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Abstract. This paper reports on a study regarding the conditions that reduce simu‐
lation sickness in virtual reality driving simulation. Simulation sickness in virtual
reality applications is frequent and thus poses a major obstacle in obtaining data from
participants involved in these simulations. Many solutions have been presented by
various sources on how to reduce the occurrence of simulation sickness symptoms.
Nevertheless, there is not enough evidence to back up an appropriate solution that
works for the majority of simulated environments and individuals. Therefore, this
work was meant to find appropriate solutions of simulation sickness related to virtual
reality driving simulators with a focus on the effect of adding visual assets in the
simulated environment. Initially, an online survey was performed with 31 partici‐
pants in order to gather unbiased users’ experiences with driving simulation and
virtual reality with regards to simulation sickness. Based on the information gathered
from related works and suggestions of the online survey participants, the addition of
motion cues and visual assets were identified as very essential when dealing with
simulation sickness related to driving simulation. Therefore, new visual assets were
added to enhance an already implemented simulator software in order to replicate a
realistic traffic environment. An experiment with 72 participants was used to test eight
hypotheses related to virtual reality driving simulation and simulations sickness. The
results indicate that the addition of visual assets to the virtual reality driving simu‐
lator reduced the onset of simulation sickness and improved the driving session’s
duration.
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1 Introduction

Automotive manufacturers and suppliers are constantly looking for ways to integrate
new technologies in vehicles to make them more comfortable and safer for the
consumers. For this reason, driving simulation (DS) is indispensable, and widely used
to simulate real life driving scenarios for research, training and evaluation of new car
technologies in a completely controlled and safe environment without risking any lives
(Russell et al. 2014; Slob 2008). This makes it possible to observe and evaluate the
vehicle-driver-system interaction as well as the vehicle-to-vehicle interaction concepts.
Production costs could be reduced because most errors and their possible solutions are
discovered at the early stage of the development process (De Winter 2012).

In order to create a realistic driving environment and reliable results, virtual reality
(VR) head-mounted displays (HMD) have been integrated in DS. To enhance the
immersion of drivers into the simulated environment (SE), they offer a stereoscopic 3D
environment with a wide field of view and low-latency, fast-tracking system for a better
interaction in the SE (Davis et al. 2015; Russell et al. 2014).

Simulation sickness (SSN) is a discomfort experienced by users exposed to SEs such
as DS and VR (Kolasinski 1995). SSN is a major setback to the application of DS because
it could influence the behavior of drivers and make them avoid maneuvers that are likely
to cause SSN, thus generating biased data (Helland et al. 2016). Many studies have
developed techniques to help humans adapt to SSN with repeated exposure in SEs
(Kohler 1968; Domeyer et al. 2013; Galvez-Garcia et al. 2015). However, because of
the negative impact, affected subjects might not be willing to continue or experience
another exposure. User evaluations show that 84% of the users suffered from severe eye
strain due to strapping HMDs over the eyes and other discomforts. For some users this
discomfort makes it impossible to continue with the session (Ihemedu-Steinke et al.
2015). Hence insights into ways to reduce SSN related to VRDS would be helpful in
optimizing the design process through creating a more authentic representation of the
SE to improve user acceptance (Kennedy et al. 1989). It is difficult to obtain solutions
that work for every system and all individuals – adding visual assets (VAs) e.g. pedes‐
trians and cars in the SE to create a simplified and familiar visual scene has been one
suggestion to reduce SSN (Kingdon et al. 2001). Our goal is to investigate whether this
change in VAs impacts SSN (Fig. 1).

2 Simulation Sickness

2.1 Simulation Sickness Overview

SSN is a kind of motion sickness (MS) experienced in (SE) e.g. US navy pilots suffered
severe discomforts during preliminary simulator sessions during the development of the
first static helicopter simulator in the 1950’s. The lack of motion cues was assumed to
have caused the discomforts (Johnson 2005). SSN can be visually-induced without
actual motion and may occur at any time during exposure with a long lasting effect,
which could be dangerous especially when driving a car (Kennedy et al. 2010).
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SSN has the same symptoms like MS but with few peculiarities to it e.g. eye strain.
The symptoms are separated into three major groups – nausea with symptoms such as
stomach awareness, nausea, vomiting, burping, and increased salivation, oculomotor
symptoms like eye strain, headache, difficulty focusing, and blurred vision, and disori‐
entation with general discomfort, vertigo, and dizziness (Kennedy and Fowlkes 1992).

Kolasinski described 42 factors related to SSN in SEs that are grouped into three
categories – individual, system, and task related (Kolasinski 1995; Johnson 2005). While
some studies argue that women are more prone to SSN than men (Davis et al. 2014),
others suggest that gender does not play a role (Graeber and Stanney 2002). System
calibration could either induce SSN symptoms, e.g. headache and blurred vision, or
reduce SSN based on how well it is done (Rebenitsch and Owen 2014). MS history or
long simulation sessions are used to predict SSN (Braithwaite and Braithwaite 1990;
Wright 1995; Kennedy et al. 2000; Matas et al. 2015). Older participants are more prone
to SSN than younger participants (Brook et al. 2010).

2.2 Simulation Sickness Theories

Regarding the origins of SSN, there are three major approaches that assumptions and
research is based on: sensory conflict theory, neural mismatch model, and postural
instability theory.

Sensory Conflict Theory. This theory states that when motion seen is not felt or
vice versa, the brain receives conflicting motion signals from the visual and vestibular
system (Reason and Brand 1975). This conflict deceives the brain to deduce that the
person is hallucinating due to toxin ingestion. The body tries to expel the toxin through
vomiting. An example is a fixed-based DS where motion is visually perceived but not
felt because the body stays in a still position.

Fig. 1. SE with traffic lights, cars and pedestrians developed in Unreal Engine 4.
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Neural Mismatch Model. There have been suggestions for the sensory conflict theory
to be renamed as neural mismatch theory, which states that MS or SSN occurrence is
based on the fact that patterns from a previous experience are compared to patterns from
the ongoing experience. If they do not match, the body reacts like it has been intoxicated
(Reason and Brand 1975). For example, the exposure of subjects to a badly represented
traffic situation that conflicts with the subject’s expectations based on previous driving
experience could lead to unusual maneuvers and anxiety which could induce SSN.

Postural Instability. Developed by Stoffregen and Roccio who disputed the sensory
conflict theory and argued that one of the main goals of humans is to maintain stability,
and when this balance is lost, the person feels sick (Riccio and Stoffregen 1991). For
example, a test driver on a DS may attempt to resist the tilt on a curvy road visually
perceived. This attempt might disrupt the user’s stable position, thus causing postural
instability since there was no physical tilt experienced (La Viola 2000).

3 Study

The study conducted used an experimental setup to examine the effect of visual assets
in VRDS on SSN. This section presents the methods and procedure of the study.

3.1 Methods and Procedure

An experimental post-test only design was used to test eight hypotheses related to VRDS
and SSN. Independent variables were limited VAs (LVA) vs. full VAs (FVA), MS
history, driving frequency, and gender. Dependent variables were SSN, VR experience,
enjoyment of driving experience, and duration of driving. Eight hypotheses related to
VRDS and SSN were used to compare SSN questionnaire (SSQ) scores of the users
(Table 1).

Table 1. Hypotheses

N Hypotheses
1 User has a lower SSQ total score with addition of full VA than with limited VA
2 User with MS history has a higher SSQ total score than a user without MS-H
3 Frequent driver has a higher SSQ total score than a non- frequent driver
4 Video gamers have less SSQ total score than non- video gamers
5 User has a better virtual reality experience with full VA than with limited VA
6 User enjoys the driving experience with full VA more than with limited VA
7 Female users have higher SSQ total score than male users
8 User drives longer with full VA than user with limited VA

Participants were students and members of staff at a University of Applied Sciences
in southern Germany (N = 72), 54 males (Mage = 24.91, SDage = 4.27) and 18 female
(Mage = 26.39, SDage = 7.26). They were randomly assigned to either the treatment
(n = 36: FVA) or the control group (n = 36: LVA). The SE of the control group included
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basic visual elements such as buildings, traffic signs, and traffic lights. The treatment
group’s SE additionally included walking pedestrians and many randomly driving cars.
Figure 2 shows gender distribution of the participants.

Fig. 2. Graphical representation of the users separated by gender

Many artificial intelligent cars driving randomly and animated pedestrians are acti‐
vated for the FVA and deactivated for the LVA. Figure 3 shows the SE with full and LVA.

Fig. 3. A caption of limited VA (left), and full VA, (right) with a car

The instruments used were the SSQ by Kennedy et al. (1993) and a questionnaire to
measure the participants’ virtual experience and enjoyment based on instruments by
Witmer and Singer (1998) and Lin et al. (2002). Before the experiment, socio-demo‐
graphic information, motion sickness history previous, driving, and experience with
driving simulation, gaming, and VR were elicited. Two-tailed independent-samples t-
tests were performed to test the hypotheses. The statistical software package SPSS was
used to analyze the data.

Each participant was allocated 30 min for the entire session. Depending on the test
group, cars and pedestrians were activated or deactivated. The sessions were filmed in
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order to get direct verbal feedback during the VE experience. Figures 4 and 5 show the
test set up and the participants during the test respectively.

Fig. 4. The VRDS set up during the experiment

Fig. 5. Participants using the VRDS during the test

4 Result

This section presents the results of the conducted VRDS user evaluation. The higher the
total SSQ score, the more severe the symptoms and the more troublesome the SE. SSQ
score was calculated based on SSQ scoring weight system developed by Kennedy and
colleagues (Kennedy et al. 1993).
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4.1 SSQ Results

Of the eight hypotheses tested, two yielded significant results: The first hypothesis which
assumed that the experimental would have less SSN than the control group showed a
significant difference in the scores for FVA (M = 52.67, SD = 36.62) and LVA
(M = 72.10, SD = 40.97); conditions (t (70) = −2.12, p < .05). Figure 6 demonstrates
SSQ scores for both groups and shows that users from the treatment group with FVA
had lower SSQ score in all three SSQ clusters (Nausea, Oculomotor and Disorientation)
than users from the control group.

Fig. 6. SSQ scores for the treatment and the control groups for all clusters

The eighth hypothesis assumed that the experimental group with FVA would drive
longer than the control group with LVA. This also showed a significant difference
regarding the minutes driven with FVA (M = 9.03, SD = 2.01) and LVA (M = 7.67,
SD = 2.61); conditions (t (70) = 2.48, p < .05). Figure 7 shows that the FVA group with
extra cars and pedestrians drove longer than the LVA group.

Table 2 shows that the control group was more affected with symptoms of increased
salivation, sweating, and stomach awareness of the Nausea cluster than the treatment
group.
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Fig. 7. Total driving time for full VA and limited VA groups

Table 2. Comparison of the severity for Nausea symptoms experienced by both groups

Nausea – Cluster
Experimental group (N = 72) Increased salivation Sweating Stomach awareness
Treatment group – Full VAs
(N = 36)

7% 45% 29%

Control group – Limited VAs
(N = 36)

9% 51% 39%

Table 3 shows the score distribution of the symptoms fatigue, headache and eye
strain from the cluster Oculomotor for both groups. The result clearly states that partic‐
ipants of the control group with deactivated randomly-driving vehicles and walking
pedestrians experienced more fatigue, headache and eyestrain than the treatment group.

Table 3. Comparison of the severity for Oculomotor symptoms suffered by both groups

Oculomotor – Cluster
Experimental group (N = 72) Fatigue Headache Eye strain
Treatment group – Full VAs
(N = 36)

13% 11% 14%

Control group – Limited VAs
(N = 36)

20% 17% 25%

Table 4 shows the score distribution of the symptoms blurred vision, dizziness with
opened eyes and vertigo from the cluster Disorientation. Here the treatment group was
more affected with blurred vision and was almost as dizzy as the control group.
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Table 4. Shows the comparison of the disorientation symptoms for full and limited VAs

Disorientation – Cluster
Experimental group (N = 72) Blurred vision Dizziness with eyes

open
Vertigo

Treatment group – Full VAs (N = 36) 31% 24% 6%
Control group – Limited VAs
(N = 36)

25% 28% 16%

Finally, the relation between previous MS history, driving experience, gender, good
gaming and VR experience with SSN was observed. The initial assumption that users
with MS history will have a higher SSQ total score than users without MS history was
not proven. The third hypothesis claimed that a user who is a frequent driver has a higher
SSQ TS. The scores for frequent drivers (M = 52.20, SD = 31.47) did not show any
significant difference to that of non-frequent drivers (M = 67.48, SD = 42.76); conditions
t (70) = −1.55, p = 0.126. The seventh hypothesis claimed that female users have higher
SSQ TS. Gender was one of the factors associated with SSN described in various studies
which suggested that women are more susceptible to SSN than men. There was no
significant difference in the scores for female (M = 67.53, SD = 41.67) and male
(M = 60.67, SD = 39.40); condition t (70) = −0.63, p = 0.531. Likewise, scores for
users who were non-frequent video gamers (M = 66.23, SD = 40.33) showed no signif‐
icant difference compared to frequent video gamers (M = 59.48, SD = 39.64); conditions
t (70) = −0.71, p = 0.479 showed no significant difference.

Another hypothesis that is not related to SSN – “The sixth hypothesis assumed that
a user from the FVA group enjoys the driving experience more”. Though the FVA group
enjoyed more, the difference in the scores for FVA (M = 12.94, SD = 3.32) compared
to LVA (M = 12.17, SD = 3.44) conditions; t (70) = 0.98, p = 0.333 was not enough
to consider this claim.

5 Discussion and Outlook

5.1 Discussion

In a VRDS prototype meant for the automotive industry, VAs were added to the VE and
the effects on SSN was tested. The results indicate that additional VAs can play a role
in reducing SSN in VRDS and enable participants to stay in the VE for a longer time.
In an experimental design, we showed significant differences regarding the SSN that
participants experienced and the duration of the participation in a VE. It is already
confirmed that SSN increases with longer exposure in the VE, and it gets better with
frequent exposure (Kennedy et al. 2000). Therefore, if the FVA group could drive longer
and yet get less sick in a single exposure, this could mean that the VAs really did help
to suppress SSN occurrence. The Neural mismatch theory (Reason and Brand 1975) can
be used to interpret these results: When the DS is similar to past traffic experiences in
real life the sensory conflict is minimal. This leads to less SSN symptoms and this in
turn allows the participants to continue the simulated driving for a longer time.
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This study also showed that participants with previous history of MS are not neces‐
sarily more prone to SSN than those who never suffered from MS prior to the experiment.
Though, the population of participants who were motion sick prior to this experiment
was negligible compared to those who had no MS history. Likewise, unlike previous
studies where female participants were presumed to be more susceptible to SSN, this
study did not arrive to any such conclusion. Again, the 25% female participants
compared to the 75% male participant could be the reason for this result. Therefore,
additional studies are necessary to examine these hypotheses.

Though the FVA group had a richer VE meant for more interaction with many cars
and pedestrians moving randomly. This however did not make any great difference in
the level of enjoyment experienced by both groups. This could be because the artificial
intelligent cars and pedestrians were hanging most of the time, and were more distracting
than enhancing. Nevertheless, this research did not consider the quality of the assets
added into the VE. Though recent research on SSN and VR indicated that users may
still enjoy the experience in the VE regardless of SSN (Von Mammen 2016). This indi‐
cates, that though the control group was more affected with SSN, it could still enjoy the
virtual driving experience as much as the other group.

Nevertheless, the treatment group suffered more blurred vision. This could be HMD-
related because some users complained of fogginess of the lenses that could have caused
the blurred effect. The FVA group drove longer and thus was more prone to the blurred
effect than the control group.

The findings from the experiment illustrate that an addition of a few visual traffic
elements could make a difference for the user and help in resolving SSN, which is a
major problem in working with SEs (Ihemedu-Steinke et al. 2015). A VRDS with
minimal induced SSN symptoms could be a powerful user evaluation instrument in the
automotive industry.

Future studies should further look into the conditions that reduce SSN – options
would be the integration of a motion platform into the VRDS to yield a higher matching
of motion cues to real life driving experiences. Further experimental investigation is
needed to estimate the influence of motion cues to SSN outbreak in VRDS.
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