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Abstract

Reliability and stability belong to the most determinant factors influencing mode choice for
existing and potential public transport users. Service reliability impacts not only passengers but
also operators. Unreliable services impose higher operating costs due to the additional
resources required to deal with them, and reduce the revenue because of lost ridership.

This research project focuses on different elements of transport service reliability, in particular
on the planning of the targeted level of service and on measuring the performance of service
delivery. Performance analyses are based on the case study of trolley bus Line 31 in Zurich.
Automatic vehicle location data are used for detailed analyses of operational performance.
Based on evaluations of the deviation between the targeted and delivered level of service,
causes of unreliability are identified and classified. General and particular measures to improve
reliability are derived and discussed, which can be preventive or corrective in nature.

The present study was developed in the framework of COST Action TUo603 ,Buses with High
Level of Service (BHLS)“, the goal of which is to increase the use of public transport and promote
sustainable mobility by developing new, high quality bus services.
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1 Introduction

11 Role and benefits of urban public transport

Urbanization and the demand for mobility have been constantly increasing around the world
over the last decades. Public transport provides an efficient and sustainable way to meet in-
creasing mobility needs, especially in urban areas.

Public transportation is typically provided on fixed routes and at regular time intervals accord-
ing to published schedules. It is accessible to the general public, who shares the offered pas-
senger transportation service. It mainly includes the use of buses, trams, trains, rapid transits
and ferries. The basic function of public transportation is to collect and distribute passengers,
from an origin station to a destination station.

Many benefits arise from using public transportation. Due to its ability to transfer large num-
bers of people and its comparably low consumption of required urban space, public transport
reduces traffic congestion. Additionally it reduces energy consumption, dependence on oil and
greenhouse gas emissions, and makes mobility more sustainable. Public transportation ex-
pands opportunities and transportation choices and provides an affordable mobility choice. It
can additionally be one of the decisive factors for attracting investments, creating new jobs and
ensuring economic growth. A high quality public transportation system can even contribute to
the living standards and quality of life by reducing congestion, travel time and stress.

Switzerland and particularly Zurich are well known for their excellent public transport services.
Decision makers in Zurich have recognized the importance and benefits of public transporta-
tion. They are constantly searching for ways to improve quality of service and current policies
aim at increasing its modal split share. They take a pioneering role in several aspects of public
transportation. Political and public support is a key element of success for public transport in
Zurich.

1.2 Aim and scope of this project

The quality of service of public transportation influences the mode choice of travelers and their
travel behavior. The overall quality of public transportation includes several criteria, such as
customer care, comfort, information, etc. In general, a destination needs to be made between
the quality of service targeted and delivered by the operator, and the quality of service per-
ceived and required by the customer. Reliability and stability of provided transport services be-
long to the most significant quality criteria for existing and potential public transport users.
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Service reliability not only affects passengers but also operators as unreliable services cause
higher operating costs (due to additional resources required to deal with unreliable services)
and reduces the revenue and patronage (due to decreasing numbers of customers).

Therefore, the benefits of public transportation can only be fully implemented if public trans-
portation can increase its share in modal split. In places where people have a choice between
modes, the shift in modal split from private to public transportation can only be achieved if the
perceived quality of the service and most importantly the perceived level of service reliability
are in line with the level of quality and reliability required by the customers. Thus, the attrac-
tiveness of public transport can be increased by reducing waiting time variability, mean waiting
time and total travel time variability, which are the sources of trip disutility or unattractive-
ness'.

For the mentioned reasons, reliability is in the focus both of operators, as well as potential and
current public transport users. Unreliability can be defined as the deviation between the tar-
geted (or planned) level of service and the delivered (or operational) level of service. Therefore it
is essential to plan the targeted level of service effectively, to measure the deviation between
the targeted and delivered level of service, to identify the sources of unreliability and their im-
pact, and if possible to derive measures to improve reliability, based on adequate analyses and
evaluations.

The first objective of this study is therefore to describe the state of the art in public transport
service planning procedure and to compare it to the current state of practice in planning con-
ducted at Zurich’s public transport operator, the VBZ. The subsequent objective is to analyze
and evaluate the performance of delivered public transport service. The analysis will be based
on a case study of trolley bus line 31 operated by the VBZ in Zurich. Before the performance can
be measured effectively, reliability and performance measures for different aspects and per-
spectives of reliability (such as of passengers’ or operators’ perspective) have to be derived. Ad-
ditionally, their suitability and applicability to the analyzed problems has to be evaluated. Sev-
eral factors affect reliability and stability of transportation service in various ways and with dif-
ferent degrees of severity. Therefore, they are classified and categorized as this can facilitate
the identification and assessment of possible approaches to deal with the factors influencing
reliability and with their consequences.

Because reliability can be defined as the gap between the targeted and the delivered transpor-
tation service, the subsequent objective of the study is to compare the planning of transport
service delivery with its actual delivery in the operation by means of the selected case study.
Based on foregoing theoretical consideration the actual gap between planning and operation is

" The causes and measurements of the difference between delivered and perceived quality of transporta-
tion service will not be in focus of this study.
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analysed and the causes of unreliability derived. The quantitative impact of the single sources
for unreliability is not part of this study.

Based on preceding analyses and strategies proposed in literature, strategies to increase relia-
bility and stability of transportation service in general and for the analysed trolley bus line 31in
particular are proposed. Furthermore, the strategies proposed in the literature are analysed for
feasibility and applicability in Zurich for the considered line or if they are already implemented.

The use of automatic vehicle location (AVL) and automatic person counting (APC) systems pro-
vides new sources of data for a detailed analysis of trolley bus operation performance. For this
study only AVL data was available.

Some of the objectives planned at the beginning of the project had to be adapted due data
availability, the practices already implemented at the operator’s procedure or the missing sys-
tematical approaches used in practice.

The present study is embedded in the COST Action TUo603 ,Buses with High Level of Service
(BHLS)“. This COST action ultimately seeks to increase the use of public transport and promote
sustainable mobility by developing new, high quality bus services comparable with rail modes
that compete with car use within Europe. To its objectives belongs the goal to share and ana-
lyze current best practice in the field of BHLS and to facilitate exchange of knowledge about
BHLS. This research study therefore contributes to that objective.

1.3 Report outline

The main structure of the report corresponds to the principal objectives of the study.

In Chapter 2 a general overview of road-bound urban public transport, its organization, basic
elements, characteristics and operational processes is provided. As definitions often vary in this
area, some basic terms related to operational reliability are defined, to provide a common basis
for the entire report.

Chapter 3 gives an overview of public transport performance evaluation, specifically the differ-
ent dimensions of transportation service reliability and stability, as well as their measures.
Additionally, elements and factors influencing reliability are classified and categorized.
Furthermore, the phenomenon of bus bunching and the technology of automatic data collec-
tion systems are introduced.

In Chapter 4 the public transport planning process is addressed. A generic planning process is
proposed, based on the literature for the different levels of planning in public transport. The
proposed generic planning process is subsequently compared to the public transport planning
process practiced in Zurich, based on interviews with the VBZ.
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Chapter 5 quantifies public transport service reliability in Zurich using off-line operational data,
including AVL data. The results include operator-oriented measures such as detailed travel
time, speed, punctuality and regularity analysis, together with reliability oriented performance
measures. Additionally, the study includes an analysis of passenger-oriented measures of relia-
bility focusing on different waiting time measures.

In Chapter 6, the planning of the service at the VBZ is compared to their actual service delivery.
The idea is to identify potential gaps between planned and delivered transportation service ei-
ther in planning or operation, and subsequently to identify potential for improving service reli-
ability.

In Chapter 7, based on preceding analyses and strategies proposed in literature, strategies to
increase reliability and stability of transportation service (in general and for the analysed trolley
bus line 31 in particular) are proposed and reviewed qualitatively for their feasibility and ap-
plicability in Zurich.

Finally, Chapter 8 provides a summary and conclusions, as well as needs for further research.
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2  Basic principles of urban public transport systems

2.1 Chapter overview

This chapter provides a general overview of road-bound urban public transport, its organiza-
tion, basic elements, characteristics and operational processes. First, the specific context and
boundaries of this work are specified, together with the hierarchic structure of planning and
operations, as well as some basic definitions. These are useful because terms often vary in this
area, and the same expression can be understood differently. Basic operating elements in pub-
lic transport are described in the following section. The last section describes the operational
processes taking place in the service delivery of urban bus lines.

2.2 Urban public transport as a system

2.2.1 Road-bound public transport

Urban public transport comprises all passenger services that are available for use by the gen-
eral public in a town, city or metropolitan area. Surface urban public transport services are
commonly provided by three types of modes: buses, trolleybuses and trams. In many cities with
higher demand, these can be complemented by heavier rail-based modes (e.g. commuter
trains, metro, monorail, etc.) and in some cases by other modes such as cable cars or boats.
“Buses are by far the most widely used transit mode”, as stated by Vuchic (2007). Regardless of
the size of a city, they are always present, either for high-capacity bus-based public transport
systems such as Bus Rapid Transit (BRT), or as feeder services for rail based systems. The vehi-
cles vary in capacity, from minibuses with about 15-25 spaces, to double articulated buses such
as those operating in Line 31in Zurich, with a capacity of about 200 spaces.

Buses can operate on almost all streets, providing services that cover a large range of quality,
performance and operational costs. Trolleybuses are powered by electricity taken from two
overhead wires suspended along the line, providing a lower degree of flexibility due to the need
for energy supply infrastructure. Buses and trolleybuses are the public transport modes that
most interact with other road users, such as private vehicles, bicycles and pedestrians. For this
very reason, they are the most susceptible mode to the number and behaviour of other road
users. This often leads to conflicts in road usage and a decrease in the quality of the service. In
the context of this work, which is focused on bus routes in Zurich, only road-bound public
transport modes will be contemplated with focus on buses and trolleybuses, and occasional in-
clusion of trams. Public transport services provided by heavy rail-based modes, as well as other
existing modes in Zurich (funiculars and boats) are not included in this work.
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2.2.2 Functional structure of public transport planning and its operation

The general structure of public transport systems consists of different, hierarchical levels,
which deal with the planning and delivery of the service to the public. These are the strategic,
tactical and operational levels, and are generally valid for any type of public transport system.
They are depicted below:

Figure 1 Functional structure of public transport operations and planning

long-term A

Strate- A central

gic Level:
Analysis, Planning

Tactical Level:
Supervision, Dispatching
. # Operational Level:
real-time Implementation, Safety ¢ distributed

Source: adapted from Luethi (2009)

At the top of the hierarchy, the strategic planning level defines the plans and corresponding ac-
tions needed to reach the city’s long-term public transportation goals. These objectives are de-
fined in coordination with land use, mobility strategies, development forecasts, and related pol-
icies and standards, which define the vision of the city for the future.

Lawrie and Colston (2005) describe strategic planning as “a management tool (...) used to de-
fine an organization’s vision, mission, core values, challenges, and opportunities; establish
long- and short-range goals; guide business processes; and measure performance. It can assist
an organization in creating its future rather than just reacting to it.” Therefore, strategic plan-
ning deals with the transport service network design, although it can also define the types of
service to be provided and the corresponding types of vehicle, their coverage and the required
infrastructure.

Tactical planning in public transport uses the information provided by the strategic planning
level as input to produce shorter-term, more limited objectives needed to deliver public
transport services in the operational level. These include setting frequencies, designing timeta-
bles, and assigning resources (vehicles and drivers) to each route. The results of strategic and
tactical planning provide the conditions for the delivery of the transport service in the opera-
tional level. This level deals with the implementation of the previous plans on a very short time
scale, as well as with the supervision control of every day services, on a real-time basis. Addi-
tional tasks include reacting to emergencies, failures, interruptions and other unplanned

events.
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2.2.3 Definition of general terms

The following definitions aim to clarify the concepts that will be used throughout the following
chapters. Some of them can be applied to other contexts, but in such cases they are defined to
fit the framework of this study: road-based urban public transport.

Availability is a measure of the capability of a public transport system to be used by potential
passengers, including such factors as the hours the system is in operation, route spacing, and
accessibility to people with disabilities. TCQSM (2003).

Capacity can be used to describe many individual elements of a transportation system (e.g.
public transport line, seating, standing, vehicle, etc.). In general, it refers to the ability of public
transport facilities to move a certain amount of people and public transport vehicles in a given
time frame. Normally expressed in passengers per hour-direction for a particular section.

Effectiveness in public transport is the degree to which the desired level of service is being pro-
vided to meet stated goals and objectives. For example, the percentage of a given service area
population that is within the desired 400 meters to a bus or tram stop. TCOSM (2003).

Efficiency describes the extent to which time or effort is well used for the intended task or pur-
pose. It also expresses the rate of success a specific process has either in recovering the ex-
pended resources (e.g. the extent to which energy has been recovered from the combustion of
a given amount of fuel), or in achieving a given objective. Tomazinis (1975).

Flexibility can be understood in a number of ways, but for public transport systems it refers to
the level to which the system can respond to uncertainty in order to sustain its planned service
delivery.

Level of Service (LOS) can be understood in two ways. As the amount of public transport service
provided (e.g. frequency, time-span of service, number of seats, etc.); or as a concept used to
quantify quality of service based on a scale from A (highest quality) to F (lowest quality) accord-
ing to the TCQSM (2003). In practice, different agencies and operators develop their own set of
indicators according to their particular system and urban characteristics.

On-time performance corresponds to the proportion of the time that a public transport system
adheres to its published schedule times within stated tolerances or thresholds. For example, a
bus or tram arriving, passing or leaving a predetermined (time) point along its route or line
within a time period that is no more than x minutes earlier and no more than y minutes later
then the published schedule time. TCQSM (2003).

Performance measure refers to a qualitative or quantitative measure (or indicator) of how well
an activity, task or function is being performed. In transportation systems, it is usually comput-
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ed by relating a measure of service output (or use) to a measure of service input (or cost).
TCQSM (2003).

Performance measurement system refers to the set of measures, data collection procedures,
evaluation methods, goals, and reporting methods used to monitor an operator’s effectiveness,
efficiency, service quality, and goal achievement for the purposes of improving decision-making
and meeting objectives. TCOSM (2003).

Quality of service (QOS) is the overall measured or perceived quality of transportation service
from the users’ or passengers’ point of view, rather than from the operating agency’s point of
view. It is defined for public transport systems, route segments and stops by level of service, ac-
cording to the TCOSM (2003). In a more detailed level, quality can be described in four classes,
these are expected, targeted, delivered and perceived quality.

Reliability refers to the extent to which public transport service is provided to the user as prom-
ised by the operating company. It affects waiting time, consistency of passenger arrivals from
day to day, total trip time, and loading levels. TCOSM (2003). A more extensive discussion on re-
liability in the context of public transport can be found in section 3.2.

Regularity refers to the evenness of headways between successive public transport vehicles. It
is particularly important for high frequency services (below 10 minutes). It influences on time
performance, vehicle loading levels and passenger comfort.

Right-of-way (ROW) refers to the degree of separation of public transport vehicles from other
road users. See section 2.3.4.

Robustness is the ability of a public transport system of being able to withstand variations, dis-
ruptions or changes in operational conditions. Additional buffer (or slack) time to absorb delays
contributes to more robust schedules, however, excessive buffer time leads to lower operation-
al speeds and higher operational costs. Redundant infrastructure also contributes to increasing
the robustness of a system, providing ways to reorient vehicles if disruptions occur.

Stability refers to the ability of a public transport system to compensate for delays and return
to its desired operational state. A stable timetable will include some buffer time to compensate
for small disruptions and delays. A timetable can be stable without being very robust. This is
the case when the distribution of the buffer time throughout the schedule is not optimal and is
concentrated in the layover times. Initial delays are propagated before they are absorbed at the
end of the run.

? A structure for classifying public transport service quality can be found in page 60 of Kittelson, Urbitran,
et. al. (2003).
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2.3  Basic operating elements

2.3.1 Line, Route, Network

Most public transport services are provided by vehicles (buses, trams, trains, etc.) that travel
along predetermined lines, following given schedules. Therefore, the basic component of a
public transport system is a Line. The elements of a public transport Line are described below:

Referring to Vuchic (2005), a public transport Line is “the infrastructure and service provided on
a fixed alignment by vehicles or trains operating on a predetermined schedule”. The infrastruc-
ture elements can vary from very simple designations of a stop along a street, to a grade sepa-
rated, fully segregated and controlled right-of-way (ROW) with designed stations providing a
number of services and amenities to passengers. A public transport Route is often used as a

synonym for Line, and usually refers to road-bound public transport, with often-overlapping
lines. A public transport Network is a set of Lines connecting with or crossing each other and
(ideally) coordinated to achieve efficient operation and provision of integrated services in a giv-
en area. The idea is to improve the convenience of passengers and the efficiency in operations.
Figure 2 illustrates these concepts.

Figure2  Publictransport line, network and station concepts
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In the previous figure, if the distance between stations corresponds to 1 km, the values of the
network are: Line lengths: (AC, AD and EF), 6, 5 and 7 km correspondingly. Network length:
AC+BD+EF=15 km. Total Line length: AC+AD+EF=18 km.

A public transport Stop is a location along a Line where public transport vehicles halt and pas-
sengers can board or alight. It can be equipped with signs, static and dynamic information, a
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place to sit and shelter from the weather. A Station is a more developed structure with facilities
for passenger boarding / alighting, waiting and transfer. In this work the terms stop and station
will be used interchangeably. Different types of stops and stations are depicted in Figure 2.

2.3.2 Headway and frequency

Vuchic (2005) defines the basic process of transportation as “the movement of objects u over a
distance s during an interval of time t”. As described in Vuchic (1981), different relations be-
tween these three elements constitute the majority of operating elements of transportation
systems. The figure below shows some of these relations.

Figure 3 Basic operating elements of public transport systems
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In public transport operations, the most common elements are headway (h), frequency (f), time
(t) and speed (v). Headway is the interval of time between two consecutive public transport ve-
hicles passing the same fixed point on a Line (on the same direction). Headway is normally ex-
pressed in minutes. Users are interested in short headways to minimize their waiting time at
stops, but because more vehicles with less capacity result in higher operating costs (specially in
places where the cost of labour is high), headways are normally set as an agreement between

10
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user travel time and convenience, and the operational cost. As Vuchic emphasises, uniform
headways are desirable as they provide the most stable operation and are most attractive for
passengers as they are simple, reliable and minimize waiting times. It is also desirable to use
clock headways (the same departure minute every hour at a stop) as passengers can therefore
memorize the timetable with ease.

While headway is defined as the time between consecutive vehicles (t/u), frequency describes
the inverse relation, or the number of public transport vehicles passing a point on a Line in one
direction for a period of one hour (u/t). The terms headway and frequency are often confused,
not only by the users, but also by operators. To provide a clarifying example, for a 10-minute
headway, the frequency would be six vehicle departures per hour.

2.3.3 Schedules

In the context of public transport, a timetable or schedule is a listing of the times at which pub-
lic transport services arrive or depart from a specific stop or station. It is normally available to
the public in the form of a leaflet, poster, dynamic display, or electronically. In Switzerland all
public transport services run according to a schedule, regardless of their frequency. However,
this is not the case in other countries, where operators might simply state that a service runs
e.g. “every 3-5 minutes”. This situation is common in high frequency services like metro systems
and some urban bus services.

Timetable design is a component of public transport planning. Consistent with section 2.2.2,
timetables are set using the input provided by the network and route design, and serve as an
input to schedule vehicles to a set of trips (or blocks) and schedule crews (or rosters). A more
detailed description of the operational planning process and timetable design can be found in
chapter 4.3.

2.3.4 Rights-of-way (ROW)

Right of way basically refers to a strip of land that is provided for transportation purposes. In
our context, corresponds to the area on which a public transport line operates. Among the dif-
ferent characteristics of ROW, the most important for public transport operations and perfor-
mance is level of segregation that public transport vehicles have from other vehicles, road users
and pedestrians. According to Vuchic (2007), there are three basic ROW categories distin-
guished by the degree of their separation from other traffic, however, it is possible for a line to
have a segment-wise mix of ROW categories.

Category C corresponds to roads with mixed traffic. Public transport may have preferential
treatment, such as reserved lanes separated by lines or special signals or travel mixed with oth-
er traffic, such as in the photo below.
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Picture 1 ROW Category C: public transport in mixed traffic (Zurich, own picture)

Category B includes ROW types that are “longitudinally physically separated by curbs, barriers,
grade separation and the like from other traffic, but with grade crossings for vehicles and pe-

destrians” Vuchic (2007). This category is frequently used for Trams and sometimes buses such
as the one depicted below, in Zurich.

Picture2  ROW Category B: partial separation (Zurich, own picture)
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Category A involves a fully controlled ROW without grade crossings or any legal access by other

vehicles or persons Vuchic (2005). See picture below

Picture3  ROW Category A: fully separated way (Glattalbahn viaduct, Zurich)

Source: originally uploaded to Flickr by KARLCH

Some features of modes with different ROW categories can be seen below.

Table1 Characteristics of modes with different ROW categories

ROW Category
Features C B A
System performance: capacity, speed, Moderate High Very high
reliability, safety
Investment Cost Low High Very high
Level of Service (LOS) Moderate High Very high
Image / identification Moderate Good Very strong
Passenger attraction Moderate High Very high
Potential impact on urban form Weak Strong Very strong
Full automation possibility None None Full

Source: Vuchic (2007)
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2.4 Operational processes in urban bus lines

Until now, the basic operating elements in public transport have been studied. These elements
interact with each other under an operational framework to provide the actual service to the
users. This framework is based on a series of operational processes. The analysis of the different
operational processes of an urban bus line involves describing the sequences of events taking
place and their temporal dependencies. Different process hierarchies are developed in the fol-
lowing sections, based on a schematic process. These help describe the sequences of events oc-
curring within the operation of an urban bus line.

In the initial part, the general processes or urban bus lines are first approached and described in
broad terms. Two general activities have been proposed: STOP and DRIVE. For each higher-lever
activity, a first hierarchy of processes (Level 1) is complemented by a more detailed process de-
scription (Level 2). Subsequently, the factors influencing the different sub-processes are de-
fined.

A distinction can be made between factors influencing the frequency of occurrence for individ-
ual sub-processes in an urban bus line, and factors determining the duration of the sub-
processes (distribution of process times). Especially critical are factors that affect both the fre-
quency of occurrence and the duration of a process.

2.4 Process delivery of urban public transport bus services

Conventionally operated urban bus lines run between two established terminal (end) stops
along fixed lines according to planned schedules. The number of stops between terminal stops
(i.e. where passengers can board and alight the vehicle) depends on the length of the line, the
urban density and the type of service provided, among others. Between stops, vehicles drive
along sections of road that can be either shared with conventional car traffic, other public
transport vehicles, or be segregated and for exclusive use for the buses (e.g. Bus Rapid Transit
lines, or BRT).

Sections between stops can vary significantly in terms of length and other characteristics, such
as street geometry, and degree of separation from other traffic and pedestrians (ROW). In ur-
ban areas the distance between stops is considerably shorter than in rural areas. In the city of
Zurich, the average distance between stops is 378 m, according to Cantaluppi (2010).

Stops that need to be considered differently are transfer stations. These can be located at a
terminal stop, as well as in other points along the line. Transfer stations guarantee the connec-
tion of passenger to other modes/vehicles, such as S-Bahns, trams or other buses. In Zurich,
schedules are designed to optimize the connections between lines at different points through-
out the network, for each individual bus- and tramline. Bus lines serving several transfer sta-
tions tend to be critical, as they must (normally) guarantee a number of scheduled connections.

14
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Additionally, high numbers of passengers normally converge in such stations (large number of
passengers boarding / alighting), heavily influencing dwell times.

A section between two stops can be classified in one of the following two categories: road sec-
tion or node section. Actual road crossings, as well as the road space destined for vehicles to

wait before crossing the intersections, belong to the node section. The number of node sections
between two stops varies depending on the location. Due to the large influence that node sec-
tions have on the stability of a bus line, they are considered separately from conventional road
sections along the line.

Nodes (road intersections) can be regulated using traffic light signals, which can be equipped
with bus priority systems. Other types of nodes are not directly controlled. The influence of a
node (without bus preference measures) on the travel time of a bus can be very large, depend-
ing on the precedence rules and the allowed turning movements. A schematic representation
of the elements of a public transport line is depicted below.

Figure4  Schematic representation of the main elements in an urban bus line
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Source: adapted from Weidmann, Buchmiller et al. (2008)

2.4.2 Sub- process description — Level 1

Based on the previously depicted process chain, the individual parameters for the different el-
ements of the process are defined in the following Table.



Operational stability and reliability of urban bus routes April 2012

Table 2 Process analysis of a fixed-route bus line
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The Table above shows the results for the process analysis of the first level, or Level 1. The dif-
ferent elements of the process chain (types of stops, the approach and departure manoeuvres
from the stops, the free road section drive and node section drive) are described in terms of
their processes.

At every station a common stop process takes place. In transfer stations with protected connec-
tions, additional waiting times will occasionally occur while waiting for a delayed connection.
At transfer stations without scheduled connections, especially those serving many lines (e.g.
Bucheggplatz in Zurich) spontaneous connections may take place, which results in unplanned
waiting times. In an optimal case, the connection time overlaps with the stop process duration.
In extreme cases, this event can extend the dwell time in several minutes.

Turning movements take place at end stations. These vary from very easy to complicated, de-
pending on the station design. At the end station, or terminal, the vehicle is prepared to begin
the following course, although the vehicle normally does this automatically.
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Between stations, the driving process takes place along road sections. It is dependent on the
physical limitations of the vehicle and its interaction with the other drivers and actors in the
road (e.g. pedestrians, cyclists). In a worst-case scenario (very high volumes of traffic), the traffic
flow can be dramatically reduced or temporarily come to a complete halt.

The level of priority and segregation of public transport vehicles has a large impact on the driv-
ing process along node sections. Similar to the free road sections, high traffic volumes can
cause longer waiting times.

2.4.3 Sub-process definition — Level 2

A more detailed look at the processes described in Level 1 results in the definition of its compos-
ing sub-processes (Level 2). From the refined description it is possible to deduce the relations
taking place between processes. The sub-processes in Level 2 are listed in Table 3 and described
in the following section.
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Stop process for all stations

This process is basically composed of a fixed part and a variable part. The fixed part corresponds
to the time required to release the vehicle’s doors when stopping, and secure them before de-
parting. The variable part is the time required for the boarding and alighting of passengers. The
figure below illustrates this process.

Figures  Schematic representation of the dwell process of an urban bus line
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The variable part of the process is determined by three factors. First, the number of passengers
alighting and boarding the bus; second, the distribution of the doors in the vehicle (number
and location of the doors, passenger distribution in the vehicle and at the stop); and third, the
accessibility conditions at the stop (vehicle door width, differences in boarding levels, people
density at the stop, etc.)

People with reduced mobility need to be taken into account. This includes persons in wheel-
chair, but also the elderly, and passengers with baby buggies, bulky luggage, etc. The share of
such passengers is relatively low, but the additional time required can extend the total stop-
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ping time significantly (kneeling of the vehicle, obstruction to other passengers due to the ad-
ditional space required at the door, etc.). These events may lead to dwell times much larger
than the average.

The process described in Figure 5 also applies at transfer stops and/or terminal stops. Addition-
al for these stops might be the time required by the driver to prepare for the following course,
the scheduled and spontaneous connections, and the turning manoeuvre.

Transfer protection

Scheduled connections between bus lines, or with an S-Bahn line, take place at transfer sta-
tions. These connections are guaranteed mostly for rural lines; however they must be taken in-
to consideration for urban bus lines as well. During peak hours they are not as relevant, but in
the evening or during the weekend, when frequencies are lower, they gain relevance for the us-
ers. The time destined to wait for a connection is determined by the delay distribution of the
connecting line, as well as by the existing guidelines regarding the maximum waiting time al-
lowed for a connecting line. The first criterion cannot be influenced because it is external to the
line in consideration. In contrast, the maximum waiting time for a transfer between lines (or if
required for individual courses) can be defined in consideration of the guidelines and the cur-
rent operating situation.

Spontaneous connections

Often, few or no connections are scheduled within the timetable at transfer stations serving
several lines with high frequencies (e.g. Bucheggplatz in Zurich). However, in daily operations it
happens that vehicles shortly wait for passengers arriving from other lines, so they can benefit
from the spontaneous connection.

Turning manoeuvre

For the turning manoeuvre (which may take place either before or after the stopping process,
depending on station design) there is a distinction between the actual process of turning the
vehicle, and some additional operational procedures (minimum break time for the driver, short
vehicle inspection, minor cleaning activities, etc.). Moreover, a compensation (or buffer) time is
required, which is derived from the time required to turn around, and from the route headway.
The actual turning process is inevitable unless the line involves a loop (e.g. around the block); all
other processes can be shortened or delayed, depending on the operational conditions. Howev-
er, the turning process is highly dependent on the type of vehicle (length, articulation, and sin-
gle or bidirectional in the case of trams), and the particular topology of the turning site.
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Station approach process

This process depends to a large extent on the stop layout. In the simplest case, the vehicle stops
on the right side of the street (curbside), or in a bus bay along the road. For larger stations (es-
pecially at transfer stations) the bus normally deviates from the street traffic and drives into
the station area and the assigned stopping location.

For stops that require a stopping wish by the passengers (stop on demand), this event is re-
viewed as the vehicle approaches the stop. Those passengers wishing to exit the vehicle at a
stop report this wish to the driver by pressing the exit button inside the bus. Passengers wish-
ing to enter the vehicle at a stop inform the bus driver with their presence at the stop (or in
some cities, with a hand signal). When no stop is requested for the next stop, and no persons
are waiting for the bus, the bus can drive through.

Station departure process

The station departure procedure involves the process between the actual driving away from
the stop until the complete integration of the vehicle with the flowing traffic. After driving
away from the stop, the driver focuses on the moving traffic and waits for a slot among the
coming vehicles (in most cases). When the bus driver finds the slot, or another driver yields, the
bus can merge into the driving lane and proceed to the next stop.

At stations with coordinated traffic lights and bus preferential measures, the bus announces
the willingness to drive away and after a determined time receives the clearance to drive away.

In some cases, it is also possible that the bus driver stops the vehicle after a few meters to wait
and allow entrance of passengers hurrying to get the bus.

Driving along road section

The driving process along the line is a result of the physical characteristics of the vehicle bound
to street layout, maximum speed allowed, planned service schedule and the current traffic sit-
uation. Obstructions caused by road works, congestion, pedestrian crosses, etc., need to be tak-
en into account.

Waiting process in node section

The management of the traffic flow at the node itself influences the waiting process along
node sections. Depending on the priority scheme of the node, the existing turning movements,
and the presence of a traffic signal with or without bus priority, the driving process can be op-
timized in the node area and the variability of the travel time reduced.
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2.4.4 Recurrence and duration of processes

The timetable stability of a bus service is a result of the interactions and events that occur
during the described processes and sub-processes of an urban bus line. At the same time, the
following characteristics of the individual processes play an important role:

* Individual processes within a bus line take place with varied frequency, depending on
the time and day of the week. For example, some stops along a line will only be served when
passengers express their wish to exit the vehicle, or when people are waiting for the bus at
the stop. In the case no passenger wishes to enter/exit the vehicle, and the scheduled depar-
ture time has been reached, the bus can drive through. On the other hand, other processes
take place constantly. The length of a given line does not change during the valid period of a
published schedule. Therefore, the frequency of individual processes influences the entire
(higher-level) process duration.

* The duration of individual processes varies considerably in most cases. So, for exam-
ple, the time required for passengers to board/alight the vehicle depends (among others) on
the number of passengers wishing to enter and exit the bus. If among these passengers
there are passengers with reduced mobility, the duration of this process is normally longer.

A graphic relationship between duration (delay) and frequency of occurrence of events, and
their influence on the operational stability of bus lines is depicted below. Question marks indi-
cate uncertainty regarding the impact of an event under the given conditions.

Figure 6  Process duration and frequency, and their influence on operational stability
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Source: adapted from Weidmann, Buchmiller et al. (2008)
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Table 4 describes the parameters influencing the frequency and duration of the stopping pro-
cesses. Table 5 includes the parameters that influence the frequency and duration of a process
by type of station and the location-specific activities taking place at these stations.

Table 4 Parameters influencing the stopping process
Parameters influencing STOP process
Frequency Duration
- Number of passengers
- Vehicle access layout
Passenger exchange | - Number of stops with passengers - Design of the bus stop
(see Figure 5) boarding/alighting the vehicle - Passenger distribution at the doors
- Vehicle’s occupancy rate
- Share of passengers with reduced mobility
- Use of Kneeling feature
- Door opening/closing process
Fixed share of stop - Number of stops with passengers - Minimum door opening time
time (see Figure 5) boarding/alighting the vehicle - Reaction times of driver/passengers
- Time reserve in schedule
- Breakdown susceptibility of the vehicle | - Kind of vehicle breakdown

Source: adapted from Weidmann, Buchmiller et al. (2008)
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Table s Parameters influencing frequency and process duration by station type
Location Parameters influencing process frequency and/or duration
specific .
Frequency Duration
process
New course ) -
) ) Line length - Course entering in on-board system
designation
) Number of protected connections
Connection o .
tecti Number of scheduled transfers - Delay distribution of connecting courses
rotection
P Delay frequency of connecting lines
- Scheduled transfer time
- Maximum waiting time for connections
Number of transfer stops with non- o
Spontaneous ) - Number and temporal distribution of trans-
i scheduled connection courses S
connection fer passengers from connecting lines

Frequency of connecting lines

- Behaviour of drive
- Guidelines regardi

r

ng waiting of spontaneous connections

Turning process

Line length

- Turning manoeuvre
- Minimum rest time

- Reserve in schedule

Source: adapted from Weidmann, Buchmiller et al. (2008)
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The table below describes the parameters that influence frequency and duration in the driving
process.

Table 6 Parameters influencing the frequency and duration of the driving process

Parameters influencing DRIVE process

Frequency Duration

Stop approach - Number of stops - Type of stop

process (Predetermined stop plus request - Stop access length

stops with stop request) - Interference by other buses, private vehicles or
passengers

Stop departure - Number of stops - Type of stop

process (Predetermined stop plus request - Waiting for running passengers
stops with stop request) - Traffic flow

- Precedence rules

- Traffic light communication

Drive process - Length of the road section - Layout of the road section

- Allowed speed

- Street condition

- Weather conditions

- Vehicle type and condition

- Driver’s behaviour

- Current timetable deviation

- Traffic flow

- Obstructions along the street (Road works etc.)
- Existing bus lanes

- Need to communicate with control centre

Waiting processin | - Number of nodes/intersections - Node/intersection type
node section - Node regulation (Regelung)
- Node control (Steuerung)

- Existing turning conditions
- Traffic flow

- Type of bus priority measure

Source: adapted from Weidmann, Buchmiller et al. (2008)
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Critical factors influencing operational stability

Some factors are critical for the operational stability of a bus line, because they influence both
the frequency of occurrence and the distribution (duration) of process times. Based on the in-
fluencing factors previously mentioned, the following critical elements are considered:

e Number of passengers and share of them with mobility restrictions in lines with
high stop density and short headways.

*  Number of connecting lines susceptible to delays.
e Shortturningtimes in long lines.

* Number of road intersections along the line frequently reaching their capacity due to
high vehicle traffic.

* Share of the line running along frequently congested road sections with no prefer-
ence treatment for public transport vehicles.

2.4.5 Measurement parameters for process quantification

The quantification of the main factors influencing schedule stability can be done using opera-
tional measurements collected automatically by the vehicle and the control centre, or by other
measurements (mostly manual observations). The measures to be determined correspond to:

»  Frequency of process incidence (Level1and 2)

e Statistical distribution of the process times for the relevant process parameters in
Levels 1 and 2 (mean, median, standard deviation, statistical distribution). See chap-
ter 3.4.2 for a discussion on reliability metrics in public transport.

The following Table includes the relevant metrics for quantifying the main factors influencing
operational stability. They were proposed by Weidmann, Buchmiller et al. (2008).
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Metrics and quantification of process elements

Table 7
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2.5 Summary

This chapter reviewed the basic principles of urban public transport systems, focusing on the
elements and operational processes involved in the provision of service. Focusing on road-
bound modes, a functional structure for planning and operations was formulated, which is
consistent with following chapters of this work. Subsequently, definitions relevant to this work
followed, mostly involving terminology on service quality and reliability.

The basic operating elements of public transport were identified to be the network and its
components, the headway and frequency of service, the schedules, and the level of segregation
of public transport from other modes.

In the final part of the chapter, the operational processes involved in service delivery were de-
scribed for a generic bus line in the form of a schematic process. Different levels were identified
and described. The recurrence and duration of a process were identified as elements that have
a large impact on the potential for increasing delay in a line. The chapter closed with a few
metrics that quantify each of the previously described process elements.
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3  Performance and reliability

3.1 Chapter overview

A large body of literature exists on the topic of public transport performance evaluation. For the
purpose of this work, the topics discussed will be those related to the operational stability of
urban bus lines and the reliability of the service provided to the passengers, i.e., the operational
and service reliability. Subsequently, the different elements and factors influencing reliability
are classified and categorized. Then, a selection of metrics derived from the literature for de-
scribing reliability measures is presented.

The phenomenon of bus bunching, or package building among public transport vehicles (a
common consequence of unreliable service) is explained and discussed to a certain detail in the
following section. Those parameters influencing operational stability are shortly discussed.

In the final part of this chapter, the reader will find a short summary of technologies currently
used to capture data automatically. These include vehicle location, passenger counting and fare
collection systems. A short discussion on their uses, benefits and challenges closes the section.

3.2 Definition and relevance of performance

Performance of a public transport system refers to how well the system achieves its intended
goals and objectives. Measuring performance is very important because it provides information
on how well the service is being provided, and when it is not, it helps in diagnosing problems
and finding solutions.

In the past, estimating performance measures in public transport was difficult and expensive
due to the lack of comprehensive performance data. However, these limitations have slowly
been overcome by advances in technology, which allow the use of automatically collected data,
and thus provide large amounts of high quality data for this purpose.

The focus of public transport performance measures has traditionally been on attributes of ser-
vice supply such as capacity, speed, passenger loads, frequency, regularity and reliability. How-
ever, a number of studies have also looked at performance measures from the demand side. For
example Kopp, Moriarty et al. (2006) focused on the measuring the attractiveness of travel by
public transport; Ceder, Le Net et al. (2009) worked on connectivity measures; and the un-
published work by Nokel and Bundschuh (2006) developed reliability indicators for transfers
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from the passenger’s perspective. Work by Kittelson, Urbitran et al. (2003) defines eight per-
formance measure categories for public transport:

Availability: when and where service is provided

* Service delivery: including reliability, customer service, passenger loading

* Safety and security: likelihood of an accident (safety), or victim of crime (security)

* Maintenance and construction: effectiveness of maintenance programs

* Economic: performance from a business perspective
e Community: impact of public transport on individuals and the community
* Capacity: ability of facilities to move vehicles and people

* Travel time: of trip from a to b with public transport and compared with other modes

This work focuses on the performance metrics of service delivery from the supply side, specifi-
cally on reliability and travel time metrics. Demand side issues such as passenger waiting times
are discussed to a lesser extent. Consequently, the scope of this work excludes other forms of
performance measures.

3.2.1 The multiple dimensions of reliability

Reliability is a term that can be defined differently, depending on the context or discipline in
which it is being treated. It is used in engineering, statistics, data management, measurement,
and information technology, among many others. Synonyms of the word “reliability” are: de-
pendability, accuracy, constancy, fidelity and security.

Public transport users experience reliability mostly through punctuality, with the associated
additional waiting time at the stop; and trough travel times, as reliability provides and idea on
their consistency and variability, though it does not explain why they vary. From another per-
spective, a public transport operator will focus on a number of system features to characterize
reliability, such as schedule adherence, headway regularity, and percentage of trips completed
on time, among others.

A strict definition of reliability is defined by Vuchic (2005) as: “one minus the probability of fail-
ure”. However, in public transport systems failure is complex and hard to define. It can relate to
different elements (infrastructure, vehicles, communications, technology, processes, etc.) and
be of different types. Reliability is usually measured by its consequences: number of persons af-
fected, lost time, time between breakdowns, recovery time, etc. Another characteristic of relia-
bility is that it takes place over a period of time, not at a point in time (e.g. a day, a month, a
year, a season). As previously mentioned, this work deals mostly with travel time, service relia-
bility and passenger waiting time, with the associated performance metrics.
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Travel time reliability can be defined as the consistency or dependability in travel times, meas-

ured from day to day for the same trip. Travellers on well-known routes learn to adapt to the
possible unexpected events and adjust their travel time budget® accordingly. Their travel time
will vary from day-to-day for the same trip for unreliable services regardless of the mode.

Public transport service reliability can be understood in different ways, as summarized by El-

Geneidy, Horning et al. (2008). It can be understood as the “variability in performance meas-
ured over time”, Turnquist and Blume (1980); as the “variability of service attributes and its ef-
fects on traveller behaviour and on transport agency performance”, Abkowitz (1978); or mostly
as “schedule adherence and keeping schedule related delays (on-time performance, run time
variation, headway delay and headway delay variation) to a minimum”, Levinson (1991) and
Turnquist (1981). Reliability issues of public transport services are often attributed to the dy-
namic nature of the operating environment Abkowitz and Engelstein (1983). According to
Levinson (19971), to provide a reliable service means “keeping buses on schedule, maintaining
uniform headways and minimizing the variance of maximum passenger loads”.

In the framework of this work, a conceptual model for defining reliability will be used, based on
van Oort and van Nes (2008). In it, reliability is qualitatively defined as the overlap of planned
and delivered services. In other words, more reliable services are those that are delivered to a
larger extent according to the service planned by a public transport agency. See Figure 7 below.

Figure7  Conceptual model for service reliability improvement in public transport

Planning improvements

N

Planning

Reliability

Operations

N

Operation improvements

Source: van OQort and van Nes (2008)

3 The travel time budget of a person is defined as the expected travel time, plus the additional (buffer)
time a person would add, in order to absorb the variability in travel time.
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Performance metrics are calculated in section 5.3 using operational data from a bus line in
Zurich. These metrics are then used to quantify the level of reliability of bus operations, in a
way consistent with the multiple definitions of travel time and service reliability defined earlier
in this section.

3.2.2 Operational stability and reliability

In general, operational stability refers to capable and reliable processes and equipment. In the
public transport industry, this translates into high levels of reliability for both scheduled and
frequency based services (but also vehicles, supporting systems, and processes). In places
where scheduled services are predominant, such as Switzerland, schedule adherence is normal-
ly the indicator used by transport agencies to measure operational stability. However, the use
of this metric implies that schedules are already ideal (realistic and achievable); therefore it can
be misleading where sub-optimal schedules are in use.

In places where very frequent services are predominant —normally those with headways equal
to or below 10 minutes, according to Kimpel, Strathman et al. (2000)- the focus tends to
change towards regularity. The main reason is the assumption that users of frequent services
ignore the timetable and arrive randomly at the station, though a number of studies exist
where this restriction is relaxed. See for example Bowman and Turnquist (1981), or Luethi,
Weidmann et al. (2006) where it was found that some passengers in Zurich consult the time-
tables and do not arrive randomly, even with a 5 minute frequency. An even spacing between
vehicles then becomes the main priority, in order to distribute passengers evenly on the vehi-
cles and avoid overloading that may lead to the accumulation of delays which in turn results in
package building, or “bus bunching” (see section 3.5).

3.2.3 Importance of reliability in public transport

The characteristics of a public transport system (frequency, travel time, etc.) and the level of re-
liability of public transport services influence the mode choice of travellers. The value placed on
reliability by these, relative to other service attributes, will determine the level to which their
travel choices are influenced. Attitudinal surveys have shown reliability to be among the most
important public transport service attributes for all travellers under certain conditions, e.g. the
works by Abkowitz (1978), Turnquist (1981), and Vuchic et al (1994). In the first study, reliability
was considered more important than average travel time and costs for both work and non-
work trips. Moreover, unreliable services lead to higher operating costs, as well as decreased
ridership by unsatisfied users.
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Importance for passengers

Improvements in reliability have the potential to enhance the mobility of public transport users
and induce car users to switch mode. Therefore, by reducing waiting time variability, total trav-
el time variability and mean passenger waiting time (all sources of trip disutility, or unattrac-
tiveness) the attractiveness of public transport increases. Moreover, reliability influences depar-
ture time decision for the trips travellers intend to take. Often, these decisions are made with
the objective of reaching a destination at a specific time. This is particularly relevant for work
trips, where lateness is generally considered to have very high disutility values. When deciding
on departure time, a traveller will seek to minimize his or her travel time related disutility. A
trade off takes place between mean travel time components and travel time variability compo-
nents. Because total travel time (and its variability) must be considered by each traveller when
deciding when to depart (by any mode), total travel time variability will directly influence the
time of arrival at the destination.

Variability in travel times thus means that extra time must be planned for, as travellers have to
leave earlier, adding a buffer to their planned travel time (travel time budget) to account for
possible delays, or, in other words, absorb the unreliability of their travel time. The additional
time a traveller must add to his or her travel time can be considered as a cost for the person
traveling. This extra time is at least as costly as regular travel time, and according to Bowman
and Turnquist (1981) is more sensitive to schedule reliability than service frequency.

Importance for operators

The discussion above shows how reliability influences travel behaviour. However, reliability is
not only an issue for the traveller, it is also of utmost importance for public transport operators,
who must devote part of their resources to deal with the consequences of unreliability. The lack
of reliable services can have a significant impact on an operator’s costs and may also affect sys-
tem ridership and consequently revenue. An increase in reliability allows the operator to opti-
mize the use of resources. By reducing the amount of recovery time built into schedules, opera-
tors can increase the availability of drivers and vehicles. Reduction in vehicle breakdowns and
better schedule adherence allows the operator to reduce the number of spare vehicles and
drivers kept on stand-by. Improving headway regularity will reduce the probability of bus
bunching, lowering the mean passenger waiting times and improving the efficiency in vehicle
capacity utilization.

By taking advantage of the increased availability of vehicles and drivers, an operator can trans-
late the improved reliability into other kinds of benefits (either cost savings with the same ser-
vice, or improvements in service with the same amount of resources). In summary, as pointed
out by Kimpel, Strathman et al. (2000), public transport service reliability is “an important
measure of service quality and directly affects both passenger demand and level of service”.
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3.3 Description and classification of elements influencing service reliability

The reliability of urban bus services is influenced by a number of factors. Not only unpredictable
events* (such as major incidents), but also inherent properties® of the involved entities (such as
the length of the route) and system states® (such as a state characterized by a certain passen-
ger volume at the considered stop) affect reliability with different degrees of severity.

Public transport users perceive some of the influencing factors intuitively (e.g. the influence of
signalized intersections, or the variability of passenger loads due to holidays or public events).
Passengers modify their travel behaviour to anticipate some of the factors (e.g. customers
starting their trip earlier during peak hours). Unpredictable factors such as weather conditions
can have a significant impact on the system’s reliability, but are perceived by most travellers in
a different way than, for example, technical perturbations. Furthermore, various factors can
mutually influence each other. These interactions intensify or reduce the impact of single fac-
tors on reliability. Due to the large number of influencing factors and their interactions, it is
considerably complex to isolate single sources of unreliability and to quantify the impact of
each single factor on reliability. It is essential to classify and to categorize factors influencing
service reliability as this can facilitate the identification and assessment of possible approaches
to deal with the factors influencing reliability and (to a certain extent) with their consequences.

3.3.1 Literature review on the factors affecting reliability

Several authors have already made an approach to derive and classify the factors influencing
reliability of urban bus systems. Immers and Jansen (2005) classified the causes of variations in
demand and supply of public transportation. The considered dimensions were:

* Everyday occurrences / exceptional conditions

* Expected / unexpected situations.

Based on these two main categories, the authors proposed a two-dimensional matrix, in which
they mainly categorized delay causing events.

Ap. Sorratini, Liu et al. (2008) classified reliability influencing factors by just one dimension in
the following groups:

* An event is defined as something that occurs in a certain place during a particular interval of time.
Events do not necessarily happen suddenly or are of unpredictable nature.

> A property (of the system, subsystem or single entity) is defined as an essential or distinctive attribute
or quality of the considered entity or object.

® States are defined as the present condition of a system or an entity. They can be influenced by events
and express the manifestation of the properties.
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e Traffic characteristics
e Route characteristics
* Passenger characteristics

* Bus operational characteristics.

Strathman and Hopper (1993) considered in their study the “factors contributing to poor on-
time performance” and their classification. They made a distinction between internal and ex-
ternal factors, discussed the issue of “controllability”, and pointed out the lack of full control on
a technical system, referring to the bus system as a “stochastic system”. This is consistent with
work by Levinson (1991), in which traffic (or exogenous) factors such as traffic signals, curb
parking, variable traffic conditions, unexpected occurrences, weather, and emergencies con-
trast to public transport system (or endogenous) factors. These endogenous factors are classi-
fied in fleet maintenance practices, route structure, stop spacing, passenger arrival rate, rid-
ership variation and trends, scheduling practices, and driver selection, behaviour, training and
supervision.

In the work by Cham (2006) a slightly different approach was followed and the most significant
causes of service reliability problems were categorized as follows:

* Schedule deviations at terminals
* Passenger loads

* Runningtimes

* Environmental factors

* Operator behaviour

Abkowitz and Engelstein (1983) did not explicitly make a classification of the different influenc-
ing factors, but rather estimated empirical models of mean running time and running time de-
viation of bus routes. The influencing factors of running time deviations that they included in
their models were trip distance, people boarding and alighting, and signalized intersections.

Several other studies on public transportation system reliability and its influencing factors ex-
ist. Some of the studies conducted in the field of individual transportation reliability (private
vehicles) are also of interest for this study, because part of the influencing factors in individual
and in public transportation are congruent, such as incidents, weather conditions, etc. (see for
example Lomax, Schrank et al. (2003)).

3.3.2 Classification and categorization of factors influencing reliability
In all of the previously mentioned studies, up to two dimensions in categorizing and classifying

factors that influence reliability (in most studies only one dimension) were considered. In this
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study, an attempt is made to propose several classification categories. This approach enables a
simplified categorization of unreliability sources, and based on the categorization, it facilitates
the identification and assessment of approaches that aim at improving reliability. Some of the
categories applied in the previously mentioned studies are adopted and partly adjusted for the
present study.

The first classification dimension of the influencing factors has already been presented in the
introductory part of this chapter: states, properties and events. Furthermore, the following cat-
egories have been derived in order to classify the influencing elements by different dimensions.
The defined categories are:

* Expectability

* Regularity

e Composition of travel time
* Involved entity

* Level of potential influence
* Quantification

* Source of variability (only applicable to the events).

In the following, the single dimensions and their subcategories will be introduced and de-
scribed. The first dimension, expectability, relates in particularly to events. It is essential to an-
ticipate events and their impact on public transport service at the planning level, in case they
can be expected. Even though there are just two subcategories: expectable and not expectable,
the level of expectability may vary between different factors: some events are more expectable
than others.

Some events and states take place with certain regularity, others only in exceptional cases. A
classification of regularity, particularly in combination with the dimension of expectability, may
provide hints on how effectively events or certain states can be influenced. Therefore factors
are distinguished based on their regular or exceptional occurrences. Furthermore, different fac-
tors can influence the various components of travel time in a different way. According to van
Oort and van Nes (2008) travel time can be divided into:

¢ Driving time
* Stoppingtime’
*  Dwelltime

e Turningtime.

"The time during which the bus is not driving, but is stopped, e.g. waiting in front of a traffic light.
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An additional dimension for classification is the involved entity. The defined entities are based
on work by Cham (2006) and extended by two additional entities “stop” and “environment”. It
must be noted that more than one entity can be involved with a particular factor simultane-
ously. The defined entities include:

* Traffic

* Route

* Passenger

e Stop

* Busoperation

e Environment

In association with the discussion held in Strathman and Hopper (1993) on the controllability of
the system, this dimension in included in the categorization of factors. In the present study, the
different levels on which the factors can be controlled (and influenced) are the:

* Strategic level
* Tactical level

* Operational level.
The meaning of these levels is discussed in chapter 4.3.

Finally, it is important to identify if a factor can be quantified or not. This is essential if quantita-
tive models are to be developed for measuring and predicting the impact of single factors on
service reliability.

Furthermore, and particularly in the case of stochastic events which can display a considerable
variability, the factors are classified according to their source of variability. For the dimension of
variability, only events are classified. Following questions are to be considered when defining
the source of variability:

* Isaneventvaryingin terms of its duration?
* Isthe source of variability the point in time of the occurrence of the event?

* Does the event always occur in the same location or does location change?

Table 8 includes the main list of factors influencing reliability as well as their classification and
categorization. In some cases, only combinations of several dimensions provide the required in-
formation. For some dimensions it is not always possible to make a binary decision if the factor
belongs to the considered class or not, therefore in such cases the category “partially” is de-
rived.
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Categorization and classification of delay influencing elements

Table 8
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3.4 Measuring performance and reliability

3.4.1 Performance measures in the transport sector

A coherent performance-oriented planning process in public transport requires the definition
of objective performance measures that relate to the operator’s goals and objectives, but also
capture the effects of problems from the perspective of users. The way a public transport oper-
ator measures system (or facility) performance, will impact the types of projects selected to im-
prove performance and meet goals. In other words, performance refers to how well the system
achieves its intended goals and objectives. Measuring performance is essential because it pro-
vides information on how well the service is being provided, and when it is not, it helps to diag-
nose problems and find solutions.

Performance measures in transportation involve a number of dimensions that make perfor-
mance-based planning more challenging than in other sectors. They may for example be relat-
ed to very broad goal categories such as mobility, safety, or economic development. A compro-
mise must be made between the different roles taken by the transport activity. As mentioned
in Cambridge Systematics (2000), “the main strategic business areas (movement of people and
goods) must share the stage with other roles” (e.g. redressing economic inequities imposed by
society, managing environmental effects, or providing for the economic health of a region).

A classification of performance measures can be made according to whether they are mode-
specific or multimodal, by the system level to which they apply (system wide, corridor, line, etc.),
or by the planning jurisdiction to which they are most relevant. Another classification is the
perspective, i.e. whether the selected measure describes performance in the eyes of the actual
users, the general public, the city, or that of the planning agency or system operator.

It is useful to take into account the different dimensions involved when selecting and imple-
menting a set of performance measures for any particular planning or operational process. This
may reduce the effort required by eliminating irrelevant performance measures, and at the
same time will ensure that an adequate breath is involved in the planning process to address
all relevant issues.

Another important issue is the selection criteria for performance measures in public transport.
Work by Cambridge Systematics (2000) presents a list of common criteria for selecting perfor-
mance measures and a discussion of each. The most relevant are: measurability, forecast abil-
ity, multimodality, clarity, and usefulness, among others.

3.4.2 Reliability measures in public transport

Users experience public transport reliability mostly through punctuality (with the associated
additional waiting time at the stop) and travel time (consistency and variability of travel times).
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A transit operator will focus on a number of system features to characterize reliability, such as
schedule deviation, regularity, and percentage of completed trips, among others.

According to Cham (2006), public transport service reliability measures are the set of aggregate
metrics used to characterize overall service, measure performance and evaluate service deliv-
ery. Service measures are required to compare the promised (planned) with the actual (deliv-
ered) level of service, and are an essential part in characterizing service reliability. They are basi-
cally summaries of individual trip outputs, such as calculated running time, schedule deviation,
dwell time, headway deviation and passenger loads. Operators make use of them to assess the
delivered service and establish both the actual level of reliability and its variation (improvement
or not) over time. However, it is important to include measures that take into account the im-
pact of service reliability on passenger’s experience, such as waiting time and crowding.

The relevance of public transport reliability to both users and operators, discussed in section
3.2.3, justifies the need to identify and develop clear measures of reliability in public transport
that describe the variability in service and reflect its impacts on both users and operators. As
mentioned by Abkowitz (1978), such measures would help transportation planners and the
public transport industry to:

* Identify and understand reliability problems

* Identify and measure improvements

* Relate improvements to strategies

* Modify strategies, methods and design to achieve greater reliability improvements

Early on-time performance studies were generally concerned with either the shape of the prob-
ability distribution of observed versus scheduled arrival times, or with evaluating service relia-
bility, namely: running times, run time variation and headway variability. Work by Strathman
and Hopper (1993) reviews them, and an attempt is made to bridge the two approaches.

Furthermore, as reviewed and summarized by Gattuso, Galante et al. (2010), contemporary
methods to analyse performance in the public transport industry are classified in two types:

e Parametric (such as stochastic frontiers and econometric models), and

* Non-parametric (like Data Envelopment Analysis and analysis through indicators)
This work seeks to assess public transport service reliability by performing route and stop- level

analysis of running times, punctuality, headway regularity, as well as estimating measures of
their variation. Passenger waiting time is analysed at the route level.

In general, high frequency services are those offering headways <10 minutes. In Zurich, all ser-
vices are scheduled regardless of their frequency (even for 5-minute headways), for this reason
both punctuality and regularity analyses are carried out to evaluate performance.
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As mentioned by Kimpel, Strathman et al. (2000), bus performance should be measured at in-
termediate locations along the line and not only at terminal stations. In this work, bus perfor-
mance is measured at the route and stop levels for running times, punctuality and headway
regularity. Additionally, an on-time performance (OTP) indicator, defined as the share of trips
departing punctually, is calculated at the stop level. Punctuality is defined in Zurich as a bus
leaving no earlier than 30 seconds before, and no later than 60 seconds after the scheduled de-
parture time.

The following non-exhaustive list of public transport service reliability measures is summarized
from the literature. Some less frequent, or system specific measures are excluded. These
measures focus on passenger waiting time, travel time, punctuality and regularity. Table g
includes waiting time performance metrics, which are passenger-oriented measures. Table 10
describes operator-oriented reliability metrics.

Table g Passenger-oriented reliability measures in public transport
Perform.ance Defined as Comments
metric

PASSENGER WAITING TIME

Time between passenger arrival at stop and next vehicle departure.
0.5 *(Mean Headway)*(1+cv?) Headway <=10 minutes and random passenger arrival assumed. CV is
the coefficient of variation.

Mean waiting
time E [W]

Mean waiting

time E [W] Ideal + Excess (waiting time) Concept that separates the impact of operations from that of planning

Describes the incremental impact of planning in mean waiting time.

Ideal waiting time | 0.5*(Schd. H/way)" (1+CV scnea. rmay) Random passenger arrival is assumed

Excess waiting

time E [W]-Ideal waiting time Describes the incremental impact of operations in mean waiting time.

Passengers must allow more time for waiting than mean waiting
time, otherwise they will reach their destination late about half the
time. By budgeting W, the probability of arriving late is limited to 5%

Budgeted waiting | 95" percentile of waiting time
time (W,,) distribution

Isthe time a passenger has to include in his or her travel budget, but is
W, —E [W] normally not spent waiting. It represents a hidden cost for users, spent
at the destination end of a person’s trip.

Potential waiting
time (Wpotent\a\)

Equivalent wait-
ing time

Weighted waiting cost function, where a and b are unit costs (minutes

E W]+ (b/3)- Wporerta of in-vehicle waiting time per minute of waiting). b/a = 0.5

Excess equivalent
waiting time (wt)

Metric that reflects the impact of operations in customer service by

Actual equiv. wt = Ideal equiv. wt accounting for the hidden cost of potential waiting time.

% of passengers . o e.g. share of passengers waiting more than the scheduled headway, or
. ; Share of passengers with waiting ; )
with excessive ; } 2 minutes more than the scheduled headway. Serves for quality
o time above a certain threshold
waiting time assurance.

Source: Furth and Mueller (2006)
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Table1o  Operator-oriented reliability measures in public transport
service Defined as Source Comments
Measure

TRAVEL TIME (TT)

TT reliability (1)

Mean / std. dev of TT

Liu & Sinha (2007)

Allows for comparison of variations in bus
routes or sections of a route with different
mean values.

TT reliability (2)

1/std. dev.of TT

Polus (1976)

Higher reliability achieved with smaller
variability.

Run time ratio
(RTR)

Observed / Scheduled TT (in %)

Strathman et al (1999)

Values > 1indicate insufficient time in
schedule.

Run time delay

Actual —Scheduled TT

Kimpel (20071)

Positive values identify links where vehicles
have problems getting through.

Run time coeffi-

Statistical measure that standardizes the var-
iation in run times, allowing comparisons

) L Std.dev/ mean TT Various ) ; )
cient of variation across routes, time periods, service frequen-
cies, etc.
PUNCTUALITY
Schedule Actual - scheduled departure Important measure for infrequent users,
) Many ; ;
adherence time timed transfers, and less frequent services.

Standard devia-
tion of schedule
adherence

Standard deviation (of Schedule
Adherence)

TRCP 113 (2006)

Indicator of how unpredictable and out of
control an operation is.

Weighted
Standard devia-
tion of schedule

As above, but weighted by pas-
senger on-offs

TRCP webdoc 23 (2003)

Weighting by passenger volumes provides
relevance to those stations where most pas-
senger transfers take place.

adherence

On-time % of buses departing “on-time” Many Particularly u;eful for timed transfers and less
performance frequent services.

REGULARITY

Headway ratio Observed / Sched. Headway Strathman et al (1999) Standardized headway indicator.

Headway Effectively measures spacing between

delay/deviation

Actual - Sched. Headway

Kimpel (20071)

vehicles.

Headway
variance
weighted by
number of pas-
sengers at stop

2 # pass .var, hdway

el
2 # pass
j=l

Chapman (1976)

Passenger activity directly influences this
measure, which can be calculated at stop or
route level. Minimizing the weighted mean
variance will improve service reliability for
more passengers.

Regularity Mean of absolute headway devi- .
index ation divided by mean headway TRCP 113 (2006) An alternative measure to cv of headways
share of % of headways within a certain e.g. share of headways <=1.5 times the
acceptable N Y TRCP 113 (2006) & ys<=15
threshold scheduled headway.

headways
Headway Standard Deviation of absolute Measure of spread of values about a mean,
Standard Chapman (1976) ; R ) .

- mean headway provides an indication of service regularity.
deviation
Headwa Operator-oriented statistical measure that

way Standard deviation of headway . standardizes the variation in headways, al-

coefficient of Abkowitz (1978) ) ) ) )
variation over mean headway lowing comparisons across routes, time peri-

ods, service frequencies, etc.

Section 5.4 quantifies the service reliability measures used to characterize the reliability of bus

Line 31in Zurich, as well as measures of their variation.
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3.4.3 Threshold values

For all of the previously mentioned service measures, a decision must be made on the threshold
values or the ranges of values that classify a service as reliable or unreliable. The threshold val-
ues should be based on the level of service the operator can deliver in a cost-effective way, on
the passenger’s expectations, and may vary by type of route and time of day.

The literature indicates that for low frequency services, the users time their arrival to the stop
based on the schedule (adapted to their own experience) in order to reduce their expected
waiting time. On the other hand, for high frequency services (10-min headway or less) the liter-
ature normally assumes random passenger arrivals due to lack of confidence in the schedule
and low expected waiting times. Therefore, the threshold values of deviations should be differ-
ent for high and low frequency services, due to the different impacts on users. Likewise, trips
during different times of day may be subject to different levels of exterior disturbances (e.g. ve-
hicle traffic) and passenger demand.

In Zurich, all services are scheduled regardless of their frequency, and a large effort is made to
remain true to the schedule throughout the day. This effort also contributes to maintaining
even vehicle headways and improves service regularity.

The key points any public transport operator should consider when deciding on service reliabil-
ity threshold values are discussed in detail by Cham (2006) and grouped in four main catego-
ries: on-time performance, headway adherence, passenger loads and percent of trips. Addition-
ally, passenger-waiting times are included in this work using the methodology developed by
Furth and Muller (2006). These last service measures incorporate the effect of service reliability.

For on-time performance, the operator (or authority) needs to define the range around the

scheduled time in which a vehicle is considered to be “on-time”. This is needed to give meaning
to on-time performance. The threshold values can depend on the type of route, scheduling
practices and location on the route. Common on-time performance threshold values are set to
1-minute before to 5 minutes after the planned departure time.

In Zurich, all vehicles throughout the day are given the same punctuality threshold range: be-
tween 30 seconds before and one minute after the planned departure. Table 11 summarizes the
threshold values used to define “on-time” in Zurich.
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Table 11 Punctuality threshold values in Zurich. All vehicles, all day. Departures
Description From To
Very late -03:00
Late -01:00 -03:00
Punctual +00:30 (early) -o01:00 (late)
Early +01:30 +00:30
Very early - +01:30

To define headway adherence threshold values, absolute or relative values can be used. An ex-

ample of absolute values would be to consider any bus with a 1-minute headway (or lower) to
be bunched. Relative values would consider any bus with actual headway less than or equal to,
for example, 0.30 of the scheduled headway to be bunched. Relative values should be preferred
on routes where consecutive headways are not equal (for appropriate comparisons), but care is
needed, as relative values might be interpreted different for different headways.

Another threshold value useful to evaluate regularity in high frequency services is the coeffi-
cient of variation (cv), a normalized measure of variation included in Table 10. The values in-
cluded in Table 12 are from TCQSM (2003), p. 3-50.

In Zurich, the maximum acceptable delay (for 9g5% of the trips) is tolerated according to the
headway: 2, 3, 4 and 5 minutes of delay for headways <=7.5, 10, 15 and 30 (or more) minutes, re-
spectively. The following threshold values are defined for this work in the table below.

Table 12 Regularity threshold values used in this study
Measure Aim Value Remarks
Absolute headway Bunching =1minute Headway dependent

= o0.2 of planned

Relative headway Bunching headway Headway independent

Relative headway Gaps in service = 1'%225\'/3;;@ Headway independent
Coefficient of s LOS B: Vehicles slightly off
variation (cv) Variability <0.30 headway
Coefficient of Variabilit LOS A: Service provided like
variation (cv) y =0.2 clockwork
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Passenger loads are an important measure of crowding, which can have a large impact on ser-

vice delay and cause bunching. Overcrowding thresholds values are based on seating capacity
and an acceptable number of people standing. They may be set as the average maximum load
over a time period (e.g. particular time or day, or maximum span of time, say 30 minutes).

In Zurich, the threshold value for passenger crowding follows two principles:

* 90% of all courses in the rush hour should have a value lower than 2 passengers / m?.
i.e. g0 < 2 P/m*in all courses of the rush hour (peak demand period).

* 99% of all courses during the day should have an occupancy value lower than 3 pas-
sengers / m® i.e. gy < 3 P/m*in all courses of a day.

Another useful threshold is the share of trips that need to be on time to consider the service as
reliable. For each service attribute (running time, schedule adherence, headway adherence),
this share can vary depending on frequency and time of day. For high frequency routes (and
peak demand time periods), operators should be stricter in keeping regular headway than for
lower frequency routes, due to the higher levels of passenger demand and a higher probability
for delay to propagate.

Below, Table 13 shows typical percent threshold values describing on-time performance® and
the corresponding level of service (LOS), according to the Transit Capacity and Quality of Service
Manual.

Table 13 On-time performance Levels of Service (LOS)

Level of Service (LOS) On-time performance (%)

95-100 %
90-94.9 %
85-89.9%
80-84.4%
75-799 %
<75%

- m O N @™ >

Source: TCQSM (2003)

8 “On-time“in this particular case defined as o to 5 minutes late applied to either arrivals or departures.
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In the case of passenger waiting times, no threshold is currently established for these service

measures as they are derived from the recent work by Furth and Muller (2006) and are not used
in the public transport industry. However, these service measures can be derived using existing
AVL data, and are expressed as the share of passengers having to wait a defined amount of
time (waiting time bin).

The process involves determining the passenger’s cumulative waiting time distribution and
calculating the share of passengers in various waiting time ranges (or bins). By choosing bin
thresholds corresponding to various levels of passenger expectation, it is possible to see what
fraction of passengers had various levels of service. The authors propose two thresholds for a
three-level gradation (good, marginal, poor). The mean scheduled headway (Hygeque) is the low-
er threshold (because for perfectly regular services no passenger will have to wait more than
the headway), and H,g.eque + X is the other one, where x can take a value (e.g. 2 minutes) that re-
flects customer expectations. For this work, the thresholds are defined as follows:

Table 14 Passenger waiting time threshold values used in this study
Gradation Relative to Headway Value for 7.5-min Value for 10-min
headway headway

Good 0 — 0.4.Hcchedute 3 min 4 min

Good +0.4.-Hqchedule = O-7-Hseheduie 5 min 7 min

Good +0.7-Hcheduie = Hschedute 7.5 min 10 min
"""" Marginal  Hgse- (e #2min) — gsmin  wmin
""""" Poor > lHawwerzmin)  >gsmin semin

One assumption of the methodology is random passenger arrival at stops. A clear advantage is
that determining waiting-time distribution supports service standards related to extreme val-
ues of waiting time. An example of service quality standard that could be derived is, for exam-
ple, “no more than 1% of passengers should wait longer than the scheduled headway +2

minutes”.
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3.5 A major consequence of unreliability: delay propagation

The outcomes of unreliable bus services vary depending on where, when and how often vehi-
cles run. On bus lines with long headways, transfers become undependable, which may force
users to take an earlier trip to guarantee a given connection, consequently increasing their total
travel time. On bus lines with higher volumes and short headways the consequences of unreli-
ability are somewhat different. Punctuality normally becomes less relevant and regularity more
important, as the waiting time for a passenger is expected to be not more than the scheduled
headway. A special cause of service unreliability, particular of high frequency urban services
due to the short time intervals between vehicles, is the tendency of delay to propagate
throughout a line, which in extreme cases leads to vehicle bunching or package building. This
section discusses this phenomenon, its causes and its most influencing parameters.

3.5.1 Bus bunching: a result of propagated delay

When a vehicle on a high frequency line experiences a certain delay, i.e. falls behind schedule,
there is a tendency for this delay to increase and propagate along the line. As the distance be-
tween the vehicle experiencing the initial delay and the previous one increases, the delayed ve-
hicle must deal with greater passenger loads that cause additional delay. Simultaneously, the
vehicle following it is left with lower passenger loads than expected, which allows it to run
faster as the dwell time needed for passenger exchange is lower.

This dynamic process tends to propagate as buses run along their route and eventually the two
vehicles travel as a pair. In extreme cases this bunching may develop into a package of many
vehicles. Therefore, delay propagation is the phenomena responsible for vehicle (bus) bunching.

As mentioned by Kimpel (2001), bus bunching represents a “poor use of agency resources since
uneven passenger loading can require the use of additional vehicles to serve the same number
of passengers”. The impacts of irregular headways and bus bunching on passengers are (a)
overloaded vehicles, with the resulting low level of comfort for the user and the possibility of
not being able to board, and (b) the increase in average waiting times at the stop.

In the case that several lines share a corridor, depending on its length, users might perceive this
corridor as a single bus line. Weidmann (2008) proposes a minimum length of 1to 2 Km in cen-
tral areas and between 3 and 4 Km in peripheral zones. The higher value corresponds to corri-
dors with around 20 vehicles per hour. The lower value applies to corridors with very high fre-
quencies (around 40 vehicles per hour).

Figure 8 illustrates the propagation of delay and the resulting bus bunching as a function of
time and distance.
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Figure 8  Delay propagation principle and subsequent bus bunching

Package building

distance /

Stop 5-

Stop 4

Stop 34
Delay

Stop 2 Early

arrival
Stop 1
" Scheduled
Imt|al- ) service
disruption
— ! I ! time
Interval
(Headway)

Source: courtesy of Pascal Lippmann — Verkehrsbetriebe Zurich (VBZ)

3.5.2 The mechanisms of delay propagation

A theoretical model to describe delay propagation was first developed by Vuchic (1969) to ex-
amine the effect of factors that contribute to the tendency of vehicles to build packages as they
travel along the line. The model aims to explain the pairing of vehicles (bus bunching) in terms
of the arrival and boarding rates of passengers at stops. It assumes that changes in the time
that passengers require to exchange are the main cause of bus bunching, and does not take in-
to account external influences on vehicle travel. Other main assumptions of the model are: that
vehicles initially travel at uniform headways; that the rates of passenger arrival (at the station)
and vehicle boarding is constant; that each vehicle picks up all waiting passengers at each sta-
tion and departs as soon as they have boarded; and that vehicle travel time between stops is
constant.

Figure 9 graphically shows operations (passenger accumulation, train arrival, boarding, depar-
ture, etc.) at three subsequent stations. Solid lines represent the accumulation of passengers at
a uniform rate A until the vehicle arrives. Then the rate begins to dissipate at a rate u-A (pas-
sengers continue to arrive while they board the vehicle at rate u). As the vehicle departs (when
all passengers board) the accumulation of passengers at a rate A begins again and the next tri-
angle begins to form.
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Figureg  Delay propagation model over time and distance
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In order to observe the phenomenon occurring after a delay, the arrival of train 1 at station 1is
depicted with a delay ©. The delay causes a slightly higher accumulation of passengers at the
stop. From that point on, the situation caused by delay is depicted using dashed lines. The delay
of train 1 allows train 2 to depart earlier, which in turn, causes a slight delay in the departure of

train 3. The triggering delay results in the vehicles beginning to oscillate around their scheduled
times.

As vehicles move on to the following stations, the initial delay is augmented for the courses
running late. In turn, courses running early have fewer passengers to pick up, and depart earlier

at each following station. Eventually early vehicles catch up to delayed vehicles and packages
form.
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3.5.3 Parameters influencing bus bunching

The diagram depicted in Figure 9 can be used to develop analytical expressions for the delays,
as explained in work by Foulkes, Prager et al. (1954) and by Vuchic (1969). A major conclusion is
that the behaviour of delays (and resulting stability of operations) greatly depends on the ratio
of the rate of passenger arrival at stops (A) to the rate of dissipation of the accumulated pas-

sengers (u-A) between vehicle departures.

In practical terms, this means that for stable operations, the rate of passenger boarding should
be very high in comparison to the rate of passenger arrival at the stops. Therefore, one possibil-
ity of reducing the probability of bus bunching is to accelerate the passenger boarding process
(boarding times), as this will decrease its propensity to increase delays, improving reliability.

Additional to the passenger arrival and vehicle boarding rates, work by Turnquist (1981), based
on Turnquist and Bowman (1980), extends the work of Vuchic (1969) by including two ele-
ments: the effects of “batch” passenger arrivals from connecting lines, and the variability in link
travel times. Moreover, since network structure (e.g. grid, radial) impacts service reliability, a
variable was included in their model to account for this factor. Their experiments relate vehicle
bunching to frequency of service, level of demand, and the variation of link travel times. In par-
ticular, their results illustrate the importance of reducing variability in vehicle travel time as a
way to prevent packages from forming.

Large variability in link travel times can reduce the benefits of increasing frequency of service
because of the tendency of vehicles to bunch together. Moreover, the impact of transfers points
highlight the importance of scheduling in ensuring on-time arrival of vehicles at major transfer
stations, especially in radial networks. In practical terms this means that excess (buffer) time
should be ideally allocated (scheduled) at points where large numbers of passengers transfer,
to increase the probability of successful connections.

Work by Weidmann (2008) discusses the influence of service frequency and vehicle access ele-
vation in delay propagation. It is shown that particularly in high demand corridors with short
intervals between vehicles, vehicle accessibility (collective of vehicle features affecting passen-
ger exchange time) plays a big role in improving operational stability (reducing delay propaga-
tion). This is because increases in delay are slowed down and vehicles tend to bunch only fur-
ther down the line. This speaks in favour of low-floor vehicles, level boarding and similar
measures, as a way to improve operational stability in public transport.
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3.6  Automatic data collection systems and service reliability

A large amount of research exists on the potential of Automatic Vehicle Location (AVL) and Au-
tomatic Passenger Counting (APC) systems to enhance operations, performance monitoring,
scheduling and planning. Some early examples include the work of Tomazinis (1975) and Vuchic
(1981). More recent work by Fu and Yang (2002) focused on operational strategies. Bertini and
El-Geneidy (2003); Strathman, Kimpel et al. (2003); and El-Geneidy, Horning et al. (2008)
worked on performance measures. Wilson, Zhao et al. (2005) focused on the potential impacts
to planning. Finally, some of the works focusing on AVL and reliability are those by Cham
(2006); Furth (2006); and Pangilinan, Wilson et al. (2008). Naturally, many more exist.

Additional business units throughout a public transport agency are also involved in a variety of
ways in AVL system implementation and use. Among them are maintenance, customer service,
security, information technology (IT), revenue and marketing, as discussed by Parker (2008).

3.6.1 Evolution of Automatic Data Collection Systems (ADCS)

Work by Vuchic (1981) makes a historical review of ADCS, together with their past and potential
applications in service planning, scheduling, performance evaluation and system management.
A description of the historical uses of AVL and APC systems takes place in the first part of the
work. It is emphasized that for most AVL systems, the focus has been on real-time applications
for operations control and emergency response. It is mentioned that many systems were not
designed to provide useful archived data, because public transport agencies basically did not
require it during procurement and design. On the other hand, APC systems were designed for
off-line data analysis, and have been regularly used to evaluate performance.

Technological advances involving ADCS described in that study (among others) are:

* Development and improvement of location-based technologies such as Global Posi-
tioning Systems (GPS) and Geographic Information Systems (GIS).

* Rapid evolution of computers and communication technologies, making the former
smaller, faster, cheaper, and more capable; while the latter have improved signifi-
cantly with the implementation of wireless networks and more efficient radio

transmissions.

e Systems integrations, combining “smart bus” design with functionalities of other
systems, e.g. passenger information, fare collection and scheduling.
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3.6.2 Benefits and costs of ADCS

The literature in general agrees that “ADCS allow for statistically valid evaluations of service re-
liability for the first time”, as stated by in Furth, Donner et al. (2000). This is basically due to the
nature in which data is collected compared with previous approaches (manual counts). A
summary by Wilson, Zhao et al. (2005) of the differences between manual and automatic data
collection can be found in Table 15.

According to Parker (2008), the benefits of implementing an AVL system can be categorized as
quantitative or qualitative. Some of the benefits can be quantified in monetary terms or other-
wise, but often there are also qualitative benefits that are still important to consider.

In most cases, a benefit can be classified in both categories, with a more broadly stated qualita-
tive benefit complemented by some specific aspects of a quantifiable benefit. In the mentioned
work, many agencies interviewed on the implementation of their system did not systematically
evaluate aspects of benefits that might have been quantifiable, as they did not see a need to
undertake the additional evaluation.

According to Parker, some expected benefits of a bus AVL system for fixed-route operation are:

* Improved situational awareness and additional voice communications management
capabilities.

* Schedule adherence feedback to dispatch, drivers, and supervisors, which helps

maximize on-time performance and reliability.

» Dispatchers can be proactive in addressing operational issues, including more timely
and effective reaction to service disruptions.

e Covert alarm monitoring supports the ability of drivers to quickly inform dispatch
about an on-board emergency.

* Automated next stop announcements provide consistent information for passen-
gers, while reducing the workload for drivers.

» APCequipment provides a cost effective alternative to the use of human ride check-
ers, as well as comprehensive and reliable data samples.

e The system can provide real-time next bus predictions to customers both pre-trip
and en-route, relieving the driver from the task.

*  More comprehensive historical data collection and incident reporting allows for
more effective and detailed analyses.
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Table 15 Transition from manual to automatic data collection technology
Manual Automatic
+ Low capital costs - High capital costs
- High marginal costs + Low marginal costs
- Small sample sizes + Large sample sizes
- Aggregate + More detailed, disaggregate
- Unreliable + Errors and biases can be estimated and
corrected
- Limited spatially and temporally + Ubiquitous
- Not immediately available + Available in real-time or quasi real time

Source: Wilson, Zhao et al. (2005)

According to Parker (2008), public transport agencies can categorize costs as capital or opera-
tional. The former refer to those costs incurred once during the implementation, while the lat-
ter are the ongoing (and in some cases recurring) costs to keep the system in effective opera-
tion once it is in revenue service. Common capital costs are:

* On-board equipment, workstations and server hardware and software

* Mobile data communication system improvements

* Installation

* Integration, training and documentation

* Project management, design review and acceptance testing

e Warranty and initial supply of spare components

According to Cham (2006), for APC systems, the main limitations have been the large invest-
ments involved in implementation and maintenance of equipment, and the need to develop
software (mostly in-house) to analyse the collected data.

3.6.3 Uses of archived AVL - APC Data

Work by Furth (2006) deals with the main uses for archived AVL and APC data. One of the most
important applications identified is in “running time analysis”, including the design of sched-
uled running times and the monitoring of schedule adherence. Using AVL data it is possible to
use extreme values such as 85 and g5 percentile (instead of only average or median) running
times as a basis for scheduling.

Archived AVL data can also be applied to monitor and improve schedule adherence, headway
regularity, and passenger waiting time. In this area, extreme values are just as important as
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mean values. In particular, public transport agencies are looking for measures of service quality
that reflect passenger’s experience and point of view. Moreover, AVL and APC data allows cus-
tomer-oriented service quality (and reliability) measures to replace (or complement) opera-
tions-oriented service standards. An example by Furth (2006) is the coefficient of variation (cv),
a normalized measure of variation useful for analysts, but of no use or meaning to customers.
Instead, from a large sample of data, it is possible to measure the percentage of passengers
waiting longer than a given threshold of minutes, which could then lead to quality standards
that are clear and real to passengers.

The exploration of archived AVL and APC data can also enable transit agencies to find hidden
trends or systematic occurrences that may help explain irregularities in operations and suggest
new ways of improvement.

Moreover, for any of the analyses mentioned, there is also an interest on higher-level analyses
that involve tracking trends over time, comparing routes or periods of time, and so on. A final
example is the use of GIS-based analyses that take as input passenger use and service quality
statistics. For a detailed example, see Berkow, El-Geneidy et al. (2009).

3.6.4 Key dimensions of collected data

During the data collection process, it should be kept in mind that the purpose of these data is
to improve public transport management and performance. In order to make data useful, it is
convenient to first analyse four key dimensions of the core data involved. In Vuchic (1981), the
authors define these as:

* Thelevel of spatial and temporal detail
* Complete vs. exception data
» Fleet penetration and sample size

» Data quality control

The first refers to a hierarchy on the levels of detail available, depending on the type of system
used. A summary is found in Table 16.

The second dimension deals with the way data records are produced. Either routinely, defined
by a time interval or a location-related event, or if it is triggered by an unanticipated time of oc-
currence of an event, or an unanticipated event itself. The third dimension deals with the ex-
tent to which vehicles are equipped with AVL and APC systems (a common practice in the pub-
lic transport industry is to equip all vehicles with the former, and between 10% and 15% of the
fleet with the latter). Sample size is also important to ensure route and daily variations are tak-
en into account. The last dimension refers to the need of good quality control and post-
processing of the data to correct any errors. A concise summary and discussion on this subject
can be found in Cham (2006).
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Table 16 Levels of spatial and temporal detail for data capture
Level Description Event-Independent Event Between-Stop
Records Records Performance Data
A AVL without real- infrequent (typically - -
time tracking 60 to 120 s)
B AVL with real-time infrequent (typically each -
tracking 60 to 120 s) timepoint
C APC or event - each stop
recorder
D event recorder with - each stop recorded events and
between-stop and between- summaries
summaries stop events
E event recorder / trip  very frequent (every all types all events, full speed
recorder second) profile

Source: Furth, Hemily et al. (2003)

3.7 Summary

This chapter introduced the concepts of performance and reliability in public transport. The rel-
evance of reliability in public transport was emphasized and the different elements that have
and influence of service reliability were described and classified. In the following sections, the
operationalization of reliability and performance was discussed, as different metrics and
measures were introduced to the reader. Particular measures related to passenger waiting
time, travel time, punctuality and regularity in operations.

The delay propagation phenomena, responsible for the formation of vehicle packages under
unstable operations, was also depicted and explained. Moreover, its most important parame-
ters and their influence on reliability were described, as well as possibilities to reduce their ef-
fect, which may lead to improvements in service reliability.
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4 Publictransport service planning

4.1  Chapter overview

This chapter addresses the public transport planning process. First, planning as such is dis-
cussed and related to both urban transportation as a whole and to public transportation in par-
ticular. Second, a generic planning process based on the literature is proposed for the different
levels of planning in public transport. Subsequently, the public transport planning process is fo-
cused in the case of Zurich. Finally, the theoretical planning is compared with the practical case
study to determine the general similarities and particularities of public transport planning in
Zurich when compared to a generic planning process.

4.2 Urban transportation and public transport planning

Planning is a basic activity that encompasses many areas in society. Public systems (and facili-
ties) such as an urban road network or a public transport system normally require more intri-
cate planning processes than those needed for private enterprises, due to the greater complexi-
ty and number of actors involved. The objectives of public systems are also more diverse than
those of private companies, as they involve not only financial indicators, but also include im-
pacts on the general public and on the city or urban area.

Inter- and multimodal transportation systems build upon different networks and modes, re-
quiring complex infrastructures that in turn consume considerable (and sometimes scarce)
physical space. For a transportation system to work efficiently, the networks, infrastructure and
vehicles must be planned as coordinated systems. Additionally, because transportation inter-
acts with most activities in urban areas (e.g. industry, housing, services, etc.) the planning of
transportation systems must be coordinated with land use plans, urban shape and the differ-
ent individual characteristics of an urban area. Therefore, all these aspects must be planned
(and designed) in the context of comprehensive, long-term planning procedures.

Transport systems requiring permanent facilities such as terminals or tracks fit into this cate-
gory and require long-term, comprehensive planning. Without such planning, urban public
transportation systems will hardly be able to meet the mobility needs of their users. This is par-
tially because the coordination required between urban form, land use and a public transport
system can only be achieved through long-term planning. Another reason is the considerable
time and financial resources normally needed to plan and build networks and fixed facilities.
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In order to increase the efficiency of public transport systems, they must be carefully planned
together with the other modes in the transportation system, including their interaction with
land uses. Because of the interdependencies and increasing complexity of urban areas, public
transport planning needs to be related to all relevant city planning, economic and social as-
pects of cities and urban areas. It must also include all geographic areas that function together,
instead of being limited by administrative boundaries. This is the ideal situation, unfortunately
it is not always the case, and planning in many cities lacks the comprehensiveness and interdis-
ciplinary it requires to meet the needs and requirements of all involved urban actors. For more
details on other related aspects, see Vuchic (2005).

4.2.1 Planning horizons

Urban transportation planning is generally classified in two categories by planning period. They
vary in their nature, kind of objectives and characteristics. These periods are not fixed and pro-
vide only a general guideline.

Short-term planning

Includes projects and measures that can be implemented in 3 to 5 (sometimes up to 8) years,
and usually do not involve major investments and infrastructure construction projects. It may
include detailed schedules, acquisition of new vehicles, modification of existing, or opening of
new (bus) lines, small infrastructure changes, to name a few. Short-term planning is dependent
on present conditions and near future trends because the changes made are relatively easy to
modify or even reversed. Short-term planning should always follow and be compatible with
long-term plans.

Long-term planning

Involves the planning of major infrastructure elements, lines, networks and such facilities. The-
se plans may involve large capital investments, construction or even the development of new
vehicles. The planning horizon is normally 10-25 years. Long-range planning aims at meeting
the public transport needs of an urban area in the year of the adopted horizon. Because of the
nature and scale of the projects involved in this type of planning, and because such develop-
ments are permanent, they have a great number of impacts and interactions with other activi-
ties. Their long-term effects should be modelled and evaluated very carefully. The financing of
public transport projects of this scale needs to be evaluated together with the economic, social
and environmental benefits and costs to the community as a whole. Some examples are the
construction of a new rail line, network or major public transport terminals, reorganizing the
network, building a control centre, etc.

Long-term planning activities are not the scope of this work and consequently will not be fur-
ther discussed.
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4.2.2 The urban transportation system planning process

In most cities around the world, the focus of transportation planning has traditionally been on
the highway or automobile system, even though a comprehensive approach should include all
modes. In many places, some modes such as cycling and walking are often not even included,
and public transport is rarely given enough attention.

The roles that public transport and other modes play in a city are closely related to both the ur-
ban (physical) form and the type and character of the urban activities that take place in a city.
Ideally, the sequence of planning a transportation system for a city (and its region) should start
by defining the type of city or region concerned. This vision should then be translated into the
goals for the transportation system, more specifically its intermodal composition, because the
roles of different roles have a major and distinct impact on a city’s physical characteristics, ac-
tivities and environment. A city with highly concentrated skyscrapers in the central business
district (CBD), large manufacturing sectors and dense housing needs a high-capacity and very
efficient public transport system. Other situations will require different solutions. In any case,
networks of other modes complement the major roles of individual modes with relative signifi-
cance depending on local conditions and the adopted goals.

The process of intermodal urban transportation planning consists of four levels of analysis and
decision-making. The starting point is the vision of the desired urban area in the future and the
required goals at the 1** level. The goals from that vision should then be translated into the plan
for relative roles of different modes and their relationship at the 2" level. The decisions taken at
this level define the role that public transport and other modes should have, and what their in-
terrelationships should be. The 3" level consists of the individual design of each mode. The pub-
lic transport system is defined here, determining the modes and their networks. Finally at the
4™ level of the planning procedure, individual lines and facilities are planned and designed. A
detailed sequence of public transportation planning can be found in Vuchic (2005).
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Figure1o  Four-level planning sequence in urban transportation

I. Define the type of city/society,
functions and transportation

|

Il. Determine intermodal
composition

|

IIl. Design modal networks

|

IV. Design individual facilities

Source: Vuchic (2005)

The approach and flow of the planning process vary with the conditions, scope, and goals of
transportation planning. Public transport planning is more focused than urban transportation
planning and requires special expertise in the plan development, selection of modes, and de-
sign of networks.

4.3 Public transport generic planning process

The general process of public transport planning comprises the design of the system modes
and network as well as the individual lines and their operation, as previously mentioned. In sec-
tion 2.2.2, the functional structure of public transport was addressed, which consists of three
hierarchical levels. These levels deal with the planning and delivery of the service to the public:
they are the strategic, tactical and operational levels.

This functional structure can be divided into the design (or planning) part and the service deliv-
ery (or operation) of public transport. The strategic and tactical level are also related to the
planning horizons mentioned in section 4.2.1 as most strategic planning activity has a long-
term planning horizon, while tactical elements of planning mainly involve short or medium-

term planning.
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This section briefly discusses the strategic level of public transport planning and focuses on the
tactical level, which uses the results of strategic planning to produce the information required
to operate the vehicles and provide service to the users.

4.3.1 Strategic planning level

At the strategic level, the network is designed. The expected ridership for the year of the plan-
ning horizon, the budget, geographical characteristics (among many others) are the input for
the design of the service line network, which consists of the lines and main frequencies (capaci-
ty). An infrastructure network might also be designed for given modes (e.g. energy supply, sig-
nals, etc.)

The network of lines (with their stops and stations) represents the main infrastructure compo-
nent of a public transport system. In general, modes with a higher segregation from other
modes such as metros and railway lines require much higher amounts of planning and invest-
ment, given their permanence character and impact in the urban development. A number of is-
sues to be considered in the design of a network are: the planning objectives, passenger attrac-
tion, and the network’s operating efficiency. Some geometrical considerations are the spacing
between lines, the length and alignment of lines, and the level of integration (or independence)
of given lines.

Design objectives for a public transport network should aim at performing the maximum
transportation work, achieving the highest possible operating efficiency and creating positive
impacts. Elements influencing passenger attraction are the area coverage, the operating speed,
the directness of travel and the level of simplicity, connectivity and ease of transfer that can be
achieved.

Some characteristics that define the operating efficiency of a network are the continuity and
balancing of the lines, the operating flexibility, the level of integration with other modes, the
location of complimentary facilities such as terminals depots and yards, and finally and often
most decisive, the cost of the system. Often at this level, the public transport authority takes
the decision regarding the network, supported by the advice and experience of the operator
and consultants, as mentioned by van Oort (2017).

The outputs of the strategic planning process serve as inputs for the next level, the tactical
planning level. For a detail study of public transport network assessment and design focused on
reliability, the reader is referred to the work by Tahmasseby (2009).
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4.3.2 Tactical planning level

This is the stage that follows the strategic planning process. At this level, the inputs of the stra-
tegic level are used to determine the details of the service plan, i.e. the timetables for passen-
gers, vehicles and crew. Additional to the input from the strategic planning level, it is common
to use historic data from the operations, particularly running times, in order to design and re-
fine timetables. Besides service scheduling, vehicle maintenance should be scheduled as well. A
large body of literature deals with the topic of scheduling, including timetable design, vehicle
and crew scheduling. The focus of this work is on the design of the public timetable, scheduling
activities involving vehicle and crew are not considered.

At this planning level the main actor is the operator, who normally is in charge of designing
schedules. The aim is to minimize the total required resources, for a required level of service.
The public transport authority normally has to approve the output. Within the operator, drivers
(i.e. unions) and their regulations play a role in accepting the timetables, especially regarding
trip and layover times, as well as the length of breaks and working hours. Additionally, existing
user groups may also have some influence. In the figure below, the tactical planning level is il-
lustrated with the interactions involved in the production of a public timetable.

Figure11  Tactical planning level in public transportation planning
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In the following section, the scheduling process and the timetable-related activities are the fo-
cus. Timetable and schedule are used interchangeably throughout the document. Vehicle and
crew scheduling are only briefly discussed.

Service scheduling process

Public transport scheduling is the process of calculating the frequency of service, the required
number of vehicles to provide that service, their travel time and a few other related operating
elements. The outputs of the scheduling process include both graphical and numerical timeta-
bles for operators, supervisors and for the public (passengers). According to Boyle (2009), a
schedule is “a document showing trips times at time points along a route.” These points are
normally the planned stops, though this is more the case in Europe than in the United States
and the rest of the world.

Scheduling is a very important element of public transport that has an impact at several levels.
For the users of the service, a timetable provides the information needed to make a trip; it de-
fines departure and arrival times as well as the trip duration; and also guarantees enough ca-
pacity for the passengers to be comfortable during their trip. A timetable is the promised ser-
vice to the users and a vital link between the operator and its clients.

For drivers, a schedule defines their workday. They are in close contact with customers, and
their interaction can be affected by running and layover times. Layover time is the time be-
tween the scheduled arrival and departure of a vehicle at a terminal stop/station. Good sched-
ules, trusted by the drivers, can reduce the inherent levels of stress, improve morale and reduce
absenteeism.

To public transport operating agencies, scheduling represents the service they offer to the us-
ers, and a benchmark to which they must comply to provide a reliable service. Additionally,
scheduling provides data and information for other sectors such as marketing, planning, opera-
tions and systems such as AVL, APC, trip planners and real time information systems.

For managers and the administration personnel of an operating company, scheduling has a
major impact on the quality and cost of operations. This is because the scheduling activity has a
good understanding of how and where cost efficiencies can be achieved in daily operations as
well as on the impacts of specific elements to the overall efficiency.

In the design stage, variable headways are sometimes used for infrequent services, or for those
operating only during peak hours, which are determined by demand, cycle times, operator re-
quirements and several other constraints. For the case of regular public transport lines, uniform
headways during a given scheduled period represent the optimum operation for a number of
reasons. In the first place, for random passenger arrivals, uniform headways minimize waiting
times. Second, they reduce the probability of delay propagation, or bus bunching, which con-
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tributes to higher capacity and service reliability levels. The use of clock headways simplifies in-
formation and increases convenience for regular as well as for occasional users. Furthermore,
repeating timing patterns for a given scheduling period (e.g. same departure minute every hour
from a given stop) makes a timetable easier to remember for regular users, and resembles rail
services. Readers interested in a very detailed description of the scheduling process for basic
and advanced users are encouraged to see the work by Boyle (2009).

Components of the scheduling process

The scheduling process can be divided into three basic phases, the input phase, the actual
scheduling work, and the output phase. Figure 12 in the following page, condenses these sub
processes as a flow chart.

The input to the scheduling process corresponds to the preparation of data required for sched-
uling, which includes a number of line characteristics, timetables of connecting lines, passen-
ger volumes, service standards and considerations, vehicle characteristics, operational factors
and special considerations for each line, and work rules and standards. Naturally, these data in-
clude fixed numbers (e.g. line length), data that needs periodical update (e.g. passenger vol-
umes), as well as several characteristics and standards, which schedulers introduce during their
work.

The actual scheduling work is the central component of the scheduling process, and in most
cases it is divided into three major elements:

* Preparation of timetables (trip building), which determines headways, terminal times
and other elements. Its outputs are graphical schedules (or string charts) and numerical
schedules for operational personnel and for the public.

* Determination of blocks (block building), which assigns vehicles to all trips specified in
the timetable. The outputs of this element are blocks, or work schedules for each vehi-
cle for a day.

* Run cutting (or crew blocks), which corresponds to the assignment of work duties for
each driver during the day. The outputs are work assignments that are put together in-
to pick lists or rosters from which drivers select (or are assigned) a specific run, which
can be straight, split, include overtime, etc.

The output of the scheduling process, in addition to the direct products (schedules, blocks, runs,
etc.) consist of various performance data, such as vehicle-km, pay-hours, work-hours, etc. These
data are used for cost computations, various reports on public transport operations, and of par-
ticular importance, analysis of schedule efficiency.
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The process shown in Figure 12 as a sequence of steps, from the input of required information
to the output of schedules and rosters, is normally quite complicated. This is due to the great
number of input elements, such as policy headways, types and sizes of vehicles, load factors
and many others, which allow the testing of alternate schedules and improvements in the ini-
tially developed schedule. Therefore, the entire process often has a feedback step, which allows
the testing of possible changes in parameters and the evaluation of their impact on the final
schedule. This could be called a “what-if” analysis. Such testing is common with computerized

scheduling procedures because the testing of many different situations is rather easy and fast.

Actually, it often happens that the last step in the process, schedule efficiency analysis, leads to
the conclusion that the solutions are not satisfactory and requires modifications in the input or

scheduling process.

Figure12  Publictransport generic scheduling flow process
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Timetable design principles

Any schedule of a public transport line must satisfy two basic requirements: it must provide
adequate capacity for a given passenger volume, and it must offer a certain minimum frequen-
cy of service, or maximum acceptable headway.

During peak hours (and during all times on heavily travelled lines) the first requisite is critical:
an operator must provide adequate capacity on a line, which would normally exceed the mini-
mum frequency. During low passenger demand periods and on less demand intensive routes, if
service would be based on capacity requirements, the frequency might be unacceptably low
and lead to lower ridership levels. Therefore, minimum headways of e.g. 15 minutes should be
adopted even if it leads to low utilization ratios.

The basic information needed to schedule a public transport line is the expected volume of
passengers and its distribution in distance and time. A passenger load profile diagram displays
the passenger volumes between stops along a line for a given period, including the highest
volume, or maximum load section (MLS). The volume on the MLS is essential to determine the
required scheduled capacity.

Outside the MLS, the average passenger volume of a line is compared to the offered line capaci-
ty (in seats and standing places per hour) to determine the basic type of service. In cases where
the volume is much greater on one portion of the line than on others, it may be appropriate to
operate some short-turn services or to divide the line in two (or more) branches where the vol-
ume decreases.

A temporal variation diagram, or the distribution of passenger volumes throughout the day, is
useful to determine scheduling periods. These are time intervals with rather uniform travel
volumes, during which a fixed schedule is operated.

Based on the temporal distribution of passenger volumes of a line, the number and duration of
different scheduling periods are determined. The general procedure defined here is rather
basic, and much more sophisticated analysis can (and should) be used in real practice, given the
importance of scheduling for both passengers and the operator. One possibility is to determine
with precision the MLS on a line for each hour by location along the line and its direction, be-
cause in some cases the MLS is not always between the two same stations. Another possibility
in analysing demand is to consider detailed variations in time, because during the peak hour
variations of passenger volumes are sometimes considerable. In this case, the hourly volume
equivalent to the (for example) 15-minute peak volume should be used as the design volume.

Scheduling must be done for each scheduling period separately. The transitions between peri-
ods should be gradual and fitted to changes in demand. In the beginning of peak periods capac-
ity may be increased in two ways: shortening headways or increasing the capacity (number
and/or size of vehicles). A combination of the two is also possible. However, there are implica-
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tions in abrupt changes in capacity, changes in frequency (less of a problem for high frequency
lines) and deadheading time, in cases where fleet changes are necessary, for example from
smaller to bigger buses.

The procedure for selecting vehicle size, frequency and load factor is described by Vuchic (2005).
A scheduling procedure for a time period can be summarized in five steps, namely:

1. Prepare data and determine factors. Line length, running time, vehicle capacity, policy
headway, load factor (for the MLS), design volume (in persons/hour), and minimal ter-
minal time.

2. Calculate headway and frequency. If the computed headway is larger than 6 minutes,
round it down to the nearest of the following: 6, 7.5, 10, 12, 15, 20, 30, or 60. Compare the
obtained headway with the policy headway and adopt the shorter one.

3. Determine fleet size.
4. Calculate cycle and terminal times.
5. Calculate cycle speed.

As previously mentioned, the final products of the scheduling process are numerical and graph-
ical representations of public transport line operation for the use of both the operator and the
general public.

A good scheduling process should deliver schedules that are accurate, realistic, and efficient. An
optimal schedule provides the adequate level of service at the minimum possible cost. It is the
key to an efficient and sustainable public transport operation.

Schedule optimization in the literature

A large body of literature exists on the topic of timetable design and optimization, as well as
techniques that aim to improve the quality, stability and reliability of operations by improving
schedule design. The reader interested in more detail is encouraged to address the literature, in
particular Boyle (2009) addresses the entire scheduling process in a comprehensive and prag-
matic way, presenting a number of scheduling tools, techniques and their capabilities. Chapter
9 in ReVelle (1997) presents an in depth look into the operational planning process of public
transport, including system methods and algorithms to solve the scheduling problem. A text-
book by Ceder (2000) deals with efficiency in timetable design and vehicle scheduling.

Moreover, a study of optimal running times is presented in Furth and Muller (2007), while dif-
ferent holding strategies are included in Fu and Yang (2002) as well as in van Oort, Wilson et al.
(2010). Other recent works on the topic include the work by Altun and Furth (2009), where the
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question of ideal scheduling for signal priority is dealt with, as well as optimality conditions for
public transport schedules with time point holding, by Furth and Muller (2009).

Finally, an interesting text that documents passenger responses to changes in transportation
systems, is included in the work by Evans (2004).

4.4 Service planning state of practice in Zurich

In the following, a short summary of the strategic planning practices in Zurich is followed by a
more thorough overview of the schedule design practices and considerations by Zurich’s public
transport operator, the Verkehrsbetriebe Zirich (VBZ). Subsequently, a summary of the operat-
ing practices taking place in Zurich is found. Some of these practices were developed in house
and represent decades of daily work and experience with the network.

4.4.1 The strategic level

As previously mentioned, public transport in the city of Zurich is provided by the VBZ, a multi-
modal operator of trams, trolley buses and diesel buses of different sizes. Heavy rail commuter
services throughout the Canton and in the city are provided by the Swiss Federal Railways
(SBB), operated on their network, and paid for by the public transport authority, the Zircher
Verkehrsverbund (ZVV). The tram network is the backbone of the city’s urban transport, with
buses and trolleybuses playing a complimentary role. Currently there are 13 tramlines, 6 trolley-
bus, and around 60 lines of different hierarchy (including lines extending to the suburbs) oper-
ating in the city.

Zurich’s mobility policy, adopted after the double rejection (by referendum) of an underground
project in the 60’s and 70’s, focuses on providing excellent surface public transport while re-
stricting the use of private automobiles. This institutional framework supported by Zurich’s pol-
iticians and citizens, and backed with considerable investments throughout the last 40 years,
has given way to one of the most dense and heavily used urban public transport networks in
the world.

The planning of network changes and expansions in Zurich, i.e. new tram and trolleybus lines,
is a complex process that involves many actors and several years and will not be described in
detail here. To summarize the process, studies are made (usually by consultants, together with
representatives of the city’s engineering office, the ZVV and the VBZ) on the current weakness-
es of the network, as well as on the future needs of the city, considering land development pro-
jects that will generate mobility needs. Growth potential is identified and correlated to on-
going transportation projects, such as recent extensions of the tram network, expansion in ca-
pacity on the heavy rail network, the new underground railway station, etc.
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The focus of the planning, in particular for the long-term horizon, is on tram infrastructure as
well as on tram and most important bus lines. Normal planning horizons for trams and trolley
bus lines in Zurich are 25-30 years. Other bus lines require less infrastructure and their planning
horizon is consequently shorter. The mobility strategy of the city is an important foundation for
the strategic planning of public transport in Zurich. The network development should contrib-
ute to the implementation of the strategy’s objectives.

The principles of the public transport network design for Zurich, according to INFRAS and VBZ
(2006) are:

* Travelling in Zurich should be fast and require the least possible amount of transfers.

* Optimize the design the radial network, to provide connection of city districts to the city
centre.

* Provide direct and efficient connections between future development areas.
* Optimize the network crossing city limits into important neighbouring communities.
* Increase interaction and synergies between the VBZ and the S-Bahn networks.

Once the vision and the objectives for the development of the city and of the network are in
place, individual projects are developed in cooperation with a large number of actors, and eval-
uated from every possible technical, financial, social and environmental aspect.

Different possibilities and ideas for new tram and bus lines are already the topic of discussion
years before the actual planning starts. The planning process then proposes and evaluates dif-
ferent alternatives, and selects those that align to the general needs and objectives on the city’s
public transport policy. Therefore, a comprehensive network expansion concept is developed,
which needs to have a long-term focus and be market oriented, with clear priorities and im-
plementation stages. The concept should be integrated into the expansion plans for the heavy
rail network, as well as aligned with the urban settlement development.

The result is a solid proposal, which is either approved or rejected by a popular referendum. If a
project is accepted by referendum, then it is adopted in the city’s construction plans and given
a green light for implementation.
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4.4.2 The tactical level: scheduling and service planning

This section is mostly based on interviews done at the VBZ throughout 2010 with the head of
the scheduling department, Mr. Rene Aeberhard and with Ms. Susanne Reumdller, also from
the scheduling department.

At the VBZ, the scheduling process is seen as the interface between planning and operations.
Computers were first used for scheduling purposes at the VBZ in 1988. The currently used
commercial scheduling package DIVA is used throughout the full sequence from timetable
generation, vehicle scheduling and driver scheduling. However, they rely to a large extent on
their own experience and have developed their own approach to scheduling. It is also worth
mentioning that they are in close contact with their suppliers and collaborate in the further de-
velopment of the scheduling tools and software they use.

The general scheduling process at the VBZ is shown in Figure 13, up to the level of public time-
tables. Vehicle and crew scheduling were not part of this project. The basic and most important
inputs to the process are the passenger numbers (demand) and the travel time of a line. These
data are then fed into a tool that optimizes connections with other lines for a given set of prior-
ities.

The output is the graphical timetable, which is then adjusted by hand. The connection optimi-
zation and the scheduling process are at the core of the tactical planning process. Timetables
are then used to feed dynamic passenger information systems and as a tool for the control cen-
ter to supervise schedule adherence. Finally, analysis and feedback in the operations level are
used to refine and adjust the timetables for the next period.

When described in general terms, the scheduling process seems simple at first sight. However,
there are a great number of considerations, guidelines and details that come into play when
elaborating a schedule. Moreover, the experience of the scheduling personnel plays an im-
portant role in managing the tools and the partially automatic outputs these produce. In the
following lines, the different elements of the tactical planning process are described in detail.
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Figure13  General scheduling process at the VBZ
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The following is a description of the process for creating a timetable for a new line. In Zurich
this is not very common, as the public transport network is well developed and quite dense.
However, it serves as a guideline for understanding their approach to timetable design, as well
as the multiple considerations and restrictions at the different levels of the process. In practice,
existing timetables are slightly adjusted and updated every year, or also modified to adopt
changes due to road works affecting operations. The following process is descriptive and aims
to identify the most relevant information obtained from the interviews.

Stop Location

This is the first step in the scheduling process. Every stop in the network is disaggregated to the
curb level, i.e. where the vehicles of each line serving that particular stop are planned to halt
and allow passengers to alight and board the vehicle. A different curb is taken for each direc-
tion of travel. Each curb is then identified with coordinates (in the Swiss coordinate system)
and compass direction. This is the level of precision at which the timetable is designed, which
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allows the scheduling department to modify timetables according to their needs, but the data
assigned to the curbs, such as location, distance and travel time between them, remains as the
basic data to which all timetables are designed.

In the event of a construction site affecting operations, a new (temporary) curb can be defined.
Stops and their curbs can also be moved for a number of reasons, such as redesign of a public
square, lack of demand, or an adequation for handicapped persons. Sometimes the lack of
physical space is a problem for an optimal stop layout, especially for the case of bigger stops
with several lines crossing, such as the case of Meierhofplatz. Locating stops in Zurich must
comply with the policy of a stop within a 400om radius of any inhabited part of the city, as well
as not exceed the distance between stops of 300m.

Distance calculation

Once the stops (curbs) are located, the distance between them is estimated using a Geograph-
ical Information System (GIS) web tool, such as GIS Browser?; or using a measuring vehicle
wherever it is possible. Once the line is operational, the distance is rectified and adjusted using
historical data from the vehicles. Given that vehicles that run on rubber tires can have small
variations due to drivers not always stop at exactly the same place, and GPS systems level of
precision (particularly in urban areas); the tolerance for identifying when a vehicle has arrived
to a station is 10 meters.

Travel time determination

With the distance between stops defined, the next step is setting the travel time between
stops for each direction. This can be achieved using a measuring vehicle when possible, or an
average measurement from other lines. The level of precision for travel times is 0.1 minute, e.g.
0.3 minutes is equal to 18 seconds. Establishing the travel time between stops is a crucial step
in creating a timetable. In Zurich, different travel time profiles are defined, based on the time of
day (level of demand, traffic volumes), the time of the year (weather effects, holiday seasons)
and particular events that impact demand (e.g. the beginning of the semester for local univer-
sities). The travel time profiles in Zurich are included in Table 17.

Moreover, the number of time profiles for a given line is defined by the headway. For headways
of 30 and 60 minutes, only one time profile is used, for 15-minute headways two or three may
be used according to the particular situation. For lines with 10-minute headway or less, three
travel time profiles are used.

9 www.gis.zh.ch/gba/bluevari/gb.asp
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Table 17 Travel time profiles defined in Zurich

Traffic time Monday to Friday

Travel time profile

Normal Traffic Time (NVZ) Begin of operation until 6:30 RVZ or NVZ

Rush Hour Traffic (HVZ) 6:30 - 8:30 HVZ or NVZ

Normal Traffic Time (NVZ) 8:30 —16:00 NVZ

Rush Hour Traffic (HVZ) 16:00 —19:00 HVZ or NVZ

Normal Traffic Time (NVZ) 19:00 — 21:00 RVZ or NVZ

Low Traffic Time (RVZ) 21:00 until end of operation RVZ or NVZ

Traffic time Saturday Travel time profile
Low Traffic Time (RVZ) Begin of operation until at least 6:30 RVZ or NVZ

Normal Traffic Time (NVZ) 6:30 until at least 17:00 NVZ or RVZ

Normal Traffic Time (NVZ) 17:00 —19:00 RVZ or NVZ

Low Traffic Time (RV2) 19:00 until end of operation RVZ or NVZ

Traffic time Sunday Travel time profile
Low Traffic Time (RVZ) Begin of operation until around 10:00 RVZ or NVZ

Low Traffic Time (RVZ) 10:00 —19:00 RVZ or NVZ

Low Traffic Time (RVZ) 19:00 until end of operation RVZ or NVZ

Source: VBZ

Finally, priorities are set for setting travel times. In the urban area, the first priority is to have a

regular operation for lines with headway equal or less than 7.5 minutes, and punctual opera-

tion for lines with a longer headway. The second priority is avoiding the need for any additional

vehicles to be operated in the line. The third priority is the protection of transfers (or connec-

tions). Lastly, is the noticeability of the timetable, i.e. the level of ease to which the users can

remember it (e.g. same departure minute every hour).

Dwell times are set according to the time profile, the type of stop (size, infrastructure availabil-

ity, passenger volume), and other particular conditions, such as in Kunsthaus, where the re-

quired dwell time is only 0.3 minutes, however, the traffic light cycle at that particular point is

long, and even though the bus requests priority, it does not get a green light immediately. For
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this reason the planned dwell time at that stop is 1 minute. All timetables of the ZVV (except for
S-Bahn services) are planned in this way, from stop to stop.

Special issues with travel time arise due to road works and their impact on operations. Road
works are known since at least one year before they happen. However, a timetable is design to
accommodate them only 2 months before, so that possible changes or delays do not translate
into additional work for the scheduling department. If the travel time due to a construction site
impacts travel time only to a certain degree (approximately up to 3-4 minutes), and the dura-
tion is only a couple of months, then travel times are not adjusted in the schedule and vehicles
are allowed to run late. If necessary, an additional vehicle is brought into service and buffer
times at the terminal stations are lengthened. The reason behind this is that delays may not be
systematic, and if travel times are adjusted, in many cases buses will have to wait 3-4 minutes
to avoid going ahead of schedule, and this has a negative impact in the quality of service, which
is perceived by the affected passengers. The threshold to change the travel time in the schedule
is when delay reaches the length of one headway. For construction sites that will last more
than 6 months, the yearly travel time (and schedule) is adjusted correspondingly.

Once a line is operational, travel times are adjusted using the historical data of the line. At that
point, the median value of the travel time for the observed period and time of year is taken as
the guide to adjust travel times and schedules. The VBZ recognizes that longer and less-
segregated lines (from other traffic) have a higher probability to incur in delay and schedule
deviations. Another factor adding to the variability of the running time is the driver behaviour.
For new lines, the required time to obtain true travel times for a line is estimated at four years.
This is because (especially for tram lines), drivers need time to adjust to the new line, as they
are much more careful at the beginning. Another reason is the impact of the frequent con-
struction works that take place in the city. Four years might seem like a very long time, but it is
only a fraction of the planning horizon of 30 to 40 years, in the case of a trolleybus or tram line.

Connection optimization

After calculating an initial travel time value between stops for the different profiles and having
all the information on stop metrics, the VBZ does a “connection optimization”. This optimiza-
tion process aims at increasing the connectivity of the lines, and at providing a more integrat-
ed, reliable and “seamless” travel regardless of the mode. The ultimate goal is to increase cus-
tomer satisfaction, increase public transport attractiveness and generate model shift towards
public transportation.

For the optimization, VBZ uses a tool within the scheduling software DIVA, called ALOG
(Anschlusslogik, or connection logic in English). This tool has been developed at the VBZ in col-
laboration with the software supplier, and the collaboration continues in the development of
new features. All operators of the ZVV have access to this tool, but only the VBZ makes use of it.
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The travel time between curbs at each stop, required walking times, certain guidelines such as
the headway, infrastructure restrictions, and a set of priorities, are the input to the connection
optimization tool. Transfer optimization starts in Stauffacher. This station is special because
four tramlines at a 7.5-minute headway are serving it, and infrastructure is limited to two
tracks. Instead of having a 1.5-minute headway (plus dwell time), lines 2 and 14, as well as lines 3
and g are scheduled to arrive at the same time and allow passenger transfers. All other trans-
fers in the VBZ network arise from that first planned connection at Stauffacher. Priorities for
connections are planned according to the amount of passengers impacted and the available in-
frastructure. Busier lines have higher priority. For bus lines, planned connections become oblig-
atory stopping stations and also act as holding points when vehicles are running early. Longer
dwelling times are planned at these stations to wait for connecting passengers.

Different amounts of priorities are assigned to transfers. An internal measure of quality for a
schedule is the level to which it achieves (in the planning) the different connections. If 5 con-
nections are planned, and 4 are achieved after the optimization process, then the schedule
quality is quantified at 80%.

A particular policy for transfer protection in Zurich is that a person living in any place in the city
is guaranteed to have a service that will reach a train departing from the main station at 6:00
am. Similarly, any person arriving at midnight to the main train station is guaranteed a connec-
tion to any stop in the city, except for very small lines.

Graphical schedules

The outputs of the connection optimization tool are departing times from the terminal for each
travel time period, the type of vehicle, and the pull in- and out courses. Driver union restrictions
are also included. The departure times are fixed throughout the period with the corresponding
headway to create raster graphical schedules, or patterns. Once these are created, they are con-
trolled for feasibility, and smoothing is done for the headway and time period transitions. Vehi-
cles pulling in and out of service are also edited manually.

The graphical schedules allow operating costs to be derived and budgeted. Optimizations are
done where possible according to specific situations and the scheduler’s experience. An exam-
ple of an adjustment is the waiting time at terminals, which was agreed with drivers to be 1
minute at one terminal and 5 minutes at the other, with at least 10% of the overall travel time.
This is easier for longer lines, but sometimes complicated for shorter ones. During the AM and
PM peak these restrictions do not apply. Buffer times are added to some extent by the tool, the
rest is done by hand according to experience and feedback from operations. A particularity case
is that of vehicles pulling out of service. These do not hold to the headway after arriving for the
last time to a terminal station, but depart right away to avoid unproductive time that adds up
and over time represents a significant cost.

75



Operational stability and reliability of urban bus routes April 2012

A sample of a graphical timetable for line 31 (both ways), from beginning of operations until
around 7 am is shown in the Figure below.

This particular timetable is used from Monday to Thursday, as in Fridays service is provided
with higher frequency in later hours of the evening compared to Monday through Thursday. On
the left, the different time profiles are seen (A through E), with planned running times and
scheduled running times at given stops during the run. On the right side, the different vehicles
pulling in can be seen, with the minute at which they begin service. On the upper (and lower)
part, the course number (integer) is displayed together with the planned departing time from
the terminal station.

Figure14  Graphical timetable sample. Line 31
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Passenger information

Precise schedule information is required for real time information systems, as scheduled time is
compared to operations to predict next vehicle arrivals, as well as connections at the next stop,
with the available time and status. Printed timetables are also published at every stop of the
network. Real time information is available at mayor stops, inside every vehicle as well as on
the Internet and via mobile devices.

Planned operational changes are also communicated via the passenger information system.
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Control Centre

The responsibilities of the control centre include supervising and managing operations, with
the aim of adhering as much as possible to the schedule. It also reacts to incidents to bring op-
eration back to normal as soon as possible, organise assistance by ambulance or police when
needed, and deviate courses to minimize the effect of larger disruptions to the service.

Additionally, it manages passenger information and coordinates internal information with
drivers and technical personnel.

From the planning perspective, the control centre is an essential part of the tactical planning
activity and is in very close contact with the scheduling department. Both departments are in
the same level of the same building and cooperation and communication takes place on a daily
basis. The control centre identifies problems that occur in operations, communicates them to
scheduling, and may also suggest ways to improve a timetable.

Evaluation, analysis and feedback

Once a line is in operation, historical data is used to analyse its performance and provide feed-
back to the planning department to improve the quality of the schedules. The control centre
provides summary operational statistics on a regular (monthly or more frequent if needed) ba-
sis. It also identifies problems and communicates them to the scheduling department.

Drivers are another a source of information and feedback, however planning is careful not to
attend to wishes for longer breaks or such. In Zurich, many schedulers have driving experience,
and they require around two years to become experienced schedulers and produce high quality
timetables.

From the operational data analysis, systematic delays and problems are investigated in detail.
This may include site visits and physical observation by the planning personnel. Issues such as
delays with traffic lights are communicated to the DAV (Zurich’s Traffic Control department).
They look for ways to reduce public transport delay without compromising the capacity of the
intersection. It is a parallel and constant optimization process, taking place at different levels.
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4.5 Planning method comparison

After describing a generic planning methodology at the strategic and tactical planning levels, a
short comparison is made in this section between the generic procedure, and the way public
transport service is planned in Zurich.

4.5.1 Strategic level

Strategic planning practices in Zurich follow to a large extent the lines of the proposed generic
planning process. If anything, the planning process in Zurich is more complex, given the many
actors, institutions, restrictions, and considerations, added to the requirement by the citizens to
approve a project of the magnitude that infrastructure development normally requires. The
planning process in both cases identifies current and future needs, and develops individual pro-
jects that are compatible with the general transportation and spatial development policies in
place. Infrastructure projects should help the city reach the strategic objectives outlined in its
transportation master plan.

Planning horizons in both methods are similar, though in Zurich long-term planning tends to
be at least 30 years for public transport lines requiring significant investments in infrastructure,
such as new tram and trolleybus lines and extensions.

The most important actors at this planning level are the operator (VBZ), the city’s civil engineer-
ing office, or Tiefbauamt Zurich (TAZ), and a number of private engineering firms and consult-
ants that develop the market studies, technical projects, and the different array of evaluations
for these projects.

4.5.2 Tactical level

The tactical planning level is the focus of this study, and as such, was the level at which most
information was gathered and compiled.

The generic tactical planning process described the steps for creating timetables, and this pro-
cess was later the subject of analysis at the VBZ. The steps will not be repeated here, and the
focus will be on the similarities and differences between the two methodologies.

In general, the VBZ follows a classic approach to service planning in the tactical level: it uses in-
put data from stop location to determine running times. This is done for different times of day
and periods of the year, to consider changes in demand, traffic volume and weather.

Differences observed between the generic process and the VBZ planning process at this level
are the following:
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* The level of precision for defining and identifying vehicle stopping points, in particular
for larger stations, is very high at the VBZ. However, a tolerance of 10 meters is provided
for GPS localization.

* The distance between stops is rectified and adjusted once vehicles start operations.
Again, precision is a goal in all stages of planning.

* The level of adaptability to planned construction sites that impact line operation (for
defining new, temporary stopping points when required) is quite developed and part of
their daily business. Road works and construction is a constant activity throughout the
city, and coordination with other city offices allows the VBZ to plan and be prepared for
these disruptions.

* Policy (minimum) level of service (required by the ZVV) and vehicle capacity determines
the required number of vehicles, instead of number of vehicles being a restriction. Cost
reduction is an important issue, and the VBZ understands that the potential to operate
more vehicles is limited in their dense network. A shift towards higher capacity vehicles
is observed.

* Aclear policy and priorities are in place to determine the number and type of travel time
profiles for a given line. The main parameters are the type of service, the headway, time
of day, and day of the week.

* Aheadway policy, or “families of headway” is in place at the design stage in Zurich. The-
se are used as an input in the schedule creation process and are not an output. This al-
lows the VBZ to improve the quality of their connections.

* Dwell times at stops are correlated to the travel time profiles. They vary depending on
the type and size of stop, the planned connections at the stop, and the available infra-
structure for a vehicle to wait (without obstructing other vehicles). Particular situations
that may increase planned dwell time at certain intersections, such as traffic light cycles
times, are also contemplated.

At the VBZ the level of precision throughout the tactical planning stage is high. Schedulers have
a good knowledge of the network and understand its many particularities, as many of them
drive buses and trams on a regular basis. This situation increases the quality of the planning
and avoids mistakes. The size of the city is definitely an advantage, as this level of precision for
a large metropolis with a multimodal public transport network is hard to imagine.

Once the running times of each line are known between each stopping point for the defined
time periods, a connection optimization process takes place. The generic planning process pro-
poses a measure of synchronization for schedules, however in Zurich this is a crucial step in
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timetable design. It is considered to be a key element of developing efficient, high quality
schedules that are passenger-oriented and comply with policy guidelines.

The most interesting features of the connection protection process are:

The starting point of all connections is Stauffacher. Restricted infrastructure availability
for the number of lines serving it is the reason. All connections originate from there.

* Alist of priorities for the connections is defined, at the top are those connections that
must take place at busy stations where large number of passengers transfer. Down the
list are important connections and at the end, good-to-have type of connections.

* The quality of a schedule is defined as the share of achieved connections from the list of
priorities (in the planning, in operations this share is lower due to variations).

* One particular policy that integrates the network and increases the quality of service is
the guarantee that a person can reach a train departing from the main station at 6:00
no matter where that person lives in the city. Similarly, a person arriving at the main
station at midnight has the guarantee that he or she will be able to get back home us-
ing public transportation.

Subsequent to the running time determination and the connection optimization process,
graphical schedules are produced for each line, day and time period following the lines of the
generic planning process using a software package.

Agreed resting times with driver unions, headways and other input data serves to create a con-
sistent timetable. In Zurich a high level of importance is given to clock face schedules, i.e. vehi-
cle departures from a stop at the same minute past the hour, for a period of the day. This fea-
ture makes the schedule easier to memorize for frequent users, and increases the attractive-
ness of the service. This practice is more common in European cities than in other parts of the

world.

Finally, graphical headways are smoothed out by hand and vehicles pulling in and out of service
are inserted by hand. At every stage of the process the experience of the scheduler has an im-
pact on the final result. In Zurich it is clear that no software can replace an experienced sched-
uler, as automation only reduces the repetitive tasks, it does not solve the underlying problems,
considers particular situations, or produce an optimal schedule from scratch. However, schedul-
ing software allows for the testing of different alternatives to be much easier.

Something that remains to be defined is the efficiency in the allocation of buffer times in
schedules by the personnel. As connection optimization specifies holding points per se, part of
the time is allocated there. However in Zurich the rest of the time is allocated by experience. It
remains to be researched if more scientific methods can optimize this allocation.
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4.6 Summary

The objective of this chapter was first, to relate public transport planning to the greater objec-
tive of urban transportation planning; second, to describe a generic planning process for public
transport; and third, to describe current public transport planning practices in Zurich. At a later
stage the two planning processes were compared, whereby similarities and differences were
identified.

It can be said that in general terms Zurich follows the lines of a generic planning process as de-
scribed in the literature. However, the level of precision at the different steps is likely higher.
The objective of this precision is to achieve efficient and optimal schedules for the public, but
also for the operators. Efficient and precise schedules can optimize the use of resources and
this is very clear for the VBZ.

Another important difference of the planning processes is that in Zurich, a very high degree of
importance is placed on connections, and the degree to which they are achieved. The objective
of this policy is to provide an integrated service, where the required connections represent a
lower burden on the users and at the same time increase the attractiveness of service.

The VBZ relies to a large extent in the experience of their scheduling personnel, and scheduling
software is used to optimize schedules, try new approaches, and reduce the effort required to
repeat tasks. Computers have been used for this purpose in Zurich only since 1988, and the cur-
rent tools are designed, tested and developed together with the software provider through a
close working relationship over a long period of time.

Finally, the evaluation and feedback from the operations department is used to optimize and
improve timetables for the next period (normally one year). Feedback comes from the control
centre, from vehicle drivers, and from a series of statistical analysis on historical data.
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5 Publictransport service delivery analysis

5.1  Chapter overview

This chapter quantifies public transport service reliability in Zurich using off-line operational
data, including Automatic Vehicle Location (AVL) data. The first section describes the selected
case study, Bus Line 31 in Zurich. This bus line was selected because it is one of the most im-
portant bus lines in the city, crossing it diametrically and serving many different parts of the
city. It also transports a large number of passengers, more than some tram lines in Zurich.

In the following sections, the aggregate and disaggregate data made available for this study is
described. Subsequent sections show the results of detailed travel time, speed, punctuality and
regularity analysis, together with reliability oriented performance measures. These correspond
to operator-oriented measures. An analysis of passenger-oriented measures of reliability focus-
ing on different measures of waiting time closes the chapter.

5.2 Line 31 characterization

Line 31 is one of six trolley-bus lines currently providing service in Zurich. It is operated by the
Verkehrsbetriebe Zurich (VBZ), which is the responsible transport company for the area around
and including the City of Zurich. Line 31 runs from Schlieren train station (SZEN) in the neigh-
boring community of Schlieren, west of Zurich, to Hegibachplatz (HEGI) in the south east of
Zurich (Figure 15). It crosses the city serving important stations along its way, such as the ter-
minal of Tram Line 2, Farbhof (FARB), the busy train station Altstetten (BALT), a large shopping
mall, Letzipark (LETP), the densely populated area around Kanonengasse (KANO), Zurich main
train station (BPLA), and the busy tram node, Central (CENT).

Line 31 runs along 10.9 Km, with an average distance between stops of 415 m. It provides service
every day of the week, from 5:12 to 1:00, with a frequency of 8 vehicles per hour (7.5- minute
headway) all day long until around 20:00, when headway increases to 10 minutes. Service
headway during the weekend is 10 minutes until 10:00, after 20:00, and all Sunday. A total of
27 stops are served by Line 31, transporting around 20’000 passengers every working day™.
Since 2008, service is provided using 25-m double articulated, electric vehicles (see Figure 16).
The vehicles are 100% low-floor, air-conditioned, with 60 seats, 5 doors and a technical capacity
of 202 passengers (4 persons /m2). These vehicles were introduced due to capacity problems
with single-articulated vehicles that were reaching their service life. An internal study at the

'°In 2009. Source: VBZ.
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VBZ was undertaken in which current and expected passenger growth trends were evaluated
in two scenarios: higher vehicle frequency or higher-capacity vehicles. Results clearly favoured
the use of larger vehicles, which are more cost-effective and provide a higher level of service."

Figure1s  Topological map of Zurich’s public transport network. Line 31 highlighted

BUS LINE 31

BUS LINE 31

Source: modified from www.zvv.ch

Most passenger activity along Line 31 takes place in the stations Farbhof, Altstetten, Letzipark,
Hardplatz, Militar-/Langstrasse and the stops just before, at, and after Zurich main train station
(Bahnhofplatz/HB), as seen in Figure 17.

Zurich has been a pioneer in vehicle detection technology and traffic control management
since its citizens voted against the construction of an underground subway in the early 70’s,
and the City invested heavily in improving the quality of public transport. For a comprehensive
review from the planning and technical perspective, see Nash (2003) and Furth (2005).

" Source: internal, unpublished VBZ report.
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Figure16  Double articulated trolley buses providing service in Line 31

Source: Verkehrsbetriebe Zurich (VBZ)

Figure17  Average daily passenger distribution (Mon - Thu) 2009. Line 31 eastbound
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Since around 2006, a new Automatic Vehicle Location (AVL) system has been deployed, involv-
ing all the operators providing services in the greater Zurich region and regulated by the
transport authority, the Ziircher Verkehrsverbund (ZVV). See Figure 18. The project involved not
only real-time location and communication technology linked to a modern control centre, but
also high-quality information for passengers and the subsequent collection of large amounts of
operational data of high value for off-line analysis and planning.

Figure18  Schematic AVL system architecture in Zurich
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5.3  Service reliability characterization

This section starts with the description of a first set of non-representative observations that
was done prior to the representative data acquisition, together with some initial, mostly quali-
tative results. The description of the data that was available for this study follows, together
with the data inputs and output calculation.

Next, the different service reliability analyses are presented, i.e. speed, travel time, schedule ad-
herence (punctuality), headway (regularity) and passenger waiting time. These analyses include
descriptive statistics at the route and stop level for most measures, together with the calcula-
tion of service reliability measures summarized from the literature and included in section 3.4.2.
They have the aim of providing quantitative measures of reliability from a number of perspec-

tives.

The section closes with a summary of the results obtained for each of the service reliability
measures. The methodology and criteria for the analysis is based on work by Cham (2006).

5.3.1 Initial observations and first insights

Given that the AVL data acquisition took place on the course of the project, a first set of obser-
vations was done to get an insight into the behaviour and characteristics of Line 31. This sample
of 19 observations is not statistically representative, and rather had the aim of recording events
that were perceived as to cause delay both at, and between stops. The observations took place
on Monday 12" and Wednesday 14™ of April 2010, during the morning and afternoon peak peri-
ods (7:00-8:30 and 16:30-18:00).

To register the observations, five persons boarded a Line 31 vehicle in different parts of the city
at the same time, for go minutes (a complete cycle). Observers were distributed as to cover eve-
ry second vehicle in service. They stood next to the driver and observed both the events taking
place at and between stops, as well as passenger activity. Additionally, they registered the arri-
val and departure time at each stop, as well as the schedule deviation directly from the driver’s
display. A sample of the format used is shown in Figure 19.

Events recorded between stops were: congestion (Stau), construction site (Baustelle), pedestri-
an (Fussganger) crossings, and traffic lights. During the observation period, road works were
taking place between the stops Militar-/Langstrasse and Sihlpost, which are clearly visible in
the results.
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Figure1g9  Form used to register observations at stops and between them (Strecke)
Events
Passengers Obstructing Schedule .
S TO P : Passengers : A Dwell time
with luggage / : vehicles or deviation
with Velos : (sec)
baby buggy people @arrival
-1 v -1 v -l +/- mm:ss arrival departure
Hegibachplatz
Signaustr.
Kreuzplatz
Delay caused by
S TR E C K E Stau Baustelle Fussga.nger Traffic light | Passenger
crossing (LSA) volume
-1 v -l v -l v -l v L/M/H
Hegibachplatz - Signaustr.
Signaustr. - Kreuzplatz
Kreuzplatz - Sprechenstr.

The results of these first observations revealed a first (though rather subjective) picture of the
performance on Line 31. Dwell times were determined from arrival and departure time, while

simple mean and median values were calculated for the set of observations. Figure 20 summa-
rizes schedule deviation at the stop level for all observations. The upper figure corresponds to

eastbound trips, the lower to westbound trips.

The impact of road works in the results is clearly visible in Figure 20, in particular for eastbound
trips. Stops where dwell times were consistently higher include Farbhof, Bahnhof Altstetten,
Hardplatz and Hauptbahnhof for both directions, as well as Kusthaus for westbound trips. For
the observed eastbound trips at the stop level, mean schedule adherence is remarkably good
(below 30 seconds late) until the point where roadwork begins. At this point, a systematic delay
can be observed, leading to up to 2 minutes of delay that is not recovered in the rest of the run.
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Figure 20  Schedule deviation for all observed trips. East (up) and Westbound trips
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Between stops, all events that were perceived as contributing to delay along the line were ag-
gregated in Figure 21. The influence of congestion and pedestrian crossings can be clearly seen
as vehicles approach Altstetten train station, even though they are not reflected in the schedule
deviation summary. It is assumed that these systematic delays are dealt with by adjusting the
running time in the schedule, or by adding buffer time for the section.

Figure 21 Perceived delay-causing events between stops. All observations.
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Construction works are also clearly visible in the section mentioned before, as well as delays
due to pedestrian crossings around Central. Surprisingly, even though Line 31 has priority at all
traffic lights, these were perceived to be a consistent source of delay more or less along the en-
tire line, especially closer to the city centre, where a total of g traffic light signals are present.

This section has provided an overview of the available data for this study, and a first impression
of performance using a small sample of subjective observations.

5.3.2 Data availability and description

The statistically representative operational data made available by the VBZ consists of two
main data sets: the first set is a series of spread sheets containing aggregate information on
speed and running time during working days (Monday to Friday) in March of 2011. Summary
statistics on speed and travel time (mean, median, std. deviation, 5, 16, 84 and 95 percentile
values, min, max) were available for Line 31, with an aggregate summary record every 25 me-

ters.
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The second dataset corresponds to stop-level data in the form of a relational database (RDB) for
all records of February 20m. All VBZ vehicles are equipped with AVL equipment, which has clear
advantages for their real-time supervision and control tasks, but also for the off-line analysis of
data, as extreme values are captured. A specific example is the possibility to calculate the share
of trips on a route running earlier or later than a given threshold, another is the possibility to
use the 87" or 95™ percentile of the running time distribution, as all trips are recorded.

For Line 31, this data availability translated into a total of 226,448 records. However, the period
of study was limited to trips during working days (Monday to Friday) in the eastbound direction
of travel, i.e. from Schlieren Zentrum (SZEN) to Hegibachplatz (HEGI). This left a total of 84,214
records.

Furthermore, four go-minute time profiles were selected for the analysis, which is the approx-
imate duration of a cycle (return trip). Only complete trips taking place during these time peri-
ods were included. The selected time periods were operated using the same number of vehicles
throughout. Table 18 summarizes data availability for each time period.

Table 18 Selected time profiles and number of observations. Line 31
Time period Profile name Number of records
7:00 - 8:30 AM Peak 6125
9:30 —11:00 Between Peaks 6181
16:30 —18:00 PM Peak 6130
21:00 — 22:30 Late Night 4560

Disaggregate passenger activity data in the form of automated passenger counters (APC) were
not available for this study, and only aggregate data summaries were available. Around 10% of
the fleet in any particular route of the VBZ is equipped with APC; however, these data are
stored in a different platform than the AVL data, and the two platforms are not yet integrated
into one single database.

Data Inputs

From the available AVL records, two main types of data were used in the analysis: Trip specific,
and Time-point specific variables. As previously mentioned, passenger activity (boardings,
alightings, etc.), as well as vehicle variables (speed, mileage, failures, alarms, etc.) were not
available.

Table 19 provides an overview and short description of the main variables (data inputs) used in
the analysis. These variables were pre-processed from the original raw data to eliminate double
records and such before being delivered to the RDB.
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Table 19 Main variables of interest included in the AVL data

Data group Description Data Item Type

Trip Identifiers for specifictrip  [Date] Calendar day of planned arrival
[Service Date] Operational day of scheduled trip
[Day Type Id] Day type identifier
[Route_Id] Route identifier
[Trip_Id] Trip identifier
[Block_Id] Block identifier
[Pattern_Id] Sequence of stops for a trip

Time Point  Attributes of time-at- [Id] Primary record key

location records

Direction] Direction of vehicle (1 or 2)
Stop_Id] Stop identifier

[
[
[Stop_Seq_No]
[Planned_Arrival]
[Planned_Departure]
[Actual_Arrival]

[Actual_Departure]

Sequence of stop in pattern

Planned arrival at stop in seconds
after midnight

Planned departure from stop in
seconds after midnight

Recorded arrival at stop in seconds
after midnight

Recorded departure from stop in
seconds after midnight

Service measures

Using the time-at-location data records described above, service attributes such as actual run-
ning times and schedule deviations (among many others) were computed and used to calcu-
late the service reliability measures described in section 3.4.2 and summarized in Table 9 and
Table 10.

As previously mentioned, service measures are the set of aggregate metrics used to character-
ize overall service, measure performance and evaluate service delivery. They are needed to
compare the promised and actual level of service, therefore characterizing public transport ser-
vice reliability.
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The service reliability measures included in this work are used to identify reliability problems
along Line 31, understand the causes of these problems, and provide an insight into the possible
measures to improve service reliability where problems occur. They were calculated at the stop
and route level for each of the four time profiles defined in Table 18.

5.4 Performance analysis and reporting

In this section, the service reliability measures described in section 3.4.2 and summarized in Ta-
ble 9 and Table 10 are presented and discussed. The first part of the analysis refers to operator-
related measures and focuses on travel time, speed, punctuality and regularity. The second part
deals with user-oriented measures, particularly waiting times.

5.4.1 Travel time

In a first step, all-day aggregate data from the spreadsheets mentioned in section 5.3.2 was
used to analyse travel time reliability along the line. The figure below depicts the frequency dis-
tribution of travel time for all working days in March 2011. Three peaks can be observed, around
40, 44, and 47 minutes. The shape of the distribution reflects the different travel time experi-
enced by users at different times during the day.

Figure22  Travel time distribution in minutes for all trips (Mon-Fri) of 03.2011
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Aggregate data can already provide a picture of the travel time along Line 31; however, a much
richer level of detail can be achieved using AVL data already at the route level. Figure 23 shows
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the running time (y axis) for all trips that took place in working days of February 2011, from early
morning to late evening (x axis), for eastbound trips.

Figure 23 Travel time distribution in minutes (y) throughout the day (x) for all trips
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The figure above is a working draft including all data; nevertheless it already provides a much
richer description of the actual vehicle travel time than the aggregate data. Note that the thick
line corresponds to the planned travel time, which changes throughout the day to reflect
changes in demand and traffic conditions. In Figure 22 only the actual travel time is retained in
the record, whereas the data displayed in Figure 23 allows for detailed statistical analysis, in dif-
ferent periods of time and different times of day.

A more explanatory graph using the same data can be found in the next page. It compares the
planned travel time with the median, 87" and 95" percentile distributions of recorded vehicle
travel time during the working days (Monday to Friday) of February 20m1. Planned running time
adjusts fairly well to the median travel time throughout the day, except during the AM and PM
peak hours.
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From Figure 24 it is clear that the planned travel time is roughly adjusted to the median of ac-
tual travel time, which means that roughly 50% of all trips will achieve their scheduled running
time (though this is independent of any recovery, or break time planned at the end stop, which
is needed to guarantee an on-time departure for the following trip, and is not considered in the
analysis). From Table 20 it is clear that for all time profiles, the planned travel time is (marginal-
ly) lower than the median of the observed runs. During the morning and especially in the after-
noon peak period the situation is more dramatic due to more extreme values in the distribu-
tion. A solution would be to increase the planned travel time, particularly during rush hours. An
increment of 1 to 2 minutes would allow a larger proportion of trips to achieve their planned
travel time. The impact of this change on the number of vehicles required to provide service
(with the corresponding increase in operational costs for the operator) were not investigated.

Figure 24  Travel time distribution for all trips (Mon-Fri) in 02.2011, Line 31
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Another graphical description of the data can be found in the following Figure. It illustrates the
degree of dispersion and skewness of the data for the four time profiles defined in Table 18. As-
suming normal distributions, 50% of the observations are contained in the boxes, while more
than 99% of the observations are contained between the whiskers. Peak time profiles display
more variation, as well as more skewness toward longer travel times, and more outliers.
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Figure 25 Route-level travel time box-plot distribution by time profile, Line 31
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Descriptive travel time statistics grouped per profile for all working days of February 2011 are
summarized in Table 20.

Table 20 Travel time summary statistics per time profile. Line 31 (in min)

Time Planned  Mean Median  Std.Dev. Max. Min. Perc.25 Perc.75 Perc.95

7°°-83° 37.10 37.56 37.30 2.23 46.15 33.0 36.22 38.90 41.02
93°-11°° 36.30 36.55 36.43 1.69 41.12 22.52 35.68 37.30 39.32
163°—18°°  39.70 40.77 40.33 2.76 53.0 20.83 39.12 42.03 45.97
21°°-223°  32.80 33.36 33.38 1.45 36.42 2357 32.43 34.28 35.65

At the stop level, the link travel time (or travel time between stops) was normalized, i.e. divided
by the link length and its distribution plotted for two time profiles along Line 31. The purpose of

96



Operational stability and reliability of urban bus routes April 2012

normalizing is comparing between links, as link length and actual travel time differ from link to
link. Figure 26 effectively shows the relation of time required to travel through a link, where
more time (y axis) represents comparatively slower travel.

Effectively, axis y represents the amount of seconds required to travel 10 meters along any giv-
en link between two stops. From the figure it is clear the dramatic difference between time of
day for the links before the stops Bahnhof Altstetten, Herdernstrasse and Hardplatz. Other links
are comparatively slower, but the difference between time profiles is not as high as for the pre-
viously mentioned links.

Figure 26  Stop-level (normalized) travel time distribution. Selected time profiles
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Performance measures

Based on the service reliability measures included in Table 10, Table 21 includes a summary of
travel time service measures for Line 31 (in the eastbound direction) at the route level. The trav-
el time reliability performance measures decrease with increasing variability, therefore higher
values indicate better performance. From the result of the mean run time ratio (actual over
scheduled run time) in average, vehicles need 1to 3% more time than planned to complete a

run.
Table 21 Travel time (TT) performance measures at route level. Line 31
Time of TT reliability ~ TT reliability Mean Run MeanRunTime  Run Time coefficient
day (1) (2) = (min) Time Ratio Delay (seconds) of variation (cv)
7°°-83%° 16.84 0.45 1.03 69 0.059
93°-11°° 21.63 0.59 1.01 15 0.046
163°—18°° 14.77 0.36 1.03 81 0.068
21°°-223° 23.01 0.69 1.02 34 0.043

Until now, the analysis has focused on descriptive statistics and service measures are aggre-
gated at the route level. However, AVL data allows for a detailed analysis of travel time at the
link level, i.e. between stops. Using planned and actual departure and arrival records for each
trip and stop, the run time ratio (RTR) defined in Table 10 was calculated and the result depicted
in Figure 27. Values reflect the variation in travel time between the depicted and the previous
stop.
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Figure 27 Run time ratio from previous to shown stop by time profile, Line 31
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Figure 27 highlights sections of Line 31 where the recorded travel time between stops differs
from the planned travel time. A value of RTR = 1 means exact correspondence between planned
and delivered service. Values above 1 correspond to sections where vehicles needed more time
than was planned, and RTR values below 1, sections where buses needed less time than
planned. Care is needed when comparing route and segment level RTR, as the aggregation of
the parts does not correspond to the total. Dwell times, buffer times and holding strategies are
not part of the analysis and contribute to a large extent to the final travel time of a trip. At the
route level, the planned travel time (difference between the planned arrival at the last stop and
the planned departure from the first stop) lies between 32 and almost 40 minutes. For individ-
ual sections (difference between planned arrival time at a stop and planned departure time
from the previous stop) the range is between 24 and 120 seconds, depending on the particular
section and the time of day.

Some sections stand out from others because of their “bad” RTR. Several sections systematically
require more time than originally planned. The section between Militar-/Langstrasse and
Kanonengasse clearly stands out from the rest of the sample. After consulting with the VBZ, it
was determined that road works on that particular link between Militar-/Langstrasse and
Kanonnengasse were the reason for this result.
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Other sections where systematic disparities occur are the sections before the stops Seidelhof
(most deviation taking place during the late night services), Hardplatz (specially during the PM
peak), Neumarkt and Signaustrasse. It is not clear why the late night services in particular sys-
tematically require more time than planned to reach Seidelhof, as passenger demand and vehi-
cle traffic is assumed to be at the lowest during this period. Before Hardplatz, the most proba-
ble cause during the PM peak is private vehicle traffic, as Line 31 drives in mixed traffic along
the Hohlstrasse, a main road. Public transport vehicles do have a bus lane just before reaching
Hardplatz, however, this bus lane is just over 35 meters long (the bus is 25 meters long) and
might not be enough to allow buses to skip the congestion at the traffic light.

Finally, the sections before Neumarkt and Signaustrasse are also somewhat confusing, as vehi-
cles systematically need about 50% more time than planned to travel between the stops, even
though in these sections vehicles drive on a central bus (tram) lane with direct access to the
stops, additional to priority at traffic lights. Congestion with vehicles of tram Line 3 lane arriv-
ing at Neumarkt is a possible reason, as they are scheduled to arrive 1 minute before or at the
same time throughout most of the day. Buses of Line 31 arriving to Signaustrasse may have a
similar arrival conflict with vehicles of tram Line 11, as these are scheduled to arrive between 1
and 2 minutes before to the stop.

Another useful service measure to evaluate regularity is the coefficient of variation. This nor-
malized (dimensionless) measure of dispersion is independent of the unit of measurement, and
thus allows comparisons throughout different times of day or even different routes (different
datasets. Figure 28 shows the results for the four selected time profiles.

Figure 28  Run time coefficient of variation (cv) from stop n-1to stop n
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Because the cv is a measure of variability, extreme values in the data having an impact on the
standard deviation will increase the cv. In the previous figure it is clear that the late night ser-
vices (21:00-22:30) display the lowest cv values throughout the route, and only the route section
between Militar-/ Langstrasse and Central (and then again before Sprecherstrasse) show cv
values above 0.2. However, no threshold value is defined for this measure. Most variation in
travel time is taking place during the remaining time profiles.

During the AM peak, most variation in travel time takes place before and especially after
Bahnhof Altstetten. Variation is also observed between Letzipark and Hardplatz, as well as Be-
fore Bahnhofplatz and in the last section of the route, after Sprecherstrasse. During the in-
between peak period, most variation takes place between the SBB-Werkstatte and Hardplatz,
followed by the section between Bahnhofplatz and Central.

For PM peak services, most variation takes place in the section before Bahnhof Altstetten, along
the Hohlstrasse between Luggwegstrasse and Hardplatz, before Bahnhofplatz and before
Signaustrasse. In the first two cases, the problem is likely to be private vehicle traffic (conges-
tion), whereas in the last two cases, interactions with other public transport vehicles might be
the cause.

5.4.2 Speed

As pointed out by Furth, Hemily et al. (2003), speed and traffic delay analysis “is helpful for
identifying locations in which there may be a need for infrastructure or traffic improvements
such as signal retiming, turning restrictions, signal priority, or physical priority. It also helps
monitor the impact of any change in infrastructure, traffic, or driver behaviour”. In Zurich, many
of these measures are already in place since decades, and the potential for expanding infra-
structure is very low, as the physical street space is limited and used intensely by all mobility
actors.

For the speed analysis included in this work, no AVL data was available, and only aggregate da-
ta from spreadsheets was at hand. These data included speed records every 25 meters along
the route with summary statistics (mean, median and percentile values). Thus, it was possible
to plot the speed trajectories and observe those places where vehicles have a hard time getting
from one stop to the next. In the context of this work, no service measures were calculated for
vehicle speed.

Figure 29 shows the mean (thicker line), median, as well as the 5™ and 95" percentile of speed
along the lines for all trips in March 2011. Only the first and last sections of the line are included,
or 19 out of 27 stations.
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Figure 29  Average speed distribution for all trips, first and last third of Line 31
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The graph clearly shows relatively smooth runs at average speeds between 45 and 50 km/h
from the start of the run until about Farbhof. This station is the terminal of tram Line 2. After
this point, peak average speed between stops only exceeds 40 Km/h between Luggwegstrasse
and Letzipark (not shown), and between Kanonengasse and Sihlpost, in the lower section of the
graph. From Sihlpost until Central, Line 31 shares the road with tram Lines 3 and 14. Just before

the stop at Zurich main train station vehicles merge into mixed traffic until Central, where a

roundabout and a set of pedestrian crossings require considerable manoeuvring before the ve-

hicle reaches the stop.

Between Central and Kunsthaus Line 31 shares an exclusive lane with tram Line 3, which is re-

flected in average vehicle speed results. Between Sprecherstrasse and Kreutzplatz a set of traf-
fic lights clearly impacts average vehicle speed.
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The previous analysis provides a clear picture of where the buses have a harder time getting
from one stop to the next. The slowest average section lies in the heart of the city, between
Sihlpost and Central, a section where a total of 8 bus and tram lines converge, significant pri-
vate vehicle traffic is present, and large amounts of pedestrians coming from and to the main
train station constantly cross the street. Peak average vehicle speed is about 25 Km/h along this
section. Another clear example is found between Sprecherstrasse and Kreuzplatz, where two
traffic lights and go-degree turns systematically slow down the vehicles.

Given that no AVL records are available between the stops, but distance between stops is
known, an aggregate statistical value can be calculated for speed (e.g. mean speed). This is
shown in Figure 30 for each time profile. Most variations in speed between stops throughout
the day take place between Seidelhof and Bahnhof Altstetten, between the SBB Werkstatte and
Hardplatz, and to a lower extent between Lowenplatz and Hauptbahnhof.

Figure 30  Median speed between previous and shown stop. All time profiles
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5.4.3 Punctuality

Punctuality, understood in this work as both the level of adherence to the schedule as well as
on-time performance (subject to the thresholds previously defined) is a valuable management
practice. This is because the prerequisite for achieving good schedule adherence are both real-
istic schedules and good operational control. It is one of the most common analyses practiced
in the public transport industry.

Schedule deviation can be calculated for arrivals as well as for departures from the AVL data,
however, in the framework of this study only departures are considered, since holding strate-
gies are implemented in Zurich and the policy is to avoid early departures.

In a first instance, the route-level schedule deviation distribution is shown in Figure 31, using
the same vertical and horizontal scale. Mean and standard deviation are included in the graph.
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Figure 31  Route-level schedule deviation distribution. All time profiles
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The bars in Figure 31 are 30-second wide. A clear difference can be observed between peaks and
other periods, with a skewed distribution to the left (late departures). The most compact distri-

bution is for the period between peaks (Std. Dev. = 0.99 min), the highest distribution is ob-
served for the PM peak (Std. Dev. = 2.38 min).

At the stop level, AVL data allows the calculation of a series of metrics and measures. Figure 32
shows the mean schedule deviation, in seconds, at the stop level for all time profiles. How close
the mean deviation is to zero indicates whether the scheduled running time is realistic.
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A systematic deviation recovery is observed for all time profiles between the stops Micafil and
Farbhof, as well as between Backeranlage and Militar-/ Langstrasse. Courses remain on time (in
average) until the SBB Werkstdte. From that point on, during the PM peak period, vehicles devi-
ate (in average) up to 3 minutes from the schedule, but recover up to 9o seconds (most likely by
large buffers in the schedule) until being (in average) less than 2 minutes late by the end of the
line. Surprisingly, the services between AM and PM peaks are (in average) punctual along the
entire line, with higher average schedule adherence than the late night services.

Figure32  Mean schedule deviation at stop level. All time profiles, Line 31
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Figure 32 includes only the mean value of the schedule deviation at each stop; however, an in-
teresting measure is the distribution of the deviation at each stop. In the following figure, this
information is depicted for the two most contrasting time profiles, the mid morning (between
AM and PM peaks) and the PM peak.
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Figure 33  Schedule deviation distribution at stop level for two time profiles
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A clear contrast can be observed between the distribution schedule adherence for the two se-
lected time profiles. Horizontal lines were included at the 1-minute marks (early, above and late,
below zero) for reference. The relation between Figure 32 and Figure 33 for the PM peak profile

is clear.

Descriptive schedule deviation statistics per time at the route level are summarized in Table 22
below. Deviation is from planned departures. Positive values correspond to departures before
the planned time; negative values are departures after the planned time.

Table 22 Route-level schedule deviation summary statistics (in min)

Time Mean Median Std. Max. Min.  Perc.5 Perc.25 Perc.75 Perc.95
Dev. (Early) (Late)

7°°-83%° -0.90 -0.55 1.47 4.7 -11.62  -3.67 -1.57 -0.02 0.58
93°-11°° -0.40 -0.32 1.03 6.68 -4.7 -2.63  -0098 0.08 0.73
163°-18°° -1.47 -0.82 2.43 9.48 -12.73  -648  -2.57 -0.07 0.83
219°—223° -0.61 -0.5 1.1 9.52 -6.05  -2.77 1.4 -0.07 0.55
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Performance measures

Based on the service reliability measures included in Table 10, Table 23 comprises summary re-
sults of punctuality performance measures at the route-level. From the results it is clear that
the worst performing time profile is the PM peak, followed by the AM peak. However, the AM
peak profile performs considerably better than its counterpart. In average, vehicles during this
time of day are punctual (within punctuality threshold), and the standard deviation of their dis-
tribution is just above one minute. Similarly, its OTP measure is in the same range with the off-
peak profiles. Service taking place outside peak hours is very punctual, with OTP values around
97%, and in average, provide a punctual service. The standard deviation of the sample is slightly
higher for the late night services. Service provided during the PM peak profile, is in average late
(by VBZ standards), and its schedule adherence more variable. In particular, these services expe-
rience a drop in punctuality after departing from the SBB-Werkstatte, which recovers after Cen-
tral, but remains at lower levels than during the rest of the day.

Table 23 Punctuality performance measures at route level. Line 31 eastbound
y P
Time of Mean schedule Standard deviation of schedule ~ Mean line punctuality (OTP)
day adherence deviation (unweighted) (unweighted)
7°°-83%° 54 seconds late 88 seconds 96.93
93°-m°° 24 seconds late 60 seconds 96.74
163°-18°° 88 seconds late 143 seconds 87.56
21°°-223° 37 seconds late 61seconds 97.70

Schedule deviation at the stop level as shown in Figure 33 is a useful metric by itself, however
its variation is another useful measure to detect stops along the line where schedule adherence
changes the most. As can be seen in Figure 34, the value of standard deviation surges from the
stop SBB-Werkstatte to Herdernstrasse for the PM peak profile to almost 3 minutes, then re-
mains fairly constant, slightly declining after Central, where buses share an exclusive lane with
tram Line 3. This is consistent with plunging average speed values in Figure 31 and high values
of cvin Figure 28 for the same route segment and time profile.

Off-peak time periods display less variation. The AM peak deviation slightly underperforms the
in-between periods, however the PM peak deviation surges after the stop SBB-Werkstatte.
Schedule deviations for the off-line periods increase slowly but constantly, remaining below 9o
seconds by the end stop.
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Figure 34  Standard deviation of schedule adherence at stop level
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Besides schedule deviation, a usual performance measure used to characterize service punctu-
ality is on-time performance (OTP), or share of trips “on-time”, as described in section 3.4.3. Us-
ing the VBZ on-time threshold, (30 seconds before and 1 minute after planned departure) Figure
35 below was constructed. It summarizes the results for the OTP indicator for all time profiles at
the stop level. The drop for the AM peak profile at the terminal most likely corresponds to vehi-
cles waiting for a previous vehicle to depart from the terminal. See Figure 43.

Figure 35 On-time performance at stop level. Zurich threshold
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Consistent with the previous figures, the PM peak performs the worst, with a sharp decline af-
ter Luggwegstrasse, down from over 70% on-time departures, to just below 20% by the time
vehicles reach Loewenstrasse. Services during other times of day are quite similar, with the AM
peak slightly underperforming the non-peak periods, and the in between peaks remaining
above 50% OTP along the entire line. Sharp peaks are observed for the last section of the line
during the late night services, which might be explained by a less strict schedule adherence
behaviour from the drivers, possibly waiting for passengers at stops, at a time of day where
services are less frequent.

An interesting exercise was to compare the on-time threshold used in Zurich with a common
threshold used in other places around the world. Therefore, Figure 36 was built using an on-
time threshold of departures 1 minute early to 5 minutes late from planned departure.

Figure36  OTP at stop level for all time profiles. 1 min early to 5 min late
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The figure above provides an insight into the on-time performance of bus line 31 services when
a “more relaxed” threshold is used, i.e. less strict than the one in place in Zurich. For this case
service during most time profiles remains above 9o0% on time. Only services during the PM
peak experience reduced on-time level, particularly after the stop Herdernstrasse. These
measures are not weighted by passenger activity at each stop, which would be desirable (if the
data was available) to reflect the impact of service unreliability on passengers.
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5.4.4 Regularity

In routes with short service intervals, headway regularity is important for passengers because it
has a large impact on waiting time at the stop and on crowding levels. For operators it is also
important because vehicle crowding tends to have a negative influence on operations, and be-
cause a large part of operations control deals with keeping vehicle headways regular.

Headway analysis requires AVL data from successive buses, therefore it is necessary to control
for missing values, as a lost trip will impact two headways and can bias the results of the analy-
sis. Using the actual departure time for the sequence of recorded trips, headways (with previ-
ous vehicle), summary statistics and service measures were calculated at the route and stop
level for all time profiles. The planned headway for all services is 7.5 minutes (450 seconds) ex-
cept for late night services, for which the planned headway is 10 minutes (600 seconds).

Figure 37 illustrates actual frequency distribution at the route level for all time profiles, using
the same vertical and horizontal scale in all four graphs.

From the results of Figure 37, it is clear that the two off-peak time profiles comply to a larger
extent with the planned headway, however the in-between peak period deviates less from the
mean (Std. Dev. = 1.29 min) than the late evening period (Std. Dev. = 1.45 min). As expected, the
PM peak period distribution varies the most (Std. Dev. = 2.00 min), with the highest mean
headway (8.01 min) of all time periods.
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Figure 37  Headway frequency distribution at route level. All time profiles
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Figure 38 summarizes the information presented in Figure 37 in the form of a boxplot for each
time profile. From the distribution of headways it is possible to see how often headways were
very short or very long, using any threshold desired. An example of a service measure is the per-
centage of headways greater than 1.5 scheduled headways, included in Table 10.
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Figure 38  Headway box-plot distribution at route level. All time profiles
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Descriptive headway statistics at the route level for all time profile are summarized in Table 24.

Table 24 Headways regularity summary statistics. Line 31 (in min)

Time Planned  Mean Median  Std.Dev. Max. Min. Perc.25 Perc.75 Perc.95

7°°-83%° 7.5 7.84 7.78 1.66 18.43 1.27 6.98 8.58 10.75
93°-11°° 7.5 7.83 7.8 1.29 17.72 1.97 7.13 8.48 9.95
163°-18°° 7.5 8.01 7.87 2.00 26.22 0.88 6.87 9 11.35
21°°-223° 10 10.32 10.22 1.45 19.72 4.3 9.45 11.05 12.67

At the stop level, Figure 39 and Figure 40 depict the mean actual absolute headway and the av-
erage absolute deviation from scheduled headway (respectively) for all time profiles. Three
stops stand out from the rest in Figure 39, where systematic increases in headway can be ob-
served at all times of day. These points are Hardplatz, Militar-/Langstrasse, and Bahnhofplatz.
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Moreover, increases in headway are observed at Farbhof and Bahnhof Altstetten for time

periods with 7.5-minute headway.

Figure 39  Average absolute headways for all time profiles at stop level
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Figure 40 Average absolute headway deviation for all time profiles at stop level
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Headway deviation remains fairly constant in the first half of the line, increasing sharply after
SBB-Werkstatte for PM peak services. A slight increase is also observed after Lowenplatz for AM
peak services. A recovery is also seen during PM peak services after Central.
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Figure 41 depicts the headway distribution for the best and worst performing time profiles, i.e.
the period between peaks, and the evening peak. A clear difference in performance is observed
between the two time periods. The shape of the headway distribution allows to see where and
how often headways were shorter or longer than a desired threshold. Some extreme values are
also visible in this figure. Several stops stand out along Line 31, where increases in median
headway and its variation can be observed. These are all important stops where large passen-
ger boarding and alighting take place, namely Bahnhof Altstetten, Hardplatz, Militar-/ Lang-
strasse and Bahnhofplatz.

Figure 41 Actual headway distribution at stop level for two time profiles
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Performance measures

Table 25 on the following page includes a summary of the route-level headway regularity per-
formance measures described in Table 10. The pattern remains as the PM peak underperforms
services during other times of day. Two performance measures show the same value, namely
the mean headway ratio and the regularity index, because aggregate measures were used. Be-
cause individual values can be calculated at a more disaggregate level, these two measures are
not the same at the stop level, however have a similar meaning, as the relation between ob-
served and planned headway.

Mean headway deviation is lowest between peaks, and approximately 50% higher during PM
peak services. Variability measures such as the standard deviation and the coefficient of varia-
tion are also best for services during late night. The former is lower for in-between peaks, how-
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ever, given that headway is higher during late night services, the coefficient of variation is a
better measure for comparison.

Regarding the acceptable share of headways, the threshold used was 1.5 times the planned
headways. It is clear that in between peaks and late night services consistently provide an ac-
ceptable headway level (99%). Peak time services are somewhat lower, but remain around the

95% mark.
Table 25 Headway regularity performance measures at route level. Line 31
Time of Mean Mean Actual Actual Regularity Share of
day headway  headway Headway Headway Index acceptable
ratio deviation std. dev. coefficient of headways
(min) (min) variation (cv)
7°°-83%° 1.046 1.20 1.66 0.21 1.046 96.4 %
93°-11°° 1.044 0.97 1.29 0.16 1.044 99.0 %
163°-18°° 1.067 1.48 1.97 0.25 1.067 94.7 %
21°0-223° 1.032 1.07 1.45 0.14 1.032 99.0 %

At the stop level some initial deviations are registered for all time profiles, as well as a constant
increase in the deviation along the line. A clear line section where headway regularity improves
is between Central and Kunsthaus, where a tram/bus lane is present.

Figure 42  Standard deviation of actual headway for all time profiles at stop level
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Headway deviations at the departing stop can be attributed to the fact that in Schlieren
Zentrum (terminal station), the arrival and departure points for buses in the westbound direc-
tion are different. Passengers alight the vehicle on the designated stop closest to the train sta-
tion (Ringstrasse, upper part of Figure 43). However, the first stop of the eastbound courses is
located on the Badenerstrasse (lower part of the picture). Some vehicles might wait at the
Ringstrasse, while others might do so on the stop at the Badenerstrasse, which brings incon-
sistency to the records.

Figure 43  Two different points at stop Schlieren Zentrum

Source: Google maps

Figure 44 depicts the coefficient of variation (cv) of headways at the stop level for all time pro-
files. The cv is a normalized measure of dispersion, i.e. it normalizes the effect of standard devi-
ation relative to the mean, which allows for meaningful comparisons, as it is a dimensionless
amount. The late evening time profile exhibits the lowest variation and the PM peak services
are the most variable, which is consistent with the route-lever summary in Table 25. Just as
with the standard deviation, a considerable decrease in the cv for the PM peak is observed
along the exclusive tram/bus lane between Central and Kunsthaus.

In the public transport industry, the headway cv is a typical measure of operational quality.
However, it is purely operator-oriented and its improvement is not easy to understand by or
communicate to the users. After all, what is the difference for passengers between services
with headway cv values of 0.1and 0.2?
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Figure 44 Observed headway coefficient of variation (cv) at stop level
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The TCOSM assigns levels of service for service reliability based on values of headway cv,, as
seen in Table 26. This classification applies to routes with headways of 10 minutes or less. How-
ever, their methodology for calculating the headway cv,, varies slightly, as the standard devia-
tion of headway deviations by the mean scheduled headway. Their methodology applied to
Zurich is shown in Figure 45.

Table 26 Fixed-route headway adherence LOS

LOS v, P (h;> 0.5 h) Comments

A 0.00—0.21 <1% Service provided like clockwork

B 0.22-0.30 <10% Vehicles slightly off headway

C 0.31-0.39 <20% Vehicles often off headway

D 0.40—-0.52 <33% Irregular headways, with some bunching
E 0.53—-0.74 <50% Frequent bunching

F >0.75 >50% Most vehicles bunched

Source: TCQSM (2003)
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Figure 45 Headway coefficient of variation. TCOSM methodology applied to Zurich
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Applying the TCOSM-based LOS classification in Zurich would imply that most services are pro-
vided like clockwork (LOS level A). Only a few sections between the last stops during peak hours
would classify as B, or “vehicles slightly off-headway”. Naturally, service in Zurich is relatively
punctual, but it also has to its side many advantages over conventional services provided in
other parts of the world. Some examples are: priority at traffic lights, fleet management prac-
tices, low-floor vehicles, off-vehicle payment and higher-capacity vehicles.

Insights into bus bunching

An analysis tool available with AVL data is a plot of successive trajectories on a route. The clas-
sical use of this tool is restricted to one day, where the planned trajectory is plotted against the
actual trajectory (a generic example is shown in Figure 8). Such a plot allows identifying vehi-
cles (and their drivers) running slow, and directly shows the bunching of vehicles, and where it
takes place. However, it is restricted to single day and route, which is impractical for an analyst
searching for trends, or to systematically identify triggering events leading to bus bunching,
which take place at particular locations.

Another application of the trajectory-plotting tool is shown in Figure 46. It displays the actual
departure times of all trips departing at the same time from the first stop during February 2011,
for a few consecutive runs during the PM peak. This figure plots the departure distribution at
the stop level for consecutive runs. It is a useful tool that provides an insight into vehicle

bunching.
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Figure 46  Departure time of successive runs at the stop level. All trips of 02.2011
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Even though only six consecutive runs are plotted, with a planned departure from the first stop
(Schlieren Zentrum) between 16:55 and 17:32, it is clear how vehicles depart at consistent times
in the first part of the route. As vehicles travel along the line, their departure times start to vary,
and consequently deviate from the planned departure time along the route (not shown). Key
stops where deviation is triggered are Bahnhof Altstetten and Herdernstrasse.

Bus bunching is not directly visible in this figure (because individual observations mixing with
others are not necessarily bunched if consecutive runs in a particular day are all e.g., 10 minutes
late), however, some patterns can be identified for particular runs. The run departing at 16:55 is
quite consistent until Herdernstrasse, where dispersion starts and continues until Central,
where dispersion decreases slightly and then remains constant until the end of the run.

Following runs (departing at 17:02 and after) display different departure patterns, with be-
tween 2 and 5 vehicles per run apparently being late enough to be caught up by the next run,
(of a total of 22 runs in working days of February 2011). The largest triggering effect, which is
consistent with all other previous analysis, takes place in Herdernstrasse. Particularly for the
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runs departing from Schlieren Zentrum at 17:17 and 17:25 delays after Herndernstrasse seem to
have an effect on the following runs, where departure times deviate towards earlier depar-
tures. Most likely, the restriction policy to avoid early departures decreases the bunching effect
by slowing down the following vehicle. However some vehicles show a tendency to depart ear-
lier than planned.

In order to identify bunching vehicles, individual trajectories must be plotted for each day, as
mentioned previously. In Figure 47 this was done for the runs during the PM peak in February
7", 2011. No direct bunching is observed, nevertheless it can be clearly seen how the time be-
tween vehicles (frequency) varies along the route, almost to the point where vehicles catch up
to each other. This shows that even though previous performance measures display good re-
sults, operation is not perfect, and there may be potential for improvements. Note: Y-axis scale
is decimal, not sexagesimal.

Figure 47 Recorded departure time of successive runs. All trips of 7.2.201m
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5.4.5 Passenger waiting time

Conventional service performance measures such as the ones discussed until now, focus on re-
liability from the operator’s perspective. These “traditional” performance measures do not re-
late passenger waiting time (or crowding) with service reliability. Thus, they underestimate the
real cost of waiting and at the same time fail to evaluate the impact of unreliable public
transport services on passengers.

This section employs the methodology developed by Furth and Muller (2006) to analyse wait-
ing time using AVL data. Specifically, it uses headway distribution data to determine and ana-
lyse passenger waiting times at the route level for each of the time profiles previously used in
the analysis. Crowding was not part of the analysis.

On routes with short headways (10 minutes or less) the literature generally agrees that random
passenger arrival at stops can be assumed. This assumption will be held in the present work. In
Zurich however, research by Luethi, Weidmann et al. (2006) found that even at 5-minute
headways, some passengers consulted schedules and did not arrive randomly at the station, as
shown in the temporal density of passenger arrivals at stops in Zurich, between the scheduled
departure times for successive (AM peak hour) trips of Figure 48. This is interesting because the
threshold is much lower than many models assume.

Their research also found that time of day and reliability had an important influence on pas-
senger arrival rates, because when passengers believed the OTP of the service was good, they
arrived closer to the scheduled departure time.

Figure 48 Temporal density of passenger arrivals at stops in Zurich. AM peak hour
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Passenger waiting time analysis framework

The framework developed accounts for how uncertainty in headway and schedule deviation
impacts not only the time that passengers have to wait on the platform, but also the amount
of time they have to budget for waiting. The framework is described in detail in Furth (2006),
and the mathematical justification can be found in Furth and Muller (2006). In this work, only a
short description will be included for the methodology dealing with short headway services.

Using AVL records vehicle departures (from which it is possible to calculate headways) and as-
suming that passengers arrive uniformly and can board the first vehicle arriving at the station,
mean waiting time and the distribution of waiting time can be determined. Platform waiting
time is the time passengers spend waiting at a stop for a public transport vehicle to arrive.

With AVL data it is also possible to estimate the time passengers have to budget for waiting. To
reduce the probability of arriving late at their destination, passengers have to plan an addition-
al time to the mean waiting time. An assumption is that 5% of the passengers will accept the
risk of arriving late. Therefore, the 95" percentile waiting time can be translated to the Budget-
ed waiting time.

Wbudgeted = Woos

At the same time, budgeted waiting time can be divided in two parts: the actual waiting time
(platform waiting time), and the rest, which is the case when a passenger budgets 10 minutes
to wait, but the bus arrives after 4 minutes. The 6 remaining minutes are the Potential waiting
time. Potential waiting time is not spent waiting at the platform, but at the destination. How-
ever it represents a cost for the passenger, as he or she could have potentially used this time
doing something else, therefore it is a hidden cost associated with waiting, and dependent on
service reliability, or uncertainty.

Equivalent waiting time is the weighted sum of platform and potential waiting time, which
expresses the passengers’ waiting cost in equivalent minutes of platform waiting time. If the
weight given to potential waiting time is 0.5, the equivalent waiting time is given by the equa-
tion below:

Wequivalent = Wplatform + 0.5 % Wpotential

The coefficient 0.5 expresses the cost of a minute of potential waiting time in terms of plat-
form waiting time. It is an assumption, however consistent with travel demand research. When
this value is 0.5, average equivalent waiting time can also be expressed as the average of mean
platform time and budgeted waiting time, as follows:

Wequivalent =0.5 (Wplatform + Wo.95)
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Moreover, passenger waiting time can be divided in two parts, ideal and excess waiting time.
Ideal waiting time is the average waiting time resulting if service would follow the schedule
exactly. Excess waiting time is the difference between actual and ideal waiting time. Therefore,
excess waiting time is the component that can be attributed to operational issues. Following
the work by Wilson, Nelson et al. (1992), mean waiting time can be partitioned as shown:

Wigeat = 0.5 E [Hschedule](1 + Cvlgl,schedule)
Wexcess = E[W] — Widear

where cVysequre 1S the coefficient of variation of scheduled headways. The idea behind separat-
ing excess from ideal waiting time is to provide an idea of the quality of operations and the ex-
tent to which service could be improved (from the passengers’ perspective) by improving ser-
vice reliability. The concept of ideal and excess waiting time can be applied not only to mean
waiting time, but also to budgeted and equivalent waiting time.

Short-headway waiting time analysis

Given the assumptions of random (uniform) passenger arrivals, and passenger departing in the
first vehicle arriving to the stop, the complete distribution of waiting time can be determined
from the set of recorded (observed) headways in the AVL data. This determination in the pro-
posed methodology is a step beyond the well know, and commonly used mean waiting time
formula:

E[W]=05E[H](1+ cv?)

where E[W] is the mean waiting time, E[H] the mean headway, and cv, is the coefficient of var-
iation of headway (standard deviation of headway divided by the mean). A simple example ex-
plaining the methodology can be found in Furth (2006).

For the case of Line 31 in Zurich, the waiting time distribution was calculated following the
methodology for each of the four time profiles at the route level. Spread sheets developed with-
in the methodology were adapted for the Zurich headways data, which is a much larger data
set than the original document included. The results are shown in Figure 49.
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Figure 49 Cumulative passenger waiting time distribution. All time profiles
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The cumulative distributions of waiting times shown above illustrate the relationship between
headways and waiting time, however, this it is not a useful format to report to management or
service quality monitoring. The Y-axis corresponds to the total observations for the period,
which were different for each time profile.

For this reason, two formats are suggested within the developed methodology. The first is a
summary of platform, budgeted and equivalent waiting time that condenses passengers’ wait-
ing time experience, where it is possible to show waiting time breaking out between ideal and
excess waiting time.

The second format shows the share of passengers in various waiting time ranges or “bins”. This
format supports company policy such as: “no more than x% of passengers should have to wait
longer than (headway + y) amount of minutes.” Public transport agencies in places like Paris,
Brussels and Lyon are among those that (at least partially) use such a standard.
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Performance measures

April 2012

Table 27 and Figure 50 summarize the route-level passenger waiting time service performance

measures. They correspond to the first reporting format proposed by the developed methodol-

ogy, expanded for all time profiles. Included are all recorded eastbound services during working

days of February 2011 for Line 31.

Table 27 Passenger waiting time performance measures at route level

Time of day Waiting time Observed Ideal Excess
Mean Platform 4.0 3.75 0.35

7°°-8%° Equivalent 6.22 5.44 0.78
Budgeted 8.35 7.3 1.22

Mean Platform 4.02 3.75 0.27

9°°-1n*° Equivalent 6.01 5.44 0.57
Budgeted 8.01 7.3 0.88

Mean Platform 4.25 3.75 0.50

16°-18%°  Equivalent 6.59 5.44 115
Budgeted 8.93 7.3 1.80

Mean Platform 5.26 5.00 0.26

21°°-22%° Equivalent 7.80 7.25 0.55
Budgeted 10.35 9.50 0.85

The calculated passenger waiting times are in fact performance metrics that relate service reli-

ability to the real cost that waiting time represents to public transport users. This is because

the cost of waiting involves not only the cost of waiting at the stop, but also potential waiting

time (the additional time passengers have to budget for waiting, but is not used waiting).

Budgeted waiting time is related to extreme values of the waiting time distribution, which are

very sensitive to service reliability.

Measures of equivalent waiting time (derived from the weighting of actual and potential wait-

ing time) as well as excess waiting time were calculated. Results indicate that irregularity on

this route costs passengers a different amount of equivalent excess waiting time during the

day, from an average of 33 seconds during the most regular period (21:00 — 22:30) to an average

of 70 seconds during the PM peak, or 115% larger.
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Figure so Passenger waiting time summary. All time profiles at the route level
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The second reporting format proposed by Furth and Muller (2006) is the percentage of passen-
gers with excessive waiting times. This is a convenient way of presenting the passenger wait-
ing-time distribution. Because every minute of headway represents the number of passengers
arriving during that time, the minutes belonging to each headway are distributed into bins,
with low-waiting time bins being filled first .The thresholds of the bins correspond to those de-
fined in Table 14. The bin frequencies can be calculated from the cumulative distribution, but
also directly.
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In order to illustrate the concept, an example is taken from Furth and Muller (2006). Given the
following headways for a given bus service: 4, 5, 7, 9, 10, and 13 minutes, the bins are calculated
directly in Table 28.

Table 28 Passenger waiting time bin frequencies. By Furth and Muller (2006)
Headway (m) Min in bin 0-8 Min in bin 8-10 Min in bin 10-12 Min in bin 12+

4
5 5
7 7
9 8 1
10 8 2
13 8 2 2 1

T=48 40 5 2 1

Mean=8 83.3% 10.4 % 4.2 % 21%

The bin time frequencies for bus Line 31 were calculated for each time profile and are presented
in the table below.

Table 29 Percentage of passengers in waiting time bins. Line 31 eastbound
Time of o-3min (7.5 >3-5min (7:5) >5-7.5min  (7.5) >7.5-9.5 min (1) >9.5min (7.5
day 0-4 min (10) >4-7 min (10) >7-10 min  (10) >10-12min  (10) >2min (10
7°°-83%° 382% 25.0 % 26.9 % 7.8 % 21%
(7.5)
93°-11°° 38.5% 25.5% 282 % 7.4 % 0.4 %
(7.5)
163°-18°° 37.4 % 24.4 % 25.8 % 9.0% 3.4 %
(7.5)
21°°-223° 38.8% 20.0% 25.5% 5.6 % 11%

(10)
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The graphical representation of Table 29 is shown in the Figure below.

Figure 51 Percentage of passengers in waiting time bins. All time profiles
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The results draw a picture on the impact that service reliability has for the share of passengers
that wait a given amount of time assuming a uniform (random) passenger arrival at the stops.
From the thresholds defined in Table 14, the percentage of passengers that fall into each of the
gradation bins is included in the Table below:

Table 30 Passenger waiting time bins. Evaluation threshold values per time profile
Relative to 7°°-8%° 93°-1°° 163°—18°° 21%0—22%
headway
Good o0 - Headway 90.1% 92.2 % 87.6 % 933 %
Morginal  Headway+2 8% 4% 00% s6%
""" Poor  >(Headway+2)  21%  oa%  3a%  u%
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Consistent with previous analyses, the PM peak time profile performs the worst, during which a
higher percentage of passengers wait a longer time at stops. During late night services, less
than 7% of passengers have to wait more than a full headway. This value increases to over 12%
during the PM peak period.

Given that random passenger arrivals are assumed, it is expected that the actual times that
passengers wait for a vehicle are lower in Zurich, because the distribution of their arrival is in
reality not random, but as can be seen in Figure 48, tends to be skewed towards the arrival of
the next vehicle. It is possible that current reliability levels, high quality passenger information,
or other causes lead to this happening, however it is not possible to make any conclusive
statement in the framework of this project.

5.5  Summary

This section addressed the analysis and evaluation of the available AVL data to calculate per-
formance measures that characterize reliability from the perspective of public transport opera-
tors but also from the passengers’ point of view.

Operator-oriented measures include travel time, speed, punctuality and regularity evaluations
at the route and stop level for four different time profiles. For the passenger perspective, a
methodology was applied to calculate several measures of passenger waiting time as well as
the share of passengers waiting a given amount of time relative to service headway. Only
route-level analyses were done for the passenger waiting analysis.

The results show that the PM peak time profile has the lowest values of service reliability for all
the observed attributes, for the selected operator- and passenger-oriented measures.
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6 Comparison of planning and operations at the VBZ

6.1 Chapter overview

Chapter 4 provided an insight into the service planning process at the VBZ, while chapter 5 de-
scribed the performance analyses at the different levels done for the case study of Line 31. In
this chapter, the planning of the service is contrasted to the actual service delivery to identify
potential for improving service reliability, as depicted in the conceptual model found in Figure 7.
In the first section of this chapter, the operational level is studied and related to the different
planning levels in public transport. Subsequently, the results of the qualitative comparison in
this chapter, together with the analyses of Chapter 5 are used to identify potential gaps either
in planning or operation. These gaps represent locations or situations where reliability decreas-
es, and where measures could be implemented to overcome the current situation and ulti-
mately improve the service for customers.

6.2 Qualitative comparison

The planning process at the strategic and tactical level, together with the policies and technol-
ogy in place to prioritize public transport vehicles, provide the operational framework in which
a system delivers its service. In Zurich, long-term network development strategies that take into
account the city’s mobility objectives and articulate them with current and future land uses,
are the result of the strategic planning process in public transport.

A number of precisely constructed timetables that rely on software tools, but mostly on the ex-
perience of schedulers at the VBZ, are the main product of a tactical planning process. These
timetables are the promise made by the VBZ to their customers, as they provide detailed infor-
mation on when a vehicle serving a particular line, will depart from each and every station in
the network throughout the day.

The level to which the operational department at the VBZ can hold this promise, in light of the
many possibilities for disturbances and delays inherent of a system that is not completely seg-
regated from external influences, provide an idea of the reliability of their service.

In the following section, the operational level is described from two perspectives: the planning
activities designed to prepare for incidents that take place with different degrees of frequency;
and the reaction to incidents once they happen. These two perspectives relate to the strategic
and tactical planning levels throughout, and serve as a way of comparing service planning to
operations, or service delivery. This section is mostly based on an interview done at the VBZ
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with the head of the control center, Mr. Peter Flury in March of 2010, and is complemented by a
number of meetings and visits that took place at the VBZ in the framework of this project.

Subsequently, the performance analysis found in Chapter 5 is related to possible reliability
gaps, derived from the operational data analysis.

6.2.1 The control centre: eyes and ears of the system

Zurich’s public transport control center is located at the offices and main depot (and mainte-
nance workshop) in Altstetten. It started operations in 1971, being the first of its kind world-
wide. It has evolved from just knowing the location of the vehicles to managing a precise oper-
ation with high punctuality rates and connection assurance. The Intelligent Transportation Sys-
tems (ITS) currently in operation corresponds to the 4™ generation, focusing on high quality
passenger information and providing an integral travel throughout the network.

The actual control centre consists of 5 workstations, 4 of which are used for regular operations
while the other one is available for incident management and training. Each dispatcher man-
ages between 10 and 15 lines, independent of the mode. In peak hours, each dispatcher is re-
sponsible for about 120 vehicles.

The tasks and responsibilities of the control centre can be summarized as follows:

* Supervision of line operation while adhering as much as possible to the schedule.

* Managing of events according to their level of impact on operations, from delays of a
few minutes, to collisions, accidents, emergencies and major incidents such as break-
downs or blockages.

* Processing information and delivering it to the public by different channels.

Under deterministic operating conditions, it could be argued that a control centre would not be
needed, as timetables are designed to provide instructions to the drivers when to depart from
any given station. However, the reality of operations involves a stochastic system behaviour
that leads to situations, states and events that cannot be planned in advance. The task of the
control centre is then to identify these situations, solve them and minimize their impact on op-
erations, in order to bring the system back to a regular operational state as fast as possible.

6.2.2 The operational level: planning reactions to incidents

Parallel to day-to-day supervision and management tasks, the control centre has developed a
series of processes to be implemented when particular incidents beyond normal delays occur.
The main focus are incidents or situations that affect tram operations, given that it is impossi-
ble for a tram to overtake a blockage in the way sometimes is possible with a bus. These pro-
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cesses have been developed over a long period of time (sometimes over decades), and repre-
sent a tool to which dispatchers can recourse to once an incident has been reported and identi-
fied (e.g. a collision with injured person).

These planned responses to incidents are a standardized tool that aims at reducing both the
time needed to deal with situations, and the impact that certain events might have in opera-
tions. The general objective is to keep vehicles moving despite blockages or disruptions,
through the implementation of pre-defined processes. These processes are related to the avail-
able infrastructure and list, step by step, the different tasks needed to overcome any kind of dis-
ruption. Particularly important is the redundancy of infrastructure (e.g. switches, tracks and ca-
tenaries for trams) at key points of the network (strategic planning level), which physically pro-
vide ways for dispatchers to implement deviation strategies planned around that infrastructure
availability while a given disruption is overcome.

The control center at VBZ considers that good (i.e. realistic and achievable) schedules, regular
operation and quick reaction to incidents, supported by the previously mentioned processes,
represent the main tools to provide a high quality public transport service for their customers.
From their point of view and experience, the network in Zurich is already so dense that increas-
ing vehicle frequency in many lines (reducing headway) brings no additional benefit due to the
disruptions caused among public transport vehicles themselves. Critical points are Central,
Bellevue, Hauptbahnhof and Stauffacher, which have no capacity for additional vehicles with-
out compromising the quality of operations. In fact, a project was implemented in 2008 to
harmonize the vehicle frequencies, reducing them from 9 to 8 vehicles per hour. The results
were positive, as own disruptions decreased and the stability of operations increased, without
compromising the level of service. Courses spared during rush hours were distributed through-
out the day, further improving service for the users. Additional capacity in the future will con-
sequently need to be added via larger vehicles, not additional courses.

In cases where temporal disruptions take place (e.g. construction sites), tactical planning tries
to avoid changes in running times for existing timetables, and the strategy followed is to have
an additional vehicle for the same timetable. In this way, all vehicles have a larger recovery time
buffer at terminal stations, so even if they are allowed to run late, they can recover after each
course. This is a compromise for such cases where disruptions can occur with a given frequen-
cy, but do not always happen. If running times were increased in the timetable, vehicles would
systematically run early and holding would take place often, increasing travel time for passen-
gers even when this would not be necessary. In the event that the situation results in less delay
than expected, the additional vehicle can simply be taken out of service and customers would
not be affected. This flexible interaction between planning and operations is quite passenger
oriented, as the waiting time for the users is considered, and the additional delay is absorbed
when it takes place, not for every single trip, as the case would be if timetables were adjusted.
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6.2.3 The operational level: dealing with incidents

As previously mentioned, dozens of processes have been developed for all sections in the (tram)
network where a disruption can take place, for any given reason. These are clearly identified
and include precise instructions on how to react to a variety of incidents, such general disrup-
tions, derailments, catenary damages, collisions, blockages, power outings, fire or explosion in a
vehicle or a stop, fire alarms, police and/or ambulance requirements, weather related events,
and many more. The idea is to identify the location, most probable cause (and possible dura-
tion) of a problem very quickly, and immediately implement a set of standardized instructions
that include all the things that need to be done to overcome that particular disruption. These
may include communication with drivers, police, emergency services, technical services; provid-
ing instructions; informing the public; and do everything possible to avoid vehicles behind the
blockage to be affected and stop delivering passengers. These processes have been developed
and refined throughout many years, and are the result of the know-how of the control centre at
the VBZ.

Once an incident has been reported, depending on the severity (emergency, or not), a dispatch-
er receives the call and remains in contact with the driver, other dispatchers can listen to the
communication, take over the supervision of the lines assigned to the first dispatcher, and
communicate with emergency offices as needed. Dispatchers are trained to take independent
decisions and act as a team when required, following the previously mentioned standardized
processes. Depending on the severity of the disruption, operation may be affected partially
(continue operating on one direction, or via a detour), or totally. In the latter case, and depend-
ing on the time of day, spare vehicles (normally diesel buses) are deployed to temporarily re-
place trams.

A pre-requirement for these standardized processes to be highly effective is the rapid response
of the control centre to incidents or disruptions, as delays propagate very quickly in a network
as dense as Zurich.

Changes in operating conditions, resulting from financial saving efforts, have also required new
approaches to react to a reduced number of available (reserve) vehicles. Previously 3 to 4 vehi-
cles were accessible, today, only one tram and one bus are available as a spare during rush
hours. A solution to this issue has been the implementation of early turn policies, whenever a
vehicle exceeds the time required to depart from a terminal station on time for the following
course. However, a handicapped-oriented policy to have every second course be a low-floor ve-
hicle complicates the implementation of early turns, as the sequence of low and high vehicles
is disrupted. An increased tolerance for exceptions to the policy (only when required) might
prove beneficial for operations, as the vast majority of passengers can use a high floor vehicle.
In the future, as new vehicles are acquired and put into service to replace older vehicles, this re-
striction should be overcome.
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6.3 Reliability improvement potential identification

The infrastructure and priority conditions deployed in the strategic level, summed with the op-
erational “instructions” designed at the tactical planning level, provide the framework in which
a public transport system delivers its service to the users. The discrepancies between the plan-
ning and the actual delivery of service can be interpreted as the unreliability of the system.

In order to identify the potential for improving reliability, in the following, the multi-level per-
formance analyses of Chapter 5 are related first, to the operational processes described in sec-
tion 2.4, and second, to the different elements that influence reliability, described and classified
in section 3.3.

6.3.1 Within operational processes

The two main components of the total travel time between terminal stops are the time spent
at each stop, and the time required getting from one stop to the next (driving time). An addi-
tional classification of driving time is the productive driving time where vehicle movement
takes place, and the time that is “wasted” due to congestion, an obstacle of any kind, or due to
a traffic light; any of which considerably reduces the speed of a vehicle or brings it to a halt. No
clear differences were determined between productive and unproductive travel time for vehi-
cles.

Time spent at stops

Not considering the terminal stops (as this is where trips begin and end, and no actual passen-
ger dwell time takes place, but a turning, recovery and driver rest time), all stops of a public
transport line follow the same generic dwell process, depicted in Figure 5. A number of fixed
time processes take place, as well as processes that vary according to parameters defined in
Table 5. One of the parameters (not considered in this study) is the passenger volume at a given
stop, and most importantly, the time needed by each passenger to board/alight a vehicle, or
passenger exchange rate. This is especially critical when a vehicle is travelling close to its capac-
ity, as passenger movement is heavily restricted (slowed down) and passenger exchange times
are extended. Vehicle design, layout, number and width of doors, speed of door opening and
closing, are all variables influencing passenger exchange times. From the infrastructure per-
spective, grade access, stop layout and passenger distribution at a stop also influence time
spent at a stop.

In this study, no detailed dwell analysis was done, in part because no passenger volume data
was available. However, a figure of the variation in dwell time (difference between actual de-
parture and actual arrival time) for each of the used profiles at each of the stops (excluding
terminals) is found in the following page.
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Figure 52 Dwell time variation at the stop level for all time profiles
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The figure above shows the standard deviation (in seconds) at each stop for the given time pe-
riod. The causes for these variations cannot be directly inferred from the available data. Consid-
erable dwell time variations can be seen at Farbhof, Bahnhof Altstetten, Hardplatz in particular,
Militar-/ Langstrasse, Bahnhofplatz, Kunsthaus and Kreuzplatz. For the first two cases, most
variation is taking place in the morning peak and between peaks, followed by the evening peak
and lastly by the late evening period. It is possible that the direction of travel (towards the city
centre) impacts variation in the dwelling time due to passenger volumes.

In Hardplatz, variation is highest during the late evening, but less than half of that during the
AM peak period. It is possible that this variation is induced by the driver exchanges, which are
most likely not taking place during the AM peak. During the PM peak, most variation in dwell
time is observed in the second half of the line, particularly in Central, and Kreuzplatz. Some of
the variation in dwell time observed at each of the stops should be attributable to planned
connections in the schedule, particularly at Farbhof, Bahnhof Altstetten, Hardplatz, and Central.
It is not clear if Militar-/ Langstrasse is a stop with a planned connection with Line 32. In
Kunsthaus, dwell time variation is considerable, but consistent throughout the day. This is due
to the traffic flows taking place at that particular stop: four tramlines and a street with high
volumes of private traffic bring the intersection close to its capacity. Vehicles of Line 31 must
wait for a slot in the traffic light cycle, which according to the VBZ is the reason for longer dwell
times at that particular stop.

Finally, at Kreuzplatz, almost 3 times more variation is observed during the PM peak period as
during late night services. It is possible that the different lines (11, 15 and $18) also serving at the
station, and the limited infrastructure (buses share stop with trams and the $S18) have a nega-
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tive impact on the consistency of dwelling times at that particular stop. Possibly dwell times of
Line 31 need to be very quick to avoid disrupting tram services, and eventually buses may have
to wait for rail-based vehicles to depart and clear the stop.

A practical tool to implement at stops are time holding practices, which are normally used to
avoid vehicles running early, and reduce delay by adding buffer time to a schedule along the
line instead of only at the terminal station. Drivers can see (or are informed of) their deviation
from the schedule, wait at particular (holding) points when running early (normally where the
required infrastructure is available) and return back to schedule.

At the VBZ, planned transfers at particular stops with high passenger exchanges, as mentioned
in section 4.4.2, are a way of providing both a holding point, and including some buffer time in-
to the schedule. The coordination of the lines (and its optimization) at the schedule level is an
advantage for the passengers, as waiting times due to transfers are then considered, and
where possible, reduced. However, the amount of additional buffer time inserted in the sched-
ule is purely based on experience.

To the knowledge of these authors, there is no systematic practice to optimize the allocation of
buffer time in the schedule. Naturally, restrictions such as vehicle number, union agreements
on resting time, vehicle travel time, etc,, play a role in the amount of buffer time that can be as-
signed at any given point, and the experience of a scheduler is no doubt essential. A possibility
would be to implement optimization functions that include these restrictions and systemati-
cally optimize the buffer time allocation in the schedule. This is out of the scope of this work
and remains as potential for the implementation of existing or future research.

Time spent between stops

Most of the analyses done in chapter 5 dealt with measures that reflect the impact of external
elements on the vehicle travel time between stops, i.e. the driving time. Variations in travel
time influence punctuality, regularity and consequently, passenger waiting time. Statistical
measures reflecting variation of the previous metrics give an idea on how much a particular
measurement changes between locations and/or time of day.

For the travel time analysis, it is clear that during the PM peak hour, more than 50% of the vehi-
cles systematically require between 1 and 2 minutes more than the planned travel time, as re-
flected in Figure 24. Possible measures to increase reliability during these periods, would be to
increase the planned travel time between 1 and 2 minutes during both the AM and the PM
peak. The potential increases in resources needed to accomplish this are not part of this study.

From the normalized travel time distribution in Figure 26, very strong variations in travel time
are observed just before Herdernstrasse and Hardplatz, when comparing the PM peak period
with the period between peak hours. For the first case, the most likely cause for this variation is
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the sheer traffic volume at the crossing of Herdernstrasse and Holhstrasse with the subse-
quent queue build up. Potential for decreasing variation (and increasing reliability) rests in the
possibility for the buses of Line 31to jump ahead of the private vehicle queue and cross the traf-
fic light with priority. No other public transport lines are present at the crossing, and the head-
way of 7.5 minutes should have no significant impact on the capacity of the intersection.

Travel time distributions just before Hardplatz are also much larger during PM peak periods
than between peaks (when dwell time deviations are particularly high), see Figure 26. Even
though a bus lane is present at the crossing, it is possible that the vehicles of Line 31 are still los-
ing time behind a queue. In this case, if the street geometry permits it, an extension of the bus
lane would be a possibility to reduce variation. Another possibility would be to extend the
green time in the traffic light cycle to reduce the length of the queue and allow the vehicles of
Line 31 to get into the bus lane faster.

In Bahnhof Altstetten, the difference between PM peak and between peaks is not as drastic as
for the other two locations. The causes are probably the reduced infrastructure (only two lanes)
with mixed traffic; the number of bus lines converging during peak hour (six); and the large
number of pedestrians crossing the street and transferring between bus lines and the trains
serving the railway station.

Two possibilities for improving the performance of Line 31 (and other bus lines) at this station
would be first to reduce (or restrict) the private vehicle traffic just in front of Bahnhof Altstetten
(at least during peak hours); and second, to improve the flow of vehicles and pedestrians either
with collaboration of the police (as it already happens in Central), or with temporary pedestrian
traffic lights. This last measure is to be studied carefully, as waiting times for pedestrians
should be kept to a minimum to avoid people crossing in red to reach a connection at the train
station, which might lead to potentially dangerous situations.

A very good performance metric that compares planning with operations is the run time ratio
(RTR), shown in Figure 27. A value of 1 indicates that actual running time matches the planned
running time. Larger values mean actual running time is exceeding planned time. After talking
to the VBZ, the large peak in Kanonengasse was due to road works. Other points where actual
running time systematically exceeds the planned running time are the section between Far-
bhof and Seidelhof (1), between Herdernstrasse and Hardplatz (2), between Central and Neu-
markt (3), between Kunsthaus and Sprecherstrasse (4), and between Kreuzplatz and Signaus-
trasse (5). Possibilities for improving this situation could be either increasing the travel time be-
tween sections in the planning stage (schedule), or accelerating vehicles by reducing the influ-
ence of external elements.

It is interesting that in (1), the highest RTR is for the late night profile. It is possible that the driv-
ers are running slow systematically, to avoid being early, i.e. it would be required to see if there
is excess slack in the timetable for this section. For (2), potential improvements have already
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been discussed for the access to Hardplatz. In the case of (3), the scheduled arrival of a tram of
Line 3 just one minute before Line 31 might negatively impact the travel time, as buses may
have to systematically wait for the stop to be free. Case (4) is actually less critical during the PM
peak, however, the traffic light just after Kunsthaus seems to cause delay. Furthermore, the
road section until Sprecherstrasse is shared with traffic along a narrow street with several pe-
destrian crossings and potential for parked vehicles. Besides improvements at the traffic light,
no further potential is found for this section. Finally, for (5), leaving the stop, and getting
through the intersection seems to be the problem, as the stop is shared with 2 tram lines plus
the $18. Moreover, several streets converge at this busy intersection. Only minimal potential for
improvement is observed here, besides a slight increase in the planned travel time. After the in-
tersection, vehicles run into a shared tram/bus lane, so private vehicle traffic is not an issue.

Most variation in travel time is observed after Bahnhof Altstetten during the AM peak, at Hard-
platz between peaks, and the road section leading to Herdernstrasse, as well as between
Kreuzplatz and Signaustrasse during the PM peak (see Figure 28). Only comparatively small var-
iations are observed during the PM peak. Potential measures to reduce this variation have al-
ready been discussed.

Sharp variations in median speed throughout the day (Figure 30) are clearly observed before
Bahnhof Altstetten, Herdernstrasse, and Hardplatz. These might be attributed to traffic vol-
umes and potential for improvement has already been discussed.

Punctuality and regularity analysis point at the same key places for decreases in performance
along Line 31. Buffer in the schedule, tram lanes used by buses, and control strategies, most like-
ly contribute to a partial (systematic) recovery after Central, especially in punctuality metrics. In
the case of regularity metrics, Herdernstrasse has a triggering effect on headway deviation,
with the difference (in comparison to punctuality) that irregularity tends to spread and after
Central the spreading of the headway distribution stops, but hardly decreases. Even though it is
not very clear, this triggering effect in Herdernstrasse can also be seen in Figure 46, where ac-
tual departure times start to vary and spread out.

Passenger waiting time, particularly at the route level, provides little information on where
problems are taking place along the route. A disaggregate measure would most likely point out
the same stops already identified, as waiting time increases with headway variation. It is never-
theless a useful measure from the customer’s point of view. Passenger volume data would en-
hance the calculated metrics, as service reliability could be weighted by the number of people
using the stop. This would point to the locations where most people would benefit from service
reliability improvements.
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6.3.2 Within delay influencing elements

From the classification and categorization of the elements that have an influence on delay (sec-
tion 3.3.2) summarized in Table 9, the analyses of chapter 5 provide only a partial insight into
the relationship between travel time and the different states, properties and events taking
place with different levels of frequency.

The most clear states reflected in the performance metrics are the level of traffic in the form of
congestion (increased travel time, reduced speed), and the variability of travel demand, reflect-
ed in dwell time, as a proxy of passenger volumes. No clear statements can be made on the im-
pact that traffic compositions, passenger composition or curb parking have on performance at
any level of this study.

From the perspective of the properties influencing delay, stop layout and the provision of bus
lanes are clearly reflected on the changes in performance. Reduced infrastructure at stops
served by several lines can be problematic, such as the case of Neumarkt and Kreuzplatz. But
having the infrastructure alone does not guarantee better performance, as is the case in Hard-
platz. Bus lane availability (or the possibility to use a tram lane) greatly benefit performance, as
can be clearly seen in punctuality metrics after Central.

For the case of regularity, its spreading is systematically slowed down in the presence of bus
lanes. Travel time however does not seem to improve, as seen with the RTR metric, however
schedules can always be refined to reflect better planned travel times. Other properties influ-
encing delay were not studied in detail or observed as to having a large impact on performance.

Finally, for the events influencing delay, a clear example was Kanonengasse in this study, where
most metrics were off due to the delay that the construction work caused. RTR was about 2.5,
throughout the day, median speed was reduced to about 50 %, and a decline in punctuality was
observed. Regularity on the other hand, was not impacted by this event. Other events might
have taken place, but given the resulting outliers in the data, were not included in the analysis,
and in practice are normally dealt with by the control centre.
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6.4 Summary

The objective of this chapter was to relate the operational processes and different effects influ-
encing delay to the multiple performance analyses done in chapter 5, in order to pinpoint loca-
tions where reliability problems exist. The most useful analyses to identify reliability problems
are those focused on variations of metrics between times of day as well as along the line. Par-
ticularly useful was the travel time analysis, specially the run time ratio (RTR) metric. The RTR
allows a direct comparison between planned and actual travel time, and identifies locations
that either require either and adjustment of the planned travel time, or where improvements
of other nature should be looked into.

Changes in speed were mostly related to changes in traffic volume, and dwell time was used as
a proxy for passenger activity, as passenger counts were not available for this study.

Punctuality and regularity measures are mostly affected by the variations in travel time, and it
was seen that bus lanes and stop layout have a clear impact on these performance metrics.

Critical points in Line 31 were identified at the road section before Herdernstrasse and Hard-
platz, and large variations (soaring standard variation and coefficient of variation values) were
also identified at these particular stops. Some possibilities for improvement were already dis-
cussed at the general level. They are expanded in the following chapter.
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7 Improving service reliability

7.1 Chapter overview

This chapter condenses the findings of chapters 4 to 6 and relates them to ways of improving
service reliability in Line 31. In the first part of the chapter, a literature review on the possibilities
for reducing unreliability at different levels is contrasted to the strategies already in place in
Zurich. Subsequently, the statistical analyses of chapter 5 are related to specific stops, locations
and situations along line 31 that contribute to reductions in the quality of service. These situa-
tions are identified as potential for improving service reliability in the line. Finally, possibilities
for reducing the impact caused by these situations are discussed and evaluated in a qualitative
manner.

7.2 Strategies to reduce unreliability

It is well known that public transport services are influenced by both internal and external fac-
tors (see 3.3.2), a consequence of the dynamic nature of the operating environment. Variations
in private vehicle traffic and passenger volumes (among many others) induce variability in the
duration of one or more of the processes described in section 2.4.

Much has been done to increase our understanding of the causes for unreliable services and to
develop strategies to improve public transport reliability. Early work in this area includes
Abkowitz (1978) Turnquist (1981), Abkowitz and Engelstein (1984) and Levinson (1991), who iden-
tify the main causes for unreliability, and propose a number of strategies to improve it. In
Abkowitz (1978), the authors propose three basic techniques: priority, control (dynamic changes
in bus operations from original schedule), and operational (dealing with route, schedule and re-
source allocation changes). Work by Turnquist (1981) identifies four major classes of strategies
for improving reliability in bus services: vehicle holding strategies (for schedule- and headway-
based services), reducing the number of stops along a route, signal pre-emption and provision
of improved ROW. Results indicate that such strategies can have substantial improvements in
travel- and waiting time, and that the level of improvement depends on the particular situa-
tion, but mostly on the frequency of the service.

In Zurich, most of these strategies are already in place: holding strategies in the form of
planned connections and additional buffer time. The distance between stops is dictated by an
accessibility policy, which requires a stop to be accessible within 300 meters of an urbanized
area. Signal pre-emption is in place for most, if not all, tram and bus lines. Finally, segregation
from other traffic is limited given the scarcity of space and the multiple actors (pedestrians, cy-
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clists, public transport, private vehicles, etc.) wanting to use it. A particularity is the clear prefer-
ence for implementing tramlines, but not for bus lines in Zurich. Given that measures are either
in place and fairly well extended, or restricted by policy, it is quite a challenge to propose ways
to improve quality of service and reliability for public transport in an environment such as Zur-
ich, where it may seem that most of what is possible is already in place, and with an operator
such as the VBZ, keen on details and precision.

Regarding other ways to improve service reliability, Abkowitz and Engelstein (1984) propose a
methodology to maintain service regularity through improved scheduling and real-time control
based on models developed and validated from empirical data. Their findings suggest that
mean running is chiefly influenced by trip distance, passengers boarding/alighting, and the
number of signalized intersections. Work by Levinson (1991) acknowledges the development in
technology taking place at the time and focuses on its role in service supervision. It describes
the change that would later take place in industry practice, from controllers on the road, to au-
tomatic supervision of the entire fleet in control centres. Finally, a number of guidelines are
suggested to improve supervision strategies, given the particular situation to improve. These
are: service restoration-, schedule control-, headway control-, load control-, and extra board
management strategies.

Scheduling and control practices in Zurich, described in sections 4.4.2 and 6.2.3, follow an ap-
proach largely based on experience. Currently, a number of software tools and IT support are in
place for scheduling and are ubiquitous for operation management. However, in scheduling,
software tools are seen as a way to reduce the burden on repetitive tasks. The experience of a
scheduler is highly regarded, and applied throughout the process. Tasks such as schedule
smoothing and vehicle pull in and outs are done by hand for every schedule of every route.

In the scope of this work, route length was not assumed to be a source of delay, as the aim was
not to change the route configuration in any way, but rather to understand where reliability
problems take place, and search for ways to improve the situation. Passenger count data were
not available for analysis; however, dwell time was used as a proxy for passenger volume.

From the operational control practices mentioned in the literature, most are applied in Zurich
(i.e. schedule and headway control). Strategies dealing with load control are not in place in Zur-
ich and for such cases, the driver contacts the control centre for advice and instructions. The
control centre is proactive in dealing with all kinds of problems and disruptions, and short reac-
tion times from dispatchers together with an immediately available course of action (planned
in advance) are considered essential for providing a high quality service for their customers.

From the literature, work by Ding and Chien (2001) deals with the specific problem of headway
regularity. Making use of real time control technology in an “advanced public transportation
system environment”, i.e. Automatic Vehicle Location (AVL) Systems, a real-time headway con-
trol model is developed to maintain desired headways. Their work demonstrates that control
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strategies can be used to regulate headways efficiently and reduce average waiting times. In
the area of design and implementation of bus-holding strategies, Fu and Yang (2002) develop
two models, one based on preceding vehicle headway, the other considering both the preced-
ing and the following headway, to optimize the number and location of control points. Their
work also sheds light on the value of real-time information.

Zurich invests considerable effort in developing precise and realistic timetables. Following the
schedule is the main operational goal. When disruptions occur, the focus changes to regular
operation (an even vehicle spacing) until the vehicles are brought back to schedule.

Based on work by Abkowitz (1978), Cham (2006) divides strategies to improve service reliability
in two categories: preventive and corrective. The former are more related to the tactical plan-
ning level, the latter to the operational level. The tables in the following pages provide a sum-
mary of selected strategies, and the extent to which they are applied in Zurich.
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Table 31 Preventive strategies to increase reliability and their use in Zurich

Preventive Strategy

Implementation in Zurich

Route design and Lane Priority

Exclusive bus lanes
Route length

Number of stops

Signal Priority
Traffic signal priority

Operator related
Reserve operators and vehicles

Standby buses

Driver training

Supervision

Service supervision

Schedule adjustment

Adjust schedules

Only partially, shared use of exclusive tram lanes where possible.
Part of strategic planning level. Not considered.

Stop spacing determined by accessibility policy.

Yes. Widespread throughout the city. Hierarchy with preference to
trams. Some intersections where several public transport lines
converge with high traffic flows are problematic as they are close
to their capacity.

Very restricted. Currently only one bus and one tram as reserve.
Very restricted. See above.

Yes, more experienced drivers perform better (according to VBZ).

Very developed and network wide. Proactive approach with fast
reaction times and pre-developed processes tailored to almost
every possible situation that may arise.

Yes. Typically after 4 years of operations the VBZ considers that
optimal travel times can be obtained for design. Small
adjustments and refinements are done as required.
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Table 32 Corrective strategies to increase reliability and their use in Zurich
Corrective Strategy Implementation in Zurich
Holding Yes. Though holding in Zurich is mostly the result of planned

connections that take place at stops with many passenger
transfers, rather than an isolated strategy. Buffer time is allocated
at these places as well.

Expressing Not a common practice in Zurich to the knowledge of these
authors.
Short-turning Yes. Used in cases when a vehicle has no time to recover from its

delay at a terminal station. The vehicle behind turns early and
takes the place of the delayed vehicle in the sequence. The late
vehicle operates the schedule of the vehicle that turned short. In
this way service can be kept regular.

Most recent literature largely focuses on the use of large amount of data recently available to
planners, controllers and researchers. As mentioned in section 3.6, Automated Data Collection
Systems (ADCS) have changed the amount, quality and cost of available data and represent an
opportunity to exploit a previously expensive and lower quality resource of information. Exam-
ples abound, where the role and potential of ADCS is discussed, as well as the use of AVL and
APC data to develop more sophisticated reliability analysis, performance evaluations, supervi-
sion and control strategies, performance measures and statistical evaluations (see section 3.4).
These are similar objectives to the one of this particular work.

Further ways of increasing performance, indirectly related to reliability, are mentioned by
Vuchic (2005) and focus on increasing capacity, decreasing dwell time and increasing speed.
They are summarized below:

* Increasing capacity: vehicle capacity, headway. For buses: multiple stopping slots for

simultaneous stopping, leapfrogging, express services, platooning.

* Decreasing dwell time: vehicle floor height and platform height, number of board-

ing/alighting channels, fare type and fare collection.

* Increasing speed: vehicle design and performance characteristics, intersection and

street design, traffic signal priorities for public transport, stops, elements of operations.
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7.3  Possibilities for improving service reliability of Line 31

A number of situations and locations throughout this work were identified as contributing to
reductions in service reliability, as pointed out in section 6.3.

From the statistical analysis, the most useful metrics to identify such locations are those de-
scribing variation and distribution spread, such as standard deviations and coefficients of varia-
tion. The latter are normalized measures of variation that allow for meaningful comparisons
between time periods, or routes, as the measure itself is dimensionless.

Other metrics allowed a direct comparison between planning and operation, such as the run
time ratio (Figure 27), where the share of additional time required to travel a segment (com-
pared with the planned time for that segment) is directly observable.

The passenger-related metric of waiting time did not prove very useful for identifying reliability
problems. This is because first, in the aggregated form it can only provide a route-level result;
and second, because passenger waiting time is a function of headways regularity, which at the
same time is dependent on trave time variability.

Performance measures can vary greatly during the day and direction, and largely depend on
passenger volumes and travel direction, convergence of public transport lines at infrastructure
bottlenecks, and increased private vehicle traffic. These situations bring intersection capacity to
its limits, and reduce the efficiency of traffic light priority measures.

Contrasting the results at the stop and route level for different time profiles provides an idea of
the changes in demand, as well as variation in the elements influencing performance, such as
increased vehicle traffic. Punctuality and regularity metrics relate the travel time to the sched-
ule, and good performance measures are a result of adequate schedules and good control prac-
tices. From the information gathered in chapter 4, it is clear that scheduling and controlling
strategies and measures at the VBZ are well developed, and in some cases go beyond what is
found in the literature. Examples are the emphasis on connection protection in the schedule
development, and the development of processes to address particular events at specific points
in the network given a large array of circumstances.

The VBZ network is mature, dense and heavily operated. The system comes close to its opera-
tional limit under the current circumstances during peak demand. Potential for improvement is
hard to find given the available infrastructure, policy guidelines and operational budget. How-
ever, this study has aimed at just that. Understanding planning practices at the VBZ, comparing
them to a generic planning process, and then relating them to the operational performance of
Line 31, has shed some light on locations and situations that contribute to service unreliability.

In the following, suggestions for improving service reliability are presented and discussed at
the tactical planning and operational levels. General and specific measures are suggested at
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each level. Their plausibility for implementation remains to be verified, as the variables and ac-
tors involved into the implementation of such solutions are manyfold and complex, and extend
beyond the scope of this work.

7.3.1 Tactical level

At this level, suggestions are aimed at the planning level, particularly at scheduling practices
that could eventually increase operational reliability. As previously mentioned, the applicability
of these suggestions is subject to a feasibility study by the planning department at the VBZ.

General measures

» Slightly increase total travel time during the peak periods. Figure 24 clearly shows that

during peak periods, the median travel time is around 1 minute higher than the planned
travel time during the AM peak. In the case of the PM peak, the median is about 2
minutes above the planned travel time. Implementing this measure might require re-
ducing the layover (recovery) time at the terminal station. It remains open to define if
an additional vehicle would be needed, as the actual threshold for satisfying all union

and technical restrictions is unknown.

* Increase the slack time at the terminal station for systematically delayed courses. Some

specific courses seem to be systematically arriving late at the terminal station during
the PM peak (see Figure 46). It would be interesting considering an increase in the re-
covery time of only these particular courses, however, it is possible that recovery time is
already maximum possible during the whole period. Incrementing travel time (previous
suggestion) would aggravate this situation.

* Increase the percentile of travel time distribution from 50%. Current VBZ practices and

experience use the median of the recorded travel time distribution to plan their travel
time in the timetable. Often in other places, higher percentile values are used, to in-
crease the percentage of trips that arrive on time at the terminal station. After an in-
quiry at the scheduling department, they stated that the median is what has proved
best in their experience, and that some trials increasing the travel time percentile most-
ly allowed for vehicles running early. It is possible that this is not the case for every line.

* Optimize buffer time allocation in the schedule using mathematical methods. Current

practices allocate buffer time in the timetable based solely on experience. Another ap-
proach would be to use mathematical optimization for this assignment. The effort in-
volved in implementing this idea is estimated as considerable. The added benefit of this
optimization would clearly be marginal.
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Improve platform design to accelerate passenger exchange. Level boarding with the

minimum vertical distance will improve vehicle accessibility for mobility-restricted peo-
ple as well as for every other person. Faster passenger exchanges reduce station dwell
time and total travel time. Currently, some platforms are being raised for this purpose.
This is an ongoing project at the VBZ that aims mostly at increasing accessibility.
Improved stop layout designs could eventually induce customers to better distribute
themselves to access a vehicle. The expected impact of this measure is however re-
duced.

Specific measures

Implement a queue jumping strategy before Herdernstrasse. This is the single most im-

portant location for improving reliability in Line 31 on the eastbound direction. Variation
of performance metrics at his point is the highest in all the line among the four time
profiles. It is considered that the volume of private vehicle traffic, in particular during
the PM peak, reduces reliability in two ways. First, the queue forming at the traffic light
along the Hohlstrasse, and second the traffic flows along the Herdernstrasse, which re-
duce the capacity of the intersection. In providing a queue jumping strategy, a possibil-
ity would be to set a traffic light a given distance before the crossing, that would hold
the traffic on the right lane, so that the buses of Line 31 could overtake the queue using
the left lane (left turns only).

The distance would need to be determined by the traffic office, as it would depend on
the length of the queue forming on the left lane. The cost of a queue jumping traffic
light is not known, but it is expected that the benefit will be high, by reducing variability
in the operation of Line 31. Impact on vehicle traffic could be minimized, as the traffic
light would only be active when needed, to clear the queue for the bus. The implemen-
tation of this traffic light would work best in combination with absolute traffic light
priority at the intersection. This is shortly discussed below.

Provide higher traffic light priority for buses at Herdernstrasse. Ideally in combination

with a queue jumping strategy, as proposed above. It is not clear if the vehicles of Line
31 already have complete priority, given that they are the only public transport line
crossing the intersection. However, it would be important that the vehicles get absolute
priority as that particular intersection is adding the highest portion of variability to the
route (in the eastbound direction).

Extend the bus lane arriving to Hardplatz. Together with high dwell time variations

(Figure 52), travel time variations are also comparatively high for the services arriving to
Hardplatz. Even though there is already a bus lane in place, it is relatively short (barely
longer than the vehicle itself). It is suspected that queue building of private vehicles un-
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necessarily prolongs arrival time of vehicles at Hardplatz. The proposed solution is to
extend the bus lane as long as it is required to avoid losing time behind queuing traffic.

A current spatial restriction is the presence of two lanes on the opposite direction.
However, changing the street layout and widening the road section could allow extend-
ing the bus lane. On the other direction, private vehicles are assigned to the right lane
and public transport to the left one. By timing departures of buses ahead of private ve-
hicles via traffic light signals, only one lane would be needed to exit the intersection for
both traffic flows. This lane could then be widened to the current two lanes down-
stream, creating the space required for the bus lane in the opposite direction. Imple-
mentation restrictions are unknown, and costs are estimated to be low, as it would in-
volve mostly paint (no construction), and possibly modifying the current traffic light cy-
cle program.

7.3.2 Operational level

The measures here suggested are directed mostly at the control centre and the service delivery
element of public transport. Again, their viability, implementation and feasibility would need to
be verified by the VBZ.

General measures

e Driver training. Given that much of the vehicle travel time variation comes from the
drivers, it is logical to think that harmonizing driving behaviour (to follow schedule), is a
way of reducing operational variability. Given that it is possible to provide performance
metrics for each driver (not done in this study, as data was anonymized), implementing
a reward system for drivers with performance levels above a given threshold, even if
symbolic, would raise awareness on the issue. Small reductions in variability could pos-
sibly be achieved. External causes of variability would not be reduced by this measure.

* Influence passenger behaviour when bus bunching occurs. This idea basically proposes

that the control centre develop measures that inform passengers at specific stops that
two vehicles are arriving close together, and that they should board the second vehicle.
This could be achieved by providing audio messages one to three stops ahead of the de-
layed vehicle’s position. Additionally, visual messages on the front of the delayed vehi-
cle could inform passengers at a stop to board the next vehicle. It would require an
awareness campaign, as well as pilot tests. Possibly doing some market research on the
issue with the public would provide valuable feedback on the feasibility of such a strat-
egy. Currently, the operational department of the VBZ considers this is not a realistic
idea, and that passengers will in any case board the first vehicle, even if it is already full.
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Increase flexibility of low-floor vehicle strategy during rush hours. The low-floor vehicle

strategy is a step forward in improving service for customers with mobility restrictions,
as it provides every second service with a low floor vehicle, needed especially by people
in wheelchairs. However, in the peak of rush hours, sometimes it is required to turn ve-
hicles early to return them to schedule. A flexible approach of the low-floor strategy
(exceptions when absolutely necessary) could provide useful for operations.

Specific measures

Optimize driver change at Hardplatz. Much variation is observed at Hardplatz, both for

run time as for dwell time, particularly during the PM peak and in between peaks pro-
files. It is assumed that driver exchanges are taking place during these periods. Limiting
the time available for this activity might bring some additional stability to the opera-
tional performance of the line. Acceptance by drivers, as well as union agreements are
an open question for the implementation of this suggestion.

Implement control strategies for optimizing public transport vehicle flow at Bahnhof

Altstetten. Several public transport lines serve Bahnhof Altstetten, with only two lanes
that are also used by private vehicles. Large numbers of pedestrians frequently cross the
street to transfer to the trains serving the station. This convergence of different actors
on the limited space has an impact on the performance of Line 31. Two suggestions are
proposed: the first one is closing the street in front of the station to private vehicle, even
if only during rush hours. This would reduce the demand for space, leaving it free for
public transport and pedestrians. The second solution is to regulate the pedestrian
flows crossing the street, be it with a policeman during rush hours, or with a traffic
light, where waiting times would need to be rather short to prevent pedestrians from
crossing the street, while providing priority to public transport vehicles. A combination
of the two suggestions would yield the best results.
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7.4 Summary

This chapter presented a number of strategies to reduce service unreliability in fixed public
transport lines. Strategies found in the literature were contrasted with those already imple-
mented in Zurich. Furthermore, general and specific measures to increase reliability at the tac-
tical planning as well as the operational level were presented and discussed.

The two locations with most potential for improving reliability in the short term are the ap-
proach to Herdernstrasse, and both the approach to, and the variation of dwell time in Hard-
platz. Measures suggested include queue jumping schemes, increased priority at traffic lights,
and an extension of a bus lane with the appropriate change in street layout. Implementation
challenges and plausibility were discussed, but remain the task of the operator and the city to
define their applicability.
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8 Conclusions and recommendations

8.1  Research summary

This work represents an attempt to provide insights into planning and operational processes
taking place at the VBZ in Zurich, and to relate them to the actual service delivery using Line 31
as a case study. The focus throughout is service reliability, as defined in Chapter 3. Planning
processes were defined and contrasted to actual operations by means of detailed statistical
analyses that comprise mostly the perspective of the operator, but also include the view of the
users.

Service reliability is an important characteristic of public transport associated to quality that
has a great influence on a person’s mode choice. One of the main goals that any city should
have is to increase the share of people using public transportation, and increasing service relia-
bility is a step in that direction.

In this work, a generic planning process described in Chapter 4 was contrasted to the actual
planning process taking place at the VBZ at the tactical level. The planning process at the VBZ
was reconstructed from a series of interviews with the head of the scheduling department that
took place in 2010 and 2011. Differences and similarities were observed and discussed. It was
found that the VBZ includes a high level of precision in their processes, and to some extent, im-
plements more comprehensive planning practices than those described in the literature.

A system approach, highlighted by the effort in transfer coordination and protection via de-
tailed and realistic schedules, is a key element of the high reliability levels observed in Line 31
and a valuable service characteristic for users. Planning extends into the operational level,
where detailed processes have been developed through the years to provide standardized, pre-
cise, and efficient responses to all sorts of incidents by the control centre.

Experience is a valued asset at all levels, and is supported by the use of software tools and the
latest dispatching technologies. One drawback is the role VBZ plays in the development of
software tools and updates, as it often encounters bugs and other problems, inherent to the
implementation of new technologies.

The performance analysis in Chapter 5 was done using one month of operational AVL data rec-
ords from Line 31 to calculate a number of reliability metrics. These focused on travel time,
speed, punctuality, regularity and passenger waiting time. Four time profiles were selected for
all the analyses, to capture changes in demand and private vehicle traffic: the AM and PM peak,
between peaks and late night. No passenger counts were available for this study. The most use-
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ful measures to identify problems were those focused on the variation of travel time and the
spread of the distributions. Planning was directly compared to operations with one particular
measure, the run time ratio, or RTR.

Insights into the bus bunching phenomena were provided. Bus bunching was not directly ob-
served from the available data, however, during peak hours, particularly in the afternoon,
headway variation is greatest and vehicles show a tendency to bunch. A clear triggering effect
for bus bunching was observed to take place in Herdernstrasse. Together with Hardplatz, these
two stops and the road sections leading to them show the highest variability in punctuality and
regularity metrics. They represent the highest potential for improving reliability of Line 31in the
eastbound direction, given the restricted spatial availability and convergence of public
transport and private vehicles at other points along the line with high variation in performance
throughout the day.

In Chapter 6, the findings of Chapters 4 and 5 were compared, and related to operational prac-
tices taking place at the VBZ. These were obtained from an interview with the head of the dis-
patching centre. For the VBZ it is clear that in their dense network, more capacity will have to
come from larger vehicles, not from a denser timetable. A good experience in Zurich was the in-
troduction of higher capacity vehicles in Line 31 instead of higher service frequencies. Larger ve-
hicles required some infrastructure adjustments, but increased schedule stability and opera-
tional reliability. Vehicle size increments are limited in the case of tramlines in Zurich mostly
due to its urban layout.

Possibilities for improving reliability were reviewed from the literature and evaluated for their
current applicability in Zurich. Most of the found preventive and corrective strategies to in-
crease reliability are already in place in Zurich. The most effective means to increase reliability,
according to the literature and reflected in the data analysis, is increasing the degree of segre-
gation from other traffic and minimizing the time vehicles require crossing intersections.

Line 31 makes use of exclusive lanes in place for trams, but enjoys only a limited extent of bus
lanes in other sections. Traffic light priority for public transport is high in Zurich, but difficult to
optimize where private vehicle traffic volumes are high, such as in Kunsthaus, Herdernstrasse
and Kreuzplatz.

The most important findings and suggestions regarding problematic locations and their poten-
tial for improving reliability are found in the following section.
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8.2  Findings and conclusions

This work has provided an insight into the performance of Line 31 in Zurich by means of a detail
statistical analysis of off-line operational data records.

From the planning perspective, the VBZ goes beyond the state of practice in their level of detail,
precision and considerations for developing efficient and achievable timetables. These timeta-
bles are the guidelines for a precise operation, which is supervised and managed by a proactive
control centre. The control centre engages in planning activities on its own, as it has developed
a number of detailed processes to react to all kinds of possible events in the network. The main
objective of the control centre is to keep vehicles moving, implement deviation schemes when
required, inform the public, and bring service back to schedule as soon as possible.

From the perspective of performance measures, the most useful in this analysis have been
those dealing with variation and spread of the distributions. Travel time analysis in particularly
important, as variations in travel time impact speed, punctuality and regularity. Punctuality and
regularity measures reflect the variation of travel time. Vehicles can recover (improve) punctu-
ality metrics with buffer time along the route. However, regularity metrics can stop deteriorat-
ing but hardly recover. Management from the control centre is required, and often a vehicle
must reach the terminal station to start again on time (and with a regular interval).

Headway regularity influences average passenger waiting time, however passenger waiting
time is not a very revealing measure, particularly in the aggregated route-level.

From the statistical analysis of the data, congestion and passenger demand seem to have the
most impact on performance. At the same time, the provision of bus lanes is directly correlated
to improvements in performance metrics. In those sections where a bus lane is present, per-
formance metrics improve, particularly punctuality.

The impact of road works is clearly visible in the data, as systematic delays are taking place
along the route. Other, more infrequent events are not directly observable in the data and rep-
resent outliers, which are not considered in the planning stage.

A number of suggestions were proposed at the tactical planning and operational levels, both
general for all services and specific for Line 31. The two most interesting locations with poten-
tial for improving reliability are: (1) the intersection before Herdernstrasse, where public
transport vehicles systematically loose time and headway regularity becomes unstable; and (2)
the approach section and dwell time at Hardplatz. It was proposed to evaluate the possibility of
implementing a (private vehicle) queue-jumping scheme with the introduction of a traffic light
to hold back the private vehicle traffic and create a temporary slot for public transport vehicles
to overtake. Adding absolute priority to public transport vehicles in the crossing would optimize
the queue-jumping strategy, in particular since no other public transport lines are going
through that particular crossing.
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At Hardplatz, an extension of the existing bus lane was proposed, possible with a change in
street layout and traffic light cycle that must be verified by the proper authorities and the VBZ.
Moreover, driver exchanges at Hardplatz during the in-between peaks and late night time pro-
files, add considerable variability to operations. It is suggested that these processes are looked
into and if possible optimized to reduce variability. The viability and acceptance of these sug-
gestions, as well as with the other ones included in this work remains open for discussion and
analysis.

8.3 Limitation and further research

Some of the limitations of the study were already mentioned in the chapters when dealing
with the specific topic. As overcoming limitations of current or past research often leads to in-
teresting research findings, the limitations of the present research study will be mentioned in
connection with proposed future research.

The present study revealed a number of areas with potential for future research by extending
the scope of the study. The scope can be expanded in different ways. The first dimension of ex-
tension is time. In the current study, only operational data for one month was analysed. The
findings could be compared to the same month in different years or the assessment period
could be simply prolonged. Another dimension extension for future research is space. Space can
be considered in different ways. In the present study only one bus line was considered. There-
fore, additional bus lines could be included in the study. Furthermore, also tramlines could be
integrated in the analyses. The holistic approach would be to analyse the reliability of the entire
VBZ network. In this approach, also the interdependencies between different tram and bus
lines could be considered and evaluated. A different viewpoint on the dimension space is to
adopt the findings of the study and the best practice approaches to other public transportation
networks in other cities or countries.

Furthermore, additional variables could be included in the analyses. As already mentioned in
the report, passenger counts and load factor evaluations with their impact on reliability could
be included. This is particularly required for evaluating passenger-related reliability measures,
such as waiting time indicators.

Besides including additional variables, it is possible to increase the level of detail of the evalua-
tions. In this matter, more precise passenger waiting time distribution functions in the calcula-
tion of passenger waiting time performance metrics could be implemented.

Additionally, it is possible to expand the scope of the study in terms of content and further re-
search questions. The efficiency evaluation of line coordination could be included in the analy-
sis.
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An additional dimension for extending the research is systematology. As it was already pointed
out, some of the crucial planning procedures, such as ensuring connections at defined stops,
are predominantly performed manually and are based on experience. So it would be beneficial
to systematize this process and to develop models that optimize the allocation of waiting time
for transfer protection, holding, and buffer in the schedule. This could be included in a holistic
optimization approach for timetable scheduling.

In the current study the impacts of causes of unreliability were only classified and used subse-
quently in a qualitative way. For further research, the impacts of single elements influencing re-
liability could be quantified, and prediction models based on the quantitative contributions
could be developed. Additionally, delay propagation phenomena and delay recovery with their
influencing factors could be studied and explained quantitatively.

In this work, the reliability improvement strategies have been evaluated in a qualitative way.
The next step of further research could be the integration of quantitative evaluations of the
proposed reliability improvement strategies. It is essential to model the benefit evaluation. This
is linked to behavioural surveys on the value of time and reliability.

In this study reliability and stability measures were derived from the literature and applied to
the case study. A further approach is to propose an extended balanced scorecard for reliability
and stability, which can be used to standardize the evaluation of reliability gaps and to facili-
tate deriving measures to increase reliability.

159



Operational stability and reliability of urban bus routes April 2012

160



Operational stability and reliability of urban bus routes April 2012

9 References

Abkowitz, M. D. and I. Engelstein (1983). "Factors Affecting Running Time on Transit Routes."
Transportation Research Part A. 17 (2) 107-113.

Abkowitz, M. D. and I. Engelstein (1984). "Methods for maintaining transit service regularity."
Transportation Research Record. (961) 1-8.

Abkowitz, M. D. S., Howard; Waksam, Robert; Englisher, Larry; Wilson, Nigel (1978). "Transit
Service Reliability". TSC Urban and Regional Research Series. Department of
Transportation (DOT). Cambridge, U.S.

Ap. Sorratini, J, R. Liu, et al. (2008). "Assessing Bus Transport Reliability Using Micro-
Simulation." Transportation Planning and Technology 31(3) 303-324.

Berkow, M., A. M. El-Geneidy, et al. (2009). "Beyond Generating Transit Performance Measures
Visualizations and Statistical Analysis with Historical Data." Transportation Research
Record. (2111) 158-168.

Bertini, R. and A. El-Geneidy (2003). "Generating Transit Performance Measures with Archived
Data." Transportation Research Record. 1841 (1) 109-119.

Bowman, L. A. and M. A. Turnquist (1981). "Service frequency, schedule reliability and passenger
wait times at transit stops.” Transportation Research Part A.15(6) 465-471.

Boyle, D. (2009). TCRP 135 - Controlling system costs: Basic and advanced scheduling manuals

and contemporary issues in transit scheduling. Transportation Research Board.

Cambridge Systematics, I. (2000). A guidebook for performance-based transportation planning,

National Academy Press.

Cantaluppi, M. (2010). Systementscheid Stadtbahn oder Tram - Entscheidungsgrundlagen und

Voraussetzungen, Anwendung am Beispiel der Stadt Winterthur. Masterarbeit, IVT ETH
ZUrich.

Ceder, A. (2000). "Efficient timetabling and vehicle scheduling for public transport".
Proceedings of the 8" International conference on computer-aided scheduling of public

transport, Berlin, Springer.

Ceder, A, Y. Le Net, et al. (2009). "Measuring Public Transport Connectivity Performance Applied
in Auckland, New Zealand." Transportation Research Record. (2111) 139-147.

161



Operational stability and reliability of urban bus routes April 2012

Cham, L. C. (2006). Understanding bus service reliability : a practical framework using AVL/APC

data, Master Thesis, Massachusetts Institute of Technology, Cambridge.

Ding, Y. and S. Chien (2001). "Improving Transit Service Quality and Headway Regularity with
Real-Time Control." Transportation Research Record. 1760(1) 161-170.

El-Geneidy, A. M., J. Horning, et al. (2008). "Analyzing transit service reliability using detailed
data from AVL systems".

Evans, J. E. J. (2004). Transit scheduling and frequency. Washington, D.C., Transportation

Research Board.

Foulkes, J. D., W. Prager, et al. (1954). "On Bus Schedules." Management Science. 1 (1) 41-48.

Fu, L. and X. Yang (2002). "Design and Implementation of Bus-Holding Control Strategies with
Real-Time Information." Transportation Research Record. 1791 (1) 6-12.

Furth, P. (2005). "Public Transport Priority for Brussels: Lessons from Zurich, Dublin, and
Eindhoven". Brussels.

Furth, P. and T. Muller (2007). "Service Reliability and Optimal Running Time Schedules."
Transportation Research Record. 2034 (1) 55-61.

Furth, P. and T. Muller (2009). "Optimality conditions for public transport schedules with
timepoint holding." Public Transport. 1 (2) 87-102.

Furth, P. G. (2006). Using archived AVL-APC data to improve transit performance and

management. Transportation Research Board.

Furth, P. G, P. Donner, et al. (2000). Data analysis for bus planning and monitoring, National

Academy Press.

Furth, P. G, B. J. Hemily, et al. (2003). "Uses of Archived AVL-APC data to improve transit
performance and management - Review and potential”. TCRP Web Document 23.

Transportation Research Board.

Furth, P. G.and T. H. J. Muller (2006). "Service reliability and hidden waiting time - Insights from
automatic vehicle location data." Transportation Research Record. (1955) 79-87.

Gattuso, D, M. Galante, et al. (2010). "Transit reliability performances - Some contribution of a
COST research”. Mediterranea University of Reggio Calabria. Reggio Calabria.

162



Operational stability and reliability of urban bus routes April 2012

Immers, B. and B. Jansen (2005). "Unreliable travel times: causes and ways of improvement
through adequate network design". The reliability of travelling and robustness of

transport systems. 93-111. Delft, TRAIL research school.

INFRAS and VBZ (2006). "Lebensqualitat auf der ganzen Linie: Das VBZ-Netz 2025". Zurich.

Kimpel, T.J. (2001). Time point-level analysis of transit service reliability and passenger demand.
PhD Thesis, Portland State University.

Kimpel, T. J.,, J. G. Strathman, et al. (2000). "Time Point-Level Analysis of Passenger Demand and
Transit Service Reliability”, Portland, OR.

Kittelson, Urbitran, et al. (2003). TCRP Report 88: A guidebook for developing a transit
performance-measurement system. Transportation Research Board.

Kopp, J. C., J. A. Moriarty, et al. (2006). "Transit attractiveness - Systematic approach to transit
performance measurement.” Transit: Management, Maintenance, Technology and
Planning (1986) 11-20.

Lawrie, J. J. and M. Colston (2005). TCRP Synthesis 59 - Strategic planning and management in
transit agencies, Transportation Research Board.

Levinson, H. S. (1991). NCTRP 15 - Supervision strategies for improved reliability of bus routes.
Transportation Research Board. Washington, DC.

Lomax, T., D. Schrank, et al. (2003). Selecting travel reliability measures, Texas transportation

institute & Cambridge systematics Inc.

Luethi, M., U. Weidmann, et al. (2006). Passenger arrival rates at public transport stations,
Institute for Transport Planning and Systems (IVT), ETH Zurich.

Nash, A. (2003). "Implementing Zurich's transit priority program.” Transportation Research
Record (1835) 59-65.

Nokel, K. and M. Bundschuh (2006). "Robust Transfers: Transit Timetable Reliability from the
Passenger Perspective”. PTV AG, Karlsruhe.

Pangilinan, C., N. Wilson, et al. (2008). "Bus Supervision Deployment Strategies and Use of Real-
Time Automatic Vehicle Location for Improved Bus Service Reliability." Transportation
Research Record (2063) 28-33.

Parker, D. J. (2008). TCRP Synthesis 73 - AVL systems for bus transit: Update. Transportation
Research Board. Washington, D.C.

163



Operational stability and reliability of urban bus routes April 2012

ReVelle, C. (1997). Design and operation of civil and environmental engineering systems. Wiley.

New York.

Strathman, J. G. and J. R. Hopper (1993). "Empirical-Analysis of Bus Transit on-Time
Performance." Transportation Research Part A 27 (2) 93-100.

Strathman, J. G, T. J. Kimpel, et al. (2003). "Headway deviation effects on bus passenger loads:
Analysis of Tri-Met's Archived AVL-APC Data". Center for Urban Studies, College of
Urban and Public Affairs, Portland State University. Portland OR.

Tahmasseby, S. (2009). Reliability in Urban Public transport network assesment and design.

PhD Thesis. Delft University of Technology.

TCQOSM (2003). Transit capacity and quality of service manual. Transportation Research Board.
Washington, D.C.

Tomazinis, A. R. (1975). Productivity, efficiency, and quality in urban transportation systems.

Lexington, Mass., Lexington Books.

Turnquist, M. and S. Blume (1980). "Evaluating potential effectiveness of headway control
strategies for transit systems." Transportation Research Record. (746) 25-29.

Turnquist, M. and L. A. Bowman (1980). "The effects of network structure on reliability of transit
service." Transportation Research B. 14B: 79-86.

Turnquist, M. A. (1981). "Strategies for Improving Reliability of bus Transit Service."
Transportation Research Record 818: 7-13.

van Qort, N. (2011). Service reliability and urban public transport design PhD Thesis, Netherlands
TRAIL Research School, Technische Universiteit Delft.

van Oort, N. and R. van Nes (2008). Improving Reliability in Urban Public Transport in Strategic

and Tactical Design. Presented at the 87" Annual meeting of the Transportation
Research Board. Washington DC.

van Oort, N, N. Wilson, et al. (2010). Reliability improvement in short headway transit services:

schedule-based and headway-based holding strategies. Presented at the 89" Annual

meeting of the Transportation Research Board. Washington DC.

Vuchic, V. R. (1969). "Propagation of Schedule Disturbances in Line-Haul Passenger
Transportation”. UITP Revue. 27: 281-284.

Vuchic, V. R. (1981). Urban public transportation systems and technology. Englewood Cliffs - N.J.,

Prentice-Hall.

164



Operational stability and reliability of urban bus routes April 2012

Vuchic, V. R. (2005). Urban transit operations, planning and economics. Hoboken, Wiley.

Vuchic, V. R. (2007). Urban transit systems and technology. Hoboken, NJ, Wiley.

Vuchic, V. R. and E. al (1994). The Bus Transit System: Its Underutilized Potential, U.S.
Department of Transportation, Federal Transit Administration.

Weidmann, U. (2008). "Systemdimensionierung und Kapazitat - Band 2.1". Institute for
Transport Planning and Systems (IVT), ETH Zurich.

Weidmann, U, S. Buchmiller, et al. (2008). "Betriebstabilitdt bei Buslinien mit
Fahrausweisverkauf durch Fahrer". Institute for Transport Planning and Systems (IVT),
ETH Zurich.

Wilson, N., D. Nelson, et al. (1992). "Service-quality monitoring for high-frequency transit lines."
Transportation Research Record 1349: 3-11.

Wilson, N. H. M., J. Zhao, et al. (2005). "The potential impact of automated data collection
systems on urban public transport planning”. The reliability of traveling and the

robustnes of transport systems, Delft, TRAIL Research School.

165






Schriftenreihe des IVT

Herausgegeben vom und zu beziehen beim Institut f(ir Verkehrsplanung, Transporttechnik,
Strassen- und Eisenbahnbau IVT an der ETH Zirich, ETH-Hénggerberg, CH-8093 Zirich.

Mit dieser Schriftenreine werden die bis anhin separaten Reihen «Mitteilungen aus dem Institut fur Strassen-
Eisenbahn- und Felsbau» und «Lehrstuhl-Berichte» bzw. «IVT-Berichte» weitergefiihrt. Die bisher erschienen Schriften
sind nachstehend aufgefihrt.

Mitteilungen aus dem Institut fiir Strassen-,

Eisenbahn- und Felsbau an der ETH Ziirich
Nr.

1

10

11

12

13

14

15

16

17

18

19

20

1943

1944

1945

1947

1954

1957

1958

1960

1960

1960

1960

1960

1961

1961

1961

1967

1968

1970

1970

1970

Die LUftung der Alpenstrassen

(W. Wirz)

Die Reibungskennziffer als Kriterium zur
Beurteilung von Strassenbelégen

{Dr. E. Zipkes)

Beurteilung der Konstruktion, Rauhigkeit
und Verkehrssicherheit von Strassenbe-
{agen unter Verwendung der Reibungs-
kennziffer

(Prof. E. Thomann und Dr. E. Zipkes)

Beanspruchung von Strassenbelégen
durch metallische Systeme
(Dr. E. Zipkes)

Die Leistungsfahigkeit von ungesteuer-
ten Verkehrsknotenpunkten
(Dr. H. Rapp)

Untersuchungen Gber die Leistungsfahig-
keit von Uberlandstrassen
(M. Rotach)

Das Motorrad im Uberlandverkehr
(M. Rotach) ’

Geschwindigkeiten auf zweispurigen
Uberlandstrassen
(M. Rotach})

Lastwagen auf Steigungen
(M. Rotach)

Die Luftung der Autotunnel
(Prof. J. Ackeret, Dr. A. Haerter, Prof. M.
Stahel)

Fahrrader auf Zweispurstrassen
(M. Rotach)

Untersuchungen Uber die Ventilation von
Stollen

(Prof. H. Gessner, Prof. M. Stahel, H. Blh-
ler, P. Schérer, F. Rutishauser)

Griffigkeitsmessungen mit dem Rugosi-
métre
(S. Bonomo)

Das Aequivalent von Motorrédern
(M. Rotach)

Beschleunigungen von Personenwagen
(C. Zuberbuhler)

Kenngrdssen von Personenwagen
(S. Sulger Biel)

Richtiinien fur die Anordnung und Kon-
struktion von Leiteinrichtungen

(P. Pingoud)

Neuere Leitschranken — Stand 1969

(P. Pingoud)

N1: Bern— Lenzburg — Unfélle an Mittel-
schranken, Seilzaun — Doppelplanke

(P. Pingoud)

Die Luftung der Tunnel wéhrend dem
Ausbruch

(Arbeitsgruppe fur Laftung im Tunnelbau)

Nr.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

1972

1970

1972

1973

1973

1974

1974

1974

1974

1975

1975

1976

1976

1976

1977

1977

Erfahrungen mit der Ebenheitsmessung
nach der Winkelmessmethode
(S. Huschek)

Die Priifung der mechanischen Eigen-
schaften von Gesteinen im dreiachsigen

‘Spannungszustand

(Dr. K. Kovari, A.Tisa, E. Hasler)

Abn(tzung von Strassenbeldgen durch
den Verkehr, unter besonderer Beriick-
sichtigung von Spikesreifen

(S. Suiger Buel)

Schaden durch den Gebrauch von Spikes-
reifen
(Dr. E. Zipkes und S. Suiger Buel)

Der Rundlauf als Mittel der Oberbau-
dimensionierung — Vorstudien zu einem
Forschungsprojekt

(l. Scazziga)

Hochstfestigkeit und Restfestigkeit von
Gesteinen im Triaxialversuch
(Dr. K. Kovari, A.Tisa)

Haftvermdgen von Spikesreifen auf eis-
und schneefreier Strasse
(S. Suiger Bael)

Befahrbarkeitsmessungen auf Strassen
nach der Winkelmessmethode — Neue
Untersuchungen

(8. Huschek)

Strassenbau-Forschung in der Schweiz
(Dr. E. Zipkes)

Der Einfluss der Riilierung von Strassen-
oberflachen auf die Unfalihdufigkeit
(Dr. E. Zipkes)

Griffigkeit und Verkehrssicherheit auf
nasser Strasse
(S. Huschek)

Erhebungen Uber die Beanspruchung der
Strasse durch schwere Motorwagen
(. Scazziga)

Geschichtliche Entwicklung der biumind-
sen Strassenbelége
(Dr. E. Zipkes)

Vergleich von Seilzaun und Doppelplanke
anhand von Unféllen an Mittelschranken
(M. Klingler, U. Seiler)

Roligerdusch und Strassenbelag — Fahr-
geréusch, quantitative und qualitative
Analyse — Kausalitét

(E. Eichenberger)

Flugbetriebsfidchen — Grundlagen far
die Dimensionierung und die Oberfia-
chengestaltung

(W. Busenhart, I. Scazziga)



Nr.

37

38

39

40

41

42

43

44

45

46

47

1977

1977

1978

1978

1979

1979

1979

1980

1980

1981

1981

Internationales Kolloguium Uber die pla-
stische Verformbarkeit von Asphaltmi-
schungen

Ebenheitsmessungen auf Strassen
(S. Huschek, G. Bachner)

Laftung im Untertagbau
(Dr. A. Haerter, R. Burger)

Beleuchtung und Unfallh&ufigkeit in
Strassentunneln
(U. Graf und M. Ghielmetti)

Griffigkeitsmessungen mit dem Skiddo-
meter — weitere Ergebnisse
(R. Pelloli)

Die Beurteilung des Verformungswider-
standes bitumindser Mischungen durch
den Kriechversuch

(S. Huschek, P. Staub)

Anfahrversuche an Varianten der Seilleit-

schranke System British Ropes
(M. Klingler)

Mechanische Eigenschaften von Filler-
Bitumen-Gemischen/Einfluss der Ver-
dichtungsart auf die mechanischen Ei-
genschaften von Asphaltprifkdrpern
(S. Huschek, Ch. Angst)

Belédge mit diskontinuierlichem Korn-

aufbau
(Dr. E. Zipkes)

Der Einfluss der Verdichtung auf die me-

chanischen Eigenschaften bitumindser
Schichten
(Ch. Angst)

Numerische Erfassung rheologischer
Probleme in der Felsmechanik
(P. Fritz)

Nr.

48

49

50

51

52

53

54

55

56

57

58

1982

1982

1982

1982

1983

1983

1983

1985

1984

1984

1985

Verhalten des Strassenoberbaus unter
wiederholter Belastung — Versuch Nr. 1
auf der ISETH-Rundiaufanlage

(H. P. Rossner, I. Scazziga)

{SETH-Strassenbaucolloquien, Winter-
semester 1981/82

International Colloquium-Full Scale Pa-
vement Tests, Colloque International-
Essais routiers en vraie grandeur

Morphologische Beurteilung verdichteter
bitumindser Mischungen
(Ch. Angst)

Simulation von Eisenbahnsystemen mit
RWS-1

(P. Giger)

Beurteilung der Griffigkeit auf Fahrbah-
nen

(F. Bihimann)

Zum Verformungsverhalten von Asphalt-
beton unter Druck
(S. Huschek)

Einfiuss der Witterung auf die Griffigkeit
von Fahrbahnen, ein Beitrag zur Ver-
kehrssicherheit auf tberdeckten
Strecken

(F. Bihimann)

Griffigkeit - Bremsspur - Kraftibertra-
gung

(Dr. E. Zipkes)

Reifengerdusch und Strassenbau, Inter-

nationales Seminar, Zrich, 9./10. Februar
1984

Verhalten des Strassenoberbaues unter
dynamischer Radlast
(S. Huschek)

Reihe abgeschiossen



Schriftenreihe «Lehrstuhl-Berichte» und «lVT-Berichte»

LS8 7211

LSB 7311

LSB 7312

LSB 741

LSB 74/2

LSB 7413

LSB 74/4

LSB 74/5

IVT 76/1

VT 7711

VT 7772

IVT 781

IVT 78/2

IVT 7813

IVT 78/4

VT 78/5

IVT 78/6

VT 791

IVT 7912

IVT 7913

VT 80/1

IVT 80/2

Modelluntersuchungen an regionalen
Gaterverkehrspotentialen
(M. Eggenschwiler)

Motorisierungsprognosen
(F. Gerber, B. Ranft)

Gesetzmaissigkeiten im Verkehrsablauf
von Grossparkierungsanlagen
1. Teilbericht VSS FA 8/67

Landesplanerische Datenbank der
Schweiz, Liniendatei
(F. Karli, Prof. C. Hidber)

Waurde als LS-Notiz 74/1 publiziert, «Ag-
gregatzusténde des Verkehrssystems»
(R. Meyer, Prof. C. Hidber)

Waurde als LS-Notiz 74/2 publiziert «Uber
demografische Determination des stédt.
Personenverkehrs»

(F. Gerber)

Regionale Potentiale des Giterbinnen-
verkehrs der Schweiz -
(F. Gerber, Prof. C. Hidber)

Regionale Verteilungsmodelle far den
Goterbinnenvekehr der Schweiz, geglie-
dert nach Warengruppen

Radfahrer im Verkehr
Eine Literaturauswertung
(H. Werdin)

Potential- und Verteilungsmodelle des
schweiz. Binnenguterverkehrs nach Wa-
rengruppen und Regionen

(F. Gerber, Prof. C. Hidber)

Potential- und Verteilungsmodelie fir
den schweiz. Stickgutverkehr nach Re-
gionen .

(F. Gerber, Prof. C. Hidber)

Zukunftsaussichten des Huckepackver-
kehrs in der Schweiz
(Prof. H. Brandli, F. Reutimann)

Landesplanerische Datenbank der
Schweiz, Liniendatei — Schiussbericht
(F. Karli, Prof. C. Hidber)

Einfluss des Anmarschweges auf die Be-
nltzung 6ffentlicher Verkehrsmittel
(Prof. H. Brandli, R. Siegrist, R. Enz,

W. Altherr)

Regionalisierung im 6ffentlichen Perso-
nenverkehr
(Prof. H. Bréandli, F. Kobi)

Definition und Typisierung von Wohn-
gebieten
(Prof. M. Rotach, P. Bachmann, C. Hachler)

Verkehrskosten im Stadtverkehr bei un-
terschiedlicher Verkehrsteilung

(B. Porro)

Wohnschutz-Massnahmen

{Prof. M. Rotach, B. Bachmann, C. H&chler)
Aufbau von Strassennetzen

(Prof. M. Rotach, H. Werdin)

Baulich integrierte Stadtstrassen (BISS)
(Prof. M. Rotach, R. Zeltner)

Neue Betriebsformen fOr den &ffentli-
chen Verkehr in l&ndlichen Rdumen
(Prof. H. Bréndli, M. Muheim, F. Reuti-
mann)

Motorisierungsprognose 1985—2000
(Prof. C. Hidber, M. Stdcklin}

Reihe abgeschlossen

IVT 8111

IVT 81/2

VT 81/3

IVT 81/4

VT

VT

IVT

VT

VT

VT

VT

VT

VT

81/5

8211

8212
82/3
82/4
82/5
82/6
83/1

8312

84/1
8412
84/3

84/4

8415
8416

85/1

Beispiele von Wohnschutz-Massnahmen
(Prof. M. Rotach, P. Bachmann, M. St6cklin)

Untersuchung der Gesetzméssigkeiten
des Wochenendverkehrs mit verhaltens-
orientierten, disaggregierten Modell-
ansétzen

(G. Gottardi)

Forschungen zum Wohnschutz
(Prof. M. Rotach, P. Bachmann, J. M. Groh,
K. Infanger)

Ausbaugrad und Verkehrssicherheit von
Hochleistungsstrassen ‘
(Prof. K. Dietrich)

Fahrplanabhangigkeit des Fahrgastzu-
flusses zu Haltestellen
(H. Mdilier)

Auswirkungen der N6 mit Rawiltunnel auf
1800 m 0.M. auf den Autoveriad am
Létschberg

(Prof. C. Hidber, M. Stdcklin, G. Abay)

Innerbetriebliche Gesetzméassigkeiten
des offentlichen Linienbetriebs

(W. Berg)

Versuche mit Wohnschutz-Massnahmen
(Prof. M. Rotach, J. M. Groh, K. Infanger,
P. Bachmann)

Das Werk mit dieser Nummer wurde zu-
rickgezogen

Gesamtschweizerisches Modell des Wo-
chenendverkehrs im Winter

(Prof. C. Hidber, G. Gottardi, M. Stdcklin,
H. Schwegler)

Funktionale Gliederung und Optimierung
von Strassennetzen
{Prof. C. Hidber, Ruth Schmidiger)

Projektierungsempfehlung zur Verkehrs-
beruhigung

(Prof. M. Rotach, J. M. Groh, P. Bachmann)
Zwischentypen. Eine Untersuchung tber
mogliche Betriebsformen tar Hochlei-
stungsstrassen

(Prof. K. Dietrich, E. Boppart, H. P. Linden-
mann,P. Spacek)

Theorie und Praxis der Kosten-Nutzen-
Analyse im Verkehrswesen
{Prof. C. Hidber, Prof. G. Hauser, E. Meier)

Kosten-Nutzen-Analyse for Verkehrs-
investitionen
(G. Abay)

Kosten-Nutzen-Analyse der SBB-Flug-
hafenlinie ZGrich HB —Ztrich Flughafen
(Prof. C. Hidber, G. Abay, E. Meier)

Bewertung der geplanten S-Bahn-Station
Universitat aus vorhandenen Unterlagen
(Prof. H. Brandli, Prof. K. Dietrich, Prof.
C. Hidber, Prof. M. Rotach, E. Boppart,
P. Schirato)

Geschwindigkeiten von Lastwagen in
Steigungen und Geféllen
(P. Spacek, Ph. Daggeli)

Die situative Geschwindigkeit, ein Mass-
stab zur Beurteilung von Kurven
(Dr. C. Friedinger)

Verkehrsangebot Schweiz 1970 — 85 auf
Schiene, Strasse, Wasser, Luft und Rohr-
leitungen

(Prof. C. Hidber, N. Bischofberger)
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Nr. Titel Autor Jahr  Preis Status
59 Aufteilung von Erholungsaktivititen im Raum und in der Zeit A. Deloukas 1986 20.- vergriffen
60  Baulich integrierte Strassen M. Rotach 1986 20.- erhiltlich
61  Unterhaltskosten von Trolley- und Dieselbussen in der Schweiz H. Brandli 1986 30.- vergriffen
62  Eichung und Validation eines Umlegungsmodelles fiir den E. Meier 1986 10.- erhaltlich
Strassengiiterverkehr
63  Fahrplane fiir die Ziircher S-Bahn G. Rey 1986 20.- erhiltlich
64  Quergefille in Geraden und Kurven P. Spacek 1987 20.- erhiltlich
65 Simulation von Eisenbahnsystemen mit RWS-| P. Giger 1987 20.- erhiltlich
66  Siedlung - Verkehrsangebot - Verkehrsnachfrage Prof. M. Rotach 1987 20.- vergriffen
67 N I3, Au - Haag: Auswirkungen der Sofortmassnahmen vom Sommer  Prof. K. Dietrich 1987 10.- vergriffen
1984 auf das Unfallgeschehen
68  Entwicklung des Schweizerischen Personenverkehrs 1960 - 1990 Prof. C. Hidber 1987 30.- vergriffen
69 MacTrac - interaktives Programm fiir Zuglaufrechnungen P. Brunner 1988 I5.- vergriffen
Benutzerhandbuch
70 Mehrdimensionale Bewertungsverfahren und UVP im Verkehr Prof. C. Hidber 1988 30.- vergriffen
71  Ein Beitrag zur Umlegung: Ausgewihlte Probleme und L&ésungsansitze Prof. C. Hidber, 1988 15.- erhiltlich
M. Keller
72  Flexible Betriebsweise: Die Kombination von Linien- und Bedarfsbetrieb Prof. H. Brandli, 1988 10.- vergriffen
auf einer Buslinie B. Albrecht, K. Bareiss
73 Von der Bahn 2000 zum System OeV 2000 Prof. H. Brandli, 1988 80.- vergriffen
B. Albrecht, W.Glunkin
74  Planung des 6ffentlichen Verkehrs in nichtstiadtischen Gebieten Prof. H. Brandli, 1988 20.- vergriffen
H. Amacker
75  Simulation of Railway Networks with RWS-| P. Giger 1989 I5.- erhiltlich
76  Einfluss des Mischprozesses auf die Qualitit bituminéser Mischungen M. Kronig 1989 20.- vergriffen
77 Regionale Arbeitsmobilitit W. Dietrich 1089 20.- erhiltlich
78  Zur Bewertung der Wirkung sicherheitsorientierter Massnahmen im  R. Rottinger 1989 30.- erhiltlich
Eisenbahnbetrieb
79 Bewertung der offiziellen NEAT-Varianten W. Schurter, 1989 20.- vergriffen
N. Bischofsberger
80 DQM-2: Ein Gerit zur dynamischen Querprofilmessung auf Strassen  U. Scheifele 1989 20.- erhiltlich
81  Neuverkehr infolge Ausbau und Veranderung des Verkehrssystems E. Meier 1989 35.- erhiltlich
82 Entwicklung von Verhaltensmodellen als Grundlage eines J.-D. Zufferey 1989 20.- vergriffen
programmierten Erhaltungskonzeptes Teil |: Modelle fiir bleibende
Verformungen
83 Moderne EDV-Anwendungen zur Verkehrsbeeinflussung Prof. C. Hidber, 1989 30.- erhiltlich
W. Schurter
84 Berufspendlerverkehr 1950-1990 Entwicklung des Prof. C. Hidber, 1989 25.- erhiltlich
Berufspendlerverkehrs der schweizerischen Agglomerationen N. Bischofsberger
85 Drainasphalt Beobachtungen des Verhaltens von hohlraumreichen H. Koster 1990 42.- erhiltlich
Verschleissschichten unter Verkehr
86 Giiterverkehrsaufkommen in Industriegebieten P. Schirato, 1991 30.- vergriffen
Prof. C. Hidber
87  Langzeitverhalten von bituminésen Drainbelagen T. Isenring 1991 52.- erhiltlich
Teil I: Larmverhalten von Drainbeldgen
88 EDV-Anwendungen im Verkehrswesen Prof. C. Hidber, 1991 50.- erhiltlich
W. Schurter
89 Sichtweiten F. Biihlmann, 1991 30.- erhiltlich
H.P. Lindenmann,
P. Spacek
90 Transporttechnik der Fussginger U. Weidmann 1992 30.- erhiltlich
91  Optimierung in Verkehrsplanung, Transporttechnik und Logistik (Referate) 1992 40.- erhiltlich
92 Elemente eines computergestiitzten Werkzeugs zur Entwicklung von M. Montigel 1993 25.- erhiltlich
Eisenbahnsicherungsanlagen mit Petri-Netzen
93  Verkehrsangebot Schweiz 1960 - 1992 Prof. C. Hidber, 1992 35.- erhiltlich

N. Bischofberger



94

95

96

97

98

99

Simulationsmodell fiir Tramnetze
Desserte ferroviaire de |'aeroport de Geneve-Cointrin

Kostenproblematik des Schienenverkehrs: Ansdtze zur Reduktion der
Produktionskosten

Think Trac: ein einfach zu portierendes Traktionsprogramm fiir die
Berechnung von Fahrzeiten im Eisenbahnverkehr

Pioniere des Verkehrs. Eine Auswahl von Kurzbiographien zur
Einfiihrung in die Verkehrsgeschichte

Der Fahrgastwechsel im &ffentlichen Personenverkehr.

Anstelle 99 kann Nr. 106 (Zusammenfassung) bestellt werden.

100.1 Optimierung des Oberbaus bei Meterspurbahnen:

Teil I: Berechnung und Beurteilung

100.2 Optimierung des Oberbaus bei Meterspurbahnen:

Teil 2: Grundlagen und Methodik

100.3 Optimierung des Oberbaus bei Meterspurbahnen:

101

102

103

104

105

106
107

108
109

110
11

112
113
114

115

Teil 3:Literaturkatalog mit Kommentar

Zur Gestaltungsaufgabe des Bauingenieurs: Systemtheoretische
Grundlagen und Folgerungen fiir Planung und Ausfiihrung ein Beitrag
zur Ingenieurwissenschaft

Modellierung und Gewihrleistung von Abhingigkeiten in
Eisenbahnsicherungsanlagen

Simulation von Eisenbahnsystemen mit RWS-1:

3. Auflage RWS Version 1.7 fiir Apple Macintosh

Nationalstrasse N2, Basel-Chiasso Kapazitatsuntersuchung:
Verkehrstechnische Studie zur Beurteilung der heutigen
Kapazititsverhiltnisse

Anwendungsbeispiele zur Optimierung in Verkehrsplanung,
Transporttechnik und Logistik

Grundlagen zur Berechnung der Fahrgastwechselzeit
Umweltbilanz der Warenverteilung (Non Food) des
Migros-Genossenschafts-Bundes

Lagestabilitit liickenloser Meterspurgleise in kleinen Bogenradien
Pioniere des Verkehrs. Eine Auswahl von Kurzbiographien zur
Einfihrung in die Verkehrsgeschichte. Band 2.
Qualititsmanagement von Eisenbahnstrecken.

Abschitzung des Zonen-Binnenverkehrs in Stidten; Teill

Vergleich: Schotterloser Oberbau / Schotteroberbau
Leistungsfahigkeit von Verkehrssystemen

Do rail stations at airports allow a better distribution of air passenger
transport demand among airports

Korridor-Leistungsfahigkeit - Zusammenwirken mehrerer
Verkehrstrager bei Ueberlastung

116/1 Bahnerschliessung Flughifen Stuttgart und Frankfurt a.M.

Kosten-Nutzen-Analyse

1 16/2 Bahnerschliessung Flughéfen Brissel. - Kosten-Nutzen-Analyse

116/3 Bahnerschliessung Flughifen Paris Roissy-CDG2 und Orly.

Kosten-Nutzen-Analyse

I 16/4Bahnerschliessung Flughafen Ziirich.

117
118

Kosten-Nutzen-Analyse
Berufspendlerverkehr 1980-1990-2000
25 Jahre IVT-Messungen zum Verkehrsablauf auf Autobahnen

P. Brunner
Prof. C. Hidber,
Dr. G. Abay,
J.-P. Widmer
Prof. H. Brandli,
J. Wichser

Prof. H. Brindli,
J. Hoessly

Prof. C. Hidber u.a.

U. Weidmann

Prof. H. Brandli,
J. Wichser,

S. Rangosch,

M. Kohler

Prof. H. Brandli,
J. Wichser,

S. Rangosch,

M. Kohler

Prof. H. Brandli,
J. Wichser,

S. Rangosch,

M. Kohler

B. Meyer

M. Montigel
P. Giger

Prof. K. Dietrich,
P. Spacek

Prof. C. Hidber,
Z. Oblozinska
U. Weidmann
Prof. C. Hidber,
E. Meier

S. Rangosch

Prof. C. Hidber u.a.

E. Hediger

Prof. C. Hidber,
J.-P. Widmer

P. Pingoud

N. Bischofberger
R. Schilling,

J.-P. Widmer
Prof. C. Hidber

1993

1993

1993

1993

1993

1994

1994

1994

1994

1994

1994

1994

1994

1994

1995
1995

1995
1995

1996
1996

1997
1997
1997

1997

J.-P. Widmer, R. Schilling,1997

R. Gottwald

J.-P. Widmer,

O. Hintermeister
J.-P. Widmer,

C. Dasen-Sender
J.-P. Widmer,

R. Gottwald

C. Dasen-Sender
Prof. K. Dietrich,
H.P. Lindenmann,
Y. Chabot-Zhang

1997

1997

1998

1997
1998

40.- erhdltlich
40.- erhiltlich
25.- erhiltlich
30.- erhiltlich
30.- erhiltlich
80.- vergriffen

25.- erhiltlich

50.- erhiltlich

25.- erhiltlich

40.- erhiltlich

50.- erhiltlich
30.- erhiltlich

50.- erhaltlich

25.- erhiltlich

30.- erhaltlich
30.- erhiltlich

80.- erhiltlich
30.- erhiltlich

20.- erhiltlich
30.- erhiltlich

30.- vergriffen
30.- erhiltlich
50.- vergriffen
50.- erhiltlich
25.- erhiltlich
25.- erhiltlich
25.- erhiltlich

25.- erhiltlich

35.- erhiltlich
30.- erhiltlich



119
120
121
122

123
124

125

126
127

128

129

130

131

132

133

134

135

136

137

138

139

140
141

142
143

144

145

146

147

148
149

150

Qualitdtsfaktor - Vergleich der Angebotsqualitit im Regionalverkehr

Einsatz von zementstabilisiertem Asphaltgranulat in Fundationsschichten M. Shojaati

Carpools im Spannungsfeld mit dem &ffentlichen Personenverkehr
Bonus/Malus-System; System zur gewihrleistung der Betriebsqualitat
auf dem fiir den freien Zugang gedffneten SBB-Netz.

Beitrage zur Soziologie und Politologie im Verkehr

Stabilitatsprobleme liickenloser Meterspurgleise in engen Radien und in

Uebergangsbogen

Objektorientierte Modellierung von Infrastrukturelementen und
Betriebsvorgingen im Eisenbahnwesen

Der Bettungsmodul fiir den Schotteroberbau von Meterspurbahnen
Verwendung von Eisenbahnbetriebsdaten fiir die Schwachstellen- und
Risikoanalyse zur Verbesserung der Angebots- und Betriebsqualitit

Netzgestaltungsgrundsitze fiir den 6ffentlichen Personennahverkehr in

Verdichtungsraumen

GIS-basiertes Konzept zur Modellierung von Einzugsbereichen auf
Bahn-Haltestellen

Fachbegriffe des &ffentlichen Verkehrs

Regionalisierung des Schienenverkehrs in der Schweiz
Parameters Of Pedestrians, Pedestrian Traffic And Walking Facilities

Strategies for Increasing Intermodal Transport Between Eastern and
Western Europe, Final Report
Europiische Marktstudie fiir das System Swissmetro

Studie zu einem neuen schweizerischen Trassepreissystem

Regionen im Umbruch! — Regionalverkehr im Aufbruch
Systemvorschlag fiir ein neues schweizerisches Trassenpreissystem

Betriebsstabilitit bei Buslinien mit Fahrausweisverkauf durch Fahrer

Leistungsfihigkeitsbestimmung offentlicher Verkehrssysteme

Peripherer Verkehr — Verkehrte Peripherie?
Mobilititsplan Hochschulgebiet Ziirich

Gesamterschliessungskonzept Science City Synthesebericht

Ein Trassenpreissystem aus Umweltsicht unter besonderem Augen-
merk des Larms — Studie

Validierung eines semi-quantitativen Ansatzes zur Risikobeurteilung in
der Eisenbahntechnik

Verlassliche Finanzierung des offentlichen Verkehrs in der Schweiz
Konzeptstudie

Die Revolution der Automation — Verkehrsautomatisierung und
Gesellschaft im 20. und 21. Jahrhundert

Improving the Efficiency of Heavily Used Railway Networks through
Integated Real-Time Rescheduling

Market Potential and Value of Sustainable Freight Transport Chains
100 Jahre Gesellschaft der Ingenieure des &ffentlichen Verkehrs
19102010, (k)ein Wunder, dass es uns noch gibt

Investigation of space-time structures in public transport networks

U. Widmer, 1998
M. Neumeister

1998
S. Dasen 1999
M. Hofer 1999
Prof. C. Hidber u.A. 1999
F. Gallati 2001
D. Hirlimann 2002
M. Kohler 2002
M. Ullius 2005
U. Schiffeler 2005
J. Jermann 2005
J. Wichser, 2005
H. Schneebeli,
S. Bollinger
M. Rieder 2005
S. Buchmiuiller, 2006
Prof. U. Weidmann
Nikolaus Fries 2006
U. Weidmann, 2006
S. Buchmiiller,
M. Rieder,
A. Nash, A. Erath
U, Weidmann, N. Fries 2007
J. Wichser, P. Schmidt
H. Schneebeli
Tagungsband 2007
U. Weidmann, 2008

J. Wichser, P. Schmidt

U. Weidmann, M. Liithi 2008
S. Buchmiiller,

R. Dorbritz

G. Anderhub, R. Dorbrit2008
U. Weidmann
Tagungsband

U. Weidmann, P. Spacek
K. W. Axhausen,

B. Alt, G. Anderhub,

R. Dorbritz, A. Frei,

M. Laube, M. Scherer,

2008

C. Weis 2008
U. Weidmann, P. Frank 2008
U. Weidmann, St. Moll 2009
P. Schmidt
S.-L. Bepperlilng 2009
U. Weidmann
J. Wichser 2009
Tagungsband

2009
M. Liithi

2009
N. Fries 2009
Gdl

2009
B. Alt

40.- vergriffen
35.- vergriffen
25.- erhiltlich
40.- erhiltlich

30.- vergriffen
90.- erhiltlich

60.- erhiltlich

90.- erhiltlich
70.- erhiltlich

90.- vergriffen
70.- erhiltlich
40.- erhiltlich
60.- erhiltlich
25.- erhiltlich
50.- erhiltlich

90.- erhiltlich

40.- erhiltlich
30.- erhailtlich
40.- erhiltlich

25.- erhiltlich

30.- erhiltlich

30.- erhiltlich

50.- erhiltlich
90.- erhiltlich
30.- erhiltlich

30.- erhiltlich

25.- erhiltlich
40.- erhaltlich

60.- erhiltlich
45.- erhiltlich

50.- erhiltlich



and their optimisation 2010 50.- erhiltlich

I51 Nachhaltige Giiterfeinverteilung U. Weidmann, N. Fries
B. Bopp, W. Stolzle
E. Hofmann, K. Gebert 2010 40.- erhiltlich

152 Ein larmabhingiges Trassenpreissystem fiir die Schweiz U. Weidmann, St. Moll 2010 30.- erhdltlich

153 Laterales Fahrverhalten G. Santel 2011 45.- erhiltlich

154 Stabil Mobil — Komplexe Verkehrssysteme als Herausforderung Tagungsband 2011 40.- erhiltlich
unserer Gesellschaft

155 Methodology for assessing the structural and operational robustness  R. Dorbritz 2012 60.- erhiltlich
of railway networks

156 Operational stability and reliability of urban bus routes in Zurich, N. Carrasco, O. Fink 2012 50.- erhiltlich
Switzerland U. Weidmann
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