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Abstract Intelligent Transportation Systems emerged to meet the increasing de-
mand for more efficient, reliable and safer transportation systems. These systems
combine electronic, communication and information technologies with traffic engi-
neering to respond to the former challenges. The benefits of Intelligent Transporta-
tion Systems have been extensively proved in many different facets of transport and
Soft Computing has played a major role in achieving these successful results. This
book chapter aims at gathering and discussing some of the most relevant and recent
advances of the application of Soft Computing in four important areas of Intelligent
Transportation Systems as autonomous driving, traffic state prediction, vehicle route
planning and vehicular ad hoc networks.

1 Introduction

New trends in business, commerce or leisure have increased the demand for more
efficient, reliable and safer transportation systems. This fact is claimed by differ-
ent national and international institutions, such as the OECD [49] or the European
Commission [20], just to name but a few. Some of the reasons behind the increas-
ing importance of improving transportation systems are the offshore outsourcing of
production, the adoption of just-in-time distribution systems, the tight scheduling
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of personal and freight activities, the broadening of international trade, the large
number of people living in cities or the big amount of Green House Gases emission
caused by transport.

The development of Intelligent Transportation Systems (ITS) [18] is one of the
major areas of research that work in addressing these issues nowadays. ITS is a
discipline that combines telecommunication, electronics, information technologies
and traffic engineering methodologies to provide innovative services associated to
different modes of transport as well as traffic management in order to offer the
users more information and safety and to allow a more efficient and effective use
of transport networks. The benefits of these systems have been successfully proved
in many different transport environments [33].

Since their beginning around 1930 with the first electric traffic signals, ITS have
coped virtually all facets of transport given rise to different types of systems to
respond to the different problems that appear in each of those facets. Some of these
types of ITS are [23]:

e Advanced Traffic Management Systems (ATMSs) that aim at improving traffic
service quality by collecting data, supporting decision making to operators and
control traffic in real-time with different systems.

o Advanced Travelers Information Systems (ATISs) which are design to help travel-
ers in the different stages of their trips by providing them information in real-time
about the best route to their destiny, the most appropriate schedule or transport
media, etc.

o Commercial Vehicles Operation Systems whose objective is to increase safety and
efficiency in commercial vehicles fleets, by combining different ITS technologies
with the intention of improving the management and control of vehicles as well
as the information available for drivers and decision makers.

e Advanced Public Transportations Systems (APTSs) that pursue the enhancement
of the operation of public transportation media (subway, tram, bus, etc.) with the
joint use of technologies from ATISs and ATMSs.

e Advanced Vehicles Control Systems (AVCSs) aims at assisting, alerting and taking
the whole or part of vehicle driving with the aid of several in-vehicle sensors,
computers and/or communication networks.

Soft Computing (SC) [75] has played a major role in the success of ITS in re-
cent years, especially because of the bigger amount of data provided and collected
from several sources by the different stakeholders involved in these systems as gov-
ernments, industry and citizens [92]. ITS are an environment very appropriated to
applied SC techniques because the information handle present most of the features
for which SC was designed for. For example, the sensors usually present impreci-
sion in their measures; traffic is strongly affected by factors with a high uncertainty
as weather; and the decision making should take into account drivers’ or other users’
preferences which subject to a high vagueness and subjectivity. For these reasons,
techniques such as fuzzy sets, neural networks, metaheuristics or probabilistic rea-
soning have been widely used by the research community in ITS.
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This book chapter aims at gathering some of the most relevant and recent ad-
vances of the application of SC in ITS in order to serve as a guide for student,
researchers and practitioners interested in this field. Concretely, we focus on four
important areas of ITS as the AVCSs for autonomous driving, the ATISs for the
prediction of the future state of the traffic, the CVOSs for the planning of routes of
fleets of vehicles, as well as one of the most important key enable technologies of
future ITS, vehicular ad hoc networks.

The manuscript is organized as follows. The next four sections are devoted to
review the application of SC in each of the ITS areas aforementioned in order of
appearance. After that, in the last section of the chapter, we discuss the main con-
clusions drawn from the works reviewed.

2 Soft Computing in Autonomous Driving

Autonomous driving has been one of the most benefited fields in ITS of the appli-
cation of SC, since, until recently, autonomous driving remained like one of those
problems that humans were able to manage better than machines [13].

The European Union has an ambitious road safety target for this decade: halving
the number of road deaths between 2010 and 2020. In 2014, almost 25700 road
fatalities were reported in the EU, this is around 1% fewer deaths than reported in
2013 and 18% fewer than in 2010 [1].

Automation, and in particular digitalization of driving will change road transport
in a way which will be viewed as a revolution in the field of mobility. As human error
is the main reason for road traffic accidents, controlling the driving by a computer
is expected to make future road transport safer and more secure. A fully automated
mobility of vehicles in roads will have incredible potential impact in the society as
known until now. Benefits from such total automation of the vehicles will derive in
evident profits for society lowering costs and increasing safety, but also will provide
deep changes in the ways people and goods move around cities.

Car sharing [8] and car pooling [82] are two examples of emerging paradigms of
mobility that can deeply impact the mobility, if come accompanied by autonomous
driving of vehicles involved in the business models. Some authors study social ten-
dency of population to owning a vehicle in property, and question about the effect
that autonomous vehicles will cause in social perception of owning a car [76]. Philo-
sophical and ethical sciences are also influenced by the emergence of autonomous
vehicle applications, and researchers try to answer if humans are ready for utili-
tarian autonomous vehicles [11]. As can be seen, not only technological but also
societal and business, among other fields of research, are involved in the study of
the automation of vehicles.

In one hand, both the upgrade and lowering of the sensor and equipment nec-
essary for the processing of information needed by an autonomous vehicle to take
a decision have made this field to receive interest from research groups from the
entire world. In the other, methods and algorithms able to deal in each one of the
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stages involved in the driving of a vehicle (e.g. signal processing, decision making,
control, communication or planning) are performing really well nowadays. Both
equipment and methods are making nearer the day in which a fully autonomous
driving is available for society.

It is known that the techniques under the topic of Soft Computing have a strong
capability of learning and cognition, as well as a good tolerance to uncertainty and
imprecision. Due to these properties they can be applied successfully to problems
derived by the driving of a vehicle. Methods associated to the field of Soft Comput-
ing have been naturally used by researchers to take steps through the development
of autonomous vehicles.

In the remainder part of this section, some of the most relevant applications of
Soft Computing to the field of autonomous vehicles are discussed. These appli-
cations are structured according to the main Soft Computing technique involved,
concretely, fuzzy logic, genetic algorithms and neural networks.

2.1 Fuzzy logic in Autonomous Driving

Due to the ability of representing expert knowledge in the form of simple and legible
rules, fuzzy logic has been broadly used in the field of autonomous vehicles, mainly
in the development of control algorithms. In this case, control of a complex non-
linear system can be expressed in the form of a set of simple fuzzy rules (e.g. if
speed is too high, then press brake). Fuzzy based methods are specially indicated
when we try to emulate human control actions, such as human car driving [59].
Examples of the use of fuzzy rules for the control of the elements of an au-
tonomous vehicle can be found in the recent literature in large amount of examples.
In [64], Rodriguez-Castao et al. used a Takagi-Sugeno-Kang fuzzy system for GPS
based autonomous navigation of heavy vehicles at high speed. Other example can
be found in [22], where Faddel et al. used a fuzzy system to manage the controller
for electric vehicle charging. The steering control of autonomous vehicles has re-
ceived important attention from researchers in fuzzy logic, examples of such interest
are [5], where the authors proposed an autonomous platooning system for trucks, in-
cluding steering control, in order to increase in traffic capacity. Motion planning has
been another topic where fuzzy logic has been applied. For instance, in [37], Kala
et al. implemented decision making over autonomous vehicle maneuvering. Pedals
control by fuzzy logic has been also tackled in several works, as [51] or [34].

2.2 Metaheuristics in Autonomous Driving

Metaheuristics, specially genetic and evolutionary algorithms, have been exten-
sively used, as optimization methods in the field of autonomous driving. Their main
objective has been the tuning of control systems, decision making and improvement
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of the efficiency of the overall traffic. In conjunction with fuzzy logic, as the way of
representing knowledge, these algorithms have been extensively used for optimiz-
ing the distribution of membership functions, rule base or both, under the paradigm
of the genetic fuzzy systems.

In [19], Du et al. used a genetic algorithm to optimize a model predictive con-
troller for the simultaneous control of the steering and pedals of an autonomous
vehicle, taking the comfort of the passengers as an objective to optimize. A path
planning and scheduling method for fleets of autonomous vehicles was proposed
in [79]; in this work, Xidias et al. used a genetic algorithm to obtain a near opti-
mum solution for a problem resulting of combining both (planning and scheduling)
ones. A multi-objective genetic algorithm was used by Onieva et al. in [52] in order
to generate speed profiles for autonomous vehicles to follow in order to cross an
intersection where no cooperation among vehicles is possible. Finally, parking tra-
jectories have also been candidates to be optimized by evolutionary algorithms [91].

2.3 Neural Networks in Autonomous Driving

Neural networks (NNs) provide a set of qualities that makes them extremely precise
for the representation of complex non-linear systems. They have been used in the
field of autonomous vehicles, in one hand, for the control of the actuators of the ve-
hicle, but also for the processing of the high amount of data received by the vehicle,
in particular under the field of computer vision.

Recently, with the explosion of deep learning paradigm [66], researchers have
defined a new framework where all the information available is used to train mod-
els, which are increasing in accuracy as new elements are fed into the NN [15].
They have been applied by a large number of researchers to the processing of visual
information captured by autonomous vehicles. In [36], Jia et al. used deep neural
networks to provide precise obstacle detection in front of an autonomous vehicle,
as well as to segment obstacles and infer their depths. A convolutional NN is used
in [88] by Yang et al. to classify roads signs in a hierarchical way, obtaining both the
subclasses within each superclass exposed in a picture. In combination with fuzzy
logic, the work by Barman et al. [7] presented a fuzzy-NN to guide an unmanned
vehicle for maintaining traffic rules to reach its goal and avoid obstacles. Examples
of control of actuators at a low level by means of NNs can be found in [17] for
lateral, and [58] for the longitudinal control of autonomous vehicles.

3 Soft Computing in Traffic State Prediction

According to the Eurobarometer 2014 about the quality of the transportation, the
preferred mode of transport in a typical day is the car, well above from urban public
transport. This issue, added to the fact that vehicles per capita have been increased in



6 A.D. Masegosa, E. Onieva, P. Lopez-Garcia, E. Osaba

the last ten years, has raised the efficiency of the transport to the level of fundamental
condition, especially in big cities. For these reasons, road trips are a key point inside
ITS, due to the importance in daily life not only for people but also for transportation
companies. Inside this subject, one field where different techniques are being used
during the last years with a high impact and reliable performance is the prediction
of the traffic state in freeway and urban scenarios. One of the principal challenges
in this field is to predict, with a certain level of confidence, possible traffic jams in
a short-term horizon. The principal advantage of the successful prediction of traffic
jams is the adaptation of decision making in the exact moment when different events
that may affect traffic, as for example accidents, occur. Another advantage is the
capability of calculating not only the travel time but also of planning the route to
follow before its beginning. If the user knows the probability of finding a traffic
jam in its route, he/she can avoid it by changing the route before or even during the
journey. In a general way, the successful prediction of traffic jams can lead to the
decrease of travel time, the reduction of CO; emissions as well as fuel consumption,
or the decrease of acoustic contamination in urban and freeway environments.

Following the same guidelines of the previous section, some relevant applications
of Soft Computing in traffic state prediction are reviewed. Concretely, the applica-
tion of the three components of Soft Computing most commonly used in this topic
as neural networks, fuzzy logic and probabilistic reasoning.

3.1 Neural Networks in Traffic State Prediction

In the last years, traffic congestion prediction is one of the fields where NNs have
been widely used, as can be seen in literature. For example, in [42], Kumar et al. ap-
plied a NN to predict traffic congestion using historical traffic data. Volume, speed,
density, and both time and day of the week were used as input variables. The model
was validated using rural highway traffic. Another case was presented in [50] by Oh
et al., where Gaussian mixture model clustering is combined with a NN to create an
urban traffic flow prediction system. The system forecasts traffic flow by combining
road geographical and environmental factors with traffic flow properties obtained
by the use of detectors. Another type of NN, called Back Propagation NN (BPNN)
is used to forecast campus traffic congestion level in [90]. The results are compared
with a Markov model, and the BPNN achieved higher accuracy and more stable
performance.

In [41], Koesdwiady et al. used a deep belief networks to enhance prediction
accuracy using weather conditions. The study had two objectives: to investigate a
correlation between weather parameters and traffic flow, and to improve traffic flow
prediction accuracy. The data used for this paper was originated from San Francisco
Bay area of California. A Big Data-based framework was adopted in [68] by Soua et
al. to address the problem of short-term traffic flow prediction. Deep belief networks
are used to independently predict traffic flow using historical traffic flow and weather
data, and event-based data.
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3.2 Probabilistic Reasoning in Traffic State Prediction

Authors of [4] presented an hybrid approach of parametric and nonparametric meth-
ods such as an ensemble of Kalman Filter and NN in order to improve the travel
time prediction of journeys that starts from 15 to 30 minutes in the future. Kalman
Filter was combined with ARIMA in [80], where the ARIMA model is built using
historical traffic data. After that, the model is integrated with a Kalman Filter to con-
struct a road traffic state prediction algorithm. Four road segments in Beijing were
adopted for the case studies accomplished.

In [24], Fusco et al. hybridized Bayesian networks and NN to create short-term
prediction models using as data the link speeds recorded on the metropolitan area
of Rome during seven months. Other example where Bayesian networks are applied
to short-term traffic prediction was presented in [81]. In the mentioned paper, traffic
flow is predicted using a Bayesian multivariate adaptive-regression splines model.
Data is collected from a series of observation stations along the freeway Interstate
205 in Portland, USA, and used to evaluate the performance of the model. Results
were compared with different methods, as ARIMA, seasonal ARIMA, and a Kernel
method Support Vector Regression.

3.3 Fuzzy Logic in Traffic State Prediction

As mentioned above, fuzzy logic allows to process imprecise information using IF-
THEN rules, which helps to the interpretation of the final model. One of the most
used and known types of fuzzy systems are Fuzzy Rule Based Systems (FRBS),
which can be divided into Mamdani and Takagi-Sugeno-Kang (TSK) systems. Be-
sides, another kind of systems, based in the previous ones, are called Hierarchical
FRBS (HFRBS). This class of systems counts with several FRBSs, which are joined
in a way that the output of one of them is connected to the input of another one. De-
pending of the structure of the hierarchy, those systems can be divided into parallel,
serial, and hybrid [9].

In traffic congestion prediction, those systems have been used in [93, 94] to
develop a congestion prediction system employing a large number of input vari-
ables. In these papers, a Steady-State GA is applied to tune the different parts of
the FRBSs. A related work is presented in [45], where Lopez-Garcia et al. used a
hybrid algorithm that combines GA and Cross Entropy method to tune a HFRBS
in order to predict congestion in a freeway in California with time horizons of 5,
15, and 30 minutes. An extension of that work is presented in [46], where state-of-
the-art techniques are compared with the results obtained by the tuned HFRBSs in
different traffic congestion datasets. Finally, another interested paper in this topic
was presented in [53] Onieva et al. where the authors compare the performance of
several Evolutionary Fuzzy and Crisp Rule Based methods for traffic congestion
prediction.
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4 Soft Computing in Vehicle Route Planning

Other field in which soft computing techniques have demonstrated an outstanding
performance is vehicle route planning or vehicle routing problems. Nowadays, route
planning is a widely studied field in which the most used and well-known problems
are the Traveling Salesman Problem (TSP) [43], and the Vehicle Routing Problem
(VRP) [44], being the focus of a big amount of studies in the literature.

The reasons for the importance and popularity of this kind of problems are both
scientific and social. On the one hand, most of the problems arising in this field
have a great complexity since they belong to NP-Hard class. For this reason, their
resolution supposes a major challenge for the scientific community. On the other
hand, routing problems are usually built to address real world situations related to
logistics, transportation, electronics, robotics, etc.

The first part of this section is focused on metaheuristics, whose application in
the resolution of these optimization problems has been very successful. The second
part revolves around the use of fuzzy logic in routing problems, describing some
relevant works published in the last years.

4.1 Metaheuristics in Vehicle Route Planning

Metaheuristics have been widely used for the solving of routing problems in the
last decades, becoming the state-of-the-art in the resolution of many of the variants
of these problems. One of the first metaheuristics applied in this context was Sim-
ulated Annealing (SA) [74]. For example, in [47], Marek et al. presented a serial
and parallel SA for solving the TSP. Other example of the application of this tech-
nique for route planning is the work published by Chiang and Rusell [16], in which
the VRP with Time Windows is solved using a SA. More recently, Baos et al. de-
veloped a parallel variant of SA, called Multiple Temperature Pareto SA in [6], to
also solve the VRP with Time Windows with very successful results. Another well-
known stochastic local search, Tabu Search (TS), has been also frequently used for
solving route planning problems. A recent work on this topic is the one presented by
Escobar et al. in 2014 [21], in which they proposed a hybrid granular TS for tackling
the challenging Multi-Depot VRP. Briefly explained, the proposed method considers
different neighborhoods and diversification strategies, with the aim of improving the
initial solution obtained by a hybrid procedure. The Variable Neighborhood Search
(VNS) has also demonstrated its efficiency in this area. An interesting example is
the work presented in [14], in which Carrabs et al. proposed a VNS for solving a
multi-attribute version of the TSP: a Pickup and Delivery TSP with LIFO Loading.
More concretely, the authors of this paper introduce three new local search opera-
tors, which are then embedded within a VNS. In a more recent publication, Sarasola
et al. [65] developed a VNS for facing a stochastic and dynamic VRP. This version
of the VRP contemplates two different features. The first one is stochastic demand,
which is only revealed when the vehicle arrives at the customer location. The second
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feature is the dynamic request, meaning that new orders from previously unknown
customers can be received and scheduled over time.

Furthermore, evolutionary methods have also shown a great performance for this
sort of problems, being Genetic Algorithms (GA) one of the most successful ones.
The work presented by Vidal et al. in 2013 is an example of this fact [77]. In this
research, a hybrid genetic algorithm with adaptive diversity management is imple-
mented for tackling the VRP with time windows. Another example is the survey
paper published by Karakati and Podgorelec in 2015 [39], which collects some of
the most important works focused on the application of the GA to the multi-depot
VRP.

Additionally, since the appearance of GA in the early 1970s, a wide variety of
nature-inspired metaheuristics have also appeared in literature. Some of these re-
cently proposed methods are the Firefly Algorithm (FA) and the Bat Algorithm
(BA). The FA was proposed by Yang in 2008 [84]. This meta-heuristic has been
applied to a wide range of optimization fields and problems since its proposal [87],
and it has also shown a promising performance for routing problems. In [35], for
example, Jati et al. presented the first application of the FA for solving the TSP. In
order to do that, authors adapt the FA, which was firstly proposed for tackling con-
tinuous problems, providing it with an evolutionary and discrete behavior. Another
interesting example of application is the one presented in [3] by Alinaghian et al., in
which a hybrid version of the FA is proposed to solve a time-dependent VRP with
multi-alternative graph, in order to reduce the fuel consumption. The developed hy-
brid version of the FA is a Gaussian Firefly Algorithm. The most interesting part of
this paper is the real-world use case that authors presented, focused on a distribution
company, established in Esfahan, Iran. Additionally, in [56] Osaba et al. also shown
that the FA is able to face complex routing problem, such as the asymmetric and
clustered VRP with simultaneous pickup and deliveries, variable costs and forbid-
den paths. Finally, in [54], the same authors presented a evolutionary discrete FA
with a novel operator to deal with VRP with time windows with successful results.

Regarding the other nature-inspired method mentioned above, the BA, it was
proposed by Yang in 2010 [85]. As can be read in several surveys [86], the BA
has been successfully applied to different optimization fields and problems since
its proposal. Focusing in routing problems, several recent papers have shown that
the BA is a promising technique in vehicle route planning. For example, in [70],
Taha presented an adapted version of this algorithm for solving the well-known Ca-
pacitated VRP. The Adapted BA developed in that study allows a large diversity
of the population and a balance between global and local search. Zhou et al. ad-
dressed the same problem in [95]. In that paper a hybrid BA with path relinking is
described. This approach is constructed based on the framework of the continuous
BA, in which the greedy randomized adaptive search procedure and path relinking
are effectively integrated. Additionally, with the aim of improving the performance
of the technique, the random subsequences and single-point local search are oper-
ated with certain probability. In [55], Osaba et al. presented an improved adaptation
of the BA for addressing both symmetric and asymmetric TSP. The results shown
that the improved version of BA could obtain promising results, in comparison with
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some reference techniques, such as an evolutionary simulated annealing, a genetic
algorithm, a distributed genetic algorithm or an imperialist competitive algorithm.

We want to highlight that the meta-heuristics referenced in this section form a
small part of all different approaches that can be found in current literature. We
are aware that many other interesting and efficient techniques are available in the
scientific community, such as the Harmony Search [27], or Gravitational Search
[61, 62], which also show a good performance when they are applied to routing
problems. Additionally, many additional classic methods have also shown a great
performance for this kind of problems, such as the Particle Swarm Optimization
[89], the Ant Colony Optimization [63] or Large Neighborhood Search [60].

4.2 Fuzzy logic in Vehicle Route Planning

The use of fuzzy systems is also an important topic in the field of vehicle routing
problems. In real situations, these problems are susceptible to suffer imprecision
or uncertainty in their data. Many works in literature show that one of the most
successful ways to tackle with this uncertainty and imprecision in the information
available when solving vehicle route planning problems, it is the use of fuzzy logic.
In this way, we can find interesting studies in the literature, such as the one pre-
sented in [29], in which Ghannadpour et al. proposed a multi-objective dynamic
vehicle routing problem with fuzzy time windows. In this research, authors not only
describe the problem, but also the main real-world applications that it could have.
The constraints related with travel times and user satisfaction are some of the most
subject to uncertainty and imprecision. Apart from the previous work, this type of
imprecision is modelled in other studies such as the one presented by Tang et al.
in [71], in which a VRP with fuzzy time windows is proposed and solved using a
two-stage algorithm which decomposes the problem into two subproblems. An addi-
tional example of this trend is the work proposed in [28], in which a multi-objective
dynamic VRP with fuzzy travel times and customers’ satisfaction level is presented.
Specifically, the customers’ satisfaction level is considered in the route planning of
vehicles by using the concept of fuzzy time windows. Additionally, the dynamic
solving strategy proposed is based on a genetic algorithm, and its performance is
evaluated on various test problems generalized from a set of static instances in the
literature. Other interesting application of fuzzy logic for vehicle routing problems
are the works presented in [12], where Brito et al. proposed a variant of the close-
open VRP with fuzzy time windows and fuzzy vehicle capacity, and [72], where
Torres et al. solved a variant of the Truck and Trailer Routing Problem where the
imprecision in the capacity of the truck and the trailers is modeled by fuzzy logic.
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5 Soft Computing in Vehicular Ad-hoc Networks

Vehicular Ad-Hoc Networks (VANETS) are communication networks in which the
nodes are vehicles [32]. This field has attracted the attention of the scientific commu-
nity, automobile industry and institutions worldwide because of the huge number of
innovative applications they can enable [57]. Among the areas of application, some
of the most relevant are: security (warnings about emergency break, collision at in-
tersection, line shift, etc.); leisure and entertainment (multimedia content download,
nearby points of interest, etc.); traffic management (virtual traffic lights, limited
access zones, electronic tolls, etc.); and driver assistance (remote diagnosis; effi-
cient and eco-driving; etc.). The communications that take place within VANETSs
can be classified in Infrastructure-to-Infrastructure (I2I), Infrastructure-to-Vehicle
(I2V), Vehicle-to-Infrastructure (V2I) and Vehicle-to-Vehicle (V2V) depending on
which agent is the transmitter and the receptor.

VANETsS are an especially complex environment because of the high dynamism
in the movement of the vehicles, communication failures, different driver profiles,
high variability of nodes and interconnections, etc. For this reason, data handled
in VANETS is subject to imprecision, uncertainty and vagueness which make it an
excellent field for the application of Soft Computing techniques. This section is
devoted to review some of these applications. Concretely, the next subsections will
show, in this order, applications in VANETS of three components of Soft Computing
as metaheuristics, fuzzy sets and neural networks.

5.1 Metaheuristics in Vehicular Ad-hoc Networks

In the context of VANETS, several complex optimization problems appear, in which
metaheuristics have shown to be an excellent tool to solve them. One of the first
works in which metaheuristics were applied to VANETSs can be found in [26]. Here,
Garcia-Nieto and co-authors proposed the used of these techniques to optimize the
File Transfer Protocol Configuration. Concretely, they optimized the parameters of
the Vehicular Data Transfer Protocol, which operate over the transport layer pro-
tocol of VANETS, in order to allow end-to-end communications. To address this
problem, they test five different metaheuristics over two scenarios that simulated
urban and highway environments. The authors concluded that the metaheuristics re-
duced the transmission time in a 19% and 25.43% in urban and highway scenarios,
respectively, when they were compared to the configuration provided by a human
expert. A similar approach was followed by the same authors in [73]. In this case,
the five metaheuristics mentioned before were employed to find the optimal config-
uration of the Open Link State Routing protocol for VANETS. The results showed
again a significant improvement in terms of Packet Delivery Ratio (PDR), network
routing load and End-to-End Delay (E2ED) in comparison to standard and expert
configurations.
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Another optimization problem from VANETS that has been addressed with meta-
heuristics is multi-cast routing. Souza et al. presented in [69] a tree based multi-
cast routing protocol called MAV-AODV. Here, the Ant Colony Optimization’s
pheromone mechanism is used to establish a quality measure of the stability of
the routes. The new method was tested over a simulated Manhattan scenario and
compared with the MAODV protocol. MAV-AODV obtained a better performance
than MAODV in terms of E2ED, overhead and PDR. Other example of routing pro-
tocol inspired in metaheuristics was presented in [10]. This unicast and multipath
protocol, called HyBR, used two types of routing procedures: a topology-based and
a geographic-based routing procedure for high and low density scenarios, respec-
tively. The first one was inspired in the working of bee swarm optimization whereas
the second one used a genetic algorithm to optimize the route between the origin
and the destiny. The experimentation was done over high density and a low density
scenarios and the performance measures considered were the average E2ED, PDR
and normalized overhead load. HyBR outperformed AODV and geography-based
routing protocol (GPSR) in the first two measures but not in the last one.

A more recent application of metaheuristics in VANETS is given by Masegosa et
al. in [48]. This work is focused on information dissemination from a central server
to vehicles by means of Virtual Infrastructures (VIs). The selection of the nodes of
the VI is modelled as a covering location problem and it is solved by means of a
genetic algorithm. The main challenge for metaheuristics in this environment was
the short response time imposed by the latency requirements of some VANET’s
applications. The experimentation over a real scenario with 45 vehicles indicated
that the proposal outperforms another state-of-art method based on a deterministic
greedy strategy, called NAVI.

5.2 Fuzzy logic in Vehicular Ad-hoc Networks

Fuzzy set theory has been also applied in different areas of VANETS. For example,
in [30], Abdel Hafeez et al. presented a Cluster Head (CH) selection mechanism that
made use of a fuzzy inference system. CH selection is one of the main challenges of
cluster-based medium access control protocols, whose aim is to improve the access
and capacity of the network among other aspects. The previous mechanism elected
the CHs dynamically and taking into account a stability criteria. The fuzzy inference
system was used to predict the future position and speed of all cluster members using
as input the inter-vehicle distance and speed. The procedure proposed outperforms
CMCP [31] and APROVE [67] protocols.

Another fuzzy inference system was presented in [78] to design a multi-hop
broadcast protocol, named FUZZYBR. In a more specific way, the fuzzy inference
system was employed to select the relay nodes considering variables with a high
degree of imprecision and uncertainty as the inter-vehicle distance, mobility and
signal strength. The evaluation of the methods was done over simulated freeway
and street scenarios, and the proposal was compared with other broadcast protocols
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as Flooding, Weighted persistence, MPR and Enhance MPR. The results confirmed
a significant performance advantage of FUZZYBR over the mentioned protocols in
terms of PDR, E2ED and number of messages per data package. In [25], Galaviz-
Mosqueda et al. utilized FUZZYBR and another multi-hop broadcast protocol based
on fuzzy inference systems, and called RLMB, to test the use of genetic fuzzy sys-
tems. The motivation of the authors was to adjust the membership functions of the
fuzzy rules of the two protocols by means of a genetic algorithm, in order to obtain a
better performance than the one with expert tuning. The results confirmed their hy-
pothesis, and the two versions of FUZZYBR and RLMB automatically tuned with
the genetic algorithm significantly improved the performance of the counterparts
heuristically configured by humans.

Fuzzy control was also applied in VANETS to adapt beaconing rate to the changes
in traffic density that usually occur along time. This mechanism, called ABR, was
proposed in [96] where the authors developed a method in which a rule-based sys-
tem adapted the frequency of beacon broadcasting taking into account the percent-
age of vehicles traveling in the same direction and the emergency status of vehicles.
The simulations showed how this method reduced the beaconing load at the expense
of cooperative awareness between vehicles.

5.3 Neural Networks in VANETs

One of the first works that suggested the application of NNs to VANETSs can be
found in [40]. In this paper, the authors aimed at demonstrating the benefits of
VANET: on traffic safety, and concretely for designing an Accident Prevention Ap-
plication (APA). To this end, they proposed, in a first stage, the use of a Markov
Reward Process to estimate the expected time until an accident will happen, taking
into account the traffic states observed so far; and in a second stage, the use of NNs
to make these estimations when there are unobserved traffics situation. To this end,
the NN should have been trained with known pairs (state, expected time). The au-
thors claimed that, in this way, they provided the basis for the analysis of VANETSs
and their impact on traffic safety.

In a more recent paper [83], Yang et al. combined ANN and VANETS to develop
a short-term average-speed forecast and adjustment approach to improve gas con-
sumption, decrease CO, emissions and reduce travel time. In the proposed method,
a Traffic Information Center (TIC) collected average speed from vehicles and road
side sensors through VANETSs. Then, the TIC trained a NN with average speed,
weather information and traffic flow to predict the average speed. The predicted
speed was then sent to the CH that adjusted the prediction according to the observed
speed. The simulations done showed an important improvement in the accuracy of
the average-speed predictions when the system was compared versus a hybrid ap-
proach.

Another important issue in VANETSs handled with NN is security and vulner-
ability, given that VANETSs are even more exposed than other similar networks. A
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good example of this application can be found in [2], where the authors employed
NNs to build an Intrusion Detection System (IDS) to prevent Denial of Services
(DoS) attacks. Concretely, the aim of the NN was the real-time detection of mali-
cious vehicles in order to isolate them from the network. With this purpose in mind,
the authors generated data for normal and malicious vehicles through simulations.
From this data, they extracted relevant features and a pre-processed dataset that it
was used to train the NN. The experimentation showed that the system obtained an
error rate of 2.05%, confirming its effectiveness. Other example of the application
of NN for security in VANETS has been recently presented in [38]. The authors of
this work developed a Deep NN (DNN) for an IDS to secure in-vehicular networks
that use the CAN protocol. Concretely, the proposed IDS considered a scenario in
which malicious data-package are injected into the in-vehicle CAN bus. The DNN
was trained with labeled (i.e. normal or attack) and preprocessed CAN packets to
extract features that model the statistical behavior of the network. In the detection
phase, each CAN packet was pre-processed and passed to the trained DNN to make
the binary decision. The experimentation demonstrated that the approach obtained
a 98% detection ratio in real-time response to attacks.

6 Discussions

In this book chapter we have presented an overview of application of SC to four
important areas of ITS: autonomous driving, traffic state prediction, vehicle route
planning and VANETS. Our overview has shown that SC techniques are an effective
and efficient framework to deal with many of the problems that arise in those areas
and therefore, to develop better performing ITS.

The main reasons behind the success of SC in the four ITS areas aforementioned
is associated with the recent trend in ITS to follow a data-driven approach; and the
inherent tolerance of SC techniques to deal with the imprecision, uncertainty and
vagueness, omnipresent in the information handled in this complex environments,
and their ability to provide cost-effective solutions.

To finish, we would like to point out that the emergence of new ITS technologies
such as autonomous cars, electric vehicles, more advance VANETSs or Unmanned
Aerial Vehicles will probably boost a shift paradigm, along the next decade, in the
way in which goods and persons are transported nowadays. SC plays and will play
a major role in this shift so we augur a great future for the application and develop-
ment of SC techniques in this field.

Acknowledgements This work has been supported by the research projects TEC2013-45585-C2-
2-R and TIN2014-56042-JIN from the Spanish Ministry of Economy and Competitiveness, and
TIMON project which received funding from the European Unions Horizon 2020 research and
innovation programme under grant agreement No 636220.



Applications of Soft Computing in Intelligent Transportation Systems 15

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

. Road safety in the european union trends, statistics and main challenges. Tech. rep., European

Commission: General Mobility and Transport, Unit C.4 Road Safety (2015)

Alheeti, K.M.A., Gruebler, A., McDonald-Maier, K.D.: An intrusion detection system against
malicious attacks on the communication network of driverless cars. In: 2015 12th Annual
IEEE Consumer Communications and Networking Conference (CCNC), pp. 916-921 (2015)
Alinaghian, M., Naderipour, M.: A novel comprehensive macroscopic model for time-
dependent vehicle routing problem with multi-alternative graph to reduce fuel consumption:
A case study. Computers & Industrial Engineering 99, 210-222 (2016)

Allstrom, A., Ekstrom, J., Gundlegé rd, D., Ringdahl, R., Rydergren, C., Bayen, A., Patire, A.:
Hybrid approach for short-term traffic state and travel time prediction on highways. Trans-
portation Research Record 2554, 60-68 (2016)

Ario, T., Sugimachi, T., Fukao, T., Kawashima, H.: Evaluation of fuzzy inference-based self-
tuning of steering control gains for heavy-duty trucks. International Journal of Intelligent
Transportation Systems Research 14(2), 92-100 (2016)

Baiios, R., Ortega, J., Gil, C., Ferndndez, A., de Toro, F.: A Simulated Annealing-based paral-
lel multi-objective approach to vehicle routing problems with time windows. Expert Systems
with Applications 40(5), 16961707 (2013)

Barman, B., Kanjilal, R., Mukhopadhyay, A.: Neuro-fuzzy controller design to navigate un-
manned vehicle with construction of traffic rules to avoid obstacles. International Journal of
Uncertainty, Fuzziness and Knowlege-Based Systems 24(3), 433-449 (2016)

Belk, R.: You are what you can access: Sharing and collaborative consumption online. Journal
of Business Research 67(8), 1595-1600 (2014)

. Bentez, A., Casillas, J.: Multi-objective genetic learning of serial hierarchical fuzzy systems

for large-scale problems. Soft Computing 17(1), 165-194 (2013)

Bitam, S., Mellouk, A., Zeadally, S.: HyBR: A Hybrid Bio-inspired Bee swarm Routing pro-
tocol for safety applications in Vehicular Ad hoc NETworks (VANETS). Journal of Systems
Architecture 59(10), 953-967 (2013)

Bonnefon, J.F., Shariff, A., Rahwan, I.: Autonomous vehicles need experimental ethics: are
we ready for utilitarian cars? arXiv preprint arXiv:1510.03346 (2015)

Brito, J., Martinez, F.J., Moreno, J.A., Verdegay, J.L.: An ACO hybrid metaheuristic for close—
open vehicle routing problems with time windows and fuzzy constraints. Applied Soft Com-
puting 32, 154-163 (2015)

Brynjolfsson, E., McAfee, A.: Race against the machine. Digital Frontier, Lexington, MA
(2011)

Carrabs, F., Cordeau, J.F., Laporte, G.: Variable neighborhood search for the pickup and de-
livery traveling salesman problem with lifo loading. INFORMS Journal on Computing 19(4),
618-632 (2007)

Chen, C., Seff, A., Kornhauser, A., Xiao, J.: Deepdriving: Learning affordance for direct per-
ception in autonomous driving. In: Proceedings of the IEEE International Conference on
Computer Vision, pp. 2722-2730 (2015)

Chiang, W.C., Russell, R.A.: Simulated annealing metaheuristics for the vehicle routing prob-
lem with time windows. Annals of Operations Research 63(1), 3-27 (1996)

Chouraqui, S., Selma, B.: Unmanned vehicle trajectory tracking by neural networks. Interna-
tional Arab Journal of Information Technology 13(3), 272-275 (2016)

Dimitrakopoulos, G., Demestichas, P.: Intelligent Transportation Systems. IEEE Vehicular
Technology Magazine 5(1), 77-84 (2010)

Du, X., Htet, K., Tan, K.: Development of a genetic-algorithm-based nonlinear model predic-
tive control scheme on velocity and steering of autonomous vehicles. IEEE Transactions on
Industrial Electronics 63(11), 6970-6977 (2016)

ERTRAC: Multi-Annual Implementation Plan for Horizon 2020. Tech. rep. (2013). URL
http://www.ertrac.org/uploads/documentsearch/id20/ertrac-map-h2020_67.pdf



16

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

A.D. Masegosa, E. Onieva, P. Lopez-Garcia, E. Osaba

Escobar, J.W,, Linfati, R., Toth, P., Baldoquin, M.G.: A hybrid granular tabu search algorithm
for the multi-depot vehicle routing problem. Journal of Heuristics 20(5), 483-509 (2014)
Faddel, S., Mohamed, A., Mohammed, O.: Fuzzy logic-based autonomous controller for elec-
tric vehicles charging under different conditions in residential distribution systems. Electric
Power Systems Research 148, 48-58 (2017)

Figueiredo, L., Jesus, 1., Machado, J., Ferreira, J., Martins de Carvalho, J.: Towards the de-
velopment of intelligent transportation systems. In: Proceedings of the 2001 IEEE Intelligent
Transportation Systems, pp. 1206-1211 (2001)

Fusco, G., Colombaroni, C., Isaenko, N.: Comparative analysis of implicit models for real-
time short-term traffic predictions. IET Intelligent Transport Systems 10(4), 270-278 (2016)
Galaviz-Mosqueda, A., Villarreal-Reyes, S., Galeana-Zapien, H., Rubio-Loyola, J., Rivera-
Rodriguez, R.: Genetic tuning of fuzzy rule-based systems for multi-hop broadcast protocols
for VANETs. Telecommunication Systems 63(3), 399—420 (2016)

Garcia-Nieto, J., Toutouh, J., Alba, E.: Automatic tuning of communication protocols for ve-
hicular ad hoc networks using metaheuristics. Engineering Applications of Artificial Intelli-
gence 23(5), 795-805 (2010)

Geem, Z.W., Kim, J.H., Loganathan, G.: A new heuristic optimization algorithm: harmony
search. Simulation 76(2), 60-68 (2001)

Ghannadpour, S.F., Noori, S., Tavakkoli-Moghaddam, R.: Multiobjective dynamic vehicle
routing problem with fuzzy travel times and customers satisfaction in supply chain manage-
ment. IEEE Transactions on Engineering Management 60(4), 777-790 (2013)

Ghannadpour, S.F., Noori, S., Tavakkoli-Moghaddam, R., Ghoseiri, K.: A multi-objective dy-
namic vehicle routing problem with fuzzy time windows: Model, solution and application.
Applied Soft Computing 14, 504-527 (2014)

Hafeez, K.A., Zhao, L., Liao, Z., Ma, B.N.W.: A fuzzy-logic-based cluster head selection
algorithm in VANETs. In: 2012 IEEE International Conference on Communications (ICC),
pp- 203-207 (2012)

Hang Su, Xi Zhang: Clustering-Based Multichannel MAC Protocols for QoS Provisionings
Over Vehicular Ad Hoc Networks. IEEE Transactions on Vehicular Technology 56(6), 3309—
3323 (2007)

Hartenstein, H., Laberteaux, K.P.: A tutorial survey on vehicular ad hoc networks. IEEE
Communications Magazine 46(6), 164—171 (2008)

Hatcher, G., Burnier, C., Greer, E., Hardesty, D., Hicks, D., Jacobi, A., Lowrance, C., Mercer,
M.: Intelligent Transportation Systems Benefits, Costs, and Lessons Learned: 2014 Update
Report. Tech. rep., U.S. Department of Transportation, ITS Joint Program Office (2014).
URL https://trid.trb.org/view.aspx?id=1334694

Huang, W., Wu, Q., Ma, Y.L., Chu, X.M.: Design of speed controller of small intelligent
vehicle based on visual navigation. Journal of Wuhan University of Technology 32(6), 103—
106 (2010)

Jati, G.K., Suyanto: Evolutionary discrete firefly algorithm for travelling salesman problem.
In: Proceedings of the Adaptive and Intelligent Systems: Second International Conference, pp.
393-403 (2011)

Jia, B., Feng, W., Zhu, M.: Obstacle detection in single images with deep neural networks.
Signal, Image and Video Processing 10(6), 1033—-1040 (2016)

Kala, R., Warwick, K.: Reactive planning of autonomous vehicles for traffic scenarios. Elec-
tronics 4(4), 739-762 (2015)

Kang, M.J., Kang, J.W., Wang, X., Larochelle, H., Vincent, P., Bengio, S.: Intrusion Detection
System Using Deep Neural Network for In-Vehicle Network Security. PLOS ONE 11(6),
e0155,781 (2016)

Karakati¢, S., Podgorelec, V.: A survey of genetic algorithms for solving multi depot vehicle
routing problem. Applied Soft Computing 27, 519-532 (2015)

Killat, M., Hartenstein, H.: Vehicular Ad Hoc Networks: How to Show the Impact on Traffic
Safety? In: 2007 IEEE 65th Vehicular Technology Conference - VTC2007-Spring, pp. 659—
663 (2007)



Applications of Soft Computing in Intelligent Transportation Systems 17

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

Koesdwiady, A., Soua, R., Karray, F.: Improving traffic flow prediction with weather informa-
tion in connected cars: A deep learning approach. IEEE Transactions on Vehicular Technology
65(12), 9508-9517 (2016)

Kumar, K., Parida, M., Katiyar, V.: Short term traffic flow prediction in heterogeneous condi-
tion using artificial neural network. Transport 30(4), 397405 (2015)

Laporte, G.: The traveling salesman problem: An overview of exact and approximate algo-
rithms. European Journal of Operational Research 59(2), 231 — 247 (1992)

Laporte, G.: The vehicle routing problem: An overview of exact and approximate algorithms.
European Journal of Operational Research 59(3), 345 — 358 (1992)

Lopez-Garcia, P., Onieva, E., Osaba, E., Masegosa, A., Perallos, A.: A hybrid method for
short-term traffic congestion forecasting using genetic algorithms and cross entropy. IEEE
Transactions on Intelligent Transportation Systems 17(2), 557-569 (2016)

Lopez-Garcia, P., Osaba, E., Onieva, E., Masegosa, A.D., Perallos, A.: Short-term traffic con-
gestion forecasting using hybrid metaheuristics and rule-based methods: A comparative study.
In: O. Luaces, J.A. Gamez, E. Barrenechea, A. Troncoso, M. Galar, H. Quintian, E. Corchado
(eds.) Advances in Artificial Intelligence: 17th Conference of the Spanish Association for Ar-
tificial Intelligence, CAEPIA 2016, pp. 290-299. Springer International Publishing (2016)
Malek, M., Guruswamy, M., Pandya, M., Owens, H.: Serial and parallel simulated annealing
and tabu search algorithms for the traveling salesman problem. Annals of Operations Research
21(1), 59-84 (1989)

Masegosa, A.D., de la Iglesia, I., Hernandez-Jayo, U., Diez, L.E., Bahillo, A., Onieva, E.:
Solutions based on Soft Computing for the Sustainability and Climate Change, chap. A new
approach for information dissemination in VANETSs based on covering location and meta-
heuristics, pp. 1-24. Springer International Publishing (2017). In press

OECD: Improving Reliability on Surface Transport Networks. OECD Publish-
ing (2010). URL http://www.oecd-ilibrary.org/transport/improving-reliability-on-surface-
transport-networks_9789282102428-en

Oh, S.D., Kim, Y.J., Hong, J.S.: Urban traffic flow prediction system using a multifactor pat-
tern recognition model. IEEE Transactions on Intelligent Transportation Systems 16(5), 2744—
2755 (2015)

Onieva, E., Godoy, J., Villagra, J., Milanés, V., Pérez, J.: On-line learning of a fuzzy controller
for a precise vehicle cruise control system. Expert Systems with Applications 40(4), 1046—
1053 (2013)

Onieva, E., Hernandez-Jayo, U., Osaba, E., Perallos, A., Zhang, X.: A multi-objective evo-
lutionary algorithm for the tuning of fuzzy rule bases for uncoordinated intersections in au-
tonomous driving. Information Sciences 321, 14-30 (2015)

Onieva, E., Lopez-Garcia, P., Masegosa, A., Osaba, E., Perallos, A.: A comparative study on
the performance of evolutionary fuzzy and crisp rule based classification methods in conges-
tion prediction. In: Transportation Research Procedia, vol. 14, pp. 44584467 (2016)

Osaba, E., Carballedo, R., Yang, X.S., Diaz, F.: An Evolutionary Discrete Firefly Algorithm
with Novel Operators for Solving the Vehicle Routing Problem with Time Windows, pp. 21—
41. Springer International Publishing, Cham (2016)

Osaba, E., Yang, X.S., Diaz, F., Lopez-Garcia, P., Carballedo, R.: An improved discrete bat
algorithm for symmetric and asymmetric traveling salesman problems. Engineering Applica-
tions of Artificial Intelligence 48, 59-71 (2016)

Osaba, E., Yang, X.S., Diaz, F., Onieva, E., Masegosa, A.D., Perallos, A.: A discrete firefly
algorithm to solve a rich vehicle routing problem modelling a newspaper distribution system
with recycling policy. Soft Computing pp. 1-14 (2016)

Papadimitratos, P., La Fortelle, A., Evenssen, K., Brignolo, R., Cosenza, S.: Vehicular com-
munication systems: Enabling technologies, applications, and future outlook on intelligent
transportation. IEEE Communications Magazine 47(11), 84-95 (2009)

Pérez, J., Gajate, A., Milanés, V., Onieva, E., Santos, M.: Design and implementation of a
neuro-fuzzy system for longitudinal control of autonomous vehicles. In: International Confer-
ence on Fuzzy Systems, pp. 1-6 (2010)



18

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

A.D. Masegosa, E. Onieva, P. Lopez-Garcia, E. Osaba

Pérez, J., Milanés, V., Godoy, J., Villagra, J., Onieva, E.: Cooperative controllers for highways
based on human experience. Expert Systems with Applications 40(4), 1024 — 1033 (2013)
Pisinger, D., Ropke, S.: Handbook of Metaheuristics, chap. Large Neighborhood Search, pp.
399-419 (2010)

Precup, R.E., David, R.C., Petriu, E.M., Preitl, S., Radac, M.B.: Fuzzy logic-based adaptive
gravitational search algorithm for optimal tuning of fuzzy-controlled servo systems. IET Con-
trol Theory & Applications 7(1), 99-107 (2013)

Precup, R.E., David, R.C., Petriu, E.M., Radac, M.B., Preitl, S.: Adaptive gsa-based optimal
tuning of pi controlled servo systems with reduced process parametric sensitivity, robust sta-
bility and controller robustness. IEEE transactions on cybernetics 44(11), 1997-2009 (2014)
Reed, M., Yiannakou, A., Evering, R.: An ant colony algorithm for the multi-compartment
vehicle routing problem. Applied Soft Computing 15, 169-176 (2014)

Rodriguez-Castao, A., Heredia, G., Ollero, A.: High-speed autonomous navigation system for
heavy vehicles. Applied Soft Computing Journal 43, 572-582 (2016)

Sarasola, B., Doerner, K.F., Schmid, V., Alba, E.: Variable neighborhood search for the
stochastic and dynamic vehicle routing problem. Annals of Operations Research 236(2), 425—
461 (2016)

Schmidhuber, J.: Deep learning in neural networks: An overview. Neural Networks 61, 85 —
117 (2015)

Shea, C., Hassanabadi, B., Valaee, S.: Mobility-Based Clustering in VANETSs Using Affinity
Propagation. In: GLOBECOM 2009 - 2009 IEEE Global Telecommunications Conference,
pp- 1-6 (2009)

Soua, R., Koesdwiady, A., Karray, F.: Big-data-generated traffic flow prediction using deep
learning and dempster-shafer theory. In: 2016 International Joint Conference on Neural Net-
works (IJCNN), pp. 3195-3202 (2016)

Souza, A.B., Celestino, J., Xavier, F.A., Oliveira, F.D., Patel, A., Latifi, M.: Stable multicast
trees based on Ant Colony optimization for vehicular Ad Hoc networks. In: The International
Conference on Information Networking 2013 (ICOIN), pp. 101-106 (2013)

Taha, A., Hachimi, M., Moudden, A.: Adapted bat algorithm for capacitated vehicle routing
problem. International Review on Computers and Software 10(6), 610-619 (2015)

Tang, J., Pan, Z., Fung, R.Y., Lau, H.: Vehicle routing problem with fuzzy time windows.
Fuzzy Sets and Systems 160(5), 683—-695 (2009)

Torres, 1., Cruz, C., Verdegay, J.L.: Solving the truck and trailer routing problem with fuzzy
constraints. International Journal of Computational Intelligence Systems 8(4), 713-724 (2015)
Toutouh, J., Garcia-Nieto, J., Alba, E.: Intelligent OLSR Routing Protocol Optimization for
VANETs. IEEE Transactions on Vehicular Technology 61(4), 1884—1894 (2012)

Van Laarhoven, PJ.M., Aarts, E.H.L.: Simulated Annealing: Theory and Applications, chap.
Simulated annealing, pp. 7-15 (1987)

Verdegay, J.L., Yager, R.R., Bonissone, P.P.: On heuristics as a fundamental constituent of soft
computing. Fuzzy sets and systems 159(7), 846-855 (2008)

Verma, M., Manoj, M., Verma, A.: Analysis of aspiration for owning a car among youths in a
city of a developing country, india. Transportation in Developing Economies 3(1), 7 (2017)
Vidal, T., Crainic, T.G., Gendreau, M., Prins, C.: A hybrid genetic algorithm with adaptive
diversity management for a large class of vehicle routing problems with time-windows. Com-
puters & operations research 40(1), 475-489 (2013)

Wu, C., Ohzahata, S., Kato, T.. VANET Broadcast Protocol Based on Fuzzy Logic and
Lightweight Retransmission Mechanism. IEICE TRANSACTIONS on Communications E95-
B(2), 415-425 (2012)

Xidias, E., Zacharia, P., Nearchou, A.: Path planning and scheduling for a fleet of autonomous
vehicles. Robotica 34(10), 2257-2273 (2016)

Xu, D.W., Wang, Y.D., Jia, L.M., Qin, Y., Dong, H.H.: Real-time road traffic state predic-
tion based on arima and kalman filter. Frontiers of Information Technology and Electronic
Engineering 18(2), 287-302 (2017)



Applications of Soft Computing in Intelligent Transportation Systems 19

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Xu, Y., Kong, Q.J., Klette, R., Liu, Y.: Accurate and interpretable bayesian mars for traffic
flow prediction. IEEE Transactions on Intelligent Transportation Systems 15(6), 2457-2469
(2014)

Yan, S., Chen, C.Y., Chang, S.C.: A car pooling model and solution method with stochastic
vehicle travel times. IEEE Transactions on Intelligent Transportation Systems 15(1), 47-61
(2014)

Yang, J.Y., Chou, L.D., Tung, C.F,, Huang, S.M., Wang, T.W.: Average-Speed Forecast and
Adjustment via VANETs. IEEE Transactions on Vehicular Technology 62(9), 43184327
(2013)

Yang, X.S.: Nature-inspired metaheuristic algorithms. Luniver press (2008)

Yang, X.S.: Nature Inspired Cooperative Strategies for Optimization (NICSO 2010), chap. A
New Metaheuristic Bat-Inspired Algorithm, pp. 65-74 (2010)

Yang, X.S., He, X.: Bat algorithm: literature review and applications. International Journal of
Bio-Inspired Computation 5(3), 141-149 (2013)

Yang, X.S., He, X.: Firefly algorithm: recent advances and applications. International Journal
of Swarm Intelligence 1(1), 36-50 (2013)

Yang, Y., Luo, H., Xu, H., Wu, F.: Towards real-time traffic sign detection and classification.
IEEE Transactions on Intelligent Transportation Systems 17(7), 2022-2031 (2016)

Yao, B., Yu, B., Hu, P, Gao, J., Zhang, M.: An improved particle swarm optimization for
carton heterogeneous vehicle routing problem with a collection depot. Annals of Operations
Research 242(2), 303-320 (2016)

Yu, X., Xiong, S., He, Y., Wong, W., Zhao, Y.: Research on campus traffic congestion detection
using bp neural network and markov model. Journal of Information Security and Applications
31, 54-60 (2016)

Zhang, D., Li, S., Yang, Q., Liu, L.: Optimization based trajectory planning of parallel park-
ing with multiple constraints. SAE International Journal of Passenger Cars - Electronic and
Electrical Systems 8(2), 413-418 (2015)

Zhang, J., Wang, F.Y., Wang, K., Lin, W.H., Xu, X., Chen, C.: Data-Driven Intelligent Trans-
portation Systems: A Survey. IEEE Transactions on Intelligent Transportation Systems 12(4),
1624-1639 (2011)

Zhang, X., Onieva, E., Lee, V., Liu, K.: Intelligent Transport Systems: Technologies and Ap-
plications, chap. Congestion Prediction by Means of Fuzzy Logic and Genetic Algorithms,
pp. 189-205 (2015)

Zhang, X., Onieva, E., Perallos, A., Osaba, E., Lee, V.: Hierarchical fuzzy rule-based system
optimized with genetic algorithms for short term traffic congestion prediction. Transportation
Research Part C: Emerging Technologies 43, 127-142 (2014)

Zhou, Y., Luo, Q., Xie, J., Zheng, H.: A hybrid bat algorithm with path relinking for the capac-
itated vehicle routing problem. In: X.S. Yang, G. Bekdas, S.M. Nigdeli (eds.) Metaheuristics
and Optimization in Civil Engineering, pp. 255-276. Springer International Publishing, Cham
(2016)

Zrar Ghafoor, K., AbuBakar, K., van Eenennaam, M., Khokhar, R.H., Gonzalez, A.J.: A fuzzy
logic approach to beaconing for vehicular ad hoc networks. Telecommunication Systems
52(1), 139-149 (2013)



