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Chapter 1

Introduction

1.1 Research Background

The economy of a nation or region depends heavily upon an efficient and reliable trans-
portation system to provide accessibility and promote the safe and efficient movement of
people and goods. In fact, the transportation system has been identified by (Nicholson
& Du 1997) as the most important lifeline in the event of natural disasters such as earth-
quakes, floods, hurricanes, and others. Restoration of other lifelines (e.g. water sup-
ply, electrical power system, sewer system, communication, and many others) depends
strongly on the ability to transport people and equipment to damaged sites. This is illus-
trated by the sudden snow and ice conditions in the East of The Netherlands on 25 No-
vember 2005. The snow and frost made the roads inaccessible. Trucks blocked the roads
and could not be moved. Furthermore, the ice on the cables of the high voltage electricity
system made them break so that electricity supply was interrupted. The restoration of the
situation was very difficult because electricity generators could not be transported to the
effected region, workmen could not go to the spots where the cables were damaged and
towing vehicles could not drive to the spots where they were needed. A vulnerable trans-
portation system would hinder the restoration process and increase not only economic
loss but also fatalities. A reliable transportation system should also consider everyday
disturbances. The actual travel demands and road capacity do vary over time, thereby
contributing to the uncertainty of travel times. With the increased value of time, great loss
is incurred by the drivers due to the unexpected schedule (either early or late) delay. A sta-
ble transportation system would provide a competitive edge in the global economy. Thus,
the importance of the reliability of a transportation system can not be overemphasized.

Travel time reliability, a performance indicator of road networks, has significant effects on
route choice, particularly for trips, such as journey-to-work, where time constraints (e.g.
arrival time) may impose significant penalties on an individual (Abdel-Aty et al. 1996).
Using Repeated Measurement Stated Preference Data, Abdel-Aty et al. (1996) indicated
that travel time reliability is either the most or the second most important reason for choos-
ing primary commute routes. Bates et al. (2001) also found that one minute reduction of
standard deviation of travel time and two minutes of actual travel time are equally val-
ued. While travel time reliability in the first place is a perception of travellers, it is also
becoming more and more a measurable indicator of traffic and network performances.

1
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Travellers and commercial vehicle operators, for instance, conceive travel time reliability
as an attribute of (planned) trips and hence as integral part of the trip decision-making
process in terms of, for example, route, departure time, and mode. Recent empirical stud-
ies (Small et al. (1999), Kazimi et al. (2000), K6nig (2000), Lam (2000), Ghosh (2001),
Bogers & van Zuylen (2004), van Lint & van Zuylen (2005a)) support this and suggest
that travellers are interested in not just travel time saving but also in a reduction of travel
time unreliability. For example, a decrease in travel time variability may lead to better
fleet management and may significantly reduce scheduling mismatches and directly lead
to time and cost savings (Small et al. 1999).

Travel time reliability as a performance indicator of mobility has also entered the political
arena. A typical example is a recent announcement by the Beijing Municipality, which
claims that 50% of the trips from hotels and to major sports of the Beijing Olympic Game
2008 should be made within 30 minutes (Beijing Municipality 2005). Another example,
in 2004 the Dutch government presented a policy document to the parliament dealing
with the national policy with respect to traffic, transport and infrastructure. The subtitle
of the document is “Towards a Reliable and Predictable Accessibility” and shows the
new emphasis that is placed on the concept of travel time reliability (VW 2005). In the
document, the quantitative target for the transport policy with respect to reliability is that
for trips longer than 50 km over freeways 95% of the trips arrive within the time interval
of the median travel time plus or minus 20%. For shorter trips the target is that 95% of the
trips will be between the median travel time plus and minus 10 minutes. Furthermore, the
policy document has the target to have average travel times on freeways in the peak hours
that are no more than 50% higher than in the off-peak. Given the already vast problems
of traffic congestions due to the high demand and insufficient capacity on both cities, the
goals in terms of reliability are ambitious (van Lint et al. 2005).

Over the past two decades a rich body of research has been developed, in terms of the
definition of travel time reliability from different road participants (travellers, traffic man-
agers and policy-makers) and the measures which can be defined to quantify the travel
time reliability. This dissertation will continue addressing the definition and the measures
of travel time reliability. Furthermore, knowledge about the causes of travel time relia-
bility can be helpful to improve travel time reliability and to derive an explanatory model
with which the travel time reliability can be predicted. Thus, this dissertation also tries to
set up a travel time reliability model.

In this introductory chapter we describe the problem tackled and briefly define the area of
research covered by this dissertation. Next, we present the main objectives of this disser-
tation and narrow down the scope of the research presented. Particularly, this dissertation
concentrates on empirical analysis for investigating the causes of travel time reliability
of freeway corridors. Subsequently, we review the main scientific and practical chal-
lenges and the contribution of this dissertation to the solution of these. The final part of
this introduction then briefly outlines which subjects are covered in each chapter of this
dissertation.
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1.2 Problem Formulation

With the increasing importance of travel time reliability, many different definitions for
travel time reliability emerged, and subsequently also different quantifiable measures for
travel time reliability in a transportation network or corridor have been proposed (refer
to, for example, Bell et al. (1999), van Lint et al. (2008)). What these measures have
in common is that in general they all relate to properties of the (day-to-day) travel time
distribution, and particularly to the shape of this distribution. There is, however, no undis-
puted opinion on what travel time reliability precisely entails or how it should be made
operational and consistent. Before addressing this, one needs to know the elements of
reliability. This puts forward the first research question in this dissertation:

Research question one: What is the travel time rveliability and which attributes can
be assigned to this concept?

Travel time reliability with the specified attributes should be measurable and quantifiable
in practice. This motivates the second research question in this dissertation:

Research question two: Which measures can be defined to quantify travel time
reliability and how can these measures be monitored?

Traffic assignment models have been used for many years as a traffic planning, designing
and managing tool for transportation networks. Traffic assignment has four functions in
traffic planning (Bliemer 2001):

Gaining insight in the characteristics of the network

Forecasting about future traffic conditions on transport networks

Comparing scenarios of different infrastructure investments

Estimating effects of traffic management measures

Route and departure time choices play a crucial role in a traffic assignment model and
it is known that these choices do not only depend on expected travel time, but also on
travel time reliability. Therefore, a good reliability model is needed to describe (link or
route) travel utility in such a way that it can be used for traffic assignments (Tu, van Lint
& van Zuylen 2007b). However, there is no empirically underpinned model which can be
used in DTA. To this end, this dissertation puts forward an elaborate travel time reliability
model that expresses this as a function of several factors and is able to predict travel time
reliability. Consequently, it comes up with the third research question:

Research question three: Which causes of travel time unreliability can be identi-
fied and how can these be used to derive descriptive models with which travel time
unreliability can be predicted.
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1.3 Research Objectives and Scope

1.3.1 Research objectives

This thesis aims at proposing an appropriate definition of travel time reliability and a
good travel time reliability model that can be used in traffic assignments. The following
objectives have been pursued in this study:

o To investigate the elements inside the travel time reliability and propose a definition
of travel time reliability that can capture these elements;

e To gain insight into the potential causes (factors) which influence travel time relia-
bility;

e To come up with a conceptual travel time reliability that is logically related to the
characteristics of traffic flows;

e To derive a mathematical formula that can quantify the conceptual travel time reli-
ability;

e To develop a travel time reliability function (model) with the mathematical formula
that is suitable for Dynamic Traffic Assignment;

e To test whether the model is generic to monitor the travel time reliability under
different circumstance (e.g. weather condition, traffic control, etc.).

1.3.2 Research scope

We will limit the scope of our research efforts. First of all, this dissertation will address
travel time reliability on uninterrupted roadway facilities such as freeways. We adhere
to the definition for freeways given in the Highway Capacity Manual 2000: " A4 fiee-
way is a multilane, divided highway with a minimum of two lanes for the exclusive use
of (motorized) traffic in each direction and full control of access without traffic interrup-
tion"(TRB 2000). In the Netherlands, 6.2 billion kilometers, one-third of the total traveled
kilometers, were on freeways in 2006 (Rijkswaterstaat 2007). This is a 1.9% increase
compared to the year of 2005. Given the important role of freeways in road networks, the
first step of this dissertation focuses on freeways.

Secondly, this dissertation tries to setup an explanatory reliability model which expresses
this as a function of several factors. Therefore, the traffic data like flows, travel times, road
geometry etc should be obtained. Here some traffic data collection system is installed.
Historically, most deployed traffic data collection systems in practical consist of local
detection equipment (e.g. inductive loops, pneumatic tubes), resulting in local aggregate
characteristics (e.g. flows, local mean speeds) of traffic streams. Since these systems do
not measure travel times directly, a so-called offline travel time estimation algorithm is
used to enable translation of for example local speeds into (route) travel times. This will
be explained in more detail in Appendix B.
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Thirdly, different vehicle classes, such as trucks and passenger cars, will have a different
value of time and reliability, and the mix of these varies over the day. However, the
description of this research is limited to motorized vehicles while no attention is given to
different vehicle classes and to the effect of one specific class on another. This is partly
because of the lack of available data, but also because the traffic mix is to a certain extent
constant variable for a specific roadway.

Finally, traffic flow used in this research exclusively denotes vehicles entering the studied
freeway stretch at the upstream entry of the main carriageway, which does not include
the flow of on- or off-ramps along the roadway section. This obvious limitation is due to
first of all the fact that no data were available for this study from loops located on these
ramps. Another reason to ignore these parameters is that in general in and out flow are
strongly correlated with the flow entering at the beginning of the corridor (see an example
in Figure 1.1 ). In the remainder, hence, traffic (in)flow refers to the flow at the upstream
boundary of the considered road stretches. In this context, traffic (in)flow could be an
indicator of traffic demand for the beginning of the corridor.

800 T T T
= = = 90% confidence interval
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Figure 1.1: Empirical relation between inflow and on-ramp flows on A12 freeways in 2004

1.4 Contributions and Scientific Relevance

1.4.1 Summary of contributions

This thesis contributes to the State-of-the-Art of travel time reliability on freeways in
various ways:
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1. It gives a new definition of travel time reliability which include both the variability
(uncertainty) in travel times and the stability of travel times (Chapter 3).

2. It develops an analytical formulation to set up the relationship of the probability of
traffic breakdown on section level and route level (Chapter 3).

3. It develops an (static) inflow-travel time variability function (Chapter 4).

4. Tt proposes an inflow-travel time reliability function (so-called TLZ (Tu, van Lint,
van Zuylen) function) (Chapter 4).

5. It expresses travel time reliability as a function of several factors such as inflow,
road geometry, adverse weather conditions, Speed Limits, traffic accidents (Chapter
4 and Chapter 5).

6. It provides an analytical formulation to setup the relationship on the probability of
traffic breakdown among different measurement intervals (Chapter 4).

7. It proposes a framework to setup the travel time reliability model. Accordingly, a
data collection procedure for travel time reliability modeling is established and the
measurement time interval is proposed for the reliable empirical analysis (Chapter
4).

1.4.2 Theoretical and scientific relevance

In this dissertation a number of issues are discussed which in our view are theoretically
and scientifically relevant:

1. The definition of travel time reliability proposed in this dissertation is a dynamic (or
consistent) process, which takes both the variability in travel times and the stability
of travel times into account. The benefit of such an approach is that it can give a
consistent and intuitive reliability definition.

2. The developed analytical formulation on the relationship between the probabilities
of traffic breakdown on various sections along a route can account for the interac-
tions between traffic streams among route sections.

3. The developed travel time reliability model is expressed as a function of several
factors such as inflow, road geometry, adverse weather, traffic control, and traffic
accidents. The benefits of such an approach are threefold, namely it provides insight
and enable analyses in the following ways:

e The developed reliability gives insights into the impact of road geometry (for
instance, weaving length, the average distance between off/on ramps etc.) on
travel time reliability.

e It also gives insights into the effects of other factors (e.g. adverse weather,
traffic control measures) on travel time reliability.

o It provides a way to analyze reliability in dynamic traffic assignment models.
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1.4.3 Practical relevance

Since travel time reliability is one of the most important factors for travelers while making
their route choices and departure time choices, there is a very clear need for building up
the travel time reliability model in practice such that the model can be used in traffic
assignments in which the route and departure time choice depends on the reliability of the
travel time on the various routes over time.

It is clear that freeway characteristics have an impact on travel time reliability. Based on
empirical data analysis, the relationship between travel time reliability and freeway char-
acteristics (i.e. length of deceleration lane, length of acceleration lane, weaving length,
the number of ramps per unit road length) indicates that, at least in terms of practical de-
sign guidelines, there exist certain threshold values L for the length of ramp sections and
weaving sections and travel time reliability is strongly affected by the number of ramps
per unit of road length. For instance, for an unreliable freeway corridor, traffic managers
can choose to increase the distance between ramps by closing one of the on/off ramps and
can extend a short weaving section to improve reliability.

Travel time varies with different external circumstances (e.g. weather conditions, (dy-
namic) traffic control measures). A precise estimation of the variety of travel time relia-
bility due to the adverse weather can be useful in developing a management strategy for
freeway systems using control, advisory, and road treatment strategies.

Speed Limits, one of the traffic control measures, reduce the travel time uncertainty, but
increase the probability of traffic breakdown. Therefore, the influences of Speed Limits
on travel time reliability depend on the value taken in Speed Limits. In practice, the
implementation of Speed Limits should take the effects on travel time reliability into
account.

The effects of traffic accidents on travel time reliability may be expected to be important,
however the analysis shows otherwise. It is true that traffic accidents result in extreme
long travel times, yet the (day-to-day) recurrent-congestion makes the largest contribution
to unreliable travel times. This may imply that reducing traffic accidents may not improve
travel time reliability significantly, at least in the case of the Dutch freeways.

1.5 Thesis Outline

This section briefly describes the contents of each chapter of this dissertation and the
connection between them.

Chapter 2 presents the fundamental notions of travel time reliability. It discusses the
different definitions of travel time reliability, presents the proposed travel time reliability
measure and outlines the current State-of-the-Art in the analysis on travel time reliability.
Thereafter, it explores the freeway travel time reliability modeling problem and introduces
the proposed approach to set up a travel time reliability model.

Chapter 3 discusses the main empirical characteristics of both the speed-flow and travel
time-flow relations. It comes up with two main components in the definition of travel
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time reliability: variability in travel times and stability of travel times from which the
conceptual travel time reliability model is derived.

Chapter 4 expresses travel time reliability as a function of the principal input factor:
inflow. To investigate the model, it sets up an empirical framework which is applied
and tested in the Regiolab-Delft test-bed (Appendix A (van Zuylen & Muller 2002)).
Thereafter, the inflow-travel time reliability has been calibrated and validated.

Chapter 5 outlines how the proposed travel time reliability model could be extended.
Amongst other things, the extended model has been investigated by taking road geome-
try, adverse weather conditions, Speed Limits, and traffic accidents as the input factors
(parameters).

Chapter 6 illustrates the travel time reliability model applied in traffic assignment models.
Chapter 7 concludes the thesis and gives some research directions for the future.

Figure 1.2 shows the structure of the main body of this thesis.

Chapter 2
Fundamental Notions of Travel Time Reliability:
General Overview

l

Chapter 3
Conceptual Travel Time Reliability Model

l

Chapter 4
Inflow-Travel Time Reliability Model

l

Chapter 5
Extended Travel time Reliability Model

l

Chapter 6
Model Applications

Figure 1.2: Schematic overview of the main body of this dissertation thesis



Chapter 2

Fundamental Notions of Travel Time
Reliability: General Overview

2.1 Introduction

The sustained growth of the economy and the continued improvements to the quality of
life lead to an increase in the value of time, especially in the developed countries. Travel
time reliability has thereby become an increasingly important attribute for assessing the
performance of road networks (Bell et al. 1999). Consequently, many efforts have been
undertaken to define and measure travel time reliability. This dissertation will provide
a new and empirically underpinned definition of travel time reliability and will derive a
mathematical model which operationalizes and quantifies this definition. In turn, with
this mathematical model transportation performance in terms of travel time reliability can
be assessed both ex-ante (e.g. with traffic assignment models), ex-post (on the basis of
archived data) as well as in real time (reliability monitoring). Before addressing these
issues in later chapters, this chapter will first discuss some reliability related notions and
outline and discuss existing reliability measures. Next the new travel time reliability
measure is proposed and discussed in section 2.2. Thereafter, in section 2.3 we identify
factors influencing travel time (un)reliability or more precisely the traffic conditions that
influence travel time reliability. Furthermore, in section 2.4 we give an overview of the
complexity of travel time reliability problem and outline the approaches to analyze travel
time reliability. Finally, we summarize the main conclusions in section 2.5.

2.2 Definitions of Travel Time Reliability

This following sections present clear definitions of travel time, reliability, and travel time
reliability, respectively.

2.2.1 Travel time

Before addressing the term travel time reliability, this section briefly addresses some def-
initions of travel times. Figure 2.1 shows some often used classifications of travel times,

9
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for more detailed descriptions see (Thijs 2000) and (van Lint 2004).

Point B —
o e
3 —
g L ad
Z E Via(p) -
o ‘g P A
@ e
P 7 Via(ptl
e
/
-
5 Vi(p)
:E Vi(pt1)
o
g
k= Vii(pt1)
2 Viai(p)
Point A 0
period p period p+1 time
Section-levelitravel time R
Instantaneous travel time
. . . A Route-level
o Dynamic (experienced) travel time o

-

Figure 2.1: Examples of travel times. Sources (Thijs 2000)

Depending on the spaces vehicles experienced, travel times are classified into:

e Section-level travel time

e Route-level travel time
Depending on the travel time vehicles could experience, travel times are categorized into:

e Instantaneous travel time The instantaneous travel time is the travel time a vehicle
would experience on a particular section k or route r departing at time instant
to if the traffic conditions on k or v remain stationary for time instant (t > fty).
Instantaneous travel time hence reflects an approximation of the actual travel time
which particularly in congested traffic conditions may deviate substantially from
the actually experienced travel time.

e Dynamic (experienced or realized) travel time This is the travel time a vehicle ac-
tually experiences on a particular section k or route r departing in at time instant
to given the (possibly) non-stationary traffic conditions on k or r for time instant
(t > ty). Figure 2.1 illustrates the differences between instantaneous and dynamic
travel time.
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Travel times may furthermore be classified as individual and mean (average) travel time
according to the level of detail with which the number of vehicles they account for

e Individual travel time The individual travel time on a section k or a route r for a
vehicle departing at time instant t, is the time it takes for that individual traveller
to traverse that particular section or route.

e Mean travel time The mean travel time on a section k or a route r for vehicles
departing at time instant t is the average time it takes these vehicles to traverse the
specific section or route.

In this dissertation, the term travel time will denote route-level dynamic mean travel time,
unless specifically stated otherwise.

2.2.2 Reliability

The main concept of this dissertation is reliability. In the preceding sections the concept of
reliability has been used without a precise definition. It is, however, very important that all
main concepts are defined in an unambiguous way. A precise definition of reliability and
some associated concepts like variability, robustness, and vulnerability are given below.

e Jariability relates to the degree of variation in the outcome (e.g. travel time) of a
certain process (e.g. traffic), or put differently to how "spread out" a (statistical)
distribution is. Variability does not necessarily imply unpredictability, but it does
reflect the uncertainty around a prediction.

e Reliability Reliability has been studied within many fields, dealing with, for in-
stance, electronic systems, power systems, transportation systems etc. The type
of reliability analysis done in, say, an electronic system differs from that done in
an transportation system. The former tends to emphasize the physics of failure
and tends to downplay the mathematics of uncertainty; the latter tends to do the
opposite (Singpurwalla 2006). In a transportation field, reliability is defined as
the probability that a road network can perform a required function under given
environmental and operational conditions and for a stated period of time (Ilida &
Wakabayashi 1989). A required function may be a single function or a combination
of functions that is necessary to provide a specified service.

e Robustness In the field of transportation, robustness is defined as the insuscepti-
bility of a road network to disturbing incidents, opposed to network vulnerability.
In other words,a robust road network is able to operate within the design specifi-
cations also for conditions that are outside the range of the design specifications.
Furthermore, the performance of a robust road network deteriorates "gratefully"
under increasingly adverse circumstances.

o Vulnerability can be defined as the susceptibility to incidents that result in perfor-
mance deterioration. Vulnerability increases as the probability and/or consequence
of failing to meet user expectations increases (Nicholson & Du (1994) and Berdica
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(2000)). In this context, vulnerability is essentially the opposite of robustness. On
the other hand, D’Este & Taylor (2001) define vulnerability as the likelihood of
severe adverse consequences if a small number of links (or possibly a single link)
is degraded. They distinguish between ’connective vulnerability’ and ’access vul-
nerability’. The former considers a pair of nodes and the generalized cost of travel
between them; if the loss or substantial degradation of one or more network links
leads to a substantial increase in that cost, then the connection between those nodes
is deemed vulnerable. Access vulnerability considers a single node and the overall
quality of access from that node to all other parts of the network; a node is vul-
nerable if the loss of substantial degradation of a small number of links results in a
significant reduction in the accessibility of that node.

In short, robustness or vulnerability is a characteristic of the system itself. Reliability or
variability, on the other hand, provides a measure of the stability of the quality of service,
which the transport system offers to its users (Immers & Jansen 2005). Since this disser-
tation addresses reliability, it hence focuses on the measures of road network performance
rather than on inherent transportation system characteristics. A more detailed elaboration
on the differences between reliability and variability will be given in section 2.2.4.

2.2.3 Overview measures for reliability

Prior researches on transport network reliability focuses on four main aspects: connectiv-
ity reliability, capacity reliability, encountered reliability, and travel time reliability. Here
we summarize these reliability indicators in Table 2.1 and briefly describe them below.

Table 2.1: Principal Characteristics of Definitions of Road Network Reliability (Modified from
Chen and Recker, 2001)

Reliability Definition Sources of Performance
Index Unreliability Indicator
Connectivity | Connected and | Disruption of | 1 if connected
disconnected road links and 0 if
network disconnected
Network Network reserve | Degradable Required
Capacity capacity greater | link capacity | demand level
than a specified
value
Encounted | Not encountering | Disruption or
Reliability a link degradation Least costs
degradation of road links
Travel Time | Travel time less | Fluctuation of Specified
(threshold than a specified daily flow travel time
based) value
Travel Time Service level Degradable Specified
(level of ser- less than a link capacity network
vice based) | specified value service
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o Connectivity reliability, which is concerned with the probability that the network
nodes can be reached. A special case of the connectivity reliability is the termi-
nal reliability, which relates to the existence of a path between a specific origin-
destination (O-D) pair (Iida & Wakabayashi 1989). A path consists of a set of
roadways or links which are characterized by a binary variable denoting the state of
each link (operating or failing). Capacity constraints on the links are not accounted
for when determining connectivity reliability. This type of reliability analysis might
be suitable for abnormal situations, such as earthquakes, but there is an inherent de-
ficiency in the sense that it only allows for two operating states: operating at full
capacity or complete failure with zero capacity. This binary state approach prevents
application to everyday situations where links are operating in between these two
extremes. Furthermore, it is only applicable to special network structures without
redundancy in connections.

e Capacity reliability, which is defined as the probability that the network capacity
can successfully accommodate a certain level of O-D demand at an acceptable ser-
vice quality (Chen et al. 2002). Link capacities in a road network are considered
as random variables and can change from time to time due to e.g. the blockage of
one or more lanes due to traffic accidents. The joint distribution of random link
capacities can be experimentally obtained or theoretically specified. Capacity relia-
bility explicitly considers the uncertainties associated with link capacities by treat-
ing roadway capacities as continuous quantities subject to routine degradation due
to physical and operational factors. The capacity reliability of the network should
be considered an important and meaningful measure or overall system performance
that is of interest to system managers.

e Encountered reliability is concerned with the probability that a trip can be made
successfully without encountering link degradation on the least (expected) cost path
(Bell & Schmocker 2002). In assessing encountered reliability, the level of infor-
mation to the users is important since users will often try to avoid degraded links or
links which may be degraded. In addition, different users may behave differently.
Risk averse users are inclined to avoid a disruption while they are willing to travel
longer, while risk neutral users will still travel on their preferred routes based on ex-
pected cost considerations regardless of the probability of encountering disruptions
along their preferred routes (Chen & Recker 2001).

o Travel time reliability is the subject of this dissertation and will be defined and
discussed more elaborately in the ensuring sections.

2.2.4 Measures for travel time reliability

As discussed in section 1, the reliability of travel time is an important attribute of a trip.
If a trip is unreliable, the travelers will experience unexpected travel conditions and they
will be unsatisfied about that. If, on the contrary, trip conditions are predictable and travel
times are reliable, the reaction of travelers is not so much that they are satisfied by this
characteristic of the trip, but the best that can be achieved is that they are not unsatisfied.
Of course, reliability is a relative concept. What we consider as unreliable in our days
might have been very reliable in the time of our grand parents. Furthermore, as Bonsall
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(2000) noted, "reliability implies a degree of predictability but not necessarily complete
invariance or stability”. The reliability of a trip depends on the variability as well as
the predictability of the travel time. A trip that shows little variation in travel times is
quite reliable. A large variability in travel times and the expectation of travelers are not
necessarily a problem, as long as the actual travel time can be well predicted and the
prediction is made before certain decisions have to be made. The reliability is poor when
the variability is large and the predictability is small. This results in a major problem in
assessing travel time reliability. The question is: what is predictable? It is a common
concept that travel times are longer on a Monday morning at 8:00AM in comparison
to the next morning at 11:00AM. However, the extent of this difference will only be
known to those making the trip regularly at different times. Traffic gridlocks due to road
accidents will be a surprise for all travelers, yet local jams due to events that attract a lot
of visitors or road works will be known to some but not to all travelers. In short, travel
time reliability comprises both predictability and invariance. For the predictability aspect
of travel time reliability, uncertainty or instability implies a degree of unpredictability.
In this dissertation, we propose instability is related to unpredictability. Therefore, the
requirements in terms of reliable travel times are listed as follows:

e Low variability in travel times

e High stability in traffic flows

In this context, travel time reliability is a function of both variability in travel times and
instability of traffic flow:

TTR ={TTV, Instability} 2.1

where T T R denotes travel time reliability; 77 V' denotes travel time variability.

Many different definitions for travel time reliability exist, and subsequently also different
quantifiable measures for travel time reliability in a transportation network or corridor
have been proposed (refer to, for example, (Bell et al. (1999), van Lint et al. (2008))).
What these measures have in common is that in general they all relate to properties of
the (day-to-day) travel time distribution, and particularly to the shape of this distribution
and to the variability in travel times. Two distinctive approaches exist for modeling these
effects of travel time variability on travelers’ behavior in a way that can lead to economic
analysis (Hollander 2006). The first approach claims that travelers see travel time vari-
ability per se as a direct source of inconvenience, similarly to the way they treat the man
travel time, often using a variable that stands for the standard variation of the travel time.
The alternative approach argues that the entire cost attribute to travel time variability can
be captured indirectly, by modeling travelers’ earliness and lateness considerations when
choosing at what time to depart for their journey. This is based on the idea that the main
means travelers have of coping with unpredictable travel times is moving their departure
time from home backward or forward. By doing this they trade-off between their chances
of arriving too early or too late to the destination; the indirect approach to modeling the
effects of travel time variability on travelers claims that this trade-off fully explains the
disutility associated with travel time variability. In literature, the indirect approach is
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commonly referred to as the scheduling approach (e.g. Small et al. (1999), Bates et al.
(2001), Noland & Polak (2002)). Small et al. (1999) noted that “in models with a fully
specified set of scheduling costs, it is unnecessary to add an additional cost for unrelia-
bility.”” Bates et al. (2001) reject this argument, and state that there is an additional cost
attributed to travel time variability itself. Hollander (2006) reported that monetizing the
effects of travel time variability should use both direct and indirect approaches. Since the
schedule day approach is more like the way how travelers react on travel time variability,
it is necessary to take both variability and schedule delay into account in the choice behav-
ior. Therefore, we only review the measures for travel time variability (unreliability) in
this section. A comprehensive overview of travel time reliability measures can be found
in (Lomax et al. 2003) and (van Lint et al. 2008), a brief overview is as follows:

1. Statistical range methods, which reflect measures related to the shape of the travel
time distribution. These usually appear as variability measures (Bates et al. 2001)
(Lomax et al. 2003). Examples are Travel Time Window (e.g. average travel time
=+ standard deviation. This “plus or minus” type expression indicates the possible
spread of travel time around some expected value, while implicitly assuming travel
times to be symmetrically (e.g. normally) distributed). In case of normally distrib-
uted travel times, using a window of one standard deviation will encompass 68% of
the days, peak periods or whatever time period is chosen for analysis.), the Percent
Variation (i.e. the ratio of standard deviation and travel time), the Variability Index
(the ratio between 95% travel time during peak hours and 95% during off peak), or
measures for the skewness of the travel time distribution, which encompasses in-
formation regarding predictable functions like day-to-day fluctuations. In the 1998
California Transportation Plan (Booz-Allen & Hamilton 1998), travel time reliabil-
ity is defined as the level of difference between the expected travel time and the
actual travel time experienced. In that definition, the expected travel time is based
on scheduled travel time or mean travel times experienced, while the actual travel
time incorporates the effects of non-recurrent congestion.

2. Buffer time methods, which consider the extra time a traveller has to depart ear-
lier to have less than X% chance to miss an appointment (buffer time index), or
which gives the minutes of extra time needed to guarantee a statistically minimum
number of arrivals within the preferred arrival time at destination (buffer time)
(Pearce 2001) (Lomax et al. 2003). Usually buffer time is expressed as the ratio
of the difference between 90th or 95th percentile travel time and the mean travel
time over the mean travel time, as shown in Eq.2.2.

TT90th — M
Blojp= ———— 2.2
90 i (2.2)
where Bl is buffer time index while 7790t/ is the 90th percentile travel time
and M is the mean travel time.

3. So-called "tardy-trip" measures, such as the 'misery index’, which is the difference
between the average travel time of the 20% worst trips with the overall travel time
average (Pearce 2001) (Lomax et al. 2003). Another example of a measure in this
class is the On-Time Arrival, which indicates the percentage of trip times that are
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within an arrival time window, as shown in Eq.2.3. The arrival time window is de-
fined by the travelers’ characteristics (e.g. importance of the activity at destination)
and the expected duration of the trip.

_ Merrsrrsomy — M
M

MI (2:3)

where M1 is the misery index. 7 T'80¢4 is the 80th percentile travel time while 7 7;
is a travel time observation and M is the mean travel time.

4. Probabilistic measures, which consider the probability that a trip will be made

within the nominal travel time multiplied by a factor, set by the analyst (Asakura
& Kashiwadani (1991), Bell et al. (1999), Yang et al. (2000), Tu et al. (2005), Tu,
van Lint & van Zuylen (2006a), Tu, van Zuylen & van Lint (2006)). Some prob-
abilistic measures have in common that they are used as measure for travel time
unreliability. Probabilistic measures are hence parameterized, in the sense that they
use either a threshold travel time or a predefined time window to differentiate be-
tween reliable or unreliable travel times. This implies that their usefulness greatly
depends on properly setting these parameters, which off course is application and
context specific. The Florida Department of Transportation, for example, defined
travel time reliability on a highway segment as the percentage of trips that takes
no longer than the expected travel time plus a certain acceptable additional time
(Shaw 2000) (Florida-DOT 2000), as shown in Eq.2.4:

PR (a) = P (T; < o - TT50th) (2.4)

where PR is the probability of reliability while parameter o may be chosen at the
discretion of the analyst and 7 750¢4 is the median travel time. Tu, van Lint & van
Zuylen (2006a) and Tu, van Zuylen & van Lint (2006) defined travel time reliability
as a function of departure time (e.g. time-of-day, day-of-week):

PR(oa)=P(T; <a-T'|rop,pow) (2.5

where a - T is the threshold travel time with & > 1 and 7" equal to for example
the free flow travel time. 7' O D stands for "Time-of-Day"; DO W is short for "Day-
of-Week". In this sense, probabilistic measures focus more on whether travel times
meet the expected travel time of travellers; statistical measures, on the other hand,
consider the travel time distribution

. So-called "skew-width" measures, in which skewness of travel times 15%¢? is de-

fined as the ratio of the distance between the 7790t/ and T T 50¢h percentile travel
time and the distance between the 7750tk and TT10th percentile travel time
(Eq.2.6) while width of travel times 1°“" is defined as the distance between 7'790¢
and T T50¢h percentile travel time relative to the median travel time 7'750¢4 (Eq.2.7)
(van Lint et al. 2004) and (van Lint & van Zuylen 2005b). In general, a larger 15%¢®
means a higher probability for extreme travel times (relative to the median) to occur.
Large A"?" values indicate the width of the travel time distribution is large relative
to its median value. Furthermore, van Lint & van Zuylen (2005b) proposed the
following indicator for travel time unreliability (Eq.2.8 ) that can be derived based
on the percentile-based definitions of width and skew (Eq.2.6 and Eq.2.7 ). L, is
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Figure 2.2: Reliability maps on the basis of 8 different travel time reliability measures. In all
graphs dark areas depict unreliable travel times. Note that all measures have been scaled to the
same interval (0,1). STD: standard deviation; COV: coefficient of variation (standard deviation
over the mean value); BI: buffer time index; MI: misery index; Ul: unreliable index. Source: (van
Lint et al. 2008)

the route length. This means that it is large for unreliable periods.

TT90th — TT50th

lskew — 2.6
TT50th —TT10th 26)
Jvar _ TT90th — TT10th 27
B TT50th ’
Jvar ln(lskewz llskew -1
Lr
Ul = (2.8)

jvar

otherwise

r

van Lint et al. (2008) compare these five different measures by looking at empirical data
from a much used freeway in The Netherlands. Figure 2.2 shows eight reliability maps
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for the A20 freeway in The Netherlands. In all graphs dark areas depict values close
to 1 and hence unreliable travel times. It is found that there are large differences be-
tween the measures. According to for example COV (coefficient of variation, Figure
2.2 top right graph), travel times are considered unreliable on 41% of all TOD(time of
day)/DOW(day of week) periods between 6:00AM and 8:00PM, and on 58% of all TOD
periods on Wednesdays , based on a threshold of 0.25. In contrast, according to the U1,
measure not more than 12% of the TOD periods on all days and 17% of the TOD pe-
riods on Wednesdays are unreliable (also at a threshold of 0.25). COV hence assigns 4
to 5 times more TOD periods unreliable than U, and still over 1.5 times more often
than for example BI. Different measures therefore give very different answers. van Lint
et al. (2008) concluded that none of the measures presented here provides undisputable
arguments in favor of either reliable or unreliable travel times in a particular time period.

2.2.5 Discussions

Above it is argued that reliable travel times are characterized by two important aspects:
low variability and high stability in travel times. However, the currently available travel
time reliability measures focus solely on the first of these aspects, that is, the variability (or
uncertainty) of travel times. In the next chapter we will develop a travel time unreliability
measure which incorporates both variability and instability. To this end, the next section
will discuss some of the factors which influence both travel time variability and instability,
and hence reliability.

2.3 Factors Influencing Travel Time Reliability

Since travel times are the result of traffic flow operations, which in turn are governed by
the interplay between traffic demand (the amount of travelers entering a network) and traf-
fic supply characteristics (e.g. the available capacity on the infrastructure) the distribution
of travel times is a result of fluctuations in both traffic demand and supply characteristics,
which is schematically outlined in Figure 2.3.

For readability purposes, not all (inter)relationships between these demand and supply
factors have been drawn in Figure 2.3. Although each class of factors is discussed sep-
arately, this does not imply that they are independent. On the contrary, most of these
factors strongly overlap and depend (non-linearly and dynamically) upon each other. For
example, adverse weather conditions may (locally) reduce the capacity in a traffic net-
work, but may at the same time yield (global) changes in traffic demand, due to people
changing routes, departure time, mode or even reconsidering taking a trip altogether. Sim-
ilarly, particular traffic management measures (peak-hour shoulder lane usage for exam-
ple) may increase capacity (locally) but at the same time induce demand (globally and
locally). Travel time reliability hence results from the interaction of many different fac-
tors - or sources of unreliability. Nonetheless, we subdivide the factors influencing travel
time reliability into two groups: factors causing travel time unreliability due to demand
variations and factors causing travel time unreliability due to capacity (supply features)
variations. The following sections describe qualitatively how these factors affect the reli-
ability of travel times.
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Figure 2.3: Schematic overview (not exhaustive!) of factors influencing the distribution of travel
times

2.3.1 Variations in traffic demand

The main group of factors that fall into this category is what we will refer to as Temporal
effects. It is well known that during holiday periods roads are less busy. Figure 2.4
illustrates for example, that in July and August present less congestion occurs than in
October in The Netherlands. Similarly some days of the week are more congested than
others (e.g. Tuesday morning peaks are rather busy, while Friday morning attracts much
less traffic (van Eck 2004)). All of these seasonal effects result in a certain bandwidth
of travel demand during a typical peak hour (for example, morning peak hours between
6:30Am and 9:30Am; afternoon peak hours between 4:00PM and 7:00PM) or a typical
off-peak hour. In the Dutch case, on an average working day 5.5 million trips are made by
car during the peak hours (van Eck 2004). On the 5% quietest working days this number
is less than 4 million, while the 5% busiest working days have to cope with more than 6.9
million trips: a bandwidth in demand of more that 25% on both sides of the median. In the
off-peak hours an average working day results in 10.5 million trips. On the 5% quietest
days this is less than 7.7 million and on the busiest days this is more than 13 million: a
similar bandwidth.
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Mean traffic volume on A12 freeway in southeast part of The Netherlands
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Figure 2.4: Example of traffic volume as a function of departure time under different month of
year on A12 freeway in the southwest part of The Netherlands

Figure 2.5 shows clearly identifiable traffic flow patterns as a function of departure time
on working days and weekend days on a freeway stretch in The Netherlands. It is found
that there is a morning and afternoon peak during working days, while no clear peak
periods can be distinguished during weekend days. Strong differences in flow rates are
measured between working and weekend days because of the concentration of commuters
during working days. On the other hand, in terms of variance (inter-percentile range:
90th percentile traffic flow minus 10th percentile traffic flow) the traffic flow patterns as
a function of departure time differ substantially. Travelers in peak hours face much more
uncertainty than travelers on off-peak hours. Thus, temporal effects do not only affect
mean traffic flow but also variance in traffic flow, implying that also fluctuation of the
demand during the day makes road capacities inefficiently utilized.

The second group of factors that are categorized as demand factors are what we refer
to as network effects (Figure 2.3), that is the effect of traffic on adjacent, connecting or
parallel links and on- and off-ramps on the traffic conditions on the link of interest. A typ-
ical example of how network effects influence travel time distribution is the phenomenon
of queue spillback. Knoop et al. (2006), for instance, compared the influence of route
information in a simulation with spillback and without spillback modeling. The results
indicate that the model without spill back overestimates the network performance so that
route information does not seem to be effective and hence the travel time gaining from
route information is only 1.8%, while the simulation with spillback effects shows that
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Figure 2.5: Example of temporal effects on traffic flow. The graph shows 10th percentile, mean
and 90th percentile values of traffic flow profiles as a function of departure time on workdays and
weekend days in the whole year of 2004 on the A12 freeway (southern part of the A12 freeway in
the Netherlands).

rerouting is effective and gives 17% reduction of travel time.

The third group of demand factors are so-called "population characteristics" (Figure 2.3).
These factors include regional and temporal differences in traffic composition (e.g. per-
centage of trucks, commercial vehicles), regional and temporal differences in driving atti-
tude, driving style and socioeconomic characteristics, all of which affect not only average
demand patterns but also demand variations. Note that these population characteristics
may also impact variations in supply characteristics (capacities, desired speeds, etc.) due
to differences in driving skills (e.g. beginners vs. experienced drivers), age, gender, fa-
tigue level, concentration level and so on.

Finally, an important class of demand factors are the (potential) effects of traffic informa-
tion and user response (Figure 2.3). Providing road users with traffic information may
yield cost-benefits for the individual, and potentially also more stable and less congested
traffic conditions for all road users. From a traveller perspective, it has been shown that
particularly travel time unreliability is valued negatively (Bogers & van Zuylen 2004).
The average travel time and the variance of travel time on a specific route are important to
travelers. There have been numerous efforts during the last decade to evaluate the benefits
of ATIS (see, for example, (Ben-Akiva et al. 1991) (Habib 2004)). The results to date con-
clude that, by and large, the benefits of route guidance are marginal under conditions of
congestion (Habib 2004). Experienced travelers, who make up the major portion of traf-
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fic in congested urban networks, have sufficient information to manage their route choice
under conditions of recurring congestion. This has often been reflected in the estimation
of potential benefits from ATIS in the vicinity of 10% savings in total travel time.

2.3.2 Variations in capacity

In the Highway Capacity Manual 2000, capacity is defined as "the maximum hourly rate
at which persons or vehicles reasonably can be expected to traverse a point or a uni-
form section of a lane or roadway during a given time period under prevailing roadway,
traffic, and control conditions" (TRB 2000). In this context, the capacity is treated as
a constant value. Doubts about this nature of capacities as constant values were raised
by (Ponzlet 1996) and (Brilon 2005) who demonstrated that capacities are probabilistic
characteristics, also varying according to factors like adverse weather conditions, traffic
control, etc.

In general, capacity is strongly related to the geometry and lay-out of the infrastructure fa-
cility of interest and the (traffic) regulations that apply to it. Weaving traffic, for instance,
can strongly affect the traffic operation. The length of a weaving section has a larger im-
pact on the capacity of weaving sections for the case of short lengths and high demands
(Zhang & Rakha 2005). Another example, a single lane on a basic 3-lane freeway stretch
has a capacity of about 2100 vehicles per hour, while the capacity of a single lane on
a freeway stretch with a weaving section may drop well below 2000 vehicles per hour
(TRB 2000). Thereby, the capacity variation may be quite significant, which may induce
higher travel time reliability at weaving sections. On the other hand, instead of a constant
value capacity can show a significant degree of variability at the same location of along a
freeway Bovy (1998) and Brilon (2005). Figure 2.6 demonstrates capacity measured on
different time instants on a 2-lane section of the A15 freeway in The Netherlands. It is
clear that the capacity varied over time within the specified section.

Secondly, environmental conditions such as weather and luminance affect the capacity of
road infrastructure. For example, the impact of adverse weather conditions on freeway
capacity has been investigated by (Maze et al. 2006). They reported that heavy rains
(more than 6.4 mm/h) reduce freeway capacity by an average of 14 percent and heavy
snows (more than 12.7 mm/h) reduces freeway capacity by an average of 22 percent.
Note that weather and luminance do not so much physically change the infrastructure but
rather complicate the driving task given certain headways yielding suboptimal use of the
available space and thus lower capacity. Furthermore, the adverse weather not only results
in lower capacity but also in higher variations in capacity (Brilon 2005).

Thirdly, (dynamic) traffic management influences the capacity of road infrastructure. Ex-
amples of these include dynamic speed limits, ramp metering, compulsory route guidance,
lane segregation and traffic lights at intersections. Papageorgiou et al. (1997) presented
results of ramp metering at three on-ramps along a 6-km section of the southern part of
the Boulevard Périphérique, Paris. ALINEA (a local feedback ramp-metering strategy)
local control results in a 5% increase in motorway throughput.

Finally, incidents and accidents are the most common ones causing non-recurring con-
gestion and hence lower capacity. In case of accidents or incidents, freeways are partly
or fully blocked and so have a decreased capacity. Studies have indicated that incidents
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Figure 2.6: Example of capacity measured on different time instant (time slots) for a 2-lane
freeway section on Al5 freeway in the Netherlands. 10-minute aggregated traffic volume and
speed data are collected from inductive loop detectors in the months May and June in the year of
2005. The capacity is estimated by PLM (Product Limit Method, Bovy(1998) and Brilon (2005)).

contribute nearly to 20% of the freeway delay in the Netherlands (Knoop et al. 2008). It is
clear that incidents on freeways interrupt traffic flows unexpectedly, and thus are a major
cause of freeway capacity-drop. More seriously, they can cause bottlenecks or even sec-
ondary accidents. Another obvious factor is the occurrence of roadworks since roadworks
temporarily (partly or fully) block the freeway.

To conclude there are many sources of travel time unreliability which can be roughly cate-
gorized into demand and supply related factors Travel time variability and instability, and
hence (un)reliability must be viewed as the combined result of these interrelated factors.
In literature most studies devoted to unravel the relationship these demand and supply fac-
tors (in almost all cases defined in terms of travel time variability) are simulation-based,
rather than based on empirical observations. In the next section, an overview of a number
of travel time reliability studies will be presented by a critical discussion..
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2.4 Review of Travel Time Reliability Analyses

As discussed in the previous section, transportation networks are exposed to various
sources of unreliability in the real world. With all these uncertain environments, the
travelers and network planners face unreliability in the network performance or level of
service. The impacts of unreliability of the transport network can be listed from those
related to our day-to-day life (late arrival or higher level of extra in the departure time),
major loss in economic efficiency of the logistics and transport system, or even a threat to
national security and safety.

Traffic demand Infrastructure supply

o Equilibrium conditions
. ) o (Link) travel time functions
(Dynamic) traffic assignment model - fundamental diagram

[

J-LOMputs

Link and route flows
Link travel times
Route travel costs (times)

|

Travel time distribution
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Figure 2.7: Basic structure of travel time variability analysis from the literature (simulation-based)
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In order to cope with these problems, one needs to understand how the various factors
impact the travel time reliability. Figure 2.7 briefly outlines the basic structure of most
travel time reliability studies from the literatures for example (Nicholson & Du 1994),
(Nicholson & Du 1997), (Chen et al. 2002), and (Clark & Watling 2005). The dynamic
(time-dependent) traffic demand is given by a multidimensional origin-destination matrix
with travelers’ departure rates from each origin node to each destination node for each
time instant (or time interval). The infrastructure supply (capacity) is given by a network
consisting of nodes, links and link parameters. For example, it can describe a network of
freeway links. Given transport network supply and traffic demand, a traffic assignment
model is usually employed to determine an optimal trade-off between supply and demand,
based on some given decision rules. These decision rules include the route choice behav-
ior and the departure time choice behavior of the travelers. Two important components of
the assignment model are the route cost functions and the link travel time functions. The
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route cost functions mathematically describe the (un)attractiveness of a route in terms of
(dis)utility (cost, travel time). Link travel time functions, which depend upon the link
flows, are used for the propagation of the flows through the network. These link travel
times are usually part of the costs. Normally, the travel time function is the relationship
between speed (travel time is the reciprocal of speed) and flow, the so-called fundamental
diagram. The outputs of the traffic assignment model are given by time-dependent vari-
ables, such as time-dependent link and route flows, time-dependent link and route travel
times etc. Thus, the travel time distribution for a specific route or network can be obtained
from the outputs of a traffic assignment model.

The traffic assignment model can either be stated using an analytical approach or a heuris-
tic approach. Heuristic models normally offer a higher degree of flexibility in traffic
modeling (such as including if-then constructions), which enables engineers to establish
more realistic models by adding more rules to which the traffic flows should comply
(Bliemer 2001). The available methods to study travel time reliability mainly focus on
heuristic models, see, for example, Nicholson & Du (1997), Chen et al. (2002), Clark
& Watling (2005) and Immers & Jansen (2005). Either the scenario-based method (e.g.
sensitivity analysis), the random generation method (e.g. Monte Carlo simulations) or
the analytical technique is used to generate the uncertainty both in demand and capacity
within heuristic models. An overview of these methods and their main conclusions on the
primary causes of travel time reliability are given below:

2.4.1 Sensitivity analysis

Nicholson & Du (1997) used the sensitivity analysis method to investigate the sources of
travel time reliability of a Degradable Transportation System (DTS). In their model, the
travel time is related to the flow and capacity according to the (Davidson 1966) travel time
function

(1 _ja) 2'7"
L= fﬁ (2.9)
Ca

where j, is a constant (0 < j, < 1) on link @ and t‘; is the free flow travel time on link a
while v, is the flow on link a and C,, is the capacity on link a. The value of j, controls the
shape of the travel time function: as j, decreases, link travel time 7, becomes less sensitive
to changes in the flow/capacity ratio at low values of the ratio, and more sensitive at high
values. The value of j, may vary between arcs, according to the characteristics of the
travel mode associated with the arcs.

It is assumed that an explicit demand function can be formulated for each OD pair, as
follows:

Dy = f (Cw) (210)

where v, and ¢, are the flow and generalized cost between OD pair w, respectively. The
demand function could be satisfied by various forms,for instance, logit function, power
function, exponential function, and elastic exponential function.
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Nicholson and Du used sensitivity analysis to identify the important components in a DTS
(i.e. components whose degradation would have a large impact on the performance of the
whole system). A weak component is one with a probability of degradation which is
markedly higher than for other components, whereas a critical component is one which
is both important and weak. Once the important components have been identified, their
degradation probabilities can be assessed to identify the critical components. Then these
should be the prime candidates for strengthening, rather than those that are merely weak.

According to this approach, they concluded that travel time reliability is proportional
to both capacity and inflow variability. For a given (fixed) link capacity, the variability
in link travel time is due to link flow variation, while for a given (fixed) link flow, the
variability in link travel time is due to variation in the link capacity. They note that travel
time variability, in reality, can arise from both sources, and that it is not always an easy
matter to identify the separate effects of flow and capacity variations.

Immers & Jansen (2005) also used the sensitivity analysis to minimize the consequences
of varying network loads and (large) incidents by an adequate design of the network.
Assuming that traffic load (OD table) is increased in 8 consecutive steps starting with free
flow conditions (base load) and ending with serious congestion in the network (8 times
the base load), while local variations in supply are modeled as an incident on one (heavily
loaded) link, they found that the location of a link or a node is important in the sense that
in certain cases congestion and associated unreliability are confined to the concerned link
or a small part of the network. In other cases congestion at a centrally located link or node
may cause a series of cascading failures disrupting traffic on large parts of the network. It
is also found that higher traffic loads make the network more sensitive to small variations
in demand or supply.

2.4.2 Monte Carlo simulation

Roadway capacities are random in nature with continuous degrees of degradation and
possible correlation among the components. A reasonable way to capture these variations
and their is to model roadway capacities using probability distributions (Brilon 2005). In
this context, Chen et al. (2002) developed an assessment methodology, which integrates
reliability and uncertainty analysis, network equilibrium models, sensitivity analysis of
equilibrium network flow and expected performance measure, and Monte Carlo meth-
ods, to evaluate the performance (both capacity reliability and travel time reliability) of
a degradable road network. The random capacities are proposed to be non-normal and
correlated with the vector of means C and a covariance matrix Cov (C) of random ca-
pacities. Thus, the travel time reliability is defined as the probability 7, (¢) for the ratio
between u,, (C) and y,, (Cp) to be within an acceptable level 8. That is,

_ Ky (C)
tw (@) =P (#w €0 < 9) (2.11)

where,

C and Cj are the vectors of degraded and non-degraded capacities
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Ly (C)and g, (Cp) are the travel times between the OD pair w under degraded and
non-degraded capacities

6 can be interpreted as the level of service that should be maintained despite the
capacity degradation that has occurred on certain arc in the network.

On a small test network, Chen et al. (2002) use Monte Carlo methods to analyze amongst
other things the sensitivity of travel time reliability to fluctuations in link capacities. They
conclude that travel time reliability (at least their definition of it) decreases as the demand
level increase, which ’is no surprise since traffic congestion grows as a result of higher
demand’. They also show that the sensitivity of path travel time reliability to individual
link capacity fluctuations differs largely. Capacity variations on one link may have a huge
impact on path trave time reliability, while capacity variations on other links may affect
travel time reliability only marginally.

A similar research was carried out by (Chen & Recker 2001). In their Monte Carlo sim-
ulation framework, link capacities and OD demands are treated as random variables in
which they assume a probability distribution between some upper and a lower bound
value. Their procedure is to simulate risk perceptions and preferences in making route
choice decisions in an uncertain environment. The link travel time function used in the
route choice model is the standard Bureau of Public Road (BPR) function (Bureau of
Public Roads 1964) given below:

4
fy = zj(l 105 (g") ) (2.12)

t; and t(']f are the travel time and free flow travel time on link a, respectively.

where,

v, and C, are the flow and capacity on link a, respectively.

Numerical results were also presented to examine what the aggregate impact of changes
in variability caused by demand and supply variations might be on travel time reliability.
They found that the uncertainty due to variations in both demand and supply (capacity)
can significantly contribute to the travel time reliability.

2.4.3 Analytical techniques

Clark & Watling (2005) aimed to reconstruct a full probability distribution for the network
performance (total network travel time) to examine the impact of variable OD demand
flows on the total network travel time. Basic assumptions in their approach are:

e Each OD pair w is distributed as a stationary Poisson random variable with constant
mean q,, > 0.

e Link travel time function is proposed as a polynomial form (Eq. 2.13)
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m
ta (0a) = D _bjav)] (2.13)
j=0

e Total link travel time is the sum of link flow and link travel time

m
Wa = ata (0a) = D _bjav)*! (2.14)
j=0
where W, is the total link travel time on link a.

o Total network travel time is the sum of total link travel times

T=> W, (2.15)

where 7T is the total network travel time

After the moments of the total network travel time distribution are computed by the an-
alytic method, a flexible family of density functions is fitted to these moments. Based
on the numerical results from a five-link test network, Clark & Watling (2005) noted that
network travel time reliability decreases as capacity decreases for a given demand level
and ’spare capacity’ allows a network to deal better with unexpected variation.

2.4.4 Discussion

Although these studies provide valuable insight into the causes of travel time reliability,
and yield intuitive results that both demand variation and supply (capacity) variation can
significantly contribute to the travel time reliability, several issues related to the previous
studies are questionable. More specifically

e Approaches

1. Static network equilibrium. Prior studies are in most cases simulation-based
using a static network equilibrium model. However, path travel times are the
result of highly stochastic dynamic traffic processes along this path which are
not captured adequately by the static approaches. Bliemer & Bovy (2003)
note that static assignment essentially predicts congestion at the wrong places
and wrong times. Consequently, the resulting path travel time distributions
are also not very likely to be realistic. As Peeta & Ziliaskopoulos (2001)
put it: ’debating on whether dynamic models are better than static ones is
hardly the issue; dynamic models are obviously superior, since they relax more
assumptions and capture more realities than the static approaches’.
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2. Link (or section) capacities are assumed to be independent. The capacity on
a certain link has significant impact on that on the adjacent link due to, for
instance, the queue spillback effects. It is well known that spillback can lead
to grid lock on ring roads and that, as a result, the time-dependent output flows
(by OD pair) for networks susceptible to gridlock may be very sensitive to the
time-dependent input flows; e.g., a slight increase in the feasible OD flows of
a gridlock-susceptible road can result in no output flow at all (Daganzo 1998).

3. Travel time function. The travel time functions, for instance, Davidson travel
time function and Polynomial flow-travel time function (BPR travel time func-
tion is a special case), are on a basis of the flow-travel time (or flow-speed)
plane following a one-dimensional area. It is well known, however, that the
flow-speed diagram, especially in the congested part is widely scattered within
a two-dimensional area (Helbing 2001).

o Fuactors

4. Factors influencing travel time reliability. Previous studies focus mostly on
two aspects influencing travel time reliability: demand and supply. However,
as shown in Figure 2.3, demand and supply are the result of how other fac-
tors affect traffic(e.g. traffic information, adverse weather, and road geometry
etc.). The impacts of these specific factors on travel time reliability have not
been deliberated by previous studies.

In order to cope with these problems, in this dissertation, we follow a completely different
approach. We use empirical travel times obtained from dual loop detectors on freeways
instead of simulation-outcomes. Thus, travel time reliability as it can be measured from
the empirical data, is analyzed and plausible causes for the reliability are determined. The
approach is shown in Figure 2.8. In this framework, there are no assumptions on the
demand and capacity distribution, travel time functions etc. Since we use the empirical
data, traffic assignment models can be avoided to investigate the causes of travel time
unreliability. In this context, an explanatory travel time model can be constructed, which
can then be applied in a (dynamic) traffic assignment model.

2.5 Summary

This dissertation focuses on travel time reliability modeling. To this end, this chapter pre-
sented definitions for travel times, reliability and travel time reliability. We also illustrated
the key differences between travel time variability and travel time reliability. The latter
depends on the variability in travel times as well as the instability of the travel times. As
we will see in the next chapter, this implies that travel time reliability includes in fact
these two elements.

Travel times are the results of the highly complex and dynamic interplay of various fac-
tors. These factors can be categorized as factors influencing travel time unreliability
through the traffic demand (e.g. daily, weekly and monthly activity patterns, composi-
tion of the population) and those influencing travel time unreliability through the traffic
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Figure 2.8: General framework of empirically analyzing travel time reliability

supply (i.e. infrastructure capacity), (e.g. road works and weather conditions). In the
following chapters, we are going to address some of the factors which influence travel
time reliability.

The second part of this chapter gave an overview of travel time reliability studies. Two
conclusion can be drawn here. First, the approach from literature to analyze travel time re-
liability focuses on (static) network equilibrium, which is unrealistic. Second, the analysis
mostly concentrates on two main aspects (demand and capacity), which does not go into
the detailed factors. In this context, the travel time reliability model will be derived from
a large dataset of empirical data from inductive loop detectors without any assumption on
the assignment. The latter will be addressed in the remainder of this dissertation.



Chapter 3

Conceptual Travel Time Reliability
Model

3.1 Introduction

In order to be able to make forecasts about future traffic conditions on transport networks,
to compare scenarios of different infrastructure investments, or to estimate effects of traf-
fic management measures, policy makers and transport planners rely on tools such as
traffic assignment models. The outcomes of a traffic assignment model include the route
split proportions, the traffic flows, and the travel times and costs on the network. The
interdependence among travel costs, travel times, travel time reliability, flows, and the
processes in the traffic assignment models are illustrated in Figure 3.1. Route and depar-
ture time choices play a crucial role in a traffic assignment model and it is known that
these choices do not only depend on expected travel time, but also on travel time relia-
bility. In this respect, travel time reliability not only contributes to the utility function or
travel costs, but also plays an important role in route choice (Bogers & van Zuylen 2004)
and departure time choice (Li et al. (2007), Li et al. (2008)). Therefore, a good model
is needed to describe travel time reliability in such a way it can be used for traffic as-
signments. Furthermore, the policy makers and transport planners like to know what the
influences of traffic control measures or road geometry are on travel time reliability. A
model that describes the influences of certain conditions on travel time reliability can help
making decisions on measures to improve travel time reliability.

Such a travel time reliability model should have sufficient credibility (or validity) (van
Zuylen et al. 2007) (see details in section 6.1). Therefore, the parameters in the model
should be logically related to the characteristics of the system, called content validity.
Travel time unreliability is the result of traffic flow operations, which in turn is governed
by the fluctuations in both traffic demand and supply characteristics, which is schemat-
ically outlined in Figure 2.3. In this respect, a travel time reliability model should have
parameters with all the factors in Figure 2.3.

Since in the traffic assignment process (Figure 3.1) the result of route and departure time
choices becomes visible as flows on the links, the travel time reliability model should
have parameters that include at least the inflow of a path. It is known that if there is no
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flow on the road, there are no travel times and no travel time unreliability problem. In this
sense, traffic flow is one of the most important factors (probably the most important one)
influencing travel time reliability. Thus, the (in)flow can be considered as the principal
parameter in the travel time reliability model. Furthermore, The geometry of the road,
the traffic control measures, the conditions that have a considerable impact on travel time
reliability but are not controllable, like the weather conditions (Tu, van Lint & van Zuylen
2007a), should be included in the model as well. Therefore, the reliability model can be
regarded as a function of inflow levels given certain conditions, as following:

TTR= 1 (@ls s seososs) G.D

in which

TTR = Travel Time Reliability

q., = Traffic flow (inflow)

Ifr = Road geometry

fuw = Weather conditions

fe = Traffic control measures
fa = Accidents

fo = Other factors

> Traivel tlm.es - Other travel costs e
Travel time reliability

A A

Route and departure time choice

4

— Flows —

Figure 3.1: Interdependence between traffic processes and choice variables in the traffic assign-
ment model

The relationship between flow and travel time (reliability) is essential to build up the travel
time reliability model. In this dissertation, such a model is derived based on empirical
(loop detector) data. Since travel time is a reciprocal value of travel speed, knowledge
of the traffic states and transitions in the speed-flow plane can help better understand the
flow-travel time relationship. Here the speed-flow plane is not just a simple fundamental
relationship, but is viewed as a statistical relationship and is characterized by a wide
scatter (see also section 3.2.1 and Figure 3.4). In this study, the inflow ¢;,, is proposed
as the indicator of traffic flow and the measurement interval of inflow is on 10-minute
aggregate. Further information will be addressed in section 4.2.2.
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In Figure 3.2, the structure to build up a travel time reliability model is depicted. Firstly,
the characteristics of speed-flow and travel time-flow planes are discussed in section 3.2.
After a short overview of the fundamental diagram, some features in the fundamental di-
agram are taken as a starting point to discuss some basic characteristics of the speed-flow
plane in section 3.2.1. Next we focus on the characteristics of speed-flow plane and travel
time-flow from the empirical observations in section 3.2.2. Thereafter, we turn to present
the components of travel time reliability in section 3.3. That is, the instability of travel
times is discussed in section 3.3.1 and the severity of congestion due to traffic break-
down is discussed in section 3.3.2. Then in section 3.4 we come up with the conceptual
travel time reliability model in which the elements of travel time reliability are combined.
Finally, in section 3.5 a summary of some important conclusions is presented.

Characteristics of travel time-flow plane
and speed-flow plane (section 3.2)

U

Elements of travel time reliability (section 3.3)

| Uncertainty in travel times | | Instability of travel times |

| Travel time Variability | | Probability of traffic breakdown |

1l

Travel time reliability model (section 3.4)

Travel Time UnReliability model |

Figure 3.2: A diagram to set up a travel time reliability model

3.2 Characteristics of Travel Time-Flow Plane and Speed-
Flow Plane

In order to investigate the travel time reliability, there is a need to clarify what the elements
of travel time reliability are. In this section, the characteristics of travel time-flow and
speed-flow relations are discussed, from which the elements of the travel time reliability
model are derived. The next subsection briefly outlines the relationship between speed
and flow.
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3.2.1 Fundamental relations

The interest in the subject of traffic flow characteristics is not new. Greenshields (1935)
and Greenshields et al. (1947) carried out early studies of vehicular traffic: the study of
models relating volume and speed and the investigation of performance of traffic at in-
tersections. After WWII, with the tremendous increase in use of automobiles and the
expansion of the highway system, there was also a surge in the study of traffic character-
istics and the development of traffic flow theories. In the 1950s, there was considerable
publication activity in journals on operations research physics and engineering based on a
variety of approaches, such as car-following, traffic wave theory (hydrodynamic analogy)
and queuing theory. Some of the works of that period include the studies by (Reuschel
(1950a), Reuschel (19500), Reuschel (1950¢), Wardrop (1952), Pipes (1953), Lighthill &
Whitham (1955), Newell (1955), Webster (1958), Edie & Foote (1958), Chandler et al.
(1958)). These papers introduced the fundamental diagram showing the relation between
traffic flow and vehicle density or the instability of traffic flow, which are still relevant.
The detailed review of traffic flow theory can be referred to, for instance, (Hoogendoorn
& Bovy 2001) and (Helbing 2001). The motivation for such studies was self-evident. As
Greenberg wrote in 1959, "The volume of vehicular traffic in the past several years has
rapidly outstripped the capacities of the nation’s highways. It has become increasingly
necessary to understand the dynamics of traffic flow and obtain a mathematical descrip-
tion of the process."

Functional relations between the vehicle flow g (x, ), the average velocity v (x, ¢), and
the vehicle density p (x, #) or occupancy o (x, ¢) have been measured for decades, be-
ginning with (Greenshields 1935), who found a linear velocity-density relationship. The
name fundamental diagram is mostly used for some empirical relations, such as speed-
flow relation

V="V (3.2)

where V' (q) stands for the fitted empirical speed-flow relation. We will address neither
the speed-density relation V' (k) nor the flow-density relation Q (k), but the speed-flow
relation only because of the fact that density is not directly measurable from the empirical
loop detector data. Density is defined in space while detectors measure on point. In
the fundamental diagram, a multitude of the steady-state model solutions cover a one-
dimensional region in the speed-flow plane either in free-flow region or in congested flow
region (Figure 3.3).The following features (e.g. see Helbing (2001), Kerner (2004), and
Papageorgiou et al. (2007)) can be observed:

1. In the free-flow part, speed slightly decreases with flow increasing (at low densities
p). The speed is under free flow speed conditions, which can be sustained at many
densities as long as there are sufficient possibilities for overtaking.

2. In the congested flow part, with decreasing speed, the traffic volume decreases
monotonically, and it vanishes together with the speed at zero.

3. The vehicle flow has one maximum gp,x(capacity).
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Figure 3.3: Fundamental diagram, flow-density plane in one-dimensional region for both free-
flow and congested flow parts

However, some studies like Banks (1991) and Brilon & Ponzlet (1996) claimed the so-
called capacity drop or the two-capacity phenomenon: free flow capacity, the absolutely
highest flow rates are in general observed shortly before traffic breakdown, and queue
discharge rate, the highest flow rates that occur at the head of the queue once traffic has
broken down. In the literature the differences between two capacities ranges from 5-
10% (Cassidy & Bertini 1999) (Bertini & Cassidy 2002), to 20% (Smulders et al. 2000)
up to 50% (Kerner 1999). More recent investigations come to the conclusion that the
capacity of a freeway shows a significant degree of variability. To some extent, observed
differences in capacity are due to systematic external influences like daylight/darkness or
weather conditions (Brilon & Ponzlet 1996). There are, however, other and even larger
fluctuations that cannot be explained by any external or traffic-flow parameters which
must, therefore, be regarded as a random variable. This random nature of capacity on
freeways has been studied by several authors (among others: (Minderhoud et al. 1997)
(Lorenz & Elefteriadou 2000) (Brilon 2005)). This fundamental relation, accordingly,
can not reflect the random nature of traffic flow characteristics. In the next subsection, we
focus on the empirical speed (travel time)-flow relations.

3.2.2 Empirical relations

In recent studies, it has been shown that the speed-flow data in both free-flow and con-
gested flow parts are widely scattered within a two-dimensional area (see, for example,
(Koshi et al. 1981), (Hall et al. 1986), (Kerner & Rehborn 1996)). Figure 3.4 shows an
example of the empirical fundamental diagrams of (a) speed-flow relation and (b) travel
time-flow relation (obtained through local 10-minute aggregated measurements of time-
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mean flow and time-mean speed on the A20 freeway in the whole year of 2004 in The
Netherlands). Note that Figure 3.4(a) has a particular property that is not typical for fun-
damental diagrams: for very low flows, the speed decreases. This effect is site-specific
and is an effect of changing traffic composition: these data points are related to night traf-
fic, which - due to the presence of a large harbour in Rotterdam - has a very high fraction
of trucks, driving at lower speeds than cars. This site-specific observation shows how the
characteristics of the fundamental diagram not only depend on the measurement location
with respect to bottlenecks but also on the composition and characteristics of traffic. It is
important to realize that such a diagram reflects a local relationship between the macro-
scopic traffic variables, which should not be perceived as a causal relationship. It has
been found (also from the example) that there is no one-on-one relationship of speed and
flow or travel time and flow, neither in the free-flow, nor in the congested branch of the
fundamental diagram. The measurements of speed-flow plane and travel time-flow plane
are both widely scattered. In general, the diagram only suggests relations between speed
(travel time) and flow. To some extent, the observed scattered speed-flow plane is due to
internal and external factors like vehicle composition, weather conditions, traffic control
measures, etc. The impacts of the internal and external factors on traffic flow lead to the
instability of flows.

(a)Freeway speed-flow relationships
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Figure 3.4: Example of empirical fundamental diagram: (a) speed-flow relations and (b) travel
time-flow relations on A20 freeway in the whole year of 2004 (speed and flow are both measured
in 10-minute aggregate) in The Netherlands. Note that travel time unit here is the travel time (or
seconds) per km, the reciprocal value of speed.

If we take a close look at the travel time-flow plane (Figure 3.4), there appears to be two
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critical inflow levels, critical transition inflow 1, and critical capacity inflow A.. In case
inflow below 4, it is nearly certain that we deal with free flow condition; between 4, and
A, flows are uncertain, either in free flow conditions or in congested conditions; above
Ac (the flow is close to capacity) it is also certain that flows have a free flow condition
because such high flow rates are only possible in uncongested conditions. However,
when the flow is close to capacity, it is very likely that some minutes later the flow will
break down and congestion will set in with the consequence that the flow and speeds
become lower and the travel time will become longer. Therefore, we have three regions:

e Below 4, certain and stable flows
e Between A, and A., uncertain and unstable flows

e Above ., certain but instable flows.

Figure 3.5 illustrates these three regions and the representation of the relationship between
uncertainty and inflow and the relationship between instability and inflow (Tu et al. 2008).

A

—— Uncertainty

— — Instability

> qin
A, A

c

Figure 3.5: Representation of the static relationship between uncertainty and inflow (g;,) and the
static relationship between instability and inflow. (Y-axis: the higher value, the higher uncertainty
or instability)

3.3 Elements of Travel Time Reliability

Based on these properties of the speed-flow and travel time-flow relationships, we argue
that travel time reliability includes two parts: travel time uncertainty and instability of
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travel times, as shown in Eq. 2.1. Therefore, travel times are unreliable in case they are
either unstable, uncertain or both:

Travel time unreliability = {Instability, Uncertainty} (3.3)

More specifically, we argue that

1. Travel times are unreliable if they are uncertain (so if they vary largely, either con-
gested or free flowing), that is, if there is a wide range of possible travel times given
the prevailing inflow rate

2. Travel times are unreliable if they are certain at a moment but unstable, that is, if
there is a large probability of traffic breakdown under the prevailing circumstances
at a next moment

3. Travel times are unreliable if the consequences of the breakdown are severe, in
terms of long delays (increasing travel time)

In terms of the elements of travel time (un)reliability, the following questions need to be
answered:

1. What is the travel time variability?
2. What is the travel time uncertainty? How to quantify travel time uncertainty?

3. What is the definition of traffic breakdown? And how to quantify the probability of
traffic breakdown?

4. How to quantify the impact of traffic breakdown on travel time?

The first question has been addressed in section 2.2.4. The next two subsections will
answer the latter three questions.

3.3.1 Traffic breakdown and congestion patterns

Traffic breakdown of a section

As shown in Figure 3.4, both the speed-flow plots and the travel time-flow plots are widely
scattered. The data presented here clearly demonstrate that flows between A, and 1. are
either in free flow conditions or in the congested conditions. Thus, in this region, flows
are instable. Traffic consists of vehicles, controlled by drivers, who are all assumed to
have the intention to travel safely at their desired maximum speed. Then how can a high
speed free flowing traffic state change into a low speed congested traffic state (traffic
breakdown)? Basically two views on the causes of traffic breakdown can be found from
the literature, for instance (Daganzo et al. 1999) and (Kerner & Rehborn 1996). The first
argues that traffic breakdown is always deterministically associated with the presence of
a bottleneck (Daganzo et al. 1999), whereas the second claims traffic can break down
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in absence of any apparent bottleneck, but the probability of the traffic breakdown will
be much higher in the presence of a bottleneck. However, both state that the probabil-
ity of traffic breakdown increase with increasing density. Furthermore, traffic breakdown
does not necessarily occur at maximum flow and it can occur over a range of flow rates
including flows lower or higher than those traditionally accepted as capacity (Lorenz &
Elefteriadou 2000). The breakdown of a section is a probabilistic variable and not deter-
ministic (Elefteriadou et al. 1995) and the probability of traffic breakdown is an increasing
function of inflow (Persaud et al. 1998). Here we used the same definition of traffic break-
down as (Brilon 2005):

Section traffic breakdown: A reduction of average speed of a section within one
time interval from a high level down to below a threshold of 70km/h is treated as a
section breakdown.

Observations on both Dutch and German freeways clearly show that most of the break-
downs occurred as a sharp reduction of average speeds (70km/h) within a short time
interval. This speed threshold is also used to distinguish the free flow condition and con-
gested condition. The size of time interval also affects the measurement of the probability
of traffic breakdown. Here 10-minute is chosen as the time interval (see details in section
4.2.2). Therefore, the probability that traffic flows in a congested condition given a certain
inflow ¢;,, equals:

" ()
Nk (gin)

jam

Dy (qin) = (3 ~4)
where

" (gin) = the probability that traffic flows in congested condition for a given
inflow level ¢;,, on section k&

n ,’;‘"" (gin) = the number of intervals with traffic are under congested condition
for a given inflow level ¢;, on section k&
Nk (gin) = the total number intervals in a given inflow level g;,, on section k

The probability of traffic breakdown on a section is defined as:

nir (qin)

. 3.5
N}{ (gin) G-

p][:: (gin) =

where

Py (qin) = the probability that traffic breaks down for a given inflow level ¢,
on section k

ny (gin) = the number of time intervals that traffic flows in free flow conditions
but followed by a traffic breakdown for a given inflow level ¢;,, on
section k

N k’ (¢in) = the total number intervals that traffic flows in free flow conditions for
a given inflow level g;, on section k (include 7} (¢in))
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Probability of traffic breakdown on a section can be categorized into two types:

brs

e Spontaneous breakdown p;”* (gin): A local spontaneous breakdown is caused by
an internal local disturbance in traffic flow. This internal local disturbance can be
associated with a deterministic local perturbation at a freeway bottleneck or to the
occurrence of a random local perturbation in traffic flow.

e Induced breakdown pzr" (¢in): A local induced breakdown is caused by an exter-
nal short-time local disturbance in traffic flow. This external disturbance can be
associated with the propagation of a queue that has initially occurred at a different
freeway location in comparison with the location of the induced breakdown.

Attention should be paid that: firstly, the spontaneous breakdown and the induced break-
down are independent due to the different local disturbance; secondly, spontaneous break-
down and induced breakdown can not occur at the same time, that is if spontaneous break-
down occurs in a section at current time step, the induced breakdown can not occur at the
next time steps even the propagation of a queue comes to the section. Thus, the probability
of traffic breakdown on a section includes both the probability of spontaneous breakdown
and the probability of induced breakdown.

Py (qin) = P @in) + 17 (Gin) (3.6)

A section, for instance a basic freeway section, with a high value of p,’fi (¢in) has a low
value of pZ’S (gin) since breakdown of the section, in this case, is mostly due to the prop-
agation of a queue from downstream bottleneck section like on-ramp section. That is,
induced breakdown probably occurs before spontaneous breakdown on the basic freeway
section. Therefore, in Eq. 3.6, py” (¢iy) is always smaller than 1.

So far, we have only briefly discussed traffic breakdown on a section-level basis. This
is however not sufficient to analyze the route-level traffic breakdown since the adjacent
sections are highly dependent. Traffic flows on the downstream section probably have
significant influences on upstream flows. In the next subsection, we will address the
probability of traffic breakdown on a route level.

Traffic breakdown of a route

The adjacent sections along a route have strong interconnections. One of the common
phenomena is the effect of the spillback on the sections. In the queue spillback, vehicles
decelerate from a phase with higher speed to a phase with lower speed. The motion
of the upstream jam front is determined by the flow rate and density in the fast region
upstream of the front, and by the flow rate and density inside the slow congested region
(for instance, Kerner & Rehborn (1996), Daganzo et al. (1999), Helbing (2001), Brilon
(2005)). A route of a freeway is combined of several dependent adjacent sections. If traffic
breaks down on a section, queues propagate upstream. Figure 3.6 presents an empirical
example of congestion propagate upstream on A13 freeway on January 8 in 2004. As can
be seen in Figure 3.6, one phenomenon is found that some of the congestions continuously
propagate upstream over long time while the other congestions only last a short time. The
phenomenon is due to different traffic conditions, such as traffic flow, weather conditions,
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traffic control, road geometry etc. On the other hand, there are strong temporal and spatial
interactions between sections along the route. The probability of traffic breakdown of a
route is defined as:

Route traffic breakdown: Traffic breakdown of a route occurs in case of at least one
section along the route breaks down.

speeds (km/h)
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Figure 3.6: Empirical example of queue spillback on A13 freeway (8 January, 2004). Free flow
(above 70km/h, in white) and congested flow (below 70km/h, in grey). BX represents the bottle-
necks along the freeway, such as B1-4 are the bottlenecks around the detector location 12005m,
10510m, 7505m, and 6760m, respectively. Traffic direction is from small number to large number.

Consequently, the probability of traffic breakdown on a route can formulated as:

ny (gin)

—_— 3.7
Nif (qin) ( )

pﬁr (gin) =

where

pY (gin) = the probability of traffic breakdown for a given inflow level g;, on
route r

n? (gin) = the number of time intervals that traffic in free flow conditions but
followed by a traffic breakdown for a given inflow level g;, on route r

N/ (¢in) = the total number intervals that traffic in free flow conditions for a
given inflow level g;,, on route » (include n2 (g;,))
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Figure 3.7: Scheme of a route with one basic freeway section (k) and one on-ramp section (k)

Eq. 3.7 only illustrates the general approach to measure py” (¢;,), but without address-
ing the relationship between p; (gi,) and each section p}” (¢in) along a route. A route
is combined of several dependent adjacent sections which have strong interconnections.
The probability of traffic breakdown of a route, therefore, has a strong correlation with
the probability of traffic breakdown of the sections along the route. Since the sponta-
neous breakdown is due to the internal (local) factors, the spontaneous breakdowns of
adjacent sections along a route are considered to be independent. Thus, the probability of
(spontaneous) traffic breakdown of a route is one minus the product of the probability of
non-breakdown of each section, which can be formulated as:

n

P (@) = 1= [T (=2} @) Y

k=1
in which

P (qin) = the probability of (spontaneous) traffic breakdown for a given
inflow ¢;,, on route . Note that the spontaneous traffic
breakdown of a route is not affected by the queue
propagation of the downstream adjacent route

p,i"“‘ (gin) = the probability of spontaneous traffic breakdown for a given
inflow level g;,, on section k

n = the number of sections along the route

From a network level, a route does have a correlation with adjacent route, especially the
downstream adjacent route. Therefore, the probability of (induced) traffic breakdown of a
route is caused by an external disturbance in traffic flow. This external disturbance can be
associated with the propagation of a queue that has initially occurred at a downstream ad-
jacent route. Thus, the total probability of traffic breakdown on route r can be formulated
as following:



Chapter 3. Conceptual Travel Time Reliability Model 43

P (gin) = P @in) + 7 (Gin) (3.9)

where p,}f'l" (¢in) = the probability of (induced) traffic breakdown of route » for a given
inflow level ¢;, due to the propagation of a queue that has initially occurred at a down-
stream adjacent route. Analogously to section p}” (gin), pi” (gin) is also smaller than or
equals 1.

To illustrate the relationship between p;” (¢;,) of a route and each section p;” (¢;,) along
the route, a route » with one basic freeway section k| and one on-ramp section k» on
A12 freeway in The Netherlands is presented in Figure 3.7. Figure 3.8 demonstrates the
relationship between traffic breakdown of a route and traffic breakdown of each section
along the route on A12 freeway in The Netherlands. Traffic disturbance increases with
rising inflows due to the effects of weaving vehicles on section two (k7). At inflows above
a certain value (1680 veh/h/In), the probability of traffic breakdown on both section two k>
and route r sharply increases with rising inflows. The graph also shows that p’” (¢;,) has
much higher correlation with p,’g (gin) of the bottleneck section &, than the basic freeway
section k. Furthermore, the estimated p! (g;,,) (circles in the graph) is very close to the
observed pi” (gin) (solid line in the graph). That is, Eq. 3.8 can approximately estimate
pr (gin) by combining each section p}” (gi,) along the route.

Probability of traffic breakdown on A1201 (2004)

pbr (section one k)
0.9F y 1
r .
+ P, (sectiontwo k)
0811 o P (estimated from Eq. 3.7)
0.7r P:’r (estimated from Eq. 3.8)

probability of traffic breakdown

0 500 1000 1500 2000 2500
inflow(veh/h/In)

Figure 3.8: Example relationship between traffic breakdown on a route and traffic breakdown on
a section of the route (A12 freeway in The Netherlands in the year of 2004, 10-minute aggregate).
Traffic breakdown on section one without spillback of section two. p! (observed) is calculated by
Eq. 3.7 and p!r (estimated) is measured by Eq. 3.8.
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Congestion patterns

Once traffic breaks down, the flows are in congested conditions. Several studies presented
the theory that the congested regime may not be a single dynamic phase but rather a collec-
tion of multiple phases (see Kerner & Rehborn (1996), Helbing & Tilch (1998), Helbing
& Treiber (1999), Lee et al. (1999), Kerner (1999), Lee et al. (2000), Kerner (2004)). Not
only the theory was formulated based on simulation results, but also empirical evidence
for the theory was reported. For instance, Kerner (2004) investigated the spatiotemporal
features of traffic flows on a basis of empirical data from German freeways and proposed
three phase traffic theory, free flow, synchronized traffic flow and the wide moving jam.
At least in Kerner’s empirical findings, two phases exist within congested regime. Fur-
thermore Kerner claimed that there are three main types of synchronized patterns (SPs)
in the synchronized traffic flow: Localized SP (LSP), Widening SP (WSP), and Moving
SP (MSP). LSP is fixed at the bottleneck and does not continuously propagate upstream
over time while WSP also is fixed at the bottleneck but continuously propagate upstream
over time. In contrast to the LSP and WSP, an MSP propagates as a whole pattern on the
freeway over time. It is suggested by Kerner (2004) that steady states of synchronized
flow cover a two-dimensional region in the speed-flow plane. In short, the amount of sim-
ulation results and empirical observations forms strong evidence that traffic in congested
conditions are in a collection of multiple phases and hence instable.

3.3.2 Travel time uncertainty

In Figure 3.5, the relationship between inflow and travel time uncertainty is stationary
which does not take the time steps into account. However, traffic breakdown plays an
important role in travel time reliability since when the probability of traffic breakdown at
current time step under the prevailing circumstances is higher, at a next moment the con-
sequences due to breakdown is much worse (much more unstable travel times). Thus, the
instability of traffic flow for a given inflow level is directly associated with the probability
of traffic breakdown. Figure 3.9 illustrates the travel time-flow relations before and after
traffic breakdown. In the graph, travel times before breakdown are quite certain since
traffic flows are in free-flow conditions while travel times after breakdown are uncertain,
especially in case high volumes. Accordingly, uncertainty can be categorized into: (a) the
travel time uncertainty in case of flows in free flow conditions (before breakdown) and (b)
the travel time uncertainty after breakdown (the consequence of the traffic breakdown).
Under this circumstance, the relationship between travel time uncertainty and inflow is
so-called dynamic, which can represented in Figure 3.10 The empirical data from Figure
3.9 provide evidences that the travel time uncertainty does not sharply increase with the
increasing inflows in case of high inflows. This is probably due to the fact that travel
times after traffic breakdown depend more on how the queue builds up and propagates
upstream rather than on inflow. It can be seen that the travel time-flow relation in sta-
tionary situations (Figure 3.4(b)) and the travel time-flow relation in dynamic situations
(Figure 3.9) are quite different. Therefore, the associated inflow and travel times should
be clearly defined.

In case inflows are low, the congestion due to breakdown may have a short dissolution
time. Travel time uncertainty is low. But in case of high inflows, the congestion due to
breakdown may have a long dissolution time and hence travel time uncertainty is also
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Figure 3.9: Example of empirical relation between travel time-flow before and after traffic break-
down on A20 freeway. This figure is derived from Figure 3.4.

relative high. Then the travel time uncertainty before or after breakdown needs to be
defined and quantified. To this end, the associated inflow for a travel time given a certain
time step needs to be clarified.

Let us define if, for a given inflow level, (a) state one: traffic does not break down, the
flows are in stationary conditions (the flows are in free flow conditions); (b)state two: if
traffic does break down, the flows are in transition conditions (the flows transits from free
flow conditions to congested conditions); and (c) state three: after traffic breaks down at
current time period, the flows in the next several time periods are in congested conditions
(the congestion will last for several time intervals until the congestion dissolved).

Figure 3.11 schematically represents these three states to illustrate the correlations be-
tween travel times and inflows. Once the flows are in a congested condition, the congested
flows will last several time periods until traffic congestion resolves. The congested flows
within these time periods mostly are due to the inflow breaked down at a previous time
period and induced the congested flows. Consequently, the corresponding travel times
with respect to inflow can be classified as:

e TT%(qin): Travel times in stationary conditions for a given inflow ¢;,

o TT'(qin): Travel times in transition conditions which is followed by a traffic break-
down for a given inflow ¢;,
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Uncertainty after breakdown
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Figure 3.10: Representation of the dynamic relationships between uncertainty and inflow (g;,)
before and after traffic breakdown (Y-axis: the higher value, the higher uncertainty)

o TT/ (qin): Travel times in congested conditions for a given inflow ¢;,. Here the
associated inflow ¢;, with the travel times under congested conditions (state three)
is regarded as the inflow at time period p — 1 which induces traffic breakdown in
state two (Figure 3.11). This is due to the fact that travel times in state three is
caused by the inflow which induces traffic breakdown.

Once the one-to-one associated travel time-inflow relation has been setup, the travel times
can be categorized into two types: TT/ (gi,) (travel times before breakdown), include
both stationary travel times 7 T* (g;,) and transitions travel times 777 (gin); TT’ (gin)
(travel times after breakdown).

As can be seen in Figure 3.9, (a) if travel times are uncertain, travel time variability is
large, and (b) if travel times are certain, travel time variability is low. Therefore, travel
time variability is regarded as a quantitative indicator of travel time uncertainty. In this
dissertation, we use a single indicator as a measure for travel time variability, a so-called
statistical range method i.e. the difference between the 90th and 10th percentile travel
time, as shown in Eq.(3.10). The idea behind this is twofold. Firstly, the more travel
time varied, the more unreliable travel time can be considered. Secondly, percentile travel
time is a better performance indicator in terms of travel time reliability than standard
deviation or variance does, as Chen et al. (2003) putted:"The 90th percentile travel time
is a meaningful way of combining the effect of both average travel time and its variability
(standard deviation) into one number." (see further empirical analysis in section 4.5.2).

TTV =TT90th — TT10th (3.10)

where 7TV denotes travel time variability while 7790¢4 and 77 10¢h denote 90th per-
centile travel time and 10th percentile travel time, respectively.
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Figure 3.11: Schematic representations of the states of traffic under a given inflow g,

Travel time variability before (include the transition travel times since these travel times
are still in free flow conditions) and after breakdown can be defined as Eq. 3.11:

TTV/ =TT90th—TT10th,TT c TT/

TTV/ =TT90th—TT10th,TT c TT/ (.11)

in which,

TTV/ =Travel time variability in free flow conditions (before breakdown)

TT Vj = Travel time variability due to transitions (after breakdown)
7/ = Travel times in free flow conditions (before breakdown)
TT/ = Travel times in congested conditions (after breakdown)

3.4 Conceptual Travel Time Reliability Model

Based on the previous considerations, the travel time unreliability includes two elements:
instability and uncertainty. The investigation of travel time unreliability is the process of
quantifying these two elements. Consider a driver departing at current time step given a
certain inflow level. Whether this driver will experience the traffic breakdown (or conges-
tion) can be seen as a risk. Risk is then characterized by two quantities:
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1. the consequence (magnitude) of a possible breakdown, and

2. the probability (likelihood) of occurrence of each breakdown

Consequences are expressed numerically (e.g. travel time uncertainty) and the likelihood
of occurrence are expressed as probabilities (e.g. the probability of breakdown). Then the
total risk is computed as the sum of the products of the consequences multiplied by cor-
responding probabilities (Singpurwalla 2006). Thus, travel time unreliability includes the
perceived or estimated (non)breakdown probability and the associated travel time variabil-
ity. The travel time unreliability (i.e. risk) can be represented by the following conceptual
travel time (un)reliability model:

TTUR (g}) = (1= 2 (a})) x TV (ah) + o (45) < TV () (3.12)
in which

T TU R (q%,) = travel Time UnReliability given a inflow level g;, on route r

pr(qh) = probability of traffic breakdown given a inflow level ¢;, on
route r
TTV/ (g,) = travel time variability before breakdown given a inflow le-
vel ¢, on route r
TTV/ (q,,) = travel time variability after breakdown given a inflow level

gin On route r

Since this reliability model is conceptual which include two elements of travel time relia-
bility, the model is named as CTTR (Conceptual Travel Time Reliability model). The idea
in Eq. 3.12 is that travel time unreliability depends not only on the consequence of traffic
breakdown, but also on the probability of traffic breakdown. The consequence in this case
relates to the variability of travel times conditional to internal and external factors like
road geometry, weather conditions, traffic control etc. For instance, the congestion due to
breakdown probably lasts a short time period under good weather conditions, but it lasts
a long time period under heavy rainy conditions.

3.5 Summary

This dissertation aims to build up a travel time reliability model which can be used in
traffic assignment models. To this end, this chapter presented a conceptual travel time
reliability model. Firstly, the characteristics of the speed-flow and travel time-flow planes
are described on a basis of empirical data and provide evidences that both speed-flow
relation and travel time-flow relation are widely scattered. It turns out that travel times are
unreliable in case they are either unstable, uncertain or both. Travel times are determined
by two critical flows (Critical Transition Flow 4, and Critical Capacity Flow 1.). Below
A, travel times are certain and stable; between A, and /., travel times are uncertain and
instable; above A., travel times are relatively certain but highly instable. Therefore, travel
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times have three regions: (a) certain and stable travel times, (b) uncertain and instable
travel times, and (c) certain and very instable travel times. In this context, travel time
unreliability is computed as the sum over the products of the consequences (uncertainty)
and corresponding probabilities of breakdown. Traffic breakdown is a stochastic process
and the probability of breakdown is an increasing function of inflow. The travel time
variability is proposed as the indicator of the travel time uncertainty.



50

TRAIL Thesis series




Chapter 4

Inflow-Travel Time Reliability Model

4.1 Introduction

As shown in Eq. 3.1, a generic travel time reliability model is regarded as a function of a
variety of factors. In essence, these factors are conditionals, that is, the function expresses
travel time reliability for a certain inflow level, given certain road characteristics, and
given all other relevant factors such as traffic control measures, the prevailing traffic state
(congested or not), and possibly external factors like weather, luminance, etc. In this
chapter, we focus solely on the principal input factor: inflow.

In order to measure the travel time variability for a given inflow level, in section 4.2,
we will analyze flow-travel time functions in detail and postulate some hypotheses of the
inflow-travel time variability relations. Next, in section 4.3, the inflow-travel time un-
reliability model is built up. In order to test the inflow-travel time variability relations
and the inflow-travel time unreliability model, an experiment will be setup in section 4.4.
Thereafter, we analyze some empirical data to define and evaluate the inflow-travel time
reliability model in section 4.5. In section 4.6, the validity of travel time reliability model
will be discussed and in section 4.7 the effects of the measurement time interval on reli-
ability analysis will be addressed. This chapter closes with some important conclusions
and related implications in section 4.8.

4.2 Inflow-Travel Time Variability

4.2.1 Existing flow-travel time functions

The travel time functions describe how long it takes for vehicles that enter link & or route
r to reach the end of link & or route . A nonexhaustive overview of travel time functions
proposed in the past for traffic assignment models is listed in Table 4.1. A dated review
of travel time functions is given in (Branston 1976).

51
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Table 4.1: Overview of flow-travel time functions

Name Functions *)
7
. ty + 0q0q, vg < Cq
Irwin et al. (1961) t,(v)) =1 %
( 2 (Va) ’tf+ﬁava+(aa—,5a)ca’ vg > C,
Davidson (1966) 1, (va) =/ (1+ 725 )
f( va/Ca )
\1+as= )
Akeelik (1991) ty (0g) = ‘; d1—v,/Cq . . Vg i Pga
ta (1+aa%)+(1_2)2 (é_p)a Va = pLa
f ) /ja
BPR (1964) taa) =1 (1 + aq (C—)

Smock (1962) o (va) = 1 exp (%)

Soltman (1965) 1, (vg) = ] 2%/ Ca

va Ba
Overgaard (1967) ¢, (v,) = tg{ ‘aSC")
Mosher(1) (1963) 1, (va) = £/ +In(Cy) — In (C — v4)

Cq (taf —aa)
" 0a—Cq

Mosher(2) (1963) t, (vg) = 0q —

*) t, = travel time on link a, t{ = free-flow travel time on link a, v, = flow on

link a, C, = capacity of link a. All other unknowns are nonnegative parameters
of the functions, mostly link type-specific.

One of the earliest travel time functions to be used was the model proposed by (Irwin et al.
1961). The travel time-flow linear relationships are relatively simple. Some studies pro-
posed the curvilinear travel time-flow relationship such as (Smock 1962) (Soltman 1965)
(Overgaard 1967). Meanwhile, Mosher (1963) suggested two approaches for the travel
time functions, namely the logarithmic, and hyperbolic functions, and Davidson (1966)
and Akcelik (1991) presented two non-linear travel time functions for urban road. One of
the best known and most widely used travel time-flow function to have been developed is
that often referred to as the BPR function, (Bureau of Public Roads 1964). Most of the
proposed travel time-flow functions are monotonically increasing functions of the flow,
also for flows larger than the capacity C,. The above linear and nonlinear travel time
functions (Table 4.1), however, do not produce very realistic travel time curves because
the travel times given a certain inflow vary with different circumstance (see also Figure
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3.4(b)). In this study, on a basis of empirical dataset, the (route-level) inflow- percentile
travel time curve (function) will be investigated.

4.2.2 Inflow - percentile travel time functions

Before addressing flow-travel time relationship, there is a need to clarify what the traffic
flow is. As mentioned in section 3.1, inflow is proposed as the indicator of traffic flow.
The idea behind this is twofold. Firstly, the inflow g;, is the assigned flow in each step of
the traffic assignment model; Secondly, the inflow g;,, is a local measurement so that it can
be easily collected in reality. Thus, in this and the remaining chapters flow is proposed as
a inflow (g;,) which exclusively denotes vehicles entering the studied freeway section or
corridor in vehicles per hour per lane.

Furthermore, attention should be paid to the definition of inflow since it is based on the
volume of vehicles that pass over a point for a particular time interval and the size of this
measurement interval affects reliability analysis. In order to integrate variability in travel
times and instability (probability of traffic breakdown), in this dissertation, a balance of
measurement interval is taken between a very small value (e.g. 1 minute) and a very large
value (e.g. 1 hour) (see section 4.7). Thus, a inflow measurement interval is proposed:
Inflows (qin,) are measured on 10-minute aggregate. This interval duration has also been
applied in the probability of traffic breakdown.

Clearly Figure 3.4 provides evidences that the flows have three regions which is deter-
mined by two critical inflow levels (section level). Several successive sections are com-
bined on a route. As far as the speed-flow plane on a route-level basis is concerned, this
point essentially leads to the following issue: are there also two critical flows in the jour-
ney speed-flow relation? To illustrate this, Figure 4.1 shows the journey (route) speed
probability density function (dark area depict high probability density) on the A12 free-
way in the year of 2004 between 6:00AM and 20:00PM with 10-minute aggregate data in
The Netherlands. Note that these are not local or section speeds, but journey speeds (the
length of this route is 17.28 km). Therefore, traffic flows on a route level also have three
regions:

1. Region: ¢;, < ;. In this region the probability that traffic along an entire route
mostly is a free flow state, in which only high speeds occur. Although there are
some data points in the fluent traffic region (Figure 4.1, left bottom part), the prob-
ability that traffic is a congested state is very low (less than 2%). In this region,
travel speeds are certain and stable.

2. Region: A; < gi, < .. In this region different traffic states along a route can exist,
either free flow, synchronized (given a certain flow, speed varies from a low value
to a high value) or congested. The transition traffic region here may consist of data
from both synchronized and free flow. As can be seen in Figure 4.1, the transition
region covers both free flow traffic states (the top part of the region) as well as
"synchronized flow" (lower part) areas. Therefore, travel speeds are uncertain and
instable.
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3. Region: g;, > A.. In the capacity traffic region, both speeds and flows are relatively
high. Although there are some data points in the fluent traffic region (Figure 4.1,
right middle part), the probability that traffic is in congested conditions is low (less
than 2%). The travel speeds are relative certain. However, the probability of traffic
breakdown inside this region is high and thereby the flows are instable.

Probability density function (10-minute interval)
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Figure 4.1: Journey (route) speed probability density function as a function of inflow in a 17.28
km corridor on A12 freeway (2004, between 6:00AM and 20:00PM, 10-minute aggregate). Dark
areas depict high probability density.

Consequently, the inflow-travel time (static) relation highly relies on these two critical
inflow levels. Therefore, an alternative way of parameterizing the inflow-percentile travel
time functions is as follows:

N\ A
S1(gin) = t)/;X (1 tai (%n) ) > Gin < e
Ty, = 4.1

in—/c in 2 j~c
f2(qin) = t)J;X (a2 (%) +v 1) > din

subject to

fl (Qin) qm:;”c = f2 (qil’l) Qin:/lc (42)
0< o] < 1
ﬁ] > 1

a2<0
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where f1 (¢in), percentile travel time, is a function of inflow for inflows below A.; /3 (¢in),
percentile travel time, is a function of inflow for inflows above A.;and parameter y ; can
be derived from combing Eq. 4.1 and Eq. 4.2,

Je B
=1
. +“‘(Az)

in which g;, = inflows; t){; = free flow travel time (the length of road unit over the speed
limits long the route); T'7T,,, denotes percentile travel time, such as 7710¢h, TT50¢h,
TT90th are 10", 50", 90" percentile travel time, respectively. 4, and A are two critical
flows governing the scale of travel time functions, and a; and f; are parameters governing
the shape of the relationship, which (like 1; and A.) need to be estimated from data.

Note that our primary interest is not to derive an alternative BPR functions (although this
is a useful side effect), but to gain more insights into the inflow-travel time reliability
relationships, and particularly whether these critical inflow levels explain its relationship.
All parameters can be estimated by fitting the estimated travel time 7' T to the observed
travel time ¢ by minimizing the squared errors, as shown in Eq. 4.3.

min Z L —TTL) (4.3)
where
. = the i'" observed XX percentile travel time
TT., =thei h estimated XX percentile travel time
n = number of flow bins (flow interval)

To estimate the parameters, we apply a following procedure to minimize the square error
between estimated travel times and observed travel times using the Least Square Error
Method. The procedure can be described as follows:

Algorithm 1 Parameter of inflow-travel time model estimator

1. Data preparation

Step 0: Divide the inflow-travel times into discrete inflow bins (e.g. inflow interval,
Ag = 60) and determine the percentiles (of travel time) for all these separate
inflow bins using the observations (percentile travel time t,, under an inflow bin
qi, (qm =1ix Aq) inwhichi =1, 2, ..., n; n: number oflnﬂow bins).

2. Determination of A,

Step 1: Determine A. by finding the maximum travel time percentile t]'. (m < n) of
all inflow bins and set . equals the corresponding flow q;),; Initial k= ] ,

3. Determination of 4, a1, a2, and f using an iterative procedure described below:



56 TRAIL Thesis series

Step 2: Determine o1, a3, and | by minimizing the sum of square errors be-
tween t; and TT}  for given values of A; and A.. Parameter L. is equal to
the one found in step 1, while parameters 1, = k - Aq store the Square Errors

2
SE(k) (SE(k) = (5, —TTk) )
Step 3: Setk =k + 1. If k < m, go to Step 2, else, go to Step 4.

Step 4: Find the minimum value SEnin in the vector SE and the corresponding k
equals kyin, in which set 1y = kmin - Aq.

Here the inflow interval Ag affects the precision of the estimated parameters of Eq. 4.1
in Algorithm 1. The larger numbers of travel times in each inflow bin, the more sure you
can be that the samples reflect the real travel times for that inflow bin. The sample size
can be calculated (Robertson 1994):

z? 1-
=222 XU 4.4)
4

where:

ss = Sample Size
Z = Z value (e.g. 1.96 for 95% confidence level)

p = percentage picking a choice, expressed as decimal (0.5 used for sample
size needed)
¢ = confidence interval, expressed as decimal (e.g., 0.02)

In this study, 95% confidence level and 2% confidence interval was chosen to determine
the sample size. Therefore, the sample size for each inflow bin should be large than 1200.
If one year traffic data (365 days, 52560 records) is used to estimate Eq. 4.1, the total
number of inflow bins should be lower than 43. Thus, the inflow bin size should be large
than 56 veh/h/In if the freeway capacity is 2400 veh/h/In. Here we choose inflow bin size
Ag = 60.

4.3 Inflow Travel Time Unreliability Model

As discussed in Section 2.2.4, the travel time reliability is a function of the travel time
variability and the instability of traffic flow. Once we have the inflow-percentile travel
time functions, travel time variability can be depicted as Eq. 4.5 (see also Eq. 3.10). And,
the travel time variability is determined by two critical inflows 4, and 1. (see Eq. 4.1).

TTV (gin) = TT90th (gin) — TT10th (gi) 4.5)

in which,
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TTV (qin) = Travel time variability for a given inflow ¢;,
TT90th (gin) =90th percentile travel time for a given inflow g¢;,
TT10th (gin) = 10th percentile travel time for a given inflow ¢;j,

In this chapter it is proposed that the conceptual travel time (un)reliability model (CTTR)
(Eq. 3.12) can be formulated as:

TTUR (qin) = (TT90th/ (qin) — TT10th/ (gin)) x (1 — p2 (gin))

HTTI0 (gin) = TTI0H (gin)) X Pl (gin) #0
in which,
TTUR (gin) = travel time unreliability for a given inflow g;,
TT90th/ (gin) = 90th percentile travel time in free flow conditions for a
given inflow ¢;,
TT10th’ (gi,) = 10th percentile travel time in free flow conditions for a
given inflow ¢;,
TT90th/ (g;y) = 90th percentile travel time in congested conditions for
a given inflow ¢,
TT10th/ (g;) = 10th percentile travel time in congested conditions for
a given inflow ¢,
P (qin) = the probability of traffic breakdown on route » for a given

inflow ¢,

4.4 [Experimental Setup

In order to investigate the above travel time variability and travel time reliability model
from the empirical data, this section presents a general framework for empirically setting
up a travel time reliability model. As shown in Figure 4.2, there are several key elements
such as data sources, data cleaning, historical database etc. which are introduced in the
following subsections.

4.4.1 Traffic data collection system and other data sources

The sources of traffic data collection system are among others:

e Roadside detection

— Induction loop detectors, which detect vehicles entering a created electromag-
netic field by induction of Foucault currents. With two induction loops placed
closely together (commonly 1 meter apart) not only the vehicle but also its
speed can be detected. Usually gathered information: aggregated flows and
aggregated speeds in one minute intervals. Vehicle types can be obtained by
induction patterns.
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Figure 4.2: General framework for empirical travel time reliability model setup

— Infrared detectors, which detect passing vehicles when a beam of light is inter-

rupted. Active infrared detectors are additional able to recognize temperature
differences (engine heat, body warms). Usually gathered information: aggre-
gated flows and aggregated speeds in one minute interval.

Radar detectors, which measure the presence and the speed of vehicles using
the Doppler Effect. Usually gathered information: aggregated flows and ag-
gregated speeds in one minute interval. Further they can measure the height
of the passing vehicle.

Ultrasonic detectors, which transmit ultrasonic sound waves instead of elec-
tromagnetic radar waves. Usually gathered information: aggregated flows in
one minute intervals plus a record of vehicle types, distinguished by their
height.

Video cameras, which detect vehicles when entering and existing a road stretch.
Usually gathered information: aggregated flows and aggregated speeds in one
minute intervals plus individual travel time data if a license plate recognition
is used.

e Floating car data

— Probe vehicles transmitting traffic messages containing location, speed, and

others at regular time intervals.
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— GSM and GPS data, which is recently used to gather travel time data of the
road network, for instance (Faghri & Hamad 2002).

As can be seen in Eq. 4.6, only the travel times and inflow data are needed in order to
build up the inflow-travel time reliability model. Therefore, the traffic data from above all
traffic monitoring systems can be used to develop such a reliability model. Our analysis is
based on the induction loop detectors data obtained from the Regiolab-Delft traffic mon-
itoring system (van Zuylen & Muller (2002), van Lint (2004), Muller et al. (2005)). This
dissertation builds up travel time reliability modeling framework on a typical example of
such a traffic data collection system, the MONItoring CAsco (MONICA) system opera-
tion on the larger part of the Dutch Highway Network maintained by the Dutch Ministry
of Transport, Public Works and Water Management (for details, see (van Lint 2004)).

In Figure 4.2 two data sources are obtained to build up travel time reliability model: traffic
data collection systems, which measure the actual traffic conditions and data collection
systems measuring "ambient factors" influencing these traffic conditions, such as weather,
road works, etc. A more specific taxonomy of data source is given below.

Traffic flow Volume and flow rate are two measures that quantify the amount of traffic
passing a point on a lane or roadway during a given time interval. the volume is the total
number of vehicles that pass over a given point or section of a lane or roadway during
a given time interval; volumes can be expressed in terms of annual, daily, hourly, or sub
hourly periods. The flow rate is the equivalent hourly rate at which vehicles pass over
a given point or section of a lane or roadway during a given time interval of less than 1
hour, usually 5~15 minutes. In this dissertation, flow rate is used as the measure of traffic
flow.

Speed Speed is defined as a rate of motion expressed as distance per unit of time, generally
as kilometers per hour (km/h). Several different speed parameters can be applied to a
traffic stream, such as space mean speed and time mean speed (TRB 2000). Space mean
speed is a statistical term denoting an average speed based on the average travel time
of vehicles to traverse a segment of roadway while time mean speed is the arithmetic
average of speeds of vehicles observed passing a point on a roadway, also referred to as
the average spot speed. In this research, the speed data is only obtained from the inductive
loop detectors and thereby time mean speed is collected.

Road geometry The characteristics of freeway, such as number of lanes, location of on-
ramps, location of off-ramps, location of weaving sections, length of deceleration or ac-
celeration lanes weaving length etc. are registered in Regiolab-Delft traffic monitoring
system. Furthermore, the location of inductive loop detectors have also been registered in
Regiolab-Delft traffic monitoring system.

Traffic control measure Freeway traffic control management is the implementation of
strategies to improve freeway performance, especially when the number of vehicles de-
siring to use a portion of the freeway at a particular time exceeds its capacity. Dynamic
speed limits, static speed limits, and ramp metering information are also obtained from
traffic data collection systems.

Weather condition The weather data are collected from 37 weather stations of the Dutch
Meteorological Institute KNMI spread across The Netherlands. The weather measure-
ment took places each hour during one year which measured several weather variables,
such as rain, fog, ice, storm, snow etc.



60 TRAIL Thesis series

4.4.2 Data cleaning and offline travel time estimation tool

The input data in a real-time situation, collected by a real-time traffic monitoring systems,
will often have corrupted or missing values (e.g. on average 15% of the inductive loops of
the Dutch freeway monitoring system (MONICA) may be out of operation or producing
unreliable measurement) (van Lint 2004). This happens when a measurement device pro-
duces data that is (either by the modeler or the device itself) dubbed unreliable, or when
it produces no data at all. There are three types of detection failure: incidental failure
due to, for example, temporal power or communication failures; structural failure due to
physical damage or maintenance backlogs to the inductive loops or roadside equipment;
intrinsic failure, measurement noise and bias, is inherent to detection devices and aver-
aging measurements over time in general. Consequently, data cleaning is imperative to
correct and/or replace missing or corrupt data. In general, such a data cleaning module
performs three tasks:

1. Data Checking: before possible problems (e.g. missing data) can be adequately
tackled, they need to be identified first.

2. Data Completion: filling the possible gaps in the data with a reasonable replace-
ment.

3. Data Correction: recheck the now complete data set for validity and consistency
and replace/adjust data if required.

Various approaches can be undertaken to tackle the missing or unreliable data: Null re-
placement, Simple imputation, Model based imputation, Multiple imputation (see Appen-
dix C). In this study, the Simple imputation is used to correct the unreliable data.

Since there are no actual travel times measured in Regiolab-Delft monitoring systems,
one needs to resort to tools that can convert local measurements (e.g. flow rate, speed)
into travel times in order to build up the travel time reliability model. The estimation
of travel times on freeways has been studied intensively in the field of transportation
engineering. Generally travel time estimation refers to the reconstruction of the travel
times for historical trips. In this dissertation, we use the so-called Piece-wise Linear Speed
Based Algorithm (PLSB) to estimate travel times on routes of adjacent freeway sections
(van Lint & van der Zijpp 2003). The PLSB method reconstructs vehicle trajectories
and hence mean travel times based on time series of speed and volume measurements on
consecutive detector locations along a route (see Appendix B). The combination of PLSB
algorithm and a simple imputation method provide a robust framework for offline travel
time estimation (van Lint 2004).

4.4.3 Historical database

The historical database is a collection of past observations of the traffic system under
consideration. Given the offline estimated travel times, measurements from a traffic data
collection system along the routes and a set of data from other sources (weather etc.),
a large scale historical database was built for a large number of departure time periods.
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In such a database, for each freeway route and time period a record was obtained con-
taining the offline estimated travel time for vehicles departing in that time period and
measurements from all connected traffic data collection systems and other data sources
(such as inflows, speed etc.) in the same time period. The travel time reliability model
was estimated from the historical database.

4.5 Empirical Analysis and Results

4.5.1 Test case description

In this section, we describe the data for the calibration and validation of the travel time
reliability model. We also collect the traffic data from Beijing urban freeway for the
construct validity of the reliability model.

Traffic data for travel time reliability model setup

We have collected data from 6 freeway stretches from a network of freeways, provincial
roads and an urban network in the South-West of The Netherlands, which includes two of
the major Dutch cities, The Hague and Rotterdam (see Figure 4.3). Table 4.2 overviews
the 6 freeway corridors and their associated on- and off-ramps, and weaving sections.

Table 4.2: Overview of freeway corridors in the Regiolab-Delft

Code Freeway Direction Number of ramps*) Route length
per ten kilometers (meter)
1201 Al2 East 4.1 17280
1211 Al2 West 7.1 15520
1301 Al13 Southeast 8.5 10590
1501 AlS East 7.2 9725
2001 A20  Northeast 6.7 10500
2011 A20 Southwest 7.0 17215

*) ramps include on-ramps, off-ramps, and weaving sections. One weaving
section is two ramps (one on-ramp and one off-ramp)

We briefly outline the main features of the 6 freeway corridors in Regiolab-Delft:

1201: the east direction of A12 freeway with a length of 17.28 km contains four
on- and three off-ramps. This stretch is between The Hague and Gouda.
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Figure 4.3: Regiolab-Delft traffic monitoring map

1211: the west direction of A12 freeway with a length of 15.52 km contains six on-
and five off-ramps. This stretch is between Gouda and The Hague.

1301: the southeast direction of A13 freeway with a length of 10.59 km contains
two on- and three off-ramps, and two weaving sections. This stretch is between The
Hague and Rotterdam.

1501: the east direction of Al5 freeway with a length of 9.73 km contains two
on- and one off-ramps, and two weaving sections. The Harbour of Rotterdam is
connected to the hinterland by waterways, railways, pipelines and one freeway, the
A15 freeway. This stretch links the Harbour of Rotterdam and Rotterdam city.

2001: the northeast direction of A20 freeway with a length of 10.50 km contains
four on- and three off-ramps. This stretch is between Rotterdam city and Gouda.

2011: the southwest direction of A20 freeway with a length of 17.22 km contains
five on-and five off-ramps, and one weaving section. This stretch is between Gouda
and Rotterdam city.

Traffic data for validation

The data used to build up the travel time reliability model were measured in the year of
2004. Traffic data in the year of 2005 on A12 freeway are collected to validate the travel
time reliability model. Note that, only the principal factor, inflow, will be validated due
to the insufficient data for the other factors (e.g. adverse weather conditions, etc.).
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Traffic data from Beijing urban freeways

Beijing has an area of 16,807 square kilometers and a population of more than 13 million
permanent residents and five million temporary and seasonal workers. The road network
for Beijing central districts expands from six rings. Traffic congestion and air pollution
have been the two major problems facing Beijing for decades and are the two central
concerns for the successful execution of the 2008 Olympics. In a recent announcement
the Beijing Municipality claims that travel time between hotels and major sports locations
of the Beijing Olympic Game 2008 should be within 30 minutes (Beijing Municipality
2005). So, travel time reliability as a performance indicator of mobility has entered the
Beijing political arena. For the application of the proposed travel time reliability model,
detailed real-time traffic data is collected from a mixed freeway and urban network in
the North of Beijing city (Beijing Olympic area). The data for this study come from
inductive loops detectors on a 7.1 km corridor of the second ring of Beijing from the
Dongzhimen Bridge to the Xizhiming Bridge (from east to west), as shown in Figure
4.4. The data consists of 10-minute aggregate time-average speed and flow observations,
measured within three months in 2006 (between September 15 and November 30/%).

o —

First ring— ‘

Bri'gge

Figure 4.4: Map of Beijing traffic monitoring system. The solid black line represents the road
stretch for which the traffic data was analyzed.

The data obtained from Beijing urban freeways will often have corrupted or missing val-
ues. The Simple Imputation method (see Appendix C) is used to replace the missing
values by using ad-hoc (statistical) procedures.

Since actual travel times are not available in Beijing case, all travel times used in this study
are estimated with the ’Piecewise Linear Speed Based” (PLSB) travel time estimation
model (van Lint & van der Zijpp 2003) (see also Appendix B).
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Figure 4.5: Percentile travel time as a function of inflow level in Regiolab-Delft on both (a) A12
and (b) A20 freeways in The Netherlands (10-minute aggregate, 2004)

4.5.2 Results

Before we illustrate the results of travel time unreliability as a function of inflows, the
findings from a static travel time variability-inflow analysis will be discussed to provide
evidences that reliability measures based on variability tell only half the story.

Variability in travel times

Figure 4.5 illustrates the empirical relationship of 10¢/4, 50¢h, and 90¢4 percentile travel
time as function of inflow on both A12 and A20 freeways. Clearly, the empirical data
provide evidence for the existence of such critical inflow values.

In Figure 4.5, the 90¢/ percentile travel time sharply rises when inflow is between 4, and
Ac. The differences in critical inflow levels (Table 4.3) are probably due to two main
causes. One cause may be the number of ramps per unit road length which has a sig-
nificant influence on the road capacity variation (Tu, van Lint & van Zuylen 20065) (Tu,
van Lint & van Zuylen 2007c). The number of ramps per unit road length on the A20
is 7.0 per ten kilometers which is much larger than on the A12 (4.1 per ten kilometers).
Another candidate explanation is the difference between the A12 and A20 in composition
of vehicles. The percentage of trucks on the A20 is higher than on the A12 due to its role
as main entry route from the North of the Netherlands to the Port of Rotterdam. Note that
in both cases, critical transition inflow levels are far lower than capacity, which on Dutch
two and three lanes freeways, varies between 2000 and 2200 veh/h/In.
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Table 4.3: Estimated critical inflow parameters for TT90

code A, (critical transition inflow) 4. (critical capacity inflow)

A1201 1380 veh/h/In 1800 veh/h/In

A2001 1200 veh/h/In 1620 veh/h/In

Clearly, the fact that at volumes above /. travel time unreliability decreases with the ris-
ing inflows is not taken into account if the terms variability and unreliability are used
interchangeable. Because in this region, although travel time variability is low, the prob-
ability of traffic breakdown is very high and hence traffic flows are very unstable. In this
subsection, travel time unreliability which include both the variability and instability will
be tested using the empirical dataset from Regiolab-Delft traffic monitoring systems.

Travel time (un)reliability

Probability of traffic breakdown

Figure 4.6 demonstrates the probability of traffic breakdown as a function of inflow levels
on two freeway corridors in the Netherlands. Clearly the probability of traffic breakdown
increases with rising inflows. It is also seen that there is a certain critical inflow value
(A1201: about 1500 veh/h/In and A1211: about 840 veh/h/In): above the critical inflow,
the probability of traffic breakdown is much higher than that below the critical inflow.

Travel time uncertainty (variability)

As aforementioned, the static relations between travel time variability and inflows were
investigated. The so-called static relations mean that the travel times for a given inflow
level comprise the travel times under free flow conditions and the travel times after break-
down. Here we distinguish these two types of travel times and investigate the dynamic
relations between travel time variability and inflows. That is, the relation between travel
time variability before breakdown (77 ¥ /) and inflows and the relation between travel
time variability after breakdown (77 ¥/)and inflows are discussed, respectively. Figure
4.7 demonstrates the dynamic relations between travel time variability and inflows on two
freeway corridors in the Netherlands. The graph clearly shows that the inflow has limited
or no impacts on 7T ¥/ . However, T T V7 under high inflow levels are much larger than
that under low inflow levels.

Travel time unreliability

Travel time unreliability model is proposed as Eq. 4.6, which is the result of travel time
uncertainty multiplied by the probability of traffic breakdown. Figure 4.8 depicts the
empirical relationship of travel time unreliability as a function of inflows on six freeways
corridors. As can be seen in the graph, the travel time unreliability as a function of inflow
has a similar trend as the probability of traffic breakdown (compared with Figure 4.6)
Travel time unreliability increases with the rising inflows. The free flow travel time is 33.3
seconds/km (if speed limit is 120km/h). A check of the travel time unreliability (Figure



66 TRAIL Thesis series

(a) A1201 (2004)

T +
0.8 - "
06 -
04 ++

++++
4t
0 +++++++44++++++++m+;¢++++‘f++++ ‘
0 500 1000 1500 2000

02

(b) A1211 (2004)
10 +

08 4

probability of traffic breakdown

06 F N
04t
02t T

0 +++¢+++%++++++++#+++ I I
0 500 1000 1500 2000
inflow (veh/hIn, 10-minute aggregate)

Figure 4.6: Probability of traffic breakdown as a function of inflow levels on two freeway corridors
in the Netherlands

4.8 left upper figure: A1201) shows that the variability in travel times (7 790¢th—T T 10th,
6.6 seconds/km) is 20% of the free flow travel time (30seconds/km) in case inflow below
1500 veh/h/In; the variability in travel times (13 seconds/km) is about 40% of the free
flow travel time when inflow is 1800 veh/h/In; but the variability in travel times (100
seconds/km) is 300% of the free flow travel time when inflow is 2400 veh/h/In.

4.5.3 Fitted travel time reliability function (TLZ reliability function)

In the graph (Figure 4.8) the travel time unreliability curve sharply rises when inflow is
above a certain threshold value and hence travel times become more and more unreliable.
An approximate travel time reliability function (so-called TLZ (7T'u, van Lint, van Zuylen)
reliability function) which fitted the measured data is as follows:

TTUR (qin) = TTUR, (1 + B (f ) ) 4.7)
ttr

where,

TT mq,-n) = fitted travel time unreliability for a given inflow g;,

Qin = inflow
Attr = critical travel time unreliability inflow
TTUR = free flow travel time unreliability

B,y = parameters



Chapter 4. Inflow-Travel Time Reliability model 67

(a)A1201 (2004)
100 : ‘ "
ol © TV * |
i *
* T1TV! *Tk ok ¥
60 L i
= xkx * * k¥
< H * g
g v * * ¥
& 20t -
3 Pt T 2 S A L R
KZA []e]e} Q O Q Q00000
Z 0 500 1000 1500 2000
s
= (b)A1211 (2004)
> 100 : ‘
g o T1vf
= 80 ) x* %* 7
[ * 7TV *T % S
S 60 * * *
= *
40 * B
20 [y kK Ko g kb ok opop .
oL2C%000na 0000000009000 0
0 500 1000 1500 2000

Inflow (veh/h/In)

Figure 4.7: Travel time variability under free flow conditions and under congested flow conditions
as a function of inflow levels on A12 freeway corridors

Below critical travel time unreliability inflow ., the travel time unreliability is very
small and the travel times are reliable. Above 4,4, the travel time unreliability increases
with the increasing inflows. The differences of threshold inflows (see Table 4.4) are prob-
ably due to the differences in the number of ramps per unit road length (see Table 4.2)
which might have a significant influence on the travel time unreliability.

Table 4.4: Estimated parameters for TLZ Reliability function

code freeway Aetr MAREs*
1201 Al2 1440 10%
1211 Al2 1020 15%
1301 Al3 900 15%
1501 Al5 1020 12%
2001 A20 1380 22%
2011 A20 1260 30%

*): Mean Absolute Relative Errors: MAREs = 100% >,

N= number of data points; e,, = the differences between
measured and fitted travel time unreliability; #, = fitted
travel time unreliability

n
In

On the basis of the available empirical dataset, travel time unreliability as a function of
inflow was obtained (or estimated) from Eq.4.6, after which the function (TLZ function)
as Eq.4.7 was fitted to the data. In this TLZ function, one does not need to estimate the
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Figure 4.8: Travel time unreliability as a function of inflow level on six freeway corridors in The
Netherlands (10-minute aggregate, 2004). CTTR: the Conceptual Travel Time Reliability model
(Eq.3.12); TLZ function: travel time reliability function developed by Tu, van Lint and van Zuylen
Eq. 4.7.

distribution of the probability of traffic breakdown and travel time variability. Therefore,
the TLZ function can be easily applied in Dynamic Traffic Assignments.

4.6 Validity of Travel Time Reliability Model

A model has to be made trustworthy, i.e. the results of a model should have sufficient
credibility. This credibility is called the validity of the model. The validity of a simulation
model can be seen at different levels (van Zuylen et al. 2007):

e Content validity (does the model have parameters that are logically related to the
characteristics of the system). In chapter 3, the empirical characteristics of travel
time-flow relation demonstrate that travel time reliability include two elements: in-
stability of travel times and uncertainty in travel times while travel times are the
result of traffic flow operations which in turn are governed by multiple factors like
traffic flow, road geometry etc. Therefore, the proposed conceptual travel time relia-
bility model, a function of multiple factors , is logically related to the characteristics
of travel time reliability.

e Construct validity (calibration). That is, the adjustment of the model parameters to
improve the model’s ability to reproduce the observed performance of the system
as closely as possible. The calibration is done by observing the system, by mea-
suring certain aspects of its performance, and then adjusting the model such that
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these aspects are well represented. Afterwards one may assume that the model is
calibrated.

e Predictive validity (validation). The predictions made with the model should be
consistent with the observed evolution of the system. It is about two processes, the
estimated and the observed, and checking how one approximates the other. New
observations are made of the system behavior and the model is used to imitate the
system behavior again and without further adjustment of the model parameters. If
the results are sufficiently similar to the observed behavior and the error is within
certain margin, the model is able to predict the performance of the system.

In this section, the proposed travel time reliability model will be calibrated and validated
using the empirical traffic data.

4.6.1 Construct validity

In section 4.5, the travel time reliability model has been calibrated on the traffic data on
the Dutch freeways. The proposed model will be calibrated on the traffic data on Beijing
urban freeways as well. Before calibration, two items (the speed threshold to determine
traffic breakdown and the inflow interval) should be re-defined. Firstly, for the Dutch
freeway, a reduction of average speed on a section within one time interval from a high
level down below to a threshold of 70km/h is treated as a breakdown. Figure 4.9 shows
the speed-flow relations on Beijing second ring urban freeway. In this freeway, the speed
limit is 60 km/h. As can be seen in the graph, traffic below 40km/h can be treated as
congested conditions. Therefore, traffic breakdown on Beijing second ring urban freeway
can be proposed as:

A reduction of average speed on a section within one time interval from a high level
down below to a threshold of 40 km/h is treated as a section breakdown. Route
traffic breakdown: traffic breakdown of a route occurs in case at least one section
along the route breaks down.

Secondly, since only three months’ data are available, 100 veh/h/In is regarded as the
inflow intervals for the model applications on Beijing urban freeways so that the sample
size requirement can be met with (see Eq. 4.4).

Three elements have been discussed in the proposed travel time reliability model in chap-
ter 3 and 4. That is, probability of traffic breakdown, travel time uncertainty (travel time
variability), and travel time unreliability. Figure 4.10, Figure 4.11, Figure 4.12 show the
results from the traffic data in Beijing urban freeways.

Figure 4.10 illustrates the probability of traffic breakdown as a function of inflow levels
on Beijing second ring urban freeway. In the graph, the probability of traffic breakdown
increases with the increasing inflows. Figure 4.11 demonstrates the travel time uncer-
tainty as a function of inflows. Travel time variability before breakdown (7T V/) does
not change with the increasing inflows. 77 ¥/ is about 25 seconds/km in this case, much
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Figure 4.9: Speed-flow relations on Beijing second ring urban freeway (September 1st, 2006).
Data is obtained from loop detectors (10-minute aggregte)
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Figure 4.10: Probability of traffic breakdown as a function of inflow levels on Beijing second ring
urban freeway
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Figure 4.11: Travel time uncertainty (travel time variability) before and after breakdown as a
function of inflow levels on Beijing second ring urban freeway

higher than Dutch freeways (5 seconds/km). This may due to the different driving behav-
iors and traffic mix between Dutch and Beijing. Travel time uncertainty (variability) after
breakdown (7' T V/) increases with the increasing inflows.

Figure 4.12 illustrates the travel time unreliability as a function of inflows on Beijing
urban freeway. It can be seen that the travel time unreliability increases with the increasing
inflows. The travel time unreliability-inflow relation on Beijing urban freeway has the
similar trend with the relation on Dutch freeways. Figure 4.12 shows the TLZ as well.
Above 1, travel time unreliability sharply increases with the increasing inflows; below
Aur, travel times are relatively reliable.

The results from the Beijing urban freeway and the results from Dutch freeways (see
Table 4.4) provide the evidence showing that the proposed fitted travel time reliability can
reproduce the reliability of freeways reasonably well.

4.6.2 Predictive validity

Validation (predictive validity) is proven by showing that the predictive results of the
travel time reliability model give an accurate representation of the real traffic situation.
This section shows the validation results of the proposed model. Here the results obtained
from the year of 2004 are considered as the estimated reliability performance while the
results obtained from the year of 2005 are considered as the observed reliability perfor-
mance.

Figure 4.13 shows the estimated and observed probability of traffic breakdown on free-
ways, for example, on A12 freeway (both directions). It is found from the graph and
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Figure 4.12: Travel time unreliability as a function of inflow levels on Beijing second ring urban
freeway

Table 4.5 that the RMSEP are 33.8% (A12 freeway, east direction) and 21.7% (A12 free-
way, west direction). However, the MSE are only 0.001 for both directions. Therefore,
the model is able to estimate the probability of traffic breakdown reasonably well.

Table 4.5: Performance indicators of travel time reliability model

Formula A1201 Al211
prr TTUR p TTUR
MRE (%) 1004 > 2 195 104  -0.1  -129

MARE (%) 100%2 el 281 169 195 173
MSE + Z (en)> 0001 34 0001 135
RMSE VMSE 0.031 1.8 0035 3.7

RMSEP (%) 1008MSE 338 219 217 23.0

*) N=number of data poitnts; e, = the differences between
measured and observed values (e.g. travel time unreliability,
probability of traffic breakdown); #, = observed values (e.g.
probability of traffic breakdown, travel time unreliability)

Figure 4.14 shows the estimated and observed travel time unreliability on A12 freeway
(both directions). It is found from the graph and Table 4.5 that the RMSEP are 21.9%
(A12 freeway, east direction) and 23.0% (A 12 freeway, west direction). The large RM-
SEP value may due to the different characteristics of two years traffic data, like the effects
of adverse weather conditions, traffic accidents, road works etc. on traffic data are not
completely the same for two years. To conclude, for the same freeway corridor, the pro-
posed travel time reliability model can approximately predict travel time reliability on
freeways reasonably well.
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Figure 4.13: Estimated and observed probability of traffic breakdown as a function of inflow
levels on A12 freeway (upper figure: A12 freeway east direction; lower figure: A12 freeway west
direction)
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Figure 4.14: Estimated and observed travel time unreliability as a function of inflow levels on
A12 freeway (upper figure: A12 freeway east direction; lower figure: A12 freeway west direction)
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4.7 Discussion

As discussed in section 4.2.2, the measurement time interval affects the reliability analy-
sis:

o Firstly, the size of measurement interval affects the precision of inflow since inflow
is an indicator of traffic flow and hourly inflows will be used in both traffic assign-
ment model and traffic monitoring systems. For instance, Smith & Ulmer (2003)
reported that there is significant noise in the (in)flow resulting in unstable (in)flow
measurements in case of small measurement intervals. On the other hand, 1-hour
counts are not useful since they also average high and low volumes into average
volumes which may ignore the phenomenon of the flow stochasticity. Smith & Ul-
mer (2003) concluded that measurement intervals between 10 and 15 minutes are
appropriate to compute hourly flows. Moreover, a very large measurement interval
like 1-hour also average high and low travel times into average travel times which
may underestimate travel time variability.

e Secondly, the size of measurement interval affects the measurement of the proba-
bility of traffic breakdown (Persaud et al. (1998), Lorenz & Elefteriadou (2000)).
At a small measurement interval (e.g. 1 minute), the traffic stream is capable of
absorbing brief fluctuations in the flow rate without resulting in a high risk of traf-
fic breakdown. This is because the flow rate is only sustained over a short period.
On the other hand, if the aggregation interval is increased to a large value (e.g. 15
minutes), the breakdown probability is substantially higher because the flow rate is
sustained over a much longer time period.

Figure 4.15 shows curves of the probability that a traffic break down will occur in 5, 10,
15, 20, 30 minute intervals on the A12 freeway corridor. The probability of breakdown
for any given flow is larger if the time interval is larger. This is because, for example, a 20
minute flow of, say, 2400 veh/h/In is an average of 5 minute flows, many of which could
be much higher than 2400 veh/h/In and have a higher probability of breakdown than 5
minute flows of 2400 veh/h/In.

Ps (gin) represents the probability of a breakdown occurring under a inflow of ¢;, in a
given S-minute interval. Thus, the probability of a breakdown occurs in a whole hour
Peo (gin) 1s (Kuehne & Anstett 1999):

Peo (C]i,,) =1- (1 — Ds (qin))12 (4.8)

More generally, Eq. 4.8 could be written as

>~

pT (q,-,,) =1- (l - pA (qin)) (49)

where,
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Figure 4.15: Probability of traffic breakdown as a function of inflow levels under different time

intervals on the A12 freeway

Py (q,,) = probability of traffic breakdown estimated in intervals of duration T
for a given inflow g,

Qin = inflow

P, (g,,) = probability of traffic breakdown estimated in intervals of duration A
for a given inflow g,

Figure 4.16 demonstrates the fitted travel time unreliability as a function of inflow lev-
els under different time intervals: 5-minute, 10-minute, 15-minute, 20-minute, and 30-
minute. In case of traffic flows on small time interval like 5-minute, the travel times are
relatively reliable since the flow rate is only sustained over a short period. On the other
hand, if the time interval is increased to a large value (e.g. 30-minute), the travel times
are relatively unreliable since the flow rate is sustained over a much longer time period.
However, below the critical travel time unreliability inflow 1., the time interval only
has a slight or no impact on travel time unreliability analysis. Table 4.6 shows the fitted
parameters for travel time unreliability as a function of inflow levels under different time
intervals. The graph also provides the evidence that the 1, decreases as the time intervals

increase.

Table 4.6: Fitted parameters for travel time unreliability function under different time interval

time interval TTUR, s y Attr MARESs
5 3.44 0.70 13.25 1680 26%
10 3.40 0.35 12.75 1500 20%
15 3.67 0.60 11.5 1500 18%
20 3.49 0.60 8.5 1320 14%
30 3.64 0.85 8.25 1320 15%
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Figure 4.16: Fitted travel time unreliability-inflow function under different time interval on A12
freeway

4.8 Conclusions

The two elements of travel time unreliability, probability of traffic breakdown and travel
time uncertainty (variability), are both regarded as a function of inflow levels. This chap-
ter tested the CTTR (Conceptual Travel Time Reliability model) using the empirical data
and developed a TLZ function to empirically fit the CTTR. An empirical investigation of
travel time variability and travel time unreliability under the different inflow levels on six
densely used freeway corridors in the Netherlands provides the preliminary findings:

1. The probability of traffic breakdown increases with the increasing inflows

2. In the inflow-travel time variability relation, below critical transition inflow /;
(gin < A;) travel time variability is low and travel times are certain

3. For inflows between 4; and 1. (4; < gin < A.) travel times are uncertain and travel
time variability increases with rising inflow.

4. Above L. (gin > A.) travel times are relatively certain, mostly in free flow region,
but unstable.

5. Travel time unreliability increases with the increasing inflows
6. Below a certain threshold value of inflow 4, travel time unreliability is low, but

7. Above the certain threshold value A, travel time unreliability sharply increases
with rising inflows.

8. Given a certain inflow level, a higher measurement time interval contributes to less
reliable travel times, but
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9. The measurement time interval may not play a significant role in travel time vari-
ability (uncertainty).
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Chapter 5

Extended Travel Time Reliability Model

5.1 Introduction

In chapter 4, the travel time reliability model is regarded as a function of the principal
input factor: inflow. Recall from section 4.2.3, on the one hand, the inflow level plays
an important role in both the probability of traffic flow breakdown and the travel time
uncertainty and hence the travel time unreliability. On the other hand, traffic breakdown
and travel time uncertainty for a given inflow level vary with internal and external factors,
such as road geometry, adverse weather conditions, traffic control, traffic accidents etc.
For instance, in case of a short weaving section length, drivers already at the beginning of
the weaving section experience considerable pressure to change lanes. This may lead to
break down at lower flow rates than in the case of longer weaving length. It is probable,
therefore, that short weaving length results in less reliable travel times. Another example,
the volume of traffic which a road can handle on one day may cause severe congestion
on the next due to for instance traffic accidents affecting capacity. Thus, there is a need
to investigate how the other factors impact on travel time reliability. In this chapter, we
analyze the following four factors influencing travel time reliability:

Road Geometry Impacts
Adverse Weather Impacts
Speed Limits Impacts
Traffic Accidents Impacts

W -

In general, these four factors have strong impacts on traffic flow operations (see Figure
2.3). Road characteristics like the length of weaving section affect capacity (Zhang &
Rakha 2005); adverse weather conditions may reduce the capacity in a traffic network
(Maze et al. 2006); Speed Limits (SL) influences speed (Ulfarsson et al. 2005); traffic ac-
cidents may sharply reduce the capacity in a road (Knoop et al. 2008). Thus, it is expected
that the changes of capacity or demand due to these four factors may affect the probability
of traffic breakdown, travel time uncertainty and thereby travel time unreliability. In the
next four sections, the impacts of these four factors on travel time reliability are inves-
tigated, respectively. Thereafter, section 5.6 summarizes the main results and discusses
some implications.

79
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5.2 Road Geometry Impacts

Travel times on freeways are variable due to variations both in demand and in capacity.
One group of factors affecting capacity are geometrical characteristics of freeways, such
as the number of ramps (on-ramp or off-ramp) and weaving sections per unit road length
and their physical characteristics. It is expected that these characteristics also influence
the probability of traffic breakdown, travel time variability and travel time reliability. In
section 5.2.1 we briefly outline the effects of road geometry on traffic flow operations.
Then we present the developed travel time reliability model in section 5.2.2 followed
by a detailed data description in section 5.2.3. Thereafter, some preliminary results are
illustrated and analysis are discussed in section 5.2.4.

5.2.1 Overview of the impacts of road geometry on traffic flow oper-
ations

Freeway corridors are constituted of freeway segments, categorized into three types: basic
freeway segments, weaving sections, and off/on-ramp sections.

Weaving vehicles can heavily affect the quality of service on a freeway especially when
the weaving has to be done in relatively short distance. One of the important characteris-
tics of weaving sections is the weaving section length. Existing studies on weaving section
length and its impact on operational performance typically focused either on the relation-
ship between weaving length and weaving speed, or the relationship between weaving
length and capacity. Typically, the former is found most in the U.S. practice,while the
latter is usually applied in, for example, Germany and The Netherlands. Fitzpatrick &
Nowlin (1996)considered weaving speed as a measure of effectiveness to investigate the
relationship between weaving length and weaving speeds under different weaving vol-
umes (on-ramp plus off-ramp volume) on one-way frontage roads. They concluded that
traffic operations on weaving sections with a length of 100m began to breakdown sooner
than weaving sections with length of 200m and above and suggested that the weaving
sections on a frontage road should have a weaving length of at least 200m. The effect
of weaving length on weaving section capacity was, for example, studied by (Vermijs &
Schuurman 1994) and (Dijker & Schuurman 2003). They used the microscopic simula-
tion model FOSIM (Freeway Operations SIMulation) to calculate capacities for symmet-
rical and asymmetrical weaving sections, respectively, which were included in the Dutch
freeway capacity manual. They found a somewhat limited influence of weaving section
length, mainly because the minimum lengths according to Dutch design guidelines are
already considerable. Zhang & Rakha (2005) validated the INTEGRATION model using
field data. They estimated the capacity of weaving sections using the validated model.
It was found that the length of weaving section has larger impacts on the capacity when
weaving sections are of short lengths.

5.2.2 Model development

Speed reduces in the process of lane changing as the volume, or the share of weaving ve-
hicles, increases. When the relationship with weaving section length or the ramp length
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(ramp length means the length of on-ramp acceleration lane or off-ramp deceleration lane)
is considered, according to lane changing in the case of short weaving sections or short
ramp segments drivers already at the beginning of the weaving section or ramp segment
experience considerable pressure to change lanes. This leads to drivers more often ac-
cepting gaps which require significant speed reductions to regain acceptable following
distances, which may lead to breakdown at lower flow rates than in the case of longer
weaving sections or longer ramp segments. It is probable, therefore, that there is a re-
lation between the length of weaving sections or ramp segments and travel time vari-
ability or travel time reliability (Tu, van Lint & van Zuylen 2006b) (Tu, Dijker & van
Zuylen 2006). In this context, travel time variability or travel time unreliability can be
regarded as a function of ramp length or weaving length.

Not only the length, but also the other road characteristics, such as the distances between
off/on ramps (or the number of ramps or weaving section), have influence on the network
performance. The more ramps, the more time and space in which the driver must change
lanes. Consequently, more vehicle conflicts might be caused and hence higher travel time
variability and less reliable travel time. Travel time variability can be considered as a
function of the distances between ramps (the number of ramps per ten kilometers) in a
freeway corridor. A weaving section comprising of one on-ramp and one off-ramp is
regards as two ramps in this study. Both on-ramp and off-ramp are regarded as a ramp.

The hypotheses below will be tested in the rest of this section:

1. Travel time uncertainty increases with the decreasing on-/off-ramp length or weav-
ing length

2. The probability of traffic breakdown increases with the decreasing on-/off-ramp
length or weaving length

3. Asaresult of hypothesis 1 and hypothesis 2, travel time unreliability increases with
the decreasing on-/off-ramp length or weaving length

4. The shorter the distances between ramps, the higher probability of traffic break-
down along a freeway corridor (Tu, van Lint & van Zuylen 2007¢) and the higher
travel time unreliability.

5.2.3 Empirical data

In order to address the above model and hypotheses, we base our analysis on data obtained
from the Regiolab-Delft monitoring system. Figure 5.1 illustrates the general framework
for collecting traffic data of travel times and freeway characteristics: first collect basic
freeway data (i.e. weaving length, ramp length, route length, number of lanes etc.) and
loop detector data; next implement data cleaning to replace the missing or corrupted data;
then process these data (e.g. travel times).

Weaving sections

Weaving sections are formed when a merge and a diverge in close proximity require either
merging or diverging vehicles to execute one or more lane changes. In traffic engineering,
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Figure 5.1: General framework for collecting traffic data of travel time and freeway characteristics
in Regiolab-Delft traffic monitoring systems in The Netherlands

three types of weaving sections are traditionally distinguished based on the minimum
number of lane changes required for completing the weaving manoeuvres (TRB 2000)
(see examples in Figure 5.2).

Type A weaving section: All weaving vehicles must make one lane change to com-
plete their manoeuvre successfully. The most common form of Type A weaving
segment is formed by a one-lane on-ramp followed by a one-lane off-ramp, with
the two connected by a continuous auxiliary lane.

Type B weaving section: One weaving movement can be made without making any
lane change, while the other weaving movement requires at most one lane change.

Type C weaving section: One weaving movement can be made without making any
lane change, while the other weaving movement requires at least two lane changes.

Due to the lack of data for the other two types of weaving sections, only the first type of
weaving sections’ data have been collected. Eight weaving sections with three lanes have
been selected. Their basic information of weaving sections is shown in Table 5.1 The
weaving length ranges from 570m to 2450m.
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Figure 5.2: Examples of three types of weaving sections

Table 5.1: Physical data of eight weaving sections

code

freeway weaving length (m) lanes

w1303

w1302

w1301

wl511

w1601

wl314

w1513

wl6l1

Al3

Al3

Al3

AlS

Al6

Al3

Al5

Al6

570 3
670 3
690 3
750 3
750 3
800 3
950 3
2450 3

Ramp sections

Ramp sections are designed to facilitate smooth merging of on-ramp vehicles into the
freeway traffic stream and smooth diverging of off-ramp vehicles from the freeway traf-
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fic stream onto the ramp. The basic information of twenty ramp sections (nine on-ramp
sections and eleven off-ramp sections) is illustrated in Table 5.2. The lengths of the ac-
celeration lane at on-ramps range from 150m to 420m while the lengths of deceleration
lane at off-ramps range from 100m to 550m.

Table 5.2: Physical data of twenty ramp sections

code freeway ramp length (m) type

r1212 Al2 150 on-ramp
2006  A20 160 on-ramp
12004  A20 250 on-ramp
r1203 Al2 300 on-ramp
r1501 AlS 320 on-ramp
r1205 Al2 350 on-ramp
r2015 A20 350 on-ramp
2002  A20 350 on-ramp
ri511 Al5 420 on-ramp
r1215  Al2 100 off-ramp
r2011 A20 150 off-ramp
2016  A20 200 off-ramp
2017  A20 200 off-ramp
r1513 Al5 240 off-ramp
r1312 Al3 250 off-ramp
2003  A20 280 off-ramp
r2001 A20 350 off-ramp
r1204  Al2 400 off-ramp
r1202  Al2 500 off-ramp
r1201 Al2 550 off-ramp

Basic freeway segments

Basic freeway segments are outside the influence area of ramps or weaving areas of free-
way. The basic information of three basic freeway segments is provided in Table 5.3. The
basic freeway segments are approximately in 2230 meters length on average.

Table 5.3: Physical data of three basic freeway segments

code freeway section length (m) lanes

b1208  Al2 1905 3

b2008  A20 2240 2

b2018  A20 2550 2
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Freeway corridors

Six freeway corridors are illustrated in Table 5.4. The corridors are on average (approxi-
mately) 13.5 km long, ranging from 9.7 km to 17.3 km.

Table 5.4: Physical data of six freeway corridors

code freeway length (m) p*
1201 Al2 17280 4.1
1211 Al2 15520 7.1
1301 Al3 10590 8.5
1501 Al5 9725 7.2
2001 A20 10500 6.7
2011 A20 17215 7.0

*): f = number of ramps per ten kilometers

5.2.4 Results and analysis

In this section, the effects of ramp length or weaving length on travel time reliability under
all inflow levels are discussed.

Ramp sections

A ramp section is an area of traffic demand competing for space. Upstream freeway traffic
competes for space with entering on-ramp vehicles in merge areas. Figure 5.3 demon-
strates the relationship between (a) travel time variability under free flow conditions and
congested conditions, (b) probability of traffic breakdown, (c) travel time unreliability
and length of acceleration lane on eight on-ramp sections. It can be seen that TTV in free
flow conditions does not vary with the increasing length of the acceleration lane, but both
TTV after breakdown and the probability of traffic breakdown slightly decreases with the
increasing length of the acceleration lane with a length below 300m. Therefore, TTUR
decrease as the length of the acceleration lane increases with a length below 300m. The
length of an on-ramp section increasing 100 meters can reduce travel time variability of
3.3 seconds/km (see Eq. 5.1).

15.7—-0.033 x L,, L, <300m

TTUR= [ 5.8, Ly > 300m S

in which L, = length of acceleration lane on on-ramp.
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Figure 5.5: Travel time variability and travel time unreliability as a function of weaving length

At off-ramp, the basic manoeuvre is a diverge. That is, a single traffic stream separated
into two streams. Figure 5.4 depicts the relationship between (a) TTV, (b) probability
of traffic breakdown, (¢)TTUR and length of the deceleration lane on eleven off-ramp
sections. It can be seen that TTV in free flow conditions does not vary with the increasing
length of the deceleration lane, but both TTV in congested conditions and the probability
of traffic breakdown slightly decreases with the increasing length of the deceleration lane
with a length below 250m. Therefore, TTUR decrease as the length of the deceleration
lane increases with a length below 250m. The length of an off-ramp section increasing
100 meters can reduce travel time variability of 3.2 seconds/km (see Eq.5.2).

12.7—-0.032 x Ly, Ly <250m

TTUR = 4.4, Ly > 250m

(5.2)

in which Ly = length of deceleration lane on off-ramp
Weaving sections

Weaving sections can heavily affect the quality of service on a facility since the weaving
vehicles have conflicts on a relatively short weaving length. Figure 5.5 demonstrates the
relationship between weaving length and (a) travel time variability, (b) probability of traf-
fic breakdown, (c) travel time unreliability. It can be seen that TTV in free flow conditions
does not vary with the increasing weaving length, but both TTV in congested conditions
and the probability of traffic breakdown slightly decreases with the increasing weaving
length with a length below 750m. Therefore, TTUR decrease as the weaving length in-
creases with a length below 750m. An increase in the length of a weaving section by 100
meters can reduce travel time variability by 2.4 seconds/km (see Eq. ). For long weaving
sections there is more space for weaving vehicles to handle the unexpected events. There-
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fore the probability of traffic breakdown will be lower than short weaving sections(Tu,
van Lint & van Zuylen 20065). Thus the traffic flow in longer weaving sections is more
stable than the traffic flow in shorter weaving sections.

21.8—-0.024 x L), L, <750m

TTUR = 3.6, Ly > 750m

(5.3)

in which L,, = length of weaving sections
Basic freeway segments

Figure 5.6 shows both (a) TTV, (b) probability of traffic breakdown, and (¢c) TTUR on
the three basic freeway segments under the whole inflow scale. All three basic freeway
segments are uniform segments. Traffic flow within basic freeway segments can be highly
variable depending on the conditions constructing flows at upstream and downstream bot-
tleneck locations (Steward et al. 1996). We choose three basic freeway segments. The
travel time unreliability on basic freeway segments are about 4 seconds/km.

Comparing Figure 5.3, Figure 5.4, Figure 5.5, and Figure 5.6, TTUR at weaving sections
and at ramp sections in short weaving distance are higher than that at basic freeway seg-
ments due to the conflicts of the weaving vehicles at the weaving sections or at the ramp
sections. It is concluded that the more ramps or weaving sections along a route corridor,
the more vehicles conflicts and the higher probability of traffic breakdown. Therefore,
travel times are less reliable.
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traffic monitoring systems

Freeway corridors
Travel time variability

In chapter 4, the static inflow-travel time variability is found to be determined by two
critical inflows, A; and A.. These two critical inflows varied with different circumstances
like road geometry. Figure 5.7 demonstrates the relationship between the two critical
inflows on the inflow-percentile travel time relations and the number of ramps per ten
kilometers (f) (the average distance between ramps) on freeway corridors. In general,
both critical transition inflow A, and critical capacity inflow 1. decrease with the rising
number of ramps per unit road length £, as shown in Eq. 5.4:

Je=—111x B+ 1840 + &, R = 0.97
54
Je=—127 x p +2339 4 ¢., R =0.77
where,
As = critical transition inflow
Ae = critical capacity inflow
£ = number of ramps per ten kilometers
g, = error item
g, = error item

Consequently, in case of no ramps (only basic freeway segments, f = 0 in Eq. 5.4) in
the freeway corridors, the critical transition inflow 4, is around 1840 veh/h/In while the
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Figure 5.8: The relations between (a) travel time variability, (b) probability of traffic breakdown,
(c) travel time unreliability and number of ramps per unit road length

critical capacity inflow . is about 2340 veh/h/In. That is, travel time variability and travel
time unreliability sharply increases above A;, a much lower value than A.. Furthermore,
the difference between A, and 4. decreases with the rising . It seems that the freeway
characteristics f have more impacts on 4. than on /;.

Travel time unreliability

Figure 5.8 shows the relationship between the number of ramps per ten kilometers (f) and
(a) travel time variability, (b) probability of traffic breakdown, (c) travel time unreliability
on six freeway corridors. Clearly, during the free flow conditions, f has no impacts
on travel time variability. After traffic breakdown, travel time variability increases with
rising . Moreover, the probability of traffic breakdown also increases with increasing £.
Therefore, the travel time unreliability increases with increasing f. That is, travel times
are less reliable in case more ramps on an unit road length (or the short average distances
between two ramps along the freeway corridors). As can be seen in Figure 5.8 (¢), in case
the average distances between off/on ramps (or weaving sections) is below 3 km, travel
time unreliability sharply increases. In terms of the implications for practice, the average
distances should be at least 3 km.

Table 4.2 describes the number of ramps per ten kilometers on freeway corridors and
Table 4.4 shows the critical travel time reliability inflows A, of the freeway corridors. It
provides the evidence that a too short distance between off/on ramps result in lower 4,
and hence less reliable travel times. If £ is larger than 6.7 (the average distance smaller
than 3 km), the 4, sharply decreases with the rising £.
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5.2.5 Conclusions

This section presented an empirical investigation into the effects of road geometry on
the probability of traffic breakdown, travel time uncertainty and travel time unreliabil-
ity. Where these studies find that there exists threshold values L for the length of ramp
sections and weaving sections. Below L, travel time unreliability increases with the de-
creasing length of ramp sections or weaving sections. Above L, the length has far less
impact on travel time unreliability. In a freeway corridor, travel time reliability is strongly
affected by the number of ramps per unit road length. Above a certain threshold value,
the more ramps, the more travel time unreliability. Such a finding can be of significant
importance for geometric design standards:

o the length of deceleration lanes should be longer than 250m;
o the length of acceleration lanes should be longer than 300m;
o the weaving length should be longer than 750m;

e the number of ramps per ten kilometers in a freeway corridor should be smaller than
6.8, or the distance between off/on ramps should be larger than 3 km.

The empirical results also provide below evidences:

Short ramp (on-ramp, off-ramp, and weaving section) length results in:

— Higher possibility of traffic breakdown
— Higher travel time uncertainty (variability)
— Higher travel time unreliability

e Travel time uncertainty in congested conditions increases with the decreasing of the
distances between off/on ramps

The probability of traffic breakdown increases with the decreasing of the distances
between oft/on ramps

Travel time unreliability decreases with the decreasing of the distances between
off/on ramps

5.3 Adverse Weather Impacts

Adverse weather conditions may (locally) reduce the capacity in a traffic network, but
may at the same time yield (global) changes in traffic demand, due to people changing
routes, departure time, mode or even reconsidering taking a trip together. It is therefore
expected that travel time reliability is strongly affected by adverse weather since travel
time reliability results from the variations both in demand and capacity. In the next sub-
section, we briefly present the overview of the impacts of adverse weather on traffic flow
operations. Then, the method to model the impacts of adverse weather on travel time
reliability is built up in section 5.3.2, followed a description of the empirical data to in-
vestigate the impacts in section 5.3.3. Thereafter, preliminary results and analysis are
presented in section 5.3.4.
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5.3.1 Overview of the impacts of adverse weather on traffic flow op-
erations

In the literature a considerable amount of information concerning the impact of weather
conditions on traffic operations can be found, which can be categorized into three predom-
inant aspects: impact on traffic demand, impact on traffic safety, and impact on capacity
and traffic flow relationships, such as the flow-occupancy and speed-flow relationships.

Firstly, several studies have found that weather conditions have significant impact on traf-
fic demand (Mcbride et al. (1977), Hanbali & Kuemmel (1993), Hanbali (1994), Knapp
(2000), Keay & Simmonds (2005), Maze et al. (2006)). For example, Hanbali & Kuem-
mel (1993) investigated volume reductions due to winter storms across varied snowfall
intensities, time of day, day of week, and roadway type in USA. They found that the
reductions of volumes ranged from 7 percent to 56 percent, depending on the category
of winter event and concluded that volume reductions increase with the total volume of
snow. Maze et al. (2006) described the impact of weather identified through both the lit-
erature and the prior research conducted by the Center for Transportation Research and
Education (CTRE) in USA. They noted that depending on the type of traffic (commuter,
commercial, long-distance travel, etc.) and on the severity of the weather, roadway traf-
fic volumes have shown to be less than 5 percent lower during rain storms, and 7 to 80
percent lower for snow storms.

Secondly, research on the impact of weather conditions on traffic safety began in the
fifties. From then on, substantial studies have focused on this subject (Mcbride et al.
(1977), Brodsky & Hakkert (1988), Savenhed (1994), Shankar et al. (1995), Brow &
Baass (1997), Nofal & Saeed (1997), Edwards (1998), Khattak et al. (1998), Khattak
et al. (2000), Eisenberg (2004)). For instance, Savenhed (1994) found that severe injury
rates on roads with snow and ice can be several times greater than on roadways under
normal conditions. Maze et al. (2006) reported that crash rates increases during inclement
weather, with crash rates increasing dramatically during snowstorms.

Thirdly, adverse weather affects traffic supply factors. This does not only imply capacity
(which generally decreases with adverse weather), but in fact the entire fundamental di-
agram. The effect of adverse weather conditions on the flow-occupancy and speed-flow
relationships has been investigated by several researchers (Koshi et al. (1981), Ibrahim
& Hall (1994), Brilon & Ponzlet (1996)). Regression analyses were performed to se-
lect a proper model representing the flow-occupancy and speed-flow relationships for
uncongested operations (Ibrahim & Hall 1994). They reported that light precipitation,
of either form, does not have a very large effect on free-flow speeds, maximum flows,
or speed at maximum flows and both heavy rain and snow can have great effects, such
as a 50km/h reduction in free-flow speeds, and nearly a 50 percent reduction in maxi-
mum observed flows. Several researchers have measured the extent to which capacity
is influenced by weather (Jones et al. (1970), Kleitsch & Cleveland (1971), Ries (1981),
Maze et al. (2006)). For example, Maze et al. (2006) noted that heavy rains (more than
6.4 mm/h) reduce freeway capacity by an average of 14 percent and heavy snows (12.7
mm/h) reduce freeway capacity by an average of 22 percent.

In short, it is found in prior researches that adverse weather conditions reduce not only
traffic demand and capacity, but also traffic safety. This section tries to quantify the impact
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of adverse weather conditions on travel time reliability rather than on capacity or demand
per se.

5.3.2 Model development

Adverse weather may affect road performance and traffic flow operations. For instance,
rainy weather condition may (a) lead to lower visibility due to the reflection on wet sur-
face, (b) reduce the friction on the road surface, and (c) hence result in longer braking
distance and longer time headway (Eisenberg 2004). Adverse weather conditions lead
to higher accident risk (Zhang & Rakha 2005). Therefore, adverse weather conditions
may have negative impacts on traffic flow operations. In this context, traffic breakdown
may more easily occur under adverse weather conditions than normal weather conditions.
Figure 5.9 shows an example of traffic breakdown as a function of inflow levels on both
normal weather conditions and rain weather conditions on A12 freeway in The Nether-
lands. It is found in the graph that rain weather conditions results in higher probability of
traffic breakdown compared with the probability under normal weather conditions. Con-
sequently, we postulate below hypotheses:

o Adverse weather conditions result in more traffic breakdown

e Adverse weather conditions lead to more variability in travel times after traffic
breakdown

o Therefore, travel times under adverse weather conditions become less reliable com-
pared with that under normal weather conditions

5.3.3 Empirical data

The traffic data are obtained from Regiolab-Delft traffic monitoring system (see section
4.2). The weather data are collected from weather stations of the Dutch Meteorological
Institute KNMI, in which 37 weather stations spread across the Netherlands. Five groups
of weather variables are distinguished: rain, fog, ice, storm, and snow. Note that only the
presence of the adverse weather is studied in this dissertation. For instance, rain weather
conditions indicate that rain is occurring, but the severity of rain has not been reported. Of
course, information concerning extra variables, like the quantity or duration of snowfall
would have been desirable.

This research assumed a 10-minute time interval for weather and traffic data. Thus,
weather data from Rotterdam weather station and traffic data were combined using con-
straints of date, hour, and 10-minute intervals since the studied freeways are close to the
Rotterdam weather station. Since the measurement took places each hour during one year,
each station disposes of 8760 observations per variable. The weather data used here con-
sists of the whole year of 2004 measurements. The distance from these six freeways to the
Rotterdam weather station are within 30 km. Therefore, the hourly-based weather mea-
surements in Rotterdam weather station can be the representative data of the six freeway
corridors.
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Figure 5.9: Example of traffic breakdown as a function of inflow levels on both normal weather
conditions and rainy weather conditions (A12 freeway, northern bound, 2004)

Finally, all results will be tested for their statistical significance by means of Z-statistic.

_T—u

Zy = 5.5
*= oidn (5.5
in which
X =mean value of travel times under adverse weather conditions
1 = mean value of travel times under normal weather conditions
o = standard deviation of travel times under normal weather conditions
n = number of samples of travel times under adverse weather conditions

Z-score is 1.96 if the confidence level is 95%.

5.3.4 Results and analysis

After the data was collected and processed, a total of 22986 10-minute travel time/weather
records were available for each of the six routes. The results of this research are presented
in five categories - impacts of rain, snow, ice (black ice), fog, and storm conditions. All
these five weather conditions were compared against normal weather conditions, which
are defined as no rain, no snow, no ice, no fog, and no storm. The database contained 9126
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Figure 5.10: Percentile travel time and travel time unreliability under rain weather conditions on
six freeway corridors. 77U R =travel time unreliability

records under normal weather conditions. Since there are only limited data available
under snow, ice, fog, and storm weather conditions, the impacts of these four adverse
weather conditions under all inflow levels on travel time reliability will be investigated.
The impacts of rain conditions under both all inflow levels and different inflow levels will
be investigated, respectively.

Rain impact

The rain data were divided into two categories (0, under normal weather conditions; 1,
under rain weather conditions) for the analysis of the impacts of rain on travel time relia-
bility. The database contained 10668 records under rain conditions.

Figure 5.10 shows that the differences in 7710t/ and 77504 (median travel time) be-
tween under normal weather and rain weather conditions are not large, only increasing
by 1%-2% and 2%-5%, respectively. However, the graph illustrates that under rain con-
ditions 7790t/ increases by 6%-40%, whereas 77T U R increases by 31%-106%. In this
context, rain weather conditions slightly affect the free flow speed, but strongly result
in less reliable travel time. Figure 5.11 also illustrates the travel time distribution under
normal weather conditions and rain weather condition on A12 freeway (east direction). It
can be seen that rain weather condition have more impact on 7'790¢A than on 77 10¢h
and T'T50¢h.

From the Z-statistic point of view, rain weather conditions significantly increase mean
travel time (Z-statistic of 46, 71, 163, 171, 275, and 157 for six routes).
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Figure 5.11: Travel time distribution on A12 freeway (east direction) under both normal weather
conditions and rain weather conditions
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Figure 5.12: Percentile travel time and travel time unreliability under snow weather conditions on
six freeway corridors
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Snow impact

The snow data were divided into two categories (0, under normal weather conditions; 1,
under snow weather conditions) for the analysis of the impacts of snow on travel time
reliability. The database contained 510 records under snow conditions.

Figure 5.15 shows that the differences in 7710t/ and 7750t/ (median travel time) be-
tween under normal weather and snow weather conditions are not large, only increasing
by 2%-4% and 4%-6%, respectively. However, the graph illustrates that under snow con-
ditions 7790t/ increases by 10%-34%, whereas T T U R increases by 27%-83%.

From the Z-statistic point of view, snow weather conditions significantly increase mean
travel time (Z-statistic of 23, 42, 59, 23, 28, and 28 for six routes).

Fog impact

The fog data were divided into two categories (0, under normal weather conditions; 1, un-
der fog weather conditions) for the analysis of the impacts of fog on travel time reliability.
The database contained 1626 records under fog conditions.

Figure 5.13 shows that the differences in 7710t/ and 7750t/ (median travel time) be-
tween under normal weather and fog weather conditions are not large, only increasing by
1%-2% and 4%-6%, respectively. However, the graph illustrates that under fog conditions
TT90th increases by 2%-63%, whereas 7 T U R increases by 5%-50%.

From the Z-statistic point of view, fog weather conditions significantly increase mean
travel time (Z-statistic of 28, 16, 28, and 27 for four routes: 1201, 2001, 1211 and 2011).

Ice impact

The ice data were divided into two categories (0, under normal weather conditions; 1, un-
der ice weather conditions) for the analysis of the impacts of ice on travel time reliability.
The database contained 576 records under ice conditions.

Figure 5.14 shows that the differences in 7710¢/4 and T T50¢h (median travel time) be-
tween under normal weather and ice weather conditions are not large, only increasing by
0%-4% and 5%-8%, respectively. However, the graph illustrates that under ice conditions
T T90th increases by 26%-102%, whereas 7'T'U R increases by 32%-83%.

From the Z-statistic point of view, ice weather conditions significantly increase mean
travel time (Z-statistic of 35, 67, 143, 91 58, and 60 for six routes).

Storm impact

The storm data were divided into two categories (0, under normal weather conditions; 1,
under storm weather conditions) for the analysis of the impacts of storm on travel time
reliability. The database contained 480 records under storm conditions.

Figure 5.15 shows that the differences in 77 10¢/4 and 7750t/ (median travel time) be-
tween under normal weather and storm weather conditions are not large, only increasing
by 0%-1% and 0%-3%, respectively. However, the graph illustrates that under storm
conditions 7 790¢h increases by 2%-50%, whereas 7T U R increases by 7%-35%.

From the Z-statistic point of view, storm weather conditions significantly increase mean
travel time (Z-statistic of 3, 10, 44, 44, 75, and 55 for six routes).
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Figure 5.13: Percentile travel time and travel time unreliability under fog weather conditions on
six freeway corridors.

Rain impact under different inflow levels

The empirical data on the route level shows there are two critical inflows in the inflow-
TTV relationship, in line with the findings in a prior study (Tu, van Lint & van Zuylen
2007b). Figure 5.16 demonstrates the TTV as a function of inflow levels under both nor-
mal weather and rain conditions for six freeway corridors in The Netherlands. Note that
we only investigate the effect of rain conditions on travel time reliability since the insuf-
ficient data of the other weather conditions. Following interesting findings can be found
in the graph:

o Under both normal weather and rain weather conditions, the critical inflows A, and
A for travel time variability can be identified. Table 5.5 shows the estimated critical
inflows parameters for TTV, and

e Both critical inflows A, and A, values under rain weather conditions are smaller
than that under normal weather conditions;

o In case of the inflow is below A; under both rain weather and normal weather con-
ditions, TTV does not vary with the varied inflow. The rain weather conditions do
not increase TTV compared with that under normal weather conditions.

e In case of the inflow is above 1;, TTV sharply increases with rising inflow under
both rain weather and normal weather conditions while TTV under rain weather
conditions is larger than that under normal weather conditions.
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Figure 5.14: Percentile travel time and travel time unreliability under ice weather conditions on
six freeway corridors.

Table 5.5: Estimated critical inflow parameters for TTV

A value r1201 12001 12011 rl1211 r1501 rl1301

A+ Rain 1320 1260 960 960 780 780
Normal 1380 1260 1080 960 960 1020

Ac Rain 1680 1440 1380 1320 1320 1260
Normal 1800 1500 1500 1320 1320 1320

As shown in chapter 4, travel time unreliability increases with rising inflows. Figure 5.17
illustrates travel time unreliability as a function of inflows under both normal and rain
weather conditions on six freeway corridors in The Netherlands. As can be seen in the
graph, travel time unreliability increases with rising inflows and travel times under rain
weather conditions are less reliable than those under normal weather conditions.

Discussion

On average, adverse weather conditions have a slight influence on 77104 and T 750tk
increasing by 2% and 4%, respectively; while the adverse weather conditions have signif-
icant impacts on 7790¢h and T TU R. For instance, Figure 5.17 (upper left figure) shows
that in case inflow is 2160 veh/h/In, the travel time variability is 30 seconds/km under
normal weather conditions while the travel time variability is 72 seconds/km under rain
weather conditions. That is travel time variability under rain weather conditions are 2.4
times larger than travel time variability under normal weather conditions.
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Figure 5.15: Percentile travel time and travel time unreliability under storm weather conditions
on six freeway corridors
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Figure 5.16: Travel time variability as a function of inflow level under both normal weather and
rainy weather conditions.
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Figure 5.17: Travel time unreliability as a function of inflow levels on six freeway corridors in
The Netherlands

The reason that the adverse weather conditions result in the negative impacts on travel
times probably are twofold: firstly, adverse weather conditions lead to the reduction
in road capacity and hence higher probability of traffic breakdown; secondly, adverse
weather conditions may contribute to more traffic accidents than normal weather condi-

tions.

5.3.5 Conclusions

On a basis of empirical data from six freeway corridors, the preliminary results of the

effect of adverse weather conditions are shown as follows:

e Adverse weather conditions clearly have negative effects on both travel time un-
certainty and travel time (un)reliability of freeway corridors. Travel times are less
reliable under adverse weather conditions than under normal weather conditions,
especially at higher inflow levels.

e Adverse weather conditions have a slight influence on 7710tk and T T50¢A, but

e Adverse weather conditions have significant impacts on 7 790¢4, travel time un-

certainty and travel time unreliability

e Rainy weather conditions have little or no effect on travel time variability below 4,
but have positive impacts on travel time variability above ;.
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5.4 Speed Limits Impacts

The steady increase of traffic demand on freeways during the past decades has led to high
rate of congestion in The Netherlands. This has resulted in long delays for individual
drivers but also to a high level of air pollution along the roads. Increasing the capacity of
the freeway by increasing the number of lanes is a solution which is not always acceptable
or even preferable to alternative approaches. In Europe the legislation prohibits the ex-
tension of roads if the air quality around the roads does not satisfy the legal requirements.
An approach to reduce the air pollution consists of exerting some kind of control over the
flow of vehicles by means of signals, with the objective to reduce the speeds.

Over the last two decades many studies have been done to investigate the relationship
between average travel speed and emission rates. Laboratory tests, empirical measure-
ments and model calculations have lead to a good understanding of emission dependence
of average speed (van der Meer April, 2007). van der Meer (April, 2007) shows that the
average speed has an effect on N O, and P M10 emission rate. Most vehicles have the
cleanest operations at a speed between 60km/h and 80km/h. In order to reduce the emis-
sions, the (static) speed limits were implemented on freeways around Delft region like
A13 freeway and A20 freeway. However, little is known about the effects of Speed Lim-
its on travel time reliability. Therefore, in this section, we try to quantify the effect of SL
on travel time reliability (route level) using a statistical analysis on the basis of empirical
data. Before we address the SL impacts, we outline the effect of SL on traffic flow oper-
ations from the literature in section 5.4.1. Thereafter, the methodology to investigate the
effects of SL on travel time reliability is setup in section 5.4.2. Then the related empirical
data are presented in section 5.4.3. The preliminary results are shown in section 5.4.4.

5.4.1 Overview of the effects of speed limits on traffic flow operations

A great number of studies have researched the impact of SL on traffic flow operations,
which can be categorized into four predominant aspect: impact on (local) speed, impact
on traffic dynamics, impact on traffic safety, and impact on environment.

Firstly, several studies have shown that SL have significant impact on speed (Upchurch
& Rahman 1989) (Aljanahi et al. 1998) (Ulfarsson et al. 2005). Those studies conclude
that SL causes a statistically significant reduction in mean (local) speed. The impact of
SL on speed dispersion does not seem to have a definitive trend. For example, in Arizona,
after a rise in the SL on the rural interstate from 55 to 65 mph, an increase in (local) speed
dispersion was observed (Upchurch & Rahman 1989). However, Ulfarsson et al. (2005)
reported that SL reduced speed deviation for the uphill direction, which is a beneficial
effect, but increased the speed deviation for the downhill direction.

Secondly, two views on the effects of SL on traffic dynamics can be found (Smulders
1990) and (Hegyi et al. 2005). The first emphasizes the homogenization effect, whereas
the second is more focused on the prevention of traffic breakdown. The idea of homog-
enization is that SL reduce the speed differences between vehicles which are expected to
result in a higher (and safer) traffic flow. The traffic breakdown prevention approach fo-
cused more on the prevention of too high densities. This is best realized if SL are dynamic
and change according to the traffic conditions.
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Thirdly, as far as traffic safety is concerned, a large number of studies has pointed to
the increase in fatalities on these high-speed freeways when SL were relaxed (Garber
& Graham 1990) (Godwin 1992) (Rock 1995) (Vernon et al. 2004) (Wong et al. 2005)
(Lee et al. 2006). For example, Wong et al. (2005) used the SL relaxation on 19 road
sections in Hong Kong and analyzed its impact on accident counts. The results show that
after the relaxation of SL the accident counts went up by about 20-30%. After all other
possible factors were neutralized by the comparison group method, they concluded that
the relaxation of SL did have an adverse impact on road safety.

Fourthly, SL affect fuel consumption and emissions (den Tonkelaar 1991) (den Tonkelaar
1994) (Riemersma et al. 2004) (Int Panis et al. 2006). For instance, the fuel consumption
and the CO, N O, CO; and hydrocarbon emissions from passenger cars and lorries on
freeways were calculated by den Tonkelaar (1994) based on the actual driving speeds on
both types of road before and after the introduction of the SL (from 120km/h to 100km/h)
in The Netherlands. It is found that after the introduction of the SL and the decrease of
the average driving speeds, fuel consumptions and emissions on these freeways decreases
significantly.

5.4.2 Methodology

In the literature, tight SL reduces mean (local) speed, affects capacity, increases traffic
safety, and reduces the fuel consumption and emissions. However, few of the studies
carried out research on the effects of SL on travel time reliability. Travel time reliability
not only depends on the travel time variability, but also relies on the probability of traffic
breakdown. In terms of travel time variability, Tu, van Zuylen & van Lint (2007) investi-
gated the effects of speed limits on travel time variability on two freeway corridors. They
reported that SL clearly has impact on travel times. Tight SL result in larger 77 10¢4 and
TT50th in comparison with relaxing SL. Tight SL do not lead to higher 7790¢/ than
relaxing SL in case of high inflows. With respect to traffic breakdown, speed limits could
prevent a breakdown by limiting the inflow into the tight speed limits area (for instance,
the 80km/h area,see Figure 5.18). But inside the tight SL area, the probability of traffic
breakdown may increase due to tight SL in case of high inflows since small disturbance
may lead vehicles with the speed of 80km/h to drop below 70km/h (breakdown).

|

120km/h area) 80km/h area |

B
|

Figure 5.18: Illustration of a freeway corridor with one area in 120km/h and one are in 80km/h
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Therefore, it may be expected that tight SL reduce the travel time variability, but increase
the probability of traffic breakdown. Thus, whether the effects of SL on travel time reli-
ability is positive is unknown. In the rest of this section, the effects of SL on travel time
variability, traffic breakdown, and travel time unreliability will be tested on a basis of a
large empirical dataset.

5.4.3 Empirical data

Dynamic or static Speed Limits (SL), are one of the Variable Message Systems control
measures applied on Dutch freeways by the display of speed signals on gantries over the
road. These gantries are at places where also detectors are located that provide speed mea-
surements and count data. On the A13 freeway SL were imposed of 100 km/h for the first
half of the road and 80 km/h on the part of the road close to Rotterdam. The SL of 80km/h
on the last part of the A13 freeway was introduced to investigate whether environmental
effects of the freeway could be reduced. The road passes through a suburb of Rotterdam
and the air quality and noise around the road need to be improved considerably. The ex-
periment had the objective to show the environmental benefit and to investigate what the
impact would be on the travel times and throughput. The result were positive, the travel
time extensions were limited, no more congestion occurred and the air quality improved
slightly.

After that positive experience the SL were also applied on other roads, like the A20 free-
way. The results were less good, because congestion increased on several roads. The A13
was not a bottleneck itself, so a SL did not have much influence on the throughput of the
road. The A20 was a capacity bottleneck itself, so that the congestion increased thereafter
the introduction of the SL.

Two related freeway corridors (routes) are selected from Regiolab-Delft, as shown in
Table 5.6. The corridors are 7.79 km and 7.655km, respectively. The freeway corridor on
A13 we tested in this dissertation is the part of A13 freeway in which SL were imposed
of 100km/h.

Table 5.6: Physical data of two freeway corridors

Code Freeway Direction Length(m)
1301  Al3 From The Hague 7790

to Rotterdam north
2001 A20 From Rotterdam west 7655

to Rotterdam east

5.4.4 Results and analysis

Figure 5.19 illustrates the probability of traffic breakdown as a function of inflow levels
under tight speed limits and relaxing speed limits on two freeway corridors. In the graph,
tight SL slightly increases the probability of traffic breakdown on A13 freeway, but sub-
stantially increases the probability of traffic breakdown on A20 freeway, especially in case
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Figure 5.19: Probability of traffic breakdown as a function of inflow levels under tight speed
limits and relaxing speed limits on two freeway corridors

of high inflows. This is probably due to A20 has more tight SL (A13: 100km/h and A20:
80km/h).

Figure 5.20 and Figure 5.21 illustrate the empirical relationship of 77V before break-
down and after breakdown as a function of inflow on A13 freeway and A20 freeway,
respectively. Clearly the empirical data provide evidence that the tight SL results in lower
both 7T ¥/ and TT V7 on both freeway corridors. The higher SL difference (A13 from
120km/h to 100km/h, A20 from 120km/h to 80km/h), the larger 7'T' V' difference between
relaxing SL and tight SL.

Figure 5.22 demonstrates travel time unreliability as a function of inflow levels on two
freeway corridors. For A13 freeway, below a certain inflow level (1500 veh/h/In), tight
SL increases travel time unreliability by an average of 13.5%; above the certain inflow
level, tight SL reduces travel time unreliability by an average of 21.6%. For A20 freeway,
it holds an opposite trend. Below a certain inflow level (1500 veh/h/In), tight SL reduces
travel time unreliability by an average of 33.9%; above the certain inflow level, tight SL
increases travel time unreliability by an average of 59.1%.

To conclude, tight SL reduces the travel time uncertainty, but increases the probability
of traffic breakdown. Therefore, the effects of tight SL on travel time reliability highly
depend on the SL value.
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Figure 5.20: Travel time variability before and after traffic breakdown as a function of inflow
levels on A13 freeway
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Figure 5.22: Travel time unreliability as a function of inflow levels on two freeway corridors

5.4.5 Conclusions

Tight SL reduce mean speed and fuel consumption and emission. The effect of tight SL
on travel time reliability is still unknown. In this section, an empirical analysis is carried
out to investigate the effects. The data presented here demonstrates following results:

e SL clearly has impact on travel times. Tight SL results in larger 7710¢4 and
TT50th in comparison with relaxing SL.

e Tight SL reduces the travel time uncertainty (variability)

e Tight SL increases the probability of traffic breakdown, and

e The effects of tight SL on travel time unreliability depends on the tight SL value.

5.5 Traffic Accidents Impacts

Studies have indicated that accidents contribute to one of the main parts of the freeway
delay (Sheu et al. 2001). This may increase in the coming years. It is clear that accidents
on freeways interrupt traffic flows unexpectedly, and thus, are a major cause of extra
congestion. They can reduce the capacity of a road and act as bottleneck to the traffic
flow. In turn, this perturbation of the flow can cause more accidents due to e.g. stop-
and-go manoeuvres. The unpredictability of traffic accidents and its increasing effects
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on freeway traffic congestion undermine significantly the mobility on freeways. In this
section, we therefore aim to gain insight into the relationship between traffic accidents and
travel time reliability by linking speed and flow measurement data from loop detectors to
accident records collected on some freeways in the Netherlands.

5.5.1 Overview of the impacts of traffic accidents on traffic flow op-
erations

Information on causation and contributory factors of traffic accidents have been studied
for a long time (for example, (Carsten et al. 1989) (Conche & Tight 2006) (Knoop et al.
2007) (Knoop et al. 2008)). In the literature, however, few researches focus on the impact
of traffic accidents on traffic flow operations.

Goolsby analyzed 27 accidents that occurred between 1968 and 1969 on a 10.5-km section
of the Gulf Freeway in Houston using 1-min volume counts (Goolsby 1971). Based on
these data, Goolsby estimated that an accident where a vehicle blocks one of three lanes
will result in an average capacity reduction of 50%. Furthermore, he concluded that an
accident blocking two of three lanes will reduce capacity by an average of 79%. By
simply blocking the shoulder lane(s) on a three-lane segment it was found that capacity
may reduce by an average of 33%.

Simth et al. (2003) reported that capacity reduction due to an accident was measured
for over 200 accidents that occurred on urban freeways in the Hampton Roads region
of Virginia. They found that accidents significantly reduce the capacity remaining on
freeway segments. An accident blocking one of three freeway lanes resulted in a mean
capacity reduction of 63%, while an accident blocking two of three freeway lanes resulted
in a mean capacity reduction of 77%. They also suggested that accident capacity reduction
should be modeled as a random variable, not a deterministic value.

Chen et al. quantified the effect of accidents on travel times by obtaining the accident
records from the California Highway Patrol (CHP) in which each accident record has
a start and an end time, a type classification, and a location (Chen et al. 2003). They
concluded that both the standard deviation and the median of travel times are larger when
there are accidents. The time delay of accidents is about 5 minutes per accident per
vehicle.

Knoop et al. (2008) collected high quality videos of the traffic flow around two accidents
on Dutch freeways recorded from a helicopter in 2007 and measured the two-directional
traffic passing the accident locations. During the accidents, drivers would take the time to
watch the accident ("rubbennecking" effect) for both directions of the freeway on which
accident occurred. They concluded that the capacity of the road in the direction of the
accident is reduced by more than half as not all lanes are in use and the capacity at the
opposite direction is reduced by half by the "rubbennecking" effect.

Although these studies provided evidence that traffic accidents significantly reduce free-
way capacity and increase travel time variability, none of the studies directly investigated
the impact of traffic accidents on travel time reliability under different demand (inflow)
levels. The next subsection will set up the method to investigate the accidents’ impacts
using empirical data from Regiolab-Delft monitoring system.
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5.5.2 Methodology

Since traffic accidents result in lower freeway capacity and they can reduce the capacity
of a road and act as bottleneck to the traffic flow, it is expected that traffic accidents
lead to the higher possibility of traffic breakdown for a certain inflow level and result in
higher travel time uncertainty as well. Once traffic accidents lead to traffic breakdown, the
travel time uncertainty (variability) due to accidents is much worse than that of normal
breakdown. In the Dutch freeway case, the average number accidents is about 20-30
accidents per km of freeway per year. Although traffic accidents contribute to the extreme
long delays on freeways, the impacts of traffic accidents on reliability of travel times are
still unknown. Therefore, below three hypotheses are made to test the impact of traffic
accidents on travel time reliability:

e Traffic accidents lead to the higher probability of traffic breakdown for a certain
inflow level

o Traffic accidents result in a higher travel time variability

e Traffic accidents contribute to less reliable travel times

5.5.3 Empirical data

In order to investigate the impact of traffic accidents on travel time reliability of freeway
corridors and test the above hypotheses, detailed traffic accidents and traffic flow data
were collected on a motorway that connects the city of Rotterdam with its harbour.

The Harbour of Rotterdam is connected to the hinterland by waterways, railways, pipelines
and one motorway, the A15. The fact that incidents often occur on the A15 motorway is
well known; the number of accidents per kilometer road in the considered area is about
50% higher than on another motorway like the A12 (Knoop et al. 2007).

For the study, we used a list of all police-registered accidents in the Netherlands. The list
contained the accidents that happened in the years 2003 — 2005. The list was provided
by the Transportation Research Centre of the Ministry of Transport, Public Works and
Water Management (“Rijkswaterstaat Dienst Verkeer en Scheepvaant™). Each accident
that is reported by the police is written down in this file. Therefore, the data source
we used only gave the registered accidents (the police patrols are not called for every
accident). However, most of the accidents on the motorway are included in the file (Knoop
et al. 2007). Also locations, parties involved and other properties of the accident are
reported. We filtered the data and considered the part concerning the sections on the
AL1S5 freeway. This section connects the ring-road of Rotterdam with the port area, and it
consists of a large number of merging, diverging and weaving sections, ending with the
junction “Ridderkerk-South” (connection to the A16-south).

The duration of traffic accidents was not reported. But the time traffic accidents occurred
was recorded in the traffic accident data. In this study, every accident that occurred we
take a temporal pattern, i.e. from the time the accident occurred and for the following 3
hours on that particular day. This pattern is considered as traffic data in case traffic acci-
dents occurred. Then the remaining part of the data is considered as traffic data without
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traffic accidents. The assumption of 3 hours here is rather arbitrary. The effects of traf-
fic accidents (or the accidents duration) may be overestimated by using this assumption.
However, in order to avoid the effects of traffic accidents on the traffic data without traf-
fic accidents, we choose the assumption of 3 hours. Once traffic accidents occurred in a
section along a freeway corridor, the whole freeway corridor is considered to be affected.
Therefore, we have two datasets:

1. Traffic data with accidents: all data include the data that traffic accidents occurred

2. Traffic data without accidents: data exclusive the data that traffic accidents occurred

5.5.4 Results and analysis

After the data was collected and processed, a total of 52560 10-minute travel time records
were available for the A15 freeway corridor. The dataset contained 1838 records with
the influences of traffic accidents (only covers 3.5% of the total traffic data) and 50722
records without the impacts of traffic accidents (96.5% of the total traffic data).

Travel time variability

Figure 5.23 shows the travel time variability without accidents and with accidents as a
function of inflow levels on A15 freeway in the Netherlands. Traffic accidents increase
travel time variability by an average of 1.9% before traffic breakdown. After breakdown,
traffic accidents increase travel time variability by an average of 27.0%.

Probability of traffic breakdown

Figure 5.24 shows the probability of traffic breakdown as a function of inflow levels under
both conditions of with and without traffic accidents. The probability of traffic breakdown
increases with rising inflows not only in case without accidents but in case with accidents.
Since traffic accidents reduce the capacity of freeway, the graph shows that traffic acci-
dents increase the probability of traffic breakdown by an average of 8.4%. Therefore,
the instability of traffic flows under traffic accident conditions is much higher than that
without traffic accidents.

Travel time unreliability

Traffic accidents result in higher travel time variability and higher probability of traffic
breakdown. Moreover, travel time reliability is caused by both travel time variability and
probability of traffic breakdown for a given inflow level. Therefore it is expected that
traffic accidents lead to less reliable travel time. Figure 5.25 clearly provide evidence that
travel time unreliability with traffic accidents is 7.8% higher than without traffic accidents.
The influence of traffic accidents on travel time reliability is not as serious as one might
assume at first sight (one may assume traffic accidents are the main sources of travel time
unreliability).

5.5.5 Conclusions

The empirical analysis on a basis of a large dataset of registered accidents records and
traffic flow data from loop detectors indicate that traffic accidents have significant impacts
on travel time reliability of freeway corridors:
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Figure 5.23: Travel time variability as a function of inflow levels under conditions both of with
and without accidents on A15 freeway in the Netherlands
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Figure 5.25: Travel time unreliability as a function of inflow levels under conditions both of with
and without accidents on A15 freeway in the Netherlands

1. On both cases, before and after traffic breakdown, traffic accidents increase travel
time uncertainty

2. Traffic accidents increase the probability of traffic breakdown on the freeway corri-
dor

3. Traffic accidents increase the travel time unreliability, but

4. Traffic accidents are not the main source of travel time unreliability

5.6 Conclusions

Travel times are the result of the interactions among diverse factors like traffic flow, road
geometry, adverse weather, etc. Travel time reliability comprises two elements: instability
of travel times (probability of traffic breakdown) and travel time uncertainty (variability).
It is expected that the factors which influence travel times also affect the probability of
traffic breakdown and the travel time uncertainty and hence travel time unreliability. In
this chapter the effects of four factors (road geometry, adverse weather, speed limits, and
traffic accidents) on travel time reliability of freeways have been analyzed.

Firstly, we investigated the road geometry’s impacts. The empirical results indicate that
travel time unreliability increases with the decreasing weaving length or length of ramp
section. In a freeway corridors, travel time reliability is strongly affected by the average
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distance between off/on ramps (the number of ramps per unit road length £). Below a
certain threshold value, 3km between ramps in Dutch freeway, travel time unreliability
sharply increases with the decreasing distance. Therefore, in terms of practical design
guidelines, the travel time reliability criterion on the freeway sections investigated here
would require that (a) increasing the ramp length may result in more reliable travel times;
(b) the distance between ramps in a freeway corridor should be larger than 3 km.

Secondly, the adverse weather conditions clearly have negative effects on travel time un-
reliability, increasing both the probability of traffic breakdown and the travel time uncer-
tainty.

Thirdly, Speed Limits reduce the travel time uncertainty, but increase the probability of
traffic breakdown. Therefore, the effect of tight SL on travel time reliability depends on
the tight SL value.

Finally, traffic accidents lead to 1.9% higher travel time variability in free flow conditions
only, but result in 27.0% higher travel time variability in congested conditions. Travel
time unreliability with the influence of traffic accidents is 7.8% higher that without traffic
accidents. Furthermore, traffic accidents are not the main cause of travel time unreliability.

To conclude, these four factors affects both the probability of traffic breakdown and the
travel time uncertainty and thereby travel time reliability is influenced by these four fac-
tors.

With respect to the implications of the study for practice, this might imply:

e Longer ramp length or weaving length in a network design may lead to more reli-
able travel time.

e At peak hours or at adverse weather conditions, closing some on/off ramps along a
freeway corridor (increase the distance between ramps) can improve the travel time
reliability significantly.

e Tight Speed Limits reduce the emission on freeways. However, it may increase the
unreliability in travel times and increase the mean travel time.

e In order to improve travel time reliability on freeways, more attention should be
paid to the recurrent traffic congestion (or high demand) rather than to the effects
of traffic accidents.
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Chapter 6

Model Applications

6.1 Introduction

The travel time reliability model has been calibrated and validated in chapter 4 and chapter
5 using the empirical data from Regiolab-Delft traffic monitoring systems. As discussed
in Chapter 1, the way travelers react on the reliability will affect their choice behaviors like
mode, route and departure time choices. Since the choice behaviors play a crucial role in a
Dynamic Traffic Assignment (DTA) model, the reliability-based traffic assignment model
will produce more validated results. For instance, strategic departure time choice for
the case of stochastic networks has been analyzed by Li et al. (2008) for homogeneous
travellers with identical preferred arrival time. They assumed that travelers adapt their
choice behavior based on not only the expected travel cost, but also the variability of
travel time. They conclude that travelers depart earlier after a long term adaptation, when
they consider travel time reliability as part of the travel cost, since they attach a safety
margin to their travel times. The travel demand was spread over a longer time period.

The objective of the calibrated and validated model is, among others, to develop a method-
ology to use travel time reliability as an attribute in choice behaviors. Assessment of the
role of travel time uncertainty both in route choices and in departure time choices and its
impact on a network level is done by assigning the traffic to a network, taking into account
that travelers attach a certain value to travel time reliability, next to travel time itself. In
this chapter, the resulting, calibrated and validated travel time reliability model is applied
in the traffic assignment model.

In section 6.2, the feasibility of the applications in traffic assignments will be discussed.
Then a simple test network will be described in section 6.3. Thereafter, section 6.4
presents some experimental results and section 6.5 puts forward some discussions. Fi-
nally, section 6.6 draws the main conclusions.

6.2 Applicability in traffic assignments

Due to the stochastic supply and demand, the travel conditions vary within-day and over
days. The unreliability of travel time and its role in traveller’s choice behavior are be-
coming increasingly important issues involved in network modeling. It is well known

115
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that a variety of travel time functions nowadays are available and can be directly used
in traffic assignment models to determine route choice based on travel times. Travel
time is the main component in the utility function to model travellers choice behaviors
(Bliemer 2001). However, travel time reliability is another crucial component influencing
travellers’ choice behaviors (mainly the departure time choice, route choice, and mode
choice behavior). As discussed in chapter 3, it is necessary to develop a set of DTA mod-
els which can be integrated the travel time reliability due to the fact that the traffic network
itself is probabilistic and uncertain. Over the past decade, DTA concerned travel time re-
liability has been studied by (e.g. Mirchandani & Soroush (1987), Liu et al. (2002), Li
et al. (2008)). Liu et al. (2002) proposed a stochastic dynamic user optimal model based
on stochastic dynamic network with the assumption that route travel times are variable.
The link travel time has two components: one is deterministic flow-dependent travel time
and the other one is the stochastic delay which is modeled as a non-negative normal dis-
tribution. The proposed model captured the traveller’s route choice characteristics such
that a trade-off between a route with longer but reliable travel time versus another route
with shorter but unreliable travel time. Hollander & Liu (2008) investigated the outputs
of each single run of a Traffic Microsimulation Model (TMM) as estimates of traffic con-
ditions on a single day. Running a TMM multiple times gives a range of travel time
measurements since some parameters, such as in car following, gap acceptance and lane
changing, are specified as a distribution, and the TMM draws different values from this
distribution in every run. Li et al. (2008) claimed that under stochastic networks, model-
ing departure time choice is more important than modeling route choice. They assumed
that the cost function for modeling travelers’ departure time and route choice behavior is
composed of three parts: expectation of travel time at any departure time t, expectation
of schedule delay at time t and travel time reliability component which is represented by
the standard deviation of travel time distribution at time instant t. Stochastic travel times
are due to stochastic capacities in their research. The above studies with respect to the
travel time reliability either assume travel times as a certain distribution like normal dis-
tribution or derive the travel time reliability like standard devation of travel times from the
simulations. Thus it is not directly possible to model travel behavior incorporating travel
time reliability, especially in traffic assignments. It would be quite promising when some
travel time reliability function would be available to facilitate traffic assignment with more
accurate estimation or prediction of real traffic conditions. This thesis provides these pos-
sibilities to model travel time reliability directly as well as facilitate the reliability-based
traffic assignment.

The cost function is assumed to be composed of travel time, travel time reliability, and
schedule delay. We will focus on the cost function instead of the utility function through-
out the remainder of this chapter. Generally, we have a time dependent travel time func-
tion on a link level ¢, (g, (k) , C,) as a function of time dependent link volume and link
capacity. Where ¢, (k) is the volume on link a at time instant k and C, is the capacity of
link a.

In order to compute the route travel time ¢ (g;, (k)) we have to know the link travel times
t, (1), denoting the travel time on link a for vehicles that enter the link at time instant
7 (t > k). Travel time is additive by nature. Hence, the route travel time #, (¢;, (k)) have
an additive structure such that they can be computed by adding the link travel times #, ()
on the consecutive links:
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tr (qin () = D _ta (1) = D _ta (657 (F)) (6.1)

aer aer

in which #- (g, (k)) is the actual travel time on route » when departing at time instant £
and ng' (k) is the time instant at which vehicles enter link a when traveling along route
from o to d and departing at the origin at time instant k.

For the time instant of departure we take the middle of the time interval, (kK — 0.5) #, such
that for the first link on the route 7:

054 (k) = (k = 0.5) (6.2)

where 7 is the size of each of the departure time periods.

We define the operator (-) as the mapping from time instant to time interval by just looking
in which time interval the time instant lies. For all links (except for the first link) on route
r we compute 0% (k) as

0% (0 = 027, @)+ tamr (022, (O) (63)

As discussed in Chapter 2, since the schedule delay is more like the way how travellers
react on the travel time unreliability, it is necessary to take both unreliability and sched-
ule delay into account in the travel choice behaviors. A route cost function has many
components like travel time, travel distance, toll charge, fuel consumption, travel time re-
liability, schedule delay etc. In this application the route cost function incorporated travel
time, travel time reliability, and schedule delay which can be formulated as:

¢ (qh, () =axt(q], (k) + B x TTUR (g}, (k) + 7, x max{0, ESD}

47, x max{0, LSD} + €, ©.4)
in which
Cr (qi’n (k)) = travel cost on route » when departing at time instant & for
a given inflow ¢/,
ESD = Early Schedule Delay
LSD = Late Schedule Delay
a, B, 71,72 = weights for travel time, travel time unreliability, £SD, and

LSD, the so-called taste preference

TTUR (q], (k)) = travel time unreliability on route » when departing at time
instant k for a given inflow g/ (k)

€ = the error term, accounting for model noise

The TLZ reliability function (see Eq. 4.7 or Eq. 6.5) can be applied in traffic assign-
ments The inflow can be obtained from the assigned flow in each time step of the traffic
assignment. The other parameters can be estimated from the empirical data. Therefore,
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the reliability function proposed in this dissertation can be easily embedded in the traffic
assignment model.

. q;, Y’
TTUR(q!, (k) = TTUR (1 +B (/1) ) (6.5)
ttr

in which

TTUR (q],(k)) = travel time unreliability on route r for a given inflow rate
q;, (k) at time instant k

q., (k) = the assigned route inflow rates at time instant k
TTURy = free flow travel time unreliability

Aetr = critical travel time unreliability inflow

L,y = parameters

6.3 Test network

To illustrate the model described in the previous chapters, an example is included here.
The proposed travel time reliability model (TLZ function) is applied to a small hypothet-
ical two-link network (see Figure 6.1) with a single OD pair (o, d). Table 6.1 shows the
free flow travel times and other characteristics of the two links. The dynamic (reliability-
based and non-reliability based) traffic assignment model (Li et al. 2008) is used for com-
puting a dynamic user-equilibrium. The assignments follow the strategic departure time
choice using Vickrey’s bottleneck model, assuming that travelers are fully aware of the
stochastic properties of the travel time and schedule delay distributions at all departure
times with or without the influences of travel time reliability. The base OD travel demand
is 2000 veh. The fitted travel time reliability model is used in the utility (cost) function of
the traffic assignment model.

The reliability-based dynamic traffic assignment underscores the importance of knowing
how travel time and its reliability are valued by travellers. Many qualitative and attitudinal
studies of travel choice behavior have found that the reliability are rated by users as a very
important feature, affecting both their perceptions and levels of use of the different modes
(see e.g. Abdel-Aty et al. (1996), Lam (2000), Bates et al. (2001), Chen & Recker (2001),
Bogers & van Zuylen (2004), de Jong et al. (2006)). De Jong et al. (2006) recommended
the value of (un)reliability (the standard deviation of travel times) for car travel is 0.8, for
public transport is 1.4 and for freight transport is 1.24. Yet, travelers seem to value more
highly a reduction in variability than in the mean travel time for a journey (for example,
Abdel-Aty et al. (1996), Bates et al. (2001)). Although these studies took standard devia-
tion as the indicator of travel time unreliability and they reported different values on travel
time reliability, the value of time & = 1 and the same value of (un)reliability f# = 1.2 in
the cost function of the DTA (Eq. 6.4) are used for the simplicity sake. Whether the value
J of standard deviation is valid for the percentile travel time should be further studied.
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Link 1 (route one)

Link 2 (route two)

Figure 6.1: Two-link network with a single OD pair

Table 6.1: Link characteristics

free flow travel time link length capacity —maximum speed

(minutes) (km) (veh/h) (km/h)
link 1 5 10 1800 120
link 2 6 10 2100 100

6.4 Experimental results

Figure 6.2 presents the results on the long term equilibrium departure flow patterns. It can
be seen that the departure patterns are significantly different with or without including
travel time reliability in the utility (cost) function. Travelers depart earlier or later when
they consider travel time reliability as part of the travel cost, since they attach a safety mar-
gin for their travel times. This finding also confirms the conclusions of (Li et al. 2008),
who conducted an analytical investigation of strategic departure time choice under sto-
chastic capacities using Vickrey’s bottleneck model and found that travelers compensate
for the unreliability by departing earlier.

Travel time unreliability affects route choice as well. Given the same inflow level, travel
times on route two are less reliable than on route one. 50.5% travelers choose route two
when they don’t include reliability in the utility function while 51.9% travelers choose
route two when they do include reliability in the utility function. Thus, travelers prefer
the more reliable route (Figure 6.3).

6.5 Discussions

In this dissertation, we present a route-level reliability function in terms of these two
attributes, which is considered as a function of several factors like inflow. The test network
illustrated here is a simple two-link network (Figure 6.1), which shows that the TLZ
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Figure 6.2: Departure flow patterns with and without reliability in the dynamic traffic assignment
model
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Figure 6.3: Unreliability as a function of departure time in the dynamic traffic assignment model
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function provides a better face-validity in DTA models. The TLZ function can be applied
to larger networks as well since the 7LZ function is a route-based reliability function
which uses one variable, inflow, and three parameters (including the critical travel time
unreliability inflow 4,,.). The inflow can be obtained from the flow assigned to the route,
while the parameters depend on the network characteristics, like link capacity, average
distance between ramps, etc.

The relationship between the breakdown probability of a route and the breakdown prob-
ability of sections has been formulated in this dissertation. However, the relationship for
travel time unreliability between a route and sections can not be derived due to the fact
that: the travel time unreliability is determined by both the breakdown probability and
the travel time uncertainty; the travel time uncertainty has a strong correlation among the
adjacent sections of a route. Yet, the proposed 7LZ model is a route-based function, in
which the critical travel time unreliability inflow is determined by multiple factors like
road geometry, adverse weather, traffic accidents, traffic control measures etc.

6.6 Conclusions

Travel time reliability, a crucial cost component which influences traveller’s choice be-
havior (mainly regarding departure time and route choice behavior), can not be derived
directly in the way travel time can be. Thus, it causes difficulty to model travel behavior
incorporating travel time reliability. In the traditional approach, the travel time reliabil-
ity can be obtained from the results of numerous simulations. The travel time reliability
model proposed in this dissertation is regarded as a function of the inflow and of multiple
factors like road geometry, traffic control etc. Meanwhile, the multiple factors can be
directly obtained from inputs or outputs of the traffic assignment models. Therefore, it is
quite promising that the travel time reliability model can be used within the traffic assign-
ment model to estimate or predict traffic conditions. In this chapter we have presented the
application of the travel time reliability model in a reliability-based (dynamic) traffic as-
signment models. A simple dual-route network was considered in the application putting
emphasis on the route choice and the departure time choice behaviors with and without
reliability in the dynamic traffic assignment model. The calculation for a small network
shows that the reliability model can be easily integrated in the simple assignment and
shows that travel time reliability affects the traffic assignment through not only departure
time choice but also route choice.
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Chapter 7

Conclusions and Further Research

This closing chapter summarizes the main conclusions of the work presented in this the-
sis. Thereafter, we describe how the presented model is applied in the traffic assignment
model. We conclude this chapter with directions for future research.

7.1 Conclusions

In this dissertation we clarified the components of travel time reliability and established
a new travel time reliability model. Correspondingly, the conclusions of this thesis are
summarized into three categories: conceptual model, inflow-travel time reliability model,
and extended travel time reliability model. Thereafter, we summarize the validation of the
model and the model application.

7.1.1 Conceptual travel time reliability model

1. A generic travel time reliability model has been developed as a function of a variety
of factors. In essence, these factors are conditionals, that is, the function expresses
travel time reliability for a certain inflow level, given certain road characteristics,
and given all other relevant factors such as traffic control measures, the prevailing
traffic state, and external factors like weather, luminance, etc.

2. The empirical characteristics of travel time-flow and speed-flow relations provide
the evidence that there is no one-on-one relationship of speed and flow or travel time
and flow, neither in the free flow, nor in the congested branch of the fundamental
diagram. The measurements of both relations are widely scattered. It appears to
be that travel times have three regions: (a) below critical transition inflow, certain
and stable travel times, (b) between critical transition inflow and critical capacity
inflow, uncertain and unstable travel times, and (c) above critical capacity inflow,
certain but unstable travel times.

3. Based on the above empirical analysis, travel time reliability includes two parts:
uncertainty (variability) in travel times and instability of travel times, of which the
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latter is closely related to the probability of traffic breakdown. Travel times are un-
reliable if (a) travel time is uncertain, (b) travel time is currently certain yet unstable
in the next moment, or (c) the consequences of instability (breakdown) are severe.

The Conceptual Travel Time Reliability (CTTR) model expresses travel time unre-
liability as a function of a variety of factors, which includes both the variability in
travel times and the probability of traffic breakdown.

. The probability of traffic breakdown on a certain section is categorized into the

spontaneous breakdown and the induced breakdown. In this context, the probability
of traffic breakdown of a route is formulated as the product of the probability of
traffic breakdown of adjacent sections along the route.

7.1.2 Inflow-travel time reliability model

1.

The travel time reliability model is considered as a function of the principal factor:
inflow. Inflow denotes exclusively vehicles entering the studied freeway section
or corridor at the upstream entry of the main carriageway, which does not include
the flow of on- and off-ramps along the freeway corridor. Moreover, the measured
inflows are aggregated on 10-minute time periods.

A general framework for empirically setting up the CTTR model is presented, in
which there are several key elements such as data sources, data cleaning, historical
database etc. Since there are no actual travel times measured in Regiolab-Delft
monitoring systems (van Zuylen & Muller 2002), the so-called Piece-wise Linear
Speed Based (PLSB) algorithm is used to estimate travel times on routes of adjacent
freeway sections (van Lint & van der Zijpp 2003). The PLSB method reconstructs
vehicle trajectories and hence mean travel times based on time series of speed and
volume measurements of consecutive detector locations along a route.

The large empirical dataset applied in this research indicates that there exists two
critical inflow levels, namely critical transition inflow 4, and critical capacity inflow
Ao in the (static) travel time variability-inflow relations. It is also found that when
volumes are (a) below /;, the variability in travel times are low; (b)between 4, and
Ae, travel time variability sharply increases while the rising inflows, and (c)above
Ae, travel time variability decreases while the inflow increases. However, above A,
travel time reliability can not be relatively high since in this region it is very likely
that the flows will break down soon.

In this context, the CTTR model which covers both the variability in travel times
and the instability of travel times is tested based on the empirical data. It is found
that both the probability of traffic breakdown and travel time (un)reliability increase
when the inflow increases, and

Travel time unreliabilities estimated by the CTTR model from the empirical traffic
data are fitted to the TLZ (Tu, van Lint, van Zuylen) reliability function so that the
TLZ function is more flexible than the CTTR model.
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7.1.3 [Extended travel time reliability model

1. The travel time reliability model is generic and extended to become a function of
multi factors like road geometry, adverse weather, Speed Limits, traffic accidents,
etc.

2. Travel times on freeways are variable due to variations both in demand and in ca-
pacity. One group of factors affecting capacity are geometrical characteristics of
freeways, such as the number of ramps (on-ramp or off-ramp) and weaving sec-
tions per unit road length and their physical characteristics. The effects of road
geometry on the probability of breakdown, travel time uncertainty and travel time
unreliability are investigated. These studies find that there exists threshold values L
for the length of ramps sections (both on/off-ramps and weaving sections). Below
L, travel time unreliability increases with the decreasing length or ramps sections.
Above L, the length has far less impact on travel time unreliability. In a freeway
corridor, travel time reliability is strongly affected by the average distance between
ramps. Below a certain threshold value, the shorter the distance between ramps, the
less reliable the travel times will be. Such a finding can be of significant impor-
tance for geometric design standards in terms of travel time reliability, at least in
the Regiolab-Delft case:

e The length of deceleration lanes should be longer than 250m;
e The length of acceleration lanes should be longer than 300m;
e The weaving length should be longer than 750m;

e The number of ramps per ten kilometers in a freeway corridor should be less
than 6.8.

3. Adverse weather conditions may (locally) reduce the capacity in a traffic network,
but may at the same time yield (global) changes in traffic demand, due to people
changing routes, departure time, mode or even reconsidering the decision to make
a trip all together. It is therefore expected that travel time reliability is strongly
affected by adverse weather since travel time reliability results from the variations
both in demand and capacity. On a basis of empirical data from six freeway corri-
dors, the preliminary results of the effect of adverse weather conditions are shown
as follows:

e Adverse weather conditions clearly have negative effects on both travel time
uncertainty and travel time (un)reliability of freeway corridors. Travel times
are less reliable under adverse weather conditions than normal weather condi-
tions, especially at higher inflow levels.

e Adverse weather conditions have slight influence on 7'7'10¢4 (10z4 percentile
travel time) and 7 750tk (median travel time), but

e Adverse weather conditions have significant impacts on 7790tk (90th per-
centile travel time), travel time uncertainty and travel time unreliability

4. Tight Speed Limits (SL) reduce mean (local) speed, affect capacity, increase traffic
safety, and reduce the fuel consumption and emissions. An empirical analysis is
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carried out to investigate the effects of tight SLs on travel time reliability. It provides
evidence that:

e SL clearly has impact on travel times. Tight SL results in larger 7710¢4 and
TT50th in comparison with relaxing SL.

e Tight SL reduces the travel time uncertainty (variability)
e Tight SL increases the probability of traffic breakdown, and

e The effects of tight SL on travel time unreliability depends on the tight SL
value.

5. Tt is clear that accidents on freeways interrupt traffic flows unexpectedly, and thus
are a major cause of extra congestion. They can reduce the capacity of a road and
act as bottleneck to the traffic flow. The unpredictability of traffic accidents and its
increasing effects on freeway traffic congestion undermine significantly the mobil-
ity in urban areas. The empirical analysis in this dissertation indicates that traffic
accidents have negative impacts on travel time reliability of freeway corridors:

e Traffic accidents increase travel time uncertainty

e Traffic accidents increase the probability of traffic breakdown on the freeway
corridor

o Traffic accidents increase the travel time unreliability

e Traffic accidents contribute to the less reliable travel times, but they are not
the main source of travel time unreliability.

7.1.4 Model applications

In this subsection the newly developed travel time reliability model is applied in Dynamic
Traffic Assignment (DTA) models. Travel time reliability, a crucial cost component which
influences travelers’ choice behaviors (mainly the departure time choice and route choice
behaviors), can not be derived directly in the way travel time can be. Thus, it causes
difficulty to model travel behavior incorporating travel time reliability, especially in traf-
fic assignments. In the traditional approach, the travel time reliability can be obtained
from the results of numerous simulations or the assumed travel time distribution. The
TLZ function proposed in this dissertation is a route-based reliability function which is
regarded as a function of inflow with a parameter ;.. The inflow can be directly ob-
tained from outputs of the DTA models and the 4, is regarded as a function of factors
like road geometry, traffic control measures etc, all of which are also available in a DTA
context. Therefore, the implementation of the travel time reliability model into the traffic
assignment model to estimate or predict traffic conditions, promises well. In a prelimi-
nary study, we tested the 7LZ reliability model in a DTA model with a simple dual route
network. The DTA experiments yield plausible and face-valid results, which confirm that
the TLZ model can be easily integrated in the assignments.
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7.2 Future Research

In this final section we contemplate upon the future research directions that naturally
follow from the research described in this dissertation. The scientific and technological
challenges are:

e The model could be made more generic, suited for all motorways under all condi-
tions,

e Modeling the reliability of individual travel times, using monitoring data from sin-
gle vehicles,

Modeling reliability of travel times on urban road networks,

The analysis of the additivity of unreliability of segments of routes.

Firstly, we will consider several model improvements which are expected to improve
either the validity or application potential of the model. Secondly, we briefly consider ap-
plication of the modeling approach to alternative traffic systems. Finally, we will consider
other research directions.

7.2.1 Research directions for reliability model improvements

1. In this dissertation, the influences of the freeway characteristics on travel time reli-
ability have been investigated. For this, we have looked at freeway characteristics
like the length of ramp sections and weaving sections, and the number of ramps per
unit road length. However, many other factors such as for example horizontal and
vertical alignment, lining and lane-width affect travel time reliability as well. These
could be the subject of further research.

2. Traffic control measures comprise a second strand of factors affecting travel time
reliability. In this thesis only the impacts of static speed limits on travel time relia-
bility have been discussed. The impact of control other measures such as dynamic
speed limits, ramp metering, route guidance, and tidal lanes on travel time reliabil-
ity could be investigated. on travel time reliability.

3. The same applies to the external effects we investigated. First of all, a more detailed
characterization of weather circumstances than just the presence of precipitation
(as used in this thesis) could yield more detailed insight into the effect of weather
on travel time reliability. Also traffic composition (e.g. the percentage trucks)
and illumination (day versus night) may affect travel time reliability. Finally, the
unpredictability of weather conditions may also result in the unreliability of travel
times.

4. Finally, more research is required to understand and quantify the effects of acci-
dents and incidents on travel time reliability. For the accidents analysis, 3-hour is
chosen as the accident duration, while distinguishing accident-related traffic data
and accident-free traffic data. This is somewhat arbitrary. The accident duration
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should be estimated more accurately. Moreover, accidents have different severities.
The consequence of traffic accidents varies with the severity of it. If the sufficient
data is available, the impacts of traffic accidents on travel time reliability, given a
certain severity of accidents, can be investigated.

7.2.2 Research directions for alternative traffic systems

1. This dissertation validated the travel time reliability model for an inductive loop
based traffic data collection system. An interesting and relevant research ques-
tion is whether results of similar quality can be obtained using a different type of
data collection system, specifically non-infrastructure bound system (e.g. based on
GSM/GPS).

2. Traffic signals interrupt urban traffic periodically and cause delays which play an
important role in travel time and hence travel time reliability. Accordingly, urban
flows are affected by both the signal control delays and queuing delays while free-
way flows are mostly affected by queuing delays only. Therefore the travel time
reliability model, in its current form, should include at least one more parameter,
traffic signals.

7.2.3 Other research directions

1. The question how to define and measure travel time variability (uncertainty) is still
wide open, albeit that there is a strong case for using more robust measures based
on percentiles such as travel time variability is considered as the difference between
90¢h percentile travel time and 10¢/4 percentile travel time.

2. The probability of traffic breakdown of a route is formulated as the product of the
probability of traffic breakdown of adjacent sections along the route. However, the
unreliability of a route can not be simply conceived as the sum of the unreliability
of each of its subsections, due to the strong cross-correlations of traffic over space
and time. Further research is needed to unravel the (most likely location and time
specific) relationship between unreliability on different spatiotemporal scales.

3. The travel time reliability measures and models developed in this thesis are intuitive
from a research and a DTA model-application perspective (they are e.g. expressed
in travel time units per unit space). However, they may not be that intuitive from a
policy perspective. Further research is needed to translate the findings in this thesis
into policy implications (e.g. in terms of infrastructure and transport planning, and
network design and management).

4. In this dissertation, both a section-based and a route-based travel time reliability
model have been developed. A logical next step is to also look at travel time relia-
bility on a network-level:

e The integration of travel time reliability from different routes into a road net-
work performance
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e The interpretation of travel time reliability as a performance indicator of a
road network

e The differences between reliability models on freeway and urban road net-
works



130 TRAIL Thesis series




Bibliography

Abdel-Aty, M.R. Kitamura & P. Jovanis (1996), ‘Investigating effect of travel time vari-
ability on route choice using repeated measurement stated preference data’, Trans-
portation Research Record 1493, 39—45.

Akcelik, R. (1991), ‘Travel time functions for transport planning purpose davidson’s func-
tion, its time-dependent form and an alternative travel time function’, Australian
Road Research 21(3), 49-59.

Aljanahi, A. A. M., A. H. Rhodes & A. V. Metcalfe (1998), ‘Speed, speed limits and
road traffic accidents under free flow conditions’, Accident Analysis and Prevention
31, 161.

Asakura, Y. & M. Kashiwadani (1991), Road network reliability caused by daily fluctu-
ation of traffic flow, in ‘Proceedings of the 19th PTRC Summer Annual Meeting’,
Brington, Brington.

Banks, J.H. (1991), ‘Two-capacity phenomenon at freeway bottlenecks - some theoretical
issues’, Transportation Research Record 1320, 234-241.

Bates, J., J. Polak, P. Jones & A. Cook (2001), ‘The valuation of reliability for personal
travel’, Transportation Research Part E 37, 191-229.

Beijing Municipality (2005), Four major measures for ensure the accessi-
bility of beijing olympic traffic, Technical report, Beijing Municipality,
http://www.beijing2008.com/44/61/article2 11696144 .shtml.

Bell, Michael G H, Chris Cassir, Y lida & W H K Lam (1999), A sensitivity based ap-
proach to reliability assessment, in ‘Proceedings of the 14th International Sympo-
sium on Transportation and Traffic Theory’, Jerusalem, Israel, pp. 283-300.

Bell, Michael G H & J D Schmdcker (2002), Public transport network reliability: Topo-
logical effects, in ‘Proceedings of 3rd International Conference on Transportation
and Traffic Studies (ICTTS)’, Guilin, China.

Ben-Akiva, M., A. de Palma & I. Kaysi (1991), ‘Dynamic network models and
driver information systems’, Transportation Research Part A : Policy and Practice
25(5), 251-266.

Berdica, K. (2000), Analysing vulnerability in the road transportation system putting the-
ory into practice using sweden as an example, in ‘“Working Paper TRITA-IP FR
00-76’, Department of Infrastructure and Planning, Royal Institute of Technology,
Stockholm, Sweden.

131



132 TRAIL Thesis series

Bertini, R. L. & M. J. Cassidy (2002), ‘Some observed queue discharge features at a free-
way bottleneck downstream of a merge’, Transportation Research Part A 36, 683—
697.

Bliemer, M. C. J. & P. H. L. Bovy (2003), ‘Quasi-variational inequality formulation of
the multiclass dynamic traffic assignment problem’, Transportation Research Part
B: Methodological 37, 501.

Bliemer, Michiel (2001), Analytical Dynamic Traffic Assignment with Interacting User-
Classes, PhD thesis, Delft University of Technology, The Netherlands.

Bogers, E. A. 1. & H. J. van Zuylen (2004), The importance of reliability in route choice
in freight transport for various actors on various levels, in ‘Proceedings European
Transport Conference’, Strasbourg, France.

Bonsall, Peter (2000), Travellers’ response to uncertainty, in M. G. H.Bell & C.Cassir,
eds, ‘Reliability of Transportnetworks’, Research Studies Press LTD., Baldock, Her-
fordshire, England, pp. 1-10.

Booz-Allen & Inc Hamilton (1998), 1998 california transportation plan, Technical report,
California Department of Transportation.

Bovy, P.H.L. (1998), Motorway Traffic Flow Analysis-New Methodologies and Recent
Empirical Findings, Delft University Press, chapter Chapter 6: The Product Limit
Method to Estimate Roadway Capacity, pp. 121-142.

Branston, David (1976), ‘Link capacity functions a review’, Transportation Research
10, 223-236.

Brilon, W (2005), Reliability of freeway traffic flow: A stochastic concept of capacity,
in ‘Proceedings of the 16th International Symposium on Transportation and Traffic
Theory’, ELSEVIER, University of Maryland, College Park, Maryland, USA.

Brilon, W. & M. Ponzlet (1996), ‘Variability of speed-flow relationships on german auto-
bahns’, Transportation Research Record 1555, 91-98.

Brodsky, H. & A. S. Hakkert (1988), ‘Risk of a road accident in rainy weather’, Accident
Analysis and Prevention 20, 161.

Brow, B. & K. Baass (1997), ‘Seasonal variation in frequencies and rates of highway
accidents as a function of severity’, Transportation Research Record 1581, 59-65.

Bureau of Public Roads (1964), Traffic Assignment Manual, U.S. Dept. of Commerce,
Urban Planning Division, Washington D.C. USA.

Carsten, O. M. J., M. R. Tight & M. T. Soutewell (1989), Urban accidents: Why do they
happen?, Technical report, AA Foundation for Road Safety Research.

Cassidy, M. J. & R. L. Bertini (1999), Observations at a freeway bottleneck, in A.Ceder,
ed., ‘Proc. Of the 14th International Symposium on Transportation and Traffic The-
ory’, Jerusalem, pp. 107-124.



Bibliography 133

Chandler, R.E., R. Herman & E.W. Montroll (1958), ‘Traffic dynamics: Studies in car
following’, Operations Research 6, 165—183.

Chen, A., H. Yang, HK. Lo & W. H. Tang (2002), ‘Capacity reliability of a road network:
An assessment methodology and numerical results’, Transportation Research Part
B: Methodological 36, 225-252.

Chen, Anthony & Wilfred W Recker (2001), Considering risk taking behavior in travel
time reliability, in ‘80th Annual Meeting of the Transportation Research Board’,
Washington, D.C. USA.

Chen, Chao, Alexander Skabardonis & Pravin Varaiya (2003), Travel time reliability as a
measure of service, in ‘82nd Transportation Research Board’, Washing D.C., USA.

Clark, Stephen & David Watling (2005), ‘Modelling network travel time reliability under
stochastic demand’, Transportation Research Part B: Methodological 39, 119-140.

Conche, F. & M. Tight (2006), ‘Use of CCTV to determine road accident factors in urban
areas’, Accident Analysis and Prevention 38(6), 1197-1207.

Daganzo, C. F., M. J. Cassidy & R. L. Bertini (1999), ‘Possible explanations of phase
transitions in highway traffic’, Transportation Research Part A: Policy and practice
Vol.33 No. §, 365-379.

Daganzo, C.F. (1998), ‘Queue spillovers in transportation networks with a route choice’,
Transportation Science 32(1), 3—11.

Davidson, K B (1966), A flow travel-time relationship for use in transportation plan-
ning, in ‘Proceedings of 3rd ARRB Conference (Part 1)’, Australian Road Research
Board, Melbourne, pp. 183—194.

de Jong, G. C., M. Kouwenhoven, E. Kroes, P. Rietveld & P. Warffemius (2006), ‘Pre-
liminary monetary values for the reliability of travel times’, Submitted to European
Journal of Transport and Infrastructure Research pp. 1-27.

den Tonkelaar, W. A. M. (1991), ‘Speed limits: Effects and benefits in terms of energy
efficiency and reduction of emissions’, Studies Environment Science 45, 261.

den Tonkelaar, W. A. M. (1994), ‘Effects of motorway speed limits on fuel consumption
and emission’, The Science of the Total Environment 146/147, 201-207.

D’Este, G.M. & M.A.P. Taylor (2001), Network vulnerability - an issue for regional,
national and international strategic transport networks, in ‘Proceedings of 1st Inter-
national Symposium on Transportation Network Reliability (INSTR)’, Kyoto Uni-
versity, Japan.

Dijker, T. & H. Schuurman (2003), The capacity of asymmetrical weaving sections, in
‘82nd Transportation Research Board’, Washington, D. C., USA.

Edie, L.C. & R.S. Foote (1958), ‘Traffic flow in tunnels’, Proceedings of Highway Re-
search Board 37, 334-344.



134 TRAIL Thesis series

Edwards, J. B. (1998), ‘The relationship between road accident severity and recorded
weather’, Journal of Safety Research 29, 249.

Eisenberg, D. (2004), ‘The mixed effects of precipitation on traffic crashes’, Accident
Analysis and Prevention 36, 637.

Elefteriadou, L., R. P. Roess & W. R. McShane (1995), ‘Probabilistic nature of breakdown
at freeway merge junctions’, Transportation Research Record 1484, 80—89.

Faghri, Ardeshir & Khaled Hamad (2002), ‘Travel time, speed, and delay analysis using
an integrated GIS/GPS system’, Canada Journal of Civil Engineering 29, 325-328.

Fitzpatrick, K. & L. Nowlin (1996), ‘One-sided weaving operations on one-way frontage
roads’, Transportation Research Record 1555.

Florida-DOT (2000), The florida reliability method in florida’s mobility performance
measures program, Technical report, Florida Department of Transportation.

Garber, S. & J. D. Graham (1990), ‘The effects of the new 65 mile-per-hour speed limit
on rural highway fatalities: A state-by-state analysis’, Accident Analysis and Pre-
vention 22, 137-149.

Ghosh, A. (2001), Heterogeneity in value of time: Revealed and stated preference es-
timates from the i-15 congestion pricing project, in ‘80th Transportation Research
Board’, Washing D.C., USA.

Godwin, S. R. (1992), ‘Effect of the 65 mph speed limit on highway safety in the USA’,
Transport Review 12, 1-11.

Goolsby, M. E. (1971), ‘Influence of incidents on freeway quality of service’, Highway
Research Record 349, 41-46.

Greenshields, B.D. (1935), ‘A study in highway capacity’, in Proceedings of the Highway
Research Board 14, 448.

Greenshields, B.D., D. Schapiro & E.L. Erickson (1947), Traffic performance at urban
intersections, Technical Report Technical Report No.1, Bureau of Highway Traffic .
Yale University Press, New Haven, CT.

Habib, H.S. (2004), Urban accessibility in france a case study of Ile de france network
- collective user information, in ‘Sustainable Reliable Urban Accessibility Sino-
Netherlands Seminar’, Beijing, China.

Hall, F.L., L. Brian & M.A. Gunter (1986), ‘Empirical analysis of freeway flow-density
relationships’, Transportation Research Part A: Policy and practice 20(3), 197-210.

Hanbali, R. M. (1994), ‘Economic impact of winter road maintenance on road users’,
Transportation Research Record 1442, 151-161.

Hanbali, R. M. & D. A. Kuemmel (1993), ‘Traffic volume reductions due to winter storm
conditions’, Transportation Research Record 1387, 159-164.



Bibliography 135

Hegyi, A., B. de Schutter & H. Hellendoorn (2005), ‘Model predictive control for optimal
coordination of ramp metering and variable speed limits’, Transportation Research
Part C: Emerging Technologies 13, 185.

Helbing, D (2001), ‘Traffic and related self-driven many-particle systems’, Review of
Modern Physics 73, 1067-1141.

Helbing, D. & B. Tilch (1998), ‘Generalized force model of traffic dynamics’, Physical
Review E 58, 133-138.

Helbing, D. & M. Treiber (1999), ‘Numerical simulation of macroscopic traffic equa-
tions’, Computing in Science and Engineering 1, 89-99.

Hollander, Y. & R. Liu (2008), ‘Estimation of the distribution of travel times by repeated
simulation’, Transportation Research Part C : Emerging Technologies 16, 212-231.

Hollander, Yaron (2006), ‘Direct versus indirect models for the effects of unreliability’,
Transportation Research Part A : Policy and Practice 40, 699-711.

Hoogendoorn, S.P. & P.H.L. Bovy (2001), ‘State-of-the-art of vehicular traffic flow mod-
elling’, Proc. Instn. Mech. Engrs. 215 Part 1, 283-303.

Ibrahim, A. T. & F. L. Hall (1994), ‘Effect of adverse weather conditions on speed-flow-
occupancy relationships’, Transportation Research Record 1457, 184—191.

lida, Y. & H. Wakabayashi (1989), An aproximation method of terminal reliability of
a road network using partial minimal path and cut set, in ‘Proceedings of the Sth
World Conference on Transport Research’, Yokohama, Japan.

Immers, Ben & Ben Jansen (2005), Unreliable travel times: Causes and ways of improve-
ment through adequate network design, in H. V.Zuylen, ed., ‘Symposium of the Re-
liability of Traveling and the Robustness of Transport Systems’, TRAIL Research
School, Delft, The Netherlands.

Int Panis, L., S. Broekx & R. Liu (2006), ‘Modelling instantaneous traffic emission and
the influence of traffic speed limits’, The Science of the Total Environment 371, 270—
285.

Irwin, N. A., M. Dodd & H. G. Von Cube (1961), ‘Capacity restraint in multi-travel model
assignment programs’, Highway Research Board Bulletin 347, 258-289.

Jones, E. R., M. E. Goolsby & K. A. Brewer (1970), ‘The environmental influence of rain
on freeway capacity’, Highway Research Record, Transportation Research Board,
Washington D.C. USA 321, 74-82.

Kazimi, C., D. Brownstone, A. Ghosh, T.F. Golob & D. Van Amelsfoort, eds (2000),
Willingness-to-Pay to Reduce Commute Time and its Variance: Evidence from the
San Diego I-15 Congestion Pricing Project, 79th Transportation Research Board,
Washington D.C., USA.

Keay, K. & I. Simmonds (2005), ‘The association of rainfall and other weather variables
with road traffic volume in melbourne, austrian’, Accident Analysis and Prevention
37, 109.



136 TRAIL Thesis series

Kerner, B.S. (1999), Theory of congested traffic flow - self-organization without bottle-
necks, in A.Ceder, ed., ‘Proc. Of the 14th International Symposium on Transporta-
tion and Traffic Theory’, Jerusalem, 1999, pp. 147-171.

Kerner, B.S. (2004), The Physics of Traffic: Empirical Freeway Pattern Features, Engi-
neering Applications, and Theory, Springer.

Kerner, B.S. & H. Rehborn (1996), ‘Experimental properties of complexity in traffic
flow’, Physics Review. E 53, 4275—4278.

Khattak, A. J., K. K. Knapp, K. L. Giese & L. D. Smithson (2000), Safety implications of
snowstorms on interstate highways, in 79th Transportation Research Board’, Wash-
ington D. C. USA.

Khattak, A. J., P. Kantor & F. M. Council (1998), ‘Role of adverse weather in key crash
types on limited access roadway-implications for advanced weather system’, Trans-
portation Research Record 1621, 10-19.

Kleitsch & D. E. Cleveland (1971), The effect of rainfall on freeway capacity, Technical
report, Ann Arbor, Michigan, Highway Safety Institute, Report Tr S-6, University
of Michigan.

Knapp, K. K. (2000), Investigation of volume, safety, and vehicles speeds during win-
ter storm events, in ‘Ninth AASHTO/TRB Maintenance Management Conference’,
Juneau, Alaska.

Knoop, V. L., F. Viti, H. Tu, E. Jagtman & H. J. Van Zuylen (2007), Accessibility of the
harbour of rotterdam, Technical report, TRAIL Research School and Delft Univer-
sity of Technology, Delft, The Netherlands.

Knoop, V., S. P. Hoogendoorn & H. J. van Zuylen (2008), Capacity reduction at incidents
- empirical data collect from a helicopter, in ‘87th Transportation Research Board,
Washtington D. C. USA’, Washington D. C. USA.

Knoop, V.L., S.P. Hoogendoorn & H.J. Van Zuylen (2006), Importance of spillback mod-
eling in assessing ITS, in ‘9th International IEEE Conference on Intelligent Trans-
portation System’, Toronto, Canada.

Konig, A. (2000), The reliability of the transportation system and its influence on the
choice behavior, in ‘Swiss Transportation Research Conference’.

Koshi, M., M. Iwasaki & 1. Ohkura (1981), Some findings and an overview on vehicular
flow characteristics, in V.Hurdle, E.Hauer & G.Stewart, eds, ‘In Proceedings of the
8th ISTTT’, University of Toronto Press, Toronto, Ontario, pp. 403—426.

Kuehne, R. D. & N. Anstett (1999), Stochastic methods for analysis of traffic pattern
formation, in ‘Proceedings of the 14th International Symposium on Transportation
and Traffic Theory’, Jerusalem.

Lam, T. (2000), The effect of variability of travel time on route and time-of-day choice,
Master’s thesis, PhD Dissertation, Department of Economics, Irvine, University of
California.



Bibliography 137

Lee, C., B. Hellinga & F. Saccomanno (2006), ‘Evaluation of variable speed limits to
improve traffic safety’, Transportation Research Part C : Emerging Technologies
14, 213-228.

Lee, H. Y., H. W. Lee & D. Kim (1999), ‘Dynamic states of a continuum traffic equation
with on-ramp’, Physics Review E 59, 5101-5111.

Lee, H. Y., H.-W. Lee & D. Kim (2000), Empirical phase diagram of traffic flow on high-
ways with on-ramps, in D.Helbing, H.Herrmann, M.Schreckenberg & D. E.Wolf,
eds, ‘Traffic and Granular Flow ’99°.

Li, H., M. C.J. Bliemer & P. H. L. Bovy (2008), ‘Strategic departure time choice in a bot-
tleneck with stochastic capacities’, Accepted in Journal of Transportation Research
Record .

Li, H., P. H. L. Bovy & M. C. J. Bliemer (2007), Departure time distributions in the
stochastic bottleneck model, in ‘14th World Congress on ITS’, Beijing, P. R. China.

Lighthill, M.J. & G.B. Whitham (1955), ‘On kinematic waves: g$. a theory of traffic flow
on long crowded roads’, Proceedings of the Royal Society. A229 pp. 317-347.

Liu, H. X., X. Ban & P. B. Mirchandani (2002), An analytical dynamic traffic assign-
ment model with probabilistic travel times and perceptions, in ‘81st Transportation
Research Board Annual Meeting’.

Lomax, T., D. Schrank, S. Tyrmer & R. Margiotta (2003), Report of selecting travel
reliability measures, Technical report, Texas Transportation Institute, Texas, USA.

Lorenz, M. & L. Elefteriadou (2000), A probabilistic approach to defining freeway capac-
ity and breakdown, in ‘Proceedings of the 4th International Symposium on Highway
Capacity (Pp.84-95)’, Transportation Research Board, Washington, D. C. USA.

Maze, T.H., M Agarwal & G Burchett (2006), Whether weather matters to traffic de-
mand, traffic safety, and traffic operations and flow, in ‘85th Transportation Research
Board’, Washing, D.C. USA.

Mcbride, J. C., M. C. Benlangie, W. J. Kennedy, F. R. Mccornkie, R. M. Steward, C. C.
SY & J. H. Thuet (1977), Economic impacts of highway snow and ice control, Tech-
nical report, National Pool Fund Studay Report FHWA-RD-77-95, Federal Highway
Administration, U.S. Department of Transportation.

Minderhoud, M. M., H. Botma & P. H. L. Bovy (1997), ‘Roadway capacity estimation
methods explained and assessed’, Transportation Research Record 1572.

Mirchandani, P. B. & H. Soroush (1987), ‘Generalized traffic equilibrium with probabilis-
tic travel time and perceptions’, Transportation Science 3, 133—151.

Mosher, W. W. (1963), ‘A capacity restraint algorithm for assignment flow to a transport
network’, Highway Research Record 6, 41-70.

Muller, T.H.J., M. Miska & H.J. Van Zuylen (2005), Monitoring traffic under congestion,
in ‘84th Transportation Research Board’, Washington D.C., USA.



138 TRAIL Thesis series

Newell, G.F. (1955), ‘Mathematical models for freely flowing highway traffic’, Opera-
tions Research 3, 176-186.

Nicholson, A. & Z.-P. Du (1997), ‘Degradable transportation systems: An integrated equi-
librium model’, Transportation Research Part B: Methodological 31, 209.

Nicholson, A.J. & Z.P. Du (1994), Improving network reliability a framework, in ‘Pro-
ceedings of 17th Australian Road Research Board Conference’, pp. 1-17.

Nofal, F. H. & A. A. W. Saeed (1997), ‘Seasonal variation and weather effects on road
traffic accidents in riyadh city’, Public Health 111, 51.

Noland, R. B. & J. W. Polak (2002), ‘Travel time variability : a review of theoretical and
empirical issues’, Transport Reviews 22(1), 39-54.

Overgaard, K. R. (1967), ‘Urban transportation planning traffic estimation’, Traffic Quar-
terly pp. 197-218.

Papageorgiou, M., H. Hadj-Salem & F. Middelham (1997), ‘ALINEA local ramp meter-
ing: Summary of field results’, Transportation Research Record 1603, 90-98.

Papageorgiou, M., M. Ben-Akiva, J. Bottom, P.H.L. Bovy, S.P. Hoogendoorn, N.B.
Hounsell, A. Kotsialos & M. McDonald (2007), ITS and traffic management, in
C.Barnhart & G.Laporte, eds, ‘Handbook in OR and MS’, Vol. 14, Elsevier B.V,,
chapter 11, pp. 715-774.

Pearce, V. (2001), ‘Can i make it to work on time?’, Traffic Technoogy International
10, 16-18.

Peeta, S. & A K. Ziliaskopoulos (2001), ‘Foundations of dynamic traffic assignment: The
past, the present and the future’, Networks and Spatial Economics 1, 233-265.

Persaud, B., S. Yagar & R. Brownlee (1998), ‘Exploration of the breakdown phenomenon
in freeway traffic’, Transportation Research Record 1634, 64—69.

Pipes, L.A. (1953), ‘An operational analysis of traffic dynamics’, Jounal of Applied
Physics 24(3), 274-281.

Ponzlet, M (1996), ‘Dynamik der leistumgsfihigkeiten von autobahnen (dynamics of
freeway capacity)’, Schriftenreihe des Lehrstuhls fuer Verkehrswesen der Ruhr Uni-
versitaet Bochum 16.

Reuschel, A. (1950a), ‘Fahreugbewegungen in der kolonne bei gleichformig beschleu-
nigtem oder verzogertem leitfahrzeug’, Zeitschrift des Oesterreichischen Ingenieu-
rund Architekten - Vereines 95 No.7/8, 59-62.

Reuschel, A. (195050), ‘Fahreugbewegungen in der kolonne bei gleichformig beschleu-
nigtem oder verzogertem leitfahrzeug’, Zeitschrift des Oesterreichischen Ingenieu-
rund Architekten - Vereines 95 No0.9/10, 73-77.

Reuschel, A. (1950c¢), ‘Fahrzeugbewegungen in der kolonne’, Oesterreichisches
Ingenieur-Aarchiv 4 No.3/4, 193-215.



Bibliography 139

Riemersma, I. J., N. L. J. Gense, 1. R. Wilmink, H. H. Versteegt, J. H. Hogema, A.R. A.
van Den Horst, F. De Roo, I. M. Noordhoek, S. D.Teeuwisse, Y. De Kluizenaar &
W. Passchier (2004), Quickscan optimale snelheidslimiet op nederlandse snelwe-
gen (quickscan on optimal speed limits on dutch freeways), Technical report, TNO
Wegtransportmiddelen, Delft, The Netherlands.

Ries, G. L. (1981), Impact of weather on freeway capacity, Technical report, Sr. Paul,
Minnesota, Minnesota Department of Transportation, Office of Traffic Engineering,
Systems and Research Section.

Rijkswaterstaat (2007), Bereikbaarheidsmonitor hoofdwegennet (accessibility monitor -
main road network) 2006, Technical report, Ministerie van Verkeer en Waterstaat
(Ministry of Transport, Public Works and Water Management).

Robertson, H. D. (1994), ITE Manual of Transportation Engineering Studies, Prentice
Hall, Englewood Cliffs, N. J.

Rock, S. M. (1995), ‘Impact of the 65 mph speed limit on accident, deaths, and injuries
in illinois’, Accident Analysis and Prevention 27, 207-214.

Savenhed, H. (1994), Relationship between winter road maintenance and road safety,
Technical report, Swedish Road and Traffic Research Institute (VTI) Sartryck, Re-
port No. 214.

Shankar, V., F. Mannering & W. Barfield (1995), ‘Effect of roadway geometries and en-
vironmental factors on rural freeway accident frequencies’, Accident Analysis and
Prevention 27, 371.

Shaw, T. (2000), Draft estimation of reliability for florida’s mobility performance mea-
sures program, Technical report, Florida Department of Transportation Statistics Of-
fice.

Sheu, J. B., Y. H. Chou & L. J. Shen (2001), ‘A stochastic estimation approach to real-
time prediction of incident effects on freeway traffic congestion’, Transportation
Research Part B: Methodological 35(6), 575-592.

Simth, B. L., L. Qin & R. Venkatanarayana (2003), ‘Characterization of freeway capacity
reduction resulting from traffic accidents’, Journal of Transportation Engineering
129, 362-368.

Singpurwalla, N. D. (2006), Reliability and Risk - A Bayesian Perspective, John Wiley
and Sons, Ltd., The George Washington University, Washington DC, USA.

Small, K., R.B. Noland, X. Chu & D. Lewis (1999), Valuation of travel time savings
and predictability in congested conditions for highway user-cost estimation, Techni-
cal Report NCHRP report 431, Transportation Research Board. National Research
Council.

Smith, B. L. & J. M. Ulmer (2003), ‘Freeway traffic flow measurement investigation
into impact of measurement time interval’, Journal of Transportation Engineering
129, 223-229.



140 TRAIL Thesis series

Smock, R. J. (1962), ‘An iterative assignment approach to capacity restraint on arterial
networks’, Highway Research Board Bulletin 347, 60—66.

Smulders, S. (1990), ‘Control of freeway traffic flow by variable speed signs’, Trans-
portation Research Part B : Methodological 24, 111.

Smulders, S., S. P. Hoogendoorn & T. Alkim (2000), Traffic flow operations during
congestion, Technical report, AVV Transport Research Centre, Ministry of Public
Works and Water Management, The Netherlands.

Soltman, T. J. (1965), ‘Effects of alternate loading sequences on results from chicago trip
distribution and assignment model’, Highway Research Record 114, 122—-140.

Steward, J., M. Baker & M. van Aerde (1996), ‘Evaluating weaving section designs using
INTEGRATION’, Transportation Research Record 1555, 33—41.

Thijs, Remmelt (2000), Chapter3 definitions of travel time estimators and predictors, in
P.Bovy & R.Thijs, eds, ‘Estimators of Travel Time for Road Networks - New De-
velopments, Evaluation Results, and Applications’, Delft University Press, Delft
University of Technology, pp. 35-50.

TRB (2000), Highway capacity manual, Technical Report Special Report 209, Trans-
portation Research Board, National Research Council. Washington, D.C., USA.

Tu, H., H. J. van Zuylen & J. W. C. van Lint (2006), Real time modelling travel time
reliability using cell transmission model, in ‘The Fifth International Conference on
Traffic and Transportation Studies, ICTTS 2006, Xi’an P. R. China’.

Tu, H., H. J. van Zuylen & J. W. C. van Lint (2007), Effects of speed limits on travel
time variability of freeway corridors, in ‘14th World Congress on ITS’, Beijing, P.R.
China.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (2005), Real time modelling travel time
reliability on freeways, in ‘10th EWGT Meeting and 16th Mini EURO Conference,
Poznan, Polland’.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (2006a), Measuring and defining freeway
travel time reliability, in ‘The Fifth International Conference on Traffic and Trans-
portation Studies, ICTTS 2006, XI’an P. R. China’.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (20065), Travel time variability versus
freeway characteristics, in ‘The 9th International IEEE Conference on Intelligent
Transportation Systems’, Toronto, Canada.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (2007a), The impact of adverse weather on
travel time variability of freeway corridors, in ‘86th Transporation Research Board’,
Washington D. C. USA.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (20075), ‘The impact of traffic flow on travel
time variability of freeway corridors’, Transportation Research Record 1993, 59—66.



Bibliography 141

Tu, H., J. W. C. van Lint & H. J. van Zuylen (2007c), The influence of road geometry
on travel time variability, in H. J.van Zuylen, ed., ‘3rd International Symposium on
Transportation Network Reliability’, The Hague, The Netherlands.

Tu, H., J. W. C. van Lint & H. J. van Zuylen (2008), Travel time reliability model on
freeways, in ‘87th Transportation Research Board’, Washington D.C. USA.

Tu, H., T. Dijker & H. J. van Zuylen (2006), Travel time variability of freeway weaving
sections, in ‘11th IFAC Symposium on Control in Transportation Systems’, Delft,
The Netherlands.

Ulfarsson, G. F., V. N. Shankar & P. Vu (2005), ‘The effect of variable message and speed
limit signs on mean speeds and speed deviations’, International Jounal of Vehicle
Information and Communication Systems 1, 69-87.

Upchurch, J. & M. Rahman (1989), Safety and operation impacts of rising the speed limit
to 65 MPH, Technical report, Report FHWA-AZ, Arizona Department of Trans-
portation.

van der Meer, Jelmer (April, 2007), The influence of dynamic traffic management on ve-
hicle emissions through driving profile improvements - a simulation study, Master’s
thesis, Delft University of Technology, The Netherlands.

van Eck, Jan Ristsema (2004), Travel time reliability: Methodology and some results
for the netherlands, Technical Report 16, Netherlands Institute of Spatial Research
(RPB).

van Lint, J. W. C., H. J. van Zuylen & H. Tu (2008), ‘Travel time unreliability on freeways
-why measures based on variance tell only half the story’, Transportation Research
Part A : Policy and Practice 42, 258-2717.

van Lint, J. W. C., H. Tu & H. J. van Zuylen (2004), Travel time reliability on freeways,
in ‘Proceedings 10th World Conference On Transport Research (WCTR)’, Istanbul,
Turkey.

van Lint, J.W.C. (2004), Reliable Travel Time Prediction for Freeways, PhD thesis, Delft
University of Technology, The Netherlands.

van Lint, JW.C. & H.J. van Zuylen (20054), Monitoring and predicting freeway travel
time reliability, in ‘Proceedings of 84th Transportation Research Board’, Washing-
ton D.C. USA.

van Lint, JW.C. & H.J. van Zuylen (2005b), ‘Monitoring and predicting freeway travel
time reliability’, Transportation Research Record 1917 (Data initiatives), 54-62.

van Lint, JJW.C., H.J. van Zuylen & H. Tu (2005), ‘2020: Altijd zonday op de snelweg’,
Verkeerskunde 3, 6-22.

van Lint, JW.C. & N.J. van der Zijpp (2003), An improved travel-time estimation algo-
rithm using dual loop detectors, in ‘82nd Transportation Research Board’, Washing
D.C., USA.



142 TRAIL Thesis series

van Zuylen, H. J., M. C. J. Bliemer, J. W. C. van Lint & S. P. Hoogendoorn (2007), Dy-
namic traffic management II - intelligent transport services, Technical report, Lec-
ture Notes CT5804, Delft University of Technology, The Netherlands.

van Zuylen, H.J. & T.H.J. Muller (2002), Regiolab delft, in ‘In Proceedings of the 9th
World Congress on Intelligent Transport Systems’, Chicago, Illinois, USA.

Vermijs, R. H. M. M. & H. Schuurman (1994), Evaluating capacity of freeway weaving
sections and on-ramps using the microscopic simulation model FOSIM, in ‘Pro-
ceedings of the Second International Symposium on Highway Capacity’, Sydney,
Australia.

Vernon, D. D., L. J. Cook, K. J. Peterson & J. M. Dean (2004), ‘Effect of repeal of the
national maximum speed limit law on occurrence of crashes, injury crashes, and
fatal crashes on utah highways’, Accident Analysis and Prevention 36, 223-229.

VW (2005), Mobility Paper (Dutch: Nota Mobiliteit), The Hague, The Nether-
lands, Dutch Ministry of Transport, Public Works and Water Management,
http://www.notamobiliteit.nl.

Wardrop, J.G. (1952), ‘Some theoretical aspect of road traffic research’, Proceedings of
the Institution of Civil Engineering, Part Two UK 1(2), 325-362.

Webster, F.V. (1958), ‘Traffic signal settings’, Road Research Technical Paper No.
39, Road Research Laboratory, London, U.K.

Wong, S.C., N. N. SZE, K. K. Lo, W. T. Huang & B. P. Y. Loo (2005), ‘Would relaxing
speed limits aggravate safety? a case study of hong kong’, Accident Analysis and
Prevention 37, 377-388.

Yang, Hai, Ka Kan Lo & Wilson H. Tang (2000), Travellers’ response to uncertainty, in
M. G. H.Bell & C.Cassir, eds, ‘Reliability of Transportnetworks’, Research Studies
Press LTD., Baldock, Herfordshire, England, pp. 119—138.

Zhang, Y & H Rakha (2005), Systematic analysis of capacity of weaving sections, in
‘84th Transportation Research Board’, Washington, D.C. USA.



Appendix A

Regiolab-Delft Traffic Monitoring
Systems

Regiolab-Delft is a traffic laboratory with many participating organizations. Road author-
ities (the Netherlands Ministry of Transport, Public Works and Water Management, the
province of Zuid-Holland, municipality of Delft), representatives of the traffic industry
(Siemens and Vialis) and research and educational institutes (the Test center for traffic
systems of the Ministry of Transport, CONNEKT, Research school TRAIL and the Delft
University of Technology) work together. The Regiolab-Delft aims to collect traffic data
from the region of Delft, to analyze the data and to integrate the information. Existing
detection Equipment, such as the motorway loop detection system Monica of the Min-
istry and loop detection at controlled intersections in Delft, are extended with new and
sometimes experimental means to detect traffic.

Based on these means of detection it will be possible to recognize traffic patterns, to find
origin destination relations, to measure road user’s reaction on dynamic traffic measure-
ments, and to measure and predict travel times. Regiolab-Delft provide the participating
organizations and if requested also the national and regional information centers (TIC)
with combined information about the traffic condition in the total area (managed by dif-
ferent road authorities). Based on this information, existing dynamic models can be vali-
dated and new models can be developed. As an example, all results reported in chapter 4
and chapter 5 are based on data from the Regiolab-Delft laboratory.
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Appendix B

Offline Travel Time Estimations

This appendix outlines the algorithm to (offline) estimate travel time from loop detectors
data applied in this thesis. This algorithm is largely based on the work of van Lint and
van der Zijpp (2003).

B.1 General Framework

This travel time estimator is referred to as trajectory methods. The objective of the tra-
jectory method is to estimate travel times along a path of adjacent sections by means of
reconstructing imaginary vehicle trajectories. Let us assume that each section has detec-
tors measuring vehicle speeds at the up-and downstream edge respectively. Let us also
assume that these detectors produce harmonic time averaged speeds for each measure-
ment period p. Finally, let us define our path consisting of K adjacent sections, for which
we have detector measurements. In an off-line situation the data provided by these detec-
tors comprise a space time grid of regions {k, p}, k € [1, ..., K], and p € [1, ..., P], see
Figure B.1. In this space-time grid, we only know prevailing local speeds of the detectors
at the up-and downstream edges of each region for each measurement period p. Now
let us suppose imaginary vehicles traverse this grid, starting at section 1 (x = 0) each r
time-steps.

The headway r between consecutive vehicles at the starting points is usually referred
to as the resolution of the trajectory method. For ease of notation let us define each
region {k, p} as a rectangular area in space-time with bottom left corner {xo, #y} and top-
right corner {x, #;}. The trajectory algorithm for a single vehicle trajectory can now be
schematically presented as follows:

Clearly, all we require to add points to the individual trajectories is the location in space
time where they exit their current region {k, p}, which is emphasized by the grey box
in Figure B.2. This exit-point determines in turn the entry-point of the vehicle in the
next region, and allows us to deduce path-level vehicle trajectories, and hence path travel
times.
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The trajectory method requires a
space-time grid with rectangular
Space (x) regions {k,p}

Each region has up
and downsteam
detectors producing
time-averaged speeds
each period p
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Figure B.1: Trajectory method requires a space-time grid with rectangular region {k, p}, which
are enclosed between up-and downstream detectors and have (duration) length p.

B.2 Section Level Travel Time Estimators Based on a Lin-
ear Function of Speed

Vehicles are likely to anticipate to slower or faster speed regimes downstream and gradu-
ally adapt their speeds to it. We consider the speed v; (¢) of a vehicle i traversing a section
between detector location d and d + 1 as a function of the distance of that vehicle to these
up-hand downstream detectors at x4 and x441. We obtain:

0 (1) =V (dp)+ T (a1, py— ¥ (. p)) (B.1)
Xd+1 — Xd

Let x?kp denote the entry location of a vehicle i in section k [xd, xd+1] at entry time tl.okp
such that

0 0
0 Xikpr  ligp =10
x (¢ ) — | Tk likp B.2
i (lkp [ X0, t;O > 1 ( )

Eq. B.1 is an ordinary differential equation, for which the solution reads:
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—0
xi (1) = xj), + (V(ifp) + )y, = xd) : (eA(t ) 1)

A= V(d+l,p)=V(d,p)
Xd41—Xd

(B.3)

B.3 Trajectory Method Based on Piece-Wise Linear Speeds

We consider the speed on section & at a convex combination of the time average speeds at
up-and downstream detectors. We first evaluate the conditions:

x) + (V(Z’p) +x? —xo) : (eA(t_t’g“’) — 1) > x| (B.4)

Consequently calculate the exit location and time with

vd.p) , ..
0, 1 4 TX1I—X0
xi, 8 + 5 n V(d_p)o) ) condition holds
(7.7 = o

(VU;;P) +x0 —xo) . (eA(t,-—t?) _ 1) +x?,f1} ’ otherwise

(B.5)
with

|4] > 0

Care must be taken with A values close to zero. This could lead to numerical problems.
In practice this applies when the upstream and downstream observed speeds are nearly
equal. Note that in these cases the assumption of piecewise constant speeds is justified,
and hence below equation may be used instead.

0
xl—xikp)

0
{* o }: X likp T~V p) ] V(k,p)-(fl—l?kp)+X?kp>x1

Xips Likp .
0 0 otherwise
Vikop)- (0 =18,) + x50},
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Start vehicle i, set k (usually first section), and p (depends
on resolution), and consequently set {x ,t°}

Vehicle i enters x° %)=
region {k,p} at {)’( It-*}
location {x” ,t°} b

A
A

: y
.| Calculate exit-point
Xt} (with use of
.| section level travelt
time estimation!!!)

False

True
k=k+1 —»< k>K
False True| False
True
p=p+1 p>P
.................................... True et
A \ 4

End of trajectory of vehicle i, record its departure time and
path travel time...

Figure B.2: Schematic representation of a trajectory method: different section level travel time
estimators can be plugged in the framework easily (grey) box left center in the schema).



Appendix C

Data Cleaning

In this appendix, we briefly identify various approaches to tackle the missing data problem
in traffic engineering.

1. Null replacement, that is, leave the data as is (i.e. incomplete), or (if the receiving
model requires so) replace missing data with some default value( e.g. zero, one, -99
etc.), and let the model receiving the data handle the missing data problem. These
default replacements are called null values.

2. Simple imputation, that is, replacing missing values by ad-hoc (statistical) proce-
dures. These could include: the sample mean, median or other descriptive statistic,
the last known value, a forecasted value by means of a time series or a regression
model (even a neural network) or a spatial interpolate.

3. Model based imputation, which in essence is a special case of simple imputation.
In this case missing values are replaced by procedures related to knowledge of the
(physical) process generating the data, rather than statistical methods. Examples
include for instance traffic flow simulation models in combination with Kalman
Filters.

4. Multiple imputation, in which case the corrupted data set is replicated a number of
times, say N > 1 times, each in which the missing data are replaced through some
simple or model based imputation method. Then, with the N "complete" data sets.
N predictions or inferences can be made, which can be statistically summarized.
The key notion is that with Multiple imputation, the statistical properties of the
sources data and the inherent uncertainty related to missing data are preserved.

In the Piece-wise Linear Speed Based trajectory algorithm (see Appendix B) imaginary
vehicles traverse through a grid in space and time (Figure B.1) This grid is constituted of
section k enclosed by up- and downstream detectors and periods p, during which each of
these detectors produces harmonic time average speeds of all passing vehicles. The space
time grid yields a rectangular data set of size D x P (No of Detectors x No of Periods). If
data are missing, obviously, in some cells {k, p} no exit location can be calculated. Here
we will employ the examples that the first three strategies described above to deal with
these missing data.
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Null replacement

For the strategy "Null Replacement" we do not fill in the gap with a default value, rather,
we omit the particular detector output at that period and calculate exit locations and times
at the first available measurement. There are two exceptions: (a) at the (spatial!) bound-
aries, if some measurement is missing, it is substituted with the last known value, and
(b) if some imaginary enters a region where the upstream detector value is missing it is
assumed to enter with its last known speed. In case of structural failure at the most up- or
downstream detector on the route, obviously, no replacement is made: the resulting travel
times will be biased in the negative direction. Note that in the methodological sense, the
PLSB trajectory method is robust since it does no require the input data set to be complete,
as long as an exit location downstream can be calculated.

Simple imputation through interpolation

The second strategy to be applied is simple imputation. Since the PLSB method is an
offline method, we can employ interpolation in both the spatial and temporal direction,
given the route is equipped with detectors d € {1, ..., D} and a database of measurement
U from these detectors periods p € {1, ..., P} is available. The location of each detector
is denoted by x,. Suppose at some detector d during time period p no data are available,
the spatial interpolation procedure we fill in this gap according to

U (d + da, p) d+ds <D
Ureed,py=1 Ud-1,p)+—“4—=Ud+ds,p) 1<d<D
U, p—1) otherwise

in which U (d + d,, p) is the first available measurement in the spatial direction. Simi-
larly, in the time direction we can repair the gap with

‘ U, p+ pa) p+pa<P
U™ed,py=1 Ud,p=D)+gzUd.p+p) 1<p<P
Ud,p—1) otherwise

in which U (d, p + p,) is the first available measurement in the time direction. We will
fill in the gap with the minimum of both interpolates (implying the maximum constraint
of traffic throughput (flows) and travel time (speeds)), that is

U* (d, p) = min (UP“* (d, p), U""™* (d, p))

Model based imputation

In this case a first order Lighthill, Witham and Richards (LWR) model in combination
with an extended Kalman Filter is introduced to deal with the missing data. Suppose
that during period p — 1 all data are available from all detectors and (if present) on and
off ramps connected to the sections. These available measurements then constitute the
initial conditions. The LWR model is run for one measurement period p which yields
predictions of density, flow (and speed) on each section. After each predictive step, each
prediction of flows (and speeds) is corrected by means of an extended Kalman Filter. The
Kalman Filter combines the model prediction with measurements and weights these two
components by their (assumed) uncertainty.



Summary

Travel time reliability has a significant effect on route choice and departure time choice,
and is generally conceived as an important factor, particularly for trips, such as journey-
to-work, where time constraints (e.g. arrival time) may impose significant penalties on an
individual. Recent empirical studies support this and suggest that travelers are interested
in not just travel time saving but also in a reduction of travel time unreliability. Travel time
reliability as a performance indicator of mobility has also entered the political arena. In
the Dutch national transport policy (Nota Mobiliteit), for example, travel time reliability
plays a central role and improving travel time reliability on the entire road network ("from
door to door") is considered as one of the key objectives for the Ministry of Transport,
Public Works and Water Management in the coming decade. To predict future traffic
conditions on the transport network, policy makers and transport planners rely on tools
such as Dynamic Traffic Assignment (DTA) models. However, until now no valid travel
time reliability models are available which can be used in DTA models. In this thesis,
such a model (and the underlying theory) is developed on the basis of empirical data.
This new model quantifies the effects of traffic control and infrastructure design on travel
time reliability in a DTA context and as such can help making decisions on measures to
improve travel time reliability.

The characteristics of empirical (i.e. based on real data) travel time-flow and speed-flow
relations provide the evidence that there is no one-on-one relationship of speed and flow or
travel time and flow, neither in free flow, nor in congested conditions. The measurements
of both relations are widely scattered. The data reveals that travel time as a function of
flow has three regions: (1) below critical transition inflow, where travel times are certain
and stable; (2) between critical transition inflow and critical capacity inflow, where travel
times are both uncertain and unstable;, and (3) above critical capacity inflow, where travel
times are certain but unstable. Based on these observations, in this dissertation we define
travel time unreliable (a) if travel time is uncertain; (b) if travel time is currently certain but
unstable (meaning it might steeply increase in the near future due to traffic breakdown),
and / or (c) if the consequences of instability (breakdown) are severe. Therefore, travel
time reliability in our theory incorporates two elements: uncertainty (variability) in travel
times and instability of travel times, the latter which is closely related to the probability
of traffic breakdown, in the sense of the transition of free flow to synchronized flow.

The investigation of travel time unreliability is the process of quantifying these two el-
ements. Whether a driver will experience traffic breakdown is seen as a risk. Risk is
then characterized by two quantities: the probability (likelihood) of occurrence of break-
down and the associated consequence (magnitude). In this dissertation, a (Conceptual)
Travel Time Reliability (CTTR) model is proposed, which is computed as the sum over
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the products of the consequences (variability or uncertainty) and the corresponding prob-
abilities of traffic breakdown. In this model, the probability of breakdown on a section is
categorized into spontaneous breakdown and induced breakdown, which are supposed to
be independent; the probability of breakdown of a route is formulated as one minus the
product of the probability of non-breakdown of adjacent sections along the route.

In low flow conditions travel times are certain while the unreliability occurs in high flow
conditions. Traffic flow is one of the most important factors (probably the most important
one) influencing travel time reliability. Thus, the (in)flow of a road section can be con-
sidered as the principal parameter in the travel time reliability model. The CTTR model
is considered as a function of a variety of factors. In essence, these factors are condition-
als, that is, the function expresses travel time reliability for a certain inflow level, given
certain circumstances. These circumstances include road characteristics, and all other rel-
evant factors like traffic control measures, the prevailing traffic state (congested or not),
and possibly external factors like weather, luminance, etc. The inflow-CTTR model is
validated and calibrated on the basis of the empirical data collected from the Regiolab-
Delft traffic monitoring system. It is found that both the probability of traffic breakdown
and travel time unreliability increase with the increasing inflows.

Travel times on freeways are variable due to variations both in demand and in capacity.
The CTTR reliability model is generic and has been extended to be a function of sev-
eral of these “supply factors” like road geometry, adverse weather, Speed Limits, traffic
accidents, etc. After developing the theoretical framework for the CTTR function, we
analyzed and quantified how these factors affect travel time reliability on the basis of
empirical data.

One group of factors affecting travel speeds and hence travel times are geometrical char-
acteristics of freeways, such as the number of ramps (on-ramp or off-ramp) and weaving
sections per unit road length and their physical characteristics. The effects of road geom-
etry on the probability of breakdown, travel time uncertainty and travel time unreliability
have been investigated in this dissertation. It is found that there exist threshold values
L (i.e. 300 meters for on-ramp sections and 250 meters for off-ramp sections) for the
length of ramps sections. Below the length L, travel time unreliability increases with the
decreasing length or ramps sections. Above the length L, the length has far less impact on
travel time unreliability. In a freeway corridor, travel time reliability is strongly affected
by the average distance between ramps. Below a certain threshold value (i.e. 3 kilome-
ters), the shorter distance between ramps, the less reliable travel times; above this value,
the distance between ramps has far less impact on travel time unreliability.

Adverse weather conditions may (locally) reduce the capacity in a traffic network, but
may at the same time yield (global) changes in traffic demand, due to people changing
routes, departure time, mode or even reconsidering taking a trip together. It is therefore
obvious that travel time reliability is strongly affected by adverse weather. The empirical
analysis of the impacts of adverse weather conditions on travel time unreliability shows
that adverse weather conditions have negative effects on travel time reliability of freeway
corridors.

On some motorway sections Speed Limits (SL) are imposed for safety and environmental
reasons. Tight SL (from a high value of the maximum speed to a low value) reduces mean
(local) speed, reduces capacity, increases traffic safety, and reduces the fuel consumptions
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and emissions. Obviously, SL has an impact on travel times, for instance, tight SL results
in larger TT10th and TT50th in comparison with relaxing SL (from a low value of the
maximum speed to a high value). Tight SL reduces the travel time uncertainty (variabil-
ity), but increases the probability of traffic breakdown. Therefore, the effect of tight SL
on travel time unreliability depends on the value of the maximum speed.

It is clear that accidents on freeways interrupt traffic flows in an unexpected way, and are a
major cause of extra congestion. They can reduce the capacity of a road and act as bottle-
neck to the traffic flow. The unpredictability of traffic accidents and its increasing effects
on freeway traffic congestion significantly undermine the mobility in road networks. The
empirical analysis in this dissertation indicates that traffic accidents have negative impacts
on travel time reliability of freeway corridors. Traffic accidents increase both the travel
time uncertainty and the probability of traffic breakdown and hence the increasing travel
time unreliability.

Application of the CTTR model on these large sets of empirical data under different cir-
cumstances consistently reveals that the CTTR model as a function of the inflow under
all circumstances follows a monotonically increasing convex curve, much like the well-
known BPR (Bureau of Public Roads) travel time functions which are widely used in DTA
models. Therefore, we developed a BPR-like analytical formula for travel time unreliabil-
ity, the so-called TLZ (Tu, van Lint, van Zuylen) reliability function, which approximates
the CTTR function accurately. This 7LZ function contains just three parameters, which
are a function of road geometry, weather, and the other above mentioned factors affect-
ing travel time unreliability. These parameters can be easily calibrated on the basis of
empirical data. One of the parameters of the 7LZ function is the critical travel time reli-
ability inflow 1,4.. Below A, travel time unreliability is low; but above A, travel time
unreliability sharply increases with rising inflows.

Assessment of the role of travel time unreliability both in route choices and in departure
time choices and its impact on a network level is done by assigning the traffic to a network,
taking into account that travelers attach a certain value to travel time (un)reliability, next
to travel time itself. This reliability cost component in the route and departure time choice
models can be easily based on the TLZ reliability function developed in this thesis. This
TLZ reliability function is regarded as a function of inflow with a parameter 4,,.. The
inflow can be directly obtained from outputs of the traffic assignment models and the
A 18 regarded as a function of factors like road geometry, traffic control measures etc,
all of which are also available in a DTA context. Since travel time reliability plays an
important role in travel choice behaviors, the reliability-based DTA model potentially
has a higher face-validity than DTA without incorporating travel time reliability. In a
preliminary study, we tested the 7LZ reliability model in a DTA model with a simple dual
route network, where we set the A, parameter to values based on the empirical results
obtained in this thesis. The DTA experiments yield plausible and face-valid results, which
confirm that the 7LZ model can be easily integrated in the assignments.

To conclude, the travel time reliability model developed in this dissertation yields a
tractable approach that captures the main features of travel times and travel time (un)reliability.
It provides a new, useful framework for describing and understanding travel time unrelia-
bility and to find ways to improve reliability and analyze the impact of unreliability. Such
a reliability model can be easily embedded in a DTA model to estimate or predict traffic
conditions. In that sense, the findings and results from this dissertation thesis pave the
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way for quantitative and both theoretically and empirically underpinned research into the
role of travel time reliability in route and departure time choice.



Samenvatting

De betrouwbaarheid van reistijd heeft een significant effect op de routekeuze en de vertrek-
tijdkeuze van een individu en wordt vooral als een belangrijke invloedsfactor beschouwd
bij bepaalde ritten, zoals die met woon-werk motief, waar het individu beperkingen heeft
in de tijd, bijvoorbeeld in zijn of haar aankomsttijd. Recente empirische studies onder-
steunen deze bevindingen en suggereren dat reizigers niet alleen geinteresseerd zijn in
een reductie van hun reistijd maar ook in een reductie van de reistijdonbetrouwbaarheid.
Het begrip reistijdbetrouwbaarheid is ook in de politiek doorgedrongen en wordt gebruikt
als prestatie-indicator van mobiliteit. In de Nota Mobiliteit bijvoorbeeld speelt reistijd-
betrouwbaarheid een centrale rol. Door het Ministerie van Verkeer en Waterstaat wordt
het verbeteren van de reistijdbetrouwbaarheid op het volledige wegennet (“van deur tot
deur”) gezien als een van de hoofddoelstellingen voor het komende decennium. Voor het
voorspellen van de toekomstige verkeerssituatie op het netwerk vertrouwen beleidsmak-
ers en planners op instrumenten zoals Dynamische Verkeerstoedelingsmodellen (in het
Engels Dynamic Traffic Assignment, kortweg DTA). Echter, tot op heden zijn er geen
geschikte reistijdbetrouwbaarheidsmodellen beschikbaar die gebruikt kunnen worden in
DTA-modellen. In dit proefschrift is een dergelijk model (en de onderliggende theorie)
ontwikkeld op basis van empirische gegevens. Dit nieuwe model kwantificeert de effecten
van verkeersbeheersing en het ontwerp van infrastructuur op reistijdbetrouwbaarheid in
de context van DTA-modellen en kan op deze manier helpen in het maken van beslissin-
gen over maatregelen voor het verbeteren van de reistijdbetrouwbaarheid.

De karakteristicken van empirische (dat wil zeggen, gebaseerd op echte data) relaties
tussen reistijd en intensiteit en tussen snelheid en intensiteit tonen aan dat er geen een-op-
eenrelatie bestaat tussen reistijd en intensiteit of snelheid en intensiteit, zowel niet in vrije
omstandigheden als niet in congestie. De metingen van beide relaties vertonen een grote
spreiding. De gegevens laten zien dat reistijd als functie van intensiteit drie gebieden
bevat: (1) onder de kritische transitie-instroom, waar reistijden zeker en stabiel zijn; (2)
tussen kritische transitie-instroom en kritische capaciteits-instroom, waar reistijden zowel
onzeker als instabiel zijn; en (3) boven de kritische capaciteits-instroom, waar reistijden
zeker maar instabiel zijn. Gebaseerd op deze observaties noemen we in dit proefschrift
een reistijd onbetrouwbaar als (a) de reistijd onzeker is; (b) de reistijd zeker maar instabiel
is (instabiliteit betekent dat de reistijd in de nabije toekomst sterk toe kan nemen als gevolg
van het ontstaan van congestie, oftewel een zogenoemde ‘breakdown’ van het verkeer);
en/of (c) als de consequenties van instabiliteit (de breakdown) groot zijn. Daarom bevat
reistijdbetrouwbaarheid in onze theorie twee elementen: onzekerheid (variabiliteit) van
reistijd en instabiliteit van reistijd. Het laatste is nauw verwant aan de kans op het ontstaan
van congestie (de kans op breakdown), in de zin van een transitie van vrije doorstroming
naar gesynchroniseerde stroming (‘synchronized flow’).
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Het onderzoeken van reistijdonbetrouwbaarheid is het proces van het kwantificeren van
deze twee elementen. Eerst wordt de kans dat een reiziger een breakdown mee zal maken
beschouwd als een risico. Vervolgens wordt dat risico beschreven door middel van twee
grootheden: de kans op het optreden van een breakdown en de bijbehorende consequentie
(omvang). In deze dissertatie wordt een Conceptueel Reistijdbetrouwbaarheidsmodel, of
Conceptual Travel Time Reliability (CTTR) model geintroduceerd, welke wordt berek-
end als de som over de producten van de gevolgen (variabiliteit of onzekerheid) maal
de bijbehorende kansen op een breakdown van het verkeer. In dit model wordt de kans
op een breakdown op een wegvak gecategoriseerd in een spontane breakdown en een
geinduceerde breakdown, welke onathankelijk verondersteld worden. De kans op een
breakdown op een route wordt geformuleerd als het één minus het product van de kansen
op geen breakdown op alle wegvakken op de route.

In condities van lage intensiteiten is de reistijd zeker terwijl onzekerheid optreedt in
condities van hoge intensiteiten. Intensiteit is een van de belangrijkste invloedsfactoren
(waarschijnlijk de belangrijkste) van reistijdbetrouwbaarheid. Daarom kan de instroom
naar een wegvak worden gezien als de principiéle parameter in het reistijdbetrouwbaarhei-
dsmodel. Het CTTR-model wordt beschouwd als een functie van meerdere factoren.
Deze factoren worden eerst als conditioneel beschouwd, wat betekent dat de functie de
reistijdbetrouwbaarheid berekent voor een bepaald niveau van instroom, gegeven bepaalde
omstandigheden. Deze omstandigheden bestaan uit karakteristieken van de weg en alle
andere relevante factoren zoals verkeersbeheersingsmaatregelen, de huidige toestand op
de weg (vrije doorstroom of congestie) en mogelijke externe factoren zoals weer, lichtin-
val, enzovoorts. Het instroom-CTTR-model wordt gevalideerd en gekalibreerd op basis
van empirische gegevens die verzameld zijn door het Regiolab-Delft verkeersmonitor-
ingssysteem. Het blijkt dat zowel de kans op een breakdown van het verkeer als de reis-
tijdonbetrouwbaarheid toenemen met een toename van de instroom (de intensiteit) naar
een wegvak.

De variabiliteit van reistijd op autosnelwegen is een gevolg van variaties in zowel de
vraag als het aanbod. Omdat het CTTR-model generiek is, kan het worden uitgebreid
om ook een functie te zijn van de aanbodfactoren, zoals wegontwerp, slecht weer, snel-
heidslimieten, verkeersongevallen, enzovoorts. Nu het theoretische raamwerk voor de
CTTR-functie is ontwikkeld, analyseren en kwantificeren we hoe deze factoren de reisti-
jdbetrouwbaarheid beinvloeden op basis van empirische gegevens.

Eén factor die de rijsnelheid en daarom de reistijd beinvloedt is het geometrische ontwerp
van de autosnelweg, zoals het aantal op- en afritten en weefvakken per eenheid van lengte
en hun fysieke karakteristieken. In deze dissertatie zijn de effecten van het wegontwerp
op de kans op breakdown, de reistijdonzekerheid en de reistijdonbetrouwbaarheid onder-
zocht. Het blijkt dat er een grenswaarde L bestaat voor de lengte van de op- of afritten
(300 meter voor opritten en 250 meter voor afritten). Als de op- of afrit korter is dan
deze lengte L neemt de reistijdbetrouwbaarheid af met een afhame van de lengte van de
op- of afrit. Is de op- of afrit langer dan deze lengte L, dan heeft de lengte van de op-
of afrit veel minder invloed op de reistijdbetrouwbaarheid. De reistijdbetrouwbaarheid
in een autosnelwegcorridor wordt ook sterk beinvloed door de gemiddelde afstand tussen
op- en afritten. Onder een bepaalde grenswaarde (3 kilometer) blijkt dat een kortere
afstand tussen de op- en aftitten leidt tot minder betrouwbare reistijden. Boven deze
grenswaarde heeft de afstand tussen op- en afritten veel minder invloed op de reistijdon-
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betrouwbaarheid.

Slechte weersomstandigheden kunnen (lokaal) de capaciteit op een verkeersnetwerk doen
afnemen, maar kunnen tegelijkertijd ook leiden tot een verandering van de (globale) ver-
keersvraag, doordat mensen veranderen van route, vertrektijd of vervoerswijze of zelfs
heroverwegen of ze de rit wel gaan maken. Het is daarom duidelijk dat de reistijdbe-
trouwbaarheid sterk beinvloed wordt door slechte weersomstandigheden. De empirische
analyse van de invloed van slecht weer op de reistijdbetrouwbaarheid laat zien dat slechte
weersomstandigheden een negatief effect op de reistijdbetrouwbaarheid op autosnelweg-
corridors hebben.

Op sommige autosnelwegvakken zijn lagere snelheidslimieten ingevoerd uit veiligheids-
of milieuoverwegingen. Lagere snelheidslimieten reduceren, vergeleken met hogere snel-
heidslimieten, de gemiddelde (lokale) snelheid, reduceren capaciteit, verbeteren de ver-
keersveiligheid en reduceren het brandstofverbruik en emissies. Het is duidelijk dat snel-
heidslimieten een invloed hebben op de reistijd. Zo resulteren lagere snelheidslimieten
bijvoorbeeld in een grotere 10-procents-percentiel en S0-procents-percentiel van de reis-
tijd in vergelijking met een hogere snelheidslimiet. Lagere snelheidslimieten verlagen de
reistijdonzekerheid (variabiliteit), maar verhogen de kans op breakdown. Daarom hangt
het effect van een lagere snelheidslimiet af van de waarde van de maximum toegestane
snelheid.

Het is duidelijk dat incidenten op de autosnelweg de verkeersstroom onderbreken op een
onverwachte manier. Incidenten zijn een belangrijke oorzaak van extra congestie. Ze kun-
nen de capaciteit van een weg reduceren en vormen een knelpunt voor de verkeersstroom.
De onvoorspelbaarheid van incidenten en de toenemende effecten op de congestie op de
autosnelwegen ondermijnen de doorstroming van het wegennet. De empirische analyse
in dit proefschrift laat zien dat incidenten negatieve gevolgen hebben voor de reistijdbe-
trouwbaarheid op autosnelwegcorridors. Incidenten zorgen voor zowel een toename van
de reistijdonzekerheid als een toename van de kans op breakdown van het verkeer en
zorgen dus voor een toename in reistijdonbetrouwbaarheid.

Toepassingen van het CTTR-model op deze grote sets van empirische gegevens onder
verschillende omstandigheden laten zien dat het CTTR-model onder alle omstandighe-
den een monotoon toenemend convex gedrag vertoont, vergelijkbaar met de welbek-
ende BPR-reistijdfunctie (Bureau of Public Roads), die veel gebruikt worden in DTA-
modellen. Daarom is een BPR-achtige analytische formule ontwikkeld voor reistijdonbe-
trouwbaarheid, de zogenoemde 7LZ (Tu, van Lint, van Zuylen) betrouwbaarheidsfunctie,
welke de CTTR-functie accuraat benadert. Deze TLZ-functie bevat slechts drie para-
meters die een functie zijn van het wegontwerp, de weersomstandigheden en de andere
bovengenoemde factoren die de reistijdonbetrouwbaarheid beinvloeden. Deze parame-
ters kunnen gemakkelijk gekalibreerd worden op basis van empirische gegevens. Een van
de parameters van de TLZ-functie is de kritische reistijdbetrouwbaarheidsinstroom 4.
Bij een instroomwaarde onder ;- is de reistijdonbetrouwbaarheid laag; maar boven A,
neem de reistijdonbetrouwbaarheid sterk toe met een toenemende instroom.

Een studie naar de rol van de reistijdonbetrouwbaarheid in zowel routekeuze als vertrek-
tijdkeuze en de invloed op een netwerkbrede schaal is uitgevoerd door het verkeer aan
een netwerk toe te delen, rekening houdend met het feit dat reizigers, naast de reistijd
zelf, een bepaalde waarde hechten aan reistijd(on)betrouwbaarheid. De betekenis van be-
trouwbaarheids in de route- en vertrektijdkeuze kan gemakkelijk worden gemodelleerd
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met de TLZ-betrouwbaarheidsfunctie die ontwikkeld is in dit proefschrift. Deze TLZ-
functie wordt beschouwd als een functie van de instroom met een parameter ;.. De
instroom kan direct worden verkregen uit de uitvoer van toedelingsmodellen en de 1,
wordt beschouwd als een functie van factoren zoals het wegontwerp, verkeersbeheersings-
maatregelen, enzovoorts, welke allemaal beschikbaar zijn in een DTA-context. Omdat de
reistijdbetrouwbaarheid een belangrijke rol speelt in de keuzes van de reiziger, kan een
DTA-model dat rekening houdt met betrouwbaarheid in potentie een hogere logische va-
liditeit hebben dan een DTA-model dat geen rekening houdt met de betrouwbaarheid. In
een eerste studie hebben we het TLZ-betrouwbaarheidsmodel getest in een DTA-model
met een simpel netwerk met twee routes, waar we de parameter A,,,- hebben geschat op
basis van de empirische resultaten van dit proefschrift. De DTA-experimenten tonen plau-
sibele resultaten, welke bevestigen dat het 7ZLZ-model gemakkelijk geintegreerd kan wor-
den in de toedelingen.

Ten slotte, het reistijdbetrouwbaarheidsmodel dat ontwikkeld is in deze dissertatie is
een nieuw, bruikbaar raamwerk voor het beschrijven en begrijpen van reistijdonbetrouw-
baarheid, voor het analyseren van de invloed van onbetrouwbaarheid en voor het vinden
van manieren om de betrouwbaarheid te verbeteren. Het levert een praktische aanpak
dat de belangrijkste eigenschappen van de reistijd en de reistijd(on)betrouwbaarheid om-
vat. Een dergelijk betrouwbaarheidsmodel kan gemakkelijk in een DTA-model worden
toegepast om de verkeerstoestand te schatten of te voorspellen. Op die manier plaveien
de bevindingen en resultaten van dit proefschrift de weg voor kwantitatief en zowel theo-
retisch als empirisch onderbouwd onderzoek naar de invloed van reistijdbetrouwbaarheid
op routekeuze en vertrektijdkeuze.

(Dutch translation by Chris van Hinsbergen)
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