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Abstract

Congestion on urban and freeway networks has become a major problem during the
last decades due to increased travel demand. Traffic congestion results in significant
negative impacts with increased travel times, environmental pollution, and traffic
safety reduction. Thus, cities focus on dealing with congestion and its impacts, of-
ten through innovative traffic management solutions. To this end, it is important to
capture the travel demand patterns, often expressed as dynamic origin-destination
(OD) matrices, as well as understand the causes and impacts of traffic bottlenecks
in order to suggest ways to improve the transport system efficiency. The continuous
technological advances in the surveillance systems enable the collection of compre-
hensive and reliable traffic measurements that provide significant opportunities to
better understand the problems and address these issues more effectively. Along
these lines, the thesis aims to utilize traditional and emerging traffic data in order
to improve three important problems.

The first problem relates to the well-studied dynamic OD estimation problem.
The estimation quality depends on the availability and accuracy of relevant indirect
traffic data. Despite the extensive work that has been reported in the literature, the
problem still entails significant challenges due to its complexity. A general algorithm
that has been commonly used for the solution of the OD estimation problem is the
Simultaneous Perturbation Stochastic Approximation (SPSA) algorithm, which is
able to handle any available data that can improve the estimation accuracy. How-
ever, SPSA encounters stability and convergence issues. The thesis proposes a
general modification of SPSA, called cluster-wise SPSA (c-SPSA), that has more
robust performance and finds better solutions compared to the state-of-the-art im-
plementation of the algorithm. The efficiency of the algorithm is demonstrated
through simulation experiments for a real network from Stockholm, Sweden.

The second problem focuses on the development of methods for utilizing hetero-
geneous traffic data for the analysis and management of freeway traffic bottlenecks.
The thesis examines two types of bottlenecks, namely work zone and tunnel bottle-
necks. In both cases the utilization of traffic data is vital for the development and
selection of suitable mitigation strategies. The results reveal aspects that have not
been fully explored before, providing better information for proactive traffic man-
agement. Traffic simulation is used as the means to evaluate and optimize various
traffic management strategies for each case.

The third problem analyzes multimodal impacts due to network disruptions, by
use of a data-driven approach. The case of tunnel bottlenecks is examined. Tun-
nel congestion is often dealt with temporary closures, which may cause significant
network disruptions due to capacity reduction. It is crucial to identify the poten-
tial multimodal impacts induced from such drastic interventions in order to design
efficient and proactive strategies to mitigate congestion and its consequences. The
thesis demonstrates the feasibility and benefits of combining multiple emerging and
traditional data sources for the analysis of impacts of temporary tunnel closures
due to traffic congestion for a real freeway tunnel in Stockholm, Sweden.
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Sammanfattning

Trängsel på stads- och motorvägar har blivit ett stort problem de senaste årtion-
dena på grund av ökad efterfrågan på resor. Trafikträngsel leder till betydande neg-
ativa effekter med ökad restid, miljöförorening och minskning av trafiksäkerheten.
Städerna fokuserar därför på styrning av trängsel och dess effekter, ofta genom inno-
vativa trafikstyrningslösningar. För detta ändamål är det viktigt att fånga mönstren
i efterfrågan, ofta representeras som dynamiska OD-matriser (origin-destination),
samt förstå orsaker och effekter av trafikflaskhalsar för att föreslå sätt att förbättra
transportsystemets effektivitet. De kontinuerliga tekniska framstegen i övervakn-
ingssystem tillåter insamling av omfattande och tillförlitliga trafikmätningar som
ger stora möjligheter att bättre förstå problemen och hantera dem mer effektivt.
För att uppnå dessa mål syftar avhandlingen till att utnyttja traditionella och nya
trafikdata för att stödja tre viktiga problem.

Det första problemet avser estimering av dynamiska OD-matriser. Estimer-
ingskvalitet beror på tillgängligheten och noggrannheten av relevanta indirekta
trafikdata. Trots det omfattande arbetet som rapporterats i litteraturen, är prob-
lemet fortfarande utmanande på grund av dess komplexitet. Avhandlingen syftar
till att förbättra offline-uppskattningen av OD-matriser genom att utveckla mer ro-
busta algoritmer som tillåter generella problemformuleringar som kan innehålla all
tillgänglig trafikdata i kalibreringsprocessen. En algoritm som föreslogs i littera-
turen för att lösa OD-estimeringsproblemet är Simultaneous Perturbation Stochas-
tic Approximation (SPSA), som kan hantera all tillgängliga data som kan förbättra
estimeringen. SPSA har dock stabilitets- och konvergensproblem. Avhandlingen
introducerar en modifiering av SPSA, kallad cluster-wise SPSA (c-SPSA), som har
mer robust prestanda än standardalgoritmen. Algoritmenseffektivitet demonstreras
genom simuleringsexperiment för ett verkligt nätverk från Stockholm, Sverige.

Det andra syftet fokuserar på utvekling av metoder som använder heterogena
trafikdata för analys och styrning av flaskhalsar på motorvägar. Avhandlingen un-
dersöker två olika typer av flaskhalsar, nämligen arbetszon- och tunnelflaskhalsar.
I båda fallen är användningen av trafikdata avgörande för utvecklingen och valet
av lämpliga strategier för att mildra trängsel. Resultaten visar aspekter som inte
har blivit fullständigt undersökta tidigare, vilket ger bättre information för proak-
tiv trafikledning. Trafiksimulering används som ett medel för att utvärdera och
optimera olika strategier för trafikstyrning för varje enskilt fall.

Det tredje problemet undersöks multimodala effekter på grund av nätverks-
störningar, med hjälp av datastyrda metoder. I synnerhet undersöks flaskhalsar i
tunnlar. Tunnelträngsel hanteras ofta med tillfälliga stängningar av tunnelinfarten,
vilket kan orsaka betydande nätverksstörningar på grund av kapacitetsminskning.
Det är viktigt att identifiera potentiella multimodala effekter som orsakas av sådana
åtgärder och att utforma effektiva och proaktiva strategier för tunnelstyrning för
att mildra trängsel och dess konsekvenser. Avhandlingen visar fördelarna med att
kombinera flera datakällor för att analysera effekterna av tunnelstängningar för en
motorvägstunnel i Stockholm.
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Chapter 1

Introduction

The first chapter introduces the problems studied in this research. Section 1.1
presents context and motivation of this research. Sections 1.2 and 1.3 present the
relevance of the problem to various applications, namely calibration of traffic models,
and management of traffic bottlenecks. Finally, in Section 1.4 an outline of the thesis
is provided.

1.1 Context and research goals

The road transport system, including private and public travel modes as well as
freight transport, is fundamental to the functioning of society. However, as mobil-
ity of people is growing rapidly, urban and freeway networks continuously face new
challenges to deal with the changes in the travel demand and travel patterns. Due
to insufficient capacity of the existing urban freeway infrastructure to handle the in-
creased traffic demand, as well as the occurrence of various incidents, recurrent and
non-recurrent traffic congestion is a significant problem. The consequences of traffic
congestion are travel delays, reduced traffic safety, as well as increased environmen-
tal problems. Despite the increasing development of public transport infrastructure
and other measures that city authorities have introduced (e.g. congestion pricing),
traffic congestion problems persist. Researchers and practitioners are looking for
ways to better understand the travel patterns and improve the efficiency of trans-
port networks through enhanced traffic management approaches. For this purpose,
traffic simulation can be used in combination with available traffic information to es-
timate and predict the traffic conditions in the network, evaluate the impact of new
traffic management strategies, etc. The development of advanced traffic surveillance
technologies provides considerable opportunities to collect traffic data. The data
offer the potential to develop and enhance various real-time and off-line transport
applications, aiming at optimizing the use of existing infrastructure, thus, improv-
ing urban and freeway mobility and enhancing transport resilience. In the era of
Intelligent Transport Systems (ITS), technologies such as advanced traffic manage-
ment systems (ATMS) and advanced travel information systems (ATIS) can benefit
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CHAPTER 1. INTRODUCTION

from the information provided by the data. The availability of rich data derived
from diverse data sources can better support and improve the capabilities of traffic
models to evaluate such systems.

The capabilities, spatial and temporal coverage, as well as the reliability of traf-
fic data differ depending on the type of data sources from which they are collected.
Traffic sensors can be categorized based on their functionality as point, point-to-
point, and area-wide (Antoniou et al., 2011). The obtained data can reveal vari-
ations in the travel demand patterns, travelers choices, bottleneck locations, and
provide various traffic indicators (speeds, counts, travel times), etc. In particular,
traditional point sensors, installed at predefined locations, provide important infor-
mation about local traffic conditions. However, they are not sufficient because of
their limited coverage, which is often sparse, as well as the high installation and
maintenance costs. Moreover, they do not reveal much about the network travel
demand patterns and the behavior of travelers. On the other hand, traffic informa-
tion at the route level (point-to-point sensors) allows for the detection of vehicles
traversing multiple locations in the network, hence, they can better reflect the traf-
fic conditions (e.g. route travel times) and demand (route choice fractions, OD
flows) than measurements at single links. Finally, area-wide measurements, derived
by multiple data sources (Global Positioning Systems (GPS) - equipped vehicles,
mobile phones, etc.) are becoming very promising in providing detailed real-time
traffic information on the overall network traffic conditions and travel patterns in
space and time. Nevertheless, the penetration rate is an important factor regarding
the coverage and accuracy of the estimated traffic measurements.

Emerging and traditional traffic data can provide more detailed, accurate, and
reliable real-time traffic information for the development and improvement of suit-
able methods to capture travel patterns, estimate and predict the traffic dynamics,
and design effective traffic management policies. In this regard, the thesis addresses
two important problems within the domain of traffic systems that can be improved
with the utilization of heterogeneous data. a) Calibration of dynamic traffic models
with focus on the development of more robust methods that are flexible in using any
available traffic information. The emphasis is on the estimation of dynamic origin-
destination (OD) matrices, which is a fundamental requirement for many transport
applications. b) Better understanding of the causes of different freeway bottlenecks
and their implications for traffic management through the use of data from various
sources.

Both, accurate demand and reliable traffic data, are vital for the development
of suitable methods to support effective traffic management.

1.2 Calibration of traffic models

Traffic models, and most recently dynamic traffic assignment (DTA) models, are
used to study different complex and large-scale problems, including traffic planning,
evaluation of traffic management strategies, and prediction of network traffic states.
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DTA models are capable in capturing the traffic dynamics and representing the
evolution of congestion. They are complex in terms of the number of components
and parameters that need to be defined.

The components that support DTA models are categorized to supply and de-
mand models that interact with each other. The output of their interaction repre-
sents the traffic conditions in the network that can be further used to inform different
traffic applications. Supply models capture traffic phenomena through detailed rep-
resentation of the network capacities and traffic dynamics. Demand models consist
of the underlying traffic demand including route choices. The demand is commonly
expressed as a dynamic Origin-Destination (OD) flow matrix and each cell in the
matrix represents the number of trips from an origin to a destination. The term
dynamic reflects the temporal variation of trip departures over a particular period
(day, morning-peak, etc.). Traffic demand is important since it is essential input
to DTA models, where OD flows along with various parameters capture the spatial
and temporal distribution of the demand onto a network. There are mainly two dif-
ferent solution approaches that DTA models use to treat the interactions between
demand and supply. The first approach relies on analytical formulations to model
traffic dynamics that are based on mathematical programs. The second approach is
simulation-based. Analytical DTA models have significant limitations in capturing
the complexity of individual drivers’ decisions and real congestion patterns. On
the other hand, simulation-based models have flexibility to capture realistically the
interactions between demand and supply. Simulation-based DTA models mainly
adopt macroscopic and mesoscopic simulation techniques to replicate the complex
network dynamics. Detailed discussion and relevant references about the modeling
concepts for analytical and simulation-based DTA models can be found in Peeta and
Ziliaskopoulos (2001) and Balakrishna (2006). In Lu et al. (2015), several examples
of successful adoption of simulation-based DTA models for various applications are
reported.

DTA models require extensive and continuous calibration in order to be able to
accurately estimate and predict the real demand patterns and traffic dynamics in
the network (evolution of traffic congestion, queue spillback, etc.). A fundamental
requirement to serve this purpose, regardless of the application, is the accurate es-
timation of the demand. The estimation of dynamic OD matrices for large-scale
congested networks is a complex and underdetermined problem, as the number of
equations that captures the relationship between the OD flows and traffic mea-
surements is less than the number of unknowns, i.e. the OD flows. The most
common traffic observations used in OD estimation are aggregate, time-dependent
link counts. The increasing availability of real-time traffic data provides the op-
portunity to improve the calibration of the DTA models’ inputs and parameters, in
particularly, the demand input. A detailed overview of existing (e.g. loop detectors)
and emerging data collection technologies (e.g. Bluetooth sensors), their function-
alities and impact on traffic management applications is provided in Antoniou et
al. (2011).

The methods for estimating OD matrices can benefit from the integration of
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CHAPTER 1. INTRODUCTION

heterogeneous data sources in the estimation process. As highlighted in (Balakr-
ishna et al., 2007; Frederix et al., 2011), the use of other traffic data in addition
to counts can provide more accurate information about the real network conditions
and improve the quality of the estimation. Different methodologies addressing the
OD estimation problem have been proposed in the literature and many of these
approaches focus on the inclusion of any available traffic information, aiming to
improve the accuracy of the solution. However, there are several issues encountered
with respect to the robustness and stability of the solution algorithms that have been
used. These issues are associated with optimization algorithms (such as stochastic
approximation algorithms) that are capable of incorporating any available data. It
is hence, important to overcome these limitations and improve the ability of these
algorithms in estimating accurate OD matrices. The aforementioned developments
have motivated the interest of this thesis on off-line estimation of dynamic OD
matrices using heterogeneous traffic data.

1.3 Traffic bottleneck management

Apart from being important and necessary input in the OD estimation problem,
traffic data are vital input for the design and implementation of various traffic op-
eration processes. Congestion on freeways is mainly caused by traffic bottlenecks
that may be activated due to different reasons; e.g. road geometry, road accidents,
merging areas, weather conditions, and special events. Hence, an important goal
for traffic management is to identify the bottlenecks and their spatiotemporal be-
havior in order to take appropriate mitigation actions to improve the efficiency of
the traffic network. The thesis examines two different cases of freeway bottlenecks
that are often encountered, work-zone bottlenecks and tunnel bottlenecks. It aims
to develop enhanced traffic management solutions. Dealing with congestion in tun-
nels and work zones is challenging due to the need for safe conditions, in addition
to maximizing throughput. Hence, the criteria for interventions are more rigorous
compared to typical freeway traffic management. Specifically, important spatiotem-
poral traffic interactions, that have been ignored in previous research, should be
considered.

The case of tunnel bottlenecks is examined with respect to two aspects. The first
relates to the identification of the causes and behavior of tunnel bottlenecks, which
is crucial for traffic management. Depending on the cause of tunnel congestion dif-
ferent types of interventions may be needed, otherwise the problem may persist. In
particular, there may be situations where the sources of congestion differ, even for
the same facility, due to different day-to-day demand patterns, weather conditions,
etc., and may impact the strategy to be implemented on a given day. Numerous
traffic management strategies have been proposed for the mitigation of tunnel con-
gestion. However, most of the studies focus on the assessment of the performance of
the traffic management strategies that are implemented, and not on the characteri-
zation of congestion patterns and their implications for traffic management. Hence,
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1.3. TRAFFIC BOTTLENECK MANAGEMENT

identification of the causes of tunnel congestion can help the design of strategies to
alleviate the congestion.

The second aspect considers the broader vulnerability of the transport system
to disruptions due to events and incidents. There are incidents that may result
in capacity reduction of specific links or road sections disrupting its multimodal
operations and the operations of the urban area (e.g. bridge collapses, tunnel clo-
sures, work zones), while others can cause critical network-wide failures (e.g. due
to extreme weather events, etc.). The importance of a robust and reliable transport
system from an economic and quality of life perspective has led to considerable re-
search in order to understand the complex mechanisms and interrelationships that
create its vulnerability, and thus to find ways to mitigate consequences of incidents
(Mattsson and Jenelius, 2015). In order to select the most suitable actions to miti-
gate the effects, it is critical to be able to observe and understand the multimodal
impacts of potential disturbances. The effects of events, such as tunnel closures, will
directly appear on the travel demand patterns as drivers will need to adjust their
decisions about changing their route or maybe even switching to other transport
modes. These impacts, in turn, will be reflected on the network performance as
well as on the level of service of other transport modes. Until recently, most studies
have used surveys and model-based approaches to forecast the effects of network
disruptions due to incidents and events. Partly, this has been due to the lack of
empirical data about the consequences of disturbances. The large amount of real-
time traffic data that are becoming available enables data-driven analyses of the
network traffic conditions and the changes due to unusual events (e.g. accidents) or
interventions (e.g. ramp closures). The availability of opportunistic sensors provide
more detailed and reliable information about the demand patterns, travel behav-
ior and real-time traffic conditions, compared to the traditional survey approaches
that are infrequent and provide limited information. However, empirical studies on
the multimodal effects of transport network disruptions are limited as most of the
studies focus on one measure (e.g. Donovan and Work, 2015; Zhu et al., 2016), e.g.
road traffic conditions. Furthermore, there is very little research on the analysis of
impacts of tunnel closures. These impacts may affect the robustness and reliability
of the whole transport system, hence, it is important to identify and understand
them in order to develop mechanisms to mitigate them.

The work-zone bottleneck problem is examined in the context of real-time traf-
fic management. Although there are several methods proposed for real-time traffic
control at work zones, this thesis aims to extend and improve the most promising
strategies, by investigating the factors that may influence the efficiency of the im-
plemented strategy, such as the location of the control measure (e.g. traffic light),
and the fine-tuning of its parameters.
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CHAPTER 1. INTRODUCTION

1.4 Thesis outline
The thesis is organized as a collection of papers. It has two parts: the introduc-
tion and the papers. The introduction is structured into five chapters. Chapter 2
presents an overview of dynamic OD estimation methods that have been proposed
in the literature. Different problem formulations and solution algorithms are dis-
cussed. Furthermore, the opportunities and benefits emerging from various types
of traffic data for the enhancement of the OD estimation problem, as well as for
the management of freeway traffic bottlenecks are described. Chapter 3 outlines the
research questions of the thesis. Chapter 4 describes the methodological approaches
that are proposed in the thesis, as well as the case studies to address the research
questions. Chapter 5 concludes the thesis by summarizing the main research contri-
butions in relation to the research questions presented in Chapter 3. Finally, future
perspectives are presented.

1.5 Thesis publications
I. Tympakianaki, A., Koutsopoulos, H. N., Jenelius, E., 2015. c-SPSA: Cluster-

wise simultaneous perturbation stochastic approximation algorithm and its
application to dynamic origin-destination matrix estimation. Transport. Res.
Part C: Emerg. Technol., 55 (2015), pp. 231-245.

II. Tympakianaki, A., Koutsopoulos, H. N., Jenelius, E., 2017. Robust SPSA
algorithms for dynamic OD matrix estimation. Submitted to 9th International
Conference on Ambient Systems, Networks and Technologies May 8-11, 2018,
Porto, Portugal.

III. Tympakianaki, A., Koutsopoulos, H.N., Jenelius, E., 2017. Anatomy of tunnel
congestion: causes and implications for traffic management. Under review in
Tunneling and Underground Space Technology.

IV. Tympakianaki, A., Spiliopoulou, A., Kouvelas, A., Papamichail, I., Papageor-
giou, M., Wang, Y., 2014. Real-time merging traffic control for throughput
maximization at motorway work zones, Transport. Res. Part C: Emerg. Tech-
nol., 44 (2014), pp. 242-252.

V. Tympakianaki, A., Koutsopoulos, H.N., Jenelius, E., 2017. Impact analysis of
transport network disruptions using multimodal data: A case study for tun-
nel closures in Stockholm. Under revision in Case Studies on Transport Policy.

Conference papers related to thesis

VI. Tympakianaki, A., Koutsopoulos, H., Burghout, W., Jenelius, E., and (2013).
A Comparative Evaluation of Gradient-based and Stochastic Approximation
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1.5. THESIS PUBLICATIONS

Algorithms for Estimation of Dynamic Origin-Destination Matrices. hEART
2013, 2nd Symposium of the European Association for Research in Transporta-
tion, September 4-6 2013, Stockholm (abstract, presentation only).

Declaration of Contribution

The idea of Papers I, II, III and V was initiated from joint discussion between
Professor Haris Koutsopoulos, Assistant Professor Erik Jenelius and Athina Tym-
pakianaki. I was the main contributor in the research design, methodology de-
velopment and implementation, analysis of results and writing. Co-authors helped
greatly in interpreting the results, revising the paper and in responding to reviewer’s
comments.

The idea of Papers IV was initiated from joint discussion between Professor
Markos Papageorgiou and Athina Tympakianaki. I was the main contributor in the
research design, methodology development and implementation, analysis of results
and writing. All co-authors helped greatly in programming and implementing the
model, interpreting the results, revising the paper and in responding to reviewer’s
comments. The optimization algorithm used in this paper was developed in another
research by Dr. Anastasios Kouvelas.
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Chapter 2

Literature Review

This chapter provides an overview of the literature reported to the two general
problem areas addressed in this thesis, namely the OD estimation problem and
the management of traffic bottlenecks. In particular, the categorization of OD
estimation methods is presented with emphasis on the evolution of dynamic OD
estimation methods using heterogeneous traffic information. Moreover, an overview
of different approaches for the congestion characterization and management of traffic
bottlenecks is provided.

2.1 OD estimation methods

The OD estimation problem has been studied intensively for several decades. This
section begins with a brief description of the categorization of the different OD
estimation methods based on the problem formulations and solution algorithms that
have been proposed in the literature. The various OD estimation approaches can be
classified as: static and dynamic based on the demand profile, direct and indirect
based on the observability of OD flows, and assignment-matrix and assignment-
matrix-free based on the modeling of the relationship between OD flows and link
counts. The dynamic OD estimation methods are further divided to real-time and
off-line.

In the static OD estimation problem (Cascetta, 1984; Cascetta and Nguyen,
1988; Spiess, 1990; Yang et al., 1992; Hazelton, 2000; Hazelton, 2001; Cascetta
and Postorino, 2001) the OD flows are assumed to be constant over a relatively
long time period (e.g. morning peak). The OD flows are estimated using average
traffic counts across the entire study period. Static OD matrices can be used for
long-term transport planning and network design purposes. However, they are not
suitable for dynamic traffic management, as they ignore the time-dependent nature
of OD demand. DTA models require dynamic demand input in order to accurately
represent the time-dependent traffic phenomena (for example congestion spillback).

OD matrices, either static or dynamic, can be estimated using direct and indirect
methods. In direct estimation methods, OD flows are derived from travel surveys
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CHAPTER 2. LITERATURE REVIEW

and interviews for a sample of travelers. However, observing OD matrices directly
is difficult and expensive. In order to address this problem, indirect estimation
approaches have been proposed that use traffic measurements to infer the OD flows.
The accuracy of the estimated OD matrices depends highly on the quality and
information provided by the input data. Traditionally, link count measurements and
historical OD demand information have been used to estimate OD flows. However,
traffic counts alone are not reliable in estimating accurate OD matrices because
they are unable to identify the correct traffic regime, i.e. whether the network is
congested or uncongested. The increasing availability of more types of traffic data
(e.g. travel times, speeds, densities) provides opportunities to enhance the input
information for OD matrix estimation and hence, improve the estimation itself.

The OD estimation approaches are distinguished based on whether they rely or
not on the assignment matrix, which represents proportions of OD flows crossing
sensor locations over different time intervals. The most common assignment-matrix-
based formulation uses observed flows and expresses them as a linear function of
the assignment matrix. On the other hand, other approaches do not rely on the
calculation of assignment matrices, but use the output of e.g. from a simulation
model to capture the complex relationships between the OD flows and any available
data. As such, they can accommodate quite general data sources, but may have
performance limitations (e.g. computational performance).

Dynamic OD estimation methods are used for off-line and on-line applications.
In off-line applications, such as the design and evaluation of traffic management
strategies, the problem is to simultaneously estimate OD matrices for all the time
intervals using traffic measurements from the entire analysis period. On-line OD
estimation methods are used in the context of real-time traffic management, aiming
at predicting OD matrices based on real-time traffic information as it becomes
available. OD matrices derived from off-line estimation are usually used as input
for the on-line OD estimation problem.

Based on the general classification of OD estimation methods described above,
numerous methodologies have been developed in the literature to address different
challenges and issues associated with the estimation of OD matrices. This thesis
aims to address the off-line dynamic OD estimation problem, with methods that
can support data from a variety of sources. Hence, the literature review that follows
focuses on problem formulations and solution approaches for off-line OD estimation
methods for congested networks, as well as on the input data that have been used
in the different approaches.

2.1.1 Dynamic OD estimation methods

The OD demand estimation problem can be formulated as an optimization problem
aiming to find an OD demand matrix that best reproduces a set of traffic mea-
surements when assigned to a given network. Hence, the objective function can be
mathematically formulated as follows:
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MinxZ(X) = z1(X, XH) + z2(y, ỹ) (2.1)

subject to
X > 0

where the functions z1(·) and z2(·) represent deviations between an a-priori (seed)
OD matrix XH and the estimated OD matrix X and between observed traffic
measurements ỹ and simulated traffic measurements y, respectively.

Different problem formulations have been proposed in the literature for the off-
line estimation of dynamic OD demand. This section presents an overview of the
different methods and categorizes them based on whether their problem formulation
relies or not on the assignment matrix. As mentioned earlier, the most commonly
used indirect measurements to observe OD matrices are traffic counts at specific
sensor locations on the network. A critical issue is to define the relationship between
OD flows and link counts, namely the assignment matrix (Spiess, 1990). Most of the
approaches that rely on assignment matrices, assume a linear relationship. However,
the assignment proportions depend highly on the prevailing travel times and route
choices, hence, in congested networks the relationship between demand and traffic
counts becomes highly non-linear.

Cascetta et al. (1993) first proposed a generalized least square (GLS) framework
for off-line OD estimation. The OD estimates are obtained by optimizing the sum
of two parts in the objective function: (1) deviations between the estimated OD
matrix and an a priori estimate of the OD matrix, and (2) deviations between
observed link flows and those predicted by the model when assigning the estimated
OD flows to the network. A linear formulation is assumed between traffic counts
and the assignment proportions. Two estimation procedures are proposed under
the GLS framework. The first is the simultaneous estimator, which estimates the
whole OD demand by using link counts for all the intervals simultaneously. The
second is a sequential estimator that optimizes the OD flows one interval at a time
by using link counts from the respective interval, as well as counts and OD estimates
of previous intervals.

Tavana (2001) proposed an OD estimation methodology in which the assignment
matrix is estimated endogenously. He proposed a bi-level optimization model and an
iterative solution framework to estimate dynamic OD matrices. In the upper-level
optimization step, the OD demand is estimated based on given link-flow proportions,
which are generated in the lower level by solving a simulation-based DTA. They
proposed a heuristic method to solve the optimization problem. This model was
extended by Zhou et al. (2003), where the authors proposed a multi-objective
optimization framework using traffic counts from multiple days in order to estimate
the day-to-day variability in the demand.

In Toledo and Kolechkina (2013) a general solution scheme for the OD estimation
problem for congested networks is proposed, which relies on linear approximations
of the assignment matrix using a first-order Taylor expansion. This approach ex-
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plicitly considers congestion effects. Different gradient-based solution algorithms
were proposed.

OD estimation formulations based on assignment matrices have several limi-
tations (Balakrishna et. al., 2008). The most important disadvantage is that the
utilization of assignment matrices restricts the estimation to use only count measure-
ments. This is associated with the relationship between OD flows and other traffic
measurements (densities, speeds), which is complex and non-linear; thus, it cannot
be modeled using linear approximations. Another shortcoming of the assignment-
based OD estimation methods is that they do not allow for simultaneous estimation
of the model supply and other demand parameters (e.g. route choices). Moreover,
the assignment-based OD estimation methods require calculations and storage of
the assignment matrices that increase the computational effort.

Frederix et al. (2011) used a sensitivity-based approximation of the relationship
between OD flows and link flows to address the influence of non-linearity due to
congestion, which is not captured by the linear approximation approach. A marginal
computation method is proposed to calculate the sensitivity of the link flows to the
OD flows under congested conditions.

Recent studies on the OD estimation problem or, in general, the calibration of
traffic simulation models (Balakrishna, 2006; Balakrishna et al., 2007; Balakrishna
and Koutsopoulos, 2008; Vaze et al., 2009) proposed more general problem formu-
lations and solution approaches that do not rely on assignment matrices; rather
the complex non-linear relationships between OD flows and traffic measurements
are captured indirectly by a DTA model. The main advantage of these solution
frameworks over the traditional assignment-matrix-based approaches is that they
can accommodate any type of traffic data in the optimization problem. Demand
and supply inputs and parameters can also be jointly estimated.

When these approaches are used for the large-scale OD estimation problem, the
selection of suitable solution algorithms should be considered. In particular, due to
the highly non-linear nature of the OD estimation problem and the inherent stochas-
ticity in the simulation models, analytical form of the objective function may not be
available; therefore, the gradient cannot be analytically calculated. Consequently,
algorithms other than the classical deterministic algorithms need to be utilized.
The utilization of stochastic optimization algorithms that do not rely on explicit
form of the objective function has grown rapidly. Stochastic Approximation (SA)
algorithms were first introduced for solving root-finding problems in the presence
of noisy objective function measurements. The basic approach is referred to as the
Robbins-Monro algorithm (Robbins and Monro, 1951) with generalizations and ex-
tensions followed (e.g. Kiefer and Wolfowitz, 1952). The proposed SA algorithms
have a central aspect, which is the allowance for noisy input information in the al-
gorithm. One type of SA algorithms are the gradient-free algorithms, which do not
depend on direct gradient measurements, rather they are based on gradient approx-
imation measurements of the (noisy) objective function. A comprehensive review of
different classes of optimization algorithms suitable for large-scale, stochastic and
non-linear problems can be found in Balakrishna (2006).
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The simultaneous perturbation stochastic approximation (SPSA) algorithm (
Spall, 1998; 1999; 2003) is a widely adopted SA algorithm in the context of the OD
estimation problem (e.g. Balakrishna et. al., 2008; Frederix et al., 2011; Cipriani et.
al., 2011; Antoniou et al. 2015; Kostic et al., 2015). The main advantage of SPSA is
that it does not rely on direct gradient information; rather on measurements of the
objective function. It requires only two function evaluations per iteration, regardless
of the number of input variables (e.g. OD flows). Moreover, its general problem
formulation allows for the inclusion of diverse types of traffic measurements (e.g.
from infrastructure sensors and floating car data).

The algorithm follows an iterative procedure, where at each iteration it tries to
minimize an objective function . The recursive procedure for optimization problems
is based on the standard SA form:

Xk+1 = Xk − αkĝk(Xk) (2.2)
where ĝk(Xk) is the estimated gradient at iteration k, and αk are positive scalars.
Under appropriate conditions, the iterations in eq. (2.2) converge to the optimal
solution X∗ in some stochastic sense. In SPSA all the elements in Xk are perturbed
simultaneously; hence the gradient approximation uses only two function measure-
ments at each iteration, regardless of the number of variables to be estimated:

ĝ(Xk) =



Z(Xk+ck∆k)−Z(Xk−ck∆k)
2ck∆k1

Z(Xk+ck∆k)−Z(Xk−ck∆k)
2ck∆k1...

Z(Xk+ck∆k)−Z(Xk−ck∆k)
2ck∆kp

 (2.3)

where p is the dimension of X, and Xk is a zero-mean p-dimensional random
perturbation vector at iteration k, generated from a Bernoulli distribution with
±1 values, with equal probability. The perturbation factor is ck = c/kγ (c and
γ are algorithmic parameters). In order to increase the accuracy of the gradient
approximation, a common technique is to average over several gradient replications
at each iteration k. Xk is updated using the recursive step in eq. (2.2). The step
size αk is determined by the sequence ak = a/(A + k)α (a and α are algorithmic
parameters).

Although SPSA is relatively simple to implement, it suffers from some perfor-
mance limitations and it can get trapped in local minima. Its performance and
stability are sensitive to the choice of the initial algorithmic parameters. Depend-
ing on the selection of the step size for updating the variables, the algorithm may
be extremely slow when the objective function is flat or even deteriorate from the
solution if the function is steep. Spall (1992) suggests averaging of a number of
independent gradient approximations in order to reduce the noise in the objective
function and enhance the performance of SPSA. Another factor that has an im-
pact on the stability of the algorithm is the range of values of the variables to be
optimized.
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The aforementioned drawbacks of SPSA have implications when the algorithm
is applied to the OD estimation problem. It has been shown by various researchers
that the approximated gradient values can become extremely noisy and high, which
lead to practical convergence and stability issues. Hence, the selection of proper
algorithmic parameters becomes critical; especially when the range of possible values
of the OD flows vary greatly. Step sizes may be too small for large OD pairs and too
large for small OD flows leading to inaccurate gradient approximations, unstable
algorithmic performance, slow convergence or even divergence.

Different modifications of SPSA have been proposed in the literature in order to
overcome or alleviate some of its disadvantages and limitations. Balakrishna et al.
(2007) avoid the issue of high gradient values by using a scaling of the parameter
that controls the perturbation step based on the magnitude of the corresponding
values of the OD flows to be estimated. The stability of SPSA improved, however,
the treatment is not entirely consistent with the theory.

In particular, Cipriani et al. (2011) used a modification of the SPSA algorithm,
called SPSA AD-PI to solve the OD estimation problem, assuming a starting matrix
close to the optimal one. The main modifications involved the introduction of
asymmetric differences in the simultaneous perturbations in the gradient estimation,
the computation of the step size based on a polynomial interpolation of the objective
function value, and the averaging of independent gradient approximations. The
results demonstrate improved efficiency of the proposed algorithm compared to
SPSA. However, even though the asymmetric differencing reduces the number of
objective function evaluations by half, it increases the bias in the estimated gradient
compared to the symmetric method (two-sided simultaneous perturbations).

Recently, Antoniou et al. (2015) proposed a modification of the SPSA algorithm
for joint demand and supply off-line calibration of DTA models. The motivation of
their work relies on the fact that the development and calibration of complex traffic
models requires advanced techniques due to the large number of non-homogeneous
unknown parameters that are involved. The proposed algorithm is called Weighted-
SPSA (W-SPSA), where the weight matrix represents correlations in space and
time between the different variables that need to be calibrated. Depending on the
relevance of the different measurements a different weight is given, thus, gradient
estimation errors are avoided. However, it is possible that the weights may introduce
biases.

In Cipriani et al. (2013) and Kostic et al. (2017) sensitivity analyses of different
implementation aspects of SPSA are conducted and similar techniques are applied
for improving the convergence properties of the SPSA algorithm for off-line OD
estimation. The main findings are consistent in both studies. The results highlight
the significance of averaging a sufficient number of gradient replications or bounding
the magnitude of the gradient values, in order to achieve fast convergence. Moreover,
the selection of the two algorithmic parameters that control the step size and the
gradient computation, respectively, is found to be crucial for the effectiveness of
SPSA.

The presented studies that have used the SPSA algorithm in the context of
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the OD estimation problem have introduced several modifications to enhance its
performance, related to the gradient estimation and selection of proper algorithmic
parameters. However, no consistent treatment has emerged. Detailed discussions
about the advantages and limitations of the SPSA algorithm are presented in Papers
I and II. The thesis aims to overcome some of the limitations of SPSA and improve
its convergence and stability.

The various solution approaches described above attempted to improve the off-
line OD estimation problem. A detailed review of various off-line and on-line cali-
bration approaches and the key issues related to the nature of the OD estimation
problem can be found in Antoniou et al. (2016) and in Djukic (2014).

2.1.2 Heterogeneous data sources in OD estimation

Another important issue related to the dynamic OD estimation problem is related to
the observations used for estimation. The majority of the proposed OD estimation
approaches are based on historical OD demand information and traditional link
count data. However, traffic counts alone are not reliable in estimating accurate OD
matrices because they are unable to identify the correct traffic regime, i.e. whether
the network is congested or uncongested. As mentioned in Section 2.1.1, recent
research efforts are devoted to solution approaches that are flexible in incorporating
any type of traffic data, beyond traditional link counts, directly in the objective
function (see Djukic et al., 2015 for an overview). Different studies in the literature
(Eisenman and List, 2004; Balakrishna 2006, Zhou and Mahmassani, 2006; Frederix
et al., 2010; Cipriani et al., 2011) have explored the inclusion of additional traffic
information in the OD estimation problem obtained from additional data sources
(such as speeds and densities, travel times from vehicle identification data (AVI) or
probe vehicles) and have shown significant benefits for the solution.

In Kostic and Gentile (2015) the authors demonstrate the benefit of incorpo-
rating various traffic data, other than only counts, in the dynamic OD estimation
problem for large-scale and congested networks. Different scenarios are carried out
where combinations of flow, speed and density measurements, as well as the num-
ber of vehicles on links are used in the estimation problem. The effectiveness of
the different types of data is evaluated. Three gradient-free algorithms are imple-
mented and evaluated using different data types. The authors point out that the
selection of algorithmic parameters is critical for the performance of the algorithms.
The necessity for fine-tuning the parameters depends on the network size, the num-
ber of variables to be estimated and the number of measurements that are used.
Hence, fine-tuning of the parameters may be required several times even for the
same problem.

Cipriani et al. (2014) evaluate the effectiveness of incorporating different types
of traffic information in the off-line dynamic OD estimation problem on a test-
network. The SPSA AD-PI proposed by Cipriani et al. (2011) was used as the
solution algorithm. The results indicated that the inclusion of path travel times
in combination with link speeds and flows had the greatest effect on the accuracy
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of the estimated OD matrix. Different assumptions regarding the reliability of the
seed matrix were also examined.

The following section focuses on the management of freeway traffic bottlenecks
and discusses how traffic data can assist traffic managers to identify the causes of
congestion due to bottlenecks and their effects, in order to develop suitable mitiga-
tion strategies.

2.2 Congestion characterization and management of traffic
bottlenecks

Understanding the factors that influence traffic congestion due to localized bottle-
necks is an important requirement for successful freeway traffic management. In
order to achieve that, traditional and emerging traffic data are vital for real-time
traffic operations as well as in off-line data-driven analyses to inform traffic manage-
ment. In real-time traffic management, data are used to make immediate decisions
on the intervention that is needed. In off-line applications, historical traffic data can
inform the development of adequate and proactive traffic management strategies by
understanding the causes and behavior of traffic bottlenecks.

The thesis focuses on two cases where congestion is created due to localized
traffic bottlenecks, namely tunnel bottlenecks and work zones.

More specifically, tunnel traffic congestion can be caused by several factors, in-
cluding increased demand during peak hours exceeding the tunnel capacity, as well
as weaving areas inside the tunnel that generate bottlenecks. In more complex
networks, the traffic conditions affecting the tunnel may develop downstream or
upstream the tunnel. These aspects have not been explicitly addressed in the lit-
erature. Consequently, there is a need for development of adequate tunnel traffic
management policies, which are robust with respect to the range of traffic patterns
that may develop into congestion.

In some cases where tunnel congestion occurs, lane closures or even closure
of a long road section are often inevitable. For example, the State Road Traffic
Authority (VLB) in Berlin (Lange and Klein, 2010) has adopted the closure of tunnel
entrances, in order to deal with congestion and ensure safety. Another example is
the Södra Länken freeway tunnel in Stockholm, Sweden where temporary closures
of some of the tunnel entrances are enforced in order to prevent the formation of
still-standing queues inside the tunnel. Congestion often occurs in the tunnel due
to the high demand in the tunnel and the downstream freeway.

Greenberg and Daou (1960) studied the Holland Tunnel between New York and
New Jersey, where a bottleneck inside the tunnel caused congestion and capacity
drop. A vehicle platooning procedure was applied in order to prevent the formation
of shockwaves that would propagate backwards to the tunnel entrance. Mainstream
traffic flow control was applied in Gazis and Foote (1969) to increase the throughput
of the Lincoln tunnel connecting New York City with New Jersey.

A number of studies have also used simulation techniques to evaluate the per-
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formance of different control strategies to mitigate tunnel congestion. For example,
in Cuneo et al. (1999) an integrated dynamic traffic management system was evalu-
ated in the context of an incident scenario for the Central Artery/Tunnel network in
Boston that caused congestion, including lane control signals, variable speed limit
signs, ramp-metering and route guidance. A microscopic simulation analysis was
conducted and the findings provided useful insights so as to achieve effective in-
tegration of different strategies. In a similar context, Liao et al. (2012) evaluated
different traffic management strategies for the congested Hsueh-Shan Tunnel in Tai-
wan through mesoscopic simulation. A severe accident was simulated and the traffic
management aimed at preventing queue formation at the tunnel entrance. The re-
sults indicated that local ramp metering provided the best benefits compared to the
other strategies.

Work zones on freeways necessitate the drop of one or more lanes over a period of
time (e.g. a few days or months) causing disruptions in the normal traffic conditions
and formation of congestion upstream the work zone due to reduced capacity. The
development of suitable traffic management strategies is needed in order to improve
safety for work-zone workers as well as ensure safer and efficient merging of vehicles
entering the work zone area. A detailed report, FHWA (2005), provides useful in-
sights on the development of transport management plans to mitigate the impacts of
work zones. Extensive review of different work zone management plans is presented,
including temporary traffic control strategies, public information, and transporta-
tion operations. The different procedures and strategies that have been proposed or
implemented to mitigate the effects of work zones on the traffic conditions include
speed limitations, as well as signing, markings and particular geometric design (see
e.g. Lin et al., 2004; FHWA, 2005; Wei and Pavithran, 2006). More recent studies
(Lentzakis et al., 2008) adopt a real-time merging traffic control strategy to improve
traffic conditions at work zones when the arriving demand is higher than the work
zone capacity. In particular, the local ramp metering strategy ALINEA (Papageor-
giou et al., 1991, 1997) is used, which is driven by real-time traffic measurements,
usually obtained from point sensors (e.g. loop detectors). Depending on the prevail-
ing traffic conditions, the strategy responds with decisions to prevent the formation
of congestion. The work intents to improve and extend the work of Lentzakis et
al. (2008) and Papageorgiou et al. (2008) by addressing an important factor that
had been neglected in previous research, but is expected to have significant impli-
cations for work zone management. That is, the proper location of the traffic lights
upstream of the work zone area. The distance between the traffic lights and the
merge area is expected to affect drivers’ behavior and particularly their acceleration
capability when approaching the merge area. Additionally, the fine-tuning of the
control strategy parameters has been usually carried out manually, without using a
systematic approach. However, this process is tedious and time consuming. Hence,
such processes can be facilitated and improved by the utilization of advanced meth-
ods that can automatically calibrate the parameters and achieve better performance
of the control strategy.

Understanding the causes and mechanisms of traffic bottlenecks in order to de-
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velop suitable strategies to mitigate congestion is one of the crucial aspects for traffic
management. Another important aspect to be considered in traffic management is
the vulnerability of the transport system to disruptions due to traffic bottlenecks
and incidents. The availability of heterogeneous traffic information enables data-
driven analysis as a direct approach for understanding the network dynamics and
traffic patterns in response to specific events. A number of studies exist in the
literature using data-driven approaches to analyze transport systems disruptions,
however, most of the studies focus on the impact of various disruptions with respect
to a single transport mode. The design of efficient and proactive traffic management
strategies to mitigate potential impacts due to network disruptions, can benefit from
the utilization of multiple data sources for the identification and understanding of
the changes in the network performance, demand patterns, as well as performance
of different modes. For example, a traffic disruption may force vehicles to detour to
other paths, increasing the demand on those paths, which may affect the running
times of bus lines that use them. Moreover, drivers may decide to switch transport
modes in order to avoid congestion, assuming that they are informed in advance
about the prevailing traffic conditions. The thesis explores these opportunities in
the context of analyzing the multimodal impacts of tunnel closures; a problem that
has not been addressed adequately in the literature.
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Research questions

The research questions of this thesis are motivated by the gaps and opportunities
discussed in the previous section. Despite the increasing availability of more reli-
able and detailed traffic data, the information provided by these data is not fully
explored in various problem areas within the transport systems domain. Overall,
the thesis aims to use heterogeneous traffic data that are becoming available and de-
velop suitable methods that can incorporate them, aiming to address two important
problems: (i) develop robust methods for the estimation of dynamic OD matrices
for large-scale networks, (ii) provide a better understanding of the causes and effects
of traffic bottlenecks, and use this information to enhance traffic management.

More accurate OD matrices will improve the capabilities of traffic models to
estimate and predict traffic conditions, hence, increase the effectiveness of traffic
management. This, in turn, will provide traffic managers with better knowledge
of network-wide demand patterns and traffic states in order to develop and assess
suitable strategies to improve the transport network efficiency. In addition, better
understanding of the causes and mechanisms of bottlenecks provided by empirical
analyses can complement and support traffic management decision-making to deal
with congestion problems.

Along these lines, the research aim is further decomposed into three main ques-
tions:

RQ1: Develop improved optimization algorithms for the estimation of dynamic OD
matrices for congested, large-scale networks using available traffic data.

One of the primary objectives of this thesis is to develop a methodology for solving
the DTA-based off-line dynamic OD estimation problem for large-scale congested
networks. Traffic data are essential input for the OD estimation problem. The most
commonly used solution approach is to use observed link traffic counts from point
sensors and to specify the relation between OD flows and link flows. Apart from link
counts, other measurements can provide valuable information for the OD estimation
problem including traffic densities, speeds, travel times, etc. In combination with
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the link flows, such information can improve the accuracy of the estimated OD
flows.

The thesis develops and evaluates appropriate solution approaches in terms of
their flexibility in incorporating multiple data sources (e.g. traffic counts, travel
times) in the estimation procedure, as well as relaxing the limitations of commonly
used class of optimization algorithms for the OD estimation problem.

RQ2: Explore the utilization of emerging traffic data to analyze the behavior and
impacts of traffic bottlenecks.

Traffic data are a necessary input for any transport application. Advances in sensor
technologies enable the collection of detailed and reliable data that can be used
for the analysis of complex network dynamics and also the deployment of traffic
management strategies. Depending on the information they provide, they can be
used in different contexts. This thesis explores the utilization of various traffic data
in the following applications:

a. Identify the underlying causes of bottlenecks and early identification of emerging
congestion patterns.

Traffic bottlenecks in tunnel facilities represent a challenging problem due to safety
issues, hence, the adopted traffic management strategies should be able to ade-
quately and proactively address any occurring congestion pattern. A key factor
that needs to be understood for effective traffic management decision-making is the
underlying causes of congestion, which may vary from day-to-day, depending on
network characteristics and demand patterns. Hence, as a primary step for the
evaluation and deployment of any traffic management strategy, empirical analysis
of the network dynamics and congestion patterns that may lead to the need for
intervention should be carried out.

The thesis focuses on the case of recurrent congestion in freeway tunnels and
proposes a data-driven framework for identifying different traffic congestion pat-
terns and categorizing them based on their spatiotemporal characteristics. The
characterization of congestion patterns is important, since the effectiveness of traf-
fic management strategies may differ depending on the cause of congestion. The
thesis also proposes a method for early identification of emerging tunnel congestion
based on the identified historical congestion patterns in order to enable proactive
traffic management.

The methodology is demonstrated for the Södra Länken freeway tunnel in Stock-
holm, Sweden; however, the approach is general and can be transferred to other
settings.

b. Investigate the value of emerging traffic data in addressing the impacts of trans-
port network disruptions.
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There are several studies in the literature that use data-driven approaches to analyze
the impacts of transport network disruptions due to traffic bottlenecks. However,
in most cases the analysis is focused on a single transport mode typically using one
data source. This thesis proposes a practical framework for analyzing the multi-
modal effects of network disruptions. Further, the thesis aims to demonstrate how
heterogeneous data sources can be integrated in a systematic way in order to pro-
vide a comprehensive analysis of the impacts that can help operators to develop
suitable mitigation actions. For this purpose, machine learning methods, appropri-
ate to handle large data sets, are utilized. The approach is applied in the case of
the Södra Länken freeway tunnel that is prone to temporary entrance closures due
to congestion. While the findings from the analysis are case-specific; the overall
approach of combining various data sources is generic.

RQ3: Develop and evaluate mitigation strategies for tunnel and work zone bottle-
necks.

The thesis proposes and evaluates suitable traffic management strategies for two
common cases of freeway bottlenecks. The first case considers work zone bottlenecks
where the drop of one lane is necessary. Consequently, congestion occurs as traffic
flow arriving at the work zone must merge into a lower number of lanes. An improved
and extended traffic control strategy is proposed to mitigate the capacity drop and
achieve safer and more efficient merging of vehicles. A crucial factor that has been
neglected in previous research is the optimal locations for the implemented control
measures (e.g. traffic light), which is expected to affect the behavior of vehicles
when approaching the merge area. Furthermore, the use of automated fine-tuning
procedures for efficient calibration of the control strategy parameters is investigated.

The second case addresses the mitigation of congestion due to tunnel bottlenecks.
The insights derived from empirical data regarding the causes of tunnel bottlenecks
on traffic management are thouroughly studied in a simulation environment. Differ-
ent strategies are assessed with respect to the influence of the underlying causes of
congestion on the effectiveness of the traffic management strategies to mitigate the
problem. The combined empirical and simulation-based framework is applied to the
Södra Länken tunnel in Stockholm. The research shows that the traffic management
strategy depends on the underlying cause.

Microscopic simulation is used to evaluate and predict the effectiveness of dif-
ferent traffic management strategies for the mitigation of congestion due to traffic
bottlenecks.
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Chapter 4

Methodology

This chapter describes the methodological components used to address research
questions discussed above. Data-driven approaches are used to analyze traffic con-
gestion patterns and the multimodal impacts of network disruptions. Optimization
algorithms are developed and implemented for the solution of the OD estimation
problem, as well as for the fine-tuning of parameters related to traffic control strate-
gies. Finally, computational experiments are conducted using simulation models to
evaluate the different proposed approaches, including OD estimation methods and
traffic management strategies.

Different traffic data, provided by heterogeneous data sources, are used in a
systematic way to address the research questions. Point sensor data (link counts,
speeds) are used in the OD estimation process for calibration and validation. Link
count, speed and density observations are utilized for the characterization of tun-
nel bottlenecks and identification of the causes of congestion. For the analysis of
multimodal impacts of network disruptions, a broader range of data is used that
complement each other. In particular, point sensor data are used to identify local
changes in the flow and traffic conditions at a link level. Travel times from point-
to-point sensors are analyzed to capture the traffic conditions on relevant routes.
Area-wide data are used to analyze the network traffic conditions in space and
time. Finally, data from public transport sources are included to provide infor-
mation about potential changes in the demand, performance and reliability of the
public transport service due to network disruptions.

This remainder of this chapter presents the different methods at a high-level.
More detailed description and discussion are presented in the relevant papers.

4.1 An enhanced SPSA algorithm for the OD estimation
problem

In Section 2.1.1 the mathematical formulation of the OD demand estimation prob-
lem and the SPSA algorithm, which has been used to solve the more general problem
that does not use the assignment matrix, were presented. The SPSA algorithm uses
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an approximation of the gradient, requiring only two function evaluations at each it-
eration, after perturbing simultaneously the variables to be estimated (see eq. (2.3)
in Section 2.1.1). The main advantages and disadvantages of this approach for the
OD estimation problem are:

• Its general and flexible structure allows for the direct incorporation of any
kind of data sources in the objective function.

• Its convergence can be slow but the computational cost per iteration is rel-
atively small compared to more traditional algorithms that use numerical
approximation of the derivative.

• Due to the stochastic nature of the algorithm, the solution steps have to be
carefully implemented and the solution is sensitive to the selection of initial
values of its parameters. SPSA has indeed several algorithmic parameters,
whose values are critical for the performance of the algorithm.

When ỹ include only traffic count measurements, a gradient-based approach
such as the gradient descent algorithm proposed by Toledo and Kolechkina (2013)
is efficient due to the clear link between OD demand and traffic flow. On the other
hand, when heterogeneous data sources are used (e.g. speeds and densities), the
SPSA algorithm and its variants are viable approaches (Tympakianaki et al., 2013).

SPSA relies only on measurements of the objective function and not on direct
gradient measurements for the optimization of the objective function. Despite its
general formulation there are certain limitations of SPSA related to its performance.
In particular, the algorithm is sensitive to the selection of the algorithmic parameters
and their adjustment might be tedious and time consuming. Consequently, the
performance of the algorithm may be unstable and diverge from the solution. There
are various practices and guidelines reported in the literature that aim at improving
the performance of the SPSA algorithm. Some of these practices are applied in
this research, including time consuming fine-tuning of the algorithmic parameters,
as well as scaling of the variables to be estimated (Balakrishna et. al., 2007).
Nevertheless, the performance of the algorithm is still problematic. The limitations
of SPSA in the context of simultaneous OD estimation are identified and discussed
in Papers I and II. The findings from this analysis motivate the need to develop and
propose a more robust algorithm for solving the OD estimation problem.

The new method proposes a general modification of standard SPSA in order
to improve convergence and stability. The idea of the new algorithm, referred as
cluster-wise SPSA (c-SPSA), is to form clusters among the components of the OD
flow matrix, based on some criteria such as the magnitude of OD flows. The gradient
component corresponding to each cluster is estimated separately, by simultaneously
perturbing the OD flows that belong to the same cluster, while the remaining OD
flows remain at their current solution value. The proposed algorithm has the po-
tential to enhance the OD estimation for several reasons. The clustering of the OD
pairs according to appropriate criteria results in a more homogeneous composition
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of the OD pairs to be estimated in each formed cluster. It should be noted that
the structure of c-SPSA allows for the incorporation of any enhancements that has
been used for the standard SPSA within each cluster. The c-SPSA algorithm is
introduced in Paper I. Paper II extends the work presented in Paper I and suggests
methods for improving the performance of both the SPSA and c-SPSA algorithms,
with respect to the selection of the algorithmic parameters, the gradient estimation
and the clustering criteria for c-SPSA. The remainder of this section presents the
main methodological aspects as well as the most important and interesting conclu-
sions derived from the analysis.

Given the basic structure of c-SPSA, a number of implementation alternatives
are investigated in terms of algorithmic stability, convergence, computational effi-
ciency and solution quality. In summary, the most important aspects include:

• Different cluster design methodologies.

• Scaling of the algorithmic parameters.

• Hybrid gradient computation, which combines analytical and stochastic ap-
proximation gradient information in the OD estimation process.

• Inclusion of additional traffic measurements in the estimation.

The definition of the clusters in the proposed algorithm, as well as the criteria
and methods for the formation of the clusters are briefly discussed in this section.
Two different clustering strategies are examined for the grouping of the OD flow
components, based on the following principles:

1. Minimizing within-cluster OD flow variability within each cluster.

2. Minimizing within-cluster spatial interactions of OD pairs on common sensor
links.

The selection of the two strategies is based on theoretical reasons and empir-
ical observations from the implementation of SPSA. Paper I addresses one of the
major challenges in the OD estimation problem, which is to deal with large size of
OD matrices, especially when the magnitude of the OD components varies. SPSA
considers simultaneous perturbations of the OD flows to be estimated; therefore,
OD flows of 10 veh/h are perturbed together with OD flows of 1000 veh/h. The
conducted experiments show that this may lead to prohibitive computational times,
and difficulties in finding an accurate solution. OD pairs within each cluster do not
differ significantly with respect to their magnitude. When OD pairs are assigned
to clusters based on their seed OD flow values, the perturbation of variables with
significantly different magnitudes is controlled. Moreover, the clustering scheme al-
lows for the selection of cluster-specific parameters, based on the range of OD flow
magnitudes that belong to each cluster. The within-cluster uniformity makes their
fine-tuning easier. Furthermore, given this cluster design, adaptive clustering is also
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proposed during the optimization process. This approach may be useful in cases
where the OD pairs may need to be periodically re-assigned to a different cluster
during the execution of the algorithm, if their seed OD flow values are far from their
true (solution) values.

Paper II introduces the second clustering strategy, which aims at separating
OD pairs that share several sensor links along their paths. The total measured
flow at sensor location represents the flow proportions from all OD pairs whose
paths traverse that particular sensor. Therefore, multiple solutions of OD flows
may be found that fit the measured traffic flows; however, the OD estimates may be
inaccurate compared to the true OD flows. In SPSA the OD flows are simultaneously
perturbed; consequently, the changes of all OD flows that interact on the same link,
may induce large errors in the gradient approximation and result in inaccurate OD
estimates. Clustering of OD flows based on the within-cluster spatial interactions
on sensor links, is expected to increase the accuracy of the solution. Two different
methods are used for the formation of the clusters: the k-means algorithm and a
hierarchical clustering procedure.

Another critical issue addressed in Paper II is the sensitivity of SPSA and c-
SPSA to the selection of algorithmic parameters. As mentioned in Spall (2003),
in situations where the variables to be optimized vary significantly in magnitude,
it may be necessary to use scaling of the step size parameter in order to improve
the stability of SPSA. Nevertheless, no reported study has been found where this
practice has been adopted in the OD estimation problem. This thesis recommends
and implements scaling of the parameter that controls the step size, proportional
to the magnitude of the historical OD flows, to enhance the performance of both
the SPSA and c-SPSA algorithms. Furthermore, a hybrid modification of the SPSA
and c-SPSA algorithms is introduced that makes use of the true gradient for the OD
matrix component z1(·) of the objective function in eq. (2.1), while the gradient
for traffic measurements component z2(·) is approximated as it depends on the
simulation output.

The effectiveness of the different methods presented in Papers I and II, is eval-
uated through a case study for a real network in Stockholm, Sweden, consisting of
1100 links. A mesoscopic DTA model is used to generate synthetic traffic measure-
ments based on an assumed ”true” OD matrix. The simulation model is also used
in the estimation as the link between OD flows and measurements. Link traffic
counts are the main input for the estimation, while speeds are used for validation.
However, in order to demonstrate the effectiveness of different types of traffic mea-
surements in the OD estimation process, the inclusion of speed measurements in
the optimization problem is also examined.

The results from Paper I indicate that the determination of proper clustering
criteria, as well as the number of clusters, are critical factors for the performance of
c-SPSA. With respect to the clustering strategy based on OD flow variability, the
selection of cluster-specific parameters is the most important implementation factor
of c-SPSA and provides the greatest improvement. The performance of c-SPSA is
also compared to the standard SPSA algorithm and the results demonstrate the
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superiority of c-SPSA not only in terms of stability and quality of solution, but also
in computational efficiency. c-SPSA achieves better solutions with lower number of
function evaluations.

In Paper II, the results show that scaling of the step size coefficient based on the
magnitude of the estimated OD flows is important for the efficiency of both SPSA
and c-SPSA. No significant difference is found between the two examined clustering
strategies with respect to the performance of c-SPSA. However, the implementation
of c-SPSA based on the OD pair interactions criterion is preferred as it combines
two benefits: 1) the impact of the OD pair interactions on sensor links is mitigated,
and 2) scaling of the step size parameter captures the OD flow variability. The hy-
brid gradient computation is shown to be beneficial for the performance of SPSA.
Finally, the inclusion of speed measurements in the estimation, lead to improved
estimates of OD flows that cross congested links. Detailed description and discus-
sion of the mathematical formulations, experiments, and results from the various
implementations are presented in Papers I and II.

4.2 Data-driven analyses for tunnel bottlenecks
The thesis utilizes various types of traffic data for the analysis of tunnel traffic
bottlenecks. The aim of the analysis is to provide a comprehensive understanding
of the underlying causes and characteristics of bottlenecks, and guidance for tunnel
traffic management. The analysis method is summarized in this section.

4.2.1 Characterization of traffic congestion patterns
For effective design and implementation of traffic management strategies, monitor-
ing and identification of day-to-day temporal and spatial variability in the traffic
congestion patterns is essential. The increasing availability of traffic data is an
important means to obtain this information. A general methodology for identify-
ing and explaining prevalent traffic congestion patterns and their underlying causes
using historical traffic information is proposed in Paper III. The proposed method-
ology examines the following hypotheses: a) multiple congestion patterns exist that
all generate the need for intervention; and, b) depending on the causes of congestion,
different types of strategies are required.

To address the first hypothesis, a data-driven congestion classification based on
historical traffic patterns is conducted using empirical data and machine learning
methods. The proposed data-driven methodology includes clustering of historical
traffic data to identify distinct congestion evolution patterns and characterization
of the underlying demand patterns and bottlenecks related to each pattern.

The framework is applied in the case of tunnel bottlenecks. Nevertheless, the
proposed methodology is general and can be easily transferred to different facilities
and bottlenecks, assuming that sufficient information is available. In particular,
the highly congested Södra Länken tunnel in Stockholm, Sweden is examined. The
motorway network in Sweden is well instrumented with radar detectors as part of
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the Motorway Control System (MCS), which report high resolution count and speed
data. Measurements obtained from these sensors are used in the analysis.

The results presented in Paper III reveal at least two distinct traffic congestion
patterns, which differ with respect to the onset and the propagation of conges-
tion. The first pattern represents days when congestion is triggered by downstream
bottlenecks and tends to propagate rapidly inside the tunnel. The second pattern
includes days when the downstream congestion spills back slower, while congestion
inside the tunnel is generated mainly at the weaving segments inside the tunnel.

4.2.2 Enabling proactive decision-making in terms of intervention
recommendation

Traffic data can assist traffic management to take appropriate actions in terms of
proactive strategy recommendations. The construction of historical databases with
tunnel congestion patterns can help traffic managers to identify and match the
developing congestion patterns of a new day with similar historical patterns and
deploy suitable mitigation actions to alleviate the problem at an early stage.

For this purpose, the thesis examines on-line classification of a new congestion
pattern for early identification of the evolution of congestion, aiming to inform
the type of strategy to be deployed in a proactive manner. A k-means type of
classification method is used. The results demonstrate the potential of identifying
the developing congestion patterns early. The method and results are presented in
Paper III.

4.3 Impact analysis of network disruptions
The thesis employs a multimodal data-driven approach for the analysis of impacts of
network disruptions that lead to capacity reduction. In particular different questions
are addressed including:

• Identification of impacted areas.

• Measurement of spatiotemporal impacts on network performance and demand.

• Analysis of broader impacts on the performance of other transport systems.

The proposed methodology utilizes historical information obtained from het-
erogeneous traffic data sources from which relevant traffic metrics such as vehicle
counts and speeds, path travel times, taxi trips, passenger boarding counts, bus
headways, etc., are computed. The feasibility and benefits of combining various
data sources are demonstrated for the Södra Länken tunnel in Stockholm, Sweden.
Traffic information is collected and analyzed by use of heterogeneous data sources,
including infrastructure sensors, floating car data (FCD), traffic cameras, conges-
tion pricing stations and public transport data sources that are available in the city
of Stockholm.
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The approach is categorized into demand and network performance analysis.
Any disturbance in the network due to an incident or event is directly reflected as
changes in demand patterns and drivers’ decisions. Furthermore, analysis of the
network traffic conditions can support and enhance the evidence of any observed or
expected change in the demand.

The results illustrate the implications of the drastic tunnel closure strategy in
the performance of both the traffic network and the public transport system. In
particular, the analysis of demand impacts reveals that vehicles may ignore the pro-
vision of real-time information regarding queues inside the tunnel, which is sent out
before any closure takes place. During closures, vehicles are redistributed to other
tunnel entrances and to alternative routes. Potential changes in demand redistri-
bution to public transport modes or taxi services are also investigated, although
it is not very likely that individuals will change their travel behavior and habits,
despite being aware of the congestion inside the tunnel. The results show no evi-
dence of significant demand redistribution to other modes. The analysis of network
performance impacts indicates temporary bottlenecks generated on the surrounding
network during the closures. Some alternative paths are shared with bus lines, for
which travel times increase significantly during the closure periods due to increased
demand. Consequently, delays are generated for the users of the public transport
system. The analysis further indicates impacts on the headways on select bus routes
on highly congested closure days; hence, the reliability of the public transport ser-
vice is affected as well.

The results highlight the need for more effective tunnel traffic management
strategies (such as ramp metering), compared to the drastic closure policy, in or-
der to improve the traffic conditions inside the tunnel and avoid the implications
on the local network due to redistributing traffic. Moreover, the results reveal the
need for accurate and timely traffic information sharing between public transport
and traffic management in order to mitigate the impacts on the performance of
the public transport system. Finally, traffic information provision to drivers should
be evaluated to ensure greater response. A comprehensive analysis and results are
presented in Paper V.

4.4 Evaluation of traffic management strategies for
bottlenecks

The thesis implements and evaluates traffic management strategies for two different
types of bottlenecks: a tunnel bottleneck and a work zone bottleneck. The first
case studies the Södra Länken freeway tunnel and the latter a hypothetical work
zone network. Simulation experiments are conducted to assess the effectiveness
of mitigation strategies, which depend on various factors including the causes of
congestion and traffic patterns, the geometry of the network, as well as factors
related to the performance of the specific strategy parameters.
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4.4.1 Tunnel traffic management strategies

The first scenario concerns the tunnel bottleneck described in Section 4.2.1. The
characterization of congestion patterns and identification of bottlenecks are impor-
tant phases prior to the development of adequate strategies to mitigate and prevent
tunnel congestion. Simulation is used to replicate the distinct traffic patterns leading
to tunnel congestion, as identified in the data-driven analysis, and to evaluate the
effectiveness of tunnel traffic management strategies under each demand pattern.
Microscopic traffic simulation is used for the experiments as it provides accurate
modeling the behavior of the drivers with respect to the interactions with other
vehicles, the road characteristics and their response to control measures. Different
control strategies are implemented and evaluated including the current entrance clo-
sure strategy, metering, and combinations of metering and closures. A fixed-time
strategy is implemented in order to investigate the potentials of metering.

The results from the analysis verify the a priori hypothesis that different strate-
gies are more effective depending on the cause of congestion. This is an important
contribution of the thesis, as this aspect has not been explicitly recognized in the
literature. In the case of internal bottlenecks, the best strategies are found to be
closures and metering schema that reduce the weaving phenomena and help miti-
gate the tunnel congestion. An important factor is that closure should start at the
onset of congestion, no later, in order to have the greatest effect. When congestion
originates from downstream bottlenecks the metering strategy is effective, since the
development of congestion inside the tunnel is prevented. Generally, metering is
found to be the most promising strategy. Detailed descriptions of the methodology,
experiments and results are presented in Paper III.

4.4.2 Work-zone traffic management strategies

In the second scenario of traffic bottlenecks a hypothetical work zone scenario is
considered. Work zones on motorways necessitate the drop of one or more lanes
which may lead to significant reduction of traffic flow capacity and efficiency, traffic
flow disruptions, congestion creation, and increased accident risk. This research
investigates the impact of the location of the traffic lights upstream of the merge
area.

The control algorithm proposed in the thesis for work zone management is an
extension of the well-known local ramp metering strategy ALINEA (Papageorgiou
et al., 1991; 1997), namely a proportional-integral (PI-type) ALINEA feedback reg-
ulator. The benefits of the proposed real-time traffic control strategy are evaluated
through simulation. The research identifies the appropriate distance between the
traffic lights and the merge area, and demonstrates the ability to prevent congestion
by eliminating the capacity drop. A further contribution is the calibration of the
control algorithm parameters using a learning/adaptive algorithm, which combines
the principles of Adaptive Optimization and Stochastic Approximation methods. In
particular, the Adaptive Fine Tuning (AFT) algorithm (Kouvelas, 2011; Kouvelas
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et al., 2011) is applied in order to automatically fine-tune the regulator parameters
and improve the performance of the utilized PI-ALINEA control strategy. More-
over, a Support Vector Machine (SVM) approximator is introduced within the AFT
frame in order to improve its convergence properties. This approach has not been
previously used in the context of traffic control strategy calibration problems. The
methods, experiments and results are presented in Paper IV.
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Chapter 5

Thesis contributions and future
directions

This chapter concludes the thesis by summarizing the main contributions and future
directions. Table 5.1 illustrates the relationship between research questions and the
contribution of each paper.

Table 5.1: Relationship between research questions and papers

Research questions
Papers

I II III IV V
RQ1: Robust methods for OD estimation X X

RQ2a: Characterization of traffic congestion
patterns and early identification of
emerging patterns X

RQ2b: Multimodal impact analysis of
network disruptions X

RQ3: Evaluation of traffic management strategies
for bottlenecks X X

5.1 Thesis contributions
The availability of diverse data sources provides new opportunities to improve many
areas in the domain of traffic systems. In particular, traffic models that are widely
used in a variety of transport applications require extensive calibration of their in-
puts and parameters in order to accurately reproduce the travel patterns and traffic
phenomena. Accurate estimation of the dynamic OD flows, which is a fundamental
input for many models, is critical.
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In relation to the above, the thesis tackles three challenging and important
problems and proposes suitable methods using information from traditional and
emerging data sources to address them. The research areas include:

(a) the off-line dynamic OD estimation problem;

(b) the characterization and management of freeway traffic bottlenecks and;

(c) the identification of multimodal impacts due to network disruptions.

The research makes several contributions both, from a theoretical, and a prac-
tical perspective that are presented below.

The thesis uses stochastic approximation algorithms to solve two non-convex
optimization problems. The first is the dynamic OD estimation problem where the
utilization of such algorithms is motivated by their flexibility to incorporate any
available traffic measurements, in order to improve the accuracy and quality of the
estimation. One of the goals of this research is to propose an enhanced algorithm
to overcome some of the limitations of the widely used SPSA algorithm for the OD
estimation problem. These limitations are related to the algorithmic stability and
practical convergence, as well as the required tedious fine-tuning of its parameters.
The second problem is the calibration of a number of parameters included in the
utilized real-time control strategy for a freeway work zone. The AFT algorithm is
used for automatic fine-tuning of the control strategy parameters.

The primary theoretical contributions of the thesis include:

• An enhanced stochastic approximation algorithm, referred to as c-SPSA, for
off-line dynamic OD estimation that can achieve better OD flow estimates.

• The proposed c-SPSA algorithm is flexible in incorporating any other improve-
ments of the general SPSA algorithm. c-SPSA is a general approach and its
application goes beyond the OD estimation problem. It may also be applied
to other non-linear optimization problems, within the transport field or other
domains.

• Appropriate scaling of the SPSA and c-SPSA algorithms to improve their
performance and robustness.

• The AFT framework for the calibration of the control strategy for real-time
merging traffic control at work zones, improves the performance of the control
strategy.

The thesis also utilizes heterogeneous data sources for the analysis of traffic
bottlenecks, to provide better information for proactive traffic management. The
proposed data-driven frameworks for the identification of the causes of congestion
and the analysis of impacts are applied to a specific tunnel network in Stockholm.
However, the methodologies are generic and can be transferred to other contexts
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even beyond tunnel bottlenecks, assuming that there is available information to
reveal the traffic patterns. The main practical contributions are summarized as
follows:

• Empirical analysis of historical traffic data based on machine learning tech-
niques is used to identify the causes and mechanisms of tunnel bottlenecks.
The analysis of the Södra Länken freeway tunnel reveals multiple distinct
types of congestion patterns, which differ with respect to the onset and prop-
agation of congestion.

• The research demonstrates the feasibility of an on-line classification method
for early detection of emerging congestion patterns which facilitates more
proactive strategies for preventing and mitigating congestion.

• The value of using emerging and traditional data is demonstrated in the anal-
ysis of multimodal impacts of a traffic disruption due to temporary tunnel
closures. Traffic information from heterogeneous data sources is combined
in a systematic way in order to measure the multimodal impacts of tunnel
closures demand and network performance, as well as impacts on other trans-
port systems. The results from the under a network disturbance. The findings
further establish the need for better coordination between traffic authorities
and public transport operators, aiming at more effective traffic management
to mitigate any impacts for the transport system performance and reliability
due to network disruptions.

The thesis evaluates different control strategies through simulation, leading to
useful insights for management of the two types of freeway bottlenecks that were
identified, i.e. tunnel and work zone bottlenecks. In particular:

• Regarding tunnel bottlenecks, it is found that the most effective control strat-
egy depends on the identified causes of congestion inside the tunnel.

• In the problem of real-time merging control at work zone areas, the results
indicate that the appropriate location of the traffic signals relative to the
merging area is important for efficient merging.

5.2 Future research directions
The findings of this thesis point to several directions for future research and appli-
cations.

The feasibility of the proposed c-SPSA algorithm may be demonstrated in the
context of off-line OD estimation for congested networks using actual traffic obser-
vations instead of synthetic data. Day-to-day patterns in the underlying demand
(e.g. due to day of week, seasons) can be investigated based on available traffic
data.
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The observability of OD flows may be improved by including traffic data from
new sensors in the OD estimation process, such as point-to-point ravel times from
FCD or cameras (ANPR), vehicle trajectory data, route flows, densities, turning
fractions, etc. However, such data currently have limited penetration rate or cov-
erage. Nevertheless, this information, in addition to conventional sensor data (i.e.,
counts and speeds), is expected to improve the OD matrix estimation.

Information from emerging sensor technologies (GPS, Bluetooth, etc.) may be
used to estimate directly assignment fractions and route choices. More specifically,
in order to assign the unknown travel demand to the links in the network, the routes
that vehicles likely utilize may be determined based on the route travel times. If
point-to-point travel times are available from probe vehicles, the proportions of OD
flows crossing specific links during a specific time period can be directly determined
based on known link travel times.

The simulation results from the tunnel traffic management analysis indicate
that metering is a promising strategy to mitigate congestion in tunnels. A useful
continuation of this work is to focus on the evaluation of more advanced metering
strategies that utilize real-time traffic information.

The effectiveness of the c-SPSA algorithm can be enhanced by exploring more
sophisticated clustering criteria that may further increase its accuracy and robust-
ness.
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