
measures to cope with disturbances will increagesiment costs, operation costs, and travel
costs, whilst decreasing reliability associatedsddence, in order to have a correct network
design objective, the objective function shouldedified accordingly to capture those costs
alterations.

Considering stochastic events and related opemdtioreasures will lead to differences
between the network originally designed by the ditaplanner and the actual network
experienced by travellers. Moreover, major discretents may influence transit demand
leading to differences between expected demandaanu@l transit demand as well. In other
words, the bi-level relationship between networkigie and travellers’ behaviour needs to be
extended to incorporate these impacts. In upcormparts of this section, the aforementioned
design issues are discussed extensively.

5-4-1 Reliability and new public transport network design dilemmas

Considering service reliability in network desigelgs additional design dilemmas compared
to the traditional static design approach. Theksrdnas are classified into two types:

* Design dilemmas due to minor continuous ongoingeye

» Design dilemmas due to major discrete events.

Table 5-3 summarises these new design dilemmathigntable dilemma 1 to dilemma 4

belong to the first category, whereas dilemma 5dileinma 6 belong to the second category.
Moreover, design dilemmas 1 to 3 are dealt withhattactical level of planning, whereas
design dilemmas 4 to 6 are addressed at the strd¢gegl of network planning.
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Thefirst design dilemmaegarding service reliability focuses on slackdim running time.
An obvious trade-off with which one must deal withen timetables are constructed is that
faster transport with shorter slack time will impeothe scheduled travel times, but will have
an adverse effect on service reliability (PowellSheffi 1983; Hall 1985; Bookbinder &
Ahlin 1990; Carey 1994; Hallowell and Parker 19%3rvices having less slack, either in run
time or dwell time, offer faster stop to stop seed, but severely limit to the measures for
coping with variations in run times and dwell timasd thus leading to more vulnerable
services.

Table 5-3: New transit design dilemmas due to seme reliability

Event | Dilemma | Corresponding Desian dilemma. Planning
Class | Number Trade-off 9 stage
. . Faster services with higher
Service running , .
% . . : travel time variations versus
Yo Dilemma 1| time vs. service . ) )
o reliability slow services _Wlth higher
> reliability
> . Timetables with short slack
£ Service . L =
o times and lower reliability S
o) . frequency vs. . : 2
c Dilemma 2 : versus timetables with 3]
o service o ) @
" N sufficient slack time and -
S reliability . o
S higher reliability
= Shorter access Lgrger stop spacing with
c . ) : higher reliability versus
O Dilemma 3| time vs. service . .
O o shorter stop spacing with
‘B reliability e
@ lower reliability
3 . . A
= Eewer number| . Longer service line }NI'[h.
5 ! higher cumulated running time
c of required L
= . variations versus shorter
= Dilemma 4| transfers vs. o .
. service line with lower
service L
o cumulated running time
reliability -
variations
(&)
2 Fewer ngmber Longer service lines with k=)
S of required | | o Q
S i f ower reliability versus shorter
> llemma5| transfers vs. C RN =
. service lines with higher N
S service reliability
g reliability
2 Lower investment costs ang
- Network costs | lower service reliability versus
‘< | Dilemma 6 VS. service higher investments costs tg
= reliability costs | increase network flexibility
and thus service reliability

The second design dilemndeals also with timetable design. Basically, attigmetable has
short headways between services and thus highitadaa it eases the propagation of delays
among service runs as well. This is due to shadkstimes between service runs that may not
exceed delay time.

An approach dealing with this dilemma in train netks is presented by De Kort et al, (2003).
They develop a methodology to compute the maximumber of train movements that can
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be executed on a particular infrastructure elenmergchieve a certain level of reliability in
case of minor continuous variations. They applyirtta@proach to a planned high-speed
double-track line in the Netherlands which is digimore than 100 km long. Results of their
study demonstrate that decreasing service capaefsured by number of trains per hour per
direction leads to increasing service reliability.

Thethird design dilemmaegarding service reliability is related to stamdity. The main idea
of the stop density dilemma is that on the one hahigher stop density will provide better
accessibility for passengers which results in glt@atcess and egress times; but on the other
hand it increases in-vehicle travel time becauséaajer number of stops (Egeter 1995).
However, stop density may influence travel timeaatslity as well. Basically, one of the
biggest sources of natural ongoing travel time aléss appears to be the dwell time (Van
Oort & Van Nes 2006). Van Oort & Van NEs (2006) lgsa the total dwell time of tram line

3 in city of The Hague during peak hours (7 AM 8AM) for 42 days between month April
and May 2005. The total number of service runsyaea is 555. Their results show a large
deviation in the total dwell times of the line ramgfrom 4 minutes up to 17 minutes (figure
5-3). This might be due to the short stop spacind mdicates that higher stop density
increases the accessibility of a service, butdtices service reliability as well.

If there is no passenger to serve at stops, tisen® ineed to halt the car and thus no dwell
time for that particular stop. To improve travainé reliability, it's best to always have
passengers at a stop, so the vehicle needs tooppest every time. This method prevents
large distributions of the dwell time to occur. dther words, stop consolidation might be a
proper approach to achieve higher reliability anelspnt dwell time vulnerability.
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Figure 5-3: Distribution of the total dwell time of tram line 3 in The Hague (Source: Van
Oort & Van Nes 2006)

Another approach, focusing on revising the stopcisigaof bus networks, is applied in
Portland in the United States (El Geneidy et ab®0The objective of the analysis is to test
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operating performance including travel time religpiin bus lines. Their outcomes support
the aforementioned stop density dilemma for putbiiosport network.

Thefourth design dilemméocuses on service line length. The service lemgth is a source
of design dilemma regarding the trade-off betweervise reliability and travel time. In
general, longer lines offer more direct servicesvben origins and destinations compared to
shorter lines; however, they suffer from highew#laime variations due to minor continuous
events. Figure 4-1 in section 4-2 already showaedl rilnning time variations increase along
the line.

Thefifth dilemmadeals with vulnerability of service lines. As indted in chapter 3 impacts
of major discrete events on long service lineshagher than on short lines. This is due to
higher probability of multiple affections at thensatime. Applying adjustments to long lines
(e.g. partial operation or detours) is more chagjieg than in short lines because of difficulty
of operating the partial service, if different gadf a line have been affected by major events
simultaneously.

Finally as thesixth design dilemmahe efforts to cope with major discrete eventpanis
yield a new trade-off between service reliabilitydathe network costs. Investing in public
transport infrastructure and facilitating it witradkup infrastructures (e.g. shortcuts) will
increase service network redundancy and flexibibtyd consequently service network
robustness and service reliability; however, sunrestments are part of the total network
costs as well. Thus, a design dilemma can be fatadlbetween higher investments in the
network and benefiting of higher reliability verslever investments in and encountering
unreliability.

As indicated before the first three dilemmas aiengrily dealt with at the operational and
tactical planning stages. However, the last thiesgh dilemmas are mainly addressed at the
strategic planning level. As indicated before, diag service network structure and planning
for additional infrastructures are the main measuhat are influenced by these three new
design dilemmas. We will demonstrate these newnrtlilas by a set of experimental studies
in chapters 7, 8, and 9.

5-4-2 Including reliability in the public transport network design objective function

In the context of public transport network desigadelling in order to incorporate reliability
into the network design problem, the network desigjective function should be extended
accordingly to capture impacts of service reli&piis well. There are few researchers dealing
with this issue. In road networks for instance, guwst al. (2001) have done an effort to
modelling reliability improvement of road network¥hey minimise the coefficient of
variation (COV) of travel time as a travel timeiaility indicator by changing the network
links capacity under a budget constraint to imprtesel time reliability. Their results are
interesting and show that travel time reliabilitgncimprove by modifying network links
capacity. In another study Yin & leda (2002) extehd road network design problem by
incorporating reliability. They propose a contingoroad network design model through
which an optimal improvement scheme for existintgksi will be determined for the most
reliable network. They use the standard deviatibtravel time as a travel time reliability
indicator. They assess which link has to be givéoripy to be improved in terms of capacity.
The link improvement scheme is selected such tbiat travel disutility of travellers is
minimised. Li et al, (2008, 2009) propose and dmithba reliability-based dynamic road
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network design approach, where network reliabilstyincorporated in the design objective
function while travellers’ departure time and rowteice behaviour under uncertainty are
explicitly modelled with stochastic networks. Th&lyow that static network design approach
may lead to poor designs compared to the dynarait network design approach.

In public transport, the issue of reliability cae llosely related to the network design
objective as well. Jackson & Jocker (1981) speaifynodel where a traveller can make the
trade-off between travel time and travel time tality expressed by variance of travel time.

They include both of these two elements in a amsttion that travellers seek to minimise it.

Carey (1998) applies a similar approach at thecadevel for constructing public transport

timetables considering reliability.

As discussed in the previous section, servicebiilia in public transport networks may be
enhanced by applying prevention-oriented and coepiented approaches. Operational
measures, which are mainly coping-oriented, redaceice variations impacts; however, they
still impose extra travel costs and operation ctstsavellers and the operator respectively.
As indicated in chapter 3, in case of detours,ditavs are forced to travel via longer routes.
In case of partial services, travellers may enceuexktra transfers, probably forced to travel
part of their trip on foot to other alternative tes. Even in some cases, they are forced to
postpone or to cancel their journeys. In all casgia travel costs are imposed to travellers.
Moreover, service adjustments that are appliedragstt operators yield extra operational
costs. For instance, deploying additional serviceulfil demand fluctuations, or applying
detours that increase service running times.

Furthermore, increasing service network redundamay flexibility by providing additional
infrastructures increase network investments andter@ance costs. Hence, incorporating
reliability at the strategic network design bringsonsequences for the design objective.

We showed in chapter 2 (formula 2-8) that miningsihe total network costs as a commonly
used objective function can be formulated as fodow

Min{Cj = Mifi 3" PiCik N + G N+ G )y (2-8)
ik

C,= Total network costs

Ci= Generalized door-to-door travel costs in the oekvbetween origin and destinatiok
Pi=  Patronagéetween origin and destination k

Co=  Total operational costs in the network

Cim= Total infrastructure and maintenance costs imgtevork

Accounting now for regular variations caused by aniguasi continuous ongoing events

leads to different formulations of generalised élatime (costs), stated in chapter 2 by

formulas (2-3) and (2-4), and thus total networktsoNow system properties such as travel
times are stochastic variables, indicated by a®@attesponding parameters now are indicated
by a prime.

~ R R “r+1A n o .
T = Bata+ Bubwt Bin D tin y+ Bt B T+ B (5-1)
y=1 z=1

Where:
T=  Generalised travel time in the stochastic peltspec
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t,= Access time to the public transport service mstochastic perspective
t,= Waiting time for boarding in the stochastic pesve

t,= Invehicle time in the public transport in thedtastic perspective

= Number of required transfers between servicesline

t=  Transfer time in the stochastic perspective

t,.=  Egress time from public transport to the destimain the stochastic perspective

B,= Corresponding weight for travel time componentthe stochastic perspective

The generalised travel cost function, already dtée formula (2-4), is reformulated in the
stochastic perspective accordingly:

. R R R nt+1A n . .
C =TIVOT+ g+a' = (Bh+ Butwt Bin ) tny* B+ Bt B d3DVOT
y=1 =1 (5-2)

o +a'

Where:

C=  Generalised travel costs in the stochastic petisyge

a'= PT mode preference constant in the stochastgppetive

(Once again for simplicity sake, we eliminated o&dij and k expressing origin and
destination respectively amtiexpressing network specifications in the formuda\e).

Including the stochastic generalised travel times{(g) stated by formula (5-1) and (5-2) in the
network design objective function (2-8) resultsancomplicated formulation. To simplify
those functions, route travel time variations, ds&sed in section 4-3 of chapter 4, can be
explicitly included by using for example the startbaeviation of travel time. Hence, we
apply the classical mean-variance approach (sesestibn 6-3-1 in chapter 6) in establishing
our reliability-enhanced travel cost function. 8stead of using stochastic variates, we adopt
the expected values (indicated by an upper bam.ctiresponding parameters are indicated
with a double prime.

Thus, the stochastic generalised travel time fonc{ls) in the stochastic perspective is
formulated as follows:

n+1 n
Ts = Bala* Bukuw* Bin) Tin B+ BT BT Bt (5-3)
y=1 z=1

Where:
Ts= Generalised travel time in the stochastic pertspec

= Mean access time to the public transport selvi¢cke stochastic perspective
= Mean waiting time for boarding in the stochagcspective

t,= Mean in-vehicle time in the public transport e tstochastic perspective
= Number of required transfers between servicesline
Mean transfer time in the stochastic perspective

Mean egress time from public transport to theidason in the stochastic perspective

| £

&t~
1l
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t= The travel time reliability indicator (e.g. STddtravel time)
By= Corresponding weight for travel time componentthe stochastic perspective

In the above formulat, expresses travel time variation caused by min@sigaontinuous

ongoing events in the traveller’'s route explicitWe will elaborate more on this formulation
more in chapter 6. A consequence of this howevéhas travel time components’ weights
that previously partly captured travel time rellapiimplicitly ( 5, ) might get changed values

(B%) which usually are lower.

Formulas (5-2) and (5-3) are generic and therefwerporate impacts of regular variations
caused by minor continuous ongoing events on pgss&rtravel time (cost). However, they
are incapable to capture impacts of major dis@eants causing transit service distortions in
the network properly. Thus, accounting for variai@and consequent adjustments in case of
major discrete events leads to including the follmwnew components in the generalised cost
function as well:
« Extra travel time converted to costs due to maiscréte events;
» Trip cancellation penalties due to major discretents;
« Extra operational costs for providing detours / al®loying extra vehicles due to
major discrete events;
» Extra investment costs for required infrastructtioe provide detour and U-turn
facilities.

Formula (5-4) shows the extended design objectivietfon considering impacts of minor
quasi continuous ongoing events as well as magurelie events:

Min{én} = Min{ZZ(ij(éjk(N)ﬁ G+ J9+ G N+ G N+ Gt %%(5_4)
i k

Where:

én: Total network costs in the stochastic perspective

éjkz Generalised travel cost for travelling from amig to destinatiork in the stochastic
perspective;

étjek = Extra travel costs between origiand destinatiok due to major discrete events

é(jc" = Trip cancellation costs due to major discrete event

C.,e= Extra operation costs between origind destinatiok due to major discrete events

Cime= Extra investment costs for building infrastructsteortcut possibilities to cope with
major discrete events impacts

An alternative objective function is maximising sdovelfare. However, it's more complex
to capture reliability related costs. The consuswplus could be still a function of patronage
(P) as follows:

CS(G(N)= [ Rxd (5-5)
Cy(N)
Also, the producer surplus can be formulated devis:
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PS(N=Y"Y R (G(N)- 6 M- G( & G- G (5-6)
ik

Furthermore, in case of major discrete events ehdik travel costs@.) and trip cancelation
costs Ci) are imposed to public transport travellers. Mbdglthese two additional costs
components does not fit in the consumer surplustiom since they are considered in the
short term only. Hence, by considering reliabilihe stochastic social welfare function is
formulated as follows:

Max SW = M@ Dl GS'§ IN- £- & +
Ik i ) (5-7)

>3 Ri G NG KNI G N9 G Gre

i k

Equation (5-7) shows that the social welfare caersig reliability calculated in the stochastic
perspective is lower than the social welfare caltad with the classical approach discarding
reliability.

5-4-3 Conceptual comparisons between models and g properties in reality

In this we compare public transport systems peréorce calculated by the following models
to the realistic properties:

» Classical modelling approach (stated in chapter 2);

* New stochastic modelling approach (stated in tleipus subsection).

First, we distinguish two extreme cases of a puldansport system, namely a fairly
unreliable versus a highly reliable public trangmystem (Table 5-4, first column). It should
be noted that the spatial pattern of demand anplguand the pattern of events (both types)
are equal in both networks, and only service rditsbs different.

The second column expresses the correspondingnsystgperties as the planner expects to
be in reality. The qualifications high and low aedative to the other system. It can be
expected that in an unreliable public transporttesysindividual travel costs are higher,
therefore patronage is lower and consequently mtomtu costs are higher relative to the
reliable public transport system. We will demongtrinese issues by analysing a set of case
studies in chapters 8, and 9. Results will show tkhability enhancing measures have a
positive cost-benefit ratio for the production sost

In the third column we have the estimated netwaikperties obtained from the classical
approach stated in chapter 2. In the classical medestated in chapter 2, unreliability is
implicitly and only partly included by mode prefaoe constant and a set of parameter values
in the travel cost function. We compare these daled properties with the expected
properties in reality. Table 5-4 shows that thesileal approach underestimates travel costs in
unreliable public transport systems, because oeumithing or ignoring probable variations
and distortions which happen in reality in the egst For reliable public transport systems the
classical approach results in a biased estimatforea properties but not as bad as for
unreliable public transport systems.
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Table 5-4: Conceptual comparisons between classicahd stochastic models and PT
system properties in reality

System properties | System properties

System properties | calculated with the | calculated with the
in reality classical modelling new stochastic

approach modelling approach

Underestimation of

High travel costs. ,
travel costs;

Unreliable Low patronage; e Accurate estimation
) : Overestimation of .
PT system High production . of real properties
patronage relative tg
costs )
reality
Low travel costs. Biased estimation of
Reliable High patronage; real properties, but| Accurate estimation
PT system Low production not as bad as in case of real properties
Costs of unreliable systems

Finally in the fourth column we compare public gport systems using the new stochastic
reliability-based calculation model stated in tlreious subsection. Obviously, we expect
that applying this new model which considers impaat minor quasi continuous ongoing
events and major discrete events yields accurdima®n of real properties of public
transport systems. In this model unreliability xplcitly included in various ways. Parameter
values in travel cost function are adapted accgigin

We already stated applying reliability enhancingaswees, described in section 5-3, improves
service reliability of public transport networks darmreduces associated network costs
considerably. Impacts of these measures as degussection 5-3 were observed in realistic
case studies. However, positive impacts of religbilenhancing measures can be
demonstrated by the new stochastic reliability-dassculation model too. Improving service
reliability in public transport networks reducesraxtravel costs € ), and trip cancelation
costs Cy) for public transport travellers side, and alssesaoperational adjustments and
consequently reduces extra operation coSts;)(for public transport operators. Furthermore,
increasing reliability, as stated in chapter 4d&eto higher patronage, and accordingly higher
revenues and producer surplus (equation 5-6). Ha#int accounting for service reliability in
the design problem can improve social welfare (8qad-7).

Furthermore, another comparison can be made bettheeriassical model approach and the
stochastic model approach. The classical modeloagprneglects reliability related costs for
public transport travellers and thus leads to agrestimation of the consumer surpl@(
relative to the stochastic model approach.

Also, the classical model approach vyields highewdpcer surplus RS relative to the
stochastic model approach. This is because additioosts for operation in case of
disturbances (,) and investment and maintenance costs for proyidadditional
infrastructure Cime) are accounted for in the stochastic model dueltability considerations.
Hence, by including these two additional cost congmds in the stochastic perspective the
calculated total network costs are higher thanehshe classical perspective approach.
Given lower producer surplus and additional coshgonents extra travel cost€ ), and
trip cancelation cost¥d;) , as indicated in formula (5-7) the social wedfgalculated in the
stochastic perspective is lower than the sociafarelcalculated in the classical approach.
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5-4-4 The stochastic public transport network desig modelling framework

We showed in chapter 2 that the classical bi-legptesentation is a commonly used method
to illustrate the public transport network desigolgpem (figure 5-4: left side). The designer
offers planned services to travellers and travelleract to them accordingly. The upper
problem is the actual design objective in which t@imal network characteristics are
determined given expected usage of the networkhbytriavellers, while the lower problem
describes travellers’ behaviour given the servibasare supplied.

Considering service variations in the transportwoek, due to minor quasi continuous
ongoing events as well as major discrete eventtjaaid to differences between the planned
services and the actual services offered to trergelTherefore, the classical bi-level scheme
neglects to account for impacts of these eventstandorresponding operational measures as
well. Figure 5-4 right side illustrates how thelé¢el scheme may be improved by including
random events. Stochastic events take place aadtadlffe transport service network and / or
infrastructure. Depending on the event type anaotsesponding consequences on services,
different operational measurements, mostly copingrted adjustments such as detours and
partial services are applied by the operator. Tlaugsjal services will be based on event's
impacts and corresponding operational measures.

R Network
.| Network design
design !
Planned
service
Network l
Network Planned Il]:> performance
performance service including _Servi ce [ mvente
reliability adjustments
AL
y
Actual
Traveller's service
behaviour
Traveller's |,
behaviour |

Figure 5-4: The bi-level network design framework m the stochastic conditions

Traveller's choice behaviour in the short term deaith route choice and departure time
choice (Table 5-5). The table shows that travedleoute choice will be based on the actual
situation in the network which may alter at veryoghterm. For instance, in case of

disturbances caused by major discrete events, fltiizsice diverted services, partial services
or even cancelled service lines. Hence, he migledn® make decisions based on his
information of the public transport network sitwatieither pre-trip or en-route. In both cases,
usually additional costs are imposed to travelldee to using irregular routes or trip

cancelation.

Table 5-5 also shows that travellers make choicefaguently used routes in the mid-term
scale based on their daily experiences and petesezvice characteristics such as its
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timetable. Daily travel time variations during tedlers’ trip, and monthly/seasonally
published service timetable offered to transit étkers are two influential factors affecting
travellers’ route choice in the mid-term time scope

Table 5-5: Traveller’'s behaviour in different time windows

Short term scale
Aggregate level . Expected | Unexpected
. Mid-term o >
(long time . conditions- | conditions-
time scale .
performance) Regular irregular
variations variations
Destination J
choice
Mode J
choice
Route J
choice
Pre-trip
route v
Route choice
choice En- trip
route v
choice
Departure Pre-trip
. . route v
time choice )
choice

Departure time choice is also made in the shor tvimdow (table 5-4), when changed travel
conditions are known prior to departure. Becausestiydhese conditions are unknown,
departure time choice is at the strategic or tatctahoice level where travellers consider
average conditions and a reliability factor on ghesnditions perceived from past experiences
(Li et al; 2008, 2009; Li 2009).

Departure time choice is relevant, when timetahlesplanned. In other words, it is primarily
studied in the tactical planning context. Since fttws of our research is on strategic transit
network design, we do not study departure time aha@xplicitly; however, we consider it
implicitly by including travel time deviations ofavellers between origin-destination pairs.
Most travellers will depart earlier to allow forditonal time, or add a travel time margin to
the expected trip time, to avoid late arrivals. flis@xactly strategic choice, not influenced by
prevailing conditions. In other words, travelleli®w for a longer travel time budget to hedge
against travel time variability. The travel timedget can be formulated as follows (Lo et al,
2006)

Travel time budget = Expected travel time + Trawake margin (5-8)

The travel time margin can be a function of thendséad deviation of travel time and a
requirement degree for punctual arrivals:

T, =0, (5-9)
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Where:
A= Arequirement degree for punctual arrivals
g; = The standard deviation of travel time

For trips with high penalty for lateness, travedl@rould allocate a relatively large travel time
budget, or equivalently a high value »f

As another method Li et al (2009) model departune tchoice behaviour using a travel cost
function. Their model composes the mean travel tithe schedule delay based on the
expectation of travel time, and the standard denatf travel time.

Major discrete events can affect public transperhdnd and cause demand fluctuations in the
short term. We discussed this issue in chapteténsiely. For instance transit demand rises
for compulsory trips in case of bad weather, whilsteclines for other trip purposes. This
leads to a difference between the expected traesitand and actual transit demand during
bad weather periods. Figure 5-5 illustrates theaicis of events on public transport demand
fluctuations. The lower box separated by the dasihed refers to the short time scope.

R Network
- design
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performance services » Destination _l
including reliability choice Expected
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adjustments fluctuations
Actual
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Figure 5-5: The extended public transport network @sign framework
(The strategic level)

In the long term scope (upper right side of figbrB), the design framework is extended to
capture impacts of service reliability on publiartsport demand. Service reliability, which is
perceived by travellers based on the long term odwperformance, influence mode/
destination choice. In mode and destination chdi@eller’'s decisions depend on socio-
economic factors and long term transport network$opmance such as reliability. In other
words, travellers usually do not change trip modieir activities and corresponding
destinations due to short time variations in tramspetworks especially for compulsory trips
such as educational and commuting trips. Howeweiy tdecisions will be based on a long
term perception of the network performance whicHl \@imong other matters include
reliability. In other words, transit performanceluding service reliability will influence the
demand pattern and trip volume via mode and ddgimahoice.
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To avoid more complexity in the aforementioned feavork, influence of service reliability
on public transport mode/destination choices is stfmawn directly. However, figure 5-5
indirectly illustrates that public transport netkgperformance including reliability affect
network design and accordingly planned servicese Tglanned services influence
mode/destination choices and consequently pulaicsport demand.

Focusing on the lower level of the bi-level framekyqroper travel behaviour modelling in
mid / short term is essential for determining tlistaccomponents on the traveller’'s side. In
other words, we should find out how travellers vieigopmponents of the route’s utility,
include feasible routes in their choice set, ang tthoose among them in case of disturbances
in the network. In chapter 6 we will elaborate be tmpacts of stochastic events and service
reliability on travellers’ route choice.

5-5 Summary and Conclusions

In this chapter, we addressed public transport owdesign in relation to service reliability.
We indicated that increasing network robustneskyiéld higher connectivity reliability and
thus improve service reliability in the public tsgort network. In order to increase service
reliability, different methods might be appliedhélse methods have either preventing nature
or coping nature.

In the context of prevention-oriented approachgmlygng measures at the tactical and
strategic level of network design are accounted tiorincrease network robustness and
consequently service reliability. These measureditite operational measures applied in
case of service disturbances.

In the context of coping-oriented approaches, ¢actbcus on adjusting transit services by
operational measures based on the disturbance @perational measures are applied to
reduce service variations caused by minor contisuongoing events as well as major
discrete events. In case of minor ongoing contisueuents, operational measures are
arranged for speeding up and slowing down servidescase of major discrete events,
operational adjustments are directed towards negagervices by implementing detours or
short runs, rerouting travellers and adding cagdoitnanage higher demand.
Coping-oriented approaches can be facilitated Ipjyapy prevention-oriented approaches at
the tactical and the strategic level of networkigiesAt the tactical level, adding slack time to
timetables facilitates slowing down and speedingaqpics. At the strategic level providing
service network redundancy as well as service nitflexibility can enable applying detours,
short service runs, and traveller re-routing.

In the context of prevention -oriented approachetha strategic level reducing length of
service lines and thus configuring short servioediin the network is an appropriate way to
reduce service network vulnerability. Comparedotogl service lines they are less sensitive to
variations and meanwhile applying operational adpgsts on short service lines is easier. As
another method, increasing redundancy in the servietwork can improve network
robustness and thus connectivity reliability. Seevinetwork redundancy can be achieved by
increasing service line density which provides ipidtroutes between travellers’ origin and
destination. In case of disturbances in the netyibrkso increases the probability of service
restoration for the operator. To increase servievark redundancy, required infrastructure
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must be available. In case of rail bound publiong@ort network, increasing service network
redundancy requires increasing infrastructure nstwedundancy as well.

In addition to network redundancy, creating flekipiin the infrastructure network and
consequently in the service network is another oeetlor improving network robustness.
Service network flexibility can be achieved throyghnning extra infrastructures which are
used as backup facilities in case of disruptiongh@ network. Creating service network
flexibility requires additional infrastructures atttls might lead to increase of infrastructure
network redundancy as well.

Applying the aforementioned tactics results in agtens in the network design problem.
Accounting for service reliability in network desig/ields trade-offs between travel time
versus travel time reliability as well as serviediability versus network costs. These trade-
offs result in new design dilemmas in relation ws#rvice reliability. Six new dilemmas are
distinguished, however, only 2 of them are relewaith respect to major discrete events.

Including service reliability related costs and &S into the network design objective
functions adds additional cost components to the fuoction, but it will reduce other costs
components. These additional costs capture regrnalael cost variations, extra travel costs,
trip cancelation costs, extra operating costs, exida investment costs for the additional
infrastructure in case of major disturbances. Taeefit is a more refined modelling which
enables the transit planner to incorporate reiigbih network design and thus to reduce
reliability related costs by a better network dasig

Accounting for operational measures, which are donease of service disturbances in the
network, includes new components and relationgHerbi-level network design framework.

The extended bi-level network design framework nexguspecial attention on modelling

travellers’ behaviour. In the short time scope etbar's behaviour relates to route choice and
departure time choice behaviour. Route choice hiebavs addressed in the context of the
strategic network design, whilst departure timeichds dealt with at the tactical level. Hence,
in chapter 6 we extensively elaborate on route aghonodelling by considering impacts of

reliability for public transport users.

In order to appraise consequences of incorporagfgbility into network assessments and
design at the strategic level, several analysesldhm® done for the approaches discussed in
this chapter. These analyses will be done regatti@dollowing topics:

* The new line length design dilemma : longer linghvghorter travel time and higher
vulnerability, vs. shorter line with longer travéime and lower vulnerability
(dilemmas 4 and 5);

* Impact of increasing service network density onnamtivity reliability;

* The new design dilemma between investment costbdidding extra infrastructures
and associated reliability benefits versus unréitglrosts (dilemma 6).

We will pursue these analyses through a set ofrarpats: a hypothetical case study with
typical network patterns in chapter 7 and 8 andaatgal realistic case study in chapter 9 of
this dissertation.



6 ROUTE CHOICE BEHAVIOUR AND
RELIABILITY

6-1 Introduction

In the previous chapters 2 and 5 we showed howwubéc transport network design problem
can be modelled by the bi-level framework. Theransple literature to solve the network
design problem, whilst the lower level (travelleghlaviour) is not discussed completely
(Joksimovic 2007; Li et al, 2008 & 2009). In roadtwork design, Li (2009) optimized

network capacity (numbers of road lanes) consideratiability of departure time choice and
route choice. In public transport networks theresearce attention on the influence of
traveller's behaviour on network design. Thereforethis chapter we focus on traveller’s
choice behaviour considering impacts of servicéabdlty. As stated in chapter 5, at the
strategic level of network design the main focusrighe route choice behaviour.

In the past decade there were many efforts to mtdelimpacts of regular travel time

variations caused by minor continuous events oterohoice behaviour of private car users
as well as transit passengers (Jackson & Jucket; 19®all 1982; Black & Towriss 1993;

Senna 1994; Noland and Small 1995; Swanson et98l7;1Ferreira 1999; Lam et al, 2003;
Nuzzolo & Craisali 2004; Hollander 2005; Vincentkamilton 2008). In those researches,
reliability is incorporated in the route choice retg] but it is not dealt with perfectly in our

opinion.

However, there are scarce studies that assessnitectis of all types of events, including
major discrete events causing major disturbanceseiwices, on travellers’ route choice
behaviour. Hence, in this chapter we intend to @atld route choice applications concerning
impacts of all types of variations in public trangmetworks correctly.

As an overview of this chapter’s contents, we figtus on fundamentals of the classical
route choice problem in this chapter. It contaiaadom utility maximisation models and
explicit route set generation procedures. Finding the mechanism of considering route
alternatives by travellers will enable us to captimpacts of transit service variations on
travellers’ choice behaviour.

91
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Then, we discuss the traditional methods incorprugagervice reliability in the route choice
models. The focus of these methods is on inclutliagel time variations caused by minor
continuous ongoing events in the route’s utilitpdtion.

Finally, we focus on incorporating impacts of maj@crete events on route choice behaviour.
As discussed in chapter 3, in case of major discegents there might be large variations in
transit operation and service adjustments suchetmirked service lines, partial service lines,
and cancelled service lines. Operational adjustsnargé applied accordingly by the transit
operator to remedy impacts of disturbances. In sikhations travellers have to change or
vary their regular decisions. Thus, major discetents lead to changes in travellers’ route
choice behaviour which can not be addressed bitibmdl methods proposed in the literature.
Therefore, in this chapter we elaborate on impaftaajor discrete events on travellers’ route
choice behaviour. Findings of this chapter will yade a relevant basis for modelling route
choice of transit travellers in the stochastic pecsive in upcoming chapters in which
impacts of all kinds of events are accounted for.

6-2 Classical route choice problem

In this part we discuss briefly the classical roatmice framework used in network travel
demand analysis. Classical route choice modelbutging blocks for extending route choice
models with the capability of incorporating serviadiability. In modelling the decision
making process of route choice in a transport ns¢ywavo specific aspects might be clearly
distinguished by the researcher:

* The model structure (the type of modelling approfmhthe choice of an alternative

from the given choice set);
« The route choice set generation procedure.

Whereas in a traveller's mind those processes neaynixed up and may not be clearly
distinguished, these two steps should be cleaggrs¢ed in a modelling context (Bovy 2009).
As a common route choice model structure, we optdndom utility maximization models,
although there are competing approaches (Avine&y 2008, Van der Kaa, 2008). It
provides the probabilistic route choice in whicltle@onsidered route between an OD pair
gets its own share from trip demand (Ben Akiva &ifire 1999).

In order to determine a considered route set betveseh OD pair, an explicit route set
generation procedure is applied. A proper expliciite set generation model provides full
control in route set composition and gives fullxilglity for implementing route choice
behaviour models (e.g. non linear utility functi@ealing with overlapping routes in the route
set). Furthermore, it is advantageous in termsaiputation time compared to implicit route
set generation procedures. These issues will bershothe upcoming subsections.

6-2-1 Random utility maximization model

The generic decision-maker in making a choice dmisia limited number of alternatives that
belong to his/her choice set. The decision-makércales a perceived utility to each
alternative and chooses the alternative that maesnhis/her utility. The utility allocated to
each alternative will be determined based on imitirey attributes that constitute the utility
function of the alternative. Due to the lack of feuént information about real choice
conditions and also of the utility of each alteivat a certain degree of uncertainty in the
model exists. This uncertainty can be expressed taypdom error term in the utility function.
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The main sources of uncertainty are unobservedviohakl preferences, unobserved
alternative attributes, and measurement errors §kict®77).

In the route choice context the utility of routaeahativek for decision-makeiny (Uyg) is
formulated as follows:

Ug =Vig*+ €iq OkOCS (6-1)

Where:

Ukg= Random utility of route k for individuaj

Vi Measureable utility part of roukefor individualq
CS~ Route consideration set of decision-maiger

&q= Random utility term capturing the aforementionedertainties

It is usually not possible to predict definitelyethoute alternative that a decision-maker may
choose. But, it is possible to express the prolpbdf choosing specific alternatives.
Therefore, the probability that route alternatives chosen by individuat] from his/her
consideration seL§; is:

Rq = PAlUjq=maxU ] OhO CS, (6-2)

In addition to the deterministic part of the uyilfunction, the properties of the model are
determined by the unknown random part of the wutilitwe reformulate equation 6-2 as such:

R = P[ Vkg* € kg MaXWVg+ € o] OhJ CS, (6-3)

The specification of the random utility term detares the type of random utility discrete
choice models. Different assumptions about theaanterm and the deterministic term will
yield different models.

If the random error termg(g) is assumed to follow the so called Gumbel distidn (Gumbel
1958), the well known multinomial logit results, @reas if a Normal distribution is assumed,
a Probit structure results.

The main advantage of the Probit model is its @bito capture correlations among
alternatives (e.g. in overlapping routes). Howewaue to the high complexity of its
computation, very few applications have been deetlo The logit model is much more
popular because of its tractability, albeit it ntigie unrealistic in some contexts. Hence, the
derivation of other models in the logit family ismeed at relaxing restrictions, while
maintaining tractability.

A problem of logit models is their limitation to correlated choice alternatives. For instance,
in the context of route choice in networks overiagproutes yield a miscalculation of route
choice probabilities.

There are three ways to deal with the overlappimgblem in route choice models
(Hoogendoorn_Lanser et al, 2005; Bovy et al 2008hle 6-1 outlines these methods. In this
table, C logit and Path size logit maintain theemogit structure by including a correction
term within the deterministic part of the utilityrfction.

In the PT route choice context the deterministict jgd the route utility function contains
factors such as travel time involving access amdssgtime, waiting time at stop, waiting time
for transfers, walking time for transfers, numbértmnsfers, in-vehicle time, fare(s) are
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accounted for normally. For an overview of the dastidentified in literature, see Van der
Waard (1988), Bovy & Stern (1990), Nielsen (2008}hausen et al (2001), Cascetta (2001),
Nuzzolo (2003), and Hoogendoorn-Lanser (2005).

Meanwhile, personal factors corresponding to ags, ®ccupation, income, and travel
experience, and also trip factors should not bength The personal factors determine the
relative importance a traveller attaches to theowar route attributes. For instance, people
with high income weigh travel time more highly theow-income people. These personal
factors are represented by the parameters in tiigy dtinction of routes. Trip factors
correspond with trip purpose as well as trip distanlrip purpose could be categorised into
work, business, shopping, leisure, and so on.

Table 6-1: Classification of commonly used method$ealing with the overlap problem in
the route choice context

Method Modelling technique References

Common links define a Geg;?zﬁsgzsaeedstlgglltc;)git'MC Faddgn 1978, Chu 1989; Vovsha
'1997; Gliebe et al, 1998; Koppelman

nesting structure Paired combinatorial

: &Wen 2000
logit
Cascetta et al, 1996; Bertini & Orrigk
Common links determine 1998; Ben —Akiva & Bielaire 1999;
a dedicated additional | C logit, Path size logit Ramming 2002; Hoogendoorn-
utility component Lanser et al, 2005

Bovy et al (2008)

Common links specify a
dedicated variance-
covariance structure of
the error terms

Multinomial Probit
Model; Hybrid logit;
Logit kernel

Bovy 1990 ; Ben-Akiva & Bolduc
1996; Walker 2002

Given the above discussion, a generic PT routéyufilnction based on generalised travel
cost can be formulated as follows:

U=TWVOT+ f+a-=

jas i (6-4)
(ﬁata+,BV\IW+:8inztin y+18nnt+18tzttz+:8$ QWOT'F I’t'i_a"i_‘g

y=1 z=1

Where:
t,= Access time to the public transport service

t,= Waiting time for boarding at the first stop
tin,;= In- vehicle time (in leg) in the public transport (scheduled)

N, = Number of required transfers between servicesline
t.=  Transfer time (schedulgd
t.=  Egress time from public transport to the destomat

Weight for travel time components
Fare paid by travellers

a= PT mode preference constant

&= Random error term
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In the formula abov® the corresponding weight depends on personal riaet® well as trip
factors.

6-2-2 Explicit route set generation

As indicated before, applying the explicit routé generation procedure provides full control
of route set composition (Bliemer & Bovy 2008; Bo2§09). By means of the explicit route
set generation procedure, it is possible to deternahich OD pairs are affected in case of
blocked links during disturbances caused by majscrdte events. So, this capability is a
motivation for choosing the explicit route set geien model when impacts of major
discrete events are to be considered in travelterge choice.

Basically, route set generation consists in findaligfeasible routes that a traveller might
consider for travelling from his origin to his diesttion. The objective of the choice set
generation phase is the maximisation of the cowemfgthe perceived routes. In a route
choice context, the choice set composition is tcatiaspect because many routes might be
available, whereas only a limited subset of thasea&tually perceived while even less are
actually considered by trip makers (Fiorenzo-Ca@l2007).

There is a systematic account of conditions thasemeable routes should satisfy from the
traveller's perspective to become a member of &elset (Hoogendoorn-Lanser et al. 2006;
Fiorenzo-Catalano 2007; Bliemer & Bovy 2008; BowW§02). These conditions are general

and could be applied in any network type eithedroatworks or public transport networks.

Of course, there are differences between road mksnamd public transport networks in terms

of relevant factors, number of feasible route akéives, and network levels (unimodal,

multimodal); however, in general requirements foreasonable route can be classified as
given in table 6-2.

At the first step, properties of single routes aceounted for by specifying requirements.

Afterwards, on that basis, the composition of reabte sets of routes from an individual

traveller's perspective is evaluated. Finally, #iiequacy of route sets for groups of travellers,
who are travelling from a same zone, are considéFallle 6-2 summarizes criteria used in
both these steps.

Individual level:

The Acyclic (Logical) criterionconcerns the topological form of routes in spaw@/@ time.
The term logical expresses that travellers dordiedrake impossible and unnecessary actions
such as travelling in cycles or loops, travelliregkwards in time and so on.

Detour criterion: Generally, a reasonable route does not exhibit@udén distance from the
airline connection distance between an origin aestidation pair larger than a maximum
threshold. (e.g. twice of the airline distance )

According to Fiorenzo-Catalano (2007)F{l) is the function that maps linkto its length,
time, or generalised costs. And if the sequendeks$ of a route with/t = {14, I, ..., b} is
denoted d(O,D)is the shortest connection (in time, or generdlizest) between any nodes
and D and @y = 1 (detour criterion threshold ), route) satisfies the detour criterion if the
following holds:

2. F(la) < 4 [@(O, D) (6-5)
ar,
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Where:
Gie= Detour criterion threshold

Table 6-2: Requirements for a reasonable route andn adequate choice set

Individual (OD pair) Group level (OD zone level)

Acyclic criterion
Detour criterion
Single route Hierarchic quality
Behavioural criteria
Feasibility criteria

Overlap criterion

Overlap criterion Comparability
Comparability Detour-max criterion
Choice set Detour-max criterion Detour-min criterion
Detour-min criterion Choice set size
Choice set size Spatial variability

Preferential variability

Hierarchic quality: A reasonable route is constituted by a systensatiuience of functional
mode levels in the network such as heavy railrjréo urban rail (Tram, Metro or Bus),
avoiding route parts going from higher to lowerdelinks and back, such as for example,
repeated entrance to and exit from the same netlewdds. Please note that if transfers
require, for example between trains stations, waglks considered as well.

Behavioural criteriarefer to individual traveller preferences with pest to trip attributes
involving transport modes, waiting times, walkingnés, costs, number of transfers
(Fiorenzo-Catalano 2007; Hoogendoorn-Lanser e2@04). For instance, a transit route is
suitable, if walking time and number of transfers kess than given thresholds in each trip
component.

tw <8y (6-6)
N <A (6-7)
Where:

t,; = Walking time between stops, access and egress

Ay & Ane = Maximum limit of walking time and transfer numibvespectively
Typical valueAy= 20 min &An = 2

Please note that for walking, the total walkingdiand walking time in each leg should not
exceed than the limits. Obviously, the differenagween the travellers’ attitude leads to
different thresholds.

Feasibility criteriaregard the suitability of a route alternative enmis of time, space, vehicle
availability, and physical (dis-)abilities. Feaéilyiin time can be accounted for by taking into
account time constraints at origin and /or desomaaddresses. Feasibility apacerefers to
availability of transport modes not only at origind destination, but also at transfer points
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that is especially relevant in multimodal trip madki Physical disabilitiesmight restrict the
use of public transportation. To account for phgkdisabilities, stations with lack of disable
amenities or the routes with certain types of ti@isscan be omitted.

Overlap criterion:in general, route alternatives that largely overafh others will not be
identified as a distinct route by the travellergdanight be excluded from the choice set.

Any two routes of the generated choice set shoale la mutual overlap (in terms of number
of links, distance, or time) less thArpercent with respect to the shorter one of therboubes
(Fiorenzo — Catalano 2007).

Let F(l) be the function that maps lirlkto its length, time, or generalised costs. A raute
satisfies the overlap criterion with respect toteop in terms of links, distance, or time, or in
terms of the number of common links if the folloginnequal formula holds:

Y. Fla)shgpmin( ) Fla), > Fy) (6-8)
L0 Al 1,00, I ,Orp
Where:
F(lo), F(lb):  the function that maps link, and |, to its length, time, or generalised costs
respectively;
Aoy= Overlap threshold
r,= Link set of route
r.= Link set of route

p

If this criterion is not satisfied, the longest {erms of number of links, or distance, time or
cost) route between routeand route will be eliminated from the choice set. The amouoint
the overlap threshold is less than 1 and may vatwden e.g. [0.5 0.8]. Whilst Fiorenzo-
Catalano (2007) proposes 80% for unimodal netw@kbnabel and Lohse (1997) propose in
the road network context that routes with overldpmore than 50% are not identified as
separate routes.

The comparabilityrequirement is based on the assumption that awidcl traveller only
considers alternatives below a certain thresholdnakimum travel time, travel cost or
disutility. Such a maximum might be for example @mel half times the value of route with
the lowest disutility (Fiorenzo-Catalano 2007).

Given the above definitions, a routeatisfies the comparability criterion with respectoute

p in terms of distance, time or generalized co#teffollowing holds:

max(D, Fla) 2, Fp))s I+ Ocmp)Imin(} F (a). 2 F () (6-9)
0 l,Orp 0T, l,Orp

Where:

Bemp= The comparability threshold.

The comparability threshold usually varies betwéemd 1.

The detour-max criterionis approximately the same as the detour criteribime main
difference is that in the detour criterion the wehabute is accounted for, whilst in the detour
—max criterion non —overlapping parts of two rowes taken into consideration.
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The detour-min criterionis approximately similar to the overlap criteriolhe main
difference is that in the overlap criterion, thdienroute is accounted for, whereas in the
detour-min criterion only non overlapping partstwb routes are compared to determine the
relative detour magnitude to the total length oretiof the other route.

In transit route set composition, due to behavibarideria and also the limited number of
feasible routes, the detour-max and the detouramiteria are normally not the case to apply.

Choice set sizéhe choice set is expected to have a limited rermobroute alternatives, even
very few alternatives as is observed in realitg.(6)

Group level

The Spatial variability criterion follows from the observation that choisets of different
travellers in a group may strongly differ in compiosn due to the fact that the group
members have each their own knowledge, preferesmoggerceptions of the network. Even
in a zone, different OD locations might exist, d@nds different types of routes may be chosen
with same perception and preferences. Hence, a lwaxdety of route alternatives should be
available in the procedure of route set generation.

Preferential variability criterion Variability in the choice set is another concdor
researchers. The choice set should contain as msppssible routes representing the taste
variation within the group of travellers. In pubti@nsportation network the route choice set
should contain different routes served by differeahsport modes. For instance, for an OD
pair the public transport choice set should includeous route alternatives in combination of
tram, bus, metro, and train.

Furthermore, preferential variability criterion ¢dube imaginable even in a unimodal
transport network. Different travellers weigh raitetility based on their attitudes differently.
Whilst, some people may prefer bus routes, otheghthopt for tram lines for example to
avoid of car sick problem.

Based on the previous arguments, a set of routessismed reasonable, when its components
meet separately all single route criteria, and dlso entire route set meet the choice set
criteria as well as the group level criteria. Inimadal urban public transportation, the
hierarchic quality criterion is not considered. #te zonal level, when centroids are
representative of nodes, the group level criteméacansidered for route set composition.

6-3 Incorporating service reliability in route choice applications

In this part, we intend to find out how serviceiability can be included in route choice
models. To do so, impacts of transit service vt on travellers’ route choice behaviour
are considered. As indicated in chapters 3, 4 gnithése are two types of events causing
variations:

« Minor quasi continuous ongoing events;

* Major discrete events.

In case of minor continuous ongoing events a contynased approach proposed in literature
is to include an indicator for the variations (etge standard deviation) into the utility
function (see 6-3-1). This method is suitable wiervice quality variations are limited to
service running time variability and if there aret rany major changes in transit services
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offered to travellers. Therefore, traditional methoare incapable to consider impacts of
major discrete events.

In case of major discrete events causing distudmmt transit services, including a travel
time reliability indicator in a route’s utility fuztion seems not to be sufficient. Due to events’
impacts, there might be major changes in servitiesea to travellers. For instance, service
might be run partially, or be cancelled temporarpnsequently, passengers might need to
change their behaviour. For instance, they maylbgex to opt for other routes in case of
disturbances of their frequently used lines. Avality and adequacy of passenger’s
information about network situations play an impatt role. Pre-trip or en-route choice
behaviour can be followed by passengers dependintheir information level and type of
encountered event. If passengers are informed athistiirbances in the transit network
beforehand, they can make a pre-trip decision; kewef they do not have information in
advance, they might encounter disturbances somewdaing their trip. In this case, they
should make a decision en-route during travel. Wieelaborate more on this issue in section
6-3-2.

Given the discussion above, we discuss two distimethods for incorporating impacts of
disturbances on passenger’s route choice behavimurase of minor ongoing continuous
events the route utility function is extended tolule travel time reliability; whilst in case of

major discrete events in addition to extending thbate’s utility function, the route set

generation procedure is modified and en-route terg choice behaviour is implemented as
well.

The outcomes of this section will provide an appiaitp base for capturing the impacts of all
types of stochastic variations on public transgervice performance and thus for modelling
the lower level of extend bi-level framework dissed in chapter 5.

6-3-1 Extending route’s utility function to include travel time reliability

As indicated in chapter 4, in addition to othertéas such as travel time, travel time reliability
of a route plays an important role in passengenge choice behaviour. In several studies
reliability-related attributes have been found amtme most important service attributes in a
variety of situations (Jackson and Jucker 1981¢ciBlnd Towriss 1991; Schmdcker & Bell
2002; Senna 1994; Vincent & Hamilton 2008). In anpeical study by Abdel-Aty et al.
(1994) travel time reliability was found as onetlod most important factors for route choice,
with about 54 percent of respondents in a routeicehsurvey indicating that travel time
reliability is either the most important or secomdst important reason for choosing their
primary commute routes. A British study explorestthf delays are often experienced,
travellers will re-consider their preferred rou{€shmaocker & Bell 2002). Black and Towriss
(1991) indicated that travellers are likely to swffdisutility because of uncertainty or
unreliability in travel times. For further discussij refer to chapter 4.
As indicated in the previous section, travel tirakability can be included as a component in
the route’s utility. There are two methods to imguravel time reliability in a route utility
function (Jackson & Jucker 1981; Small 1982; Bl&k owriss 1993; Noland and Small
1995; Li et al 2008, 2009; Li 2009; van Amelsfo@0B):

* Implicit inclusion;

* Explicit inclusion.

In traditional models (as discussed earlier), trawee reliability is implicitly expressed by
parameter values of other involving components. (@gde-specific constant, transfer time,
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waiting time). In other words, it was not includasl a separate attribute into the route’s utility
function. However, it is in fact included impligrtin the weights of for example waiting time.
In other words, travellers perceive waiting timehnhigher disutility compared to in-vehicle
time.
If travel time reliability is explicitly included Yy using for example the standard deviation of
travel time, it leads to a more accurate insigho ithe importance of trip attributes and
especially of reliability. A consequence of thisnewer is that weights that previously partly
captured travel time reliability implicitly need ¢t adapted values.
For explicit inclusion of the travel time relialtylithere are two approaches proposed in the
literature as follows (Jackson & Jucker 1981; Srh@B2; Black & Towriss 1993; Senna 1994;
Noland and Small 1995; Hollander 2005; Li et al 202009; Li 2009; van Amelsfort 2009):

* Scheduling approach;

* Mean-variance approach.

The scheduling approach focuses on the actual qoesees of uncertain travel times,
namely departing or arriving early or late. Theestilling approach combines route choice
with departure time choice. Therefore, it is sugabr departure time choice when the
timetable is considered. This is in the contextaafical level of PT network design. Since
travellers may value early and late arrivals défeéty due to their different consequences,
they are assumed to separate these into possinydions namely:

« Arrival or departure schedule delay early;

* Arrival or departure schedule delay late.

Thus, the utility function may not only include et time but also include the scheduling
delays (early and late) as well.

The second approach, the mean-variance method, rdiefcus on schedules. The main
advantage of this approach is its flexibility amdeidom to apply (Jackson & Jucker 1981,
Small 1982; Black & Towriss 1993; Noland and Sni&95). In this approach different travel

time reliability indicators could be used. The stam deviation of travel time is the most
used indicator. Another indicator, could be usedhe coefficient of variation of travel time

(COV) (Vincent & Hamilton 2008). The mean-varianapproach is commonly applied,

perhaps because it is relatively easy to impleraadtit produces reliability ratios reasonably.
We refer to recent work of Li (2009) who has shawa principal equivalency between both
methods and developed a generalisation of the tethads into a single modelling approach.
For simplicity sake and because departure timecehisi not at stake here, we however will
apply the mean-variance model.

Given formula (6-4) expressing a common transitegauility function, in the mean-variance

approach a route utility function is extended doves:

-y iy nt+1— " " q i I
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T,= Simplified generalised travel time in the stodltagerspective
.= Mean access time to the public transport sefvitke stochastic perspective
t,= Mean waiting time for boarding in the stochagiécspective
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t,= Mean in-vehicle time in the public transport fire tstochastic perspective

n=  Number of required transfers between servicesline
= Mean transfer time in the stochastic perspective

!
.= Mean egress time from public transport to theidason in the stochastic perspective

t=  Travel time reliability indicator (e.g. STD afwel time)
Bx= Corresponding weight for travel time componentthie stochastic perspective

r.= Fare paid by travellers
= PT mode preference constant
= Random error term

In the formulation abovd; is a travel time reliability indicator that can geantified in a

route by an indicator such as the standard dewiatidravel time or any other variable
expressing the day-to day variability of travelesn

The weight of travel time reliability representsetkegree of risk aversion of travellers
(Tatineni et al, 1997; Recker et al, 2005; Tsen@leR005). For instance, a risk averse
traveller will trade-off a reduction in travel timariability with some increases in expected
travel time, whereas a risk prone traveller mayosigoa route with a greater variability so as
to increase the possibility of a smaller traveldim risk neutral traveller would choose a
route based on only expected travel time withouisateration of its variability. Please note
that the weight of the travel time reliability imditor may be negative for risk prone people
(Senna 1994).

As stated in section 4-2 in chapter 4, variabldepends on the route length and the line type.
By increasing the route length; increases accordingly. Also, as empirical studies
demonstraté is normally higher for routes served by bus coragdo routes served by tram.

In addition to traveller's attitude, trip purpose the other factor influencing travel time
reliability perception. Bates et al (1997) foundttfor commuters the ratio of the travel time
reliability weight to travel time weight ranged mo1.04 to 1.22. However, for leisure
travellers, this ratio seems to be only 0.66. Tdrenkr is similar in magnitude to the results of
Noland et al (1998) and Levinson & Tilahun (2008kile the latter is similar to the result of
Black and Towriss (1993).

In a recent research performed by RAND Europe aN®/ Alederland (2005) a monetary
value for improved reliability of travel times hdmeen estimated for car traffic, public
transport and freight transport. This measure gieldgeneric value of travel time reliability
perception regardless of trip purpose. The valuelwbility (VOR) is expressed as the value
of a minute change of the standard deviation afefrime. Combined with the differences in
value of time (VOT) for different trip purposes tuas commuting, business, education,
shopping, and leisure, the value of reliability eprs to be the same for all trip purposes. For
car users, the value of reliability then is abo@ &vhereas for public transport passengers it is
1.4. This higher value of reliability for publicatnsport may be understood because in transit
trips with connections a small delay can resulnissing a next connection and so in arriving
much later at the destination than planned.

Given the discussion above, we can conclude tlthiding a travel time reliability indicator
into route utility functions is a suitable methamt tapturing the impacts of minor continuous
ongoing events on travellers’ choice behaviour ades]y.
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6-3-2 Incorporating impacts of major discrete evert into route choice models

We stated in chapter 3 that major discrete eveatse major disturbances in the network.
These major disturbances impact travellers in sualay that it does not fit in the context of
regular travel time variations. Due to major diserevents, transit service quality may alter
significantly. Transit operators apply remedialug@ns to mitigate the adverse impacts of
events. As mentioned in chapter 3 applying detoams, partial service runs are two typical
remedial solutions applied by transit operatorsdjor discrete events occur. Accordingly,
passengers may encounter service variations andnitairavel via their regular routes. In
this case, passengers may experience longer nawhiel strong increases of their travel time.
Thus, in case of major discrete events, not ordyditers may suffer from substantial travel
time variations causing jumps at the right taitralvel time distribution (appendix 2), but also
they might encounter different route alternativeeshioose from.
In case of major disturbances caused by major a@tiscevents, travellers’ route choice
behaviour depends on availability and adequacynfairination. Thus, pre-trip and en-route
choice behaviour are considered. Figure 6-1 ilates how travellers’ route choice behaviour
maybe different depending on the availability oformation provided for them. Due to
events’ impacts on transit networks, affected titasexvices are adapted by transit operators
(e.g. applying detours, partial services) and ttigse is a distinction between the planned
service network and the adapted service networpa#isengers do not suffer from adverse
consequences of service changes, they choosadhéds as they normally do, and thus there
may be no consequence for them. However, for aftedtavellers depending on their
information about the network situation beforehatwlp kinds of choice behaviours are
considered:

e Pre-trip route choice behaviour;

* En-route choice behaviour.

If they are adequately informed before startingrttrg (e.g. in case of public events), they
will make up their mind on choosing their route-mip (Swanson et al, 1997; Ferreira 1999;
Lam et al, 2003; Nuzzolo & Craisali 2004). This defds on the events’ nature. For
predictable events such as major road work, andig@vents, transit operators inform
travellers in advance.

In order to avoid trip cancelation, affected trésed might accept routes with higher disutility,
for example routes with longer in-vehicle time, rextransfer(s), and longer waiting times.
They might even opt for public transport routedudag long walking legs. Such routes may
not be considered in travellers’ route set undem@ab conditions. Thus, constraints for
preferred routes under regular conditions are mgdo available. In other words, affected
travellers inherently accept routes with higheudigy by relaxing the route set constraint to
get rid of trip cancelation or switching to anottr@nsport mode. Whilst due to major discrete
events some routes are eliminated from the routeofeaffected passengers, a kind of
relaxation behaviour of route set constraints esmlalffected passengers to see new route
options in their route set in case of necessityd ancordingly an adapted route set is
considered by them. Given the new route set thekeraadecision among these new routes as
usual.
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Figure 6-1: Passenger’s route choice behaviour due disturbances in a transit network
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If travellers are not aware of events and theiraotp on public transport services in advance
(e.g. in case of incidents), they might make deossias they normally do. Thus, they follow
their frequent routes until they are informed afvgze disturbances. For instance, they might
board on a service and confront within their tnippumeven path (e.g. a diverted path). In this
case depending on the availability of informatitre affected travellers may either look for
new alternative(s) for the rest of their trip ongaly with irregularities in services. If adequate
information and guidance are provided for travelldor example by driver or at the stations,
travellers can look for an alternative route in thieldle of their trip thoughtfully. Otherwise,
they have to comply with irregular services andlfthe least cost alternative to reach their
destination. In the case of complying with irregufgaths, travellers might suffer from
additional travel time, for example, when they ilweoin a diverted service path and have to
walk longer.

In both cases (pre-trip choice and en-route choatgnges in the ordinary route choice
behaviour are to be expected (Hickman & Bernst&@71 Nguyen & Pallottino 1998). Thus,
impacts of major discrete events should not onlgdiesidered in the routes’ travel times, but
also in travellers’ changed route usage.

The discussion above demonstrates that traditionathods capturing service quality
variations by a travel time reliability indicatodded to the routes’ utility function are
incapable of dealing with impacts of major discretents on route choice behaviour.

Therefore, in risk-related travel demand analyseser choice modelling has to be extended
with respect to the route utility function, the tewset generation procedure, and route choice
behaviour in order to capture the impacts of mdjscrete events adequately.

6-4 Summary and Conclusions

In this chapter we elaborated on modelling PT raieice behaviour influenced by service
reliability. We extended classical PT route chomedels as building blocks in order to
incorporate the influence of service reliabilityhi§ is especially of concern when public
transport networks suffer from disturbances causeall types of events including major
discrete events. These events may cause severeesgunality variations.

In this chapter we reviewed briefly the fundamental classical route choice modelling to
provide an appropriate basis for dealing with imipaof stochastic events and service
reliability on PT route choice behaviour.

Depending on the nature of service disturbancelerednt methods maybe applied to
incorporate service reliability on route choice idems. In case of minor continuous ongoing
events, traditional methods address impacts ofiervariations on choice behaviour by
including a travel time reliability indicator intthe routes’ utility function. The standard
deviation of travel time is a commonly used tratmle reliability indicator.

In case of major discrete events occurring, conseigaisturbances are large enough to
impact travellers’ behaviour as well. Due to magliscrete events, transit services are not
operated as usual. Detoured lines, partial lined,tamporarily cancelled services are typical
consequences seen in service quality. Due to ttlesgges in transit service quality offered to
passengers, passengers are assumed to exhihieéwiffeute choice behaviours depending on
the availability and adequacy of information abthé transit network situation. If passengers
are informed sufficiently beforehand about trassitvice changes, they make a decision pre-



Chapter 6 - Route choice behaviour and reliability 105

trip. However, if passengers are not aware of distoces in transit services in advance, they
make choices as they normally do and during thigiy they might be obliged to make a route
choice again en-route. In this condition, they nsayfer from additional travel time, or
involve in a diverted service path and walk longer.

Consequently, incorporating service reliabilityroute choice behaviour enforces modellers
to apply a series of extensions in route choice etiod. The findings of this chapter
demonstrate that impacts of stochastic events ote rchoice behaviour maybe different. In
case of minor continuous ongoing events, dealinip wervice reliability is limited to the
extension of the route’s utility function by inciad a travel time reliability indicator;
whereas in case of major discrete events the ritgeneration procedure and route choice
behaviour are also extended by relaxing route seégtion constraints, and considering pre-
trip and en-route choice behaviour respectivelythien next chapter we will implement these
extensions in a simulation model aimed at estingatite effects of disturbances on the PT
travel patterns.
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/7 IMPACTS OF RELIABILITY ON PUBLIC
TRANSPORT NETWORKS
ASSESSMENT

7-1 Introduction

In chapter 5 we discussed that service reliabititgublic transport networks can be improved
by applying strategic, tactical, and operationabsuges. In the context of strategic network
planning we indicated that effective measures adrging service network vulnerability,
increasing service network redundancy and creaenyice network flexibility. Applying
these strategic measures also facilitates opegdtaatjustments, which are applied to mitigate
service disturbances and to maintain service néityahigh.

We discussed in chapter 5 that both strategic gedational measures have consequences on
overall network performance which are related touanber of questions being raised as
follows:
* To what extent do strategic and operational measaifect public transport network
assessments and design?
* Which impacts do reliability improving measures @awn overall network
performance?
* Are the impacts of reliability improving measuresge enough to change classical
public transport service network design approach?
* What are the net results of network design dilemfddemma 4, 5 and 6) stated in
chapter 5 for typical urban public transport nete@r

In this chapter we intend to address the aforemeati questions through a set of
experiments. We focus on the following measures:
* Reducing service network vulnerability (e.g. byséning existing service lines);
* Increasing service network redundancy (e.g. byumiiolg ring lines to a radial
network);
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e Creating service network flexibility to facilitateperational adjustments (e.g. by
including additional infrastructures such as shdgcto the transit infrastructure
network).

The first two measures, focusing on the transpervise network, are the subject of this
chapter, whereas the third one dealing with infregtire will follow in chapter 8.

The above measures are analysed with an assessrodat developed on the bases of the
frameworks proposed in chapter 5 (network desigui) & (traveller’'s behaviour modelling).
The model simulates stochastic conditions in the/ok by generating major discrete events.
Also, impacts of minor quasi continuous ongoingreseare captured by measuring regular
travel time variations for transit travellers.

The model produces several outputs focusing orlticasts, operation costs, and also service
reliability related costs consisting of travel timadiability costs and connectivity reliability
costs at the disaggregate level (OD pairs) as agethe aggregate level. In order to evaluate
network performance, the model produces aggregdfibof total network costs expressing
the overall network performance.

Given the discussion in chapter 3 stated by tablk %e adopt a tram network for
demonstration purposes. It is vulnerable in caséisturbances caused by major discrete
events, and operated only on dedicated infrastrectuetwork. Therefore, facilitating
operational measures depends on infrastructuréaildy in tram networks.

We perform experiments for a hypothetical tram roekwith a radial pattern. As indicated in
chapter 2, this is the dominant pattern for urbablip transportation in European cities. The
service network configurations consist of radiakb and ring lines varying with respect to the
availability and the location of the ring infrastture and the corresponding ring line.
Accordingly, they configure different levels of éindensity and thus service network
redundancy. Also, we will replace radial lines bgnsversal lines to have a transit network
with higher vulnerability. We indicated in chaptgrthat lengthening service lines would
aggravate service network vulnerability. Thus,afiént experiments having different levels of
redundancy and vulnerability will be set up andrtbgerall performance including reliability
will be assessed.

In general, the outcomes of the analyses in thiaptehm will validate whether or not
considering reliability in the network assessmenatlk to different assessment results and thus
changes in public transport network design.

7-2  Modelling framework

Based on the previous discussion of the extensfotmeo public transport network design
problem regarding service reliability (chapter %l &), a simulation tool has been developed
for assessing public transport network performams#uding service reliability. In this
section, the main components of this simulatiorl Wil be described. More details can be
found in appendix 3.
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7-2-1 General setup

Figure 7-1 shows the algorithm of the simulationdelo The public transport network
consisting of both infrastructure and the transgervice network as well as transit demand
are main inputs of the model. The model assumesdefined infrastructure network as well
as a predefined transport service network. Theiptiiainsport service network is defined as a
set of lines using the infrastructure network anbudget for operating the services under
regular conditions. Furthermore, the model assumesublic transport demand pattern
between zones according to land use.

We consider two phases in the model:
* The deterministic phase in which impacts of majscite events are not accounted
for;
* The stochastic phase in which impacts of majorrdiscevents are accounted for.

As described in section 5-4 we use different trawosi functions in these two analyses
For both phases an output presenting total travetiscis computed. For the stochastic phase
total travel costs include extra travel costs alt agetrip cancelation costs and total operation
costs including extra operation costs are compgieeh adapted parameters value in the cost
function. Thus, an output containing the followitmst components are generated:

» Travel time (converted to costs) for each OD pair;

» Extra travel time (converted to costs) for each @2l due to major discrete events;

» Trip cancelation number (converted to costs) fahe@D pair;

* Operating costs;

« Extra operating costs in case of disturbancesam#twork.

In valuing extra travel time, we expect that théueaof time for the additional travel time is

higher due to the related uncertainty. A penaltydancelled trips is included in the travel

costs as well a cancellation penalty based onredgstination distance, thus accounting for
the costs of using alternative modes.

For the overall network performance assessment, dftgementioned indicators are
aggregated for the entire network to provide awvaié assessment of transit service
performance.

For further details about the model and paramedkres, please see appendix 3.

7-2-2 Phase |: deterministic perspective

In the ' phasethe model assigns public transport demand to sefinies by a route choice
mechanism. We apply an explicit route set genargtimcedure. For each OD pair potential
routes are generated using a systematic enumenatomedure and then appropriate routes
that meet given route set criteria are includedhm route set. Various route set generation
criteria proposed in chapter 6 are applied to geeeproper route sets between OD pairs. In
addition to obvious criteria such as logical crdgeand feasibility criteria, we apply the
directional constraint to limit maximum detour lémgor public transport travellers. This
criterion will prevent traversing via longer routdst are not usually acceptable for public
transport travellers. Furthermore, we limit the teoget size by including attractive routes
having a high probability of being chosen. Thislvatevent inclusion of routes that may
rarely be chosen by a traveller.
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Figure 7-1: Algorithm of the network assessment mael

We apply the extended route utility function (Eqoat6-10, chapter 6) to incorporate
explicitly impacts of travel time variations caudggminor quasi continuous ongoing events.
Thus, travel time reliability is a component of theute utility function using the mean-
variance approach. For modelling route choice, we the path size logit model. This
structure is an advanced logit model which dealt whe overlap problem (Ben Akiva &
Bierlaire 1999; Hoogendoorn-Lanser, et al, 2005y\Bet al, 2008). The used route utility
function contains waiting time, in-vehicle time,mhber of transfers, waiting time at transfer
points, and travel time reliability. We define cemdls representing a number of nearby stops
and thus exclude access and egress time.
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Regarding relative high service frequency, the rhademputes average waiting times
assuming that passengers arrive at the departurerpadomly with a probability distribution

for example uniform, or Poisson distribution (Ts&lt998). The weight of utility function

components are set based on realistic surveys’omds. All corresponding parameters’
values have been stated in appendix 3.

As stated before, to include travel time relialiim regular conditions, we consider regular
travel time variations arising due to minor ongooantinuous events. We use the standard
deviation of travel time as the travel time vapatindicator. This indicator is included in the
routes utility function as formulated in chaptem@thematically.

To generate cost related outputs, all travel time@onents are converted to the costs by a
relevant value of time. As the main output deterstia travel costs as well as operational
costs are computed.

7-2-3 Phase Il: Stochastic perspective

The 2" phase,dealing with network performance evaluation in techastic situation,
consists of6 stages In this phase we assess the network performamdeding service
reliability in stochastic conditions focusing orstlirbances caused by major discrete events
(Figure 7-1 right side). Ithe first stageve use Monte Carlo simulation techniques to create
events for a certain period of time, e.g. a ye&usT different kinds of major discrete events
with their specific time intervals and duration® ayenerated. For determining the interval
between events an exponential distribution is ($edkiris & Agrafiotis 1988), whilst for the
duration of the events a lognormal distributiomplied. (Golob et al, 1987; Giuliano 1989).
Examples of major discrete events are bad weatieckrding storm, black ice, heavy snow, as
well as public events, road works, incidents, aethicle breakdown. The parameters for
frequency and duration of each event type are mhted based on realistic estimates.
Seasonal events such as black ice and snow canocoly during 25% of the modelling
period (i.e. 90 days). For more details refer tpeaqlix 3.

The events are sorted along the time axis, sddh&ach moment in time it is known whether
there is a disturbance and if so, which type(s@ag® note that multiple events might take
place at the same time. Also, as indicated in @raptcorrelations between events and their
impacts on public transport demand fluctuationscaresidered.

The second stagef phase 2 determines which link(s) of the infnastiure network are
affected by major discrete events. A Monte-Carlprapch is used to select failing links.
Probability of link affections depends on the liekgth and the other factor of link sensitivity
to failures. Furthermore, as stated in chapter 6 dbrrelation between bad weather and
incidents are considered meaning that during badthvee conditions the probability of
incidents rises.

Please note that in case of service network faikweh as a vehicle breakdown, the
infrastructure network is affected accordingly. §'t8 especially the case for rail networks.

In case of public events, we assume fixed timelaodtions for events. Thus, corresponding
segments that are affected can be identified befm@d For events with extensive
geographical impacts such as snow and storm aopahne network involving a number of
links are affected simultaneously, whereas for otigges of events such as incidents only a
single link is blocked at the time of the incident.

In the third stagempacts of the generated events on public transfmnand are determined.
The relevant events are bad weather and publict&vAs indicated in chapter 3 these events
can increase public transport demand substantially.
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The fourth stageconsiders operator adjustments and remedial sakitapplied to mitigate
disturbances. Remedial solutions are applied doogto a priority order. The priority list is
used to determine which measure is applied. Thaityriorder is ranked by applying detours,
and other remedial solutions consisting of spliftservices, and applying partial services.

The first priority is applying detours. The mainqugement for applying detours is
availability of infrastructure. In addition to thequired infrastructure, the operator might
consider other factors consisting of extra runntimge, operation costs, and number of
skipped stops as well. If applying detours increagperation costs largely, or if a large
number of stops are skipped, the operator may ehotb®r options.

If applying detours is not possible, the operatdl tny to split service lines into independent
lines or to apply short runs. Depending on thetiooaof event(s), the service line could be
split into two parts. It is also possible that #hés a gap between the split parts. In this case
public transport passengers are forced to travisl ¢)ap on foot. Please note that the
availability of short turn facilities is an importiarequirement for applying partial services for
rail bound networks.

To deal with higher transit demand in case of eventh as bad weather, transit operators can
follow the increasing capacity strategy describedchapter 5. It is usually achieved by
increasing service frequency using their reseneaddoles. Please note that increasing service
frequencies might not be feasible for heavy raildes with high service frequencies (e.g.
metro), since a minimum headway must be maintaiwden successive services for safety
purposes.

And finally, if a transit line is affected at diffent locations simultaneously or there is no
possibility for detour or line splitting, the sereiline will be cancelled temporarily during the
event’'s occurrence.

Given the aforementioned measures, the adaptedoreincluding adjusted transit lines at
the time of disruption(s) is determined. Please bt in this stage as indicated in chapter 5,
the transition phases for commencement of adjudsnaren’t considered and the transit
network situation in the steady state is accoufaednly.

Given the adapted service network, in flith stage public transport travellers will choose
their routes accordingly. In this situation a diffiet route search procedure with relaxed
constraints as discussed in chapter 6 is appliegidblic transport travellers suffering from
disturbances. Please note that we assess publtisptd traveller's behaviour for a tram
network while intermodal behaviour is not accourftad Constraint relaxation is done by the
following adjustments:

» Allow larger number of transfers;

» Allow walking to change between lines;

* Allow higher detour thresholds.

The sixth stagefocuses on public transport traveller’s route ckobehaviour in irregular
conditions. Pre-trip decision making is considei@dexpected events such as road works, or
public events. The assumption here is that theiptfainsport travellers are already aware of
adjusted services due to these events. En- rogisiaie making is taken into account in case
of unexpected events such as incidents, and vetiekkdown. In this condition, passengers
may be obliged to travel via longer routes or ewalk a part of the route. In the worst
condition, they might need to postpone their tnjgiluan alternative route is available. For
further details, we refer the reader to part 6<#-2hapter 6.
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7-3  Selection and setup of experiments

In this section the setup of experiments is desdrilBased on the discussion in chapter 2, we
focus on public transport network fundamental cti@mastics consisting of the transport
network type and the service line type. These aaé rtopological characteristics that are
dealt with at the strategic network planning stage.

7-3-1 Service supply pattern and properties

For the experiments as indicated before, a symme#aiwork with radial pattern is chosen.
The symmetry of the network will avoid that the @arhes completely depend on network
topology especially for the analysis of the newigiesdilemma regarding line length.

Choosing a radial network is motivated by its dcemice in European cities. Consequently,
the hypothetical network has a predefined radiflastructure (Figure 7-2). The chosen
length of radial infrastructure is 9.5 km. Thissignilar to transit network pattern in large
cities (e.g. Oslo, Frankfurt).

The city is served by a tram network with a sepataight of way. The tram speed on lines is
assumed to be equal and is set to 20 km/h includiivigl times at stops. This is according to
the average speed of tram networks in several Earogities such as The Hague, Brussels,
Gothenburg, and Oslo (HTM 2004; Urban Rail.net 900Bhe public transport service
network is defined as a set of lines using theastfiucture network and is limited by a budget
for operating the services in regular conditionsug, headways between services depend on
the operator’s budget. The operator’'s budget has Iset in such a way that there are tram
lines with high service frequency (e.g. 6 veh/hr)the system. The operation costs are
assumed to be estimated only based on vehicle-&ti@s. The service operation time per line
is set at 18 hours per day. For more details omvarét characteristics, please refer to
appendix 3.

For the experiments, we define different networkety according to their service line
configurations. Different network types, i.e. comdtions of infrastructure networks and
service networks, are considered, varying with eespo the availability and the location of
the ring infrastructure and the corresponding rimg. The following combinations are
studied (For schematic illustration, refer to figut-2):

Eight radial lines only;

Eight radial lines and a centre ring infrastructanel centre ring line;

Eight radial lines and a medium ring infrastructanel medium ring line;

Eight radial lines and a large ring infrastructaral large ring line;

Eight radial lines and an outer ring infrastructanel outer ring line;

Four transversal lines only;

Four transversal lines and a centre ring infrastinecand centre ring line;

Four transversal lines and a medium ring infrastmecand medium ring line;

Four transversal lines and a large ring infrastmecind large ring line;

0. Four transversal lines and an outer ring infrastmgcand outer ring line.

HOONOORAWNE
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Figure 7-2: Schematic illustration of the infrastructure alternatives in the experiments

These combinations are arranged based on the afotemed discussed on redundancy and
vulnerability notions. Therefore, variants 1 to Bdavariants 6 to 10 are distinguished
according to the vulnerability notion: as discusgeahapter 5, vulnerability of a transport
service network depends on the line length. Theeetay replacing radial lines by transversal
lines (variants 6-10), an increase in service ngtwalnerability may be expected.
Furthermore, as indicated in chapter 5, servicevort redundancy could be achieved by
increasing line density. Hence, in variants 2-5 @D we combine a ring service line with
either radial or transversal lines. Regarding liocatof the ring line, different levels of
network redundancy are generated. By increasingatties of ring line, line density increases.
Increasing line density will offer multiple routés larger number of origins-destinations and
thus leads to higher service network redundancy.otder to have an overview of
infrastructure investment and maintenance costgratipn costs, and travel costs, see
appendix 3.

Figure 7-3 illustrates the infrastructure netwodt fariant 3 (radial lines combined by a
medium ring). Obviously, merging a number of radiilas at the city centre deserves special
attention on the required infrastructure. We disdhss issue in appendix 3. The dashed lines
indicate the location of the rings for the otheriamats. Please note that in each case only the
infrastructure used by the service network is add.

As a result it can be expected that variants (1 &naill be quite sensitive for failures in
infrastructure availability as there are no posisies for detours. Depending on the location
of the ring line, the other variants could be maigust. For instance, a detour for a radial line
uses a part of the ring to switch to a neighbouradjal line. In the case of ring lines only
detours via the city centre are possible. The djpera budget is assumed to be identical for
all alternatives. Consequently, the associatedueragies are the highest for variant 1 and 6
and the lowest for variant 5 and 10.
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Figure 7-3: Lay-out of the service network and thenfrastructure network for variant 3:
radials and medium ring (dashed lines indicate thenfrastructure for the other variants)

7-3-2 Transit demand pattern and behavioural parameers

Following the findings in chapter 3, the publicntsaort demand pattern is predefined and
classified periodically (peak, off-peak), seasondibsed on four user classes:

« Commuters;

e Students;

* Shoppers;

» Other travellers.

As indicated in section 7-2, the level of demandssumed to be independent of the quality of
the services offered. It is about 32.1 million ¢riim a year for the public transport network.

Public transport demand is assumed primarily ceotiented, while four sub centres also

attract their share of the demand (Figure 7-4). Trhesit demand is distributed over 33

centroids. The demand matrix is assumed to be synmun&/e assume that the city centre

zone attracts 25% of the whole transit demand wvthiterate is 12.5% for each sub centre.
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Figure 7-4: A city layout with predefined radial infrastructure and transit demand

Since we define centroids as representatives ofdhesponding zones containing stops, we
skip access and egress times consequently. Baswdwah time components’ weights found
by Van der Waard (1989), and Wardman (2004), aanktrtime reliability perception found
by Tseng et al (2004), the implied route utilityéion is formulated as follows:

n+l n
U=10015,+ D tjj+ 8B+ 1.2 t;+ 1§ H5 +¢ (7-1)
j=1 i=1

The value of time in regular condition as statedasto 10 €/hr for passengers. This value is
an average value of time for car, train and tram/bigers according to the cost benefit
analysis performed by Dutch Ministry of Verkeer ai@terstaat in 2000. The value of time

increases to 20 €/hr in case of disturbances iméih@ork.

7-3-3 Network performance

Table 7-1 provides an overview of public transmupply and trip attributes data adopted in
the experiments. As indicated in the previous secive set the mean waiting time to be one-
half of the service headway. For instance, we smirutes as the mean waiting time for the
network with service frequency of 6 veh/hour. Giie demand pattern, the average trip
length is 9.2 km, and the average unweigthed trawed for the network with transversal
lines is about 38 minutes (table 7-1). Obvioudhg average travel time for the network with
radial lines is longer, because a larger numbéraosit trips are made via transfers.
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Table 7-1: An overview of network main supply andtip attribute for the experiments

attribute Corresponding

value
Hourly service frequency per ling 8

Service operation time per line 18

Public transport supply (hour)
No. of vehicles per line 8 (R), 16(T)*
Vehicle speed considering dwel 20
times(km/h)

Average trip length (km) 9.2

Average unweighted travel time

including waiting times (min)** 38
Transit trip Average waiting time (min) 5
excluding transfer time
Percentage of total trips using a 60%

transfer**

*8 vehicles for radial lines and 16 vehicles farsversal lines
** The network with transversal lines

7-4 Assumed characteristics of simulated events

In this part the characteristics of the major diserevents simulation will be discussed. Event
characteristics such as average number of geneeatsus per year, and their duration are
presented. Characteristics of events are foundaftet simulating for a number of runs
representing years (e.g. 20 years). This will pdevan overview of the network situation due
to stochastic events for a long time period. Furtitge, we will present assumed statistical
characteristics of events such as the coefficiemination and the probability distribution for
each type of event. We address how each eventaifpets transit network performance.
Dealing with this issue will enable us to make aparison between events’ effects on the
network performance. Results will lead to findingt chow much generating network
disturbances depend on the number of simulatios. rimother words, how many simulation
runs we need in order to be able to analyse theamks in an average irregular situation.

On average after 20 simulation runs, an arbitranly is affected 8 times per year by events

and the average duration of disturbances per Bnébiout 2 days per year (Table 7-2). The
coefficients of variation of number of generate@rg and events duration are expressed in
the last two columns. Note that, since many pudlents have predefined patterns, they may
repeat every year with the same number and duréian annual exhibitions, ceremonies)

and thus its coefficient of variation will be zero.

In order to find out whether the impacts of frequamd non frequent major discrete events on
transit networks are different, we quantify thelgabilities of occurrence for different number
of generated events. Given the simulation resutited in table 7-2 (the®1lcolumn), we

choose bad weather and work zones as non frequentse and vehicle breakdown as a
frequent event. The coefficient of variations (CO&)number of generated events differ
between impacts of major discrete events with langenber of occurrence (frequent events)
and major discrete events with smaller number cticence (non frequent events). Frequent
major discrete events such as vehicle breakdowe pdtice more or less with the same
frequency in the network (COV = 0.18) and therefdhey have the same impacts on the



118 Reliability in urban public transport network assesnt and design

network in terms of disturbances within severalrgedlowever, the impacts of non frequent
events such as bad weather vary substantially nvigbars (e.g. COV=1.59) and thus fully
depend on occurrence pattern.

Table7-2: Characteristics of the generated eventdfacting the network per year

Average Average dAve_rage COV of COV of
uration of .
number of | number of . number of duration of
Event type ; events in the ; :
events in the| events per events in the| events in the
. network
network link network network
[days]
Incidents 447 .9 7.00 0.55 0.05 0.11
Storm 2.6 0.04 0.11 0.68 0.63
Ice 0.5 0.01 0.01 0.97 0.99
Snow 0.5 0.01 0.05 1.59 1.50
Thunderstorm 34 0.05 0.02 0.42 0.37
Work zone 4.2 0.07 1.06 0.42 0.42
Public events| 5.1 0.08 0.09 0.00 0.00
Vehicle 50.5 0.79 0.09 0.18 0.17
breakdown
Total 515.1 8.05 1.99 - -

Figure 7-5 illustrates the distribution of the nwenlof events for bad weather as a non-
frequent event by a trend line. As the figure shothe large variation in probability of

occurrence is observed for diverse number of geetievents.
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Figure 7-5: Diversity distribution of No. of bad weather occurrence
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Given these analyses and in order to assess theonkeperformance accurately in the
stochastic perspective, a question is raised: hawynsimulation runs (years) do we require
having an acceptable sample for determining unifpramd adequately the impacts of non
frequent events on the service network? In othends; how many simulation runs result in
equal affections in the symmetric service network?

In order to address this question and to find batrequired sample size, we assess the results
of non frequent events simulation with various skngizes differentiated by a 5 years range
(e.g. 5 years (1800 days), 10 years (3600 daysyeabs (5400 days), 20 years (7200 days),
25 years (9000 days) and 30 years (10800 days3edBan the previous discussions and table
7-2 results, we choose work zone and bad weathesrafrequent events.

To determine the minimum sample sizg, we use a statistical rule of thumb formula as
follows (Van Belle 2002):

8COV?
PC?

1+ (1~ PCY | (7-2)

Where:

PCis the proportional change in means. (The amoluRtis suggested to set as 20% (Van
Belle 2002);

Below, we show the results of analyses for the mimh acceptable sample sig® only.
Table 7-3 shows, the average number of affecti@ndipe for a simulation period of 20 years:

Table 7-3: Average number of affections due to workones per line
(simulation period is 20 years)

linel| line2 | line3 | lined | line5 | line6 | line7 | line8

The average number of

) 0.25| 0.35| 0.30 0.2% 0.25 0.20 0.5 0J15
affections

For these eight radial lines the over@DV is equal to 0.239 assumimi 20 %. Thus, the
minimum size for this sample based on formula 7HlLbe 6732 days which is less than 7200
days.

We repeat this analysis for bad weather as wek. diutcomes lead to smaller number of runs.
Thus, these calculations demonstrate that 7200 (R0/s/ears) are sufficient for correctly
determining the impacts of non recurrent eventthemetwork.

7-5 Network performance assessment

In this part, we will assess the network perforneafar different network types following
from model calculations:

» Networks with eight radial lines and a ring lin@l\ants 1,2,3,4,5);

* Networks with four transversal lines and a ringl{wvariants 6,7,8,9,10).
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7-5-1 Cases

To assess the network performance for the aforeoret network types, four cases are
defined accordingly:

« Case 7-1: assessing the networks with radial lines in thieninistic perspective;

« Case 7-2: assessing the networks with radial lines in thelsstic perspective;

» Case7-3: assessing the networks with transversal linesthen deterministic
perspective;

e Case 7-4. assessing the networks with transversal lines ia #tochastic
perspective.

In thefirst casewe assess the overall network performance in étearks with radial lines
combined by a ring line in the deterministic pepe. We intend to determine the impact of
increasing line density, which is provided by thiagrline, on the overall network
performance.

In the second casee determine how increasing service network redang may result in an
improvement in service reliability. Thus, we reess the overall network performance
including service reliability in the network witladial lines and combined with a ring service
line in the stochastic perspective.

In the third casewe assess impacts of lengthening service lineshennetwork overall
performance. Therefore, we replace the eight rddiak by four transversal lines and re-
assess its impact on the overall network performaimc the deterministic perspective.
According to discussion addressing service lingtlerdesign dilemma in chapter 5, we find
out whether this replacement leads to a bettegdestion in the deterministic situation.

In the fourth caseve evaluate impacts of service line length on netwalnerability and
consequently service reliability. We re-assess dherall network performance as well as
service reliability in the network with transverdales in the stochastic perspective. We
expect that by considering reliability measureshis phase we can find out whether larger
vulnerability of transversal lines reduces theindi#s in terms of travel costs.

Case 7-1:n this case, we compare networks in a deternenpgrspective in terms of overall
network performance. Obviously impacts of majoctise events expressed will not be taken
into consideration. This is in fact a traditiomatwork assessment since impacts of major
service distortions are not accounted for. Figufeilfustrates the relative total network costs
as an overall network performance criterion foefwariants. Variant 1 (radial only) is set as
the reference case. For this variant the calculetteed network costs per year consist of 65%
of travel costs, 23% of operational costs, and % frastructure costs. It should be noted
that these percentages depend on the selected ofalinee too. For different values of time,
different cost shares are expected. The total m&tamst for this variant is approximately 397
M€ /year.
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Figure 7-6: Relative total network costs for radialnetwork variants in the deterministic
perspective

As Figure 7-6 clearly illustrates, the total netlwaost is increasing with ring line radius
increase. This is according to the traditional ldensity design dilemma which shows that
increasing line density will increase travel cogigen a fixed budget. This is due to a
reduction of service frequency in the network. @igly the result is strongly determined by
considering of fixed operational budget. The ak#iie case of a fixed frequency in all
variants, however, yields similar results due ®dhbstantial increase of operating costs.

Case 7-2:In the second case we compare the variants in astichperspective in terms of
overall network performance including service tality. We intend to find out the role of
service network redundancy on service reliabilgyeell as the overall network performance.
Hence, not only are total network costs taken axtoount, but also connectivity reliability
and travel time reliability costs. Obviously, thedaulated total network costs will be higher in
the stochastic perspective. This is due to theodhiction of additional components being
included in the total network costs such as:

« Extratravel costs in irregular conditions caubganajor discrete events;

* The trip cancellation cost in irregular conditiareised by major discrete events;

» Extra operation costs in irregular conditions causg major discrete events.

Figure 7-7 compares the variants in terms of theneotivity reliability cost and travel time
reliability costs in the stochastic perspective.sThost has three components. The first
component consists of the regular travel time vians due to minor continuous ongoing
events. They constitute approximately 4.5 % of l&guwavel costs. .

Trip cancelation costs due to major discrete evarédghe second component. The number of
trip cancelations has been converted to costsipycéncelation penalties which depend on
the origin-destination distance. As it can be obser the amount of trip cancelation costs
reduces from left to right by an increasing redumaydevel.
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The third component consists of extra travel timmaation costs due to major discrete events.
The extra travel costs indicate longer travel tinmegosed to passengers. These longer travel
times arise due to abnormal routes after disturbsit the network. For the option without
ring service line, extra travel time is only duewalking in case of partial services, whereas
for the other variants extra travel times due ttodes and partial services are considered as
well.

The results demonstrate that by increasing theusadf the ring line, the connectivity

reliability cost expressed by the number of tripnazation decreases. However, the
alternatives provided (detour, partial lines, watRi yield extra travel time too. Reductions of
cancelled trips thus increase extra travel time fiét effect is clearly positive.

Travel time variation costs, extra travel costs, and trip cancelation costs
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O Canceled trips costs due to major discrete events
O Minor ongoing continuous travel time variation costs

Figure 7-7: Reliability related costs for the netweks with radial lines

The result illustrates that additional travel casts substantial, especially for larger ring lines.
The benefits of implementing the outer ring lineterms of reliability related costs are
approximately the same as benefits of large ring tue to the demand pattern as well as the
detour constraint. The outer ring line providesglotetours that in many cases are not
acceptable for transit passengers. Furthermorsetiomg detours cause long trips that impose
higher extra travel costs to passengers. Hencepdhitive effects of including ring service
lines decrease for variant 5 having the outer ridyen the aforementioned analysis, two
results are noteworthy:

* Network redundancy reduces unreliability costs.nfrieft to right by increasing the
radius of ring line and therefore increasing netwoedundancy, trip cancellation
reduces (Figure 7-7);

* In the deterministic perspective, travel costsuar@erestimated by approximately 10%
because of ignoring probable disturbances in travetworks.
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Figure 7-8 illustrates the relative total networksts for five studied variants. As before,
variant 1 (radial only) in the deterministic persipe is set as the reference case. Thus, we
can also compare the total network costs in thehsistic perspective to the total network
costs in the deterministic perspective. Obviousiyalt network costs in the stochastic
perspective are higher due to unreliability relatedts (e.g. cancelation costs).

125%

Percentage of reference case

No ring Centrering Medium ring Large ring Outer ring

\D Deterministic perspective B Stochastic perspective\

Figure 7-8: Relative total network costs for varians of the radial line network: the
determinist perspective vs. the stochastic perspaeot

As figure 7-8 shows, the previous pattern illugtdain figure 7-6 has not changed. In other
words, introducing an outer ring service line wdmet beneficial in the stochastic perspective
too.

In general the results of case 7-2 demonstrate iti@easing network redundancy by
including ring lines improves the service relialilibut does not lead to better overall
network performance (Figure 7-8). In other words influence of service reliability as
operationalised in our study on network design seeot large enough to change the trade-off
of traditional line density dilemma. This implidsat the traditional network design problem
seems still dominant.

Case 7-3:in this case we assess the overall network perfocedor the network with
transversal lines in the deterministic perspecti¥e intend to see whether replacing radial
lines by transversal lines leads to better ovamnativork performance in the deterministic
condition. Figure 7-9 illustrates the network irdilg 4 transversal lines for variant 3.



124 Reliability in urban public transport network assesnt and design

1
@
4 N 2
3 o— 3 —0 3
\ \ ¥ A 4 K ‘,’
-
2 4
_____ O___
1

Figure 7-9: Lay-out of the infrastructure network for variant 3: transversal line and
medium ring (Line number indicated; dashed lines inlicate the infrastructure for the
other variants)

Figure 7-10 compares the overall network perforreamariant by variant between the
networks with radial lines and the networks witlansversal lines in the deterministic
perspective. Again, the radial network without rgegvice lines is set as the reference case.
A comparison between the networks with radial lingd the networks with transversal lines
shows that the total network costs in the lattdwoek is lower and thus the network with
transversal lines is to be preferred. This is bsedtansversal lines offer more direct services
which lead to lower travel costs in the network,ile/hother cost components such as
operation costs are roughly the same for both nétwges. This reduction is around 5%.
Thus, the design dilemma numb®rin chapter 5 stating that longer lines providergho
travel time is corroborated in this case study.

Looking at the impacts of line density on the ollematwork performance (figure 7-10), the
results demonstrate that the total network costhemetworks with transversal lines rise by
increasing the radius of ring line similarly as thetworks with radial lines and thus the
network with minimum line density is again the opiim option. Therefore, for both service
networks having radial lines and transversal lilbes, optimum is the option without a ring
line.
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Figure 7-10: Relative total network costs for variats in the deterministic perspective in
the network with radial lines and the network with transversal lines

Case 7-4: In this case we assess service reliability amdoterall network performance of
the network with transversal lines in the stocltagséirspective. This case is similar to case 7-2;
however, we replace radial lines by transversaslinthe results will verify network design
dilemmas4 and5 in chapter 5 stating lengthening service line vélse unreliability costs.

Figure 7-11 compares unreliability related costsvariants of the network with transversal
lines to the network with radial lines*{&nd 2° bars from left). The results demonstrate that
unreliability related costs for the network havingnsversal lines are higher than the network
having radial lines (27% vs. 11 %).

Firstly we focus on minor quasi continuous ongdiayel time variations costs indicated by
Cy in formula 5-2 in chapter 5. We discussed in sech-4-1 that longer service lines suffer
from larger travel time variations compared to $hoservice lines. We outline this issue as
dilemma4 in table 5-3. The results of experimental analysesase 3 verify that dilemma.
Replacing radial lines by transversal lines wikdeto +11% increase in regular travel time
variation costs.
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Figure 7-11: Reliability related costs for the netwrk with transversal lines

The second measure we focus on is connectivityabidiy in case of major discrete
disturbing events. Figure 7-11 shows that trip e#ton costs for the networks with
transversal lines are higher than for the netwevikh radial lines. This is due to the higher
vulnerability of transversal lines (2.3 times ascmwas the network with radial lines) and
lower possibility of operating adjustments. As shaw table 7-4, the number of times that a
transversal line is affected by major discrete &venlarger compared to a radial line (321 vs.
140 times per year). This is in line with dilem&a chapter 5.

Moreover, the possibility of service adjustments floee operator is lower for transversal
networks. This is because a transversal line isenlikely to be simultaneously affected by
multiple major discrete events in different locasdhan a radial line (115 vs. 50). This makes
operating adjustments such as applying detoursnmgiementing partial services more
difficult and often impossible (dilemma 5, tabl&k-

Table 7-4: Vulnerabilities in the public transport service lines

The radial line The transversal line
The average number of line’s affections per 140 301
year
The average nymber of line’s multiple 50 115
affections per year

Figure 7-11 also shows that including ring lineghe network with transversal lines reduces
the trip cancelation costs (fron‘i‘d2bar on the left side to the right side). For exlnthe

network with transversal lines and a large ring liras lower reliability related costs than the
network with radial lines. As indicated before, luding ring lines increase service network
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redundancy. Since the number of trip cancelatiortife network without a ring line (variant

1) is relatively high (about 9.8% of total trips amerage), including the ring line especially
the large ring line leads to a substantial drogriip cancelation number. For variant 4 the
number of trip cancelation is on average 1% otrgls. In other words, increasing network
redundancy for the network with transversal linehances network connectivity reliability

significantly. Of course, extra travel costs duér&versing via detour routes rise accordingly.
The extra travel costs, imposed to public transpastellers in variant 4, are approximately
2.3 times as much as those in variant 1.

Figure 7-12 shows that the previous findings ofralfenetwork performance with respect to

increasing network redundancy are still valid. Canegl to figure 7-8, the difference between
total network costs in the stochastic perspecti the deterministic perspective is higher in
the network with transversal lines. This is duehte fact that trip cancelation costs are much
higher in the networks with transversal lines tivathe networks with radial lines (2.3 times

as much as the network with radial lines).
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Figure 7-12: Relative total network costs for variats of the transversal line network:
the deterministic perspective vs. the stochastic ppective

In general, the outcomes of the overall networlessments show that increasing the network
redundancy as in the networks with radial lines Wwdead to better overall network
performance for the networks having transversaisliand still the network without a ring line
is optimal.

In the comparison between optimal variants in teigninistic perspective and the stochastic
perspective, which is variant 1 for both perspedjwesults of the stochastic perspective are
different from the deterministic perspective. Resuwif the deterministic perspective clearly
showed that replacing radial lines by transverisaisl leads to lower network costs due to the
fact that they offer more direct services betweeld fairs. However, in the stochastic
perspective the result is quite different. Figur&37shows the total network costs in the
stochastic perspective for both network types.
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In the stochastic perspective the total networkiscdsr the network with radial lines are
somewhat (1.7%) lower. This is because unreligbitélated costs in the network with
transversal lines are much higher than in the netwath radial lines. Albeit this reduction
rate in the overall service performance may notndoconsiderable especially in practice,
several researches show that in public transpdwark design normally there are a large
number of solutions near the optimum point (Bedti al. 2000; Van Nes 2002; Fan &
Machemehl 2006).

On average about 9.8 % of the total demand is dadda the network with transversal lines
(without ring line), while this rate decreases 16 % in the network with radial lines (without
ring line). These findings demonstrate that in sk@chastic perspective lengthening service
lines in the transit network won't be beneficialtarms of the overall network performance
since their unreliability related costs rise coesably (+25%).

Total network costs and corresponding components
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Figure 7-13: Comparison between the optimum varianfvariant 1) in the network with
radial lines and the network with transversal linesin the stochastic perspective

7-5-2 Synthesis
Evaluating outcomes of case 7-3 and case 7-4 yieldsmportant conclusions:

* The traditional line density dilemma appears to dmminant in public transport
network design. In other words, in the ring/radiase, radial networks without a ring
line are to be preferred;

* The line length design dilemma can play a decisole in network design and can
lead to different designs in the deterministic atathastic perspective respectively.

The findings of this experimental study demonstthate the network with transversal lines
appears preferable in the deterministic perspectiveereas in the stochastic perspective the
network with radial lines is preferable.

Finally, it should be noted that these findings i@leable, since they have been validated for
several different simulation seeds. The impactslifierent seeds on simulation results are
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large for a small number of runs (e.g.5 runs exgings5 years). However, when the number
of runs is adequate, as demonstrated in sectionimglementing different seeds does not
influence the simulation results.

7-5-3 Sensitivity analyses

Of course, the aforementioned outcomes depend em®xperimental specifications such as
demand size and pattern and network size. We didralesensitivity analyses to determine
whether these outcomes are adequately genericandddel is enough robust with respect to
its inputs. These analyses have been arrangeddagdo rational variations in the following
network specifications:

* Demand size;

* Demand pattern;

* Network size.

Table 7-5 summarizes findings of the sensitivitalgses with respect to the aforementioned
criteria. It is obvious by increasing demand siatalt network costs rise accordingly. The
results indicate that the demand pattern and th&ank size can influence the outcomes of
the analyses. For example, reducing the network approximates the performance of the
network with radial lines to the performance of tetwork with transversal lines in the

stochastic perspective. This is due to the fadttilamsversal lines in the smaller network are
less sensitive to disturbances than those of biggevork.

Table 7-5: Sensitivity analyses for the hypothetidaadial arc case study

Specification
: Demand Network
Demand size .
] pattern size

Indicator

Overall network performance Negligible _ Pa_lr.tly Significant

significant

Impacts of redundancy on service reliability Negligible Significant Negligible
Impacts of flexibility on service reliability Negligible Negligible Negligible
Vulnerability Negligible Negligible Significant

Thus, the network size influences the overall neétwoerformance. More details of these
sensitivity analyses can be found in appendix 4.

7-6  Summary and Conclusions

This chapter aimed at validating impacts of apg\strategic measures discussed in chapter 5
on public transport network performance includirgiability. We determined reliability
related costs and their contributions to the oVveratwork performance by a set of
experiments. We developed a simulation tool to sssmpacts of reliability enhancing
measures on the overall network performance inofydeliability. By using this simulation
tool impacts of all kinds of stochastic events @twork performance were evaluated. The
mechanisms and measures used in this tool aredaicgdo the extended bi-level framework
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and assessment criteria discussed in chapter 5Spahlic transport traveller's behaviour
discussed in chapter 6.

The reliability enhancing measures applied in tthapter were: reducing vulnerability in

service networks, and increasing service networklumdancy. We compared the

performances of several public transport servidsvorks, varying with respect to level of

redundancy and vulnerability, in terms of overaditwork performance including service

reliability. We opted for a hypothetical radial tmtanetwork as a commonly use network in
urbanised areas. It was featured by different tygfeservice lines such as radial lines, and
transversal lines to generate different levels olherability. To create different levels of

redundancy in the service network, we combined@ line varying with respect to location

and radius with the network having radial (or traersal) lines.

Given the impacts of stochastic events on publandport networks, there are service
variations in the case studies. These variatioes ganerated by minor quasi continuous
ongoing events as well as major discrete events.

We set several case studies to evaluate:
* impacts of increasing network redundancy on overatiwork performance including
service reliability;
* impacts of decreasing service network vulnerabiityoverall network performance
including service reliability.

The findings demonstrate that increasing servidevorx redundancy will enhance service

reliability, but it won'’t lead to an improvement the network overall performance. In other

words, impacts of considering service reliabilityrietwork design, which is pursued in the

stochastic network design perspective, appeardaoratnant enough to lead to a change in the
optimally designed network in the deterministicqparctive. Consequently, the deterministic
design perspective seems to be dominant in transporice network design. Of course, this

result is a bit indecisive and ambiguous, becaudepends on the degree of vulnerability in

the transit network. Sensitivity analyses demomstthis dependency. For transit networks
with high level of vulnerability, the influence obnsidering service reliability might be large

enough to yield an optimal network.

However, the impact of service network vulnerapildn service reliability is decisive.
Experiments’ results demonstrate that applying éorggrvice lines such as transversal lines
in transport service networks improves overall melwperformance in the deterministic
perspective. However, in the stochastic perspeativen service reliability is accounted for,
applying long service lines not only lessens serviliability, but it can also diminish the
overall network performance.

Finally, based on findings of this chapter, thédwing noteworthy conclusions are drawn:

* Increasing network redundancy in transport servisgworks improves service
reliability significantly; but it may not lead tcebier overall network performance;

» Impacts of increasing network redundancy on overaivork performance depend on
network vulnerability level. For the networks withigh degree of vulnerability
increasing network redundancy might lead to higiverall network performance;

* Reducing transport service network vulnerabilityynmaprove both service reliability,
as well as overall network performance considerably
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With respect to the above conclusions, in ordeadbieve the benefits of improved service
reliability in the analyses, we focus on creatimgxibility in the service network using
additional infrastructures. As indicated in chapter creating network flexibility could
increase network robustness and thus influencecgergliability positively. Therefore, in the
next chapter we use the model to deal with impattsfrastructure flexibility on service
reliability.

Finally, the findings of this chapter indicate thlaé public transport network pattern should
be in line with the demand pattern. By considenglability the network designer should be
careful for long service lines, since they can eagrstical situation in case of disruptions in
the network.
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8 THE ROLE OF INFRASTRUCTURE ON
URBAN PUBLIC TRANSPORT SERVICE
RELIABILITY

8-1 Introduction

In chapter 5 we discussed that applying preventioented approaches is an appropriate way
to improve service reliability at the strategic deéwof public transport network design.
Prevention- oriented approaches consist of twaegras:
* Providing service alternatives within service netkgo(increasing line density and
thus higher service network redundancy);
» Creating more flexibility for service networks.

We demonstrated that increasing service networkneéancy as a part of prevention-oriented
approaches would lead to an enhancement of semfiedility, but will not improve overall
network performance necessarily. These outcomesvawetus to deal with the second
strategy: creating more flexibility in the servinetwork. This is especially relevant for rail
bound public transport networks which are operatdg on dedicated infrastructure.

The focus of this chapter will be on creating méexibility in the service network. By
applying this approach the planner increases reghoydand flexibility in the infrastructure
network in order to create more flexibility for gee networks.

Additional infrastructures increase infrastructmetwork redundancy and thus yield higher
flexibility for service networks for providing bask and emergency options. Higher
flexibility in service networks increases servicgtwork robustness and thus leads to higher
reliable transport networks.

Consequently in this chapter we deal with roleadditional infrastructure to improve service
reliability as well as the overall network perfomnca.

To this end we will apply the same methodologyrathe hypothetical case study (introduced
already in chapter 7) which consists of a tram oétvwvith 8 radial lines as well as a tram
network with 4 transversal lines. The main chaleeng to determine where a ring
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infrastructure might be provided. This will be dealith in this chapter by analyzing the
impacts of combining different ring infrastructureso the radial transit network on service
reliability and overall network performance.

The options are distinguished according to theigle and location to create different levels
of network flexibility. Thus, we will demonstratéat extending public transport network
planning by small investment for building additibmafrastructure in a smart way not only
may enhance service reliability significantly, lalso may have a positive impact on overall
network performance. These outcomes will demorestitae important role of infrastructure
on increasing flexibility in transport service netks and thus enhancement of transit service
reliability.

8-2 RIing infrastructure design and corresponding cses

In order to assess impacts of service networklfiéti on service reliability as well as overall
network performance, we define several network ards. These variants are based on
creating different levels of flexibility in a prefilged transport service network. The
distinction is made according to the location ar tavailability of the additional
infrastructure. We use the radial network patteravipusly described in chapter 7. The
additional infrastructure is a ring providing detdacilities for radial service lines. Thus,
three different types of rings are combined witb thdial service network and their impacts
on the network are assessed. The cases that aiggtgdie analysed are:

* The radial transport service network type withoathup (no additional infrastructure);

* The radial transport service network type combiwét a centre ring infrastructure;

e The radial transport service network type combiwéd a medium ring infrastructure;

* The radial transport service network type combwéd a large ring infrastructure.

The option including an outer ring is not analydeeicause it does not facilitate considerable
number of trips given the demand pattern. FigufeilBistrates the infrastructure network for
corresponding variants. Note that in each casenfin@structure used by the service network
plus the corresponding ring infrastructure are labé. As a result it can be expected that
variant 1 (no ring) will be quite sensitive to faiés in infrastructure availability as, there are
no possibilities for service detours (refer to grevious chapter). Depending on the location
of the ring infrastructure, the other variants niigie more robust. Consequently, the
infrastructure costs will differ for all variants.
We define two cases by making a distinction betwsamwice lines likewise in the previous
chapter 7:

» Case 8-1: ring infrastructure variants in the nekweith radial lines;

» Case 8-2: ring infrastructure variants in the relwvith transversal lines.

The annual extra investment cost for building réfprtcuts is set at 0.23 million Euros per
kilometre. This cost is based on data from the Migi of Transport, Public Works and
Watermanagement (1996).

Since the ring infrastructure is only used in cakedisturbances, it is possible to design the
ring as a single track. Therefore, the investmemtl anaintenance costs of the ring
infrastructure will be lower than the costs of thions in the previous chapter in which the
ring infrastructure is used for operating a senViice. For example, the annual investment and
maintenance costs for building a large ring shargsungle track) with the radius of 6.7 km is
approximately 12 million Euros less than thoselfoitding the ring service line (double track)
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with the same radius (infrastructure costs fortbvorks having ring service lines have been
stated in table A3-2 in appendix 3). Table 8-1ioe8 the track length, the infrastructure costs
and the operation costs for the radial networkards.
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Figure 8-1: Ring infrastructure variants in the hypothetical radial network

Table 8-1: Annual infrastructure and operation coss for radial network variants (M€)

. Ring Total
Network Ring .track infrastructure| Total track Total network operation
. radius infrastructure
variant costs per | length (km) L Costs per
(km) . costs per year
year year
Variant 1 0 150.4 34.3 67.4
(no ring)
Variant 2
(centre 14 1.5 158.8 35.8 67.4
ring)
Variant 3
(middle 4.0 4.5 175.5 38.8 67.4
rng)
variant4 | g 4 7.5 192.3 42.8 67.4
(large ring)

* The investment and maintenance costs per kilanate computed based on data of the Dutch Ministry
Transport, Public Works and Watermanagement (farendetail, please refer to appendix 3).
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In order to reduce the infrastructure costs furtled thus improve overall network
performance, it is possible to limit extra infragtiure costs. Thus, the continuous ring
infrastructure could be split into four separatgnsents. Figure 8-2 illustrates this option for
the variant with a large ring shortcut. Applyingcburing infrastructure results in 50%

reduction in the additional ring infrastructure 0.8 Million €).

Figure 8-2: Cutting & Splitting ring infrastructure to reduce investment costs in the
hypothetical network

8-3 Assessment of reliability impacts

In this section we discuss the assessment resulted defined cases to analyse the impact of
service network flexibility, created by additionaifrastructure, on service reliability and

overall performance in different service networlpdy. Like wise chapter 7, we use the
simulation tool to assess the cases in the stach@esspective.

8-3-1 Case 8-1: Ring infrastructure in the networlwith radial lines

Simulation results show that generally combining thng infrastructure in public transport
networks will increase service reliability. FiguB3 clearly shows that the large ring
infrastructure, which provides detour facilitiesr ftarger number of trips due to larger
coverage area, is the optimum design in terms @kasing network connectivity reliability,

although its’ length and thus its’ investment casts higher as well. These results are in line
with the previous results gained in the previousptéar. Likewise chapter 7, total trip demand
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is set to 32 Million passenger trips per year. @Gitke transit demand pattern (stated in
appendix 3), the large ring infrastructure couldvie detours for 212.000 trips (26.6 % of
affected trips) in the network with radial lineshel total number of affected trips for this
variant is 583,000 trips.

Figure 8-4 shows the total network costs for theave including the large ring infrastructure

(the right column). For details of cost componesdimputations please refer to appendix 3.
Because of a substantial reduction in trip cantiedacosts due to higher connectivity

reliability afforded by the ring infrastructure, gmiding large ring infrastructure for the

network results in slightly lower total network tasompared to total cost of the network
without shortcuts (407 vs. 409 Million Euros/year).
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Figure 8-3: Reliability costs of including ring infrastructures in the network with radial
lines as a percentage of regular travel costs
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Figure 8-4: Public transport network assessment basl on total yearly network costs
(the network with radial lines) in millions per year

Table 8-2 outlines relevant costs for these twavoeks to clarify impacts of additional
infrastructure on network performance assessments.

Table 8-2: Costs comparison between Network with idial lines and Network with
radial lines and the ring infrastructure (Costs expessed in Million Euros)

Reliability | Investment and maintenance co StSTotaI network
Network type related costs| for additional infrastructure (Per costs (per year
(per year) year)
Networl§ with radial 19.4 0 409
lines
Network with radial
lines and the ring 12.5 3.8 407
infrastructure

Thus, the impacts of service reliability improvermeior networks including a ring
infrastructure appear to be large enough to congtenthe investment costs of additional
infrastructure (19.4-12.5= 6.9 vs. 3.8).

Since the infrastructure costs play an importateé no obtaining the aforementioned results,
we do a sensitivity analysis regarding probableastfucture costs variations. The sensitivity
analysis demonstrates that increasing the infretstre costs up to 40% still yields the same
results. Also, increasing the PT demand size cdmarese the efficiency of additional

infrastructures significantly since larger numbgpassengers can benefit from them. In other
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words, facilitating the tram network with additidnafrastructures is more effective in
densely populated cities where trams are fully éobhand service lines’ frequency is high.

8-3-2 Case 8-2: Ring infrastructure in the networlwith transversal lines

As discussed in chapter 7, networks having trass¥elines are more vulnerable than

networks having radial lines. Figure 8-4 shows tigncelation costs and additional travel
costs imposed to passengers due to disturbancesabbr network variant. Trip cancelation

costs are clearly higher in the network with trarsal lines than in the network with radial

lines. (19.5 % vs. 5.3 %: Figure 8-5 vs. Figure)8-3

Creating flexibility in the service network by intfucing a large ring infrastructure provides
detour facilities for about 13.2 % of affected #ripnd therefore leads to a reduction in the
number of cancelled trips in the network havingnssgersal lines. The improvement in

connectivity reliability in the network having trewersal lines is less than in the network with
radial lines in which the large ring infrastructymevided detour facilities for about 26.6 % of

the affected trips. This is due to the difficultyapplying detours for longer lines in case that
their multiple parts are affected simultaneously.
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Figure 8-5: Reliability costs of including ring infrastructure in the network with
transversal lines as a percentage of regular travelosts

Figure 8-6 shows the total yearly network costs tfoe variant including the large ring

infrastructure (the right column). Equally as thetwork with radial lines this variant is the

optimum network in terms of the overall network fpemance. The outcomes show that
providing large ring infrastructure for the netwadsults in slightly lower total network costs
compared to those for the network without a rinffastructure, as illustrated in the left

column (415 vs. 416 Million Euros/year). This ixchase of the impacts of service reliability
improvement for networks including a ring infrastrure appear to be large enough to
compensate the investment costs of additionalstrinature (Table 8-3).
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Figure 8-6: Public transport network assessment ba&sl on total yearly network costs
(the network with transversal lines) in million Euros /year

Table 8-3: Costs comparison between Network with emsversal lines and Network with
transversal lines and the ring infrastructure (Coss expressed in Million Euros)

o Investment and maintenance
Reliability related I Total network
Network type costs (per year) costs for additional costs (per year)
pery infrastructure (Per year) pery
Network WIFh 559 0 416
transversal lines
Network with
transversa] lines and 46.9 38 415
the ring
infrastructure

8-4 Summary and Conclusions

In this chapter we demonstrated that providing taithl infrastructure in order to create
service network flexibility appears to be benefid@ service reliability as well as overall
network performance in case of major discrete digtg events. The costs for extra
infrastructure are clearly outweighed by the sawingreliability costs. This is especially of
concern for rail bound public transport networks ickh are operated on dedicated
infrastructures.

The analyses for the network having radial linesval as for the network having transversal
lines demonstrate that the larger ring infrastriiectgereates service network flexibility
significantly and will be more beneficial for serei reliability improvement, although its
infrastructure costs are higher. In spite of thet that facilitating the infrastructure network
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by the ring infrastructure increases network inwvestt and maintenance costs, these
additional costs are outweighed by service relighienefits.

Compared to the cases in which alternative serifiees are provided by increasing the
service line density (chapter 7), creating moreilfidity for the service network is more

straightforward, because in terms of the ratio ehdfits to costs the findings are not as
ambiguous as those of chapter 7. The efficiencyrehting network flexibility does not

depend on network vulnerability as much as incrgpsiervice network redundancy. As
indicated before, flexible service networks notyoehhance service reliability, but also they
lead to an improvement in overall network perforg®nThis outcome was demonstrated in
both line network types (radial lines, transversaés), although for the network having
transversal lines due to the problem of multiplée@fons, a smaller improvement in

connectivity reliability is observed.

Finally, as a recommendation for public transpetivork designers, accounting for reliability
has consequences for infrastructure. It leadsitgyuke existing infrastructure in a smart way.
Equipping the existing infrastructure network wattiditional infrastructures such as shortcuts
will enable transit operators to apply remedialuiohs during disturbances (e.g. detours,
partial runs) and help them maintain service rdiigthigh.

The achieved outcomes in this chapter are baségparal network patterns as well as typical
demand patterns. Hence, further research is neededrify these theoretical findings in
practice. An asymmetric public transport networkhwdifferent configurations of service
lines such as radial lines, transversal lines, iafidstructure possibilities such as turnings
facilities and bypasses can be a suitable opti@mch, in the next chapter we will apply our
methodology for The Hague tram network as a realtshm network and will verify our
previous experimental results.
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9 ENHANCING RELIABILITY IN URBAN
PUBLIC TRANSPORT NETWORKS

(A realistic case study)

9-1 Introduction

In chapters 7 and 8 we demonstrated by hypothetase studies how public transport service
reliability could be enhanced by applying strategieasures focusing on increasing service
network redundancy, reducing service network vuhg#ity, and creating service network
flexibility using additional infrastructure.

The findings of those two chapters showed thateasing service network redundancy
improves service reliability, but it may not lead better overall network performance.
However, reducing service network vulnerability ameating service network flexibility may
improve both service reliability and the overaltwerk performance.

In this chapter we will extend these analyses teliability assessment of a realistic public
transport network. We will explore multiple optiorfer improving service reliability
especially in the field of additional infrastruatur

We adopt the tram network of the city of The Haguehe Netherlands as a case study. It
follows partly a radial network pattern, having ieddtransversal and tangential lines. Its
asymmetric pattern results in diverse vulnerablbtyels in service lines.

Moreover, similar to other realistic cases, theasfructure network contains various elements
such as tunnels and bridges having different lesklailnerability. This diverse infrastructure
pattern will also be more advantageous, since varigpes of additional infrastructure can be
implemented to create service network flexibility.

The purpose of this chapter is extending the aralyd reliability enhancing measures to a
realistic public transport network to validate poas findings, proposed in chapter 5 and
justified in the hypothetical case study, in preetiln order to have an overview of the setup
of this empirical study, firstly we describe theasal characteristics of The Hague tram
network after which we describe how to measureicereliability in the current situation.
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The outcomes of this analysis will also determhmedritical locations of the network in terms
of service reliability.

Based on the reliability analysis of the currentwuek, we define and test suitable cases in
the context of prevention-oriented approaches tqrave network robustness and
consequently service reliability. These measuresd uscases deal with:

* reducing service network vulnerability;

» creating service network flexibility at the critidacations of The Hague tram network.

The motivation behind the first methods is the ra®gign dilemma related to service line
length previously discussed in chapter 5 and veddian chapter 7 for the hypothetical case
study. We will shorten one of the major lines ir thetwork and re-assess the consequent
impacts of newly modified configuration on serviceliability and overall network
performance.
In the second method, we will focus on creatingviser network flexibility by planning
additional infrastructure. We consider differentiops as follows:

e adding a bypass to a vulnerable link;

* connecting terminals of two major service linesalshortcut;

» adding a turning facility to a vulnerable servioeel

Impacts of these options on service reliability averall network performance are assessed
accordingly.

Analyses in the stochastic perspective using theulsition tool will demonstrate what the
consequences are of modelling reliability measumethe assessment of realistic networks.
Furthermore, it leads to exploring the possib#iti®s improve public transport network
performance.

9-2 The Hague tram network characteristics

In this section, we provide essential informatidrthe@ spatial characteristics of the case study.
This information will be used for assessing pulbdansport network performance and service
reliability for the current network.
The entire HTM network consists of 22 service linlesth bus and tram lines, having the
following types:

» Transversal lines (10 lines);

* Radial lines (8 lines);

* Tangential lines (3 lines);

» Circumferential line (1 line).

The tram network of the city of The Hague consistd1 service lines with a total length of
142 km. The network can be characterized as almaeiaork with a grid structure in the city
centre. The tram network has a high percentageraepaght of way (85%). Figure 9-1
shows a satellite image of The Hague including texgstram stops obtained from Google
Earth.

Focusing on rail bound public transport the tranwoek has 7 transversal lines, 2 radial lines,
and 2 tangential lines.
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Figure 9-1: Satellite image of The Hague city inclding tram and LRT stops
(Google Earth)

Table 9-1 outlines the current tram line configimas in the city. For more information about
tram lines characteristics, appendix 5 presentstineesponding lines’ itinerary, headways,
and operating hours.
On the demand side, about 140 million trips are eneda year for the public transport
network (HTM 2004-2005). From this amount, about rlion trips are made by tram.
Public transport demand is primarily centre oridntehile several sub centres (e.g. the cities
of Delft, Rijswijk, Voorburg, Scheveningen, Wategen and Leidschendam) also attract their
share of the demand. Table A5-2 in Appendix 5 paditrip production and attraction rates
for each zone.
Given The Hague tram network, total infrastructumeestment and maintenance costs, and
operation costs, in the deterministic perspectireeestimated as follows:

» Total infrastructure investment and maintenancésc@s.3 Million € per year;

» Total operation costs: 130 Million € per year.

Likewise before, the value of time is set to 10€/hr
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Table 9-1: Service line classifications in city ofhe Hague

Line . Distance
Number Line type From To (km)
1 Transversal Zwarte Pad Delft Tanthof 19.7
2 Transversal Kraayensteinlaan| Dillenburgsingel 13.9
3 Radial Arnold Spoelpein | Centraal Station 8.3
4 Radial De Uithof Centraal Station 12.1
Ziekenhuis .
6 Transversal Leyenburg Leidsenhage 13.1
9 Transversal Zwarte Pad De Dreef 12.3
10 Transversal Van Boetzelaerlaan Voorburg Station 11.3
. Station Hollands
11 Tangential Strandweg Spoor 7.8
. . Station Hollands
12 Tangential Markenseplein Spoor 7.8
(15+16) Transversal Nootdorp Centrum Dorpskadella 20.1
Centraal station
17 Transversal Dorpskade Van Boetzelaerlaarr 15.6

* These two lines are in fact a single line havirfiedent numbers at different part of the path

9-3 Assessing service reliability of The Hague traNetwork

In this part we assess the level of service rditghin the current network. Apart from
indicating this for the whole network, we will alsetermine service reliability indicators for
individual lines and infrastructure links. Resuligl be used to propose options to improve
network robustness and consequently to enhancieseegliability.

In order to assess the reliability of the tram reetwof The Hague, first a schematic tram
network according to the existing network is gerestgFigure 9-2).

For analysing this network in the stochastic perspe, 20 different Monte Carlo simulation
runs are used, each run representing a period yéaa, similar to the analyses of the
hypothetical networks of chapters 7 and 8. Obvigusifrastructure elements are not equally
sensitive to events. Although link length is arluefcing criterion, the other physical factors
such as location and the level of infrastructuragasplay a role as well. For instance, the
bridge (link#19) and the tunnel (link#18) may bsetjas vulnerable as a long link (e.g. Link
#6). This degree of vulnerability is because ofhhigsage of the tunnel and bridge in
combination with the regular maintenance.
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Figure 9-2: Schematic illustration of tram network of The Hague

To have an overview of the current situation of tiework, after 20 simulation runs, on
average the network faces disturbances in 102 days year (28% of a year). Due to
disturbances, 89% of passenger trips are made lesth than 10 minutes delay. In the
aggregate level about 2.1 % of the annual trips camecelled due to disturbances. Trip
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cancelation penalties depend on the origin-destinatistance and availability of a bus route
alternative.

Likewise chapter 7, we focus on connectivity religp by quantifying the number of trip
cancelations in case of major discrete disturbimgnes. Table 9-2 shows the average, the
standard deviation and the coefficient of variatbdrthe trip cancelation number at aggregate
level (for the whole network) due to each type wérg. The outcomes show that work zones
have the highest influence on network connectivifiability since the number of trip
cancelations due to work zones is the largest.

Table 9-2: influence of events on network conneciiy reliability

Event type No. of trip cancelations as a connectivity reliabity indicator
Mean (thousand) STD (thousand) Cov
Bad weather 346 727 2.10
Work zone 554 343 0.62
Vehicle breakdown 48.3 11.2 0.23
Incidents 400 33.6 0.08
Public events* 41.2 - -

*Due to the fact that public events are usually meslito take place with a predefined pattern, thB §iid the
COV of connectivity reliability are zero.

By looking at the COV of network connectivity rddiity the simulation results show that
frequent events such as incidents affect connégtigliability homogeneously within various
years (COV = 0.08), whilst non frequent events sashwork zones and bad weather with
COV of 0.62 and 2.10 respectively affect netwollkat®@lity unevenly and their impacts fully
depend on their occurrence pattern.

At disaggregate level the connectivity reliabilby The Hague network is determined by
capturing the trip cancelation percentage per wridiable 9-3 outlines the twenty most
vulnerable points in terms of connectivity relidtyil The result shows that terminal Delft
Tanthof is the most sensitive zone in terms of eetiwity reliability, because its trip
cancelation percentage is the highest. The reslelésly shows that the most vulnerable nodes
are terminal points located at the end of senvioes| since no alternative(s) are available to
serve them when the corresponding main lines déeetafl.

In addition to connectivity reliability, we detema the vulnerability of the existing lines in
the network to have an overview of impacts of eseamnt service lines. Figure 9-3 illustrates
the number of affections per line due to disturlesnimn a whole year. It clearly shows that
long lines suffer from higher vulnerability (e.gneé 15, line 1), although the lines in which
there are vulnerable links for example due to ha@mage, face higher vulnerability too (e.g.
line 2, line 6).
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Table 9-3: The Hague tram network connectivity relability value per origin
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40 Delft Tanthof 7.0%

43 Voorburg Station 5.9%

45 Leidschendam Noord 5.6%

41 Delft University 5.3%

31 Delft Station 4.6%

34 Duindorp 4.2%

44 Leidschenhage 3.8%

36 Kraaijenstein 3.7%

20 Essesteijn 3.4%

30 Scholekstersingel 2.9%

33 Strandweg 2.8%

37 De Uithof 2.4%

19 Oostinje 2.3%

29 Parijsplein 2.2%

39 Dorpskade 2.2%

48 Van Boetzelaerlaan 2.0%

35 Arnold Spoelpein 1.9%

38 Vrederust 1.9%

17 Brouwersgracht 1.9%

02 Duinstraat 1.9%

The Hague tram lines' vulnerabilities per year
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Figure 9-3: Degree of vulnerability of the tram lines of The Hague
(expressed in no. of affections/year)
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At a more detailed level, we quantify tram linksatl during peak hours. Figure 9-4 illustrates
links’ load expressed by number of passengers per.hn order to assess impacts of
stochastic events on network loads, we quantiiy tiaks’ load when stochastic events cause
service network variations. Figure 9-5 illustraties relative difference in the link loads in the
stochastic perspective as well as the determinpgtispective. It shows that on average some
links are used up to 23% more in the stochastisgeative when stochastic events take place
(e.g. links 9 and 10). This means that these laresused for detours when other links are
blocked. The links which are used less in irreguanditions are the links without any
function as a detour.
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Figure 9-4: Links’ load (peak hour) in The Hague tam network
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Figure 9-5: Relative changes in link loads (passears) of the tram network of The
Hague (irregular conditions compared to regular coditions)

9-4 Enhancing service reliability by reducing senge network
vulnerability

We demonstrated in chapter 7 that shortening lores Iby splitting them into two or more
parts may lead to a more reliable network and eweebetter network performance. We
showed with the hypothetical networks that applyingnsversal lines, which are more
vulnerable than radial lines, may reduce traveltcdsy 5 %; however, the associated
unreliability costs are large enough to yield radilees preferable in terms of the overall
network performance. For further details, see eaciib.

This is in fact a new transit network design dilemregarding service network vulnerability
in which service line length causes a trade-offveen travel time and travel time reliability
(longer service line with higher vulnerability astorter travel times versus shorter service
line with higher reliability and longer travel tigredilemma 5 in table 5-3).

In this part we intend to test this design dilemfora realistic networks and to see how
shortening service lines may affect service religband the overall network performance.
We choose the most vulnerable tram line (line I)tfos case. There are two reasons for
choosing tram line 1 in the network:

« Tram line 1 is one of the most vulnerable linethia city (Figure 9-3);

e Delft Tanthof station and Delft station, which aerved only by tram line 1, are
vulnerable nodes in the network in terms of conimggtreliability (table 9-3). Hence,
reducing vulnerability of service line 1 could impe reliability of these stations
consequently.

To reduce line vulnerability, we shorten the linedplitting it into two parts as follows:
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* Line 1-A: From Scheveningen to Hollands Spoor statiith the length of 7.2 km;
* Line 1-B: From to Hollands Spoor station to Abtsweepark Uitstap with the length
of 12.5 km.

We choose the railway station Hollands Spoor astpafisplit because the fewest passengers
will experience an additional transfer in this casaerthermore, it provides ample accessibility
for the NS Dutch train network as well as the cigntre.

Splitting line 1 results in 1% reduction in thealohumber of cancelled trips in the entire
network. Of course, this reduction rate is muchhbig22%) for origin Delft Tanthof which is
directly served by line 1. This result demonstrales positive impacts of shortening a line on
service reliability are much more of a regionalckin

Of course, splitting line 1 increases travel cadie to additional transfers. For instance,
passengers boarding tram line to travel for exanfen Scheveningen to Delft need to
transfer at Hollands Spoor. Thus, total travel €asthe entire network will rise up by 1.5%.

Consequently the results of the analysis show ghhtting line 1 will enhance connectivity
reliability for the tram network, although it in@®es travel costs as well. This finding
demonstrates the indicated trade-off between tranwed reliability vs. travel time. The net
result is an increase of the total network costahbmfut 1%. Therefore, shortening service lines
as a reliability enhancing measure might not alwags proper solution. Only if the number
of additional transfers is small, this measure migghconsidered as a suitable option.

9-5 Creating flexibility in the service network

In this section, we focus on the role of additiomditastructure on creating service network
flexibility and thus enhancing service reliabilitfe described in the previous chapter the
impacts of additional infrastructures on improvemehservice reliability in a hypothetical
network. Due to special characteristics of thaecstady, we limited the design of additional
infrastructures to a ring infrastructure at cerfairations. However, in this realistic case study,
impacts of other kinds of additional infrastructwgch as bypasses, and turning facilities in
various locations can be evaluated too.
In the upcoming subsections of this section, ingpatthe following additional infrastructure
types will be analysed:

* abypass parallel to an elevated tramway to be usegalse of emergency;

* ashortcut connecting two lines’ terminals;

* turning facilities involving right turns and U-twsnenabling services to divert to

another itinerary.

The locations of the bypass and the shortcut haee predefined because of specific network
conditions. We will discuss this issue for eachecd&towever, for turning facilities, we apply
a systematic search method to find the most effedtication for adding the infrastructure in
terms of service reliability. We will present tlmethod in case 9-3.

9-5-1 Case 9-1: The bypass

Basically, bypasses are used as alternatives foekable links. Service lines can be operated
via a bypass in case of a blockade in the origia#th. Thus, the bypass can be used by tram
service lines as the alternative itinerary.
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The location of the bypass is proposed by HTM pilagrcommittee. The bypass is added
parallel to the link between Centraal Station dmel @astern part of the network which is an
elevated tramway.

Figure 9-6 shows a schematic image of service Imegging at the Central station and the
details of the infrastructure network and the psguzbbypass.

The main reason of choosing the aforementioneditwtés the high vulnerability of link 19.
In more detail there are 3 reasons that the byipasmsidered to be built at this location:

1. Link 19 is a quite vulnerable line since it is hidawused. Thus, supporting the lines
passing this link by an alternative will reducevses lines’ failure using this link
significantly.

2. In case of failure of link 19, there is no possipifor detour and thus, the connection
between the north side and the east side of tii@scdut. The results of the reliability
assessment of The Hague tram network support ghigeisince centroids 44 and 45
suffer from high levels of trip cancelation (talb).

3. The existing tunnel (link 28) is proved to be adswulnerable link and furthermore, a
blockade in this link will again result in a diseection between the north side and
the east side of the city. This is because thereipossibility for detour in case of
tunnel blockade for lines 2 and 6 due to differkaight levels. Adding the bypass
enables detour possibilities for these two lines.

Shortcut

The bypass

Figure 9-6: Detalls of network between Centraal Stzon and eastern part of network

By adding a bypass in parallel to link 19, impaofsdisturbances are less on terminals
Leidschendam Noord and Leidschenhage as well asspmnding lines 2 and 6. The reason
is that when link 19 fails, all lines using thigkistill can be operated via the at grade bypass.
Also, in case of a blockade in the tunnel, traredi2 and 6 can still be operated by diverting
through link 18 between Centraal station and Knelijtecentroid and then continue through
shortcut between Kneuterdijk and Brouwersgrachtfaradly back to the original itineraries.
Assessment results show that adding the bypassedaice the number of trip cancelations
even by 24% for some years with a mean value of. TBtis, building the bypass brings
benefits in terms of connectivity reliability foh¢ entire network (e.g. for public transport
travellers on other parts of the lines and the odtyv

The bypass decreases extra travel costs even dpW8% for some years with a mean value
of 4%. This is due to a higher number of direcv®es provided by an improved robustness
of these lines. Hence, not only is there an impnoeet in the network connectivity reliability,
but also total travel costs are reduced sensibdytduhis extra bypass.
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Finally the net impact on overall network perforroarof adding the bypass can reduce total
network costs by 0.8% for some years and on avebggabout 0.4%. It demonstrates that
even modifying a small part of the network can pesly influence the entire network
performance.

9-5-2 Case 9-2: The shortcut

The outcomes of previous analyses (chapter 8) m ligpothetical networks clearly
demonstrate the benefits of infrastructure shostouhetwork reliability enhancement. In this
case we apply an additional shortcut infrastructamenecting two vulnerable lines (tram lines
2 and 3) and thus providing an alternative for eudtble service lines in case of failures in
one of these lines. The origins located at the einthese lines have a high level of trip
cancelations (Loosduinen (LS 35) and Kraayenst€®B36)) (see also table 9-3). The length
of this shortcut is approximately 600 meters whacimgs 150,000 € annually for investment
and maintenance costs. Figure 9-7 shows geographracteristics of the area, the itineraries
of tram lines 2 and 3 and the proposed shortcute Bt this shortcut could be a single track
since it is not heavily used unlike the bypass @n, its construction costs could be lower
than those of the bypass. The shortcut will be usezhse of disturbances at links 13 or 23
(figure 9-8). In case of disturbances, these liceas be diverted from their original path via
another track, skip blockade(s), back to their ingd itinerary using the shortcut and
ultimately terminate at U-turn point illustratedthe figure 9-8.

: SRR F
~The‘additional

¢:S-~:ﬁsh9ftcgi 2

T i P

Figure 9-7: Satellite image of tram lines 2 and 3jeographic features, and the additional
infrastructure shortcut
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The simulation results show a 2.4 % reduction sribmber of trip cancelations on average,
although this rate reaches up to 12 % for somesyedbeit this rate is not relevant at the
strategic level of network design. Although the aup of shortcut infrastructures on
connectivity reliability is less than the bypadsgit infrastructure cost is also less than the
bypass infrastructure cost. As a net result, apglyhis small shortcut in the network will
lead to 0.1% reduction in the total network costsawerage.

The shortcut U-turn poin

L ﬁ‘é f
3T
O—=x =90

Figure 9-8: The shortcut connecting terminals KS 3@&nd LS 35

9-5-3 Case 9-3: The turning facility

In this case, we intend to explore attractive gmbSes of adding turning facilities to the
infrastructure network to create service networkxifbility and thus to increase service
reliability in the network. Turning facilities aespecially important for rail bound transport
since they enable tram and trains to switch betviemks. Moreover, they enable a short turn
movement in case of necessity. To find the optimocation for installing turning facilities,
we use a systematic search method based on theymsenetwork reliability assessment
stated in part 9-3. The search method consistsstéps as follows:
» Step 1: select the most vulnerable centroid;
» Step 2: select the most vulnerable line serviegstdected centroid;
» Step 3: determine possible locations regarding sblkected line for implementing
additional infrastructures;
» Step 4:optimise options subject to a budget camgtfor building options and select
the optimum case.

Applying the aforementioned methodology will regualtselecting centroid 40 (Delft Tanthof)
as the most vulnerable centroid (Table 9-3). Thestmwid is served only by line 1 and
therefore the proposed line set consists of one dinly (step 2). By looking at the line
configuration and geographic obstructions in detaé find that it does not make sense to
apply any type of bypass or shortcut to a parthefline. For example, providing a shortcut
between Delft Tanthof (DT 40) and Delft Univers{§T41) will be very expensive because
of the infrastructure requires crossing the caméivben the Schie-Canal and the NS railway
tracks. Therefore, the focus is on determiningtioos for turning facilities.

According to HTM report, line 1 suffers from lack turning facilities in the following
sections:

» Link 66 between Broeksloot and Herenstraat;

e Link 47 between Herenstraat and Hoornbrug/Broelgmld

e Link 50 between Herenstraat and Voorburg station;
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* Node 30 Scholekstersingel served by lines 15 and 19

The focus of the first three options is on maintagrservice within The Hague, while the last
option connects The Hague to Delft. The geograpieev of this part of line 1 and the
selected locations for implementing turning fambtare shown in figure 9-9 and figure 9-10
schematically as well.

Terminal line 19

{E\ oo e

Terminal line 1

Figure 9-9: The geographic location of turning fadities

Analysis of these four options shows that a turfiglity at node 30 is the most effective
option (Figure 9-11). The assessment model shoatsatiiding this turning facility will create
more flexibility for line 1 and thus can reduce tember of cancelled transit trips by 6.1%
and for some years even by 22.9%. Also, it deceeasta travel costs down by 2.6% and for
some years even by with 8.9%, albeit this rateoisrelevant at the strategic level of network
design. These reliability benefits yield a 0.3 %réase in total network costs for the entire
tram network.
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Figure 9-10: Turning facility locations in line 1 d The Hague tram network

It should be noted that the combination of casés®9-3 (including the bypass, the shortcut,
and the turning facility simultaneously in the sdtructure network) may bring additively
positive joint impacts on service reliability. Theason is those additional infrastructures are
applied at different parts of the infrastructurdwaak which are located so far away from
each other. Thus, the probability of simultaneonfsastructure blockades due to major
discrete disturbing events is quite small.

Furthermore, the services lines that benefit oféredditional infrastructures are also different.
For example, the bypass improves service religbditlines 2 and 6, whereas the turning
facility enhances service reliability of line 1. dBhortcut improves service reliability of lines
2 and 3.

Finally, sensitivity analyses demonstrate that dfi@rementioned findings are generic and
reliable. They have been validated for severaledsiit simulation seeds. The impacts of
different seeds on simulation results are large dosmall number of runs (e.g.5 runs
expressing 5 years). However, when the number d sl adequate (e.g. 20 runs expressing
20 years), implementing different seeds does rfhidnce the simulation results. Furthermore,
sensitivity analyses show that parameters’ valug (eute utility function, value of time, trip
cancelation penalties) do not influence the acldemgtcomes significantly, albeit when trip
cancelation penalties are set to higher value rdhe of additional infrastructures are more
outstanding.
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Figure 9-11: Impacts of turning facilities on connetivity reliability of The Hague tram
network

9-6 Summary and Conclusions

In this chapter we extended the previous analyseel@bility assessment, discussed in
chapters 7 and 8, to reliability assessment ofhste public transport network. We explored
multiple options for improving service reliabilitgspecially in the field of additional
infrastructure. Thus, we validated the previoudifigs (obtained in the hypothetical case
studies) in practice.

In this chapter we adopted the tram network of Hague as a European medium size city.
Its tram service network contains various typiaavge lines such as transversal lines and
radial lines with different levels of vulnerabilitjoreover, the diversity in the The Hague
tram infrastructure network enables the plannerawsider different additional infrastructure
options to improve service network flexibility. Czaguently, we applied several reliability
enhancing measures at the strategic level of n&twesign and assessed their impacts on
service reliability and the overall network perf@mee accordingly.

As the first step we evaluated the current situmaidd the existing network in terms of
reliability. We determined in detail connectivi@liability between origin-destination pairs as
well as service line vulnerability. The results wied that in the current situation, the average
trip cancelation rate and extra travel costs aceirad 2.1% and 2.0% per year respectively.
However, long service lines such as tram line 1 #x€l16 suffer from higher vulnerability
than other lines. Based on these outcomes suggeastaresting locations, several reliability
improvement options were considered and tested.
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In the £' method, we split a long service line (line noirkt) two parts being connected at the
HS train station. Applying this method will reduservice line vulnerability for line 1 and
thus increase connectivity reliability for OD passrved by this line. The case’s outcomes
verified the previously obtained results of the diyyetical case study. Shortening long service
lines by splitting them into short lines reducesyee network vulnerability and consequently
enhances service reliability, although, it resiitein increase in travel costs as well. The net
result showed an increase in the total networkscast the overall network performance
criterion. Therefore, shortening service lines aselability enhancing measure might not
always be a proper solution. Only if the numbeadditional transfers is small, this measure
might be considered as a suitable option.

In the 29 method, we assessed the impacts of infrastructahendancy on service reliability.
Bypasses, shortcuts and turning facilities areetltiéferent types of additional infrastructures
that can be applied in rail bound public transpetivorks. Implementing the aforementioned
additional infrastructures in the network and asisgsdifferent cases yielded more or less
similar results for different types of infrastrucdu In other words, the findings demonstrate
that it's possible to gain interesting achievemantserms of service reliability even with
small investments and thus small changes in tmastrficture network.

Our approach truly shows that considering additiamnfeastructure facilities such as bypasses,
shortcuts and turning facilities will enhance netkvoonnectivity reliability and have also a
sensible positive impact on network performances &halyses for the Hague tram network
show that additional infrastructures can not omigréase service reliability of the network,
but also they can lead to a significant reductiotravel costs and even in total network costs
as the overall network performance criterion. Femore, applying the synergic combination
of the aforementioned additional infrastructureprioves additively service reliability in the
network.

Finally, considering reliability in the strategicaihsit network design results in a useful
recommendation for the infrastructure plannersidyighe existing infrastructure in a smart
way by equipping the existing infrastructure netvaith additional infrastructures such as
shortcuts, bypasses, and turning facilities”. Caorglthese additional infrastructures with the
existing infrastructure network for rail bound tséinwill facilitate operational adjustments in
case of network disturbances and eventually waltlleo maintaining service reliability high.
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10 CONCLUSIONS

The motivation for the research presented in thésis is to determine the impact of service
reliability on urban public transport network designd assessment. This final chapter
summarises the main results of this thesis. Farstjort summary of the problem studied and
the approach used to incorporate service religbilt urban public transport network

assessment and design is given. Next, we addresguéstions which were raised in the
introduction chapter regarding the research ohjectiAddressing the questions is
accompanied by presenting relevant findings and cibreclusions regarding urban public

transport network design and assessment. Finatlyrmenendations for further research are
given.

10-1 Summary of the conducted research

This research starts with the classical public dpant network design approach which is
presented irchapter 2 In this chapter we summarise the classical pubéinsport network
design procedure and address this question: whglélssical public transport service network
design problem is not appropriate. A bi-level dasftamework based on game theory is
proposed to deal with design complexities. Alsassical public transport design objective
functions with different perspectives are present&ll design aspects presented in this
chapter demonstrate that the classical public pamsetwork design problem is approached
according to the deterministic (opposed to stodatlagtoint of view by assuming fixed
(opposed to random) public transport network charestics in both demand and supply sides:
travellers (demand side), the service network afrdstructure (supply side).

In chapter 3we look at public transport networks in a morelistia perspective. We
elaborate on impacts of stochastic events on putditsport networks at both supply and
demand sides. We use several empirical resultgjradat in several previous researches, to
determine impacts of stochastic variations on siftecture networks and transport service
networks for the public transport supply side. A¢ demand side, we empirically establish
the impacts of random events on public transporhatel. Expected demand variations
caused by minor ongoing quasi-continuous eventslsivdemand fluctuations caused by

161
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major discrete events. Both types of demand aiteratchange travel costs in the network
consequently and might influence service operatasis as well.

We also show how variations in transport netwodel|to adaptive adjustments and remedial
solutions in public transport operation. Dependamgthe event type, transit operators might
apply different actions to mitigate event’s impacts transit services. For minor quasi-

continuously ongoing events, solutions are limii@@dome minor service adjustments, whilst
in case of major discrete events actual remedieb as applying detour are considered by
transit operators.

In chapter 4we deal with impacts of stochastic events disaiseechapter 3 on public
transport service performance quantitatively, teatow service quality offered to travellers
might change due to impacts of stochastic eventpuinlic transport network. The main
service quality indicators that we consider aremning time variations, service punctuality,
and service regularity.

On the demand side the question was raised whainihects are of transit service variations
on travellers’ total trip time. We address this sfian by measuring the door-to-door trip time
variations in travellers’ routes.

As last issue in this chapter, the influence ofviser reliability on traveller's behaviour is
studied. Empirical studies demonstrate that pultiEnsport service variations affect
traveller's departure time and route choice behavidirectly, and mode choice and
destination choice in the long run. Also, serviediability is valued highly by travellers
among all other influencing factors and it impamtstheir choice behaviour inevitably.

Given the consequences of stochastic events inceepperations and their impacts on
travellers, inchapter 5we elaborate on operational, and strategic measarnenprove service
reliability. Operational measures enable publicngport operators to cope with service
disturbances and to weaken their impacts on trengelBtrategic measures aim at reducing the
service network vulnerability (e.g. by shortenimgwce lines), increasing the service network
redundancy (e.g. by proposing alternative routegréwvellers), and creating more flexibility
for applying operational measures (e.g. by applgetpurs, partial service lines).

Considering the aforementioned measures yield cuesees for the classical network design
problem in terms of design objective functions,igieslilemmas, and the design framework.
We configured a conceptual framework for compassbetween public transport system
properties in reality, and those calculated witk ttlassical modelling approach and the
stochastic approach. To do so, we distinguished éwtoeme cases of a public transport
system, namely a fairly unreliable versus a higtdliable public transport system. We
concluded that in an unreliable public transpotey individual travel costs are higher,
therefore patronage is lower and consequently mtomtu costs are higher relative to the
reliable public transport system. Also, the claglsempproach underestimates travel costs in
unreliable public transport systems, because oeumithing or ignoring probable variations
and distortions which happen in reality in the sgst For reliable public transport systems the
classical approach results in the biased estimaiforeal properties but not as bad as for
unreliable public transport systems. However, wealestrated that applying the stochastc
model which considers impacts of minor quasi cardus ongoing events and major discrete
events yields accurate estimation of real propedfehe public transport systems.

Applying operational measures increase operatistsctncreasing redundancy and flexibility
in the service networks need additional investmentl maintenance costs. Moreover,
operational adjustments impose additional traveet{costs) to travellers. Thus, the network
performance assessment criterion should be extandeapture these types of costs.



Chapter 10 — Conclusions 163

Accounting for impacts of disturbances on trav&léehaviour also leads to an extended bi-
level relationship between network design and itews behaviour. These extensions in
public transport network design and assessmerttiscassed and elaborated in chapter 5.

With the purpose of extending the network desigobfam with service reliability
considerations, the impact of service reliabilitytoavel choice behaviour is accounted for in
chapter 6 We explicitly focus on the PT-route choice peshl Thus, we elaborate on public
transport route choice model concepts with resfgestochastic variations in public transport
networks. To do so, we study impacts of randomati@ams and distortions of transit services,
caused by minor ongoing continuous events and madiggrete events respectively, on
traveller's route choice behaviour. To determine timpacts of minor continuous ongoing
events on PT traveller’s route choice, we includeagel time reliability indicator in the route
utility function. To capture the impacts of majasaete events on traveller's route choice,
both the route set generation procedure as welltrageller's choice modelling are
purposefully modified.

To account for impacts of major discrete eventsraue choice, we make a distinction
between travellers’ pre-trip and en-route choickayeurs depending on the event type and
availability of information for travellers. Thisstinction results in a more realistic modelling
of PT-travellers’ route choice behaviour.

By using hypothetical networks and a new dedicatedilation tool, Chapter determines to
what extent reliability enhancing measures leaddtier overall network performance. A
simulation tool with the capability of implementingdifferent types of public transport
networks (e.g. radial networks, transversal netaphas been developed for assessing public
transport network performance including servicealslity. By using the simulation tool,
stochastic events are generated for a longer pefitiche (e.g. a year) and then their impacts
on infrastructure availability, the public transposervice network, transit demand,
passenger’s behaviour, and finally service qualftgred to travellers are determined. Thus,
public transport network performance is evaluatethe stochastic perspective.

We implement several reliability enhancing measatethe strategic level of network design
in a hypothetical case study, resembling an ideatroonly used public transport network
pattern (radial/arc network), and evaluate theipawcts on overall network performance
including service reliability. The main intentios o verify whether consideration of service
reliability in the design assessment leads to Saamitly different outcomes of classical public
transport network design.

In chapter 7, the focus is on transport servicevo®, where we apply measures to increase
service network redundancy or decrease servicevlih@erability. In contrast, ithapter 8
impacts of purposefully providing dedicated smaltliional infrastructures on connectivity
reliability as well as on overall network perforncarare evaluated using a similar assessment
approach as in chapter 7.

To analyse a realistic case study including natwaaiieties and characteristics usually
observed in urban public transport networks, welyappr assessment approach on a more
complex network having more spatial diversitiesisMias the subject ahapter 9 We adopt
The Hague tram network as medium size European tatysit network. The simulation
model is applied on this network to firstly quantihe service reliability of the network in its
current conditions. Thereafter, dedicated religgbilimproving measures (in the field of
additional infrastructure consisting shortcuts, dsges, and turning facilities) are
implemented (in the model) and accordingly theinsagguences for the service reliability as
well as overall network performance are predicted assessed.
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Additionally, shortening of a service line by sphg it into two parts at an appropriate

location is another reliability enhancing measuralied in this network. It reduces service
line vulnerability and thus increases network rdbess and connectivity reliability. The

achieved outcomes in chapter 9 are in line withhiyeothetical case study’s outcomes and
validate the recommendations presented in chaptezgarding public transport network

assessments and design.

10-2 Addressing the research questions & Findings

With respect to the questions we raised in chabtand scientific contexts in chapters 2, 3, 4,
5, and 6 and case studies’ outcomes in chapter, an@ 9, our research addresses the
questions raised in three themes in chapter 1.

10-2-1 Theme 1: The diagnosis issue

In this theme, by mainly using results and insighisn the literature we identified causes of
variations in public transport networks, impactsegénts on public transport networks, and
the notions of service reliability. In the contexdt the diagnosis issue, six questions were
raised that we address accordingly as follows:

Why is classical public transport service netwoskessment and design not appropriate?

Due to complexities of public transport networkigasand assessment, several methods are
in use to deal with network design problem andl&atke complexities. They mainly fit in the
context of one of the three approaches addreslsengublic transport network design problem,
namely, optimisation models, design methodologées] decision support systems. In all
these approaches, the main assumption is thatcptrlsport network characteristics are
constant and do not vary over time. Thus, trad#iopublic transport network design
approaches do not evaluate network performancestieally, because they do not consider
influence of potential variations caused by stotibavents on network performance.

Which are relevant random variations pertaininguitban public transport networks?
There are variations on the demand and the sujbdg €£ausing disturbances for travellers
and operators in transportation networks. Many csrcontribute to these variations.
Basically, they might be classified as follows:

» Variations in travellers’ behaviour;

» Variations in infrastructure quality and availatyiji

» Variations in operator’s performance.

All kinds of forces cause stochastic choice behavam the individual traveller side leading
to demand alterations. Infrastructure supply isaoted by stochastic events (e.g. bad weather,
maintenance activities). Also, the transport sennetwork quality varies due to traveller's
behaviour, infrastructure quality, external aneintl sources of variations.

We identified various types of events causing ramda@riations in transport systems and
classified these based on several criteria congisti the event’s source, frequency, location,
predictability, regularity, and the event's seweriRecognizing the aforementioned criteria
and the ways how these events impact public trabhsmiworks leads to a systematic and
dedicated classification of events.
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Which are the impacts of stochastic events on puidnsport network service operations?
Public transport service operation is impactedtbglsastic events, and thus may deviate from
the planned schedule. Service quality deviatiopedd on the event type.

Public transport service performance variations wueinor continuous ongoing events are
limited to service running time variations and ttatde deviations which are observed as
regular service quality variations and are satisfdy coped with by transit operators.
Service performance variations can be measuredobynon operating measures such as
service running time variations, punctuality, aedularity and may result in additional costs
for travellers as well as the operator. For minontmuous ongoing events, operational
adaptive actions are limited to some service adjasts predominantly speeding up and
slowing down services.

In contrast, transit service distortions causedriajor discrete events are more complicated
S0 as not to be simply observed in transit serguality indicators. Therefore, impacts of
major discrete events on transit service performaneed to be studied explicitly by
considering events’ specific characteristics andcgg ways how they impact on service
operations. Connectivity reliability expressed lwber of trip cancelations is proposed as a
suitable criterion to measure impacts of major réiec events on public transport networks
performance. In case of major discrete events hotmaedies such as applying detours are
considered by transit operators to mitigate conseges of disruptions.

How do transit travellers perceive service variasosuffered by them?

Given public transport service performance varigjotravellers suffer from trip time
variations and even possibly trip cancelations.hBaspects caused by stochastic events
impose additional costs to travellers mainly foogson regular travel time variation costs,
extra travel costs and trip cancelation penaltiégiations in quality of services offered to
travellers in the long term form the service religpperception in the traveller's mind.

What are relevant notions of service reliabilitygablic transportation?

Service reliability of public transport networksedominantly deals with travel time reliability
and connectivity reliability. Travel time reliakiyi is defined as the range of travel times
experienced by travellers during a long seriesailiydrips. Connectivity reliability is defined
as the probability that network nodes are conneatetican be reached. Service reliability in
transportation is a performance criterion expregfing term performance; although, impacts
of recent experiences on service reliability argemofluencing than those of past experience.

Which are relevant impacts of PT service reliapibh traveller's choice behaviour?
Service reliability affects all traveller's choiespects. The logical order of choices based on
the time scope (from short term to long time teisn)

* Departure time choice;

* Route choice;

* Mode choice;

» Destination choice.

The perception of service reliability depends aa tifip purpose and the traveller’s attitude in

term of risk averseness. For compulsory trips (@gamuting trips, educational trips) service

reliability is more important than for optionalds (e.g. shopping trips, and leisure trips). Also,
risk averse travellers may value reliability higlslympared to risk prone travellers.
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10-2-2 Theme 2: The development of public transpometwork planning

In this theme we developed a public transport netwaesign philosophy and procedure
including new design dilemmas, extension of netwmekformance criteria to capture service
reliability, and extensions of the bi-level relatsthip between network design and traveller’s
behaviour to include impacts of stochastic eveReggarding these theme 2 objectives, five
guestions were raised that we addressed in théssths follows:

How can service reliability be improved in the F&rming stages?
At the operational level, coping-oriented approachee applied to reduce service variations
and distortions caused by minor continuous ongagwgnts and major discrete events
respectively. In case of minor continuous ongoinegngs, applied strategies focusspeeding
up andslowing dowrservices. In case of major discrete events, opai@tremedies are:

* Adding capacity to the affected services;

« Repairing the affected service lines (e.g. detquagtjal service lines);

* Informing travellers for alternative routes.

At the tactical level, increasing spare capacitypublic transport timetable is a relevant
approach. It leads to preventing probable delaypggation and thus reduces service
vulnerability.

At the strategic level, reducing service lines ‘ewébility, increasing service network
redundancy, and creating service networks flexibilising additional infrastructure are
relevant methods to improve service reliability.

Measures that are applied at both tactical andegfialevels are in the context of prevention-
oriented approaches and can facilitate operatioeasures.

Which are relevant consequences of reliability ioying measures for the public transport
network design problem?
Incorporating service reliability considerationspunblic transport network planning leads to
extensions of the classical network design probhgtin respect to:

* Network design dilemmas;

* Network design objectives;

* Bi-level relation framework.

New design dilemmas originate from trade-offs bemvdravel time versus travel time
reliability, operation costs versus service relighi and investment costs versus service
reliability.

Improving service network flexibility and redundgncand also applying operational
measures to cope with disturbances will increagestment costs, operation costs, and travel
costs, whilst decreasing reliability associatedtsoslence, in order to have an appropriate
network design objective and assessment critdr@pbjective function should be modified
accordingly to capture those costs alterationsidernsd in the stochastic perspective. Thus,
formulating the generalised cost function in theockastic condition is suggested.
Consequently, the consumer surplus function, tlelyrer surplus function, and the social
welfare function have to be reformulated in theekastic condition too.
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Furthermore, considering stochastic events andrdicgp operational measures will lead to
distinctions between the service network originalsigned by the transit planner and the
actual network experienced by travellers. Moreovegjor discrete events may influence
transit demand leading to a distinction betweereetqrl demand and actual transit demand as
well. In other words, the bi-level relationship ween network design and travellers’
behaviour needs to be extended to incorporate thgsacts.

Does considering service reliability lead to neviwark design dilemmas?

Yes, it does. As mentioned in the previous answew design dilemmas originate from
trade-offs between travel time and travel time at@lity, operation costs and service
reliability, and investment costs and service kelity. These dilemmas are classified into two
types according to disturbance type:

A. Design dilemmas due to considering minor quasitouous ongoing events:

1. Faster services with higher travel time variatiorss slow services with higher
reliability;

2. Timetables with small slack times and lower unigligy vs. timetables with sufficient
slack time and higher reliability;

3. Larger stop spacing with higher service reliabilig; shorter stop spacing with lower
service reliability;

4. Longer service lines with larger cumulated runnitge variations and smaller
number of transfers vs. shorter service lines vatver cumulated running time
variations and larger number of transfers.

B. Design dilemmas due to considering major digcdetturbing events:

5. Longer service lines with lower connectivity religglp and smaller number of
transfers vs. shorter service lines with higher nemtivity reliability and larger
number of transfers;

6. Lower investment costs and lower service reliabis. higher investments costs and
higher service reliability.

The first three dilemmas are primarily dealt wittttee tactical planning stage, whilst the last
three design dilemmas are mainly addressed atrdiegic level of planning.

Does considering service reliability require an engion of the classical network design
objective functions?
Yes, it does. Accounting for service reliability public transport network assessment and
design results in extended network design objecfivgctions. Impacts of minor quasi
continuous ongoing events are captured by a stochasm of design objective functions,
whereas to incorporate impacts of major discretentsy inclusion of the following new
components in the classical design objectives esleé:
» Extra travel time due to major discrete events eot@d to costs;
» Trip cancellation penalties due to major discretents;
» Extra operation costs for providing detours / aegldying extra vehicles in case of
major discrete events;
e Extra investment costs for additional required asfructure to provide detour and
short runs.

Which are relevant consequences of considering atspaf stochastic events for the classical
bi-level network design framework?
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Considering service variations in the transportmogk due to minor continuous ongoing
events as well as major discrete events, requirdistanction between the planned services
and the actual services offered to travellers;tand to a different public transport traveller's
behaviour and corresponding network performancenénclassical network design problem.
Therefore, the classical bi-level scheme should@acfor impacts of these events and the
corresponding operational measures as well. Fumibier, stochastic events will also affect
public transport demand and cause demand fluctgtichich will similarly affect network
performance. Therefore, these effects should Haded in the bi-level framework as well.

At the strategic level of network design, speci#tierdtion to route choice is needed.
Incorporating service reliability in route choiceenaviour enforces modellers to apply
extensions in the route choice models. In otherda&om route choice models for transit
travellers the route’s utility function and the teuset generation procedure need to be
extended in such a way that impacts of serviceityuariations caused by minor continuous
ongoing events as well as major discrete eventadeguately incorporated.

Furthermore, impacts of the two aforementioned ewgres on route choice behaviour are
significantly different. In case of minor continwngoing events, dealing with service
reliability is limited to extending the route’s litfy function by including a travel time
reliability indicator. In case of major discreteeets, the route set generation procedure
should be extended by relaxing route set generatarstraints. Also, depending on the
degree of passengers’ awareness of disturbancedramglt services conditions, different
route choice behaviours (pre-trip, en-route) amoanted for.

10-2-3 Theme 3: The implementation issue

In this theme we identified, implemented and ultieha assessed the reliability improving

measures at the strategic level of network dedige.theme on implementation led to raising
the following questions that we addressed in thesearch by several case studies
(hypothetical and realistic):

What are promising reliability enhancing measurasthe service network and infrastructure
planning?

Shortening long service lines by splitting themoirshorter parts is an appropriate way to
reduce service line vulnerability and thus to inyargervice reliability. By shortening service
lines, it is possible to reduce travel time vadat and the probability of line failures.
Reducing travel time variations leads to improvemen travel time reliability, whereas
decreasing probability of line failures improvesnoectivity reliability. In the case study
using a hypothetical radial/arc tram service nekwdhis measure was assessed on its
efficiencies in terms of service reliability andevall network performance.

Increasing line density in a certain way resultdigher redundancy in the service network
and consequently can improve service reliabilitysefvice network as well. It may facilitate
operational remedies during disturbances (e.g.yapgpldetours) and also offer alternative
routes to transit travellers (e.g. including tartgdrines in a radial service network).

At the infrastructure network level, planning fodditional infrastructure such as shortcut
facilities create more flexibility in the infrastrture network and consequently in the service
network. It can increase network robustness anchexdivity reliability by enabling transit

operators to apply remedial solutions (such asyappldetours, or short runs) and thereby
maintain connectivity reliability high. Facilitiethat are commonly used are: shortcuts,
bypasses, and turning facilities. Applying detouig shortcuts and bypasses and applying
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short runs via U turns are achievable by usingtaddil infrastructure. In the case study, we
exemplified this approach by assuming differengrinfrastructures in a radial network,
varying with respect to the availability and locatiof the infrastructure ring.

In the realistic case study, we plan for a bypasket installed parallel to a vulnerable link,
and to be used as a backup. Also, planning foirgrfacilities for a vulnerable service line
(Tram line 1 of The Hague) is another realistic regke of creating flexibility for public
transport service networks.

What are relevant outcomes of applying reliabigtyhancing measures at the strategic level
for overall network performance?

* Reducing transport service network vulnerabilityynt@nsiderably improve service
reliability as well as overall network performance.

* Increasing network redundancy in transport servieevorks may improve service
reliability significantly; but it may not necesdgrilead to better overall service
performance.

» Creating more flexibility for the service networking additional infrastructure not
only enhances service reliability, but it also lead an improvement in the overall
network performance. This outcome is demonstratedath the hypothetical and
realistic network types.

Do reliability enhancing measures at the stratelgiel of network planning really work for
realistic cases? and if yes, what are their conseges in terms of improving overall network
performance?

Yes, they do. Reliability enhancing measures astregegic level of planning are shown to be
effective and efficient for realistic transit netiks.

Shortening long service lines by splitting them dbort lines reduces service network
vulnerability and consequently enhances servidahidity; however, it results in an increase
in travel costs as well. The net result shows arese in the total network costs as an overall
network performance criterion.

The results of The Hague case study truly demamesthet creating flexibility in the service
network may improve service reliability. Implemergi additional infrastructure such as
bypasses, shortcuts and turning facilities easesatipnal remedies during disturbances, thus
enhances network connectivity reliability, and ewatly has the positive impact on overall
network performance.

The analyses for the Hague tram network demondtinateadditional infrastructures can not
only increase service reliability of the networkit Inay also lead to a significant reduction in
travel costs and even in total network costs a®Weeall network performance criterion.

Which are the scientific contributions of our woNhat is new?
This thesis contributes to the State-of-the-Ars@ivice reliability considerations in the public
transport network design in various aspects. Tha s@entific achievements are:

« Establishment of an extended PT network designdvemnk by incorporating service
reliability on the supply and demand sides;

* Formulating PT network design objective functiorssng new stochastic modelling
approach in which unreliability is explicitly conlgired in formulations;

* Formulation of an extended route choice model iicg the route set generation
procedure with the capability of incorporating paltransport travellers’ perception
of service reliability in their regular route cheibehaviour and of their responses to
unexpected variations;
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« Establishment of nhew measures at the strategid lefveetwork design for both
transport service networks and infrastructure wpibsitive impacts on network
robustness and service reliability;

» Establishment of a new planning procedure for siftacture of urban rail bound
public transport network demonstrating the effextiole of additional infrastructures
on improvement public transport network reliability

10-3 Conclusions for urban public transport network assessment and
design

Given the outcomes of the analyses, the main ceimeia of this thesis are as follows:

The classical service performance criteria whicle arsed to assess transit network
performance ignore service reliability. Therefora, realistic estimation of network
performance when random disturbances occur ineh&ark won’t be gained. In other words,
the performance of transit systems is overestimayediscarding unreliability related costs.

In addition, ignoring or underrating influences sérvice reliability on public transport
network design will result in difficulties in tram®perations in case of disturbances. Strategic
and tactical measures applied to enhance servitiabiligy can facilitate operation
adjustments and remedies (e.g. partial servicesud® during disturbances.

Furthermore, if the influence of service relialyildn travellers’ behaviour is disregarded, the
full potential of a transit network in terms of patage won’t be used and in the long term its
share of travel demand in competition with privaiedes will reduce.

Considering service reliability as an influentia@cfor in urban public transport network
design will bring consequences for service netwdmgign. Consequences will predominantly
relate to the service network redundancy and thacseline length. Networks having service
redundancy appear to have a higher degree of semabability, albeit their overall
performance might not be improved.

The service line length is another point of atemtiLonger service lines usually are more
vulnerable and thus keeping them operating durisgudbances is more difficult for transit
operates. Shortening long service lines by spjttieem into shorter lines can improve service
reliability. If the number of additional transfaraposed to passengers due to splitting lines is
small, this measure might improve the overall nekngerformance as well.

Finally, accounting for reliability has consequender the required infrastructure. It leads to

using the existing infrastructure in a smart waxtelading the existing infrastructure network

with small dedicated additional infrastructures hsuas shortcuts, bypasses, and turning
facilities will enable transit operators to appBnredial solutions during disturbances (e.g.
detours, partial runs) and help them maintain serxeliability high.

Our study truly shows that considering additiomdtastructure facilities such as bypasses,
shortcuts and turning facilities in a smart waylwibt only enhance network connectivity
reliability, but will also have a sensible positivepact on network performance. The analyses
for the case studies show that investment for mgldadditional infrastructures in transit
networks can lead to a significant reduction imat&lity related costs, and travel costs. These
reductions are large enough to compensate invessmewosts for building additional
infrastructures. The net result can be a sensdaaation in total network costs as the overall
network performance criterion.
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Focusing on practitioners’ perspective, they shochéck the vulnerability of the transit
system. If there are links with high vulnerabilitythe infrastructure network or links that are
commonly used by a number of service lines, trgplamners should provide backup options
for those links. The backup options could be shustcbypasses, and turning facilities. Thus,
in case that original links are blocked by stodiastents (e.g. incidents, maintenance works),
service lines using those links can still be optahrough backups.

Also, public transport network designers should @dtgntion to long service lines. Our
findings demonstrate that long lines suffer basidabm higher vulnerability than short lines.
Thus, we advise transit network designers to aydahning of long lines. If the demand
pattern is in such a way that shortening servioesliby splitting them into short parts does not
impose a large number of transfers to passengearsiarthwhile to check this option.

Applying both options (shortening long service §inand providing backup infrastructures for
transit networks) will improve service reliabilifpr public transport travellers, will lead to

higher degree of passengers’ satisfaction, and teaky yield higher public transport

patronage.

10-4 Recommendations for further elaboration

This research can be extended further by elabgratiare on the model and implementing
more complicated applications.

The capacity constraint for services can be induddo the model. Thus, in case of

disturbances in the network the probability of éeading due to insufficient capacity can be
accounted for as well especially for passengersguaiternative routes. In the developed
simulation tool, passengers can switch betweenicg=\freely regardless of considering
service capacity limitations. The developed modwrild estimate the number of on board
passengers as well as the number of waiting puitalicsport travellers at each stop and then
based on service capacity, compute how many passeognfront overloading services. Thus,
additional costs imposed to the waiting travellarg accounted for as well. These additional
costs are added to the total network costs to geowaetter insight on overall network

performance.

Applying other types of urban transit modes (e.gs,ktrain) is another option for further
research. Compared to trams networks, these typesansit networks have different
characteristics for operational adjustments.

For bus networks operational adjustments seem tambeh easier. In case of major
disturbances there are more options for remedasause of less operational dependency on
dedicated infrastructure as well as higher freedooperations. However, there might be still
restrictions hampering remedial adjustments. Fstaimce, entering residential districts might
not be possible due to regulations and also roawlank geometrical constraints.

For train networks, the operational adjustmentsrateas straightforward as tram networks
because of more operational constraints espedalyto safety measures. Implementing train
network applications, representing the aforememtioonstraints and measures, require
accounting for the service timetable as well. Thuigase of disturbances, there are additional
limitations such as a minimum headway between sesvhampering service adjustments.
Therefore, applying reliability enhancing measua¢she strategic level might be lead to
different results for these types of transit netgor
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Eventually, addressing multilevel transit systerasrecommended too. Multilevel transit
systems contain transit modes that are predominavdtking together supplementarily. In
such system, transit travellers can switch betweamsit modes at transfer points to reach
their destination conveniently. An example is thransit network in the Netherlands
containing the NS train network as the interurbrangit and urban transit consisting bus, tram,
LRT and metro. Switching from the higher level netkwto the lower level network requires
a transfer. Thus, service reliability of multileviehnsit becomes point of higher concern, if
connections are missed. It is remarkable that ¢fiahility of multilevel public transport in
particular has received scarce attention in therditire, and has not been studied in the
systematic way. Hence, implementing a multilevelnsit network having at least two
different transit levels would be relevant to de#h realistic situations which exist in many
countries.
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APPENDIX 1: LIST OF SYMBOLS

A

U7

route utility function

Symbol | Unit Explanation Indices Explanation
B € Operator budget
C € Costs Generalised travel costs
0 Operation cost
oe Extra operation cost
tv Regular travel variation cost
te Extra travel cost
tc Trip cancellation cost
t Travel cost
im Infrastructure and maintenance
costs
. Extra infrastructure and
ime \
maintenance costs
n Total network costs
CS Route set of OD pair
D min Disturbance duration
F /h Frequency [ Linei service frequency
p trip Demand o Trip demand forced to use detour
routes
n Trip demand use normal route
C Trip demand failed to travel
wi Trip demand using walking legs
o Trip demand traversing via
alternative routes
PRDM Irregularity indicator
Pr, % Percentage_of missing a
service
PS € Producer surplus
PST Path size term used in the
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Symbol | Unit Explanation Indices Explanation
R € Operator’s revenue
T min Generalised travel time
s Generalised travel time in the
stochastic perspective
U € Utility function r Router utility
ij Trip utility between, |
VOT | €/hr Value of time 1 Normal value of time
2 Extra value of time
WP € Walking penalty
Symbol | Unit Explanation Indices Explanation
c € Cost factor o Operation cost'per vehicle per
service
Gii Cancellation cost between points
I )
Investment costs for
im infrastructure per unit of length
(km)
I km Length a Link a length
i Linei length
n Number ds Total number of disturbances
| Total number of service lines in
the transit network
t Total number of transfers
Vi Total number of vehicles in line|i
h min Headway p Planned headway
a Actual headway
t min time a Access time
w Waiting time
in In-vehicle time
t Transfer time
e Egress time
wi Walking time
rn Regular service running time
rd Detour service running time
r Travel time reliability
min Average punctuality
r € fare t Fare paid by travellers
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Symbol | Unit | Explanation Indices Explanation
a € constant PT mode preference constant
Jéi Weights a Access time weight
w Waiting time weight
in In-vehicle time weight
nt Transfer weight
t Transfer waiting time weight
a Access time weight
e Egress time weight
5 0/1 Dur_nmy ids Whether ling affected by disturbance or
variable not
ah Whether linka is part of routdn or not
A min* Threshold wi Walking threshold
nt Transfer number threshold
ovp Overlap criterion threshold
Link set
indicator
min | Expected mean d Event’s duration
p Event’s interval
) Threshold cmp Comparability threshold
det Detour criterion threshold
g min The std d Standard deviation of events duration

* For walking thresholdwl) only
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APPENDIX 2: IMPACTS OF MAJOR DISCRETE
EVENTS ON SERVICE RUNNING TIME
VARIATIONS (AN EXPERIMENTAL STUDY)

In order to have a comparison between impacts @omcontinuous ongoing events and
major discrete events on service running time, edopmed an experimental analysis in a
hypothetical public transport line containing twadegerminals and seven middle stops (figure
A2-1). The line’s characteristics are compatibléhva transversal line in a medium size city.
The length of the line is set to be 10 Km.

Legend:
C ’ o Q Terminal station
0 Ordinary sto
S< ! 102Km ! >E Yo

Figure A2-1: The hypothetical service line

We will assess the influence of probable disrugion the public transport line in terms of
service running time and service running time \ams. We choose the mean and the
standard deviation of running time respectivelyas relevant indicators.

Van Oort and Van Nes (2006) already demonstrated tegular service running time
variations caused by minor continuous ongoing evegad the 11.1 s /km standard deviation
of travel time for tram networks. Similar findingsave been already stated in several
empirical researches as well (Turner and Wardrdgl 1Blerman and Lam 1974; Richardson
and Taylor 1978; Bovy 1996).

However, in case of major discrete events the thinds quite different and usually more
cumbersome. Transit infrastructure links might becked by major discrete events such as
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incidents. Simulation results demonstrate thatwerage each transit link is blocked affected
by major discrete events totally 48 hours per year.

Due to probable blockades, service path might chaodkeep working (e.g. via detour, split
into different parts, or partial service line).the former case, service running time increases
consequently.

In this experiment, impacts of major discrete egewnthich is an increase in running time, is
generated uniformly and then imposes variationthénregular running time distribution. The
corresponding computations are presented in theseetion.

Computation details

Expected running time =28 min

V= 21.5 km/h (Average speed considering dwell thased on The Hague tram network)
STD: 11.1 s/km (regular travel time variations doieninor ongoing continuous variations)
Thus: STD of travel time in the whole line: 1.72wmi

In case of major discrete events:
Duration:
Total blockade duration per link per year: 48 hrs

Total number of trip cancelation due to blockade yesar:
On average 367 times trip cancellation

Total number of applying detour services in casdisturbances per year:
On average 367 times detour possibility (uniforstrithution for extra time, with the range of
min: 0; & max: 20min)

The result of simulation has been illustrated igufe A2-2 for different probability

distributions consisting of: Normal distribution,oggnormal distribution, and Weibull

distribution.

Variations in the mean running time and the stashdhaviation of running time have been
outlined in table A2-1 and A2-2 respectively.

Table A2-1: The mean running time and the STD of raning time in case of
disturbances in the line

The mean running time (min) STD of running time
Log Normal Dist. 28.13 2.045
Normal Dist 28.10 2.067
Weibull Dist 28.12 2.082

Table A2-2: The ratio of mean running time and theSTD of running time in regular

condition to irregular condition

The mean running time ratio The STD of runningetiratio
Normal Dist 1.002 1.204
Log Normal Dist. 1.003 1.196
Weibull Dist 1.002 1.178
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Chart 1, Normal distribution
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Chart 2, Log Normal distribution
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Chart 3, Weibull distribution
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Figure A2-2: The travel time probability distributi ons for the tram network

Statistical test results:

Evaluating the simulation results leads to theofwihg findings:

1. In case of disturbances caused by major discregrtethe Kolmogorov-Smirnov test
rejects the null hypothesis stating the serviceammtime still follows the pre-defined
probability distribution.

2. Variations of the expected travel time due to mdjscrete events on average per year
are negligible.

3. There is a 20% increase in the STD of service nonime due to major discrete
events.

4. The Weibull distribution is not a relevant candaldbr expressing running time
distribution due to high sensitivity in left sidéaurve to disturbances.

Regarding the test results, we expected that thestifistic test rejects the null hypothesis
beforehand. This is due to irregular variationsunning time at the right tail of the running
time distribution curve. However, the main part @irve still follows the predefined
probability distributions.

With respect to the service running time distribatipatterns in illustrated figure A2-2,
negligible variations in average running time irse€af major discrete events are observed,
whereas for the STD of travel time variations avasiderable. Major discrete events increase
the STD of running time up to 20% for the tram line
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APPENDIX 3: MODELLING AND
EXPERIMENTAL SETUP

As stated in chapter 7 the simulation model thatuse to assess public transport network
performance consists of two phases as follows:

e The deterministic phase;

« The stochastic phase.

Figure A3-1 illustrates the model algorithm in e@tiase which contains several steps. In this
appendix details in the aforementioned phasesxlaiaed.

|1: Phase 1- Step 1: Public transport network input

As main input of the model, an urban public tramspetwork is implemented to the model.

The simulation model has the capability to deahwitban public transport networks in which

service running is monitored on sight and not bipeatic control systems commonly used in
train/metro networks. Thus, the theory of blocksygtems for deploying successive vehicles
is not the case.

We opt for a tram network with the symmetric raddttern. The length of radial
infrastructure is 9.4 km. The total nhumber of ceids representing stops is 33. The total
number of links in the network is 32.

The tram network contains eight radial lines. la #iternative case study, they are replaced
by four transversal lines. Figure A3-2 shows thge networks. In the network with radial
lines, terminal points at city centre are allocatethe lines separately (Figure A3-2 A). Thus,
there are 8 terminal points in the city centre. Obsly required facilities for tram cars depot
and turning movements are provided in each terminal

The lines’ service frequency (headway) is equakibservice lines. Lines’ service frequency
during peak hours is set to 6 veh/hr; whereasnduwff peak hours and weekends it is set to 4
veh/hr. The operating hours is set to 18 hrs daily.

195



196 Reliability in urban public transport network assesnt and design

Combination of ring service lines with the rad@l transversal lines creates alternative
networks (Figure A3-2 C).

Phase |

Phase Il

Public Public Events

transport transport parameters

Network demand (II-1)
(1) (1-2)

Generate route set

1-3)

Apply route choice
by using PS logit
model

(1-4)

A ;

A

A

Generate Events

(11-2)

A

Determine public
transport demand
fluctuations

(11-3)

Determine
infrastructure
affections

(I1-4)

A

Determine
operator’s
adaptive
adjustments

(I1:5)

A A

Compute travel,
and operational
costs

(1-5), (1I-7)

A

Output: service
reliability criteria
plus network
performance

(1-6), (I1-8)

Update route sets

(11-6)

Figure A3-1: Algorithm of the network assessment nuabel
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A- Public transport service network 1 B-Public transport service network

consisting of 8 radial lines consisting of 4 transversal lines

4

1

C-Combination of 4 transversal lines and
different ring service lines

Public transport service line Main demand attraction point

@  Service line terminal

Figure A3-2: The hypothetical case study configurabns
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The investment and maintenance costs are basedtarotithe Dutch Ministry of Transport,
Public Works and Watermanagement (1996). Similaa ti@s been stated in British source
TSU (2009) too. For computing the infrastructurstspthe investment and maintenance costs
are amortised over a period of 30 years using eodi# rate of 4%, yielding an annual
payment of 5.8%. The yearly maintenance costs &tmated as 3% of the investment costs.
Table A3-1 outlines infrastructure cost compondots ram.

Table A3-1: Investment and maintenance cost for tran

Tram
Investment costs (price level 2000) [M€ per km] 12.6
Annual payment factor [%] 5.8%
Maintenance factor [%] 3.0%
Total annual payments [%] 8.8%
Annual costs [M€ per km] 0.23

Table A3-2 outlines network length, infrastructurests, and operation costs for radial
network variants.

Table A3-2: Annual infrastructure and operation cogs for radial network variants (M€)

: Total track . Total Total operation
Network variant infrastructure
length (km) costs per year
costs per year
Variant 1 (no ring) 150.4 34.6 67.4
Variant 2 (centre ring line) 167.2 38.5 67.4
Variant 3 (middle ring line) 200.6 46.1 67.4
Variant 4 (large ring line) 233.1 53.6 67.4
Variant 5 (outer ring line) 267.6 61.5 67.4
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I2: Phase 1- Step 2: Public transport demand

Public transport demand in zones can be estimdtexugh traditional 4-stages transport
models (stage 1-3). In this research, these stepgraliminary determined and thus public
transport demand is pre-determined as an inputh®rmodel. Trip demand attraction and
production for all zones are assumed to be eqadilleTA3-3 outlines trip attraction for zones.

Table A3-3: Number of trip attractions to each zone

Zone Number Trip attraction number (per year)

1 (Centre) 8,000,000
2 285,714
3 285,714
4 4,000,000
5 285,714
6 285,714
7 285,714
8 285,714
9 285,714
10 285,714
11 285,714
12 4,000,000
13 285,714
14 285,714
15 285,714
16 285,714
17 285,714
18 285,714
19 285,714
20 4,000,000
21 285,714
22 285,714
23 285,714
24 285,714
25 285,714
26 285,714
27 285,714
28 4,000,000
29 285,714
30 285,714
31 285,714
32 285,714
33 285,714
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I3: Phase 1- Step 3: Generating route sets betwe@D pairs

We stated in chapter 6 that in the route set gépnararocedure, several criteria should be
accounted for. Table A3-4 outlines these critend the parameters value used in the route
set generation model.

Table A3-4: Route set generation parameters value

Parameter Parameter value
Detour threshold 100%
Behavioural criteria- max walking time 20 min
Behavioural criteria- max number of transfers 2
Overlap threshold 0.7
Comparability threshold 1
Choice set size 6

14: Phase 1- Step 4: Applying route choice model

Route Utility Function

Given the discussion in chapter 6, a route utflityction based on generalised travel cost is
formulated as follows:

n+l n
U =VOTL L1, +:8wtw+lginz tin j +:8ntnt+:8tz tLi+B b+ L)+ nta

j=1 i=1

(A3-1)

Where:
t,= Access time;

t,= Waiting time at the first boarding

tiy= Corresponding in- vehicle time (in leg numper
n,=  Total number of transfers during trip

t.=  Corresponding transfer time (at transfer point
t,= Travel time reliability indicator

t.= Egresstime

= Corresponding weight(s)

re= Fare paid by travellers

a= PT mode preference constant

For units of the parameters refer to appendix 1.d&fene centroids as representatives of the
corresponding zones containing stops. This leadskifgping access time as well as egress
time.

The weight of utility function components are saséd on realistic surveys’ outcomes. For
instance, Van der Waard in 1989 in a Dutch suneend that waiting time is perceived by
public transport travellers as 1.54 times as mucarehicle time. For transfer penalty this
rate was 8.2. He found that transfer waiting tisiperceived 20% higher than in-vehicle time.
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The first Dutch national study estimates publio$@ort users’ value of transfer time 2.1, 1.6,
and 1.6 times as much as in-vehicle time for tupppses of commuting, business, and other
respectively (Gunn & Rohr 1996).

British evidence demonstrates that waiting timpasceived 1.47 as much as in-vehicle time
(Wardman 2001). Wardman (2004) demonstrates thatvierall trip purposes waiting time is
perceived 1.8 as much as in vehicle time for urbgs. For urban trips access time is
perceived by public transport travellers 40% higtiean in-vehicle time. The same study
shows that for interurban trips waiting time isqaved 1.7 as much as in vehicle time. Note
that waiting time and transfer time values can Xgeeted to vary according to a wide range
of socioeconomic and situational factors.

Thus, all the aforementioned values are not gealgyrigalid. There is little evidence on how
the values vary with factors other than trip pug@/Nardman 2004).

Based on travel time components’ weights found lay \der Waard (1989), and Wardman
(2004), and travel time reliability perception faubhy Tseng et al (2004), the implied route
utility function is formulated as follows:

n+l n
U=1%,+1) t,;+8+ 1D t;+ 1.¥ +¢ (A3-2)

j=1 i=1

For simplicity sake we considered fixed fare systegardless of route length and thus
eliminated it in the route choice model.

The regular travel variation cost is approximated €ach route based on travel time
components’ regular variations:

hi 2 2 i 2
t= D Gkt oWt Y. 0% (A3-3)
k=1 j=1

Where:

O'i%,k = Variance of the in-vehicle travel time in lkgf router

oZ= Variance of waiting time
O'tz,j = Variance of transfer time at transfer pgint

n.=  Total number of required transfers during trip

Route Choice Model

With respect to methods for dealing with the oyenmoblem, outlined in table 6-1, we opt
for Path Size logit model. The route choice appiicais formulated as follows:

o(U, +Ln(PST)
P(r|CS)= z oUn+Ln(PST) (A3-4)
hOCS
where:
r= Router

CS= Route set indicator
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PST= Path size term formulated as follows:
PST=Y lag 1 (A3-5)
ar, dr dy
r z di ah
hOcs “h
where:
lo= Length of common linka
d=  Total length of route

O,,= Binary variable (0/1) indicating whether liakis part of routé or not

I5: Phase 1- Step 5: Computing travel and operatiocosts

Travel Costs

Travel cost is computed for each traveller betwaerOD pair. In the aggregate level total
travel cost is accumulated as follows:

0 D
G =2 P Iy WOt (A3-6)
i=1j=1

Where:
P", = Trip demand between poinand poin{ made their trip

Uj= Corresponding route utility function betweenrgaiand poinf
VOT; = Value of time (10€/hr)

Table A3-5 outlines total travel costs for netwogkiants.

Table A3-5: Total travel costs for all network variants (M€)

Network variant Total travel costs per year
Variant 1 (radial lines-no ring) 295
Variant 2 (radial lines- centre ring) 313
Variant 3 (radial lines -middle ring) 320
Variant 4 (radial lines -large ring) 322
Variant 5 (radial lines- outer ring) 349
Variant 6 (transversal lines -no ring) 287
Variant 7 (transversal lines- centre ring) 306
Variant 8 (transversal lines- middle ring) 310
Variant 9 (transversal lines- large ring) 315
Variant 10 (transversal lines- outer ring) 337

Operation costs

The total operation cost for operating the transtivork per year is computed as follows:
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n
C, =365 n,; LHoh g (A3-7)
i=1

Where:

doh = Daily operation hour for line(for the case study it is the same for all lined mnset
to 18 hours per day)

n = Total number of existing lines

I = Line number

nyi= Total number of vehicles in lineoperated to have service frequefrey

Fi= Service frequency of line

Co= Operation costs per vehicle per servi€® (lepends on line length and alignment. For
radial lines, the operation cost is set to 125&ikmi|st for ring lines it is set to 150 €/hr)

The main input for quantifying the operational soger vehicle hour is derived by Van

Goeverden & Schoemaker (2000). Costs include pagaosts, those are driving staff and
other service related personnel, and vehicle costssisting of investment, maintenance and
operating costs. As stated in table A3-2, totalrapen costs for all network types are equal to
67.4 Million Euros per year.

16: Phase 1- Step 6: Output- overall network perfomance

As the main output, the total network costs combgintravel cost, operation cost, and
infrastructure costs expresses overall networkoperdnce. It is formulated as follows:

Ch=G+G+GCn (A3-8)

Where:
C,= Total network costs
Ciw= Investment and maintenance costs for infragirest

The investment and maintenance costs for providintpble infrastructure for urban public
transport networks can be formulated as follows:

n
Gm= Qm-zli (A3-9)
i=l

Where:
CGm= Infrastructure and maintenance costs of series Iper unit of length

n = Total number of service lines in the transitwark
li=  Corresponding line length (km)

The investment and maintenance costs are set lmaseédta of the Ministry of Transport,
Public Works, and Watermanagement (1996). The tnvast costs are amortised over a
period of 30 years using a discount rate of 4%Ilding an annual payment of 5.8%. The
yearly maintenance costs are estimated as 3% oftestment costs. Thus, annual costs for
tram infrastructure is 11M€/km.



204 Reliability in urban public transport network assesnt and design

[11-2: Phase 2- Step 1 & 2: Events parameter & gemation model

Major discrete events causing disturbances in gteark are classified based on their time,
duration, occurrence location, and seasonal imggadtée 3-5 in chapter 3)

The simulation tool creates several types of majscrete events. Events interval and
duration are formulated based on the exponentadiblution and the Log-Normal distribution
respectively:

Interval : (exponential distribution)

.
9(x tp) = (,u_) (e P (A3-10)
p

Where:
Hp= Expected mean of interval between the same typegents. [Parameterdenotes

period]

Duration: (Log-normal distribution)
~(Ln(y-4g))?
g e 20d2
(Y, Hg.,04) y s W2
Where:
Uy = Expected mean of event’s duration [Parametenotes duration]

oy= Standard deviation of event’s duration

(A3-11)

Table A3-6 summarises the absolute valueg/for, , andoy for each type of event. Since

the public event(s) repeat with the same time patteery year, it is not included in the table.
It should be noted that due to seasonal affectstethmight be some changes in the
aforementioned parameters for incidents. For sicitplsake, we do not state these changes.

Table A3-6: Absolute values for parameters of evestinterval and duration

Events Hp My 04

Incidents 0.89 2.48 0.50
Storm 180.00 1.55 0.40
Snow* 180.00 1.55 0.40

lce* 18.00 2.30 0.40
Thunderstorm 180.00 1.55 0.40
Vehicle breakdown 7.00 2.19 0.30
Work zone 60.00 2.60 0.30

* Occurrence in winter only

[13: Phase 2- Step 3: Public Transport demand fluations

Demand fluctuations are irregular demand alteratemsing due to some events. Bad weather
and public events are two main events influenciagellers’ mode and route choice decisions
and causing significant increase or decrease inigutansport demand at the time of
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occurrence. Table A3-7 classifies public transmmand fluctuations according to event
types and trip purposes.

Table A3-7: Demand fluctuations due to major discree events

Bad weather Public events
Commuting/Business +40% 0 %
Education +40% -10%
Shopping/Leisure -20% +30%

114: Phase 2- Step 4: Events’ impacts and Infrastrature affection

This step determines which link(s) of the infrastuie network are affected by major discrete
events. Please note that in case of service netfalltre such as vehicle breakdown,
infrastructure network is affected accordingly. 96 especially the case for rail networks.
Depending on the event type, one or more links tnfgh. In case of public events, we
assume fixed events’ locations. Thus, correspondiegments that are affected can be
identified beforehand. For events with extensiveggaphical impacts such as snow and
storm a part of network involving a number of lirk® affected simultaneously, whereas for
other types of events such as incidents only aisinikocked at the time of incident.

A Monte-Carlo approach is used to select failingkdi, while for simplicity sake no
correlation between failing links for events withnor impact area is assumed. Probability of
link affections depends on link length and othetda such as link sensitivity to failures. Thus,
links located in the city centre are more sensitotveome events such as incidents and public
event than other links. Furthermore, the corretabetween events is accounted. We apply it
for bad weather and incidents. In other words, rdubad weather conditions the probability
of incidents rises as much as 100%.

1I15: Phase 2- Step 5: Operator adaptive adjustments

As discussed in chapter 5, we do not address nktvesilience in this research. So, the
transition phase from commencement of adjustmeiitsntplementation on the service
network is not considered. After service disturlemarise due to major discrete events, the
operators carry out service adjusting tactics. pherity order is: applying detour, and other
remedial solutions consisting of splitting servicasd applying partial services.

The applied detour threshold for the experimerseisto 100%. In other words, the length of
the alternative path must not exceed than 200%gilar line length.

Note that a minimum excess time is applied to astdar the possibility that there is
sufficient buffer time in the schedule. This is attng to the timetable design dilemma
discussed in chapter 5.

If applying detours is not possible, the operafiits service lines into independent lines or to
apply short runs. Depending on the location of g&nthe service path could be split into
several parts. In the experiment we allow split@ngervice line into maximum 2 parts.

To deal with higher transit demand that might oatue to some events such as bad weather,
transit operators follow the raising capacity &gt that is achieved usually by increasing
service frequency using their reserved vehiclegshtnexperiment, the additional demand is
accommodated by deploying high capacity vehiclesngad0% extra capacity.
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And finally, if a transit line affected at differethocations simultaneously or there is no
possibility for detour or line splitting, the serei line is cancelled during the event. In this
case, the operator provides information for traarslto travel via alternatives routes.

116: Phase 2- Step 6: Updating route set for travéérs

In case of major discrete events, affected trakeheight accept routes with higher disutility,
for example routes with longer in-vehicle time, raxtransfer(s), and longer waiting times.
They might even opt for public transport routeduding long walking legs.

In this situation a new route search procedure whith relaxed constraints as discussed in
chapter 6 is applied for the travellers facing &as disturbance.

In the experiment we allow 1 more transfer. We add 10 extra minutes to the maximum
walking time, yielding 30 minutes. Finally we relthe detour threshold by increasing 50 %
to the directional constraint.

In the experiment the en-route choice behavioapglied only during incidents and vehicle
breakdown. At the point of incident, the route gatien set algorithm with relaxed constraint
searches and then generates alternative routésefaffected travellers.

1I7: Phase 2- Step 7: Computing travel and operatioal costs

In case of disturbances caused by major discregatgun the network, there are additional
costs imposed to travellers and operators. Thisosewill elaborate on these additional costs.
In valuing extra travel time, we expect that théueaof time for the additional travel time is

higher due to the related uncertainty. In the cdandé public transport British Rail suggested
that lateness costs are 2.5 times higher than atdwdravel time costs (British Rail 1986).
Rietveld et al (2001) introduce an ‘uncertainty oigi which is weighed as a factor 2.4
higher than a certain minute. According to Dutchpeios, Tseng et al, (2004) value the
standard deviation of travel time as 1.7 of in-eéhitravel time. Wardman (2004)

demonstrates empirically that the schedule delaygbmore and less highly valued than in-
vehicle time for public transport travellers. A péty for cancelled trips is included in the
travel costs as well a cancellation penalty based odgin-destination distance, thus
accounting for the costs of using alternative modes

Extra travel costs in case of service disturbances

Travellers suffer from extra travel costs when é&thrg via alternative routes or detoured
lines. The extra travel cost in case of serviceudimnces caused by major discrete events is
formulated as such:

O D
Cie =2 D [HPEUS - Uy) IVOT, + 4y ( BV Y- ) DVOT+ P OWR (A3-12)

i=1j=1
If U =U; x=1, =0 otherwise
If U" >U, u,=1; u, =0 otherwise

Where:
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= Trip demand between poinand poin{ in the irregular condition suffering from

events consequences and use either detour orl gaméces
Us= Utility of route alternatives

P“=Trip demand between poinand poini in the irregular condition walking between

stops as a trip leg
VOT,= Value of time in case of major discrete even@E(Hr)
WP=Walking penalty (7€)

M
U, < Uif < U; &
Table A3-8 outlines extra travel costs for netwaakiants.

Table A3-8: Extra travel costs for all network varants (M€)

Network variant Total extra travel costs per year
Variant 1 (radial lines-no ring) 1.2
Variant 2 (radial lines- centre ring) 1.0
Variant 3 (radial lines -middle ring) 1.1
Variant 4 (radial lines -large ring) 1.9
Variant 5 (radial lines- outer ring) 2.9
Variant 6 (transversal lines -no ring) 2.8
Variant 7 (transversal lines- centre ring) 3.7
Variant 8 (transversal lines- middle ring) 9.5
Variant 9 (transversal lines- large ring) 6.2
Variant 10 (transversal lines- outer ring) 5.8

Trip cancelation cost

If no route alternative is available for travelletisey might cancel their trip or switch to other
transport modes. In both conditions, trip cancetatpenalties are imposed to them. We
formulate trip cancelation cost as such:

O D
Cie =2 D P D (A3-13)

i=1j=1

Where:

F?f: Trip demand between poinand poin{ in the irregular condition which is cancelled;

c;= Trip cancellation penalty between pointandj. It depends on the distance between
the OD pair (average value 20 €)

Note that in computing regular travel cost stateformula A3-6 the trip demand which can
not be made has to be reduced from the total dendnc:

P"; = Py -P;°

Where:
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P;=  Total trip demand
Pijc = Trip demand between poinand poinj in the irregular condition which is cancelled

Table A3-9 outlines trip cancelation costs for natevvariants. The outcomes show trip

cancelation costs decreases by increasing radidagfine. It is also higher for the network
having transversal lines.

Table A3-9: Trip cancelation costs for all networkvariants (M€)

Network variant Total trip cancelation costs per yar
Variant 1 (radial lines-no ring) 19.8
Variant 2 (radial lines- centre ring) 14.5
Variant 3 (radial lines -middle ring) 8.8
Variant 4 (radial lines -large ring) 5.6
Variant 5 (radial lines- outer ring) 4.1
Variant 6 (transversal lines -no ring) 63.3
Variant 7 (transversal lines- centre ring 48
Variant 8 (transversal lines- middle ring 23.4
Variant 9 (transversal lines- large ring) 6.0
Variant 10 (transversal lines- outer ring 4.1

Extra operation costs in case of major discrete emés

Applying operational adjustments in case of disimdes caused buy major discrete events in
a public transport network imposes some extra dostse operator. Extra operation costs in
case of events can be formulated as follow:

Ngs My
Coe = Z Z a-idsl:D dsdﬁ [h y iEtc (A3'14)
ds=1 =1 tn

Where:

nes= Total number of disturbances

n =  Total number of lines

Dgs= Corresponding disturbandsduration

d gs= Dummy variable equal to 1, if the line i has beéected by disturbanais 0

otherwise
t¢ = Detour running time
tn = Service normal running time
nyi= Total number of vehicles allocated to lin® have service frequen€&y

[18: Phase 2 - Step 8: Output: Reliability criteria plus network performance

At the end of simulation period the model providesvice reliability criteria as well as
overall network performance. With respect to cotinéyg reliability, the number of cancelled
trips between each OD pair is derived. In the agmpe level, the total number of trip
cancelation in the network is computed too.
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Moreover, the number of disturbances affectingnéevork is computed for each service line
individually. In order to have better insight onngee line vulnerability, the number of

multiple affections affecting simultaneously eaictelis determined too.

Overall network performance in this phase is deteeoh by combining all cost components.
The following formulation expresses the overallwmk performance calculation in the

stochastic perspective:

Co=(G + G+ G)+(Gy* Go* GI+(GI+( G (A3-15)

Where:
Cw= Regular travel variation costs due to minor quasgjoing continuous events
Cime Extra investment cost for providing additional astructure

Cy =t VOT (A3-16)
t, is computed based on formula (A3-3) stated already

Extra investment costéCine) for providing additional infrastructure is compaditékewise
investment and maintenance cosBs,[ of regular infrastructure stated by Equation A3-9
however in some cases such as adding infrastrushaecut to the transit network, the term
Cim might be smaller than normal infrastructure. Tiibecause of lightly usage of additional
infrastructure which leads to lower maintenancesos
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APPENDIX 4: SENSITIVITY ANALYSES FOR
THE HYPOTHETICAL CASE STUDY

Variables
We did a set of sensitivity analyses to check wéethe findings of the hypothetical case
study are generic. The analyses have been arrabgeedd on rational variations in the
following network specifications:

* Demand size;

* Demand pattern;

* Network size.

The aforementioned network characteristics playsiex roles in transit network formation.

In other words, altering these characteristics @amfigure different network patterns which
may exist in urbanised areas. Table A4-1 outlirfes aforementioned variables and their
changes.

Table A4-1: The variables and corresponding changs] for sensitivity analyses of the
hypothetical case study

Variable Corresponding change(s)
Demand size +50% , -50%
Demand pattern Changing to centre oriented
Network size -50 %

We increase and decrease the demand size by 56%alizate impacts of these variations on
service reliability. Albeit, this rate is arbitratycould be considered as maximum changes in
the demand pattern in the mid-term scope (Khattdle&olletter 1994).

Also, in another sensitivity analysis we change tlmnand pattern from the regionally
distributed pattern to the centre-oriented patt@ims pattern is observed in many medium
size European cities having CBD in the city centre.
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The network that we used as the hypothetical cas#yds a radial network with 9.4 km
radius expressing a rather large city (e.g. FramkfiTherefore, we decrease the size of the
network approximately 50% to check impacts of t@liy enhancing measures for smaller
networks with radius of 5 km.

Results of sensitivity analyses
The results of the assessment are outlined asvfsllo

Demand size:

1.

2.

The demand size does not influence significantly impacts of the redundancy
measure on service reliability.

The demand size does not significantly change mmgacts of network flexibility,
created by shortcut ring infrastructures, on servieliability. Hence, the service
reliability patterns for the radial network and ttransversal network illustrated by
figures 8-2 and 8-4 respectively remain unchanged.

Increasing demand size enhances the efficiencyetark flexibility significantly.
This is because a larger number of passengersibéoei additional infrastructures
and retrieve their trips.

Obviously, increasing demand size increases to&Wwark costs as the overall
network performance criterion accordingly. 50% eage of the demand size increases
total network costs by 32.5%. Likewise, 50% redutiin demand size decreases total
network costs by 32.5%.

Demand pattern:

1.

The demand pattern may influence on impacts ofeédendancy measure on overall
network performance. If the demand pattern is eeatrented, variant 1 (the radial
network without ring) and variant 6 (the transvénmsatwork without ring) are still
optimum in terms of overall network performancewdwoer, the difference between
overall network performance for the following varis reduces significantly:
* The network having radial lines and the large ting and the network having
transversal lines and the outer ring line (illated in chart 7-6);
* The network having transversal lines and the langg line and the network
having transversal lines and the outer ring liladirated in chart 7-12).

This is due to significant reduction in numberriis between regional zones.

The demand pattern does not significantly changeirtipacts of network flexibility,
created by shortcut ring infrastructures, on servieliability. Hence, the service
reliability patterns for the radial network and ttransversal network illustrated by
figures 8-2 and 8-4 respectively remain unchanged.

Network size:

1.

50% reduction in the network size does not leaanty change in the optimum service
network variant. With respect to service networéluedancy, networks without ring
lines are still optimum variants.

50% reduction in the network size does not leaany change in the optimum variant
in terms of service reliability with respect to vedlancy level. Still variants having
the outer ring line provide higher network redundaand lead to the highest service
reliability criteria (figures 7-7 and 7-11).
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3. 50% reduction in the network size does not leaantp change in the optimum variant
in terms of service reliability with respect to Aikility. Still variant with large
infrastructure ring in the network with radial I;yxand in the network with transversal
lines provide higher network flexibility and lead the highest service reliability
criteria (figure 8-2 and figure 8-4).

4. 50% reduction in the network size leads to charigethe preference between the
network with radial lines and the network with tsgarsal lines in the stochastic
perspective. In our case study, the analyses’ outsoshow that in the deterministic
perspective the network with transversal lines agrarefficient than the network with
radial lines in terms of overall network performandigure 7-10). However, results
show that in the stochastic perspective, the stnas different and the network with
radial lines is optimum this time (figure 7-13). elt2% difference between the
optimum variants in terms of total network costoisserved (figure 7-13). If the
network size is halved, this percentage decreases tbh 0.2% which means there is
roughly no difference between the overall perforogamf the network including
transversal lines and the network including radiis. This is due to a significant
reduction in the associated unreliability costs. iAdicated in chapter 4 the service
line length is a decisive factor influencing linglverability and thus service reliability.



214 Reliability in urban public transport network assesnt and design




APPENDIX 5: THE HAGUE TRAM NETWORK
SPECIFICATIONS

The tram network in the Hague serves almost evesysvhin Haaglanden region which
embraces The Hague, Delft, Rijswijk, Voorburg, lsmkdendam, Nootdorp, Wateringen,
Leidschenveen, and Zoetermeer (HTM 2008). The votlg lines itinerary (Table A5-1)
provides a good overview of all our routes. Ndtattline 19 has not been inaugurated yet.
Meanwhile, note that each indicated stop may bepaesentative of some stops which are
aggregated to a centroid. The aggregated trip dérmpesduction and attraction stated by table
A5-2, is according to travel demand forecast fottien years.
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Table A5-1: The Hague tram lines characteristics
Line 1 Line 2 Line 3 Line 4 Line 6 Line 9
Zwarte Pad Kre_layen Arnold_ De Uithof Ziekenhuis Zwarte Pad
steinlaan Spoelpein Leyenburg
: GoudenregenstrZiekenhuis | . Circus
Circustheater| De La Reyweg aat Leyenburg Dierenselaan theater
Duinstraat Monstersestraah Laan van Dierenselaan Paul , Cent_raal
eerdervoort Krugerplein Station
World Forum | MCH Westeinde Statenplein De La Hobbemaplein Centrum
Reyweg
Kneuterdijk | Brouwersgracht MCI—_I Monsterse | Brouwers |Rijswijkseplei
Westeinde straat gracht n
Station
. MCH Centraal
Centrum Centraal StatigBrouwersgracit Westeinde Station Hollands
Spoor
I . - Centraal Brouwers - W