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Résumé

La congestion routière devient un problème sérieux qui réduit significativement la mobilité
urbaine. Les modèles de simulation microscopiques font partie des différentes techniques
qui ont été proposées pour atténuer ce problème. Pour analyser une variété de problèmes
de trafic complexes et dynamiques, la simulation microscopique du trafic détermine les
mouvements des véhicules individuels circulant sur les réseaux routiers et représente les
détails de chaque entité et les relations entre elles dans le flux de trafic. Pour chaque
modèle microscopique, les composants les plus importants pour décrire le flux de trafic
sont: les modèles d’écoulement ou de poursuite et les modèles de changement de voie .
Cette thèse porte sur l’analyse et la compréhension des comportements des conducteurs
en traitant les comportements de poursuite et de changement de voie. En outre, nous
contribuons au développement de modèles microscopiques du trafic en haute performance
qui incluent les modèles d’accélération et de changement de voie. Nous avons revu les
modèles microscopiques existants pour les améliorer et en développer de nouveaux. Une
autre contribution majeure dans cette thèse est de tenir compte de la sécurité du trafic,
les modèles existants sont actuellement inadéquats pour évaluer la sécurité et éviter les
collisions. Ceci nécessite d’un examen critique des modèles microscopiques actuels pour
déterminer quels composants et paramètres ont un effet en termes de sécurité. Notre
objectif final dans cette étude est d’établir de nouveaux modèles de poursuite pour évaluer
l’impact de différents scénarios de trafic. D’une part, nous avons proposé d’introduire
le facteur de pondération basé sur le temps de collision comme indicateur de sécurité.
D’autre part, nous avons combiné les modèles d’écoulement proposés avec le modèle de
changement de voie. Les modèles sont validés à l’aide d’un simulateur microscopique de
flux de trafic avec différents scénarios: avancer et s’arrêter, s’approcher et s’arrêter au
feu de circulation, et perturber la voie en posant des obstacles. Les résultats des tests de
simulation indiquent que les modèles proposés produisent de meilleurs résultats et sont plus
réactifs au freinage du véhicule. L’approche proposée permet de simuler des mouvements de
véhicules plus réalistes et permet d’éviter les accidents par rapport aux modèles existants.
Dans l’ensemble, le principal résultat de cette recherche est la conception d’un modèle de
simulation microscopique de trafic routier plus réaliste qui sera efficace pour l’étude de la
sécurité routière.

Mots clés : Modèles d’écoulements, Modèles de changement de voies, Simulation
Microscopique, Mobilité Urbaine, Flux de Trafic.
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Abstract

In traffic engineering, traffic congestion problems become a serious problem that reduces
significantly urban mobility. Microscopic simulation models are among different techniques
which have been proposed to alleviate this problem. To analyze a variety of complex and
dynamic traffic problems, microscopic traffic simulation determines the movements of indi-
vidual vehicles traveling on road networks, and representing details of every entity and the
relationships between them within traffic streams. For each microscopic model, the most
important component to describe traffic flow are: Car Following (CF) and Lane Chang-
ing (LC). Each model has different influencing parameters which are necessary to improve
them to ensure more realistic traffic measures. This thesis deals with the analysis and
understanding of drivers’ behaviors during car-following and lane changing. Furthermore,
we contribute to the development of microscopic traffic performance models which includes
the acceleration and lane changing models. We reviewed the existing microscopic models
to improve the existing models and develop new ones. Another major contribution of this
thesis is to consider the traffic safety, the existing models are currently inadequate to assess
safety and to avoid collisions. This fact highlights the need for a critical examination of the
current microscopic models to determine which components and parameters have an effect
on safety term. Our final aim of this study is to establish a new CF model to appraise the
impact of different traffic scenarios. In fact, we proposed to introduce the weight factor
which is based on time to collision as safety indicator. On the other hand, we combined
the proposed car following models with lane change model. The models are validated using
a microscopic traffic simulator with different scenarios: go and stop, approaching and stop
at traffic light, and close lane by standing obstacles. The simulation test outcomes indi-
cate that the proposed models produce better results and more reactive when the vehicle
brakes. The proposed approach has enabled to simulate more realistic vehicle movements
and it’s can avoid accidents compared to the existing models. Overall, the major outcome
of this research is a more realistic microscopic traffic simulation model that will be effective
in traffic safety studies.

Keywords: Car-following Model, Lane changes Model, Microscopic Simulation, Ur-
ban Mobility, Traffic Flow.
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2 Introduction

1.1 Context and motivation

The study of the mobility is a topical subject of which the movements of humans are
increasing day by day as well as we use mainly means of transportation requiring infras-
tructures which are sometimes insufficient. Our displacements are different according to
our activities (work, hobbies, etc.). Many researchers have been done to describe human
dynamics. Mobility is one of the most used concepts in many fields such as astronomy,
sociology, and computer science. For this we need to understand at first its main principles
especially with regard to urban travel. What mean the mobility concept? it is a con-
cept whose meaning evolves strongly according to the fields of application which are very
varied. Despite these differences, this notion retains a general idea of "change". Accord-
ing to geographers [1], the study of mobility is concerned with the observation of human
mobility, and the mobility is divided into four categories: daily mobility, travel, residen-
tial mobility and migration. Residential mobility represents local travel with no intention
of return, travel represents national and international travel involving the notion of re-
turn, migration represents national and international travel without intention of return,
and daily mobility is the most interesting in our case, corresponds to the movements that
take place in a normal living environment. The individual becomes the actor of his own
mobility through the generation of basic needs corresponding to the realization of many
trips such as to work, to make domestic activities, etc. In fact, these basic requirements
imply the necessity for each individual to move for linking each place of activity using
roads network causing traffic jams and congestion that increase the incidence of traffic
accidents thus in designing environment in which people can move smoothly, traffic flow
analysis is important. Research in traffic engineers is being performed to develop traffic
management and strategies to deal with problems associated with congestion. For this
purpose, modeling driving behavior is a basic requirement in many transportation appli-
cations. The main topics which can particularly benefit from such studies are Accident
Analysis and Prevention, Intelligent Transportation Systems (ITS), and Microscopic traffic
simulation. Accident analysis and prevention is an interesting research field which refers to
measures and methods to minimize the risk of accidents and of injury to road users, such
as, drivers, pedestrians, and private and public transport passengers. Many approaches
can determine road traffic safety: one is based on statistical and identification considera-
tions named hotspots, which are defined as accident-prone locations on the road, in the
sense that a number of crashes higher than in other similar locations is observed there,
probably due to local risk factors [2]. Another approach analysed recurrent conditions in
observed accidents in order to identify (un)safety factors related to various aspects (vehicle
characteristics, road section or geometry, the weather conditions and driving behavior).
In addition, there are also other approach which can safely evaluate road traffic using so-
called surrogate safety measures. Such methods basically focused on the concept that a
surrogate measure should be based on non-crash-event, which in practice correspond to a
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crash frequency or severity [3]. The concept time-to-Collision in a car-following process
is an example of surrogate safety measures involved in this thesis. Intelligent Transporta-
tion Systems (ITS) are advanced applications for monitoring and managing increasingly
complex transportation infrastructures such as: knowing what is happening and where,
from tracking buses and trains on their routes, to locating and addressing stalled vehicles,
to connecting drivers with important information about road and traffic conditions. ITS
applications can influence drivers’ behavior or control the movement of the vehicle. There
are many applications of drivers’ behavior or control the movement of the vehicle which
ITS can influence on [4]:

• Eco-driving advisory systems which can sensitize the drivers who waste energy by
accelerating and decelerating.

• To drive more efficiently, there is a vehicle speed control systems that smooth out
the maneuvers and give them speed guidance.

• Adaptive cruise control (ACC) and related systems such as intelligent speed adapta-
tion (ISA) can harmonize speed in the stop-and-go traffic.

• The vehicle can save fuel by switching off their engine at red signals and start right
before the green light.

Traffic simulation applications are therefore increasingly important to resolve trans-
portation system problems, the number of proposed approaches needed to be tested would
be very expensive. For that, traffic simulation modeling is a suitable tool. Traffic sim-
ulation models are divided into three types: microscopic; mesoscopic; and macroscopic
simulation models. Microscopic models describe explicitly every entity and interaction be-
tween them within traffic streams to improve the accuracy and quality of traffic flow studies
[5]. Microscopic simulation based on a different traffic behavior, such as, car following and
lane changing models which are a fundamental component for all microscopic simulation
models and describes the individual movement of each vehicle in terms of spacing with
respect to vehicles ahead [6]. Mesoscopic models characterized by the high level of aggre-
gation, low level of detail, and typically based on a gas-kinetic analogy in which driver
behavior is explicitly considered [7]. While macroscopic simulation models represent traffic
flow as a continuous fluid, which describe entities and their activities and interactions at a
relatively low level of detail and established relationships between speed, flow and density.
Traffic safety is still an important challenging for transportation. With increasing and the
development of automobiles, a lot of researches and effort has been put into understanding
traffic phenomena [8]. Among notable safety traffic problems discussed in this thesis, we
cited rear-end collision. Rear-end collision problem, particularly, due to drivers following
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their leaders too closely. In fact, drivers can’t decelerate fast enough when their leaders de-
celerate at unexpectedly high rates [5]. To evaluate safety in car following situations where
rear-end collision can appear, a detailed understanding of drivers car following behavior
and braking reaction time is required. In summary, and at a microscopic level, there is a
need for improving the current understanding of drivers’ acceleration and lane changing
behavior.

1.2 Statement of the problem

Recently, traffic congestion and traffic safety have been known as a serious problem in all
urban areas and it significantly reduces in urban mobility. Different techniques have been
suggested to resolve these problems. One of these is a Traffic Simulation Technique. This
latter has been used for many reasons, they represent real life, and apply different strategies
without the need to make a physical change on site before implementing such strategies.
The transport system must supply as much mobility as possible without compromising the
user’s safety. Traffic safety problems, generally, can be categorized as high severity crashes,
such as single and overtaking collisions, or low severity events, such as rear-end collisions
[9]. The major cause of these crashes is human behaviour [10]. However, [11] neglect in
their crash report the human factors involved. In fact, crashes are multi-factor events
in which the majority of traffic injuries are due to interaction between the road, vehicle
and road user [12]. Traffic flow is characterized by highly complex interactions between
individual traffic participants and the roadway system. These interactions describe the car-
following models which represent the basic unit that governs the longitudinal movement
for each traffic simulation model. The main of the key questions in this thesis is " how
much the previous microscopic models were successful improved for use in traffic safety
studies". Answering this query, other questions must be addressed :

• What are the basic components of microscopic simulation models that can affect
safety measures?

• Which parameters can describe driver conflict risk in microscopic simulation models,
particularly, we interested in car following as the first target in this research?

• What traffic indicators can describe traffic safety in traffic road?

• Which current microscopic simulation models with different car following approaches
are able to provide more realistic traffic safety ?



1.3. Thesis objectives 5

Some of the studies questioned if the car following models embedded in the simulation
model platform are reliable and capable to guaranty in a realistic manner the traffic safety
based on safety indicators, such as headway’s and time to collision. It is anticipated that the
main contribution of this research will be a more realistic microscopic traffic simulation,
particularly, a proposed CF model which we improve his effective for use in evaluating
his impact on traffic safety. As traffic safety research necessitate better accuracy, the
proposed CF approach developed in this work will, in turn, reinforce the performance of
the CF model. In this perspective, we will propose an approach which demonstrates that
is able to perform in every traffic situation such as "steady state following, closing, prior
to overtaking, and braking", but here we will focus on the braking situation particularly.

1.3 Thesis objectives

The focus purpose of this thesis is to propose an extended and improved car following model
which needs to be more robust than existing car following models in the safety context.
The most common approaches ignore the relationships between different levels of vehicle
interactions or accident types. In this context, we intend to establish a new approach
where traffic analysts can be confident to use microscopic simulation models to evaluate
the impact of different traffic scenarios. As has been discussed, the other target of this study
is to examine existing microscopic simulation models their strengthen and their ability to
be used in safety perspective. In this thesis we aim to study the interactions between
drivers moving on the same lane so-called longitudinal driving task and the interaction
between drivers moving on the different lanes called lateral driving task. In addition, we
improved the mathematical models describing this type of behaviors. We present the main
objectives to achieve the major aims of this PhD :

• Reviewing the general structure of existing microscopic simulation models.

• Clarifying the parameters of the microscopic sub-models, particularly the CF model.

• Proposing possible modifications for the chosen existing CF models.

• Proposing a new CF model which is more robust to evaluate safety effects.



6 Introduction

1.4 Thesis overview and outline

The approach followed in this thesis is based on the two main steps: modeling and simu-
lation. The outline of the thesis is illustrated in Fig 1.1. The remaining part of this thesis
is organized as follows:

Chapter 1: In the remainder of this introductory chapter, we discuss the context of this
research. We explain the scope and the motivation of this work. We introduce our main
research questions, followed by a presentation of the main objectives.

Chapter 2: The intention of this chapter is to discuss many of the theoretical problems
associated with the traffic flow theory. We discuss two fundamental concepts: the urban
mobility and the intelligent transport systems. In the first step, we identify the concepts
related to the research area to be studied.

Chapter 3: This chapter allowed to realize a state-of-the-art of simulation software
tools include two levels of modeling: macroscopic and microscopic models. After a re-
minder of some basic concepts such as the definition of parameters and their fundamental
relationships, we first review the two types of modeling. Then, we highlight the safety
indicators that can measure safety in traffic flow and the way in which each criterion could
be measured.

Chapter 4: We examine here the existing microscopic simulation models to evaluate the
safety dynamically. We show that a lack of appropriate microscopic observations, so far,
caused several important questions on longitudinal driving behavior to remain unanswered.
Motivated by this consideration, we provide a survey to help readers acquire valuable
traffic flow knowledge and emphasized the demand for a new models guarantee the safety
perspective. Moreover, we enhance the existing models and develops new ones. In the
other hand, we give a survey of several important lane changing models. Another major
contribution of this work is the introduction of lane change model with a proposed car
following models to evaluate the rear-end collision in emergency braking.

Chapter 5: Concludes the thesis and gives with the suggestions for future research.
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Figure 1.1: Schema of the thesis structure
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The accelerated growth of the urban population and the extension of cities, the inten-
sification of economic exchanges have made road traffic and its management one of the
major challenges of sustainable development. Recently, there has been a strong focus on
improving the efficiency and safety of transportation and this has led to the development
of the Intelligent Transportation Systems (ITS). Mobility models have been developed to
solve some problems (congestion, energy consumption, accident and safety, etc.) directly
related to transport. The main objective of these models is to propose new approaches
which lead to making the transport system more intelligent and attractive.

2.1 Urban Mobility : The Daily Mobility

Over the past ten years or so, the notion of mobility has gradually replaced the notion of
displacement. Indeed, the latter, too much limited, recovers only the physical aspect while
that of the mobility includes the social practices in their cultural, psychological, symbolic
dimension, etc. What interests us more exactly here is the daily mobility, formerly known
under the term of "pendular travels". This involves travel to work. This mobility requires
a set of skills and a set of resources. The first idea contained in the term mobility is
the setting in motion. We generally refer to the concept of displacement. Classically, the
researchers define a displacement as "an operation that involves going from one place to
another, for the purpose of carrying out an activity, using one or more modes of transport".
Over the past few decades, daily mobility is growing considerably, highlighted by numerous
research studies [13][14]. If mobility has grown, it is not only because it is technically
easier, but also because it is socially valued. It has become the condition of a "normal"
inscription in social life. This norm is even more important because of the generalization
of automobile dependence [15], formatting accessibility to territories and urban amenities.
The daily mobility is then the materialization of the movement of the people induced by the
interactions between the characteristics of transport networks and the occupation of space.
The mode of transport is thus the means of locomotion borrowed to effect the displacement.
Walking, two-wheeled vehicles or private cars are the modes of individual transport, unlike
public transport. However, in spite of the increase of the level of the urban mobility in the
world, the access to places of activities and services are becoming increasingly difficult. Due
to the urban sprawl, the distances between the functional destinations such as workplaces,
schools, hospitals, administrations, or retail facilities became more important, leading to a
growing dependence on the private motorized transport.

2.2 Intelligent Transport Systems

Mobility allows all of us to enjoy a high degree of freedom and quality of life. These
achievements must be secured but, at the same time, they present us with major challenges:
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now and in the future we must make transport more efficient, more environmentally sound
and safer. Better mobility improves quality of life and boosts the ability of individuals and
organizations to contribute to the growth of the economy. Here, we refer to "Intelligent
Transport Systems" (ITS) term which plays an important role in shaping the future ways
of mobility and the transport sector. We expect that through the use of ITS applications
in transport will become more efficient, safer and greener. Nowadays, technology plays
a quintessential role both for vehicle and infrastructure allowing an upgrade of safety
standards and allowing the efficiency performance which lead also to the betterment of
the quality of life itself [16]. Intelligent transport systems are a general term for the
unified application of communications, control, and information processing technologies
to vehicular networks. The subsequent benefits save lives, time, money, energy, and the
environment. The acronym ITS is flexible and capable of being understood in a broad or
a narrow way. In Europe ITS is called transport telematics, a group of technologies that
support ITS. Fundamental attributes of ITS cover all approaches of transport and imitate
all features of the transportation system: the vehicle, the infrastructure, and the driver
or user, collaborating together dynamically. The universal purpose of ITS is to develop
decision making in real time by vehicular network controllers and other users, thereby
filtering the operation of the entire transport network. In ref [17], the authors argued that
intelligent transport systems help to keep constant driving speed, safety distances between
vehicles, and vehicle dynamic route guidance to a pre-defined target and optimize the path
between source and destination. Using traffic management within the intelligent transport
systems mitigates the formation of congestion, increases safety, and reduces the cost of
transportation and emissions in the atmosphere; improves service delivery [18].

2.3 Urban mobility and Road Traffic Study Relation-
ship

Urban mobility is confronted by many challenges and particularly transport systems. The
most important transport problems are often related to urban areas and take place when
transport systems, for a variety of reasons, cannot satisfy the numerous requirements of
urban mobility productivity. In ref [19], the authors observed that among the most notable
urban transport problems are:

• Traffic congestion: congestion is one of the most prevalent transport problems. Traffic
Congestion occurs when there is an imbalance between transport demand and supply
at a specific point in time and in a specific section of the transport system. Urban
congestion comes in two categories.
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– Recurrent congestion: the consequence of factors that cause regular demand
surges on the transportation system, such as commuting, shopping or weekend
trips. However, even recurrent congestion can have unforeseen impacts in terms
of its duration and severity. Mandatory trips (workplace-home) are mainly
responsible for the peaks in circulation flows, what this means in essence is that
most of the congestion in urban areas are recurring at specific times of the day
and on specific segments of the transport system.

– Non-recurrent congestion: the other half of congestion is caused by random
events such as accidents and unusual weather conditions (rain, snowstorms,
etc.), which are unexpected and unplanned. Non-recurrent congestion is linked
to the presence and effectiveness of incident response strategies. As far as ac-
cidents are concerned, their randomness is influenced by the level of traffic as
the higher the traffic on specific road segments the higher the probability of
accidents.

• Environmental impacts and energy consumption: the pollution problem, including
noise, generated by circulation has become a serious impediment to the quality of life
and even the health of urban populations. Further, energy consumption by urban
transportation has dramatically increased. Most vehicles especially diesel trucks
generate a lot of CO2 that is huge enough to impair the vision of the driver of an
oncoming vehicle in the opposite direction resulting to accident most times.

• Accidents and safety: growing traffic in urban areas are linked with a growing number
of accidents and fatalities, especially in developing countries. Accidents account for
a significant share of recurring delays. As traffic increases, people feel less safe to use
the roads.

• Difficulties for non-motorized transport: these difficulties are either the outcome of
intense traffic, where the mobility of pedestrians, bicycles and vehicles is impaired,
but also because of a blatant lack of consideration for pedestrians and bicycles in the
physical design of infrastructures and facilities.

2.4 Mobility Models

Vehicular communication is the communication involving vehicles on the road. The abil-
ity of a vehicle to communicate with other vehicles and with base stations, can lead to
exciting applications for safety, comfort and efficiency of transport [20]. Mobility models
in inter-vehicle communications pave the way for novel applications in traffic safety, driver
assistance, traffic control, and other advanced services. The most mobility models used in
this research area are: the stochastic models, the traffic stream models, the car-following
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models and the behavioral models. We only list here the widely used models in traffic
simulations.

• STOCHASTIC MODELS
Stochastic models describe all mobility which constrains random movements of nodes
on a graph. The graph illustrates a road topology, and the movement is random in
a sense that vehicles, individually or with group dynamics, follow casual paths over
the graph, usually traveling at randomly chosen speed. Stochastic models are often
compared against fully random mobility models, i.e., models that do not constrain the
random nodes movement over a graph. Among the stochastic models, we can cite the
City Section mobility model introduced by [21] which constrains nodes movement on
a grid road topology, where all edges are considered bidirectional, single-lane roads.
The vehicles randomly select one of the intersections as their destination over the
grid and move towards it with constant speed, with one horizontal and one vertical
movement. The speed depends on the road and the vehicle is traveling on two road
classes: high-speed and lows speed, and each node sets its speed to a high or low
value accordingly. All adjacent vehicles travel at the same speed, and vehicles are
allowed to overlap at road junctions. The car to car interactions are ignored. Figure
2.1 an example of vehicle trip over with the City Section model is provided.

Figure 2.1: Example of vehicle trip over with the City Section model

• TRAFFIC STREAM MODELS
Macroscopic stream models represent how the behavior of one parameter of traffic
flow changes with respect to another. Traffic stream models look at vehicular mobil-
ity as a hydrodynamic phenomenon, and try to relate the three fundamental variables
velocity v(x, t) (measured in km/h), density ρ(x, t)(measured in vehicles/km), and
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flow q(x, t) (measured in vehicles/h) and all of them are functions of space x and
time t. Velocity is an important measure of effectiveness defining levels of service
for many types of facilities. Density is a critical parameter for uninterrupted flow
facilities because it characterizes the quality of traffic operations. Flow rate is a vari-
able that quantifies demand. It is the number of vehicles that desire to use a given
facility during a specific time period [22]. We refer the interested reader to Section 3.4.

• CAR FOLLOWING MODELS

Car following models describe the behavior of each driver in relation to the vehicle
ahead which adapts a following car’s mobility according to a set of rules in order
to avoid contact with the vehicle ahead. They fall into the category of microscopic
level descriptions which represent each car as an independent entity [23]. Figure
2.2 illustrates a general schema for car following models. The most famous car
following models used are: GHR Models, Psycho-Physical Models, Linear Models,
Optimal Velocity models, Cellular Automata, Fuzzy Logic Models. A description of
the differences between those models is detailed in Section 3.2.2.

Figure 2.2: General schema for car following models

• BEHAVIORAL MODELS

Behavioral Mobility modeling (BM) is a novel approach to the problem of modeling
human mobility, which can be applied to vehicular traffic as well. The approach intro-
duced by [24] aims to representing realistic mobility patterns based on the paradigm
of behavioral rules. Behavioral rules are the main idea which determined every move-
ment which can be modeled as attractive or repulsive forces. In the case of vehicular
mobility, the result from the composition of these forces determines the acceleration
vector which drives the car movement. An example of force-composing model is il-
lustrated in Figure 2.3. However, under the computational point of view, this model
is especially expensive as every movement requires the elaboration and composition
of multiple inter-object forces.
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Figure 2.3: Mobility engine for vehicle i: independent acceleration vectors, modeling different behavioral
rules, are combined and result in an acceleration request

2.5 Chapter summary

This chapter allowed to realize a state of the art of two great concepts: the urban mobility,
particularly, daily mobility and the intelligent transport systems. This first step was very
important in order to identify the concepts related to the research area to be studied. Then,
we discussed their relationship and the most notable problems related to urban transport.
Finally, we describe the most widely mobility models applied to vehicular traffic, especially,
microscopic and macroscopic mobility models which will be the subject to be detailed in
the next chapter.
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With the rapid development of information and communication technologies in recent
decades, the future of the automobile seems to be closely linked to the use of innovative
systems that can, among other things, act on behavior driving. We are talking about
intelligent transport systems. Traffic flow models are divided into two major types, macro-
scopic and microscopic models. Macroscopic models characterize the global behavior of the
traffic, in a scale of relatively important study, while microscopic models study the motion
of individual vehicles. In this chapter, we interest to finest scale, namely the microscopic
scale, which road traffic is modeled by the individual evolution of each vehicle. In this
model, the speed of a vehicle is directly according to the distance that separates it from
the preceding vehicle (leader vehicle), modulo a delay time. This delay time is generally
assimilated to the reaction time of the driver in order to take into account the variations
in behavior of his leading vehicle. This is a car-following process also known as longitu-
dinal driving behavior. The modeling of traffic in the broader sense proposes to describe
more finely the flow of vehicles on a road. In this case, it is necessary to understand two
behavioral sub-models which are responsible for vehicle movement inside the network: Car
Following (CF) and Lane Changing (LC) models. These models are schematized in Fig
3.1.

Figure 3.1: Vehicle interaction classification



3.1. Heterogeneous modeling traffic flow 19

3.1 Heterogeneous modeling traffic flow

3.1.1 Traffic road concept

The road network has been developed to respond to displacement demands. The roads
have been designed throughout history to answer in particular commercial demand. For
several decades this demand has been supplemented by those related to commuting place
of residence - work and in the migrations of population. Two major components establish
the traffic:

• The fixed component (infrastructure): it is composed of roadways, signs and mark-
ings. The set of infrastructures, known as the road network, can be classified as a
network of urban roads and interurban roads.

• The mobile component: it is composed of individuals who use the infrastructure
(vehicles and pedestrians)

A peculiarity of traffic road is essentially related to the design of the infrastructure
which is designed, according to a projected demand, to respond to a collective optimum but
that each individual realizes his displacement by seeking to reach his individual optimum,
which is often antagonistic with the collective optimum. The two definitions below clearly
show the dual individual and collective aspect of the traffic, the individual aspect being
represented by the fact that the traffic is formed by different vehicles and the collective
aspect by the fact that the traffic is interpreted as a fluid (i.e a flow of vehicles)[25].

3.1.2 Modeling traffic flow

The traffic flow problem started some 40 years ago, when Lighthill and Whitham [26]
presented a model based on the analogy of vehicles in traffic flow. Then, mathematical
description of traffic flow has been an interesting subject of research and debate for traffic
engineers. Research in this field of road traffic has attracted scientists on all sides, as
its social, economic and environmental impacts are enormous. Heterogeneous traffic is
defined as a traffic comprising of motorised two-wheelers and three-wheelers along with
several other vehicles with no lane discipline. While, traffic composed of identical vehicles
and following the lane discipline is termed as homogeneous [27]. To understand traffic
behavior, we require a thorough knowledge of traffic stream parameters and their mutual
relationships. This relationship between the traffic parameters results many researches
yielded many mathematical models named Traffic Flow Models. In order to classify road
traffic models, four criteria can be distinguished:
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3.1.2.1 Granularity level

We distinguish two levels of granularity: microscopic, and macroscopic. These levels of
granularity define the level of detail at which the system to be studied is represented.
Microscopic simulation, for example, offers a higher level of detail than macroscopic simu-
lation. Macroscopic models correspond to a continuous vision of the flow. They are based
on an analogy with fluid mechanics: we represent the flow of vehicles in the form of a
flow. The aim is not to describe the individual behavior of vehicles but to give a descrip-
tion of the overall behavior, through aggregated variables [28]. In contrast, microscopic
simulation models approach the traffic more finely. We try to reproduce the behavior of
each vehicle-driver pair. This type of model aims to get as close as possible to the actual
behavior of the drivers (vehicle-driver). To do this, these models attempt to reproduce
the way a vehicle responds to its environment, that is, the infrastructure on which it
travels and the vehicles around it. These models describe both the behavior of each sys-
tem entity (i.e the vehicle / driver pair) and the interactions between these entities Fig 3.2.

Figure 3.2: Illustration of traffic modeling approaches including typical model equations

3.1.2.2 Representation of time

The majority of traffic models describe dynamic systems, so the time management is an
important component of the simulation system. There are two states of the model (con-
tinuous / discrete). In continuous models, the elements of system continually change state
over time in response to discrete or continuous stimuli. The discrete models consider that
system states change only on certain dates.

3.1.2.3 Deterministic or stochastic processes

Deterministic models do not use any random variables or probabilistic functions. The
interactions are defined through exact logical or mathematical relationships. Conversely,
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stochastic models use probability functions or variables that can be randomly defined,
which makes it possible to introduce a certain dispersion around the simulated phenomena.

3.1.2.4 Mathematical structure

Traffic flow models can also be categorized by their mathematical structure.

Partial differential equations (PDE) : the models of this class used location x and time
t as a continuous independent variable of continuous fields such as the local speed V (x, t) or
density ρ(x, t). The model equations contain these fields and their derivatives with respect
to either of the two variables. This is the distinctive feature of PDEs [29]. The main
advantage of most PDE traffic flow is suited to express macroscopic models and allowed
for a fast numerical solution.

Coupled ordinary differential equations: the models of this class used the continuous
state variables: location xi(t) or speed Vi(t) of vehicle i, depend on only one variable, the
time t. The model equations contain the state variables and their time derivatives and
are coupled with the equations of the leading vehicle. This mathematical form is the most
natural form to describe time-continuous microscopic models called car-following models.

Coupled iterated maps served to describe the model which uses discrete time steps ∆t
instead of continuous time while the state variables remain continuous. Iterated maps are
used for both microscopic and macroscopic models. In microscopic models, the continuous
state variables are the position, lane and speed of all vehicles. In macroscopic iterated
maps, space is discretized into cells and the continuous state variables are traffic density
and local speed. The term "coupled" means that the new state of the vehicles of microscopic
models or the cells of macroscopic models depends not only on the old state but on the
old state of the neighboring vehicles or cells, respectively.

3.2 Transport models classes

There is a wide variety of modeling approaches which they are grouped into four classes
(land-use models, travel demand models, traffic flow models, and network management
models)(see Table 3.1). In transportation and network planning, the static and dynamic
models are distinguished. The static models can have traffic forecasts to size at best very
expensive infrastructure for the long term. They simulate the demand for traffic at certain
points in the network, hence the term planning. The dynamic models describe the traffic
flow. Some have been built on analogies between the traffic flow and the flow of a fluid or
the kinetics of gases. Other models view the network as a succession of cells exchanging
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information in the form of vehicles. Others seek to describe the movement of a vehicle
based on the characteristics of the vehicle in front of it [30]. The traffic flow models are
subdivided into two large scales: macroscopic and microscopic. We gives details of both
scales. Here, we are particularly interested in the microscopic traffic flow models.

Table 3.1: Transport models classes

Category of models Objective Time scale Spatial scale
Land-use Planning, management Very long term Global

Travel demand Planning long term Global
Traffic flow Evaluation, planning or management Short term Local or global

Network management Control, regulation Very short term Local

3.2.1 Microscopic traffic flow models

Microscopic models attempt to analyze the flow of traffic by modeling driver-driver and
driver-road interactions within a traffic stream which respectively analyzes the interaction
between a driver and another driver on the road and of a single driver on the different
features of a road. The main purpose of microscopic models is to be able to describe the
individual behaviors of users for two driving situations:

• Car-following behavior, where a microscopic model can be subdivided into longitu-
dinal components that intervene in the choice of a desired speed and an acceleration
or braking law to reach this speed.

• Lane change behavior, this includes overtaking maneuvers in the current section as
well as insertion maneuvers.

To understand traffic behavior, we require a thorough knowledge of traffic stream pa-
rameters and their mutual relationships. This relationship between the traffic parameters
results many researches yielded many mathematical models. For this purpose, we present
the microscopic parameters used in microscopic models and the main models proposed in
the literature.

• Microscopic parameters

When describing a stream of traffic microscopically, we examine each vehicle separately.
Two characteristics at an instant t are of importance, location and speed. The position
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taken by vehicle i on a road can be indicated by xi(t) and the position taken by vehicle
ahead can be indicated by xi+1(t). The speed of vehicles i and i+1 is given by the derivative
of a position denoted by vi(t) and vi+1(t) respectively. A vehicle occupies a certain space
on road: the relative spacing represent the front bumper to back bumper distance between
i and i+ 1 is identified as Si(t) = 4xi = xi+1−xi and the space Si consists of the physical
length li of the vehicle and the distance gap di that a driver maintains between himself
and the vehicle ahead which is expressed as Si = li + di. Analogous to space there is a
vehicle’s time headway hi is the ratio of the relative spacing by the speed of the follower
vehicle. The relative speed is given by ˙Si(t) = vi+1(t)− vi(t) (Fig 3.3).

Figure 3.3: Car following process

• Car-following models

The car-following (CF) models form an underlying component of microscopic traffic sim-
ulations, which enable transport engineers to replicate the dynamic behavior of travelers
at small discrete intervals. The CF model plays an important role to describe the drivers
individual behavior. Car-following process examines the manner in which individual vehi-
cles follow one another in the same lane where the driver adjusts his or her acceleration
according to the conditions in front and each vehicle is governed by an ordinary differential
equation (ODE) that depends on speed and distance of the car in front [31]. The most
CF models have a significant impact on the ability of traffic micro-simulations to replicate
real-world traffic behavior [32]. Various models were formulated to represent how a driver
reacts to the changes in the relative positions of the vehicle ahead. The car-following mod-
els have been designed for single-lane roads, based essentially on the following ordinary
differential equation:

ai(t) = vi+1(t)− vi(t)
T

(3.1)
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This model is based on the idea that the acceleration ai(t) of the vehicle i at time t depends
on the relative speed of the vehicle i and its leader i + 1 by means of a certain relaxation
time T . However the previous equation describes a phenomenon is not stable enough in
the case of road traffic. Hence the appearance of several variants of this model includes
safe-distance models, stimulus-response models, and optimal velocity models.

• Safe-distance or avoidance collision models

Safe-distance or collision avoidance models try to describe simply the dynamics of the
only vehicle in relation with his predecessor, so as to respect a certain safe distance. The
earliest safety distance car-following model is proposed by Pipes [33] which find a safe
following distance within which a collision would occur if the lead vehicle driver behaves
unpredictably; unless the subject vehicle drive keeps a longer space in front of the vehicle
compared with the safe-distance when following another vehicle [32]. This model assumed
the following minimum inter-distance rule.

A good rule for following another vehicle at a safe distance is to allow yourself at least
the length of a car between you and the vehicle ahead for every ten miles an hour (16.1
km/h) of speed at which you are traveling.

Kometani and Sasaki [34] proposed the first model of avoidance collision. This model
aims to transcribing the trajectory of a vehicle according to a minimal safe distance. A
following driver keeps a safe distance to avoid a collision. The safe distance is related to
vehicle velocity at time t and its leader velocity at time t − T which T is the driver’s
reaction time. The safe distance can be calculated as follows.

S(t− T ) = αv2
i+1(t− T ) + β1v

2
i (t) + βvi(t) + b0 (3.2)

The coefficients α and β1 represent the inverse of the maximum deceleration capacity
respectively of the leading vehicle and of the follower vehicle. The coefficient β is ho-
mogeneous in the inverse of a time and b0 is homogeneous at a distance. These are the
parameters of the model to be calibrated. The works of Gipps [35] aimed at completing
this initial approach by incorporating a safe speed to keep safe distance related to distance
between two successive cars and their accelerations and speeds. The vehicles accelerate to
reach the desired speed and decelerate to avoid a collision when they try to maintain the
desired speed [36] . The maximum speed depends on the acceleration is also influenced
by the vehicle characteristics and limitations imposed by the leading vehicle expressed as
follows:
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vi(t+ T ) = min


vi(t) + 2.5amaxT (1− vi(t)

vmax
)
√

0.25 vi(t)
vmax

aminT +
√
a2
minT

2 − amin(2(xi+1(t)− xi(t)− sjam)− vi(t)T −
v2

i+1(t)
b

(3.3)

with amax maximum acceleration, amin maximum deceleration (minimum acceleration),
vmax the desired (maximum) velocity and sjam jam spacing front-to-front distance between
two vehicles at standstill.

• Stimulus-response models

The first CF models developed to replicate CF behaviors of drivers are the stimulus-
response models. This type of models consists of stimulus–response concept based on the
assumption that the driver of the following vehicle perceives and reacts appropriately to
the spacing and the speed difference between the following and the lead vehicles [37]. In
general, the response is a deceleration or acceleration of the subject vehicle is delayed by
an overall reaction time T . The stimulus may include the relative speed and/or spacing
between the subject vehicle and its leader [32]. Here, we reviewed the major subgroups of
stimulus–response models.

Gazis–Herman–Rothery model

From 1950s and early 1960s, there was a rapid development of stimulus-response models
[38] [39] and they made their efforts to develop a famous GHR model, named after [40].
The general formulation of this model is:

ai(t) = γ
(vi+1(t))m

(Si(t− T ))n Ṡi(t− T ) (3.4)

where γ is the sensitivity parameter, m and n are parameters that are used to fit the
model to data. The rate Ṡi(t − T ) is considered as the stimulus, the acceleration ai as
the response, hence the name "stimulus–response" model. This model allows taking into
account the inter-distance between both vehicles. Numerous studies were led to determine
the optimal combination of parameters (m,n). Among them [40] [41][42][43]. For more
details, see Table 3.2.
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Table 3.2: Proposed value of (m,n) parameters for GHR model

Models Value of m Value of n
Gazis et al., 1961 [0;2] [1;2]

Edie, 1963 1 2
May and Keller, 1967 0.8 2.8

Heyes and Ashworth, 1972 -0.8 1.2
Ceder and May, 1976 0.6 2.4

Linear model

Based on the GHR model [39] proposed a linear model by adding some terms in the
first GHR model to adapt the acceleration of the subject vehicle with consideration of its
leading vehicle braking. A simplified version of this model is:

ai(t) = k1Ṡi(t− T ) + k2(Si(t− T )−Di(t)) (3.5)

This approach is based on different parameters for the driver to develop the acceleration
to be applied to his own vehicle. The parameter Di(t) describe a desired following distance
formulated by:

Di(t) = α + βvi(t− T ) + δai(t− T )

where k1, k2, α, β, and δ are model calibration parameters.

• Optimal velocity models

Optimal velocity models are another approach generally based on the difference between
the driver’s desired velocity and the current velocity of the vehicle as a stimulus for the
driver’s actions. The optimal velocity models obtain more attention and it has become
one of important researches of a traffic flow model, because of its good traffic physical and
mathematical characteristics [44], which will be discussed emphatically in Chap 4.

Table 3.3 summarizes three types of the microscopic model with his advantages and his
inconvenient.
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Table 3.3: Summary of some existing car-following models

3.2.2 Macroscopic traffic flow models

The macroscopic models arise from a hydrodynamic analogy of the flow of vehicles. The
goal of these models is to be able to characterize the global behavior of the traffic, in a
scale of relatively important study. Their current applications cover the simulation of the
traffic with the aim of the planning and of the conception of infrastructures, but also the
dynamic management of the traffic and the evaluation of these measures of management.
Mathematical models describe the evolution of the above variables using systems of par-
tial differential equations [45]. Since then, the research in the field of the traffic flow has
not stopped attracting the scientists of any edge; so much its social, economic and envi-
ronmental impacts are considerable. Traffic models answer this need by translating the
application of the scientific approach in the problems posed by the transport. The first
macroscopic models were derived from the work of[46] [47]. They led to the so-called first
order models of type LWR. Nevertheless, this type of models has several disadvantages [48]
[49] which are summarized in a number of unrealistic assumptions. Later, Payne models,
called second order models, eliminate the main defects of the LWR model [50].
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Figure 3.4: Macroscopic traffic flow models classification

• First order models

The most commonly used model is also one of the pioneer models in road traffic mod-
eling. This is the model developed simultaneously by [46] [47], based on an analogy
with fluid dynamics. This model , Known under several names, among others the LWR
(LighthillWhitham-Richards) model, the hydrodynamic model or the kinematic wave model
(KWM) is based on the assumption that traffic is always in equilibrium, that it evolves
from one state of equilibrium to another and assumes the existence of a relationship be-
tween two of the three variables. In the case of the macroscopic models, the individual
behavior of the vehicles is no longer described, only the displacement of all the vehicles is
represented. Before developing macroscopic models further, it is important to define the
set of variables and concepts on which they were established.

• The number of vehicles is N(x, t).

• The flow rate conventionally denoted Q(x, t) corresponding to the number of vehicles
flowing at a point of abscissa x and time t per unit of time.

Q(x, t) = N(x,t−→t+dt)
dt
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Figure 3.5: Flow rate

• Instantaneous spatial density K(x, t) corresponding to the number of vehicles per
unit length lying on a section close to the abscissa point x, at time t.

K(x, t) = N(x−→dx,t)
dx

Figure 3.6: Spatial density

• The velocity V (x, t) corresponding to the average space velocity of the vehicles located
in the section [x, x− dx] at time t.

V (x, t) = Q(x,t)
K(x,t)

The basic elements that represent first order road traffic flows are related to the follow-
ing three relationships:

• The law of conservation: the number of vehicles entering at any given time on a
section must be equal to the number of vehicles leaving the section in the same time
interval.

∂Q(x, t)
∂x

+ ∂K(x, t)
∂t

= 0 (3.6)
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• The velocity of the flow: corresponding to the velocity of equilibrium at which the
vehicles move over a given section in a time interval.

V = Veq(K(x, t)) (3.7)

• The fundamental diagram: The three basic variables presented above (velocity, den-
sity and flow rate), on which the macroscopic models are based, are linked by a
fundamental relation such that the flow rate is equal to the product of the density by
the velocity Eq (3.8). This fundamental relationship is described by a fundamental
diagram obtained from an experimental study of a section of road, corresponding to
a succession of points of equilibrium between all these variables.

Q(x, t) = K ∗ V (K(x, t)) (3.8)

Several authors have proposed numerous representations of the fundamental diagram.
Among the most commonly encountered relationships are those proposed by [51][52][54][55].
The first scientific studies on the traffic flow go back to the works Greenshield’s model [51].
This model represents how the behavior of one parameter of traffic flow changes with re-
spect to another. The most simple relation between speed and density is proposed by
Greenshield and scaled the fundamental relation or fundamental diagram later. The fun-
damental diagram family and its most important relations is shown in Fig 3.7.

Figure 3.7: Fundamental traffic flow diagram

Many other models came up, prominent among them, we found Greenberg’s model.
Greenberg used a fluid-flow analogy concept and proposed a logarithmic speed-density
relationship. This model shows better goodness of fit compared to Greenshield’s model.
The main disadvantage of this model is its inability to predict speed at lower densities. That
is due when a density approaches zero, speed tends to increase to infinity (Fig 3.7). In 1961,
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[56] suggested an exponential speed-density relationship and derived an exponential model
that attempted to overcome the limitation of the Greenberg model. The most advantage
of this model is shows better than Greenshield and Greenberg Models for uncongested
condition but not good in congested condition. The main drawback of the model is speed
becomes zero only when density reaches infinity. Hence this cannot be used for predicting
speeds at high densities [57] (Fig 3.8).

Figure 3.8: Speed density relationship by [51] and [56]

Fundamental Diagrams can be presented by the following formula [58]. The table 3.4
below summarizes the fundamental diagrams proposed in the literature.

Table 3.4: Fundamental diagrams proposed in the literature

Auteurs Fundamental diagram
Greenshields, 1935 Qe(K) = K.Vmax[1− ( K

Kmax
)]

Chandler, 1958 Qe(K) = Qmax[1− ( K
Kmax

)]
Greenberg, 1959 Qe(K) = K.Vcritique ln( K

Kmax
)

Edie, 1960 Qe(K) = K.Vmax exp(−( K
Kmax

))
May, 1990 Qe(K) = K.Vmax exp(− 1

a
( K
Kcritique

)a)

• Second order models

The second order models allow to take into account the states of non-equilibrium as well
as the situations of convergence towards a state of equilibrium. In order to study the
non-equilibrium states (accelerations and deceleration), many authors have proposed to
complete the LWR model with an independent dynamic equation expressing the behavior
of the acceleration a of the flux [50] [59] [48] [60]. The general form of this equation,
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which reflects the behavior of the acceleration of the flow is presented by a relaxation term
(towards the state of equilibrium) and by a term which expresses at least one individual
behavior of the vehicles Eq (3.9).

a = ∂V (x, t)
∂t

+ V (x, t)∂V (x, t)
∂x

= Veq(K)− V
T

(Relaxation) +B (3.9)

The term B allows to distinguish the various models of the second order. The first work in
this direction was proposed by [50]. Other models were introduced then, in order to correct
the main faults of Payne’s model, including the isotropic nature of the model. There are
some gaps in higher order models (i.e. models involving more than two equations) as
outlined in the paper [48]. In ref, the authors [61] and [62] proposed a new models which
have been able to correct several problems by deducing a common formalism of the second
order models.


∂K

∂t
+ ∂V K

∂x

∂V

∂t
+ V

∂V

∂x
= 1

T
(Veq(K)− V )− 1

K
C2(K)∂K

∂x

(3.10)

Where T is the reaction time and C corresponds to the speed characteristic of the traffic.
The term ∂V

∂t
+ V

∂V

∂x
designates the acceleration, the expression 1

T
(Veq(K)− V ) indicates

the relaxation term, and 1
K
C2(K)∂K

∂x
is anticipation term. Different expressions of this

celerity have been proposed and presented in Table 3.5.

Table 3.5: Different models of the second order developed since the model of Payne [73]

Model C(K)

Payne, 1971 C(K) =
√
−V ′e (K)

2T
Aw et Rascle, 2000 C(K) = −K.P ′(K), withP ′(K) = aK ′

Zhang, 2002 C(K) = K.V ′e (K)
Jiang et al., 2002 C(K) = −c0



3.3. Safety related indicators 33

3.3 Safety related indicators

Safety in the traffic system is most usually measured in terms of the number of traffic
accidents and the consequences of accidents in terms of fatalities and injuries of varying
severity. This is a traditional approach that has established the use of accident data
as an accepted measure of safety. Proximal safety indicators have been suggested as an
alternative to the use of accident data. These are defined as measures of accident proximity,
based on the temporal and/or spatial measures that reflect the closeness of road-users (or
their vehicles), in relation to the projected point of collision. The actual measure of accident
proximity depends on the safety indicator concept or technique used. Furthermore, the
use of surrogate safety indicators is also a more resource efficient and ethically appealing
alternative for fast, reliable and effective safety assessment [63].

Despite the many advantages related to the use of proximal safety indicators, a number
of fundamental problems have been identified. These concern the lack of a consistent
definition, their validity as a measure of traffic safety, and the reliability of their associated
measurement technique. The intention of this section is to discuss many of the theoretical
and practical problems associated with different safety indicators and their associated
measurement techniques. Particular attention is given to the Time-to-Collision measure
and various derivatives including Post-Encroachment Time. These concepts are widely
recognized as established proximal safety indicator measures by researchers and safety
analysts.

3.3.1 Time-to-Collision measure

One of the most well known proximal indicators of traffic safety is Time-to-Collision ini-
tially introduced by [64] as a time based surrogate safety measure for evaluating collision
risk [65][66][67]. This indicator has been used as an alternative for other traffic conflict
techniques. This particular indicator was originally suggested by [64] who described a
TTC event as: "...the time that remains until a collision between two vehicles would have
occurred if the collision course and speed difference are maintained."

The general TTC definition implies that the reaction time of the road-user is also
considered, which in some cases may be important with regard to the intention and purpose
of safety study [68]. In car following situations the TTC indicator is only defined when the
speed of the following vehicle is higher than the speed of the lead vehicle [67]. Rear end
collision risk is defined as the time for the collision of two vehicles if they continue at their
present speed and on the same lane and at the same speed (Fig 3.9). The time to collision
of a vehicle driver combination i at instant t with respect to a leading vehicle i+ 1 can be
calculated with:
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TTC = Si(t)
Ṡi(t)

∀Si(t) > 0 (3.11)

Figure 3.9: TTC for rear end collision

Since head-on conflicts are the same as rear-end ones except that the leading vehicles
velocity is in the opposite direction. So TTC is [69]:

TTC = x1 − x2

v1 + v2
(3.12)

Figure 3.10: TTC for head-on collision

For right-angle conflicts the following equation can be applied [70]:

TTC =


d2
v2
, if d1

v1
< d2

v2
< d1+l1+w2

v1

d1
v1
, if d2

v2
< d1

v1
< d2+l2+w1

v2

(3.13)



3.3. Safety related indicators 35

Figure 3.11: TTC for right-angle conflicts

An example representing a typical conflict situation and the calculation of Time-to-Collision
is illustrated below in Fig 3.12. The figures show the calculation of TTC on two separate
occasions, although it should be remembered that these calculations are made continually
at regular time-intervals during the course of a safety critical event for the purposes of
determining a "minimum" TTC-value.

Figure 3.12: Example of a conflict situation and the calculation of Time-to-Collision
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3.3.2 Extended Time-to-Collision (TET, TIT)

The researchers [70] have proposed two alternative proximal safety indicators that are
based on general principles of the Time-to-Collision concept. The first of these is referred
to as Time Exposed TTC (TET) and represents a summation of all moments that a driver
approaches a front vehicle with a TTC-value below the threshold value TTC∗, the latter
is considered to be the boundary between safe and safety-critical approaches. The TET
indicator for a subject i can be expressed by:

TETi =
T∑
t=0

δi(t)τ

(3.14)

δi(t) =


0, else

1,∀0 ≤ TTCi(t) ≤ TTC∗

In which δ is a switching variable, H is a time period, τ is a small time step, and T = H
τ

is the time instants t taken into account in the calculation (t = 0...T ). Its value is 1 in
case a driver i at instant t experiences a TTC value between 0 and the specified threshold
value TTC∗, otherwise, its value is 0.

The second indicator, referred to as Time Integrated TTC (TIT), is similar to the first
but represents a measure of the integral of the TTC profile during the time it is below the
threshold. In continuous time expressed as:

TITi =
N∑
i=1

∫ T

0
[TTC∗ − TTCi(t)]dt,∀0 ≤ TTCi(t) ≤ TTC∗ (3.15)
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Both measures are illustrated in Fig 3.13 below.

Figure 3.13: The Time Exposed and Time Integrated TTC proximal safety indicator measures proposed
by [70]

3.3.3 Post-Encroachment Time (PET)

A further variation of the Time-to-Collision concept is Post-Encroachment Time (PET).
This measure is used to measure situations in which two roads-users that are not on a
collision course, pass over a common spatial point or area with a temporal difference that
is below a predetermined threshold. PET is the difference between times that a vehicle
enters a conflict point until another vehicle arrives to this point [71]. PET can be applied
for intersections and highways. The measure represents the difference in time between the
passage of the "offended" and "conflicted" road-users over a common conflict zone (i.e. area
of potential collision) [72]. An example representing the calculation of Post-Encroachment
Time is illustrated below in Fig 3.14. The example shown below indicates the position
of the two vehicles involved in the safety critical event at the start and end of the PET-
measurement.
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Figure 3.14: Example of the calculation of a Post-Encroachment Time event

3.4 Chapter summary

The intention of this chapter is to discuss many of the theoretical problems associated
with the traffic flow theory. The majority of simulation software tools include two levels
of modeling: macroscopic models (low fidelity), which describe entities and their activities
and interactions at a relatively low level of detail and established relationships between
speed, flow and density. Microscopic models (high fidelity) are better adapted to the de-
scription of more punctual elements of the network, while macroscopic models are adapted
to the representation of networks of large sizes. The existing microscopic and macroscopic
car-following models are investigated. Then, we highlight the safety indicators that can
measure safety in traffic flow and the way in which each criterion could be measured.
In the next chapter, we examine existing microscopic simulation models to evaluate the
safety dynamically, and emphasized the demand for a new models guarantee the safety
perspective.
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The intention of this chapter is to provide a survey of microscopic car following mod-
els. We interest specially to review the most car-following model well-known the optimal
velocity model, which has successfully revealed the dynamical evolution process of traffic
congestion in a simple way. Furthermore, we aim to criticize and give the advantages and
weaknesses of each model, which constitutes a strong perspective to develop a better one
[73].

4.1 Optimal velocity models

Newell Model

One of the first models learning on an analysis of the trajectories of vehicles and firstly
defined the optimal velocity function is Newell [74]. The acceleration of a vehicle represents
the driver’s response and is determined by the following equation:

vi(t+ T ) = Vopt(Si(t))
= Vopt(xi+1 − xi) (4.1)

With Vopt(S(t)) is the optimal velocity under the headway S(t). This model has directly
given the speed of n− th car by the optimal velocity function.

OV Model

In the mid-1990s, Bando introduced the notion of desired velocity, chosen as a function
of relative spacing or headway [75]. They introduced two major types of theories for car-
following regulations. The first type called follow-the leader theory which was used by [74],
based on the idea that each vehicle must maintain the legal safe distance of the preceding
vehicle, which depends on the relative velocity of these two successive vehicles. The other
type for regulation is that each vehicle has the legal velocity, which depends on the following
distance from the preceding vehicle. Based on the latter assumption, [75] investigated the
equation of traffic dynamics and found a realistic model of traffic flow. The mathematical
form is given as:

ai(t) = κ(Vopt(Si(t))− vi(t)) (4.2)
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The stimulus here was a function of the relative spacing and the sensitivity κ was a
constant which did not introduce the time lag of response. The optimal velocity function
proposed by [75], generally, must satisfy the following properties: It is a monotonically
increasing function and it has an upper bound (maximal velocity). The optimal velocity
function as that used by [75] expressed as:

Vopt(Si(t)) = vmax
2 {tanh(S(t)− hc) + tanh(hc)} (4.3)

where hc is the safety distance. When S(t) → ∞, the optimal velocity reaches the
maximal velocity V (∞) = vmax

2 {1 + tanh hc}. Furthermore, when hc � 0, V (∞) ∼= vmax :
the maximal value of the optimal velocity is vmax for S(t)� hc � 0.

GF Model

Helbing and Tilch [76] proposed an extended model considering the headway and the
velocity of the following car and the relative velocity between the preceding vehicle and the
following vehicle when the following vehicle was faster than the preceding vehicle. They
added a new term to the right of Eq (4.2). This new term represents the impact of the
negative difference in velocity on condition that the velocity of the front vehicle is lower
than that of the follower. The GFM formula is:

ai(t) = κ(Vopt(Si(t))− vi(t)) + λΘ(−Ṡi(t))Ṡi(t) (4.4)

They carried out a calibration of the OV model with the empirical follow-the-leader
data and given the function of OVM model as follows:

Vopt(Si(t)) = V1 + V2 tanh[C1(Si(t)− l)− C2] (4.5)

With V1 , V2 , C1 , C2 parameters calibrated.
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Multi-following Model

The Multi-following model proposed by [77] is an extension of the OV model which
take into consideration the multi-vehicle interactions. They suppose that drivers do not
only react on the dynamics of their leading vehicle, but also take into consideration up to
m cars ahead with a sensitivity κj. Their equation is presented as follows:

ai(t) =
m∑
j=1

ajVopt(
xi+j − xi

j
)− vi, i = 1, 2, ....., N (4.6)

N is the total number of vehicles.

FVD Model

Jiang et al.[78] proposed an extended model considering the headway and the velocity of
the following car and the relative velocity between the following vehicle and the preceding
vehicle, and takes both positive and negative velocity differences into account, which was
called full velocity difference (FVD) model. They obtained a more systematic model, one
whose dynamics equation is as:

ai(t) = κ(Vopt(Si(t))− vi(t)) + λṠi(t) (4.7)

λ is another sensitivity parameter.

MOV Model

In[79] model, the introduction of a weighting term makes it possible to reactivity of the
model to braking. This weighting is a function of the collision time. The modified optimal
velocity function expressed as:

V new
opt (Si(t), Ṡi(t)) = Vopt(Si(t)) ∗W (Si(t), Ṡi(t)) (4.8)

Where the weighting factor is as follows:
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W (Si(t), Ṡi(t)) = 1
2 + 1

2 tanhB( Ṡi(t)
Si(t)

+ C) (4.9)

The dynamic equation of the system is obtained as:

ai(t) = κ(V new
opt (Si(t), Ṡi(t))− vi(t)) (4.10)

FVAD Model

Zhao and Gao [80] developed the new car- following model based on FVD model. They
found out that the velocity difference is not enough to avoid an accident under an urgent
case where they defined as:

“A situation that the preceding car decelerates strongly, if two successive cars move
forward with much small headway distance, e.g. a freely moving car decelerates drastically
for an accident in front or the red traffic light at an intersection, the following car is freely
moving and the distance between the two cars is quite small”

For these reasons, they extend the FVDM by incorporating the acceleration differ-
ence, and then get a new model called the full velocity and acceleration difference model
(FVADM) as follows:

ai(t) = κ(Vopt(Si(t))− vi(t)) + λṠi(t) + βg(S̈i(t− 1), ai+1(t))S̈i(t− 1) (4.11)

With S̈i(t) = ai+1(t)− ai(t) is the acceleration difference between the preceding vehicle
i+1 and the following vehicle i. The function g(.) is to determine the sign of the acceleration
difference term.

g(S̈i(t− 1), ai+1(t)) =


−1, S̈i(t− 1) > 0andai+1(t)

1, others
(4.12)
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VSD Model

In 2006, the authors [81] conducted a detailed analysis of FVDM and found out that
second term in the right side of Eq (4.7) makes no allowance of the effect of the inter-car
spacing independently of the relative velocity. For that, they proposed a velocity-difference-
separation model (VDSM) which takes the separation between cars into account and the
dynamics equation becomes:

ai(t) = κ(Vopt(Si(t))− vi(t))
+ λΘ(Ṡi(t))Ṡi(t)(1 + tanh(C1(Si(t)− l)− C2)3

+ λΘ(−Ṡi(t))Ṡi(t)(1− tanh(C1(Si(t)− l)− C2)3 (4.13)

Lijuan and Ning Model

Lijuan and Ning [82] suggested a new car following model based on FVDM with accel-
eration of the front car considered. With detailed study, they observed than when FVDM
simulate the car motion all the vehicle accelerate until the maximal velocity and when the
velocity reach maximal velocity the acceleration and deceleration appeared repeatedly. For
that, they modified the Eq (4.7) to take into account the influencing factor of the following
car by adding up to Eq (4.7) the leading acceleration. The dynamic equation of the system
is obtained as:

ai(t) = κ(Vopt(Si(t))− vi(t)) + λṠi(t) + γai+1(t) (4.14)

Where γ is the sensitivity, expressing the response intensity of the follow car to leading
acceleration.

MHVAD Model

The authors introduced all the three types of ITS information either headway, velocity,
or acceleration difference to stabilize the traffic flow. Based on this idea, [83] proposed a
new car-following model takes into account the effects of the acceleration difference of the
multiple preceding vehicles which affects to the behavior of the following vehicle just as
the headway and the velocity difference, called multiple headway, velocity, and acceleration
difference (MHVAD). Its mathematical description is following:
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ai(t) = κ(Vopt(
q∑
j=1

βjSi+j−1(t))− vi)

+ λ
q∑
j=1

ξj ˙Si+j−1(t)

+ γ
q∑
j=1

ζj ¨Si+j−1(t) (4.15)

Taking q preceding vehicles and βj, ξj, ζj ∈ <, and βj ≥ 0, ξj ≥ 0, ζj ≥ 0 are different
weighting value coefficients, respectively. The βj satisfies two conditions:

1. βj is a monotone decreasing function with βj 6 βj−1, because the effect of the
preceding vehicle to the current car reduces with the increase of the headway distance.

2. ∑q
j=1 βj = 1, βj = 1 for q = 1 so as to ξj, and ζj

And βj is defined as follows:

βj = q − 1
qj

forj 6= q

+ λ
q∑
j=1

ξj ˙Si+j−1(t)

+ γ
q∑
j=1

ζj ¨Si+j−1(t) (4.16)

βj =


q−1
qj forj 6= q

1
qj−1forj = q, j = 1, 2, .....q

(4.17)

The optimal velocity function Vopt(.) used here is the Eq (4.3).
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MFVDM I and MFVDM II

Jing et al. [84] modified a FVD model to get two extended car- following models
MFVDM I and II. In the first time, they proposed the modified full velocity difference
model (MFVDM I) taking into account the following optimal velocity function (Helbing
and Tilch, 1998) Eq (4.5).

Vopt(Si(t), vi(t)) = v0
i (1− exp(−Si(t)− S(vi(t))

Rn

)) (4.18)

The proposed MFVDM I mathematical form expressed as

ai(t) = κ(Vopt(Si(t), vi(t))− vi(t)) + λṠi(t) (4.19)

where Rn is the range of the acceleration interaction and S(vi(t)) is a certain velocity-
dependent safe distance. The authors have improved that optimal velocity Vopt(Si(t), vi(t))
is a function of the vehicle distances and the velocity of the following vehicle which must
satisfy three conditions:

1. Vopt(Si(t), vi(t)) is monotonically increasing toSi(t) and vi(t).

2. The larger values of Vopt(Si(t), vi(t)), will be beneficial to make FVDM fit with the
field data better.

3. limSi → +∞Vopt(Si(t), vi(t)) ∼= v0
i and lim vi → v0

i Vopt(Si(t), vi(t)) ∼= v0
i where v0

i is
the desired velocity of the following vehicle.

For above analysis, they proposed a new optimal velocity function satisfies the above three
conditions defined as forms:

Vopt(Si(t), vi(t)) = v0
i tanh(Si(t)− S(vi(t))

Rn

) (4.20)
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In second time, substituting the Eq (4.20) into Eq (4.19), and they get the second
modified full velocity difference model(MFVDM II). Finally, they introduced a new optimal
velocity function Eq (4.20) and modified the additional term of Eq (4.7) to get a new model
called the improved full velocity difference model (IFVDM) defined as follows:

ai(t) = κ(Vopt(Si(t), vi(t))− vi(t)) + αṠi(t) (4.21)

The additional term α defined as a form:

α =
1− Si(t)−S(vi(t))

Rn

µi
(4.22)

where µi is the reaction time of the addition term.

COV Model

Another car-following model proposed by [85] incorporating a new optimal velocity
model in Eq (4.2), whose not only depends on the following distance of the preceding
vehicle, but also depends on the velocity difference with preceding vehicle. they proposed
a new model called Comprehensive Optimal Velocity Model (COVM), its mathematical
expression:

ai(t) = κ(Vopt(Si(t), Ṡi(t))− vi(t)) (4.23)

They suggested a new optimal velocity function Vopt(Si(t), Ṡi(t) as:

Vopt(Si(t), Ṡi(t)) = V1(Si(t)) + σV2(Ṡi(t)) (4.24)

with σ is the reaction coefficient to the relative velocity and 0 < σ < 1. They replaced
their new function of Eq (4.24) in Eq (4.23), they get a new model expressed as follows:
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ai(t) = κ(V1(Si(t))− vi(t)V1(Si(t))− vi(t)) + λV2(Ṡi(t)) (4.25)

Taking λ = κσ, V1(Si(t)), is the same with that of the OVM Eq (4.5) and V2(Ṡi(t)) =
L tanh(C3(Ṡi(t))). Where L, and C3 are constants.

CCF Model

In real driving behaviors, keeping a safe distance reflects the drivers’ driving intention
and accordingly affects vehicle maneuvers. Based on this study, [86] targeted at developing
a new car-following model that takes the impact of a desired following speed and safe
distance as part of driving behavior modeling. According to the safe space headway theory,
the safe distance Ssafei (t) can be defined as follows:

Ssafei (t) = (di + S0 + Li+1)− di+1 (4.26)

= S0 + Li+1 + vi(t)Ti + Ṡi(t)(vi(t) + vi+1(t))
2α

where di+1 denotes the braking distances of the leading vehicle, di is the braking distance of
the following vehicle, S0 is the minimum distance kept in static traffic, Li+1 is the length of
the leading vehicle, and α is the acceleration. They are modeled two effects by using force,
f

(+)
i (t) and f (−)

i (t) which represents the attractive force of acceleration and the retardant
force of deceleration respectively. Then, they get a new car-following model as a form:

miai(t) = f
(+)
i (t) + f

(−)
i (t) (4.27)

With f
(+)
i = miκ(Vopt(Si(t)) − vi(t)), and f

(−)
i = miλ(1 − Ssafe

i (t)
Si(t) ). Taking both the

desired following speed of positive correlation and the safe distance of negative correlation,
they name their model the cooperative car-following model (CCFM), replace the forces
into Eq (4.27) to get the CCFM expression.

ai(t) = κ(Vopt(Si(t))− vi(t)) + λ(1− Ssafei (t)
Si(t)

) (4.28)
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AFVD Model

Xu et al. [87] presented an asymmetric full velocity difference approach, in which take
into account the effect of asymmetric acceleration and deceleration in a car-following. The
most existing car-following models have not sufficiently taken the asymmetry of acceleration
and deceleration behaviours into consideration. The authors modified the GFM Eq (4.4)
by extended to an asymmetric full velocity difference (AFVD) approach in which two
sensitivity coefficients are defined to separate the model to positive and negative velocity.
The AFVD model can be expressed as:

ai(t) = κ(Vopt(Si(t))− vi(t)) (4.29)
+ λ1H(−Ṡi(t))Ṡi(t)
+ λ2H(Ṡi(t))Ṡi(t)

where H is the Heaviside function. They dedicated their efforts to calibrate λ1 and λ2
and they get the mathematical presentation.

λ1 = 1
τ
′
i

exp− (Si−S(vi))
R
′
i

; λ2 = 1
τ”′

i

exp− (Si−S(vi))
R”

i

with τi and R are two new parameters obtained during the mathematical derivation which
need to be determined by field data.

AOV model

In 2015, the authors [88] interested in taking the asymmetric characteristic of the
velocity differences of vehicles and they proposed an asymmetric optimal velocity model for
a car-following theory (AOV). They based on the assumption that the relationship between
relative velocity and acceleration (deceleration) is in general nonlinear as demonstrated by
actual experiments (Shamoto et al., 2011). They formulated FVDM to get an asymmetric
optimal velocity (AOV) car-following model as follows:

ai(t) = κ(Vopt(Si(t))− vi(t) + Ṡi(t) exp(−µṠi(t))) (4.30)
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Yi-Rong et al. model

Recently, Yi-Rong et al. [89] proposed a new car- following model with consideration of
individual anticipation behaviour. However, the effect of anticipation behaviour of drivers
has not been explored in existing car-following models. In fact, they suggested a new model
including two kinds of typical behaviour, the forecasting of the future traffic situation and
the reaction-time delay of drivers in response to traffic stimulus. The main idea of this
model is that a driver adjusts his driving behaviour, not only according the observed
velocity vi(t) but also the comprehensive anticipation information of headway and velocity
difference. The dynamics equation is as follows:

ai(t) = κ(Vopt(Si(t+ p1T ))− vi(t)) + λṠi(t+ p2T ) (4.31)

Where Si(t+p1T ) denotes the driver’s anticipation information of headway at time t+p1T .
Ṡi(t+p2T ) represents the anticipation information of the velocity difference at time t+p2T .
The variables p1T and p2T denote the time interval during which the headway and velocity
difference information are anticipated, and variables p1, p2 are the anticipation coefficient
corresponding to individual behavior in headway and velocity difference, respectively. Mak-
ing the Taylor expansion of the variables Si(t + p1T ) and Ṡi(t + p2T ) and neglecting the
non linear terms yields the following equation:

Si(t+ p1T ) = Si(t) + Ṡi(t)p1T

Ṡi(t+ p2T ) = Ṡi(t) + S̈i(t)p2T

Then, they calculate the optimal velocity Vopt(Si(t + p1T )) and they get it as a form
Vopt(Si(t+ p1T )) = Vopt(Si(t) + Ṡi(t)p1T )

4.2 Review and synthesis

Several models are inspired by the dynamical model (OVM) proposed by [75] to describe
many properties of real traffic flows such as the instability of traffic flow, the evolution
of traffic congestion, and the formation of stop-and-go waves. We follow a tree model to
show the historical development of the optimal velocity models (Fig 4.1). In 1988, due to
the problems encountered the OVM such as high acceleration and unrealistic deceleration,
[76] proposed GFM that takes into account the impact of the negative difference in veloc-
ity on condition that the velocity of the front vehicle is lower than that of the follower.
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The main drawback of GFM doesn’t take the effect of positive velocity difference on traf-
fic dynamics into account and only considers the case where the velocity of the following
vehicle is larger than that of the leading vehicle. Then, [78] pointed out that when the
preceding car is much faster, the following vehicle may not break even though the spacing
is smaller than the safe distance. The basis of GFM and takes both positive and nega-
tive velocity differences into account, they proposed FVD model. The main advantage of
FVDM is eliminating unrealistically high acceleration and predicts a correct delay time of
car motion and kinematic wave speed at jam density. In fact, [80] argued that previous
models OVM, GFM and FVDM does not describe the driver’s behavior under an urgent
case that the preceding car decelerates strongly, if two successive cars move forward with
much small headway distance. They found out that the velocity difference is not enough
to avoid an accident under such urgent case in previous models for that, they extend the
FVDM to get the FVADM. The main advantage of FVADM compared to previous models
that can describe the driver’s behavior under an urgent case, where no collision occurs and
no unrealistic deceleration appears while vehicles determined by the previous car-following
models collide after only a few seconds.

In 2006, [81] conducted a detailed analysis of FVDM and found out that makes no
allowance of the effect of the inter-car spacing independently of the relative velocity. For
that, they proposed the VDSM which takes the separation between cars into account. The
strong point of VSDM that the model can perform more realistically in predicting the
dynamical evolution of congestion induced by a small perturbation, as well as predicting
the correct delay time of car motion and kinematic wave speed at jam density. Lijuan
and Ning [82] suggested a new car following model based on FVDM with acceleration of
the front car considered. With detailed study, they observed than when FVDM simulate
the car motion all the vehicle accelerate until the maximal velocity and when the velocity
reach maximal velocity the acceleration and deceleration appeared repeatedly. For that,
they modified the FVDM to take into account the influencing factor of the following car by
adding the leading acceleration. They proved that their new model has certain enlighten-
ment significance for traffic control, and is useful for establishment of Intelligent Transport
Systems (ITS).

Previous models used only one type of ITS information, either headway, velocity, or
acceleration difference of other cars to stabilize the traffic flow. However, traffic flow can
be more stable by introducing all the three types of ITS information. Based on this idea,
[83] proposed a new car-following model MHVAD takes into account the effects of the
acceleration difference of the multiple preceding vehicles which affects to the behavior of
the following vehicle just as the headway and the velocity difference. The main advantage
of MHVAD Compared with the other existing models is that the proposed model does not
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only take the headway, velocity, and acceleration difference information into account, but
also considers more than one vehicle in front of the following vehicle. The model improved
the stability of the traffic flow and restrains the traffic jams.

Others category of car-following models inspired their idea to modify or to propose
a new model via optimal velocity function. Among them,[84] introduced a new optimal
velocity function. They pointed out that the new model can perform more realistically
in predicting the correct delay time of vehicle motion and kinematic wave speed at jam
density, as well as predicting the dynamical evolution of congestion induced by a small
disturbance. Another car-following model COVM proposed by [85] incorporating a new
optimal velocity model depends on the following distance of the preceding vehicle and
the velocity difference with preceding vehicle. As discussed above, all of the previous
models could not avoid collisions in the urgent braking situation. They improved that the
unrealistically high deceleration will not appear in COVM, and the accidents in the urgent
braking case can be avoid in COVM. Almost works has been reported the mechanisms of
velocity difference, however, the relationship between space headway and safe distance in
avoiding a collision is neglected. Based on this study, [81] targeted at developing a new car-
following model CCFM. The main results of CCFM indicate that unrealistic deceleration
and collisions can be prevented. Moreover, the CCFM averts negative velocity appearing
in the COVM. In car-following approach, the efforts are more and more dedicated to the
development of models with a high performance. In this regard, Xu et al. [87] presented
AFVD model based on the effect of asymmetric acceleration and deceleration in a car-
following. The purpose of the analysis of AFVDM pointed out that the positive velocity
difference term is significantly higher than the negative velocity difference term, which
agrees well with the results from studies on vehicle mechanics. Based on an asymmetric
theory and OV model, in 2015, they suggested another car-following theory AOV. The main
advantages of AOV model are avoiding the unrealistically high acceleration appearing in
previous models when the velocity difference becomes large, however, the asymmetry of
AOV model between acceleration and deceleration depends non linearly on the velocity
difference with the asymmetrical factor. The author [89] investigated in car following
theory and they proposed a new model. The authors improved that the effect of individual
anticipation behavior has an important influence on the stability of the model and this effect
should be considered in the modeling of traffic flow. In fact, they suggested including other
factors which have a great effect on individual anticipation behavior, such as the size of
vehicles, the age, the experience, and the physical fitness level of drivers, as well as the
environment of the road and so on.



4.3. Proposed car following models 53

Figure 4.1: Model tree of optimal velocity Models

4.3 Proposed car following models

As presented above, thereafter, and inspired by the OV model, some new car-following
models were successively put forward to describe the nature of traffic more realistically.
Some were extended by incorporating a new optimal velocity function or introducing mul-
tiple information of headway or velocity difference, or acceleration difference, whereas
others considered the individual anticipation behaviour. In this work, we also invested in
car-following approach by introducing a new OV function. The selection of the OVF thus
depends on a user’s choice. However, this choice cannot be completely arbitrary since the
OVF must satisfy several analytical conditions to describe the observed relation between
spacing and velocity. The OVF should be a continuous non-negative function defined for
Si > 0 and must be a monotone function [90]. We used a new OVF introducing a weighting
factor that depends on the ratio of the relative speed to spacing, that is the opposite of
the inverse of time to collision (TTC) Eq (4.9). The goal of the weighting factor is to
obtain model more reactive on braking state. This reactivity is based on the excess of
follower speed in comparison to that of the leader. The weighting factor must satisfy some
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proprieties:

• When the relative speed is positive Ṡi(t) > 0, the weighting must maintain the
reference OV function Eq (4.5) unchanged.

• For negative decreasing relative speed Ṡi(t) < 0, it has to be decreasing and has to
go toward zero when Ṡi(t)− > infini.

There are several functions which behave similarly with varying only the headway stim-
ulus. Therefore, Here the new OV function modulates the reactivity of the car following
model according to the actual headway and the relative speed between the follower and
ahead car. The new optimal velocity function V new

opt (Si(t), ˙Si(t)) is expressed as the combi-
nation of the optimal velocity function proposed by [75] based only on headway stimulus
and the weighting factor established the inverse of time to collision to make the model
more reactive in braking case.

V new
opt (Si(t), ˙Si(t)) = Vopt(Si(t)) ∗W (Si(t), ˙Si(t)) (4.32)

The motivation for our contribution comes from the key idea behind the new optimal
velocity function Eq (4.32). We also invested in car-following approach and we proposed
two car-followings models named modified FVD model (MFVDM) [91] and modified VSD
model (MVSDM) [92]. We inspired by [47] to get a MFVD model by incorporating the
new OVF Eq (4.32) in FVDM Eq (4.7). Its mathematical description as follows:

ai(t) = κ((V new
opt (Si(t), Ṡi(t))− vi(t)) + λṠi(t) (4.33)

According to the above analysis, the FVD model has a drawback that makes no al-
lowance of the effect of the inter-car spacing independently of the relative velocity. In
fact, they modified the FVDM by taking the separation between cars into account. Since
this model takes velocity difference dependent on separation into account, they call it a
velocity-difference-separation model (VDSM) Eq (4.13). Based on this latter, we proposed
to extend the VSDM by introducing the new OVF Eq (4.32) to get a new model, named,
Modified Velocity Separation Difference model (MVSDM). Figure 4.2 showed a proposed
car-following algorithm. The dynamic equation becomes as follows:
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ai(t) = κ(V new
opt (Si(t), Ṡi(t))− vi(t))

+ λΘ(Ṡi(t))Ṡi(t)(1 + tanh(C1(Si(t)− l)− C2)3

+ λΘ(−Ṡi(t))Ṡi(t)(1− tanh(C1(Si(t)− l)− C2)3 (4.34)

Figure 4.2: The MVSDM car following algorithm



56 Modeling and simulation of traffic flow

4.4 Microscopic traffic flow approach

For an ideal flow of a dynamic traffic simulation study, we proposed the basic algorithm
presented in Fig 4.3 which based on three major steps given as:

• Preparation of the traffic flow simulation: in this step, we must define the road
environment and also we must specify the initial parameters and variables, including
initialization of position, velocity, and so on.

• Implementation of the model and validation of its different scenarios: in this stage,
we adopt our car following model to compute acceleration for each car and then
compute the new speed and position on both lanes for the next time step. At the
same time, we start lane changes rules, we determine which car change whereto and
add these cars to the correct position on the lane and removed changed cars from
their old lane.

• Analysis of results: for the next time step, we update the network and information
state to get a new velocity and position state; then we jump to step 2, and we begin
an another cycle.

Figure 4.3: Flowchart of the proposed approach
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4.4.1 State of art of lane changing models

The transfer of a vehicle from one lane to adjacent lane is defined as lane change. Lane
change, as one of the basic driver behaviors, can never be avoided in the real traffic en-
vironment. Lane changing models are therefore an important component in microscopic
traffic simulation Modeling the behavior of a vehicle within its present lane is relatively
straightforward, as the only considerations of any importance are the speed and location of
the preceding vehicle. Therefore the understanding of lane changing behavior is important
in several application fields such as capacity analysis and safety studies. A number of lane
changing models have been proposed and implemented in recent years [93] [94] [95].

The applications of lane changing models can be broadly classified into two groups:
Driving Assistance models (i.e. adaptive cruise control) and Driving Decision models
(computer simulation) as shown in Fig 4.4. Lane changing models for adaptive cruise
control are mainly focused on developing driving assistance models, which can be further
classified into collision avoidance models and automation models. Both of these model
types consider the steering wheel angle and lateral motions to control the lane changing
performance of vehicles [93]. Collision avoidance models are developed to control drivers
lane changing manoeuvres and assist them to execute a safe lane change. Automation
models are applied to perform the driving tasks either partially or entirely. Many studies
have been focused on the scope for driving assistance systems to enhance road capacity
and road safety [96][97][98][99][100][101][102][103].

Figure 4.4: Classification of available approaches in lane changing studies
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Lane changing models for computer simulation are focused on drivers lane changing
decisions under different traffic conditions and under different situation and environmen-
tal characteristics. While responding to the surrounding environment, drivers’ decisions
can be classified as either strategic, tactical and operational [104]. The strategic level is
the highest decision level and deals with drivers’ decisions which require over 30 seconds
making and executing. Strategic level decisions are usually made before the start of the
trip and include the goal or purpose of the trip and choice of route [93]. A driver’s des-
tination choice, mode choice and route choice are examples of strategic driving decisions
[105]. While executing the strategic level decisions, a series of tactical decisions are made
by the drivers.

The tactical level includes anticipatory measures to enable or facilitate operative actions
such as changing lanes or entering a priority road. At the tactical level, manoeuvres are
selected to achieve short term objectives such as a decision to pass a slow moving vehicle
or maintaining the desired speed. At the tactical, or intermediate, decision level, the time
required for making and executing the decisions is between 5 and 30 seconds.

At the lowest decision level or the operational level, the manoeuvres are converted
to control operations. Here, the drivers decide about the manoeuvres to control their
vehicles. These take place on a time scale of less than five seconds and include decisions
such as whether or not to accept a gap [98]. However, The authors [106] defined another
level, namely, the post-decision phase which the actions pertaining to this decision are
simulated, e.g. performing the lane change or keeping to one’s lane, waiting or entering
a priority road, or cruising versus stopping at the traffic light. The main focus of this
section is to review microscopic lane changing models for computer simulation (see Fig 4.5).
Since the 1980s, lane changing decision models underpin the microscopic traffic simulation
packages being applied increasingly in research and practice. These lane changing models
are categorized into four groups: rule-based model, discrete-choice-based model, artificial
intelligence model, and incentive-based model. These models are the primary focus of this
thesis and are considered in greater detail in the following section.
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Figure 4.5: Classification of microscopic lane changing models

4.4.1.1 Rule-Based models

Gipps Model

Gipps [107] introduced the first lane changing model intended for micro-simulation
tools. The model is useful in explaining lane changing decisions on various urban driving
situations, in which traffic signals, transit lanes, obstructions and presence of heavy vehicles
affect drivers lane selection. The model considers lane changing maneuver as the result
of considering three factors: whether it is physically possible and safe to change lanes
(safety), whether it is necessary to change lanes (necessity), and whether it is desirable to
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change lanes (desirability). Gipps model includes several factors, such as the existence of
safety gap, locations of permanent obstructions, intent of turning movement,the presence
of heavy vehicles, and speed advantage. Based on the judgment on these criteria, the
subject drivers decide whether to move to the target lane or not. It also considers several
lane changing reasons as follows [108]:

• Avoiding permanent obstructions;

• Avoiding the presence of special purpose lanes such as transit lanes;

• Turning at the downstream intersection;

• Avoiding a heavy vehicle’s influence; and

• Gaining speed advantage.

In this model, he defined three zones to characterize the drivers’ decisions during the lane
changing process. These three zones are separated by the distance of the driver to the
intended turn. When the intended turn is far away from her/his position, it has no impact
on the behavior latent lane changing plan and the driver concentrates on maintaining a
desired speed. When the intended turn is in a zone that is the middle of the way, lane
changes will only be considered to the turning lanes or lanes that are adjacent to them.
When the intended turn is close enough, the driver focuses on keeping the correct lane
and ignores other considerations. These three zone areas represent a simplified tactical
lane changing decision in Gipps’s framework. The lane changing decision model based on
his car following model [109]. His car following model was adopted to calculate the gaps
between the subject vehicle and the lead vehicle(s), as well as the deceleration/acceleration
required. The subject vehicle is assigned a special braking rate bi, from which a maximum
deceleration for a given lane-changing maneuver can be obtained. If the deceleration re-
quired for a lane change is not within the acceptance range, the lane change for the subject
vehicle is determined as not feasible. The model equation is as follows:

bi = [2− (Di − xi(t))
10vi

]b∗i (4.35)

Where,

• bi is the special braking rate that a maximum deceleration for a given lane-changing
maneuver can be obtained,
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• Di − xi(t) is the distance between the intended maneuver location and the current
vehicle location,

• vi is the desired speed (free flow speed) of the driver, and

• b∗i is the most severe braking the driver would be willing to undertake.

CORSIM Model

Halati et al. proposed a lane change model implemented in CORridor SIMulation
(CORSIM). CORSIM classified lane change as mandatory (MLC), discretionary (DLC) or
random (RLC) [110]. Mandatory lane change (MLC) occurs when a driver must change
lane to follow a specified path or when drivers merge onto a freeway or move to the target
lane to make an intended turn or avoid obstructions (e.g., lane blockage and lane drop) in a
lane. Discretionary lane change (DLC) occurs when a driver changes to a lane perceived to
offer better traffic conditions, such as to achieve the desired speed, avoid following trucks,
avoid merging traffic, etc. DLC is applied when the speed of the leader is below a desired
speed. For instance, a driver may want to pass a slow moving vehicle by changing to a
neighbor lane. RLC is applied when there is no apparent reason. RLC may or may not
result in an advantage for the subject vehicle over its current position. Figure 4.6 presented
the lane changing model structure.

Figure 4.6: MLC and DLC lane changing model structure
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CORSIM based on the gap acceptance concept in the lane change process. Gap accep-
tance is an important element in most lane-changing models. In order to execute a lane
change, the driver assesses the positions and speeds of the lead and lag vehicles in the
target lane (see Fig 4.7) and decides whether the gap between them is sufficient to execute
the lane-change [111]. In CORSIM, the acceptable lead and lag gaps in lane change process
(i.e., MLC, DLC, or RLC) must be available in the target lane. An acceptable lead gap
is modeled utilizing the deceleration required by the subject vehicle for avoiding collision
with its lead vehicle in the target lane. The target leader is assumed to decelerate with
the maximum possible deceleration, and the deceleration required by the subject vehicle
in order to avoid collision is computed. This computed deceleration of the subject vehicle
is compared with an acceptable deceleration, which is also called the acceptable risk. If
the required deceleration is less than the acceptable risk, the lead gap is accepted and the
subject vehicle initiates a lane change into the target lane. This model based on three
major factors for lane changing decision:

• The motivation to change lanes depends upon either the lead vehicle speed or the
lead headway threshold;

• The advantage factor captures the benefits of driving in the target lane;

• The urgency of lane changing depends upon the number of lanes to change and the
distance required to execute a complete lane changing maneuver.

Figure 4.7: Subject vehicle and their relations with the front, lead and lag vehicles

ARTEMiS Model

ARTEMiS (Analysis of Road Traffic and Evaluation by Micro Simulation) is a micro-
scopic traffic simulation model developed by [112], previously named Simulation of Intelli-
gent TRAnsport Systems (SITRAS). This model describes each vehicle as a driver-vehicle
object (DVO), using an autonomous agent technique to describe drivers interactions in-
volved in a complex decision-making process. If a DVO perceives that another DVO intends
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to move into its lane, it may act as giving way, slowing down or not giving way, depend-
ing on road congestion conditions and individual driver characteristics [101]. This lane
changing decision process was presented in Fig 4.8. Similar to other rule-based models,
lane-changing reasons are evaluated, and the results were classified as "Essential", "De-
sirable" or "Unnecessary" based on which a target lane is chosen[94]. The following lane
changing reasons was adopted by [112] (modified based on Gipps’ lane-changing model) are
downstream turning movements, lane drops, lane blockages, lane use restrictions, speed
advantages, or queue advantages.

Figure 4.8: Lane changing process in ARTEMiS

Two lane-changing modes are proposed according to traffic conditions and the necessity
of changing lanes: normal lane changing and courtesy/forced lane changing. A normal lane
change is considered when there is a gap of sufficient size in the target lane so that the
subject vehicle can move without forcing other vehicles in the target lane to slow down
significantly. This lane changing mode is based on the Hidas car-following model [113],
and can be expressed as:

• The acceptable deceleration (or acceleration) is required for the subject vehicle to
follow the lead vehicle in the target lane,

• The acceptable deceleration is required for the lag vehicle in the target lane, so that
the subject vehicle can safely serve as its lead vehicle.
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The courtesy/forced lane-changing algorithm simulates the subject vehicle sending a
"courtesy" signal to the subsequent vehicles in the target lane. Starting from the first lag
vehicle, the required deceleration is calculated using the aforementioned Hidas car-following
model to allow the subject vehicle to safely merge. Based on the calculated deceleration,
a follow vehicle in the target lane can be found, and the new lead vehicle is the one right
in front of the follower. A sufficient gap is created for the subject vehicle by applying the
Hidas car-following algorithm for the new lead vehicle, the subject vehicle, and the new
lag vehicle, so that the subject vehicle can change lane to the target lane [94].

Cellular Automata Model

Lane change cellular automata model, a vehicle changes to another lane if the following
set of conditions is satisfied [114]:

• Condition 1: gapi(t) < min(vi(t) + 1, vmax)

• Condition 2: gapi,o(t) > min(vi(t) + 1, vmax)

• Condition 3: gapi,ob(t) > vmax

with,

gapi(t) is the number of empty cells ahead in the same lane;
gapi,o(t) is the number of empty cells ahead in the other lane;
gapi,ob(t) is number of empty cells backward in the other lane;
vi(t) speed of vehicle i at time t;
vmax maximum speed of vehicles allowed.

The first two conditions above verify the current and target lanes for favorable speed
conditions. Then, the third condition checked the availability of sufficient space to perform
the lane change. In this model, lane changing conditions are classified as either symmetric
or asymmetric. Based on the cellular automata model, the authors nagel et al [97] proposed
various additional lane changing rules and described their characteristics in details.

4.4.1.2 Discrete-choice-based models

Ahmed’s Model

Ahmed [115], [116] developed a probabilistic model to describe lane changing decisions,
based on a discrete choice framework. In this model, he divided lane changing process as
a sequence of four steps: 1) decision to consider a lane change, 2) choice of target lane, 3)
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acceptance of a gap that is sufficient to execute the lane changing, and 4) performing the
lane changing maneuver. A discrete choice concept was adopted to model the impact of
the surrounding traffic environment and lane configuration as well as driver characteristics.
In addition, he proposed three categories of lane-changing maneuvers: MLC, DLC, and
forced merging (FM). MLC situations apply when a driver is forced to change the current
lane. DLC occurs when the driver is unsatisfied with the driving situation in the current
lane and wishes to gain some speed advantage [117]. FM occurs when a gap is not sufficient
but is created by the driver to execute a lane changing maneuver in heavy congested traffic
conditions. The whole procedure is modeled as a decision tree [108], shown in Fig 4.9. Four
layers, which correspond to the sequence of four steps, are included. The output from one
layer is the input for the layer following. On the top level, a driver decides to respond to
the MLC or DLC, and the target lane is fixed in MLC. Gaps in the target lane are checked
and a lane change is invoked if the gaps are acceptable. At a DLC ( ¯MLC), if a driver is not
satisfied with the current lane, he/she will compare the driving conditions on the current
lane with those of adjacent lanes and decide on a target lane. Similar to the MLC, the
gaps in the target lane are checked and a lane change is invoked if the gaps are acceptable.
Otherwise, the driver will stay in the current lane. The probability of observing a change
to the left lane is given by the following equation [108].

Prt(L|vi) = Prt(changelanes|gapacceptable, leftlanechosen,MLC, vi)
∗ Prt(gapacceptable|leftlanechosen,MLC, vi)
∗ Prt(leftlanechosen|MLC, vi) ∗ Prt(MLC|vi)
+ Prt(changelanes|gapacceptable, leftlanechosen,DLC, ¯MLC, vi)
∗ Prt(gapacceptable|leftlanechosen,DLC, ¯MLC, vn)
∗ Prt(leftlanechosen|DLC, ¯MLC, vi)
∗ Prt(DLC| ¯MLC, vi) ∗ Prt( ¯MLC|vi) (4.36)

where, vi is the individual specific random term, which indicates the probability of decision
to consider a lane change. Similarly, Prt(J |vn) for J = R or C can be formulated (R: right
lane, and C: current lane).
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Figure 4.9: The lane changing model structure from Ahmed’s dissertation [116]

The mathematical formulation of the discrete choice framework is shown in the following
functions, which describe the probability that driver i performs MLC, DLC, or FM at time
t as follows:

Prt(L|vi) = 1
1 + exp(−XLC

i (t)βLC − αLCvi)
(4.37)

LC = MLC,DLC, FM

where,

Prt(LC|vi) probability of executing MLC, DLC, or FM for driver i at time t;
XLC
i (t) vector of explanatory variables affecting decision to lane changes;

βLC corresponding vector of parameters;
αLC parameter of vi.

In his model he defined the critical lead and lag gaps as the minimum acceptable gaps.
The lane change is performed when the available lead and lag gaps in the target lane are
greater than their critical gaps. The critical lead and lag gaps for lane-changing maneuvers
of driver i are presented as follows:
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Gcr,gapj
i (t) = exp(Xcr,gapj

i (t)βgapj + αgapjvi + εgapj(t)) (4.38)
gapj = lead, lag

where,

Gcr,gapj
i (t) critical lead and lag gaps for driver i at time t;

Xcr,gapj
i (t) vector of explanatory variables affecting the critical gap j;

βgapj corresponding vector of parameters;
αLC parameter of vi;
εgapj(t) is a random term.

Toledo’s Model

Toledo et al. [118], [119] developed an integrated probabilistic lane changing decision
model which allows drivers to consider the trade-offs between MLC and DLC. A discrete
choice framework is employed to model drivers tactical and operational lane changing
decisions. The model is calibrated using the maximum likelihood estimation technique.
In this model, the lane changing process consists of choice of target and gap acceptance
decisions. Four groups of explanatory variables are considered in the model underlying
lane-changing decisions: neighborhood variables (e.g., gaps and speeds), path plan variables
(e.g., distance from the intended exit off-ramp), network knowledge and experience (e.g.,
avoiding the nearest lane next to the shoulder), and driving style and capabilities. In the
target lane model, the set of target lane choices includes: 1) remaining in the current lane,
2) shifting to the right, and 3) shifting to the left adjacent lane. The target lane choice
model, the probability of selecting a specific lane, and the critical gap model are similar to
those in Ahmed’s model [116]. Figure 4.10 demonstrates the structure of his proposed lane-
changing model which the ovals represent latent states and rectangles represent observed
outcomes.
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Figure 4.10: The proposed lane changing model structure from Toledo’s dissertation [112]

4.4.1.3 Artificial intelligence models

Fuzzy-Logic-Based Models

Fuzzy logic based models consider the uncertainty of lane changing maneuvers and
therefore, reflect the natural or subjective perception of real variables [120]. Das et al.
[121] proposed a new microscopic simulation methodology based on fuzzy logic model
which translate nonlinear systems into IF-THEN rules, called the software package as
Autonomous Agent SIMulation Package (AASIM) [122] classified the lane changing ma-
neuvers as MLC and DLC. In the microscopic traffic simulation package, the MLC fuzzy
rules consider the distance to the approaching exit or merge point and the number of lane
changes which are required. DLC is a binary decision (change lanes or not) that is based
on the driver’s speed satisfaction [121], but it does not consider vehicle types in lane chang-
ing decisions. In the same way, Moridpour et al. also developed a lane changing model
using fuzzy logic, which is used to predict the lane changing maneuver of heavy vehicles on
freeways [123]. In their model, considers three types of lane changing behavior: motivation
of lane changing, selection of the target lane, and execution of the lane changing process.
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ANN Model

Artificial neural network (ANN) models process information using functional architec-
ture and mathematical models that are similar to the neuron structure of the human brain.
Based on neurobiological studies and modern human brain’s cognitive science, neural net-
work models have been developed which try to simulate some functions of human brain
and nerve cells. This type of model is based on self-learning ability and its structure re-
quires the identification of the input-output (I/O) to be reproduced. Neural networks were
applied broadly in the field of transport in the 1990s [124]. For instance, neural networks
were used to model different driver behaviour such as prediction of drivers route choice
and gap acceptance in non-signalized intersections [125][126][127][128].

Based on neural network, Hunt and Lyons [128] developed a model to predict the lane
changing decisions of drivers on divided highways. They applied a preliminary approach
using a predictive type of neural network with a single hidden layer and a back propaga-
tion learning algorithm to model the behaviour of an individual driver. For modeling lane
changing process, Dumbuya et al. developed neural driver agents (NDAs)[129]. A multi-
layer NDA model was designed and implemented. A back-propagation training algorithm
was used to train the NDA model, which takes inputs such as current direction of the
vehicle, current speed, distance from the vehicle, preferred speed, and current lane. The
output of the model includes new direction and new speed.

4.4.1.4 Incentive-Based models

MOBIL Model

Lane changing algorithmMOBIL (Minimizing Overall Braking Induced by Lane Changes)
is among the most important components of a microscopic traffic simulator based on a mi-
croscopic longitudinal movement model [130]. We described the lane change process in Fig
4.11. The vehicle i refers to the lane change of the successive vehicles on the target and
present lane referred by n (new one in the target lane)and o (old follower in the current
lane). The three tildes ãi, ão and ãn refers to parameter values after the potential lane
change. The vehicles in front influence the event since the accelerations of the considered
vehicle (c) are calculated according to the car following model.
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Figure 4.11: Lane changing process

A MOBIL model based on two criteria: safety and incentive criterion. The safety
criterion, in terms of longitudinal accelerations, guarantees that after the lane change, the
deceleration of the successor ãi in the target lane does not exceed a given safe limit bsafe
[130]. It should be noted that this criterion contains all the information provided by the
car following model via the acceleration depending on the gap, the velocity. The safety
criterion is expressed as shown below. Thus

ãi > −bsafe (4.39)

The incentive criterion is based on the accelerations of the longitudinal model before
and after the lane change. For symmetric overtaking rules, Kesting et al. [130] neglect
differences between the lanes and propose the following incentive condition for a lane
changing decision of the driver of vehicle i as follows:

︷ ︸︸ ︷
ãi − ai +p(

︷ ︸︸ ︷
ãn − an +

︷ ︸︸ ︷
ão − ao) > 4ath (4.40)

The first terms in Eq (4.40) denote the possible lane change for the driver of the
considered vehicle i, the politeness factor p determines to which degree these vehicles
influence the lane changing decision. The factor p controls the degree of cooperation
while considering a lane change. In MOBIL, p > 1 is for an altruistic driving behavior;
0 < p < 0.5 is for a realistic driving behavior;p = 0 is for a purely selfish driving behavior;
and p < 0 is for a malicious driving behavior. The threshold 4ath on the right-hand side
of Eq (4.40) prevents lane changes if the overall advantage is only marginal as compared to
keeping the current lane. In this model, two types of passing rules are considered for lane
changes: symmetric and asymmetric. The symmetric passing rules are based on safety
and incentive criteria. For asymmetric rule, where changing to the right lane is prohibited,
unless traffic is congested or the subject vehicle is forced to change to the right lane (i.e.,
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on-ramp, off-ramp, and lane drop), MOBIL modifies Eq (3.40) by adding a bias 4abias to
threshold4ath when considering a lane change from right-to-left, whereas for a left-to-right
decision the bias is subtracted in order to implement the keep-right directive as follows:

L→ R : ãi − ai + p(ãn − an + ão − ao) > 4ath +4abias (4.41)

R→ L : ãi − ai + p(ãn − an + ão − ao) > 4ath −4abias (4.42)

LMRS Model

Lane changing Model with Relaxation and Synchronization (LMRS) is a new micro-
scopic model proposed by [131], which is structured around lane change desire. The desire
is a combination of the route, speed, and keep-right incentives. The desire to change from
lane i to lane j that arises from the different incentives is combined into a single desire.

dij = dijr + θijv ∗ (dijs + dijb ) (4.43)

The equation (3.55) means that, we have a desire to follow a route dr, to gain speed ds
and to keep right db, where the subscript b stands for bias to a particular side. The latter
two are included with θv which is the level at which voluntary (discretionary) incentives
are included. Desire is meaningful between -1 and 1 where negative values indicate that
a lane change is not desired, and positive values mean the driver wants to change lane.
based on the desire value, they distinguish lane changes as: Free Lane Changes (FLC),
Synchronized Lane Changes (SLC) and Cooperative Lane Changes (CLC).

0 < dfree < dsyn < dcoop < 1 (4.44)
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Lane change desire is based on three incentives. Lane change behavior, including the
accepted headway and deceleration for a lane change, varies depending on the level of lane
change desire. Figure 4.12 gives an overview of the variation of lane change behaviour
between processes [131]. The proposed lane changing model, which is based on the gap
acceptance concept, includes seven parameters: relax headway, route desire, anticipated
speed, speed desire, keep-right desire, combine desires, and gap-acceptance [132].

Figure 4.12: Lane change desire LMRS based on three incentives

4.4.2 Synthesis

Reviewing the existing lane changing models presented above, we provide a brief summary
and systematic comparison of the four groups. For that, we based on some criterion: lane
change decision, reason for lane changing, target lane selection, gap acceptance, and then,
we give the strength and weakness of each group.

Rule-based lane changing models are the most popular ones in microscopic traffic sim-
ulators. For this type of models, the subject vehicle’s lane changing reasons is evaluated
first. If these reasons warrant a lane change, a target lane from the adjacent lane(s) is
selected. The gap acceptance model used to determine whether the available gaps should
be accepted.
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Figure 4.13: Rule-based lane changing models specification

For most discrete-choice-based lane changing models are based on logit or probit models.
The lane changing process is usually modeled as either MLC or DLC. Discrete-choice-based
lane changing models follow three steps: 1) checking lane change necessity, 2) choice of
target lane, and 3) gap acceptance. The heterogeneity in drivers and vehicles (i.e., driver
aggressiveness, driving skill level, and vehicle acceleration performance) have not been given
adequate consideration because the existing traffic data and data collection technologies
cannot provide information that is detailed enough for developing and testing such models.
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Figure 4.14: Discrete-choice-based lane changing models specification

Artificial intelligence lane changing models are fundamentally different from the rule-
based and discrete choice-based models. A major advantage of them is that they can
better incorporate human experience and reasoning into the development of lane changing
models.
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Figure 4.15: Artificial intelligence lane changing models specification

The most advantage behind incentive-based models is intuitive and straightforward (i.e
drivers choose to change or not change lanes in order to maximize their benefits). The main
advantage of MOBIL model is that compared against a threshold value for final decision
making. For LMRS model, their advantage is to take into account the driver’s desire to
follow a route into consideration.
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Figure 4.16: Incentive-based lane changing models specification

4.4.3 Behavior profiles

On a real traffic road network, many situations can encounter the drivers where a decision
between two or more alternatives is required. This relates to many situations as lane
changes or whether or not it is safe to enter the priority road at an unsignalized junction,
and concern whether or not to stop at an amber-phase traffic light. All of these problems
classified as discrete-choice problems that pioneering work [133] has been investigated in the
context of transportation planning. However, there are fewer investigations attempting to
incorporate the discrete-choice model into microscopic models of traffic flow. In fact, only
very recent acceleration and discrete-choice tasks have been treated more systematically
[130]. Lane change model is required to simulate multi-lane and complete the car following
movement. The purpose of the thesis is to combine two fundamental motions to evaluate
traffic flow in the real manner: car following rules or longitudinal model describes the
concept to follow the preceding vehicle while keeping a safety distance in the same lane and
lane change rule species the rational decision to change lanes. In fact, we used an adapted
microscopic lane change model MOBIL to allow faster driver vehicle agents to improve their
driving conditions by passing slower vehicles. The main idea of the lane change algorithm
MOBIL is focused on two criteria: the safety constraint to avoid collisions by the follower
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in the prospective target lane ãi > −bsafe and it restricts the deceleration of the lag vehicle
on the target lane to values below bsafe. This simple condition contains the information
provided by the longitudinal model via the acceleration ãi. An additional constraint called
the incentive criterion

︷ ︸︸ ︷
ãi − ai +p(

︷ ︸︸ ︷
ãn − an +

︷ ︸︸ ︷
ão − ao) > 4ath which favors lane changes

whenever the acceleration in one of the target lanes is higher. In other words, this criterion
is executed if the sum of the own acceleration and those of the affected neighboring vehicle
driver is higher in the prospective situation than in the current local traffic and if the
first criterion is validated. Furthermore, in the MOBIL strategy, the immediately affected
neighbors are considered by the politeness factor p. For p = 0 , the incentive criterion
simplifies to

︷ ︸︸ ︷
ãi − ai > 4ath which describe an egoistic driver behavior. Otherwise, For

p = 1, lane changes are only executed if this increases the combined accelerations of the
lane changing driver and all affected neighbors. For realistic lane change behavior the
politeness factor in the range 0.2 < p < 0.5. In this work, we adapted the lane change
model MOBIL to proposed longitudinal models by formulating the two criteria in terms
of safe braking deceleration. Moreover, the crashes due to lane changes are automatically
excluded as the proposed CF itself assured collision free dynamics.

4.5 Rear-end collision risk

Rear-end collision is related to human errors in car following. The main objective of the
car following is to maintain the desired speed while keeping a safe distance from the front
of the vehicle. To estimate the propriety of rear-end collisions, the car following model
often uses the parameter time to collision (TTC) as a surrogate measurement. The TTC
is a visual information to the driver of the time to collision, its temporal derivative is used
by the driver as a visual information of the risk of future rear end collision. This visual
risk is given by:

RVopt = −1 + Si(t)S̈i(t)
Ṡi(t)2

(4.45)

We notice that when R = 0 , TTC is constant. In this case, if tc is this constant TTC
value, thus the following differential equation holds: S̈i(t) = −1

tc
Ṡi(t)
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On the basis of several behavior of the leading vehicle, we investigate the improvement
of the risk perception introduced by the weighting factor. The risk associated with the pre-
vious car following model using optimal velocity function Eq (4.5) and the risk associated
with new optimal velocity function with weighting factor is given by:

RVopt = −1 + Si
aivi

(1− Vopt(Si)
vi

) (4.46)

RV new
opt

= −1 + Si
aivi

(1− Vopt(Si)
vi

W (Si,−vi)) (4.47)

vi is the speed of the follower vehicle.

4.6 Simulation results

In order to compare the characteristics of microscopic models, for each car following model,
we establish the simulation results for different scenarios. In the following, we will test the
proposed approach (accelerating and braking behavior) using an open source microscopic
simulator [134] to validate our approach The purpose of the simulation study is to evaluate
the proposed longitudinal models (MFVD and MVSD) and demonstrate that the new opti-
mal function introducing the weighting factor has the best effect in braking state compared
as other car following models such as OV, MOV, FVD , VSD , MOV models.

In this study, we carry out the simulations to investigate whether MVSDM andMFVDM
can overcome the shortcomings of previous models such as OVM, MOVM proposed by [75]
, FVDM, and VSDM. We used two vehicle classes: cars and trucks. For all simulations,
the parameter values used for the optimal velocity function Eq (4.5) and are adapted from
[44] are V1 = 6.75m/s, V2 = 7.91m/s, C1 = 0.13m−1, and C2 = 1.57m−1. The parameter
values calibrated for weighting factor are A = 0.5, C = 0.5, and B = 5s. The sensitivities
parameters values are a = 0.6m/s2, and λ = 0.45m/s2. The parameters values for cars are
the desired velocity V0 = 120km/h, the safe time headway T = 1.2s, the minimum gap
S0 = 2m, and the vehicle length l = 6m. The parameters values for trucks are the desired
velocity V0 = 80km/h, the safe time headway T = 1.7s, the minimum gap S0 = 2m, and
the vehicle length l = 10m. The parameters values for lane changing are the politeness
factor p = 0, the changing threshold 4ath = 0.2m/s2, the maximum safe deceleration
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bsafe = 12m/s2, and the bias for the slow lane 4abias.

For more information about the simulation results, we built a video to visualize clearly
the validity of our proposed model MVSDM and the existing model MOVM and VSDM
in the following link https://youtu.be/adKLlO_fU8w. When starting the simulation, we
extract the necessary data in excel format in order to represent them in graph form, and
this is done for each car following model and for each scenario [135]. Figure 4.17 shows the
resulting data (speed, acceleration, position, type of car, length, etc.)

Figure 4.17: Example of resulting data according to MVSDM

Figure 4.18 (a) illustrates the optimal velocity function depending only of spacing head-
way, however Fig 4.18 (b) weighting factor depending on spacing and relative speed, this
factor increases with relative speed and approaches 1 when the spacing increases.

https://youtu.be/adKLlO_fU8w
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Figure 4.18: OVF: (a) Optimal velocity as function of spacing and (b) Weighting factor as function of
spacing and relative speed

4.6.1 Microscopic traffic simulator

So far, the longitudinal and lane change models have been discussed which describing in-
dividual driver vehicle agents. Now we address the issue of simulation demonstrator that
integrates these components into a microscopic traffic simulator. Several numbers of in-
teractive simulators available as open source or commercial use. The commercial traffic
simulation software tools like (VISSIM, AIMSUNor PARAMICS) incorporate a variety of
additional modules such as emission or pedestrian models and interfaces but generally not
well documented. However, there is an open source simulator for whole traffic networks,
called SUMO [136] that uses the Krauss model[137]. Furthermore, another open source
micro-simulation of road traffic that uses intelligent driver model [91]. We adopt the con-
cept of an agent to implicate the complex human driving behavior and we used this latter
to evaluate our contribution. This demonstrator is an educational project developed in
Java source code and simulates various predefined traffic situations and different scenarios
such as on-ramps, lane-closings, uphill grades and or traffic lights. Figure 4.19 shows the
typical classes in a microscopic traffic simulator.
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Figure 4.19: Traffic simulation class diagram

The main classes implemented here are:

• Class Car use as input the initial position of the vehicle generated x, the speed of
entry of the vehicle v, the lane that the vehicle will be positioned on, the lanechange
describes the nature of the lane change being performed (cars are inconsiderate and
trucks are polite), the actual length of the vehicle which is depending on its type, the
color of the vehicle (trucks are black and cars are red), and the number is a unique id
generated for each vehicle (or agent id). The main methods are "accelerate" method
for the acceleration for the agents on the freeway, " change" method is responsible for
using the LaneChange class and performing necessary lane changes, and "translate"
method for moving the vehicles and changing their positions dynamically.

• Class Constants contain the constants influencing the global appearance and func-
tionality of the model. It’s responsible to calibrate the model according to special
needs such as different applet size, different time steps, different acceleration/deceleration,
different bumper-to-bumper gap, etc ... by simply changing the numbers and recom-
piling the program.

• Class Longitudinal-Model is the basis class for the microscopic traffic model in which
we implement the proposed car following models (MFVDM, MVSDM).

• Class Longitudinal-ModelCar and Longitudinal-ModelTruck contains all the cars and
trucks parameters.

• Class LaneChange present the implementation of the lane-changing model MOBIL
("Minimizing Overall Brakings Induced by Lane-changes")
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• Class MicroStreet is the core of the simulator, which implement the main functions
defining the agent behavior. The main elements of this class are: "street" is a vector
of Moveable’s representing the agents, the update method invoked in every time
step which responsible for updating the system throughout the simulation, the "sort"
method for re-arranging the vehicle order in the street in the order of decreasing
longitudinal positions and the "ioFlow" method in charge of the arriving agents into
the system.

• Class Moveable represents a general agent object from class Car with its parameters
(position, velocity,lane, etc) in each time step, the objects are updated by moving
them forward (method translate), by changing the velocity (method accelerate), etc

• Class OnRamp describes the length, behavior, position, and other related fields con-
cerning the ramp merging into the freeway.

4.6.2 Ramp Scenario: Stop and go traffic behavior

Stop and go driving has raised much attention in the literature due to its severe negative im-
pacts like increased fuel consumption, greenhouse emissions and safety risks [138][139][140].
The ramp scenario has been recognized as one of the most effective ways for combating
freeway congestion.Furthermore, the on-ramp concept poses some situations in which ve-
hicle access an already busy road. This scenario has been added to the system to create
perturbations and demonstrates the traffic breakdown provoking on the main road of the on
ramp. Usually, the traffic jam occurs when the leading car decelerate for certain reasons
such as lane changing maneuvers, lower speeds of leader vehicle and moving bottleneck
cause stop and go traffic and amplifying delay and environment impacts. For that, it’s
important to study the vehicle behavior when simulating in such case. We evaluate the
impacts of vehicles accessing a road in heavy traffic condition with the main flow of 2800
vehicles/h and ramp inflow of 400 vehicles/h. Figure 4.20 describes the behavior of vehi-
cles in stop and go scenario according to MOVM, FVDM, VSDM, OVM, MFVDM and
MVSDM. The vehicles wait at the ramp with a safe spacing to avoid collision and merge
into the freeway. Furthermore, their entrance forced the preceding vehicle to decelerate
in order to avoid crashing. Simulation results depicted in Fig 4.20 (a) and (c) show that
MFVDM and MVSDM able to avoid the collision when the leading car decelerate hardly.
However, simulating traffic flow according to OVM and MOVM occur crashes between
different vehicles and in their entrance to freeway as we can see in Fig 4.20 (e) and (f). As
we are shown in Fig 4.20 (b) and (d), when the vehicles access to freeway, the FVDM and
the VSDM collide with the obstacle. It’s clearly observed that the FVDM, VSDM avoid
the collision sometimes, but their main drawbacks is to make more time to decelerating
under emergency. The proposed approach produces more realistic results than the existing
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models.

Figure 4.20: Ramp simulation according to (a) MFVDM, (b) FVDM, (c) MVSDM, (d) VSDM, (e)
MOVM, and (f) OVM

At t = 0, all cars start up according to MOVM, FVDM, VSDM, OVM, MFVDM and
MVSDM, respectively. From Fig 4.21, it can be seen that the MFVDM and the MVSDM
car speed maximum is under of the previous models and their velocity begins to decrease
before previous models speed reaches its maximum. This is due to the introduction of the
weight factor which is based on inverse TTC indicator that make MFVDM and MVSDM
reacts better that other models under braking phase.

4.6.3 Traffic Lights Scenario: Behavior at stopping and approach-
ing traffic signal

The traffic lights scenario describes the driving behavior of the vehicle when approaching
a traffic signal. First a traffic signal is red and a queue of vehicles is waiting where the
optimal velocity goes to 0. When the signal switch to green, att = 0, vehicles start run-
ning. The virtual obstacles in each lane appeared when the light is red and removed when
the light turns to green. Figure 4.22 represents the snapshot of vehicle motion and their
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Figure 4.21: Time evolution of velocity variation according to MOVM, VSDM, OVM, FVDM, MFVDM
and MVSDM

behavior according to MFVD, FVD, MVSD, VSD, OV, and MOV models. Through these
results, and when approaching traffic lights, it can be observed that the vehicles collide in
the previous models. However, the problems of collision in emergency case were solved.
Furthermore, the simulation results show that our proposed models can exactly describe
the driver’s behavior when approaching traffic signal, where no crash occurs.
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Figure 4.22: Traffic lights simulation according to (a) MFVDM, (b) FVDM, (c) MVSDM, (d) VSDM,
(e) MOVM, and (f) OVM

Figure 4.23 gives the position evolution on the road of the four simulated cars. Therefore
the different positions of the cars are given by a curve in this plane. If the curves are parallel,
it is because the cars don’t provoke the collision. However, if two of these lines intersecting,
one car has hit another.
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Figure 4.23: Position variation according to MFVDM, FVDM, OVM, MOVM,VSDM, and MVSDM

Figure 4.24 represents the velocity variation of two vehicles using the MVSDM in the
case of several changes. At the beginning, vehicle 1 follows vehicle 2 in the same lane 0,
after a few moments vehicle 1 change the lane 0 towards the lane 1 that is why two vehicles
show themselves in parallel when approaching traffic lights at t = 57. In approaching phase,
and at t = 72 vehicles should decelerate smoothly, which clearly shown that the vehicles
stopped completely at a red light, and their velocity goes to 0. When the signal changes
to green, vehicles begin to accelerate.
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Figure 4.24: Driving behavior of two vehicles according MVSDM in each lane

4.6.4 Simulation of the close lane by standing obstacles scenario

In this scenario, we applied some perturbation when the vehicles move normally. To
enhance the breakdown, perturbations to the traffic flow can be added by letting one
vehicle brake without reason. In fact, we forced a car to change lanes by adding standing
obstacle presented in black color to close different lanes. Figure 4.25 demonstrates a driving
behavior of MOVM, MFVDM, and MVSDM. It’s showed clearly that the proposed models
simulate realistically the traffic flow. Our models forced lane change and avoid crash when
MOV model can’t avoid it.
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Figure 4.25: Ramp simulation according to (a) MFVDM, (b) FVDM, (c) MVSDM, (d) VSDM, (e)
MOVM, and (f) OVM

4.6.5 Rear-end collision risk evaluation

We examine the rear-end collision risk by exceeding the speed of the optimal seed function
by 10 percentage, the risk associated with optimal velocity function RVopt and the risk
associated with new optimal velocity function RV new

opt
described as:

RVopt(Si, 1.1Vopt(Si)) = −1 + 0.1Si
ai(1.1)2Vopt(Si)

(4.48)

RV new
opt

(Si, 1.1Vopt(Si)) = −1 + Si
1.1aiVopt(Si)

(1− 1
1.1W (Si,−1.1Vopt(Si)) (4.49)
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Figure 4.26: Rear-end collision risk: (a) The risk associated with optimal velocity function (b) The risk
associated with weight factor

From Figure 4.26 (a), we show that the risk associated with the optimal velocity func-
tion goes under -0.7 at a spacing of 8 m. This means that the driver do not decelerate
enough. Figure 4.26 (b) gives now the risk associated with the proposed optimal veloc-
ity function introducing the weight factor. The model that introducing the weight factor
reacts better and remains always positive, which means that the drivers reacts well and
makes the time to collision increasing.

4.7 Chapter summary

The microscopic car-following model is a favorite type of traffic flow theory to describe the
individual behavior of drivers. In this chapter, we presented the most car-following model
well-known the optimal velocity (OV) model and its generalizations, which has successfully
revealed the dynamical evolution process of traffic congestion in a simple way. Thereafter,
we have reviewed the existing car following models and the recent one and giving their
drawbacks and advantages to help for developing the strong car following model which
avoids the collision and interpreted the traffic flow in a real manner. Consequently, we
suggested an extended car following models basis on acceleration which is a continuous
function incorporating different driving modes for all velocities in freeway traffic as well
as city traffic. The introduction of a new optimal velocity function on MFVDM and
MVSDM depends on weighting factor which incorporate time to collision indicator besides
the headway and the actual speed. The weighting factor plays an essential stabilizing role
in real traffic, especially when approaching traffic jams and avoiding rear-end collisions.
To simulate the car motion and to describe traffic flow, we examine certain properties
of traffic microscopically in such situations: stop and go traffic, close lane by standing
obstacles, approaching and stopping at traffic lights, evaluation of rear-end collision risk.
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The choice of MOBIL lane changing model is not arbitrary. Most of the published lane-
changing models follow a rule-based approach with different gap-acceptance conditions.
This approach often tends to lead to complex models with many parameters. However, the
lane changes model MOBIL based on the acceleration-based decisions. This means, both
the incentive criterion and safety constraints can be expressed in terms of the acceleration
function of the underlying car following model. The model is able to describe lane changes
as well as symmetric and asymmetric lane changes in a consistent way. To interpret traffic
road, effectively, we proposed to implement the extended car following models MFVDM
and MVSDM using lane changing model MOBIL. Through the experiment results, the
proposed approach demonstrate that can overcome the shortcomings of previous models
and explain the good performance of the underlying car-following models.



Chapter 5

Conclusion and future work

5.1 Conclusion and main findings

The aim of this final chapter is to summarize the main achievements of this dissertation
thesis. In section 5.1.1 a summary is given of the main research aims and the approach
used to achieve these aims. Major contributions of this thesis are discussed in section 5.1.2.
Finally, suggestions for future research are presented.

5.1.1 The Acceleration Model and Lane changing Model

The driving task is an interesting task that consists of all tasks a driver must execute
to reach the destination safely, comfortably, and timely. Traffic flows modeling is a huge
research topic in which several car following models have been proposed to govern the
longitudinal movement of vehicles in a traffic stream. Generally, car following or accelera-
tion models can be classified into: sensitivity-stimulus, and safety or non-collision models.
We interested, particularly, in safety or non-collision models which assume that a driver
maintains a safe distance to prevent a collision at any time of movement. Existing general
purpose microscopic models do not offer a suitable result for safety study purposes. The
motivation for analyzing this particular behavior that the longitudinal driving behavior of
individual drivers determines a large extent the characteristics of traffic flow as a whole.
To complete a driving task, the lane change model required. For a driver considering a
lane change, a change increases with the gap to the new leader in the target lane. How-
ever, if the speed of this leader is lower, it may be favorable to stay in the present lane
despite the smaller gap. In this dissertation, we focused on the longitudinal component
of the maneuvering and control behavior of a driver. We analyzed how vehicles interact
with other combinations driving on multi-lane roads using lane changing MOBIL including
both situations is the difference between the accelerations after and before the lane change.
The proposed approach was tested using a microscopic traffic simulator and under different
scenarios.
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5.1.2 Contributions

The aim of this study was to look at existing microscopic simulation models from a safety
point of view. The final purpose of this research was to put forward a novel and enhanced
CF model. In the meantime, the proposed CF model was required to be more robust than
the present CF models in replication of the safety metrics. The model should provide the
traffic analyzer assurance of being capable of relying on the microscopic simulation models
for safety evaluation. In this research, we examined current microscopic simulation models
including the factors and regulations that administrate the microscopic sub-models, mainly
, the CF and LC models. Therefore the following contributions are presented:

• We contributes to the state of the art in modeling drivers’ acceleration and lane
changing behavior in two major areas: enhancing existing models and proposing new
models.

• The car following model is extended by assuming that the new OV function including
TTC as safety factor for traffic flow theory.

• The combination of proposed CF models with lane change models treated in this
study.

• Validation of theoretical approach by micro-simulator under different variety of sce-
narios.

5.2 Recommendation for future research

This dissertation focused on the car following models’ accuracy for safety evaluation. there
are unlimited fields of research and application of the traffic road that makes the study as
only a partial contribution and that several perspectives are open for the continuation of
this work. The most significant areas for further research are as below:

• An equivalent macroscopic model for the car following model can add to the strengths
of the model and highlight the model’s different perspectives.

• Proposing and focusing on the other behavioral models such as lane changing would
be valuable.

• Testing the proposed approach using lane change behavioral in bidirectional roads.

• Using real microscopic traffic data to estimate both the acceleration and lane chang-
ing models.
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• Fuel consumption and emission production must be examined.

• Another challenging issue for the next generation of Intelligent Transportation Sys-
tems is the transmission of information within the transportation network using wire-
less communication technologies.
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Résumé 
Cette thèse porte sur l’analyse et la compréhension des comportements des conducteurs en 

traitant les comportements de poursuite et de changement de voie. En outre, nous contribuons 

au développement de modèles microscopiques du trafic en haute performance qui incluent les 

modèles d’accélération et de changement de voie. Nous avons revu les modèles 

microscopiques existants pour les améliorer et en développer de nouveaux. Une autre 

contribution majeure dans cette thèse est de tenir compte de la sécurité du trafic, les modèles 

existants sont actuellement inadéquats pour évaluer la sécurité et éviter les collisions. Ceci 

nécessite d’un examen critique des modèles microscopiques actuels pour déterminer quels 

composants et paramètres ont un effet en termes de sécurité. Notre objectif final dans cette 

étude est d’établir de nouveaux modèles de poursuite pour évaluer l’impact de différents 

scénarios de trafic. D’autre part, nous avons combiné les modèles d’écoulement proposés 

avec le modèle de changement de voie. Les modèles sont validés à l’aide d’un simulateur 

microscopique de flux de trafic avec différents scénarios: avancer et s’arrêter, s’approcher et 

s’arrêter au feu de circulation, et perturber la voie en posant des obstacles.  

 

Abstract  
This thesis deals with the analysis and understanding of drivers’ behaviors during car-

following and lane changing. Furthermore, we contribute to the development of microscopic 

traffic performance models which include the acceleration and lane changing models. We 

reviewed the existing microscopic models to improve the existing models and develop new 

ones. Another major contribution of this thesis is to consider the traffic safety; the existing 

models are currently inadequate to assess safety and to avoid collisions. Our final aim of this 

study is to establish a new CF model to appraise the impact of different traffic scenarios. On 

the other hand, we combined the proposed car following models with lane change model. The 

models are validated using a microscopic traffic simulator with different scenarios: go and 

stop, approaching and stop at traffic light, and close lane by standing obstacles. 
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