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“I know that | know nothing”
Socrates






Preface

One of the things | knew for sure when | graduate2003 was that | didn’t want to do a PhD
research. After my study | really wanted to jummithe real world to solve real problems. At
HTM | found a nice job with great colleagues whalkgtaught me what public transport was
about. It was already during my first year that iscdvered that doing research also
contributes to practical improvements. | was esgicinterested in improving the planning
of public transport by using actual vehicle datdthdugh | worked at a research and
development department, the time was limited tanddepth research and really understand
the mechanisms between planning and operationshiWa few years | realized that
performing a part-time PhD research was a greabrpity for me to do practical oriented
research to achieve a higher quality level of publansport operations. The result of this
research is this thesis, of which | am very prdadhe end, | am glad that | made that choice,
back then.

| am really thankful to all people who facilitatéde combination of working and doing
research. First of all my regards to HTM, espegidie board members Ton Kaper and Piet
Jansen and my former manager, Peter Tros. Theyodegpand encouraged me to start this
adventure. | owe many thanks to my daily superyi&ab van Nes and my promotor, Piet
Bovy, who arranged this opportunity at the sidé¢hefuniversity. | would like to thank Alfons
Schaafsma as well, who inspired me to do a PhCarelsanext to a regular job.

The topic of service reliability was not that haodchoose. My father, not really a public
transport fan, always told me that working in treddf of public transport was a good choice,
since there is so much to improve. At least conogriservice reliability he is completely
right. Although it is very simple to found (policgocuments stating that service reliability is
important and should be improved, | am still stspd about the little attention this topic gets
in both the scientific and practical world. In theld of heavy railways, much more attention
Is paid to service reliability, but the focus onspangers is quite new there as well. As a
public transport researcher, consultant and frequeer, | am convinced that during the
planning stages of public transport many cost-éffecopportunities exist to improve the
level of service reliability. Together with the digption of operational instruments, this will
lead to highly reliable services.

Although | learned a lot these last years and llyegained insights into the interaction
between planning and operations, | also discovratthere is so much we still don’t know
concerning the topic of service reliability. | hopesearch on this topic will continue and |
would like to contribute to this, both by performgiacientific research and practical projects. |
think it is important that the public transport ®&an the Netherlands should invest more in
research to minimize costs and maximize passeregefits. The decentralization and tender
structure didn’t contribute much to such a sharesearch objective. | think that from a
perspective of the universities, this topic shobéd higher on the research agenda as well.
During my research in the group of Nigel WilsonMiT in Boston, | was surprised by so
much excellent research of public transport plagrand operations. Although the level of
public transport in Europe is much higher tharhie US, the level of comprehensive practical
oriented research is much higher. In Europe aridarNetherlands, we should learn from this
and conduct more practical oriented research vegjard to public transport. Being in Boston
and cooperating with Nigel Wilson and Peter Furitl their staff was great, thank you all.
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| enjoyed this PhD research very much. It was gi@éind out how planning and operations
are connected and it was nice to travel over thddato discuss my research findings with
fellow researchers. | am grateful to a lot of peopho helped me with this research and with
this thesis. First of all my promotor, Piet Bovyhavwas amazingly quick and accurate in his
feedback on this thesis and my research. Rob van iNg daily supervisor also helped me
much by discussing about research directions, vgpiapers and finishing this thesis. | would
like to thank all my committee members for theituadle comments. Their feedback really
improved this thesis. It is partly based on (imatjonal papers presented at conferences and
published in journals. The reviewers of these pajpéso contributed substantially by sharing
their comments.

| would like to thank the board and management ®MHto facilitate this research. My
colleagues at the department of research and dewelat were of great help by discussing
my research results. The colleagues at the plardepgrtment and control room taught me a
lot as well. Special thanks go to Anne Wil Botermkrmnwas great to have a colleague who is
interested in the same issues in public transp®rt am. Marc Drost, you were a great
roommate and fellow researcher. It is great thatlyath supported me in the last stage of this
research as well. Several students also helpedithany research. Thank you, Gijs van Eck,
Winston Sukawati, Hilbert Veldhoen, Yilin Huang abdak Versluis. | would also like thank
the colleagues who helped me to relax after allhéwe working: Ronald Coelman, Sophia
van Iperen, Menno Post and Robert Renzema. ThédlEst colleague | want to mention is
Peter Tros, my former manager. He was a nice lmgspverall a great man, who always
supported and inspired me to continue my research.

After great years at HTM | changed jobs and statideaork at Goudappel Coffeng in 2010. |
would like to thank the board and management feir support and trust concerning my PhD
research. My new colleagues were of great helpmduhe last stage of my research as well.
Next to my employers, Railforum and TRAIL also sagpd me, for which | am very
thankful. Although | didn’t visit Delft that mucH, enjoyed being at the department. It was
also nice to meet my TU Delft colleagues far awayf home at a conference and finally find
time to have a proper talk. Special thanks to P&idgenraad and Winnie Daamen for
reviewing my thesis. Concerning the English writingould like to thank Karen Drake. It is
wonderful you helped me so well, even without knogvme. Maybe, we will meet sometime.
As part of my research, | conducted an internatienavey on service reliability. | would like
to express my gratitude to all participants foiirtikentributions. This survey really helped me
to put my research results of The Hague in a bropelspective.

Concerning my friends and family, | am sorry th&agt to skip so many parties, holidays and
other nice events, especially during the last yBat.thanks for all the support and interest
you all had in my work. Finally | would thank mytfer, mother and brother for their
unlimited support and trust. Although the stagdeihg “almost finished” was quite long, it
was great to know you always were there for me. [akeones who | would like to thank are
Elana and Maaike. Without your endless patienceusmigrstanding | could not have finished
this thesis. It was hard to skip so many nice #@®#® and to sit weekends on a row at my
desk, but I am really thankful that you encouragezlto continue and that you were able to
put everything in a good perspective. In the meaatiElana has finished several projects and
school presentations. Mine is now ready as well.

Niels van Oort

Leidschendam, April 2011
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1. Introduction

1.1 Research background

The last few decades have shown a substantialaseren personal mobility. Not only in
interurban travel but as well in the urban envirenttraffic and transport volumes have been
increasing for years. However, the share of pulpiasport in this mobility growth did not
change much and still remains rather limited. Teuea accessibility and liveability of our
cities for future generations however, a substhrdizality leap in public transport is
necessary. This will facilitate a desired modaftdinom car traffic towards public transport,
which is safer, cleaner and produces less congeshiothis thesis, we demonstrate that
several promising opportunities exist to improveviee reliability, being one of the most
important quality aspects of public transport. Wl mresent several planning instruments
enabling enhanced service reliability. In additiome will show forecasting tools we




2 Service Reliability and Urban Public Transport Desi

developed and we will introduce a new indicatort teapresses the impacts of service
reliability more effectively than traditional inditors. This way, the assessment of public
transport benefits will be substantially improvetiereby enabling cost-effective quality
improvements.

When we look at the developments in mobility, we ¢sleat between 2000 and 2008, the
number of traveller kilometres on the road increasg 5% in the Netherlands (Ministry of
Transport 2009). The main reasons for expansionad traffic are the increasing number of
(working) people and an increase of (social) atésifurther away from home. In addition,
more people own cars due to higher incomes andrl@ae prices (Ministry of Transport
2009). In contrast, the overall figures regardinglg transport show almost no visible
increase over the last 15 years, as shown in Figjure Also, the limited share of public
transport is illustrated by this figure.

160
149 ./ —
'S 120 —#-=Car =&~ Public transport
3 Bike =% Other
»n 100 -
5]
g
5 80
=
3 60
g
]
=40
20 A e
S | —
O T T T T T T
1995 1997 1999 2001 2003 2005 2007
Year

Figure 1.1: Travel kilometres per mode over the yaa in the Netherlands between 1995
and 2008 (source: Ministry of Transport 2009)

Although the traveller kilometres by public trandpdid not grow substantially, the national
railroads in the Netherlands did experience a 98&wtr between 2000 and 2007. However,
considering the low share of rail transport in ltatebility, this increase is rather limited.
Figure 1.2 (Ministry of Transport 2009) shows tliéedence in train use and the other modes
of public transport (bus, tram and metro). Thisufegdemonstrates an increase of train use,
while other modes of public transport remain mardess unchanged measured in traveller
kilometres. Whereas other modes are growing, awrshany Figure 1, the share of public
transport decreases.
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Figure 1.2: Development of traveller kilometres ofailways and public transport in the
Netherlands between 1995 and 2007 (source: Ministgf Transport 2009)

Other countries and continents exhibit similar depments as shown above (European
Commission 2001). Figure 1.3 shows the modal ¢fiecast) in Europe between 2000 and
2020 expressed in travelled kilometres (Larssorf200illustrates a decrease of the share of
public transport. The urban modes bus, tram andometll experience a market share

decrease from 10% in 2000 to 7% in 2020. When fagusn numbers of trips, similar trends

are expected. The low share of public transpofEunope may even be considered high in
comparison to America and Australia where the gdayifar the main mode of transportation,
as shown by Figure 1.4 (Kenworthy and Laube 2001y in Asia, public transport achieves

a higher level of market share than in Europe. imoge as well as in Asia (especially in

China) walking and cycling have a fair share iraltonobility as well.

2000 201C 2020
8% 9% 11%

9% 8%
1% 1%
6%& 6%&
O Passenger car
MW Railways
OTram and metr

OBus and coach|
W AIr 76% 76% 7%

Figure 1.3: Development and prediction of modal sgl (traveller kilometres) in the
European Union from 2000 to 2020 (source: Larssor0PR9)
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Figure 1.4: Modal split in the world in year 2001 qumber of travellers; source:
Kenworthy and Laube 2001)

Due to the growth of personal mobility and the drpalt of public transport in this growth,
the societal costs of mobility also increased s&yein addition to space usage and energy
consumption, the main aspects are loss of time tdueongestion, probability of getting
injured, and damage to the environment due to @omissnd noise. In 2008 the estimated
costs of congestion were 2.8 to 3.7 billion Eujost for the Netherlands. Between 2000 and
2008, these costs increased by 78% (Ministry oih3part 2009). The estimated costs of
unsafe mobility in the Netherlands are approxinyai€l.4 to 13.6 billion Euros (Ministry of
Transport 2009). These costs consist of medicatscs.g. hospitals), production loss,
physical damage (e.g. cars), emotional damage alaysidue to incidents and blockings of
infrastructure. The estimated costs of environnmetdmage were about 2 to 8.5 billion Euros
in 2008 (Ministry of Transport 2009).

To reduce these external costs, public transpost phay an important role. In Raad voor
Verkeer en Waterstaat (Advising organ for Dutch istity of Transport) (2004) it is stated
that a public transport user causes about halfiimeage to the environment compared to a
car user. The policy of the Dutch government, amotigr governments in the world, is to
improve public transport to ensure accessibilityl dmeability of cities and to reduce car
mobility. To increase the role of public transpart total mobility, a substantial quality
improvement is necessary (Raad voor Verkeer en Mtatt 2004). Service reliability is one
of the main factors determining the quality of palitansport, setting the main focus of this
thesis.

Since public transport is able to improve and emswcessibility and liveability of cities, and
since public transport might create a reductiontref negative impacts of increased car
mobility, a leap in quality of public transportngcessary. Focusing on the quality of public
transport, we distinguish the following main quakispects:



Chapter 1: Introduction 5

- Price
The main part of the price is the ticket of theng@ort service. However, the price of
parking the car or bike at the origin stop may @fect the total price of the complete
trip.
- Accessibility
0 Intime
This is the number of possible departures providigdin a certain time frame.
This number depends on both the frequency of thecgeand on the operating
hours. Usually, availability in time is high duripgak hours. In between these
periods and in the evening the availability dropd during the night limited or no
public transport services are offered.
o In space
Availability in space depends on the distance efdhgin to the closest relevant
stop and the distance between the destinationtendasest relevant stop.
- Travel time
This is the total time spent travelling from origondestination. A journey consists of
several parts. Note that accessibility, as menti@i®ve, affects travel time to a large
extent.
- Comfort
Comfort expresses the level of passenger wellb8ihg.level of comfort is an
important quality aspect and is relevant to bothvihicle and the stop. Different
kinds of travellers appreciate this aspect diffdyerkirst class facilities in trains show
that some people are willing to pay more to rdsartievel of comfort.
- Image
The image of the public transport system determiviesther people would like to use
it, without this reflecting badly on them.
- Service reliability
Service reliability expresses whether the actuateager journey meets the expected
guality aspects such as waiting, travel time armdfoat. This issue is the focus of this
thesis.

To prioritize the quality factors in public transpdPeek and Van Hagen (2002) introduced
the “pyramid of Maslow for public transport”, shownFigure 1.5.

Experience

Satisfiers Comfort \
Dissatisfie/ Convenience

Speed

Safety and reliability

Figure 1.5: Quality factors in public transport presented in pyramid of Maslow (source:
Peek and Van Hagen 2002)
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This pyramid consists of different layers, représgnrequirements set by the public transport
customers. The lower part shows the dissatisfidnighware elements that must be sufficient
without doubt. If not, passengers will be dissaisfand they are likely to avoid using public
transport (they do not travel or change their travede). The upper part shows the satisfiers
which are additional quality aspects. These asatisfy travellers. An important part of the
satisfiers is the experience of passengers: howhedy perceive the complete journey,
including waiting and transferring for example ($eeinstance Baker and Cameron 1996 and
Van Hagen et al. 2007). The elements safety, rétialand speed form the base of the
pyramid, stressing the importance of service réltgb

Earlier research (Brons and Rietveld 2007) yielttexlpassenger appreciations related to the
importance of quality aspects in public transpéiigure 1.6 shows their findings from
frequent passengers (illustrating both the passesgjesfaction and perceived importance of
several quality aspects). This figure demonstrétas service reliability is considered very
important by them, while their appreciation of & imited however. Non-frequent users
assign the same importance to service reliabilitigile their appreciation of it is a little
higher. Their satisfaction score is 6.0 out ofAich is still relatively low.

0.3C

0.2t {Travel time reliability _|Comfort !

O
0.2¢ O | |
Timetable
0.1t ;
Price-quality ratici \ Iﬁ:tual info

0.1¢ 3 C
0.05 O

Accessibility )
0.0 |_,_,_| Y

|Crew | |Ticket service |

Importanc:

afety

N

45 50 55 6.0 6.5 7.0 75 80 8.5

Satisfaction (-10)

Figure 1.6: Satisfaction and importance of qualityaspects of frequent public transport
users (source: Brons and Rietveld 2007)

In several studies reliability-related attributesvé been found among the most important
service attributes in a variety of situations (Rkas 1977, Jackson and Jucker 1981, Black
and Towriss 1991, Rand and AVV 2005). Balcombd.g2804) report that service reliability

is considered twice as important as frequency lsggragers. Tahmasseby (2009) states that
the sustained growth of the economy and the coatinmprovements in the quality of life
lead to an increase in the value of time and vafuservice reliability. Konig and Axhausen
(2002) conclude that the research done over thedsade shows that the reliability of the
transportation system is a decisive factor in th@ae behaviour of people.

The Dutch policy of improving mobility and publicahsport use focuses on reliability of
travel time (Ministry of Transport and Ministry 6fROM 2004, Ministry of Transport

2008a). The main policy report regarding trafficdddransport in the Netherlands (Ministry of
Transport and Ministry of VROM 2004), considersveaz reliability one of the main aspects
of quality in public transport and has chosen #Hsgpect as one of the main pillars of future
policy. In Ministry of Transport 2008a the Dutch vgonment states that more robust
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networks must be developed to decrease vulneralahtd to increase service reliability.
Winsemius (2005) concludes that the level of servieliability is not sufficient at this
moment. This contributes to the low level of contpet offered by public transport to car
use. In Raad voor Verkeer en Waterstaat (2004 natysis demonstrates that, besides travel
time savings, improving service reliability is thein objective of most new public transport
projects in the Netherlands and the world.

In Rand and AVV (2005) a method of comparing tratiele and service reliability is

presented indicating the value of reliability. Tredio of value of time and the value of
reliability for all public transport (both urban dninter-urban) proved to be 1.4 (i.e.
passengers consider the value of 1 minute of traned standard deviation reduction 1.4
times higher than the value of 1 minute of averageel time reduction), illustrating the
importance of service reliability from a passengerspective.

The discussion above clearly shows the importaricgervice reliability. This section also
shows that the modal share of public transporttie @rowth of) total mobility is rather
limited. Enhanced service reliability is one of thgomising ways to increase the
attractiveness and consequently the share of ptrtehsport. In this thesis we investigate how
service reliability might be improved in a costegffive way.

1.2 Research objectives

As stated in the previous section, service religbis one of the main quality aspects
considered by travellers and therefore preferabighinbe improved to achieve a more
attractive and competitive public transport. Theflaction leads to the goal of this research,
which is contributing to improving service reliahyjl of urban public transport. First of all,
this will increase the quality of public transp@md thereby improve its attractiveness in
general and its competitiveness relative to therothodes, for instance the car. This leads to
more welfare gains, higher ridership and higheenexes. Secondly, more reliable services
allow more efficient operations, resulting in a egositive cost-benefit ratio for the operator.
Improving service reliability in public transposd not a new research topic. In railways, much
attention has already been paid to this topic fEary (see for instance Landex 2008, Luthi
2009 and Goverde 2005). Literature shows thatlampublic transport, substantial attention
is given to ways to improve service reliabilitythé operational level. At this level, as soon as
service problems occur, instruments are appliegprievent negative effects (Osuna and
Newell 1972, Muller and Furth 2000, Vuchic 2005 aBdder 2007). Examples of such
instruments are conditional priority (giving prigyrionly to vehicles that are late) and
dispatching of vehicles by a central post or by leyges at main stops. In theory and
practice, much attention is paid to the supply sadepublic transport, thereby partly
neglecting the passenger effects.

However, an ounce of preventing is worth a pounduning, as the saying goes. It is not clear
how and to what extent strategic and tactical desigcisions in public transport systems
might affect service reliability. We expect thastruments at these planning levels enable
high-quality services at the operational level,eesglly with regard to service reliability. This
hypothesis requires further study while speciakrdatbn to impacts on passengers is
necessary. In addition, another hypothesis of tudysis that at these planning stages use of
operational information is necessary to optimize tletwork and timetable regarding service
reliability. These hypotheses lead to the followigin research questions:



8 Service Reliability and Urban Public Transport Desi

- How and to what extent may operational servicebdity be improved by enhanced
strategic and tactical design of urban public tpamt

- How may operational service data be incorporatdtartactical and strategic design
of urban public transport, thereby improving (fasts of) operations?

To achieve a more reliable and more efficient pulbdansport system, the following sub
questions need to be answered:

- How large is the variability of vehicle trip time practice, what are its causes and
what are its impacts?

- What is the best way to express the impacts ofcrariability and unreliability on
passengers?

- How do network and timetable design affect the lle¥service reliability and service
variability?

- Which instruments may an operator and/or authapiyly to achieve a higher level of
service reliability?

- To what extent will instruments and design choatethe strategic and tactical level of
urban public transport have an impact on serviteliéty?

While most research so far focused on the servigmlg side when analyzing service
reliability, we provide in this thesis a translatiof service supply side indicators into demand
side impacts.

1.3 Conditions and constraints

In this thesis, we deal with urban public transpbding defined as bus, tram and light rail
services. Trains and metros are not part of thearebl scope; much attention has already
been paid to their service reliability (e.g. Bregsm® and Bastin 1991, Campion et al. 1985,
Schmadcker et al. 2005 and Martinez et al. 2007 vatgard to metro research and for instance
Schaafsma 2001, Hansen 2004 and Geraets et alcB@0&rning research on train traffic and
transport). The main source of empirical data useulr research is the HTM Company, the
urban public transport company in The Hague, théh&tands. We performed empirical
research to identify and to describe the generatham@sms with concern to service
reliability. Furthermore, we conducted an interoaéil survey among urban public transport
companies and authorities regarding service rditiabdf their urban public transport to
support our (empirical) research and to set rebeabgectives with regard to public transport
systems in other cities as well. In addition to dlceual case studies, we performed theoretical
research, in which we investigated hypotheticaédinenabling controllable variables. This
way, the research we present is valuable for clilesver the world.

In our research, we look at existing public tramspetworks in existing cities. Extending or
adjusting the network, schedule or service is tlagnnaoncern. In literature, several kinds of
reliability are distinguished, for instance tectahiceliability of vehicles and infrastructure,
reliability of the prices, availability of a seatchadherence to the promised schedule (Vrije
Universiteit 1998 and Centrum voor omgevingspsyah@ 1998). In our research, we
investigate service reliability being the matchdegree of the schedule and actual operations,
and its impacts on passengers. Analyzing servigabiity, we only address daily, recurrent
delays, also known as systematic delays (AVV 2@am and Wilson 2006). Non-recurrent
delays are less frequent and imply unavailabilityparts of the infrastructure (Bates et al.
2001, Noland and Polak, 2002). Unavailability oé timfrastructure is not considered. For
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instance, Tahmasseby (2009) deals with servicahiéty when infrastructure is incidentally
not available.

1.4 Contributions

The research presented in this thesis contributeseveral ways to the understanding of
service reliability related to public transport mténg. In addition, our research contributes to
a sophisticated consideration of service reliapilit both network and timetable design of
urban public transport and it enables calculatibtravel time impacts of service variability
on passengers. Below, the main contributions ofélsearch in this dissertation are concisely
summarized from a scientific and a practical perspe respectively.

Scientific contributions

- ldentification and description of mechanisms contgy the interaction of service
variability (vehicle perspective) and service neliidy (passenger perspective);

- Establishment of a control framework to calculaevge reliability as a function of
network (both infrastructure and service) and tab&t design;

- The establishment of a new indicator that expregassenger effects of service
unreliability more effectively than traditional ilvétors can do, namely the average
additional travel time per passenger;

- A systematic Overview of causes of service varighénd unreliability;

- A systematic Overview of instruments improving segweliability at strategic,
tactical and operational level.

Practical contributions

- Establishment of a number of promising planningrumeents, concerning
infrastructure, service network and timetable desemnabling improved service
reliability, in both existing and extensions ofwetks;

- Establishment of a methodology to optimize netwamld timetable design with regard
to service reliability by incorporating service @ynics in the design process;

- Establishment of a control framework that enabteg-benefit analyses, with regard
to passenger impacts of the level of service raiigb

Given these outcomes, the following categories ratttioners, in addition to researchers,
will gain from the presented research:

- Public transport network planners (operators or laattties ( depending on
agreements between themj)l benefit from the strategic planning instrumeme
present, next to tools we developed to calculateeipected effects of network
designs on passenger travel time;

- Public transport timetable planners (operators attleorities ( depending on
agreements between themj)l benefit from the tactical planning instrumente
present, next to tools we developed to calculatesttpected effects of timetable
designs on passenger travel time;

- Urban infrastructure plannerwill benefit from our research, since we provide
insights into the impacts of infrastructure designpassenger travel time.

- Economistill benefit from our insights we provide into timapacts of service
reliability improvement instruments on passengavel times and our new indicator
that support cost-benefit analyses concerning semaliability benefits.
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1.5 Scientific and societal relevance

This thesis provides insights into the subject efviee reliability in public transport and
presents a fundamental analysis of variability éhigle trip times of urban public transport
and of its consequences for passenger travel tithemddresses both causes and effects
resulting in a control framework enabling enhangadlic transport design, which is
beneficial for both practitioners and scientistse Will explore the opportunities available in
network and timetable design stages for improvihg tevel of service reliability in
operations. Our research is beneficial for sevemities involved in public transport.
Increased service reliability (and thus quality) miiblic transport will lead to shorter
passenger waiting and travel times, less crowding @nproved accessibility. This will
decrease the resistance to travel by public trahspesides, the appreciation of public
transport will increase. This is beneficial to pakifansport operators and society, since the
modal share of public transport may be increasedaswelfare gains.

Operators and authorities may find instrumentstants analyzed in this thesis helping them
to improve the level of quality of their public trgport system. Both theoretical and practical
research is presented that demonstrate the passshibf enhanced network design and
timetable planning. In addition, we present a ditare review on service reliability in public
transport. The mechanisms of service variabilitg aervice reliability are presented and
clarified as well enabling further scientific resdain this field. We show the relationship
between the supply side, the actual services anthtpact on passengers. Besides traditional
methods of dealing with service reliability, a newdicator is introduced, shifting the focus
from supply-side measuring to demand-side measuAngase study shows that traditional
indicators do not present the level of unreliapilitom a passenger perspective. We will
introduce a new indicator, namely the average eutdit travel time per passenger, being the
extra time passengers on average need for traydtim origin to destination due to service
variability. We will demonstrate that service véilday extends the average travel time per
passenger, mainly due to increased waiting timés ifdicator supports a proper cost-benefit
analysis (CBA) of public transport in general aedvge reliability instruments in particular.

In conclusion, this thesis helps researchers, t@esrand authorities to understand causes and
remedies for unreliability in public transport sees. It provides methods to quantify
unreliability effectively. We offer instruments tmprove the level of service reliability of
urban public transport, resulting in a higher costo satisfaction (and thus increased market
share) and enhanced efficiency.

1.6 Thesis outline

Figure 1.7 illustrates the outline of our thesigteA this introductory chapter, in which the
importance of service reliability in urban publi@nsport is shown, two chapters continue
with a description of the notion of service relighpiin urban public transport. Chapter 2
presents a conceptual analysis of service religbilihe relationships between the supply side
of public transport and the passengers are expland it is shown what service reliability is
and how it may be quantified. We also demonstrate service reliability may be expressed
in a more proper way with respect to the impactp&ssengers.

In Chapter 3, the discussion on service reliabistypased on practical experiences, partly
using new insights presented in Chapter 2. Thedfitfhe Hague in the Netherlands and its
public transport system is introduced as the basecéses studies in later chapters. Our
international survey on service reliability andmplang is introduced as well. In Chapter 3,
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empirical research is presented, showing the lebtedervice variability and unreliability

prevailing nowadays. The analysis of the empirdatia shows the magnitudes of variability
of different trip time components such as drivingpplanned stopping and dwelling. In
Chapter 4, we use these insights to determine safmgeunreliability and find possible

remedial solutions.

Chapter 4 provides a number of planning instrumesish may be implemented to decrease
the level of unreliability. To select proper instrents, an analysis of causes of service
variability and unreliability is presented, based the findings of Chapters 2 and 3. To
support the hypothesis that traditional instrumearts not capable to solve the unreliability
problem of urban public transport sufficiently, ase of an extensive service reliability
improvement program in The Hague is presented.o@ilgh impressive results are achieved,
unreliability and related problems are still noimmved sufficiently. In this chapter, a
feedforward mechanism is presented enabling endaservice reliability due to improved
planning. In this chapter, we identify and seleateptial planning instruments that facilitate
enhanced service reliability.

Chapters 5 and 6 analyze the selected remedialimshts proposed in Chapter 4 in detail.
Chapter 5 focuses on the design of the networky e infrastructure and service network.

Instruments that are investigated are terminalgmedine coordination and line length. Both

case studies using actual data of public trandp@$ in The Hague and theoretical analyses
demonstrate the impacts of these planning instrtsn@ihis chapter shows that in the network
design, promising opportunities exist to improveree reliability substantially.

The timetable also affects the match of planning actual operations. Chapter 6 elaborates
on this issue at the tactical level. Two instrurseare presented, being trip time determination
and vehicle holding. It is demonstrated that serviiability is affected by design choices.

Theoretical and practical analyses are performedddmonstrate the benefits of these
instruments.

Chapter 7 presents a synthesis of this thesis.ifdteuments discussed in Chapters 5 and 6
are analyzed in terms of their impacts on costdfanee gains and ridership and a tentative
cost-effectiveness assessment is provided. We mxplbe opportunities to combine
instruments and to construct the best set of imstnis improving the level of service
reliability. The assumptions of the research ase discussed in this chapter.

This thesis ends with conclusions and recommena&tio Chapter 8. This chapter also
provides future research directions, related teisemreliability in public transport.
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2. Service reliability in theoretical perspective

2.1 Introduction

The introductory chapter showed the increased estem improving quality of public
transport in general and, more specifically, thereased focus of authorities and operators on
improving service reliability. The objective of owesearch is to provide instruments for
public transport planners to improve the level efvge reliability. To achieve this, it is
important to understand what service reliabilityaisd how to assess it in a quantitative way.
We define service reliability as the certainty efsce aspects compared to the schedule
(such as travel time (including waiting), arrivethé and seat availability) as perceived by the
user. In this chapter, we present a descriptiogeo¥ice reliability in urban public transport,
from a theoretical perspective. Public transportise operations are compared to production
processes. This comparison shows that the lew&liability depends on the variability of the
system itself and the customer expectation of vaisability. In order to determine quality
standards concerning reliability, it is importamt tonsider how the customer, i.e. the

13
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passenger, perceives service variability and retcts. In order to gain insights into the
interaction process of variability and reliabilitg, conceptual description of the supply and
demand sides of public transport is provided. Tlennssue in this chapter is the impact of
unreliability on passengers. Our research quesibow do mechanisms causing unreliability
in public transport operations work and how arespagers affected by these? A control
framework will be presented enabling the analy$iseovice reliability while considering the
effects on passengers. This framework makes itfpled® improve service reliability through
appropriately designing public transport networkd achedules.

When investigating mechanisms of service reliahilitis important to understand production
processes in public transport. In general, prodagbrocesses convert input into output. If the
output does not have a constant value, but is ngrin time it is called variability of the
output. If the output does not meet the standafdeeocustomers the production process is
considered to be unreliable. In this chapter, wal dath service variability and reliability of
urban public transport services. In this casefithetable is crucial as it sets the standards for
vehicle trips in time and space while often, actmaérations do not completely match this
reference. Unreliability arises when the customer the passenger) does not get the service
he expects given the schedule. This chapter wilatestrate that a decreased level of service
reliability affects the following three aspectstloé passenger journey in the following way:

- The average total travel time per passenger wixtiended;

- The variation of the total travel time per passeng# increase;

- The probability to find a seat in the vehicle wiéicrease as vehicles will become more
crowded.

These consequences do not only affect the jourtssyf,i but will also influence several
choices made by passengers during and prior to jin@iney, for instance choice of route,
departure time, and mode.

To assess and improve service reliability in bd#dmping and monitoring it is necessary to set
proper indicators quantifying the actual and expedevel. Nowadays used indicators mainly
focus on the variability of the supply side theret@glecting the impacts of and effects on the
demand side. In our research we show that passeatgierns and the difference of being late
or early strongly affect passenger perception ofise reliability. This chapter introduces
new indicators enabling proper quantification of #ffects of service reliability mentioned
above, including the interaction of supply and dedhaThese new indicators, namely
additional travel time and reliability buffer timeelp to evaluate new instruments and design
choices aiming at enhanced service reliability.ngghese improved indicators, it is easier to
consider service reliability explicitly during tltesign of public transport systems, since the
effects on passenger reliability perception may it@rporated in the decision making
process.

This chapter starts with a general system desoriptif production processes and public
transport operations in Section 2.2. In addition, amalysis of the supply side of public
transport is presented, focusing on the variabilitythe service. This chapter shows that
dealing with both the supply and demand sidescaessary when reducing variability, being a
first step to improve service reliability. An ansiy of the demand side is provided in Section
2.3 where the interaction of supply and demandrésgnted gaining insights into service
reliability of public transport. In the next seci® the impacts of service reliability on
passengers and their choice behaviour are showstigse2.4) and the new indicators are
proposed, quantifying these impacts (Section Afgr this theoretical description of service
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reliability, we continue in Section 2.6 with intnacing general control methods in relation
with the processes of planning and operations dilipuransport. Finally, this chapter
presents a control framework enabling to considerise reliability in the planning of public
transport. This framework will be used to assessithpacts of design choices on service
reliability. Finally, conclusions of this chapteilMbe presented in Section 2.7.

Chapter 3 then will provide empirical supply anandad data illustrating and supporting the
theoretical view in this chapter. Chapter 4 anaydee causes of service variability and
studies instruments improving service reliabilityall levels of public transport planning.

2.2 Production processes and reliability

2.2.1 Introduction

This section reflects on variability and reliabyjlin production processes. First, a general
description of production systems is presented.s&giently, the focus is narrowed to the
scope of our research being urban public transfdris section helps to understand the
general principles of variability and reliabilitfthe next section will elaborate on service
reliability in public transport in more detail.

2.2.2 Public transport production process

Following cybernetics (Heylighen and Joslyn 2004 )production process, seen as a black
box, converts input into output, as illustrated Rigure 2.1. The process has a certain
performance which has to match the requirementsanindeal environment, no external
disturbances appear, but in practice they willearidext to these external disturbances, the
process itself may deviate from the ideal state wutor instance human behaviour. If the
output is not a constant value but is diffuses ikalled variability of the output. The process is
not deterministic anymore but stochastic. If thariability is not desired or more than
expected, it results in unreliability. Unreliabflimeans that the actual output is not equal to
the promised (or expected) output. Customers wifes from this, since they may experience
a reduction in quality. In addition, the produceaymsuffer as well, since he may need
additional resources or instruments to reduce tigate the effects of reduced quality. Often,
the focus is on the excess variability, which ig thariability which is greater than a
bandwidth accepted by the producer, expresseceisytstem’s requirements.

Requirementi T Performance

Input > Process Output >

Disturbarces

Figure 2.1: General production process (including otput variability)
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In public transport, the main process is the opmmathat is driving vehicles enabling
passengers to travel from origin stop to destimatop within a specified time frame. The
input of the process is a network, consisting dfastructure and service lines, a schedule,
crew and vehicles. The output of the process ateabwehicle trips from stop to stop,
including actual departure and arrival times. Ttlgeslule shows the intended output, namely
trips planned in time and space. However, the acugout is often not exactly as planned
since amongst others, human behaviour (of bothepgess and crew), weather and traffic
circumstances (both public transport and othefit)akead to variability in output. We define
service variability as the distribution of outpuwlwes of the supply side of public transport,
such as vehicle trip time, vehicle departure timd headways. Often, requirements are set
concerning excess variability, mostly in terms ahdwidths. Chapter 3 will show that these
requirements differ much per public transport syst@he variability of the system also
affects the reliability as perceived by passengkrdransportation, service reliability may
generally be defined as the probability that a dpamnt service will perform a required
function under given environmental and operati@ualditions and for a stated period of time
(lida and Wakabayashi 1989). Which function, whadmnditions, and which period of time
needs to be specified? For instance, the funcoodarelate to transportation with a specified
travel time and quality, or to offering connectiopstween origins and destinations, or to
facilitating transport for certain levels of dema@bnditions could be regular or exceptional,
while the period of time could be a specific peakithor a full year. In our research we will
focus on specified travel times and departure tinresregular conditions (when the
infrastructure is fully available) in homogeneowsipds.

Public transport systems are more than just omerstiPrior to operations there is the design
process which specifies the timetable and schedlulhe design process two levels may be
distinguished namely strategic and tactical. Fig2u2 shows the levels of public transport
planning and operations.

Design process Operational process

A
A
a N : )

Strategic level - 5 Tactical level __ 4| Operational level

Figure 2.2: Stages at urban public transport plannag and operations

At the strategic level the network is designed. &oted ridership, budget, and geographical
characteristics are input for the design of theviserline network, consisting of lines and
main frequencies. At the strategic level, the istinacture network (curves, locations of
switches, terminals, etc.) is either used as amtimp is designed as well. Both types of
networks are used at the tactical level, at whirthdetailed timetable is constructed. Both the
public timetable and the schedule for vehicles arelv are the output of this stage. The
design and operational processes thus are stroelgied to each other and although service
variability and reliability are mainly an issue ocgng in the operation process, it is strongly
affected by the design process as well. Neverthglbere is a strong focus on improving
service reliability at the operational level onlgdanot much attention is paid to the design
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process regarding improving service reliability (V®ort and Van Nes 2004). In our
research, the link between these two processeaw/éstigated and possibilities of reducing
service variability and improving service reliatylin the design process are presented.

2.2.3 Conclusions

The production process of public transport consibtsvo parts. Prior to the actual operations,
the network and schedule are designed, being if@utthe operational level. At the
operational level, the actual product is providedhe passengers, being trips in time and
space. In practice, variability of these trips oftecurs, which, depending on the magnitude
of the variability, leads to service unreliabiligince actual operations do not match the plan
sufficiently. In dealing with service reliabilitynipractice, the focus is mainly on the level at
which the effects occurs, namely the operationalldn our research though, we investigate
opportunities to consider and improve service bdiig already in the planning stages.

2.3 Service reliability in public transport

2.3.1 Introduction

The previous section showed the general principlieshe concept of reliability. In this
section, service reliability in public transportlbe analyzed in more detail. Concerning
service reliability, both the supply side and tleenénd side of public transport are important,
since unreliability is caused by the interactionboth sides. The supply side consists of the
service provided by the operator, being trips mmetiand space. The demand side is defined as
the passenger side including their behaviour anuegances. This section describes both
sides as well as the interaction between them, twhiifects the actual level of service
reliability and the impacts on passengers. Thegirisi gained in this section concerning
service reliability will be used in the followingestions to assess the impacts on passengers
and to create enhanced indicators of service tibtial=inally, a control framework will be
presented in Section 2.6 aiming at improving servadiability through enhanced planning.

2.3.2 Public transport supply

Looking at the supply side, a single vehicle tspthe basis of operations. Vehicle trips are
scheduled in time and space resulting in depaemndearrival times at all stops along the route
from terminal to terminal. In addition to these eixdeparture times at a stop, the number of
trips within a time frame is important. This frequeg determines the number of possible
departures for passengers per time frame andatrdetes the headways between successive
vehicles.

In the schedule, every vehicle trip is planned idlegerministic way and no variation is
accounted for. In most cases, schedules are deésifprelonger periods and trips in
homogeneous periods per day are treated similadying operations however, actual vehicle
trips suffer from disturbances and variations octwath over the homogeneous periods per
day as over longer periods.

In an ideal situation, vehicles depart on time fribva terminal and drive perfectly according
to the schedule. Therefore, deviations and vanatiof the supply side may be categorized
into two source types:
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- Terminal departure time variability;
This is the distribution of schedule deviationgl§ear late) of the vehicle trip
departure at the terminal.

- Vehicle trip time variability.
This is the distribution of the trip times along tloute.

The deviation of the vehicle departure time at theminal determines the offset of the
deviation of the trip according to the schedule i(astrated by Figure 2.3). In addition,
vehicle trip time variability may arise along theute, as indicated by Figure 2.4. This
variability arises due to for instance weather ¢omas, other traffic and human behaviour
(both drivers and passengers). In general, thisbidity increases along the line due to a
chain of stochastic events (Nelson and O’Neill 200Bam and Wilson 2006, Veisseth et al.
2007).

Time
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Dotted line is scheduled service, straight lines fctitious examples of trips corresponding
to the scheduled trip

Figure 2.3: Variability of service due to terminaldeparture time variability



Chapter 2: Service reliability in theoretical persfive 19

e

Aviation

Time

Trip 2

Trip 1

Distance from terminal

Dotted line is scheduled service, straight lines &ctitious examples of trips corresponding
to the scheduled trip

Figure 2.4: Variability of service due to trip time variability along the route

Concerning vehicle trip time, two sub elements raylistinguished:

- Driving times;
- Dwell times.

Driving times consist of actual driving times fratop to stop and unplanned stopping times
between stops. All these time elements may be ngrgver time and these elements together
affect the variability of total trip time, expresse a trip time distribution. In general, the
variability of driving times is proportional to thariving times themselves and thus depends
on the line length (Levinson 1983, Van Oort and WYes 2009b).

Unplanned stopping is the stopping of vehicles latcation where no boarding and alighting

is enabled, for instance at traffic lights. Elinting this source completely is the best way to
improve public transport reliability. Unfortunatelyn urban public transport (bus, tram and
light rail), unplanned stopping occurs and resirtboth delays and service variability. The

main reason is other traffic. Unlike a metro systerhich has exclusive right of way, these
systems share parts of the infrastructure, lanek janctions with car, bicycle and even

pedestrian traffic. Besides, water traffic may teesubstantial stopping times as well, due to
the openings of bridges.

In addition to other traffic, other public transparehicles may cause slowing down or
stopping as well. If traffic intensities are highparts of infrastructure and/or capacity is low,
vehicles may have to wait for each other at jumiolf signalling is applied (rail bound
only), minimum possible headways increase, whicly tead to slowing down or stopping
due to predecessors as well.

The other part of vehicle trip time is dwell timehich is the time used for boarding and
alighting at a stop. In literature much attentisrpaid to analyzing and modelling dwell time
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considering causes and effects of dwell time vdriigb(see e.g.Lin and Wilson 1992,
Aashtiani and Irvani 2002, Rajbhandaru et al. 2Q03t al. 2006 and Milkovits 2008On an
aggregate level, the number of stops per line isnpbrtance regarding the variability of this
element. In general, more stops lead to a higved l&f variability.

As mentioned above, individual trip times may bstributed over time, due to a combination
of terminal departure time and trip time variaRiliThis distribution has two main effects
with regard to the schedule. First of all, actuapakrture and arrival times of individual
vehicle trips at stops will not match the scheduledes sufficiently, since schedules are
deterministic. In addition, actual vehicle trip esare distributed as well. This phenomenon
is illustrated in Figure 2.5. Second, if the fogsisot on the variability of individual trips in
time, but when successive trips are examined, hagsllvetween successive vehicles at stops
are not constant due to these distributions. Thiplies a certain irregularity of vehicle
departures at stops, as illustrated by Figure 2.6.

Variability of

arrival times
Deviation
ariability of =" L .e==""]
departure times—" . = = = ==

Time

Distance

Dotted line is scheduled service, straight lines fctitious examples of trips corresponding
to the scheduled trip

Figure 2.5: Variability of service: example of varability of departure (at stop n) and
arrival times (at stop n+x)
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Figure 2.6: Variability of headways between succes® trips at stops along the route

Besides initial deviations, causing variability g®own above, deviation propagation is quite
common in urban public transport. Deviation proggmgamay be considered in two ways.
The first category is the knock-on of delays att#reninal. Arriving late at the terminal limits
the possibilities of punctual departure of the niext (mostly in the opposite direction). The
second type of deviation propagation is on the lireelf. In that case more than one vehicle
is affected. This type of variability propagatianaften referred to as bunching (of vehicles).
The mechanism of bunching is illustrated in Fig2re (based on Chapman 1978).
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Figure 2.7: Bunching illustrated in a time-space digram

If a vehicle suffers from an initial delay (d), thetual headway between this vehicle and its
predecessor increases (and will equal the schedwadway H plus initial deviation d). Due
to this longer headway, the number of passeng#reastop, waiting for this vehicle will be
increased. Due to this larger number of people,lidivee will be extended (1 >T11). The
extended dwell time will create even more delay #m$ the headway ahead will even more
increase (H+d+(71-T11)). This process will enforce itself and will letallarger delays.

When we look at the headway between a vehicle andutcessor, this mechanism works the
other way around. Due to the initial delay, the dveay shrinks (H-d) and the number of
passengers waiting for the successor will decred$es enables shorter dwell times
(T31<T11), which decreases the headway even more. This Wbpenforce itself as well,
resulting in bunched vehicles. The successor widkch the vehicle and they are bunched (at
stop 4 in Figure 2.7). In Appendix D, more insiglt® provided concerning bunching of
public transport vehicles.

2.3.3 Public transport demand
The supply side described in the previous subsedmables passengers to make a journey.
The total journey from origin to destination comsisf several parts, as shown in Figure 2.8.



Chapter 2: Service reliability in theoretical persfive 23

Transfer [«

A4

Waitin.g L »| Access (» Waiting [ Boarding (» Moving || Alighting > Egress
at origin at stop (in-vehicle)

Figure 2.8: Passenger travel time components

The first part of passenger travel time (neededttiercomplete public transport journey) is
the access time, which is the time needed betweemrigin and the departure stop. Often,
this part of the journey is on foot and sometimedike. At the departure stop, waiting time
will occur between arrival of the passenger andadepe of the vehicle. Two arrival patterns
may be distinguished. Passengers may arrive atomandr they may plan their arrival
according to the schedule. In the latter case, samaigng time at the origin may occur as
well. This waiting time is referred to as hiddenitimg time and arises due to a discrepancy
between the preferred departure time and the dlaitleparture time.

Sometimes, the first vehicle is too crowded to erge passengers have to wait for the next
one. After boarding the vehicle, the next elemeninibving (or “in-vehicle time”) until the
destination stop is reached. During public transurneys, one or sometimes more transfers
may be necessary. If so, the passenger needsnifdarao the stop of the next vehicle and
wait there for the next departure. The final st®geldom the destination of the passenger, so
some egress time from stop to destination is umade. In urban public transport, this is
often walking. All the time elements related to tb&l journey are stochastic in real-life due
to variability of different trips in a single pedcand variability of a single trip over different
days. In our research we will focus on the pathefjourney from the departure stop (j) to the
arrival stop (k) of line | (i.e. passenger waitiagd in-vehicle time). Transfers are considered
to be the start of a new journey. The total jourtigye in case of a trip without transfers is
expressed by Equation 2.1 (the ~ symbol indicai@shastic variables). Note that in case of
transfers, waiting time and in-vehicle time occor £very service line used and that in

addition transfer time may arise. Equation 2.2 shéwe expectation of,"j"_”,:”ey'“’t, based on
Equation 2.1.

-ﬁ’jjo_ulzney,tot — -ﬁyv}/aiting_origin + -ﬁiccess+ -ﬁyv}/aiting + -ﬁ’irj]:zehicle + -ﬁ’igress (21)
E(ﬁ’jjo_ulzney,tot) — E(ﬁ’v}/aiting_origin) + E(ﬁ’e}ccesa + E(-ﬁyv}/aiting) + E(ﬁ’irj]:\k/ehicle) + E(-ﬁigres (22)
where:

T, et = passenger travel time from origin to destinat{om line | departing at stop |

and arriving at stop k)
Tlvxj = stochastic duration of travel time element X (me | departing at stop j)
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E(ﬁj.() = expected duration of travel time element Xl{oa | departing at stop j)
| = departure stop
k = arrival stop

The expected value of passenger travel tirﬁéﬁ("f_”l[”ey“" ) is )an important input of choices

made by travellers (for instance route, departuree tand mode (Wallin and Wright 1974,
Schmadcker and Bell 2002). In public transport pcactthe timetable presents some of the

elements of travel timeTl"j"_“k’”ey‘"t, affecting passenger choice behaviour. Howevee, th

schedule does not incorporate the variability oésth elements. Some of these time
components are related to the interaction of supply demand elements of the demand side
as well, which will be discussed in the next sattio

These time components are perceived differentlypagsengers. Waiting (at the departure
stop and during a transfer) is perceived longen taia equal amount of in-vehicle time for
example. Research (Van Der Waard 1988 and Wardr@@h) Zound the perceived relative
weights of all the components compared to in-vehiiche. These weights are shown in Table
2.1. Other references report that passengers ataehght of 1.5 up to 2.3 to waiting times in
urban public transport systems (Mishalani 2006 ekan and Vermeulen 2006), which makes
waiting time an important component of the totairjeey time.

Table 2.1: Average relative weights of travel time&omponents

Component Weight A Weight B
(Van Der Waard 1988) | (Wardman 2001)
Access time 2.2 1.8
Waiting time 1.5 1.5
In-vehicle time 1.0 1.0
Egress time 1.1 -

Equation 2.3 shows the incorporation of such weaighto the generalized cost function of
passengers for public transport (in case of nosfeas). This function shows generalized
travel time (consisting of the travel time compotseand their perceived weights) that enables
to calculate the generalized travel time costshgyvalue of (VOT). To calculate the total
generalized costs the ticket price (TP) and a ngpieific constantg) are added as well. In
their choice behaviour (between for instance datitin, time or mode) travellers will tend to
choose the alternative with the lowest value o©OGr objective is to reduce the average value
of C per passenger by improving service reliahility

~ _ * % T waiting _ origin % T access % T waiting * T in—-vehicle % T egres
C=VOT*(6,*T,] +O,* T 6, 7T O, T A G T ) +

(2.3)
TP+¢@
where:
C = generalized passenger costs for public transpor
VOT = average value of time for public transpoaspengers
T|VX< = stochastic duration of travel time element X (me | departing at stop j)

6, = relative weights of travel time component x
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TP = ticket price
¢ = public transport mode preference constant

2.3.4 Interaction between demand and supply sides

The variability of the supply side consists of dgmMins of actual headways, vehicle departure
times, vehicle trip times and as a result the Jehaerival times (over trips and days). Table
2.2 shows the different types of variability andiethpart of the passenger travel time is
influenced.

Table 2.2: Types of service variability

Supply side (vehicle) Demand side (passenger)
Types of service variability Main impacts on
Variability of departure times Waiting time

Variability of headways Waiting time

Variability of trip times In-vehicle time

Variability of arrival times Arrival time

From an aggregated passenger perspective, thibdigin of total passenger travel time (and
as a result the distribution of passenger arrirak} is the most interesting one, since it
covers the complete journey. This distribution eedmined by the elements mentioned in
Table 2.2.

From the perspective of the demand side, therarnston as well, i.e. the arrival pattern of
individual passengers at their departure stop. a@tiigal pattern mainly consists of two types,
as illustrated in Section 2.3.3, namely randomvalsi and schedule-based arrivals. The
combined result of the arrival pattern of passesigerd the distribution of vehicle departure
times and headways is a distribution of passengéing times.

Figure 2.9 illustrates the differences and relaidetween the demand and supply sides.
Passenger waiting time is determined by actual wagsl and departure times next to

passenger arrival time at the stop. In additiorsspager in-vehicle time is equal to the trip

time of the vehicle and together with the departimee, the arrival time at the destination

stop is set.
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Figure 2.9: (Interaction of) Components on demandd supply sides

The previous analysis focused on vehicle trip tvadability and the impacts on passenger
travel time. We defined service reliability as tertainty of service aspects compared to the
schedule (such as travel time (including waitingjrival time and seat availability) as
perceived by the user. Service variability is defiras the distribution of output values of the
supply side of public transport, such as vehicip time, vehicle departure time and
headways. In our research, we mainly focus on téreet time impacts. In literature many
definitions of reliability may be found, some ofeth based on a different definition of the
function of the system, especially connectivityhests focusing on specific components of
public transport services. Table 2.3 gives an deenof the types of reliability in literature
(Tahmasseby 2009). Some of them are closely relmtdadavel time reliability and affect
components shown in Figure 2.9.
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Table 2.3: Types of reliability and references

Reliability Reference

Connectivity Berdica (2002), Chen et al. (2002))I§2000), Asakura et al.
(2000), Kurauchi et al. (2004), lida and Wakabay#$889), Bell
and lida (1997), Al Deek and Ben Emam (2006)

Travel time Berdica (2002), Liu (2007), Chen et(aD02)

Headways Liu (2007)

Passenger waiting timg  Liu (2007)

Schedule Turnquist and Blume (1980), Carey (19%yathman et al.

(1999), Kimpel (2001), Bell (2000), Al Deek and Bé&mam
(2006), Rietveld et al.(2001)

Connectivity reliability is defined as the probdtyilthat network nodes are connected and
may be reached (lida and Wakabayashi 1989). Regarlie passengers’ point of view,

connectivity reliability might, for example, be qudied as the number of trips that over a
longer period of time with its varying conditionsutd be performed (Bell and lida 1997, Al-

Deek and Ben- Emam 2006). Connectivity reliabilgyalso studied in the context of public

transport supply. On the supply side (the servieewark), it may be measured as the
probability that network nodes are connected (B800, Asakura et al. 2001 and Kurauchi et
al. 2004). This perspective relates more to irragabnditions in which part of the services
might not operate as planned. An elaborate studyirbfin public transport systems is

irregular conditions may be found in Tahmasseb¥Y@0As stated in Chapter 1, we focus on
situations in which the infrastructure is fully deale.

In Liu (2007), three types of bus service reliapilnotions are discussed. These are travel
time reliability, headway reliability and passengeaiting time reliability. They all are
defined as to what extent the specific actual tmegches the scheduled time. The first type
refers to our focus, the latter two only expresdspaf the passenger effects of unreliability.
Turnquist and Blume (1980), Carey (1999), Strathretral. (1999), Kimpel (2001), Bell
(2000), Al Deek and Ben Emam (2006) and Rietvel@le(2001) also deal with schedule
reliability. However, strictly focusing on scheduldiability may lead to a quality drop, due
to low schedule speeds enabling reliable schedules.

Due to variability of several supply and demand ponents (over trips and days), passengers
experience variability of the service affecting ithavel time. The magnitude of this
variation mainly determines whether passengerseparthe service as reliable or not.

2.3.5 Conclusions

Service reliability is the matching degree of tmerpised and actual public transport services
and its impacts on passengers, which are mainlglitéme related. Service reliability is the
result of the interaction between supply and demahdoublic transport. This section
described both sides. At the supply side, vehigs tin time and space are provided. Due to
terminal departure and vehicle trip time deviatiahg operations do not match the schedule,
resulting in departure time and headway variabifyer trips and days). In addition, the
variability may increase itself due to the buncheftect. At the demand side, the arrival of
passengers at their departure stop is importannhvamalyzing service reliability. Passenger
may arrive at random or they may plan their arriveth the scheduled vehicle departure. The
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interaction between supply and demand affects t@ng and in-vehicle time of passengers.
This will be further explored in the next section.

2.4 Impacts of service reliability on passengers

2.4.1 Introduction

In the previous sections, it was shown that thellef service reliability results from the
interaction between the supply and demand siddgehature several types of reliability have
been distinguished to express the passenger eféécthis interaction. In preparation of
guantifying service reliability, this section denstrates the impacts of service reliability on
passengers, with a special focus on travel timabidity. The passenger mainly experiences
the following three effects (Noland and Small 198®Jand and Polak 2002, Van Oort and
Van Nes 2004). Note that due to the stochasticreathe impacts on individual passengers
may differ from average values.

- Impacts on duration of travel time components, p@mvehicle time and waiting
time, which lead to arriving early or late;

- Impacts on variability of travel time componentsirty departure time, arrival time,
in-vehicle time and waiting time, which lead to erainty of the actual travel time;

- Impact on probability of finding a seat and crowglimhich affects the level of
comfort of the journey.

These aspects are described and analyzed in thisrseThe last part of this section presents
the effects of the level of service reliability onoice behaviour of passengers.

2.4.2 Duration of travel time components

Travel time is a key component in all kinds of &Hers’ decisions. Irregular transport
services influence in-vehicle times as well as wgitimes, the latter both at the first stop and
at transfer nodes. In this section we provide aalyais of the impacts of service variability
on the magnitude of passenger in-vehicle and waitimes. Concerning waiting time, two
scenarios are distinguished, that is waiting whasspngers arrive at random and when they
plan their arrival according to the schedule. la tdase of transfers, waiting time depends on
the arrival pattern of feeder vehicles.

2.4.2.1 In-vehicle time

Variability in vehicle trip times at the supply siavill result in variability of the passenger in-
vehicle time at the demand side. This may resulomger in-vehicle times for a part of the
passengers as well as shorter in-vehicle timesofber passengers. If in-vehicle time is
compared to the schedule the effect is determiryethd method of planning and publishing
trip time in the schedule (e.g. a tight or looskestule). If a public transport planner uses the
average of actual or expected trip times to deteentine scheduled trip time, the difference
between scheduled and actual average in-vehicke pign passenger is minimized.

In the case of bunching (Section 2.3.2) the aveiageshicle time per passenger will be

extended. More passengers will suffer from theyd#ian the number of passenger benefiting
from the speeding up of the successive vehiclealmez the slowest vehicle will collect more

passengers. In addition, instruments affectingattieal vehicle trip time variability, such as

vehicle holding, will also extend the average et time per passenger.
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2.4.2.2 Waiting time when passengers arrive at camét the departure stop

When passengers arrive uniformly distributed atrttleparture stop and services are regular,
average waiting time per passenger will be equbbtbthe headway of the departing vehicles
(Welding 1957, Osuna and Newell 1972, Heap and H®d076). In theory, half of the
passengers will have a shorter waiting time and dfalhem will encounter more. However,
when headways are irregular, the average waitmg per passenger will increase. Headways
will be both longer and shorter than scheduled,tbetnumber of passengers benefiting from
shorter headways will be smaller than the numbesufering from longer headways and
longer waiting times (Welding 1957, Osuna and Néweél72, Heap and Thomas 1976).
Section 2.5.3.1 will discuss this mechanism in noetail.

2.4.2.3 Waiting time when passengers plan theivatat the departure stop

Literature on the arrival rate of passengers andirngatimes when passengers adjust their
arrival to the scheduled departure is limited. bckic (2005), a relationship is given showing
the average waiting time as function of the headidy divided in random arrival and
planned arrival of passengers and a mixed areatwden (see Figure 2.10). The random
arrivals lead to waiting times of half the headwasy discussed above, while the case of
planned arrivals yields an average waiting timesahinutes. In the areas in between, the
value of the waiting time is highest.
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Figure 2.10: Average waiting time as a function ofieadway size (H) (Source: Vuchic
2005)
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In the case of passengers planning their arrivéhatdeparture stop, schedule adherence is
important. For passengers, the difference betwady and late departing vehicles is of great
importance. Early vehicles might lead to waiting thll headway. Late vehicles only extend
the waiting time by the amount of delay, whichaspecially in long headway service, most
of times much less. Variability of the supply sitieis affects the waiting time of passengers
in an asymmetrical way.

2.4.2.4 Conclusions

Since the average waiting time per passenger wilieiase due to service variability, the
average travel time per passenger will increaseedls With regard to service variability, the

average in-vehicle time only is extended due tochurg, a secondary effect of service
variability, or instruments affecting actual trime variability, such as vehicle holding. Since
the schedule may be adjusted to regular trip tiaréability (by applying the average value in

the schedule), this does not affect the averagé&iawial in-vehicle time compared to the

schedule. However, this means that the additiomalehicle time is accounted for in the

schedule. This is not a matter of service relighilbut is still important in analyzing the

impacts of instruments. Equations 2.4 and 2.5 sttmvexpectation of waiting time and in-

vehicle-time, both consisting of a scheduled congmbrand a component expressing the
additional time due to service variability. The ymbol indicates stochastic variables. The

scheduled waiting timeﬁjc“"‘dwa‘“”g) depends on the arrival pattern of passengerssathadis a

hedin—-vehicle

stochastic variable. The scheduled in-vehicle t{if& ) is independent of stochastic

processes and is thus a fixed variable. Equati@ns2mmarizes all the components of
expected travel time, as shown by Equation 2.1,elpticitly distinguishes the components
that arise due to service variabilitff, {**"*™ and T,5%""*"*¢). This equation shows that

passenger total travel time consists of the trawe according to the schedule (including the
scheduled waiting (at the origin), access, in-viehend egress time) and in addition the
extension of the waiting and in-vehicle time dues¢ovice variability. Equation 2.7 shows the

schedule components. Considering our focus of #ssgnger journey, from stop to stop, as
presented in Section 2.3.3, Equation 2.8 presdms eixpected travel time calculation

(E(T~,,jf_‘1|(’”ey)) that we will use in the remainder of this thesis.

E(-I—I ‘vjyaiting - E(T| jchedwaiting) + E(-I—I ’e}dd,waiting) (24)
E( lfr;:zehicle) — -I—lvsjc_hkedin—vehicle + E(T| ’a}d_tlJ(,in—vehicle) (25)
E(TI ‘ijO_uliney,tot) - E(Tl j/}/aiting_origin) + E(T| icce53 + E(Tl jchedwaiting) + E(—ﬂf’}dd'waiting) +

schedin-vehicle T add,in-vehicle = egres (26)
T +E(T, 7 )+ E(T)
E(T| 'J'jo_ukrney,sched) - E(T| jchedwaiting) + lesjc_hlfdin—vehicle (27)
E(I-I’jjo_ukrney) - E(l-lyjjo_ukrney,sched) + E(I-I’a}dd,waiting) + E(I-I’E}d_tlj(,in—vehicl (28)

where:

E(FI:")].() = expected duration of travel time element Xl{oa | at stop )
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"I'T,"f_”kmey'mt = total passenger travel time from origin to destiion (on line | departing at

_ stop j and arriving at stop k)

T = passenger travel time from stop j to stop kiae | (including waiting)

ij“edwa“‘“Q = waiting time according to the schedule per passeagstop j on line |

'ﬁjdd'wa“‘”g = additional waiting time per passenger due tovéee variability at stop j on
line |

T,Spdnvene - = in-vehicle time (stop j-k) on line | per passengecording to the schedule

T a%nvende = additional in-vehicle time due to service variiith between stop j and k on
line |

T, Punevsehed = total passenger travel time according to schediain line | departing at stop
j and arriving at stop k)

2.4.3 Variability of passenger travel time componets

Above is shown that variability of the supply sidey extend the average travel time per
passenger due to an extension of average waiting &nd to a lesser extent, due to the
average in-vehicle time. In addition, the passemgael time will become distributed as well
due to variability of the supply side. Equation 2lfeady showed the stochastic elements of
total travel time. Due to the combination of thesgenger arrival pattern and the variability in
departure time and headways, passenger waiting withealso be distributed. In addition,
variability in vehicle trip time will create varidlty in passenger in-vehicle time and arrival

time. Equations 2.9 and 2.10 show the variatioﬁﬁﬁf;”ey in case of independency of waiting

time and in-vehicle time. Since the expected cati@h between these two, this equation may
underestimate the variation.

Var(ﬁyjjo_ukrney) — Var(-ﬁ’v}/aiting ) +Var(ﬁ’irj1:l\(/ehicle) (2 . 9)
Var(ﬁyjjo_ukrney) — Var(ﬁ’sjchedwaiting ) + Var(ﬁ’a}dd,waiting ) + Var(ﬁ’e}d_tlj(,in—vehicl (2 ' 10)

The variability in these three elements will leacbassenger uncertainty about the service and
as a consequence, passengers may consider antiextrdbuffer when comparing travel
alternatives due to this variability. Furth and Mul(2006) state that this time is a function of
the perceived service variability. They proposethas value for this extra time buffer the
difference between the 95-percentile value andaverage of travel time to express this
variability effect. In the passenger choices wegard for instance mode or route, passengers
will consider the probability of an uncertain aaitime. Equation 2.11 shows this component
(T which we assume to be a constant per passengerathhis trips, but different per
individual passenger), added to the calculatiotrafel time per passenger of Equation 2.8,

resulting in an expression for the experiencedelrtime (T, ™).
E(ﬁ’jjo_ljl(rne)l,exp) — E(ﬁ’jjo_ukrneysched) + E(ﬁy&}dd,waiting) + E(ﬁitj_tlj(,in—vehicle) +Tbudget (211)
where:

T, Puneve = experienced passenger travel time from stopstop k on line |
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T budget = travel time budget of passengers due to sendc@bility

2.4.4 Probability of finding a seat and crowding

Besides influence on travel time, variability wdlso decrease the level of comfort by
decreasing the probability of securing a seat & \hhicle or creating overcrowding. This
mechanism is illustrated by Figure 2.11. This dffgfcservice variability is primarily relevant

if passengers arrive at random at the departune. «ae to bunching, vehicles will have
shorter or longer headways than scheduled betwesnselves and their predecessor. When a
vehicle is delayed and the headway is longer, theber of passengers will be larger than the
expected average per vehicle. This additional nundbepassengers may lead to capacity
problems in the vehicles. More people have to stanare not even able to enter the vehicle
at all. In the case passengers consult the schédwagive at their departure stop, crowding
may occur if passengers miss a vehicle (due to/ emparture for instance) and board the
next vehicle (which is not too early). This waye tbecond vehicle suffers from double loads
at stops.
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Figure 2.11: Distribution of passengers over vehiek in regular (upper part) and
irregular (lower part) operations

In Wardman (2010), a study is presented, indicatimeggvalue of crowding, related to travel
time. A meta-analysis of 135 valuation studieseigarted, finding the travel time valuations
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to vary with load factor and journey purpose. Tleatsig multiplier (as a relative weight

compared to in-vehicle time) averages 1.15 for Ifextors between 60% and 100% and
almost 1.5 for load factors in excess of 100%. $tanding multiplier (as a relative weight

compared to in-vehicle time) averages 2.4. Thesebeus indicate the substantial impact of
crowding on passenger perception.

2.4.5 Passenger behaviour under service variability

The level of service variability affects passengardifferent ways, as shown by the previous
section. This is expressed in two ways. First bfred product attractiveness is affected by the
level of service reliability. Especially the relai attractiveness compared to other travel
options is important regarding the choices passsngeke, both internal (within the public
transport system) as external (options outside phielic transport system). The internal
factors concern the desired departure and arrit@d, sthe route or the time of travel.
Externally seen, the modal split is affected byrélative level of service reliability compared
to car of bike transport for instance.

While the (relative) attractiveness determines Wwaeand which public transport line is used,
passenger appreciation of public transport is &dtkby service reliability as well. This only
concerns existing passengers and mainly affectantiage of the public transport system,
which may determine future use of public transport.

Passengers will either accept the conditions dysoty service reliability implying a loss of
welfare, due to additional travel time, variabiliyd less comfort, or they will adjust their
behaviour due to their experiences and expectatmrserning service reliability. The
extension of average travel time, the variabilityravel time and the decreased probability of
finding a seat may all lead to the following chasmgechoice behaviour of passengers.

- Internal (within the public transport system)

- Passengers change their departure time;

- Passengers change their origin stop;

- Passengers change their destination stop;

- Passengers change their route (other line, leadditional transfers);

- External (options outside the public transpostegn)

- Passengers change their mode;
- Passengers change or cancel their journey.

In literature, much research is available with rdga the choices mentioned above. Bates et
al. (2001) and Rietveld et al. (2001) state thatise reliability of public transport systems
has been considered critically important by modtligdransport users because passengers are
adversely affected by the consequences associatibd unreliability such as additional
waiting time, late or early arrival at destinatiomsd missed connections, which increases
their anxiety and discomfort. Route choice mightalffected by unreliability, as presented by
Abdel-Aty (1994), Schmdocker and Bell (2002) and bBind Sinha (2007). Service reliability
has also been identified as important in deterngiive mode choice (Turnquist and Bowman
1980). Therefore, it may be stated that unreligbil public transport drives away existing
and prospective passengers.



34 Service Reliability and Urban Public Transport Desi

Reversely formulated, enhanced reliability willratt more public transport users, as stated in
Chapter 1. Research (Vrije Universiteit 1998) shdhet people are likely to change their
mode of transport because of changes in the lefedeovice reliability. Although the
measures of this research are imprecise, the ssel@monstrates (as shown in Table 2.4)
that service unreliability (expressed as standaxdadion of travel time) has a great impact on
the mode choice of travellers. People indicate thahges (without exact numbers) in service
reliability are affecting their behaviour. Espelyabccasional travellers seem to be very
sensitive to changes in unreliability.

Table 2.4: Effects of changes in unreliability (stadard deviation of travel time) on mode
choice

Travellers | Regular travellers | Occasional Non
Change travellers travellers
of unreliability
Decrease 9% 2294 9%
Increase 17% 4495 -

! part of travellers that will travel more often public transport
2 part of travellers that will travel less often pyblic transport

2.4.6 Conclusions

This section showed three main impacts of servalebility on passengers, being the
extension of travel time components in-vehicle tiemal waiting time, variability of travel
time, and the probability of finding a seat in thehicle. This section also showed the possible
reaction of passengers when services are unreli@bky may for instance change their route
or moment of their journey, they may change thedsdmor they may cancel their journey. All
these effects lead to a loss of welfare and tcsa @ patronage and thus revenues for public
transport companies. Improving service reliabilityay thus lead to substantial benefits for
operators and society. However, the selection @p@r instruments to improve service
reliability requires proper indicators to quantifie impacts of service unreliability. The next
section will present current and new indicatorsdervice reliability. We will show that the
travel time effects on passengers are not progeqyessed by traditional indicators. To deal
with this shortcoming, we will propose new indiaatoindicating the extension of travel time

(E(fjdd'wa“‘“g) + E(TTf}“_“k"”‘VEh”'e)) and its variability (/ar(T~,"'j°_”,£“ey ). To a lesser extent, we will
also show how to indicate the probability of fingiia seat in the vehicle.
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2.5 Indicators of service variability and reliability

2.5.1 Introduction

In order to improve service reliability it is es§ahto monitor and predict the level of service
reliability of a public transport system. For tig need proper indicators. The commonly
used indicators which are supposed to expressildyado not completely focus on service
reliability concerning passenger impacts. In fdogy focus more on service variability of the
system than on the actual impacts on passengemse\o, Section 2.4 demonstrated the
importance of taking the demand side into accoumtevassessing service reliability. The
impacts on passengers are mainly measured by cestsaomveys, which implies only a
qualitative assessment. This section presentsraldionally used indicators and introduces
new indicators enabling enhanced quantifying ofiserreliability. These new indicators will
be used in our research in the next chapters.

2.5.2 Traditionally used indicators

Given the stochastic nature of public transportrapens, statistical measures such as
standard deviation or percentiles are logical iattics. A typical example is the coefficient of
variation of headway, as shown by Equation 2.12a(@fand Wilson 2006). This indicator
may relate to an aggregate characteristic of aiptidainsport line, or a branch served by a set
of public transport lines. Equation 2.12 shows dbefficient of variation of actual headways
per stop, but in practice expressing this indicatar line level is also common use, by
calculating the average value over the stops. iMaig, the number of passengers per stop is
neglected.

~ e StD(H™
CoV(H/") = L‘g (2.12)
E(Hl,j
where:
CoV(If|,f’J?t = coefficient of variation of actual headwaydine | at stop |
T act
Hi = actual headway of line | at stop |
StD(H /' = standard deviation of actual headways of liaé stop |
E(H™ = expected headway of line | at stop j

In practice, however, the use of purely statistive@asures is limited. Commonly used
indicators focus either on punctuality, the extentvhich the scheduled departure times are
met, or on regularity, the variation in the headsvay

Taking the perspective of the production processt{@e 2.2), the percentage of trips
performed within a predefined bandwidth, are use#liability indicators. Equation 2.13
expresses this type of indicator for average dapadeviation for a complete line. Observed
data is used to determine the relative frequencylefiations within a bandwidth. This
indicator represents to which extent the producpoocess requirements are met. Section

3.2.3 will present actual used values®t" and ™. Obviously, these values are of great
influence on the level of service reliability caiatied.
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>, Y Ry (@™ <DB¥) - D <am™)
p =i i3 _ (2.13)
nI,i nl,j

where:

P =relative frequency of vehicles on line | havingchexlule deviation
betweend™ and o™

Pii,j = relative frequency of vehicle i on line | hagia schedule deviation
betweend™ and 5™ at stop j

D7 = actual departure time of vehicle i on stop jlowe |

Dt = scheduled departure time of vehicle i on stop jine |

om = lower bound bandwidth schedule deviation

om™ = upper bound bandwidth schedule deviation

n; = number of trips of line |

n = number of stops of line |
Punctuality may also be defined as the (averagelptien from the timetable at a specific
stop, a set of stops, or for all stops of a linke Tatter is shown by Equation 2.14 (Hansen

1999).

LN

> > |Bi - D
p=—"— (2.14)
nl,j n;
where:
o) = average punctuality on line |

Please note that this formulation has an imporsaottcoming. It does not indicate whether
vehicles depart too early or too late, which hdarge impact on passenger waiting time. If
only a set of stops is considered, the locatiothefstops may be of influence. Chapter 3 will
provide practical examples of measurement locateons implications of the chosen set of
locations.

Irregularity is used to express headway deviatibtakkesteegt and Muller (1981) introduced
the PRDM(Percentage regularity deviation mean), which shthesaverage deviation from
the scheduled headway as a percentage of the detieleadway. The calculation of the
PRDM is shown in Equation 2.15. This equation shtvescalculation of the PRDM per stop.
Taking into account all the stops, a calculatiothef PRDM for the total line is also possible.
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Hls,iC e - |:||E,iic,tj
Z H s_ched
PRDM, , = & (2.15)
, N
where:
PRDM; = relative regularity for line | at stop |
H e = scheduled headway for vehicle i on line |
I—~||f‘i‘f‘j = actual headway for vehicle i on line | at stop
N = number of vehicles of line | departing at sjop

All measures presented focus purely on charadti&tr the supply side, although it should
be noted that indicators for punctuality and regtyaare linked with assumptions on the
arrival pattern of travellers, i.e. arrivals basma the timetable and uniformly distributed
arrivals respectively. More important is the fabatt these measures make no distinction
between stops having a high demand or a low denmfundctuality and regularity have a
strong influence on waiting time and are thus mmsgtortant for stops having large numbers
of passengers boarding the vehicles. Furthermbesgtindicators do not quantify the impact
the variability has on travellers, such as the aextavel time as discussed in Section 2.4.
Mazloumi et al. (2008) support that focusing ontiome vehicles only is not sufficient.
Therefore, the next section presents new indicat@asare better suited to measure service
reliability. In Chapter 3, we will use the presahiadicators of punctuality (Equations 2.13
and 2.14) and the PRDM (Equation 2.15) to illustrattual levels of service variability
compared to passenger oriented indicators.

2.5.3 Passenger oriented service reliability indi¢ars

Taking the perspective of the passenger would ligeatjuire indicators for the door-to-door
journey instead of punctuality or regularity atpgoSome researchers propose the standard
deviation of the actual entire route travel timesaa appropriate criterion for measuring travel
time reliability of a particular route (Turnquishé Bowman 1980, Rietveld et al. 2001 and
Tseng 2008). In addition to the standard deviabibroute travel time, the following measures
are proposed for describing travel time reliabi{ityrnquist and Bowman 1980, Tseng 2008
and Vincent and Hamilton 2008):

- Coefficient of variation of route travel time (CgV)
- Difference between the $tand 58" percentile of travel time;
- Difference between the 8&and 58' percentile of travel time.

Tseng (2008) shows that these indicators are twamsible into each other and transformation
rates depend on travel time distribution as waellliterature, travel time reliability has also
been defined as the inverse of the standard dewiati journey times (e.g. Polus, 1978 and
Sterman and Schofer 1976) and the percentage wfggsi on a bus route that takes no longer
than the expected travel time plus an acceptaldl#iacial time (Strathman et al. 2001).

In order to use such journey oriented indicatoruldaequire detailed knowledge of the
demand pattern in space and time. However, sudrniation is usually not available for
public transport operators and authorities. Infdroma they do have is the number of
boardings and alightings per stop and thus the pmwy along the line. As an example
Figure 2.12 shows three different hypothetical fioms of passenger occupancy along the
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line and the importance of service reliability ¢ve ttomplete line differs per function. Figure
2.12 A shows a high occupancy from the start to énd of the line (no exchange of
passengers along the line is assumed). If we lddkeaimpacts on passenger waiting time,
the departure punctuality at stop 1 is very impastaut departure deviations at other stops
are not of any interest since nobody is boardintp@de locations. In the case of Figure 2.12
B, in which only boardings in the first half of thiee are assumed and only alightings in the
second half, the first part of the line is of materest. The assumption of the occupancy of
Figure 2.12 C is also only boardings in the firalf land alightings in the second part, but the
number of boardings at the stop in the middle stantial. In that case schedule adherence at
this stop is most important.

»
>
»
»
»
»

Occupalcy
Occupanc
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Figure 2.12: Common occupancy patterns on public ansport lines

As we argued earlier, the use of punctuality asliability indicator using Equation 2.14 is
not adequate, since the impacts of passengerslgfaal late vehicles is handled similarly
(see also Camus et al. 2005). In practice, howeagly vehicles cause more delay in general,
since passengers that miss the vehicle have to av&ill headway. In this section, new
indicators are introduced, namely additional tratmele (Van Oort and Van Nes 2004 and
2006) and reliability buffer time (Furth and Mull2006), enabling expressing unreliability in
a way which better connects to the real impactpassengers.

2.5.3.1 Additional travel time

Although the supply-side indicators often helpllasitrate the level of service provided to the
passenger, they do not completely match the custpereeption. Driving ahead or being late
for example are completely different phenomena gassengers. The arrival pattern of
passengers at the stop where they depart is ofrtempe to determine the impacts for the
passenger. If passengers arrive at random, thatdwvifrom the schedule is not relevant
anymore. Passenger waiting time is then minimiZedctual headways are constant (as
explained in Section 2.4.2). If passengers usesthedule to plan their moment of arrival at
their departure stop, the deviation from the tirbkgtas important.

As shown in Section 2.4 service variability maydda an extension of passenger average
travel time, since average waiting time per passentay be extended due to irregular, early
or late vehicles. To express this effect of serwiagability on passengers more effectively
than punctuality and regularity, we introduced avnadicator, called average additional
travel time (Van Oort and Van Nes 2004 and 2006)s Fection describes this indicator and
shows how to calculate it.
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Figure 2.13 illustrates the phenomenon of addititraael time from an example of a single
passenger journey. In a situation without serviagability (Figure 2.13A), the travel time
consists of access time, waiting time, in-vehictel a&gress time. Next to regularity and
schedule adherence, passenger waiting time dementte arrival pattern of passengers. In-
vehicle time is determined by the scheduled vehigbetime and access and egress times are
a result of line and stop spacing.

TIME - Access In-vehicle
> time time

A Scheduled travel time \ .
i Waiting Egress

. time time
e Additional

SRR

R tl me

B Actual travel time ' —p
5 : ™~
. e : Additional travel tim
: /

Figure 2.13: Scheduled travel time and additionalravel time (illustrated for an example
of an individual passenger journey)

Due to variability in actual vehicle trip times, carworresponding deviations of scheduled
vehicle departure times and headways, waiting tiatestops will increase on average per
passenger (as explained in Section 2.4), leadingniger travel times than the planned travel
time. An example of this extended travel time isvgh by Figure 2.13 B. Access and egress
times are not directly affected by variability ipeyations. In-vehicle time is affected by this
variability as well, but this may result in an exden of travel time for some passengers (as
shown by Figure 2.13 C) and a decrease for otf¢ws.net effect depends on the scheduled
trip time (tight or loose schedule). So, the rafiese(the scheduled trip time) is of importance
whether a delay will occur (or earliness). If veaitrip time variability is fixed, no additional
average in-vehicle time per passenger will arisely@hen instruments or design choices
affect this distribution (e.g. vehicle holding).etladditional in-vehicle time is relevant, as
demonstrated in Section 2.4.2. After calculatingradividual additional travel times, the final
indicator, the average additional travel time pesgenger may be calculated.

Using the average additional travel time per pagseas an unreliability impact indicator, the
focus on quantifying service reliability shifts frothe supply side (variability) to the impacts
on the demand side. Using this indicator, increasgecrease of average total travel time due
to changes in service variability may be propengressed, enabling analyses of introducing
new instruments and comparing several network desmnd timetable proposals in for
instance cost-benefit analyses. At this momentpgraexpressing of passenger reliability
benefits is hardly possible (Snelder and Tavas€AYP The additional travel time indicator
also enables to deal properly with the trade-offvieen speed and service reliability (as also
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discussed by Furth and Muller 2009). Using suppigrded indicators would lead to a focus
on the match between schedule and operations wihight lead to suboptimal timetables. For
instance, the timetable is the reference indicatirgmatch and decreasing the speed in the
timetable might improve this match. As schedulewl (aperations) might become slow, it is
obvious that this will not necessarily lead to acréase in overall service quality.

Additional travel time is not commonly used in bdktieory and practice. Our international
survey (see Section 3.2.3) showed that only Lonskems to use a comparable indicator:
excess journey time (Frumin et al. 2009 and Uni@@D9). This indicator also expresses the
additional travel time due to unreliability, butabmpares actual and free-flow travel times
instead of actual and scheduled travel times.

When calculating the additional travel time, twtuations have to be distinguished, namely
planned or random arrivals of passengers at the $tgpassengers arrive at random, exact
departure times are not relevant anymore. In génpagsengers do not use any schedule
anymore. Sometimes, operators do not even provegertlre times, but just show the
headway during different time periods. Section3\8ill elaborate on the values of short and
long headways. This section continues describirditiadal travel time regarding these two
types of arrival patterns. Main assumptions indaleulations are:

- The examined period is homogeneous concerning atdgedeparture times, trip
times and headways (for instance rush-hour on wgréays in a month);

- The passenger pattern on the line is assumedfirduk

- All passengers are able to board to the first mgivehicle.

If passengers arrive at the stop at random, théiawaal travel time is calculated using the

coefficient of variation (CoV) of the actual headma(ﬁ,"’,‘?). A generic formulation for the

expected waiting time per passenger is given byakguo 2.16 (Welding 1957, Osuna and
Newell 1972, Heap and Thomas 1976), given the assans mentioned above.

~vyaiting — E(H|a(l:t)

(T * L+ CoV2(H ) (2.16)
where:
'ﬁfjvaiting = passenger waiting time at stop j on line |

If the service is regular, the covariance equate aad the average waiting time will be equal
to half the headway. In the case of irregular servihe additional waiting time may then be
calculated using Equation 2.17. It should be ndbked the additional waiting time may be
calculated in a similar way using the PRDM (Equatihl5, Hakkesteegt and Muller 1981).
Assuming no change in the actual vehicle trip tintbe total average additional travel time
per passenger will be equal to the average additwaiting time per passenger.
~ y E(H 2 ~
e (T ) = =) cove(z) 2.17)

']
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where:

E(T Addvalingy - = gverage additional waiting time per passengee ¢io unreliability of line | at
stop j

Based on the average additional travel time pesgrager per stop of a line, we may calculate
the average additional travel time per passengethencomplete line. To do this, the
proportion or percentage of boarding passengerstppris usedd; ; ), as shown by Equation

2.18. Please note that using the proportion ofgragss makes the indicator independent of
the actual number of passengers.

E('F, Add,waiting) - z (al,j *E(-'I:I"?dd,waiting )) with Z a,; = 1 (2.18)
J J

where:

ai = proportion of passengers of line | boardingsabp |

If passengers plan their arrival at the stop adogrdo the schedule, another method of
calculating additional travel time is necessary.u&pns 2.19-2.21 show this method.

Passengers are assumed to arrive randomly betweestheduled departure time mirg,

and plug,,, and it is assumed that in that case they do naéreence any additional waiting

time if the vehicle departs within this time windo@hapter 3 presents empirical research of
these values. It is important to note that there idifference between driving ahead of
schedule and driving late. Driving ahead (i.e. dpg before the scheduled departure time

minus 7, ) leads to a waiting time equal to the headway>{*"; assuming punctual

early

departure of the successive vehicle). Especialthéncase of low frequencies, this leads to a
substantial increase in passenger waiting timevibyilate creates an additional waiting time

equal to the delayc(departure

Just as before, the additional waiting time istficalculated per stop (Equations 2.19 and
2.20) and next it is computed as a weighted avei@gall passengers on the line (Equation
2.21), depending on the number of boardings pgssto

T/ = Add,waiting _— H sched

A | departure
I if dI i = Z-early
= Add ,waiting — H _ departure
TI dyj O If Z-early < dI A, < Z-Iate (219)
= Add ,waiting — departure If departure
TI|] dlr] d||j —Tlate
Add wamng
> EM
E(T Add,waiting ) — (220)

n

E(:ﬁ Add,waiting) - Z (al,j *E(-'I:I"/?dd,waiting )) with z al,j =1 (221)
i i
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where:

E(fﬁ?d'wam”g) = average additional waiting time per passengee ¢io unreliability of vehicle
i of line | at stop |

H sened = scheduled headway at line |

J,(jé;mre = departure deviation of vehicle i at stop j ondih

Teary = lower bound of arrival bandwidth of passengatsleparture stop
T iate = upper bound of arrival bandwidth of passengatrsleparture stop
n; = number of trips on line |

2.5.3.2 Reliability buffer time

The average additional travel time per passenger [goper indicator for the impacts of
service variability on passengers. However, it adglresses the average extension of travel
time and does not express the variability itselfjichi is a decrease in quality as well. To
incorporate this effect, research of Furth and Btu{R006) and Uniman (2009) is used, see
also Section 2.4.3. They state that besides theigedravel time, the 85percentile value of
travel time should be taken into account, as pagssnhave to budget extra time for the
variability in actual travel time. Intuitively sed; they experience this occasionally large
travel time about, let's say once per month andhéy do not want to be late at their
destination, they have to account for this exteadl time in their planning, or, formulated
otherwise, include it in their travel time budgehis additional time is called reliability buffer

time (RBT) and may be used to exprE¥&%*, as shown by Equation 2.11.

Ideally, the RBT should be calculated for the whmerney. However, based on the data
available for operators and authorities, it is gueso determine the RBT only for the 2 main
components of a journey as discussed in Sectio,2¥mely waiting time and in-vehicle
time. The weighted sum of these two RBT-indicatmight be used as an approximation of
the actual RBT used by passengers. We considd®Bfieas a time component in total travel
time for passengers, to take the variability exgianto account when comparing different
instruments. We do not consider RBT affecting thesenger departure behaviour at home.
More research is required on this topic.

Above we showed how to calculate the waiting tirmépassengers at their departure stop.
Using this data, Equation 2.22 enables calculatiegRBT due to variability in waiting times
and Equation 2.23 is used to calculate the aveRRBJE per passenger on the line, where the
relative number of boardings per stap () is taken into account to achieve a weighted total
Similarly, Equations 2.24 and 2.25 show the caloutaof reliability buffer time with regard
to in-vehicle times, now using the proportion afilgh passengergs(; ).

RBTY\J{aitmg — -I-Ij/\j/aiting 95% _ E(-'Ill"v;/aiting (222)

N

RB-Il-waiting — z (al,j * RBT/\J(aiting) with z al,j =1 (223)
=1 j

RBTir}_Vehide — -I-Ii’r;—vehiclaQS% _ E(-'Ill"ir;—vehicle) (224)
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RB-II-in—vehicIe - Z ('8“ * RB-Fr;—vehicle) with Zﬁlj =1 (225)
j=1 i

where:

RB'I[YJVaiti”Q = Reliability Buffer Time at stop j on line | duewariability in waiting time

T, e 9% = 95" percentile value of waiting time due to vehicée stop j on line |

a,j = proportion of passengers of line | boardingsabp |

T moveneess = 95™ percentile value of in-vehicle time due to vehidletween stop j and
j*1online |

RBT"™"* = Reliability Buffer Time at stop j on line | duevariability in in-vehicle time
B = proportion of passengers of line | travellingtiveen stop j and j+1

2.5.3.3 Level of crowding

In addition to the extension of travel time and tekability buffer time, variability may also
result in a loss of comfort due to overcrowding r(famdez 2010, Wardman 2010). It is
important to note that this topic is mainly relevanshort-headway services. In that scenario,
ridership is high and small deviations already leathrge deviations of vehicle occupancy.
Overcrowding occurs due to unequal headways shee riesult in uneven loads of vehicles.
In the case of headway deviations, overcrowdingagdroccurs parallel to “undercrowding”
that is when vehicles are (much) less occupied filanned. Similar to the calculation of
waiting time, only a few passengers benefit of ,twdile most passengers experience
overcrowding. Given the correlation between headwagd overcrowding, indicators of
headway deviations are good indicators for assgsbm level of overcrowding as well (e.g.
PRDM, as calculated by Equation 2.15).

2.5.4 Conclusions

In this section we stated that indicators reguladgd in practice do not indicate the impacts
on passengers in a proper way. The focus is mamlyehicles instead of passengers. For
instance, the passenger pattern along the lineticeonsidered and the different impacts of
early and late vehicles are often neglected. Thiia®eintroduced a new indicator, namely
additional travel time. This is the additional tratime due to unreliable services that mainly
consists of additional waiting time. Next to thiglicator, the reliability buffer time (RBT) is
presented, as introduced by Furth and Muller (2006)s indicator enables to demonstrate
the impact of travel time variability. Figure 2.lllustrates the average additional travel time
per passenger 1% and the variability of actual travel time relatito the scheduled travel
time. RBT is presented in this figure as well. Ifrigportant to note that'°f™®" s*"*%onsists

of the scheduled waiting time and the schedule¢eimele time (see Equation 2.7). The latter
is directly related to the scheduled vehicle tipet and is thus controllable being a function
of schedule design (e.qg. tight or loose schedig)stated in this section and in Section 2.4.2,
we will focus on the average passenger in-vehiobe in our calculations and only account
for additional in-vehicle time if the variabilitysiadjusted during the operations (e.g. by
vehicle holding).

AVV (2004) presented a figure concerning traveldiaxtension and variability for car traffic.
Although it looks very similar, the main differenbetween public transport and car traffic is
the existence of a timetable, introducing two ralgvdistributions in the transport process.
Both the variability of the supply side (vehicle)dademand side (passenger) are of interest
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(shown by Figure 2.9). In addition, the time in Huledule is controllable since it is the result
of the schedule design process enabling direcuente of schedulers on the level of

reliability.
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Figure 2.14: Scheduled passenger time P 5*"*9 average additional travel time per
passenger (T*% and reliability buffer time (RBT).

In addition to travel time impacts we also discdss®wding in this section. We showed that
the level of crowding may be indicated by the legélheadway deviations expressed as
PRDM (Equation 2.15). These indicators will be usedour research described in the
following section and next chapters, with a spefoalis on our indicator being the average
additional travel time per passenger. We will dsant to express service reliability effects on
passengers in the case of a planning process wititlwout applying planning instruments.

2.6 Improving service reliability

2.6.1 Introduction
When improving service reliability, we should maxie the match between operations and

planning as shown by Figure 2.15. Given the pradaogirocess analogy presented in Section
2.2, control is a suitable means to achieve thisthis section various control types are
analyzed with special attention for options to ioy@ service reliability already in the
planning process. This analysis leads to the reséammework applied in this thesis.

Passengers

Planning ﬁ

Operations

Figure 2.15: (Mis)match between operations and planng affects passengers
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2.6.2 General control methods

In Section 2.2, a general description of productoocesses was given. It was shown that
variability and unreliability may arise due to batiternal and external factors. To deal with
this variability, controlling is a method which magduce or remove the variability and thus
the unreliability. In Van den Top (2010) a descoptis given of systems and reliability using
cybernetics to describe reliability of systems. @yletics is the general science of controlling
systems. It focuses on functions and informatiaow$ rather than on what the system
consists of and it may therefore be applied toaadrdiversity of systems, such as business,
technical and biological systems (Heylighen andy®0o2001). The cybernetic principles are
compatible with those of process control theorywtfich the objective is “to maximize
production while maintaining a desired level of guot quality and safety and making the
process more economical” (Hahn and Edgar 2002). @gties makes use of basic notions,
as introduced below. They are illustrated in Figrd$-2.18.

- The desired output;
This is the required result of the process.

- Disturbances;
These are influences apart from the input and frateide the process that affect the
process and output.

- The regulator;
This is a control system or instrument that may stdjue process.

- The buffer.
A buffer is an addition of resources (for instatioge, crew or production measures)
enabling producing the required output even whetudbances occur.

In Figures 2.16-2.18, the main control methods system are illustrated (Ashby 1956). The
goal of the control is to achieve the desired valokthe output under disturbance(s). Three
types of control are shown:

- Using a buffer
A buffer is often determined during the design afyatem. The buffer absorbs (a
number of) disturbances. This method is passiveegsio adjustments may be made
after the design and the buffer is available indeleat of the actual disturbances.

- Feedback
This is a reactive mode. The regulator measures hogh e output deviates from its
desired value and then acts afterwards. Instrunsdfasting the process and thereby
reducing the impacts of disturbances are applied.

- Feedforward
This mode is anticipatory; the regulator predictsdisturbances and then assesses the
impacts on the output. Measures are chosen tHaemde the process such that no or a
minimized effect of the expected disturbances enatltput will be noticeable.

All three types have their own specific advantaged disadvantages and in practice, they are
used in combination as well.
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Figure 2.16: Control methods: buffer
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Figure 2.17: Control methods: feedback
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Figure 2.18: Control methods: feedforward



Chapter 2: Service reliability in theoretical persfive 47

The control types mentioned above are applicabpribdic transport as well. As mentioned in
the beginning of this chapter, public transport sists of two processes:. operation and
planning (the latter consists of network and tihktadesign). Regarding the improvement of
reliability most attention is paid to the operasomowadays. Feedback is used to check the
actual performance and to adjust the operationsrdegly. Feedforward is applied as well,
using historical experiences enabling predictiohthe output and if necessary adjustment of
the process. Interestingly, the input of the openat process, that is the network and the
timetable itself, is rarely taken into account, wheonsidering the level of reliability. It
appears that the network and timetable are usetl faed input. Question thus is to what
extent it is possible to include instruments in thlanning process which would improve
service reliability as well. This is exactly the topmf this thesis. In our research we will
investigate this input, i.e. the network and schedand look for solutions to improve the
level of service reliability already during the dgsstages. A feedforward loop is applied, as
shown in Figure 2.19. The process of design is &sfjugtaking operational disturbances
explicitly into consideration), resulting in an asted input for the operational process. Note
that compared with Figure 2.17 it is not possildeuse actual disturbances in the planning
stages. Therefore a prediction of disturbancesad.uhis will reduce the impacts of external
factors on the output of the operational procesghut affecting the external factors
themselves) and will often simplify the operatiaogess as well. Together with instruments
applied at the operational level this will enabléigher level of service reliability than we
have today. Chapter 4 will elaborate on instrumentsll levels of public transport planning,
representing the regulators of both strategic aawdical level. This analysis will yield
promising instruments for the planning stage, which be analyzed in detail in Chapters 5
and 6.

Strategic level | Network Tactical level | _Schedule | Operational level
Regulator Regulator Disturbances

(instruments (instruments

Prediction of Prediction of

disturbance disturbance

Figure 2.19 Feedforward loop in PT planning and opation

2.6.3 Research framework

In this chapter, the interaction of the demand ampply side of public transport has been
demonstrated, next to the impacts of this on passen Understanding this interaction is
necessary to improve the level of service religbillTo support our research concerning
enhanced service reliability, we apply the framdwshown in Figure 2.20. It consists of
three main blocks:
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- Traditional indicators or supply indicators;
- Passenger related indicators;
- Impacts of reliability on passenger behaviour.

The traditional indicators for punctuality and regity focus on variability of supply in
relation to the schedule, with respect to departumes and headways respectively. These
indicators are dominantly used in practice; howgtlegy do not quantify the actual impacts
on passengers. Therefore, these indicators are instds thesis for illustrative purposes
(Chapter 3). In addition, service variability isedsas a base for calculating the passenger
oriented indicators.

By including the passenger arrival pattern and dieenand pattern along the line new
indicators may be defined which do quantify impottampacts of service reliability on
passengers. These are additional travel time amabildly buffer time which illustrate the
extension and variability of travel times due taveme variability. A third impact on
passengers, the probability of having a seat irvéigcle, may be accounted for by indicators
related to regularity. Our new indicator, the aiddial travel time per passenger will be used
in this thesis to demonstrate the importance ofawipg service reliability (Chapter 3) and to
assess various instruments at the strategic andalatevel to improve service reliability
(Chapters 5 and 6). The reliability buffer time wikk used, although to a lesser extent, to
illustrate the effects of travel time variability.

The third block relates to the actual impacts omeitar behaviour consisting of all possible
kinds of changes in travel choice making. Passangeke choices based on the impacts on
their travel time indicated by the second block.(optimizing their nuts function). These
choices affect the way the network is used as a®lthe number of passengers using the
public transport system. The impacts of serviceabdity improving instruments on these
choices will be discussed in a quantitative waytha synthesis of the assessment of the
individual instruments (Chapter 7).

The analysis of levels of current service variapiind reliability as well as the assessment of
promising instruments for improving service rellapiat the strategic and tactical level will
be performed from the perspective of an operatar istexplicitly considering the passenger
interests. The latter implies that passenger relateéidators for service reliability are used.
The consequence of the operator's perspective isthea unit of analysis is the public
transport line, branch of lines or network. In gaheoperators will not have detailed
information on the passengers travel pattern ircespand time; however, they do have
detailed data on boardings, alightings and vehideupancy. Thus, the description of the
passenger journey is limited to waiting time anesémicle time only. In our analysis the
expected total travel time will thus be split upfive components, as illustrated by Equation
2.26, showing the perceived passenger travel timom fstop to stop. In this equation, the
relative weights of the travel time components @s® incorporated. Since we mainly focus
on the additional time and variability effects iaraesearch, the weighting of the scheduled
components is not indicated.

T journey, percy — = journey,sche * T add,waiting * T add,in-vehicle
E(T"l"k )= E(T'vi—k d) + gwaiting E(Tl,j )+ 6 venicie E(Tl,j—k )+
6

* aiting * in—vehicle
waiting,RBT RB-II-V\]/ + 6in—vehicleRBT RB-II-|,j—k

(2.26)
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where:

ff}’i{”ey' Pere = perceived passenger travel time from stop jtapsk on line |
B\aiting = relative weight of additional waiting time

B enice = relative weight of additional in-vehicle time

B vaiting RET = relative weight of RBT of waiting time

B, enicersr = relative weight of RBT of in-vehicle time

This equation is our full description of the tratehe to be used in subsequent chapters. It
should be noted that weights are not always besagl.uThe total travel time is thus expressed
in plain minutes, enabling a comparison with tinbéta and regular travel times. In the
analysis of the various instruments, a relevanécdeln of components will be made for
clarity sake, e.g. if the measure primarily focueasreducing additional waiting time while
the other components will not be affected, the sssent criterion will be limited to
additional waiting time only.
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Service : Passenger P it
Schedule Variability ' arrival pattern assenger patter
: on the lin¢

N Regularity i -I-add, waiting
Traditional ’ Tadd. in-vehicle | - Passenger related
indicators: D indicators:

. : RBT . N
Service Punctuality : Service reliability
variability :

é Pseat

A Departure

time choice

A Route choice ; ;
Impacts  of ) A Ridershig
unreliability

A OD choice

A Mode choice

Figure 2.20: Research framework for service variabity and service reliability in urban
public transport

2.7 Summary and conclusions

Service reliability is an important quality aspeaft public transport. In this section, we
provided a theoretical view on service reliabilifyo gain insights into methods to improve
service reliability, we presented the mechanismw/den service variability and reliability in

this section, with special attention to passenifects.

Studying output variability is the start of an aséd of reliability of public transport.

Variability appears if the output of a process doesmeet a constant value. Variability leads
to decreased reliability. We defined service religbas the certainty of service aspects
compared to the schedule (such as travel timeu@d waiting), arrival time and seat
availability) as perceived by the user. In thisptlea, an overview is given of different types
of reliability: e.g. travel time reliability and ooectivity reliability. The focus of our research
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is on travel time reliability, or put otherwise,etmatch between the schedule and the
operations. We focus especially on its impactsp@ssengers, since passengers take service
reliability into account in their choice process,terms of mode, departure time and route
choice.

Although service reliability is a main factor inetlpassenger experience of provided service,
the quantification of this phenomenon is still verypply side focused. The main indicators
used in assessing the level of service reliabdrg punctuality and regularity. In order to gain
more insights into the impacts on passengers, w®daced a new indicator, namely
additional travel time. This indicator demonstrates extra travel time, compared to the
travel time according to the schedule, which pagsenon average experience in practice
when making a journey. The main factor of this exteael time is the waiting time at the
departure stop. Due to the variability of the seevprovided, average waiting time per
passenger will increase.

In addition to the extension of average travel tipee passenger, unreliability also leads to
unsecure arrival times. Previous research intradigice reliability buffer time (RBT) to deal
with this issue. Passengers budget additional fioneheir journey to deal with unsecure
arrival times. The larger the variety in travel tsnehe more buffer time is added when
planning the journey. The last presented impact wifeliability on passengers is the
probability of overcrowding. In short-headway seed, headway deviations lead to an
uneven distribution of passengers over the vehieleish may result in overcrowding. Since
overcrowding thus is correlated with regularity, wél use the presented indicator for
headway deviations (PRDM, see Equation 2.15) foicaiothg the level of crowding in the
remainder of this thesis.

To improve service reliability, principles from cooitin production processes are adopted.
We presented the principle of feedforward, whicH & used in our research. By adjusting
the input of the operational process of public sport (i.e. the network and schedule),
negative impacts of external factors may be redutmes improving the level of service

reliability. In Chapter 5 and 6 we will present aadsess instruments showing these
adjustments of network and timetable using theciirs for additional travel time and the
reliability buffer time.

In the next chapter we will present a practicalspective on service reliability. Our
international survey is presented showing how dpesaand authorities deal with service
reliability nowadays. Extensive empirical data ievpded to illustrate the mechanisms
described in this chapter and besides, this qadingt analysis clearly shows the size of the
actual effects with regard to unreliability. In Qitar 4 we will analyze causes of service
variability and we will explore possibilities of pnoving the level of service reliability,
focusing on the planning stages.
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3. Service reliability in practical perspective

3.1 Introduction

The previous chapter presented the mechanisms dtaarariability and reliability, with a
special and new focus on the impacts on passengkis.chapter provides a practical and
quantitative perspective of service reliability. €3tions to be answered are: what is the
magnitude of service variability and reliabilityd@y? What are the important components?
What are possible effects of using the newly predosdicators and are there patterns that
might be of interest if one wants to improve sesvieliability?

We will quantify service variability and reliabpitusing two empirical data sources. We use
detailed data of the operations of the public fpanssystem in The Hague to understand
patterns and relations of service variability amediability. The importance of improving
service reliability is shown by the actual level sdrvice reliability and the impacts on

53
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passengers in The Hague using our new indicatoritiawa travel time. Second, an
international survey is performed to gain insights the methods of quantifying and dealing
with service reliability in several cities in theovld.

Both data sources play an important role in theaiader of this thesis as well, as our
research is data-driven. Empirical data is usednt@yae service variability and reliability.
Through the use of the extensive data sets of thicptransport system of The Hague,
combined with theory, new insights are developedas€hnsights concern the actual impacts
of service reliability on passengers and improveddhods to quantify service reliability. For
the calculation of the additional travel time, anpirical analysis of the passenger arrival
process at the stop is included. This chapter detraias that the new indicator, additional
travel time, yields a better and more understarededppresentation of the impacts of service
reliability on travellers than indicators that aterently used in practice.

The set up of this chapter is as follows. FirstSattion 3.2 a brief description is given of The
Hague and its public transport network, consisthdpus, tram and light rail, followed by a
summary of the main characteristics of the inteomal survey on ways of dealing with
service reliability of urban public transport inveeal cities in the world. In Section 3.3, the
variability of vehicle trip time and its elements introduced in Chapter 2, is analyzed in
detail using actual data of The Hague. Results ofsawvey on passenger arrival patterns are
given, enabling a proper analysis of the impactseo¥ice variability on passengers. Finally,
we present in Section 3.3 an analysis of actualicereliability, using both supply-focused
and demand-focused indicators, as were introduoe€hapter 2. We will demonstrate
different results of supply-side and demand-sid#cetors. In Section 3.3 we also present
several methods applied in practice to quantifyiservariability. After this chapter, Chapter
4 will continue on possibilities for improving sée reliability, combining the theoretical
perspective of Chapter 2 and the practical anabfdsisis chapter.

3.2 Empirical data

3.2.1 Introduction

In our research, we combine both theory and pradticaddress service reliability properly.
Empirical data of public transport is used to gasights into mechanisms and design choices
concerning service reliability and in addition, engal data is used to test strategic and
tactical instruments. In this section, the city gdblic transport of The Hague is introduced.
Detailed data of this public transport system isdus our research. The international survey
that we performed is presented as well. This suhasyyielded insights into how other cities
deal with service reliability.

3.2.2 Case study The Hague

According to population numbers, The Hague is rartkedhird city of the Netherlands, with
a population of approximately 500,000 inhabitaifitse region, called Haaglanden, has a total
population of almost 1 million people. The urban lputsansport system in The Hague and in
parts of the Haaglanden Region is operated by HThgamy. Table 3.1 shows the main
transport characteristics of HTM Company for thery208 (HTM 2009).
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Table 3.1: Main characteristics HTM Company for theyear 2008 (source: HTM 2009)

Total number of passengers 159,800,000
Total number of passenger kilometres 480,900,000
Revenues € 255,300,000
Fleet size

- Number of trams
- Number of light rail vehicles
- Number of buses

157
54
142

Number of employees

2100

The public transport system of HTM consists of thmeavork types: light rail, tram and bus.
Figure 3.1 shows the combined public transportisermetwork of The Hague while Table
3.2 shows the main characteristics of these systelfsl 2009).

Table 3.2 Characteristics of the urban public tranport of The Hague in 2008 (source:

HTM 2009)
Number of | Total line length' | Headway, peak| Average
lines hour operational speed
Light Rail 2 60 km 5 min 29 km/h
Tram 10 130 km 5-10 min 20 km/h
Bus 10 140 km 7-15 min 19 km/h

Yin one direction

“Network HTM

1]
= s RaNdstadRail plus tram

bus

Figure 3.1: The public transport network of The Hague in 2009
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Light rail

The light rail network in the The Hague area, caRathdstadRail, consists of two lines (lines
3 and 4), partly operating on the same route. Tglet Irail service opened in 2007 and
connects the suburb of Zoetermeer with The Hague lilbeconsists of a former heavy rail

that is connected to 2 former tram lines in The Hadlew vehicles have been introduced,
average stopping distances were increased andefnegwvas improved as well.

Tram

The second layer in the public transport of The Haguble tram system. Ten tram lines, of
which 2 lines operate only during peak hours, pteunainly diametric services. The tram
lines have a large share of exclusive lanes andaaty intersections priority is applied. In
2008, tram and light rail facilitated 366 milliomgsenger kilometres (HTM 2009).

Bus

The third layer is the bus network. The bus servibemly complement the tram and light
rail network, ensuring accessibility of all maircédions in the Hague area. Most lines are less
busy than the rail lines, but some exceptions e8¢ million passenger kilometres were
facilitated in 2008 (HTM 2009).

Our research is using data of the urban publicsprart company of The Hague, as described
in the previous section. To generate and processetipgred service data, the vehicle trip

monitoring system Tritapt was used (Muller and Kpenqs 2005). Appendix B shows the

characteristics of all mentioned lines. The datal wseresponds to lines and periods in which
only structural delays appeared and the infrasirectvas fully available, enabling research

on recurrent delays.

3.2.3 An international survey on public transport rvice reliability

3.2.3.1 Introduction

In Van Oort (2009), the results of an internatiogatvey of service reliability we performed
are presented. The objective of the internationavesuis to learn about reliability and
planning topics in other cities in several coumstri@he survey demonstrates how public
transport operators quantify service reliabilitypgractice and provides insights into design
guidelines that might affect service reliabilityotdl'his section focuses on the survey and the
quantification of service reliability. The designidelines will be discussed in Chapters 5 and
6.

The survey consisted of a questionnaire, which avshin Appendix C. This questionnaire
was sent all over the world and almost 30 autremitind operators responded. Table 3.3
shows the respondents and in Figure 3.2 they an@rsbn the map.
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Table 3.3: Patrticipating cities and systems in int@ational reliability survey (Source:

Van Oort 2009)

City PT Type City PT Type City PT Type
Amsterdam| Metro,  tram, Gothenburg Tram Rouen Tram, bus

bus
Barcelona | Metro, bus Halle Tram, bus Salt Lake City | Light Rail
Berlin S-Bahn, tram Hong Kong | Light rail Stockholm Metro, bus
Brussels | Tram Lolland Bus Stuttgart Rail
Chicago Metro, bus London Tram, bus Santa Cruz ¢ Tram

Tenerife

The Hague| Light rail, tram, Milano Bus, tram Vienna Metro,

bus tram, bus
Dresden S-Bahn, tram Minneapolis | Bus Zurich S-Bahn
Dublin Tram Rotterdam Metro,

tram, bus
]
@ Chicago
®Minneapolis
@Salt Lake City,
: @ Hong Kong
. =]
@ Tenerife

Figure 3.2: Participating cities in international reliability survey (Source: Van Oort

2009)

3.2.3.2 Service reliability measurement in the damp
Section 2.5 dealt with quantifying service relidlilMore than one method/indicator is used
in practice to present the level of service relihiBoth in theory and practice, analysts tend
to focus on supply-side indicators which do naasttate the actual service reliability, but
rather show the output variability of the systenod¥lapplied measures focus on departure
time deviations. Mostly, no differentiation betweearly and late vehicles is made. The
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departure time deviations may be calculated per éinnetwork, including all or only a few
stops.

Another way to express schedule adherence is titemqage of vehicles’ schedule deviations
within a certain bandwidth. Section 2.2 alreadyadticed excess variability, the variability
which is larger than the variability which is actage. Equation 2.13 in Section 2.5 showed
how to calculate this indicator (in whid™" and§™® represent the lower and upper bound
respectively). This method is very common in heaayways. The Dutch Railways, for
instance, used to periodically present the numbérams departed not later than 3 minutes
from 32 main stations in the Netherlands until 20i1€. §™* = 3 min.). Most heavy railway
companies in Europe use 5 minutes as a maximum éxaawld Kaas 2009, Schittenhelm and
Landex 2009). In the U.S., even 30 minutes delayoissidered being on time (Bush 2007).
Among the urban public transport industry, somesirttee bandwidth has a lower boundary
value as well (i.ed™"), which means that driving ahead of schedule issicered explicitly.
Vehicles are for example considered punctual wihery tlepart between 0 and +5 minutes
compared to the schedule (Nakanishi 1997). Besldesent indicators (average punctuality,
bandwidth punctuality and regularity) the boundaré the bandwidth are not uniform (see
Figure 3.3). Of the participating cities, 74% udeaadwidth to quantify and analyze schedule
adherence, while 21% use the average punctualigy r@sults of the survey showed that only
London has another way of measuring the differdrateveen schedule and operations, being
excess journey time (Van Oort 2009).

If the bandwidth is used, different boundary valaes applied. Figure 3.3 shows the different
values used where every line corresponds to thadasies of one city or system. It is shown
that three cities do not even use a lower boundatye (indicated as -5 minutes). The
maximum boundary value ranges from +1 to +6 minuldgese differences in bandwidth

obviously have a large impact on the percentagmefme vehicles. Setting the requirement
for excess variability thus determines the quadtyoperations. If a broad bandwidth is set,
excess variability will be small for instance.

-5 -4 -3 -2 -1 0 1 2 3 4 5 6 7
Smin Boundaries bandwidths [min] Smax

Figure 3.3: Boundaries of bandwidths applied in samle cities, to measure departure
reliability at stops
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Besides differences in indicators and boundariesations of measuring service reliability
differ among the participating cities as well. Seimes, only departure at the terminal is
considered or just the main stops. Figure 3.4 shtbesesponse on the question of where to
measure service reliability (i.e. departure timeialgons).

11%

O All stops
B Main stops
O Last stop

0,
11% O First stop

47%

Figure 3.4: Locations used to measure service rebdity (i.e. departure time deviations)

These results show that there is no uniform methpplied in practice to measure service
reliability, although this quality aspect is coresield very important. Besides, the focus in
practice is mainly on the supply side of publicngport. Only Transport for London uses
indicators showing the effects of unreliability fpassengers, being excess journey time.
These survey results support the statement of Gh&pte introduce a new indicator for
reliability namely the average additional travehéi per passenger. In literature, the need for a
more passenger-focused indicator is recognized @b (@.g. Landex and Nielsen 2006,
Mazloumi et al. 2008, Frumin 2009 and SavelbergBakker 2010).

3.2.4 Conclusions

This section showed the main characteristics of Thegud and its public transport. The
public transport operator HTM operates trams, buses light rail in The Hague and the
region. Empirical data of this public transport systwill be in the next section used to study
service reliability with special attention to thenpacts on passengers. Besides, an
international survey on service reliability that ywerformed has been introduced. Almost 30
public transport systems in the world have beerestigated concerning service reliability
with regard to measuring, quantifying and plannihbis section demonstrated that several
types of indicators are used and several measumiedpods are applied (for instance the
investigated locations). The boundary values of vibhabnsidered as reliable strongly differ
as well. In addition to these results, the survieyded more information concerning service
reliability and planning. These results will be used presented in Chapters 5 and 6.
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3.3 Service reliability of urban public transport in The Hague

3.3.1 Introduction

This section presents the results of a quantitainaysis of service reliability of the urban
public transport in The Hague in 2008. Following analysis of Chapter 2, we will show a
first analysis of service variability (indicatinghicle trip time variability). Analyzing service
variability, the examined time window is an impaittafactor. In this section we show
different examples of variability of vehicle triprte depending on the examined period. To
gain insights into factors affecting service vatiliay the magnitude of variability of
components of vehicle trip time is investigateds ltlemonstrated that variability occurs in all
components of vehicle trip time, being driving,mting and dwelling times. In addition, the
level of service reliability (with concern to pasger effects) is expressed in indicators for
vehicle departure punctuality and regularity, usbogh the frequently used supply oriented
indicators as well our new indicator, the averag@iteonal travel time per passenger. For the
latter we conducted a survey to gain insights th&oarrival pattern of passengers.

The results of the international survey are usqeetéorm a case study with data of tram lines
in The Hague, demonstrating the impacts of diffenegicators used in practice (Section 3.2).
The case of the tram lines in The Hague presentsrpacts of these different measurement
and quantifying methods, demonstrating the valueunfnew indicator additional travel time.
Using this indicator, consistent and reliable ihssginto the level of service reliability are
yielded.

3.3.2 Service variability

3.3.2.1 Vehicle trip time variability over differetitne periods

Vehicle trip times are not deterministic, but stastic. Obviously, the time windows used
affect this variability (Lehner 1953). This sectianll elaborate on the distribution of vehicle
trip times over different periods. First, vehidlgttimes differ over the year. The autumn tend
to be more crowded as more people use public teahsmce biking is less popular due to the
weather. Besides, these weather conditions crezde preferable circumstances at the
roads/tracks decreasing speeds and increasingcesewariability. Figure 3.5 shows an
example of vehicle trip time distribution (tramdid, working days, 7-9 A.M., 2008) over the
year. This figure illustrates that during summerpéesally August), the vehicle trip time
distribution is tighter, compared to autumn (espkcithe difference between the minimum
and maximum value) and the average value is lower.
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Figure 3.5: Vehicle trip time distribution tram lin e 1 over the year 2008 (minimum, 25

and 75-percentile and maximum values) (year 2008,42500)

Most public transport companies deal with theseatians by applying different schedules

over the year, for example summer and winter titnlea

Besides over the year, trip times differ over theelwvas well. Sunday is generally least busy
and Saturdays differ in peak hours from workingsjajue to shopping activities. Because of
part-time jobs, Fridays are less crowded, in teohgraffic and passengers for instance.
Figure 3.6 shows actual trip times of line 1 ovex tveek (one week in October 2008, 7-9

A.M.). Monday, Tuesday and Saturday have the widisstibution.
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Figure 3.6: Vehicle trip time distribution tram lin e 1 over the week (minimum, 25 and

75-percentile and maximum values) (year 2008, N=60)
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Although sometimes special timetables exist (fostance enabling evening shopping),
usually only differentiation between working dayjonday-Friday), Saturday and Sunday is
applied in timetables.

The last structural distribution of trip times iseo\the day. The main example of this is peak
hour vs. evening hours. To deal with this, most nripaiblic transport planners define
different time frames in their schedule. Figure shéws the distribution of trip times of line 1
over the day (Mondays in October 2008). A widerdstion is visible in the morning peak.
The distribution in the evening is wide due to a kstzare of fast trips in the late evening.
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Figure 3.7: Vehicle trip time distribution tram lin e 1 over the day (minimum, 25 and 75-
percentile and maximum values) (year 2008, N=100)

Most schedules take such distributions mention@d@lnto account by setting different trip

times per homogeneous period. However, in theseogeneous periods (e.g. peak hours) still
variability arises. All distributions show that schuled trip time, with only a few exceptions,

is above the 75 percentile value of actual tripetim

Figure 3.8 shows an example of such a distributpdiime. This graph represents data of line
1 in a rush-hour (7-9 A.M.) of a working day of oweek in October 2008. It is shown that
even with filtering of the above mentioned issugp, time is still distributed. The variability
of trip times in homogeneous periods per day (eegk hour) in homogeneous periods per
year (e.g. weekdays in May) is the main focus of msearch. In the next section, this
variability is examined, investigating the aspdetsninal departure variability and trip time
variability, as introduced in Section 2.3.2.
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Figure 3.8: Vehicle trip time distribution (99%) tr am line 1 during rush-hour on a
working day (year 2008, N=60, scheduled trip time €0 min.)

3.3.2.2 Terminal departure variability

Terminal departure variability is a part of totahsee variability, as presented in Chapter 2.
Figure 3.9 presents two examples of terminal dapanariability in The Hague in terms of
schedule deviation. Examples are shown of tram line terminal Scheveningen and tram
line 15 in Nootdorp. This example shows for line fumctual departure where about 10% of
the vehicles depart later than 90 s late. The viitialof terminal departure for line 15 is
larger, even showing substantial early departukitBough the deviations are relatively small
compared to the variability of trip time shown Hetprevious section, this variability is of
importance. First of all, all passengers on the Bme affected, since the variability already
occurs at the first stop and secondly, these dewmtmay be the initiator of bunching, as
described in Section 2.3. Chapter 4 will elaboratee on this topic, showing possibilities to
reduce terminal departure variability.
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Figure 3.9: Terminal departure time variability, tr am line 1 in Scheveningen and line 15
in Nootdorp (year 2008, N=1600)
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3.3.2.3 Total trip time variability

Although only one trip time is scheduled for tripsa homogeneous period over several days
(considering different day types and periods pear)en the operations different actual trip
times occur. Figure 3.8 already showed an examplthe distribution of total trip time.
Figure 3.10 shows an example of such a distributiong the route, illustrating the increase
in variability per stop. The focus is just on ttime, so departure time variability is not taken
into account. The figure shows trips of tram lin€Stheveningen to Delft) during peak hour
on working days in March 2006. The average totpltime (from begin to end terminal) is 60
minutes and its standard deviation is 3.7 minuté® difference between the maximum and
minimum actual trip time is almost 20 minutes, whis over one third of the average trip
time. This will result in substantial schedule d&wias along the route of this line.
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Figure 3.10: Pattern of individual trip times overdays by distance from terminal (line 1
in the direction of Delft; working days, one month,7.30-8.30 A.M.) (year 2006, N=100)

In addition to the examples of line 1, a time sdne@ analysis is performed of all HTM lines
in The Hague. Figure 3.11 shows for each line thedsrd deviation of travel time as a
function of the distance from the departure termiMorning peak-hour trips are analyzed
during one month (March 2006). As is to be expectied time variance increases with the
distance from the departure terminal and with teegth of the line. The increase per
kilometre is larger for the bus lines than for tieam lines. Contrary to tram lines, the variance
of trip times of bus lines sometimes decreases widtance, because of operational
instruments like holding vehicles that are aheadabfedule at a stop. Despite these control
instruments, the variance of trip times of bus ding still larger than that of tram lines,
probably because of a lower proportion of busesnigatheir own right of way and priority at
intersections. For the tram lines the average as@eof the standard deviation over the
distance is 11.1 s/km. For bus lines this incraaseven larger, namely 17.6 s/km. Because
the standard deviation increases every kilometrthbge numbers, the 99%-bandwidth values
of vehicle trip time increase by values about Gesrhigher, namely 66 s/km for tram and 105
s/km for bus.
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Figure 3.11: Standard deviation of trip times of dllines as a function of distance from
departure terminal (year 2006)

The presented distributions of trip times imply #etence between the scheduled times and
the actual operations. This difference might be esged in two ways. First of all the
departure times at stops differ. Chapter 2 alrgadgented theoretical approaches to quantify
this type of unpunctuality. Secondly, successiyestsuffer from different deviations from the
schedule and if these trips are scheduled with éeadways, this will lead to irregularity. In
that case, the headways between vehicles are netactt any more, as planned. Figure 3.12
shows the trip times of a sample of successivs gipen in Figure 3.10, but now presented in
a time-distance diagram, showing the uneven heaslwHye larger the distance from the
terminal is, the less even the headways are. Thehimpn effect, described in Section 2.3, is
also visible. Towards the end of the line, vehides slowed down (and sped up) in such a
way that they almost have reached each other.
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Figure 3.12: Time distance diagram of successives of tram line 1 during a day (year
2006)

3.3.2.4 Variability of vehicle trip time components

In Chapter 2, it was already stated that varigbitif components of vehicle trip time are
together responsible for the variability of totalpttime. To illustrate this variability in
practice, actual data of tram lines in The Haguymesented in this subsection.

Figure 3.13 shows for all tram lines in The Haguatithe part of each aspect in total vehicle
trip time is. The main part is the actual drivingtioé vehicle. Dwelling is about a quarter of

total trip time and the stopping time is 6%. The pmdion of these elements differs

substantially per line, per system and per cityndinly depends on instruments and facilities
applied for public transport. In this example, 900%the tracks are own right of way and

traffic light priority is applied at most importamtersections. Levinson (1983) presents a
similar research in U.S. cities, showing ratiostfpping time of 12-26%.

27%

O Dwelling

B Stopping

O Driving
6%

67%

Figure 3.13: Components of trip time: example of r&o of all tram lines in The Hague
(year 2008)
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The first element is the driving time. This is thei when the vehicle is actually moving.
Figure 3.14 shows an example of this time, for Wwidata of tram line 1 in The Hague is used
(7-9 A.M., January-March 2005). It is demonstratieat much differences arise in the actual
driving part of the trip. In this case, the diffece between the fastest and slowest vehicle is
almost 20 minutes.
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Figure 3.14: Distribution of total driving times, tram line 1 (year 2005, N=750)

Section 2.3 presented that stopping time is closelgted to driving time. Interaction with
other traffic may cause the public transport vehid stop, without boarding and alighting.
Figure 3.15 shows the distribution of the totalpgiog time of line 1 (7-9 A.M., January-
March 2005). The larger part of the vehicles expegs 2 minutes of stopping times or more.
Although this delay decreases the level of qualliy decreasing travel speed), service
reliability may not be affected as long as all wéds suffer this delay and it will be accounted
for in the schedule. However, the stopping timendg constant per trip and introduces
variability as well.
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Figure 3.15: Distribution of total stopping times,tram line 1 (year 2005, N=750)

Another important part of vehicle trip time is dwéime. In Figure 3.16, we show the
distribution of total dwell time of line 1 (7-9 A.MJanuary-March 2005). This figure shows
that the variability in dwell time is substantidlhe difference between the minimum and
maximum dwell time is over 10 minutes, while tdtgb time is on average about 60 minutes.
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Figure 3.16: Distribution of total dwell times, tram line 1 (year 2005, N=750)

Above, three components of vehicle trip time arscdbed and actual data of line 1 in The
Hague illustrated the variability in the individuglements. This individual variability leads to

variability in total vehicle trip time, as shown Figure 3.8. Local characteristics always
create other ratios of driving, dwelling and stoygpand the variability in these elements will

differ per line and period as well. However, thealgmis of the components of trip time

showed that all three elements are distributed. ¢albhe dwell times and driving times show

a wide distribution. This variability depends atdean the length of the line and the number
of stops.
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3.3.3 Arrival pattern of passengers

In the following section, the impact of variabilign punctuality and regularity will be
determined, both for traditional supply orientedigators and the new passenger oriented
indicator. For the latter the passenger arrivalfisnportance too. To calculate the impacts of
service variability on passengers, it is necessaiynow the arrival pattern of passengers at
the departure stop, as demonstrated in SectionA&t®ugh this is of major influence, little
attention is paid in literature to this phenomen&ection 2.3 presented some available
references. Many researchers assume passengeal &rbe at random, since in urban public
transport systems headways are usually short aritthgvime is on average half the headway
(if actual headways are constant in time). An aggion of planned passenger arrival in case
of long headways is found in Furth and Muller (20@#0 assume that all passengers arrive
at the stop at the moment equal to tAtp2rcentile value of the actual vehicle departimet
distribution. O’Flaherty and Mangan (1970) and Seddnd Day (1974) state that passengers
arrive at random if scheduled headways are shtitéer 10 to 12 minutes. Longer headways
lead to planned arrivals, but more information lok tscheduling of passengers is lacking.
Csikos and Currie (2007) found that passengereamore at random off peak than during
peak hours. No support for the general expectadioa higher degree of early passenger
arrivals in relation to unreliable services wasfduFan and Machemehl (2009) found that
headways of 11 minutes mark the transition pdiom practically random to less-random
passenger arrivals and they show a case whergiallla may be regarded as coordinated arrivals
after headways of 38 minute®¥Ve performed additional research to gain more daogbir
insights into the type of arrival pattern and pagge behaviour in case of planned arrivals.

We conducted a customer survey in The Hague askasgepgers about their arrival

behaviour. About 3000 passengers (distributed alldmes and periods) participated in this

research, which was part of the regular qualitweyrof HTM. The passengers were asked
whether they plan their arrival at the departuop stsing the schedule or arrive at random. If
they planned their arrival using the schedule, theye asked how many minutes before the
scheduled departure time they arrived at the Sthp.survey yielded results for all tram and
bus lines during different time periods on a daguFe 3.17 shows for both peak periods (7-9
A.M. and 4-6 P.M.) and the off peak period the pmipn of passengers arriving at random at
the departure stop, compared to passengers usangctiedule (which they know, either

because of frequent use or which they checked éeadeparture at home). The difference
between peak and off-peak is the number of pedyaedlready knew the schedule. During
the peak more people know their departure time dgrth probably because of frequent use.
Although the number of provided trips is lower dgithe off-peak and thus the provided
headways are longer, there surprisingly is no sulbisil difference between peak and off-peak
in the ratio of passenger arriving at random args@agers using the schedule.
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Figure 3.17: Passenger behaviour concerning arrivgdattern at departure stop

From this data two important inputs for the anaysiay be derived. The difference between
random arrival and coordinated arrival probablyearue to differences in passenger types,
headways and actual service variability. Based aon survey, the relationship between
headways and arrival pattern has been assesseéllagnngeneral, passengers on average
tend to arrive at random if headways are 10 minotetess. This matches the results of
O’Flaherty and Mangan (1970) and Seddon and Day4)l9rherefore we use headways of
10 minutes as the criterion to distinguish betweardom arrival of passengers and scheduled
arrivals. However, it is important to note, basedtloe results above, that headways alone do
not completely explain the arrival pattern and etéhces in arrival behaviour among
individual passengers may be large. We recommenmnd negearch on this topic.

Looking at planned arrivals, we would like to detere the interval around the scheduled
departure time. Figure 3.18 indicates how earls@agers of our survey arrive at the stop by
showing the proportion of passengers arriving gagemamount of minutes before scheduled
departure. In this case, they knew or checked¢hediile before going to the stop. It appears
that about 70% arrive within 2 minutes before tbleesluled departure time. For our analysis,
we propose to use a value of 2 minutestig,. This value represents the distribution of the
arrival pattern of all passengers (consisting ofval times of more and less than 2 minutes
early) in a proper way.
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Figure 3.18: Percentage of passengers arrived agittion of time difference with
scheduled departure time (if schedule is known)

The value ofr.is set to 1, because it is considered possiblepdisdengers may speed up a
little while approaching the stop in combinatiorttwadlrivers waiting for arriving passengers.

3.3.4 Supply and passenger oriented indicators

The following subsection will present an analysigofpirical data of public transport in The
Hague by calculating both supply and passengentedeindicators. It is demonstrated that
the new indicator, the average additional traveletiper passenger, presents the impact of
passengers in an improved way. We performed thiysiean all lines in The Hague and a
detailed example of both a high and low frequerd Is provided.

3.3.4.1 Vehicle departure punctuality and passeiagelitional travel time

If the frequencies of the services are low (i.eadweays longer than 10 minutes), passengers
tend to arrive at their departure stop accordingpéoschedule. As mentioned before, in such a
case punctual operations are needed. The worstrgcanathis case is driving ahead of
schedule because people who miss the vehicle thea to wait the full (long) headway
before a new vehicle arrives.

Using a traditional supply side indicator, we c#éted that the average punctuality of all

relevant lines during relevant periods (in whichhestuled headways are longer than 10
minutes) in The Hague (i.e. absolute schedule dewmiatf actual vehicle departure at a stop,
averaged over all trips and stops (Equation 2.148 2.1 minutes during working days in

March 2006. This means the average delay at evepyistplus or minus 2.1 minutes. Figure

3.19 shows the distribution of the punctuality bfiaes.
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Figure 3.19: Distribution of absolute vehicle depaure punctuality of all lines (with
headways longer than 10 minutes) in The Hague (ye&006)

However, if we use the new indicator we find thaese mere 2.1 minutes still yield
substantial consequences for passengers. FigudesB@vs a sample of the measured stop
punctualities along tram line 3 of trips in the eivg on working days during March 2006.
(the scheduled headway was 15 minutes; see Appdhdor more characteristics of this
line). It is clear that a majority of the runs aeead of schedule, which increases passenger
waiting times enormously, given the scheduled headwf 15 minutes. However, the
absolute punctuality is 2 minutes which seems tgdued. Figure 3.21 illustrates the average
additional waiting time for the passengers at ewtop (calculated using Equations 2.19-2.21
in Chapter 2), due to the lack of punctuality. Thdditional waiting time is calculated by
determining the delay (in case of late vehicles) tre headway (in case of early vehicles).
This graph clearly indicates the effect of drivingead of schedule, since at the stops where
this occurs, passengers waiting times increasangdke pattern of passengers along the line
explicitly into account as well yields the averaggitional waiting time for a passenger of
2.5 minutes.

Given the average in-vehicle time on this line lodat 10 minutes, the unreliability thus leads
to an average increase in passenger total tramel of about 20%. Besides, it is an average,
so some passengers will even experience much nuoliéiomal travel time, as shown by
Figure 3.21. Due to the passenger pattern on tige(lie. much boardings at the first part of
the line where the additional travel time is lindifethe average value is low compared to the
values at some stops. At some stops, the averaijgoadl travel time is about 12 minutes
per passenger.
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Figure 3.20: Measured vehicle departure punctualityper stop on tram line 3 (year 2006)
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Figure 3.21: Calculated average additional waitingime per passenger per stop on tram
line 3 (year 2006)

3.3.4.2 Service regularity at stops and passendedit@nal travel time

If public transport operates with high frequenc{es. headways of 10 minutes or less),
passengers tend to randomly arrive at their depasdtop. In this case service regularity is
very important meaning that headways should be ldogtsveen successive vehicles, since
exact vehicle departure times are less importaote dowever, that punctual departures also
imply regular departures in case of regular screiuh case of equal headways the average
passenger waiting time is minimized and the distidn of passengers among vehicles is
optimal, which prevents overcrowding (i.e. undez #ssumption of a uniformly distributed
arrival pattern). Section 2.4 already elaboratethan aspect.
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We analyzed and expressed the average vehiclearggubf the lines in The Hague (with
headways of 10 minutes or less) using the traditiordicator Percentage regularity deviation
mean (PRDM, see Equation 2.15). This indicator exqe®she average deviation of actual
headways compared to the scheduled ones. The aveRIg®! was 27% during the morning
rush-hour on working days in March 2006. This mehas on average over all relevant lines
and stops, the headway deviation is 27% of thedidbd ones. If scheduled headways are 10
minutes for example, average headways will be aBoartd 13 minutes. This number is the
average of all stops on a line. Usually the regtylat the beginning of the line is better while
it decreases with every added stop. At the endh@flihe, regularity is much worse than the
average value (due to increasing vehicle trip tuaeability as shown by Figure 3.10). Figure
3.22 shows the distribution of the irregularityadiflines.
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Figure 3.22: Distribution of irregularity of all li nes (with a headway of 10 minutes or
less) in The Hague (PRDM), averaged over all stofgear 2006)

In Chapter 2 we claimed that the supply side indisado not properly express the impacts of
service variability on passengers and we introduaeditional travel time. The following
analysis shows the translation of vehicle regufamito passenger additional travel time
indicating passenger impacts. This additional traweé arises by the extension of waiting
time, which is substantial at many stops. Figu33Xhows the regularity of some morning
rush-hour vehicle trips of tram line 9, having éextuled headway of 5 minutes (see
Appendix B for more characteristics of this lin€heir irregularities are quite high, especially
at the end of the line. Values of PRDM over 60-7@3espond to vehicles that are bunching.
Figure 3.24 illustrates the impacts on passengenrage additional waiting time at the stops of
the line (calculated by using Equations 2.17 an8 #dm Chapter 2). This also indicates that
passengers departing at the end of the line aré¢ affiested by the irregularity. Taking into
account the boarding pattern along the line, pagsewaiting time has been increased by 1
minute, which is about 20% on average in relatmthe 100% regular situation. Considering
the average in-vehicle time of 10 minutes, this msean increase of 5-10% in total passenger
travel time. In addition, the irregular headwaysdd¢o an uneven load of passengers over the
vehicles implying a lower probability of findingseat in the vehicle and even overcrowding.
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Figure 3.23: Measured vehicle irregularity (PRDM) per stop on tram line 9 for a
selection of runs (year 2006)
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Figure 3.24: Calculated average additional waitingime per passenger per stop on tram
line 9 (year 2006)

3.3.4.3 Impact of service reliability on passendersall lines

The previous sections presented results of a stadg sample of lines considering service
reliability using the indicator which considers bdhe supply and demand sides of public
transport. The examples showed that unreliabilitysea negative impacts on passengers in
the form of extended travel time. We calculatedrage additional travel time for all lines and
directions in The Hague, using Equations 2.17-2.8infiChapter 2, similar to the shown
examples above. In addition, the relative extendbrthe average total travel time per
passenger has been calculated, shown by Figure Bngs figure shows that on some lines,
the level of service reliability may lead to 20%awer 30% of additional travel time. Figure
3.25 also shows that on some lines the extensibmiied. The extension of total travel time
depends of on service variability, but also on pagsr patterns. For instance, line 11 SH and
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12 DD have a small amount of additional travel tisiace most passengers board at the first
stop of these lines, where service variability il selatively low. The example of line 3
already showed that the difference of departingldt® or too early plays an important role as
well. If the value of the travel time extensiongasighly calculated, using a value of time of
€ 5.97 (as presented by the Dutch Ministry of Tpansand Ministry of Economics 2004),
the value of the extended travel time due to ualdlty would be about € 12 million per year
(2004) for the tram and bus lines of HTM in The Hag¥e expect this number to be twice
as high if also the value of the variability of tfedditional) travel time extension due to
service variability is considered.
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Figure 3.25: Average total travel time extension pepassenger per line in The Hague

3.3.5 Limitations of service reliability definitions used in practice

Section 2.5 showed that there are many methodéustrate service reliability and Section
3.2 demonstrated that these methods are appliéetatifly in practice. In this section the
impacts of the measurement location and the definif punctuality are analyzed. To show
the effects of using these different methods, & sasdy is conducted using empirical data of
tram lines in The Hague. All tram lines are analyaaed data of rush-hours on working days
in April 2007 are used. Figure 3.26 shows the impddifferent measurement locations on
service reliability. This figure illustrates the féifence between measuring only at the first
stop, at a central stop or at all stops. Figureabdady showed that all of these methods are
regularly applied in practice. To express servitiabdity, a bandwidth of timetable deviation
of -1 and +2 minutes is used. The figure shows pantline the percentage of vehicles
departing on the specific stop(s) between thesadmny values. It is shown that the different
methods do not yield consistent results. The puhttigapercentage per tram depends on the
measurement method and the order of tram linegrdifper measurement method as well.
Line 2 in the direction of KS and line 11 SH prdee example to be the most reliable lines
using the first stop measurement, but if only armstop is investigated, line 2 LL and line 1
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SN are more reliable. If all stops are insertethancalculation, line 11 HS is the most reliable
line. This case proves that different methods do yield comparable results and thus a
consistent method is recommendable. In our resgalicktops are taken into account, using
the number of passengers as weights. This methexpressed in Equations 2.18 and 2.21 in
Chapter 2.
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Figure 3.26: Punctuality <-1,+2> of tram lines in "The Hague using different
measurement locations

Besides the location of measurement, the indiaagéed is of great importance and influence
as well. As stated in Section 2.5, punctuality ipply-focused indicator which is commonly
used in urban public transport. The definition ofgwality differs among cities and countries
as well, as mentioned in the previous section. iagfer 2, a new indicator was introduced,
additional travel time. This indicator enables amraved illustration of the level of service

reliability; the focus is on the passenger, therenly one definition and it is comparable to
travel time.

Figures 3.27 A, B and C show a comparison betwdwret definitions of departure
punctuality found in the international survey awmidiional travel time for actual tram lines in
The Hague. The used definitions of punctuality aséc(dated for all trips at all stops):

A The percentage of schedule deviations that isthess 3 minutes late;

B The percentage of schedule deviations which is lests than 2 minutes late
and more than 1 minute early;

C The absolute average of the deviation.

Although these figures roughly show a linear relaship between these indicators and the
additional travel time, the order of tram lines asting the highest reliability differs per
indicator. For example, line 15 MW has a low relidp using category B (<-1,+2>; only
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40%), but a high reliability in category A ( <<-#*385%).Tram lines with many early
departures score better on reliability when no lolaaindary is used.

Another example of inconsistency is line 2 KS, whinas a better reliability than line 1 SN if
category B is used. However, the additional traimak per passenger is higher in the first
line, so passenger will have another experience tisat the common indicators illustrate.
Looking at Figure 3.27 C, it is illustrated thatdi12 DD and 2KS have about the same value
of punctuality, but the average additional trawelet per passenger of the latter is about two
times higher. The level of service reliability thdepends on the chosen definition. The
additional travel time only has one definition asdbetter suited to addressing the level of
service reliability of a specific line or networkhis indicator really shows the impact on
passengers.
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3.27A: Punctuality as a percentage of vehicles eeperng a departure deviation smaller
than +3 minutes (no lower boundary)
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3.27B: Punctuality as percentage of vehicles expeigna departure deviation between -1
and +2 minutes
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Figure 3.27: Calculated additional travel comparedo three types of punctuality
measurement



80 Service Reliability and Urban Public Transport Desi

3.3.6 Conclusions

This section presented empirical data of serviceiakdity and reliability. Although
variability of supply is handled by providing difemt timetables for different homogenous
periods (e.g. peak hours of working days), it wamdnstrated that in these homogeneous
periods service variability still occurs. The lineprogression of service variability by
increasing distance from the terminal was showingo&7.6 s/km on average for bus lines
and 11.1 s/km for tram lines in The Hague. Termirggdadtture and trip time variability were
illustrated as well in this section. It was demoaistd that both factors are responsible for
service variability. Trip time variability was awyakd by investigating variability of trip time
elements being driving, stopping and dwelling tirA#.elements proved to be substantially
distributed.

A passenger survey showed when people use theldehtedarrive at their departure stop and
when they arrive at random. On average, peoplé tstarrive at random if headways are 10
minutes or less. Besides, this survey showed thatase passengers consult the schedule,
about 70% of them are present at the stop withimrfutes prior to the scheduled departure.

This section demonstrated that the newly introduoddator, that is additional travel time,
represents the level of service reliability in adavay, considering factors that are neglected
by traditional indicators, e.g. driving too earlydapassenger boardings patterns. A case study
in The Hague showed that due to unreliability, ab®ut2 million is lost per year, roughly
calculated based on the value of time.

In addition, the additional travel time was calteth for tram lines in The Hague and
compared to the indicators found in the internaosurvey (presented in the previous
section). It was demonstrated that no consistesultrés possible, since different kinds of
indicators are used. The location of measuring, difigred over the cities as well, proved to
be important too. This inconsistency may lead to ngra@onclusions. Our indicator of
additional travel time incorporates the mentionadtdrs enabling a more complete and
consistent quantification of service reliability.

3.4 Summary and conclusions

In this chapter, we presented a practical and (@atme perspective on public transport
service reliability, using detailed data on pubfensport operations in The Hague and results
of our international survey on service reliabilitydicators and planning topics in cities
around the world.

We described the urban public transport system & Hilague, consisting of bus, tram and
light rail service lines and we analyzed their extjve levels of service reliability in depth.
The theoretical approach to service reliability give Chapter 2 is applied. An analysis of
service variability over different periods demoagtd that even after incorporating effects of
variability over the year, week and day, still seevvariability occurs over homogeneous
periods. The variability of terminal departure tianed trip time, split up in driving, stopping
and dwelling, is substantial. Empirical analysisw@d that terminal departure variability,
dwell time variability and line length might regeiextra attention in the planning process.

In order to gain insights into the arrival pattefrpassengers, which is necessary to calculate
the additional travel time, this chapter preseme=iilts of a passenger survey we performed.
On average, people start to arrive at random itliwegs are 10 minutes or less. If headways
are higher, people use the schedule to plan tihewahaccordingly. In addition, this survey
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showed that in case passengers consult the schedhdat 70% of them are present at the
stop within 2 minutes prior to the scheduled depart

To show the level of service reliability in The Hague calculated supply side indicators for
punctuality and regularity next to the indicatordaidnal travel time, the new demand-
oriented indicator for service reliability used aur research. By changing the focus from
supply to demand side, a better indicator has degsloped presenting the impacts of design
choices on passengers. This chapter demonstrate@dted value. It is shown that service
reliability affects the travel time substantiallpy( extending the waiting time). A rough
estimate showed that about € 12 million is lostyssar in The Hague, due to unreliability of
buses and trams. This estimate has been calculased on the value of time and the
extended travel time and we expect this value tatheast twice as high, if the variability of
the extended travel time variability is consideasdvell.

Our international survey confirmed the statemeaimfrChapter 2 that in practice there is a
strong focus on supply-oriented indicators. Thengeaps to be a wide variation in definitions
and proposed measurement locations. Our analysthdaram lines in The Hague using the
indicator additional travel time, showed that iradars used in practice might lead to
inconsistent conclusions, while additional traviehé proved to be a more complete and
consistent indicator.

In the next chapter we will combine the theoret@ahlysis of Chapter 2 and the empirical
data of this chapter, to determine planning insemis that improve service reliability. We
will perform an analysis of causes of unreliabibtyd an overview of instruments improving
service reliability at all planning levels will bgiven. Next, we will make a selection of
promising strategic and tactical instruments, whighwill analyze and assess in Chapters 5
and 6.
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4. Planning instruments improving service reliabilty

4.1 Introduction

After our theoretical analysis of service variailand reliability in Chapter 2 and the actual
impacts in practice we illustrated in Chapter 3, wilt present in this chapter a number of
planning instruments that facilitate enhanced serveliability. The first part of this chapter
presents our research on causes of service vayadiid unreliability, being the first step
toward service reliability improvements. Based bmese causes, the second part of this
chapter deals with our main research objective ¢oalddressed, namely possibilities of
improving service reliability.

83
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In Chapter 1 we introduced the hypothesis of ogeaech that during all planning stages of
urban public transport, significant opportunitiesseto improve service reliability. The main
focus nowadays in practice is however restrictedingtiruments applied mainly at the
operational level. Planning instruments appliegiactice mostly are limited to traffic light
priority and exclusive lanes. Although impressigsults may be achieved in this way, as will
be demonstrated in this chapter by a case studg oéw light rail network in western
Netherlands, we will also show that service vatigbis not eliminated sufficiently, even
when a comprehensive program on improving senétahility is executed.

Our hypothesis is that additional attention atglaning stages leads to a substantial increase
of service reliability. At all levels of public ingport planning and operations, being strategic,
tactical and operational, instruments and designcels are available improving the level of
service reliability. We provide in this chapter aancomprehensive overview and we will
illustrate relations between causes and improvenmsttuments, supported by a literature
review and practical experience. At the operatidesatl, remedial instruments mainly aim at
reducing the effects while during the planning stagrevention of service variability and
unreliability is possible. However, some operatlanatruments may require certain planning
conditions to maximize their impact. During therplang stages our feedforward loop should
be applied, as we introduced in Section 2.6. Wasddfl the general principle of feedforward
to public transport planning and operations witlyarel to service reliability. The public
transport planning process should be adjusted dicgprto the expected, operational
disturbances enabling a higher level of servicabdity. In this chapter, we present a new
look at planning instruments, thereby selectingepbél instruments improving service
reliability.

The outline of this chapter is as follows. Sectiod gtarts with an overview of the causes of
service variability and reliability. Section 4.3:thcontinues with describing service reliability
improvements in practice. This section will descrthe operational level and instruments
applied at this level. In addition, a new contrbllpsophy is presented of a light rail network
in The Hague. Both the design and the actual resfita comprehensive reliability
improvement program are shown, which is uniquetsfkind. In Section 4.4 we present
possibilities of service reliability improvementrihg the planning of public transport. Both
the strategic and tactical levels are describedvanthtroduce instruments enabling enhanced
service reliability. We propose a new public trasrsplesign process with regard to service
reliability, consisting of a feedforward mechanism part of the chain of planning and
operations. In Section 4.5, the main conclusionthigfchapter are given. In Chapters 5 and 6
we will continue on the feedforward mechanism amaly instruments at strategic and
tactical design, which are introduced in this ckapt

4.2 Causes of service variability and unreliability

4.2.1 Introduction

While the previous chapters dealt with the phenameaof service variability and service
reliability and how to quantify and calculate theges section will present an analysis of the
causes that lead to service variability and unpditg. Knowledge of these causes is the first
step towards increasing the level of service rditgb In Sections 4.3 and 4.4, we will
provide a new, comprehensive overview of the paémhprovement instruments.

The mismatch between the schedule and operationalieagly been introduced in Chapter 2
while Chapter 3 provided practical examples. Twonm@pes of service variability were
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shown, namely terminal departure variability angh time variability. The latter may be
divided into variability in driving time, stoppingme and dwelling time. In addition to initial
variability, Section 2.3 showed the mechanismsawfability propagation. In this section, the
question will be answered what possible causebeihtismatch are. Several causes will be
presented which are responsible for deviations \ethbility. Attention will be paid to
whether they are internal or external, which imihlg possibilities for the operator and public
transport authority to deal with them. To identihetcauses, we analyzed the processes of
planning and operations with regard to serviceabdlity and performed a literature review
(Nelson and O’Neill 2000, Cham and Wilson 2006, sg¢eth et al. 2007). Figure 4.1 shows
the main causes of service variability and alsacaigs which element is affected. The next
subsection will describe all these causes and tmgiacts. Section 4.3 will show what kind of
operational instruments may be used to eliminagseahcauses or reduce their effects and
Section 4.4 will introduce planning instruments athat a higher level of service reliability.

Internal causes

Schedule quality Driver behavior Infrastructure design Service network design | Other public transport

—_

Crew availability

LAY

Vehicle
availability

WA

Vehicle design

Trip time
variability

Distribution
stopping time

Weather Other traffic Irregular loads Traveler behaviour

External causes

Figure 4.1: Main causes of service variability in than public transport

4.2.2 Terminal departure variability

Departure variability at the terminal is of mairlirence on the mismatch between schedule
and operations. Variability occurs if departure dgndiffer (for instance late and early
departures on the same route at the same termiioalking at the process at the terminal, the
following elements may be recognized:
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- Arrival of vehicle (from depot or previous trip);

- Alighting (if terminal is passenger stop);

- Vehicle inspection (optional);

- Turning the vehicle (using a tail track or loop);

- Drivers’ break (including schedule slack time (optl));
- Change of driver (optional);

- Boarding (if terminal is passenger stop);

- Departure of the vehicle.

The succession of the elements depends on the dasdnype of the terminal. Some
activities will be performed in parallel. After oanalysis of the processes above, we found
the causes for variability in departure times a&sented below:

- Crew availability
To depart on time it is necessary that resourceavaiable and ready on time. Delays
in previous trips and shifts may create departetays.

- Vehicle availability
In addition to crew availability, the vehicle shddde ready and available on time as
well.

- Terminal infrastructure configuration
Especially in rail-bound traffic, the design of temals may influence the departure
delay. If the provided capacity is not sufficiet¢lays are to be expected, due to other
public transport using the terminal as well (Kaad dacobsen 2008).

- Schedule quality
If the schedule is loose (too much trip time in sekbedule than actually needed),
drivers tend to depart late (depending on theituai and driving style). The other
way around is a tight schedule that leads to aly daparture. Another issue of
schedule quality is the amount of slack in layawae. The amount of slack
determines the possibility to recover from an airdelay of the previous trip.

- Driver behaviour
How disciplined is the driver to depart on time alwes the driver adjust his departure
time if delays are too be expected (e.g. in casead works)?

As mentioned in Section 2.3, dealing with varidapipropagation, the arrival of the previous
trip is also important. If vehicles tend to arriage and slack is minimized, departures will be
delayed as well. In Section 5.2, we will deal inadlewith the impacts of terminal design on
departure variability.

4.2.3 Causes of trip time variability

In Chapter 2, trip time variability is distinguigheas one of the main elements of the
mismatch between the schedule and operations. Eten the focus is on specific periods
during the day and year, variability arises, as alestrated in Chapter 3. The objective of this
subsection is to find and describe its causes.ebtribing the causes, a distinction is made
between internal and external ones. This clarifiésclv actor is able to improve which
element. The analysis is done by dividing trip tim® three components, namely driving
time, stopping time and dwelling time.
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Shalaby et al. (2001) show that trip time variatrat only depends on service trip time (or

line length) itself, but is also affected by themher of stops made, the number of signalized
intersection passed and the number of vehicleshper per lane. Abkowitz and Engelstein

(1983) found that average trip time is affectedibg length, passenger activity and number
of signalized intersections. Most researchers agrethese basic factors affecting trip times
(Abkowitz and Engelstein 1983; Levinson 1983; Abkizwand Tozzi 1987; Strathman et al.

2000).

Considering the trip time components individuallke analyzed different processes during a
vehicle trip to gain insights into the causes délterip time variability. The first process we
analyzed is the driving between stops, includingetsrating, braking and unplanned
stopping. In Chapter 3, empirical data demonstrétexi variability is substantial. Since the
causes of stopping may also be responsible foristpdown vehicles, these two components
are presented in one overview. The causes presbaled are responsible for actual driving
time and stopping time variability.

Internal causes:

- Driver behaviour
The driving style of every driver differs, resultimgfaster or slower trips, creating
variability in driving time. In addition, slowingadvn or stopping completely also
depends on driving style.

- Other public transport;
Both on the same route as on junctions, other paiEinsport may affect the driving
and stopping time variability. In case of signatizections this influence is most of
time even larger, especially when frequencies kxgedo the theoretical capacity of a
track or junction. The probability of delays willeth increase, also resulting in service
variability (Goverde et al. 2001, Van Oort and \Nes 2009a, Landex and Kaas
2009).

- Infrastructure configuration
The configuration of the infrastructure (stops, Bnenctions) may be designed in
such a way that service variability may occur. Tduecerns for instance the capacity
of the infrastructure. Another result of the coofigtion is the interaction with other
public transport and traffic. If capacity is noffstient (some) vehicles will suffer
delays and variability will arise.

- Service network configuration
The configuration of the service network may benfiience on service variability.
Examples are the number of lines on the same raw®p and the length of lines.
The kind of service network configuration may enéoother causes, as the impact of
other traffic and driver behaviour. Longer lines ifistance affect all causes
mentioned. In the schedule, multiple lines may tes@nted as a higher frequent,
coordinated service, while in practice service afaility increases due to interaction
between the different public transport lines. Amotexample is synchronization of
lines. To ensure transfers, lines and schedulesyardronized. This dependency of
lines may lead to additional variability, sincealed are transferred between lines.
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Schedule quality

The schedule may affect the way drivers operatbelschedule quality is not
sufficient, this may cause behaviour of driverssutag service variability. If the trip
time is not planned correctly, for instance, someeds may drive according to the
schedule and some will drive how they are usedies will thus introduce service
variability.

External causes are:

Other traffic;

The influence of other traffic is mainly visiblejanctions, both with traffic lights and
without. Due to different situations for every dmgehicle service variability arises.
In addition to junctions, tracks shared with ottraffic and areas shared with
pedestrians for instance are causes for servicabiitly as well. The extent to which
this cause affects driving and stopping time valitgltlepends on the level of right of
way. This may vary from at grade to exclusive lafvath shared intersections) or
mixed operations.

Weather conditions.

Different kinds of weather and the different drivehaviour accordingly may result in
variability (Hofmann and Mahony 2005). This mainlycars when the weather is not
in the regular state, since regular processesistrioed then.

In general, the variability increases with the ngf the line. Looking at dwell time,
Section3.3.2 already demonstrated the probable @izéhe distribution of this trip time
element. It was demonstrated that the dwell timealbdity was substantial and thus an
important factor creating service variability antreliability. The process of dwelling consists
of the following elements:

Braking;

Opening doors;

Alighting and boarding (serial or simultaneously);
Closing doors

Accelerating.

When analyzing this process, the following causasvhriability in dwell times may be
distinguished (if not explicitly mentioned above):

Internal causes:

Driver behaviour

With regard to dwelling, the driver behaviour comieg opening and closing doors
and the extent to which is waited for late arrivpagssengers are of influence on
service variability.

Vehicle design

Weidmann (1995), Lee et al. (2008) and FernandekQPshowed the impact of the
number and position of doors of vehicles enablimgptimized dwell process.
Vehicles and/or platforms enabling level boarding alighting are also of influence.
A suboptimal design, related to passenger behavioay result in dwell time
variability.
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- Platform design
The platform design affects the (variability of) ditenes by affecting the passenger
behaviour. The design may lead to a distributiopasfsengers over the platform
enabling an optimal dwell process. Width, lengtication of sheds and other facilities
are important elements and if design is suboptinaiability may arise.

External causes:

- Passenger behaviour;
Several types of passengers have different boasgiagds (speed differs for instance
due to age, experience, luggage) resulting in bditain dwell times. The way
passengers make optimally use of the all dooreef/ehicle is important too. This is
related to vehicle and platform design.

- lIrregular loads.
Due to a different number of people boarding amnghéihg for every single trip,
variability of dwell times will occur.

On an aggregate line level, the number of stopd isportance when looking at dwell time.
Thus line length is important affecting variabil@y dwell times too (besides driving time) as
IS stop spacing.

4.2.4 Conclusions

Above, the main causes for service variability presented categorized by terminal departure
variability and trip time variability. The latter nsists of three components that are driving,
stopping and dwelling. Chapter 3 already demoreiréthte impact of the variability of these
components, all being substantial. Both interna external causes are presented. The main
internal causes are other public transport, dibedraviour, schedule quality and network and
vehicle design. External causes are the weatheey otaffic, irregular loads and passenger
behaviour. This section showed that the result ahpihg stages, being the infrastructure
network, the service network and the timetable pam of the main causes. This implies thus
that during the planning processes opportunitiest éx enhance service reliability. The next
section will focus on ways how to improve serviegability. First, the practical approaches
are presented and afterwards, the possibilitiisegplanning stages are investigated.

4.3 Improving service reliability in practice

4.3.1 Introduction

Chapter 1 showed that service reliability is coased an important quality aspect of public
transport by the public. In practice, much focusnsthe operational level when dealing with
improving service reliability. At the operationavel, it is where variability arises and it

seems logical to remedy this afterwards with imegnats at this level. This section deals with
the operational level and its remedial instrumehisst, the operational level and its main
characteristics are described. Secondly, operdtiosauments tackling service unreliability

are presented and described. In addition, a pedatase of service reliability improvement is
presented. A new light rail network near The Hagsieused as an illustration to show
possibilities and actual effects of service religbimprovement. This case shows that the
instruments applied at the operational level a$ sue not sufficient to achieve a sufficiently
high level of service reliability. The next sectitren will show how instruments during the
planning process will help to address this shoriogm
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4.3.2 Operational level of public transport

The operational level of public transport is theeleat which the service is provided to the
passengers. Actual trips in time and space areeoffand passengers may use them to travel
from origin to destination. All main characteristiof this level are summarized in Table 4.1
and will be explained in the next part of this g&tt

Table 4.1: Characteristics of the operational levebf public transport

Level Time window Input Output Actors
Operations Days-Real time | - Network Public transport - Passengers
- Schedules services (actual trips in- Drivers
- Available crew | time and space) - Dispatchers
- Available fleet

Service may be provided after the planning of kb#h network and timetable has finished.
The time window of the operational stage is reaktitout daily planning is involved as well.
This concerns the actual planning of drivers andokes that is necessary due to a mismatch
of the expected and actual number of availableegsivand vehicles. The objective of the
operational level is to operate as close to theduale as possible. In urban public transport,
often central dispatchers guard the operationsnigapossibilities to adjust the operations if
deviations (are going to) occur. Recent developmentable better communications between
dispatchers and drivers in addition to real-timenitaying tools (Van Oort and Van Nes
2009a). The operational level is the actual proddigublic transport. Customers experience
the service and partly based on this, they deddeatel next time again by public transport
or another mode. To monitor the service level amstaruer satisfaction (enabling reporting
and optimizations of the operations), measuremeamd surveys are conducted at the
operational level. We distinguish two main types:

- Supply monitoring
This type evaluates the provided service from alsugigde perspective and aims at
guantifying what is offered. The most important @A&utomated Vehicle Location
System (AVL) ((Muller and Furth 2001, Strathmarakt2002). AVL consist of a
computer in the vehicle registers all “activitied’the vehicles (e.g. driving, stopping,
doors open) with time and location. Managementntgpa@grams, as Tritapt (Muller
and Knoppers 2005), transfer the board computeridaiseable information (e.g.
graphs and tables) showing for example scheduleradbe and speed. Although,
traditionally, this type of monitoring is performedf-line, recent developments also
enable real-time loops.

- Customer satisfaction
Besides measuring what is provided, it is very ingott to know, how passengers
experience the performance. Often, customer suraeyperformed to measure this
experience. Examples of items that are of importaneecomfort, tidiness, sense of
security, crew behaviour and reliability.

Besides customer satisfaction, surveys are usdthdoout how many passengers travel on
each link (manually or automatic, using Automategdenger Counters (APC)) and what the
origins and destinations are. The results of thaseegs are useful to optimize both strategic,
tactical and operational design and service.
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At the operational level, the operator is the maator. Drivers and dispatchers have an
important role concerning operational performaned adjustments. In addition, passengers
are of influence at this level. In the previoustset it was already shown that the behaviour
of both passengers and drivers influence the lefssérvice variability. Thus when looking at
instruments to improve service reliability, thearppective should be considered.

4.3.3 Operational instruments improving service rability

In Cham and Wilson (2006), a distinction is madetypfes of improving instruments with
regard to their impacts. The first category ofimstents consists of instruments reducing (the
impacts of) service variability. These are of a oesgive remedying type. The second type of
instruments is preventive. At the operational levké main applied instruments are of the
responsive type. In Figure 4.2, such responsivieunmgents are shown. These instruments are
only used after disturbances have occurred andareusegulators in a feedback loop. Due to
this responsive character, they all are appligdebperational level. However, to apply some
of these instruments, special conditions at thenrptay levels are required (concerning
timetable planning for instance) to maximize theatt of the instrument. If such conditions
are required at the strategic and/or tactical lete$ is shown in Figure 4.2 as well. Section
4.3.3.1 will present the operational instrumentshaut conditions at a higher level.
Instruments that do require such conditions wilblescribed in Section 4.3.3.2.

Operational instruments Planning stages
Skipping stops Strategic level Tactical level
Deadheading //: Slack time
Headway control Redundant
_ infrastructure
Speeding up capacity
Slowing down
Short turn
Detours facilities
Short turning Redundant
infrastructur:
Adding vehicles
Redundant

Vehicle holding

fleet and rew

*~—»
Requiring condition(s)

Figure 4.2: Operational instruments improving reliability requiring enabling conditions
at the planning stages
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4.3.3.1 Improving service reliability during opei@ts

In literature and practice, many references ardlabla of instruments which are helpful to

apply these during operations. Section 4.3.4 wilspnt an actual case of improving service
reliability at the operational level. Operationaistruments and their implications are

summarized below. Figure 4.2 summarizes theseumsints. All instruments are reductive,

meaning they do not affect the causes itself, biyt reduce (part of) their effects.

Skipping stops

Skipping stops means that some (minor) stops ataie are not served. When a vehicle is
late and has to catch up, skipping stops may sppéehe vehicle thereby decreasing the delay
(as illustrated by Figure 4.3). However, passentyaxlling to those stops have to transfer to
the next vehicle. Information to passengers, bottha platform and in the vehicle, is thus
very important. This strategy is only useful if thember of passengers travelling over the
“skip- stop part” of the route is large and the f@mof boardings at this section is low. In
Koffman (1978), Li et al. (1993) and Eberlein et @998) more detailed research on this
instrument is provided.

A B
—@ @ @ @ @ @ @ @ @
(m =
@ @ @ @ @ S, @ o @ S, >
B Termina @ Served sto

O Skipped stop

Figure 4.3: Skip-stop in direction A-B

Deadheading

Deadheading is a special mode of skipping stopes Esgure 4.4) namely that the last part of
the route isn't served for passengers anymore. €hebes will speed up, because dwell time
isn’t necessary anymore. Due to this speed upnéxé trip (in the opposite direction) may
depart on time from the terminal. Again, passengirmation is the key success factor of
this instrument. Similar to skip-stop strategidse trade-off between passengers on the last
part of the route and passengers in the oppogiéetiin is essential. Deadheading may be
applied for one run or all runs on a line. Eberleiral. (1998) present detailed research on
deadheading.



Chapter 4: Planning instruments improving servel@bility 93

\
O
O
O
®
®
®
®
®
®
v,

B Termina @ Served sto
O Skipped stop

Figure 4.4: Deadheading in direction B-A

Headway control

Headway control implies regulating time intervalstieen successive vehicles. Exact
departure times are of little interest when headnarg short and passengers tend to arrive at
random at the departure stop (see Section 3.389dWMays between successive vehicles are
of more importance. If they are constant, averagating time and overcrowding are
minimized. Figure 2.11 in Chapter 2 illustrated tivercrowding due to irregularity.

When a vehicle is delayed in short headway serylwesdway control may be applied. Figure
4.5 shows the principle of headway control (VantGord Van Nes 2009a). Due to a delay,
the headway before the vehicle increases and théway behind it decreases. By delaying
these vehicles, regularity will partly restore. Shind of control may be applied to all
vehicles on the line or only a fixed amount neardielayed one. Either the control room may
be in charge or the driver himself. In both casesyual information should be available of
location and headway adherence. Speeding up thgeatkelehicle may be helpful as well, but
is often hard, due to security restrictions. Aruattase of The Hague, using this instrument,
will be presented in Section 4.3.4. In PangiliaB0& and Delgado et al. (2009), cases of
headway control are presented as well.

A: Vehicles drive with equal headways

B: One vehicle gets delayed and the headway int ineneases, behind it decreases
C: By slowing down successive and preceding vehtbke regularity will be partially
restored

Figure 4.5: Principle of headway control
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4.3.3.2 Operational instruments requiring plannicanditions

A special category of operational instruments i ¢ime with instruments requiring certain

choices at the tactical and strategic level to mé&e the impact of the instruments. These
instruments are closely related to the output ef planning levels, being the network and
timetable. Without such conditions, some instrureemtay still be applied, but service

variability might not be reduced then or might ewecrease. During the design process it is
important to already consider these instrumentserQfthis is several years before actual
operations. All instruments in Figure 4.2 are amatly concerning the possible relationship
with the timetable and network and are shown below.

Speeding up vehicles

Speeding up vehicles may consist of increasingdtihneng speed as well as decreasing the
stopping times. If a vehicle gets delayed, the rdtmally easiest solution is to speed it up.
First of all, guarding traffic safety is very impant when this instrument is applied. But
another important issue is the design of the sdbedine amount of slack in the schedule
(and the exact location of this slack) determimesextent to which speeding up (compared to
the schedule) is possible. If an operational spdetb km/h is possible and the trip times are
based on 20 km/h, speeding up is quite easy.tHigncase trips are designed on an average of
24.5 km/h speeding up gets harder and the effelttbei smaller. Gifford (2001), Banks
(2002) and Chang et al. (2003) present a morelddtagsearch on this topic. Vromans (2005)
provides research on this topic in heavy railways.

Slowing down vehicles

Slowing down vehicles to increase schedule adheraray consist of both decreasing driving
speed and increasing stopping time and is an eféegtstrument as well. If vehicles drive
faster than they are planned to do (due to bothabpeal and timetable issues), slowing
down helps them to get back on schedule. The ragaeime in the network design for this
instrument though is redundant capacity at thektrac stop where speed is reduced.
Especially if infrastructure is shared with otheaffic or public transport, delays may be
introduced for them. Mostly, the capacity constrasnmportant for rail bound service due to
less flexibility, but also bus services may expecge negative consequences of restricted
capacity. The bus terminal in Utrecht in the middfethe Netherlands is such an example.
About 200 buses use this terminal per hour andesgatimited. In Gifford (2001), Banks
(2002) and Chang (2003) slowing down vehicles scdbed in further detail.

Detours

A detour is an alternative route between partshef original route. Detours are a very
effective measure in case of blocked infrastructiBat also when infrastructure is still
available (i.e. recurrent delays are experiencedhedule adherence may be enhanced by
applying detours. If detour routes are availablabéng vehicles to catch up (e.g. by
shortcuts) schedule adherence may increase agaiiarsto the skip-stop instrument.
However, this instrument mainly aims at non-reautrrdelays. Important condition for
applying this instrument is that the (redundanfrgtut infrastructure should be available (in
time and space) and especially in rail bound systéray should be designed and constructed
additionally. This will need attention at the statelevel and will increase the costs of the
infrastructure. Road-based public transport systerag often use existing infrastructure as a
shortcut. In Tahmasseby (2009), detours relatedftastructure design are analyzed.
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Short turning

An often applied instrument to “win time” is shaurning, which means that a vehicle turns
into the opposite direction somewhere along theerdinstead of at the terminal). This
instrument may be both applied if infrastructurdlscked and in recurrent delay situations.
When a vehicle is short turned, it only providemngport on a part of the route (see Figure
4.6). Before the end terminal is reached, the Velalready turns. In this way it “wins” twice
the trip time from the short turn node to the terahi But to apply this instrument, first of all
the short turn facility should be available. Agduwr, road bound public transport, this is easier
than in the case of rail bound services. Secorté/capacity of the short turn facility should
be sufficient. This mainly depends on the configorabf the facility. Information provision
to passengers is of main importance applying ths&grument as well. Short turning may
applied for one trip or all trips in a certain tiperiod. More information on short turning is
provided by Furth (1987), Shen and Wilson (2001 &ahmasseby (2009).

A
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B Termina @ Served sto
O Non served stop

Figure 4.6: Short turning at point C

Adding vehicles (and crew)

Another instrument of restoring schedule adheréneglding vehicles and crew to the actual
fleet concerned with the operations. If delays ocon a line and actual trip times are
increasing, the actual provided frequency may desaeEquation 4.1 shows the calculation of
the number of vehicles needed (V), providing aaierheadway (H) with a given cycle time
(T%*®, Equation 4.2). If trip time increases (and no slaclvailable), Equation 4.1 shows
that headways will increase when the number ofalesiis fixed. Inserting a spare vehicle
will relax this problem offering some slack. Of cs@ this additional vehicle (and crew)
should be available and taken into account dufwegstrategic and tactical design. Especially
adding vehicles during the peak hour, when the mawri of vehicles is used, is costly.
However, vehicle availability during the off-pea&urs may be hard too, due to maintenance
activities and costs savings on spare crew.

T cycle

H

v (4.1)

T cycle = T tripAB + T layoverA + T tripBA + T layoverB (4 2)



96 Service Reliability and Urban Public Transport Desi

where:

V = number of vehicles

Tovele = vehicle cycle time

H = scheduled headway

TipAB = scheduled vehicle trip time one direction (ABfo
T layovera = vehicle layover time at terminal A

Vehicle holding

A very common instrument of improving schedule adhee at the operational level is
holding (see e.g. Dessouky et al. 2003, Fu and Y2002, Liu and Wirasinghe 2001 and
O’Dell and Wilson 1999). Holding implies stoppingvahicle if it runs before schedule at a
certain point, called holding point. At the holdipgint the decision of holding is taken, based
on the actual schedule adherence and the holdiategy (e.g. applying maximum holding
time). This implies design choices at the tactialel, as the method of designing the
schedule (e.g. tight vs. loose) directly influenttess holding process. Besides, as mentioned at
the slowing down section as well, capacity showdbfficient at the holding point, implying
redundant infrastructure capacity. Blockings duehddding should be prevented, either by
shortening the holding process or extending capatithe holding point. In Section 6.3, we
will deal with this instrument in more detail.



Chapter 4: Planning instruments improving servel@bility 97

4.3.4 Practical service reliability improvements, tie case of RandstadRdil

4.3.4.1 Introduction

In practice, much attention is paid to serviceatality improvements at the operational level.
The previous section showed several instrumentsaatlével. The following case shows the
effects of some measures for reliability improvetmehRandstadRail, a newly introduced
light rail system (replacing former tram and tranes) in the Hague area, started to operate in
2007. This case study shows the significant benefitontrol instruments that were applied
for the new light rail system, but it also showattthe problem of service variability is not
sufficiently solved with the instruments appliedyhadvanced these may seem. This supports
our research hypothesis, stating that both instntsnat the operational level and at the
planning levels should be applied.

RandstadRail consists of two main networks (illatgd in Figure 4.7):

1. The former tram lines 3 and 6 in The Hague area cxteddo the former heavy rail
line in Zoetermeer (called “Zoetermeerlijn”). HTkhe public transport company of
The Hague operates theses lines;

2. The secondary, former, heavy rail line between Thgudand Rotterdam (called
“Hofpleinlijn”) is connected to the metro netwonk Rotterdam. The public transport
company of Rotterdam (i.e. RET) is operating this.lin

Den Haag

v, Z0BIBIMEET

Rotterdam

Figure 4.7: RandstadRail network

! This section is based on a reviewed article phbtisn the Transport Research Records (Van Oorvand
Nes 2009a)
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Our focus is on the Zoetermeerlijn, the connectibthe former tram lines of The Hague with
the former heavy rail line in Zoetermeer. This natkvconsists of two lines, one of 33 km and
41 stops and one of 27 km and 31 stops. These hes hre supported by additional lines
during rush-hour on parts of their route.

Before the start of RandstadRail, public transgervices in The Hague were not controlled
in a sophisticated way and during the trip, sulighrtrip time variability occurred. This
variability exceeded the planned headways of Radéil (i.e. 2.5 minutes during peak
hours). Without additional measures, these planneddways were not achievable and
instruments had to be applied. The next sectiondesicribe these instruments in detail, being
part of the control philosophy.

4.3.4.2 Control philosophy

As stated in the former section, variability inpttimes must be prevented. To achieve this
goal HTM designed a new, three-step control philbgop-igure 4.8 illustrates these steps,
which are described in more detail below. The sf@psent another categorization of control
instruments, than presented in Section 2.6. Theaisfoaf Figure 4.8 is on the type of
instrument, while Chapter 2 showed the differerdcpsses during public transport design,
being strategic, tactical and operational. The pramg instruments are applied at all levels,
while coping only focuses on the tactical level.jusding instruments are solely applied
during operations.

A. Preventing'—> B. Coping '—> C. Adjusting I

Figure 4.8: Control philosophy of RandstadRail

- Step A: Preventing
The first step is preventing the variability fromcacring. This is the most important
step since an ounce of prevention is worth a paimdire. Different ways exist to
avoid variability. For RandstadRail, the main pretee adjustments were the
improvement of the infrastructure (more exclusieds, traffic light priority and
enhanced stops), new vehicles (with broader déers| boarding and alighting and a
display showing the actual schedule adherencectdrilier) and the obligation to
dwell anytime at every stop.

- Step B: Coping with deviations
The second step in the philosophy is dealing wighd@viation by planning additional
time in the schedule at stops, trajectories anditexls. Small deviations may be
solved this way. Carey (1998) and Israeli and Céte96) deal with this topic as
well. Adding additional time in the timetable enadblate vehicles to catch up. This
additional time is a trade-off of operational speed reliability (as discussed by Furth
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and Muller 2009). The larger the amount of slacletis) the higher service reliability
will be, but the lower the average operational dpaethe vehicles (if vehicles are not
allowed to drive early) will be as well. The slagké may be added to different parts
of the trip time, being driving time, dwell time crayover time.

- Step C: Adjusting operations
Variability may still occur even after steps A dddire completed. In that case, the
final step, adjusting, is performed. In Sectiond.3everal operational instruments
have been described. Adjusting the operations ofiRtadRail is done by the
dispatchers in the central dispatch room. They laate¢al overview of all vehicles
and their punctuality. Dedicated software toolsweed to adjust operations and
inform drivers as well as passengers. The first gotl guard punctuality. Dispatchers
are warned by the system, when punctuality is atmekxceed certain thresholds. The
secondary goal is to achieve regularity. If it && possible to restore schedule
adherence (e.g. because disturbances are too taggeispatcher may apply headway
control. This principle was explained in Section.3.3

4.3.4.3 Improvement of actual operations

After the start of RandstadRail services, a studythe actual effects of the applied
instruments was performed. RandstadRail confirmsnggrovement of terminal departure
punctuality. The percentage of trips departing vétlkleviation between —1 and +1 minute
increased from 70% to 95%. Figure 4.9 shows thedsi@ deviation of the dwell time of all
stops in the city before and after the transforamabdf tram line 6 into RandstadRail 4 (RR).
At almost all stops the standard deviation decikaSable 4.2 shows that the average dwell
time improved from 28 to 24 s. per stop and thaddaad deviation has been reduced from 20
to 7s. This enables more reliable operations whigher level of service quality.
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Figure 4.9: Standard deviations of dwell times pestop before and after the introduction
of RandstadRail line 4
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Table 4.2: Average dwell time of former tram line 6and of new RandstadRail line 4

Average dwell time Average standard
deviation
Tram line 6 28 s. 20 s.
RandstadRail 4 24 s. 7s.

Table 4.3 shows the average total unplanned stopjimg per trip before and after the
transformation of tram line 6 into RandstadRail. Biverage value of delay has decreased and
the de standard deviation is also smaller. Figut® 4hows the average length of unplanned
stopping along the line before and after the inicidbn of RandstadRail. This figure clearly
illustrates the decrease of this loss of time.

Table 4.3: Average unplanned stopping time of formetram line 6 and new
RandstadRail line 4

Average total unplanned| Average standard deviation
stopping time

Tram line 6 90 s. 60 s.

RandstadRail 4 20 s. 30 s.
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Figure 4.10: Standard deviations of unplanned stogpg between the stops before and
after the transformation of tram line 6 into RandstadRail line 4

Figure 4.11 shows the $%nd 8% values of schedule deviations at all stops of ReeutRail

4 before and after the application of the contrbllgsophy. This figure shows that the
deviations are reduced and that negative deviafiemsdriving too early) have been reduced.
Due to higher schedule adherence average travestohpassengers are decreased. However,
the level of service variability is still substaitiand the level of service reliability may be
improved further.
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Figure 4.11: Schedule deviation of former tram lineés and of new RandstadRail line 4
(15- and 85- percentile values)

4.3.4.4 Conclusions

This subsection showed the impacts of an extensiméra philosophy aiming at enhanced
reliability of operations. With the introduction afnew light rail system called RandstadRail,
much attention is paid to the improvement of openal quality. After some years of
operations, it is proven that its service reliapiindeed has been improved. However, it is
shown that unreliability is not sufficiently remalieEven with so much effort on control
instruments, unreliability has not sufficiently vsimed. This supports our hypothesis that
additional instruments are necessary. Although smsieuments during the planning stages
are applied (for instance exclusive lanes and \eldiesign) design has to be adjusted more at
both the tactical and strategic levels, therebybkng more reliable urban public transport
services. In Section 4.4, such instruments andydeshoices are presented. In Chapters 5 and
6 we will demonstrate that these instruments magrave service reliability. Only the
combination of both operational measures (as de=ttnn this chapter) and instruments and
design choices at the tactical and strategic lguelsumably will lead to a sufficiently high
level of quality due to enhanced reliability.

4.3.5 Conclusions

Service reliability is an important quality aspeadt public transport. In practice, much
attention is paid to improve service reliabilityev@ral instruments are applied to reduce the
effects of service variability for instance. Howevenost attention is paid in practice to
applying operational instruments only. This secttwwed several of such instruments, as
skip stopping and short turning. It was also shdlat some operational instruments require
special conditions during the planning stages (fwstance slack time and redundant
infrastructure). An actual case of service religpienhancement has been presented in this
section as well. It was shown that much reductibrseyvice variability was achieved by
applying several instruments. A reduction of dwtathe variability by introducing level
boarding and alighting and adjusted stop designdeasonstrated, next to decreased stopping
time due to an improved level of right of way anaffic light priority. However, it was also
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demonstrated that even with the application ofdhestruments, there is still a substantial
level of service unreliability left. In the presedtcase, some strategic and tactical instruments
were applied as well (e.g. exclusive lanes and vivcles), but the main focus wasn’t on the
planning levels. The hypothesis of our researchas at these levels promising opportunities
exist to significantly improve service reliabilitfthese planning instruments will, together
with the application of operational instrumentshiage a much higher level of service
reliability. The next section will present this dasf instruments.

4.4 Improving service reliability in the planning process

4.4.1 Introduction

As stated in Chapter 2, unreliability occurs dueatamismatch of planning and operations.
Section 4.2 provided causes for the mismatch tteaslaown by Figure 4.12. Since the match
of these two aspects determines the reliabilitg, sblution is also divided in two options.
Both adjusting the operations to the planning @ planning to the operations are ways of
improving the level of service reliability. The preus section showed operational
instruments to improve service reliability. This s&c will describe the planning of public
transport and will provide design choices and ursgnts capable of improving service
reliability. During the planning of public transpomany design choices are made with
impacts on operations. It is demonstrated in oseaech that these choices set constraints for
the operational level to deal adequately with disaces and unreliability.

Planning

Y /e

74

Operations

Figure 4.12: Two opposing ways of improving serviceeliability

4.4.2 Planning process of public transport

Figure 2.2 in Section 2.2 presented the chain dflipuransport planning and operations.
Prior to the operations, as described in Secti8n the network and schedule are designed,
which are output of the strategic and tactical leespectively. Table 4.4 shows the main
characteristics of these levels. They will be désstiin more detail in the next subsections.
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Table 4.4: Characteristics of the planning levelsfgublic transport

Level Time window | Input Output Actors

Strategic | > 2 years - Political ideas - Infrastructure - Authority
- Historical trends network - Operator
- Existing network - Service network
- Socio-economic - Capacities
trends

Tactical 1-2 years - Network - Crew schedule - Operator
- Constraints of - Fleet schedule - Unions
crew/fleet - Public schedule

4.4.2.1 Strategic level

At the strategic level (design) choices are madefome window of mostly 2 years. At this
level, the framework of public transport is detemed, taking into account political
requirements and demands, historical and futumdsreand developments (both spatial and
transport) and optimization issues. Main varialdes the amount of money available, both
for operations and investments and the desired haervice. The main output of this stage
is the network, consisting of both the infrastruetiand the service network. Indicative
frequencies are designed at this stage as welprdeide the planned service, the size and
type of fleet is determined as well as the sizéhefcrew. Concerning the strategic level, our
research mainly focuses on the network design.

The main elements of a transport infrastructure dur case bus and urban rail) are
intersections, links (i.e. tracks and (exclusivaa)ds), stops and terminals. The design of all
infrastructure elements may have an impact onretitdée service reliability. At intersections,
impact of other traffic as cars and bikes may distilne process of operation. In addition,
other public transport may cause a delay at intéises as well. In most cities, a hierarchy
exists of priority within public transport. For Basice in The Hague, light rail has priority
over trams. Next to that, trams have priority oveses. Links are potential cause for variation
in trip time as well. This mainly depends on whetpeblic transport is the exclusive user of
the links or not (using exclusive lanes, tunnelsibgrade tracks for instance). Capacity is a
main issues dealing with links. Especially when alting is applied (Kaas and Jacobsen
2008, Van Oort and Van Nes 2009a) capacity is échiand when frequencies are high,
deviations are to be expected. Capacity is imporagarding stops too. In case of only one
line operating with a medium headway, capacityasssue. But if more lines use the same
stop and/or frequencies are high, stop capacityhtrbgcome an issue and lack of it might
lead to delays. Terminals are also of main inteféghctioning as the starting point of the
line, disruption will amplify (due to bunching, s8ection 2.3.2). Normally, terminals provide
some slack in the schedule so delayed arrivingcletmay depart on time again. But if the
design is not optimal, delays will knock on in titeer direction.

The infrastructure enables the design of a servetgark consisting of lines, stops and
frequencies. Besides line routes and locationstajss the number of lines and stops are
important factors as well. Several kinds of gensmlice line types exist and are analyzed
and applied all over the world. In Figure 4.13 wmww the main ones (based on Vuchic
2005).



104 Service Reliability and Urban Public Transport Desi
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Figure 4.13: Types of urban public transport servie networks (Source: Vuchic 2005)

A radial line provides service between the regiod ¢he heart of the city centre, while a
diametric line is a combination of two radial lin€&emi-diametric lines are in fact extended
radial lines, providing a connection over the antre to the border of the urban area. A
tangential line is a connection without reaching tiity centre, enabling fast connections
between regional areas. Circle lines are a spggal of tangential lines. They do not operate
in the heart of the city centre but operate aroiingr around the urban area) enabling
transferless travelling between border areas. Istnoboban areas, a mixture of the above
mentioned network types are used. All types hafferdnt characteristics, which is important
to note when lines are analyzed.

The main output of the strategic level is the plahservice level and required number and
type of vehicles, infrastructure network and créiten at this level, the public transport
authority takes the decisions concerning the né¢wsupported by the advice of operators
and consultants. This design process is very congitee urban public transport planning is
always a part of total urban planning. This lead$radeoffs and compromises, concerning
budget and space. With regard to the vehicles aad,dhe operator is often in the lead. In
the Netherlands, organizations of public transg@$sengers have some influence in the
output of this level as well. In this field of acso different objectives and requirements exist
which leads to additional complexity. At the stratelevel, little attention is paid explicitly to
service reliability. However, some of the causesitinaed in Section 4.2 are strongly related
to this level. In Section 4.4.3 we will presentagtigic instruments dealing with enhancing
service reliability.
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4.4.2.2 Tactical level

At the next stage, the tactical level, the detailthe service plan are determined, namely the
exact timetables for passengers, crew and vehalesdesigned. The time window of this
level is one or two years ahead of the actual djpers Besides the input of the strategic
level, it is very common in urban public transptrtuse feedback data of the operations as
well at this level. Historical trip times are oftesed to design a new timetable (Van Oort and
Weeda 2007). Determining the number of drivers waekicles is a complex job in large
networks and is more and more supported by optimizapplications. Next to scheduling to
provide public transport services, maintenanceebifictes must be considered in the schedule
as well. Much research is available on both cred ahicle scheduling (Bodin et al. 1983,
Freling et al. 1999, Haase et al. (2001) and Humsgtaal. 2005). In our research the focus is
on the public timetable, which is the schedule tfessengers use. Crew and vehicle
scheduling are not considered.

At this level, the main player is the operator. Tdigective is to minimize the number of
required resources, given a required level of serviAt this level, the public transport
authority has to approve the output. Most of timesgr groups have influence at this stage as
well. Besides, in the company itself, driver orgaations (e.g. unions) play an important role
in approving the schedules. They often check ifaglleements are met, regarding trip and
layover times, break lengths and working hours.

At the tactical level, little attention is paid dixjitly to service reliability. However, Section
4.2 illustrated that some causes of service urmiéityaare present at the tactical level and that
some operational instruments require special cmmditat this level. In Section 4.4.3 we will
elaborate on the possibilities of improving serviekability at the tactical level.

4.4.2.3 Feedback and feedforward

In the previous subsections we discussed aboutwbeplanning levels in public transport
while the operational level was presented in Sacdli8. Besides the linear relation between
the strategic and operational level, feedback @edifbrward may be part of the process as
well. Chapter 2 showed the general principles etibmck and feedforward control. In Figure
4.14 the existing feedback loops in public transpaoth real-time and long-term, are shown.
The long-term loop, using automatic passengers oaur(APC) and Automatic Vehicle
Location (AVL) and customer surveys (as presente8eaction 4.3.2), has a time window of
months to years. Timetables and network configunationight be adjusted thanks to
feedback. With regard to service reliability howewdis is applied scarcely in practice. The
main applied loop in practice is the constructifigimetables using actual data as input (Van
Oort and Weeda 2007). The real-time feedback loogbles direct adjustments in the
operations. Timetable deviations require implementainset of instruments minimizing the
impacts of such deviations. Section 4.3 alreadwented that at the operational level all
instruments are part of the real-time feedback.loop
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Figure 4.14: Feedback-loops in urban public transp planning and operations

Besides these feedback-loops, feedforward mechané® important too. At the strategic
and the tactical level, forecasts of the impactnstruments or adjustments of network and
schedule would be very useful. Accurate predictiohsffects help designers to optimize the
system without applying trial and error in realelifExamples of feedforward loops are
described by Koutsopoulos and Wang (2006) and Kenand Van Oort (2008), which
illustrate an enhanced network and timetable de&ignusing a tool predicting service
reliability. Concerning service reliability, thedeedforward loops are limited in practice.
However, analyzing the causes in Section 4.2 aadfgerational instruments in Section 4.3,
possibilities exist during the planning to incoraiar the dynamics of the operational process
and to improve service reliability. Section 4.4.8 wlaborate more on the feedforward loop
in public transport planning and operations, prasgrplanning instruments.

4.4.3 Planning instruments improving service reliabity

The main objective in our research is to enable meddhservice reliability of public transport
by improving the strategic and tactical planningokiog at possibilities to improve the match
of operations and planning, at all three levelplahning and operations, design choices and
instruments are available. However, both in lite@tand practice, the main focus of
improving service reliability currently is at theerational level only. Section 4.3 showed
such operational instruments. In this section, &roew of possible instruments and design
choices at the planning levels is provided to emabélecting promising instruments
significantly improving service reliability. Thesestruments will be discussed in more detalil
in Chapters 5 and 6.

In Section 4.3, the responsive instruments wersegmted while the second category of
instruments consists of preventive ones. Theseuim&nts prevent that service variability and
unreliability will arise. Table 4.5 presents suclstitnments. One of the possibilities of
preventing service variability is education andntireg of drivers, teaching them how to act in
such a way that variability due to their behaviaailimited. Issues may be for example
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driving style, but also illness ratio reductionakinterest with regard to crew availability.
Passengers may be coached as well, preventingcsearariability. Showing passengers the
effects of boarding through one door instead okaging over all doors is an example of
passenger education. Another instrument is thegdesi the platform, which encourages
passengers to distribute over the platform enaldingother boardings. The vehicle design is
also of influence, both with regard to the inter{possible throughput, method of ticket
selling (e.g. vending machines or drivers)) and éReerior (number and size of doors for
instance)). In addition, the spare drivers and alekidetermine to which extent variability
may be prevented when actual crew or fleet avditals limited. Although these issues are
of importance, in our research we focus on netvetagign and timetable design and thus we
do not consider fleet or crew, nor are possibgitiavestigated concerning behaviour of
drivers and passengers. All the other instrumeft§able 4.5 will be described in the
following subsections.

Table 4.5: Preventive instruments for service religility control

Instrument Level Causes affected

Training and education of drivers  Operational/Tatt|jdarivers’ behaviour, crev
availability

Passenger education Operational/Tactidhssenger behaviour

Spare drivers Tactical Crew availability

Vehicle maintenance and spar€actical Vehicle availability

vehicles

Trip time determination Tactical Schedule quality

Interior design vehicle Strategic Vehicle design

Exterior design vehicle Strategic Vehicle design

Priority at traffic lights Strategic Other traffic

Platform design Strategic Passenger behaviour

Terminal (capacity) design Strategic Infrastructure configuration,
other public transport

Stop (capacity) design Strategic Infrastructure  figomation,
other public transport

Exclusive lanes Strategic Infrastructure configomat
other public transport, other
traffic

Coordination of lines Strategic Service networkfaguration

Length of lines Strategic Service network configioma

Stopping distance Strategic Service network conéition

Synchronization of lines Strategic Service netwaokfiguration

4.4.3.1 Improving reliability by appropriate netwodesign

The strategic design may affect the level of servadability. At the strategic level, two
layers are distinguished, namely the infrastructiaiger and the service network layer.
Separated per layer, the possibilities for imprgwervice reliability are summarized below.
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Infrastructure layer

In the strategic design of public transport, infinasture facilities are part of the design.
Examples of design choices concern links and stbépgheonetwork, next to terminals and
intersections. The following instruments are reléwaith regard to service reliability.

- Terminal design
As mentioned in Section 2.3, variability of termlidapartures is one the main factors
of variability of operations. Figure 4.1 showed e aspects influencing the process
of departing (on time). One strategic issue isciigiguration of the terminal. In ralil
bound traffic, this design has a main impact iengities are large. Capacity
constraints limit the number of possible vehiclasing per hour and especially the
dynamic character of actual operations has a negetipact. Considering these issues
explicitly during design may increase the levetefvice reliability (see Section 5.2
for details).

- Exclusive lanes
As stated in Section 4.2, one of the causes ofcewariability and unreliability is
other traffic. By introducing exclusive lanes farigic transport, driving times are less
affected and stopping times will decrease, whidb$® achieve a higher level of
service reliability (TRB 2003, Vuchic 2005 and Ced€07).

- Stop design
Similar to terminal design, stop design (both raad rail bound) may limit vehicle
capacity. Combined with high intensities and valigithis might lead to additional
delays. Taking service reliability into account ahgrthe design may improve the level
of service reliability during operations

- Priority at traffic lights
Introducing priority at traffic lights may decreas&riability in) stopping times. This
will decrease the variability of trip times andbley decreases unreliability. Several
researches have been performed regarding this (egeécfor instance Ceder 2007,
Chang et al. 2003, Currie and Shalaby 2008). Besatisolute priority (public
transport never has to stop or even brake), camditipriority has been introduced
(see for instance Muller and Furth 2000). Only lathicles receive priority, which
means that early vehicles have to wait. In SelrmghFaurth (2009) priority is
considered related to the timetable as well. Baside disadvantage of a technical
connection of the schedule, actual punctuality tedraffic light algorithm, this
method still leads to stopping times for some MeRiat traffic lights. In addition, the
influence of the schedule parameters is of extrenp@rtance as applying a tight
schedule will result in all vehicles being late dhds receiving priority.

Service network layer

The available infrastructure network enables a daesigthe service network. This network
consists of lines, stops and frequencies. The deaslighe service network determines the
exact routes and stops. In addition, interactiothwither lines is determined (e.g. transfer
synchronization or line coordination on the samatep Below, instruments are shown
regarding service reliability.

- Stopping distance
One of the largest sources of service variabiltyears to be the dwell time, as shown
in Chapter 3. These differences occur partly becafisbanges in number of
passengers. If there are no passengers on a stopphody wants to get out, the
vehicle does not need to stop and there is no dinatl. At the level of designing the
network attention should be paid to this variatdmlwell times to determine the stop
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spacing. To improve service reliability, it's bestalways have some passengers at a
stop, so the vehicle needs to stop every time. giieigents large distributions to occur.
Of course the optimal stop spacing is a trade-bffiore aspects (see e.g. Van Nes and
Bovy 2000 and Van Nes 2002), but service religbghould be taken into account as
well.

Length of lines

Long lines offer many direct connections, servinrgnmstops. Although, the longer
the line, the higher the probability of increassegvice variability. At the design stage
both effects should taken into account, resulting trade-off between these two
aspects. At this moment, service reliability is egplicitly taken into account at the
strategic level. This may lead to suboptimal designs

Coordination of lines

In urban public transport networks it is very commto provide several lines on the
same route. At a specific branch of the networknloimed frequencies are high and
many direct connections are offered. Although tlasign choice seems to improve
the network quality at the strategic level, it atlydepends on the quality of service
at the operational level whether the combined pdrfrequency and even headways
may be provided. In the design process, the exgeeteability should be taken
explicitly into account. Besides attention at ttrategic level, coordination also
requires attention during the design of the timietal the tactical level.
Synchronization of lines

Synchronization of lines is important concernirengfers. In a public transport
network, it is hardly possible to connect all ongjiand destinations, so transfers are
unavoidable. To reduce one of the negative impddrawsfers, being passenger
waiting time, synchronization of lines may be apgliFrequencies and schedules are
synchronized enabling smooth transfers betwees.linefact, this instrument is thus
relevant at both the strategic and tactical stfyeh research has already performed
on this topic. This instrument concerns both stiategd tactical design, since the
timetable is of importance too.

4.4.3.2 Improving service reliability by appropmatimetable design

From the analysis of operational instruments intiSect.3.3, it was concluded that some of
the operational instruments require satisfying ook at the planning stages. The desired
impact of these instruments is maximized if durihg planning stages, service reliability is
explicitly taken into account. At the tactical I&vthis concerns slack time allocation in trip
and dwell times, with or without a holding stratedyp positively influence service reliability
already at the tactical level, the following podgibs exist:

Determining trip times

As mentioned earlier, planning a tight or looseesithe may have major impact on
passengers. The main issue is driving early vsirdyilate. Considering these issues
while planning the schedule may lead to a betteedule, regarding travel time.
Vehicle holding

Section 4.3 already presented holding as an opesdtinstrument. As mentioned,
holding requires much attention at the tacticaéleVhe amount of holding depends
on the type of schedule being loose or tight. éf design of the schedule is optimized
concerning holding strategies, this instrumentréyentive as well. This design issue
has a large impact on operations and travel timmae$engers. A trade-off between
service reliability and travel speed will arise. There vehicles are held, the more
services will become reliable, but the more traapgeed will decrease.
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4.4.4.3 Selection of potential planning instruments

Above, several instruments and design choices sesepted that enable consideration of
operational dynamics during the planning stagesthatlmay improve the level of service
regularity. We are looking for instruments imprayiservice reliability in urban public
transport at the tactical and strategic level, ssimcpractice much attention is already paid to
operational instruments. Much research is alreadylable on the planning instruments of
priority at traffic lights, exclusive lanes and sinonization. The implementation of bus lane
schemes and traffic signal priority are the mogtdusolutions in this field (as shown by e.g.
Levinson and St. Jacques 1998, Waterson et al., 2@@3on and Ferreira 1999, Hounsell and
McDonald, 1988). Both Ceder (2007), Vuchic (2008)l ghe Transit Capacity and Quality of
Service Manual (TRB 2003) present the different méshand effects. Theory is supported by
practical cases. Ceder (2007) describes the resfulte introduction of priority measures in 6
European cities, with their impact on travel timesl aumber of passengers. An increased
ridership of 10% is measured for instance in Athé&tash (2003) provides practical results of
implementing such priority measures in the city A&frich, Switzerland. More detailed
research on the impacts of priority and bus laney e found in Chang et al. (2003),
Shalaby (1999), Newell (1998), Eichler (2005), Ney28606), Kimpel et al. (2005) and
Mesbah et al. (2008). Similar to priority, Cede®@2) and Vuchic (2005) give an overview of
the issues which need to be considered in synctabon. More detailed and applied research
is for instance done by Bookbinder and Ahlin (199®png and Wilson (2006) and Ceder
and Tal (2001).

The instruments we are looking for should offer gqmabksibilities to improve service
reliability and should be less researched so fae. ddse of RandstadRail presented in Section
4.3 showed that some design instruments are alreawotynon practice (for instance traffic
light priority and exclusive lanes). But even witie application of these instruments, service
variability is still substantial. The instrumentsialinwe will investigate in more detail are trip
time determination, vehicle holding, terminal desiline coordination and line length design.
Chapters 5 and 6 will elaborate more on the addddevof these instruments. Chapter 5
focuses on strategic design and Chapter 6 on éhdssign.

The selected instruments adjust the process ofgtrahisport thereby being a regulator in the
feedforward loop. Figure 4.15 shows the feedforwaap, with the addition of the strategic

and tactical instruments. In Chapter 2, the priesipof feedforward were introduced

concerning planning and operations of public tramnspro achieve a high level of service

reliability, this feedforward loop should be apglie



Chapter 4: Planning instruments improving servel@bility 111

Strategic level - 5 Tactical level - 5 Operational level
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Disturbances
- Terminal design - - Trip time -
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- Line coordination - Vehicle holding
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and impacts and imFacts

Figure 4.15 Feedforward loop in public transport panning, including our investigated
instruments at strategic and tactical level

To apply the feedforward loop, shown in Figure 4iL% necessary that at the strategic and
tactical design, a forecast of the expected disturbs is possible. This will be done by
prediction tools (based on monitored data), whie developed in this research (Van Oort
and Van Nes 2004, 2006, 2009, 2010). In addititwe, impacts of the disturbances on
passengers, the expected level of service religbdhould be predicted as well. In this way,
an iterative improvement process of the regulasompossible, optimizing the impact of

passengers. In Chapters 5 and 6, we will presetitade and tools enabling these predictions
which we developed, using and extending our frammkeycesented in Section 2.6.

4.4.4 Conclusions

In this section, the planning process of publiasgort has been investigated and we explored
the opportunities to apply the feedforward mechanis the public transport design process
proposed in Chapter 2. The previous section stdtat doncerning service reliability in
current practice most attention is paid to the afi@nal level. In contrast, in this section, we
addressed the possibilities of service reliabiltyprovement during the planning stages. This
section showed that several instruments are avaiktboth the strategic and tactical level of
public transport design. Some of these instrumeiots,nstance traffic light priority and
exclusive lanes, are already common practice. Hewemost of them are not regularly
studied or applied with regard to service reliapiliDuring the network design the
instruments of line length, line coordination arediinal design are proper ways to improve
the level of service reliability, while trip timestermination and vehicle holding are valuable
instruments during the schedule design. These imstnis are selected since they offer good
possibilities to improve service reliability andséeresearch is available so far. They will be
investigated in more detail in Chapters 5 and 6.
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4.5 Summary and conclusions

In this chapter we presented and discussed possdni@ing instruments to increase the level
of service reliability. To generate these instruraeghistly we have summarized the causes of
service variability. The causes have been categbhimeterminal departure variability and
variability of trip times. Terminal departure varnlgly occurs at the start of the trip and is
influenced by for instance terminal capacity, flaatl crew availability, schedule quality and
network design. Trip time variability has been amaty by distinguishing three components
that are driving, dwelling and stopping. Severalsas of variability of every element are
provided. Both internal and external causes arsgomted. The main internal causes are other
public transport, driver behaviour, schedule qualitd network and vehicle design. External
causes are the weather, other traffic, irregul@dsoand passenger behaviour. Both the
departure variability and the variability of tripmies lead to unreliable services. The
configurations of both infrastructure and serviegwork proved to be possible causes for
service variability and unreliability. Optimizingé design of these networks thus may lead to
enhanced service reliability.

This chapter presented a detailed analysis on apesatontrol. Instruments at this level are
mainly responsive, which means that they are agpiéer the disturbances have occurred
and do not remove the causes. Some instrumertgdével, such as vehicle holding, proved
to be more effective if certain conditions in tHarming are met. A case study showed that
during the design and introduction of the new ligail system near The Hague, called
RandstadRail, much effort has been put into apglyimstruments to improve service
reliability. A comprehensive set of control instrems was introduced. It was shown that a
large decrease in service variability was achiewmth dwell and stopping time variability
was reduced substantially. Nevertheless, the lefveérvice reliability may still be improved.
In this case, only the strategic instruments abnily and exclusive lanes were applied, which
means that more strategic and tactical instrumenéy be applied thereby reducing
unreliability of operations.

In this chapter, a comprehensive overview of imagnts which may be applied during the
design of a public transport network is presented discussed. This way, the design of the
infrastructure, the service network and the timletaoe optimized with regard to the level of
service reliability. While in Chapter 2, the pripl@ of feedforward was introduced
concerning planning and operations of public transgiming at a high level of service
reliability, this chapter proposed planning instents that facilitate this feedforward
mechanism. Upcoming Chapters 5 and 6 will predentésults of the analysis of five of such
instruments at the strategic and tactical leveineigt terminal design, line length, line
coordination, trip time determination and vehicldding, using detailed data of the public
transport network in The Hague. These instrumentssatected since they offer good
possibilities to improve service reliability ands¢eresearch is available. They adjust the
process of public transport thereby being a requlat the feedforward loop. Chapter 7 will
investigate what the combination of these instruienght yield in practice.



5. Service reliability improvements at strategic leel

5.1 Introduction

In the previous chapter we selected three stratplgicning instruments, namely terminal
design, line coordination and line length designteptially enabling enhanced service
reliability. In this chapter, we discuss these nmstents and demonstrate their positive
impacts on passenger travel time, due to an inedeésvel of service reliability. In this
chapter, we apply methods of calculating servidebiity as introduced in Chapter 2 to
assess the impacts of design choices. The new tndithat is average additional travel time
per passenger, is used to express how servicebilyiaffects passengers. At the strategic
level, both the service network and supporting dpamt infrastructure are designed.
Especially in rail networks these designs are hganierconnected. Chapter 4 already gave a
detailed description of this design level and @es.

113
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Traditionally, the following main variables for theetwork design may be distinguished
(Egeter 1995, Van Nes 2002):

- Line density;
- Stop density;
- Service frequency.

Line density is the total length of lines servedaircertain area. This determines the spatial
coverage of public transport. The stop density ésrthmber of stops served in a certain area.
The more stops, the shorter the distance from otamitme stop is, but the slower the system
will be. The last important aspect is frequency; tlaenber of vehicle trips during the day.
This determines the availability in time of publiarisport.

In Egeter (1995}t is shown that the above criteria lead to somigvak design dilemmas,
when a design is made with fixed costs. These dilasnane:

- Stop density vs. passenger travel time;
The more stops there are, the shorter the accesgdimstop will be. However, the
operational speed of the system will decrease, minicreases passenger travel time.
- Frequency vs. link density;
If more links have to be served, a fixed budgetliespa lower frequency on those
links, compared to the situation with less links.
- Frequency vs. line density.
This dilemma is closely related to the previous @wsigning more lines implies a
lower frequency on these lines compared to a nétwah fewer lines. In this
dilemma, transfers are of importance as well, smoee lines may offer more direct
connections (with lower frequencies).

Another perceived general dilemma in public tramsp@sign and operations is that of the
operator and the passengers. The first actor méoclyses on costs, while the second one is
most concerned about service quality (Guihaire &tab 2008). However, the more
passengers are served (due to for instance higlaityq, the more income will be collected
by the operator.

These dilemmas illustrate the trade-off in publiangport design between the individual
passenger and the aggregate level. In generaicearliability is not an explicit goal at the
strategic design. It is considered in a qualitatway, but no detailed quantitative
consideration is given most of times. When servambility is explicitly considered during
the strategic design, new design dilemmas willeaaisd existing ones will be extended. We
will elaborate in more detail on this issue in text section.

In Chapter 4 we distinguished two types of plannimgjruments at the strategic level, being
infrastructure and related service network. We imMestigate both types in this chapter using
our control framework presented in Chapter 2. Byusating the operational process using
both empirical and theoretical data we will gaisights into the travel time effects of the
instruments. We also used the insights we gainaa four international survey, for instance
types of lines to investigate and values of vadablto create valuable results for public
transport system all over the world.

Traditionally, infrastructure design is mainly foaus on costs and technical options. Service
network design focuses more than infrastructuregdesn passengers, although the main
objective is mostly scheduled travel time (and €pstot considering the reliability of the
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services. As presented in Chapter 4, feedback eedfdrward control is necessary at the
strategic level to deal with service reliability.ctdal data of operations are required to
understand and estimate the impacts of certaingdeshoices and these will be used to
predict the magnitudes of effects of new instruraent

As illustrated in Chapter 4, the departure varigbihit the terminal is of importance with
regard to service reliability. In this chapter, \wescribe the process of departure at the
terminal in case of rail bound services and wesastee impacts of the terminal configuration
on delays by simulating the terminal process baseactual data. A case study shows the
large impacts of departure delays on passengeeltteme and a detailed analysis of three
general terminal types provides insights into thgpacts of terminal design with different
values of deviations, frequencies and turning timé&& demonstrate that taking service
reliability explicitly into consideration in termah design, leads to new insights concerning
impacts of operations. Our research supports prigperinal design, enabling a higher level
of quality of public transport operations.

With respect to the design of the service netwaskwill investigate two instruments, namely
line length and service coordination. The networkigle of urban public transport has been
an important research domain in transportationnseieover the last decades (see Van Nes
2004 for a literature overview). However, the imigagn service reliability have been given
less attention.

In our presented research on line length, we initeda new dilemma in the design phase,
which is service reliability vs. line length. Longknes offer more direct connections, but
tend to be more sensitive to service deviationatorg unreliability and additional travel time
for passengers. We analyze this trade-off in deisihg our control framework of Chapter 2
and we will demonstrate that, even though moresfeas are needed, shorter lines may lead
to less average travel time per passenger. Codiainaf schedules of multiple lines on a
shared track is an often applied instrument to ipehigher frequencies at a route with
multiple lines. Although this may be very effectiveschedules (offering half the headway
for example), it depends on the quality of operaiof the coordinated lines whether the
assumed coordination will have the desired effectpractice as well. We developed a
simulation tool, based on our control frameworkGdfapter 2 that enables assessment of the
impacts of such coordination on passengers usitugladata of trips and passenger flows. We
will perform both a case study and a theoreticallysis to gain insights into the passenger
effects of this design choice. Both coordinate@dirand long lines offer serious benefits to
passengers. However, we will demonstrate that thesefits depend on the operational
quality of the lines and that cases exist wherebeefits of introducing coordinated or long
lines are negative.

The chapter is organized as follows. In 5.2 the y@mmlof terminal design is shown. The

research of coordination is presented in 5.3 anavielemonstrate the impacts of line length

on service reliability in Section 5.4. A summarydaconclusions are given in Section 5.5.

Chapter 7 will provide a synthesis, analyzing thteraction and combination of the presented
instruments, considering also instruments at tbctl level, to be dealt with in Chapter 6.
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5.2 The instrument of terminal design

5.2.1 Introduction

This section describes an investigation into theeat$f of various urban rail terminal
configurations on reliability of services, basedsimulation studies. The objective is to show
what the impacts are of terminal design on serketiability and thus on passengers. Besides
terminals, the results may also be used for shanirig infrastructure facilities. Such facilities
enable service restoration if a part of the inftadure is temporarily unavailable (as
described by Tahmasseby et al. 2009).

Both in literature and in practice, little effors idevoted to the correlation between
infrastructure configuration and service relialgilinlthough a high level of reliability may
never be achieved without a proper design of temsjrstops and junctions. In Lee (2002) it
Is stated that with increasing ridership and risgxgectations on rail service quality, terminal
capacity and performance have become a major aorfoerpublic transport authorities.
Research on the effects of terminal configurationqoality of service is presented in Lee
(2002), but the results are limited to only oneetygf terminal, while in practice multiple
types are applied. It also concludes that theeeleek of well-established concepts and tools
in the existing rail literature that a public traost agency may use to assess capacity and
performance of heavily utilized rail terminals. Wfescovacci (2003), interesting results on
capacity assessment are shown as well. Howeveridtus is on junctions.

In this section we present an assessment we peatbrof the impacts of terminal
configurations on service reliability (Van Oort a¥dn Nes 2010). The most commonly used
configurations are chosen and they establish tse lwnfigurations. They may be used to
develop other types. Only stub-end terminals aedyard, since in general, loop terminals are
less complex enabling simple capacity calculatemd in addition capacity is not a restriction
in general for this type (Lee 2002). The main vdaabin our terminal research are the
number and locations of switches and the numbeavailable tracks. However, schedule
variables, frequency, layover time and the crevef@rocess are of importance as well.

This section starts with an illustration of the irofgaof unpunctual terminal departure on

service reliability. To demonstrate this, our nediaator (average additional travel time per
passenger) is used. The reliability buffer time,rdaeoduced in Chapter 2 as well, is also

considered. The next section will describe the ihgated terminal types, after which the

research approach and results are presented. Thksrase presented as average vehicle
delay at the terminal, indicating the average a&oluil travel time, using the analysis of

Section 5.2.2. The section finishes with main cosiolus.

! This section is based on a reviewed article phbtisin the Transport Research Records (Van Oorvand
Nes 2010)
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5.2.2 Service reliability effects of punctual depdure at the terminal

In Chapter 2 we showed the importance of on-tinfgadere at the terminal. Earlier research
also stated that the punctuality at the terminal) (greatly affects the additional travel time of
all passengers on the line (Van Oort and Van Né&9&0 We performed a case study (in
which we calculated the expected effects basedctualadata) in The Hague to assess the
effects of departing on time from the terminal dw taverage additional travel time per
passenger on the complete line by eliminating tFfeces from non-punctual terminal
departure. The modelling framework of Chapter 2 lbesn applied to which Equations 5.1
and 5.2 are added. They are used to assess thésaffepunctual departure on schedule
adherence on the complete line, after which thegrager effects may be calculated. Assumed
punctual departure at the terminal leads to caledlaew departure times at all stops on the

line (ISfj‘i‘f‘j'“ew, Equation 5.1). The new departure times lead to naleuated punctuality

values (""", Equation 5.2).

Sactnew _ ~act _ 4 departure

DY =D —dil (5.1)

Ndeparturenew _ ~act,new_ sched

d i =Dy D (5.2)

where:

D" = calculated actual departure time of vehicle istop j of line | (in case of

punctual departure at the terminal)

5;"}53 = measured actual departure time of vehicle stop j of line |
J,ﬁéfme = measured departure deviation of vehicle i orpgtdl (terminal) of line |

adeparturenew

i = calculated departure deviation of vehicle i dosj of line | (in case of

punctual departure at the terminal)

Dysched = scheduled departure time of vehicle i on stopljne |

1y

Given the recalculated punctuality of all trips atdall stops, an updated average additional
travel time per passenger results, using the midekations 2.17-2.23 in Chapter 2. This
model assumes that the change in punctuality albegwvhole line is affected only by the
punctuality change at the first stop and no del@pagation is assumed. This will lead to an
underestimation of the new, calculated punctugliy stop, since in real time the effects of
bunching will increase the initial deviation, aseggnted in Section 2.3. Despite this
underestimation, the model is able to clearly thate the importance of punctual departure
for service reliability and the impacts on passesge

For several tram lines in The Hague, the decreasedditional travel time per passenger,
including reliability buffer time (RBT), compared fwevailing situation is calculated when
departure punctuality would be 100% (being the upgpaund of what is achievable by
increased schedule adherence at the terminal). dlues/for the time weighting parameters
@ to calculate the additional travel time (in Equati26 in Chapter 2), are assumed to be (as
proposed by Furth and Muller 2006)):

ewaiting =15
0Waiting,RBT =0.75



118 Service Reliability and Urban Public Transpoesign

The characteristics of the lines are given in Appeld Figure 5.1 shows the corresponding
results. Actual passenger and trip time data ofilAf007 (AM peak) are analyzed by using
the Tritapt-tool (Muller and Knoppers 2005). Thefeliénces between lines are caused mainly
by the actual punctuality characteristics of tlmed (the actual schedule adherence of line 12
is low for instance). If the terminal departure puwrlity is already at a high level, fewer
benefits will be yielded of course.
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Figure 5.1: Calculated effects of on-time departurat terminal on additional travel time
per passenger

Figure 5.1 clearly shows that departing on time nead to large passenger travel time
reductions, up to about 1.5 minute on average agsgnger.

5.2.3 Urban rail terminal types and characteristics

Rail terminals may be designed in many forms: hedslrof types exist over the world. The
key design variable is whether to choose a loop stub-end. Although loops require a lot of
space, most of the time their capacity is largemthior stub-end terminals (Lee 2002),
Vescovacci 2003). When bi-directional vehicles ased and space is lacking, a stub-end
terminal is often chosen. The main benefit of thpgetis that it does not require much space.
The disadvantage compared to loops is that thainithe vehicle may require additional
time and that capacity is limited, which might ldaddelays. The latter aspect is reason for us
to study this terminal type in detail.

Figure 5.2 shows the three most common types bfatal terminals and the traffic processes
at these terminals. They have zero, one or twarkgks. These three types are analyzed in
our research to be presented below.
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Figure 5.2: Three commonly used terminal types

Type A enables turning before the platform, theeotiwo after the platform. At type A, the
vehicle arrives at and departs from the same trabke at type B and C these two actions are
performed at different platforms. Note that besittesdouble crossovers illustrated in Figure
5.2, universal crossovers are often designed dgMigure 5.3).

Figure 5.3: Double (I) and universal (r) crossovers

The difference between double and universal crosspueterms of capacity, is that for the
latter the driving times necessary to proceed fthenswitch to the platform differ per track.
But in general, this is only a limited amount ahé (if the crossovers are located close to
each other). Besides enabling the turning process shortly described in Chapter 4),
terminals may also be used for parking vehiclese @ehicle may be parked at type A,
although still only one track may be used for tiln@ing process and capacity would drop. At
type B, no parking is possible without blocking thening process. Type C has space for one
parked vehicle at one tail track. Note that thening process changes to type B then.
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Additional parking spaces might be achieved by mditeg the platform tracks (type A) or the

tail tracks (type B and C). To optimize flexibilitgpace usage and understandability for
passengers, an island platform is chosen. As dtrekthis, both tracks may be used by
vehicles, saving potential delays due to passengkeshave to change platforms when the
departure track is changed.

In our international survey (see Section 3.2.3)nteal design was one of the topics as well.
Figures 5.4 and 5.5 show the results of these t&irbased questions. These figures show the
location of the crossovers and whether arrivalsca@dinated when multiple lines use the
terminal. It is shown that crossovers before andrahe stop are preferred. This enables a
turning process of A or C, dependent of for inseatime of day and frequencies accordingly.
Most operators coordinate the arrivals of linesngshe same terminal.

33%

47%

O Before platform
W After platform

O Before and after platfor

3

20%

Figure 5.4: Answers to “Where do you prefer the sviches to be located?”
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Figure 5.5: Answers to “In case of multiple lines gsing the terminal, do you coordinate
their arrivals/departures?”

The analysis of these three types may also be useak$essing the effects of short turning
infrastructure on the line. Short turning is a verigespread instrument to restore service
after major disturbances and in many rail netwoddgitional switches are constructed to
enable short turning. Type A is similar to shonntag with double crossovers before the
platform, while in C the crossovers are locateeératfthe platform. Type B is similar to short

turning infrastructure where only one crossoveavailable. This could be both from the right

track to the left track or vice versa. The shorhitg possibilities of these types are shown in

Figure 5.6.

% Blockade %JJ/: % Blockade %

/\

Figure 5.6: Short turn nodes when infrastructure isblocked
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Regarding capacity, the infrastructure elementsarlte offer restrictions. Furthermore,
timetable and operational issues may be restriciisewell. The main factors affecting
capacity are:

- Number of lines;

- Frequency;

- Coordination in case of more lines;

- Distribution of arrival times of vehicles;
- (Slack in) layover time.

In addition to these variables, the method of chanthe driver is of great importance; is the
driver relieved at every turn (possibly saving Weking time from the front end to the rear
end of the vehicle) or does he remain in his owmale, resulting in additional layover time
(i.e. walking time)?

In our research, the time elements at the termanalcombined to “occupancy time”. This
time consists of the following elements for typdwich are illustrated in Figure 5.7):

- Approach time
The time required to drive from entering the terrhatahe switches to arrive at the
platform. This time is a function of characteristiéghe vehicles (acceleration,
deceleration, maximum speed) and infrastructuiktféeck length, maximum speed
allowed at track and switches)

- Platform time
The time between arrival at the platform and thestiminen the vehicle is ready to
leave (according to the schedule and union agretsné&enerally this time
consists of:
o Dwell time
The time needed for passengers to alight or board
o Technical turning time
The time to start up the vehicle to depart in theasjite direction (e.g. walking
time of the driver to go the other part, start lgp board computer)
0 Break
The time the driver is allowed to rest (if not reke)
0 Synchronization time
The time needed to depart by schedule again. Thesditours if the cycle time
(consisting of trip time and layover time) is notexact multiple of the headway.

- Exittime
The time required to drive from departing at thefplan to leaving the terminal at the
switches. This time is a function of characteristitthe vehicles (acceleration,
deceleration, maximum speed) and infrastructurktféeck length, maximum speed
allowed at track and switches).
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Figure 5.7: Terminal types and traffic processes

For terminal type B and C the occupancy time cassib(illustrated in Figure 5.7):

Approach time
The time required to drive from entering the terrhinaarrive at the platform.
Alighting time
The time required for passengers to exit the velafter arrival at the terminal
Tail track approach time
The time required to drive from the platform to the track. This time is a
function of characteristics of the vehicles (aecafion, deceleration, maximum
speed) and infrastructure (tail track length, maxin speed allowed at track and
switches)
Tail track time
The time between the arrival of the vehicle at tikttack and the moment it is ready
to leave (according to the schedule and union ageats). Generally this time
consists of:
o Technical turning time
The time to start up the vehicle to depart in theasjte direction (e.g.
walking time of the driver to go the other sectistart up the board computer)
0 Break
The time the driver is allowed to rest
0 Synchronization time
The time required to depart on schedule again. T dccurs if the
cycle time is not an exact multiple of the headway.
Tail track exit time
The time required to drive from departure at thettack to arrive at the platform.
This time is a function of characteristics of théiekes (acceleration, deceleration,
maximum speed) and infrastructure (tail track lapgtaximum speed allowed at track
and switches).
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- Boarding time
The time required for passenger to enter the vehicle
- Exit time
The time required to drive from departure at théfpien to leaving the terminal.

It is important to note that in case of no taicks certain time components, such as dwelling
and technical turning, may partly overlap, thershying total occupancy time. The break and
synchronization time might be combined with boagdirme in the case of one or two tail
tracks. If signalling is applied the time mentiorazbve is extended by typical signalling time
components, as switching time and clearance tinogenter, in our research we only address
non-signalized terminals, which are often appli@dtfam and light rail services.

5.2.4 Approach of terminal design analysis

To assess the performance of terminals, the threéykes are analyzed in a quantitative way,
with respect to vehicle delays. The average delayggcle due to congestion at the terminal
is the output of our analysis. The effects of vasiwalues for the main variables on the delay
are assessed in order to develop graphs enablintk geans during design. A meso-
simulation tool has been developed to estimatentipacts of the configuration of terminals
shown in the previous subsections on service rét\abThe tool generates arriving vehicles,
considering both the schedule and deviations. Ghaok made whether tracks are available.
If not, waiting time is calculated until a track asailable. At the platform track, turning is
simulated as well as the departure of the vehidhe. output is the size and the probability of
the delay per vehicle due to capacity restrictiaithout additional measures (e.g. slack in
layover time), this delay will prevent vehicles ftadeparting on time, leading to additional
travel time for all passengers on the line. The iotes subsection already elaborated on this
aspect. In our research we investigated three tgpesrminals, shown by Figure 5.7 and we
calculated the average vehicle delay, indicating #verage additional travel time per
passenger.

The simulation steps for all three types of ternsrae shown by Figure 5.8. Note that for
type C three waiting queues are considered, wiped A and B only have two possible
queues. If no platform track is available, the e&hihas to wait in queue 1 (located at the
access point). Queue 2 is located on the platfoawktand is used if a vehicle wants to depart
while another one is entering (terminal type A)wdren no tail track is available (terminal
type B and C). If a vehicle is ready to depart tight tail track of terminal C and another
vehicle just enters the left tail track, this vééibas to wait as well (Qqueue 3). To prevent
waiting due to use of the double crossovers bylarotehicle, the preferred arrival track is
the one where departing does not interfere witiviag.
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Figure 5.8 A and B: Simulation steps for three terrmal types (A= no tail tracks, B= one

tail track and C= two tail tracks)
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Figure 5.8 C: Simulation steps for three terminal ypes (A= no tail tracks, B= one tail
track and C= two tail tracks)

The following input is used for the analysis. The elaglas run 30 times (one rush-hour) with
various combinations of these variables to caleulaé average delay per vehicle, which was
sufficient to achieve reliable results.

- Service frequency: 4 to 24 vehicles per hour
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- Occupancy time: 60-600 s. This time consists of:
o Approach time
o Technical turning time
o Layover time
o Exittime
Section 5.3.3 described these elements in mord deta
- Number of lines using the terminal: 1 and or 2
- Arrival pattern: Arrival pattern of vehicles is matkd by using scheduled, even,
headways and a distribution function of deviatisigwn in Figure 5.9. For the latter
the values are based on general empirical datawflines in The Hague.

40%
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25%

20%

Probability

15%
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0% T
-60 -30 0 30 60 90

Schedule deviation [s]

Figure 5.9: Variability in input arrival time devia tions

The average delay per vehicle is calculated by asggethe delays at all the queuing locations
(as described in the previous section), taking adcount the number of vehicles which have
passed the specific queue.

The average delay per vehicle is shown in Figur&6,%.11 and 5.12, respectively, for the
three types of terminals. In these figures the paogy time is one axis and on the other is the
number of vehicles entering the terminal per hdurival deviations as shown in Figure 5.9

are used as input. Besides, two values for thé statupancy Q°**°) are indicated as well
(for every frequency analyzed); the white circlé®w the 50% static occupancy and the
black circles show the 100% value (i.e. in thedhg terminal is utilized to the maximum
extent). Equation 5.3 shows the calculation of ttagics occupancy of a terminal. We will
demonstrate that static occupancy does not prowideroper indication of capacity if
operational dynamics are considered. It is assuthatdthe dwell time is shorter than the
turning time (terminal B and C).

sched T occ
Ostatic — F T (53)
3600* n

tracks
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where:

o = static occupancy

7 eched = schedule service frequency

o = vehicle occupancy time (consisting of the elisidescribed above)
Nyacks = number of tracks for turning

Besides the analysis proposed above, also itstsatysis checked by adjusting the arrival
deviation or the number of lines.

5.2.5 Results of terminal analysis

In this section, the results of our terminal an@ly@e shown. Figures 5.10-5.12 show the
average delay per vehicle (categorized by colosirjuaction of the total frequency and the
occupancy time (as explained in Section 5.3.3}h&se figures the circles indicate the static
occupancy levels of 50% (white) and 100% (blaclor. &l types, the average vehicle delay
increases if frequency and/or occupancy time irsgeathus the lower left corner is the
lowest average delay per vehicle and the uppet dgimer is the highest), but to what extent
this happens, differs per terminal type. All resudhow that due to the incorporation of
stochastic events, the delay occurs before théc statupancy is 100%, which is in the
deterministic case the moment that all capacityused. This result demonstrates that
stochastic calculations provide different insigimsthe capacity and impacts on service
reliability than the static assessment. Using thethod the design of terminals enabling a
high level of service reliability is supported.

5.2.5.1 Results per terminal type

The results for the terminal type A without taildka (Figure 5.10) show that in case of only a
few vehicles per hour, delays arise almost in theeof 50% static occupancy (the average
vehicle delay increases near the green circledyetfuency increases, delays start to occur
when the static occupancy exceeds values of abet (in between the white and black
circles). For all frequencies analyzed, no delayauoif occupancy time is less than 240 s. If
this value increases, the average delay increasiekly if the frequency is 20 vehicles or
more per hour (colour categories change quicklygcupancy time of 420 s. creates
significant delays for frequencies over 8 per hour.

If a terminal type with one tail track (B) is apgdi (Figure 5.11), the difference between the
50% and 100% of static occupancy is small (theadist between the white and black circles
is small). Delays occur much sooner than in the adghe other two terminal types, due to

the limited space for turning vehicles. No effeate to be expected if the occupancy time is
less than 120 s. Frequencies equal or larger tBarefiicles an hour show a large increase in
delays if occupancy time exceeds this value. Inegandelays arise if static occupancy is
between 50 and 100%, about 75%. Figure 5.11 alsesskhat if the frequency is 4 vehicles

an hour or lower, no delays are to be expectetl.at a
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Figure 5.10: Average delay per vehicle as a functioof occupancy time and service
frequency, no-tail track (A) terminals
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Figure 5.11: Average delay per vehicle as a functioof occupancy time and service
frequency, one tail track (B)

The results of the two tail track terminal (C) amady(Figure 5.12) show that this type
provides the best opportunities for dealing withhgéa numbers of vehicles. Below an
occupancy time of 240 s. no delays are to be egpeattall and for frequencies lower than 12
vehicles an hour, even 600 s. of occupancy time doé lead to significant delays. However,
when the static occupation exceeds 90%, delaystteimdrease quickly.
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Figure 5.12: Average delay per vehicle as a functioof occupancy time and service
frequency, two tail tracks (C)

5.2.5.2 Impacts of arrival deviation and numbelinés

In this subsection we show the effects of largeTtaslity in vehicle arrival time deviations
on the average vehicle delay. The frequency isass&Rtvehicles an hour. Figure 5.13 shows
the adopted distribution of deviations of vehicleival time. This arrival pattern is more
deviated than the one applied in the previous aealyThe standard deviation increased from
about 40 s. to 100 s. Figure 5.14 shows the exgpemterage vehicle delay for all three
terminal types. The resulting average delay in teof the regular schedule distribution is
also shown.
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Figure 5.13: Distribution of adopted schedule devigons, heavily disturbed case
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Figure 5.14: Effects of schedule deviations on avage delay per vehicle at various

terminal types

The difference between the dashed and straight llhestrates the difference between the
average vehicle delay of the reference case (witbgalar arrival distribution) and the case
with a more distributed arrival pattern. The effettarger variability is negative: the average
vehicle delay has increased in all cases. Compard¢ke regular distribution of deviations
(Figure 5.9) the average delay is about 20 s. lorifjehe one and two tail track types are
analyzed, delays also start to occur with a lovedue of occupancy time. The distribution of
deviations is thus important to take into accouhtem designing terminals. In urban public
transport practice, often only the schedule is immed, which simply results in a static
analysis, underestimating the average delay peacheeds a result of terminal design.
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The number of lines may influence service perforreaa well. For the total frequency of 12
vehicles an hour, an analysis is made of both m@eadnd two line terminal types. Both lines
have the same schedule deviation distribution (#€igh.9) and they are not optimally
coordinated (no evenly scheduled headways). Natieftthey are optimally coordinated there
is no difference between one or two lines (if biatles have a similar schedule adherence).
The difference between the scheduled arrivals df lioes (off-set) is set to 3 min. (and 7
min.). Figure 5.15 shows the results. The differebetveen the dashed and straight lines
illustrates the difference between the averageckehdelay of the reference case (with a
single line) and the case with multiple lines (amdequal total frequency).
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Figure 5.15: Effects of number of lines at terminad on average delay per vehicle, total
frequency of 12 veh/hour

Figure 5.15 clearly indicates that the effect obtlines is negative, compared to one line
offering the same total frequency. Besides theeim®e in delays, the occupation time, when
delays are getting introduced decreases as wetbge of 1 and 2 tail track terminals). These
results show that in assessing terminal capaciyi@pacts on service reliability, the number
of lines and their (lack of) coordination is impat to consider.

5.2.6 Conclusions

This section has dealt with the impacts of rail i@ahdesign on service reliability caused by
terminal departure delay. We showed in a case dtiuatypunctual terminal departure may
decrease additional waiting time by 2 minutes oerage for all passengers on the line. To
achieve punctual departures, we calculated thectsffef terminal configuration on vehicle
delays. For three general types of terminals, t¢aficuns (based on simulation) of the average
delay per vehicle show the effects of frequencyh@one hand and terminal occupancy time
on the other. The results show substantial impactsroval time variability and the number
of lines using the terminal. Higher arrival dewieis result in larger average vehicle delays.
This effect also occurs when multiple lines usetdmminal. It is shown that using stochastic
variables, delays will occur, although they are twobe expected in the static case. The best
performance regarding service reliability is ack@yvwhen double crossovers are situated
after the platforms. Single tail tracks facilitagithe turning process are only acceptable if



Chapter 5: Service reliability improvements at tetgéc level 133

frequencies are low. However, due to cost savitigsy are often used in practice as short-
turning facility for high frequent services. Oundings show the large impact of occupancy
time on expected delays. It is recommended to maanthis time by designing short
distances between switches and platform and taitks. A dilemma arises between
investment costs and service reliability. Incregdirequencies and large deviations force to
consider limited capacity, while planning infrastiwre. If not, delays will occur and
additional instruments are necessary to solve tiHéns may be more expensive in the long
run. In designing terminals it is recommendableassess terminal capacity considering
service dynamics and to calculate the impacts ovicgereliability. In Chapter 7 we will
reflect on the cost-effectiveness of terminal desibhe analysis in this section is based on
variables that are valid outside The Hague as veslldemonstrated by our international
survey (see Section 3.2.2). The survey also shoheddtie demonstrated terminal types are
used all over the world, so the results might edubere as well.

5.3 The instrument of line coordinatiort

5.3.1 Introduction

We stated in Chapter 4 that the combination ofisemeliability and public transport network

planning in case of urban transport is rarely aredy In practice however, public transport
network designers also propose network structuras gither (implicitly) assume a certain

level of service reliability or are even especidtigused on improving the service reliability.

In Chapter 4 we introduced a typical example othsametwork structure, namely the case
where (parts of) multiple lines are running in pi@faon the same route, enabling line

coordination. The basic idea is that passengershan route will have a more frequent

transport service and more direct relations. Anotsteategic planning instrument is the

introduction of additional public transport sengc®r the more heavily used parts of a line
(short-turn services). Figure 5.16 shows the ndtwonfigurations mentioned above.

Figure 5.16: Coordination of two partly overlappinglines (left) or short-turn service
(right)

! This section is based on a reviewed article phbtisn Public Transport (Van Oort and Van Nes 2009¢c
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These network designs clearly have a relationship service reliability. Two lines on a
route may offer an evenly spaced half headway df lthes are coordinated. In addition, a
short-turn service line (dotted line in right paftFigure 5.16) is assumed to be less deviated
than a complete line (dotted line in left part aju¥e 5.16). However, in the planning stage
the impacts on service reliability are often anatyonly in a qualitative way. Since the key
question in public transport network design is wikachieved in terms of demand versus the
related costs, it is obvious that a quantitativalysis would be more appropriate. To this end,
this section provides insights into the effectdiné coordination on service reliability. Our
framework from Chapter 2 is applied in a theorétiaaalysis of the impacts of line
coordination on service reliability as well as apglin a practical case study.

One of the topics in the international survey (Bect3.2.3), was about coordination. The
percentage of operators coordinating the schedalEnwnultiple lines operate partly on the
same route is 71%. Main variables in the choicegse of coordination are the number of
shared stops, the number of lines and the freqasmdithe lines.

The first section presents how the framework of @vap is applied, enabling calculations on
line coordination. After this section, the approactd results of the line coordination research
are presented. Both a case and theoretical cdtmsgatre provided. The section concludes
showing the main findings.

5.3.2 Approach of coordination analysis

5.3.2.1 Applied modelling framework

The objective of our analysis of line coordinatianto show the impacts on the average
additional travel time per passenger. In ChaptereZpresented an analytical framework for
dealing with unreliability during the planning otilplic transport. For the specific case of
coordination, this framework is extended and preskm this section. We only address short-
headway services and random arrivals of passengemying that service regularity is
important.

In public transport network design, a trade-offsearched between passenger benefits and
operator objectives. Given a specific network desag assessment is made of the quality

offered to the passenger. In this context differefdted characteristics may be used such as
passenger waiting times, frequencies and headwéngstraditional approach (presented and

analyzed by Van Oort and Van Nes 2004) is to cateulhe waiting time by using only the

scheduled frequency*"") or headways i *"*; related as Equation 5.4 shows) resulting in

waiting times of half the headway, while in real#grvice regularity plays a role as well (see
Chapter 2). As a result the experienced passengating time is different from the
traditionally computed waiting time, thus a distioo may be made between perceived

frequency E”) and scheduled frequenc¥, ™), or in other words, the perceived headway
and the scheduled headway (Hakkesteegt and Muf@d)l The perceived headway is
defined as the headway that given a regular sewazdd result in the waiting time perceived
by the passenger. This implies that the perceivedilay is twice the average experienced
waiting time given the expected service regulaiguation 5.5), since in regular service the
expected waiting time is half the headway (as showriEquation 2.16 in Chapter 2). The
perceived frequencyR ") may thus be defined as shown in Equation 5.6.eSihe expected
waiting time is at least half the headway (see HguoaR.16), the perceived frequency is
always smaller than or equal to the scheduled shewing the negative effect of service
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variability. Please note that these formulatiores @pplicable at the level of stops (requiring
the indexj) as well as at the level of the line. See Chaptésr derivations and associated
assumptions.

60

F| sched _ — (54)
H| hed

H |p =% E(-Fwaiting) (55)

Fo = % (5.6)
|

where:

[, sohed = scheduled service frequency on line |

FP = perceived service frequency on line |

H sched = scheduled headway on line |

HP = perceived headway on line |

Figure 5.17 shows the dependency of perceived émau from irregularity (expressed as
PRDM, see Equation 2.15) for different scheduledj@iencies (calculated by using Equations
5.4-5.6). It can be seen that if the Percentagelagty deviation mean (PRDM) is 100%, i.e.
bunching, the perceived frequency is half the saoleeblfrequency, or in other words, the
vehicles operate in pairs (Hakkesteegt and Mulé&1).
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Figure 5.17: Dependence of perceived frequency fronregularity [PRDM] in case of
short-headway services and random passenger arriva(Source: Hakkesteegt and
Muller 1981)
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If a public transport planner intends to proposevnek structures that require coordination
between lines, such as multiple lines having tmeeseoute, he should consider the impacts of
regularity, or irregularity, on the expected pemfi@nce of the network. However, as stated
before, the traditional approach is to derive thssenger waiting time from the scheduled
frequencies only. If the network improvements arenprily focused on improving the
regularity, planners might use a qualitative assess in terms of a substantial improvement
of regularity. However, if it would be possible determine the perceived frequency, public
transport planners may easily determine the fufiaots of the proposed network changes on
the performance of the public transport system]uding the impacts on the service
regularity. The next section presents such an agprand an application.

The purpose of the approach is to make an estiofdtee service regularity for a given stop,
given a proposal for a network configuration, esggcin the case of parallel lines having the
same route. Given that estimate, the impacts otetred of demand may be determined. This
will be presented in Chapter 7.

5.3.2.2 Line coordination tool

To gain insights into the effects of coordination perceived frequency and the average
additional travel time per passenger, we develogpduohe coordination tool, based on our
framework of Chapter 2. The input of the tool idescription of the proposed network
configuration such as the number of lines, thesgi@rencies and whether it is intended to
apply a coordinated timetable or not. Furthermarejescription of the punctuality of the
transport services is required in terms of a prdipalistribution of the vehicle arrivals or
departures. Ideally this description should be thaseactual data of the system performance
today, such as collected with an operations mangosystem such as the Tritapt-tool (Muller
and Knoppers 2005). If such historical data is ilagkor it is expected that substantial
instruments at the operational level will be impésrted, an educated guess should be made,
preferably based on comparable public transpoeslin

The estimation procedure in the model works as¥al (illustrated by Figure 5.18):

1. The starting point of the analysis is the netwadposal. Based on the network
proposal, the timetable is constructed. Given #ieElines, their frequencies and the
coordination strategy a timetable for the arrivadl @eparture of the vehicles at each
relevant stop is generated by the regularity amatg®l. The network and timetable
imply certain operational costs.

2. Simulation of operational performance: Given thelability distribution for each line
a randomization procedure in the analysis toolrdatess a series of the actual arrival
and departure times for each vehicle trip, thedtermining the actual departure
time at each stop. This procedure is repeatediv@ngiumber of iterations. The
arrival and departure times are sorted and stored;

3. Calculation of the regularity: Given the simulatedval and departure times at the
stops the analysis tool calculates the PRDM andrance of the headways are
(Equations 2.15 and 2.12 in Chapter 2). In casesefjual headways, this step
determines the average headway and its variance;

4. Determination of the waiting time and the perceifreguency at the stops: Given the
headway characteristics for each stop the expeeagithg time is determined
(Equation 2.16 in Chapter 2), which then is usedaloulate the perceived headway
and thus the perceived frequency. Next to thatattezage additional waiting time per
passenger is calculated as well. In this analysigbility buffer time (RBT) is not
included, as stated by Chapter 2.
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5. Estimation of the impacts on demand: given theuwated change in perceived
frequency and the average additional travel tinteppssenger, an estimate may be
made of the relative change in ridership and bé&nefhis step will be presented in
Chapter 7.

6. Based on both the costs and benefits, a decisigromanade about the network
proposal.

This procedure may be repeated for all periodfiefday. The sum of the changes in demand
per period determines the expected revenues, whiadeneral should outweigh the costs
involved.

Network propos: »| Operational costs

A
Regularity
analysistool

Y

Waiting time

A

Perceive
frequency

Level of demand

v L
Benefits > Decision

Figure 5.18: Workflow using the regularity analysistool to assess the impacts of network
changes

5.3.3 Results of line coordination analysis

5.3.3.1 Case study: Koninginnegracht in The Hague

This section presents an analysis of an actuadooation case through application of the tool
for the so-called Koninginnegracht-route corridothe city of The Hague in the Netherlands
(Figure 5.19A, situation 2002). This route startsThe Hague Central Station and ends in
Scheveningen, a sea-side resort. It is served bytam lines, 1 and 9, which have different
starting points. Tram line 1 starts in the cityDlft, while tram line 9 starts in the southern
part of The Hague. The regularity of these two tilaras on this route is considered to be
poor, because of the long routes these lines havéoefore joining on their common route
part. Therefore it is proposed to limit the senacethe Koninginnegracht-route to tram line 1
only and to introduce an additional service (trame LK) between The Hague Central Station
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and Scheveningen (Figure 5.19B). Tram line 9 isiced to the route between the southern
part of The Hague and The Hague Central Station.

The Hague

The Hague

| Legend
| —— Linegy
= line1
----- Line 1K

o

Figure 5.19: Network layout for the case study (Axeference 2002; B=proposal)

The consequences of this change in network streiciter diverse. Splitting tram line 9 into a
reduced tram line 9 and tram line 1K requires maeicles. Furthermore, passengers from
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The Hague South to destinations close to the Kammegracht-route have to make a transfer.
The key benefit of the network change is the imptbvservice quality on the
Koninginnegracht-route. A qualitative assessmenthag improvement is that the current
situation shows a very poor regularity, while ire thew situation coordinated and regular
services are possible. An optimistic estimate mightthat the quality changes from highly
irregular to highly regular public transport sees¢ implying a doubling of the perceived
frequency. Given the importance of a proper assesswof the benefits for the regularity on
this route, a more sophisticated approach is requand thus the tool described in the
previous section was used for a quantitative assarss

The comparison of the current situation (Figure9B)Lland proposal (Figure 5.19B) deals
with both directions on this route. For each diatian assessment is made for the regularity
effects at the start of the common route segment.

Tables 5.1 and 5.2 show the results of coordinataynboth directions for the two peak
periods (for a complete analysis see Van Oort 200B¢se tables show the current supply
characteristics, i.e. frequencies and coordinastmategy, and the resulting performance
characteristics, namely waiting times, perceivejdiencies, as well as change in perceived
frequency and the effects on additional travel time

It can be seen that in the direction of Schevemn@able 5.1) the regularity will still remain
rather poor: the PRDM is estimated to be 46%. Aesalt the change in perceived frequency
remains small. This is due the relative high irtagty of tram line 1 when it arrives at The
Hague Central Station. The proposed changes inn#dteork have no influence on the
regularity of the route between Delft and the stgrpoint of the Koninginnegracht-route and
should therefore be considered as given. This firestk irregularity nearly precludes
improving the regularity by replacing tram line @tbam line 1K.

In the other direction (Table 5.2), however, theuieng regularity is rather good: a PRDM of
only 20%. As a result, the changes in perceivedjueacy and level of demand are
substantially higher, namely up to 38%. The largiferences are found in the case that
coordinated services are introduced.

Table 5.1: Impacts of coordination on regularity fo the Koninginnegracht route from
The Hague Central Station to Scheveningen

Morning peak (7-9) Evening peak (16-18)
Reference Proposal Reference Proposal

Frequency (line 1/line 9) 6/6 6/6 6/5 6/6
Coordinated services Yes Yes No Yes
PRDM [%] 56 46 63 46
Expected waiting time [min] 3.3 3.0 3.7 3.0
Average additional travel time per 0.8 0.5 1.0 0.5
passenger [min]

Perceived frequency [trams/hour] 9.1 9.9 8.1 9.9
Change in frequency [%] +8 +22

! Estimated using the expected headway and its vegia
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Table 5.2: Impacts of coordination on regularity fo the Koninginnegracht route from
Scheveningen to The Hague Central Station

Morning peak (7-9) Evening peak (16-18)
Reference Proposal Reference Proposal

Frequency (line 1/line 9) 6/6 6/6 6/5 6/6
Coordinated services No Yes No Yes
PRDM [%] 58 20 60 20
Expected waiting time [min] 3.3 2.6 3.6 2.6
Average additional travel time per 0.8 0.1 0.9 0.1
passenger[min]

Perceived frequency [trams/hour] 9.0 115 8.3 115
Change in frequency [%] +29 +38

! Estimated using the expected headway and its vegia

The differences between the two directions show itweresting phenomena. First, if one of

the lines is already irregular at the beginningttté route it is not possible to achieve a
substantial improvement in regularity by introdggia short-turn line. In this case other

instruments for improving the regularity of tranmdi 1 are more appropriate. Second, the
findings for the direction to The Hague Centralti®ta show that the reference situation is

less bad than was assumed. Therefore, the impkitie onproved regularity are smaller than

might be expected based on an intuitive approabis @nalysis thus clearly shows that a
quantitative analysis is essential for judging saetwork proposals.

5.3.3.2 Theoretical analysis of impacts of linerclaation

When designing urban public transport networkssitinteresting to have an indication
whether combining (parts of) two lines on the samete provides real benefits for the
passengers. This is relevant if parallel line strress or short-turn services are considered, or
when it is intended to introduce a dedicated lamiich is used by a number of public
transport lines.

In order to gain insights into the effects of diffet values of variables as punctual deviation
distribution, we performed theoretical researchaating the potential change in regularity if
two lines operate on a single route with or withoaordination. These graphs are based on
the standard deviation of the punctuality of eaicle,| expressing service variability. The
analysis has been performed for the case of twes llmaving a frequency of 6 vehicles per
hour. In the coordinated case these lines are stdekdn such a way that the average
headway is 5 minutes. If there is no coordinatiom $econd line departs 1 minute later than
the first.
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Figure 5.20: Regularity (PRDM) as a function of thgunctuality of line 1 for different
values of the punctuality of line 2, uncoordinatecase

Figure 5.20 shows the regularity level as a fumctmf the standard deviation of the
punctuality for both lines in the uncoordinatedecahe horizontal axis shows the standard
deviation of the punctuality of the first line, Mdieach curve relates to a punctuality standard
deviation of the other line. The vertical axis eg®nts the value of the regularity defined by
the PRDM. If both lines are very punctual, the tagty for the combination of both lines is
very poor (80%). In fact, an increase of the vasratof the punctuality leads to a better
regularity, the best value in the graph being 52%.

Comparing this graph with the coordinated caseufei.21) clearly shows that coordinated
services have a much better performance. In the abgery punctual services the regularity
is perfect (0%). However, in the case of unpunctelices the regularity deteriorates to
55%.
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Figure 5.21: Regularity (PRDM) as a function of thgunctuality of line 1 for different
values of the punctuality of line 2, coordinated cse

These graphs may be used to assess the impaat®rairating services or of reducing the
variation in the punctuality. Figure 5.22 shows tleduction of the PRDM as a result of
coordinating services. For highly unpunctual seesithe impacts on the regularity is limited.
For services having a medium punctuality (stand@ndation of 1.5 minutes) the PRDM may
be reduced with 40%, while in the case of very pugcservices a reduction of 80% is
feasible.

The results for the situation in which coordinatofgservices is combined with improving the
punctuality are shown in Figure 5.23.
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Figure 5.22: Reduction of the PRDM as a function athe punctuality of line 1 for
different values of the punctuality of line 2 due ® coordinating the transport services

This clearly shows that in the case of unpunct@al/ises a substantial improvement is
possible. The largest improvement, however, is doimthe case of lines having a medium
punctuality level. The additional reduction of fRRDM then varies between 17 and 20%. Of
course, in the case of punctual services the lsradfimproving the punctuality are small.
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Figure 5.23: Reduction of the PRDM as a function athe punctuality of line 1 for
different values of the punctuality of line 2 due ® coordinating the transport services
and improving the punctuality by reducing the standard deviation by 1 minute for both
lines

These graphs may be applied to the case of thelinasmdescribed in the previous section. In
the reference case there are two lines with pooctoality; the standard deviation of both
lines is about 3 minutes (direction Scheveningbn)he new situation the punctuality of tram
line 1 remains unchanged, while the punctualityram line 1K is very high. Using Figure
5.21 it can be seen that the original value for RiRDM was 55% and in that in the new
situation it will be 45%. If the punctuality of traline 1 is improved to say a standard
deviation of 1.5 minutes the PRDM will be reduced26%. Furthermore, it can be seen that
for the regularity it is not necessary to have dgut punctuality for the short-turn tram line
1K. If both lines have a standard deviation of hiutes the PRDM becomes only 3% higher
(28%). In this case improving the punctuality oénr line 1 is more beneficial than
introducing a short-turn service.

5.3.4 Conclusions

In Chapter 4 we introduced the instrument of lim®rdination, which has been analyzed
quantitatively in this section. An approach hasrbdescribed that may be used to assess the
impacts of network changes on the service relightin a public transport route. Both a
theoretical analysis and a case study showed thed nealistic estimates than the traditional
approach using a quantitative analysis are achiewseh service dynamics are considered
explicitly. Applying the framework from Chapter 2was demonstrated that line coordination
Is a proper instrument of service reliability impeonent, but service dynamics should not be
neglected in the planning stage. A case study stiomereased perceived frequencies of 5-
40% and the theoretical results are similar. Ouermational survey (see Section 3.2.3)
showed that the topic of coordination is appliesnany cities over the world. Especially the
theoretical results in this section are usefulntprove service reliability in other cities than
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The Hague, since only general characteristicanetliare required. A more detailed analysis is
beneficial as well, but requires more detailed tnpu

5.4 The instrument of line length desigr

5.4.1 Introduction

This section deals with the design parameter kEmgth, which was proposed in Chapter 4 as
a potential instrument to improve service reliapiliin public transport, there has been a
tendency to connect or extend lines. An examplesuzh a connection is RandstadRail (as
introduced in Chapter 4). This new light rail systeeplaced and connected two tram lines,
two former heavy rail lines and one metro line. Hdeled value of these new links is a more
direct connection from origin to destination. Pags¥s do not have to transfer anymore to
reach the city centre, for example, which savegetrame. But when a line is extended there
is a chance of an increase in variability and tinuseliability of transport services. This may

lead to additional travel time.

During the design process, it is important to ta&th effects of extending or connecting lines
into account; both time savings and the possiblditatal travel time due to larger
unreliability. Our international survey (Sectior2.8) showed that none of the operators uses a
maximum line length during the network design. Wralgzed this design dilemma in this
section in a quantitative way, using our framewoakculating average additional travel time
per passenger due to unreliability and transfeen(®@ort and Van Nes 2009b).

This section starts with a description of desiglerdmas at the strategic service network
design. Afterwards, the new dilemma incorporatiagvige reliability is presented. The next
part of the section presents a research approathesnlts of our analysis of the impacts of
line lengths and service reliability.

5.4.2 Network design dilemmas

In the introduction of this chapter, series of natwdesign dilemmas are given. One dilemma
that has to be added when service reliability isliekly considered is line length vs. service
reliability. There is a positive relation betweamel length and variability of trip times which
leads to unreliability. Figure 3.11 in Chapter ®wh the standard deviation of trip time as a
function of the distance for all bus and tram lime$'he Hague. Variability of trip times leads
to poor schedule adherence and longer travel timepassengers. Section 3.3.4 shows the
relation between variability in trip times of vel@is and travel times of passengers. Since long
lines tend to be less reliable it would be intargsto take this explicitly into account at the
moment of designing these lines. Designing shdmes or splitting existing ones might
mean an improvement. However, the effect of thaiaghis that fewer direct connections are
offered, which means additional transfers and thdditional travel time and uncertainty
about connections. The question to be answeredhignsection is: What is the effect of
splitting public transport lines into two parts wavel times, taking into account the effects of
variability and of a possible additional transfer?

! This section is based on a reviewed article phbtisn the Transportation Research Records (Vah abor
Van Nes 2009b)
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Figure 5.24 illustrates the effects of decreasing length. Line 1 operates from A to B. The
variability of driving time increases along thedirLine 2 is the same line as line 1, but this
line it is divided into two parts: From A to C afrdm C to B.

Two main differences exist between lines 1 and 2:

- The variability of line 2 is less;
- Introduction of a transfer at C for line 2.
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Figure 5.24: The effects of splitting a line (at Cpn vehicle trip time variability

The additional transfer will lead to additionalveh time for passenger passing point C and
the decrease in variability will lead to better edhle adherence and shorter additional
waiting times for passenger travelling between @ BnThe trade-off between the additional
transfer and better schedule adherence depente dollowing variables:

- Travel patterns of passengers: the location oft@iis important in terms of the
number of passengers travelling over C;

- Frequency: Both waiting time at C due to transfgrand waiting times at other stops
depend on the frequency of the line;

- The schedule adherence: additional waiting tinte@stops depends on the deviation
of the timetable.

From an operator point of view, splitting lines imidead to additional costs (Lehner 1953).
This should be taken into account during designwa$l. This section focuses on the
passengers effects. Chapter 7 will present a nmrgrehensive overview.

5.4.3 Approach of line length analysis
In our research, we want to investigate what tifecesd of line length and splitting lines are on
the average additional travel time per passengerthfe specific instrument of line length, we
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applied our framework (see Chapter 2) to gain imsignto the passenger effects of this
strategic design choice.

In the case of splitting the line into two partstransfer is introduced, leading to additional
waiting time for passengers who want to pass thiatpEquations 5.7-5.9 show the related

formulae, including for the average effects formbsengers on the complete lifg'{'). At

the transfer point the vehicle departure deviat®assumed to be zero and the punctuality
develops as it did on this part before splitting tbute. The additional time that is required
for transferring per passenger is shown by Equdi@nWe assume no coordination between
the two lines and punctual and regular departufée arrival stop of the feeder line is
assumed to be the same as the stop of the secanddi only waiting time is accounted for
(which is half the headway as shown by Equatio®)2.1

In the end, all waiting times per stop are addakling into account the relative number of
passengers at a stop,(, see Equation 2.18 in Chapter 2) and, if relevtire, number of
passenger who have to transf@, (). The result is the average additional travel thoreall

passengers on the line (Equation 5.9). This isutatied for the scenario of one long line and
two short lines with a transfer. This makes it [lolesto the compare two scenarios and to
analyze the design dilemma of line length and feass

T Add,transfer _ H ISChEd 57
| _passenger — 2 ( . )
T| Add transfer _ :B| ; * TI f\dptitsf:::ngr (58)
T| Add _ T| Add transfer |_ T| Add,waiting (59)
where:
H e = scheduled headway on line | (second line)
Tlfdpigj::;*; = average additional waiting time on line | duettansferring at transfer point
per transferring passenger
T, Adduensier = average additional travel time per passengetios | due to transferring
B, = proportion of passengers of line | travellingtiveen stop j and j+1
T,A = average additional travel time per passengerioe |
T Addvetng - = gverage additional waiting time per passengetliag | at the stops

The approach described above is used for a cadg stunducted in The Hague. Actual data
of vehicle trip times and the number of passengeraised to calculate the effects of splitting
long lines into two parts. Line 1, a tram line & Bm, is used as an example. At the end of
this section, additional results of other tram &ud lines are given. Appendix B gives the
main characteristics of the lines used in this case

As stated earlier, the pattern of boarding andhéihg is of great influence in the case of
introducing a transfer to improve overall reliatyiliTwo examples of stops of line 1 illustrate
the effects of this factor. In Figure 5.25 the pErpassengers who are passing a certain stop
are given as a percentage of the total numberasdgngers. The stop “CT” (i.e. City Centre)
has a percentage of 12% through passengers, whaansrthat 12% of all users of this line
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travel over this point. At the stop “He” (i.e. Heestraat) more passengers are passing. This
part of line 1 is used by a large number of passenidput not many are boarding or alighting
here.

50%

45%

40%

35%

30%

25%

20%

Through passengers

Figure 5.25: Number of passengers passing a stopapercentage of total boardings on
tram line 1

5.4.4 Results of line length analysis

In this subsection two computations are made ofaherage additional waiting time per
passenger if both stops are used to divide limgtd two parts. The locations to split the line
are chosen regarding the number of through passengéhe division of the line in two equal
parts.

The first scenario is City Centre (“CT”) as a triangoint. This location is chosen, because
many passengers exchange at this stop. The redudyslitting are as shown in Table 5.3.
Figure 5.26 illustrates the effects of variabilion average additional waiting time per
passenger per stop.

Table 5.3: Average additional travel time per passgger due to variability of trip times
and transfers for line 1 (Transfer at City Centre)

Scenario Average additional | Average additional Average additional
travel time T, [s] waiting time at stops transfer time
Tl Add,waiting [S] T| Add,transfer [S]
Line 1 Reference 100 100 0
Line 1 Two Parts 73 36 37
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Figure 5.26: Additional travel time per passenger de to variability of trip times and
transfers per stop of line 1, split at “CT”

These figures show a large decrease of the aveddjgonal waiting time per passenger at
stops. The punctuality restores after the tranisfeation and so does the additional waiting
time. Introducing a transfer leads to additionaiting time, but because of the small number
of passengers making a transfer this effect iggredt and is even smaller than the decrease in
additional waiting time due to splitting.

Another possible transfer point is the middle aglil. Splitting the line here divides the line
in two equal parts. The results of splitting arewh in Table 5.4 and Figure 5.27.

Table 5.4: Additional waiting time per passenger da to variability of trip times and
transfers for Line 1 (transfer at Heerenstraat)

Scenario Average additional | Average additional Average additional
travel time T,"* [s] waiting time at stops transfer time
T| Add,waiting [S] Tl Add,transfer [S]
Line 1 Reference| 100 100 0
Line 1 Two Parts| 172 65 107
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Figure 5.27: Additional travel time per passenger de to variability of trip times and
transfers per stop of line 1, split at “HE”

The results presented in Figure 5.27 show a dezrgasvaiting time at the stops due to
shorter lines. Because the line length in the cddevo lines is shorter, the variability does
not reach high values, leading to less additionaiting time at stops. However, the
introduction of the transfer will lead to more wag time and because the number of through
passengers on this stop is high, many passengbrsufier from this transfer penalty. This
additional waiting time due to transferring is re@mpensated by the benefit of a higher
schedule adherence. In the contrary to the fornaee cabove, splitting the line is not
beneficial in this way.

The results of the analysis of more lines in Thgu#aare shown in Figure 5.28. Per line the
average additional travel time per passenger ustithted as a result of average additional
waiting time and transfer time. Both the currenoif§y”) and the expected (“short”) additional
travel time when the line is divided into two shlines are shown. The effect of splitting the
lines differs per line, because of differencesravel patterns and punctuality characteristics.
The additional waiting time due to transferringlore 15/16 is very small, because this line
actually consists of two lines, which are conned¢tedach other only because of operational
efficiency, not to offer more direct connectionscan be seen that this efficiency measure
increase the additional travel time by 50%. Thieafis probably not considered when
deciding to integrate both lines.

The effect of splitting is positive for line 17 a®ll; the effect is about 30% less additional
waiting time.
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Figure 5.28: Effects of splitting lines on averagadditional waiting time per passenger

Although it was to be expected that splitting bns 23 would decrease the additional waiting
time as well, line 23 is by far the longest andstgqaunctual line in The Hague, the effect of
splitting is negative. Figure 5.29 (showing the temof through passengers) illustrates the
main reason for this effect, namely that theredsdeal location for a transfer point on this
line. The number of through passengers on the paainof the line is never below 18%.
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Figure 5.29: Number of passengers passing a stopagercentage of total boardings on
bus line 23
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On line 23 there is no stop where enough passemrgelsange. In this case, splitting the line
with some overlap might be a solution, as FiguB® Shows. Not splitting the line at C, but at
D and E, with overlap between D and E. This waydiedirect connections are removed. It is
clear though that this solution leads to more egpenoperations due to the overlap. This
adds a new dimension to the previously mentiondénuiha, namely the additional
operational costs vs. the additional reliabilitynbgts. Additional research is needed on this
topic.
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Figure 5.30: Splitting a line into two parts with an overlap

5.4.5 Conclusions

In this section we introduced an additional degijlemma, namely the length of line vs.
reliability. Long lines offer many direct connecig thereby saving transfers. However, the
variability is often negatively related to the Iémgof a line, leading to poorer schedule
adherence and additional waiting time for passendarthis section we suggest taking into
account both the positive and negative effectsxt¢éraling or connecting lines. We applied
the framework of Chapter 2 to calculate the avedpitional travel time per passenger due
to variability and transfers based on actual trig passenger data. A case study conducted in
The Hague shows that in the case of long lines lmithe variability, splitting the line may
result in less additional travel time due to immdvservice reliability. This advantage
compensates for the additional time of transferiintpe transfer point is well chosen. Our
findings show the effects when the transfer pasnthosen at a stop with many and fewer
through passengers. The latter may lead to a dexrefabout 30% in additional waiting
time. Splitting a long line into two lines with averlap in the central part may even result in
more time saving. In that case, fewer passengdieed to transfer. However, operational
costs may increase. The results of our researtiegbublic transport in The Hague might be
used in other cities as well. Our internationalvsyr(see Chapter 3) showed that traditionally,
no maximum line length is applied. Similar to theek in The Hague, being regular lines,
decreasing line length might reduce additionaldlawne elsewhere as well.

5.5 Summary and conclusions

The objective of this chapter was to investigateumber of possibilities at the strategic level
of urban public transport design to improve theelenf service reliability. In Chapter 4 we
selected three potential planning instruments patdéynimproving service reliability, namely

terminal design, line coordination and line lengdpplying our control framework and new
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indicators presented in Chapter 2, these instrusnadeed demonstrate that service reliability
may be positively influenced already at the striatexjage and thus that considering the
dynamics of the operations in the design may leasther design choices. Both case studies
(of The Hague) and theoretical calculations of &xpected passenger travel time effects
proved the possible benefits of these instrumeédsisidering the results of the international
survey, concerning design choices and line chaiatits, the results are valuable for other
cities as well. The first instrument deals withrastructure design, the second and third are
related to service network design. The results he&f &nalysis of these instruments are
presented below in more detail. Service reliabihould be explicitly considered in cost-
benefit analyses at the strategic level. Nowadays more common to deal with service
reliability in a qualitative way at this level. bhis chapter, we provide computational tools
enabling a quantitative analysis as well. The roéepter will provide results of the analysis
of the tactical level regarding service reliability

In our research on terminal design we demonstitii@dounctual departures may save up to 2
minutes additional travel time on average per pagse To improve punctual departures, we
showed the effects of various terminal configuraicon reliability of services enabling
optimized design, concerning passenger travel anm vehicle trip time. Besides terminals,
the results may also be used for short turningastfucture. A simulation tool enabled
calculations of the average delay per vehicle, ndigg three main types of terminals. We
showed the effects of frequency on the one handoacdpancy time (determined by the
distance from the switches to the platform (i.egtd of the terminal), technical turning time
and scheduled layover time) on the other. The anliat effects of arrival variability and the
number of lines using the terminal are illustragsdwell. We showed that using stochastic
variables, delays will occur, although they are tmobe expected in the static case. The best
performance regarding service reliability is ack@yvwhen double crossovers are situated
after the platforms. Single tail tracks facilitagithe turning process are only acceptable if
frequencies are low. However, they are often usgaractice as short tuning facility for high
frequent services. This research shows the largedts of occupancy time on expected
delays. It is recommended to minimize this time disigning short distances between
switches and platform and tail tracks.

Since the impacts of line coordination on servegutarity and vice versa are rarely analyzed
in a quantitative way, we performed research tessthe impacts of network changes on the
regularity on a public transport route using thatoal framework of Chapter 2. A case study
on introducing coordinated services shows that idenisig service reliability leads to more
realistic estimates than the traditional approasimgia quantitative analysis. Coordination
may improve service reliability, but that dependsthe punctuality characteristics of the
coordinated lines. A case study showed increasedeped frequencies of 5-40%. Our
theoretical approach showed similar results.

Concerning the third strategic planning instrumeve, introduced a new design dilemma in
the service network design, namely length of liseservice reliability. Long lines offer many

direct connections, thereby saving transfers. H@wnethe variability is often negatively

related to the length of a line, leading to ledsesitile adherence and additional waiting time
for passengers. We suggest taking into account thehpositive and negative effects of
extending or connecting lines. A case study in Flague shows that in the case of long lines
with large variability, splitting the line may rdsin less average additional travel time per
passenger because of improved service reliabMe. showed several lines, where total
average additional waiting time per passenger kas kdecreased after splitting the line, even
savings up to 30%. This benefit compensates foatlktional transfer time, provided that the
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transfer point is well chosen. The results of oueilnational survey showed similar lines in
other cities, which enables such savings as well.

In this chapter we demonstrated that substant@lation of passenger travel time may be
achieved by applying strategic planning instrumeim<hapter 7, these benefits will be used
to assess the cost-effectiveness of the investigatstruments. In that chapter, we also
discuss the possible interaction and combinatiorthef instrument, both at strategic and
tactical level. In the next chapter we will addréks impacts of tactical instruments on
service reliability.



6. Service reliability improvements at tactical leel

6.1 Introduction

In this chapter, we address the possibilities tprove service reliability that exist during the
design of the timetable. In Chapter 4 we selectamltaictical instruments enabling enhanced
service reliability during operations, namely ttime determination and vehicle holding. In
this chapter, we will analyze these instruments miore detail aimed at identifying
opportunities to minimize the effects of unreligifor passengers in terms of travel time.

A variety of factors are important in designing rager timetable. Given a public transport
service network and frequencies per line (as desdrin Chapter 4), vehicle trip times have
to be determined, both from terminal to terminad an more detail from stop to stop.
Frequencies and trip times enable the design ékkton timetable. To fix the timetable in
time, the offset has to be determined. This fixatioay be the result of synchronization and
coordination with other lines, as addressed by @hmap and thus is important as well during

155
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the timetable design. It applies to transfer oi@amd to offering a constant interval on a
corridor with multiple lines. Through this coordtran, the scheduled departure times per stop
are fixed. The phenomenon of coordination is stipmnglated to network design. Our study
analyzing the impacts of line coordination on segwieliability was presented in Chapter 5.

Above, the important variables of timetable condinn are mentioned, focusing on the
timetable for the public. However, at the tactieadel, timetables for resources (vehicles and
crew) are also designed. All these three typesmaeeconnected. The fleet timetable consists
of all the trips the vehicles make on a day, camgjsof a connection of public trips.
Deadheading from and to the depot is part of ttiedule as well. A crew schedule consists
of a connection of trips as well, but of course lgrggth of the duty is shorter. Often the crew
schedule and vehicle schedule are constructed tsinadusly (Bodin et al. 1983, Freling et al.
1999, Haase et al. 2001 and Huisman et al. 2005eWliring the design of the public
timetable, the desired services and speed and ibapae main indicators, in the timetable
construction of crew and fleet other issues arenain interest. In the fleet planning of ralil
systems, the types of vehicles are very importamtips are linked to each other. Special
vehicles which are not able to operate on all sadstrict the possibilities. This may be due
to the width of the vehicles for instance, or wigeth route is designed for two-directional
vehicles only. For crew management, the law, umégulations and company rules are very
important. They determine for example the maximangth of a shift, the number and length
of breaks, etc. The knowledge of and experienck eattain types of vehicles and routes may
be a constraint as well.

In this chapter, we demonstrate that considerimgisereliability as an output quality during
the design of the timetable may lead to sensiblacereliability improvements. We provide
insights into the relation between the tactical apdrational level. First of all, trip times are
determined by using operational data and secoudiyng operations early vehicles may be
held, thereby improving schedule adherence. We dstraie in our research, that
optimization of timetables with regard to theseideps possible concerning passenger travel
times. We apply the control framework of Chaptdo Zalculate the average additional travel
time per passenger as a function of timetable de&igr our research, we investigated actual
lines in The Hague as well as hypothetical lingaagigsights of the international survey (see
Chapter 3). This way, results are considered ugefudther cities as well.

This chapter is structured as follows: In Sectio the first instrument, that is trip time
determination, is presented while the second instni to be studied, that is vehicle holding,
is analyzed in Section 6.3. The chapter finishek wisummary and conclusions in 6.4.
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6.2 The instrument of trip time determination

6.2.1 Introduction

As mentioned in Chapter two, service reliabilityaisesultant of the match between schedule
and operations on passengers. Hence, the actuedtiops are compared to a reference,
which is designed and thereby may be influenced. fidst instrument presented will show
the impacts of adjusting the reference (i.e. theedaled trip time that is used in the timetable)
on the travel time for passengers. It is shown toamtmonly used design parameters do not
succeed in minimizing the average additional tréwveé per passenger.

The main element of a timetable, besides the nurabgips, is the scheduled trip time, i.e.

the time necessary to drive from stop to stop.rban public transport, it is common practice
to determine the trip time based on empirical ddtéhe services from the previous period
(Van Oort and Weeda 2007). Using this type of feetl{indicated as the long-term feedback
loop in Section 4.4), attainable trip times areesithed. An example of empirical data of trip

times is illustrated by Figure 3.8 in Chapter 3.

In Chapter 3 we showed that the realized trip timage a distribution which is caused by
several factors, such as weather, traffic, vanmmatio the number of passengers, human
interaction, etc. Chapter 4 provided a detailecdeson of possible causes, as did Cham and
Wilson (2006). The challenge for the planner isctwose the best trip time from this

distribution, since only one time value may be uaednput for the timetable. By choosing a
single trip time, knowing the real trip times arisstdbuted, schedule adherence will not

become optimal and differences will arise betwelea timetable and actual operations,
leading to additional travel time for passengessjemonstrated in Chapter 2.

The trip time for the schedule is normally chosgnsblecting a percentile value. In urban
public transport planning usually a large percentilue of this distribution (e.g. 85
percentile) is used to determine the trip timetfe schedule. This way, most drivers could
operate on time (that is 85% of vehicle trips ao€ late). However, in most conditions this
method also influences service reliability. Becaokkigh percentile values a lot of trips may
operate ahead of schedule, being an important ediarc passenger delay. Changing the
percentile value will change the number of vehiclsead of schedule and thus the
punctuality and the average additional travel tipgg passenger. Muller (1995) presented
research, recommending the 85-percentile valuegiwleiads to an attainable timetable. The
design dilemma that arises is thus service reitgbils. schedule attainability. Also the
international survey shows that mainly high pertenalues are used in practice, as Figure
6.1 illustrates (Van Oort 2009). The impacts ofezhified trip time on passenger travel time
apply only to long headway services. In short headwervices, people tend to arrive at
random at the departure stop and the trip time usdélde schedule is of no relevance (when
no control is applied).

! This section is based on a reviewed article phbtisin the proceedings of the"lihternational conference on
advanced systems for public transport (CASPT; Vart & al. 2009)
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Figure 6.1 Answers in international survey to "If trip times are determined by actual
data of the previous period, which percentile valués used?”

In literature so far, only limited attention hasshepaid to this phenomenon with respect to
travel time for passengers (Muller 1995 and Fatteu007). In heavy railways, more
attention has been paid to this topic (for instaGezaets et al. 2007 and Vromans 2005).
However, in heavy railways the construction of tialdes is completely different from that in
urban public transport (Van Oort and Weeda 20079.féedback loop is applied, but trip
times are theoretically determined using charasties of vehicles and infrastructure. In this
section we will calculate the average additiongl time per passenger as a function of the
percentile value used for the scheduled trip timan attempt to show that scheduled time
setting indeed may improve service reliability. Howar, first we will give an overview of the
consequences of trip time determination in Sect®©B.2 and the applied modelling
framework in Section 6.2.3.

6.2.2 Consequences of trip time determination
The final choice of the scheduled trip times hasymeonsequences. Divided into supply side
iIssues and demand side issues, the main ones are:

Supply side

- The probability of departing on time from the fissbp;
If many vehicles are delayed (i.e. a low percendkie is used), the probability of a
punctual departure of the next trip in the oppaditection will decrease. This
depends both on the delay and on the slack irafjwver time at the terminal.

- Attainability for the driver;
The longer the scheduled trip time (i.e. a highexcentile value is applied), the larger
the probability that a driver will arrive within éhscheduled time. However, the
consequence might be that drivers are ahead oflstzhe
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- Number of vehicles needed.
The number of vehicles required to operate confibiertimetable is determined by the
frequency and cycle time of the line. This time sists of trip time and layover time
in two directions. If the scheduled trip time dexges (i.e. a lower percentile value
applied), in theory, one vehicle is able to run enmips and fewer vehicles are
required. However, the number of actual vehiclesded always depends on the actual
trip time and not on the scheduled one.

Demand side

- Travel time of passengers.
As illustrated by Figure 2.8 in Chapter 2, the ltp@ssenger journey does not only
consist of in-vehicle time. Apart from in-vehiclene, waiting comprises a substantial
part of the journey , especially in urban publansport. If operations do not match the
planning, the passenger waiting time at the stopeases (as described in Chapter 2).
If vehicles drive ahead of schedule (i.e. a higtcgetile for scheduled trip time has
been applied), it is possible that passengers timegsvehicle and have to wait a full
headway. The choice of what percentile value ofpileious data is used for a new
timetable determines the punctuality and therefaaging time and travel time.

The choice of the optimal percentile value is a andppic in many public transport
companies. The effects mentioned above show thge labnsequences of the choice of
scheduled trip time. This section will perform aaqtitative analysis of the choice of the
percentile value. Two effects are shown, being #iverage additional travel time per
passenger caused by the mismatch of planning agr@dtogns and the probability of departing
on time at the first stop for the next trip. In Brzing these effects of scheduled trip times, the
following aspects are most important:

- The distribution of actual trip times.
The larger the bandwidth, the larger the effectpuamctuality and probability to arrive
at the last stop on time.

- Frequency.
The lower the frequency, the larger the effectdrofing ahead of schedule. After all,
people have to wait a complete headway if they thiss/ehicle.

- Number of boardings.
The stops where people board and their locatidhealine are of great importance.
Once passengers have boarded and are on theitheageparture time at the
following stops are no longer relevant.

- Layover time.
The time at the last stop, before departing inatther direction may be used as slack
time to make up for delays. A portion of this timey also be used as a break for the
drivers. This portion is not taken into accounbur analysis.

The distribution of actual trip times is assumedbéofixed in the following analysis; only the
scheduled trip time is changed and thereby departiones at all stops. This scheduled
departure time is communicated to passengers aydatthjust their moment of arrival at the
departure stop, which determines their waiting time

6.2.3 Approach of scheduled trip time determinatioranalysis
To gain insights into the impacts of trip time detaation on service reliability we
performed an analysis calculating the average iaddit travel time per passenger as
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introduced in Chapter 2. To calculate the additidrzevel time due to trip time determination,
the framework presented in Chapter 2 is applieds Will be shown in Section 6.3.3.1. In
Section 6.3.3.2, the details of the analysis assgmted. Both a theoretical and a practical
analysis are used to illustrate the impacts oftinje determination on service reliability.

6.2.3.1 Applied modelling framework

To analyze the effects of the choice of the pereemalues for scheduled trip time on
punctuality, additional travel time and the proligpiof on-time departure, we applied our
control framework presented in Chapter 2. This fawrk already showed the main
computation and equations to calculate the aveealghtional travel time per passenger.
Below the steps for the specific instrument of ttime determination are presented as
summarized in Figure 6.2.

The first step in the model is constructing theetiaible. The main variable is the percentile
value based on the data of actual trip times dutirey previous period, which is used to
determine the scheduled trip time. After the petitewvalue has been chosen, the complete
timetable is determined. The main input is actuhdrom the operations, i.e. vehicle trip
times from stop to stop on a certain line. The re&p is to compare the newly constructed
timetable with the stochastic set of trip times emthe assumption that trip times are not
affected by the timetable. As a result the stochastparture deviation of the timetable is

Y t . - - - TR - - -
calculated per stopd(7%). Since trip time variability is not affected, thassenger in-vehicle

is not affected neither and is not taken into aot@authe analysis of this instrument.

With the help of the departure deviation per stihyg, average additional waiting time per
passenger due to variability in trip times (see d&igms 2.19-2.21 in Chapter 2) will be
derived. Driving ahead leads to a waiting time édqodhe headway. Particularly in the case
of low frequencies, this means a large increaseaiting time. Driving late creates additional
waiting time equal to the delay. The average aoli#i waiting time is first calculated per

stop (T,;*"*™) and then as a weighted average for all passengerhe line ")

depending on the relative number of boardings et stop @, ;).

In addition to the average additional travel timer passenger, the probability of on-time
departure at the first stop is determined by theleh¢R """ “***"). The model calculates

the punctuality deviation at the last stop for gwehicle trip @™ _ ) and uses this value

I i last_stop
in combination with the scheduled layover time.(tlee time between the scheduled arrival
and departure of the vehicle at the termifdl®"") to determine the departure delay (if the
arrival delay is larger than the layover time; otise, no delay will occur). After the

departure delay for all vehicle trips has beenuated, the probability of on-time departure is
determined. Equation 6.1 shows the calculatiomefgrobability of departing on time.

Ry tmedeae - proer gl > 0) (6.1)
where:

RO Imederate= probability of on-time departure of vehicle ithie terminal on line |
T, vever = scheduled layover time of vehicle i at the tiexahon line |

g arval = arrival deviation of vehicle i on line | at titerminal

| i last_stop
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Figure 6.2: Model for calculating the impacts of tip time determination on average
additional travel time per passenger (cf. Equation2.19-2.21)

6.2.3.2 Set up of case study

The study on minimizing the average additional éfaume per passenger by adjusting the

timetable is set as follows. It consists of bottaae study of actual lines in The Hague and a
theoretical analysis. In this way, the analysiddgepractical valuable results and by adding

the theoretical analysis, the variables are coatrtd so effects of different values may be

calculated.



162 Service Reliability and Urban Public Transpoesign

The input for the theoretical analysis is a fictis line with a trip time of 30 minutes,
headways of 15 minutes, serving 30 stops. The buggdnd alightings are distributed across
the line, as Figure 6.3 shows. This service linassumed to be a typical radial line, in which
boarding mainly occur in the first part of the liared alightings in the second part.
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Figure 6.3: Distribution of boardings and alightings, hypothetical line

Based on actual trip time data, the trip times assumed to be Gaussian distributed (as
proposed by Abkowitz et al. 1987 and Strathman.e2@2). Three scenarios are analyzed,
namely actual trip times with 5%, 10% and 20% of gcheduled trip time as standard
deviation. Using these values, a set of hypoth€tardual” trip times is randomly determined
which is the input for the analysis, as descrilme8ection 6.2.3.1.

The case study consists of different tram and imes I(in terms of length and distribution of
trip times) operated by HTM in The Hague. Actug times and passenger flows are used as
input. Appendix B shows the main characteristictheflines analyzed.

The next subsection shows the results of the thieatstudy and the case study on the effects
of trip time determination on the average additidravel time per passenger. The effects on
the probability of on-time departure at the fifgtpsare also analyzed.

6.2.4 Results of trip time determination analysis

Let us first look at the results of the theoreticake as shown in Figure 6.4. For three
different trip time distributions, the average duuhial travel time per passenger is calculated
and shown as a function of chosen percentile vébmescheduled trip time. This figure
illustrates that the average additional travel timereases with increasing variance of the
distribution of trip times and percentile values.

The minimum average additional travel time per pagsr is achieved if a 35 percentile (or
lower) value is chosen. This low value prevents tnvahicles to depart ahead of schedule
saving many passengers much waiting time. Depenalinthe standard deviation of the trip
time, the size of the minimized additional trip &nis between 0.5 and 4 minutes. The
difference between the 85 and 35 percentile vaasehetween 0.5 and 11 minutes.
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Figure 6.4: Average additional travel time per passnger as function of chosen percentile
value for a hypothetical line (trip time 30 min, sandard deviation 5, 10 and 20%)

Figure 6.5 shows the effects of the chosen peleentilue on the probability of on-time
departure at the first stop, using a hypotheticed bf 30 minutes, regarding a 10% standard
deviation. Both an increasing layover time and ghér percentile value lead to a higher
probability of departing on time. To ensure a puattleparture, a layover time between 15%
and 35% of the trip time (for a percentile value8bfand 15% respectively) is necessary.
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Figure 6.5: Probability of on-time departure as a @inction of percentile value and
layover time, hypothetical line

If the percentile value decreases, more layovee iBmeeded to ensure punctual departures in
the opposite direction. Nevertheless, this addiidime is saved in the trip time, using a
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lower percentile value. In fact, this is a redstition of time between trip and layover time,
not adjusting total cycle time at all.

In addition to a theoretical approach, a case shay/been conducted in order to assess the
impacts of the percentile value choice. Figureshéws the average additional travel time per
passenger as a function of the chosen percentile far 4 tram lines. This figure shows a
substantial increase in additional travel timehi¢ {percentile value exceeds the level of 50.
The minimum value, 0.5-1.5 minutes, is reached wihen35 percentile value is used. This
supports the results from the theoretical analfygigch showed in addition to the actual lines
results of a line with a standard deviation of 20%)so shown is a large difference
depending on the chosen percentile value. On agena@ssengers will experience 2 to 5
minutes additional travel time if the 85 percentitdue is used, instead of the 35 percentile.
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Figure 6.6: Average additional travel time per passnger as a function of chosen
percentile value

Figure 6.7 shows the probability of on-time depativom the first stop of tram line 11 as a
function of percentile value and layover time. Tdi@racteristics of this line are shown in
Appendix B. The results match those of the thecaktnalysis and the analysis of the other
actual lines analyzed. This also confirms thatdisteébution of total cycle time is necessary
implying reducing the trip time and increasing thgover time. This ensures that passenger
travel time is minimized and departure punctualdy the first stop of the next run is not
affected.
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layover time for tram line 11

6.2.5 Conclusions

In this section we presented our research on optigiservice reliability of urban public

transport by analyzing service reliability by adjng the timetable. A theoretical approach
and a study of actual lines show the effects ofigmeshoices of timetabling on service
reliability. Our analysis of actual and theoretidaka shows that the average total travel time
per passenger is minimized if the 35-percentilei@as used to determine the scheduled trip
time based on historical data. To ensure punctepadure from the terminal in the opposite
direction, layover time should be extended by thmes amount of time, with which the trip
time is decreased. This implies a fixed cycle timmel constant operating costs. To optimize
total cycle time, further research is recommend&@venting vehicles to operate ahead of
schedule may be achieved by vehicle holding as, vasllstated in Chapter 4. In the next

section we will elaborate on this instrument.
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6.3 The instrument of vehicle holding

6.3.1 Introduction

The first instrument we presented in this chaptep, time determination, only requires
timetable adjustments; operations were assumedo@athanged otherwise. In the second
study in this chapter, that is analyzing the insieat of vehicle holding, operations are
adjusted on top of the timetable itself. In Chagteve selected vehicle holding as a potential
instrument, applied during operations, but dependentimetable design choices. Holding
implies that too early arriving vehicles have toitwantil they are on schedule again. This
way, service reliability will be improved downstreaof the holding point. However, the
passengers who are already in the vehicle durimghblding process will suffer from
additional travel time leading to a conflict ofenést, namely between the positive impacts for
passengers downstream and the negative impagia$sengers in the vehicle. The amount of
holding depends on the schedule. If trip times designed tightly, not many vehicles will
operate ahead of schedule and holding will notdmdied much. But if trip times are designed
in such a way that the schedule is very loose, nvahycles will be held due to earliness. We
analyzed these issues to find an optimal holdirgtesgy and optimal design parameters with
respect to travel time for passengers. Often, Weholding is handled as an operational
instrument, but in this section it is shown, thatetable design plays an important role as
well.

Several research papers on holding have been peablisluring the last decades (e.g.
Turnquist and Blume 1980, Levinson 1991), but tbenlgination of holding strategies and
schedule parameters is rarely analyzed. In praotegicle holding is a popular instrument as
well, confirmed by the results of our internatiosarvey (see Chapter 3). About 78% of the
operators and authorities use holding in their ajens.

Our research on holding (see Boterman 2008, Vamh @al. 2009 and Van Oort et al. 2010)

for more details) is divided into a number of catégs, which are shown by Table 6.1. First

of all, a distinction is made between long and sheadways (which leads to different arrival

patterns of passengers at their departure stagisagssed by Chapter 2). In addition, the type
of holding strategy is differentiated. One stratdglds vehicles when they are ahead of
schedule, the other one when the headway ahead short. They are referred as schedule-
based and headway-based holding. The last diffatent is where the holding takes place; at
all stops or at only a few main ones.

Table 6.1: Categories of vehicle holding in our resarch

Long-headway | Short-headway
services services
Holding strategy | Schedule-based| X X
Headway-based X
Holding location | All stops X
Few stops X X

! This section is based on a reviewed article phbtisn the Transportation Research Records (Vahéail.

2010)
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In long-headway services, headways are of less ri@poe because passengers arrive
depending of the schedule. Schedule adherenceus riuch more important and thus
schedule-based holding as well. Vehicle holdinglastops is only presented in the case of
long headways, to simply indicate the impacts.him following sections, all marked types of
holding in Table 6.1 are analyzed and their impactgassenger travel time are presented.
First, we will show the impacts of vehicle holding Section 6.3.2. After this, a literature
review of vehicle holding is presented in which eemonstrate that although much research
has been conducted, still some questions are woessed yet. We will present these issues in
Section 6.3.4. In Section 6.3.5 we will discussdpbproach we chose to calculate the impacts
of timetabling and holding, using the frameworkGiifapter 2. The next section presents the
results of all categories of holding that we hameestigated (see Table 6.1) and finally,
conclusions are given in Section 6.3.9.

6.3.2 Expected impacts of vehicle holding

Holding points are stops where drivers are notwalb to leave ahead of schedule.
Introducing holding points will affect service mahility and passenger travel times. Not
driving before the scheduled time reduces the kbdityain trip times, as Figure 6.8 shows. At

holding point p, vehicles that have arrived earbitwntil they are on time; late vehicles are
unaffected. Vehicle holding decreases the distigbubf the schedule deviations. This section
presents the results of a research study on degigrp time and holding points. The research
guestions are how many points should be introdwsetl which percentile value should be
used for driving towards the holding point to miige average additional travel time per
passenger.

TToo late
lAhead
Line length -
4 Too late
p
| ¥ Ahead

Figure 6.8: Effects of holding point p on scheduladherence

The expected impact of the application of the hmidnstrument is a reduction of the average
additional travel time per passenger. Although imgdvehicles will increase the average
vehicle trip time in the first place, due to legp time variability, bunching will be reduced,
thereby decreasing the average vehicle trip time.

Not every stop is useable as a holding point. AJoad holding point, the proportion of
passengers who board and alight is high. Througkgregers gain no advantage from waiting
at the holding point. Besides, a good holding p@r stop where no other traffic or public
transport is affected by a waiting vehicle.
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In the same way as used in trip time determinatio& scheduled trip time from holding point
to holding point may also be chosen by a percemtlae from a distribution of realized trip
times.

6.3.3 Literature review on vehicle holding

Many research papers on holding have been publistiekman (2004) provides an overview
of some earlier research on holding. Most of tHeremces described focus only on headway-
based holding. Hickman (2001) presents researdmotding using thresholds. He shows the
influence of different perceptions of waiting atetistop and inside the vehicle (due to
holding). When the perception of waiting at thepsfas a ratio of waiting in the vehicle)
increases, holding becomes more interesting. Lial.e1995) compare headway-based and
schedule-based holding strategies, concluding ftbatshort headways headway-based
controlling is more effective. They also mentiomortional holding, i.e. holding time as a
fraction of the headway or schedule deviation,dmutnot provide any expected results of this
method. Furth and Muller (2006 and 2009) deal hth holding problem for low-frequency
services. Besides average travel time, they contfigebudgeted travel time as well. Uniman
(2009) also deals with this phenomenon, calleda®éity Buffer Time (RBT, as presented in
Chapter 2). This indicator shows the effects ofeliability by taking into account the 95-
percentile arrival time. People tend to want todmetime and take this additional time
required into consideration when planning thep.tih addition, Furth and Muller (2007) also
consider the possibility for operators to add slaoke to the schedule. This ensures that
service reliability will increase, although a traglé must be found between service reliability
and passenger travel time, due to additional sdbdduip time. Abkowitz and Lepofsky
(1990) performed a real-life experiment, applyihgeshold-based holding. Their results of
headway-based holding are positive and they skatiethe reported effects of holding may
have been understated because human factorsdhavibur of drivers) may greatly reduce
the effectiveness of the holding strategy. Ebertdimal. (2001) focus on holding when real-
time information is available, enabling better hiotd strategies. Fattouche (2007) did
research on schedule-based holding in high-frequesystems and explicitly took the
schedule design into account as well. One of tgirigs is that long holding times are hard to
enforce in practice.

The optimal number and location of holding points mot been researched to the same
degree. Lesley (1976) states that bus stops whereoefficient of variance of the headway is
greater than twice the average over all bus stapssarve as holding points. Abkowitz et al.
(1986) conclude that the optimal location is sévsito the number of boardings downstream.
Additionally, the optimal stop is most of time Ibed at the stop prior to a group of stops
where many people board. Hickman (2001) adds tiagithe stop with maximum boardings
might be the best location as well. In Abkowitz d&frthjelstein (1984), the best holding points
are defined as stops, where the product of thedatdrdeviation of the bus travel time to the
stop and the ratio of passengers that will subsgtuboard the bus along the route to the
passenger on the bus, is maximized. The best toc&dr a holding point thus both depends
on deviation characteristics and on the distributbpassengers on a line, (i.e. the number of
through passengers at the holding point and baogsdilownstream). Table 6.2 summarizes
the references mentioned above, showing the maecesdealt with in the specific research.
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Table 6.2: References on holding and aspects takermo account
Reference Holding | Headway | RBT Proportional | Schedule | Maximum
type’ type® holding parameters | holding
time
Hickman (2001) | H Short X X Not X
applicable
Abkowitz and| H Short X X Not X
Lepofsky (1990) applicable
Eberlein et al| H Short X X Not X
(2001) applicable
Lin etal. (1995) | S/H Short X X X
Fattouche (2007) S Short X k’Not X
applicable
Furth and Muller| S Long Not V4 X
(2007) applicable | *

! S(chedule-based) or H(eadway-based)

% The arrival pattern of passengers at their depeetstop is assumed to be dependent of
the headway type. When headways are short (nofgpeembers are provided)
people arrive at random, while they consult theeslthe when headways are long.

X = not taken into account

Table 6.2 clearly illustrates that not all mainightes are taken into account yet in research
on holding. The maximum holding time is relevant both drivers and for passengers. The
introduction of maximum holding takes into accotin¢ effects of holding on individual
passengers. It makes it possible to optimize sdmegdand holding strategies regarding a
minimum quality for all passengers, i.e. a maximadditional travel time due to holding.
Besides, in the case of short headway rail systémged capacity and shared use of tracks
with other lines may force held vehicles to depAithough leading to an optimum for all
passengers on average, in the case of short headwéding strategies without a maximum
holding time are not likely to be introduced if Hiwlg times exceeds 60 seconds. Experiences
in The Hague show drivers do not accept large hgltime for the sake of both passengers as
drivers. Fattouche (2007) also states that londihgltimes are hard to enforce. This is only
relevant in short headway service.

Due to the lack of research on the effects of othimng maximum holding time and only little
focus in literature so far on the effects of schedrarameters on short- and long-headway
services holding strategies, we will particularlgdeess these variables in the following
analysis.

6.3.4 Vehicle holding strategies and issues

Since we concluded in the previous section, thaixisting research not all aspects of vehicle
holding are considered, we conducted new reseancthie topic. In this section the main
holding strategies and their associated key vaggate explained.

Holding strategies may be designed in various forwith a major differentiating
characteristic being how a holding action is trigge As presented in the previous sections,
commonly either headway or schedule deviations used to initiate holding. The most
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commonly used method for holding is a thresholdtsgy, whereby vehicles are held only if
a certain threshold is exceeded (as presented ine®4974).

In this chapter, vehicle holding is presented agatrument to reduce passenger travel time
on a single line, but it may also be employed tsuea transfers, as explored by Dessautels
(2004) and Wong and Wilson (2006). Holding may ddsovery effective in restoring service
after service disruptions have occurred, as desdriy Wilson et al. (1992), O’Dell and
Wilson (1999) and Puong and Wilson (2004). Howewes,only address vehicle holding in
normal operations, according to our overall focsistated in Chapter 1.

When applying holding points, it is important ta@lenine the location(s) of holding points.
However, optimizing the location of holding points beyond the scope of this research.
Rather the holding location is chosen in a pragmamy, that is good holding points are
characterized by few through passengers and massgepgers boarding downstream (as
described in the previous section and by Abkowitale (1986) and Hickman (2001). An
analysis of all stops as holding points is alsdquared for sake of a reference case. Figure
6.9 shows the number of holding points per linedusg the participants of the international
survey, illustrating several strategies used.

8%

m1

m2

O all stops
O other

54%

23%

Figure 6.9: Answers international survey to “What s the number of holding points
applied?”

The following subsection will present the main agp®f the holding types we will explore.

6.3.3.1 Headway-based holding

Headway-based holding means that vehicles withwkagsl shorter than scheduled are held to
restore a tight headway distribution. No actiontaken for vehicles with long headways
because it is assumed that vehicles cannot be sppd When applying
headway-based holding the following variables amstered:
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Holding factor

This factor determines how long vehicles are heldtive to the difference between the actual
and scheduled headways. A holding factor of 100%maehat vehicles are held the full
amount of time needed to achieve the scheduledwasadrhis means that even if only one
vehicle experiences a delay, all following vehickali also be held. A lower holding factor
will reduce this effect.

Maximum holding time

Introducing a maximum holding time affects the nmaxxim individual travel time. Maximum
holding prevents anyone from experiencing extrenhahg travel times in order to achieve
the optimum for all passengers. Experiences ofraewperators have shown that in short-
headway services, holding times longer than 60rsmicare generally not acceptable to either
passengers or drivers.

Figure 6.10 illustrates the headway-based holdiradegyy. Vehicle 1 is delayed and vehicle 2
is ahead of schedule, creating a short headwayeeetihem. At stop 3, the holding point,
vehicle 2 will be held by an amount of time equakither the maximum holding time or the
product of the holding factor and the headway dewna By holding vehicle 2, the headway
between vehicle 2 and 3 also decreases, which dlenlead to the holding of vehicle 3
(depending on the trajectory of vehicle 3).

——Sched trip 1 Sched trip 2 ——Sched trip 3
— =Acttripl Act trip 2 Act holding trip 2
7
/
/
/
15 20 25 30
Time [min]

Figure 6.10: Headway-based holding

6.3.3.2 Schedule-based holding

In contrast to headway-based holding, scheduleebhséding involves analyzing only one
vehicle at a time. At the holding point the vehielschedule adherence is checked and if the
vehicle is ahead of schedule, it is held for aarrtime. The following variables are of
importance.
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Schedule percentile value

Because a comparison is made between the perfoemand the schedule of a specific
vehicle, schedule design plays an important andctirole in this type of holding. For
example, if scheduled trip times are very tighty feehicles will operate ahead of schedule
and little, if any holding is necessary. On theeothand, if the schedule is very loose, most
vehicles will be ahead of schedule and will be h&ldl determine scheduled trip time, most
public transport operators use a percentile vafuie cumulative distribution of the actual
trip times from the previous period, as presente8eaction 6.2. Note that this is not relevant
in the case of random arrivals of passengers aadweesy-based holding.

Maximum holding time

Similar to headway-based holding, a maximum holdinge is included in the analysis of
schedule-based holding to ensure that the modeltsesre acceptable in practice. In long-
headway services maximum holding time is not inocated.

Figure 6.11 illustrates schedule-based holdinglimgavith the variables mentioned above
and showing both the 5- and 95-percentile valuesipfl. The actual trajectory of trip 1 is
also shown. At the holding point, stop 3, a congmariis made between the scheduled and
actual departure times. Depending on the percevdilge, the actual trip is ahead of schedule
or delayed. In this example the figure shows thatwehicle is ahead of schedule and is held
for a certain time. The holding time is either #aliness or the maximum holding time. By
holding the vehicle, the following headway will bhortened. However, the next vehicle is
held only if its schedule adherence is negativgamdiess of the value of the headway. The
example shown in Figure 6.11 shows that the neixicleeis too early and it should be held as
well.

——Sched 5% trip 1 ——Sched 95% trip 1
— =Acttrip 1 - - = Act holding trip 1
Sched trip 2 Act trip 2

O T T T T T T T T T
0 2 4 6 8 10 12 14 16 18 2@
Time [min]

Figure 6.11: Schedule-based holding

6.3.5 Approach of vehicle holding analysis
The objective of our research of vehicle holdingasassess the impacts of the variables
mentioned in Section 6.3.4 on the optimal holditrgtegy with regard to service reliability.
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Next to headway-based holding being the main reke@apic in literature, this research also
deals with schedule-based holding. From a pracgioait of view, schedule-based holding is
an interesting method, even if headways are sbar. to resource planning, schedules exist
anyway and dealing with schedules is easier thafirdewith headways, which involves two
vehicles. Another interesting phenomenon is theterce of branched networks all over the
world, providing short headways on the trunk pasg ¢lescribed in Section 5.3), but on the
branches headways may become large enough foreptaling to arrive at the stop by using
the schedule. In that case, schedule adherencereierqgd over headway adherence.
Additionally, in most Western European countrie)eslule adherence is similar to headway
adherence, since schedules provide constant headimatis section, we will analyze several
categories of vehicle holding, as shown by Tablg# # Section 6.3. The following
subsections will describe the framework appliedgagegory, which are:

- Long headways
0 Schedule-based holding;
- Short headways
0 Headway-based holding;
0 Schedule-based holding.

To calculate the effects of holding strategies @sspnger travel time, the framework
introduced in Chapter 2 is applied. The main olojects to compute the average additional
waiting time per passenger (resulting in averagditatal travel time per passenger). The
basic calculation of the additional travel time bagn given in Chapter 2. This section shows
the extensions needed to deal with holding points.

First the variables used and the main assumpticadenn the model are defined. Next the
equations used to calculate additional travel tareepresented, separately for long and short
headway services. Finally, equations are given dlcutate the effects of headway and
schedule-based holding on headways.

To calculate the average additional travel timepgesenger we used the following variables
in our research:

- Number holding points;

- Standard deviation of total trip time;

- Percentile value used to determine scheduleditnip (schedule-based holding only);
- Maximum holding time (short headway service only);

- Holding factor (headway-based holding only);

Fixed parameters that we used are:

- Passenger boarding and alighting distribution;
- Scheduled headway.

In the analysis of determining the probability of-ttme terminal departure in the opposite
direction, the layover time is of importance tocowever, in the analysis of the average
additional travel time per passenger, cycle timassumed to be fixed, so this probability is
not affected (Van Oort et al. 2009). The locatipfsthe holding point(s) are selected in such
a way that the effects of holding are maximizedwieer, we also performed a simple
sensitivity analysis on this issue with an actusd.|
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This research considers both long and short-headenyces, assuming schedule dependent
and random arrival of passengers at stops respéctivayover time is assumed to be long
enough to enable punctual departures in the omgpds#ction. In addition, there is assumed
to be no relation between headways and trip tinmresuding dwell times), as in Fattouche
(2007). Reducing complexity, no relationship betw#e holding time and the number of on-
board passengers is assumed. Holding is appliadstip and only the preceding headway is
considered, because at the holding point, no inddion is assumed to be available for the
driver about the following headway. This is onlyerant for headway-based holding. The
final assumption is that scheduled headways arstann

Reliability Buffer Time is only considered in shdrtadway services, where deviations are
relatively larger compared to the headway. Furtiksearch on RBT and vehicle holding is
recommended for long headway services.

6.3.5.1 Applied modelling framework long headwayises

When holding points are used, passenger waiting timthe vehicle must be considered in
addition to passenger waiting time at the stop.aiqus 6.2-6.7 show the computation of the
impact of holding on waiting in the vehicle, incing the calculation of the average effects
for all passengers. In Chapter 2, the equationshferexpected waiting time at the stop are
given. Note that due to holding, the additional tmai time at the stop downstream of the
holding point decreases, due to enhanced schedilerence. Figure 6.12 shows the
calculation process, as an addition to Figure Bt right part is the extension considering
the waiting time in the vehicle.

-ﬁ? G =D - 5?.“, if j=hyand ISIalCtj < Dls,ic,?Ed (6.2)

T,Mdne = 0 if j = hyand D/, > D"

T =0 if i#

T pnveicle = Ty feting (6.3)

Bt = 6% + 3T j=h 64
T

N

Z T add,in—vehicle

Iij

-I-Ivajdd,in—vehicle: i=1 n - (65)
in-vehi < in-vehi
-I-Iadd,ln ehcle:ZﬁH *leajdd,n ehicle (66)
j=1
-I-ladd :-I-ladd,waiting +T|add,in—vehic|e (67)
where:
'ﬁ?f’j'di“g = holding time of vehicle i at stop j on line |

Dlsf*]?ed = scheduled departure time of vehicle i at stop jiae |
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5|ai°tj =actual departure time of vehicle i at stop j ondil

5|"°}°} = calculated new actual departure time of vehicd stop j on line | (after
holding)

hn = stop number of holding point n

Tadtnvee - = expected additional in-vehicle time in vehickt istop j on line |

T, 3faitng =expected additional waiting time due to vehics stop j on line |

T2 = average additional waiting time per passengeiiine |

B = proportion of passengers passing stamjline |
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6.3.5.2 Applied modelling framework short headwatyises

Similar to the calculations above, the average tamidil travel time per passenger may be
calculated for short headway services. Equatiof7 2jites the average additional waiting
time at a stop as a function of actual headways.

To calculate the additional (average) travel timedil passengers on the line, Equation 2.18
(Chapter 2) and 6.5-6.7 (shown above) are usedd®&eshe average additional travel time,
Furth and Muller (2006) and Uniman (2009) argue tha reliability buffer time (RBT) is
also important, reflecting the effects of unrelalkrvices on passengers travel time budget.
Equations 2.16-2.20 deal with the RBT which ar® al®ighted per stop to calculate a line
total. The 95 percentile is taken out of the actual trip dateesel similar to Furth and Muller
(2006) and Uniman (2009) the RBT is calculatedtfa waiting time in the vehicle as well.
Finally, Equation 2.26 assesses the total additibmee using different weights for different
components (compared to in-vehicle time).

a) Calculation of headway-based holding impacts

To calculate the average additional travel timepassenger, the model calculates the effects
of headway-based holding (holding at stgpdn headways. A change in headways will lead

to a change in additional travel time (as showrEQuation 2.17). Equations 6.8 and 6.9 give
the holding time and the effects on expected wgitime in the vehicle 5" "), while

Equations 6.10 and 6.11 show the effects of degatimes @l‘”}ftj before holding anB,?’,

after) and headwayQ:(,a.C‘.) for the rest of the trip and the following triNote the effect of

iy

holding trip i on the holding choice process faop i#+1.

-'I:I'?‘ojlding — Mln(y* (Hlsched_ H"Ialct] ),T maxholding) |f J — hn and Hlsched> |:|Ialct] (68)
T, hoding = if j = hnpand H="™<H

-'Ill’?f)jlding -0 if if j# hn

T| ?j;ljd,in—vehicle - T| ’lsf)jlding (69)
N ‘ac ~ac L= oldin i

D} =0 + XTI j=h (6:10)
|'~||6,1ic,tj = 5|a|‘c} - 'Slz?icil,j j=h (6.11)
where:

'ﬁ?f’j'di”g = holding time of vehicle i at stop j on line |

1% = fraction of headway deviation that vehicle isché&r

T maxholding = maximum holding time

H e = scheduled headway on line |

ﬁliftj = actual headway of vehicle i at stop j on line |
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b) Calculation of schedule-based holding impacts

Equations 6.12 and 6.13 give the effects on passemgiting time in the vehicle in the case
of schedule-based holding being applied at stppElquations 6.14 and 6.15 calculate the

effects of holding on the departure timdﬂi(‘j before holding ant.i’f}f} after) and headways

(Ijll‘jf‘j) for the portion of the trip downstream of thediing point. Note that Equations 6.13-

6.15 are similar to the headway-based holding égumt In contrast to headway-based
holding, schedule-based holding does not affechtiiding decision process for the next trip.
In Equation 6.8, H is used, while Equation 6.12suSe Regarding the next trip, the holding
process only affects H.

-'I:l'?‘ojlding — I\/Iin((DfiC’?Ed— 6Ialct]),-|- maxholding) if J = h,, and ISIE,liC,tj < Dlsir;ed (6.12)

77999 =0 if  j=h,and D7 > D

T =0 it

-Fl ‘zi:l'djd,in—vehicle — -Fl ’liwf)jlding (6. 13)

5% = B + DT = 614
1

ot = Oact _ ﬁlact j>h (6.15)

i i J+Lj

6.3.5.3 Set up of case study in long headway svic

Similar to the research of trip time determinatithre research of vehicle holding is performed
using both actual and hypothetical lines. The ddinas are used to demonstrate the actual
effect of vehicle holding in real-life, while thenalysis of hypothetical lines gained insights
into the impacts of controllable variables. Therelsteristics of the hypothetical lines used in
the research of holding in long headway servicesamglar to those presented in Section
6.3.3.2. The scheduled trip time is 30 minutesdhegs are 15 minutes and 30 stops are
served. The boardings and alightings are distribw@eross the line as shown Figure 6.3.
Concerning service variability, we assumed, basedaiual data and literature (Abkowitz et
al. 1987 and Strathman et al. 2002), a Gaussianbdison with different values for the
variance.

6.3.5.4 Set up of case study in short headwaysvi

For the analysis of short headways hypotheticasliare used as well. The trip times of the
hypothetical line are assumed to be Gaussianliséd (as proposed by Abkowitz et al. 1987
and Strathman et al. 2002) and they consist ofytlsitops with scheduled trip time being
constant between all adjacent stops. Three diffeseamdard deviations) of total trip times
are considered, namely 2 minutes, 4 minutes anth@tes. The passenger travel pattern that
iIs used is equal to the one that is used in tipetime determination analysis in Section
6.3.3.2, shown by Figure 6.3. Service frequency igehicles an hour. Stop number 8 is
chosen as the holding point. At this point, the banof through passengers is low (18%) and
the number of downstream boardings is high (82%).
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To assess the effects of applying different holditrgtegies in short headway services, tram
line 9 in The Hague, operated by HTM, is analyzssk (Appendix B for line characteristics).
Figure 6.13 shows the passenger travel pattermerBlin one direction. Both the percentage
of boardings per stop and the percentage of thrpagkengers are shown. They are shown as
a percentage of total boardings on the complege lin

30%

25%

N
Q
X

EThrough passengers
B Boardings

15%

% of total boardings

[

o

X
|

5% A

0% -

Figure 6.13: Percentage boardings and through passgers per stop (of total line
boardings) on line 9

Figure 6.13 clearly illustrates that stops HS arfdl &e dominant. They are both major
stations offering many connections to other locagional and intercity rail services. The
number of through passengers is low at these staish makes them interesting stops for
holding. In our research, stop HS is chosen ashtiéing point. At this point the through

passengers ratio is 10%. The number of passengarslibg downstream is 60% of total
boardings and 50% of total boardings are withitops, maximally benefiting from holding.

For both the actual case and the hypothetical lineth headway-based holding and schedule-
based holding strategies are analyzed with thdtsegiven below. In this researgh is set to
0.75 and the values @f the weights of actual time and RBT, are (accqydm Furth and
Muller 2006):

eWaiting =15
- Oin-vehicle =15
eWaiting,RBT =0.75

- Bin-vehice,rer = 0.75

6.3.6 Results of holding in long headway servicesd] stops as holding points

In Section 6.3 we showed the effects of the deteatron of scheduled trip times. The main
conclusion was that early vehicle departures affestel time very much. In the scenario
presented here, we make an analysis of whethecleshare not allowed to depart ahead of
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schedule because of the introduction of holdingfsoiAs mentioned earlier, the effects of
driving ahead of schedule are considerable, i.eexd@nsion of passenger waiting time by a
complete headway. Due to the fact that vehiclesnateallowed to depart early at any stop,
through passengers may have to wait at the stophénvehicle). This leads to additional
travel time for through passengers, thereby inangathe average additional travel time per
passenger.

We present below a case study in long-headway cesvébout a strict holding regime at
every stop, thus all vehicles are obliged to deptisicheduled instants (as for instance in The
Hague at RandstadRail (Van Oort and Van Nes 2008&ure 6.14 shows the theoretical
results for such a control regime, namely the dated average additional travel time per
passenger. The characteristics of the hypotheliiwas are presented in Section 6.3.3. The
shown additional travel time is the average pes@ager of total waiting time at the stop and
in the vehicle. As stated in Section 6.1, no RBtakulated. If these values are compared to
the results of the trip time determination (Figaré), a large decrease is shown, especially at
high percentile values. For instance, if the stathdkeviation is 10% of the average trip time,
holding reduces the average additional travel pssenger by about 5 minutes (in case of an
85-percentile value applied)). The optimum valuendsv about 40-60%, dependent on the
standard deviation of the trip time.
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Figure 6.14: Average additional travel time per pasenger in the case of holding at all
stops (hypothetical line, trip time= 30 min and stadard deviation = 5, 10 and 20%)

Figure 6.15 illustrates the impacts of holding atrg stop for actual lines in The Hague. The
average additional travel time per passenger iseoted as a function of the percentile value
applied for the scheduled trip time. The standadiation of the trip time of these lines is
about 5-10% of the average trip time. Other chargtics of the lines are given in Appendix
B.
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Figure 6.15: Average additional travel time per pasenger in the case of holding at all
stops (actual lines in The Hague)

Similar to the theoretical results, the introductiof a holding strategy reduced the average
additional waiting time per passenger comparedhéon-holding case (especially in the case
of applying large percentile values, which showgduction of over 4 minutes of additional
travel time on line 11 for instance), as shown yuFe 6.6. The optimum is as well around
50-65%. The differences between the results okewdfit percentile values are small, only
about 0.5 min.

Figure 6.16 shows the impacts of holding at alpston terminal departure punctuality for the
actual line 11 in The Hague. Compared to the nddimg situation (Figure 6.7 in Section
6.2.4) the results differ especially when layoveres are planned short. In that case, holding
has a negative impact on the probability to departime in the other direction. With equal
layover time, the probability of departing on timsdower. The time spent on holding can not
being used to run back to schedule if delays ocaftes the holding point and thus leads to a
lower probability of departing on time again. WHagover is large, the difference between
the two situations is nil.
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Figure 6.16: Probability of departing on time fromthe terminal as a function of the
chosen percentile value and layover time (line 11 iThe Hague)

A redistribution of vehicle trip time and layovéme (with constant cycle time) will keep the
probability of departing on time fixed.

6.3.7 Results of holding in long headway servicdgw holding points

In the following study we examined the calculaté@ats of introducing holding points in
long-headway services on a few stops on the liig ¢m this case, the additional travel time
consists of two parts, namely the waiting timeha stop and time spent in the vehicle. As
stated in Section 6.3.5, no RBT is calculated. fg8g6.17 shows that when using higher
percentile values, the additional waiting time hifom passengers at the stop to passengers
in the vehicle. This subsection shows the effetth@® number and location of holding points
and the percentile value, which is chosen to setsttheduled departure time at the holding
point.
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Figure 6.17: Average additional travel time per pasenger on tram line 1 with four
holding points divided into two parts being in thevehicle and at the stop as a function of
percentile value

Figure 6.18 shows the expected effects of the numibleolding points on a hypothetical line
with a standard deviation of 4 minutes. It appéhas introducing more than two points does
not significantly reduce additional travel time. wver, when more holding points are used,
the reduction of additional travel time will be wisuted among more passengers. The
optimal percentile value with regard to passengerel time lies between 30 and 50%. Figure
6.19 shows the effects of the chosen percentileevaith which the scheduled trip time to the
holding point is designed for different values tbe standard deviation (when two holding
points are applied). Besides the number of holdwoints, this optimal percentile value
depends on the standard deviation of the trip (firoeen 30% when the standard deviation is 3
min. to 55% when the standard deviation is 10 mifhe higher this deviation is, the higher
the optimal value of the percentile value for sahied trip time is.



184

Service Reliability and Urban Public Transpoesign

200

180 A

160

140

120 A

100

80 -

Additional travel time [s]

60 1

40

.-
-

20

0 Holding points
1 L

2
3 Holding points —
4

0
0%

10%

20%

30% 40% 50% 60% 70%

Percentile value of scheduled trip time

80% 90%  100%

Figure 6.18: Average additional travel time per pasenger hypothetical line (st. dev.=4
min) as a function of percentile value and numberfoholding points
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Figure 6.19: Average additional travel time per pasenger hypothetical line as a function
of percentile value and standard deviation of triptime (2 holding points)

In addition to our analysis of hypothetical linege also investigated actual lines in The
Hague concerning the expected effect of holdingpassenger travel times. These lines
represent different values of characteristics ofristance line length and trip time variability.
See Appendix B for characteristics of the analylieds. Figure 6.20 shows the average
additional travel time per passenger of tram lin@ 2he direction of Leidschendam. In the
period analyzed, the trip time was designed logselgating many vehicles operating too
early. The relative standard deviation was 6.3%e Tigure shows that a medium-high
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percentile value minimizes the average additionadl time per passenger (50% when 4
holding points are applied and 80% in the casenty one). A reduction of 60% average
waiting time is possible. Another conclusion ofstffigure is that the application of only one
holding point already causes a large positive impaclding more holding points still
decreases the additional waiting time but not w&igimilar effect. Although the average effect
of additional holding points on average additiamaVel time is limited, the main advantage is
that both the negative consequences and the posiines are more spread along all
passengers (Van Oort et al. 2009).
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Figure 6.20: Average additional travel time per pasenger on line 2 as a function of
percentile value and number of holding points

Figure 6.21 shows the calculated additional trawee by applying two holding points on
three tram lines and one bus line. Tram lines 2l&nbdad excessive scheduled trip time and a
small distribution of actual trip times. The optinp@rcentile value is high (60-80-percentile).
For tram line 1 the scheduled trip time was shaod tne realized trip times had a relatively
low standard deviation. The optimal percentile vatoncerning passenger travel time (both
in the vehicle and at the stop) is about 20%. Simib tram line 1, on bus line 18 the
scheduled trip time was tight, but realized trimés are heavily distributed. The optimal
percentile value is about 40%. These numbers shiawgar bandwidth of optimal values than
our theoretical research, due to more differencssvden lines. The main reasons are the
availability of proper locations for holding poinfisoncerning the ratio of through passengers
and passengers downstream) and an expected infaaet type of schedule applied (tight or
loose) that may have affected driving behaviouthmse specific lines.
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Figure 6.21: Average additional travel time per pasenger as a function of percentile
value (2 holding points)

As noted earlier, it is important to choose a gtmwation for a holding point. In the analysis
presented above, the holding points are chosen regjard to a good ratio of through
passengers and passengers boarding downstreanssible, thereby optimizing the effect of
holding.

In order to gain insights into the effects of diffet holding point locations, Figure 6.22

shows the average additional travel time per pagsely scheduling a holding point at the
beginning, middle or end of tram line 1. Figure ¥shows the number of through going

passengers at this line in one direction as a ptage of total boardings. The chosen holding
points are indicated.

In general, a holding point at the beginning ofiree lis desirable (there will still be many
boardings ahead), but not yet necessary (the dimot yet greatly deviated). A holding point
at the end of a line is necessary because of tffeehistandard deviation, although only few
passengers will benefit. The best location for ling point thus depends on the distribution
of passengers on a line. The case of line 1 shbatsatholding point at the beginning of that
line (at ¥ of the length) is the optimal location.
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Figure 6.22: Average additional travel time per pasenger by using one holding point at
the beginning, middle and end of tram line 1
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Figure 6.23: Percentage through passengers (of tbiine boardings) at line 1



188 Service Reliability and Urban Public Transpoesign

6.3.8 Results of holding in short headway services

To analyze the importance of the key variables @it effects on service reliability and

passenger waiting time in short-headway servides developed framework is applied with
actual data for both hypothetical lines as welba®al line. In the average additional travel
time per passenger, the RBT is also included (tatied as shown by Section 2.5).

6.3.8.1 Headway-based holding results

For the three hypothetical lines and tram linetBoiuced in Section 6.3.5, Figure 6.24 shows
the results of headway-based holding compared g¢ordference case without holding (i.e.
maximum holding time is zero). Analysis is conddcfer both one and two holding points.
To put the results in a relative perspective, herage additional travel time per passenger is
shown as a percentage of the waiting time in tlse eghere perfect service is provided (i.e.
average waiting time is half the scheduled headway)

——Sigma 6 - - - Sigma 6 2 Holding points
Sigma 4 Sigma 4 2 Holding points

— Sigma 2 - Sigma 2 2 Holding points

—>—Line 9 - X- Line 9 2 Holding points

90%

80%
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Figure 6.24: Effects of headway-based holding on akage additional travel time per
passenger (both actual and hypothetical lines)

Figure 6.24 shows that headway-based holding p@siéve effect on the average additional
travel time per passenger and its effect increasssigma (the reference case is indicated as
max. holding = 0s.). The optimal maximum holdingei decreases with a decrease in sigma.
The optimal value for the maximum holding time ®at180 s. fos=6, 100 s. fow = 4, 40

s. foro=2 and about 60 s. for line 9. The effects of idtraing a maximum holding time of 60
s. are also shown in the figure. Actual holdingasrg = 4, 1 holding point) are shown in
Figure 6.25 for both unlimited holding as well asnaximum of 60 s. Unlimited holding
involves holding about 10% of the vehicles londem 2 minutes.
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Figure 6.25: Actual holding times, headway-based tding (6=4min)

As Figure 6.24 shows, an analysis of adding a skbofding point was also conducted. For
line 9, the other main station on the line, CS{si®), is used, while for the hypothetical
lines, stop 23 is chosen (see Figures 6.18 and.@b%h stops have a relatively small number
of through passengers (8% and 18%). The resufggure 6.24 show that in the hypothetical
case the effects of adding a second holding psinegative. This is because there is no good
second holding point on this line given the passengravel patterns. No other point exists
with both low numbers of through passengers an@i higmbers of downstream boardings.
On line 9, however, such a point does exist, alghothe results in Figure 6.24 show no
significant benefit over a single holding pointterms of the average additional travel time
per passenger. However, more holding points spifeagbositive effects of reduced average
additional travel time per passenger over moregrags's. In addition, the negative effects for
through passengers are divided over two stopstarglmore passengers as well.

6.3.8.2 Schedule-based holding results

Figure 6.26 shows the effects of schedule-basedirigpbn the average additional travel time
per passenger as a function of the chosen pereestilie for scheduled trip time. Only one
holding point is investigated, since the analydisheadway-based holding did not show
benefits. The average additional waiting time iaiagshown as a percentage of the average
waiting time when service is perfectly on time d®hdways are equal. Results are shown for
both the hypothetical lines and line 9 for differpercentile values chosen for scheduling and
different maximum holding times (unlimited and &&snds).
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Figure 6.26: Effects of schedule-based holding orverage additional travel time per
passenger as a function of percentile value

Figure 6.26 shows that holding has a positive &ffiddch increases with trip time variance. It
also shows that the optimal percentile value deg®avith smaller variance. The optimal
value, in the unlimited holding case, is betweefo7@ =2) and 90% 4 = 6). But when a
maximum of 60 s. holding time is applied, the optimalue becomes about 65% for all lines.
Figure 6.27 shows an example of applied holdingsrg = 4) for both the unlimited holding
strategy as well as a maximum holding time of 6Mnhseach case the schedule percentiles
values are set to their optimal values. Unlimitedding involves holding about 20% of the
vehicles longer than 2 minutes.
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Figure 6.27: Actual holding times, schedule-baseddtding (6=4min)

6.3.8.3 Effect of holding on the level of crowding

All research on vehicle holding referred to in tbieapter focuses on the passenger travel time
effects of holding. However, improving service adllity may also affect the level of
crowding. To indicate this effect, Figure 6.28 skae level of irregularity (actual headway
deviation as a percentage of the scheduled headieayhe reference case as well as two
schedule-based and two headway-based holding ¢agbsand without a applied maximum
holding time). The cases are based on assumed &gputmes witho= 4 and for schedule-
based holding, two different percentile values ased to determine scheduled trip time,
namely 65 and 85. Both the average irregularity tned93’ percentile value are shown. The
results differ per case, but in general the intobidun of vehicle holding reduced the average
irregularity from 20% to 15% and in the case of @8 percentile from 55% to 40-45%. If
uniform arrivals are assumed, this number is simidathe excess level of crowding for 50%
of the vehicles (representing over 50% of the pagses). The other 50% of the vehicles will
experience a lower level of crowding than the ageraalue. Normally, during the process of
determination of the number of vehicles, slacknsluded with respect to the passenger
capacity per vehicle. The results presented héustridte that either this slack may be
decreased (implying that fewer vehicles are neededjhe level of crowding may be
decreased.
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Figure 6.28: Irregularity (average and 9%'-percentile value) for different scenarios

6.3.8.4 Headway-based holding vs. schedule-badédgo

The previous sections showed results of both hegdhsaed and schedule-based holding in
short-headway services. Comparing the effects efeghtwo methods of holding on the
average additional travel time per passenger,dteiar that the schedule-based method might
be more effective. The reason for this is thahi tase, it is possible to set a loose schedule,
which might be very reliable. Normally this impliasslow schedule as well, but when a small
number of passengers passing the holding point dffect is minimal. However, when
maximum holding time of 60 s. is introduced, théeefs of headway-based and schedule-
based holding are similar.

6.3.9 Conclusions

This section dealt with holding of early vehiclésvehicle holding is applied (and departing
ahead of schedule is not allowed), the averagdiaddi travel time per passenger proves to
be reduced substantially. Considering short jousrieyurban public transport and a negative
perception of waiting by passengers, reducing ngitime may lead to additional passengers
and higher appreciation. Since the arrival pattdrpassengers is of influence on the results,
as is the number of holding, we have analyzed thceeaarios:

- Long headways, all stops are holding points;
- Long headways, some stops are holding points;
- Short headways, some stops are holding points.

Since both actual and hypothetical lines are ingattd, yielding valuable insights that may
be applied in other cities as well.
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Both a hypothetical and a practical approach oflingl in long-headway services, in which
all stops are holding points, show that holdingielels at every stop if they are too early have
significant positive effects on additional traviehé¢ per passenger. This analysis showed that
higher percentile values are beneficial for tripdi design if the deviation of the trip time is
higher. Four actual tram lines in The Hague showaedifference of 0.5 min between the
maximum and minimum additional travel time per pagger. A theoretical analysis with
larger deviations showed larger differences. Ogptipecentile values are found to be 50-
65%.

Looking at long-headway service, with only a fewpsas a holding point, a theoretical and a
practical study show that designing 2 holding pmintising a 30-60 percentile value
minimizes travel time (additional travel times aesluced up to 60%) in terms of both the
waiting time at the stops and in the vehicle.

The optimal percentile value by using holding psidépends on the following variables:

- The value of the relative standard deviation. Tiglér the standard deviation, the
higher the optimal percentile value.

- The number of holding points. The impact of twodied) points on the additional
travel time is greater than when only one is ubetlalmost equal to three or four.

- The best location for a holding point depends @ndistribution of passengers on a
line.

Concerning short-headway services we investigateld $chedule-based and headway-based
holding strategies. Despite a significant focusholding in current literature, some important
aspects have not been researched previously. Time neav, aspects are the use of maximum
holding time, the calculation of reliability bufféamme and, in the case of schedule-based
holding, the percentile value used to design tiedale. Both a real line in The Hague (tram
line 9) and hypothetical lines are analyzed withiotss levels of running time variability.
Both headway-based and schedule-based holdingthavargest effect if deviations are high.
When holding is headway-based, the optimal valueHe maximum holding time is about
180 s. fore =6 min., 100 s. fob= 4 min., 40 s. fol= 2 min and about 60 s. for line 9.
Introducing an additional holding point on these$ does not result in further improvements
in travel times. When applying schedule-based hgl@dnd a maximum of 60 s. holding time
is applied, the optimal value of the percentileueabecomes about 65% for all lines analyzed.
When no maximum holding time is applied, schedwasedl holding is more effective, while
there is no difference when the maximum holdingetisiset to 60s. This research also shows
the effect of holding on crowding. An average legtlrregularity of 20% may decrease to
15%, enabling either smaller capacity slack or &xesvding.

The short-headway scenarios showed that the effeetdditional holding points does not
increase the reduction of the average additioaaketrtime per passenger anymore. Besides,
in most short headway services, capacity at stppgacking to maintain a holding strategy.
That is why no research is done considering steatitvays and all stops as a holding point.

This section demonstrated that vehicle holding ssiecessful instrument to increase service
reliability. Although it is in fact an operationaistrument, we showed that, the design of the
timetable and type of strategy is of main influemcel should be considered when holding
will be applied during operations.
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6.4 Summary and conclusions

In this chapter, we have analyzed instruments, @ting our hypothesis that promising
opportunities exist to improve service reliabilitgt only during operations, but also during
the timetable design. In Chapter 4, we selectedgetential tactical planning instruments for
deeper analysis, which proved to be able to rediieeaverage additional travel time per
passenger. The presented instruments are trip determination and vehicle holding. The
results demonstrate that consideration of senatahility should be incorporated more in the
scheduling process as a design criterion. If theative is to optimize travel time and to
decrease unreliability, different choices and pat@nms may be made and used at the tactical
design stage than commonly used in most companiagthorities. Service reliability should
be treated as a part of the objective, which mapdrdly influenced instead of a result of a
non-controllable process.

In this chapter, a theoretical approach and a sasdy of tram lines in The Hague show the
effects of design choices of timetabling on serviedability. We applied the control
framework of Chapter 2 to calculate the expectesb@ager travel time effects as a function
of scheduled trip time. Our analysis of actual d@hdoretical data shows that the total
passenger travel time is minimized if the 35-petiternalue is used to determine the trip time
out of historical data. High percentile values eausuch additional travel time due to early
departures. Passengers who miss their vehicle toawait a full headway then. To maintain
the equal probability of departing on time aftez thyover at the terminal, it is recommended
to redistribute the “saved” trip time (by decreasthe percentile value) to the layover time,
maintaining a fixed cycle time.

Besides adjusting trip time design, one common ap®ral strategy to prevent vehicles to
operate ahead of schedule is holding. Holding tadyevehicles may improve service
reliability, resulting in both shorter passengeavél times and less crowding. Although
holding is an operational instrument, the main iotga determined in the schedule design
phase. In this chapter, we analyzed vehicle holtbndpoth long and short-headway services.
One of the main issues regarding holding we ingagtid is the trade-off between passengers
in the vehicles (suffering from holding) and pagges downstream (benefiting from
holding).

When dealing with vehicle holding, it is importaotdistinguish two types of arrival patterns
of passengers at their departure stop, namely astgwedrrival and arriving at random. We
calculated the expected travel time effects byyapglthe control framework of Chapter 2 for
both situations. If passengers arrive consultimgsthedule (mainly when headways are long)
our research (both a theoretical approach and etigmh case) showed that designing 2
holding points is adequate and the optimal perentlue lies between 30 and 60. This
depends on the characteristics of the line. Thengb{percentile value mainly depends on the
following variables:

- The value of the relative standard deviation. Tiglér the standard deviation, the
higher the optimal percentile value.

- The number of holding points. The impact of twodied) points on the additional
travel time is greater than when only one is ubetlalmost equal to three or four.

- The best location for a holding point depends @ndistribution of passengers on a
line.

Vehicle holding at all stops also reduces the ayemdditional travel time per passenger, but
our analysis showed that more than 2 or 3 holdmigtp does not reduce the additional travel
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time anymore. However, that way, holding time isegjol more over the stops and passengers.
But again, it depends on the distribution of pagsesnon the line how effective this is.

We also investigated the impacts of vehicle holdiigen the arrival pattern of passengers is
at random. In that case, we explored two typesobdihg, that are schedule-based holding
and headway-based holding. Despite a significacudan holding in current literature, some
important aspects have not been researched préuios our research we explicitly
considered the maximum holding time, the reliapititffer time and, in the case of schedule-
based holding, the percentile value used to desigrschedule. Both an actual line in The
Hague (tram line 9) and hypothetical lines are yread with various levels of trip time
variability. Both headway-based and schedule-bdselding have the largest effect if
deviations are high. When applying schedule-basddirig and a maximum of 60 s. holding
time is applied, the optimal value of the percentiblue becomes about 65% for all lines
analyzed. When no maximum holding time is applisdhedule-based holding is more
effective, while there is no difference when thexmaum holding time is set to 60s. This
research also shows the effect of holding on crogidAn average level of irregularity of
20% may decrease to 15%, enabling either small@cheecapacity slack or less crowding.

When comparing the results of our analysis oftinpe determination and vehicle holding, we
should note that the possibilities to apply thesgtruments differ. Using a low percentile
value for scheduled trip time yields positive résuh the case of long-headway services. If a
break point exists in the passenger pattern otirtagvehicle holding may be applied, in both
short and long-headway services. In contrary tp tnne determination, vehicle holding
affects both passengers in the vehicle and passeag¢he stops. We proved that the trade-
off between these two groups requires higher péiteeralues that the ones we found in our
trip time research.

In this chapter we demonstrated the interactiowéen the tactical design and operations. To
reduce the average additional travel time per pagse we showed that lower percentile
values to determine the scheduled trip time thaditionally used are beneficial. This
prevents many vehicles to depart early. In addjtiwe have analyzed vehicle holding. We
showed that this instrument reduces early vehiefgadure as well, but should not be treated
only as an operational instrument. We demonstrtedmpacts of timetable parameters on
the average additional travel time per passende.résults shown are based on research of
both actual and hypothetical lines, supported hyiaternational survey presented in Section
3.2.3. This way, the results may be used for pubdicsport research in other cities as well.

In Chapter 5, the impacts of the strategic desigmetiability were shown. Together with the
results of the tactical design in this chapter, k&t chapter will provide a synthesis of the
results. We will present a tentative cost-effecie®s assessment of the instruments and the
possibilities of combining planning instruments digcussed.
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7. Synthesis of research findings

7.1 Introduction

In Chapters 5 and 6 we have explored strategictactctal instruments for service planning
and we assessed their impacts on service reliabilfe demonstrated that these instruments
incorporate the dynamic character of operations the planning process and that they are
able to set conditions to achieve a higher levedastice reliability. Although we showed one
of the main passenger benefits of these instrumbetag less average additional travel time
per passenger due to service variability, a mormapcehensive approach will provide more
insights into the wider range of impacts of thesgtruments. In this chapter, we provide a
synthesis of our research findings, including atatwe cost-effectiveness assessment, an
analysis of possible combinations of instrumentd anreflection on our main research
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assumptions. This way, we will demonstrate the eadti the investigated instruments with
regard to practical implementation and further aesle.

In this chapter we will tentatively assess the -@ffctiveness of the instruments presented in
the previous two chapters. We present generalimdstations of all instruments introduced in
our research, along with the expected (welfarephtsn based on accepted methods of a cost-
benefit analysis (CBA), as described by for insea@®B/NEI (2000), Annema et al. (2007),
Rietveld (2000) and Johansen (1991). In the pastjce reliability has proved to be hard to
guantify in terms of costs and (welfare) benefiisigdal 2004, OECD/ITF 2009 and Snelder
2010). Our new indicator introduced in Chapterhattis the average additional travel time
per passenger, however helps to quantify the hbsnefuch better, since we demonstrated
how to translate service variability of vehiclegoiradditional travel time for passengers.
Literature on the value of travel time reductiondavalue of travel time uncertainty is
available (Wardman 2001, Rietveld et al. 2001, Btnyi of Transport and Ministry of
Economics 2004), although knowledge of the latspreat is limited.

In addition to the cost-effectiveness assessmemt, have investigated the combined
application of the instruments presented in oueaesh. In Chapter 4 we presented several
instruments separately while in this chapter we @dborate on the potential mix of strategic,
tactical and operational instruments to achievehigbest possible level of service reliability,
considering the economics of the instruments. Sipegieasures may be derived from all
instruments, differing in type, intensity, locatianoment of application, etc. The optimal set
of measures depends on several of such variablesy Eity, every system will have its own
specific set of optimal measures. This chapter wdlude a methodology that helps planners
in practice to construct this set.

In the introduction of this thesis, the scope of msearch was set. In our control framework
presented in Chapter 2, we assumed a number oftioorsdand constraints for our subject.
This chapter will reflect on the scope and the agdions and on their expected impacts on
the resulted findings. In our research, we onlystiered recurrent delays being the “normal”
daily delays in public transport, when no blocking the infrastructure occurs. The
infrastructure is assumed to be fully available.cbntrast, Tahmasseby (2009) presents
extensive research on non-recurrent delays in urpahlic transport. This chapter
demonstrates that some instruments aiming at reguwi preventing recurrent delays are also
beneficial in dealing with both non-recurrent dslaghereby increasing the benefits of such
instruments.

The first section (7.2) deals with the cost-effestiess assessment, while Section 7.3 presents
synergy effects of combining instruments. In Sectt4, our instruments are compared to
instruments reducing the impacts of non-recurrexidyd. Section 7.5 reflects on the main
assumptions and constraints of our research, pgrayichsights into the sensitivity of the
presented results. The last part of the chaptesepte a summary and conclusions (Section
7.6).
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7.2 Cost-effectiveness assessment of design instants

In Chapters 5 and 6, we have determined impacssrafegic and tactical design instruments
on the level of service reliability. In these chapt we presented the reduction of additional
passenger travel time from departure to arrivap sdae to less service variability while
equally the parallel reduction of travel time uriagrty was indicated in some cases by the
reliability buffer time (RBT) introduced by Furtma Muller (2006). The main contribution of
our research is showing the impacts of improvingvise reliability on passengers, by
calculating the reduction of the average additidrealel time per passenger. Both passengers
and operators/public transport authorities bermsfithese improvements due to welfare gains
and additional revenues respectively. However, hirgktit is important to assess the costs of
the instruments as well, next to the welfare gaiftis way, we may illustrate the cost-
effectiveness of all presented instruments. Theowoehg assessment has been based on a
regular cost-benefit analysis (CBA, see for instadchansen 1991, CPB/NEI 2000, Rietveld
2000 , Annema et al. 2007 and Ministry of Trans@@®8b). In this assessment we compare
the effects of the application of our instrumemwtshte situation without these instruments.

To assess the related costs and benefits, all mtakeholders involved in public
transportation need to be considered. For eaclhumsht, we will identify and assess the
main components of the costs and benefits for eah actor. Finally, this section concludes
with an indicative cost-effectiveness assessmetiteoindividual instruments.

7.2.1 Stakeholders of public transport planning

Before presenting the assessment of costs anditseokinvolved actors per instrument, it is
important to identify the main actors involved aheir (financial) role. In public transport,
costs and benefits are divided over several actash having their own perspective. The
main actors are:

- Passengers;

- Operators;

- Public transport authorities;
- Infrastructure providers.

We do not consider all parties involved, such &s ldgislator and drivers and unions, but
focus on the main ones mentioned above. Socieggirral is an actor as well and is relevant
if the total effects of mobility (of all modes) atensidered. Accessibility, safety and land use
are examples of societal issues with regard to hippbBections 4.3.2 and 4.4.2 gave a
detailed description of the stakeholders at thenrpleg and operational levels of public
transport. Due to the different actors and rolests and benefits of instruments may affect
different parties in different ways. In dealing vthe introduction of instruments this requires
attention. For instance, extra revenues from grgwitkership may result in higher income for
operators and/or authorities, while the extra coséy affect the infrastructure providers as
well. The distribution of costs and revenues depemtthe contracts between authorities and
operators. The passengers are the users of trersgsid they pay for the service, although in
most cities in the world, this revenue is not erfotm cover the total costs of the system. In
that case, public transport authorities providessgiibs to the operators to cover some of the
costs. In the end, they are responsible for totability and accessibility of the areghe
public transport authority also represents socaégtgt has an interest in safe and sustainable
transport, besides financial issues. The role efdperator is to provide the service as agreed
on with the public transport authority. Several pb#ities exist concerning the ownership of
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vehicles and infrastructure in relation with theblpwi transport authority. The last main actor
is the infrastructure provider. In some casespotherators or public transport authorities have
this role. In the Netherlands, the local municipedi are often responsible for the
infrastructure and the maintenance. In the analyslew, we will give a reflection on the
cost-effectiveness of service control instrumeFRtgther research on local organization and
agreements is recommended when considering theogedpinstruments, since costs and
revenues may be allocated differently.

7.2.2 Costs of public transport supply

As we argued above, we compare in our cost-effecdgs analysis the effects of our
instruments with the situation when no instrumeate applied. The potential costs

components of public transport supply, that arevaht in that case are illustrated per actor in
Table 7.1 (based on Rietveld 2002) and will be dieed below. For simplicity sake, we have

taken the change in travel time costs of passeragebenefits, see Table 7.2.

Table 7.1: Potential cost components of public trasport supply

Actor Cost component

Operator Additional operating cosfs

Public transport authority| ~ Additional operating &4

Infrastructure provider Infrastructure investments
Infrastructure maintenance

Society Decreased traffic saféfy
Additional noise emissioAs

Additional carbon dioxide and nitrous oxides
emission$®

" exact distribution between operator and publiawsport authority depends on local
financial agreements

Zin the case of additional public transport vehiclre required

% depending on the investigated alternative, “aduitil” or “decreased” may also be
negative

The cost component of public transport may be @dithto two main categories (Ministry of
Transport 2005). The costs of infrastructure (bmghstruction and maintenance) are the first
part. The second part consists of operating cdsts last part may be divided into three
subcategories:

- Capacity costs, determined by the number and tfpelocles needed for operations;

- Hourly costs, indicating that every hour of operas will cost a certain amount of
money. The main element of this type are the cufstise crew;

- Kilometre costs, which depend on the distance dri¥a example of these costs are
the costs of energy.

Some costs belong to more than one category. Mente® costs for example are partly based
on the distance driven and partly on the hours pdrations. The hourly costs consist of
productive and unproductive elements. The prodagbart is the time in the schedule which
is open for passengers. Layover time, deadheadidgngéerlining is considered unproductive.



Chapter 7: Synthesis of research findings 201

However, increasing the unproductive hours mayease the level of quality for passengers.
We demonstrated in Chapter 6 that scheduling ledsclke trip time (i.e. using lower
percentile values) and more layover time resulteettuced passenger travel time. The most
complex part of the operating costs are the capaoists. Due to the discrete character (the
number of vehicles is an integer) there is no linedation in determining these costs. The
number of vehicles is determined as shown by Egnatil (presented in Chapter 4). If total
cycle time is 1 minute more than a multiple valdettee headway, a minute less trip or
layover time may decrease the needed number otleshby one. On the other hand, an
increase in trip or layover time of an amount afdiless than the headway minus 1 does not
increase the number of vehicles needed. In the ofdetal cycle time being exactly a
multiple of the headway, this mechanism works ttteoway around. This integer character
limits proper comparisons and analyses of costa ganeral level. In our research, it is only
indicated that additional vehicles may be needed.

In our cost-effectiveness analysis, we will focusthe cost components mentioned above.
Table 7.1 also shows societal cost componentsrasudt of additional vehicles that might be
required for some of our instruments. These effettsh as decreased traffic safety, noise and
emissions are limited and since the additional nrendd vehicles needed is assumed to be
limited as well, these effects are not considered.

7.2.3 Benefits in public transport

Concerning the possible benefits of public transplable 7.2 summarizes the main potential
benefit components (based on Rietveld 2002), ml&deour instruments, differentiated per
actor. We will elaborate on these components bealownore detail. Note that we mainly
focus on service reliability improvements and reaauc of additional travel time. This
additional travel time is the result of serviceighility (and determines the total travel time
when added to the scheduled travel time) and vellrédduced when service variability is
reduced. Pure travel time reductions may be ingatpd in the schedule and do not affect
additional travel time. However, these reductiors laeneficial for passengers (travel time)
and operators (operating costs).
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Table 7.2: Potential benefit components of public&nsport

Actor Benefit component
Passenger Reduced scheduled travel time
Service reliability improvement

- Reduction of additional travel time due to seewariability

- Reduction of additional travel time variability

- Reduction of crowding and increased probabilitfireding a seat
Operator Additional ticket revenues

Public transport authority|  Additional ticket reverst

Society Improved accessibility

Improved traffic safefy

Decrease of noise emissiéns

Decrease of carbon dioxide and nitrous oxides éamiss
Increase of spatial qualfty

 exact distribution between operator and publiawsport authority depends on local
financial agreements
2 due to reduced car mobility

As mentioned before, the main benefits of enhaseedce reliability we investigated are the
reduction of additional travel time per passenged és variability. Instruments do not
necessarily improve both the average additionaketrame and variability of additional travel
time. In some cases total cycle time and schediihee will be affected by instruments as
well (affecting operating costs and passenger trave respectively). The main component
of travel time that is reduced by increased servambility appeared to be waiting time.
Chapter 3 demonstrated that in urban areas wattingtitutes a substantial part of the total
travel time, due to short journeys. Section 2.3@lated on the perception of waiting
showing the relative weights for waiting that inggliit is perceived 1.5 times longer than in-
vehicle time. When passenger travel times in pulbiiosport are reduced, two main effects
occur. The first one is that existing passengel$ venefit from the reduced (additional)
travel time and that thus their consumer surplusingrease. Figure 7.1 shows the relation
between price (or travel time) and quantity (theges of public transport expressed by
number of passenger, trips or travelled kilometres)illustrate this (Rietveld 2002). A
reduced price due to reduced (additional) travektbf P (with an original price of § will
result into an increase of the consumer surplugtherexisting passengers of area A. The
second effect is that the competition position cared to other modes will be improved due
to reduced (additional) travel time. This will letda higher public transport usage (Bovy and
Van Goeverden 1994) of°’Q-Q* and thus higher revenues for the operator andiotiqp
transport authority. We will indicate the potentalditional revenues by the expected growth
of ridership. The travel time benefits of the neasgengers are illustrated by area B in Figure
7.1. Empirical research is available enabling ta&wdation of the travel time benefits of
passengers and the new ridership due to reducesl thme (Balcombe et al. 2004).
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P = Price

p ) Q = Quantity as function of price
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Figure 7.1: Relationship of quantity (hnumber of pasengers) and price (travel time) and
consumer surplus

Concerning the effects of reduced variability omsamer surplus exactly the same reasoning
holds. In our cost-effectiveness assessment, tbeeased level of service reliability is
translated into shorter perceived average additipassenger travel times for both existing
and new passengers. Secondly, the variability ef akerage additional travel time per
passenger will be reduced due to service relighiistruments, leading to additional welfare
gains for both existing and new passengers. Howavehe following we will focus on the
average additional travel time and will only indieahe effects of less variability of this
additional time. Rand and AVV (2005) showed thasgemgers value one minute standard
deviation of travel time 40% higher than a minuteegular travel time. In our research we
used the RBT (Furth and Muller 2006) to indicates tbffect. However, more research is
recommended on this topic, since not much attentias been paid to this issue so far,
especially to the relation between vehicle trip éiwariability and passenger travel time
variability. In road traffic, Snelder and Tavas$2(10) discussed this issue as well and they
state that the method to deal with this in roadfitrgorojects in the Netherlands (i.e. travel
time variability gains are assumed to be 25% ofttheel time gains (Besseling et al. 2004) is
an underestimation and is very project specific.

In Section 2.4, we showed that improved servicebdity also may lead to less crowding
and an increased probability of finding a seat.eegly in short-headway services this effect
is relevant, but since we only tentatively assbgscost-effectiveness of the instruments we
do not incorporate this issue. We recommend maeareh on this topic.

As Table 7.2 shows, societal benefits arise as du#l to our instruments. The quality of

public transport increases, a modal shift may beeaed and car mobility may be reduced.

This will lead to increased traffic safety and asshbility, less emissions and noise and more
spatial quality. However, since we expect theseoct$fto be limited due to our instruments
we only focus on the effects discusses above.
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Since we calculated the reduction of the averagitiadal travel time per passenger per
instrument in Chapters 5 and 6, we are able tonasti the benefits using existing techniques
to assess travel time benefits and increased higber§he analysis presented is on an
aggregated level, in which the total effects fdrpgssengers are estimated. The following
relationships and assumptions are used in thississmnt:

- We focus on passengers travelling from stop to stop single line (including
waiting). Transferring is not incorporated expligitout is assumed to be the start of a
new journey. Access and egress time are assumed hetaffected. The average
passenger journey (in a 100% reliable situatiomsis of 9 minutes in-vehicle time
and 2 minutes of waiting time at the stop. The sas@nd egress time sum up to 5
minutes. These numbers are based on characteanétios urban public transport in
The Hague,

- A decrease in passenger travel time (stop to stojuding waiting) of 1% will lead to
a ridership increase of 0.5% (Bureau Goudappelebgffl987, Balcombe et al. 2004)
(i.e. a demand elasticity of travel time of -0.5);

- To incorporate passenger perception of travel toraponents, the weights as shown
in Section 2.3 are used (Van Der Waard 1988).

7.2.4 Cost-effectiveness assessment of reliabilihanagement instruments

In this section, we confront the benefits of theiwdual instruments with their costs to assess
the added value of each of the instruments. Inagmessment we focus on the difference
between the situations with and without the inseanmapplied. The costs consist of the
elements presented above; the benefits are exgdrassthe reduced (additional) travel time
due to reduced service variability. We translateesé into welfare gains for both new and
existing passengers. The expected increase oshigleis presented as well as an indication of
additional revenues. To get an impression of thesefits, an estimate has been made of how
beneficial the instruments in The Hague area, baseah assessment of how many lines and
which time periods (e.g. peak vs. non-peak houray fme improved. The instruments are
analyzed separately and summarized in Table 7.8.

7.2.4.1 Terminal design

In Section 5.2 we introduced service reliability @s objective in infrastructure design,
namely the design of terminals. The type of termamal the number and location of switches
proved to be main variables determining the detey ts experienced by vehicles using the
terminal. Table 7.3 shows the main costs and bsnefithis instrument per actor, which are
explained and estimated below.
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Table 7.3: Potential costs and benefits of terminalesign instrument

Actor Costs Benefits

Passengers - Reduction average travel time
- Reduction additional travel time
- Reduction variability additional

travel time
Operator/ - Reduced operating costs Increased ridership
Public transport authority| (vehicle and hours) - Additional revenues
Infrastructure provider - Additional or different
located tracks and/or
switches

- Infrastructure maintenance

The number of switches and lengths of tracks maidgtermine the infrastructure
(maintenance) costs. Besides, the location of s@ganay influence the costs if constructing
conditions differ per potential location. Conceritmnese costs, we roughly estimate that the
additional costs in the case of adding switches @wmadks to a terminal are € 50,000 -
€100,000 per year (Ministry of Transport 2005). @tieg costs are affected by the size of
the delays in the terminal, since structural delzyssed by suboptimal design may lead to an
extension of cycle time. This instrument may thesuit in decreased costs of operations and
fewer vehicles may be necessary to fulfil the saled Saving a rail vehicle (and
unproductive hours over the complete day accorgifge. extended layover time)) by
decreasing cycle time saves about € 1 million par ybased on Ministry of Transport 2005).

Optimal design of terminals, considering the lewélservice reliability, leads to shorter
passenger travel times than currently is the CHse.variability of passenger travel times will
also decrease, since punctual departure will retlueevariability of vehicle trip times. Our
study in Chapter 5 showed that optimal terminaly pravent up to 1.5 minutes of additional
travel time per average passenger. In the cityled Fague, the travel time benefits may be
about € 2 million per year, when the number of ptiéé lines and time periods are taken into
account. This quality improvement may result in aximum increase in ridership of 5% per
line (and revenues accordingly) considering theeganjourney characteristics presented in
the beginning of this section.

7.2.4.2 Line coordination
The relevant costs and benefits for the line camtitbn instrument, as described by Section
5.2, are shown by Table 7.4.
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Table 7.4: Potential costs and benefits of line codination instrument

Actor Costs Benefits

Passengers - Reduction additional travel time
- Reduction variability additional
travel time

Operator/ - Increased operating costsIncreased ridership

(vehicle and hours)

Public transport authority - Additional revenues

Infrastructure provider

For the line coordination instrument, no additioimdlastructure is necessary, so no additional
infrastructure costs (construction and maintenaacise. The operating costs however may
increase, because introducing coordination in adwale may require additional vehicles to be
run in order to fulfil the schedule. Normally, teehedule of one line is fixed on one time
point and cycle time may be optimized for layouare and trip time. When coordination is
applied, schedules of two or more lines will be reeeted and fixation is forced. This may
lead to suboptimal layover time (for the numbervehicles) which may result in more
required vehicles than in the case of two sepavatencoordinated lines. We estimate the
costs of this additional vehicle (and unproductieeirs over the complete day accordingly) to
be € 1 million per year for tram operations and®,800 for bus operations.

The benefits of coordination are that two coordddalines on a shared route offer higher
frequencies and in addition, many direct connestiare enabled. To assess the benefits of
coordination, we conducted an analysis, calculatimgdecrease of total additional passenger
travel time due to service reliability. It is showimat the impacts of coordination greatly
depend on the schedule adherence characteristieafoordinated lines. The instrument of
coordination is not beneficial in all cases. Orflys¢chedule adherence is high, or schedule
deviations of both lines are similar, this instruthgeduces (variability of) passenger
additional travel. Our analysis in Section 5.3 sbdwa possible increase of perceived
frequency of 5-40%. We estimate the welfare gauns b travel time reduction for existing
and new passenger to be € 1.5 million per yeathm Hlague, considering potential lines and
moments of coordination. Ridership and revenuescawrdinated lines are expected to
increase by 5-15%.
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7.2.4.3 Line length

In Section 5.4, we introduced the new design dilenohline length vs. service reliability.
Table 7.5 presents the potential costs and benefithe line length instrument. These
elements will be explained below.

Table 7.5: Potential costs and benefits of line Igth instrument

Actor Costs Benefits

Passengers - Increased travel time due to
more transfers

- Reduction additional travel time

- Reduction variability additional
travel time

Operator/ - Increased operating costsIncreased ridership

(vehicle and hours)

Public transport authority - Additional revenues

Infrastructure provider - Additional terminals

Regarding the infrastructure costs, shorter lineay mmequire additional infrastructure
facilities, namely terminals. In the case of busragions, existing road facilities may be used
most of the time. However, crew facilities may beeded. In the case of rail bound
operations, turning facilities are more complicatdfd the service is operated by one-
directional vehicles a turning loop is necessamthk case of bi-directional vehicles, no loops
are required and crossovers may be used to sace.dfgawever, capacity may become an
issue then, as we have demonstrated in ChaptdreseTfacilities need to be constructed and
maintained. Sometimes, adequate rail infrastruatigdready available and may be used (as
for instance shown by Van Eck 2008). The yearlytxa$ a rail terminal (construction and
maintenance) are estimated to be € 150,000 perR&d).

Considering the operating costs, two short linestgpically more expensive than one long
one, since the total amount of layover time propabll be longer. This additional time may
require an additional vehicle as well to operate shorter lines. As presented above, we
estimate these costs to be € 500,000 (bus) to €llibrm(tram) per year, including both
capacity and operating costs (i.e. longer layouwaes). On the other hand, costs may be
reduced as frequencies on both lines may be adjustthe demand on both parts separately
instead of equal frequencies on the whole line. @ant and Drost (2008) present how to deal
with this, including possible coordination issues.

Section 5.4 presented the trade-off between theiymand negative impacts for passengers
of reducing line lengths. Shorter lines imply moe&able services and less passenger travel
time on the one hand and additional transfers erother hand. Depending on the passenger
pattern and the departure punctuality charactesisshorter lines may result in overall shorter
passenger travel times and less unreliability. iBecs.4 demonstrated cases in The Hague
where shorter lines lead to overall shorter passemgvel times. The welfare gains for
existing and new passengers are roughly estimatéé € 2.5 million per year. Considering
the general characteristics of a passenger jouagepresented in Section 7.2.2, the decrease
of total travel time of about 10% may result in ab6% more passengers and revenues per
line.
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7.2.4.4 Trip time determination

The determination of scheduled trip time was onéheftwo schedule design issues that we
dealt with in Chapter 6. Section 6.2 showed anyaisbf the design of scheduled trip time in
long-headway services and the impacts on additipassenger travel time. Table 7.6 shows
the potential costs and benefits of this instrument

Table 7.6: Potential costs and benefits of trip tira determination instrument

Actor Costs Benefits

Passengers - Reduction additional travel time
- Reduction variability additional
travel time

Operator/ - Increased ridership

Public transport authority - Additional revenues

Infrastructure provider

No infrastructure is involved in this design isswdich means no infrastructure costs are
involved neither. Cycle time was considered fixieaplying that the operating costs were not
affected. Only the ratio between direct and indifesurs is adjusted, when the scheduled trip
time is changed. Actual passenger in-vehicle times not affected, since vehicle trip
variability is not changed. This instrument thusimhayields benefits, being less (variability
of) average additional travel time per passengéerfaving assessed the number of lines
and periods of time for which this instrument isnéfcial, we estimated the travel time
benefits to be € 5 million per year in The HagueleRship growth of 5-15% per line (and
additional revenues accordingly) is possible by lgpg the optimal percentile value,
calculated by using reduced passenger travel tohbsth the cases and theoretical studies in
Section 6.2.

7.2.4.5 Vehicle holding
In Section 6.3, we analyzed the instrument of Vehiolding. Table 7.7 presents the potential
costs and benefits of this instrument.
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Table 7.7: Potential costs and benefits of vehiclelding instrument

Actor Costs Benefits

Passengers - Reduction additional travel time
- Reduction variability additional
travel time

Operator/ - Increased ridership

Public transport authority - Additional revenues

Infrastructure provider

Similar to trip time determination, the instrumeoft vehicle holding does not affect the
infrastructure design. However, attention must bil o the capacity of the holding point.
The vehicles held may block vehicles of other lin@ests of operations are unaffected, as
cycle time is considered to be fixed. The benedits/ehicle holding are reduced average
additional travel time per passenger (for both teagsand new passengers), a higher service
reliability and the related growth of ridership arelenues. In the case of The Hague we
estimated the welfare gains due to travel time ¢gdns to be € 4 million per year. We
performed a study indicating the level of ridersimgrease that is to be expected when
holding is applied (see Section 6.3). Using emalrfesearch, as mentioned in Section 7.2.2,
we calculated that the lines investigated in treecudy will facilitate 5-10% more passenger
journeys due to enhanced service reliability. Thalyed hypothetical lines showed similar
results.

7.2.5 Conclusions

Table 7.8 summarizes the indicative conclusions tloé tentative cost-effectiveness
assessment of the five instruments given above cdbts are divided into infrastructure costs
and operating costs. Travel time costs of passeraer considered as benefits, since all our
instruments reduce passenger travel time. Whilastifucture costs mainly arise at the start
of the project, operating costs occur during thenglete period of operations. The benefits
consist of additional travel time and time varidhilsavings for passengers and additional
revenues for the operators and public transpotticaity. In the table, it is only indicated
whether costs occurs (much (--) or less (-) extrsts), savings are possible (much (++) or
less (+) savings) or no impacts arise (0). Sinaall@haracteristics are very important, a
bandwidth is provided. Since all instruments magld/ireduced additional travel time
(variability) and increased ridership and reventies,benefits are indicated correspondingly
by a + or ++.

In the cases of vehicle holding, coordination ainé length, the impacts of the instrument
depend on other variables as well and thereforgethresstruments do not always yield positive
results. In that case a “0” is indicated. To gegemeral view on the economics of the
instrument, the result of costs and revenues anerghy indicated, taking the bandwidth and
probability of both into account.
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Table 7.8: Tentative cost-effectiveness assessment

Instrument Infrastructure | Operating | Passenger Operator Total
costs costs benefits | revenues

Terminal design 0/-/-- +/0 + + +/0

Coordination 0 0/- +/0 +/0 +/0

Line length 0/-/-- +/0/- +/0 +/0 +/0

Trip time | O 0 ++ ++ ++

determination

Vehicle holding 0 0 ++/+/0 ++/+/0 ++/+/0

Table 7.8 shows that both tactical instruments havdear positive balance whereas the
strategic instruments show a more scattered rédliiether these latter instruments are cost
beneficial strongly depends on other factors as. gdtimizing terminal design is beneficial
for passengers, but may require higher costs caedptr traditional design. However, we
showed that the costs per year are much less fieabennefits. Coordination and shorter lines
may be effective, but the effects depend on fotamse deviations’ and passengers’
characteristics.

In Chapter 3, we roughly estimated the costs oéliatility at € 12 million per year in The
Hague. In this section we assessed the effectigeakshe planning instruments for The
Hague and we estimated a possible reduction o&tbests of € 8 million per year when the
instruments are applied on the potential lines dadng the time in which they may be
beneficial. The combination of effects of all instrents applied together has been assessed as
well. The costs are expected to be maximum € 3ianilper year. This demonstrates the
added value of implementing the planning instrureewe propose in our research. In
addition, it is important to note that the impagenerally are underestimated, since the
reduction of the variability of the additional tel\time has not yet been estimated explicitly.
However, all instruments we introduced will redubes variability to some extent and since
passengers consider this variability 40% more \@d&idhan travel time (Rand and AVV
2005), we made a rough estimate that the actuéd observice unreliability and the potential
savings are at least twice as high.

In all cases, detailed research on costs and eséibuld be conducted in order to gain more
insights into local and financial details. In Chaxgt5 and 6 we provided tools and methods
we developed for such applied research. Indepenadletite exact results, it is clear that
service reliability should be considered explicitlyring public transport planning, as it is
quite likely that these instruments not only leadrtore reliable transport services but to a
better overall performance as well and thus habstantial consequences for the cost-benefit
ratio of public transport projects.
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7.3 Synergy effects of combined instruments

This section deals with possible combinations efitistruments described in Chapters 5 and
6. We expect synergetic effects of joint implem&ataof several instruments. In Chapter 4
we already concluded that a combination of opematianstruments is powerful in dealing
with unreliability. This chapter extends this sta@nt by investigating the power of jointly
implementing a set of instruments from all threeele of planning. Different measures may
be derived from the presented instruments, varyinipr instance the location, the moment
and intensity of application. We have developed ethadology that helps designers and
planners to choose the best set of measures winemgaat a high level of service reliability.

In Table 7.9, instruments are summarized at thedlaaning levels. These instruments are
described in detail in Chapter 4. The instrumemtestigated in our research are indicated. In
this section we address possible synergetic effgctair instruments, both on the horizontal
and the vertical direction. This implies both a ¢amation of instruments at the same level
and a combination of instrument from different lisve

Table 7.9: Available instruments, including the scpe of our research

Level Instruments

Strategic | Infrastructure| Terminal design Stop design  Exclusive lanes Teaff
Network light

priority

Service Line coordination Line length| Line Stopping
Network synchronizatior| distance

Tactical Trip time determination Vehicle

holding

Our investigation does not focus on all possiblategic instruments. For example line

synchronization, exclusive lanes, traffic lightgity and stopping distance are not analyzed,
as much literature is already available on thedgests (see for instance Ceder 2007, Vuchic
2005 and Van Nes 2002). Further research shoufitefermed on the combination of these

instruments, since we focus here only on the ingtruments we introduced in Chapters 5 and
6. Further research is recommended on capacitybanurail bound systems as well. In our

research, only terminals were analyzed in detdieneas dealing with service variability and

unreliability related to stop design is importastveell. Further research is recommended on
this topic, since a dilemma of investment costssesvice reliability arises.

When selecting the best set of instruments foalbdlty management, some characteristics of
the system that will be (re)designed are of impur¢a First of all, it is important to consider
whether a new system is designed or an existingsys adjusted and optimized. In the case
of an existing system, the infrastructure is hatdeoptimize, since infrastructure is already
available and is expensive to adapt. In generalhtgher the level where the instruments are
applied, the better. Strategic instruments are nsotainable and their existence is better
guaranteed over years, especially if they are eélab infrastructure. Infrastructure is
constructed for decades and will not be adjustadyeailthough the infrastructure costs are
high, the effort needed over the total life cyddimited, while revenues will be continuous
during this time frame. Considering the cost-effamiess presented in the previous section, it
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is recommendable to apply the trip time instrumantall cases. The vehicle holding
instrument is interesting too, but it only has &ipee impact if a clear break point exists in
the passengers’ pattern along the line.

If several instruments are used in combination, cbmbined result on service reliability
generally will be more than the result of the sengistruments alone. However, due to the
application of the first instrument, the input the second instrument will be less disturbed
and similarly, the results will be less. In thaseathe combined results of both instruments
will be less than the sum of individual resultseTdmount of overlap in resolving potential
greatly depends on local characteristics and @etadsearch is always necessary.

Above, a first indication has been provided howcteate the optimal set of instruments
leading to an optimal level of service reliabilifijo help with constructing this set, a general
methodology is shown by Figure 7.2.

It is important to note that this methodology mgifdcuses on service reliability and should
be used as one of many parts in the regular dgsigoess. This process has a cyclic
character. The first, indicative network proposalconsidered the starting point after the
desired level of service reliability is set, amantber public transport quality objectives such
as speed, comfort, etc. These objectives are basetthe main goals of the project, for
instance enhanced accessibility, modal shift oremgustainable transport. Resources and
constraints are relevant in this stage as well. flagn ones are budget, available space and
acceptance of inhabitants. After setting the pretkrindicative network concerning these
objectives, service reliability is considered. Dgria cyclic process the optimal network will
be found, concerning all objectives.

When the indicative network has been set, the stext is to check whether the line length is
optimal. For this analysis, knowledge of the prérgi passengers’ pattern (i.e. the
characteristics of boarding, alighting locationsd astcupancy along the line) is required,
which may be provided by ridership or network mddglstudies. If a break point (i.e. many
boardings and alightings) exists in this pattemar, tesearch, as presented in Section 5.4
enables proper decision making with regard to #sgh of one long line or multiple shorter
ones. This leads to the next step being the chéwkher coordination might be beneficially
applied. When the line is part of a branched nétvamrd a strong corridor exists, coordination
should be investigated. In Section 5.3 we providednethod to assess the benefits of
coordination.

After these steps, the service network appeardlesiad. The infrastructure supports the
service network and has to be designed accordi@gypacity of terminals requires special
attention. In Section 5.2 we presented a methodleweloped enabling this analysis. If the
expected delays are considered to be too largajrtals may be adjusted or the service line
network should be adjusted, being an iterative ggec The research described may be of a
high level of detail or a quick scan might be pblkesienabled by graphs that are provided in
our research.

At the tactical level, the proposed service netwamnkl infrastructure are used as input. The
main first question before starting the design hed schedule is whether the frequency is
considered yielding at random or scheduled passerggals at their departure stop. In our
research, we assumed this to be related to shrdidng-headway services. In the case of long
headways, the determination of scheduled trip tismeelevant. Driving ahead of schedule
should be prevented, minimizing the average addititravel time per passenger. In Section
6.2 we presented our research findings enablirsgtdhe optimal scheduled trip time. In both
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short- and long-headway services, vehicle holdinghinbe applied. An indicator for a
beneficial introduction of holding is when the pasgers’ pattern has a clear break point.
Break points of passengers also indicate the pbgsilif designing shorter lines, as described
above. Breakpoints indicating possibilities for iadd holding may show a larger amount of
through passengers than breakpoints interestingstiorter lines. The negative effects on
passengers are less by applying vehicle holdirfgctafig the trade-off between passengers
downstream the break point and in the vehicle.eligle holding is proposed, it must be
checked whether the capacity of the holding postsufficient. This element requires
attention, especially at holding points that faate multiple lines. Either a detailed analysis
or a quick scan helps to select the best set ofunesa at the tactical level.

As the instruments and derived measures choseotlatstrategic and tactical levels will not

reduce the service variability and unreliabilitynggetely and non-recurrent delays will occur
as well (which will be the topic of the next sealipit is recommended to plan and train a full
set of operational instruments as well. The optirsal of operational measures is not
investigated in this research study, although damming instruments will reduce the need for
operational measures. In Chapter 4, we addressegdhsibilities found in literature and

practice. With our methodology, a total set of nueas may be constructed, consisting of
strategic, tactical as well as operational measdieis will enable public transport operations
with a high level of service reliability. Due toethapplication of planning instruments,

operations will be less complicated as well.
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7.4 Impacts on non-recurrent delays

In our research, we analyzed recurrent delays dr@yyg common delays that arise when all
infrastructure is still available. Several possil@é are described to improve service
reliability in case that passenger travel time égatively affected by recurrent delays. In
Tahmasseby (2009), several infrastructure and aanetwork design choices are introduced
enhancing the robustness of public transport ndtsvand reducing the impacts of non-
recurrent delays, being delays that occur due &vaitability of (parts of) the infrastructure.

The design issues and their general expected ispaet presented in Table 7.10. All
instruments concern design choices at the strateggt, no timetable issues are considered.

Table 7.10: Instruments preventing or decreasing iqacts of non-recurrent delays

Instrument Impact

Shorter lines Less geographical impacts of blocking
Bypasses End to end line operations is still pdssib
Short cut infrastructure End to end line operatisnsill possible
Turning facilities Reduced line length without seev

The design issues included in Table 7.10 provelet@roper ways to reduce or prevent the
impacts of non-recurrent delays on passengers.r&egaour research on recurrent delays
presented in this thesis, we have compared thgrebbices and instruments to gain insights
into the possible synergy effects of instrumentsyhergy exists, this positively affects the
design process with regard to applying our planninsgruments. Below, the instruments of
Table 7.10 are described and the impacts on retdutedays are mentioned as well.

The first instrument is the design of shorter linEsis way, vulnerability is reduced, since a

blocking of the infrastructure only affects onetbé two shorter lines, instead of one long
line. Reducing line length may also be beneficial dealing with recurrent delays, as

demonstrated by Section 5.4. The trade-off betwden passengers experiencing less
unreliability due to shorter lines and the passenpaving an additional transfer is important.

Dealing with this trade-off, the additional poséieffects in the case of non-recurrent delays
should be considered during the network designelk as this instrument is both beneficial

for dealing with recurrent and non-recurrent delays

The next proposed instrument by Tahmasseby (2@0Bitrioducing bypasses. Infrastructure
networks with multiple routes from and to main nedee less vulnerable. In the case of
disturbances, rerouting of vehicles is possible and-to-end line operations may still

continue. However, longer trip times may resultanger travel times and even in decreased
frequencies. Still, this impact is less than noviser at all. Compared to recurrent delays,
bypasses are not very beneficial, since infrasirecis still available and the bypass is
considered not to be faster. In that case, it 3sered to be a shortcut which will be

analyzed below.

Designing and constructing shortcuts is beneffoaboth recurrent and non-recurrent delays.
Shortcuts enable alternative rerouting when thgirai route is blocked. This way, operations
may still continue, although a part of the routdl wot be served. By rerouting, the negative
impacts will be limited to a local area, as theeotparts of the line and the network are not
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affected. Shortcuts may be beneficial for recurréelays as well. Chapter 4 mentioned
operational instruments to deal with service valitgband unreliability. One of them was
speeding up, after experiencing delays. Shortciatyg help to speed up vehicles to increase
their schedule adherence. This instrument is therseficial in reducing impacts of both
recurrent and non-recurrent delays as well.

The last instrument presented by Tahmasseby (46@B¢ introduction of turning facilities in
rail-bound traffic. They limit the length of trackthat are unusable due to blocked
infrastructure. When turning facilities are avai&ht both sides of the blocked part, the larger
part of the line may still be in operation. Impattahowever, is the number of vehicles
available at both sides of the blocking. Resolwiegurrent delays may also benefit from
short-turning facilities. Chapter 4 presented thstrument of short turning to improve the
regularity on the line or improve schedule adhesett the case of rail bound services, this is
only possible if short-turning facilities are awdile. This instrument is thus beneficial for
both kinds of delays. Some attention is needed,elrew Section 5.2 dealt with the capacity
of terminals. Short-turning facilities may be calesied as terminal, but of a temporary kind.
If frequencies are high and/or the capacity ofghert-turning facility is limited, delays may
arise. We presented a quantitative analysis ofith&ection 5.2. If capacity of the terminal is
limited, it is important to consider whether thepegted delays are acceptable or whether they
are larger than the original problem. One solutinay be to decrease the frequency of
vehicles by removing vehicles (partly) from servioe by coupling them. The latter is
preferable regarding the seat capacity on the line.

Above, an analysis is made of the usability ofrunstents presented in Tahmasseby (2009) to
deal with recurrent delays as well. Whereas thetimesd research only deals with non-
recurrent delays, this section showed that someepted instruments are useable when
dealing with recurrent delays as well. Table 7.dthsarizes the instruments of Tahmasseby
(2009) and the possible application for reducirgireent delays.

Table 7.11: Opportunities to combine instruments daling with recurrent and non-
recurrent delays simultaneously

Instrument Useable reducing recurrent delays?
Shorter lines Yes

Bypasses No

Short cut infrastructure Yes

Turning facilities Yes

Table 7.11 shows that three of the presented me&nis in Tahmasseby (2009) are beneficial
in reducing (the effects of) recurrent delays adl.vie addition to the impacts on recurrent

delays, these effects should be considered as wh#n instruments are selected. One of
these instruments, shorter lines, is investigatedur research too. The presented effects in
our thesis are thus an underestimation, since tleete on non-recurrent delays are not
incorporated yet.
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7.5 Reflections on research assumptions and consints

In our research, several assumptions are madeesatas constraints are inserted to reduce
the level of complexity of our study. Chapter Iracluced the scope of our research, namely
recurrent delays in urban public transport, therabglyzing empirical data from The Hague.

Other main assumptions are the focus on singles laved the use of non-weighted actual

travel time in our calculations. The assumed akpedtern of passengers is of importance on
the results as well, as presented in Chapters Zaiitie previous chapters yielded valuable
results, even considering the limitations of oypra@ch. In this section, the main assumptions
and constraints are discussed, the main objectiwehah is to assess the impacts of these
assumptions and constraints on our findings, progid sensitivity analysis of the chosen

approach and results.

7.5.1 Actual time vs. perceived time

Chapter 2 discussed the role of waiting in thel tivgavel time of passengers while in Section
2.3, perceived travel time is discussed. Resedrolws that passengers perceive one minute
of actual driving differently from, for instancen® minute of waiting. In literature, values for
these weights are available (Van Der Waard 1988 Waddman 2001) and Section 2.3
showed a relative weight of 1.5 for waiting timelthdugh this perceived travel time is
considered valuable, in the analyses in Chapteaadb6 only actual time is calculated. No
relative weights are used for waiting time. Thesoea for this is that in this way, the
discussion is clearer, since it is about real tim& may be saved by applying planning
instruments. Besides, in literature, several d#ifértime values are found, creating a very
sensitive result. Bakker and Zwaneveld (2009) istance show used values between 0.9 and
2.5. Only when introducing the reliability buffeimte, weights are introduced. The main
reason is that this aspect is still in developnaent researchers (Furth and Muller 2006) agree
that this time shouldn’t be fully accounted for.the cost-effectiveness assessment (Section
7.2), the weighting of travel time components iplega as well in the calculation of the
ridership growth due to travel time reductions,csirthis analysis is on an abstract and
aggregated level. When actual time is used instdadieighted time, in most cases an
underestimation of the actual effects in real I§eto be expected, since we only focus on
changes in waiting time. Only when waiting time@npared to in-vehicle time, which is the
case in the analysis of the vehicle holding insgotnthe results may be an overestimation
due to lack of weighting. In the results of Chaptérand 6, we thus mainly have a small
underestimation of the potential benefits of instemts, since passenger perception of waiting
is not included.

7.5.2 Scheduled arrival vs. random arrival

One of the main input variables in our researcthésarrival pattern of passengers at their
departure stop. In literature it is recognized tinashort-headway services, this pattern is at
random and in long-headway service passengers Itdhsuschedule to plan their arrival
(Furth and Muller 2007). Little literature is awable on the boundary between these two
different patterns and therefore we performed aesumn The Hague to gain more insights.
However, the survey also showed that no exact kanesl exist. The choice for a certain
arrival pattern is very complex and depends onguetischaracteristics as well. Probably, in
every situation mixed arrival pattern will appelarthis area, more research is recommended.
Knowing that the arrival pattern is complex, theick in our research is made by using the
best available data, which is our survey. The nrapeact of the boundary of arrival pattern is
when departing ahead of schedule becomes an i$gqenple tend to arrive according to the
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schedule, it is important to reduce early depastusince in the case of random arrival the
focus should be on the headways between vehiclkegulRrity should be optimized in that
case. The exact boundary of the two arrival pasténas determines whether a long-headways
or short-headways analysis should be applied. @nhd&pshowed that trip time determination
is not relevant in the second scenario and the aétspa the vehicle holding instrument differs
as well.

In the case of scheduled arrival, the time framwlich passengers arrive at their departure
stop is of importance too. In our research, we rassthis frame to be within 2 minutes ahead
of scheduled vehicle departure and 1 minute afteese numbers are derived from the survey
in The Hague, mentioned above. When passengerddeandive earlier than this time frame
at their departure stop, the impacts of early Mehdepartures will be reduced and the impacts
of late or on-time departures will increase. Thmplies that the optimal percentile value used
for determining trip times will become higher thamesented in our research. If people tend to
arrive later than our chosen time frame, this Wil the other way around. Since little is
known about these patterns, further research amewended with regard to this subject.

7.5.3 Line effects vs. network effects

Our findings presented in this thesis are resudli;e-based research. However, most public
transport is network oriented. This is not explycitaken into account into this thesis. A

limitation of this is that transferring is not eiqilly considered. Many passengers in urban
public transport do not transfer and much literatisr already available. In our research, a
transfer is only implicitly analyzed, since we cwoles the journey after transferring as a new
one, affected by service variability as well. Howevit is interesting what the impacts of

transfers on the instruments presented in thisighea®. Concerning the arrival pattern of
passengers, transferring is also important, sinmesterring passenger will (almost) arrive

simultaneously at the stop of the second vehiclelewve assumed only a more linear arrival.

As mentioned in Section 7.3, capacity should besiclmmed when planning services. Similar
attention is needed to stops and intersections witiitiple lines. To assess the network
impacts it is recommended to develop network modelsinstance microscopic simulation
tools, enabling ex-ante analyses of total netwankise reliability. In heavy railways, it is
already common use to predict network effects (@gverde and Hansen 2001, Carey and
Carville 2002, Middelkoop and Bouwman 2002, Radtkd Hauptmann 2004 and Nash and
Hurlimann 2004). Recently, new developments regardis topic in urban public transport
are arising, for instance by Kanacilo and Verbraé2806) and Kanacilo and Van Oort
(2008). Since service reliability affects ridersisipbstantially, we recommend incorporating
this quality aspect in demand models as well.

7.5.4 Local vs. general results

The results of our research in Chapters 5 and @antey based on empirical data from public

transport in The Hague, the Netherlands. We usddiaalyzed substantial and unique sets of
empirical data, which enabled us to understandrtbehanisms concerning service variability

and service reliability. Although this fundamentair research is based on typical data for
The Hague, the research results are valuable afdldsr other cities and continents as well

because the following reasons. We used the tymletd of The Hague to illustrate and

recognize general mechanisms. Most cases are extersing theoretical data. The analyses
of hypothetical lines showed similar results asahalyses did in which actual data was used.
Especially literature and research using empirigala was reviewed to check whether
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comparisons were possible (for instance Levinsd8B31%trathman et al. 2002, Csikos and
Currie 2007, Delgado et al. 2009). In most compass service variability in The Hague

proved to be smaller, indicating that in other are@en more benefits are achievable by
improving service reliability. To gain more insighinto the planning methods and ways of
dealing with service reliability, we performed arternational survey (see Section 3.2.3). All
main areas are represented and the results shtaedhile differences exist, the results are
transferable.

Our research provided general approaches and mmstis dealing with service reliability.
We described most relevant processes on a detaivetl Nevertheless, in specific projects
detailed analysis is still necessary. Local charstics, as objectives, budgets, passengers’
patterns, deviations’ distributions always requspecific research, based on the principles
presented in our thesis. Local empirical data glesisubstantial support for this and our tools
presented in this thesis are able to incorporasedita.

7.5.5 Primary vs. secondary delays

The focus in our research is on delays caused byehicle. In Chapter 4, the tendency of

vehicles to bunch in short-headway services isudsed and delay propagation is described.
This effect is not explicitly incorporated into ttamalysis, thereby reducing the level of

complexity. However, due to bunching an initial alelmay increase which has negative

impacts on the travel time of passengers. The ptedeshort-headway results in this thesis
thus represent an underestimation. Further researsticommended to insert the bunching

effects in predictions of service reliability.

In long-headway services, bunching is not veryvah, but secondary delays may occur as
well. Due to the long headways it is more commorapply transfer protection, implying
vehicles to wait for their feeder at a transfernpgiKnoppers and Muller 1995, Chung and
Shalaby 2009). This prevents transferring passenigem waiting a long time if they miss
their connection. However, due to waiting of thamecting vehicle, passengers already in the
vehicle and waiting downstream suffer a delay ab. Wais secondary delay is a result of a
primary delay of the feeder vehicle and is not ipooated into our research. This may lead to
underestimation of the impacts of instruments tpriome the service reliability.

Another type of secondary delay that is not exgicncorporated in our research is the
departure delay at the terminal caused by lateitednarrival. This assumption may lead to
underestimation of the impacts. The use of newstaotorporating the layover process and
departure in the opposite direction is recommeredaétwork models in which all processes
with regard to operations are considered will pdevivaluable insights into passenger
impacts.

7.5.6 First order effects vs. second order effects

In Section 7.2, we assessed the cost-effectivenkefise investigated planning instruments.
We calculated the reduction of additional traveididue to service reliability improvement
leading to welfare gains and increased ridersimghé ridership calculation, only first order
effects are taken into account. Due to ridershjpsachent, the level of service will change as
well, influencing the ridership again. Additiongllg change in passenger travel time may
change the distribution of journeys over the nekwoFhis is not incorporated in the
calculation models, since only relative small chem@re investigated. In that case, second
order effects may be neglected.
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7.5.7 Conclusions

This section reflected on the main assumptions e@ombtraints, adopted in our research
approach. In order to gain insights into the comphaechanisms concerning service
variability and service reliability several assuiaps had to be made. In this section, the main
issues are described and a sensitivity assessmeratde as well. In general, the conclusion is
that the presented results in Chapters 5 and @ratasderestimation of the actual results that
may be expected in real life. We distinguish thmesgn reasons for this underestimation. The
first reason for this is that delay propagationn@ explicitly taken into account in our
research. In Section 2.3.2 is described what tlpaats of delay propagation are, namely the
self-enforcing loop of delay extension. Secondly,assumption in our research is that the
focus is only on the journey from departure stophi® arrival stop without any transfers. In
fact, transferring may be considered as the sfast mew journey suffering from additional
travel time as well. The third reason for undereation is that no relative weighting is used
in the calculation of additional travel time. Thigighting is only used afterwards in the cost-
effectiveness assessment.

Regarding the assumptions, it is important thathtrr research will be performed on the

network effects of service reliability. The analysif effects at the line level is the first step in

improving service reliability. The used tools stbule extended or new tools should be
developed to incorporate network effects. Additioresearch on the arrival pattern of

passengers is also recommended. Little is knowntahe boundary between random arrival

and schedule-based arrival, although this is ofnniaiportance concerning the impacts of

service variability. About the arrival pattern imetcase of long-headway services is not very
much literature available neither. In our reseaveh,used a survey in The Hague enabling to
determine the boundary and arrival pattern.

Our research only focuses on first-order effectithdugh second order effects are to be
expected, the impacts are limited, as only relgtisenall changes are analyzed.

7.6 Summary and conclusions

In previous analyses we focused on the assessmémdieidual instruments for individual
lines while considering the impacts on travel tiomdy. In this chapter, we presented a cost-
effectiveness assessment we performed to gain nmsights into the potential of our
introduced instruments. In addition to the indivatiwesearch of the instruments, we argued
the possibilities of combining instruments and ttligrived measures. This helps to construct
the optimal set of measures achieving the highestllof service reliability, in a cost-
effective way. Whereas we analyzed in this thesmmumber of instruments regarding the
impacts on recurrent delays, a similar study (Tasehy 2009) was focusing on the impacts
on non-recurrent delays. In this chapter we ingaesédd to what extent such instruments are
complementary to deal with both kinds of delayse Tast subject of this chapter was to
provide a reflection on the main assumptions of tesearch, for example the focus on single
lines and the arrival pattern of passengers. Wedwated a sensitivity assessment showing the
impacts of the assumptions on the results, showhiag) our presented results may be an
underestimation.

In Chapters 5 and 6 we analyzed instruments impgpthe level of service reliability. This

quality increase was indicated by the reductionth&f average additional travel time per
passenger. In this chapter, we analyzed theseefignr a more economical perspective. We
estimated what the costs and (welfare) benefitshef instruments are. A tentative cost-
effectiveness assessment showed that the taatsabiments, trip determination and vehicle
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holding, are cost-effective in almost every cadeeiil benefits are substantial and the costs
are nil. These instruments should be considerddeiniesign of every public transport system.
However, the vehicle holding instrument is only &keial if the passenger pattern has a clear
break point and trip time determination only isekant in long-headway services. It is
presented that strategic instruments are very tefee@s well. Optimized terminal design
enables enhanced service reliability. Coordinatma shorter lines may result in reduced
passenger travel times as well. However, theseum&nts may look costly due to necessary
additional infrastructure and or (occasionally) iiddal vehicles. We demonstrated that the
costs are limited compared to the potential welfaemefits. In Chapter 3 we roughly
estimated the costs of unreliability at € 12 milliper year in The Hague and in this chapter
we estimated the potential savings at € 8 milli@n pear by applying the five planning
instruments we analyzed in our research. The etdtnaosts of these instruments are
assessed to be only a part of the benefits witlwaimmum of € 3 million per year, showing the
added value of the instruments. The results ofiotarnational survey (see Section 3.2.3)
show that similar results are achievable in otlitgzcas well.

Although our cost-effectiveness assessment conéisbuvery much, the cost-benefit ratio of
the instruments very much depends on local charstits. In practical cases, additional
detailed research is always necessary. More rdseanecessary as well on the exact benefits
of the reduction of variability in the additionahvel time, since we only addressed the effects
of service variability on the average additionalel time in detalil.

We developed a methodology that enables to condtracmptimal set of instruments dealing
with service reliability. In general, a combinatiohstrategic, tactical as well as operational
instruments is necessary to improve the level ofise reliability. As concluded in the cost-
effectiveness assessment, the tactical instrumbaisg trip time determination and vehicle
holding, are very cost-effective in most situatiarsl thus valuable in the complete set of
instruments. Whether the strategic instruments fmeayused, depends strongly on local
characteristics, such as passenger flows. Howéveradvantage of strategic instruments is
the time period they cover. Once the strategicllevevell designed, the infrastructure and
service networks will be beneficial for years oeevdecades. During the strategic and tactical
design, explicit attention has to be paid to cagaof infrastructure, such as terminals.
Concerning the operational instruments, it is ustfuhave several instruments trained and
available. With a combination of strategic, tadtaad operational instruments a high level of
service reliability is achievable.

Our research focuses on structural delays, wherdh®lete infrastructure is available (i.e.
recurrent delays). Tahmasseby (2009) studied thmadts of design choices on situations
when parts of the infrastructure are not availgblen-recurrent delays). In this chapter, we
made a comparison between both studies. Our réspaoged that one instrument shown in
Chapter 5 has a positive impact on non-recurrelgydetoo. The line length instrument is
beneficial in the case of non-recurrent delays al. W our research, the presented positive
impacts of this instrument are thus an underestimabf the total impacts. In the total
analysis of that instrument, the impacts on nonxrent delays should be considered as well.

Concerning the impacts of the main assumptions, ¢hapter showed that the results are
probably an underestimation of the actual impastsues as network effects and secondary
delays are not incorporated and probably will iaseethe positive effects of the instruments
shown. The arrival pattern of passengers at thegpiadure stop proved to be important too.
More research is recommended on all the variabéterchining passenger behaviour. It is
recommended to enhance the used models and apesosiciconsider the issues for which
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main assumptions are made. In addition, networkeatsoshould be developed incorporating
all operational process of all lines in the netwdkreby considering interaction between
lines and directions. We recommend incorporatimyise reliability in demand models as
well, since we showed the substantial impacts sf quality aspect to the level of ridership.



8. Conclusions and recommendations

8.1 Research summary

In this thesis we presented our research on seri@bility in urban public transport and our
analysis of planning instruments aimed at improvingn this chapter we present the main
findings of our research. We will answer our mamal &ub research questions we introduced
in Chapter 1. Our main research questions were tooimprove service reliability through
enhanced strategic (i.e. infrastructure and seméte/ork) and tactical (i.e. timetable) design
and how operational data may be incorporated inésd designs to improve (forecasts of)
operations. Service reliability is one of the magumlity aspects of public transport and is
often is at a poor level. Improved service relidpilncreases the overall quality of public
transport, thereby ensuring accessible and liveatiks for future generations and reducing
the growth of car mobility. In this thesis, we hameestigated how service reliability of urban
public transport may be improved by enhanced gjiatnd tactical design. Nowadays, much
attention is paid at the operational level to iase the level of service reliability. At this

223
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level, service variability and its effects on paggss become noticeable, so it seems logical
to act at this level concerning this topic. Howevke public transport product is a result of a
process, consisting of both strategic and tactdahning. These designs of networks and
timetable affect the possibilities at the operalotevel to perform conform the preset
requirements. Although many instruments exist atdperational level to reduce the level of
service variability and impacts on passengers, #reynot sufficient since they only partly
reduce the effects of service variability and sitbhey are not capable of dealing with
suboptimal design of network and timetable.

In this thesis we showed the impacts of unreliaddevices on passengers, being average
travel time extension, increased travel time valitgband a lower probability of finding a
seat in the vehicle. We demonstrated how actuaickeltrip time variability (i.e. service
variability) affects service reliability and pasgen travel time. Several traditional
quantifications of service reliability are presehtsuch as punctuality and regularity. We
demonstrated the shortcomings of these traditiomtators, namely a lack of attention for
passenger impacts. Traditional indicators focus mmaech on the supply side of public
transport, which does not enable a proper analysigassenger effects. To deal with the
shortcomings of traditional indicators, we develbpe new indicator, being the average
additional travel time per passenger. This indicatanslates the supply side indicators, for
instance punctuality, into the additional traveleithat a passenger on average needs to travel
from the origin to the destination stop due to serwvariability. The average additional travel
time may be calculated per stop or per line andlesaexplicit consideration of service
reliability in cost-benefit calculations, since tlevel of service reliability may be translated
into regular travel time. In our research we denrams that our indicator enables
optimization of network and timetable planning dhdt the use of traditional indicators may
lead to conflicting conclusions, concerning serviediability. We also demonstrated the
benefits of using reliability buffer time (RBT, aescribed by Furth and Muller 2006) as an
indication of the effects of uncertain arrivals fiassengers (i.e. the variability of the average
additional travel time per passenger).

To improve service reliability through enhancedwaek and timetable design, we selected

five planning instruments by analyzing the caudeseovice variability. External causes are

the weather, other traffic, irregular loads andspagers’ behaviour. We presented that other
public transport, driver behaviour, schedule gyadihd network and vehicle design are the
main internal causes of unreliability. Applying tngnents during the planning stages will

reduce the impacts of these causes.

At the strategic level, these instruments are:

- Terminal design;
The configuration and number of tracks and switctdbe terminal determines the
expected vehicle delay and thus service reliability

- Line length;
The length of a line is often related to the leseservice variability and thus service
reliability.

- Line coordination.
Multiple lines on a shared track may offer a higleeel of service reliability than one
line (assuming equal frequencies).
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The following instruments may be applied at theitat level:

- Trip time determination;
In long-headway services, scheduled vehicle depatimes at the stop, derived from
scheduled trip times, determine the arrival pattérpassengers at their departure stop.
Adjusting the scheduled trip time may affect theeleof service reliability and
passenger waiting time.

- Vehicle holding.
Holding early vehicles reduces driving ahead okskcie and increases the level of
service reliability.

In our research, we extended design dilemmas anoddurced new ones by taking service
reliability explicitly into account. We proposednaw feedforward loop in public transport
planning, which is illustrated by Figure 8.1. Weammend that the design processes at both
the strategic and tactical level will be adjusteg dpplying the presented instruments
(regulators) to optimize the level of service reilidy, considering the operational
disturbances.

Strategic level - 5 Tactical level - 5 Operational level

T r T

Regulator: Regulator:
Disturbances
- Terminal design - Trip time
- Line length determination
- Line coordination - Vehicle holding

f f

P.rediction of ) Prediction of o |
disturbances disturbances
and impacts and impacts

f f

Figure 8.1 Feedforward loops in public transport panning, including our investigated
instruments at strategic and tactical level

In the feedforward loop in Figure 8.1, it is ne@ysto predict the operational output of the
planning process. To achieve this objective, weeltgped tools enabling an analysis of
instruments and design choices on service reltgbiWe used these tools to illustrate the
expected passenger travel time impacts of thegdlaaning instruments. The tools simulate
public transport operations based on actual dateebicle trip times, departure times and
schedule deviations. We have used actual passéatgr(boardings, occupancy and arrival
pattern at the departure stop) to calculate theageeadditional travel time per passenger with
and without the application of the instruments &daring several values of design variables
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of the instruments). We used actual data of pubiamsport lines in The Hague, the

Netherlands to gain insights into the mechanisnt effectiveness of the instruments. In

addition we performed analyses of hypotheticaldjngith variables based on literature and
our international survey on service reliability.iJhwvay, the results are transferrable to other
cities as well.

8.2 Findings and conclusions

In our research, we estimated that in terms ofgrags travel time costs about € 12 million
per year was lost in The Hague (2004) due to waridiiy of buses and trams. By analyzing
the public transport of The Hague and by conductingnternational survey we found out
that all components of vehicle trip time, beingvirg, stopping and dwelling are substantially
deviated, next to a serious variability of termidaparture times. We presented a new look on
the size of this variability and showed the impaats passengers. We demonstrated that
passenger waiting time may possibly be extended §00% due to service variability.

We demonstrated in this thesis that the plannirgjruments mentioned in the previous
section are beneficial with regard to service iy, leading to substantial travel time
(variability) reductions for passengers. We estadatthe effectiveness of planning
instruments that reduce the impacts of serviceabdity and unreliability and demonstrated
their cost-effectiveness. A rough estimate shoviradl in The Hague € 8 million of the costs
per year mentioned above may be saved by appliiegetinstruments. This is the result of a
reduction in additional travel time for both exigfiand new passengers. We showed that by
applying (a combination of) the planning instrunseah increase of ridership of 5-15% per
line (and revenues accordingly) is possible. Thaitamhal costs to achieve this in The Hague
are estimated to be maximum € 3 million per yeam<idering the international survey we
performed, we expect that this kind of savingsdsgible in other cities all over the world as
well. Important to note is that when the (reductadhvariability of the additional travel time
due to service variability is considered, these Ipewrs may be twice as high. More research is
recommended on that topic.

As discussed in the previous section, we have tmgadsd five planning instruments. Using
the framework and tools described above we caledldhe effects of the instruments on
passenger travel times and demonstrated that @imgyd service reliability during the
planning of public transport results in shorterrage passenger travel times. Considering that
the presented travel time reductions are an avevageall passengers on the line (and thus
some passenger will experience more and less dekayd that urban journeys take
approximately about 10 minutes, the extra traualetiis substantial. The conclusions per
instrument are presented below.

The instrument of terminal design

Our research illustrated the effects of varioud<snd terminal configurations (single and
double tracks and double cross-overs before or tiféeplatform) on vehicle departure delays
that result in additional passenger travel time. d&monstrated that punctual departures may
save up to 2 minutes additional travel time on agerper passenger. Our results show that in
the case of using stochastic values of vehicleva@rtimes to assess terminal performance,
delays will occur, although they are not to be expe in the static case. The higher the
vehicle arrival time variability is, the more capgshould be accounted for. In addition, two
lines will create more delays than one line witle thame (total) frequency. The best
performance regarding service reliability is aclk@vwhen a compact design is used with
double crossovers directly situated after the ptatb. Single tail tracks facilitating the
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turning process are only acceptable if frequenareslow. However, they are often used in
practice as short-turning facility for high frequeservices, thus leading to unreliable services.
Supported by these findings, we recommend to efgliconsider service reliability during
terminal design and to take (expected) service mhyce into account. Our tentative cost-
effectiveness assessment showed that the additregitdre and revenue benefits, added to
possible savings on operating costs, may be muglehithan the costs of additional tracks
and switches.

The instrument of line coordination

We showed in this thesis the impacts of line camtion on passenger travel time. In addition
we also demonstrated the passenger travel timetefigf considering service dynamics
during the network design. Public transport netwqianners often propose network
structures that either assume a certain levelgflagity or that are even especially focused on
improving service reliability, such as networksaihich part of lines share a common route or
the introduction of short-turn services. Concernthgs topic, we conducted two types of
research methodology, namely both theoretical aradtigal. A case study on introducing
coordinated services shows that applying our cobrftaamework leads to more realistic
estimates of service reliability and passengerelrtimne than the traditional approach using a
quantitative analysis. We calculated that line dowtion may increase passenger perceived
frequency by 5-40%, leading to welfare gains anditamhal revenues (due to 5-15% growth
in ridership). Secondly, we used general variablesh as standard deviations of vehicle trip
times to assess the effects of coordinating thedidkes and of improving the punctuality on
passengers waiting and travel time. The resulthisftheoretical analysis supported the case
study results. We demonstrated that line coordinas a beneficial instrument to improve the
level of service reliability and reduce passengewdl time and travel time uncertainty.
However, we also demonstrated that operationaicemariability should be explicitly taken
into account when calculating the expected effaaftsthis instrument. We recommend
applying our control framework during the networsadn when multiple lines use the same
route, to maximize the passenger impacts.

The instrument of line length

We introduced a new design dilemma in the servetevork design namely length of line vs.
service reliability. Long lines offer many direcormections, thereby saving transfers.
However, we showed that the variability is oftelated to the length of a line, leading to less
schedule adherence and more average additional tiave for passengers. We suggested
taking into account both the positive and negaéffects of extending or connecting lines.
We applied our control framework to calculate thesrage additional travel time per
passenger due to variability and transfers basedctual vehicle trip and passenger data. A
case study in The Hague shows that in the casengflines with large trip time variability,
splitting the line may result in less average adddl travel time per passenger because of
improved service reliability. This benefit competesa for the additional transfer time,
provided that the transfer point is well choserca&e study shows a decrease of about 30% in
average additional waiting time per passengerittBia long line (for instance a diametric
line) into two lines with an overlap in the centpart may even result in higher travel time
savings. In that case, fewer passengers havertsféra We estimated that the benefits of this
instrument may be two to four times higher than d¢bsts, in the case of long, distributed
lines. We recommend considering both the positivé regative aspects of long lines during
network design, achieving an optimal design, wéard to passenger travel time.
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The instrument of trip time determination

One of the main design choices of the timetabtlaastime value used as scheduled trip time.
In urban public transport it is common use to havéeedback loop from operations to
timetable design. Actual trip times are input foe hew schedule. However, the actual trip
times are distributed while only a single value tenused as scheduled time. Normally, a
high percentile value is used to set the new sdbdduip time. This way, an attainable
timetable is constructed, since most of time devare able to arrive without a delay at the
terminal. But this implies early vehicle departuagstops along the line as well. We analyzed
the impacts of the chosen percentile value on seméliability and travel time in the case of
long-headway services. A theoretical approach andse study of tram lines in The Hague
show the effects of design choices of timetablingservice reliability. By analysis of actual
and hypothetical trip time and passenger data wodstrated that the total passenger travel
time is minimized if the 35-percentile value is d$e determine the scheduled trip time out of
historical data, which is much lower than currerdiyopted. High percentile values cause
much average additional travel time per passengetal early vehicle departures. Passengers
who miss their vehicle have to wait a full headvitagn. To maintain the equal probability of
departing on-time after the layover at the termimtais recommended to redistribute the
“saved” trip time (by decreasing the percentileuedlto the layover time, maintaining a fixed
cycle time.

Since we proved that lower percentile values ofedaled trip time yield less average
additional travel time per passenger in long-headvervices and since the costs are nil and
the benefits are substantial (i.e. a reduction dditeonal travel time of 3-7 minutes per
average passenger) we recommend adjusting tragitibmetables that still use high
percentile values.

The instrument of vehicle holding

Besides adjusting trip time design, one commonaip®ral instrument to prevent vehicles to
operate ahead of schedule is holding. Holding tadyevehicles may improve service

reliability, resulting in both shorter average pasger travel times and less crowding.
Although holding is an operational instrument, timain impacts are determined in the
schedule design phase. In our research, we analyaleithg for both long (more than 10

minutes) and short-headway (10 minutes and less)ces, which is presented separately
below. One of the main issues regarding holdinthéstrade-off between passengers in the
vehicles (suffering from holding) and passengerthatstops downstream (benefiting from
holding). In our research, we provided insights ithtis trade-off.

Vehicle holding with long headways

We performed a theoretical and a practical studgrash and bus lines in The Hague to gain
insights into the optimal value of scheduled tiipes and the number of holding points in

long-headway services. The results are that desighiholding points is adequate and the
optimal percentile value lies between 30 and 6@guer This depends on the characteristics
of the line. The optimal percentile value mainlypderds on the following variables:

- The value of the relative standard deviation ofdbwial trip time.
The higher the standard deviation, the higher fiteval percentile value.

- The number of holding points.
The impacts of two holding points on the averaggtamhal travel time per passenger
are greater than when only one is used, but aletpsdl to three or four.

- The holding point location.
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The best location for a holding point depends @ndistribution of passengers on a
line. The ratio of the number of through passengersus the boarding passengers
downstream determines the effectiveness of a hploiaint.

Holding at all stops also reduces the average iaddit travel time per passenger, but the
analysis showed that more than 2 or 3 holding gailoies not reduce the average additional
travel time per passenger anymore. However, that, wlee effects (both positive and
negative) are spread more over the stops and mpserit depends on the distribution of
passengers on the line how effective this is.

Our research shows that the schedule is of maimitapce when holding is applied. With
high percentile values used for scheduled trip $imservice reliability will get high, but
(scheduled) passenger travel times will become {@mg, due to much holding. Using the
average additional travel time per passenger asdicator for service reliability, this effect is
clearly visible.

Vehicle holding with short headways

In addition to long-headway services, we also itigaged the effects of holding in short-

headway services. Despite significant attention htwding in current literature, some

important aspects have not been researched ydt, asiche maximum holding time, the

reliability buffer time and, in the case of schedbhsed holding, the percentile time value
used to design the schedule. We incorporated thgsects in our holding research. Both an
actual line in The Hague (tram line 9) and hypatia¢tines are analyzed with various levels
of trip time variability. Both headway-based andestule-based holding yield the largest
effects if deviations are high. When applying sahe¢based holding and a maximum of 60 s.
holding time is applied, the optimal value of therqentile value becomes about 65% for all
lines analyzed. When no maximum holding time isliapp schedule-based holding is more
effective, while there is no difference when thexmmaum holding time is set to 60s. We also
showed the effects of holding on crowding in thiedis. An average level of irregularity of

20% may decrease to 15%, enabling either smallpaaity slack of vehicles or less

crowding.

In the analysis of vehicle holding we demonstratiedt although vehicle holding is an
operational instrument, timetable design plays anmale. The benefits for passengers of
vehicle holding are maximized if the timetable issidned considering future holding
strategies. We recommend investigating the pogs#isilof vehicle holding already during the
tactical design, so timetables may be designedrdicayy and passenger travel time will be
minimized. The costs of vehicle holding are nil aralel time may be reduced substantially
(1-2.5 minutes per average passenger), if a breait pf passenger pattern is available on the
line.

The instrument of vehicle holding and trip time edatination both prevent early vehicle
departures. These two instruments differ with thpossibilities to apply. Trip time
determination is only relevant in long-headway &&s. Vehicle holding only yields positive
effects if a clear break point in passenger patsists, since this instrument creates a trade-
off between passengers in the vehicle and passeagéhe stops downstream of the holding
point. If such break point does not exist, no hojdshould be applied and lower percentile
values should be used for scheduled trip timethd§ do exist, larger percentile values and
holding points should be applied.

The instruments presented above support our hypisthigat at the planning stages of public
transport, possibilities exist to improve serviediability. Our research shows that service
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reliability is not only a result of an operatior@bcess, but it is also the results of a certain
design. By applying a feedforward loop, servicaatslity will be improved by enhanced
service planning. If this feedforward loop is apglinext to operational feedback instruments,
a substantial leap in the level of service religpilill be achieved. We dealt in this research
with recurrent delays, but also demonstrated tbatesinstruments that are introduced are
also beneficial when dealing with non-recurrentagiel that occur when parts of the
infrastructure are blocked. Since service relipils one of the most important quality
aspects of public transport, a substantial quafitprovement is possible resulting in an
increased position compared to other modalitiesally, this will lead to welfare gains for
existing and additional passengers, increased pagssaatisfaction and additional revenues
for operators.

8.3 Recommendations for further research

Concerning our presented research, we have sormennmeendations for further research. In
our research we mainly focus on the benefits ofiieruments. A cost-benefit analysis of all
the instruments may be helpful to convince stakadrsl In our research we only presented a
tentative assessment of costs and benefits. Deteglgearch incorporating local agreements
and financial contracts must always be performecrwinstruments are analyzed. Our
developed indicator, the average additional tréwveé per passenger, is valuable in such an
analysis to translate service variability effectiaverage passenger travel time effects. We
showed that the reliability buffer time (Furth aMblller 2006) is a helpful indicator to
address the variability of this additional travéiné. More research on this aspect is
recommended, with special regard to passenger lmhaand monetary impacts. We used
this aspect in parts of our research since we @mgigced that this is an important aspect for
passengers. However, more detailed research isredqw understand the exact impacts on
passengers and their behaviour accordingly. Théaveekffects of the changed probability of
finding a seat in the vehicle and overcrowding dmemproved service reliability may be
further investigated as well, since less literatumehis topic is available.

The focus of our research was mainly on line levdijle research on network level is
recommended as well. In that way, transfers magxpdicitly taken into account, next to line
synchronization and bunching effects. The arrivatgrn of passengers at their departure stop
may also be a future research topic. This patteof main influence on the impacts of service
variability on passengers and on the methods tacesdadditional travel time due to
unreliability. We performed a survey in The Hagoeihderstand the passenger arrival pattern
and with the results of this survey we were ableatalyze passenger effects of service
variability and instruments affecting them. Howewee found that the arrival pattern is a
complex function of several factors and we reconmunerore research on this, especially in
long-headway services.

With regard to the specific instruments, recomménda are presented below.

- Terminal design
The presented model calculates the average detayepile indicating the impacts on
passengers, but an extension of the model is reagetssillustrate the average
additional travel time per passenger on the line.

- Line coordination
To assess the impacts of line coordination on paese, we applied our control
framework. The framework focuses on the impactsegularity and the level of
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demand. Changes in the regularity also influeneecttpacity efficiency, which might
influence the operational costs. Therefore, theéaork might be extended in the
future to incorporate operational costs.

- Line length
As presented in Chapter 5, splitting lines intotipié parts may require more
vehicles. On the other hand, splitting lines enabdefit the supplied number of trips
with the expected demand on both new lines insbéadie single frequency on the
complete line. This way, a high efficiency levelyrze achieved. More research is
recommended concerning this issue. Another reseaéct to further explore
concerning an alternative for long diametric lin® the impacts of overlapping lines
(i.e. semi-diametric lines) on service reliabil#tgd operational costs.

- Trip time determination
In the presentation of the results of our trip tide@ermination analysis, it was stated
that when scheduled vehicle trip time was decreabedayover time should be
increased, thereby enabling a punctual departwepiimize the timetable, further
research is necessary to show the effects if tiad ¢gcle time is not fixed. In this
way, it is possible to calculate the trade-off betw shorter cycle times (implying
lower costs) and higher quality (due to higher merveliability).

- Vehicle holding
Chapter 6 presented several important variablesiwkaling with vehicle holding.
One that we did not consider explicitly is the loaa of holding points. More research
is recommended to determine what the optimal hgl@mint is, concerning service
reliability, as a function of for instance puncitiglnumber of through passengers and
passengers boarding downstream the holding pomdther recommendation
concerning vehicle holding is to investigate th@atts of reliability buffer time on
holding strategies and passengers in long-headeraicss, since we only analyzed
this aspect in short-headway services.

In general, our presented instruments may be imcated in research of complete networks,
thereby analyzing all processes of a complete putshnsport network, considering all

interaction between lines and vehicles (includimyidtion propagation or bunching). Other
planning instruments (for instance traffic lightiquity) should be incorporated in such

research as well, to assess the effects of conmamat instruments. As we demonstrated that
service reliability affects the level of demand stalmtially, this quality aspect may be

incorporated in passenger demand models in thefuiese.

We demonstrated in our research that a substdetal in level of service reliability is
possible by applying planning instruments. We idtrced several instruments and we
developed tools to create a feedforward loop inlipubansport planning. The potential of
these instruments is great, but we are convinceck nmstruments are available to improve
service reliability, as presented by Chapter 4.rétoee we recommend more research on the
capacity of tracks and stops in urban public trantspnd the impacts on service reliability.
Furthermore, we recommend that researchers andetaof bus and tram systems cooperate
more with metro and train researchers and planaedsvice versa to gain insights into the
methods of each other and to combine the best thf Wworlds. In our research we focus on
urban public transport, but we also reviewed arstudised literature of railways, finding
interesting methods and tools. Generally speakimg systems are developing towards each
other in an attempt to combine the advantages tf $stems (for instance light rail and high
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frequent train systems). Looking from a differengle at traditional planning processes helps
to optimize them.

Another recommendation we give is to put more éfiar combining the practical and
scientific world. This thesis shows that combinipgactical data and experience with
scientific knowledge and instruments, leads to able insights into the mechanisms of
service reliability and results in directly applida tools and instruments. Both the scientific
and the practical world should look for more co@pien. Trying to understand the other one
and adjusting towards the other one’s languagei@atedests is a necessary prerequisite to
achieve a fruitful cooperation.

8.4 Practical applications of our research

In this thesis we presented planning instrumentblamy enhanced service reliability. To
achieve a higher level of service reliability inaptice, we recommend considering service
reliability explicitly in the design of infrastruate networks, service networks and timetables
using our developed control framework and toolstvise reliability effects should be
incorporated in a sophisticated way into cost-bieragfalyses of public transport projects as
well, using the average additional travel time passenger we introduced. This way, welfare
gains and additional revenues may be calculated.

Nowadays, little attention is paid to service teilidy during network and timetable design.
Investment costs, scheduled travel time and schedtthinability for drivers get more

attention. Since we illustrated by the case of Hlague that the five planning instruments we
introduced are cost-effective, we recommend apglyirem on potential lines. The terminal
design instrument concerns (new) lines with taitks as terminal or short-turning facilities.
For high frequent, distributed lines, we recommesmmpact tail tracks with double

crossovers directly after the stop. Concerning (némes with a clear break point in

passenger pattern, we recommend to split the Imé& capply holding points. For long-

headway services we propose to use the 35-pemeerdilie for scheduled trip time. And if

parts of lines are very crowded, we suggest ingastig the effects of coordination.

Optimized strategic and tactical design improvewise reliability and also simplifies the

operational process with regard to service religbiEnhanced service planning will allow

passengers to benefit from improved service rditgltomorrow!
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Appendix A: List of symbols

The ~ symbol indicates a stochastic variable

Symbol Unit Explanation

cC € Generalized passenger costs for public transport

CoV Coefficient of variation

5|aict, Hour:Min:s. | Measured actual departure time of viehicon stop j on
" line |

5-|aict, Hour:Min:s. | Calculated new actual departure timevelficle i on stop
" on line | (after holding)

5|aict;new Hour:Min:s. | Calculated actual departure time ofiglkehi on stop j on line
" | (in the case of punctual departure at the terthina

fo*}ed Hour:Min:s. | Scheduled departure time of vehiclaistop j on line |

[sched Vehicles/hour| Scheduled service frequency

FP Vehicles/hour| Perceived service frequency at line |

H S. Scheduled headway

H it S. Actual headway of line | at stop j

ﬁlaictj S. Actual headway for vehicle i on line | at stop |

HP S. Perceived headway at line |

H,sche S. Scheduled headway for vehicle i on line |

ostatic Static occupancy

Pii,j % Relative frequency of vehicle i on line | haviagschedule

deviation betweer® and9 " at stop j

pon-tme-departure | O/ Probability of on-time departure of vehicle itae terminal
o on line |

PRDM; % Relative regularity for line | at stop |

RBTifJ?-VehiC'e S. Reliability Buffer Time at stop j on line | dte variability in

’ in-vehicle time
RBTVJYai“”Q S. Reliability Buffer Time at stop j on line | dte variability in
' waiting time

T11 S. Dwell time, vehicle 1 at stop 1

T cvcle S. Vehicle cycle time

T access S. Passenger access time at stop j on line |

T, A S. Average additional travel time per passengdmen

247



248

Service Reliability and Urban Public Transport Desi

- addin-veficle S. Additional in-vehicle time due to service vaiidyp between stop |
ok and k on line |
'ﬂ?dfvi”-vehide S. Expected additional in-vehicle time due to smgvvariability in
" vehicle i at stop j on line |
T, Addtransfer S. Average additional travel time per passengerlioe | due to
transferring
'ﬂAdpig:;j;fr S. Average additional waiting time on line | dudransferring at
transfer point per transferring passenger
'ﬂ’*jddywaiting S. Expected additional waiting time per passengstap j on line | due
to service variability
T budget S. Travel time budget per passenger due to seveicability
'ﬁigress S. Passengers egress time at stop k on line |
-Flriwojlding S. Holding time of vehicle i at stop j on line |
T‘T*V;““‘e S. Passenger in-vehicle time between stop j and k
V-
-Flirj)-vehic'e S. Passenger in-vehicle time at stop j on line |
'ﬂi?-vehidev%% S. 95th percentile value of in-vehicle time dueébicle i between stop
jand j+1 online |
-ﬁ jjpgliney S. Passenger travel time from stop j to stop k
-ﬁ jfi’&"ey’exp S. Experienced passenger travel time from stogsidp k
T Joumeypere S. Perceived passenger travel time from stop jtop & (including
Ik weights for travel time components)
'F,j9i‘,;“ey't°t S. Passenger travel time from origin to destinatmm line | departing
; at stop j and arriving at stop k)
-FI journey;sched S. Total passenger travel time according to sclee@ul line | departing
! at stop j and arriving at stop k)
T layoverA S. Vehicle layover time at terminal A
T maxholding S. Maximum holding time
T oce S. Vehicle occupancy time
IS?“T"‘“”C‘S S. In-vehicle time (stop j-k) per passenger accwydo the schedule
e
-’ﬁs_chedwaiting S. Waiting time according to the schedule per pagseat stop j on
’ line |
-ﬁt;fnser S. Passenger transfer time at stop m on line |
T tripAB S. Scheduled vehicle trip time one direction (Ao
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-Flvjvaiting S. Passenger waiting time at stop j on line |

-ﬁvyaiting_origin S. Passenger waiting time at origin (hidden waitirtgne)
: (corresponding to stop j at line )

Tlvlvai“"g 8% S. 95th percentile value of waiting time due toigkshi at stop j on line

I

TP € Ticket price

¢ € Public transport mode preference constant

V Veh. | Number of vehicles

VOT €/s Average value of time for public transportqeasyers
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The ~ symbol indicates a stochastic variable

Symbol Unit | Explanation
aj Proportion of passengers of line | boarding ab $to
B Proportion of passengers of line | travelling betw
stop j and j+1
y Fraction of headway deviation that vehicle is Held
d S. Initial delay
Ef}r{iﬁ' sop S. Arrival deviation of vehicle i on line | at tiherminal
a'lo:ejparture S. Measured departure deviation of vehicle i@p $on line |
aldieparturenew S. Calculated departure deviation of vehiclestap j on line | (in the
" case of punctual departure at the terminal)
omax min. | Upper bound bandwidth schedule deviation
omn min. | Lower bound bandwidth schedule deviation
6, Subjective weight of travel time component x
hn Stop number of holding point n
n; Number of trips on line |
N, Number of stops on line |
Niracks Number of tracks for turning
o} min. | Average punctuality on line |
Teary S. Lower bound of arrival bandwidth of passengédeparture stop
T S. Upper bound of arrival bandwidth of passengedeparture stop

Index | Explanation

[ Vehicle
| Stop (departure)
Kk Stop (arrival)

I Line




Appendix B: Line characteristics of case study The
Hague, the Netherlands
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1 Scheveningen Delft 20| 43 60 3 10 15
2 Kraayenstein | Leidschendam3 | 32 43 | 3 7 15
3 Loosduinen DenHaagC§S 9 26 29 3 5 15
9 Vrederust Scheveningen 14 31 40 5 15
11 | Scheveningen DenHaagHS 8 19 22 2 1 16
12 | Duindorp Den Haag HS 7 19 25 3 7 15
14 | Scheveningen Berestein 13 33 37 2 8 15
15 | Moerwijk Nootdorp 17 | 37 52| 3 15
17 | Statenkwartief Wateringen 16 | 35 42| 3 15
18 | Clingendael Rijswijk 15| 31 49 7 10 15
23 | Duindorp Kijkduin 29 | 69 95| 6 8 15
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Appendix C: Questionnaire of international survey

on service reliability

1. General characteristics of public transport sysms

What is the company name?

What is the name, affiliation and email addresthefcontact person(s)?
What is the area of operation (city/region)?

What is the population of the area?

What is the number of boardings per year?

What is the number of lines?

2. Reliability characteristics
2.1 Do you measure the reliability of your publartsport?
™ No

I Yes, please state how:

2.2 What indicators do you use to measure religBili
I Punctuality (average deviation of the timetable)
I Absolute punctuality (absolute average deviatiotheftimetable)
I Percentage of vehicles within a bandwidth
What is the bandwidth? ...
I’ Regularity (average deviation of the headway tiileta
I Standard deviation of driving times

I" Other: ...
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2.3 What is the value of these indicators per line?

3. Timetable design
3.1 How are driving times determined?
" Based on theoretical characteristics of fleet afidstructure

I" Based on measured actual data of previous period

3.2 If driving times are determined in a theordtiway, what percentage or fixed amount of
supplement is used per line per direction?

... % or ... min.

3.3 If driving times are determined by actual datéhe previous period,
A: What value is chosen out of the distribution?

" Mean

I Median

I ... percentile

I Other: ...

B: Differs the chosen value of 3.3A by day typeiiqe of the day, or line:
™ No

I Yes: please explain:

3.4 Is extra slack added to the driving times dngkes, how much and how is it distributed
across the line?

™ No

I” Yes, as follows:

3.5 Do you apply holding points (i.e., stops whéres not allowed to depart ahead of
schedule)?

™ No

I Yes, please give the number of points per linelaoation:
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3.6 Is there a difference between the scheduldrfeers and the one for the public?
™ No

I” Yes, as follows:

4. Line network design

4.1 Do you have lines operating on the same traagdr than 3 stops?

™ No

I Yes, please state the number of lines and lengsharfed part

4.2 If you operate lines on the same track, dogaardinate them in the schedule?
™ No

I Yes, as follows:

4.3 What is the longest line in the network?

Please state the line and length:

.. km

4.4 Do you have a maximum length of a line durimg design process?
™ No

I Yes: ... km
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5. Infrastructure network design (only rail services)

Terminals

5.1 What types of vehicles do you have?

I One directional

I’ Bidirectional

I Combination of one and bidirectional. Please gtateentage bidirectional:
..%

5.2 Could you show what the terminals look like@d3k indicate the rush-hour frequency for
all lines using it as well. Could you state how icéds use the tracks as well?

5.3 What type of platform do you prefer?

I” On the side, because:

I Between the track (island), because:

5.3 Where do you prefer the switches to be located?

I Before the platform, because:

I After the platform, because

5.4 Do you change the driver at the terminal atyeaerival?

™ No

I Yes

I Only a few times per day: approx ... times per day

5.5 In case of more lines using the terminal, do goordinate their arrival/departures?
™ No

I Yes: ...
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Stops

5.4 If more than one line use a stop, how manyptgpplaces do you design (How many
vehicles can use the stop similiarly)?

I” One

™ Two

I More: ...

I Depends on number of lines/frequencies/other:...

5.5 What are the threshold values of number ofsliaed total frequency to add a stopping
place?

... lines

Total of ... vehicles per hour
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Appendix D: Bunching of public transport vehicles

In (Newell, 1964) is stated that the delay expoiadigtincreases with the number of stops on
a line. The velocity of this increase depends @nr#tio of arrival speed of passengers at the
stop and boarding speed (k-value). If the k-vatubigh, the boarding time is relatively high.

If k exceeds the value of 1, an instable situatioours, namely more passengers arrive at the
stop than are able to board during the same tiaradr Figure E.1 shows the development of
initial delays with different values of k. Hudd4f974) uses a k-value of 0.05 (on average)
while in The Hague a k-value between 0.005 and @&0@ore realistic. These values are
shown for a few stops in The Hague in Table E.1n(\M@ort 2003). These values are
calculated using actual data or estimates basexperience.

Magnification of disturbance lead bus [ late}{m=1]

Al S N AT

Figure E.1: Increase of initial delay using k-value

Table E.1: Actual K-values in The Hague

Line |Stop Period | Passengers’ Boarding k-value | Stop type
arrival [pass/s] |velocity [pass/s]
Default stop 0.01 1.7 0.006 Quiet
1 Delft. station| 7-9 0.066 3.4 0.02 Crowdeg
a.m.
Default stop - - 0.03 Very
Crowded

Combining Table E.1 and Figure E.1 helps to astesdelay propagation in a practical case,
for instance in The Hague. On average, an inigdhylis doubled after 40 stops. In the cases,
presented in Chapters 5 and 6, this is not exiliaiicorporated, but all results should be
reviewed in terms of the impact of delay propagatio
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Summary

Service reliability and urban public transport design

The last few decades have shown a substantialasera personal mobility. Urban traffic
and transport volumes have been increasing forsyétowever, the share of public transport
in this mobility growth did not change much andl semains rather limited. To ensure the
accessibility and liveability of our cities for fute generations, however, a substantial quality
leap in public transport is necessary. This witlilitate a desired modal shift from car traffic
towards public transport, which is safer, clearmed produces less congestion. In this thesis,
we demonstrate that several promising opportunéigst to improve service reliability (i.e.
the certainty of service aspects compared to thedsde as perceived by the user), being one
of the most important quality aspects of publioggort. Literature shows that in urban public
transport substantial attention is given to waysrtprove service reliability at the operational
level. It is not clear how and to what extent gigat and tactical design decisions in public
transport systems might affect service reliabil@®nly traffic light priority and exclusive
lanes are considered during the planning of urbaulip transport in order to improve the
level of service reliability. We expect that morestruments at these planning levels enable
high-quality services at the operational level,eesgly with regard to service reliability.

In this thesis, we present several planning insémis) that facilitate enhanced service
reliability. In addition, we show forecasting toolge developed and we introduce a new
indicator that expresses the impacts of servicebiity more effectively than traditional
indicators, namely the additional travel time paisgenger. This way, the assessment of
public transport benefits will be substantially roped, thereby enabling cost-effective
quality improvements. We show the impacts of uat#é services on passengers, being
average travel time extension, increased traveé twariability and a lower probability of
finding a seat in the vehicle. We demonstrate hotal vehicle trip time variability (i.e.
service variability) affects service reliability drmpassenger travel time. In order to gain
insights into the mechanisms between these twoctspee performed research based on
empirical data of the public transport system ire Hiague. Furthermore, we conducted an
international survey of service reliability. Seuetaaditional quantifications of service
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reliability are presented, such as punctuality mglilarity. We demonstrate the shortcomings
of these traditional indicators, namely a lack ti€mtion for passenger impacts. Traditional
indicators focus too much on the supply side ofliputvansport, which does not allow a
proper analysis of passenger effects. To deal thithshortcomings of traditional indicators,
we developed a new indicator, being the averagd&iadal travel time per passenger. This
indicator translates the supply-side indicators, ifstance punctuality, into the additional
travel time that a passenger on average needavel from the origin to the destination stop
due to service variability. The average additidra/el time may be calculated per stop or per
line and enables explicit consideration of servg@bility in cost-benefit calculations, since
the level of service reliability may be translaiatb regular travel time. In our research we
demonstrate that our indicator enables optimizatbmetwork and timetable planning and
that the use of traditional indicators may leactomflicting conclusions in terms of service
reliability. We also demonstrate the benefits ofngsreliability buffer time (RBT, as
described by Furth and Muller 2006) as an indicatib the effects of uncertain arrivals for
passengers (i.e. the variability of the averagetadal travel time per passenger).

To improve service reliability through enhancedwaek and timetable design, we selected
five planning instruments by analysing the caudeseovice variability. The main external
causes are the weather, other traffic, irregulad$oand passengers’ behaviour. Other public
transport, driver behaviour, schedule quality aetivwork and vehicle design are the main
internal causes of unreliability. Since the arripattern of passengers is very important when
calculating service reliability effects, we perfadha passenger survey in The Hague. It
showed that passengers tend to arrive at randdheiatdeparture stop if scheduled headways
are 10 minutes or less. In the case of longer hagslwpassengers on average plan their
arrival about 2 minutes prior to the scheduled elehdeparture time. Applying instruments
during the planning stages will reduce the impatthese causes.

At the strategic level, these instruments are:

- Terminal design;
The configuration and number of tracks and switctdbe terminal determines the
expected vehicle delay and thus service reliability

- Line length;
The length of a line is often related to the lenfe$ervice variability and thus service
reliability.

- Line coordination.
Multiple lines on a shared track may offer a higleeel of service reliability than one
line (assuming equal frequencies).



Summary 263

The following instruments may be applied at theitat level:

- Trip time determination;

In long-headway services, scheduled vehicle depatiines at the stop, derived from
scheduled trip times, determine the arrival pattérpassengers at their departure stop.
Adjusting the scheduled trip time may affect theeleof service reliability and passenger
waiting time.

- Vehicle holding.
Holding early vehicles reduces driving ahead oksitie and increases the level of
service reliability. The design of the scheduleet$ the effectiveness of this instrument.

The terminal design instrument relates to (new)lir@@s with tail tracks as terminal or short-

turning facilities. For high-frequency, distributéides, we recommend compact tail tracks
with double crossovers directly after the stop. €@ning (new) lines with a clear break point
in passenger pattern, we recommend to split thee dinto apply holding points. For long-

headway services we propose to use the 35-pererdilie for scheduled trip time. And if

parts of lines are very crowded, we suggest ingastig the effects of coordination.

A tentative cost-effectiveness assessment showed tie tactical instruments (trip
determination and vehicle holding) are cost-effecin almost every case. Their benefits are
substantial and the costs are nil. These instrusnsimbuld be considered in the design of
every public transport system. However, the vehid&ling instrument is only beneficial if
the passenger pattern has a clear break pointrgntinie determination only is relevant in
long-headway services. It is presented that sti@iegtruments have considerable benefits as
well. Optimized terminal design enables enhancedice reliability. Coordination and
shorter lines may result in reduced passengerlttewes as well. However, these instruments
may look costly due to necessary additional infracttire and or (occasionally) additional
vehicles.

We demonstrated that the costs are limited inicglaio the potential welfare benefits. We
roughly estimated the costs of unreliability at Z rhillion per year in The Hague and we
estimated the potential savings at € 8 million year by applying the five planning

instruments we analysed in our research. The est@neosts of these instruments are
assessed to be only a part of the benefits witlgimmum of € 3 million per year, showing the
added value of the instruments. The results of international survey show that similar
results are achievable in other cities as well.

In this thesis we presented planning instrumerasftcilitate enhanced service reliability. To
achieve a higher level of service reliability inaptice, we recommend considering service
reliability explicitly in the design of infrastruate networks, service networks and timetables
using our developed control framework and toolsrvise reliability effects should be
incorporated in a sophisticated way into cost-biéraefalyses of public transport projects,
using the average additional travel time per pagsewe introduced. This way, welfare gains
and additional revenues may be calculated. Optidngteategic and tactical design improves
service reliability and also simplifies the opevatil process with regard to service reliability.
Enhanced service planning will allow passengerseioefit from improved service reliability
tomorrow!
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Samenvatting

Betrouwbaarheid in relatie tot het ontwerp van steelijk openbaar vervoer

Zowel het regionale als stedelijke personenverniele afgelopen decennia sterk gegroeid.
De rol van het openbaar vervoer (OV) in deze toenanheperkt. Deze rol is echter van groot
belang om in de toekomst de steden bereikbaar efbadlar te houden, daarom is een
substantiéle kwaliteitssprong van het OV noodzgkelboor een verhoogde kwaliteit wordt
de concurrentiepositie met de auto verbeterd en ém@maadwerkelijk een modal shift
plaatsvinden. Deze is wenselijk omdat het OV schameveiliger is en daarnaast minder
ruimtebeslag kent en congestie kan verminderenditirproefschrift laten we zien dat er
veelbelovende maatregelen bestaan om de kwalaeithet OV kostenefficiént te verhogen,
waarbij de focus ligt op betrouwbaarheid. Betrouarbaid is de zekerheid van de
dienstuitvoering zoals ervaren door de reiziger Bn €één van de belangrijkste
kwaliteitskenmerken van het OV-product. Momentesl @r vooral aandacht voor
betrouwbaarheid en het verbeteren daarvan op opeeat niveau. Onze hypothese is dat er
tijdens de planning van OV weinig aandacht is vdibikwaliteitsaspect. Alleen prioriteit bij
verkeerslichten en vrije banen worden tijdens haiverp van netwerk en dienstregeling
expliciet meegenomen om de betrouwbaarheid podiidbeinvioeden. In dit proefschrift
laten wij zien dat er meer instrumenten zijn djdetns het ontwerp kunnen worden ingezet
om de betrouwbaarheid van de dienstuitvoering tdeteren. Daarnaast presenteren wij
rekeninstrumenten die wij hebben ontwikkeld om &HBa van netwerk- en
dienstregelingontwerp op de betrouwbaarheid te &nrwoorspellen. We introduceren een
nieuwe indicator om betrouwbaarheid op een goed@anse presenteren, beter dan met de
huidige indicatoren, die vooral op het aanbod fesens Onze focus ligt op de effecten voor de
reiziger. Door de nieuwe indicator en rekeninstratee zijn kosteneffectieve maatregelen te
ontwikkelen die de betrouwbaarheid van stedelijk @ybeteren.

In dit proefschrift laten we de effecten van eebeairouwbare dienstuitvoering op reizigers
zien. Het gaat dan om drie effecten, namelijk déewging van de gemiddelde reistijd, de
spreiding van de gemiddelde reistijd en de afname de zitplaatskans en comfort in het
voertuig. Wij demonstreren hoe de variatie vanigigden van de voertuigen (i.e. variatie van
de dienstuitvoering) doorwerkt in de betrouwbaathen de dienstuitvoering en de reistijd
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van de reiziger. Door empirische analyse van heti©®en Haag en door ons internationale
onderzoek naar betrouwbaarheid in relatie tot ptapm andere delen van de wereld, hebben
we inzicht gekregen in de mechanismen tussen nébda(variatie in voertuigaspecten) en de
vraag (betrouwbaarheid voor de reiziger). We pregsen verschillende indicatoren die in de
praktijk worden gebruikt voor betrouwbaarheid, aagtiptheid en regelmaat en laten zien wat
de tekortkomingen zijn van deze maten. Dit betveftral het feit dat deze indicatoren zijn
gericht op de kwaliteit van het aanbod en niet efkdaliteit voor de reizigers. Hierdoor is
geen goede analyse mogelijk van maatregelen dibetimuwbaarheid beinvioeden. Om
hieraan tegemoet te komen, hebben we een nieuwsaiodontwikkeld, de gemiddelde extra
reistijd per reiziger als gevolg van onbetrouwbaathDeze indicator vertaalt de genoemde
aanbodindicatoren naar effecten voor de reiziggnde de extra reistijd die een reiziger
tussen herkomst en bestemming ervaart omdat detdimering onbetrouwbaar is. Deze
extra reistijd kan bepaald worden voor een gehglef per halte en maakt het mogelijk om
betrouwbaarheid mee te nemen in beoordelingen \aatregelen, zoals in maatschappelijke
kosten baten analyses (MKBA's). In ons onderzog¢g&nlave zien dat het gebruik van deze
indicator het ontwerp van netwerk en dienstregelkiaig optimaliseren en dat het gebruik van
traditionele indicatoren kan leiden tot suboptimadplossingen, met betrekking tot
betrouwbaarheid. Naast de extra reistijd laten vo& aien dat de “Reliability Buffer
Time”(ontwikkeld door Furth en Muller 2006) goedbgeikt kan worden om de spreiding in
de extra reistijd (en bijbehorende onzekere aantems$e vertalen naar reizigerseffecten.

Om de betrouwbaarheid van de dienstuitvoering tbeteren door een beter ontwerp van
netwerk en dienstregeling hebben we in ons ondkrzgkinstrumenten onderzocht. Deze
instrumenten zijn geselecteerd na een analyse eaworzaken van onbetrouwbaarheid.
Externe oorzaken zijn het weer, ander verkeer, gmlneatig reizigersaanbod en
reizigersgedrag. In dit proefschrift laten we zi&t de belangrijkste interne oorzaken bestaan
uit ander OV, bestuurders- en chauffeursgedragsthegelingskwaliteit en het ontwerp van
netwerk en voertuigen. Omdat het aankomstpatroarreizigers op de vertrekhalte van groot
belang is voor de berekening van betrouwbaarhdetdeh hebben we een
reizigersonderzoek uitgevoerd in Den Haag. Dit onoek liet zien dat reizigers vanaf een
interval van 10 minuten geneigd zijn aselect naahalte te gaan en in het geval van langere
intervallen de dienstregeling raadplegen en dagsdsijiddeld 2 minuten voor het vertrek van
het voertuig op de halte zijn.

Op het strategisch niveau zijn de onderzochteunstnten:

- Ontwerp van eindpunten

De configuratie van eindpunten, inclusief aantalrep en wissels, bepaalt deels de
verwachte vertraging per voertuig en daarmee debsbaarheid van de
dienstuitvoering.

- Lijnlengte
De lengte van de lijn is over het algemeen vanoedlop de mate van spreiding en
daarmee op de betrouwbaarheid

- Afstemming tussen lijnen
Meerdere lijnen op een gezamenlijk traject kunremlegere betrouwbaarheid voor
reizigers bieden dan één (met eendezelfde totdgiéntie)
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Voor wat betreft het tactische niveau kunnen dgemdle instrumenten ingezet worden voor
een betere betrouwbaarheid:

- Rijtijdbepaling

Als intervallen lang zijn, bepalen de geplanderestijden van de voertuigen op de halte
(afgeleid van de rijtijd) de aankomst van reiziggpsdeze (vertrek)halte. Als deze tijd
wordt aangepast, verandert de mate van betrouwdidagh de wachttijd voor reizigers.

- Voertuigen vasthouden (op wachthaltes)
Het vasthouden van vroege voertuigen op de hahelkébetrouwbaarheid verhogen. De
dienstregeling is van invioed op de effecten hierop reizigers.

Het ontwerp van eindpunten betreft (nieuwe) radip met tailtracks als eindpunt of
voorzieningen om kort te keren. Voor hoogfrequdipteen met veel spreiding in rijtijden,
raden we compacte tailtracks aan met overloopvssdekect achter de halte. Wanneer
(nieuwe) lijnen een duidelijk breekpunt in het rg&zspatroon hebben onderweg, raden we
aan om wachthaltes te introduceren of om de lijtwiee delen te splitsen. In het geval van
laagfrequente lijnen raden we aan om de rijtjdenontwerpen op basis van de 35-
percentielwaarde van de rijtijd uit een vorige pdd. Als een lijn erg druk is op een deel van
het traject, is afstemming met andere (korttrajelgien een mogelijkheid om de
betrouwbaarheid te verbeteren.

Een ruwe kosten-batenanalyse laat zien dat dest¢hetiinstrumenten, rijtijdbepaling en het
vasthouden van voertuigen, in vele gevallen kostecigef zijn. De baten zijn substantieel en
extra kosten zijn er nauwelijks en daarom zoudeze destrumenten altijd moeten worden
bekeken bij het ontwerp van OV-systemen. Rijtijddeyy is alleen van belang bij lage
frequenties. Het vasthouden van voertuigen op Wadtiels verbetert echter alleen de
betrouwbaarheid als er een duidelijk breekpuntamédssagierspatronen over de lijn zijn. In
dit proefschrift laten we zien dat de strategiseistrumenten ook kosteneffectief kunnen zijn
in het verbeteren van de dienstuitvoering. Hetagjatijk om eindpunten te optimaliseren met
betrekking tot betrouwbaarheid. Kortere lijnen efsteamming kunnen eveneens de
betrouwbaarheid van de dienstuitvoering vergroizeze maatregelen lijken vaak kostbaar
doordat er extra infrastructuur of voertuigen noklimnen zijn, maar wij tonen aan dat deze
extra kosten beperkt zijn ten opzichte van de apisten. In een grove schatting laten we
zien dat de maatschappelijke kosten van extrajce@ds gevolg van betrouwbaarheid ca. € 12
miljoen per jaar zijn in Den Haag. Met de genoemmdatregelen kunnen deze kosten met ca.
€ 8 miljoen afnemen, terwijl de kosten hiervoortmeeer dan ca. € 3 miljoen zijn. Ons
internationale onderzoek naar betrouwbaarheid inre# van de wereld laat zien dat
soortgelijke winsten ook in andere steden mogeiljjk

In dit proefschrift hebben we instrumenten gepresend die tijdens het ontwerp van OV
kunnen worden toegepast om de betrouwbaarheid gatiethstuitvoering te vergroten. Wij
adviseren betrouwbaarheid expliciet mee te nenjdans het ontwerpproces van openbaar
vervoer (zowel netwerk als dienstregeling), waarlmps analysekader en onze
rekeninstrumenten kunnen helpen. In maatschappelijosten-baten analyses moet
betrouwbaarheid op een verantwoorde manier meegamomorden. Onze indicator, de
gemiddelde extra reistijd per reiziger, helpt higrvaardoor de maatschappelijke baten en
extra inkomsten berekend kunnen worden. Optimaldwenpen voor netwerk en
dienstregeling verbeteren de betrouwbaarheid varOheen maken de uitvoering minder
complex. Door een verbeterd ontwerpproces kunneigegs een verhoogde betrouwbaarheid
ervaren, morgen al!
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