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Abstract

Driving simulators are becoming more and more important: for research and development purposes, but
also for education, training and even for recreation. We have conducted a series of studies on a problem
that often occurs with driving simulators: simulator sickness. This phenomenon closely resembles the
classically experienced motion sickness and can make a user abort a simulator run within minutes. We
present an experiment in which we studied the psychophysical reactions of subjects and recorded their
neurovegetative activity, to improve understanding of the underlying causes of simulator sickness. The
ultimate goal is to develop an objective measure for monitoring simulator users, so that sickness can be
detected before it is perceived by the subject. We used a fixed-base simulator, mimicking an urban circuit
with many sharp turns and traffic lights. Subjects were asked to indicate continuously their discomfort on a
visual-analog scale. We studied 33 normal volunteers (19 became sick). Sickness correlated strongly with
anxiety. The subjective discomfort readings correlated well with simultaneous neurovegetative data
(especially skin resistance and temperature) and with a symptom scoring test administered after the
experiment. There was no clear indication of an age or gender effect. We also present some evidence that
more factors may cause simulator sickness than just a visual-vestibular conflict situation (anxiety,
nauseating odours, etc.).
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Introduction

Driving simulators are increasingly used for research and development purposes as it is
generally safer to evaluate new design or control principles in a simulated/virtual situa-
tion than in real life. The fact that drivers can experience various and even extreme road
conditions in a realistic but risk-free setting also makes these simulators appealing tools
for educational and training purposes.

A problem that occurs frequently, and with all driving simulators, is simulator sickness
(see Wertheim, 1999, for a review addressing most aspects). This phenomenon closely
resembles the motion sickness classically experienced in for instance cars or boats. It can
make a user quit a simulator run within minutes, and it can even cause discomfort for up
to several days (Ungs, 1989). Estimates of simulator sickness incidence vary widely. One
industry source cited 5%-30%, with 30% the acceptable upper limit. Kennedy reports
88% in one study (2001). In practice, and depending on the simulator, the simulated envi-
ronment, the driving task and the driver population, simulator sickness can probably oc-
cur from almost never (<5% of the subjects) to almost always (>95%). This is not only a
considerable nuisance to the subjects, it is also likely to interfere with the intended goal
for which the simulator is used: incomplete training in educational applications, incom-
plete or invalid data in research applications, etc.

It is therefore common practice to prevent simulator sickness from occurring. Consider-
able effort has been spent to design questionnaires which predict simulator sickness sus-
ceptibility in individuals, which allows to filter participants "at the door"” (Kennedy et al.,
1992; Wertheim, 1999 for an overview of the various tests, or Kennedy, 2001). Such
tests, and the fact that habituation occurs (Kennedy et al., 1987; Sharma & Aparna, 1997)
allow one to compile populations of test pilots. This solution is often used but it is evi-
dent that such an approach is not viable for general public training purposes, or for re-
search purposes. If driving simulators are to be useful in these contexts, almost every-
body should be able to use them without negative side-effects, including novices. Also,
one does not want to bias (in a largely unknown way!) a population sample in research
applications by filtering on a side-effect of the sensory information that is an inextricable
component of the research protocol. A reliable method to monitor drivers' state of dis-
comfort in real time and without interference with the "simulator task™ would be a valu-
able tool to help prevent sickness and, where relevant, could also help drivers to adapt
quicker to simulator use (e.g. in training situations). We stress the real time and the no
interference aspects: good and validated means of assessing simulator sickness exist,
most notably Kennedy's SSQ (1993), but they are questionnaires which hardly respond to
the aforementioned requirements.

It is commonly accepted that classical motion sickness is caused by inter-sensory con-
flict: persons who have lost vestibular function are seldom, if ever, sensitive to motion
sickness (Wertheim, 1999; Collet et al., 2000). It is probably assumed that simulator
sickness too is caused by inter-sensory (visual-vestibular) conflict. To our knowledge,
this has never been demonstrated clearly, by showing a lack of susceptibility in vestibu-
lar-loss patients.
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Classical motion sickness is accompanied by a stress response that can be measured
through activity of the autonomic nervous system (ANS). For a review, see Money et al.,
1996. To our knowledge, ANS activity related to simulator sickness has not yet been
studied. If a stress response also occurs during simulator sickness, then it is reasonable to
expect that it might be detectable from typical chances in ANS activity, and maybe even
before the sickness becomes incapacitating. Stress can be detected quite reliably from
easily recordable parameters of ANS activity, which make good candidates for an on-line
monitoring system of subjects’ well/ill-being.

In this study, we attempt to quantify simulator sickness in a large, representative (age,
gender) population, and to understand better the mechanisms causing it. Our ultimate
goal is to develop a method for 'on line' monitoring and prediction of oncoming sickness
before it becomes incapacitating. We describe here a first step towards this goal, correlat-
ing subjective (psychophysical) ill-being indications provided by the subject with simul-
taneously recorded autonomic nervous system (ANS) activity and anxiety estimates. We
also present a tentative first answer to the question if simulator sickness is (largely)
caused by visual-vestibular conflict by comparing sickness incidence in vestibular loss
patients with the incidence in healthy controls.

Methods

In order to provoke simulator sickness, we selected an urban environment for the main
driving task. It contained a multitude of sharp turns (90° or more) and many traffic lights,
requiring drivers to stop and restart often. We also used large field of view (150°, three
screens) in order to maximise optokinetic stimulation.

Subjects.

We present data from a total of three experimental sessions, performed in September and
December 2003 and in April 2005. A total of 51 healthy volunteers participated, 28 males
(session sep2003: 16; dec2003: 7; apr2005: 5) aged 24-65y and 23 females (sep2003: 7;
dec2003: 3; apr2005: 13) aged 23-66y. To date, we have been able to recruit 6 vestibular
loss patients, 4 males (29-71y) and 2 females (25 and 29y). Patients were well adapted to
their handicap, and led reasonably active and normal lives. All participants had normal or
corrected-to-normal vision, had an active, healthy lifestyle, did not take medication that
could have affected the results, and were at least reasonably experienced drivers.

Experimental set-up.

We used the fixed-base driving simulator (SIM? class) available at the Institut National
de Recherche sur les Transports et leur Securité (INRETS) in Arcueil near Paris (Espié,
1999: see figure 1). This simulator provides a frontal field of view of around 150° (three
screens) and contains a real car with most controls operative. Linear acceleration is simu-
lated by tilting of the virtual observer (up/down movement in the projected image). There
is power steering with force-feedback on the wheel. The visual was generated by an SGI
Onyx Il in the first sessions (30Hz refresh) and by three PCs running Linux in the third
session (identical software). To provide comparable visual stimulation using the PCs, re-
fresh frequency was limited to 25Hz (projected at 75Hz) and computational load was in-
creased to simulate a slower CPU. Transport delays (the time between a driver command
and the corresponding change in the projected image) were comparable in both systems,
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since they were limited by the imaging refresh frequency. Driving data (speed and steer-
ing commands) were recorded at 30Hz or 25Hz.

Physiological data were recorded using commercially available sensors connected to a
recording system developed at the Université Claude Bernard Lyon (Dittmar et al.,
1995). We recorded the following parameters of ANS activity. The skin potential (SP),
measured with three electrodes on the left fore-arm. SP is thought to be a result of local
differences in ionic concentrations, neuro-transmitters and correlates with cutaneous
blood flow. The skin resistance (SR) was measured with 2 electrodes, one of the left in-
dex finger and one on the left middle finger. SR depends on local transpiration and thus
reflects the activity of sweat glands. The skin temperature (ST) was measured using a
sensor placed on palm of the left hand. ST is a function of cutaneous blood flow. We also
recorded the instantaneous heart rate (HR) with electrodes placed on the chest. The three
cutaneous parameters are all under sympathetic control, meaning that there is increased
activation with increasing stress. As a result, skin potential increases. Skin resistance, on
the contrary, decreases (corresponding to increased cold sweating). Skin temperature also
decreases (corresponding to decreased skin blood flow: pallor). Heart rate is controlled
by both the sympathetic and the parasympathetic branches of the ANS, which have oppo-
site effects. Increased stress (sympathetic activation) would tend to increase heart rate
(and decrease its variability), whereas increased parasympathetic activation would tend to
decrease it (and increase the variability). Data were recorded at 10Hz.

The main psychophysical variable recorded was a subjective estimate of discomfort, the
sickness score, indicated on visual analog scale displayed continuously in the far low
frontal visual field. Subjects indicated their condition on line with a cursor on 10 stops
between "all is fine™ and "I'm about to vomit". Such a measure has been shown to corre-
late well with more detailed questionnaires such as Kennedy's (1993) SSQ (Wertheim,
1999) but hardly interferes with the driving task. The sickness cursor was controlled by
command levers on the steering column; it was recorded together with the driving data.

In addition, motion sickness susceptibility was assessed with a Motion Sickness Ques-
tionnaire (MSQ) quantifying the incidence and severity of various forms of motion sick-
ness over the last 5 years, taken during the initial interviews. State anxiety was assessed
three times during the session using Spielberger's STAI; the trait test assessing base level
anxiety was taken immediately after the MSQ. Finally, a symptom severity questionnaire
(SENSICK; 22 items on a 0-4 scale) was administered immediately after the experimen-
tal session. All tests were French language versions that had been validated.

Experimental procedure.

An experimental session started with the aforementioned MSQ and STAI questionnaires
and a brief medical examination to evaluate vestibular and oculomotor function: see fig-
ure 2. The driving session was divided into three parts. An initial period (5-10min.) of
rural highway driving allowed subjects to familiarise with the simulator, and allowed us
to obtain reference physiological activity levels. To minimise the likelihood of simulator
sickness developing, this part was done using only the central screen, in an environment
requiring very little turning and speed changes. After this, the subject took the first of the
STAI state anxiety tests, and received instructions for the next driving sequence. This se-
quence consisted of two session parts (R1, R2) of approximately 15 minutes of explor-

283



DSC 2005 North America - Orlando - November 2005

ative driving in the urban environment (which was devoid of traffic). There was a short
rest (P1) between R1 and R2, during which the second STAI state test was taken. The
third STAI state and the SENSICK test were taken immediately after the second session
(session part P2). The duration was shortened or terminated depending on the subject's
condition, or upon request. The protocol was approved by the national ethics council
(CCPPRB).

Data analysis.

A subject was considered 'sick’ ("WasSick™) when the experiment was terminated be-
cause of his/her state, when s/he indicated being sick, or when in a real-life driving situa-
tion s/he would take a break to recuperate. A ternary "StrictSick™ classification in 'unde-
niably sick’, 'undeniably fine' and ‘probably sick’ was made afterwards based on this bi-
nary classification and on the SENSICK score (see below).

Driving data (including the sickness score) were resampled to 10Hz and synchronised
with the physiological data, with t=0 defined as the start of session part R1. The resulting
traces were divided in bins of 10 and 60 seconds and the average sickness score and
physiological activity were calculated over these bins.

All variables were normalised prior to averaging, to ensure comparability between sub-
jects and in order to account for the considerable inter-subject variability that exists with
subjective responses and physiological recordings. The sickness score was normalised in
individual subjects by mapping the maximum response to 1; this allowed better correla-
tion with the physiological data in the sick subjects’. For assessing temporal evolution,
time was also normalised between 0 and 1 (per subject/"averaging bin" and per session
part R1, P1, R2, P2: cf. figure 2). The physiological data were normalised with respect to
individual reference periods of typical non-driving activity before the R1 onset, of 200s
duration (or shorter if necessary; cf. figure 3, Refl). An estimate of the minimum (skin
potential, heart rate) or maximum (skin resistance, temperature) activity, excluding out-
liers, was mapped to 0, and the observed range between these extremes to 1. We used the
7% quantile for the estimated minimum, and the 93% quantile for the estimated maxi-
mum. Normalised values can thus be <0 or >1.

Statistical tests were performed using the open source R environment (R Development
Core Team, 2005). Details on the tests used are given in the text.

Results

All healthy participants completed the highway familiarisation part without developing
simulator sickness (only one, highly sensitive participant mentioned some light symp-
toms). In contrast, the urban driving parts R1 and R2 induced sickness in the majority
(67%) of the healthy participants. Only one subject requested premature termination, dur-
ing R1. Sickness frequency tended to decrease with age in males, but this effect was not
significant. In contrast, we found a significant age/gender interaction: women seemed to
get sick more easily, except for the youngest participants.

1Not applicable in the non-sick, as their sickness score does not vary enough.
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The reported sickness score increased in time, and significantly more so in the sick sub-
jects than in the non-sick, even after normalisation (two-way ANOVA on the normalised
sickness score, R1+R2; time*WasSick interaction F(5,223)=7.206 p<<0.001). Figure 4
shows the average normalised sickness score for the sick subjects, for session parts R1,
P1, R2 and P2, for each of the three sessions. Notice how the score increased during driv-
ing, and decreased again at standstill (P1, P2). The average normalised sickness score
over these four session parts is significantly different at approximately 0.16 in the non-

sick, and 0.48 in the sick (t test; t=-20.0 df=1250.7 p = 0).
Psychophysiological results

Scores on the SENSICK test ranged from 0 to 52 (of 88 maximum), with a minimum
score of 8 in the subjects who where classified sick immediately after the experimental
session. We defined our more objective StrictSick criterion based on these observations.
Sick subjects with a score superior to 12 were considered "undeniably sick”, whereas
non-sick subjects with a score inferior to 7 were considered "undeniably fine". All the
others were classified as "probably sick".

As expected, the score on the MSQ was higher in the sick than in the non-sick subjects
(ANOVA, F(1,47)=11.517 p~0.001). It is however not a very good predictor of absence
of simulator sickness.

We expressed the anxiety increase as a contrast ( (STAI3-STAIL) / (STAI3 + STAIL) ; a
fairly standard way of comparing differences corrected for absolute values). This increase
was significantly higher in the sick than in the non-sick (ANOVA, F(1,47)=11.37
p<<0.005). STAI anxiety was not an objective predictor of simulator sickness, however,
since no differences were found between the sick and the non-sick before the onset of R1.

Driving data observations

Keeping a straight course is a known problem for novice drivers, especially in a fixed-
base simulator. Small course deviations are detected (visually) too late, and over-
corrected, leading to an increasing slalom effect which increases optokinetic stimulation
and thus may aggravate sickness. We quantified the effect as follows. Voluntary turns
were identified from the steering command using an automatic threshold (the mean steer-
ing command plus or minus its standard deviation over the full recording), and sup-
pressed. We tested for differences in the standard deviation of the resulting signal for all
10s bins where the average driving speed was not zero. We indeed found that sick sub-
jects from the sep2003 and the dec2003 sessions slalom more at the onset of the first ur-
ban circuit (ANOVA over only those samples from R1 with normalised time <O0.1:
F(1,29)=9.614 p<<0.005). The difference becomes barely significant when the apr2005
session is included?.

There are no differences in average driving speed.

Physiological data

Significant differences in activation can be found in all four physiological variables we
recorded, most clearly in the skin resistance and in the skin temperature. The activations

2When apr2005 is excluded, slaloming is also significantly higher in female than in male drivers. This is
probably a sample effect.
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are typical for orthosympathetic (hyper)activation: increase in skin potential and heart
rate, decreasing skin resistance and skin temperature. Figure 3 shows the original simula-
tor and physiological data for one subject. Clear reactions to the nauseogenic driving task
can be seen in all traces (not all are typical reactions as just described). We used Student's
t tests to compare the average normalised values in R1 and R2 in the sick vs. the non-sick,
and ANOVA and linear fits (R's robust linear regression, rlm) to check for temporal evo-
lution and correlations with the sickness score. We will focus here on the skin resistance
and skin temperature, as they show the clearest pattern and are easy to record.

Skin resistance (SR)

Skin resistance was lower in the sick than in the non-sick subjects (t=3.55 p<0.0005). It
remained approximately constant in time in the non-sick, and decreased significantly in
time in the sick (ANOVA: F(5,90)=15.08 p<<0.001, significantly negative slope of the
linear model for the sick: p<<0.001; time*WasSick interaction: F(5,140)=4.121
p<0.005). The decrease was strongest in R1: the resistance remains low in R2.

There is a significant correlation (decrease) of SR with increasing sickness score
(ANOVA; R1: F(5,52)=7.81 p<<0.001; R2: F(5,41)=6.73 p<<0.001).

Skin temperature (ST)

Skin temperature was lower in the sick than in the non-sick subjects (t=9.01 p<<0.001).
Temperature remained approximately constant in the non-sick, and decreased in time in
the sick (ANOVA, F(5,205)=8.310 p<<0.001; significantly negative slope of the linear
model for the sick: p<<0.001; time*WasSick: F(5,205)=2.842 p<0.05).

There is significant correlation (decrease) between ST and the sickness score: see figure
5. The temperature decrease is visible even in P1, where the sickness score decreases in
time. All effects are significant: ANOVA p<0.01 and highly significantly negative linear
model slopes.

Patients: the effect of visual-vestibular conflict

If simulator sickness is provoked by an inter-sensory, visual-vestibular conflict situation,
than vestibular loss patients should be much less sensitive to it, just as they are to classi-
cal motion sickness. We tested this hypothesis in a population of 6 patients, 3 males and 3
females (we have physiological data for only half of them). Of these, one became unde-
niably sick and terminated the experiment, with a high SENSICK score and a typical
anxiety increase. Two others also classified as sick according to our criteria (one "unde-
niably sick”, one "probably sick™), but did not show the anxiety increase. The sample is
too small to make statistically valid statements, and we therefore did not analyse the little
physiological data we have (3 patients only). But based on these results, we would have
to reject the hypothesis that visual-vestibular conflict in a (driving) simulator is the only
(or main) cause of simulator sickness.

Discussion
We studied an undesirable side-effect of driving a driving simulator: simulator sickness.

We used a fixed-base simulator, and a simulated urban environment. Such environments
correspond to very common driving situations but are also well known to be nauseous
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when used in driving simulators (driving simulator studies focus mainly on non-urban
settings, or "straight™ urban ones). As expected, the majority of our subjects (60%-78%)
developed a more or less severe form of simulator sickness. Fortunately, emesis was pro-
voked in only one subject, but a considerable number reported that they had felt affected
for a day or more after participating.

The simple MSQ history questionnaire predicted quite well if a subject would likely be
sick, but unfortunately not if a subject would likely not be sick. It is thus not reliable
enough for excluding all susceptible subjects. There is a strong correlation in our data
between simulator sickness occurring, and the anxiety increase during the experiment.
Anxiety does not appear to be a predictor, however: the initial level is not correlated with
sickness. It is interesting to note that the anxiety increase tended to be higher in those
with the lower MSQ scores than in those with the higher scores: experience with motion
sickness thus seems to reduce its stressfulness. Finally, the subjective sickness score indi-
cated by the subjects was a good indicator, even if some subjects tended to underestimate.
Our data suggest that the sickness score may increase to 0.2 — 0.3 (hormalised, stop 1 or
2) in non-sick subjects, probably indicating general uneasiness due to car con-
trol/behaviour issues. In our sick subjects, it reached that value much quicker, remaining
at it for a short while, and then started to increase sharply. This happened after just short
of 5 minutes on average.

One of the questions that we intended to study was the extent to which simulator sickness
is caused by a visual-vestibular conflict, as classical motion sickness. If so, vestibular-
loss patients should not be sensitive to it, or at least significantly less (cf. Wertheim,
1999). Six patients participated, of whom three became sick. The sample size is too small
to make statistically acceptable conclusions, and not all patients may have been equally
well adapted to their handicap. But our results, notably the fact that one life-long, well-
adapted patient became undeniably sick, strongly suggest that visual-vestibular conflict
(lack of inertial information, in our case) is not the main (nor a necessary) cause of simu-
lator sickness. During post-experimental interviews, most subjects complained about the
hard-to-support optokinetic stimulation during turns, coupled with the steering which was
perceived as overly sensitive. There are indications that odours aggravated the situation
for a number of subjects (a highway passes next to the simulator's building; a fuel tank is
located just outside, warm plastics in the car gave off smells).

The ANS activations that we found in reaction to developing simulator sickness are com-
parable to those found in a similar study by Min et al. (2004): decrease in skin resistance
and temperature, and increase in skin potential and instantaneous heart rate. In contrast to
that study, our results are clearer and significant, because we accounted for the consider-
able inter-subject variation that exists with this kind of recording. These reaction patterns
suggest that simulator sickness is accompanied by a form of orthosympathetic activation.
The reactions are easy to detect in the skin resistance and temperature. They are also pre-
sent in the other parameters, skin potential and heart rate. However, some processing is
necessary to separate the tell-tale increase from long-term drift effects, which can be done
only "post-hoc". Also, there are indications that heart rate may not be a reliable measure
of motion sickness (Mullen et al., 1998). Therefore, heart rate and skin potential seem
less suitable for on-line monitoring of subject (dis)comfort. Motion sickness symptoms,
especially nausea, pallor and sweating, are often taken as an indication of vagal malaise
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(a strong parasympathetic reaction): our data indicate that this is likely not the case. Note
also that these results are different from those obtained on patients suffering from vertigo
induced by inter-sensory conflict due to vestibular dysfunction (Collet et al., 2000).

We expected to find some age and/or gender differences in sickness incidence. Longer
driving experience may make elderly people more sensitive to simulator imperfections
(leading to higher sickness incidence), and altered sensory function may also increase or
on the contrary decrease sensitivity. In the male participants, the incidence seems to de-
crease with age, whereas in the female population it remains constant (and possibly less
in the youngest women). We cannot make any more definite conclusions, as to date there
have been relatively few elderly participants (11 of 55 and older). Furthermore, more
than half of the elderly and the females subjects participated in the apr2005 session in
which the visual had also been changed: we cannot separate age/gender effects from ef-
fects caused by the hardware change between this and the other sessions. This question
will have to be addressed in a follow-up study.

One of our goals in this study was to evaluate if it is possible to monitor participants' state
of discomfort on line, using parameters of ANS activity, and especially if sickness can be
detected in advance, before it becomes incapacitating. Monitoring the physiological re-
cordings during the experimental sessions, it was indeed often possible to see typical ac-
tivations before the reported sickness started to increase. The aggregate results support
this observation: skin resistance starts decreasing in those who will be sick well before
the sickness score starts increasing rapidly (see above). Skin temperature also decreases
sharply before that time, but tends to increase in those who will not be sick (signalling
relaxation, after a slight initial decrease). Additional analyses in a larger population are
required to validate and quantify these preliminary observations.

In summary, our study shows once again that simulator sickness is a problem to be reck-
oned with. It can affect a majority of (novice) subjects, even if they have no task other
than to drive around to explore an urban environment and thus can cope with discomfort
as they like. First results obtained from vestibular-loss patients suggest that it may well
be not enough to provide sufficiently realistic inertial (vestibular) feedback. It appears to
be possible, however, to monitor participants on line, and detect oncoming sickness in
time from typical physiological changes that occur before reported sickness starts in-
creasing.
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Figure 1:

The experimental set-up, showing the vehicle, the urban environment with the sickness
scoring scale partly visible, and the physiological recording set-up in the foreground.

Figure 2:

Schematic representation of the experimental protocol, showing the break-down into four
phases: initial interview, highway driving to get used to the driving characteristics, and
the two periods R1 and R2 of explorative driving in a nauseous urban environment. The
reported sickness score is shown with a thick solid line (vertical bars are event markers),
driving speed with the thinner line. For analysis, time was normalised from 0 to 1 during
R1 and R2 individually.
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Figure 3:

Example of the combined driving, sickness and physiological data for one subject, show-
ing the reported sickness score and driving speed as in figure 2, the skin potential, skin
resistance, skin temperature and instantaneous heart rate. Reactions to driving (and being
at rest between driving sessions) can clearly be seen.
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Figure 4:

Overview of the temporal evolution of the reported sickness score per session and per
session part, in the sick subjects. As expected, sickness increases while driving, and de-
creases while at rest. Box-and-whisker displays show the distribution median (solid dots),
quartiles (bars), flanks (whiskers) and outliers (open dots); the thick solid red line indi-
cates the mean and the thin solid red line a loess (piecewise linear) fit to the individual
data.
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Figure 5:

Average normalised skin temperature in the sick subjects as a function of the reported
sickness, during driving parts R1 and R2 and the rest period P1 between them. There is a
clear negative correlation in all cases, indicating orthosympathetic hyper-activation.
Box-and-whisker display as in figure 4. The straight blue solid line indicates the robust
linear fit to the individual data, the dashed lines the 95% confidence interval of that fit.
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