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Preface

This thesis isthe final result of my graduation project. It marks the end of
my studies in Gvil Engineering at the Delft University of Technology. In
my master- d have taken two different specialization tracks: Transport &
Planning and Hydraulic Engineering. One of the elements in the
Hydraulic Engineering track which aroused my special interest isthe
probabilistic design philosophy. Because of this, | decided to cevote my
graduation project to an application of the probabili stic way of looking at
systems to the (motorway) traffic system, focusing on the daily traffic
congestion in this system (one of my fields of interest in the Transport &
Planning discipline)

| am grateful to have had the opportunity to perform my research at the
ITS Edulab, a cooperation between the Rijkswaterstaat Centre for
Transport and Navigation and the Delft University of Technology. The
Centre of Transport and Navigation offered a very nice workplace, and
good facilities for performing the research. Without access to its digital
library, an important part of my literature search would not have been

possible At the department of Road Traffic Management | always felt

very welcome, for which | would like to thank all my colleagues over

there. | would also like to thank my fellow students in the ITS Edulab, for
the enjoyable time and good working atmosphere.

Many thanks go to the members of my graduation committee, for
reviewing my report and providing valuable advices. Finally, | would also
like to express my gratitude to Frank Zuurbier and Chris van Hinsbergen
for providing the opportunity to use their dynamic traffic si mulator
-JDSMART- i n my model
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Summary

In the past decades, traffic congestion on the Dutch motorway network

has developed into a serious problem causing large costs to society. In
this thesis (alleviating) traffic congestion is considered from a probabilistic
perspective meaning that the variability in traffic is explicitly taken into

account. Traditionally, in evaluations of the effectiveness of proposed
congestion relief measures this variability is taken into account only in a
limited or simplified way, or even not at all. Often simply a kind of
-representative- situation is cal

gualitative considerations or scenaricbased analyse regarding the
effects on the robustness of the traffic system.

The main objective of this research projectwas to reveal what kind of
new insights can be obtained if we actually do explicitly/systematically
take into account the inherent variable nature of daily motorway
congestion. Two different types of such additional (or revised) insights
are distinguished:

Insights into the relative importance of the various primary
sources of traffic congestion.

Insights into the effectiveness of specific traffic measures
proposed to alleviate congestion.

cul

Basically, the mechanism behind traffic congestion can be described as a
process of interaction between the traffic demand and supply on the
road sections of the network. Both this traffic demand and supply show a
significant level of temporal variability, which makes the resulting traffic
conditions variable as well. There is a large variety of sources of
variability in demand and supply. These include

systematic travel behavioral vaiations as a function of time
(i.e. time of the day, day of the week and month of the year)

vacation periods

special days (like public holidays)
weather variations

luminance variations

road works

incidents

events

traffic control

variations in vehicle population
variations in driver population
intrinsic randomness inp e o s pezsonaltravel choices

intrinsic randomness in human driving behavior
(i.e. variationsbot h bet ween and - wcahnoti
be explained by external influences)
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While for given demand and supply values for a road section the
mechanism behind congestion can be described as a(simple) local
demand-supply process reality is more complicated. This is due to the

fact that these demand and supply values actually depend on the traffic

conditions on other sections of the road network. These spatiotemporal
dependencies between the traffic conditions on the different sections of

anetwork areduet o a number of -network effect
These mechanisms can onlybe acocounted for by considering the traffic

flow dynamics at the network level.

If the variability in traffic is to be explicitly taken into account in
evaluations of the performance of the traffic system, it must first be
decided which criterion is to be used then for this performance. Thereis

no sharp -failure boundary- wi t h respe
congestion (a threshold above which the motorway system can be
considered to -~fail-|, and bel ow which

-functi on g, itis klnabouthtree costs that traffic congestion
causes to society. Traffic congestion causes costs to society in various
ways. Considering these different types of costs, it turns out that they
cannot be expressed in one single indicator, since theyare related to the
traffic conditions in different ways. Because of this, rather a set of
indicators needs to be considered.

One of the costs of traffic congestion is related to the travel time
uncertainty that this congestion creates. It is difficult to find a proper
indicator for this. It is clear that the uncertainty costs are reflected in the
travel time distribution, but not exactly in what way . The indicators
found in practice and international literature all have their limitations,
because each of them represents only part of the information contained
in the travel time distribution. This problem is dealt with by including
multiple statistics of the travel time distribution in the set of selected
indicators. Furthermore, an indicator representing the travel time
instability was added, in view of the fact that this factor plays an
important role in the resulting travel time uncertainty as well. This
indicator expresses to which extent the traffic conditions experienced by
travelers might deviate from the instantaneous traffic conditions at the
moment of departure (as disseminated bytraffic information).

It was considered that the (potential) gain of new insights could best be
shown using a model-based approach. The most obvious choice is then
to use a model with a macroscopic traffic simulator as computational
core. In practice and in literature, several models specifically designed for
addressing the variability in traffic conditions can be found. It was
concluded however that none of the considered models was completely
adequate for the tasks at hand. Therefore, in this project a new model
was developed. The main principle of this model is that a large number
of traffic simulations are performed for varying model inputs, reflecting
the variabilities in the traffic demand and supply characteristics.
Subsequently, the desired performance indicators can be computed from
the combined set of all simulation results.

In the model both the demand and supply values are varied per 5minute
interval of the day. Here the demands are varied at the level of origin

\ Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic



destination relations, and the supply characteristics at the level of
network cells. The stochastic generation of the demand and suppgy
values proceeds in two steps:

- First, random realizations of the different influencing factors (also
indicated as =-sources of variabil i
Monte Carlo method is used. (A scenariecbased approach is
considered inappropriate) In the Monte Carlo simulation use is
made of data on the probabilities/frequencies of occurrence of
the different possible conditions. Important interdependencies
between the different sources of variability are taken into
account by using conditional probability specifications.

- Subsequently, the stochastically generated circmstances are
translated into effects on the traffic demand and/or supply
characteristics, using tables in which these effects are specified in
terms of correction factors. By applying these correction factors
on the representative values of the demand and supply
characteristics, the stochastic realizations of these demand and
supply characteristics are found.

The stochastically generated demand and supplyconditions are passed
on to the computational core of the model, which then simulates the
traffic conditions that would arise from these conditions. This
computational core consists of the existing dynamic macroscopic traffic
simulator JDSMART (a first order cell transmision model), which was
supplemented with some additional functionality to make it suitable for
its role in the developed model.

Special care has been taken to make sure that the same pseudosandom
numbers are used in different model runs, in order to improve the
comparability of the outputs of these runs. This means that the different
parts of the model have been programmed in such a way that they
always generate the same number of pseuderandom numbers,
irrespedive of certain model settings.

In order to explore the (potential) new insights obtained by explicitly
considering the variability, the developed model has been applied to a
reasonably sized reallife motorway network . It should be noted,
however, that incidents and road works were omitted from the analyses,
because of the inability of the model to deal with these in a sufficiently
valid way.

From the results obtained with the model, it is clear that the
-representative- calcul ation does not
performance of the traffic system. This is not only due to the obvious

fact that the (day-to-day) uncertainty aspect of this performance is
disregarded (due to the neglect of the day-to-day variability in the

traffic conditions). Also, the representative calculation turns out to
underestimate the traffic congestion in certain respects That is, the

traffic congestion cal cul ated f or the =-represen
situation in which all demand and supply characteristics are at their
-representative- | evel, which for exam
value) is not so -r epr esent atThisv is -relatedt ®© ethef .
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predominantly negative influence of the (neglected) variability. This
predominantly negative influence arises from:

- the purely negative nature of some of the sources of varialility
(such as incidentsor bad weather events)

- the non-linearity in the traffic system (i.e. the fact that the
congestion level is a non-linear function of the difference
between demand and supply, causing that the detriments of
-negative oc caitenrlagec than-the danefits of
-positive occurrences-)

It has been demonstrated that new insights into the relative importance

of the different primary congestion sources can be obtained by
-deactivating- them in the model. Although the relative influences of

only a limited number of such sources have been compared in this
project (by way of illustration), and only one specific test network was

considered, it can be concluded that the capacity variations due to the
intrinsic randomness in human driving behavior play a central role in
peak period-related traffic congestion. The demand variation over the

months of the year plays an important role as well, while the ambient

conditions (i.e. weather and daylight/darkness), events and the intrinsic

randomness in travel behavior seem to have a much smaller (or even
negligible) influence. Ignoring the influences of incidents and road

works, events seem to be the most important source of weekend day
traffic congestion.

This kind of information may be valuable in the following ways:

- It might yield important insights into how traffic congestion can be
remedied most effectively.

- Insofar as certain sources of variability are found to be negligible
compared to others (as a general rule), these can be omitted in
future model evaluations (both in research studies and in practical
applications).

By considering the example of a rushhour lane, the researchhas shown
that new insights can be obtained into the effectiveness of specific
measures that are proposedto alleviate traffic congestion. It turned out
thatt he =tradi ti o mtng the effectiveness of a meakuve
may actually result in a significant underestimation of the benefits of this
measure. This is due to the facts that:

- A -~representative- «th taflidcangeastom
in certain respects (as noted abae), and thereby underestimates
the beneficial effects of proposed measures (aimed at alleviating
this congestion) as well.

- In an evaluation according to the traditional approach potential
benefits of a considered measure may remain unnoticed due to
nonlinearities and trend breaks in the behavior of the traffic
system. This applies particularly to (the prevention of) spillback of
congestion to other network elements. If this spillback occurs
only in part of the occasions (say less than 50%), it will not be
included in the representative analyses. Consequently, the
benefits achieved on these other network elements will not be
reflected in the evaluation results.

Vii Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic
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- In an evaluation according to the traditional approach, no
information is obtained on the improvem ents in travel time
uncertainty (due to the fact that the day -to-day variability in the
traffi c conditions is not considered).

The precise nature and extent of the additional/revised insights into the
effectiveness of a measure will be highly context and measure specific.Of
course, these new insights are not necessarily all positive in nature. Some
more negative aspects of a measure could be brought to light as well.

The above implies that in practice more systematic attention should be
given to the variability in traffic, when evaluating the effectiveness of
measures that are proposed to alleviate congestion. Because of the
complexity involved (especially in case of heavily loaded networks in
highly urbanized areas), this would have to be done by using a model
in which the different sources of variability are explicitly accounted for,
such as the model developed in this project.

This model was developed solely for the research task considered in this
thesis, however, and thus not directly for practical application in the
evaluation of concrete projects. In such practical evaluations, the model
can only be used in a qualitative way, to find out whether certain
effects (i.e. benefits or detriments) of a measure may be overlooked (or
considerably underestimated) in the evaluation according to the
traditional approach. The model cannot be used to find the detailed
guantitative values of these effects, due to the facts that:

- Its quantitative outputs are affected by a number of deficiencies
related to some modeling issues that require substantial further
research

- It cannot be properly calibrated to the local situation.

Another issue relevant to the practical applicability of the model is its
computation time. Currently, the computation time required for one
model run is in the order of days or weeks, which is related to the large
number of simulations that is to be performed. For practical
applications, this computation time would have to be reduced. Such a
reduction could be achieved in three different ways:

- Using faster computers (or multiple computers in parallel).

- Reducing the required number of simulation runs, by
implementing a more efficient sampling technique (such as
Latin Hypercube Sampling or Importance Sampling).

- Increasing the speed of the developed model (i.e. reducing the
amount of computation time required per individual simulation
run), involving a tradeoff between computation time and model
accuracy.
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1.Introduction

1.1  The traffic congestion problem and its relation with
probabilistic design

In the past decades, traffic congestion on the Dutch main road network
has developed into a serious problem. In 2009, a total amount of 62
million hours* was lost due to sub optimal traffic operations (DVS,
2010). This corresponds to 8.6% of the total travel time spent on the
main road network (723 million hours). In the Randstad, during the
morning peak a trip of 30 kilometers on the highway network takes
about 30 minutes on average, while the free flow travel timesis only
about 18 minutes (AVV, 2004).

The main cause of this problematic situation seems obvious. During the
past decades, the growth in the amount of traffic using the main road
network substantially exceeded the rate of extension of the network
capacity. As a resut, the relative network loading got more and more
heavy. The result is a situation in which during every peak period many
traffic jams are formed.

These traffic jams do not only occur at structural bottlenecks in the
network, and not only during the peak periods either. Also at other
locations and in other periods of the day traffic jams are formed from
time to time. Part of these traffic jams is (partly) caused by incidents,
road works, events and bad weather conditions. As a result of its
heavier loading, the network has become more vulnerable to this kind
of circumstances.

The effects of a local overloading of the available infrastructure

capacity do not limit themselves to the location concerned. After all,

the resulting traffic jam has a certain dimension. Furthermore, this

traffic jam can propagate itself over the network. This phenomenon

occurs when the head of the queue is dissolving, while the tail of it is

still propagating upstream. These characteristics result in traffic jams
blocking other traf fic streams (consisting of vehicles that do not need to
pass the bottleneck location itself). As a consequence, disruptions can
rapidly spread out over a substantial part of the network. The high

network loading results in the network being more vulnerable to this

phenomenon.

Beside the fact that much time is lost due to delays, an important
characteristic of the resulting traffic operations is that travel times are ill

4 Expressed in lost vehicle hours: the sum of the delay of all vehiclesyelative to a norm speed
of 100 km/h.
5 Defined here as the travel time in case of a travel speed of 100 km/h.

1 Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic



predictable. Travel times do not only vary as a function of the time of
the day, but show a considerable day-to-day variation as well. This can
be illustrated with Figure 1.1, showing the travel time on a route from

Amersfoort to Amsterdam, as a function of the time of the day.

Comparison of the values of the various percentiles of the travel time
provides an indication of the day-to-day variation in the travel time. On

this route, the morning peak shows longer travel times than the
evening peak. At the busiest moment during the morning peak, the

travel time is on average more than twice as long as during free flow
conditions (48 versus 22 minutes). However, on 15% of the weekdays,

the travel time during the morning peak is hardly longer than the free

flow travel time, while on another 15% of the weekd ays a travel time
of more than 3 times the free flow travel time is reached.

Figure 1.1: Travel times Amersfoort-
Amsterdam, weekdays 2002 100 -
(Source:AVYV, 2004b) . /\
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The traffic congestion on the main road network causes large costs to
society. For 2008, the total costs were estimated at 2.8 to 3.6 billion

euros (KiM, 2009). This corresponds to roughly 0.5% of the Dutch

gross national product. In the period 2000 £2008, these costs increased
by approximately 78%. Because of these large costs, the Dutch
government tries to reduce the amount of traffic congestion.

In this graduation project, alleviation of traffic congestion will be
considered from a probabilistic design perspective’. The essence of
probabilistic design is that variability/uncertainty is explicitly taken into

account in the design. In deterministic design, this is not the case. In this
-traditional - way of isdbased om B rcertain 't h e
-representative- s i t waiabilitesuncertBintiesnite gl e c t
may well be that the designed product or system finally does not perform

as desired, for example in terms of failing (too soon / too often) to

perform its intended function. Often, certain (not well -founded) safety
factor(s) are applied in the design in order to prevent this. However, one

still does not know then how good the product or system actually will be.

This is likely to result inan (economically) sub-optimal situation.

*Here -design- should not be taken too Iiterally.
design of traffic systems. It is rather the probabilistic way of looking at a system which is

applied here to the traffic system, in the context of analyzing (ways to alleviate) traffic

congestion.
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Therefore, it is better to follow the probabilistic design philosophy, and
consider all variabilities/uncertainties explicitly. This way, one is able to
optimize the design of the product or system, or at least able to make
sure that it will satisfy certain norms. Furthermore, designing the
product or system in a probabilistic manner may provide the designer
with additional insights into the relative importance of different
mechanisms. In combination with information regarding the costs of
certain measures, these insights may be used for theidentification of
the most cost-effective measures to improve the design. Of course, the
results of the detailed probabilistic analyses finally may be translated
into well-founded safety factors to be incorporated in norms or
guidelines, in order to ease the design process.

Probabilistic design is used in various disciplines, like systems
engineering, product design, structural engineering and hydraulic
engineering. Cleary, it is also applicable to nterventions in the traffic
system (in this case aimed at alleviating traffic congestion). After all,
traffic congestion is a phenomenon characterized by considerable
variability and uncertainty. There are several sources of variability and
uncertainty. A substantial part of the within-day and day-to-day
variation can be explained by fixed social activity patterns. One of the
most important uncertainties is the inherent uncertainty stemming from
the fact that the traffic flow operations are the result of th e human
behavior of a heterogeneous collection of individuals (behavior with
respect to travel decisions and way of driving). This behavior is
predictable only to a limited extent. Another inherent uncertainty is the
variation in external conditions, like varying weather circumstances and
the occurrence of disasters. In an actual design/evaluation project, the
limited data availability is often another important source of uncertainty
(an epistemic uncertainty component). When predicting (and assessing)
the situation in some future year, much more uncertainty is added.
Prediction of future mobility levels and patterns is very difficult. The
infrastructure supply available in some future year is uncertain as well.
Another source of uncertainty is model uncertainty, related to the
uncertainty in the traffic models used to forecast traffic operations (due
to incompleteness/simplification).

The relative importance of the various sources of uncertainty is
dependent on the type of problem. When dealing with traffic

congestion on the main road network, two levels of action can be
discerned: the operational level and the strategic level. The operational
level refers to the selection of control actions, considering the actual
traffic situation and its expected development over the next few
minutes/hours, using the available control facilities (like dynamic traffic
management measures). At this level, there is of course no uncertainty
related to the mobility level and patterns for some future year. The
inherent uncertainty in traffic operations on the other hand is an
important uncertainty component to be considered, as may be the

7 Often, three levels of action are discerned: the strategic level, thetactical level, and the
operational level. In this document, the tactical level and strategic level are combined into one

|l evel , for the sake of convenience referred
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model uncertainty. The strategic level refers to actions on the longer
term, like the realization of new infrastructure or dynamic traffic
management facilities, or the implementation of a road pricing system.
For the evaluation of this kind of actions, uncertainty related to the use
of prognoses for the mobility in some future year is of course very
important.

At the operational level, uncertainties are currently not taken into
account in calculating the optimal control for traffic networks. Recently
some research effort has been devoted to find a new methodology,
taking into account the uncertainty in the system dynamics. This is
possible by using a stochastic prediction model instead of a
deterministic model (as used in traditional optimal control theory)
(Hoogendoorn et al, 2008). Such a method enables the consideration
of not only the average system performance, but any other statistic of
the stochastic system performance as well. This way, when selecting
control actions, their robustness can be taken into account too.

At the strategic level, the extent to which uncertainties are taken into
account varies. Uncertainty related to the use of prognoses for the
mobility and infrastructure supply in some future year is sometimes
taken into account by considering a number of scenarios (based on
forecasts produced by for example the national planning institute). In
other cases, a simple sensitivityassessment is performed. Also the
consideration of traffic model uncertainties and uncertainties related to
limited data availability often remains limited to carrying out certain
sensitivity tests at the most. In 2005 De Jong et al. developed a new
methodology to estimate the amount of uncertainty in traffic forecasts
for new infrastructure. In this method, model input uncertainties
(related to the use of prognoses), uncertainties due to lack of data, and
model uncertainties were included. Not all sources of these types of
uncertainties were included though. Examples of uncertainties that
were not included are the uncertainty in the traffic assignment
procedures (procedures assigning the calculated traffic flows to the
road network), and the uncertainty in the regional distribution of
prognosticated input variables (De Jong et al., 2005). The main purpose
of this study was to obtain an indication of the order of magnitude of
the uncertainty. For practical use, the methodology is considered to be
too complex. That is why usually still only scenario evaluation and
sensitivity assessment are used.

When planning new roads or dynamic traffic management facilities, the
inherent variability and uncertainty in traffic operations are usually
taken into account only in a limited or simplified way. Often a kind of

-representative- or —-average- Situati c
Mehran & Nakamura (2009): -Evaluati on
relief schemes on expressways has generally been based on average

travel time analysis-). I n case of pl a

robustness of the traffic system are assessed by qualitative
considerations or by an evaluation of the performance in some fictitious
disturbance scenarios. In the process of planmg new dynamic traffic
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Main research objective

management facilities such considerations of disturbance scenarios are
applied as well.

In current traffic policy and research, much attention is paid to network
reliability and robustness. Of course, inherent uncertainties in the
variables/processes governing the traffic conditions play a central role
in these concepts.

1.2 Main research objective

From the foregoing it can be concluded that:
- traffic congestion hasimportant probabilistic properties, but that
- nevertheless this probablistic nature often is not (completely)
taken into account when dealing with traffic congestion .

Rat her than exploring how to deal
uncertainties, this research project primarily focuses on a subset of
these: the inherent variability in traffic operations. With this inherent
variability, the within -day and (more important) day-to-day variations
in the traffic conditions are meant. These variations are caused by
known patterns in human activities for one part, and by inherent
uncertainty in traffic operations (resulting from the inherent uncertainty

in the variables and processes governing these traffic operations) for
the other part.

The main objective of the research project can be defined as:

To reveal what kind of additional or revised insights can be obtained

from evaluations of the traffic s
considering taking strategics measures to alleviate congestion) when
the inherent variability in daily motorway congestion is explicitly

taken into account. (As opposed to the insights obtained by
evaluations according to the mor
only a kind of -represaeatd) ati ve® si

On purpose, this description of the research objective is specified in
modest terms (i.e. using 4o reveal what kind of- a n ccan-e obtained- ,
r at herto estaBligh which-  a are obtained- .)This is because of
the fact that it will not be possible to make generally valid guantitative
inferences, due to the fact that the exact additional/revised insights will
typically be casespecific. That is, they will significantly depend on the
spatial configuration (i.e. network layout and spatial traffic demand
pattern) and any possible traffic measures considered.Obviously, not
all of the possible spatial configurations can be considered here (simply
because of the fact that their number is infinitely large). Instead,
guantitative observations are made for just one such configuration.
Furthermore, in this thesis only one specific measure is considered, by
way of example.
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As mentioned above, the research project focuses on theinherent
variability in traffic operations (partially caused by the uncertainty that
is inherent to these traffic operations). All other types of uncertainty
identified in the previous section can be neglected here:

- Because of the fact that it is not intended to come up with
guantitative conclusions regarding specific real-life projects,
uncertainty due to a lack of location-specific data is not
important. The location-specific variables in question can be
given any value within the range of values observed in reality.

- Uncertainty related to the use of prognoses (for some future
year) is not important either. This type of uncertainty typically
only has to be included when dealing with an actual real-life
project, i n which a situation
assessed.

- Obviously, quantitative analyses in this project do involve
model uncertainty (related to incompleteness or simplifications
in the traffic model) and uncertainty due to a lack of data. In
fact, these uncertainties should be accounted for, by means of a
comprehensive sensitivity assessment for example. This would
be a very time-consuming and complicated matter, however,
because of the very large number of degrees of freedom to be
considered, and the difficulties in assessing the model
uncertainty. In view of the fact that this project only intends to
give an illustration of any possible additional/ revised insights,
and not to come up with firm quantitative inferences, it is
considered acceptable to omit such an extensive uncertainty
assessment.

The most challenging part of the research project is to find a proper
quantification method, enabling to take into account the inherent
variability of traffic operations explicitly. This quantification method
might also be useful in other contexts (outside the scope of this
research project), for instance in actual projects aiming to alleviate
traffic congestion in a real-life situation. However, in such situations
probably extensive calibration procedures would be needed (related to
the lack of location-specific data on the different model parameters), in
order t o method to the sithation at hand. Furthermore, the
remaining? part of the uncertainty due to a lack of location -specific data
would have to be accounted for, as should be the uncertainty related to
the use of prognoses.

8 .e., after the calibration procedures have been performed.
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1.3 Research scope
Daily traffic conges tion

This section sets down more formally the scope/boundaries of the
research project. As indicated in the main research objective,daily
traffic congestion is considered. This means that extremely exceptional
situations, like disasters,are not accounted for. Note that the research
does take into account incidents (like traffic accidents and vehicle
breakdowns) and road works, as these occur such frequently that they
indeed can be considered as everyday disturbances, contributing to
daily traffic congestion.

Motorway network

The research project focuses on traffic congestion problems on the
motorway network , rather than on traffic congestion problems on
lower level networks. The motorway network is defined here as the
network of roads with unidirectiona | roadways, a design speed of at
least 100 km/h and grade separated crossings of traffic flows. This
network accounts for more than half of the total yearly amount of
kilometers traveled by car (RPB, 2004).

Focusing on congestion problems on the motorway network does not
directly imply that all other roads can be left out of account in this
project. After all, the secondary road network might provide motorway
users with opportunities to get around (exceptional) congestion on
their motorway route . In order to account for this, in fact part of the
secondary network should be included in the analyses as well.Within
the scope of this project, incorporation of this effect of fallback on
alternative routes turned out to be unfeasible, however (which will be
explained later in this report).

Note that the incorporation of lower level networks would complicate
the analysesin severalways:

- On the lower level networks, the frequencies of occurrence
and/or effects of many of the sources of variability are clearly
different from those on the motorway network. This means that
much additional research would be needed into these aspects.

- The traffic propagation over lower level networks is mainly
governed by the traffic operations at intersections, which
considerably complicates the traffic flow modeling. There are
many different types of intersections. In case of uncontrolled
intersections and intersections with traffic adaptive control,
crossing traffic flows may affect
(grade separated) aossings in motorway networks this is
obviously not the case, unless congestion spik back from one
road to the other.
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- On most of the lower level roads, traffic is able to make U-turns
when getting stuck in a heavy traffic jam. This is typically not
taken into account in traff ic simulation models.

- Especially on urban networks, the finer mesh of the road
network offers much more opportunities for traffic to get
around heavily congested (or even completely blocked) road
segments (for example in incident situations). This means thatif
the lower level networks would be included in the analyses, the
incorporation of the route choice effect of (non-recurrent)
congestion would be even more important for obtaining
realistic results This turned out to be unfeasible, however, as
noted above.

- If this route choice effect is not accounted for, a finer meshed
network will be prone to the occurrence of gridlocks (i.e.
situations with a = r isnhga p &affie jam, in which car drivers
ar e basically - wat,)whitlg wotld rcause
problems in the traffic simulations.

Focus on the Dutch situation

Throughout the whole research project, focus has beenon the situation
found in the Netherlands. This is an important limitation, because in
other countries certain influencing circumstances may well be different
from those found in the Netherlands.

For some influencing factors little information is available that
specifically relates to the situation in the Netherlands. Out of necessity
in such cases use hd to be made of research results obtained in other
countries, keeping in mind that these might not directly be equally valid
for the Dutch situation.
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1.4 Research questions

The research necessary to achieve the main research objective has been
divided in a number of steps, related to certain research questions, each
addressing one specific part of the problem.

In order to be able to evaluate the performance of the traffic system
with regard to traffic congestion, first of all a clear view is needed on
when the traffic system actually is considered to perform well and when
it is not, because this is not something obvious. In fact, the
consideration of the inherent variability adds an extra dimension to this.
Therefore, the first research question that was dealt with reads:

[Research question 1] Which criterion(s) should be used to evaluate
the performance of the traffic system with
regard to traffic congestion (taking into
account its variable nature)?

In order to answer this question, the following two sub questionswere
considered

[Sub question 1.1] What are the societal costs of traffic
congestion, and how do these relate to the
characteristics of this congestion?

[Sub question 1.2] Which indicator(s) to use for traffic congestion
on the motorway network (and wh ich limits to
set on these)?

Next, a met hod had to be found t
performance with respect to the criterion(s) set on traffic congestion.
This problem was split up into two parts. First of all, the (probabilistic)
mechanisms gowerning traffic congestion were examined:

[Research question 2] Which (probabilistic) mechanisms  are
governing traffic congestion?

This research question was addressed by considering the following sub
questions:

[Sub question 2.1] What is the basic process governing traffic
congestion at a road section?
[Sub question 2.2] Which disturbing influences are involved, and

how can these be characterized in terms of
frequency/probability of occurrence and

effects?

[Sub question 2.3] Which dependencies between these disturbing
influences are involved?

[Sub question 2.4] What is the role of network effects?
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When these questions had been addressed, attention was focused on
finding an actual quantification method:

[Research question 3] How to quantify the traf f i ¢ system:
performance  with  respect to traffic
congestion, taking into account the variability
in traffic operations?

This research question was dealt with by addressing the following sub
guestions:

[Sub question 3.1] Which requirements does a quantification
method need to meet? (taking into account
the findings obtained in relation to research
guestions 1 and 2)

[Sub question 3.2] What type of quantification methodology is
most appropriate?
[Sub question 3.3] Which methods taking into account the

variability in traffic operations are currently
available, and do these meet the
requirements?

[Sub question 3.4] Which method to use?

Regarding sub question 3.4 it has to be mentioned that not necessarily
one of the methods considered in sub question 3.3 had to be selected.
If none of the methods would meet the requirements to a satisfactory

degree (which actually turned out to be the case), a new method would

have to be developed.

After all the research questions above had been dealt with (i.e.
performance criterion(s) had been defined, and a quantification method
had been developed), some quantitative analyses related to the main
research objectivewere performed:

[Research question 4] What kind of additional or revised insights
can be obtained when traffic congestion is
approached in a way in which its inherent
variable nature is explicitly taken into
account, as compared with the insights
obtained by a —-traditional
only a kind of -represent.
evaluated?

This research question was addressed in two steps (corresponding to
the two sub questions below). First of all, it was considered whether
the new evaluation approach can provide insights into the relative
importance of different primary sources of traffic congestion (like
events, special weather conditions, seasonal variations in the traffic

9 As indicated before, it was not striven for to come up with generally valid quantitative
inferences here, because of thestrong dependency on the specific case at hand. Rather, an
illustration of the additional or revised insights was aimed at.
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Figure 1.2: Structure of the research
project

demand level, the intrinsic randomnessi n capaci ti es,

i mportance- is to be wunderstood
traffic syst em-termpoéthe coteriorgsh dened(in the
first part of this research project). Differences in the relative importance
of different contributing factors may provide some new insights into
the relative effectiveness (or ineffectiveness) of various categories of
measures (aimed at alleviating traffic congestion). This kind of
information typically can only be obtained when explicitly considering
the inherent variability in the traffic congestion.

Secondly, it was considered what kind of additional or revised insights
can be obtained when using the new approach for the evaluation of
the effectiveness of some proposed traffic measure. For this, the
example of a rush-hour lane was considered.

[Sub question 4.1] Can the new evaluation approach provide us
with in sights into the relative contributions of
different primary sources of traffic congestion

et
as

to the traffic system-s

of the criterion(s) specified earlier)?

[Sub question 4.2] What kind of additional or revised insights
into the effecti veness of proposed measures
aimed at alleviating traffic congestion can be
gained when explicitly taking into account the
variable nature of this congestion?

In the figure below, the main structure of the research project is
summarized.

1. Criterion(s) 2. (Probabilistic) mechanisms

A 4 v

3. Quantification method

Y v v

4. Illustration
additional /revised insights
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1.5 Thesis outline

This report does not one-on-one follow the sequence of the research
guestions indicated in the previous section. Instead of starting with the

issue of selecting appropriate indicators for the level of traffic

congestion, it starts with a discussion of the mechanisms governing
traffic congestion and its variability (chapter 2). The reason for this is

that this discussion might be beneficial for the understanding of the

subsequent parts of the thesis. In the concerning chapter, first of all the
basic interaction process between traffic demand and supply on a road
section is explained (section 2.1). After this, all different sources of

variability are discussed (section 2.2). Finally consideration is given to
the network effects of traffic congestion (section 2.3).

The next chapter then deals with the selection of appropriate
performance indicators for the level of traffic congestion (taking into
account the variable nature of this congestion). After a short
introduction on this issue (section 3.1), section 3.2 deals with the
guestion which features describing the traffic congestion phenomenon
can be identified as being most decisive in bringing about costs to
society (which typically are the features to be incorporated in the
indicators). Section 3.3 describes which indicators are used in
international literature, and which norms were used in the Dutch
national traffic policy during the past few decades. In section 3.4 then
the final selection of indicators is discussed. Finally a section has been
added that discusses the strong relationships thatin various empirical
studies have been found to exist between the average travel time (or
delay) and other indicators based on travel time statistics, and their
implications for this research project (section3.5).

Chapter 4 discusses the selection of a quanification methodology for
research questions 4.1 and 4.2. After an introductory section, section
4.2 discusses what type of methodology is most appropriate for
illustrating the gain of new insights into the relative importance of
different primary sources of traffic congestion (corresponding to
research question 4.1). Similarly, section 4.3 then discusses what type
of methodology is most appropriate for illustrating the gain of
additional or revised insights (if any) into the effectiveness of specific
measues (corresponding to research question 4.2). Next, in section 4.4
a list is given of the requirements to be met by a quantification model.
Section 4.5 then considers a variety of quantification models that are
used in practice or proposed in literature. Here it is also assessed to
which extent these models meet the requirements from section 4.4.

Since none of the models was found to be sufficiently adequate for the
tasks at hand, a new model was developed. This quantification model is
described in chapter 5. The different sections of this chapter
successively discuss the general concept of the model (5.1), its
approach to the traffic flow modeling ( 5.2), and its general approach to
the modeling of the variations in traffic demand and supply (5.3). A
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detailed description of the ways in which the various individual sources
of variability are modeled is given in section 5.4.

During the development of the model some modeling issues have come
to light which require further consideration. These issues are discussed
in chapter 6. Since they generally require substantial further research, it
was not possible to actually solve them within this project. However,
besides explaining the different issues chapter 6 also tries to suggest
some possible strategies todeal with them. This includes a possible
strategy for reducing the required number of simulations.

A model is a simplified representation of a part of reality. In order to be
able to make sound inferences with such a model, it has to be
sufficiently valid for the task at hand. In sections 7.1 - 7.4, the
developed model is assessed on thredifferent levels of validity. This is
based solely on theoretical considerations. Normally, one would assess
the final validity of a model by means of a quantitative validation
procedure. In section 7.5 it is argued, however, that the developed
model cannot be quantitatively validated in the usual way. Yet, some
guantitative considerations are given in this section. These are
considerations of a more general nature, relating to the computed
congestion levels.

Chapter 8 then discusses the results othe quantitative evaluations with

the model. Here it is considered what kind of additional insights are
obtained by explicitly taking into account the inherent variable nature

of the traffic conditions. After an introductory section, the chapter

starts with a description of the network for which the model

evaluations have been performed (section 8.2), and a description of
some restrictions/simplifications with respect to the indicators
considered (sction 8.3). After that, section 8.4 discusses the model
outputs for the representative situation, which typically are the outputs
obtained by a traditional calculation of the traffic conditions in a

network. Next, section 8.5 treats the results obtained by a calculation in
which the different sources of variability are taken into account, and
compares these with the output for the representative situation. Section
8.6 then shows that the relative importance of these different sources
can be studied by deactivating them in the model. Section 8.7 considers
the effects of a rush-hour lane, as computed with the new model, in

which various sources of variability are taken into account, and
compares these with the effects that would have been found with a
calculation according to the traditional approach (considering a
representative situation only). Chapter 8 ends with a section on the
practical applicability of the developed model. In this section it is
discussed whethe/how this model could be used for practical
application within the context of real -life evaluations of measures
proposed to alleviate traffic congestion.

In chapter 9 finally some conclusions axd recommendations are
provided, as well as some practical implications of the findings
obtained.
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2. Mechanisms governing traffic congestion and its variability

In this chapter, the phenomenon of traffic congestion and the causes

for its variability are examined in more detail. Section 2.1 describes the

basic mechanism governing trafic congestion on a road section. The

sources of the variability in this congestion are discussed in sectior2.2.

An important characteristic of the traffic system is that the traffic

conditions on the different road sections may interact with each other.

These i nteraction processes (referred
explained in section 2.3.

2.1 Basic mechanism governing traffic congestion on a
road section

Traffic flow operations on a road section are governed by the
interaction between the traffic demand (the amount of traffic wanting
to traverse the section) and the traffic supply (the available capacity). In
order to explain this interaction process, an initially empty road section
is consideredfor which the traffic demand gradually rises, starting from
zero. At the end of the road section there is a bottleneck: a stretch of
road with a lower capacity. Apart from this bottleneck, the road section
is homogeneous. There are no connections to otherroads.

As long as the traffic demand is smaller than the capacity of the

bottl eneck, the traffic conditions ar e
The average traffic speed for an (almost) zero traffic volume is referred

to as the -free fshsespedd usually isegoverreed hye o

the speed limit, the amount of speeding, and the percentage freight

traffic. For slightly larger traffic demands, the average traffic speed

hardly decreases. For even larger demands however, the average traffic

speed gradually decreases, to about 80 km/h if demand reaches

capacity (thesocal | ed -capaortycsp.eéedal speed-

If at a certain moment traffic demand exceeds capacity in a certain

cross section of the road section, the traffic flow breaks down. The

excess demand is stored in a queue, forming upstream of the
bottleneck. In several studies the outflow rate at the head of a queue
(referred to a as the -queue discharge
the maximum flow rate before the traffic flow breaks down (referred to

as the -free flow capacity-). This di
-capacity drop-. It is in the range o
2007). In a way, the capacity drop makes the occurrence of traffic

congestion a selfreinforcing process: once congestion has set in,

capacity is reduced, resulting in the traffic conditions deteriorating

more rapidly (as compared with the situation without a capacity drop).
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The traffic conditions within the queue are referred to as being
~congesboed-forced- . Within the queue,
the average number of vehicles passing a certain cross section per unit

of time) is determined by the discharge rate at the head of the queue.

This is only true though if this traffic flow is averaged over a sufficient

amount of time. Due to the fact that within the congested traffic stop -

and-go waves may form, over shorter periods of time the flow might
temporarily be larger or smaller.

Obviously, the average speed in the queue is dependent ; the average
traffic flow in this queue. When this average flow is larger, the average
speed in the queue is larger as well. If the traffic flow in the queue is
zero, the speed is zero too.

All the relationships and notions discussed above are depictedn Figure

2.1. This figure shows an example of the socal | ed - fundame
di agr am- cro$sosectiomof a road. It describes the average
equilibrium relationship between traffic flow (q) and velocity (u). With

—eudg | i bri um- it i's meant t hat this rel
traffic conditions. Transient traffic states will deviate from this
relationship. Also note that it is only an average relationship. Reallife

data are widely scattered around this averge. In particular this is the

case for the -congested branch- of the

Finally it should be stressed that a fundamental diagram is in its entirety
related to one and the same cross sectionof a road. If the fundamental
diagram depicted in Figure 2.1 for example would belong to a cross
section upstream of the bottleneck, then the indicated capacities thus
also would concern the capacities of this particular cross section, and
not the (lower) ones of the bottleneck.

For distinct crosssections, the fundamental diagram can be rather
different (including the values of the free flow capacity and the queue
discharge rate). This is not only the case if these are cross sections of
different roads. Cross sections of one and the same road may show
differences too. This might be due to differences in for example lane
width, grade or curvature.
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Figure 2.1: Fundamental diagram capacity drop
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The fundamental diagram is also known in two other forms. This is
illustrated in Figure 2.2. In the fundamental diagram on the left, the
relation between the traffic flow (q) and the traffic density (k) (i.e. the
number of vehicles present per unit of distance) is depicted. In the
fundamental diagram on the right, the relation between the speed (u)
and the density (k) is presented. In fact, these fundamental diagrams
represent exactly the same information. They can easily be converted
into each other by using the relationship g=k- u. This well-known
relationship, valid for stationary and homogeneous traffic states, is
referred to as the -fundament al rel ati

Figure 2.2: Other forms of the 2500 120
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As long as the traffic demand (corresponding to the inflow to the
gueue) remains higher than the queue discharge rate, the queue keeps
on growing. As a consequence, the delay that road users experience
keeps on increasing as well. Note the important role of the capacity
drop in this respect. Only as soon as the traffic demand decreases to a
value below the queue discharge rate, the queue will start to dissolve.
Gradually the length of the queue will decrease, until it is completely
dissolved (and free flow traffic conditions are restored again).
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Note that the physical length of a queue does not directly follow from
the number of vehicles in this queue and the number of lanes on which
they are =-stored-. Obviousl vy, t he
(average) traffic density within the queue as well. This density can be
derived from the fundamental diagram, using the flow rate in the
queue. This flow rate follows from the capacity of the downstream
bottleneck (responsible for the queue) and possible flows leaving or
entering the queue somewhere in between its head and tail.

A complicating factor in the process governing traffic congestion is
that, especially in the somewhat longer term, the traffic demand is not
independent of the traffic supply. If the quality of the traffic supply is
improved (for example by adding some extra capacity) traffic demand
will increase.

2.2 Sources of temporal variation in traffic congestion

2.2.1 Introduction

In chapter 1 it was pointed out that the traffic conditions on the main
road network show a significant degree of variability, not only over the
course of the day, but also between days. This variability is due to a
significant variation in both traffic demand and traffic supply (capacity).
Illustrations of this variability in traffic demand and supply can be found
in (Tu, 2008) en (Brilon, 2005), respectively. Tu gives some data on the
variability in the total number of car trips that are made in the
Netherlands during the peak hours of a working day. On average, this
number amounts to 5.5 million trips. However, on the 5% quietest
working days this number is less than 4 million (a difference of more
than 25%), whereas on the 5% busiest days there are more than 6.9
million trips by car (again a difference of more than 25%). For the
number of trips during the off -peak part of the day a similar bandwidth
is found.

Brilon gives some data on the variability of the capacity of a number of
German freeway sections. For the capacities of these freeway sections
(calculated from 5-minute counts) coefficients of variation of about 9%
have been found®* (considering each freeway section individually). In
view of this significant variability, it is in fact quite striking that the
capacity traditionally is treated as a constant value in traffic engineering
guidelines around the world.

For both the temporal variability in traffic demand and the temporal
variability in traffic supply a large number of causes can be discerned.

9 Note that these are all freeway sections without a distinct bottleneck. For freeway sections
with a distinct bottleneck of course different values might be obtained.
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As for the traffic supply, the following sources of variability are
identified:

variations in weather conditions
variations in luminance

incidents

road works

traffic control actions

variations in vehicle population
variations in driver population

=i nt rvariat®ns m-human behavior:
demonstrations

emergencies

Regarding the demand fluctuations, the following factors are
distinguished:

regular pattern of variation in human travel behavior over the day
regular pattern of variation in human travel behavior over the
days of the week

regular pattern of variation in human travel behavior over the
periods of the year

public holidays

events

strike actions

weather conditions

road works

emergencies

other variations in human travel behavior

(i.e. those not explained by the aforementioned factors)

Two other factors influencing the traffic demands are:

travel behavioral changes in response to traffc information
travel behavior al changes in
experiences

In spite of the fact that these two factors affect the traffic demands in a
variable way as well, they actually cannot really be consideredsources
of fluctuations. Aft er all, in fact they only exist because of variations in
traffic conditions t hat ar e caus
fluctuations in traffic demand and supply. If these latter sources would
not exist, the two factors mentioned above would not exist either.
After all, if there would not be any variations in traffic conditions at all,
traffic conditions would be fully predictable in advance. Consequently
t her e woul d be no guestion o f changi
response to information on the act u a | traffic condi
recent travel experiences.

1 Note that most of the other sources of variability have a behavioral component as well. For

example, weather conditions affect the traffic conditions by affecting the driving behavior.

The

resp

ed b

ti on

i ihteneic vmar i ati ons in human behavior - rat her ref

finding himself in similar circumstances, one and the same person may still behave differently.

Furthermore, there are obviously variations in behavior between different individuals (even if

these belong to one and the same driver population). These variations are categorized under

this

heading -intrinsic variations in human

19

Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic

behavi



It should be noted that at the level of an individual road section, the
variability in the traffic conditions on other sections of the road
network might be a source of variability as well. After all, due to the
occurrence of network effects (i.e. interaction effects between the
different sections of a network), traffic conditions on other road
sections might affect the traffic demand and discharge capacity of the
road section under considerafon. In this section these network effects
are not considered however. These effects are the topic of section2.3.
Note that these network effects cannot really be seen as sources of
variability. Considered at the network level, they are merely part of the
processes that determine how variations in demand and supply
conditions finally affect the traffic conditions on the network.

2.2.2 Classification

The various urces of variations are different in nature. They can be
classified in different ways. First of all a distinction can be made
between regular (or systematic) variations, occurring according to some
regular pattern over time, and irregular variations. Another distinction
that can be made is between sources of variability that have a
continuous (though variable) influence on the traffic demand and/or
supply, and sources of variations that affect the traffic demand and/or
supply only during well -defined spaces of time. For the rest of the
time, the effects on demand and supply are zero. These latter sources
of wvariability can be referred to

Finally, yet another way to classify the various sources of fluctuations is
according to their spatial scope. Some sources of variations affect the
traffic demand and/or supply network wide, while others affect the
demand and/or supply only locally. Some sources of variability have a
spatial scope that is in between the network level and the local level. In
such cases for example a certain subarea of the networkmight be
affected, or a specific group of origin-destination relations.

It should be noted that if the traffic demand and/or supply are affected

at an above-local level, this of course not necessarily means that the
effect is homogeneous in magnitude. This means that effects occurring
at an above-local level in fact might have some local component as

wel | . Actual l vy, some effects mi g ht

different locations. Consider for example the demand effect of the
summer vacation period. On some routes, daily traffic demands might
be lower during this period (especially on routes with relatively much
commuting traffic), while there might also be routes on which the
traffic demand is larger (especially on routes with relatively much
recreational traffic).

Further it should be noted that a substantial part of the sources of
variability can take place at different spatial levels. Adverse weather
conditions for example might be local in nature (like in case of a small,
yet possibly heavy stower), cover the whole network (like in case of an
extensive rain belt), or somewhere in between (like in case of a small
rain front). Also note that if the primary effect on traffic
demand/supply is only local in nature, the consequence for the traffic
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conditions actually might have a much larger spatial scope (due to the
occurrence of network effects, which will be discussed in section2.3).

In the two tables below, all sources of variations in traffic demand

(Table 2.1) and supply (Table 2.2) are assignedto classes formed by

combining the three classification systems discussed above. The

columns and rows of the tables represent two of these dassification

systems. Symbols are used to indicate the third classification. Inevitable,

in some cases this assignment to categories is debatable to some

extent. The variation in weather conditions for example is assigned to

the c¢class =-event swhdeirsetausr biann creesal i ty v al
conditions are practically continuously present. However, bad weather

conditions (or just the opposite: summery weather conditions) can be

di stinguished reasonably wel | from t
conditions. Therefore it was decided to assign the variation in weather
conditions to t he category -events/d
continuous element. Another example of a classification that is

debatable to some extent is the assignment of the influence factor
-events- to the drragularggarry atd ommnrsces | omf f a
events are organized every year again, at the same moment of the year

(similar to public holidays). This subset of events therefore rather

bel ongs to t he c¢ aguagfolruyc t-usaotuirocness- .o f

Table 2.1: Classification of the

various sources of variations in the Time span | Continuously present Event / Disturbance
traffic demand according to time
span (horizontal), degree of .
regularity (vertical) and spatial scope Degree of regularity

(N=network-wi de, L=1ocsa Regular pattern of travel | Public holidays(N)
between-) of their behavior over the

day (N)
Regular pattern of travel
Sources ofregular behavior over the
variations days of the week (N)

Regular pattern of travel
behavior over the
periods of the year

(N)
- i | Unexplained variations Varying weather (N/B)
ources ofirregular ;
varia?ions in human travel Road works (B)

behavior (B)
Events(B)
Strike actions(N/B)
Emergencies(N/B)
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Table 2.2: Classification of the
various sources of variations in the Time span Continuously present Event / Disturbance
traffic supply according to time span
(horizontal), degree of regularit y
(vertical) and spatial scope

Degree of regularity

) Sources ofregular population (N)
variations | var. in driver population
(N)
= i | Var. in vehicle Incidents (L)
ources of irregular ooulation (B /
variations pop (B) Demonstrations (L)

Var. in driver population | gmergencies(N/B/L)

(B) Varyi
: . ying weather
Var. in human behavior (N/BIL)

© Road works (L/B)

Note that in Table 2.2 t h e influence factors -V a
popul ati on- and =-variations in driver
t he <cat egor ofeegulanvsaruireateison s - airmeedularm- s our c
variations- . This is because of the fa

a large extent can be described by regular patterns over time
(representing their systematic parts), but still with a part of the
variations remaining unexplained (representing their random/irregular
parts).

In Table 2.2, the influence factor =-traffic c
is because of the fact that it cannot really be assignedto one of the

categories. Some traffic control actions influence the supply conditions

on a continuous basis, while others are active only during specific

periods in time. Furthermore, some types of traffic control are regular in

nature, while others act in a traffic responsive (and thus partially

irregular) way.

Note that the category of irregular events/disturbances can be further
divided into circumstances that are planned (road works and events)
and circumstances that are unplanned (incidents and ememencies).
Strike actions, demonstrations and varying weather conditions cannot
be unambiguously assigned to one of these two categories.

2.2.3 Relevant characteristics of the various sources of fluctuations

In the following subsections the various sources of fluctuations listed
above are discussed in moredetail. Table 2.3 shows the important
aspects to be considered for the different categories of sources of
variability. For the sources of variability that are continuously present,
consideration is given to their patterns over time, or to the magnitude
of their stochastic fluctuations (depending on whether it concerns a
source of regular (i.e. systematic) variation or a source of irregular
variation). For the sources of variability that can be referred to as

-—events/disturbances-, consideration i
of occurrence (deterministic or stochastic) and the magnitude of their
effects.
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Table 2.3: Relevant aspects for the
different categories of sources of
variability in traffic demand and
supply

Figure 2.3: Distinction between
effect and consequence

Time span | Continuously present Event / Disturbance

Degree of regularity

- frequency of
occurrence

Sources ofregular | (deterministic) pattern (deterministic)

variations over time
- effect
- frequency of
Sources ofirrgg_ular magnitude of the ?sctglcjz;]rzgt(i::)
variations stochastic fluctuations
- effect

|t should be notedftrat -i metfleirs ¢ ont dxe

the demand or supply, and not to the final impact on the traffic
conditions, created through the interaction between demand and
supply. To distinguish this final impact on the traffic conditions from
the influence on the demand or suppl vy, t he |

atte]

while the for mer i s Thie is Hestdated-io Bigure e q u e n

2.3.

Source of Traffic Traffic

Effect Consequence

variability demand/supply conditions

First, in sub section 2.2.4, the sources of demand fluctuations are
considered. In subsection 2.2.5 the sources of suppl variations are
discussed.It should be noted that the various sources of variability are
not all independent from each other. In fact there are a lot of non -
linear, dynamic dependencies involved between these fluctuations. This
topic is shortly returned to in subsection 2.2.6.

2.2.4 Sources of the temporal fluctuations in traffic demand
1) Regular pattern of variation in human travel behavior over the d ay

Due to the fact t hat the traffic
activity patterns, there is a clear relation between the time of the day
and the size of the traffic demand. During the nighttime, traffic
demand is typically very small, while during the daytime traffic demand
is much larger. On working days two clear peaks can be observed in
the traffic demand pattern. These are related to commuters traveling
from home to work and back. Weekend days are clearly different in this
respect. On these days clear peaks in the traffic demand are typically
lacking. This can be illustated with Figure 2.4, showing the traffic
demand pattern over the course of the day for the Dutch Al2
motorway, separately for working days and weekend days. It should be
noted, however, that the patterns shown in this figure in fact are traffic
flow patterns. These actually might be different from traffic demand
patterns, since they might be affected by the occurrence of traffic
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Figure 2.4: Time dependent
variations in the traffic flow on the
Dutch A12 mot orway (southern part)
on working days and weekend days,
based on data from the year 2004
(Source: Tu, 2008)

congestion. After all, due to this traffic congestion, the peaks in the
measured traffic flow might be less pronounced than the peaks in the
traffic demand.
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Often the two peaks in the working day demand pattern are different

in size. This then is due to the commuting traffic being unequally
distributed over the two directions. In Figure 2.4 such a difference
between the two peaks can be observed as well.

Obviously, the validity of the patterns in Figure 2.4 is limited to only
one specific measurement location (on the A12 motorway). For other
road sections the course over time might be rather different. In (Hilbers
et al, 2004) some general (i.e. average) data on the relative traffic
demands for various periods of the day is given. Using these data, the
diagram shown in Figure 2.5 has been constructed. This diagram shows
the relative hourly traffic demands for various time intervals of the day,
normalized with the average hourly traffic demand over the period
between 6:00 and 24:00. Note that one time interval in this diagram
has a length that deviates from the length of the other intervals: the
largest part of the daytime off -peak period is put together in one time
interval (between 9:00 and 15:00).

It should be noted here that there are two limitations associated with
these data, which are relevant in the context of this discussion. First of
al |, the data are most l'i kely rel

work trips) onl vy . This means that -professi on:

account. The latter are typically relatively evenly distributed over the
daytime period. Secondly, the data are related to all car trips together,
so not specifically to the traffic on the motorwa y network. Obviously,
the trips over the motorway network might be distributed over time

(somewhat) differently than the other car trips.
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Figure 2.5: Relative hourly traffic
demands for different periods of the
day, normalized with the average
hourly traffic demand over the period
between 6:00 and 24:00

(Based on data from Hilbers et al,
2004)
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From Figure 2.5 the hourly traffic demand during the evening peak
appears to be somewhat larger than the one during the morning peak.
Of course, though, this is just an average pattern. For individual road
sections the course over time might be very different, as dicussed
already in relation to Figure 2.4. From the figure it also appears that for
both peak periods in the second hour the traffic demand is somewhat
larger than in the first hour.

2) Regular pattern of variation in human travel behavior over the days
of the week

As was already indicated above, the traffic demand on working days is
rather different from the traffic demand on weekend days (which is due

to significantly differing human activity patterns). On weekend days
clear peaks in the traffic demand are typically lacking and the traffic
demand sets in much later than on working days. All in all the total
daily traffic demand generally is significantly smaller on weekend days.
However, the actual size of this difference shows a relatively large
variation among different locations on the motorway network (BGC,

1986).

While working days are different from weekend days, to some degree
the different working days (Monday to Friday) are mutually divergent
as well. Bagd on data from 1984 and 1985, BGC (1986) found that the
total daily traffic demand on Dutch motorways gradually increases in
the course of the week, meaning that the daily traffic demand is lowest
on Mondays and highest on Fridays. More recently (based ondata from
1995 and 2000), Harms (2003) found a similar result, as shown in
Table 2.4. These results however should be interpreted with care, since
they are related to the mobility as a whole (including all transport
modes) and thus not specifically to the traffic demand on motorways.
Another important limitation is that the results are based on an analysis
of the =-private- trips only. Professio
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Table 2.4: Relative level of the total
mobility on the different weekdays
(Based on data from Harms, 2003'?)

Table 2.5: Relative level of traffic
demand (car trips only) on the
different weekdays

(Based on data from Hilbers et al,
2004)

Weekday Mon Tue Wed Thu Fri
Index of total mobility (Mon=100) 100 107 107 110 116

Hilbers et al (2004) provide data specifically for the car trips (but still
for all road networks together, rather than for the motorway network
alone). These are shownin Table 2.5. According to these results, the
peak period demands on Tuesday through Thursday are more or less
equal, while those on Monday and Friday are slightly lower (based on
fixed peak time windows of 7:00 - 9:00 and 16:00 - 18:00). For the
off-peak periods (defined as the remaining parts of the period 6:00 -
24:00), traffic demand increases from Monday to Friday. From the
separate indices for the peaks and off peaks one can also compute the
indices for the daily totals, by taking the average of these indices,
weighted according to the average numbers of trips during the peak
and off-peak (5.7 million and 10.5 million, respectively). Based on the
resulting indices (included in Table 2.5) one can conclude that the daily
traffic demand gradually increasesin the course of the week. This is in
line with the results of BGC mentioned above.

Weekday Mon Tue Wed Thu Fri

Relative traffic demand peak
(mean peak = 1)

Relative traffic demand off-peak
(mean off-peak = 1)

0.96 1.03 1.02 1.02 0.98

0.90 0.97 1.01 1.04 1.08

Relative traffic demand
peak and off-peak combined 0.92 0.99 1.01 1.03 1.04
(mean weekday = 1)

Friday is the day that distinguishes itself most from the other weekdays.
On this day, the evening peak starts much earlier than on the other
days, and lasts longer. This reslts in the Friday evening peak being
significantly longer than the evening peaks on the other days (though
not significantly higher). This is clearly observable in Figure 2.6,
showing the hourly traffic intensity patterns for the various days of the
week, obtained for a measurement location on the Dutch A2 motorway
(near Maarssen).

In fact not only the evening peak is different on Fridays, but the
morning peak and daytime off -peak period as well. On Fridays the
morning peak traffic demand is typically smaller than on the other days.
During the daytime off -peak period there is more traffic than on the
other working days. While Monday through Thursday show an almost
symmetrical off-peak period between the morning and evening peak,
on Friday the traffic demand monotonically increases from about 10
a.m. until the (gradual) transition to the evening peak (BGC, 1986). To
a more limited extent than Friday, Monday is different from the other

working days as well. On this day the morning peak is smaller than on
the other working days.

2 Data relating to the numbers of trips longer than 7.5 minutes, per quarter of an hour
(where one trip might be counted in multiple quarters), excluding professional trips and trips
of persons younger than twelve years.
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Figure 2.6: Hourly traffic intensity
patterns for the different days of the
week (excluding public holidays ), as
obtained for a measurement location
on the Dutch A2 motorway .
(1=saturday, 2=Sund:
7=Friday).

(Source: De Vries & Praagman, 1995)

The two different weekend days, Saturday and Sunday, show some
mutual differences as well. On Sundays the traffic demand can be
expected to set in later than on Saturdays. This is confirmed bythe
patterns shown in Figure 2.6. In this figure it can also be observed that
on Sunday the traffic demand is relatively high during the early night
(i.e. the night from Saturday on Sunday). Considering the total daily
traffic demands, there is no general rule for the difference between
Saturdays and Sundays. On some locationghe daily traffic demand is
higher on Saturdays, while on the other locations it is higher on
Sundays (BGC, 1986).

5449

traffic intensity {veh/h)

time of day (h)

Weijermars and Van Berkum (2007) grouped daily traffic profiles on a
Dutch highway location by applying clustering analysis. A pre-
classification in working days and non-working days was applied to
successfully improve the clustering results. For the subsequent
clustering of the working days a satisfactory result was obtained (i.e. a
clustering with a small remaining variation within all individual clusters).
In general, Mondays and Fridays were classified to separateclusters
(i.e. one with Mondays and one with Fridays). Tuesdays, Wednesdays
and Thursdays were classified to the same cluster. This confirms what
was discussed above.

The results of the mutual clustering of non-working days were less
satisfactory. There remained a substantial variation within some of the
clusters, in spite of the fact that the clusters were already rather small.
Therefore, Weijermars and Van Berkum concluded that it is not possible
to distinguish recurrent traffic patterns for non -working days, probably
caused by the fact that these days show less fixed activity patterns. This
conclusion is also supported by the fact that several other studies have
shown that weekend days show a larger variability in traffic demand
than weekdays (Weijermars, 2007).
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3) Regular pattern of variation in human travel behavior over the
periods of the year

Over the different periods of the year, traffic demands are not

constant. Vacation periods play an important part in this. During these

vacation periods traffic demand is lower. Probably this effect is most
apparent in the morning and evening peaks of the traffic demand

pattern. This hypothesis seems to be confirmed by the results of the
clustering analysis performed by Weijermars and Van Berkum (2007).
In this clustering analysis days within a vacation period were classified
to a separate cluster that showed a flatter daily flow profile.

At the start and end of vacation periods however just the opposite
effect may occur: higher (peaks in) traffic demand due to a large
amount of vacation traffic. In the Netherlands the government tries to
limit this effect though, by staggering vacations. This seems to be
successful: Bexelius and Kengen (1993) conclude from a study on the
characteristics and predictability of the days with the highest traffic
demands that the contribution of the summer vacation months (i.e. July
and August) to the list with the busiest days is remarkably modest (at
least for the roads that were included in their analysis).

However, from one of the tables in their article (showing the days with

the busiest afternoons in 1991) it can be derived that the start and end
of the autumn vacation week might give significant peaks in the traffic
demand. On the last workday before the vacation (a Friday) the traffic
demand during the late afternoon was higher than usual. On the
Wednesday halfway the vacation and the Friday and Sunday at the end
of the vacation period, this was the case as well. It should be noted that
the vacation traffic at the end of the vacation (i.e. the returning traffic)
might have a dominant orientation that is opposite to the one of the

vacation traffic at the start of the vacation period (i.e. the leaving
traffic). This of course will be dependent on the geographical situation
of the road section considered.

Hilbers et al. (2004) provide some quantitative data on the vacation
effects and other (remaining) seasonal effects on the working day
traffic demand. These data are plotted in Figure 2.7 and Figure 2.8,
separately for the peak periods and off-peak periods respectively. Again
it should be noted that the data relate to the total population of car

trips, rather than to the subpopulation of car trips over the motorway

network. Furthermore, most likely the data are limited to private trips

only.

Figure 2.7 shows that in vacations, the average peak period traffic
demand is more than 20% lower than on non -vacation working days.
According to Figure 2.8, during the off -peak periods this effect is only
about half as large. From the figures also a seasonal variation over the
various months of the year can be observed (even though the monthly
data have been corrected for the vacation effect). During the summer
months the traffic demand is typically lower than during the winter
months. This might (partially) be explained by the fact that some trips
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Figure 2.7: Vacation effects and other
seasonal effects on the working day
peak period traffic demand (average
working day peak period traffic
demand = 1)

(Data from Hilbers et al, 2004)

Figure 2.8: Vacation effects and other
seasonal effects on the working day
off-peak period traffic demand
(average working day off -peak period
traffic demand = 1)

(Data from Hilbers et al, 2004)

are made by bike in the summer, while these are made by car in the
winter. Since this latter phenomenon will be restricted to the relatively
short distance trips, the seasonal variation in the motorway network

traffic demand might be more limite d than the seasonal variation in the
total traffic demand shown in the figures.

December shows a remarkably high off-peak traffic demand (Figure
2.8). This probably is related to special activities during the publc
holidays in this month (like family visits) or other social or recreational
activities during the Christmas vacation period.
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An empirical study of BGC (1986) for a large set of measurement
locations on the Dutch motorway network (based on a dataset for the
period 1975-1984) revealed that the pattern of variation over the
months of the year is in fact quite variable among various locations on
the motorway netwo rk, especially as far as the summer months are
concerned. On part of the locations a dip in the traffic demand can be
observed during these summer months (related to the summer vacation
period), while on another part of the locations a (substantial) peak can
be observed during these months. Most likely this peak can be
attributed to additional (recreational) traffic during the off -peak periods
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(and not so much to additional traffic during the peak periods),
although BGC did not examine this.

Remarkably, B&C (1986) found that the traffic demands during the
winter months (especially during December and January) are relatively
low as compared with the yearly average, which is in contradiction to
the results of Hilbers et al (2004), as can be seen from the figues
above. One possible explanation for this might be that the extra winter
trips found by Hilbers et al. are to a large extent shorter distance trips
(possibly trips that are made by bike in the summer), for which
relatively little use is made of the motorway network. Another partial
explanation might be found in the Christmas vacation period, for which
in the study of Hilbers et al. a general vacation correction is applied.
Yet another possible explanation could be that in the twenty years
between the two studies some behavioral changes have taken place.
However, since De Vries and Praagman (1995) in a later study (based
on data from 1993) found something similar for the winter months as
BGC (except for December, for which the average traffic demand was
found to be only slightly below the yearly average), this latter
explanation seems not very plausible. Finally, a possible explanation
might be that the winter period traffic demand in the study of Hilbers

et al . was relatively hiighhbe-theyasec oi nci

because of the fact that data from only one single year were
considered).

4) Public holidays

Just like during vacation periods, on public holidays the usual (working
day) peaks in traffic demand are less pronounced or even absent. In the
Net herl ands these public holidays
Easter Monday, Queen-s Birthday,
Whit Monday, Christmas Day and Boxing Day. If such a public holiday
falls on a Tuesday or Thursday, many people take tke preceding
Monday or following Friday off as well, resulting in the peak period
traffic demands to be lower on these days too.

In spite of the demand reduction mentioned above, on certain parts of
the road network the traffic demand might be higher on public
holidays, related to events or other recreational destinations attracting a
lot of traffic. In most cases this increase in traffic demand (as compared
with normal working day conditions) will be limited to the off -peak
periods. Events are discussed imore detail below. In this thesis public
holidays and events are considered separately. Of course, any possible
relationships between these two should be taken into account however
(see section2.2.6).

Most public holidays fall in the first or last part of the (working) week,

in particular those in the spring. (As their names imply, Easter Monday
and Whit Monday are always on a Monday, and Ascension Day is
always on a Thursday.) In these situations, many people leave for a
long weekend, which can be expected to result in peaks in the traffic
demand at the start and end of these long weekends. This is confirmed
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by Bexelius and Kengen (1993), whose research shows that

systematically recurring -peastartashdhy s - a

end of long weekends around public holidays in the spring (and thus
certainly not necessarily on the public holidaysthemselves). The peak
due to the leaving traffic typically starts in the afternoon of the last
working day before the long weeke nd, and remains apparent until the
next morning. The peak due to the returning traffic starts on the last
day of the long weekend and ends on the next morning.

For eastwest orientated motorways in the Netherlands (especially the
A12) also public holidays in Germany appear to have a clear influence
on the traffic demand (Bexelius and Kengen, 1993). A special situation
occurs when a German public holiday falls on a day that is a normal
working day in the Netherlands. In this situation day-trippers from
Germany intensify the Dutch commuting peaks. Especially Corpus
Christi (on the Thursday ten days after Whit Monday) causes a very
large traffic demand on the A12 motorway.

4 Intermezzo: systematic (or regular) variability vs. non -systematic
(or irregular) variability

Now that all sources of systematic variations in the traffic demand have
been discussed ¢ee Table 2.1), we can move on to the sources of non-
systematic (or irregular) variations, which together make up the
remaining part of the total variation in the traffic demand. An

interesting question, however, is what we can say now already about
this remaining part of the variations, by studying the difference
between the total variability of the traffic demand and the variability

made up by the combination of all systematic variations. This question
is dealt with in this intermezzo, again by considering results from
previous research.

Figure 2.9 and Figure 2.10 show the overall day-to-day spreading in
the number of car trips over the period of a whole year (for the peak
period and the off-peak period respectively). Clearly this spreadig is
rather substantial. For the peak periods the coefficient of variation
amounts to about 0.17 and for the off -peak periods about 0.15. Hilbers
et al (2004) performed a variance analysis in order to find out which
part of this total day -to-day variation in the traffic demand could be

explained by the factors -dawcafi dr-e,

and -month of the year-. This part

23% and 22%, for the peak periods and off -peak periods respectively.
Although the systematic influences of public holidays were not
considered, this means that the largest part of the (considerable)
variation between the working days seems to be non-systematic.
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Figure 2.9: Empirical distribution of
the number of car trips in the peak
periods

(Source: Hilbers et al, 2004)

Figure 2.10: Empirical distribution of
the number of car trips in the off -
peak periods

(Source: Hilbers et al, 2004)
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For a large set of measurement locations on the Dutch motorway
network, De Vries and Praagman (1995) subtracted the systematic
variations (i.e. the patterns over the day, over the days of the week,
and over the weeks of the year) from the hourly traffic volumes that

had been measured over the whole of 1993, and analyzed the residual
variation. They found a relation between this residual variation and the
average hourly traffic volume: for periods of the day with a larger

average hourly traffic volume the residual variation appeared to be
larger. However on weekend days this residual variation turned out to
be relatively larger than on weekdays. That is, for the same average
hourly traffic volume, on weekend days a larger residual variation was
found. This is in agreement with the finding of Weijermars and Van

Berkum (2007) that non-working days (being predominantly weekend
days) show rather variable traffic demand patterns (see the earlier
subsection on the systematic influence of the day of the week).
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De Vries and Praagman found that the residual traffic volumes are
correlated over time: if during a certain hour the traffic demand is
larger than the average traffic demand for that hour (and for the
concerning day of the week and week of the year), the traffic demand
during the next hour is likely to be above average as well. Interestingly,
they also found a substantial spatial correlation (correlation coefficients
around 0.5) to exist between the residual traffic volumes on the various
measurement locations that they considered, while these locations were
not all closely together. (For measurement locations located very closely
together, like two measurement locations on one and the same road, a
strong correlation in traffic volumes of course would be rather obvious.)
As De Vries and Praagman indicate, this suggests that aside of the
patterns already eliminated (i.e. the patterns over the day, over the
days of the week, and over the weeks of the year), there are still other
common factors that result in correspondence between the traffic
volume variations on the various measurement locations. One can think
of weather conditions or other circumstances that affect the traffic
volumes on a more or less network-wide basis. This kind of (network-
wide) non-systematic influence factors will be discussed in more detail
below, as well as some nonsystematic influence factors that affect the
traffic volumes on a more local basis.

5) Events

For a limited number of days a year, events like exhibitions, shows,
festivals and sporting events may attract a lot of traffic. These peaks in
traffic demand however are not network wide (as all variations
discussed above), but limited to the surroundings of the locations of the
events.

I n fact, —events- should not be wunder
recreation areas and tourist attractions might have peaks n traffic

attraction on a certain number of days a year (for example on public

holidays or on days with summery weather conditions).

Meeuwi ssen et al (2004) constructed a
the Netherlands) in which events take place. In this top 45 the
destination zones with events are ranked according to the average

number of cars per hour that are attracted by the events. This number

ranges from 46 vehicles per hour (rank 45) to 11,786 vehicles per hour

(rank 1). The frequencies with which t he events occur du
peak hour s an-geak-hoursphave déen estnfated as well

(for workdays only). These widely varying frequencies range from

0.40% (events covering only one weekday a year) to about 30%
(destination zones with one or more tourist attractions and/or festivals).

These are the frequenci es-peakhoursnared f o
the -typical- peak hours the frequenc
those.
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6) Variability in weather conditions
- Effects-

Adverse weather conditions may affect the general level of traffic

demand in two opposing ways. On the one hand, there might be a shift

in the modal split from transportation modes that are characterized by
a larger exposure to the weather (like the bicycle or the public
transport®) to the car, increasing the traffic demand. For short distance
trips this shift will be larger than for long distance trips. On the other

hand, road users might refrain from making trips, resulting in a
decrease of the traffic demand. This will especially be the case in
situations in which the traffic safety might be reduced (e.g. if there is

black ice on the roads), or if a traffic chaos might be expected (e.g. in
case of heavy snowfall)*. However, also in case of rainy weather
conditions traffic demand may be reduced, for example due to people
abandoning outdoor activities.

Besides effects on the modal split and the total number of trips, there
might be effects on the destination choices, route choices, and
departure time choices as well. However, these effects are more diffuse
(i.e. increasing the traffic demand for some locations and moments in
time, while decreasing it for other ones), so that they cannot really be
characterized in general terms. In the following they are discussed in
slightly more detail.

The destination choices might be affected by a shift to activities that
are less sensitive to the weather, insofar as these activities are
performed at other locations. This might lead to the number of trips
being increased on pat of the origin -destination relations, while being
decreased on another part of these relations. In general, these changes
probably are rather limited however, except for typical leisure
destinations like seaside resorts. In case of exceptionally adverse
weather conditions, part of the travelers might opt for destinations
closer to home. For many trips (like those between home and work) the
destination obviously cannot be freely chosen however.

In general, the direct effect of adverse weather conditions on route
choices is likely to be rather limited. (In really extreme weather
conditions drivers obviously may be more inclined to divert from their
normal route than in more normal adverse weather conditions, because
routes might have become impassable, or mght be considered too
unsafe under the circumstances at hand. This will reduce the traffic
demand on these routes, while increasing the demand on other ones.)
The indirect effect of adverse weather conditions on the route choices
probably is larger. By affecting the traffic supply (see section 2.2.5),

¥ In the case of public transport, this larger exposure is not related to the means of
transportation themselves (as for the bicycle), but rather to the access and egress parts of the
trip, which are at least partially to be covered on foot (or by bike).

4 Actually, in these situations there also might be travelers switching from the car to the
public transport, instead of vice versa.
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adverse weather conditions affect the traffic conditions on the network
(reflected in the levels of traffic congestion). Since road users might be
i nfor med on t h e s gaffic- conditiens gseal alsodthe t
intermezzo further below), this in turn may affect the route choices. Of
course road users also mightanticipate non-standard traffic conditions,
based on the (forecasted) weather circumstances and their own
experiences regading the influence of such circumstances on the traffic
conditions. It is difficult, though, to say something about the extent of
these effects. Since the traffic conditions on alternative routes will often
be affected by the adverse weather conditions as well, probably the
route choice effects are limited.

As far as the departure time choices are concerned, adverse weather
conditions might have a direct effect by making travelers postponing
outdoor activities, resulting in the associated trips to be postponed as
well. Another reason why trips might be postponed (or brought
forward) is that people want to avoid driving in bad weather
conditions. However, in particular during the peak periods this effect is
not likely to be very large, unless (forecasted) weather conditions are
really extreme (significantly reducing the safety, or causing a traffic
chaos). Just like the route choices, the departure time choices might be
affected by the adverse weather conditions in an indirect way as well:
in view of the eff ects of the adverse weather on the traffic conditions,
travelers might decide to depart earlier or later than originally planned.
This decision is not necessarily based on information on the actual
traffic conditions, but might be motivated by past experie nces as well.

From a survey among commuters, conducted in Brussels, Khattak & De

Palma (1997) found that road users have a higher propensity to change

their departure time in response to adverse weather conditions, than to

change their route. Possible expanations identified for this are that
changing departure time might be easier, that the effect of changing
departure time is better predictable, and that alternative routes are

affected by adverse weather as well (so that route switching may not

be benefici al ) . I n another study it was
propensity to change departure time or route is much greater during

the a.m. peak than during the p.m. peak (Hranac et al, 2006). A
possible explanation for this might b e
destination in time is larger for the home-to-work trips than for the

return trips.

So far, this section has concentrated on adverse weather conditions.
However, beautiful weather conditions (i.e. sunny skies and high
temperatures) may make traffic demands deviate from their
-representative- values as well. Aft el
attract more visitors in such situations, resulting in extra traffic on the
relations to these destinations. This effect is confirmed by a study
conducted by Cools et al. (2008). They found relatively high
correlations between the daily temperature maxima and the daily traffic
intensities, in particular for a highway that is one of the access roads to
the Belgian seashore (and consequently is typified by a largeraction of
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leisure traffic). For this road, correlation with the sunshine duration is
relatively high as well.

Good weather conditions also might stimulate people to take the
bicycle instead of the car (resulting in a decrease of the traffic demand),
but this will only concern the shorter distance trips. For given car trips,
route choices and departure time choices are not very likely to be
significantly affected by summery weather conditions.

In literature, the quantitative effects of weather condition s on traffic

demand are generally studied in terms of changes in daily traffic
volumes on some selected road sections. Chung et al. (2005) studied
the effect of rain on traffic demand measured on the Tokyo

Metropolitan Expressway, and found that on rainy d ays traffic demand

was lower. For weekdays an average reduction in the daily number of
trips of about 3 percent was found. For weekend days, a much larger
reduction was found. Chung et al. note that this difference can easily

be explained by a difference in travel purposes of the road users. On
weekdays, most of the trips are work-related. These trips are typically
not very flexible. On weekend days however there are less work-

related trips and more leisurerelated trips. The latter are typically more
flexible. Hanbali and Kuemmel found a similar difference in the
reductions in hourly traffic volumes due to snowstorms®: on weekdays
and especially during peak hours smaller reductions in hourly traffic
volumes were observed (see Hranac et al, 2006).

Hogema (1996) investigated the effects of rain on traffic volume for a
location on the Dutch A16 motorway. However, no significant effect on

the total daily traffic volume was found. Therefore, Hogema concluded
that, apparently, rain does not cause a major modality shift towards the
private car. Changnon (1996) studied the effects of rain on daily traffic
volume using data from toll highways in the Chicago area (daily
numbers of vehicles entering the toll roads at each of three
interchanges). The results revealed tlat rain on weekdays had no
measurable effect, while for rainy weekends a 9% decrease was found.

Keay and Simmons (1995) analyzed data for two freeways in the
Melbourne metropolitan area. In general, traffic volume appeared to be
reduced on wet days. The larger the amount of rainfall, the larger this
reduction tended to be. However, the effects were significant only for
the winter and the spring (as well as for the year as a whole). For the
winter period, a reduction in the daily volume of 1.35% was found,
and for the spring period a reduction of 2.11%. Keay and Simmons also
analyzed the effects separately for daytime and nighttime periods. For
daytime rainfall reductions of 1.86% (winter) and 2.16% (spring) were
obtained, while for nighttime rainfall reduct ions of 0.87% (winter) and
2.91% (spring) were found.

5 Using traffic data from highways and freeways outside of urban areas in lllinois, Minnesota,
New York, and Wisconsin (USA).
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Figure 2.11: Average numbers of
days with precipitation per month in
the Netherlands

(Based on data from KNMI, 2002)

Cools et al. (2008) studied the effects of weather conditions on daily
traffic intensities measured on four highway traffic count locations on
the Belgium highway network. It was found that snowfall, rainfall and
wind result in smaller traffic volumes, while high temperatures result in
larger traffic volumes. The effects turned out to be rather different for
different count locations. Cools et al. indicate that these differences
can be (partially) explained by differences in the travel purposes of the
road users. As mentioned previously, leisure activities are typically more
flexible than work activities. Consequently, on roads with a lot of
leisure traffic, traffic volumes will react more strongly to the weather
conditions than on roads with a lot of commuter traffic. (Analogous to
the previously discussed finding that in time periods with a relatively
large share of leisure traffic larger effects on the traffic volumes are
observed than in time periods with a lot of commuter traffic.)

- Frequencies of occurrence-

Besides the effects of different weather conditions on the traffic
demands, of course their frequencies should be addressed as well. In
the Netherlands, precipitation occurs on average abou 7% of the time
(KNMI, 2002). Since precipitation usually lasts only for a limited part of
the day, the average percentage of days on which precipitation occurs
is much larger though. Figure 2.11 shows the average numbers of days
with precipitation for the various months of the year (for different
threshold values). In autumn and winter days with precipitation clearly
occur more frequently than in spring and summer. It should be noted
however that the average intensity of precipitation in summer is
relatively high (due to the occurrence of heavy showers). In terms of
the total amount of precipitation, this partially compensates for the
shorter precipitation duration.
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In the Netherlands, the largest part of the precipitation is rain. Only
about 3% of it is snow (Buishand and Velds, 1980). On average, on 25
days a year snowfall isreported (see Figure 2.12). Mostly the amount
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Figure 2.12: Average monthly
numbers of days with snow
(Based on data from KNMI, 2002)

Figure 2.13: Average numbers of
summery days per month in the
Netherlands

(Based on data from KNMI, 2002)

of snow is limited however, and often it falls down in the form of sleet
(i.e. snow that is melting away). On average, 19 days a year a (closed)
snow cover is observed in the Netherlands. This number shows a large
variation from year to year however (ranging from zero to a number
much larger than 19) (KNMI, 2009b). Black ice occurs nearly every
winter (November - mid March) one or more times, on average on
about 2-5 days (KNMI, 2009b; Huiskamp, 2010).

average number of days with snow

Jan Feb Mar Apr May June July Aug Sept Oct MNov Dec

month

The frequency of occurrence of beautiful weather conditions is dealt
with by considering the number of summery days. According to the
definition used by the KNMI (the Dutch national meteorol ogical
institute) these are days with a maximum temperature higher than
25°C. Figure 2.13 shows the average number of summery days for the
different months of the year.

average number of summery days

Jan Feb Mar Apr

May June July Aug Sept Oct Nov Dec

month
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7) Road works
- Effects-

The presence of road works might result in a reduction of the traffic
demand for the road sections in question. This reduction can be
effected in three ways:

- If the road works have been announced, part of the road users
will be informed on them in advanced. In view of possible traffic
congestion problems, these road users might decide to avoid
using the road sections in question during the peak periods (by
opting for another route, departure time, transport mode or
destination, or even canceling their trip altogether), resulting in a
decrease of the traffic demand.

The road authority might also go one step further than just
providing information in order to prevent traffic chaos from
occurring. Examples of more active forms of demand
management are rewarding systems (systems in which road users
are rewarded for avoiding the affected road sections during the
peak periods) and temporary reductions on public transport fares.
The most drastic demand reducing measure applied in practice
(except for the complete closure of the road) is the closure of on-
and off-ramps in the work zone.

- If the road works last for several days (or even longer), road users
might adapt their travel behavior based on their own
experiences: if their travel times are increased due to the road
works, they may switch to another route, departure time,
transport mode or destination, or even decide to stay at home.

- Based on traffic information received before departure or during
the trip (possibly reporting on traffic congestion caused by the
road works), travelers might decide to avoid using the road
sections in question. (See also the intermezzo below.)

Of course on other routes (or on the same route, but at other moments
in time) just the opposite effect might occur: on these routes (or
moments in time) traffic demand might be increased, due to diverting
traffic.

The magnitude of the demand effects of road works obviously will be
dependent on the specific situation at hand (i.e. the remaining capacity,
relative to the traffic demand under normal circumstances; the duration
of the road works; the availability of alternative travel options; the
traffic and demand management measures taken by the road authority;
etc.). An example of the magnitude of the effects can be found in
(AVV, 2002c), which discusses the traffic effects of a large scale oad
maintenance project on a part of the beltway of Amsterdam (the A10 -
West), carried out in the summer of 2001. Beforehand, it was expected
that the road works would cause a traffic chaos. However, this traffic
chaos did not materialize, largely due to the fact that the traffic volume
on the A10-West was reduced by 38%.
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This reduction in traffic demand can mainly be attributed to the closure
of on- and off-ramps in the work zone, and the intensive information
campaign. Especially local traffic (i.e. with arigin and destination within
the area around the A10-West) changed its behavior. The most
important change that was observed in the travel behavior was the
-forced- choice for another rout e. Tt
volumes on surrounding motorways, and particularly in a sharp increase
of the traffic volumes on the surrounding on - and off-ramps and the
urban network. On the surrounding motorways the usual congestion
was not substantially increased, but on the urban network a lot more
traffic congestion did occur. Only 10% of the road users switched to
another transport mode (one half of which to the public transport, and
the other half to the bike), in spite of the measures taken to stimulate
this. It turned out that the road works did not result i n less trips being
made. (The total amount of trips was reduced by a few percent, but
this reduction was due to the vacation period and public holidays.)

A large part of the road users changed their departure time during the
road works (in the morning peak 60% and in the evening peak 70%).
However, the average changes were limited to a few minutes only. In
the morning peak the average departure time was 5 minutes earlier,
and in the evening peak 8 minutes. According to Scholtens (2001) the
peak in the traffic demand was somewhat leveled off in the period of
the road works.

Another example of the magnitude of the effects of road works on the

traffic demand can be found in (AVV, 2006), which gives an evaluation

of the effectiveness of the mobility management measures that were
taken to reduce the (peak period) traffic demand during the large -scale
road maintenance project on another part of the motorway network

around Amsterdam (the A4 and A10-South), that took place in the
summer of 2006. These measures inalded the provision of a public
transport card to people working in the region, and the implementation

of an extensive media campaign.

In this case the traffic demand in the morning peak was reduced by 8
to 15%, and the traffic demand in the evening peak by 5 to 9%. The
contribution of the mobility management measures to this reduction
was substantial (5%). Among the commuters that had received a public
transport card, the modal share of the public transport was increased
from 23% to 43%. Among the cardhold ers that continued to use their
car during the road works, a substantial shift in route choice was
observed. The group of commuters that uses the A4 and/or A10-South
four or more times a week was reduced by a quarter in the period of
the road works. The road works and/or provision of the public
transport card did not result in unambiguous changes in the departure
times of the travelers.

In (Scholtens, 2001) it is stated that a rule of thumb for road works on

major roads is that the traffic volume is reduced by half. One half of

this reduction is due to road users diverting to parallel roads. Usually it
remains unclear where the other half went.
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Note that all figures mentioned in the above are related to large-scale
road works. In case of smaller road woiks (with a shorter duration
and/or a smaller effect on the available capacity) obviously the demand
effects will be more limited. In case of emergency repairs,road users
will not be able to anticipate the road works (by adjusting their travel
choices), unless they receive some traffic information on these before
departure or during the trip.

- Frequency of occurrence-

Without information on their frequency of occurrence (and duration),
the effects of road works on the traffic demand of course do not say
much about the actual impact on the traffic conditions. For these
aspects (i.e. frequency of occurrence and duration), the reader is
referred to the subsection on the effects of road works on the traffic
supply conditions (section 2.2.5).

4 Intermezzo: the influence of traffic information and past travel
experiences

Although they are not really sources of variability themselves (as
explained in section 2.2.1), traffic information and past travel
experiences certainly play a role in t
of variability, as was already shortly mentioned in the discussions on

the demand effects of varying weather conditions and road works.

Therefore, in this intermezzo these factors are considered in some more

detail.

First of all the influence of traffic information is considered. Based on
information regarding the actual traffic conditions (obtained from for

example the internet, the radio, a real-time navigation system or a

roadside variable message sign), travelers can adapt their travel choices

to these conditions, which will affect the traffic demand. In the
Netherlands, about 45% of the users of the main road network

regularly use traffic information before departing. During the trip this

percentage even amounts to about 55% (AVV, 2006b). Of course, the

use of traffic information in itself certainly does not necessarily mean

t hat one adapts one- dlonlyrba the tasedfhihei c e s .
traffic information gives sufficient reason for this (that is, if the actual

traffic conditions differ sufficiently from those initially expected).
Furthermore, the purpose of using traffic information might also be to
justreduce one-s uncertainty regarding the
wi || face, rather than enabling a reco

It should be noted that in subsection 2.3.3 the effect of traffic
information is shortly returned to, insofar as the influence on route
choice is concerned. That subsection deals with the route choice effect
of traffic congestion (one of the network effects of traffic congestion,
which are discussed in section 2.3), in which traffic information
obviously plays an important role.
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Figure 2.14: The influence of traffic
information and past travel
experiences

Besi des traffic informati on, road
make them adapt their travel choices as well (again affecting the traffic
demand). If a road user experiences an above average travel time on a
certain day, he might for instance decide to take another route on the
next day. In view of the fact that in travel behavior habit formation
plays an important role, it is doubtful however whether thi s process is
really significant. If the experienced traffic conditions have a specific
causethough, adjustments in the travel behavior are much more likely.
For example, if a road user experiences traffic congestion due to a
newly started road maintenance project, it is not unlikely at all that this
road user will adapt his habitual travel behavior, until the road works
have finished.

As illustrated in Figure 2.14, the effects of traffic information and past
travel experiences in fact form a feedback mechanism from the
variability in the traffic conditions to the variations in traffic demand (at
two different timescales). Due to this mechanism, the final effect of the
sources of demand variability actually may congst of two components:
a direct component and an indirect one.
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8) Strike actions

On days with large-scale strike actions, traffic demands in the peak
periods might be substantial lower (due to a reduction in the amount of
commuters). The size of the effect on the demand is strongly
dependent on the scale of the strike actions and the professional
groups involved. Furthermore, the size of the effect may vary from
region to region.
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A special situation occurs if the strike is in public transport. In this case,
traffic demands are likely to be higher instead of lower, because of
travelers switching from a public transport mode to the car.

The frequency of occurrence of large-scale strike actions however is
rather low. Therefore, they cannot really be considered a source of
daily variability in traffic congestion. For this reason, the influence of
strike actions will not be given any further consideration in this thesis.

9) Emergencies

(Imminent) emergencies or disasters, like floods, terrorist attacks or
chemical accidents, might lead to large streams of refugees. In
situations in which an evacuation plan is put into effect, this process
will take place in a more orderly fashion than in other situations. In
both cases however traffic demands will be very large. In the rest o
this thesis no further consideration will be given to this kind of
situations. The focus of this research project after all is ondaily traffic
congestion. Because of the very small frequencies/probabilities of
occurrence, traffic congestion due to emergencies falls outside this
scope.

10) Other variations in human travel behavior

The factors discussed above do not fully explain the variations in traffic
demand. Ultimately the variations in traffic demand are to a large
extent the result of variations in peopl es- activi
variations typically cannot completely be explained by a limited set of
factors (no matter how large this set is chosen). As a result, the
variations in traffic demand cannot be fully explained either.

From some literature referred to in (Weijermars, 2007) it can be
concluded that, relatively speaking, the remaining (i.e. unexplained)
variation is probably not very large:

- in a study on the relation between weather conditions and daily
traffic volumes, it turned out to b e possible to explain 95% of
the variation in daily traffic volumes on two Australian freeways
using a linear regression model incorporating trend, day of the
week, holidays, and weather effects.

- in a study on the classification of traffic data time series it was
found that 75% of the variation in hourly traffic volumes in
Vienna could be explained by differences between
measurement locations, time of day, type of day, season, and
weather conditions, while the residual 25% of the variation can
be partly attributed to road works.

As was already noted before, various studies show that the (dayto-

day) demand variability is larger for weekend days than for weekdays.
This larger variability can be explained by the fact that people have less
fixed activity patt erns on weekend days. Due to the larger flexibility in

the activity patterns, there is also a larger sensitivity to variations in the
weather conditions, as discussed before.

43 Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic

t



While the unexplained variation from a relative perspective may be
limited, from an absolute perspective it might still be an important
factor however. This is due to the fact that the relationship between
traffic demand and traffic congestion (expressed in for instance travel
times) is not linear. A small difference in traffic demand may just make
the difference between the traffic remaining free flowing and the traffic

flow breaking down to a congested state (resulting in a queue that
might continue to grow for some time).

2.2.5 Sources of temporal fluctuations in the supply
1) Adverse weather conditions
- Effects-

Adverse weather conditions (rain, snow, black ice, fog) may seriously
affect the traffic supply, by reducing driving speeds and road capacity.

Snow and black ice can result in a slippery road surface. To a more
limited extent, rainy weather conditions can have a similar effect.

Furthermore, fog and precipitation (especially snow) can significantly
reduce visibility. Low sun can affect the visibility as well. Drivers deal
with these effects by reducing their speeds and keeping larger

headways. This results in road capacities being lower in this kind of
circumstances. The capacity might also be reduced due to a reduction
of the number of available lanes: snow, black ice or flooding may make

one or more lanes (or even an entire road section) impassable.

On roads with a rush-hour lane (i.e. an extra lane which is only used
during periods with a high traffic demand), weather conditions might

also affect the capacity by prohibiting the opening of this additional

lane. If visibility is bad (like during fog), it cannot be verified * using the
cameras installed for this purpose+ whether there are no obstacles on
this lane. As a consequence therush-hour lane has to remain closed for
traffic, resulting in the capacity to be lower than usual for the traffic

demand level at hand. Also in situations with snow or black ice on the
road surface it might be necessary to keep therush-hour lane closed.

Of course the actual size of the reductions in speed and capacity is
dependent on the type of weather conditions and their intensity. In
addition, it might be dependent on the type of road surface. The more
porous the asphalt is, the better it drains. This results in a reduction of
splash and spray (improving visibility) and a reduction of the road
slipperiness (reducing the risk of hydroplaning). This might result in the
speed and capacity reductions during rainy weather to be smaller.

Since weather conditions might have various spatial scales (ranging
from a large rain belt to a local shower) their effects on the traffic
supply can be either network-wide or local.
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There is quite a lot of literature on the effects of weather conditions on
speed and capacity, based on empirical investigations. The results of
these studies are difficult to compare however, since:
- The investigations are performed for different regions across the
world. Consequently there might very well be differences in the
characteristics of the adverse weather conditions and the road
user s - response t o t heere likethadi ti o
familiarity with the weather conditions, the drainage quality of
the road surface, and the quality of snow clearing activities play a
role (Hranac et al, 2006).
- There are methodological differences between the various
studies, like differencesin the time interval that is chosen for the
analysis and differences in the classification of the weather
conditions (i.e. the distinction be
conditions and a possible further breakdown of the latter).

Furthermore, not all results are very reliable/accurate, due to:

- the use of rather limited data sets (i.e. data for a limited nhumber
of time intervals and/or a limited humber of locations),

- the use of weather data measured at a location at a quite a
distance from the road (possbly resulting in errors in the weather
conditions used in the analyses), and

- the use of too long time intervals (for which the weather
conditions cannot accurately be characterized anymore by single
values for the time interval as a whole*)

Quantitative effects of rain

On the basis of other literature, in (AVV, 2002) it is proposed to use

the following reduction percentages for the (free flow) capacity during

rainy weather (as compared with the ca
8% in case of closed asghalt, and 5% in case of very porous asphalt.

More recently, Brilon et al. (2005) derived the capacity distribution for

a large set of German freeway sections (using empirical data),
separately for dry road surface conditions and wet road surface
conditions. For all sections a very clear reduction in capacity of around

11% was found for wet conditions (as compared with the capacity

under dry conditions).

Smith et al (2003) made a distinction between light rain (0.25 to 6.35
mm/h) and heavy rain (> 6.35 mm/h ). Based on empirical data for two
freeway links in Virginia (United States), they found capacity reduction
factors of 4% to 10% for light rain and 25% to 30% for heavy rain.
Agarwal et al (2005) conducted an extensive study on the freeway
network of Minne apolis and St. Paul (including several interstates and
trunk highways built to freeway design standards). For light rain (0.25
to 6.35 mm/h) they found more or less the same result as Smith et al: a
reduction of 5% to 10%. For heavy rain however they found a smaller
reduction than Smith et al: 10% to 17%. Hranac et al (2006)

6 Consider for example the fact that a short but very heavy shower and a prolonged rainfall
with a modest precipitation rate might both yield the same precipitation measurement over a

time interval of one hour, which implies that a time interval of one hour is in fact too long.
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conducted an even more extensive study on freeways (or highways) in
three major metropolitan areas in the United States (Seattle, Baltimore,
and MinneapolistSt. Paul). They found a congant capacity reduction of
10% to 11% for rainy weather, independent of the rainfall rate (within
the range of 0 to 17 mm/h). Chung et al (2005) analyzed the impact of
rainfall of various intensities on the capacity of a number of sections of
the Tokyo Metropolitan Expressway. They found a capacity reduction
of 4% to 7% for light rain (1 mm/h), increasing up to 8% to 14% for
heavy rain (10-20 mm/h).

For the (uncongested) speed reductions due to wet road conditions,
Brilon and Ponzlet (1996) found values of about 9.5 km/h on two -lane
roadways and 12 km/h on three -lane roadways”. It should be noted

however that these values were established for a set of German
autobahns without a speed limit. In situations with a speed limit the

reductions can be expected tobe smaller. Nevertheless, Hogema (1996)
found a rather similar result for a motorway with a speed limit (the
Dutch A16): in rainy weather the mean speed turned out to be 11

km/h lower than in dry conditions .

In the same research project as referred to alove, Smith et al (2003)
found reductions of 5 to 6 km/h (corresponding to 5% to 6.5%) for
both light and heavy rain. Argawal et al (2005) found reductions of the
same order of magnitude. Hranac et al (2006) made a distinction
between the effect on the free speed and the effect on the speedat-
capacity. The effects were found to generally increase with rain
intensity. For the free speedthe reduction factor was found to increase
from 2% -3.6% for light rain (< 0.1 mm/h) up to 6% -9% at a rain
intensity of approximately 16 mm/h. For the speed-at-capacity the
reduction factor was found to increase from 8% -10% for light rain up
to 8% -14% at a rain intensity of approximately 16 mm/h. In their
investigation of the weather effects on the performance of the Tokyo
Metropolitan Expressway, Chung et al (2005) calculated the reduction
in the median free flow speed (for flow rates O 500 veh/h/lane) for
various rainfall rates. This resulted in a reduction factor of 4.5% for a
rainfall rate of 0-1 mm/h, increasing up to 8.2% for a rainfall rate of 5 -
10 mm/h (relative to a median free flow speed of 77.7 km/h under dry
conditions).

Quantitative effects of snow

Obviously, snow can have very detrimental effects on the
(uncongested) speeds and the capacity. The magnitude of the effects,
however, will strongly depend on the snowfall rate, on whether it falls
in the form of sleetorinthe f or m of -dry- snow,

7 Using these reductions in (uncorgested) speeds, Brilon and Ponzlet also estimated the
reductions in capacity. For two-lane roadways a capacity reduction of 350 veh/h was found,
and for three-lane roadways a capacity reduction of more than 500 veh/h, both
corresponding to roughly 10% of t he capacity under dry conditions.

18 |t should be noted that in his analysis, Hogema only considered situations with relatively low
traffic volumes (well below capacity).
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Table 2.6: Reductions in capacity and
uncongested speeds for various
snowfall rates

(Source: Agarwal et al, 2005)

which the road authority succeeds in keeping the road clear from a
show cover. The Highway Capacity Manual (TRB, 2000) points at the
fact that if snow -clearing operations cannot keep the road reasonably
clear, the snow accumulation will obscure the lane markings. According
to the HCM, observation suggests that drivers often seek not only
larger headways in that situation, but also larger lateral clearances. This
results in a three-lane roadway being used as if it had only two (widely
separated) lanes. Obviously, this effect alone already results in a
significant reduction of the capacity.

Table 2.6 shows the reductions in capacity and uncongested speeds for
various snowfall rates, as found by Agarwal et al (2005). Larger
snowfall rates clearly have a larger impact. Remarkably, Hranac et al
(2006) found that the capacity reduction is not dependent on the snow
intensity*. They found a value of 12% to 20% for this capacity
reduction. In contrast to this capacity reduction, the reductions in speed
were found to typically increase with snow intensity. For both the free
speed and the speedat-capacity the reduction factor was found to
range from 5% -16% (light snow: 0.1 mm/h %) up to 5%-19% (at a
snow intensity of approximately 3 mm/h #). As reflected by the large
bandwidths, the results for the different metropolitan areas were rather
different however.

Snowfall rate (mm/h) | Capacity reduction | Uncongested speed reductiorf*
0x1.3 3%-5% 3%-5%

15+127 6% -13% 7% -10%

>12.7 19%-27% 11%-15%

Quantitative effects of other weather conditions

Agarwal et al (2005) also considered the effects of temperature, wind
(in the opposite direction of travel) and reduced visibility (due to fog
events) on capacity and (uncongested) operating speeds. No significant
effects were found, however, for wind and temperature (except for
temperatures below -20°C). For reduced Vvisibility conditions
(corresponding to a visibility below one mile®) a capacity reduction of
10% to 12% was found. The (uncongested) operating speeds were
found to be reduced by about 7% for visibilities between 0.4 and 1.6
km, and by about 12% for visibilities below 0.4 km.

It is conceivable that low sun conditions can affect the capacity and
operating speeds as well. After all, depending on the orientation of the
road, the visibility can be seriously reduced if the sun is low in the sky.
Nevertheless, there is little literature on the influence of this
phenomenon.

% This however might be due to the fact that in their analyses, Hranac et al. consideed
visibility as a separate factor, concurrently with the snowfall rate (or rainfall rate). Maximum
capacity reductions in the range of 10% were observed for situations with reduced visibility.

20 expressed in theliquid -equivalent precipitation rate

2 average reference speed: 107 km/h

22 equivalent to 1.6 km
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Figure 2.15: Comparison of the
fundamental diagram for clear
weather conditions with its
counterpart for rainy weather (left) or
snowy weather (right)

(Source: Hranac et al, 2006)

Accounting for the quantitative effects in the fundamental diagram

Based on the quantitative impacts on capacity and speeds (and some
additional information, such as the observation that the jam density is
not affected by the weather conditions: see Hranac et al, 2006) one can

construct a fundamental

diagram for

specific adverse weather

conditions. In Figure 2.15 two examples of this are shown (relating to
the MinneapolistSt. Paul area, USA), taken from (Hranac et al, 20®).
In the left half of the picture a comparison of the fundamental

di agrams for «cl

ear

weat her condi ti

(i.e. for the highest rainfall rate considered by Hranac et al.) is shown.
Similarly, in the right half of the pictur e the fundamental diagram for

tions i s
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- Frequencies of occurrence-

Without data on the frequencies of occurrence of the bad weather
conditions, the reductions in speed and capacity in these bad weather
conditions of course do not say much about their actual impact on the
traffic conditions. However, in the discussion on the demand effects of
variations in weather conditions (see section 2.2.4) already a lot of
information has been given on these frequencies, which will not be
repeated here. Some additional information relating to precipitation
rates is given however, because of their influence on the magnitude of

the effects on capacity and (uncongested) speeds.

Also, some

information on the frequency of occurrence of fog is added.

In the Netherlands, the average yearly amount of precipitation is nearly
800 mm. Given the fact that, on average, it rains about 7% of the time,

one can compute that the average precipitation rate amounts to about
1.3 mm/h. Considering time intervals of 15 minutes, on average 10
times a year a precipitation rate of more than 12 mm/h occurs (KNMI,

2009d). If time intervals of 60 minutes are considered, the precipitation
rate that (on average) is exceeded 10 times a year equals 5 mm/h.

There are some differences in rainfall between the various periods of
the day, in particular in the inland parts of the country. During the lat e
afternoon and the early evening the amount of precipitation might be
up to several tens of percents higher than during the morning or night,
in these parts of the country (see Buishand and Velds, 1980).
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The probability of fog is largest in the period just before sunrise (KNMI,
2008). After the sunrise the probability gradually decreases, and during
the nighttime it gradually increases again. Over a whole year, there are

about 40 ~-fog days- in the Netherl and:
does not mean that traffic is impeded on all of these days. A day is
considered to be a -fog day- already

day visibility is below 1 km. Traffic is only hindered if visibility is
reduced to below 400 m. Since there are about 15 days in a yea on

which a visibility below 200 m is reported, and about 35 days on which

a visibility below 500 m is registered (see KNMI, 2009), the yearly
number of days with a visibility below 400 m will be somewhere in

between. In the Netherlands, the frequency of fog is largest in the
period between October and January (KNMI, 2008). In the spring and

summer there are fewer fog days. Furthermore, the fog dissolves faster
in the summer. In the autumn and winter sometimes the fog remains all
day.

2) Luminance
- Effects -

Besides the weather conditions, luminance conditions affect the traffic
supply as well. Darkness may result in a (limited) reduction of driving
speeds and capacity, as compared with the situation during daylight.
AVV (2002) states that in research dudies an average capacity
reduction of 5% is found (in otherwise ideal circumstances). It should
be noted, however, that this reduction is strongly dependent on
location. In case of street lighting the decrease in capacity might be
lower.

More recently, in the same study as referred to earlier, Brilon et al.
(2005) found contrasting results. They clearly found that darkness does
not shift the capacity distribution of German freeway sections. On the
other hand, Chung et al (2006) found the capacity during daybreak
(i.e. in poor natural lighting conditions) to be 12.8% lower than during
daylight. This effect cannot be attributed to drivers being blinded by
the sun in the daybreak period, since they were not facing the sun. This
result was obtained from data from only one location however, making
it impossible to draw firm conclusions. Moreover this was a location on
the Tokyo Metropolitan Expressway. In all likelihood the situation on
German autobahns is more representative for the situation on the
Dutch moto rways than the situation on a Japanese expressway.

As far as the effect on the uncongested speeds is concerned, Brilon and
Ponzlet (1996) found that darkness causes an average reduction of
about 5 km/h. It should be noted however that this result was obta ined
for German autobahns without a speed limit. Obviously, in situations
with a speed limit the reduction could be smaller.
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- Frequency of occurrence-

Based on the sunset and sunrise times for all days of the year,
Meeuwissen et al (2004) calculated the relative frequencies of darkness
for the peak periods and the off-peak periods in the Netherlands. For
the peak periods (7:00 - 9:00 plus 16:00 - 18:00) a value of 22% was
found, and for the off -peak periods (6:00 - 7:00, 9:00 - 16:00, and
18:00 - 24:00) a value of 35%.

3) Road works
- Effects-

Road works create variability in the traffic supply characteristics in two
ways:

- During road works the speed limit is temporarily lowered over the
length of the work zone. Usually the speed limit is set at 70
km/h. Sometimes speed limits of 90 km/h or 50 km/h are
imposed, however.

- During road works, the capacity of the road section in question is
reduced. This can be due to a reduction in the number of
available lanes and a less efficient use of the (remaining lanes.
This less efficient use of the (remaining) lanes, typically reducing
their capacity by roughly 20 to 40%, might be due to a reduction
in the width of the lanes, shifts in the course of the roadway, the
lowered speed limit (if lowered to 50 or 70 km/h), and the
distracting effect of the ongoing activities. As a result of this
effect, the capacity is reduced even when only the hard shoulder
is closed.

Obviously, road works only affect the traffic supply characteristics on
the road sections on which the road works take place. This is in contrast
with the earlier discussed effects of darkness and adverse weather
conditions, which are (or might be) network -wide. The road works
might be limited to one single location, or cover an entire road stretch.
The speed effect wildl only affect
degree in the latter case. The capacity effect however might have very
detrimental consequences already if the road works are limited to only
one single location.

A general value for the capacity effect of road works cannot be given.
This is due to the fact that work zones are found in many different
configurations, ranging from a simple closure of the hard shoulder to
settings in which traffic in one of both directions is diverted o ver the
roadway in the opposite direction. Occasionally also full road closures
occur (mostly during weekends or during the night). The capacity
reduction is not only dependent on the configuration of the work zone
though. Other factors involved are the wi dth of the (remaining) lanes,
the speed limit, the duration of the road works (because of the process
of habituation), and the type and intensity of the activities in the work
zone (in connection with attention distraction). In (AVV, 2002) for a
large set of lane configurations and width reductions, values for the
reduced capacities are given, measured or estimated for work zones on
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Dutch motorways. In combination with a database containing
information on all road works on the Dutch motorway network (insofa r
as these have been registered), it would in principle be possible to
construct an approximate # relative frequency distribution of the
capacity effects of motorway road works.

- Frequency of occurrence-

The Dutch road authority strives to minimize the impacts of road works
on the traffic conditions. Therefore the vast majority of the road works

are carried out during the evening and night periods. Only a very

limited part is executed during the peak periods, and even then mostly
on days or road stretches on which the traffic demands are not very
high (Rand Europe, 2004). However, it is of course not always possible
to avoid carrying out road works during busy periods or on busy
locations. Some types of (major) road works simply take a rather long
period, which almost inevitably will contain certain periods with high

levels of traffic demand as well. Furthermore, sometimes emergency
repairs need to be carried out, which cannot wait until the traffic

demand is lower.

Figure 2.16 shows the frequency distribution of the starting times of all
reported road works on the Dutch main road network in 2002. In
Figure 2.17, the frequency distribution of their duration is shown. If
information on the starting time of the road works is combined with
information on their duration, a histogram can be constructed of the
numbers of road works that have been going on during the different
hours of the day. This histogram is shown in Figure 2.18. It should be
noted that the road works that took longer than 24 hours are excluded
from the histogram. Expressed innumbers, these road works form only
a few percent of the total amount of road works. Because of their long
durations, they form a rather large part of the total duration of road
works though. Note that including these road works in the histogram
would not alter the absolute differences in the histogram, however. For
all time intervals (i.e. hours of the day) the frequency would be raised
by about the same amount (which is roughly estimated at around
10,000).

Besides the start time and duration of the road works, of course also
the length of the work zones is of importance. Information on the

length of work zones can be found in the database mentioned above.
Probably there is a rough relationship between the length and the
duration of road works. On average, a longer length will correspond to

a longer duration.

ZNote that this distribution would only be an
would not be possible to fully account for the influences of the duration of the road works,

the speed limit, and the intensity and type of the ongoing activities. Moreover, the
unregistered part of the road works might introduce a bias in the calculated distribution.
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Figure 2.16: Frequency distribution
of the starting time of the road works
reported over 2002

(Source: AVV, 2003)

Figure 2.17: Frequency distribution
of the duration of the road works
reported over 2002

(Source: AVV, 2003)

Figure 2.18: Numbers of road works
reported over 2002 that have been
going on during the different hours
of the day

(Approximation, based on data from
AVV, 2003)%*
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2 Only including the road works that started between Monday 0:00 hours and Friday 19:00

hours, and excluding the road works that took longer than 24 hours.
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In Figure 2.19 the distribution of the reported ro ad works over the
months of the year is shown. Apparently, both in the summer period
and in the winter period there is a dip in the number of road works
carried out. The dip in the summer period probably is related to the
vacation period. The dip in the winter period might be related to the
weather conditions. In the autumn the number of road works appears
to be relatively large. In 2001 the monthly numbers of road works were
highest in the autumn as well, although the difference with the other
months was smaller (AVV, 2002b).

Figure 2.19: Number of reported road 5000 -
works per month in 2002
(Source: AVV, 2003) 4500 4
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4) Incidents
- Definition -

In this thesis incidents are defined as unpredictable shoriterm events
(with durations ranging from a few minutes to a few hours) that affect
traffic operations by strongly reducing the available capacity and/or the
(uncongested) traffic speed. There a many different types of incidents:
accidents, vehicle breakdowns, cargo spills, technical malfunctioning of
roadside equipment (like traffic control devices, bridges, and tunnel
safety systems), oil spills, roadside fires, tunnel closures triggered by
vehicles exceedingthe height restriction, events alongside the road that
di stract drivers- attention from the
difference between incidents and accidents. Accidents are just one of
many categories of incidents.

Incidents occur such frequently in practice that they certainly can be
considered to be contributing to daily traffic congestion. On routes of

30 kilometers or more, on average once every five days the travel time
is influenced by an incident (Transpute, 2003). In 2000, around 21% of
the total number of lost vehicle hours was caused by accidents
(Kouwenhoven et al, 2006).

- Effects-

Incidents affect the traffic operations by locally reducing the available
capacity and/or reducing the traffic speed, during a certain amount of
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Table 2.7: Fraction of freeway
capacity available under incident
conditions

(Source: PB Farradyne, 2000)

time. Since the reduction in traffic speed occurs only locally (not
counting the speed reductions due to the emergence of traffic
congestion, caused by the reduction in capacity), its effect on (origin-
destination) travel times is very limited. The reduction of the available
capacity might have a much larger effect. Therefore, this reduction in
capacity is discussed in more detail below.

Obviously, incidents can physically affect the available capacity by
blocking one or more of the lanes (or even the complete roadway).
However, the capacity is reduced as well due to the (remaining) lanes
being used less efficiently during incident situations. This is the result of
the driving behavior being different than during normal (i.e. non -
incident) conditions. Probably to a large extent this difference in driving

behavior can be attributed to t he

attention away from the driving task. This results in drivers reducing
speeds and increasing headways, by which the capacity is reduced.

Incidents do not only affect the capacity of the roadway in question.
The capacity of the roadway in the opposite direction is affected as
well. Since there is no physical capacity reduction in this direction, in
this case the capacity reduction can be fully atributed to diverted
attention (i.e. drivers trying to see what is going on).

On both roadways most likely both the free flow capacity and the
gueue discharge rateare affected. Knoop (2009) states that to the best
of his knowledge there has been no research into the effect on the free
flow capacity. The reduction in queue discharge rate, however, has
been investigated in several studies.

f

a ¢

I n t he Us -Traffic |l nci dent Managemenr

2000) a table is included that shows the percentage remaining capacity
under a variety of incident conditions (ranging from shoulder
disablement to three lanes blocked) for freeways with various numbers
of lanes (Table 2.7). It should be noted, however, that this table is

based on a mor e encompassing def i

unplanned work zone activities are considered to be incidents, while in
this thesis these are considered separatelyFor unplanned work zone
activities different capacity reduction factors may apply than for other
incidents. Furthermore, it should be noted that the capacity reduction
factors in the Netherlands might have different values than those found
in the United States. The table clearly illustrates that an incident
reduces the roadway capacity by an amount far greater than the
physical reduction in the number of available lanes.

NUMBER OF LANES BLOCKED
FREEWAY
LANES IN EACH SHOULDER SHOULDER ONE TWO THREE

DIRECTION DISABLEMENT | ACCIDENT
2 0.95 0.81 0.35 0.00 N/A
3 0.99 0.83 0.49 0.17 0.00
4 0.99 0.85 0.58 0.25 0.13
5 0.99 0.87 0.65 0.40 0.20
6 0.99 0.89 0.71 0.50 0.25
7 0.99 0.91 0.75 0.57 0.36
8 0.99 0.93 0.78 0.63 0.41
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Based on empirical data, Knoop (2009) determined the reduction in
gueue discharge rate for 90 incidents on a few Dutch motorway
stretches (all of them with 3 lanes in each direction). The analyss was
limited to accidents that resulted in one or more (driving) lanes being
closed and vehicle break downs that resulted in the hard shoulder being
occupied. For each incident, Knoop calculated the ratio of the queue
discharge rate during that incident and the queue discharge rate at the
same |l ocation in nor mal
Subsequently, for all four incident types the mean and the standard
deviation of this ratio were calculated. Table 2.8 shows the results that
were obtained. As explained before, the reductions in queue discharge
rate are the combined result of a reduction in the number of available
lanes and a less efficient use of the remaining lanes. Factors expressing
this reduced efficiency are included in the table as well.

conditions

Table 2.8: Remaining capadties Incident type | Broken down Incident on
ugdterflnud?(nt condzlgggs vehicle on 1 out of 3 2 out of 3 roadway in
(Data from Knoop, ) hard lanes blocked : lanes blocked opposite
shoulder direction

Mean value of the

capacity factor

(between brackets: 0.72 (0.09) 0.36 (0.14) 0.18 (0.12) 0.69 (0.08)

standard deviation)

Efficiency use of

remaining lanes 0.72 0.54 0.54 0.69

The reduction in queue discharge capacity in situations with an incident
on the roadway in the opposite direction is remarkably high (-31%).

This reduction is entirely due to a change in driving behavior, since
there are no lanes blocked on the roadway in question. The same
applies to the capacity reduction in situations with a vehicle on the hard
shoulder (-28%). It is remarkable that for both situations in which one

or two lanes are blocked the same value is found for the efficiency of

the use of the remaining lanes (54%). According to Knoop (2009) this

means that both situations lead to the same behavioral effects.

When comparing these values with those found in the United States

(Table 2.7), the capacity reductions found in the Netherlands turn out

to be relatively high, except for situations in which two of the three

lanes are blocked. This difference might be due to differences in the
definitionused for =i nci dent s -, or due to behavi
Dutch drivers and drivers in the United States.

A special situation is found for roads with a rush-hour lane (i.e. a hard
shoulder which is used as additional lane during peak hour conditions).
For such roads, incidents on the hard shoulder actually might also have
a physical effect on the capacity (while they normally would have an
efficiency effect only), by prohibiting the opening of the rush-hour
lane. If the hard shoulder lane is blocked, it cannot be opened for
traffic, resulting in the capacity to be lower than usual for the traffic
demand level at hand.
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Besides the magnitude of the capacity reduction, the incident duration
is a very important factor for the impact on the traffic conditions as
well. In Figure 2.20 the empirical probability distribution of the duration
of incidents on the Dutch freeway network is shown.

Figure 2.20: Distribution of incident 02 f f f —1
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Fifty percent of all incidents are cleared in 37 minutes or less. However,
the distribution is very skewed: it has a very long tail to the right. This
means that some of the incidents have a very long duration. About 8%
of the incidents even take longer than 4 hours! In view of the fact that
an incident causes a total delay that is at least proportional to the
square of its duration, this characteristic is rather detrimental for the
performance of the traffic system.

- Frequency of occurrence-

As far as the incident frequency is concerned, Immers et al. (2005) refer
to a study conducted in the United States, in which an incident
probability of 0.171 incidents per 100,000 car kilometers was found.
For a route with a length of 30 km and a daily traffic volume of 40,000
vehicles, this corresponds to a daily incident probability (i.e. the
probability of one or more incidents occurring on an arbitrary day) of:
1-(1-0.171/100,000) #%%%9=0.07 (assuming independence between the
individual vehicle kilometers).

Most incidents concern vehicle breakdowns, usually only blocking the

hard shoulder. Also in case of accidents the drivers involved often try to

move to the side of the road, resulting in only the hard shoulder being

blocked. However, in case of an accident the probability of a lane

blocking is larger than in case of a vehicle breakdown. Figure 2.21

shows an overview of the relative frequencies of occurrence of these

di fferent types of i ncident s, taken
Management Handbook- (PB Farradyne, 2
however, that these are values obtained for the United States. Values

for the Netherlands might deviate from these. Moreover, there might

be differences related to the scope of
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Figure 2.21: Relative frequencies of
occurrence of incident categories
(Based on: PB Farradyne, 2000)

incident
location

incident
type

Hard shoulder

Vehicle 80%

breakdowns

80%

Blocking lanes
20%
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As far as accidents are concerned, it is found that large differences in
rate of occurrence can be observed for different road sections. The
geometrical properties of the road sectionsturn out to be an important
factor in this respect. Accidents mainly occur at road sections with an
on or off ramp, at weaving sections, and at road sections on which one
of the lanes ends (Kraaijeveld, 2008). For vehicle breakdowns,
differences between different road sections® obviously are likely to be
smaller.

Hard shoulder

= -
incidents o
10% Blocking lanes
40%

Hard shoulder
70%

Blocking lanes
30%

To a certain extent, the occurrence of incidents is linked to the other
sources of variations in traffic demand and supply. In particular this is
the case for accidents. One of the dependencies between the
occurrence of accidents and other supply or demand variations
originates from the weather conditions (Figure 2.22). Earlier in this
chapter it was already discussed that weather conditions mighthave an
effect on traffic demand and traffic supply, the latter by affecting the

driving speeds and the headways. However, weather conditions may
also affect traffic supply by influencing the occurrence of accidents.
During certain adverse weather conditions the accident rate is
significantly higher than during good weather conditions (in spite of the

road users adapting their driving behavior). This can be attributed to a
reduced visibility (due to precipitation or fog), road surface slipperiness
(due to wet, icy or snowy road surfaces, and resulting in longer
breaking distances and increased probabilities of losing control), and
reduced vehicle stability (vehicles may be blown sideways or blown
over by strong wind gusts)

weat her -, l ow sun (shortly after

% Expressed in terms of the number of vehicle breakdownsper vehicle-kilometer, in order to
correct for differences in road section length and traffic volume.
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Figure 2.22: Relationships between
the occurrence of accidents and other
supply or demand variations, due to
the common cause -
conditions-

Figure 2.23: Average monthly
numbers of days with ice forming
(Based on data from KNMI, 2002)

also increase the accident rate, by affecting the visibility (depending on
the orientation of the roadway).

weather conditions

effect on traffic effect on speeds and effect on occurrence
demand levels headways of accidents

Based on international literature, the SWOV (2009) concludes that the
crash rate approximately doubles during rain. During nighttime the
crash rate during rainfall appears to be even larger than during
daytime. For Dutch state highways rainy conditions are reported to
result in an increase in the number of accidents of between 25% and
182%. Ice forming on the road surface is reported to result in an even
larger increase: between 77% and 245%. Nevertheless, its impact on
the total number of accidents is smaller, due to the fact that ice forming
occurs far less frequently than rain(SWOV, 2009).

For the effect of snow on the accident rate contrasting results are
found in international literature. The SWOV refers to a study in which it
was concluded that snow seems to lower the crash rate, because it
makes road users drive more caréully. Maze et al (2005) on the other
hand conclude that snowy weather greatly increases the crash rate.

For the frequencies of occurrence of rain, snow, fog and black ice, the
reader is referred to the earlier subsections on the weather effects on
traffic demand and supply. On average, ice forming occurs on about 6
days a year, asillustrated in Figure 2.23%.

w

LSl

average number of days with ice forming

0 T T T T T T T
Jan Feb Mar Apr May June July Aug Sept Oct Nov Dec

month

% |t should be noted that this figure (as well as the average frequency of 6 days a year) does
not specifically relate to ice forming on the road surface, meaning that for the road surface
somewhat different values might apply. Furthermore, ice forming on the road surface is of
course mmbatted by the road authority, which reduces the slipperiness.
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Besides the weather conditions, also the luminance conditions might be

a -~common cause- of the occurrence
supply) and other supply fluctuations, resulting in these influence
factors to be interrelated to some
fluctuati ons - refers to t he ef fect
capacity and/or speeds by a few percent, as was discussed earlier ihis
section. As far as the occurrence of accidents is concerned, it can be
assumed that in darkness the accident rate is higher, especially on
locations without street lightning. It should be noted, however, that
more (empirical or literature-based) reseach would be needed to find

out whether this indeed is the case.

The presence of road works might influence the occurrence of accidents

as well. In view of the associated discontinuities in the road geometry,
possible reductions of lane widths, and attention distraction due to
ongoing activities, the presence of road works can be expected to result

in a higher accident rate. Since road works have other effects on traffic
supply and demand as well (discussed in other parts of this chapter),

the occurrence of accidents and these other effects of road works are
interrelated to some extent. In this case these interrelationships can be
attributed to the common cause -road

Besides on the weather conditions, the luminance conditions, and the
presence of road works, the accident rate is also dependent on the
traffic conditions. Actually, this might well be the most important

influence factor of all (see Mehran & Nakamura, 2009). In several
studies (for freeways in the United States, freeways in Korea, and
expressways in Japan, respectively) it was found that the relationship
between the volume-to-capacity ratio and the accident rate follows a
general U-shape pattern (Mehran & Nakamura, 2009). This means that
the accident rate is relatively high for both low and high traffic
volumes, and lower in between.

That the accident rate is relatively high for high, free flow traffic

volumes is of course quite logical, since larger traffic volumes give rise
to more vehicle-vehicle interactions (each of which potentially might

result in the occurrence of an accident), and result in smaller vehicle
headways. If traffic is still free flowing, speeds are still rather high,
resulting in little time to react on vehicles in front of one.

That the accident rate is relatively high as well for very low traffic
volumes, might be more surprising. A possible explanation for this
might be found in the fact that mutual speed differences are relatively
large for low traffic volumes. Furthermore, it should be noted that very
low traffic volumes typically occur during nighttime, and therefore are
automatically connected to darkness and a driver population that is
different from the one at daytime #. Therefore, while being attributed to
the very low traffic volumes, in fact the higher accid ent rate might
(partially or completely) be due to differences in luminance and driver
population.

of

e X
t

’On average, the nighttime drivers might be more

especially in the weekends.
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Figure 2.24: Indirect dependency of
the occurrence of traffic accidents on
all other sources of supply and
demand variations, as well as on
itself

Likely, the occurrence of traffic congestion affects the accident rate in
two opposing ways. On the one hand, the lower speeds might result in
the accident rate being lower. On the other hand, the shock waves in
congested traffic flow cause extra traffic accidents (mainly head-tail
collisions). It is not unlikely that this latter effect is dominant. More
research would be needed, however, to find out whether this is indeed
the case.

Since the rate of occurrence of accidents is dependent on the traffic
conditions, and the traffic conditions on their turn are dependent on all
sources of variations in traffic demand and supply, in fact the rate of
occurrence of accidents is related not only to the weather conditions,
luminance conditions and the presence of road works (as discussed
above), but to all other sources of demand and supply variations as well
(although in a more indirect way). This is illustrated in Figure 2.24.
Since the occurrence of traffic accidents is one of the sources of
variations in the traffic supply itself as well, in fact the accident rate is
also dependent on itself. Of course there is a dependencyon the rate
of occurrence of the other incident types as well.

Please note that accidents are notthe only type of incidents for which
the probability of occurrence is dependent on the traffic conditions.
Some other types of incidents (like vehicle breakdwns and cargo spills)
for example are clearly dependent on the traffic volume: for larger
traffic volumes these types of incidents are more likely to occur.
Expressed in terms of the probability of occurrence per vehicle-
kilometer, these dependencies on taffic volume are smaller (or even
absent), however. Besides on the traffic volume, the probability of
occurrence of vehicle breakdowns is alsodependent on the presence of
traffic congestion: if the traffic state is severely congested, vehicle
breakdowns are more likely to occur than in free flowing traffic .

Other sources
supply and demand
variations

Traffic demand
and supply

Traffic conditions
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5) Demonstrations

During demonstrations in some cases the road traffic is impeded by
roadblocks or platoons of slow moving vehicles. Note that this kind of
actions actually might affect the traffic d emand as well (especially if
they are announced in advance, or if they last for multiple days).

The frequency of occurrence of this type of actions is rather low,
however. Therefore, they cannot really be considered a source of daily
variability in traffic congestion. For this reason, the influence of
demonstrations will not be given any further consideration in this
thesis.

6) Emergencies

Emergencies or disasters (like flooding) obviously may significantly
affect the traffic supply characteristics (i.e. the capacity and

(uncongested) operating speeds). Not only the physical conditions on
the road might be seriously deteriorated, but the driving behavior

might be significantly affected as well. After all, in (imminent)

emergency situations people might very well behave differently than

under normal conditions. In section 2.2.4 it was however already noted

that in the rest of this thesis no further consideration will be given to

this kind of situations, since they clearly cannot be considered to be
contributing to the daily variation in traffic congestion (because of their

very small frequencies/probabilities of occurrence).

7) Variations in vehicle population

The composition of the vehicle population on a road section is
constantly changing. Different vehicles have different characteristics
like length, acceleration and deceleration capabilities, and applicable
speed limit. The result of this is that the traffic supply characteristics
(i.e. the capacity and (uncongested) operating speeds) are constantly
changing as well.

A large part of this variation can be attributed to the variation in the

(relative) amount of trucks. One truck consumes a larger part of the
available capacity than one car. Expressed in the number of vehicleper
unit of time the capacity therefore is lower if the percentage of freight

traffic is larger. Besides considerable random shorterm fluctuations,

the percentage of freight traffic often shows a systematic variation over
time as well. This is due to the fact that this freight traffic is quite

evenly distributed over the day, while the other traffic is not. During

the peak periods there is a lot of commuting traffic on the road,

resulting in the percentage of freight traffic to be lower (and

consequentidly in the capacity + expressed in the number of vehicles
per unit of time =+ to be higher).

Thi s variati on i n capacity can |l argel
expressing both the traffic demand anc
equi val ent eftimef. mehis casentiucks are converted into an
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equivalent number of passenger cars. In the Netherlands, a value of 1.5
appears to be a reasonable conversion factor for this (AVV, 2002).

Geistefeldt (2009) estimated the conversion factor by determining for
which value of this factor the coefficient of variation of the (free flow)
capacity distribution becomes minimal, for a set of German freeways.
(Note that normally, if capacity distribution functions are estimated in
terms of vehicles per hour, the influence of the variations in the
percentage of heavy vehicles is not explicitly considered. This influence
is just part of the total stochastic variance of the capacity distribution
function then.) With this method, Geistefeldt found conversion factors
ranging from 1.3 to 2.6, for the different freeways considered. For an
increasing number of lanes, the estimated conversion factor tended to
decrease, indicating a smaller impact of heavy vehicles on freeway
capacity. For the estimated values of the converson factor, the
coefficient of variation of the capacity distribution was reduced by up
to 10% (as compared with the coefficient of variation of the capacity
distribution in terms of vehicles per hour#). This means that apparently
only a relatively small fraction of the capacity variation can be
attributed to the varying percentage of heavy vehicles.

Al-Kaisy et al (2002) found that the capacity effect of heavy vehicles is
larger under congested conditions than under free flow conditions. Just
like Geistefeldt, Al-Kaisy et al. estimated the conversion factor by
determining its value for which the variation of the capacity distribution
becomes minimal. However, instead of the free flow capacity, they
considered the queue discharge rate.

Mean conversion factors of 2.4 to 3.2 were found (with the highest
value for a sloping road section). In addition, it was found that the
conversion factor in fact is a random variable, which generally follows a
normal distribution. This can be explained by variations in the weight-
to-power ratios among the trucks. It was found that the conversion
factor was not dependent on the weather conditions or roadside
maintenance work. The fact that the effect on the queue discharge rate
turns out to be larger than the effect on the fr ee flow capacity can be
explained by the limited acceleration performance of heavy vehicles,
hampering the traffic flow out of the front end of the queue (which
reduces the queue discharge rate). The difference in the effect on the
free flow capacity and the queue discharge rate may explain the
capacity drop phenomenon (discussed in section2.1). Furthermore,
differences in the percentage of heavy vehicles between different
locations might explain the differences in the capacity drop observed in
practice (Al-Kaisy et al, 2002).

Variations in the (relative) amount of freight traffic do not only affect
the available capacity (expressed in the number of vehicles per unit of
time), but also the average (uncongested) operating speed. This is due

% Note that in both cases, the influences of a large number of other factors introducing
variability in the freeway capacity (viz. weather conditions, luminance, work zones, incidents,

and driver population) had been excluded.
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to the fact that the speed limit for trucks (in the Netherlands 80 km/h)
is lower than the speed limit for passenger cars (generally 100 or 120
km/h in the Netherlands). As a consequence, the average speed gets
lower as the proportion of freight traffic gets larger. This is not only
due to the lower speeds of the trucks themselves, but also due to the
fact that these slower trucks make the passenger cars slow down as
well. The latter effect gets stronger for larger traffic densities (because
of decreasing overtaking possibilities).

8) Variations in driver population

Another source of the variability in the supply characteristics (i.e.
capacity and uncongested speeds) is the variability in the driver
population. Just like the composition of the vehicle population, the

composition of the driver population on a road section is constantly

changing. Since different drivers behave differently (in terms of
following the vehicles in front of them, changing lanes, desired driving

speed, etc.), and this driving behavior is directly governing the capacity
and (uncongested) operating speeds, this results in these supply
characteristics to be constantly varying as well.

Mutual differences in driving behavior among drivers (and

consequently also differences in capacity and speed) can be attributed
to both personal characteristics and trip characteristics. Examples are
skills, experience, age, gender, risktaking propensity, and travel

purpose. Two clearly different driver populations are the one in the

peak periods and the one in the off-peak periods. During the peak

periods a large part of the traffic consists of commuters and other road

users with a professionrelated travel purpose (like commercial traffic).

These typically are experienceddrivers. As a consequence, during the
peak periods the capacity can be expected to be relatively high.

Outside the peak periods and especially during weekends, public
holidays and vacation periods the share of social and recreational traffic
is relatively high. These drivers are typically less experienced (not
necessarily regarding driving itself, but also regarding the traffic

situations they are faced with). This can be expected to result in a
relatively lower capacity during these periods.

For German atobahns (without a speed limit) Brilon and Ponzlet
(1996) found that the uncongested average speeds (corrected for the
effects of differences in traffic densities and proportions of freight
traffic) generally are lower during periods with predominantly le isure
traffic, such as Sundays or the summer vacation season. For foutane
metropolitan autobahns (two lanes per direction) differences between
the various days of the week or months of the year of up to 3.5 km/h
were found. Of course for Dutch motorways different values might be
found, for example due to the presence of a speed limit. Note that the
lower speeds during periods with predominantly leisure traffic might be
an indication for the capacity to be lower during these periods as well
(confirming what was suggested above), although this not necessarily
has to be the case.
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Figure 2.25: Capacity distributions
(based on 5-minute intervals) for 3 -
lane freeway sections with and
without a variable speed limit
(Source: Brilon, 2005)

9) Traffic control actions

Probably rush-hour lanes and dynamic speed limits are the clearest
examples of traffic control being a source of variation in the traffic

supply. The opening or closure of rush-hour lanes clearly has a direct
effect on the total available capacity, by adding or removing a certain

amount of capacity. Dynamic speed limits obviously create variation in
the traffic supply characteristic by dynamically affecting the speeds at
which the road users drive from A to B. It should be noted however

that as far as the other traffic supply characteristic, i.e. the road
capacity, is concerned, dynamic speed limits might just be theopposite

of a source of variability. That is, they seem to reduce the variability in

the capacity. This canbe illustrated with Figure 2.25. This figure shows
a comparison of the empirically derived (free flow) capacity

distributions for two freeway sections, one with and one without a

traffic adaptive variable speed limit*®. On the section with a variable
speed limit the standard deviation of the capacity distribution is clearly
significantly lower than on the section without a variable speed limit.

1 r . : : :
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/
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Temporary closures of motorway segments for bridge openings can be
considered traffic control actions as well. In the Netherlands, the
motorway network contains several movable bridges, which are
regularly opened. In such situations, all traffic istemporarily halted (i.e.
the capacity is temporarily zero). In total, the whole process of opening
the bridge, the passing of the ships, and closing the bridge takes several
minutes. It should be noted that if the bridge opens according to a
fixed schedule, and/or information is provided on the opening of the
bridge, road users might anticipate it, by adapting their travel choices.
This way the traffic demand may be affected as well.

2 These two sections are two opposing roadways ofone and the same freeway, and therefore
have similar geometric and traffic characteristics.
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10) Intrinsic randomness in human behavior

In the end, the capacity is dependent on the combined behavior of all
individual drivers involved. To a large extent, the variations in this
behavior can be explained by the factors discussed above (related to
the external conditions and the composition of the traffic). Another
part of these variations however cannot be explained by these factors.
This is due to the fact that human behavior is charaderized by a certain
s=intrinsic . inaspiteo mh dirding himself in similar
circumstances, one and the same person may still behae differently.
Thi s mi ght be t he result of di ffere
constitution (i.e. differences in mood, level of fatigue, concentration,
etc.) or have other, more inscrutable causes.

In addition, while the other part of the variations in t he behavior
theoretically can be explained by the factors discussed above, this does
not mean that this part of the variations also in practice can be
completely explained by these factors. This is due to the facts that not
all of these factors are equally well observable and that not all of these
influences are fully understood. The result of both these practical
probl ems and raddemnessi n i mi nhsuinta n behavi o1
when all observable and understood influences are taken into account,
stllacertain -—-residual randomness- wil/l r

An indication of the magnitude of this residual randomness might be
obtained by considering results from Brilon et al. (2005). They analyzed
the (free flow) capacity distributions for a large set of 3-lane freeway
sections (without a distinct bottleneck), based on empirical data for 5-
minute intervals. Unfortunately it is not clear from their article to which
extent they have tried to exclude the explainable part of the variability
(for example by only including data that are measured during certain
specific conditions). It is only stated that periods of work zones were
excluded from the data. As a consequence, the actual residual
randomness might be smaller than the variability apparent from the
distribution functi ons found by Brilon et al.

Brilon et al. (2005) found that the empirical distribution of the (free
flow) capacity is best represented by a Weibull distribution. In
mathematics, this type of probability distribution is known as an
asymptotical extreme value distribution for minimums. This
characteristic of the Weibull distribution actually might play a role here
as well. After all, assuming a constant traffic demand during the 5-
minute interval (the time interval of analysis), the decisive value of the
capacity equals itsminimum over the interval.

Brilon et al. found that a Weibull shape parameter of about 13 seems to
be characteristic for 3-lane freeways. For the Weibull scale parameter
on the other hand widely varying values were found (from about 6000
to about 7900 veh/h). Differences in geometric conditions, control
conditions, driver populations and vehicle populations are suggested as
possible explanations for this. For the expected value of the distribution
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values were found ranging from about 5800 to 7500 veh/h, and for the
coefficient of variation values ranging from 0.07 to 0.13.

Based on the assumption that traffic breakdowns in succeeding time
intervals (or rather the capacities in succeeding time intervals) are
independent of each other (which is a realistic assumption according to
Brilon et al., since there is no imaginable reason why the opposite
should be true), the 5-minute capacity distribution function can easily
be transformed into the corresponding distribution function for a longer
(or shorter) time interval. In this transformation the shape parameter
remains unchanged, while the scale parameter is decreased (in case of a
longer time interval). This corresponds to a decrease in both the
expected value and the standard deviation of the capacity, as would be
expected.

Less research seems to be conducted regarding the random variation in
the queue discharge rate (i.e. the capacity after congestion has set in).
This may be due to the fact that the free flow capacity is considered
more important. After all, together with the traffic demand it is the free
flow capacity that determines whether the transition from free flow
conditions to congested conditions occurs or not. Therefore,
fluctuations in this capacity might have an important impact on the
resulting traffic conditions. Fluctuations in the queue discharge rate, on
the other hand, might to a certain degree average out over the
duration of the congested traffic state, resulting in their impact on the
traffic conditions to be smaller.

2.2.6  Interdependencies between the various sources of temporal fluctuations
As noted already in the introductory subsection of this section, the
various sources of variability are not all independent from each other.
There are a lot of non-linear, dynamic dependercies involved between
these fluctuations. These interdependencies are shortly discussed in this
subsection. It would be taking things too far to discuss the individual
interdependencies in detail. The purpose of this subsection is rather to
give an overview of all interdependencies involved. Some important
interdependencies have already been discussed in more detail in the
previous subsections on the sources of variability concerned.

First of all, there are many links between different sources of variabilty

because of the fact that these are all related to the common factor

-ti me- i n some way. As a -dependemcy, of t
different sources of variation are linked even without necessarily having

a causal relationship. If their time-dependencie s do r easonably

t hey wi |1 -coincide- mor e than - woul d
dependencies would not exist. If their time-dependencies instead are
rather -divergent -, the situation i s |

mcoi nci de -thesestimadepehdantiesiwbuld not exist.

In Table 2.9, the dependencies in the frequency of occurrence (or

patterns of occurrence) of all|l sour ces
are indicated, distinguishingb et ween -ti me of day -, A C
-period of year-. I f di ff eV-signtinoseour ces
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Table 2.9: Common time-dependency
of sources of variability, resulting in
mutual interdependencies

and the same column (or even in more than one of the columns), this
means that these sources are linked somehow due to their common
time-dependency.

Source of variability affecting Dependency in frequency of
demand | occurrence or pattern of occurrence on:
or
supply Time of Day of Period of
day week year

Regular pattern of variation in d v
travel behavior over the day
Regular pattern of variation in
travel behavior over the days d \%
of the w eek
Regular pattern of variation in
travel behavior over the d \
periods of the year
Public holidays d Vv \Y
Events d \Y \ \
Varying weather conditions d+s \
Road works d+s V Vv V
Randomness in travel behavior
) ; S d \Y,
(i.e. unexplained variations)
Variations in vehicle population® s \Y \Y \Y
Variations in driver population® s \Y \Y \Y
Darkness s \Y \
Incidents S
Intrinsic randomness in driving s
behavior

In addition to these mutual interde pendencies due to common time-

dependency, there are other interdependencies as well, which are more
causal in nature. These interdependencies are shown in the tables
below. A distinction is made between dependencies in the

frequencies/patterns of occurrence of the sources of variability (Table

2.10), and dependencies in the effects of the sources of variability

(Table 2.11).

As an example of a dependency of the first type, consider the
dependency of the frequency of occurrence of accidents (a subcategory
of incidents) on the weather conditions. As was already discussed in
section 2.2.5, in adverse weather conditions the accident rate is
observed to be significantly higher than under favorable weather
conditions. This therefore is one of the dependencies included inTable
2.10.

As an example of a dependency of the second type, consider the
interaction between the effects of adverse weather and darkness.
Although the combination of adverse weather and darkness has a larger
effect on the roadway capacity than each of these two conditions
individually, it is known that this combined effect in g eneral is smaller
than the sum of both individual effects (AVV, 2002). Therefore, the

30 n fact, these sources of variability in traffic supply are strongly connected to the regular

patterns in travel behavior, which are included in the table as sources of demand variations.
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effect of the occurrence of one of these two sources of variability is
dependent on the occurrence of the other, which is indicated in Table
2.11.

Note that in both tables -weat her cor
included twice, due to the fact that these are both a source of
variability in traffic demand and a source of variability in supply. Strictly
speaking, in Table 2.10 this double inclusion is not necessary, since as
far as the frequencies of occurrence are concerned the distinction
between demand variations on the one hand and supply variations on
the other is in fact not relevant. In Table 2.11, however, this double
inclusion is absolutely necessary, since the dependencies in thdemand
effects of these sources of variability are different from those in their
supply effects. For example, the demand effect of weather conditions
may be dependent on whether it is a public holiday or not (since on
public holidays a larger part of the trips is non-discretionary in nature,
resulting in a larger sensitivity to weather conditions), while the supply
effect of weather conditions is not dependent on this (apart from any
possible effects via the effect on the driver/vehicle population, which is
separately accounted for in the tables).

It should also be noted that the interdependencies indicated in the
tables of course are not all equal in strength. Some of them are likely to
be much stronger than others. In some cases it is not even certain if the
indicated interdependency is really significant or not. More research
would be needed to get clarity on this.

From Table 2.10 it is clear that especially the occurrence of incidents is
characterized by many dependencies on other sources of fluctuations.
Obviously, these dependencies are primarily related to one specific
subcategory of incidents, namely accidents. Note that, although this is
not indicated in the table, the probability of occurrence of incidents is
also clearly dependent on the traffic conditions (as discussed in section
2.2.5), which actually makes the frequency of occurrence of incidents
dependent on all sources of variations, including the occurrence of
incidents itself.
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Table 2.10: Dependencies of the
frequencies/patterns of occurrence of
the different sources of variability on
the occurrence/level of other sources
of variability

Table 2.11: Dependencies of the
effects of the different sources of
variability on the occurrence/level of
other sources of variability

Dependencies of the frequencies of Demand Supply
occurrence (or patterns of occurrence)
of the different sources of variability Z | =
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Note the interaction effects between the regular patterns of variation in
travel behavior at different time scales, indicated in the upper left
corner of Table 2.11. As an example, consider the interaction effect
between the regular pattern of variation in travel behavior over the
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day, and the regular pattern of variation in travel behavior over the
days of the week. The difference between the regular amounts of
traffic demand on different days of the week is dependent on the time
of the day, or formulated the other way around, the difference
between the regular amounts of traffic demand on different times of
the day is dependent on the day of the week. See also section2.2.4 for
an illustration of this interdependency (Figure 2.6). Between the regular
pattern of variation in travel behavior over the day and the regular
pattern of variation over the periods of the year a similar interaction
exists. For the regular pattern of variation over the days of the week
and the regular pattern of variation over the periods of the year this is
the case as well.

2.3  Network effects

So far, the description of the traffic congestion mechanisms has been
limited to individual road sections. However, between the traffic
conditions on the various sections of a road (or road network) there are
some strong spatiotemporal dependencies:

- Due to its physical dimension, a traffic jam created on a certain
road section might block the traffic flow on other road sections
(of the same road or even of other roads) as well. (Referred to as

the -Dblocking back effect- of traff]

- By restricting the traffic throughput, and thereby delaying the
traffic, the occurrence of traffic congestion on a certain road
section influences the traffic demand on the downstream road

sections. (Referred to as the =temp:q

-filtering and releasing effects-

- In situations with non-recurring congestion on a certain route,

road users might dedaatle fobpametf héenr

get around this traffic congestion. This will reduce the traffic
demand on the congested route, but increase the traffic demand

on the alternative routes. (Referre
of traffic congestion.)
In the fol | owi ng three subsections, t hese
effects- are discussed in more detai

2.3.1 Blocking back

Due to its physical dimension, a traffic jam created by a certain
bottleneck might block other traffic streams (consisting of travellers
that do not even want to pass the bottleneck location) as well. During a
certain period directly following on the onset of the congestion (i.e. the

start of the formation of a queue), only road users with a destination

downstream of the bottleneck are delayed by the congestion. However,
as soon as the queue grows longer than the distance between the
bottleneck location and the closest upstream off-ramp, travellers
wanting to leave the motorway at this off -ramp (i.e. before the
bottleneck location) will be delayed as well. From this moment onwards
the queue will grow more rapidly, due to the effective capacity of the

off-ramp being decreased (since it is blocked by the queue for the
bottleneck).

70 Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic



Figure 2.26: Blocking back of a queue
to an upstream off-ramp

Figure 2.27: Blocking back of an
upstream traveling queue to an
upstream off-ramp

This can be illustrated with the example given in Figure 2.26. In this
case the outflow of the off -ramp is reduced by 50% due to the queue
for the bottleneck blocking back to this off -ramp. Considering the
system as a whole, the total outflow is reduced by (2500-
2250)/2500%100% = 10% du e to the blocking back effect. This results

in the queue growing (2500 -2250)/(4500 -2500)*100% = 12.5%
faster.
4500 veh/h |::>- -. -. - L L L L L ] 2000 veh/h

(5001 + 4000=)

4500 veh/h
(500 + 4000>)

2000 veh/h

250 veh/h
(525 + 2000)

It is important to be aware of the fact that in order for the queue to

block back to the off-ramp, it not necessarily needs to have a length
greater than or equal to the distance between the bottleneck location

and the off-ramp. Thi s is related to the fact
upstream. This is explained usingFigure 2.27.

At a certain moment in time the available capacity at the (original)
bottleneck location might be increased (for example due to the
clearance of the incident that created the bottleneck), resulting in the
gueue starting to dissolve from its front side. This results in the head of
the queue propagating upstream. However, in the meantime the queue
often keeps on growing at the rear end, resulting in the tail of the
gueue propagating upstream as well
upstream. Due to the capacity drop (i.e. the phenomenon that the
gueue discharge rate is lower than the free flow capacity, which forms
the upper limit of the inflow to the queue) such an upstream traveling
queue may survive for quite a long time (for instance until the end of
the peak period). Within this period it may travel a substantial distance.
Along its way it might block other tra ffic streams, as illustrated in
Figure 2.27.
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Figure 2.28: Blocking back of a queue
to another road

The phenomenon of blocking back does not necessarily refer to the
situation that a mainstream queue blocks the traffic stream to an off-
ramp. It also occurs in other configurations. This is illustrated inFigure
2.28. In the situation depicted in the lower half of this figure a queue

on the connecting roadway blocks the through traffic on the main

roadway heading northwards.
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Figure 2.29: Comparison of total
amount of network delay in case
blocking back is modeled and total
amount of network delay in case
blocking back is not modeled, for a
large set of incident scenarios
(Source: Knoop, 2009)

In fact, the situation depicted in Figure 2.28 is much worse than the
one shown in Figure 2.26. Due to the blocking back effect, the total
outflow of the system is reduced by one third*. The growth rate of the
total queue length (expressed in the total number of queuing vehicles,
combining the queue on the west-east road and the queue on the
south-north road) is increased by as much as 1009%? (i.e. is doubled)!

Knoop (2009) shows that the delays due to blocking back may form a
substantial part of the total amount of network delay caused by an
incident. For a large number of incident scenarios, Knoop computed the
total amount of network delay with a simulation model in which
blocking back effects are accounted for, and compared the results with
those obtained when these effects are not taken into account in the
simulation model. This is illustrated in Figure 2.29. Clearly, in many
cases the computed delay is much too low if blocking back effects are
not taken into account, especially if the drivers are assumed not to
deviate from their intended routes. The exact degree of
underestimation is of course dependent on the incident scenario
considered.
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2.3.2 Temporal redistribution effect (filtering and releasing)

By restricting the traffic throughput, and thereby delaying the traffic,
the occurrence of traffic congestion on a certain road section influences
the traffic demand on the downstream road sections. This can be
illustrated with Figure 2.30. The upper part of this figure shows the

-normal - (recurring) traffic situat

peak periods. The roadhas a bottleneck, resulting in a queue

%1 ((2000+1000) - (1000+1000))/( 2000+1000)*100%=(3000 -2000)/3000*100%=33%
%2 ((3000+1000-1000-1000)-(3000+1000 -2000-1000))/(3000+1000 -2000-1000)*100%=
(2000-1000)/1000*100%=100%
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Now assume that on a certain day an incident occurs at a locaton

upstream of the bottleneck. This situation is depicted in the lower part

of the figure. Now the bottleneck | oc
incident bottleneck location: at the incident location the throughput of

traffic is restricted, reducing the traffic demand on the usual bottleneck

location. As a consequence, at the latter location no traffic congestion

occurs. All in all, the detriment brought about by the incident can be

concluded to be smaller than it initially seems (i.e. if only looking at the

incident location itself), since the incident results in an improvement of

the traffic conditions further downstream.

Of course, after the road is cleared again (and the traffic from the

gueue is -released-), the norincduecea bott |
certain amount of traffic congestion. However, if the incident lasts long

enough (e.g. until well after the end of the peak period), in the

meantime the queue in front of the incident location may have

dissolved already. In this case, due to the mcident, the traffic demand

for the normal bottleneck location is redistributed over time in such a

way that no congestion at all occurs at this location.

Figure 2.30: Positive influence of

) h - — - T L L L L B B ]
traffic congestion on downstream 5000 veh/h = - - -EmEE - = . > 4000 veh/h
traffic conditions (filter effect) - - - easaa | -

@- LT ) - el s =
5000 veh/h 2000 veh/h
* - eeese:;:™ = ¢ r._1 -~

The considered example might give the impression that traffic
congestion always influences the downstream traffic demand in a
favorable way. This however is not the case. This is illustrated with

another example, depicted in Figure 2.31. Again the upper part of this
figure shows the =nor mal - (recurring)
during one of both peak periods. One of the road sections has a lower

capacity than the other parts of the road. This does not give rise to the
occurrence of traffic congestion though, since this lower capacity is still
sufficient to cope with the traffic demand.

Now assume that on a certain day an incident occurs at a location
upstream of the section with lower capacity. This incident results in the
creation of traffic congestion upstream of the incident location (middle
part of Figure 2.31). Now consider the situation in which the road is
cleared at a moment in time when the queue is still there. This results in
a |l arge amount of traffic being -relea
which is larger than the capacity of the narrower section. As a
consequence, traffic congestion is created at this location (which is
shown in the lower part of the figure). In this case, the total detriment
brought about by the incident is thus larger (instead of smaller) than it
initially seems (.e. if only looking at the incident location itself): the
incident results in a deterioration of the traffic conditions further
downstream as well (by concentrating the traffic demand in a shorter
time span).
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Figure 2.31: Negative influence of
traffic congestion on downstream
traffic conditions (release effect)
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The conclusion of the foregoing is that the occurrence of traffic
congestion might affect the downstream traffic conditions in both a
positive and a negative way. Please note that while in the examples the
(upstream) traffic congestion was created by incidents, this is of course
equally applicable to congestion with other causes.

2.3.3 Route choice effect

In situations in which the traffic conditions (i.e. levels of traffic
congestion) are within their -nor mal -
generally will stick to their standard routes. However, if the traffic

conditions are significantly worset han what i s considered
consequence of for example an incident, an event or road works), road

users might divert to other routes (possibly using the secondary road

network), in order to get around the affected road segments. This will

lead to a reduction of the traffic demand on the routes where the

affected road segments are part of, which will positively influence the

traffic conditions on these routes (meaning that these traffic conditions

will deteriorate less than otherwise would have been the case). On road

sections that are part of the alternative routes, however, traffic demand

will be increased, affecting the traffic conditions in a negative way.

It is not possible to give some universally applicable values for the
extent of this ro ute choice effect. This is due to the fact that the actual
magnitude of this effect strongly varies from case to case, since it
depends on:

- the existence of route alternatives and the quality of these,

- the extent to which the road users are aware of these route
alternatives  (from their own knowledge or by being
informed/advised on them),

- the degree to which the road users are informed on the traffic
conditions on their routes (referring to both the current situation
and the expected near-future evolution of this situation),

- the extent to which the road users are prepared to deviate from
their standard routes (probably depending on the composition of
the driver population), and

- the characteristics of the underl yi
of traffic congestion (in case of an incident for example the
duration of this incident).
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Knoop (2009) investigated how many people change their route when
faced with unexpected congestion due to an incident, by comparing
actual route choice behavior for five incidents on a Dutch motorway
(A13) with the corresponding behavior on similar days without
incidents. He found that the severity of the capacity reduction and
therefore the severity of the delays are important factors for the degree
to which the route choice is influenced.

For incidents with minor impacts on the delays it seems that travelers

do not deviate from their intended route, even in situations in which

the alternative route would be slightly faster. For incidents with a
considerable impact on the traffic conditions, however, Knoop found

high percentages of users changing routes (even causing congestion on

the alternative route). For one of the incidents this percentage was

even higher than 50%. Knoop notes that these percentages in fact

should be consider d as |l ower bounds, since t
considered actually was not the last opportunity to take an alternative

route. Moreover, no correction was applied for the fact that part of the
traffic had its destination i nthebet we ¢
incident location (rather than downstream of the incident location).

This part of the traffic might have had no other option than to stick to

its intended route.

The reaction in route choice behavior is found to be delayed relative to
the traffic conditions. This might be due to the delay in the information
to which the road users react.

Kraaijeveld (2008) conducted a study similar to that of Knoop. In four
out of five incident cases considered (on some Dutch motorways), no
clear changes in route chote behavior were observed, probably due to
a lack of good quality alternative routes and/or a limited impact of the

incident on the traffic conditions. For one of the incidents (i.e. one with

a much more severe impact, and relatively good alternative routes
being available), however, a somewhat larger change in route choice
behavior was observed. For this case it was concluded that 7% of the
drivers switched to another route. This value is still far below the value
of 50% reported by Knoop. This difference might be caused by for
example differences in the quality of the available route alternatives
and differences in the degree to which the road users were informed on
the traffic conditions and the available alternatives.

From Figure 2.29 (section 2.3.1) it is clear that changes in route choice
(that are made in order to get around road segments on which the
traffic conditions are worse than wha
case due b the occurrence of an incident) might have significant
effects on the delays incurred by the road users. In the traffic
simulations in which the route choice was assumed fixed (i.e. not
adaptable to the traffic conditions at hand) often a much larger tota |
amount of network delay was found than in the corresponding traffic
simulations in which part of the road users were assumed to adapt their
route choices to the traffic conditions. At the level of individual routes
the relative difference in delay can be even greater.
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3.Criteria for the level of traffic congestion

3.1  Selecting appropriate criteria * introduction

In order to be able to evaluate the performance of the traffic system

with regard to traffic congestion (taking into account its variable

nature), first of all a clear view is needed on when the traffic system
actually is consicered to perform well and when it is not , because this is
not something obvious. In fact, the consideration of the inherent

variability adds an extra dimension to this. Therefore, one of the first
parts of the research project has been devoted to the issueof finding

one or more appropriate criterion(s) for this evaluation.

There does not exi st a sharp =-failure
amount of traffic congestion (a threshold above which the motorway

system can be consi der edthdsystem ftamibd - , an
considered t o -function-). It coul d

occurrence of traffic congestion as -f
traffic congestion is). This does not really make any sense however, as

the crux is in the extent of this traffic congestion. A little bit of traffic

congestion occurring every day is not very harmful. Besides, even in

quiet traffic conditions (without any traffic jams), travel time already

gradually increases with rising traffic volume.

In the end, it is all about the costs that traffic congestion causes to
society. Therefore, first of all consideration has been given to the
guestion which features describing the traffic congestion phenomenon
can be identified as being most decisive in bringing about costs to
society (section 3.2). These typically are the features that need to be
incorporated in the indicators.

Prior to the selection of indicators to be used in the remainder of the
project, it has been checked which indicators are used in international
literature, and which norms were used in the Dutch national traffic
policy during the past few decades (section 3.3).

The final selection of indicators is discussed in sectior3.4. Insofar as
the known criterions (discussed in section 3.3) turned out to be
inadequate (considering the findings from section 3.2), new or modified
criterions were included in the selection.

In various empirical studies, strong relationships are found between the
average travel time (or the average delay, corresponding to the
difference between the average travel time and the free flow travel
time) and other indicators based on the travel time distribution. These
findings and their implications for this research project are discussed in
section 3.5.
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3.2  Societal costs of traffic congestion

3.2.1 Complexity of the topic

This section attempts to clarify how traffic congestion imposes costs on
society. This is a complicated matter, because of the fact that costs in
the restricted sense actually represent only part of the story. This can
best be illustrated by a simple example. Consider a hypothetical

situation in which cities A en B are not connected by the road network.

Because of the fact that there is no connecting road, there is no traffic
and consequently no traffic congestion costs either. Now a connecting
road is constructed. This roal attracts a lot of traffic, resulting in serious

traffic congestion. Despite the large costs associatedwith this traffic

congestion, the road users still gain from the road (otherwise they
would not use it, obviously). This is because of the benefits that they

derive from their trips, which apparently are larger than the costs
experienced as a result of the traffic congestion.

If the road would be wider (resulting in a lower level of traffic
congestion), even more trips would be made, since more traveles
would be able to derive a positive net benefit (individual benefits
derived from the trip, minus congestion costs experienced during the
trip) from the trip in this case. Clearly, these additional net benefits
because of extra trips are something to be taken into account in the
evaluation of the effectiveness of measures aimed at improving the
situation with respect to traffic congestion problems. It is quite arbitrary
whether to consider these additional net benefits (that are missed if
traffic congestion problems are not reduced) as apotential gain that
can be attained by alleviating traffic congestion, or as a cost of traffic
congestion that can be removed by alleviating traffic congestion. In this
thesis the |l atter pointstosf- viise wdaeéfsi nteadck
a broad sense: the reduction in net benefits due to traffic congestion.

3.2.2 Types of societal costs

Traffic congestion imposes costs on society in various ways. Below, a
description will be given of the different types of costs. Next,
consideration will be given to the issue of how these different costs are

related to variables describing the traffic conditions. This has to provide

important information regarding the indicators to be selected in order

to be able to evaluate the traffic sy st em- s per formance ( wi
traffic congestion).

The following types of societal costs are distinguished:
1) loss of time due to longer travel times,
2) costs due to uncertainty in travel times,
3) increase of both fuel consumption and wear and tear,
4) travelers diverting or staying away,
5) increase of the number of accidents,
6) larger load on the environment,
7) indirect costs related to settlement behavior and logistic chains,
8) discomfort.
Below, these cost items will be described one by one.
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1) Loss of time due to longer travel times

Due to the traffic congestion, travel times are longer (Figure 3.1).

In a situation without traffic congestion, this additional time could

have been used for some other purpose. People could lave made

better use of their time, and capital goods (like trucks) could have

been used more efficiently. As far as the transport of perishable
products is concerned, longer travel times result in a reduction of

the time available for selling these products. Please note that in this

t hesi s, -traffic congestion- i s not
jams. Also in free flow traffic, travel times gradually increase with

rising traffic density/volume. The delay associated with this rise in

travel timeisunder st ood as a cost of =traff)]

Wh e n comparing t he traffic system-s
situations, one has to be aware of the fact that a comparison based
on delay only makes sense if this delay is expressed in relation to a
(reasoned) fixed reference level of travel time/speed. This can be
illustrated with the following example. Consider a rural road
connecting two cities with a travel time of about 2 hours. There is
no delay, because of the fact that the road is hardly used (owing to
the long travel time). Now assume that this rural road is replaced by
a motorway, reducing the free flow travel time to about 1 hour.
Because of this shorter free flow travel time, a lot of people start
traveling between the two cities, using the new motorway. This
results in the occurrence of traffic congestion, increasing the travel
time up to 1.5 hours.

Using the two different free flow travel times as reference levels

(instead of a fixed, common reference level), a comparison of the
two situations would result in the conclusion that traffic conditions

are worsened: in the new situation there is a delay of half an hour,

while in the previous situation there was no delay at all. Obviously,

this conclusion is wrong. After all, in despite of the delay, the travel

time (free flow travel time + delay) in the new situation is still

shorter than in the original situation. Using a fixed reference level

for delay can prevent such false conclusions. Comparing situations
based on travel time instead of delay is another option.

Figure 3.1: Costs due to longer travel

time ) ! @ uncongested travel time
actualtraveltime :

Ecostitem 1

_ (longer travel time)

>

»

travel time

2) Costs due to uncertainty in travel times

Typically, traffic congestion not only results in longer travel times,

but in uncertainty in these travel times as well. This uncertainty is
another source of societal costs. The costs involved can be divided
in two subcategories: costs due to late arrivals (item 2a), and costs
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Figure 3.2: Extra costs due to late
arrival

due to waste of time related to arriving early (item 2b). Due to the
uncertainty in travel times, the arrival time of a trip (or the other
way around: the departure time required to arrive at a desired
moment in time) is uncertain. Travelers deal with this uncertainty
by adding a certain buffer to the travel time that they expect for
their trip.

The size of these buffers mainly depends on:

- the variability in travel times,

- the predictability of this variation ** (governed by regularity
in the variation, knowledge, travel information, and travel
time stability),

- the possibilities for diverting (governed by the availability of
both alternative travel options and travel information),

- the travel purpose, and

- personal characteristics.

Note that such a buffer not necessarily is an addition to the

—expected- travel ti me. A negat.

might be the case if arriving late is no problem at all, or if the
traveler in question is rather risk prone.

2a) Costs due to late arrivals (Figure 3.2)

If the delay due to the traffic congestion was not (completely)
anticipated upon (by including

time planning), one arrives late. Often, the costs of arriving X
minutes late are higher than the costs of just having an x minutes
longer travel time (cost item 1). This is because of the fact that late

arrivals have consequences like appointments being missed or

delayed, or supplies being run out of (resulting in disruption of
production processes and/or loss of sales). In order to limit the
probability of running out of supplies, firms might opt for keeping
larger stocks. However, because of the costs associatedwith
keeping larger stocks, modern strategy in business is just the

s u f

reverse: minimizng t he need f o-m-tstmeckgseby vejru

actualtraveltime ; B uncongested travel time
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2b) Costs due to waste of time related to early arrivals (Figure 3.3)
If the actual travel time turns out to be shorter than the travel time
pl anned for (~expected- travel

time is left over. Often, this remaining time peri od is partially or

3 Please note the difference between variability and uncertainty. The costs are related to the

uncertainty in travel times. If the variation in travel times would be completely predictable, there

would not be any uncertainty at all. In this situation, this cost item would not be there either.
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entirely wasted (due to the fact that it cannot be efficiently used for
another purpose anymore).

Figure 3.3: Extra costs related to

arriving early actualtraveltime @ uncongested travel time
traveltime accounted for in time planning B cost item 1
(uncongested travel time + 'expected’ delay # buffer) , .
i (longer travel time)
- i cost item 2b
' ‘ (waste of time)

»
>

travel time

In total, the costs associated with the uncertainty in travel times are
believed to be of the same order of magnitude as the costs
associated with the increase in travel times alone (cost item 1):
- The day-to-day variation in the amount of delay is found to
be of the same order of magnitude as the average amount
of delay (Van Toorenburg, 2003).
- The appraisal of one minute standard deviation is believed
to be approximately equal to the appraisal of one minute
average travel time: for f rei ght transport a
rati o-) of 1.24 has been derivec
usually a ratio of about 0.8 is found (Kouwenhoven et al.,
2005).

3) Increase of both fuel consumption and wear and tear

In congested traffic operations, fuel consumption is often higher

than in free flow traffic conditions. To a larg e extent, this is caused

by the fact that in congested traffic conditions often large
fluctuations in speedo c c ur -gnergottapaf f i c- ) , result
of acceleration and deceleration. Besides in higher fuel
consumption, this also results in larger wear and tear of the vehicles

involved.

4) Travelers diverting or staying away

Because of traffic congestion, part of the (potential) travelers opts

for another trip (other dep arture time, other route, other transport

mode, or other destination), or decides to stay at home. This way,

the people in question save themselves the costs that they would

be confronted with when -taking par
However, these cost s are exchanged for ot her
discussed in section3.2.1, -costs- should be taken
reduction in net benefits® as compared to the situation of making

the preferred trip without any traffic cong estion should be
considered as -costs-.

This can be illustrated with the following example. Consider a
traveler selecting another destination than his preferred one,
because of the fact that the routes to his preferred destination are

34 Net benefits = benefits derived from the trip * costs incurred by making the trip.
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heavily congested. By doing this, the traveler saves himself
congestion costs. However, visiting the alternative destination is
less valuable to him than visiting his preferred destination. In this
way, the costs related to the traffic congestion are eliminated only

foralimit ed part. A | arge part of the =t

is exchanged for ot her -costs-

(red

from the trip). These =-costs- shoul

congestion as well. (They could be considered as a kind of
-ssipi tute- costs for the =true-

5) Increase of the number of accidents

Traffic congestion probably results in more traffic accidents
occurring (head-tail collisions). These accidents lead to physical
injuries and material damage.

6) Larger load on the environment

By emitting harmful exhaust fumes, depleting fossil fuels, and
producing noise and odors, traffic imposes a load on the
environment. Traffic congestion causes this load to be larger.

7) Indirect costs related to settlement behavior and logistic chains

Traffic congestion problems have a negative influence on the
settlement behavior of firms: firms might decide to settle in another

area, where accessibility is better. Furthermore, traffic congestion
problems might negatively affect logistic chains (from an

economical point of view). For example, shippers may decide to
start forwarding their freight to the European hinterland via

Antwerp instead of Rotterdam. These processes have all sorts of
(long-term) effects, like effects on employment and effects on tax

revenues.

8) Discomfort

Though maybe not literary a societal cost, also discomfort may be
mentioned in this list. Due to traffic congestion, driving comfort is

lower. After all, in congested conditions there is less feedom to
maneuver, desired driving speeds cannot be attained, the driving
task may be more demanding (think of having to accelerate and
decelerate all the time, due to shock waves in the traffic flow), and
one might get stressed due to the uncertainty regarding whether
one will arrive on time or not.

3.2.3 Costitems in relation to variables describing the traffic conditions

In the previous subsection, only a general description of the various
cost items was provided. In this subsection, consideration will be given
to the issue of how these different costs are related to variables
describing the traffic conditions. As indicated before, this has to provide
important information regarding the indicators to be selected in order
to be able to evaluate the traffic syst e m- s per f or mance
traffic congestion). Note that in this subsection, the various cost items
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are still considered separately. Obviously, it is desirable to combine
them into a more limited number of indicators. The attempt to do this
is desaibed in a following section.

1

Loss of time due to longer travel times

This cost item probably is the one that can be expressed in terms of
variables describing the traffic conditions most straightforwardly. It
can simply be addressed by looking at the average travel time or
delay of the road users. This average has to be calculated over a
period of time that is sufficiently long to properly grasp the
influence of all (systematic and random) variations over time. This
means that at least a period of a year should be considered, but
preferably longer.

As was explained before (in subsection3.2.2), it is important to
take a fixed reference level if travel time costs are expressed in
terms of delay. Rijkswaterstaat uses a level & 100 km/h for this.
Even i f such a fixed reference
still not the most appropriate one however. This is related to the
fact that this indicator fails to properly represent the costs of
congestion if drivers make detours to avoid congested locations. If
delay is defined as the amount of additional travel time incurred
due to the speed being below the reference level, this detour
making behavior results in the average amount of delay being
lower®. However, this reduction in delay time obviously is partially
compensated for by an increase in the free flow travel time (related
to an increase in the distance to be covered). While this is not
reflected i n the i$ reftectedan the indieadoe |
-t r av e ITherteforeni¢ seems better to address the cost item by
looking at the average travel time, instead of looking at the average
delay.

The average travel time can be considered at different aggregation
levels: at road section level, at route level, at origin-destination
level (combining the travel times on different routes between the
origin and destination), or even at network level (averaging the
average travel times on all elements that are part of the network
(road sections / routes / origin -destination relations), weighted by
the relative numbers of trips). On the one hand it is convenient to
employ the highest possible aggregation level. After all, this makes
the analysis more manageable. On the other hand, the higher the
aggregation level, the more (potentially relevant) information is
lost. Indeed, at a higher aggregation level improvements and
deteriorations at different locations might offset one another.

Since road users might start making detours if traffic conditions on
a certain road section / route get too bad (i.e. traffic might shift

between different (parallel) road sections / routes), in fact the levels
of road sections and routes are too low to be selected as level of

% After all, in general travel speeds on detour routes are higher than those on the original

routes, because otherwise it would not make sense to make the detour.
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analysis. The network level however is too high, since too much
information is lost on this level. Therefore it is preferred to consider
the average travel times on the level of origin-destination relations.
Of course, just like that road users might switch to another route in

response to changed traffic conditions, they might change their

destination as well. This might make one concluding that in fact the

origin-destination level is not appropriate either. However, since
this process of changing destinations is believed to be weaker (and
at least much slower) than the process of switching routes, and in

view of the fact that it is considered really undesirable to use a
higher aggregation level (because of the loss of information
associated with this), the origin-destination level is selected as the
preferential level of analysis ronetheless.

As far as the time domain of the travel time average is concerned, it
might both be decided to consider only one general average, or to
make a distinction according to various periods of the day and/or
week. In the latter case different periods are distinguished (like
morning peak * evening peak + off-peak, or weekday + weekend
day), for which separate averages are computed. While the former
option is convenient to make the analyses more manageable, using
the latter approach might provide valuable additional information.

Finally, it should be noted that it is important to be aware of the

fact that not all the delay / increase in travel times can be
attributed to the occurrence of traffic congestion. Speed limit

restrictions related to road works and incidents, and speed
reductions in bad weather conditions can be sources of delay as
well.

Costs due to uncertainty in travel times

Travel time distribution

For this cost item it is much more difficult to relate the costs to
variables describing the traffic conditions. There is still no consensus
on the issue of which quantitative measure(s) best reflect(s) travel
time uncertainty (Bogers et al, 2008). Obviously, the costs due to
this uncertainty are strongly dependent on the distribution of the

travel times (Figure 3.4). Especially the width of this distribution

(representing the variation in travel times) is very important in this
context: the larger the variation in travel times, the larger the loss
suffered due to arriving late and arriving early.
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Figure 3.4: A travel time distribution
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What travel time distribution?

When claiming that 4he di stri buti on of g he t
important, it is necessary to clearly define what is actually meant by
this distribution. The variation in travel time can be subdivided in
the following two main components:
- -wi tdhaiyn- vari at i onmecowsaofithaday;on ove
- -~ddorday - variati on: variation bet
time of the day.

Consequently, one can think of different types of travel time
distributions:
- the day-to-day distribution, for a given time of the day;
- the within -day distribution, for a given day; or
- the global (overall) probability distribution, for all moments
in time (i.e. combinations of day and time of the day)
together.

The issue of which of these distribution types to consider is closely
related to the trip making behavior. This trip making behavior is the
result of people-s activity pattern:
have a repetitive nature. This repetitive part of the activity patterns
results in trips that are repeated at fixed moments in time. For
example, many commuters go to their work every weekday at
about the same point in time. For these trips, within-day variation
in travel time is not important at all; the day -to-day variation is the
only variation that is experienced by the road users involved. As far
as this kind of trips is concerned, consideration thus has to be given
to the day-to-day distribution of travel time. Commuting (i.e.
home-work) trips are not the only example of this kind of trips.
Freight transport trips often have fixed schedules as wdl. Part of
the business trips is made on a regular basis too. For social
recreational trips the same applies.

The other part of the trips however does not take place repeatedly
at fixed moments in time. These are solitary trips, and trips that do
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take place repetitively, but scattered over time instead of on a
regular basis. For these trips not the dayto-day travel time
distribution, but rather the global (overall) distribution should be
considered. Because of the fact that for part of the trips the global
(overall) distribution is important and for the other part the day -to-
day distribution, in this project consideration should be given to
(features of) both of these distributions.

Another important issue related to the definition of the travel time
distribution is whether it is defined with respect to time (resulting in

statements | i kedays@ravel timenie largenthah 10v e

mi nutes ), or thsthegeeilstpierdg itm statem
one on five trips (not necessarily of one and the same person)
travel ti me i s | ar*gQpting forhttee mne briothemi nut e

other definition might result in different distributions, due to any

possible dependencies between the amount of trips (per unit of
time) and the travel time. (For instance: in busier traffic conditions
travel times are more likely to be longer.)

It is hard to say which option is best in this context. In this project,
it has been chosen to define the travel time distribution with
respect to time (the easiest option from a computational point of
view). For the global (overall) travel time distribution, this choice
may seem less obvious than for the dayto-day travel time
distribution. One might argue that a definition with respect to time

i s rather =-unf ai se-of theractthhtitrips aceavarye , bec
unevenly distributed over the day. Here it should be born in mind
however that this global travel time distribution is considered in
relation to only a subset of the trips (see above). In this subset the
commuting trips are not included. These commuting trips are to a
large extent responsible for the unevenness in the distribution of
the trips over the day. The other (i.e. non-commuting) trips actually
are relatively evenly distributed over time (if the night period is left
out of consideration).

One more important issue related to the definition of the travel

time distribution is whether this distribution should be considered at
road section level (i.e. the distribution of road section travel times),
or at the level of routes (i.e. the distribution of route travel times).
These two approaches are likely to give different results, among
other things due to the fact that travel time fluctuations on the

different road sections in a route might compensate for each other
(which would result in the relative travel time variation on route
level being smaller than the relative variance on section level). In
fact, choosing between the two approaches is quite
straightforward. After all, the societal costs associated with travel
time uncertainty are due to the uncertainty in travel times of trips.

% |f the travel time distribution is to be derived from empirical or simulated data, in the latter
case (i.e. defining the distribution with respect to trips) all travel times should be weighted
according to the amount of trips / road users involved, while in the first case (i.e. defining the
distribution with respect to time), all travel times (each corresponding to a certain

measurement interval) would be weighted equally.
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Therefore, instead of considering the distribution of road section
travel times, rather the distribution of route travel times should be
considered.

In fact, this approach is still not optimal though. This is because of

the fact that in part of the cases, road users have the possibility to
deviate from their -standard- rout e,
heavily congested locations. This results in the travel time
distribution between the origin and destination being less
unfavorable than the route travel time distribution suggests.
Consequently, the costs associated with the uncertainty in travel

time (i.e. costs associated with arriving early or late) are lower than

may be deduced from the route travel time distribution.

This leads to the conclusion that in fact not this route travel time

distribution should be considered, but the distribution of the travel

time on the origin-destination relation. However, this distribution is

rather difficult to obtain, because it is highly dependent on the

information received by the road users (information regarding the

traffic conditions and the available alternatives), as well as on the

extent to which the road users actually use this information / these
alternatives. Furthermore, the various road users will all be different

from one another in this respect. Some drivers will be better

informed than others, and some drivers will be more prepared to
deviate from their m-standarditisrout e:
chosen to consider both extremes: road users that always stick to

t heir -standard- routes on the one |
users that always select the best route alternative available on the

other hand®*. For the first group, simply the route travel time

distribution can be considered. For the latter group, the travel time

distribution should be constructed by selecting for each
-measur ement - ti me interval t he s hc
(among the travel times of the various alternative routes).

Now that it is decided to consider (indicators derived from) the
distribution of origin-destination travel times, it still has to be
decided in what range the distances of the origin-destination
relations to be considered should be: should we focus on long
origin-destination distances, on short ones, or both? Considering
long distance or short distance origin-destination relations is likely
to give different results, for example due to the facts that:

' n fact, these should be routes =-from door to doo
nodes in the motorway network will be considered. This is because d the facts that:

Nearly all road users have a different combination of origin and destination,

resulting in a door-to-door analysis being virtually impossible.

In this project, focus is on congestion problems at the motorway network (and not

on congestion problems on the underlying network).
I'n the ensuing of t-heé st icrhatpitemr , r alnat-ioon-gismhoul d th
as a -t {toud®or reldtmm but rather as a relation connecting two network nodes.
% This is considered a more core c t approach t han considering a
distribution.
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- On longer distance origin-destination relations, travel time
fluctuations on various parts of the routes are more likely to
compensate for each other than on shorter distance origin
destination relations (which might result in longer distance
origin-destination relations having a relatively smaller travel
time variation).

- On longer distance origin-destination relations there may
be more route alternatives than on shorter distance origin-
destination relations.

Generally, the main function of the motorway network is
considered to be the facilitation of long distance trips (with an
adequate level of service). Therefore, one might be inclined to say
that only longer distance origin-destination relations should be
considered. This would be a rather naive point of view however.
Currently, the motorway network is being used by a lot of short
distance traffic as well. This is mainly caused by the sharp focus on
the main road network in the Dutch traffic policy of the past. In this
traffic policy, facilitating long distance traffic was considered the
main function of the main road network, but where possible, short
distance traffic had to be handled via this network as well, in view
of the associated benefits regarding traffic safety and quality of life.
This has resulted in the underlying network remaining
underdeveloped, and the main road network being used by a lot of
short distance traffic.

Regardless of the view as to whether this situation actually is
desirable or not, it is undeniable that the current situation is like
this, and that consequently traffic congestion imposes costs on
society not only by affecting long distance traffic, but also by
affecting short distance traffic. Therefore, it is preferable to look at
shorter distance origin-destination relations as well.

Finally, it should be decided for which time(s) of the day the day-
to-day travel time distribution should be considered. Of course,
considering only one day-to-day distribution (i.e. for only one
specific time of the day) is not sufficient, since the day-to-day
distribution will be very diffe rent for different periods of the day.

Therefore, a number of day-to-day distributions should be
considered, each for a different time of the day. In view of the
differences within a peak period * the travel time distributions for
the shoulders of a peak period are very different from the
distribution for the peak of the peak period (see for example Van
Lint et al, 2008) + considering one day-to-day distribution for each
individual peak or off-peak period is still not sufficient. On the
other hand, considering travel time distributions for each single
minute of the day would be overdone. After all, travel times in two

consecutive minutes will be almost equal.

For the peak periods, it was decided to consider ttree different
travel time distributions (per peak): one in both shoulders of the
peak, and one in the middle of the peak period. For the off-peak
periods, one travel time distribution (per off-peak period: night,
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midday and evening) is considered sufficient, in view of the
following considerations:

- The off-peak period travel time distribution is less variable
over time than the peak period travel time distribution. ®

- Although the off -peak distributions are certainly not
irrelevant, they are considered less important than the peak
period ones. After all, traffic congestion problems are
typically largest during the peak periods.

Distribution skewness

Above, it has been stated that especially the width of the travel
time distribution (representing the variation in travel times) is a very
important factor for t he costs associated with the uncertainty in
travel times. It is very likely however, that these costs are not only
related to the width of the travel time distribution (expressed in for
example variance or standard deviation), but to the shape of the
distribution as well. In this respect, an important characteristic is
that travel time distributions often are skewed (left skew; long tail
to the right). Van Lint et al (2008) state that the (economic)
consequences of this skew are substantial: the consequence of
extremely long delays may be much more severe than those of
modest delays, since their result may be that appointments or trip-
chain connections are completely missed instead of just delayed.
Therefore, they argue that it should be preferred to use indicators
in which besides the width of the travel time distribution, also its
skew is incorporated.

How large the relative importance of the skew really is (i.e. its
relative contribution to the total uncertainty -related costs), actually
is not precisely known. To a large extent, this relative importance is
determined by:

- the precise relationships between the amount of time
arriving early or late and the costs associated with this
(which of course will vary from trip to trip, depending on
for instance travel purpose), and

- the way in which travelers respond to / anticipate on the
characteristics of the travel time distribution (including the
skewness), in scheduling their trips (including the selection
of a certain =buffer time-)

Despite the uncertainty regarding the exact importance of the
skewness, it seems reasonable to assume that its influence on the
costs is quite significant indeed. For that reason, it seems wise to
include this characteristic of the travel time distribution in the
indicator(s).

% To avoid any confusion, please note that it is the temporal variability of the travel time

distribution which is considered here, and thus not the temporal variability of the travel time

itself. Contrary to the travel time distribution, the travel time itself might obviously strongly

vary during the off -peak period, for example due to the occurrence of incidents or road

works.
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Figure 3.5: Determinants of travel
time uncertainty

The role of the unpredictability of travel time variations

While the travel time distribution is an important indicator for the
costs due to uncertainty, it is certainly not a sufficient one. The
travel time distribution only describes the variability in travel times.
This is not the same as theuncertainty in travel times. Given the
variability in travel times, uncertainty is governed by the degree of
unpredictability of this variability (see Figure 3.5). In the
hypothetical situation in which the variation is completely
predictable, of course there would be no uncertainty at all (and
consequently no costs associated to this uncertainty eithet’). This
makes the problem more difficult, since the variability in travel
times is directly observable, but the degree to which this variation is
predictable to the road users is not. In fact, this predictability varies
greatly among the individual road users.

Basically, the predictability is governed by:

- the degree of regularity in the variation, and the extent to
which any possible recurring patterns are known to the
road users, and

- the amount of information that road users receive (traffic
information, but also weather forecasts and announcements
of road works), and the predictive power of this
information.

First, the issue of regularity in the variation will be discussed. After
that, the influence of information will be addressed.

travel time
uncertainty
travel time
variability

predictability
of variations

regularity information

degree of
regularity information of information
in the variation of road users received (travel time stability!)

knowlegde amount of predictive power

40 Late arrivals will not occur in this situation, because of the fact that the travel time

variations can be planned for. Early arrivals (resulting in a (partial) waste of buffer times) will

not occur either.
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Regularity in the variation

Related to the existence of certain regular human activity patterns,
some significant regular patterns can be observed in the travel time
variation. The extent to which these recurring patterns are known

to the road users is dependent on the amount of experience they
have in the traffic system, and the relative contribution of the

recurring variation to the total variation.

As argued before, the variation in travel times can be subdivided in
t wo mai n C Oomp o Rdeanyt-s : v a-rwiatthi-tond a ya-n d
variation. On average, in the within-day variation clearly some
regular pattern can be discerned: during the night travel time
typically is lowest, and during morning and evening peak travel
time is highest. Most travelers will have a certain (rough) awareness
of this regular pattern. As such, this within-day variation is
predictable to a certain extent, resulting in the uncertainty being
lower than the global (i.e. overall) travel time distribution might
suggest. It is virtually impossible to express this effect in numbers
(or in modifications to the travel time distribution) though, if only
because of the fact that each road user is different in this respect.
Therefore, only the two extremes will be considered: road users
that are completely unaware of the regular pattern in the within -
day variation, and road users that have full knowledge of the
within -day variation. It is assumed that the first group of road users
is completely unaware not only of the regular pattern in the within -
day variation, but of any possible regular patterns in the day-to-day
variation (to be discussed below) as well.

As far as this first group is concerned, consideration should be
given to the (unmodified) global (i.e. overall) travel time
distribution. (Uncertainty = variation for these road users.) For the
road users in the second group (having full knowledge of the
within -day variation), only the day-to-day distribution is left over as
source of uncertainty. As far as these road users are concerned, it
thus is sufficient to consider the day-to-day distribution of travel
times (like is the case for the road users making trips at a fixed time
of the day).

Also in the day-to-day variation certain regular patterns can be
identified. First of all, there is a certain regular variation between
the various days of the week. In particular, there is a large
difference between weekdays and weekend days. In weekend days,
morning and evening peaks typically are absent in the travel times.
However, events or other destinations attracting a lot of
recreational traffic might result in peak-hour-like traffic conditions
on some parts of the road network, during certain periods of the
day. When mutually comparing the different weekdays, a certain
regular pattern can be observed as well. Friday usually deviates
most from the other weekdays. Travel times on this day typically
have a less pronounced morning peak, and a longer lasting evening
peak. Road usersmaking the same trip every weekday probably will
know this difference between Friday and the other weekdays.
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Whether they know the mutual differences between the other
weekdays however is doubtful. In this project, it is assumed that
this is not the case As a consequence, separate dayto-day
distributions of travel time should be considered for:

- Monday-Thursday
- Friday

- Saturday

- Sunday

For the latter three categories then only the variation between
weeks (for the given day of the week and a given time period of
the day) is left over as a source of uncertainty.

However, also in the travel time variation between weeks (for a
given day of the week) again some regular pattern can be
identified. This regular variation over the months/seasons could be
referredtoas -seasonal variati on- . The
in this seasonal variation is the variation due to vacation periods. In
these periods travel times are typically lower than they are
normally, especially in the long vacation. The morning and evening
peaks in travel time are less pronounced, or even (almost) absent.
Most road users will know the difference in travel times between
vacation periods and other periods (or otherwise they will learn this
difference in a few days time, by experience). Therefore in fact
separate (day-to-day) travel time distributions should be considered
for -nor mal - periods and vacation
fact that vacation periods account for only a limited part of the
year, here only (indicators derived from) the travel time distribution

ma

for -normal - periods (excluding vacalt

At the start and the end of vacation periods just the opposite effect
occurs: on these days traffic conditions typically are worse than
normal, due to traffic volumes being larger (vacation rush). It is
guestionable whether much of the road users actually are able to
take this into account in their time planning. It is very well possible
that many road users do not realize in time that a vacation period is
about to begin or end. (Of course this does not apply to the
vacation traffic itself.) In this project, it is assumed that indeed the
road users are not aware of it (in time). The travel times on the
days concerned are therefore simply included in the travel time
di stributions relating to —-nor mal -

Yet another regular pattern in the travel time variation is related to
holidays. On holidays, morning and evening peaks in the travel
times are typically missing. In particular due to recreational traffic,
there might still be traffic congestion on these days however.
Because travel times on holidays are quite similar to those on
Sundays, in this project holidays will be considered as being
Sundays.

Finally, road users generally also have a certain idea of the impct
(on travel time) of disturbing conditions like bad weather, accidents
or road works. However, at the time at which such conditions
manifest themselves to the road users, often it is already too late
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(i.e. the time planning cannot be modified anymore), unless some
information on them is received in an earlier stage. The influence of
this kind of information is the topic of the following subsection.

Influence of information

If travelers have access to / are provided with information on the

conditions on the road network, they are better able to predict their

travel times. This results in their uncertainty (and the associated
costs) being lower than the travel time distribution suggests. The
information referred to is not limited to traffic information. Oth er
types of information, like weather forecasts and announcements of
road works, may play a part as well.

Note that the influence of information is partly accounted for

already (see above), by consideringorigin-destination travel time
distributions (assumng fully informed road users, always selecting
the shortest" route available) next to route travel time distributions.

This way however only the reduction of travel time variation is
considered, leaving the other component of uncertainty reduction
(i.e. the uncertainty reduction for given travel time distribution) out

of account.

The value of information is highly dependent on the point in time

at which the information is obtained. The later the information is

received, the lower its value (and consequently, the lower the

reduction in the costs due to uncertainty). This is because of the
fact that the possibilities to respond to the information decrease as
a function of time.

Since planned (large scale) road works are usually announced well

in advance, and moreover, usually last for a substantial period
(enabling the regular road wusers to
conditions), it does not seem ~-fair -
situations with this kind of road works in the (day -to-day) travel

time distribution. It is better to leave these situations out of

account, or (preferably) consider a separate travel time distribution

for them. Of course, for emergency repairs this is completely
different: travel times in situations with this kind of road works
should be included in the -normal - t

The reduction in uncertainty due to weather forecasts (or personal
weather observation) could be taken into account by considering
separate travel time distributions for different weather conditions.
However, this would correspond to the (implicit) assumption that

travelers have full knowledge on the differences in these
distributions and that they are fully informed on the (future)

weather conditions well in advance. Obviously, this is not realistic.
Therefore, no separate travel time distributions will be considered.
This corresponds to the implicit assumption that the road users
have no weather related knowledge and information at all. Of

“-shortest- in terms of travel ti me
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course, this is not realistic either, but the previous assumption is
estimated even more unrealistic.

It is very difficult to explicitly take into account the reduction in

uncertainty due to information on the traffic conditions. This

reduction is dependent on the amount of information that road

users obtain, and on the quality of this information (and on the

point in time at which the information is obtained, as mentioned

before). The quality of the information refers to the extent to which

the (future) travel times can be predicted correctly with this
information. An important factor in this is the stability of the travel

times. The more instable the travel times are, the lower the value of
the information will be (i.e. the lower the reduction in the

uncertainty in travel time and the associated costs). Here instability
should be understood as the extent to which travel times can
change rapidly and unpredictably. A high instability results in the
travel times being ill predictable.

The instability of travel times can be expressed in various ways.
Here it is proposed to look at the probability distribution of the
difference between the instantaneous route travel time “ (which
typically is the travel time obtained from conventional traffic
information) and the actual route travel time %, for given time of
the day. This will be done for several times of the day. Note that
we are not only interested in the mean of the difference between
the two travel times. In fact, this mean might be quite predictable:
it may be related to a cerdayaOther
characteristics of the probability distribution of the difference are
important as well. If the distribution is very wide, with long tails,
travel time instability is high.

Increase of both fuel consumption and wear and tear

Fuel consumption is dependent on the traffic performance (the
total amount of vehicle -kilometers traveled) and the driving speeds.
Obviously, total fuel consumption increases with the traffic
performance. The relation with the driving speeds is more
complicated. The fuel consumption is lowest for moderate speeds.
For speeds larger than, say, 100 km/h, fuel consumption increases
rapidly. For very low speeds, fuel consumption is larger as well.
Also the extent of fluctuation in the driving speeds has an
important impact on the fuel consumption. The greater these
fluctuations are, the larger the fuel consumption will be.

By reducing the driving speeds from 120 km/h to for example 90
km/h (still free flow), the occurrence of busy traffic conditions
might result in a reduction of the fuel consumption. However, if

“2 The instantaneous travel time is computed from the current traffic velocities on the

network. It is based on the assumption that the traffic conditions do not change while

traversing the route.

3 The actual travel time for a given moment in time is the travel time that is truly experienced

by road users departing at that moment in time.
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traffic conditions get truly congested (speeds < 80 km/h), fuel
consumption will increase. This is not (only) because of the lower
(average) speed itself, but because of intensification of speed
fluctuations as well (due to the emergence of stop-and-go traffic).
Because of this intensification of speed fluctuations, wear and tear
of the vehicles is increased as well. Furthermore, fuel consumption
might be increased by traffic deviating to other (longer) routes, in
order to get around heavily congested locations.

It may be concluded that this cost item can be taken into account
by considering the total amount of vehicle-kilometers traveled (on
network level or origin-destination level) and the total amount of
lost vehicle hours relative to a reference level of, say, 80 km/h (on
network, origin -destination, route, or road section level). It should
be noted that this approach is not completely correct, since the fuel
savings related to the speed reduction from 120 (or 100) to 80
km/h are not considered. However, in literature the additional fuel
costs due to traffic congestion are estimated at only a few percent
of the total congestion costs at the very most (see for instance KIM,
2009). Probably the costs related to the extra wear and tear are
even less. It is thus not very important that the indicators to be
used in this project very accurately represent this cost item.

Travelers diverting or staying away

This cost item can be addressed by considering the change in the
number of road users. Of course a limitation of this approach is that
the cost item can only be addressed in a relative way (i.e.
comparing different scenarios, like the scenariowithout a certain
measure and the scenariowith this measure). It is not possible to
give an indication of the absolute value of the magnitude of this
cost item for a given scenario, using this approach. However, this
actually is not really a problem, since it is not really necessary for
the purpose of this research project.

It is not appropriate to consider the change in the number of road

users at the level of individual road sections or routes. This way the
results would be affected by detour making, while the costs
associated to this are already addressed by considering the avage
travel times on the various origin-destination relations (cost item 1).
Considering the change in the number of road users at the network
level is not very appropriate either, since changes on different
origin-destination relations might offset one another, resulting in

these effects to remain unnoticed. Therefore, it seems best to
consider the changes at the level of the origin-destination relations.

In order to properly grasp the influence of all (systematic and
random) variations, the numbers of road users should be
determined over a sufficiently long period of time (i.e. at least a
year). By considering the numbers of road users separately for
various days of the week and periods of the day, more detailed
information is obtained. After all, since the levels of traffic
congestion are variable over time, the extent to which travelers
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7

divert or stay away will strongly vary over time as well. More
importantly, though, is that if all periods of the day are simply
combined, the effect of travelers deviating from their preferred
departure time (in order to avoid traffic congestion costs) is
completely neglected, while there are definitely certain costs
associated with this diverting behavior as well. This is another
reason to consider the different periods of the day separately: this
would visualize any possible shifts in departure times. While
distinguishing between various days of the week and periods of the
day thus certainly is preferable from a completeness point of view,
it should be noted however that it would make the analyses more
cumbersome.

Increase of the number of accidents

The relationship between traffic congestion and traffic accidents is
not easy. On average, speeds are lower and mutual speed
differences (between individual vehicles) are smaller in congested
traffic, which will positively affect the frequency and severity of

accidents. On the other hand, traffic density is larger, which will

have a negative influence. More important, however, is that there

are shock waves created in the taffic flow, in which the traffic has

to slow down rather abruptly. This results in additional (head-tail)

collisions.

This cost item can be taken into account by considering the total
amount of lost-vehicle-hours relative to a reference level of, say, 80
km/h (on network, origin -destination, route, or road section level).
The reasoning here is that a larger total amount of these lost
vehicle-hours corresponds to a larger number of shock waves,
resulting in a larger number of accidents. This is a rather roudn way
of dealing with this cost item, but unraveling the exact relationships
between traffic conditions and accidents is not the purpose of this
study.

Larger load on the environment

The emissions of harmful exhaust fumes and the depletion of fossil
fuels are respectively strongly and fully connected to the fuel
consumption. Since these are the most important components of
the environmental impact of traffic congestion, this cost item can
thus be expressed in terms of variables describing the traffic
conditions in rather the same way as cost item 3 (see above).

Indirect costs related to settlement behavior and logistic chains

This cost item is strongly related to cost items 1 and 2 (and 3): The
longer and more uncertain the travel times are (and the larger the
fuel consumption is), the larger the negative impact on settlement
behavior and logistic chains will be. Therefore, this cost item can be
related to the same traffic variables as cost items 1 and 2 (and 3)
can be related to (see above).
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8) Discomfort

The discomfort is strongly dependent on the (relative) occupancy of
the road. Since the occupancy influences the travel speed, and
therefore the travel time, the discomfort can be related to travel
times. (The longer the travel times are, the lamger the discomfort
will be.) Furthermore, discomfort might be associated with
uncertainty regarding the remaining part of the trip. Therefore,
discomfort can be related to the uncertainty in travel times as well.
This leads to the conclusion that the discanfort can be addressed in
the same way as cost items 1 and 2.

The discomfort associated to the uncertainty regarding the
remaining part of the trip is also influenced by the amount of
information that travelers receive: generally travelers are less
annoyed about delay if they are informed on the extent of this
delay (Snelder et al, 2009). For the selection of an indicator /
indicators for the level of traffic congestion this is not that relevant
however.

Concluding observation

From the considerations above, it can be concluded that all societal
costs in fact can be related to one or more of the following few
characteristics of the traffic conditions:
- the average travel times (on origin-destination level),
- the uncertainty in the travel times (on origin -destination level),
- the number of road users (on origin-destination level),
- the total number of vehicle -kilometers traveled (on network or
origin-destination level), and
- the total number of lost vehicle hours relative to a certain
reference level of, say, 80k m/ h (representing t he
between free flowing traffic states and congested traffic states)
(on network, origin -destination, route, or road section level).
Therefore the criterions to look for should be criterions focusing on
these aspects.

Of the se five aspects, the first three are considered the most important
ones. The fourth one is only included to properly take into account the

additional fuel costs and environmental costs. As mentioned before,the

additional fuel costs are only a few percent of the total congestion costs

at the very most. Probably the additional environmental costs are of the

same order of magnitude. The fifth aspect is included for the same
purpose (i.e. properly representing the additional fuel costs and
environmental costs). However, this one also has a function in
representing the additional accident costs. Therefore, it is considered
more important than the fourth one. The first three aspects are

estimated even more important though.
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3.3 Known criterions for the evaluation of traffic congestion

3.3.1 Outline

In this section the possibilities for defining criterion(s) for the level of
traffic congestion are explored by considering which of such criterions
already exist. First of all, a general overview is given of the various
indicators that are used in practice or proposed in literature (subsection
3.3.2). Here, also their suitability in the context of this research project
is discussed (taking into account the findings from the previous
section). This is followed by an overview of the norms that have been
put on traffic congestion in the Dutch national traffic policy of the past
few decades (subsection3.3.3). Here not only the indicators used in
these norms are of interest, but the limits set on these as well. After all,
from the value of an indicator alone one cannot infer whether the
system actually performs well or poorly (in terms of traffic
congestion)*. For this it is necessary to have an idea on the rang of
the indicator values for which the system can be considered to perform
well.

The next section (3.4) describes the indicators finally selected. Insofar
as the known criterions turned out to be inadequate, new or modified
criterions were included in the selection.

3.3.2 Indicators used in practice or proposed in literature

In this section an overview is given of the various traffic congestion
indicators that are used in practice, or proposed in literature. Their
suitability for use in this research project is discussed as well. The
indicators are considered in three groups. First, indicators (directly)
relating to travel times, speeds or delays are discussed. After this, other
indicators describing the quality of the traffic flow are considered.
Although more indirectly, in a way these indicators relate to travel
times, speeds or delays as well. Finally the indicators that do not really
relate to the quality of the traffic flow, but rather to the amount of
traffic, are discussed.

Indicators (directly) relating to travel times, speeds or delays

In practice, the total amount of lost vehicle hours (i.e. the sum of the
delay of all vehicles, relative to a norm speed of for example 100 km/h)
is the most common indicator for the severity of traffic congestion.
Clearly this is not a sufficient indicator for the societal costs, since
certain parts of these costs are completely disregarded, like those
related to the uncertainty in travel times. For the average route velocity
and the average travel time / delay (which are other indicators used in
practice, representing the yearly average of the speed with which a

“Striving for a -zero- congestion |level typically
made to make the last bit of traffic congestion disappear are generally much larger than the
associated benefits (i.e. the eliminated congestion o©sts).
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certain route is traversed, and the yearly average of the travel time /
delay on a certain route, respectively®), this is no different.

In the probabilistic design philosophy (see section1.1), a widely used
indicator for the evaluation of designs, or the mutual comparison of
various decision options, is risk, often defined as the product of
probability and consequence (or rather as the summation of the
products of probability and consequence of the various possible
outcomes). In the context of traffic congestion, the consequence
typically would be the travel time, resulting in the risk value to
represent the expected (or average) value of the travel time. Clearly
then risk is not a sufficiently representative indicator for the social costs
of traffic congestion either, again because of the fact that the
additional costs due to the uncertainty in travel times are completely
disregarded.

If the uncertainty -related costs are given consideration, often they are
considered separately from the costs associated with the average/total
travel times (expressed in e.g. the number of vehicle hours lost). For
this, a certain unreliability indicator is used. In literature, various types
of unreliability are discerned, like capacity reliability, terminal (or
connectivity) reliability, encountered reliability, flow decrement
reliability, and travel time reliability (see for example Nicholson et al,
2003). In practice the uncertainty-related costs are often addressed by
considering the latter type of unreliability (i.e. the travel time reliability,
or rather unreliability), since this type of reliability directly represents
the impact on the road users, unlike some of the other types of
reliability.

As mentioned before (section 3.2.3), there is no consensus on which
indicator(s) to use for travel time unreliability. Most unreliability

measures ugd/proposed in practice relate to the day-to-day variation
on a particular route, for a particular time (period) of the day, limited to

workdays (sometimes by day of the week). Many different indicators

have been proposed. These can be divided in various kasses. In (Van
Lint et al, 2008) the following categorization is given:

- statistical range indicators,
- buffer time indicators,

- tardy trip indicators, and

- probabilistic indicators.

Statistical range indicators (like variance, standard deviation* ,
coefficient of variation, or time windows defined by expected travel
time plus/minus a certain number of times the standard deviation) only
consider the width of the travel time distribution. The other indicator

4 Both of these two indicators often are evaluated for a specific time period, usually being the
peak or off-peak period of weekdays.

6 In the Netherlands, it is suggested to use the standard deviation of travel times as a basis for
the monetarization of travel time reliability effects in cost-benefit analyses of infrastructure
projects. (See for instance Rand Europe, 2005.)
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types focus on the tail(s) of the distribution. This way, to a certain
extent they take into account (~combi
skewness of the travel time distribution (since the tail is not only

affected by the width of the distribution, but by the skewness (and

other properties of the distribution ) as well).

As the name implies, buffer time indicators considerasecc al | ed =-buf f
ti me-. This is the extra amount of tir
account in order to arrive on time, usually defined as the difference

between the 90™ or 95" percentile travel time and the average travel

time. Tardy trip indicators focus on the extra delay (compared to the

average travel time) incurred during the worst trips. An example of this

type of indicators is the misery index, representing the relative digance

between the average travel time of the 20% worst trips and the overall

average travel time+ . Probabilistic indicators finally consider the

probability that the travel time between a certain origin and destination

is within a certain predefined threshold or time window. Note that

buffer time indicators and probabilistic indicators in fact are very closely
connected. Buffer time indicators consider the buffer time for

predefined probability of exceedance, while probabilistic indicators

consider the probability of exceedance for predefined buffer time.

Van Lint et al. (2008) propose a new indicator for travel time
unreliability (not covered by any of the above categories), explicitly
combining width and skew of the travel time distribution. In this
indicat or , for width and skew not the =c
used, but new metrics based on percentiles of the travel time
distribution. This is because of the fact that the well-known statistical
measures are sensitive to outliers in the travel tine data. Indicators
based on percentiles of the distribution are more robust in this respect.

In their paper, Van Lint et al. (2008) illustrate that the various
indicators differ significantly in judging the reliability of situations. In
fact this is quite logical, since all these indicators depict only part of the
large amount of information contained in the travel time distribution.
This problem is inherent to using indicators. Another source of the
discrepancies is the fact that part of the indicators are based on
statistics that are sensitive to outliers in the travel time data (statistics
like mean and variance), resulting in these indicators being sensitive to
these outliers themselves as well.

Recently Tu (2008) defined a new indicator for travel tim e unreliability,
combining travel time variability and travel time instability. Tu considers
travel time unreliability as a kind of risk: the risk with respect to
experiencing a traffic flow breakdown (or traffic congestion), faced by
road users. This riskis considered as a function of the traffic inflow to
the route. Tu uses another definition of risk than the one discussed in

47 Other definitions of the misery index are possible as well (for example: instead of the 20%
worst trips also the 15% or 10% w orst trips might be considered, or instead of the overall
average travel time the free flow travel time might be taken).
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the beginning of this subsection“. The general concept (risk is the
probability of outcome i times the consequence of outcomei, summed
over all possible outcomesi) is the same, but the possible outcomes are
defined in a different way.

Tu discerns two possible outcomes: the traffic state being congested
and the traffic state being free flow (i.e. non -congested). The
respective travel time variabilities of these two traffic states (i.e. the
congested travel time variability and the free flow travel time
variability, respectively) are considered as the consequences of the two
possible outcomes. The breakdown probability (i.e. the probability of
the traffic state transforming from free flow into congested) and its
complement (i.e. the probability of the traffic state remaining free flow)
are considered as the corresponding probabilities of occurrence.

From this it can be concluded that the indicator of Tu actually
corresponds to the expected value of the travel time variability. Since

the probabilities of occurrence are defined as the probabilities of
breakdown and - no breakdown- | rat her
probabilities of congest i on and -no congestion-, t
not the overall expected value, but rather the expected value assuming

initially free flow conditions.

In fact, this is no good indicator for representing the total uncertainty.
For one thing, this is because of the fact that the indicator does not
take into account the possibility that traffic conditions are congested
already (due to a breakdown of the traffic flow at an earlier moment in
time). Secondly, one of the components of the total uncertainty is
neglected in the indicator, namely the uncertainty regarding whether
the traffic conditions will be congested or not.

This can be illustrated with the following (theoretical) example.
Consider a situation in which the traffic conditions are either free flow
or congested, and variability in both cases is zero (i.e., there is only one
possible free flow travel time, and likewise only one possible congested
travel time). Of course the congested travel time is longer than the free
flow travel time. The travel ti me unreliability according to the definition

“ The indicator proposed by Tu is computed as:
TTURG) =@ P (@n)® TTV (@) + P (@) 2 TTV ().
TTURG),) = Travel time unreliability for a given inflow level G, on route I'.

b
P; ' (q|rn) = Probability of traffic breakdown for a given inflow level C}, on route [ .

(Note that the probability of breakdown is something different than the
probability of congested traffic flow . In the first case the transition from
free flow to congested flow is meant, while in the latter case the traffic
flow might have been congested already.)

TTV' (gy) = Travel time variability before breakdown (i.e. in free flow conditions) for
a given inflow level G, on route I (computed as the difference
between the 10" and 90" percentile travel times).

TTV! (q{n) = Travel time variability after breakdown (i.e. in congested conditions) for a

given inflow level (;, on route I' (computed as the difference between
the 10™ and 90™ percentile travel times).
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of Tu (i.e., the expected value of the variability) would be zero. Still,
there is of course uncertainty involved, namely the uncertainty
associated with the question whether the traffic conditions will be free
flow or congested, i.e. whether one will face the free flow travel time
or the congested one.

Other indicators for the quality of the traffic flow

While all the indicators above are directly related to travel times, in
practice also indicators not direcly related to travel times are used for
describing the quality of the traffic flow. The most well -known example
of these indicators is the ratio of traffic flow (q) and capacity (c),
indicating the relative loading of a certain road section. In this ratio for

g and ¢ certain -~representative- value
could be the maximum flow rate in the governing peak hour on an
—average- working day, or the flow th

number of hours a year (say, 30). For c it for example could be the
average capacity in normal conditions. The indicator g/c is frequently
used for assessing the quality of the traffic operations (also indicated as
-LOS- : Level of Service) on (designe:
higher the flow -capadty ratio, the lower the level of service, expressed
in terms of comfort, freedom to maneuver (including for example
overtaking possibilities), freedom to drive at the desired speed, travel
time, and predictability of travel time. A general rule of thumb is that a
value smaller than 0.8 corresponds to good quality traffic operations
(i.e. hardly any traffic congestion), while a value of about 1 or above
corresponds to bad traffic operations (i.e. a substantial amount of
traffic congestion) (AVV, 2002; Rijkswaterstaat, 2009).

Another indicator that can be used for assessing the quality of the
traffic flow is the traffic density (i.e. the amount of vehicles per unit
length of roadway/lane). The larger the traffic density is, the lower the
quality of the traff ic operations will be. Based on traffic densities, in the
-Hi ghway Capacity Manual - (HCM) (Tran
2000) six levels of service are distinguished, ranging from completely
free flow conditions in which vehicles are virtually unaffected by each
other (LOS A), to forced flow conditions in queues resulting from traffic
demand exceeding available capacity (LOS F). This level of service
classification has been widely used in planning, design and operational
studies for several decades now.

In fact, the traffic density and the flow -capacity ratio are strongly
connected. After all, traffic density and traffic flow can simply be
converted into one another using standard relationships from traffic
flow theory.

Yet another indicator usedinpract i ce i s the -probabilit
For a given road section, this indicator gives the fraction of traffic
experiencing traffic congestion.

Finally, an indicator which is commonly used in the Netherlands is the
summation of the lengths of all traffic jams on the network, integrated
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over time (in Dutch referredtoasthe-f i | ezwaar t e Hermar -f i |
traffic jam is supposed to exists on a road section if the speed on that

road section is below 50 km/h. This is clearly not a good indicator,

however, in view of the facts that:

- The length of a traffic jam is not a good measure for the
amount of road users involved. For this the number of lanes
and the traffic density should have been taken into account as
well.

- The indicator does not differentiate between different speed
levels (below the 50 km/h threshold), while these speed
differences may have major consequences for the amount of
delay incurred in a traffic jam.

While all these indicators (except for the latter) certainly give relevant
information on the quality of the traffic flow, in fact the indicators
discussed before (i.e. those related to travel times) are better indicators
for the societal costs, since they describe more directly the magnitude
of the effects that actually bring about these costs. Of course, there is a
relation between the indicators discussed in this subsection and the
indicators related to travel times. As far as the traffic density and flow-
capacity ratio are concerned, on average it will be true that the
(total/average) travel time and uncertainty in travel time are larger on
road sections with higher flow-capacity ratios / traffic densities.
However, this relation is only a very rough one. This is due to the fact
that important factors like network structure and variation s in both
traffic demand and capacity are not reflected in the indicators flow-
capacity ratio and traffic density. Consequently these indicators cannot
be considered substitutes for indicators directly related to travel times®.

The -probabitliigadry- oif ndionatecsr i s much st
(total/average) travel time and the uncertainty in travel time than the
flow-capacity ratio and traffic density. A larger probability of
congestion generally will correspond to a larger total/average travel

time and a larger uncertainty in travel time. This relation cannot be

regarded as a hard and fast rule though. Therefore also this indicator

cannot be considered a substitute for indicators directly related to travel

times.

Other indicators

Beside the indcators that relate to the quality of the traffic flow, there
are the indicators concerning the amount of traffic (which after all
might be affected by traffic congestion as well). In the Netherlands, the
number of vehicle-kilometers probably is the most common indicator
for measuring the total amount of traffic. A problem related to this
indicator is that it is not always clear how to explain an increase (or
decrease) in the number of vehicle kilometers. On the one hand, such

49 In spite of the fact th at the flow -capacity ratio and traffic density are not very appropriate
indicators for assessing the actual size of the traffic congestion problems, in design processes
they may be useful, since they might provide the traffic engineer with information on
underlying causes of traffic congestion problems.
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an increase could be due to mae traffic being facilitated by the road

network, which is generally considered a positive effect (in view of the

economical/societal benefits that are derived from the additional

trips)®. On the other hand, such an increase could also be due to more
road users making (larger) detours in order to avoid congested
locations, which of course is considered a negative effect. Therefore it
seems better to measure the amount of traffic that is facilitated by the

road network in numbers of trips (per origin -destination relation).

Brilon (2005) combined the amount of traffic being facilitated by a road

section and the quality of the traffic flow, represented by the speed on

this section, into one indicator (the
product of these two. This indicator indeed is a good measure for the

efficiency with which the potential of the existing infrastructure is

exploited. However, it is not that appropriate as indicator for the

societal costs of traffic congestion, since detours (made in orde to

avoid congested locations) are not negatively valued.

3.3.3 Norms on traffic congestion in the Dutch traffic policy

This section zooms in on the norms that have been set on traffic
congestion in the Dutch traffic policy of the past few decades. For the
most part, this policy is laid down in the main policy documents on
traffic and transport of the Dutch government. Over the past few

decades, four of these documents have been released:

- the -Traffic and Transport Stru
-StructuurkebemanVe&rervoer -, abbrev
published in 1979;

- the -Second Traffic and Transport
Structuur schema Ver keer en Vervoer
released in 1990;

- the =-National Traffic and Trsanspor
en Vervoersplan-, abbreviated as )
and finally the most recent one:

- the -Mobility Policy Document - (=N
as NoMo), dating from 2004.

SVV (1979)

I n the SVV, policy objectivesr wiece- ba:
defined in the American Highway Capacity Manual (a classification in

six levels of service A to F, based on the traffic density!). For weekdays,

LOS C was selected as the policy objective for rural areas, and LOS D

(limit E) for urban areas (Van der Hoorn, 2007). In fact, the Highway

Capacity Manual (HCM) classification had already been used for a long

time in the Netherlands when the SVV was issued. As discussed before,

the traffic density and consequentially also the HCM classification

however are not the most appropriate indicators for expressing the

50.0On the underlying road network such an increase however could be considered undesirable,
in view of a possible deterioration of the traffic safety or quality of life.
51 See the previous subsection.
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level of traffic congestion. Indicators directly related to travel times are
more appropriate for this.

SVVII (1990)
In the course of years, in the decisionmaking process for infrastructure

investments it became increasingly important to map out the
(economic) effects of alternative options quantitatively (Stembord,

1991) . Because of the somewhat -abstr

HCM levels of service (resulting in administrators having difficulties in
interpreting these), a need was felt for a more intuitive indicator: an
indicator with which it would be possible to quantify the level of traffic
congestion. Therefore, in SVVII such a new indicator was introduced:
t he =-congest i (discusged io theprevidus dulysection). For a
given road section, this congestion probability was defined as the
fraction of all road users in a year (limited to weekdays) that is
confronted with traffic congestion. In the computation of this
congestion probability, within -day and day-to-day variations in the
traffic demand were taken into account. To a certain extent, the
variations in the capacity of the road section were taken into account as
well.

Typically, a -zero- C 0 n g e simal: othe
infrastructure expansion needed to get rid of the last bit of congestion
is much more costly than this last bit of congestion itself. Therefore a
societal costbenefit analysis was performed in order to find a norm for
the congestion probability. In this cost-benefit analysis, improvements
in travel time and traffic safety (i.e. the societal benefits) were
weighted against the construction costs of new infrastructure, the
maintenance costs of infrastructure, and the environmental effects of
the construction of new infrastructure (i.e. the societal costs).

Overall (i.e. considering all individual road sections of the main road
network together), a congestion probability of 2% was found to be the
economic optimum (see Figure 3.6). In the end, only for the so-called
-hinterland connections- this 2%
view of budgetary restrictions, for the other roads of the main road
network a less stringent norm of 5% was selected. (The traffic on the
hinterland connections was considered to be of a larger economic
value, resulting in travel time losses on these roads to be considered
more costly than travel time losses on other roads.)

It should be noted that these norms were not to be interpreted as strict
rules to be complied with for individual road sections. In fact, they were
rather meant as a basis for a nationwide reservation of financial
resources and land. It was stated that for actual projects a caseby-case
assessment of the bcal optimum congestion probability had to be
performed.
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Figure 3.6: Societal optimization of
the congestion probability
(Adapted from: Dienst
Verkeerskunde, 1992)
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In subsection 3.3.2 it was already noted that the congestion probability

in fact is not the most appropriate indicator for expressing the level of
traffic congestion. It does indicate the proportion of th e road users that
is confronted with traffic congestion, but does not give adequate

information on the actual extent of this traffic congestion (in terms of

attributes that are decisive for the societal costs). For this it is better to
consider indicators (directly) related to travel times.

Concerning the societal optimization from which the 2% norm was
derived, some critical remarks can be made as well. The societal costs
and benefits of infrastructure expansion were accounted for in a rather
simplistic way. In reality, assessing these costs and benefits is a rather
complex problem. First of all, as far as the delays are concerned, only
the direct travel time losses were considered. The additional costs due

to uncertainly in travel times were left out of a ccount. In view of the

fact that that these costs contribute significantly to the total costs of
traffic congestion (see section 3.2.2), this is an important limitation of

the analysis performed. The indirect economic costs redted to the
effects on the location choice behavior of firms were left out of account

as well. Furthermore, the feedback process from infrastructure supply

to traffic demand (related to the notion of the so-cal | ed -1 at e
demand-) seems t ois feedback ppdess adfeesda theT h
increase in traffic demand that can be expected if traffic conditions are
improved (as a result of infrastructure expansion). This increase results

in both additional costs (related to an increase in the amount of traffic
congestion) and additional benefits (related to the larger amount of
trips being facilitated), which should have been taken into account.

Another limitation of the analysis relates to the fact that certain causes
of congestion were not taken into account explicitly (causes like
incidents, road works, heavy traffic in weekends, etc.). These sources of
congestion were accounted for by multiplying the calculated travel time
losses by a factor of 2. In spite of the fact that this factor had an
empirical basis,the accuracy of this approach is doubtful. Yet another
limitation of the assessment was that all individual road sections were
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considered separately (i.e. as if they were isolated from each other).
Interactions between bottlenecks were thus not taken into account in
the assessment.

NVVP (2000)

I n the NVVP the indicator -congestion
because it was considered not closely enough related to the perception

of the travelers (AVV, 2000). It was replaced by the so-cal | ed -=r ou:
speeds- (in Dutch: -trajectsnel heden-),

motorway stretches of 30 km or longer, for the busiest hour of the day

(averaged over all weekdays of a year). Based on feasibility, a lower
limit of 60 km/h was selected as the policy objective for these route

speeds.

Initially, in the computations of the route speeds for future situations,
fluctuations in traffic conditions were not taken into account. Instead,
simply speeds for a kind of a“represen
Later on, Transpute (2003) developed a model with which route speeds

could be calculated as true averages (i.e. taking into account (part of

the) fluctuations in traffic conditions).

Note that using average speeds as indicator is in fact no different from
using average travel times as indicator, since speed is just distance over
time (where the distance has a fixed value). This can be considered to
be a better indicator than indicators not directly related to travel times,
but, as discussed before (see sdoon 3.3.2), it obviously is not a
sufficient indicator for the societal costs of traffic congestion, since it
completely neglects, among others things, the costs that can be related
to the uncertainty in travel times. Furthermore it should be mentioned
that the theoretical basis for the norm speed of 60 km/h seems rather
weak.

NoMo (2004)

When the NoMo (i.e. the most recent policy document) was put into

force, the policy was changed once again. The policy objective from the
NVVP (relating to the average route speeds) was modified, and a
completely new policy objective was added to it. This new objective
refers to the reliability of travel times, which is considered a very
important issue in the NoMo. In fact it is thus recognized in the NoMo
what was stated above, in relation to the policy objective in the NVVP,
i.e. that the average speed (or travel time) is not a sufficient indicator
for the level of traffic congestion. By adding the policy objective
regarding the reliability of travel times, to a certain extent the
uncertainty in travel times is addressed as well. It should be noted
however that this reliability policy objective rather considers the
variability in travel time, which is not exactly the same as the
uncertainty in travel time (as discussed in section3.2.3).

107 Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic



For the average travel times, the following targets have been defined
(Ministerie van Verkeer & Waterstaat, 2004):

- On motorways, the average travel time during peak periods
should not exceed 1.5 times the off-peak travel time.

- On urban ring roads (a subcategory of the motorways) and
non-motorways that are part of the main road network, the
average travel time during peak periods should not exceed 2
times the off-peak travel time.

In the above, the off -peak travel times should be calculated based on
an assumed speed of 100 km/h (except for the non-motorways). The
factors of 1.5 and 2 are referred

The less stringent norm for urban ring roads and non-motorways is
motivated by the facts that:

- For urban ring roads capacity expansion is often only possible
at very high costs.

- On urban ring roads and non-motorways, the percentage of
regional traffic (as opposed to national and international traffic)
is relatively high. For this regional traffic (which travels shorter
distances) a less stringent norm results in only a few minutes
extra travel time.

- On non-motorways there are often elements like roundabouts,
intersections and other elements negatively influencing the
travel times.

I n fact these norms are very si mi
the NVVP. However, for the urban ring roads this norm is relaxed a bit,
while for the other motorways the norm is tightened a little. After all,
an average travel time of 2 times the off -peak travel time corresponds
to an average speed of 100/2 = 50 km/h (assuming an off -peak speed
of 100 km/h), and an average travel time of 1.5 times the off -peak
travel time corresponds to an average speed of 100/1.5 = 67 km/h
(where the NVVP norm was 60 km/h). It should be noted however that
the NVVP norm referred to the busiest hour of the day, whereas the
new norms apply to peak periods as a whole (being longer than just
one hour). With this in mind, the 67 km/h norm in the No Mo actually
might even be lessstringent than the 60 km/h norm in the NVVP.

Next to these norms on route level, the NoMo also defines a norm on
the level of the main road network as a whole. By 2020, the total
amount of vehicle hours lost in traffic jams should be back at the level
of 1992 (Ministerie van Verkeer & Waterstaat, 2006). In this context,
traffic jams are to be understood as traffic with a speed below 50 km/h
(Savelberg, 2008).

For the reliability of travel times, in the NoMo a probabilistic indicator
(see section3.3.2) is used. The policy objective states that 95% of all
trips during the peak periods should be in time (Ministerie van Verkeer
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& Waterstaat, 2004) . For longer distance trips
is defined as arriving 20% earlier or later than the expected travel time
at the most. (In other words: the realized travel time should be within
the interval bounded by respectively 80% and 120% of the expected

travel ti me.) For snh otritneer- diisst aemfcien ed |
within 10 minutes of the expected travel time (i.e. arriving 10 minutes
early or | ate at the most). In these d

is defined as the median of the travel time distribution.

Van Lint et al. (2008) criticize the arbitrary nature of the
parameterization of these norms (i.e. the arbitrariness of the 95% level
and the 20% and 10 minutes thresholds). If these parameters are
chosen differently, the results might give a very different picture of the
travel time reliability. The choice for using a probabilistic indicator
(rather than one of the other types of reliability indicators discussed in
section 3.3.2) to a certain degree is arbitrary too. In combination with
the fact that these different types of indicators differ significantly in
judging the reliability of situations, this makes the norms rather
arbitrary as well.

Consequently, the value of these norms as policy criteria in fact is fairly
limited. This can only be improved by making the norms more objective
(both regarding the selection of an indicator and the parameterization
of the norm). For this, it will be necessary to improve the knowledge on
how the costs of uncertainty in travel times actually are related to the
characteristics of the travel time distribution. Ideally, the
parameterization of the norms should be based on a societal cost
benefit analysis. However, from the discussion in relation to the SVVII it
might be clear that such a costbenefit analysisis very complex indeed.
Furthermore, for different parts of the motorway network (the results
of) this cost-benefit evaluation might well be rather different.

3.4  Selected criterions

From the previous considerations it is clear that traffic congestion
causes costs to society in several ways. The various cost items are
related to the characteristics of the traffic congestion in different ways.
One might be inclined to say that, ideally, the level of traffic congestion
should be expressed in one single indicatoy being the total amount of
societal costs. However, for this it would be necessary to monetarize all
individual cost items, which is not easily accomplished (since it is not
entirely clear how the costs exactly relate to the characteristics of the
traffic congestion). Actually, it (i.e. considering the level of traffic
congestion in terms of total costs) would not be very insightful either.
For these two reasons, it is more appropriate to express the level of
traffic congestion in variables describing thetraffic conditions. Since the
different cost items are related to the traffic conditions in different

2Inthi s norm =-all trips- refers to the complete set
The norm is thus not applicable to individual routes, roads or road sections (Rijkswaterstaat,
2009)
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ways, one indicator is not sufficient then. Instead, a set of indicators
needs to be considered. Based on the considerations in the previous
sections, thefollowing indicators were selected:

The 90" percentile travel time (on origin -destination level)

This indicator was selected because of the fact that it (to a certain
degree) implicitly comprises three features that are very important
for the level of the societal costs of traffic congestion, namely the
average travel time, the variance of the travel time and the
skewness of the travel time distribution. After all, for each of these
three features it applies that the larger its value is (holding the
other two constant), the higher the 90 " percentile travel time will
be. The 90" percentile travel time therefore is a reasonable
indicator for (part of) the societal costs due to traffic congestion.

The 90™ percentile travel time is made dimensionless by dviding it
by the free flow travel time. This has two main advantages:
- it puts the level of traffic congestion into perspective, and
- it makes the values on the different origin-destination
relations better comparable.
The latter allows to plot the values for the various origin-
destination relations in one diagram (think of a bar chart). This
helps to facilitate the analyses.

In view of the arbitrariness of the choice for the 90" percentile
travel time, it seems advisable to consider some other percentiles
as well. (For example the 80" and 95" percentile travel times).

The average travel time (on origin -destination level)

The 90" percentile travel time (and the other two percentile travel

times considered) represent only a very limited part of the
information contained in the travel time distribution (and

consequently give only limited insight into the amount of

additional travel time and the uncertainty in travel times).

Therefore it is necessary to also consider some other indicators for
these two aspects®. One of the indicators selected for this is the

average travel time (on origin-destination level). Again this

indicator is made dimensionless by dividing it by the free flow

travel time.

The median travel time (on origin -destination level)

In section 3.3.2 it was discussed that the classic statistics, like
average and variance, are sensitive to outliers in the (measured or
simulated) travel time data, which is a drawback of these

indicators. This is not the case for indicdors based on percentile
values of the travel time distribution (provided that not the most

% A better approach might be to consider the travel time distribution as a whole (by visual

inspection). This way no information is lost. However, comparison between (many) different

situations is more difficult then. The advantage of using indicators is that these allow for quick

comparisons. Therefore it was decickd to hold on to the strategy of using indicators. It is

however advisable to give some (limited) consideration to the distribution as a whole as well,

in order to avoid missing important information.
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extreme percentiles are considered of course). Therefore besides

the average travel time also the median travel time (or
equivalently, the 50" percentile travel time) has been included in

the set of indicators. Of course this could make one wonder why

then the average travel time still is included in the set of indicators.

This can be explained by the fact that the median travel time in

fact is not an ideal indicator either. After all, the upper (or lower)

half of the travel time distribution can significantly improve or
deteriorate, without being -detecte
average would be affected). In view of both the average and the

median having their individual drawbacks, it was decided to
consider both of them in this study
other). Also the median is made dimensionless by dividing it by the

free flow travel time.

IV. The width of the travel time distribution (on origin -destination
level)
In section 3.2.3 the variation in the travel times was identified as
an important factor (though not the only one!) for the travel time
uncertainty. Therefore the width of the travel time distribution was
seleckd as an indicator too. In order to avoid sensitivity for outliers
in (measured or simulated) data, this width is not defined in terms
of the classic statistics (like standard deviation, variance or
coefficient of variation), but rather as the difference b etween the
90" and 10™ percentile travel time values. Also this width indicator
is made dimensionless by dividing it by the free flow travel time.

V. The skewness of the travel time distribution (on origin-
destination level)
As indicated in section 3.2.3, also the skewness of the travel time
distribution might be an important factor for the costs associated
with the uncertainty in travel times. For that reason, an indicator
representing this skewness was selectedas well. This indicator is
defined as the quotient of the difference between the 90 ™ and 50™
percentile travel time values and the difference between the 50"
and 10™ percentile travel time values (i.e. (TTy2 TTg)/ (TT g2
TT,)). The choice for a definition in terms of percentile values
(rather than using the classic skewness statistic) again was
motivated by the wish to avoid sensitivity to outliers in (measured
or simulated) data.

VI. The distribution of the difference between the instantaneous and

actual route travel time (on route level)

In section 3.2.3 it was explained that the instability of the travel
times is an important factor for the travel time uncertainty. In case
of a higher travel time instability the predictive power of
traffic/travel information  (which pertains wusually to the
instantaneous situation only) will be lower, resulting in the travel
time uncertainty to be larger (for the same level of travel time
variability ). In the same section the distribution of the difference
between the instantaneous and actual route travel time was
identified as an appropriate basis for evaluating this travel time
instability.
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In fact, one would rather prefer to use a real indicator for this (i.e.
to express the instability in a single number). However, it is
difficult to define such an indicator without risking losing
important information contained in the distribution. (As noted in
section 3.2.3, we are not only interested in the mean of this
distribution, since this mean actually might be related to a rather
regular, predictable variation over the day). That is why it was
decided to consider the distribution as a whole. Because of the fact
that this results in the analyses to be more demanding (after all,
comparing whole distributions is much more laborious than
comparing indicator values), the travel time instability is evaluated
only for a limited number of times of the day.

VIl. The averagenumber of road users (on origin-destination level)
This indicator was selected as a measure for the costs due to
travelers diverting (to other transport modes, destinations, or
departure times) or staying away because of the traffic congestion
(or the other way around: as a measure for the benefits derived
from additional trips induced by an improvement of the traffic
conditions). It should be evaluated separately for the peak periods,
the -shoul ders- of t h e -pgnle pekiodspier i od s
order to be able to show shifts in departure time period.

VIIl. The total number of vehicle -kilometers traveled (on network level)
In order to allow for the additional fuel consumption and the
environmental effects of the traffic congestion as well, the total
number of vehicle-kilometers traveled has been included in the set
of indicators, in combination with the total number of lost vehicle
hours (relative to a certain reference level; see below).

IX. The total number of lost vehicle hours relative to a reference level
of 80 km/h * (on network | evel)

In combination with the indicator above, this indicator was

included as a measure for the additional fuel consumption and the
environmental effects of the traffic congestion. It was also included
however to allow for the additional accident costs due to traffic

congestion (based on the line of reasoning that a larger amount of
congestion hours corresponds to a larger amount of shock waves,
which in turn corresponds to a larger number of (congestion-
related) accidents; see section3.2.3).

5 Note that normally, in Dutch traffic policy a referen ce level of 100 km/h is used for the

number of lost vehicle hours. In such cases, this indicator is used as a measure fodelays,

however, whereas here it is used as a measure foadditional fuel consumption , accident costs

and environmental effects. (Delays are considered by means of other indicators.) In this case,

a reference level of 100 km/h is not appropriate. Rather, a reference level is required which

can be considered t o represent t he -boundary- b e
congested traffic states. For this, a level of 80 km/h is taken.
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All indicators on origin-destination level (1+V and VII) or route level (VI)
should be considered for severa origin-destination relations / routes
(well distributed over the network , and comprising both shorter and
longer distancesg, and for various times of the day.

Without specifying to which travel time distributions the indicators | to
V (inclusive) relate, they of course do not have a real meaning yet.
Based on the considerations described in sectior.2.3, it was decided
that the following distributions should be considered:

i. The global (overall) travel time distribution (i.e. the travel time
distribution for all moments in time combined, comprising both the
day-to-day variation and the within -day variation), assuming a
fixed route choice (i.e. assuming that the road users in all
situations hold on to their standard/intended routes).

ii. The global (overall) travel time distribution (i.e. the travel time
distribution for all m oments in time combined, comprising both the
day-to-day variation and the within-day variation), assuming an
optimal route choice (i.e. assuming that the road users at all times
are able (and willing) to select the route that will yield them the
shortest travel time)=.

ii. The day-to-day travel time distributions (i.e. the travel time
distributions for fixed times of the day, compromising only the
day-to-day variation), assuming afixed route choice (i.e. assuming
that the road users in all situations hold on to their standard
routes).

iv. The day-to-day travel time distributions (i.e. the travel time
distributions for fixed times of the day, compromising only the
day-to-day variation), assuming an optimal route choice (i.e.
assuming that the road users at all times are able (and willing) to
select the route that will yield them the shortest travel time) *.

All of these distributions are defined with respect to time (as opposed
to being defined with respect to trips), a choice that was based on the
considerations in section3.2.3. Distribution types iii and iv are defined
separately not only for the different times of the day, but for the
different categories of the day of the week as well (Monday -Thursday,
Friday, Saturday, and Sunday. Here public holidays should be
considered as Sundays. Vacation periods and periodsith large-scale
road works should be excluded from the day-to-day distributions®.

®This travel time distribution is constructed by s
the shortest travel time available (among the travel times of the various alternative routes on

the origin-destination relation). Note that the indicators in this case are made dimensionless

by dividing the indicator value by the smallest free flow travel time (considering all routes

between the origin and destination).

% lnsection3.23it was argued that it seems not =~th-air- to
day travel time distributions, since this would result in the uncertainty in the travel times to be

overestimated. Obviously, it would even be better (though more time -consuming) to consider

separate day-to-day travel time distributions for these periods (rather than just leaving them

out of account).
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In section 3.3.1 it was indicated that it is desirable to have some
reference values for the indicators considered (indicating when the
traffic system can be considered to perform well), since striving for a
~zero- c o n g e <dlly i®» mot optenal.eHor thisyinptie previous
section the norms put on traffic congestion in the Dutch traffic policy
were considered. It turned out that the theoretical basis for the
parameterization of these norms actually seems to be rather weak. It
was discussed that this parameterization in fact should be based on a
comprehensive societal costbenefit analysis. However, it is not within
the scope of this study to find the societal/economical optimum.
Therefore, the desired reference values cannot be gven here.

3.5 Empirical relations between the average travel time
and other indicators based on travel time statistics

In various empirical studies, strong relationships are found between the
average travel time (or the average delay, corresponding to the
difference between the average travel time and the free flow travel
time) and other indicators based on the travel time distribution. This
section discusses these findings (subsectioB.5.1) and their implications
for this research project (subsection 3.5.2).

3.5.1 Empirical evidence suggesting the existence of relationships
between the average travel time and other travel time statistics

Van Toorenburg (2003), Rand Europe (2004) and Margiotta (2009) all
found empirical evidence suggesting the existence of certain
relationships between the average travel time (or delay) and other
indicators based on travel time statistics. Below, the findings of these
different researchers are briefly discussed (oneby-one).

Van Toorenburg (2003) plotted the 85" percentile delay against the
average delay (both in the busiest hour) for 36 routes of about 30

kilometers throughout the Netherlands, and found a rather strong

relation between these two (seeFigure 3.7). It should be noted that the

existence of a positive interdependency in itself is of course quite
logical. After all, a larger 85" percentile value indicates that large delays
do occur more frequently, which will be reflect ed in the average value
as well.

From the figure it is apparent that the differences in average delay
between the different routes are considerably smaller than the
differences in 85" percentile delay. Each additional minute 85"
percentile delay roughly corresponds to 0.6 minutes additional average
delay. (Or formulated the other way around: each additional minute

average delay roughly corresponds to 1.75 minutes additional 85"
percentile delay.) From this it can be concluded that a larger average
delay and a larger (day-to-day) variability in the delay go hand in hand.

From the figure, this relation seems to be fairly strong.
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Figure 3.7: Relation between 85"

? 60
percentile delay and average delay
(in the busiest hour) for 36 routes of
about 30 kilometers throughout the 50

Netherlands 5
(Adapted from Van Toorenburg, £
2003) Z 40
]
©
2
= 30
=
S ® Morning peak
Q
:‘ 20 & Evening peak
["p)
©0
10
0

0 5 10 15 20 25 30

average delay (min)

The existence of this relationship between average delay and variaility
in delay is not surprising. Larger traffic loads generally do not only
result in longer average travel times, but also in an increased sensitivity
to disturbances. This latter causes the travel time variability to be larger
as well. In addition, the existence of a speed limit might play a role.
Due to this speed limit, the travel time distribution is bounded to the
left. Because of this, an increase in variability generally corresponds to
the travel time distribution extending further to the right, which on its
turn corresponds to a larger average value.

Based on the apparent strength of the relationship, and given the fact
that the data points represent a wide variety of circumstances (rural
roads versus urban roads, roads with much freight traffic versus roads
with little freight traffic, etc.), Van Toorenburg concludes that it will not
be easy to attain a state that deviates from this relation (by taking
measures).

In a research project of Rand Europe (2004) comparable relations were
found. This can be illustrated with Figure 3.8 and Figure 3.9, showing
empirical data for 212 routes on various parts of the Dutch main road
network ¥, for the morning and evening peaks (7-9am and 4-6pm,
respectively).

Figure 3.8 shows pl ots of t wo speed percent

speed- (computed as travel di stance ov
data for 154 weekdays in 2002=. The 10" percentile speed and the
—average speed- ( ¢ o " peacergile travel tinge atdo  t h e

the average travel time, respectively) are clearly related to each other.
Lower ~—average speeds- ™ pedemile ispbeds. wi t h
From the fact that the data points are gathered within a fairly narrow

" These are routes of variable lengths. The distribution of these lengths corresponds well to
the distribution of travel distances observed in reality on the main road network.

%8 Both the speed percentiles and the average travel time refer to theday-to-day distribution
of the travel times.
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Figure 3.8: Relationships between
the—-average spedéd-
(above) and 90" (below) percentile
speed respectively®

(Adapted from Rand Europe, 2004)

band®, this relation can be concluded to be fairly strong, just like the
relation between the average and 85" percentile delay found by Van
Toorenburg.

In contrast to the 10™ percentile speed, the 90" percentile speed
(corresponding to the 10" percentile travel time) apparently is not that
strongly related to the - av'peraegtie s peec

speed had a fairly | arge val ue (wit
irrespective of whether it concerned a situation wi
speed- or a situation with a | ow =—-aver

Combining the information provided by the two diagrams, it can be

concluded that the width of the speed distribution strongly increases

with decr eassipnege d~av eRuatgedi fferently, a
time and a larger travel time variability are clearly linked.
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%9 It should be noted however that for low speeds, a narrow bandwidth in terms of speed
corresponds to a much larger bandwidth in terms of travel times.

%0 all speeds corrected for differences in speed limit
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Figure 3.9: Relation between the
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Figure 3.9 shows another diagram from the same research project. In
this di agr am, the -average speed-

reliability indicator used in the NoMo (i.e. the percentage of trips
arriving within certain bounds of the median travel time). From the
diagram it can be concluded that there is some interdependency

p |

bet ween these two variabl es. On averag

a larger average travel time) corresponds to a lower percentage of trips

being realized =-in time- (indicating

frequently). However, this relationship is not extremely strong: a
substantial part of the variation in the NoMo indicator remains
unexplained (in spite of the fact that a correction had been applied for
the variation in route length, which is another important explaining
variable).
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In a research project conducted in the United States (see Margiotta,
2009), similar results were found as well. In this research project, a
large empirical data set for 51 (relaively short®) urban freeway sections
in the United States was analyzed. For all these sections, various
indicators for the day-to-day travel time reliability in the morning or
evening peak were calculated, as well as the average travel time. For
part of the sections, the indicators were calculated both for a period
before implementing a certain measure (like ramp meters or an
aggressive incident clearance program) and for a period after this
implementation.

Based on a statistical analysis on the calculad indicator values,
Margiotta concluded that all considered indictors could be predicted as
a function of the average travel time index (the average travel time
divided by the free flow travel time). Figure 3.10 shows one of the
relationships that were found. In this figure, the 95" percentile travel
time index (i.e. the 95" percentile travel time divided by the free flow
travel time) is plotted against the average travel time index, for all

& corrected for differences in speed limit
%2 corrected to a standard route length of 20 km
% on average about 7 km long
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Figure 3.10: Relation between 95
percentile travel time index and
average travel time index in the
morning/evening peak, for a large set
of freeway sections in the United
States

(Source: Margiotta, 2009)

freeway sections and all years included in the data set. The relation

closely resembles the relation between the 83" percentile delay and the
average delay found by Van Toorenburg (Figure 3.7).
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3.5.2

The empirical findings discussed above might give the impression that it

Implications for this research project

is in fact relatively easy to take into account the inherent variability in
traffic conditions when evaluating tra ffic congestion (for example in the
context of comparing the scenarios with and without a certain
measure, in order to assessthe benefits of this measure). Compared
with the traditional approach, in which this inherent variability is not
considered in a gstematic way, the only extra step that seems
necessary is to calculate some additional travel time statistics (like
percentile values, variance and
calculated with a traditional model, using the empirical relations

discussed above (i.e. the empirical relations between the average travel

time and all the other travel time statistics).

In reality however it is not so simple. This is due to the following
reasons:

1) For most of the empirical relations between the average and the

other statistics, the good quality of the fit is mainly achieved in

the domain of low congestion (corresponding to low average
travel times / delays, or, equivalently, high average speeds),
where most of the data points are found. For the part of the

data points which represent situations with heavier congestion
(i.e. higher average travel times or lower average speeds), the
quality of the fit is much lower. For these situations the
unexplained variation is large. Due to this unexplained
variation, it is uncertain to which extent the effects of measures
will follow the fitted relationships . This means that the empirical
relations are not accurate enough to predict all other effects of
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a measure from its effect on the average only. If the effect on
the average is small compared to the unexplained variation, it
cannot even be inferred with certainty whether the other
statistics will be affected positively or negatively.

2) Even if the empirical relations would have fitted perfectly to the
data from which th ey have been derived (i.e. without any
unexplained variation), it could not be excluded that the effects
of certain measureswould-br eak- these relation:c

3) The -average- travel ti me predicte
model is typically not a real average travel time (including the
effects of all sources of variability), but rather a kind of
-representative- travel ti me (comp
cal cul ati on- for representative t
conditions, not taking into account variability in traffic
conditions). Of course these two travel times are not equal to
one another. The real average most likely will be higher than
the -representative- travel time, ¢
latter disturbances (like accidents) are not takeninto account.
This means that all the empirical relations discussed above in
fact cannot be used, as these have been derived for real
averages These empirical relations can thus only be used if real
averages are calculated fwvestt¢(rnat
times). If these real averages are computed there is no point
anymore in using the empirical relations however, since it takes
only a small extra effort to also directly calculate the other
travel time statistics if those real averages are compted.

One might wonder whether it would not be possible to

calculate the real average travel time directly from the
-representative- travel time (afte
statistics could be computed using the empirical relations
discussed above) using an empirical relation between these
representative and real average travel time. The existence of

such a relation is to be doubted however. Based on his study

Margiotta claims that the average travel time index is 15 to

20% | arger t hmgh darley -=rtercauvreli t i me i
-representati ve-Informaioneoh the quatitg ofi n d e x )
this relation (i.e. the extent to which practical situations deviate

from this relationship) is unfortunately not provided, however.

In the research project of Rand Europe (2004), the distribution
of the =-representative- travel tion
over the various road sections considered in that project* was
compared with the distribution of the average travel times over
the same road sectons. These two distributions turned out to
be rather different, indicating th
and average travel times indeed may differ significantly. Rand

5 Please note tha in contrast to (practically) all other distributions considered in this project,

this is not a distribution over various moments in time, but over various sections inspace
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Europe has not attempted, however, to find a proper relation
between the two.

Even if there would be some rough relation between

-representative- and average trave

preserved in situations in which certain types of measures are
taken. Consider for example incident management measures
(measures aimed at clearing he road as soon as possible after
the occurrence of an incident). These measures will improve the
average travel time (and other indicators), while having not any
effect on the =-representative-
of measures that improve the - r epresentati ve-

tra
S i

increase the traffic systems- sensi

in the average travel time to be increased.

4) From research results of Van Lint et al (2008) it can be
concluded that the relationships between different travel time
statistics may be different for different periods of the day (i.e.
the off-peak part of the day, the different shoulders of the peak
periods, and the central parts of these peak periodg. Although
not considered in their investigation, this might also be the case
for the relationships between the average and the other
statistics. This is not reflected in the empirical relations
discussed above

5) In earlier sections it turned out that in order to satisfactorily
describe the extent of traffic congestion, besides indicators
relating to travel time distributions some other types of
indicators should be considered as well. Also for these

i ndicator s w e ar e not interested

(calculated in the traditional way), but rather in a value in
which all sources of variability are reflected, which might be
significantly different. One of the indicators selected in section
3.4) cannot even be obtained
calculation: in order to evaluate the travel time instability we
want to consider the probability distribution of the difference
between the instantaneous and actual route travel time

fror

(indicator VI), while a —~represent .

us with a singl e ( -orteip Obvisusiy tha t i
empirical relations discussed above cannot offer solutions here.

From the above it can be concluded that the empirical relations found
in literature certainly provide some relevant information (especially that,
on average, a large average delay and a larger travel time variability go
hand in hand), but that they do not remove the need to consider the

various sources of variability in a more explicit way when calculating
the extent of traffic congestion.
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4.Quantification m ethodolo gy

4.1 Introduction

Now that we discussed the basic (probabilistic) mechanisms bemd the
traffic congestion phenomenon, and explained which indicators for
traffic congestion should be considered, we can explain the reasoning
behind the selection of the method that w as used to address the main
research objective.

First of all we bring the main research objective back to mind:

-To reveal what kind of additional or revised insights can be obtained

from evaluations of the traffic system
considering taking strategic measures to alleviate congestion) when the

inherent variable nature of daily traffic congestion on the motorway

network is explicitly taken into account. (As opposed to the insights
obtained by evaluations according to t
in which only a ki nd tienfisevaluadep.j-esent ati v

Two different types of such additional (or revised) insights are
distinguished. Firstly, we might obtain new insights into the relative
importance of the various primary sources of traffic congestion (like

nominal demand levels excealing nominal capacities, intrinsic variations

in human travel or driving behavior, adverse weather conditions,
incidents, etc.). These insights( r ef er r ed to as -insig
typically cannot be obtained with the
since most of these primary sources are not even considered then. Yet

these insights can be quite valuable, by indicating at which of these

primary sources measures should be directed in order to alleviate traffic
congestion most effectively.

The second type of insights (r ef erred to as +felaesi ght s
to the effectiveness of specific measures If we assess the effectiveness
of measur es according fi.e. bdasédeon the e w - a
indicators defined in chapter 3, and taking into account all sources of
variability discussed in chapter 2), we might very well obtain results
t hat extend, refine, or revise the in:
assessmentf ocusing on a kind of)-represent :

These two types of additional insights are considered in two separate
parts. In the first part, it is demonstrated that new insights might be
obtained into the relative importance of the various primary sources of
traffic congestion (Figure 4.1). Here a given traffic system is considered
-as it is-, meaning that we do not <cor
In the second part, an example of a modification to this traffic system is
considered (i.e. a measure aimed at alleviating traffic congestion). For
this measure it is analyzed whether + and if so, in what way * an
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Figure 4.1: Schematic representation
of the way in which the additional
insights of intoyhpe
relative importance of the various
primary sources of traffic congestion)
are demonstrated

Figure 4.2: Schematic representation
of the way in which the additional
insights of intothe e
effectiveness of a specific measure)
are demonstrated

assessment of i ts effectiveness
di fferent conclusions than an
approach. This is shown schematicallym Figure 4.2.

For the analyses that need to be performed for these two parts, different
types of methods could be used. From chapter 2 and 3 it might be clear
that methods based on qualitative reasoning are not adequate, because
of the complexities involved (such asthe non-linearity in the interaction
between demand and supply, the networ k effects of traffic congestion
and the interdependencies between different sources of variability). In
order to properly grasp these complexities, quantitative analyses will be
needed. The selection of a quantification methodology for the first part
of the analyses (relating to the insights of type A) is discussed in section
4.2. Next, section 4.3 considers the selection of a methodology for the
second part (relating to the insights of type B). After that, these
methods are further elaborated.

Primary source 1 Primary source 1 Primary source n

comparison

—

Performance of the traffic system
(with respect to traffic congestion)

‘TRADITIONAL'
performance evaluation
UNMODIFIED traffic system

‘IMPROVED’
performance evaluation
UNMODIFIED traffic system

‘TRADITIONAL
evaluation
effectiveness
measure X’

IMPROVED’
evaluation
effectiveness
measure X’

comparison

‘TRADITIONAL'
performance evaluation
traffic system
MODIFIED BY MEASURE ‘X’

‘IMPROVED’
performance evaluation
traffic system
MODIFIED BY MEASURE ‘X’
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4.2 Methodology for the illustration of insights of type A

This section discusses the selection of guantification methodology for
the illustration of the acquisition of new insights into the relative
importance of the various primary sources of traffic congestion (i.e.
their relative contribution to the performance indicators selected in
chapter 3). Two main categories of methods can be identified for this:
analysis of empirical data and model-based analysis

Examples of possible strategies that are based on analysis of empirical
data could be:

- Grouping the empirical data for similar circumstances (with
respect to the various primary sources of congestion) in clusters,
after which the average performances per cluster (expressed in
terms of the indicators selected in chapter 3) can be mutually
compared in order to find the relative impacts of the various
primary congestion sources.

- Fitting statistical relations to the data, relating the traffic
system-s p €in teoms rofathec iedicators defined in
chapter 3) to the different primary sources of traffic congestion.

Examples of possible strategies that are based on modebased analysis
could be:

- Deriving an analytical model, describing the relationships
between, on the one hand, variables that describe the various
primary sources of traffic congestion, and, on the other hand,
the performance indicators defined in chapter 3.

- Repeatedly performing a Monte Carlo series of traffic
simulation model runs, each time omitting one of the primary
sources of traffic congestion, in order to assess its influence on
the indicators defined in chapter 3.

The main advantage of using empirical data is that these data represent
exactly what reality is like (aside from measurement errors and
inaccuracies, of course), while models do not. Models typically are a
simplification of reality, meaning that they are usually incomplete and

even erroneous to a certain extent. In spite of this strong argument for

using empirical data analysis,yet the model-based methodology was

selected, because of the following important considerations:

- The data that would be required for the empirical analyses will
probably be partially unavailable. This relates to data describing
the status of some of the primary congestion sources. If a
model-based method is used, such data unavailability is less
problematic.

- Empirical data may be distorted by trends in the demand levels
and changes in the supply characteristics (such as the realization
of additional infrastructure, or the implementation of traffic
management measures).

- It is difficult to properly isolate the individual influences of the
various primary congestion sources from empirical datasets,
particularly because some of these sources are interdependent
(see chapter 2). When a modelbased method is used, the
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different primary sources can easily be individually - s wi t ched
of f - .

Note that by opting for a model -based methodology, the following
drawbacks of using a model are accepted (besides the fact that malels
are a simplification of reality, as was already mentioned above):

- Developing a model in which the various sources of variability
are appropriately accounted for (if no suitable existing model
is found) will be a time -consuming task.

- Models require inputs and parameter values, which might be
difficult to obtain.

It should be noted, however, that not too much importance should be
attached to the latter drawback. This is because of the fact that it is not
intended here to come up with firm quantitative i nferences with respect
to a specific existing situation. Instead, it is only aimed for to illustrate
the gain of any possible new insights. The only requirement is then that
the situation considered could have been a reallife situation.
Consequently, all inputs and model parameters can be given any value
within the range in which they occur in reality.

After the choice for a model-based method, it still had to be decided
what type of model was to be used. At the most rudimentary level, we
can make a distnction between analytical and numerical techniques.
From chapter 2 it is evident however that the problem is too complex
to be addressed in an analytical way, implying that a numerical method
had to be used.

If opting for a n umerical methodology, using a traffic simulation model
is the most obvious choice (since this kind of models has a good
capability in handling the complexity involved). The different sources of
variability (discussed in chapter 2) could be accounted for in such a
model by randomizing the various input variables and model
parameters. For this purpose the Monte Carlo method can be used.

Two main categories of traffic simulation models can be distinguished:
microscopic models and macroscopic models. In microsopic models all
vehicles are modeled separately, while in macroscopic models traffic
flows are modeled at an aggregate level. Accordingly, the output of

microscopic models is much more detailed. The price paid for this,
however, is a much longer calculation time per simulation run. In view

of the facts that a large number of simulation runs have to be

performed in order to obtain results in which the different variabilities

are adequately reflected, and that a whole network is to be simulated,

this long calculation time in fact makes microscopic simulation models
unsuitable for the task. In addition to this, we are actually not really

interested in the detailed results of a microscopic simulation.
Aggregated results at the level of traffic flows are sufficient to calculate

the performance indicators selected in chapter 3.

Another important reason for using a macroscopic model is that in this
type of models all macroscopic supply characteristics of road sections
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(such as capacities)are inputs to the traffic simulations. This makes it
possible to vary these characteristics, which is essential for the research
tasks at hand. In microscopic models,by contrast, these macroscopic
supply characteristics arenot inputs, but outputs of the simulations. If
such a model would be used, the supply effects of the different sources
of variability would have to be accounted for by varying the parameters
of the microscopic traffic behavior. This would be much more difficult,
however. In addition, one should note that in microscopic simulation
models, demands and capacitiesare randomly varying by natures. For
the research task at hand this is undesirable. After all, we want to be
abl e t o - d e arandom vfladtuations tinhtee demands and
capacities, in order to reveal their relative impacts on the congestion
indicators. In macroscopic traffic simulation models this problem does
not exist, since these aredeterministic in nature.

Macroscopic traffic simulation models come in all shapes and sizes. In
section 4.4 it is discussed what requirements a model must meet for the
task at hand. Subsequently, in section 4.5 existing models specifically
designed for addressing the variability in traffic conditions are
considered. Here it is discussed to what extent these models meet the
requirements set in section4.4.

4.3 Methodology for the illustration of insights of type B

This section discusses the selection of a miodology for the illustration
of the acquisition of new insights into the effectiveness of specific
measures (amed at alleviating traffic congestion). For this illustration,
one particular measure will be considered as an example.For this
measure it isto be considered then whether (and if so, in what way) an
asessment ofitsef f ecti veness accordin@geto th
based on the indicators defined in chapter 3, and taking into account all
sources of variability discussed in chapter 2)would yield different
conclusions than an assessment accordi
(focusing on a kind of).-representative-

In order to achieve this, the following procedure is followed:
Step 1: Assessment of the effectiveness of the measureaccording
to the traditional approach.
Step 2: Assessment of the effectiveness of the measure according
to the new approach.

Step 3: Comparison of the results of the two assessments.

For steps 1 and 2 (i.e. the assessments of the effectiveness of the
measure considered) we can choose between the same two types of

methods as for the illustration of the new insights of type A (section

4.2), namely analysis of empirical data or model-based analysis

% Note that this stochasticity embodies only a very limited part of all variabilities identified in
chapter 2.
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In the first case the effectiveness of the consideredmeasure is assessed
by comparing empirical data measured before the implementation of

this measure with empirical data measured after the implementation.

Also in the second case the effectiveness ofthe measure is assessed by
comparing the traffic system- withpaed f or ma
without this measure. However, inthis casethese performances are not
derived from empirical data. Instead, they are calculated using a model.

For step 1 (i.e. the assessment according @ the traditional approach,

meaning that the effectiveness is assessed in terms of the improvement

or deterioration of the -~ r e p r e s etmafficacbnditioms), the choice
between these two types of methods is actually rather obvious. This is
because of the fact t hat t he ar epr e s, eastitais
understood here, is in fact an artificial concept. It is the situation in
which all influence factors are at their representative level (i.e. their
median, average, or whatever else is considered represetative). In
other words, it is a situation without any influences of variability,
except for the regular demand variation with the time of the day. This
situation typically only occurs in a model environment, and not in
reality (or only with an almost infinite small probability). In reality,
demand and supply are, after all, always fluctuating, due to:

the variations in the driver and vehicle populations
the variations in the luminance conditions

the intrinsic randomness in peopl e-
the intrinsic randomness in human driving behavior

Sincethe representative situation does not occur in reality, it obviously
cannot be found in empirical data either. This makes the empirical
evaluation method unsuitable for step 1. This means that only model-
based methods are appropriate for this step.

Of course, this argument does not apply to step 2 (i.e. the assessment

according to the new approach). Therefore, for this step we still have
the choice between empirical data analysis and modeibased andysis.
Below, an overview is given of the pros and cons of these two types of

methods.

Pros and cons of usingempirical data analysis:

+

Empirical dat a represent t he

measurement errors and inaccuracies).

The assessmentresults can be distorted by trends, random
fluctuations or other inhomogeneities in the various
influencing factors (causing differences between the data
measured before and the data measured after the
implementation of the measure considered, which are not due
to this measure itselj.

The assessment will be timeconsuming (due to the extensive
data processing that will be required).

The difference between the results of the two effectiveness
assessments might be distorted by the use oftwo different
methods (i.e. model-based analysis for step 1, and empirical
data-analysis for step 2).
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Pros and consof using model-based analysis:

+  The assessment results will not be distorted bytrends, random
fluctuations ® or other inhomogeneities in the various
influencing factors.

+ The difference between the results of the two effectiveness
assessments cannot be distorted by the use of different
methods.

- Models are a (partially incomplete/erroneous) simplification of
reality, with the result that the outcomes of these models to a
greater or lesser extent will deviate from reality as well.

- Developing a model in which the various sources of variability
are appropriately accounted for (if no suitable existing model
is found) will be a time-consuming task.

- Models require inputs and parameter values, which might be
difficult to obtain.

It should be noted, however, that not too much importance should be
attached to the last-mentioned drawback, for the same reason as given
in section 4.2.

All in all, it was considered the best option to use the same type of
methodology for step 2 as for step 1, i.e. based on model
computations. As far as the type of model is concerned, a macroscopic
traffic simulation model was selected, for exactly the same reasons as
given in section 4.2. Since there is a strong overlap between the
requirements for the models needed to illustrate the new insights of
types A and B, it was decided to select/develop one model satisfying
both sets of requirements. In sedion 4.4 the combined set of
requirements is given. Subsequently, in section 4.5 existing models
specifically designed for addressing the variability in traffic conditions
are considered. Here it is discussed towhat extent these models meet
the requirements specified in section4.4. Since none of the models was
found to be sufficiently adequate for the tasks at hand, a new model
was developed. This model is discussed in chapteb.

4.4  Requirements for the quantification model

In order to be able to satisfactorily perform the required analyses,
several requirements have to be met by the quantification model. These
are listed below. The requirements do not only relate to the way in
which the traffic is modeled. Requirements relating to the model input
and output are included as well.

The model is required to:

- be able to reproduce the dynamic processes of queue
formation and dissipation, based on the evolution of traffic
demand and capacity over time (see section 2.1);

% By using the same random seeds for the-bef or e - and —after- scenari
randomnesscan be prevented.

127 Gaining new insights regarding traffic congestion, by explicitly considering the variabil ity in traffic



- include the capacity drop phenomenon (section 2.1);

- include the (equilibrium) relation between the density of
traffic and the traffic speed (or, equivalently, between density
and volume or speed and volume), as represented by the
fundamental diagram (section 2.1);

- include the blocking back effect of traffic congestion (section

2.3.1);

- include t he -filtering- and -r el
congestion (al so referred to as the =t
effect-, see section 2.3.2);

- include the effect of (non-recurrent) traffic congestion on
route choice (section 2.3.3), including the possibility that
traffic diverts from the motorway network to the second ary
network;

- capture all sources of variations in the traffic demand (both
within-day and day-to-day) discussed in section 2.2.4 (except
for the ones that were identified as occurring too infrequently
to be considered a source of daily variability in traffic
congestion);

- capture all sources of variations in the traffic supply (both
within-day and day-to-day) discussed in section 2.2.5 (again
except for the ones that cannot really be considered to
contribute to the daily variability);

- include the interdependencies between the various sources of
variations (section 2.2.6);

- include t he possibility t o c
situation (section 4.3) , by -switching of
variability, except for the systematic within-day variability in
traffic demands®;

- include the possibility to separately-swi t ch of f - each
source of variability (section 4.2);

- offer sufficient possibilities to enter the (possibly dynamic)
effects of traffic measures, by modifying the model input or
the characteristics/parameters of the model itself (section4.3);

- be able to perform a large number of simulation runs within a
limited calculation time;

- provide the performance indicators selected in section 3.4 as
output, or alternatively provide all calculated traffic conditions
as output (i.e. the speeds and traffic volumes for all road
sections in the network, for all simulated time intervals), from
which the indicators can be computed in a post-processing
step;

- use a time step that is small enough to:
- prevent (within -day) variations in the traffic conditions
from being smoothed out too much, and to

- model the propagation of the traffic over the network
in a sufficiently accurate (and gable) way.®

57 In practice it is quite common to perform a dynamic traffic simulation (taking into account

the systematic within-day variation in traffic demands) for the ex-ante evaluation of a given

measure. Therefore, in this thesis the systematic withinday variation in traffic demands is
considered part of the -representative situation-.
% In practice, the latter of these two requirements will be decisive.
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4.5  Existing quantification models

Various existing quantification models (specifically designed for
addressing the variability in traffic conditions) have been assessed on
their suitability for use in this project. That is, it has been consideral to
which extent the requirements specified in the previous section are met
by these models.

Here the focus has beenon models used by the Dutch road authority:
- SMARA (Simulation Model for Analyzing the Reliability of Accessibility)
- LMS-BT (National Mode| System- Reliability Tool)
- Waiting time model for main roads (Traffic Quality / ESIM)
- Traffic Quality + Network version

However, also some models reported in (recent) international literature
have been considered
- Queuing Model for determination variabi lity recurrent congestion
- KAPASIM
- Travel time variability model of Mehran and Nakamura

It should be noted here that models focusing on only one type of
variability (like incidents) are not considered.

In most models that are used in practice or proposedin literature, only
one individual road section or bottleneck is considered. From the
foregoing sections and chapters it is clear, however, that for the tasks
at hand a whole network is to be considered, requiring a network
model. In spite of this fact, the aforementioned models (relating to an
individual segment) are included in this section as well. Not only for
completeness, but also in view of the fact that it in principle can be
considered to extend such a model to a network version, if the model +
apart from being limited to an individual segment % is deemed very
appropriate for the tasks at hand.

Detailed descriptions of the models and their appropriateness in terms
of fulfilling the requirements of section 4.4 are given in Appendix 1.
Here only an overview of the positive and negative aspects of the
different models is presented. This overview is shown byTable 4.1.

From this table it can be concluded that all of the models turn out to
have quite a number of major drawbacks. None of the models
satisfactorily accounts for the route choice effect of traffic congestion.
The other two network effects (i.e. blocking back and temporal
redistribution) are adequately modeled by only one of the models.
There is no shgle model that covers all relevant sources of variability.
Furthermore, often important interdependencies are omitted. Another
problem is that most models cannot provide the desired indicators.
Only one of the models provides rough output data from which these
indicators could be calculated in a postprocessing step.
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Overall, t he modet+ NetTwarf ¥ i ® erQuiadn -ty ( L
dynami c macroscopic traffic simul at i
computational core) comes out best. Drawbacks of this model however

are that route choice effects cannot be properly accounted for, and that

fluctuations in the traffic demands cannot be addressedin an ideal

manner. This latter is due to the fact that the traffic demands are

specified on the link level (rather than on the origin-destination or

route level), and propagated using aggregate split fractions.

Consequently, none of the models was considered adequate for the
tasks at hand. Therefore, in this project a new model was developed,
specifically desgned for these tasks. This newly developed
guantification model is discussed in the next chapter.

Table4.1:Overview of t
scores regarding the requirements
from section 4.5
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5.The developed quantification model

5.1 Introduction + general concept

In this chapter the developed quantification model is described. The
model is based on the same general concept as most of the models
discussed in thelast section of the previous chapter. That is, a large
number of traffic simulations are performed for varying model inputs,

reflecting the various types of variability in traffic demand and supply

characteristics (generated using the Monte Carlo technique).

Subsequently, the desired performance indicators can be computed
from the combined set of all simulation results. While this general

concept might be the same as that of other models, its further

elaboration is different, in order to overcome drawbacks of the models

discussed in thesection 4.5.

Figure 5.1 schematically shows the main structure of the model. The
model consists of sevencomponents. The computational core of the
model is a dynamic macroscopic traffic simulation model. For each
simulation that is performed, this component simulates the traffic
operations on the network, given the various traffic demand and supply
characteristics. The other six components are built around it. These
other components are:

- A <€entral component-:
This component manages all other components, and provides
the options for model users to interact with the model. All kinds
of control settings can be manipulated by the model user,
which subsequently are translated in corresponding model
actions.

- A vepresentative demand calculator :-
This component calculates a representative 24hours demand
pattern for all origin -destination relations in the network, using
a static origin-destination matrix for the morning peak period as
its only external input.

- A-demand randomizer -
This module generates random realizations of the traffic
demand pattern, based on a stochastic simulation of the various
influencing factors involved. The representative 24-hours
demand pattern calculated by the representative demand
calculator is used as the base suation in the randomization
procedure.
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Figure 5.1: Main structure of the

developed model
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- Aswyupply randomi zer -
Comparable to the demand randomizer generating random
realizations of the traffic demand pattern, the supply
randomizer generates random realizations of the traffic supply
characteristics, again based on the simulation of the various
influencing factors involved. Here the deterministic supply
values specified in the network model are assumed to represent
the -~representative- base situatior

- An-incident: simulator -

Since the occurrence of incidents is strongly dependent on the
actual traffic conditions, these incidents cannot be randomly
generated in advance (i.e. before actually simulating the traffic
operations on the network). Since the supply randomizer is
programmed to compute the supply characteristics in advance
for the whole 24 -hours period (like the demand randomizer is
programmed to generate the 24-hours traffic demand pattern

in advance), this means that the generation of traffic incidents
(which mainly affect the traffic operations by their effects on

the supply characteristics) cannot be included n the supply
randomizer, but are to be modeled separately. This is the task
of the incident simulator.

- A data processor:
This component collects the outputs of all traffic simulation
model runs, and subsequently processes these into the desired
performance indicators.

While the computational core of the model (i.e. the dynamic traffic
simulation model) is implemented in the JAVA programming language,
the other parts of the model are all implemented in the mathematical
programming language MATLAB. In the course of the model
development some routines of these other parts were moved to the
JAVA code of the dynamic traffic simulation model, however, in order
to (significantly) improve the computation speed.

The horizontal arrows in Figure 5.1 show the most important data flows
between the different model components. Please note that the real
model involves more data flows, which have been omitted from the
figure for the sake of readability. One of these other data flows for
example concernsthe representative traffic demand pattern over the
day, which is transferred from the representative demand calculator to
the demand randomizer, which uses it as starting point for the
randomization.

In the following sections, the most important aspects of the model will
be discussed in more detail. These successively are:
- the traffic flow modeling (section 5.2),
- the general approach to the modeling of the variations in traffic
demand and supply (secfon 5.3), and
- the modeling of the various individual variation factors (section
5.4).
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In terms of the different model components described above, the first
aspect isdealt with in the computational core of the model, while the
other two aspects are managed in the demand and supply randomizer,
the incident simulator and the representative demand calculator.

The next chapter (Ch. 6) discussessome modeling issues requiring
further consideration, which have come to light during the
development of the model. Since these generally are issues which
require substantial further research, it was not possible to actually solve
them within this master thesis research project. Howeve, chapter 6
does discuss some pssible strategies for this. Also a possible solution
strategy for reducing the required number of simulations is proposed
here. At this moment, at least a few thousand simulations are necessary
to obtain results with a sufficient level of statistical accuracy. Given the
simulation time of about 1.5 to 2 minutes per simulation, one
simulation series would take multiple days, if not multiple weeks.

The validity of the developed model is discussedin chapter 7.

5.2  Traffic flow modeling

As was already mentioned in the previous sectim, the simulation of the

traffic propagation over the network (i.e. the computation of the

resulting traffic conditions for given traffic demand and supply
characteristics generated by other model components) is taken care of
by the computational core of the model. For this use is made of an
existing dynamic macroscopic traffic simulation model. Subsection5.2.1
discusses the choice of this modd. Subsequently subsection 5.2.2
describes which adaptations were made to the model. Finally in
subsection 5.2.3 it is discussed how this model was used to model the
traffic flow over the network, considering aspects like the (spatial and
temporal) discretization, the fundamental diagram and the (absence of)
route choice modeling.

5.2.1 Model selection
A large number of dynamic macroscopic traffic simulation models have
been considered for the modeling of the traffic operations. These
models are listed below:

- Flowsimulator,

- Indy (link transmission version),

- METANET,

- MaDAM,

-  MARPLE,

- Fastlare,

- The EVAQ Hybrid Route Choice Model,
- DSMART, and

- JDSMART
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These models have been mutualy compared on the following aspects:

Ability to reproduce the processes of growth and dissipation of
traffic jams (including blocking back effects) in a realistic way,
at least consistent with first order traffic flow theory.

The modeling of the capacity drop phenomenon.

The way of modeling the split fractions at the network nodes.
(For a consistent modeling of the traffic flows over the network
fixed split fractions are not appropriate, because in reality they
may be affected by the traffic conditions in u pstream parts of
the network.)

The ability to simulate the effect that traffic might deviate from
its standard routes in case of (seriously) nonrecurrent traffic
conditions.

The possibility to perform an (once-only) equilibrium
assignment (in order to obtain a basic demand pattern, which
subsequently would be varied according to the various sources
of variation).

The possibility to introduce the variations in the traffic demands
in the model in a consistent way.

The possibility to introduce the variations in the traffic supply
characteristics in the model in a consistent way.

The possibilities for modeling time dependent supply effects of
measures.

The possibilities for modeling time dependent demand effects
of measures.

The calculation time.

The model complexity (taking into account the fact that while a
higher complexity might allow for a potentially more realistic
traffic modeling, it usually also results in a larger amount of
potential sources of error, and might adversely affect the
interpretability of the results).

The flexibility of the model (i.e. the possibility to adapt the
model to the tasks at hand, which for example might be needed
if one or more of the other criteria are not met ).

The generation of the desired output indicators (or rough
output data, from which the desired output indicators can be
computed).

The interfaces with the other components of the developed
model: in view of the large required number of simulations it
should be (made) possible to make MATLAB invoke the traffic
simulation model in an automated way.

The easeof use of the simulation model

The availability of the model.

The availability of a readily usable test network, including a
nominal demand pattern.

The assessment revealed that there is no single model that meets allhte
requirements. Therefore, inevitably some concessiondiad to be made.
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There is only one model that can deal with the route choice effect of
traffic congestion (i.e. the effect that traffic might deviate from its
standard routes in case of (seriously) mn-recurrent traffic conditions) in
a sound way, namely the EVAQ Hybrid Route Choice Model (Pel et al,
2009). This is the only model that combines the process of pre-trip
route choice (in which travelers base their route choices on their past
experiences, which results in the phenomenon that the traffic
conditions have the tendency to approximate an equilibrium®) with the
process of en-route route choice (in which travelers base their route
choices on the current traffic conditions). All other models account for
only one of these two route choice processes (mostly pretrip route
choice), or do not model route choice at all. In the Hybrid Route Choice
Mo d el travelers in principle foll
their past experiences), but will deviate from these if the traffic
conditions differ significantly from the traffic conditions in the
- equi | sitbation.u m-

This clearly is a strong argument for the use of the EVAQ Hybrid Route
Choice Model as computational core of the developed model.
However, two clear drawbacks of this simulation model were identified,
which make it less appropriate for the tasks at hand:

- Instead of using a physical queuing model (such as in cell or link
transmission models), the model uses a simplified queuing
model in which each link is artificially split up in a free flowing
part and a queuing part. The head of this queuing part is fixed
at the end of the link, and a constant queue density is assumed,
which are clearly unrealistic simplifications. Consequently, the
modeling of blocking back effects is not very accurate. This can
be illustrated with Figure 5.2, which shows both the evolution
of a queue as computed with the simplified queuing model, and
the evolution of the same queue as computed with a physical
queuing model.

- The model requires more computation time than other models,
due to the fact that the individual traffic flows following a
certain route need to be tracked (which is not done in en-route
route choice models and part of the pre-trip route choice
models), and route choice sets need to be generated during the
traffic simulation (which is not done in pre-trip route choice
models). Since the computation time of the selected model is
critical for the success d the proposed approach, this was an
important aspect to be taken into account.

Because of these two drawbacks, the possibility to use the EVAQ
Hybrid Route Choice Model was rejected. Since this is the only model
that can realistically deal with the route choice effects of traffic
congestion (i.e. combining pre-trip and en-route route choice
behavior), this means that this desired model property was sacrificed in
favor of other desired model properties.

% That is, a situation in which none of the travelers can improve his or her (perceived) travel
costs by unilaterally switching routes.
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Figure 5.2: Evolution of one and the
same queue according to the
simplified queuing model and
according to the link transmission
model (a physical queuing model)

(Adapted from: Snelder and Schrijver,

2008)

physical queuing model

Based on the mutual comparison of all pros and cons of the different
traffic simulation models, finally the choice was made to use the model
JDSMART (Zuurbier, 2010). This is a first order cell transmission model
implemented in JAVA, using the Godunov numerical solution scheme.

The choice for this particular model was mainly motivated by the
following facts:

Due to its nature (i.e. being a cell transmission model), the
model can very adequately reproduce the processes ofqueue
build-up and disgpation (including blocking back effects). It has
to be noted, however, that the numerical diffusion associated
with this type of models is a point of attention.

The model uses destinationspecific split fractions at the
network nodes. Consequently, the aggregated split fractions
(i.e. aggregated over the different destinations) are not fixed
(as in many other models), but are dependent on the traffic
conditions in upstream parts of the network, which is more
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realistic®. Furthermore, this destination-specific nature of the
split fractions allows one to introduce certain (origin-destination
specific) demand variations in the model in a more consistent
way™. Finally, the fact that the model uses destination-specific
splits fractions leaves the door open to add some functionality
regarding the modeling of the route choice effect of traffic

congestion in any possiblecontinuation studies.

- The model was readily available at Delft University of
Technology, including a suitable test network with a nominal
demand belonging to it (albeit being a static demand matrix for
the morning peak only).

- The model could easily beoperated from MATLAB, using some
readily available MATLAB-scripts to invoke the model and load
the test network.

- Due to its implementation in JAVA and operation from
MATLAB, the simulation model also is reasonably flexible, in
the sense that it can be adaptedto the specific tasks at hand
(mainly referring to the inclusion of facilities that enable the
model to handle the provided input and deliver the de sired
output; see also the next subsection.

It should be noted that the first two aspects of course come at the cost
of a larger computational complexity, which will result in the

computation time of the model to be longer than that of some other
types of dynamic macroscopic traffic simulation models. First of all a
cell transmission model is quite computationally intensive by its nature,
since everylink (except for very short links) is divided in multiple cells,
for each of which every time step the traffic conditions have to be
recalculated. Secondly, the destination-specific modeling of the traffic

propagation over the network consumes additional computation time,

since it requires that the destinations of the vehicles are tracked during
this propagation.

As far as this second point is concerned, t should be mentioned
however that JDSMART -cfersfsor nass ptelcits o-fmu
flow modeling in a more efficient way than other multi -class models.

Instead of propagating every single user class(heading for one specific
destination) individually over the network, it just propagations only the

aggregated traffic flow over the network, while separately propagating

changes in the traffic composition (with respect to the destinations the

traffic is heading for) by means of floating particles that carry

information on these composition changes (Zuurbier, 2010).

0 After all, the composition (by destination) of the traffic arriving at a netwo rk node can be
affected by variations in the amount of traffic congestion in upstream parts of the network.
Without having an effect on the destination-specific split fractions, this may introduce
variations in the aggregatedsplit fractions.

In a model using aggregated split fractions this is not possible (without recalculating these
fractions), since an addition to the demand level of a certain origin would be divided over all
destinations by these aggregated split fractions.
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5.2.2 Adaptations to the model
In order to make JDSMART suitable for its role as computational core of
the model, some modifications were implemented, namely:

1) Transition from a link-based fundamental diagram to a cell-
based fundamental diagram (as far as its parameters are
concerned).

2) Addition of some functionality to update fundamental diagram
parameters (representing the traffic supply characteristcs of the
cells) during the traffic simulation via an efficient MATLAB
routine.

3) Implementation of the possibility to model the capacity drop in
a certain way (which will be explained at a later stage).

4) Addition of a routine that keeps track of the amount o f vehicle-
kilometers traveled per cell (which forms the input required by
the incident simulator component).

5) Addition of a routine that logs the amount of vehicle -hours lost
due to the occurrence of traffic congestion (which is one of the
desired output indicators), with respect to a certain reference
speed

6) Addition of a routine that keeps track of the traffic dynamics on
a userspecified cell/link, in order to be able to visualize these
dynamics after finishing the simulation.

Most of these modification s speak for themselves, and consequently do
not need further explanation. Only modifications 1 and 3 might need
some clarification. For modification 3 this explanation is given in the
following subsection, discussing the traffic modeling. Therefore, here
only modification 1 is explainedin more detail.

Initially, in JIDSMART all fundamental diagram parameters (representing
the various traffic supply characteristics) were defined at the link -level.

This means that all these traffic supply characteristics areassumed to be
homogeneous over the length of the link (i.e. constant over all cells in

which this link is partitioned). While this more or less will be true for

the time-averaged values of these supply characteristics, it will not
generally be true at individual moments in time.

This follows from the work of Brilon et al (2005), who show that free

flow capacity distributions cannot only be derived for clearly
distinguishable bottlenecks (which in the model typically are
represented by the network nodes, where links with different supply
characteristics are connected with each other), but also for uniform
road sections without a distinct bottleneck (corresponding to individual
segments of the (longer) links in the model).

Furthermore it should be considered that insofar incidents are
concerned, the traffic supply conditions are affected only locally. In
accordance with this, the parameters of the fundamental diagram
should be adapted to these incidents only over a limited length, and
not over the whole le ngth of (long) links. Also note that incidents can
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occur everywhere along the length of the link 2. It might be relevant to
properly account for this aspect in the model, by modeling incidents
not at the level of links as a whole, but at the level of individual cells.
The location along a link of an incident after all could be important for
the amount of spill-back of the incident-related congestion to upstream
links.

For these reasons, it was considered desirable to be able to vary the
traffic supply characteristics on the level of individual cells, rather than
on the level of links as a whole. Therefore the model was adapted to
facilitate this, by changing the link-based definition of the fundamental
diagram parameters into a cellbased definition.

5.2.3 Traffic modeling

This subsection discusses the way in which JDSMART was employed to
model the traffic propagation over the network. Aspects that will be
considered are the (spatial and temporal) discretization, the
fundamental diagram, the capacity drop, route choice, the warming-up
time and the cooling-down time.

Discretization

For the simulation of the traffic propagation a suitable temporal and
spatial discretization should be chosen (i.e. time step and cell size,
respectively). That is, the time step and cell size shouldbe such small
that the level of accuracy of the traffic flow modeling is sufficient for
the final results to make sense.On the other hand, one should be well
aware of the fact that if one reduces both the time step and the cell
size with a factor x, this will increase the computation time by a factor
of approximately x2.

In this field of tension a time step of 5 seconds was chosen. For he cell
size the corresponding minimum value was used, calculated by
multiplying this time step by the (link dependent) speed limit. This
relation between time step and minimal cell size follows from the
Courant Friedrichs Lewy condition, which entails that within one time
step ~information- in the traffic
length, in order for the numerical solution scheme to converge to the
original continuous equations. From a small test with DSMART (the
MATLAB-version of JDSMART) it was concluded that a (significantly)
larger time step results in clearly different traffic flow patterns. Fora
smaller time stepit seemed that the traffic flow patterns do not change
importantly anymore.

It has to be noted that for a time step of 5 seconds the numerical
diffusion seems not negligible yet. This means that a smaller time step
in fact would be preferable. A time step smaller than 5 secondswas
computationally not feasible however.

2 Of course in reality accidents occur relatively frequently at locations with geometrical
discontinuities, and thus near link ends, but vehicle break downs (which together form the
largest subset of incidents) of course will be distributed more evenly over space.
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Figure 5.3: Fundamental diagram of
Smulders (upper part: speed versus
density; lower part: flow versus
density)

Fundamental diagram and capacity drop

For the modeling of the traffic flow on the motorways the well-known
fundamental diagram of Smulders was selected (one 6 the default
fundamental diagrams available in JDSMART). In this fundamental
diagram (depicted in Figure 5.3) the speed decreases linearly with the
density from the free speed at a zero density to the critical speed at the
critical density (for which the traffic flow attains its maximum value). In
the congested branch of the fundamental diagram the speed decreases
hyperbolically with the density from the critical speed at the critical
density to a zero speed at the jam density, corresponding to a linear
decrease of the traffic flow.
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This fundamental diagram however does not include a capacity drop
(i.,e. a drop in the capacity which is observed after the onset of
congestion), a phenomenon which was discussed in chapter 2. Since it
was considered to be of potential importance for the final results, it was
decided to add the capacity drop phenomenon to the traffic flow
modeling. This potential importance can be explained in the following
way. The capacity drop results in the phenomenon that a traffic jam
once it is created hasthe tendency to enhance itself, meaning that this
traffic jam will remain existent for a longer period of time (and reach a
longer length) than without this drop in capacity. Since taking into
account all sources of variaion is hypothesized to result in more traffic
congestion occurring in the simulation outputs (considered at an overall
level), the capacity drop might play a more important role when all
sources of variation are taken into account. This way, the capacitydrop
could affect the differences between the results obtained from a
-traditional - evaluation (looking
those obtained from an evaluation in which all sources of variability are
taken into account, and consequentially affect the additional insights
that the latter approach could provide us with.

Modeling the capacity drop in a first order traffic flow model is not a

straightforward thing however. If the capacity drop is simply added to
the fundamental diagram as shown in Figure 2.1 and Figure 2.2, the
physical model would enable shock waves traveling upstream with an
unrealistically high or even infinite speed, causing the capacity todrop
everywhere on its way. In the discretized model this upstream speed of
course would be maximized at one cell length per time step
(corresponding to the free speed). This however isstill much too fast,
since the real maximum speed with which traffic congestion spills back
is about 20 km/h.

Two possible explanations can be suggested for the fact that this
phenomenon (i.e. very high shock wave speeds induced by the capacity
drop) is not observed in reality:

- After the occurrence of a traffic breakdown the speed on a
completely saturated road in reality is not instantaneously
lowered, as predicted by the fundamental diagram with a
capacity drop. Instead, drivers will gradually decelerate,
resulting in decreasing headways (and thus in an increasing
traffic density). Accordingly, the traffic congestion will spill back
at a much lower speed. This second order phenomenon is not
taken into account in a first order traffic flow model.

- In reality the capacity drop might be dependent on the traffic
state within the queue. It seems intuitively right to assume that
the worse the traffic conditions in the traffic jam are
(corresponding to a higher density and lower speed), the larger
the capacity drop will be. Imagine for example the situation in
which vehicles that flow out of the queue have to accelerate
from a standstill. In this case probably much larger headway
gaps between the outflowing vehicles will occur than in a
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Figure 5.4: Modification in the cell
demand function of the Godunov
discretization scheme, implemented
to account for the capacity drop

situation in which the vehicles flow out from a queue in which
the traffic is still reasonably flowing, with a speed of for
example 60 km/h. If the capacity drop indeed is significant only
in situations with outflow from queues in which the density is
far above the critical density, it will not result in the emergence
of shock waves with very high speeds. Again this (possible
effect is not taken into account in a first order traffic flow
model.

A known solution (see Appendix Al1.5) to prevent the emergence of
unrealistically fast shock waves in a traffic model with capacty drop is
to define this drop as a function of the state of the congested traffic, in
line with the second explanation above. This approach was also
selected in this case.For the maximal capacity drop (corresponding to
outflow from standstill) a value of 20% was assumed. Looking at
empirical values that are found for the capacity drop, this seems a
reasonable though slightly conservative value Figure 5.4 shows the
corresponding change in the cell demand function of the Godunov
discretization scheme. Pleasenote that due to this modification the
model cannot longer be considered a discretization of the continuous
LWR (Lighthill-Witham -Richard9 model anymore.
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Route choice

As mentioned before, the desired model property of realistically dealing
with the route choice effects of traffic congestion (which would only be
possible by using the EVAQ Hybrid Route Choice Model) was sacrificed
in favor of other desired model properties.

If pre-trip route choice and en-route route choice cannot be combined
(for which the EVAQ Hybrid Route Choice Model would be needed),
two possibilities for modeling the route choice processlogically remain,
namely assuming pretrip route choice, or assuming ern-route route
choice. Although the first option is not realistic, the second option
clearly is even more unrealistic. Modeling route choice in that way
would correspond to the assumption that road users base their route
choice decisions entirely on the instantaneous traffic conditions (or
those of a short time interval ago, depending on the exact modeling
choices), without considering their past travel experiences. In view of
the fact that research shows that a serious disruption is needed to make
a substantial part of the road users decide to deviate from their
-standard- r out28.8), this assumpson ccledrho is not
realistic. Probably, for many situations it is still more realistic then to
assume that drivers do not dsatdlat e

Based on the above, it was decided to assume pretrip route choice. (In

fact there was not really an alternative either, since as opposed to its
MATLAB-version DSMART, JDSMART does not possess an erpute

route choice component). The next issuethen of course is how this pre-

trip route choice pattern should be calculated. Basically, there aretwo

options for this: calculating a dynamic equilibrium route choice (for

which in JDSMART an equilibrium assignment component is available),
or simply performing a shortest path calculation on the free flow travel

times. In the latter case the route choice is assumed constant over the
day. Please note that if an equilibrium assignment would be taken as
point of departure, such an equilibrium calculation of course would be

calculated only once, namely for the representative situation. The
resulting route choice pattern would then be applied in every other

simulation run (with randomized traffic demand and supply

characteristics). After all, it would not make any sense at all to
recalculate this equilibrium for every individual randomized simulation,
since this equilibrium is a long-term notion. It should be noted here that

long-term road works will not be included in the simulations, for

reasons explained in setion 5.4.13. Clearly, for this type of road works

the equilibrium would have to be recalculated.

Although the route choice pattern resulting from a dynamic traffic

equilibrium calculation could theoretically result in a significant more
realistic network loading, it yet was decided to assume the route choice
pattern resulting from a shortest path calculation on the free flow travel

times. The associated reduction in realism of the network loading was
not considered of vital importance for the research tasks at hand.

There are two reasons fornot calculating a dynamic traffic equilibrium.
First of all, an important difficulty with respect to this calculation would
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have been that the JDSMART equilibrium assignment component did
not provide the facilities to deal with a traffic demand pattern in which
the various origin-destination demands vary independently from one
another (which actually is the case in the generated dynamic origin
destination matrix). Only for demand patterns in which the various
origin-destination demands vary according to one and the same
temporal pattern, a dynamic equilibrium could be calculated in a
straightforward way.

The second reason is that in JDSMART,dynamic changes in the route
choices (derived from the equilibrium calculation) are not only applied
on newly departing traffic, but also on all vehicles that are already
present in the network. This is related to the fact that in JDSMART
vehicles are not tracked according to their routes, but only according to
their destination. As a result of this latter, changes in route choice have
to be applied via the (destination-specific) split fractions in the network
nodes.

This principle of applying dynamic changes in route choice on all traffic
that is already present in the network is considered very undesirable
within the context of this project. To illustrate this, consider two
randomized simulation runs, one in which hardly any traffic congestion
occurs, and another in which traffic conditions get heavily congested.
Assume that in both cases at a certain moment in time the route
choices are updated, on the basis of the(same) pre-calculated dynamic
equilibrium. Although in both cases the change in route choice is
updated at the same moment in time, in the second simulation most
vehicles will have made much less progress on their journey than in the
first simulation run, due to the traffic congestion. This means that their
route choices are altered at a different stage of their trip, meaning that
the routes that are traveled in the second simulation run in the end are
different from those in the first simulation run. This means that the
model would automatically generate a certain variation in route choice,
which does not have any theoretical basis at all. Ths of course would
be highly undesirable (i.e. much more undesirable than the reduction in
realism of the network loading that is associated with simply assuming
the free flow route choice pattern).

Warming -up period

At the start of the simulation the traf fic network is still empty. It will
then take some time before all network parts are loaded in a way which
is more or |l ess in =—equilibrium-
supply characteristics. As a result, the first part of the traffic simulation
will yield erroneous results (in terms of the calculated traffic
conditions). Therefore a warming-up period is added to the simulated
period. That is, before the actual start of the period that is to be
simulated, the traffic simulation model is already run for a certain pre-
specified amount of time, with traffic demand and supply values equal
to those for the first time interval of the actual simulation period.
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Since the default simulated period in the model is the whole 24-hours
period of a day, a relatively short warming-up period is sufficient
(because of the low traffic volumes at midnight). Considering that the
amount of time required for reaching the other end of the network is

about 15 to 20 minutes (in free flow conditions), a default warming -up
period of half an hour was chosen.

Cooling-down period

For the computation of travel times JDSMART uses floating particles,
which are propagated along with the flow. At the start of each 5 -
minute time interval the model releases new instances of such particks
at the start of the different routes for which the travel time distributions

are to be evaluated. Of course it should be taken into account then
that at the end of the simulated period not yet all of these particles
reached the end of their routes. Consequently, the travel times for the
last intervals of the simulated period are not known vyet either.
Therefore the traffic simulation run is extended until the last travel time

particle finishes. Dur i ng the whol edoown tphersi odco ol

demand and supply values of the last 5-minute interval of the day are
used.

5.3  General approach to the modeling of the variations in
traffic demand and supply

This section describes the general methodology that is used in the
modeling of the variations in the traffic demand and supply. The

specific aspects in the modeling of the different individual sources of
variability are discussed in the next section. The current section starts
with a discussion on the most basic principles of the modeling of the

variations, which are applicable to both the demand and supply

characteristics. After that, it is explained how variations in the traffic

demand are modeled. The last subsection explains how this is done for
the traffic supply characteristics.

5.3.1 General concept

Performance of a large number of randomized simulation runs

As was already explained before, the model deals with the variability in

traffic demand and supply by performing a large nhumber of randomized
traffic simulation runs. For each of these simulation runs, the demand
and supply randomization components generate tables with the traffic

demand and supply values (per 5-minute interval) that are to be used in

that specific run. In these tables the various sources of variability
discussed in chapter 2 are reflected Here the within-day variability is
reflected within a table for a specific run, while the day-to-day
variability is reflected in the differences between the tables for different

runs.
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Random generation of demand and supply tables

The demand and supply tables are generated using the Monte Carlo
technique and the information on effects and probabilities/patterns of

occurrence provided in chapter 2. Important interdependencies
between the different sources of variability are taken into account by
using conditional probability specifications. An important limitation of

the information from chapter 2 is that it is not always specific enough
for use in the demand and supply randomizers. Since the required
information has not been found in literature, in fact emp irical research
into a number of aspects would be needed. Because of the fact that this
however was not feasible within the scope of this project, assumptions
had to be made on these aspects.

It is important to note here that the (supply) effects of any possible
incidents are not yet reflected in the tables generated by the supply
randomization component. This is because of the fact that the
occurrence of incidents is strongly dependent on the prevailing traffic
conditions. Therefore, random realizations of incidents are not
generated in advance of the actual traffic flow simulation (like all other
demand and supply influencing factors), but concurrently with this
simulation. For every generated incident the supply tables are adjusted
accordingly in realtime.

Figure 5.5 schematically explains the working of t he demand and
supply randomization components of the model. They operate in two
steps. First, random realizations of the different influencing factors (also
indicated as -sources of wvariabil
probabilities/frequencies of occurrence of the different possible
conditions are used. These data are specified in the form of discrete or
continuous probability distributions. In order to account for the fact
that some influence factors are dependent on other ones, part of these
probability distributions is specified conditionally. Note that this means
that some of the sources of variability have to be dealt with before
others in the randomization procedure, since the randomly generated
statuses of the formers are needed as input for the randomization of
the latters.
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Figure 5.5: Schematic explanation of
the working of the demand and
supply randomization components

DATA
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TABLES WITH
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When the random realizations of the influencing factors have been

generated, these are translated in effects on the traffic demands and/or

traffic supply characteristics, using tables in which these effects are
specified in terms of correction factors with respect to the

representative values. By applying the correction factors on the

representative values of the demand and supply characteristics, the
stochastic realizations of these demand and supply characteristics are
found. These realizations are stored in tables, which are passed on to
the computational core of the model. The latter subsequently will

simulate the traffic conditions that would arise from th ese demand and
supply characteristics.

With respect to the correction factors mentioned above, it should be

noted that it is assumed in the model that multiple correction factors

(expressing the effects of different sources of variability) can be applied
simultaneously on the representative demand and capacity values
without any further corrections for any possible interaction effects. This
corresponds to the assumption that the effects of different sources of
variability are independent of one another. In reality this is not the

case Some effects might strengthen or weaken each other, or partly

overlap with one another. These interaction effects however are often
too difficult to estimate to be taken into account in the model.
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Replication of the stochastic realizations

An important desirable property of any stochastic model is that its
stochastic realizations are reproducible. This entails that if one performs
the same simulation run again, exactly the same stochastics realizations
are generated, and consequently exactly the same output is obtained.
This model property is especially important in comparative evaluations.
After all, in such situations one typically does not want the difference
between the results of two model runs to be distorted by the us e of
different pseudo-random number values.

Obviously, the requirement that the stochastic realizations can be
replicated applies equally well to the model at hand. Therefore, the
model was programmed to reset the random number generator to its
initial state each time a new model run is started. Thisensuresthat all
model runs are based on the same pseuderandom number stream.

This however is not sufficient to obtain equal stochastic realizations in
different model runs. For this it is not only required that the same
pseudo-random number stream is generated, but also that these
pseudo-random numbers are employed at exactly the same locations
within the model.

This additional requirement can be illustrated as follows. Imagine that
we want to asses the reltive contribution of weather influences to a
certain congestion indicator. This can bedone by comparing the results
of two different model runs: one in which weather influences are
switched on, and one in which these are switched off. In the latter case
no stochastic realizations of the weather conditions would be taken
anymore, which would decrease the amount of pseudo-random
numbers used per simulation. The consequence bthis latter would be
that in the second model run every pseudo-random number is used at a
different location than in the first run. As a result, completely different
stochastic realizationswould be generated, in spite of the fact that the
random number stream itself is exactly the same. Obviously, this is
highly undesirable.

It is stressed that the occurrence of this problem is not limited to
situations in which a certain influence factors is switched on or off, as
the above example might suggest. The amount of pseudo-random
numbers used per simulation may also vary under influence of the fact

t hat some -suppl ementary- stochatisic
certain other realizations turn out in a certain way. An example of such
a -~supplementary- stochastic ra&an i zat.

incident duration, which obviously is only needed when an incident is
generated.

This problem canonly be prevented by ensuring that all elements of the
model employ a constant amount of pseudo-random numbers, no
matter what the model settings and outcomes of other stochastic
realizations are. This has been achievedby implementing the following

modeling principles:
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- Switching off a source of variation does not affect the
generation of stochastic realizations for this source. Instead, it
just prevents these stochastic realizations to haveeffects on
demand and supply, by blocking their correction factors.

- In all cases where pseuderandom numbers might be needed
for t he generation of —suppl ement &
these are just always generated, regardless of whether they
actually will be used or not.

For the modeling of incidents the latter for example means that a
pseudo-random number for the stochastic realization of the incident

duration is generated for each and every potential incident, irrespective
of whether this incident indeed is generated or not. Since there is a
potential incident for every possible combination of network cell and

time interval, this means that actually a very large amount of pseudo-

random numbers have to generated, most of which finally are not even

used. From this it may be concluded that this solution comes at the
expense of a sharp deterioration in the computational efficiency of the

model. Relatively speaking, however, the increase in computation time

is only very limited.

5.3.2 Variability in the tra ffic demands

Demand variables

The output of the demand randomiz er consists of a dynamic origin-
destination matrix. This three-dimensional table contains the origin-
destination traffic demands per five-minute interval. The destination-
specific split fractions at the network nodes (corresponding to the route
choices) are not varied, but are assumed fixed. This is not entirely
correct, but too little information is available to vary these split
fractions in a sound way. It is difficult to assess to which extent this
simplification is reasonable. On the one hand, the strong habitual
component in route choice behavior suggests that the variability in
these split fractions will not be very large. On the other hand, the
variation in the population of road users may obviously bring a certain
degree of variability with it. However, in the test network that was
considered within this project (see chapter 8) all motorway trips have
only a very limited number of route alternatives. Many of t hese trips
even have only one realistic route possibility. This means that the
variability in route choices can safely be neglected without significantly
harming the final model outcomes.

Note that in spite of the fact that the destination specific split fractions
are assumed fixed (per time interval), the aggregated split fractions are
not fixed in the traffic simulation, since the composition of the traffic

(by destination) may vary under the influence of variations in the levels
of origin-destination traffic demands, as well as under the influence of
traffic congestion in upstream parts of the network.
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Figure 5.6: Traffic demand pattern for
an origin -destination relation
considered to be composed of three
basic components

Method of implementing the sources of variation

As apparent from chapter 2, most of the sources of variation in traffic

demands have clearly different impacts on the traffic demands during

peak periods and those during off-peak periods. This means that
multiplication of the whole 24 -hours demand pattern with one uniform

scaling factor would not be an appropriated method to deal with these

demand variations. Instead a method is required in which a distinction

can be made between these different parts of the day.

However, simply applying different correction factors for different parts
of the day (without taking care of gradual transitions) would not be an

appropriated method either. Such an approach would lead to abrupt
jumps in the traffic volumes on the network, resulting in unrealistic
traffic conditions (such as the emergence of congestion at
predetermined times of the day). Therefore, a method is desied that
computes demand pattern realizations in which the peak and off-peak
gradually run over into one another.

To meet the above requirements, a method was devised in which the
24-hours demand pattern of an origin-destination relation is considered
to be composed of three basiccomponents™:

- a base component, which describes the traffic demand pattern
as if there were no peak periods;

- amorning peak component, which £ as its name implies+ adds
a morning peak to the traffic d emand pattern; and

- an evening peak component, which % as its nameimplies + adds
an evening peak to the demand pattern.

This principle is illustrated in Figure 5.6.

Traffic demand pattern split up in three basic components
T T T T T T T T T T T

morning peak component
evening peak component
base component

traffic demand level

0 2 4 6 8 10 12 14 16 18 20 22 24
time of the day (hours)

3 Inspired by the socal | evdal 4« Es Model - (also known as
described in (AVV, 1997) and (Transpute, 2003),
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For each origin-destination relation a realization of the traffic demand
pattern is now calculated in the following three steps:

- First, stochastic realizations are generated for the following
three aggregated demand values::
- the total morning peak traffic demand (7 -9h)
- the total evening peak traffic demand (16 -18h)
- the total off -peak traffic demand
This stochastic generation proceeds according to the procedure
that has been described in the previous section.

- Next, the combination of the three basic demand pattern
components (depicted in Figure 5.6) is fitted to these three
aggregated demand values, using linear algebra. An example of
this is shown in Figure 5.7. This fitting procedure results in a
weight for each of these three basic components.

It should be noted here that a negative weight is not accepted.
If such a situation occurs this is dealt with by performing a
different fitting procedure, in which the component concerned

is set at zero. The obvious consequence of this is that it
becomes impossible to satisy all three demand constraints. This
means that one of these constraints has to beabandoned. For
this the constraint on the off -peak demand is chosen, in view of
the fact that most of the traffic congestion occurs during the

peak periods. By carefully tuning the representative demand
patterns (in such a way that all weights have a reasonable
buffer for corrections) it was more or less guaranteed however
that any possible deviations from the desired off-peak
corrections will be only marginal.

- Finally the realization of the demand pattern is obtained by
multiplying the three basic components with their calculated
weights, and superimposing them.

Obviously not all influence factors can be modeled in this way. This is
the case for events (which typically are associated with an arrival and a
departure peak, which obviously do not coincide with the global peaks
in traffic demand) and weekend days and (part of the) public holidays
(which do not have peak periods). The way of modeling of these
effects will be discussed in section5.4, which considers the modeling of
the different sources of variability on an individual basis.

It should be noted that the pattern calculated according to the above

procedure actually is not the final realization of the demand pattern

yet. After the calculation of this pattern still a final step is to be carried

out . I n this step a certain =random n
account for the intrinsic random variability in the travel decisions of

individual travelers. This will be discussed in more detail in sectiorb.4

as well.
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Figure 5.7: Fitting of the combination
of the three basic demand
components to the three
(stochastically generated) aggregated
demand values
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5.3.3 Variability in the traffic supply characteristics

Supply variables

The output of the supply randomizer consists of tables with the
stochasticallygenerated values of a number of supply characteristics These
supply characteristics are the parameters that define the fundamental
diagram discussed in sectiornb.2.3. Separate values are given for each cell
of the road network and for every 5 -minute interval of the day.

All parameters of the fundamental diagram are considered in the
randomization procedure. These are:

- the free speed the speed for an (almost) zero traffic density;

- the number of available lanes;

- the critical density (per lane): the traffic density for which the
maximum flow (i.e. the free flow capacity) is achieved

- the critical speed: the speed connected to the critical density;

- the free flow capacity (per lane): the maximum traffic flow that
can be achieved under free flow conditions (equal to the
product of critical density and critical speed);

- the queue discharge rate from standstill (per lane): the outflow
from a queue in which the traffic has come to a standstill; and
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Figure 5.8: Example of the variation
introduced in the traffic supply
characteristics. The upper diagram
shows two stochastic realizations of
the curve describing the outflow
potential of a cell. The lower diagram
shows the corresponding realizations
of the curve describing the inflow
potential of this cell.

- the jam density (per lane): the density of traffic that has come
to a standstill.

An example of the variation of these parameters is given in Figure 5.8,
which shows two stochastic realizations of the inflow and outflow
curves of a cdl. Note that the values expressed per lane can easily be
converted into values for the roadway as a whole, by multiplication
with the number of available lanes

It should be noted that not all of the above mentioned parameters are
varied for each and every source of variability. Some sources of
variability have significant effects on part of the parameters only, while
leaving the others (more or less) unaffected. The jam density is an
example of a parameter which is relatively constant. This parameter is
only varied with the variations in vehicle population.
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