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Abstract

Traffic congestion is a major source of inefficiencies in metropolitan freeways (e.g.
productivity loss, energy waste, pollutant emissions, among other externalities). Active
traffic management (ATM) strategies are used in order to face the problem and alleviate
its effects by managing recurrent and non-recurrent congestion with a combination of realtime and predictive operational strategies.
Dynamic speed limit management (DSL) is an ATM tool believed to bring some benefits to
freeway traffic, like the increase in capacity and/or the vehicles’ speed homogenization.
Currently it is being implemented in many metropolitan freeways worldwide. This thesis is
devoted to assess such conceptual benefits with empirical data and robust traffic flow
models.
Empirical data are obtained from the C-32 freeway in Barcelona, the first DSL
implementation in Spain. The detailed analysis of these data allows characterizing the
effects of DSL management on traffic behavior. It is found that, under the right conditions,
DSL can increase capacity due to a reduction in the speed dispersion. This finding allows
defining new ATM policies.
A coordinated strategy for traffic management considering both ramp metering and DSL is
proposed in order to reduce the capacity drop phenomenon in the vicinity of a freeway onramp. The effectiveness of this control method is tested using simulation with an extension
of the traditional cell transmission model, which incorporates the ability to reproduce DSL,
together with the capacity drop. Results show amelioration in the performance indicators
of the system, highlighting the equity-friendly component of this coordinated strategy.
Finally, results from a cost-benefit assessment of DSL considering the main externalities
suggest that the social profitability of DSL management in metropolitan freeways is limited
when applied alone. The potential synergies of applying a “pack” of different ATM
strategies in a coordinated way, define challenging issues for further research.
Key Words: Dynamic speed limits, ramp metering, capacity drop, freeway merge modeling, traffic
environmental assessment, traffic safety, traffic fundamental diagram calibration, cell transmission model,
freeway traffic..
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Part I
Introduction and objectives

Chapter 1
Thesis overview
Traffic monitoring and control systems have benefited from intensive research and
development during the last decades. Considerable advances in real-time traffic detection,
data processing and control algorithms have enabled a deeper understanding of vehicular
traffic, as well as novel ways to manage transportation facilities. Traffic management,
based on the spontaneous infrastructure utilization, is approaching its end. Unfortunately,
drivers still show significant levels of resistance against traffic control innovations. This
will evolve, like in many other aspects of life, where society shows an extraordinary
commitment in order to improve global efficiency.
In this context, different Active Traffic Management (ATM) strategies appear. The
objective is to dynamically manage and control both traffic demand and available capacity
in order to maximize efficiency indicators. The election of such indicators depends on the
pursued objectives, but generally includes:
•

Environmental friendliness. There is a great concern about the environmental
impact of traffic, as reflected by the fact that cars around the world will become
appreciably cleaner in the years to come. Low fuel consumptions, low air and noise
pollution are the goals. In large urban areas the environmental effects of traffic are
considered critical. Actually, air pollutants in many cities repeatedly reach
concentrations far above acceptable limits. Hence, governments are urged to take
the necessary steps to improve air quality, and traffic is the main source of air
pollution and greenhouse gas emissions [Keuken, et al., 2005].
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•

Operational efficiency. Society needs to get the most from infrastructure
investments. So, efficient operation is a requirement. However, the objectives differ
depending on the perspective considered. Agencies look for the network optimum,
minimizing the total travel time. Drivers pursue the user optimum, in order to
minimize their individual travel time. Information is needed in order to fit together
both perspectives and achieve drivers’ commitment for the overall benefit.

•

A satisfactory level of safety. Traffic accidents are a scourge for modern
societies. Huge efforts are made in order to reduce the number of fatalities and
injuries on the roads. Any traffic management strategy has to bear that in mind,
and promote safe operations.

•

Network reliability. Predictable travel times and precise arrival time estimations
are appreciated by road users as they play a fundamental role in the traveler
planning process, e.g. make departure time choices easier. In addition, network
unreliability implies significant scheduling costs. This means that an efficient
transportation system needs to be reliable. Since a substantial part of road network
unreliability is caused by accidents, safer traffic systems are also translated into
more reliable networks.

This thesis quantifies the effects on these objectives resulting from ATM strategies on
freeways. Several ATM strategies have recently addressed freeway traffic sustainability (i.e.
saving time and energy, decreasing accident risk and diminishing pollutant emissions). The
common approach involves control strategies over the traffic stream by using variable
traffic signs (e.g. ramp control, dynamic route guidance or dynamic speed limits - DSL).
Among them, DSL is one of the most attractive policies, because of its apparent simplicity
and the relative reduced implementation costs. Many worldwide transportation authorities
have recently spend large amounts of money in extensive installation of dynamic speed
limit systems. Unfortunately, the investment in research has not been proportional. In
addition, drivers fail to see the usefulness of the DSL due to inconsistent or incomplete
communication regarding its value and functionality. This discourages drivers from strict
speed limit compliance.
The scope of the thesis includes, but is not limited to, the dynamic speed limit strategies.
In many cases several ATM strategies are complementary and should be combined in order
to provide greater benefits. Given the predominance of the DSL systems and the data
availability, focusing on such strategy is a reasonable way to address the ATM strategies.

1.1 Research objectives
The present thesis uses the vast amount of freeway traffic data available at traffic
management centers in order to improve our knowledge regarding DSL strategies. This is
achieved by using data measured on a metropolitan freeway in the vicinity of Barcelona
(Spain). The C32 is one of the most demanded freeways towards Barcelona from the South
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(Figure 1.1). It links the city to its airport and with many satellite towns. The selected
stretch is 14.5 km long, mainly with 3-lanes, equipped with loop detectors every 500 m,
measuring the average speed, flow and occupancy. In addition, 10 Variable Message Signs
(VMS) displaying dynamic speed limits are installed. Recurrent congestion episodes grow
in the morning and evening rush periods.

Figure 1.1 Test site location.

Source: © OpenStreetMap contributors, CC BY-SA

Two main research directions are addressed in the thesis: a modeling and an empirical
approach. Each one constitutes a differentiated part of the thesis dissertation. The
modeling approach is the most common way to deal with active traffic management
strategies. This is mainly due to the reticence of many traffic authorities to improve their
traffic monitoring proceedings, and test ATM strategies on real highway labs. The
popularity of traffic flow models (either microscopic or macroscopic), capable of
incorporating these strategies also favors the modeling approach. For instance, most of
DSL research is based on a particular second order model, i.e. METANET [Messmer and
P apageorgiou, 1990] or on its further extensions. However, almost any first order model has
provided neither a trustful approach to the DSL modeling nor the capacity drop
phenomenon reproduction. In order to fill this gap, a simple approach, fully consistent with
the Lighthill-Whitham [Lighthill and Whitham, 1955] and Richards [Richards, 1956], LWR
model, is presented (see Chapter 4).
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In another order of things, the modification of traditional macroscopic models in order to
reproduce active control strategies has always implied the introduction of new parameters.
The simplistic (but usual) calibration of these parameters may lead to unfeasible merging
behaviors when uncontrolled merges are modeled. This is the issue addressed in Chapter 3,
where a simple calibration procedure is proposed in order to recover the full consistency of
the modeling of the merging mechanism. This plays a crucial role for merging bottlenecks.
The empirical part of the thesis aims to characterize the drivers’ behavior when facing
different speed limits. The effect of this behavior on stationary traffic states, via the
fundamental diagrams representation, constitutes one of the contributions of this empirical
analysis (see Chapter 5).
Real empirical data also allows a quantitative analysis in terms of congestion reduction,
pollutant emissions and traffic safety on a particular freeway corridor (see Chapter 6).
Thus, the social profitability of the policy can be assessed. This assessment also compares
empirical with simulation results, validating the proposed traffic flow model.
The thesis has a clear practical application, as it directly emerged from the traffic
administration intention of improving traffic management on DSL corridors. The thesis
outcomes contribute in the efficiency improvement of freeway management, allows the
definition of new traffic management strategies and facilitates the decision making process
at traffic management centers.

1.2 Scientific contributions
This thesis contributes to science in the following ways:
•

A novel methodology for calibrating the two-parameters involved in the Asymmetric
Cell Transmission Model (ACTM) merge model. [Gomes and Horowitz, 2006] The
standard simplistic parameter calibration fails on the attempt to provide an
accurate prediction of the queue length in an uncontrolled merge junction. The
proposed method recovers the physical consistency of the dynamics involved.
(Chapter 3)

•

Development of an innovative extension to the original Cell Transmission Model
[Daganzo, 1995] capable of reproducing traffic phenomena not yet modeled with
first order models. Includes the ability to incorporate DSL strategies by introducing
an inverse-lambda fundamental diagram together with an approach to the capacity
drop effect. (Chapter 4)

•

An innovative coordinated ramp metering and DSL freeway traffic management
strategy. A strategy fully based in a novel model of endogenous merge capacity is
proposed. The bottleneck discharge flow is maximized taking advantage of the
merge capacity mechanism. Both mobility and equity indicators present significant
improvements. (Chapter 4)
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•

ATM strategies show synergistic relationships. They should be implemented
together whenever possible. (Chapter 2)

•

Insights into the effect of DSL strategies in aggregated traffic flow. DSL strategy is
capable of improving the freeway performance by increasing the queue discharge
rates when suitable speed limits are set. Significant variations on the fundamental
diagrams appear (e.g. lowering of the slope of the free-flow branch or the shift of
the critical occupancy to higher values). (Chapter 5)

•

The application of DSL policies should not be indiscriminate but respond to a
detailed analysis, as it may result in negative social profits. Results are highly
sensitive to the different monetary values given to each term of the objective
function. An increase in the cost of traffic externalities or alternatively, the
application of marginal costs to the short additional delays caused by the DSL
control (instead of the higher average costs) may imply a switch from profitable to
non-profitable strategy. (Chapter 5)

•

Macroscopic models based on the CTM are suitable for reproducing DSL strategies.
It is found that the simulation model accuracy when considering the average travel
time in congested conditions is more than acceptable. (Chapter 5)

1.3 Publications from this thesis outline
The results of this thesis have already been published in a high impact SCI Journal:
•

Soriguera, F., J.M. Torné and D. Rosas. (2013) Assessment of Dynamic Speed
Limit Management on Metropolitan Freeways. Journal of Intelligent
Transportation Systems, 17, (1), 78-90.

Accepted for presentation in the following international conferences:
•

Torné, J.M., F. Soriguera and N. Geroliminis. (2014) Coordinated active traffic
management freeway strategies using the capacity-lagged cell transmission model.
Proceedings of the 93rd Transportation Research Board Annual Meeting.
Washington, D. C.

•

Torné, J.M. and F. Soriguera. (2014) On the Consistency of Freeway Macroscopic
Merging Models. Proceedings of the 93rd Transportation Research Board Annual
Meeting. Washington, D. C.

•

Torné, J.M., F. Soriguera and N. Geroliminis. (2012) Modifications of the
asymmetric cell transmission model for modeling variable speed limit strategies.
Proceedings of the 1st European Symposium on Quantitative Methods in
Transportation Systems. Lausanne, Switzerland.
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•

Torné, J.M., D. Rosas and F. Soriguera. (2011) Evaluation of speed limit
management on C-32 highway access to Barcelona. Proceedings of the 90th
Transportation Research Board Annual Meeting. Washington, D. C.

Whereas the following communications are submitted:
•

Torné, J.M., F. Soriguera and D. Ramoneda. (2014) Empirical evidences of
dynamic speed limits impact on a metropolitan motorway. Submitted to the 18th
Pan-American Conference of Traffic and Transportation Engineering and
Logistics.

1.4 Dissertation outline
In essence, the thesis is divided in four chapters, plus this introduction and the literature
review. The relationship between the chapters and its main content is schematically
outlined in Figure 1.2. The figure clearly shows that the research focuses on two main
issues (traffic flow modeling –Chapters 3 and 4– and empirical assessment –Chapter 5 and
6–). The literature review (Chapter 2) sets a common framework for the rest of the
chapters.
Part I Introduction

Introduction
Chapter 1
Part II Modeling
CL-CTM

Merge Calibration

State-of–the-art

Chapter 4

Chapter 3

Chapter 2

DSL social
assessment

Empirical
evaluation
Chapter 5

Chapter 6
Part III Empirical

Figure 1.2 Overview of the content of this dissertation.
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Specifically, Part I contains the introductory chapter (Chapter 1) and the state-of-the-art
(Chapter 2), where the main ATM strategies are revisited. Common practices around the
world are described and the main controversial topics involving these policies are sketched.
Part II addresses the modeling issues. This includes Chapter 3 proposing a calibration
method for the ACTM in non-metered merges, and Chapter 4 presenting a coordinated
ATM strategy using the capacity-lagged CTM extension. The proposed strategy combines
ramp metering together with DSL in order to reduce the capacity drop in a merging
bottleneck. Part III presents the empirical approach. Chapter 5 provides an empirical
evaluation of the DSL policy analyzing the aggregated traffic flow behavior from loop
detector measurements. Chapter 6 presents a cost - benefit assessment where different
concepts are quantified via an objective function which provides an estimation of the social
profitability of the DSL policy. This chapter also shows a real application of the previous
models. Finally, Chapter 7 provides some conclusions and suggests future works.

Chapter 2
A state-of-the-art for active traffic
management strategies
2.1 Introduction
An increasing consensus exists among practitioners that a good way to increase the
efficiency (e.g. productivity, equity and sustainability) in road networks is to introduce
some kind of control over the traffic flow by means of active management strategies. ATM
is defined as a continuous process which dynamically manage recurrent and non-recurrent
traffic congestion in real time (measuring and analyzing traffic data for implementing the
most promising control strategies) in order to maximize the efficiency of highway facilities
[Kurzhanskiy and Varaiya, 2010a].
There is a lack of scientific literature describing the main available ATM strategies in an
integrated manner and from a general point of view. Some provide brief summaries of the
most remarkable techniques, but without going inside the most controversial topics
[Brinckerhoff, 2010; Lennie, et al., 2009]. While others include partial literature reviews in
their publications’ introduction [Carlson, et al., 2010; Papageorgiou, et al., 2008].
The present chapter tries to fill this gap by describing three main, mostly already applied,
ATM strategies: two focused on the supply side (dynamic speed limits and managed lanes,
Section 2 and 3) and one on the demand side (ramp metering, Section 4). Each strategy
will be presented with a conceptual description, a scientific literature review and references
to international experiences as well as their main results.
11
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2.2 Dynamic speed limits
Speed limits are usually set to attempt to limit road traffic speed for several reasons (e.g.
safety or pollution). When maximum allowed speed in a particular spot varies (manually
or automatically) depending on traffic conditions or weather they are usually known as
variable or dynamic speed limit (DSL) strategies.
Control by means of variable speed signs was first introduced more than three decades ago
in Germany [Zackor, 1972] and in early 1980s in the Netherlands [Remeijn, 1982]. Because
of its apparent simplicity and reduced implementation cost, nowadays, it is one of the most
attractive policies and many cities around the world have introduced DSL systems, isolated
or coordinated with other control measures. However, the effectiveness of the policy is still
a controversial issue.
The claimed benefits of these actuations imply a reduction of traffic related emissions and
accident rate, as well as an improvement in congestion reduction (e.g. reduction of stop&go
traffic episodes or capacity increase). These claims results from studies mainly focused on
control algorithms evaluated using second order traffic flow models [Carlson, et al., 2010;
Hegyi, et al., 2005; Lu, et al., 2010]. However, few evaluations of the DSL with real data
can be found in the literature. Some exceptions include [Hegyi and Hoogendoorn, 2010;
Heydecker and Addison, 2011; Papageorgiou, et al., 2008; Soriguera, et al., 2013; Torné, et
al., 2011; Torné, et al., 2013]. Real implementations of these DSL systems use somehow
complex speed limit change algorithms, using different types of real time information.
However, most of them are not sufficiently based on traffic flow behavior and lead to blind
and inefficient algorithms.

2.2.1

The impact of DSL in aggregate traffic flow

The main claimed effect of DSL is the speed homogenization (i.e. speed variance
reduction). This leads to positive impacts on traffic safety [Lee, et al., 2006], pollutant
emissions [Baldasano, et al., 2010; Soriguera, et al., 2013; Stoelhorst, 2008; Torné, et al.,
2011] and highways capacity [Papageorgiou, et al., 2008; Zackor and Papageorgiou, 1991].
Non-conclusive empirical evidences presented in the latter study seem to suggest a certain
shift of the critical occupancy to higher values in the flow-occupancy diagram due to DSL
strategy, and possibly caused by the speed harmonization. However, to the author’s
knowledge, there is no literature analyzing speed homogenization based on individual
vehicle speed data. Despite that, from the traffic engineering point of view, the impact of
DSL on aggregate traffic flow behavior is what matters, this empirical study may be
necessary for attempting a conclusive cause and effect analysis of the expected reduction of
stop&go episodes, lane-changing maneuvers and capacity increase due to DSL strategies.
In spite of this, different approaches have been proposed since the early investigation of
[Zackor, 1972]. Most of them [Carlson, et al., 2010; Cremer, 1979; Hegyi, et al., 2005] are

DYNAMIC SPEED LIMITS

13

based in few empirical evidences and not always tested with real data. Certain
Fundamental Diagram (FD) shapes are suitable to justify an increase in capacity due to
the stabilizing effect produced by the DSL when it is introduced in lower than critical
densities (Figure 2.1(a) and (b)) [Cremer, 1979; Zackor and Papageorgiou, 1991]. Others
are less optimistic in this point, though (Figure 2.1(c) and (d)) [Carlson, et al., 2010;
Hegyi, et al., 2005].

Capacity with Speed limit

Flow [veh/hour]

Capacity without Speed limit

stable
flow

unstable
flow

Density [veh/km]

(a)

(b)

(c)

(d)

Figure 2.1 Impact of DSL in the FD. (a) [Zackor and Papageorgiou, 1991] (b) speed
limit=b*Vfree [Cremer, 1979] (c) [Hegyi, et al., 2005](d) speed limit=b*Vfree [Carlson, et
al., 2010]
Figure 2.1(a) represents FD modification under low to medium traffic volume, where
average speed was lower due to the speed limit reduction. For higher volumes, there was a
theoretically increase up to 10% in both capacity and optimal speed, due to the stabilizing
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effect achieved, based on analytical results. In fact, Zackor’s results followed the
conclusions presented by [Cremer, 1979] analytical models, which are summarized in Figure
2.1(b), and are quite similar to the analytical ones presented by [Carlson, et al., 2010]
(Figure 2.1(d)). Indeed, the capacity increases referenced by Zackor were a bit exaggerated,
as could be observed in field studies from the Netherlands [Hegyi and Hoogendoorn, 2010;
van den Hoogen and Smulders, 1994], Great Britain [Papageorgiou, et al., 2008] and Spain
[Soriguera, et al., 2013; Torné, et al., 2010; Torné, et al., 2011]. The Dutch cases concluded
that DSL measures did not substantially contribute to improve capacity, whilst the English
and -Spanish considered the data analysis were rather inconclusive. In fact, [Hegyi, et al.,
2005] considered that the only effect of these measures is the emergence of a straight line
on the left side (free flow) of the flow-occupancy diagrams corresponding to the maximum
allowed speed (Figure 2.1 (c)) without mentioning any capacity increase.
In conclusion, there seems to be no agreement on the effect of DSL in aggregated traffic
flow behavior. As many of the DSL benefits are originated in the microscopic traffic flow
dynamics, only individual vehicle data or a smart use of aggregations allows observing
certain phenomena. Unfortunately, micro data is not usually available, and results using
aggregations are still non-conclusive. So, there is need to more empirical studies in order to
obtain robust empirical facts which are expected to clear up the question. Moreover, there
is an inherent difficulty when analyzing DSL effect for certain speed limitations. As data
collected during specific speed limit values may not cover the whole range of possible
occupancies, conclusions related with capacity increase or critical occupancy/density shift
could be difficult to draw.

2.2.2
Mainstream metering and other features of
DSL strategies
It is reasonable to assume that when DSL measures are applied in situations below the
critical occupation (and assuming a certain degree of acceptance by the drivers), would
reduce the mean speed observed (i.e. decrease the slope of the free flow branch of the FD).
The effect of this measure is to move horizontally flow-density plot points, i.e. holding the
same flow and increasing density, compared to the original state. This way, the activation
of speed limit below critical speed upstream of a mainstream bottleneck in undercritical
conditions will increase travel time and hence produce an active restriction to flow
[Carlson, et al., 2010; Hegyi, et al., 2005; Soriguera, 2010]. In that case, this effect may be
similar to a mainstream ramp metering.
The control strategy may define a certain set of speed limits upstream of a bottleneck such
that downstream flow does not trigger the bottleneck activation. In fact, most of the
reported studies focus on optimal coordination between DSL and ramp metering (e.g.
[Carlson, et al., 2010; Hegyi, et al., 2005] who modeled hypothetical highway networks and
[Lu, et al., 2010] a real stretch in San Francisco). In certain configurations, the final
outflow will be maximized, leading to a corresponding decrease of the total time spent in
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the system at the downstream bottleneck. It should be noted that this would only happen
if capacity drop in the bottleneck section is avoided. Indeed, it is essential to select suitable
time varying speed limits in order to achieve the desired onset congestion delay.
Thresholds usually work with pre-selected values according to the measured occupation or
flow on the road. Yet occupancy is a better explanatory of capacity [Papageorgiou, et al.,
2008].

2.2.3

International experiences

Three main purposes motivate to set DSL applications: safety, congestion or sustainability.
Some of these motivations arise when a reduction of the supply (e.g. bad weather or work
zones) or an increase in demand occurs (e.g. special events or rush-hour in a metropolitan
freeway). The early motivation for promoting DSL projects was to increase safety or
reduce congestion. In the United States, examples can be found since the 1960s in many
states, such as, New Jersey, Washington State, Nevada, Arizona or New Mexico [Lennie, et
al., 2009; Zarean, et al., 2000]. However, the safety benefits of DSL have already partially
been contrasted whilst promising results have been found in different countries. Close to
London, the M25 ring motorway is one of the most publicized examples. Since 1995, DSL
has been operational on the western quadrant of this highway. In 2004, a business case for
‘before and after’ data was run between Junctions 15 and 16 resulting on a 10% injury
accidents reduction [Highways Agency, 2004]. Similar results were found for M42 [Sultan,
et al., 2008]. Other simulation-based studies analyze the effect on the crash potential
reduction in an American highway section resulting on a 5–17% reduction [Lee, et al.,
2006]. For interested readers, additional information about reported safety benefits and an
overview of Australasian DSL practices can be found in [Lennie, et al., 2009].
Taking into account that traffic is considered the main source of air pollution and
greenhouse gases emissions, for many European countries DSL is a useful tool to achieve
the European Union sustainability requirements in terms of air quality [European
Parliament Council, 2008]. Accordingly, DSL projects have been developed in Germany,
Netherlands, Austria, Great Britain, France, Switzerland, Denmark and Spain. A number
of European countries have documented a reduction in vehicle emissions after the
implementation of DSL [Baldasano, et al., 2010; Keller, et al., 2008; Thomas, 2006], whilst
only simulation studies can be found for U.S. [Wang and Walton, 2006]. In the
Netherlands, local traffic NOx emission reductions were reported by 20 and 30 percent
range and PM10 was reduced by approximately 10 percent in four test locations [Olde, et
al., 2005]. The Great Britain experience presents initial results for vehicle emissions in M42
between 4 and 10 percent reductions depending on the pollutant [Brinckerhoff, 2010;
Thomas, 2006].
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2.3 Managed lanes
Managed Lanes (ML) can be described as strategies which package lane(s) depending on
certain criteria (e.g. vehicle destination, occupancy or qualification) for different purposes
(e.g. reduce lane changes, optimize the use of the lanes, improve the level of service for
carpool vehicles). ML can facilitate traffic flow in response to changing conditions (i.e.
variation on the on/off ramp demand, special events, work zones or incidents) by
controlling user eligibility, access (by pricing or destination discrimination) and lane
assignment.
Traditional lane management strategies include high occupancy vehicle (HOV) lanes, high
occupancy toll (HOT) lanes and dynamic lane assignment (DLA). Of the listed managed
lane strategies, the first two are commonly implemented in U.S. (and rarely in Europe) and
the third one currently only implemented in some European countries. However, the
addition of new ML strategies both Europe and U.S. may be easily supported since most
corridors are heavily instrumented and users are steadily familiar with dynamic operating
conditions that reflect different traffic states [Brinckerhoff, 2010; Mirshahi, et al., 2007].

2.3.1

HOV and HOT lanes

HOV lanes are highway lanes intended to carry only vehicles with more than a
predetermined number of occupants (e.g. 2+ or 3+). The primary purpose of an HOV lane
is to increase the total number of people moved through a congested corridor by offering
two kinds of incentives to the users: travel time savings and reliability and predictability
travel time. So, this strategy can be consider as a tool for actuating in the demand side,
more than optimizing the available capacity of an infrastructure (without considering the
mentioned below smoothing effect), i.e. focusing on people mobility. However, financial
sustainability and better capacity utilization are the main motivations which have led to
switch some of the existing HOV facilities to value pricing schemes (i.e. HOT lanes). HOT
lanes allow single or lower occupancy vehicles to use an HOV lane for a fee, while
maintaining free travel for qualifying HOVs and green vehicles. The need to expand
financing options has made HOT lanes a more publicly and politically acceptable option,
whilst the availability of electronic toll collection has made it technically viable. Because
they are often constructed within the existing road space they are criticized as being an
environmental tax or perk for the rich.

2.3.1.1

Strategy definitions

Examples of HOV facilities include bus-only roadways, freeway lanes reserved for HOVs,
bypass lanes at metered freeway entrance ramps, and special lanes on arterial streets. On
the highways, there are usually two paradigmatic options. (i) Non-separated HOV facilities
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share the right of way with general purpose lanes (GPL). Access is allowed continuously
throughout the length of the lane. The configuration –widely introduced in the U.S.– offers
flexibility although they are hard to be enforced. HOV lanes can be easily converted to
GPL during off-peak hours. (ii) Separated HOV facilities are separated from GPL by
physical barriers or a buffer space. The barriers might be temporary or permanent.
Temporary barriers are mostly used with contraflow lanes. Permanent barriers reduce
greatly the time and space flexibility of the system. Both are more expensive than the firstmentioned configuration. From the operational point of view, two relaxations have been
introduced: (i) switching from the 7/24 system to only certain hours and days of week, and
(ii) allow exceptions to the types of vehicles that use these lanes (such as users of HOT
lanes, or low emission and energy efficient vehicles).

2.3.1.2

Literature review

However, despite the efforts of both engineers and researchers, the impacts of nonseparated HOV lanes are not yet fully understood. In fact, an understanding of the relation
between HOV lanes and system capacity is necessary. A central issue in this debate is
whether an HOV lane affects the capacity of the GPL passing through a bottleneck. A
number of studies report that carpool lanes unduly penalize LOVs by creating congestion
in non-carpool lanes [Chen, et al., 2005; Kwon and Varaiya, 2008; Laval and Daganzo,
2006] and reducing the capacity of bottlenecks. The reason is based on the increase in lanechanging activity, especially when the GPL are congested near an active bottleneck.
Indeed, there is also wastage in freeway’s queue storage space due to underutilized HOV
lanes which extends the queue length in adjacent lanes. On the contrary, empirical
evidences support that capacity may actually increase because disruptive vehicle lane
changing diminishes close to the bottleneck [Cassidy, et al., 2010; Menendez and Daganzo,
2007]. Both authors refer the existence of a smoothing effect that is characterized by
significantly higher bottleneck discharge flows in adjacent lanes. The effect was
consistently reproduced across days and sites; and was so pronounced that even an
underutilized carpool lane could increase a bottleneck’s total discharge flow. In addition,
the findings suggest that highway congestion could also be reduced by inducing the
smoothing effect through other means, whether or not it includes a carpool lane (e.g.
dynamic lane assignment).

2.3.1.3

International experiences

The opening of the bus-only lane on the Shirley Highway in Northern
Virginia/Washington, D.C. in 1969 represent the first freeway HOV application in the U.S.
In contrast, few HOV lanes are currently operating in Europe and Australia. Madrid, Linz,
Leeds, Amsterdam, Stockholm, Oslo and –currently under development– the C58 in the
north access to Barcelona are the main projects to date. As none of them are nonseparated HOV lanes, the aforementioned capacity discussion can’t be fully applied to

18

CHAPTER 2. A STATE-OF-THE-ART FOR ATM STRATEGIES

these cases. However, the main feature for separated HOV lanes can be applied: carry
vehicles with a higher number of occupants considerably increasing the number of people
moved during congested periods. This quality remains even when the number of vehicles
that use the HOV lane is lower than on the adjoining GPL. Apart from that, enhancing
bus transit operations is an additional objective to be focused on. As a result of an HOV
facility (i) bus travel times, (ii) schedule adherence and (iii) vehicle plus labor productivity
will be improved. In addition, this policy will attract new bus riders, enhance transit cost
effectiveness and, as some drivers are induced to share rides, environmental benefits can
accrue [Turnbull, et al., 2006]. Focusing on Madrid case (operational since 1994), the
results showed. public transport mode share grew from 23% to 35% after implementation,
while single occupancy vehicle use dropped from 70% to 48% [Schijns and Eng, 2006].
Due to the U.S. Department of Transportation’s strong endorsement for using HOT lanes
(generally by consider converting HOV to HOT lanes) as an effective strategy to address
congestion, many such projects have arisen. Pricing differential by occupancy is most
commonly applied as a HOT lane. However, HOV-vehicles continue to represent the
majority of vehicles on existing HOT facilities. Most of the toll schemes are based on a
simple principle: the more congested general-purpose lanes (GPL) are the higher HOT fares
would be charged for prevailing free flow in HOT lanes. However, the lack of widespread
toll models consistent with traffic flow theory results on toll schemes based on practitioners
experience and non clear methodologies [Chung and Recker, 2011]. Multiple variations in
pricing application (dynamic, e.g. I-95 Miami; flat rate, e.g. I-15 Salt Lake City; or time-ofday rating, e.g. I-25 Denver) and access (occupancy, e.g. SR-167 Seattle; green-vehicles
class, e.g. I-15 San Diego; or midway accessibility, e.g. I-10 W Houston) are found
throughout the U.S. Meanwhile, almost any previously defined HOT lane scheme has been
found in Europe, though they could provide the much-needed funds in times of fiscal
constraint. However, other value pricing techniques are more frequent in Europe (such as
area licensing scheme in London or cordon in Stockholm). For interested readers,
additional information can be obtained in [Federal Highway Administration, 2008;
Richardson and Bae, 2008; Turnbull, et al., 2006].

2.3.2

Dynamic lane assignment

DLA strategies try to address one of the most disrupting activities of freeway traffic: lane
changes and the indiscriminate use of each one of the lanes based only on the drivers self
criteria, with neither information nor control. Commonly, drivers try to maximize their
own benefit without considering the efficient performance of the whole system. Therefore,
big traffic flow management inefficiencies caused by first-in-first-out (FIFO) queues
generation on highways may arise.
As far as author’s knowledge is concern, little literature applying lane-changing
phenomenon knowledge to specific lane-use operations has been reported. Most of them
focus on evaluations of present facilities which simultaneously use additional ATM
strategies: e.g. M42 in the Great Britain [Sultan, et al., 2008] with hard-shoulder plus DSL
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or A4-A86 in France [Aron, et al., 2013] with hard-shoulder running. Others analyze the
highway capacity increase thanks to platooning (vehicles travelling as clusters) by
automated vehicles strategies, leading to lane-changing and spacing (i.e. gaps) reduction
[Hall and Caliskan, 1999]. However, we’ll focus on traffic operations assuming nonautomatic vehicles, which is the common case in any highway. Among the little
methodological literature found, two references must be remarked: [Jella, et al., 1993] focus
on urban intersections and [Daganzo, et al., 2002] on freeways. The next section will
summarize the DLA strategies presented in the latter reference.

2.3.2.1

Daganzo et al.’s guidelines for DLA

The goal of these strategies is to avoid that the lane changing friction and O/D weaving
creates problems even to other drivers not involved in these actions (e.g. blocking parts of
the freeway).
Off-ramp
Possible strategies to avoid spill-back generated by exit-traffic queues lead to:
•

•

Avoid total trunk jam by forming a made up queue of exit-traffic only, in
order to avoid the creation of FIFO queues which will affect through vehicles.
DLA strategies include: (i) increase the off-ramp capacity by using the hard
shoulder, (ii) queue the vehicles that want to exit in a specifically reserved lane
in order to avoid last-minute incorporations, (iii) ban lane changing
immediately before and after the problematic off-ramp.
Avoid underuse of alternative off-ramp(s). Due to off ramp low capacity,
undesirable spill-back of the queues are generated, although few vehicles want
to exit. Then, the problematic off-ramp can be closed (before the spill-back is
generated) and increase storage capacity of an alternative exit(s) by using the
hard shoulder (if it exists) or other lanes. Suitable information about
alternative exits must be given on advance to motorists.

On-ramps
In order to avoid total freeway blockage due to a demanded entrance, implemented
strategies may assure free flow traffic in the entrances by lane-changing prohibition during
peak hours for right lane(s) upstream problematic entrances. Again, suitable information
must be given on advance to motorists.

2.3.2.2

European dynamic lane assignment experiences

Among the strategies described before, the most extended is the use of hard-shoulder as a
driving lane for certain periods of time and locations. Multiple examples can be found in
Europe and rarely in the rest of the world. The first case dates back to 1996 in a short
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stretch near Cologne (Germany). Only experiences from France and Great Britain will be
tackled, giving up other interesting cases (e.g. the Netherlands’).
In France, hard shoulder running was introduced in 2000 near Paris, where two urban
freeways (A4 and A86) share a 2.3 km-long weaving section. As the traffic flows of the two
freeways are added, traffic is particularly dense at some hours on the weaving section. In
order to reduce the congestion, an auxiliary lane was opened to the traffic 4 hours per day
on average (Figure 2.2(a) and (b)). This lane is taken from the hard shoulder. At peak
hours, a moveable barrier is removed, opening part of the hard shoulder to the traffic. The
impact on congestion is quite obvious due to the enlarged offer. In fact, almost 10%
capacity increasing as well as level of service improvements has been reported [Desnouailles
and Cohen, 2007]. Similarly, the impact on safety has been positive by decreasing the
number of accidents due to the reduction in traffic density [Aron, et al., 2013].

(a)

(b)

(c)
Figure 2.2 (a) Closed and (b) opened to traffic hard shoulder lane in the A4-A86
concurrent freeway (France), and (c) hard shoulder together with DSL operational scheme
in the M42 freeway (Great Britain)

Source: © Google Maps

In Great Britain, an operational scheme using the hard shoulder along 17 km on the M42
three-lanes freeway close to Birmingham became operational in 2006. It works together
with DSL during periods of peak demand. The operation of three lanes plus hard-shoulder
sections (4L-DSL, see Figure 2.2(c)) has increased the observed freeway capacity by an
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average of 7% (compared to non-DSL case) and 10% (compared to three lanes plus DSL,
i.e. 3L-DSL) [Sultan, et al., 2008]. Apart from that, 4L-DSL has reduced average journey
times during periods of recurrent severe congestion, compared to the 3L-DSL case. It was
also demonstrated that on average over all weekdays the variability of journey times has
been reduced by 27% and 34%, when compared to non-DSL and 3L-DSL respectively.
Although there is no definitive quantitative conclusion on safety, the Great Britain
authorities consider that this operation is ‘‘Globally At Least Equivalent’’ (GALE, i.e.
introducing this new strategy will not increase the total risk compared to the current case)
and propose its generalization [Halbert and Orme, 2008].

2.4 Ramp metering
Ramp metering (RM) is the most widely employed strategy to control freeway traffic in
the U.S. and less expanded in the rest of the world. It is recognized that RM can directly
control the flow into the freeway. The principle is straightforward: short delays at onramps is the (relatively low) price to pay for maintaining capacity flow on the freeway
itself, leading to substantial savings for each individual road user.
The effectiveness of RM for improving some performance indicators (e.g. average travel
time or total time spent) resides in its ability to avoid capacity drop performance of the
main-line flow thanks to the metered entrances. As a result, a suitable control strategy is
capable of actually maintaining the maximum throughput, around the capacity flow value.
Thus, a pertinent RM strategy should maintain critical density and capacity-flow
conditions for full exploitation of the potential RM benefit. Unfortunately, a fact that is
very frequently neglected in RM designs and installations [Papageorgiou and Papamichail,
2007]. A consequence of this kind of strategies is the wastage of the freeway’s ability to
store traffic. Other approaches may involve (i) allowing the creation of queues but avoid
the blockage of much demanded sections. In that case, equity requirements arise and
should be faced via linking control actions at multiple ramps [Geroliminis, et al., 2011]. (ii)
Manage entering traffic according to its destination in order to avoid spill-back from
downstream off-ramps. (iii) Allow the entering traffic that does not want to exit at the
next off-ramp to be incorporated in the trunk lanes.

2.4.1

Mainly ramp metering strategies

RM strategies may be classified according to various characteristics. The most basic being
the usage or not of (i) real-time measurements and (ii) the geographical extent of the
strategy’s operation:
•

Real time strategies base their decisions on collected real-time measurements
from the freeway mainstream and the on-ramps; in contrast, fixed-time strategies
are designed on the basis of historical data and are applied daily in the same
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(clock-based) way. Obviously, fixed-time strategies are blind to the prevailing
traffic conditions and may therefore either underload or overload the freeway.
•

Local strategies control individual on-ramps based on real-time measurements
collected in the vicinity of the on-ramp. In its turn, they may be applied
independently to several individual metered ramps of the freeway.

•

Coordinated strategies control all metered ramps of a freeway (network) based
on all available real-time measurements. Coordinated strategies may be further
subdivided into optimal control strategies, hierarchical strategies or rule-based
strategies according to the basic design approach and their functional architecture.
Next sections will describe both local and coordinate strategies.

It must be noted that any RM strategy needs to address the main RM side effect: the
temporary formation of vehicle queues at on-ramps. Consequently, suitable ramp queue
management strategies (requiring precise vehicle count estimations) may avoid queued
vehicles to interfere with adjacent street traffic.

2.4.1.1

Local RM strategies

The strategies are evaluated, although traffic signals are not necessarily modified, at each
control time interval (e.g. 20s…60s). At the end of each running period, time-averaged
measurements of traffic flow or occupancy from the ending period are used to calculate (via
the corresponding strategy) the ramp flow to be implemented in the next period. The most
popular local RM strategies are: (i) the demand capacity strategy, (ii) ALINEA
[Papageorgiou, et al., 1991] (both described in next paragraphs) and their variations (e.g.
real-time estimation of the critical occupancy (AD-ALINEA)); and other approaches based
on neural network or fuzzy logic.
•

The demand-capacity strategy [Masher, et al., 1975] attempts to add to the last
measured upstream flow as much ramp flow as necessary to reach the known
downstream freeway capacity. The DC strategy is not a feedback but a feedforward
(open loop) disturbance rejection scheme, which is generally known to be sensitive
to various further non-measurable disturbances (e.g. a slow vehicle, a short shock
wave, merging difficulties, etc.). A remarkable drawback of this strategy is that
targets a pre-specified flow capacity value which may lead to further efficiency
degradation due to its inherent uncertainty.

•

ALINEA is a feedback (closed loop) RM strategy. Its scheme is called an I-type
(integral) regulator in the classical Automatic Control Theory. It is well-known
that this regulator leads automatically to a certain objective occupancy, under
stationary average conditions. This is a particularly attractive feature of ALINEA
as it automatically rejects possible disturbances (e.g. upstream flow or a biased
implementation of the ordered ramp flow rate).
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Coordinate ramp metering strategies

The main inefficiencies of local ramp algorithms are manifested in cases of (i) high demand,
as travelers at the on-ramps may experience significantly higher delays than those in the
mainline or adjacent ramps, leading to inequity issues, (ii) short on-ramps, where long
queues can spillback to the arterial network and create significant delays in adjacent
streets and (iii) multiple active bottlenecks. Consequently, co-operation of multiple ramps
to avoid congestion must be considered. Some selected coordinate RM strategies are briefly
described:
•

An open-loop optimal control can be applied to coordinate RM strategies. Many
different models have arisen (see [Papageorgiou and Kotsialos, 2002] for a wide
literature review). Founded on different information (e.g. current and predicted
traffic state/demand and physical features of the network) and subjected to certain
constraints (e.g. minimize an objective criterion such as the total time spent in the
whole network), the control strategy delivers both traffic evolution and optimal
controls over the optimization time horizon.

•

Hierarchical control structure decomposes the overall freeway control into
several concatenated components or layers and a feedback link with measurements
information, defining a close-loop structure. The main objective of hierarchical
control is to achieve computational feasibility and robustness of the control
solutions by determining the system-wide, nominal metering rates first and then
adjusting them according to real traffic conditions. Previous efforts have employed
the hierarchical control concept based on two, three (i.e. estimation, optimization
and direct control [Papageorgiou, 1983]) or four (i.e. initialization, estimation,
optimization and tactics processors) [May, 1975] layers.

2.4.2

International experiences

The success of early RM applications in U.S. cities (e.g. Chicago, Los Angeles, Minneapolis
or Seattle) led to the expansion of RM systems in many other metropolitan areas as well as
in other worldwide cities (e.g. Sydney, Toronto or Tel Aviv). Among them, several
coordinated RM strategies are or were in operation in U.S. [Bogenberger and May, 1999;
Geroliminis, et al., 2011; Hadi, 2005; Piotrowicz and Robinson, 1995].
The development of RM systems in Europe has a different level of implementation across
countries. Leuven (Belgium) has the only system currently in operation across the country.
In Great Britain, the firsts systems were introduced in the junction 10 of the M6 (in
Walsall, Birmingham) in 1986. More than 30 locations (in Leeds, Manchester and
Birmingham) with ALINEA’s RM strategy are currently operational. This strategy is also
operative in several locations in France (i.e. Paris, Lyon and Bordeaux). Similar approach
is currently operating in more than 100 locations around Germany, as well as the
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Netherlands which run a wide network of RM facilities [Papageorgiou and Papamichail,
2007].

2.5 Conclusions
ATM techniques are generally less expensive and more feasibly (due to recurrent space
limitations) than the physical expansion of facilities. So, they can commonly be used for
dealing with traffic congestion. The presented literature review may be useful for having an
inspection of the rising ATM strategies. Among them, hard shoulder running is one of the
most effective traffic management techniques because it can easily provide additional
capacity. Besides, it should be taken into account that most of the presented strategies
show synergistic relationships between them and should be implemented together.
Actually, research has shown that these strategies are rarely implemented in isolation,
showing practitioners’ awareness of these features.

Part II
Modeling

Overview
Many different traffic flow models have been developed since the first attempts in the
1930’s (e.g. [Greenshields, et al., 1934]). From a historical point of view four big families
may be distinguished, ranging from the simple characterization of the fundamental relation
to computer intensive microscopic simulations. Macroscopic and mesoscopic model families
are in between [van Wageningen-Kessels, 2013]. In essence, the fundamental relation
describes the static relation between the speed of a vehicle and the distance to its leader.
The rest of the families describe how this relation evolves over time and space. The
description of the traffic dynamics and the level of detail differ in each family of models.
Microscopic models trace the movement of individual vehicles, while macroscopic models
aggregate many vehicles and describe their ‘average’ behavior (e.g. flow, density and avg.
speed). Mesoscopic models imply an aggregation level halfway between the microscopic and
macroscopic families.
This modeling part of the thesis deals mainly with the fundamental relation and with
macroscopic models. Mesoscopic level is addressed when a greater level of detail is required.
The main objective consists in presenting an extension to a classical first order macroscopic
traffic flow model (i.e. Cell Transmission Model, [Daganzo, 1994]) including a new
characterization of the fundamental diagram that allows the modeling of DSL strategies.
This was motivated by the fact that most of freeway traffic models dealing with DSL rely
on second order models [Carlson, et al., 2010; Hegyi, et al., 2005; Lu, et al., 2010], although
most of them still present inconsistencies when modeling real traffic flow behavior and may
lead to effects contradicting the physics of traffic. Until now, first order models have not
been used for this purpose due to their hypothetical inability to reproduce the capacity
drop phenomenon which is crucial for reproducing congested periods in bottleneck sections.
On the way to construct this new model, the Asymmetric Cell Transmission Model
(ACTM, [Gomes and Horowitz, 2006]) was explored in order to assess its suitability.
27
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Surprisingly, an inconsistency was observed when simulating uncontrolled merges. Chapter
3 deals with an approach for recovering the physical feasibility of the ACTM’s merging
behavior, by proposing a simple calibration procedure of the model parameters in
uncontrolled merges. A comprehensive justification of the proposed method and its full
consistency with Newell-Daganzo merge model is also provided.
Chapter 4 constitutes one of the main contributions of the whole thesis. The CTM model
extension proposes a representation of the DSL effect on the fundamental diagram
considering the capacity drop effect. The CTM is extended by introducing some simple
rules which govern the capacity drop mechanism. In addition, a new traffic control strategy
is proposed. The coordinated (i.e. ramp metering and DSL) strategy takes advantage of the
total merge capacity. The strategy proposes suitable speed limits and metered flows for
maximizing the available capacity. Results obtained from simulation using this innovative
control strategy are promising and may motivate further research efforts on this direction.

Chapter 3
Freeway merging models
3.1 Introduction
Many freeway traffic macroscopic models have arisen (e.g. [Daganzo, 2005; Kuhne and
Beckschule, 1993; Laval and Leclercq, 2008; Lebacque, 2003; Messmer and Papageorgiou,
1990; Papageorgiou, et al., 1990; Payne, 1971]) since the seminal work by Lighthill and
Whitham [Lighthill and Whitham, 1955] and Richards [Richards, 1956] where the wellknown LWR continuous traffic model was developed by solving a partial differential
equation (i.e. the vehicle conservation equation) assuming an equation of state (i.e. the
flow as a function of the density: the fundamental diagram). Models based on this LWR
assumption are called 1st order models. Variants exist, depending on the method employed
to solve the equations. Notably, the LWR model captures the main phenomena of freeway
traffic: the different behavior between free-flow and congested regimes and the formation
and dissipation of queues upstream of a bottleneck. However, important limitations have
also been noted (e.g. [Kerner, 2013; Kerner and Rehborn, 1996]). Criticisms are related to
the central hypothesis of a static fundamental diagram, pointing out, for example, the
inability to reproduce the hysteresis phenomenon or the sudden capacity drop due to
congestion. It should be pointed out that recently, [Torné, et al., 2012] have proposed a
first order model including the capacity drop phenomenon. In spite of this, these
limitations gave rise to second or higher order models, which retain the principle of vehicle
conservation from the LWR model, but replace the static fundamental diagram with a
dynamic function aiming to reproduce some of these traffic flow features, such as the
asymmetric driving behavior resulting in a hysteresis loop. From a mathematical point of
29
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view, it would be more accurate to name these models as "two/multiple-equation models",
rather than "second/higher order models" [Aw and Rascle, 2000], since most of the
proposals in the literature involve only first order partial differential equations.
The simplicity of first order models makes them appealing. Their finite difference approach
known as the Cell Transmission Model [Daganzo, 1994 and 1995] makes them suitable for
computer simulation and widely used. The Asymmetric Cell Transmission Model (ACTM)
[Gomes, 2004; Gomes and Horowitz, 2006] is an evolution of the previous to account for
the restricted merging dynamics at controlled ramps. The ACTM is considered to be an
adequate model for assessing real time control strategies in road networks with RM
installations [Gomes, 2004; Gomes and Horowitz, 2006; Kurzhanskiy, et al., 2009;
Kurzhanskiy and Varaiya, 2010b] and its use has been promoted in any type of freeways
network, including those without ramp control. However, it is shown in the present chapter
that the common simplistic calibration of the two merging parameters involved in the
ACTM in non-controlled on-ramps, leads to an unrealistic merging model. The goal of the
research is to analyze the merging model presented in the ACTM and propose a calibration
methodology to preserve its desirable physical coherence in non-controlled junctions.
The chapter is structured as follows. Section 3.2 provides a brief overview of the state-ofthe-art on macroscopic merge models. Section 3.3 focuses on the classic Newell-Daganzo
merge model, while ACTM merge model is described in Section 3.4. In Section 3.5 a
theoretical calibration procedure for the ACTM merge model is presented, accompanied by
a feasibility analysis of the parameter values. Next, Section 3.6 presents an example
application. Finally, conclusions are outlined in Section 3.7.

3.2 Freeway merge models revisited
Traffic flow behavior at freeway merges has been extensively analyzed in the literature
because of its crucial role in traffic flow modeling, dynamic network loading and dynamic
traffic assignment. The merging at junctions is one of the most disrupting operations in a
freeway network, causing queues that may affect all the incoming links. Two situations
result in queues at merges: (i) an exogenous queue from downstream spills back and affects
both merging approaches and (ii) the merge itself becomes an active bottleneck due to the
restrictions imposed by the traffic blending mechanism. This last cause is analyzed here.
Consider a merge with two incoming links (i.e. the upstream mainline and an onramp)
which blend in a single branch (i.e. the downstream mainline). Among the different
macroscopic merge models [Banks, 2000; Daganzo, 1995; Gomes, 2004; Gomes and
Horowitz, 2006; Jacobson, et al., 1989; Jin and Zhang, 2003; Kotsialos, et al., 1999;
Lebacque, 1996; Newell, 1982; Ni and Leonard II, 2005; Papageorgiou, et al., 1991;
Papageorgiou, et al., 1990], the most simple and robust approach is proposed by [Newell,
1982] and next reformulated in [Daganzo, 1995]. This is referred as Newell-Daganzo (ND)
model in the present chapter. This merge model excels in being physically intuitive. At the
same time, the stationary distribution patterns proposed have been observed for multiple
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merging junctions in California [Bar-Gera and Ahn, 2010; Cassidy and Ahn, 2005], so that
the results of the model have already been empirically validated.
The ND model assumes that the system maximizes the total merge outflow. This is
achieved by introducing the non-concave/non-convex mid{} function in its formulation
(see next section for the details on the ND model). A big drawback arises when dealing
with optimization problems due to the non optimization-friendly nature of such function.
To overcome this difficulty, the use of the concave min{} function and the linearization of
the merging model is proposed (e.g. [Gomes, 2004; Gomes and Horowitz, 2006; Jin and
Zhang, 2003; Kotsialos, et al., 2002; Ni and Leonard II, 2005]). However, the careless use of
such artifacts may lead to the violation of the maximum outflow assumption [Tampère, et
al., 2011]. This is the consequence of considering the unrealistic assumption of weak or no
interactions between all the supply constraints, which is unacceptable for uncontrolled
merges (e.g. [Gomes and Horowitz, 2006; Hegyi, et al., 2005; Lebacque, 1996;
Papageorgiou, et al., 1990]). Remarkably, [Ni and Leonard II, 2005] have recently proposed
a model whose solution space is equivalent to that of ND. In addition, the computational
cost has been reduced thanks to having eliminated unnecessary and costly possibilities.
Similarly, a generic node model [Tampère, et al., 2011] also satisfies the aforementioned
solution space.
One controversial issue is observed among the former merge models: the definition of the
blending parameter (i.e. the merge-ratio). No general consensus exists about its definition
or calibration. This could be justified due to the fact that the understanding of the
interaction between the merging streams for various traffic conditions still generates
debate. Here, the merging ratio, ‘𝛽𝛽’, is defined as the relative magnitude of both merging
𝑜𝑛−𝑟𝑎𝑚𝑝 𝑓𝑙𝑜𝑤
flows (i.e. 𝛽𝛽 = 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚
). Table 3.1 groups the different models according to
𝑚𝑎𝑖𝑛𝑙𝑖𝑛𝑒 𝑓𝑙𝑜𝑤
their definition of the blending parameter.

In all the previous models the merge capacity is exogenously determined by the
downstream merging conditions. This capacity will decrease if a downstream queue spills
back to the merge. However, the merge capacity could also be considered as an endogenous
variable if the merge itself is considered to be an active bottleneck with capacity drop. In
this case, the capacity of the merge might be influenced by the traffic states on one or both
of its approaches and the ND theory may not hold [Banks, 1990; Cassidy and Bertini,
1999]. In this case, it would be reasonable to assume that the capacity is influenced by
many factors like the merge demand, lane change maneuvers, vehicle accumulation in the
queue, vehicles acceleration rate and length of the merging section, among others.
Recently, [Leclercq, et al., 2011] has proposed an analytical model, based on the variational
theory [Daganzo, 2005], that estimates the capacity drop with respect to the demand on
the on-ramp and the different model parameters. Unfortunately, both incoming roads are
assumed single-lane by the model, leading to a limited approach. Moreover, [Torné, et al.,
2012] has also described an alternative approach to the problem, defining a simple
methodology based on the ND priority-based merge queuing model.

32

CHAPTER 3 FREEWAY MERGING MODELS

Table 3.1 Merge-ratio definition for different merge models.
Author

Blending parameter definition

[Jin and Zhang, 2003]

The ratio between both link demands
(Demand ratio)

[Cassidy and Ahn, 2005; Ni and
Leonard II, 2005]

The ratio between both link capacities
(Capacity ratio)

[Bar-Gera and Ahn, 2010]

The ratio between both link number of lanes
(Lane ratio)

[Lebacque, 1996]

The ratio between the maximum possible density
of each link.
(Maximum density ratio)

[Gomes and Horowitz, 2006]

The relative position of the on-ramp with respect
the downstream section boundary

[Hegyi, et al., 2005; Kotsialos, et al.,
1999; Kotsialos, et al., 2002;
Papageorgiou, et al., 1990]

A ratio of densities considering the actual
density, the critical density and the maximum
possible density in the mainstream link
(Density ratio)

[Daganzo, 1995; Newell, 1982]

Priority distribution among both links
(Branch priority)

3.3 The Newell-Daganzo merge model
The ND merge model assumes that, if there is enough demand, the macroscopic flow
behavior at the merge is determined by the available downstream capacity and the driver
priorities in turn-taking. This last parameter describes the interaction between the
conflicting streams when both upstream branches are congested. With this assumption, the
theory describes the possible traffic conditions upstream of a merge only considering the
demand for each branch, the merge capacity and the turn-taking rates.
Consider a hypothetical junction with two links (‘A’ and ‘B’) competing to merge into a
single link ‘E’ (Figure 3.1). The flow through each of the links, ‘YA ’ and ‘YB ’, is
constrained by:
1. ‘RE ’, the maximum receiving flow, defined as the minimum between the capacity of
link ‘E’ and its available number of slots for allocating the vehicles at the jam
density. These are properties of the receiving cell.
2.

‘SA ’ and ‘SB ’, the maximum sending flows, defined as the minimum between the
demand and the capacity of each merging link.
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YB

B

E

YA

A
Figure 3.1 Representation of a merge

Consequently, the flow must satisfy:
Y A + Y B ≤ RE

(3.1)

YA ≤ SA

(3.2)

YB ≤ SB

(3.3)

All variables are expressed in vehicle units, and the time dimension (t) is omitted in the
equations for notational convenience. All equations hold for one time step.
Figure 3.2 shows the feasible region for the merging flows. If SA + SB ≤ RE all the demand
can be accommodated and both branches are dictated by forward waves. The merging
flows are then defined by the coordinates of point ‘P’ (i.e. YA = SA ; YB = SB ). When
SA + SB > RE and not all the demand can be satisfied, it is necessary to include the
priorities to solve for the merging flows. To do so, the priority of link ‘i’, ‘pi ’, is defined as
the proportion of the total merging flow coming from link ‘i’ when both approaches are
oversaturated (i.e. in queue). Therefore, pA + pB = 1). This is shown in Figure 3.2 as the
A
‘Priority line’ (i.e. the straight line from the origin with slope Y
= ppA = β). Because link
Y
B

B

‘B’ is always as assigned to the highest priority link, the merge-ratio ‘β’ takes values
between 0 and 1. [Bar-Gera and Ahn, 2010] suggest that merging-ratios can be reasonably
estimated by the ratios between the numbers of lanes on the merging approaches, which is
typically similar to the capacity-ratio (i.e. rate among capacities of the merging links).

Equations (3.4) and (3.5) describe the solution for the merging flows when SA + SB > RE .
More easily, the solution can be graphically obtained from Figure 3.4 as the middle point
of the three intersections (i.e. M, M′ and M′′) defined by the merge downsloping capacity
line with the supply lines (i.e. SA and SB ) and with the priority line.
YB = mid{SB , RE − SA , pB · RE }

(3.4)
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YA = mid{SA , RE − SB , pA · RE }

(3.5)

Three situations can be identified depending on the value of priorities, ‘pA ’ and ‘pB ’:
•

Case I, when pB RE ≥ SB and pA RE < SA leading to YB = SB and YA = RE − SB ,
corresponding to point M. Congestion in branch A.

•

Case II, when pB RE < SB and pA RE < SA leading to YB = pB RE and YA =
pA RE , corresponding to point M′′
II . Congestion in branch A and B.

•

Case III, when pB RE < SB and pA RE ≥ SA leading to YB = RE − SA and
YA = SA , corresponding to point M′. Congestion in branch B.

Therefore, if SA + SB > RE not all the demand can be served, and queues are created in
one, the other or both approaches. It is implicitly assumed that SA < RE and SB < RE .

3 alternative
priority lines

βIII

YA
Feasible region
−1

SA

M′′III

βII
P

𝐌𝐌′
M′′II

βI
M
M′′I

SA + SB = RE
SB

RE

YB

Figure 3.2 Diagram of feasible merge flows considering three different priority ratios
(βI , βII , βIII).

3.4 The asymmetric cell transmission merge model
With the objective of formulating an optimal RM control scheme, [Gomes, 2004] developed
the ACTM. The asymmetric tag was included in opposition to the CTM merge model
symmetry (i.e. the model is not altered if labels ‘A’ and ‘B’ in Equations (3.4) through(3.5)
are exchanged). This means that the ACTM makes independent allocations for each
merging branch. [Gomes and Horowitz, 2006] simplified the original ACTM model by
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eliminating one parameter (from three to two). This last version of the ACTM is
considered here.

Flow

R

Flow

v

w
Kcrit

Density

K

Figure 3.3 A generic fundamental diagram.

Consider the same hypothetical merge junction previously presented in Figure 3.1, and a
generic triangular fundamental diagram (see Figure 3.3). ACTM computes flow on link ‘A’
(the on-ramp) as the minimum between the on-ramp demand, the on-ramp capacity and
the mainline available space. Flow on link ‘B’ (the mainline) is computed as the minimum
of what can be sent by the upstream section (i.e. the minimum between the demand and
the upstream mainline capacity) and what can be received by the downstream section (i.e.
the minimum between the downstream mainline capacity and the available space).
Remarkably, any explicit constraint captures the fact that the blending of both flows must
not exceed the downstream capacity, ‘RE ’. All terms in Equations (3.6) and (3.7) are
normalized to vehicle units.
S�
ξ 𝑑𝑑E �Kjam,E − kE �
A
YA = min �
; ����������
min(on-ramp demand, on-ramp capacity) mainline space
YB =

𝑤𝑤E ∆t
⎧
⎫
S�
(KE 𝑑𝑑E − kE 𝑑𝑑E − γYA )
R
�
�
B
�E
𝑑𝑑E
= min ⎨
; �������������
;
mainline capacity⎬
�min(demand, ups. capacity)
�
⎩
congestion term
⎭

(3.6)

(3.7)

Being ‘𝑑𝑑E ’ the length of cell, ‘KE ’ the jam density, ‘𝑣𝑣𝐸 ’ the free-flow speed, ‘𝑤𝑤𝐸 ’ the
characteristic shock-wave speed and ‘kE ’ the density, all of them related to cell ‘E’. ‘∆𝑜𝑜’ is
the time length of the simulation step. Finally, ‘𝛾𝛾’ and ‘𝜉’ are the ACTM parameters.
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In [Gomes, 2004; Gomes and Horowitz, 2006] ‘𝜉’ is defined as an allocation parameter
which captures the distribution of available space to vehicles entering from the on-ramp.
No value was suggested. In practice, ‘𝜉’ is usually assumed to be equivalent to the merging
ratio (i.e. 𝛽𝛽 = 𝑌𝑌𝐴 = 𝑝𝑝𝐴 in the ND notation). This value is generally approximated by the
𝐵

𝐵

𝑜𝑛−𝑟𝑎𝑚𝑝 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦
ratio of capacities. Then, 𝜉 = 𝛽𝛽 ≈ 𝑚𝑎𝑖𝑛𝑙𝑖𝑛𝑒
, and 𝜉 ∈ [0,1] holds by definition. In the
𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦

same original references, ‘𝛾𝛾’ is defined to be the flow blending coefficient that reflects the
relative position of the on-ramp within the section. For simplicity, [Gomes, et al., 2008]
suggest to use 𝛾𝛾 = 0, indicating that the on-ramp is at the beginning of each of the
discretized sections. Note that, in this case, the on-ramp contribution is only considered in
the mainline flow computation via ‘𝑘𝐸 ’, updated every time step.

As it will be proved, this simplistic calibration leads to unfeasible merging flows in
uncontrolled merges when both approaches are queued and congestion terms
dominate.Note that with this calibration the expected behavior of the model should yield
merging flows satisfying:
YA
=𝜉
YB

(3.8)

Instead, from Equations (3.6) and (3.7) we obtain:
YA
𝜉𝑑𝑑𝐸
=
YB 𝑤𝑤𝐸 ∆𝑜𝑜

(3.9)

Consequently Equation (3.8) holds only if 𝑑𝑑�∆𝑜𝑜 = 𝑤𝑤𝐸 hold. This means that results will
only be consistent for a given relationship between the cell size ‘𝑑𝑑E ’ and the duration of the
𝑑𝑑
time step, ‘∆𝑜𝑜’. However, this relationship turns out to be impossible given the 𝐸�∆𝑜𝑜 ≥ 𝑣𝑣𝐸
restriction of the CTM, where ‘𝑣𝑣E ’ is the free-flow speed of cell E. Note that values of
𝑣𝑣E ≈ 5~6𝑤𝑤𝐸 are generally measured on freeways.
Another consequence of this calibration is that yields

YA
YB

≫ 𝜉 given that

𝑑𝐸
𝑤𝐸 ∆𝑡

≫ 1. This

means that the portion of the total blended flow coming from ‘A’ (i.e. the on-ramp) is
much greater than the ratio of capacities. This can be represented in the feasible flows
diagram with a steeper priority line in relation to the ND model (see Figure 3.4).
In the diagram of feasible merge flows, when the solution is on the priority line indicates
that both approaches are queued. This happens only if the intersection between the
priority and the capacity lines falls inside the rectangular region defined by ‘SA’ and ‘SB’.
In Figure 3.4 it can be seen that for the simplistic calibration of the ACTM, this only
happens for very reduced downstream capacities (i.e. smaller than RE,II ). These situations
where the downstream merge capacity is smaller than the upstream supply (e.g. Case III in
Figure 3.4) are not frequent. This means that in almost all the realistic situations, the
ACTM merge solution will be on the YA = SA line (e.g. Case I in Figure 3.4). This results
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in the on-ramp serving vehicles at capacity and all queues transferred to the upstream
mainline. It is obvious that the behavior of the ACTM under this calibration is not
realistic.
YA
ξ𝑚𝑚E
=
YB wE ∆t

YA

ACTM Priority line
ND Priority line

M′′
ACTM,I

YA
R
=β≈ A
YB
RB

−1

SA

M′I (ACTM soln I)

M′III

P

M′′
β,I (ND soln I)

M′′
ACTM,III

M′′
β,III

MI
MIII
RE,III

RE,II

SB

RE,I

YB

3 alternative
downstream
merge capacities
Figure 3.4 ACTM vs ND diagram of feasible merge flows for three different merge
capacities �RE,I , RE,II , RE,III � values.

3.5 Recovering the physical coherent behavior of
the asymmetric cell transmission merge model
Given the inconsistent behavior of the simplistic calibration of the two ACTM merging
parameters in uncontrolled merging junctions, a new calibration procedure is needed. A
simple expression is proposed here. The main assumption is that, in uncontrolled merging,
the results obtained using the ACTM should be equivalent to those obtained according to
the ND model. Because the ND merging model is globally accepted and empirically
validated in uncontrolled merges [Bar-Gera and Ahn, 2010; Cassidy and Ahn, 2005] this
assumption is consistent and eliminates the need for further empirical validation [.
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Assume that SB + SC > RE , pB RE < SB and pA RE < SA (Case II referred in Section 3.3).
Consequently, it is expected that the dynamics of the model lead to YB = pB RE and
YA = pA RE , corresponding to point M′′
II of Figure 3.2. Both branches are congested in this
case. Note that this scenario is the same captured by [Bar-Gera and Ahn, 2010; Cassidy
and Ahn, 2005] in their experiments. In this case, it can be assured that the congestion
term in Equation (3.7) and the mainline space term in Equation (3.6) are dominant. In
that case, Equations (3.6) and (3.7) are simplified to:
(3.10)

YA = 𝜉 𝑑𝑑𝐸 �Kjam,E − kE �

YB =

𝑤𝑤𝐸 ∆𝑜𝑜
�Kjam,E 𝑑𝑑E − kE 𝑑𝑑E − 𝛾𝛾YA �
𝑑𝑑𝐸

(3.11)

In order to obtain a feasible calibration it is needed to fix one parameter and solve for the
other consistently with the ND solution. Here, ‘𝛾𝛾’ is simply calibrated as the merge-ratio,
according to [Bar-Gera and Ahn, 2010; Cassidy and Ahn, 2005] definition, (i.e. γ ≡ β).
Thus;
𝛾𝛾 =

YA
=
YB 𝑤𝐸 ∆t �K
𝑑E

𝜉 𝑑𝑑𝐸 �Kjam,E − kE �
jam,E 𝑑𝑑E

− kE 𝑑𝑑E − 𝛾𝛾 �𝜉 𝑑𝑑𝐸 �Kjam,E − kE ���

=𝑤

𝜉
𝐸 ∆𝑡

𝑑

(3.12)

(1 − 𝛾𝛾𝜉)

Considering that ‘𝑤𝑤𝐸 ’ and ‘𝑑𝑑E ’ are properties of the model so that the ‘E’ subscript can be
eliminated and solving for ‘𝜉’ we obtain:
𝜉=

𝑤𝑤∆𝑜𝑜𝛾𝛾
(𝑑𝑑 + 𝑤𝑤∆𝑜𝑜𝛾𝛾 2 )

(3.13)

Normalizing the congestion wave speed as 𝑤𝑤
���� ≜ 𝑤∆𝑡
, Equation (3.13) is simplified to:
𝑑
𝜉=

𝑤𝑤
����𝛾𝛾
1 + �����������
𝛾𝛾 2 𝑤𝑤

(3.14)

Equation (3.14) provides the consistent value for ‘ξ’ when ‘γ’ is calibrated as the mergeratio. It is only needed to check the consistency of the calibrated parameters with the
range of possible values proposed by [Gomes, 2004; Gomes and Horowitz, 2006] for the
ACTM. The only restrictive condition is:
𝜉<

1 − 𝑤𝑤
����
1 − 𝛾𝛾𝑤𝑤
����

And therefore, for the proposed calibration being consistent it is necessary to fulfill:

(3.15)
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𝛾𝛾𝑤𝑤
��������
1 − 𝑤𝑤
����
<
�����������
2
1
−
𝛾𝛾𝑤𝑤
����
1 + 𝛾𝛾 𝑤𝑤
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(3.16)

Because both γ and 𝑤𝑤
���� ∈ [0,1], denominators at both sides of the inequality are positive.
We can obtain:
𝑤𝑤
���� <

1
(1 + 𝛾𝛾 − 𝛾𝛾 2 )

(3.17)

The limiting case occurs for 𝛾𝛾 = 1/2 when 𝑓𝑓(𝛾𝛾) = (1 + 𝛾𝛾 − 𝛾𝛾 2 ) is maximum. It implies
𝑤𝑤
���� < 0.8 and this condition is fulfilled as ‘𝑤𝑤
����’ is usually lower than 0.2.

Cell 1
Mainline
demand

Cell i-2

Cell i-1

Cell i

Cell i+1
Unconstrained
out flow

0.15 km
On-ramp
demand

Figure 3.5 Simulation test layout.

3.6 Numerical experiment
adequacy of the calibration

to

illustrate

the

A simple simulation experiment is presented in order to compare the performance of the
ACTM using the simplistic versus the modified calibration procedure (see Table 3.2). The
later will be referred as the ‘modified ACTM’ and the former simply as ACTM. The
analytical results presented in the previous section are numerically confirmed. For
uncontrolled merges, the ACTM shows an unfeasible behavior, while the results of the
modified ACTM are consistent with those predicted by the ND model.
The simulation layout consists simply in a 3 km stretch of a 3 lane freeway with a one-lane
on-ramp located at its downstream end. . The stretch is divided in a total of 20 cells of
0.15 km in length each (see Figure 3.5). The mainline fundamental diagram (for the 3
lanes) is defined by a capacity of 6000 veh/h, free-flow speed of 90 km/h and jam density
of 400 veh/km, while the on-ramp capacity is set to 2000 veh/h. The merge-ratio,
computed as the ratio of capacities, is 𝛽𝛽 = 1�3.
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Table 3.2 Merging model parameters
Model

𝜸

𝝃

ACTM
(non-controlled ramps)

0

1� (≡ 𝛽𝛽)
3

Modified ACTM

1� (≡ 𝛽𝛽)
3

0.0652

The network is fed with a constant mainline demand of 5000 veh/h and a progressively
increasing on-ramp demand. Demand profiles are shown in Figure 3.6 for the total
simulation time (i.e. 60 min or 600 time steps). The simulation step is computed as the
ratio between the cell length and the free-flow speed being 0.15�90 hours (i.e. ∆t=6 sec).

This configuration allows observing multiple traffic states (on-ramp / mainline):
uncongested / uncongested (U/U), congested / congested (C/C) and uncongested /
congested (U/C).

Figure 3.6 Stationary merge flow simulation results.
Both models behave identically while the total demand does not exceed the available
capacity (i.e. until t=300, Figure 3.6). The U/U state holds and all the demand is served.
After that, the aggregated demand exceeds the downstream mainline capacity. Because the
relation between the ramp and the mainline demand is smaller than the merging ratio, the
system switches to a U/C state, where the mainline demand cannot be fully satisfied but
all the ramp demand is served. The mainline flow drops to a value equal to the difference
between the mainline capacity and the on-ramp demand, corresponding to points along the
feasible flows boundary satisfying YA = SA and YB = RE − SA (see Figure 3.7). Still, this
behavior is adequately modeled by both calibrations. At t=525, the increase in the onramp demand implies exceeding the merge-ratio. Therefore, according to the ND model
and empirical observations, it should be expected for the system to switch to the C/C
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state, with both approaches queued and merging flows given by the intersection between
the priority and capacity lines in the feasible merge flows diagram. As it can be seen in
Figure 3.7 and 3.8, this is adequately modeled by the modified ACTM. On the contrary
the simplistic calibration of the ACTM does not predict queues on the ramp. The system
remains in a U/C state still serving all the ramp demand.

t > 525 ACTM

t > 525 modified ACTM

Figure 3.7 Diagram of feasible flows for the simulation stationary results.

(a)
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(b)
Figure 3.8 Total amount of vehicles accumulated (a) in the mainline and (b) in the onramp.

3.7 Conclusions
An accurate prediction of the queue length in a merge junction is an essential outcome of
any traffic flow model. The standard simplistic calibration of the ACTM parameters in
uncontrolled merge junctions fails on this attempt, because the obtained merging behavior
is unfeasible. This probably happens because ACTM was developed focusing primarily on
controlled merges. Uncontrolled merges were implicitly left out of the scope of the model,
and not addressed.
The present paper proposes a methodology for calibrating the two-parameters involved in
the ACTM model in uncontrolled merges, in order to recover its physical consistency. The
method is condensed in one explicit analytical equation. Despite the introduction of an
additional calibration expression, the simplicity of the model is preserved. Considering this
calibration, the ACTM can continue being a suitable tool for operational planning and
management of freeway corridors, preserving the optimization friendly formulation of the
ACTM for controlled junctions and still resulting in a physically feasible behavior in
uncontrolled merges.

Chapter 4
Coordinated active traffic management
freeway strategies using the capacitylagged cell transmission model
4.1 Introduction
An increasing consensus exists among practitioners that a good way to increase the
efficiency (e.g. productivity, equity and sustainability) in road networks is to introduce
active management strategies (ATM) for traffic flow control. ATM is defined as a real-time
process which dynamically manage recurrent and non-recurrent traffic congestion in real
time (measuring and analyzing traffic data for implementing the most promising control
strategies) in order to maximize the efficiency of highway facilities [Kurzhanskiy and
Varaiya, 2010a]. Among all of them (e.g. DSL; RM, lane management or traveler
information) the former mentioned policy is one of the most attractive ones, due to its
apparent simplicity and reduced implementation cost. Many cities around the world have
introduced DSL systems (e.g. [Papageorgiou, et al., 2008; Soriguera, et al., 2013]) isolated
or coordinated with other control measures. The claimed benefits of these actuations imply
a reduction of traffic related emissions and accident rates, as well as an improvement in
congestion reduction (e.g. reduction of stop&go traffic episodes or capacity increase). It is
reported [Smulders, 1990; Zackor, 1991] that congestion benefits are due to the
43
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homogenization of traffic flow which allows for increased capacity. In fact, some recent
data in European highways provides evidences to support this assertion [Ramoneda, 2013]
while other studies result inconclusive in this point [Papageorgiou, et al., 2008]. Other
contributions result from studies mainly focused on control algorithms evaluations using
second order traffic flow models [Carlson, et al., 2010; Hadiuzzaman, et al., 2013; Hegyi, et
al., 2005]. Anyway, the effectiveness of the policy is still a controversial issue, probably
motivated for the few evaluations of the dynamic speed limit with real data that can be
found in the literature, (e.g. [Heydecker and Addison, 2011; Papageorgiou, et al., 2008;
Soriguera, et al., 2013]). Remarkably, most of them only analyzed aggregated data, while
many of the DSL benefits are originated in the microscopic traffic flow dynamics. Thus,
only individual vehicle data or a smart use of aggregations may allow to observe certain
phenomena. Unfortunately, micro data is not usually available and aggregated results are
still non-conclusive.
Still, one main drawback can be derived from DSL strategies by setting speed limits below
free-flow speed. It has been frequently described how such strategies imply trigger an
active bottleneck in the most downstream controlled section [Carlson, et al., 2010;
Soriguera, 2010]. On addition, such active bottleneck may lead to the likely capacity drop
occurrence, i.e. the observed difference between the freeway capacity and the queue
discharge rate, due to inherent instabilities inside a queued bottleneck (e.g. lane changing
maneuvers, sudden driver brakes, small gaps combined with high flows or short
acceleration areas at the edge of a bottleneck). Consequently, any attempt to model such
strategies requires incorporating the capacity drop phenomenon due to its significant role
in the traffic flow behavior. Equally important, DSL algorithms must also consider the
unnecessary drawbacks that will be induced if setting low speed limits during uncongested
situations. In fact, real implementations of DSL systems support its strategy on processing
different types of real time information. However, most of them are not sufficiently based
on traffic flow behavior and lead to blind and inefficient algorithms [Soriguera, et al.,
2013]. The research tries to fill this gap by presenting an extension of the original CTM
[Daganzo, 1994 and 1995] to include capacity drop and also incorporating the ability to
model DSL strategies.
The rest of the chapter is organized as follows. Next section briefly describes the
background of the main components involved in the modeling issue. Section 4.3 presents a
conceptual description of the extended CTM, i.e. the capacity-lagged cell transmission
model (CL-CTM). The CTM’s modifications proposed (both for a common and a merge
section) are described in Section 4.4. Next, Section 4.5 presents some model applications to
reproduce coordinated RM and DSL strategies. Then, Section 4.6 shows the performance of
the extended model using a simple traffic network case study. Finally, a summary with
conclusions and future research scope is given.

BACKGROUND
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4.2 Background
Notably, most of the freeway traffic models dealing with DSL rely on the original
METANET second order model [Messmer and Papageorgiou, 1990] or its further
extensions [Carlson, et al., 2010; Hadiuzzaman, et al., 2013; Hegyi, et al., 2005]. An
important property for such models is their ability to reproduce the capacity drop
mechanism at active bottlenecks, being suitable for traffic flow control applications. Almost
any first order model can be found in the literature modeling such phenomenon. Certainly,
the original LWR first-order model [Lighthill and Whitham, 1955; Richards, 1956] does not
reproduce the capacity drop phenomenon. Anyway, only two main attempts have been
found [Edie, 1961; Lebacque, 2003], [Srivastava and Geroliminis, 2013] although none of
them have fully succeeded on its purpose. The first one’s contribution is almost reduced to
a formal, but not validated, model. While, the second, although more complete than the
other, still requires to be more extensively contrasted for a wider range of traffic scenarios.
Firstly, [Edie, 1961] observed a sharp speed drop in a small density range for some
fundamental diagram (FD) plots and proposed a two-regime phase diagram to explicitly
include the capacity drop. Commonly, this shape of the FD has been conceptualized as a
‘reverse lambda’, with linear branches. Two possible flow values result for a certain range
of densities around the critical density value, depending on the traffic conditions, i.e.
whether traffic is moving from the free-flow to the congested regime on the equilibrium
curve or vice versa. For the first case, the maximum observed flow reaches the capacity
flow, while going from congested regime to free-flow occurs via a maximum flow lower than
the capacity flow. This value is also called the ‘queue discharge capacity’. Certainly, such
model behavior provides a simple formalization for the hysteresis phenomenon, first
reported in [Treiterer and Myers, 1974]. Unfortunately, these types of models have a
serious conceptual disadvantage: infinite speed shock waves can occur, leading to
unrealistic results. The here proposed model tries to solve this problem.
More recently, other models assume a two-phase traffic flow model [Lebacque, 2003;
Monamy, et al., 2012]: the former only consider simple links without nodes, while the latter
also includes a node model. This model extends first-order traffic flow models by retaking
the fact that traffic acceleration is bounded. One phase captures traffic equilibrium where
flow and speed are functions of density whereas traffic acceleration is low. The second
phase is characterized by constant acceleration. By building a modified sending or demand
function (i.e. the characterization of the demanded flow to be sent from upstream to
downstream sections), the capacity drop phenomenon is, in some way, reproduced. In
essence, the demand at the head of a congested section is then not capacity, but a bit
lower. In free-flow the demand function is unchanged, so still the demand is the current
flow. The model has been partially validated with real data in a certain merging section
part near Paris [Monamy, et al., 2012]. Although the model next proposed shares certain
similarities with the two-phase traffic flow model, its Godunov scheme [Godunov, 1959]
approach for solving the LWR’s equations set up a great divergence. Recently, [Srivastava
and Geroliminis, 2013] integrated capacity drop in an LWR model with intermediate
(internal) freeway mainline boundaries. The authors utilize a fundamental diagram with
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two values of capacity and they provide a memory-based methodology to choose the
appropriate value in the numerical solution of the problem with a Godunov scheme. The
model did not investigate any control methodologies to be developed.

4.2.1
The cell transmission model and its main
extensions
The CTM is one of the most referenced and contrasted first order models. It presents an
approximation to the LWR’s kinematic wave partial differential equation applying the
Godunov’s discrete approximation. Its simplicity and flexibility, has led many researchers
to adapt the model to a vast range of applications, without (almost) altering the original
modeling formulation and the FD. Both researchers and practitioners have employed CTM
in multiple transportation applications such as dynamic traffic assignment, traffic
prediction, signal control and RM [Alecsandru, et al., 2011]. The CTM poses a traffic flow
mechanism based in a discretization of the network in a finite number of cells and certain
rules for sending and receiving traffic flow.
For the macroscopic simulation’s interest, existing literature shows how the original celltransmission formulation has been adapted to achieve different purposes (e.g. [Daganzo,
1997; Laval and Daganzo, 2006]. Among all of them, two main contributions must be
highlighted and also set the starting point for the model next proposed. (i) [Daganzo, 1999;
Szeto, 2008] showed how the accuracy of the model will be enhanced if the downstream
density, used to calculate the sending flows, was read a certain number of time intervals
earlier than the current time. That way, the advancing of the queued-state shockwave
follows a physical coherent behavior and also improves the accuracy results (being capable
to exactly converge to the LWR model for certain parameter values, defined below). This
model is also known as the lagged CTM, i.e. L-CTM. (ii)[Gomes and Horowitz, 2006]
proposed the asymmetric cell transmission model (ACTM) which differs from the original
merge model, because the merging flows are calculated separately via two-parameters
which may be accurately calibrated to preserve the physical coherence of the ACTM merge
model. Particularly, when uncontrolled merges are simulated, the simplistic calibration
proposed in [Gomes and Horowitz, 2006] leads to unrealistic merge behavior. Chapter 3 has
previously proposed a simple expression, Equation (3.13), for calibrating the twoparameters involved in the ACTM’s merge model. With this calibration, queues can be
developed both in the mainline and on-ramp when high demand occurs, in contrast with
the original ACTM model.

4.3 The capacity-lagged cell transmission model
The proposed model almost follows the same CTM’s assumption which considers the flow
as a function of density (i.e. its FD) with a triangular or trapezoidal form. In fact, a
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modification will be introduced in the triangular shape, in order to account for the capacity
drop phenomenon. Thus, the proposed shape results on a mix between the triangularshaped FD (for the free-flow branch) and the trapezoidal-shaped FD (for the congested
branch), Figure 4.1(a). That way, the characteristic in common with respect the two-phase
traffic flow model is sketched. At the same time, the aforementioned problems related with
the inverse lambda-shaped FD are skipped. In fact, all the state transitions exhibit feasible
values for the shock waves speeds, even when the sudden flow drop in the vicinity of the
critical density occurs. Figure 4.1(a) depicts the main CL-CTM parameters involved in the
FD, both considering a non-DSL case (where 𝑣𝑣 is the free-flow speed) and a DSL-case
(where 𝑉𝑉 is the current speed limit value). Two different capacities may be associated to
each case: ‘𝑄𝑄𝑓 ’ for the free-flow states and ‘𝑄𝑄𝑑 ’ for the states where the capacity drop has
occurred, i.e. congested states. Both parameters satisfy
corresponds to the jam density value.
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non-controlled zone

DSL-controlled zone

(b)
Figure 4.1 (a) The equation of state of the capacity-lagged cell transmission model
depicting different stationary traffic states and (b) an hypothetical three-lane stretch with a
DSL-controlled area
To illustrate the model behavior, consider traffic flows through a hypothetical three-lane
stretch represented in Figure 4.1(b). At certain location a variable message sign indicates
the speed limit has been lowered to ‘𝑉𝑉 ’, being 𝑣𝑣 > 𝑉𝑉 . Obviously, at the same time the
maximum outflowing value (i.e. capacity) for the DSL-controlled zone will be reduced. The
DSL transitions from high to low speed values are expected to be done according to the
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principle of flow conservation: i.e. the flow remains constant while the density suffers an
increase. Unfortunately, such transition is not always observed in many proposed models
(e.g. [Carlson, et al., 2010; Hegyi, et al., 2005]) temporary violating the principle. In those
cases, a temporary flow decrease together with density conservation is observed during the
DSL traffic state transition. It is commonly justified by considering that during the
transition it is necessary the flow to be temporarily reduced to ‘create’ the higher traffic
density of the DSL state. Anyway, it is clear that this behavior responds to a model
artifact. To illustrate the model behavior different demand scenarios will be analyzed:
•

Demand A, ‘𝑆𝑆𝐴 ’. Suppose that the upstream demand corresponds to the state A
flow. As this value is lower than the capacity of the non-controlled sections,
𝑆𝑆𝐴 < 𝑄𝑄𝑓 (𝑣𝑣), and no queues spill back from downstream, the upstream section will
operate at state A. Once such flow crosses the DSL gantry, the vehicles will lower
the speed, increase the density and maintain the same flow. Consequently, the
DSL-controlled zone will operate at state D as the corresponding flow value doesn’t
exceed the feasible capacity of the zone, i.e. ‘𝑄𝑄𝑓 (𝑉𝑉 )’. Once the vehicles cross the
downstream edge of the DSL-controlled zone, they can speed up to recover speed
‘𝑣’ while maintaining the same flow (i.e. state A).

•

Demand B, ‘𝑆𝑆𝐵 ’. The demand increases further in such a value between both
DSL-zone capacities, i.e. 𝑆𝑆𝐵 ∈ [𝑄𝑄𝑑 (𝑉𝑉 ), 𝑄𝑄𝑓 (𝑉𝑉 )]. The non-controlled zone remains in
free-flow state because 𝑆𝑆𝐵 < 𝑄𝑄𝑑 (𝑣𝑣). However, this higher demand makes the DSLcontrolled zone to enter in an instable state: the headways have become shorter,
and it is challenging to maintain the same speed with such high density values.
Any driver brake may destabilize the flow and activate a queue formation. If the
upstream demand remains constant, the DSL-controlled zone will operate at state
H. Downstream the DSL-controlled zone, the vehicles speed up to recover speed ‘𝑣’
while maintaining the same flow (i.e. state B).

•

Demand C, ‘𝑆𝑆𝐶 ’. As expected, the upstream demand increases above the DSLzone capacity, being 𝑆𝑆𝐶 > 𝑄𝑄𝑓 (𝑉𝑉 ). So, the DSL-controlled zone becomes an active
bottleneck and a queue starts to grow upstream from the gantry location. Initially,
the bottleneck discharges with the maximum capacity, ‘𝑄𝑄𝑓 (𝑉𝑉 )’, but when the
queue reaches previous non-controlled cell, the capacity drop mechanism becomes
active and the discharge flow drops to ‘𝑄𝑄𝑑 (𝑉𝑉 )’. The stationary state for the DSLcontrolled zone will correspond to the congested state E with a downgraded speed
value, ‘𝑉𝑉 𝑑 ’. In turn, the non-controlled sections will perform in state C until the
growing queue doesn’t reach them. Then, the flow will evolve to state E, with the
correspondent shockwave. Finally, downstream the DSL-controlled zone, the
vehicles will evolve to state I corresponding to the discharge flow during congestion
(i.e. ‘𝑄𝑄𝑑 (𝑉𝑉 )’).

•

Demand C→B→A, 𝑆𝑆𝐶 → 𝑆𝑆𝐵 → 𝑆𝑆𝐴 . Consider the case where
‘𝑆𝑆𝐶 ’ has previously occurred and the stationary conditions
controlled zones and state E for non-controlled. For a given time,
the rush hour, the upstream demand falls to ‘𝑆𝑆𝐵 ’. The queue

demand scenario
are state F for
e.g. at the end of
will not start to

MODEL FORMULATION

49

dissolve, because 𝑆𝑆𝐵 > 𝑄𝑄𝑑 (𝑉𝑉 ), although it will grow slower. Next, another demand
decrease is observed corresponding to ‘𝑆𝑆𝐴 ’. In that case, the queue will start to
decrease, because 𝑆𝑆𝐴 < 𝑄𝑄𝑑 (𝑉𝑉 ). After a while, it is expected the queue will be
dissolved. Note that the discharge flow will always be ‘𝑄𝑄𝑑 (𝑉𝑉 )’: no reason to recover
the DSL freeway capacity ‘𝑄𝑄𝑓 (𝑉𝑉 )’ which will only happen when the whole zone will
have recovered the free-flow state. So, while the queue remains in the no-control
zone, it will perform in state E. Once the queue is dissolved, it will evolve to the
free-flow state A. In turn, the final state for DSL-controlled zone will be D.
Among the traffic flow dynamics previously described, the capacity drop modeling and the
ability to reproduce DSL strategies are not captured in the basic CTM and establish the
main contribution of the research. The necessary extensions are easy to implement and
fully consistent with the CTM. In fact, many previous studies have test the robustness of
CTM for simulating real-world freeway segments [Gomes and Horowitz, 2006; Ishak, et al.,
2006; Kurzhanskiy and Varaiya, 2010a] and for DSL-controlled freeway sections [Soriguera,
et al., 2013].

4.4 Model formulation
The CL-CTM formulation is presented in two parts: Section 4.4.1 for the ordinary cells
and Section 4.4.2 for the merging cells.

4.4.1

Ordinary cells

The model for ordinary cells differs from the original CTM by introducing (i) some rules to
change the cell capacity depending on the traffic states governing the flow and (ii) the LCTM. To apply the CL-CTM, the freeway is divided into 𝑁 sections, with each section
containing at most one DSL gantry varying the speed limit of the cell. Consequently, the
discretization of real freeways with DSL installations must take into account such
constraints. The model has two basic components: the mainline conservation equations and
the capacity rules.

4.4.1.1

Mainline conservation equations

In order to better capture the behavior of the model, the original CTM sending and
receiving functions, ([Daganzo, 1995], Equations 3a and 3b), has been split into a total of
four expressions, Equations (4.1) to (4.4), one per each of the terms involved in the
expressions. That way, it is easier to track which of the elements involved in the traffic
dynamics govern the cells at any time.
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1
𝑇𝑇𝑖,𝑗
≜ 𝑅𝑅𝑖−1,𝑗

(4.1)

2
𝑇𝑇𝑖,𝑗
≜ 𝑉𝑉𝑖−1,𝑗−𝑓𝑖 · 𝑘𝑖−1,𝑗−𝑓𝑖

(4.2)

3
𝑇𝑇𝑖,𝑗
≜ 𝑅𝑅𝑖,𝑗

(4.3)

4
𝑇𝑇𝑖,𝑗
≜ 𝑤𝑤𝑖 �𝐾𝑖 − 𝑘𝑖,𝑗−𝑙𝑖 �

(4.4)

1
Where ‘𝑇𝑇𝑖,𝑗
’ corresponds to the capacity, ‘𝑅𝑅𝑖−1,𝑗’, of the sending cell ‘𝑖𝑖 − 1’ at time ‘𝑗𝑗’,
2
being 𝑜𝑜 = 𝑗𝑗 · ∆𝑜𝑜 and ‘∆𝑜𝑜’ the simulation period; ‘𝑇𝑇𝑖,𝑗
’corresponds to what can be sent by
the sending cell ‘𝑖𝑖 − 1’ at time ‘𝑗𝑗 − 𝑓𝑓𝑖 ’ under the set DSL, i.e. ‘𝑉𝑉𝑖−1,𝑗−𝑓𝑖 ’(note that if non
3
active DSL, 𝑉𝑉𝑖−1,𝑗−𝑓𝑖 ≡ 𝑣𝑣𝑖−1 ) via the density, ‘𝑘𝑖−1,𝑗−𝑓𝑖 ’; ‘𝑇𝑇𝑖,𝑗
’ corresponds to the capacity,
4
‘𝑅𝑅𝑖,𝑗’, of the receiving cell ‘𝑖𝑖’, at time ‘𝑗𝑗’ and ‘𝑇𝑇𝑖,𝑗
’ corresponds to what can be received by
the receiving cell ‘𝑖𝑖’ at time ‘𝑗𝑗’, via the density, ‘𝑘𝑖,𝑗−𝑙𝑖 ’, in cell 𝑖𝑖 at time 𝑗𝑗 − 𝑚𝑚𝑖 . Where ‘𝑓𝑓𝑖 ’

and ‘𝑚𝑚𝑖 ’ the two parameters introduced in the L-CTM: the lag ‘𝑓𝑓𝑗 ’ is used to hinder the
deterioration of accuracy when large cells are used, whereas the lag 𝑚𝑚𝑖 is used to account for
the difference in forward and backward shockwave speeds. Both parameters are expressed
in terms of simulation step counts.
Finally, a reformulated expression of [Szeto, 2008], Equations 10 and 11, is posed:
𝑚
𝑚
𝑞𝑞𝑖,𝑗 = 𝑚𝑚𝑖𝑖𝑖𝑖�𝑇𝑇𝑖,𝑗
�𝑓𝑖 ,𝑙𝑖 =0 , 𝑇𝑇𝑖,𝑗
� for 𝑚𝑚 = {1, 2, 3, 4}

(4.5)

𝑚
Every time simulation step, one (or more) of the ‘𝑇𝑇𝑖,𝑗
’ terms may result the lowest (or
dominant) one(s) in the min{} function of Equation (4.5) . Clear rules may be defined for
setting which is the unique state governing every cell for a given time. To that end, a new
variable is introduced to store such information: ‘𝐺𝑖,𝑗 ’. By definition, it can only exhibit

four integer values: 𝐺𝑖,𝑗 = {1, 2, 3, 4}. Such variable will play a crucial role in the election
of the cell capacity. That way, the rules for updating ‘𝐺𝑖,𝑗 ’ values must be carefully
selected, making the election coherent with the model behavior feasibility. The following
rules are stated:
3
1
1
2
1
1
4
𝐺𝑖,𝑗 ≜ 1 ↔ �𝑇𝑇𝑖,𝑗
| (𝑇𝑇𝑖,𝑗
≤ 𝑇𝑇𝑖,𝑗
)⋀(𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
)⋀(𝑇𝑇𝑖,𝑗
≤ 𝑇𝑇𝑖,𝑗
)�

(4.6)

3
2
2
1
2
2
4
𝐺𝑖,𝑗 ≜ 2 ↔ �𝑇𝑇𝑖,𝑗
| (𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
)⋀(𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
)⋀(𝑇𝑇𝑖,𝑗
≤ 𝑇𝑇𝑖,𝑗
)�

(4.7)

3
3
3
3
1
2
4
𝐺𝑖,𝑗 ≜ 3 ↔ �𝑇𝑇𝑖,𝑗
| (𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
)⋀�𝑇𝑇𝑖,𝑗
≤ 𝑇𝑇𝑖,𝑗
�⋀�𝑇𝑇𝑖,𝑗
≤ 𝑇𝑇𝑖,𝑗
��

(4.8)

3
4
4
1
4
2
4
𝐺𝑖,𝑗 ≜ 4 ↔ �𝑇𝑇𝑖,𝑗
| (𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
)⋀�𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
�⋀�𝑇𝑇𝑖,𝑗
< 𝑇𝑇𝑖,𝑗
��

(4.9)

MODEL FORMULATION

4.4.1.2
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Capacity rules

The next step consists on defining each cell capacity for the subsequent simulation step. It
is considered that an upstream cell being in a congested state (i.e. 𝐺𝑖−1,𝑗 = 4) will make

the immediately downstream one (i.e. cell i, which probably will also be in a queued state
except if it is downstream the active bottleneck cell) to decrease its capacity. This behavior
is consistent with the capacity drop mechanism within active bottleneck locations. When
combining it, all together with lagged-density values (i.e. the density values from previous
simulation steps via 𝑚𝑚 > 0), the capacity drop phenomenon is well reproduced and the wave
(or the information) with the new capacity travels together with the back of the queue
growth. This hypothesis is reasonable for small simulation time steps. Anyway, it is stated
that the available capacity for cell i at time ‘𝑗𝑗 + 1’ depends on 𝐺𝑖−1,𝑗 value:
𝑅𝑅𝑖,𝑗+1 = 𝑄𝑄𝑑 (𝑉𝑉 ) ↔ �𝐺𝑖,𝑗 | 𝐺𝑖−1,𝑗 = 4� for 𝑖𝑖 ∉ ℰ

(4.10)

𝑅𝑅𝑖,𝑗+1 = 𝑄𝑄𝑓 (𝑉𝑉 ) ↔ �𝐺𝑖,𝑗 | 𝐺𝑖−1,𝑗 ≠ 4� for 𝑖𝑖 ∉ ℰ

(4.11)

where ‘ℰ ’is the set of sections with on-ramps. This behavior can only be considered for
ordinary links. In fact, a special case arises when cell ‘𝑖𝑖’ is an on-ramp, which will be
addressed in next section.

4.4.2

Merging cells

The merging cells model only differs from the CTM merge model ([Daganzo, 1995]
Equations 7a-7b) by considering the merge capacity as an endogenous variable, next
defined in Equation (4.12). Figure 4.2(a) presents the different variables involved. The
capacity of the merge is considered to be influenced by the traffic states of its supplying
branches and thus, cannot be considered as an exogenous variable [Cassidy and Bertini,
1999]. Thus, it’s reasonable to assume that the capacity is influenced by many factors (e.g.
merge demand, lane change maneuvers, vehicle accumulation in the queue, vehicles
acceleration rate and length of the merging section, among others). Recently, [Leclercq, et
al., 2011] proposed an analytical model, based on the variational theory [Daganzo, 2005],
that estimates the capacity drop with respect to the demand on the on-ramp and the
different model parameters. Unfortunately, both incoming roads are assumed single-lane by
the model, leading to a partially unrealistic approach. In this chapter, an alternative
approach to the problem is proposed by defining a simple methodology based on the
Newell-Daganzo [Daganzo, 1995; Newell, 1982] priority-based merge model. The proposed
model poses that in the vicinity of an area with mandatory lane changes (e.g. due to an onramp or a lane drop) two different mechanisms may trigger an additional restriction of the
mainline capacity (i.e. capacity drop): instabilities inside a queue (type I) and the merging
itself (type II). The first can arise along the length of the queue and the second in the
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merging area. These capacity restrictions will not always become active and can fluctuate
according to three different scenarios:
•

Traffic flows through the bottleneck at freeway capacity and without capacity drop
(i.e. ‘𝑄𝑄𝑓 (𝑣𝑣)’).

•

Queue is an active restriction limiting capacity to the queue discharge rate (i.e.
‘𝑄𝑄𝑑 (𝑣𝑣)’) due to frequent lane changes or (de)accelerations or drivers’ distractions.

•

The merging is an active restriction limiting the capacity, ‘𝑅𝑅’, being 𝑅𝑅 ∈
[𝑄𝑄𝑑 (𝑣𝑣), 𝑄𝑄𝑓 (𝑣𝑣)]

It should be noted that ‘𝑄𝑄𝑓 (𝑣𝑣)’ capacity will only occur in areas with mandatory smooth
merges under free-flow conditions. If demand increases and queues are created, the
available freeway capacity may drop towards ‘𝑄𝑄𝑑 (𝑣𝑣)’ value. Consequently, it is considered
that when the bottleneck is performing at queue discharge rate both mechanisms (i.e. type
I and II) are active. For the construction of the macroscopic model, it’s essential to capture
both capacity drop phenomena in the fundamental diagram calibration procedure. In fact,
a recent study has partially succeeded in this issue, proposing useful fundamental diagram
calibration methodologies for both triangular and inverse lambda shapes [Dervisoglu, et al.,
2009].
An analytical model is proposed in Equation (4.12) for capturing the capacity dynamics of
a section containing an on-ramp. It success to reproduce the capacity drop by considering
two parameters, one per each capacity drop type: 𝛼 for the type I and 𝛽𝛽 for the type II,
being 𝛼, 𝛽𝛽 ∈ [0,1]. In fact, ‘𝛼’ is constant for a given fundamental diagram, while 𝛽𝛽
depends on the present demand state, so ‘𝑅𝑅(𝛽𝛽)’ holds. Note that the merge ratio γ is
considered an exogenous model parameter, constant over time. This hypothesis is
reasonable as it can be practically estimated by the ratios between the numbers of lanes on
the merging approaches [Bar-Gera and Ahn, 2010], which are characteristic to every
particular merge design.
𝑅𝑅𝑖,𝑗 = 𝑄𝑄𝑑𝑖 �1 + 𝛼𝛽𝛽𝑖,𝑗 � for 𝑖𝑖 ∈ ℰ

(4.12)

𝑓

(𝑣)
|
where 𝛼 = �𝑄
− 1�, 𝛽𝛽𝑖,𝑗 = 1 − |𝑀
, being ‘𝑃 ’ the point in the plane 𝑞𝑞𝑖,𝑗 − 𝑜𝑜𝑖,𝑗with
𝑄𝑑 (𝑣)
|𝑃 |
𝑄

𝑓

𝑄

𝑓

𝑖
𝑖
, 𝑄𝑄𝑓𝑖,𝑗 �1 − 𝑄𝑓 +𝑄
�� constant for a given FD network, 𝑄𝑄𝑜𝑟
coordinates �𝑄𝑄𝑓𝑖,𝑗 · 𝑄𝑓 +𝑄
𝑖
𝑜𝑟
𝑜𝑟
𝑖

𝑖

𝑖

𝑖

corresponds to the on-ramp capacity and M depends on two different demand cases: if
𝑆𝑆 𝑜𝑟
𝑜𝑟
𝑜𝑟 ⎞
then 𝑀 = ⎛
⎜ 𝑖,𝑗�𝛾𝛾 , 𝑆𝑆𝑖,𝑗
⎟, otherwise, 𝑀 = �𝑆𝑆𝑖,𝑗 , 𝑆𝑆𝑖,𝑗 · 𝛾𝛾� (see Figure 4.2 (b)).
𝑆𝑆𝑖,𝑗 > 𝑆𝑆𝑖,𝑗
⎝
⎠
𝑄𝑓 (𝑣)
𝑑
‘𝑄𝑄𝑖 ’ and 𝛼 = �𝑄𝑑 (𝑣) − 1� may be calibrated from field measurements where capacity drop
is observed. A particular case may be addressed if 𝛽𝛽𝑖,𝑗 < 0 (i.e.

|𝑀 |
|𝑃 |

≥ 1). Then, it means

the merging is performing with ‘𝑄𝑄𝑑𝑖 ’ capacity and no additional capacity restriction may be
introduced. In that case, ‘𝛽𝛽𝑖,𝑗 ’ must be updated to 𝛽𝛽𝑖,𝑗 = 0 value. Next section will provide

an example showing a congested merge where the merge capacity drops to ‘𝑄𝑄𝑑 (𝑣𝑣)’ value.
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𝑟𝑟𝑖𝑖,𝑗𝑗

Priority line
𝛾𝛾 =

𝑅𝑅𝑖𝑖,𝑗𝑗
𝑆𝑆𝑖𝑖,𝑗𝑗

𝑞𝑞𝑖𝑖,𝑗𝑗

P

𝑖𝑖
𝑜𝑜𝑜𝑜
𝑆𝑆𝑖𝑖,𝑗𝑗

𝑜𝑜𝑜𝑜
𝑆𝑆𝑖𝑖,𝑗𝑗

M

𝑟𝑟𝑖𝑖,𝑗𝑗

𝑆𝑆𝑖𝑖,𝑗𝑗

(a)

𝑞𝑞𝑖𝑖,𝑗𝑗 + 𝑟𝑟𝑖𝑖,𝑗𝑗

𝑄𝑄𝑜𝑜𝑜𝑜
𝑖𝑖
𝑄𝑄𝑓𝑓𝑖𝑖

= 𝑄𝑄𝑓𝑓𝑖𝑖

𝑞𝑞𝑖𝑖,𝑗𝑗

(b)
𝐿𝐿𝐷𝐷𝐷𝐷𝐷𝐷

𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜

𝑞𝑞 ̂

𝑓𝑓𝑓𝑓
𝑞𝑞𝑖𝑖𝑖𝑖

𝑆𝑆

𝑓𝑓𝑓𝑓
𝑞𝑞𝑖𝑖𝑖𝑖

C

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝑞𝑞𝑖𝑖𝑖𝑖

A

𝑞𝑞 ̂

𝑟𝑟̂

𝑜𝑜𝑜𝑜

𝑅𝑅(𝛽𝛽)
B

𝑟𝑟̂

𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑞𝑞 ̂ + 𝑟𝑟 ̂

𝑞𝑞 ̂

𝑉𝑉 ̂

(c)
Figure 4.2 (a) Representation of a merge (b) Diagram of feasible merging flows with
points 𝑃 and 𝑀 involved in the merging capacity definition (c) Freeway operation under
the proposed strategy

4.5 Design of a ramp metering – dynamic speed
limit coordinated strategy
The proposed strategy aims to improve drivers’ equity in an active bottleneck induced by
an entrance via introducing coordinated RM and DSL strategies to maximize the discharge
flow. The proposed strategy explicitly considers and exploits the endogenous bottleneck
capacity feature to obtain intelligent control schemes.
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𝑓𝑓
Consider certain demand scenario, being 𝑆𝑆 = 𝑞𝑞𝑖𝑛
the upstream mainline demand and 𝑆𝑆 𝑜𝑟

the on-ramp demand (Figure 4.2(c)), such that is creating an active bottleneck. When
queues are starting to grow in both branches, the performance of the system varies in such
a way that both mainline and on-ramp flows drop. Then, the system is operating at certain
state corresponding to the P-point depicted in Figure 4.2(b). In this no-control involved
scenario, the observed discharge flow exhibits 𝑞𝑞𝑜𝑢𝑡 = 𝑄𝑄𝑑 (𝑣𝑣), i.e. a degradation of freeway
operation has occurred due to the mainline throughput drop.
To improve this situation, it is stated that, if a suitable control scheme is introduced,
capacity drop occurrence can be mitigated, then the bottleneck discharge flow, ‘𝑞𝑞𝑜𝑢𝑡 ’, will
increase, all leading to mobility performance indicators improvements (e.g. total time
spent, TTS). Therefore, the objective is to maintain ‘𝑞𝑞𝑜𝑢𝑡 ’ as far as possible from ‘𝑄𝑄𝑑 (𝑣𝑣)’
capacity value, i.e. such that 𝑞𝑞𝑜𝑢𝑡 = 𝑅𝑅�𝛽𝛽𝑖,𝑗 � > 𝑄𝑄𝑑 (𝑣𝑣) for 𝑖𝑖 ∈ ℰ. To this end, it can be
stated that, for a given demand, exists certain 𝑞𝑞 ̂-valued outflow coming from DSLcontrolled sections (𝐿𝐿𝐷𝑆𝐿 lengthed) such that blended together with certain on-ramp rate,
‘𝑜𝑜̂’, results in a final bottleneck outflow which holds Equation (4.13), corresponding to the
mainline capacity for the on-ramp section (Figure 4.2(c)):
(4.13)

𝑞𝑞𝑜𝑢𝑡 = 𝑅𝑅�𝛽𝛽𝑖,𝑗 � = 𝑞𝑞 ̂ + 𝑜𝑜̂ = 𝑄𝑄𝑑 (𝑉𝑉 ) + 𝑜𝑜̂

Note Equation (4.13) assumes that the final flow for the DSL-controlled stretch
corresponds to the one corresponding to point B and C from Figure 4.2(c). Thus, it is
assumed point A state cannot be hold due to the capacity drop phenomenon.
𝑜𝑟
By considering the merge capacity expression, Equation (4.12), and assuming 𝑆𝑆𝑖,𝑗 > 𝑆𝑆𝑖,𝑗

(which is common for freeway multiple lane cases) then, ‘𝛽𝛽𝑖,𝑗 ’ is only function of |𝑀 |, being
𝑆𝑆 𝑜𝑟
𝑜𝑟 ⎞
𝑜𝑟
𝑀 =⎛
⎜ 𝑖,𝑗�𝛾𝛾 , 𝑆𝑆𝑖,𝑗
⎟ its coordinates. In addition, it can also be considered 𝑆𝑆𝑖,𝑗
≡ 𝑜𝑜̂, due to
⎝
⎠
the RM behavior. That way, Equation (4.13) can be rewritten as:
𝑜𝑜̂�𝛾12 + 1 ⎞
⎛
⎛
⎞⎟
⎜
𝑑
𝑄𝑄 (𝑣𝑣) · ⎜
⎟⎟
⎜1 + 𝛼 · ⎜1 ±
⎟ − 𝑄𝑄 (𝑉𝑉 ) = 𝑜𝑜̂
|𝑃 |
⎝
⎠⎠
⎝

(4.14)

𝑑

̂

𝑑

𝑄 (𝑣)
�𝑉 𝐾
By isolating ‘𝑜𝑜̂’ from Equation (4.14) and applying 𝑄𝑄𝑑 (𝑉𝑉 ) = 𝑤𝑤
where 𝑤𝑤̃ = 𝐾−𝑘
⋋ and
�+𝑉
𝑑

𝑘⋋ = 𝑄 𝑣(𝑣), an explicit expression in terms of ‘𝑉𝑉 ’is obtained:
𝑜𝑜̂(𝑉𝑉 ) =

�𝑉𝐾
|𝑃 | �(1 + 𝛼) · 𝑄𝑄𝑑 (𝑣𝑣) − 𝑤
𝑤
�+𝑉 �

|𝑃 | + 𝛼𝑄𝑄𝑑 (𝑣𝑣) ± �𝛾12 + 1

(4.15)

The strategy will perform with a fixed DSL value (i.e. certain ‘𝑉𝑉 ’) in a set of DSLcontrolled sections, ℂ, such that 𝑖𝑖 ∈ ℂ and for any ‘𝑗𝑗’ such that 𝑜𝑜 ∈ �𝑜𝑜𝑜𝑛 , 𝑜𝑜𝑜𝑓𝑓 � (i.e. within the
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control period). The effectiveness of such strategy, captured with the TTS indicator, is
based on the suitable election of both time trigger parameters. ‘𝑜𝑜𝑜𝑛 ’ must be selected at the
time the total demand (mainline plus on-ramp) exceeds the merge capacity. In turn, ‘𝑜𝑜𝑜𝑓𝑓 ’

must be never selected before the instant when the present speed is lower than ‘𝑉𝑉 𝑑 ’ value.
If the condition for ‘𝑜𝑜𝑜𝑛 ’ activation stops to hold, the control can be deactivated. Within
the period where the control is active and for sections 𝑖𝑖 ∈ ℰ, it is assumed 𝑜𝑜̂(𝑉𝑉 ) + 𝑆𝑆𝑖,𝑗 > 𝑅𝑅𝑖,𝑗

holds, implying the system operate following (4.16) and(4.17):
𝑜𝑜𝑖,𝑗 = 𝑜𝑜̂(𝑉𝑉 ) for 𝑖𝑖 ∈ ℰ

𝑓𝑓𝑖,𝑗 = 𝑅𝑅𝑖,𝑗 − 𝑜𝑜̂(𝑉𝑉 ) for 𝑖𝑖 ∈ ℰ

(4.16)
(4.17)

In turn, Equation (4.17) corresponds to ‘𝑄𝑄𝑑 (𝑉𝑉 )’ by the flow conservation principle. Next,
on-ramp queue must be computed coherently:
𝑜𝑟 − 𝑜𝑜̂� for 𝑖𝑖 ∈ ℰ
𝛿𝑖,𝑗 = 𝑚𝑚𝑎𝑥�0, 𝛿𝑖,𝑗−1 + 𝑆𝑆𝑖,𝑗

(4.18)

𝑜𝑟
where ‘𝑆𝑆𝑖,𝑗
’ is the demand of vehicles aiming to enter the freeway, but not yet queued, at

time ‘𝑗𝑗’.
Referring to the 𝑉𝑉 -value election, it must be considered that it closely depends on the
incoming demand. The suitable election of ‘𝑉𝑉 ’ for obtaining a TTS amelioration in the
whole system, results in a trade-off between the time spent in the mainline and in the onramp: the higher ‘𝑉𝑉 ’ is set the lower the TTS in the mainline and the higher the TTS in
the on-ramp. Next section provides an enlighten example with promising results.

4.6 Simulation results
The network consists of 33 equal sized cells (0.1 km each) with one-lane on-ramp located
at kilometer post 2.9 (Figure 4.3(a)) preceded by a DSL-controlled section with length
𝐿𝐿𝐷𝑆𝐿 = 0.1km. The parameters involved in the test are: 𝑣𝑣=90 km/h, 𝑤𝑤 =18 km/h, 𝐾=420
veh/km, ∆t=4 sec, 𝑄𝑄𝑓 (𝑣𝑣) =6300 veh/h, 𝑄𝑄𝑑 (𝑣𝑣) =5670 veh/h, 𝑚𝑚=2 simulation steps and 𝑓𝑓=0
simulation steps. For simplicity, the example will consider the RM strategy is always
active, whilst the DSL strategy will operate for a set of ‘𝑉𝑉 ’ such that
𝑉𝑉 = [40, 50, 60, 70, 80, 90] km/h for 𝑜𝑜 ∈ [0, 45]. This election makes easier to obtain
insights about the behavior of the proposed strategy. The demand profiles shown in Figure
4.3(b) are used for the mainline input and for the on-ramp. Different performance
indicators are calculated over the 30 min of simulation whereby the last 18 min is a cooldown period with no inflows in all the links in order to have comparable traffic conditions
(i.e. same total travelled distance) for all considered scenarios.
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3.3 km
2.8 km

LDSL = 0.1km

𝑆𝑆𝑚𝑚𝑚𝑚

𝑆𝑆𝑜𝑜𝑜𝑜

(a)

(b)

(c)

Figure 4.3 (a) The three-lane simulation test freeway (b) Demand profile for the DSL-RM
simulation case (c) Function plots for 𝑅𝑅(𝑉𝑉 ), labeled as ‘Merge capacity’; 𝑄𝑄𝑑 (𝑉𝑉 ), labeled
as ‘Congestion capacity’; 𝑄𝑄𝑓 (𝑉𝑉 ) = 𝑤𝑉𝐾
, labeled as ‘Free-flow capacity’ and for the
𝑤+𝑉
secondary ordinates axis, 𝑜𝑜̂(𝑉𝑉 ), labeled as ‘Ramp ratio’. The proposed parameters were
here considered.

Considering the previously defined parameters, the merge capacity, ‘𝑅𝑅’, (by considering the
square negative root value case in Equation (4.14) is computed for the proposed set of ‘𝑉𝑉 ’
values (Figure 4.3(b)). That way, different pairs (𝑜𝑜̂, 𝑉𝑉 ) are suggested for the strategy, all
exhibiting reasonable values (i.e. 𝑜𝑜̂ < 1500 corresponding to the on-ramp capacity and
𝑄𝑄𝑑 (𝑣𝑣) < 𝑅𝑅 < 𝑄𝑄𝑓 (𝑣𝑣)). The experiment consists on running the strategy considering different
demand ratios 𝑆𝑆𝑜𝑟 /𝑆𝑆𝑚𝑙 and ‘𝑉𝑉 ’ values. Main simulation results are gathered in Table 4.1
to support the former assertion.
The results show TTS which monotonically decrease with higher ‘𝑉𝑉 ’ values. Thus, the
higher the ‘𝑉𝑉 ’ value is the higher the strategy benefits are (i.e. greater ∆TTS reductions
with respect the no-control case). However, for transportation applications an equity
criterion may also be considered: the maximum acceptable waiting time in the on-ramps. It
will be fixed in 4min, according to Minnessota’s freeways thresholds [Geroliminis, et al.,
2011]). That way, only the simulated scenarios exhibiting an average on-ramp delay under
this threshold will be considered feasible. Consequently, the case presenting the closest (but
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not higher) delay value will correspond to the optimal speed limit value for certain
demand, i.e. ‘𝑉𝑉 ∗ ’ underlined in Table 4.1. It can be observed how lower demand ratios
correspond to lower ‘𝑉𝑉 ∗ ’ values and, more significantly, to lower delay ratios, all leading to
more equitable results as the network delays are definitely better balanced.
For the controlled situation, from t=0 a ramp meter is set to 𝑜𝑜̂ =814 veh/h and DSL to
𝑉𝑉 =50 km/h. Consequently, on-ramp queue growth is triggered and the mainline flow
entering in the merge is constrained to the DSL cell capacity, corresponding to
𝑄𝑄𝑑 (50) =5063 veh/h. That way, the strategy assures the merge capacity is fixed at 5877
veh/h, higher than the merge capacity observed for the non-controlled case, which leads to
the observed time savings due to the capacity drop avoidance. The on-ramp queue grows
with higher pace than for the no-control case, it stops to increase when the on-ramp
demand shifts to the zero value at t=190 and finally, it is completely dissolved at t=269.
Table 4.1 Simulation results and its variation with respect the non-control case, for
different speed limit values, 𝑉𝑉 , and 𝑆𝑆𝑚𝑙 ⁄𝑆𝑆𝑜𝑟 , always considering 𝑆𝑆𝑚𝑙 + 𝑆𝑆𝑜𝑟 =6900 veh/h.
(Legend: or≡on-ramp and ml≡main-line)

𝑺𝒎𝒍 ⁄𝑺𝒐𝒓 = 𝟒

𝐓𝐓𝐒
(ml+or)
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579,56
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-27,27%
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[%]
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534.69
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∆𝐓𝐓𝐒
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16.16
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[veh·h]
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761.86
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∆𝐓𝐓𝐒
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0.00

0.00
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58

CHAPTER 4 COORDINATED ATM FREEWAY STRATEGIES USING THE CL-CTM
no-control case

V=50 km/h

Figure 4.4 Contour plots (1st-3rd row) and (4th row) accumulated vehicles in the on-ramp
of the simulation results, comparing the no-control case (first column) with the 𝑉 =50 km/h
case (second column) considering the demand case 𝑆𝑆𝑚𝑙 ⁄𝑆𝑆𝑜𝑟 =5.
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4.7 Conclusions and further research
One of the main goals of this chapter has been the development of an innovative extension
of CTM, i.e. CL-CTM, which has arisen capable to reproduce certain macroscopic
phenomena not yet modeled with first order models. Among the included extensions, excels
the ability to incorporate DSL strategies by introducing a modified inverse-lambda shaped
fundamental diagram. However, for fully exploiting one of the main DSL benefits (i.e. to
delay the onset of congestion by decreasing the mainstream flow) an approach to the
capacity drop phenomenon is required. The presented model covers this requirement by
presenting a CTM fully consistent approach. In fact, the CL-CTM differs only in the
addition of some capacity rules (i.e. Equations (4.10) and (4.11)) and the L-CTM.
A new coordinated RM and DSL freeway traffic management strategy has also been
proposed. Notably, it is mainly based in a novel endogenous merge capacity model here
proposed. An illustrative example was presented under different control scenarios. It was
shown in detail how the coordinated strategy succeeds in improving the discharge rate flow
governing the merge which implies significant equity benefits for the freeway performance.
A main drawback of the posed strategy refers to capacity characterization which is
assumed. It has been frequently described (e.g. [Geroliminis, et al., 2011]) how capacity is
strongly influenced by many different factors affecting the fundamental diagram calibration
accuracy (e.g. [Dervisoglu, et al., 2009]). Thereby, a pending issue may address the
strategy considering the critical value of density at which capacity is observed because it is
less sensitive and more stable, allowing the opportunity for more effective control.

Part III
Empirical assessment

Overview
Following the scientific method, any hypothesis constructed in order to answer a question
(e.g. a traffic flow model), needs to be tested with an experiment. This is one of the main
objectives of this empirical part of the thesis. In addition a cost-benefit assessment of DSL
strategies, based on empirical measurements, is also provided. Data derive from C32
freeway, and captures different evolution stages along the progressive implementation of
the first DSL installation promoted in Spain.
DSL are used on freeways to manage traffic flows with the intention of improving capacity.
Chapter 5 is devoted to verify this assertion. The investigation focuses on the relationships
between flow and occupancy (as an indicator of traffic flow density) under different speed
limit scenarios. Freeway capacity and critical occupancy are estimated.
Chapter 6 presents a generic method for quantitatively evaluating the benefits and costs of
ATM strategies. This is achieved by computing the performance of an objective function in
before/after scenarios. The objective function considers delays, energy consumption,
pollutant emissions and accident risk. Remarkably, all the required parameters can be
easily calibrated from commonly available traffic data, only including aggregated data.
Two main difficulties arise in the application of the method on the test corridor: (i) It is
needed to obtain comparable scenarios by assuring the same traffic demand. As this is
almost impossible to be accomplished with real data from different periods of time, the
need for traffic simulation appears. (ii) Simulation implies to assume some drivers’
behavior modification due to DSL. So, in both, empirical and simulation approaches,
limitations arise and the results should be considered only as approximations. Considering
these restrictions and in order to preserve the simplicity of the model validation, the
capacity drop effect is neglected. In fact, the calibrated fundamental diagrams support this
assumption on the test site.
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Chapter 5
Empirical evidence of dynamic
speed limit effects on freeway traffic
5.1 Introduction
As has extensively been exposed in Chapter 2, no agreement exists on the effect of DSL in
aggregated traffic flow behavior. Indeed, over time, two general views have evolved on the
use of speed limits. The first emphasizes the homogenization effect (e.g. [Smulders, 1992;
Zackor, 1979]) which may lead to capacity increments, whereas the second is more focused
on avoiding or mitigating traffic flow breakdown by reducing the input flow at bottlenecks
by means of speed limits (e.g. [Carlson, et al., 2010; Hegyi, et al., 2005]). The present
chapter focuses on the first view. As previous works presenting empirical results were nonconclusive (e.g. [Papageorgiou, et al., 2008; Soriguera, et al., 2013]), there is need to more
studies in order to obtain robust facts which are expected to clear up the question.
The present chapter tries to fill this gap by presenting an exhaustive empirical analysis of
the DSL effects only considering aggregated traffic data and current speed limits for a
significant number of rush hour periods. To address this evaluation, an empirical approach
is proposed throughout the chapter. First, Section 5.2 presents the motorway test site
located in Barcelona, together with the available data and the methods proposed for data
validation. The proposed methodology for the fundamental diagram (FD) calibration is
described in Section 5.3. Meanwhile, Section 5.4 is devoted to analyze the obtained results
focusing on the drivers’ DSL compliance and, while Section 5.5 studies its effect on the

63

64

CHAPTER 5. EMPIRICAL EVIDENCES OF DSL EFFECTS

traffic flow characterization. Finally, conclusions and avenues for further research are
presented in Section 5.6.

5.2 The freeway site and available data
The freeway stretch selected for the test is part of the C32 freeway towards Barcelona with
a length of approximately 5.7 km (Figure 5.1) containing two off-ramps and an on-ramp.
The most downstream off-ramp (i.e. S2) triggers a bottleneck which creates recurrent
congestion periods in the morning. Note that the mainline slow lane is devoted to S2
exiting ramp, producing a lane reduction in the trunk from three to two lanes. This fact
justifies the test site location and sets a suitable frame for the proposed analysis. As a
result, the fast lanes and the slow lane may be considered as belonging to different
sections. Thus, they are named ‘54+490a’ and ‘54+490b’, respectively. For more details of
the C32 freeway performance, it is recommended to check available literature (e.g.
[Soriguera, et al., 2013]).
The stretch is equipped with 5 loop detector stations (measuring the average speed, flow
and occupancy every ∆𝑜𝑜 =1 min time intervals) and 4 Variable Message Signs (VMS)
gantries displaying dynamic speed limits (between 40 and 80 km/h), two of them (i.e. RVMS 2 and R-VMS 3) also contain a radar installation. Definitions for each of these
quantities are given below.
𝑖𝑖𝜃(𝑠,𝑡)

Counting of vehicles crossing section ‘𝑠’, corresponding to each loop

𝑖𝑖(𝑠,𝑡)

Aggregated counting of vehicles crossing section ‘𝑠’ during data interval ‘𝑜𝑜’

𝜃
𝑜𝑜(𝑠,𝑡)

Occupancy of section ‘𝑠’at lane ‘𝜃’ during data interval ‘𝑜𝑜’ [%].

𝑜𝑜(𝑠,𝑡)

Aggregated occupancy of section ‘𝑠’ during data interval ‘𝑜𝑜’ [%].

𝜃
𝑣𝑣(𝑠,𝑡)

Time mean speed of vehicles crossing section ‘𝑠’ at lane ‘𝜃’ during data

𝑣𝑣(𝑠,𝑡)

Aggregated mean speed of vehicles crossing section ‘𝑠’ during data interval

𝑉𝑉(𝑠,𝑡)

Posted DSL governing section ‘𝑠’ during data interval ‘𝑜𝑜’ [km/h].

detector, at lane ‘𝜃’ during data interval ‘𝑜𝑜’ [vehs/min].
[vehs/min].

interval ‘𝑜𝑜’ [km/h].
‘𝑜𝑜’ [km/h].

Two speed limit regulation measures in C32 highway are analyzed. Both were approved by
the Autonomous Government of Catalonia on 2008 in order to improve air quality in the
Barcelona metropolitan region. The first one came into force on January 1st 2008 limiting
speeds to 80 km/h on major highways around Barcelona. The second one, applied one year
later, was based on a dynamic speed limit management (DSL) maintaining the maximum
speed limit of 80 km/h. Both considering 87 morning rush hour periods (from October
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2008, February 2009, May and June 2010) and the presented speed limit regulations, three
different scenarios are defined grouped by year criterion (i.e. 2008, 2009 and 2010).

BARCELONA
SANT BOI DE
LLOBREGAT

AIRPORT

S1 E1

*
**
***

Loop 5 (56+799)

VMS 4 (54+950)

Loop 4 (54+490)***

Loop 3 (53+570) **

R-VMS 3 (53+483)

Loop 2 (53+200) *

R-VMS 2 (51+970)

Loop 1 (51+689)

VMS 1 (51+100)

(a)

S2

Error: drift in entering vehicles counts
Error: drift in vehicles counts for one lane in 2010 data
Section ‘54+490b’ corresponds to the slow lane and ‘54+490a’ to the rest of lanes

(b)
Figure 5.1 Test site: (a) overview map, (b) stretch layout indicating the different
installations with its respective kilometer points and errors observed in the available data.
Font: Figure 5.2 (a) was obtained from © OpenStreetMap contributors, CC BY-SA.
Taking the original loop detector data, data presenting very unreasonable values of speed,
occupancy or flow (such as negative or very extreme values) are not considered for further
computations. With this procedure, around 5-6% of the original data are removed for
further analysis (see Table 5.1), but many loops present less than 1% values (i.e. Loop 1
and 3). However, other kind of errors may remain hidden, e.g. drifts in vehicles counts
caused by loop detectors defects, although they can be easily detected with oblique curves
of cumulative traffic flow (i.e. N-curves, [Cassidy and Windover, 1995]). In particular, such
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errors were systematically observed in Loop 2 due to mainline congestion caused by E1
(Figure 5.3(a)) and also in Loop 3 for year 2010 data (Figure 5.3(b)). The affected loops
present drifted curves falling below its corresponding position, i.e. Loop 2 must be the first
beginning from the top, Loop 3 the second and so on. This kind of errors is inherent to the
loop detectors technology. That is, during intense congestion episodes, vehicles are covering
the magnetic loop for ‘long time’ leading to a biased counting of vehicles. Fortunately,
speed and occupancy measurements are not affected.

(a)

(b)

Figure 5.3 Oblique plot with N-curves for Loops 2 to 4, summed over all lanes,
corresponding to rush hour periods of (a) February 17th 2009 and (b) May 4th 2010.
Table 5.1 Definition of speed related categories
Category

Description

Condition
𝑣𝑣(𝑠,𝑡) < 𝑉𝑉(𝑠,𝑡) − 𝛿

A
B

DSL doesn’t affect traffic performance. Too
high DSL.
DSL affects traffic performance.

�𝑣𝑣(𝑠,𝑡) − 𝑉𝑉(𝑠,𝑡) � ≤ 𝛿

C

Lack of DSL compliance. Too low DSL.

𝑣𝑣(𝑠,𝑡) > 𝑉𝑉(𝑠,𝑡) + 𝛿

-

It is considered wrong data if the condition is
not fulfilled

𝜃
0 < 𝑜𝑜(𝑠,𝑡)
≤ 100

𝜃
𝑣𝑣(𝑠,𝑡)
≤ 150 km/h

𝑖𝑖𝜃(𝑠,𝑡) ≤ 44 veh/min

5.3 Data analysis methods
To obtain an insightful macroscopic analysis of DSL effects with empirical data, different
methodologies have been sequentially applied. Every one of the proposed steps’ aim is to
eliminate, or at least substantially reduce, the noise in the measurements. The initial
method step begins with very broad data filters and getting more specific with each
following step. Briefly, the first step consists in a stratification of data available depending
on its relative speed value with respect the current DSL. Next, the method tries to obtain
the longest possible series of consecutive data intervals which verify some of the properties
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expected for stationary traffic states. These intervals become ‘candidates’ for being
stationary traffic states. Finally, the stationarity of these ‘candidates’ is tested to
systematically construct bivariate diagrams under DSL conditions.

5.3.1

Data labeling and candidates’ definition.

A prime task to be tackled is exploring the effectiveness of DSL system. Recently, [Long, et
al., 2012] explore drivers perceptions in the implementation of a DSL system in St. Louis
(USA) providing insightful facts which are coherent with the ones reported in the C32 case
[Soriguera, et al., 2013; Torné, et al., 2011]. In fact, significant levels of dissatisfaction and
resistance to innovation were observed, leading to lack of compliance with posted DSL
speeds. Frequently, such resistance is based on perceptions of ineffectiveness and of high
opportunity costs, strongly related with the drivers’ perception of the value of time.
The next proposed methodology addresses these concepts in a simple way. To this end,
data is stratified in three categories, ‘ℂ’, labeled as ‘A’, ‘B’ or ‘C’ depending on its relative
value by considering a tolerance parameter named ‘𝛿’, which is set to 10 km/h (see Table
5.1). The former stratification, combined with information about the posted DSL value and
with the occupancy measurements, forms a three components frequency vector, i.e. (𝑜𝑜, 𝑉𝑉 , 𝑖𝑖)
being 𝑖𝑖 ∈ ℂ = {A, B, C}. The frequency of each vector occurrence allows obtaining many
insights about drivers’ behavior and the DSL governing algorithm. Section 5.4 analyzes the
results for the different scenarios providing a full assessment for the DSL affectation and
its compliance.
In addition, the latter step has also provided certain time-series data belonging to different
‘𝑖𝑖’ categories, being 𝑖𝑖 ∈ ℂ (see Figure 5.4 top), the ‘candidates’ to which the below
stationary criteria will be applied. Now, the expected goal is to obtain long data spans
where all the constituting shorter periods (i.e. 1-min data) verify to hold the same DSL
value and most of them the same ‘𝑖𝑖’ category. To that end, short periods, named as ‘holes’
and exhibiting ‘𝑖𝑖’ values different than the ones of its surrounding intervals, are accepted.
So, the macroscopic perspective of the methodology is preserved, assimilating punctual
data dysfunctions or oscillations. Figure 5.4 shows an example of two candidates of the
same category with a hole between them which will become into a single candidate. ‘𝑇𝑇(𝑖,𝑗) ’
is defined as the time length of span ‘𝑗𝑗’ and category ‘𝑖𝑖’ computed as 𝑇𝑇(𝑖,𝑗) = 𝜏𝜏(𝑓,𝑗) − 𝜏𝜏(𝑜,𝑗) ,

where ‘𝜏𝜏(𝑜,𝑗) ’ is the first time instant and ‘𝜏𝜏(𝑓,𝑗) ’ is the last time instant of span ‘𝑗𝑗’, and

𝑇𝑇(𝑚,𝑛) is the duration of interval ‘𝑖𝑖’ and category ‘𝑚𝑚’ which is evaluated to be fused with
span ‘𝑇𝑇(𝑖,𝑗) ’ and ‘𝑇𝑇(𝑖,𝑗+1) ’, such that 𝑖𝑖, 𝑚𝑚 ∈ ℂ and 𝑖𝑖 ≠ 𝑚𝑚.
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short span candidates
hole
Category ‘𝑖𝑖’

Category ‘m’

𝑇𝑇(𝑖𝑖,𝑗𝑗)
𝜏𝜏(𝑜𝑜,𝑗𝑗)

Category ‘𝑖𝑖’
𝑇𝑇(𝑖𝑖,𝑗𝑗+1)

𝑇𝑇(𝑚𝑚 ,𝑛𝑛)
𝜏𝜏(𝑓𝑓 ,𝑗𝑗)

𝜏𝜏(𝑜𝑜,𝑗𝑗+1)

𝜏𝜏(𝑓𝑓 ,𝑗𝑗+1)

Category ‘𝑖𝑖’
𝑇𝑇′(𝑖𝑖,𝑗𝑗)
𝜏𝜏(𝑜𝑜,𝑗𝑗)

𝜏𝜏(𝑓𝑓 ,𝑗𝑗)
new longer span candidate

Figure 5.4 Example of two candidates of the same category with a hole between them
(top) next fused into one longer span candidate (bottom).
Then, if ‘𝑇𝑇(𝑚,𝑛) ’ is sufficiently short in comparison with 𝑇𝑇(𝑖,𝑗) + 𝑇𝑇(𝑖,𝑗+1) and 𝑇𝑇(𝑚,𝑛) ≤ 𝑇𝑇𝑚𝑎𝑥 ,

the hole is shifted to category ‘𝑖𝑖’, so 𝑇𝑇(𝑚,𝑛) ⊂ 𝑇𝑇′(𝑖,𝑗) . Equation (5.1) presents the condition

to be verified:

𝑇𝑇(𝑖,𝑗) + 𝑇𝑇(𝑚,𝑛) + 𝑇𝑇(𝑖,𝑗+1) ≤ (1 + 𝛼)�𝑇𝑇(𝑖,𝑗) + 𝑇𝑇(𝑖,𝑗+1) �

(5.1)

Being 𝑖𝑖 ≠ 𝑚𝑚, 𝑚𝑚 ≠ D, 𝛼 =0.3 and 𝑇𝑇𝑚𝑎𝑥 =3 min.
An special case arises when ‘𝑇𝑇(𝑚,𝑛) ’ matches with the first or the last interval of the rush

hour time period. In that case, 𝑇𝑇(𝑖,𝑗) = 0 and 𝑇𝑇(𝑖,𝑗+1) = 0, respectively.

5.3.2
Construction of bivariate diagrams with
near-stationary traffic data
It is known that, when traffic conditions are approximately stationary, reproducible
bivariate relations exist, e.g. flow and occupancy. For this purpose, [Cassidy, 1998] defined
the different steps involved in the construction of a bivariate diagram. However, its
identification of nearly stationary periods by visual inspection of cumulative curves arises
to be a non functional tool when big amounts of data are to be analyzed, as happens in the
present case. The new approach is fully based on Cassidy’s technique but differs on the
way the stationary periods are detected by presenting a simple and robust method to
replace the visual inspection procedure. Remarkably, it also differs from some FD
calibration blind methods (e.g. [Dervisoglu, et al., 2009; Papageorgiou, et al., 2008]). In
that cases, the methods do not consider that under non-stationary traffic conditions the
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measurements obtained do not necessarily fall on the curve describing near-stationary
traffic, hence the big dispersion observed in their bivariate diagrams. Actually, it must be
noted that the main goal of the new proposed method is reduced to characterize two basic
FD parameters which play a crucial role in the freeway performance: the maximum flow
(i.e. the capacity) and the occupancy/density value where it happens (i.e. the critical
occupancy/density). In the same way, the near-stationary condition helps to assure the
obtained results mimic the representative behavior of a section, avoiding the nonstationary transition states.

� 𝑖𝑖(𝑠,𝑡)

𝑣𝑣(𝑠,𝑡)

Fitting
l

N≥Nmin vehs

maximum ‘b’ km/h
maximum ‘a’ vehs

𝜏𝜏𝑜

Legend:
𝜏𝜏𝑜
First time period considered
𝜏𝑓
Last time period considered

𝜏𝜏𝑓 = 𝑗𝑗 · ∆𝑜𝑜 + 𝜏𝜏𝑜

time

Figure 5.5 Detecting stationarity from vehicle cumulative count.
As previously referred to, in the detection of the stationary traffic states lies one of the key
points for well reproducing the different bivariate relations. These stationary time intervals
will be obtained from inspecting the multiple candidates obtained from the previous
method step. This inspection consists of verifying two criteria, one in relation to flow and
the other affecting speed. If almost constant speed and flow values were encountered
within the span, approximate stationarity can be accepted. In particular, flow is considered
to be almost constant if the measured cumulative count do not deviate more than ‘𝑎’
vehicles from cumulative count related to the average flow within the period, Equation
(5.2) and Figure 5.5.
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𝜏

𝑓
∑𝑡=𝜏
𝑖𝑖(𝑠,𝑡)
𝑜

𝜏𝜏𝑓 − 𝜏𝜏𝑜 + 1

𝑘·∆𝑡+𝜏𝑜

𝜏

𝑘∆𝑜𝑜 − 𝑎 ≤ � 𝑖𝑖(𝑠,𝑡) ≤
𝑡=𝜏𝑜

𝑓
∑𝑡=𝜏
𝑖𝑖(𝑠,𝑡)

· 𝑘∆𝑜𝑜 + 𝑎

𝑜

𝜏𝜏𝑓 − 𝜏𝜏𝑜 + 1

where ‘𝑎’ is a parameter to be calibrated and 𝑘 = 1 ÷

(5.2)

𝜏𝑓 −𝜏𝑜 +1
.
∆𝑡

The second stationarity criterion deals with speed measurements. Being at least ‘𝑁𝑚𝑖𝑛 ’
aggregated vehicles, speed was considered to be almost constant during the whole span
considered, if the average speed of all the constituting shorter periods ‘𝑜𝑜’ (see
Equation(5.3)) was contained within the confidence interval limits plus an additional
value, ‘𝑏’, of each particular measurement.
𝑓
∑𝜏𝑡=𝜏
𝑖𝑖(𝑠,𝑡) · 𝑣𝑣(𝑠,𝑡)
𝑜

𝑓
∑𝜏𝑡=𝜏
𝑖𝑖(𝑠,𝑡)

− 𝑣𝑣(𝑠,𝑡) · 𝑒𝑉(𝑠,𝑡) − 𝑏 ≤ 𝑣𝑣(𝑠,𝑡) ≤

𝑜

𝑓
∑𝜏𝑡=𝜏
𝑖𝑖(𝑠,𝑡) · 𝑣𝑣(𝑠,𝑡)
𝑜

𝑓
∑𝜏𝑡=𝜏
𝑖𝑖(𝑠,𝑡)

+ 𝑣𝑣(𝑠,𝑡) · 𝑒𝑉(𝑠,𝑡) + 𝑏

(5.3)

𝑜

𝐶𝑉𝑉 2

where ‘𝑏’ is a parameter to be calibrated and 𝑒𝑉(𝑠,𝑡) = � 𝑛

(𝑠,𝑡)

considering a 67% degree of

confidence, being ‘𝐶𝐶𝑉𝑉𝑉 ’ the speed coefficient of variation taken as 0.1375 [Soriguera and
Robusté, 2011].
Finally, for obtaining large stationary periods, the algorithm aggregates as much vehicles
as possible while Equation (5.2) and (5.3) continue to hold. Once the process has finished,
it is expected that multiple stationary states would have been obtained with reasonable
time durations of at least 3-4 min, as proposed by [Cassidy, 1998]. Every stationary state
lasts for ‘𝑇𝑇 ’ minutes, aggregates 𝑁 ≥ 𝑁𝑚𝑖𝑛 vehicles, belongs to one particular ‘ℂ’ category
and exhibits a unique 𝑉𝑉 -value. Once the aggregations have been computed, bivariate plots
are depicted considering the mean occupancy and flow values of all the stationary spans
considered. Additionally, (i) some error indicators are computed (i.e. ‘𝜎(𝑞𝑞)’ and ‘𝐹𝐸’),
whose information may be useful for validating the obtained results and (ii) a pair of
mesoscopic variables (i.e. ‘𝑜𝑜𝑜 ’ and ‘𝑜𝑜𝑣 ’) are also computed for capturing the different
behavior among the lanes, together with its corresponding error estimators (i.e. ‘ 𝜎(𝑜𝑜𝑜 )’
and ‘ 𝜎(𝑜𝑜𝑣 )’) (see Table 5.2). Note that all the error indicators are computed by
considering the flow value among all the considered stationary spans of flow.
The next step pursues to identify representative points (i.e. average flow and occupancy
stationary values) in order to easily characterize the two basic parameters concerning the
FD diagrams calibration (i.e. capacity and critical occupancy). The proposed process
divides the occupancy axis into intervals of equal length, i.e. ∆𝑜𝑜=5%, in the same way as
was proposed by [Papageorgiou, et al., 2008]. For every range of occupancies, i.e. [0, ∆𝑜𝑜],
[∆𝑜𝑜, 2∆𝑜𝑜], [2∆𝑜𝑜, 3∆𝑜𝑜]…, one single value represents each magnitude (i.e. ‘𝑜𝑜̂’, ‘𝑞𝑞 ̂’, ‘𝑜𝑜̂𝑜 ’ and
‘𝑜𝑜̂𝑣 ’). All the depicted points are obtained via a weighted mean which considers the
counting of vehicles, ‘𝑁𝑗 ’, of every stationary ‘𝑗𝑗’ state previously computed, e.g. the flow is
computed as 𝑞𝑞 ̂ =

∑𝑛
𝑞 ̅ ·𝑁𝑗
𝑗=1 𝑗
∑𝑛
𝑁
𝑗=1 𝑗

. Their corresponding error estimators are also computed, i.e.

� ’ (see Table 5.2). Note that, ‘𝑒(𝑞𝑞)’ captures the temporal variation for all the
‘𝑒(𝑞𝑞)’ and ‘𝐹𝐸
stationary spans (i.e. for every constituting 1-min aggregated data) falling within certain
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range of occupancies. That way, the error indicators are not dispersion estimators for the
bivariate diagrams constructed with stationary states. Together, for the points
encountering within every ∆𝑜𝑜-sized range of occupancies (i.e. before being aggregated in
the latter process) an empirical first order curve is fitted and so, a calibrated FD is
obtained.

Table 5.2 Different variables associated with the bivariate diagrams
Variable

Description

𝝈(𝒒)

Standard deviation of
‘𝑞𝑞’ along the stationary
period for a stationary
span

𝒓𝒐 𝒓
�������,
�������
𝒗

𝝈(𝒓
�������),
�������)
𝒐 𝝈(𝒓
𝒗

���������
𝑭𝑬

�

Mean ‘𝑜𝑜’ and ‘𝑣𝑣’ range
among lanes for a
stationary span
Standard deviation of
the mean ‘𝑜𝑜’ and ‘𝑣𝑣’
range among lanes for a
stationary span
Fractional error for a
stationary span
[Cassidy and Bertini,
1999]

𝒆(𝒒), 𝒆(𝒓𝒐 ), 𝒆(𝒓𝒗 ) Error estimation of ‘𝑞𝑞’,
‘𝑜𝑜𝑜 ’ and ‘𝑜𝑜𝑣 ’ for every
‘𝑗𝑗’ stationary state
within the
corresponding range of
occupancies
�
𝑭𝑬

Expression

Mean fractional error
for every stationary ‘𝑗𝑗’
state within the
corresponding range of
occupancies

𝑓
∑𝜏𝑡=𝜏
(𝑖𝑖(𝑠,𝑡) − 𝑞𝑞 ̅)2
𝑜

𝑇𝑇

𝑓
∑𝜏𝑡=𝜏
�max (·(𝑠,𝑡) ) − min (·(𝑠,𝑡) )�
𝑜

𝑇𝑇

� 𝜏
2
𝑓
�
���max (·(𝑠,𝑡) ) − min (·(𝑠,𝑡) )� − 𝑜𝑜· � �
�∑𝑡=𝜏
𝑜

⎷

𝑇𝑇

Units
veh/h,
km/h

%,
km/h

%,
km/h

�𝜎(𝑞𝑞)2
�
�
𝑞𝑞�̅
⎷ 𝑁

%

�∑𝑛 �𝑁 �2 𝜎(·) 2
� 𝑗=1 𝑗
𝑗
�
±�
2
𝑛
�∑𝑗=1 𝑁𝑗 �
⎷

veh/h,
km/h,
%

∑𝑛𝑗=1 𝐹𝐸𝑗 · 𝑁𝑗
𝑛

∑𝑗=1 𝑁𝑗

%

5.4 Drivers’ compliance and algorithm accuracy
assessment
Remember that, for every section and year, a three component (i.e. (𝑜𝑜, 𝑉𝑉 , 𝑖𝑖) being
𝑖𝑖 ∈ ℂ = {A, B, C}) frequency matrix is obtained. To simplify the results interpretation,
different manipulations are done. First, the 3-dimensions matrix is reduced to 2-dimensions
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by stratifying according to category, ‘ℂ’. Second, data is manipulated in such a way that,
for a given (𝑜𝑜, 𝑉𝑉 ) pair of values, section and year, the addition of every normalized
frequency rate across all ‘ℂ’ categories results equal to 100% (Equation (5.4)).
∑𝑖∈ℂ(𝑜𝑜, 𝑉𝑉 , 𝑖𝑖) = 100%

(5.4)

In that way, different patterns can be observed depending on the category. For a given
(𝑜𝑜, 𝑉𝑉 ) pair, big percentage values in category ‘A’ mean malfunctioning in the DSL
algorithm, which is greatly influenced by the relative position between the particular loop
and the VMS gantry. If considering category ‘B’, it is desirable to find big percentage
values. In fact, the higher the value, the better the algorithm efficiency and the drivers’
DSL observance. However, category ‘C’ may shade interesting information about the lack
of DSL compliance and its capability to act as a mainline metering. To this end, two
effects will be studied (i) the effect of the distance between the loop localization and the
radar installations and (ii) the trends for the region with low values of ‘𝑜𝑜’ and ‘𝑉𝑉 ’. For
visualization purposes, every particular cell is colored depending on the category presenting
the higher frequency values for that particular (𝑜𝑜, 𝑉𝑉 ) pair (see Figure 5.6). In that case, the
categories considered are ‘A’, ‘B’, ‘C’ and a new specific category, named ‘FF’,
corresponding to cases where 𝑜𝑜 ∈ [0,5]% and 𝑉𝑉 =80 km/h. It captures the free-flow state
before the onset of congestion, no matter which is the corresponding category. In short,
this method provides a useful snapshot of the drivers’ behavior in a certain section under
all traffic conditions. Results will be showed for three representative sections: one highly
influenced by a radar installation (i.e. section 53+570 containing Loop 3 installation) and
the other two are located far away from the radar influence (i.e. sections 54+490a and
54+490b). To easily compare results, cells exhibiting different categories across the two
years available are highlighted with thick line borders in Figure 5.6.
The related numerical results are gathered in Table 5.3. The first row shows the total
percentage of data contained in each one of the four zones depicted, while the others show
how data included in a zone is distributed among the group ‘ℂ’ of categories. Obviously,
given a section and a year, the first row sums a hundred and the aggregation within a
column from second to fourth rows, results in the same value. It must be noted that the
considered morning rush periods are differently defined in 2009 than in 2010. The latter
year includes much more free-flow states than the first one. This difference must be
considered when comparing both years’ results and so, bigger proportions of data are
expected in zone ‘FF’ for 2010 than for 2009.
A first glance at Figure 5.6 reveals a clear pattern for each of the depicted zones, no
matter neither the section nor the year. Zone ‘B’, which mainly contains category ‘B’
states, sketches a linear tendency with negative slope of around 15%-occupancy wide
values, covering from 0% up to 35-50% occupancy values, depending on the sections. In
fact, this shape is coherent with the common empirical results obtained when plotting
occupancy against speed. Zone ‘C’, mainly containing category ‘C’ states, takes the
remaining zone below the green one, i.e. low DSL and occupancy values. Finally, zone ‘A’,
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mainly containing category ‘A’ states, is irregularly spread above the zone ‘B’ and in
general, is observed for low DSL and high occupancy values.

Figure 5.6 Zone distribution of the four considered categories for sections 53+570,
54+490a and 54+490b, in years 2009 and 2010.
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Table 5.3 Summary of data distribution among the different zones and categories
considering sections 53+570, 54+490a and 54+490b, in years 2009 and 2010, expressed in
percentage units [%].

54+490b

54+490a

53+570

Zones
Total data
Category A
Category B
Category C
Total data
Category A
Category B
Category C
Total data
Category A
Category B
Category C

𝐀

12.51
83.30
16.70
0.00
2.87
92.48
7.52
0.00
26.99
83.63
16.29
0.08

year 2009
𝐁
𝐂

75.65
14.96
80.12
4.92
59.50
5.48
85.40
9.12
64.85
11.30
82.83
5.87

10.72
0.00
21.30
78.70
37.52
0.17
12.10
87.73
8.16
0.00
18.23
81.77

𝐅𝐅

1.12
0.00
100.00
0.00
0.11
0.00
40.00
60.00
0.00
0.00
0.00
0.00

𝐀

6.72
78.97
20.28
0.75
1.94
92.75
7.25
0.00
15.39
74.45
25.44
0.12

year 2010
𝐁
𝐂

62.50
9.04
88.23
2.73
22.16
2.97
91.43
5.60
46.12
9.64
88.17
2.19

0.54
4.08
13.27
82.65
30.59
0.00
0.00
100.00
2.39
10.50
18.25
71.25

𝐅𝐅

30.24
1.31
95.37
3.33
45.31
0.12
18.09
81.78
36.11
3.26
84.91
11.83

Focusing on section 53+570, it must be noted that most of data inside zone ‘B’ and ‘FF’
belongs to category ‘B’. In absolute values, only a 2-4% of the total data belongs to ‘C’. It
shows the big effect of proximity to the radar installation (installed around 300m upstream
of the section). Zone ‘B’ shape is quite homogenous with a maximum occupancy around
35% value for both years. However, on year 2010 a shift in the zone ‘B’ border to higher
occupancy value is observed, probably induced by drivers’ accommodation to the new
technology, which leads to speed limit observance in more dense traffic conditions.
Remarkably, a high rate of category ‘A’ data is also observed, i.e. around 20% of total data
for 2009, within zone ‘A’ and ‘B’. These values are two times higher than the ones
observed in 54+490a section. This behavior may be imputed to the 2 km distance between
the section and its DSL governing ‘R-VMS 2’ gantry. It means that the algorithm
miscalculate the traffic flow evolution along this distance, leading to inappropriate DSL
values. If considering section 54+490a, only up to 6% values are obtained. In that case, the
section is governed by ‘R-VMS 3’, only 1 km upstream the referred section. This result well
fits to the fact of being located immediately downstream of the bottleneck localization, far
away from the closest radar installation. It means, lower percentage values for category ‘B’
together with higher category ‘C’ values. Moreover, zone ‘B’ band is quite narrow if
compared to other sections. If focusing on zone ‘FF’, the lack of DSL attainment can be
verified: data is distributed 40% for category ‘B’ and 60% for category ‘C’ on year 2009,
whereas 20% and 80% on 2010, respectively. Finally, section 54+490b arises as a special
section case, due to the fact of being a section devoted to exiting vehicles through ‘S2’. It
is well reflected in the high rate of speed limits fulfillment (i.e. high category ‘B’ and low
category ‘C’ percentage values) and the lack of vehicles within zone ‘FF’. In essence, the
section only behaves in two different modes: (i) in free-flow conditions few vehicles cross
the section (it corresponds to one slow lane located at the kilometer post 54+490), which
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justifies the lack of data for occupancy up to 10% values on 2009; (ii) in congested
conditions the vehicles exhibit low speed values, which increases the percentage of category
‘A’ vehicles for certain DSL values (i.e. around 18-30% of the total data, high if are
compared with section 54+490a results exhibiting 3-6% values) or increase the percentage
of category ‘B’ when the DSL value lowers, as can be observed in the zone ‘B’ band wide
which considerably increases for low DSL cases.

5.5 Evaluation of DSL effects on freeway traffic
Certainly, one crucial issue remains to be addressed: to quantify the DSL impact in the
freeway maximum flow characterization and its critical occupancy. The methodology
described in Section 5.3.2 is applied to the different available data. All the test site sections
are considered, except 53+200 one due to its systematic drift counting error. The DSL data
will be compared with the non-DSL one and any FD modification among the scenarios will
be attributed to the DSL strategy.
It should be noticed that the posed method only considers stationary states in the bivariate
diagrams construction step, and they closely depend on three parameters: ‘𝑎’, ‘𝑏’ and
‘𝑁𝑚𝑖𝑛 ’. The values selection is based on three criteria: (i) low average fractional error
��������� ’ which is defined as the weighted by vehicles count average of the ‘𝐹𝐸’
values, i.e. ‘𝐹𝐸
values for all the stationary states and sections within a particular scenario; (ii) assuring
the existence of stationary states with high occupancy values and (iii) verifying ‘𝑏’ holds
𝑏 < 𝛿. Note that the first and the second condition define a trade-off: low ‘𝑎’ and ‘𝑏’ values
combined high ‘𝑁𝑚𝑖𝑛 ’ values lead to low ���������
𝐹𝐸 values but without capturing high occupancy
states. Then, condition (ii) is not fulfilled. It cannot be assured that the calibrated
parameters are the optimal one. However, the inspection of a vast number of parameter
values together with criteria (ii) and (iii) procedure results a simple and effective approach
for the FD characterization. Finally, the following parameters values were selected: 𝑎=10
��������� = 5.31%. In
veh, 𝑏 =7 km/h and 𝑁𝑚𝑖𝑛 =125 veh. The corresponding computed error is 𝐹𝐸

this way, multiple bivariate diagrams (i.e. ‘𝑜𝑜̅’ vs ‘𝑞𝑞 ̅’) stratified by different criteria (i.e. 𝑉value, category and year) were obtained (e.g. Figure 5.7 and Figure 5.8). In the light of the
achieved results and only considering the obtained bivariate diagrams for solving the
maximum flow characterization issue, it would be conclude that DSL has no affect. In
particular, the scatter of points corresponding to category ‘B’ in DSL-controlled scenarios,
frequently exhibit maximum flow values below the non-controlled ones. However, these
particular results may hide some macroscopic effects of the DSL strategy which can only
be observed when a suitable data aggregation eliminates transitory behaviors. So, the
relevance of every individual point of the bivariate diagram is balanced thanks to the
weighted mean process developed when aggregating the stationary points per every ∆𝑜𝑜range of occupancy values (e.g. ‘𝑜𝑜̂’ or ‘𝑞𝑞 ̂’ variables). Moreover, when representing these
variables, it is also depicted a vertical bar which corresponds to the flow error estimation,
i.e. ‘𝑒(𝑞𝑞)’. This error captures the data dispersion of all the individual 1-min data
aggregated within the ∆𝑜𝑜-width range of occupancy values. An enlighten example can be
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found for a particular section in year 2010 (i.e. section 51+689 for the 𝑉𝑉 =60 km/h case).
In this situation, the bivariate diagram hints at no capacity increase because two points on
year 2008 set are depicted above the year 2010 ones (Figure 5.7(a)). Nevertheless, when
computing the least-squared best-fit line through the data and considering ‘𝑞𝑞 ̂’ variables, a
clear capacity increment is exhibited. Two comments must be given for the comprehension
of the next results and figures: (i) note that the capacity increment is measured with
respect to the mean value which represents the points within the corresponding ∆𝑜𝑜=5%
range, and (ii) in the case that only one point falls inside the occupancy range, no fitting
line but only the bar error is depicted.
Examining the different FD (e.g. Figure 5.7), it can be derived some general rules. (i) The
free-flow branch presents the minimum error values, increasing for the congested branch.
This result is consistent with the traffic flow behavior, which become more unstable for
increasing occupancy values. (ii) The FD for year 2008 present little ‘𝑒(𝑞𝑞)’ values within
the free-flow branch. It is highly influenced by the big number of data available (remember
only one speed category is defined) which drives down the error. (iii) It can be sketched a
direct relation between the speed limit compliance and the homogeneity of the traffic flow,
captured by the error estimators. It is verified when computing the mean ‘𝐹𝐸’ value (i.e.
the average ‘𝐹𝐸’ value among all the computed stationary states aggregated per ∆𝑜𝑜-range
for all the sections, stratified by speed category, ‘ℂ’). It results that in almost all the
sections, the lowest value corresponds to the category ‘B’ data (see Table 5.4). In fact,
Section 5.5.3. will tackle the question from another point of view, also obtaining similar
results.
For the subsequent analysis only data belonging to category ‘B’ would be analyzed. As the
scope of the present paper focus on the DSL effects, they can only be captured when
certain degree of drivers’ speed limit adherence exists.
Table 5.4 Mean ‘𝐹𝐸’ estimation of the flow for different sections and categories, in terms
of [%].

5.5.1

Section /
Category

A

B

C

51+689

5.2

3.7

3.2

53+200

3.5

3.4

4.1

53+570

4.9

3.1

3.8

54+490a

6.8

5.5

4.7

Effects on freeway capacity

For every year, section and speed limit, the maximum observed flow among the obtained
‘𝑞𝑞 ̂’ values, defined as ‘𝑞𝑞𝑚𝑎𝑥
̂ ’, is computed.
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(c)

(d)
Figure 5.7 Fundamental diagram calibration for 60 km/h speed limit (a) on year 2010 at
section 51+689, (b) on year 2009 and (c) year 2010 at section 54+490a; and (d) on year
2010 at section 56+799. Each case is compared with respect the reference year and error
estimations, ‘𝑒(𝑞𝑞)’, are depicted for every aggregated point with a vertical line.
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Table 5.5 presents the ‘𝑞𝑞𝑚𝑎𝑥
̂ ’ values, its related error named ‘𝑒(𝑞𝑞𝑚𝑎𝑥
̂ )’, and the prevailing
speed limit, ‘𝑉𝑉 ’, together with information about the relative variation with respect the
year 2008 data and the mean time length of the capacity state, i.e. ‘𝑇𝑇 ̂ ’. Note that the
maximum flows for 54+490a/b sections are selected assuring the same DSL is set in both
sections, as both sections share the same location.
Table 5.5 Capacity value estimations for all the sections and only considering stationary
states belonging to category ‘B’.
Capacity estimation,
𝒒𝒎𝒂𝒙
̂
± 𝒆(𝒒𝒎𝒂𝒙
̂
)
[veh/h]
Zones /
Year

Variation with
respect 2008 [%]
(Active DSL value,
[km/h])

Mean time length, 𝑻 ̂
[min]

2008

2009

2010

2009

2010

2008

2009

2010

51+689

5496.47
±27.22

5492.67
± 230.51

6069.40
± 186.18

-0.07
(60)

10.42
(60)

5.92

3.00

3.47

53+570

6060.22
±19.73

6600.00
±158.74

6628.79
±113.26

8.91
(60)

9.38
(60)

7.01

3.00

4.56

54+490a

3888.36
±18.70

4253.58
±199.35

4318.00
±202.56

9.39
(60)

11.05
(60)

6.89

4.23

3.00

54+490b

2214.91
±20.22

2230.32
±102.90

2490.00
±142.82

0.69
(60)

12.41
(60)

7.86

6.73

4.00

56+799

4066.71
±80.64

3947.45
±58.53

3967.06
±33.60

-2.93
(80)

-2.45
(80)

4.29

5.38

5.96

The discharge flow is the suitable indicator for the capacity of a bottleneck section.
Although many locations present congestion episodes, only the section located immediately
downstream of the bottleneck can capture the representative capacity value: i.e. section
54+490a. Then, it is expected that, under the DSL strategy, certain bottleneck discharge
flow increment would be observed. This assumption is verified thanks to the 9-11%
maximum flow increment reported for 𝑉𝑉 = 60 km/h case, when the controlled case is
compared with the uncontrolled one (Figure 5.7(b)-(c)). Capacity increments of around 3%
are also observed for 𝑉𝑉 =50 and 𝑉𝑉 =80. Remarkably, this increment occurs for speed limit
values lower than 80 km/h (≈ free-flow speed value, [Soriguera, et al., 2013]), which may
be considered nonsensical if assuming the intuitive principle which states the lower the
speed limit value is, lower maximum flows would be achievable (e.g. Figure 2.1(d)). This
evidence may evoke to non-triangular FD shapes, but it falls out of the present research
scope. Anyway, if considering other sections, e.g. 53+570 or 51+689, significant capacity
increments of around 7-10% are reported for 𝑉𝑉 ≤70 km/h cases.
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(a)

(b)
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(c)

(d)
Figure 5.8 Fundamental diagram calibration for 40 km/h speed limit (a) on year 2009,
(b) on year 2010; and 80 km/h speed limit (c) on year 2009, (d) on year 2010, at section
53+570. All cases are compared with respect to year 2008 fixed 80 km/h speed limit. Error
estimations, ‘𝑒(𝑞𝑞)’, are depicted for every aggregated point with a vertical line.
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Finally, the slight decrease observed at section 56+799 capacity may be justified in
different ways. First, if considering the maximum flow is computed as the mean value of a
normal distribution, the observed descend may be considered negligible, or at least
unremarkable. Second, as section 56+799 is located more than 2 km downstream of the
bottleneck, it is reasonable to assume it is unaffected for the DSL strategy controlled
bottleneck. Third, the capacity estimation for year 2009 and 2010 may be biased, as the
section operates most of the time in free-flow conditions, in contrast with year 2008 case
(see Figure 5.7(d)). Finally, it can also be affected by the demand descent reported in the
whole C32 freeway [Soriguera, et al., 2013; Torné, et al., 2011].
Another interesting conclusion may be drawn referred to section 54+440b. Remember this
section is devoted to an exit ramp, i.e. S2. Focusing on year 2009 results it can be observed
that almost no maximum flow increment is observed in the section due to the DSL policy.
This result is coherent with the fact that DSL cannot influence in the off-ramps capacities,
which are only constrained by structural factors or downstream traffic conditions (e.g.
roundabouts, urban network…). However, year 2010 results seem to contradict the latter
assertion, because an increase of around 12% is reported for the referred section. Two
arguments can shed some light to the issue. First, the fact that, for years 2008 and 2009,
the conservation of the flow principle is verified among sections 53+570 and 54+490a/b
capacities. That is, the addition of the two most downstream sections capacities exhibit
close values with respect the 53+570 section capacity value (only deviating -0.71% for 2008
and +1.77% for 2009). Second, the capacity value for section 53+570 remains almost
constant among the two DSL-controlled scenarios, exhibiting a constant maximum flow
value of around 6600 veh/h. If considering both facts together, it is reasonable to conclude
that an increment in the off-ramp of around 12% is produced at S2. It may be motivated
by a variation on the drivers’ routes preferences, a structural improvement on the off-ramp
or any other downstream element of the network.

5.5.2

Effects on critical occupancy

To better capture the critical occupancy variation within the closed congested stretch
preceding the bottleneck location (i.e. between E1 location –around kilometer post
53+200– and S2 –around kilometer post 54+490–), the most representative section must be
suitably selected. In that case, and in contrast with the capacity estimation, for the critical
occupancy calibration it is recommended to analyze data inside the congested stretch, not
downstream it. This is justified by the fact that at section 54+490a, almost no data
belonging to the congested branch is observed. So, sections 53+200 and 53+570 may be a
suitable election. However, these sections presents drift counting errors which produce an
overestimation of the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ values, except for year 2009 data at section 53+570 (Figure
5.8(a) and (c)). The obtained results show a clear tendency to increase the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ value
when lowering the speed limit (see Table 5.6). The slope of FD free-flow branch is lowered
proportionally to the speed limit value, shifting the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ to higher values. In this way,
DSL-induced critical occupancies are higher than their non-DSL counterparts. Note that
for the scenarios containing errors, the absolute values must be considered overestimated,
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while the relative ones may still be valid for descriptive purposes. In particular, increments
up to 45% are found for 𝑉𝑉 =40 km/h cases at section 53+570 on year 2009, Figure 5.8(a)
and (b), presents the bivariate diagram for flow and occupancy variables for the latter
section on years 2009 and 2010, respectively. With this scatter representation, the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’
value can only be roughly determined, thus the usefulness of the data fitting process which
helps to improve the FD characterization. Unfortunately, data only covering a thick range
of occupancy values is observed for high speed limit values and may lead to a biased ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’
estimation. Examples can be found for 𝑉𝑉 ≥70 km/h cases at section 53+570 on year 2009,
where unrealistic negative increments are captured. Figure 5.8(c) and (d) show the 𝑉𝑉 =80
km/h case for year 2009 and 2010, respectively. It can be clearly observed how the points
do not reach ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ values corresponding to year 2008 case, thus non representative
estimations of ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ are obtained.
Table 5.6 Variation of ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ with respect year 2008 case (80 km/h max. speed limit in
force), for all the speed limits values, two different sections and year 2009-2010 data; only
considering stationary states belonging to category ‘B’.
Section

53+200
53+570

5.5.3

Year
2009
2010
2009
2010

‘𝒐𝒄𝒓𝒊𝒕’ for
year 2008
[%]
27,15
22,11

‘𝒐𝒄𝒓𝒊𝒕’ variation with respect year 2008 [%]
40

50

60

70

80

26.03

36.75

-18.68

3.11

-22.75

21.39

17.98

13.34

-22.82

-41.27

45.49

16.64

14.58

-22.99

-45.72

20.78

19.29

16.91

-4.45

-28.15

Effects on lane utilization

Once the effects of the DSL strategy have been sketched, it is turn to speculate about the
causes. Chapter 2 has summarized different authors’ contributions stating that under
active DSL scenarios the capacity in a section may increment if certain stream instabilities
are mitigated (e.g. lane changing maneuvers, sudden driver brakes caused by significant
differences among the speed of the vehicles, etc.). For the study purposes, two mesoscopic
variables were previously defined in order to indirectly capture these operations, ‘𝑜𝑜𝑜 ’ and
‘𝑜𝑜𝑣 ’. The assertion being verified is: does certain correlation exist between a capacity
increment and a reduction of ‘𝑜𝑜𝑜 ’ and ‘𝑜𝑜𝑣 ’ values? The possible locations suitable for this
purpose are the same that for the critical occupancy issue, i.e. section 53+200 and 53+570.
However, section 53+200 contains the referred counting errors which affect the accuracy of
the results. So, section 53+570 is the chosen one.
The selected section presents capacity increments for cases exhibiting 𝑉𝑉 =50÷70 km/h
values, no matter the year. The 𝑉𝑉 =40 km/h case will also be included in the next analysis
as it groups extremely congested traffic scenarios which are suitable for testing the
homogenization effect of DSL. In its turn, Figure 5.9 presents the different bivariate plots
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(i.e. ‘𝑜𝑜𝑣 ’ vs ‘𝑜𝑜’ and ‘𝑜𝑜𝑜 ’ vs ‘𝑜𝑜’) with its corresponding vertical error bar (i.e. ‘𝑒(𝑞𝑞)’) obtained
when considering all the ‘𝑉𝑉 ’ values together with the year 2008 reference case. To better
understand its behavior, each family data set is now fitted to a 2nd order function.

(a)

(b)

(c)
(d)
Figure 5.9 Plots showing the regressions for (a)-(b) ‘Mean speed range’ vs ‘occupancy’
and (c)-(d) ‘mean occupancy range’ vs ‘occupancy’, with the corresponding error
indicators, considering different speed limits and years, at section 53+570.
Examining Figure 5.9 reveals two opposed trends in ‘𝑜𝑜𝑜 ’ and ‘𝑜𝑜𝑣 ’ reference curves. The first
exhibits an increasing trend with respect to the occupancy, while the latter behaves in the
opposite way. These results are coherent with the fact that in congested situations, vehicles
exhibit more homogeneous speeds among the lanes but higher dispersion in terms of
occupancy distribution, caused by lane changing maneuvers or, sudden brakes, among
other possible causes. When analyzing the rest of the curves, it can be observed how the
DSL strategy is not capable of systematically (i.e. for any speed limit value) reducing the
traffic heterogeneity among the lanes. However, significant diminutions are observed up to
25% occupancy values in ‘𝑜𝑜𝑣 ’ curves and within 20÷30% occupancy values. In fact, for
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𝑉𝑉 =40 and 𝑉𝑉 =50 km/h cases, ‘𝑜𝑜𝑣 ’ curves cross the reference one. Remarkably, the obtained
cross point is observed for occupancy values around 25%, roughly matching with the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’
value estimated for 𝑉𝑉 < 70 km/h cases. Respect the ‘𝑜𝑜𝑜 ’ curves, the cross point occurs for
occupancy values around 20% when 𝑉𝑉 =60 or 𝑉𝑉 =70 km/h. It means the obtained crosspoints are close to the ‘𝑜𝑜𝑐𝑟𝑖𝑡 ’ value corresponding to 𝑉𝑉 =70km/h (i.e. 17% for year 2009
and 21% for year 2010). Focusing on occupancy values higher than the cross point value,
‘𝑜𝑜𝑣 ’ curve tends to be positioned above the reference curve whereas ‘𝑜𝑜𝑜 ’ curve tends to be
positioned below. It suggests that DSL strategy helps to homogenize the occupancy
distribution among lanes in congested conditions and the speed distribution in uncongested
conditions. All together contributes to improve the capacity of the DSL-controlled sections.

5.6 Conclusions and further research
Despite the considerable interest and the intense debate among the scientific community in
the DSL strategies, the effectiveness of this policy is still a controversial issue. The
empirical approach which has been presented in the chapter aims to have illuminated the
issue.
The first speed based data stratification has provided an enriching insightful about the
driver’s behavior when facing this kind of active traffic management (ATM) strategies. At
the same time, this step has allowed to identify traffic periods affected by the DSL strategy
susceptible of being classified as stationary periods. Next, a useful approach for searching
stationary traffic periods has been developed in order to avoid any visual inspection tool,
differing from [Cassidy, 1998]. The whole process has permitted to obtain a clear FD
characterization under DSL strategies.
The critical occupancy calibration is one of the most important outputs derived from the
latter issue. In fact, when set speed limits are lower than free-flow speed, the slope of the
free-flow branch is lowered proportionally. This implies that critical occupancies are higher
than in their non-DSL analogues. An inherent difficulty arises when measurements under
certain speed limit values do not cover the whole range of possible occupancies, conclusions
related with capacity increase and critical occupancy shift are difficult to be drawn in such
conditions. This is the case for high speed limit values (e.g. 80 km/h), which are only in
force for low occupancy values. Such inconvenience would only be solved in scenarios where
a particular DSL value is fixed from the onset to the offset of the rush hour episode (e.g.
[Soriguera and Sala, 2014]).
The DSL effects on freeways capacity have also been addressed. In that way, one of the
most important pending questions related with such strategy was attempted to be
answered. Section 54+490a was selected for the capacity assessment. Stationary periods (of
3 to 5 min of duration) exhibiting maximum flow values, were obtained for the DSL and
non-DSL scenarios. DSL capacity increase of around 10% was observed. This means that
the DSL strategy is capable of improving the freeway performance, at least for certain time
periods when suitable speed limit values are set. In fact, as important deficiencies have
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been reported in the DSL governing algorithm, they are likely to have reduced the number
and length of stationary states reporting close to capacity flow values. So, the DSL
algorithm enhancement is a crucial issue to be addressed in order to maximize the DSL
benefits and the drivers’ perceptions against this particular ATM strategy.
In order to explore the reasons for this capacity gain, per lane mesoscopic variables were
defined. The chapter has showed how in DSL scenarios, the lane utilization variability (i.e.
the occupancy distribution) becomes more uniform in congested conditions. The same
happens with speed variability (i.e. the ‘mean speed range’) under non congested
conditions. Both patterns outline a DSL feature which induces traffic flow to achieve
higher discharge rates in the vicinity of a bottleneck.
Certainly, many issues remain for further research, but one stands out: the need of
individual vehicle data for computing certain explanatory indicators. The availability of
such database would allow obtaining a more comprehensive knowledge about the DSL
impact on freeway traffic flow and its causes. The selected indicators may include (but not
limited to): lane changes maneuvers counting, accurate speed and occupancy vehicles
distributions along the section or microscopic variables distributions, for instance, vehicle
headway or spacing. Anyway, it would be helpful to develop a similar analysis in a
different DSL installation in order to avoid site and algorithm specific results. A good way
of carrying out such studies is via cooperative research, as multiple DSL installations have
already been analyzed.

Chapter 6
Assessment of dynamic speed limit
management on metropolitan
freeways
6.1 Introduction
Air pollution is a major problem in most metropolitan areas, where pollutants reach
recursively concentrations far above the acceptable limits (for example those established by
the European Union air quality directives [European Parliament, 2008]). In developed
countries, traffic is the main source of air pollution and greenhouse gas emissions [Keuken,
et al., 2005]. The global problem is related to the transportation unsustainable level of
energy consumption (97% coming from oil), which, with its increasing price, adds a direct
perceived cost to the problem.
The development of a sustainable metropolitan transportation system must be the long
term goal. The solution will be clearly multimodal. However, as far as traffic is concerned,
and besides demand management strategies and the development of efficient mobility
alternatives, traffic administrations must now seek to reduce the environmental impacts of
traffic, while improving its safety and maintaining competitive travel times. This is a
difficult task, where new surveillance and communication technologies (in short, the ITS)
will play an important role.
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Several initiatives have recently focused on solving problems related to freeway traffic
sustainability (i.e. saving time and energy, decreasing accident risk and diminishing
pollutant emissions). The common approach involves control strategies over the traffic
stream by using variable traffic signs (e.g. ramp control, dynamic route guidance or
dynamic speed limits - DSL). Among them, DSL is one of the most attractive policies,
because of its apparent simplicity and reduced implementation costs.
Take as an example the case in the metropolitan region of Barcelona (Spain). In July 2007,
a 73-measure plan to improve the air quality was passed. The most controversial policy
among those included in the plan was the immediate reduction of the speed limits on major
freeways around the city to 80 km/h (from the preexistent limits of 120 km/h). This was
planned as the first step towards adopting a DSL system, maintaining the maximum 80
km/h limit. The DSL system became operational on a test corridor on the south access to
Barcelona in January 2009. Since the very beginnings, the profitability of the policy
became a topic of heated debate. All the stakeholders (e.g. the Government and the
opposition, automobile associations, chamber of commerce, media, users…) have
disseminated information on the consequences of the policy from their own, generally
biased, point of view. None of them have given any scientific arguments to support their
claims. The present paper provides an objective and quantitative assessment, grounded on
empirical and scientific facts, of this type of policies.
DSL policies have been acknowledged since the early 1970s in Germany [Zackor, 1972] and
around the 1980s in the Netherlands [Remeijn, 1982]. Nowadays, many European and
American cities have introduced them [Smulders, 1990; Sumner and Andrew, 1990].
Whether isolated or coordinated with other control measures, the effectiveness of the policy
is still a controversial issue. The usual claimed benefits imply reductions in pollutant
emissions and accident rate, as well as congestion relief. It is reported [Lin, et al., 2004;
Smulders, 1990] that these benefits are due to the homogenization of traffic flow, which
allows for increased capacity. However, recent data in European highways are inconclusive
on this point [Papageorgiou, et al., 2008]. Anyway, few evaluations of DSL management
strategies that use real data can be found in the literature, which mainly focuses on control
algorithms tested by means of simulation [Carlson, et al., 2010; Hegyi, et al., 2008; Hegyi,
et al., 2005], being [Hegyi and Hoogendoorn, 2010] an exception to this last statement.
The present paper fills this gap in two aspects. First, a method for quantitatively
evaluating the benefits and costs of active traffic management strategies is presented. The
method involves the definition of an objective function that quantifies the effects of any
policy in terms of travel times, energy consumption, pollutant emissions and accident risk.
These components result in a trade-off, which when adequately weighted in the function
allows obtaining the social profitability of the policy.
Second, the method is applied to evaluate the performance of the DSL policy introduced
since 2009 on the metropolitan freeways around Barcelona, Spain. The availability of
measured before and after data makes it possible to assess driver compliance with the
speed limits and to monitor the expected increase in freeway capacity. Unfortunately, no
evidence has been found in this direction. This means that standard DSL strategies do not
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significantly help in alleviating congestion, and their benefits (in reducing emissions, energy
consumption and improving safety) are restricted to free flowing episodes. These benefits
must be contrasted with the increase in travel times due to lower travel speeds. This
analysis is confronted in the present paper.
In the next section, the objective function is presented. After that, in Section 6.3, some key
points to be considered in the cost-benefit analysis of traffic management strategies are
outlined. Section 6.4 is devoted to presenting and analyzing the Barcelona DSL case study.
Finally, some conclusions and issues for further research are presented in Section 6.5.

6.2 Objective function
The objective function is defined in order to quantitatively assess the efficiency of a
freeway stretch in different scenarios. The function accounts for the main costs resulting
from inefficiencies in a traffic stream: delays, pollutant emissions, fuel consumption and
safety (in terms of accident risk). These are subject to reduction as a result of adequate
active traffic management strategies.
The objective function (that is to say, the cost function to be minimized) is composed of a
weighted addition of these costs. The weighting factors are, simply, the monetary valuation
(direct or indirect) of each term. Therefore, the weighted addition not only adjusts the
relative importance of each element, but also normalizes all of them to the same units: the
monetary value.
Then, the objective function can be expressed as:
𝐹 = 𝐷𝐷 · 𝜀𝐷 + 𝐸 · 𝜀𝐸 + 𝐶𝐶 · 𝜀𝐶 + 𝑆𝑆 · 𝜀𝑆

(6.1)

Where “F” is the total aggregated monetary cost of inefficiencies, and “𝐷𝐷”, “𝐸”, “𝐶𝐶” and
“𝑆𝑆” are the terms accounting for delays [h], emissions [kg of pollutants], fuel consumption
[l] and safety [expected # of injured people], respectively. The weighting factors are “𝜀𝐷 ”,
the monetary cost of delay per vehicle [€/h], “𝜀𝐸 ”, the emission costs considered for the
pollutants [€/kg], “𝜀𝐶 ” the fuel price [€/l] and “𝜀𝑆 ”, the monetary quantification of the
injuries resulting from an accident [€/injured person].
In fact, the terms “𝐸”, “𝐶𝐶” and “𝑆𝑆” in Equation (6.1) are row vectors. The emission term
“𝐸” is defined by three components, one for each pollutant considered: Carbon dioxide
(CO2), Nitrogen oxides (NOx) and fine particulate matter (diameter below 10𝜇m) (PM10).
The fuel consumption term “𝐶𝐶” contains two components, accounting for the total gasoline
and diesel consumption. And finally, the safety term “𝑆𝑆” includes three components,
related to the severity of the injuries: number of deaths, number of major injuries and
number of minor injuries resulting from freeway accidents. Consequently, the monetization
weighting factors are column vectors accounting for the costs of each one of these
components. Then, the objective function can be reformulated as:
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𝐹 = 𝐷𝐷 · 𝜀𝐷 + [𝐸𝐶𝑂2

𝐸𝑁𝑂𝑥

+ [𝑆𝑆𝐾𝑖𝑙𝑙𝑒𝑑

𝜀𝐶𝑂2
𝐸𝑃𝑀10 ] · � 𝜀𝑁𝑂𝑥 � + [𝐶𝐶𝐺𝑎𝑠
𝜀𝑃𝑀10
𝜀𝐾𝑖𝑙𝑙𝑒𝑑
𝑆𝑆𝑀𝑎𝑗𝑜𝑟 𝑆𝑆𝑀𝑖𝑛𝑜𝑟 ] �𝜀𝑀𝑎𝑗𝑜𝑟 �
𝜀𝑀𝑖𝑛𝑜𝑟

𝜀
𝐶𝐶𝐷𝑖𝑒𝑠𝑒𝑙 ] · �𝜀 𝐺𝑎𝑠 �
𝐷𝑖𝑒𝑠𝑒𝑙

(6.2)

As a reference, the weighting factors considered in the application presented in Section 6.4
are summarized in Table 6.1. It is clear that the numeric value resulting from the objective
function would be dependent on the costs assigned to each term. Because some of these
costs are subjective, interpretable and variable, it is always advisable to perform a
sensitivity analysis of the results. For instance it could be claimed that the value of delays
depends on the magnitude of the delay (i.e. “𝜀𝐷 ” is some function of “𝐷𝐷”). A sensitivity
analysis in respect to this is presented in the results section (Section 4). In spite of this,
one has to bear in mind that the effects of any control strategy on the freeway are only
reflected in the variations of the “𝐷𝐷”, “𝐸”, “𝐶𝐶” and “𝑆𝑆” terms. Therefore it is in these
terms where one should look for the insights.
Table 6.1 Monetary quantification of the elements considered in the objective function
Weighting Factor

Monetary Quantification

𝜀𝐷

14.2 €/h·veh

(1)

𝜀 𝐶𝑂2

0.00723 €/kg

(2)

4.7 €/kg

(3)

𝜀 𝑃𝑀10

7.9 €/kg

(3)

𝜀 𝐺𝑎𝑠

1.28 €/liter

(4)

𝜀 𝐷𝑖𝑒𝑠𝑒𝑙

1.22 €/liter

(4)

1 265 000 €

(5)

𝜀 𝑁𝑂𝑥

𝜀 𝐾𝑖𝑙𝑙𝑒𝑑

125 000 €

𝜀 𝑀𝑎𝑗𝑜𝑟

2 720 €

𝜀 𝑁𝑂𝑥

(5)

(5)

In accordance with [Asensio and Matas, 2008], (2) In accordance with [SENDECO2., 2011], (3) In
accordance with [European Commission DG Environment, 2000], (4) Average fuel price in Barcelona
(January 2011) [Spanish Ministry of Industry, Tourism and Commerce, 2001], (5) European Union
official costs [European Transport Safety Council, 2003]

(1)

By simply calculating the difference in the objective function (i.e. costs) between the after
“𝐹𝐴 ” and before “𝐹𝐵 ” scenarios, the global benefits of the policy are obtained. Note that
negative “𝑃 ” is desired as it implies a reduction in the total inefficiency costs.
𝑃 = 𝐹𝐴 − 𝐹𝐵

(6.3)

To completely define the objective function it is only necessary to describe the “𝐷𝐷”, “𝐸”,
“𝐶𝐶” and “𝑆𝑆” terms. In the formulation of each term, described next, special care has been
taken in order to obtain simple functions that can be directly evaluated with the
commonly available traffic data. It would make no sense to define a precise and complex
function in which the data inputs are not available in most of the situations.
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As magnetic loop detectors are the most commonly installed surveillance equipment
worldwide, and they provide average speed and flow over short time intervals (e.g. one
minute or so), these will be the only variable inputs of the objective function. The time –
space domain under evaluation, of a total duration “𝑇𝑇 ” and a total length “𝐿𝐿”, must be
divided into cells, whose dimensions are (𝑠, 𝑜𝑜), where “𝑜𝑜” are the loop detector data
updating intervals and “𝑠” are the different sections that form the freeway stretch. Sections
should be defined taking into account that one loop detector must be available within
every section.

6.2.1

Delay term ‘D ’

Free flow traffic is considered to be the level of service of the freeway that allows the
vehicles to reach their destination in the shortest time possible with appropriate levels of
safety and comfort. Inefficiencies appear in the form of delays, defined as any travel time
increase in relation to this free flow travel time. Delays represent an undesired cost for the
user. The objective function accounts for this delay term as:
𝐷𝐷 = � � 𝑑𝑑(𝑠,𝑡) · 𝑖𝑖(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇

(6.4)

Where “𝑖𝑖(𝑠,𝑡) ” is the vehicle count and “𝜂(𝑠,𝑡) ” is the average delay per vehicle, both

considered on section “𝑠” at time interval “𝑜𝑜”. In turn, “𝜂(𝑠,𝑡) ” is obtained as:
𝜂(𝑠,𝑡) = 𝑑𝑑(𝑠) �

1
𝑣𝑣(𝑠,𝑡)

−

1
𝑣𝑣𝑓(𝑠)

�

(6.5)

Where “𝑣𝑣(𝑠,𝑡) ” is the average speed during time period “𝑜𝑜”, “𝑣𝑣𝑓(𝑠) ” is the free-flow speed

and “𝑑𝑑(𝑠) ” is the section length, all of them related to section “𝑠”. Plugging Equation (6.5)
into Equation (6.4) we obtain:

𝐷𝐷 = � � �
𝑠∈𝐿 𝑡∈𝑇

1
1
−
� · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑣𝑣(𝑠,𝑡) 𝑣𝑣𝑓(𝑠)

(6.6)

Where “𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡) ” stands for the production of the highway (i.e. vehicles·kilometer
travelled) for the section “𝑠” during the time period “𝑜𝑜”, computed as:
𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡) = 𝑖𝑖(𝑠,𝑡) · 𝑑𝑑(𝑠)

6.2.2

(6.7)

Over-optimum emissions term ‘E ’

Traffic emissions are the amount of pollutants and greenhouse gases discharged into the
atmosphere by an internal combustion engine. The objective function does not compute the
vehicles’ total emissions, but the excess of emissions over the minimum for a given travel
production (i.e. veh·km). These over-optimum emissions are due to inefficiencies and
should tend to zero. This responds to the objective of minimizing emissions while satisfying
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a given traffic demand (i.e. satisfying the mobility needs at a minimum environmental
cost).
The empirical measurement of the amount of emissions produced by a traffic stream is a
difficult task. It would be necessary to isolate the traffic contribution from all the other
sources of pollution. In addition, changes in the atmospheric conditions in the
measurement site may bias the results. This leads to an indirect estimation of emissions,
using directly measurable traffic variables, as an appropriated alternative.
The amount of over-optimum emissions of the pollutant “𝑋” produced by a traffic stream,
summed across all (𝑠, 𝑜𝑜) that belong to the space-time interval under evaluation, (𝐿𝐿, 𝑇𝑇 ),
can be expressed as:
𝐸̃𝑋 = � � � �𝑒𝑋,𝑦 �𝑣𝑣(𝑠,𝑡) � − 𝑚𝑚𝑖𝑖𝑖𝑖�𝑒𝑋,𝑦 �� · 𝛾𝛾(𝑦) · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇 𝑦∈𝑌

(6.8)

Where “𝑒𝑋,𝑦 �𝑣𝑣(𝑠,𝑡) �” is the average hot exhaust emission factor for a type “𝑦” vehicle and

for the pollutant “𝑋” as a function of the travelling speed “𝑣𝑣(𝑠,𝑡) ” (i.e. the unitary emission
per veh·km of a type “𝑦” vehicle. “𝛾𝛾(𝑦) ” is the fraction of the vehicle·kilometer

production travelled by type “𝑦” vehicles, which can be considered equivalent to the share
of type “𝑦” vehicles in the whole travelling fleet “𝑌 ”. A better estimation could be
achieved if details of the particular trips (e.g. lengths) of each type of vehicles were
available.
The interpretation of Equation (6.8) is simple. If considering two scenarios with the same
demand (i.e. the same production,“ 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡) ”), the total amount of emissions will only

depend on “𝑒𝑋,𝑦 �𝑣𝑣(𝑠,𝑡) �” and “𝛾𝛾(𝑦) ”, which in turn, depend on the characteristics and

relative amount of each type of travelling vehicles (e.g. fuel type, weight, age, size of the
engine), and on the characteristics of the vehicles’ trajectories (i.e. the instantaneous
speeds). Therefore, changes in the speed behavior of vehicles will have some effect on the
total amount of emissions. However, it has to be borne in mind that, reducing the travel
production or updating the vehicle fleet (e.g. promoting “green” cars) are basic policies in
order to reduce traffic emissions (i.e. 𝐸̃𝑋 ),
Then, Equation (6.8) can be expressed as:
𝐸𝑋 = � � �𝑒𝑋 �𝑣𝑣(𝑠,𝑡) � − 𝑚𝑚𝑖𝑖𝑖𝑖(𝑒𝑋 )� · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇

(6.9)

Where “𝑒𝑋 �𝑣𝑣(𝑠,𝑡) �” is the average hot exhaust emission factor as a function of the travelling

speed “𝑣𝑣(𝑠,𝑡) ” of a virtual vehicle whose emission characteristics are those equivalent to a
weighted average of the vehicle types composing the vehicle fleet. This is:
𝑒𝑋 �𝑣𝑣(𝑠,𝑡) � = � 𝑒𝑋,𝑦 �𝑣𝑣(𝑠,𝑡) � · 𝛾𝛾(𝑦)
𝑦∈𝑌

(6.10)

Note that given these definitions, Equations (6.8) and (6.9) are not completely equivalent.
While Equation (6.8) considers the minimum emissions of each vehicle type (each one
achieved at a particular, and different, travelling speed), Equation (6.9) considers the
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minimum of the aggregate emission factors, achieved at a particular speed which is optimal
given the composition of the vehicle fleet, but which does not need to coincide with any
optimal speed for a particular vehicle type. It is clear in this case that for the same inputs
̃ > 𝐸𝑋 ”. However, the over-optimum emissions “𝐸̃𝑋 ” can only be eliminated by
“𝐸𝑋
posting a specific speed limit for each vehicle type. As this is not a feasible policy, the
lower minimum emissions considered in “𝐸̃𝑋 ” are not realistic. Instead, the larger
minimum threshold in “𝐸𝑋 ” is accepted. This is the reason why Equation (6.9) (and not
Equation (6.8)) describes the “𝐸𝑋 ” term in the objective function.
Characterization of the hot exhaust emission factors, as a function of speed, for 30 different
vehicle types (divided by fuel type, vehicle weight, age of the vehicle and engine size) and
for each of the pollutants (CO2, NOx and PM10) can be found in [Ntziachristos, Samaras,
Eggleston, Gorissen, Hassel and Hickman. ,2000]. As a general rule, emission factors
increase with the size and with the age of the vehicle. Gasoline vehicles used to be cleaner
than diesel ones, but this difference is smaller and smaller with each new generation of
vehicles. Newer vehicles also tend to have larger optimal speeds in relation to their older
brothers. These “𝑒𝑋,𝑦 �𝑣𝑣(𝑠,𝑡) �” functions are the inputs to construct the average function,

“𝑒𝑋 �𝑣𝑣(𝑠,𝑡) �”. As an example, see Figure 6.1, valid for the specific application presented in
Section 6.4. The main characteristics of the vehicle fleet in this case are 95.2% light
vehicles, 63% of them using gasoline. The average age of the fleet is almost 10 years.
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Figure 6.1 Pollutant emission factors for the average vehicle type distribution in the C-32
freeway near Barcelona, Spain.
Note: Different units for each pollutant.
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Plugging the measured average speed “𝑣𝑣(𝑠,𝑡) ” into Equation (6.9) is not enough to obtain a

sufficiently accurate estimation of the total over-optimum emissions [Smit, et al., 2008].
Avoiding to consider the speed variability among vehicles would generally imply an
underestimation of the total emissions, given the shape of “𝑒𝑋 �𝑣𝑣(𝑠,𝑡) �” and typical freeway

speeds. To account for this variability it is necessary to consider the speed frequency
distribution, although alternatives may exist [Baldasano, et al., 2010; Barth, et al., 2000;
Samaras and Ntziachristos, 2010].

The speed frequency distribution (e.g. as seen in Figure 6.2) provides the fraction of
vehicles traveling at each particular speed “𝑣𝑣” (e.g. with a 5 km/h discretization) given the
average traffic speed “𝑣𝑣(𝑠,𝑡) ”. This can be expressed as “𝑃 �𝑣𝑣|𝑣𝑣(𝑠,𝑡) �”. Given this knowledge,
Equation (6.9) can be reformulated to include the speed variability as:
𝐸𝑋 = � � ��𝑒𝑋 (𝑣𝑣) − 𝑚𝑚𝑖𝑖𝑖𝑖(𝑒𝑋 )� · 𝑃 �𝑣𝑣|𝑣𝑣(𝑠,𝑡) � · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇 ∀𝑣

(6.11)

where “𝑒𝑋 (𝑣𝑣)” is the average emission factor for the “𝑣𝑣” speed bin.
However, only average speeds over “𝑜𝑜” are usually available from loop detector
measurements [Soriguera and Robusté, 2011]. In order to transform them into speed
distributions, it is assumed that vehicle speed on a freeway follows a normal distribution
(i.e. Normal�𝑣𝑣(𝑠,𝑡) , 𝜎𝑣2 �, truncated between ±2𝜎𝑣 and always positive. This avoids the

theoretically possible extreme values of the normal distribution. This assumption is
supported by [Soriguera and Soriguera, 2009]. The standard deviation “𝜎𝑣 ” of the speed
distribution must be estimated taking into account the traffic stream characteristics in
each particular application, or computed using the methodology presented in [Soriguera
and Robusté, 2011]. As an order of magnitude, the data reported in [Soriguera and
Soriguera, 2009] suggests a standard deviation between 15-20 km/h for free flowing
episodes (𝑣𝑣(𝑠,𝑡) ≥ 70km/h) and around 10 km/h for congested situations with stop & go
episodes (𝑣𝑣(𝑠,𝑡) < 70km/h). These approximations can be considered valid for typical loop

detector aggregation intervals, on the order of one minute.

In addition, and considering the results in [Soriguera and Soriguera, 2009], a bias is
introduced into the distribution to take into account the mandatory speed limits (see
Figure 6.2) and the aversion to speeding. In case the speed limit falls within the range of
possible speeds, an “extra-frequency” is added to the speed bins bordering ( ± 10 km/h) the
limit. This “extra-frequency” for the bins just above the speed limit is taken from 1�4 of all

the vehicles that [Soriguera and Robusté, 2011]would theoretically have traveled above the
speed limit, if only considering the baseline speed distribution. This 10 km/h threshold
may respond to the known tolerance of the speed enforcement equipment. The “extrafrequency” for the speed bins just below the limit is taken from all the frequencies of bins
of smaller speeds and its incremental amount is computed so that the original mean speed,
“𝑣𝑣(𝑠,𝑡) ”, remains constant. The convergence of this process is granted for speed limits above
the mean speed. If this is not the case, the mean speed is considered to play the role of the
speed limit in relation to the balancing of the speed distribution. This assumption is
supported by the data shown in Figure 6.7, where it can be qualitatively seen how, when
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the mean speed is greater than the speed limit (a situation that arises frequently due to the
generalized violation of DSL), the speed distribution is concentrated around the mean.
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Figure 6.2 Model for the speed frequency distribution.
Note: Measured data from AP-7 highway, Spain [Soriguera, 2009].

Knowledge of the speed distribution allows a more accurate estimation of the emissions
produced by a traffic stream by using Equation (6.11). Despite this, the proposed method
does not account for all the sources of underestimation. Consider the dependence of the
results on the “𝑒𝑋,𝑦 (𝑣𝑣)” functions, and the assumptions made on its measurement. The

unitary emission curves are generally obtained empirically by car manufacturers in test
laboratories where the ideal conditions differ much from real traffic. In particular, emission
curves are constructed by interpolation between measured points at constant speeds. This
means that accelerations, a huge source of increased emissions, are obviated. This could be
a fatal flaw in urban traffic environments, steered by accelerations and decelerations.
Although less problematic in freeway traffic, a significant underestimation should be
expected in unstable congested traffic (stop & go episodes) [De Haan and Keller, 2004].

Alternatives exist. “𝑒𝑋,𝑦 (𝑣𝑣)” could be obtained for each type of vehicle on a test bench, by
measuring the vehicle emissions during some characteristic “driving cycles” [Barth, An,
Younglove, et al. ,2000; Samaras and Ntziachristos. ,2010]. In this case “𝑒𝑋,𝑦 ” would not

be expressed as a continuous function in terms of speed, but as a discrete function in terms
of the “driving mode”. The driving cycle tries to mimic the acceleration/deceleration
transitions and the speeds that characterize each driving mode. The uncertainty of this
approach resides on how the driving mode approaches the actual traffic dynamics under
evaluation [André, 2004]. Again, freeway traffic is privileged in this case, due to its
controlled context.
Microscopic models (i.e. “𝑒𝑋,𝑦 ” emissions as a function of instantaneous speed, acceleration
rates, engine performance, etc…) could also be proposed as an alternative to the semi-
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aggregate speed distribution method or to the aggregate driving mode method. However
any attempt to increase the detail in the emissions model is myopic in the sense that does
not account for the actual available traffic data. If another model is necessary to obtain the
inputs of the microscopic emissions model from aggregate traffic data, the benefits of the
increased detail are doubtful.

6.2.3

Over-optimum fuel consumption term

Similarly to before, the objective is to reduce the over-optimum fuel consumption. This
allows not penalizing the travel production (veh·km) but only the inefficiencies.
Equivalently to the emissions term, the over-optimum fuel consumption is computed as:
𝐶𝐶𝐹 = � � ��𝑐𝑐𝐹 (𝑣𝑣) − 𝑚𝑚𝑖𝑖𝑖𝑖(𝑐𝑐𝐹 )� · 𝑃 �𝑣𝑣|𝑣𝑣(𝑠,𝑡) � · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇 ∀𝑣

(6.12)

Where subscript “F” stands for the type of fuel (i.e. gasoline or diesel) and “𝑐𝑐𝐹 (𝑣𝑣)” is the
average consumption factor of the travelling vehicle fleet. These factors are proportional to
a weighted average of the “𝑒𝐶𝑂2 ,𝑦 (𝑣𝑣)” functions, considering the actual vehicle type

distribution in terms of type of fuel used, because the amount of CO2 emitted is a direct
consequence of the fuel burnt. Figure 6.3 shows such functions in the present application.

Over-optimum fuel consumption are also evaluated taking into account the vehicles’ speed
variability, and suffers from the same drawbacks as the emissions term in relation to not
considering the acceleration over consumption.

6.2.4

Safety term

This term of the objective function includes the evaluation of the accident risk level
associated with the freeway. The number of casualties is a random variable with a very low
presentation rate. It is generally accepted that the expected number of casualties can be
obtained by multiplying these risk rates by the total risk exposure (i.e. the travel demand
in terms of vehicles·kilometers travelled). For each severity level “𝑍”, this is:
𝑆𝑆𝑍 = � � 𝑠𝑧 (? ) · 𝑉𝑉𝐾𝑇𝑇(𝑠,𝑡)
𝑠∈𝐿 𝑡∈𝑇

(6.13)

For decades, researchers from all around the world have invested huge efforts in modeling
these accident rates “𝑠𝑧 (? )” [Tarko and Songchitruksa, 2005]. Different types of functions
(linear, power, logistical, extreme value…) have been proposed in order to model the
relationship between the accident rates and some explicative variables and layout
characteristics [Abdel-Aty, et al., 2007]. The uncertainty about which variables should be
considered is represented in Equation (6.13) by the “?” symbol. Among those, the variables
related to the speed (e.g. the average travelling speed, the speed limit or the speed
variance) are predominant. To some extent, it is accepted that “speed kills” meaning that
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at the individual vehicle level and for a given freeway layout, the higher the speed the
higher the probability of having a fatal accident, and also that “speed variance kills”
meaning that this probability is also higher as higher are the speed differences between
vehicles. As an apparent paradox, these two postulates do not imply that average speed on
the freeway have a significant impact on accident rates [Rodriguez, 1990]. Despite this
intensive work, there is still no consensus about the validity of any of these models [Elvik,
et al, 2005].
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Figure 6.3 Consumption factors for the average vehicle type distribution in the C-32
freeway near Barcelona, Spain, a) Gasoline, b) Diesel
For decades, researchers from all around the world have invested huge efforts in modeling
these accident rates “𝑠𝑧 (? )” [Tarko and Songchitruksa, 2005]. Different types of functions
(linear, power, logistical, extreme value…) have been proposed in order to model the
relationship between the accident rates and some explicative variables and layout
characteristics [Abdel-Aty, et al., 2007]. The uncertainty about which variables should be
considered is represented in Equation (6.13) by the “?” symbol. Among those, the variables
related to the speed (e.g. the average travelling speed, the speed limit or the speed
variance) are predominant. To some extent, it is accepted that “speed kills” meaning that
at the individual vehicle level and for a given freeway layout, the higher the speed the
higher the probability of having a fatal accident, and also that “speed variance kills”
meaning that this probability is also higher as higher are the speed differences between
vehicles. As an apparent paradox, these two postulates do not imply that average speed on
the freeway have a significant impact on accident rates [Rodriguez, 1990]. Despite this
intensive work, there is still no consensus about the validity of any of these models [Elvik,
et al, 2005].
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In spite of this, it seems reasonable to assume that given the extremely random behavior of
accident occurrence and the extremely low rates in relation to VKT, these rates are
invariant to small variations of VKT, if everything else is held constant. If this was true, it
is possible to directly compute the safety impacts of the policy with a completely empirical
approach. This is by computing the average before and after accident rates and directly
comparing the before – after expected number of casualties using Equation (6.13). No
safety model is needed in this case, which is appealing given the limitations of the “state of
the art” in relation to the freeway safety modeling. Crash data is needed to compute the
accident rates (see Table 6.2). This type of data is commonly available.
A rough analysis of data presented in Table 6.2 indicates that DSL strategies have implied
approximately a 50% reduction in the rate of #Killed/Veh·Km and a 25% reduction for
the #Major inj./Veh·Km. In contrast the rate accounting for the minor injuries (#Minor
inj./ Veh·Km) has increased by a 14%. These results are “significant” at a 5% level,
taking into account a Poisson distribution of the number of casualties [Tarko and
Songchitruksa, 2005]. A loose interpretation of statistical significance is required here,
given the small amount of data.

6.3 Setting the before/after scenarios: the need for
simulation
The benefits of a traffic management strategy are obtained by comparing the results of the
objective function before and after the application of the policy. Two requirements must be
considered when setting these before/after scenarios:
1. Traffic demand must be the same in both scenarios.
2. Input data to the objective function must be accurate in both scenarios.
A recurrent problem in this type of assessment is the difficulty in fulfilling both
requirements simultaneously. For instance, in order to obtain accurate before/after data,
these should be measured on two real days. But it is almost impossible to assure that two
different days are exactly the same in terms of traffic demand and absence of incidents.
The alternative could be to select a typical traffic demand pattern and simulate the before
/ after traffic behavior. In this case, the equality of demand is assured, but the accuracy of
the simulation results may be dubious. In both approaches, the assumptions made (i.e.
constant activity pattern or known freeway performance functions) are not true, and
should be considered only as approximations.
On the one hand, the possibility of knowing the real behavior of drivers when facing the
policy favors the first approach. However, it cannot be assured that relatively small
demand variations will result in equally limited freeway performance variations. Therefore,
it would be difficult to discriminate between the effects of the policy and the effects of the
demand variation in the after scenario. On the other hand the possibility of setting a
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specific demand favors the simulation approach. But in this case the ability of traffic
simulators to replicate driver behavior when facing new management strategies is
uncertain. This suggests using the simulation approach when the available before / after
data is scarce, different in nature or a long time apart. Besides, if the active management
strategy is complex and the resulting behavior of the drivers is to some extent unknown,
an empirical comparison is desired (recall that this is the case for the safety term, where it
is assumed that small demand variations do not affect significantly the accident rates).

Table 6.2 Accident data in the metropolitan freeways around Barcelona, Spain

Year

Before Data
(120 km/h speed
limit in force)
2006
2007

After Data
(80 km/h max. speed limit in force)
No DSL
DSL
2008
2009
2010
2011

# accidents

593

658

512

535

594

615

# Killed

14

12

7

4

4

6

# Major injured

58

55

33

33

40

31

# Minor Injured

783

861

646

726

837

895

Annual travel production
(Billion veh·km)

8.201

8.570

7.925

7.481

7.400

7.252

Long term rate reduction
without speed limit
modification

# Killed & # Major injured: 8.7%
# Accidents & # Minor Injured: 0.7%

“𝒔 𝒌𝒊𝒍𝒍𝒆𝒅 ”
[fatalities/billion veh·km]

1.42 *

0.70

“𝒔 𝒎𝒂𝒋𝒐𝒓 ”
[major inj./billion veh·km]

6.15 *

4.56

“𝒔 𝒎𝒊𝒏𝒐𝒓 ”
[minor inj./billion veh·km]

97.34 *

103.27

In order to only account for the DSL strategy effects, the long term reduction in accident rates has
been discounted from the before data (i.e. expected rates if speed limits strategies were maintained).
*

These arguments suggest defining the following sets of before and after scenarios:
•

BS scenario: Before Simulated scenario. Simulated freeway performance under
typical demand pattern. Calibration parameters of the freeway performance
function measured before the application of the active management policy.

•

AS actual scenario: After Simulated scenario with measured calibration
parameters. Same demand pattern as the previous scenario but the calibration
parameters of the performance function are measured after the application of the
policy.
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•

AS ideal scenario: After simulated scenario with idealized calibration parameters.
In this case the after behavior of drivers is not measured but idealized. This
simulates how drivers would behave in a perfect environment and strict compliance
of the policies. This is the only after scenario available for planning purposes, as it
does not need the policy to be put into practice.

The two remaining scenarios are defined by using only real measured data in order to
avoid the simulation uncertainty:
•

BM scenario: Before measured scenario. Measured freeway performance before
the application of the active management policy, for a particular existing traffic
demand.

•

AM scenario: After measured scenario. Measured freeway performance after the
application of the active management policy. Although similar demand periods
must be selected for comparing BM and AM scenarios, exactly the same demand
cannot be assured.

6.4 Case study: evaluation of dynamic speed limit
management in Barcelona, Spain
Since January 1st 2009 a DSL management system has been operative on a test freeway on
the south access to Barcelona (Spain), with the main objective of improving the air quality
in its metropolitan area (see Figure 6.4). The implementation of the policy was progressive
from the pre-existent 120 km/h speed limit. Firstly, it was changed into a fixed 80 km/h
limit, on January 1st 2008. After this transitional period the DSL system became fully
operative in 2009. The DSL system dynamically reduces the speed limit on a particular
freeway section in accordance with the measured downstream drop of the average traffic
speed due to congested conditions. A minimum speed limit of 40 km/h is established. The
80 km/h maximum speed limit is maintained in free flowing situations.

6.4.1

The freeway site and available data

The test site consists of a 14.5 km stretch corresponding to the C-32 freeway between the
cities of Castelldefels and Sant Boi de Llobregat, on the south access towards Barcelona.
This freeway also links the city with its airport (Barcelona – El Prat Airport) (see Figure
1.1). This is mainly a 3-lane freeway, with short sections with 2 or 4 lanes. There are 8 offramps and 7 on-ramps. The full stretch is equipped with loop detectors every 500-1 000 m,
measuring the average speed, flow and occupancy on a one minute basis. In addition, 10
Variable Message Sign gantries (VMS) displaying the dynamic speed limits in force at
every instant are also installed. Considering this layout, 14 sections are defined, taking into
account that each section contains one detector. The section limits are defined either by a
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junction, a VMS gantry, or a change in the number of lanes (see Figure 6.4). This allows
considering each section as homogeneous.

S13 S14

Figure 6.4 Test site section layout.

Note: Lengths are displayed in km.

6.4.2

Defining the before / after scenarios

Both, simulation based and empirical assessments are considered in the present
application. The before / after scenarios are defined as follows:
•

Simulated scenarios: The DSL policy is evaluated by means of simulation. Traffic
demand is obtained from data corresponding to Thursday May 20th, 2010. This was
an incident free day with a high percentage of valid data. The parameters of the
simulation model were calibrated using the whole available database: December
2007 for the before scenario (BS) and May 2010 for the after scenario (AS actual).
Regarding the AS ideal scenario, strict compliance to speed limits were assumed for
all vehicles.

•

Measured scenarios: The DSL management system is empirically evaluated. This
avoids the uncertainties in modeling this strategy. The BM Scenario is defined by
data measured on Tuesday December 18th 2007. Similarly, data measured on
Thursday May 20th 2010, with the DSL management system active, defines the AM
Scenario. Note that the demand in this last case is exactly the same as in the
simulated scenarios. This allows evaluating the accuracy of the simulation model.

6.4.3

Construction of the simulation model

Simulated scenarios require a model capable of reproducing traffic dynamics. The
asymmetric version of the cell transmission model [Daganzo, 1994, 1995; Gomes and
Horowitz, 2006] was selected; specifically, the implementation of the model in the
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AURORA software package [Chow, et al., 2010; Kurzhanskiy and Kwon., 2008]. This
model has been selected due to its robustness, simplicity and acceptable accuracy relying
only on three parameters for each section: the capacity (i.e. maximum possible flow), the
free flow speed (i.e. average speed in the low density range) and jam density (i.e. maximum
density in completely jammed traffic). These three parameters are required in order to
calibrate the flow (q) – density (k) diagram according to the Newell’s triangular
simplification [Newell, 1993] (see Figure 6.5). Additional parameters are required at each
junction. Firstly, the flow blending coefficient is required at each on-ramp. This has been
set proportional to the on-ramp relative capacity in relation to the mainline capacity.
Secondly and last, the capacity of each off-ramp is also a required parameter. Obviously
the traffic demand is an input to the model.
Some drawbacks to the model also exist. Firstly, the lack of discrimination between
different types of vehicles in free flowing conditions, with their specific performances.
Secondly, the inability to replicate unstable conditions in congested episodes. Both
limitations may contribute seriously to underestimating traffic emissions and fuel
consumption. Both issues are addressed here by the construction of speed distributions
from average simulated results, as described in the previous section. It is only needed to be
taken into account an additional variance term for congested periods in simulated
scenarios, to account for traffic instabilities (in addition to the inherent stochastic drivers’
behavior). According to the available data, this yields a global standard deviation of
approximately 15 km/h to be applied to the simulated average speeds in congested
episodes. More specific approaches [Tuerprasert and Aswakul, 2010] could be used as an
alternative.
In the next sections, the three basic steps in the construction of the simulation model (i.e.
data validation, fundamental diagram calibration and demand characterization) are
described in detail.

6.4.3.1

Data validation

The first step in any process involving traffic data is the data validation. The data
validation process presented here consists of the application of ‘absolute’ and ‘relative’
filtering criteria to the raw “one minute average” loop detector data. Absolute criteria are
only able to remove very abnormal observations (such as negative or very extreme values
of speed, occupancy or flow). Relative ones take advantage of the existing bivariate
relations between fundamental traffic variables [Cassidy, 1998]. This allows detecting
unfeasible combinations of flow, speed and occupancy values, although each observation
could be considered acceptable by itself.
Table 6.3 summarizes the considered filtering criteria. Take into account that absolute
thresholds allowed eliminating a 12% of erroneous data (including voids), while the relative
filters detected an additional 2% of invalid data. Invalid data are erased from the database.
This yields a non-exhaustive database (i.e. some holes may exist).
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Table 6.3 Filtering criteria applied in the data validation process

Relative
Criteria

Absolute Criteria

Description

6.4.3.2

Criterion Definition

Flow range (𝒒(𝒔,𝒕) )

0 to 2 600 veh/h·lane

Average speed range
(𝒗(𝒔,𝒕) )

0 to 180 km/h

Occupancy range
(𝒐𝒄𝒄(𝒔,𝒕) )

0 to 100% for each lane

Trapezoidal zone
within the flow-speed
plane

Contained in the trapezoid defined by the following (q,v)
points: (0, 0), (0, 180), (2600, 50), (2600, 90)

Range of feasible speed
values in terms of
extreme values of “𝒈”
the effective vehicle
length

𝑞𝑞(𝑠,𝑡)
𝑜𝑜𝑐𝑐𝑐𝑐(𝑠,𝑡)

· 𝑐𝑐𝑚𝑖𝑛 ≤ 𝑣𝑣(𝑠,𝑡) ≤

𝑞𝑞(𝑠,𝑡)
𝑜𝑜𝑐𝑐𝑐𝑐(𝑠,𝑡)

· 𝑐𝑐𝑚𝑎𝑥

Where 𝑐𝑐𝑚𝑖𝑛 = 5 m and 𝑐𝑐𝑚𝑎𝑥 = 17 m

Fundamental Diagram Calibration

A critical issue for the representativeness of the simulation model is the calibration of the
fundamental diagrams, an empirical curve relating, for a particular point on the freeway,
the observed densities with respect to the observed flows. Densities are indirectly computed
using average flows and speeds, and assuming that the available time mean speeds are
almost equal to space mean speeds (i.e. avg. density = avg. flow / avg. speed). Per lane
data is spatially aggregated in order to obtain a sectional measure. These diagrams
completely define the behavior of drivers on the freeway section, and their characterization
distinguishes one scenario from another.
Prior to the adjustment of the curve to the data, it is of particular importance to
temporally aggregate as many data as possible to increase the accuracy of the computed
mean, while still assuring that all data points belong to the same stationary traffic state. In
[Cassidy, 1998] a methodology to deal with this trade-off is proposed.
Finally, it is necessary to adjust the realistic triangular shape [Newell, 1993] of the
fundamental diagram to the accepted aggregated data. Two linear regressions are used, one
for each of the linear branches of the diagram: congested and free flowing. The free flowing
branch is forced to contain the (0,0) point. Similarly, the jam density is fixed for all
scenarios to 150 veh/km·lane. This means that the congested branch needs to contain the
pair (150·#lanes, 0). For the AS ideal scenario, where strict compliance of the speed
limits is supposed, despite the data, the slope of the free flowing branch of the diagram
cannot be higher than the posted speed limit. See Figure 6.5 for some details.
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Figure 6.5 Example of a fundamental diagram adjustment for the after scenario.
The parameters that define the triangular diagrams (i.e. maximum flow, jam density and
free flow speed) are the input variables needed for the simulation model.

6.4.3.3

Traffic demand characterization

The demand profiles at every on-ramp (and at the origin on the main trunk) must be
introduced to the model. In addition, the split-ratios (i.e. the percentage of vehicles exiting
in relation to the mainline flow) must be set for every off-ramp. These define the demand
pattern for the freeway stretch.
The first problem to address in the demand characterization is that profiles must be
defined for all periods of time. This means that the holes created during the data
validation process must be filled in. The overcomplicated (and usually highly inaccurate)
data reconstruction methods are avoided here. It is considered that confidence in the
reconstructed data is only acceptable if some measured observation exists within the space
– time region under consideration. This means that a single lane one minute hole (i.e. a
single observation missing) cannot be reconstructed by itself. It is necessary to extend the
observation region in space (e.g. considering all the lanes as a whole, or aggregating several
consecutive detectors defining a new extended section) or in time (e.g. aggregating several
minutes) until valid observations are found. When this happens, the missing data are
reconstructed under the assumption of uniform behavior of traffic in the extended region.
This could be seen as a simplification of the method proposed in [Chen, et al., 2003]. In the
present application, the whole database could be reconstructed if the considered space –
time granularity was defined as whole freeway section measurements at detector sites and
15-minute time aggregations. This time granularity represents an adequate trade-off
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between registering the demand variations during short periods of time and avoiding
excessive fluctuations. In relation to the split-ratios, it is known that the flow share
between each OD pair remains fairly constant for longer periods of time, in relation to
absolute demand. Thus, it is justified for the split-ratio to be averaged considering onehour intervals. This allows obtaining a more stable estimation.
The second problem in this demand characterization process is that loop detectors are
usually (and also in this case) solely installed on the main freeway trunk, and consequently
no on/off-ramp measurements are directly available. Obtaining on-ramp demand and offramp split ratios only from mainline measurements is a difficult task. One possible
approximation is to compute the count differences between consecutive detectors isolating
a single on/off-ramp. Demand patterns could be obtained if detector count drift and
variations of vehicle accumulation within the section (in case of growing or dissolving
congestion) are neglected. This simplistic approach results in biased demands in those
episodes. However, the short length of the sections (generally <1 000 m) implies that these
situations only arise during very short periods of time, and do not imply big differences in
the aggregated overall results. Despite this, the improvement of this methodology is an
issue of active research [Muralidharan and Horowitz, 2009].
In addition, in some situations it is not possible to isolate a single ramp in between two
consecutive detectors. Then, only the net in/out flow through these several ramps could be
obtained (this only happens in junctions where the on/off-ramps are very close together).
In these cases the whole net in/out flow was assigned to the on/off ramp respectively. This
assumption does not imply big drawbacks, as only the segment in between on and off
ramps is affected. And this segment is by definition very short.

6.4.4

Results and discussion

6.4.4.1

Analysis of the Before – After data

From the fundamental diagram adjustment to data in the different scenarios, significant
preliminary results arise. By observing the obtained free flow speeds (see Figure 6.6) it can
be seen that before applying any speed limitation (Before scenarios), the measured free
speeds were substantially below the 120 km/h speed limit in force. This fact is accentuated
between the 8th and the 14th sections, where the freeway enters a more urban environment.
Figure 6.6 also shows the generalized lack of compliance of the reduced 80 km/h speed
limit in the after scenario. Actually, a 40 km/h reduction of the speed limit only implied an
average reduction of 6.5 km/h in the free flow speeds.
Generalized speeding is also notorious when the speed limit drops below the maximum of
80 km/h as a result of the DSL strategy (see Figure 6.7). In these situations, the
compliance to the speed limit is more related to the impossibility of driving faster due to
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high traffic density than to the mandatory speed limits. Figure 6.7 also shows that
stop&go episodes are not eliminated by using DSL strategies.
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Figure 6.6 Adjusted free flow speeds for the before – after scenarios
Being aware of these facts, one should not expect huge variations in the freeway
performance as a result of the speed limit reduction. However, and although only small
differences in the free flow speeds were achieved, more significant changes appear when
considering speed distributions. This will have some effects, mainly in the pollutant
emission term.
Another point to focus on is the potential increase in the freeway capacity with the
implementation of DSL, which is usually claimed to be a result of the reduction in the
vehicle speed variance and due to a possible reduction in the amount of lane changes. This
has not been found in the present application. The measured maximum flows, before and
after the implementation of the policy, remain unchanged. Capacities between 2150 and
2400 veh/h·lane, depending on the section, are obtained. This result should be not taken
as a postulate, but a particular result in this case study. Take into account the significant
amount of speeding vehicles that may affect this result. Further research is needed in order
to reach a deeper understanding of this issue.

6.4.4.2

Freeway performance in the proposed scenarios

The analysis is performed for a typical working day on the test freeway, in the northbound
direction towards Barcelona, where typically the traffic presents a morning rush
(approximately between 7:00 am and 10:30 am) and a smaller evening rush (between 6:00
pm and 8:00 pm). Recurrent congestion can be expected in the morning peak hour. Two
locations are generally problematic. First, the off-ramp located at the very beginning of
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Section 11 (see Figure 6.4(b)), which acts as a bottleneck and causes congestion to grow
upstream. Queues may reach Loop 7 at the peak hour, which means a total length of
approximately 4 km of congested traffic. Second, queues also spill back into the test site
from a further downstream bottleneck. At peak hour these queues may have 2 km in
length, reaching Loop 13.

83 km/h
71 km/h

Flow (veh/h)

60 km/h

Stop & go episodes

Free flowing traffic

Congested traffic

Density (veh/km)

Figure 6.7 Flow – density plot of data measured in Section 6.3 with a posted speed limit
of 60 km/h
In order to validate the adequacy (or at least know the deficiencies) of the proposed
scenarios, two comparisons are relevant. First, check that the differences in the traffic
demand between measured before – after scenarios (i.e. BM and AM) are minimal. This is
achieved by comparing the total production of the freeway in these scenarios (in terms of
veh·km). It is found that the production in the AM scenario is 1.83% less than in the BM
scenario (Table 6.5, and see Figure 6.8 for a time series plot). This can be seen as a direct
consequence of the economic recession. While this reduction in demand can be considered
minimal, it could also have significant implications for freeway performance, as it actually
has (see Figure 6.9). The significant reduction in peak travel times in the AM scenario can
be mainly attributed to the differences in traffic demand, more than to the DSL strategy.
If DSL strategy was to be the cause, increased discharge flows from the bottlenecks should
have been measured in this scenario. And they were not, as stated previously. This means
that the slight reduction in demand between BM and AM scenarios implies significant
effects on traffic dynamics. This makes difficult to clearly isolate the DSL policy effects in
this empirical comparison. This is the reason to consider measured results as biased.
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Second, it is necessary to validate the simulation model. This is achieved by comparing the
performance of the freeway (e.g. in terms of travel times) between AM and AS_actual
scenarios, which both respond to the same reality, as the simulated demand was extracted
from the after measured scenario. It is found that the simulation model overestimates by
1.7% the average travel time in congested conditions (see Figure 6.9 for a time series plot).
This accuracy is considered more than acceptable given the proposed approach to traffic
dynamics (i.e. only 3 parameters per section). It is also worth noting from Figure 6.8 (by
comparing the simulated scenarios with the AM plot) the remarkable accuracy of the
demand characterization process.
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Figure 6.8 Time series plot of the freeway stretch production.

Note: Small variations in production for simulated scenarios are not appreciated in the plot.

6.4.4.3

Objective function evaluation

Results obtained from the application of the objective function to simulated and measured
scenarios, are presented in Tables 4 and 5 respectively. Table 6.6 is only devoted to verify
the accuracy of the simulation in terms of the objective function metric. Using this metric,
the speed variability plays a role, which was not captured by the previous travel time
validation. As the demand in the AS and in the AM scenarios is the same, differences in
the objective function between these scenarios can be seen as the lack of accuracy of the
traffic simulation. As shown in Table 6.6, the accuracy with this metric is also pretty good
with differences below 10% (except for delay). This means that the inability of traffic
models based on the continuous traffic flow theory to replicate traffic instabilities in
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congested scenarios and the effects of the variability among different types of vehicles in
free flowing is attenuated by the proposed modeling of speed variability, and does not have
a remarkable impact on the results.

BM - Mid Point Spot Speed
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AS actual
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AM - Licence Plate Recognition
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Figure 6.9 Travel times on the test stretch during the morning rush for different
scenarios.

Note: Licence plate recognition data only available for the after scenario. To obtain measured travel
times in the before scenario Mid Point Spot Speed Algorithm is used [Soriguera and Robusté, 2011].

The key points to be highlighted from the obtained results are:
•

Simulated results (Table 6.4) must be considered more consistent than measured
ones (Table 6.5) due to the consistency in the before – after demands. This
assertion is supported by the discussion in the previous section.

•

Overall profitability of DSL strategy is negative, as inefficiency costs increase by
45%. This is due to the cost of increased travel times in free flowing conditions (as
a result of the reduced maximum speed limit). These costs are not compensated by
the achieved reductions in pollutant emissions, fuel consumption and accident risk
(of the order of 25-30% reduction of the over-optimum costs, which translates to 36% of total costs).

•

The installed DSL strategy does not contribute to easing congestion. This means
that the strategy has no significant effect in congested periods.

•

The negative profits achieved in the after “actual” scenario are, in fact, smoothed
down due to traffic limit violations. An ideal scenario implies more drastic negative
profits, due to increased free-flowing delays.
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•

Measured results (Table 6.5) are diametrically opposite to simulated results.
However, in the interpretation of these results one has to bear in mind that the
comparison between BM and AM is not consistent in the terms of demand (as it is
in the simulated scenarios). As proved previously, the slightly reduced demand in
the AM scenario in relation to the BM scenario implies significant reduction of the
delays in the AM scenario which is the main cause of the different sign of the
results shown in Table 6.5.

6.4.4.4

Discussion and sensitivity analysis

The total results of the objective function, presented in Table 6.4 and Table 6.5, provide
an overall assessment of the DSL strategy in terms of the after-before differences in total
over-optimum costs. This is achieved by weighting the several terms included in the
objective function by their particular costs. Despite the insights of the consequences of the
strategy must be seek only in the “𝐷𝐷”, “𝐸”, “𝐶𝐶” and “𝑆𝑆” terms, the overall results will
obviously depend on these weighting factors. Two issues must be discussed here: First, the
assumption that these weighting costs are constants, which represent the rates of variation
in the linear model proposed in Equation (6.1). Second, the value of these constants
consider that there is neither a market nor a universally accepted cost function for most of
the concepts included in the objective function. Exceptions to this statement are the fuel
costs and the “𝐶𝐶𝑂2 ” emissions, for which a market exists and a linear cost function with a
known price (see Table 6.1) applies to drivers and Governments respectively (although
these markets are strongly regulated at different levels which implies huge geographical
variation). For the remaining terms, the assumption of a linear cost function is simple and
provides the benefits of not rescaling the effects of the DSL strategy inside each composing
term. This eases the interpretation of the objective function results, and makes it easy to
figure out how the results would vary by considering different costs. This is appealing, as
the present application considers “official costs” in the European Union (except for delays
because they do not exist, see Table 6.1), but this does neither mean that these costs must
be accepted everywhere, nor that they are the actually true or perceived costs.
The delay costs deserve a special treatment. Note that the overall results of the objective
function (and their sign) are mainly steered by the delay costs. This means that the global
assessment of the strategy strongly depends on the cost of delays “𝜀𝐷 ”. Figure 6.10 shows
how the global results would change by considering different values for “𝜀𝐷 ”. Considering
the AS Actual scenario (Figure 6.10(a)), it is interesting to highlight the breakpoint
between the positive and negative profitability of the strategy for “𝜀𝐷 =4.50 €/h”. For
values of delays lower than this threshold, the strategy would be beneficial for the society.
This value is significantly lower than the accepted average value for delays of 14.2 €/h
[Asensio and Matas, 2008]. However, take into account that this is only an average. There
is evidence in the literature (going back to [AASHTO, 1977]) that drivers value differently
the delays depending on the total time delayed (i.e. non linear delay cost function). Drivers
might be indifferent to very short delays, while increasingly penalized for longer ones. As it
has been shown the effects of DSL strategies only imply short additional delays in free
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flowing conditions and considering the typical controlled lengths (i.e. <5minutes). This
means that the marginal cost of these delays should be much below the average.
Considering the values consistently reported since first published in [AASHTO, 1977],
these short delays are valued by the drivers only as 5.4% of the general delay cost. This
means “𝜀𝐷 =0.76 €/h” in the present case. Under this assumption the strategy would result
profitable, as seen in Figure 6.10(a).

Table 6.4 Objective function evaluation in Simulated scenarios

Free – Flowing Periods

Stop & Go Periods

Whole Day

Concept
(in €/day, unless stated differently)

Note:

Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
Over-Optimum Fuel Consumption
Accident Risk Penalty
Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
PM10 Contribution
CO2 Contribution
NOx Contribution
Over-Optimum Fuel Consumption
Accident Risk Penalty
Killed
Major Injuries
Minor Injuries
Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
PM10 Contribution
CO2 Contribution
NOx Contribution
Over-Optimum Fuel Consumption
Accident Risk Penalty
Killed
Major Injuries
Minor Injuries
(1)
(2)
(3)

Baseline
Scenario,
BS Scenario
682798
12179
4695
523 (3150)
5033 (55241)
1928
11299
3438
2841
12 (55)
2 (4)
8 (19)
2 (32)
554 (1384)
32
20
9
3
671500
8741
1854
511 (3095)
23 (136)
65 (756)
423 (2203)
4480 (53857)
1896
1202
516
178

Comparison Scenarios
(% difference respect baseline)
AS actual
AS ideal
-0.19
44.49
169.06
-25.81 (-4.28)
-32.54 (-2.96)
-38.70
-0.01
2.75
3.10
3.66 (0.78)
3.15 (1.48)
3.30 (1.30)
5.13 (0.39)
3.30 (1.32)
-38.59
-50.64
-25.91
6.09
-0.19
60.90
423.27
-26.49 (-4.37)
-38.03 (-6.33)
-37.30 (-3.21)
-24.21 (-4.65)
-36.97 (-3.07)
-38.59
-50.64
-25.91
6.09

-0.19
71.88
257.39
-39.34 (-6.53)
-47.24 (-4.30)
Idem as AS actual
-0.01
3.76
4.13
4.76 (1.01)
4.10 (1.92)
4.26 (1.68)
6.77 (0.52)
4.26 (1.71)
Idem as AS actual
Idem as AS actual
Idem as AS actual
Idem as AS actual
-0.19
98.67
645.35
-40.35 (-6.66)
-56.37 (-9.39)
-54.27 (-4.67)
-37.35 (-7.18)
-53.61 (-4.46)
Idem as AS actual
Idem as AS actual
Idem as AS actual
Idem as AS actual

Potential reduction for over-optimum emissions is 100%.
Values in brackets represent total values (not over-optimum as usual)
Stop & Go periods are defined in relation to the baseline scenario when 𝑣𝑣(𝑠,𝑡) ≤ 45 km/h.

Safety term comes from data on actual casualties. No model has been developed to
obtain AS ideal values.
(4)
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Table 6.5 Objective function evaluation in Measured scenarios

Free – Flowing Periods

Congested Periods

Whole Day

Concept
(in €/day, unless stated differently)

Note:

Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
Over-Optimum Fuel Consumption
Accident Risk Penalty
Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
PM10 Contribution
CO2 Contribution
NOx Contribution
Over-Optimum Fuel Consumption
Accident Risk Penalty
Killed
Major Injuries
Minor Injuries
Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
PM10 Contribution
CO2 Contribution
NOx Contribution
Over-Optimum Fuel Consumption
Accident Risk Penalty
Killed
Major Injuries
Minor Injuries
(1)
(2)
(3)

Baseline Scenario,
BM Scenario

Comparison Scenario
(% difference)
AM Scenario

701565
26883
19531
406
(3102)
4965
(56485)
1981
31537
8197
6793
27 (148)
4 (9)
18 (50)
5 (89)
1288 (3605)
89
56
24
8
670028
18686
12737
380 (2954)
17 (129)
52 (741)
311 (2083)
3677 (52880)
1892
1200
515
177

-1.83
-39.25
-42.27
-1.32
(-0.17)
-30.30
(-2.66)
-39.71
34.71
-68.03
-68.11
-33.02 (-5.98)
-69.24 (-29.45)
-71.66 (-25.29)
127.20 (7.40)
-71.80 (-25.65)
-17.27
-33.51
-0.19
42.91
-3.55
-26.63
-28.48
0.91 (0.12)
-8.15 (-1.04)
-14.84 (-1.05)
4.06 (0.60)
-15.77 (-1.10)
-40.77
-52.39
-28.54
2.33

Potential reduction for over-optimum emissions is 100%.
Values in brackets represent total values (not over-optimum as usual)
Stop & Go periods are defined in relation to the baseline scenario when 𝑣𝑣(𝑠,𝑡) ≤ 45 km/h.
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Table 6.6 Comparison of objective function results between After Measured and
Simulated scenarios

Whole Day

Concept
(in €/day, unless stated differently)
Production (veh·km/day)
Total Objective Function
Delay Costs
Over-Optimum Emissions Cost
Over-Optimum Fuel Consumption
Accident Risk Penalty

AM

AS actual

Difference (%)

688753
16332
11276
401 (3097)
3 461(54980)
1 195

681553
17598
12632
388 (3015)
3 396 (53604)
1 182

-1.05
7.75
12.03
-3.28 (-2.64)
-1.88 (-2.50)
-1.05

The monetization of the reduction in pollutant emissions could be another candidate to
apply non-linear cost functions. It can be claimed that these benefits are a function of the
existing pollutant concentration. This would imply the DSL strategies not only steered by
traffic conditions but also by existing pollution. Further research in the quantification of
these cost functions is necessary in this case.

6.5 Conclusions and further research
This paper presents a general methodology to assess the overall profitability of advanced
traffic management strategies. Efforts have been made to keep the method simple and use
only inputs that are usually available in most traffic management centers. This should
allow a wider implementation of before – after quantitative assessments in the current
practice.
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Figure 6.10 Sensitivity analysis of the objective function results in relation to the value of
delay. a) Actual scenario, b) Ideal Scenario
The proposed objective function focuses on the gross overall result. Detail is only addressed
when the impact on the final result is significant (e.g. modeling of speed variability). It is
stated in the text that the several terms of the objective function (which account for
delays, pollutant emissions, fuel consumption and safety) may be somehow inaccurate. In
addition, more “advanced” models may exist. Despite this, the added level of complexity
by using these models does not generally translate into more accuracy in the overall result,
the main cause being the scarcity of detailed data to feed the models.
The proposed methodology is used to assess the Dynamic Speed Limit (DSL) system
installed on a freeway accessing Barcelona (Spain). The DSL algorithm implemented can
be considered as “standard”, limiting the speed in accordance to the downstream traffic
conditions. Readers must be warned that the case study and its results are site specific.
This includes a specific composition of the vehicle fleet, a particular calibration of the
safety function, specific changes of the speed limits, and a specific freeway with its traffic.
All these specificities (that can be considered fairly general and consistent for all
metropolitan freeways) may affect the details of the numeric results. However they do not
affect the conceptual behavior of the DSL strategies. For instance, it is usually claimed
that DSL implies lower but more uniform speeds, and less desirability for lane changing.
This may lead to increased freeway capacity and easing of congestion episodes. This
theoretically reasonable and practically appealing assumption has not been proven here. No
empirical effect is seen in congested periods. The possible inability of DSL strategies in
congestion mitigation clearly cuts down its potential, as many of the undesired effects of
traffic are related to congested traffic. The reason could be attributed to the difference
between the idealized “infinite and uniform” freeway traffic and the real environment with
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bottlenecks, weaving sections, on/off ramps, lane drops, drivers prone to traffic violation,
etc.
This means that DSL effects are reduced to free flowing episodes (at least in the case the
system uses the current standard algorithms). Clearly a trade-off exists in this case for
freeways whose design speed is around 120 km/h. Reduction of emissions, fuel
consumption, and accident risk may be achieved by reducing allowed speeds. However, this
will imply increased free flow travel times. Therefore, the application of such policies
should not be indiscriminate but respond to a detailed analysis, as it may result in negative
social profits. This is the case in the presented analysis. Despite these discouraging results,
one has to bear in mind their strong dependence on the different monetary values given to
each term of the objective function. If the cost of traffic externalities increases, the sign of
the profits could change. Or alternatively, if marginal costs are applied to the short
additional delays caused by the DSL control (instead of the higher average costs) the
strategy is shown to be profitable.
More research efforts should be dedicated to how to modify the real effects of DSL
strategies. If DSL could be used to obtain more stable traffic speeds in congested periods
(avoiding stop & go oscillations), significant emission and fuel consumption reductions
would be achieved (note that the reduction potential per veh·km in congested periods is
at least 40% higher than in free flowing conditions). Furthermore, the capacity drop effect
would be avoided, leading also to improved travel times. All effects turn to benefits in this
case.
Smart DSL strategies would be needed. And probably they will not be powerful enough to
achieve these results by themselves either. A combination with other traffic management
strategies (e.g. lane and hard shoulder management, demand management…) appears to be
a way to go.
Finally, it is also concluded from the paper that DSL policies are prone to violation. This
will compromise the DSL efficiency. It is claimed here that speeding, while DSL strategy is
active, is more related to the limits being counter-intuitive than to the lack of enforcement.
The key issue in a so significant amount of speeding is that the drivers are forced to drive
at low speeds along an infrastructure designed for much greater speeds. This is a source of
anger and an incentive for speeding. A well designed policy implies a great level of
compliance even without limitation signals. Infrastructures subject to advanced traffic
management strategies should be redesigned for being auto-explicative. Common sense
should guide drivers to the correct decisions. Dynamic lane widths, illumination, signals,
protective elements, pavement colors and textures … are some possibilities to explore.
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Conclusions and future research
“Dynamic speed limits adequately coordinated with ramp metering strategies
improve the performance of freeway merging bottlenecks, promoting social and
environmental sustainability.”
This conclusion of the thesis is relevant and encouraging. The topic has raised much
controversy among drivers, researchers, practitioners, together with media and politicians.
The outcomes of the thesis shed some light on the debate. This and other research
contributions should promote the willingness of traffic agencies to improve their decision
making processes, making use of solidly grounded analyses. A better infrastructure
management is absolutely essential in the present context.
Another issue to be addressed is driver’s compliance with Active Traffic Management
(ATM) policies. For instance drivers are forced to drive slowly along infrastructures
designed for much greater speeds. This is an incentive for speeding, as has been observed
with the field data, and is one of the causes for drivers’ misunderstanding of the measure.
Infrastructures subject to ATM strategies should be physically redesigned to become autoexplicative, guiding drivers to the correct decisions. All these measures together would
certainly lead to an improved public opinion towards ATM strategies.
Definitely ATM strategies will play a crucial role in managing the increasing traffic
congestion in metropolitan freeways where the “add a lane” solutions are exhausted.
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7.1 Main findings and conclusions
In this section the main findings and conclusions are summarized. Detailed conclusions of
each part can be found in the corresponding chapters.
Chapter 2 describes the main ATM strategies. A summary of the most remarkable
techniques, addressing the most controversial topics is provided. Three ATM strategies are
explored in detail: Dynamic Speed Limits (DSL) and managed lanes (on the supply side)
and ramp metering (RM) on the demand side. The claimed benefits of DSL strategies are
verified in Chapter 5, whereas the main ramp metering principles are applied in the
coordinated strategy presented in Chapter 4.
In Chapter 3, the physical feasibility of the Assymetric Cell Transmission Model (ACTM)
at uncontrolled merges is recovered. With the proposed calibration procedure the queue
length estimation at on-ramps is reliable. The standard simplistic calibration of the ACTM
parameters fails on this attempt, basically because uncontrolled merges were implicitly
considered out of scope of the model. In fact, when on-ramps are controlled, the merging
dynamics are affected, the uncontrolled merging priorities invalidated and the relationship
between on-ramp and mainline flow modified. The proposed methodology is simple,
condensed in a unique explicit expression and fully consistent with the Newell-Daganzo
merge model. In this way, the ACTM suitability for operational planning and management
on controlled and uncontrolled freeway corridors is preserved.
The main goal of Chapter 4 is to present an extension of the Cell Transmission Model, i.e.
the Capacity Lagged CTM. The model is capable of simulating DSL strategies by
introducing a modified inverse-lambda shaped fundamental diagram. It also reproduces the
capacity drop phenomenon in a first order model. The model is fully consistent with CTM.
It only differs in the addition of some capacity restriction rules at merges. In order to
improve accuracy, lagged flow values are considered in order to compute traffic conditions.
A new coordinated RM and DSL strategy is also proposed in Chapter 4. The strategy
mainly takes advantage of all the endogenous merge capacity. The coordinated strategy
succeeds in increasing the total discharge flow. This implies significant equity and mobility
benefits for all the freeway users.
With Chapter 5 starts the empirical part of the thesis. The first objective is to evaluate the
effectiveness of DSL policies via an empirical approach. Remarkably, this topic has almost
never been addressed in the literature, due to the scarcity of empirical DSL data. The
analysis consists in a stratification of loop detector data, considering the records of
dynamic speed limits. A novel approach for searching stationary periods in order to
characterize traffic fundamental diagrams is also developed. The approach is simple,
effective and easy to code. Results show a significant capacity increase for 60 km/h speed
limit. Capacity flows are sustained over 3-4 min. This means that DSL strategies are
capable of improving freeway performance, at least for certain time periods when suitable
speed limit values are set. It is also found that the critical occupancy under DSL is higher
than their non-DSL counterpart. The causes of these effects may be attributed to the more
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uniform lane utilization observed within the traffic stream in congested conditions and to
the higher speed homogeneity in uncongested conditions. These patterns confirm the
intuitions referring the DSL features. However, all these assertions cannot be considered
conclusive, because data collected during specific speed limit values may not cover the
whole range of possible occupancies. This is the case for high speed limit values. Hence,
conclusions related to capacity increase or critical occupancy shift should be taken with
care.
The case study in Chapter 6 combines all the methods developed in the previous chapters
and validates the traffic flow model. In essence, a general methodology to assess the social
profitability of any ATM strategy is proposed. The method is simple and uses only inputs
that are usually available in most traffic management centers. More advanced models may
be appealing. However, the scarcity of detailed data to feed these models makes them
difficult to implement widely. The proposed methodology is used to assess the DSL system
installed on a freeway accessing Barcelona. Note that the case study and its results are site
specific, as it includes a specific composition of the vehicle fleet, a particular calibration of
the safety function, specific changes of the speed limits, and a specific freeway with its
traffic. All these specificities may affect the details of the numeric results, although they do
not affect the conceptual behavior of the DSL strategies. The assessment methodology has
been applied both for real and simulated scenarios. The simulation experiment neglects the
capacity drop. This means that the obtained results underestimate the true benefits. Recall
that one of the benefits of DSL strategies is the capacity drop avoidance. In any case,
results show that DSL effects are only significant in free flowing episodes (at least when
the system uses the current standard algorithms). A trade-off arises: the reduction of
emissions, fuel consumption, and accident risk may be achieved by reducing allowed speeds
and increasing travel times. Therefore, special attention should be paid when implementing
DSL policies because they may result in negative social profits, as is the case in the
presented analysis. However, the strong dependence existing on the different monetary
values given to each term of the objective function play a crucial role. Actually, increased
costs of traffic externalities could make the sign of the profits change.
After all, it is concluded that DSL strategies probably will not be powerful enough to
achieve all the expected benefits by themselves. Despite the fact that smarter DSL
algorithms are required, a combination with other ATM strategies (e.g. managed lanes,
demand management, route guidance…) seems a promising direction in order to exploit the
existing synergies.

7.2 Recommendations for future research
The final section of this dissertation is devoted to outline directions for further research.
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Topics related to modeling ATM strategies:
•

Validation of modeling assumptions. In Chapter 4 a modeling assumption for the
CL-CTM is made: the inverse lambda fundamental diagram shape. This model
assumption needs to be validated with real data from freeways with DSL
installations.

•

Adapt the coordinated strategy in order to consider the critical value of density as
an input. A main drawback of the coordinated strategy is that the capacity is
assumed known in the formulation. The critical value of occupancy is less sensitive
and more stable than capacity. Using the critical occupancy as an input would
allow a more effective control.

•

Modeling of other control measures. Other ATM strategies may also show potential
synergies capable of further improving the traffic flow throughput. For instance
dynamic lane assignment (e.g. hard-shoulder utilization during peak hours) or nonsegregated HOV lanes appear as interesting candidates.

•

Modeling and control of capacity drop at other bottleneck types. Different freeway
elements can cause a capacity drop (e.g. merges, diverges, bridges, tunnels, curves
or grades). The detailed modeling of these bottlenecks may open up the possibility
of better control performance. Empirical validation is also required.

Topics related to empirical research:
•

Measure the full range of the flow-occupancy relationship under different speed
limits. It is necessary to obtain fundamental diagrams where the whole range of
occupancy values is covered. This needs scenarios where the speed limit is fixed
from the onset to the offset of the rush hour episode.

•

Microscopic DSL effects. Individual vehicle data, without any type of aggregation,
makes it possible to compute interesting traffic features, e.g. the homogeneity of
speed and occupancy values within the traffic stream or to count the number of
lane changes. The macroscopic research on this thesis needs to be completed with
the microscopic approach.

•

Empirical characterization of the capacity drop phenomenon. There is a need to
estimate the capacity drop values for a particular freeway in order to improve the
ATM control schemes.
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