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This paper describes a model for traffic simulation of an urban environment and its implementation in
a driving simulator. The simulator is also able to reproduce realistic traffic accidents. In order to attain
real-time simulation, the simulation environment has been partitioned considering the city as divided
into segments of road, junctions, and sectors that minimize the interaction between the cars involved
in the traffic simulation and the traffic simulation is considered only in a control zone centered on
the driven vehicle. Simplified dynamic vehicle models have also been used when vehicles are not
involved in the accident, allowing for a sufficiently realistic behavior. A traffic light regulation only
in the area next to the driven vehicle is also included. A complex model for the vehicles involved in
traffic accidents has been developed, including multibody components and different collision models.
The developed model is then immediately applicable to large scale driving simulators.
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1. Introduction

Traditionally, traffic simulation models have been used
to carry out traffic studies in order to design and modify
the road layout, as well as to implement traffic light reg-
ulations on existing roads. However, during the last few
years, there has been growing interest in driving simula-
tors because they have proved themselves to be a highly
useful tool for training and instructing drivers, particularly
professionals (bus, truck, emergency vehicle drivers, etc.).

Lately, physicists have been paying special attention to
the theoretical and empirical foundations of traffic flow
physics [1, 2]. Vehicle movement taken individually has
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many peculiarities as it is basically a result of driver be-
havior together with some physical conditions.

In order to describe individual vehicle dynamics, a
wide range of microscopic models has been put forward.
Models based on cellular automata consider simple mi-
croscopic models with a logic that usually consists of a
few operations having high performance [3]. On the other
hand, car-following models provide more realistic model-
ing of driver and vehicular behavior.

Car-following models use realistic driver behavior and
detailed vehicle characteristics that require higher com-
putational resources. Models like INTRAS [4], CORSIM
[5], CARSIM [6], and INTELSIM [7] are also models that
use detailed acceleration models.

The development of these models has represented a
very important advance in macroscopic model simulation,
since it has been possible to perform the simulation from
a microscopic dynamics basis. Nevertheless, when the re-
sults obtained are compared to reality, there are still im-
portant discrepancies, both in macroscopic behavior as
well as in the description of individual car dynamics [5].
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Several traffic simulation tools have been developed re-
cently, such as MITSIM [8], PARAMICS [9], AIMSUN
[10, 11].

More sophisticated tools such as ARTEMiS [12] have
also been developed, used for example to provide a
general evaluation tool for advanced traffic manage-
ment applications such as congestion and incident man-
agement, public transport priority and dynamic route
guidance.

Due to the fact that the developed traffic model is
for application in a driving simulator, the behavior and
movements of vehicles surrounding the user-driven vehi-
cle must be represented as realistically as possible. There-
fore, a purely microscopic type traffic model will be im-
plemented.

One of the characteristics of this simulator is that it is
able to be used for simulating traffic accidents. Simula-
tion models for the analysis of traffic accidents can be
basically grouped in two types, based on the basic laws
of physics used in the formulation of the model: dynamic
models and analytic models.

The analytic models [13, 14] use the linear momentum
conservation law, which is also applied to the point of im-
pact, creating a group of simultaneous algebraic equations
without the appearance of forces and which are immedi-
ately solved.

Having developed numerous analytic collision mod-
els, among the best known are CRASH (in its differ-
ent versions EDCRASH, CRASH, CRASH3) [15] and
OLDMISS [16].

The dynamic collision models use the numeric integra-
tion of Newton–Euler equations forming a system of dif-
ferential equations. The dynamic models apply numeric
time integration, like the computer simulation methods,
advancing from the cause to the effect. The difficulty of
these models is that in a traffic accident, the effect rather
than the cause is known. The reconstruction of accidents
by these models calls for applying iterative methods test-
ing the initial starting conditions until arriving at the de-
sired effect. Some examples of dynamic models can be
found in [17] and [18].

Dynamic models have two important advantages com-
pared to analytic models: They permit the consideration
of the implied vehicle body’s elasto-plastic behavior by
means of models that are very close to reality, and they
can be complemented with behavior simulation models of
the vehicles. With this, the vehicle movement can be sim-
ulated before (pre-collision), during (collision), and after
the collision (post-collision). This is an important facility
for the analysis of the reasons that caused the accident or
collision.

Another way to study traffic accidents is to apply the
finite element method and structural analysis models to
study the behavior of the vehicle’s structure on collision.
The best known programs of this type applied to crash-
worthiness are PAMCRASH and DYNA3D [19]. Some
virtual reality applications have been developed based on

this method [20], but they are simple postprocessors of
simulation results.

The very complex parameters necessary to calculate
these simulations and the high-performance computer
needed, however, make these tools suitable for the struc-
tural design of the car body but unsuitable for a computer
simulation program that works with a database of hun-
dreds of vehicles.

For these reasons, and due to the very characteristics
of virtual reality applications, a dynamic model to obtain
vehicle movement is the best way to implement these the-
ories in a virtual environment.

Research related to the development and application of
a driving simulator is not new. Driving simulators began
to appear in primitive forms in the 1970s. With the advent
of computer technologies, Daimler-Benz launched a high-
fidelity driving simulator in the 1980s [21], which created
wide interest throughout the world. Since then, many au-
tomotive makers and research institutions worldwide have
developed their own simulators. There are various levels
of complexity of driving simulators ranging from a simple
static base simulator to the most advanced simulator that
are capable of simulating the dynamic motion and scenes
of an actual vehicle.

There are several driving simulators developed by
Companies or Universities such as TRUST [22] for heavy
vehicles, Adams Transportation [23] for military and civil
vehicles, NADS – National Advanced Driving Simulator
– [24], Umtri [25], UCF Driving Simulator [26] or SIM2
[27].

A typical advanced driving simulator, such as NADS
in Iowa, normally consists of a visual system, angular and
translational motion systems with six degrees of freedom,
vehicle cab system, control feel system, auditory system,
and vehicle dynamics. An advanced simulator is capa-
ble of producing a high-fidelity simulation output. How-
ever, the construction cost of this system is very high. On
the other hand, a static base simulator is a low cost and
may be sufficient for applications that do not require very
high fidelity simulation. The virtual reality-based driving
simulator developed in this research will lay the ground-
work for future research in transport safety, vehicle de-
sign and ergonomic evaluation, intelligent vehicle high-
way systems and driver education and testing, its main
contribution being that the simulator is able to reproduce
traffic accidents in real time.

The advanced computational capabilities in modern
personal computers have made possible for consumers to
experience simulations with a high degree of verisimili-
tude through simulation games. In recent years, the tech-
nology exchange between game and simulation technol-
ogy, along with other factors, has contributed to the confu-
sion as to what makes a simulation game and what makes
a simulator. Several studies have been developed in order
to clarify the differences [28].

In recent years, as a result of this technology diffusion,
simulation games, serious games, and training simulators
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have become popular. As simulation games improve in re-
alism, the use of the technological elements of simulation
games in simulators has increased, and has contributed to
the technology exchange between simulation games and
simulators. The word “simulator” has been used in the ti-
tles of many simulation games (e.g., Microsoft Train Sim-
ulator or Microsoft Flight Simulator) and, in recent years,
many simulation games have been used as simulators.
These are some of the reasons that have contributed to-
wards the confusion in distinguishing among games, sim-
ulation games, and simulators, but the main difference be-
tween games and simulators is the real physical behavior
that is present in the simulators, rather than the verisimil-
itude present in games.

The main contribution of this paper is the development
of a model for real-time traffic simulation for use in a
driving simulator with the possibility to simulate traffic
accidents. The developed simulator is based on a micro-
scopic model, but it is not a classical microscopic traffic
simulator because it only reproduces the traffic in the sur-
roundings of the user-driven vehicle.

In the driving simulator, there are two types of vehi-
cle: the user-driven vehicle and other vehicles, called auto-
matic vehicles. The user-driven vehicle is fully simulated
with tridimensional models and is used to reproduce the
vehicle movement. On the other hand, the user-driven ve-
hicle is also considered as an input of the general traffic
model, in which the behavior and movements of vehicles
surrounding the user-driven vehicle must be represented
as realistically as possible. The complete traffic model that
the user-driven vehicle must interact with reproduces the
behavior of the other vehicles in the simulation. Each au-
tomatic vehicle has two models associated with it: the ve-
hicle dynamic model and the driver model. The vehicle
model reproduces its own movements responding to the
driver’s actions. The driver model establishes which ac-
tions are exerted on the vehicle, and when, and in what
circumstances they are exerted.

Section 2 describes how the simulation environment
is modeled and partitioned so that it can be simulated in
real time. In order for the traffic to be represented in real
time in a high-performance visual system, a minimum im-
age refresh frequency of 30 Hz is needed. This frequency
has a considerable bearing on all the solutions adopted for
processing the simulation environment.

Section 3 describes the traffic model. To develop the
traffic model a moving control area approach is used. The
traffic is modeled and simulated only within this area,
which moves along with the user-driven vehicle.

Section 4 presents the model and characteristics used
for the user-driven vehicle. The model reproduces the full
behavior of a vehicle depending on the driver inputs (steer-
ing wheel, gearbox lever and pedals). The obtained move-
ments will be introduced in a six degree of freedom plat-
form.

Section 5 describes the vehicle model used for auto-
matic vehicles. This is the model that is used for all the

vehicles in the environment, except for the user-driven
vehicle. In order to endow the vehicles surrounding the
user-driven vehicle with greater realism, a dynamic model
based on differential equations has been used, which en-
ables a more realistic behavior than with the traditional
acceleration-based model. Using this type of model allows
typical driver error situations such as skids or spins to be
simulated.

Section 6 describes the driver model for the automatic
vehicles. The driver model, basically describes the ac-
tions exerted by the drivers on the vehicles included in
the traffic model, taking account of the traffic conditions
surrounding them. Every vehicle has a path assigned to
it that it must attempt to follow. With the aim of making
the vehicle follow this path in accordance with the traffic
conditions established, some PD (proportional-derivative)
type controllers have been defined that act on the steering,
the accelerator or the vehicle’s brake. Together with these
controllers, the decision-making criteria establish the ac-
tion that the driver model must take in order to accelerate,
brake or change lane, depending on the traffic and sign-
posting conditions at any given moment. This section also
introduces the traffic light regulation model, based on a
simplified model with the only object to produce sensa-
tions of realism in the user-driven vehicle.

Section 7 introduces the collision model used in order
to simulate traffic accidents and its implementation and
Section 8 presents the characteristics of the virtual envi-
ronment developed for the simulator.

Finally, Section 9 sets out the conclusions of this paper.

2. Geometric Description of the Traffic
Environment

In order to carry out the traffic simulation, the traffic
model needs to have information on the geometry and ele-
ments involved in the traffic flow environment. The start-
ing point is the definition of the real geometry of a city on
a two-dimensional CAD map, as shown in Figure 1.

When undertaking a geometrical description of a city,
two different techniques have been traditionally adhered
to.

In one technique, the lanes are divided into cells which
can be simultaneously occupied only by one vehicle. Vehi-
cle movement is controlled by taking account of the rules
governing the occupation or liberation of these cells [29,
30].

The other technique is to consider the middle line of
the lanes as a continuous path over which the drivers try to
move. These paths are made of a series of entities (straight
lines and arcs) that are divided into a series of points [31].

A schema of the paths definition can be seen in Fig-
ure 2, which shows the set of paths on an intersec-
tion with several directions, represented by discontinuous
lines. Each segment represents a path. Each path has a
driving direction assigned represented in Figure 2 by a
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Figure 1. CAD map of a portion of the city

triangle, and a circulation speed, determined by the road
circumstances (maximum running speed, radius of curva-
ture, etc.) At the end of each path there is a connection
point that allows a path to be connected with adjacent
paths. At each connection point the cars are distributed
randomly toward each of the exit paths following the per-
centages established in the traffic environment design. In
the example in Figure 2, when path 1 terminates at its con-
nection point, it allows the traffic to be distributed toward
paths 2, 3 and 4.

The geometric information of the city needed by the
traffic model is the one relative to lanes, junction con-
nectivities, signposting, etc. This information is grouped
in different categories. Streets describe a section of street
between two junctions, including a series of points with
associated information, such as point co-ordinates, aver-
age vehicle speed, etc. Lanes comprise each section of
street, including their direction of flow, their width and
some special features, such as their being a bus lane, for
example. Nodes include information concerning junctions
and roundabouts in the city, including a list of all pos-
sible connectivities between access and exit lanes, with
their corresponding probability. Signals and signs include
a list of signals and signs existing in the city, such as traffic
lights, stop signs, give way signs and pedestrian crossings.
For each sign, data is specified to identify which lanes are
affected by it and its relative position on each lane.

Figure 2. Path definition

3. Traffic Model

Depending on whether the simulator is to be used for
traffic studies or traffic regulation, or as a driving simu-
lator, the simulation is either carried out over the whole of
the city [32, 33], or only over a limited area [29, 34, 35].
In the first case, macroscopic models are used, while in
the second case microscopic models are used. The present
study has developed an implementation for a driving sim-
ulator, therefore the latter approach has been chosen.

The traffic is calculated and represented only in a zone
surrounding the user-driven vehicle, which is called the
control zone.

The zone used is rectangular in shape and is centered
in front of the vehicle. Its configuration and size can be
seen in Figure 3.

The size of the control zone and the location of the
driven vehicle depend on the maximum number of ve-
hicles involved simultaneously, the traffic density desired
in the simulation, as well as the limit of visibility for the
driver. The vehicle is not in the center of the control zone,
it is situated rearwards instead. This is because the visibil-
ity limit must be greater in the forward direction so that
the vehicles do not appear or disappear too close to the
driver. In the rear direction, as the visibility is only due to
the rear-view mirrors, the limit can be much closer to the
driver.

The objects involved in the simulation are introduced
at the points of intersection between this zone and the ac-
cess lanes, and are destroyed at the points of intersection
between the control zone and the exit lanes. In order to de-
termine these points, the intersection of the control zone
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Figure 3. Control zone geometry

Figure 4. Partitioning the environment into sectors

with each and every one of the city’s lanes, must be calcu-
lated. However, given that the total number of lanes in the
city is very great, it is not possible to perform this process
in every cycle because calculation speed decreases con-
siderably. To solve this, the city is partitioned into square-
shaped sectors of sufficient size that the control zone can-
not be occupying more than four at a time, as can be seen
in Figure 4. Therefore, it is only necessary to calculate in-
tersections for the lanes in the sectors that are occupied by
the control zone.

4. The User-driven Vehicle Model

All the dynamic models have been developed using the
bond graph technique. The main advantage of this tech-
nique is its multidisciplinary character, which enables the
possibility of applying it to any field of physics and its
capacity for integration in hierarchical structures such as
those in the developed models.

Figure 5. The vehicle

The vehicle model for the driven vehicle includes a
three-dimensional model developed for the simulation of
the complete vehicle’s movement. The vehicle is simu-
lated as a group of rigid bodies connected to one another,
with the possibility to move in space. The vehicle is con-
sidered with two axes and four wheels with its steering and
drive systems. The drive can be front, rear or four-wheel.

The vehicle model (Figure 5) contains fourteen degrees
of freedom. Of these, six degrees of freedom correspond
to the chassis, considered as a three-dimensional rigid
body with movement capability in space. The remaining
eight degrees of freedom are found in the wheels. Each
wheel has two degrees of freedom, one of vertical dis-
placement with regard to the chassis, and the other over
its spin axis.

The wheels are connected to the chassis by means of
the suspension system modeled with a spring and shock
absorber in parallel, placed vertically with regard to the
chassis. Furthermore, it allows the spinning of the wheels
to be able to correctly simulate the force of traction and
braking.

The front wheels can turn with regard to the verti-
cal axis, controlled from the vehicle’s steering maneuver.
Therefore, these wheels will possess one more movement,
even though it does not mean a degree of freedom because
it is an input to the system.

In order to simulate the behavior of the tires, the ‘magic
formula’ [36] is used, which reliably represents the exper-
imental behavior of each kind of tire taking account of the
effect of the variation of the vertical load acting upon the
tire.

In order to develop the full multibody model for the ve-
hicle, a multibond graph model was used. Figure 6 shows
the bond graph of the vehicle. A more detailed explanation
of this model can be seen in Félez et al. [37].

The drive set is modeled including the elements shown
in Figure 7.

Vehicle interaction with the geometry of the road is in-
troduced directly establishing a classical terrain-following
algorithm between the wheels of the vehicle and the
geometry of the ground.
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Figure 6. Multi-bond graph of the vehicle

Figure 7. Drive set model. Sensor inputs

5. Automatic Vehicle Model

Kinematic vehicle models, like those used in MITSIM,
PARAMICS or AIMSUN, have usually been used in
traffic simulation in order to simplify simulator develop-
ment and minimize the computation time needed. How-
ever, these models mean less realism in the simulation,
since the behavior of the vehicles is pre-determined, so all
of them move precisely along the same paths.

For this reason, and in order to endow the movement
and behavior of the vehicles surrounding the user-driven
vehicle with greater realism, a dynamic model was devel-
oped based on differential equations that enable more re-
alistic behavior. With this model the vehicle does not keep
strictly to its path, but tries to follow it by modifying and
acting on the control parameters of the vehicle (steering,
accelerator and brake), according to the specific parame-
ters of the vehicle and driver.

Figure 8 shows the vehicle model and its geometry as
well as its variables and parameters. The model is used

Figure 8. Vehicle model

with the assumption of small steering angles. The model
has five degrees of freedom: longitudinal, transversal dis-
placement and yaw angle.

Taking the steering angle into account and considering
small angles, by approximating the sine of the angle to the
angle and the cosine to the unit, equations (1), (2) and (3)
define the movement of the vehicle body expressed in a
body-fixed frame.

m � � �u � � � r� � Fx f � Fxt � � � Fy f (1)

m � � �� � u � r� � Fy f � Fyr � � � Fx f (2)

Iz � �r � Fy f � a � Fyr � b� (3)

In these equations, the transversal forces on the tires,
Fy f � Fyr are obtained according to the slip angle �i

� f � � � r � a � �
u

(4)

�r � r � b � �
u

� (5)

The meanings of the variables used are:

u, v, r longitudinal (x direction), transversal (y direc-
tion) and yaw velocities, expressed in a fixed
body reference frame

a, b distance of the front and rear wheels to the ve-
hicle center of mass

� steering angle
� f , �r slip angle of the front and rear wheels
u f , ur velocities of the front and rear wheels that de-

termine the vehicle turning center
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Fx f , Fy f longitudinal and transversal tire forces in the
front wheels

Fxr , Fyr longitudinal and transversal tire forces in the
rear wheels

m total vehicle mass
�u� ��� �r longitudinal, transversal and yaw acceleration

corresponding to u� �� r velocities
Iz: vehicle momentum of inertia.

The longitudinal forces or rolling forces, Fx f � Fxr , are cal-
culated by using the longitudinal slip coefficient

The inputs to the vehicle model are the three basic ma-
neuvers that can be performed by the driver: steering an-
gle, accelerator pedal percentage and brake pedal percent-
age.

The steering angle is introduced into the model as can
be seen in equations (1) and (2). This last equation de-
termines the forward slip angle, and thus the transversal
force on the driving wheel, which is what makes the ve-
hicle turn. The value of the steering angle to be applied
at each instant of simulation is determined by the steering
controller defined in Section 6.1.

Vehicles are modeled as if they had an automatic gear
box with the assumption of constant power, modeled with
a hyperbolic function.

The accelerator and brake percentage value to be ap-
plied in the simulation is determined by the controllers
defined in Section 6.2.

6. Driver Model for Automatic Vehicles

The aim of the driver model is to simulate real driver be-
havior. The driver model developed consists basically of
an evolution of the vehicle following theory habitually
used in traffic behavior studies [32, 34, 38].

The general behavior of the traffic model is based on
the fact that each vehicle is associated with a lane whose
middle line, called a path, it tries to follow. Each path has
a list of the vehicles that can be found on it. In this way,
the situation of the surrounding traffic is determined at
each moment, and it is this information that conditions
the driver’s behavior. The driver model establishes several
functions:

6.1 Steering Angle of the Driven Vehicle

In order to determine the maneuvers that the driver must
carry out on the steering wheel, a reference point is es-
tablished on the path followed by the vehicle at a certain
distance ahead, towards which the driver must continually
try to steer (Figure 9).

The reference distance value is given by equation (6):

ds � tsu � d0� (6)

The more aggressive the driver, the smaller is the ts
coefficient.

Figure 9. Determining the wheel steering angle

Figure 9 shows the calculation of the wheel steering
angle. Once point P has been determined, it is necessary
to calculate the radius R of the arc passing through this
point, through the centre of the vehicle turning point O,
and which is a tangent to the longitudinal velocity u di-
rection. Therefore, by knowing the vehicle’s wheelbase h,
the theoretical wheel steering angle (equation (7)) will be:

�P � arctan

�
h

R

�
� (7)

A proportional – differential (PD) controller is defined
following the equation (8) in order to establish the steering
angle value � introduced into the vehicle model.

� � �P � cd� � d�P

dt
� (8)

The proportional term coefficient of this controller has
a value of 1. The differential controller coefficient cd� is
defined as a result of a series of tests with vehicles moving
along different types of path at different speeds, the more
aggressive the driver, the greater the coefficient.

6.2 Acceleration and Breaking Maneuvers

The acceleration and braking controls establish the driver
maneuver to be performed. The driver acceleration or
braking maneuver depends on a set of references associ-
ated with its path, such as, for example, the position of the
rear vehicle, the position of vehicles in adjoining lanes,
the location of signposting, etc. A more detailed descrip-
tion of associated references can be seen in Maroto et al.
[39].

A reference speed ur is established, which the driver
will try to keep to, and which is associated with a ref-
erence distance dr . The set of both ur and dr determines

Volume 83, Number 5 SIMULATION 421

 at PENNSYLVANIA STATE UNIV on September 15, 2016sim.sagepub.comDownloaded from 

http://sim.sagepub.com/


Félez, Maroto, Romero and Cabanellas

the maneuver to be performed by the driver. The reference
speed and distance used by the PD controllers and which
determine the driver maneuvers, are the most restrictive
among all the set of references that are considered.

Firstly, the vehicle acceleration ar necessary to reach
the required objective speed ur is calculated, according to
the equation (9), associated with a uniformly accelerated
movement:

ar � u2
r � u2

2dr
� (9)

The rate of acceleration is determined by means of a
PD controller. The controller output expresses the accel-
erator or brake percentages as shown in the following ex-
pressions.

For acceleration (equation (10)):

acel � cp � ar � cd � dar

dt
� (10)

The proportional controller coefficient is calculated in
such a way that if the acceleration obtained ar is less
than the average acceleration corresponding to the type
of driver am , the acceleration of the vehicle will be that
calculated (equation (11)). On the contrary, if the accel-
eration obtained is greater, the acceleration of the vehicle
will be equal to the average acceleration corresponding to
the driver type (equation (12)). Therefore:

If ar � am

cp � 1

	 � g
(11)

If ar � am

cp � am

	 � g � ar
� (12)

To determine the differential controller component
value, successive tests have been made bearing in mind
the relation between cp and cd .

The brake percentage is obtained using equation (13):

brake � ar

	 � g
� (13)

The reference speed and distance used by the PD con-
trollers and which determine the driver maneuvers, are the
most restrictive among all the set of references that are
considered [39].

6.3 Carrying Out Manoeuvres

The driver model decides which maneuvers will be carried
out and executes them. The most usual maneuvers are: ac-
celeration, braking, following a vehicle, lane changes and
adapting to road signs.

In order to make a decision, the surrounding traffic
conditions are taken into account. Each vehicle has infor-
mation associated with the path where it is located, as well
as the paths it will take if it is near a junction and has al-
ready chosen the corresponding connectivity. In turn, each
path possesses information about adjacent paths. Since
each and every one of the paths of the scenario contains
a list of all the vehicles located on them at a given mo-
ment, one particular vehicle can obtain information about
all the others around it, and whose behavior might affect
it.

6.3.1 Behavior in Street Sections

When a driver is in a street section, their behavior is di-
rectly influenced by the vehicles preceding them in the
same lane. Each driver has an objective speed established
according to the street, their degree of aggressiveness,
and the type of vehicle being driven. If the lane they are
driving along is clear, they will carry on, tending to drive
at their objective speed. However, if there are other vehi-
cles ahead moving below their objective speed, the driver
will try to change lanes in order to overtake them. To do
this, they will check the state of the traffic in the adjacent
lanes.

To decide if there is enough space free for the lane
change, the minimum safety distance between the con-
trolled vehicle i and vehicle j is determined.

6.3.2 Behavior at Junctions and Roundabouts

Lane changes are not allowed either at the junction access
or inside it, which is why the associated references are not
taken account of.

The vehicle driver acts according to two new addi-
tional references obtained from the intersections between
the different connectivities making up the junction.

When the vehicle is close to the junction access or in-
side it, its behavior is determined by the position it keeps
relative to other vehicles located on the junction connec-
tivities. The priority at a junction without signals depends
on the visibility between both vehicles.

The concept of degree of visibility can be seen in Fig-
ure 10. It consists of calculating the angle of the straight
line joining the geometric centre of the vehicle with that of
the other, and calculating the difference between this and
the car’s angle of orientation. The smaller this difference,
the greater will be the driver’s degree of visibility.

In general, the vehicle having the other in its angle of
vision will concede the right of way. For example, in the
situation of Figure 10, vehicle 2 will stop. If they can-
not see each other, the one with the greatest degree of
visibility will stop. The degree of visibility is determined
when the vehicles come near the junction and switch to
approaching mode.

422 SIMULATION Volume 83, Number 5

 at PENNSYLVANIA STATE UNIV on September 15, 2016sim.sagepub.comDownloaded from 

http://sim.sagepub.com/


FULL DRIVING SIMULATOR OF URBAN TRAFFIC INCLUDING ACCIDENTS

Figure 10. Angle of visibility of two drivers when approach-
ing an intersection

6.3.3 Behavior with Regard to Signposting and
Signals

The traffic model takes into account four types of signs
and signals: traffic lights, stop, give way signs and pedes-
trian crossings. Below is a detailed description of how the
driver model behaves with regard to each.

� Traffic Lights.
The behavior of a driver when faced with a traffic
light depends on the phase of the light and the
driver’s degree of aggressiveness. If the light is
green, the driver’s behavior is not affected, no mat-
ter what their degree of aggressiveness. If the light
is red, the driver’s behavior depends on the distance
from the lights. Normally, they will stop, except if
they are very close and are an aggressive or moder-
ate driver. If the light is yellow, the behavior of the
vehicle also depends on the distance. In general, the
more aggressive the driver, the more they will tend
to accelerate to go through the light.

� Stop Sign.
The behavior of a driver when approaching a stop
sign depends basically on their degree of aggres-
siveness. If no other vehicles are present in the prox-
imity of the junction, an aggressive driver will not
usually slow down on approaching the sign. How-
ever, a moderate driver will reduce speed, while a
passive driver will stop. If the possibility of an im-
minent collision exists, the driver will stop the vehi-
cle whatever their degree of aggressiveness. If there
are other vehicles in the proximity of the junction,
and there is a possibility of collision, the behavior
of the driver of the controlled vehicle is determined

by the relation existing between the arrival times of
each of the vehicles at the junction.

� Give Way Sign
The behavior of a driver approaching a give way
sign is determined in a similar way to that for a stop
sign, depending basically on their degree of aggres-
siveness. In general, if there are no other vehicles in
the immediate proximity of the junction, an aggres-
sive driver will not slow down. However, a moder-
ate driver will slow down and a passive driver will
stop at the white line, as if it were a stop sign. If
there is a risk of imminent collision, the driver will
stop the vehicle whatever their degree of aggressive-
ness.

� Pedestrian Crossing
If a pedestrian is on a crossing, the driver will stop
the vehicle or reduce speed until the pedestrian has
finished crossing the road. If there is no pedestrian,
the behavior of the driver will depend on their de-
gree of aggressiveness. If it is a passive driver, they
will reduce the speed of the vehicle on approaching
the crossing. However, if the driver is moderate or
aggressive, the speed will be maintained.

6.4 Traffic Light Regulation Model

The algorithm used to carry out traffic light regulation
only controls the traffic lights within the control zone. At
each instant, the model selects a traffic light, called the
master traffic light, that serves as reference for establish-
ing the status of the other traffic lights. This traffic light
will be the one at the entry to the intersection nearest to
the user-driven vehicle on the same street and moving in
the same direction. Once the status of the master traffic
light has been set, the model will determine the status of
the other traffic lights on the intersection.

The total cycle time is shared among all the streets hav-
ing traffic lights at the entry to the intersection, in such a
way that all the traffic lights at the entry to an intersec-
tion that are on the same street have the same status, and
when those on an entry street are green or yellow, those at
the entry on other streets will be red. In this way, an exit
traffic light will remain green when those at the entry to
the street are such, and will remain on yellow for all the
other statuses associated with it.

Once the status of all the traffic lights at the same inter-
section has been established, the status of the other traffic
lights in the control zone will be determined. For each in-
tersection a new reference traffic light will be taken, from
which the status of the other traffic lights will be calcu-
lated according to the algorithm described previously. The
reference traffic light status will be calculated with a time
lapse that is proportional to the distance existing between
the master traffic light and the position of the new ref-
erence traffic light. The traffic light regulation associated
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with the crosswalks will be opposite to that for the vehi-
cles, their remaining on green only when the status asso-
ciated to the traffic is red, and red for the others.

7. Accident Simulation

The behavior model for the simulated vehicles included
in the traffic model is based on the following theory, try-
ing to follow pre-established paths avoiding vehicle col-
lisions. Changing lane or overtaking maneuvers are only
performed when there is enough free space between vehi-
cles. For this reason, in the general behavior of the traffic
model, it is not possible that traffic accidents happen.

Traffic accidents can happen only in exceptional cir-
cumstances, only in specific traffic conditions and when
the simulator instructor decides that an accident must be
produced. In these circumstances, the simulator instruc-
tor decides what vehicle is going to produce the accident.
When the vehicle has been selected, references used by the
driver model related to the near vehicles are deactivated.
Then, the vehicle has a free behavior and can collide with
other vehicles or with obstacles in the road. When colli-
sion with other vehicle happens, references of this other
vehicle are also deactivated.

7.1 Collision Model

Collision detection is performed in two steps. The first
checks the intersection between the bounding spheres of
each object. When intersection between bounding spheres
is detected, the bounding boxes intersection is checked for
the previous intersection detected, establishing the center
of the area of intersection in order to define the contact
point. When the contact point is detected, the direction of
the corresponding collision forces is calculated and colli-
sion forces are applied.

Once it is possible to simulate the movement of a ve-
hicle being driven on a road, the next step is to take two
vehicles and implement a collision model between them.

The first operation in the simulation of a collision is
the detection of the contact point between both vehicles.
Then, the vehicles are connected at the point of collision
by sets of springs and dampers, placed in a longitudinal
and transversal position to the body of the car, (Figure 11).
These sets of springs and dampers are those which sim-
ulate the elastic–plastic behavior of the body of the car
during the collision.

The parameters of the springs and dampers have been
adjusted from testing, by classifying the vehicles by types
and within these by category according to their weight and
wheelbase.

The values of the stiffness of the springs are considered
to be constant throughout the simulation process. For the
dampers, where the plastic deformations are going to oc-
cur, the law of damping variation is utilized as Figure 12
indicates.

Figure 11. The collision model

Validation of the collision model was performed in
Lozano et al. [18].

Two collision models have been developed. The first
one corresponds to a car-to- car crash. In this case, no slip
between cars has been considered. The second collision
model corresponds to a crash between a car and a barrier.
In this case, slip between car and barrier has been consid-
ered. Figures 13 and 14 show the bond graph of the col-
lision models. More detailed information of these models
can be seen in Lozano et al. [18].

7.2 Submodels Assembly

In order to optimize the time simulation during the crash
simulation, a special algorithm has been developed opti-
mizing the number of equations needed for each time step.

All the procedures developed up to now and used for
traffic accident reconstruction build the entire set of dy-
namic equations of the vehicles and the collision models
for all the possible combinations of vehicles or vehicles
and obstacles. The developed procedure only considers
the collision model between objects where there really has
been a collision. Collision models have elements that per-
mit the transmission of collision forces only when vehi-
cles are in contact, but they keep calculating the possible
collision forces.

The algorithm developed is based primarily on the de-
tection of any geometric interference between two vehi-
cles or a vehicle and an obstacle, as seen in Section 7.1.
This process is firstly carried out by checking that the dis-
tance between the centers of gravity of two vehicles or
between vehicle center and obstacle center is less than the
sum of the radii of the bounding spheres of each object.
Once this condition has been fulfilled, that is, when the
bounding spheres of the two objects intersect, a second
check is carried out to detect if the bounding boxes of the
objects intersect. If this intersection occurs, the mid point
coordinates of the intersection surface are calculated as
local coordinates for each body. The forces generated by
the collision model are then applied to these coordinates,
which means that the collision model between two ob-
jects is only activated if interference is detected between
the two bodies, thereby avoiding unnecessary calculations
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Figure 12. Parameters of the collision model

Figure 13. Car to car collision model

in the collision models when such calculations are not
needed in a collision situation.

The developed procedure only considers the collision
model when a real collision exists (Figure 15). This figure
shows how the dynamic models of five vehicles are acti-
vated. Only the collision models between vehicles 1 and

Figure 14. Car to wall collision model

3, vehicles 1 and 2, and vehicle 1 with an obstacle and
vehicle 5 with an obstacle, are activated. However, the
collision model between vehicles 3 and 4 is not activated
because no geometric interference between them was de-
tected. With this procedure, a reduction of more than 50%
of equations is obtained.
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Figure 15. Assembly of submodels

Figure 16. Assembly procedure

The assembly procedure is based on the exchange of
flows and efforts in the connecting bonds between sub-
models. Each submodel is calculated independently, their
having in common the flows and efforts present in the
connecting bonds. In the vehicle model an effort corre-
sponding to the collision force is introduced as a new vari-
able. This variable is the reaction force obtained from the
collision model. Then, in the collision model, a flow cor-
responding to the velocity of the collision point is intro-
duced.

This implementation has been established so that it can
be done with several processes running in parallel if nec-
essary.

If all the vehicles and all the possible collision mod-
els are calculated simultaneously, a number of equations
are obtained that correspond to the number of vehicles (n)
multiplied by the number of equations of each vehicle, 14
	 n equations, plus the combinations of possible colli-
sions between two vehicles, i.e. n 	 (n – 1)/2 	 6 equa-

Figure 17. Simulation results

tions, plus the number of equations obtained from the col-
lisions between car and obstacles, i.e. n 	 5 equations.

If the proposed method is considered, it is only nec-
essary to solve the equations of vehicles, i.e. n 	 14, but
during the main part of the simulation time, it is not neces-
sary to solve the collision models. Also, it is not common
for multiple collisions to occur simultaneously. The reduc-
tion of the number of equations is then very significant.
Following the example of Figure 16, if there are five vehi-
cles and five possible obstacles, 155 equations are needed
if all the possible combinations are considered, but if we
consider only the collisions that exist, 95 equations are
needed. Figure 17 shows these results.
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Figure 18. Scene graph of the virtual environment

8. The Virtual Environment

The virtual environment has been developed by basing it
on a classical virtual reality application, where the follow-
ing elements have been defined: geometry objects, lights,
sound sources, tasks, behaviors, collision detection, and
actions in the systems (driving actions in this case).

Several types of objects have been defined. All the ob-
jects or nodes have been structured in a hierarchical way,
in a tree structure. The base node is the so-called ground.
The ground node includes a three-dimensional mesh rep-
resenting the complete terrain geometry where the acci-
dent occurs. The second types of nodes are the vehicles.
These are movable nodes, changing position in each sim-
ulation step.

Vehicle movement can be obtained in two ways. The
vehicle driven from the console has several associated sen-
sors controlling its movement. The input sensors are trans-
mitted to the vehicle actions through a model simulating
the behavior of the engine, clutch, gearbox, drive shaft,
differential and wheel. Inputs are the steering wheel, the
lever to the gearbox and the clutch, and the accelerator,
and brake pedals. The output is the torque in the wheels
that is applied to the dynamic model of the vehicle.

The other vehicles have their movement governed by
a pre-established driver behavior and they try to follow
a path. When a collision is detected, the collision model
applies the corresponding collision forces to each object.
At this moment, the established path is disabled and the
vehicle movement is obtained from its dynamic equations.

There are other types of object in the virtual environ-
ment. These objects are generically called static objects.
They are non-movable objects that have no behavior in the
environment. Basically there are two types of static ob-
jects: the obstacles and the areas with different ground ad-
herence. In the obstacles, the possibility of collision with
vehicles is checked, and if collision occurs, the collision
model is applied to the vehicle. In the zones of different
adherence, interference with vehicle wheels is checked.

If interference is found, the corresponding adherence co-
efficient is applied in the dynamic model to the vehicle
wheel. The dynamic behavior of the vehicles is introduced
by means of a task in the vehicle node. The collision
model is also introduced as a task in both objects when
collision is detected.

Geometry nodes can have two more characteristics:
level of detail (LOD) properties, or switch characteris-
tics. LOD nodes are used when the simulator is working
or not with an external user or it is simulating a partic-
ular accident without external actions. The use of LOD
nodes is useful to improve computation time. When simu-
lation is performed with external actions, in order to obtain
real-time simulation, time step size has to be controlled.
Switch nodes are used to represent different geometries
of a car with different deformations when collision ex-
ists. Figure 18 shows the virtual environment developed
schematically.

One of the main deficiencies arising in many of the cur-
rent virtual environments is the lack of realistic dynamic
behavior. The objects in the scenario usually include only
very simple and simplified physical routines, which are
only valid in specific situations and which are practically
never accurate for realistic simulations.

Although the model could be used for traffic flow and
control studies, it has been designed for the simulation of
near traffic. Its most suitable application is for training ve-
hicle drivers. The type of vehicle, car, van, truck or motor-
bike, only determines the model of the user vehicle.

An implementation of the model is being developed in
the University for a multi-purpose simulator in which dif-
ferent types of vehicles can be simulated, such as road ve-
hicles, cars, trucks, motorbikes, railway trains, ships and
planes. The simulator has a six degrees of freedom plat-
form with three visual channels mounted on it. Sounds
and reactive steering wheel and controls, in conjunction
with the movement provide a sensation of very realistic
driving. In Figures 19 to 22 some pictures of the simulator
and their visual images can be seen.
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Figure 19. Model of Plaza de Castilla in Madrid, Spain

Figure 20. Driver view point, including rearview mirror

9. Conclusions

In this work, a traffic model, which is also able to re-
produce traffic accidents, has been developed for imple-
mentation in a driving simulator in an urban environment.
Therefore, the model needs to be suitable for real-time
simulation and, in turn, provide a high degree of realism
so that the user will become immersed in the environment.

The developed model is capable of functioning in real
time using only a small percentage of the available com-

putational resources imposed by the requirements of the
number of vehicles simulated and control zone size. It has
thus been shown that it is possible to simulate a great num-
ber of vehicles in a large control zone. This is because all
the roads are considered as continuous paths along which
the vehicles move, and lists are used to associate the latter
with their paths.

The use of simplified dynamic models to simulate ve-
hicle movement is highly realistic, without requiring a sig-
nificant increase in the computational resources needed.
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Figure 21. Top view of the environment

It has also been shown that the use of a purely micro-
scopic model does not affect traffic realism, particularly
when dealing with a generic city. Individual driver behav-
ior and their decision making in the zone nearest to the
driven vehicle can be faithfully reproduced without the
need to solve complex traffic flow calculations through-
out the entire city.

The traffic light simulation implemented can be exe-
cuted with few resources being consumed and, at the same
time, the state of all the traffic lights affecting the traffic
simulated in the control zone is provided following a log-
ical sequence.

Specific models for simulating crash and traffic acci-
dents have also been included in the simulator.
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