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Abstract The aim was to validate driving behaviour in a simulated road tunnel. Speed and lateral position of
20 subjects were measured in a real tunnel and in the same. tunnel implemented in the VTI driving simulator.
In both situations a left-hand steered and manually geared passenger car was used. Driving speed was higher
in the simulated tunnel than in the real tunnel. Elimination of speed information from the speedometer caused

a similar small speed increase in both situations. Also, the difference in speed between driving lanes was similar
in both cases. The effects on speed variation were similar to that for speed level. Regarding lateral position,
subjects positioned the car somewhat further away from the nearest tunnel wall in the real tunnel than in the
simulated tunnel. In both situations the distance to the nearest wall was greater when it was located to the left
of the driver than on the opposite side. Lateral position deviation was about the same when the road was
straight, but in a curved section it was somewhat greater for the simulated tunnel. It is concluded that
behavioural validity in absolute terms was not quite satisfactory, especially regarding choice of speed, whereas
relative validity was good for both speed and lateral position. © 1998 Elsevier Science Ltd. All rights reserved
Keywords Tunnel, Driving, Simulation, Validation

INTRODUCTION

predictive validity of a driving simulator with respect
to driving behaviour in road tunnels, it would be
desirable to study this behaviour in different driving
situations in different kinds of tunnels. For various
reasons this cannot be done, which, of course, restricts
the generalisation possibilities. Analogously it is not
possible to generalise to other behavioural measures
beyond those actually selected for study.
In order to keep the experimental situation as
well controlled as possible, it was decided to study
driving behaviour in a tunnel completely free of other
traffic. A newly built road tunnel, the Ekeberg tunnel
in Oslo, Norway, which was just about to be opened
for traffic, was selected for the study. Effect measures
were driving speed and lateral position.
One aim was to study the absolute validity but,
more importantly, the relative validity, in this
situation.

The VTI driving simulator is at present being used
as a planning tool in road-tunnel design (Nordmark
et al., 1995). For this to be a meaningful endeavour
it is essential that the correspondence between a real
and a simulated tunnel is sufficiently good. It is of
special importance that road user behaviour is suf ciently similar in both situations; i.e., it is essential
that the driving simulator is suiTiciently valid with
respect to driving behaviour.
This predictive validity can be described from
two aspects, absolute and relative validity. The former
refers to the numerical correspondence between
behaviour data in the driving simulator and in the
real situation, whereas relative validity refers to the
correspondence between effects of different variations
in the driving situation (Harms, 1994).
For a driving simulator to be useful as a research
tool it is necessary that the relative validity is satisfactory, i.e. the same, or at least similar, effects are
obtained in both situations. Absolute validity is not
a necessary requirement, since research questions
almost uniquely deal with matters relating to effects
of various independent variables.
In order to obtain a multifaceted view of the

METHOD
Apparatus
The VTI driving simulator (Fig. l ) and an instrumented car were used. The driving simulator is an
advanced construction consisting of six subsystems:
a computer system with its simulation model; a
497
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too short a time. For that reason the simulated forces
in the driving direction were abandoned entirely.
After that, no one suffered from motion sickness.
The ve individuals who had performed their driving
sessions with the whole moving base system in action
repeated their simulated driving session after this
modi cation. Only data from this later session were
used in the analyses.
The cabin of the driving simulator was a lefthand steered SAAB 9000.
The instrumented car was a left hand steered
SAAB 9000 CDE (1995) a car with a very powerful
engine, identical to the engine of the vehicle model
used in the simulation. It was, like the simulator,
manually geared and equipped with apparatus for
measuring speed and lateral position. The latter was
measured as the distance between a point straight
under a video camera mounted on the roof of the
car and the side lines of the road. Data were transformed to an average (arithmetic mean) value for
every 5 m and were stored for later analysis.
In the driving simulator, speed and lateral position were measured with a sampling frequency of
10 Hz.

Fig. 1. VTI driving simulator (photograph: Bengt Arne Ignell).

moving base system simulating acceleration in
different directions; a visual system with its three
video projectors presenting the road, other traf c and
surroundings onto a 120o wide screen; a vibration
system simulating the vibrations caused by the road
vehicle contact; a sound system; and, nally, a temperature system (Nilsson, 1989, 1993; Nordmark,
1994). These subsystems are controlled to interact in
a way that will give the driver the impression that he
is actually driving a real car on a real road.
The whole capacity of the moving base system
was not used in the study. The reason was that a few
subjects experienced symptoms of motion sickness
when driving the simulator, supposedly caused by
too many sharp accelerations and decelerations in

Tunnel section
The testing was performed in a section of the
Ekeberg tunnel, which was newly built and had not
yet opened for traf c (Fig. 2). This tunnel was also
implemented in the VTI driving simulator, based
upon available design drawings and video recordings.
Figures 3 and 4 show a section of the tunnel, in
the real and the simulated cases, respectively.
The tunnel walls were made of concrete with
visible repeated joinings between concrete elements.
Due to some visual distortion, the joinings were
simulated on the middle screen only, subtending
iZOo of the whole screen. Further out peripherally
only a uniform dark grey surface was presented. All
installations mounted to the walls were, however,
simulated all the way out into the peripheries (i 60°).
The ceiling of the tunnel was dark, with lamps
mounted in rows in the driving direction. The signed
speed limit was 70 km/hour.

Right
lane

Fig. 2. Tunnel with approximate distances (m), seen from above.

Middle Left
lane
lane
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Fig. 3. The real tunnel.

Fig. 4. The simulated tunnel.

The width of the driving lanes varied:
(l) The left lane was 3.25-m wide on the straight
section before the long curve (radius 375 m),
where the lane was widened to 3.65 m.
The middle lane was 3.50-m wide on the straight
section before the long curve, where the lane was
widened to 3.65 m.
The right (exiting) lane had the same width as the
left lane on the straight section before the long curve,
where the lane was widened to 3.75 m.
The measurement distance was 1,150 m for the

left and the middle lanes, and 980 m for the right lane.
The tunnel sloped somewhat in the direction of
travel, from 4.5% upwards to 2.6% downwards. The
same slope conditions applied for the simulated
tunnel. The slope conditions affected the speed of the
engine in a realistic manner. The real tunnel was also
slanted sideways, maximally 7%, whereas the simulated tunnel was not slanted at all in that direction.
Driving behaviour was measured in both
directions.
Subjects
Twenty subjects (9 men, 11 women), all with
valid driving licences, participated as paid subjects in
the study. Ages varied between 23 years and 52 years
(average 38.5 years). Their self-reported annual driving distance varied between 3,000 and 60,000 km,
with 18,250 km on average.
Experimental design
A repeated measurements design was used. All
20 subjects thus participated in all experimental
conditions.
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Each subject drove through the tunnel 12 times,
six times in each direction. Two of these rides were
made in each of the three driving lanes, in one case
with speedometer information and the other without
that information available.
In order to calculate the test retest reliability,
each subjeCt made an extra ride through the tunnel
in each direction in one of the driving lanes. In one
case speed information was provided from the speedometer, but in the other case it was not.
The same design was used in the real and in the
simulated cases.
Order effects were controlled: the order of driving
lanes was balanced across subjects. Half of the subjects had access to speed information from the speedometer in the rst six trials, whereas this was not the
case in the remaining six trials. For the other half of
the subjects the order of presentation was reversed.
Shortage of time made it necessary that all the
driving sessions in the real tunnel were done before
using the simulated tunnel. Consequently, the control
of position effects are not satisfactory regarding com
parisons between the simulated and the real tunnel,
bearing on matters of absolute validity. This lack of
control is not regarded as a real problem for compari
sons of effects of factors affecting driving behaviour
in the real and simulated case, i.e. matters of relative validity.
Apart from comparisons relating to absolute
validity, in order to gain insight into matters of
relative validity effects of some factors were studied.
For speed data the following two factors were studied:
access to speed information from the speedometer
and driving lanes. A reasonable hypothesis for the
rst variable is that removal of such information will
increase speed. For the second factor, driving lanes,
speed should be lowest in the right lane, since this
lane departs from the rest of the tunnel and runs in
a comparatively narrow tunnel with somewhat
smaller curve radius at the entrance to this more
narrow section.
For lateral position, the independent variables
were: location of the tunnel wall and curvature. For
the rst of these two factors, the hypothesis is that,
assuming that drivers position the car at a safe
distance away from the tunnel wall, subjects will stay
a greater distance from the wall when it is on their
left side than when it is on their right (assuming that
the car is left steered). The second factor, curve
radius, ought to affect lateral position considering
the tendency to follow the inner side of the curve.
An interaction between curve radius and the location
of the tunnel wall can also be expected.
Procedure

All subjects made all their test drives in the real
tunnel before those in the simulated one. The time
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interval between the two occasions was about
3 months.
Each subject started the session by driving the
car for about 20 minutes outside the tunnel. Three
practise drives were made through the tunnel before
measurements began.
Subjects were instructed to drive as they normally do in a tunnel with a speed limit 70 km/hour.
Instructions and procedures were the same in
the simulated and the real cases.
Data analysis
All behavioural data were analysed by analysis
of variance (repeated measurement). Main effects of
the different factors and interactions were analysed.
A 95% signi cance level was adopted in all cases
(oc=0.05).

For every statistically signi cant F value, cuz

(omega squared) was calculated as a measure of
explained variance (Keppel, 1982). Statistically signi cant interactions were followed up by analysing
simple effects. In order to control the oc level, signi cance levels were increased according to recommendations by Kirk (1968).
RESULTS
Speed
Effects of the following factors were analysed
through analysis of variance:
simulator (simulated tunnel or real tunnel);
lane (left, middle, or right driving lane);
speedometer (with or without speedometer
information).
Figure 5 shows that the speed was higher in the
simulated tunnel than in the real one; the difference
was 8.6 km/hour. This di erence is statistically sig
nificant (p < 0.001). cuz : 0.36, which means that more

than one third of the total variation of the effect
measure is explained by this factor. The result can be
seen as a sign of lacking absolute validity.
The difference between driving lanes is also statis-
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tically signi cant ( p<0.01). Four percent of the
variation is explained by this factor.
Pairwise comparisons (Tukey) show that the
speed was lower in the right driving lane than in the
other two lanes (left lane middle lane: NS; left lane
right lane: p<0.01; middle lane right lane: p<0.01).
The difference between the right lane and the other
two lanes was 2.9 km/hour on the average.
There is no interaction between the simulator
factor and the lane factor, however, which means
that the effect of the lane factor applies to both the
simulated and the real tunnel. This can be seen as a
sign of good relative validity.
Finally, an effect of speedometer information is
evident (p<0.01). Three percent of the variation is
explained by this factor. The speed was 2.7 km/hour
lower when speed information was available than
when this was not the case.
No interaction appears between the simulator
factor and the speedometer factor, which means that
the effect of the speed information applies to both
situations. This can, once again, be seen as a sign of
good relative validity.
No other effects were found for this measure.
Lateral position
The aim was to determine the effect of the
location of the tunnel walls. The lateral position
measure consisted of the distance between the middle
of the car and the middle of the side line closest to
the nearest tunnel wall.
The width of the driving lanes varied between
diHerent parts of the tunnel (see above). Since this
fact could be expected to affect lateral position,
comparisons were made only for stretches with the
same lane widths. Lateral position was thus analysed
separately for straight sections and for curved sec
tions. For the straight section, comparisons were
made only between the left and the right lanes,
excluding the middle lane. For the long curved section, comparisons were made only between the left
and the middle lanes, thus excluding the right (exiting)lane.
Straight section. Effects of two factors were analysed (analysis of variance):
simulator (simulated tunnel or real tunnel);
tunnel wall (nearest wall located to the left or to
the right).
Figure 6 shows that the subjects positioned themselves further from the side line in the real tunnel
than in the simulated one. The average difference was
13 cm, a statistically significant result (p<0.001).
Seven percent of the variation of the effect measure

is explained by this factor.

The difference between the tunnel wall located
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Fig. 6. Average lateral position (m) in the real and simulated tunnels
on straight section.

to the left and to the right is also statistically signi cant (p <0.001), which means that the subjects positioned the car further from the side line when the
nearest tunnel wall was on their left side. The average
difference was 39 cm. The effect is large, explaining
52% of the variation of the effect measure.
On the other hand, there is no interaction
between the simulator factor and the tunnel wall
factor. The difference between the tunnel wall locations (39 cm) thus applies to both situations, which
can be seen as a sign of good relative validity.
Curved section. Effects of three factors were analysed (analysis of variance):
simulator (real tunnel or simulated tunnel);
tunnel wall (nearest wall located to the left or to
the right);
curve (left curve or right curve).
Figure 7 shows the lateral position for the real
and simulated tunnels. The results are shown separately for left and right curve and for location of the
nearest tunnel wall.
The difference between the real and simulated
tunnels is statistically signi cant (p < 0.001 ). Ten percent of the variation of the effect measure is explained
by this factor. On average, the subjects positioned
themselves 13 cm further away from the side line in
the real tunnel.
The difference between the location of the tunnel
wall is also statistically signi cant (p<0.001).
Lateral position

(m)
3

+Simulated tunnel, left
curve

2,5 _

+Simulated tunnel, right
curve

501

Nineteen percent of the variation is explained by this
factor. The subjects thus positioned the car further...
away from the side line when the nearest tunnel wall
was to the left than when it was to the right. The
average difference was 34 cm.
There is no interaction between the simulator
factor and the tunnel wall factor. The difference
between the locations of the tunnel wall (34 cm) thus
applies to both the real and simulated cases, again
showing signs of good relative validity.
There is no main effect of the curve factor, and
no interaction between the curve factor and the
simulator factor. The interaction between tunnel
wall and curve is, however, statistically signi cant
( p<0.001). The effect is large, accounting for 47%
of the variance of the effect measure. The triple
interaction simulator x tunnel wall >< curve is also statistically signi cant (p<0.01). Although this interaction is weak, accounting for only 1% of the
variance, it indicates that the tunnel wall x curve
interaction is somewhat different in the real and the
simulated situations.
Analyses of simple interaction effects show that
the tunnel wall x curve interaction is statistically signi cant in both cases (p<0.01). Analysis of simple
main effects for the simulated tunnel shows that when
driving in the left curve, subjects positioned the car
further away from the side line when the nearest
tunnel wall was to the right than to the left (p < 0.01 ).
In the right curve the result was the opposite
(p<0.01).
It was also found that when the nearest wall was
to the left, the subjects positioned the car further
from the side line when driving in the right curve
compared to driving in the left curve (p<0.01).
When the nearest tunnel wall was to the right, the
result was the opposite (p<0.01).
Analysis of simple main effects for the real tunnel
gave the same result, with one exception; when driving
in the left curve the difference between the nearest
wall to the left and to the right was not statistically
signi cant. The same tendency, however, appeared as
for the simulated tunnel.
The triple interaction found is so weak that it
can hardly affect the conclusion that the results, once
again, can be seen as a sign of good relative validity.

Real tunnel, left curve
': i Real tunnel, right curve

Tunnel wall
to the left

Tunnel wall
to the right

Fig. 7. Average lateral position (m) in the real and simulated tunnels
on curved section.

Reliability
Test retest reliability was calculated for the two
behaviour measures. Reliability was good in the real

tunnel (0.96 for speed and 0.97 for lateral position),

but lower in the simulated one (0.87 for speed and
0.78 for lateral position).
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DISCUSSION
A relatively large number of signi cance tests
were made, each one at 95% signi cance level. The
larger the number of such tests, the greater is the risk
for false signi cance. Therefore individual statistically
signi cant results should be interpreted with some
care.
One of the results was that speed was higher in
the simulated tunnel.
Two validation studies have been performed
previously on the VTI driving simulator. Driving
behaviour was measured in the same way as in the
present study. Rural road driving was studied in both
cases. The road was the same in both cases (an 8-km
stretch of paved country road). The rst of these
studies (Harms, 1994) used a Volvo 240 Sedan
(1984), whereas the driving simulator had different
characteristics; the cabin was a SAAB 9000, while
the vehicle model was adjusted to a different car
make. There was other traffic in the real case, but
not so in the simulated case. Speed level was found
to be comparable in both situations. However, subjects positioned themselves further away from the
middle of the road in the real case than in the
simulated one. The reason behind this result was
unclear, but the author put forward the hypothesis
[that it could be due to the fact that there was other
traffic only on the real road. Another possible explanation was given in terms of cues used for choosing
lateral position.
In the second validation study (Alm, 1995), all
other traffic appearing on the real road was simulated.
This time a SAAB 9000 was used, which corresponded
to the cabin used in the driving simulator. The vehicle
model was the same as in the rst study. Lateral
position was not markedly different this time, which,
the author suggested, could be a result of the presence
of other traffic in both situations. Speed level was
about the same in the simulated and the real case.
Speed variation was, however, somewhat higher in
the simulated situation.
The reason why speed differed so markedly in
the present study but not in the other two studies is
unclear and not easily explained, since several factors
differed in the three studies (traffic environment, cars,
vehicle models, subjects). Some possible explanatory
factors could be proposed, though. One is the difference in peripheral speed information; in the rst two
studies, simulating rural driving, more such information was presented than in the present case. Peripheral
ow of information is believed to be important for
the perception of speed (Shinar, 1978), and might at
least partly explain the lower speed in the real tunnel.
Other factors may have contributed, especially the

power of the engine (which the subjects were generally
unaccustomed to) in combination with the absence
of simulation of longitudinal forces. The comparatively short stretch of the test road and subjects
relative lack of experience in tunnel driving may have
played a part. The result might also, to some extent,
be a result of presentation order; it is possible that
some subjects drove faster in the driving simulator
when they realised that the test session was simply a
(perhaps not very entertaining) repetition of what
had been done in the real tunnel, and speeding was
a way to end the session quickly.
It is interesting to note, however, that the speedometer information as well as driving lanes had
similar effects in both situations. Speedometer information was evidently useful in both cases. The effect
of driving lanes is probably explained by the fact that
the right (exiting) lane departed from the rest of the
tunnel and ran in a much more narrow tunnel section
towards the end, causing a speed reduction.
The results regarding lateral position can probably be explained as an effect of the tunnel walls, even
if no such effect can be isolated in a strict sense.
Subjects thus positioned the car much further
away from the wall when it was to the left than on
the opposite side. This is very obvious for the straight
tunnel section. In the curved section the lateral position is evidently affected by the tendency to cut the
curve. In the right curve this effect is strengthened,
and in the left curve the result is the opposite. Taken
together, however, the result for the curved section
is basically the same as that for the straight section.
All these effects apply to both the real and the
simulated tunnel.
The distance to the side line was, in general,
somewhat larger in the real tunnel. A reasonable
interpretation is that the tunnel wall had greater
effects in the real tunnel than in the simulated tunnel.
Taken together, the speed was higher in the
simulated tunnel than in the real tunnel. In this
situation subjects drove closer to the tunnel wall than
in the real tunnel. Absolute validity thus seems to be
lacking somewhat, especially regarding speed choice.
However, it is clear that the effects on speed and
lateral position are mostly very similar in the two
situations, which means that relative validity seems
satisfactory with respect to the measures used.
These ndings indicate that research questions
dealing with matters related to absolute validity
regarding speed or lateral position can be expected
to give less valid results in this driving simulator with
this particular tunnel con guration with this particular car. However, the results indicate that effects of
various independent factors found in the driving
simulator may well be generalisable to the real situa-
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tion, which suggests that the driving simulator is a
useful research tool in this area. It should be pointed
out, however, that it is not possible in a strict sense
to generalise from the present case to other situations
or effect measures.
Because of control problems (the effects of order
of presentation between real and simulated tunnel
uncontrolled), performed calculations of absolute
validity are uncertain. It is possible that the differences between the real and the simulated tunnel might

be smaller in reality than was found in the present

study, at least regarding the speed measure.
In conclusion, in spite of . some differences
between the results for the real and the simulated

tunnel, indicating that absolute validity is lacking
somewhat, the ndings with respect to relative validity
seem promising for the driving simulator as a useful
and valuable research tool in this area of research.
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