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Preface

Minwei Li, December 2008

In 2001 before | finished my master study in Tsinghua Uniggiisi Beijing, China, |
had two choices to continue my study abroad. Finally | sekkdtU Delft to explore a
brand-new world of traffic and transport because | felt tloabpared with the conven-
tional directions in civil engineering such as structuraamanics, transport research
becomes a more urgent and interesting topic for moderntsesid he most important
thing | have learned after my five years and nine months shgdgmnd research experi-
ence in TU Delft is that although there exists lots of undetias and difficulties, we
can make our transportation system better. Besides the wayilofifog more infras-
tructure to increase the capacity, traffic management messan improve the traffic
states if they are carefully designed grounded on accyratetleling traffic flow and
human behavior.

This thesis focuses on building up a systematic framewakishcapable of analyzing
the ability of road networks against unpredictable and ptioral incidents, such as
a severe accident. This ability can be simply treated asaaé network robustness.
For the performance analysis on a network scale, it is crtcigepresent the route
choice behavior of travelers and dynamic traffic assignri@mf). Starting from the
analysis of the basic requirements for the complete studgaxf network robustness,
an innovative two-step process is proposed. It's basic isléaat in step one an user
equilibrium status of the network is built up to represemtdhaily traffic pattern; and in
step two, based on the equilibrium status, incident scesaiie represented as a non-
equilibrium situation or a new equilibrium situation tagimto account the effects of
the incident. So the framework is also designed with twoesagprresponding to these
two steps, and our main contribution is to adopt two appreaai DTA models (i.e.,
user equilibrium (UE) approach and en-route approach)timdramework. Through
case studies of two road networks with different size andpierity, the applicability
and effectiveness of this framework have been proved fosylseematical analysis of
a road network robustness against different types of imtgle

As a foreigner living abroad, we should face more difficdtiean local people, espe-
cially there exist so big differences in the culture andnlgystyles between China and
western countries. However, the biggest challenge for ntleastransportation was
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learning the basic knowledge. So | would like to thank my suiger, Prof. Henk van
Zuylen who hired me from China directly, for his patiencec@mragement and super-
vision for my study and research. Thanks also to Dr. Michigfer and Dr. Yusen
Chen, who are both experts of DTA models and gave me lots aobbét advises and
critical comments on the final thesis. Particular thanks yofonmer colleague Henk
Taale in TU Delft who developed the MARPLE model, based oncWhican realize
my idea and finish this PhD research. Particular thanks alsoytcurrent colleague
Claire Minett, who spent lots of her spare time improving nmgksh writing. Last
but not least, | must thank my colleague Maaike Snelder il B&d Delft and TNO
for her help in translating the summary from English to Dutch

During almost six years in TU Delft, | am happy that | have memnsany foreign
friends, such as Dr. Francesco Viti (my first officemate), Dong Ngoduy (my of-
ficemate for the longest period), Dr. Marc Miska (the bestlEhgspeaking German
| ever met), and many many others who let me enjoy the feelingirming in table
tennis. Because of you all, | didn’t feel so lonely when | wia in Delft. The happy
times we spent together will be in my memory forever.
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Notation

The main shorthand and symbols that are used in the devetd@ineur model (Chap-
ter 4 to Chapter 7) are presented as follows:

Shorthand
TA . traffic assignment
DTA : dynamic traffic assignment
UE : userequilibrium
SUE : stochastic user equilibrium
IL . influencing length (km)
IF . influencing flow (veh)

TTD : total travel distance (veh*km)
TTT : total travel time (veh*hour)

TD : total delay (veh*hour)

ETD : extratotal delay (veh*hour)
TNA : total network arrival (veh)

NAS : network average speed (km/h)

NL : network loading (veh/h)
Sets
A . Set of directed links in the network
N :  Set of nodes in the network
Qw . Set of scenarios related to uncertain variable
p<d . Set of paths from origio to destinatiord

EPF(t) : Setof equilibrium path flows for interval
EPC(t) : Set of equilibrium path costs for intervial

PF(t) : Setof path flows for interval
PC(T) : Setof path costs for interval
Indices

XV
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Destination

Route
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Link



Introduction

1.1 Importance of Road Network Robustness

With the development of economy, transportation systepe@ally the road system,
plays a more and more important role in our society. It urades the transport tasks of
human beings and goods, which means that most of the sod&cmomic activities
(e.g., working, recreation, freight, etc.) should use meativorks, and the process and
the success of these activities highly depends on the pesfoce of road systems. So
on one hand, the existence of a connected road network istegdse the operation of
the whole society. For instance, after the occurrence oesexneptional events, such
as the catastrophic disasters (e.g. earthquakes and floottsp malicious targeted
attacks, existing road infrastructures may be completetrdyed and large numbers
of casualties might need help. To allow for the evacuatiovicifms and the transport
of emergency supplies for the influenced area, the road memeeds to function (at
least partially) as soon as possible. On the other handatrakans that any disruption
that makes patrtial or fully failure of the road network mightise remarkable negative
social and economic impact, even the disruption of the wkolzety. For example,
(Scarponi, 2004) reported that a fiery accident that destr@ysection of Interstate 95
— the main highway linking New York and Boston — will take nahs of dollars and
two weeks or more to reopen, which is described as ‘a painam#ctk’. However,
these millions of dollars of losses are just for the direé¢at of the accident that
only include the repairing fee of the infrastructure andesow of police and fire
overtime. In fact, all the indirect losses from such an aeidnight be much higher
than the direct losses, and are probably impossible to @mmpletely. Those indirect

1



2 TRAIL Thesis series

losses include the extra time losses for the traffic to ussradtive paths, the extra
time losses for the original traffic on those alternativehpatue to the congestion
induced by the extra traffic, and the delay and inconveniemogher activities caused
by the disruption in the transport of people and goods. Thusrder to reduce the
losses of money and casualties caused by the disruptiohs no&d network, itis very
important for a road network first to maintain its functiomasch as possible after the
disruption; and to recover its function as quick as posdibi@ the partial or complete
failure. These two points are exactly what the concept ofl ne@twork robustness
concerns.

Robustness is defined by (Gribble, 2001) the ‘ability of a system to continue to op-
erate correctly under a wide range of operational condispand to fail gracefully
outside of that range For a road network, its operational conditions can be dzdls
classified into two sides: supply conditions and demand itond. Any disruption
in a road network ultimately results in the changes of itpbpsuch as the link ca-
pacity) or/and its demand. The operation status of a roadanktis often evaluated
with some indicators for its network-level performance;tsas the average speed and
network throughput. Thus the study of road network robusgean be simply under-
stood as the analysis of the performance of the road netwuatknihe situations with
considerable changes in its supply or/and demand compatiedswormal or desired
performance. From this point of view, the concept of netwatbustness is very eas-
ily confused with the concept of network reliability, whiellso focuses on analyzing
the network performance under uncertain operational ¢cmmdi. So in Section 1.2,
road network robustness will be clarified through a thorotmhparison with network
reliability. Based on the clear definition and delimitat@iroad network robustness,
Section 1.3 presents the main problem formulation for thesis, including the basic
requirements for road network robustness studies and th& lgetween the existing
researches and these requirements. In Section 1.4 thdiebgeand scope of the re-
search are described. Contributions of this thesis to nmosate-of-the-art of road
network robustness study are discussed in Section 1.5Fithe set-up of this thesis
is outlined in Section 1.6.

1.2 Clarification of Road Network Robustness

Network robustness and network reliability are two consdpéat are easily confused
because they both focus on the analysis of network perfazenand the changes of the
performance caused by the changes in the road network. @trénlast two decades,
network reliability has been widely studied with large nwergof publications, while
network robustness has only been given little attention bynged number of re-
searchers. Thus, it might be the most suitable way to intedhe concept of road
network robustness by making clear distinctions with roativork reliability. The
structure of this section is then organized as follows. &fifst two subsections, defi-
nitions of network reliability and network robustness aireg respectively. After that,
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the differences between the two concepts are illustratetdiail. Finally the signifi-
cance of carrying out road network robustness analysismsrarized.

1.2.1 Network Reliability

Several understandings about road network reliabilitgtexom different interests in
the research objectives. The most accepted definition afdtveork reliability is given
by (Billington & Allan, 1992) and (Wakabayashi & lida, 19923 follows:

Reliability is the probability of a road network performing its proposed
service level adequately for the period of time intendecantige operating
conditions encountered.

For a given road network in the form of a direct grapk- (N,A,D,CL,...) consisting
of a set of nodebl, a set of directed edges/links a set of demands, a set of controls
CL, and other inputs, a general function to calculate netweliklility is to calculate
the probability of a measure or indicator of the network perfanceC(G), no less
than the pre-specified threshold valtie(G), i.e.

Pr(C(G) >C*(G)) (1.1)

It is important to recognize that the value of each inputalalg set, such ay, A, D,
andCL, is in fact not deterministic but with variations. Capagstiof nodes and links
depend highly on the infrastructure itself and the exteowmalditions (e.g., weather,
driving behavior of travelers, incidents, and traffic cofgr etc.). Demand obviously
varies from time to time in a day and from day to day. Traffictcols, especially those
dynamic traffic responsive control measures, also vary thighactual flows. Most of
the variations result in uncertainties in the network. Fstance, stochastic link/path
travel time is the result of the combination of stochastick{l capacity, stochastic
traffic demand and stochastic human behaviors. Such @argatave been analyzed
in reliability studies on traffic and transportation, suchthe work of (Asakura &
Kashiwadani, 1991) and (Chen et al., 2002).

Network reliability studies are normally categorized adog to the chosen mea-
sures/indicators for the network performance. Some inportategories are briefly
introduced as follows:

e Connectivity reliability (terminal reliability nominateby some researchers): is
the probability that traffic can reach a given destinaticadlgBell & Tida, 1997);

e Travel time reliability: is the probability that a trip caeach its destination
within a given period at a given time of day;
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e Capacity reliability: is the probability that the networ&rcaccommodate a cer-
tain traffic demand at a required level of service (e.g., mum speed), while
accounting for drivers’ route choice behavior, such as (Céieal., 1999) and
(Chen et al., 2002).

1.2.2 Network Robustness

The concept of network robustness is often defined and exi@edgh computer sys-
tems as the ability of a computer system to cope with errorsnguexecution. It
has been an important topic in several types of large-saaetplex networks, such
as communication networks (Albert et al., 2000), interiet, 2000), metabolic net-
works (Jeong et al., 2000), as well as general complex n&sy@hargel et al., 2003)
and (Beygelzimer et al., 2004). But for transportation reks, such as the road net-
works, robustness has only attracted very limited atterdiad it is also difficult to find
a unified or widely accepted definition for road network rdhess. The following
definition summarizes the interpretations from severaasshers, such as (Berdica,
2002) and (Gribble, 2001):

Road network robustness is thesusceptibilityof a road network to dis-
turbing incidents, and could be understood as the oppadsitetavork vul-
nerability. In other words, road network robustness isabiity of a road
network to continue to operate correctly across a wide rahgperational
conditions.

Since robustness is a relatively new concept in the roadargtdomain, no system-
atic classifications of its studies have been made yet. Merethe existing studies on
road network robustness mainly use the methods of netwbabilgy analysis. In the
following subsection, the differences between networiabdlity and network robust-
ness will be analyzed. As the result, the significance ofygagrout robustness studies
for road networks can then be summarized.

1.2.3 Differences between network robustness and relialiy

Although both network robustness and network reliabilitglgems focuses on ana-
lyzing the network performance taking into account the gesnand uncertainties in
the network, there also exist clear differences betweem timeainly in the following
two aspects.

e Primary objects: In the definitions of the two concepts givetine two sections
afore, their objects are clearly described asphabability (for reliability) and
theability (for robustness) of road networks to perform properly. Ainllus-
tration can be found in Figure 1.1. An indicatorfor the network performance
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(e.g. travel time, average speed) is assumed to follow thteifalition function
g(C). Network reliability researches analyze the probabilityCdeing higher
than the expected levél (deterministic here, but could also be dynamic), i.e.
Pr(C > h). For example, researchers can analyze the chances of aotmip

to B to use more than 1 hour in the different periods of a dayyouding dif-
ferent paths. So travelers can choose their departure tirpath according to
such information and their own desired arrival time to restie risks of arriv-
ing too early or too late. So thempirical informationor theexperienceof the
travel time plays important role in the analysis of relighilln contrast, network
robustness research concerns about the special situgtomrsarios) with excep-
tional events. Researches want to know whether or not tlierretavork can still
operate sufficiently to satisfy the expected performaneel lein scenarid, i.e.

C >h(i=1,2,...). For example, when an accident occurs on the major link
(such as the motorway) between A and B that creates long queare travelers
still reach B by using alternative route in less than 1 howattend the meeting?
Different from reliability problem, since the situationseaunexpected and ex-
ceptional for robustness problem, travelers would faceratquainted situation
so that their experience might not be useful.

Frequency

3 g9(C)

&

Network Performance C (travel time, capacity, ...)

v

Figure 1.1: lllustration of the variance of network performance and what
reliability and robustness concern

e Sources of uncertainties in the network: Road networks lagecomplex sys-
tem full of changes and uncertainties. Revealing uncdrésimn road networks
is also an important research topic. (lida, 1999; Bell & @Gad999; Taylor,
2000; Chen et al., 2002; Nicholson et al., 2003; Immers & dan®005) catego-
rized, summarized, and analyzed all types of uncertaiatnestheir sources in
transportation systems, ranging from irregular and exeegt events to regular
fluctuations. They are listed below:

— Irregular, unexpected and exceptional events
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1. Natural: disasters (e.g. earthquakes, hurricanes, d/daddslides,
...), extreme weather, ...

2. Artificial: severe traffic accidents, major road worksciab events
(e.g. football matches, big fairs . ..), malicious attacks,

3. Technical: signal failures ...
— Regular and expected variations in

1. Demand: fluctuations in times of day, days of the week, &adans
of the year, ...

2. Capacity: minor road works, ...

A simple classification might be that network reliabilitysearches mainly in-
volve the effects of those regular and expected variatiatsle network ro-
bustness studies mainly concern the effects of those iagginexpected, and
exceptional incidents. In Figure 1.2, such differencesildustrated with the
analysis of some empirical data. The figure to the right shinescumulative
distribution function of the travel times collected on Kituiisweg (N470) in The
Netherlands from 01/01/2004 to 15/01/2004. Mostq7%) of the travel time
for this road stretch is less than 400 seconds, which can t&d®red as a nor-
mal and acceptable scope of the travel time. Generally thlysis on network
(travel time) reliability focuses on the variations in thetwork whose effects
on the travel time are within this range, and the collectad dayond this range
will be filtered. But as we can see in the figure, still about 1the samples
have extremely high travel time>(500 seconds). They are mainly caused by
some irregular and exceptional events that temporarilgterthe situations with
exceptional low capacity or exceptional high demand. Theuoence of such
situations are with very small probability as illustratedhe figures to the left,
but their impact is remarkable. For instance, the eventthieabridge opens for
more than one boat once can make very high delay up to 5 minetsvork
robustness analysis focuses on the cases or scenariosustihesents in the
network.

Besides these two major differences, (Immers & Jansen,)J@@s pointed out that
(travel time) reliability is normally a user-oriented qiyabf the system, and robustness
is one of the characteristics of the road system itself.

1.2.4 Significance of robustness analysis for road networks

After the comparisons given in Section 1.2, the definitiomaafd network robustness
is clear for us, including its domain and objectives. Thues significance of having
a robust road network also becomes clear. For road augmrei more robust road
network has higher capability against the unpredicted aweémional disturbances,
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Figure 1.2: lllustration of research domain of network robustness

which means the whole society will be less affected by thésteidbances. For trav-
elers, they can also benefit from a robust road network wgh lesses of time when
they encounter such disturbances. But the fact is thatil the amount of studies on
road network robustness are quite limited, and its concaphbt been widely and well
known because it is easily confused with network reliapigven to some researchers
of transportation systems. In order to make the concepttwiar& robustness be rec-
ognized by more specialists in transportation field, sughl@sners and engineers, we
feel it necessary to first make a better understanding otdipis due to the following
two reasons:

1. Forroad planners, a better understanding of road netwbrstness and its rela-
tionship with the structure will allow them to easily consichetwork robustness
in the planning;

2. For traffic engineers, a better understanding of road evétwobustness and its
major influencing factors besides the network structuré support them in

making suitable control schemes and measures to improvelstness of the
existing road network.

The main target of the research work in this thesis is to suppluable information
to traffic engineers about the characteristics of road nétwabustness and the major
influencing factors to it. To do this, some systematic andm@mensive analysis will
be carried out based on a suitable methodology. In the netibsewe will formulate

the road network robustness problem and the process of bigosis to this problem
in detail.
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1.3 Problem Formulation

In this section, several basic requirements for a systersaidy on road network ro-
bustness will be given according to its definition and chiaréstics. After that, some
basic influencing factors of road network robustness wilommarized. Finally, some
gaps in the methodology and methods for road network robastanalysis are listed.

1.3.1 Basic requirements for road network robustness anabis

From the analysis in the sections above, road network robastproblem has the fol-
lowing characteristics: a physical road network with sy@pid demand, performance
of the road network, disturbances in supply or demand, avelers’ reactions. Thus
several primary requirements for a systematical analyfsieadl networks robustness
can be summarized as follows:

1. A reference status that reflects the normal/daily netvpaiformance, i.e. the
state without exceptional disturbance, is required,;

2. Modeling the disturbances to the road network, includhrg disturbances on
the supply (capacity) and on the demand, is required;

3. Representation of the interaction between network padace and travelers’
(route) choice behavior is required. As mentioned befaré¢he situations with
and without unexpected and exceptional disturbanceglees’ choice behavior
might change based on their experience can help or not. Ti@sgmenon is
one of the fundamental characteristics of the transpotesysnd also one of
the reasons for the complexity of road network studies;

4. A valid network model is required, which means that thevoek performance,
such as the travel time, can be correctly calculated. Onkeokéy submodels
is the queuing model that describes the build-up, spillbackl dispersion of
gueues because queuing is an inevitable phenomenon in tb& scenarios
with disturbances. (Knoop, V.L. and Hoogendoorn, S.P. amd Zuylen, H.J,
2007) pointed out that modeling of queuing behavior is veagial for modeling
road network performance and route choice behavior of kease

These four primary requirements are the basis of all the svawkwill describe in this
thesis, especially for the design of the methodology (G#aB). Thus they will be
mentioned and emphasized several times in the followingecas.
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1.3.2 Influencing factors of road network robustness

As mentioned above, the major objectives for this studyuidelachieving a better
understanding about road network robustness and if pessibhntitatively describ-
ing road network robustness. We also know that robustnessnisidered as one of
the characteristics of road networks. So the geometrictstre of a road network
fundamentally decides its robustness. Besides that, alevttrer factors that can be
gualitatively described as follows:

e Capacity: most of the incidents directly reduce the capaxdithe road network,
regardless of whether on links or at nodes. For the same ¢dwepacity re-
duction, the road network with higher reserved capacityialsly has higher
robustness;

e Demand: demand of a road system is the user of its capacityarkFexisting
road network with fixed capacity, less demand means a relgtivgher reserved
capacity and thus higher robustness against the sameldiates;

e Control: control measures are normally designed for theiefit use of the net-
work capacity and/or other objectives of road managerd) sscsafety. From
this point of view, suitable traffic control measures willprove the road net-
work robustness to a certain extent.

1.3.3 Gaps in road network robustness analysis

Based on the above-mentioned requirements and influenactgr for the analysis
of road network robustness, we are now confronted with s¢\gaps in the adopted
methodology and methods in the existing studies after aotlgir literature study
(Chapter 2).

1. Gap in the methodologies for road network robustnessestullost of them are
borrowed from reliability studies, but distinct differessexist between those
two concepts, as well as the suitable methodology;

2. Gap in the suitable indicators of road network perforneathat can display the
robustness of a road network against all kinds of disturesnand if possible,
guantify the robustness of road networks;

3. Gapinthe models that can describe travelers’ (routeretmehavior in both sit-
uations that without disturbances, i.e. daily normal staaed with disturbances
on supply or/and demand;

4. Gap in the case study of network robustness with reatisizad networks fully
considering the dynamics in the network performance aneless’ choice be-
havior.
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Thus in the following two sections, our major objectives andtributions of this thesis
work are listed corresponding to these gaps.

1.4 Research Objectives
The objectives of this thesis research include followinm{so

e Developing a generic framework or methodology for systétahetwork ro-
bustness studies;

e Developing suitable models that are able to represent mktia@havior under
both normal situation without disturbances and exceptisitaation with dis-
turbances;

e Testing the validity of the developed methodology and metlelbugh case stud-
ies with a hypothetical road network and a real-sized roaaor;

e Searching for suitable network-level indicators that anevenient for estimating
network performance, and suitable time-dependent indlisahat can clearly
represent the dynamics of road network performance. Thebeaitors should
be able to quantify network performance as well as netwdokistness;

¢ Finding critical elements (such as links) in a road netwagrkibing the proposed
methodology.

1.5 Thesis Contributions

This thesis contributes to the state-of-the-art in bugdup a generic framework as
the methodology for road network robustness analysis. iBftamework, a model

is developed to represent the network performance undér fmimal situation and

exceptional situation with disturbances. Detailed infation about the contributions
of this thesis work are listed as follows.

1. Contribution to the knowledge of road network robustnédsetter understand-
ing of road network robustness, including its definitiomgnsiicance, character-
istics, and influencing factors can be achieved;

2. Contribution to the methodology and methods for road ngtwobustness stud-
ies: a comprehensive framework has been built up. With tamsméwork, net-
work performance in different scenarios with all kinds dtiations, i.e. without
disturbances or with various exceptional disturbances beacompared for the
analysis of network robustness.
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3. Contribution to the modeling approach. As parts of thengaork, different
models with a common traffic loading module are developecetalide to de-
scribe different (route) choice behavior of travelers undg&rious situations.
Thus the dynamics of the network performance and correspgricavelers’
choice behavior after exceptional disturbances can besepted in a logical
and consistent way.

4. Contribution to the suitable indicators to evaluate mekwobustness: These in-
dicators can accurately illustrate the changes in the m&tperformance taking
into account travelers’ (route) choice behavior.

5. Contributions to the application of network robustnéds:ough two case stud-
ies, some preliminary understanding about the robustrfesad networks with
hierarchical structure can be drawn, especially the kndgdeabout the critical
links in a network. Several criteria for a preliminary scdrcotical links in a
road network are also proposed,;

6. Contribution to the road network management: The inflaesicthe informa-
tion service to the robustness of road network has been zsthlyThe delay in
the information service proves to be negative to the netwalnkstness. Further-
more, there exists an optimal compliance rate within thesteas to the real-time
traffic information, which means that it is not always goodtfoe network per-
formance when the percentage of the travelers who alwayssehthe fastest
path increases.

1.6 Thesis Outline

This section provides an outline of this thesis and brieflegiinformation about each
chapter.

Chapter 2 presents an overview of the state-of-the-artazfd) network robustness
studies. In this chapter, we first review related robustsasgies in the general com-
plex networks and several other network domains (e.g. camation, biological).
Special interest is devoted to the methods in these reseantts. After analyzing the
characteristics of road networks distinguished from otinees of networks, a detailed
review of existing road network robustness studies is giveiuding their strengths
and weaknesses. At the end, some basic requirements, agp#we requirements
for the suitable TA models for road network robustness ssjdare derived from the
review.

Chapter 3 summarizes the general features of a TA model whithe core of road

network robustness studies. Two approaches of TA modelsassinment and en-
route assignment, are compared and their possible apphsdor network robustness
analysis are discussed. Based on the general requirentesenped in Chapter 1 and
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particular requirements for TA models in Chapter 2, the firralmodel for our road
network robustness analysis is chosen at the end of thigehap

In Chapter 4, a generic two-step simulation-based framlevgodesigned for the sys-
tematic network robustness researches. Both TA approadessin the framework
are discussed, especially the en-route assignment maddelsover, the other basic
methodology used for network robustness analysis in ttisareh work, scenario-
based methodology, will also be introduced in detail.

Chapter 5 and Chapter 6 present the applications of the Wwankein road network

robustness studies by testing respectively a hypothediogtle network and a real-
sized network in each chapter. More specifically, the testis & small network in

Chapter 5 are mainly for the face validation of our framewamnkl TA models; and the
tests with a large road network in Chapter 7 are more for malgqiurpose.

Chapter 7 proposes a preliminary investigation study ointfigence of real-time traf-
fic information to road network robustness. In this studyuehber of scenarios with
different percentages of travelers who would respond toghktime traffic informa-
tion are simulated. The differences in the network robusgmdearly demonstrate that
the effects of the real-time traffic information are affectemarkably by the response
of travelers.

Chapter 8 summarizes the whole thesis work and proposesassuggestions for the
future work.
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Chapter 3 Evaluation of DTA Models

>» Introduction of DTA models
>» Approaches of DTA models
» Tests and comparisons of DTA models

v

Chapter 4 Methodology and Methods

>» Two-stage framework

>» En-route assignment model developed
based on a SUE assignment model

> Scenario-based analysis

v

Chapter 5 Case Study with a Small
Road Network

>» Network description

> Design of incident scenarios
>» Performance indicators for robustness

analysis

> Analysis of scenarios and network robustness

v

analysis

Chapter 6 Case Study with a Large
Road Network
>» Network description
> Design of incident scenarios
> New performance indicators for robustness

> Analysis of scenarios and network robustness

v

Chapter 7 Information Service and
Network Robustness
>» Introduction of information service
>» Methodology

» Analysis of the relationship between information
service and network robustness

v

Chapter 8 Conclusion and Future Research

> Conclusion
>» Future research

Figure 1.3: Structure of the main contributions in this thess
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State-of-the-Art of Robustness Studies
for Networks

In Chapter 1, road network robustness is introduced alotig & importance to the
economy, safety and the quality of traveling. However, tbecept of road network
robustness is so new and related studies are so rare thatteastic and well-rounded
methodology could yet be found. To solve this problem, a gaodkerstanding of the
existing studies on road network robustness are importahhacessary.

Road networks form parts of the transportation network cWwhogether with the elec-
trical power systems, the World Wide Web (WWW), internet eie all examples of
so-calleccomplex networkthat play important roles in maintaining the quality of mod-
ern society. Studies on the robustness of general comptasories and some specific
types of networks have been developed more systematibalithat of road networks,
for instance (Albert et al., 2000), (Tu, 2000), (Shargellet2003), (Beygelzimer et
al., 2004), (Dekker & Colbert, 2004) etc. Before reviewihg Existing robustness
studies on road networks, it is valuable to first analyze itndar or related studies on
the robustness of other network domains and, if possibleséathem as references in
choosing or designing methodologies and methods. Accgrithis idea, Chapter 2
comprises three major parts as follows. Section 2.1 sunzesthe studies on the ro-
bustness of general networks and several specific typeswbries. In Section 2.2, the
features of road networks are listed and analyzed compai@tér complex networks.
According to the analysis in this section, we found that thedrnetwork robustness
problem is quite different from that of other network catege, which means it needs
new and specific methodology and methods. Section 2.3 diss@#sd evaluates exist-
ing road network robustness studies with particular focuthe ways of representing

15
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network performance and travelers’ behavior in them. Inethe, Section 2.4 outlines
some lessons learned and gains derived from the reviews.

2.1 Robustness Studies of General (Complex) Networks

Network robustness has received much attention for nesviorigeneral or for sev-
eral specific types of network domains, such as the WWW, neteand electronic
networks. The subjects of these studies mainly cover theWolg areas:

e The analysis of the robustness (also referred to as toleransome contribu-
tions) of a network to random but serious errors and targatadks;

e The search for approaches to improve the robustness of udesdtnetworks
against a selective deletion of nodes (e.g., attacks onanktwubs);

e The optimization design or improvement of complex netwar&ssidering ro-
bustness, as well as other objectives and constraints.

2.1.1 Classification of complex networks

For large and complex networks, the connectivity distidoufunctionP (k) is often
used to describe the characteristic of a network. It is ddfasethe percentage of the
nodes in the network being connectedtother nodes. According to the types of the
distribution, networks can be divided into the followingatwajor classes.

1. The first class of networks, which are calkgonential networkss character-
ized by aP (k) that peaks at an averagk) and decays exponentially for both
smaller and largek. In particular cases, the connectivity follows a Poiss@ di
tribution as shown in the right-hand figure of Figure 2.1. Tinest investigated
examples of such exponential networks are fairly homogesieio which each
node has approximately the same number of connected links-ak).
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Figure 2.1: Representative structure of exponential netwidks

2. In contrast, analysis on the topology of the WWW (Alberaket 1999), the In-
ternet (Faloutsos et al., 1999), social networks (Baraka&ibert, 1999), and
metabolic networks (Jeong et al., 2000) indicates that nsgstems belong to
the class of heterogeneous networks, cafledle-free networksIn such net-
works,P (k) decays as a power-lai(k) ~ k™Y with a characteristic scalg such
asy = 2.2 for the metabolic network analyzed by (Jeong et al., 200f)ereas
the probability that a node has a very large number of coiorextk > (k))
is practically prohibited in exponential networks, higldgnnected nodes are
statistically significant in scale-free networks such aksh{see solid circles in
Figure 2.2).

5.

Figure 2.2: Representative structure of scale-free netwds

P(K)

k

2.1.2 Connectivity robustness of complex networks

A number of studies have been carried out for the analysisherconnectivity ro-
bustness of the two basic classes of networks. In theseestutiie diameted of the
network, which is the average length of all the shortest paitween the pairs of
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nodes in the network, is widely used as the indicator for tendjtative connectivity
performance of a network. The valuesabdf the studied network are calculated be-
fore and after the disturbances are introduced to the nodas network. Generally, if
the value ofd of a road network does not increase significantly after tseudbances,
the network can be considered as robust against such diseab. Thug] is a static
indicator to describe the connectivity robustness of thievakk because only the static
length values are taken into account, i.e. the influenceetithization of the links is
not considered.

Disturbances to the nodes in the network are classified hddllowing two types:
one is the randomly occurring errors, which are caused byarammalfunction of the
nodes; the other one is the intentional attacks, which anéengiat the most connected
nodes, i.e. hubs. Some interesting conclusions have besyndrom analyzing the
values ofd of the network with these two types of disturbances:

e For an exponential network, the accumulation of errors,tivdrerandom or in-
tentional, has the same deteriorating effect on the netwonkectivity perfor-
mance. Each deletion of a node destroys some local pathshwdads to an
increase in the distance between the nodes involved in ttedeted nodes;

e For a scale-free network, the connectivity performancénsat unchanged by
the random removal of nodes up to a large deletion rate. Soanetwork has
immunity to random errors;

e A scale-free network is vulnerable under hostile attacksictv means that the
effects of targeted attacks to those highly connected nigalgss) are much more
severe than those to exponential networks.

Based on studies on the two basic classes of the generalnksfwabustness studies of
specific large networks such as the WWW, the Internet, andlmoét networks usually
take the following two steps. The first step is to identify gteucture of the studied
network best described by or closer to either exponenti@lork class or scale-free
network class. In the second step, general robustnesscodiastics of such a network
class mentioned above are first tested. Then the uniqueatbassics of the studied
networks are also addressed. The same method of using songlaf node removal
disturbances are implemented and the same indidasarsed in these studies. Besides
general conclusions of the network robustness, differegteks of robustness against
two types of perturbations can be found in those specificsgb@etworks. However,
these studies are limited by the following assumptions:

1. Links, which are important elements for most of the largevorks, are assumed
to be homogenous with the same characteristics (e.g. ¢gpawl speed) in
these studies, which is not valid for all types of networks;
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2. Only node removal has been considered as the source oflpeion scenarios
in these studies, while the degradation or removal of limksgnored;

3. Only static indicators for network connectivity are sadj such asl. The
changes of network performance, such as the throughput elagisj have not
been reflected.

So questions about the reference values of these netwoustradss studies for that
of road networks arise: are the conclusions of these netamnkectivity robustness
also valid in the context of road networks? Can the methadetand algorithms
be directly implemented for analyzing road networks? Befgiving the answers,
the next section characterizes road networks and compaees with the two basic
network classes presented above.

2.2 Characteristics of Road Networks

Transportation networks, as one type of the large and coomg®vorks, may be dis-
tinguished in a number of ways from the two basic classes tfor&s. Several as-
sumptions in the above reviewed network robustness stadeesot appropriate for
road networks at all because road networks have the foltpalaracteristics:

e The first and the most important characteristic of road ngis/es that human
beings are basic ‘components’ forming the ‘flows’ in the natev So human
behavior (e.g., car-following behavior, lane-changingdaor, and route choice
behavior et al.) on one hand plays an important role in detengp the perfor-
mance of the network, and on the other hand human behavitsasrdluenced
by the network performance. This makes road network peidoga more vari-
able and unpredictable than the performance of other tyjestaorks;

e Links in road networks are more important for robustnesdistuthan nodes,
especially for motorway networks where no grade crossingsghysical nodes)
are allowed. Due to this reason, most of the destructivaidsations on road
networks appear on the links;

e Links in road networks are normally treated as one-direetioespecially mo-
torway links because they are structurally separated flaanréverse direction
by natural or artificial barriers;

e Physical road networks are hierarchically structured, Imclv several levels of
subnetworks exist containing different types of nodes amkklwith different
characteristics. This kind of layered structure has nonhtaressed in other
types of complex networks. Here the classification of roativagks in The
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Netherlands is used as an example. In a hybrid road netwartgrmay sub-
networks form the top level since its links have the highestred speed (up to
120km/h), the highest priority. Urban arterial subnetworks cors@the bottom
level since its links are with the lowest desired spee8Qkm/h). Between these
two subnetworks there exist the rural road links (conngdiinvns with medium
speed at 8&km/h) and ramps (connecting motorway with lower level subnet-
works). As mentioned before, physical nodes are rare in matp networks.
But in other lower level subnetworks, controlled or uncohéd junctions are
naturally treated as nodes, and they have remarkable icfummcapacity (Viti,
2006).

When a physical road network is studied, it is normally medeh a certain level
of details according to the purpose and interest of the resedn Figure 2.3, two
modeled road networks with different levels of details arespnted to illustrate the
particular characteristics of road network modeling. Téie figure is the motorway
network model of The Netherlands, and the figure on the riglat smaller but more
detailed road network model around and inside city of DelfThe Netherlands.

¥ echnesche

7 L";‘E‘I’EI'.E‘{ Dielit
":_ SCMHEaavEDs
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Figure 2.3: Motorway network of The Netherlands (left) and Delft network
(right)

e Dutch motorway network: motorway forms the links, and jumas are treated as
abstract nodes because travelers can shift from one motéoszanother at these
points, although there are no grade crossings. Cities alsde considered as
nodes if lower level subnetworks are ignored, but they areeesurrounded by
rings of the motorway or beside the motorway joined with ramilost of the
nodes in such large-scale motorway networks have 3 or 4 cteshaodes. Here
the tailend nodes have only 1 or 2 connected nodes, whileigfidytconnected
nodes are connected to 5 or 6 nodes.
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e Delft network: urban and rural roads form the links, and rodecome more
meaningful by representing physical junctions with or withsignal controls.
The majority of the nodes in the network have 3 or 4 connecteles except for
the tail end nodes, such as at residential areas. A nodensdide more than 4
connected nodes.

From those two networks with different scales and detdils,¢lear that the distribu-
tion of connections of a road network as shown in Figure 2@ase similar to that
of the exponential network shown in Fig. 2.1 witk) = 3. According to the research
work of (Albert et al., 2000), this kind of network is fragite random perturbations,
but robust to targeted attacks. On the other hand, we hawetiwerthat links in road
networks have capacities that can accommodate a certainrdrmbtraffic as buffers.
Lower level subnetworks can act as a temporary replacensenhé motorway net-
work when its functions have deteriorated. This could iaseethe robustness of road
networks to a certain extent.
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Figure 2.4: Connection distributions of an integrated network A10-West that has
782 nodes and 1405 links. This network has been studied in (ake,
2004) with the MARPLE model

Considering the characteristics of road networks menti@i®ve, especially the im-
portance of human (choice) behavior, the methodologiestlaadtatic performance
indicator(s) in the studies introduced in Section 2.1 thmesret suitable for road net-
works. So it is necessary to develop a suitable methodolodycarresponding meth-
ods and indicators specifically for the robustness studpad networks.
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2.3 Robustness Studies of Road Networks

In this section, literatures of the existing studies on roatworks robustness will be
reviewed in detail. As stated before, the number of relesaudies is limited and they
are scattered over different objectives, such as identfyulnerable links or sections
of a road network, analyzing accessibility of the whole retnor certain zones after
natural disasters and so on. In Table 2.1, an overview of sepresentative studies
and relevant scenarios are listed. These studies will leisg®d in more detail in the
following part of this section.

Table 2.1: Overview of road network robustness studies

Objective Reference Scenarios
(Scott et al., 2005) single link removal
Identifying (Kaysi et al., 2003) single point damaged
vulnerable (Visser & Molenkamp, 2004) single link damaged
links/sections (Yperman & Tampere, 2006) single link removal
(Bell, 2000; Cassir & Bell, 2000) | single link removal
(Murray-Tuite & Mahmassani, 2004) 1 or 2 links damaged
Accessibility (Berdica & Eliasson, 2004) single link removal
robustness (D’Este & Taylor, 2003) single link removal
Post-disaster (Chang & Nojima, 2001) earthquake
analysis (Sakakibara et al., 2004) earthquake
Critical network (Dekker & Colbert, 2004) nodes attacked
Improvement of (Yin et al., 2005) link capacity increase
robust network (Zhang & Levinson, 2004a) network design

2.3.1 Identifying vulnerable links/sections in a road netwrk

A vulnerable network element (e.qg., link or section) is & pathe network responsible
for a sharp decrease in traffic operation performance cabog@@pacity restrictions
due to an incident or circumstances of unusually high trafémand (Yperman &
Tampere, 2006). Searching for vulnerable elements of metwork aims to identify
potential weak points in a network and determine the coreseps in case of failure
of one of these elements. It is the most important topic ofioek robustness studies at
this moment. Performance indicators that are used foriigerg vulnerable elements
and relevant methods to calculate the indicators are suineddnelow:

e Travel time/cost based measures

1. (Kaysi et al., 2003) use average travel tirtt¢ §nd average stopped time
(st) as indicators for network performance, and the differsnoetween
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the base case and Hot Spot (HS: defined as the points in timepaoe
on the road network at which a certain abnormal traffic bedravccurs,
causing nonrecurring congestion) scenarios are used nifidélS char-
acteristics (e.g. location, type, duration, severity) draleffectiveness of
traffic management. The authors use mesoscopic simulatitwese pack-
age DYNASMART (Mahmassani et al., 2004b) to calculhi@ndstin all
HS scenarios.

2. Network Robustness Index (NRI) defined by (Scott et aD52@s the dif-
ference between the system-wide travel-time costs defieed the base
case ¢€) with all links present and from the incident casg)(when link
ais removed. The lowest value of € c;) identifies the most important
link a for the network. The authors use a dynamic UE (user equuiliyi
assignment approach to calculate bothnd c; based on the following
two assumptions. One is that the network can achieve a statued user
equilibrium (more discussion in Chapter 3 and Appendix B)e Tother
assumption is that that the removal of liaks a long-term event and trav-
elers therefore have full information about the whole nekygerformance
with and without link removal so that user equilibrium statan always
be achieved.

3. In the research of (Visser & Molenkamp, 2004), two stepsattvork vul-
nerability (as opposed to network robustness) evaluatiercarried out.
The first step is to identify the potential vulnerable segtadry assessing
the probability of an incident occurring as well as the numidfecars that
will be blocked, which is derived from a static UE assignmenie sec-
ond step is to rank the link vulnerability taking into accothe rerouting
effects resulting from the incidents. This is done by calting extra travel
time through an extra iteration of reassignment with linkscire after the
baseline assignment. The reassignment is also a statiequewith fixed
values of turning fraction for each link, which is computexilae share of
the cars above capacity.

4. (Bell, 2000) and (Cassir & Bell, 2000) are the first to inlwoce game ap-
proach into road network performance reliability studiésgame is en-
visaged between a network user and an ’evil entity’. On omelhdhe
user seeks a path to minimize the expected trip cost. On tiex band,
the ‘evil entity’ impose link costs on the user (by breakihg tink) so as
to maximize his expected trip cost. This is assumed to be gptewer,
non-cooperative, zero sum game. The user guesses whabbikwill be
imposed and the evil entity guesses which path will be chbgehe user.
The authors assume that multiple users for one OD pair hasiime prob-
ability in choosing links, as well as paths. When multiple @&rs exist,
different probabilities for different OD pairs may be caresied, even if a
common link for two or more OD pairs is broken. In each scentne evil
entity only breaks one link.
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e Flow-capacity based measures

1. An incident impact factor is proposed in the research vwgrRYperman
& Tampere, 2006). Given thatis the inflow rate into a link an€ is the
clearing rate of the incident on the link, which is also théahcapacity of
the link, the incident impact factor is calculated #¢1— | /C). A dynamic
UE assignment approach in the INDY model (Bliemer et al. 08 used
to derivel of each link.

2. A vulnerability indexv for link a with respect to OD paifo,d) is pre-
sented by (Murray-Tuite & Mahmassani, 2004} takes into account the
utility of alternate path(s) ofo,d), in which the ‘utility’ g; of alternative
path | is specified as the combination of the relative capacity Aedatio
of the free-flow path travel time to the marginal path travekt for pathj.
Finally, the disruption indel, for link a is the sum, over all OD pairs, of
the vulnerability indices of linla. The higher value oD, the more vulner-
able linka. The authors take a bi-level programming formulation betwe
an ‘evil entity’ and a traffic management agency (TMA) witlhufalifferent
interactions between the players.

From the above-mentioned studies on the identification dfiarable links in road
networks, their strengths are summarized as follows:

¢ Differences in the values of system-wide performance ggis between a base
case and incident cases are adopted to evaluate the imp#dutsiocidents;

¢ Incident scenarios are based on links, which are more irapbfor road net-
works than nodes;

e The process of pre-selecting or pre-ranking the vulndtglaf links is adopted
based on their performance in the base case.

The weaknesses in these studies mainly exists in the ubkugasignment approaches
or models for calculating network performance after thedents, which can be clas-
sified from the following two points:

e Static UE models with fixed values of splitting rates for tlssignment in sev-
eral studies (e.g., (Visser & Molenkamp, 2004)) are notadué for modeling
reassignment phenomena in road networks with incidents;

e Dynamic UE approaches that are used in most studies only sgaise for long-
term disruptions to the network and for planning purposé®yTare not suitable
for unpredictable and non-recurrent incidents becauseutlilerium can be es-
tablished after an unique incident.

Using unsuitable traffic assignment models will achieveinect assignment results,
leading robustness analysis to incorrect as well. So in oysgsed methodology and
methods, they will be modeled in a more realistic way.
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2.3.2 Studies of regional accessibility/connectivity ralistness

Accessibility, or connectivity analysis is the most trazhtl topic in the network-level

studies. Before, these studies (such as the ones discusSedtion 2.1) only consid-
ered network connectivity status and ignored the cost gétiiag. Some new research
works have noticed this problem and introduced some pedooa variables into the
accessibility problems.

1. (Berdica & Eliasson, 2004) developed a network based/asisahethod for sys-
tematically studying regional accessibility from a vulaleitity perspective, i.e.
how the accessibility of an areas affected when part of the road network for
some reason becomes completely or partly impossible toTusenew accessi-
bility measure consists of three components:

e average travel timefor an inhabitant in the area;

e average travel costfor an inhabitant in the area; and

¢ the value of suppressed tra\TEIcompared to a reference area (indexed as
1).

Hence, the accessibilif®4 of aread in scenario 0 is the sum of the these com-
ponents, expressed as:

0, <0 0
Qd Zetd +Cd +Td (21)
where
t_o OmTo%mt(?dm
d ™ OmTo?jm
60 o OmTo%ngdm
47 5T

=0 _ 1 Tom _ _Toe 0 0 0 0
d =2 > (z}rO - zc-Fj('Jn ) (Codm+Clom+etodm+ et10m)
om om
using the following notation:

TO - number of trips betwee(o,d) with modem

odnr
to travel time betweeio, d) with modem
o travel cost betwee(o, d) with modem
0. value of time

Accessibility to an ared is larger whenQq is lower. With this measure, ac-
cessibility can be calculated during normal circumstarases the distribution
of trips and/or volumes on the network gives some idea of whiks are the
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most ‘popular’ and consequently central to traveling inbgion. To measure
the accessibility changes due to some alteration in cirtcamess, i.e. another
scenario 1, the reference area is no longer needed. So define

T

NI =

TO T 1
Z c_i_d(r)n o c—i-din (ngm+ C(:)Ldm"' etc?dm"’ etoldm) (2-2)
om & odm (%n odm

and the change in accessibility for atgAQq4) between scenarios 1 and O is

AQy =0 (i) —1d) + (€ —¢cF) - T¢ (2.3)

Using this definition, a positive value f&Qg4 means an improvement (increase)
in accessibility.

The authors also propose that by using the so-called ‘del&tprocedure, trips
using each specific link can be distinguished by their ofigute/destination
relation, which gives an idea of how ‘widely’ an area would @kected’ if the
link in question is not available. So it can result in greatedepth knowledge
of how interruptions in different parts of the transportteys affect accessibility
using different modes of transport, which indeed is a kintbblustness study of
network accessibility.

. (D’Este & Taylor, 2003) have proposed a definition of nekwmonnectivity ro-

bustness. The system robustness value for a given OD@diy between origin

o0 and destinatiod could be calculated through the structure functipy) (X),

in which X = (x1,X2,...) is the status vector of the used links for the paths of
(0,d). x3 =1 if link a € A works, otherwisex; = 0. Similarly, if (0,d) is
connected for most oX, i.e. @,q) (X) =1, the connectivity ofo,d) can be
considered robust.

The authors also proposed a new probability variéhlg for the probability of
the link joining nodd to nodej to be used by a trip fromto d. So the matrix of
link probabilitiesP,q provides an indicator for the overall vulnerability, as el
as robustness, of trips between the given OD fmidd) and also for the location
of the key links. In general, the higher a link probability the greater the
adverse impact if that link is broken. For example, if a liakhe common link of
all the possible paths of the OD paird), then its probability is 1, which means
if it was broken, then all the paths fail and 100% of the demamafluenced. On
the contrary, if a link is only used for one of the five equahsatf an OD pair, its
probability is 0.2, which means if it was broken, only 1/5 loétdemand would
be influenced. Two methods could be used to calculate thels@ilobabilities,
which are Bell's Algorithm by (Bell, 1995) and Conditionaid®ability Method
proposed by (Dial, 1971).
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Strength Weakness

(Berdica & | Network performance variablesNo numerical studies are given to tes-

Eliasson, (e.g. todm Codm) are introduced tify the methods.

2004) into accessibility studies

(D’Este & | Route choice is considered |nRoute choice are static, which can-

Taylor, 2003) | calculating link probability. not represent the dynamic behaviors of
travelers, thereby ignoring the changes
in network performance.

The strengths and weaknesses of each study in this seceosuarmarized in the
following table:

Compared with the conventional studies on the static cdivigcrobustness of net-
works, these two research works made great improvementalyang connectivity
robustness by introducing route choice and network perdoiga. Such changes grasp
the characteristics of road networks and make the methods sudtable for road net-
work analysis.

2.3.3 Measuring post-disaster transportation network peformance

In a natural disaster situation such as an earthquake oirfigatie road infrastructure
plays a critical role in maintaining routes for evacuatiord dogistics. Several re-
searches have been done on analyzing the post-disastarke®@rformance (mainly
in the network connectivity) and try to derive valuable kiegdge for the design and
planning of road networks that can increase the post-dsastwork performance.
Such studies can also be categorized as a type of road netwlmr&tness analysis.

1. (Chang & Nojima, 2001) proposed three system performartteators to eval-
uate a partially functional network after earthquake desas which also grasp
the robustness of an entire network system. Those threesitwils are:

- total length of network open
- total distance-based accessibility

- areal distance-based accessibility

Each of the measures is estimated as the ratio of post-eakbado pre-earthquake
conditions and ranges from 0 (system non-functional) toy$tésn fully func-
tional). The first two proposed indicators pertain to therait@erformance of
the system, while the last indicator is specific to individsizbareas within the
study region, such as neighborhoods, and can indicateasgesparities in trans-
portation performance. The indicators are specific to timer the earthquake.
Analysis of these performance indicators using the caseobkKCity in Japan
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after the 1995 earthquake shows that they provide very usefans of summa-
rizing the earthquake’s effects - especially for quantiedy assessing the loss
of transportation service in the region, evaluating thetiapand temporal di-
mensions of the service loss, and making comparisons watipéinformance of
other urban lifeline systems. The authors apply the samsunesito two other
earthquake cases: 1989 Loma Preita and 1994 Northridge,ildhe United
States. The comparisons among the three cases show thatpghets of the
earthquakes in the extent of transportation damage, léststem disruption,
and restoration time frames differ significantly. Overadspdisaster highway
system performance was somewhat better in Northridge thdmmma Preita,
partly due to the the availability of detours and the greadelundancy of the
network.

. (Sakakibara et al., 2004) propose using a topologica&xr{@l) as an indicator

of road network dispersiveness/concentration from a twgioél point of view.

When a disaster happens followed by the collapse of roadanksypeople are
forced to choose their destinations from the remaining ssibke districts. A

network that minimizes the isolation of districts can be rmledi as the most ro-
bust network against catastrophic disasters. The authstisglish networks
with small possibility of isolation as thdispersedhetworks. On the contrary,
networks that are easily isolated are referred to@scentratechetworks. The
topological indexT | of graphG = (N, A) with n nodes and links is defined as
follows:

m
TI(G) = z P(G,k) (2.4)
k=0

wherem=n/2 if nis even andn= (n—1)/2 if nis odd. When two or more
links do not share the same node, such linksware-adjacentP(G, k) is defined
as the number of subsets of link getonsisting ok nonadjacent links. For two
networks with the same numbers of nodes and linksTthealue of a dispersed
network is larger than that of a concentrated network. TheeeheT| can be
used as a quantitative index of dispersiveness/concemti@tthe road network.

By applying this methodology to the actual highway netwarkhe Hanshin
Region in Japan, which was heavily damaged by the HanshiajiAarthquake
in 1995, the following remarks are drawn by the authors:

e T provides guidance on how the network is connected, i.e. exdivity
robustness in a disaster situation in terms of node isa@latio

e Anincrement ofT | can be calculated for each additional link, which means
that for improving the robustness of the road network, a Witk a larger
increment should be added with a higher priority;

e Reinforcement of infrastructure needs to be performed ticalrlinks in
order to avoid functional isolation, and critical links che ranked using
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the values ofl |. Basically, a link is more critical if its degradation retsul
in a higher value of I.

It is understandable that for a post-disaster transportatetwork, connectivity is a
more important issue than the network performance, suchedsravel cost. That
is the reason for all the adopted connectivity indicatorg.(&1) are static without
considering the demand but only the geometry of the netwddkwever the travel cost,
especially the travel time, is also very important for assgspost-disaster situations
because less time spent on traveling means more timelyegesmd less casualties.
This can be considered as a possible improvement for thesfpist-diaster analysis
of transportation networks.

2.3.4 Robustness studies for critical networks

(Dekker & Colbert, 2004) and (Dekker, 2005) developed a t@ohed CAVALIER to
study the effect of terrorist attacks on so-called critiofastructure networks, such
as communication, electrical power, rail and fuel disttid networks. Failure of any
of these critical infrastructure networks can bring theirmady activities of work and
recreation to a standstill, which makes these networkstangr terrorist attacks. An
important aspect of critical infrastructure networks isithnterdependenceAttacks
on the electrical power and communication networks in paldr have a ‘force multi-
plier’ effect on other services. Another important aspschat each ‘link’ has a fixed
capacity The authors examine the robustness of critical infrasirecnetworks in-
corporating link capacities, specifically the aspects télate to the network topology.
But before that, critical networks are usually verified ntdle-free at a physical level.
Since there exist spatial constraints for large number®ohections to a single spot,
hubs of high degrees (connections) are not generally gessib

A terrorist attack simulator, which is included in CAVALIER used to study the effect
of destroying nodes in a network which sends “packets” dfitrhack and forth along
links. The simulator assumes that the same number of paatetent between every
pair of nodes, and each link has just enough capacity to kahdlload. The simulator
uses a shortest-path routing algorithm, which means paeketsent along the shortest
path or paths. If there is more than one shortest path, thelaior balances traffic
between them. The simulator also assumes that if all thetesdigpaths are loaded
to maximum capacity, traffic ikst rather than re-routed on longer paths in order to
avoid cascading failure through the whole network as a tedule-routing. So the
measure of performance is the average percentage of pdbkétsuccessfully reach
their destinations. Two types of terrorist attacks, taddeind random, are simulated
for all networks with between 1 and 6 nodes being destroyed.

The simulations are done through 61 networks that all haveo@@s. These networks
have different topology features, such as different aveideprees (i.e. the average
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number of incoming links of the nodes) and different symmeditios calculated by
finding the different eigenvalues of a network. The highensyetry a network is, the
lower symmetry ratio it has. The results show that with teedattacks, most networks
began to fail either because of the disconnection or becaiudee overloaded links
when the number of attacks was equal to the average numbedefaonnections. But
some highly symmetrical and well-connected networks didfaib even with up to
six attacks. On the other hand, randomly generated netvemiésietworks containing
large loops are not robust.

The strengths and weaknesses of the studies for criticalonkes in this section are
summarized as follows:

e Strengths: Terrorist attacks on nodes are simulated takingaccount link ca-
pacities, which is an improvement on the studies in Sectitn 2

e \Weaknesses:

— Only the incidents of nodes are considered, which negléetdact that
links are also essential in road networks;

— In these studies, the over-capacity traffic is simply asglitost’, while not
re-routed. This assumption is unrealistic because queuidge-routing of
the over-capacity traffic are two basic characteristicoatirmetworks.

The studies listed in this subsection attempted to use thkadelogy and methods
for general complex networks that are introduced in Se@idrfor road network ro-
bustness analysis. Some adjustment and improvement hawedbee by the authors,
but the weakness shows that such methodology and methbda®stiot fully satisfy
the basic requirements of road network robustness stugaesnstance, the travelers’
route choice behavior is not considered at all.

2.3.5 Improvement of robust road networks

The concept of robustness has been introduced into netvesigmor network improv-
ing problems, i.e. in the objective functions for designamgmproving road networks,
network robustness is one of the components to be considéveustudies could be
found on such a topic.

1. (Yin et al., 2005) attempt to determine an improvemenesahthat minimizes
the expected total system travel time as well as the variahtmtal travel time,
i.e. an efficient and robust network. The authors use the dutotal travel
time and the sensitivity of the total travel time with respcuncertain demand
(which can also be extended to uncertain capacity and sotfjeaobjective
function for designing a robust network improvement schesllows:
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minZ =B EQTfsTsHl—B) ZZT[S(TS—-FS)Z (2.5)

whereZ is the objective functiong™ is a vector of the continuous capacity in-
creases of all links, i.e. network improvement schefés a parameter that

represents the trade-off between mean (effectivenessjaarahce (robustness),

0< B <1;Qisthe scenario set to represent uncertain demand, and catdr®

s e Q has the occurrence probability; Ts is the total travel time in scenarg)

and'FS is the expected total travel time afigl= S TsTs. So the objective func-
seQ

tion includes two parts: the expected total travel tiﬂ%) that identifies the ef-
fectiveness of the road network and the sensitivity of thedttime (Ts— TS)Z)
that identifies the robustness of the road network.

A bi-level programming model is implemented to solve thelgbem in (2.5), in
which the upper level problem is to search for optiroalto minimizeZ and
the lower level problem is the SUE assignment problem toexehis for each
scenarics.

2. (Zhang & Levinson, 2004b) build up a model to first evalubeereliability and
robustness of existing road networks with hierarchicalcdtires, then to search
for suitable policies to create a network form that is rdkatand robust. The
efficiencies of the networks that are developed based on ppmaches - bot-
tleneck removal and benefit cost analysis - are evaluatedaloylating total
vehicle hours of travel (VHT) from the results of equilibmuassignment. To
analyze the reliability and robustness of different neksothree failure scenar-
ios are considered, including: (1) random link failure wéhére probability of
a link losing its flow-carrying function is purely random;) (lume-dependent
failure where a link carrying more traffic is more likely todakdown than its
low-volume peers and the failure rate is proportional tfitavolume; (3) the
most important links, defined as those with the highest agpace destroyed
by deliberate attacks.

Monte-Carlo simulation with thirty runs for each scenagaarried out and the
average performance of VHT increase is calculated to itlethie reliability and
robustness of the network. The authors concluded that ttterftaad networks
under the benefit cost investment rule are more efficient laddisplay advan-
tages in all three failure scenarios, especially under dngeted attacks. The
highly hierarchical networks (as most existing road neksare now) created
by bottleneck removal policy appears to be extremely valblex.

The two studies introduced in this section have very higaresfce value for our road
network robustness analysis because of the following gthesn

e The robustness of road networks is analyzed by comparingetveork perfor-
mance through different scenarios;
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e The network performance is calculated taking into accoaveders’ choice be-
havior;

However, the weakness of these studies is that UE assigrappridaches make these
studies meaningful only in planning applications and natasle for incident situa-
tions.

2.4 Summary

The contents reviewed in this chapter can be divided into paxis. The first part
is Section 2.1, in which robustness studies on general mksaand other types of
large networks are reviewed, with an aim of deriving potdhtiuseful experience
from them. Such a process has also been carried out by (Dékkalbert, 2004)
and (Dekker, 2005) in the robustness studies for so-caliéidat networks that are
discussed in Section 2.3.4. However, these studies focubeostatic connectivity
performance between nodes of networks with the incidentasoas of node removal.
This means that they either ignore the travel costs on lpatks, or ignore the possible
qgueues of flows on the network, which are important chareties and indicators
of road networks. Thus, besides the methods of testingrdiffencident scenarios
to analyze network robustness, these studies are not mlcdbla for road network
robustness analysis.

The second part of the review is Section 2.3, in which robesgrstudies on road
networks are presented following a detailed descriptiothefcharacteristics of road
networks in Section 2.2. In Table 2.1, all of the 14 selectedies on road network
robustness are listed. It is noticeable that most of thes#iest (9 out of 14) analyze
the robustness problem caused by single (or two) link degi@a Besides this, the
identification of vulnerable links/sections in a road natefSection 2.3.1) is the most
prevalent topic at this moment (7 out of 14). It is an improeatthat in these studies
links are considered as critical elements for road netwakd network robustness is
studied by comparing the network performance in the indideanarios with a base
case. With the exception of the two studies in Section 2.8.8he static accessibility
problems within an area after the natural disaster likeheaidkes, other studies all try
to catch the network performance under situations withdieicts, and most of them
adopt a (stochastic) UE assignment approach to represemidrs’ behavior. This
makes them suitable only for analyzing the long-term e$f@ttlong-term incidents,
so that the system has enough time to reach a new equilibrieon.example, the
studies on the implementation of robustness into road n&twesign and planning
discussed in Section 2.3.5. At the same time, it also meatgth methods in these
studies are not suitable for the analysis of road networkstiess against short-term
and unexpected incidents, such as accidents.
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2.5 Discussion

Network robustness studies in the road network domain dtenetv and on a pri-
mary stage. This fact is demonstrated by the small amounteo&tures available for
discussion in this chapter. The importance of carrying oatdrnetwork robustness
analysis has become clear because modern society has bewmand more depen-
dent on a road network that is robust against unexpected »aep®onal incidents,
as well as malevolent attacks. In other network domaind) asaccommunication and
internet networks, the methodologies and methods for takbgs analysis are more
comprehensive and systematic. But road network systemtiapecial characteris-
tics (Section 2.2). Road network robustness analysis hasaeasic requirements
as described in Section 1.2.1. The values of the studiechtitees to our proposed
robustness analysis of road networks then can be discussiedeference to those
requirements.

1. Reference status. In some of the research works, a retestatus of the road
network is acquired through a (stochastic) UE assignmemriogeh, which sup-
plies an option when there is no enough real data over théestudad network.

2. Interaction between network performance and travelgnsice behavior. In
most of the studies discussed in this chapter, such interachave been rep-
resented through the DTA models, which is an important irmg@neent in the
methodology and methods. However, almost all of them oné/the UE as-
signment approach. For our interests in analyzing the né&tvabustness after
the exceptional and short-term events like accidents, Qiasient model is no
longer suitable any more. Thus we need other DTA approactyé=tter repre-
sent the interactions between network performance andl&’ (route) choice
behavior after such events.

3. Queuing model. The queuing model, especially modeliaggillback of queues,
are important for the accurate calculation of network pennce. Unfortu-
nately, none of the studies gave detailed information aliolNevertheless, an
apparent request of the network loading model (includireggbeuing model)
for different situations without and with disturbances lldobe consistent so
that the results of the network performance can be comparabl

From the review and discussion, we find that in order to cautyaocomprehensive

and systematic study of road network robustness, suitadiictassignment models
are of primary importance. Thus in the next chapter, an inyason study on the suit-

ability of several traffic assignment models for robustrasdysis will be given. Such

investigation is also on the basic requirements for anatyroad network robustness,
as well as the features of different approaches of the trasignment models. After
the investigation study, the decisions on choosing andldpwe appropriate traffic

assignment models will be given for the following road netkwmbustness studies.
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Suitability of Traffic Assignment Models
for Robustness Study

In both Chapter 1 and 2, we have emphasized that a betteisegpiation of the in-
teraction between road network performance and travelerste) choice behavior is
very important for the analysis of road network robustneBsus we need suitable
traffic assignment (TA) models. In fact, TA models have bedopted in most of the
reviewed studies in Chapter 2. But, as we also briefly dismjsmnost of the adopted
TA models are not suitable for the analysis of network robess. In this chapter,
a more detailed analysis and investigation will be given evesal simulation-based
TA models that are available for us at this moment. The amafgsuses on the dis-
tinctions between two approaches of dynamic TA (DTA) moddlich are UE (user
equilibrium) assignment approach and en-route assignapgrbach, particulary on
the feasibility and necessity of each approach for anafymiad network robustness.
Based on this analysis, a preliminary investigation inesthDTA models is presented
in this chapter through the simulation of a common road netvpoesented in Ap-
pendix B. We found that even for a simple road network, déifeiTA models will give
many differences in the assignment results and networlopeéance outcomes when
only the default settings are used. The differences emeoge the different methods
for path generation, path assignment and network loaditigeise models. This urges
us to choose and/or develop compatible TA models for theyaisabf road network
robustness.

The structure of this chapter is organized as follows. 8ac3il introduces the main
features and major components of the traffic assignment is\oelgpecially the DTA
models that are the most suitable for the studies on roadometabustness. In Section

35
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3.2, two approaches of DTA models are introduced and cordpareluding the UE
assignment approach and en-route assignment approacHiffEinences in the assign-
ment results for a simple network with different models asedssed in Section 3.3.
Finally, Section 3.4 provides the analysis of the resultssaimmarizes this chapter.

3.1 Introductionto DTA Models

3.1.1 DTA models

(Cascetta, 2001) pointed out that traffic assignment (TAJle®“play a central role
in developing a complete model for a transportation systeresthe results of such
models describe the state of the system, or the ‘average’ atal its variation”. TA
models represent the interaction between the travel deffioartde road network and
the supply of the capacity of the network. The DTA models dbschis interaction
both in time and space. These models allow the calculatigedbrmance measures
and flows for each supply element, i.e. every network linkuling from origin-
destination (OD) demand flows, route choice behavior, aedriteractions between
supply and demand. In fact, the results of route choices ahl flows depend on
the path level generalized costs, and the demand flows aeraninfluenced by
the path costs. Therefore there is a circular dependeneebrtdemand, flows, and
costs. A systematic and complete DTA model can represeng than route choice
behaviors of travelers. Choices of whether to make tripgjemahoice of commuters,
as well as departure time choice can also be modeled in a Demin our analysis,
route choice is considered to be the most important roleanfling network robustness
because in case of an unexpected disturbance, the assomspt@did that the departure
time and travel mode have already been determined beforkgtiebance. Thus other
choice behaviors are not considered. Figure 3.1 illudrtte structure of a typical
DTA model with route choice and departure time choice fioni

TA models can be categorized into static and dynamic moaslsrding to whether
time variance is included or not. Static models basicalguase that the traffic de-
mand and supply are time-independent, hence constantgdtimehnconsidered time
period (i.e. stationary). As a consequence, the ‘movenwntehicles/flows through
the network are ignored in static assignment models, anddfigned traffic for a path
is placed over all the links of the path at once. Dynamic m&dsk the more realistic
assumption that OD demand and link characteristics varyniby &nd the ‘movement’
of vehicles/flows through the network are taken into accolire computation de-
mand and extra requirements with respect to the data areddéeddynamic models.
It is then clear that static models are not suitable for obustness studies due to the
following reasons:

e Robustness studies deal with the situations associatddimdgidents on road
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Figure 3.1: Schematic framework of DTA models including roue choice and de-
parture time choice

networks that inevitably result in the change of demand @acay. This is
beyond the ability of static models;

e The most direct and obvious consequence of an incident onotek network
is the appearance of (extra) congestion or queues. The gwamespill back
through links and nodes. After the removal of the incidem, queues will also
disperse. The process of such phenomenon all needs a netpoesentation in
space and time, which cannot be done by static models;

e Travelers’ driving/choice behavior is an important factoroad network per-
formance, especially when they face unfamiliar situatioAgypical phenom-
ena in the reality is that new bottlenecks and congestiorcieated far away
from where an incident appears on the road because a cemaumna of travel-
ers switch to another possible route to avoid the queuesddnsthe accident
(Zuylen & Chen, 2004). Such phenomena cannot be describsthby models.

Thus, DTA models, which overcome all the above-mentionsddirantages of static
TA models, have become the only (current) option for roaevogk robustness analy-
sis. A DTA model typically describes travelers’ (route) c®behavior and the way in
which traffic propagates through a network, i.e. networkling. ‘Dynamic’ does not
only mean that the demand between origins and destinat@D} Yaries in different
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discrete time slices, but also covers the dynamics of theorktsituation, especially
the phenomena of queuing (e.g. forming, spilling back, aspetsing of queues) due
to all kinds of objective variabilities in the nature and gdbve changes in travelers’
behavior. A DTA model is better able than a static model to ehodolver-capacity’
gueuing because it captures the inherent dynamic natunafbttby following the
trajectories in time and space of the vehicles/flows.

3.1.2 Components of DTA Models

Any one of the DTA models consists of a route choice model adgih@mic network
loading model. The route choice model distributes the tinps dynamic OD matrix
over the generated paths for each departure time or int@ngdfor each OD pair. So in
most DTA models a path generation model is also integrateddoch for available and
suitable paths. After the assignment, i.e. route choic, fi@wvs are transferred to the
dynamic network loading (DNL) model that simulates the nmoeat of the path flows
over the network and computes the dynamic link travel tinmesdynamic link flows.
After the DNL process, which might be for the whole study pdror for just one
sub-period depending on the different approaches, netpenformance information -
particularly the path cost information - will be transfetreack into the route choice
model if the path sets are fixed. Otherwise it will be trangf@rback into the path
generation model to update the path sets. Travelers mayathagt their route choices
according to this traffic condition information and theiefarence. DTA therefore
always takes an iterative procedure from day to day, or widhilay.

In the following sub-sections path generation, route ahaied network loading mod-
ules will each be briefly discussed.

Path generation module

Path generation is the first process of any integrated DTAah&skenerally, three pos-
sible path generation approaches exist: exogenous praegatvely updating process
and en-route updating process. The differences among pinesesses mainly exist in
the their operating time and operating frequency in the DT@del. Exogenous pro-
cess operates before the assignment starts and its gehpaditesets are fixed for the
whole DTA process. Iteratively updating process updategp#th sets after each DTA
iteration according to the path costs results of the last Ddration. En-route updating
process then updates the path sets for every interval angathe path costs results
of the last DTA interval. Thus the size of the path sets camgian both iterative
updating process and en-route updating process. A reasty bty (Bliemer et al.,
2007) pointed out that the amount of generated paths has akabie influence on
the network performance outcomes.
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Route choice module

Route choice (assignment) is the joint module between thie g@neration process
and the network loading process. Using certain algorithnassigns all the traffic to

paths that have been generated during the path generaboasst Most of the as-
signment models generate flow distribution over paths asetifun of the path costs,

which are the results of network loading based on the prevassignments. Accord-
ing to whether or not the travelers’ perception of path costsssumed perfect, the
route choice model can be either deterministic or stoctiaBeterministic models as-
sume that all travelers have perfect information about th#i¢ status of the whole

network, which is in general an incorrect assumption in ntases. One solution to
this problem, i.e. a stochastic model, will be discussedanendetail in Section 3.2.1.

(Cascetta, 2001) gave detailed descriptions and comparisiosome of these models
in his book.

Network loading module

Network loading is the third module in a DTA model. Its furmctiis to determine a
self-consistent set of values for link inflows, link traviehe, path travel times (costs)
and path flows from the assignment results. It is basicallyralation/propagation
of path flows over the links of the network, including the getien and spilling back
of queues. A basic requirement of a favorable network Igadiodule for a DTA

model is the proper description of the queue phenomenonreimétwork, including

the formation, spill back, and dispersal of the queues. Bteork loading module is
the heart of any DTA model since its outcome directly infllesthe assignment for
the next step, while the assignment results also decidauicerme of network loading.

3.2 Approaches of DTA Models

Generally, two distinct approaches are used for modellouger choice and network
loading in DTA: the user equilibrium (UE) assignment apgioand the en-route as-
signment approach. UE assignment models assume that therketan reach a kind
of (approximate) equilibrium status, but en-route assigninmodels refuse the ex-
istence of such an equilibrium status in the network. Thegedapproaches will be
discussed individually in the next two sub-sections.

3.2.1 User equilibrium (UE) assignment

Depending on whether or not travelers are assumed to haxfecpsformation about
the attributes of the network, UE assignment models candssified into the deter-
ministic user equilibrium (DUE) assignment models and tloelsastic user equilib-



40 TRAIL Thesis series

rium (SUE) assignment models. Together with the classifinaidf static or dynamic,
any UE model can be categorized as shown in Table 3.1.

Table 3.1: Basic classifications of UE assignment models

Perception Error?
No | Yes
Network | No || DN-DUE | DN-SUE
Uncertainty?| Yes| SN-DUE | SN-SUE

where:
DN: Deterministic Network
SN: Stochastic Network

(Wardrop, 1952) was the first to propose the following canditasWardrop’s first
principle) for a DUE:

for each OD pair, the costs of the paths actually used ard,eandless or
equal to the costs of each path not used.

DUE assignments necessarily make critical assumption®tch traveler has perfect
information, that each traveler chooses a route that mzemhis/her travel time or
travel costs, and that therefore all travelers betweenahe<OD have the same travel
time or cost. A consequence of the DUE principle is that adldysaths for an OD pair
have the same minimum cost. Unfortunately, (Slavin, H. 8)@®inted out that this is
not a realistic description of the overloaded and congesiad networks.

SUE was proposed by (Daganzo & Sheffi, 1977). They definedgb#ilerium state
of traffic flow on a network as a stochastic user equilibriunewbkvery usertraveling
from origin o to destinatiord chooses his/her path such that his/perceivedtravel
cost is the minimum. So the perceived travel cost funct|h(R) for traveleri depart-
ing during intervat and using route is the sum of two components - a systematic term
cf°d (k) (the exact travel cost) and anror terme!® (t) (the perceptional deviation):

¢od(t)=c(t)+€°(t)  Vo,d,rt,i (3.1)

Depending on the distribution types chosen for the errorpmment among all the
travelers, different models for SUE can be obtained. Thegreed path travel cost
can be computed by adding up the perceived link travel tirakisg into account the
flow propagation along that route. The SUE conditions stadé the perceived route
travel times of any unused route for the OD paird) is greater than or equal to the
minimal perceived route travel time. Therefore, for each @dir (o,d), if the flow
over router departing during interval is positive, i.e.,h4(t) > 0, then the corre-
sponding perceived route travel cost/time is the minimdiictv is °d(t). However,
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if no flow occurs on route, i.e.,h™d(k) = 0, then the corresponding perceived route
travel cost/time is at least as high#¥\(t). This equilibrium condition of SUE can be
mathematically expressed as follows:

. = fed(t) if hd(t) >0
cr"d(t){ N ﬁOdEt; " h“’dgt; . vo,d,r,t (3.2)

The following constraints exist for SUE problems, inclugliflow conservation and
nonnegativity constraints.

Flow conservation constraint :
S ) =q™(t) Vot (3.3)
-

Nonnegativity constraint :
hd(t) >0 vo,d,r,t (3.4)

whereq®d(t) is the total traffic demand of OD pa(o,d) during interval.

It is clear that the above-mentioned equilibrium conditaord constraints for SUE
problems also hold for DUE problems, while in DW@EH(t) only includesc/®d (t).

The stochastic cost/utility perception error term on a lrakies randomly across users,
which can be assumed following a distribution. If we assumage©d follows a Gum-
bel distribution, the solution of the assignment of tripgiothe generated paths for the
SUE problem can be solved by the function with the LOGIT typslaown in (3.5).

prod () _ _SXPLCX (1) (3.5)

lzexp(—c'oOI (1))
The solution algorithm for solving the SUE problem normdhkes the form of an
iterative procedure till the (approximate) convergendecohsists of two main com-
ponents: a method to determine a new set of time-dependéntflpa/s given the
experienced path travel times in the previous iteratian (iraffic assignment), and a
method to determine the actual travel times that result feogiven set of path flow
rates (i.e. network loading). Furthermore, the algoritlequires a set of initial path
flows for the first iteration of network loading, which can basbd on the free-flow
travel times of all the generated paths as the travel costs.

3.2.2 En-route Assignment

In order to capture the phenomenon of the discrete or camiimpath switching de-
cisions of travelers in response to real-time traffic infation, in particular in case of
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unexpected disturbances, en-route assignment has beelopksy in several simula-
tion models, such as INTEGRATION (Aerde, 1995) and DYNASMAR (Mahmas-
sani et al., 2004a). In en-route assignment models, théngbutechanism consists
of successive executions of a set of heuristic behaviotasywvhich determine how
travelers iteratively react to the information receivedreate. Information may be
available at discrete points in time and/or space, or beimooasly available in both
time and space. Some information may only be available ticeclasses of travel-
ers. Typically, the information strategy is an exogenoysiirior en-route assignment
models. Drivers’ responses to information can be modelesbbye heuristic rules that
may involve one or more parameters, such as the ‘penetnatiehor the ‘compliance
rate’, that is the fraction of drivers who would react to theormation.

Another necessary input for an en-route assignment modgris-trip or initial assign-
ment, which determines the distribution of the demand feffitist (several) interval(s).
In many cases only the shortest path (in distance or freetfwel time) of an OD pair
is generated for the first interval. All of the demand of the @dir departing during
the first interval is assigned to this shortest path. Thugikial assignment for the en-
route assignment model is normally an all-or-nothing (AQ@N3ignment. An en-route
assignment process only requires running a single dynaradirig of the demand onto
the network over each time period of interest - apart fromasggnments needed to
determine the initial route choice. Because of this featemeroute assignment is often
used to analyze the effects of non-recurrent incidentsso#twork, such as accidents.

It must be mentioned that some research also studies thelled-optimal routing

policy (ORP) problems. A routing policy is defined as a dexisiule that specifies
which node to take next at each decision node based on rédiliketravel times and

the current time. This is the same as what an en-route assignmodel does. (Gao
& Shabini, 2006) gave a good review of the literature on thé®QiRoblem, and they
also established a framework for it with stochastic timpetelent link travel times in
networks. However, since they only work on networks withdis&ructure, which does
not fit our requirement in representing incidents in the oekywe will not consider

this method in analyzing network robustness problems.

3.2.3 Comparisons between UE and en-route approaches

In addition to the above introductions, the general difieeebetween the structures of
UE approaches and en-route approaches are illustratedune=3.2. It is evident that
UE assignment approaches use some convergence critepattoldhe total number
of iterations, while en-route approaches run just onetitanand update path for each
time interval. In the flow chart of en-route assignment apphots is the starting
interval of an event to the network, ahds the ending interval of the whole studying
period. Whernt < ts, the network performance and the choice behavior of tresale
the same as daily normal results, i.e. the UE assignmenitsesu
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Figure 3.2: General differences between UE assignment appach (left) and en-
route assignment approach (right)

As discussed in Chapter 2, UE assignment models are widelg insthe existing

studies on road network robustness. It was also pointechatibecause of the ‘equi-
librium’ assumption, UE assignment models cannot reptetbennetwork situations
under unexpected and short-term incidents, such as atsid@om this point of view,

UE assignment models are not suited for road network robaststudies. However,
they can still be used in the network planning domain to aeathe impact of recur-
rent and long-term network changes, such as adding a newolihie network or using

new control measures.

Onthe other hand, the en-route assignment approach seeksefshot, non-equilibrium
situations of transport networks that, in our view, justtfits requirement of represent-
ing the interactions between network performance andlges/egoute choice behavior
under the situation after the disturbance. Thus it is mope@piate for the robustness
analysis. But very few road network robustness studies asedon en-route assign-
ment approaches. In en-route assignment models, reassigfthe traffic demand
is realized by carrying out a set of heuristic rules for modgtirivers’ responses to the
information about the network performance (e.g. travegtidelay, queue length, etc.)
that they can receive and perceive. The accuracy of theseaul the values of the pa-
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rameters are critical for the accuracy of the results of #tevark performance. But at
this moment the calibration and validation of en-route@ssient models are difficult
because of the lack of real data, especially when the céytafrthe information itself
cannot be guaranteed. The study of (Mahmassani et al., 20904bgood example
with which to illustrate such a problem. In their study, ttewgmeteresponse ratef
travelers to the information from Variable Message Sign8I8) was used. Different
values (40% and 50%) were chosen to investigate whethercasaise in the response
rate would be beneficial or not (should surface streets begammed). However no
conclusions or suggestions were given about which valueoie rauitable or closer
to reality. So there is still long way to go to make the en-eoassignment model
sophisticated.

The major objective of our research is to find and/or createege methodology and

methods for systematical analysis of road network robgstn& hus intensive cali-

bration studies about the models are not included in ouretdsitbut for the future

development. In next section, several DTA models with d&ife categories (e.g. UE
assignment models and en-route assignment models, maproscodels and micro-

scopic models) will be investigated on their basic perfarogain traffic assignment

through case studies. The investigation results will bel @sethe base for the selec-
tion or generation of suitable DTA models for our robustreasslysis.

3.3 Discussion

At this moment, many business software and academic to@s fex transportation
research based on or integrated with DTA models. Howevernthjority of these
DTA models only have a single function, i.e. either UE assignt or en-route assign-
ment. Examples for the former approach include VISSIM (PZ804), (TSS, 2005)
AIMSUN-NG, (INRO, 2005) Dynameq , (Bliemer et al., 2004) IN2nd MARPLE
(Taale et al., 2004). Examples for the latter approach delNTEGRATION (Aerde,
1995) and (SIAS2005, 2005) S-PARAMICS. Furthermore, theNB'®SMART-P tool
contains both DTA approaches.

These software tools are all available for carrying out DdArbad network analysis,
but they belong to different categories and each of them pastecular emphasis on
certain applications. In order to better understand howDth& models work in dis-
tributing traffic between multiple OD pairs, we tested sorhthem that are available
for use. The tested tools are VISSIM 3.70, INTEGRATION, DYSIMART-P 1.0,
MARPLE, and INDY 1.0. Their general information is listedTiable 3.2.

These models were tested using a simplified medium-sizee@ebrk, that of the city
of Delft, in The Netherlands. Detailed information abous tmodels and the tested
network, as well as the results of the comparison studiedeaiound in Appendix
A. For all of the chosen models only the default values of tammeters are used,
which is mainly due to the following two considerations: D& default values of the



Suitability of Traffic Assignment Models for Robustnessdtu 45

Table 3.2: General information about the tested DTA models

Category Approach Path generation
VISSIM3.70 Microscopic UE Iteratively updating
INTEGRATION Mesoscopic En-route En-route
UE Iteratively updating
DYNASMART-P Mesoscopic
En-route En-route
MARPLE Macroscopic UE Exogenous
INDY 1.0 Macroscopic UE Exogenous

parameters supplied in these models are more or less adHrewe certain calibration

studies, and it is a logical assumption that with such vallnese models can deal with
a simple network with satisfactory results; ii) The testetiwork is not complex and
the tested demand is hypothetical and it only results in agraid congestion. No real
traffic data was available to execute a further calibratidre lack of path-level data in
particular makes it difficult for a direct calibration of thesignment models.

Although the lack of calibration of the tested models makd#ficult to cross compare
them, some general remarks can still be drawn from the assighresults and from
our experience of using these models:

e As the only tested microscopic model with a UE assignmentcgah, VISSIM
is the most difficult of the models with which to achieve editm. This is
mainly because of its microscopic feature, which takes tong to simulate ev-
ery iteration. Another reason might be due to its iterati@hpupdating method,
which functions not only within the successive iteratiobst also within the
successive intervals in each iteration. The UE approachfiNASMART uses
the same method. Large fluctuations exist in the path flowsefsticcessive
iterations in both models;

e Irrational paths, such as detours using an off-ramp and aamip in succession,
have be found in VISSIM and DYNASMART-P. Such phenomena cafpar-
tially) avoided by using some extra constraints or trickg;hsas adjusting the
link settings or some parameter values. But it is difficulbéototally eliminated.
We feel that iterative path updating method need to be usediutly;

e Forthe same road network, a microscopic model generallgrgées much lower
network performance (e.g. speed) than other models. Tlsmsamight be
complex, but in VISSIM much more traffic are assigned to theosd or third
fastest paths than other models. Lots of unnecessary dimgeare caused by
such assignment results. This means that the assignmeset os®tl in VISSIM
(Kirchhoff model) or its default parameter values are pldpansuited;
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e Exogenous path generation methods in MARPLE and INDY geeeracason-
able amount of paths for such a simple road network. Combividd Logit-
based assignment models, the changes in the assignmédig veghin the suc-
cessive assignment intervals are smooth. Differencesinesults of these two
models mainly result from their different network loadingdels. But they
would both have difficulty in analyzing the network with ideints, because new
and temporary better alternatives cannot be updated dtheagimulation. Al-
though this can be partly solved by creating a larger injieth set, it is still
difficult to guarantee that all possible useful paths wilgemerated.

3.4 Conclusion

In this chapter, a general introduction is given on DTA medelwo distinct ap-

proaches of the DTA models, i.e. UE assignment and en-rasigrament, are com-
pared in detail. Several commercial and academic toolsréorsport applications
with DTA functions have been tested on a real but simplifieadraetwork. These
DTA models cover different categories of models (e.g. ngcapic, macroscopic, and
mesoscopic) as well as different approaches (i.e. UE and@e). A comparison

study has been carried out to investigate the availabifithese DTA models for road
network robustness studies. According to the basic reopgings for road network ro-
bustness analysis proposed in Chapter 1 and 2, we will firebsarize the functions
of the tested models in relation to the requirements in Tat8e Furthermore, some
remarks about the performance of the tested DTA models ic@mmon network are
also provided.

3.4.1 Overview of the functions of tested DTA models

This section contains a summary of several crucial funstmfra DTA model for road
network robustness analysis. Besides these, the critefioroding possibilitywas
also added. It is an important characteristic of a DTA modsaduse road network
robustness analysis is such a new topic that we need thetjabterbe able to realize
innovative ideas.

Table 3.3: Functional overview of tested DTA models

UE | En-route| Queuing spill-back Coding possibility

VISSIM3.70 + +
INTEGRATION + +
DYNASMART-P | + + +

+

MARPLE +
INDY 1.0 +




Suitability of Traffic Assignment Models for Robustnessdtu 47

3.4.2 Remarks on the tested DTA models

In this section, some remarks about the tested DTA modelstad based on the expe-
rience obtained from the case study introduced in this @nagtd Appendix B. These
remarks are made particularly aiming at their possibgife road network robustness
analysis.

1. VISSIM, as a microscopic model, generates much hightictcelays than other
types of models in our simple road network test study. Anotbature of VIS-
SIM is that it takes very long time to achieve the (approxenatquilibrium
status for a network. According to our analysis, an equititrstatus of the road
network is considered a necessary reference for netwotstobss studies. Al-
though a microscopic model has a natural advantage in deturapresenting
the queuing phenomenon, we found it difficult to use VISSIMtiee dynamic
traffic assignment in a road network. For this reason, we diccantinue to use
it for the next robustness analysis.

2. The iteratively path updating method can grasp changestim costs, search
for new paths, and make a new assignments between sucdessivals within
each iteration of the UE assignment. As a result, many pattisvegligible
flows have been generated. Considerable fluctuations aisbiexhe assign-
ment results. One adverse consequence of the iterativaingaaethod is the
appearance of irrational detours, which indicates thats® this method re-
searchers must spend a lot of effort to carefully adjust grameters or even
use some tricks.

3. Path information, including the composition of the padhs assigned flows of
the paths, are necessary for analyzing traffic assignmenttsein robustness
studies. INTEGRATION and DYNASMART cannot directly supych infor-
mation, but their en-route assignment approaches show @y @frdeveloping
a suitable DTA model to represent network performance aftisturbance.

4. Two macroscopic models, INDY and MARPLE, have certainlgsinties in most
of the modulus, such as a macroscopic feature, an exogembugeneration
method and a UE assignment approach. From their assignewaiits, we feel
that exogenous path generation method might be the mosbsitnethod for
the equilibrium assignment approach, which has also betsdry (Fiorenzo-
Catalano, 2007). However, the INDY model version we testeelsdhot have
a queue spill-back implemented, which makes it less ddsifa our further
studies.

5. In these tested models, only MARPLE gives us the postiltdi make further
developments for robustness analysis, which is quite itapbfor this research
work. MARPLE has proved its ability in achieving satisfagt&JE assignment
results taking into account queuing phenomenon. So wetsdl®ARPLE as
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the base from which to make further development for our ragtd/ark robust-
ness analysis. Detailed information on the MARPLE modelitsxdevelopment
are discussed in Appendix A and B.



Framework and Methods for Network
Robustness Studies

One conclusion from the literature review in Chapter 2 ig tilenow the study of
road network robustness is still in a primary stage, lacking generally accepted and
well-designed methodology. The analysis on DTA models iagiér 3 showed the
importance and urgency of building up a systematical medlogy with suitable DTA
models for road network robustness studies. In this chaptewo-stage framework
for road network robustness study will be designed and ptede This framework
has been built based on the basic requirements for the \aidl metwork robustness
studies and on the characteristics of the two necessary Ppfoaches, i.e. the SUE
(stochastic user equilibrium) assignment approach ancethmute assignment ap-
proach. This framework has the ability to quantitativelglenate the influences of the
incidental disturbances (e.g. road works and accidents), en the performance of
road networks using the combination of an SUE assignmenehaodl an en-route as-
signment model. Thus network robustness against the Qestees can be calculated
with the proposed framework. Furthermore, several othpliedions of this frame-
work are available to the analysis of road networks, ineigdanalyzing the weak or
vulnerable link(s) of a given road network, assessing tfezgveness and efficiency of
the new traffic management measures or schemes to netwargtnaiss. As provided
in Chapter 3, the traffic assignment models used in the frareare originally based
on the MARPLE model.

The structure of this chapter is organized as follows. $acii.1 introduces the pro-
posed framework and its working mechanism with differentADdpproaches. The
adopted en-route assignment model, MARPLE-e, is develbpsdd on the SUE as-
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signment approach of MARPLE and is described in Section3e2tion 4.3 introduces
other methods that will be used for the study of road netwobkistness, including the
scenario-based approach and the sensitivity analysisllfi8ection 4.4 summarizes
this chapter.

4.1 The Framework for Network Robustness Study

In this section, a systematic framework for road networlustbess studies is proposed
in order to fulfill the basic requirements that we have puivind in Chapter 1.

4.1.1 The framework

The proposed framework comprises two stages with diffeiaesits for analyzing road
network performance as shown in Figure 4.1.

Stage 1 Stage 2
Equilibrium Building Robustness Study
Network External | Network
Building Disturbance " Rebuilding
y
l Disturbance
duration
SUE Longrterm Short-term
Assignment
SUE En-Route
Assignment Assignment
A
ibri T
Equilibrium Equilibrium One-shot System
System System Performance Z
Performance Z* Performance Z; s

| | |
v

Network robustness study by

1. Comparing performance indicator Z*, Z; (Zs)
2. Analyzing Spatial-temporal effects

3. Searching for vulnerable links

4. Investigating influence of traffic management

Figure 4.1: Framework for road network robustness study

The design of the two-stage framework is based on the regeimés for road net-
work robustness studies and the characteristics of the tWodpproaches, i.e. SUE
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approach and en-route approach. In Stage 1 of the framea@KE assignment ap-
proach is carried out to achieve an ‘equilibrium’ statushe studied road network.
This satisfies the first requirement, which is a referendest#\n external disturbance
to the reference status is modeled as the cause of the relsagiroblem, which satis-
fies the second requirement. So the performance of the raarikewith an external
disturbance is analyzed in Stage 2 using either an SUE agiprmaan en-route ap-
proach. The choice of the DTA approach is dependent on theactesistics of the
disturbance. If the disturbance is unpredictable and aadysIfor a short term, such
as an accident, the en-route approach is preferable. Alieety, if the disturbance
lasts for a long time or has long-term effects so that a nevlibgum is possibly to
be established, then the SUE approach becomes preferatnienstance, road con-
struction or maintenance work lasting for several monthgears might create a new
equilibrium traffic status within the period and the ared thafluences. The feasibil-
ity of choosing one of the DTA approaches in Stage 2 fulfilguieements three and
four, thus all of the four basic requirements for a systecatioad network robustness
analysis can be satisfied with this two-stage framework.

An advantage of this framework is that it has an open stractunich means that
all DTA models that match the basic two requirements for roatvork robustness
analysis can be implemented. The first requirement is thidi the (stochastic) UE
approach and the en-route approach should be availablesédwnd requirement is
that both DTA approaches should be compatible in the netwsmaling module to

guarantee the consistency in traffic modeling. The funstemd outcomes of the SUE
approach and the en-route approaches in this frameworkissessed in detail in the
following two subsections.

4.1.2 The SUE assignment model

The SUE assignment model can be adopted in both stages.ga Stthe results of the
SUE assignment approach can be classified into two groumsdicg with different
applications:

1. Performance results: The performance results repréisemtormal daily per-
formance of the network, which are used as the referenceofat robustness
analysis. Such results include the values of some aggkgatevork-level per-
formance indicators, such as total travel distafCED), total travel time TTT),
and total delayTD);

2. Assignmentresults: The dynamic traffic assignment tesé used as the initial
assignment of the traffic before the disturbance appearsersystem. Such
results include the time-dependent equilibrium pathEdegk) (k is the index
of time intervals), equilibrium path flowEPF(K) and equilibrium path costs

EPC(K).
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In Stage 2, SUE assignment can also be adopted to model twerkgterformance
if the disturbance to the system lasts for a long time or bexonecurrent that are
predictable. This is because in such cases the system caveaeamew equilibrium if
travelers get used to the disturbance after a learning pso@efore implementing the
SUE approach, the path set must be updated with the new retwpgmlogy since some
paths might no longer be available after the disturbanceseder, in this thesis, such
a type of disturbance is not considered because our inte@sies on the robustness
of the network against one-shot disturbances.

As discussed in Chapter 3, the MARPLE model is used to retliz SUE assignment,
as well as the basic model for development of the compatibeoate assignment
model.

4.1.3 The en-route assignment model

An en-route assignment model is adopted in Stage 2 to moelalkth-recurrent and un-
predictable disturbance situation. Travelers at this mameuld either like to persist

on their original paths, or search for alternative paths/tmdathe unfamiliar conges-

tions and extra delays that are different from their dailgexience. Thus, an en-route
assignment model is built based on several heuristic rgutites that are assumed to
be followed by travelers on their way to their destinatiamrsgven before their depar-
ture from the origins. These rules should at least includeatiswers to the following

guestions:

1. How should travelers’ daily path sets be decided?

2. What information of the travel costs will be supplied taviglers, including the
knowledge of alternative routes?

3. When and how travelers’ path sets should be updated witeissary (especially
for the travelers who are already on their way)?

4. How should new distributions be calculated when the pdéiassignment is
necessary?

In the next section 4.2 and Appendix B, detailed descrigtiointhe en-route assign-
ment model developed for the network robustness analysidescribed.

4.2 En-route Assignment Model

Before building up a suitable new en-route assignment maogelfirst analyze the
weakness of the existing en-route assignment models. Basd#uis analysis, some
improvements will be proposed to overcome these weakness.
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4.2.1 Weakness in existing en-route assignment models

There exist very few en-route assignment models and we haaxience for two of
them - DYNASMART and INTEGRATION with a case study. Detailedroduction
and analysis to them can be found in Appendix A. In an en-rassggnment approach,
travelers update their perceived path costs informatianugodate their paths (stick on
or change at so-called decision points) at the beginningaoh eliscrete evaluation
period (e.g. DYNASMART) or at each decision-making pointasd they can switch
paths (e.g. INTEGRATION). Besides that, initial path setd aitial assignment are
also necessary for the start of the modeling. In these twmete assignment models
the initial path sets of any OD pair normally only include fastest (selected by the
free flow travel time) path. Initial path assignment is tatidlgite 100% of the traffic
of each OD pair to the shortest path, i.e. all-or-nothing RAOT he further assignment
then either takes the combination of AON and MSA (method otsasive average) in
DYNASMART, or equally distribute the traffic demand to thengeated paths in the
path set in INTEGRATION. These methods for determining thgal and follow-up
assignment are rough approximations with the following kmesses:

e In reality, route choice behaviors of travelers are muchencmmplicated than
only choosing the shortest or fastest path, especially wia@elers have enough
knowledge and experience about the road network. For awitchdil travel,
he/she might have one fixed or favorite path. But for all tlereeof the same
OD, different path choices must be taken into account, emethé initial interval
of the simulation. Therefore, the AON method for the iniaakignment is not
suitable;

e For network robustness studies, we proposed using bothUieahd the en-
route assignment approach to model travelers’ choice bhehamder different
situations. Considering the comparisons results and thé/sis presented in
Chapter 3 and Appendix 1, we found that it is very difficult torgoare different
DTA models due to the differences in any submodels, suchegsdtin generation
model, traffic assignment model, and network loading mottel €his means
that a combination of an SUE assignment model and an en-essignment
model could cause inconsistency in their results. So itdem$al for the en-route
assignment model to be compatible with the SUE assignmedemespecially
for the network loading model.

According to these two reasons and the decision of using tARRLE model for the
SUE assignment, we decided to build up a new en-route assiginmodel based on
MARPLE, which is named MARPLE-e.
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4.2.2 Improved en-route assignment model: MARPLE-e

Supposing a non-recurrent and unpredictable incidentsstara road network within

the intervalts (> 2) and finishes within the intervad (> ts). Then the deviation of

the network performance from its normal situation will ocemnd be noticed by the

travelers, which means that the en-route approach wilt stawork. Three general

concepts, or assumptions of the application of the en-rasgggnment model are given
as follows:

1. Before the incident, the performance of the road netwaakntains the normal
situation and travelers who depart before the incidentfalémw the equilibrium
assignment results until the incident occurs;

2. When the incident occurs within intervgl the equilibrium status is broken im-
mediately. As the evaluation of the network performanceoisedat the end of
each interval, the effects of the incident then can only Isessed at the end of
ts. This means that there exists a certain delay between theaegpce of the
incident and the feedback of travelers. This treatmentiferimformation delay,
in our opinion, is representative in two ways:

(a) After the incident, the management system needs soneetdirdetect the
incident through the changes in the traffic flows, such as peed and
intensity. The system can then supply the information alie@iincident
and network performance to travelers and/or adapt the @losthemes to
the incident;

(b) Travelers also need time to feel and respond to both thnged informa-
tion and their own observations of the changes in road ciomgit

Thus the en-route assignment approach would start fromvadte + 1;

3. Although the ending interval of the disturbancedsthe en-route assignment
approach will continue to the end of the complete studyingopebecause the
disturbance will continue to effect the road network duehi flact that queues
will exist longer tharte.

An improved en-route assignment model has been develossd flwan some assump-
tions about travelers’ behavioral. Detailed descriptibthe MARPLE-e model can
be found in Appendix B. Here, an important parameter setrthght significantly in-
fluence the assignment results of the en-route assignmedelmal be emphasized.
This parameter set is called tiscempliance rateor the response ratewhich is de-
fined as the percentage of travelers who will respond to thietime traffic conditions
and/or the provided information, such as information frdma variable message sys-
tem (VMS). Although the compliance rate is important and beesn widely involved
in many related research works, very few studies have beee do investigating its
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real or suitable value. For instance, in the research wofklahmassani et al., 2004b)
for the evaluation of the measures of the Intelligent Tranispion System (ITS), cross
comparisons between two compliance rate values (40% and &@%given. But the
researchers did not give any suggestions or referencesvédu¢he compliance rate.
This means that several questions still exist, including:

e What value(s) of the compliance rate is the most valid olaklét for the case of
the studied road network?

e If it is impossible or difficult to get avalidated value for the studied network
case, how will the different adopted values influence theethnd results?

For our road network robustness studies, the former questie. deriving valid
value(s) of the compliance rate, is not one of the tasks. Wewehe latter question
is of great interest and importance for the current studwabse different compliance
rate values might significantly change the outcomes of tegasient results, as well
as the conclusion of the network robustness against intsiden

In order to carry out the studies of road network robustngasiat incidents, which can
unpredictably occur on any position on the network withetiit levels of severity,

different incident scenarios with different incident cheteristics (e.g. position, time,
duration etc.) must be taken into account. A scenario-basatysis method is chosen
and treated as the most suitable method for our researchhelméxt section, the

method of scenario-based analysis and its applicationandhd network robustness
analysis will be discussed in detail.

4.3 Scenario-based Analysis for Network Robustness
Studies

For the study of road network considering travelers’ chdiebavior, there exist two
major challenges: firstly, we do not (and maybe never wiljenstand human behavior
with enough detail and accuracy to make the assignment modeipletely correct in
representing human choice behavior; secondly, it is diffioyperfectly model the un-
certainties in traffic demand and capacity, especiallyrtiygaicts of those non-recurrent
and unpredictable incidents on the network performancaolie or avoid facing such
problems, a scenario-based approach has been introdudétubxey et al., 1995) to
analyze road network performances in different designedaos. Each scenario has
different values of the uncertain input variables to repn¢®ne situation of the net-
work. This method has also been used in the research worlestofYin et al., 2005),
which has been introduced in Section 2.3.5. In the follovaualgsections, the scenario-
based analysis method and its applications in the road metwbustness studies will
be explained in detail.
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4.3.1 Scenario-based analysis approach

The scenario-based analysis/optimization approach deétighe uncertainties via a
limited number of discrete scenarios that can occur intealihe situation of each
scenario with an extreme condition is calculated to ingadé the extreme behavior of
the system resulting from the extreme condition. The oalfianction of the scenario-
based analysis attempts to solve the (optimization) prolaleross different scenarios
for solutions that are near-optimal with respect to the paimn of all possible real-
izations of uncertainty.

Although there is no optimization problem in our networkustness analysis, a sim-
ilar idea can still be borrowed to deal with uncertaintieshia values of internal pa-
rameters or external variables. A detailed descriptiorhefdcenario-based approach
follows.

4.3.2 Scenario-based analysis for road network robustnessudies

Consider a road network in the form of a direct gr&pk- (N,A,D,CL,...) (N: node,
A: link, D: demandCL: control) with uncertain capacity of links and/or uncenmtai
demand between OD pairs. For simplicity, all of the uncariaput variables are
assumed to be independent from each other. This assumitothé following two
implications:

1. The changes in the capacity of links will not influence th&ues of the traffic
demand, and vice versa. For our robustness analysis, we @cthe scenarios
with the one-shot and short-term incidents. In such scesgfe changes in the
capacity (or demand) will hardly influence the demand (orac#p). Thus this
assumption can be considered to be valid in most cases;

2. The changes of the capacity of one link will not influence ¢tapacity of other
links; and the changes of the demand between one OD pairatilhfluence the
demand between other OD pairs.

In the robustness analysis for the two road network casesapt@r 5 and 6, we fo-
cus on the performance of the road network with the shont-tand non-recurrent
disturbances, such as an accident. Thus each incidentrecevith be represented
only with the en-route assignment approach based on a lEao achieved by an
SUE assignment. Moreover, according to the direct effetthe disturbance, inci-
dent scenarios for road networks can be classified into dgp@tated scenarios and
demand-related scenarios. Thus two sets of scenariosatesbwith (link) capacityA
and demand can be generated respectively as:

e Qa={a1,a,ag,...}: capacity-related scenario set includes all the incideat s
narios caused by the capacity changes inéink=1,2,3,...);
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e Qp ={dj,dy,ds,...}: demand-related scenario set includes all the incident sce
narios caused by the demand changes in ODgdir=1,2,3,...).

For each scenario set, the number of the scenarios is dgsioatrolled by the net-
work characteristics, such as the number of links and thebeurof OD pairs of the
network. It is also influenced by other factors, such as the sf the network and the
proposed status of the link or OD pair. In the following twatsens, basic rules for
scenario design are introduced for each scenario set.

Capacity-related incident scenario sefQp

The number of scenarios f@p is basically controlled by the number of linkSaj
in the studied network, and the designed number of the dagcedlevels of the link
capacity. For simplicity, the degradation levels of the&lgapacity can be set as a
list of ten discrete values from -10% to -100% with -10% asdtep. Based on this
set of degradation levels, the complete number of the cgpealated scenarios is
10x Sa. However, for a large-sized road network with thousandews|, this number
implies tremendous computing efforts. A further pre-sedecprocess and a filtering
process are then needed to reduce the number of the scewnathosit loosing the
generality. Such pre-selection and filtering processestoosing a limited number of
possible critical links in a road network are based on the &&Hgnment result, which
is considered to be a close representation of the norma} dailation and a basic
stable status from which the changes occur due to the intsdArdetailed description
of those process will be given in Chapter 6.

Demand-related incident scenario se€p

In each scenario iRp, the demand between one OD pair will be increased by a certain
percentage to its original value or a certain absolute valirere are several ways to
choose the OD pairs for the design of the scenarios. One wiydeoose the OD
pairs with the top demand values because the same percethi@agges in the demand

of these OD pairs will create more extra demand to the netwbhle other way is to
choose the OD pairs which are related to the results of thks lior capacity-related
scenarios. For instance, corresponding to a selectedthekQD pair that contributes
the most of its flow will be chosen.

4.3.3 Sensitivity analysis method

Sensitivity analysis (SA) measures the impact on projettarues of the change of
one or more key input values about which there is uncertgidgrshall, 1999). In
transportation engineering, SA mainly measures the tragignment results (e.g.,
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link flows, link travel times, path travel times) resultingpmn alternative values of
uncertain variables that affect the assignment of the métvenich as demand and ca-
pacity. (Chen et al., 2002) proposed an assessment metigydiblat combines SA,
bi-level programming, and Monte Carlo simulation to evéduae capacity reliability
of a degradable road network. It addresses the questi@y; (the capacity of ar@)
had beerC,; + AC, what would have been the corresponding chaddé®f the perfor-
mance measud. That is, the derived information allows the identificatafrthe arcs
that are most sensitive to the performance measure. Ofedlisgirbance can appear
not only on arc capacity, but also on other components ofdaé network, such asD
for OD demandD;; of OD pair (i,j). The existence of analytical derivativespdads
on the performance measure of interest. At this momentetbaty exists analyti-
cal derivatives for the travel time reliability from theguilibrium network flow (see
(Tobin & Friesz, 1988), (Yang, 1997), and (Bell & Tida, 1997MHowever, the equi-
librium network status has been proved incorrect for desagi network performance
with short-term and non-recurrent disturbances. Thusyéinal derivatives in these
SA method cannot be used directly in our robustness analifgace, we propose a
method in the next subsection using a combination of an appeie SA method and
the scenario-base analysis to perform the systematic netebustness study.

4.3.4 Combination of scenario-based analysis and SA

It is assumed that for the design of incident scenarios,tinptiables are indepen-
dent from each other. So we can analyze the influence of eattteof separately by
changing only one variable for one set of scenarios. Foaint#, to estimate the in-
fluence of the link capacityc§) on the network performance, a set of scenafias
with different link capacity values but the same demand ardrol will be designed.
Assume that if2a a number oK, scenarios exists related with lirsk For each sce-
nariosa(k),k=1,2,...,K,, the capacity of linkais ca(k) and the network performance
measureM,(K) is obtained by solving the en-route assignment problem thithlink
capacity. Changes M5 (k) with respect to the changesdg(k) can be used to identify
the influence oty (k) as follows:

OM (a) _ M (ak+Aca(k)) — M (ax)
0ca(k) Aca(k)

(4.1)

For a real-sized road network, it is difficult to imagine tlaavery small change in
any component (such &g, — 0 for c3) will result in obvious changes in the network
performanceéM. Also in the scenario-based analysis method, only a limatedunt of
discrete values of the network component are used for thiy.sthus, in this thesis,
we only compare the differences in the network performarezeved from different
scenarios for the same element, e.g. differencdé (ax, 1) andM (ay) achieved with
ca(k+ 1) andca(k) respectively. With such comparisons, which are normallysil
trated through figures, we can conclude which elements have impact on the road
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network when they are disturbed. We name these elenueitital elementsn the
network.

4.4 Summary

In this chapter, a framework and several methods that wilapelied in our road

network robustness study have been described. The mosttanp@art is that the

framework consists of both a SUE assignment approach and-amuée assignment
approach. Depending on the characteristics of the distedsato the network, either
the SUE approach or the en-route approach is implementedar to represent the
travelers’ behavior and network performance.

For road network robustness studies, the method of the sodmesed analysis, to-
gether with the simplified sensitivity analysis will be atieghto represent uncertainties
in the basic elements of the road network via a limited nunalbeliscrete uncertainty
scenarios. Such methods have been proved to be quite suitabblve the complex
problems, for which no complete and precise analytical @sgion exists.

All these methodology and methods are tested through tweanktcases in Chapter
5 and Chapter 6 respectively. In Chapter 5, a simple hypctietetwork is designed
to examine the models in the framework, and to validate tteegaof the parameters
in the models. In Chapter 6, a real-sized road network in Tathétlands is used for
an advanced assessment of the model, as well as networkmebsis
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Case Study with a Small Network

Chapter 4 introduced a framework for the systematical amalgf road network ro-
bustness. This framework proposed a new idea of combiningapproaches of DTA
models (UE approach and en-route approach) to model ditf¢reute) choice be-
havior of travelers in both familiar and unfamiliar situ@tis. Such an innovative traf-
fic assignment model has been built based on the basic rewgnis for the robust-
ness analysis of road networks and the characteristicscof B&3A approach. From a
methodological point of view, this proposed framework dddae capable of analyzing
road network performance in the face of different types sfudbances because of the
flexibility in choosing appropriate DTA approaches.

This new framework, including the adopted DTA models at th@ment, needs to be
tested and validated through case studies. In this chaptesets of complete designed
incident scenarios of a small hypothetical road networkwierarchical structure will
be studies in order to demonstrate the feasibility of then&aork for road network ro-
bustness analysis. The first aim of this case study is to giuedaof face validatiornof
the framework and the currently adopted DTA models (i.e. NPAE and MARPLE-
e) in simulating network performance and route choice behaif the travelers with
and without disturbances. The face validation work focusesvo points:

1. Canthe assignment model represent travelers’ (route¢ebehavior when they
meet unexpected disturbances on their trip in a logical way?

2. Are the chosen network performance indicators suitaleobustness analysis?

Furthermore, this chapter also aims at gaining knowledgeitatihe robustness of the
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tested road network against disruptions to link capacit@brdemand. More specifi-
cally, so-callectritical elementsn this network can be identified.

The structure of this chapter is designed as follows. A deson of the tested small
network is given in Section 5.1. Section 5.2 presents theraifor incident scenario
design and final lists of the scenarios. Some indicatortydiveg several conventional
aggregated network-level indicators and newly developed-tiependent indicators
are introduced in Section 5.3. In Section 5.4 we analyzerthegnces of different val-

ues of an important parameter set (response rate) to théagiomuresults and deliver
the parameter sets in the subsequent studies. SectionadbS@illustrate the anal-
ysis of the network performance in the incident scenariagea from link capacity

degradation or OD demand increase. Finally Section 5.7 sanmes this chapter.

5.1 Description of the Tested Network

As introduced before, the aim of the case study in this chaptmainly for the face
validation and demonstration purpose. Thus a small, sispdehypothetical road net-
work will be tested, but still with a hierarchical structuta this section, this network
will be described in detail.

5.1.1 Network outline and link characteristics

The outline of the road network is illustrated in Figure 5.1.

Figure 5.1: Simple and hypothetical network

The network has 11 single directional links, including 6 aratay links (solid line)
with higher desired spedd 20km/h) and higher unit capacit{2150vetyhour/lane),
and 5 urban links (dashed line) with lower desired spgsftkm/h) and lower unit
capacity(1800veh/hour/lane). The important characteristics of all the links are listed
in Table 5.1.

5.1.2 OD Demand

Three zones (01, D1, and O2/D2) are displayed as large gincl€igure 5.1. Zone
O1 is an origin only and zone D1 a destination only. Zone O2&68Roth an origin
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Table 5.1: Link Characteristics

Link Length| Desired Capacity Desired Speed Type
ID (km) (vehy/h) (kmy/h)
1,2,5,6| 4.0 8600 120 Motorway
3,4 4.0 6450 120 Motorway
7,8,9,10, 2.0 1800 50 Urban
11 16.0 1800 50 Urban

and a destination (that represents a town/city center)ceSatl the links are single
directional, only three OD pairs exist. These are (01,DQ},,D2) and (02,D1).

Demand for these OD pairs is designed with a triangular teaipoading profile as
depicted in Figure 5.2. It includes four periods as ‘warmifgeak’, ‘cooling’ and
‘clearing’. The basic time unit is so-calletkmand intervahnd the length of each
demand interval is 10 minutes. Each period of ‘warming’,ak'e and ‘cooling’ is
composed of 6 intervals, i.e. 60 minutes, with traffic demaniuile ‘clearing’ period
has zero demand and only 3 intervals, i.e. 30 minutes, inrdodelear the road net-
work. Thus in total there are 21 demand intervals (three atidhours) simulation
time. In Figure 5.2, the ratios of the demand in each inteixwvdhe peak demand are
also shown.
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Figure 5.2: Profile of OD demand with ratios to peak-hour value

5.1.3 Path information

Due to the simplicity of this tested network, nine possitdéhs for all of the three OD
pairs can be found easily as listed in Table 5.2. Among thbeethree italic paths (3,
4, and 5) will not be used by travelers between (O1,D1) fomardaily trips. It is

either because of their extremely high free flow travel tifRETT) than others, such
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as Path 3; or because of the irrationality of containing alsgc detours, which we
call ‘off-and-on-ramp’ detour, such as Paths 4 and 5. Howekhese paths are of great
interest in network robustness analysis. In some circumstg they might become
acceptable alternatives for travelers to avoid heavy cstigeon the other paths when
the motorway is degraded. Such phenomena might mitigaigestion in the network
so that the total delays of the network can be reduced. SgatyfiLink 11 (only used
in Path 3) is denominated as tpassive redundancy the network by (Immers &
Jansen, 2005) because it is seldom used in normal situafidresdesign of this link
and Path 3 is for testing the function of the en-route assegitrmodel because a valid
en-route assignment model should be able to find and use Rdtler3the motorway
is seriously congested. It can also illustrate the relatigm between redundancy and
robustness proposed by the researchers, which is thatdadoy makes the system
robust.

Table 5.2: Path and OD demand information

(O,D) | Path ID| Link Sequence Length (km)| FFTT* (sec) Peak demand
(veh/h)
1 1-2-3-4-5-6 24 720
2 1-2-7-10-5-6 20 768
(01,D1) 3 1-11-6 24 1392 6000
4 1-2-3-8-10-5-6 24 888
5 1-2-7-9-4-5-6 24 888
6 1-2-7 10 384
(01.D2) 7 1-2-3-8 14 504 1500
8 10-5-6 10 384 o
(02,D1) 9 9456 14 04 1500/3000

*FFTT: free flow travel time
**: Two levels of demand value resulting in uncongested amugested reference states

As described in Chapter 4, network performance under tHg darmal situation is
used as a reference for robustness analysis. In the folipeaction of scenario de-
signs, this daily normal situation is defined as scenagdor both uncongested and
congested demand levels.

5.2 Scenario Design

Incident scenarios are designed in this section for bothahtesting and the study
of network robustness. The designed scenarios should omame cover as many
incidents as possible, and on the other hand not lose thearglkty. In view of these
two basic requirements, the following criteria are adhe&oeid designing scenarios.
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5.2.1 Designing criteria

The effects of disturbances on road networks can be cla$sifte two basic cate-
gories: capacity degradation and demand increase. So $ignd# incident scenarios
for the road network also focuses on these two basic situmtiburthermore, the fol-
lowing guidelines are applied in the design procedure:

1. The capacity of the selected links will be degraded, bais#lected links should
not lose their generality in the network. For instance, ¢hestrance links from
an origin zone are special because their degradation wgeahe the traffic en-
tering the network as they are assigned. Since the entratay of the traffic is
not included in the travel delay that we want to calculatesthentrance links,
as well as other links that have the same effects, should tleded from the
incident scenario design;

2. Degradation of the physical capacity of a link is designth different levels
for the sensitivity analysis;

3. Demand for the selected OD pairs will be increased, butdtat demand from
an origin should not exceed the capacity of the entranceditiierwise its effects
cannot be correctly represented;

4. Increase of the OD demand also have different levels tosémsitivity analysis.

5.2.2 Designed Scenarios

For simplicity we assume that in each scenario only one at¢wfethe network will
be disturbed. For instance, only one link’s capacity is ddgd or only one OD pair’s
demand is increased. So there exist two major scenarioaasQa for link capac-
ity degradation an@@p for OD demand increase. According to guideline 1, link 1, 2,
9, and 10 are excluded from the design(®{. Furthermore, link 6 is the only exit
for Zone D1 and link 11 is never used under normal conditi@sthey will also be
excluded from the scenario design. The remaining five liokgther with three OD
pairs will be used for the incident scenario design as eigémario sets denominated
from wyo to wg in Table 5.3. For each scenario set, different levels of ghar{degra-
dation of link capacity and increase of OD demand) are desidar each scenario.
As well as these two major categories, a reference sceretegaryQ is also needed
for robustness analysis, which represents network pedoo@ under the normal daily
situation.

The following is the detailed explanation of the designeshsecio categories:

e Qo: This is derived from the SUE process with full link capasstiand normal
daily traffic demand without any disturbance. Thus therenly one scenario
for each demand level, which isp;
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Table 5.3: Scenario information

Scenario set Description Degree of change | Category

(% Daily condition none Qo

w1 Capacity reduction on Link 3

(V7] Capacity reduction on Link 4

w3 Capacity reduction on Link § [-10%:-10%:-100%]* Qa

(V] Capacity reduction on Link 7

Ws Capacity reduction on Link §

Ws Demand increase for (O1,D1)

w7 Demand increase for (O1,D2)[+300:+300:+1200]** Qp

Ws Demand increase for (02,D1)

*: [-10%:-10%:-100%] means capacity reduction from 10% @0% with a step of 10%
**: [+300:+300:+1200] means demand increase from 868/hto 1200veh/hwith a step
of 300

e Qa: This is the scenario category related to the reductionndf ¢capacity only.
In each scenario iR x, the capacity of a link is degraded during the peak period
so that travelers will confront unexpected congestion edury the drop in the
link capacity. The degradation level of the capacity is frek% to -100%,
which means the link is blocked partly or completely;

e Qp: This is the scenario category related to the increase of &Dasd only.
The maximum value of the extra demand is calculated acogridirthe spare
capacity of the entrance link ®q. Link 1 (entrance link for Zone O1) has spare
capacity of 1050 (=8600-6000-150&gh/hduring the peak hour, and link 9 and
10 (entrance links for Zone O2) have spare capacity of 1108{6+1800-1500)
veh/hduring the peak hour. So the maximum value of the extra derfarall
three OD pairs is designed as 9%h/h

5.2.3 Two demand levels

There are two levels of peak demand between OD pair (O2,Ddivas in Table 5.2.
With the lower demand value (158@h/h, the reference scenariq is almost uncon-
gested with very little delay. With the higher demand valB@00veh/h, a bottleneck
is generated on link 5 and some congestion appears in thespamding reference sce-
nariowp. The major aim of designing these two reference states afode network
(denoted as ‘uncongested’ and ‘congested’ in the follojgitp gain more knowledge
about the impacts of the reference state of a road networs @obustness. This study
has practical meaning because on one hand different roadriet have different con-
gestion levels; and on the other hand even the same road nketéo has different
congestion levels in different periods of a day and in dé@férdays. Similar incidents
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appearing in different traffic situations may have différariluence on the network
performance, and it is important for us to better understamgirelationship so that
more suitable measures can be designed to handle diffenesiens.

5.2.4 Multiple user types

In our road network robustness analysis, multiple usersype/e been introduced
to represent different types of travelers with differeniteochoice behavior. This is
due to the fact that in reality travelers can rarely be tietae one uniform group
with the same behavior that have the same reaction to oneagess$o differences
always exist within travelers in their perception of theoimhation and their preference.
In the MARPLE model and its en-route extension MARPLE-e,hsdifferent types
of travelers are distinguished through different value$ plarameter in th€-Logit
model. In this thesis, a basic combination of three typesavElers will be adopted as
shown in Table 5.4. The study on the reason to choose suchicatiom is described
in Appendix C.

Table 5.4: Combination of multiple user types in this thesigesearch

User Type 19§ =0) | User Type 29 =1) | User Type 3§ =23)
30% 50% 20%

5.3 Performance Indicators

Before choosing or designing indicators to display roadvodt performance, we
make an assumption that the paths generateé@piare the most preferable paths for
travelers due to their lower costs (travel time in our stagiban those that have not
been generated. If an incident occurs on the network, amete-ichoice behavior is
taken into account. Travelers might take some new pathsvida originally not used
because the original ones become worse caused by the ihctBenhe preferred in-
dicators with witch to identify this phenomenon are the lttitae and total distance
traveled by all the travelers within the given period. But flee calculation of these
indicators, the amount of the traffic involved is also impattand it must be the same
value for all scenarios. This is also the reason for desggamperiod of 30 minutes at
the end of the simulation with zero demand in order to cleahemetwork and get the
same amount of traffic for the statistics. Furthermore,wapg the changes in network
performance and the changes in the assignment resultsassay for the assessment
of the en-route assignment model. They are also valuable&ar managers to better
evaluate the effectiveness of the traffic management mesastihus two types of indi-
cators - aggregated indicators and time-dependent irigcatire chosen or designed
in our studies to comprehensively describe the networloperdnce.
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5.3.1 Aggregated indicators

Four aggregated indicators are used to calculate netwat&-performance over the
whole simulation period, which respectively pays parécudttention to travel time,
travel distance, travel delay and arrivals. They are algufaoly used in existing stud-
ies (e.g., (Mahmassani et al., 2004b), (Taale et al., 2q84pop, V.L. and Hoogen-
doorn, S.P. and van Zuylen, H.J, 2007)).

1. TTD: total travel distance of all the vehicles for the givenistatal period yeh:
km], calculated by

TTD= sza(t)la (5.1)

in which v; (t) is the outflow of linka during intervalt andl; is the length of
link a.

2. TTT: total travel time of all the vehicles for the given statsli period {eh-
hour], calculated by

TTT:Z;va(t)Si?t) (5.2)

in which 84 (t) is the average outgoing speedwfduring interval if vy > 0. In
particular, T T Ty is the total travel time of scenariop.

3. ETD: extra total delay of all the vehicles for the given statigtiperiod {eh-
hour], calculated by

ETD=TTT-TTT (5.3)

Robustness analysis is to compare road network performagteesen the sce-
narios with and without incident(s)T T T is for the reference state without
incidents. SE&ETD indicator is used to demonstrate the extra traffic delayexus
by the incident.

4. TNA total number of arrivals for the given statistical periog@lff. Rather than
the other three indicators above, where the number of \v@hoplieueing in the
origin zones and in the network are big trouble for the siaisTNAis a more
absolute measure for a fixed-time simulation (Hegyi, 2004).

Although these indicators are often calculated for the wrsanulation period, it is
also possible to aggregate them for a given statisticabgdhat is interesting. For
instance, the aggregation value over the incident periacsbaw the direct impact of
the incident, while the aggregation value over the postdemt period can show the
recovery ability of the road system from the incident.
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5.3.2 Time-dependent indicators

Besides these aggregated indicators over time and space detailed indicators that
can reflect the spatio-temporal impacts of the incident éonstwork performance are
also important for road authorities and managers to bettgerstand the consequences
of an incident. Such indicators are also very valuable fsting the en-route assign-
ment model, as well as for analyzing network robustnessiagaicidents, taking into
account the en-route choice behaviors of the travelersth&umore, they can supply
full information on the effectiveness of the managementsuess and control schemes
in a great detail. So they are useful for road managers tesatbese management
measures and control schemes.

1. NL(t): network load within simulation interval [veh/h] as the sum of all the
link outgoing flows ovet, calculated by

NL(t) = ¥ Va(t) (5.4)

Since the values dfL (t) are small when the road network is either almost empty
or very congested, it is necessary to have another indith&brcan represent
the speed condition of the network in order to distinguistwieen these two
situations. Thus another time-dependent indicat#St), is designed for this
aim.

2. NAS(k): an approximation of the network average speed within stien in-
terval t [km/h], calculated as the division of the sum of the produadtdink
outgoing flows and link average speeds &ldt), i.e.

> da(t)va(t)

NAS(t) = aNT

(5.5)
NAS(t) follows the changes of the network average speed that wilhtheenced by
the incident. SimilarlyNL(t) follows the changes of the network loading (i.e. its
transport ability) situation, which is designed to ideyntifie effectiveness of the road
network. Generally, for a given road network (i.e. its ggdal structure is fixed), if it
can handle (or maintain) more traffic flows in most of the iecitdscenarios, it can be
considered robust. For instance, when the road networkdmas sedundant capacity
under normal situations, in the case of incidents, netwerkgpmance will gracefully
degrade if this redundant capacity can be used by a certanum@nof traffic as an
alternative. The direct expression of such phenomena ighbdalls ofNAS(t) and
NL(t) after the incident are slow. Thus we can remark that a rolmast network is
supposed to be able to transport more traffic after incicamislischarge them quickly,
i.e. NL(t) andNAS(t) both remain at certain high levels.
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After introducing the designed scenarios and indicatorgHe robustness studies, in
the following sections detailed analysis of the resultshefse scenarios will be pre-
sented.

5.4 Link Capacity Degradation Scenarios

In this section, we will focus on analyzing the impact of $enink degradation on the
network performance, i.e. incident scenarioQj As described in Table 5.3, for each
selected link there exist 10 levels of capacity degradatiamthermore, we have also
designed two reference state with different demand leeslslting in the uncongested
situation and congested situation respectively. Thushallsimulation results will be
presented based on these two reference state.

5.4.1 Uncongested reference state

In the uncongested reference situation, the network hiéde dbngestion with basic
TTTo value of 344A¢eh- hour.

Aggregated indicators

In Table 5.5, results of two capacity reduction levels (-58846 -70% degradation
respectively) are listed together with the UE assignmesulte of the scenariay.

Table 5.5: Aggregated network performance measures in scano setsQa

TTD TTT ETD TNA
Scenario| 5004 | -70% | -50%] -70% | -50% | -70% | -50% | -70%
W 343004 3447 0 17700
w1 337074| 334711| 7342 | 8477 | 3895 | 5030 | 17700| 17700
wp 336158| 331154| 4988 | 6969 | 1541 | 3522 | 17700| 17699
w3 341511| 338349| 5943 | 7493 | 2496 | 4046 | 17699| 17697
OV
Ws

345012| 346031| 3488 | 4241 | 41 794 | 17700| 17700
345390| 346661| 3770 | 4026 | 323 | 579 | 17700| 17700

Firstly, the values ofNAin all listed incident scenarios are almost the same, which
means the comparisons are unbiased due to the same amouanbugtput for the
statistics. Secondly, values ®TD in all the scenarios are close because of the similar
lengths of the paths, especially for the paths of OD (O1,Dith whe most traffic.
Incidents on motorway links result in less valuesT@iD because some traffic shifts
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to the shorter pathRath 2 through the town center froRath 1 Thirdly, the TTT
value demonstrates the congestion level of the network. rdgiegion of motorway
links, such as link 3dy), link 4 (u,), and link 5 ¢ug) lead to very high travel times
(delays) which means the network performance is remarlastigriorated. Moreover,
the impact of capacity reductions on urban links link)and link 8 (us) cannot be
neglected. These two links function as off-ramps, whichmsdhat their degradation
will directly and immediately influence their upstream mmetay links. From this point
of view, degradation of off-ramps in a road network shoukbdle avoided.

Time-dependent indicators

In Figure 5.3, changes iINASandNL in each evaluation interval (100 seconds per
interval) are illustrated for two capacity degradationelsv(-70% and -50%). It is
obvious that curves oy, w, andws for both NASandNL descend rapidly and re-
markably after the incident starts (interval 37), and th&Svalues still retain a lower
value after the incident is removed from the network pagiriral 73.
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Figure 5.3: Comparisons ofNAS (left) and NL (right) between two levels of link
capacity degradation: 70% degradation (up) and 50% degrad&on
(down)

Figure 5.4 shows the changes in the splitting rates amongeherated paths of OD
pair (O1,D1) for the cases with 70% and 50% capacity degi@da scenario set
w; andwg.. Path 3in Table 5.2, which is the unused alternativewy, has been

generated and loaded in some scenarios, especiadly,im, andwz with motorway

links degradation. Itis important to discover thatspandwy, Path 3is also used. This
means that the influence of the incidentslank 7 andLink 10is also remarkable in
comparison with degradations on other urban links. The conatity between these
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two links is that they are both used Rath 2so that their degradation will become
significant for motorway links due to spillback of the queues

, with 70% capacity degradation 0, with 50% capacity degradation
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Figure 5.4: Splitting rates among paths of (O1,D1) with 70% left) and 50%
(right) capacity reduction in scenario setw, (up) and wz (down)

5.4.2 Congested reference state

For the congested reference situation, the network hassidsable amount of con-
gestion with a high value of Dg (1311veh: hour). High demand between (02,D1)
makes link 5 the bottleneck in the network, with a capacig0@veh/h) less than the
peak demand to Zone D1 (9000 veh/h). Therefore, due to thibagk, congestion
mainly appears on its upstream links, including link 10k kh and link 7.

Aggregated indicators

In Table 5.6, the values of the aggregated network perfocenamdicators with two
capacity reduction levels (-50% and -70%) are listed togrettith the results of the
reference scenariay.

Comparable to the results in Table 5.5, this congested mk@so shows its ability to
carry out the traffic demand after the incidents by givingseloNAvalues. Motorway
links also prove their importance for the network perforegmwith higher values of
ETDin the scenarios where they are degraded. Besides thedargias, two different
phenomena in the incident scenarios of urban links @g.andws) can be found as
follows:

1. The value ofETD in ws is much smaller in the congested scenario. This is
because in the equilibrium results of the normal situatisth 1 shares less
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Table 5.6: Indicators of aggregated network performance inscenario setsQa
with congested network

TTD TTT ETD TNA

-50% | -70% | -50% | -70% | -50% | -70% | -50% | -70%
(V) 375381 4765 0 20650

w1 371260| 368073| 7369 | 8622 | 2604 | 3857 | 20650| 20649
() 368782| 362537| 6421 | 7482 | 1656 | 2717 | 20649| 20649
(V) 369297| 366831 8732 | 9988 | 3977 | 5223 | 20645| 20635
(V) 378851| 380727| 6450 | 8006 | 1685 | 3241 | 20639| 20636
Ws 375437| 375642| 4894 | 4932 | 129 | 167 | 20649| 20649

Scenario

traffic from (O1,D1) when link 4 becomes congested, due tahléack effects
from the bottleneck link 5. Thus the degradatiorLofk 8 has less effect on the
major traffic in the road system;

2. The value oETDin wy, in which the off-ramp link 7 is degraded, is comparable
with that of wy, wy andwg with degraded motorway links. This means that for
a congested road network, some off-ramps becomes as lcaisithe motorway
links for maintaining the service level of the network.

In order to explain this phenomena, changes in the assigmesuits and correspond-
ing time-dependent performance must be analyzed. Thisegivbn in the following
sections.

Time-dependent indicators

The changes oNASand NL for all capacity-related scenario set with two capacity
degradation levels (-70% and -50%) are illustrated in Fedub.

As shown in Figure 5.5, itis clear that because of the higkerahd, the curve dAS

for the reference scenario drops already within the peak and cooling period. Thus,
in most of the incident scenarios, the decreasiA®is stronger and longer than that
from the uncongested reference situation because of tiez@ge of both effects from
the incident and high demand. The exception appears forutve of the scenario set
w1, in which link 3 was degraded. This is an interesting phenwnehat might be
caused by the following reasons:

e Link 3 is the upstream link of the bottleneck (link 5). Whensitdegraded, its
outflow, which is the inflow of the bottleneck, will be rested. In fact, the
bottleneck ‘shifted’ towards upstream, so that the traffat eparts from other
zones (Zone 02) and uses link 5 will face no congestion;
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Figure 5.5: Comparisons ofNAS (left) and NL (right) between two levels of link
capacity degradation: 70% degradation (up) and 50% degrad&on
(down)

¢ Although a large amount of the traffic that uses link 3 was ykladue to the
capacity degradation, the amount of the traffic whose cmtivas improved is
also remarkable in this congested case. Then a better penfae of the whole
road network can emerge.

In Figure 5.6, the assignment results in scenario @gt@ndws with -50% and -70%
capacity degradation will be shown for the comparisons Wwitjure 5.4.

Figure 5.6 shows thd&ath 3has been generated and loaded earlier and for a longer pe-
riod than what was illustrated in Figure 5.4. But its generatime and lasting length
in all the scenarios are quite different. Generally, thdieaPath 3is generated and
the longerPath 3is used in an incident scenario, the more negative impaetsth-
dent makes. lnvg with link 5 being degraded, network performance was dam#ged
most, and it took the longest time for the network to recov@rdhe incident. This is
areasonable result because link 5 is originally a bottleonéthe system for its normal
daily situation. Besides, it is also interesting to notitatisometimes the route assign-
ment results display a sort of ‘oscillation’, and this ‘uaisie’ phenomenon becomes
more visible in the scenarios of a moderate capacity detgoagdor example when
the capacity degraded 50%. Such oscillation in the assighnesults is caused by
the discretization process for the evaluation and reaggjgn the en-route assignment
models.
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Figure 5.6: Splitting rates among paths of (O1,D1) with 70% left) and 50%
(right) capacity reduction in scenario setw; (up) and ws (down)

5.5 Demand Increasing Scenarios

Besides link capacity reduction, a short-term demand asgdetween a specific OD
pair is another major disturbance road networks. This ctandfe seen during large
social events, which temporarily create and/or attraataestémand. The results pre-
sented in this section are from scenario @gt rooted from demand increase listed
in Table 5.3, including three scenariag, w; andwsg, each for one of the three OD
pairs. Three demand increase levels are tested, which endéfidd as 300, 600 and
900. These values are also the absolute number of extraarnpse OD pair during
the peak period between interval 37 and 72.

5.5.1 Uncongested reference state

It has already been established that, in the uncongeste@nele scenario, most of the
links in the network are unsaturated because that verg titihgestion exists.

Aggregated indicators

Since demand are different in each scenarios, the absdliessof the aggregated
performance indicators are then less important than tleéative changes. Thus, in
Figure 5.7, only the results of the incident scenarios agegmted.

Theoretically, demand increase in the road network shdwlaye resultin the increase
of the values of the aggregated indicators for network perémce. But in Figure 5.7,
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Figure 5.7: Indicators for aggregated performance in the senarios of Qp based
on uncongested reference status

after the increase of demand reached a certain amount svaluike aggregated indi-
cators did not increase. This means that the whole systerhedats maximum per-
formance level for the simulation period. Extra demand @t,01) (vs) and (O1,D2)
(wy) directly influence the motorway links, so they have stranggacts on the net-
work performance than the same extra demand for (O2,Wi) ( This can be proved
by the results of the following time-dependent performancécators.

Time-dependent indicators

In Figure 5.8, changes INASandNL in all demand increase scenarios are illustrated.
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Figure 5.8: Changes inNAS and NL of Qp

The values oNASdo not change obviously during the incident for differenses
except for their continued lower values during the cleaprgod of the simulation in
the scenarios with higher extra demaid curves forwg andwg remain at high values
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for a long period after the incident. Both phenomena eldakdtaat the extra demand
for (O1,D1) and (O1,D2) made the network very congested fiteendiverging point

at the end of link 2. So the queues in the road network are snaimithe common
link(s) of all the paths for OD pair (O1,D1), such as link 1 &dn such scenatrios, the
alternative pathRath 3 will not be attractive, which can be proved by the assignmen
results shown in Figure 5.9.
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Figure 5.9: Changes of splitting rates among the paths for (@,D1) in scenarios
we(left) and wy(right)

This result gives us an impression that the extra traffic awdethe motorway makes
big trouble to the whole network because it directly blodks traffic on the major
motorway link of its upstream due to the spillback effects.

5.5.2 Congested reference state

In the congested reference scenario, congestion is foumayran Link 10 Link 4,
Link 7, and everLink 2 due to the spill back of queues. In the incident scenariosdas
on the congested reference state, the same extra demaed satuused as those based
on the uncongested reference state.
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Aggregated indicators

The results of three indicators for the aggregated netweriopmance are illustrated
In Figure 5.10. Again, the results af are excluded.
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Figure 5.10: Indicators for aggregated performance in the senarios ofQp based
on congested reference state

Similar relationship in the results of all the incident saeas can be found here as for
the scenarios based on the uncongested reference stateb\Bowisly, the values of
these indicators are much higher because of the more trafil@dd in these scenarios.
This means that the more congested a network originalllgésytore serious impact the
extra demand causes. From the following figures of the tieygeddent performance
indicators, this phenomenon will be better understood.

Time-dependent indicators

Changes ilNASandNL in all demand increase scenarios are illustrated In FigLire.5

In all scenarios with different extra demand, the reductratues ofNL are almost

the same, but the duration of the reduction period becomesregly long when the

amount of extra demand is equal to or larger than 600. Thisevial generally deter-
mined by the spare capacity of the entrance link(s) for thgirozones. If the total

demand exceeds the total entrance capacity for the ormgiffictcannot be dispersed
fluently as the predetermined schedule, and they will berdsdan the origin zones.
It is also possible that extra demand might cause severeesting in the network and
the queues spill back to the origin zones to block the trafiteieng the network.

When the splitting rates of the paths for OD pair (O1,D1) waeralyzed in Figure 5.12,
we found that in scenariag, Path 4(Table 5.2) has been generated for the first time
in our studies. This is due to the fact that extra demand fré&tcdD1 caused serious
congestion on bothink 7 andLink 4. Thus for a short perio®ath 4that used.ink 3
andLink 10becomes preferable. When the usagPath 4creates new congestion on
Link 3and continuously deteriorates the network performaRa#) 3is then used.
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Figure 5.11: Changes ilNASand NL of Qp
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Figure 5.12: Changes of splitting rates among the paths for@1,D1) in scenario
setwg(left) and wy(right)

5.6 Discussion and Conclusion

In this chapter, the framework proposed in Chapter 4 is impleted for the robustness
analysis of a small-sized road network with a hierarchitaicture as shown in Figure
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5.1. The main objective of this case study is to test the nutlogy and method based
on this framework for the road network robustness studiesddrthis, different types
and different levels of disturbances to the network aregihesi as incident scenarios.
Changes in the network performance and changes in the taaffignment results in
these scenarios are compared with the normal situatioméarabustness studies. The
network is designed with two levels of basic demand for thke gd studying the influ-
ence of the initial status (congested or not) of a road nétwwits robustness against
disturbances. Two basic types of disturbances (link cépdeigradation and demand
increase) are introduced to the network. Besides a refersrenario created by a user
equilibrium model, eight incident scenarios are desigmedvhich five are with one
link capacity degradation and three are with one OD pair dehiacrease. For each
incident scenario, different levels of the disturbancestasted. After carrying out
those thorough studies, some conclusions of the qualityeoptoposed framework for
road network robustness analysis can be drawn as follows:

e The framework proves its ability for the systematic and coehpnsive analy-
sis of road network robustness against disturbances byemmaiting two DTA
approaches. An (dynamic) equilibrium status is more peigaand reliable in
describing the daily traffic situation for the period of irgst for the studied road
network, and an en-route traffic assignment model is lolyicabre suitable in
representing (route) choice behavior of travelers wheg taee unfamiliar or
unexpected situations in the network;

¢ In all the incident scenarios, the assignment results tifeeincident are different
from that of the reference state. In some scenarios, nevg pagtfound and used
by certain percentage of the demand, which means that ouy deweloped en-
route assignment model (MARPLE-e) basically function agxgected, and our
proposed framework for the analysis of the road network soiess is feasible.
Analyzing the assignment results after the incidents, wedcaw the conclusion
that MARPLE-e model with the parameter settings from thenexice literature
can get logical and rational assignment results. But #tél calibration and val-
idation process with the real network-level traffic datatfe incident scenarios
IS necessary in the future;

e Aggregated performance indicatdiD did not give clear information in the
analysis of this small network because it depends highlyemlifferences in the
lengths of the paths. If the differences are not obvidid) loses its meaning.

It might be useful for large networks because the lengthdtefrative paths for
abnormal situations are normally much longer than thoséefpaths for the
normal situationTTTis a good indicator for reflecting the congestion levels of
the network if the amount of traffic for the statistics are&dan all the scenarios;

¢ In order to better understand how the road network perforfies the incidents,
time-dependent indicators such&SandNL are more essential and important.
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But still, analyzing the en-route assignment results spditting rates among the
paths for OD pairs is the most fundamental way to explain tlieame of all the
scenarios.

Besides the knowledge about the proposed framework and TAenibdels currently
used, through the studies of the tested network, some danaiarstandings about
the robustness of road networks with the hierarchical sireccan be concluded as
follows:

1. Degradations of the motorway links have severe negaftieets on the network
performance. This is because of the fact that the motorwayjesaa great part
of the traffic in the network and it is often heavily loaded.riRermore, degra-
dations of off-ramp links also have significant impacts otwoek performance,
especially for an off-ramp that is the first off-ramp and atsories most of the
traffic leaving the motorway, such &k 7. For other types of urban links, their
capacity degradations either have little influences on tbeorway flows, or it
takes a long time for the motorway traffic to be influenced leygpillback. This
gives us a concept that the capacity of the important offpsis also critical for
the whole network;

2. Compared with link capacity degradations, demand irstngaincidents show
complex sequences to the network performance. For a netwluidh normally
has little congestion, the increase of the demand has nfildeimce. But for a
network that is originally quite congested, introducingraxdemand during the
peak period has significant negative impact on the whole ortvsuch as the
very low average speed. Generally speaking, extra demandatter leaving or
entering the motorway, causes visible reductions in theort speed,;

3. Redundant capacities, suchLask 11in the network, play an important roles in
mitigating the congestion in the network, so as to reducédta delay.

Thus, through such a thorough scenario-based study, réadmeobustness has been
for the first time systematically analyzed by combining bBWE and en-route assign-
ment approaches. From theoretical point of view, this coration of different DTA
approaches together with other traffic models is suitahlesfodying transportation
systems on the network level. From practical point of vidve tesults presented in
this chapter clearly demonstrate the different impact @enrtétwork performance of
the same level incidents on different locations (links)ia toad network. So it is easy
for road authorities and managers to find critical positi@ings) in the road network.
It is also valuable for them to make suited network-level agement schemes (e.qg.
route guidance, speed limit, etc.) for the correspondioglant scenarios based on the
simulation results.

In reality, road networks are more complex than the smalagk tested in this chap-
ter, which means that more possible paths are availablegieglers to choose en-route.
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So some findings in the simple network might be not obviousmaose, and some new
phenomena might be found in large and complex networks.dnéxt chapter, studies
of a real-sized hybrid network will be presented.



Case Study with a Large Network

Chapter 5 presented the robustness analysis of a small mpdeshypothetical road
network. The results from this case study reveal the applitaof the framework and
the face validity of the adopted DTA models (MARPLE and MARRE) for network
robustness analysis. Furthermore, some general rematks oobustness of the tested
small road network are also drawn following the studies bfhed incident scenarios.
However, all the conclusions in Chapter 5 are derived froenahalysis of the small
and simple network, which only contains very few numbers Bfgairs and possible
paths. For real-sized and complex road networks, more goatetl interactions might
exist among the traffic from many more OD pairs. More reduhdapacities on lower
level roads and more congestion on higher level roads might | the daily traffic
situation of real road networks. Therefore the conclusfoome Chapter 5 might not be
generic or no longer applicable, and some new and more iapgshenomena might
also appear for real road networks. For instance, the affegériod and area of an
incident might be longer and wider because the traffic frommen@D pairs would be
influenced by the incidents. In this chapter, a much biggdmaare complex network
is chosen to test its robustness against the exceptionatibsices.

Similar to the structure of Chapter 5, this chapter is alsargged according to the anal-
ysis of different incident scenarios. The description @f tietwork is given in Section
6.1. Section 6.2 describes a pre-selection and a filteringgss for picking out pos-
sible critical links and OD pairs for the design of incidenésarios. Such processes
are based on the UE assignment results of the tested roadrketiw Section 6.3 the
details of the incident scenarios are described, whichlapecategorized as capacity-
based incidents and demand-based incidents. In Sectipmm@ew indicators are
introduced that are proved more suitable for the robustaealysis of large road net-
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works. The results of capacity degradation scenarios a&gepted and analyzed in
Section 6.5, and the results of OD demand increase scemae@sesented in Section
6.6. Finally Section 6.7 summarizes this chapter.

6.1 Al0-West Network

The A10 motorway is the ring road around Amsterdam, the abgitly of The Nether-

lands. The selected part for the case study is the A10-wgsirén the year 2000 as
shown in Figure 6.1. It is the map in the year 2006 includinges& important sur-

rounding destinations. This network is a typical exampl@kierarchical structure,
which consists of motorway (A4 and A10), major city road ($18102, S103, S106
...), and large numbers of urban links. This makes the nétwarch more complex
than the road network tested in Chapter 5.
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Figure 6.1: Map of A10-West road network in 2006 (Source: wwwmap24.com)

This road network and OD demand for the analysis have bedpratgd with the
MARPLE model by (Taale et al., 2004) with the SUE assignm@pr@ach. Thus,
for consistency, all the values and configuration settindisb& used in our robust-
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ness analysis of the incident scenarios. Detailed infaonas given in the following
sections.

6.1.1 Link Characteristics
The modeled road network in MARPLE (Figure 6.2) is in gredadewhich contains
1439 one-way links with the total length of 288k, The general characteristics and

the total lengths of each type of links are summarized ing&lil.

Table 6.1: Link allocations of A10-West network

Link Type Amount | Total Length km) | Desired SpeedkMm/h
Motorway Link 62 33.84 100
Urban Arterial 91 14.85 80
Urban Link 1286 239.47 30 or 50
~Zone 109

il

- ~Zone 110
Zone 112,

Figure 6.2: Modeled A10-West road network in MARPLE

In this road network, the amount and the total length of udo@is dominate. This
is seldom found in other road network research. Thus, coedparth the small and
simple network tested in Chapter 5, or road networks maioigmosed of motorways
modeled in most other research, travelers could have mang ati@rnatives for their
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route choice if they feel that the original or/and the pralide paths become ‘unac-
ceptable’ or ‘inconvenient’ with unexpected exceptionahgestion. However, such
changes in the path choice only happen when travelers havedigsight into the
available alternatives according to their experiencenar/according to the available
information. Such information is normally supplied by thaftic management system
or by the third party, such as a navigation system.

6.1.2 Information of OD demand and paths

This network has 112 zones including 100 origins and 100rekgins. 4618 OD pairs
have the non-zero traffic demand for the morning peak of the 800. For the whole
period, the total amount of traffic demand is about 124,6Hickes. In the original
study on this network, this peak period has 9 demand intewdh 15 minutes each.
The original demand profile for these 9 demand intervalsasvshin Figure 6.3.
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Figure 6.3: Demand Profile of A10-West Network

Several characteristics of the demand for this network lshioel stressed as follows:

e First, since the network has been studied and calibratether gtudies, we try
to keep the original data as much as possible. This is th@mefas no extra
‘warming-up’ period in the demand profile. But we added aacleg’ period
of 15 minutes without traffic demand at the end of the simaigtso the length
of the whole simulation period is 2.5 hours. Furthermore,trgat the first 15
minutes as the ‘warming-up’ period for the network to be ke&dThe network
loading results in Figure 6.9 show that such treatment i€éddpecause the total
number of the traffic in the whole network become stable af@ut 5 minutes.

e Second, demand interval with the length of 15 minutes isidened too long
for the travelers to re-estimate the network performanckwgdate their route
choice. For instance, the online traffic information sesstipplied by ANWB
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(www.anwb.nl) refresh the information about every 5 misut&o in the DTA
models for the robustness studies, the new interval withethgth of 5 minutes
each is adopted as the frequency for the path updating afghasnt updating
procedure. Such interval is named as éwaluation interval Thus, for each
demand interval of 15 minutes long, there will be three eatadun intervals. For
simplicity, each evaluation interval shares 1/3 demanchefdemand interval
that it belongs to. Therefore, in the following case studiethis network, to-
tally 30 evaluation intervals are used for the periodicafgrenance evaluation
and traffic assignment. In the following context, ‘intervaill only stand for
evaluation interval.

¢ In this network, three zones are located on the motorwayhvare marked as
Zone 109Zone 11andZone 1124n Figure 6.2. These three zones represent all
the external origins and destinations that generate @catrnaffic demand occu-
pying space within the studied area of the network. Besites the remaining
99 zones are all located inside the urban area. For the wholdation period,
about 13% of the total demand (around 16,230 vehicles)Itste/een the mo-
torway zones. Normally this traffic only uses the motorwalie Bther 22% of
the traffic demand has either its origin or destination asajribe three motor-
way zones, which means that it must use an on-ramp or anmoff-ta enter or
leave the motorway. The rest and the majority of the traffiom(a 65%) travels
between two zones that are both located in the urban areantotfe so-called
intracity traffic. However, intracity traffic does not always use urban roadg. o
As a matter of fact, much intracity traffic uses the motorwgstem as part of its
path(s), which means that transition of the traffic betweenomvay and urban
roads is popular in this road network. Thus, the motorwagsakrole as traffic
‘sewer’ and the ramps play a very important role in decidimgperformance of
the network.

As the result of the SUE assignment approach of MARPLE, 12p2iths for all the OD
pairs have been generated after 100 random generatiotiatesavith the constraint of
maximum 4 paths for each OD pair. So the average number of patleach OD pair
is about 2.66.

6.2 Pre-selecting and filtering the possible critical links
and OD pairs

In this big road network with the hierarchical structure,snof the links are urban
links with low capacity and a small amount of flows. If all thelks are tested for
incident scenarios as what has been done in Chapter 5, theutational time will
be enormous. In fact, incident scenarios for some links areecessary because of
the little impact according to the general knowledge of tadfit. For instance, the
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capacity degradation of short links with little traffic flow the demand increase of
trivial OD pairs with little traffic demand can be definitelggiected. So it is unneces-
sary to study all the possible incident scenarios for eadhdnd for each OD pair. In
this case study, a pre-selection process will first be chwig to search for the most
likely critical links and OD pairs, which means that the aapadegradation on these
links or the demand increase of these OD pairs should resthiel most serious neg-
ative consequences to the network. Such negative consszgiamainly present very
long queues in the network in both length and time, sometienes gridlock. After
the pre-selection process, a filtering process will alsodpdied to check whether the
selected links and OD pairs are reasonable. As discussetiaptér 5, one of the
criteria for designing the incident scenarios is that tcasfiould be able to enter the
network as scheduled. So the filtering process is implendantgnly to guarantee this
requirement. In the following contents of this section, fine-selection process and
the filtering process will be described in detail.

6.2.1 Pre-selection process

Several criteria can be used for pre-selecting latentatitinks, which are often im-
plemented in the studies of designing improvement scheora®&d networks, such
as (Zhang & Levinson, 2004a). They used volume dependenta@patity dependent
criteria to determine network failure scenarios. Volumeetelent criteria assumes
that a link carrying more traffic is more likely to breakdovinan its low-volume peers
and the failure rate is proportional to traffic volume. Capadependent criteria as-
sumes that links with the highest capacity are the most itapofinks and they can
easily be destroyed by deliberate attacks. But accordimghit we found through the
case study in Chapter 5, not only the links with high volume high capacity (which
are mainly motorway links) are critical, but also some catio@ links between dif-
ferent types of links with less capacity (i.e. off-rampsg aritical for the network.
These links normally carry the traffic from high-volume Ignto low-volume links so
that their degradation will immediately influence the higilumes links by spillback.
Thus, using one single criterion to determine the criticédd might not be sufficient
for a large road network with hierarchical structure. Irsttésearch work, we propose
using the following steps and criteria to search for possthitical links candidates.

Step 1: A stochastic user equilibrium (SUE) assignmenttierwhole network under
normal situations is firstly carried out with MARPLE. Thrduthis SUE ap-
proach, network performance is simulated and some detstiddidtics are calcu-
lated, including path information and time-dependent imkumes;

Step 2: All the links are ranked from high to low accordingheit maximum volume-
capacity ratio Y/C) values. The highev/Cratio a link has, the busier this link
is, and its capacity degradation should have more seriopadtn The top 100
busiest links are selected and they are prime candidatekdaelection of the
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critical links. An important remark about the maximuC values of urban
links and off-ramps is that we can only use their designedcigpasC. The
influences of the traffic controls on the real throughput capaf a link is not
considered because the information about the control sehénacking. So the
V/C values of the links with control at the end are underestichaBat as what
we find in the results of the incident scenarios, this simgation didn’t influence
the selection of the critical links too much because balsithé importance of
the urban links cannot be mentioned in the same breath aswaytdinks and
off-ramps;

Step 3: All the links are ranked from high to low accordingteit commonalitywhich
is calculated by counting the frequency of a link being usethe total 12,272
paths generated in the SUE approach. The higher commoadiitk has, the
larger the number of OD pairs that will be influenced when thleis degraded,
so that more changes in en-route path choices might be made;

Step 4: In order to reduce the influence of using the undenastidV/C values for off-
ramps in Step 2, we use this final step specially for off-ranfpem the results
of Chapter 5, we know that off-ramps also play critical rolesmaintaining
network performance, due mainly to the spillback effects.irSthe A10-West
network, all 16 off-ramps are identified and they are alsedet as candidates.

In Appendix D, three lists of candidates derived from thrteps (Step 2 to Step 4) and
figures showing their positions in the network can be found.

Furthermore, important OD pairs that might have a large eémibe on the network
performance due to their demand increase are selected bagkd results of critical

links. Basically, for each critical link, several possil&ical OD pairs are chosen for
the design of demand increase scenarios.

6.2.2 Filtering process

After the pre-selection process, three lists of candid&tepossible critical links are
generated, those are based respectively on the maximundAatio, link common-
ality and link type. It is interesting to notice that withine top 100 most frequently
used links, 29 are also in the top 100 busiest links; and 5 bubooff-ramps are
also within the top 100 busiest links. Besides the possigtetitions among these
three lists of links, some other filtering criteria are alsz@ssary to avoid that some
unnecessary incident scenarios will be designed. Suchcessary incident scenarios
include incidents on the entrance link(s) of original zotied can only block the enter-
ing of traffic, and also the incidents on some unimportarkditnat can only influence
a small amount of traffic. In this section, three criteria ased to filter the candi-
date links in order to make the final list of links for desigmicapacity degradation
scenarios, as well as some OD pairs for designing demanekiserscenarios.
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e The value ofV/Cratio must be larger than or equal to 0.70 so that the capacity
degradation of the chosen links will make observable chautge¢he network.
But this value is just an assumed value, and it needs to Heratdd through this
study to find a suitable value as the threshold for preliniynaearching for the
critical links of a network;

e If a link is the entrance link or the only and inevitable dotveam link of an
entrance link, it will not be considered for designing aridient scenario because
its degradation will only influence the input of the traffic.okdover, attention
must be give to the links that are the only exiting links fost®ation zones.
Generally, degradation of such links would generate madaeyde¢han other links
because traffic that wants to exit through them cannot beitedo

e When possible critical links are selected, we will chooseesa busy and fre-
quently used links for the bases of demand increase scendfiar each link,
two or three OD pairs with highest contributions to the linkiflare selected.
For these OD pairs, the same amount of extra demand will bedated for the
comparisons of their impact on the network.

In the next two sections, the results of the pre-selectiahfdtering processes will be
introduced for links and OD pairs separately.

6.2.3 Selected links for capacity degradation scenarios

44 links for the design of capacity degradation scenariediaally selected. A list of
these links can be found in Appendix D. Positions of thedeslare illustrated in Figure
6.4. Within these 44 links, there are 26 motorway links, 3rafhps, 4 on-ramps, and
11 urban links. Some more detailed information about thiegs kre given as follows.

e More than half of the busiest links are motorway links beean®torway are
mostly saturated during peak period in reality. Most of teenZotorway links
are the exit links to those three motorway zonésne 109Zone 11QandZone
112 because all the traffic that aim to enter these zones mushase links;

e 1/4 of the selected links are urban links, and 8 of them ara ts@o roundabouts
in the network. This is also reasonable because roundahbmsitsell as other
types of junctions, are basically the busiest in the urb@a @and most of the
time are the sources of the congestion;

e On-ramps and off-ramps are considered as transition lieks&den motorway
and urban roads. From the predominant amount of motorwdg land the
ramps in the final selected links, a primary conclusion cadrbe/n that most of
the possibly critical links of a hybrid road network are nmetay or motorway-
related links.
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Figure 6.4: Positions of the selected links in A10-West newvk for capacity
degradation scenarios

6.2.4 Selected OD pairs for demand increasing scenarios

After obtaining the list of the possibly critical links, snal of them will be chosen to
search for the OD pairs for the demand increasing scendfogt different types of
links from Table D.4 in Appendix D are selected. For each,litdflow composition

is analyzed by sorting the source OD pairs. Two OD pairs theélihe highest con-
tributions to the link flow and have different origin zones #ren chosen. Information
on the chosen links and OD pairs are listed and illustratdébie 6.2 and Figure 6.5.

Table 6.2: Selected links and related OD pairs for demand in@ase scenarios in
A10-West network

Link ID Type V/C | Frequency] OD pair1 | OD pair 2
34 motorway | 0.76 527 (110,112) | (106,112)
19 off-ramp | 0.95 811 (110,1737)| (112,1741)
12 on-ramp | 0.95 713 (89,112) | (85,110)
22 urban | 0.87 507 (112,1743)| (110,1743)

It is important to discover that the chosen OD pairs in TabRhave either their ori-
gins or destinations on the motorway zones, no matter wpataylink it is. Although
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Figure 6.5: Position of the selected links and OD pairs for demand increasing
scenarios

traffic between urban zones makes up the majority of the taland (about 65%),
critical OD pairs, whose demand increase will probably edbig congestion prob-
lems, are still related to those motorway zones because @lcpairs have a much
larger amount of demand than others.

6.3 Scenario design

6.3.1 Capacity degradation scenarios

Design of a capacity degradation scenario on one link ire®tiairee attributes: degra-
dation level, starting time and duration. For the sake ofgarability, the starting time
and the duration in all of our incident scenarios are the sdinese three attributes are
designed as follows:

1. Starting time: As introduced in Section 6.1, the ‘warmuy period of this
road network is about 3 intervals, i.e. 15 minutes. Thus tagisg time of all
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the incidents is designed from the 7th interval, i.e., fréw@ 80th minute of the
simulation;

2. Duration: The duration of each incident is designed ageémals (i.e. 30 min-
utes) from interval 7 to 12;

3. Degradation levels: The lower bound of the capacity disjran level is refered
to the Highway Capacity Manual (Board, 2000). HCM supplresinformation
that one lane blockage makes 65% capacity reduction for dame link, and
51% capacity reduction for a 3-lane link. This means thaintih@mum degra-
dation level of a link with maximum 3 lanes is about 50%. Sohe tlesigned
capacity degradation scenarios for the A10-West netwarkyhich most of the
links have 3 lanes or less, 50% degradation of the link cap&cset as the low
bound. Furthermore, we would also like to discover the i@tship between the
network performance and the degradation level of a singlefbr the sensitiv-
ity analysis. Therefore, 6 capacity degradation levelsl¢cofrom A to F) are
designed from -100% to -50% with -10% step value as shown leTé 3.

Table 6.3: Capacity degradation scenarios for A10-West

Scenario set A B C D E F
Degradation leve| -100% | -90% | -80% | -70% | -60% | -50%

6.3.2 Demand increase scenarios

Design of a demand increase scenario between an OD pairraistves three at-
tributes: the increased demand value, the starting time ttaen duration. The same
starting time and duration are used for the demand increasesos as for the capac-
ity degradation, which is within intervals [7, 12] (i.e.,d360 min]). Since we also
want to discover the relationship between the network perémce and the amount of
the extra demand, six levels of the extra demand amount argrakl for the demand
increase scenarios as shown in Table 6.4.

Table 6.4: Demand increase scenarios for A10-West

Scenario [ [l 1l \Y V VI
Extra demandveh/h | 500 | 1000 | 1500| 2000 | 2500| 3000
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6.4 New indicators: Influenced Length (L) and
Influenced Flow (IF)

From the case study in Chapter 5, it is evident that those esdional aggregated
network performance indicators, e.J.TT and TTD are dependent on the effective
volume of traffic for the statistics. This means that a faimparison can only be
guaranteed when the considered traffic volumes are equkltireancident scenarios.
To do this, extra care is required in the network design aedato design. Thus in
this section two new time-dependent indicators are praptisavoid such extra effort:
influenced lengthI() and influenced flowlF). They are designed to assess the exact
influence of an incident in size and duration by considerhg performance of the
so-callednfluenced linkswhose concept is defined as follows:

Influenced links are the links in the network whose perforoeafsuch
as speed) is lower than a given expected value caused byidenhcFor
instance, the reference speed of a link in an interval isittkespeed in that
interval obtained from the SUE assignment approach. Indhse study,
we define the links whose speed is lower than 50% of theireafsr speed
after the incident as influenced links of the incident. Sitiee number
and location of the influenced links could be different amaiifierent
intervals, itis also a time-dependent variable that caresgmt the changes
in the network performance in an incident scenario.

Thus, the definitions al. andIF are clear:

e IL(t) of an incident is the total length of the influenced links itenvalt.

e IF(t) of an incident is the total number of vehicles on the influehiteks in
intervalt.

6.5 Scenarios of capacity decreasing

The contents presented in this section are selected fromethdts of a total of 264
(44x6) link capacity degradation scenarios. Since scenario ith(®200% capacity
degradation) for all the selected links is supposed to hagentost serious conse-
guence ETD values for all 44 links from scenario A are sorted from highaw as
shown in Figure 6.6.

Figure 6.6 shows that the first 23 links with higfTD values are all motorway links.
This again proves the remark given in Chapter 5 about thealriess of the motorway
links for road networks with a hierarchical structure. Hoee it is also interesting
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Figure 6.6: ETD values of Scenario A for all selected links

to find that critical links do not necessary have very higlk values. For instance,
Link 38 and Link 37 rankNo. 1 andNo. 3 in the figure, but both of them only have
V/Cvalues of 0.73. Thus only using/C ratio to rank possible critical links in a road
network should be approached with caution.

Another interesting phenomenon can be found from Figurelf.§eneral, the degra-
dation of a single link in such a large road network has nethtismall effects on the
whole network performance. The ratioBT Dto T T Ty is used to describe this finding,
in which TT Ty is the total travel time (12772eh- hour) in the reference state for this
network. First, the maximum value &TD/TT T is only 8.3%, and only 11 values
are larger than 5%. Second, 11 scenarios have minus val&EE@f Explanations for
these phenomena might be follows:

¢ Relatively small impact of an incident on a single link fochwa large road net-
work is basically caused by many possible alternatives arettain amount of
redundant capacity in the network that can handle the traffisitigate conges-
tion;

e Blocking one link in the network means less traffic can go digiothis link to
the downstream network. This will also mitigate congestiothe downstream
traffic. In some cases, this effect gives remarkable congigmsto the delay
that is caused by the blockage;
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e Blocking some links might prevent some traffic from enterthg network at
their scheduled time because of the spillback. In our mddslentrance delay
is not calculated, so the total travel time is underestichaéféhat we can do here
is to use the filtering rule 2 to avoid such situations as msgbassible.

To illustrate the impacts of link capacity degradation om hietwork performance and
route choice behavior of travelers in detail, 8 links aresgrtoas representatives of
the 4 different link types, which are motorway links Link 33@nd Link 34(9), off-
ramp Link 11(24) and Link 7(27), on-ramp Link 19(31) and Lid@(41), and urban
links 22(25) and Link 9(28). The number in the parentheségeviing the link ID is
its position in Figure 6.6. These 8 links are marked in Figaiz They are chosen
according to the impact levels of their degradations, asd by avoiding the loss of
generality of the incidents, e.g. alternative paths ardaba when incidents occur on
these links. So most of the selected links are located inghe=c of the network.

iy
ey
sy
o mo
R 1931)

Figure 6.7: Positions of the chosen links in A10-West netwdrfor analyzing ca-
pacity degradation

6.5.1 Aggregated performance indicators

In this section, results of the aggregated network perfageandicators for 8 selected
links from all scenarios are presented. First, in Figure éh@&nges off TD, TTT, and
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TNAvalues with different link degradation levels are shown.
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Figure 6.8: Values of TTD, TTT, and TNA for selected links in all capacity degra-
dation scenarios

From the values of those aggregated network performanceures it is evident that
the influences of single link degradation to such a large aahicthical network are
insignificant compared to the small tested network in Chapté he reference status
of the network is already quite congested with a high deldyevaf 4191veh- hour.
But what we found is that most of the delays are caused by teesaturated flows
and congestion on the motorway. So there are several urbks piarallel with the
motorway containing unused spaces, i.e. redundancy. Tigistribe the main reason
for the insignificant impact which those results reflect. iBes this, several other
phenomena can be discovered by analyzing these figures:

e Degradation of motorway links (Link 38 and 34) has a much nmagative im-
pact on the network performance than other types of linkss iBrdemonstrated
by the following facts:

1. Smaller values of TD and TNAin the incident scenarios are mainly due
to the fact that a large amount of traffic still queues in thevoek when
the simulation finishes, which means that the throughput@hietwork is
reduced by these incidents;

2. HigherTTTvalues mean that the speed of large amounts of traffic deseas
after the incidents, as compared with their daily trips.

e Degradation of off-ramps (Link 11 and 7) can also create tatelevel of con-
gestion in the road network, which can be demonstrated Ww&Hdw values of
TTDandTNA But its significance is not as high as what we found in Chapter
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5. This might be due to the fact that off-ramps are denseliridiged in the
A10-West network (about 1.5 km average distance), whichna#aat travelers
who want to leave the motorway can easily find a close altemnakit if their
preferred off-ramp disfunctions;

e Degradation of on-ramps (Link 19 and 20) also has little iotjpa the outcomes.
This might be due to the fact that after the incident, lesBi¢raan enter the
motorway through these on-ramps. Congestion at its doaastiinks will the
be mitigated, so that the values of all three indicators kgatyy influenced;

e Degradation of urban links (Link 22 and 9) has almost no imfigeon the out-
comes of these aggregated indicators over the whole netaithiough theii//C
values are high;

e To calculate the conventional aggregated network perfocmandicators, i.e.
TTDandTTT, one important input is the total number of the traffic for stetis-
tics. This variable might be different in different incidescenarios if some vehi-
cles are detained in the original zones. From this point@fwihe indicatof NA
is more appropriate in describing the aggregated road mkef@eformance.

6.5.2 Time-dependent performance indicators
NAS and NL

For the sake of grasping the dynamics of traffic and networkop@ance under in-
cident conditions, time-dependent network performandeatorsNASandNL have
shown their advantages in representing the dynamics ineéheonk. In Figure 6.9,
changes ilNASandNL for the selected links in scenario A (100% link capacity @egr
dation) are illustrated.

Within and after the incident period (interval [7, 12]), wvak ofNASof most links are
lower than the reference. The valuesNif also decrease during the incident period,
but they quickly retrieve to higher values after the incigethan the reference. This
illuminates two things. On one hand, because of the incgjerarge number of traffic
is blocked in the network so that the average speed decre@sethe other hand, the
network has enough capacity to sustain the delayed trafficavcertain service level.
For instance, the maximum fall of the network average spgexhly 15% in all the
scenarios. This means that a local incident has some impdcé troad network, but
this impact is restricted in a small scale area.

It is also interesting to notice that for several links, sashithe on-ramp Link 20 and
the urban link Link 9, after their degradation, tNASvalues become higher than the
reference. This is because after these links are blockede snotorway links that
carry high traffic volumes get less flow from these on-rampkthagir performance are
improved. From this phenomenon we can draw the conclusafrtle degradation of
some links might bring benefit to the whole network.



Case Study with a Large Network 99

52-
——Reference
—Link 38
S1e ——Link 34
=) ---Link 11
Eso -»-Link 7
& ... Link 19
N ~w Link 20
2, == Link 22
2 == Link 9
S48
o
847
%
246
(]
Zz
45
44
B 345678 9101112131415161718192021222324252627282930
Evaluation interval
100x10°
9.5}
=
=
(0]
3
29.00
ol
<
S
;“5 ——Reference
E8.5 —Link 38
3 ——Link 34
---Link 11
-»-Link 7
8.0 .. Link 19
~». Link 20
== Link 22
== Link 9
75 ‘

12345678 9101112131415161718192021222324252627282930
Evaluation interval
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is reduced by 100% during interval 7-12

ILandIF

From the changes dfIASin Figure 6.9, it seems that drop of the average speed of
maximum 15% after the incident does not influence the traseed the network per-
formance seriously. But as what we also mentioned aboveuleding the average
speed over the whole road network may not accurately repiréise exact impact of

an local incident on its surroundings. Thus, two new indicsil. andIF have been
introduced in this case study for a better description ofvoét performance after the
incidents. In Figures 6.10 and 6.11, changds iandIF for the selected links are illus-
trated respectively. Two capacity degradation scen&d®0% capacity degradation)
andA (50% capacity degradation) are selected for the illustrati
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From two small figures on the right side for scenafioit is evident that the com-
plete capacity degradation of a single link might have bituance to the network,
such as over 5km links and 400 vehicles being influenced. ddmsot be found by
only analyzing the network-level indicators. Furthermdrg comparing the figures
from different incident scenarios, it is easy to grasp thHea#$ on the road network
of different link capacity degradation levels. When the rdggtion level increases,
IL andIF increase to higher values and last for a longer period. I égcare one
curve illustrates the changeslin(or IF) in the analyzed incident scenario of one link.
Differences within these curves clearly distinguish timegortance’ of each link to the
network. Generally speaking, the valuedlofindIF after the degradation of a motor-
way are much higher than those of other types of links, ant bigh values last for a
longer period.

6.6 Scenarios of demand increasing

In this section, results of demand increase scenarios @oelirced. The 8 selected OD
pairs and the related links are listed in Table 6.2 and ifiedtin Figure 6.5.
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6.6.1 Aggregated performance measures

In this section, the changes in the increased valuesT@, TTT and TD with the
increase of the demand are illustrated in Figure 6.12 anlyzedhafterwards.

z o (110,112) — (110,1737) - (89,112) o (112,1743)
£ = (106,112) — (112,1741) (85,110) -~ (110,1743)

500 1000 1500 2000 2500 3000

500 1000 1500 2000

5 = 1000 1500 2w000 2w500 3w000
Value of extra demand (veh/h)
Figure 6.12: Values of the extraTTD (top), TTT (middle) and ETD (bottom) in
the demand increase scenarios

The figure clearly shows that the increase of the eXi®, TTT and ETD follows
an approximately linear relationship with the increasehef demand of a single OD
pair. This probably means that under the daily status of tlae network, there still
exists enough residual capacity to handle the extra denmestdd in our scenarios.
Furthermore, we ca also find that the eight curves in eachl sigiate can be clearly
classified into two groups according to their slopes. Thevesiin the group with
higher slope have the origins on the motorway (e.g., zoneahti0112); and the other
curves for the OD pairs with urban zone origins (e.g. zone 80&nd 85) have much
lower slope. The most logical explanation for this phenoomeis that urban network
in this road network has more capacity to accommodate anghetbe extra traffic so
that the whole network is much less influenced.

6.6.2 Time-dependent performance measures

In Figure 6.13, changes in the time-dependent network pednce indicatordNAS
andNL for the selected OD pairs are illustrated. Two demand irsrsaenarios | and
VI are compared to demonstrate the impact of different edéaand values to the
network performance.

Following the changes dfiASt) andNL(t), we found that demand increase for dif-
ferent OD pairs generally have the same impacts on the nkefpeformance, which
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and VI (down)

are decreasing the network speed and increasing the nelwaating. But depending
on the types of the original zone, the performance of the rediork has some dif-
ferences. If the extra demand is from the motorway zd#Svalues firstly become
higher than the reference value for a short period beca@sexina demand is with a
higher speed. After the extra demand causes congestior inetlwork,NASvalues
then decrease to the lower level. If the extra demand is frorarBan zone with a
lower speed than the average vald#Svalues normally decrease immediately and
remain lower than the reference.

6.7 Summary and Conclusion

In this chapter, the framework introduced in Chapter 4 ha@nbapplied to analyze
the robustness of a real road network against local inc&dditte results first show the
capability of the proposed methodology for the systembdicalysis on the robustness
of large road networks, which is seldom found in the exitiage studies. Further-
more, a better understanding of the robustness of largenetaebrks with hierarchical
structure can be obtained through the analysis of diffesetg of incident scenarios,
especially the findings about the critical elements (emksliand OD pairs) in a road
network. They can be summarized as follows:

e Motorway links are the most critical elements for a road rekwvith the hierar-
chical structure. Incidents on the motorway links have tlostnegative impact
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on the whole network performance, which can be proved byf #ifleaggregated
and time-dependent indicators;

e For other types of links, their capacity degradation hay Vieite influence on
the whole network. It is because that the original flows orsé¢hlenks are low,
and there exist numerous alternatives for the traffic thatthese links to be
re-assigned;

e Demand increase for an OD pair has the impact on the netwofrpeance for
a much longer period than the degradation of a single link.tBeir influencing
degree to the road network is generally low because the dgtreand is always
restricted by the link capacity. This means its influenciregas probably limited
by one bottleneck in the network, so that the rest part of tlael network and
traffic are less influenced.

Comparing the results presented in this chapter and in €n&ptthe differences in
the impact of a local incident on the whole network perforoeare distinct. All the
performance indicators that are aggregated on the netwwet (e.g. NASandNL)
show that a local incident does not have noticeable influenca big network. These
results might give us the impression that in a real road netvaolocal incident is not
very harmful. But after analyzing the influencing length)(and the influencing flow
(IF) of an incident, it is clear that its impact can also be rerabli& depending on its
location and degree. So on one hand, we might say that thestradss problem is
a ‘local’ problem because of the large size of the road nkw@n the other hand,
some time-dependent performance indicators are needesstuilbe the influence of
an incident in more detail. Thus through the studies preskint this chapter, several
contributions to the knowledge about road network robisstiman be drawn:

1. The robustness of a road network against local incidentse better evaluated
through the time-dependent indicators than the aggregegddrmance indica-
tors;

2. Critical links of a road network can be scanned and seldeyecombining sev-
eral criteria, including analyzing link /C values, analyzing the commonness of
links, and searching for special types of links;

3. Basically motorway links and the ramps for the motorwagyraore crucial for a
road network. Thus the incidents on these links should bk d&éa in a higher
priority.



104 TRAIL Thesis series




Information Service and Network
Robustness

In Chapters 5 and 6, network robustness against unexpeuteekaeptional incidents
has been studied through several incident scenarios inmmpéeshypothetical network
(Chapter 5) and one complex real-sized network (ChapteiT&g analysis of these
scenarios demonstrates that network robustness agaoseims can be well evalu-
ated with several indicators that are derived from dynamaiffit assignment models.
Furthermore, by comparing the results from various scesatine importance of a link
or an OD pair to network performance can be quantitativedyidied.

From those aforementioned studies, it is found that the€jazhoice behavior of trav-
elers with respect to the traffic situation is a key factorhia tobustness analysis of
a road network. After the occurrence of an incident, if ttaxehave the opportunity
and the will to use the redundant capacity in the network byting according to the
real traffic conditions, the negative influence of the inotdeill be reduced. In order
to realize this, there should first exist redundant capawitiie network in the normal
traffic condition. Secondly, accurate and timely trafficoimhation is also necessary
and important to support and guide travelers to use the dathircapacity. Thirdly,
travelers, or at least some travelers, must be willing tamrtge when they are en-route.
To increase the robustness of a road network, these threltioms are naturally con-
sidered as three basic options. But due to economic, emaigatal and ecological
reasons, it is now almost impossible for governments tadbmibre redundant capac-
ity than necessary. Thus, for road authorities and manatyessother ways are more
feasible and easier to be realized. These are guiding tfefiis by supplying accu-
rate real-time or estimated traffic information, and trytognfluence the route choice
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behavior of travelers if possible.

It is known that in reality, when travelers face unexpectugestion during their daily
travel, they behave differently from their normal behaveuch changes in the (route)
choice behavior partially influence the network robust@ssgescribed above. Another
fact is that travelers are different from each other, whigkans they will not behave
in the same way. Appendix C indicates that the combinatiotraselers with vari-
ous responses to the information has significant impactb®@metwork performance
outcome. But in the studies presented in Chapters 5 and 6,se/¢he same com-
bination of the different types of travelers for both dailyjcamstances (represented
by the SUE assignment approach) and incident situatiopsgsented by the en-route
assignment approach). This means that travelers are addorbehave in the same
way in response to the traffic information under both sitwadi This is due to the fact
that only a very limited number of studies have been pubtigiretravelers’ behavior
under incident situations, so we could not use a calibratedetfor our analysis. In
order to study the possibilities of increasing network iihess through information
services, first of all it is necessary to better understaedtbuting) behavior of trav-
elers under incident situations with supplied informati@ased on this knowledge,
the impact of information services on network robustnessnag incidents can then be
systematically analyzed. Although no references abouekeas’ (routing) behavior
under incident situations could be found, a primary study sl be carried out to
analyze the impact of information services on road netwobkistness. It can be done
by designing and analyzing scenarios with different trexglbehavior in respond to
the real-time traffic information. The result of such a stadp be useful references for
the future research and practices, which is the main coatehtarget of this chapter.

This chapter includes the following content. A short intwotion to the information
services and brief discussion of the relationship betwkenrtformation services and
network robustness are given in Section 7.1. Section 7 &itees the methods and the
incident scenarios designed for the analysis. In Secti®r&sults of the scenarios are
presented and analyzed. Finally Section 7.4 summarizeslilaipter.

7.1 Information Service and Network Robustness

7.1.1 Information service

Information services in a transportation system providetthvelers with pre-trip and
en-route travel information. They are mostly supplied bgd@uthorities and man-
agers. Pre-trip planning assistance provides travelets mwadway information, in-

cluding the condition of the road, traffic information anaMel times, and transit infor-
mation which can be used to select route, mode, and deparmeaeEn-route traveler
assistance provides the traveler with roadway and tramitrnation while traveling,

including traffic information, roadway conditions, trainisiformation, route guidance
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information, and other information such as adverse tragabiions, special events,
and parking. Through information services, traffic manageamn influence or guide
travelers in order to significantly increase the produttiand utilization of the ex-
isting capacity of the road infrastructure. Other goals as® expected to achieve
through information services, such as enhancing the irddatity, system integration,
safety and environmental quality. For instance, undederti conditions when con-
gestion is serious, the Dynamic Route Information PaneRIF) or Variable Message
System (VMS) shown in Figure 7.1 are used to inform driversuabhe traffic con-
ditions and probably the solutions. So the traffic can be epiih alternative paths
in order to avoid time loss. Such information services ar@gles of ITS (Intelli-
gent Transport Systems). ITS is the name given to all apgmicaf ICT (Information
and Communication Technology) to transport systems nfeastructure, vehicles and
services.

Figure 7.1: Example of VMS for incident management

ITS can be categorized into management services and traagrhaces. The quality

of many ITS traveler services, such as DRIP and VMS, are hedgpendent on the

availability of timely and accurate estimates of prevglend emerging traffic con-

ditions in the various components of the area’s transportatetwork. This means

that information services for travelers can play crucidsan the realization of the

intended objectives of these advanced systems. Althougie sesearch has pointed
out that a rather low percentage (about 5%) of the traveldrfollow the suggestions

when only queuing information is given (Gouda, 1997), itasanal to consider that

much higher proportions of travelers would follow the rogtedance under incident
situations, which has a close relationship with our intesreéroad network robustness.
It has also been formed that a stronger influence over rodieeehavior might be

expected if the information is provided as an instructiathea than a description of
the road status.
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7.1.2 Relationship between information services and netwk
robustness

Information services implemented in most of the ITS compdsi@re aiming to im-
prove the convenience, safety and efficiency of travel byiging real-time or esti-
mated traffic information to travelers. But on one hand thetual effects are decided
by their quality, while on the other hand they also depencherrésponse of travelers,
i.e. the percentage of travelers who could receive the im&ion and the reaction of
these travelers to the information. This is still an unknawainclear phenomenon for
researchers and practitioners. The only thing we are sueetbét different responses
exist among travelers and their reactions influence the neadork performance re-
markably, so as to influence its robustness. Another faotttra impact of information
services on network robustness is the quality of the infoilonasuch as the time-lag
(i.e. reaction time) and the accuracy of the information.n8w questions now need
to be addressed: Can information services improve netwaiskgtness by influenc-
ing (route choice) behavior of travelers? What is the infagenf the quality of the
information on road network robustness?

A simple way of understanding the relationship betweenrm#ttdion services and road
network robustness is to theoretically compare their majeaiives. One major ob-
jective of information services is to reduce overall systeawel time and delay. Road
network robustness concerns about the performance of tioéewbad system being
least degraded by the incidents, which can be describedraalbwalue of extra delay
under incident conditions. From this point of view, a prineaclusion can be drawn
that the implementation of information services will inese road network robustness.
However, what we learn from the studies carried out in Appefdis that if all the
travelers receive the real-time traffic information andasethe ‘best’ path with the
lowest cost (mainly in time), the system will present an abk state caused by the
‘flip-flop’ phenomena in travelers’ route choice behavioio dbubt, this would have
a negative impact on the network robustness. Furthermms the start of the in-
cident until the start of the information services, a certaine-lag inevitably exists.
It is also unclear how this time-lag influences network rdbess. Thus, before the
implementation of information services in any ITS measuitds very important for
road planners and managers to correctly understand andittesleffects on the road
network of such information services. This is the main topithis chapter.

7.2 Methodology and Scenario

7.2.1 Methodology

In the traffic assignment model implemented in MARPLE aneéitgoute extension, a
C-Logitmodel as shown in (7.1) is used for the assignment of traval@ong different
paths for each evaluation interval.



Information Service and Network Robustness 109

rod _ eXp(_eCrKOd _CFrkOd>
<75 exp(-062¢ CF

scRod

(7.1)

The C-Logitmodel for the single mode network has the following spedifita R°Y is
the path set for OD pair (o,d)quOOI is the probability of choosing pathof R°Y during
the time intervak; and the ternti:Frk°OI is the commonality factor for pathby reducing
the systematic utility of a path proportionally to its leval overlapping with other
alternative paths ifR°Y. The parameted identifies the perception level of the travelers
of the real traffic situation (or information). It relatestranly to the information
quality, but also to the measure of how far travelers chodosedute recommended by
the information. More discussions about the functio® of the C-Logitmodel can be
found in Appendix Cc; stands for the cost of pattin intervalk. In the UE assignment
approach path costs are real experienced costs derivedfi@iprevious iteration of
the assignment and simulation. However, in the en-routg@msent approach, for
each path, travelers only have the knowledge of the costedéarormal situation. They
cannot predict the path cost because what they face enafiaten incident has never
happened before in their daily experience. Thus, in ouroemer assignment model
MARPLE-e, path costs are simply calculated by summing ughalinstantaneous
costs of the links in the path at the end of each evaluati@mvat as most of the other
en-route assignment models, such as INTEGRATION, DYNASMAGc.

In the previous case studies, the same classification ctlees: i.e. the same value
set ofB are assumed for both UE and en-route assignment approathesadopted
value set of® for multiple user types has been calibrated by (Taale e2804) in
their studies of the A10-West network in the NetherlandseyTdistinguished three
types of travelers witt® values of 0, 1 and 3, with proportions of 30%, 50% and
20% of the travelers respectively. UE assignment are choig with this value set
and we getu*(k) for the dynamic distributed path flows for intervial But under
incident circumstances, travelers can be simply classifiedwo groups: one group of
travelers will not change their daily paths and the otheupgrof travelers will change
to the paths with lowest costs. So for the periods during #ed the incidents, we also
have the instantaneous user optimal path flogk$ based on the real-time traffic status
and calculated witl® value of 3. Such information of path costs as well as the path
with the lowest cost will be calculated and supplied to tlexseby road authorities and
managers through ITS/ATIS measures for each evaluatiervalt If the compliance
rate of travelers to such informationaq0 < a < 1), then the final assigned path flows
da(k) for intervalk will take the values calculated by (7.2).

G(k) = (1 —a)u*(k) +au(k) (7.2)

By using different values d for the en-route assignment approach in a number of sce-
narios, the impacts of the proportion of responding tragele network performance
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can be analyzed through the comparisons among these sendd that changes of
network robustness against incidents with different coamgle rates can also be stud-
ied.

7.2.2 Scenario

The network to be used for the analysis here follows the snedivork in Chapter
5 as shown in Figure 7.2. The demand chooses the lower oneawitincongested
reference state; and the chosen incident scenarios aréatipgtenario seb, in Table
5.3, in which Link 4 is degraded with two degradation level80% and -70%. For
each capacity reduction level, values of the complianeoratre designed from 0% to
100%. The related scenarios are marked from s1 to s11 resggets shown in Table
7.1.

Figure 7.2: Simple and hypothetical network

Table 7.1: Scenarios with different percentages of resporidg travelers

Scenario| s1 | s2 s3 s4 sb s6 s7 s8 s9 | s10| si11
a 0% | 10% | 20% | 30% | 40% | 50% | 60% | 70% | 80% | 90% | 100%

Moreover, three time delay situations for the informatiapy are considered for the
scenario design, which are 0 delay, 5 minutes delay and 10tesrdelay. Within the
delay period after the incidents, all of the travelers #tillow their daily paths, i.e. the
equilibrium path assignment resuits. When the information services start working,
a certain proportion of travelers will receive and respanthe information according
to the value ofx.

7.3 Results of All Scenarios

7.3.1 Aggregated indicators for network performance

In this section we use the value of extra total delay D) to identify network robust-
ness. In Figures 7.3 and 7.4, value=dD in all the scenarios are shown. Each line
in the figure represent one type of information delay witliedént compliance rates.
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An interesting and important phenomenon is that there epinal compliance rates
for the system with the minimal delay for all the incidentisaeos. This means that
when the compliance rate of travelers to the real-time traffiormation exceeds a
certain percentage, the system performance would get wdvéen the capacity re-
duction degree is moderate (e.g. 50%), if 100% of the traselroose the paths with
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the real-time lowest cost, the system would behave evenenthian if no travelers

respond. This occurs also when there is delay in the infaamaupply. In most of

the cases, information delay induces higher delays, butlifferences are not so ob-
vious for the whole network. This might be due to the fact theakes some time for
the impact of the incident to become noticeable, especvdtign the location of the
incident is far from the closest decision point upstreamsdme cases, information
delay induces less network delay, which only appears wih proportions (e.g. 80%
in scenario s9) of travelers reacting to the informatioronfrithese two incident sce-
narios, we found that the length of the information delaysdioet change the optimal
value of the compliance rate.

Furthermore, the values of the optimal compliance rate wadjifferent incident sce-
narios, which means it is difficult to determine a generaligdbr traffic managers to
choose for system optimization. Nevertheless, even if dlgaecentage (e.g. 10%)
of travelers would receive and react to the information,tttal delay on the network
will be reduced more than if travelers could not get any imfation. This indicates
that information services can make the network more rolganat incidents.

7.3.2 Time-dependent performance indicators
Network average speed (NAS)

In this subsection, changes MASIn scenarios s1, s4, s6, s8 and s11 in all types of
information delay are analyzed as a function of the time.
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It is very clear that with the increase of the informationayetime, network perfor-
mance NAS decreases. This means that delayed information servscdtsen nega-
tive effects to the network performance.

Network loading (NL)

In this subsection, changesML in scenarios s1, s4, s6, s8 and s11 in three information
delay situations are illustrated respectively in Figu& 7.9, and 7.10.
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Similar results can be found fodL as forNAS Curves of scenario s11, in which all
travelers update their paths to the ones with the real-towest costs, present the most
fluctuant changes and the worst performance. This is themeas the large value of
delay of scenario s11. The curves of scenario s1, in whidhaalelers persist on their
original paths, keeps a higher and stable value after thdantfor a certain period
before it becomes lower but still stable. This is becauservthe assignment did not
change, the network performance is simply controlled bybibileneck caused by the
incidents. Thus no large fluctuations would appear untilalirek being congested and
the network performance degrades to a lower level. Moreavgeneral knowledge got
from these figures is that information delay redudé@ssandNL values and also delays
the system from recovering, especially in the scenariob higher compliance rate.
To better explain this, the analysis of the assignment tesidithe (major) demand in
the network are necessary.

Route assignment results

In the following Figures 7.11, 7.12, and 7.13, changes irsfilgting rates among the
generated paths of OD pair (O1,D1) in the scenario with 70pacity degradation and
all three information delay time are presented for illutraand comparison.
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Figure 7.13: Changes of route assignment for (O1,D1) in scanos s4 (left) and
s8 (right) with 10 minutes information delay

For all the scenarios, re-assignment betwieaiin 1andPath 2immediately took place
after the information services started. After the usagPath 3 re-assignment were
done among these three paths. The higher percentage détsawdo responded to the
information, the earliePath 3was used, and the higher the fluctuations in the assign-
ment results are. We believe that this is the main reasorh®system performance
becoming worse after the compliance rate of travelers giginen than a certain value.
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7.4 Conclusions

Information services, as part of the ITS, supply real-tinadfic or travel information
to travelers pre-trip or en-route. The main objective of itf@rmation services is
to improve the convenience, safety and efficiency of trayesdgpplying information
and guidance. The study of the influence to the network padoce of the travel
time information has attracted much interest among reBeescand practitioners in
the past decade. But we also know that the response of traweléhe information in
fact decides the effects of the services. So travelersomspinfluences the network
robustness against incidents.

In this chapter, the impact on road network performance @faoliowing two factors -
compliance rates of travelers to the real-time traffic infation; and delay time of the
information service - have been studied with some desigmgdent scenarios. These
incident scenarios consist of eleven values of travel@sigiance rates to real-time
information and three levels of delay time of the informatgervice. The results of
the network performance and path assignment have beemprdssnd analyzed to il-
lustrate the the network robustness in these scenariosr&éwiportant achievements
about the information services and network robustness eairdwn as follows:

1. By supplying real-time information to travelers en-utoad network robust-
ness against incidents can be improved by reducing thertetalork delay. But
such improvement can be realized only when a ’'certain’ priogo of travelers
follow the information and update their paths;

2. There exists one optimal compliance rate for an incideahario with which
the total (extra) system delay caused by the incident canibheniaed. The
situation in which all travelers respond to the informatismot ideal for the
efficiency of the whole network due to the large fluctuatiamghie assignment
results. Thus, it is important for the road managers to gtebanderstanding
about the compliance rate of travelers, especially its @émfting factors, such as
the type and format of the supplied information;

3. Delay in the information generally causes extra travststo the network be-
cause some redundant capacity could not be fully used dueetgrowth of
congestion. Thus a fast incident detection can bring betwetite road network
with less congestion. The concrete effects of the inforomedielay are controlled
by the compliance rate of the travelers.

Furthermore, the value of optimal compliance rate is nog oohtrolled by the severity
level of the incident as tested in this chapter. It would dsoinfluenced by other
characteristics of the incident, such as its type, locatimhits duration. To thoroughly
understand the compliance rate of travelers, more studigsychology and human
behavior should be made. This is beyond our research domain.



Conclusions and Further Research

The motivation for the research presented in this thesis darify the concept of
road network robustness as compared with network reltgéind find a suitable way
to analyze the robustness of road networks. To do this, wegsexd a framework in
Chapter 4 for systematical and comprehensive studies ahreavork robustness.

In Section 8.1 of this concluding chapter is a brief summaditye research outlined in
this thesis. Conclusions following from this research aaaah in Section 8.2, where
some main results concerning modeling approaches anddatiplins for traffic man-

agement will be presented. Several questions that remamswered will be proposed
for further research in Section 8.3.

8.1 Brief summary

In this thesis, the concept of robustness for road netwoasskieen clearly brought
forward and distinguished from the topic of reliability fibre first time. Based on the
knowledge of the characteristics of a road network and hsstness, a framework for
analyzing the robustness of road networks has been desighedegrates two dy-

namic traffic assignment (DTA) models to represent road odtywerformance under
different traffic situations: a stochastic user equilibti(SUE) assignment model for a
daily normal situation, and an en-route assignment model $ttuation with accidents.
Combined with the method of scenario-based analysis,rduisdwork provides the op-
portunity to analyze changes in network performance afteritcidents in designed
scenarios. The methodology and related methods condlrirctais framework have

119
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been tested in two case studies. One tested network is aadlhetwork (Chapter
5), and the other one is a real-sized road network in the wekecity of Amsterdam
(Chapter 6). Both networks have a hierarchical structuhécivmeans that parts of the
network are superior in performance than other parts, ssicityaringroads and urban
arterial. This type of road network is prevalent in real,léspecially in large modern
cities. The robustness of these two networks has been &uhtiizrough many inci-
dent scenarios, with disturbances on either link capacityaffic demand. The results
show the feasibility and capability of the proposed frameéwand the adopted DTA
models for robustness studies of road networks. Dynamicgiwork performance
and travelers’ route choices have been well representadhuwsthe advantage of our
framework and the combined DTA models. Furthermore, sépeeiiminary conclu-
sions about the robustness of road networks with hieraatbteucture can be derived
from the results. Generally speaking, motorway links arichofps in a road network
are more critical than other types of links. Further studiesanalyzing the impact
on road network robustness of information services ancelkeas’ perception level of
the information show that real-time traffic information da®ot always bring positive
effects to the road network. The influence of the real-tinfermation on network
robustness highly depends on the percentage of traveleyxarreceive and would
like to respond. There exists an ‘optimal’ percentage vafube reacting travelers for
the whole network performance. The study also shows thatydelthe information
services will worsen the traffic situation caused by thedanis.

8.2 Conclusions

Here we will summarize the main results established in tle®ipus chapters. Each
contribution is related to one of the questions arisen inpB#ral about road network
robustness. We will distinguish between advances in theé éEtraffic modeling and
advances in the field of network robustness analysis.

Advances in Traffic Modeling

a. The stochastic user equilibrium (SUE) model can wellegsgnt the daily normal
situation of a given road network, which can be used as aaeferstatus of the
network for the robustness analysis;

b. The en-route assignment model shows its advantagesddrmetwork robust-
ness analysis in representing the choice behavior of gevelhen they face
unfamiliar and exceptional situations on their way;

c. Building up an en-route assignment model based on a SUghassnt model
guarantees consistency in the assignment results and nkgbedormance be-
fore the incidents take place, which is necessary for faimgarisons;
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d. The designed framework that combines both DTA modelsSIUE assignment
model and en-route assignment model, satisfies the basioceswents of the
systematical road network robustness analysis. Its chiyaas been proved
through the case studies of two road networks with incideamnarios;

Advances in Road Network Robustness Studies

e. Combining several criteria can give a preliminary but ptate scan for the crit-
ical links in a road network. The criteria include the IKC value, link com-
monness, and special types of links;

f. For a road network with hierarchical structure, degremtest of motorway links
have more remarkable negative effects on the network pedoce than those
of urban links;

g. Capacity degradation of off-ramp links also has a sigaifigmpact on the net-
work performance, and sometimes the effects become cotvipavéh the degra-
dation of motorway links;

h. Increase in traffic demand shows complex sequences iroreperformance.
When a network is originally very congested, extra demarsl haignificant
negative impact on the whole network, and such impact lasts fvery long
time. Furthermore, if extra demand must leave or enter theomway, visible
reductions in the network speed will appeatr;

i. A combination of several time-dependent performancecatdrs, such as av-
erage speed and network loading, can better describe tmgehan network
performance;

J. For assessing the importance of links on network robsstn@mparing the in-
fluencing lengthi() and the influencing flowE) of different incident scenarios
can give a direct and clear view;

k. Information services for real-time traffic status haveoenplex impact on road
network robustness. Basically the effects of the infororaservice depends on
the compliance rate of travelers, and the delay in the inébion service will
aggravate congestion in the network.

8.3 Further research

In this section we present topics for further research. dpes are grouped into the
categorie©TA modelndincident scenario
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DTA model

As we emphasized several times before, the accuracy of tAenitel(s) controls the
validity of the analysis. In our studies, the MARPLE modetidis en-route extension
MARPLE-e are adopted mainly because it is the only modelltaatbeen calibrated
and itis also the only one with which we could further develdpwever, these models
still can be improved with more advanced and accurate n&teading algorithms.
As mentioned in Chapter 4, our framework for road networkustbess analysis has a
open structure, which means that all suitable DTA modelsbeamtegrated. If other
DTA models can realize both assignment methods with corlgagub-modules, they
can also be integrated into the framework.

Incident scenario

In the studies of this thesis, only the most basic and simupt&ént scenarios for
a single link or single OD pair are analyzed. Such scenagpsesent the typical
accident situations that occur at one location in the ndawdowever, a more serious
situation might appear with more than one element of the neddork being affected
at the same time. For instance, an accident may also bloakahesing traffic, which
is more likely to occur on urban roads. So more complex imtideenarios need to be
designed and analyzed for a more sophisticated analysig eded robustness.
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Tests of DTA Models

A.1 Objective and Criteria of the Tests

In this appendix, five available DTA (dynamic traffic assiggmt) models are tested
with a common road network. The outcomes of the network perdmce as well as the
assignment results of these DTA models are compared. Aicgptd the discussions
in Chapters 1 and 2, one one hand, DTA models are crucial éocdlculation of road
network performance; on the other hand, studies of roadark&tmbustness basically
focus on the changes of network performance with and withmidlents. This means
that DTA models are also critical for road network robussrssidies. It is known that
one DTA model consists of several sub-models and for eacheo$ub-models, there
exist different algorithms so as to different categoriesisTesults in a great diversity
of the existing DTA models, which also brings difficulties fos in choosing suitable
DTA models for road network robustness analysis. Basedisffidtt, there are several
reasons for us to carry out the comparison study presenthdsiappendix.

¢ A preliminary assessment of the ability of these DTA modeisfmulating real-
size road networks is the main aim. In particular, the fuorcand performance
of the two different approaches of DTA models - SUE (stodhaster equilib-
rium) assignment approach and en-route assignment approathe case study
need to be investigated,

e There is lack of knowledge about the influence of using dgffealgorithms for
each sub-model on the assignment results. For instanceraseuethods are
available for path generation module as introduced in Grefht For the same
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testing road network, how many paths will different meth@algh their default
parameter settings) generate? How will the number of thergesd paths influ-
ence the assignment results as well as the outcome of nepeddemance? The
answer to such questions can improve our understanding 8d@dumodels;

e According to the framework proposed in Chapter 4, both SUEemroute as-
signment approaches are necessary for network robustoessss Through this
test, we want to select the most suitable DTA model(s) forathalysis of road
network robustness.

Since this is just a preliminary investigation on differ@A models without further
calibration and validation process, and our main goal itvch for the most suitable
DTA model(s) for the study of network robustness, we canraktara rank of the tested
DTA models based on current results. Thus the followingeoatare used for our test
and comparison:

e Time to achieve (approximate) equilibrium for SUE models;
e Path flows of a given OD pair;

e Several aggregated indicators for network performance.

This appendix is organized as follows. The first part is theoofuction of the tested
models. The second part is the description of the testednetebrk. The third part is
the results of different models. Discussions are giveneénalst part.

A.2 Introduction of the tested DTA models

In this study, five transportation models listed in Table &@ tested with a common
simple road network. These models are selected becauseffafitthey are avail-
able of DTA function, including SUE assignment and en-ragsignment functions.
Secondly, they were available for us when this study wasezhout. Thirdly, these
models cover different categories of models, such as ngopis, macroscopic, and
mesoscopic. Also various methods for each of the sub-maddlsTA models are
used in these tools. Thus through the comparisons of thgrament results and net-
work performance outcomes within these models, at leasé $i@sic knowledge about
the effects of these methods and models can be obtained.

In the following paragraphs, brief introductions of thetéesDTA models are pre-
sented.



Tests of DTA Models 131

VISSIM 3.70

VISSIM is a microscopic, time step and behavior based sitimianodel developed
to model urban traffic and public transit operations by PT\pany, Germany. So in
VISSIM simulation, every vehicle runs over the network bywing a set of rules in
several models, including route choice model, lane changiadel, and car following
model. It's DTA procedure is based on the idea of the iteratadulation, in which
a modeled network is simulated with the traffic demand répely and the drivers
update and choose their paths based on the path costs thegtprienced during the
preceding simulations. For the first iteration, shortesh palengthof each OD pair
is chosen for the assignment. In the following iteratioresympaths are searched and
generated (if necessary) for each demand interval baseldeopath costs calculated
in the previous iteration. Thus the path generation in VMs$hkes the method of
iteratively updating. The Kirchhoff distribution functicshown in (A.1) is used for
the discrete path choice of the traffic demand of each OD pHire basic idea of
the Kirchhoff model is that the traffic between an OD pair Wil assigned to all the
generated paths based on the relative utility differenossng those paths, instead of
using Logit function that considers the absolute utilitifetiences among the paths.

Pr(R)) Uy L (A.1)
I i) = K= K .
Ui Ui
: ,2< 1)
in which:
Pr(R;) probability of routej to be chosen
Uj utility of path j, calculated as the reciprocal of the path €@sti.e. U; = 1/C;
k sensitivity of the model

An important parameter for the Kirchhoff distribution isetlsensitivityk in the ex-
ponent. It determines how much influence to the assignmeattsethe differences in
utility have. A very low sensitivity would lead to a rathened distribution with nearly
no regard of the utility, and a very high sensitivity wouldde all drivers to choose the
best route with the highest utility, i.e. the path with thevést cost.

For determining the network equilibrium status, the maximualue of the path travel
time differences being less than 5% between two consecsitivelations was selected
as the criteria for convergence control. But practicailyydations were stopped after
100 iterations, in which only few paths (less than 3%) exdbectriteria, which could
be considered as approx equilibrium.

DYNASMART-P 1.0

DYNASMART-P is a dynamic network analysis and evaluatioal toriginally con-
ceived and developed at the University of Texas at Austims & tool for transporta-
tion network designing, planning, evaluation, and trafiaidation. DYNASMART-P
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models the evolution of traffic flows in a traffic network thasults from the travel
decisions of individual travelers. Packets of vehicleg (tahicles departure in a same
period with same destination) compose the traffic flow antbfolkhe pre-specified
macroscopic traffic flow relationships. So it is a combinatad micro assignment
model and macro traffic flow model, which could be called a reespic model.

DYNASMART-P can be deployed to operate in two distinct modd@sese modes

differ mainly in the assignment component applied. In thst fimode, the vehicles
are assigned to the best current path, random path or anyepeemined paths (e.qg.
historical paths). So it represents a one-run en-routelation assignment approach
with a recurrent all-or-nothing (AON) model for every usksfined time interval for

the path choice. In the second mode, a consistent iterassigranent procedure is
applied with the combination of the AON model and Method ot&ssive Average
(MSA) over two successive iterations for the path choice.rédpfined convergence
criterion of the maximum value of the path volume differesceall the departure time
intervals between two successive iterations is used toadht number of iterations.

INTEGRATION

The INTEGRATION model was conceived during the mid 1980’'aategrated sim-
ulation and traffic assignment model. It uses the same logiegdresent both freeway
and signalized links, and both the simulation and the trafisignment components
are microscopic, integrated and dynamic. In order to aehibese attributes, traffic
flow is represented as a series of individual vehicles theh éallows pre-specified
macroscopic traffic flow relationships, especially the sipleeadway relationship that
is considered to be monotone (i.e. the higher speed a vdiaslethe larger headway
it needs). From this point, it is also a mesoscopic model.

INTEGRATION only has the en-route assignment approachhkebicle of a certain

vehicle class chooses one downstream link when it is closleet@ompletion of the

current link. To determine the paths, all of the paths areeadly conveyed to the

simulated vehicle using a look-up table format. This rogitinok-up table format

provides, for each vehicle class, an indication of the ne to be taken towards
a particular destination. In INTEGRATION, the default @snent mechanism was
tested, In which the shortest path (in cost) is calculatede¥@ry scheduled vehicle
departure interval, in view of the link travel times ant@ipd in the network at the
time the vehicle will reach these specific links. The anabgal travel time for each
link is estimated based on anticipated link traffic volumed gueue sizes.

MARPLE

MARPLE (Model for Assignment and &jional_®Licy Evaluation) is the prototype
of an integrated simulation and evaluation tool, and itiiswhder development. It is



Tests of DTA Models 133

a fully macroscopic simulation model, in which traffic flowrepresented by the pre-
specified macroscopic traffic flow relationships. MARPLE @ettes the path choice
sets by an exogenous approach, in which a Monte Carlo methiodplemented for
finding multiple paths (if existing) for all the OD pairs. Tmeimber of paths for
each OD pair is decided by several parameters, includingri@memum number of
paths, number of iterations of Monte Carlo method, and th@upmit of common
links in different paths. The assignment model basicallgliag in MARPLE is C-
logit model, which has been proved effectively in solving firoblem of overlap in
different paths of one OD pair. MARPLE uses the maximum rafithe path flow
differences of an OD pair between two successive iteratiotise corresponding OD
demand as the indicator to control the convergence. If theator values of all the
OD pairs become smaller than a pre-defined threshold, theeagence is thought to
be reached. Network loading in MARPLE is based on travel fuimetions, which are
different for various link types.

INDY 1.0

INDY (INterative DY namic) traffic assignment model is deweéd by Delft University
of Technology and TNO. Itis one of the few truly multiclasabical dynamic traffic
assignment models that can include not only different drolasses, but also differ-
ent vehicle classes. INDY and MARPLE have many similaritresheir structures,
algorithms and application domains. A Monte Carlo approachsed as an exoge-
nous path generation method before the assignment andasiomul The route choice
model is formulated as a variational inequality (V1) prableising a dynamic exten-
sion of Wardrop’s equilibrium conditions developed by Cinalg1999) and Bliemer
(2001). The VI problem is iteratively solved by using the heet of successive aver-
ages (MSA) on the route flows. To assess the convergence, INBY the dynamic
duality gap (summation of the differences between the skband average path travel
costs) as a measure. According to our experience, the ylg@l after 5 iterations
for a small network would be less than 0.1%, which can bedckas the equilibrium.
Thus in our study, the DTA execution is simply stopped aftgiven number (5 to 10)
of iterations. It must be noticed that in INDY 1.0 versiontthee tested, the spill-back
of queue was not available yet, which means that the queeegeaically cumulated
in each congested link.

A.3 Road Network Case

The main content of this case study is to test the DTA modeisarabove-mentioned
five simulation tools with the same road network and the saemeamds. Such test
study is based on the idea that for a simple road networketh@® models are all able
to give reasonable and close assignment results. Thus weagime the comparisons
on the following aspects:
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e How much difference can be found in the results of the aggeelgaetwork
performance within these DTA models? And what is the maisaedor the
differences?

e How much difference exists in the number of the generateldspatthin these
DTA models? And what is the influence on the assignment iesfithe number
of the generated paths?

e How much difference can be found in the assigned path flowsmihese DTA
models?

The selected network is the simplified road network of Datft ;0 The Netherlands
as shown in Figure A.1.

The Hague

Y

Motorway A4 /;}/

Motorway A13

Provincial Road N470

Rotterdam

Figure A.1: Layout of Delft network

The chosen network locates between two important citiese {éague and Rotterdam)
in The Netherlands, which is an important corridor with E@mount of traffic de-
mand. Two motorway (A13 and A4) pass by Delft, which divergihna north of Delft.
A4 at this moment ends at the south-west corner of Delft andngsiected to A13 with
an urban arterial N470. In order to focus on the major traffithe network, the minor
arterial roads inside Delft city were ignored. There are d2es as origins and desti-
nations, in which zone 1 and zone 2 represent The Hague anteré&arn respectively
and the trajectory length between them is about 11 km. Thdentetwork consists
of 93 nodes and 153 links in MARPLE model. But due to the défemetwork rep-
resentation methods in different models, these two valughtnhave some variance
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in different models. For instance, in INDY model, betweeme® and links, there
exists another type of linkconnection They are used for the traffic to enter the net-
work strictly according to the schedule to avoid so-caélatrance delagaused by the
spillback of the queue to the zone. Thus INDY has several inoke than MARPLE.

A time-dependent OD demand profile is used in this study toessmt traffic con-
ditions during the morning peak hour, including one houréasing and one hour
decreasing period respectively. The demand of three-horatidn is loaded to the
network with 10-minute interval. After this three-hour np@ro demand, an extra pe-
riod of half an hour with zero demand has been designed fadke of clearing up the
network. The peak hour demand for the whole network is abé@d® vehicles/hour,
in which about 13,000 vehicles travel between zone 1 and 2one

A.4 Results

The results of this comparison study can be divided into taxdsp network perfor-
mance part and traffic assignment part. They will be illustiaseparately in the fol-
lowing two sections.

Network performance

Three performance indicators, including the number of p@i#P), average travel dis-
tance (ATD) and average network speed (ANS) are listed iteTAld. NP is used to
reflect the path generation results. ATD is normally use@tiect the path assignment
results. Higher values of ATD means that more traffic has lassigned to thionger
paths in distance. ANS, which is defined as the ratio of thed todvel distance and to-
tal travel time for the whole network, is used to indicate peeformance of the whole
road network by loading the traffic according to the assigmmesults. Furthermore,
for SUE assignment models, the simulation time needed ti@eelhe (approximate)
equilibrium are also listed in the table.

Table A.1: Network performance indicators

NP | ATD (km) | ANS (km/h) | Time for Equilibrium

VISSIM 3.70 126| 8.72 36.7 > 8 hours
INTEGRATION 159 8.26 30.6 -
UE |304| 7.93 37.7 ~ 3.5 min
DYNASMART-P 1.0 en-route| 533| 8.43 355 -
MARPLE 168| 8.18 76.6 ~ 2 min

INDY 1.0 170 8.18 56.0 ~ 4 min
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Path assignment

To analyze time-dependent path flows (TPF), the traffic betwsone 2 and zone 6
was selected, because for this OD pair same three pathg€Ryuvere generated in
most tools.

10

Path 1 (13.53km, 8.16min)  Path 2 (11.55km, 9.40min)  Path 3 (12.05km, 9.28min)

Figure A.2: Generated paths between zone 2 and zone 6

Basically, the assignment results in path flows are preddoteeach so-calledepar-
ture intervalbecause the assignment is normally done at the beginniragbfiaterval
and be effective for all the vehicles that are assigned tadeythin the interval. Un-
fortunately, INTEGRATION couldn't give the information pfaths, and VISSIM 3.70
can only supply the path flow information for the vehicleswvang at the destination.
So only the results of the other three models are shown inr&igL8.

A.5 Discussion

The discussions of the assignment results from these tB3i&dnodels will be mainly
on two aspects. One is the path generation, and the other Eath assignment. Both
of them have significant influences on the outcomes of theor&tperformance.

Time for equilibrium

From Table A.1, it is clear that much longer time needed taexehthe equilibrium
is a great disadvantage for a microscopic model. Comparddaotiner macroscopic
and mesoscopic models, VISSIM seems to lack of a good coimgeedgorithm that
can average the path flows in two consecutive iterations teradaster convergence.
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Figure A.3: Assignment results within the paths between zoam2 and zone 6

It is probably caused by its microscopic and random featfusbsch result in great
variations of the travel costs within vehicles that are fittve same OD pair and arrive
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at the destination zone during a given interval. The avevagee of these travel costs
is used for the path assignment of next interval, so thatmase difficult to control
the convergency of a microscopic model than other types afatso

Path generation

As listed in Table A.1, DYNASMART-P generated many more gdtran other mod-
els, especially for its en-route assignment function. Thight be due to the default
value of the threshold setting for the new path generatiohéniteratively updating
approach used in DYNASMART-P. When this threshold valueos, Inew paths are
easily generated even if they only have very little advaesagver the existing paths
for a very short period. This remarkably increases the twahber of the paths. As
a result, these new paths are valid very shortly and only dl smmebunt of traffic is
assigned to them. By checking the path flows, we found that 59%6 of the paths
generated by DYNASMART can be ignored since less than 5 {eshicsed them dur-
ing the whole simulation period. From this point of view, wayrsay that with the
default setting values, the path generation model in DYNASRNI is sensitive to the
small changes in the road network.

Little differences exist between the number of paths in MARRInd INDY because

they adopt similar exogenous path generation approachasltoeen pointed out by
Fiorenzo-Catalano (2007) that this approach is the mo$taiale method to generate
an adequate choice set for prediction purposes and for gr@iupavelers. An obvious

effect of such method is that the number of paths is fixed dutie whole simulation

period so that new paths cannot be added when they are needadda of urgency.

For instance, during the accidents or natural catastrapdific must use some paths
that have never been used under the normal situation, whiedry important for the

network robustness analysis. Then DTA models with the exoge path generation
approach have difficulties in dealing with such problems.

From the NP values, these six DTA tools can be classified imteet groups. DY-
NASMART created the largest amount of paths, while VISSIM 8§TEGRATION
created the least amount of paths, and the number of pathdM@RPLE and INDY is
in between. It is interesting to notice that for both sitaas with larger and less num-
bers of paths, the network performance outcomeswvaoese (with very low average
network speed) than that of MARPLE and INDY. On one hand, grizbably due to
the fact that both MARPLE and INDY are macroscopic modelsyliave less details
in the movement of traffic flow than the other tested modelsclvimight result in less
delay. On the other hand, the importance of the NP valuestodtwork performance
outcomes cannot be ignored. For this phenomenon, (Bliehatr, 2007) made a more
in-depth analysis about the impact of the amount of gengnaé¢hs in the outcomes
of the multinomial logit (MNL) model and the path-size lo¢ftSL) model.
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Path assignment

By comparing the path flows in Figure A.3, distinct differesacan be found within
the tested DTA models. Such differences are resulted ngt fomin different path

generation methods (e.g. exogenous path generation matisatin MARPLE and

INDY, and iterative updating method used in DYNASMART), lalso from different

assignment and network loading models (i.e. MARPLE and INOYe equilibrium

assignment approach of DYNASMART-P gave out discontinudhenges in the path
flow distributions. As we discussed before, the iteratiyedyh updating method in
DYNASMART-P generated or delete large numbers of new pathgdry short period
(e.g. one or several intervals). Thus the assignment sewithin different amount of
paths presents fluctuant even in consecutive intervalsh®ugpdntrary, more continu-
ous changes in the path flow distributions appear in the teesfiboth MARPLE and

INDY. But their differences are also remarkable mainly hessaof different assign-
ment model and network loading model used in them.

A.6 Conclusion

The study presented in this appendix was carried out as #ieyimary step of our road
network robustness analysis in order to get more knowletigatehow a DTA model
functions in a road network and which sub-model(s) is mastiat for the outcomes.
Due to the lack of real traffic data, especially the data of@etraffic demand and
data of the route choice of travelers, we could not make éurtdalibration and vali-
dation work for any model. So it is difficult to give even a lbre@nclusion on which
model gave the best assignment results. However this is troti@ study because
some valuable gains about DTA models, especially the agiplity of different DTA
approaches for road network robustness studies can bevadtirem it:

e Microscopic DTA model (VISSIM) needs much longer proceggime to reach
(approximate) equilibrium status of a road network thareotiipes of models.
Its results of the network performance also have lower wthan other mod-
els. One of the reasons might be its microscopic feature sord®@ng vehicles
behavior in more detail;

e Exogenous path generation method (used in MARPLE and INB¥s to gen-
erate reasonable path assignment results for a UE assigjapmoach;

e The assignment results of an en-route assignment approathding en-route
path generation method) show a kind dfscontinuity (sometimes even fluc-
tuating) because of the periodical updating of the pathsamsthnment. This
seems to be an inevitable phenomenon of an en-route assignmoelel. How-
ever, in the analysis given in Chapter 5 and 6, we found thelt phenomenon
does not result in large fluctuations on the network perforcea
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MARPLE and MARPLE-e

In this appendix, a detailed introduction is given about BN models, i.e. MARPLE
for SUE (stochastic user equilibrium) assignment and MAR#fLfor en-route assign-
ment. Those models are currently implemented in our framleday the analysis of
road network robustness proposed in Chapter 4. As showngur&i3.2, the essen-
tial difference between the SUE assignment model and threwe-assignment model
exists in the assumption of whether the network reaches aiitequm assignment
results or not. According to the requirements of the assentmesults for each step
of the framework, MARPLE and MARPLE-e (MARPLE en-route) aised in differ-
ent steps. In the following content, MARPLE and MARPLE-ellw#& compared from
two points: path generation and traffic assignment. Afterddmparisons, the detailed
process of MARPLE-e is described in a separate section.

B.1 Path Generation

MARPLE

MARPLE adopts an exogenous path generation method to bpitdeipredefined set
of paths for each OD pair of the road network before the iteFaissignment process.
This means that all the paths for the assignment are gederalependently from
the network performance, which is the outcome of the assggtrand loading of the
traffic demand over these paths. The strength of this methtthat the paths can be
computed and checked in advance firstly to avoid the appearainthe irrational’
paths; and secondly to reduce the computation time fromrgéng the paths sets for
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every iteration. There also exist several weakness of siathad. The first is that it

is difficult to guarantee that all the generated paths ard umseeality and all the used

paths in reality are generated. The second is are that thergjed paths cannot be
updated and complemented during the subsequent assignment

The method used in MARPLE for the enumeration of paths is éwoation of several
methods: th&-shortest paths methotheessentially least cost paths methadd the
most probable paths method

¢ K-shortest paths metho@his method gives the shortdégbaths of each OD pair.
The shortest path is found for every searching iteratidrk filaths, if available,
are found;

e Essentially least cost paths methodlhis method is similar to th&-shortest
paths methodbut restricts the paths to a certain predefined bandwidthly O
paths that have the length within a certain bandwidth arkidsd in the set of
paths;

e Most probable paths methodhis is another method to restrict the set of paths,
using Monte Carlo simulation. A number of times the link coate randomly
varied according to a certain distribution and the shogpath is calculated and
added to the path set.

In MARPLE, with the Monte Carlo simulation method the linkst® are varied ran-
domly within a certain bandwidth by using a scale factor.Wite randomly adjusted
link costs the shortest path can be calculated and added setlof paths if it is shorter
than the k-th shortest path and doesn’t have too much oveiithpthe existing paths
in the path set. The overlap control is calculated by thetlewnd the common links
between the new path and all the existing paths. The gengpatés set of MARPLE
for the equilibrium assignment is labeledBBS(equilibrium paths set), and the cor-
responding results for evaluation intervalreE PF(t) for the equilibrium paths’ flows
andEPC(t) for the equilibrium paths’ costs.

MARPLE-e

The essential characteristic of an en-route traffic assggrimodel different from a UE
assignment model is that it updates path sets and assigdfis fiva every evaluation
interval. In the developing process of MARPLE-e from MARRIsEch characteristic
is realized based on several assumptions about travelensivior on path updating
and path assignment en-route. These assumptions are ihstbd following texts.
For simplicity and generality, all the variables with sufgstcod indicate that they are
related to the traffic demand from origarto destinatiord.

General path updating assumptions
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1. For each evaluation interval, the path sets and assigmesudts for all the OD
pairs are calculated before the interval. Such results xeé for each interval,
but might be different between different intervals;

2. Travelers are willing to stay on their experienced patingtie coming evalua-
tion intervalt, i.e., the original equilibrium path seEPS¢ or the old path set
PSY(t — 1) for the previous interval — 1, unless the differences between the
perceived instantaneous path costs of the old paths ancetheath exceed a
certain threshold;

3. For each interval, each OD pair can add at most one new pé&fiit). In detail,
following conditions must be satisfied if the new paffi(f) can be added for
(0,d):

e 7°4(t) must not be in the existing path s&§(t — 1), i.e.

Fed(t) ¢ PSI(t —1) (B.1)
e The cosCP(t — 1) of any pathrod(t — 1) € PS9(t — 1) must be larger than
o times the cost of°(t), i.e.
Co(t—1) > aCd(t),vrod(t — 1) e Pt — 1) (B.2)

where the parameter is used to illustrate travelers’ willingness to use the
new paths. The higher value afis, the higher probability of the travelers
to continue using the known paths, iRS9(t — 1). So the new assignment
for intervalt will be done within the old paths.

B.2 Traffic Assignment

MARPLE
In our application of MARPLE model for the analysis of roadwerk robustness,
stochastic user equilibrium (SUE) method with the C-Loggthod is adopted.

The definition of dynamic SUE can be defined as:

Definition 1 For a road network, the perceived path travel costs for aéinggraveling
between a specific OD pair and departing during a specific titexval are equal, and
less than (or equal to) the perceived path travel costs oftamused feasible path.

The perceived path coG,’PWt) for traveleri using patlr of OD pairod and time period
t can be represented by
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cd(t) = (1) + () (B.3)

wherec™d(t) is the real travel cost of pathande!°d(t) is the random component for
the traveler. Whene{"d(t) is assumed an independently and identically distributed
Gumbel variate over all the travelers, the choice probigbitr pathr can then be
described by

exp(—6cd (t))

S exp(—6csod(t))

scRed

Prod (t) _

(B.4)

wheref is a parameter that reflects the degree of uncertainty irréwelttime knowl-
edge of the road users. Wh@mpproaches infinity, perfect knowledge is assumed and
the deterministic user equilibrium solution is obtained. dvercome the problem of
paths overlapping, the C-Logit model (Cascetta et al., 1#96sed here by taking
into account the overlaps in paths with the so-called conatityrfactor CF. The most
common specification a@F for pathr is given by

Lrs(t)

VL (D) Ls(t)

wherel, andLg are the ‘lengths’ of pathsands belong to OD paind, andL,s is the
‘length’ of the common links shared by pathands. 3 andy are positive parameters.
‘Length’ can be physical length or the ‘length’ determingdiavel costs. In MARPLE
and our applications, travel times are used, so they carffieeatit in different intervals
t. With this commonality factor and the known travel costs, pinobabilityP™d(t) of
choosing path of OD pairod for the time period, and the corresponding floW°d(t)
are given by

Y
CF™d(t) = BIn > [ ] vo,d,r e R°9 t (B.5)
scRed

od e EXp(—6cd (t) —CF (1))
P = Y exp(—6csod(t) —CFod(t)) (B.6)

seRed

£ (t) = P4 (t) g4 (t) ,Vo,d,r € Rt (B.7)

MARPLE-e

MARPLE-e uses the same path level assignment model, butrportant changes
have been made as follows:

1. Instead of using real path travel time as the travel cOStARPLE, MARPLE-e
uses instantaneous path cost as the travel cost. It is dine tiadt that in the
en-route assignment approach, it is difficult to predictftiiare traffic situation
and get the real path travel time. Thus in most of the en-rvatéc assignment
models, instantaneous path cost is used for the updatelo$eeand assignment;
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2. MARPLE-e can take into account the willingness of trakete make the changes

in their path choice. This is not only done through introehgamultiple types of
travelers with differen® values in (B.4), but also controlled by an external pa-

rametera that is introduced in Chapter 7.

B.3 MARPLE-e

Based on the assumptions for the en-route path updatingtaligoand the assignment
model (C-Logit model), the flowchart shown in Figure B.1 hagib built up for the
complete en-route assignment process in MARPLE-e.
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Figure B.1: MARPLE-e (One-shot simulation-assignment praedure)

The flowchart clearly illustrates that the whole en-rougsment process starts from
the interval when the incident starts, and ends till the enith@ whole studying pe-
riod. Although the incident might be removed from the netwaiter certain time, its
influence on the network performance and travelers’ routgcehwill last longer.
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Influence of Multiple User Types on
Traffic Assignment Results

In this appendix, the influences of the introduction of nplétiuser types into the anal-
ysis of traffic assignment and network performance are studiThis is because in
reality travelers can rarely be treated as one uniform greilip the same behavior
(e.g., all travelers have the same reaction to one trafficition or one information
about the traffic condition). Thus there always exist ddfezes in the perception of
information and preference within travelers. In Chaptewé, mentioned that in the
MARPLE model and its en-route extension MARPLE-e modelhsdifferent types
of travelers are distinguished by using different value® parameter in th€-Logit
model. In this model, the smaller val@eis, the less accurate information travelers
can perceive, so that travelers will more randomly choosé ftath within the gen-
erated paths or, in other words, they will insist more on gghreir original path(s).
By following the research work of MARPLE by (Taale et al., 200three types of
travelers are categorized by using théeealues, i.e. 0, 1, and 3. Travelers wlh= 3
are supposed to receive complete and accurate real-tifffie trdormation and up-
date their path choices en-route based on these inform&dioithe contrary, travelers
with 8 = 0 cannot perceive (accurate) traffic information at all st they can only
randomly choose one of the available paths. Travelers &ithl then can receive
partly accurate information and part of them are willing fodate their paths from
their original paths. Each of the travelers is assumed talegype of these three.

The combination with these three types of travelers fromliteeature will also be
tested and compared with three other combinations in whacih €ombination only
has one type of travelers as listed in Table C.1. Three vatsevath single user type
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is denoted a¥S1, VS2 andVS3 and the value set with the combination of those three
types of travelers is denoted ¥S§4

Table C.1: Value sets of combinations among multiple user fyes

Value Set User Type (6 = 0) User Type 26 =1) User Type 36 = 3)

VS1 100% 0 0
VS2 0 100% 0
VS3 0 0 100%
V&4 30% 50% 20%

In order to thoroughly illustrate the influence of differevatiue sets to the results of
road network performance, both the equilibrium assignnfeat wy) and en-route
assignment for a common road network with the lower demattenpeaare analyzed
in this section. For incident scenario, we choose the seeoét.ink 4 having -50%
capacity degradation, i.e. one sub-scenariaphfs an example. The results are pre-
sented for aggregated indicators and time-dependenaitmigseparately.

C.1 Aggregated indicators for network performance

In Table C.2, values of the aggregated indicators that deluT Dy, TT To, T Dg to-
gether with the numbers of iterations for the system to aehstochastic user equilib-
rium (SUE) inwy are listed.

Table C.2: Values of aggregated indicator and No. of iteratins to achieve SUE

in Wy
Case TTDg TTT TNA No. iterations
VS1 340291 7620 17700 13
VS2 342659 3204 17700 23
VS3 341562 3099 17700 15
VsS4 343004 3447 17700 17

In Table C.3, values of the aggregated indicatorsEBnD in w, can be found.

In the C-Logit model,0 is a measure of the accuracy level of travelers’ perceived
information. For travelers witB = 0, they cannot get any (correct) information so that
their route choice behavior is totally random. Thus thegassient results for these
travelers display an equally distribution among the geeerpaths, which neglects the
differences of the path costs. This causes the extremelyvatpye of T T Ty for VS1
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Table C.3: Values of aggregated indicators irw, with 50% capacity degradation

Case TTD TTT ETD TNA

VS1 335734 5208 -2412 17700
VS2 335466 7489 4285 17700
VS3 332970 7823 4724 17700
V&4 336158 4988 1541 17700

because 50% of the traffic between (01,D1) will &seh 2 which makes link 7 a big
bottleneck. But much less delay appears for VSini.e. ET D < 0 because one new
paths Path 3has been added for OD pair (O1,D1) from about 800 secondsthée
incident started, which was assigned 1/3 of the traffic. @wptphenomena appears
for cases VS2 and VS3, which are also composed of single typencelers. TTT
values are small iy, while increase remarkably i@,. In case VS4 with multiple
types of travelers, althoughTT values inwg are higher than that of VS2 and VS3,
much les€ET D is generated iy, resulting in a smaller value afTT. It is evident
from such phenomena to derive the following remarks:

e A network only with ‘blind’ travelers (i.e8 = 0) performs irrational because of
the random assignment within all the generated paths.

e If all the travelers get the same accurate information amdhe&csame (i.e. uni-
form 6 > 0), the network performs better for daily normal situati®@ut when
the network is disturbed by some exceptional incidentsptréormance of the
network decreases tremendously. This is because all theléra dynamically
choose the path with the lowest cost, which results in newdrgcks and new
delay in the network. Thus the network becomes sensitivied@hanges of the
traffic states and becomes unstable.

e The results of case VS4 show that the combination of multigler types suc-
cessfully achieves the balance of the above two cases amdsdte shortcom-
ings of them. On one hand, it represents daily normal traiffi@son with sat-
isfactory low delay. On the other hand, it also represemdsl metwork perfor-
mance under incident situations by avoiding the irratiart@lnges appeared in
other cases.

To better understand and explain these aggregated intBocatdhe network perfor-
mance, the analysis of the changes in the time-dependdotp@nce indicators and
OD flow assignment are presented in the next section.
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C.2 Time-dependent performance indicators

In Figure C.1, changes MASandNL are illustrated by comparing the results between
scenariosvg (with full capacity) andw, (with 50% capacity decreasing on Link 4).
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Figure C.1: Comparisons of time-dependent performance ingators for wp and
wp with NAS (left) and NL (right)

It is clear that in cas&/S], values ofNASandNL are the lowest fory, but their
reduction inwy, are also the least, or even increase sometimes. In other thses,
values ofNASandNL are similarly higher, but their reductions during and after
incident are quite different, for which ca¥&4performs the most stable. By analyzing
the route assignment results in these cases, we can betienstand the basic reasons
for these outcomes. Besides c&&dl, in which travelers are always equally distributed
among the generated paths, the assignment results for {pihbased/S2 VS3 and
VS4are illustrated in Figure C.2.

It is clear that the introduction of multiple user types argr@at importance in achiev-
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Figure C.2: Comparisons of time-dependent splitting ratesamong the paths of
OD pair (O1,D1) in cases VS2, VS3, and VS4

ing rational (probably valid) assignment results, so aheoresults of the whole net-
work performance. Cases with single user type either giuesmrealistic results, such
as VS1; or make the travelers more sensitive and the pathehesults more fluctuant,
such as VS2 and VS3. Case with multiple user types (VS4) pedimore gradual
changes in route assignment results and rational detgoinsaof network performance
in the incident scenario. So in this thesis, values in VS4 balchosen for network
robustness studies in Chapter 5 and 6. It must be pointechatthe oscillation in
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the assignment results of VS4 (also in VS2 and VS3) is thdaatt®f the en-route
assignment model in which the network performance is et@tband the assignment
is recalculated for every intervals. Although such ostiais remarkable, the time-
dependent aggregated network performance indicators aaMNASandNL, are much
more stable, which means that the frequent changes in tignassnt don’t influence
the network performance so much. Therefore, there is n@netsworry about the
remarkable oscillations in the network performance.



Pre-selection results of A10-West
network

In this appendix, results of the pre-selecting and filtepnacess for searching for the
possible critical links in A10-West network in Section 6r@ &ésted. These results are
classified according to the different selection criteria.

D.1 Top 100 Busiest Links in A10-West Network

In this section, top 100 busiest links, i.e. links with thglnest values of their maximum
flow/capacityV/C ratios are listed in Table D.1 with theWf/C ratio values. Their
positions in the road network are demonstrated in Figure D.tnust be mentioned
that the capacity valu€ used here is the desired link capacity, which is not the real
throughout capacity for a link with controlled end junction
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Table D.1: Top 100 busiest links
Rank| LinkID | V/C | Rank| LinkID | V/C || Rank| LinkID | VI/C
1 818 | 1.000|| 35 856 | 0.772| 68 1921 | 0.648
2 822 | 1.000| 36 802 | 0.770| 69 2389 | 0.648
3 864 | 1.000| 37 2040 | 0.762| 70 889 | 0.644
4 2277 | 1.000| 38 728 | 0.761| 71 726 | 0.642
5 854 | 1.000| 39 897 | 0.754| 72 810 | 0.640
6 725 | 1.000| 40 1123 | 0.742| 73 806 | 0.637
7 823 | 1.000| 41 808 | 0.739| 74 831 | 0.633
8 2307 | 0.985| 42 1926 | 0.739| 75 2221 | 0.629
9 820 | 0.983| 43 863 | 0.732| 76 2362 | 0.626
10 849 | 0.961| 44 870 | 0.732| 77 732 | 0.622
11 2228 | 0.954| 45 853 | 0.729| 78 601 | 0.622
12 2346 | 0.948| 46 859 | 0.706| 79 2245 | 0.612
13 872 | 0.947| 47 842 | 0.703| 80 891 | 0.612
14 824 | 0.930| 48 2319 | 0.702| 81 1200 | 0.599
15 2305 | 0.930| 49 821 | 0.701| 82 2236 | 0.598
16 851 | 0.911| 50 1197 | 0.699| 83 2229 | 0.598
17 2304 | 0.911| 51 2364 | 0.689| 84 1280 | 0.597
18 2288 | 0.901| 52 235 | 0.687| 85 847 | 0.596
19 2318 | 0.900| 53 708 | 0.687| 86 888 | 0.594
20 848 | 0.894| 54 15 0.678| 87 729 | 0.594
21 1250 | 0.891| 55 894 | 0.676| 88 1872 | 0.593
22 868 | 0.871| 56 108 | 0.673| 89 1289 | 0.593
23 2233 | 0.866| 57 1810 | 0.673|| 90 1840 | 0.592
24 855 | 0.858| 58 2296 | 0.667| 91 1249 | 0.592
25 861 | 0.852| 59 1195 | 0.667| 92 1045 | 0.589
26 2317 | 0.836| 60 819 | 0.667| 93 2173 | 0.585
27 2227 | 0.826| 61 735 | 0.663| 94 2084 | 0.585
28 1308 | 0.816| 62 1353 | 0.659| 95 1282 | 0.578
29 893 | 0.810| 63 843 | 0.658| 96 1128 | 0.570
30 2264 | 0.806| 64 2330 | 0.658| 97 2251 | 0.569
31 2234 | 0.784| 65 846 | 0.656| 98 1835 | 0.566
32 1116 | 0.782| 66 815 | 0.655| 99 2303 | 0.564
33 2321 | 0.782| 67 1660 | 0.653| 100 874 | 0.563
34 2302 | 0.777
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Figure D.1: Top 100 busiest links in A10-West Network
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D.2 Top 100 Common Links in A10-West Network

In this section, top 100 common links, i.e. links used byad&#ht paths most frequently
are listed in Table D.2 with the number of paths that inclugelink. Their positions
in the road network are demonstrated in Figure D.1.

Figure D.2: Top 100 common links in A10-West network
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Table D.2: Top 100 common links

Rank| Link ID | Frequency| Rank| Link ID | Frequency| Rank| Link ID | Frequency,
1 889 1447 35 1299 735 68 1566 591
2 2229 1411 36 1764 735 69 104 590
3 112 1076 37 888 734 70 1818 590
4 735 1034 38 2241 713 71 839 587
5 885 1034 39 2346 713 72 2334 586
6 886 1034 40 2081 704 73 1751 584
7 115 982 41 1666 702 74 1200 582
8 2221 982 42 1885 700 75 2305 577
9 2411 982 43 244 698 76 15 574
10 2083 956 44 2080 698 77 2330 566
11 2268 938 45 1695 688 78 2240 561
12 2266 888 46 843 681 79 1660 553
13 2362 888 47 844 681 80 119 551
14 737 854 48 1717 680 81 2244 551
15 836 854 49 98 664 82 2307 544
16 2084 849 50 2372 658 83 2408 538
17 2173 849 51 102 650 84 2248 533
18 810 822 52 1193 644 85 2410 533
19 813 812 53 110 637 86 108 532
20 815 812 54 67 624 87 1810 532
21 816 812 55 1166 624 88 2033 532
22 2228 811 56 1667 624 89 2242 532
23 2400 811 57 1246 622 90 142 527
24 1197 807 58 1781 622 91 728 527
25 1888 805 59 2236 610 92 62 526
26 1665 800 60 2304 603 93 1284 526
27 2332 799 61 1958 602 94 1884 526
28 2231 791 62 734 600 95 1371 524
29 2089 773 63 1250 598 96 732 523
30 2371 751 64 1304 598 97 2050 519
31 1195 750 65 1890 598 98 1658 511
32 69 738 66 30 594 99 2233 507
33 2276 738 67 1565 594 100 | 1245 496
34 1199 736
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In Table D.2, 29 links whose ID numbers are in bold also apetre top 100 busiest
links. Positions of these links are shown in Figure D.3.

Figure D.3: Position of links both within top 100 busiest andiop 100 common list

D.3 Off-ramps in A10-West Network

In Table D.3, all the off-ramps in the A10-West road network &sted. They are
ranked according to their V/C values.
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Table D.3: 16 off-ramp links in A10-West network ranked accading to their V/C

values
Link ID | V/C | Frequency| LinkID | V/C | Frequency|
2277 | 1.000 299 2246 | 0.382 254
2228 | 0.954 811 2230 | 0.375 25
2227 | 0.826 471 2255 | 0.306 336
2221 | 0.629 982 2220 | 0.285 267
2245 | 0.612 85 2254 | 0.277 300
2219 | 0.480 78 2215 | 0.260 36
2293 | 0.399 160 2225 | 0.236 267
2295 | 0.393 163 2223 | 0.046 50

The positions of all these off-ramps are illustrated in FegD.4 below.

Figure D.4: Off-ramps in A10-West network
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D.4 Final list of the selected links

44 links for capacity degradation scenarios are listed lel®.4 in the sequence of
their maximumvV/C values from high to low. Their new ID are also given accordimg

their positions in the table. Other information of thesé&dinsuch as the type, desired
capacity and maximud/C values can also be found in the table.

Table D.4: Selected links for incident scenarios in A10-Weasetwork

Rank| ID Type Capacity| V/C | Rank| ID Type Capacity| V/IC
1 882 | motorway| 4300 |1.00| 23 |2302| wurban 1800 | 0.78
2 864 | motorway| 6100 |1.00( 24 | 855 | motorway| 8600 | 0.86
3 854 | motorway| 6450 |1.00 25 | 861 | motorway| 6450 | 0.85
4 823 | motorway| 4000 |1.00| 26 |2317| wurban 1800 | 0.84
5 725 | motorway| 6700 | 1.00| 27 |2227| off-ramp 1800 | 0.83
6 818 | motorway| 4300 |1.00| 28 | 1308| urban 1800 | 0.82
7 | 2277 off-ramp 1800 | 1.00| 29 | 2264| motorway| 4000 | 0.81
8 820 | motorway| 4300 |0.98| 30 | 893 | motorway| 4300 | 0.81
9 2307| urban 1800 |0.98| 31 |2234| on-ramp 1800 | 0.78
10 | 849 | motorway| 4000 |0.96| 32 |2321| motorway| 1800 | 0.78
11 | 2228| off-ramp 1800 | 0.95| 33 | 856 | motorway| 4300 | O0.77
12 | 2346| on-ramp | 1800 |0.95|| 34 | 728 | motorway| 8600 | 0.76
13 | 872 | motorway| 4300 |0.95| 35 | 2040| wurban 2000 | 0.76
14 | 824 | motorway| 4300 | 0.93| 36 | 808 | motorway| 6450 | 0.74
15 | 2305| wurban 1800 | 0.93| 37 | 863 | motorway| 8600 | 0.73
16 | 2304| wurban 1800 | 0.91| 38 | 870 | motorway| 8600 | 0.73
17 | 851 | motorway| 8600 |0.91| 39 | 853 | motorway| 10750 | 0.73
18 | 2318| wurban 1800 | 0.90| 40 |2319| urban 2000 | 0.71
19 | 2288| on-ramp 1800 | 0.90|| 41 | 859 | motorway| 8600 | 0.71
20 | 1250| on-ramp | 1800 | 0.89| 42 | 821 | motorway| 6450 | 0.70
21 | 848 | motorway| 4300 | 0.89| 43 | 842 | motorway| 6450 | 0.70
22 | 2233| urban 1800 |0.87| 44 |1197| wurban 1800 | 0.70
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Summary

Network robustness is an important topic for road netwobks,there has not been
paid much attention to it. Compared with the conceptetiibility, which focuses on
analyzing theprobability of a road network performing its proposed service level ade-
guately taking into account the uncertainties of the cirstances, network robustness
problems emphasize particularly on thality of a road network functioning properly
facing unpredictable and exceptional incidents. The rriass studies in other net-
work domain and traditional robustness studies for road/omds only deal with the
basic connecting features of the network with graph thewdnych are basically defined
as theconnectivity robustnes#However, the performance of a road network, such as
the speed and throughput that can be felt and observed lsldravand road author-
ities are also essential aspects for the evaluation of thwcedevel of road systems.
This thesis deals with the design and development of a sysieframework that en-
ables the complete network robustness analysis compdrengdtwork performance
between daily traffic conditions and incident conditions.

In order to accurately achieve the network performance emdhanges along with
time and space, interactions between the travelers (chibgeviors and the network
performance are important factors to be taken into accotimtcorrectly model this
phenomenon as well as the performance of road networksnagreaffic assignment
(DTA) models play core roles in representing the (path) obdehaviors of travelers
and simulating the propagation of traffic flows over the nekw8asically, DTA mod-
els can be distinguished into two categories: user equilin(UE) assignment models
and en-route assignment models, according to their basiorg#ions about the net-
work status and travelers behavior. In the existing rolsstistudies for road networks
that involve the analysis of the network performance, Ukgassent models are im-
plemented in the majority. However, according to the deéiniand requirements of
robustness analysis, the straightforward UE approaclsigfinient to analyze the net-
work performance when unpredictable and exceptional erdsloccur.

Thus, in our proposed framework, both DTA approaches aegated with the aim to
represent the road network performance of daily normal timmoand incident condi-
tions. To represent the daily normal condition, (stocltd&iE assignment models are
considered as the most suitable and valid tools. For intidemditions, if the occur-
rence of the incident is unpredicted and exceptional, se¢hetraffic accidents on the
road, en-route assignment models are believed more apgi@gran the UE approach
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to represent them because such approaches are able to nawetdis’ path updating
behavior on their way. Furthermore, by testing differenffDWiodels with a common
network, remarkable differences among the results demaiaghat different models
have their own specifications and specialities so that iifiedlt to compare them. It
also means that it is also impossible to combine differerdeiin our framework due
to the compatibility problems.

This led to the development of MARPLE-e (MARPLE en-route)ARPLE-e is the
en-route extension of the DTA model MARPLE @del for Assignment and &gional
PoLicy Evaluation). In our testings of different DTA models, MARPIdBows its
advantages in the reasonable results of path generatitnagsignment and fast com-
putation. Furthermore, itis also available for us to malkeréiative en-route extension
by using the same network loading model, which guarantez=sdmpatibility within
the simulation results. MARPLE-e adopts new path generaigorithm by calcu-
lating the instantaneous travel cost of all used paths amdrle with the lowest cost.
If the path with the lowest cost is not used before and satisfyain criteria, it will
be added into the path sets and new assignment will be geder&therwise new
assignment will only be generated within the existing paths

In order to analyze road network robustness against thdents, we must admit that
for a big network, there exist too many possibilities of theidents varying in posi-

tion, time, duration, and severity level. Scenario-basedyasis/optimization approach,
which is often used to solve the (optimization) problem asra limited number of

scenarios, searching for solutions that are near-optimallso adopted in our stud-
ies. Although there is no optimization problem in our rolmesss analysis, designing
and analyzing limited number of incident scenarios witlhpees to the population of

all possible realizations of uncertainties can remarkaddlyice the calculation efforts.
Incident scenarios for road networks can be classified iapacity-related scenarios
and demand-related scenarios, in which only link capacit® demand are consid-
ered influenced by the incidents respectively. The methe@w$itivity analysis is also
adopted to measure the impacts on network robustness aofjicigaone or more input

values about which there is uncertainty.

The framework and related methods are thoroughly testdd avgmall hypothetical
road network with hierarchical structure, i.e. the netwiodtudes both motorway and
urban links with different characteristics. Due to the bed amount of links and OD
pairs for the small network, all possible scenarios of tled@nts on a single link or
a single OD pair are tested. The results first clearly dematesthe effectiveness of
the framework and the adopted DTA models in representivglieges’ routing behavior
and dynamics of the network performance. Furthermore, soeigninary ideas about
the robustness of road networks in different incident sees&an be drawn:

¢ Redundant capacity in the network can increase the netwbistness;

e Motorway links are the most critical elements of a road nekyo



Pre-selection results of A10-West network 165

e Off-ramp links are also critical for a road network;

e Demand increase generates more negative impacts to thestedgoad net-
work;

For a large real-size road network, such as the A10-Westmeagork in Amsterdam
analyzed in Chapter 6, it is necessary and important to @artythe process of pre-
selecting and filtering to generate a limited amount of iantdscenarios without losing
the the most possible critical elements (e.g. links). Thoeteria, including flow-
capacity ratio criterion, commonness criterion, and affip criterion are used based
on the link performance in the SUE assignment results. Withe finally selected
44 links for the design of incident scenarios, over half (@@ motorway links and 7
are ramps that connect motorway and urban roads. Besidesmthj the results of the
network performance from the incident scenarios again woefi that motorway links
are the most critical elements for a road network with higheal structure. However,
in such a large and complex network, the impacts of a locatlent also become
‘local’ because if the travelers are well informed, therssemany alternatives for them
to avoid the exceptional congestions so that the whole systaintains a high service
level. Furthermore, for a large network, incidents on orealmn would probably
reduce the burden of its downstream network, which can algate the total loss of
the system.

We have proven that our framework in connection with sué@ablF’A models and
scenario-based analysis approach is able to realize ctemplad network robustness
studies in different incident situations. Another inteirgs topic is how to improve the
robustness of a road network against incidents. We anahga@ripacts on network
robustness of the information services and complianceofatavelers to the informa-
tion. It showed that there exists an optimal value of the danpe rate for minimizing
the extra delay caused by the incidents, which means thatmation services can im-
prove the network robustness in a certain extent, but ixesffare highly influenced by
the response of travelers to the information. So for roalaittes and managers who
aim at increasing road network robustness through infaonmaervices and controls,
a better understanding of travelers behavior is the prirsk. t&uch a research topic
is also important for making better DTA models, so as to &l pinoblems involving
transportation networks.
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Samenvatting

Robuustheid is voor het wegennetwerk van groot belang. miteoverp heeft echter
nog niet veel aandacht gekregen. Robuustheid is geredad@er het begrip betrouw-
baarheid. Betrouwbaarheid richt zich op de kans dat eennmegeerk op een bepaald
serviceniveau blijft functioneren onder wisselende omdigheden en robuustheid
richt zich op de mate waarin een wegennetwerk kan blijvertfaneren bij onvoor-
spelbare en uitzonderlijke gebeurtenissen. De robuwsgstidies in andere toepass-
ingsgebieden en de traditionele robuustheidsstudies vebwegennetwerk richten
zich voornamelijk op de connectiviteit van het netwerk opibaan de grafentheorie.
Prestatie-indicatoren zoals de snelheid en de doorstmaijn echter ook belangri-
jke indicatoren voor de evaluatie van het serviceniveauhetrwegennetwerk. Deze
indicatoren kunnen door reizigers en wegbeheerders waamgen worden. Deze dis-
sertatie beschrijft een systematische methode waarmeddestheid van een netwerk
bepaald kan worden door de gemiddelde dagelijkse verkestsind te vergelijken met
incidentsituaties.

Om de netwerkprestatie en de verandering van de netwetkpessver de tijd in plaats
voldoende nauwkeurig te kunnen bepalen moet rekening geilmoworden met het
routekeuzegedrag van reizigers. Dit keuzegedrag is aétighkan de netwerkprestatie.
Om hier rekening mee te houden zijn dynamische verkeersiheadeodig. Met deze
modellen kan het routekeuzegedrag van reizigers gemedellworden en kan de
afwikkeling van het verkeer op het netwerk gemodelleerddenr Dynamische ver-
keersmodellen kunnen aan de hand van hun veronderstellmgs de netwerkcon-
dities en het gedrag van reizigers in twee categorieénrgad¥eel worden: even-
wichtsmodellen en en-routetoedelingsmodellen. In de teestsidies over robuus-
theid worden evenwichtstoedelingsmodellen gebruiktg®ok de definitie en de eisen
van robuustheidsanalyses is een traditionele evenwasdsting echter niet voldoende
geschikt om de verkeersafwikkeling bij onvoorspelbare enegincidenten te kunnen
analyseren.

In het voorgestelde raamwerk zijn beide vormen van dyndmisoedeling daarom
geintegreerd met als doel de netwerkprestatie bij regulenstandigheden en bij
incidentsituaties te voorspellen. (Stochastische) ewdrtstoedelingsmodellen wor-
den over het algemeen als meest geschikt en meest validedoegst voor het mod-
elleren van de normale dagelijkse verkeerscondities. ridentsituaties zoals ver-
keersongelukken worden en-routetoedelingsmodellenmteigemeen als meer valide
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beschouwd, omdat deze modellen het mogelijk maken om sjdenrit alternatieve
routes kiezen zodra informatie over het incident besclakkamt. Beiden type toedel-
ingsmodellen zijn vergeleken op hetzelfde netwerk. Hiesugebleken dat beide mod-
elleringstechnieken opvallend verschillende resultafaveren. Een verklaring hier-
voor is dat ze verschillende specificaties en toepassibgsgden hebben. Dit betekent
echter ook dat beide vormen van modellering niet in eémveerk gecombineerd kun-
nen worden.

Om deze rede is MARPLE-e (MARPLE en-route) ontwikkeld. MARRe is de en-
routeuitbreiding van het dynamische verkeersmodel MARfNE&del for Assignment
and Regional PoLicy Evaluation). Vergeleken bij andereatiyische toedelingsmod-
ellen genereert MARPLE aannemelijke paden en resultatdmeeft MARPLE een
korte rekentijd. Bovendien was MARPLE bij ons beschikbaaawdoor de uitbreiding
met en-routeroutekeuze in dezelfde omgeving geimpleseeditkon worden als het
originele toedelingsmodel. Compatibiliteit is hierdo@ggrandeerd. In MARPLE-e
is een nieuw padgeneratiealgoritme geimplementeerdwesainstantane reiskosten
van alle gebruikte paden en van het pad met de laagste kostekelnd kunnen wor-
den. Als het pad met de laagste kosten nog niet gebruikt vardtit pad wel aan
bepaalde criteria voldoet kan het toegevoegd worden aaadenget. Volgens wordt
een nieuwe toedeling uitgevoerd.

In praktijk vinden veel verschillende incidenten/versigen plaats. Deze variéren in
locatie, tijd, duur en ernst. Bij de analyse van de robuudtiian het netwerk voor

verstoringen is het onmogelijk om alle combinaties doorefleenen, omdat in een

groot netwerk te veel combinaties voorkomen. Om deze resl&®m scenarioaan-
pak gevolgd. Bij optimalisatieproblemen is dit een veelrgédie methode om een

benadering van de optimale oplossing van een probleemdewrirHoewel bij robuus-

theidsanalyse geen optimalisatie plaatsvindt, wordt dodrhier een scenarioaanpak
te kiezen de rekentijd aanzienlijk verkort. Incidentsg@ia kunnen geclassificeerd
worden in aanbods- en vraaggerelateerde scenario’s Wwadd®sn de capaciteit of

alleen de vervoervraag beinvioed wordt. Met behulp varogiyheidsanalyses is

bepaald wat het effect is van het variéren van meerderevapabelen op de robu-

ustheid van het netwerk.

Het raamwerk en de daaraan gerelateerde methodes zijbrgidgetest op een klein
hypothetisch netwerk met een hiérarchische structuum Iérarchische structuur
wil zeggen dat het netwerk zowel snelwegen als lokale wegmsathmet verschil-

lende eigenschappen. Door het beperkte aantal schakelsnes m het netwerk

was het mogelijk om alle incidentscenario’s op één schakeoor één herkomst-

bestemmingspaar te testen. De resultaten geven duidatijklat het raamwerk en de
toegepaste dynamische verkeersmodellen goed het roatgi@drag en effecten op
de weg weergegeven. Bovendien heeft deze analyse eenieerskd geboden in de

robuustheid van het netwerk bij verschillende incidemsac®’s:

¢ Reservecapaciteit in het netwerk kan de robuustheid viengro



Pre-selection results of A10-West network 169

e Snelwegen zijn cruciale elementen van een netwerk;
e Afritten zijn ook cruciaal;

e Als de vervoervraag toeneemt, is de impact van incidentdrebpetwerk groter
omdat er al congestie bestaat.

In een groter realistisch netwerk, zoals de A10-West bij femdam, is het noodzake-
lijk om eerst een voorselectie te maken van incidentsceisasiaarbij de netwerkele-
menten die naar verwachting het meest kwetsbaar zijn, @gtserd worden. Hierbij
worden drie selectiecriteria gebruikt, die op basis van gechastische evenwicht-
stoedeling bepaald kunnen worden. Schakels met een hegsitait-capaciteitverhou-
ding en/of een hoog aantal paden dat over de schakel gaalewgeselecteerd. Daar-
naast worden alle afritten geselecteerd. Uiteindelijk Zif} schakels geselecteerd
waaronder 26 snelwegschakels en 7 afritten. De incidemasies hebben bevestigd
dat snelwegen inderdaad de meest cruciale schakels zignihiérarchisch netwerk.
In tegenstelling tot de situatie in het kleine testnetwelifvén op het netwerk van
de A10 de effecten van lokale incidenten relatief lokaalt W& zeggen dat slechts
een gedeelte van het netwerk vast komt te staan en dat de eloocident veroorza-
akte extra reistijd beperkter is. Als reizigers goed gaimeerd worden hebben zij veel
alternatieve routes waardoor zij de congestie kunnen yaemi Hierdoor blijft het ser-
viceniveau in het hele netwerk hoger. Daarnaast verbefardidenten de doorstro-
ming stroomafwaarts van het incident waarschijnlijk, veamer het serviceniveau in
het totale systeem minder snel achteruit gaat. In grotear&tis dit effect duidelijker
zichtbaar dan in kleine netwerken.

We hebben bewezen dat met ons raamwerk in combinatie metdsieg van geschikte
dynamische toedelingsmodellen en scenarioanalyse dasti®id van grote netwerken
getest kan worden. Een interessante vervolgvraag is wedledragelen genomen kun-
nen worden om het wegennetwerk robuuster te maken tegeseirten. Om deze
vraag te beantwoorden hebben we getest wat de invloed vikeaersmformatie en de
mate waarin bestuurders deze informatie opvolgen (de gmgdgraad) is op de robu-
ustheid van het wegennetwerk. Hieruit is gebleken dat eémafe opvolgingsgraad
van informatie bestaat waarbij de vertraging door incidamhinimaal is. Dit betekent
dat verkeersinformatiediensten de robuustheid van hetemkttot op zekere hoogte
kunnen verbeteren. Het effect van deze diensten is echiesterd afhankelijk van
de reactie van reizigers op de informatie. Dit betekent @atvibor wegbeheerders
die, door informatie te bieden, de robuustheid van het weggverk willen vergroten
noodzakelijk is om het gedrag van reizigers beter te begrijBeter begrip van het
gedrag van reizigers is bovendien essentieel voor het tezdhevan de dynamische
toedelingsmodellen en is in het algemeen van belang vastralhsportproblemen.
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