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Abstract

This thesis explores the phenomenon of bus impedance, defined as a slowing down of
bus operations for customers. Impedance can stem from an overemphasis on relia-
bility to the detriment of speed in bus operations. Public transport agencies aim at
achieving the best balance between speed and reliability in their bus operations be-
cause such a balance benefits their customers who want to arrive at their destinations
quickly and reliably, and potentially reduces the cost of operations. Impedance can
result from misaligned interests of stakeholders, for instance if the agency provides
financial incentives only for reliability.

Impedance manifests itself through held and/or slow buses aimed at regulating
the service but slowing it down as a consequence. A data-driven approach investigates
the manifestations and the detection of impedance using the London bus network as
a case study. Analyses include the assessment of the impact of changes in contract
specification, the comparison between bus and Google API traffic speeds, and the
use of holding announcements on the bus network. Taking the trip as the unit of
analysis, the dwell, travel, and movement times of trips, among others, contribute
to understanding the route behavior and detecting times with possible impedance.
Models of the total dwell time per trip using the number of passengers and stops
made per trip as explanatory variables are proposed, which can be used to estimate
the dwell time theoretically needed based on the passenger activity.

Building on these analyses, this thesis proposes two indicators to detect impedance
at the trip-level in the form of holding. A decision-support tool intended for the bus
operations management teams comprises (1) the correlation between the dwell time
and the dwell time allowance and (2) the proportion of trips with a high value of the
ratio of the actual dwell time to the theoretically needed dwell time for the trip. This
tool is designed to extract information about route performance and could be used
to supplement the expertise of the bus management teams in making scheduling and
operational decisions.
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Chapter 1

Introduction

Public transport agencies face the constant challenge of balancing speed and reliability
in their bus operations. Indeed, to assess the quality of service, public transport
agencies take the point of view of the end-users: the riders. For riders, two important
criteria for good service are the speed of the journey and its reliability (Muñoz, 2019).
Riders prefer the fastest trips from origin to destination, with consistent wait times
and on-time arrivals (Transit Cooperative Research Program, 2019). However, with
their expertise, public transport agencies know that running fast and reliable bus
service is an operational challenge because speed and reliability usually do not work
naturally together. As a matter of fact, high speeds tend to increase the running
time variability, mainly due to external and often unpredictable operating conditions
such as congestion, passenger loads, and traffic lights, among others. High running
time variability tends to increase the mean and variability of passenger wait times
(Sańchez-Martińez, 2013). Higher speed can also create and enlarge gaps between
vehicles. In contrast, lower speeds enable more control over the operations at the
route-level and tend to allow for more consistent wait times. Small disruptions can
be corrected more easily. As a result, higher speeds tend to be associated with worse
reliability and better reliability with lower speeds. Thus, speed and reliability tend
to be negatively correlated.

Public transport agencies continuously face the operational challenge of provid-
ing the best balance between speed and reliability with the end goal of delivering
the best service to their customers. The stakes of this challenge are high because a
disequilibrium in this trade-off can have significant consequences: for example, cus-
tomer dissatisfaction due to the degraded service quality, financial repercussions with
a loss of patronage for the agency, and increased operational costs due to less efficient
operations requiring more vehicles and driving time.

In specific cases, there may be a concern that the reliability aspect of performance
is over-emphasized. Indeed, because public transport agencies monitor both the speed
and reliability, some agencies have developed and implemented specific metrics to
quantify the reliability of their service (Transit Cooperative Research Program, 2019).
Sometimes, agencies encourage good reliability, with financial incentives for example,
whereas they do not incentivize fast journeys. Such over-emphasis on reliability can
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lead to slower speeds on the network due to the opposite effects of speed and reliability:
this phenomenon is called impedance. Public transport agencies currently do not
have an assessment methodology to flag the existence of impedance and quantify it
when suspected. This work proposes such a methodology to detect and quantify the
impedance phenomenon that is the result of an imbalance in the trade-off between
speed and reliability in favor of reliability.

Using the bus network of London as a case study, this thesis takes a quantitative
approach to investigate the existence of an imbalance between speed and reliability
and detect impedance. Bus operations at Transport for London, the public transport
agency of London, provide a real-life scenario where there may be possible over-
emphasis on reliability to the detriment of speed. Transport for London outsources
its bus operations to private companies and uses financial bonuses and penalties to
encourage reliability. The combination of good reliability and a decrease in average
bus speeds on the network combined with customer complaints about slow buses
raised this concern of potential impedance.

This work develops a decision-support tool for bus operations planning teams.
The decision-support tool would help public transport agencies to better understand
the balance between speed and reliability in their bus operations. Combined with
expert knowledge from the agency staff, the tool could help mitigate impedance by,
for instance, speeding up the schedule when possible. The tool would also provide in-
formation on operations to the agency to communicate with the operating companies
on how to improve the balance between speed and reliability.

Taking a data-driven approach using automatic vehicle location (AVL) data and
smart card (AFC) data, this thesis presents several analyses investigating a possible
over-emphasis on reliability in bus operations. These analyses highlight interesting
variables that can be derived from available data. The approach taken is to define
suitable and meaningful metrics assessing the balance between speed and reliability.
These metrics are intended to be applied to the network to detect routes and time
periods where speed may be sacrificed in the interest of reliability. This work also
discusses potential applications of the tool to mitigate impedance.

1.1 Motivation: Balancing Speed and Reliability in
Bus Operations

For public transport passengers, speed and reliability are two of the critical criteria
that define the service quality (Muñoz, 2019). Although customers want fast and
reliable service, speed and reliability are often inversely related as high levels of relia-
bility are more easily achieved at a slower speed. Thus, the higher the reliability, the
lower the speed and vice versa. As a result, since speed and reliability do not tend
to co-exist, public transport agencies face a constant operational challenge to achieve
the best possible balance between speed and reliability to deliver the best service to
their customers.
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This section defines key terms and covers several important elements. This section:

1. defines bus commercial speed

2. defines reliability

3. defines timetable- and headway-managed routes

4. explains the challenges of maintaining reliable service

5. explains the regulatory actions used to maintain reliability and their impact on
bus speeds

6. explains the passenger perception of regulatory actions

7. concludes on the importance of the balance between speed and reliability.

1.1.1 Definition of Bus Commercial Speed

The commercial bus speed can be defined as the average speed that passengers expe-
rience including stops (Daganzo and Pilachowski, 2011). Thus commercial speed is
the total distance divided by the total travel time from origin to destination, where
the total travel time is the sum of the movement time of the bus between stops and
the dwell time at stops. Most of the time, the bus commercial speed is lower than
the traffic speed due to the dwell times at stops; however, bus priority measures such
as bus lanes can contribute to higher commercial speed for buses than for traffic.
The following example illustrates how the bus commercial speed can be lower than
traffic speeds, especially without bus priority measures: a one way bus trip can be
completed in 80 minutes including the dwell times at stops, while, without stops, the
same bus trip could take 60 minutes from origin to destination. The computation of
the bus commercial speed uses the trip duration of 80 minutes. Speed is an important
criteria for customer satisfaction with bus service (Muñoz, 2019); hence it is a key
variable to monitor for public transport agencies.

Moreover, monitoring bus speeds is also a top priority for safety reasons. The
safety concern is shared by all stakeholders: the public agency, the operating compa-
nies, their drivers, the passengers and all road users. Public agencies want to reduce
the number of injuries and fatalities, operating companies would prefer to avoid col-
lisions, and all road users want to be travel safely. For instance, monitoring speed
so as to reduce the number of fatalities on the road is the top priority for the City
of London. TheMayor’s Transport Strategy 2018(Greater London Authority, 2018)
states the aim to achieve their "Vision Zero," which entails "eliminating deaths and
serious injuries from London’s transport system by 2041."

1.1.2 Definition of Bus Reliability

In order to define reliability, the Transit Cooperative Research Program (TCRP)
conducted a survey of around eighty public transport agencies. The most popular

19



definitions of reliability refer to on-time performance, schedule adherence or headway
adherence depending on the type of route. In their reliability guidebook,Minutes
Matter: A Guide to Bus Transit Service Reliability, TCRP suggests that reliability
can be defined by the following three components:

1. short and consistent wait times

2. consistent on-time arrivals at destinations

3. consistent travel times

Running time 

distribution

time
0

T
MEDIAN

T
95

RBT

Figure 1-1: Distribution of running times and illustration of the Reliability Buffer
Time.

Reducing unreliability helps customers plan their travel with less uncertainty and
reduce the extra time they must allow to ensure arrival at their destination at the
desired time (Transit Cooperative Research Program, 2019). This extra time was
defined as the Reliability Buffer Time (Uniman et al., 2010). This research relies on
the availability of fare card data that include the origin and destination of individual
passengers. The article uses the London Underground as a case study for computing
the Reliability Buffer Time. Computed for specific origin-destination pairs for a given
number of days, the Reliability Buffer Time (RBT) is defined as follow:

RBT = (95th percentile of travel time - median travel time).

Thus, reliable bus service is key to enable passengers to plan the total travel time
for their journeys and reduce the buffer time needed to arrive at their destination
at the desired time. Reliable service saves considerable time for customers because
the buffer time effectively adds wait time, either before the in-vehicle time or at the
destination, or additional in-vehicle time in case of extended journey time. Figure
1-1 illustrates a typical scenario. The passenger wants to arrive at destination at
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Tdesired arrival. If the passenger only considers the median travel time Tmedian
to plan its trip and departs from its origin at Tdesired arrival - Tmedian, then
there is 50% chance that (s)he will arrive at the destination later than the desired
arrival time. The passenger needs to take the variability of the running time into
account when deciding on the departure time. Thus, if the passenger want to arrive
at the destination at Tdesired arrival with a probability of 95%, the passenger
should depart from its origin at Tdesired arrival - Tmedian - RBT: (s)he should
include a buffer time to the median running time of the trip.

1.1.3 Schedule-managed and Headway-managed Bus Routes

It is important to distinguish between two types of bus routes to understand how
reliability is perceived and managed. Timetable-managed routes are assessed based on
their adherence to the schedule and headway-managed routes based on their adherence
to the headway. It is important to evaluate reliability differently for high- and low-
frequency routes because passengers have different expectations for these two types
of routes. Passengers are assumed to arrive randomly at stops for high-frequency
route so the regularity of headways is what matters for customers. For low-frequency
routes, passengers are assumed to be informed of the scheduled arrival time at stops,
thus the on-time performance matters.

1.1.4 Challenge of Maintaining Reliable Service

In bus operations, minor disturbances on high-frequency routes can lead to long gaps
between vehicles and bunching (Daganzo, 2009). Let’s take the example of a bus route
without any regulation to illustrate the natural instability of operations. Consider a
situation where buses are correctly spaced according to the schedule for timetable-
managed routes and based on their headway1 for headway-managed routes. During
the service, buses face uncertainty in their individual travel times: they could be in
traffic, encounter a variable numbers of red lights, accommodate a variable number of
passengers, some with reduced mobility, etc. Such events contribute to an increase in
bus running time variability. Without control on a high-frequency route, a faster bus
may bunch with the bus ahead and a slower bus may be overtaken by the following
bus. As a result, bunches of buses can form, with bunching exacerbated by the
allocation of passengers across buses. The first (slower) bus of a bunch is usually the
most heavily loaded. Indeed, the first bus finds many passengers waiting at stops due
to the larger-than-usual headway with the bus ahead (Newell and Potts, 1964). Due
to the crowding on this bus, alighting and boarding take more time than for a less
crowded bus. Both phenomena make the first bus slower. Conversely, the following
buses of the bunch have lighter passenger loads and find fewer passengers at the stops
due to the short headway, which makes boarding and alighting faster. This tendency
further speeds up these buses. The fact that the first bus of the bunch is slower and
the following ones faster reinforces the overall bunching phenomenon.

1The headway is the time interval between consecutive buses at a given location.
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Reliability plays a very important role in waiting and journey planning for cus-
tomers. Indeed, deteriorated reliability leads to higher variability of passenger wait
times (Muñoz, 2019). Thus, passengers must increase their allowed travel time to
arrive at their destination at the desired time with high probability. In other words,
the more unreliable the service, the higher the reliability buffer time customers need
to allow when planning their journey. Indeed, service unreliability increases the vari-
ability of the departure time from the origin stop as well as the in-vehicle travel
time due to induced variation of crowding and gaps. Service unreliability results in
a higher variance of the arrival time at the destination. The tail of the distribution
of the total travel time (see Figure 1-1) is shifted to the right and spreads more: the
RBT increases.

Thus, reliability is against the natural tendency in bus operations and has a signif-
icant impact on customer journeys by affecting their wait times, their travel times and
their reliability buffer times. Therefore, delivering reliable bus service is a challenge
with high stakes for public transport agencies. A solution is to control operations
looking at the route comprehensively and making regulatory decisions based on real-
time information.

1.1.5 Use and Impact of Regulatory Actions to achieve Reli-
ability

Public agencies have the challenge to maintain reliable bus operations. This challenge
requires combatting trends that develop naturally on the network such as disruptions,
long gaps in service and bus bunching. Route controllers have the task to maintain
reliable service using regulatory actions. Two types of real-time regulatory actions
can be defined as operational levers to improve service reliability:

∙ holding at the stop for longer than necessary to meet passenger boarding and
alighting needs

∙ driving slower than traffic conditions and safety allow.

Regulatory actions (almost) always result in slowing buses down, so to achieve high
reliability in mixed traffic, speed has to be sacrificed. Moreover, it is not possible to
implement regulatory actions that speed up the route because speed increases stress
for drivers and can result in safety concerns.

Let’s take an example to illustrate why regulating a route is very likely to slow it
down. In the case of timetable-managed routes, if a bus is early, holding at the stop
or driving slow are ways to maintain the timetable. Hence, this trip will take longer
than it would otherwise. It results in extra time for passengers riding this bus.

In the case of headway-managed routes, consider three buses. Ideally these buses
run with equal headways matching the schedule. If the first bus encounters delays
that slow it down, such as traffic congestion, the two following buses will gradually
catch up with it, reducing the headway between the first and the second bus. Figure

22



Ideal Headway

Small disruption

Direction 
of travel

t = t1

Ideal Headway

Small disruption t = t2 > t1

Buses slowed down

Ideal Headway

Small disruption t = t3 > t2

Loss of time

Figure 1-2: Resulting loss of time induced by regulating a headway-managed route.

1-2 shows a comparison between the situation with ideal headways and the situation
when the first of the three buses is delayed due to a small disturbance. Since the first
bus cannot speed up due to traffic or safety concerns such as speed limits, regulating
the route inevitably leads to slowing down the following two buses. As a result the
travel times of the three buses increase due to an external cause for the first bus and
regulation for the following two buses.

As discussed in the previous paragraph, regulating the route is necessary for reli-
able operations. Without any control, buses would naturally bunch, and the service
would deteriorate. Since regulating fundamentally involves extending the travel time
of one (or more) buses, maintaining a reliable service involves slowing down the route.
Nonetheless, this reduction in bus speed can have adverse effects with negative conse-
quences for customers and the public transport agency: low speeds induce customer
dissatisfaction. Customers who repeatedly experience riding slow buses could turn
away from buses and switch to other means of transportation. Such loss of patronage
incurs loss of revenue and public support for the agency.

Additionally, low speeds increase the operating cycle time. The cycle time is
defined as the total time for the bus to complete a round trip. The cycle time
includes the travel times of a bus in both directions plus the recovery times, also
called layover times, at both terminals. The cycle time is the total time it takes the
vehicle to complete one operational cycle. Given a fixed bus frequency, the higher the
cycle time, the higher the number of vehicles needed to operate the route. Indeed,
the number of busesn for a route with a given headwayh depends in its cycle time
c as follows:

n =
l

c
h

m
where the headwayh is defined as the time interval between two consecutive buses

at a given location. The number of buses is this ratio rounded up.
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Hence, lower speeds can lead to an increase in cycle time and thus to an increase in
operating costs with potentially higher vehicle requirements, more driving time, and
more fuel consumption. Although good reliability is essential for effective functioning
of the network, it cannot be implemented at the cost of significantly longer travel
times without affecting customer satisfaction.

1.1.6 Passenger Perception of Regulatory Actions

Bus operations need to be regulated to be reliable, as previously discussed. Customers
benefit from reliable service because it decreases the variability of their journey time2.
However, although passengers benefit from a reliable service, they might be reluctant
to see their own bus being slowed down for the benefit of other passengers and the
overall reliability of the service. This reluctance can be explained because, first, there
might be a lack of information about the overall benefits of regulating the routes, and
thus passengers are less likely to be understanding when the bus is held and more
likely to complain about it. Second, it is interesting to note that the regulation of the
route negatively affects the riders on the given bus but benefits passengers who are
waiting at downstream stops. Thus, the riders who see their travel time extended do
not perceive its benefit (because it does not benefit them directly) and their utility
decreases. But the beneficiaries of the reliable service do not necessarily perceive it to
be the result of regulation and might not realize the benefit they get from it. Riders
on a bus being held might complain but might also have benefited from the (earlier)
holding of this bus without realizing it. Hence, although effectively regulating routes
benefits passengers overall, its disadvantages are more apparent to the customers,
who are more likely to complain about it as a result.

As a result, public transport agencies would like to implement regulating actions
that result in the right balance between speed and reliability to provide the best
service to their customers. Slightly less reliable services could be acceptable if it
results in shorter travel times.

This thesis investigates the balance between speed and reliability in bus oper-
ations, focusing in particular on headway-managed routes. More specifically, this
research examines the case of an over-emphasis on reliability which results in a slow-
ing down of the route, called impedance. The aim of this work is to explore, detect,
and quantify the phenomenon of impedance in bus operations, using the London Bus
Network as a case study.

1.2 Stakeholders in Bus Operations

This section presents an overview of different organizational forms of public transport
and describes a specific form, which corresponds to the organization of Transport for

2The journey time is defined as the total duration of the journey, including the wait time and
the in-vehicle time.
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London, the case study of this thesis, and then presents the stakeholders in bus
operations.

1.2.1 Organizational Forms of Public Transport

In the article Organisational forms and entrepreneurship in public transport Part
1: classifying organisational forms, van de Velde (1999) distinguishes two types of
organizational forms, where either public entities or private companies are responsible
for the operations (Figure 1-3):

∙ Market initiative, where services are created by autonomous markets.

∙ Authority initiative, where services result from decisions of the authority.

Strategic level: strategic planning is involved in the
formulation of general aims and in the determination in
broad terms of the means that can be used to attain these.

In short: what do we want to achieve?

Tactical level: tactical planning is about making
decisions on acquiring means that can help reaching the
general aims, and on how to use these means most
efficiently.

In short: what product can help us to achieve the aims?

Operational level: makes sure the orders are carried out,
and that this happens in an efficient way.

In short: how do we produce that product?

Fig. 1 translates these to the public transport sector, with-
out yet referring to any specific legal or regulatory setting.

At the strategic level we can find things such as the
general aims and service characteristics, which include
such topics as the profit and market share aims, the general
description of the services that will be provided, the area of
supply, the definition of the main target groups and the
positioning of the services in relation to substitutes and
complements (intermodality). We define this level as
being at the core of ‘entrepreneurship’ and the actor respon-
sible for these crucial decisions as the ‘entrepreneur’ as he
takes the initiative for the creation and supply of services,
thereby takes some form of risk, and as he delineates at least
the main characteristics of the services that will be provided.
The tactical level translates these aims into detailed service

characteristics. The actual ‘design’ of the services takes place
at this level. We find here the traditional parameters of public
transport such as the definition of the routes, timetable, vehi-
cles and fares, but also ‘softer’ aspects such as the image of the
services and the provision of additional services to the passen-
gers (such as catering, news, etc.)
At the operational level we find the translation of the

tactical aspects into day-to-day practice. This includes the
management of the sales staff, of the drivers, of the vehicles

and of the infrastructure to ensure the realisation of the
services according to the tactical planning.
In opposition to the hardware side, which is the produc-

tion of vehicle-kilometres, we define the software side as
everything that will help to sell the vehicle-kilometres, i.e.
transforming them into passenger-kilometres. Seen from a
dynamic perspective, there has of course to be a feedback
between the decision levels involved, notably based on the
feedback provided by (potential) clients. Moreover, there
will ideally be a link between the hardware and software
side at the tactical level to ensure an adequate evolution of
the services, in accordance with market needs and the stated
general aims. Fig. 1 does not, for clarity’s sake, focus on
these dynamically essential links and feedback of informa-
tion. It focuses on the way management decisions pertaining
to the appearance of public transport services on markets are
ordered, whatever the organisational form in place and
whatever the extent of public intervention. Up to this
point nothing is said neither on the exact aims of the public
transport system (strategic level) nor on the identity of the
actors involved at the various levels—leaving open whether
these are one or several public or private companies, autho-
rities or other actors, nor on the competitive nature of the
organisational form.
As for any production, one or several actors can be

responsible for each of the decisions presented in the
table. In general the strategic-tactical-operational chain
can be seen as a (series of) principal-agent chain(s). Numer-
ous forms of organisation of this chain of principal(s) and
agent(s) are possible and the following classification will
clarify this by delineating a number of ‘pure organisational
forms’ in relation to which real-world organisational forms
can then be positioned.

3. Classification of organisational forms in public
transport

The tree-diagram presented in Fig. 2 presents a global
classification of organisational forms as can be encountered

D.M. van de Velde / Transport Policy 6 (1999) 147–157 149

Fig. 2. Organisational forms in public transport.Figure 1-3: Two forms of organizations in public transport (van de Velde, 1999).

van de Velde also distinguishes three different levels of planning and control in
public transport:

1. Strategic level,which states the general aim of the organization.

2. Tactical level, which defines the means to achieve the aim.

3. Operational level,which efficiently implements the orders that constitute the
means.

The different types of organizations can be described using these three levels of
planning and control. This research focuses on the type calledCentral planning and
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tendering of the realisation(van de Velde, 1999). Transport for London, the case
study of this research, belongs to this category. TheCentral planning and tendering
of the realisation is graphically represented in Figure 1-4. In this case, the strategic
decisions belong to the transport authority, itself often supervised by the political
council or the Department of Transport. The public transport authority is also re-
sponsible for the tactical part: it decides on the fares, the routes, and the timetable,
among others. The operational part is divided between the public transport authority
and the operating companies, although most of it is managed by the private compa-
nies. The operating companies are responsible for running the route, and managing
the personnel and the vehicles, among others. Passengers are part of this system
because they are the customers and the end-users of the bus service.

Figure 1-4: The central planning and tendering organizational form (van de Velde,
1999).

Bus operations result from the interactions between multiple entities including the
following in the case of central planning and tendering:

1. the public transport agency;

2. the operating companies with their drivers and route controllers;

3. the passengers.

Figure 1-5 shows the di�erent stakeholders in bus operations, their interests, and
their inter-relationships.
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Figure 1-5: Relationships between stakeholders in bus operations.

1.2.2 Public Transport Authority

The public transport authority has the major decision-making power at both the
strategic and the tactical levels. At the strategic level, it is responsible for the long-
term investment and evolution of the network, including its social implications. At the
tactical level, the authority decides on the bus routes, the frequencies, and the desired
passenger loads, among others. It is also responsible for tendering and allocating
routes to the operating companies. The authority has many goals, among them:

� Running the best possible service for passengers

� Running the most cost e�cient operations that satisfy a minimum service level

� Maintaining high patronage, and the attractiveness of bus as a means of trans-
portation

1.2.3 Operating Companies

The operating companies are responsible for part of the tactical work and most of
the operational work. They include various internal stakeholders:

� the business unit,which de�nes the guidelines of the operations. It is responsible
for the strategy of the operating company, and for monitoring the costs and
revenues. It is in charge of bidding during the route tendering process to secure
the �nancial health of the company.

� the controllers, who are responsible for managing the route with real-time in-
formation and communicating with the drivers. Principally, they monitor the
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route, and act in case of disruptions such as mechanical breakdowns, driver
absences, accidents, and on the side, they monitor reliability.

� the drivers,who are responsible for driving the buses. They also cooperate with
the controllers to mitigate disruptions and improve reliability.

The relationship between the public transport agency and the operating company
is key to e�ective operations. Generally, a contract de�nes the legal duties of both the
public transport authority and the operating company. The underlying mechanisms
governing this relationship in�uence the quality of operations. Indeed, some contracts
include �nancial bonuses and penalties based on the operating performance. Since,
the operators are private companies aiming at maximizing their pro�t, the business
adapts its strategy to earn the highest possible bonus. Moreover, high performance
can also be encouraged through contract extension terms conditioned by a minimum
performance level.

Drivers are employed by operating companies and are typically represented by
trade unions. The unions are a negotiating body that represents the interests of
drivers to the operating companies and Transport for London. Unions defend the
working rights of the drivers, protect their jobs, and help them manage stress. Oper-
ational changes impacting drivers must be negotiated with their unions.

1.2.4 Passengers

Passengers are the customers and the end-users of the service. They evaluate the
quality and attractiveness of the service from their individual viewpoints, as opposed
to the transport authority which assesses the performance based on the passengers
collectively. The interest of an individual passenger is to bene�t from a bus service
that is as fast and as reliable as possible.

Passengers often attribute the service delivery to the public transport agency di-
rectly because they might not be aware that operations are outsourced. It seems
that there are two possible loops for passengers to provide feedback: either com-
munication with drivers or communication with the agency. The transmission of
information through drivers is quite uncertain: it might not always be communicated
to the management of the company. In fact, it might be reasonable to assume that no
information from passengers will reach the public transport authority through drivers.
Thus, the most e�ective feedback loop goes directly from the passengers to the public
transport agency through complaints or via social media. This direct loop helps the
agency understand customer desires.

Less in�uential stakeholders such as the City Council, the state, lobby, and citi-
zens' groups also play a part in this system.

Each stakeholder is driven by their own interests that are likely to be divergent.
Although every entity might behave rationally, the resulting operations might not be
the most e�ective for the public transport agency or for the passengers collectively.
The challenge for the public transport authority is thus to de�ne the most e�ective and
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realistic balance between the various stakeholders' interests to run the best operations
for the customers.

1.3 De�nition of Impedance

The term impedance is used to describe bus routes being slowed down. More speci�-
cally, it refers to cases where there is an overemphasis on reliability to the detriment
of speed in bus operations. Hence, impedance stems from the use of regulatory ac-
tions implemented to maintain a reliable service. There are two types of regulatory
actions:

� Holding at the stop,de�ned as a bus standing at a stop for longer than is
necessary for passengers to board and alight

� Going slow, de�ned as driving between stops at a speed that is lower than
feasible with respect to safe operations and tra�c conditions.

Impedance is likely to be a mix of these two actions. However, it is necessary
to carry out an investigation to know what is the contribution of each to the overall
phenomenon of impedance. De�ning impedance is challenging for multiple reasons.
First, each stakeholder might have di�erent views of what constitutes impedance.
Second, it is di�cult to characterize the appropriateness of the use of regulatory
actions, and third, impedance could be looked at either the event or the trip level.

This section tackles the challenge of de�ning impedance and proposes a de�nition
for this research. Speci�cally, this section addresses the viewpoints of the di�erent
stakeholders on impedance, the appropriateness of regulating actions, the di�erent
levels of analysis of impedance, and the chosen de�nition of impedance.

1.3.1 Stakeholder Viewpoints on Impedance

Bus operations involve many stakeholders including the public transport authority,
the operating companies including the route controllers and the bus drivers, and the
passengers. All have di�erent viewpoints on route regulation, and thus, on impedance.

� Customers bene�t from a regular service: for headway-managed routes it re-
duces the mean and variance of their waiting time at the stop. For timetable-
managed routes, it increases the on-time performance. Nevertheless, highly
reliable bus arrivals at stops also have a cost for passengers if some buses are
held to achieve it. Indeed, a reliable bus service needs the route to be reg-
ulated because otherwise buses would naturally bunch, creating large gaps in
service. Regulating actions inevitably slow down the route, extending the on-
board travel time for some passengers. Taking an economic approach, each
passenger wants to maximize her own utility by having the most reliable and
fastest service. Thus, each passenger appreciates that the route is controlled
and fast, but dislikes it when the regulation negatively a�ects her trip.
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� The operating companiesare in charge of delivering reliable operations on a
daily basis. The route controllers manage a handful of routes and react in
cases of large disruptions, but also foster reliability using real-time informa-
tion about the bus locations, and by telling drivers which regulating actions to
implement. They wish to deliver the best service to passengers. Nonetheless,
impedance can be (inadvertently) encouraged when operating companies are
heavily evaluated on their reliability performance because a slower pace favors
better regulation of the system and slows down the propagation of disruptions.
From a business perspective, in the speci�c case when the contract structure
with the public transport authority includes �nancial bonuses and penalties in-
dexed on performance, operating companies will adjust their behavior to re�ect
their economic interest: maximizing their pro�t. Thus, if incentives reward re-
liability exclusively, this would be the priority of the operating companies, even
to the detriment of speed. Depending on how they are structured, �nancial
incentives can either encourage or become obstacles to achieving the desired
balance between speed and reliability.

� Drivers are employed by the operating companies and follow the instructions of
the controllers to maintain reliability. The position of the drivers can be tricky
because they have the responsibility to implement the controller instructions,
but also hear the complaints of unhappy passengers riding their bus. Thus, it
might sometimes be di�cult to implement the necessary regulating actions that
result in slowing down the bus.

� The public transport authority is held responsible for the public transport service
and is consequently also responsible for the service delivered by the operating
companies. The public transport authority aims at maximizing the satisfaction
of its end users: the riders. More speci�cally, the authority goal is to maximize
the utility of all passengers overall within budget constraints. This goal is
di�erent than for a passenger, who aims to maximize their individual utility.
Maximizing the overall passenger utility means that it is acceptable to trade
the disutility of some riders, created by regulating actions, for a higher utility
of other customers. Thus, the public transport authority aims for a service
balanced between reliability and speed and accepts that routes can be slowed
down to improve reliability.

1.3.2 Regulating Actions

Each stakeholder tends to have a di�erent viewpoint on when regulating actions are
appropriate.

� For the customer,it is when it bene�ts him. Hence, a passenger might not �nd
any regulating action appropriate when he is on the bus. Nonetheless, he might
bene�t from more reliable service if it means holding the bus upstream.

� For the operating companiessubject to �nancial contract incentives based on
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reliability performance, regulating actions should be implemented to obtain the
level of reliability that maximizes their pro�t.

� For the public transport authority, regulating actions should be used to obtain
a reliable service, but not to the detriment of speed.

We will focus on the point of view of the public transport authority, which aims
to maximize the utility of all users. In this case, regulating actions should only be
implemented when there is a signi�cant gap between the buses in the case of headway-
managed routes or when the bus is early compared to the schedule for timetable-
managed routes. Generally, regulating actions are expected to be sparse, and to
address speci�c situations. Such actions should a�ect the behavior of one, or at most
two, buses on a segment of the route. Indeed, slowing down a bus several times on a
trip is counter productive. Regulating actions are not expected to have a cascading
e�ect with multiple buses holding in the same direction, or the same bus holding
several times on a trip. A bunch of buses should not have to slow down because a
single bus ahead is moving slowly. Indeed, the slowing down of a bunch of buses
would have a high cumulative cost in time for all the riders on the held buses and
decrease the utility of all passengers. Thus, it seems that there could be two types
of regulating actions: one that is sporadic and only involves a small number of buses
in speci�c situations, and the other that is more frequent, a�ects multiple buses, and
results in general slowing down on the route. The latter type could be de�ned as
impedance. Let's note that drawing the line between the appropriate and counter-
productive actions in practice is di�cult.

1.3.3 Analysis Levels of Impedance

Impedance can be analyzed through di�erent lenses, either by looking at individual
events or by looking at the overall e�ect on the route. The slowing down of the
route characterizing impedance stems from regulating actions aimed at maintaining a
reliable service. One possible unit of analysis is the individual event. For instance, the
impact of each regulatory action can be analyzed to determine its contribution to the
reliability of the route and quantify the resulting extension in the trip duration. The
event-level also enables an investigation of the relevance and the resulting e�ect of
these actions. The individual event unit of analysis focuses mostly on the assessment
of the route control, and could detect isolated occurrences of impedance. However, it
does not really provide strong leverage to mitigate impedance.

Taking the trip as the unit of analysis, instead of the event, helps investigate the
impacts of impedance on operations. At the trip level, the cumulative impact of
the individual regulatory actions, thus the overall slowing down of the route can be
analyzed. Moreover, taking the trip-level as the unit of analysis opens up the question
of whether the schedule could be tightened up. Indeed, the trip-level unit of analysis
focuses on the overall performance of the route rather than the e�ciency of speci�c
control actions.
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1.3.4 Chosen De�nition of Impedance

For the purpose of this research, the point of view of the public transport authority
is adopted: the public public transport agency aims at maximizing the utility of all
passengers. Hence, the bene�t of all customers together is favored, which may not
mean bene�t maximization for each individual customer. With the point of view of
the public transport authority, regulatory actions will be considered appropriate if
they contribute to reliability, but with the concern of maintaining speed.

As a result, the proposed de�nition of impedance is:actions that result in slowing
down the route for the customers. These actions are initiated by controllers, and used
to regulate bus operations. They can result in a general slowing down of the route.

This research conducts analyses both at the event-level and the trip-level, but
emphasizes the trip-level. This thesis aims at detecting and quantifying impedance
and investigates if bus operations could be sped up. It �rst explores whether there is
excessive control to regulate the routes, known as impedance. If the case of excessive
control, the question is then if operations could be sped up without any threat to
safety, and with a drop in regularity performance that is still acceptable.

1.4 London Bus Network

This thesis uses the London bus network as a case study. Transport for London is the
public transport authority of London (England). Its responsibilities include running:

� the bus network;

� the London Underground;

� London River Services;

� Victoria Coach Station;

� Taxis;

� Docklands Light Railway;

� London Trams;

� London Streets systems.

This section explains the functioning of the London Buses, used as a case study
for the analyses. It describes the following:

1. London Buses in numbers;

2. the structure of Transport for London;

3. high- and low-frequency routes;

4. the outsourcing of bus operations.
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1.4.1 London Buses in Numbers

London Buses is one of the entities under Transport for London (TfL) and is respon-
sible for (TfL, 2019):

� 675 routes;

� 19,000 bus stops;

� more than 9,000 vehicles;

� six million bus trips a day;

� more than two billion passenger journeys per year.

1.4.2 Structure of Transport for London

The Greater London Authority, which includes the Mayor and twenty �ve members
of the Assembly, runs Transport for London. They propose the long-term strategy
planning for transportation in the city. The Greater London Authority is responsible
for:

� strategic planning

� TfL's budget

� fare structure

Transport for London contains a division called Surface Transportation (ST) that
includes the following entities:

� London Buses;

� London Trams;

� London Overground;

� London Dial-a-Ride;

� London River Services.

The London Buses division is responsible for running the bus network, includ-
ing planning, monitoring, and controlling bus operations. On one hand, the Public
Transport Service Planning division, and the Network Planning team plan the net-
work by taking into account current performance, and how proposed changes may
a�ect performance. They work closely with the Tendering team when they retender
routes. On the other hand, the Bus Operations division is responsible for reliability in
Bus operations (Transport for London, 2019). Table 1.1 explains the responsibilities
of the di�erent teams of the Bus Operations division, which includes the following
teams:

33



� the Bus Performance Management team;

� the Bus Tendering Evaluation team;

� the Monitoring and Implementation team.

Team Responsibilities

Bus Performance Management team The Bus Performance Managers are re-
sponsible for managing the relationships
with the Operators. They use the data
from the Monitoring and Implementa-
tion team to raise performance issues
with the operators.

Bus Tendering and Evaluation team The Bus Tendering and Evaluation team
are responsible for ensuring the oper-
ators get paid for running the route.
They are responsible for calculating pay-
ments based on performance.

Monitoring and Implementation team The Monitoring and Implementation
team are responsible for setting the per-
formance targets for each route and
monitoring the performance of the net-
work, as well as producing reports to
keep the business informed of overall
performance.

Table 1.1: Organization of the teams responsible for bus reliability (Transport for
London, 2019).

1.4.3 High- and low-frequency routes.

Transport for London distinguishes two types of bus routes: high-frequency and low-
frequency (see Table 1.2). High-frequency routes have �ve (or more) buses per hour
during general weekday service hours (peak periods and the inter-peak) and weekends.
With such frequencies, these routes are headway-managed: customers know that it is
a high-frequency service with buses not expected to arrive at the stops on a speci�c
schedule. In this case, customers are assumed to arrive at bus stops randomly in
time. For the wait times to be bounded and reliable, it is important to manage
equal headways. Thus, the performance evaluation of these routes is also based on
headways. High-frequency routes account for eighty percent of the total London bus
network mileage.

The second type are low-frequency routes: they have up to four buses per hour
during the weekday daytime. It means that there is an interval of (at least) 15 minutes
between the scheduled bus arrivals during the day. Customers are assumed to refer
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to the schedule to plan their trips. Hence, these routes are managed and evaluated
based on their timetable adherence. Low-frequency routes account for twenty percent
of the total network mileage.

Frequency Number of buses per hour Performance criterion

High � 5 Headway adherence
Low � 4 Timetable adherence

Table 1.2: High- and low-frequency routes in London.

1.4.4 The outsourcing of bus operations

Bus operations are outsourced to private companies through a tendering process in
an open market. Currently, the winning company is awarded a �ve year contract
with �nancial incentives indexed on their reliability performance. A possible two-
year extension based on performance can be awarded to the operating companies.
Chapter 3 explains in more detail the relationship between TfL and its operating
companies.

1.5 Objectives and Approach

This thesis investigates the balance between speed and reliability and how regulating
actions slowing down buses a�ect trips and can potentially lead to systematic slowing
down of the route. The aim is to provide performance indicators evaluating operations
and informing public transport agencies about potential slack in the schedule.

This research focuses on high-frequency routes running during the daytime, for
which the impedance concern is very important and could have a large impact for
Transport for London.

1.5.1 Objectives

The objectives of this thesis are:

1. Explore the existence of impedance and layout the conditions under which it
can arise. This work de�nes the speci�c conditions encouraging impedance
and explores its occurrence and signi�cance. This work aims at highlighting
the organizational arrangements favoring impedance in order to �ag for pub-
lic transport agencies its possible existence in certain settings, and second, to
understand how the root causes could be mitigated.

2. Find manifestations of impedance in the data.If the concern about impedance
is supported by a combination of expert knowledge within the authority, com-
plaints, and data analysis, the second objective of this work is to investigate
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how impedance manifests itself in the data. This includes a broad exploration
of all the e�ects of impedance re�ected in the data.

3. Develop a decision-support tool.Third, this works develops a decision-support
tool based on two indicators of behaviors that can suggest the presence (or
absence) of impedance. This tool should use TfL's available data such that
its implementation does not require additional resources. The tool should be
applicable to any high-frequency route in the TfL bus network.

4. Suggest potential use of the tool and mitigation solutions.This work provides
guidelines for the use of the tool. Indeed, the tool is to be used for decision-
support rather than for decision-making: the complexity of operations does not
allow for a purely data-based analysis to make decisions, so a human expert
should make the �nal call.

1.5.2 Approach

In order to detect impedance, it is essential to gain a deep understanding of the
underlying circumstances. This work starts with the state of play of the relationships
between the stakeholders and a scan of available and usable data. The challenge
of de�ning impedance is also raised. In addition, the literature review highlights
important concepts in understanding bus operations.

In order to look for evidence of the existence of impedance, this work uses several
analyses involving multiple variables. The exploration of both the existence and the
manifestations of impedance implies trials of various analyses with the investigation
of di�erent levels of action: from individual events to the trip variations by time of
day. This work then proposes two indicators to �ag impedance that constitute the
decision-support tool.

The tool itself resulted from frequent interaction with the bus team to ensure that
the tool meets its purpose. This research includes the discussion of the impacts of
the contract structure and its �nancial incentives.

1.6 Thesis Organization

Chapter 2 reviews the literature that is relevant to understanding impedance.

Chapter 3 explains the speci�cs of the London Bus Network, the concern about
possible impedance on this network, and its potential causes and consequences. It
goes into detail on the structure of the relationship between Transport for London
and its operating companies.

Chapter 4 builds on the impedance framework in London and presents the di�er-
ent avenues explored to build the tool. These analyses investigate impedance with
di�erent foci and lenses. One looks at speci�c events on the route characterizing the
communication from drivers to passengers when holding occurs to regulate the ser-
vice. An analysis explores the impact of the contract changes in the running times,
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and another compares bus speeds to tra�c speeds generated by the Google API. A
trip-level approach is used to compare the total dwell time, the total movement time
and the scheduled trip time. Passenger data are used at to model the dwell time at
the trip-level.

Chapter 5 presents the indicators of the tool, their functions, and their applications
to the three case study routes.

Chapter 6 summarizes the work, discusses its limitations and suggests mitigation
strategies and further research.
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Chapter 2

Literature Review

This chapter provides an overview of the current state of the literature that is relevant
to the topic of bus impedance. Section 2.1 reviews the existing literature that treats
the balance between speed and reliability in bus operations. Section 2.2 examines
the contribution of human behavior to the maintenance of bus reliability. Section 2.3
introduces a methodology that detects longer-than-necessary schedules for timetable-
managed routes.

This research has not found earlier work addressing the quanti�cation and control
of the balance between speed and reliability in bus operations, in particular when
reliability may be over-emphasized.

2.1 Balance between Reliability and Speed

This section describes the literature on bus reliability and speed. More speci�cally,
it explains the origins of bus unreliability, possible de�nitions of reliability, strategies
to control reliability, and the importance of bus speed. This review highlights that
the literature focuses heavily on bus reliability, but much less on the monitoring of
buses' commercial speed, although the literature recognizes its importance. The topic
of this research, the balance between reliability and speed in bus operations, has not
yet been addressed as such.

2.1.1 Origins of Unreliability

Uncontrolled bus operations are unreliable by nature: Newell and Potts (1964) ob-
served that buses encounter di�erent numbers of passengers at stops, and the resulting
variation of dwell time to accommodate passenger activity tends to perturb even head-
ways between buses. Once buses become unevenly spaced, the dwell time for a bus
arriving at a stop after a longer-than-average headway will be longer than average,
because there will usually be more passengers waiting at the stop than typical. This
tendency to bunch is exacerbated by crowding on the �rst bus. Thus, without any
control, buses tend to form bunches as they progress along the route, hence increasing
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the waiting time for randomly arriving passengers and decreasing the reliability of
the route.

Headway regularity a�ects the waiting time of passengers at stops, and more
speci�cally, the expected waiting time increases with headway variability. Assuming
random arrival of riders at the stop, the rider's expected waiting time is (Larson and
Odoni, 2007):

E[V ] =
E[H ]

2
+

� 2
H

2E[H ]
where V is the random variable representing the waiting time of the prospective

rider, H is the random variable representing the bus route headway, and� H is the
standard deviation of H.

2.1.2 Bus Service Reliability

Due to the inherently unreliable nature of bus operations, the literature contains an
abundance of studies on bus reliability. The reliability guidebook,Minutes Matter:
A Guide to Bus Transit Service Reliability (Transit Cooperative Research Program,
2019), provides a comprehensive literature review of bus reliability research. The
reader can refer to the guidebook for references on the following topics:

� de�nition(s) of bus service reliability;

� reliability metrics and measurement;

� factors a�ecting bus service reliability;

� perception of reliability;

� bus service reliability improvement strategies;

� impacts of bus service reliability improvement strategies.

2.1.3 Control Strategies to Improve Reliability

To mitigate bus unreliability, Transit Cooperative Research Program (2019) references
the most cited reliability improvement strategies in the literature as follows:

1. transit signal priority;

2. right-of-way;

3. schedule adjustments;

4. holding control strategies;

5. real-time bus arrival information.
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In the context of bus impedance, relevant reliability control strategies consist of
real-time information, holding, and schedule adjustments. Indeed, the over-emphasis
on reliability occurs with the use of regulatory actions, e.g. holding, based on avail-
able real-time bus locations; a larger-than-necessary schedule allows such an over-
emphasis.

Historically, real-time bus location information did not exist for use in control
strategies. Holding buses based on their scheduled headway was proposed by Abkowitz
and Lepofsky (1990), who implemented a real-time headway-based control strategy
and discussed the associated operational issues. The strategy entails holding buses
until their headway reaches a speci�ed threshold.

Real-time bus location information enables public transport agencies to use more
�exible reliability control strategies: holding is not restricted to speci�c time points
but can take place anywhere. Eberlein et al. (2001) proposed an algorithm using
real-time information to solve the holding problem: where to hold buses and for how
long to maintain route reliability. Using a rolling-horizon scheme to minimize waiting
time with deterministic assumptions on passenger �ows and associated dwell times,
this study focuses on light-rail service but could be adapted to bus operations.

Another reliability control strategy using real-time information was proposed by
Daganzo (2009), which dynamically determines bus holding times at control points
based on real-time headway information in order to maintain even headways. Such
a method reduces the amount of slack in the schedule compared to more traditional
methods, thus increasing commercial bus speeds.

Still aiming at maintaining regular bus headways, Daganzo and Pilachowski (2011)
proposed a di�erent reliability control strategy that adapts bus speeds in real-time
based on information on headways with the preceding and following buses. This
method was found to be more e�cient than holding buses at time points in the case
of large disruptions on the network. Interestingly, this work cautions that slack built
into schedules might be worse than irregular headways because it lowers bus speeds.

Sa«chez-Marti«ez (2013) highlighted the strategy of adding slack to the schedule
to enable controllers and drivers to implement regulatory actions that maintain re-
liability but slow down some buses at the same time. Based on his analysis of bus
running time variability, he concluded that headway-managed routes necessitate ac-
tive operational control to limit bunching and recommended building slack into the
scheduled cycle time to lessen the impact of tra�c and disturbances on operations.

2.1.4 Reliability and Speed

The literature highlights the importance of buses' commercial speed in addition to
reliability for customers. For example, Daganzo and Pilachowski (2011) recognize the
importance of maintaining high commercial speeds of buses when trying to improve
reliability.
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Conversely, Muñoz (2019) looks into Bus Rapid Transit (BRT), which is expected
to be rapid by de�nition, and underlines the importance of providing reliable service
at the same time: he calls it Bus Rapid and Reliable Service (BRRT).

The problem of the natural unreliability of buses has been clearly identi�ed in the
literature and several reliability improvement strategies have been proposed. How-
ever, although some literature emphasizes the importance of the balance between
speed and reliability for customers, the literature on improving commercial speed of
buses, speci�cally when reliability is also an objective, is limited.

2.2 Impact of the Driving Behavior on Bus Reliabil-
ity

The previous section presented bus reliability control strategies, some of which use
simulation models to support the strategy's e�ciency. Implementing a strategy re-
quires the collaboration of many human stakeholders including route controllers and
drivers. The behavioral aspect of reliability control is important in the concern about
impedance because implementing the regulatory slowing down depends on controller
communication and driver collaboration. This section presents a study (Ji et al.,
2010) that analyzes how bus drivers adapt their behavior to improve reliability for
schedule-managed routes, whose reliability is assessed on schedule adherence.

The following variables are de�ned to describe the service reliability:

� var(f k): variance of departure deviation at stop k;

� var(f k� 1): variance of departure deviation at stop k-1;

� var(tk� 1): variance of travel time between stop k-1 and k;

� var(wk): variance of dwell time at stop k;

� cov(ek ; wk): covariance between arrival time deviation at stop k and dwell time
at stop k;

� cov(f k� 1; tk� 1): covariance between departure time deviation at stop k-1 and
travel time between stop k-1 and k;

The progression of service reliability is de�ned by:

var(f k) � var(f k� 1) = var(tk� 1)+ var(wk)+2 � cov(f k� 1; tk� 1)+2 � cov(ek ; wk) (2.1)

The covariance between the deviation of the arrival time from the schedule and the
dwell time at that same stop indicates the driver's contribution to schedule adherence
(Equation 2.1) with a negative correlation meaning that the dwell time is shortened
to mitigate the impact of a delay. Similarly, the covariance between the deviation
of the upstream departure time from the schedule and the travel time between the
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upstream and downstream stops informs the modi�cation of speed used so that the
travel time matches the schedule (Equation 2.1). A negative correlation between
these two variables indicates drivers' ability to adapt their speeds: for instance, if
the bus departs early from the upstream stop, a negative correlation indicates the
extension of the travel time between stops.

This study shows that drivers can make a signi�cant contribution to schedule
adherence: in 60% of the cases, drivers use holding and, in 40% of the cases, they
adapt their speeds, although safety concerns and external constraints, e.g. tra�c or
heavy passenger loads, limit drivers' actions.

2.3 Modeling Bus Dwell Time at the individual stop

Impedance can manifest itself through holding the bus at the stop, thus extending
the dwell time. Modeling the dwell time based on the passenger activity contributes
to understanding the dwelling behavior of the route and can �ag potentially longer
than necessary dwell times given the passenger activity.

Among the many studies on bus dwell time in the literature, the focus is on
two studies Dueker et al. (2004) and Milkovits (2008) because their approaches are
interesting for this research and the data used could be compared to the data available
for this research. This research has not found models of the dwell times at the trip-
level, as opposed to at the individual stop level.

These two studies highlight the determinants of bus dwell times, which include the
the passenger activity, lift operations, the type of route, the time of day, crowding,
fare type, and bus design. Some of these determinant can apply to the TfL bus
network such as the passenger activity, the type of route, the time of day, the bus
design and the crowding (to some extent) while there is not available data for other
determinants such as lift operations or fare type.

In the study by Dueker et al. (2004), the adherence of the bus to the schedule is
proposed as an explanatory variable and shows that when the bus is late, the dwell
time is sped up and conversely.

These determinants are interesting and will be considered in this thesis when
modeling the dwell time at the trip-level.

2.4 Detecting Slack in Schedule-managed Routes

This section presents a methodology to detect slack in schedule-managed route. Such
a methodology is interesting because this thesis proposes a method to detect and
quantify impedance, which can be enabled by extra time in the schedule.

The Australian company netBI specializes in data solutions for the public trans-
port sector (http://www.netbi.co.uk/). It deals with data storage and data manipu-
lation, notably for big data and cloud applications. netBI combines data of di�erent
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types and multiple sources to provide information to run operations as e�ciently as
possible.

The company developed a method to assess optimal schedules for schedule-managed
routes. Using GPS and stop location data, their software detects the arrival (or de-
parture) times at stops and computes the schedule deviation1.

Their method indicates slack by clustering trips into di�erent categories according
to whether the trip departed from the terminal on-time, early, or late. Trips that
departed late but arrive on-time at the terminus indicate that there might be slack
in the schedule because these trips were faster than the ones which departed on-time.
On the other hand, if buses departing late from the terminal are systematically unable
to catch up with the schedule, it indicates that there is no slack.

This method is speci�c to low-frequency routes, for which performance is assessed
through schedule adherence. A parallel can be imagined for high-frequency routes,
where performance is assessed on headway adherence. Instead of clustering the trips
with on-time departure from the terminal, they could be clustered based on the
preceding and/or following headway, either at the terminal or along the route. The
evolution of headway along the route could help determine if the route was regulated.
Nonetheless, this approach might not be suitable in the case of TfL long bus routes
because buses might be regulated after their departure from the terminal, thus their
behavior will change across the route. In addition, a bus departing from the terminal
with a large headway might encounter more passengers at stops and be more loaded as
a result. This will lengthen dwell times and slow down buses. Thus, the comparison
between the behaviors of buses selected based on their large headway at the origin
terminal will be biased.

2.5 Conclusion

Although the literature on reliability and reliability control strategies is abundant
and highlights the importance of the commercial speed of buses, the balance between
speed and reliability when operations overemphasize reliability has not been explored.
The literature also shows the impacts of driver behavior on the implementation of
reliability control strategies and the potential complexity that human factors bring
to understanding operations. The company netBI proposes a method to detect slack
in the schedule that could be one approach to detecting impedance.

1The schedule deviation is the di�erence between the observed and scheduled arrival (or depar-
ture) times at stops.
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Chapter 3

Transport for London Bus Network
and Concerns about Impedance

This chapter focuses on bus operations in London, conducted under the auspices of
Transport for London (TfL), to illustrate, detect, and analyze impedance. Impedance
describes actions that result in slowing down the route operations for the customers.
This chapter presents the background information necessary to understand the con-
cern about impedance on the London bus network.

Section 3.1 describes the responsibilities of TfL and the operating companies,
and presents the tendering process, the contract structure, the construction of the
schedules, and the vehicle requirements. Section 3.2 explains bus operations control,
both by TfL and by the operating companies. Section 3.3 presents the underlying
concerns about the possibility of impedance on the London bus network and discusses
key elements that may contribute to impedance.

3.1 The Relationship between TfL and Bus Operat-
ing Companies

The Central planning and tenderingorganizational model (van de Velde, 1999) de-
scribes the organization of the London bus network: TfL plans and manages the
public transport market and awards contracts to operating companies to run bus
operations as speci�ed by TfL.

This section presents the tendering process, the contract structure with its �nan-
cial incentives that govern the relationships between TfL and the operating companies,
the scheduling process, and the vehicle requirements.

3.1.1 Tendering Process

Five companies with (around) twenty subsidiaries operate in the London market, and
each operating company manages from a handful up to �fty bus routes. A tendering
process is used to award routes to one of the bidding operating companies at the end
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of a contract. Such a tendering process allows TfL to bene�t from the best price for
operations as a result of the competition.

The following steps constitute the tendering process (Transport for London, 2011):

1. TfL quali�es operating companies as tenderers;

2. TfL issues route-speci�c Invitation To Tender (ITT) (see Table 3.1);

3. Operating companies reply to TfL to show their interest in proposing;

4. TfL sends additional information to interested operating companies;

5. Operating companies build and submit their tenders;

6. TfL selects the winning tender based on the tender price and the tenderer's
technical skills. (see Table 3.2)

ITT Content

Route number(s)
Route description with the terminal points
Contract basis
Commencement date
Minimum Performance Standards and QSI threshold
Advertising rights
Schedule requirements with the �rst and last departure times, and the frequency

Table 3.1: ITT content.

Assessment criteria based on other services operated by the company

Safety
Mileage operated
Reliability of service
Engineering performance and quality
Contract compliance audits
Passenger comments

Table 3.2: Tender assessment criteria based on other TfL services operated by the
company.

3.1.2 Contracts

Contracts are speci�c for each route and state the service speci�cations (Table 3.3)
that the operating companies must meet(Transport for London, 2010). The contract
commits the operating company to an agreed number of vehicles, which imposes
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Speci�cations

Days of operation including the bank holidays
Vehicle type (double-deck bus, etc.) and their type of power
Frequencies of service
Minimum Performance Standards (MPS)
Timetable with the running times and the layover times
Operational considerations
Stopping arrangement
Time points and mileage
Advertising rights
Cost per mile
Total cost of the contract

Table 3.3: Contract speci�cations.

stated costs on TfL. It speci�es the length of the agreement, the commitment of
each party, and the conditions to terminate or extend the contract. The contract
also states the performance targets, the payment scheme with �nancial bonuses and
penalties, and the conditions to be met to extend the contract by two years.

Performance Metrics

TfL monitors bus operations to enforce the contract terms and because it is respon-
sible for delivering the best service to the public. Although it does not directly run
the operations, poor quality of service would a�ect its standing with the public.

Taking the passenger viewpoint, bus service quality can be measured based on its
characteristics such as speed, reliability, level of crowding, and completed mileage. In
London, reliability and delivered mileage metrics assess the performance of the op-
erating companies. Financial incentives encourage good reliability performance with
bonuses (or penalties) based on the di�erence between the actual performance and
Minimum Performance Standards, which are de�ned during the tendering process.
TfL ensures that the capacity is su�cient and monitors the bus commercial speed
at the network level. It should be noted that, unlike reliability, speed is not encour-
aged though �nancial incentives because it would jeopardize the key priority of safety.
However, providing �nancial incentives only for reliability but not speed might result
in impedance: heavily regulated routes may run slower as a result, which would neg-
atively a�ect the overall performance of the route from the passengers' perspective.

TfL distinguishes between high- and low-frequency routes based on the scheduled
frequency of the delivered service (see Table 1.2). Mileage and reliability performance
metrics di�er, depending on the type of route.

Completed mileage

All bus routes must meet the mileage performance targets de�ned by the Mini-
mum Performance Standards. The mileage performance is the percentage of the total
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scheduled mileage that is actually delivered. This �gure should be high enough to en-
sure good service but still allow for occasional disruptions. The minimum completed
mileage is typically greater than 95% for both high-frequency and low-frequency
routes. If the actual mileage is smaller than required due to sta� or mechanical
problem, TfL imposes a �nancial penalty on the operating company. If the mileage
is lost due to tra�c, then no �nancial penalty is applied.

Reliability

Reliability is assessed at all times of the day for all buses. Reliability is measured
at designated stops called Quality Service Indicators (QSI) points, which are spaced
along the route, in order to re�ect the rider's experience during a journey. TfL
de�nes and publishes QSI points in the invitation to tender so operators are aware
where the reliability assessment takes place. Typically, QSI points occur every three
to �ve stops along the route with an emphasis on important network nodes, such as
connections with the Underground or stops with signi�cant passenger activity. The
origin terminal is always a QSI point whereas the destination terminal is never a QSI
point. Reliability at the departure terminal impacts customer journeys as it would
at any other point on the route, except at the destination terminal because no one
boards the bus there. Moreover, the dispatching regularity at the origin terminal
greatly impacts the reliability of the entire route, and holding is most bene�cial for
passengers when done at the terminal (Fabian and Sa«chez-Marti«ez, 2017). Figure
4-8 provides the QSI points of Route 38 as an example. The assessment of reliability
is based on di�erent metrics for high- and low-frequency routes.

Reliability measure for low-frequency routes

Low-frequency route reliability is evaluated by adherence to the schedule at each
QSI point. A time interval around the scheduled departure time from the stop is
de�ned to categorize the actual departure times ason-time, late or early (See Table
3.4, Transport for London (2013)). The targeted performance is expressed as the
number of times the bus departures from the stops areon-time as a percentage of
all observations at all QSI points. Based on this de�nition, the average percentage
of on-time trips is computed on a quarterly basis and compared to the contractual
target.

Status Time window

< 2.5 mins early to � 5 mins late On-time
> 5 mins late to � 15 mins late Late

� 2.5 mins early and� 8 mins early Early
> 15 mins late Non arrival
> 8 mins early Non arrival

Table 3.4: De�nitions of time windows for low-frequency routes.
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Reliability measure for high-frequency routes

High-frequency route reliability is assessed on headway regularity rather than on
schedule adherence. TfL uses the Excess Waiting Time metric to measure headway
regularity by taking the customer viewpoint when waiting at stops. It is an aggregate
quanti�cation of the deviation of the observed headway from the scheduled headway.
The Excess Waiting Time (EWT) is computed for each QSI stop, as the di�erence
between the actual and scheduled waiting times (Transport for London, 2013):

� Schedule Waiting Time (SWT): de�ned as the time passengers would wait, on
average, if the service ran exactly as scheduled during the period of interest.
It is equivalent to half the scheduled interval between buses given a constant
scheduled headway.

� Actual Waiting Time (AWT) : de�ned as the time passengers wait, on average,
during the period under calculation. For a speci�c headway, this is equivalent
to half the observed headway.

� Excess Waiting Time (EWT): the di�erence between the Actual Waiting Time
and the Schedule Waiting Time. The EWT represents the amount of time
that a randomly arriving passenger had to wait in excess of the time that they
expected to wait based on the schedule.

The Excess Waiting Time is calculated for each completed hour. If the hour is not
complete based on the schedule or due to missing data, the EWT is not computed.
The computation of the hourly Excess Waiting Time follows these steps:

1. Calculation of the hourly Schedule Waiting Time, hSWT:

hSWT =

X

n

SHi � SHi

X

n

2 � SHi

where SH is the schedule headway, i represents an individual headway, n repre-
sents the total number of headways within the hour.

2. Calculation of the hourly Actual Waiting Time, hAWT:

hAWT =

X

n

OHi � OHi

X

n

2 � OHi

where OH is the observed headway, i represents an individual headway, and n
represents the total number of headways within the hour.

3. Calculation of the hourly Excess Wait Time, hEWT:

hEWT = hAWT � hSWT

If there is a missing result in either hAWT or hSWT or if one of them is set to
zero, the hEWT is not calculated for this hour.
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The aggregation of the hourly performance is similar for both high- and low-
frequency routes. Once the hourly measures are computed for a given route, direction,
time, and QSI point, these values are aggregated across locations and over time
(Transport for London, 2013).

Minimum Performance Standards

TfL sets Minimum Performance Standards (MPS) in the contract, which corresponds
to the minimum acceptable performance with respect to mileage and reliability that
the operating company is expected to deliver. The MPS setting depends on the route
and its operational challenges. Tables 3.5 and 3.6 below give two examples of MPS,
for a low- and high-frequency route respectively.

MPS Threshold

Reliability No less than 82% departing on time
Operated mileage No less than 98%

Table 3.5: Example of the performance requirements for a low-frequency route.

MPS Threshold

Reliability EWT no more than 1.10 min
Operated mileage No less than 98%

Table 3.6: Example of the performance requirements for a high-frequency route.

Financial Bonuses and Penalties

Based on the mileage and reliability performance, contracts also set the payment
terms. Financial bonuses or penalties modify the contract payment in favor of the
operating companies for good performance or in favor of TfL for poor performance.
The amount of bonus or penalty is calculated with respect to the MPS. Figure 3-1
explains the performance payment calculation.

� If the operating company performs better than the MPS, TfL pays a bonus to
the company. For each increment of good performance relative to the standard,
TfL pays 1.5% of the contract sum to the operating company. The bonus
payment is capped at 15% of the total contract sum. For high-frequency routes,
an increment is de�ned as an 0.1 min reduction in EWT compared with the
standard. For low-frequency routes, an increment is de�ned as a 2% increase in
on-time performance.

� If the operating company fails to deliver the MPS, then it pays a �nancial
penalty to TfL. For each increment of performance not delivered, the operating
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company pays 1% of the contract sum. Penalties are capped at 10% of the total
contract sum. For high-frequency routes, an increment is de�ned as an 0.1 min
increase in EWT. For low-frequency routes, an increment is de�ned as a 2%
decrease in on-time performance.

� In cases where there is no full increment in the performance, neither bonus nor
penalty is paid.

Figure 3-1: Financial payments for high-frequency routes.

Duration and Extension

TfL also rewards good performance through a contract extension from �ve years to
seven years. Extensions occur automatically when the operating company meets the
MPS and performs better than the speci�ed reliability threshold. The extension
threshold di�ers from the Minimum Performance Standard. For a low-frequency
route with the MPS of Table 3.5, the extension threshold is more than 86% of on-
time departure. For a high-frequency route with the MPS of Table 3.6, the extension
threshold is an EWT smaller than 1.10 min.

3.1.3 Scheduling

All routes have a schedule, which lays out scheduled times at stops, the total running
times in each direction, and the layover times at terminals. Figure 3-2 represents the
di�erent components of a bus trip:
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� Running time, de�ned as the travel time of the bus from terminal to terminal.

� Layover time, de�ned as the bu�er time or recovery time provided at the termi-
nal at the end of each run. The layover time accounts for disruptions and any
obstacle on the route that may extend the travel time of the bus. The layover
time is essential to avoid the propagation of delays from one trip to the next.

� Cycle time, de�ned as the total time to complete a bus round trip; it includes
the running times in both directions and the layover times at both terminals.

Figure 3-2: Running time, layover time, and cycle time.

The scheduling of a bus route is reassessed whenever a new tender occurs (every
�ve to seven years), both by the tenderers and by TfL separately. Schedule modi�ca-
tions during the contract can be implemented to address change in requirements such
as a change in tra�c conditions that prevents the operating company from running a
reliable service, or roadworks that necessitate deviating the route from its usual path.
During the tendering process, scheduling is done by the bidding operating companies
and TfL checks them against a set of speci�ed requirements.

Scheduling for the operating companies

TfL provides the current schedule to help operating companies assess current end
to end run times, build their own schedule, and plan for events such as holidays.
The schedule submission with the bid is a commitment to TfL that the operating
company can run the schedule with a performance satisfying the MPS. Operating
companies might need to change the running or the layover times to meet the required
performance but also want to minimize any increase in the cycle time of the bus.
Indeed, the cost of the contract is a major factor in�uencing the outcome of the tender,
along with other factors such as the vehicle requirements, the current performance of
the company, the driver change overs, the type of buses proposed, etc. To maintain
a price advantage, operating companies might be reluctant to increase the cycle time
because it directly leads to an increase in the number of vehicles, driver costs, and
maintenance costs. Hence, any cycle time increase results in an operational cost
increase for the company, and, as a result, in a tender price increase.
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TfL's assessment of the schedule

During the tendering process, TfL assesses if the schedules proposed by the operating
companies meet their requirements, for instance in terms of service frequency. The
Bus Tendering and Evaluation team assesses the proposed schedules by comparing
them to both the schedule and the actual performance of the current service. Any
major di�erence between the actual service and the proposed schedule is highlighted,
which usually happens when the actual running times of the current service are higher
than the proposed schedules, for reasons that are outside of the operating companies'
control.

During the contract, the team relies on their expertise to assess the schedule, using
the following indicators to verify that the allocated time in the schedule is correctly
set:

� total travel time;

� layover time;

� on-time performance for low-frequency routes and theEWT performance for
high-frequency routes.

The running time is typically considered to be well de�ned if the observed mean
running time is close to the scheduled running time. If the running time is systemati-
cally higher than the schedule during a certain time period, the team might investigate
the reasons. If the reasons are beyond the operator's control such as congestion, TfL
might decide to increase the running time. The team also looks at the actual layover
time to assess if the there is enough bu�er time in the schedule: if the actual layover
is typically considered well-de�ned if it is positive.

The Bus Tendering and Evaluation team also uses the reliability performance to
gain information about the operating company's ability to run the route smoothly.
Typically, if reliability is poor, the team might decide to increase the schedule running
time or the layover time to enable more reliable service. Unreliability can stem from
a schedule that is too tight and thus prevents trips being completed in the scheduled
time, or the unreliability can stem from a lack of bu�er time at the terminal, espe-
cially during congested times of day. Hence, the team might consider adjusting the
scheduled running times and/or layover times.

Thus, if the average observed running time of the route is close to the scheduled
one, the actual layover time is positive, and the route reliability is good, the schedule
of the route is considered to be correctly set. If these criteria are not met, TfL might
allow for more running time or layover time and/or in the schedule, or in rare cases,
tighten the schedule.

3.1.4 Vehicle requirements

The number of busesn necessary to operate a route with a given headwayh depends
in its cycle time c: n =

l
c
h

m
. This ratio is rounded up.
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TfL de�nes the Peak Vehicle Requirement (PVR) for each bus route, which cor-
responds to the maximum number of vehicles that are necessary to run the route at
all times. The required vehicle number is calculated for each time period (Table 3.7)
and the PVR is set to its maximum value, which can correspond to one, or more,
time periods. Each vehicle incurs a �xed cost and a marginal cost of use, thus the
PVR plays an important role in the tendering process because the lower the PVR,
the lower the contract cost.

Period Day Time interval

AM peak weekday 7 - 9am
AM interpeak weekday 9am - 1pm
PM interpeak weekday 1 - 4pm
PM peak weekday 4 - 6pm
Evening weekday 6 - 11pm

Table 3.7: Time periods of bus operations de�ned by TfL.

3.2 Controlling Bus Operations

This section highlights the importance of control actions to deliver the best service to
customers. Route controllers play an important role in maintaining the reliability of
the route through the use of regulatory actions. TfL provides guidelines for the use
of the regulatory actions to ensure that these actions bene�t customers, and monitors
the performance of the operating companies.

3.2.1 Controller's role

In most cases, operating companies use a control center to manage their routes in
real-time; although some operating companies might still monitor their routes on
road. In the control center, each controller supervises several routes. His/her role is
to ensure that operations proceed smoothly and to intervene and provide solutions
in case of disruptions. Examples of disruptions are mechanical break-downs, driver
absences, curtailments, accidents involving one of the buses, and late running buses.
Controllers use real-time information about the locations of buses to monitor the
routes. They communicate directly with drivers by text message or the radio. In
case of large disruptions, they communicate with TfL network-wide control center to
coordinate the mitigation. A parallel task for route controllers can be controlling the
route reliability performance.

Consider a headway-managed route with a gap between two vehicles. The gap can
be due to multiple causes: congestion, a fast driver for the lead bus or a slow driver
for the following bus, a long dwell time at the stop due to heavy passenger activity,
etc. When observing such a gap in the service, the controller may decide to contact
the bus ahead of the gap to ask the driver to slow down. The controller can specify
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if the driver should hold at a particular stop or ask to lose a certain amount of time
by the time he/she reaches a speci�c stop.

Hence, controllers play a key role in maintaining the reliability of bus routes. Of
course, the �nancial incentives rewarding the operating companies for good reliability
performance, encourage close reliability control. However, regulatory actions imple-
mented to maintain reliability may increase passenger travel times. The full bene�t of
controlling the route and improving reliability is achieved when speed and reliability
are balanced so as to jointly provide the maximal utility for passengers.

Furthermore, drivers have access to Mobile Data Terminals, which inform them
about the headway with the bus ahead of them, and they are aware that a constant
headway should be maintained. However, the device does not inform them about the
headway with the following bus. This partial information does not necessarily help
drivers take the right decisions. For instance, if the headway with the bus ahead is
a small but the following headway is even smaller, the driver might hold because he
does not know about the location of the following bus. In this case, the decision to
hold will not result in even headways. This is where the controller has to intervene
since (s)he has more complete headway information.

3.2.2 Performance Monitoring by TfL

Within the Bus Performance Management team, Performance Managers, also called
Account Managers, are responsible for all aspects of the operating companies ac-
counts. They monitor reliability, completed mileage, speed, and curtailments, among
other aspects of performance. If the schedule needs to be modi�ed, the performance
manager can propose changes, which need to be approved by the Bus Service Meeting
composed of the executives of London Buses before being transmitted to the operating
company. The performance managers are responsible for most of the communication
with the operators. The performance managers aim at ensuring that the best service
is delivered to customers; thus, they monitor the balance between speed and reliabil-
ity. Because a key priority for TfL is safety on London roads, the balance between
speed and reliability should not compromise safety.

3.3 Impedance on the London Bus Network

Section 3.3.1 discusses the concern about possible impedance on the London bus
network. Section 3.3.2 looks into the case of a bus funded by an operating company
and questions the motivation to fund an extra bus. Section 3.3.3 investigates how
impedance can be embedded in bus schedules and Section 3.3.4 discusses the impact
of reducing impedance on bus operations.

3.3.1 Concerns about Possible Impedance

Several indicators underpin the concern about possible impedance on the London bus
network: slow commercial bus speeds, very high reliability, customer complaints, and
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TfL sta� expertise and riding experience. Each indicator is discussed below:

Slow commercial bus speeds

From 2014 to 2016, TfL experienced decreasing average commercial bus speeds on its
network: from 9.7 miles per hour in 2014 to 9.3 miles per hour in 2016 (See Figure
3-31). This decrease in speed has raised the concern about whether impedance is a
contributing factor. Certainly, impedance is not the only possible explanation for the
speed decrease. Indeed, increasing congestion could reduce bus commercial speeds.
TfL implemented a Road Modernization Plan (RMP) in 2014, leading to many road
works and modernization of bridges, and tunnels, among others. In addition, the
City of London has allocated more road space to bicycles and pedestrian movement,
which resulted in some narrower roads. Both events created congestion in the city
due to the reduction of road space available for tra�c and diversions.

Figure 3-3: Evolution of the network commercial bus speeds at Transport for London
(Transport for London, 2019).

In order to accommodate bus operations during the RMP, mitigation strategies
were implemented. Mitigation strategies include adding more vehicles to the route,
widening headways, diverting bus routes around work areas, and curtailing buses,

1The x-axis label shows the thirteen 4-week periods of the year, starting in January. The grey line
is the average bus commercial speed of the period, the green dashed line is TfL 9.2 mph network-wide
bus speed objective, and the red line is the 13-period moving average.
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among others (Luce, 2017). Mitigation strategies that try to maintain service qual-
ity close to the prior one to preserve customer satisfaction usually involve increased
resources, and thus higher costs of operating the route. Adding more vehicles helps
maintain headway regularity despite longer cycle times due to the road works. Di-
verting the bus route might also require more vehicles to account for longer cycle
times. These adjustments on the bus network result from a dialogue between TfL
and the operating companies. At the time of launching the RMP, a lower average
speed on the network was expected.

Once the road works of the RMP were completed, mitigation of bus routes was
no longer needed, and TfL tried to return operations to normal in order to remove
the additional cost of mitigation. Returning to the original operational plan involved
reducing the number of vehicles where vehicles had been added, or increasing the
frequency if the headway had been increased. Despite these e�orts to reduce the cost,
it is uncertain that operations reached an optimal state: there could be remaining
slack time in the schedule or in the cycle time or a higher number of vehicles than op-
timal. Although this outcome is uncertain, this possibility contributes to the concern
of possible impedance on the network.

The RMP was completed in most parts of the city in 2017. Therefore, the city
of London is relieved from the additional congestion caused by the road works and
should also bene�t from improved tra�c �ow. Overall, the end of the road works
and the improvements resulting from the RMP were expected to increase the average
tra�c speed. However, latest reports show little recovery in the average bus speeds
despite fewer road works.

Very high reliability performance

Besides the decrease of bus commercial speeds on the network, another trend has been
observed: very high reliability performance at the network level, even better than
speci�ed in the MPS. For high-frequency routes, the annual average EWT has been
reduced from 1.09 in 2014/2015 to 0.95 in 2018/2019 (See Figure 3-4). This represents
a signi�cant decrease in this measure, re�ecting real improvement in reliability based
on this metric. For low-frequency routes, the percentage ofon-time trips increased
from 81.9% in 2014/2015 to 82.2% in 2018/2019 (See Figure 3-5). While better
reliability is good, it raises the concern of whether it comes as a result of lower bus
speeds.

Customer complaints

Customer complaints about slow buses and low bus speed have alerted Transport for
London about possible impedance. There are three channels available for customers
to express their dissatisfaction:

� web form on the TfL website for customers to make complaints;

� phone, email, and letter;
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Figure 3-4: Evolution of the network Excess Wait Time of high-frequency routes.

Figure 3-5: Evolution of the network On-Time performance of low-frequency routes.
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� social media, particularly Twitter.

TfL records complaints about slow or held buses, both through their portal and on
Twitter. On average, TfL records from a couple to a handful of Tweets per week and
receives on average around 20 complaints per month about slow buses. TfL monitors
and records such complaints from all sources, although tweets might have missing
information such as the number of bus route.

TfL sta� expertise and riding experience

In addition to customer complaints, TfL sta� use their expertise and their experience
as riders to assess the service, noting occurrences of holding and slow bus opera-
tions. Although their riding experience might not be representative of the entire bus
network, it contributes to the concern about possible impedance.

Summary

Several indicators contribute to the concern of possible impedance:

1. decreasing bus commercial speed on the network over the years even after the
completion of the Road Modernization Plan - although such decreases can have
many other causes such as an increase in congestion.

2. good reliability performance that is incentivized by the contract structure be-
tween TfL and the operating companies.

3. customer complaints about slow buses - although such complaints would also
exist without impedance when reliability is maintained using regulatory actions.

4. sta� expertise and riding experience.

This paragraph enumerates observations that raise the question of possible impedance.
However, these are simply concerns and are certainly not proof that impedance is oc-
curring.

3.3.2 Additional Bus funded by an Operating Company

Impedance can stem from an overemphasis on reliability to the detriment of speed.
Running the route with a number of vehicles greater than what is strictly necessary
makes such an overemphasis possible. The number of vehicles required to operate
is equal to the cycle time divided by the headway; thus, given a constant headway,
increasing the �eet of operating vehicles by one unit results in a cycle time increase
of one headway. TfL de�nes the minimum bus frequency in the ITT and operating
companies propose the cycle times and the number of buses needed to operate. If
operating companies add a bus to the TfL-designated �eet, maintaining reliability
becomes easier. Indeed, the extra time could be dedicated to increase the layover
time which increases the chance that buses depart on-time from the terminal for their
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next trip. Or, the extra time allows more use of regulatory actions (such as holding)
that can improve reliability, but can also slow down the route because it increases the
bus travel time. The route will be slowed down only when the additional cycle time
results in an increase in the travel time; if only the layover time increases, it will not
create impedance.

This section discusses the economic rationale for adding a bus to the �eet for an op-
erating company, speci�cally addressing the question: could the cost of the additional
bus be o�set by �nancial bonuses resulting from improved reliability performance?

Types of bus

The contract between the operating company and TfL states the PVR. The funding
provided by TfL for the bus �eet depends on the type of bus assigned:

� If the buses are standard single- or double-deck vehicles, the operating company
purchases new buses at the start of the contract - typically TfL requires speci�c
types of vehicles, which generally force the operating company to acquire new
buses at the beginning of a contract. Buses are used for the length of the
contract, �ve or seven years. Once the contract ends, the operating company
sometimes refurbishes or moves the vehicles to other routes or sells the vehicles
and thus recoups some of their cost.

� If the vehicles are New Routemasters, the operating company leases them from
TfL. The New Routemaster has a design that di�ers from standard buses, and
so generally they cannot be sold to other parties at the end of the contract. TfL
decided to own these buses and lease them to the operating companies so they
do not have to purchase them directly. As a result, the operating companies do
not have any �xed costs incurred but pay a lease cost and the marginal cost of
operating them.

The economics of an additional bus

If an additional bus is funded by the company, it raises the question of the underlying
economic rationale given the additional cost incurred by the operating company. This
additional cost could potentially be o�set through additional income from the �nancial
incentives if this vehicle contributes to signi�cant improvement in route reliability.
Better reliability improves the EWT performance and thus, reduces the penalty, or
increases the bonus awarded, to the operating company. Either a reduction in penalty
or an increase in bonus will increase the operator's income. However, it is not obvious
that the revenue generated by an additional bus will compensate or exceed its cost.

Let us take a general example to illustrate the uncertainty about the economic
rationale for adding a bus funded by the operating company and highlight some
circumstances where it might make economic sense. In the case of a standard bus,
as distinct from a New Routemaster, TfL estimates the �xed cost of the bus to be
approximately $ 250,000 per year including fuel cost, maintenance cost and driver
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cost. In the case of a New Routemaster, the cost to lease the vehicle from TfL,
without any fuel or driver cost, is $ 20,000 per year.

The marginal income generated by the additional bus comes from the �nancial in-
centives for reliability. For a high-frequency route, the �nancial bonuses and penalties
are assessed in increments of 0.1 min of EWT. Thus, in order to generate more income
from better reliability, the improvement in reliability must result in a jump from one
increment to another in the yearly average EWT. Such a reduction in EWT seems
signi�cant compared to the order of magnitude of the MPS of 1.1 min. Moreover, it
is di�cult to assess the marginal impact of one extra bus on reliability. The revenue
resulting from an EWT increase could be due to any of the following:

� if the operating company is already paying a penalty to TfL, then, an improve-
ment in the reliability performance to the next EWT multiple of 0.1 reduces
the penalty by 1% of the contract amount.

� if the operating company is already receiving a bonus from TfL, then, an im-
provement in the reliability performance to the next EWT multiple of 0.1 in-
creases the bonus by 1.5% of the contract amount.

In the best case, the additional bus helps the operating company increase its rev-
enue by 1.5%. The total annual contract cost should then be greater than$ 16,700,000
to o�set the cost of the additional bus as estimated above. The annual route contract
sum in London is usually smaller than this amount; thus, this scenario does not seem
to indicate that adding a bus is pro�table for operating companies.

However, if the vehicle is a New Routemaster leased from TfL instead of a standard
vehicle owned by the operating company, the incurred cost for the operating company
is signi�cantly smaller: the yearly cost is the cost of the lease,$ 20,000, and the
additional costs such as driver and fuel cost.

In addition, if the operating company has an idle bus available in the garage, it
might propose to TfL incorporating it into the vehicle �eet. In this case, the full cost
of buying the vehicle would not apply, and it might justify the additional bus. This
is the most common scenario on the TfL bus network.

As a result, it is di�cult to show the pro�tability of funding one extra bus for an
operating company, because, �rst, assessing the gain in reliability of adding one bus
is di�cult, and, second, slight di�erences in the situation can change the pro�tability
for the operating company.

3.3.3 Setting the Schedule

The schedule plays an important role in the potential presence of impedance on a
route. If the schedule is tight or well de�ned, there is no potential for impedance
because there is no time that can be used to overexercise service regulation. Con-
versely, a loose schedule allows the extra time to be allocated to additional regulatory
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actions that might not be necessary. Impedance can potentially happen when sched-
ules are loose. Thus, knowing the procedure to set the schedules is key to understand
impedance, its impact and possible mitigation.

Figure 3-6 shows the di�erence between the distributions of the running times
of an impeded and an unimpeded route from terminal to terminal of a route. The
unimpeded route has a well-de�ned schedule, in which the running time includes the
time to implement necessary regulatory actions that help maintain reliability. The
impeded route has a mean running time greater than the unimpeded one because
the unnecessary regulatory actions increase the travel time. Di�erent hypotheses
about the di�erence in the spread of the running time distributions exist. One can
hypothesize that the variability of the running time decreases with impedance because
the regulating actions reduce the lower tail of the distribution but not the upper
tail. The impeded distribution contains both the necessary and additional regulatory
actions to maintain reliability.

The schedule is proposed by the operating companies during the tendering process
and the Bus Tendering and Evaluation team con�rms that it meets the requirements.
This section discusses the potential presence of impedance in the running and layover
times.

Figure 3-6: Running time distribution with and without impedance.

Impedance could be embedded in running times

The TfL tendering process is designed to ensure competitive procurement of bus oper-
ations. However, this might not be su�cient to ensure that the schedules are e�ciently
designed. Because operating companies submitting tenders base their analysis on the
current schedule, they are not aware of any potential longer-than-necessary scheduled
travel times due to impedance. Operating companies would take a risk proposing to
TfL to tighten the schedule as it may result in poor operations. Moreover, the op-
erating company currently running the route might be aware of the impedance but
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tightening the schedule would be against their business interests because it would de-
crease their reliability performance and reduce their bonus as a consequence. Thus,
the current operating company might not want to propose a tighter schedule in their
tender.

TfL does not know when the schedule contains impedance because it does not run
the operations. Indeed, comparing the actual and scheduled total running time might
not be su�cient when impedance and route regulation, which slow down some buses,
are built into operations. Furthermore, TfL does not speci�cally look into improving
the schedules because this task is the responsibility of the operating companies in the
tendering process. If TfL was to reduce the running time of the route, it would also
need strong evidence to overcome the opposition of the operating companies. Thus,
TfL is unlikely to propose to tighten the schedule, unless the presence of slack can be
clearly shown.

As a result, neither TfL nor the operating companies are likely to tighten the
schedule. Thus, from tender to tender, if impedance has been built into the schedules,
it will be di�cult to identify.

The actual layover time does not help detect impedance

Layover is decided based on operating conditions such as the length of the route, if
the route goes through town centers, its current performance, with the aim to use the
least amount of buses possible to provide a good service. The actual layover time,
especially during the PM peak, is used to evaluate whether the scheduled layover time
is correctly set: if it is positive, the layover is considered to be su�cient.

However, this method to assess the scheduled layover time does not detect po-
tential impedance. Indeed, if buses are being over-regulated, the running time may
still be close to the scheduled running time and the actual layover time positive, but
the scheduled running time may be larger than necessary, as shown in Figure 3-6.
Moreover, limited stand capacity at a terminal can arti�cially decrease the layover
time and increase the running time because buses wait and hold at the stop before
the terminal until the stand is free. The layover time does not include this waiting
time close to the end of the route; however, this waiting time actually is a form of
bu�er time and should be included in the observed layover time. Including the dwell
time at the stop before the terminal to the layover time would contribute to take this
form of layover time into account. Hence, TfL's current measure of looking if the
actual layover time is positive does not measure if the route is performing with the
best balance between speed and reliability for passengers.

3.3.4 Possible Side-E�ect of correcting an Overemphasis on
Reliability

Impedance stems from favoring reliability in the balance between speed and relia-
bility. Thus, routes incorporating impedance are likely to have very good reliability
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performance. If impedance was to be reduced, or eliminated, the immediate conse-
quence would be a decrease in the reliability of the route, and an increase in the bus
commercial speed. If impedance decreases, the frequency and the impact of regula-
tion will also decrease: bus will go faster and hold less at stops. The route reliability
will be less closely controlled and the priority on reliability in the controller's eyes
will also decrease. TfL should expect a reduction of impedance to have a negative
impact on reliability, although it will help achieve the best balance between speed
and reliability for customers.

Multiple measures can be taken to correct for an overemphasis on reliability.
Adding a �nancial incentive on speed is not an option because such an incentive
runs contrary to the safety priority of the agency: an incentive on speed increases the
driver stress and might lead to a greater risk of accidents. However, TfL is explor-
ing new metrics that assesses journey time reliability from the passengers' viewpoint.
This work does not explore strategies to correct an overemphasis on reliability.

3.4 Conclusion

As discussed in Chapter 1, the balance between speed and reliability is critical if the
agency is to deliver the best service to its customers. TfL has two main concerns
related to possible impedance. First, it can decrease customer satisfaction: the frus-
tration of sitting in a bus going slower than tra�c or being held at a stop without
apparent reason and the increase of travel time due to slower operations. Customer
discontent can lead to travelers switching away from bus, or even from all public
transport, resulting in loss of patronage , and hence of revenue, for TfL. The second
concern for TfL is operations cost. Faster operations could require fewer buses and
less driving time to provide equivalent service: savings could arise from eliminating
impedance. Hence, the investigation of impedance is important and its mitigation
could bene�t TfL and the public.

Impedance is likely to stem from the contract structure between TfL and the
operating companies because it heavily emphasizes service reliability by providing
signi�cant �nancial incentives and penalties depending on operating performance.
Regulating actions used to improve reliability, either driving slow or holding at bus
stops, result in a general slowing down of the route. Looking at the e�ects of these
incentives in terms of speed and e�ciency in the schedule is key for TfL.

Furthermore, it is important to note that correcting any overemphasis on reliabil-
ity will inevitably lead to a deterioration of the network reliability, hopefully to the
bene�t of speed, and to the greater bene�t of customers.

64



Chapter 4

Analyses

4.1 Introduction

Chapter 3 explained the concern about impedance for TfL, a phenomenon charac-
terized by actions that result in slowing down bus service. Public transport agencies
would prefer not to have impedance in their bus operations because it leads to cus-
tomer dissatisfaction and additional operating costs compared to unimpeded, thus
faster, bus service. Detecting impedance is important because it constitutes a �rst
step towards its mitigation: this chapter explores data-driven approaches to �nd
evidence of impedance using the London bus network as a case study.

Impedance stems from an overemphasis on reliability, thus it manifests itself
through actions implemented to regulate routes. (1) Holding at stops longer than
necessary to meet passengers' needs and (2) driving slower than tra�c conditions
and safety allow are two manifestations of impedance, with the real phenomenon
likely to be a mix of the two.

Holding

Holding happens when the driver dwells at stops after all passengers have boarded or
alighted, or makes a stop when not required by passenger activity. Detecting holding
requires both dwell time and passenger activity data because the passenger activity
data is necessary to explain the required duration of the dwell time.

However, assessing the dwell time required for passenger activity will inevitably be
imprecise because the dwell time can vary signi�cantly based on individual passengers'
needs, some passengers needing signi�cantly more time to board and alight than
others. For example, people in wheelchairs, the elderly, and passengers with strollers
will often need a longer-than-average time to board and alight. Passengers asking
questions, tourists, or passengers paying with paper tickets can also contribute to a
longer-than-average dwell times. One di�culty when relating the dwell time to the
passenger activity is that no information on individual passengers' needs is available
in the data.
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Importantly, operators also use holding for route regulation that are not impedance:
for instance, while waiting towards the end of the route for space at the terminal stand.
In this case, holding the bus is necessary and justi�ed. But, again, the reason for
such holding is cannot be easily inferred from the data.

Driving slow

Driving slower than tra�c conditions and safety allow can manifest itself through
driving signi�cantly slower than the speed limit or prevailing tra�c, accelerating and
decelerating slower than necessary, slowing when approaching a green light in order
to "catch" a red light, facilitating car entry into the tra�c �ow, etc. These multiple
manifestations make it di�cult to identify driving slow. In addition, buses can be
moving slowly due to reasons other than impedance, such as congestion, or crowding
on the bus with many passengers standing that might require slower operations.
Combining di�erent data sources would be necessary to �nd the reasons for reduced
bus speeds.

Two di�erent methods can be considered to identify driving slow with a data-
driven approach: (a) comparing speeds of buses on the route of interest with the
speed of buses on other routes on the same streets and (b) comparing bus speeds
to tra�c speeds. The �rst comparison requires only AVL data (available to TfL).
However, it could only be applied on segments with dense bus tra�c where multiple
bus routes run on the same streets. The second avenue requires tra�c data to �ag
congestion, which justi�es slow moving buses and variability in running times.

To summarize, the two main manifestations of impedance are holding and driving
slow and impeded operations might well involve both. Figure 4-1 represents the
di�erent manifestations of impedance and the data requirements to carry out analyses
to detect it. Although impedance can imply holding and/or going slow, the reverse
is not true: buses could be held or go slow for various other reasons. One of the
challenges is to identify when these manifestations are actually due to impedance.

Figure 4-1: Manifestations of impedance and data requirements.

Section 4.2 presents the data available to detect impedance. Sections 4.3 presents
three exploratory analyses to understand route behavior: the change in contract and
its impact on running time for Route 38, the use of the Google API to obtain tra�c
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speeds to compare with bus speeds, and the use of holding announcements by drivers.
Section 4.4 analyses trip times on three selected routes to prepare for the development
of a decision-support tool to detect impedance.

4.2 Data

Detecting impedance requires dwell time and passenger activity data to identify hold-
ing and bus speed and tra�c speed data to identify slow driving (See Figure 4-1).
The dwell times and the average bus speed between stops are available through the
Automatic Vehicle Location (AVL) data available to TfL. The Automatic Fare Col-
lection (AFC) data, which is also available to TfL, provides passenger activity data.
In addition, records of announcements made on buses �agging bus holding are also
investigated in this research.

4.2.1 Automatic Vehicle Location (AVL) data

The Automatic Vehicle Location (AVL) data provides bus locations over time (see
Table 4.1). The schedule provides the departure time at the stop, but not the arrival
time. Hence, the schedule does not include a speci�c dwell time. The observed
headway gives the time interval between the departure time of the previous bus and
the departure time of a given bus at a speci�c stop.

Field Precision of the measure

Route number
Stop number and name

Trip number
Scheduled departure time to the minute

Observed arrival time at stop to the second
Observed departure time from stop to the second

Observed headway to the second

Table 4.1: AVL data.

Data generation

In operations, a system records many types of events happening on the bus and
generatesStatistical �les, also called SAF �les. The SAF �les are processed to produce
the AVL data. The on-board system records all information in chronological order.
Table 4.2 shows an example of the recorded �elds.

A �le is created every time the vehicle is turned on and is closed when turned o�.
Hence, each active bus produces at least one �le per day. Files are uploaded when
the bus returns to the garage at the end of service, which generally happens every
day but could take up to three days. Thus, this information is not available in real
time.
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Field Description

Vehicle identi�cation number
Date
GPS records generated every 1 to 2s
Vehicle speed
Longitude and latitude
Halt event speed slower than a threshold value
Stop Zone Event entry or exit from a stop zone
Door Event doors opening or closing
Dispatcher Action Event use of the dispatcher
Headway reception
Driver command activation of a command by the driver
Voice call events
Electronic Ticketing Machine (ETM) in-
formation

Table 4.2: Example Statistical Files �elds.

The processing of the SAF �les to create the AVL database requires the application
of logical rules. For instance, to �nd the bus arrival and departure times at stops,
the software uses the combination of the following types of events:

� Stop Zone Event: the bus enters and then exits the stop zone;

� Halt Event: the bus is going at low speed;

� Door Event: the doors are opened and closed.

In the best case scenario, records contain all three events. In this case, the logical
rule associates the �rst record of the door release with the observed arrival time at
the stop and the last record of door lock with the observed departure time. Logical
rules also account for missing records or events logged more than once in the SAF
�les. These mitigating rules generate a comprehensive data set but introduce some
inaccuracy in the AVL records. For instance, if no record of stop zone entry or exit
is found, arrival and departure times are set to be equal. Thus, the AVL data output
indicates that the bus did not make the stop even though the bus may, in fact, have
stopped. Another example is that if only the stop entry record is missing and at least
one record of door movement is logged, then the arrival and departure times are set
equal to the time of the stop exit and not of the door event.

Data accuracy

A Dwell Time Modeling study (Steer Davies Gleave, 2015) by the consulting �rm
Steer Davies Gleave (SDG) commissioned by TfL concluded that the AVL database
overestimates dwell times at stops. SDG implemented a manual on-board survey to
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record dwell times and passenger activity on four bus routes. The study found dis-
crepancies in dwell time between TfL's AVL database and their manual observations.
Based on this study, the AVL database appears to overestimate dwell times by 2 to
14s (Figure 4-2).

Figure 4-2: Comparison of TfL's AVL data and SDG's survey data (Steer Davies
Gleave, 2015).

The logical rules of the process to mitigate the SAF �les missing data problem
create some inaccuracy in the AVL data. No measurement of the frequency of incom-
plete records exists, which makes it di�cult to quantify this inaccuracy. It seems that
the AVL database overestimates dwell times at stops. Such inaccuracy can greatly
impact any analysis using the AVL data, in particular when dwell times at speci�c
stops are required.

Despite these limitations, the multiple events and GPS records make the SAF �les
interesting for impedance detection. However, the structure and the size of the SAF
�le makes it di�cult to use this data for analysis. As a result, this research uses the
AVL data for analysis rather than the raw SAF �les.

4.2.2 Automatic Fare Collection (AFC) data

TfL's smart card, the Oyster card, produces a record of of every tap-in on a bus.
Because passengers do not need to tap when exiting the bus, the raw smart card data
does not contain information about the alighting stops. The passenger boarding data
associates each tap with the date, time, and vehicle identi�cation number and the
alighting stop is inferred with an algorithm (Gordon et al., 2013). Table 4.3 shows
the content of the AFC data.
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Field

Boarding time-stamp
Alighting time-stamp
Origin stop
Destination stop
Destination inference explanation

Table 4.3: Fields of the AFC data.

Data generation

Speci�c rules are applied to associate each tap with the origin bus stop. TfL uses
the Origin Destination Matrix (ODX) algorithm to build the AFC database. Wang
(2010) and Wang et al. (2011) presented a method to infer the origin and destination
stops of a bus trip based on fare transactions. Gordon (2012) and Gordon et al.
(2013) built on Wang's and other previous inference work to re�ne the inferences of
origin and destination in open fare system bus services.

TfL's AFC data contains both origins and inferred destinations of bus trips. The
origin stop is known from the tap-in and the destination is inferred using the next
tap-in record for that smart-card.

Data accuracy

For more accurate information on the actual number of boarders, the recorded tap-
ins can be scaled to account for paper tickets and fare evasion. The origin inference
using the Oyster data is reliable: Gordon (2012) could infer 96% of origins over a
ten day sample. The rate of successful destination inference is around 80%: Gordon
(2012) could infer 76% of destinations over the same ten day sample. The destination
inference provides substantial gain on the alighting location in most cases.

4.2.3 Records of on-Board Announcements

The SAF �les also contain information on on-board announcements. An on-board
system enables drivers to broadcast recorded voice messages on the bus for speci�c
purposes. One message informs passengers that the bus is holding at the stop to
regulate the route with the following message"Bus will wait here for a short time to
regulate the service". The software associates each message with its time-stamp, GPS
coordinates, and the vehicle identi�cation number. These announcements �ag times
when buses are held for regulating purposes, which could help detect bus impedance.

Data accuracy

The time-stamp is precise (to the second) and reliable. However, inconsistency in the
Bus will wait (BWW) announcements was observed in the analyses. For instance,
the GPS records for some announcements occur away from any bus stop. Another
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example is that holding announcements do not always fall into the dwell time recorded
in the AVL data, which might be partly explained by the inaccuracy of the AVL dwell
times mentioned earlier.

Furthermore, the initiation of an announcement depends on the driver and the
guidelines of the operating company. Analyses found that the dwell times from the
AVL data associated with the BWW announcements have a large span: there could
be a zero dwell time recorded or the recorded dwell times spread from a few seconds
to several minutes. The AVL-recorded zero dwell times associated with the record of
an announcement may be due to the AVL inaccuracy. In cases where the recorded
dwell time associated with an announcement is very small, it is di�cult to explain
why the driver initiated the announcement, thus, it is uncertain if the BWW data is
accurate.

To summarize, the AVL data provides information about the dwell times, whose
accuracy might be a concern for detecting holding at stops. The AFC data provides
information about passenger activity and the on-board announcements highlight some
holding occurrences. This research explores the detection of impedance based on
these data available to TfL. Detecting driving slow necessitates tra�c speed data:
the di�erent tra�c speed data sources are discussed in Section 4.4.2.

4.3 Route Selection

This research focuses on high-frequency routes because it assumes that the mitigation
of impedance might have a greater impact on high-frequency than low-frequency
routes. Three high-frequency routes were included in the analyses. This section
presents the criteria used to select the routes and their characteristics.

Route Selection Criteria

The following criteria were used to select three high-frequency routes:

� frequency;

� complaints of slow buses;

� operating company;

� number of holding announcements per mile;

� TfL knowledge.

The selected routes should also represent di�erent types of high-frequency routes
on the London bus network in terms of frequency ranges, locations, and operat-
ing companies and, second, di�erent levels of possible impedance by looking at the
variables re�ecting the concern about impedance: the customer complaints and the
overemphasis on reliability, which can be translated into a heavily regulated service
with holding announcements.
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Multiple bus routes met the selection criteria, thus the route choice could have
been di�erent but still serve the same purpose.

Route Characteristics

Table 4.4 summarizes the characteristics of the three selected routes: 38, 328 and
36. Figure 4-3 shows the map for Routes 38 and 328, and Figure 4-4 the map for
Route 36.

The frequency of service of the three routes covers a representative range for the
London bus network. Route 38 runs cross-town and has a high frequency of holding
announcements per mile; an hypothesis is that Route 38 could have impedance. Route
328 and 36 are radial routes running in di�erent areas.

The three routes operate with di�erent types of vehicles. Route 38 uses New
Routemaster buses, which have three doors, at the front, in the middle, and at the
end of the bus, and passengers can board and alight at any of these doors. Route 328
and 36 operate with regular double-decker buses, which have a front and a middle
door.

Characteristics Route 38 Route 328 Route 36

Direction Victoria Station - Limerston Street - Claremont Road -
Clapton Pond Golders Green New Cross Bus
(Hackeney
Central)

Station Garage

Operating
company

Arriva North
London

Tower Transit London Central

Type of route Cross-town Radial Radial
Type of vehicle New Routemaster Double-decker Double-decker
Headway 2-7min 6-15min 3-13min
Frequency of
holding
announcements
per 1000 miles

55 29 36

Resources funded
by the operator

One additional
vehicle

Table 4.4: Route characteristics.

4.4 Exploratory Analyses

This section describes analyses that explore the manifestations of impedance on the
London bus network. Section 4.3.1 looks into the changes in contract speci�cation
for Route 38 and investigates the relationship between the changes in frequency and
PVR and the total travel time on the route. Section 4.3.2 explores the feasibility of
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Figure 4-3: Routes 38 and 328.
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Figure 4-4: Route 36.
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using the Google API as a source of tra�c speed data for bus travel times. Section
4.3.3 analyzes the on-board holding announcements that �ag holding implemented
speci�cally to regulate the route.

4.4.1 Contract Changes on Route 38

Impedance could extend the running time of a route due to regulatory actions that
slow down buses. There are two possible scenarios where the running time is longer
than necessary: �rst, if the schedule is well-de�ned, the running time is greater than
scheduled and buses use the layover time to recover, or, second, the schedule is loose
with a scheduled running time longer than necessary. This analysis explores if a
reduction in the cycle time caused by a reduction in the PVR acts as a constraint for
an operating company to reduce its running time. This section examines the contract
changes on Route 38 as a case study, where the new contract tightened the cycle time.

Contract changes

Contract changes can incorporate changes in PVR and in frequency and impact the
cycle time as a result. This analysis investigates if the running time changes due
to a tighter scheduled cycle time implemented with the contract change, using the
example of Route 38.

In March 2014, TfL increased the PVR for Route 38 by two buses to address the
roadworks at Tottenham Court Road. In April 2016, TfL introduced wider schedules
to mitigate roadworks within the Road Modernization Plan (RMP), while keeping
the two additional buses for mitigation in the �eet. On September 24, 2016, TfL
introduced new contract schedules ahead of the contract change in November 2016;
these schedules reduced the frequency of service and still included two buses for
mitigation but stopped incorporating extra time for the RMP mitigation. Instead,
on November 12, 2016, the next contract incorporated a third mitigation bus funded
by the operating company, in addition to the two previous ones, aimed at mitigating
the RMP works. The funding for two of these buses came from TfL and the third bus
from the operating company. In November 2017, TfL terminated the use of the three
additional buses in the schedule. The operating company was not able to update the
schedule at that time so it agreed to fund the three buses itself for three months. More
speci�cally, the company agreed to fund the two additional buses, initially funded by
TfL, in addition to the bus that the company was already funding. In February 2017,
the operating company stopped using two of the additional buses in their �eet, but
one extra bus funded by the company remained in the �eet. This extra bus, leased
from TfL because it is a New Routemaster, still remains in the �eet in May 2019
and is funded by the operating company. Table 4.5 summarizes these changes in the
contract.

The contract change on Route 38 provides the opportunity to investigate the po-
tential variations in running time due to a change in PVR and in frequency. The
change in the schedule happened on September 24, 2016. The change in PVR hap-
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pened on November 12, 2016. Table 4.6 summarizes the changes in contract that
happened around September/November 2016.

Date Type of service change Description
14 Nov 2009 New contract PVR: from 47 to 72;

EWT: from 1.90 min to
1.30 min.

18 Feb 2012 Running times PVR -2= 70.
2 Feb 2013 Revised schedule FREQ: Weekdays peak

frequency decreased from
12 to 10 bph on both
variants; PVR -12= 58.

2 Mar 2014 Roadworks PVR +2= 60.
15 Nov 2014 Contract extension
23 Apr 2016 Roadworks (RMP) Schedule widened for

RMP.
12 Nov 2016 (schedules
implemented on 24 Sept
2016)

New contract (same
operator)

FREQ: decreased during
the peak from 20 to 18
bph; PVR= 55, 3 buses
for mitigation remain;
EWT: from 1.30 min to
1.10 min.

27 Nov 2017 TfL ends the additional 3
buses for mitigation (2
buses funded by TfL and
1 bus funded by the
operator), but the
operator has agreed to
fund all 3 additional
PVR until 20 January
2018; PVR = 55.

17 Feb 2018 End of additional 2 buses
for mitigation. PVR= 53
(including 1 bus funded
by the operator).

Table 4.5: History of Route 38 contract (Transport for London, 2018).
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Before Sept 24, 2016 After November 12, 2016

EWT threshold 1.3 min 1.1 min
Total number of buses 591 55

incl. 3 for mitigation incl. 3 for mitigation
(TfL:2, Operator:1) (TfL:2, Operator:1)

1 TfL recorded a PVR of 59 buses before the contract change in September 2016.
The record corresponding to the reduction of the PVR from 60 buses (introduced
in March 2014) to 59 buses (before the contract change of November 2016) is
missing.

Table 4.6: Evolution of the contract speci�cations of Route 38.

Cycle time and PVR

Based on the performance of the route recorded in the AVL data, TfL estimated
the number of vehicles needed to operate the schedule after the contract change in
November 2016. TfL calculates the required number of buses by time period (see
Table 3.7 for the de�nition of the time periods). The number of buses needed to
operate during a given time period is estimated by the average cycle time as recorded
in the AVL data divided by the headway for this time period. For Route 38, the
maximum number of buses is needed during the PM peak, which corresponds to the
PVR.

TfL estimated that 56 buses were required during the PM peak based on the
recorded cycle times, while the operating company that won the tender proposed a
schedule with a PVR of 55 buses. This means that the estimated cycle time in the
new contract was smaller than the currently operated cycle time computed with the
AVL data.

In order to reduce the PVR by one vehicle, the cycle time needs to be reduced
by one headway, which in this case is 3.34 minutes. The cycle time is 187 minutes in
the PM peak so a reduction of the cycle time by 3.34 minutes seems relatively small.
In addition, the PM peak bene�ts from very large layover times, greater than 30
minutes for the layover times at both terminals. Tra�c congestion strongly impacts
the variability of the running time during the PM peak, which explains the large
layover time. Thus, it seems possible to reduce the cycle time by one headway in the
PM peak, which leads to a reduction in operational cost by reducing the PVR by one.

This analysis looks at the in�uence of the implementation of the new contract on
the running time of Route 38 during the PM peak. It investigates if it resulted in a
decrease in the running time or if the cycle time was reduced by reducing the layover
time.
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Analysis of the running time variability

The evolution of the running time on Route 38 is analyzed from September 2016 to
March 2017 (missing data prevented the computation of the running time in December
2016). The AVL data is used to compute the running times by direction and with
respect to the di�erent variants of Route 38 (short and long variants exist in both
directions). Only the PM peak is analyzed, which corresponds to buses departing
from the origin terminal between 4 and 6 pm on weekdays.

Figure 4-5 shows the evolution of the running times aggregated by month during
the PM peak for Route 38. An independent t-test is used to compare the average
running time per direction and variant before and after the contract change. It
compares the average running time from September to November to the one from
January to March during the PM peak. Table 4.7 presents the results.

Figure 4-5: Evolution of the running time by month of Route 38 during the PM peak.

There is a statistically signi�cant decrease in the average running times after the
change in the contract for the four di�erent variants. The decreases in the average
running times range from 1.2 to 1.8 min in direction 1 and from 2.5 to 2.8 min in
direction 2. This is consistent with the need to reduce the cycle time by 3.34 minutes
to reduce the PVR by one.
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Direction Number
of stops

Number
of obser-
vations
before
contract
change

Number
of obser-
vations
after
contract
change

Average
running
time
before
contract
change
(min)

Average
running
time
after
contract
change
(min)

t-test sig-
ni�cant
at � =
0:05?

1 35 1022 1077 68.9 67.7 Yes
1 42 979 1058 84.1 82.3 Yes
2 37 916 897 72.5 70.0 Yes
2 45 1090 1217 86.3 83.5 Yes

Table 4.7: Comparison of the average running times before and after the contract
change.

If the operating conditions were similar before and after the contract change,
the route might have had a loose schedule and possibly impedance before the con-
tract change because results show that the route was operated faster with the tighter
schedule of the new contract. However, multiple roadworks impacted the operations
of Route 38 and can justify that higher running times were necessary to operate be-
fore the contract change. With the roadworks, the operating conditions are likely to
have changed over time. Since it is di�cult to assess the impact of roadworks and
deviations on the running time, it is not possible to conclude in this example whether
the schedule was loose before the implementation of the new contract. Nonetheless,
this example illustrates that faster average running times resulted from the imple-
mentation of a tighter schedule.

In this example, the change in contract also included a reduction of the EWT
threshold, from 1.3 min to 1.1 min. However, although this appears to be signi�cant,
the route reliability was lower than the 1.1 min threshold for all time periods, more
speci�cally it was less than 0.92 min before the contract change (for 11 months of data
in 2014). Thus, the reduction of the EWT threshold was not a strict constraint on
the route operations. The EWT after the contract change remained very good, with
an average of 0.95 in 2017, which is below the 1.1 min standard threshold. There was
no signi�cant impact on reliability resulting from the contract change, so the decrease
in running times did not a�ect reliability.

Conclusion

This case study illustrates the impact of a contract change on the schedule when the
bidding operating company proposed to tighten the schedule resulting in a reduction
in the PVR. The average running times were reduced with the introduction of the new
schedule and the reduction in the number of vehicles used to operate. The reduction
of 3.34 minutes of the cycle time consists mostly on a decrease in the running time.
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In this example, the very high frequency of the route with a headway of 3.34
minutes enabled tightening the schedule but this may not generally be possible for
routes with higher headway, for instance 10 min. In such cases, reducing the cycle
time by 10 min seems very challenging unless the schedule is initially very loose or
the layover time too large.

This analysis requires a detailed knowledge of the route and expertise to under-
stand the evolution of the route. As a result, such a method could not be used
systematically to analyze impedance because it requires a lot of time and expertise
from the route managers. In addition, in this case, the reduction of the running time
shows that the schedule could possibly have been tighter before the contract change
of November 2016 and that there could have been impedance occurring. However, if
this revision of the schedule had not been proposed, then such analysis would not have
shown possible impedance. Therefore, this is a limited approach to detect impedance.

Moreover, Route 38 had experienced many roadworks during that time and this
signi�cantly a�ects its performance. Quantifying the e�ect of roadworks on the sched-
ule and the e�ects of mitigation schedules is di�cult and limits the interpretation of
this study. This is common to many routes in London due to the RMP and new
roadworks still taking place in the city.

4.4.2 Tra�c versus Bus Speeds Comparison using the Google
API

Impedance can manifest itself through a bus driven slower than tra�c conditions
and safety allow, so to detect it, the safety and tra�c conditions need to be known.
Speed limits constitute a criterion that de�nes safe speeds. Ideally, the driving speed
of the bus should be close to, but lower than the maximum of the speed limit and
the prevailing tra�c speeds. Impedance can manifest itself when the bus is driven
signi�cantly slower than the tra�c speed, hence tra�c speed data would be helpful
in detecting buses going slow. Tra�c data can be obtained from various sources:

� Data internally available at TfL:

� GPS data from taxis: good spatial coverage, poor temporal granularity;

� Inference of tra�c speeds with a network of cameras using license plate
recognition: good temporal granularity, restricted spatial coverage;

� vehicle detectors, which measure the vehicle �ow and sometimes the vehicle
speeds.

� Data externally available:

� Publicly available APIs providing tra�c information, such as Bing, Google,
etc.

The tra�c speed data available at TfL does not allow systematic comparison of
bus tra�c speeds. The taxi GPS data is updated every 15min, which may not be
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frequent enough to compare the speed of buses to the tra�c because the tra�c might
vary much faster than every quarter of an hour. The vehicle detectors do not always
provide speed data, thus they cannot be used to estimate speed. The speed data
inferred from cameras could be used for such analysis, but it was decided not to
because the extraction from the database could not be done in a reasonable time for
the whole network.

As a result, this section analyzes the use of externally available tra�c speed data
to estimate tra�c speeds. The Google API was chosen for this analysis with the aim
of obtaining data on tra�c speeds to estimate the unimpeded travel times of buses
from the tra�c speed. This analysis uses the best estimate of travel time generated
by the Google API. The API computes travel time of a trip as if the whole trip was
completed at its departure time; it does not take into account any potential evolution
of tra�c conditions during the trip. This is realistic for short trips because it can be
assumed that tra�c speeds do not vary during its time of completion.

Analysis

In order to query the Google API, a set of segments was de�ned along Route 38. A
segment corresponds to a small section of the route. The coordinates of bus stops were
used to de�ne the segments (that are consecutive and cover the whole route.) The
Google API decides on the route that should be taken given an origin and destination
input. Since bus stops are relatively close to one other on Route 38, there is only one
reasonable choice of route, which corresponds to the actual route of 38. Thus, the
consecutive segments de�ned by the bus stops cover the route as intended.

Two di�erent experiments were conducted. The �rst aims at comparing the stop-
to-stop travel times estimated using the Google API with the travel time records of
the AVL data and the second aims at comparing the estimated Google API travel
times and the AVL records for longer portions of the route. The Google API was
queried on June 14, 2018 for these analyses with requests made every 5 minutes.

Stop-to-stop analysis

For the stop-to-stop analysis, one bus trip is selected. For the trip, the AVL data
contains the record of the movement time between each stop (this time excludes the
dwell time). Each stop-to-stop record of the movement time for the chosen bus trip is
associated with the travel time estimated by the API that is the closest in time based
on the departure time from the origin stop. In other words, this analysis compares
the AVL movement times with the closest API estimated travel times, which occurred
within a time interval of at most 2.5 min.

Figure 4-6 presents the results for the stop-to-stop running times on Route 38,
from Clapton Pond. The API was queried between 11am and 1:30pm, on June 14,
2018.

At the beginning of the trips (until stop 25), the AVL and API movement times
between stops are relatively close although the largest error between the two is around

81



Figure 4-6: Stop-to-stop comparison of the AVL running times and the API results,
Route 38, from Clapton Pond (June 14, 2018).

50s. Between stops 11 and 12 (represented by the label Stop 11 on the x axis), the
bus took twice as long as estimated from the API. Since the travel times are short,
this might still be an acceptable error, especially if we aggregate at the trip-level.
However, the di�erence between the bus recorded and the API estimated travel times
becomes signi�cantly larger from stop 29. For instance, between stops 30 and 31, the
Google API estimated a travel time of around 250s while the bus took only 50s to run
this segment, This error is signi�cant. One explanation for the API overestimation of
the travel time is the presence of bus lanes along Route 38. Large discrepancies can
be observed for the end of the trip. Overall, 56% of the running times from the API
are larger than the ones from the AVL. Nonetheless, it is interesting to note that the
general trend of the travel time seems to be captured by the Google API although
there is not a good consistency between the magnitudes of the travel times.

To summarize, the di�erences between TfL internal AVL data and the API results
are not systematic but are highly variable. Errors might be due to the short distance
of the segments so the next section compares the two data sources for longer portions
of the trip.
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Trip analysis

A similar experiment is conducted for complete trips. Each trip consists of several
stop-to-stop segments with at least 33 stops recorded for the trip in the AVL data.
Each stop-to-stop segment is associated with the closest record in time from the
Google API data, with a request every 5 min. The travel time of the trip estimated
with the Google API is the sum of the segment travel times, where the segment travel
time used is based on the departure time of the bus at that segment. For a given trip,
each departure time from the stop is associated with the closest API record of that
segment in time. Thus, the variation of tra�c is taken into account by choosing the
closest record of the API data in time. The time of the API request for each segment
increases across the trip. The AVL data travel times is the sum of the movement
time between stops and excludes the dwell time at stops.

Figure 4-7 compares the API results and the AVL data for trips, where the API
was queried on June 14, between 9 and 11am. Bus trips are ordered according to
their scheduled departing time from the terminal: the �rst trip starting from 11pm
from the terminal is numbered 209. The headway on Route 38 at that time is around
3 min. Figure 4-7 represents the di�erent trips departing from the terminal from
11am with a scheduled headway of 3 min.

Figure 4-7: Trip comparison of the AVL running times and the API results, Route
38, from Clapton Pond (June 14, 2018).
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Results show that for long trips there is a large di�erence between the two travel
times which varies from trip to trip. The di�erence in travel times over these 23 trips
varies between less than a minute to more than 15min for trips that took around
75min on average. The magnitude of the di�erence is not very stable; nonetheless,
in this example, the API running times are larger than the AVL one in all but one
case, where both times are close to each another. Overall, the Google API tends to
signi�cantly overestimate the running times, which could be explained by the presence
of bus lanes on Route 38. Although the magnitude of the two travel times are not
consistent, the Google API does capture the variations of tra�c �ow.

Conclusion

The purpose of this analysis was to test if querying the Google API could help estimate
the unimpeded travel times of buses. The results do not show a good match between
the two, either from stop-to-stop or for trips. Thus, this method was not investigated
further in this research to detect buses going slow.

Di�erent reasons may explain the discrepancy between the estimated and observed
travel times. One is that the Google API generates the travel time of cars, which have
di�erent behavior than buses. Buses are large vehicles and need more space for turns
than cars. Buses make frequent stops, which slow them down. Overall, buses are
expected to be slower than cars under similar conditions. However, many bus lanes
exist in London, which can contribute to making buses faster than cars, especially
during rush hours on speci�c routes.

For the stop-to-stop analysis, future work could look into the impact of bus lanes
on the di�erence in running times and explore if the di�erence varies across the day.
Indeed, Route 38 bene�ts from bus lanes on a signi�cant portion of the route. Such
analysis would be interesting to better understand the reasons for the di�erence and
potentially quantify the impact of the bus priority lanes on the bus running times.
The overestimation of the running time by the API is surprising because one would
expect buses to be slower than cars. Again, the use of bus lanes could potentially
explain this. Other explanation is inaccurate travel time predictions by the API.

The trip analysis shows that the API and the AVL travel times have similar
trends. This could potentially be exploited to estimate the tra�c �ow instead of
precise speeds. The tra�c �ow would enable to see if bus speeds follow similar trends
than general tra�c at the trip-level.

A systematic use of the Google API to detect impedance might not be feasible
for TfL because a high number of requests can become expensive. Other sources of
external tra�c data could be explored, as well as the use of internal TfL data. Future
work to detect slow driving could exploit the use of the Google API to estimate tra�c
�ow and variations, as well as the use of tra�c speed data available at TfL, and also
carry out a bus-to-bus speed comparison for buses running on parallel routes.

84



4.4.3 On-board Announcements

This section looks into the on-board announcements used to inform passengers of
holding to regulate the service. Such announcements are interesting because they
�ag voluntary control actions taken by operators. These have the potential to be
used to assess if the holding corresponding to the announcement was appropriate.

The announcements of interest are"Bus will wait here to regulate the service".
These announcements are called holding or BWW announcements interchangeably in
this thesis. It is assumed that announcements are made for their intended purpose,
which is to inform passengers about holding to regulate the service, and not for other
purposes, such as driver changeovers, mechanical problems, etc. Drivers have access
to many di�erent recorded announcements that characterize each situation and they
can also create their own announcements. BWW announcements are expected to be
made at bus stops and not while the bus is moving.

Spatial distribution of the announcements

The analysis of the spatial distribution of the BWW announcements investigates
driving behavior, possible patterns at the trip level, and the relationship between the
announcement locations and the QSI points, shown in Figure 4-8 for Route 38.

Figure 4-9 shows the spatial distribution of announcements on Route 38 between
Jan, 5 and 14, 2018 in both directions. The map shows that announcements are spread
all along the route and sometimes their records indicate that they took place between
stops. It is unknown whether records between stops result from data inaccuracy or
drivers' errors when making the announcements.

Figures 4-10 and 4-11 show the distributions of announcements by stop along
the route in each direction, from Jan 5 to 14, 2018. One hypothesis tested by this
analysis is if there is any relationship between the QSI points and the location of the
announcements. If so, it would mean that announcements, thus regulating actions,
were made speci�cally with the intent to improve the reliability performance of the
route, assessed by TfL at the QSI points. It would indicate that such behavior may
be driven by �nancial incentives.

From Figures 4-10 and 4-11, there is no clear correlation between the QSI points
and the BWW �agged regulatory actions. The route needs to be continuously reg-
ulated, which explains the spread of announcements along the route, except at the
beginning and the end of the route. Buses do not need to be regulated at the begin-
ning of the route if they departed with regular headways from the terminal and they
do not need to be particularly reliable towards the end of the route. Moreover, QSI
points are located close to one another, which also explains that the regulation can
take place at any stop along the route.

Figure 4-10 shows a large number of announcements at the Red Lion Street stop,
which the operator explained as the consequence of tra�c light phasing issues ahead
on the route: this stop was convenient to hold buses. Figure 4-11 shows a peak at
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