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Abstract

The paper sets out with a background discussion concerning real car-driving
versus simulator driving and the need for validation.
Then

follows a rather comprehensive description of the VTI driving

simulator - constraints, construction principles and actual performance.
Some dynamic validations are also discussed. Finally, on-going and planned
research is presented.

Introduction

This presentation will be restricted to traffic safety research, although
simulators are used in many other applications, ranging from toys to 747
jets.

In the strive for increased traffic safety, simulators both for training
purposes and for research, and other methods have been used. It has been
said that "measuring influences on driving performance in a real driving
situation is the best representation of what happens on the road". Why then,
do we need simulators and bother to use them?

All research methods, laboratory, simulator, field experiments or statistics,
have

their

advantages

and

disadvantages.

Laboratory

methods

and

simulations provide high precision and reliability but at the same time infer
losses in realism and validity. Real life traffic situations, of course, are of an

almost infinite number, differing in various ways, from the straight ahead
driving alone on a 6-lane motorway, to critical collision avoidance situations
or adverse driving conditions such as darkness, rain and low friction.

There might also be other reasons for the use of simulators. In Sweden, the
laws concerning alcohol, drugs and driving, are considered to be very strict.
Thus, real car driving experiments cannot be carried out - not even on closed
courses or indoors - if subjects are affected by these agents. Thus, simulator

driving presents the only solution to the problem unless it is feasible to carry
out the studies in other countries.

There is also a very wide scale of simulators with various characteristics and
capabilities from the very simple ones in which you cannot influence what is
happening over somewhat more sophisticated ones with some control and the
ones that you may find in the video game arcades, to the very 50phisticated
one described below.

Because of the enormous variety of conditions in real traffic as well as in
what can be reproduced in the laboratory, it is impossible to generalize to or

from simulators in general or to or from real car driving in general. Every
new situation needs to be validated. Validation is however but too seldomly
performed, irrespective of measuring technique

real car driving or

simulator.

A long time ago, in 1961, Crawford stated that "it has proved extremely
difficult to define what is meant by driving performance and to develop
adequate techniques of measuring it". This also holds true to this day.
As mentioned earlier, it is claimed that the real driving situation is the best
representation of what happens on the road. This is true, of course, but this is
also the only thing that it is - a good or even the best representation of real

traffic. What is measured in the real traffic is another story. It could be just
about anything. The choice of criteria or indicators in the real car driving
situation is also critical.

Something must be measured and this something is not valid by virtue just
because the measurements are carried out whilst driving a car in real
traffic. Physiological measurements e.g. do not always reflect changes in
behaviour relevant to safe driving. Another example: it has been found that

movements of the steering wheel are reduced as a function of time on task.
Other findings have demonstrated that experienced drivers make less
steering wheel movements than inexperienced drivers. Thus, in one case few

movements are taken to indicate degraded performance and in the other
case improved performance.
From what has been said it should be clear that validity can be low in any
kind of test situation and that, therefore, it is necessary to make sure that
the measures used actually reflect real traffic conditions relevant to safe
driving.
Our ultimate criterion in traffic safety research, of course, is accidents.
Usually we cannot rely upon accident statistics because the statistics

concerning traffic accidents is quite unreliable and if we want to study
specific groups or situations there are too few (l) accidents to permit safe
conclusions about causative factors.

Description of the VTI driving simulator
The original motive for constructing a simulator at the Institute was to be

able to conduct certain vehicle dynamics investigations in which the driver
and his reactions play a central part.
The following design criteria were set up.
-

The theoretical model describing the vehicle characteristics should be
able to represent a broad spectrum of handling qualities ranging from
understeer to oversteer. It should also be able to reproduce the effects of
slippery surfaces and the differences between front and rear wheel drive.

-

A wide angle visual system preferably in colour. This should cover about
120° horizontally and contain enough details to give a realistic driving
impression.

-

A moving base system for simulating inertia force. The control system

must not introduce any noticeable time lags as compared to a normal car.
The design and general lay out of the simulator were of course inspired by
existing simulators elsewhere and most notably the one at VW Werk. The
VW-simulator works with rotations of the cabin (roll, pitch and yaw) where

the basic idea is to use a component of the gravitational acceleration to
simulate accelerations in different directions. The VTI system also has three

degrees of freedom but the yaw movement has been cancelled in favour of
pure lateral motion along rails. In addition to these three degrees of
freedom, the cabin can be moved in relation to the screen, to create
vibrations and roll motion of the vehicle body itself. See figure 1. The lateral
inertia forces can thus be simulated both by giving the cabin a specified roll
angle and by lateral acceleration. These two principles are combined to use
the roll and the linear motion according to the special control strategy. The

longitudinal accelerations are simulated only by giving the cabin a suitable
pitch angle.
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Figure l

The VTI driving simulator

For practical reasons, it is normal in simulators to use only the technique
of turning the cabin. The advantage of this is obvious since it is necessary

to simulate constant accelerations which may occur when driving in a
circular path and in longer brake applications. The cabin needs only be
inclined at constant angles in various directions. However, the method is

based on a static division of gravitational force and no great attention is
paid to the fact that the force component occurs through turning. In slow
manoeuvres this works relatively well, while in fast lane changes the
turning motion may be troublesome. On the other hand, a linear motion

over a limited distance allows correct simulation of such lane changes,
while greater difficulties may occur when driving in a circle. This would
then theoretically demand an infinitely long track to be covered under
constant acceleration, i.e. with a speed which increases linearly with time.
It would perhaps be appropriate here to point out that this roll motion is in

no way connected with a vehicle's normal roll while taking a curve. In the
simulator, both the vehicle and the landscape (the picture) turn simultaneously so that the relative angle between the horizon and the vehicle is
always zero. Thus the roll motion is always aimed at imparting a sense of
lateral force and should preferably be so slow that the driver does not
experience the whole movement as a roll motion in itself. This means that
he must be screened off so that he cannot observe the roll in relation to
the external surroundings.
If the rolling and pitching movement of a real vehicle is to be simulated, a
relative roll and pitch must therefore be applied between the picture and

the vehicle, which is probably best done by inclining the cabin (the vehicle)
with the aid of small hydraulic cylinders placed beneath the cabin. The
VTI-simulator has been rebuilt with such equipment. Then it is possible to
simulate the influence of uneven roads and different comfort levels on the
driving ability.
The method of turning the cabin in order to use a component of the

gravitational force as a simulated side force implies that it is not possible
to reach 1 g when driving in a curve. The maximal acceleration will of
course depend on the maximal angle obtainable. See fig. 2. If on is equal to

45° this would correspond to a lateral acceleration SA of 0.7 g, which
should be sufficient for most purposes except for extremely hard driving on
high friction surfaces.

The VTI moving base system has three degrees of freedom. It works with
rotations (roll, pitch) and linear motion (lateral acceleration) of the cabin
to simulate accelerations in different directions. The longitudinal accelerations are simulated only by turning the cabin a certain pitch angle. For
simulating the lateral inertia forces both roll and linear motion are
combined according to the control strategy.

The VTl-simulator only allows a maximum roll and pitch angle of Zito
depending on geometrical constraints (the cabin hitting the roof or floor at
the extreme angles). This means that the corresponding simulated accelerations are limited to 0.4 g . Also for the lateral linear motion it is only
possible to reach around 0A g for mechanical as well as safety reasons.
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Figure 2

Acceleration

Different methods of simulating lateral inertia forces.

a)

Rolling the cabin. Lateral component of gravitational
force is simulated inertia force

b)

Lateral motion

With the above mentioned limitation of the acceleration forces to 0.4 g
some scaling must be used to avoid triggering the safety systems too often.
In the VTI-simulator all the accelerations are scaled with a factor 0.5

during normal driving. If, however, some specific situation is studied where
the forces involved are low, then of course no scaling is necessary. Such an
example could be a study of side wind effects on the vehicle stability when
driving on a straight course.

The technique of tilting the cabin for simulating inertia forces will give a
realistic impression only for slow manoeuvres and is indeed the only
practical solution for constant accelerations (steady state cornering and
braking from high speed). The linear and rotational motions are combined

to simulate the lateral acceleration. In order not to exceed position and
velocity limits for the linear motion, low-frequency components must be
excluded from the linear motion.

Normally the classical way of solving this problem is a second-order or
equivalent high pass filter which passes only the high frequency compo-

nents to the linear motion. The low frequency components are then
activating the roll motion. Coordinating the linear motion with roll motion
like this will for every lateral motion induce some roll of the cabin. This

rolling of the cabin is very noticeable and disturbing during fast lane
changes and slalom manoeuvres.

When driving on a straight road of normal width there is no need to
activate the roll motion at least for normal lane change and slalom
manoeuvres. To fulfil this requirement and also to have a strategy that
works satisfactorily when driving on a curved road the lateral acceleration

in relation to the middle line is utilized and this strategy is shown in fig. 3.
When the vehicle drives off the road or when any other safety limit is
exceeded the moving base will be returned to "zero" state. Such limits are
defined for lateral position, velocity and acceleration, which quantities are
constantly computed in the simulator program.
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Figure 3 Block diagram showing the control strategy when combining roll
and lateral motion
The visual system plays a very important role in giving the driver an
illusion of actually driving a real car.
What the aircraft pilot can read from his instruments, the automobile
driver has to pick up from the visual presentation of the surrounding
environment. This may include orientation parameters: heading angles or

Speed inputs, or it can be information about the path he must follow:
vertical and horizontal road geometry, friction qualities and obstacles that
must be avoided.

In addition to this the time lags in the visual system as well as the moving
base must be small in comparison with those of an ordinary passenger car.
Typical figures for the car are 100-250 ms delay between steering wheel
input and output in the form of lateral acceleration and yaw velocity.
In the VTI simulator the extra delays are approximately 20 ms which is

extremely short compared to other designs.
Traditionally there are only two ways of meeting these demands in a low

budget simulator: A model landscape or images generated on an oscilloscope screen by an analog computer.
Both these techniques have serious drawbacks such as mechanical problems

and poor flexibility for the model landscape technique as well as identification problems and poor resolution for the oscilloscope drawing technique.

The VTI system has evolved from a standard oscilloscope drawing into a
videobased full colour image, generated by a special purpose digital
processor.
The computer generated visual system is still under continuous development and the results so far have been very satisfactory for our purposes
making the model landscape technique obsolete.
The graphic technique is very flexible and has proved to be very reliable
with very few failures in the hardware during the five years this system has
been in use.

The image processor itself does not contribute to the overall time lag any

more than what is achieved by the sampling characteristics of the TVdisplay.

The driver display utilizes three Barco TV-projectors. The projector
screens are mounted about 2.5 m in front of the driver which corresponds
to a 120° field of vision.
To each projector a standard video signal is generated in European PALformat with separate inputs for the red, green and blue components of the

image and 50 Hz update frequency. The resolution is 625 lines and 1024
pixels which corresponds to an angular resolution of l mrad (3 arc min).

The very high speed calculations necessary for generating the image are
performed in a specially designed image processor, which is controlled by a
limited number of variables from the main computer program. This has the
advantage that the main computer is occupied only to a very small extent
with picture generation and can therefore be used for calculations of
vehicle motion. In this way, computer requirements can be kept within a
reasonable level.

We are presently using our fourth generation image processor. So far we
have concentrated on generating a road surface as realistic as possible. The
horizontal and vertical curvature can be varied

continuously within all

practical limits, with a maximum road sight distance of 3000 m.
Different kinds of road details can also

be simulated, such as lines, text

and wheel tracks as well as road macro-texture. The type of road can

continuously be altered from a highway to a narrow road with a gravelled
or asphalted surface. The sight conditions can be varied from a clear day to
fog, haze or darkness.
In earlier versions of the road image processor we have carried out

experiments with obstacles such as animals crossing the road or road signs.
The present version will also be further

developed to make the visual

system more versatile by introducing road traffic, signs, traffic lights,
obstacles and off-the-road details.

The

amount

of data necessary to describe a specified road and its

environment can be very large especially if test runs over hundreds of

kilometres are to be defined. To facilitate this preparatory work we are
usually defining the road by algorithms and random numbers, where the

control parameters define the type of road, instead of specific road data.
The sound system will provide the driver with important information

necessary for vehicle speed control. So far the sound generation has
received low priority in the VTI-simulator. Engine and wind noise in a
rather rudimentary form are the only possiblities today besides a puncture
sound that can be generated on external commands. We are however
planning to improve the sound system.
A most important aspect of computer simulation is validation of the model.
Comparisons with field tests must be made to establish the limits of the
model and under what circumstances the results can be relied upon. The
difficulties here are several.

One must have correct input data to the program which can be very hard to

obtain. Several of the data used in the model here are not generally
available.

We

have stressed

the importance of the balance between

effective cornering characteristics of the front and rear axles. These are
depending on the tyre itself and the suspension steering compliances, both

of which unfortunately are among the hardest data to get.
Further the model itself can be erroneous in the sense that certain factors,

which might be important, have been neglected when putting the mathema
tical model together. Everything can for natural reasons not be included
and the final result reflects the assessments or perhaps prejudices of the
constructor of the model. Certainly there is also & risk for undetected
programming errors especially for very complex models leading to large

programs.
The computer program for the vehicle dynamics has been used separately
for more conventional, digital simulations. The evaluation then concen
trates on the behaviour of the vehicle during single lane changes with
different amplitudes and frequencies. The test procedure is based on &
draft proposal from ISO TC 22 SC9.

The forward speed is 80 km/h when driving at a straight course on dry
asphalt and then the steering wheel angle is turned one period of a sine
wave. The amplitude is increased in steps until the stability limit of the
vehicle is reached. This is carried out at the frequency 0.5 Hz. The
resulting lateral acceleration and yaw velocity will get a first and a second
peak. The time lags for these peaks in relation to the steering wheel angle
are computed with cross-correlation between the signals and plotted as a
function of the first peak of the lateral acceleration. This is of course only
a part of the complete test but will give a good indication of the validity of
the model.

Such an ISO-lane change has been studied for a passenger car which has
fairly well documented vehicle data as well as field test results. The

correspondence between simulation results and field tests is very good.
The only exception is the time lag between lateral acceleration (second
peak) and steering angle for high lateral accelerations. This is probably due

to lack of accurate tyre data. The cornering stiffness is correct for small
slip angles whereas the real tyre can utilize a higher friction number in the
sliding region than is assumed in the model. We have also compared the
torque at the steering wheel during the lane change at an acceleration
level of 5.5 m/sz. The agreement is good but it must be pointed out here
that some adaption of model parameters has been used, since data for the
steering system were less well known.
On-going and planned research
Originally

designed

primarily

for

vehicle

dynamics

studies,

the

VTI

simulator has mainly been used for driver behaviour research.
Some vehicle dynamic studies have been carried out, however. These have

dealt with unorthodox steering of all four wheels. This and similar problems
are

probably

the

ones best

suited

for the simulator. Radically new

constructional solutions can fairly easily be tested with a real driver as an
integral part of the closed loop system. The construction of prototypes can
be very expensive and the simulator can serve as a good judge of the value
of more unconventional ideas.

Most of the time, the simulator has been used in studies where the driver
plays the central part. Most of these studies have involved the effects of
alcohol and other drugs on driver performance. In this case the simulator
has been a necessary research instrument since the laws in Sweden
preclude real car driving under the influence even on closed courses.

Two types of driving situations have been used - monotonous driving and
very demanding high arousal tasks.
The driving simulator has also been a useful tool in tests of various

configurations of road signs. The ability of drivers with visual deficiences
to compensate for reduced visual fields has been tested by measuring
reaction times to stimuli appearing stochastically in various parts of the
visual field. Not only the design of road signs but also of the road itself is
an area in which the simulator has been used for a minor study. Since it is
so easy

to

try

different lay-outs in order to optimize vertical and

horizontal curvature of a road already at the planning stage, we are
confident that we will see increased use of the simulator for such purposes.
A number of studies are in the planning stage at this moment. Among these

are: further investigations into the effects of various drugs, alone and in
combination with other drugs or alcohol, on driver performance; the
effects

of

various

environmental

factors

such

as

noise,

infrasound,

vibrations, and heat and interactions of these, will be studied in rather
extensive

investigations;

the

driver's

ability

to

manipulate a

mobile

telephone and other gadgets whilst driving is also included among the
problems in the planning stage.
The simulator is well suited for studies of driver fatigue, since it is possible

to continue driving past the moment of actually falling asleep, with no
physical danger involved. Thus, an automobile manufacturer is asking for
research into the possibilities of finding driver-vehicle interaction correlates that can be used as predictors of driver fatigue.

Obviously the driving simulator offers such a great variety of possibilities
that the problem is not finding problems suited for the simulator but rather
to choose from

the

innumerable

measured in the system.

number

of variables

which

can

be
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