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Abstract 
Driving simulators are used to conduct experiments on for example driver 
behavior, road design, and vehicle characteristics. The results of the experiments 
often depend on the traffic conditions. One example is the evaluation of cellular 
phones and how they affect driving behavior. It is clear that the ability to use 
phones when driving depends on traffic intensity and composition, and that 
realistic experiments in driving simulators therefore has to include surrounding 
traffic.  

This thesis describes a model that generates and simulates surrounding vehicles 
for a driving simulator. The proposed model generates a traffic stream, 
corresponding to a given target flow and simulates realistic interactions between 
vehicles. The model is built on established techniques for time-driven microscopic 
simulation of traffic and uses an approach of only simulating the closest 
neighborhood of the driving simulator vehicle. In our model this closest 
neighborhood is divided into one inner region and two outer regions. Vehicles in 
the inner region are simulated according to advanced behavioral models while 
vehicles in the outer regions are updated according to a less time-consuming 
model. The presented work includes a new framework for generating and 
simulating vehicles within a moving area. It also includes the development of 
enhanced models for car-following and overtaking and a simple mesoscopic 
traffic model. 

The developed model has been integrated and tested within the VTI Driving 
simulator III. A driving simulator experiment has been performed in order to 
check if the participants observe the behavior of the simulated vehicles as realistic 
or not. The results were promising but they also indicated that enhancements 
could be made. The model has also been validated on the number of vehicles that 
catches up with the driving simulator vehicle and vice versa. The agreement is 
good for active and passive catch-ups on rural roads and for passive catch-ups on 
freeways, but less good for active catch-ups on freeways.  
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1 Introduction  
1.1 Background 
Traffic safety is a severe and important problem. Many accidents are caused by 
failures in the interaction between the driver, the vehicle, and the traffic system. 
The number of driving related interactions is increasing. Drivers nowadays also 
interact with different intelligent transportation systems (ITS), advanced driver 
assistance systems (ADAS), in-vehicle information systems (IVIS), and NOMAD 
devices, such as mobile phones, personal digital assistants, and portable 
computers. These technical systems influence drivers’ behavior and their ability to 
drive a vehicle. To be able to evaluate how different ITS, ADAS, IVIS, NOMAD-
systems, or road and signal control designs etc influence drivers, knowledge about 
the interactions between drivers, vehicles and environment are essential.  

To get this knowledge researchers conduct behavioral studies and experiments, 
which either can be conducted in the real traffic system, on a test track, or in a 
driving simulator. The real world is of course the most realistic environment, but 
it can be unpredictable regarding for instance weather-, road- and traffic 
conditions. It is therefore often hard to design real world experiments from which 
it is possible to draw statistically significant conclusions. Some experiments are 
also too dangerous or expensive to conduct in the real world and other are 
impossible due to laws or ethical reasons. Test tracks offer a safer environment 
and the possibility of giving test drivers more equal conditions and thereby 
decreasing the statically uncertainty. However, test tracks lack a lot in realism and 
it can be hard to evaluate how valid results from a test track study are for driving 
on a real road. Driving simulators on the other hand offer a realistic environment 
in which test conditions can be controlled and varied in a safe way. 

A driving simulator is designed to imitate driving a real vehicle, see Figure 1.1 
for an illustration. The driver place can be realized with a real vehicle cabin or 
only a seat with a steering wheel and pedals, and anything in between. The 
surroundings are presented for the driver on a screen. A vehicle model is used to 
calculate the simulator vehicle’s movements according to the driver’s use of the 
steering wheel and the pedals. Some driving simulators use a motion system in 
order to support the driver’s visual impression of the simulator vehicle’s 
movements. Last but not least a driving simulator include a scenario module that 
includes the specification of the road, the environment, and all other actors and 
events.  
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Figure 1.1 The VTI Driving Simulator III (Source: Swedish National Road and 
Transport Research Institute (VTI) (2004)) 

 
Driving simulators are used to conduct experiments in many different areas 

such as: 
 

• Alcohol, medicines and drugs. 
• Driving with disabilities. 
• Technical systems, such as ITS, ADAS, IVIS, and NOMAD systems. 
• Fatigue 
• Road design 
• Vehicle design 
 

Driving simulators can also be used for training purposes. One example is the 
TRAINER simulator that was developed to work as a complimentary vehicle in 
driving license schools, (Gregersen et al., 2001). The TRAINER simulator offers 
great possibilities to train actions that are unsafe, difficult or impossible to train in 
the real road network. This could be anything between basic maneuvering to 
emergency situations. 

It is important that the performance of the simulator vehicle, the visual 
representation, and the behavior of surrounding objects are realistic in order for 
the driving simulator to be a valid representation of real driving. It is for instance 
clear that the ambient vehicles must behave in a realistic and trustworthy way. 
Ambient vehicles influence the driver’s mental load and thereby his or her ability 
to drive the vehicle. A good representation of the ambient vehicles is especially 
important in simulator studies where the traffic intensity and composition has a 
large impact on the driver’s ability to drive the vehicle. This can for instance be in 
experiments concerning road design, the use of new technical equipment, or 
fatigue. It is not only important that the behavior of a single driver is realistic, but 



 

 3

also that the behavior of the whole traffic stream is realistic. For instance, drivers 
who drive fast expect to catch up with more vehicles than catches up with them 
and vice versa. 

A realistic simulation of surrounding vehicles, and thereby traffic, can be 
achieved by combining a driving simulator with a model for microscopic 
simulation of traffic. Micro-simulation has become a very popular and useful tool 
in studies of traffic systems. Micro models use different sub-models for car-
following, lane-changing, speed adaptation, etc. to simulate driver behavior at a 
microscopic level. The sub-models, hereby called behavioral models, use the 
current road and traffic situation as inputs and generates individual driver’s 
decisions regarding for example which acceleration to apply and which lane to 
travel in as outputs. Stochastic functions are often used to model variation in 
driver behavior, both among drivers and over time for a specific driver. However, 
stochastic traffic simulation models have traditionally not been used to simulate 
ambient vehicles in driving simulators. The usual approach has instead been to 
simulate the ambient vehicles according to deterministic models. There are for 
several reasons desirable to keep the variation in test conditions between different 
drivers as low as possible. By using stochastic simulation of ambient traffic, 
drivers will experience different situations at the micro level depending on how 
they drive. The simulator driver’s conditions will still be comparable at a higher, 
more aggregated, level, if this is sufficient or not varies depending on the type of 
experiment. For some experiments, equal conditions at the micro level are 
essential and stochastic simulation may not be suitable to use. In other 
experiments, comparable conditions at a higher level are sufficient.  

 
1.2 Aim   
The aim of this thesis is to develop, implement, and validate a real-time running 
traffic simulation model that is able to generate and simulate surrounding vehicles 
in a driving simulator. This includes integration of the developed model and a 
driving simulator. The model should both simulate individual vehicle-driver units 
and the traffic stream that they are a part of, in a realistic way. The simulated 
vehicle-driver units should behave realistically concerning acceleration, lane-
changing, and overtaking behavior, as well as concerning speed choices. The 
vehicles should also appear in the traffic stream in such a way that headways, 
vehicle types, speed distributions, etc. correspond to real data.  

 
1.3 Delimitations 
The simulation model has been delimited to only deal with freeways with two 
lanes in each direction and to rural roads with oncoming traffic. The model does 
not deal with ramps on freeways or intersections on rural roads. Consequently, the 
thesis does not deal with simulation of urban traffic situations. 

Some driving simulator experiments include critical situations or events. To 
create such situations autonomous vehicles has to be combined with vehicles with 
predetermined behavior. The thesis only discusses this topic to a limited extent.  
 
1.4 Thesis outline 
Chapter 2 gives an introduction to the field of microscopic simulation of traffic. 
The chapter includes a survey of common car-following, lane-changing, 
overtaking, and speed adaptation models. 
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Chapter 3 includes an introduction to driving simulator experiments and to the 
field of simulation of surrounding vehicles in driving simulators. It also include a 
discussion on the advantages, disadvantages, and difficulties of using stochastic 
traffic simulation for simulating surrounding vehicles in driving simulators. The 
chapter ends with a description of related research. 

In Chapter 4 the proposed model is presented. First, the simulation framework 
is presented. Then follows the presentation of the technique used to generate new 
vehicles. The chapter ends with a description of the utilized behavioral models 
and calibration of the involved parameters. 

Chapter 5 describes the integration of the proposed simulation model and the 
VTI driving simulator III. The chapter starts with a short description of the driving 
simulator and then follows the description of the integrated system. 

The performed validation of the model is presented in Chapter 6. The chapter 
starts with a discussion on how to validate this kind of models. Then follows a 
description and results from a validation of the number of vehicles that catches up 
with the driving simulator vehicle and vice versa. The third section describes a 
driving simulator experiment that was conducted in order to validate the simulated 
vehicles’ behavior. The chapter ends with a discussion and some additional 
observations made during tests in the driving simulator. 

Chapter 7 ends the thesis with a summary and a discussion on future research 
needs and possibilities. 
 
1.5 Contributions 
The main contribution of this thesis is the developed traffic simulation model, 
which is able to simulate ambient vehicles in a driving simulator on freeways and 
on rural roads with oncoming traffic. The contributions also include: 

 
• A summary over commonly used behavioral models for car-following, 

lane-changing, overtaking, and speed adaptation. 
• An investigation of difficulties, benefits, advantages and disadvantages 

with using stochastic micro simulation of traffic for simulation of ambient 
traffic in a driving simulator. 

• Improvements of a technique for generating freeway traffic on a moving 
area around a driving simulator and a further development of this 
technique to also fit generation of vehicles on rural roads without a barrier 
between oncoming traffic. 

• A new simple mesoscopic traffic simulation model that simulates 
individual vehicles using speed-flow diagrams. The model is used to 
simulate vehicles far away from the simulator vehicle. 

• A new version of the TPMA (Davidsson et al., 2002) car-following model, 
including a new deceleration model. 

• An enhanced version of the VTISim (Brodin et al., 1986) overtaking 
model, which includes new models for the behavior during the overtaking 
and at abortion of overtakings. 

• Integration of the simulation model and the VTI Driving simulator III 
• Presentation of different approaches that can be used to validate models 

for simulating surrounding vehicles in driving simulators. 
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1.6 Publications 
Some parts of this thesis have been published in other publications. The first 
version of the framework for generation and simulation of vehicles on freeways 
was originally presented in 
 

Janson Olstam, J. and J. Simonsson (2003), Simulerad trafik till VTI:s 
körsimulator - en förstudie (Simulated traffic for the VTI driving simulator - a 
feasibility study, In Swedish). VTI Notat 32-2003. Swedish National Road and 
Transport Research Institute (VTI), Linköping, Sweden. 

 
A partly enhanced version of this framework was later presented in 
 

Janson Olstam, J. (2003). “Traffic Generation for the VTI Driving 
Simulator”. In Proceedings of: Driving Simulator Conference - North 
America, DSC-NA 2003, Dearborn, Michigan, USA. 

 
The generation and simulation framework for simulation of rural road traffic 

for driving simulators was first presented in: 
 

Janson Olstam, J. (2005). “Simulation of rural road traffic for driving 
simulators”. In Proceedings of: 84th Annual meeting of the Transportation 
Research Board, Washington D.C., USA. 

 
Section 2.3.1 in the thesis includes a survey over car-following models. The 

main part of this survey has been presented in: 
 

Janson Olstam, J. and A. Tapani (2004), Comparison of Car-following 
models. VTI meddelande 960A and LiTH-ITN-R-2004-5. Swedish National 
Road and Transport Research Institute (VTI) and Linköping University, 
Department of Science and Technology, Linköping, Sweden. 
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2 Traffic simulation  
The societies of today need well working traffic and transportation systems. 
Congestion and traffic jams have become recurrent problems in most of the larger 
cities and also more common in smaller cities. In order to avoid congestion and to 
optimize the traffic systems with respect to capacity, accessibility and safety, 
traffic planners need tools that can predict the effects of different road designs, 
management strategies, and increased travel demands. Researchers and developers 
have therefore during the last decades developed many different types of models 
and tools that deal with these kinds of issues. The rapid development in the 
personal computer area has created new possibilities to develop enhanced traffic 
modeling tools. Traffic models are mainly based on analytical or simulation 
approaches. The analytical models often use queue theory, optimization theory or 
differential equations that can be solved analytical to model road traffic. These 
kinds of models are very useful, but often lack the possibility of studying how the 
dynamics of a traffic system varies over time. Simulation models on the other 
hand offer this possibility. They model how the traffic changes over time and use 
stochastic functions in order to reproduce the dynamics of a traffic system. 

Traffic simulation has become a powerful and cost-efficient tool for 
investigating traffic systems. It can for instance be used for evaluation of different 
road and regulation designs, ITS-applications or traffic management strategies. 
Traffic simulation models offer the possibility to experiment in a safe and non-
disturbing way with an existing or non-existing traffic system. As all models, 
traffic simulation models must be calibrated and validated in order to generate 
trustworthy results. This is often a very time-consuming task and sometimes limits 
the models cost-efficiency. 

 
2.1 Classification of traffic simulation models 
There are many different kinds of traffic models and there are also a couple of 
different ways to classify traffic models. Traffic simulation models are typical 
classified according to the level of detail at which they represent the traffic 
stream. Three categories are generally used, namely: Microscopic, Mesoscopic 
and Macroscopic.  

Microscopic models represent the traffic stream at a very high level of detail. 
They model individual vehicles and the interaction between them. Microscopic 
models incorporate sub-models for acceleration, speed adaptation, lane-changing, 
gap acceptance etc., to describe how vehicles move and interact with each other 
and with the infrastructure. Several models have been developed and the most 
well-known are probably AIMSUN (Barceló et al., 2002), VISSIM (PTV, 2003), 
Paramics (Quadstone, 2004a, Quadstone, 2004b), MITSIMLab (Toledo et al., 
2003), and CORSIM (FHWA, 1996). 

Mesoscopic models often represent the traffic stream at a rather high level of 
detail, either by individual vehicles or packets of vehicles. The difference 
compared to micro models is that interactions are modeled with lower detail. The 
interactions between vehicles and the infrastructure are typically based on 
macroscopic relationships between, for example, flow, speed and density. 
Examples of mesoscopic simulation models are DYNASMART (Jayakrishnan et 
al., 1994) and CONTRAM (Taylor, 2003). 

Macroscopic models use a low level of detail, both regarding the representation 
of the traffic stream and interactions. Instead of modeling individual vehicles, the 
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macro models use aggregated variables as flow, speed and density to characterize 
the traffic stream. Macro models commonly use speed-flow relationships and 
conservation equations to model how traffic propagate thru the modeled network. 
Examples of macroscopic simulation models are METANET/METACOR 
(Papageorgiou et al., 1989, Salem et al., 1994) and the Cell Transmission model 
(Daganzo, 1994, Daganzo, 1995). 

 
2.2 Microscopic traffic simulation 
Microscopic traffic simulation models, hereby called micro or traffic simulation 
models, simulate individual vehicles. The general approach is to treat a driver and 
a vehicle as one unit. As in reality, these vehicle-driver units interact with each 
other and with the surrounding infrastructure. Micro models consist of several 
sub-models, hereby called behavioral models, that each handles specific 
interactions. The most essential behavioral model is the car-following model, 
which handles the longitudinal interaction between two preceding vehicles. Other 
important behavioral models include models for lane-changing, gap-acceptance, 
overtaking, ramp merging, and speed adaptation. The sub-models needed depend 
on which type of road that the model should be able to simulate. Lane-changing 
models are for instance only necessary when simulating urban or freeway 
environments and are not needed in models for two lane highways without a 
barrier between oncoming lanes. The most common behavioral models will be 
presented in more detail in Section 2.3. 

Most micro models are able to simulate urban or freeway networks. The most 
well known models for these environments are also the ones presented in Section 
2.1 (AIMSUN, VISSIM, Paramics, MITSIMLab, and CORSIM). Only a couple of 
models for two-lane highways with oncoming traffic have been developed. The 
state-of-the-art in rural road models includes the Two-Lane Passing (TWOPAS) 
model (Leiman et al., 1998), the Traffic on Rural Roads (TRARR) model (Hoban 
et al., 1991), and the VTISim model (Brodin et al., 1986). The VTISim model is 
currently being further developed in the Rural Road Traffic Simulator (RuTSim) 
model (Tapani, 2005). 

In order to model that behavior and preferences varies among drivers, each 
vehicle driver unit is assigned different driver characteristics parameters. These 
parameters commonly include vehicle length, desired speed, desired following 
distance, possible or desired acceleration and deceleration rates, etc. The variation 
among the population is generally described by a distribution function and 
individual parameter values are drawn from the specified distribution. We can for 
example assume that desired speeds on freeways follows a normal distribution 
with mean 111 km/h and a standard deviation of 11 km/h. 

Micro models are generally time-discrete, but some event based models has 
also been developed, see for instance Brodin and Carlsson (1986). The basic 
principle of a time discrete model is that time is divided into small time steps, 
commonly between 0.1 and 1 second. At each time step the model updates every 
vehicle according to the set of behavioral models. At the end of the time step the 
simulation clock is increased and the simulation enters the next time step. 

Microscopic simulation models have traditionally been used to perform 
capacity and level-of-service evaluations of different road designs and 
management strategies. During the last decade, micro models have also in greater 
extent been used to evaluate different ITS-applications for example Intelligent 
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Speed Adaptation (Liu et al., 2000) or Adaptive Cruise Control systems 
(Champion et al., 2001). Research has also been made within in the area of 
combining micro simulation and different safety indicators to perform safety 
analysis of different road and intersection designs, see for example Archer (2005) 
and Gettman et al. (2003). 

Even though micro models work on a micro level and simulate individual 
vehicles, they have mainly been used to generate macroscopic outputs such as 
average speeds, flows, and travel times. A large part of the calibration and 
validation of micro models are therefore generally performed at a macroscopic 
level. The different behavioral model has to various extents been calibrated and 
validated at a micro level. However, very little effort has been put into calibrating 
and validating combinations of behavioral models at a micro level, for example if 
a car-following model in combination with a lane-changing model generates valid 
results at a micro level.  
 
2.3 Behavioral model survey 
In order to be usable and well performing, traffic simulation models must be 
based on high-quality behavioral models. To generate realistic behavior is of 
course the most important property of a good behavioral model, but not the only 
desirable property. A very realistic behavioral model is of little or no use if it 
cannot be calibrated or if this task is too time-consuming. It is therefore desirable 
to keep the number of model parameters as low as possible. When designing a 
behavioral model the aim should be to find the best compromise between the 
number of parameters and output agreement. It is also desirable that the utilized 
parameters easily can be interpreted as known vehicle or driver factors. This 
simplifies the calibration work and allows the user to in a more straightforward 
and easy way experiment with different parameter settings regarding for example 
the variation in behavior among drivers. 

Different road environments require different kinds of behavioral models. A 
traffic simulation model for urban roads must include different types of behavioral 
models compared to a simulation model for rural environments. Common for all 
environments is however the need of a car-following model. A car-following 
model controls drivers’ acceleration behavior with respect to the preceding 
vehicle in the same lane. It deduce when a vehicle is free or following a preceding 
vehicle and what action to take in each case. Another behavioral model necessary 
in all road environments is a speed adaptation model, which calculates a driver’s 
preferred or desired speed along the road. In urban and freeway environments, 
models for lane-changing decisions are essential. However, on two-lane highways 
a model that consider the whole overtaking procedure is needed. Such a model 
cannot only deal with the lane change to the oncoming lane. It also has to consider 
the actual passing procedure when traveling in the oncoming lane and the lane 
change back to the own lane. As a part of both lane-changing and overtaking 
models some type of gap-acceptance model is necessary. A Gap-acceptance 
model controls the decision of accepting or rejecting an available gap, for example 
if a vehicle that wants to change lane accept the available gap between two 
subsequent vehicles in the target lane. Some kind of gap-acceptance model is also 
necessary when modeling intersections, lane drops or on-ramp weaving decisions.  

The following sections will describe different kinds of car-following, lane-
changing, overtaking, and speed adaptation models in more detail. The sections 
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also include descriptions of different approaches to gap-acceptance in connection 
to lane-changes and overtakings. 

 
2.3.1 Car-following models 
A car-following model controls driver’s behavior with respect to the preceding 
vehicle in the same lane. A vehicle is classified as following when it is constrained 
by a preceding vehicle, and driving at the desired speed will lead to a collision. 
When a vehicle is not constrained by another vehicle it is considered free and 
travels, in general, at its desired speed. The follower’s actions is commonly 
specified through the follower’s acceleration, although some models, for example 
the car-following model presented in Gipps (1981), specify the follower’s actions 
through the follower’s speed. Some car-following models only describe drivers’ 
behavior when actually following another vehicle, whereas other models are more 
complete and determine the behavior in all situations. In the end, a car-following 
model should deduce both in which regime or state a vehicle is in and what 
actions it applies in each state. Most car-following models use several regimes to 
describe the follower’s behavior. A common setup is to use three regimes: one for 
free driving, one for normal following, and one for emergency deceleration. 
Vehicles in the free regime are unconstrained and try to achieve their desired 
speed, whereas vehicles in the following regime adjust their speed with respect to 
the vehicle in front. Vehicles in the emergency deceleration regime decelerate to 
avoid a collision. The following notation will be used throughout this section to 
describe the car-following models, see also Figure 2.1: 

 
na  Acceleration, vehicle n , [m/s2] 
nx  Position, vehicle n , [m] 
nv  Speed, vehicle n , [m/s] 
x∆  1n nx x− − , space headway, [m] 
v∆  1n nv v −− , difference in speed, [m/s] 
desired
nv  Desired speed, vehicle n , [m/s] 

1nL −  Length, vehicle n -1, [m] 
1ns −  Effective length ( 1nL − + minimum gap between stationary vehicles),  

vehicle n -1, [m] 
T  Reaction time, [s] 
 

 
Figure 2.1 Car- following notation. 

 

n n-1

nx
1nx −

1nL −

Direction 
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Classification of car-following models 
Car-following models are commonly divided into classes or types depending on 
the utilized logic. The Gazis-Herman-Rothery (GHR) family of models is 
probably the most studied model class. The GHR model is sometimes referred to 
as the general car-following model. The first version was presented in 1958 
(Chandler et al., 1958) and several enhanced versions have been presented since 
then. The GHR model only controls the actual following behavior. The basic 
relationship between a leader and a follower vehicle is in this case a stimulus-
response type of function. The GHR model states that the follower’s acceleration 
depends on the speed of the follower, the speed difference between follower and 
leader, and the space headway (Brackstone et al., 1998). That is, the acceleration 
of the follower at time t is calculated as 

 ( ) ( )
( ) ( )( )
( ) ( )( )
1

1

n n
n n

n n

v t T v t T
a t v t

x t T x t T
β

γα −

−

− − −
= ⋅ ⋅

− − −
, (2.1) 

where 0α > , β  and γ  are model parameters that control the proportionalities. A 
GHR model can be symmetrical or unsymmetrical. A symmetrical model uses the 
same parameter values in both acceleration and deceleration situations, whereas 
an unsymmetrical model uses different parameter values in acceleration and 
deceleration situations. An unsymmetrical GHR-model is for instance used in 
MITSIM (Yang et al., 1996) to calculate the acceleration in the following regime, 
and is formulated as 

 ( ) ( )
( ) ( )( )

( ) ( )( )
1

1 1

n n
n n

n n n

v t T v t T
a t T v t

x t T l x t T
β

γ
α

±

±
−±

− −

− − −
− = ⋅ ⋅

− − − −
 (2.2) 

where α± , β±  and γ±  are model parameters. The parameters α+ , β+ and γ+  
are used if 1n nv v −≤ andα− , β−and γ−  are used if 1n nv v −> . Besides the 
following regime, the MITSIM model uses one emergency regime and a free 
driving regime. 

The safety distance or collision avoidance models constitute another type of 
car-following model. In these models, the driver of the following vehicle is 
assumed to always try to keep a safe distance to the vehicle in front. Pipes’ rule 
which says: “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 of hour speed at which you are traveling”, (Hoogendoorn et al., 
2001), is a simple example of a safety distance model. The safe distance is 
however commonly specified through manipulations of Newton’s equations of 
motion. In some models, this distance is calculated as the distance that is 
necessary to avoid a collision if the leader decelerates heavily. The most well 
known safety distance model is probably the one presented in Gipps (1981). In 
this model the follower choose the minimum speed of the one constrained by the 
own vehicle and the one constrained by the leader vehicle, that is the minimum of 
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  (2.4) 

Here m
na  and m

nd is the maximum desired acceleration and deceleration for vehicle 
n, respectively, and 1n̂d −  is an estimation of the maximum deceleration desired by 
vehicle n-1. The safe speed with respect to the leader (equation (2.4)) is derived 
from the Newtonian equations of motion. The equation calculates the maximum 
speed that the follower can drive at and still be able to, after some reaction time, 
decelerate down to zero speed and avoid a collision if the leader decelerates down 
to zero speed. 

In 1963 a new approach for car-following modeling were presented, 
(Brackstone et al., 1998). Models using this approach are classified as psycho-
physical or action point models. The GHR models assume that the follower reacts 
to arbitrarily small changes in the relative speed. GHR models also assume that 
the follower reacts to actions of its leader even though the distance to the leader is 
very large and that the follower’s response disappears as soon as the relative 
speed is zero. This can be corrected by either extending the GHR-model with 
additional regimes, e.g. free driving and emergency deceleration, or using a 
psycho-physical model. Psycho-physical models use thresholds or action points 
where the driver changes his or her behavior. Drivers are able to react to changes 
in spacing or relative velocity only when these thresholds are reached, (Leutzbach, 
1988). The thresholds, and the regimes they define, are often presented in a 
relative space/speed diagram of a follower – leader vehicle pair; see Figure 2.2 for 
an example. The bold line symbolizes a possible vehicle trajectory. 
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Figure 2.2 A psycho-physical car-following model (Source: (Leutzbach, 1988)). 

Representative examples of psycho-physical car-following models are the ones 
presented in Wiedemann and Reiter (1992), see Figure 2.3, and Fritzsche (1994), 
see Figure 2.4. 

Figure 2.3 The different thresholds and regimes in the Wiedemann car-following 
model. 
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Figure 2.4 The different thresholds and regimes in the Fritzsche car-following 
model. 

Fuzzy-logic is another approach that to some extent has been utilized in car-
following modeling. Fuzzy logic or fuzzy set theory can be used to model drivers 
inability to observe absolute values. Human beings cannot observe exact values of 
for instance speed or relative distance, but they can give estimations like “above 
normal speed”, “fast”, “close”, etc. In the earlier described models drivers are 
assumed to know their exact speed and distance to other vehicles etc. In order to 
get a more human-like modeling, fuzzy logic models assume that drivers only are 
able to conclude, for example, if the speed of the front vehicle is very low, low, 
moderate, high, or very high. In many cases the fuzzy sets overlap each other. To 
deduce how a driver will observe a current variable value, membership functions 
that map actual values to linguist values has to be specified, see Figure 2.5 for an 
example. 

Figure 2.5 Example of membership functions for driving speed 

The strength with fuzzy logic is that the fuzzy sets easily can be combined with 
logical rules to different kinds of behavioral models. A possible rule can for 
instance be: if own speed is “low”, desired speed is “moderate” and headway is 
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“large” then increase speed. As seen in the previous sentence, it is rather easy to 
create realistic and workable linguistic rules for a specific driving task. However, 
one big problem is that the fuzzy sets need to be calibrated in some way. There 
have been attempts to “fuzzify” both the GHR model and a model named 
MISSION (Wiedemann and Reiter, 1992). However, no attempts to calibrate the 
fuzzy sets have been made, (Brackstone and McDonald, 1998).  

 
Model properties 
As presented in the previous section, there are different types of car-following 
models. Several car-following models, with varying approaches, have been 
developed since the 1950’s. Despite the number of already developed models, 
there is still active research in the area. One reason for this is that the preferred 
choice of car-following model may differ depending on the application. For 
example, the requirements placed on a car-following model used to generate 
macroscopic outputs, e.g. average flow and speed, is lower than the requirements 
on car-following models used to generate microscopic output values, such as 
individual speed and position changes.  

Traffic simulation and thereby car-following models are mostly utilized to 
study how changes in a network affect traffic measures such as average flow, 
speed, density etc. The simulation output of interest in such applications are in 
other words macroscopic measures, hence the utilized car-following models 
should at least generate representative macroscopic results. Leutzbach (1988) 
presents a macroscopic verification of GHR-models. Through integration of the 
car-following equation it is possible to obtain a relation between average speed, 
flow and density. This relationship can then be compared to real data or to outputs 
from other macroscopic models. For a GHR-model with 0β =  and 2γ =  the 
integration arrives at the well recognized Greenshields relationship (see for 
example May (1990)): 

 
max

1desired
k

q v k v k
k

 = ⋅ = ⋅ − ⋅  
, (2.5) 

where q  is the traffic flow (vehicles/hour), k  is the density (vehicles/km) and 
maxk  is the maximal possible density (jam density). A verification of this kind is 

however not possible for an arbitrary car-following model. It is for example not 
possible to integrate a psycho-physical model, since such models don’t express 
the follower’s acceleration in mathematically closed form. Macroscopic 
relationships can however always be generated by running several simulations 
with different flows. 

Drivers’ reaction time is a parameter common in most car-following models. It 
is assumed that with very long reaction times, vehicles have to drive with large 
gaps between each other in order to avoid collisions, hence the density, and 
thereby the flow, will be reduced. Most car-following models use one common 
reaction time for all drivers. This is not very realistic from a micro perspective but 
may be enough to generate realistic macro results.  

The magnitude of drivers’ reactions also influences the result. How the output 
is affected is not as obvious as in the reaction time case. High acceleration rates 
should lead to that vehicles reach their new constraint speed faster, which would 
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decrease the vehicles travel time delay. High deceleration rates should also lead to 
less travel time delay, thus the vehicles can start their decelerations later. High 
acceleration and retardation rates may however result in oscillating vehicle 
trajectories at congested situations and thereby decrease the average speed. 

Car-following models utilized in applications where microscopic output data is 
required must of course generate driving behavior as close as possible to real 
driving behavior. This is the case in simulation of surrounding traffic for a driving 
simulator or simulation used to estimate exhaust pollution, which requires detailed 
information about the vehicles’ driving course of events. One should however 
bear in mind that the calibration of models used to produce microscopic output is 
considerably more expensive than the calibration of models used to estimate 
macroscopic traffic measures. 

There are many possible pitfalls in the modeling of car-following behavior. 
Firstly, driver parameters such as reaction time and reaction magnitude vary 
among drivers. The behavior may also differ between different countries or 
territories, due to different formal and informal driving and traffic rules. Drivers 
in the USA may, for example, not drive in the same way as European or Asian 
drivers. Car-following models that is used to model traffic in different countries 
must therefore offer the possibility to use different parameter settings. The 
differences between countries may however be so big that the same car-following 
model cannot be used even with different parameter values to describe the 
behavior in two countries with very different traffic conditions. 

Further more, it may be necessary to use different parameters, or even different 
models, for different traffic situations, for example congested and non-congested 
traffic. There are versions of the GHR model that use different parameter values at 
congested and non-congested situations, (Brackstone et al., 1998). The reaction 
time may, for example, vary for one driver depending on traffic situation. Drivers 
may be more alert at congested situations and thereby have a shorter reaction time 
than in non-congested situations.  

Modeling of congested situations and the transition from normal non-congested 
traffic to a congested state also place additional requirements on the car-following 
modeling. If the model is to give a correct description of the jam build up and the 
capacity drop in these situations the car-following model must yield higher queue 
inflows than queue discharge rates, (Hoogendoorn et al., 2001). 

 
2.3.2 Lane-changing models 
Lane-changing models describe drivers’ behavior when deciding whether to 
change lane or not on a multi-lane road link. This type of behavioral model is 
essential and very important both in urban and freeway environments. When 
deciding whether to change lane, a driver need to consider several aspects. Gipps 
(1986) proposed that a lane-changing decision is the result of answering the 
questions 

 
• Is it necessary to change lanes? 
• Is it desirable to change lanes? 
• Is it possible to change lanes? 

 
Gipps (1986) presented a framework for the structure of lane-changing decisions 
in form of a decision tree. The proposed decision tree considered, in addition to 
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the list above, the driver’s intended turn, any reserved lanes or obstructions, and 
the urgency of the lane change in terms of the distance to the intended turn. 
Several lane-changing models such as (Barceló et al., 2002, Hidas, 2002, Yang, 
1997) are based on the three basic steps proposed in Gipps (1986). 

In the Gipps (1986) model all lane changes are impossible if the available gap 
in the target lane is smaller than a given limit. This is a reasonable approach in 
cases where a lane change is desirable. However, in situations where a lane 
change is necessary or essential but not possible, vehicles in the target lane often 
helps the trapped vehicle by decreasing its speed and creating a large enough gap 
for the trapped vehicle to enter. This has for instance been pointed out in Hidas 
(2002). Hidas (2002) describes a further developed variant of the model presented 
in Gipps (1986), which also includes the cooperative behavior for vehicles in the 
target lane, see Figure 2.6. 

 
Figure 2.6 Structure for lane-changing decisions proposed in Hidas (2002). 

An enhanced variant of this model has later been presented in Hidas (2005). In the 
Hidas (2002) structure the necessary and desirable steps are merged into one 
necessary step with the possible outcomes: unnecessary, desirable, or essential. A 
similar approach for modeling cooperative lane-changing has been presented in 
Yang and Koutsopoulos (1996). This model classifies a lane change as either 
mandatory or discretionary. Mandatory lane changes corresponds to the essential 
statement in Hidas (2002), that is lane changes necessary in order to pass lane 
blockage, reach an intended turn, avoid restricted lanes, etc. Discretionary lane 
changes refers to lane changes in order to gain speed advantages, avoid lanes 
close to on-ramps, etc, which can be compared to the desirable path in the Hidas 
(2002) structure. In both structures, the differences between mandatory and 
discretionary lane changes is in the gap-acceptance behavior and the possibility 
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that vehicles in the target lane may renounce their right of way in favor for a 
vehicle performing a mandatory lane change. 

Toledo et al. (2005) pointed out that in principle all lane-changing models only 
consider lane changes to an adjacent lane. The models evaluate whether the driver 
should change to an adjacent lane or stay in the current one. Thus, most models 
lack an explicit tactical choice regarding their lane-changing behavior. Toledo et 
al. (2005) presented a model in which a driver chooses a target lane, not necessary 
an adjacent lane, that is most beneficial for the driver. In this way the driver will 
strive for reaching the most beneficial lane, which may need several lane changes 
to reach. This model follows in principle the basic decision structure proposed in 
Gipps (1986). However, the necessary and desired steps are merged into one 
target lane choice. This is possible since lanes that are less convenient, due to for 
example the next turning movement, will be less beneficial for the driver. In 
Toledo et al. (2005) a utility function is used to calculate the benefit of each lane 
and a discrete choice model is used to model the lane choice. This model will be 
described in more detail later on in this section when discussing the drivers desire 
to change lane. 

El hadouaj et al. (2000) proposed a similar model as Toledo et al. (2005) in 
which drivers not only base their lane-changing decisions on the traffic situation 
in their own and one adjacent lane. Instead, the simulated drivers base their lane 
changes on the situations in all lanes. The model does not only consider the traffic 
situation in the closest area around the driver but do also account for the situation 
further away. The area around a driver is divided into several, in the paper 20, 
different areas. Lane changes are then based on the benefits in the different areas. 
This benefit is calculated through an assessment function that considers the speed 
and stability in the different areas around the driver. The model is based on 
psychological driver behavior studies performed at the French research institute 
INRETS and the Driving Psychology Laboratory (LPC), (El hadouaj et al., 2000).  
 
Modeling the urgency to change lane 
The urgency or necessity to change lane depends very much on the distance to an 
obstacle or an intended turn. This can and has been modeled in a couple of 
different ways. Gipps (1986) used three different areas, close, middle distance, 
and remote, defined by two time distances to the intended turn or obstacle, see 
Figure 2.7 for an example. 
 

Figure 2.7 The three different lane-changing zones proposed by Gipps (1986) 

After trials, suitable values of 10 s and 50 s for the two headways were proposed, 
(Gipps, 1986). This zone division has later been adopted and further developed in 
both Hidas (2002) and Barceló and Casas (2002). A similar zone division has also 
been presented in Wright (2000). The basic principle is that a vehicle in zone 1 are 
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considered far away from its intended turning or any obstacle and change lane if it 
desire. A vehicle in zone 2 is closer to its intended turn and is assumed to be a 
little bit more restrictive in its lane changing decisions. Vehicles in zone 2 do 
often not change to lanes further away from the lane suitable for the next turning. 
In zone 3, all lane-changing decisions exclusively focus on getting into the 
suitable lane. A vehicle in zone 3 that do not travel in the suitable lane for its 
intended turning will get more aggressive and start to accept smaller gaps. This 
will be discussed further on under the sub-section Gap-acceptance. 

Yang (1997) proposed another way of modeling the drivers urgency to change 
lane. Instead of using different zones, vehicles are tagged to mandatory state 
according to a probability function. In Yang (1997) an exponential probability 
function were used, in which the probability to tag a vehicle as mandatory mainly 
depends on the distance to the intended turning or obstacle. This strategy has also 
been adopted in Wright (2000), but the exponential distribution were replaced 
with a linear relationship in order to save computational time. 
 
Modeling drivers’ desire to change lane 
The drivers desire to change lane can be modeled in several ways, for example by 
using 
 

• A car-following model 
• A pressure function 
• Discrete choice theory 
• Fuzzy logic 

 
In the model proposed in Gipps (1986) a car-following model, more precisely the 
model presented in Gipps (1981) (see equation (2.3) and (2.4)), was used to 
calculate which lane that has the least effect on the drivers speed. The model also 
accounted for the presence of heavy vehicles in the different lanes by calculating 
the effect of the next heavy vehicle in each lane as if they were the just preceding 
vehicles in respective lane. The model in Gipps (1986) also includes a relative 
speed condition for deciding if a driver is willing to change lane. As default 
values 1 m/s and -0.1 m/s were used for lane changes towards the centre and the 
curb, respectively, i.e. vehicles do not intend to change lane to the left if they are 
not driving 1 m/s faster then the preceding vehicle in the current lane.  

A similar variant of using the car-following model to evaluate which lane that 
is most preferable has been presented in Kosonen (1999). Instead of using the car-
following model, a pressure function was defined. This pressure function is an 
approximation of the potential deceleration rate caused by the leading vehicle and 
is defined as 

 ( )2

2
des obsv v

P
s

−
=

⋅
, (2.6) 

where desv  is the desired speed, obsv  is the obstacle’s speed, and s  is the relative 
distance. The pressure function is used to model drivers lane-changing decision 
according to the logic described in Figure 2.8. 
 



 

 20 

 
Figure 2.8 The lane-changing logic proposed by Kosonen (1999). P is calculated 
according to equation (2.6). The parameters lc  and rc  are calibration 
parameters, which controls the willingness to change to the left and right, 
respectively. 

The logic is combined with a minimum time before a new lane change constraint 
in order to avoid to frequent lane-changing behavior. For lane changes to the left 
it is also combined with a minimum difference in desired speed condition, similar 
to the one used in Gipps (1986). 

Toledo et al (2005) presented a model in which the necessary and desired step 
is merged together into a target lane model. The model is based on discrete choice 
theory and calculates the benefit of each lane using the utility function  
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where int
TLU  is the utility of lane i as target lane to driver n at time t. The vector 

int
TLX  consists of the explanatory variables that affect the utility of lane i, for 

example lane density and speed conditions, relative speed difference to preceding 
vehicle etc., and nv  is an individual-specific latent variable assumed to follow 

some distribution in the population. 
TTL

iβ  and TL
iα is the corresponding vector of 

parameters for int
TLX  and nv , respectively. In Toledo et al (2005), the random 

terms TLintε  are assumed to be independently identically Gumbel distributed. This 
leads to that the probability of choosing lane i is given by the multinomial logit 
model 
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where int
TL

nV v  are the conditional systematic utilities of the alternative target 
lanes. Toledo et al (2005) also includes an estimation of the model parameters for 
a road section of I-395 Southbound in Arlington VA..  

Drivers’ willingness or desire to change lane can also be modeled by using 
fuzzy logic techniques, see Section 2.3.1. Wu et al. (2000) describes a lane-
changing model that used the fuzzy sets in Table 2.1 and Table 2.2 for modeling 
lane changes to the left (LCO) and right (LCN), respectively. 

 
Table 2.1 Fuzzy sets terms for lane-changing decisions to the offside/left, (Wu et 
al., 2000). 

Overtaking benefit Opportunity Intention of LCO 
High Good High 

Medium Moderate Medium 
Low Bad Low 

 
Table 2.2 Fuzzy sets terms for lane-changing decisions to the nearside/right, (Wu 
et al., 2000). 

Pressure from Rear Gap satisfaction Intention of LCN 
High High High 

Medium Medium Medium 
Low Low Low 

 
A typical lane-changing rule for changing to the left is according to Wu et al. 
(2000): 

 
If Overtaking Benefit is High and Opportunity is Good then Intention of 
LCO is High 

 
In Wu et al. (2000) triangular membership functions were used for all fuzzy sets. 
The sets were calibrated to freeway data and quite good agreements of lane-
changing rates and lane occupancies were obtained. However, the paper does not 
include any information about the best-fit parameter values. 
 
Gap-acceptance 
Even if a lane change is desirable or perhaps also necessary it might not be 
possible or safe to conduct it. In order to evaluate if a driver safely can change 
lane some kind of gap-acceptance model is generally used. A driver has to decide 
whether the gap between two subsequent vehicles in the target lane is large 
enough to perform a safe lane change. This decision-making is generally modeled 
as evaluating the available lead and lag gaps, see Figure 2.9. 
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Figure 2.9 Illustration of lead and lag gaps in lane-changing situations. 

The common approach is to define a critical gap that determines which gaps that 
drivers accept and which they don’t. In reality this critical gap varies both among 
drivers and over time. It also varies between lane changes to the right and to the 
left and between lead and lag gaps. However, critical gaps are hard to observe, in 
principle only accepted gaps and to some extent rejected gaps can be measured. 
Thus, it is hard to measure how critical gaps, for example, vary among drivers and 
over time for a specific driver. One approach is therefore to use one critical gap 
for all drivers, but different critical values for lead and lag gaps and for changes to 
the right and left. This approach is for instance used in the model presented in 
Kosonen (1999). Even though critical gaps are hard to observe some models has 
used the approach of using critical gap distributions. For instance, in Ahmed 
(1999) and later in Toledo et al. (2005) critical gaps are assumed to follow log-
normal distributions. 

The models in Gipps (1986) and Hidas (2002) are based on a similar but to 
some extent different approach. Instead of looking at the available and critical 
gap, a critical deceleration rate is used. In Gipps (1986) a car-following model, 
namely the model in Gipps (1981), were used to calculate the deceleration rate 
needed to change lane into the available gap. This deceleration rate was compared 
to an acceptable deceleration rate. If the deceleration rate needed was 
unacceptable by the driver, the lane change is not feasible. For lead gaps the car-
following model was applied on the subject vehicle with the preceding vehicle in 
the target lane as leader. For lag gaps the car-following model was applied on the 
lag vehicle in the target lane with the subject vehicle as the leader vehicle. 

The gap-acceptance model also has an important role in the modeling of the 
urgency of changing lane. When getting closer to an obstacle or an intended turn, 
i.e. being in zone 2 or 3 in Figure 2.7, drivers are more urgent to get to the target 
lane. Drivers in these situations generally accept smaller gaps or, following the 
approach in Gipps (1986) and in Hidas (2002), higher deceleration rates. In Yang 
and Koutsopoulos (1996) this is modeled by letting the critical gap linearly 
decrease from a standard critical value to a minimum value with the distance to 
the critical point for the lane change. The model in Gipps (1986) uses a similar 
approach where the acceptable deceleration rate increases linearly with the 
distance left to the intended turn. 

 
2.3.3 Overtaking models 
On roads without barriers between oncoming traffic it is not enough to only 
consider the actual lane change to the oncoming lane. Instead a model that 
considers the whole overtaking process is needed. As lane-changing decisions, 
overtaking decisions can be divided into several sub-models or questions. An 

Lead gapLag gap 
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overtaking decision can for instance be the answer of the following questions, 
(Brodin et al., 1986):  

 
• Is the overtaking distance free from overtaking restrictions? 
• Is the available gap long enough? 
• Is the driver-vehicle unit able to perform the overtaking? 
• Is the driver willing to start an overtaking at the available gap? 

 
Drivers generally do not start an overtaking on places with overtaking restrictions. 
However, not all drivers behave legally in this matter and depending on the 
proportion of lawbreakers the model may have to account for vehicles that do not 
obey the present overtaking restrictions. Drivers generally do not start an 
overtaking if the available gap at the time of the overtaking decision is shorter 
than the estimated overtaking distance. Another limitation for performing an 
overtaking can be the overtaking vehicle’s performance, for example maximum 
acceleration or speed. Even though a vehicle might be able to perform an 
overtaking, the driver will probably not execute it if the overtaking distance will 
be unreasonable long, for example more than one kilometer. Even if the driver is 
able to perform the overtaking it is not sure that he or she is willing to execute it at 
the available overtaking gap. Drivers’ willingness to accept an overtaking 
opportunity varies quite a lot. One driver may reject a gap whether another 
accepts the same gap, and one driver that accepts a gap at one point in time can 
reject an equal gap at another time. 

The drivers’ willingness to accept an available gap is generally modeled with 
some kind of gap-acceptance model. As in the lane-changing case the most simple 
way to model this is to use one common critical gap for all drivers, for example as 
in the model presented in Ahmad and Papelis (2000). However, drivers’ 
willingness to accept an available gap varies both among drivers and over time for 
a specific driver. Overtaking models therefore often need more advanced gap-
acceptance models compared with the lane-changing case. These models are 
commonly based on an assumption of either consistent or inconsistent driver 
behavior. In an inconsistent model, drivers’ overtaking decisions do not depend 
on their previously overtaking decisions, i.e. every overtaking decision is made 
independently. The opposite is a consistent driver model, which instead assumes 
that all variability in gap-acceptance lies between drivers. That is, each driver is 
assumed to have a critical gap, such that the driver would accept every gap that is 
longer and reject gaps that is shorter than the driver’s critical gap at all times. 
According to McLean (1989) there are at least two studies that states that the 
variance over time for a specific driver is larger than the among driver variance 
with respect to overtaking decisions. In the first study (Bottom et al., 1978) it was 
found that more than 85 % of the total variance in gap-acceptance is over time 
variation for a specific driver, which lead to the conclusion that an inconsistent 
model would be a more preferable representation of real overtaking gap-
acceptance behavior than a consistent model, (McLean, 1989). The high over time 
variance is however questioned in McLean (1989), which means that the result 
could have been affected by the experimental design. On the other hand, the 
second study (Daganzo, 1981) also found that the over time driver variance is 
larger than the among driver variance. By using statistical estimation techniques 
this study found that about 65 % of the total variance is over time driver variance, 
which also supports the use of an inconsistent model. The best way to model gap-
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acceptance is of course to use a model that includes both over time and among 
driver variance. However, a big problem, pointed out in Daganzo (1981), is that 
it’s very difficult to estimate appropriate distributions for such an approach, 
(McLean, 1989). 

The gap-acceptance behavior does not only vary among drivers and over time, 
it also varies depending on, for example, type of overtaking and the speed of the 
overtaken vehicle. McLean (1989) includes a presentation of the following five 
basic descriptors, also used in the work in Brodin and Carlsson (1986), for 
classifying an overtaking decision: 

 
• Type of overtaken vehicle: A driver behave differently depending on 

the type of vehicle to overtake, a driver can for example be expected to 
be more willing to overtake a truck than a car. 

• Speed of overtaken vehicle: The speed affects both the required 
overtaking distance and the probability of accepting an available gap. 

• Type of overtaking vehicle: Overtaking behavior can be expected to 
differ between for example high performance cars and low-performance 
trucks. 

• Type of overtaking: If a vehicle has the possibility to perform a flying 
overtake, i.e. start to overtake when it catches up with a preceding 
vehicle, a driver behave differently compared to situations where the 
driver first has to accelerate in order to perform the overtaking. 

• Type of gap limitation: Drivers’ willingness to start an overtaking also 
varies depending on if an oncoming vehicle or a natural sight 
obstruction limits the available gap. Drivers are for instance generally 
more willing to accept a gap limited by a natural sight obstruction than 
equal gaps limited by oncoming vehicles. 

 
Using these descriptors, the probability of accepting a certain overtaking gap does 
not only depend on the size of the gap but also on the other descriptors. This leads 
to a probability function for every combination of descriptors. A quite large data 
material is needed to estimate all these functions. A couple of studies and 
estimations of the overtaking probability has been performed, see McLean (1989) 
for an overview. Figure 2.10 shows examples of probability functions for 
overtaking situations with an oncoming vehicle in sight. The functions are 
estimations for Swedish roads presented in Carlsson (1993).  
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Figure 2.10 Probability functions for overtaking decisions, combinations of 
descriptors with oncoming vehicle in sight, (Carlsson, 1993). 

As can be seen in the figure, the overtaking probability for a flying overtaking 
was estimated to be higher than the probability for an accelerated overtaking at the 
same available gap. 
 
2.3.4 Speed adaptation models 
Most micro simulation models use some desired speed parameter to describe 
drivers preferred driving speed. Generally, a normal distribution is used to model 
the variation in desired speed among drivers. However, a driver’s desired speed is 
not constant. The desired speed varies depending on the current road design. On 
urban roads or freeways, drivers’ desired speed mainly depends on the posted 
speed limit. However, on rural roads, like two-lane highways the desired speed 
also varies with for example road width and curvature. In order to model that 
drivers’ desired speed varies depending on the road design some kind of speed 
adaptation model is needed. 

One possible modeling approach for roads where the speed limit is the only or 
the main determining factor of the desired speed is to assign each driver a desired 
speed for each possible speed limit. This gives a flexible model in which it is 
possible to catch variation in desired speed for different speed limits. A similar 
but little less flexible way, is to define a relative desired speed distribution. A 
driver’s desired speed is then calculated by adding the assigned relative speed to 
the posted speed limit. This approach was for example used in Yang (1997) and 
Ahmed (1999). In Barceló and Casas (2002) a similar variant is used, in which 
driver’s desired speeds are deduced by multiplying the posted speed limit with an 
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individual speed acceptance parameter. The speed acceptance parameter follows a 
normal distribution among drivers. 

On rural roads, drivers’ desired speed is also affected by the road geometry. 
The desired speed can for instance depend on the road width or the curvature. 
Brodin and Carlsson (1986) include a presentation of a speed adaptation model in 
which a drivers desired speed is affected by the speed limit, the road width, and 
the horizontal curvature. In this model each driver is assigned a basic desired 
speed, which is adjusted to a desired speed for each road section. This is done by 
reducing the median speed according to three sub-models, one for each of the 
above-mentioned factors. However, a driver’s desired speed is in the model not 
only the result of a shift of the distribution curve, as in the models presented in 
Yang (1997), Ahmed (1999), and Barceló and Casas (2002). The desired speed 
distribution curve is also rotated around its median. This makes it possible to tune 
the model in such a way that drivers with high desired speeds are more affected 
by a speed limit than drivers with low desired speeds, see the example in Figure 
2.11. 
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Figure 2.11 Example of shift and rotation of a desired speed distribution. 

How much the curve is rotated depends on which factors that addressed the 
reduction. Different rotation parameters are used for adaptation caused by the road 
width, the speed limit, and the horizontal curvature. 
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3 Surrounding traffic in driving simulators  
It is well known that the surrounding road environment influences drivers and 
their behavior. The road environment for instance affects a driver’s desired speed, 
lateral positioning, and overtaking behavior. Another main influence factor is of 
course other road users. Other vehicles certainly affect a driver’s travel speed and 
travel time, but they also influence a driver’s consciousness. In order to be a valid 
representation of real driving, driving simulators need to present a realistic 
visualization of the driver’s environment. Thus, the road and traffic environment 
should affect drivers in the same way as in reality. However, the need of a realistic 
representation of the environment sometimes stands in contradiction to the design 
of useful driving simulator experiments, i.e. experiments from which useful 
conclusions can be drawn. The task is to find a compromise that fulfills the 
realism and validity demands without limiting the range of applications too much. 

This chapter will first give an introduction to driving simulator experiments 
and scenarios. Section 3.2 then presents benefits, difficulties, advantages and 
disadvantages of using stochastic traffic simulation to simulate surrounding 
vehicles in driving simulators. The next section (3.3) outline special demands on 
traffic simulation when used to simulate ambient vehicles in driving simulators, 
including differences and similarities compared to traditional applications of 
traffic simulation. The chapter ends with Section 3.4 that consists of a survey of 
related research within the area of simulation of ambient vehicles in driving 
simulators. 

 
3.1 Driving simulator experiments 
Driving simulators offers the possibility to conduct many different kinds of 
experiments. It is for example possible to test different road-, vehicle- or driver 
place designs. Driving simulators are also commonly used for human-machine-
interaction studies, including interactions with different ITS, ADAS, and IVIS. 
One of the strengths with driving simulator experiments is the possibility to study 
situations or conditions that rarely occur in reality. It is also possible to study 
situations or conditions that is too risky or unethical to study in real traffic, for 
example fatigue or drunk drivers. Another strength is the possibility of 
systematical variation of test parameters in order to distinguish differences or 
correlations between different variables. 
 
3.1.1 Experiments, scenarios, and scenes 
A driving simulator scenario is a specification of the road and traffic environment 
along the road. This includes specification of how the road and the environment 
looks like, e.g. specification of road geometry, road surface, weather conditions, 
and surroundings as trees and houses. A scenario must also include a specification 
of other road users and their actions. A scenario can be seen as a constellation of 
consecutive traffic situations, which starts when a certain condition is met and 
ends when another condition is met, (van Wolffelaar, 1999), or following the 
terminology used in Alloyer et al. (1997), a constellation of scenes. Alloyer et al. 
(1997) define a scene as a specification of: the area in which the scene will take 
place, which actors that will be present, what is going to happen, and in which 
order things is going to happen. An example of a scene, taken from Bolling et al. 
(2004), is a situation in which a bus is standing at a bus stop in a low complexity 
urban environment. Four seconds before the simulator driver reaches the bus stop, 
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the bus switches on its left indicator and starts to enter the main road. When 
approaching the bus stop, the driver meets a quite high oncoming traffic flow, 
which makes it difficult to overtake the bus. If the driver does not yield for the 
bus, the bus remains at the bus stop. But if the driver yields for the bus, the bus 
accelerates up to a speed of 50 km/h and then stops at the next bus stop. During 
the drive to the next bus stop oncoming traffic flow is held high in order to 
prevent the subject from overtaking. To sum up, a scenario is a specification of 
the road environment and a number of scenes, including information about when 
and where the scenes will take place.  

So far we have only been discussing scenarios and scenes. What is then a 
driving simulator experiment? The experimental design includes the specification 
of how many participants that should be involved in the experiment and which 
scenarios that they should drive. The experimental design also includes the 
specification of which independent variables to use. The independent variables 
can for example be an ADAS, the friction on the road, or road type. It is also 
necessary to specify how the independent variables should be varied among the 
participants. One possibility is to use a between group design, in which an 
independent variable is varied between different groups of participants. A possible 
between group design for the study of a ADAS is to let half of the participants 
drive with an ADAS and letting the other half be a control group, i.e. driving the 
same scenario without the ADAS. Another possibility is to use a within group 
design, which implies that all participants drives under all premises, for example 
both with and without an ADAS. It is also possible to use mixed designs, for 
example a between group design regarding one independent variable and a within 
group design regarding another independent variable. 

 
3.1.2 Design issues 
Designing useful and well working driving simulator experiments and scenarios is 
not trivial. There are few written references on aspects to be considered when 
designing driving simulator experiments and scenarios. The design is often based 
on the massive experience at the different driving simulator sites. It seems 
difficult to present general rules or recommendations on how to design 
experiments and scenarios. One reason is that the design of driving simulator 
experiments and scenarios depends very much on the application. Some tries have 
however been made to define common methodologies for driving simulator 
experiments. Two examples are the European HASTE-project (Östlund et al., 
2004) and the European ADVISOR-project (Nilsson et al., 2002), in which 
common methodologies for studying assessments of IVIS and ADAS, 
respectively, were defined and tested. 

Driving simulator scenarios are often very rigorously specified and controlled. 
Everything that is going to happen, excluding the simulator driver’s actions, is 
specified in beforehand in such a way that every subject experiences the same 
situations. This makes it possible to draw statistically conclusions from an 
experiment using quite few participants. 

In order to get usable results from a driving simulator experiment the number 
of independent variables is normally kept low, at most two or three. Using too 
many independent variables can make it difficult to distinguish cause and effects. 
It is then probably better to perform various experiments. For example, instead of 
conducting one experiment with the variables: mobile phone or not, handheld or 
handsfree, and rural or urban environment, is it probably better to conduct several 
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experiments, for example one experiment that investigates the effects of using a 
handheld or a handsfree phone or not using any phone at all, and other 
experiments looking at the effects of using mobile phones or not in different road 
environments. 

Driving simulator experiments can be divided into two different types of 
experiments: those that include critical situations or events and those that do not. 
Critical situations are often used in order to perform accelerated testing. Some 
traffic situations or events occur seldom, many simulator hours is thus needed to 
study driver’s behavior in such situations if we wait until they arise by 
themselves. One of the strengths with driving simulators is that it is possible to 
shorten the time between these situations.  

 
3.2 Using stochastic traffic in driving simulator scenarios 
The realism in the simulation of ambient traffic certainly affects the validity of a 
driving simulator. However, realism is a quite abstract word and it is not obvious 
what is meant with a realistic simulation of vehicles. In Bailey et al (1999) and 
later in Wright (2000) the following requirements for a realistic traffic behavior 
are outlined: 
 

• Intelligence: The individual vehicles must be able to drive through a 
network in a way corresponding to a possible human being. 

• Unpredictability: The simulated traffic should be able to mimic the 
unpredictability of real traffic, e.g. dealing with the variation in driver 
behavior within and between drivers. 

• Virtual personalities: This third category can be seen as a further 
specification of the unpredictability requirement. Wright (2000) suggests 
that a realistic traffic environment should include various  driver types as 
normal, fatigued, aggressive, and drunk.  

 
Excluding the virtual personalities requirement, a traffic simulation model should 
be able to reproduce drivers’ behavior in a realistic way and also to catch how the 
behavior varies both among drivers and over time for a specific driver. This 
implies not only intelligence and unpredictability but also unintelligence and 
predictability. It is equally important that the simulator drivers feel that they can 
predict other drivers’ actions to the same extent as in reality and that other drivers 
act unintelligent to the same extent as in reality. A realistic variation in driver 
behavior is normally achieved by using stochastic microscopic traffic simulation. 
However, a stochastic simulation approach does not only affect the realism in 
driving simulators experiments. 
 
3.2.1 The stochastic traffic – Driving simulator dilemma 
Ambient vehicles in driving simulators have traditionally been modeled using 
deterministic models. The main reason for this could be summarized with 
something called The Stochastic Traffic – Driving Simulator Dilemma. A certain 
number of observations (participants) are needed to be able to draw statistic 
significant conclusions from an experiment and the number of participants needed 
highly depends on the variation in the participants test conditions. This stands in 
contradiction to the aim of minimizing the number of participants due to 
economic reasons. Thus, the aim is to keep both the variation in test conditions 
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and the number of participants needed as low as possible. The dilemma lies in the 
modeling of the ambient vehicles. Drivers do not always behave the same. 
Driving behavior varies, both between drivers and within a driver. This is usually 
modeled by using behavioral models that includes stochastic parts; either by 
including stochastic functions in the actual behavioral models or using stochastic 
functions when assigning different driving characteristics, see Chapter 2. Using 
stochastic simulation of ambient vehicles will lead to that the participants will 
experience different situations at a micro level, depending on how they drive. The 
meaning of the Stochastic traffic – Driving simulator dilemma is, consequently, 
that stochastic simulation of ambient vehicles will increase the realism in the 
driving simulator but it will at the same time increase the variation in test 
conditions, at least at the micro-level, between the participants. The test 
conditions will still be comparable at a more aggregated level, i.e. the participants 
will experience the same traffic conditions, regarding intensity and composition, 
etc. Whether equal conditions at a higher level is sufficient or not varies between 
different driving simulator experiments. Equal conditions at a micro level can be 
very important in some driving simulator experiments and less crucial in others. 
The objective is to find a workable compromise between realism and 
reproducibility, i.e. to design experiments so that they generate both valid and 
useful results.  

 
3.2.2 Stochastic traffic simulation and critical events 
In some driving simulator experiments are the participants exposed to one or 
several situations or events that may be critical, this can for example be an animal 
that runs out on the road or surrounding vehicles that suddenly brake or make 
other maneuvers. The situations and events in a driving simulator scenario often 
involve other vehicles. When exposing the driver to the specified situation, these 
surrounding vehicles should be located at specific positions and travel at specific 
speeds. The basic idea is that at certain points in time or space a predetermined 
situation or event will occur. When the event or situation occur the vehicles’ 
types, positions, and speeds must agree with those specified in the scenario. If not 
using stochastic simulation of the ambient vehicles, scenario scenes can be totally 
specified and controlled before running the scenario. This can of course be tricky 
but the advantage is that every vehicle movement, except the simulator vehicle, is 
known in beforehand. The introduction of stochastic traffic makes the generation 
of specific scenes even more difficult. Due to the stochastic simulation it is 
impossible to know which vehicles that will be in the area around the driving 
simulator when it gets close to the time and position of a specified event. The 
situation must therefore be created “on-line” rather than in advance. 

Alloyer et al. (1997) proposed a framework for dealing with on-line creation of 
scenes. Following the theatrical terminology used in Alloyer et al. (1997), the 
specification of a scene is divided into three parts: the set, the cast of principal 
actors, and the script of actions (Alloyer et al., 1997). The set is a description of 
the physical surroundings at the place where the scene will take place. It also 
includes a specification of which actors that will be present in the scene. The 
casting is the procedure of choosing suitable traffic elements, vehicles, 
pedestrians, etc, for the different “roles”. The script is finally the specification of 
all actions that are going to take place in the scene. When not using stochastic 
simulation of ambient traffic all three parts can be done in advance. When using 
stochastic simulation of traffic, the set and the script can and should still be 
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specified in beforehand while the casting has to be done on-line, i.e. during the 
simulation. The on-line casting includes several steps: 

 
• Choosing suitable vehicles to be included in the scene, i.e., vehicles of 

suitable vehicle type and with suitable position and speed. 
• Moving the chosen vehicles into the given positions and to the given 

speeds. 
• Moving “non-scene” vehicles out of sight from the driving simulator 

vehicle. 
 
The difficulty of choosing suitable vehicles depends on the current traffic 

situation and the scene complexity. Choosing suitable vehicles in the oncoming 
direction is rather easy and can be done by rearranging the oncoming vehicles out 
of sight of the simulator vehicle. Choosing suitable vehicles in the same direction 
as the driving simulator vehicle is more complicated. The chosen vehicles must be 
of the correct type and their speed, as observed by the simulator driver, cannot 
differ too much from the one they will obtain in the scene.  

The sequence of the available vehicles often differs from the given one, which 
implies that the vehicles must be rearranged in some way to obtain the right 
vehicle type in the right place. The correct order must be created as unnoticeably 
as possible for the simulator driver. The vehicles should therefore be chosen so 
that the number of overtakings needed to get the ambient vehicles into the correct 
positions is kept as low as possible. When there are no suitable vehicles, new 
vehicles have to be generated.  

Moving the vehicles into the right positions and speeds is the most difficult and 
critical part. This must be done without giving the simulator driver any hints on 
the forthcoming event. The first step is to rearrange the vehicles into the correct 
order. As much as possible of the necessary rearranging should be performed out 
of sight of the simulator vehicle. If overtakings within sight of the simulator 
vehicle are necessary, they can be arranged by creating suitable gaps in the 
oncoming vehicle stream. Depending on road type, intersection, ramps or traffic 
lights are probably more useful means than overtakings for adding or removing 
vehicles to or from the traffic stream in a non-noticeable way. A method for on-
line creation of scenes should therefore try to use intersections and ramps in the 
first place and overtakings in the second place. 

The vehicles must finally be moved to the right position and speed, according 
to the scene specification. This can be done by increasing or decreasing their 
speed, depending on whether the distance to simulator vehicles should be 
increased or decreased.  

 
3.3 Demands on traffic simulation when used in driving 

simulators     
Microscopic simulation of traffic is a growing research area and there are today 
several commercial and non-commercial models available. However, these 
models cannot directly be used to simulate surrounding vehicles in a driving 
simulator. There are a couple of aspects that makes simulation of ambient traffic 
for a driving simulator different from the ordinary use of traffic simulation. 

Firstly, simulation of ambient vehicles for a driving simulator involves higher 
demands regarding the microscopic behavioral modeling compared to “ordinary” 
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applications of traffic simulation. Traffic simulation is usually used to generate 
aggregated macroscopic output data as average travel times, speed, and queue 
lengths. In order to generate correct results at a macro level a traffic simulation 
model must of course have a reasonable good agreement at the micro level, e.g. 
reasonable realistic behavioral models. Traffic simulation models often include 
assumptions and simplifications that do not affect the model validity at the macro 
level but sometimes affect the validity at the micro level. One typical example is 
the modeling of lane-changing movements. In most simulation models vehicles 
change lanes instantaneously. This is not very realistic from a micro-perspective 
but do not affect macro measurements appreciably. When simulating ambient 
vehicles for a driving simulator this is much more important, since in this case it is 
the microscopic behavior that is the essential output of the model. It is also 
important that the behavior of the surrounding vehicles is safe, in the sense that 
the simulator driver should not be exposed to any critical situations that are not 
specified in the scenario or caused by the simulator driver.  

Secondly, applications of traffic simulation normally deal with simulation of a 
geographically limited study area. The size of this area can vary between one 
intersection up to parts of a city, freeway or highway. Vehicles are normally 
generated and removed to and from the model at specified geographical origins 
and destinations in the simulated road network. The same methodology can be 
used for simulating ambient vehicles in a driving simulator. However, when 
simulating traffic for a driving simulator, the area of interest is the closest 
neighborhood of the driving simulator vehicle. It is in principle enough to only 
simulate vehicles within this area. However, the edges of this area will move with 
the speed of the simulator, which implies that the geographic places at which 
vehicles should be generated also moves with the speed of the simulator. Using 
the ordinary generation methodology, both fast and slow vehicles will be 
generated both behind and in front of the simulator vehicle. However, vehicles 
that is generated behind the simulator vehicle and which is driving slower than the 
driving simulator will never catch up with either the simulator vehicle or the back 
edge of the window. It is therefore necessary to use an algorithm that only 
generates faster vehicles behind the simulator vehicle and slower in front, but that 
still generates the correct frequency of fast and slow vehicles, respectively. This 
approach of only simulating vehicles within a certain window around the 
simulator vehicle has for example been used in the models presented in Espié 
(1995) and Bonakdarian et al (1998). 

It may not be necessary to use microscopic traffic simulation to simulate all 
vehicles around the simulator vehicle. Vehicles further away from the simulator 
can be simulated using methods that are less time consuming, for instance using 
mesoscopic or macroscopic approaches. In the model presented in Espié (1995) 
the vehicles further away are simulated according to a macroscopic model. The 
approach to only use microscopic simulation to simulate the most interesting 
region has also been tested within more common applications of traffic 
simulation. See Burghout (2004) for an overview within the research area of 
combining micro-, meso-, and macro simulation models. 

 
3.4 Related research 
Some research has been carried out within the area of simulating ambient vehicles 
for driving simulators. As seen in the previous section a couple of models 
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(Bonakdarian et al., 1998, Espié, 1995) has used the approach of only simulating 
vehicles in the closest neighborhood of the simulator vehicle. Other models for 
this application probably use similar approaches even though such information not 
seems to be available. 

Most presented models have adopted the framework for describing the driving 
task proposed in Michon (1985). This framework divides the driving task into 
three levels: Strategical, Tactical, and Operational, see Figure 3.1.  
 

Figure 3.1 A hierarchical structure for the driving task, (Michon, 1985). 

The strategical level includes “long-term” planning decisions as route or modal 
choices. The tactical level consists of maneuvering decisions as lane-changing, 
overtaking, obstacle avoidance, etc. The maneuvering decision is of course 
affected by the decisions at the strategical level and vice versa, represented by the 
arrows in the figure. The decisions at the tactical level are also affected by 
different environmental inputs such as road design and weather and road 
conditions. The lowest level is the operational level at which the maneuver 
decisions at the tactical level are executed, for example by braking or steering. 
The framework proposed in Michon (1985) has been adopted in for example 
Champion et al. (1999) and Wright et al. (2002) 

Most developed models focus on freeway or urban roads, see for example 
Ahmad et al. (2001), Al-Shihabi et al. (2002), Champion et al. (1999), Champion 
et al. (2002), van Wolffelaar (1999), and Wright (2000). Little effort has been put 
into the modeling of rural highways with oncoming traffic. According to 
Champion et al. (1999) the SCANeR©II software, developed at Renault, can be 
used to simulate vehicles on any road type. Unfortunately, the reference does not 
describe the model used for rural roads. Ahmad and Papelis (2000) states that the 
traffic simulation model used in the National Advanced Driving Simulator 
(NADS), located at the University of Iowa, is able to simulate vehicles on such 
rural roads. This model includes a very simple overtaking model, which for 
instance use one critical gap for all drivers. The validity of such an approach can 
be questioned, see the discussion in Section 2.3.3. It is also assumed that the 
overtaking vehicle obey the speed limit during the whole overtaking process, 
which is not always the case in the real world.  

There has been little or no focus on algorithms for generating realistic traffic 
streams. If only simulating vehicles in a limited area around a simulator vehicle, 
the generation of new vehicles cannot be done in the same way as in ordinary 
traffic simulation models. Another important vehicle generation issue regards the 
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generation of vehicle platoons on rural highways with oncoming traffic. Due to 
limited overtaking possibilities vehicles often end up in platoons on these roads. A 
simulation model for this road type should therefore generate vehicle platoons 
rather than only generating vehicles. The different generation issues and proposals 
for dealing with these issues will be presented later on in Section 4.2. 

Research within the area of simulation of vehicles for driving simulator has to 
a large extend been focused on decision making modeling concepts or techniques. 
Three commonly used techniques are: Rule based models, State Machines, and 
Mathematical or probabilistic models. Other used techniques are for instance the 
eco-resolution principle (El hadouaj et al., 2002, Espié et al., 1995) and 
combinations of fuzzy logic and rule-based or probabilistic techniques. Some 
models use the same decision-making technique for all kinds of decisions whether 
other models use different techniques for different decisions, for example a rule 
based approach for lane-changing and a mathematical approach for car-following. 
In the next sections some of the above-mentioned techniques will be described in 
further detail. 

There are also some tries with connecting an “ordinary” traffic simulation 
model with a driving simulator, see for example Bang et al. (2004), Jenkins 
(2004), and Kuwahara et al. (2004).  

 
3.4.1 Rule-based models 
Rule based models, also known as knowledge-based systems, expert systems or 
production systems, use a set of rules on the form if (condition) then (action) to 
model for example driver behavior (Wright, 2000). Each driver’s behavior is 
deduced by running through the set of rules and checking each one of them. If a 
rule is true the corresponding action is executed. The following three rules could 
be a possible subset of rules for modeling free driving behavior. 
 

1. IF (speed < desired speed) THEN (increase speed) 
2. IF (speed > desired speed) THEN (decrease speed) 
3. IF (new speed limit) THEN (change desired speed) 

 
For instance, if a driver is driving at a lower speed than it desires it accelerate in 
order to obtain its desired speed. This type of models is deterministic and will lead 
to that every driver will react in the same way. In reality driver’s behavior differs 
both between drivers and within drivers. To overcome this a probability value is 
usually added to each rule (Wright, 2000). The probability value represents the 
probability that the stated action will be executed if the condition is true. 

In many cases the actions to be executed will be in conflict with each other. If 
for example the following rule is added: 
 

4. IF (speed > front vehicle speed) THEN (decelerate to front vehicle 
speed) 

 
a very common conflict will be that the driver is driving slower than her desired 
speed but faster than the front vehicle. In these cases a conflict resolution criteria 
is needed. For speed control a most restrictive choice is most commonly used. The 
decelerate-to-front-vehicle-speed rule has for example higher priority than the 
increase-speed-to-obtain-desired-speed rule. Another way to solve the conflicts is 
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to make use of the rules’ probability values. One way is to use a weighted average 
of the outcome of the different rules. This can however lead to, for example, 
unintelligent speed choices.  

The main advantage of rule-based systems is that they are very simple and 
flexible. A rule-based model can easily be modified by adding, changing, or 
deleting rules. However, modeling advanced behaviors often require a great 
number of rules, which can make rule-based models hard to visualize and debug 
(Wright, 2000). Michon (1985) includes a simple estimation of how many rules 
that is needed to model the complete driving task. Such a model would then 
model everything from gear shifting to route choice and would need between 10 
000 and 50 000 rules.  

Rule based approaches has for example been used in Boer et al (2001) and van 
Wolffelaar (1999). It is quite common to combine the rule based approach with 
fuzzy logic, which results in a set of fuzzy if-then rules, see Section 2.3.1 for a 
example of a fuzzy rule based car-following model. Such an approach has for 
instance been proposed in Al-Shihabi and Mourant (2002). 

 
3.4.2 State machines 
State machine models are based on the idea that a system can be represented by a 
set of states. The system can change between the different states but there can 
only be one active state. A state can have one or several possible next states, 
depending on the structure of the modeled system. Figure 3.2a illustrates a simple 
state machine for a driver’s speed control behavior. The system includes 4 states: 
Free driving, speed up, slow down, and stopped. The system changes from one 
state to another if the corresponding transition conditions are fulfilled. Thus, state 
changes follow deterministically from evaluating the transition conditions from 
the present state (Wright, 2000). 

The state machines single-minded focus and sequential logic make it very hard 
to use them for modeling of system that requires simultaneous attention and 
actions (Cremer et al., 1995). Thus, state machines are not very suitable for 
modeling of complex systems as for example driver behavior. To overcome these 
drawbacks Cremer et al. (1995) among others extended the state machine models 
to also include hierarchy, concurrency and communication between states. This 
enhanced type of state machines is called Hierarchical Concurrent State Machines 
or HCSMs. In HCSMs the distinction between states and state machines is 
dropped. Instead of containing states, HCSM contain multiple, concurrently 
executing child state machines (Cremer et al., 1995). For example could a HCSM 
for car driving include one child HCSM for speed control and one for steering, as 
illustrated in Figure 3.2b. A useful model for driving behavior must in the end 
include several more child HCSMs, for example for lane-changing, intersections 
navigation, overtaking, oncoming avoidance, etc. The introduction of the 
concurrency characteristic makes it possible to have several active states 
simultaneously. This also leads to that concurrent states can generate conflicting 
outputs. Thus, as for more advanced rule-based system, high-quality conflict 
resolution principles is needed to solve the different conflicts. In a hierarchical 
state machine structure conflict resolution is only necessary at the lowest child 
HCSM level. At higher “parent” HCSM levels, conflicts are simple assumed to be 
solved at the lower child HCSM level. 
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Figure 3.2 a) Illustration of state machine for speed control 
 b) Illustration of a hierarchical concurrent state machine for speed 
 and steering control 
 (Source: Wright (2000)) 

HCSMs overcome many of the shortcomings of the simple state machine but 
HCSMs are still highly deterministic. The deterministic approach can be useful 
for generating replicable driving simulator scenarios but it limits the possibility of 
creating realistic driver behavior since real driver behavior varies both among 
drivers and over time. 

HCSM has for example been used in the autonomous driver behavioral models 
used in the simulators HANK (Cremer et al., 1997) and NADS (Ahmad et al., 
2001) located at the University of Iowa. 

 
3.4.3 The eco-resolution principle 
Researchers at the French research institute INRETS has developed a model 
called ARCHISIM that can run as a “ordinary” traffic simulation model or host a 
driving simulator (El hadouaj et al., 2002, Espié, 1995, Espié et al., 1995). This 
model is based on, what the authors call an eco-resolution principle. The principle 
states that any traffic situation is the result of the behavior of individual actors and 
the interactions between them. The model is based on a conceptual model of 
decision-making during driving based on psychological studies. The actor’s 
behavior is based on a few fundamental principles. In the model each driver tries 
to minimize the interaction with its environment, including other actors. In case of 
lane driving the following “law” was identified by the psychological studies. 
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(Source: El hadouaj and Espié (2002)) 
 
The driver first identifies possible interactions with other actors and the 
infrastructure. The interactions can be both observed and anticipated interactions. 
Then she estimates the duration of the interaction, meaning the time before the 
interaction will disappear. For example a slower vehicle in front will lead to an 
interaction but the duration of the interaction can be estimated as short if the 
obstacle vehicle has turned on its indicator in order to leave the road. In cases 
where the interaction duration is estimated as short the driver chooses to adapt to 
the situation and thereby stay in the current lane. It is only in the case of long 
duration and the possibility of suppressing the interaction that the driver takes 
action. The basic principle is to minimize interactions both at a short and a long-
term perspective. In the example of lane driving the ARCHISIM model use the 
following decision rules for choosing lane: 
 
While (not end-simulation) 
Begin 
 Information-deduction 
 Estimation-of-interaction-duration 
 
 If(duration = short) then 
  Adaptation 
 Else 
  Calculate-gain-for-each-lane(area parameters) 
  Chosen lane = lane with highest gain value 

End if 
End 
 
(Source: El hadouaj and Espié (2002)) 
 
The gain for each lane is based on the traffic conditions in the different areas 
around the driver, mainly the maximum speed in the area and the stability of the 
road users behavior in the area, measured as the variation in speed between the 
actors in the area. 
 

Interaction + long duration + suppression possibility ⇒  interaction suppression 
Interaction + short duration + suppression possibility ⇒  short term adaptation 
Interaction + long duration + impossibility of suppression ⇒  long term adaptation
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4 The simulation model  
This chapter presents the proposed simulation model. The chapter starts with a 
presentation of the simulation framework, which include presentation of how 
vehicles and drivers are represented and updated. Section 4.2 then describes the 
algorithms used to generate new vehicles. The chapter ends with a description of 
the utilized behavioral models in Section 4.3. This section also includes a 
presentation of the outcome of the calibration of the different behavioral model 
parameters.  
 
4.1 The simulation framework 
The simulation model is based on established techniques for time-driven micro-
simulation of road traffic. The model simulates surrounding traffic corresponding 
to a given target traffic flow and composition. The model uses the simulator 
vehicle’s speed, position, etc. as input and generates the corresponding 
information about the ambient vehicles as output. Realistic driver behavior is 
generated by using behavioral models for car-following, speed adaptation, 
overtaking, etc. In these respects the model is similar to ordinary traffic simulation 
models, like AIMSUN (Barceló et al., 2002), MITSIMLab (Toledo et al., 2003), 
and VISSIM (PTV, 2003). The main difference is that in this case only the closest 
neighborhood of the simulator vehicle is simulated. Vehicles traveling slower or 
faster than the simulator will increase the distance to the simulator vehicle and 
they will be deleted from the model when they pass out of this closest 
neighborhood.  

 
4.1.1 Representation of vehicles and drivers 
As in most micro simulation models vehicles and drivers are treated as vehicle-
driver units. These vehicle-driver units are described by a set of driver or vehicle 
characteristics. Both the vehicle and the driver characteristics vary between 
different vehicle types. At the moment the model includes the vehicle types: Cars, 
Buses, Trucks, Trucks with trailer with 3-4 axes, and Trucks with trailer with 5 or 
more axes. However, buses and trucks without trailers are assumed to have equal 
characteristics. 
 
Vehicle parameters 
The characteristics used to describe a vehicle are length, width and the 
power/weight ratio, also called p-value. The vehicles’ length and width are totally 
controlled by the visual profile that the vehicles are given in the simulator’s visual 
system. The power/weight ratio is the ratio between a vehicle’s power, available 
at the wheels, and its mass. For all vehicle types except cars, the power/weight 
ratio describes the vehicles’ acceleration capacity. For cars the p-value instead 
describes the acceleration behavior at normal conditions. For cars a higher p-value 
can be used in special situations, for example in overtaking situations, in which 
car drivers tend to use higher acceleration rates. The power/weight ratio is 
assumed to be normal distributed among vehicles of a certain vehicle type. The 
typical average power/weight ratio for cars is for example 19 W/kg. See Appendix 
A for a complete listening of parameter values. 
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Driver parameters 
The characteristics used to describe the driver part of the vehicle-driver units are: 
basic desired speed and desired time gap. The basic desired speed is the speed that 
a driver wants to travel at on a dry, straight, and empty road. This basic desired 
speed is reduced to a desired speed for each road section according to a speed 
adaptation model, see Section 4.3.1. The basic desired speed is assumed to be 
normal distributed between drivers driving a certain vehicle type. The basic 
desired speed for car drivers are for instance assumed to be ( )~ 111,11.5N  
(units in km/h). When assigning a desired speed to a vehicle the driven vehicle’s 
acceleration capacity is checked. The vehicle has to be powerful enough to be 
driven in the desired speed. If that is not the case the vehicle-driver unit is 
assigned a new power/weight ratio. 

The desired time gap is the time gap that a driver desire when following 
another vehicle. This parameter is for instance used in the car-following model, 
see further description in Section 4.3.2. The desired time gap is assumed to be 
lognormal distributed among drivers driving a certain vehicle type. Standard 
values for all vehicle and driver parameters are presented in Appendix A.  
 
Brake lights and turning signals 
In ordinary traffic simulation there is no need for simulating occurrences like the 
use of turn signals or brake lights since all vehicle actions are known within the 
model. However, when simulating traffic for a driving simulator it is important to 
model both turn signals and brake lights, otherwise such signals will not be visible 
for the simulator driver. It is also important to model the variation in the use of, 
for example, turn signals. The use of turn signals varies both between drivers and 
traffic situation. Drivers’ turn signal usage for example differs between lane 
changes and intersections turns. Traffic flow may also influence the use. The need 
to tell other vehicles about one’s intentions is significantly lower at night, when 
there are almost no ambient vehicles, than during rush hour.  

Brake lights have in this work been assumed to be on when using deceleration 
rates higher than an engine deceleration rate, assumed to be 0.5 m/s2. Drivers are 
assumed to use the turning lights with some probability, which differs between 
lane changes to the right and left and between freeways and rural roads. When 
driving on freeways, drivers are for instance assumed to use the left turn signal 
more often than the right one. 
 
4.1.2 The moving window 
The simulation of the surrounding traffic should run in real time in order to make 
a realistic impression for the simulator driver. This implies that the simulation 
model must have a high efficiency level. The model therefore follows the 
approach of only simulating vehicles within a certain area around the driving 
simulator vehicle. This area moves with the same speed as the simulator vehicle 
and can be interpreted as a moving window, which is centered on the simulator 
vehicle, see Figure 4.1 for an illustration.  
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Figure 4.1: a) Illustration of traditional traffic simulation 

b) Illustration of traffic simulation for a driving simulator using the 
moving window. The black vehicle is the driving simulator. 

The basic idea of the moving window is to avoid simulating vehicles several miles 
ahead or behind the simulator vehicle, which is not very efficient. Vehicles that 
far away do not affect the driving simulator. However, the window cannot be too 
small. Firstly, the size of the window is constrained by the sight distance. The 
window must at least be as wide as the sight distance, so that vehicles do not “pop 
up” in front of the simulator vehicle. Secondly, the window must be large enough 
to make the traffic realistic and to allow for speed changes of the simulator 
vehicle. A too narrow window can for instance lead to situations in which vehicles 
that for the moment travel faster than the simulator vehicle pass out of the system 
and will not reappear when the simulator driver increase the speed. A too narrow 
window can also make it hard to model how traffic conditions moves along the 
traffic stream, for example queue spillback from a merging area. Notice that the 
moving window does not control which vehicles that are visualized on the screen 
in the driving simulator, this is instead controlled by the scenario module. The 
moving window is generally wider than the area within vehicles are shown on the 
screens in the simulator. 

In order to get a wide enough window but at the same time limit the 
computational efforts, the window is divided into one inner and two outer regions, 
see Figure 4.2. It is important that the vehicles in the closest neighborhood of the 
simulator vehicle behave like real drivers. Vehicles traveling in the inner region 
are therefore simulated according to advanced behavioral models for car-
following, overtaking and speed adaptation, etc. The inner area is therefore called 
the simulated area. The behavior of vehicles traveling further away from the 
simulator is less important. These vehicles, traveling in the outer regions, are 
simulated according to a simple mesoscopic model that is less time-consuming. 
When getting closer to the simulated area, these vehicles become candidates to 
move into the simulated area. The outer regions are therefore called candidate 
areas and vehicles traveling in these areas are consequently called candidate 
vehicles. At the end of the candidate areas vehicles that travels out of the system is 
removed from the model and new vehicles are generated, see Section 4.2. 

start end 

a) 

b) 

Driving direction of driving simulator vehicle 



 

 42 

 

 
Figure 4.2 The different areas. The black vehicle is the driving simulator, the grey 
vehicles are simulated vehicles and the white vehicles are candidate vehicles. 

 
4.1.3 The simulated area 
Vehicles traveling in the simulated area, the inner region, are simulated according 
to established techniques for time-driven micro simulation of traffic. The vehicles 
are updated frequently. Different behavioral models are used to create real driving 
behavior. The behavioral models used in this simulation model are presented in 
Section 4.3. The utilized behavioral models are to a large extend based on 
behavioral models from the TPMA (Traffic Performance on Major Arterials) 
model (Davidsson et al., 2002) and the VTISim model (Brodin et al., 1986). 

 
4.1.4 The candidate areas 
The candidate areas are in principle only necessary for traffic traveling in the 
same direction as the driving simulator vehicle. Oncoming vehicles far away in 
front of the simulator are assumed to not affect the driving simulator driver. 
Oncoming vehicles far behind the simulator may only affect the simulator in rare 
circumstances, for example by incidents that create congestion in the oncoming 
lane on rural roads. Thus the candidate areas are in principle redundant in the 
oncoming direction. Vehicles in the oncoming direction can either be generated at 
the front edge of the window or at the edge between the candidate area in front of 
the simulator vehicle and the simulated area. However, it is essential to simulate 
oncoming vehicles in the whole simulated area on rural roads since the oncoming 
vehicles have a great impact on the queue discharging rates in the driving 
simulator direction. When using the candidate areas in the oncoming direction, the 
oncoming vehicles are assumed to drive at the platoon leader’s desired speed in 
the candidate area. 

Candidate vehicles in the same direction as the simulator vehicle are updated 
according to a simple mesoscopic model. Initially the candidate vehicles were 
assumed to drive at their desired speed, (Janson Olstam, 2003, Janson Olstam et 
al., 2003). This worked properly for low traffic flows on freeways. However, at 
rural road and at higher flows on freeways the candidate vehicles traveled too fast, 
which resulted in a quite empty candidate area in front of the simulator and 
congestion in the candidate area behind the simulator vehicle. Instead of assuming 
that the candidate vehicles drive at their desired speed a speed-flow curve is used 
to calculate the candidate vehicles’ speeds. The utilized speed-flow relationships 
are taken from representative relationships for Swedish roads presented in SRA 
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(2001), see examples in Figure 4.3. These speed-flow relationships vary with road 
type, vehicle type, speed limit, number of lanes, road width, and sight class. 
However, in the model not all dependent variables are used. The speed-flow 
relationship for cars is for instance used for all vehicle types and on rural roads 
the relationships for the best sight class (class 1) is used irrespective of the sight 
class of the simulated road. The relationships in the model depend on the road 
type, road width and the speed limit.  
 

 
Figure 4.3 Examples of speed-flow relationships for a freeway with speed limit 90 
km/h and a 8-10 m wide rural road with speed limit 90 km/h (SRA, 2001). 

The candidate vehicles’ actual speeds are based on the vehicles’ desired speeds 
and the average speed taken from the relevant speed-flow function. This is the 
way in which delay due to surrounding traffic is modeled in the candidate area. 
Two different methods to calculate a vehicle’s speed have been tested. In the first 
one, the speed of vehicle n is calculated as 

 ( ) ( )( )0des
n nv f q v f= + − , (4.1) 

where desnv  is the desired speed of vehicle n, q  is the traffic flow, and ( )f q  is the 
average travel speed at a traffic flow of q  vehicles/h. This method assumes that a 
vehicle will be able to drive as much faster or slower than the average speed as it 
does at free flow conditions. The second method instead use the methodology of 
not only shifting the speed distribution curve but also rotating it around its 
median, similar to the speed adaptation model in Brodin and Carlsson (1986), see 
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Section 2.3.4. Following this approach the speed of vehicle n  is instead 
calculated as 

 ( ) ( ) ( )( )( )1/
0

QQQ des Q
n nv f q v f= + − , (4.2) 

where Q  is a parameter that controls the rotation of the speed distribution curve. 
When using this method, vehicles traveling fast will be more affected than 
vehicles that drive slow. Vehicles that drive faster than the average speed at free 
flow conditions will still do this at the traffic flow q , but the difference between 
the vehicle’s speed and the average speed will be smaller. The parameter Q  has 
initially been set to – 0.2, which is the value used for speed adaptation to speed 
limits in the model presented in Brodin and Carlsson (1986). Both models seem to 
perform well, but further evaluation is needed before a recommendation can be 
made. 

Apart from this reduction of speed corresponding to the speed-flow function, 
the candidate vehicles travel unconstrained with regard to surrounding traffic. 
When a candidate vehicle catches up with another candidate vehicle it can always 
overtake the preceding vehicle without any loss in time. In principle every vehicle 
is driving in a separate lane, which is illustrated by the multiple lanes in the 
simulator direction in Figure 4.2. 

A candidate vehicle that reaches either boundary of the simulated area is only 
allowed to travel into the simulated area if there is a sufficient distance to the first 
vehicle in the simulated area. The logic for checking if there is a sufficient space 
differs depending on if the vehicle comes from the candidate area behind or in 
front of the simulator vehicle.  

For vehicles that want to enter the simulated area from the candidate area 
behind the simulator, the car-following model is used deduce whether it can do so 
or not. The vehicle is allowed to enter the simulated area if it can do so without 
decelerating, thus when the car-following model returns a non-negative 
acceleration. If this is not the case, the vehicle adopt the acceleration given by the 
car-following model and is then placed at the edge between the candidate area and 
the simulated area. The vehicle gets a new opportunity to pass into the simulated 
area in the next time step. While waiting on a sufficient gap the candidate vehicle 
adjust its speed in order avoid high decelerations when entering the simulated 
area. There is also a minimum gap criterion saying that the gap to the front vehicle 
must at least be larger than a minimum distance between stationary vehicles 
parameter. In the freeway environment cars are also given the possibility of 
entering the simulated area in the left lane. The same logic is used in order to 
deduce whether they are allowed to enter the left lane in the simulated area. 

For vehicles in the candidate area in front of the simulator vehicle a similar but 
somewhat different approach is used. The simulated vehicle closest to the 
candidate area treats the first vehicle in the candidate area as any other simulated 
vehicle. Thus it uses the car-following model to adjust the speed and the lane-
changing or overtaking model in order to decide whether it should try to overtake 
the candidate vehicle. This is similar to the approach used in the other candidate 
area, but instead of applying the car-following model on the candidate vehicle it is 
here applied on the following vehicle in the simulated area.  
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4.1.5 Vehicle update technique 
The simulation model follows a traditional time-discrete update approach. The 
update procedure, described in Figure 4.4, has been divided into two parts. In the 
first part the speed and position is updated for all vehicles and in the second part 
the behavior of the simulated vehicles is updated, i.e. acceleration, lane-changing 
and overtaking decisions, etc. The separation of the position and behavior 
updating makes it possible to avoid that information of already updated vehicles is 
used when updating the behavior of the rest of the vehicles. 
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Figure 4.4 Flow chart over the vehicle update procedure. 
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The speed and position of the vehicles is calculated using the Newtonian 
equations of motion, assuming that the acceleration and the speed are constant 
during the time step. The speed and position for the next time step is then 
calculated as 

 
( ) ( ) ( )

( ) ( ) ( ),

n n n

n n n

v t v t T T a t T

x t x t T T v t T

= − + ⋅ −

= − + ⋅ −
 (4.3) 

where ( )nv t  and ( )nx t  is the speed and position of vehicle n at time t, and T  is 
the duration of a time step. For candidate vehicles the acceleration na  is zero and 
the speed nv  is instead calculated from either equation (4.1) or (4.2). The time 
step T  varies depending on in which area the vehicle is. Simulated vehicles are 
updated with a time step of 100 milliseconds. However, vehicles within sight of 
the simulator driver are updated more often in order to get a clear picture on the 
simulator screen. Candidate vehicles are updated less seldom, currently one time 
per second. 

So far, we have only treated the update of the longitudinal speed and position. 
The vehicle’s lateral position is assumed only to change as a result of a change of 
lane. When driving in a lane the vehicles are assumed to drive in the middle of the 
lane. During a change of lane two different approaches for modeling the lateral 
position has been tested. In the first one the vehicles lane-changing movements is 
assumed to follow a sine-curve, see alternative 1 in Figure 4.5. In the second 
alternative the movements follows a function that uses a second grade polynomial 
in the beginning and in the end of the movement and a linear relationship in 
between. Both approaches looks quite realistic on freeways, were the lane-
changing movements are made during quite a long time, about 4-6 seconds 
according to measurements presented in Liu and Salvucci (2002). However, on 
rural roads “lane changing” movements are sometimes executed during a much 
shorter time, for instance at evasive maneuvers or when aborting an overtaking. 
During the user evaluation, see Section 6.3, it was observed that none of the two 
functions seem to represent lateral movements at quick lane changes correctly. 
Another drawback is that these functions assume that all started lane changes are 
completed. The functions cannot model the lateral movements when a driver 
decides to abort an ongoing lane change. In order to overcome these drawbacks a 
more advanced steering model is needed, perhaps a model similar to the one 
presented in Boer et al. (2001) or a control theory based model. 
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Figure 4.5 The two different functions for lateral lane-changing movements. The 
dashed grey lines symbolize the lane lines. 

 
4.2 Vehicle generation 
Vehicles traveling much slower or faster than the simulator will travel out of the 
simulated area, into the candidate areas and finally out of the system. Thus, the 
system will become empty if no new vehicles are generated. Since our model does 
not include intersections or ramps, all new vehicles are generated at the edges of 
the window, see Figure 4.2. As the edges consequently move with the speed of the 
simulator vehicle, new vehicles cannot be generated in the same way as in 
ordinary traffic simulation models, where new vehicles are generated at the 
geographical places that define an origin in the simulated network. 

Oncoming vehicles can, however, be generated almost in the same way as in 
ordinary simulation models. The difference is, that the arrival time for an entering 
vehicle do not only depends on the own speed and headway but also of the speed 
of the simulator vehicle. 

 
4.2.1 Generation algorithm 
In driving direction of the simulator vehicle, new vehicles are generated both 
behind and in front of the simulator. The generation process differs from 
generation approaches used in ordinary simulation models. For instance, when 
generating new vehicles at the edge behind the simulator vehicle it is only 
interesting to generate vehicles traveling faster than the simulator vehicle. 
Vehicles driving slower than the simulator vehicle will never catch up with the 
edge between the candidate area and the simulated area. The opposite holds for 
the edge in front of the simulator vehicle, where there is no need to generate 
vehicles that drive faster than the simulator vehicle.  
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If only generating faster vehicles behind and slower vehicles in front of the 
simulator vehicle, the calculation of the vehicles arrival times cannot be done in 
the usual way. In ordinary traffic simulation models, vehicles arrival time is 
drawn from a time headway distribution. The average time headway between 
arriving vehicles is calculated as the inverse of the traffic flow. If the arrival time 
between faster vehicles generated behind the simulator vehicle were calculated 
like this, the average distance between them would be equal to the average 
distance between vehicles. Since the vehicles generated behind the simulator 
vehicle is a sub-group of the total population of vehicles, the actual average 
distance between vehicles in this sub-group has to be longer than the average 
distance between vehicles. If this is ignored new vehicles will be generated with a 
higher frequency compared to reality, which results in a traffic composition that 
differs from the specified one. In order to deal with this problem a new generation 
algorithm has been developed. This algorithm generates a new vehicle and 
calculates a reasonable time to arrival for the generated vehicle. Below follows a 
description of the algorithm used for generation of new vehicle behind the 
simulator vehicle, see also the illustration in Figure 4.6. 

 

0. Set 1i = . 

1. Generate a new vehicle with a desired speed, desiv , and time headway, it∆ , to 
the vehicle in front. 

2. Calculate the vehicle’s speed, iv , given its desired speed and the traffic flow, 
according to either equation (4.1) or (4.2). 

3. If the speed is lower than the simulator vehicle’s present speed: increase i  and 
go to step 1, otherwise let n i=  

4. Calculate the time to arrival as  

( )
1

n

i i
i

n DS

t v
T

v v
=

∆ ⋅
∆ =

−

∑
, where 

DSv  is the present speed of the simulator vehicle, [m/s] 
 

5. Discard all vehicles except the last generated. 

 

 
Figure 4.6 Illustration of the algorithm for generation of new vehicles at the edge 
behind the driving simulator. 
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During the iterations the algorithm will generate a number of slower vehicles and 
one faster vehicle, but in the end only one faster vehicle will be generated since 
every slower vehicle is discarded. In order to limit the computational effort and to 
avoid that the algorithm gets “stuck” trying to generate faster vehicles when the 
simulator vehicle is driving very fast, new vehicles are only generated behind the 
simulator vehicle when it is traveling slower than the highest speed in the current 
desired speed distribution. For the same reason has the number of tries at each 
time step been restricted, currently to 10 presumptive new vehicles per time step, 
i.e. 10n ≤ .  

In order to avoid too long time to arrivals, the speed of the generated vehicle, 
nv , must differ by at least 5 % from the simulator vehicle’s speed, DSv . If the 

speed lies in this range, that is 1.05DS n DSv v v< ≤ ⋅ , a speed equal to 1.05 DSv⋅  
is used in the calculations of the arrival time.  

At the edge in front of the simulator, new vehicles are generated according to a 
corresponding algorithm. But the stop criterion is then a speed lower than the 
simulator’s present speed.  

 
4.2.2 Generation of new vehicles on freeways 
The time headways it∆  correspond to a one-time picture of a traffic situation and 
they may therefore differ from the vehicles’ desired time headways, presented in 
Section 4.1.1. The time headways it∆  are instead drawn from a time headway 
distribution, which differ between the freeway and the rural road environment. 
The time headway distributions will be described in this and the following 
sections. 
 
Time headway distribution 
For the freeway environment the time headway distribution presented in Blad 
(2002) is used for generating the time headways it∆ . This time headway function 
is also used in the TPMA-model. This time headway distribution can be expressed 
as 

 ( )

( ) ( )
( )( )( )

( )
122

2

2 12

0.110
2 10
1 10 0.1 110

11
0.1 ln

1 1

ppx p
x p

p px p

ee
f x p e

e e

−−
−

− +−

  ++ = ⋅ ⋅ ⋅ ⋅  +  +
, (4.4) 

where x  is the time headway and 1p  and 2p  is parameters that depends on the 
traffic flow Q  according to  

3 4 7 2 10 3
1

1 3 6 2 9 32

7.991 10 7.737 10 3.099 10 1.089 10

2.807 10 6.485 10 9.794 10 3.479 10

p Q Q Q

p Q Q Q

− − − −

− − − −

 − ⋅ + ⋅ − ⋅ + ⋅     =    − ⋅ + ⋅ − ⋅ + ⋅    
(4.5) 

and 
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2 4 7 2 11 3
1

3 6 2 10 32

7.628 10 9.527 10 1.500 10 3.991 10

3.890 5.273 10 2.885 10 5.432 10

p Q Q Q

p Q Q Q

− − − −

− − −

 − ⋅ + ⋅ − ⋅ + ⋅     =    − ⋅ + ⋅ − ⋅    
,(4.6) 

for the right and left lane, respectively. The values of the parameters 1p  and 2p  
has also been taken from Blad (2002). For lane flows larger than 1800 vehicles/h 
the function (4.4) is adjusted to  

 ( )
( )
( )stretch

x
f
corr Qf x
corr Q

    
= , (4.7) 

in order to fit real data in a better way. ( )corr Q  is a correction factor calculated 
according to 

( ) 1 2 6 2 10 31.347 10 1.314 10 4.285 10 4.653 10corr Q Q Q Q− − −= ⋅ − ⋅ + ⋅ − ⋅ (4.8) 

and 

( ) 3 6 2 10 37.910 8.780 10 3.535 10 4.404 10corr Q Q Q Q− − −= − ⋅ + ⋅ − ⋅ , (4.9) 

for the right and left lane, respectively. 
 
Calculation of lane flows 
In order to use the time headway distribution functions presented above, a model 
for estimating how the traffic flow splits on the two lanes is needed. We use the 
model presented in Blad (2002) for this purpose. In this model, which was 
originally presented in Carlsson and Cedersund (2000), the right lane flow, rightQ  
is calculated according to  

 ( )1 l Q
rightQ k e− ⋅= ⋅ − , (4.10) 

where k  and l  is calculated as  

 ( )2600 1 0.34 0.90k α β= ⋅ − ⋅ − ⋅  (4.11) 

and 

 
( )( )3.1 4

10000
l

α β+ ⋅ +
= , (4.12) 

respectively. The parameter α  is the proportion of trucks and buses and β  is the 
proportion of trucks with trailer. The left lane flow is then calculated as the 
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difference between the total flow and the right lane flow. Figure 4.7 shows the 
resulting time headway distributions at a total flow of 1000 vehicles/h. 
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Figure 4.7 Time headway distributions for the right and left lane on a two-lane 
freeway at a total traffic flow of 1 000 vehicles/h. 

 
Generation of oncoming vehicles 
Oncoming vehicles on freeways do not interact with the driving simulator. These 
vehicles could therefore be visualized by a playback loop of a recorded, measured 
or simulated vehicle stream. In this work we have chosen to simulate also the 
oncoming vehicle on freeways since this was the easiest solution with respect to 
programming effort. It is probably more efficient to use a playback loop. 

On freeways the oncoming vehicles are generated at the edge between the 
simulated area and the candidate area in front of the simulator vehicle. The time 
between arrivals of new vehicles is calculated using equation (4.4)-(4.12) and the 
vehicles desired speed and the present speed of the simulator vehicle. The 
oncoming vehicles are assumed to drive at their desired speed when they enter the 
model. This assumption and the fact that no correlation is made between desired 
speed and headway requires a quite long warm-up simulation stretch. The reason 
for this is that vehicles may be generated very close to each other and with large 
speed differences, which can lead to strong decelerations and oscillations in the 
vehicle stream. This loading problematic has been totally ignored in this work by 
the same reason as mentioned above. Noticeable is however that no strange or 
unrealistic behavior was observed in the oncoming direction on freeways during 
the user evaluation, see Section 6.3. This indicates that this method probably is 
good enough for this application. 
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In order to limit the simulation effort, the oncoming vehicles is removed from 
the model has soon as they surely no longer is visible in the mirrors of the 
simulator vehicle. A distance of 2 km has been assumed to be enough. 
 
4.2.3 Generation of new vehicle and vehicle platoons on rural roads 
Due to limited passing and overtaking possibilities on rural roads, vehicles often 
end up in platoons. A simulation model for rural road traffic must therefore 
generate realistic vehicle platoons rather than only generating individual vehicles. 
A platoon generation model has therefore been used for the generation of vehicles 
in the oncoming direction. The generation of realistic vehicle streams in the 
simulator vehicle direction is performed in another way. Generating vehicle 
platoons in this direction would demand a more complicated model for updating 
the candidate vehicles. Such a model must handle both vehicles from the 
simulated area and newly generated vehicles traveling in platoons. Instead of 
generating platoons, single vehicles are generated. Vehicle platoons then arise by 
themselves, for example when slower vehicles enter the simulated area from the 
candidate area in front of the simulator vehicle.  

 
Generation of vehicles in the simulator direction 
Vehicles in the simulator vehicle direction are generated according to the 
algorithm presented in Section 4.2.1. The time headways it∆  are assumed to be 
exponential distributed with mean equal to the inverted traffic flow and they are 
restricted downwards by a minimum value for free time gaps, currently set to 6 
seconds. 
 
Generation of oncoming vehicles 
We use the platoon generation model used in the VTISim model (Brodin et al., 
1986) for generating realistic vehicle platoons in the oncoming direction. In this 
model the queuing model presented in Miller (1967) is used to estimate the mean 
platoon length as 

 
0.58 1.58 1

ˆ
1 1.16 1,

Z Z

Z Z
µ

+ ⋅ >=  + ⋅ ≤
 (4.13) 

where Z  is calculated as 
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λ
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 ⋅ >=  ≤

 (4.14) 

The parameter λ  describes the overtaking possibilities on the current road and is 
calculated as.  

 ( ) ( )0.66 1 ln 2
3600
f c

o hv
q

A q p
µ

λ − ⋅
= ⋅ − − , (4.15) 
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where A  is a road standard measure, fq  is the flow in the studied direction, oq  is 
the flow in the oncoming direction, cµ  is the mean time gap between constrained 
vehicles for the current composition of vehicle types, and hvp  is the proportion of 
heavy vehicles. Since the road standard differs between roads, the road standard 
measure A  has to be calibrated for every new road that is going to be simulated. 
The calibration parameter cµ  is calculated as  

 c i i
i I

pµ µ
∈

= ∑ , (4.16) 

where I  is the set of all vehicle types, ip  is the proportion of vehicle type i , and 
iµ  are calibration parameters currently set to 1.2 s for cars, 1.5 s for trucks and 

buses, 1.75 s for trucks with trailer (3-4 axes), and 2.25 s for trucks with trailer (5 
or more axes). 

Given the mean platoon length µ̂  the proportion of free and constrained 
vehicles can be calculated as 1µ̂−  and 1ˆ1 µ−− , respectively. The platoons are 
generated by first generating one free vehicle and then generating constrained 
vehicles until a new free vehicle is generated. The order of vehicles in the platoon 
is then rearranged so that the slowest vehicle becomes the lead vehicle. Time 
headways between vehicle platoons, i.e. time headways for platoon leaders, are 
assumed to be exponential distributed according to the function 

 ( )

min

min
min

min0 ,

f

t t
t te t t

h t

t t

−
−

−
 ≥=  <

 (4.17) 

where ft  is the mean free time headway and mint  is a minimum time headway for 
free vehicles parameter, currently set to 6 seconds. Time headways between 
constrained vehicles are assumed to follow a lognormal distribution with mean ct . 
Vehicles driving in a platoon are assumed to drive at their desired time headway, 
whereby vehicles desired time gaps, see Section 4.1.1, is related to this 
constrained time headway. The mean constrained time headway ct  is given by the 
vehicle-driver settings and the mean free time headway ft  is calculated as 

 ( )
ˆ

ˆ3600 1f ct t
q
µ

µ= − − ⋅ , (4.18) 

where q  is the traffic flow in the current direction and µ̂  is calculated according 
to equation (4.13).  
 
4.2.4 Initialization of the simulation 
There is not only important to generate new vehicles during the simulation. In 
order to create a realistic initial traffic situation a warm up simulation has to be 
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conducted. During the warm-up simulation new vehicles is generated using 
approaches utilized in ordinary applications of traffic simulation. On rural roads, 
the same platoon generation algorithm as used in the oncoming direction during 
the real simulation is used also in the driving simulator direction. 

When running the warm-up simulation an end condition is needed. The end 
condition is normally a user specified warm-up run time. However, in this work 
this is replaced by a criterion on the number of vehicles passing the front of the 
window. The minimum number of vehicles has been set to the number of vehicles 
that passes out of the window during the average time it takes to travel the 
distance, and is calculated as 

 min
des

d
n q

v
= , (4.19) 

where q  is the traffic flow, d  is the total width of the moving window, and desv  is 
the average desired speed for the current traffic composition. This condition is 
combined with a condition saying that the actual flow is at most allowed to differ 
5 % from the specified flow. 

 
4.3 Behavioral models 
The behavioral models used in this work are to a large extent based on behavioral 
models from the TPMA-model (Davidsson et al., 2002, Kosonen, 1999) and the 
VTISim model (Brodin et al., 1986). These two simulation models are quite 
detailed documented and they have been well calibrated and validated for Swedish 
roads. However, some adjustments have been necessary to do and some of the 
behavioral models therefore differ from the original formulation. This section 
presents the utilized behavioral models for speed adaptation, car-following, lane-
changing, overtaking, passing, and oncoming avoidance. The speed adaptation 
model is based on the VTISim model, but adjustments and recalibration have been 
done for freeways. The Car-following model is a fusion of the car-following logic 
in the TPMA model, the free acceleration model in the VTISim model, and a new 
deceleration model. The lane-changing model is totally based on the TPMA 
model with some minor adjustments. The overtaking model is based on the 
VTISim model but has been complemented with a sub-model that describes 
drivers’ behavior during an overtaking including abortions of overtakings. The 
passing model is based on the VTISim model and the oncoming avoidance model 
is completely new. Except the presentation of the models, this section also 
discusses and presents the utilized parameter values.  
 
4.3.1 Speed adaptation 
Drivers’ desired speed varies along a road depending on the speed limit and the 
road profile. Every driver is assigned a basic desired speed, which is the speed 
they want to travel at under perfect conditions, see Section 4.1.1. The driver’s 
desired speed on a specific road section is calculated according to the speed 
adaptation model presented in Brodin and Carlsson (1986) and later in Tapani 
(2005). The basic desired speed is reduced with respect to road width, curvature, 
and speed limit. However, on freeways only the speed limit is assumed to affect 
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the desired speed. In the model the median basic desired speed 0v  is first reduced 
with respect to road width to a speed 1v  according to 
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 (4.20) 

where , 1mv  is a calibration constant equal to 27.75 m/s, w  is the road width, and 
a  is a calibration constant set to 0.042. The speed 1v  is then reduced with respect 
to curvature to a speed 2v  according to  

 
( )( )

1

2 12 1
1

if 1000

0.001 if 1000,

v r
v

v b r r
−− −

 >=  + ⋅ − ≤

 (4.21) 

where r  is the mean curve radius in meters and b  is a calibration constant equal 
to 0.15. Freeways are always assumed to have curve radiuses larger than 1 000 
meters. The speed 2v  is finally reduced with respect to the current speed limit to a 
speed 3v  according to  
 

 2
2

3
1 z

v
v

c d
=

+ ⋅
, (4.22) 

where z  is the ratio between the speed limit and 2v , d  is a calibration constant 
equal to 0.05, and c is a calibration constant that depend on the speed limit and 
type of road. For rural roads the parameter c  is calculated according to  
 

 1.3 90 0.015gc v= − − ⋅ , (4.23) 

where gv  is the speed limit. For freeways the parameter c  has been recalibrated 
(Janson Olstam et al., 2003) and is now calculated according to  

 
1.3 70 0.015 if 110
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g gv v
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 − − ⋅ <= 
 (4.24) 
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As seen in equation (4.24) drivers are assumed to drive at their basic desired 
speed when driving on freeways with speed limits of 110 km/h or higher. 

The desired speed 3nv  for a certain vehicle n  at a certain part of a road is 
finally calculated as 

 ( ) ( )( )
1

3 0 0 11 QQ Q Q
n nv v v vα= − − ⋅ − , (4.25) 

where 0 1α≤ ≤  is a vehicle type dependent parameter. Current values on α  are 
0 for cars, 0.3 for trucks and buses, and 0.5 for trucks with trailer. The parameter 
Q  is a dispersion measure calculated according to 

 ( ) ( ) ( )
( ) ( ) ( )

1 0 1 2 1 2 3 2 3

0 1 1 2 2 3

2 2.5
2 2.5

q v v q v v q v v
Q

v v v v v v
− − − − −

=
− − − − −

, (4.26) 

where 1q , 2q , and 3q  are calibration constants equal to 0.6, -0.8, and –0.2, 
respectively. As seen by equation (4.25), the desired speed is not only the result of 
a shift of the basic desired speed distribution but also of a rotation around its 
median. Values of 1Q <  results in an anti-clockwise rotation around the median. 
This implies that fast vehicles will be more affected than slow vehicles. For 

1Q =  the desired speed distribution is the result of a parallel shift of the basic 
desired speed distribution. 
 
4.3.2 Car-following 
The car-following model is based on the car-following model presented in 
Kosonen (1999) and in Davidsson et al. (2002). The car-following model is 
probably best classified as a safety distance model. Three different regimes are 
used, namely Free, Stable, and Forbidden, see Figure 4.8. 

Figure 4.8 The three different regimes in the car-following model 

The different regimes are defined by headways. The forbidden area is defined by a 
headway that depends on the speed of both the follower and the leader. It consists 
of an estimation of the brake distance needed for a deceleration from the 
follower’s speed down to the leader’s speed with a normal deceleration rate. In 
this work the forbidden headway is calculated as 

Forbidden area Stable area Free area 
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where nv  and 1nv −  are the speed of the follower and the leader, respectively, mint  
is a minimum time gap, nL  is the length of the follower vehicle, and avga  is an 
average normal deceleration rate parameter, currently set to 2 m/s2. The last term, 
stops , is the minimum distance between stationary vehicles. 

The stable area is defined as the area enclosed by the forbidden area and the 
free area. The width of the stable area, stableW , is calculated as 

( ) ( ){ }1 1 s m 1

1

max 2.5, , , ,  

0 ,

f n n f n n n n n

stable
n n

d v v d v v v T W v v
W

v v

− − −

−

 + − ≥=  <
(4.28) 

where sT  is the minimum stable time headway, mW is the minimum stable space 
headway, and fd  is the function presented in equation (4.27).  

When traveling at greater headways than the sum of the forbidden headway 
and the width of the stable area, the vehicle is classified as free and accelerates or 
decelerates in order to obtain its desired speed. In the original TPMA version 
vehicles accelerate and decelerate by increasing or decreasing their speed with a 
discrete speed step of 2.5 km/h. This is however not very realistic from a micro 
perspective. In this work the acceleration is instead calculated by a continuous 
function. When the speed is lower than the desired speed the acceleration model 
presented in Brodin and Carlsson (1986) is used, which is 

 ( ) ( ) ( ) ( )
1 2

2n
n A n R R n nn n n

n

p
a C v C C v g i x

v
= − ⋅ − − ⋅ − ⋅ , (4.29) 

where np  is the power/weight ratio for vehicle n , AC , 
1RC , and 

2RC  are vehicle 
type dependent air and rolling resistance coefficients, and g  is the gravitational 
acceleration constant. The function ( )ni x  represents the road incline at the 
position nx  of vehicle n . 

When the speed of a free vehicle instead is higher than desired the vehicle uses 
a deceleration rate given as  

 
( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 2

1 2
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2
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A n R R n n nn n n
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A n R R n nn n n

C v C C v g i x i x
a

C v C C v i x

− ⋅ − − ⋅ − ⋅ ≥= − ⋅ − − ⋅ <
(4.30) 

in order to reach the desired speed. In the stable area the driver is assumed to keep 
a constant speed, i.e. no acceleration or deceleration. If the vehicle travels faster 
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than its leader and passes the forbidden time headway, the vehicle enters the 
forbidden area and has to decelerate in order to avoid a collision and to reenter the 
stable area. The deceleration rate depends on the ratio, r , between the actual 
space headway and the forbidden headway (equation (4.27)). The basic idea is 
that the deceleration rate increases with decreasing ratio. The deceleration is at the 
moment calculated according to the piecewise linear function presented in Figure 
4.9. 
 

 
Figure 4.9 Deceleration function. 

The parameter enginea  represent the engine deceleration rate, currently set to 0.5 
m/s2, normala  is the highest deceleration rate used under normal conditions, 
currently set to 3 m/s2, and maxa  is the maximal deceleration rate under any 
circumstances, currently set to 9 m/s2. The maximum deceleration rate is set very 
high in order to always avoid collisions. The parameters maxd , heavyd , normald , 
and engined  are calibration constants currently set to 0.15, 0.3, 0.6, and 0.75, 
respectively. In cases where the follower is in the forbidden area but the leader 
drives faster than the follower the follower always use the engine deceleration rate 
in order to reenter the stable area. 

This car-following model does not model driver reaction times explicit, but the 
stable area is a kind of implicit modeling of reaction time. That is, vehicles will 
not start to brake before they have passed the stable area. However, in an 
acceleration situation drivers are assumed to react immediately, that is 

0stableW =  in these situations, see equation (4.28). 
The car-following model is based on the calibrated TPMA model, but our 

model has only undergone minor calibration and validation work showing that it 
generates similar results as the original model, see for example Figure 4.10. 

dnormal dengine dheavy dmax r 

a [m/s2] 

aengine 

anormal 

amax 

1 



 

 60 

0 50 100 150 200 250 300
0

10

20

30

40

50

60

70

80

90

t [s]

∆x
-l n-

1 [m
]

revised version
original TPMA version

 
Figure 4.10 Relative position between a leader and a follower when applying the 
original and the revised TPMA car-following model. 

The car-following model described here is used both for freeway and rural road 
environments. However, there is an ongoing work to develop a new more flexible 
car-following model for rural roads, see Lundgren and Tapani (2005). This car-
following model will probably replace the car-following model presented here, at 
least in the model for rural environments. 
 
4.3.3 Lane-changing 
The lane-changing model is based on the TPMA lane-changing model presented 
in Davidsson et al. (2002) and in Kosonen (1999). This model uses the pressure 
function presented in equation (2.6) and the logic presented in Figure 2.8 to model 
drivers willingness to change lane. In the original model drivers are not willing to 
change lane if the drivers speed is not less than its desired speed. This implies that 
drivers when catching up with a preceding vehicle first have to decelerate before 
they start any lane change to the left. This has in this work been replaced by a 
minimum difference conditions between the drivers desired speed and the speed 
of the front vehicle, resulting in the conditions 
 
IF( 1 min

des
n nv v v− < −∆  AND l fr flc P P⋅ >  AND minlanet t> ) THEN 

 desirable to change to the left 
IF( r bl frc P P⋅ >  AND minlanet t> ) THEN 
 desirable to change to the right 
 
where frP , flP , and blP  are the pressure, according to equation (2.6), to the front 
right, to the front left, and from the back left vehicle, respectively. The parameter 
lanet  is the time since the vehicle entered the current lane, and mint  is the 
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minimum time before performing a new lane change, currently set to 10 s. 
Different values have been tested on the lane-changing parameters lc  and rc , and 
in the end the parameters have been set to the values presented in Gutowski 
(2002), which is 0.86rc =  and 0.56lc = . There is also an additional constraint 
for changes to the left saying that a vehicle do not change if it would have 
changed to the right if it were traveling in the target lane. 

The gap-acceptance part of the lane-changing model also follows the approach 
used in the TPMA model. Different critical gaps are used for lane changes to the 
right and left and for lead and lag gaps. The critical gaps are calculated as 

 des
cr nt t γ= ⋅ , (4.31) 

where desnt  is the desired time gap for vehicle n , which is the vehicle that wants 
to change lane. The parameter γ  is a calibration parameter that varies with 
direction of the lane change and between lead- and lag gaps. The parameter γ  has 
been set to the values presented in Table 4.1, which follows recommended values 
presented in Hillo and Kosonen (2002). 
 
Table 4.1 Used values on the critical gap parameter γ . 

 Lag gaps Lead gaps 
Change to the right 0.5 0.5 
Change to the left 0.4 0.4 
 
4.3.4 Overtaking 
The overtaking model consists of two parts. The first one is the modeling of 
overtaking decisions, i.e. the decision of whether or not to start an overtaking at 
the current situation. The second part is the modeling of drivers’ behavior during 
the overtaking, evaluating if the overtaking should be completed or aborted. 
 
The overtaking decision model 
The overtaking model used is the one originally presented in Brodin and Carlsson 
(1986). The model work as follows. When a vehicle catches up a preceding 
vehicle, it has the possibility to execute a flying overtaking. If a flying overtaking 
is not possible, the vehicle has to slow down and adjust its speed to the preceding 
vehicle, according to the car-following model. The following vehicle can later, 
when an opportunity arises, execute an accelerated overtaking. Flying overtaking 
is only possible at the point where the vehicle catches up with the preceding 
vehicle and accelerated overtaking is only possible when the vehicle is in the 
following state. The following vehicle can only start an accelerated overtaking 
when passing either a sight maximum or when meeting an oncoming vehicle. 
Drivers that has overtook a vehicle which is driving in a platoon get an 
opportunity to continue in the oncoming lane and overtake also the vehicle ahead, 
a so called multiple overtaking. A vehicle only accepts an overtaking opportunity 
if the following four conditions are fulfilled. 
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1. No overtaking restrictions 
The road must be free of overtaking restrictions from the vehicle’s position 
and 300 meter ahead. Restrictions further away are assumed not to affect the 
overtaking decision. 

2. Enough space 
The estimated overtaking distance has to be shorter than the available gap. 
There must also be a sufficient space in the oncoming lane. 

3. Ability to execute an overtaking 
The estimated overtaking distance must be shorter than 1000 meters. This 
constraint is used to avoid extreme long overtaking distances. An accelerated 
overtaking is only executed if the vehicle’s desired speed is higher than the 
preceding vehicle’s desired speed. The difference must at least be 0.5 m/s. 

4. Willingness to execute an overtaking 
An overtaking is only performed if the driver accepts the available gap. The 
probability that a driver accepts a gap is determined by a stochastic probability 
function. 

The estimated overtaking distance is calculated differently for flying and 
accelerated overtakings. At a flying overtake the driver estimates the overtaking 
distance as 
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where d∆  is the distance which the overtaking vehicle must travel relative the 
overtaken vehicle. At an accelerated overtake the driver instead estimates the 
overtaking distance as 

 1 2O n
n

d
d d v

a−
∆

= ∆ + ⋅ ⋅ , (4.33) 

where na  is the acceleration of vehicle n  calculated according to equation (4.29). 
The probability that a driver will execute an overtaking is a function of the 

available overtaking gap. The probability is determined by the following 
stochastic probability function 

 ( )
kdgapA e

gapP d e
−− ⋅=  (4.34) 

where gapd  is the available gap in meters, that is  
 

min{distance to oncoming vehicle, distance to natural sight obstruction}, 
 

and A  and k are constants that depend on: type of overtaking, type of sight 
limitation, type and speed of the vehicle being overtaken, and the road width. 
Calibrated values for Swedish road conditions has been presented in Carlsson 
(1993) and is also presented in Appendix B. 
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In order to avoid that vehicles in a platoon overtake each other too frequent the 
probability to start an overtaking when driving in a platoon is reduced with 
respect to the vehicle’s place in the current vehicle platoon. The probability for 
vehicles in a platoon to start an overtaking is therefore finally given by  

 ( ) ( )1N
red gapP P dκ −= ⋅ , (4.35) 

where N  is the number of vehicles ahead in the platoon, κ  is a calibration 
parameter, currently set to 0.6, and ( )gapP d  is the overtaking probability 
calculated according to equation (4.34). The probability is however not reduced in 
decisions situations of multiple overtakings, i.e. overtakings of one more vehicle 
precisely after ending an overtaking. The overtaking probability for roads with 
wide shoulders, defined as roads with shoulder width larger than 2.25 meters, is 
very high, even at short distances. This is due to the fact that vehicles on this kind 
of roads execute overtakings even if they will not be able to finish them before 
they meet an oncoming vehicle. The overtaking driver assumes that the oncoming 
vehicle will pass out into the shoulder in order to let the overtaking driver use the 
oncoming lane. This is also the way that this is handled in the model. On roads 
with wide shoulders a vehicle also have the possibility to go out in the shoulder in 
order to let faster vehicle pass in the normal lane. This is modeled in the passing 
model described in Section 4.3.5. 

The overtaking decision model is an inconsistent driver model, i.e. overtaking 
decisions do not depend on previously overtaking decisions. Every overtaking 
decision is made independently. See the discussion on inconsistent versus 
consistent overtaking models in Section 2.3.3.  

When decided to start an overtaking the driver starts to accelerate and changes 
to the oncoming lane after a short delay, currently set to 2 seconds.  

 
Behavior while overtaking 
During an overtaking drivers’ speed choices and acceleration behavior differs 
compared to normal driving. Drivers tend to be willing to drive faster than their 
desired speed during overtakings. This is modeled by giving all drivers an 
increment in desired speed during overtakings, currently set to 10 km/h. Another 
difference compared to normal driving is that drivers, especially car drivers, 
accelerate faster in overtaking situations. Car drivers therefore get an increase in 
their power/weight ratio, used in the free acceleration model in equation (4.29). 
The power/weight ratio is currently increased to at least 30 W/kg or with a 
maximum increment of 6 W/kg. 

When overtaking, the overtaking vehicle must continuously revaluate the 
distance to the vehicle in the oncoming lane and the distance left of the 
overtaking. This was not included in the model presented in Brodin and Carlsson 
(1986). The model has therefore been complemented with a new sub-model for 
this task. This new model states that a driver has to take action if the time to 
collision, TTC , with the oncoming vehicle is less than the estimated time left of 
the overtaking. The time left on the overtaking is estimated as  
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where 1 minn n nd x x l d−∆ = − + + . mind  is the critical lag gap for lane changes 
to the right and changet  is the time it takes to perform the lane change back to the 
normal lane. The vehicle is assumed to have passed the line between the 
oncoming and the normal lane after half the lane change time. The acceleration 
na  is calculated according to equation (4.29). The time left of the overtaking, leftt , 

was initially directly compared to the time to collision. However, after noticing 
quite dangerous overtaking behavior during the user evaluation, see Section 6.3, a 
safety margin was added. This safety margin has temporarily been set to 1 
seconds for all vehicles, but the parameter must of course be further calibrated. 

In situations where leftTTC t<  and the driver has not yet passed the lead 
vehicle, 1n nx x −< , the driver is assumed to abort the overtaking. The driver then 
falls back and merges into the normal lane behind the lead vehicle. If the vehicle 
is side-by-side or has passed the lead vehicle, the driver instead increases the 
desired speed to a level needed to end the overtaking without colliding with the 
oncoming vehicle. That is the new temporarily desired speed is calculated as 

 
( )

*

1
leftdes

n n
safety

d
v v

TTC t −= +
−

, (4.37) 

where leftd  is the minimum distance left of the overtaking, TTC is the time to 
collision, and safetyt  is the added safety margin. If the vehicle’s power/weight ratio 
is too low in order to be able to accelerate to the new desired speed, checked via 
equation (4.29), the vehicle is temporarily assigned a new power/weight value. 
However, if the power/weight ratio needed to drive at the new desired speed 
exceeds the maximum power/weight ratio for the current vehicle type, the driver 
abort the overtaking and falls back in order to merge into the normal lane behind 
the overtaken vehicle. 
 
4.3.5 Passing 
At roads with wide shoulders drivers can change “lane” to the shoulder to let other 
vehicle pass in the normal lane. The shoulder is classified as wide if the shoulder 
width exceeds 2.25 meter. Not all drivers pass out into the shoulder and some 
drivers do it sometimes and sometimes not. The passing model used is also an 
inconsistent model based on the model presented in Brodin and Carlsson (1986). 
Every time a vehicle catches up a preceding vehicle and wide shoulders are 
available, the preceding vehicle passes out into the shoulder according to a certain 
probability, at present set to 0.85. If there is an extra lane, as an auxiliary lane 
vehicles always go to the rightmost lane in order to let other vehicle pass.  
 
4.3.6 Oncoming avoidance 
Vehicles traveling on rural roads not only have to consider oncoming traffic when 
overtaking another vehicle, but also when oncoming vehicles overtake. On roads 
with wide shoulders, the natural reaction is to drive out into the shoulder if an 
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oncoming overtaking vehicle is getting too close. On other roads vehicles 
decelerate and signal with the horn or using the high beam. If the situation 
becomes really critical, they try to drive out to the shoulder or the ditch in a last 
attempt to avoid a collision. In our model drivers are assumed to go out into the 
shoulder on roads with wide shoulders if 2 change safetyTTC t t< ⋅ + , where 
changet  is the time for a lane change and safetyt  is the added safety margin 

parameter. On roads without wide shoulders the driver instead signalizes with the 
high beam in these situations. However, if the 1.5 changeTTC t< ⋅ , the driver 
brakes and moves as far out in the shoulder as he or she can in order to avoid a 
collision and lets the oncoming overtaking vehicle safely end the overtaking. 
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5 Integration with the VTI Driving simulator III  
The developed simulation model has been integrated and tested within one of the 
driving simulators at VTI. This chapter will present how the integrated system 
works, starting with a short introduction of the VTI driving simulator III, followed 
by a description of the integrated system, and ending with how the simulation 
model communicates with the driving simulator system. 
 
5.1 The VTI Driving simulator III 
VTI has been developing and working with driving simulators since the 1970’s. 
The VTI driving simulator III is the third generation of high-fidelity driving 
simulators developed at VTI. The simulator, see Figure 5.1, consists of a cut-off 
vehicle cab, a vehicle model, a motion system, a PC-based visual system, and a 
PC-based audio system. The visual system consists of three screens in front of the 
simulator, with a horizontal view of 120° and a vertical view of 30°, and three rear 
mirrors. The motion systems consist of a linear, a pitch, and a rolling motion. The 
simulator also has a vibration table that can simulate the contact with the road 
surface. Technical specifications of the driving simulator are available at the VTI 
webpage (www.vti.se). 

 
Figure 5.1 The motion system of the VTI Driving simulator III (Source: Swedish 

National Road and Transport Research Institute (VTI) (2004)) 

 
5.2 The integrated system 
Figure 5.2 shows a schematic picture over the integration of the simulation model 
and the driving simulator. The normal flow through the system is that the vehicle 
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model calculates the simulator vehicle’s state variables, i.e. acceleration, position, 
lateral position, etc., that corresponds to the subject’s use of the steering wheel 
and the pedals. This information is sent to the scenario module that controls the 
movements of other moving objects, such as vehicles, animals, pedestrians, etc. 
Information about all moving objects, including the simulator vehicle, is sent to 
the visual system that calculates the current views, which finally is showed for the 
driver on the different screens in the simulator. 

Figure 5.2 Schematic picture over the integrated system 

In the integrated system the simulation of all autonomous vehicles is done in the 
traffic simulation model. The scenario module sends information about the 
driving simulator vehicle and any other non-autonomous vehicles or objects. The 
scenario module still controls the simulation loop and the simulation of a specific 
vehicle can be moved from the autonomous simulation in the traffic simulation 
model to a strictly controlled simulation in the scenario module. This framework 
makes it possible to combine autonomous vehicles with vehicles with 
predetermined behavior. The area of combining traffic simulation and scenarios 
that include vehicles predetermined behavior is discussed in Section 3.2.2. The 
scope of this thesis do not include any further investigation on how traffic 
simulation and critical events could and should be combined in order to deal with 
realism and reproducibility in the best possible way. 

Except the possibility to move the control of a vehicle between the scenario 
module and the simulation model, the possibility to deny simulated vehicles to 
overtake the driving simulator or to overtake any vehicle at all has been 
implemented. This makes it for example possible to simulate a realistic oncoming 
traffic stream in which no overtakings are executed within sight of the simulator 
vehicle.  

 
5.3 Communication with the scenario module 
In the current integration configuration the traffic simulation model runs on a 
separate computer, which communicates with the scenario module via an ethernet 
network. However, the plan is to integrate the traffic simulation model into the 
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scenario module and thereby get rid of the ethernet communication. This has not 
yet been possible to do due to ongoing work with the scenario module computer. 

The current ethernet communication set up uses two different kinds of 
protocols. In order to be sure that commands like start, stop and freeze of the 
simulation reaches the simulation model; these commands are sent via a TCP/IP 
connection. The TCP protocol checks whether the IP-packages arrive at their 
destination and return feedback information to the sender. Thanks to this 
handshaking the sender know if the information has reached the receiver, the 
scenario module for example knows if the simulation model has received an 
initialization or a start command. Information about the state variables is instead 
sent via a UDP/IP connection. This protocol is more convenient to use when 
sending real time data since no handshaking is used. This makes the connection 
faster but more unreliable since the sender does not know which IP-packages that 
reach the receiver. The sender cannot even be sure of that the packages reach the 
receiver in the same order that they were sent in. The solution to the increased 
unreliability is to increase the send frequency. Then it does not matter if one 
package does not reach the receiver or if the packages arrive in the wrong order. 
The receiver can discard any old package that arrives late and do not suffer from 
“losing” a package since it quickly gets a new package with up to date 
information.  

In order to minimize the time delay between actions in the simulator and the 
visualization of those actions, information in the main driving simulator loop is 
sent with a very high frequency, namely 200 Hz. The scenario module must 
always have up to date information about the simulated vehicles. This implies that 
the scenario module either must be able to handle a missing package from the 
traffic simulation model or that the send frequency from the simulation model to 
the scenario module must even be higher than the frequency in the main loop. 
Irrespective of which approach that is used the update of the vehicles’ positions 
and their behavior must be run on different computer processor threads since the 
position and speed must be updated with the main loop frequency while running 
the behavioral update with this frequency is a waist of computer power. The high 
frequency position update can either be ran in the traffic simulation module or in 
the scenario module. We have chosen the latter approach in which the scenario 
module keeps the simulated vehicles’ positions and speeds up to date by 
extrapolating the latest information received from the traffic simulation model.  

One problem when running the simulation model and the scenario module on 
different computers is the synchronization of clocks. The used clock in the 
scenario module and the traffic simulation model must be very well synchronized 
in order for the extrapolation of the vehicles’ position to be correct. This has been 
a problem in this work because the scenario module and the simulation model 
have been running on different operating systems. The traffic simulation model 
has been running on a Windows machine, on which it has been hard to find a 
clock with enough accuracy and that does not drift. This has resulted in that when 
driving close to a simulated vehicle this vehicle seems to jump a little back and 
forth. There is therefore an ongoing work of compiling the traffic simulation 
model to also be able to run in the operating system Linux in order to totally 
integrate the simulation model and the scenario module. This would solve the 
synchronization problem and would also lead to that the ethernet communication 
is unnecessary, which is quite nice since the ethernet communication has been a 
very common source of error during the integration work. 
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6 Validation  
The primary outputs of the developed model are the behavior of the simulated 
vehicles, thus the primary output is at a microscopic level. It is therefore 
important to also validate this model at a microscopic level. If the model is valid 
at the microscopic level it will also generate valid results at a macroscopic level, 
noticeable is that the opposite does not always hold. However, how validation of 
the developed model on a micro level could and should be done is not obvious. 
This chapter therefore starts with a discussion of different ways and methods for 
validating the model. The chapter then continues with a description of the two 
used validation approaches. The chapter ends with a discussion and some 
additional observations made during tests in the driving simulator. 
 
6.1 How should the model be validated? 
The most important thing in this application is that the simulator drivers observe 
the surrounding vehicles and their behavior as realistic. If this is not the case the 
simulator driver may behave differently compared to in a real car. One problem is 
nevertheless that it is hard to define realistic. A second problem is that it is hard to 
state how realistic the behavior has to be in order for the model to be valid. The 
goal is, of course, a model where the simulator driver cannot conclude whether an 
ambient vehicle is driven by another human or by a computer. However, the 
creation of a model that fulfills such a criterion is probably a utopia. 

It is also important to remember that the model should not only generate valid 
results, it must also generate “safe” behavior. It is very important that the 
surrounding vehicles do not cause dangerous situations or collisions. Even though 
this happens sometimes in the real world, this cannot be tolerated in a driving 
simulator. The simulator driver should only be exposed to critical situations or 
events specified in the scenario module. Exceptions may, of course, be made for 
situations caused by extremely risky maneuvers made by the simulator driver. 

Some of the things that influence a simulator driver’s opinion of how realistic 
the surrounding vehicles behave can be measured and compared to real data. One 
example is the outputs generated by the behavioral models, which can be 
compared to measurements from real drivers. Data for such validation studies can 
for example be obtained from measurements with instrumented vehicles or 
driving simulators. One approach is to measure the positions, speeds, and 
acceleration of two subsequent vehicles and then applying a car-following model 
to this data. It is then possible to compare acceleration rates given by the car-
following model and the measured ones. It can also be interesting to study the 
agreement of relative speed and position. One big problem is that it is difficult and 
expensive to get enough and usable data for such comparisons. No such studies 
have been possible to conduct within the frames of this project and the aim has 
therefore been to use already calibrated and validated behavioral models. 
However, several of the used behavioral models have been adjusted and may 
perhaps need to be revalidated. The outputs from the behavioral models have in 
this work only been visually validated, that is by studying two- and three-
dimensional visualizations of the simulation. 

Another important part that can be measured and that is connected to the 
observed realism is the number of vehicles that catches up with the driving 
simulator and the number of vehicles that the simulator driver catches up with. 
When driving at a certain speed you may not be able to say whether the number of 
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vehicles that overtake you is comparable to when driving on a real road, but you 
certainly react if the proportion between vehicles that catches up with you and that 
you catches up with is not realistic. For example, if you according to your own 
opinion drive faster than the average driver you expect to catch up with more 
vehicles than catches up with you. These numbers of catch-ups can easily be 
measured when running the simulation model and be compared to real data. This 
kind of validation has been performed within this work and the results is 
presented in Section 6.2. 

Another approach that can be used for validation is to let participants drive on a 
specific road both in reality and in the driving simulator. If the model is valid 
participants speed choices, headways, overtaking and lane-changing behavior 
should not differ between driving in the simulator and in a real car. This approach 
is not directly useful for validating the simulation model it is rather a method for 
validating the whole driving simulator system. If differences are observed it can 
be hard to distinguish whether they are due to the traffic simulation model or other 
parts of the simulator system.  

Since the most important thing is that participants observe the surrounding 
vehicles as realistic, a reasonable approach could be to use simulator drivers’ 
opinions in the validation. The human mind is a very useful tool that can be used 
both for detecting unrealistic behavior and to get statements on how realistic the 
behavior of the simulated vehicles is. Their statements will of course be highly 
subjective, but this can be overcome by letting several persons give their opinion. 
We have in this work tried to validate the simulation model based on such 
approach by conducting a small driving simulator experiment in which the 
participants were asked to give comments about the simulated vehicles’ behavior. 
The design and results of this user evaluation study is presented in Section 6.3. 

 
6.2 Numbers of active and passive overtakings 
The first approach used in the validation work of the developed model was to 
study the numbers of active and passive overtakings. Active overtaking refers to 
the cases when the simulator driver overtakes other vehicles and passive 
overtakings refer to cases when other vehicles overtake the driver of the simulator. 
Participants may not be able to observe whether number of active and passive is 
correct or not, but they probably will react if the proportion between active and 
passive overtakings is wrong. 

There is unfortunately no real data available on the number of active and 
passing overtakings. Data from the simulation model has instead been compared 
to an analytical expression for calculating the number of vehicles that a specific 
vehicle catches up with and the number of vehicles that catches up with this 
vehicle. The analytical expression was originally derived and presented in 
Carlsson (1995), in which it was used to estimate the number of active and 
passive overtakings of a vehicle used in a floating car study.  

Let us first assume that the observed road section has the length L  and that the 
studied vehicle travel with the speed 0v  km/h. The travel time for the studied 
vehicle over the stretch L  is then 0L v . Let us now look at another vehicle that 

arrives later to the starting point of the stretch, traveling at the speed v  km/h. In 
order for the second vehicle to catch up with the first vehicle before the stretch 
ends, the catch up must happen no longer than ( )01 1L v v⋅ −  hours after the 
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first vehicle entered the stretch. During this time period ( )01 1q L v v⋅ ⋅ −  

numbers of vehicles will arrive to the stretch, where q  is the flow in the studied 
direction. In order to calculate how many vehicles that drives at the speed v  and 
arrives during this time interval the time mean speed distribution ( )tf v  must be 
known. The number of passive and active catch-ups can then finally be calculated 
according to  

 ( )

0
0

1 1
p t

v

U qL f v dv
v v

∞
 = −   ∫  (6.1) 

and 

 ( )

0

00

1 1
v

a tU qL f v dv
v v

 = −   ∫ , (6.2) 

respectively. One of the underlying assumptions for equation (6.1) and (6.2) is 
that every vehicle can overtake each other without any time delay. The equations 
can thus be expected to give upper limits on the number of active and passive 
catch-ups. 
 
6.2.1 Simulation design 
Data from the simulation model was taken from simulations of a straight and plain 
road during a time period of 2.5 hour. During the simulation also the driving 
simulator vehicle was simulated according to the simulation model, thus the 
simulator vehicle was not driven by a human being. The driving simulator driver’s 
desired speed was varied between the different simulation replications. Three 
different basic desired speeds were used, namely 25.8, 30.8, and 35.8 m/s. 

In the rural environment the sight distance was assumed to be infinitely long, 
thus available overtaking gaps were always restricted by oncoming vehicles. The 
simulated road was 9 meters wide and had a speed limit of 90 km/h, i.e. a quite 
normal Swedish rural road. Three different flow levels were used in this 
environment, namely 200, 400, and 600 vehicles/hour/direction.  

For the freeway environment, a straight and plain road with speed limit 110 
km/h were simulated. Also here three different flow levels were used: 500, 1000, 
and 1500 vehicles/h. For both environments the flow rates were chosen in such a 
way that they both cover low and high traffic conditions on Swedish roads. 

In all simulations the share of heavy vehicles were set to 12 % (4 % trucks, 4 % 
buses, and 2 % of each of the two truck types with trailer), which corresponds to 
normal traffic conditions on Swedish roads. For every combination of basic 
desired speed and flow 10 replications were run, giving a total number of 90 
replications for each road environment. 

In the rural environment, active and passive catch-ups were calculated by first 
noting the number of active and passive overtakings during the simulation. The 
number of catch-ups can then be obtained by adding the queue length in front and 
behind the simulator vehicle, respectively, in the last time step. In the freeway 



 

 74 

environment the number of passive catch-ups were measured as the number of 
vehicles that passed the driving simulator vehicle in the left lane. This number 
was reduced for the number of vehicles that the simulator vehicle temporarily 
passed on the right side. The number of active catch-ups was measured in the 
opposite way. 

The time mean speed distribution, ( )tf v , used in equation (6.1) and (6.2) for 
calculating the expected number of active and passive catch-ups was generated by 
running the simulation model with the driving simulator standing beside the road. 
The time mean speed distribution was assumed to follow a normal distribution. 
Mean and standard deviation values to the distribution were calculated from point 
measurement from 10 such simulation runs. The time mean speed distribution 
( )tf v  varies with the traffic flow and the procedure above was therefore repeated 

for each studied flow. 
 
6.2.2 Results 
The results from the rural road environment are presented in Figure 6.1 - Figure 
6.3. As can be seen in the figures, the simulated values correspond quite well to 
the analytical calculation of the expected number of active and passive catch-ups. 
The simulated values are generally a little lower than the corresponding values 
from the analytical expression. However, this is reasonable since the analytical 
expression is based on the assumption that a vehicle that catches up with another 
vehicle can overtake this vehicle directly without any delay.  
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Figure 6.1 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain rural road with oncoming traffic, at 200 vehicles/h and 
( ) ( )~ 90.9,9.7tf v N . 
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Figure 6.2 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain rural road with oncoming traffic, at 400 vehicles/h and 
( ) ( )~ 85.6,9.5tf v N . 
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Figure 6.3 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain rural road with oncoming traffic, at 600 vehicles/h and 
( ) ( )~ 81.8,9.5tf v N . 
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Figure 6.4 - Figure 6.6 shows the results from the freeway simulations. The results 
for the freeway environment should show a better agreement since the assumption 
of overtaking without delay is almost true, at least for moderate flows. The 
simulated number of passive catch-ups shows a good agreement with the 
analytical expression, whereas the number of active catch-ups does not show the 
same good agreement; see the left and right figures respectively. The agreement is 
good for low travel speeds, but the difference between the analytical expression 
and the simulated values for active catch-ups increase with increasing travel 
speed, see the right figures. The difference also seems to increase with increasing 
flow, for instance bigger differences in Figure 6.5 than in Figure 6.4. Some of this 
increased difference with the increased flow can be explained by the fact that the 
assumption of overtaking without delay gets less valid.  
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Figure 6.4 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain freeway, at 500 vehicles/h and ( ) ( )~ 107.6,12tf v N . 
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Figure 6.5 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain freeway, at 1000 vehicles/h and ( ) ( )~ 104.6,11.9tf v N . 
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Figure 6.6 Simulated and calculated number of passive (left figure) and active 
(right figure) catch ups per km of the driving simulator vehicle (DS) on a straight 
and plain freeway, at 1500 vehicles/h and ( ) ( )~ 100.2,11.9tf v N . 
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The differences in the number of active catch-ups do not seem to be present for 
the rural environment and the problem is therefore probably freeway-specific. The 
unsolved question is whether the problem is due to errors in the model or in the 
implementation it. One also has to bear in mind that the analytical expression only 
is an estimation of the number of catch-ups and that it can be the expected number 
that is the failing part.  

One indication for that the mismatch is due to errors in the simulation model is 
that the simulated mean speed seems to fall faster with increasing flow compared 
to reality. Figure 6.7 shows speed-flow data from the freeway simulations above 
and representative data for an average Swedish freeway taken from SRA (2001). 
As can be seen in the figure, the simulated space mean speed start to decrease 
much earlier than it should. It seems like the simulated vehicles are constrained 
more than they should be. Different values on the lane-changing parameters and 
the desired time gaps have been tested in order to get less speed decreasing 
interactions, without getting any better results. It seems like further calibration 
and validation of the freeway model is needed.  
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Figure 6.7 Comparison of simulated freeway speed-flow data and speed-flow 
relationships presented in SRA (2001). 

In Figure 6.8 speed-flow data from the rural road simulations is presented. Even if 
the simulated speed seems to be a little low the agreement is much better than for 
the freeway. Once again this supports the theory that the problem is in the 
modeling of freeways. 
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Figure 6.8 Comparison of simulated rural road speed-flow data and speed-flow 
relationships presented in SRA (2001). 

 
6.3 User evaluation 
The most important validation criterion is probably that the traffic “feels” or is 
observed as realistic. Noticeable is that even if the generated driver behavior 
corresponds to measurements from real driving, it is still important that the 
participants observe the simulated vehicles and their behavior as realistic. If this is 
not the case, the surrounding traffic may influence the participants so that they 
drive differently compared to how they drive on a real road. In order to validate if 
the simulated vehicles’ behavior is observed as realistic, a driving simulator 
experiment with 10 participants has been conducted. In difference with the 
simulation runs described in Section 6.2, in which also the driving simulator 
vehicle was simulated, the driving simulator vehicle was in this experiment driven 
by human drivers. The experiment was conducted in the VTI Driving simulator 
III, see Section 5.1. The purpose with the experiment was also to identify needs 
for further development and enhancement. 
 
6.3.1 Experimental design 
The group of participants consisted of 3 women and 7 men. The age varied from 
27 to 76 years with a concentration between 40 and 60. The mean age was 50.9 
years and the standard deviation was 15.4. None of the participants had ever been 
driving in a driving simulator before. The normal driving mileage varied from 
2000 km to 20 000 km per year, with a mean of 13 300 km/year and a standard 
deviation of 6 300 km/year. See Table E.1 in Appendix E for a complete list of the 
participants’ background information. 

In order to get to know the simulator, the participants first drove 5 minutes on a 
rural two-lane highway and then 5 minutes on a freeway. During this warm-up 
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drive, the road was empty with respect to other vehicles. The participants then 
drove 15 minutes on each of the two road types, now with surrounding traffic 
simulated by the presented model. The participants got the instruction to drive as 
they normally do in each of the two road environments. After the totally 40 
minutes of driving the participants were asked to fill in the questionnaire and to 
answer the interview questions. 

All participants drove the both road environments in the same order. A better 
approach would have been to let half of the participants drive in the inverted 
order. Such an approach minimizes the risk of order-effects, i.e. the risk that the 
result from the second environment has been affected by the participants’ 
experiences from the first environment. 
 
6.3.2 Scenario design 
The rural road scenario consisted of an approximately 9 km long stretch of the 
Swedish national road Rv34, starting in Målilla and ending in Hultsfred. The road 
has no barrier between oncoming lanes, i.e. the oncoming lane is used when 
executing overtakings. There are lots of horizontal curves along the stretch and 
the sight distances are rather short, see the screen shot in Figure 6.9. The road is 9 
meters wide with a carriageway of 7 meters. All intersections along the stretch 
were removed in the scenario. The posted speed limit was 90 km/h along the 
whole stretch. There were no programmed critical events during the drive.  
 

 
Figure 6.9 Screen shot from the rural environment 

The freeway scenario consisted of a stretch of the European road E4 between 
Linköping and Norrköping. The posted speed limit was 110 km/h along the whole 
stretch. The freeway has two lanes in each direction. All on and off ramps along 
the stretch were removed in the scenario. The roads Rv34 and E4 were chosen 
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because they are good representatives of Swedish rural roads and freeways, 
respectively. 

The input traffic conditions were identical for both environments and 
directions, with exception to the traffic flow that varied between the two road 
types. The traffic flow was set to 300 vehicles/hour/direction on the rural road and 
to 1300 vehicles/hour on the freeway. The flows correspond to Swedish rush-hour 
traffic conditions on each of the two road types. The composition of different 
vehicle types was set to: 90 % cars, 5 % buses, and 5 % trucks. However, no 
visual representation of trucks was available at the moment so trucks were instead 
visualizes as either buses or vans. The vehicle-driver parameters in Appendix A 
were used in the simulation of both environments. 

In the rural environment the simulator vehicle started in a parking slot and on 
the freeway it started in the shoulder. In the rural scenario the road was free from 
other vehicles within an area starting 600 meters behind the simulator vehicle and 
ending 100 meters in front. On the freeway the corresponding free area was 800 
meters behind and 100 meters in front. 

 
6.3.3 Evaluation design 
A very important part is the formulation of the questions that the participants 
should answer. The formulation and design of a question can affect the answers. It 
is both important which questions that is asked and how these are formulated. 
Another thing that may affect the answers is if the questions are asked and 
answered orally or in written language. In this experiment the participants were 
both asked to fill a questionnaire and to answer a couple of interview questions. 
The questionnaire was answered in written language and the interview questions 
were answered in oral language.  

The questionnaire included questions that were answered by using a linear 
rating scale. There are several different linear and non-linear rating scales that can 
be used in order to get subjective measurements. In our experiment a quite simple 
and standard linear scale with a range from 1 to 7 has been used. A similar scale 
was used in the user validation of the model presented in Wright (2000). An 
English translation of the questionnaire is presented in Appendix C. The 
questionnaire was originally written in Swedish, and can be obtained from the 
author on request. The first question in the questionnaire deals with the realism 
regarding such things as the feeling when steering, accelerating, and braking, etc. 
This question was only used to avoid getting comments on this kind of issues in 
the questions that deal with the surrounding traffic. Three questions for each road 
environment were then asked. In the first one, participants were asked to judge to 
what extent the other drivers behave like real drivers. In the other two questions, 
participants were asked to compare the speed and headway choices of the 
simulated and real drivers.  

The reason for also using interview questions is that orally asked and answered 
questions was assumed to be an better approach to capture comments on strange 
or unrealistic situations or behavior. The interview questions, also originally in 
Swedish, is presented in Appendix D. The participants were asked if they had 
observed any strange or unrealistic situations and if so if they think that the 
observed situations could happen in reality or not. The participants were also 
asked questions about the simulated vehicles’ behavior in connection with that the 
subject or a simulated vehicle performed overtakings or lane-changes. 
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6.3.4 Results and analyses of the questionnaire 
The participants were asked to answer the questions in the questionnaire using a 
grading scale between 1 and 7. The answers from the questionnaire are presented 
in Appendix E. The answers from question 2 – 7 will be further discussed in the 
following sub-sections. 
 
Question 2 
Question 2 dealt with to what extent the participants think that simulated drivers 
in the rural road environment behave like real drivers. The grading scale went 
from to “to a little extent” (1) up to “to a large extent” (7). As can be seen in 
Table E.3 the result is quite good, with a range from 3 to 7 and with the mean of 
5.4. The following comments were received: 
 

• “The other vehicles drove relatively aggressive.” 
• “Many strange overtakings or tries to overtake.” 
• “Some quite extreme situations.” 

 
These comments agree with the author’s observation during the experiment. 

Some of the simulated drivers started some very risky overtakings and ended or 
abandon some overtakings late.  
 
Question 3 
In question 3 participants were asked if the simulated drivers drove slower, as fast 
as, or faster than vehicles on a real rural road. A seven-grade scale was used, in 
which 1 meant much slower and 7 much faster. The answers varied from 3 to 5 
with an average of 3.6, see Table E.3. The opinion that the simulated driver drove 
a little slower than real drivers is also clear when looking at the comments from 
some of the participants. 
 

• “It felt like all vehicles drove in 80 km/h, larger variation in reality. The 
vehicles that overtake me did not overtake the other vehicles in the platoon 
that I was traveling in.” 

• “It felt ok, but differences between fast and slow vehicles are bigger in 
real life.” 

• “The vehicle platoons traveled a little slow.” 
• “They seemed to drive slower than in reality. It may depend on the 

platoons. There are more vehicles driving fast on a real rod.” 
 
Question 4 
Question 4 dealt with the headways that vehicles’ that followed behind the 
simulator vehicle drove at. Participants were asked if the other vehicles drove 
closer, as far away as, or further away than vehicles on a real rural road. The scale 
started at much closer (1) and ended with much further away (7). The answers 
varied between 3 and 5 with a mean of 3.9. Thus, the participants did not seem to 
have observed any differences compared to real environments. However, as seen 
in the comments below and as also observed by the author, the mirrors did not 
display a proper image during the rural road driving. This made it difficult to 
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anticipate distances to vehicles behind and thereby difficult to answer this 
question. 
 

• “I did not think about it, so I guess it was normal.” 
• “Hard to make any judgment since the mirrors was not as real mirrors.” 

 
Question 5 
Question 5 is equal to question 2 but instead deal with the freeway environment. 
The answers varied between 3 and 7, with a mean of 5.4, see Table E.4. So as for 
the rural environment, the participants seem to a quite large extent think that the 
simulated vehicles behave realistic. The following comments were received. 
 

• “My only comment is that no one overtook me.” 
• “Quite calm traffic rhythm in the simulator environment, Harder to 

predict other driver’s behavior in reality.” 
• “It looks like this in dense traffic, heavy vehicles often overtake.” 

 
Question 6 
Question 6 dealt with the difference in speed between the simulated drivers and 
real drivers on a freeway, that is question 3 but for the freeway environment. The 
answers varied between 2 and 6 with a mean of 3.8. As in the rural environment, 
it seems like the participants think that the simulated drivers drove a little bit 
slower than vehicles in reality. This is also seen in the comments below. 
 

• “There is a larger difference between slow and fast vehicles in reality.” 
• “The buses drove a little faster.” 
• “More vehicles drive faster in reality. It seemed like no one drove faster 

than 125 km/h.” 
 
Question 7 
Question 7 dealt with the distances to vehicles following the simulator during the 
freeway driving. As can be seen in Table E.4, the participants’ opinions seem to 
be that the vehicles drove a little bit closer than in reality. The answers varied 
between 2 and 5 with an average of 3.6. The author has observed that vehicles 
seems to be much closer when looking in the mirror in the driving simulator 
compared to what they actually are. This could be one possible explanation. 
 
6.3.5 Results and analyses of the interview questions 
The interview questions were used to get information about strange or unrealistic 
situations or behavior. An English translation of the originally questions in 
Swedish is available in Appendix D. 

The first question was if the subject had noticed any strange or unrealistic 
situations or behavior. Three of the participants said that they haven’t experienced 
any such situation and that they think that all situations during the simulation 
could occur in the real world. The remaining 7 participants described the 
situations presented in Table 6.1 (rural environment) and Table 6.2 (freeway 
environment). They were also asked whether the situations that they describe 
could occur in real life, see the rightmost column in each table. 
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Table 6.1 Strange or unrealistic situations observed by the participants during the 
rural road driving. 

Road type Description Could occur 
in reality 

Rural The blue van was a plug. It should have moved out 
into the shoulder or stopped at a parking lot. Yes 

Rural More vans than in reality. No 

Rural 
An oncoming vehicle moved suddenly from the 
shoulder back to its normal lane. Felt like it was 
going to change to my lane. 

No 

Rural 

Oncoming vehicles did not use the high beam or 
horn when vehicles from the own direction did not 
end risky overtakings. Instead they went out into the 
shoulder directly. 

No 

Rural I overtook a blue van that after a while overtook me. Yes 

Rural 

Overtaking vehicles used more of the oncoming lane 
than in reality. They were driving in the oncoming 
lane. In reality they often only move so that the left 
side of the car is in the oncoming lane. 

No 

Rural There were some very aggressive drivers taking 
risky overtakings. Yes 

Rural Very long platoons Yes 

Rural One oncoming vehicle seemed to collide with a 
vehicle in the own direction. No 

Rural 

A red Volvo crossed an overtake restriction line and 
started an overtaking and then ended it. The subject 
could not see any reason why the vehicle ended the 
overtaking. The subject did not see any oncoming 
vehicle. 

No 

Rural Oncoming vehicles moved quickly into the shoulder 
when performing evasive maneuvers. Yes 

Rural Several strange attempts to start overtakings. Can 
happen in reality but not that often, No 

 
In principle all situations that the participants think were strange or unrealistic and 
which they do not think could happen in reality has in one or another way to do 
with an overtaking situation. Firstly, some of the participants felt that the other 
drivers were more aggressive than real drivers, taking risky overtakings and 
completing overtakings with very short safety margins. Similar comments were 
given in the questionnaire; see the results and discussion from question 2 in 
Section 6.3.4. Secondly, vehicles that made evasive maneuvers, e.g. moving into 
the shoulder in order to avoid a collision with oncoming overtaking vehicles, 
moved very quickly and strange to and from the shoulder. This resulted in that 
some of the participants felt like the oncoming vehicle were moving into the 
subject’s lane when the oncoming vehicles moved back from the shoulder to the 
normal lane. 

Another common comment was that there were more vans than on a real road. 
This was due to a programming mistake. All types of personal cars were assumed 
to be equally probable. The few number of visual profiles for personal cars in 
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combination with this bad assumption resulted in a much larger share of vans than 
in reality. This is simply corrected by also setting the probability of each type of 
personal car. 

The problem with the large portion of vans is the same in the freeway 
environment as in the rural environment, which is also pointed out in the answers 
for the freeway environment presented in Table 6.2. 
 
Table 6.2 Strange or unrealistic situations observed by the participants during the 
freeway driving. 

Road type Description Could occur 
in reality 

Freeway More vans than in reality. No 

Freeway 
I waited for one vehicle to pass in the left lane in 
order to change to the left lane myself. But instead 
of passing the vehicle decreased the speed. 

Yes 

Freeway Quite long platoons in the left lane. More flexible 
queue discharging in reality. No 

Freeway 

A car traveling in the left lane that had recently 
passed another vehicle in the right lane did not 
change back to the right lane even if the road was 
free for some distance ahead. It changed first after 
awhile.  

Yes 

Freeway The other vehicles drove slowly. No 

Freeway 
Some vehicles passed other vehicles very slowly. 
The subject does not think that one behave like that 
on a freeway, you accelerate in order to pass faster. 

No 

Freeway One bus drove for a very long time in the left lane. Yes 

Freeway There was a van that almost passed me on the right 
side. Yes 

 
The comments for the freeway environment are more disparate than for the rural 
environment. No especially strange or unrealistic situations seemed to occur 
during the experiment. One subject felt that there were longer queues in the left 
lane than normally while another driver said, in the questionnaire, that the traffic 
rhythm was more relaxed in the simulator. Some of the participants commented 
that some vehicles drove a long time in the left lane before they changed back to 
the right lane. But they also said that this is the case sometimes in real traffic. 

The participants were also asked for their opinion about other drivers behavior 
in the following specific situations: the subject changed lane, other vehicles 
changed lanes, subject overtook, other vehicles overtook, and other situations. The 
comments are very similar to the ones above, aggressive driving on the rural road, 
all vehicles did not go back to the right lane on the freeway, vehicles moved 
quickly when changing lane on the rural road, etc. There were also one comment 
about that no vehicles tried to pass platoons by overtaking one vehicle at the time 
and improve their position in the platoon and finally pass the whole platoon. 

In the last interview question the participants were informed that there are two 
driving simulators located at VTI. The participants were told that it was possible 
to let a human drive the other simulator and thereby one of the other cars during 
the experiment. The question was if the subject thought that a human being was 
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driving any of the other vehicles. However, this was not the case. The idea with 
this question was to try to validate the model by using the criterion for an optimal 
model, thus that one cannot distinguish between a simulated and a real driver. 
Three of the participants thought that a human could have been driving one of the 
other vehicles and two of them pointed out which vehicle they thought was the 
one driven by a human. The other seven participants thought that all of the other 
vehicles were simulated. The most common reasons to why the participants 
answered no were that the participants assumed that every vehicle was simulated 
and that no vehicles stood out from the rest. It is probably impossible to create a 
model that totally fulfills the optimal validation criterion.  

 
6.4 Discussion 
The overall impression of the results from Section 6.2 and 6.3 is that the model to 
a large extent is able to simulate surrounding vehicles in a driving simulator in a 
realistic way. The results also indicate that some parts of the model have to be 
enhanced. The reasons for some of the observed errors or problems and possible 
measures for solving them will be discussed below. 

The aggressive behavior that was observed on rural roads is probably due to 
the following reasons. In the model for overtaking abandoning no safety margin 
was used in the calculation of the estimated time left on the overtaking, resulting 
in that the estimated time left on the overtaking was compared directly to the time 
to collision. Adding a safety margin would solve the main problems with drivers 
that ending overtakings in a very risky way or drivers that abandon overtakings 
very late. Later conducted tests indicate that this seem to work. The added safety 
margin most however be carefully calibrated so that abortion rates comply with 
the reality. A too long safety margin will lead to that very few of the overtakings 
started will be completed.  

Another reason for the aggressive overtaking behavior on rural roads can be 
that the simulated drivers underestimate the time left on the overtaking. In the 
calculation of the estimated time left on the overtaking the acceleration is assumed 
to be constant. Since the acceleration rate decrease with the speed, see equation 
(4.29), the time left on the overtaking will be slightly underestimated.  

A probable reason for that some of the participants think that the simulated 
drivers sometimes started overtakings at risky places, e.g. places with limited 
sight, is that it can be quite hard for the subject to distinguish objects far away on 
the simulator screen while the simulated vehicles have “perfect” vision. The best 
way to solve this is probably to limit the simulated vehicles’ sight so that it better 
correspond to the sight distances experienced by the simulator driver. 

The traffic flow on the rural road used in the user evaluation was relatively 
high. The curvy road and the limited sight distances did not make it easy to 
overtake. The participants therefore caught up with platoons of about 5 – 10 
vehicles. In the first platoon that most participants caught up with, the queue 
leader traveled around 80 km/h. A couple of the participants executed overtakings 
in order to pass the platoon. However, most of the participants felt that overtaking 
on this road in combination with the current traffic conditions were too risky and 
did therefore not start any overtakings. These participants got stuck in the platoon, 
which may be one possible explanation to that they felt that the other drivers 
drove slower than on a real rural road.  
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An ever more possible explanation to that the participants felt like the 
simulated vehicles drove slower than in reality is that the speedometer in the 
simulator shows the actual speed. In most real cars the speedometer show a speed 
somewhat higher than the actual speed. This difference in speed can sometimes be 
up to 5 - 8 km/h. The result is that the participants drives faster in the simulator 
than they think that they normally do, which leads to that the surrounding vehicles 
seems to drive slower than in real life. This can easily be fixed by adjusting the 
speed in the speedometer so that better correspond to a real vehicle. 
 
6.4.1 Some additional observations 
During test driving in the VTI driving simulator III it has been observed that the 
simulated drivers’ behavior on rural roads wider than 11 meter is very risky. In 
reality it is usual that vehicles on this kind of roads pass or overtake other vehicles 
even if there are oncoming vehicles in sight. This behavior of course generates 
risky situations also in real life. However, these situations are not solved in the 
same smooth way in the model as in real life. The modeling of how drivers solve 
the risky situations in connection with passings and overtakings therefore must be 
enhanced. Such further development has been given a low priority and has been 
put into the future enhancements plans on the basis of that these kind of rural 
roads are getting less common in Sweden. Most of these wide two-lane highways 
are redesigned to so called 2+1 roads, i.e. roads were the number of lanes 
alternates between 1 and 2 lanes in each direction. 

It has also been observed that the lane-changing model in some situations 
generates somewhat strange behavior. One example is the situation illustrated in 
Figure 6.10, in which des des des des

A B C Dv v v v> > > . Vehicle B is traveling in the left 
lane in order to pass vehicle C. Then vehicle C changes to the left lane in order to 
pass vehicle D. When C has changed to the left lane, vehicle B changes to the 
right lane because the pressure to the front right vehicle is now much lower due to 
the increased distance to the front right vehicle. Vehicle B then gets stuck in the 
right lane until vehicle A and maybe other vehicles has passed. 

 

 
Figure 6.10 Illustration of strange lane-changing behavior.  

The current lane-changing model does not seem to be able to model drivers 
tactical lane choices good enough. It is probably necessary to either enhance the 
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current model or change to a model that deals with this in a more appropriate way. 
Suitable models can maybe be the ones presented in Toledo et al. (2005) and El 
hadouaj et al. (2000).  
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7 Conclusions and future research  
In this thesis a model for generating and simulating surrounding vehicles in a 
driving simulator is presented. The model is able to simulate rural roads with 
oncoming traffic and freeways without intersections and ramps. It is based on 
established techniques for time-driven microscopic simulation of traffic using 
behavioral models based on the VTISim (Brodin et al., 1986) and the TPMA 
(Davidsson et al., 2002) models. The presented simulation model includes a more 
complete model for overtakings on rural roads than the one used in VTISim. The 
enhanced model deals with drivers’ behavior during overtakings, including 
abortions of overtakings, in a more realistic way. 

The model has been integrated and tested within the VTI Driving simulator III. 
The performed user evaluation showed that the participants to a quite large extent 
observe the simulated vehicles and their behavior as realistic. Observations and 
comments from the experiment also indicate that further work is needed. Some of 
the observed drawbacks have been taken care of, but others have to be dealt with 
in later work. The model has also been validated on the number of active and 
passive catch-ups. The agreement is good for active and passive catch-ups on 
rural roads and for passive catch-ups on freeways. However, there is a miss-match 
in the number of active catch-ups on freeways. The reason for this miss-match has 
not yet been found. 

The presented model does not only increase the realism in driving simulator 
scenarios but it also widens the range of driving simulator applications. This 
model makes it possible to for example conduct the following type of 
experiments: 
 

• Studies on how the traffic load affects drivers. 
• Demonstration of new or changed road designs. 
• Studies in which the effect of what is being studied may vary with traffic 

intensity. This could for example be in cases where the drivers’ 
concentration on the driving task is reduced to due to alcohol, fatigue, or 
by using technical equipments as mobile phones or navigation systems. 

• Evaluation on how different road designs affect drivers’ acceleration, lane-
changing, or overtaking behavior. 

 
As indicated in the last paragraph a combination of a traffic simulation model and 
a driving simulator also creates great possibilities to further develop or enhance 
traffic simulation models. Data concerning all movements, including the driving 
simulator vehicle’s movements, can be gathered. This data can then be used to 
study, for example, car-following, lane-changing, and overtaking behavior in 
order to create more realistic behavioral models. 

The combination of a driving simulator and a traffic simulation model can also 
constitute a powerful tool for investigating the effects of, for example, different 
ADAS. The driving simulator can be used to study how an ADAS influence 
drivers’ behavior. This behavior can then be implemented in the traffic simulation 
model. By running a new experiment in the driving simulator it is possible to 
check if the behavior is consistent when also other vehicles have the ADAS. 
Finally the overall effect on the traffic system can be studied by running the traffic 
simulation model alone. The ongoing research on using traffic safety indicators in 
combination with traffic simulation, see for example Gettman and Head (2003), 
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Archer (2005), and Lundgren and Tapani (2005), also makes it possible to study 
the overall safety impact of an ADAS. 

The presented model is only able to simulate road links, thus roads without 
intersections and ramps. In order to be really usable the model must also include 
modeling of on and off ramps on freeways. This implies detailed modeling of 
lane-changing and acceleration behavior in merging situations. One problem here 
can be that some merging models use priority rules like closest to the merging 
point goes first. Such approaches cannot be used in this kind of applications since 
driving simulator driver may not follow this behavior. It is better to use a similar 
approach as used in the ramp merging model presented in Kuwahara and Sarvi 
(2004). In this model the vehicles on the ramp adjust their speeds in order to find 
a suitable gap and the vehicles in the main stream adjust their speeds and 
headways in order to let the ramp vehicles merge into the main stream. Another 
approach may be to use the approach of cooperative lane-changing presented in 
Hidas (2005). To achieve a more complete modeling of rural roads the model has 
to be extended to include modeling of intersections and roads with a barrier 
between oncoming lanes, for example so called 1+1 and 2+1 roads.  

The developed model can only be used in driving simulator scenarios that do 
not include critical events. However, many driving simulators scenarios include 
critical events and an important research need is therefore to be able to create 
scenarios that combine stochastic simulation of vehicles and critical events. The 
basic idea is to use the simulation model to simulate the vehicles during the time 
between the predetermined critical situations. When getting closer to the point in 
time or space where the critical event is going to take place the simulation of the 
surrounding vehicles turn from stochastic to totally controlled according to the 
definition in the scenario. The tricky part is to create the specified situation from 
an unknown initial state and without giving the subject any clue about what is 
going to happen. In order to be able to do such transitions from stochastic 
simulation to a specified situation the simulation model must first be enhanced to 
include intersection and ramps. The reason for this is that intersections and ramps 
will be very useful means for adding or removing wanted or unwanted vehicles to 
the traffic stream. Without intersections and ramps the task of creating the 
specified situation in an unnoticeable way will probably be impossible. 

Other useful enhancements would be to improve the model with the ability to 
simulate different weather and road conditions. When running experiments on 
winter roads for example not only the driving simulator vehicle but also the 
ambient traffic must be affected by the changed road conditions. Otherwise the 
surrounding vehicles will drive as if the winter conditions did not exist, thus 
probably faster and without getting into skids. 
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Appendix A  – Driver/Vehicle parameter values 
 
Table A.1 Vehicle-driver parameters for personal cars 

Cars Average Std. dev. Min Max  
Basic desired speed: 111 11.5 80 140 km/h 
Power/weight ratio 19 7 8 41 W/kg 
Desired time gap: 2 1 - 6 s 

 
Table A.2 Vehicle-driver parameters for trucks 

Trucks Average Std. dev. Min Max  
Basic desired speed: 95.5 10.5 69 122 km/h 
Power/weight ratio 11.5 4 3 25 W/kg 
Desired time gap: 2.5 1.1 - 6 s 

 
Table A.3 Vehicle-driver parameters for buses 

Buses Average Std. dev. Min Max  
Basic desired speed: 95.5 10.5 69 122 km/h 
Power/weight ratio 11.5 4 3 25 W/kg 
Desired time gap: 2.5 1.1 - 6 s 

 
Table A.4 Vehicle-driver parameters for trucks with trailer with 3 – 4 axes 

Trucks with trailer  
(3-4 axles) Average Std. dev. Min Max  

Basic desired speed: 87.5 5.4 71 104 km/h 
Power/weight ratio 8 1.5 3 14 W/kg 
Desired time gap: 2.5 1.2 - 6 s 

 
Table A.5 Vehicle-driver parameters for trucks with trailer with 5 or more axes 

Trucks with trailer  
(5 or more axles) Average Std. dev. Min Max  

Basic desired speed: 87.5 5.4 71 104 km/h 
Power/weight ratio 6 1.5 3 12 W/kg 
Desired time gap: 2.5 1.2 - 6 S 
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Appendix B  – Overtaking parameters 
Table B.1. Parameter values used in the overtaking probability function 
 

A  k  Overtaken vehicle Road 
width 

Sight 
limitation 

Type of 
overtaking 

3.30 0.00350 Type 1 < 70 km/h < 11 m Natural Accelerating 
11.8 0.01220 Type 1 < 70 km/h < 11 m Natural Flying 
11.0 0.00460 Type 1 < 70 km/h < 11 m Oncoming Accelerating 
11.5 0.00988 Type 1 < 70 km/h < 11 m Oncoming Flying 
6.30 0.00910 Type 1 < 70 km/h ≥ 11 m Natural Accelerating 
2.30 0.01430 Type 1 < 70 km/h ≥ 11 m Natural Flying 
7.50 0.00700 Type 1 < 70 km/h ≥ 11 m Oncoming Accelerating 
2.30 0.01403 Type 1 < 70 km/h ≥ 11 m Oncoming Flying 
3.78 0.00334 Type 1 < 90 km/h < 11 m Natural Accelerating 
11.8 0.01220 Type 1 < 90 km/h < 11 m Natural Flying 
11.0 0.00430 Type 1 < 90 km/h < 11 m Oncoming Accelerating 
11.5 0.00988 Type 1 < 90 km/h < 11 m Oncoming Flying 
6.90 0.00867 Type 1 < 90 km/h ≥ 11 m Natural Accelerating 
3.00 0.01207 Type 1 < 90 km/h ≥ 11 m Natural Flying 
7.50 0.00664 Type 1 < 90 km/h ≥ 11 m Oncoming Accelerating 
3.00 0.01207 Type 1 < 90 km/h ≥ 11 m Oncoming Flying 
4.30 0.00317 Type 1 ≥ 90 km/h < 11 m Natural Accelerating 
11.8 0.01220 Type 1 ≥ 90 km/h < 11 m Natural Flying 
11.0 0.00399 Type 1 ≥ 90 km/h < 11 m Oncoming Accelerating 
11.5 0.00988 Type 1 ≥ 90 km/h < 11 m Oncoming Flying 
7.50 0.00822 Type 1 ≥ 90 km/h ≥ 11 m Natural Accelerating 
6.00 0.00988 Type 1 ≥ 90 km/h ≥ 11 m Natural Flying 
7.50 0.00664 Type 1 ≥ 90 km/h ≥ 11 m Oncoming Accelerating 
6.00 0.00988 Type 1 ≥ 90 km/h ≥ 11 m Oncoming Flying 
6.10 0.00440 Type 2 < 70 km/h < 11 m Natural Accelerating 
37.0 0.01480 Type 2 < 70 km/h < 11 m Natural Flying 
11.65 0.00430 Type 2 < 70 km/h < 11 m Oncoming Accelerating 
13.74 0.00920 Type 2 < 70 km/h < 11 m Oncoming Flying 
3.30 0.00510 Type 2 < 70 km/h ≥ 11 m Natural Accelerating 
1.40 0.01270 Type 2 < 70 km/h ≥ 11 m Natural Flying 
4.20 0.00370 Type 2 < 70 km/h ≥ 11 m Oncoming Accelerating 
1.40 0.01270 Type 2 < 70 km/h ≥ 11 m Oncoming Flying 
6.90 0.00420 Type 2 < 90 km/h < 11 m Natural Accelerating 
37.0 0.01480 Type 2 < 90 km/h < 11 m Natural Flying 
11.65 0.00403 Type 2 < 90 km/h < 11 m Oncoming Accelerating 
13.74 0.00920 Type 2 < 90 km/h < 11 m Oncoming Flying 
3.60 0.00484 Type 2 < 90 km/h ≥ 11 m Natural Accelerating 
1.61 0.01074 Type 2 < 90 km/h ≥ 11 m Natural Flying 
4.20 0.00347 Type 2 < 90 km/h ≥ 11 m Oncoming Accelerating 
1.61 0.01074 Type 2 < 90 km/h ≥ 11 m Oncoming Flying 
6.90 0.00420 Type 2 ≥ 90 km/h < 11 m Natural Accelerating 
37.0 0.01480 Type 2 ≥ 90 km/h < 11 m Natural Flying 
11.65 0.00403 Type 2 ≥ 90 km/h < 11 m Oncoming Accelerating 
13.74 0.00920 Type 2 ≥ 90 km/h < 11 m Oncoming Flying 
3.60 0.00484 Type 2 ≥ 90 km/h ≥ 11 m Natural Accelerating 
1.61 0.01074 Type 2 ≥ 90 km/h ≥ 11 m Natural Flying 
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4.20 0.00347 Type 2 ≥ 90 km/h ≥ 11 m Oncoming Accelerating 
1.61 0.01074 Type 2 ≥ 90 km/h ≥ 11 m Oncoming Flying 
6.90 0.00331 Type 3 & 4 - < 11 m Natural Accelerating 
37.0 0.01480 Type 3 & 4 - < 11 m Natural Flying 
14.0 0.00353 Type 3 & 4 - < 11 m Oncoming Accelerating 
13.74 0.00920 Type 3 & 4 - < 11 m Oncoming Flying 
4.20 0.00484 Type 3 & 4 - ≥ 11 m Natural Accelerating 
2.08 0.00532 Type 3 & 4 - ≥ 11 m Natural Flying 
4.20 0.00347 Type 3 & 4 - ≥ 11 m Oncoming Accelerating 
2.08 0.00532 Type 3 & 4 - ≥ 11 m Oncoming Flying 
 
(Source: Carlsson (1993)) 
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Appendix C  – Questionnaire 
This is a translation of the questionnaire, originally in Swedish, used in the 
experiment described in Section 6.3. 
 
We are working on a project with the aim of creating a model for simulating the other 
vehicles at the road. You have been driving the simulator in 15 minutes on a rural road 
and 15 minutes on a freeway. The following questions will treat the similarity of driving 
in the simulator and driving a car in the real world. First there will be a couple of 
questions regarding the realism in the driving of the vehicle. Then follows questions 
regarding the realism in other drivers’ behavior. After you have completed the 
questionnaire you will be asked to answer some additional interview questions. 
 
1. Try to estimate how realistic, in your opinion, the below-mentioned parts of 

your driving felt. (Put a circle around the alternative that you think 
correspond best to your opinion) 
 
 
- The feeling when steering 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
  not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 
- The feeling when using the brake pedal 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
 not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 
 
- The feeling when using the acc pedal 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
 not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 
- The feeling of the vehicle’s speed 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
 not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
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- The feeling of the vehicle’s 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
   lateral position not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 
- Your overall impression of the pictures 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
 not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 
- The feeling of depth in the pictures 1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
 not at all very 
  realistic realistic 
 
Comments:________________________________________________________ 
 
 

Questions 2 - 4 treats the driving on the rural road, i.e. the first road environment 
 
2. Try to estimate to which extent you think that the other road users (during the 

rural road driving) behave like road users on a real rural road. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
to a little to a large 
extent extent 
 
Comments:________________________________________________________ 
 
 

3. Drove, in your opinion, other vehicles (during the rural road driving) slower, as 
fast as, or faster than vehicles on a real rural road? Grade according to the 1-7 
scale below. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
much much 
slower faster 
 
Comments:________________________________________________________ 
 

 



Appendix C 
Page 3(4) 

 

4. Drove, in your opinion, vehicles just behind you (during the rural road driving) 
closer, as far away as, or further away than vehicles on a real rural road? 
Grade according to the 1-7 scale below. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
much much 
closer further away 
 
Comments:________________________________________________________ 
 
 

 
Questions 5 - 7 treats the driving on the freeway, i.e. the second road environment 
 
5. Try to estimate to which extent you think that the other road users (during the 

freeway driving) behave like road users on a real freeway. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
to a little to a large 
extent extent 
 
Comments:________________________________________________________ 
 
 

6. Drove, in your opinion, the other vehicles (during the freeway driving) slower, 
as fast as, or faster than vehicles on a real freeway? Grade according to the 1-7 
scale below. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
much much 
slower faster 
 
Comments:________________________________________________________ 
 

 
7. Drove, in your opinion, vehicles just behind you (during the freeway driving) 

closer, as far away as, or further away than vehicles on a real freeway? Grade 
according to the 1-7 scale below. 
 
1 ---- 2 ---- 3 ---- 4 ---- 5 ---- 6 ---- 7 
much much 
closer further away 
 
Comments:________________________________________________________ 
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8. Approximately how many miles drove you last year? ________________ miles 
 
9. How many years have you had your driving license? ________________ years 
 
10. Which year are you born?   _________ 
 
11. Gender?   
 
 
12. Which type of car do you normally drive? _____________________________ 
 
 

 Women 
 Man 



Appendix D 
Page 1(4) 

 

Appendix D  – Interview questions 
This is a translation of the interview question, originally in Swedish, used in the 
experiment described in Section 6.3. 
 
1. Did you experience any traffic situation that felt strange or unrealistic during 

your ride? In other words did any other driver behave strange or unrealistic at 
any time?  
 
 
 
 

2. a) If you answered no in question 1. In your opinion could  
all situations during your driving happen in real life? 
 
 
b) If you answered yes in question 1. Try to describe the situation/situations 
 
Situation 1: 
 
Road type (mark with a circle):  Rural  Freeway 
 
Describe the situation:_________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
Do you think that this situation could appear in real life? 
 
 
Situation 2: 
 
Road type (mark with a circle):  Rural  Freeway 
 
Describe the situation:_________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
Do you think that this situation could appear in real life? 
 
 

 Yes (go to question 2b) 
 No (go to question 2a) 

 Yes 
 No 

 Yes 
 No 

 Yes 
 No 



Appendix D 
Page 2(4) 

 

 
 
Situation 3: 
 
Road type (mark with a circle):  Rural  Freeway 
 
Describe the situation:_________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
Do you think that this situation could appear in real life? 
 
 
Situation 4: 
 
Road type (mark with a circle):  Rural  Freeway 
 
Describe the situation:_________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
Do you think that this situation could appear in real life? 
 
 

 

 Yes 
 No 

 Yes 
 No 
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3. Which opinions do you have regarding other drivers’ behavior in connection 
with: 
 
 - You changing lane (freeway)? _______________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
 - Other drivers changing lane (freeway)? _______________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 - You overtaking (rural road)? ________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 
 - Other drivers overtaking (rural road)? _________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
 - Other situations___________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
 
__________________________________________________________________ 
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4. We have the possibility to let a human drive one of the other vehicles. Do you 
think that a human being drove any of the other vehicles in this experiment?  
 
 
 
 
If Yes 
 - can you specify which vehicle? _______________________________________ 
 
___________________________________________________________________ 
 
___________________________________________________________________ 
 
If No 
 - why not? ________________________________________________________ 
 
___________________________________________________________________ 
 
___________________________________________________________________ 

 

 Yes 
 No 
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Appendix E  – Answers from the interview questions 
 
Table E.1 Background information about the participants 

Participant nr. Age Gender Yearly mileage 
[km] 

Years with 
license 

1 54 Female 20 000 23 
2 44 Male 15 000 26 
3 48 Male 18 000 30 
4 45 Male 15 000 27 
5 35 Male 10 000 17 
6 76 Male 12 000 57 
7 52 Female 20 000 33 
8 27 Male 4 000 9 
9 75 Male 17 000 54 

10 53 Female 2 000 35 
 
 
Table E.2 Answers from question 1 in the questionnaire 

Participant 
nr. Steer Brake Acc Speed Lat. 

pos. Pictures Depth 

1 6 5 4 5 6 6 5 
2 7 4 7 7 7 6 6 
3 6 3 2 5 6 5 3 
4 5 4 4 6 5 4 5 
5 5 4 5 6 6 6 5 
6 7 2 4 5 7 5 5 
7 6 2 6 7 7 5 6 
8 6 3 4 7 5 5 3 
9 4 3 2 5 6 6 5 

10 5 1 5 4 4 5 3 
 
 
Table E.3 Answers from question 2 – 4 in the questionnaire, which dealt with the 
rural road environment. 

Participant nr Question 2 
(Realism behavior) 

Question 3 
(speed choices) 

Question 4 
(headways) 

1 5 5 4 
2 7 2 4 
3 7 4 5 
4 5 3 4 
5 3 4 3 
6 7 4 3 
7 6 4 4 
8 6 2 4 
9 3 5 4 
10 5 3 4 
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Table E.4 Answers from question 5 – 7 in the questionnaire, which dealt with the 
freeway environment. 

Participant nr Question 5 
(Realism behavior) 

Question 6 
(speed choices) 

Question 7 
(headways) 

1 5 5 3 
2 7 6 4 
3 5 3 5 
4 5 4 4 
5 7 4 4 
6 7 3 3 
7 4 4 4 
8 6 2 4 
9 5 3 3 
10 3 4 2 

 
 


