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Abstract
Travel time information is and will continue to be one of the key 
indicators of highway quality of service and a highly valued knowledge 
for drivers. Therefore, most administrations have already 
implemented systems that gather traffic data and use them to 
disseminate real-time travel time estimations and/or information on 
travel time reliability for particular itineraries. However, the outputs 
of these systems are usually inaccurate, especially in congestion and 
when disseminating real-time information. Unfortunately, this is 
precisely when travel time information is more valuable. This situation 
is inherited from the past, when loop detectors were often the only 
available data source. Today, to a larger or lesser extent, highways 
benefit from the widespread deployment of technology both on-board 
and in the infrastructure. Nevertheless, the use of spot speed methods 
based on loop detector measurements to indirectly estimate travel 
times still prevails. The limitations of these methods, which overlook 
traffic dynamics and queue evolution, and with a limited spatial 
coverage, are well known. Some traffic agencies have opted to 
disseminate travel times directly measured either with automatic 
vehicle re-identification technologies or, in the best case, by means of 
GPS-based tracking. These direct measurements, although accurate, 
are not the outputs one expects from a real-time information system, 
this is, information about future traffic conditions. In this sense, direct 
measurements are somehow outdated, as they are obtained once 
vehicles have already travelled the target section. 



This thesis introduces a data fusion methodology for the short-
term prediction of travel times in real time. Particularly, the vehicle 
accumulation in a section is used to this end, exploiting the predictive 
capabilities of this information. Accumulation is obtained from input 
– output cumulative count curves, which are previously corrected to
account for loop detector drift by means of a data fusion scheme using 
a moderate amount of direct travel time measurements. The proposed 
method is not technologically captive, as the minimum required 
monitoring equipment can already be found in many highways. 
Notwithstanding, the method would benefit from the increasing 
penetration rate of tracking technologies in traffic streams. Thus, it 
would adapt to future driving environments, in which connected 
vehicles will also be active sensors, and information accuracy an 
indispensable requirement for the adequate management of road 
networks. The goodness of the proposed methodology has been 
empirically verified with data collected in the AP-7 freeway near 
Barcelona. Results show that the mean and maximum errors of the 
predicted travel times obtained with the proposed method represent, 
respectively, 10% and 33% of the actually experienced travel times. In 
contrast, if information is grounded on the simple dissemination of 
direct measurements, these relative errors increase to 16% and 95%, 
proving the benefits of the method. Additionally, improvements for 
the traditional frameworks still relying on loop detector data are also 
provided. Furthermore, future cooperative driving scenarios are 
analyzed, with the aim of understanding the challenges and 
opportunities they will imply for travel time information systems and, 
generally speaking, for traffic management. 
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Resumen

La información del tiempo de viaje es y seguirá siendo uno de los 
indicadores clave de la calidad del servicio de una carretera, y un 
conocimiento muy preciado para los conductores. Por ello, la mayoría 
de las administraciones ya han implementado sistemas que recopilan 
datos de tráfico y los emplean para proporcionar estimaciones de 
tiempo de viaje en tiempo real y/o la fiabilidad de los tiempos de viaje 
para itinerarios particulares. Sin embargo, las salidas de estos 
sistemas son frecuentemente imprecisas, especialmente en congestión 
y cuando se disemina información en tiempo real. 
Desafortunadamente, estas son las situaciones en las que la 
información del tiempo de viaje es más valiosa. Esta coyuntura es una 
herencia del pasado, cuando los detectores de lazo eran a menudo la 
única fuente de datos disponible. Hoy en día, en mayor o menor 
medida, las carreteras se benefician de un amplio despliegue de 
tecnología, tanto a bordo de los vehículos como en la propia 
infraestructura. A pesar de ello, la estimación indirecta de los tiempos 
de viaje a partir de mediciones puntuales de velocidad proporcionadas 
por detectores de lazo aún prevalece. Las limitaciones de estos 
métodos, que ignoran la dinámica del tráfico y la evolución de las 
colas, y cuya cobertura espacial es limitada, son bien conocidas. 
Algunas agencias de tráfico han optado por difundir los tiempos de 
viaje medidos directamente con tecnologías automáticas de 
identificación de vehículos o, en el mejor de los casos, mediante 
técnicas de seguimiento GPS. Estas medidas directas, aunque precisas, 



no son las estimaciones que se esperan de un sistema de información 
en tiempo real, es decir, información sobre las condiciones futuras del 
tráfico. En este sentido, las mediciones directas son en cierto modo 
obsoletas, ya que se obtienen una vez que los vehículos han recorrido 
la sección correspondiente. 

Esta tesis presenta una metodología de fusión de datos para la 
predicción a corto plazo de los tiempos de viaje en tiempo real. Para 
ello se emplea, concretamente, la acumulación de vehículos en cada 
sección, explotándose la capacidad predictiva de esta información. 
Dicha acumulación se obtiene a partir de las curvas de conteo 
acumulado de entrada y salida de la sección. Previamente, para 
eliminar errores derivados del drift que sufren los detectores de lazo, 
dichas curvas son corregidas mediante un esquema de fusión de datos 
que emplea una cantidad moderada de mediciones directas de tiempo 
de viaje. Este método no es tecnológicamente cautivo, pudiéndose 
encontrar ya en muchas carreteras el equipo de monitorización 
mínimo requerido. No obstante, el método se beneficiaría de una 
mayor tasa de penetración de tecnologías de seguimiento en los flujos 
de tráfico. Por tanto, se adaptaría satisfactoriamente a los futuros 
entornos de conducción, en los que los vehículos conectados serán 
también sensores, y la precisión de la información un requisito 
indispensable para la adecuada gestión de las redes de carreteras. La 
bondad de la metodología propuesta se ha verificado empíricamente 
con datos recopilados en la autopista AP-7, cerca de Barcelona. Los 
resultados muestran que los errores medios y máximos de los tiempos 
de viaje previstos obtenidos con el método propuesto representan, 
respectivamente, el 10% y el 33% de los tiempos de viaje realmente 
experimentados. Por el contrario, si la información se basa en la 
simple diseminación de las mediciones directas, estos errores relativos 
aumentan al 16% y al 95%, lo que demuestra los beneficios del 
método. Adicionalmente, se proporcionan mejoras para aquellos 
marcos tradicionales que aún dependen exclusivamente de datos 
proporcionados por detectores de lazo. También se analizan los 
futuros escenarios de conducción cooperativa, al objeto de 



comprender los desafíos y oportunidades que implicarán para los 
sistemas de información del tiempo de viaje y, en general, para la 
gestión del tráfico. 

Palabras clave: información del tiempo de viaje, fusión de datos, 
conducción cooperativa, vehículos autónomos, velocidades medias 
espaciales, movilidad orientada a la sociedad. 
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Resumo
A información do tempo de viaxe é e seguerá sendo un dos indicadores 
clave da calidade de servizo dunha estrada, e un coñecemento moi 
valorado polos condutores. Por iso, a maioría das administracións xa 
implementaron sistemas que recollen datos de tráfico e os empregan 
para proporcionar estimacións do tempo de viaxe en tempo real e/ou a 
fiabilidade dos tempos de viaxe para determinados itinerarios. Non 
obstante, as saídas destes sistemas son xeralmente imprecisas, 
especialmente en conxestión e cando difunden información en tempo 
real. Desafortunadamente, estas son as situacións nas que a 
información do tempo de viaxe é máis valiosa. Esta conxuntura é unha 
herdanza do pasado, cando os detectores de lazo eran a miúdo a única 
fonte de datos dispoñible. Hoxe en día, en maior ou menor medida, as 
vías benefícianse do despliegue xeneralizado da tecnoloxía, tanto a 
bordo como na infraestrutura. A pesar disto, a estimación indirecta 
dos tempos de viaxe baseada en medidas puntuais de velocidade 
proporcionadas por detectores de lazo aínda prevalece. As limitacións 
destes métodos, que ignoran a dinámica do fluxo e a evolución das 
colas, e cuxa cobertura espacial é limitada, son ben coñecidas. 
Alguhnas axencias de tráfico optaron por difundir os tempos de viaxe 
medidos directamente coas tecnoloxías automáticas de identificación 
de vehículos ou, no mellor dos casos, mediante técnicas de seguimento 
baseadas no GPS. Estas medidas directas, aínda que precisas, non son 
as estimacións esperadas dun sistema de información en tempo real, é 
dicir, información sobre as condicións futuras do tráfico. Neste 



sentido, as medidas directas son algo obsoletas, xa que se obteñen 
unha vez que os vehículos xa percorreron a sección correspondente. 

Esta tese presenta unha metodoloxía de fusión de datos para a 
predición a curto prazo dos tempos de viaxe en tempo real. 
Concretamente emprégase a acumulación de vehículos nunha sección 
da estrada para elo, explotando as capacidades predictivas desta 
información. Dita acumulación obtense das curvas de conteos 
acumulados de entrada e de saída da sección. Anteriormente, para 
eliminar os erros derivados do drift sufrido polos detectores de lazo, as 
curvas corríxense mediante un esquema de fusión de datos que 
emprega unha cantidade moderada de medidas directas do tempo de 
viaxe. O método proposto non é cativo da tecnoloxía, e de feito o 
equipo mínimo de monitorización requerido xa se pode atopar en 
moitas estradas. Non obstante, o método beneficiaríase dunha maior 
taxa de penetración das tecnoloxías de seguimento nos fluxos de 
tráfico. Por iso, adaptaríase de forma satisfactoria aos futuros 
entornos de condución, nos que os vehículos conectados tamén serán 
sensores e a precisión da información un requisito indispensable. A 
bondade da metodoloxía proposta foi verificada empíricamente cos 
datos recollidos na estrada AP-7, preto de Barcelona. Os resultados 
demostran que os erros medios e máximos dos tempos de viaxe 
previstos obtidos co método proposto representan, respectivamente, o 
10% eo 33% dos tempos de viaxe realmente experimentados. Pola 
contra, se a información baséase na simple difusión das medicións 
directas, estes erros relativos aumentan ao 16% e ao 95%, o que 
demostra os beneficios do método. Adicionalmente, proporciónanse 
melloras para aqueles marcos tradicionais que aínda dependen 
exclusivamente dos datos proporcionados por detectores de lazo. 
Tamén se analizan os escenarios futuros de condución cooperativa, ao 
obxecto de comprender os retos e oportunidades que implicarán para 
os sistemas de información do tempo de viaxe e, en xeral, para a 
xestión do tráfico. 
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Chapter 1

Thesis overview and objectives

1.1. Overall approach
Since the beginning of time, human welfare has been linked to 
mobility opportunities. The first civilizations moved looking for the 
best places to settle or fleeing from enemies. To certain extent, so do 
we nowadays too. Mobility represents freedom.  It allows us 
choosing where to live, where to work, where to have fun. 

With the advent of Internet and with new technologies 
becoming increasingly appealing and available, the end of personal 
mobility was envisaged. However, this has not been the case. 
Internet enables us to work at home, to buy online or to hold a 
meeting with people who are thousands of kilometers away. 
Nevertheless, we keep on moving. What´s more, the mobility rate 
increases in line with the gross domestic product (GDP). And, for the 
moment (probably not in a near future), so does the number of 
private cars. The reason is that the potential demand of 
transportation systems is infinite. We do not usually move for the 
simple pleasure of enjoying the trip itself, but to satisfy a need or to 
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obtain a benefit. These needs, the patterns, the means, etc. change 
with time. But mobility requirements/desires remain.

In this context, we must keep in mind that mobility involves 
costs. Some of them exclusively concern transportation users (e.g. 
travel time, vehicle amortization, energy needs). However, 
externalities like pollution and other ecological impacts, noise, 
safety problems, land occupation, expenses devoted to the 
construction of the infrastructures, etc., affect the whole population. 
These costs increase with congestion, which leads to the inefficiency 
of the system and could even result in a global gridlock. In fact, 
congestion is already a major problem in most countries worldwide. 
As an example, Los Angeles commuters spent more than 100 hours 
in traffic jams in 2017 (Inrix, 2018). There is a need for urgent 
solutions aimed at ensuring an efficient, safe, inclusive and 
environmentally-friendly mobility. In other words, at making 
mobility sustainable.

Regarding road transportation, traditional measures 
consisting in incrementing road physical capacity by increasing the 
number of lanes of an existing infrastructure or by constructing new 
ones, usually result inefficient nowadays in infrastructurally 
developed countries. Moreover, they are often unrealizable due to 
the lack of free space. In fact, the current road network worldwide is 
mostly complete and well-developed. Today’s solutions should thus 
lie, above all, in traffic management. More in particular, in the 
implementation of active ad hoc management strategies based on 
real-time data and adapted to face current traffic conditions. These 
strategies must aim to the equilibrium between supply and demand 
by improving the first one and regulating the second one. This idea 
is not new and, supported by the advent of new technologies, 
particular strategies have already been designed and/or 
implemented. Examples of those aimed at optimizing the available 
capacity are the dynamic management of speed limits, the dynamic 
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lane assignment or incident management. For their part, freeway 
access management (e.g. ramp metering) or high occupancy vehicle 
(HOV) lanes are cases of demand management strategies. 

At this point, the question is why congestion continues to be a 
severe challenge if we have the technology and the knowledge to 
avoid or at least to relieve it. The answer is twofold. On the one hand, 
neither users nor some administrations were so far aware of one key 
fact: the goal of traffic management must be the optimality of the 
whole system (Wardrop, 1952), above particular interests. On the 
other hand, and probably linked to this first reason, the lack 
of enough efforts (economic, but also planning and operation-
related) to implement this kind of strategies has been noticeable 
thus far. Apart from remarkable exceptions or pilot tests, smart 
roads, smart transportation systems, smart cities, etc. are not a 
generalized reality yet. In fact, the presence of static traffic   
management strategies based on historic data still prevails. 
Although helpful to some extent, they are insufficient to deal with 
current traffic problems. Therefore, many changes are needed so 
that the aforementioned appealing scenarios come true. 

Fortunately, there is good news too. Firstly, the incredible 
evolution of technology in the last years allows having more data 
than ever before. There are not only new gadgets with outstanding 
capabilities, but their prices are increasingly competitive. Therefore, 
their penetration rate grows over time. Think for example of the 
widespread use of smart phones in the last years. Secondly, a change 
of mind can be glimpsed. Traffic-related undesirable issues as well 
as previous (and current) bad experiences are making stakeholders 
conscious of the need for a paradigm shift. Additionally, the 
implementation of varied research results in this regard in several 
areas is already demonstrating the benefits of dynamic traffic 
management systems. Finally, the appealing of new technologies 
plays also a role, as many agents are keen on applying them as soon 
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as they reach the market. The most illustrative example of this 
attraction is that of “autonomous” (a tricky word that is going to be 
clarified in this dissertation) vehicles, which are in the spotlight of 
automakers, technological companies, users, researchers, 
administrations, etc. The opportunities that technology offers to
traffic control and regulation are indubitable. Nevertheless, as it is 
going to be discussed in the next chapters, the success of any traffic 
management strategy will not lie in the involved technology but in 
how this technology is applied. I.e., in whether its use is aligned with 
traffic flow principles.

Given this background, highway travel time information 
systems are (corridor) demand-side traffic management strategies, 
and can also be inputs for improving the supply of the road network. 
However, they are considered special and standalone systems due to 
the significance of their output. In fact, accurate travel times (and 
their reliability) constitute the most important information that 
both drivers and traffic management centres can handle. For the 
first ones, it is an easily understandable variable (Turner et al., 1998; 
van Hinsbergen et al., 2007) that allows them, for example, to 
change their route, their departure time or even their mode of 
transport to avoid congestion. With regard to traffic agencies, travel 
time reliability is the best indicator of the level of service of a 
road/stretch. In fact, this concept has been already introduced in, 
for example, the last editions of the American Highway Capacity 
Manual (2016) or the German Handbuch für Handbuch für 
Bemessung von Straßenverkehrsanlagen (2015). Additionally, real-
time travel times are the most important variable to quantify 
congestion and a valuable input for active traffic management 
strategies. 

Travel times have and are being measured in very different 
ways and with different equipment, mainly according to the 
available surveillance and computational capabilities. In any case, it 
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must be taken into account that each procedure leads to different 
results. Not only regarding accuracy, but also with respect to the real 
meaning of the travel times that are being obtained. On the one 
hand, travel times along a link of a highway can be obtained directly 
by identifying individual vehicles at the beginning and at the end of 
the link, or by tracking vehicles during the whole trip. Automatic 
Vehicle Identification (AVI) devices or tracking technologies such as 
cell phone geo-location or GPS are respectively needed to this end. 
The penetration rate of the necessary technology was a big issue in 
the past. Nowadays, its availability is much larger, especially in those 
highways with big traffic volumes. However, it cannot be overlooked 
that measured travel times are obtained once vehicles have 
traversed the stretch. Therefore, they could be considered “obsolete” 
information for the next drivers entering it. On the other hand, 
travel times can also be obtained indirectly. That is, other traffic 
variables such as speeds, flows, etc., are measured and travel times 
are afterwards calculated from them. The most common source of 
data for this purpose are inductive loop detectors, which are present 
on most roads. In fact, travel time estimation relied almost 
exclusively on them for a long time. Usually, punctual 
measurements of speed are first averaged for predetermined time 
intervals. The obtained means are then extrapolated to the links 
between the measuring points (i.e., the points where the loops are 
located), and the result of these extrapolations is used to estimate 
the travel times in the links. Finally, link travel times are added up 
to obtain corridor travel times, i.e., travel times along several links. 
These methodologies have two baseline mistakes: i) the procedures 
used for the spatial generalization of the punctual mean speeds do 
not consider traffic dynamics and queue evolution, but are just 
mathematical interpolations and ii) even if the former approach 
were enhanced, space means and not time mean speeds should be 
used to calculate travel times, according to traffic flow theory. 
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Research has demonstrated that travel time estimations via spot
speed methodologies are only satisfactory when traffic is free 
flowing or the density of detectors high. As it is precisely in 
congestion when travel time information is more valuable, and 
taking into account that very high surveillance density is not 
available everywhere, the need for new more appropriate 
procedures is indisputable. In any case, either as a standalone 
system when no other data source exists, or as a complement to 
other procedures suitable for congestion, spot speed methods 
should rely on space mean speeds. 

Researchers have tried to overcome the disadvantages of 
individual (one source-based) procedures to estimate travel times by 
means of data fusion. Furthermore, technological progress has 
provided both new surveillance and more powerful computational 
capabilities from which highway travel time information systems 
can benefit. Nevertheless, the penetration rate of these novelties is 
uneven among networks and even among the links of each single 
network. Therefore, efforts must be focused not only on very 
ambitious schemes, but also on improving the simplest ones. 
Interesting initiatives of data fusion for travel time estimation exist 
and are reviewed in the present thesis. However, there was lack of a 
methodology that: i) did not provide past or instantaneous travel 
times, but (short-term)  travel time predictions and ii) were 
applicable both in current basic scenarios and in the (near) future 
cooperative driving environments, in which accuracy requirements 
will be much higher, but many more input data will be available. This 
dissertation introduces such a data fusion methodology, which 
couples new technologies with basic surveillance and the classic 
(and key) principles of traffic flow theory.
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Finally, it is necessary to draw attention to urban 
environments. Despite their importance, few cities have travel time 
information systems similar to those used in highways and freeways. 
Instead, most agencies deliver coarse estimates of travel time 
obtained via unreliable and too simplistic approaches. The lack of 
surveillance and the complexity of traffic in urban sites are usually 
behind these procedures (Mori et al., 2015). Although this doctoral 
thesis will refer to highways or freeways, i.e., to uninterrupted 
traffic, the algorithms proposed are applicable to urban 
environments. Defined at the link level, the algorithms could be 
easily extrapolated to urban or arterial roads with interrupted 
traffic. Proper modifications would be necessary depending on the 
available surveillance and on the characteristics of the site.

1.2. Thesis objectives
The central objective of the present doctoral thesis is to improve 
current highway travel time information systems, making them able 
to provide drivers entering a stretch with an accurate prediction of 
the time they will need to fulfill their particular trips. This objective 
involves two challenging tasks, which must be performed in real 
time: i) the precise estimation of current travel times and ii) the 
short-term prediction of the highway traffic state evolution.

Two additional goals join this central objective. On the one 
hand, the proposed methodology tries to make the most of all 
available data sources. That is, it takes advantage of the potential of 
the latest technologies that are being introduced both in vehicles and 
in the infrastructure, but without disregarding the valuable 
information that traditional surveillance, still much more common, 
provides. Therefore, no expenses specifically devoted to travel time 
estimation are needed, as the methodology adapts to the evolution 
of traffic surveillance. On the other hand, the method is derived with 
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a vocation of continuity in the sense that, although already 
applicable, it will also be valid and even more necessary in future 
cooperative environments. Moreover, the goodness of its results will 
increase in line with vehicles becoming more reliable providers of 
data.

However, it cannot be overlooked that, up to now, many roads 
worldwide exclusively depend on loop data. Consequently, travel 
times on them are still obtained by using spot speed methods. Even 
when this situation changes, it seems worth taking advantage of 
these widespread detectors and these well-known procedures. 
Therefore, a supplementary objective of this thesis is to enhance 
their outputs for those cases in which they are already acceptable, 
i.e. when no traffic transitions exist or, better, for free flowing 
situations. In this regard, an algorithm aimed at deriving space 
mean speeds, those truly related to travel times, instead of time 
mean speeds from inductive loop detectors is introduced. Based on 
statistics, neither other detectors nor modifications in the loops are 
necessary.

Finally, this dissertation includes an analysis and critical 
discussion of the revolution that the introduction of advanced 
technology is causing in the transportation sector, as it did the 
invention of the steam engine or the implementation of mass 
production in car factories. Vehicle automation, communication 
technologies, etc., are undoubtedly powerful tools that can help to 
avoid current traffic problems. However, this will only be possible if 
the application of each particular technology takes into account the 
fundamentals of traffic flow. Otherwise, it could result 
unhelpful or even detrimental. A kind of technology abduction, 
especially linked to autonomous vehicles, exists, and 
this dissertation tries to draw attention to the need for returning 
to the basic engineering principles in order to truly take 
advantage of the opportunities that technology can provide.
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Related to the former, it must be kept in mind that monitoring 
is one of the most important (if not the most) stages of any kind of 
traffic study. Only with enough, proper and accurate data will 
subsequent results be worthy. Data needs are related to the models 
and tools used to analyse and replicate traffic behavior. The more 
parameters and variables we work with, the more difficult it will be 
that all input data fulfill these three requisites. In this context, 
another side goal of this thesis arises. Current traffic research 
supported by detailed traffic simulation models, artificial 
intelligence, outstanding computational capabilities, etc., tends to 
be increasingly complex and data intensive. In spite of the visual 
appealing and the ambition of the intended results, not all of them 
reach the desired degree of accuracy. The most frequent reason is 
that these models consider a huge number of traffic descriptors that, 
often, cannot be measured on real roads. As Daganzo (1987) stated, 
“increasing model precision may reduce accuracy”. To avoid these 
issues, the target traffic phenomenon must be conceptualized at the 
beginning of each piece of research. That is, it must be simplified 
trying to characterize it with a small number of parameters. Once 
the needed variables have been defined, the necessary ad hoc 
monitoring system must be used or implemented. This standpoint 
has been maintained in the present doctoral thesis. All 
simplifications performed are detailed and justified in the 
corresponding sections. These simplifications have actually 
improved the performance of the proposed methodologies and 
support their implementation in very different scenarios.

1.3. Thesis outline
In essence, this thesis is divided into four main parts, each one
grouped in different chapters. The relationships between the 
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chapters and their main content are schematically outlined in Figure
1.1.
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The first part of the dissertation is aimed at introducing it and 
its main objectives, issues addressed in the present Chapter 1. 
Additionally, Chapters 2 and 3 constitute a detailed report of the 
concepts, theories and tools that are used in the following Chapters 
4 and 5. More in particular, Chapter 2 clarifies the different 
equipment and procedures that are being used for traffic monitoring 
and reconstruction, whereas Chapter 3 introduces the key variable 
of this dissertation: the travel time. Its significance for traffic 
management, the different definitions that exist under its general 
concept, how these definitions are linked to the way (and 
equipment) in which they are obtained, etc., are analysed. 

Part II, which is divided into two chapters, contains the main 
contributions of this thesis and constitutes its more novel part. Both 
Chapter 4 and 5 focus on highway travel time information systems. 
Chapter 4 introduces a methodology to improve the simplest current 
procedure for travel time estimation, which uses punctual 
measurements of speed registered on double-loop detectors. Spot 
speed methods are commonly used with one important initial error: 
the use of time mean speeds, while average travel times result from 
the integration of space mean speeds. The proposed methodology is 
able to derive space means from the time means provided by loop 
detectors without the need for extra data sources. Next, Chapter 5 
addresses the most challenging and promising part of this thesis. It 
introduces a data fusion algorithm that is able to predict travel times 
in real time. This algorithm combines data obtained from loop 
detectors with a comparatively small amount of direct 
measurements of travel time to make the predictions. It proposes 
fusing eulerian and lagrangian data.  Especially these last ones are 
becoming increasingly available in line with vehicle automation. 
Therefore, the suitability of the methodology both today and in 
future mixed (i.e., with traditional and intelligent vehicles sharing 
roads) and cooperative environments is guaranteed. Both Chapter 4 
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and 5 include an ad hoc experimental study that demonstrates the 
good performing of the proposed methodologies with real data.

The third part of this thesis looks into the future of personal 
mobility. First, Chapter 6 provides an overall view of autonomous 
vehicles and cooperative driving. On the one hand, it explains the 
different levels of vehicle automation and the basic architecture of 
self-driving vehicles. On the other hand, it describes other 
components, needs and fundamentals of the envisaged future 
connected driving environments. The awaited dates for the arrival 
of these new scenarios as well as their expected impacts on topics as 
different as traffic management, travel demand, safety, the 
environment, the economy, etc. are also addressed. Additionally, the 
importance of going forward keeping a comprehensive point of view, 
according to which technology is as important as, for example, 
people´s acceptability or agreed-upon ethical guidelines, is 
remarked. A specific section of this chapter is devoted to describe 
the expected influence of intelligent vehicles on travel time 
information systems. Second, Chapter 7 completes the present 
thesis keeping in mind the need for a sustainable mobility (i.e. 
efficient, safe, inclusive and environmentally-friendly). This chapter 
highlights the significance of traffic flow fundamentals and traffic 
engineering principles over technological gadgets and big data. It 
presents some examples in which the simplistic and random 
application of a technology led to undesirable results, and also 
explains how theory could have avoided defeat. It also warns against 
some transportation solutions that are being publicized as the 
panacea and which, at least in their current form, could result 
unsatisfactory or even detrimental.

Finally, the most important conclusions drawn from all 
research performed are highlighted in Chapter 8 of Part IV.
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This chapter also outlines possible lines of future research. Next, all 
consulted references are included in Chapter 9.

1.4. Thesis main contributions
1.4.1. Scientific contributions

The main contributions of this thesis are:

A novel data fusion methodology for the accurate short-term 
prediction of highway/freeway travel times in real time.

It consists in fusing the information provided by input – output 
cumulative diagrams obtained from loop detectors with direct 
measurements of travel times obtained from either automatic 
vehicle identification (AVI) or tracking technologies. This fusion 
allows exploiting the accuracy of the direct measurements to correct 
the count drift in loop detectors. Then, corrected input – output 
curves can be used to obtain reliable and robust short-term 
predictions of travel time from vehicles' accumulation. This 
methodology fills an existing gap regarding travel time information 
systems. Previously developed methodologies are either simple and 
applicable but inaccurate, or precise but too complex so as to work 
in real time, unless unaffordable or at least non-generalizable ad hoc 
investments are made. The present method can be immediately 
applied in most highways/freeways, and will benefit from future 
connected driving scenarios. Additionally, as it is defined at the link 
level, it could also be applied to urban scenarios after performing 
some modifications.
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A statistical method that allows obtaining space mean 
speeds from the usual aggregated data provided by loop 
detectors and that, consequently, improves travel time 
estimations provided by spot speed methods.

Despite spot speed-based methods have well-known 
limitations, they continue to be used by many traffic agencies. 
Therefore, any improvement is worthy. From these methods, travel 
times in a link are today obtained from the spatial generalization of 
punctual time mean speeds, as they are directly provided by the loop 
system. The proposed methodology uses exclusively loop data to 
calculate, in each time interval of aggregation, the variance of the 
speed with regard to the time mean. This variance relates the time 
mean speed with the space mean speed, being the later the one truly 
related to the travel time.

A comprehensive analysis of the varied impacts of the 
introduction of autonomous/connected vehicles in traffic 
streams, including those affecting travel time information 
systems. For this purpose, the architecture of both self-driving 
vehicles and cooperative driving scenarios is previously 
described in detail.

On the basis of an exhaustive literature review and in situ visits 
to top research centres on the topic, the current state-of-the-practice 
on the subject, and contrasted expectations about the date when 
cooperative environments will be a reality are presented. The 
opportunities that these scenarios will represent as well as the 
challenges to overcome regarding fields as different as mobility, 
economy, law or ethics are also detailed.

A critical assessment of the consequences of a simplistic and 
random introduction of technology in the field of personal 
mobility.
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Some particular examples of an inadequate use of technology 
in this field are elaborately analysed, and well-founded ideas for 
improvement are provided. Additionally, ongoing projects on 
futuristic modes of transportation with a high technological 
component are evaluated. The attention is drawn to the need for 
applying traffic engineering principles when introducing any 
technology in a key field for society. 

1.4.2. Publications and other outcomes from this 
thesis

From the point of view of research dissemination activities, the 
following contributions directly related to this thesis can be 
highlighted:

Journal papers 

Martínez-Díaz, M., F. Soriguera and I. Pérez (2018). 
Autonomous driving: A bird´s eye view. IET Intelligent 
Transport Systems. Accepted. 

Martínez-Díaz, M. and F. Soriguera (2018). Introduction of 
autonomous vehicles in traffic flow: theoretical and practical 
challenges. Transportation Research Procedia. Accepted. 

Soriguera, F. and M. Martínez-Díaz (2018). Freeway travel 
time predictions: fusing vehicle counts with new monitoring 
technologies. In review in Transportation Research Part B: 
Methodological.

Martínez-Díaz, M., F. Soriguera and I. Pérez (2018). 
Technology: A necessary but not sufficient condition in future 
personal mobility. In review in Sustainability.
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 Soriguera, F., M. Martínez-Díaz, and I. Pérez (2016). 
Highway travel time information systems based on cumulative 
count curves and new tracking technologies. Transportation 
Research Procedia, 18, 44-50.

Martínez-Díaz, M. and I. Pérez (2015). A simple algorithm 
for the estimation of road traffic space mean speeds from data 
available to most management centres. Transportation 
Research Part B: Methodological, 75, 9-35. 
https://doi.org/10.1016/j.trb.2015.02.003

Competitive projects 

Title: Project COOP - Cooperative freeway driving strategies 
in a mixed environment with driverless and traditional vehicles 

Reference: TRA2016-79019-R 
Financing: Ministerio de Economía y Competitividad. 
Dirección General de Investigación Científica y Técnica. 
Subdirección General de Proyectos de Investigación. 
Call: Programa Estatal de I+D+i Orientada a los Retos de la 
Sociedad, 2016 
Applicant institution: Universitat Politècnica de Catalunya, 
UPC-BarcelonaTech.
Main researchers: Dr. Francesc Soriguera and Cat. Emer. 
Jaume Barceló  
Duration: 3 years (2017-2019) 
Grant: 117.000 €.
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Presentations in congresses with their corresponding published 
proceedings

Martínez-Díaz, M. and F. Soriguera (2018). Introduction of 
autonomous vehicles in traffic flow: theoretical and practical 
challenges. XIII Congreso de Ingeniería del Transporte, CIT 
2018, 6-8 Junio 2018, Gijón, España.

 Martínez-Díaz, M. (2017). Predicción de tiempos de viaje en 
autopista mediante la fusión de datos proporcionados por 
detectores de lazo con los suministrados por nuevas tecnologías 
de seguimiento. II Campus-FIT para Jóvenes Investigadores, 
FIT 2017, 30-31 Mayo 2017, Madrid, España.

Soriguera, F., M. Martínez-Díaz and I. Pérez (2016). 
Highway travel time information systems based on cumulative 
count curves and new tracking technologies. XII Congreso de 
Ingeniería del Transporte, CIT 2016, 7-9 Junio 2016, Valencia, 
España.

Martínez-Díaz, M. and I. Pérez (2016). An algorithm for the 
estimation of road traffic space mean speeds from double loop 
detector data. XII Congreso de Ingeniería del Transporte, CIT 
2016, 7-9 Junio 2016, Valencia, España.

Seminars and workshops

Martínez-Díaz, M. (2017). Project COOP - Cooperative 
freeway driving strategies in a mixed environment –
driverless and traditional vehicles. Workshop at the 
Eidgenössische Technische Hochschule (ETH) Zürich, Zürich, 
Switzerland.
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 Martínez-Díaz, M. (2017). Projekt COOP - Kooperatives 
Fahren auf der Autobahn: Verkehrsmanagement-strategien 
für ein gemischtes System mit traditionellen und autonomen 
Fahrzeugen. Seminar at the Niedersächsisches 
Forschungszentrum für Fahrzeug-technik (Technische 
Universität Braunschweig), Braunschweig, Germany.

 Martínez-Díaz, M. (2017). Projekt COOP - Kooperatives 
Fahren auf der Autobahn: Verkehrsmanagement-strategien 
für ein gemischtes System mit traditionellen und autonomen 
Fahrzeugen. Seminar at the Hochschule Magdeburg-Stendal, 
Magdeburg, Germany.

Martínez-Díaz, M. (2017). Estado del arte en la conducción 
cooperativa por autopista: un tour por Alemania. Seminar at 
the Universitat Politècnica de Catalunya, UPC-BarcelonaTech, 
Barcelona, Spain.

Martínez-Díaz, M. and M. Sala (2017). Project COOP -
Cooperative freeway driving strategies in a mixed environment 
– driverless and traditional vehicles. Poster presented and
explained at the Symposium Urban Mobility Challenges: 
MaaS, Universitat Politècnica de Catalunya, UPC-
BarcelonaTech, Barcelona, Spain.

Awards

Campus-FIT 2017 awards for novel researchers. Secondary 
award for the piece of research: “Predicción de tiempos de viaje 
en autopista mediante la fusión de datos proporcionados por 
detectores de lazo con los suministrados por nuevas tecnologías 
de seguimiento”. Foro de Ingeniería del Transporte (FIT),
Madrid.
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Other dissemination activities

Additionally, the author of this thesis has been invited to teach an 
annual optional subject in a German university of applied sciences 
in which, among other things, she introduces the students the most 
elementary part of this research and explains them the related 
fundamentals of traffic analysis:

Optional subject: "Einführung in die Straßenverkehrs-
technik." For Undergraduate and Master Students of Civil 
Engineering. At the Hochschule Magdeburg-Stendal, 
Magdeburg, Germany. 2015-present.
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Chapter 2

Traffic monitoring and 
reconstruction

2.1. Introduction
The need for traffic data collection grew in parallel to the widespread 
adoption of the automobile, and the subsequent development of the 
road network. At the beginning, the goal was the measurement of 
traffic volumes aimed at planning. Manual (and visual) counts were 
the most usual monitoring procedure in those years. The mass 
production of the Ford Model T on a moving assembly line, initiated 
by the Ford Motor Company in 1913, constituted a great leap forward 
for the automobile industry and for society. Mass production 
allowed companies to lower their selling prices, making thus 
vehicles affordable for a broader sector of the population. 
Particularly, Ford had already produced over 15,000,000 Model T 
automobiles by 1927 (Banham, 2002). With more and more vehicles 
on the roads, the need for i) the control of the level of service on the 
existing roads and ii) a more rigorous network planning process, 
arose. Counts, although necessary, became insufficient to meet the 
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requirements of these purposes. Among others, average speeds 
turned out to be indispensable too (Highway Research Board, 1950). 

Additionally, manual data collection led either to inaccuracies 
or to huge staff costs. The support of technology was seen as 
essential. The first known deployment of a vehicle detection device 
was that of a semi-actuated signal. Installed in 1928 at an 
intersection in Baltimore, drivers were required to honk in order to 
activate the detector, which consisted of a microphone mounted in 
a small box on a nearby utility pole. The right-of-way was then 
assigned according to the information collected by this sensor. 
Although useful, it was too rudimentary so as to be sustained for a 
long time. On the contrary, a treadle-type detector proved at the 
same time became a common means for vehicle detection at 
actuated signals over some years. It was a pressure-sensitive 
pavement detector with two metal plates that acted as electrical 
contacts and were forced together by the weight of the passing 
vehicles (Institute of Transportation Engineers, 1991). The next 
monitoring gadget introduced was an electro-pneumatic detector. 
Although it also became a popular method of vehicle monitoring for 
some years, the fact that it was only able to detect passage did not 
compensate its high installation costs.

Despite being the best available option, and accepting that 
weight is the most easily detectable and quantifiable property of 
vehicles, the treadle-detector also suffered from frequent 
inconveniences. First, there were mechanical problems with the 
contact-plate sensor. Second, rock falls or snow plows, for example, 
usually lifted the plate from the roadway. Additionally, the whole 
detector had to be reinstalled after any kind of pavement repair. 
From then on, efforts were focused on the development of detectors 
that measured more subtle properties, like the following ones 
(FHWA, 2006):
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Sound

Opacity (optical and infrared sensors and video image 
processors).

Geomagnetism (magnetic sensors, magnetometers).

Reflection of transmitted energy (infrared laser radar,
ultrasonic sensors and microwave radar sensors).

Electromagnetic induction (inductive loop detectors).

Vibration (triboelectric, seismic and inertia-switch sensors).

All these properties and the related sensors are currently used. 
Moreover, inductive loops, introduced as a vehicle detection system 
in the early 1960s, are still the most widespread source of traffic 
data. Most of the aforementioned sensors have evolved with time 
and, in fact, this evolution continues. Think for example of new loops 
capable of (re)identifying vehicles. However, the complexity of 
current traffic scenarios, which is expected to increase in line with 
vehicle automation, as well as the subsequent intricacy of actual 
traffic management strategies, do not only demand sensing devices. 
In fact, the impressive development of computing and 
communication technologies in the last years, which continues, 
resulted decisive. They brought about the possibility of collecting, 
processing and delivering data in real time. That is, they made 
possible the birth of the so-called “Intelligent Transportation 
Systems” (ITS). 

Although this concept has gained impact since the end of the 
1990s, the idea of taking advantage of the new communication and 
computational capabilities for road transportation is older. 
According to the American Transportation Research Board 
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(Weiland and Purser, 2000), it was already in the early 1980s when 
a small group of Japanese transportation professionals came up with 
it. They later called their idea “the Japanese Intelligent Vehicle 
System (IVS) Programme”. Siemens was also doing some pioneering 
work on route guidance systems in Berlin in the 1980s. In those 
years, the Europeans referred to these initiatives as “Road Transport 
Informatics” and later, with information and communication 
playing an increasingly important role, as “Advanced Transport 
Telematics” (ATTL). The United States addressed these topics in the 
late 1980s, at first referring to them as “Intelligent Vehicle Highway 
Systems” (IVHS). Afterwards, the designation “ITS” was chosen, 
giving recognition to the wider application of technology not only to 
private vehicles and highways, but also to public transport and 
general roads. This name has finally been adopted by the majority of 
transport organizations and stakeholders (Andersen and Sutcliffe, 
2000). 

As said, ITS do not only consist of surveillance. They could be 
defined as comprehensive and complex systems that combine 
sensors, high-level technology, communications, controllers and 
advanced mathematical and/or computer science approaches, with 
the goal of managing traffic in a sustainable way (Sussman, 2005). 
All of them can be integrated in different manners. However, the 
basic architecture of ITS is shown in Figure 2.1. First, the physical 
layer is that composed of all elements of the transportation system, 
including the surveillance. At first, sensors were exclusively 
deployed in the infrastructure. Currently, those carried by users 
(smartphones, tablets, etc.) and that located on-board enrich 
databases enormously. Particularly the last ones are becoming 
increasingly important in parallel to vehicle automation. Second, the 
communications layer makes possible the interchange of data or 
information between all involved agents. I2X makes reference to 
“Infrastructure-to-All” communications, V2X to “Vehicle-to-All” 
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communications and P2X to “Person-to-All” communications 
(where “person” stands for drivers, passengers, pedestrians, bikers, 
etc.).

Figure 2.1. Basic architecture of current intelligent transportation 
systems (ITS).

For its part, the operations layer is that of traffic management 
systems. That is, at this level the collected data are processed and the 
subsequent information is distributed. Although the general 
term “Advanced Traffic Management Systems” is often used, they 
are also grouped in different ways. For example, the following 
classification is usual:

Advanced Transport Management Systems (ATMS).

Advanced Traveller Information Systems (ATIS).

Advanced Vehicle Control Systems (AVCS).

With this classification, ATMS include strategies aimed at 
optimizing the available capacity or at managing the demand, 

PHYSICAL LAYER
•surveillance

•infrastructure
•vehicles
•people

COMMUNICATIONS 
LAYER

•I2X
•V2X
•P2X

OPERATION LAYER
•ATMS
•ATIS
•AVCS

SERVICE LAYER

ITS
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excluding those that involve providing users with information. 
These ones, which deliver for example travel times or incident 
warnings, constitute ATIS. Finally, AVCS directly communicate 
management strategies or information to vehicles, and not to 
drivers. AVCS have meaningfully progressed in the last years and 
their significance will grow when autonomous vehicles hit the road 
(Shladover, 1990). When referring to these three groups, the 
adjective “advanced” is usually substituted by “active”. I.e. all these 
systems collect and process data in real time and, consequently, 
suggest or order any kind of behaviour (or simply inform users), also 
in real time. This difference with regard to traditional traffic 
management or information systems (often called “passive”), which
work based on statistics or average past data, is their most important 
feature and the key for their effectiveness. Decisions are taken on the 
basis of the current traffic state. The smaller the updating time 
interval of the variables, the better the obtained results, as long as a 
minimum data sample is available for each iteration. Finally, the 
service layer refers to the area where all services are deployed and 
run, and/or to the public or private responsible operator (Lin et al., 
2017).

The preceding paragraphs remark that ITS are much more 
than just sensors. The latest developments of the rest of the 
components are addressed in Chapter 6, in the context of the 
introduction of intelligent vehicles in the traffic streams. However, 
the present chapter is especially devoted to traffic monitoring, i.e., 
to the sensing system. The reflections of Palen (1997) help to explain 
why they deserve such attention: “An Intelligent Transportation 
System, by definition, involves the use of intelligence to enhance the 
operation of the transportation system. Intelligence, by definition, 
requires information. Information, by definition, is data 
formulated in a formation. Data are generated by surveillance. 
Therefore, surveillance forms the basis for the formation of
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information for an ITS. You can’t have a usable ITS without 
surveillance”. These considerations are valid nowadays and will also 
be applicable to future cooperative driving environments. Traffic 
data collection (and standardization) is the first and usually more 
important step in any kind of traffic management strategy, as it is 
for research and development in the field (Barceló and Kuwahara, 
2010).

2.2. Eulerian sensing vs lagrangian 
sensing
As explained, the amount of different parameters needed to 
reconstruct traffic states and, thus, to derive proper management 
strategies, grows in parallel to the complexity of driving scenarios. 
Therefore, the number and variety of required sensors also increase, 
and so do the expectations about their capabilities and accuracy. As 
it is expounded in Chapter 6, the role of the sensing system in 
future cooperative scenarios, when vehicles will monitor 
the environment themselves, will even be more crucial than 
today. If this monitoring task is correctly performed, the first 
step to lower the accident rate would be taken, as the human 
factor and its associated errors would disappear. On the 
contrary, erroneous and/or insufficient data delivered in a 
cooperative environment could have terrible consequences.

Starting with current scenarios, the most important 
parameters that sensors collect are counts, speeds, occupancy, size 
(length and/or weight), location and emissions. Particular sensors 
are aimed at measuring one or some of them. The way how these 
sensors perform must also be considered as, consequently, the 
obtained measurement can have different and important nuances 
(see the cases of speeds and travel times, respectively addressed in 
Chapters 4 and 5). Many different classifications of these 
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measurements (and consequently of their sources) are possible, but 
none fits this thesis as good as the one that divides them into 
eulerian or lagrangian measurements. As on other occasions, 
mechanics (fluid flow theory) is in the origin of these concepts 
(Lamb, 1895), which have later been applied to traffic. Eulerian data 
are provided by static traffic sensors, which measure variables 
through an immovable control volume. I.e., a fixed coordinate 
system is used. On the contrary, lagrangian sensors collect data 
along the trajectory of a particle (a vehicle). I.e., the coordinate 
system they use moves with this particle. Table 2.1 includes the most 
widespread sensors of each type and the variables they measure, 
which are next addressed. Experience demonstrates that a strategic 
combination of several from both types of sensors, and the 
implementation of ad hoc data fusion procedures, yield the best 
results. Future cooperative automated environments are called to 
rely on these comprehensive schemes.

2.2.1. Eulerian sensors in traffic monitoring

Inductive loop detectors, toll tickets, traditional cameras and 
Automatic Vehicle Identification Technologies (AVI) are examples 
of eulerian sensors. Currently, toll tickets are seldom used alone for 
research purposes, as the number of vehicles equipped with 
electronic toll collection systems (ETC) increases over time. 
Nevertheless, they can be profitable in a data fusion scheme (see 
Section 3.2.3 in Chapter 3). For their part, traditional cameras are 
part of the basic control equipment of traffic management centres. 
However, their current role is often limited to incident detection. 
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TYPE NAME KEY MEASURE-
MENTS NOTES

E
U

L
E

R
IA

N

Induction 
loop 

detectors

Simple Counts (flow),  
occupancy

Trap 
(double 
loops)

Counts (flow) ,  
occupancy, spot 
speeds, vehicle 
length

Spot 
measurements 
are usually 
averaged over a 
determined time 
interval.

(Re)identification of toll 
tickets

Counts (flow), 
speeds, travel times

In closed 
turnpikes.

Video cameras
Counts (flow), 
speeds, density, 
lane changes

Mostly human 
analysis and 
poor accuracy.
Seldom for 
reidentification. 

Automated 
Vehicle 

Identification
Technologies

(AVI)

Bluetooth 
or WIFI-

signal 
detectors

Counts (flow), 
speeds, travel times

Either on-board 
Bluetooth/WIFI 
or that of 
passengers’
smartphones.

ALPR 
(Automatic 

License 
Plate Video 
Recognit.)

Counts (flow), 
speeds, travel 
times, vehicle 
classification, lane 
changes

Also known as 
ANPR or OCR.

(Toll) Tag 
(re)identific

ation

Counts (flow), 
speeds, travel times

With varied 
systems, either 
with closed or 
open toll 
configurations.

(Re)identi-
fication by 
means of 
special 
loops

Counts (flow), 
speeds, travel times

Reidentification 
by comparing 
vehicle’s
electromagnetic 
signature or 
vehicle’s length 
at two different 
loops.

a)
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b)

Table 2.1. Examples of a) eulerian and b) lagrangian sensors, and the 
most usual data they collect.

More advanced vision techniques included in the AVI group 
are used to automatically collect other kinds of data. In fact, 
inductive loop detectors and AVI technologies are the most worthy 
eulerian sensors nowadays. 

TYPE NAME KEY MEASURE-
MENTS NOTES

L
A

G
R

A
N

G
IA

N

GPS tracking
Trajectories, from 
which all kind of 
data can be derived

Either on-board 
GPS or that of 
smartphones 
that travel in the 
vehicle.

Cell phone signal geo-
location

Trajectories, from 
which all kind of 
data can be derived

Raw
measurements 
have poor 
accuracy.

Radio Frequency 
Identification

(RFID)

Trajectories, from 
which all kind of 
data can be derived

Chips can be 
controlled at 
fixed points, i.e., 
they can be used 
as eulerian. 

Probe vehicles and dynamic 
floating vehicles

Counts, speeds, 
braking forces, lane 
changes, travel 
times, weather 
conditions, 
trajectories

Ad hoc probe 
vehicles can 
carry different 
sensors and thus 
collect varied 
data, depending 
on the objective 
sought.

Unmanned aerial vehicles 
(drones)

Trajectories, from 
which all kind of 
data can be derived

Promising. 
Unknown 
reliability as of 
today.
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2.2.1.1. Inductive loop detectors

As explained, traditional inductive loop detectors are the main 
source of traffic data thus far, and they are expected to be present in 
future more technological driving environments. Therefore, they 
play an important role in this thesis and their functioning is more 
deeply addressed.

Single inductive loops consist of an electrically conducting wire 
loop installed under the pavement of a particular lane, and an 
electronic unit that transmits energy to it. The pass of a metallic 
object (e.g. a vehicle) over the loop induces eddy currents in the wire, 
and inductance thus decreases. This decline activates the electronic 
unit, which sends a pulse to the traffic signal controller. In this way, 
the vehicle is counted. Additionally, as the sensor remains activated 
until the vehicle leaves the detection zone, occupancy can also be 
calculated. Finally, it is possible to derive vehicle spot speeds, 
usually by considering an average constant vehicle length. However, 
this assumption leads to inaccuracies.

Researchers tried to overcome this problem by the 
modification the loop detector controller (Coifman, 2001; Coifman 
et al., 2003; Hellinga, 2002; Lin et al., 2004, etc.). In spite of the 
promising results, such adjustments would be tedious and expensive 
in practice. On the contrary, vehicle spot speeds can easily be 
obtained when loops are placed in pairs. Considering this fact, the 
deployment of double-loop detectors (also called dual-loop 
detectors or speed traps) has been generalized. 

Figure 2.2 represents one of these traps and some important 
parameters that can be measured with them (Soriguera, 2016). 
Important features can be seen in Figure 2.2. For example, the 
difference between the detection zone of each loop, dL, and the 
distance between equivalent points of each loop of the trap, dT. 
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This difference reaches 1.5 m with the usual configurations, 
where dT =3.5 m and dL=2 m, and is sometimes overlooked when 
obtaining subsequent data, which leads to inaccurate results. The
four basic measurements that double loops provide are also 
represented:

The instant when a vehicle activates the trap, i.e., when it 
enters the detection zone.

The time between the activations of each loop of the pair due 
to the passage of a vehicle i (tti).

The time the first loop has remained off since the preceding 
vehicle i-1 left its detection zone (toff(i)).

The time the first loop remains on because of the passage of 
vehicle i (ton(i)).

The most basic microscopic variables can be obtained from the 
former measurements (Equations 2.1 to 2.4):= (2.1)

= ( ) + ( ) (2.2)

= (2.3)= ( ) (2.4)

where stands for the punctual speed of vehicle i, hi for its 
headway regarding vehicle i-1, si for its spacing also with regard to 
the preceding vehicle, and li for its length. Then, the averaged 
macroscopic characteristics of the traffic stream, compliant with 
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Edie’s (1965) generalized definitions for any region with
length*time dimensions, can also be obtained (Equations 2.5 to 2.7, 
where the formulae just after the first equal sign corresponds to 
Edie’s definitions). When working with loops, this area is dL* is
the time interval of aggregation for the averages, during which n
activations of the loop took place.

(2.5)

(2.6)

(2.7)

where xi is the distance travelled by vehicle i in and ti the time 
this vehicle spent in the region. It can be observed that, with these 
definitions, the so-called fundamental equation of traffic flow 
(Equation 2.8) holds: 

      (2.8)

Despite this potential, double loops’ controllers do not usually 
estimate these macroscopic variables. In addition, individual data 
are not stored. Traditionally, the following variables are calculated 
and sent to the traffic management centre each 

n, the traffic count during .

The time mean speed  (Equation 2.9). 

(2.9)
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The time the first loop remained on during  (Equation 
2.10), i.e., the occupancy (occ).

(2.10)

The average across time of vehicles’ lengths (Equation
2.11).

(2.11)

Depending on the standards, more data can be available. A 
deeper analysis of these aspects and some related issues is 
performed in Chapter 4, which also tries to mend a baseline mistake 
of current procedures. Before, Chapter 3 addresses how 
instantaneous travel times are being estimated from data provided 
by loop detectors. Additionally, Chapter 5 includes loop data in a 
fusion algorithm aimed at obtaining travel time predictions.

2.2.1.2. Automatic Vehicle Identification Systems 

The fact that loop detectors are eulerian is obvious, as they are 
located at fixed points of the road. Moreover, they provide punctual 
(also called “spot”) measurements. The case of Automatic Vehicle 
Identification Technologies could at first be confusing. AVI 
detectors identify individual vehicles at control points by means of 
the number of their license plate (ANPR or ALPR) (Figure 2.3), their 
Bluetooth signature, their electromagnetic footprint, an on-board 
electronic toll collection system, etc. As it will be elaborated in 
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Chapter 3, they are increasingly used to collect direct measurements 
of travel time. To this end, the same vehicle must be identified at two 
different points, which is called reidentification, pairing or 
matching. This fact could lead to think that AVI technologies are 
lagrangian, as the travel time has a space-time component that 
depends on vehicles’ trajectories. However, the key is that they use 
fixed points as references (the points where the detectors are 
located, i.e., the control points) and do not literally track vehicles. 
Therefore, all AVI technologies belong to the eulerian group.

Figure 2.3. Example of an OCR license plate recognition system 
(image available in the website of National Instruments Corporation).

Although they can provide counts at a fixed point (like loops 
do), the interest of AVI techniques precisely lies in their ability to 
distinguish vehicles and, thus, to provide their individual travel 
times and average speeds between control points. Despite not being
able to provide the most useful information, i.e., predictions, they 
can feed highway travel time information systems. Additionally, 
individual vehicle identifications are very useful, for example, for the 
construction of origin-destination matrices, a key input for 
simulation models that is usually not easy to obtain (Barceló et al., 
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2010; Barceló et al., 2013). Some issues regarding accuracy rates, 
sample sizes, detectors’ localization and the fact that travel times can 
only be measured over delimited sections, among others, still 
represent challenges to overcome. Chapter 3 and Chapter 5 expound 
on these topics.

2.2.2. Lagrangian sensors in traffic monitoring

In comparison to the eulerian, lagrangian sensors are being applied 
to traffic control and management for a short time now. However, 
they arouse an increasing interest, and the reason is twofold. On the 
one hand, the majority of them involve meaningful savings in 
installation and maintenance costs when compared to eulerian 
sensors, since they mostly work upon already established 
infrastructures and private devices. On the other hand, lagrangian 
sensors track vehicles. They can therefore provide individual 
trajectories and, thus, all important information (e.g. travel times, 
speeds, flows, densities, the location of bottlenecks, the formation or 
dissipation of shockwaves). However, several issues still remain. 
Some of them affect only particular technologies. On the contrary, 
others like user concern about privacy are common. Next sections 
address the particular functioning and applications of on-board 
Global Positioning System (GPS) devices, mobile phones or Radio 
Frequency Identification (RFID) transponders, which are nowadays 
the most used detectors of this group. Some considerations about 
probe and/or floating vehicles and unmanned aerial vehicles are 
also included.

2.2.2.1. Global Positioning System

GPS receivers are part of new vehicles’ equipment. Additionally, the 
use of extern GPS navigation devices that can be placed inside 
traditional vehicles has become common since the beginning of the 
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century. Different private companies like Tomtom, Garmin, Mitac, 
etc. offer varied products aimed at guiding drivers on their routes.  
Some of these companies have already realized the value that traffic 
data have, and started to collect them for commercial and/or 
research purposes (e.g. Tomtom, Inrix). In addition, the fact that 
smartphones include a GPS receiver, definitively boosted both GPS 
navigation support and the collection of GPS data for traffic 
management.

GPS is a satellite-based radionavigation system owned by the 
government of the United States (US), and operated by the US Air 
Force. Other countries like Russia, China, Japan and, also, the 
European Union, have their own satellite-based positioning system, 
but none of them is as accurate as the American one so far. 
Therefore, it has been worldwide adopted. The GPS navigation is 
based on two different components: GPS receivers and dozens of 
satellites and ground stations. GPS receivers are the above 
mentioned on-board devices, mobile phones, tablets, etc. They all 
have a GPS chipset with a powerful processor. This processor makes 
all calculations and is also responsible for the user interface, etc. 
Regarding the satellites, the first one was launched by the US 
Government in 1978, and the last one for the moment, the 32th, in 
2016 (GPS.gov, 2018). At any given time, there are at least 24 active 
satellites orbiting over 12,000 miles above the Earth, and the rest 
are occasionally activated to improve accuracy by the provision of 
redundant measurements. The positions of the satellites are not 
coincidental, but they are thought to properly cover the Earth’s 
surface (Figure 2.4). All satellites contain an extremely accurate 
atomic clock. Among other pieces of data, a GPS module receives (by 
radio frequency) a timestamp from each of the visible satellites, 
along with data on where each one is located in the sky. From this 
information, the processor is able to calculate its distance to each 
satellite in view. If the receiver’s antenna can see at least 4 satellites, 
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it can accurately calculate its position and time. This procedure is 
called a lock or a fix (Doberstein, 2011).

Figure 2.4. 32 GPS satellites (from The COMET Program, 2016).

For traffic management, the updating time interval of the 
system (i.e. how often the receiver calculates and reports its 
position) is very important. Once per second is the standard today, 
but chipsets that provide 10 updates per second are also available. 
Many variables have influence on the final accuracy. Signal noise, 
bad satellite positions regarding that of the receiver, bad weather, 
insufficient light and obstructions (tunnels, buildings, mountains, 
etc.) provoke errors in the perceived location. Different GPS 
assistants have been developed to support GPS in these situations 
(e.g. Inertial Measurement Units. See Chapter 6). As in other cases, 
data fusion results beneficial.

2.2.2.2. Mobile phones

First of all, there is a need for a clarification: the term mobile phone 
refers to either cell phones or to smartphones. On the contrary, these 
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last terms are not interchangeable. Any smartphone is a cell phone 
with advanced features, but not all cell phones are smart. Basic cell 
phones connect to a wireless communications network through 
radio waves or satellite transmissions. Most of them provide voice 
communications, Short Message Service (SMS) and Multimedia 
Message Service (MMS). The newest may also provide Internet 
services such as web browsing, instant messaging capabilities and e-
mail. Smartphones are able to do many more things, depending on 
their own capabilities and on their operating system. They integrate 
cell phone functions with others typical of handheld computers or 
Personal Digital Assistants (PDAs). Smartphones additionally allow 
users, for example, to store information, make photos, install games 
and programs, etc.

A significant amount of contemporary research studies relies 
on cell phone or, above all, on smartphone data for traffic 
monitoring and management. This current focus on smartphones is 
linked to their penetration rate in society, which increases 
significantly throughout the world, but within the senior population 
(Berenguer et al., 2017). Smartphones could also be part of an AVI 
scheme (i.e. eulerian) as they are able, for example, to transmit 
Bluetooth signals that can be (re)identified at fixed points of the 
infrastructure. However, their potential as tracking devices is more 
valuable. Additionally, their use for traffic monitoring avoids extra 
installation and maintenance costs, since it implies working upon 
already established infrastructures (for example, the cell network) 
and (usually) private devices.

Focusing on their tracking capabilities, Table 2.2 groups some 
smartphone-based studies depending on the particular 
methodology used. Broadly speaking, two main different procedures 
based on dedicated mobile phones can be found in the literature: 
GPS-based techniques and network-based or cellular signal-based 
techniques.
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METHOD FUNDAMENTALS 
RESEARCH

EXAMPLES
PROS AND CONS 

G
P

S
-B

A
S
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E

C
H

N
IQ

U
E

S
 

The mobile phones’ 
built-in GPS sensor is 
used to accurately 
localize them. 

Yon et al., 2008 

Herrera & Bayen, 

2010

Tao et al., 2012 

Herrera et al., 2010  

Paek et al., 2010 

Ge & Fukuda, 2016 

Sanaullah et al., 2016 

Woodard et al., 2017 

PROS: 
The most accurate 
localization.
No modification nor 
disturb in phone 
networks.  

CONS:
GPS are power hungry. 
Unreliable performance 
in urban environments. 

N
E

T
W

O
R

K
-B

A
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E
D
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E
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H

N
IQ

U
E

S 

P
A

S
S

IV
E

 
C

O
M

M
.

Cell handovers and 
dwell times (i.e. cellular 
signal) are monitored 
to estimate each 
phone’s location. 

Hansapalangkul et 

al., 2007 

Janecek et al., 2012 

PROS: 
Light modifications in 
phone networks. 
No network overload. 

CONS:
Less accuracy in 
phones’ location. 

A
C

T
IV

E
 C

O
M

M
. The same techniques as 

with passive 
communications. The 
number of calls and 
anonymous call data 
have also been used for 
different purposes. 

Ygnace et al., 2001 

Caceres et al., 2012 

PROS: 
Bigger dataset: location 
accuracy better than 
with passive comm. 

CONS:
Need for investments in 
the network to deal 
with greater 
communication loads. 

O
T

H
E

R

T
E

C
H

N
IQ

U
E

S
 

Those based on other 
built-in sensors like the 
accelerometer, or on 
the Bluetooth or WIFI 
signals.

Hansapalangkul et 

al., 2007 

Lv et al.; 2015 

PROS: 

Varied. For example 
energy efficiency. 

CONS:

Varied. Above all, 
unreliability linked to 
their condition of 
isolated studies. 

Table 2.2. Examples and comparison of mobile phone-based traffic 
studies.
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Smartphones and GPS-enabled cell phones are useful for both 
techniques. However, the most ancient cell phones could only be 
used for geo-location. The basis of both approaches is simple: when 
one mobile phone is located at two points over time, both “its” speed 
and its travel time between these points can be calculated.

GPS-based techniques follow the steps addressed in the former 
section. They have already been used to identify traffic conditions, 
to analyse traffic patterns or drivers’ behavior, etc. (e.g. Yoon et al., 
2008; Herrera and Bayen, 2010; Herrera et al., 2010; Tao et al., 
2012; Ge and Fukuda, 2016; Sanaullah et al., 2016; Woodard et al., 
2017). Other studies have developed cellular signal-based 
procedures able, for example, to estimate travel times, to detect 
congestion (e.g. Hansapalangkul et al., 2007; Caceres et al., 2012; 
Janecek et al., 2012) and even for incident monitoring. For this last 
purpose, Ygnace et al. (2001) examined the number of calls made 
per unit time on two test sites (respectively urban and rural) of the 
south of France. They found out that the volume of calls was related 
to the severity of the incidents. This is an example of in-use (i.e. there 
exists voice or data transmission) mobile phones acting as traffic 
probes. However, other methodologies only require that phones are 
switched on. 

Indeed, when speaking about signal-based techniques, it is 
important to note that two types of communications are possible 
between the components of the mobile phone system, i.e., between 
handsets and base stations. By the way, the later usually cover 
hexagonally shaped areas or “cells”, which is the origin of the term 
“cell phone” (Rose, 2006). These communications are: 

The so-called “active” communication, which occurs when a 
phone is in use. Then, it is continuously associated with its 
closest base station. That is, when one cell phone moves outside 
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the cell boundary associated with one base station, it is handed 
over to the next closest one. 

The “passive” communication. When a phone is not in use 
but switched on, it periodically reports its precise location to the 
network in the event of an incoming call or an emergency.

Trilateration using signal strength or transmission delay from 
multiple base stations, the monitoring of cell handover zones, etc., 
are used to localize phones in both approaches. In the context of 
traffic monitoring, passive communication is said to be more 
advantageous than active communication. The reason is that 
relatively minor hardware additions (cabling and computing) to the 
mobile phone network are needed. Only those that allow the traffic 
probe system to i) receive the raw data stream already collected by 
the mobile phone system and ii) process it. Active systems are able 
to provide more data. When travelling, cell handovers are more 
numerous than passive location reports. However, these systems 
require the mobile phones to be polled (i.e., their status must 
actively be sampled by a client program) to establish their positions, 
which implies the overloading of the network and adds costs to the 
operating system.

All in all, methodologies that use mobile phones as GPS-
receivers are said to localize them more accurately. Network-based 
procedures highly depend on the location of the phone base stations, 
on the road network geometry, on the data processing procedure 
(e.g. map-matching algorithms), etc. For their part, the main 
drawbacks of GPS-based procedures are the power-hungry nature of 
GPS and instabilities in urban environments (Paek et al., 2010).

Two important aspects must be highlighted. First, most 
research performed thus far relied on dedicated smartphones, i.e. 
devices specifically used for research purposes. Therefore, their 
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number and characteristics (and sometimes the routes “they”
followed) were known a priori. Second, the described methodologies 
are not the only ones that have been tested, but the most common 
and, thus, those whose results are more reliable. For example, Lv et 
al. (2015) developed a completely different methodology to detect 
road congestion by means of smartphones. On the one hand, these 
were undedicated, which is a better approach to reality when trying 
to standardize their use as traffic probes. On the other hand, the 
system depended on two mobile phone sensors: the accelerometer 
and the cellular signal. First, an accelerometer-based vehicular 
movement detection module identified the periods when phone 
users travelled by vehicle. Second, the cellular signal was used by a 
map-matching module to determine the travelled road segments. 
Finally, another module was able to qualitatively infer the degree of 
congestion by means of the vehicular dataset. Experimental results 
based on real-world data demonstrated both the goodness of the 
system and its energetic efficiency in contrast to other techniques. 
However, the fact that only qualitative results can be obtained seems 
insufficient to perform accurate traffic monitoring and, 
subsequently, to be the only basis of any dynamic traffic 
management strategy. Techniques that combine several of the 
mentioned approaches, i.e., GPS and cellular signal, are also on the 
table (Hansapalangkul et al., 2007).

2.2.2.3. RFID technologies

Another example of lagrangian sensing is the use of RFID 
technologies. They allow gathering data about a particular object 
(e.g. a vehicle) by means of inductive coupling or electromagnetic 
waves. Three main parts must be present in a RFID-based system: i)
a transponder or tag, which consists of a microchip attached to an 
antenna, ii) the reader or transceiver, which receives the 
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information from the tag within a limited range, and iii) the 
computing framework, which processes the information. The 
implemented software varies depending on the final purpose of the 
system. Nevertheless, anti-collision algorithms that allow reading 
several tags simultaneously, as well as encryption modules, should 
always be included. There are several types of tags depending for
example on their power source or their memory’s characteristics. 
Receivers can also have different designs and controllers, and they 
can be stationary or mobile. As said, two main kinds of wireless 
systems are used for the communication between tags and readers 
(Ilie-Zudor et al., 2006):

Induction: it only works when the distance between the tag 
and the reader is relatively short, so that electromagnetic or 
inductive coupling is possible. Low frequency (LF) and high 
frequency (HF) bands can be used.

Propagation: for longer distances, via the propagation of 
electromagnetic waves. It operates in the Ultra High Frequency 
(UHF) and microwaves’ frequency bands.

RFID technologies are being applied to very different areas like 
transportation, manufacturing, supply change management, health 
care, human identification, clothing, etc. Within them all, three 
main goals can be distinguished, which are i) object detection 
and/or identification, ii) object localization and iii) data transfer 
from or to the RFID tag. Regarding transportation, uses and 
objectives go from the most simple (e.g. smart car key, public 
transport ticket, toll collection) to the most complex. This last group 
encompasses the use of RFID as AVI technologies (thus eulerian) 
but, above all, for vehicle tracking (i.e. lagrangian sensing). 
However, little research and, subsequently, few applications of 
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RFID-based tracking aimed at monitoring traffic, either to feed 
travel time information systems or to design other management 
strategies, have been developed. Vehicle control via RFID is mostly 
circumscribed to logistics, either alone or combined with GPS 
(Prasanna and Hemalatha, 2012). In these applications, the interest 
resides in goods and not in traffic management. One use of RFID 
that combines traffic management and logistics is that of emergency 
operations management. Effective emergency management requires 
integrating and analyzing data collected from sources such as 
emergency inventories, emergency vehicles, distribution centres 
and shelters. In this context, RFID can provide a total visibility of 
vehicle and commodity movement in the disaster supply chain 
(Ozguven and Ozbay, 2015). For example, Ozguven and Ozbay 
(2013) proposed a real-time online feedback control scheme that 
was able to analytically control emergency vehicle flows, and to 
compute the trajectory of emergency inventory levels. The 
aforementioned uses benefit from the three main advantages of 
RFID-based approaches, i.e. their suitability for i) tracking, ii) 
identification, sensing, and authentication and iii) automatic data 
collection and transfer. However, some challenges must still be 
overcome to make RFID more competitive for traffic monitoring 
against other technologies:

Standardization: it is the most important issue. There are 
very dissimilar technologies, communication protocols, signal 
modulation types, data transmission rates, data encoding and 
frames, collision handling algorithms, etc. This heterogeneity 
impedes interoperability even within a particular country. 
There is a need for agreement among public agencies and 
private companies in this regard.
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Communication weaknesses: if the communication 
infrastructure is completely down or if there is not enough 
radiofrequency signal strength, RFID systems are not able to 
transmit data between the reader and the tag, i.e., they are not 
able to feed data into the monitoring system. When working in 
real time, this fact could have severe consequences. If used as a 
standalone system, both accuracy and reliability should be 
enhanced by means of a reasonable level of redundancy 
regarding tags, readers, antennas and operating modes (Vaidya 
and Das, 2008; Bolic et al., 2010).

Expenses: actually not a major problem. The 
implementation of a RFID-based tracking system implies extra 
costs when compared, for example, to a smartphone-based 
system. Nevertheless, that also occurs with other sensing 
equipment and these costs are reasonable and justifiable by the 
system’s advantages.

2.2.2.4. Probe vehicles and dynamic floating vehicles

Ad hoc equipped probe vehicles and dynamic floating vehicles also 
act as lagrangian sensors. Before delving into their contribution, it 
must be remarked that the adjective “probe” refers here to vehicles 
that are introduced in the traffic stream only with research purposes. 
On the contrary, “floating” alludes to vehicles that are used for other 
objectives, but from which valuable data can additionally be 
obtained. There is confusion between these terms in the literature, 
with some authors agreeing with this explanation (e.g. Young, 
2007), others considering both terms as synonyms (e.g. Sunderrajan 
et al., 2016) and others, especially in the past years, using them just 
in the opposite way (e.g. Turner et al, 1998). 

Taking into account the aforementioned standpoint, ad hoc 
equipped probe vehicles are mostly used in specific research projects 
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(e.g. current tests of intelligent vehicles) and/or as a complement to 
other sensing systems (Nanthawichit et al., 2003; Bachmann, 2011; 
Treiber et al., 2011, etc.). In most cases, particular and powerful 
sensors not usually available are implemented in traditional vehicles 
to this end. Therefore, they are able to provide very specific and 
valuable data. However, their equipment involves extra and 
normally significant costs. Additionally, they are in any case a very 
small sample of the traffic stream, which implies that the 
information they provide is not fully representative (Rose, 2006; 
Oberauer et al., 2011, etc.). Besides, these data are biased to some 
extent, as drivers are aware of taking part of a study and their 
behavior is not completely natural. This aspect has been assessed on 
other occasions, for example when drivers answer driving-related 
surveys (Lajunen and Summala, 2003). For their part, the use of 
existing floating vehicles does not generally imply large expenses. 
Monitoring usually relies on already addressed technologies, and the 
equipment to install (if not already on-board) generally consists of a 
GPS receiver, a dedicated smartphone or a RFID chip, all of them 
affordable nowadays. Thus, these technologies are not found in the 
traffic stream casually, but their presence is known. The involved 
vehicles usually belong to a particular collective (e.g., taxis, buses, 
trucks of any company). Therefore, the amount of gathered data is 
much greater than in the case of ad hoc probe vehicles. Additionally, 
drivers do not usually behave conditioned, because their driving task 
has a goal beyond research. However, the fact that vehicles often 
belong to particular categories must be taken into account, as it 
implies some bias (Wang et al., 2010; Yuan et al., 2011). Depending 
on the objective, data could be insufficient to represent the whole 
traffic stream. In this context, the progressive introduction of more 
and more intelligent vehicles will have a decisive effect on traffic 
monitoring. Autonomous vehicles are expected to have the 
advantages both of ad hoc probe vehicles and dynamic floating
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vehicles. That is, they will have powerful on-board sensors and move 
unconditioned within the traffic stream. Additionally, autonomous 
vehicles are called to reach the whole vehicle spectrum (private cars, 
trucks, motorbikes, public services, etc.). However, their high cost 
as well as the implementation of new mobility paradigms will 
probably limit their penetration rate. Chapter 6 addresses all these 
topics in detail. 

2.2.2.5. Unmanned aerial vehicles 

Finally, the use of unmanned aerial vehicles (UAVs) for traffic 
monitoring seems promising. The combination of UAV flights over 
road segments with video image processing techniques has already 
been used to determine particular traffic flow parameters, complete 
trajectories, flow patterns, drivers’ behavior, etc. (Azevedo et al., 
2014; Barmpounakis et al., 2016; Salvo et al., 2017; Kaufmann et al., 
2018, etc.). Increasingly used as part of traffic monitoring schemes 
(sometimes as eulerian sensors, although part of their potential is 
lost), they will probably not be able to form a standalone system. 
Currently, some external factors such as an unfavourable climate 
(e.g. wind, rain), the presence of electromagnetic fields or 
obstructions (e.g. buildings, urban canyons), etc., physically limit 
their flights. Additionally, the modest autonomy of current batteries, 
their limited payload and legal issues (e.g. zones where they are not 
allowed to fly) also restrict their usefulness. 

2.3. Traffic reconstruction 
As said, data are essential for traffic reconstruction. The goal of this 
reconstruction can be very different: to analyse current traffic 
conditions in order to make some improvements (e.g. avoid 
recurrent congestion), to predict future traffic performance (e.g. 
after implementing some management strategy or simply according 
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to changes in traffic streams as time goes by), to plan a new 
infrastructure, etc. In any case, data assimilation is a key step. It can 
be described as the combination of a traffic model with real data to 
estimate traffic states, and it can be performed in many different 
ways. Ultimately, the procedure chosen should depend on i) the 
particular objective of the reconstruction and ii) the available 
parameters. Although an exhaustive description of all possible 
approaches is out of the scope of this thesis, some fundamentals are 
summarized below. 

First of all, many classifications of traffic models are possible. 
For example, a clear dichotomy exists between the models that make 
use of traffic flow physics and those that do not, and base their 
estimations on statistics and current and/or historical data. 
However, broadly speaking, the distinction between macroscopic 
and microscopic analyses is the clearest. In both cases and 
depending on the complexity of the study and on the available 
resources, the use of analytical or numerical methods with the 
support of simulation software is common. Heuristics is also applied 
to particular tasks (e.g. routing, traffic assignment). Table 2.3 
outlines some key features and examples of macro and microscopic 
analyses, some of them integrated into commercial software. 

Macroscopic models are used to obtain global characteristics 
of the traffic stream. I.e., to describe it by estimating average values 
of its most defining parameters like the flow q (veh/h), the density k
(veh/km) or the average speed . They are based on the Continuous 
Theory of Traffic Flow, also known as Kinematic Wave Theory 
(KWT) or the Lighthill, Whitman (1955) and Richards (1956) Theory 
(LWR).
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KEY VARIABLES
MODELS 
(examples)

SIMULATION 
(examples)

MACRO q k
Continuous 
theory (LWR 
or KWT).

Cell 
Transmission 
model, Visum, 
Aimsun.

MICRO h s
Car-
following 
models.

Vissim, 
Aimsun.

RELATION
MACRO-
MICRO

= 1 = 1 = Greenberg 
model.

3rd generation 
General 
Motors Car-
Following 
model.

AGGRE-
GATION 
REGION

(x,T) (L, t)
(x,T)

(L,t)

Table 2.3. More distinctive features and examples of macroscopic and 
microscopic traffic models.

These researchers independently proposed a first-order partial 
differential equation based on traffic flow physics to describe traffic 
evolution over time and space (Equation 2.12). In fact, continuous 
theories were first developed for fluids. Their application to traffic 
involves, thus, focusing on the behavior of a stream rather than on 
individual cars. 

+  = 0                                                 (2.12)
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This equation, which relates changes in flow over space to 
changes in density over time, is actually a conservation equation: in 
a closed system (without inflows or outflows) vehicles neither 
disappear nor are created. It is considered the most important 
equation of traffic flow theory after the fundamental 
equation (Equation 2.8, which is deeply analysed in Chapter 4). For 
example, the application of the conservation equation plays a key 
role in the methodology presented in Chapter 5. In addition to the 
assumption of conservation (i.e. closed sections), the LWR 
model supposes homogeneous sections (i.e. no changes in 
geometry) and the existence of an equation of state. This last 
assumption means that we must be able to define the traffic state 
by means of a single input (Equation 2.13). In other words, a 
fundamental diagram, i.e., a diagram that relates average 
values of flow and density for a particular section, is required.

= ( )        (2.13)

Besides, in order to simplify the application of the theory, 
instantaneous changes of vehicles’ speeds are accepted. That is, 
accelerations and decelerations are neglected. Despite being one of 
the most important references for traffic engineering, the former 
assumptions and other features imply limitations for the initial LWR 
model. For example, as it focuses on traffic streams, vehicle 
heterogeneity is overlooked. This fact can be especially problematic 
in free flow, when the differences between vehicles (e.g. light as 
opposed to heavy vehicles) are more noticeable. With light traffic, 
vehicles drive with very different speeds, have dissimilar lane-
changing behavior, etc. If these differences are meaningful, the LWR 
is not accurate. It also results unadvisable for derived studies like the 
estimation of traffic emissions, highly linked to speeds. Varied 
extensions of the LWR model have tried to overcome its limitations. 
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For example, Daganzo (1999a; 1999b) developed his theory of “slugs 
and rabbits”, which allows distinguishing between different types of 
vehicles within a traffic a stream. Second order models accounting 
for vehicle acceleration and deceleration and, thus, able to represent 
traffic instabilities (i.e. stop and go), were also derived (e.g. Zhang, 
1998; Aw and Rascle, 2000). The most used ones can be numerically 
discretized by means of schemes like that designed by Godunov 
(1959). In case a triangular fundamental diagram is used, Daganzo 
(1994, 1995) proposed another discretization of the first order LWR 
model. Particularly, his finite differences model divides highways 
into cells of (related) dimensions * (where x stands for length 
and t for time) to compute the state of the system. Known as the Cell 
Transmission Model (CTM), its usefulness and simplicity have 
encouraged its use all over the world and out of the scope of road 
traffic (e.g. Wei et al., 2013). Moreover, several extensions of the 
CTM that better fit particular phenomena have also been developed. 
Many other macroscopic models have been designed. Overall, all of 
them are suitable, for example, to analyse queuing. In this regard, 
the work of Newell (1993a; 1993b; 1993c) is worth mentioning. He 
derived a simplification of the LWR theory that works with (N,t)
coordinates (i.e. cumulative number of vehicles vs time) instead of (x,t) coordinates, especially to this end. 

For their part, microscopic models consider each particular 
vehicle in the traffic stream or, more precisely, each unit vehicle-
driver (with current vehicle automation levels. Note that the role of 
the driver is called to become negligible). They need the trajectory of 
every single vehicle, which is thus defined by its own equation. 
Interactions between near vehicles are also taken into account. In 
this context, averaged parameters are not useful and individual 
values of headways h (s-1) or spacings s (m-1) are required. They are 
the distance between the same end of two consecutive vehicles,
respectively in time or space. Generally speaking, a microscopic 
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model is composed of a car-following theory and a lane-changing 
submodel. The car-following theory is aimed at predicting how 
vehicles follow another one that has been chosen as the “leader” or 
the reference. These theories usually provide a relation s(v), i.e. they 
define the spacing as a function of the speed. In fact, spacings are 
usually accepted as the most important variables in microscopic 
approaches, as they have clear implications for both traffic efficiency 
and safety. Thinking of them individually, small spacings would 
imply a better use of the available capacity (see Chapters 6 and 7, 
where platooning is addressed), whereas big spacings would 
diminish the accident risk. Therefore, a trade-off must be reached. 
Many car-following models have been designed over time and all of 
them have their strengths and weaknesses. Well-known examples 
are those theories of Pipes (1953; 1967), Forbes et al. (1958), Forbes 
(1963), General Motors (Chandler et al., 1958, Herman et al., 1959, 
Herman and Potts, 1959, Gazis et al., 1959 and Gazis et al., 1961) and 
the Optimal Velocity Theory (Bando et al., 1995). In a few words, 
Pipes’ (1953) model involves the idea that the minimum safe spacing 
increases linearly with speed. Forbes (1958) includes the concept of 
the “reaction time”. In his model, the minimum time headway is 
equal to the reaction time (minimum time gap, i.e., minimum 
required distance in time between the rear of the leader and the front 
of the follower) and the time required for the lead vehicle to traverse 
a distance equivalent to its length. Regarding General Motors, 
actually a series of models was developed at the research 
laboratories of the company. They all have the same basic form
(Equation 2.14): 

response = function (stimuli, sensitivity) (2.14)

where the response is the acceleration or deceleration of the 
following vehicle and the stimuli are the relative velocities between 
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the lead and the following vehicles. The varied modifications of the 
sensitivity term led to a generalized form of car-following model, 
whose importance is indisputable. On the one hand, simulation 
models based on it usually fit field data. On the other hand, it was 
possible to establish a mathematical relationship between the 
General Motors’ model and the macroscopic Greenberg’s 
logarithmic diagram (Greenberg, 1966) for speed-density 
(Chakroborty and Kikuchi, 1999). This last point allows analysing 
traffic jointly from a multiple point of view. Finally, the idea under 
the Optimal Velocity Theory is that each driver tries to achieve an 
optimal velocity depending on the distance to the preceding vehicle 
and the speed difference between both vehicles. Many extensions of 
the former car-following models as well as others that differ from 
them are also available. With regard to lane-changing models, a 
great variety has also been developed (e.g. rule-based models, 
discrete-choice-based models, artificial intelligence models, 
incentive-based models, etc. See for example Rahman et al. (2013) 
for further information). 

Both approaches, macroscopic and microscopic, have 
advantages and disadvantages. As said, both the outputs (and 
accuracy) sought and the available data should support the choice 
between them. It is important to remark that, in line with the 
advances of programming and simulation software, there is an 
increasing tendency to indiscriminately use microscopic models. 
When the necessary data are accessible, these models allow 
performing more detailed analyses, as both the behavior of each 
involved agent (vehicles, pedestrians, etc.) and their interactions are 
examined. However, this potential power makes them much more 
complex and the amount of required parameters is much larger too. 
The accurate calibration of the selected simulation software is also 
essential. If only a partial amount of the necessary data is available 
and the rest is substituted by raw estimations or default values, 
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results can be completely flawed. In this context, the use of 
macroscopic models is much more advisable. They are simpler and 
can even be solved by hand. And above all, the fact that they rely on 
fewer parameters makes them usually more robust.

Trying to find a middle ground, mesoscopic models are 
increasingly used. They are intermediate procedures that properly 
combine parts of macroscopic and microscopic analyses. A lot of 
possibilities exist. For example, each lane of a highway could be 
macroscopically analysed, whereas a microscopic model would 
study the relationships between the traffic streams on each lane. 
Simulation software that combines both approaches is already on 
the market.

In any case, the chosen model must be combined with real data 
to estimate or predict traffic states. As said, this process of data 
assimilation can also be performed by means of different techniques. 
Most of them are based on a Bayesian statistics analysis that treats 
the forecast from the model as the prior distribution, and then 
calculates a posterior distribution based on the available 
observations. Kalman filters are often used for this later calculation 
(Xia et al., 2017). In fact, Kalman filtering techniques have been 
shown useful for data assimilation both with eulerian (e.g. Gazis and 
Knapp, 1971; Szeto and Gazis, 1972; Sun et al., 2004) and lagrangian 
measurements (e.g. Chu et al., 2005; Nanthawichit et al., 2003; 
Herrera and Bayen, 2010). These techniques, also known as linear 
quadratic estimations, have different versions. Generally speaking, 
a Kalman Filter is a recursive (i.e. new measurements are processed 
as they arrive) algorithm that infers parameters of interest from 
indirect, inaccurate and uncertain observations. More in particular, 
it uses measurements observed over time, containing statistical 
noise and other inaccuracies, and produces optimal approximations 
of other unknown variables by estimating a joint probability 
distribution over them for each updating interval.
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Chapter 3

Travel time information 
revisited

3.1. Travel time information and traffic 
management
As explained in the overview of this thesis, whether accompanied by 
infrastructure improvements (especially in developing countries) or 
not, traffic management is indispensable to ensure a sustainable 
mobility. ATIS play a key role in this regard, as they assist users in 
making pre-trip and en-route decisions (Mori el at., 2015). Although 
the information they provide is varied (e.g. warnings, advices), the 
dissemination of travel times stands out as particularly beneficial, 
due the intuitiveness and clarity behind the concept: the travel time 
is the time required to traverse a route between any two points of 
interest, taking into account the stops, queuing delay and 
intersection delay (Zhu, Kong, and Lv 2009). For this purpose, it is 
especially important that the information delivered is accurate and 
estimated in real time, on the basis of current traffic states. The 
knowledge of travel times in real time is not only important for 
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drivers, but for management centers that, based on them, can take 
dynamic decisions aimed at improving traffic efficiency.

Even off-line travel time information is profitable. In fact, 
engineers have used travel time and delay studies since the late 
1920s to evaluate transportation facilities and to plan improvements 
(Turner et al., 1998). Today, the concept of travel time reliability has 
taken over that of the level of service (LOS) as the most indicative 
parameter to define the quality of a given road or network in terms 
of efficiency. Travel time reliability can be defined as "the absence of 
variability in the travel time between a determined origin and 
destination, independently of the rest of the conditions" 
(Elefteriadou and Cui, 2007). Depending on the researcher, on the 
administration, etc., slightly variations of this general definition can 
be found in the literature (e.g. "the consistency of the travel time for 
a given route", "the consistency or dependences of travel times, 
measured day by day and/or throughout different times of the day ", 
etc.). It is important to note that i) travel time reliability has no direct 
relationship with travel time variability and ii) travel time reliability 
depends on the driver’s expected travel time, that is, on the driver’s
information. 

In practice, travel time reliability is described by an index (i.e., 
a number) that represents to what extent travel times depend on 
factors external to the path length (Figure 3.1). This dependence 
must be measured over different periods of the same day, in 
different days, months or even years. In fact, engineering, safety-
related and economic studies have shown that the better route 
between two points is not the one that allows the shorter travel time 
under “normal” conditions, but the one in which the travel time 
remains within a stable and acceptable range, regardless of the 
boundary conditions.
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Figure 3.1. External factors that affect travel times between two points of 
a determined route.

This knowledge allows users to optimize their trips by 
rescheduling them, by selecting the best route or even a different 
transportation mode, etc. Thus, it helps to avoid situations of stress 
during the driving, which are unequivocally linked to higher 
accident rates. This would otherwise not be possible and, 
additionally, would lead drivers to have a bad opinion of the system. 
Even if it generally performs well, they would only, by nature, 
remember the longer travel times (Figure 3.2). Although other 
methods exist (e.g. the use of histograms), the construction of 
probability density functions or cumulative density functions 
(Figure 3.3) of travel times over long periods, from which particular 
indexes can be derived, is the most common and suitable way to 
assess reliability.
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Figure 3.2. Traveller travel time experience (from Kuhn et al., 2017).
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Figure 3.3. Probability functions of the travel time between two points on 
a particular route: a) Probability density function; b) Cumulative density 
function.

Studies carried out so far indicate that travel time probability 
density functions obtained from empirical data usually fit the 
lognormal, bimodal, Burr, normal, gamma or Weibull distributions. 
In any case, once constructed, two different types of indicators can 
be extracted from these functions (Ryus et al., 2013):

• The variability of travel times along a particular route in the 
form of percentiles (P). 

• More direct measurements of reliability, such as the number 
of trips that meet or fail to meet a certain operating standard 
(e.g. a minimum expected speed). 

Figure 3.4 and Table 3.1 include some of these measures. Some 
other are also used in practice depending on the administration. In 
any case, the use of one or another should be linked to the purpose 
of the reliability analysis. For example, the PTI provides the most 
interesting information (delays with high demand) for a person who 
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commutes to work at rush hour. However, the BTI is the best option 
for a user who is going to make an occasional leisure trip and can
choose the departure time. According to its value, he will know the 
extra time he needs to reach his destination at the desired moment.

Figure 3.4. Example of travel time probability density function with some 
measures used to quantify reliability (from Ryus et al., 2013).

3.1.1. Value of travel time information

Travel time reliability has a direct relationship with the value of 
travel time information. Even if a driver cannot modify his trip and 
is trapped in a queue, if he was well informed, that is, if he knew in 
advance that he was going to be delayed, his stress will be reduced 
or could even be non-existent. The value of the information will be 
higher if other costs apart from stress can also be reduced, for 
example, if he can use it to change his route or his departure time in 
order to avoid congestion and arrive on time.
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MEASURE UNIT FORMULATION DESCRIPTION

Percentiles 
P50, P80, 

P95
Minutes -

Travel time that is only 
exceeded respectively 
by 50, 20 or 5% of 
trips

Standard 
deviation 

(SD)
Minutes

1  ( )
Variation in travel 
time compared to the 
average. A 5-minute 
SD indicates that 5 
more minutes than in 
average conditions will 
probably be necessary 
to reach a destination.

Planning 
time index 

(PTI)
-

 Extra time required to 
arrive "on time" 95% 
of the trips. Calculable 
for facilities, road 
segments or 
itineraries.

Buffer time 
index (BTI)

-  
Extra time required to 
arrive "on time" 95% 
of the trips compared 
to the average. A BT of 
1.5 indicates that 95% 
of the trips will require 
50% more time to 
reach the destination 
than in average 
conditions.
(* or to the median)

Misery index 
(MI) -

   5%  
How longer it takes to 
reach the destination 
in the 5% of trips made 
under the worse 
conditions. A MI of 4 
indicates that the 
worst trips last 4 times 
longer than they would 
without congestion.

Table 3.1. Most used travel time reliability measures. Legend: ti: value i

of travel time; tf: free flow travel time.
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Therefore, the value of travel time information can be split in 
two different components: the objective and the subjective 
component. The objective part of this value is directly linked to 
economy. To give an illustrative example, the delay suffered by a 
truck that transports material to a factory is more detrimental in 
economic terms than that of a family that travels by car to spend a 
day on the beach. From this point of view, an accurate travel time 
information would be more valuable for the truck. However, the 
subjective valuation of travel time information could not agree with 
this. To continue with the former example, perhaps the members of 
the family have few opportunities to make such a trip, and would 
even pay some money to guarantee their arriving soon to the beach. 
That is, travel time information would be very valuable for them too. 
The subjective concept of “value of travel time savings” (VTTS) can 
be therefore defined as the willingness-to-pay to reduce the travel 
time (Jara-Díaz, 2000). The VTTS usually depends on trip purpose 
and trip length and differs between modes of transportation. For 
example, higher values are usually estimated for commuting trips 
than for leisure or shopping trips (Shires and Jong, 2009; Abrantes 
and Wardman, 2011). Regarding the means of transport, there is no 
consensus. Also, the VTTS for commuting by car is in some studies 
lower but in others higher than by public transportation. Focusing 
on cars, passengers tend to have a lower VTTS compared to drivers 
(Mackie et al., 2003; Shires and Jong, 2009; Abrantes and 
Wardman, 2011). Traffic conditions play also a role: several 
empirical studies found that the VTTS of business travellers and 
commuters is higher in congestion than for free-flowing traffic 
(Abrantes and Wardman, 2011; Hensher, 2011; Rizzi et al., 2012). 

Another factor that influences the value of travel time 
information is the number of drivers that receive it. The more the 
drivers that receive this information, the lower its value (Wardrop, 
1952). For example, it could occur that all or many drivers that made
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a particular route changed their paths in the same way, according to 
a given information, trying to avoid congestion. Therefore, 
congestion would be, at least partially, translated to the new route. 
How travel time information is managed is also a very important 
subject for highway travel time information agencies (see Chapter 
7).

In short, the accurate estimation of travel times, both in real 
time and off-line, is indispensable to ensure an efficient 
performance of the road traffic system, with the subsequent benefits 
for the economy, the environment, safety, etc., that this fact implies. 
However, the real-time estimation of travel times or, more precisely, 
their real-time prediction, is especially valuable and useful. In this 
regard, the development of new technologies is revolutionizing road 
transport and offers an increasing range of possibilities. 
Autonomous vehicles or cooperative driving are clear examples of 
this transformation. Additionally, the diversity and quantity of the 
information handled at present would be unthinkable a few years 
ago, and this trend is expected to continue. In this context, very 
accurate travel time predictions will be not only possible, but also 
essential.

3.2. Travel time definitions and 
estimation methods
Next sections describe different ways to get travel time estimations 
aimed, usually, at feeding highway travel time information systems. 
However, there is a need for a clarification regarding some terms 
before delving into the topic. Many researchers refer to “travel time 
estimates” when they i) indirectly (including by data fusion) obtain 
past or instantaneous travel times or ii) make travel time 
predictions. In this context, directly obtained past or instantaneous 
travel times are referred to as “travel time measurements”. Most of 
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them also accept interchangeably “measurements” and “estimates” 
in this last case, taking into account that measuring always implies 
a certain degree of error. Nevertheless, there exists a minor group of 
authors that use “travel time estimations” for past or present values, 
regardless of the way in which they were obtained, whereas they call 
future travel times “travel time predictions” (van Lint, 2004; Mori 
et al., 2015). It is important to remark that this dissertation follows 
the first of these terminologies. The reason is twofold: i) it is more 
usual and ii) there exist models able to provide past, instantaneous 
or future travel times, depending on the nature of the input data. If 
the first terminology is chosen, they can be simply referred to as 
“travel time estimation models”, avoiding more complex jargons.

3.2.1. Direct travel time measurement

Direct travel time measurements are the result of the most 
straightforward ways to obtain travel times: the reidentification of 
vehicles at two different control points, or their tracking along their 
individual trajectories. Both methods are addressed in detail and 
independently in the next sections. As a preview and considering 
them jointly, Figure 3.5 introduces the main advantages and 
disadvantages of the direct measuring of travel times. According to 
it, two distinctive characteristics must be highlighted:

Each measurement is linked to a particular vehicle. This 
type of individualized information is very valuable. However, 
this fact also implies the need for a meaningful amount of 
measurements to obtain representative averages of the 
monitored stretch. More taking into account that not all 
vehicles that travel along it are identified and/or tracked due to 
different reasons (lack of technology, failures, bad weather, 
etc.).
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The obtained measures have not only a temporal 
implication (i.e., they depend on the moment of measurement), 
but a spatial implication too. That is, they are the result of the 
boundary conditions in the target stretch. However, the 
correctness of this asseveration is pointed out below for the case 
of reidentification at control points.

Figure 3.5. Main advantages and disadvantages of the methods used for 
the direct measurement of travel times.

3.2.1.1. Vehicle reidentification at control points

The first way to obtain the individual travel time of a vehicle over a 
stretch consists in registering the times at which it enters and exists 
this stretch, and making the proper subtraction. This kind of 
measurements were first made manually, with two people 
respectively positioned at each end of the target stretch. 
Nevertheless, the data obtained from such operations contained 
significant errors, unless traffic flow was minimal. Technological 
progress allowed the automatization of these measurements. 
Nowadays, there exist different types of detectors that are placed on 
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the roads with the goal of reidentifying vehicles, thus mimicking the 
manual procedure. Known as Automatic Vehicle Identification 
(AVI) technologies, they recognize individual vehicles on the basis 
of different features that distinguish them univocally. In any case, 
clock synchronization at control points is a key issue to obtain 
accurate measurements. 

Although slightly addressed in Chapter 2 as examples of 
eulerian sensors, it is important to remark the main features 
regarding travel time measuring by means of AVI technologies. 
First, the accuracy of AVI systems is much higher than that of 
manual procedures. However, none of them is perfect and the 
number of pairings in a stretch does not normally equal the number 
of vehicles that effectively crossed it. In this regard, the 
characteristics of the road (geometry, number of lanes, average 
illumination level, weather, average flow, etc.) should be taken into 
account to choose the more suitable technology. Nevertheless, this 
choice is usually based on the available budget. Although their price 
decreases over time, AVI systems are still quite expensive. The use 
of insufficient or inappropriate technologies boosts unsuccessful 
pairing. In fact, sample size is another inconvenience of these 
methods (Quiroga and Bullock 1998; Cheu et al., 2002; Shuo Li et 
al. 2002; Jiang et al., 2006, etc.). If it is too small, the obtained travel 
times are probably not representative of the reality in the stretch. 
Besides, the detection of outliers (e.g., a driver stops to make a call) 
is unfeasible. This was a major problem in the past, as most AVI 
systems require not only infrastructural equipment, but also the 
presence of a particular on-board technology (e.g. Bluetooth). 
Nowadays, most of these gadgets are widespread within the traffic 
stream, which facilitates the achievement of bigger samples. 
However, there is still a need for investment, especially in the 
infrastructure. This statement could be verified during the 
realization of this thesis. Trying to obtain data of Bluetooth signal 
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identifications, it was found out that only a couple of freeways in 
Spain have Bluetooth detectors. On the contrary, it is well-known 
that most vehicles or their drivers’ smartphones deliver a Bluetooth 
signal. That is, valuable data for traffic management are not being 
collected. The situation of AVI readers, usually placed on gantries, 
to obtain representative samples must also be carefully analysed 
(Sherali et al., 2006, Li and Ouyang, 2011; Li and Ouyang, 2012; 
Xing et al., 2013). Think for example of a short stretch (e.g. 2 km) 
with detectors at both ends but a junction in the middle. The number 
of pairings between reidentifications could be low due to significant 
inflows and outflows. No measurements (apart from counts) of 
those vehicles using the junction would be available. Nevertheless, if 
quite an acceptable configuration is available, data fusion can be a 
solution (see Section 3.3 and Chapter 5). In any case, 
reidentification failures must be avoided as much as possible to 
make the most of the penetration rate of these technologies both 
on-board and in the road network. 

Additionally, AVI systems have an unavoidable disadvantage: 
travel time measurements are captive of the control points. That is, 
they can only be measured between the fixed points on the road 
where the AVI detectors are located. Again, the significance of the 
number of detectors and their location arises. In fact, this constraint 
has more implications if detectors are very far apart, as there is no 
possibility of knowing how a measured travel time is distributed 
along the path. Think for example of a stretch with excessive travel 
times: discerning if a general or a punctual problem is behind these 
long measurements would be unfeasible. Therefore, detectors 
placed in the infrastructure at very large distances would be 
insufficient to manage traffic in a proper way if no other data source 
is available. Respectively distances of 8 or 2 km between AVI 
detectors have been proven to be the maximum admissible in 
interurban and metropolitan (i.e., with more junctions) freeways in 
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order to obtain profitable measurements (Turner et al., 1998). 
Finally, a non-negligible issue related to interval detectors is data 
treatment regarding privacy, as particular vehicles are identified 
and, thus, the location of their passengers (Turner et al., 1998; Yim, 
2003; Hoh et al. 2012). Traffic management centres usually have 
protocols to ensure population’s rights in this regard. Besides, the 
use of encryption methodologies is increasingly frequent.

As mentioned in Chapter 2, examples of AVI systems are the 
reidentification of on-board transponders of different types by 
means of roadside beacons (Longfoot, 1991; Nishiuchi et al., 2006), 
automatic license plate identification (ALPR or ANPR) by means of 
especial video cameras and license plate matching techniques, also 
known as optical character recognition (OCR) (Buisson, 2006; van 
Hinsbergen et al., 2009), or Bluetooth- (Barceló et al., 2010; 
Bhaskar and Chung 2013) and WIFI- based (Abbott-jard et al., 2013) 
detection systems. Other techniques have tried to take advantage of 
the notable density of loop detectors in road networks by using them 
as identification devices. One of these technologies tried to recognize 
individual vehicles by their lengths (Coifman and Cassidy, 2002; 
Coifman and Ergueta, 2003; Coifman and Krishnamurthya, 2007). 
Although loop traps provide them, only singular vehicles can be 
distinguished, especially in free-flowing situations. Under these
conditions, high speeds, lane changing, merges and diverges 
increase the bias of the registrations. Other methodology tried to 
identify platoon structures. This resulted unfeasible in congested 
situations, as such a structure is lost (Petty et al., 1998; Lucas et al., 
2004). Distinguishing vehicle’s electromagnetic signature 
(inductance, Figure 3.6) has been shown to be more successful 
(Abdulhai and Tabib, 2003; Kwon, 2006, Ndoye et al., 2011). 
Additionally, such methods have important advantages in 
comparison to other AVI technologies: i) privacy is not violated, as 
the identification of the vehicles is anonymous in the sense that it is 
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not linked to a license plate, an owner, etc., and ii) no on-board 
technology is necessary and thus, failures apart, all vehicles 
contribute to the sample size. However, traditional loops are not 
capable of performing this task (Ndoye et al., 2011). Therefore, the 
acquisition of other non-intrusive technologies is gaining more 
success (Vanajakshi 2004; Soriguera, et al., 2010). 

Figure 3.6. Normalized signatures of a car and a small truck at two loop 
detectors (from Abdulhai et al., 2003). 

However, even in the most ideal scenario (i.e., proper 
technology with high penetration rate, accurate measurements, 
etc.), AVI interval detectors have a major disadvantage: they have no 
predictive capabilities. In fact, they provide somehow “obsolete” 
travel times. Note that each travel time measurement is obtained 
once a vehicle has crossed the target stretch. Additionally, all direct 
measurements obtained in this stretch during a predetermined time 
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interval   are usually averaged, being this average the output of 
the system for this  A non-insignificant amount of highway 
travel time information systems rely on this kind of outputs. 
However, these so-called arrival-based travel times (ATT) or 
measured travel times (MTT), trajectory-based at the corridor 
level, are not the information that a driver at the entrance of the 
stretch should receive. Unless traffic is stationary, ATT can be very 
different from the travel times that next drivers at the entrance of 
the stretch will experience. Thus, they represent a past 
measurement and involve a delay in the real-time dissemination of 
the information (Soriguera and Robusté, 2011b). The effects of this 
delay can be considerably in the event of long travel times, either 
resulting from congested states or long stretches.

3.2.1.2. Vehicle tracking

Another possibility to obtain direct measurements of travel time 
consists in continuously tracking vehicles while they circulate along 
the road network. The position of each vehicle is recorded every few 
seconds and, thus, individual trajectories are obtained. Therefore,
tracking provides not only travel times, but also further valuable 
information. Indeed, all interesting traffic parameters, as they can 
be derived from these trajectories. 

The most common technologies for tracking and their 
particular features were described in detail in Chapter 2, namely 
GPS-based tracking (Figure 3.7), RFID-based tracking, geo-location
of cell phones, tracking by means of probe or floating vehicles and 
UAV-based tracking. In any case, lagrangian sensors that move with 
vehicles.
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Figure 3.7. GPS-based tracking scheme (from Unde and Borkar, 2014).

No monitoring equipment is generally placed in the 
infrastructure, as no in situ control points are necessary. Central 
server stations, either in the traffic management centres or not, 
directly receive and process the information. At first, the data 
location transmission from the vehicle to the control centres was 
mostly performed by radio channels (e.g. General Packet Radio 
Service –GPRS- system). Thus, interruptions in the transmission or 
data losses were quite frequent. Nowadays, transmissions 
performed via wireless networks are much more reliable. The 
absence of control points on the road implies another important 
advantage of vehicle tracking in comparison to AVI systems: it is 
possible to measure travel times between any two points. For their 
part, the main disadvantages of tracking equal some of those of AVI 
technologies, that is, privacy concern and the possibility of obtaining 
too small or biased (e.g. only of trucks) sample sizes. As said, the 
increasing penetration rate of the necessary devices, especially that 
of smartphones, helps to improve the situation over time (Yim, 
2003; Yim and Crayford, 2006; Bar-Gera, 2007; Herrera et al., 
2010, Unde and Borkar, 2014, etc.).
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Highway travel time information systems that rely on the 
aforementioned methods also make averages of the individual travel 
times of all vehicles that traverse the target stretch in a fixed . As 
the last available information is used for their calculation, these 
averages can be considered “more recent” than those obtained from 
interval detectors. Called instantaneous travel times (ITT), they 
involve less delay in the dissemination of real-time information. In 
fact, they are the best directly obtainable estimation of future traffic 
states and, thus, a better approach to the predicted travel times 
(PTT), that is, the travel times that vehicles asking for the 
information will actually experience (Soriguera and Robusté, 
2011b).

3.2.2. Indirect travel time estimation

In the absence of technologies that allow the direct measurement of 
travel times, their indirect estimation from other characteristic 
variables of traffic flow is a very common procedure. In fact, even 
novel methodologies that perform such indirect estimations relying 
on new technologies are being developed. For example, Herrera et 
al. (2010) used information derived from GPS-enabled smartphones 
not to measure travel times directly, but to obtain them indirectly 
from previously constructed speed fields. However, apart from such 
valuable contributions, two main groups of methodologies based on 
basic surveillance are more commonly used for the indirect 
estimation of travel times: those that rely on punctual values of 
traffic flow parameters for the estimation (basically spot speeds, 
densities or flows), or those that use accumulations over time of the 
anonymous counts gathered at the measuring points. Although no 
exclusively, inputs can be obtained from inductive loop detectors in 
both cases, which facilitates the implementation of these methods. 
The obtained estimates have two main characteristics:



3.2. Travel time definitions and estimation methods

75

They are not linked to particular vehicles. In fact, not 
individual but average travel times, whether per lane or per 
section, are estimated. This fact avoids the need for 
identification, but it implies the loss of important information.

 When calculated from punctual measurements of traffic 
flow variables (the most usual procedure in practice), the 
obtained travel times do not truly have a spatial implication. 
Indeed, punctual inputs must be extrapolated to some extent 
and in different ways depending on the chosen procedure. 
Therefore, the disregard of events that occur between the 
measuring points during the trips involves some inaccuracy. 
This problem can be satisfactorily overcome using 
those methods based on the construction of cumulative 
count curves, as it is further explained in Chapter 5. 

Figure 3.8 advances the respective advantages and 
disadvantages of each approach. Both these and their basics are 
described in the following sections more in detail.

3.2.2.1. Spot speed-based methods

Traffic management centres have traditionally used these methods 
for the estimation of travel times, trying to take advantage of their 
loop detector equipment. This surveillance was in the past the only 
one for most traffic agencies, a situation that continues in a
significant number of road networks. However, the simplicity of spot 
speed methods as well as human inertia cause that many highway 
travel time information systems are still based on them, even in 
these cases in which more advanced equipment is available.



Chapter 3. Travel time information revisited

76

Figure 3.8. Main advantages and disadvantages of the methods used for 
the indirect estimation of travel times.

Although a couple of variants exist, all methods follow the 
same basic steps. First, the punctual speeds gathered by the loops 
are averaged for predetermined time intervals of aggregation , 
whose duration differs among the administrations. Second, these 
punctual means are generalized for the links delimited by each pair 
of loops. Third, indirect travel time measurements in these links are 
obtained. Three main factors involve inaccuracy from the very 
beginning:

The punctual speed measurements at the loops are not 
always accurate enough. This is especially important in the case 
of single loops (see Chapter 2). When double loops are 
available, spot speeds are generally satisfactory.

•Very widespread technology
•Frequently used

Main 
advantages

•Spot speed methods:
•No possiblity of travel time forecasting
•Need for a large amount of detectors
•Errors with transients

•Input-output methods:
•Drift (short- and long-term) leads to errors
•Need for closed configurations
•Non-intuitive and hardly developed 

Main 
disadvantages



3.2. Travel time definitions and estimation methods

77

 Different procedures are being used for the spatial 
generalization of the punctual speed means. However, all of 
them introduce bias in the subsequent travel time estimates, 
especially those consisting in mere mathematical interpolations 
between detectors. In fact, any interpolation involves assigning 
to the link some average traffic conditions that do not 
correspond to reality, as they arise from an artificial 
combination of the conditions at particular points. Only 
extrapolations based on traffic dynamics and queue evolution 
could result satisfactory.

In any case, the average speed accepted for the link is given 
a spatial nature. Then, average travel times for a link, ( ), are 
simply obtained by dividing the length of this link by this 
generalized speed. However, the variable that would allow such 
calculation is a generalized space mean speed. Space means, , 
can be calculated as the harmonic mean of individual spot 
speeds (Equation 3.1, where L stands for the length of the link, 
n for the number of vehicles that passed over the detector in the 
considered time interval and for the individual spot speeds). 
However, loop detectors provide time mean speeds, , i.e., 
arithmetic means of individual spot speeds for determined time 
intervals of aggregation . Unless traffic is stationary, time 
means speeds are higher than space mean speeds. Therefore, 
travel times are underestimated. Chapter 4 of this thesis further 
elaborates on this issue, and it is precisely devoted to solve this 
inconvenience with no extra expenses.

 =  =  =  =  (3.1)
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These drawbacks can lead to completely flawed travel time 
estimations, especially in unstable congested situations (stop and go 
instabilities, formation or dissipation of shock waves, etc.). The 
smaller the , the higher the possibility that detectors only measure 
speeds over one of the traffic instabilities. In such cases, the 
punctual speeds that are extrapolated to the whole link are not 
representative of the traffic conditions along its entire length. The 
subsequent errors in travel time estimations can reach 30% (Rakha 
and Zhang, 2005). These errors are smaller with longer , as these 
unstable non-stationary traffic states are generally smoothed. 
However, longer are undesirable for real-time highway traffic 
information systems, for which information’s immediacy is 
essential. Situations of severe congestion can also lead to wrong 
results, as loops only measure speeds of moving vehicles. That is, 
they do not account for the periods in which they are stopped. 
Average speeds would be overestimated and, consequently, travel 
time estimates underestimated. All aforementioned considerations 
correspond to the trends usually observed in such situations. 
However, other could occur, in line with the uncertainty linked to 
unstable traffic phenomena. This fact makes difficult the 
implementation of proper corrections. Regarding loop density, 
better results are obtained for these freeways where an extensive net 
of loop detectors is uniformly displayed (at least a double loop every 
500 m), especially taking into account the possibility of sensor 
failure (Gentili and Mirchandani, 2018). However, longer links 
between loops result more favourable in the event of traffic 
instabilities, as they are usually smoothed. Different speed 
interpolation models (Table 3.2) have tried to solve the former 
issues, but none of them resulted satisfactory enough. 
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METHOD REFERENCE 
EXAMPLE COMMENTS

Constant 
interpolation 
between detectors 
(e.g. conservative 
approach: 
choosing the 
lowest spot speed 
from those 
calculated at the 
end detectors).

Cortés et al., 
2002

- Traffic dynamics and queue evolution 
are overlooked. 

- Speeds are supposed to change 
instantaneously.

- Speeds’ discontinuities are assumed to 
take place at the detectors. 

- A weighted average speed was used in 
this case. 

Piecewise constant 
interpolation 
between detectors 
(e.g. midpoint 
algorithm, thirds 
method).

Kwon, 2004

- Traffic dynamics and queue evolution 
are overlooked.

- Speeds are supposed to change 
instantaneously. 

- The speed discontinuity is assumed to 
take place within the section. 

- Performed with the thirds method in 
this case. 

Piecewise linear 
interpolation of 
speeds between 
detectors.

van Lint and 
van der Zijpp, 
2003

- Traffic dynamics and queue evolution 
are overlooked.

- Speed changes are distributed in the 
traffic transition along the section. 
However, this distribution does not 
match drivers’ real response to 
changes in the traffic state (much more 
concentrated in time and space). 

- Anticipation of slower or faster speed 
regimes due to the assumption of 
constant acceleration between 
detectors.

- Better than the piecewise constant 
interpolation, at least with simulated 
data. Nevertheless, inaccuracies 
remained in fully or partially 
congested stretches. 
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METHOD REFERENCE 
EXAMPLE COMMENTS

Quadratic 
interpolation of 
speeds between 
detectors (e.g. 
basic or with a 
truncated 
definition of the 
speed evolution).

Sun et al., 
2008

- Traffic dynamics and queue evolution 
are still overlooked. 

- Attempt to mimic drivers’ real 
response to changes in the traffic state, 
allowing smooth accelerations and 
decelerations between detectors.

- Changes in speed and acceleration 
have no relation to traffic evolution, 
but are linked to a mathematical 
function.

Punctual speed 
generalized over 
the section 
according to 
classical 
continuum traffic 
flow theory.

Coifman, 2002

- Linear approximation of the flow-
density relationship. Thus, the speed at 
which transitions between two 
congested states propagates is known 
(the slope of the right branch of the 
diagram). 

- Satisfactory results in congestion. 
Unsatisfactory in partially congested 
situations.

Punctual speed 
generalized over 
the section 
according to 
classical 
continuum traffic 
flow theory + 
smoothing filter.

Treiber and 
Helbing, 2002

- A non-linear spatio-temporal lowpass 
filter is applied to the input detector 
data. This filter exploits the fact that, 
in congested traffic, perturbations 
travel upstream at a near-constant 
speed, while in free flow, information 
propagates downstream. All higher
fluctuations are smoothed. 

- Speeds are finally obtained as smooth 
functions of space and time. 

- Good results in congestion in short 

Insatisfactory in partially congested 
situations. 

- Conservation is overlooked.

Table 3.2. Most common methods used for the interpolation of spot speeds 
for travel time estimation, and examples of application developed by 
particular authors.
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Generally speaking, travel time estimations from all these 
methods are acceptable when free-flowing conditions prevail, that 
is, when there is spatial stationarity in the link. However, those that 
completely overlook traffic dynamics provide highly underestimated 
travel times in fully congested situations.

During congestion onsets and offsets, i.e., in partially 
congested situations, each method leads to different results, but they 
all tend to be inaccurate and unreliable in any case. The reason is 
that most of them neglect where transitions really occur within the 
links. The proposals of Coifman (2002) and Treiber and Helbing 
(2002) partially face this issue and, in fact, their results are better 
with fully congested sections. However, further improvement is 
needed, as they continue to fail with transients. Lacking a better 
approach based on traffic dynamics and queue evolution, an 
intelligent smoothing of the noisy loop detector data implemented 
together with midpoint, linear or truncated quadratic methods helps
to reduce fluctuations linked to short , which, although desirable 
for real-time information systems, are a major source of errors for 
spot speed methods (Soriguera and Robusté, 2011c).

Finally, it cannot be overlooked that the final information that 
highway travel time information systems provide are not travel 
times in each link between loop detectors, but corridor (i.e. several 
links) travel times. For this purpose, the travel times (estimated at 
the same instant) of all links that form the target corridor are simply 
added up in real time. Note that each link travel time is obtained 
from the average speed measured over the last few minutes. This 
implies that i) the most recent information is used and ii) the 
obtained corridor travel time is not trajectory-related. It is a like a 
picture of the current travel times along its path. Furthermore, it is 
possible that no vehicle trajectory fits this travel time. This temporal 
alignment-based concept of travel time is again known as ITT 
(Instantaneous Travel Time), as in the case of tracking. However, in 
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that case trajectories and their associated travel times were real. 
Anyway, ITT may be considered again the best approximations to 
the desired real-time “future” information, in the absence of 
forecasting methods. This asseveration implies that traffic 
conditions are supposed to remain constant between consecutive 
time intervals. To support it, both short   and short corridor 
lengths are advisable (Soriguera and Robusté, 2011b).

3.2.2.2. Input-output methods

Input-output methods are explained in detail in Chapter 5. 
Therefore, this section only introduces their most basic 
fundamentals, so that they can be broadly compared to the other 
travel time estimation methods revisited. Figure 3.9 shows a typical 
cumulative count input - output diagram of a road section limited by 
two inductive loop detectors. For both of them and starting at any 
time , corresponding to the pass of a reference vehicle over the 
entrance detector, it is possible to count and accumulate over time 
all vehicles passing their respective locations. If this process is 
graphically represented, cumulative count curves are generated. 
More in particular, they are drawn little by little after the end of 
predetermined time intervals , respectively adding the number of 
vehicles that passed the detectors during these periods. They are, 
therefore, stepwise functions, which can be smoothed in practice 
taking into account the large amounts of vehicles that is usually 
registered. In the example of Figure 3.9, ( , ) is the "arrivals" 
count curve measured at the upstream detector  of the section and 
accumulated over time. For its part, ( , ) is the "departures" 
cumulative count curve measured at the downstream detector . 
The travel time in the section of any vehicle nj can be directly 
obtained from the diagram, as it is the horizontal distance between 
the curves at the height of vehicle nj. For its part, the vertical distance 
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between the curves at any time t* is the vehicle accumulation in the 
section at this time.

Figure 3.9. Basic graphical interpretation of input-output diagrams.

Two important assumptions, whose consequences are also 
discussed in Chapter 5, are behind these diagrams:

There is no passing in the section, i.e., the system is FIFO 
(First in-First out). This assumption allows obtaining travel 
times from the curves. In this regard, it is important to remark 
that input-output diagrams do not actually consider individual 
vehicles, but positions within the traffic stream or, as it is 
usually said, they consider “labels”.

Vehicle conservation holds in the section, i.e., vehicles do 
not enter or leave the section at any halfway point. This 
assumption allows obtaining vehicle accumulation from the 
curves.
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Input-output methods have significant advantages in 
comparison to other procedures:

First, technological requirements are minimum. Not only 
because they rely on inductive loop detectors, but also because 
these can even be single loops. Moreover, they can be located at 
relatively large distances. Therefore, no expensive or rare 
surveillance is necessary. The only condition in this regard is 
that all junctions must be monitored, in order to ensure the 
assumption of conservation (see Chapter 5). Even if this were 
not the case, the extra expenses needed for the deployment of 
some additional loops would be affordable for most 
administrations. 

Second, but more important, input-output methods can 
provide not only trajectory-based instantaneous travel times 
(ITT), but they also have predictive capabilities linked to the 
spatial nature of one of their outputs: the vehicle accumulation. 
The value of this parameter at any time indicates the number 
of vehicles that should be served (i.e. that should be able to 
traverse the section) in the next time interval under free 
flowing conditions. Again, Chapter 5 further elaborates on this 
concept.

The usefulness of such methods for different purposes has 
already been demonstrated by outstanding researchers of varied 
disciplines and, particularly, of that of road traffic (e.g. Daganzo, 
unkn. date; Newell, 1993a; Newell, 1993b; Newell, 1993c; Lawson et 
al., 1997; Newell, 1999; Cassidy et al., 2002). However, they are not 
used in practice for travel time prediction. The fact that they are no 
intuitive is one possible reason. Also, that detector drift, a common 
problem of loop detectors, could lead to significantly biased results. 
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The methodology introduced in Chapter 5 of this thesis allows 
benefiting from the advantages of input-outputs methods for travel 
time prediction, while solving the consequences of drift by means of 
data fusion.

3.2.3. Data fusion for travel time estimation

Well-developed data fusion procedures are gaining acceptance in 
most research fields, supported by technological progress and 
advances in computing capacity. All of them are aimed at combining 
data from different sources, sometimes using different 
algorithms/models, so that the strengths of some of them 
compensate for the weaknesses of others. Thus, the goal is to obtain 
better outputs than that available from a single data source.

Regarding travel times, a significant amount of studies have 
developed data fusion methodologies to obtain travel time 
distributions, i.e. travel time reliability, on particular highways. In 
fact, travel time information systems are also usually fed with this 
kind of data. If not, as seen, either with direct measurements of 
travel time or with travel time estimates obtained from a single data 
source. Less research can be found that used data fusion for travel 
time estimation in real time. Table 3.3 summarizes some of the most 
important pieces of research (according to their impact on the field) 
on the topic performed in the last years. Although most procedures 
can perform satisfactorily in uncomplicated environments (free 
flow, very recurrent traffic state patterns, etc.), they do not adapt 
well to varying or congested situations, especially if they are linked 
to sudden events. In addition, this kind of schemes would not be 
accurate enough in future scenarios like cooperative driving or 
seamless intermodal on-demand systems. Therefore, there is a need 
for the development of more accurate, reliable, robust and 
standardisable (e.g. economically and technically feasible and non-
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site-dependent) data fusion procedures for travel time prediction. 
The methodology presented in Chapter 5 has this goal.

More significant pieces of research from previous years are also 
available, which coincide in time with the boosting of ITS (from the 
end of the 1990s until the early 21st century) and with the 
recognition of the travel time as one of the most (if not the most) 
important parameters for traffic management. Despite their 
outstanding contribution, significant changes in the boundary 
conditions (e.g. available surveillance, technological level, 
computational capabilities, etc.) make their reevaluation and 
probably their update advisable.

Anyway, the review of all previous works allows classifying 
them according to different features. Table 3.4 addresses this 
division depending on five aspects: the level/levels at which the 
fusion is performed, the mathematical nature of the methodology, 
the general approach to the problem, the role of the contextual 
information in the fusion and the behavior of the fusion operator. 
Describing in detail all existing models is out of the scope of this 
thesis, but this differentiation as well as the brief explanations 
provided below provide a good overview. Each particular data fusion 
methodology could be included in one category of each 
classification. Additionally, with the exception of the categories 
linked to the general approach to the problem, the rest would be 
valid for any other fusion models not aimed at travel time 
estimation. Descriptions are thus generalized for the sake of 
simplification.
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Single-estimation models
A single travel time estimation model 
fuses heterogeneous data.

Multiple-estimation 
models

Fusion of the outputs of several travel 
time estimation models (one per data 
source).

Hybrid models
Fusion of the outputs of both single-
and multiple-estimations models
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Probabilistic models
Based on empirical probability 
functions with their associated 
conditional probabilities.

Evidential logic models
Based on approximate probability 
functions. Probabilities are given a 
confidence level.

Fuzzy logic models
Statement logic. The truth values of 
variables may range any real number 
between 0 and 1.

Artificial intelligence* 
models

Machines mimic human cognitive 
functions such as learning and 
problem solving.
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Naïve models
No model. Based on very restrictive 
assumptions that are not always true.

Traffic flow-based 
models

A traffic model developed on the basis 
of theoretical principles predicts traffic 
evolution.

Data-based models
Data themselves determine the 
function that relates the inputs to 
the outputs.

Hybrid models
Combination of the former approaches 
performed at the same or at different 
steps.
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N Context independent 
models

External information plays no role.

Context dependent 
models

External information influences the 
fusion.

O
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O
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B
E

H
A

V
IO

U
R

Indulgent fusion 
operator models

The credibility of the inputs is 
increased.

Severe fusion operator 
models

Criteria is simultaneously satisfied.

Cautious fusion operator 
models

They behave like a compromise.

Table 3.4. Possible classifications of data fusion travel time estimation 
procedures. *Note: Artificial intelligence actually belongs to computer 
science. It is influenced by mathematics, but also by philosophy, 
psychology, etc.

It must be first taken into account that the fusion can operate 
on the inputs of the travel time estimation model or on the outputs 
of one source-based estimations. In this regard, three types of 
models can be distinguished, which are represented in Figure 3.10
for the example case of three data sources:

a) Single-estimation models are those that fuse data from
different sources. Therefore, a sole model processes all data to 
obtain a unique output. Previous or integrated algorithms 
aimed at detecting and removing outliers from the inputs are 
advisable. Neural networks, state-space models and several 
traffic-theory based models usually perform within this 
category.
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Figure 3.10. Classification of data fusion models depending on the levels 
at which the fusion is performed: a) single-estimation models; b) 
multiple-estimation models; c) hybrid models.

b) Multiple-estimation models are those that obtain a final 
estimation by fusing previous “partial” estimations. That is, 
they fuse the estimations provided by simpler models, whose 
inputs were respectively supplied by a single data source. The 
removal of outliers can be in this case performed within the raw 
data, once obtained the partial estimations or, at best, in both 
cases. Models based on the Bayesian theory, on the Dempster-
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Shafer theory, some fuzzy logic schemes, weighed linear 
combinations or network equilibrium models are normally 
applied in this way.

c) Hybrid models combine the approaches of single and
multiple-estimation models. That is, provisional outputs 
obtained from an amalgam of models of the aforementioned 
categories are fused to obtain the final estimation. Developing 
them by the modification of an existing multiple-estimation 
model is a usual procedure.

Second, it is possible to classify data fusion models (also one 
source-based models) depending on their mathematical baseline. In 
this sense, fusion operators can be based on:

a) Probabilistic logic models, which are those based on the
classic probability theory. Therefore, they are characterized by 
their robust mathematical foundations. Additionally, they 
require empiric data both to construct probability density 
functions and to define laws for the conditional probabilities. 
They become complex when handling with very complicated 
cases. Excessive computation power and time as well as the 
possibility of obtaining counter-intuitive results advise against 
their use in these contexts.

b) Evidential logic-based models, which try to overcome the
difficulties of the classic probability theory to deal with 
ignorance. A complete empirical probability model is not 
required. Approximations to the probability functions, which 
are given a particular level of credibility, are thus acceptable. 
Additionally, evidential logic tries to take advantage of sets of 
hypotheses and not of each hypothesis separately. This 
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facilitates the reallocation of the probability of belief in the 
hypotheses when evidences change.

c) Fuzzy logic-based models, which range the veracity of an 
assertion between 0 and 1. This assertion is a consequence of 
the reasoning from the available level of knowledge, usually 
inaccurate or partial. Thus, and in contrast to classical logic, for 
which conclusions are either true or false, fuzzy logic is 
multivalent. Additionally, fuzzy logic models use these degrees 
of truth as a mathematical model of vagueness. They also differ 
in this sense from probabilistic or evidential approaches, in 
which the probability functions, either empirical or 
approximate, model ignorance. 

d) Artificial intelligence models, which are actually more than 
mathematical models. Artificial intelligence is a key part of 
computer science influenced by mathematics, but also by 
philosophy, psychology, etc. It is based on 4 pillars (Nilsson, 
1980). First, the search of a required “state” among all states 
produced by all possible actions. Second, the use of genetic 
algorithms, in which the candidate solutions to an optimization 
problem are iteratively modified to achieve better and better 
solutions. Third, artificial neural networks, which are 
computing systems that "learn" to perform tasks by considering 
examples, generally without being programmed with any task-
specific rules. And finally, there is a need for reasoning through 
a formal logic and for abstract thinking. Artificial intelligence 
can have very different approaches (e.g. machine learning, 
cybernetics, soft computing, computational intelligence, 
embodied intelligence), in which the use of probabilistic logic 
models, evidential logic models, fuzzy logic models, etc., can be 
suitable.
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Advances in computing capacity have made the combinations 
of the former approaches feasible. However, as stated in Chapter 1, 
the most complex methodologies are seldom the most advisable. 
Simple procedures, even deterministic, based on a good knowledge 
of all boundary conditions, thus avoiding the need for assumptions 
or coarse estimations, are not only more feasible, but they may also 
be more accurate.

Although related to the mathematical logic applied, for which, 
as said, categories are not exclusive of travel time estimation models, 
other differentiation, in this case particularized for them, is not only 
suitable, but meaningful (Figure 3.11). Depending on the general 
approach they have to the problem, i.e. on how they estimate travel 
times, models can be (van Hinsbergen et al., 2007; Mori et al., 2015):

a) Naïve models are ad hoc very simple travel time prediction
methods, used even without fusion, i.e., with data coming from 
a single source. They are based on the acceptance of very 
restrictive assumptions, whose suitability is not confirmed. 
Despite its usually low accuracy, they are widely applied in 
practice (barely in the research field, where they are mainly 
restricted to comparison) because of their minimal 
computational demand, their speed and their easy 
implementation. For example, some methods assume that 
traffic remains constant for a period and accept ITT as 
predictions. Others accept averages estimated in different ways 
from historical data. The combination of instantaneous and 
historical data (not guided by a model) or simple clustering 
techniques also belong to this group.
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Figure 3.11. Classification of (data fusion) models depending on their 
general approach to the estimation of travel times.

b) Traffic flow-based models use the principles of traffic
theory to recreate present traffic conditions as well as their 
evolution with time. Once this is obtained, travel times are 
derived. The success of these models depends on the accuracy 
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when forecasting traffic evolution, which is not a simple task. 
Simulation tools are usually applied for this purpose but, as it 
was explained in Chapter 2, they must be properly chosen and 
calibrated with empirical data. These methods could be very 
profitable for traffic centres, as the knowledge of traffic 
conditions could support related decision-making tasks. 
However, the fact that they are not intuitive (a good background 
on traffic theory is necessary to manage them properly), their 
demanding computational requirements and difficulties in 
calibration hinder their generalization.

c) Data-based models are those that, by means of statistical
and machine-learning techniques, derive from the available 
data a function that relates the explicative variables with the 
target variable. Traffic principles are thus completely neglected. 
Although in fashion, these models i) require huge amounts of 
data to derive a proper function and ii) are site-dependent. If 
the structure of the function is predetermined and the data are 
used only to “adjust” it, the models are called parametric. In 
non-parametric models, the function is freely derived from the 
data and has no predefined structure. An intermediate 
approach is given by semi-parametric models, which neglect 
some of the assumptions that would determine the structure of 
the function in a parametric model to make it more flexible.

d) Hybrid models combine some of the aforementioned
approaches in different ways, trying to use their strengths and 
compensate for their weaknesses. These combinations can take 
place in different steps of the fusion (e.g. one model 
fuses/processes the data and another one predicts travel times) 
or in the same/s.
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Fourth, data fusion models can be divided into groups 
depending on the role of the contextual information in their 
estimations:

a) A context independent fusion operator only takes into
account the values to fuse, neglecting any other external 
information.

b) A context dependent fusion operator acts according to the
contextual information of the fusion and, thus, it needs this 
information to perform properly.

Particularizing for the case of travel time prediction models, 
contextual information plays an important role. It is usually related 
to the study site (number of lanes, number and location of junctions, 
accuracy of the available detectors, etc.), especially for those models 
based on traffic flow principles. Data-based models, on the contrary, 
pay more attention to weather or incident information, the calendar, 
etc. The consideration of both types of contextual information, if
possible, would lead to better results (Mori et al., 2015).

Finally, fusion operators can be distinguished according to 
their behavior. In this regard, Bloch (1996) used the qualitative 
adjectives “severe”, “cautious” and “indulgent” to make the 
distinction. Although valid for any number of inputs to fuse, she gave 
a simple example with only two for the sake of simplicity. She 
referred to the credibility associated to each of these inputs as x and y, which could take values into the interval [0, 1]. ( , ), with 
possible values within the same interval, was the credibility 
associated to the result of the fusion. In this context:

a) A fusion operator is indulgent if it acts with a disjunctive
behavior (Equation 3.2):
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( , ) max( , ) (3.2)

These operators express redundancy between criteria. They 
increase the certainty we have about an information.

b) A fusion operator is severe if it has a conjunctive behavior
(Equation 3.3): ( , ) min( , ) (3.3)

This kind of operators represents a consensus between inputs 
or, in other words, focuses on their common or redundant aspects. 
It searches for a simultaneous satisfaction of criteria.

c) A fusion operator is cautious if its behavior is intermediate
(Equation 3.4): ( , ) ( , ) max( , ) (3.4)

Such an operator provides a global measure, intermediate 
between the inputs to fuse. By the introduction of weights, it is able 
to include interactions and dependencies between them, thus 
avoiding combination bias.

It is important to note that some operators become severe, 
indulgent or cautious depending on the nature of the inputs to fuse 
(e.g. their sign). Namely, artificial intelligence depends on the values 
of the inputs, but is independent of the contextual information. And, 
for example, some fuzzy logic techniques depend on both aspects.
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3.3. Dissemination of travel time 
information
The dissemination of the information is a fundamental task of any 
travel time information system. This section is particularly aimed at 
reviewing the basics of this dissemination from a practical point of 
view. Considerations about how information should be delivered in 
order to reach the system optimum (Wardrop, 1952) are not 
included here, as they are addressed in Chapter 7. In this context, 
Figure 3.12 summarizes the three most important variables to be 
contemplated so that travel time information is successfully 
communicated. In fact, interdependences among these variables 
exist. Note that most of the next reflections are also applicable to the 
dissemination of other types of traffic-related information.

Figure 3.12. Features to take into account before implementing plans for 
the dissemination of travel time information.

Dissemination of travel 
time information

Lexicon

Purpose: 
pre-trip vs 
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technology
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First of all, strategies designed to deliver information to drivers 
before they begin their trips will mostly be different from those used 
to fulfill their information demands while travelling. Indeed, the 
required information is not the same either, at least normally. Pre-
trip information allows planning in advance. Travel time reliability 
information is commonly demanded in this context, for different 
purposes like i) trip planning for habitual trips such as commutes, 
or ii) trip planning before following an unfamiliar route, to be aware 
of the typical travel times on it. Drivers can decide on its basis their 
mode of travel, their departure time or even, if possible, if they make 
the journey or not. Travel time reliability information can also be 
useful as on-trip information, allowing users to change their trip 
while in progress, prior to a route or mode choice point. However, 
instantaneous travel time estimations (note that predictions are not 
generally available, as it is discussed in Chapter 5) are more 
demanded when a trip has already begun. Anyway, on-trip 
information enables drivers to modify the initial planning according 
to current traffic conditions, provided that this possibility exists. 
Both pre-trip and en-route, the main goal of the dissemination of 
travel time information is to avoid late arrivals, which can have 
subsequent impacts if the person/freight is awaited at the 
destination at a certain time. It can also be useful to avoid stress and, 
therefore, accidents. A good travel time information system should 
thus allow users to receive the particular information they ask for in 
the form that results more useful for them.

In line with the former statement, the lexicon used for any kind 
of travel time information delivery must be clear and concise, and 
adapted to the target driver. These features are especially important 
for en-route information, as i) the time a driver has to process the 
information is usually short and ii) he will possibly take decisions in 
real time on its basis. Ambiguous or too complicated messages 
could, in the best case, result useless. In the worst case, they could 
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lead to incidents. In this regard, many studies tried to define the 
most suitable length of any kind of warning or information 
delivered in real time to drivers, so that it results useful and 
does not represent a distraction from the driving task. For the case 
of Dynamic Message Signs (DMSs) displayed on the road, the 
optimal distance between each pair has also been analysed 
and, in fact, is regulated by standards. Research on lexicon 
for auditory messages is also in process. Nowadays, auditory 
messages are already used by some apps or navigations systems, 
but they are, generally, not subjected to any rules. However, this 
type of communication is expected to be increasingly important 
(at least before self-driving vehicles hit the road) and, therefore, 
the development of some guidelines seems advisable. 

Finally, a good travel time information system must have 
appropriate media and technology interfaces to cover all possible 
demands, namely i) different types of travel time information, ii) a 
changing (often high) amount of requirements and iii) queries 
performed through all possible communication channels. The 
available media platforms evolve in line with technological progress, 
but they are sometimes constrained by limited budgets. Some of 
these platforms are only useful to disseminate pre-trip information. 
This is the case of press or TV information, which were the 
traditional channels of communication in the past. Although their 
role is nowadays less important, they still result useful to warn in 
advance against traffic disturbances linked to a special event (e.g. a 
concert, a football match, construction sites). Information through 
websites, although theoretically feasible for en-route information 
dissemination via smartphones, is normally used before starting a 
route too. Since the first websites for traffic information appeared in
the mid-1990s, outstanding improvements have been made. 
Representative examples are the public website of the Department 
of Transportation of California (Caltrans Performance        
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Measurement System, http://pems.dot.ca.gov/) or that of the 
private company Inrix (http://inrix.com/web-portals/), where the 
most important information is only fee-based available. However, 
the administrators of this kind of websites have usually developed a 
smartphone app with the same or even more targeted information 
too. For their part, DMSs are only used to deliver information to 
those people already travelling. Therefore, they are considered as 
especially directed to the interested users, as they are linked to the 
routes these users follow. However, several studies state that they 
are not good platforms to deliver travel time reliability information, 
as drivers could confuse it with real-time information (Kuhn et al., 
2017). 

The remaining travel time dissemination technologies are 
useful before and during a trip. Information points, traffic call 
centres, radio broadcasts, car navigators and smartphones belong to 
this group. The last ones are those more successful nowadays. 
Information points have the problem of their low accessibility. 
Additionally, they oblige travellers to stop and, if necessary, to wait 
to be served. Their main advantage is that information can be very 
complete and specific. Another on-demand service able to provide 
extensive and particular information are call centres. However, they 
are usually paid services and, additionally, some waiting time is 
often required. Therefore, they are mainly used in the event of an 
accident, and not to obtain travel time information. Radio 
broadcasts have similarities with press or TV reports: information 
times are discrete and information is not user-specific. 
Furthermore, signal losses while driving make them unreliable to 
deliver important information, at least as a single source. For their 
part, car-navigators provide continuous and immediately accessible 
information. Besides, they can be manipulated by drivers to deliver 
the specific information they want with their favourite interface. 
However, smartphones overtake them today as the most preferred 
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source of information. First, most travellers have a smartphone for 
their daily communications and routines, while car-navigators must 
be bought on purpose to support the driving task, at least for the 
majority (medium-class) of vehicle models. Second, many modes of 
information are available via smartphones: short message services 
(SMS), social media platforms (e.g. Twitter), specific traffic apps, 
etc., especially interesting for the dissemination of real-time 
information. Apps are undoubtedly on the top. They are normally
very user-friendly, and include user input and output screens and 
data entry mechanisms, such as drop-down text boxes and scrolling 
menus, specifically designed for the touchscreen or keyboard 
supported by the operating system (Kuhn et al., 2018). Although a 
fee is required to use the best ones (e.g. Inrix app, Figure 3.13), very 
satisfactory options can be found free of charge. As said, being aware 
of their usefulness, several traffic agencies have developed their own 
public mobile applications.

Figure 3.13. Images from the Inrix traffic information app.
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Chapter 4 

A simple algorithm for the estimation of 
road traffic space mean speeds from 
data available to most management 
centres 

4.1.  Introduction 

As society progresses, new requirements and needs may appear. 
With regard to road transport, researchers, administrations and 
private companies are aware that controlling the evolution of traffic 
results in an increase of productivity and safety, allows exploiting 
synergies among different means of transport and contributes to a 
more sustainable growth (SHRP 2, 2013). Many different initiatives 
such as real-time calculation of travel times, active traffic 
management or automated driving emerge as examples of key 
achievements. 

Although these lines of research are very different, they have 
two commonalities: the need for appropriate data and well-founded 
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calculations. The development of new technologies and computer 
software offers the possibility of collecting varied data and 
combining them to obtain accurate results (Yuan et al., 2014). 
Mobile phones, GPS (Global Positioning System), Bluetooth, Optical 
Character Recognition (OCR) cameras and many other devices are 
sources of traffic data usable for calculations. As seen, GPS-enabled 
cell phones, RFID technologies, etc. have opened a new way of 
collecting traffic data, as they are able to register individual vehicle 
trajectories (Hiribarren and Herrera, 2014). Furthermore, Chapter 
6 describes future cooperative scenarios in detail, where vehicles will 
play an active role. With these lagrangian sensors moving within the 
traffic stream, increasing amounts of data will be available. 
Therefore, it will be possible to design much more precise 
methodologies, either for real-time travel time estimation or for any 
other purpose aimed at the dynamic management of traffic. 

However, currently, neither totally accurate data nor the most 
complex programs are usually available, at least in a sufficient 
amount, in less trafficked areas. This is the case for example on 
secondary roads, in rural areas or for small traffic management 
centres. In fact, the majority of these centres in developed countries 
depend on equipment such as loop detectors and common cameras 
(unable to identify vehicles). In these situations, loops are the main 
sources of data. Traffic researchers have demonstrated the 
advisability of deploying double loops (in pairs in each section of 
each lane) rather than single loops to obtain more data and thus 
better results in later calculations (Chen et al., 2003). Fortunately, 
at present this trend is usually fulfilled. Like the introduction of AVs 
on the market, the fact that there is a single data source on any road 
is expected to gradually disappear. Anyway, until today´s scenarios 
evolve, some modifications can be performed in the procedures 
currently implemented in traffic centres, so that they better manage 
traffic. In the case of this chapter, travel time estimation by means 
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of spot speed methods will be improved only with the application of 
traffic flow theory, and maintaining loops as the unique data source. 
First, a remainder of the basics of these detectors is included next. 

All inductive loop detectors are similar. They consist of a wire 
loop installed under the pavement of a lane which is able to detect 
the presence of a vehicle (in essence a metallic object) because of the 
change that it causes in the electromagnetic properties of the loop. 
The main differences are related to the software that manages and 
stores these data, which can be programed in several ways. As 
explained in Chapter 2, with the double-loop configuration, the data 
usually available in previously determined time intervals of 
aggregation are: 

Number of vehicles that pass over the detectors. 

Lengths of these vehicles: the software that manages the 
information usually classifies them into groups and keeps only 
the number of vehicles in each group. For example, in Spain the 
usual classification is as groups of vehicles shorter than 6 m, 
between 6 and 10 m and larger than 10 m. 

Spot speed measurements: again, although at first 
individual spot speeds are detected, the software calculates and 
registers only their mean, i.e., the time mean speed, , the 
average speed of all vehicles passing over a particular spot. 

Number of vehicles that pass over the detectors with a speed 
lower than a particular reference speed. It is common to have 
two different references. Only the number of vehicles that meet 
this requirement is stored. It must be highlighted that the 
chance of obtaining these data directly from the software of loop 
detectors is not a standard in the USA, but it is quite common 
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in Europe. As an example, all Spanish freeway traffic centres 
manage them. 

The duration of the time intervals of aggregation ranges from 
20-30 s in the USA up to 15 minutes in some European countries. 
Intervals between 3-5 minutes have proven to be the most suitable 
(Soriguera and Robusté, 2013); both shorter and longer durations 
have some advantages but also some disadvantages, as discussed in 
Section 4.5. 

Variation of traffic speeds at various places over time turns out 
to be one of the basic inputs for subsequent studies, for example, the 
indirect estimation of travel times. However, the problem is that 
most studies are based on the fundamental equation of traffic flow 
(Equation 4.1, introduced as Equation 2.8 in Chapter 2); it provides 
the relationship between flow, q, and density, k, by means of a 
specific type of speed, the so-called space mean speed, , which is 
really a harmonic mean calculated under particular conditions 
(Wardrop, 1952). Further explanation about this point is included in 
Section 4.2. 

(4.1)

The use of data provided by loop detectors involves various 
difficulties when determining the evolution of speeds: 

Individual speeds are measured at fixed points of a road and 
must be extrapolated to some extent to achieve the spatial 
implication needed. This spatial generalization is extremely 
complicated, particularly in case of congestion. 
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As mentioned, the software delivers time mean speeds. The 
use of these time means as substitutes of the space means 
required for calculations can cause a considerable loss of 
accuracy in the final results. 

Although loops are simpler, more economical and more 
common than other devices used to collect traffic data, their 
utility depends on their density on the road (Bachmann et al., 
2013). Some research has resulted in the development of simple 
search algorithms which efficiently select sensor locations in 
order to obtain suitable data when the number of available 
sensors is limited (Viti et al, 2014). Nevertheless, the difficulties 
still remain on those roads already constructed. 

The goal of the algorithm introduced in this chapter is to 
calculate spot space mean speeds exclusively from the data provided 
by double-loop detectors, avoiding extra expenses for the 
administrations. Specifically, it is focused on the calculation of the 
variance of the speeds with respect to the time mean, which allows 
using the relationship between time mean speeds and space mean 
speeds in the case of stationarity defined by Rakha and Zhang 
(2005). As explained in Chapter 3, further improvements must be 
implemented to obtain more accuracy in the final objectives, in this 
case, in the travel time estimations. Once working with space mean 
speeds, a procedure for the generalization of these speeds over the 
links between detectors based on traffic dynamics and queue 
evolution would be the next challenge to face. Anyway, 
improvements in this first basic input have, as it is next 
demonstrated, satisfactory consequences.  

The remaining sections of this chapter are as follows. Section 
4.2 gives the background of different traffic speed definitions and 
summarizes their relationships according to various researchers. 
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Section 4.3 develops the proposed algorithm, whose 
implementation is demonstrated in Sections 4.4 and 4.5 with 
artificial and real data, and also compared with other 
methodologies. After the discussion of the results, conclusions and 
a proposal for new lines of research are presented in Section 4.6.  

4.2. Background 

Since 1952, when Wardrop stated his two principles concerning the 
idea of traffic equilibrium previously developed by Knight (1935), 
the differences between the time mean speed and the space mean 
speed have been widely demonstrated. The space mean speed is 
the average speed of all vehicles in a particular stretch of a road at a 
specific instant (Homburger et al., 1996). The time mean speed is 
the average of the speeds of all vehicles that pass over a section of a 
road during a certain time interval. It is easy to deduce that the time 
mean speed is greater than the space mean speed (Daganzo, 1997) 
because more fast vehicles contribute to the time-mean than slow 
ones, whereas vehicles of all speeds contribute equally to the space-
mean. Space averages equal time averages only in case of space-time 
homogeneous traffic (Breiman, 1969). 

As it has been explained before, loops on a road detect and 
average spot speeds in stipulated time intervals; thus providing time 
mean speeds. However, if the individual spot speeds were stored
could be calculated by giving them certain spatial nature and, also, 
by considering stationary traffic in the section (Edie, 1965) as 
Equation 4.2 shows:

   (4.2)

where: 
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xi= distance covered by vehicle i 

tti= time used by vehicle i to cover the distance xi 

vi= spot speed of vehicle i 

n = number of vehicles that pass over the detector during the time 
interval 

dx = differential length taken up by the detector 

Therefore, in these conditions the space mean speed could be 
calculated as the harmonic mean of the individual spot speeds. It 
must be highlighted, however, that in the origin of this formulation 
neither a time mean nor a space mean was established, but a 
generalized definition of the average speed. The fact of labelling this 
generalized definition of the average speed as space mean speed is 
an abuse of notation. Actually does not share the spatial 
implications of the original space mean speed definition unless 
traffic is stationary. Some limitations have been imposed for that 
reason, considering that this identification is only performed when 
the average speed is computed over a narrow rectangular strip in the 

 plane with a spatial width dx and a time length T, which 
corresponds to the measurement region of a loop detector on a 
highway. Taking this definition into account, the space mean speed 
appears for example in the mathematical formulation of the average 
travel time of n vehicles that cover a specific distance of a road L
at a constant speed vi (Equation 4.3, already introduced in Chapter 
3 as Equation 3.1):

  (4.3)
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In consequence, travel times would be underestimated if  
were used instead of (Soriguera and Robusté, 2011a). This 
substitution could lead to other inaccuracies such as wrong 
estimates of jam densities or shock wave speeds (Knoop et al., 
2009). The data aggregation process is in fact an influential source 
of noise and errors present in conventional measures of the traffic 
state (Coifman, 2014). Many authors have stated the importance of 
correctly using time-based or space-based data, no matter their 
source. For example, the inverse of the harmonic mean of 
instantaneous speeds from probe vehicles is an unbiased and 
consistent estimator of the mean segment travel time when 
sampling by space, whereas it is biased upwards when sampling by 
time (Jenelius et al., 2015). 

Clearly, upgrades in the loop software would allow these 
devices to store individual data or even to directly calculate space 
mean speeds. However, the large number of loops deployed world-
wide and human inertia have so far precluded those modifications. 
Therefore, many researchers have tried to calculate space mean 
speeds from the time mean speeds provided by the loops, especially 
in case of stationarity, which is the common hypothesis of all the 
following methodologies. 

The first of these relationships, shown in Equation 4.4, is due 
to Wardrop (1952): 

  (4.4)

where is the variance of the speed with regard to the space 
mean for the specific time interval of aggregation chosen. The 
accuracy of the formula has been experimentally verified, but most 
traffic management centres cannot use it because individual speeds 
are needed in order to calculate the variance with regard to the space 
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mean. This formula was actually devised to calculate time means 
from space means, what is not usually necessary in real life. 

Another formula postulated to relate both means is that of 
Garber (2002) shown in Equation 4.5: 

       (4.5)

The main problem of this relationship is that it was established 
based only on experimental data; thus, it cannot be extrapolated to 
many situations in which the boundary conditions differ from the 
original ones. It must be continuously calibrated and, ultimately, it 
is not worth using. 

Equation 4.6 has been used in several traffic studies. It was 
first derived by Khisty (2003), but they were Rakha and Zhang 
(2005) who proved it analytically: 

  (4.6)

In this equation is the variance of the speed with regard to 

the time mean for the specific time interval of aggregation. However, 

the impossibility of calculating the variance arises again. 

Nevertheless, and taking into account the utility of the formula, 

Soriguera and Robusté (2011a) were able to estimate this variance 

by imposing the common hypothesis of stationary traffic in each 

time interval of aggregation and additionally assuming normality of 

the speed distribution. Next, the variance with regard to the time 

mean speed is given by Equation 4.7:

     (4.7)

where: 
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= standard deviation of the speed with regard to the time mean 

va = value of the speed chosen by traffic management centres 

F-1 = inverse of the cumulative standard normal distribution 

nva = number of vehicles that pass over the detectors with a speed 
lower than va in each time interval of aggregation 

n = number of vehicles that pass over the detectors in each time 
interval of aggregation 

Although this methodology performs well in specific 
conditions, Soriguera and Robusté (2011a) have warned that it is 
inappropriate to use it indiscriminately, especially in cases of shock 
wave onsets or offsets or with “stop and go” situations. As Cassidy 
(1998) declared, stationarity ensures some otherwise senseless 
relationships. However, the relationship established by Rakha and 
Zhang (2005) has been proven useful under certain conditions even 
with non-spot data such as those from GPS (Poomrittigul et al., 
2008).  

Another fact that must be taken into account to establish 
relationships between speeds is that they more or less fit common 
statistical distributions. The normal, log-normal, gamma and 
bimodal distributions appear in the majority of the traffic studies. 
The normal distribution is undoubtedly the most used because of its 
simplicity, and it performs well when traffic conditions are 
homogeneous. Consequently, it is also common the assumption of 
multivariate normal distributions for link travel times (Jenelius et 
al., 2013). However, the log-normal and gamma distributions are 
usually more suitable because they have additional advantages 
(Haight, 1962):  
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They avoid the appearance of negative speeds. 

They keep their shape if either time speeds or space speeds 
are fitted. 

In the case of the log-normal distribution, another important 
advantage is the fact that the distribution of travel times based on 
speeds that fit this distribution maintains the same shape (El Faouzi 
et al., 2007). If the log-normal speed distribution has a mean and 
a standard deviation , the distribution of travel times will follow 
Equation 4.8:

(4.8)

In the cases where traffic is too heterogeneous (for example, 
because there are many different vehicle types that may behave 
differently or because phases of free flow follow congestion periods), 
unimodal distributions should be avoided (Dey et al., 2006). 
Bimodal or even multimodal distributions might be used. Each of 
their components would often be a normal or log-normal 
distribution (May, 1990). 

Many other complex distributions have been used in research, 
but their complexity prevents them from being put into practice 
(Zou and Zhang, 2012). Even for log-normal distributions, some 
improvements can be expected if the distributions are truncated 
because only a range of speeds makes sense. In addition, the 
variances of these truncated distributions are always smaller than 
those of the original ones (Wang, 2012). 

 
 



Chapter 4. A simple algorithm for the estimation of space mean speeds  

118 

4.3. Simple algorithm for the estimation 
of space mean speeds from the data 
provided by double-loop detectors  

Having analysed previous investigations, and taking into account 
the data available, the author decides to use the equation of Rakha 
and Zhang (2005) to solve the problem of not having an explicit 
value of the variance. The motivation is that the validity of this 
formula has been widely demonstrated in experimental studies. 
However, a particular analysis has been performed in order to 
compare it with other possible relationships. Appendix A1 contains 
the results of this comparison, which effectively verifies the 
goodness of this formula against the others. 

To be able to estimate the variance, two important hypotheses 
are assumed. In each time interval of aggregation T: 

Traffic is stationary. 

The speed distribution is log-normal. 

The validity of these hypotheses will be discussed in Section 
4.5. The first one has also been taken for granted in the other 
methodologies discussed in the chapter. With regard to the second, 
the author exploits the advantages of the log-normal distribution 
mentioned in Section 4.2. Assuming that the distribution of 
individual speeds vi in each time interval of aggregation T is log-
normal, the distribution of the logarithms of these speeds x=Lnv is 
a normal distribution . Therefore, the probability density 
function of the speeds, their mean and their variance are given by 
Equations 4.9, 4.10 and 4.11, respectively: 
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     (4.9)

(4.10)

   (4.11)

where: 

v = individual speed 

μx = arithmetic mean of the logarithms of the speeds 

2x = variance of the logarithms of the speeds with regard to the 
mean 

Note that the goal of the algorithm is to estimate , which 
corresponds to the variance with regard to the time mean speed, 
termed  by Rakha and Zhang (2005). Therefore, μx and x are 
needed. v is supplied by the loops (the time mean speed, termed
by Rakha and Zhang, (2005)).

Let nva be the number of vehicles that pass over the detectors 
in a section with a speed lower than va in one time interval of 
aggregation T. The probability that a vehicle passes over the detector 
with such a speed is shown in Equation 4.12: 

4.12)

where: 

va = speed chosen as a reference 

n = number of vehicles that pass over the detectors in each time 
interval of aggregation 
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xa = logarithm of the speed va 

F = cumulative standard normal distribution 

Z( )= standardized value 

Rearranging Equations 4.10 and 4.12 yields a system with two 
equations (Equation 4.13 and Equation 4.14) and two unknowns: 

                 (4.13)

        (4.14)

where: 

F-1 = inverse of the cumulative standard normal distribution 

Finally, Equation 4.15 is obtained: 

    (4.15)

Solving Equation 4.15, two possible values of x arise. For two 
reference values of speed (va1 and va2), four values are provided. In 
practice, some of these are nullified during the calculations because 
there are some mathematical limitations for the algorithm. In each 
time interval of aggregation T: 

n cannot be too small or the initial substitution of the 
theoretical probability by the accumulated frequency (Equation 
4.12) is problematic and the confidence interval of the 
estimations is too small. 
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It is necessary that nva  0 and nva  n. This keeps the inverse 
of the cumulated standard distribution from tending to infinite.  

must be greater than to avoid square roots 

of negative numbers when solving Equation 4.15. 

It is necessary that to avoid natural logarithms of zero.

In those cases when more than one value of x results, an 
action protocol must be established that helps to choose the most 
suitable. One possibility is to keep the value with the smallest 
confidence interval for a specific level of confidence. 

Once a value of x is found and introduced into Equation 4.13, 
the corresponding μx can be calculated. By using both values in 
Equation 4.11,  is finally obtained and can be introduced into 
Equation 4.6 to estimate The flow chart in Figure 4.1 summarizes 
the main steps of the algorithm. 

As noted, in practice it is not easy to choose the best estimate 
of from more than one possible value. There are no simple 
methods to calculate confidence intervals for the variance of log-
normal distributions. Bayesian procedures seem to be the most 
suitable (Harvey et al., 2012), although quite difficult to implement. 
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Figure 4.1. Steps of the algorithm to obtain space mean speeds from loop 
detector data. 

A näive solution could be to consider the confidence intervals 
of a parameter calculated in a previous step of the method, for 
example x. If the best x is chosen, the best and thus a more 
accurate will be obtained. Because the variable x is normally 
distributed, the solution for the confidence interval limits of x 
proposed by Soriguera and Robusté (2011a) and developed in 
Equations 4.16 and 4.17 can be used: 

            (4.16)     

v a

nv
a n ṽt

Equation 11

ṽs

Equation 6

σt
2

T

nv
a/n

F‐1[nv
a/n]

σx

μx

Equation 15

Equation 13



4.3. Simple algorithm for the estimation of space mean speeds 
 

123 

where: 

         (4.17)

The variable p is the probability of a vehicle with a speed 
smaller than va passing over the detector in the time interval of 
aggregation. The circulation of vehicles over the detectors can be 
observed as a Bernouilli process; the possibilities are their driving 
slower than a reference speed or not, these trials being independent. 
Thus, the estimator of p ( ) matches Equation 4.18:

      (4.18)

The proposed methodology relies heavily on the availability of 
nva. If nva is not reported to the traffic management centre in the 
normal functioning of the system, the method cannot be applied. 
Obviously, carrying out modifications in the controllers in order to 
achieve these data lacks any sense, as it would be simpler, in this 
case, to introduce other modifications in order to directly obtain
Nevertheless, in those countries where nva is available (a substantial 
number), the fact of using the estimated  instead of working with

(the current procedure) for later calculations would imply a 
higher level of accuracy without the need of any re-coding.
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4.4. Implementation of the algorithm 
with artificial data  

To first verify the proper functioning of the algorithm, it was tested 
successfully with data generated with Matlab and readjusted to fulfil 
the main hypotheses of the method, i.e., the stationarity of the traffic 
and the log-normality of the speed distribution in each time interval 
of aggregation T as well as the mathematical requirements detailed 
in Section 4.3. For this last reason, the reference values were set at 
101 km/h and 110 km/h (90 and 98% of the total time mean speed), 
ensuring enough vehicles participating in the calculations. The steps 
followed and the results are shown in Table 4.1, whereas Figure 4.2 
shows them in comparison with time means and real space mean 
speeds. 

The estimated space mean speeds are much closer to the real 
space mean speeds than the time mean speeds that the loops 
provide. The error introduced by the latter is 2.17%, compared to 
0.65% for the estimations of the algorithm. The validity of the 
algorithm has been therefore demonstrated in these ideal 
conditions. 

The mean relative error was calculated taking into account 
absolute values of the differences. In addition, regarding the 
estimated space means, only values with differences smaller than 
the maximum difference incurred by the loops were admitted. This 
procedure was followed also in Section 4.5 with real data. 
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4.5. Implementation of the algorithm 
with real data  

The validity of the algorithm has been demonstrated in an ideal 
situation where all the initial conditions that were assumed when 
defining the method were met. However, it is also necessary to test 
it with different combinations of real data for which one or more of 
these conditions probably will not apply.

4.5.1. The data 

The data used for this study were collected during two days, on 
March 31th, 2014 and April 1st, 2014 in a section with double loops 
(P.K. 86+211, with two lanes in the direction towards A Coruña) of 
the AP-9 freeway, which runs north and south along the west coast 
of Galicia in Spain. The data were provided per lane and for 
aggregation time intervals T of 15 minutes. During the normal 
management of this freeway, the common data available are: 

Number of vehicles that pass over the loops (n).

Number of vehicles with lengths L shorter than 6 m, between 
6 and 10 m or longer than 10 m. 

Time mean speeds : in an initial stage these speeds are 
averaged every 5 minutes, but then they are smoothed for time 
intervals of 15 minutes. 

Number of vehicles (nva) that pass over the loops with speeds 
lower than 50 km/h (Va1) and 100 km/h (Va2), respectively. 
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Specifically for investigation purposes however, on this 
occasion the individual speeds and lengths were also provided, thus 
allowing an analysis of the algorithm with a wide range of different 
boundary conditions, as well as the comparison of the estimated 
space mean speeds with the real ones. The algorithm was executed 
with data obtained on different days, in different lanes (the left, for 
the fastest vehicles, and the right, for medium-low speed vehicles) 
and for all vehicles or only those whose lengths L were within a 
specified range. In addition, different time intervals of aggregation 
(T, in minutes) and reference speeds (Va1 and Va2) were used. N is 
the number of vehicles detected during the entire data acquisition 
period. Table 4.2 shows the cases which have been analysed: 

Table 4.2. Cases analysed to test the algorithm. 

Note that neither the stationarity of the traffic flow nor the log-
normality of the speeds is guaranteed. This issue will be discussed in 
Section 4.5.4. 
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4.5.2.  The results 

Table 4.3 shows the difference between using the time mean speeds 
provided by the loop detectors or the space mean speeds estimated 
with the algorithm as substitutes for real space mean speeds. This 
difference is shown as in Section 4.4, i.e., by determining the mean 
relative error in each case. 

Table 4.3. Comparison between the errors derived from the use of time 
means and those of the algorithm. 

In 8 out of the 11 cases analysed (and taking into account that 
case V has been subdivided) the algorithm implies an improvement, 
but there are 2 cases where the results have been worse and another 
in which no reasonable value has been obtained. This behaviour was 
analysed and understood; it is discussed in Section 4.5.4. 

Note that in most cases it is not possible to determine the 
validity of the algorithm by focusing only on one of the boundary 
conditions; attention to the combination of all of them is required. 
Nevertheless, once all the conditions for the calculation have been 
established, its performance can be improved by changing only one 
of them. As an example, between cases VI (Figure 4.3) and VII 
(Figure 4.4) only the reference speeds are different. However, the 
algorithm only shows a good performance in the latter case. The 
reason underlying this fact is that, in case VI, the sample includes 
fewer vehicles because most of them were driving at speeds higher 
than 50 km/h. Another example is based on cases IV (Figure 4.5) 
and V (Figure 4.6). Segregating the sample according to the vehicle 
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length improves the performance for light vehicles because the 
hypothesis of log-normality is better achieved. As for heavy vehicles, 
the algorithm in this specific example does not even run due to the 
small sample size of these vehicles. The influence of the length of the 
time interval of aggregation can be observed for example between 
cases II and IV (Figure 4.7 and Figure 4.5). The results of case IV, 
where T=5 minutes, are much better. 
 

4.5.3.  Comparison between the proposed 
algorithm and other methods  

Because the proposed algorithm is somewhat more complicated 
than that introduced by Soriguera and Robusté (2011a), a 
comparative analysis was performed to verify that it is worth using. 
In case I for example, the proposed algorithm demonstrated good 
behaviour, diminishing the error incurred by the use of time mean 
speeds by 0.58%. Figure 4.8 and Table 4.4 compare these results 
with that obtained with the methodology of Soriguera and Robusté, 
which, as mentioned before, assumes normality and stationarity in 
each time interval of aggregation T.  

In spite of being conscious of the dependence of the formula of 
Garber on the boundary conditions, Table 4.4 includes also the 
results that would be obtained from its application, only for 
comparison purposes. The equation of Wardrop, as it has been 
previously stated, is clearly useful only to calculate  from , what 
is not necessary in practical uses.
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Robusté a

Table 4.4. Comparison of the errors introduced by different 
methodologies in case I. 

4.5.4.  Discussion 

Given the accuracy of the estimates achieved in each case, some 
conclusions must be drawn. It seems that the algorithm is worth 
using in numerous situations because the results are usually more 
accurate than the currently accepted time mean speeds. However, 
while it clearly performs better in some of these cases, it does not do 
too well in others. The analysis was carried out taking into account 
the following boundary conditions: 

Sample size. 

Log-normality of the speed distribution. 

Speeds chosen as references. 

Length of the time interval of aggregation. 

chapter
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Prevailing type of vehicles. 

General traffic conditions. 

Place, day and moment of data acquisition. 

Regarding the sample size, the larger the sample, the better the 
algorithm performs. The main reasons are that the probability of 
having a log-normal distribution of speeds in each time interval of 
aggregation increases and because fewer mathematical 
inconsistencies appear during the calculations.  

The log-normality of the speed distribution in each time 
interval of aggregation is one of the main hypotheses of the method, 
and therefore it must be met. This can be more or less difficult 
depending on the conditions established for the calculations. For 
example, with low traffic densities, the behaviours of fast (cars) and 
slow (trucks, buses, vans) vehicles can be very different (Dey et al., 
2006). If the estimation is made with samples from all lanes, 
bimodal or even multimodal distributions will probably appear. 
Therefore, the analysis must be made by lane (Soriguera and 
Robusté, 2011a). However, with high-medium densities, log-
normality could appear even in the whole section because the faster 
vehicles will not be able to reach their usual speeds. As previously 
mentioned, log-normality is more suitable with large samples.  

To illustrate the importance of fulfilling this hypothesis, two 
time intervals of T=5 minutes of case Va were chosen (time intervals 
between 7.40 and 7.45 a.m. and between 11.10 and 11.15 a.m.). The 
errors of estimation in these intervals were among the smallest 
(0.04% and 0.03%, respectively). The logarithms of the speeds were 
tested with the Kolgomorov-Smirnov Test. Table 4.5 shows the 
results, where the p-value in both cases was greater than 0.05, 
indicating normality of the logarithms and thus log-normality of the 
speeds. Figure 4.9 and Figure 4.10 also roughly represent this trend. 
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Table 4.5.  KS test results for two time intervals with accurate estimates. 

Figure 4.9. Log-normal trend for time interval between 7.45 and 7.50 
a.m. 

Figure 4.10. Log-normal trend for time interval between 7.45 and 7.50 
a.m. 
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The election of the speeds chosen as a reference must be made 
in a logical way with the only purpose of having a sufficient number 
of vehicles in the sample. In the specific case of the AP-9 freeway, 
the values used were 50 and 100 km/h. As it is obviously uncommon 
for a vehicle to drive slower than 50 km/h on a freeway, some data 
will still be missed. Since the individual speeds were available, other 
values have been chosen for some of the analyses, what has led to 
better results. In this research, values of 90% and 98% of the average 
speed were chosen. In practice, these values could be based on 
(recent) historical data. 

As for the lengths of the time intervals of aggregation, both 
long and short intervals show advantages and disadvantages. Short 
durations are more likely to comply with the other main hypothesis 
of the method, i.e. the stationarity of the traffic flow, and yield more 
accuracy in subsequent calculations in real time (for example, in 
travel time calculations). On the contrary, longer periods involve a 
greater sample size and a lower need for calculation capacity because 
a smaller number of iterations will be run each day. 

Again, the prevailing type of vehicle is related to the 
convenience of making the estimations per lane or in a whole section 
to help to ensure the appearance of log-normal distributions. If 
possible, it is always advisable to work per lane and even to divide 
the vehicles into groups by their usual speeds, although this last step 
adds some extra effort. In case of working per lane, later estimates 
for the section can be obtained with equations such as Equation 4.19, 
where the superscript i labels the lanes of the section (Soriguera and 
Robusté, 2011a): 

(4.19)
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A preliminary analysis of the behaviour of each type of vehicle 
should be done to avoid useless work. In this study, dividing the 
vehicles into the three sizes established by the Galician traffic 
management centre provided the same results as classifying them 
into only two sizes (presumably the fast and slow ones), or even 
worse ones because of the lack of individuals in some groups. 

Note that the hypothesis of stationarity for the traffic flow has 
conditioned most of the steps followed when deriving the algorithm, 
and, thus, it is essential to achieve a good performance. This 
stationarity is assumed for each time interval of aggregation, and it 
is quite likely to occur. Nevertheless, there will also be frequent 
occasions in which transients (shock waves, stop and go behaviour, 
etc.) will be present, and thus in which the algorithm as it stands will 
not provide accurate estimates and would need some complex 
changes. To detect these situations, some simple measures can be 
taken. One parameter that can help to detect the presence of 
transients is the coefficient of variation (CV) (Equation 4.20): 

where: 

 = speed coefficient of variation 

= speed standard deviation 

= mean speed 

Theoretically, if stationary traffic is assumed, this parameter 
tends to increase as the mean speed does; although it is in the 
denominator, the more the mean increases, the more the deviation 
does. Besides, the coefficient of variation indicates the importance 
of distinguishing time mean speeds from space mean speeds based 
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on the relationships established by Wardrop (1952) or Rakha and 
Zhang (2005), as Equation 4.21 shows: 

                 (4.21) 

The formula indicates that greater differences will occur with 
high CVs and high mean speeds. However, empirically, it is common 
that the greatest differences appear with high CVs and low mean 
speeds, a supposedly incompatible pairing. This fact indicates that 
the traffic is not stationary (May, 1990; Rakha and Zhang, 2005; 
Soriguera and Robusté, 2011a). Figure 4.11 shows the relationship 
between the mean speed and the CV in case VI, in which the 
algorithm did not perform well. In this case the CV diminishes with 
the mean, indicating the presence of transients and thus explaining 
the poor functioning of the method. In case IX (Figure 4.12), the 
trend agrees with the assumption (stationarity) and the algorithm 
provides good results. 

Although similar trends are usually obtained by directly 
comparing average speeds with the difference between time and 
space means (Figure 4.13 and Figure 4.14), the fact of not taking into 
account the variance of the speeds could result in an exaggerated 
impression of the magnitude of the relationship. The use of CV is 
strongly advised. 

Finally, the place, day and moment when the data are collected 
is related to some of the issues previously mentioned. For example, 
the number and type of vehicles that drive on a freeway toward a 
capital on a workday morning in March will be very different from 
that on an August Sunday on a secondary road surrounding a small 
town. Therefore, speeds and traffic conditions will also be very 
different.
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4.6. Conclusions and further research

The development of road networks and new technologies has proven 
to be a useful tool to respond to the increasing demands of society 
regarding the total control of traffic evolution. Nevertheless, 
fundamental traffic theory must be correctly incorporated in 
modern methodologies in order to obtain accurate results.  

This chapter introduces an algorithm that estimates space 
mean speeds in a specific time interval of aggregation as a first step, 
for example, for the calculation of occupancies or travel times. After 
analysing the results obtained, three main conclusions can be 
extracted: 

It is possible to improve the current procedure followed by 
most traffic management centres, i.e., considering time means 
equal to space means. It can be done inexpensively by exploiting 
all the data delivered by loop detectors. Specifically, the 
proposed algorithm allows an estimation of space mean speeds 
values that are accurate in most cases, or, at least, much closer 
to the real values than time mean speeds. The use of these data 
also improves the results of subsequent calculations. 

The good performance of the algorithm depends on the 
fulfilment of its initial hypotheses, i.e., stationarity of the traffic 
stream and log-normality of speeds in each time interval of 
aggregation. The boundary conditions for data acquisition and 
for the calculations can be established to a certain extent in 
order to achieve these characteristics. 

In case of transients, for example the formation or dissipation 
of shock waves, most of the steps followed to design the 
algorithm are not valid (starting from the extrapolation of the 
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spot speeds to a section), and thus other specific methodologies 
should be used. Data fusion appears promising in this respect 
and also other completely different approaches which try to 
explain the propagation of traffic oscillation by means of car-
following models (Li et al., 2014). 

Further research can be carried out to improve the accuracy of 
the results or to enlarge the sphere of application of the proposed 
algorithm. Some lines could be: 

Including a smoothing process to remove erroneous data 
derived from the tendency of traffic loops to drift. 

Including in the algorithm the steps necessary to calculate the 
confidence interval for the means in order to be able to choose 
the most accurate when more than one value is obtained. 

Designing other algorithms adapted to other common speed 
distributions in addition to that introduced in this chapter and 
in Soriguera and Robusté (2011a). Thus, after the application of 
a prior step which may help to find the most suitable 
distribution for the speeds, the appropriate algorithm could be 
chosen in each case. 

As noted, it is necessary to develop different and more evolved 
methodologies to estimate space mean speeds in case of transients. 
Loop data are probably insufficient in these situations. Other 
researchers have achieved good results with various techniques of 
data fusion (Soriguera and Robusté, 2011a; Bachmann et al., 2013; 
Yuan et al., 2014). However, there is still much work to do, since it 
is difficult to put most of them into practice because of their 
complexities and/or high costs.  
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In view of the results, usual spot speed methods enhanced by 
the proposed algorithm would be satisfactory to estimate travel 
times in stable traffic conditions. Their combination with more 
elaborated methodologies that only partially rely on loop data, 
would allow making the most of these widespread detectors on other 
occasions. For example at present when congestion exists, or even in 
future driving environments. 
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Chapter 5 

Freeway travel time prediction: 
fusing vehicle counts with data 
provided by new monitoring 
technologies

5.1.  Introduction and background 

Traffic monitoring is crucial in any kind of traffic analysis. 
Regardless of the final purpose (e.g. management, planning, etc.), 
the lack of accurate and adequate data prevents agencies and 
researchers from obtaining valuable results. Since the earliest traffic 
volume measurement, which started more than a century ago, the 
need for traffic data has grown together with the car fleet and the 
complexity of the networks. This tendency continues and the 
envisioned cooperative and automated driving environments will 
largely rely on advanced traffic data. Fortunately, technological 
progress has also reached traffic surveillance. Today, surveillance
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systems are composed of a broad assortment of sensors and 
communication systems capable of the real-time gathering and 
processing of huge amounts of traffic data. These have supported the 
rise of Advanced Traffic Management Systems (ATMS) allowing the 
dynamic management of the traffic streams, of Advanced Traffic 
Information Systems (ATIS) providing users with valuable real-time 
information, and of Incident Management Systems (IMS) aimed at 
the coordination of personnel, facilities, equipment, procedures, 
and communications in the event of an incident (Hall, 1993). These 
systems are usually integrated in a single freeway management and 
information system, which receives data from detectors located 
either in the infrastructure or on board the vehicles. Although on-
board sensors are called to play an important role in the near future, 
increasing traffic data needs have traditionally been faced by the 
gradual installation of new surveillance in the infrastructure. This 
“spontaneous” approach, resulting from the lack of planning, budget 
limitations, and the fast technology evolution, turned into the 
existence of a wide range of surveillance levels and technologies, a 
situation that complicates the standardization of traffic 
management and information systems. In spite of this, nowadays, 
wireless communications and the widespread introduction of 
advanced in-vehicle devices, like car navigators or smartphones 
capable of positioning, speed measurement, etc., considerably 
contribute to alleviate the infrastructural surveillance deficiencies 
(Herrera and Bayen, 2010; Herrera et al. 2010; Ge and Fukuda, 
2016; Woodard et al., 2017). 

One of the key elements of ATIS is the travel time information. 
In fact, the travel time is the best indicator of both, the level of 
service of a road link (in terms of travel time reliability), and of 
current traffic conditions (real-time travel time information). It is 
also the worthiest information for drivers, and this is not expected 
to change with the advent of autonomous driving. In such a future 
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ideal scenario, the driver becomes a passenger and is able to use the 
travel time for other things than driving. The value of the trip time 
will change, but the information of the expected travel time will still 
be valuable for the passenger in order to plan his activities 
accordingly. In addition, a travel time increase in the network will 
continue to be indicative of congestion, and detrimental in terms of 
costs, safety and sustainability. However, despite the importance of 
travel time information and related to the aforementioned 
surveillance heterogeneity, the availability of travel times is limited 
to small parts of the road networks and exhibit variable levels of 
accuracy, which in most of the cases is not satisfactory. Currently, 
the travel times disseminated by ATIS have different origins. 
Although this aspect has been explained in detail in Chapter 3, next 
paragraphs revisit all of them with the aim of putting the algorithm 
proposed in this chapter into context.

On the one hand, direct measurements of travel time can be 
obtained either from AVI (Automated Vehicle Identification) 
technologies or from tracking. The case of AVI systems is 
straightforward: each individual vehicle is identified at two control 
points, which delimit a section of the road. Its travel time in this 
section is calculated as the difference between the vehicle’s time 
stamps at both locations. Bluetooth (Barceló et al., 2010) or toll tag 
identification (Longfoot, 1991; Nishiuchi et al., 2006; Soriguera et 
al. 2010) as well as license plate automatic recognition (Buisson, 
2006; van Hinsbergen et al., 2009), or using traditional inductive 
loop detectors to identify individual vehicles based on several 
distinctive characteristics such as the length (Coifman and Cassidy, 
2002; Coifman and Ergueta, 2003; Coifman and Krishnamurthya, 
2007) or the inductance signature (Kuhne and Immes, 1993; 
Abdulhai and Tabib, 2003; Kwon, 2006), are examples of AVI 
technologies. Additionally, individual vehicle identification is very 
useful, for example, for the estimation of O/D matrices. The past 
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inconveniences of the low penetration rates and high costs of these 
technologies have been overcome, at least partially. However, some 
issues remain. First, travel time measurements directly obtained 
from AVI systems are captive of the control points, i.e., they are only 
available along the sections delimited by the sensors. Neither partial 
nor longer trips can be measured. Second, travel time measurements 
in a given section are obtained once vehicles have completely 
covered it. These are called measured travel times (MTT) or 
equivalently arrival-based travel times (ATT), and represent a 
somehow outdated information for vehicles entering the section, 
especially if this section is long, or when congestion exists. In case 
tracking technologies are available, direct measurements of travel 
times between any two points on a highway can be obtained. In fact, 
these systems can provide individual vehicles’ trajectories every few 
seconds. Especially GPS technologies, either in vehicle navigation 
systems or smartphones (Herrera et al., 2010), but also phone signal 
geopositioning (Yim, 2003) or drones video surveillance (Kaufmann 
et al., 2018) are used to this end. In fact, these technologies 
represent the evolution of traditional probe cars and are expected to 
be the prevailing source of traffic information in the future. Travel 
time measurements provided by tracking technologies are based on 
the last information available from vehicles’ trajectories. These 
instantaneous travel times (ITT) still do not provide the desired 
information to drivers starting their trip, as ITT do not include a 
prediction about the conditions that these vehicles will face.

On the other hand, it is possible to indirectly estimate travel 
times from other traffic variables such as speeds or flows. In fact, 
this is still the most common approach for travel time estimation, as 
the necessary inputs can be obtained from inductive loop detectors, 
which continue to be the most important data source on many 
highways. The most widely used methodology estimates the travel 
time in a section between two loops from the estimated average 
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speed in the section. This average speed is obtained by extrapolating 
the punctual speeds measured by the loops at both ends. A high 
density of double loops (single loops do not provide accurate spot 
speeds), ideally a loop every 500 m, is necessary to obtain acceptable 
results. Still, large errors can appear in congestion or in traffic state 
transitions (Soriguera and Robusté, 2011c). One possibility to 
improve spot speed methods was developed by Coifman (2002) and 
Treiber and Helbing (2002). They suggested a procedure to account 
for traffic dynamics in the speed spatial interpolation between loop 
measurements. This approach should be useful for the travel time 
estimation in these low surveillance environments, increasing the 
accuracy of the estimation without the huge investment of intensive 
monitoring. However, it can only be applied when all the section 
between detectors is either free flowing or fully congested, as traffic 
state transitions are overlooked. Because the lengths of these links 
can be of several kilometers, the fact of not considering traffic 
transitions implies significant errors. In any case, the travel time 
along a stretch (i.e. composed of several sections) is obtained by 
adding up the partial travel times, obtaining an ITT measurement 
still without predictive capabilities. 

A potentially useful tool to compute travel times from 
traditional loop detector measurements is the use of cumulative 
count input - output curves and the vehicle conservation equation 
(Nam and Drew, 1996; Oh et al., 2003; van Arem et al., 1997). The 
advantages of input-output methods are twofold: first, they can be 
applied in low surveillance environments and using data from the 
already installed loop detectors. By low surveillance it is meant that 
intensive monitoring (i.e. closely spaced double loop detectors) is 
not necessary, although some minimum monitoring requirements 
exist. For example, in case that the target section has junctions, loop 
detectors must be installed in all on/off ramps. These loops 
complement those needed in the main trunk, which must be present 
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on every section between junctions. One for section would 
suffice. Additionally, all of them can be single loops, as they are 
enough to obtain the vehicle count (see Figure 5.1).

Figure 5.1. Highway surveillance levels: a) Minimum requirements for 
input-output methods. b) Intensive monitoring for spot-speed methods. 
Note: In Figure 5.1.a, ramp detectors could be substituted by another 
sectional main-trunk detector. In such case, main-trunk detectors should 
be placed before and after the junction.

The second main advantage of input - output methods is that 
they provide the vehicle accumulation between detectors. This 
allows predicting the evolution of travel times in the short term, 
which is a key feature for highway travel time information systems 
when providing real-time information. Note that none of the 
previous travel time estimation methods presents such predictive 
capabilities, and all of them provide, to some extent, a past 
measurement. In spite of these advantages, input - output methods 
are not currently used for freeway travel time estimation. Not being 
an intuitive method or the need for closed detector configurations 
can be some of the reasons for this situation. Nevertheless, the most 
problematic factor is that loop detectors suffer from drift (i.e. small 
counting errors). Detector drift is not an important problem when 
data is analyzed for a single detector. However, in input - output 
methods, where the accumulation is computed from the relative 
difference between the cumulative counts at consecutive detectors, 

Double loop 

Legend

Single loop 

b) < 500m
LegL

a)
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even a small drift accumulated over time can lead to meaningless 
results. No significant research aimed at understanding and solving 
the undesirable loop detector drift for travel time estimation has 
been performed yet. Therefore, there is a need for additional efforts 
to develop an adequate real-time methodology that i) is aimed at the 
prediction of travel times from cumulative count curves obtained 
from traditional loop detectors on low surveillance highway 
stretches, ii) performs drift correction, iii) accounts for typical 
difficulties in input - output methods like the existence of inner 
junctions in the closed sections or the effects of passing.

The present chapter addresses these objectives by proposing a 
data fusion method. In this regard, data fusion arises as a promising 
choice, as it has already been proved useful in traffic state estimation 
(Ambühl and Menéndez, 2016; Deng et al., 2013; Nantes et al., 2016; 
Sun et al., 2017) and even in travel time prediction (Chen and Rakha, 
2016; El Faouzi et al., 2009; Soriguera and Robusté, 2011b). The 
method proposed here fuses data from traditional loops with direct 
travel time measurements obtained from AVI or tracking 
technologies. Because in general the spatio-temporal aggregation 
and coverage of the different data sources is not uniform, the 
method needs to include the spatial and temporal alignment of the 
data as a first step. Then, direct measurements are used to correct 
the drift in the cumulative curves constructed from detector counts. 
From these corrected input-output curves, predicted travel time 
estimations are obtained. This allows exploiting the predictive 
capabilities of input - output methods while keeping the accuracy in 
the estimation. Because direct measurements are not used as the 
final information, a low penetration of the measurement technology, 
resulting in periods with few or any data, does not imply important 
drawbacks. However, it is important to remark that this algorithm 
has a vocation of continuity. Therefore, it will also be applicable in 
future environments, where AVs will provide direct measurements
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of travel time, either after their reidentification at control points or, 
better, because of their condition of lagrangian sensors (trackers). 

The structure of the remainder of the chapter is as follows: 
next, Section 5.2 reviews the main concepts in the input - output 
method to estimate travel times. Section 5.3 introduces the proposed 
data fusion algorithm. It starts explaining how to predict the travel 
times from vehicle accumulation, continues with the drift correction 
methodology and ends with the activation conditions of the 
algorithm. An experimental study with real data is presented in 
Section 5.4 including the discussion of all results. The conclusions of 
this analysis are drawn in Section 5.5, where further research is also 
proposed.

5.2. Travel time from input-output 
cumulative curves 

Cumulative count curves are well-known tools used in different 
disciplines like hydraulics, hydrology or geotechnics. Since Karl 
Moskowitz (1954) introduced them in traffic engineering for the first 
time, their simplicity and usefulness have been extensively proved. 
The works of prof. G.F. Newell represented the definitive 
popularization of the tool. For instance (Newell, 1982) developed 
applications of queueing theory, (Newell, 1988) analyzed the effects 
of the interruption of traffic streams at signals, (Newell, 1993a; 
1993b; 1993c) proposed a simplified kinematic wave theory of traffic 
flow, or (Newell, 1999) analyzed delays at freeway off-ramps, in all 
cases using cumulative count curves. 

A cumulative count curve is obtained by counting all vehicles 
passing over a particular location, . One of these vehicles is chosen 
as a reference and is said to have passed at time . From this 
instant, the counts corresponding to the following vehicles are 
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accumulated over time. This allows defining the function ( , ) that 
renders the accumulated number of vehicles that have passed the 
location by time . The graphical representation of this function is 
the so-called cumulative count curve at , also known as N-curve. ( , ) is, by definition, a monotonically increasing stepwise 
function, from which valuable information can be obtained. For 
example, the average slope of ( , ) during a certain time interval 

(i.e. [ ( , + ) ( , )] ) represents the average flow at . 
Because the number of passing vehicles in real applications is large, 
especially in freeways, N-curves can be smoothed and treated as 
continuous functions (see Figure 5.2). This is simply done by 
interpolating through the crest of every individual step of the 
discrete function. The continuity of the smoothed version of ( , )
allows taking derivatives and, for instance, defining the 
instantaneous flow as the time derivative of ( , ) at a particular 
instant (i.e. ( , ) ).

The usefulness of cumulative curves for the analysis of queuing 
systems increases when using input - output diagrams. These 
diagrams are the result of depicting jointly the N-curves at both ends 
of a given section between detectors. In Figure 5.2, and are, 
respectively, the locations of the upstream and downstream 
detectors, defining a closed section. Thus, ( , ) corresponds to 
the vehicles entering the section (i.e. the arrivals curve), whereas ( , ) refers to the exiting vehicles (i.e. the departures curve). 
Assuming vehicle conservation in the section, the vertical distance 
between these curves at a time depicts the accumulation of vehicles 
between detectors at this instant. Additionally, assuming that 
vehicles have a FIFO behavior, (i.e. no passing), the horizontal 
distance between the curves at the height of any vehicle  represents 
the travel time of the kth vehicle between detectors. Note that this 
time includes the free flow travel time and the delay, if any.
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Figure 5.2. Input - output diagram and determination of delay via the 
virtual downstream cumulative curve.

Because the analysis of delays is usually desired, the 
introduction of a third curve results useful. The “virtual” 
downstream cumulative curve, ( , ), is obtained by translating 
the arrivals curve a distance  forward in time, where  is the 
average free flow travel time in the section. ( , ) represents the 

cumulative number of vehicles that would have exited the section 
by time  if free flowing conditions prevail. Note that ( , ) = ( , ). Thus, the horizontal distance between ( , ) and ( , ) at the height of any vehicle  represents the delay 

experienced by this vehicle in the section. The vertical distance 
between these same curves at time  is the vehicles' excess 
accumulation in the section at this instant. Obviously, ( , ) = ( , ) if no delay exists (Daganzo, 1983; 1997).

The reminder of this section is aimed at presenting the 
application of these concepts to the travel time estimation from the 
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typical loop detector counts and how to deal with the difficulties that 
frequently arise, namely the effects of inner junctions in the 
conservation assumption, or the violation of the FIFO assumption 
due to overtaking.

5.2.1. Travel time definitions from input-output 
diagrams

In practice, input-output diagrams can only be used to obtain 
aggregated variables of a traffic stream, averaged over time and 
space. This is not an important drawback, since average values 
better illustrate traffic conditions and are thus more valuable. There 
are several reasons for this limitation. First, due to passing, 
cumulative count curves do not truly represent individual vehicles, 
but positions or “labels” within the traffic stream (Daganzo, 1997)
(see Section 5.2.2.1.). Second, loop detectors do not provide 
individual measurements, but aggregated counts and average 
speeds over predetermined time intervals, . This responds to data 
treatment standards aimed at avoiding excessive communications 
and storage needs. highly varies among countries and 
administrations, commonly lasting between 1-3 min in Europe and 
typically 30 s in the USA (Soriguera and Robusté, 2011a).

In any case, the procedure to obtain the average travel time for 
a particular consists in i) computing the area enclosed between 
curves ( , ) and ( , ) (i.e. the total aggregated travel time) and 
ii) dividing this area by the total number of involved vehicles.
However, can be computed in several ways, thus affecting different 
groups of vehicles and giving rise to distinct travel time averages 
(Soriguera, 2016). Although these differences are meaningful for any 
subsequent application, they have traditionally been overlooked 
(Nam and Drew, 1996; Oh et al., 2003; van Arem et al., 1997).
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For example, if the considered vehicles are those that exit the 
control section during , arrival-based travel times (ATT) are 
obtained (see Figure 5.3.a). These travel time measurements are 
equivalent to those directly obtained from AVI detectors. On the 
contrary, if the average involves those vehicles that have departed 
from during (i.e. that have entered the control section), 
departure-based travel times (DTT) are obtained (see Figure 5.3.b).
In this case, some assumptions regarding future traffic conditions 
are necessary. Typically, it is assumed that the outflow will remain 
constant in the short-term.

Trying to use only the most recent information, another 
possibility is to consider all the vehicles contained between  and 

 from time  to time  (where   = ) (see Figure 5.3.c). 

In this way, instantaneous travel times (ITT) are obtained. In this 
case,  represents the vehicles’ total travel time in the time-space 
region ( , )  ( , ). Note that not all the vehicles considered 
in  travel the whole distance between  and  in , and it is even 

possible that no vehicle covers the entire distance if travel times 
largely exceed . These situations complicate the estimation of the 
average travel time. The average travel time can be obtained by 
dividing the total time travelled, , by the global distance travelled 
by all the vehicles involved. The result of this division represents an 
average pace, which needs to be multiplied by  (i.e. the distance 
from  to ) to obtain the average travel time. Daganzo (2010) 

proves that the total distance travelled by a group of vehicles in the ( , )  ( , ) space – time region can be computed as  times 

the number of vehicles exiting the section in the time period (i.e. ( , ) ( , )). So, the ITT estimation is obtained as in 

Equation 5.3. This definition of ITT is equivalent to the average 
that would be directly obtained from tracking systems.
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Figure 5.3. Travel time definitions from input - output diagrams 
(adapted from (Soriguera, 2016)). a) Arrival based travel time (ATT); b) 
Departure based travel time (DTT); c) Instantaneous travel time (ITT). 

Other definitions for the average travel time have been 
proposed. Nam and Drew (1996) suggest only considering the travel 
times of those vehicles crossing both  and  within  (see Figure 
5.4.a). Evidently, this definition is only useful if individual travel 
times are significantly shorter than . This is only feasible in case 
of short distances between loop detectors and free flowing 
conditions, or if the considered time period, , is long. However, 
needs to be short, because long time periods imply less frequent 
information updates and this is not acceptable for accurate real-time 
information systems. Thus, the limited usability of this definition is 
evident. Alternatively, van Arem et al. (1997) focus again on the most 
recent information. To this end, the average travel time in the target 
section is defined as the arithmetic average between the travel times 
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of the last vehicles that have respectively passed over  and  in . Note that the travel time of the last vehicle to enter the section 
(i.e. the last crossing  in ) must be estimated, as this is future 

information. Both the vehicle accumulation in the section and the 
outflow at the end of  (usually assumed constant in the short-term, 
like in the case of DTT) are used for this purpose. This average travel 
time estimation, known as predicted travel time (PTT) (see Equation 
5.6 and Figure 5.4.b), is more suitable than the former for real-time 
travel time information systems, as for a vehicle entering a section 
the most valuable information is its expected travel time.

( ) = ( , ) ( , ) (5.4)

(Nam and Drew, 1996)
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Figure  5 .4 .  Other  travel  t ime def initions from input - output 
diagrams (adapted from (Soriguera, 2016)). a) (Nam and Drew, 1996); 
b) (van Arem et al., 1997) and predicted travel time (PTT).

Note that in all the previous definitions, if the curve ( , ) is 
used instead of ( , ), the enclosed area would not be equal to the 
total travel time of the involved vehicles in the time interval, but to 
the total delay they suffered. Equations 5.1-5.6 would then 
correspond to different definitions of the average delay.

5.2.2. Main difficulties when using input-output 
diagrams for travel time estimation

The estimation of travel times from input - output diagrams is a 
powerful method to feed real-time travel time information systems. 
Being based on the vehicles' accumulation, which is related to the 
near-future traffic evolution, the method is able to provide predicted 
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travel times. In addition, the required surveillance is limited, and the 
only requirement is that the target section needs to be “closed” in the 
sense that all vehicles that enter or exit the section must be detected, 
even those using inner junctions. The method is independent of the 
geometry of the freeway, which may influence the bottlenecks' 
location but not the measurement of the average delay. In this 
regard, empirical parameters are not necessary and no calibration is 
required. Despite these advantages, some inconveniences usually 
appear in practice. Next sections face these problems and propose 
the corresponding solutions.

5.2.2.1. The effects of passing

Theoretically, the use of input - output diagrams in queuing systems 
assumes FIFO behavior. In practice, some passing exists in traffic 
streams, that is, non-FIFO situations can take place. In these cases, 
vehicles change their relative positions. However, if it is considered 
that cumulative curves do not count particular vehicles but order 
labels (i.e. that vehicles change with each passing maneouver), the 
important features of the input-output methods such as the 
assumption of FIFO traffic or the monotonically increasing nature 
of the cumulative curves are maintained (Daganzo, 1997). This 
procedure prevents the use of input - output diagrams to obtain 
individual travel times, but average travel times will not be 
significantly affected, despite the passing. Note that it is possible 
that some of the "order labels" considered in the calculation of the 
average travel time for a certain , actually correspond to vehicles 
that have exited or entered the section in the time period 
immediately before or after . However, if the percentage of these 
vehicles is small, the resulting average travel time continues to be a 
good estimation. In this sense, Muñoz and Daganzo (2002) 
empirically demonstrated that freeways can be considered mostly
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FIFO systems and, thus, the consequences of passing in cumulative 
count curves, negligible.

5.2.2.2. The effects of inner section on/off ramps

As mentioned, vehicle conservation is a requirement of input-output 
methods. If the target section between detectors contains one or 
more ramps, entering and exiting flows must be monitored (see 
Figure 5.1.a). Difficulties arise because these flows can take place at 
points of the section different than its extremes. Then, two groups of 
vehicles can be distinguished: those that cover all the distance 
between detectors, and those using the junction and that only travel 
a portion of this distance. To take this into account, it would be 
necessary to divide the section into subsections, before and after 
each junction, and to construct input - output diagrams for 
each subsection. Even if ramp flows are being monitored, this 
cannot be achieved without a main-trunk detector at the 
junction location, which is frequently missing.

Given this partial monitoring layout, one solution could be to 
model cumulative curves before and after the junction, given the 
measurements upstream (i.e. ( , )), downstream (i.e. ( , ))
and the ramp counts. Newell (1993) proposed a method to shift a N-
curve to any desired location in between measurements. However, 
the method requires the flow - density relationship in the section 
(i.e. the fundamental diagram of traffic) as well as the a priori 
knowledge of the existence of bottlenecks, their precise location and 
their capacity. These requirements make the generalized application 
of Newell’ s methodology unfeasible in real-time.

A simpler approximate procedure consists in directly adding 
the net input counts at the junction (i.e. entrances minus exits) to 
the detector measurements, assuming the junction to be located at 

 or at   (i.e. one of the detector locations that define the target 
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section). This means that, given a junction located at 
with cumulative net input counts defined by , the section 
input - output cumulative curves would be defined by: 

if         (5.7) 

if         (5.8)

The disadvantage with this approach is that either all vehicles 
are considered to compute the average travel time (Equation 5.7), or 
none (Equation 5.8), assuming that the vehicles using the junction 
travel the whole section or do not travel in the section, respectively. 
This will introduce some bias in the average travel time estimation, 
although this bias will only be significant if the travel times of those 
vehicles using the junction are very different (e.g. partial congestion 
after the junction) and they represent a significant fraction of total 
flow.

An adequate selection between the alternatives in Equation 5.7 
(i.e. ) and Equation 5.8 (i.e. ) helps to reduce the bias 
of the estimation. In general, the best option is to assume the 
junction to be located at the closest detector location. However, if 
the junction is somehow in the middle and the approximate location 
of recurrent congestion is known, the previous criterion could be 
modified. Note that the alternative represented by Equation 5.7 will 
involve a higher bias if congestion is concentrated between  and 

. In contrast, the bias will be lower if congestion concentrates 
between  and . Equation 5.8 presents the opposite behavior. 
Therefore, the selection should be done accordingly. 
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5.2.2.3. Detector count drift

Errors in loop detector counts have been extensively reported 
(Nam and Drew, 1996; Oh et al., 2003; van Arem et al., 1997). 
Typically, detectors miss some few vehicles every , without a 
systematic pattern and with different tendencies to undercount at 
different detectors. This small measurement drift does not imply 
important drawbacks when using each detector, isolated, to measure 
average flows or speeds. However, input-output methods are used 
to compute the vehicles' accumulation between a pair of detectors. 
Even a small drift becomes significant when the count difference 
between detectors is accumulated with time. Note that this 
difference is usually small, even if a large number of vehicles has 
been registered. Thus, the error introduced by the detector drift in 
the estimation of average travel times can be huge. In fact, the 
accumulated count error could be larger than the vehicle 
accumulation itself. This chapter presents a data fusion scheme to 
correct the count drift at detectors, enabling the of use input –
output methods to estimate accurate average travel time 
predictions.

5.2.2.4. Initialization of the input-output diagram

Despite the application of drift correction methods, a frequent 
reset of the input – output diagram is needed to account for the 
increasing bias in vehicle accumulation. At each reset, the value of 
the initial accumulation in the section must be estimated (see Figure 
5.5). However, this is not easily achieved from the measurements of 
loop detectors. In case of using the virtual arrivals curve ( , )
instead of ( , ) and, thus, computing delays instead of travel 
times, the initialization is simplified because the excess 
accumulation is null in free flowing traffic. Given this situation, it is 
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advisable to only use input – output methods to compute delays in 
congested conditions. The method should turn on just before the 
congestion onset, still in free flowing conditions, and with null initial 
excess accumulation (see Section 5.3.5). Still, the measurements on 
curve ( , ) will be displaced time units with respect to those on 

curve ( , ) (see Figure 5.5), and this requires the estimation of 
the travel time in free flowing conditions, . The construction can 

be further simplified by considering that traffic flows evolve 
smoothly between consecutive , and that is generally small 

when compared to the precision required for the travel time 
estimation (e.g. for a 2 km section could be of the order of 1 

minute). Then, ( , ) can be constructed simultaneously with ( , ) every , neglecting the time lag between the measurements 
on both curves.

Reset instant: Free 

Figure 5.5. Initialization of input - output diagrams (adapted from 

(Soriguera, 2016)).
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The applicability of the method only in congested conditions is 
not restrictive in any sense. In free flowing traffic any other 
methodology (e.g. spot speed methods or direct measurements) 
would perform well (Soriguera, 2016). Furthermore, real-time 
information is less meaningful in free flowing periods, as the 
uncertainty faced by the users is much less (Soriguera, 2014).

5.2.2.5. N-curves linear interpolation

The introduction of small errors into the method is accepted when 
interpolating through the original stepwise N-curve by means of a 
piecewise linear function. However, the implications of this 
simplification are negligible, as the aggregation periods, , are 
usually short and traffic evolution within them can be considered 
gradual and smooth (Soriguera, 2016).

5.3. A data fusion algorithm for the 
short-term prediction of freeway travel 
times

This section describes the proposed data fusion method to correct 
the drift in input – output curves by using direct travel time 
measurements. This includes the description of the turn-on and 
turn-off conditions to ensure the periodic reset of the cumulative 
curves, the temporal and spatial alignment of the different sources
of information, the data fusion algorithm, with slight differences in 
case of having AVI or tracking direct measurements, and the 
computation of the predicted travel time from the input – output 
diagrams. Before explaining it in detail, the flowchart included in 
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Figure 5.6 summarizes the main steps of the methodology. A 
detailed explanation of all of them is provided in the next sections.

5.3.1. Data inputs for the algorithm

The proposed travel time short-term prediction method requires 
two types of real-time inputs. First, data coming from loop detectors, 
which generally include the time mean speed, (note that its 
denomination in Chapter 4, , has been modified here for the sake 
of simplification) vehicle count, , and detector occupancy, , over 
an aggregation period, . Second, direct travel time measurements 
obtained from AVI or tracking technologies, which consist in the 
arithmetic average of the measured travel times on a target stretch 
during an aggregation period, . In general, > , because, as 
explained in former chapters, only a fraction of the vehicles can be 
automatically identified or tracked, and a representative sample size 
is needed to compute average travel times. The method assumes that 

is an integer multiple of . As frequently =30 s or 1 min, and 
lasts few minutes, this condition is generally fulfilled. Recall that 

the directly measured travel times would be ATT (i.e. arrival-based) 
in case of using AVI, and ITT (i.e. instantaneous) in case of vehicle 
tracking (see Section 5.2.1 and Figure 5.3). From now on, the 
description of the proposed method will assume that direct 
measurements are ATT. If instead, ITT measurements are available, 
the method is simplified. This last case is described in Section 5.3.4.
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Figure 5.7 sketches the typical freeway surveillance layout 
when direct measurements are provided by AVI technologies. AVI 
devices, like Bluetooth detectors, are usually installed on gantries, 
and they are fewer in comparison with loops. In this context, direct 
travel time measurements define the target freeway stretch for 
which real-time information is to be provided (i.e. between AVI 
devices). Then, loop detectors divide this stretch in sections, which 
may range from 500 m to 2 km. It is assumed that the location of 
AVI devices coincides with that of one loop detector, which is 
frequently the case.

Figure 5.7. Typical freeway surveillance layout.

5.3.2. The short-term travel time prediction

From input-output cumulative count curves, the vehicle excess 
accumulation, ( ), can be obtained (e.g. see Equation 5.9 and 
Figure 5.8). Note that the subscript refers to a section between 
loops and to the instant when a particular time interval ends. ( ) = ( ) ( )             (5.9)    

i=1i=3i=n

Direct travel time measurement (every T)

Indirect travel time measurement
(every t)

i=2

Legend: AVI device Loop detector
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Figure 5.8. Predicted delay from input-output cumulative count curves. 

defines the virtual arrivals cumulative count curve and 
 the departures curve at the downstream detector of section .

The * superscript in  indicates that this curve is corrected for 
the detector drift. The correction procedure is addressed in the next 
section.

As commented before, vehicle accumulation exhibits 
predictive capabilities, because a vehicle entering  just after  will 
have  vehicles in front of him until it can be served. Thus, the 
predicted delay, , is computed according to Equation 5.10, 
where  is the predicted average outflow from section  just 

at .

(5.10) 

 is estimated assuming that traffic conditions will not 
change in the immediate future. This is the best one can do by only 
using real-time information. So,  should represent the 
average outflow of the current traffic state. 

Time (t)

Cumulative
count (N)
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Because traffic is a random process, the measurement of the 
outflow is subject to statistical fluctuations. This means that the 
robustness of the estimation increases with the sample size or, 
equivalently, with the time considered. So, by computing _ ( )
as the average outflow considering several (i.e. the last ones), the 
statistical significance of the average would increase. However, by 
doing so, the algorithm would be slower to react to changes in the 
outflow, a relevant property of the method. Therefore, a trade-off 
exists between a more robust estimation that smooths out the very 
last changes in traffic conditions, or a more volatile one that is 
sensible to them.

Finally, the predicted travel time on section , ( ), is 
obtained by adding the free flow travel time, _ to the predicted 

delay (Equation 5.11) and the total predicted travel time on the target 
stretch is simply the sum of the travel times on all the enclosed 
sections (i.e. = 1, 2, … ) (Equation 5.12).   ( ) = _ + ( )         (5.11)

        ( ) = ( ) (5.12)

The benefits of the proposed approach to deliver real-time 
travel time information on the target freeway stretch with respect to 
simply disseminating the direct measurements are multiple. First, 
and most importantly, a predicted travel time (PTT) is obtained 
instead of the delayed ATT, which in travel time evolving conditions 
would be completely flawed as real-time information. Note that this 
is especially important if the target stretch (i.e. the distance between 
AVI devices) is long. Second, the real-time information can be 
updated more frequently, as < . And third, partial travel times 
within the stretch (i.e. in sections between detectors) can be 
obtained.
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5.3.3. The data fusion method to correct detector 
drift

Typically, detector drift between a pair of loop detectors that define 
a closed section is corrected by imposing that, over the long term, 
the inputs must be equal to the outputs, provided that the vehicle 
accumulation has not changed significantly. In this context, the 
long-term drift correction factor, , in a section delimited by its 
upstream, , and downstream, , detectors, is defined as in 
Equation 5.13: = ( ) ( ) (5.13)

Where and  are respectively the raw counts at the 

upstream and downstream detectors, and taking into account that a 
minimum of 24 h is usually considered by “long term”. Then, the 
corrected upstream count is computed as (Equation 5.14):

( ) = · ( )        (5.14)

Note that the correction factor is only applied to arrivals (i.e. to 
the counts at the upstream detector), while departures (i.e. counts at 
the downstream detector) are assumed correct. The opposite 
approach would lead to identical results. This assumption is 
maintained throughout the chapter, so that departure cumulative 
curves are considered correct, and only (virtual) arrival curves are 
rectified to account for the drift.

However, this long-term drift correction is not enough for the 
travel time estimation from input-output cumulative curves. The 
drift factor typically varies in the short term, especially in congested 
conditions, so that the long-term average does not suffice to correct 
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the curves. Henceforth, long-term drift correction is considered 
as the default one and a short-term correction needs to be applied 
on top of that.

Direct travel time measurements are used to correct the short-
term drift in loop detector counts. The concept of the data fusion 
scheme is simple: the accurate (but delayed) direct measurement is 
compared to an equivalent estimation obtained from the input-
output diagram. From this comparison, the virtual arrivals curve, ( ), is modified until both travel time estimations coincide. The 
corrected virtual arrivals curve, ( ), is then used to compute the 
PTT (see Section 5.3.2).

The main difficulty of the method consists in obtaining 
equivalent estimations so that they are comparable. To this end, 
measurements need to be aligned temporally and spatially. Consider ( ) to be the direct ATT measurement obtained at (i.e. at the end 
of a time period) for a particular freeway stretch composed of 

sections ( = 1,2, … , ). The “ ” notation will be used to describe
directly measured variables. ( ) can be expressed as the free flow 
travel time, , plus the total delay in the stretch, ( ) (see Equation 

5.15):  ( ) = + ( ) (5.15)

An alternative estimation for this total delay, ( ), must be 
obtained from input-output cumulative curves. To that end, ( ) is 
simply the addition of the partial delays obtained at the different 
sections that compose the target stretch.                ( ) = ( )       (5.16)

Because direct measurements are ATT, ( ) must be the 
arrival-based average delays computed from input-output curves 
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(see Figure 5.3.a). In addition, time moving coordinates (denoted 
with an accent, e.g. ) are needed, because ATT is a trajectory-based 
measurement and, thus, a temporal alignment is necessary for 
sections different than the most downstream one. Figure 5.9 and 
Equation 5.17 describe the computation of ( ) from input-output 
curves. Note that the computation process must start from the most 
downstream section (i.e. = 1) for which the time alignment is met 
by default (i.e. = ) and the time lag is null.

From Equations 5.16 and 5.17, ( ) is obtained and can be 
compared to the equivalent but normally more accurate (even 
delayed) ( ) in order to correct the drift in the cumulative curves. 
Note that this comparison can only be updated every (i.e. when = ) and, consequently, this will be the update period for the 
short-term drift correction factor. The problem with this 
comparison is that only the total delay difference for the whole 
stretch is obtained, so that the errors cannot be assigned to any 
particular detector. In order to solve this problem, it is assumed that 
the error in the total delay is shared between the sections that 
compose the stretch proportionally to the raw partial delays 
(Equation 5.18). This assumption allows obtaining an estimation for ( ), the direct measurement travel time estimation for section .

( ) = ( ) · ( ) (5.18)

Then, every , two equivalent estimations for the sectional 
delay are available. ( ) from input-output curves which includes 
the drift error, and ( ), an accurate estimation from direct 
measurements. With this information, the virtual arrivals curve, ( ), is modified to obtain the corrected ( ) according to Equation 
5.19:
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( ) = ( ) + ( ) · ( )     ( , ) (5.19)

Where ( ) is the short-term drift correction factor, which is 
estimated imposing that ( ) = ( ). A small tolerance, , for the 
final difference must be imposed to ensure a fast convergence to the 
solution. Note that the correction is applied to the different counts 
existing between and . However, two types of 
corrections are defined. If ( , ), the correction is said to 
be final, and this will not be modified in future corrections. 
Otherwise, if ( , ), the correction is temporal and could 
be modified in next iterations.

5.3.4. Simpler process if the direct travel time 
measurements are ITT

If the direct travel time measurements are ITT (e.g. from the 
tracking of the trajectories of a fraction of vehicles), the process is 
simpler because the temporal and spatial alignment is not 
necessary.  Note that in this  case  can be directly measured 
and compared to an ITT estimation of the delay, ( ), obtained 

from input-output curves as described in Figure 5.3.c and in 
Equation 5.3. Then, the short-term drift correction factor (as 
proposed in Equation 5.19) can be directly computed. 

The vocation of continuity of the method is thus 
demonstrated. The use of arrival-based direct measurements 
coming from AVI technologies requires the deployment of special 
surveillance on the highway. On the contrary, intelligent 
vehicles will provide ITT without the need for extra support. 
Therefore, taking into account the aforementioned abundance of 
loop detectors in the road networks, the possibility of applying this 
methodology is guaranteed.

( )
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5.3.5. The algorithm turn-on and turn-off 
conditions

In free flowing traffic, there is no need to use the input-output 
cumulative curves to compute travel times. In free flow, either the 
direct travel time measurements, or travel times based on the 
punctual speed measurements at loop detectors, or even a fixed 
estimation of the free flow travel time in the stretch, would suffice to 
feed the real-time information system with enough accuracy. It is 
when congestion and delays appear that the predicted travel time 
information is meaningful, and when none of the previous methods 
is appropriate.

Therefore, while free flowing conditions prevail, delays and 
excess accumulation are assumed null, and the data fusion 
algorithm is turned off. This also allows its required reset. The 
algorithm should turn on just before the appearance of delays. With 
this objective, turn-on conditions focus on the quick detection of the 
congestion onset. Note that these conditions cannot be based on 
direct travel time measurements, because this would delay the 
detection of the congestion onset.

Three turn-on conditions are defined based on loop detector 
measurements at and , the upstream and downstream detectors 
of section (see Equations 5.20 to 5.22). The fulfillment of any of 
them suffices to activate the algorithm at the instant , from 
which cumulative curves are initialized with null excess 
accumulation, as described in Section 5.2.2.4.

( )         (5.20)

( )         (5.21)
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( ) > ( )         (5.22)

Equations 5.20 and 5.21 detect congestion at the detector 
locations by measuring a speed, or , lower than a given 

threshold, . should be calibrated in any particular 

application of the algorithm, but generally a low percentile of the free 
flow speed distribution suffices (e.g. 1st quartile of the distribution). 
The brackets in Equations 5.20 and 5.21 indicate that an upper 
bound of the speed estimation is considered, in order to account for 
the statistical fluctuations in the speed measurement. This upper 
bound can be computed as the higher limit of a confidence interval 
of the speed estimation. This is:

( ) = ( ) + . · · ( )( ) (5.23)

Where is the coefficient of variation of the speed 
measurements (i.e. the standard deviation over the mean, which can 
be obtained from a pre-sample) and is the vehicle count in the 
time period considered (i.e. the sample size). The . defines 
the confidence of the interval (e.g. 68% for a . = 1).

Equation 5.22 detects congestion within the section by 

measuring that inflows, ( ) are higher than outflows, ( ) (i.e. 

growing accumulation). Note that Equation 5.22 is equivalent to ( ) > 0. In order to account for the statistical fluctuations in the

flow estimation and to avoid multiple false positives, a lower bound 
is considered for the inflows, and an upper bound for the outflows. 
Again, these can be computed from the confidence interval in the 
flow estimation, as in Equations 5.24 and 5.25:

( ) = ( ) . · ( ) · ( )      (5.24)
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             (5.25) 

Where  is the index of dispersion of the flow estimation (i.e. 

the ratio of the variance with respect to the mean), which can be 
computed from a pre-sample or simply assumed as , which 
are typical values in freeway traffic. 

For its part, there is only one turn-off condition. This is based 
on the achievement of null excess accumulation (see Equation 5.26), 

noting that  is the statistical variability of the flow estimation 

for a 68% confidence level. 

      (5.26)

5.4. Implementation of the algorithm 
with real data on the AP7 freeway in 
Spain

5.4.1. Layout, available data and considered 
parameters 

The data used to test the algorithm was measured on April 25th,
2010, in a 3-lane stretch of the AP7 freeway in its southbound 
direction towards Barcelona, Spain. This was a sunny Sunday with 
some light evening congestion in the AP7, due to the large demand 
returning the city after the weekend. The layout of the test site is 
illustrated in Figure 5.10. The target stretch, with a length of 12.8 
km, is limited by AVI devices (Bluetooth detectors) at both ends. In 
addition, there are double-loop detectors at the same location, plus 
one more in between (i.e. at Kilometer Post K.P. 113.9), which 
divides the stretch into two sections ( ). Section  (i.e. the 
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upstream one) contains the St. Celoni junction at K.P. 111.6, near its 
downstream end. Entrances and exits through this junction are 
monitored. This layout configuration is adequate to test the 
goodness of the proposed method to obtain short-term travel time 
predictions.

Figure 5.10. Test site layout.

Vehicle counts, , and time-mean speeds, , are available for 
time aggregations of = 3 min at loop detector locations. In 
addition, the net input counts at the junction are also computed for 
the same . These are transferred to the nearest detector (i.e. at K.P. 
113.9). Because this is the downstream detector of section = 2, the 
junction’s net input counts must be subtracted from the detector 
counts at this location (see Section 5.2.2.2).

Average AVI direct travel time measurements are available 
every = 6 min. In spite of this, and for the only purpose of this 
research, individual vehicles’ travel time measurements were 
recorded. These data allow obtaining the ground truth predicted 
travel time, ( ), defined as the departure-based travel time of 
those vehicles entering the target stretch between and + . 

K.P. 106.4 K.P.113.9 

= 2 

Sant Celoni 
(K.P.111.6)

= 1 

K.P.119.2

5.3 Km2.3 Km5.2 Km
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Note that these vehicles are the ones that will receive the real-
time information at . All the calibration parameters of the method 
are summarized in Table 5.1.

5.4.2. Obtained results and discussion

Figure 5.11 shows the performance of the proposed method for the 
evening congestion episode, between 6 and 10 pm. Table 5.2
summarizes the maximum and mean absolute errors.

The results shown in Table 5.2 and Figure 5.11 demonstrate 
that the proposed algorithm satisfactorily accomplishes its 
objectives, and provides drivers with a better prediction of their 
travel times over the freeway stretch, improving the information 
given by the dissemination of directly measured travel times. Figure 
5.11 clearly shows the delay of AVI direct measurements in 
predicting travel times evolution. This implies large errors when 
travel times change rapidly, especially at congestion dissolve 
episodes. In contrast, short-term predicted travel times are able to 
respond quicker, providing better travel time predictions to drivers, 
especially by the reduction of maximum errors in rapid evolving 
conditions.

However, short-term predictions still show some delay. This is 
due to the adoption of a long averaging period in the computation of 

(i.e 7 ; see Table 5.1). As discussed in Section 5.3.2., longer 
averaging periods imply more delay, in exchange for a more robust 
estimation. Shorter averaging periods would reduce this delay in the 
short-term predictions, but would also increase their fluctuations. 
For this particular application of the method, the 7 selection 
turned out to be the optimal in terms of reducing the average and 
maximum errors.
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METHOD
MEAN 

ABSOLUTE 
ERROR

MAX. 
ERROR UNITS

Predicted travel time (proposed 
method) 1.16 4.5 [min]

AVI direct measurement 
dissemination 1.81 -7.23 [min]

Table 5.2. Comparison of the errors of predicted travel times vs direct 
measurements with respect to ground truth predicted travel times.

In fact, it has been found in this case that the fluctuations in the 
predicted travel times were much larger than expected. Some 
fluctuations remain even considering a long averaging interval in the 
computation of (e.g. the underestimation around 19:15, or the 
overestimation around 19:45). Further analysis of these periods 
unveiled that these fluctuations were related to abnormal net counts 
at the junction, representing a significant fraction of the main trunk 
detector counts. Whether the junction counts are accurate or not 
during these periods, is unknown. In any case, these results highlight 
that the proposed method is sensitive to large changes in the vehicle 
counts. Therefore, while the method handles adequately small 
random drift errors in the loop detectors, it will produce bad 
estimations in case of detector failure (e.g. partial data loss for some 
period). While this fact needs to be considered, it is not dramatic for 
the application of the method. Note that, still, the method manages 
to produce an estimation of the predicted travel time and that, if the 
target section is composed of several sections, the relative 
importance of the error in one of them will be lower, provided that 
not all the detectors fail at the same time.

Another issue that implies fluctuations is the assumption of the 
net junction counts taking place at the downstream detector of 
section = 2. Note that this affects the computation of , and 
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the predicted travel time is very sensitive to this average outflow (see 
Equation 5.10). Even if there is a small distance between the junction 
and the detector, in congested conditions the time lag between both 
counts, which are subtracted every (see Equation 5.8), can be a 
significant fraction of . In addition, the loop detector outflow in 
congested conditions can be small, so that the junction counts could 
be a significant fraction of it. All this together might cause 
fluctuations in the predicted travel time. A possible solution to 
reduce this type of errors is to avoid considering junction counts in 
the computation of if loop detector counts are small.

Finally, it is worth mentioning that the errors of the method are 
invariant with respect to the total delay. Therefore, in case of more 
severe congestion, the relative errors committed would be lower. In 
contrast, the errors of directly disseminating AVI information would 
grow proportionally with the delay. It must be additionally 
highlighted that the benefits of using the method would also be more 
significant if the AVI detectors were further apart. In fact, this is the 
case in most freeways in Spain and around the world.

Appendix A2 includes the results of some other tests performed 
with the available data, in which slightly variants regarding the 
former parameters/assumptions were applied. In fact, the 
aforementioned conclusions are the result of the comparison among 
all performed tests. 
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5.5. Conclusions and further research

Freeway travel time will continue to be the drivers’ most valuable 
traffic information in future driving environments. With all the 
technological evolution and the development of on-board 
positioning and communication devices, direct travel time 
measurements are becoming a popular data source for traffic 
information systems. Furthermore, these data are expected to be 
even more popular with the advent of automated driving plus V2V 
and V2I communications. Nevertheless, the real-time dissemination 
of these travel times has some limitations, like the delay in the 
information (i.e. measured travel times are past information) or the 
lack of data for some periods with very small sample sizes. In this 
context, this chapter proposes a methodology to obtain more 
accurate, in fact predicted travel times, by fusing data from 
traditional loop detectors and direct travel time measurements. 
Both data sources are commonly available, even in low surveillance 
environments, which enables the immediate implementation of the 
method without significant extra costs in most cases. The fact that a 
relatively low sample of direct measurements suffices to apply the 
method, supports this assertion. This not means that in future 
scenarios, where surveillance will be extensive and much more 
powerful (in fact, vehicles themselves will be active langrangian 
sensors), the method turn out to be useless. Just the opposite. 
It would also benefit from more direct travel time measurements.

The proposed travel time estimation methodology is based on 
the use of input-output cumulative curves to determine the vehicles’ 
accumulation of a freeway section. This means that the method 
requires “closed” freeway sections, in the sense that all the inflows 
and outflows must be monitored (i.e. upstream and downstream 
detectors in the main freeway trunk, as well as inner junctions). 
From vehicles’ accumulation, predicted travel times are computed 



5.5. Conclusions and further research

193

using the principle of the vehicles’ conservation. The derivation of 
travel times from cumulative count curves is not new. However, 
input-output methods have not been used in practice so far, mainly 
due to the flawed results caused by the loop detector drift. In this 
sense, the main contribution of the present thesis is the design of a 
data fusion scheme aimed at correcting the detector drift in 
cumulative count curves. Direct travel time measurements, supplied 
either by AVI systems or tracking devices, are used to this end.

The benefits of the proposed methodology with respect to the 
simple dissemination of directly measured travel times include a 
quicker detection of travel time changes, a higher updating 
frequency and the possibility of obtaining partial travel times for 
sections within the target stretch. These properties greatly 
contribute to reduce the errors of the disseminated information, 
especially the maximum errors that arise in rapidly evolving traffic 
conditions (i.e. congestion onset / dissolve episodes). These benefits 
would be larger in situations of severe congestion with large delays 
and in long freeway stretches between AVI measurements. In free 
flowing conditions the proposed method could be turned off, as all 
types of travel time estimations suffice (e.g. direct measurements, or 
travel times estimated from the speed measurement at loop 
detectors).

The methodology has been tested with real data from the AP7 
freeway towards Barcelona (Spain). Travel times from Bluetooth 
detectors have been used as direct measurements. Results show 
that, with respect to directly disseminating the travel times 
measured with the Bluetooth devices, the predicted travel times 
obtained with the proposed methodology are able to better match 
the real travel times that the drivers receiving the information will 
experience. These benefits could be observed even in a scenario with 
light congestion, despite the methodology being especially suited for 
medium to severe congestion episodes. With the available real data, 
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the mean and maximum absolute errors achieved with the predicted 
travel times (i.e. 1.16 min and 4.5 min respectively) represented 
approximately 10% and 33% of the experienced travel times. In 
contrast, the simple dissemination of direct measurements would 
imply that these relative errors would reach 16% and 95%.

The maximum errors of the proposed methodology resulted 
from fluctuations in the predicted travel time, which could be 
attributed to detector malfunctioning or data loss. This issue 
highlights that the method deals well with the random detector drift 
(which invariably affects all detectors), but is sensitive to more 
severe detector failures. In this respect, the author of this thesis 
would like to design a complementary algorithm to detect detector 
malfunctioning, so that the lost data could be replaced. In such 
situation, the method would be more accurate, not only by reducing 
the maximum errors, but also because the calibration parameters 
could then prioritize immediacy in reporting travel time changes 
with respect to smoothing artificial fluctuations.
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Chapter 6

Autonomous driving: a bird´s eye 
view

6.1. Introduction
Autonomous vehicles (AVs) are called to revolutionise not only the 
transportation sector but also society at large. Furthermore, they are 
expected to improve traffic safety and alleviate congestion while 
achieving a better driver (passenger) travel experience. Among 
others, carmakers, technological companies, researchers and 
administrations have been working on AVs and their related aspects 
for a long time now. Outstanding progress has been made, although 
there are still technological problems to be solved. Meanwhile, 
doubts about the impact of AVs on society, economy, mobility, the 
environment or other fields have also appeared. Despite being 
mostly considered beneficial, there is general agreement that 
additional societal changes and proper government measures must 
accompany the AVs implementation in order to guarantee a 
complete success.

The complexity around autonomous driving is therefore 
enormous; every issue is broad and intricate and its 
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interdependency with others cannot be overlooked. Researchers
have tried to discriminate the relative importance of each issue and 
assess the impacts of increasing rates of AVs on the above-
mentioned aspects. Both quantitative and qualitative methods have 
been used. However, there is no consensus on the conclusions
reached so far, and neither the qualitative results nor the 
quantitative values proposed for parameters and thresholds should 
be taken strictly (Milakis et al, 2015; Milakis et al, 2017, 
Nieuwenhuijsen et al., 2018). In this context, this chapter presents a
topic by topic comprehensive overview on AVs and their global 
effects on developed societies. Although the study is centred on 
passenger transport, most of the analysis can also be applied to 
freight transport. The final goal of the chapter is to provide readers 
with a synoptic starting point to frame the narrower view of more 
specific research. Such a global view, gathered from on-site visits to 
top research centres in the field together with an exhaustive 
literature review, is a significant contribution which will help 
researchers, practitioners and administrations to set up a 
framework where to place their contributions avoiding myopic 
approaches (see Table 6.1).

The rest of the chapter is organised as follows. Next, Section 
6.2 expounds on all involved technological aspects. For its part, 
Section 6.3 analyses the expected impact of AVs on mobility, 
covering traffic efficiency and safety issues, among others. Section 
6.4 details different social facets that could hinder the introduction 
of AVs in traffic flow, and also presents the aspects that support their 
implementation. Section 6.5 explains the expected influence of 
automated driving over land use planning, whereas Section 6.6 
focuses on its effects on the environment. Legal and ethical issues 
regarding AVs are discussed in Section 6.7. 
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Specially related to the technological features addressed, 
Section 6.8 analyses the expected role of AVs in future travel time 
information systems and how they will modify current strategies. 
Finally, several conclusions are outlined in Section 6.9.

6.2. Autonomous driving technological 
aspects
Although the idea of developing self-driving vehicles is not new (da 
Vinci, unkn.; Illing, 1930; Geddes, 1940), the lack of sufficient 
technological advances has thus far prevented their materialisation. 
In fact, despite the huge step forward experienced in the last decade, 
there are still technological challenges to face. This section is aimed 
at explaining the key technological aspects required to achieve an 
optimal driving environment based on AVs. Figure 6.1 provides an 
overview of all the technological elements covered in the next 
subsections.

6.2.1. Vehicle automation levels

The vehicle’s degree of autonomy is directly related to its 
technological complexity. The first thing then, is to establish a 
classification for AVs according to their automation level. Different 
degrees of driving automation were first differentiated by the US 
National Highway Traffic Safety Administration (NHTSA) in 2013 
(NHTSA, 2013), which defined five autonomy levels (from 0 to 4). 
One year later, the Society of Automotive Engineers released its 
standard SAE J3016:JAN2014 (SAE, 2014), updated in 2016 as SAE 
J3016:SEP2016 (SAE, 2016). Six levels (from 0 to 5) are 
differentiated in this last reference, which has been worldwide 
adopted. 
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Figure 6.1. Autonomous driving technological architecture.

Table 6.2 recaps the distinctive features of each level according 
to this standard, which in short splits the previous NHTSA level no. 
3 into two more detailed sublevels. No significant differences exist 
between the original and the former SAE classification but, in the 
later, each level is explained (and thus delimited) in greater detail.
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Table 6.2. SAE automation levels summary. 

To summarise, levels are distinguished according to who (i.e., 
the driver or the vehicle) is responsible for the management of the 
controls (braking system, steering, etc.), the environment 
monitoring, and the global supervision of driving tasks. In addition, 
levels are also determined depending on the scenarios in which a 
particular distribution of responsibilities is suitable. Level 0 
corresponds to fully manual driving. In Level 1, a driver assistance 
system allows the vehicle to either steer or to accelerate and brake, 
always under the driver’s supervision. Both tasks are entrusted to 
the vehicle in Level 2, while the driver is still responsible for the 
driving assignment and for monitoring the driving environment. 

A drastic forward leap is made between Level 2 and higher 
levels. From Level 3 onwards, it is the vehicle which gathers data 
from the driving environment to identify both the path to follow and 
possible obstacles. In level 3, the vehicle can control its longitudinal 
and lateral displacements in uncomplicated and well referenced 
tracks. The driver is thus allowed to perform other tasks as long as it 
remains vigilant in case his intervention is necessary. In levels 4 and 
5, vehicle duties include operational (steering, decelerating, braking, 
accelerating, monitoring) and tactical aspects (lane-changing, 
turning, signals observance, incident response, etc.). Furthermore, 
in Level 5 (full automation), the driver must only decide the 
destination and waypoints (if not predetermined), regardless of the 

SAE LEVEL CONTROLS ENVIRONMENT 
MONITORING

DRIVING 
SUPERVISION SCENARIOS

0: all on Driver Driver Driver All

1: hands on Driver Driver Driver Some

2: hands off
Driver + 
vehicle

Driver Driver Some

3: eyes off Vehicle Vehicle Driver Some

4: mind off Vehicle Vehicle Driver + vehicle Some

5: all off Vehicle Vehicle Vehicle All
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complexity of the scenario. On the contrary, in Level 4 (high level of 
automation), the vehicle could ask the driver to regain control in 
complicated situations. 

Despite the high prospects raised by advertisement campaigns 
promoted mostly by technological companies, carmakers do not 
expect to launch fully AVs in the short-term. Apart from the 
experimental vehicles developed by companies like Waymo 
(Google), Apple, Baidu, etc. and also by traditional automotive 
corporations, only Audi already offers a car (the new Audi A8 2019) 
that is ready to drive with SAE3-level autonomy in places where this 
is allowed by the traffic regulations. The new A8 model will be 
equipped with the so-called Audi AI traffic jam pilot, which is able 
to drive the car on freeways and highways (i.e., where traffic 
directions are physically separated) at speeds up to 60 km/h. The 
key novelty of the vehicle is a camera that operates with artificial 
intelligence and creates a very accurate 3D model of the driving 
environment. Furthermore, it includes special parking assist 
systems that park the vehicle either in parallel or perpendicular 
parking spots (Audi, 2018). Although these features represent a 
technological advancement, it is true that the SAE3 level has only 
been partially reached. In fact, Audi participates with Opel, Daimler, 
and BMW in research projects aimed at extending the SAE3 level to 
usual speeds on highways, i.e., up to 120-130 Km/h (Ko-HAF, 2018). 
Most carmakers currently work on SAE3- and SAE4-level 
prototypes.

Taking an approximate average between different sources, it is 
predicted that SAE5-level vehicles could be available by 2035-2040. 
However, there is no consensus (Jiménez, 2017; Litman, 2018; 
Kuhnert and Stürmer, 2018; SSCTCC, 2018). The more optimistic 
predictions reduce this deadline by 5-10 years (Kuhnert and 
Stürmer, 2018), while others increase it to 2075 (Shladover, 2016). 
Furthermore, the adoption of ad-hoc widely accepted policies could 
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be a much more intricate task than the development of completely 
reliable technologies. Covering fields from traffic management to 
social equity, their maturation will set the pace for the introduction 
of fully AVs (Milakis, 2015; Mladenovic and McPherson, 2016; 
Koopman and Wagner, 2017; TRB, 2017; Litman, 2018; Kuhnert 
and Stürmer, 2018). Additionally, the dates when AVs will be 
available and legalised will significantly differ from the later 
moment when they will represent a significant share of the vehicle 
fleet. Taking into account that their introduction will be progressive, 
a global scenario with a majority of self-driving vehicles is not 
expected before 40-60 years (Litman, 2018; SSCTCC, 2018). Some 
examples of different opinions among researchers and 
stakeholders with regard to the time periods when meaningful steps 
are going to be taken are summarized in Table 6.3. However, there 
is general agreement that AVs are likely to appear first in 
commercial fleets (e.g., taxis, commercial vans, shuttles, etc.) and to 
work in limited environments (e.g., a closed city centre, a university 
campus, etc.). Additionally, SAE4-level vehicles will appear earlier, 
but they will represent a very small percentage of the total fleet 
(Kuhnert and Stürmer, 2018).

6.2.2. The vehicle: on-board architecture

Despite differences among brands and models, the basic 
architecture of a SAE5-level AV has already been outlined. In fact,
there is a lot of research on the subject coming either from private 
companies or public institutions (Ling et al., 2014; Bharadwaj et al., 
2014; Li et al., 2016; Okumura et al., 2016; González et al., 2016; 
Benderius et al.; 2016; Liu et al.; 2017). 
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SOURCE
SAE4 

LEVEL
SAE5 

LEVEL
CAVS 

ENVIRONMENT

Underwood, 2014 2019-2024 2025-2035 2040-2060

Godsmark et al., 
2015

2020 2020-2025 2020-2030

Shladover, 2016 2020-2030 2075 ?

Zmud et al., 2017 2021 2025-2030 ?

Bloomberg, 2017a 2018-2020 2028-2030 2040-2060

Litman, 2018 2020-2030 2020-2040 2060-2080

Kuhnert and 
Stürmer, 2018

2020-2030 2025-2030 ?

Gehrke et al., 2018 2018-2021 2018-2021 2040-2050

SSCTCC, 2018 2018-2020 2040-2050 2040-2060

Shaheen et al., 2018 2018-2021 2023-2040 2045-2070

Table 6.3. Implementation previsions of several key steps of future 
driving environments.

This architecture is usually divided into four parts: i) the 
sensing system, ii) the client system, iii) the action system and the 
iv) the human-machine interface. Table 6.4 summarises the most
relevant technologies used. All of them (and the used acronyms) 
are explained in the next subsections in more detail.
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TECHNOLOGY SUBSYSTEM KEY FUNCTIONS

Ultrasound Sensing system Detection of very close obstacles. Very 
useful for parking assistance.

Capacitive 
sensors Sensing system

Short-range detection of obstacles, 
detection of driver´s fingers when 
approaching the internal interface.

Infrared sensors Sensing system Short-range detection of obstacles, 
especially in low-light conditions.

Radar Sensing system
Short/long-range detection of obstacles, 
real-time tracking of their speeds, last 
chance for collision crash avoidance.

Sonar Sensing system Especially used for sudden obstacle 
avoidance. Good functioning with rain.

LiDAR Sensing system
Long range accurate (3D) identification of 
obstacles, self-localization, HD maps 
creation, navigation, tracking.

Artificial vision Sensing system

Object recognition and tracking, detection 
of colours and fonts, interpretation of 
road markings and signs, generation of 
(3D) images of the vehicle´s environment.

GPS Sensing system Self-localization, HD ground maps 
creation, navigation.

IMU Sensing system Self-localization, HD ground maps 
creation, navigation.

Hardware 
platform Client system Computing tasks (perception and 

decision) physical support. 

Operating 
system Client system Data fusion and interpretation, decision-

making.

Mechanical 
components

Action system Execution of decisions.

Internal 
interface

Human-mach. 
int.

Passenger information, indications 
reception. 

External 
interface

Human-mach. 
int.

Communication with / warnings for 
external agents.

Table 6.4. Main on-board technologies of AVs.
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6.2.2.1. The sensing system

The sensing system plays a key role in automated driving. It is 
basically made up of sensors and it is responsible for collecting all 
possible data from the vehicle environment, in any boundary 
conditions and in real-time. Sensors can be broadly divided into 
short-range and medium/long-range. Ultrasound, capacitive or 
infrared sensors are short-range. Their functionality and the 
interpretation of their signals are quite simple. On the contrary, 
medium/long-range sensors pose significant challenges, as each of 
them performs well in some conditions but is unadvisable in others 
(Jiménez and Naranjo, 2011). This means that AVs must be 
equipped with different types of sensors so that they complement 
each other: individual inefficiencies are compensated by means of 
data fusion. For example, the combination of the following 
medium/long-range sensors has produced promising results:

 Radar and sonar: both are mainly used as a last resort to 
avoid obstacles. They provide basically the distance and the 
speed of the nearest object in front of the vehicle path. These 
data do not require much processing and subsequent decisions 
are quickly transmitted to controls to perform emergency 
actions. One particular problem of the radar is that it lacks  
peripheral vision.

LiDAR: it is a medium-range rotating laser with high 
accuracy even in bad weather conditions. It illuminates targets 
with pulsed laser light and measures the reflection times to 
calculate distances. LiDAR is mainly used to produce high 
definition maps, to localise moving objects, or to detect 
obstacles in front of the vehicle. The main problem with the 
LiDAR is that it provides a “shape description” of the 
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environment, which is not sufficient to differente between 
individual entities. A normal LiDAR rotates at 10 Hz and takes 
1.3 M readings per second.

 Artificial vision: AVs usually have eight or more cameras 
aimed at recognizing elements and at the vehicle tracking (e.g. 
the lane path, traffic lights, pedestrians, etc.). Cameras are 
affected by light changes and bad weather 
conditions. Furthermore, treating their data is 
computationally intensive.

 GNSS (GPS)/IMU: the most used global navigation satellite 
system (GNSS) is the American GPS (Global Positioning 
System). Although the presence of buildings, tunnels, etc. 
obstructs the signal and introduces noise, it can be considered 
as an accurate positioning system. However, GPS has long 
updating time intervals, which is undesirable when working in 
real time. A common solution to the problem is to use inertial 
measurement units (IMU) which supply frequent position 
estimates with coarse errors. Therefore, the combination of 
both systems provides accurate and frequent updates for 
vehicle self-positioning (Liu et al., 2017).

Some of these sensors are already used to support current 
driver assistance systems. Figure 6.2 includes some examples. Note 
that, as explained, more than one type of sensor is usually linked to 
each system. In Figure 6.2, only the one more directly involved is 
indicated. 

Despite the huge evolution of the sensing system in the last 
decade, it still needs to evolve to support the SAE5-level AV. Today, 
the goal of researchers is to design a sensor system that provides 
complete, updated and accurate data at high speeds and in all 
possible weather and lighting conditions.
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6.2.2.2.  The client system

The client system represents the brains of the AV, with two main 
responsibilities. First, it must process all the collected data and 
extract meaningful information in order to interpret the 
environment (perception) and set the relative position of the vehicle. 
Second, it must decide on the next actions of the vehicle (decision). 

Perception consists of three parts: positioning, detection and 
tracking. All of them involve fusing data from different sensors with 
the support of high definition (HD) maps. Data fusion is performed 
by algorithms that work at different levels: low, medium and high. 
At the low level, raw data from similar detectors is combined to 
generate a bigger database that will be processed in later steps. At 
the medium level, pre-processed data from different sensors is 
fused. Finally, the fusion at the high level implies the final decision 
task, as it combines partial decisions taken according to perceptions 
coming from single sensors. Besides, Deep Learning techniques are 
being used for object recognition and tracking. This is a machine 
learning process using a neural network with different hierarchical 
levels. Deep Learning turns out to be very appropriate to handle 
large amounts of data and achieves great accuracy without the need 
for human supervision. In fact, Deep Learning is surpassing 
traditional computer vision techniques. 

Once the environment has been recognised and understood, 
effective and safe decisions must be taken and transmitted to the 
action system (see Section 6.2.2.3). The main parts of this decision 
task include action prediction, path planning and selection, and 
obstacle avoidance. The vehicle reproduces to some extend the 
human decision-making process. However, human reasoning is very 
flexible and able to adapt even to chaotic boundary conditions. This 
flexibility is not considered in traditional automatic systems, which 
are programmed to respond to typical circumstances or to follow a 
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set of predefined rules (Okumura, 2016). For example, an AV 
programmed with strict rules could not make a lane change to leave 
a freeway in very dense traffic conditions. To include this flexibility, 
stochastic decision-making methods are considered. For instance, 
stochastic models combined with probability functions are used to 
predict the movements of the nearby vehicles or other moving 
agents. The next step is the path planning and selection, i.e., 
elaborating navigation plans in real time and in a changing and 
moving environment, which is probably the most difficult part. 
Deterministic methods and approaches which consider all the 
possible paths in order to choose the one with minimum cost are 
computationally intensive and unfeasible to be applied in real time. 
Approaches based on probabilistic planning aimed at optimizing the 
success probability of the navigation plan are preferred. Finally, at 
least two obstacle avoidance mechanisms are implemented. The first 
one, proactive, anticipates dangerous situations by continuously 
predicting safety variables such as minimum gaps with regard to 
other vehicles. If they are interpreted as risky, the system 
recomputes the path planning again, at least at a local level. The 
second mechanism is reactive and only applies when the first 
mechanism was unable to avert a collision. Mainly based on radar 
data, the vehicle overlooks control decisions underway and acts to 
avoid the obstacle. In any case, if one of the previous phases fails 
or returns inconclusive results, a conservative decision is 
taken, meaning that safety prevails to optimality.

The previous perception and decision tasks demand a very 
powerful hardware platform and an extremely advanced operating 
system. The hardware platform basically consists of processors and 
accelerators, for which dedicated companies (e.g. Intel, ARM, 
Qualcomm, Nvidia, etc.) offer different solutions. For example, Intel 
develops platforms with flexible architecture. This architecture 
usually includes central processing units (CPUs), field-
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programmable gate arrays (FPGAs) and hardware acceleration 
technology for Deep Learning (Jiménez and Naranjo, 2011), which 
allow for both sequential and parallel processing. This partition is 
essential to handle the enormous computation workload involved in 
automatic driving. Most current AV prototypes have more than one 
compute box, as a backup in case one fails. This considerably 
increases the vehicle cost. Furthermore, each box consumes a large 
amount of energy and generates a lot of heat that must be dissipated. 
There is common agreement that the robustness of the system 
should be achieved without doubling the hardware. To that end, 
other solutions are being developed and tested. These include the 
research on system-on-chip (SoC) solutions, i.e., tiny integrated 
circuits made up of a microcontroller with advanced peripherals like 
graphics processing units (GPU), connectivity components, 
coprocessors, etc. (Intel, 2016). These configurations require less 
space and consume less energy, but still they do not have enough 
data processing power. In this sense, it is explored the possibility of 
transferring some of the perception and decision tasks to the cloud 
system (see Section 6.2.4), relying on the communications network 
(see Section 6.2.3). 

On its side, the operating system is the computing framework 
which integrates all the algorithms involved in the perception and 
decision tasks. Two main requirements must be fulfilled: i) it must 
run and process the data extremely fast in order to respond with 
real-time decisions, and ii) safety cannot be compromised, even in 
case of partial or total failure. Operating systems coming from 
robotics and supported by the cloud system are being considered 
(Liu et al., 2017). 
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6.2.2.3.  The action system

Made up by the mechanical parts of the vehicle (i.e. steering system, 
braking system, powertrain, etc.), it executes the decisions of the 
client system. Although out of the scope of this thesis, it is 
highlighted that this system no longer poses a problem. 

6.2.2.4.  The human-machine interface

HMIs are a combination of hardware and software that handles 
passenger-to-vehicle and vehicle-to-passenger interactions in real 
time. By interacting with the HMI, passengers obtain information 
about the driving performance and the environment and can also 
ask the AV to perform particular tasks by providing the inputs that 
the vehicle requires. HMI for fully AVs will be mainly informative 
and entertainment-related. They are conceptualized as minimalist, 
featuring inside and outside vehicle interfaces. The external 
interface, which primarily consists of light bars and points, would 
inform external agents in advance about the next movement of the 
vehicle. Passengers would receive this information and other related 
to the environment from the internal interface, with the sole purpose 
of making them to feel more confident with the automatic driving. 
The internal interface would also receive the passenger desires 
regarding entertainment or on-board conditions (e.g., inside 
temperature).

A very welcomed HMI proposal was presented during the 2016 
Grand Cooperative Driving Challenge in the Netherlands. The 
proposal removed most parts of the traditional cars HMIs (the 
steering wheel, pedals, gearshift, etc.) and, instead, it included a 
large touch monitor as well as separate controls for air conditioning 
and window management. The screen showed exclusively some 
information about the driving environment and it solely allowed 
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the “driver” to start and stop the system and to choose the 
destination. In this design, any interaction with dynamic 
information systems, like entertainment or maps, relied on the use 
of personal mobile devices. Designers argued that, in this way, 
media could be personalised and adapted to the preferences of 
carmakers and users (Benderius et al., 2017).

6.2.3. Communications

The generalised use of the adjectives “autonomous”, “self-driving” 
or “driverless” to describe vehicles with different autonomy levels 
(as presented in Section 6.2.1) is inaccurate and misleading. Note 
that the first two adjectives seem to indicate that future vehicles are 
called to drive on their own without any external support. Nothing 
could be further from the truth. As it will be discussed later on, 
society will only take advantage of self-driving vehicles if they 
behave cooperatively. In this regard, both vehicle-to-infrastructure 
(V2I) and vehicle-to-vehicle (V2V) communications will play an 
essential role. The more global term V2X (vehicle-to-everything), 
which includes the former interactions as well as vehicle-to-person 
(V2P) and vehicle-to-network (V2N) communications, has also 
gained momentum in the last years.

V2I communications are essential for traffic management and 
AVs coordination. Firstly, the surveillance systems installed on the 
infrastructure must gather global and local data on traffic state, 
pavement conditions, weather, etc. After, these data are analysed 
in real time (either in a traffic management centre or in the cloud), 
they feed the underlying traffic flow models, and specific actions 
are suggested or imposed to a particular group of vehicles. It is of 
particular interest research on the required amount of data needed 
to support these advanced traffic management applications (Wang 
et al., 2017). Despite active traffic management strategies from real-
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time information already exist (e.g., real time ramp metering, 
dynamic usage of hard-shoulders, activation/deactivation of HOV 
lanes, etc.), today's indications need to be communicated via 
traffic lights or variable message signs, and their level of fulfilment 
depends on drivers’ decisions. This interaction between the 
infrastructure and the vehicle will radically change in the future 
V2I cooperative environments. In this new context the information 
provided by the infrastructure will be directly transferred to the 
vehicle controls using short-range wireless communication systems 
to automatically implement the optimal speeds, gaps, etc. On their 
side, V2V communication allows interaction and collaboration 
among nearby vehicles without the intervention of a centralized 
entity. AVs exchange information locally allowing the coordination 
of their decision-making processes aiming to a smoother traffic. In 
this case, the AVs are also the surveillance elements and the 
structure of the traffic management is totally decentralized. This 
system’s decentralization together with the movement of the data 
sources makes more challenging the acquisition of the global 
perspective required for the implementation of network wide traffic 
management strategies. Surely, traffic management will rely on a 
fusion of both, V2I and V2V systems. In any case, establishing a 
powerful and reliable communications network is essential.

Moreover, there is a need for common communications 
standards shared among administrations, automakers, 
technological companies, etc., to enable all possible interactions. 
Both short- and long-range communications are called to shape the 
so-called Connected Vehicle Environments (CVE). Some work has 
already been done in this aspect. For example, in the US, most 
efforts are devoted to Dedicated Short-Range Communications 
(DSRC). It is a two-way short-to-medium wireless communication 
technology based on the IEEE 802.11p standard, the 1609 Wireless 
Access in Vehicular Environment (WAVE Communication) protocol 
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in the US and the TC-ITS European Standards of the European 
Telecommunications Standards Institute (FHWA, 2015). The US 
Federal Communications Commission (FCC) allocated 75 MHz of 
spectrum in the 5.9 GHz band in 2003 to be used by intelligent 
transportation systems (ITS) for vehicle safety and mobility 
applications (FCC, 2003). In fact, US authorities completely rely on 
the suitability of DSRC for V2X interactions. They stress that its 
designated licenced bandwidth ensures secure, reliable and high-
speed communications. Specifically (ITS-JPO, 2014):

The fast network acquisition allows communication to be 
established immediately. This fact is critical for example for 
active safety applications.

Messages are transmitted among applications in 
milliseconds, i.e., with very low latency.

A high level of link reliability is provided and thus 
information is delivered in spite of vehicle speeds, weather
conditions, etc.

It can manage huge amounts of data: vehicles could have 
360º-awareness of the roadway conditions and of the nearby 
vehicles, as well as of the risks emerging at distances up to 300 
Km, without compromising the capacity of the communications 
network.

Safety messages can have priority over any other message.

    Widely accepted standards, which favour interoperability.

Message authentication and privacy are guaranteed.
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Furthermore, US authorities try to avoid sharing the 5.9 GHz 
spectrum for other purposes than V2X, as for example it is requested 
by telephone service providers; it is considered that any interference 
could cause an interruption or delay in the delivery of information, 
whose consequences could be critical. Other countries, for example
Canada, aim to allocate the same 5.9 GHz. spectrum in the context 
of the IEEE 802.11p standard for V2X in the short term (SSCTCC, 
2018)

The EU, for its part, harmonised in 2008 the use of the 5.875-
5.905 MHz frequency band for safety ITS applications (EU, 2008). 
It is proposed a short-range wireless communication technology, the 
so-called ITS-G5, an evolution of the 802.11 wireless standards. In 
good conditions its communication range reaches 1 km, although 0.5 
km are considered as the reliable average. ITS-G5 was designed as a 
standalone system. However, the EU is currently not confident 
about the self-sufficiency of the network and tries to overcome some 
weaknesses, which could also affect DSRC. For instance, ITS-G5 
uses an ad-hoc network topology (i.e., without a fixed structure),
meaning that all the equipped agents, such as vehicles, motorbikes, 
bikes, pedestrians, infrastructures, etc., can directly communicate 
with each other without going through an access point or base 
station. Given this network architecture, there is no superior entity 
able to manage an overload situation. Proposals suggesting using 
different frequency channels in different European countries or 
prioritizing particular communications were disregarded in favour 
of interoperability and equity. Only the highest priority for messages 
related to accidents is considered. In this context, the EU works on 
the implementation of a decentralised congestion control (DCC) of 
communications networks. DCC is the collective name of different 
techniques that try to avoid high network channel loads (C-ITS 
Platform, 2016). Different strategies are being tested: the restriction 
of the number of information packets generated by each vehicle, the 
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reduction of the output power of vehicles' transmissions (i.e., this 
shortens the effective communication range), the shortening of the 
time period the information is available in the channel, etc. All of 
them would act progressively, based on the real-time load of the 
channel. Initiatives to avert interferences among information 
packets are also on the table.

Besides the ad hoc wireless short-range communication 
networks, there is also an increasing interest in the use of mobile 
communications for V2X interactions. Both are traced out in Figure 
6.3. For mobile phone companies and, in particular, for some 
automakers, future 5G cellular networks could support additional 
services, like on-board mobile entertainment, while keeping the 
quality and security of V2X communications (Intel, 2016). 
Furthermore, they value the fact that 5G is independent of the 
infrastructure to be advantageous, as its full implementation would 
be easier, faster and cheaper than that of DSRC or ITS-G5. In fact, 
public administrations, like the Dirección General de Tráfico (DGT) 
in Spain, primarily opt for this kind of cellular communications 
because of the characteristics of the vast Spanish road network 
(more than 30,000 km in the primary road network, half of that 
composed of freeways). The costs for carmakers would also be lower, 
as the insertion of a single chipset in the vehicle would suffice. 5G 
technology is expected to be 100 times faster than current 4G LTE 
wireless technology (Shaheen et al., 2018).

Despite the economic benefits of relying on 5G and on the 
current cellular communications’ network, it is not expected that 5G 
will match all the requirements of V2X, at least in the short-term. 
Experts opt for the higher level of reliability of DSRC or ITS-G5 
systems (Lee and Brian, 2015), exploiting the fast and direct 
communications among 802.11p equipped devices via the random-
access protocol (FHWA, 2015; Filippi et al., 2015). In spite of this, 
the EU is committed to support 5G, both for cellular 
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communications and as a complement to ITS-G5 (EU, 2016). They 
aim at a hybrid communication system that includes multiple 
technologies and ranges (C-ITS Platform, 2017). The ITS Joint 
Programme Office of the US Department of Transportation is taking 
the same action.

Figure 6.3.V2X communication systems: Cellular device-to-device vs 
IEEE 802.11p wireless system.

6.2.4. Cloud requirements

Cooperative autonomous driving (CAD) is an extremely complex 
process that demands the reception, broadcast and processing of 
large amounts of data, in addition to the ability to perform 
subsequent decision-making in real time. In this context, on-board 
equipment requires the support of an external computing system, 
such as a cloud platform. Ideas about the configuration, goals and 
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capacity of this platform have evolved in parallel to vehicle and 
infrastructure automation. 

One option could be the configuration of a distributed cloud 
computing system among the vehicles sharing a road section. Each 
vehicle acts as a mobile node and creates a temporary and more 
powerful cloud with other vehicles within the area. Through this 
network, vehicles share data and their (limited) computational and 
storage resources (Ahmad et al., 2015). This is the concept behind 
VANETs (Vehicular ad hoc Networks). They arose to support the 
growing number of wireless products that can be used in vehicles 
(mobile phones, long distance operating controls, tablets, etc.) and 
currently are the foundation of V2V and V2I communications. AVs 
equipped with sensors, wireless communication modules, and 
processing and storing resources, could cooperate with each other 
and with the infrastructure (via road side units – RSU) to support 
different applications related to safety, automated toll payment, 
traffic management, navigation, entertainment, etc. 

Although many administrations and research centres still work 
on the VANET concept (Zeadally et al., 2012), doubts about their 
ability to fulfil all the requirements of a CAD environment have 
arisen. For example, despite VANETS can involve a wide space 
range, vehicle movement causes each created network to be 
temporary, i.e., instable and of random size. Therefore, VANETs on 
their own do not always allow for the establishment of a reliable, 
sustainable and effective global network to support applications. 
The next step in this direction would be to merge these temporary 
clouds with a traditional cloud, resulting in what is called a Vehicular 
Cloud Network (VCN). Temporary clouds could be used for the 
simpler tasks, while the traditional cloud would provide larger 
storage capacities, ensure robust and efficient communications and 
allow complex distributed processing (Gerla et al, 2014; Ahmad et 
al., 2015). For example, VCN could update a HD map in real time 
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(a key and challenging tool to correctly position vehicles), test new 
algorithms before their implementation in the client system, 
complement the Deep Learning models of the system, etc. A well 
accepted VCN architecture consists of a vehicular cloud (VC, a kind 
of VANET), an infrastructure cloud (IC), and a back-end cloud 
(BEC) (Ahmad et al., 2015). Figure 6.4 sketches this architecture, 
and Table 6.5 indicates the scope and possible applications of each 
of these components for an urban area. This is a favourable 
environment, because good communications as well as most of the 
vehicles with medium-low speeds are supposed to be guaranteed.

Figure 6.4. Example of Vehicular Cloud Network configuration (adapted 
from Ahmad et al, 2015).

An even more advanced concept is that of the Internet of 
Vehicles (IoV), which is derived from the idea of the Internet of 
Things (IoT). IoV would be an open integrated network system 
composed of multiple users, vehicles, things (on-board sensors, 
infrastructures, management centres, the environment, mobile 
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phones, computers, etc.) and networks aimed at globally and 
continuously obtaining, processing and managing all data in 
different ways and for different purposes, based on demands. IoV 
should be able to provide services to even a whole country without 
sacrificing the use of advanced techniques like Deep Learning, 
Artificial Intelligence, etc. (Yang et al., 2014). The complexity of 
setting up IoV is evident, and even if possible, it will not be available 
in the short term. 

 VCN COMPONENT 

VEHICULAR 
CLOUD

INFRASTRUCT.
CLOUD

BACK-END
CLOUD

Involved
entities Vehicles Vehicles

Infrastructure 

Vehicles
Infrastructure 
Global Server 

Scope Local (VANET) Local (RSU 
surroundings)

Large
geographical
area

Examples of 
application in 
urban areas 

Video
surveillance, 
tracking,
parking
assistance,
vehicle safety, 
warnings,… 

Remote
navigation, HD 
maps support, 
traffic
management,… 

Extensive data 
storage, high 
level 
computation, 
large bandwidth 
applications 
(e.g.,
multimedia) 

Table 6.5. Vehicular Cloud Network (VCN) configuration. 

More probably, the AV cooperative schemes that will be 
deployed first will be linked to V2I interactions, where physical 
management centres will play an important role. In this context, a 
local station coordinates the information interchange among 
vehicles within its influence area and, if necessary, transfers data to 
nearby stations. Part of this information is processed and the 
(simplified) result is forwarded to vehicles. In other words, 
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management centres do not only coordinate driving, they also help 
vehicles with their storage and computational tasks (Milanés et al., 
2010).

6.2.5. Infrastructure needs

Support from the infrastructure will be essential for the success of 
automated driving (Kuhnert and Stürmer, 2018), and therefore 
advances in vehicle automation must be accompanied by 
improvements in the infrastructure. For example, road signs and 
marking must be clear, properly located and in good condition, 
enabling vehicles to recognise lanes, speed limits, etc. (Bosetti et al., 
2015). It would be also desirable to avoid sharp changes in 
slopes and curvatures to facilitate vehicle environment 
monitoring. While this could be achieved in the primary road 
network with a relative effort, in the vast network of secondary 
roads it will be specially challenging or even unfeasible given the 
budget limitations for their disposal and maintenance.

The technological update of the infrastructures will also be 
necessary, consisting in the deployment of suitable V2I. A reliable 
and powerful V2I adapted infrastructure is considered to be the first 
step in making CAD possible. This adaptation will include i) the 
adoption of a powerful and secure wireless communication system, 
ii) the elaboration of standards that ensure interoperability, iii) the
development of data treatment protocols that guarantee privacy and 
prevent cyber-attacks, iv) changes in legislation to include the 
former points, and v) driver education seeking for proper responses 
to infrastructure warnings (GAO, 2015). Administrations are 
making efforts in this direction. For example, the Directorate-
General for Mobility and Transport (DG MOVE) of the EU promoted 
the creation of a multidisciplinary platform aimed at boosting an 
optimal cooperative driving environment in Europe. Shaped by 
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European State governments (25%), automotive companies 
(17.50%), C-ITS relevant European associations (8.75%), service 
providers (8.75%) as well as insurance companies, regional and local 
governments, road infrastructure managers, telecommunications 
industries, user associations, etc., the platform proposed in 2016 an 
initial roadmap for the implementation of cooperative intelligent 
transportations systems (C-ITS) in the EU (C-ITS Platform, 2016). 
Some particular working packages were defined to this end (Figure 
6.5)

Figure 6.5. European C-ITS work packages. 

In this document, CAD was expected to come to reality in 
2030. Its proposal for a gradual C-ITS implementation was more 
detailed (see Table 6.6). According to the trade-off between benefits 
and costs and to the maturity of the technology, they defined a list 
with the services that should be implemented in a first phase (i.e. 
“Day 1 services”: bundles 1-3) and those which could wait for a 
second phase (i.e. “Day 1.5 services”: bundles 4-9). Table 6.6 shows 
the V2I interactions considered. In their report from 2017, the 
degree of compliance of the former planning was assessed and more 
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measures were implemented (C-ITS Platform, 2017) to achieve a 
greater compliance.

SERVICES BUNDLE*

Hazardous location notification 2-Motorway

Road works warning 2-Motorway

Weather conditions 2-Motorway

In-vehicle signage 2-Motorway

In-vehicle speeds limits 2-Motorway

Probe vehicle data 2-Motorway

Shockwave damping 2-Motorway

Green Light Optimal Speed Ad. / Time To Green 3-Urban

Signal violation / Intersection safety 3-Urban

Traffic signal priority request by designated vehicles 3-Urban

Off street parking information 4-Parking

On street parking inf. and management 4-Parking

Park and ride information 4-Parking

Inform. on AFV / charging stations 5-Smart routing

Traffic information and smart routing 5-Smart routing

Zone access control for urban areas 5-Smart routing

Loading zone management 6-Freight

Wrong way driving 9-Wrong way

Table 6.6. V2I Day 1 and Day 1.5 services of the European C-ITS platform. 
*Note: Bundles 1-3 refer to “Day 1” services. Bundles 4-9 refer to “Day 1.5”
services. Those bundles not included in the table refer to V2V interactions.

For its part, the US Department of Transportation has its own 
plan to develop what is called “The Connected Vehicle Path” (see 
Figure 6.6) (GAO, 2015). This includes the deployment of V2I and 
the V2V rulemaking, as the NHTSA will also regulate whether and 
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when carmakers will have to install V2V technologies in new 
vehicles. In this plan, which arose when V2I deployment in the US 
were in the early stages, 80% of the national intersections are 
expected to be V2I capable by 2040. Today, only small V2I tests have 
been carried out.

Figure 6.6. US DOTs Connected Vehicle Path deployment plan.

Besides the physical and technological update of the existing 
infrastructures, the idea of constructing smart roads specifically 
dedicated to AVs has also been considered. However, further 
analyses advise against them for the following reasons:

Initially, when the penetration rate of AVs is low, only a 
small part of the driving population would benefit from the 
significant expenses incurred.

The current road network in most developed countries is 
extensive and has good quality standards. The construction of 
additional networks would lead to their underutilisation and 
infringe upon the idea of a sustainable development.
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Traditional vehicles will be on the road for a long time. It has 
already been proven that a mixed environment with at least 
30% of AVs sharing roads with human-driven vehicles would be 
beneficial from the point of view of traffic efficiency and safety 
(Guériau et al., 2016).

The high cost of smart roads could lead to problems of 
equity or segregation when deciding where to implant them. 
These issues can also arise when equipping current roads, 
although to a smaller extent.

6.3. Impact of self-driving vehicles on 
mobility

AVs will have implications for transport and mobility beyond safety 
and comfort improvement. In fact, they are called to boost a 
paradigm shift towards a more sustainable and conscious mobility. 
To date, research on automated driving has been mainly vehicle-
centric and the influence of AVs on traffic efficiency, congestion or 
mobility patterns has not been addressed with the same intensity. 
Although some studies have partially focused on these issues, many 
doubts remain. This section reviews the current state-of-the-art on 
these topics and highlights the knowledge gaps that require 
further research. The section is mainly focused on passenger 
transport.

6.3.1. The new trend towards vehicle-sharing

During the last decades, an increasing demand for sustainable 
development has grown in developed societies. What started 
primarily supported by young people has evolved to a transversal 
societal movement that has already reached administrations. The 
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sustainable development is applied to all fields of human life, and 
also to transport and mobility, which are considered to be clearly 
unsustainable due to the high levels of congestion and pollution 
generated. Together with economical and practical reasons, the 
concern for sustainability fosters a change of mind, still in small 
niches of the urban society, in which vehicle usage is seen more 
profitable than vehicle ownership. This growing tendency is 
perceived by carmakers, who have invested huge efforts during the 
last 100 years in popularizing the ownership of the car, and today 
are exploring new business models as mobility operators in addition 
to vehicle providers.

From the perspective of the individual transportation (i.e. 
aside from the promotion of mass public transportation) a key 
objective is a better amortization of passenger vehicles through 
sharing. In fact, private vehicles are parked for 95% of their life, on 
average. Several vehicle sharing services have been proposed, which 
can be divided into two main groups: ride-hailing and car-sharing 
systems. In ride-hailing, users with partially common routes 
connect through a mobile app or a website to share a vehicle. This 
vehicle could belong to one of the passengers (e.g., BlaBlacar, 
Croove, Lyft) or to the company managing the system (e.g., Tesloop, 
Uber, myTaxi), which in any case receive an economic benefit. Car-
sharing responds to a different concept. It is not a trip what is shared 
with other passengers, but a vehicle fleet which is made available for 
its shared use to the members of the community (e.g., Zipcar, 
Flinkster, Car2Go, DriveNow). While two-way car-sharing (i.e. 
when the vehicle must be returned to the same location of pick-up) 
can be seen as a car rental service, one-way car-sharing (i.e. single 
origin-destination trips) represents a new concept for urban 
mobility. Different system configurations for one-way car-sharing 
have already been put into practice. On the one hand, there are 
station-based systems, where users must pick-up and leave vehicles 
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in predetermined stations. On the other hand, there are free-
floating systems, which lack stations. In this free-floating 
configuration there is a delimited service area where users can find 
and leave the vehicle at any available parking spot. In both 
configurations, a reservation is usually mandatory. Payment is 
often made through a mobile app depending on the distance driven 
and the time the vehicle has been occupied. Some companies also 
offer flat rates. A more informal kind of two-way car-sharing 
system is the peer-to-peer. In this case there is no company that 
owns the vehicle fleet, but private owners who rent their vehicles to 
others while they are not using them (e.g., Getaround).

Although currently less than 1% of the trips travelled in Europe 
correspond to car-sharing systems, it is expected that vehicle 
automation will boost their utilisation. One the one hand, traditional 
carmakers and start-ups have found a niche market in these services 
to become mobility operators, and the supply of car-sharing services 
is thus increasing. Furthermore, administrations conceive car-
sharing as a means of reducing the vehicle fleet and thus parking 
needs and congestion to some extent. On the other hand, AVs are 
perfect candidates to support these services, as they are expected to 
be safe, efficient, electric and autonomous. The autonomous 
attribute allows the self-distribution of vehicles within the service 
region, greatly simplifying operations and reducing costs of one-way 
car-sharing and hailing systems to very low values (Burns, 2013; 
Fagnant and Kockelman, 2014; Friedrich and Hartl, 2016; 
Bloomberg Phil. and Aspen Inst., 2017a; JRC, 2018). A recent 
detailed study estimated a cost of $0.20-0.40 per passenger and 
mile for an urban public system of shared electric AVs, with an 
average occupancy of 3-6 passengers. Obviously, higher costs are 
forecasted if users were to travel alone in the vehicles. Additionally, 
the high price of AVs will prevent general ownership. In this context, 
vehicle ownership is expected to decrease progressively in urban 
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areas, while it could remain basically in rural areas or as a status 
symbol. Nevertheless, research has proved difficult to quantify the 
future usage of sharing systems, as it depends on many factors: 
service area, penetration rate of AVs, society welfare, public 
transportation supply, etc. (Fagnant and Kockelman, 2014; Chen et 
al., 2016). Considering that SAE4-level vehicles are already suitable 
for implementing “autonomous” sharing services restricted to a 
limited (mainly urban) area, and in accordance with their estimated 
penetration rates, approximate values have been obtained. Figure 
6.7 shows the average forecasts for 2030. According to them, China 
will lead the use of AVs integrated in sharing services and also the 
abandonment of vehicle ownership. On the contrary, the US are 
expected to maintain quite a big rate of private vehicles, 
probably related to the dispersion of their population (Kuhnert and 
Stürmer, 2013).

Figure 6.7. Expected usage patterns for passenger vehicles by 2030.
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The adoption and popularization of car-sharing systems is not 
free of risks. In the absence of an adequate planning and pricing of 
the service it could become a competitor for collective public 
transportation systems. Some public transportation users could 
decide to pay a bit more to travel more comfortably and shift to car-
sharing or hailing options (Gehrke et al., 2018). Because collective 
transportation systems are more efficient in dense mobility 
environments and exhibit economies of scale (Daganzo, 2010), a 
reduction of their demand due to a shift to car-sharing options could 
imply a global increase of costs to satisfy overall mobility needs. This 
result would be contrary to the sustainability objective pursued. 
Possibly, this situation will be avoided by the implementation of the 
so-called Mobility as a Service (MaaS), also known as 
Transportation as a Service (TaaS) (Linares et al., 2016; Djavadian 
and Chow, 2017; Matyas and Kamargianni, 2017). MaaS is a mobility 
solution that offers tailor-made travel sequences based on the 
individual user needs. A single mobile app or website combines 
transportation options from public and private providers, handling 
everything, from trip planning to payments. Users can pay either per 
trip or a monthly fee for a given limited distance. The MaaS concept 
can also be applied to freight transport and it is expected to spring 
up with vehicle automation. In this context of integrated 
transportation, self-driving buses will be competitive (Bösch et al., 
2018), and could also serve high demanded long-distance routes out 
of the area of operation of the previous on-demand services. Besides, 
current transportation modes will need to adapt to the new scenario: 
traditional taxis and mass public transports not integrated in 
sharing or MaaS will fall behind (Fagnant and Kockelman, 2014; 
Meyer et al., 2017; Bösch et al., 2018; SSCTCC, 2018). Further 
research is needed to design these comprehensive on-demand 
transportation systems in a sustainable and cost-effective way. Some 
issues to overcome include the integration of the elderly or people 
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with special needs, the coordination of the integrated modes to 
achieve a sustainable transportation system and the extension of the 
service out of the cities (ITS International, 2017). 

6.3.2. Expected changes in travel demand 

As discussed previously, vehicle ownership is expected to diminish 
in developed countries due to the high price of AVs and due to the 
introduction of sharing or on-demand mobility solutions. In fact, the 
vehicle fleet has been predicted to decline by 25% in the EU (from 
280 to 200 M. units) and by 22% in the US (from 270 to 212 M. 
units) by 2030 (Kuhnert and Stürmer, 2018). 

On the contrary, vehicle automation is expected to imply a 3-
27% escalation in private car travel demand (Milakis, 2017). This is 
primarily linked to the reduction of transportation costs (see Section 
6.4.1), which will be translated to an increase in the number of km 
travelled by car per person and day (Harper et al., 2016; Correia and 
van Arem, 2016; Milakis et al., 2017). Recent estimations predict an 
increase of 23% in Europe, 24% in the US and 183% in China by 
2030 (Kuhnert and Stürmer, 2018). The harmful effects of this 
increasing travel demand could be attenuated by a simultaneous 
increase of the average occupation of AVs. Researchers foresee a 
change for passenger cars from the current 1.3 to 2.3-3 pax/car, 
depending on factors like the public transportation supply, the time 
of the day and the pricing of AVs services (OECD, 2015; Martínez 
and Viegas, 2017; EFTE, 2017). Other reasons leading to an increase 
of car travel demand are the global population growth, an increasing 
industrial and urban sprawl and some induced demand (i.e. mode 
shifts from pedestrians or collective transportation users towards 
AVs) (Lamondia et al., 2016). Surveys conducted in several US states 
concluded that this induced demand can be significant, as many 
trips would not have been made if public transportation or walking 
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were the only options (Clewlow and Shankar, 2017). Additionally, 
AVs will extend the user spectrum to non-drivers, minors, elder 
people, or people with special needs. In the US, the increase in the 
annual vehicle miles travelled (VMT) of people older than 19 years 
related to these groups is expected to reach 14% (Harper et al., 
2016). Finally, there will also be empty vehicle trips driven either by 
private AVs to park themselves or by shared AVs between successive 
clients.

6.3.3. Traffic management in the era of AVs

Despite the efforts made by traffic administrations, congestion 
continues to be a severe problem, especially around big cities and 
industrial areas. Automation could help to improve this situation as 
long as vehicles share data and their objectives aiming to benefit the 
entire system. In other words, cooperation between AVs will be 
essential for traffic efficiency in the era of AVs. However, vehicle 
automation has initially focused on safety and comfort, leaving 
traffic management and coordination aside. AVs' driving (in this 
section AV refers to SAE3 or higher levels) is being designed based 
on very conservative parameters. For example, the headway (i.e. 
time period between the passages of two consecutive vehicles) is 
usually set around 2 s, while for an average human driver this is 1 s 
or less (Diakaki et al., 2015). The values adopted for other AVs' 
design parameters like the acceleration rate, braking capacity, space 
gap, etc. also contribute in shaping a much less aggressive driving 
behaviour of AVs with respect to human driving. Obviously, this 
contributes to safety and comfort, but the consequences over traffic 
efficiency would be detrimental. In addition, uncoordinated AVs 
would make “selfish” decisions. They would choose their routes, 
individual speeds, lanes, lane-changing, etc. overlooking possible 
disturbances to other vehicles and to the efficiency of the network as 
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a whole. In this context, researchers predict a progressive reduction 
of the average freeway capacity with the increasing penetration rates 
of AVs. Freeway capacity could be reduced from the typical 2,300 to 
approximately 1,700 vehicles/hour/lane upon mass penetration of 
AVs (Ntousakis et al., 2015). Although more aggressive design 
parameters of AVs would attenuate the problem, this is not a feasible 
solution as comfort and the acceptability of aggressive AVs would be 
seriously compromised.

On the contrary, traffic could become more efficient if AVs 
cooperate. AVs cooperation consist in the exchange of information 
with the objective of making decisions from a global perspective, 
prioritising the performance of the whole system over individual 
benefits. It has been proven that AVs cooperation would be 
beneficial even in a mixed environment, i.e., with cooperative 
autonomous vehicles (CAVs) sharing roads with traditional vehicles. 
A penetration rate of 10% of CAVs could already lead to significant 
traffic efficiency improvements, reducing the total time spent 
traveling by 30%-40% with respect to the same demand without 
CAVs (Arnaout and Bowling, 2011; Guériau et al., 2016). The main 
reason for this efficiency improvement lies in the reduction of traffic 
instabilities (i.e. “stop and go” traffic, shock waves) (Ntousakis et al., 
2015, Delis et al., 2015), attenuating the capacity drop phenomenon 
(i.e. the capacity loss at the traffic breakdown and start of 
congestion).

The pinnacle of this effectiveness is achieved if CAVs are able 
to constitute platoons, i.e., “road trains” in which they drive with 
very small space gaps at high speeds, as if they were physically 
linked. This would not only result in vehicles occupying less space 
on the road, but also it would enable higher flows without 
jeopardizing safety (Gong et al., 2016; Lioris et al., 2017). An early 
and renowned test of the concept was performed in 1997 under the 
PATH (Partners for Advanced Transit and Highways) program of 
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the UC Berkeley. Even with the technological difficulties of the 
moment, platoons were proven to be advantageous in freeways and 
highways. More recently, simulations have shown that, in mixed 
traffic, platooning would lead to improvements in traffic efficiency if 
the average speeds are over 50 km/h, but not in congestion. In this 
last case, dedicated lanes for platoons could be advisable, provided 
that at least 40% of vehicles were AVs able to form platoons (van 
Arem et al., 2006). Dedicated lanes could be shared with other 
vehicle with preference (e.g. high occupancy vehicles, public 
transportation, emergency services, etc.). The decision of activating 
and deactivating the dedicated lane should be taken in real time, 
depending on traffic conditions (Roncoli, et al., 2014; Maiti et al., 
2017). Further research is needed regarding dynamic traffic 
management in the presence of AVs. For example, in a mixed traffic 
environment with AV platooning, the platoon spacing, speed, 
length, creation / dissipation procedures, etc. should be carefully 
designed to achieve maximum efficiency and avoiding disturbances 
to other vehicles, like the obstruction of merges or diverges.

In contrast with technological development where field tests 
with prototypes are possible, research on traffic management with 
the presence of AVs must rely on simulation. Because automated 
driving with a significant penetration rate and in real traffic is not 
yet a reality, most of the research works use traffic microsimulators 
to replicate this environment. Microsimulators model the behaviour 
and trajectory of individual vehicles and with great detail. However, 
two main problems arise: firstly, these models include many 
calibration parameters, some of them without a physical 
interpretation, and secondly, it is not possible to calibrate them with 
real data, because the real scenario has not been achieved yet. This 
means that results from the microsimulation should be taken with 
caution. An alternative consists on using mesosimulation. This is to 
model the traffic behaviour at a more aggregate level using as few 
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parameters as possible, but still keeping the main attributes that 
characterize the traffic scenario under analysis. For example, in the 
AVs platooning context, segregated lanes and different vehicle types 
are attributes needed to be kept in the mesosimulation. Note that 
these attributes are not considered in typical macrosimulators, 
where only average sectional flows, densities and speeds are 
modelled.

6.3.4. AVs and safety issues

According to the EU GEAR 2030 High Level Group, which addresses 
the key trends and challenges of the European automotive industry, 
90% of road accidents come from human errors (GEAR 2030, 2017). 
Thus, autonomous driving should contribute greatly to the 
reduction of road accidents and fatalities. 

In line with Figure 6.8, presuming that all vehicles in Spanish 
roads are able to cooperate by 2040 and optimistically assuming 
SAE5-level AVs, there would be no accidents (Arriola, 2017). 
Although very significant safety improvements are expected with the 
implementation of AVs (Gong et al., 2016; Kockelman et al., 2016; 
Koopman and Wagner, 2017), most experts recognise that the so-
called Vision Zero (i.e., no accidents; a concept which emerged in 
Sweden in 1997) is too ambitious and optimistic. Inevitably, very 
complex situations will arise in which AVs will not be able to avoid 
accidents. There are also opinions claiming that safety 
improvements due to AVs will be negligible due to factors like slow 
human adaptation or hardware and software failures. For example, 
if risk perception decreases when using an AV, passengers could be 
more prone not to use seat belts, cyclists or pedestrians could act less 
cautiously, etc. Also, the increase in the total driven km implies more 
exposure to risk, and even if the accident rate decreases, the total 
number of accidents could vary little. Current research uses 
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simulation to evaluate the safety impacts of AVs in realistic traffic 
scenarios and using naturalistic-field operational tests to calibrate 
the human behaviour parameters in a context of mixed traffic (Wang 
and Zhao, 2017). The use of simulation allows an accelerated 
evaluation, by using modified statistics of the surrounding vehicles 
to reduce the evaluation time while ensuring that the evaluation 
results are statistically accurate (Zhao et al., 2017; Huang et al., 
2017; Zhao et al., 2018). 

Figure 6.8. Spanish traffic administration (DGT) safety vision of an 
autonomous and connected mobility. 

From the security perspective, experts warn that AVs and V2X 
communication in general are vulnerable to terrorism in the form of 
malicious hacking. Malware could be massively spread and infect 
many connected vehicles at once (Douma and Aueu, 2012; Petit and 
Shladover, 2015; Litman, 2018). For example, vehicle perception of 
the environment could be deliberately altered. Less dangerous 
would be the use of ransomware to block vehicles until owners pay 
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a ransom (Shaheen et al., 2018). Administrations are taking very 
seriously these risks, and for example, the UK has recently issued 
eight cybersecurity principles for carmakers. They request 
redundant vehicle systems in order to be resilient to attacks. In other 
words, vehicles must be able to appropriately respond in case of an 
attack during their entire lifespan. Recommendations also exhort all 
involved sectors to work altogether to this end (Gov. UK, 2017). 
Although this type of guidelines set noble objectives, zero risk does 
not exist. Like in any other field, there exists a trade-off between the 
cost of reducing the risk and the cost of not doing so. The accepted 
risk level should be the one tht minimizes total costs, knowing that 
the quantification of these costs is more a political than a technical 
issue.

6.4. Social impacts of autonomous 
vehicles

Although all impacts of AVs have, to some extent, a social 
implication, this section specifically addresses considerations 
regarding the AVs’ social acceptability. As their impact on the labour 
market and economy greatly influence the popular opinion, these 
are analysed first. 

6.4.1. Impact on economy and competitiveness 

The expected positive impacts of vehicle automation on economy are 
mainly due to two factors: the reduction of the transportation costs 
and the reduction of the value of travel time. The latter is related to 
the possibility of using the travel time to perform other tasks and 
will only take place with SAE5-level vehicles (Cyganski et al., 2015; 
Milakis et al, 2017). The reduction in the cost of transportation will 
be the most relevant impact of AVs on economy, and will be the due 
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to: i) better vehicle amortisation due to their more intensive use 
through sharing, ii) lower staff costs due to the automatization of the 
driving task, iii) reductions in energy consumption (see Section 6.6), 
and iv) shorter travel times due to a more efficient traffic 
management and the elimination of the need to travel in the vehicle 
while looking for parking. As a result, this will contribute to the 
punctuality and stress reduction of workers and thus, to 
productivity. In conclusion, the lower transportation costs will 
benefit the economic competitiveness of the society (Kuhnert and 
Stürmer, 2018). 

Regarding the labour market, the automotive industry is 
expected to deal with the vehicle fleet reduction in areas like the EU 
or the US, by incentivizing a continuous fleet renewal and by 
diversifying their business activities. Future AVs shared vehicles will 
be used more intensively, which will probably shorten their lifespan. 
The faster obsolescence of technology will also contribute to a more 
frequent renewal. Conversely, the smaller number of accidents will 
partially compensate for this shortening. In conclusion, it is even 
possible that despite a smaller fleet, the number of car registrations 
per year increases. Recent estimations push the increase in the 
number of registrations to 34% in the EU and 20% in the US by 
2030. In other markets like China, both the fleet and the 
registrations would rise due to increasing population rates and 
urbanization processes (Kuhnert and Stürmer, 2018). 

In addition, the automotive industry is aiming not only to be a 
vehicle provider but also a global mobility operator. This process has 
already started, and for example, Porsche Automobil Holding SE, 
the largest shareholder of Volkswagen, recently bought the PTV 
Group, a technological company which develops software for 
transportation planning and management. On their side, Daimler 
AG, who assembles Maybach, Mercedes-Benz and Smart, has also 
started providing mobility services under brands like Car2Go or 
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myTaxi, as well as digital services through AutoGravity and 
Mercedes Pay. 

Inevitably AVs will affect the labour market. Traditional jobs in 
the transportation sector, beyond that of drivers, are expected to 
disappear. For example, traditional mechanical workshops will die 
out with the reduction of the accident rate and because of their 
inability to repair fully AVs. However, new opportunities will 
appear, mainly linked to new technologies, optimization, big data 
analysis, traffic engineering, transportation planning, etc. For 
instance, experts in informatics and electronics, who are able to 
repair and maintain the new AVs hardware and software, will be in 
high demand. Driving schools could subsist with a different role 
once the conditions that new “drivers” must fulfil are set (see Section 
6.7.3).

6.4.2. AV´s acceptability

AVs are in the spotlight and the prevailing belief is that people will 
tend to welcome the safety and comfortability improvements that 
they will bring. However, opinions are not so favourable when 
people are directly asked whether they would feel comfortable 
travelling in an AV. According to a survey conducted in 2015 by the 
EU in 23 Member States (Figure 6.9), 61% of the Europeans would 
feel uncomfortable, being the respondents from Cyprus and Greece 
the less fond of AVs. On the contrary, 21% would be confident. A 
majority (52%) still felt uncomfortable when asked about AVs 
transporting goods, although the rate of supporters increased in this 
scenario (26%) (EU, 2015). The previous survey focused on the 
potential passenger perception. However, AVs will interact with 
other road users (e.g. traditional drivers, cyclists, pedestrians) 
whose acceptability cannot be overlooked. In this regard, an 
investigation conducted in the UK in 2016 concluded that AVs were 
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perceived as a “somewhat low risk” mode of transportation in 
general. However, when compared to traditional vehicles, 
pedestrians thought they would be safer while passengers 
considered them riskier. Gender and age seems to have an influence, 
showing that male respondents and young people exhibit a greater 
acceptability (Hulse et al., 2018). Opinions of cyclists, bikers 
and drivers of traditional vehicles must also be taken into 
account in future studies.

Figure 6.9. Driverless vehicles acceptance in the EU (2015).

A more detailed research analysed, not only the general 
attitude towards AVs, but also the willingness to use them in 
different scenarios. 721 commuters from North America and Israel 
were asked about their commuting preferences between: i) continue 
using their individual traditional cars, ii) buying (at an affordable 
price) a private AV or iii) sharing an AV of a commercial fleet. From
all the factors considered, only the driving pleasure, the 
environmental concern and a general positive attitude towards AVs 
played a significant role. According to the results, 44% of the 
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respondents would not change their routines with the appearance of 
AVs. Students, long-distance commuters and people with higher 
education level were more enthusiastic about AVs. Also, it is 
interesting to note that 25% of the respondents would not use shared 
AVs even for free (Haboucha et al., 2018). Although the study had 
some initial limitations (a small number of participants, only 
commuters, etc.), it allowed reaching the conclusion that 
information (basics about automated driving, risks, benefits, etc.) 
and educational campaigns (current traffic-related problems, 
environmentally-friendly behaviour, etc.) will be essential to reach 
sustainable mobility patterns supported by AVs.

The acceptability of AVs by collectives for which individual 
mobility is currently restricted is less ambiguous. Non-drivers, 
people with special needs or the youngest and oldest branches of the 
population are relatively keener on using AVs (Harper et al., 2016). 
In fact, advanced in-vehicle technologies have already extended the 
period over which the elderly can drive safely and comfortably. Their 
full integration in AVs will lead to further improvement for all these 
sectors of society (Eby et al., 2016). 

Finally, it needs to be taken into account that the implications 
of AVs in privacy and in the modification of the labour market have 
been identified to disenchant mainly middle-aged and older people.

6.5. Territorial impact of autonomous 
driving

The relationship between land use and transportation is 
unquestionable; individual mobility has traditionally contributed to 
urban growth and urban sprawl. In 2008, more than 50% of the 
world´s population was living in cities and this percentage is 
expected to increase to 70% by 2050. Cities expand because of the 
combined effect of a growing affluence of people, a change in 
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lifestyles and a reduction of transportation costs that allows, for 
instance, living further away from the working place. Not all the 
consequences of urban development are positive: many cities suffer 
from severe congestion and 75% of the anthropogenic greenhouse 
gases emissions come from cities. Experts claim that, unlike what 
has been happening so far, the urban form, configuration and 
dynamics must determine mobility schemes (Barceló, 2016). 
Therefore, the introduction of AVs in urban environments must be 
planned from a global perspective. In this comprehensive approach, 
population densities, urban shapes and land uses must be 
considered, so that the new mobility patterns derived from vehicle 
automation provide the desired accessibility while promoting a 
sustainable use of the territory. In the absence of such planning, 
most studies predict an increasing city sprawl in line with the rise in 
VMT (Heinrichs, 2015; Zakharenko, 2016; Meyer et al., 2017).

The impacts of urban sprawl as a result of the introduction of 
AVs can be reduced as long as planners develop designs that i) 
reserve enough space for green, leisure or agricultural-oriented 
areas and ii) relieve city centres. In this regard, AVs could reduce the 
demand of daytime parking in cities, not only because the vehicle 
fleet will diminish, but also because parking slots could be shifted to 
peripheries. Because the human presence in parking areas will be
negligible, their configuration could also change, looking for a better 
space utilisation. Dedicated “parking belts” just outside of the 
working areas might accumulate 90-97% of all commuter AVs 
(Zhang et al., 2015; Zakharenko, 2016). Thus, these released empty 
urban spaces could be humanised. Conversely, traffic streams of 
empty AVs driving from city centres to their daytime parking 
locations would imply some costs in terms of congestion, energy 
consumption, etc.
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Additionally, land use changes are expected to cause some 
increase in the rents at central locations accompanied by an 
equivalent decrease in the periphery. These changes have been 
quantified to be of the order of 30–40% (Zakharenko, 2016). 
Besides, well-connected rural areas will gain accessibility in an 
automated driving environment (Meyer et al., 2017). Again, the 
positive effects of automation on the territory are subject to more 
sustainable mobility patterns in which mainly private owners and 
companies should aim to share vehicles at higher occupancies.

6.6. Environmental impact of 
autonomous driving

Today, the environmental impacts of transportation, related to the 
local air quality and the global warming are a major concern. For 
example, the UE has been implementing different measures to 
reduce transportation greenhouse gases emissions by more than 
60% by 2050, taking the 1990 levels as a reference (EU, 2011). Road 
transport is the largest contributor to air pollution, primarily due to 
the use of fossil fuels as energy resources. Therefore, efforts are 
concentrated on traffic management and vehicles’ energy efficiency. 
Although AVs are expected to increase VMT, they would possibly 
contribute to significant environmental improvements as they are 
going to be electric and they will drive efficiently (Greenblatt and 
Saxena, 2015).

6.6.1. Electric and other sustainable vehicles

The conversion from petrol to electric engines has already started as 
a consequence of societal environmental concerns. Electric vehicles 
(EVs) produce zero emissions at the point of use and are less noisy 
than conventional fuel-powered vehicles. Being practically 
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inexistent in 2011, the global (i.e. battery electric and plug-in hybrid 
electric) EVs stock in 2016 exceeded 2 M vehicles (Figure 6.10), of 
whom 750,000 were pure electric, which represents a huge leap. 
Norway is the world leader with 29% of its vehicle fleet being 
electric, while China, accounting for more than 40% of EVs sold in 
the world, is by far the largest EV market. It is expected that 55% 
of new cars built by 2030 in the EU will be fully electric and 40% 
hybrid. Vehicle automation will push even forward the penetration 
of EVs, as SAE4- and SAE5-level vehicles will be mostly electric.

Figure 6.10. EVs stock evolution.

However, several issues must be solved in order to 
achieve the generalized use of EVs. One of the main problems is 
the range anxiety due to the limited battery capacity. Although 
the problem is technologically solved and car batteries with ranges 
up to 600-700 km are already available, their high prices make 
vehicles unaffordable for many drivers. This situation is expected 
to change in the short term. In fact, lithium battery prices 
dropped 77% on average since 2010 (Bloomberg New Energy 
Finance, 2017). 
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Another problem is the lack of sufficient charging points. To that 
end, most administrations are devising investment plans for their 
deployment, together with networks of charging stations that are 
being developed by private car manufacturers. In fact, charging 
stations increased worldwide by 72% since 2015. Emerging 
technologies like wireless (or inductive) charging systems are also 
under development (Shaheen et al., 2018).

It is expected that EV prices will diminish together with their 
penetration rate. When the acquisition cost is no longer a barrier, 
maintenance and operational costs will be more relevant for the
purchaser. Regarding maintenance costs of EVs, batteries are 
expensive and must be replaced approximately every 150,000 km. 
The remaining costs are 35% lower than that of traditional vehicles. 
In all, EVs increase the maintenance costs approximately by 28%. 
On the contrary, operational costs, i.e., energy consumption, 
insurance fees, exemptions, etc. (Bösch et al., 2018) are favourable 
to EVs. Nevertheless, new policies will be necessary when EVs 
become more competitive. Current subsidies mainly come from fuel 
taxes, which will diminish in line with the sales of conventional 
engine vehicles. Applying taxes based on the distances travelled is 
one of the alternatives on the table (IEA, 2017), which in addition 
would promote vehicle sharing.

The generalized introduction of EVs will also urge to face the 
global planning of the energy supply. The electric energy needs in a 
future environment with a majority of EVs would be huge. Thus, 
current supply would be insufficient and energy prices could rise. 
The capacity of EVs as energy storage devices could be used 
to laminate demand and mitigate this impact. Besides, 
battery manufacturing will significantly grow, and the availability 
of cobalt, lithium and other related materials at a reasonable 
price and fair trade, must be ensured. Battery recycling must be 
fostered to this end and to avoid environmental contamination.
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Gas is an alternative to electricity to power the vehicles. 
Compressed natural gas (CNG) (i.e., methane stored at high 
pressure) and biogas capture most of the current market in this 
sector. Other solutions like LNG (liquefied natural gas) or HCNG 
(natural gas mixed with hydrogen) have a much lower penetration 
rate. Most automakers already offer gas models of their vehicles, 
although the vehicles still maintain the petrol tank. These early 
models are said to have a quieter and softer driving while 
maintaining their power and performance. Motors last longer, and 
maintenance needs are reduced. In addition, 1 kg of GNC supplies 
the same energy as 1.5 l of petrol, and the economic and 
environmental benefits with respect to fuel-engine vehicles are 
noticeable. In this regard, biofuel GNC vehicles emit 25% less CO2 

and 87% less NOx and particles on average. One of the main 
drawbacks of gas powered vehicles is the need for space for the 
second tank, which is generally placed under the boot bottom. This 
is related to the current lack of gas stations, which makes necessary 
the petrol tanks to ensure the reliability in the energy supply. In 
Europe, this problem is expected to be solved by a new European 
directive. In spite of the advantages of gas powered vehicles when 
compared to the traditional ones, they are mostly seen as 
an intermediate step or a complement to EVs, which are the 
primary focus.

6.6.2. Indirect environmental improvements of 
AVs

Beyond the direct impact of the substitution of fossil fuels as the 
main source of energy in transportation, a well-managed automatic 
driving context would involve indirect benefits for the environment, 
especially considering those vehicles that will still rely on 
combustion engines. Fuel consumption and traffic pollutant 
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emissions increase in congestion with “stop and go” driving 
behaviour (i.e. with continuous accelerations and decelerations) and 
also with high speeds (Barth and Boriboonsomsin, 2008; Ding and 
Rakha, 2002). Consequently, traffic efficiency and an adequate 
management of speed limits would reduce traffic-related pollution. 
Dynamic traffic management strategies like dynamic speed limits or 
congestion charging, aimed at ensuring a smooth and fluent driving, 
are already being applied (Psaraki et al., 2012; Burns, 2013; Grumert 
et al., 2015; Zohdy and Rakha, 2016; Grote et al., 2016; Ji et al., 2016; 
Soriguera et al., 2017; Wua et al., 2017) and are expected to intensify 
with the introduction of AVs. AVs will also allow a robust and 
generalized application of eco-driving, consisting in providing 
vehicles with real-time advice regarding speed, acceleration and 
deceleration levels and other driving parameters with the goal of 
optimizing their energy consumption and emissions levels. Research 
on eco-driving, including eco-routing and taking advantage of V2X, 
has already demonstrated its potential (Barth and Boriboonsomsin, 
2009; Barkenbus, 2010; Park et al., 2012; Ahn et al., 2013; Yang and 
Jin, 2014; Yang et al., 2017). The benefits of such strategies would 
be enhanced in a cooperative driving environment. However, only a 
generalized optimal management could compensate the expected 
VMT increase (Wadud et al., 2016; Shaheen et al., 2018). For 
example, Figure 6.11 summarises the expectations of Wadud et al. 
(2016) regarding energy consumption, based on a sort of life-cycle 
analysis. The authors themselves recognize the uncertainty of these 
predictions due to the considerable number of assumptions they had 
to include, and recommend considering results only qualitatively. 
When doing so, they globally turn out to be satisfactory.
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Figure 6.11. Expected changes in energy consumption linked to AVs with 
respect to the current situation (adapted from Wadud et al., 2016).

6.7. Ethics and legal issues

The time when fully AVs will be widely introduced in the market 
might depend more on the promulgation of all the required laws 
than on the overcoming of the current technological and operational 
challenges. Liability in case of an accident is the most controversial 
topic, in which ethics and economic interests play a role, although 
other aspects must also be considered.

6.7.1. The ethics of AVs

SAE5-level vehicles will have to make decisions that imply human 
(and material) losses, and moral dilemmas will arise. The 
philosophical approaches used so far in fields like law or in the army 
are being applied to find acceptable solutions. For example, consider 
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the “tram problem” (Foot, 1967), originally introduced to analyse the 
ethics of abortion, and brought to a new life by automatic driving. 
The dilemma is presented when a tram enters a track where five men 
are working. The driver has no time to warn anybody but could 
direct the tram towards a side track where only one person is 
working. In other words, the driver can choose who is going to die. 
Should the driver deviate so that only one person dies? In this case, 
he would take part in the death of one person. If the driver does 
nothing, five people would “accidentally” die. Which is the most 
ethical choice? AVs will face similar situations. For example, think 
about a child that suddenly crosses a two-lane road out of a 
pedestrian crossing. An AV would have to decide whether to run over 
it or to deviate towards the opposing lane or to a side wall, thus 
endangering the lives of the vehicle occupants. Governments and 
research centres are addressing these complex ethical issues 
(NHTSA, 2016; BMVI, 2017; MIT, 2017). They try to enact globally 
accepted laws that can regulate AV programming. Two main ethical 
trends are on the table: deontology and consequentialism. The first 
one is a vision "without consequences" of human moral decision-
making. Deontology (from Greek, meaning "duty") holds that 
actions are not justified by their consequences. Reasons other than 
good results determine the correctness of the acts. However, for the 
consequentialists, the correctness of an action is determined by the 
“goodness” or “utility” (broadly speaking) associated to its 
consequences.

The German Ethical Guidelines, released in 2017 (BMVI, 
2017), are the first official recommendations that address AVs 
ethical issues. 20 statements are proposed, which constitute a 
starting point for further analysis and legislation. In fact, the 
guidelines will be reviewed after two years of application to make 
the necessary changes or additions derived from experience. The 
proposed ethical guidelines remark:
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If an accident cannot be avoided, human safety takes 
precedence over animals and property. In case humans are 
involved anyway, the action that harms less people prevails. 
Furthermore, software cannot prioritise among individuals on 
the basis of age, gender, race, physical attributes, or any others.

 Before the SAE5 level arrives, the ultimate decision and 
responsibility lies in the human sitting in the driver seat, as 
control will be immediately transferred to him in complex 
situations. If he fails to react, the vehicle must simply try to 
stop.

AVs should have a kind of “black box” that continuously 
records events, including who is in control at any given time. If 
an AV is involved in an accident, an independent federal agency 
must carry out an investigation to determine responsibilities.

Everyone who drives a vehicle of any automation level must 
be legally validated as being qualified to perform this task.

Drivers and passengers retain the rights over the personal 
information collected from vehicles. No one can use these data 
without their permission.

People must understand all implications of AVs for society. 
Education on the principles upon which AVs operate should be 
incorporated into school curriculums.

From these guidelines it is deduced that data management 
is another important issue that requires an ethical treatment. 
Three main goals are pursued with respect to data management: i) 
interoperability, ii) cyberattack hindering, and iii) respect for user 
privacy and rights. While the first two goals are more technical,  
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although all the stakeholders will need to reach an agreement on to 
what level (and costs) these objectives need to be assured, it is the 
data privacy what is more controversial. The usage of private data 
out of the original scope of traffic coordination (e.g., police follow 
up, corporate control, people behaviour analysis, commercial 
purposes, etc.) generates debate. Note that society already 
complains about the indiscriminate use of mobile phone data, street 
camera images, personal internet searches, etc. Considering the 
large amount of data involved in cooperative automated driving, 
consensual solutions, informative campaigns and ethics in data 
treatment will be essential. 

6.7.2. Civil liability and insurances 

While it is clear that liability in case of material or personal damage 
lies in the driver up to SAE3-level vehicles, doubts arise with SAE 
levels 4 and 5. At first, liability would be transferred to the AV 
manufacturer, as long as the vehicle was used within its design limits 
and the owner fulfilled the corresponding update and maintenance 
requisites. At least, annual updates of hardware and software will be 
necessary (Kuhnert and Stürmer, 2018). However, laying all the 
blame on automakers could be unfair, and it would delay or even 
prevent self-driving vehicle manufacturing (Marchant and Lindor, 
2012; Hevelke and Nida-Rümelin, 2015). Liability in the event of an 
accident could fall on carmakers, but also on the manufacturer of 
one particular component, on the technician who assembled this 
component, or on the software developer, etc. Another challenging 
scenario to cover is that of a mixed environment with traditional 
vehicles and AVs sharing roads. For example, consider a two-lane 
road where the driver of a manual vehicle suddenly enters the 
opposite lane and travels against a coming AV. Common sense 
would say that this driver holds the responsibility of a possible 
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accident, but also AVs are supposed to be able to avoid any crash. 
Thus, liability needs to be analysed together with the ethical 
principles considered. The existence of an “event data recorder” box 
is essential to enable investigations in this regard. Some action has 
already started to address liability issues. For example, the 
European Parliament approved an initiative exhorting the European 
Commission to define liability rules on robotics, and particularly on 
AVs (European Parliament, 2017). 

Insurance companies will also play a role. The insurance costs 
for owners of AVs are expected to be low, and mainly related to 
repair needs (Thierer and Hagemann, 2015). In this context,
insurance companies will change the focus of their business from 
drivers to areas like product liability (carmakers) and cyber security 
(software developers, commercial fleets, etc.).

6.7.3. Other legal issues

More regulations will be necessary, even before SAE5-level vehicles 
are brought to the market. Current legislation of individual countries 
and also international agreements do not allow full automation. For 
example, 74 countries reached an agreement on road traffic in 
Vienna, 1968, in the United Nations Economic and Social Council´s 
Conference on Road Traffic (Vienna Convention, 1968), which came 
into force in 1977. Among many other regulations, it states that 
drivers are always responsible for controlling their vehicles. The 
amendment of this convention and its acceptance by the involved 
parties needs to be addressed first. The United Nations Economic 
Commission for Europe already started the modification of this 
agreement in 2014, but it is still uncompleted. Another example is 
the Regulation No 79 of the Economic Commission for Europe of the 
United Nations, which indicates that automated steering must be 
automatically disabled, and the driver warned if the vehicle speed 
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exceeds 10 km/h (UN/ECE, 2008). These kinds of regulations, 
which are shared by many codes of particular countries, are against 
the philosophy of autonomous driving or even of collision avoidance 
systems and need to be revised.

On the vehicle manufacturing side, there is a need for 
legislation aimed at the testing of vehicles with high autonomy 
levels. In 2011, the US state of Nevada became the first jurisdiction 
in the world where AVs could be legally operated on determined 
public roads, under certain safety and performance standards. For 
example, the presence of a person behind the steering wheel and at 
least one additional passenger was mandatory. Nevertheless, this 
step forward helped Google to test its first AVs. Today, 25 US states 
have legislation in this regard. In California, more than 40 
companies hold permits to test AVs since the first trials in 2014, and 
a revised regulation allowing tests without any person in the vehicle 
is available since 2018. The first European trial took place in UK in 
2013, with similar conditions than that of Nevada. The country is 
expected to allow road tests of SAE5-level cars by 2019. Many other 
European countries have been taking steps in this direction, as well 
as other Asiatic countries like China, Japan, Singapore, etc., which 
have also developed their own rules on the topic. China is a 
particular case, as it takes advantage of not having ratified the 
Vienna Convention of 1968. A good overview of the state of the 
practice in this regard is presented in the recently developed “Global 
Atlas of Autonomous Vehicles in Cities” (Bloomberg Phil. and Aspen 
Inst., 2017b). The atlas shows the cities where AVs are being tested 
and those that are preparing themselves to embrace them in the next 
decade (Figure 6.12.) Details about the trials are also available. Only 
53 cities all over the world hold this privileged status. Of them, 35 
cities are already housing pilot projects, while future projects are 
being developed in 18 more.



Chapter 6. Autonomous vehicles: a bird´s eye view

254

Figure 6.12. Bloomberg´s Global Atlas on AVs trials in cities (adapted 
from (Bloomberg Phil. and Aspen Inst., 2017)).

Traffic authorities must also decide if a driver´s license 
is necessary to be in charge of a fully AV. In case a license is 
considered to be still mandatory, the requisites to obtain it should 
be focused on driving rules and technology usage. 
Recommendations in this regard have been published by 
the German Parliament (BMVI, 2017) or by the NHTSA (2016).  
In both cases a driver licensing program is proposed, which should 
provide the driver license endorsement that authorises the 
operation of AVs. In their opinion, license issuances should be 
conditioned to pass a test on safety in a connected and automated 
driving environment and to the completion of a training course 
provided by the manufacturer and previously approved by the 
traffic administration. This licensing process should provide at 
least an understanding of the basic operation and limits of AVs, 
and knowledge on how to resume control in the event the vehicle 
cannot continue to operate automatically.
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These are not the only aspects that require further 
legislation. Many other regulations will be necessary. Among others:

Traffic efficiency would depend on the establishment of ad-
hoc management strategies, whose rules must be defined and 
regulated.

Data treatment must follow a strict protocol in order to 
respect privacy and prevent terrorism. Legal agreements 
among countries would be desirable.

Mandatory AVs technical inspections should be defined.

Vehicle maintenance or repair will demand the intervention 
of ad-hoc trained technicians. Requirements to enable them to 
perform these tasks, as well as possible liability in case of later 
accidents, must be regulated.

6.8. Travel time information systems in 
the era of autonomous vehicles

Travel time information systems will continue to play a key role in 
future cooperative driving environments. However, to this end, they 
will have to gradually adapt to these new scenarios, in which traffic 
streams will be composed of vehicles with increasingly higher 
automation levels. In this regard, some important considerations 
must be kept in mind:

Travel time value is mainly expected to decrease, but doubts 
exist.

Several studies forecast a gradual reduction in the value of 
travel time in line with the use of more and more intelligent vehicles. 
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According to them, the maximum reduction would take place with 
self-driving vehicles (SAE-level 5), as they would be a kind of  mobile  
bedrooms,  playrooms  or  offices,  allowing  passengers  to rest  or 
be  productive while  travelling (Litman, 2018). Additionally, ideal 
scenarios that support these reduced values of travel time are 
envisioned. First, increased comfort, more travel safety and higher 
travel time reliability would contribute to lower values of time. 
Second, less congestion delays, reduced (or null) search time for 
parking and/or the increased use of shared vehicles would lead to 
the need for less travel time to make each particular journey. Finally, 
enhanced traffic flow efficiency along with electric or more fuel-
efficient vehicles would also reduce the monetary cost of travel. 
People´s psychology also plays a role in this regard. Steck et al. 
(2018) performed a discrete choice experiment, trying to quantify 
this reduction. They made an online survey among Germans of 
different ages and gender and from varied income classes, who 
either walked or used a wide spectrum of transportation modes 
(private cars, bikes, public transportation, etc.) to make different 
types of trips (commuting, shopping and leisure trips). The goal was 
to analyse the possible changes in the VTTS both for the case of 
shifting towards AVs or to shared AVs. It was found that 
autonomous driving in a private car would reduce the VTTS by 31% 
compared to driving manually. Besides, it was perceived similarly to 
in-vehicle time in public transportation. Shared AVs resulted less 
attractive. However, the travel time spent in them was considered 
less negatively (by 10%) than that spent while driving manually.

Nevertheless, it is important to note that i) the former studies 
are case-specific and have no general representativeness and ii) all 
of them are based on assumptions or perceptions, as no AVs are on 
the roads. Additionally, there are other less optimistic studies (also 
without empirical evidence) that considerably limit the reduction in 
the value of travel time due to some factors already addressed. 
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Among others, the potential increase of travel demand linked to 
lower transportation costs, the emergence of new users and urban 
sprawl, could compromise travel time and cost savings (Milakis et 
al., 2017).  Several researchers concluded that passengers’ use of 
their travel time in an AV to work cannot be generalized. In a survey 
performed by Haboucha et al. (2017), only long-distance commuters 
seemed willing to effectively work during the time they traditionally 
spent driving. Another survey was performed by Cyganski et al. 
(2015) in Germany. Again, only a minor percentage of the 
respondents perceived as an advantage the ability to work on the 
move in a self-driving vehicle. Most of those that used other means 
of transport (e.g. trains) already worked in their commute. The 
majority of the participants still saw as more valuable the activities 
that they usually undertook while driving traditional cars. For their 
part, in a survey in the Netherlands, Yap et al. (2016) analyzed AVs 
as egress mode of train trips. That is, as the means of transport that 
travellers that made a trip by train would take at the station in order 
to reach their final destination. Surprisingly, Yap et al. (2016) found 
that travellers gave a higher value to time when using self-driving 
vehicles for this purpose, in comparison to manually driven vehicles. 
Next, authors compared the value of travel time for the same people 
in two different situations: i) the same one as before, i.e., main travel 
made by train and a self-driving car taken at the train station to 
reach the final destination and ii) whole trip made by a private 
traditional car. Between these alternatives, travellers were 
somewhat more willing to pay for a certain travel time reduction in 
the first case. Therefore, results suggested again that travellers did 
not perceived as an advantage the possibility of doing other things 
while travelling. Fears in relation to the idea of riding an automated 
vehicle, the lack of any real-life experience with them and the fact 
that an egress trip is typically short, thus not allowing travellers to 
fully experience the potential benefits of automated vehicles such as 
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en-route work or travel safety, were some of the explanations to 
these unexpected results that researchers supposed.

All in all, many doubts exist about how the value of travel time 
is going to be when autonomous vehicles hit the road. As a clear 
example, Milakis et al. (2017) reported a possible decrease of the 
value of time between 1% and 31% for their users in the Netherlands. 
This is a very wide range that, as said, could even change towards an 
increase. The impression is that there is no single answer, that is, 
that the direction and significance of the change in the value of travel 
time will depend on the particular boundary conditions. In fact, the 
VTTS is a subjective variable per se (Jara-Díaz, 2000). In any case, 
travel time information systems adapted to the new driving 
scenarios will continue to contribute to traffic efficiency and safety: 
travel time information will still be the best indicator of congestion 
and allow modifying or rescheduling trips for the passengers’ sake.

Like any other information, delivered travel times will have 
to be very accurate.

Taking into account that computers, either on-board, in the 
cloud or in a traffic agency, are expected to manage traffic 
autonomously, all exchanged real-time information must be 
extremely precise. Otherwise, not only congestion but, above all, 
risky situations could arise. In this regard, travel time information is 
more linked to traffic efficiency. However, it also contributes to 
accident avoidance, as traffic inefficiencies clearly increase the 
possibility of an incident. Pre-trip information about travel time 
reliability must also be accurate, so that the congestion decrease 
associated to AVs come true. Therefore, current travel time 
information systems that deliver approximate or inaccurate travel 
time information (see Chapter 3) would have more detrimental 
consequences in cooperative driving environments. Note that in this 
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context, travel time information will directly affect decisions taken 
for the management of the whole connected system. There is a need, 
especially, for new methodologies that precisely forecast travel times 
in real time and with short time updating intervals, like the one 
proposed in this thesis (Chapter 5). Besides, these methodologies 
will benefit from working with more and more complete data than 
that currently available (see next point), which will undoubtedly 
contribute to accuracy.

Vehicles will act as data providers and senders.

This fact is crucial and will have great influence on future travel 
time information systems. Indeed, this section deliberately refers to 
“travel time information systems” and not to “highway travel time 
information systems”. Although highways and freeways will 
probably have more surveillance and better communications also in 
the future, V2V communications and the own storage and 
computation capabilities of vehicles and vehicular cloud networks 
will allow real time travel time estimation and exchange also in less 
equipped scenarios. Obviously, those infrastructures with more 
technological and communications equipment would also benefit 
from the information gathered by on-board sensors. AVs are called 
to be the paradigm of the perfect lagrangian sensors. Their role could 
be compared to that of probe or floating vehicles (see Chapter 2), but 
with some important differences: i) in-vehicle sensors will be varied 
and (theoretically) standalone when considered jointly, in the sense 
that they will be able to gather all necessary data, ii) these sensors 
will be extremely accurate and powerful and iii) the penetration rate 
of AVs is expected to solve any problem regarding sample sizes or 
sample bias (e.g. samples composed only of one type of vehicle).

The way in which travel time information is disseminated will 
also evolve. Current modes by means of apps, websites or variable 
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message signs are expected to remain, at least partially, and 
especially in mixed traffic scenarios. However, a key change will take 
place in a near future, as intelligent vehicles will directly receive the 
information either from other vehicles or from the management 
centers. There exists the possibility that this information is shown in 
the HMI but, in fact, this will not be necessary unless passengers are 
interested in it: vehicles themselves will act according to the updated 
information they will continuously receive.

In this context of enormous amounts of available data, 
considering both raw inputs and the information that is extracted 
from them, the need for the implementation of protocols that select, 
limit and prioritize the most significant ones must again be 
highlighted (Zhong et al., 2008). Otherwise, communication failures 
or the late reception of extremely important information could 
occur, probably with undesirable consequences. Additionally, 
vehicle-to-all (V2X) communications should be feasible in order to 
guarantee a good performance of the system. That is, V2V should 
only be a part of the driving scenario, taking into account that 
vehicles, although powerful, will have capacity to storage, process 
and disseminate data only to some extent. The fact that cooperative
networks between them will be structureless and changing (i.e. 
vehicles that cooperate at a particular moment will just afterwards 
follow different routes) is a key issue in this regard. The data and 
information exchanged among vehicles must be ranked, including 
travel time information. Heuristics, artificial neural networks, 
machine learning, etc., are being applied to find the best procedure 
for this purpose. An interesting approach is that of Szczurek et al. 
(2010), developed for the dissemination of peer-to-peer real-time 
information. Their method is based on the postulate that the most 
important information is the most recent, the nearest and that which 
allows drivers to change their path. From this standpoint, they 
proposed a machine learning algorithm that learns the probability 
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that a travel time report is useful as a function of its attributes. 
Then, a Naïve Bayes learning method is used to find a mapping 
for the attribute values to the probability of a report being useful.

Travel time information systems must share basic 
standards.

The information that future travel time information systems 
deliver must be not only very accurate, but uniform and coordinated. 
Actually, this requirement can be applied to any other type of data 
or message exchanged among the actors of cooperative driving 
environments. This fact was partially addressed when describing 
intelligent vehicles’ architecture or communication technologies. 
Interoperability and coordination must be guaranteed at all levels. 
To this end, the format of any inputs and outputs as well as the 
accuracy levels of any calculation should be agreed upon by 
carmakers and traffic administrations. In the particular case of 
travel time information systems for AVs, it must be ensured that
every vehicle receives the information it needs and is able to 
“understand” it. That is, all vehicles must have access to the 
communications channel and use the same or compatible 
information languages. Additionally, a vehicle that is going to 
undertake a long journey should be able to receive, for example, 
information about the travel time reliability of the whole path, even 
if it takes place along roads managed by different administrations. 
However, if these administrations use different reliability indexes 
and/or work with different levels of accuracy, the utility of this 
information will decrease, as it could result too coarse. Regarding 
real-time information, the need for similar (high) accuracy levels is 
not linked to interoperability but, as said, to traffic efficiency. That 
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is, when vehicles made a trip, they will receive constant information 
updates from the corresponding system. This system could vary if, 
for example, the trip is long. In case more than one system is 
involved, the vehicle (supposing interoperability is ensured) could 
receive information with different degrees of accuracy without any 
technical problem. However, this fact would affect the decisions it 
would take looking for its own benefit, and that of other vehicles that 
exchange information with him. That is, it would be impossible 
to reach the system optimal.

The former considerations about coordination and 
interoperability do not only affect vehicles, but traffic agencies too. 
Nevertheless, from the agencies point of view, the consequences of 
not receiving data from a certain number of AVs would generally not 
be as severe for them, taking into account that many other moving 
sensors will be available.

6.9. Conclusions

Currently, mobility is linked to huge externalities like accidents, 
congestion and pollution. Being conscious of the unsustainability of 
the present model, all the implied sectors are making substantial 
efforts to develop a new archetype in which mobility will be safe, 
efficient, environmentally-friendly and inclusive. Mobility is a 
multidisciplinary field with a large scope of influences, and the 
evolution towards this new scenario will be progressive, full of 
difficulties and over a long time. In spite of this, AVs are called to be 
the agent of change. Future vehicles will be: i) fully autonomous, ii) 
connected, iii) shared and iv) electric. In this context of 
technological evolution, this chapter provides an overview of the 
different topics that must be considered to effectively take advantage 
of AVs in the next future. Firstly, the current state-of-the-practice of 
the related technologies is analysed. Secondly, its impact on mobility 
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patterns and traffic efficiency as well as on safety are assessed. 
Furthermore, implications for land use, the environment, economy, 
and competitiveness are also covered. Finally, population´s 
acceptability as well as ethics and legal issues are faced. Several clear 
conclusions have been drawn from the former analysis, namely:

 Significant technological improvements have been reached 
so far. In fact, mass production of SAE4- level vehicles will be 
possible in the short term. However, the leap to fully AV will 
take much longer, as vehicles should be able to perform the 
entire driving task under all boundary conditions.

AVs will bring a much safer driving environment. However, 
some failure probability will always exist. Robust 
communications, cloud systems, and infrastructure equipment 
to support safe driving do not represent a technological 
problem but require significant investment.

AV impact on traffic efficiency will be important. On the one 
hand, mainly due to the lowering of the transportation costs 
and the extension of the user spectrum, automation will lead to 
an increase in the number of vehicle-kilometres travelled. 
Sharing systems used at high occupancy or MaaS schemes must 
be promoted to attempt to reduce the vehicle fleet and thus 
avoid an increase in current congestion or pollution problems. 
On the other hand, dynamic traffic management strategies 
must be designed aiming to AVs coordination (e.g. vehicle 
platooning). System wide optimization can only be achieved if 
AVs behave cooperatively.

AVs will boost an increase in competitiveness, which is 
primarily linked to lower transportation costs. 
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The labour market will be affected by AVs, and some 
traditional professions are expected to disappear, while other 
profiles related to technology, data treatment, creativity, etc. 
will be demanded.

AVs acceptability is still low, especially among people over 
50. Safety and privacy concerns are the main pros and cons
respectively. Informative campaigns will be necessary.

AVs will foster urban sprawl. Land use policies aimed at 
limiting this effect and preserving sufficient green areas will be 
needed. Conversely, city centres are expected to gain space, as 
parking lots will move to the peripheries.

Most future vehicles will be electric. This fact could lead to 
an enormous reduction in traffic pollutant emissions and noise. 
Notwithstanding, additional changes in the energy sector will 
be necessary, such as obtaining a sustainable primary source of 
energy, improving charging systems, developing policies aimed 
at battery reuse, etc.

Discussion on the ethics of AV and the development of new 
legislation will be essential. In fact, both will probably 
determine when fully AVs come to the market. Although many 
points of current legislation must be modified, those including 
ethical decisions are more intricate. Some administrations have 
proposed general guidelines in this regard, but specific rules 
aimed at directing vehicle behaviour in case of danger should 
be agreed upon by all countries. Civil liability is also being 
discussed and will lead to new insurance models.
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Despite the forecasted decrease in the value of travel time 
information, which is still a controversial issue, travel time 
information systems will continue to play a key role in future 
cooperative driving environments. However, as any traffic 
management strategy, the will have to adapt to the new 
scenarios. A clear example is that of the dissemination of travel 
time information, which will significantly vary, being vehicles 
the most important actors in this regard. Increasingly higher 
accuracy levels of all outputs as well as uniformity and 
interoperability will be other indispensable features. In any 
case, these systems will benefit from many more available data 
provided by vehicles themselves, which will be powerful
lagrangian sensors with a representative penetration rate.

In summary, AVs have the potential to immensely improve 
mobility while restraining some current undesirable impacts like 
congestion or environmental pollution. Important advances have 
been made in recent years by all the related sectors. However, 
complex issues remain. Thus, the introduction of AVs must be 
developed guided by research and under a multidisciplinary 
environment in which stakeholders, administrations, researchers, 
population, etc. cooperate.
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Chapter 7

Technology: a necessary but not 
sufficient condition in future 
personal mobility

7.1. Introduction

The Mars Climate Orbiter disintegrated in 1999 after its trajectory 
passing too close to Mars’ atmosphere. The error in the trajectory 
was due to the misuse of non-SI units in the part of the software that 
guided the robotic space probe (NASA, 1999). More recently, in 
2016, the driver of a Tesla Model S died in Florida (USA) after 
crashing into a truck. The Autopilot sensors of the car failed to 
distinguish a white tractor-trailer crossing the highway against the 
bright white sky. Another driver of a Tesla Model X driving in 
Autopilot mode died in 2018 when the vehicle crashed into a 
concrete lane divider in a Californian freeway (USA) for no apparent 
reason, no pre-crash braking, and no evasive steering movement 
detected immediately before the collision. However, the driver had 
received visual and audible hands-on warnings and his hands had 
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been detected on the wheel 1 minute before the accident. Some days 
before in Arizona (USA), a self-driving car property of Uber ran over 
a woman who had suddenly attempted to cross the road just in front 
of him. The investigation concluded that the vehicle detected her, 
but classified her as a “false positive”, as if she were, for example, a 
plastic bag.

Technological advances are a powerful and necessary tool for 
social development. The high level of scientific investigation all over 
the world makes it possible for new inventions, gadgets and software 
to come to light every day. Moreover, those with a disruptive 
potential can even change the rules of society, people’s behaviour 
and, ultimately, the way people perceive life (Carbonell et al. 2016). 
Nevertheless, there is a tendency to consider technology as the final 
objective, preventing part of the social benefits from materializing. 
This is not only a problem of individuals being addicted to 
technology, but also of companies and administrations randomly 
consuming and implementing technology. The above-mentioned 
incidents are, admittedly, extreme examples that, however, only try 
to draw attention to one fact: we cannot simply focus on the allure 
of technology; we must work to make the most of its potential, 
developing the adequate context for its proper usage. Additionally, 
it is necessary to maintain a comprehensive standpoint of the social 
purposes of its application. Usually, this has little to do with the 
technology itself, but with the fundamental knowledge of its field of 
application. This is not an easy task, considering the growing 
tendency to accept technological advances thoughtlessly. In this 
regard, advertising, sci-fi books and films have had much influence. 
The close link among fiction, technology and innovation is 
indisputable (Bina et al., 2016). Economic interests also play a key 
role and the trained incapacity of the consumers is by far the best of 
the consumer-goods suppliers’ weapons (Bauman, 2001). 
Population is easily attracted by innovative products, encouraged by 
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marketing strategies of private companies. Additionally, people tend 
to link technology consumption and ownership to a higher social 
status, as well as governments relate it to power and modernity.

Mobility is an important target field of technological advances 
and, thus, a perfect candidate for their overconsumption. 
Nevertheless, from a positive point of view, mobility has 
continuously evolved under the influence of key industrial 
revolutions: the railway industry arose from the invention of the 
steam-powered engine, the automobile industry and popularization 
emerged from the birth of mass production, and Information and 
Communications Technology (ICT) allowed for the first steps of 
technology-supported travel (Bluetooth, GPS, etc.). Today, we are 
immersed in the so-called fourth industrial revolution, in which 
automob ile and technology industries walk hand in hand (Van 
Audenhove et al., 2014). In fact, the technological progress 
experimented by all sectors in the field of personal mobility during 
the last decade has been enormous. Road mobility is a clear example, 
including new traffic monitoring and information devices, vehicle 
sharing projects, electric vehicles and cooperative or autonomous 
driving as main innovations. However, congestion is still growing 
and accident rates are still unsustainable. For example, an average 
driver in Los Angeles spent 102 peak hours in bottlenecks in 2017 
(Inrix, 2018). The truth is that technological innovation has not 
implied a significant impact on congestion reduction. Nevertheless, 
technology consumption is not a problem itself. On the contrary, it 
can be very beneficial if society finds the way to make the most of 
it. This requires a comprehensive reflection on the social goals to 
accomplish before undertaking any technology implementation. 
Also, a previous review of the theoretical principles of the target 
field; mobility in this case. The former chapters have already 
explained that the potential of technology is somehow being missed. 
For example: why do traffic management centres use the time mean 
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speed as equivalent to the space mean speed (Chapter 4), if this is 
generally false? Why do not they deliver travel time forecasts in real 
time (Chapter 5), if it is possible?

Using road transport as a particular case study, this chapter 
aims to warn against the danger of ignoring social needs, ethics, 
theoretical principles and trade-off analyses when introducing new 
technologies into any relevant field for society. To that end, the pros 
and cons of various transport systems with high technological 
content are analysed in a simple fashion. Some of them are currently 
used, while others are still under development. Additionally, some 
of the problems faced in this thesis are reviewed and put into this 
context of a suboptimal use of technology. The primary goal of the 
chapter is to encourage researchers, administrations and private 
companies in the transportation sector to accompany any 
technological advance with a comprehensive scientific research 
strategy aimed at the usage of technology to truly achieve an 
efficient, safe, inclusive and environmentally friendly road mobility 
in the future. Additionally, the author prompts traffic 
administrations to implement technological innovations efficiently, 
based on their social benefit-to-cost ratio.

7.2. Technology in today’s road 
mobility: what fails? Some examples

The contribution of technology to road mobility is incontestable. 
Consider, for example, the continuous evolution of the safety 
mechanisms introduced in vehicles. However, a poor application of 
technology can result useless or, at least, implies its 
underutilization. The following sections deal with some particular 
cases.
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7.2.1. Data management in road transportation

The mass consumption of mobile phones, tablets, GPS navigation 
devices, etc. as well as the improvement of wireless communications 
and the introduction of new ICT in the infrastructure have 
completely changed the way people plan their driving. For example, 
drivers can receive (and provide) information concerning traffic 
conditions through multiple applications. In the past, drivers made 
their decisions intuitively and based on their experience. Today, 
drivers decide based on assorted and recent data. But the question 
is, how this improved scenario globally affects traffic conditions? 
The answer is that better information has not implied a major 
improvement of road mobility. The English mathematician and 
transport analyst John Glen Wardrop (1922–1989) explained the 
reason for this paradox in his well-known equilibrium principles for 
traffic assignment. Wardrop's first principle states that if 
drivers have perfect information and choose freely, all used 
routes between two particular locations have the same cost 
(mainly in terms of time). Any other unused route has larger 
costs and it is not chosen, as each individual seeks to minimize his 
own cost. Wardrop (1952) proved that this so-called “User 
Equilibrium”, is a suboptimal situation where the “selfish" 
drivers’ decisions imply that no driver can lower his/her cost via 
unilateral actions or decisions. This individual way of acting 
prevents the road system from improving. Consider, for example, 
several drivers who want to reach the beach on a Sunday morning 
coming from the city centre. They check their apps and receive 
more or less the same information: way A is the shortest and 
safest. Of course, they take it. In the middle of the trip, they receive 
a warning regarding an accident that occurred a few km ahead, and 
the advice to take an alternative route B. Most drivers will 
change to this route, where congestion will thus gradually 
appear. Most apps will then propose a change to route C, which will 
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subsequently become congested. This simple example shows that 
the use of information must be accompanied by some management 
strategy applied by a higher-level control entity.

This alternative approach in the use of information was also 
outlined by Wardrop (1952) in his second principle. It expounds that 
there is a situation (the system’s optimum) in which the average cost 
across all users of the network is minimal. To achieve the system’s
optimum, some drivers need to be penalized and experience costs 
that are higher than their individual minimum, for the benefit of the 
entire system. Control implies cooperation among all drivers in the 
route assignment, so that the most efficient performance of the 
entire system is ensured. Although the idea is logical, it is not easy 
to convince users to behave jointly and severally, especially when 
they could be better off individually. In everyday situations, humans 
tend to use their available means (in this case the information) for 
selfish rather than altruistic purposes (Das-Friebel et al., 2017). 
Thus, control enforcement is needed and the initiative must rely on 
traffic management centres, which must establish dynamic 
management strategies to optimize traffic performance.

In this context, data privacy will become a central issue in the 
management of traffic data. Although drivers are aware that many 
companies (e.g. Google, Inrix) collect their data while travelling, this 
information is generally assumed to be treated anonymously and 
collectively. Nevertheless, the growing concerns about data privacy 
will put extra pressure on individual data gathering, management 
and usage. To what extent will drivers accept to share their 
individual data? For which purposes? And what about losing their 
freedom while driving in a highly controlled network? Privacy 
conceptions, as well as compliance with the instructions given, differ 
according to the age of drivers and previous knowledge of the 
objectives (Steijn and Vedder, 2015). Thus, informative and 
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educational campaigns should accompany management strategies 
and will be essential for their success.

Last but not least, information accuracy will even be more 
important in future scenarios than today, because it will strongly 
compromise the performance of the entire system. Accuracy is not 
only related to the measurement capabilities of surveillance devices 
but also to the methodologies used for data treatment. Little details 
are sometimes overlooked, leading to biased results. Two particular 
and common examples of this kind of bad practices have been faced 
in this thesis, regarding speeds and travel time information. 

Speed is a fundamental parameter for traffic analysis. It is a
well-known concept whose general meaning can be understood by 
anyone. However, the familiarity of the concept should not lead to 
overlook the different definitions of speed that are needed in a traffic 
analysis, and to derive consistent information: spot speed, 
instantaneous speed, average speed, free flow speed, etc. In fact, the 
undifferentiated use of these terms is not uncommon. Macroscopic 
analyses, for example, work with parameters that characterize the 
global behaviour of traffic, aggregating the variables measured from 
individual vehicles. Regarding speeds, there are two possible 
average magnitudes with different meanings, which have been 
expounded in Chapter 4 and are summarized next. Recall that, on 
the one hand, the space-mean speed, , is the average speed of all 
vehicles in a particular stretch of the roadway at a specific instant. 
On the other hand, the time-mean speed, , is the average speed of 
all vehicles that pass over a section of a road during a certain time 
interval. Time mean speeds are always larger than space mean 
speeds (Wardrop, 1952). Although both are useful, most problems 
faced by traffic management centres require space means: they are 
the ones that relate flow q and density k (i.e. by using the 
fundamental equation of traffic flow), and that allow obtaining 
average travel times. However, the common arithmetic average of 
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individual speeds measured at a fixed location provides time mean 
speeds. Therefore, traffic studies use these biased time means as 
inputs, considering them as equivalent to space means. 
Consequently, inaccuracies arise in subsequent results. For 
example, in travel time estimations, as it has been explained in 
Chapter 4. The problem could be solved by modifying the roadside 
controllers of the traffic detectors, so that they compute harmonic 
averages instead of arithmetic averages of individual speeds. This 
simple modification has been disgracefully unachievable so far. 
Thus, some researchers have developed mathematical algorithms 
to estimate space means from time means (read Rakha and Zang, 
2005; Soriguera and Robusté, 2011a; for more information). The 
one introduced in Chapter 4 of this thesis (Martínez-Díaz and 
Pérez, 2015) turns out to be feasible and very promising. Although 
these developments might be very useful for traffic management 
and could reduce investments in technology, they have been 
ignored so far.

The second example affects travel time estimation and has 
been addressed in Chapter 5. Travel time is the most valuable 
information for drivers in order to plan their trip, and it is a key 
variable for traffic administrations in order to evaluate traffic 
conditions. Today, travel time measurements are available from 
vehicle tracking technologies, whether using GPS devices (i.e. the so-
called instantaneous measured travel times) or vehicle 
reidentification by any other means (e.g. Bluetooth detection, toll 
tags, automatic image recognition, license plate recognition 
cameras, etc.). These last group are the so-called arrival-based or 
measured travel times. Usually, the average of these measurements 
over a given time interval (i.e. every few minutes) is directly 
disseminated through mobile apps, websites, etc. However, it is easy 
to realise that these measurements correspond to past conditions, 
and are not the real-time information that drivers should receive, 
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i.e., short-term predictions. Considering that the travel time 
between two locations can quickly vary in congestion onset or 
dissolve episodes, precisely when information is more valuable, this 
approach will result completely inaccurate and incapable to support 
future traffic management and control strategies. Making the 
averaging period as short as possible, aiming at averaging only the 
most recent information, is not a solution. In this case, vehicle 
samples would be small and thus, the method would be unreliable. 
Therefore, this is another clear example of not achieving the final 
objectives even using advanced technology. The situation could be 
considered even detrimental with respect to the situation without 
any travel time information, as in the technological era, we generally 
consider the provided information as an absolute truth. Only people 
with global negative attitudes toward technology or previous bad 
experiences tend to be less trusting, regardless of their age (Blank 
and Dutton, 2012). Fortunately, it is possible to predict travel times: 
data fusion based on traditional and new technologies stands out as 
a very advantageous solution in this regard, as it has been 
demonstrated in Chapter 5 of this thesis (see Herrera et al., 2010; 
Bachmann et al., 2013; etc.). 

Future driving scenarios will be characterized by the presence 
of high-level technology, which will enable the exchange and process 
of huge amounts of data in real time. However, the need for paying 
attention to “little” details like those addressed above will still 
remain. Furthermore, the more the data and calculations, the more 
the possibility of dismissing specifics, whose consequences will be 
translated to all next steps, probably gradually enlarged. To avoid 
this, the implementation of any novelty must be done carefully and 
step by step, always under a thoroughgoing approach. 
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7.2.2. Traffic management strategies

Traffic management strategies must put their efforts in increasing 
vehicles’ cooperation with the objective of improving traffic 
efficiency and safety and, globally, aiming at the optimization of the 
entire system. At present, this means that traffic management 
centres must work with real-time data in order to provide drivers 
with updated information and recommendations every few minutes. 
Typically, this is done through DMS. As discussed in Chapter 6, a 
completely different situation is expected in future autonomous 
driving environments. Vehicle-to-everything (V2X) 
communications will allow that real-time instructions reach 
intelligent vehicles directly. In addition, vehicles will also act as 
surveillance devices and will share their computational capabilities 
and data in the "cloud". The role of traffic management centres will 
then be restricted to the higher network level coordination. 
However, it will probably take quite a long time for these connected 
vehicles to be a significant part of the fleet. Meanwhile, dynamic 
traffic control adapted to the current state of traffic and using the 
latest technology should substitute old-fashioned static strategies, 
which can be useless or even detrimental.

One example is that of high-occupancy-vehicle (HOV) lanes, in 
which only vehicles with (usually) 3 or more passengers are allowed 
to drive. They are becoming more and more common in 
metropolitan freeways, with the objective of increasing the vehicle 
occupancy and promoting collective transportation and car-pooling. 
However, their effectiveness depends on their configuration: to 
maximize their benefits, HOV lanes should be ordinary lanes that 
turn into HOV only when necessary (Figure 7.1.a). This 
configuration does not require huge investments, it can be easily 
implemented and provides high flexibility in the operation of the 
HOV lane. Additionally, as a side result, it also smoothens and 
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improves traffic throughput in the adjacent general-purpose lanes 
(i.e. the so called "smoothing effect"; see Menéndez and Daganzo, 
2007 and Menéndez, 2006). Nevertheless, HOV lanes are 
sometimes segregated and exclusive, isolated with concrete barriers 
or even running on a specific infrastructure (Figure 7.1.b). In these 
configurations, it is difficult to adapt the operation of HOV lanes to 
different traffic conditions and average vehicle occupancy due to the 
limited spatial accessibility. Additionally, the flexibility to use them 
in special situations, for instance to respond to the closure of general 
purpose lanes because of an accident or road works, is also limited.

a)                      b)

Figure 7.1. Dynamic vs static HOV lanes: a) dynamic HOV lane, b) static 
HOV lane.

The configuration of HOV lanes is only an example of a traffic 
management strategy where high investments do not ensure the 
maximum benefits. There are other dynamic traffic management 
strategies experiencing a similar situation. All of them could be 
improved if some attention was devoted to traffic engineering 
concepts instead of concentrating only on the introduction of the 
latest technologies. Properly operated, all of them would not only 
make road traffic safer and more efficient, but they could contribute 



Chapter 7. Technology: a necessary but not sufficient condition

278

to the reduction of air pollution and fuel consumption, closely linked 
to congestion. Unfortunately, many viable traffic management 
strategies and their potential benefits are unknown even by some 
policy makers with responsibilities in the field. In such context, 
traffic management pedagogy should be a priority. The situation 
might be due to the fact that the performance of traffic 
administrations is mainly evaluated according to safety statistics. 
Note that the safety-related strategies (for example the eCall system) 
receive much more attention and are generally well-perceived by 
society, because of their direct purpose of saving lives (Crump et al., 
2016).

7.2.3. Autonomous vehicles

Addressed in detail in Chapter 6, some key issues regarding 
autonomous vehicles (AVs) directly related to the purpose of this 
chapter are revisited next. In fact, the attractiveness of AVs to 
today’s society is unquestionable, like the expectancy of the 
enormous benefits that they could bring in the future. The whole 
society will be affected by their introduction: passengers, 
pedestrians, bikers, cyclists, workers, etc. (Merat and Lee, 2012; 
Millard-Ball, 2016; Litman, 2018; etc). They will even enhance the 
mobility of people with special needs (Fagnant and Kockelman, 
2015). AVs are also said to be the solution to congestion and 
accidents in the future mobility. Unfortunately, these goals will not 
be completely achieved if their introduction is not accompanied by 
other strategies (Papageorgious, 2015; Diakaki et al., 2015). 

AVs are being designed with very conservative driving 
parameters, aiming at driver safety and comfort. For example, they 
are normally forced to drive with a minimum time gap of 2 s. This 
gap measures the time between the passages of two consecutive 
vehicles. Traditionally, the “2-second rule” has been a rule of thumb 
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that has been suggested by many traffic authorities as a car-
following policy (i.e. 1 s to react and 1 s to apply the brakes in time 
to avoid an obstacle). In practice, few drivers apply this rule, being 
the average human time gap approximately 1 s (CEDR, 2010). If AVs 
are introduced with the conservative 2 s gap, vehicle throughput will
be reduced and congestion will increase, especially when their 
penetration rate becomes high. The time gap is not the only 
conservative parameter in the design of AVs. Other behavioural 
parameters such as acceleration, lane-changing or merge assistants’
inputs are also very conservative with respect to current driver 
behaviour. On average, human drivers adapt their driving to traffic 
conditions much more aggressively, looking for free-flowing traffic. 
Making the driving behaviour of AVs more aggressive is not a 
solution, as several surveys have already stated that this would not 
be accepted by passengers (Hyde et al., 2017). Other AVs’
inefficiencies include the uncoordinated (i.e. individual) lane and 
route assignment, which could lead to an extremely uneven 
distribution of flows on the freeway section or across the road 
network.

Nevertheless, these considerations do not imply that AVs will 
unavoidably increase congestion. In fact, they have the ability to 
reduce instabilities in the traffic flow in line with their penetration 
rate. Consequently, congestion, accident rates and the emission of 
air pollutants would decrease (Guériau et al., 2016). The problem 
relies on the individual consumer-oriented point of view with which 
AVs are being designed. Wardrop’s second principle arises again: 
the best individual performance does not guarantee the optimal 
performance of the system. Ad-hoc traffic management strategies, 
which must at first consider a mixed environment with autonomous
and traditional vehicles, stand out as essential again. The need for a 
cooperative management of AVs for the sake of efficiency has 
already been demonstrated. On freeways, platooning could be a 
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mode of cooperation with high potential, as AVs could drive at high 
speeds with very small spacings (as if they were a road train) and 
without compromising safety. Just as single AVs, platoons require 
their own management strategies, especially in a mixed-traffic 
situation (Saeednia and Menéndez, 2017, Nieuwenhuijsen et al., 
2018, etc.). Some initiatives have already been outlined, but not 
completely defined. For example, when the average speed exceeds 
50 km/h, capacity is expected to noticeably increase, even if 
platoons and individual vehicles (either autonomous or traditional) 
share the same lanes. With congestion, lanes dedicated only to 
platoons of AVs are advisable. One plausible option would be the 
dynamic assignment of particular lanes to platooning, either 
exclusively or shared with HOV vehicles or with vehicles with other 
types of priority. Such strategies must also ensure that platoons do 
not prevent other vehicles from changing lanes, especially near 
merges and diverges. In conclusion, it is clear that traffic 
management strategies in the presence of AVs will be essential to 
fully achieve the benefits of driving automation. The good news is 
that the implementation of such strategies will be easier than today, 
as the behaviour and control of AVs will be much more predictable 
than that of human drivers. The main difficulties will appear, as 
expounded in Chapter 6, in the agreement on the definition of the 
strategies and the interoperability among different brands, 
countries, etc.

Furthermore, fully AVs (i.e. when highest automation level is 
achieved) are expected to increase the mobility rate in terms of 
vehicle-km travelled. The reason for this increase is that 
transportation costs will be lower, linked to savings in staff costs and 
to a better vehicle amortization. AVs are expected to be expensive 
during the early years of their implementation, and thus not 
affordable for the average citizen. Most of them will be introduced 
as part of the vehicle fleets of freight transport or vehicle sharing 
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companies and will be heavily utilized. This reduction of 
transportation costs will boost competitiveness, but it could lead to 
more congestion. One solution consists in increasing AVs’ average 
occupancy. In this way, the total vehicle fleet could be reduced. 

With regard to safety, the best results would be achieved if 
traffic exclusively consisted of AVs. This is a utopia and there will be 
a long (if not everlasting) period in which AVs will share roads with 
traditional vehicles. In this context, their different behaviours could 
be a new source of accidents. Furthermore, some probability of an 
accident will always exist, even when AVs prevail. In fact, the 
programming of fully AVs’ response in accident likely events is one 
of the most controversial issues to face (Bonnefon et al., 2016; Lin, 
2016; JafariNaimi, 2017). Think for example of a child that suddenly 
crosses a two-lane road to catch his ball in front of an AV with 2 
adults. If the AV steers to the left, it will enter the opposite lane and 
if it steers to the right, it could crash into a wall. Should the AV try 
to save the child’s life compromising those of its passengers? Is the 
life of a child more valuable than that of one or two adults? 
Administrations, researchers and all involved stakeholders attempt 
to reach a fair agreement on acceptable ethical approaches. Another 
typical example used as a starting point for reflection is the “trolley 
problem” (Foot, 1967), whose initial goal was to analyse the ethics of 
abortion. It introduces an event in which an uncontrolled trolley 
enters a track where five workers are performing their tasks. The 
trolley driver has the option to drift the trolley towards a side track 
with only one worker. If he steers, the number of deaths will 
decrease, but it will be himself instead of fate who has the 
responsibility of one person’s death (Figure 7.2). Two main ethical 
disciplines are being used to solve this and other similar ethical 
problems: consequentialism (especially utilitarianism) and 
deontology. In the first vision, actions are not judged by their nature 
(e.g. if death is undesirable in any case) or by the goal of the agents 
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(e.g. if there is intention or not to kill), but rather by the “goodness” 
or “utility” (broadly speaking) associated to their consequences 
(Doorn, 2011; Schultz, 2017; JafariNaimi, 2017). In a deontological 
or Kantian framework, the moral rightness of an action depends on 
the intention with which it was done, regardless of its consequences 
(Doorn, 2011). At present, only Germany has released 20 general 
ethical guidelines in this regard, that at least serve as a launching 
pad for further analyses (BMVI Ethics Commission, 2017).

Figure 7.2. The trolley problem (Foot, 1967)

Many more aspects already described in Chapter 6 in detail, 
namely the impact on the territory, economy, labour market, etc.,
need to be considered to achieve a successful implementation of AVs
(Milakis, van Arem and van Wee, 2017, etc.). Many decisions 
regarding AVs’ usage policies will have to be made: will a driving 
license be necessary? How will the mandatory technical inspections 
be like? And what about the role of insurance companies? Which 
protocols must be established to protect data against cyber-attacks 
and to ensure privacy? Among these, the policies related to liability 
in the event of an accident are the most challenging. Carmakers 
claim that they cannot hold full liability. What about software 
developers? Or technicians who mounted any particular 
component? Or even the owner that did not fulfil the mandatory 
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software updates? In fact, the solution of these arguments will 
probably set the pace for fully AVs penetrating the market. 
Disregarding populist announcements and the desire for 
technological consumption, experts warn about the need for 
research on these topics, and do not expect the widespread 
adoption of fully AVs in the short term (Shladover, 2016).

7.2.4. E-vehicles

Pollution and air quality are an increasing problem in metropolitan 
areas. Road transport is a major contributor to air pollution and, for 
example in Europe, it accounts for nearly 20% of greenhouse gas 
emissions. The EU and the governments of the member states are 
committed to find a solution, and important regulations have 
already been introduced. Urban centres increasingly ban or charge 
the access of private vehicles, putting special pressure on diesel 
engines, which could be restricted soon. Similar situations and 
restrictions exist in other continents. Although the widespread use 
of electric vehicles (EVs) would help in reducing polluting emissions 
and noise, consumers are not completely convinced of their power 
and autonomy. Electrical motors are extremely efficient, but 
infrastructural needs (mainly charging points) as well as battery 
capacity and the subsequent autonomy range anxiety (Guo, et al., 
2018) are still factors that limit the public uptake of EVs (JRC, 2012). 
Norway, with about 500,000 EVs at the start of 2017 (more than in 
the USA), is the leader in Europe. China leads the world market with 
about 600,000 EVs on its roads and 5M planned for 2020. Initially, 
traditional carmakers did not seem very enthusiastic about EVs and 
focused much more on automation, fostered by consumer’s desires. 
In this context, consortiums of technological industries and start-
ups take the lead in the manufacturing of EVs. Currently, the efforts 
made on the development of EVs are paying off, and many 
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governments offer tax reductions, exemptions in parking fees and 
tolls, bonus payments or premiums to foster their adoption. For 
example, Norway offers an exemption from 25% VAT on purchase, 
40% reduced company car tax, no purchase/import taxes, zero 
annual road tax, no charges on toll roads, 50% price reduction on 
ferries, free municipal parking, access to bus lanes in Oslo (only for 
carpooling with at least one passenger during rush hours), and the 
possibility of recharging for free at public charging stations. This 
kind of measures are implying a slight change of trend in the EU. 

Lower prices, the possibility of making longer journeys without 
recharging and the widespread availability of fast charging stations 
are the crucial challenges for EVs, but not the only ones. Users also 
penalize their fast obsolescence, the few car mechanical workshops 
able to repair them, the high insurance costs and that they are not 
designed to travel with trailers. From the safety point of view, high 
voltage batteries are thought to be dangerous as they can burst into 
flames in the event of an accident. However, this is not much 
different than carrying a large tank of a highly flammable liquid in 
traditional cars. EVs also need to care about sustainability. For 
example, large amounts of rare metals are necessary to make 
batteries. Lithium-ion batteries are being used in significant 
quantities for automotive propulsion (Gaines, 2014), but cobalt and 
graphite are increasingly in demand too. This means that large-scale 
recycling schemes are necessary to avoid the depletion of natural 
resources and to prevent the emergence of uncontrolled landfills. In 
addition, because these metals are usually obtained from developing 
countries, governments should be attentive to the establishment of 
policies for their protection. Another issue would be how to obtain 
the electrical energy required to charge many batteries, and the 
upgrade of the whole electrical power system. That is why many 
scientists state that, for those who really want to preserve the 
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environment, the best option is not to buy an electrical car, but to 
use public transportation or share vehicles instead. 

An intermediate alternative between traditional and electric 
vehicles are hybrid and plug-in hybrid vehicles. Longer trips without 
recharging are possible, but emissions are not eliminated and fuel 
dependence continues. In addition, other inconveniences are still 
present (e.g. price, insurance, reparations, double technology). 
These vehicles are only a temporal solution.

7.2.5. Sharing systems

In Los Angeles (USA), the most congested city in 2017, 77% of 
the population own their cars (Inrix, 2018). In the UK, the average 
car is only in motion during 4% of its life (Bates, 2012). Many city 
centres (e.g. London, Oslo, and Paris) already ban or charge the 
access of private cars. In this context, the shift from vehicle 
ownership to vehicle use has started (Cohen and Kietzmann, 
2014). In fact, it also represents a change towards a more engaged 
society with a smaller vehicle fleet. Car, bike or motorbike sharing 
systems have turned out as a trendy complement to collective 
transportation, looking for an efficient, economical and 
environmentally friendly urban mobility. They all consist of a 
pay-per-use vehicle fleet that can be driven within a service area.

Originally, vehicle sharing systems were organized as two-way, 
in which users had to take the vehicles back to their original pick-up 
stations. Two-way systems were received by consumers as flexible 
rent-a-car initiatives, but they did not suppose a new paradigm in 
urban mobility. This required one-way systems, in which the vehicle 
can be picked-up and returned anywhere within a service region. 
One-way systems can be station-based, i.e. vehicles must be picked 
up and left at specific stations or “depots”, or free-floating, in which 
vehicles can be found and dropped off at any parking spot inside the 
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service area. There are pros and cons in both approaches. For 
instance, car sharing vehicles are usually electric and their 
concentration at depots allows installing more efficient charging 
points. In contrast, the accessibility of the system will be determined 
by the number, position and size of the stations, which must be 
carefully planned to cover all subareas of the service region, and to 
make the probability of empty and full stations low. Request and 
return demands at each subarea must be considered to keep 
repositioning operations (i.e. artificially recovering the system from 
demand unbalances) to a minimum and, thus, making them 
economically viable. Another problem of station-based systems is 
the space requirement for the stations, as space is especially scarce 
in city centres. Several car-sharing companies adopted free-floating 
systems to avoid these inconveniences. Nevertheless, free-floating 
systems need to be operated based on reservations, which implies an 
increase of the average service time of each vehicle and, thus, a 
reduction of their availability for a given fleet size. Another problem 
of free-floating systems is that the accessibility to them is random in 
space and also varies with time (i.e. lower at peak periods due to less 
free vehicles). This may penalize the users’ confidence in the system.

Other vehicle sharing initiatives include ride-hailing and peer-
to-peer (P2P) sharing. Ride-hailing allows the owners of private 
vehicles to connect through an app or website with other people that 
want to share the total or part of their routes. In P2P, owners offer 
their vehicles through similar media for a particular area and a 
period of time, when they do not need them.

In summary, it can be said that the potential of well-managed 
sharing systems and the benefits they can bring to society are 
indisputable. However, they cannot be implemented in a "trial and 
error" fashion. An in-depth analysis of the needs and boundary 
conditions of each service area and its users must be carried out 
(Najmi et al., 2017.). In addition, two facts that could impede the 
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desired reduction of the vehicle fleet by the introduction of car-
sharing initiatives have already been detected. Firstly, most sharing 
companies use small vehicles and customers often use them alone. 
This means that vehicle occupancy tends to be low. Secondly, a 
recent study that analysed the results of a very comprehensive 
survey on ride-hailing use performed in several North American 
cities, concluded that almost 50% of ride-hailing trips would have 
been made by walking, biking, mass transit, or avoided altogether. 
In other words, in their current design, these systems encourage 
vehicle usage and could contribute to congestion and pollution 
(Clewlow and Mishra, 2017).  

Overlooking the benefits and penalties of car-sharing systems, 
it can be observed that their usage is still restricted to a small niche 
of society. This is not a problem of their price. Reducing the 
already reasonable price of sharing and hailing systems would only 
lead to the demise of many companies due to subsequent 
economic losses. There are other reasons that explain why people 
do not shift to these services: i) lack of service outside of 
metropolitan areas, ii) human reluctance to change, iii) lack of 
technological skills (e.g. to make a reservation and pay), iv) loss 
of privacy and comfort (e.g. to carry individual items), v) 
displeasure with vehicle cleanliness, and vi) inclination to 
consumption and ownership. Regarding this last reason, the 
re-conceptualization of travelling as a “consumption of distance” 
could help to change the current mindset (Heisserer and Rau, 
2017). With regard to interurban uses, the combination of 
sharing and mass transit is expected to make them more popular in 
a near future. In fact, this need is already being considered by the 
developers of the so-called Mobility as a Service (MaaS) on-demand 
mobility solutions. This is a new comprehensive transport concept, 
similar to global offers in the telecommunications sector. In these 
solutions, “mobility operators” will have access to the timetables, 
real-time location, fares, etc. of the existing transport service 
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providers. Users, usually through a mobile phone app, will provide 
their origin and destination points, and will be given a seamless 
combination of different modes of transport including intermodal 
collective transport, taxis, shared vehicles, bicycles, etc. They will 
only deal with the global mobility operator and pay a flat rate, per 
trip, per period, per distance... depending on their needs. MaaS is 
already technologically feasible, but there is a long way to go before 
reaching the agreement and coordination among all the parties 
involved, as well as the establishment of the corresponding policies 
(e.g. Belletti and Bayen, 2017). Informative and educational 
campaigns could help to confront the remaining reasons behind 
people’s disinclination to consume sharing systems. Moreover, it 
will not be possible to put MaaS into practice without them.

7.3. Technology in future personal 
mobility: will Scotty beam us up?

Perhaps the day will come in which we can ask for teleportation, like 
Capitan Kirk did (Stark Trek, 1968). This idea seems distant and 
against the laws of physics, but other film-inspired modes of 
transport are already being developed or even operated on small test 
sites. Monorails, magnetic levitation (maglev) trains, personal rapid 
transit systems or drones (to transport goods) are several examples. 
The following sections focus on transportation systems that do not 
operate yet but are announced by their promoters as the solution to 
current mobility problems. Transportation solutions faced in the 
previous sections illustrate cases were technology is being applied 
with more or less acceptance and success, but with potential to 
become real innovations in personal mobility. On the contrary, 
consumerism and/or overconsumption as well as technology 
attractiveness seem to be the incentives in the proposal of the 
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following modes, according to their inherent disadvantages to 
become a reality.

7.3.1. Flying cars

Several enterprises work on flying cars, whose aesthetic recalls 
Spinners (Scott, 1982). Indeed, current prototypes are vertical take-
off and landing (VTOL) aircrafts or drones made of lightweight but 
resistant materials and with improved power density engines. The 
first commercially available flying car, the Dutch Pal-V Liberty, can 
already be reserved (Figure 7.3). It was presented at the Geneva 
Motor Show 2018. According to its developers, it takes 5-10 minutes 
to change from a three-wheeled car to a gyroplane and reaches 160 
km/h on the road and 180 km/h in the air, at a maximum height of 
3,500 m. For its part, Uber plans to launch an aerial taxi service in 
23 cities across 13 countries by 2020. Other firms like Google (with 
the start-up Zee.Aero) or Airbus (Vahana) are behind similar 
projects. Flying cars attract governments as well as traditional car 
companies. Dubai plans to introduce a flying taxi at the World Fair 
in 2020, whereas Toyota supports a group of Japanese inventors to 
launch a flying car (SkyDrive) by the 2020 Summer Olympics in 
Tokyo.

Figure 7.3. Dutch Pal-V Liberty flying car (PAL-V, 2018); https://www.pal-v.com/
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In spite of the technological advances in the field, the 
generalized adoption of airborne vehicles seems unfeasible if 
important concerns are not tackled. Technically, they are too 
sensitive to weather and load weight restrictions, which would limit 
their use. Ignoring these factors could lead to severe safety 
problems. Battery improvements are also crucial, because most of 
them are “clean” (electrical). Socially, their high price (and surely 
that of insurances) and increased noise levels would soon outsprint 
their initial appeal. Moreover, drivers should have a sort of pilot 
license, which would be difficult and expensive to obtain. The 
required physical conditions and the complicated topics to cover 
(aerodynamics, mathematics, instrumentation, navigation 
techniques, etc.) could also limit the spectrum of users. Changes in 
regulations affecting other means of transport (e.g. aviation) would 
be necessary, as well as the adaptation or construction of new 
infrastructures for take-off and landing operations. It seems 
inadvisable to use airports or streets for these purposes to prevent 
operational and safety problems. The need for such special sites 
would reduce the flexibility of possible itineraries. This leeway 
would even be lower in the case of long journeys, since it would be
necessary to plan where to recharge or refuel. Less severe issues like 
the risk of falling garbage would also appear.

7.3.2. Hyperloops

Another transport mode predicted by science-fiction was the 
“pipeline travel”. Currently known as the hyperloop, it appeared for 
the first time in the animated film The Jetsons (Hanna and Barbera, 
1962). The most famous real hyperloop initiative was launched in 
2013 by the well-known entrepreneur Elon Musk. He described a 
means of transport based on magnetic levitation, where capsules act 
as wagons and travel inside a low-pressure tube at very high speeds 
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(ideally 1,200 km/h), supported by a bed of air (SpaceX, 2013). A 2-
year Hyperloop Pod Competition was also launched and the best 
designs presented are supported in the building of small prototypes 
and their testing on a 1.25 km track. In the second event of the 
competition, held in August 2017, the WARR hyperloop of the 
students of the Munich Technical University was the fastest, 
reaching a top speed of 324 km/h. In fact, it surpassed the 
commercial Virgin Hyperloop One, whose top speed in its last test 
carried out in Nevada was of 309 km/h (Zou, 2018). Nevertheless, 
Virgin states that the final version of their Hyperloop One, which is 
being developed partly in Spain, will be able to travel at 1,080 km/h 
(Figure 7.4). They plan to launch it in Abu Dhabi in 2020, as long as 
the corresponding legislation is ready on this date. Several other 
companies work on their own hyperloops, including the Boring 
Company of Elon Musk. In fact, the company has already been given 
permission to begin digging a transportation tunnel in Washington 
D.C. The goal is to enable a 29-minute journey between the capital 
and New York City.

Figure 7.4. Travel time between Barcelona and Madrid: Hyperloop One 
vs current means of transport (Virgin, 2018)
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In this context, the idea of the so-called Urban Hyperloops is
also gaining momentum. These are associated with a more 
sustainable urban mobility, using smaller scale hyperloops with 
many small stations, aimed at transporting across big cities, 
preferably, pedestrians and cyclists over cars. This would encourage 
private owners to leave their vehicles at home. 

Although hyperloops are very attractive and in spite of the tests 
that are being conducted, there are many doubts about whether they 
can become a universal mobility solution. Technical questions 
persist. For example, the expected speeds have not been reached yet. 
Furthermore, long hyperloops would need to pump millions of cubic 
meters of air to create the vacuum. Constructing such near-vacuum 
tubes would be a challenge in itself, but it will even be more difficult 
to attain with the thin walls of current designs. The air pressure 
outside would apply an enormous force against them. In this 
context, vibrations caused by the high-speed pods or expansion and 
contraction movements due to changes in temperature could have
disastrous repercussions. In this regard, several scientists claim that 
safety problems could be very serious. As an example, it is asserted 
that any small rupture or crack in a capsule would expose passengers 
to hard vacuum, causing them to die as if they were in space. Others 
contend that a breach in the tube could kill everybody, because air 
would rush into the tube at about the speed of sound. Fatal 
predictions about the consequences of an individual pod crashing 
exist too: it would generate a cascading failure causing a pressure 
wave to shoot down the tube at the speed of sound, destroying all 
other capsules. The former examples help to imagine to what extent 
hyperloops would be vulnerable to terrorism.

Even supposing that the required technology is available, a 
feasibility assessment should be carried out before devoting large 
amounts of money and time to the concept. The necessary economic 
investment would be another big problem. Tubes are conceived to 
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be mainly underground. Hyperloops were promised to be much 
cheaper than other transport alternatives on the basis of the 
progressive reduction of the cost of tunnelling, which is uncertain. 
In addition, other important costs such as those related to the 
acquisition of land or to the installation of safety measures have 
been underestimated. First analyses estimate that €49 M will be 
needed to build 1,6 km of hyperloop (Shaheen et al., 2018). Finding 
areas where cheap tunnelling is possible and does not damage other 
infrastructures, dwellings or even natural environments would also 
limit the connection of urban areas. Most experts agree that the 
construction of smaller and simpler hyperloops for freight 
(especially light, time-sensitive goods) is much more feasible.

7.3.3. Teleportation

Also known as teletransportation, the concept of teleportation would 
consist on instantaneously converting matter into minute particles, 
energy or data at one location and recreating it in its original form 
at another. Although the concept was popularized by the science 
fiction television series Stark Trek (1968), the idea rose up much 
earlier. The first recorded story on the topic was based on The Man 
without a Body (Page, 1877), where a machine called Telepomp was 
able to transform matter into energy and transmit it to a receiver.

There is great controversy about whether teleportation of 
people and goods could ever come true. That would really be a 
breakthrough, as most of the problems faced in former sections 
(congestion, pollution, safety, the need for large infrastructures, 
etc.) would disappear. At least mutate into completely different 
problems. Advances at the microscopic level have already been 
achieved. The latest and most significant was attained by Chinese 
researchers, who teleported a photon from the Jiuquan Satellite 
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Launch Center to a satellite in orbit more than 500 kilometers away 
(Ren et al., 2017). The basis of this so-called quantum teleportation 
is the phenomenon known as quantum entanglement. In simple 
words, when two subatomic particles are created at the same place 
and time, a special link is created between them. When the state of 
one of the particles changes, the other changes as well, even if they 
are separated by larges distances. If, for example, the first entangled 
particle interlays with a third one and it undergoes a state change, 
this is replicated in its twin. That is, the twin embraces the existence 
of the outsider, which is said to have been teleported. The quantum 
state information of this third particle has been transmitted. 
Thousands of commentators, businessmen and the general public 
are excited about the idea of instantaneous trips. However, most 
scientists think that teleportation of human beings or simply of large 
quantities of inert matter is unlikely to become a reality. Firstly, 
(quantum) teleportation can only transfer information about an 
object, but not the object itself. So, only a copy would be transmitted. 
Secondly, transmission of billions of particles would require an
enormous bandwidth and an extraordinary amount of power, which 
seems physically impossible.

Ethical issues also arise. Even if large quantities of matter 
could be teleported in the future, would a teleported person be the 
same? What happens to the original person? Would his/her 
personality, way of thinking or memories remain? These topics 
could be as challenging as those mentioned above.

7.4. Multicriteria analysis and 
conclusions

Taking into account the former considerations, a multicriteria 
analysis of all transportation modes/strategies addressed in this 
chapter has been performed. Results are shown in Table 7.1, where 
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DT stands for data management, TMS for dynamic traffic 
management strategies, CAV for cooperative autonomous vehicles, 
EV for electric vehicles, SHS for sharing systems, FC for flying cars, 
HYP for hyperloops and, finally, TP for teleportation. According to 
this analysis, the widespread of dynamic traffic management 
strategies would be the most beneficial strategy for society at the 
present time, from a comprehensive point of view. Next, a better use 
of traffic data, the development of optimal cooperative driving 
environments and the generalization of sharing systems stand out 
as highly desirable as well. Of course, these results cannot be taken 
as a ground truth, as they are qualitative, partial and provisional. For 
instance:

• The combination of some of these tools could be possible 
and more advantageous. For example, sharing systems whose 
fleets were composed of electric high occupancy autonomous 
vehicles would be highly beneficial.

• Some of the aspects considered will change with time. For 
example, both the state-of-the-technology and the price of AVs 
are expected to become more favourable for society in the next 
years.

However, this simple analysis allows highlighting a fact that is 
directly related to the central idea of this chapter. Note that those 
strategies that result more beneficial for society are not the most
appealing ones. What is more, a significant part of the population
finds especially attractive those mobility solutions whose global 
impact is clearly detrimental.

Summarising, this chapter warns against neglecting 
fundamental knowledge and engineering principles in the 
consumption and implementation of new technologies. It is based 
on the conviction that technology should not be considered a final 
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objective, but a tool to improve different aspects of society. Using 
personal mobility as a unifying thread, the chapter alerts 
professionals and administrations of the dangers of ignoring social 
needs and opinions, theoretical fundamentals, previous experiences 
and comprehensive analyses when implementing new technologies. 
Several specific examples of current malpractice in this regard, as 
well as possible solutions, are presented.

For example, new technologies and huge computation 
capabilities provide more traffic information than ever before. 
However, congestion is still increasing day after day. Each driver 
attempts to use this information to his/her own benefit, without any 
centralized control entity aiming at optimizing the entire system. 
Traffic management centres should use these new real-time data to 
dynamically enforce drivers to take some actions for the benefit of 
the whole system. Educational campaigns would help users to better 
accept this collective way of driving.

In addition, traffic information needs to be accurate, as 
personal mobility is increasingly dependent on it. The chapter 
presents some paradigmatic cases where the common traffic data 
treatment leads to inaccuracies in the traffic state estimation, which 
are transferred to subsequent traffic studies or disseminated 
information to drivers. Simple modifications would suffice to 
improve these estimations.

The chapter also revisits the future of driving automation. 
Automated vehicles (AVs) are considered to be the solution to all 
current problems of road traffic: accidents, discomfort, congestion 
and pollution. However, this will not be the case if additional 
changes are not implemented. In this regard, cooperative driving 
systems are essential. For example, platooning could significantly 
help to relieve congestion on metropolitan freeways. Ethical issues 
and population reluctance will be other difficult points to solve.
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Incontestably, future personal mobility must be 
environmentally friendly. EVs are the way to go, but there is still a 
lack of affordable technologies that equal the performance offered 
by traditional fuel engines. Even in that case, the source of all the 
electrical power that will be need remains as an issue. Probably, the 
vehicle fleet should be limited in any case. An efficient public 
transport system will be essential, and vehicle sharing systems are 
expected to play an important role in the future. Nevertheless, there 
is some evidence that users are reluctant to travel with strangers, 
except when they feel anonymous, as it occurs in mass 
transportation. Educational campaigns that promote the use of 
vehicle sharing systems are indispensable. Both collective 
transportation and sharing systems are called to join efforts to offer 
on-demand comprehensive mobility services like MaaS. 

Ongoing projects on futuristic transportation with a high 
technological component have also been assessed. In particular, 
considerations about the advantages and disadvantages of flying 
cars, hyperloops and teleportation have been outlined. They would 
suppose a revolution in personal mobility and could eradicate 
present troubles by creating new unthinkable problems. Flying cars 
and hyperloops are in principle technically feasible, but their current 
designs involve more handicaps than solutions. Today, their 
commercialization can only be explained by the desire for 
technology consumption. For their part, the advances achieved in 
quantum teleportation cannot be extrapolated to people or freight.

More factors not addressed in-depth in this chapter should also 
be considered when exploring the pros and cons of new 
transportation modes. For example, world’s population is ageing 
rapidly. Urban development strategies as well as mobility solutions 
must give due importance to this fact and not be predominantly 
drafted on the paradigm of technological progress (Gudowsky et al., 
2017). Also, promising studies suggest that policies aimed at 
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reducing wealth concentration could also be beneficial, as 
environmentally unfriendly practices related not only to
transportation but also to manufacture, etc., would be distributed 
too (Knight et al., 2017).

A final conclusion can be drawn from all considerations 
included in this chapter: personal mobility and technology will 
continue to be an indissoluble couple in the future. At present, the 
prevailing culture of consumption and the lack of research prevents 
society from making the most of technological development. To 
some extent, this is due to the fact that technology consumption and 
ownership are linked to a high status and/or to power and 
modernity. There is a need for information and education 
campaigns targeting users, but also administrations, so that they 
proceed with a more social point of view. For the first ones, appeal 
should be related to benefits, and not to a spontaneous attraction. 
Users must, to certain extent, get involved in transportation plans. 
Only in this way will they choose the right alternative for their trips 
and, additionally, positively “influence” administrations so that they 
take the best decisions. Regarding authorities, the improvement of 
personal mobility (i.e., social benefits) should hold the reins in any 
implementation, adapting technology to its needs. Only in this 
fashion will future transport be sustainable, inclusive and efficient. 
Additionally, it must be highlighted that this argument could also be 
applied to any other discipline or field, as the random consumption 
of technology is omnipresent: technology must respond to the 
demands of society and not create them.
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Chapter 8 

Overall conclusions and further 
research

8.1. Overall conclusions 

It is possible to gradually adapt current travel time information 
systems to new driving environments, so that they are able to 
provide accurate travel time predictions in real time, making 
the most of the available surveillance. 

The former sentence summarizes all the research work 
introduced in this thesis, and verifies that the objectives initially 
raised have been accomplished.  

Travel time information is and will be very valuable both for 
drivers/passengers and traffic agencies. However, current schemes 
do not provide accurate information under all traffic conditions, 
especially in congestion, basically due to two reasons: lack of 
surveillance equipment and/or lack of adequate estimation 
algorithms. This thesis demonstrates that travel time information 
systems can be significantly improved with no or limited monetary 
expenditures. Moreover, it is possible to implement methodologies 
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that will also be valid and even more effective in future driving 
scenarios.

In those highways that, still, exclusively rely on loop detector 
data for traffic management, travel time estimations are obtained 
from spot speed methods. These methods calculate the travel time 
in a link between loop detectors by diving the length of this link by 
an average speed. This average speed is the result of different 
mathematical interpolations of the time mean speeds provided by 
the loops every some time interval. Although spot speed methods 
have additional inconveniences, the first inaccuracy is precisely 
introduced in this step: space mean speeds and not time mean 
speeds should be used in order to estimate average travel times. 
Taking into account that time means are higher than space means, 
current procedures lead to travel time underestimations. Provided 
that no other surveillance is available, an algorithm to obtain space 
mean speeds from the data commonly supplied by loop detectors has 
been derived. For this purpose, it was assumed a log-normal 
distribution of speeds over small space-time regions. Using real data 
from the AP-9 freeway in Spain, the method has been proven to 
perform better than today’s schemes. Additionally, it’s worth 
mentioning that the outputs of the algorithm (i.e., space mean 
speeds) will be useful for many traffic studies other than those 
related to travel time estimation. In fact, most of them rely on space 
mean speeds and not on time mean speeds. In spite of the proposed 
method, it must be highlighted that simple modifications to the 
standard loop detector data treatment process would suffice to 
directly obtain space mean speeds. However, this has not been 
undertaken so far. Additionally, the increasing presence of high-tech 
devices in vehicles and on the roads will, for sure, gradually lead to 
the withdrawal of spot speed methods, at least in their current 
forms.



8.1. Overall conclusions 

303

In fact, future travel time information systems could not only 
rely on these methods. Even with the proposed improvement, none 
of them perform well in transients (i.e. stop and go, shock wave on- 
and offsets, etc.). Moreover, those used in practice only provide good 
estimates when free flow prevails. The reason is that they overlook 
traffic dynamics and the nature of queue evolution when giving spot 
speeds a spatial consideration via blind mathematical 
interpolations. Therefore, spot speed methods are useless when 
travel time information is more valuable, that is, in congested 
episodes. Several attempts have tried to go over this issue, but none 
of them with complete success. Finally, it is important to note that, 
even if this problem could also be solved, spot speed methods 
provide at best instantaneous travel times (ITT), but not travel time 
predictions. These last outputs are desirable, and they are called to 
be essential in future cooperative scenarios, in which any 
information will have a higher impact on traffic performance. 

Therefore, travel time information systems must take 
advantage of technological progress to be increasingly precise. More 
in particular, to be able to provide accurate travel time forecasts, at 
least for the short term. Cooperative driving environments will 
gradually and heterogeneously settle in the road network. From this 
standpoint, the need for travel time prediction methodologies that 
adapt to the available equipment is clear. That is, methodologies that 
benefit from new data sources but perform well even if these are 
scarce. And this is the case of the method presented in this thesis. It 
rises with a vocation of continuity in the sense that it can be 
immediately put into practice even in low surveillance scenarios, but 
it could also form part (and take advantage) of future travel time 
information systems. In fact, the method is not technologically 
captive. The proposed methodology is aimed at fusing the 
information provided by input – output diagrams, obtained from 
loop detectors, with direct measurements of travel times obtained 
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from either automatic vehicle identification (AVI) or tracking 
technologies. This fusion allows exploiting the accuracy of the direct 
measurements, which are somehow outdated, in order to correct the 
count drift in loop detectors. Then, corrected input – output curves 
can be used to obtain reliable short-term predictions of travel time, 
using the predictive capabilities of the vehicle accumulation. The 
proposed data fusion method has been applied to a test site in the 
AP7 freeway near Barcelona. Results show that the method is able to 
provide predicted travel times that anticipate changes in traffic 
conditions much faster than when simply disseminating measured 
travel times. This implies lower average and maximum errors of 
real-time information systems. For the particular case analysed, the 
mean and maximum errors corresponding to the predicted travel 
times respectively represented 10% and 33 of the ground truth travel 
times. If instead direct measurements were disseminated, these 
relative errors would reach 16% and 95%. Additionally, the real-time 
information provided with the proposed methodology can be 
updated more frequently than that of those systems exclusively 
relying on direct measurements. The method is especially suited for 
moderate to severe congestion episodes, in contrast to current 
procedures. That is, for the context in which travel time information 
is more valuable and more difficult to obtain.

Some side conclusions have also been drawn. For example, 
those that refer to the awaited cooperative driving environments. 
These have been analysed during the years devoted to this research 
work, so that the proposed travel time prediction method would be 
valid in these scenarios. Undoubtedly, the introduction of 
autonomous vehicles (AVs) in traffic streams will represent a 
milestone in the evolution of transportation and personal mobility. 
AVs are expected to significantly reduce accidents and congestion, 
while being economically and environmentally beneficial. However, 
many challenges must be overcome before reaching this ideal 
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scenario. On-site visits to top research centres in the field and a 
comprehensive literature review have provided the author of this 
thesis with an overall state-of-the-practice on the subject, allowing 
her to identify the most critical issues to achieve the desired success. 
For example, even though most of the required technology is already 
available, ensuring the robustness of AVs under all boundary 
conditions is still a challenge. Additionally, the implementation of 
AVs must contribute to the environmental sustainability of the 
transportation system, by promoting the usage of alternative 
energies and sustainable mobility patterns. Electric vehicles and 
vehicle-sharing systems are examples of suitable options, although 
both require some refinement to incentivise a broader range of 
customers. Other aspects, involving many different stakeholders, 
could be more difficult to resolve and might even postpone the 
generalisation of automated driving. For instance, there is a need for 
cooperation and management strategies geared towards traffic 
efficiency. Also, transportation and land-use planning need to be 
addressed in order to avoid negative territorial and economic 
impacts. And above all, safe and ethical behavioral rules must be 
agreed upon before AVs are introduced in traffic streams. In fact, 
these could be the critical points that set the time when self-driving 
vehicles hit the road. 

Finally, some reflections on the use that society makes from 
technological advances in general and, particularly, in the field of 
transportation, are necessary. Many questions in this regard arise. 
For example: if high technology and more traffic data than ever 
before are available, how these are used to reduce congestion? Why 
is there still congestion? Or, particularizing for the central subject of 
this thesis, why most travel time information systems do not provide 
accurate estimates? Technological advances increasingly 
revolutionize industrial processes, science, communications, and 
our way of life. Technology makes our livings easier, cheaper, more 
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convenient and funnier. However, developed societies have reached 
a stage in which the fascination with technological innovations often 
results in their indiscriminate consumption and even addiction. 
Road traffic has been used as a line of argument in one chapter of 
this thesis to demonstrate that the random introduction of 
technology does not directly imply benefits for society. Particularly, 
it has been analysed why some of the potential benefits of 
technological progress are lost in fields like traffic monitoring, data 
handling and traffic management, or in sustainable mobility 
initiatives such as the introduction of electric vehicles or the 
implementation of vehicle sharing projects. The risks faced in the 
future advent of AVs have been discussed again, and ideas for 
improvement suggested. Additionally, a critical reflection on other 
transportation modes that are expected to come true in the near 
future has been performed. This overall analysis has shown 
evidences that the potential improvement of personal mobility will 
not become a reality if it exclusively relies on the latest technological 
devices, in line with consumers’ fantasies or economic interests. 
Additionally, both users and administrations should be 
informed/educated so that they become more aware of the 
advantages and disadvantages of all transportation modes and 
strategies. Only in this way will they be able to take proper decisions. 
This statement could be applied to any other field. The 
implementation/consumption of a particular technology should not 
be an objective in itself, but a tool to bring some benefit to society. 
All the research work performed in this thesis has been made with 
this idea in mind, trying to make good contributions to the field that, 
additionally, were applicable in practice for the sake of society. 

More particular conclusions of each of these contributions can 
be found in the respective chapters.
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8.2. Further research 

Some ideas that the author of this thesis would like to address in the 
future have already been detailed in particular chapters of this 
document. More will undoubtedly arise, taking into account the 
enthralling evolution of transportation in these years. Especially 
regarding AVs, more issues to overcome will appear and, thus, more 
challenges for research. Notwithstanding, some interesting 
possibilities for future research work are summarized next. 

For example, it was already explained that spot speed methods, 
because of their inability to predict travel times, are not called to be 
the basis of future travel time information systems. Therefore, it 
would not be worth devoting too many efforts or investments to 
them. However, as some time will go by until they are substituted 
in many networks, further quite simple improvements could be 
introduced. For instance, the proposed algorithm for the 
estimation of space mean speeds could be combined with 
similar ones that assume different speed distributions. All of 
them for which more than one output were possible (like for the 
one proposed) should include a module to calculate the 
confidence interval for the means, to enable the quick choice of the 
most accurate one. With this configuration, a complementary 
algorithm should previously detect the most suitable 
distribution for each particular period and, afterwards, the proper 
algorithm for the calculation of space mean speeds would turn 
on. Additionally, a simple but smart smoothing process could 
account for the noisy loop detector speed measurements, reducing 
the fluctuations typical from short time interval aggregations. This 
smoothing method should be directly applicable with the existing 
loop detector hardware. Additionally, although related to traffic 
evolution, it should be straightforward enough so as not to imply 
delay in the dissemination of the information. Current schemes 
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aimed at identifying stationary periods could be integrated in the 
proposed methodology for this purpose. 

Many more steps forward have already been defined regarding 
the data fusion short-term travel time prediction methodology 
introduced in this thesis. First of all, its test with different data. As it 
was explained, the available real data corresponded to a day with 
light congestion. As the method is especially suited for congested 
situations, much better results could be obtained. Quantifying this 
improvement as well as detecting any possible issue is the first goal 
to achieve. Checking the accuracy of the methodology for the case of 
having direct measurements of travel time coming from GPS (or any 
other lagrangian technology) is the second goal to fulfill. Again, 
much better results are expected, as no spatial or temporal 
alignment is necessary. Additionally, this kind of measurements will 
prevail in future driving environments. Therefore, a particular 
analysis of the results achieved in this case would be desirable. In 
fact, an attempt in this regard has already been performed with the 
data of the well-known Mobile Century Experiment (Herrera et al., 
2010), which was released to support research all over the world. 
Unfortunately, the sections of this experiment were not closed, that 
is, on- and off-ramps were not monitored. Therefore, the central 
assumption of the data fusion methodology proposed in this thesis 
was not matched. In defiance of this initial obstacle, one test was 
performed with this data. Results were, as expected, not accurate 
enough. However, a level of accuracy similar than that 
corresponding to the simple dissemination of the direct travel time 
measurements was achieved. This was an explicit indicative of the 
potential of the method. Despite the proven goodness of the data 
fusion procedure, it was assessed that it was sensitive to loop 
detector failures. Although this fact is less prejudicial than the 
detector drift (note that drift nearly affects all loops, whereas 
detector failure is less frequent and more disseminated in the 
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infrastructure), the implementation of a previous algorithm 
accounting for detector malfunctioning or data loss would enhance 
the proposed methodology. 

Some doubts related to the nearest future driving 
environments have already arisen too. For example, thinking of a 
scenario where Vehicle-to-Infrastructure (V2I) communications 
prevail, which would be the optimal layout of Roadside Equipment 
Units (RSUs) for traffic management? And for the improvement of 
travel time information systems? This is, in fact, a present problem, 
as it is not necessary that vehicles are fully autonomous, but they 
must only have a certain degree of automation. In this context, On-
Board Units (OBUs) and RSUs are key components of V2I, and 
travel time prediction methodologies that rely on them would be 
very valuable. OBUs record vehicles’ activity data (e.g. speed, 
position and timestamp) each certain time interval, whereas RSUs, 
installed on the road, store the same or similar information when a 
vehicle enters their coverage area. The information captured by a 
RSU could be thus used to estimate the travel time on a given link 
and for a given time period. However, data acquisition via RSUs is 
accomplished with some time lag. Particularly, data are not available 
until the vehicle reaches the coverage area of the target RSU. 
Consequently, some information recorded on a given link might not 
be useful for travel time estimation in this same link, due to the time 
gap between the record time and the upload time. Therefore, 
the layout of RSUs should be carefully planned to make the most 
of all available information. 

The author of this thesis belongs to the team of the research 
project “COOP Cooperative freeway driving strategies in a mixed 
environment with driverless and traditional vehicles”. The final 
objective of the COOP project is to define a set of strategies and 
guidelines for the cooperative management of driverless cars in a 
mixed environment with traditional vehicles. These mixed scenarios 
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will last long, and their management implies, indeed, more 
challenges than that of those streams exclusively composed of 
intelligent vehicles. The team of the project focuses on the 
management of platoons in these mixed environments. Both the 
adaptation of current strategies and the design of new ad hoc ones 
especially beneficial in this context are being addressed. How travel 
time information could affect traffic in these scenarios is another 
line of research to face. 

Finally, both at present time and in the future, the author 
would like to tackle travel time information systems in urban 
environments. Due to the interrupted nature of traffic in these areas, 
specific modifications of the addressed methodologies as well as 
other methods especially designed for them conform another 
interesting open field of research. 
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Appendix A1

Analysis to find the best 
mathematical relationship 
between space mean speeds 
and time mean speeds

The algorithm proposed in Chapter 4 draws from the premise that 
the formula derived by Rakha and Zhang (2005) is the one that best 
defines a relationship between time mean speeds and space mean 
speeds, under different boundary conditions. Although several 
researchers (e.g. Soriguera and Robusté, 2011a) had already stated 
that, an analysis performed with the same data used for the 
development of the algorithm was previously carried out. As in this 
case the reference speeds Va1 and Va2 play no role, a different and 
more concise nomenclature of the analysed cases has been defined 
(Table A1.1).
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CASE DAY LANE T (') L (m) N

1 31 March right 15 all 4,662

2 31 March left 15 all 769

3 01 April right 15 all 2,841

4 01 April left 15 all 596

5 31 March left 5 all 769

6 01 April right 5 all 2,841

7 01 April right 5 <10 2,489

8 01 April right 5 >=10 352

Table A1.1. Cases analyzed to verify the best relationship between the 
time mean speeds and the space mean speeds.

As explained in Chapter 4, individual spot speed data was in 
this case available. This allowed the calculation of the exact time 
mean speeds (arithmetic means) and space mean speeds (harmonic 
means). 

Then, space mean speeds were estimated from time means by 
using Garber’s and Rakha and Zhang’s relations. The mean absolute 
and mean relative errors in relation to the real space mean for each 
case were also calculated. 

In addition, an attempt was made to find another kind of 
correlation between both means. More in particular, the possibility 
of a linear, quadratic, cubic, logarithmic, inverse, exponential or 
power-type relationship was analysed (Table A1.2).

Both the corrected coefficient of determination, , and the p-
value, were determined for this purpose. As it is already known, 
is a downward correction of  based on the sample size and on 
the number of independent variables k’, as shown in Equation A1.1
below:
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= ( )( ) (A1.1)

CORRELATION OUTLINE

Linear =a +b 
Logarithmic =aLn( )+b 
Inverse =a(1/ )+b 
Quadratic =a +b +c 
Cubic =a +b +c +d 
Power =b  
Exponential =bexp(a ) 

Table A1.2. Tested correlations between space and time mean speeds.

The p-value is related to the contrast of the regression 
(ANOVA). In this case, the null hypothesis stands for a value of 
that equals zero. If the significance (p-value) in the statistical F-test 
is lower than 5% (for a confidence level of 95%), the null hypothesis 
can be rejected and, therefore, the existence of a correlation is 
proved. 

In each of the cases studied, the estimated space mean speeds 
and the errors for the most suitable correlation were calculated. In 
this way, the best relationship both in general and for each particular 
case was determined. In order to remove the possible outliers, a 
slight smoothness was also made.

It should be highlighted that the variance with regard to the 
time mean for each specific time interval of aggregation introduced 
in Rakha and Zhang’s equation was again calculated from individual 
spot speeds, which, as said, are not usually available. It is also 
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important to notice that the data used in this study fit different types 
of distributions depending on the time interval of aggregation; being 
lognormal and normal distributions the most commonly found, as 
expected.

Table A1.3 shows the results of the curvilinear estimation. 
The corrected coefficient of determination indicates that the 
quadratic correlation is the most suitable in most cases. The 
coefficients of the quadratic correlation for each analysis are 
included in Table A1.4. New estimates of space mean speeds were 
calculated with these values. A level of significance was given to 
each coefficient, being the value of the null hypothesis equal to 
zero. As shown in Table A1.4 most coefficients are significant (p-
value <0.05), that is, they are needed to establish a good 
correlation. A linear relationship could achieve the same results 
only in two cases (as coefficient a is non-significant).

CASE
NON-STANDARDISED COEFFICIENTS AND p-VALUES

a p-value b p-value c p-value

1 -0.011 0.058 3.487 0.010 -137.497 0.057

2 0.000 0.623 1.083 0.000 -8.046 0.380

3 -0.006 0.008 2.095 0.000 -51.618 0.028

4 0.002 0.000 0.485 0.000 29.919 0.000

5 0.001 0.083 0.861 0.000 8.133 0.124

6 0.003 0.036 0.410 0.126 33.357 0.034

7 0.002 0.000 0.574 0.000 23.899 0.000

8 0.002 0.008 0.689 0.000 13.764 0.009

Table A1.3. Coefficients and their significance for quadratic relationships.
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Finally, the mean absolute and mean relative errors with 
respect to the real space mean speeds (i.e., those calculated from 
individual speeds) encountered with the formula of Rakha and 
Zhang, that of Garber and with the quadratic correlation were also 
compared. The results are included in Table A1.5. It can be observed 
that the relationship of Rakha, despite being the most complex in 
practice because of the need of estimating the variance with regard 
to the time mean, is worth considering. Both the absolute and 
relative errors are at the lowest level in all the cases analysed in this 
study. Therefore, it was finally chosen as the reference for the 
development of the algorithm proposed in Chapter 4.
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Appendix A2 

Application of the short-term 
travel time prediction 
algorithm with slight variants 

As explained in Chapter 5, two main features could be observed 
during the test of the algorithm with the available data: 

It is sensitive to (large) fluctuations in the net junction 
counts .

It is sensitive to the accuracy of the outflows for each 
section.

In this regard, the results showed in the main chapter 
correspond to the case in which i)  was translated downwards, 
as the end detector of the upstream section (in K.P. 113.9) is the 
nearest to the junction and ii)  was computed for a 
averaging period. In order to make a simple sensitivity analysis,  
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other versions with slight variations of these conditions were 
performed. Particularly, with combinations of these alternatives: 

The averaging period for  was set in . In fact, as it was 
explained in the chapter, quite short averaging periods are 
desirable, looking for the immediacy of the information.  or 

 would be positive from the point of view of real-time 
systems, but the estimation would usually be non-robust. 

The net inflow at the junction was translated upwards (loop 
at K.P. 106.4), just in case any interesting phenomenon would 
take place between the junction and the end detector of section 

. Note that it would be overlooked if net counts are 
translated downwards. Thus, counts  were added to the 
counts of the most upstream loop. 

 Trying to analyse what took place at the junction and 
supposing (according to the provisional findings) that 
something decisive for the results was happening there, 

 was corrected to account for conservation not with 

the current net inflow, but with its average value over the last 
two  (Equations A2.1 and A2.2):  

             (A2.1) 

             (A2.2) 

where:  

: average cumulative net inflow at junction 

As it can be observed in Table A2.1, the results of version V1, 
which was deeply analysed in Chapter 5, are the best ones. Those of 
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version V3 are very similar, which indicates that, for this case, the 
choice of a long averaging period for  was determining. Figure 
A2.1, which corresponds to version V2, also helps to verify this fact. 
Note that the only change with respect to version V1 is the shorter 
averaging period for  . However, significant errors appear when 
outflows experiment an abrupt change. 

METHOD 
NET INFLOW 

AT THE 
JUNCTION 

AVERAG.
PERIOD

FOR

MEAN
ABSOLUTE

ERROR 
MAX.

ERROR UNITS

Predicted 
travel time 
(proposed
method, V1) 

Trans.
downwards 1.16 4.5 [min]

Predicted 
travel time 
(proposed
method, V2) 

Trans.
downwards -1.43 -9.87 [min] 

Predicted 
travel time 
(proposed
method, V3) 

Trans. upwards 1.18 4.17 [min] 

Predicted 
travel time 
(proposed
method, V4) 

Trans. 
upwards 

1.39 -9.54 [min] 

Predicted 
travel time 
(proposed
method, V5) 

Trans. 
Upwards. 

Averaged for 1.26 4.25 [min] 

AVI direct 
measurement 
dissemination  

- - 1.81 -7.23 [min]

Table A2.1. Comparison of the errors of the predicted travel times 
obtained with different versions of the proposed algorithm vs that of the 
direct measurements, with respect to ground truth predicted travel times.
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However, despite the errors of this failed version, it can be 
again observed (e.g. around 20:00 or 21:00) that the algorithm 
performs better than the delayed AVI direct measurements 
regarding the prediction of travel times evolution. 

Additionally, it can be proven that no special episode took 
place between the junction and the detector at K.P. 113.9, as 
translations against the initial theory did not imply improvements. 
Moreover, for longer distances between the junction and the target 
detector, this way of proceeding could be detrimental. In any case, 
and despite the inconveniences of the available data mentioned in 
Chapter 5 (i.e. only light congestion and data losses at the junction), 
the algorithm results more accurate than the simple acceptance of 
the direct travel time measurements. 
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Appendix A3 

Summary of the thesis in Spanish

La información del tiempo de viaje es y seguirá siendo uno de los 
indicadores clave de la calidad del servicio de una carretera, y un 
conocimiento muy preciado para los conductores. Por ello, la 
mayoría de las administraciones ya han implementado sistemas que 
recopilan datos de tráfico y los emplean para proporcionar 
estimaciones de tiempo de viaje en tiempo real y/o la fiabilidad de 
los tiempos de viaje para itinerarios particulares. Sin embargo, las 
salidas de estos sistemas son frecuentemente imprecisas, 
especialmente en congestión y cuando se disemina información en 
tiempo real. Es decir, precisamente en las situaciones en las que la 
información del tiempo de viaje es más valiosa, pues permitiría a los 
conductores cambiar su ruta, su hora de salida, incluso su medio de 
transporte, para evitar las colas y llegar a su destino a la hora 
deseada. Una información del tiempo de viaje precisa contribuiría 
por tanto a paliar la propia congestión, que se asocia no sólo a la 
ineficiencia del sistema, sino al incremento del número de 
accidentes (ligados a situaciones de estrés) y de las emisiones 
contaminantes provenientes del tráfico. 
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El hecho de que los actuales sistemas de información de tiempo 
de viaje no sean tan precisos y robustos como sería deseable se debe 
en parte a una herencia del pasado, cuando los detectores de lazo
eran básicamente la única fuente de datos disponible. Hoy en día, en 
mayor o menor medida, las carreteras se benefician de un amplio 
despliegue de tecnología, tanto a bordo de los vehículos como en la 
propia infraestructura. A pesar de ello, la estimación indirecta de los 
tiempos de viaje a partir de mediciones puntuales de velocidad 
proporcionadas por detectores de lazo aún prevalece. Las 
limitaciones de estos métodos, que en general ignoran la dinámica 
del tráfico y la evolución de las colas, y cuya cobertura espacial es 
limitada, son bien conocidas. Estas metodologías son a menudo 
capaces de proporcionar estimaciones aceptables de tiempos de 
viaje en flujo libre. Incluso se han diseñado modelos que sí 
reproducen en cierta medida las condiciones reales del tráfico. Sin 
embargo, no son empleados en la práctica, en parte debido a su 
mayor complejidad. Además, aunque sí funcionan mejor en 
situaciones de congestión, ni siquiera estos modelos son capaces de 
proporcionar buenas estimaciones del tiempo de viaje en situaciones 
de transición (p. ej. durante la formación o disipación de colas). 

En este contexto, algunas agencias de tráfico han optado por 
difundir los tiempos de viaje medidos directamente con tecnologías 
automáticas de identificación de vehículos (AVI), como por ejemplo 
los sistemas de reconocimiento de matrículas o los detectores de 
Bluetooth. En el mejor de los casos, proporcionan tiempos de viaje 
obtenidos mediante técnicas de seguimiento GPS. Todas estas 
medidas directas, aunque precisas, no son las estimaciones que se 
esperan de un sistema de información en tiempo real, es decir, 
información sobre las condiciones futuras del tráfico. En este 
sentido, las mediciones directas son en cierto modo obsoletas. En el 
caso de los sistemas AVI, las medidas de tiempo de viaje se obtienen 
una vez que los vehículos ya han recorrido la sección 



Appendix A3. Summary of the thesis in Spanish

371

correspondiente, recibiendo el nombre de “arrival-based travel 
times” (ATT). En el caso de los sistemas de seguimiento, se obtienen 
en el mismo instante en el que los vehículos están circulando por 
dicha sección, y por ello se denominan “intantaneous travel times” 
(ITT). El objetivo de un buen sistema de información de tiempo de 
viaje debe ser proporcionar tiempos de viaje previstos (PTT), es 
decir, aquéllos que los vehículos que se encuentran en la entrada de 
la sección correspondiente y que reciben la información van a 
experimentar realmente.

Predecir tiempos de viaje implica que, primero, se deben 
caracterizar las condiciones de tráfico existentes, de las cuales se 
inferirán, en segundo lugar, las futuras. Además, si estas 
predicciones están llamadas a formar parte de un sistema de 
información de tiempo de viaje, el reto adicional es que ambos pasos 
se deben realizar en tiempo real. Cuanto más corto sea el intervalo 
temporal de actualización de la información, más valiosa será ésta, 
siempre y cuando se pueda garantizar su robustez. Aunque existen 
algunos desarrollos matemáticos diseñados para predecir tiempos 
de viaje, la mayoría no son susceptibles de ser empleados en la
práctica, al menos de forma general. O bien requieren de un sistema
de monitorización muy exigente, o bien demandan unas capacidades 
computacionales que no están al alcance de la mayoría de los centros 
de gestión. O ambas cosas. 

En este contexto, la presente tesis doctoral tiene como objetivo 
central la mejora de los sistemas actuales de información de tiempo 
de viaje en carretera, de manera que obtengan el máximo 
rendimiento de la tecnología disponible en cada caso.

El documento está divido en cuatro partes, representativas de 
las distintas fases de la investigación llevada a cabo. En la primera 
parte se pone en contexto la tesis doctoral y se explican 
detalladamente sus objetivos, tanto el global como los particulares, 
concretamente en el Capítulo 1. Además, los Capítulos 2 y 3 
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constituyen un informe detallado de los conceptos, teorías y 
herramientas que se utilizan en los siguientes Capítulos 4 y 5. En 
primer lugar, el Capítulo 2 aborda los diferentes equipos y 
procedimientos que se utilizan para la monitorización y la 
reconstrucción del tráfico. En segundo lugar, el Capítulo 3 versa 
sobre la variable clave de esta tesis doctoral: el tiempo de viaje. Su 
importancia para la gestión del tráfico, las diferentes definiciones 
que existen bajo su concepto general, cómo se relacionan estas 
definiciones con la forma y los equipos con las que se obtienen, los 
medios a través de los cuales este tipo de información es difundida 
entre los usuarios, etc., son aspectos analizados en detalle.

A continuación, la Parte II, que se divide en dos capítulos, 
contiene las principales contribuciones de esta tesis y constituye su 
parte más novedosa. Tanto el Capítulo 4 como el Capítulo 5 se 
centran en los sistemas de información de tiempo de viaje en 
carretera. Al objeto de conseguir el mayor rendimiento posible de
dichos sistemas en todo tipo de redes, el Capítulo 4 incluye 
propuestas de mejora para los marcos más tradicionales. Es decir, 
para aquéllos que aún dependen exclusivamente de datos 
proporcionados por detectores de lazo y que, por tanto, emplean 
métodos mayoritariamente basados en medidas puntuales de 
velocidad. En estos casos no es posible igualar la precisión alcanzada 
con algunos esquemas de fusión de datos, pero sí mejorar 
sustancialmente la que se asocia a estas metodologías básicas. Con 
este propósito se introduce un algoritmo que resuelve un error de 
partida de dichos métodos. Este error consiste en el empleo de 
medias temporales de las velocidades puntuales individuales de los 
vehículos para calcular los tiempos de viaje. De acuerdo con los 
principios básicos de la teoría del tráfico, las velocidades empleadas 
para este fin han de ser medias espaciales. Dado que las primeras 
son generalmente mayores que las segundas, los tiempos de viaje 
están siendo subestimados. Esta mala práctica tiene lugar por el 
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simple hecho de que el software de los detectores de lazo está 
preparado para proporcionar medias temporales de todos los inputs, 
no almacenándose además las velocidades individuales originales. 
Variar este software sería posible, aunque tedioso, teniendo en 
cuenta el gran número de detectores de lazo diseminados por las 
redes de carretera, así como los sistemas de gestión asociados a ellos. 
En este contexto, el algoritmo introducido en esta tesis permite 
calcular en tiempo real las velocidades medias espaciales a partir de 
los datos usualmente proporcionados por los detectores de lazo. 
Para ello parte de una relación matemática contrastada que existe 
entre ambas velocidades medias. Sin embargo, dicha relación 
implica la necesidad de calcular la varianza de las velocidades 
individuales. El no almacenamiento de las mismas impide obtenerla 
de forma directa, y ha sido unas de la causas de que dicha relación 
no haya sido empleada en la práctica. La metodología propuesta 
soluciona este inconveniente. Con este fin, asume que las 
velocidades puntuales individuales se ajustan a una distribución log-
normal en cada intervalo temporal de agregación, algo que por otra 
parte se corresponde con la realidad en un amplio número de casos. 
Mediante las relaciones matemáticas asociadas a dicha distribución, 
es capaz de proporcionar la varianza buscada. Por tanto, resuelve el 
problema de partida sin la necesidad de una gran inversión 
económica. La bondad de dicho algoritmo ha sido verificada con 
datos reales de la autopista AP9 en Galicia (España).

Por su parte, el Capítulo 5 introduce una metodología de fusión 
de datos para la predicción a corto plazo de los tiempos de viaje en 
tiempo real. Está basada en los ya conocidos métodos input-output 
que, a pesar de su potencial, no son empleados en la práctica debido 
a su carácter poco intuitivo y, sobre todo, a que son especialmente 
sensibles al drift característico de los detectores de lazo. El método 
de fusión de datos que se presenta en esta tesis está especialmente 
diseñado para trabajar en situaciones de congestión, pudiendo 
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combinarse con algún otro más sencillo cuyas estimaciones sean 
precisas en flujo libre. En este sentido, incluye un submodelo para 
detectar los períodos en los que no existen estas condiciones ideales 
y, por tanto, se debe activar. Para la predicción de tiempos de viaje 
se emplea, concretamente, la acumulación de vehículos en cada 
sección de carretera delimitada por detectores de lazo, explotándose 
la capacidad predictiva de esta información. Dicha acumulación se 
obtiene a partir de las curvas de conteo acumulado de entrada y 
salida de la sección. Previamente, para eliminar errores derivados 
del drift de los detectores, dichas curvas son corregidas mediante un 
esquema de fusión de datos que emplea una cantidad moderada de 
mediciones directas de tiempo de viaje. Estas medidas pueden 
provenir tanto de sistemas AVI como de tecnologías de seguimiento. 
Es decir, pueden ser ATT o ITT. Trabajar con uno u otro tipo de 
medida sólo implica cambios en el modo en que se calcula el retardo 
a partir de las curvas de conteo acumulado. Por tanto, el método no 
es tecnológicamente cautivo, pudiéndose encontrar ya en muchas 
carreteras el equipo de monitorización mínimo requerido. No 
obstante, la metodología se beneficiaría de una mayor tasa de 
penetración de las tecnologías de seguimiento en los flujos de 
tráfico, ya que implicaría contar con un mayor número de medidas 
directas para corregir las curvas. Por tanto, se adaptaría 
satisfactoriamente a los futuros entornos de conducción, en los que 
los vehículos conectados serán también sensores, y la precisión de la 
información un requisito indispensable para la adecuada gestión de 
las redes de carreteras. La bondad de la metodología propuesta se 
ha verificado empíricamente con datos recopilados en la autopista 
AP-7, cerca de Barcelona. En esta ocasión, se han empleado medidas 
directas de tiempos de viaje procedentes de sistemas AVI, es decir, 
tipo ATT. Concretamente, dichas medidas fueron recogidas por 
detectores de Bluetoooth. El caso de estudio comprendió un período 
temporal con un nivel leve de congestión, siendo la metodología 
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adecuada para casos de congestión mediana o severa, como se 
mencionó anteriormente. Además, hubo pérdidas de datos en 
algunos detectores de lazo. A pesar de ello, los beneficios de la 
metodología pudieron demostrarse con los datos reales disponibles. 
Particularmente, los resultados de la aplicación del método 
propuesto muestran que los errores medios y máximos de los 
tiempos de viaje previstos obtenidos con el mismo representan, 
respectivamente, el 10% y el 33% de los tiempos reales de viaje 
experimentados. Por el contrario, si la información se basa en la 
simple diseminación de las medidas directas, estos errores relativos 
aumentan al 16% y al 95%, lo que demuestra los beneficios del 
método. Estos ratios de mejora podrían incrementarse 
notablemente en situaciones de mayor congestión, en los que el 
empleo de medidas directas implica un mayor retardo en la difusión 
de la información. Cabe mencionar que la metodología propuesta, 
definida a nivel de sección de carretera, también es aplicable a 
entornos urbanos. Serían necesarias ligeras modificaciones para 
adecuarla al flujo ininterrumpido característico de los mismos. Del 
mismo modo, el algoritmo propuesto en el Capítulo 4 sería 
igualmente válido en estos escenarios.

Es importante destacar que esta tesis doctoral tiene vocación 
de continuidad. Es decir, las principales metodologías presentadas, 
especialmente la destinada a la predicción de tiempos de viaje, 
podrían formar parte de esquemas de gestión más complejos 
adecuados a los futuros escenarios de conducción cooperativa. En 
este sentido, la tercera parte de esta tesis, que también consta de dos 
capítulos, aborda el futuro de la movilidad personal. Con este 
propósito se ha realizado un análisis exhaustivo y crítico del estado 
de la técnica tanto de los vehículos autónomos como de dichos 
escenarios de cooperación. Dicho análisis está incluido en el 
Capítulo 6. Este estudio, que cuenta incluso con información 
obtenida in situ por la autora de esta tesis en centros de 
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investigación de prestigio en el ámbito, se ha realizado además 
desde un punto de vista multidisciplinar. Se han considerado 
cuestiones técnicas, pero también muchas otras como las operativas 
y de gestión, los posibles impactos en la eficiencia del tráfico, la 
seguridad vial, la competitividad, los ratios y modelos de movilidad, 
el medio ambiente, etc. Al hilo del tema central de esta tesis, se ha 
hecho especial hincapié en comprender los desafíos y oportunidades 
que los vehículos inteligentes y los entornos conectados implicarán 
para los sistemas de información del tiempo de viaje y, en general, 
para la gestión del tráfico. Para completar esta visión general, se han 
abarcado incluso cuestiones legales y éticas, que están llamadas a 
tener un papel determinante. Como fruto de este análisis, se ha 
constatado que todavía son muchas las incertidumbres existentes.

Una de las primeras conclusiones obtenidas de este análisis 
global sobre los futuros entornos de conducción ha sido que todavía 
harán falta algunos años hasta que los vehículos totalmente 
autónomos sean viables desde el punto de vista técnico, a pesar de 
las informaciones que algunas partes interesadas (u optimistas) 
están difundiendo. Aspectos como una completa y robusta 
monitorización del entorno en cualquier tipo de condiciones de 
contorno (p. ej. mala visibilidad, grandes velocidades) así como un 
óptimo procesamiento de ingentes cantidades de datos en tiempo 
real, son algunos de los muchos retos a superar. Vehículos de nivel 
SAE4, sin embargo, podrían estar pronto disponibles. También son 
necesarias numerosas mejoras en las infraestructuras y en las 
comunicaciones, que además deben asegurar la interoperabilidad y 
la seguridad. Cuestiones técnicas aparte, el diseño de estrategias de 
gestión especialmente adecuadas para, en primer lugar, flujos 
mixtos (es decir, en los que vehículos inteligentes compartan las vías 
con vehículos tradicionales) y, finalmente, para entornos puramente 
automatizados, será imprescindible para conseguir la optimización 
del tráfico. En este sentido, los “platoons” (pelotones de vehículos, 
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también llamados trenes de carretera) se erigen como el sistema de 
conducción más ventajoso, pudiendo los vehículos que forman parte 
de los mismos circular a altas velocidades y con espaciamientos muy 
pequeños, sin menoscabo de la seguridad. De hecho, el tema de la 
seguridad vial en los futuros entornos de conducción es también 
clave. Por una parte, aunque no será posible evitar todos los 
accidentes, se espera que su ratio disminuya de manera significativa. 
Por otra parte, han de establecerse protocolos de decisión para 
aquéllos casos en los que el accidente sea inevitable. Diferentes 
ramas de la ética están siendo aplicadas para establecer las 
directrices que en este sentido deberían seguir los algoritmos 
implicados, al objeto de no incurrir en ningún tipo de 
discriminación. Cuestiones legales como la responsabilidad en caso 
de accidente están también sobre la mesa. La introducción del 
vehículo autónomo tiene implicaciones en otros temas 
transversales. Por ejemplo, se espera que redunde en una 
disminución de los costes del transporte y, por tanto, en la mejora 
de la competitividad. Sin embargo, también afectará a determinados 
nichos del mercado de trabajo que están llamados a desaparecer (p. 
ej. conductores) y que, por tanto, han de ser reubicados en el campo 
laboral. Otro efecto a tener en cuenta es el posible incremento de la 
tasa de movilidad, asociada a la mencionada reducción de costes. 
Mal gestionada, podría llevar a un incremento de la congestión y a
una expansión urbana descontrolada. Nuevos patrones de movilidad 
como el uso compartido de vehículos o la movilidad bajo demanda, 
así como una correcta planificación urbana, son soluciones que se 
están explorando. En lo que respecta a los sistemas de información 
del tiempo de viaje, no hay duda de que continuarán desempeñando 
un papel clave en los futuros entornos cooperativos, 
independientemente de que el valor atribuido a esta información en 
términos globales pueda variar respecto al actual. Sin embargo, 
como cualquier estrategia de gestión del tráfico, estos sistemas 
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tendrán que ser adaptados a los nuevos escenarios. Los niveles de 
precisión cada vez más altos de todos los outputs (predicciones, 
como en el caso del algoritmo introducido en esta tesis), así como la 
uniformidad y la interoperabilidad serán características 
indispensables. Los patrones de difusión de la información también 
variarán significativamente, siendo los vehículos los actores más 
importantes en este sentido. En cualquier caso, como se ha 
comentado, estos sistemas se beneficiarán de muchos más datos 
disponibles proporcionados por los propios vehículos, que serán 
poderosos sensores lagrangianos con una tasa de penetración 
representativa.

Por su parte, el Capítulo 7 completa la presente tesis desde el 
punto de partida de la necesidad de una movilidad sostenible (es 
decir, eficiente, segura, inclusiva y respetuosa con el medio 
ambiente) y mirando también hacia el futuro. Este capítulo destaca 
la importancia de los fundamentos teóricos y de la ingeniería del
tráfico sobre los dispositivos tecnológicos y el Big Data. Presenta 
algunos ejemplos en los que la aplicación simplista y aleatoria de una 
tecnología condujo a resultados indeseables, y también explica cómo 
la correcta aplicación de las teorías pertinentes pudo haber evitado 
el fracaso. Además advierte contra algunas soluciones de transporte 
que se anuncian como la panacea y que, al menos en su forma actual, 
podrían resultar insatisfactorias o incluso perjudiciales. Dicho 
capítulo incluye un análisis multicriterio de las soluciones de 
transporte analizadas, cuyos resultados alertan sobre patrones de 
comportamiento que han de ser revertidos para realmente alcanzar 
la sostenibilidad en el ámbito de la movilidad. En este sentido, la 
aplicación de la tecnología sin ningún tipo de criterio está 
provocando que, en muchas ocasiones, no se obtengan de ella todos 
los beneficios que podría proporcionar. Además, el atractivo de 
algunas de estas innovaciones las coloca en posiciones prioritarias 
respecto a otras que, sin embargo, serían más beneficiosas para la 
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sociedad. La vuelta al espíritu ingenieril así como la concienciación 
social mediante campañas informativas son necesarias para que la 
tecnología deje de ser un fin y se convierta en un medio en beneficio 
de la humanidad. En todos los ámbitos, y en el del transporte en 
particular.

Finalmente, las conclusiones más importantes extraídas de 
todas las fases de esta investigación se destacan en el Capítulo 8, 
incluido en la Parte IV de esta tesis. Este capítulo también describe 
posibles líneas de investigación futura, la mayoría de ellas ligadas a 
los mencionados entornos conectados. A continuación, las 
principales referencias consultadas se incluyen en el Capítulo 9.

Toda la investigación presentada se puede resumir en una 
frase, que sirve de colofón a este documento:

Es posible adaptar gradualmente los sistemas actuales de 
información de tiempo de viaje a los nuevos entornos de 
conducción, de modo que puedan proporcionar predicciones de 
tiempo de viaje precisas en tiempo real, aprovechando al máximo 
la tecnología disponible en cada caso.
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Appendix A4 

Summary of the thesis in Galician

A información do tempo de viaxe é e seguirá sendo un dos
indicadores clave da calidade do servizo dunha estrada, e un 
coñecemento moi prezado para os condutores. Por iso, a maioría das 
administracións xa implementaron sistemas que recompilan datos 
de tráfico e os emprégan para proporcionar estimacións de tempo 
de viaxe en tempo real e/ou a fiabilidade dos tempos de viaxe para 
itinerarios particulares. Con todo, as saídas destes sistemas son 
frecuentemente imprecisas, especialmente en conxestión e cando se 
disemina información en tempo real. É dicir, precisamente nas 
situacións nas que a información do tempo de viaxe é máis valiosa, 
pois permitiría aos condutores cambiar a súa ruta, a súa hora de 
saída, mesmo o seu medio de transporte, para evitar as colas e 
chegar ao seu destino á hora desexada. Unha información do tempo 
de viaxe precisa contribuiría por tanto a paliar a propia conxestión, 
que se asocia non só á  ineficiencia do sistema, senón ao incremento 
do número de accidentes (ligados a situacións de tensións) e das 
emisións contaminantes provenientes do tráfico.
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O feito de que os actuais sistemas de información de tempo de 
viaxe non sexan tan precisos e  robustos como sería desexable débese 
en parte  a unha herdanza do pasado, cando os detectores de lazo 
eran basicamente a única fonte de datos dispoñible. Hoxe en día, en 
maior ou menor medida, as estradas benefícianse dun amplo 
despregamento de tecnoloxía, tanto a bordo dos vehículos como na 
propia infraestrutura. A pesar diso, a estimación indirecta dos 
tempos de viaxe a partir de medicións puntuais de velocidade 
proporcionadas por detectores de lazo aínda prevalece. As 
limitacións destes métodos, que en xeral ignoran a dinámica do 
tráfico e a evolución das colas, e cuxa cobertura espacial é limitada, 
son ben coñecidas. Estas metodoloxías son a miúdo capaces de 
proporcionar estimacións aceptables de tempos de viaxe en fluxo 
libre. Mesmo se deseñaron modelos que si reproducen en certa 
medida as condicións reais do tráfico. Con todo, non son 
empregados na práctica, en parte debido á súa maior complexidade. 
Ademais, aínda que si funcionan mellor en situacións de conxestión, 
nin sequera estes modelos son capaces de proporcionar boas 
estimacións do tempo de viaxe en situacións de transición (p. ex. 
durante a formación ou disipación de colas). 

Neste contexto, algunhas axencias de tráfico optaron por 
difundir os tempos de viaxe medidos directamente con tecnoloxías 
automáticas de identificación de vehículos (AVI), por exemplo os 
sistemas de recoñecemento de matrículas ou os detectores de 
Bluetooth. No mellor dos casos, proporcionan tempos de viaxe 
obtidos mediante técnicas de seguimento  GPS. Todas estas medidas 
directas, aínda que precisas, non son as estimacións que se esperan 
dun sistema de información en tempo real, é dicir, información 
sobre as condicións futuras do tráfico. Neste sentido, as medicións 
directas son en certo xeito obsoletas. No caso dos sistemas AVI, as 
medidas de tempo de viaxe obtéñense unha vez que os vehículos xa 
percorreron a sección correspondente, recibindo o nome de “arrival-
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based  travel times” (ATT). No caso dos sistemas de seguimento, 
obtéñense no mesmo instante no que os vehículos están a circular 
pola devandita sección, e por iso denomínanse “intantaneous  travel 
times” (ITT). O obxectivo dun bo sistema de información de tempo 
de viaxe debe ser proporcionar tempos de viaxe previstos (PTT), é 
dicir, aqueles que os vehículos que se atopan na entrada da sección 
correspondente e que reciben a información van experimentar 
realmente.

Predicir tempos de viaxe implica que, primeiro, débense 
caracterizar as condicións de tráfico existentes, das cales se 
inferirán, en segundo lugar, as futuras. Ademais, se estas predicións 
están chamadas a formar parte dun sistema de información de 
tempo de viaxe, o reto adicional é que ambos os pasos débense 
realizar en tempo real. Canto máis curto sexa o intervalo temporal 
de actualización da información, máis valiosa será esta, a condición 
de que se poida garantir a súa robustez. Aínda que existen algúns 
desenvolvementos matemáticos deseñados para predicir tempos de 
viaxe, a maioría non son susceptibles de ser empregados na práctica, 
polo menos de forma xeral. Ou ben requiren dun sistema de 
monitoraxe moi esixente, ou ben demandan unhas capacidades 
computacionais que non están ao alcance da maioría dos centros de 
xestión. Ou ambas as cousas.

Neste contexto, a presente tese doutoral ten como obxectivo 
central a mellora dos sistemas actuais de información de tempo de 
viaxe na estrada, de maneira que obteñan o máximo rendemento da 
tecnoloxía dispoñible en cada caso.

O documento está divido en catro partes, representativas das 
distintas fases da investigación levada a cabo. Na primeira parte 
ponse en contexto a tese doutoral e explícanse detalladamente os 
seus obxectivos, tanto o global como os particulares, concretamente 
no Capítulo 1. Ademais, os Capítulos 2 e 3 constitúen un informe 
detallado dos conceptos, teorías e ferramentas que se utilizan nos 
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seguintes Capítulos 4 e 5. En primeiro lugar, o Capítulo 2 aborda os 
diferentes equipos e procedementos que se utilizan para a 
monitoraxe e a reconstrución do tráfico. En segundo lugar, o 
Capítulo 3 versa sobre a variable clave desta tese doutoral: o tempo 
de viaxe. A súa importancia para a xestión do tráfico, as diferentes 
definicións que existen baixo o seu concepto xeral, como se 
relacionan estas definicións coa forma e os equipos coas que se 
obteñen, os medios a través dos cales este tipo de información é 
difundida entre os usuarios, etc., son aspectos analizados en detalle.

A continuación, a Parte II, que se divide en dous capítulos, 
contén as principais contribucións desta tese e constitúe a súa parte 
máis nova. Tanto o Capítulo 4 como o Capítulo 5 céntranse nos 
sistemas de información de tempo de viaxe na estrada. Ao obxecto
de conseguir o maior rendemento posible dos devanditos sistemas 
en todo tipo de redes, o Capítulo 4 inclúe propostas de mellora para 
os marcos máis tradicionais. É dicir, para aqueles que aínda 
dependen exclusivamente de datos proporcionados por detectores 
de lazo e que, por tanto, empregan métodos maioritariamente 
baseados en medidas puntuais de velocidade. Nestes casos non é 
posible igualar a precisión alcanzada con algúns esquemas de fusión 
de datos, pero si mellorar substancialmente a que se asocia a estas 
metodoloxías básicas. Con este propósito introdúcese un algoritmo 
que resolve un erro de partida dos devanditos métodos. Este erro 
consiste no emprego de medias temporais das velocidades puntuais 
individuais dos vehículos para calcular os tempos de viaxe. De 
acordo cos principios básicos da teoría do tráfico, as velocidades 
empregadas para este fin han de ser medias espaciais. Dado que as 
primeiras son xeralmente maiores que as segundas, os tempos de 
viaxe están a ser subestimados. Esta mala práctica ten lugar polo 
simple feito de que o software dos detectores de lazo está preparado 
para proporcionar medias temporais de todos os inputs, non 
almacenándose ademais as velocidades individuais orixinais. Variar 
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este software sería posible, aínda que  tedioso, tendo en conta o gran 
número de detectores de lazo diseminados polas redes de estrada, 
así como os sistemas de xestión asociados a eles. Neste contexto, o 
algoritmo introducido nesta tese permite calcular en tempo real as 
velocidades medias espaciais a partir dos datos usualmente 
proporcionados polos detectores de lazo. Para iso parte dunha 
relación matemática contrastada que existe entre ambas as 
velocidades medias. Con todo, dita relación implica a necesidade de 
calcular a varianza das velocidades individuais. O non 
almacenamento das mesmas impide obtela de forma directa, e foi 
unhas da causas de que dita relación non fose empregada na 
práctica. A metodoloxía proposta soluciona este inconveniente. Con 
este fin, asume que as velocidades puntuais individuais axústanse a 
unha distribución log-normal en cada intervalo temporal de 
agregación, algo que por outra banda se corresponde coa realidade 
nun amplo número de casos. Mediante as relacións matemáticas 
asociadas á devandita distribución, é capaz de proporcionar a 
varianza buscada. Por tanto, resolve o problema de partida sen a 
necesidade dun gran investimento económico. A bondade do 
devandito algoritmo foi verificada con datos reais da autoestrada 
AP9 en Galicia (España).

Pola súa banda, o Capítulo 5 introduce unha metodoloxía de 
fusión de datos para a predición a curto prazo dos tempos de viaxe 
en tempo real. Está baseada nos xa coñecidos métodos  input- output 
que, a pesar do seu potencial, non son empregados na práctica 
debido ao seu carácter pouco intuitivo e, sobre todo, a que son 
especialmente sensibles ao  drift característico dos detectores de 
lazo. O método de fusión de datos que se presenta nesta tese está 
especialmente deseñado para traballar en situacións de conxestión,
podendo combinarse con algún outro máis sinxelo cuxas 
estimacións sexan precisas en fluxo libre. Neste sentido, inclúe un 
submodelo para detectar os períodos nos que non existen estas 
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condicións ideais e, por tanto, débese activar. Para a predición de 
tempos de viaxe emprégase, concretamente, a acumulación de 
vehículos en cada sección de estrada delimitada por detectores de 
lazo, explotándose a capacidade  predictiva desta información. Dita 
acumulación obtense a partir das curvas de conteo acumulado de 
entrada e saída da sección. Previamente, para eliminar erros 
derivados do  drift dos detectores, ditas curvas son corrixidas 
mediante un esquema de fusión de datos que emprega unha 
cantidade moderada de medicións directas de tempo de viaxe. Estas 
medidas poden provir tanto de sistemas AVI como de tecnoloxías de 
seguimento. É dicir, poden ser  ATT ou  ITT. Traballar cun ou outro 
tipo de medida só implica cambios no modo en que se calcula o 
retardo a partir das curvas de conteo acumulado. Por tanto, o 
método non é tecnoloxicamente cativo, podéndose atopar xa en 
moitas estradas o equipo de monitorización mínimo requirido. Con 
todo, a metodoloxía beneficiaríase dunha maior taxa de penetración 
das tecnoloxías de seguimento nos fluxos de tráfico, xa que 
implicaría contar cun maior número de medidas directas para 
corrixir as curvas. Por tanto, adaptaríase satisfactoriamente ás 
futuras contornas de condución, nos que os vehículos conectados 
serán tamén sensores, e a precisión da información un requisito 
indispensable para a adecuada xestión das redes de estradas. A
bondade da metodoloxía proposta verificouse  empíricamente con 
datos recompilados na autoestrada AP-7, preto de Barcelona. Nesta 
ocasión, empregáronse medidas directas de tempos de viaxe 
procedentes de sistemas AVI, é dicir, tipo ATT. Concretamente, ditas 
medidas foron recollidas por detectores de Bluetoooth. O caso de 
estudo comprendeu un período temporal cun nivel leve de 
conxestión, sendo a metodoloxía proposta especialmente adecuada 
para casos de conxestión mediana ou severa, como se mencionou 
anteriormente. Ademais, houbo perdas de datos nalgúns detectores 
de lazo. A pesar diso, os beneficios da metodoloxía puideron 
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demostrarse cos datos reais dispoñibles. Particularmente, os 
resultados da aplicación do método proposto mostran que os erros 
medios e máximos dos tempos de viaxe previstos obtidos co mesmo 
representan, respectivamente, o 10% e o 33% dos tempos reais de 
viaxe experimentados. Pola contra, se a información baséase na 
simple diseminación das medidas directas, estes erros relativos 
aumentan ao 16% e ao 95%, o que demostra os beneficios do método.
Estes cocientes de mellora poderían incrementarse notablemente en 
situacións de maior conxestión, nos que o emprego de medidas 
directas implica un maior retardo na difusión da información. Cabe 
mencionar que a metodoloxía proposta, definida a nivel de sección 
de estrada, tamén é aplicable a contornas urbanas. Serían necesarias 
lixeiras modificacións para adecuala ao fluxo ininterrompido 
característico dos mesmos. Do mesmo xeito, o algoritmo proposto 
no Capítulo 4 sería igualmente válido nestes escenarios.

É importante destacar que esta tese doutoral ten vocación de 
continuidade. É dicir, as principais metodoloxías presentadas, 
especialmente a destinada á predición de tempos de viaxe, poderían 
formar parte de esquemas de xestión máis complexos adecuados aos 
futuros escenarios de condución cooperativa. Neste sentido, a 
terceira parte desta tese, que tamén consta de dous capítulos, aborda 
o futuro da mobilidade persoal. Con este propósito realizouse unha
análise exhaustiva e crítica do estado da técnica tanto dos vehículos 
autónomos como dos devanditos escenarios de cooperación.
Devandita análise está incluída no Capítulo 6. Este estudo, que conta 
mesmo con información obtida in situ pola autora desta tese en 
centros de investigación de prestixio no ámbito, realizouse ademais 
desde un punto de vista multidisciplinar. Consideráronse cuestións 
técnicas, pero tamén moitas outras como as operativas e de xestión, 
os posibles impactos na eficiencia do tráfico, a seguridade viaria, a 
competitividade, os cocientes e modelos de mobilidade, o medio 
ambiente, etc. Ao fío do tema central desta tese, fíxose especial 
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fincapé en comprender os desafíos e oportunidades que os vehículos 
intelixentes e as contornas conectadas implicarán para os sistemas 
de información do tempo de viaxe e, en xeral, para a xestión do 
tráfico. Para completar esta visión xeral, abarcáronse mesmo 
cuestións legais e éticas, que están chamadas a ter un papel 
determinante. Como froito desta análise, constatouse que aínda son 
moitas as incertezas existentes. 

Unha das primeiras conclusións obtidas desta análise global 
sobre as futuras contornas de condución foi que aínda farán falta 
algúns anos ata que os vehículos totalmente autónomos sexan 
viables desde o punto de vista técnico, a pesar das informacións que 
algunhas partes interesadas (ou optimistas) están a difundir. 
Aspectos como unha completa e  robusta monitoraxe da contorna en 
calquera tipo de condicións de contorno (p. ex. mala visibilidade, 
grandes velocidades) así como un óptimo procesamento de inxentes 
cantidades de datos en tempo real, son algúns dos moitos retos a 
superar. Vehículos de nivel  SAE4, con todo, poderían estar pronto 
dispoñibles. Tamén son necesarias numerosas melloras nas 
infraestruturas e nas comunicacións, que ademais deben asegurar a 
interoperabilidade e a seguridade. Cuestións técnicas aparte, o 
deseño de estratexias de xestión especialmente adecuadas para, en 
primeiro lugar, fluxos mixtos (é dicir, nos que vehículos intelixentes 
compartan as vías con vehículos tradicionais) e, finalmente, para 
contornas puramente automatizadas, será imprescindible para 
conseguir a optimización do tráfico. Neste sentido, os “platoons” 
(pelotóns de vehículos, tamén chamados trens de estrada) eríxense 
como o sistema de condución máis vantaxoso, podendo os vehículos 
que forman parte dos mesmos circular a altas velocidades e con 
espaciamientos moi pequenos, sen menoscabo da seguridade. De 
feito, o tema da seguridade viaria nas futuras contornas de 
condución é tamén clave. Por unha banda, aínda que non será 
posible evitar todos os accidentes, espérase que o seu cociente 
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diminúa de maneira significativa. Por outra banda, han de 
establecerse protocolos de decisión para aqueles casos nos que o 
accidente sexa inevitable. Diferentes ramas da ética están a ser 
aplicadas para establecer as directrices que neste sentido deberían 
seguir os algoritmos implicados, ao obxecto de non incorrer en 
ningún tipo de discriminación. Cuestións legais como a 
responsabilidade en caso de accidente están tamén sobre a mesa. A 
introdución do vehículo autónomo ten implicacións noutros temas 
transversais. Por exemplo, espérase que redunde nunha diminución 
dos custos do transporte e, por tanto, na mellora da competitividade. 
Con todo, tamén afectará a determinados nichos do mercado de 
traballo que están chamados a desaparecer (p. ex. condutores) e que, 
por tanto, han de ser recolocados no campo laboral. Outro efecto 
para ter en conta é o posible incremento da taxa de mobilidade, 
asociada á mencionada redución de custos. Mal xestionada, podería 
levar a un incremento da conxestión e a unha expansión urbana 
descontrolada. Novos patróns de mobilidade como o uso 
compartido de vehículos ou a mobilidade baixo demanda, así como 
unha correcta planificación urbana, son solucións que se están 
explorando. No que respecta aos sistemas de información do tempo 
de viaxe, non hai dúbida de que continuarán desempeñando un 
papel clave nas futuras contornas cooperativas, independentemente 
de que o valor atribuído a esta información en termos globais poida 
variar respecto ao actual. Con todo, como calquera estratexia de 
xestión do tráfico, estes sistemas terán que ser adaptados aos novos 
escenarios. Os niveis de precisión cada vez máis altos de todos os 
outputs (predicións, como no caso do algoritmo introducido nesta 
tese), así como a uniformidade e a interoperabilidade serán 
características indispensables. Os patróns de difusión da 
información tamén variarán significativamente, sendo os vehículos 
os actores máis importantes neste sentido. En calquera caso, como 
se comentou, estes sistemas beneficiaranse de moitos máis datos 
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dispoñibles proporcionados polos propios vehículos, que serán 
poderosos sensores lagrangianos cunha taxa de penetración 
representativa.

Pola súa banda, o Capítulo 7 completa a presente tese desde o 
punto de partida da necesidade dunha mobilidade sustentable (é 
dicir, eficiente, segura, inclusiva e respectuosa co medio ambiente) 
e mirando tamén cara ao futuro. Este capítulo destaca a importancia 
dos fundamentos teóricos e da enxeñaría do tráfico sobre os 
dispositivos tecnolóxicos e o Big Data. Presenta algúns exemplos nos 
que a aplicación simplista e aleatoria dunha tecnoloxía conduciu a 
resultados indesexables, e tamén explica como a correcta aplicación 
das teorías pertinentes puido evitar o fracaso. Ademais advirte 
contra algunhas solucións de transporte que se anuncian como a 
panacea e que, polo menos na súa forma actual, poderían resultar 
insatisfactorias ou mesmo prexudiciais. Devandito capítulo inclúe 
unha análise multicriterio das solucións de transporte analizadas, 
cuxos resultados alertan sobre patróns de comportamento que han 
de ser revertidos para realmente alcanzar a sustentabilidade no 
ámbito da mobilidade. Neste sentido, a aplicación da tecnoloxía sen 
ningún tipo de criterio está a provocar que, en moitas ocasións, non 
se obteñan dela todos os beneficios que podería proporcionar. 
Ademais, o atractivo dalgunhas destas innovacións colócaas en 
posicións prioritarias respecto doutras que, con todo, serían máis 
beneficiosas para a sociedade. A volta ao espírito  inxenieril así como 
a concienciación social mediante campañas informativas son 
necesarias para que a tecnoloxía deixe de ser un fin e se convérta nun 
medio en beneficio da humanidade. En todos os ámbitos, e no do 
transporte en particular.

Finalmente, as conclusións máis importantes extraídas de 
todas as fases desta investigación destácanse no Capítulo 8, incluído 
na Parte IV desta tese. Este capítulo tamén describe posibles liñas 
de investigación futura, a maioría delas ligadas ás mencionadas 
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contornas conectadas. A continuación, as principais referencias 
consultadas inclúense no Capítulo 9.

Toda a investigación presentada pódese resumir nunha frase, 
que serve de colofón a este documento:

É posible adaptar gradualmente os sistemas actuais de 
información de tempo de viaxe ás novas contornas de condución, 
de modo que poidan proporcionar predicións de tempo de viaxe 
precisas en tempo real, aproveitando ao máximo a tecnoloxía 
dispoñible en cada caso.
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