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I. Introduction
ore than 30,000 people die
every year on European
roads [40]. Advanced driver
assistance systems (ADAS)
have the potential to reduce the
number of traffic accidents and road
fatalities. Especially collision avoid-
ance and collision mitigation systems
can help the driver to manage safety-
critical situations. These systems use
various sensor techniques (e.g., video,
radar, and lidar sensors) in order to
detect critical situations and to assist
the driver in avoiding or mitigating a
collision with another vehicle. Due to
their invariably complex interaction
with the environment, ADAS require
high standards of system functional-
ity and system validation. Addition-
ally (fail-)safety and error-tolerance
are essential in order to guarantee a
perfect human-machine-interaction
[16], [14]. ADAS that are not fully com-
patible with environmental or driver
demands can have negative conse-
quences for driving comfort, traffic
safety, and customer acceptance.

In order to test the functionality
of these systems, the realistic and
reproducible generation of critical
traffic situations represents a signifi-
cant challenge in the development of
ADAS. The investigation of drivers’
reactions to system limits and faults
also requires appropriate and reli-
able testing methods.

Aswith anytechnical system, ADAS
can only be tested within the limits of reality and reproduc-
ibility that are stipulated by the testing environment. Hence,
the choice of the appropriate testing environment is crucial
in the evaluation and subsequent development of ADAS.
Generally, three different testing approaches can be distin-
guished: driving simulators (1), quasi-experimental field
studies (2) and field operational tests (3). The suitability of
currently prevalent testing methods is limited by a number
of factors. On the one hand, while driving behavior in natu-
ralistic driving studies is observed unobtrusively and there-
fore elicits the highest degree of realistic hehavior on part
of the test subjects, they are very time and cost intensive.
Additionally, substantial effort has to be put into data analy-
sis and special algorithms are needed in order to facilitate
data processing (for an example see [1]). Another disadvan-
tage is the lack of control and replicability of specific traffic
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situations. In contrast, quasi-experimental field studies still
offer a relative high degree of face validity combined with
at least some control over the traffic situations of interest.
However, the testing of some ADAS, in particular that of
safety systems such as collision avoidance systems, can be
too dangerous when other traffic participants are involved.
Furthermore, the repeated replication of specific traffic sit-
uations for a larger number of test subjects is very difficult.
On the other hand, driving simulators are a common
research tool to investigate advantages and disadvantages
of new in-car technologies, including ADAS. The most
essential benefits of driving simulators are the safe and
reliable replication of traffic situations and the control of
environmental circumstances [2], [7]. Chang and Chou
[12], for example, used a bus-driving simulator in order to
investigate rear-end collision warning systems. However,
one problem with driving simulators concerns their valid-
ity. To what extent research results obtained in a driving
simulator can be transferred to reality highly depends
on the aim of the driving simulator study. Whereas new
human-machine interfaces can be easily evaluated in
driving simulators with even low physical correspondence
between the simulated and the real word, the testing of
ADAS requires a higher degree of fidelity. However, even
in high-fidelity driving simulators with good motion per-
formance, the precise replication of physical driving sen-
sations and vehicle dynamics is difficult and can only be
achieved by a few driving simulators such as the simulator
of the Daimler AG in Sindelfingen (Germany). The opera-
tion of such simulators, however, is very expensive. Addi-
tionally, studies in driving simulators are often afflicted
by simulator sickness due to either methodological issues
concerning the studies’ design or to the simulators them-
selves. Simulator sickness, however, often leads to driving
behavior that is dissimilar to driving in the real world [7].
In the vehicle in the loop (VIL) test setup a real test
vehicle is combined with a simulated testing environment
which is displayed to the user via a head-mounted display
(HMD) [9]. In this simulated environment, objects that are
relevant to particular traffic situations, such as pedestri-
ans, cyclists or leading cars can be portrayed. However, at
the current stage of development the cockpit and the instru-
ment panel are not displayed in the virtual world. The VIL is
not moving on a publicroad, but on a secured test track. The
virtual environment matches exactly the houndaries of the
test track, thus ensuring the safety of the driver. One huge
advantage of the VIL is that ADAS can be directly tested
in a real vehicle with real vehicle dynamics. Additionally,
as simulators, the VIL test setup enables the safe and con-
trolled replication of specific traffic situations. Hence, the
VIL combines the main advantages of both test methods.
The original VIL was developed by Bock [9] and oper-
ated with an augmented reality display. In a first validation
study, Bock could demonstrate behavioral validity of his

IEEE INTELLIGENT TRANSPORTATION SYSTEMS MAGAZINE 43 SPRING 2013



VIL setup [9]. However, positioning and visualization of the
simulated traffic caused various difficulties. Luminance
and contrast of the virtual vehicles, for example, were low
during direct sunlight. Furthermore, the exact position-
ing of the vehicles on the street was not always possible.
Therefore, the impression emerged at times that the virtual
vehicles “flew over” or “sank into” the street [8]. A similar
system was used by Moussa, Radwan, and Hussain [35] to
investigate left-turn maneuvers at two-way stop-controlled
intersections. They installed a fixed camera in the win-
dow screen which recorded a live stream of the road ahead.
The road was segmented in real time and virtual vehicles
were placed on the road in front of the driver. The modi-
fied stream was displayed to the driver via an HMD. How-
ever, as the video camera recording the scene was held in
a fixed position, the field of view of the driver was limited
which caused problems while driving on curved segments.
Furthermore, virtual objects were misaligned when the road
segmentation was flawed.

To address the problems of Bock [8] and Moussa et al. [35],
the Carmeq GmbH, as a patent licensee, and the Universitaet
der Bundeswehr Muenchen (UniBw) further developed the
VIL. Instead of an augmented reality, a virtual reality (VR)
was used to simulate the road and traffic environment (see
for instance [4] or [44]). Thus, the visual channel is com-
pletely disconnected from reality (see Fig. 1).

The VIL setup with a virtual reality offers many advan-
tages regarding the testing and validation of ADAS. How-
ever, results from VIL studies can only generalize to reality,
if validity can be assumed. Therefore, this paper presents
the results of a first validation study based on general driv-
ing behavior, using the VIL with a virtual reality.

First, the technical setup of the VIL is explained before
the topic of driving simulator validity is discussed in detail.
Subsequently, the method and results of our VIL validation
study are presented.

II. Theory
A. The Vehicle in the Loop

The VIL is based on the simulation software “Virtual Test
Drive” (VTD) which offers the required core functionality

(a) Vehicle in the loop—(b) driver wearing an HMD on which
images from the VR environment are displayed (upper left).

[38]. Included are visualization, traffic simulation and sen-
sor model components. The sensor models, which simulate
sensors used in the automotive domain, provide an interface
to the virtual environment, so that the developer can connect
a particular ADAS with the VIL in order to test and evaluate
its functionality. Furthermore, a driving interface with dif-
ferent input modalities is provided. Thus, with the VTD the
user can drive freely through the virtual world and experi-
ence predefined scenarios, which are generated by the traf-
fic simulation module. With the sensor model module, object
data from the current environment situation is provided and
can be used to control ADAS actuators (see also Fig. 2).

When VTD is used in the VIL mode, visualization,
positioning and the layout of the virtual world are
adopted. The layout of the virtual world is stipulated by
the layout of the real test field on which the real vehicle
can drive. Thus, the virtual world is superimposed onto
the real test track in such a way that for every position in-
the virtual world an equivalent position on the real test
track exists. In order to ascertain the current position of
the vehicle during simulation, an inertial measurement
unit (IMU) is used. The used IMU is an iTraceRT-F200
from iMAE Navigation with dGPS, which offers a long-
time accuracy of two centimeters. As the positions of real
and virtual world are equivalent, the vehicle is set to the
appropriate position in the virtual world. With the use
of a head mounted display for the visualization, the natu-
ral field of view of the driver is maintained. However, an
additional head tracker to measure the viewing angle is
needed. In order to display the correct viewing angle in
the HMD, the global gaze direction has to be calculated
based on the vehicle orientation and position, as well as
the driver head pose (see Fig. 3).
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G ¢ Technical setup of the VIL:
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Based on the experience that was gained from the hard-
ware components used in the Bock and Carmeq setup [9],
[44], hardware changes were made. In the original design,
the head tracker was tethered and restricted in the view-
ing angle. Therefore, the redesigned system opted for the
Personal Space Tracker, a wireless optical motion tracker,
which allows for a 360° tracking in the tracker’s field
of view.

Furthermore, in the original setup the HMD was chosen
based on its see-through capability. That HMD featured a
small field of view, however, which posed a considerable
disadvantage in cross-traffic scenarios. With the intro-
duced VIL virtual reality mode the see-through option
was not mandatory anymore. Thus, the stereoscopic NVIS
SX111 HMD with a total of 111° FOV was selected for the
present setup. However, with the soft- and hardware used
in our VIL setup, a time lag of about 150 ms between head
movements and the update of the visual scene occurred.

B. Driving Simulator Validity
One of the most essential questions about driving simula-
tors is: To what extent do the results measured in a simu-
lator represent those obtained in the real world? [11]. The
research literature of the last 50 years referred to this
problem as simulation validity. To this date, however, driv-
ing simulator validation studies remain rare [7], [11].
Driving simulator validity is a multi-dimensional prob-
lem. According to Mudd [36] and Blaauw [6], it can involve
physical (physical validity) and behavioral (behavioral
validity) dimensions. Furthermore, Blana [7] points out
the importance of subjective experiences and sensations
of the people driving in a simulator, which she called

Jace validity.

Physical Validity

Blaauw [6] defines physical validity as the physical cor-
respondence between reality and the driving simulator,
including layout and dynamic characteristics (p. 473).
Physical validity or fidelity is considered high, when the
simulator reproduces the vehicle handling and driving
experiences of real car driving, [17], [19]. Therefore, sig-
nificant cues have to be represented accurately by the
driving simulator to the driver. These include visual,
motion, audio, and tactile cues [19]. Visual scenarios, e.g.,
are usually created by an image generator and projected
onto curved or flat screens [28]. Alternatively, HMDs may
be used for the presentation of visual cues. Consider-
ahle emphasis is also placed on the simulation of vehicle
motions, because driving tasks like speed and distance
estimation are highly dependent on the perception of dif-
ferent vehicle forces, e.g., acceleration and deceleration
[19]. Motion cues are often provided by a motion platform,
which allows forthe simulation oflongitudinal, lateral, and
vertical movements [28]. However, even in high-fidelity

1: Inertial Measurement Unit (IMU)
2: Headtracker
3: Head Mounted Display (HMD)

L,

1 2 Point of view determination in the global coordinate system.

driving simulators, the perception of movement differs
from real driving experiences. To define the fidelity of a
specific driving simulator, it is essential to know which
experimental artifacts and model errors can emerge
during the cue generation process and how these errors
might influence the behavior of simulator drivers.

Another criterion of a successful driving simulator, and
thus physical validation, is, according to Harms [20], the
absence of simulator sickness.

Behavioral Validity

Although physical validity is important for the test of
safety critical ADAS, some have argued that early driving
simulator studies focused on it too much [17]. On the other
side, behavioral correspondence was rarely mentioned [7],
due to the widely-held assumption that behavioral valid-
ity will necessarily result from high simulator fidelity [17].
However, according to Blaauw [6], physical and behavioral
validity do not have to be related. Hence, when employ-
ing simulators as a research tool, one might argue that not
only physical validity but also behavioral correspondence
needs to be taken into consideration.

Blaauw [6] defines behavioral validity as “the corre-
spondence between the behavior of the human operator in
the simulator and in the real, operational system” (p. 473).
Thus, behavioral validity is one essential requirement for
the generalization of simulator results to real world driv-
ing and vital when decisions about the design of future
ADAS and other vehicle technologies are made based on
simulator studies.

One method to measure hehavioral validity is to com-
pare the driving performance and driving behavior in a
simulatorandareal carduringidentical tasks and circum-
stances. In general, two types of behavioral validity can
be distinguished. Absolute validity is reached when the
measured variables have the same numerical values [6].
Relative validity, however, requires the comparison
between at least two experimental conditions, both in
reality and in simulation. Relative validity is achieved
when performance differences between experimental
conditions are found in reality and in simulation.
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Further, the found effects have to be in the same direc-
tion and of similar magnitude [17]. Absolute validity is
hard to achieve for a number of reasons. First, driving
behavior of a single driver is influenced by circumstances
and motivational aspects and thus, has a high variability
by itself [11]. Second, driving simulators always produce
some kind of artificial environment, which could have
an effect on driving behavior [37]. Therefore, absolute
validity could only be demonstrated for specific driving
variables in a few studies (e.g., [6]). In contrast, rela-
tive validity has been proven in various validation stud-
ies for different driving performance variables, e.g.,
speed [17], [46], lateral position [46], [6], or mean braking
onset [25]. Because ofthe high variability of driving behav-
ior, Térnros [46] points out that relative validity is suffi-
cient for the application of driving simulators as research
tools (p. 497).

However, due to the wide variety of different driv-
ing simulators with regard to simulator equipment,
software and environment, behavioral validity can-
not be automatically transferred from one simulator
to another [37]. Furthermore, Kaptein, Theeuwes, and
van der Horst [26] emphasize that behavioral validity of
a specific driving simulator is highly task dependent.
Hence, it is necessary to validate driving simulators
hefore using them as research tools to investigate spe-
cific research questions.

Face Validity

In addition to physical and behavioral validity, Blana [7]
points out the importance of face validity. According to
her, .face validity cannot be objectively measured, but
it describes how realistic the simulator looks to the sub-
jects. Consequently, subjective judgments are typically
used for the determination of face validity. Face validity is
improved by a realistic simulator design concerning the
provided visual, audio, tactile and motion cues, whereby
their aesthetic rather than their physical characteristics
are of principle interest. Therefore, while a simulator with
physical validity is likely to show face validity, the opposite
is not necessarily the case. Hence, although face validity is
useful to acquire, it should never substitute physical and
behavioral validity.

C. Simulator Sickness

Driving simulators offer a safe method to investigate driv-
ing behavior. However, they often encourage simulator
sickness, which can negatively influence their behavioral
validity [5]. As Silverman and Slaughter [41] or Cobb et al.
[13] showed, simulator sickness can lead to a modification
of driving behavior in order to reduce simulator sickness
symptoms, e.g., reduction of head movements. Addition-
ally, simulator sickness is often responsible for high drop-
out rates in simulation studies [13].
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Simulator sickness is a special type of motion sickness, but
less severe and of lower occurrence within the population
[30], [29]. Like motion sickness, simulator sickness consists
of a variety of different symptoms, for instance nausea, dizzi-
ness, vertigo, sweating or eyestrain [30], whereas oculomotor
symptoms are the dominating ones [31].

Several theories exist which explain how simula-
tor sickness occurs. The most widely accepted theory is
the sensory conflict theory from Reason and Brand [39].
According to this theory, simulator sickness symptoms
arise when there is a conflict between the stimulireceived
from different sensory systems, such as the visual and the
vestibular system. For example, in a fixed-based driving
simulator the mismatch between visual cues that sig-
nal motion and vestibular cues which notify standstill,
can lead to simulator sickness. This experience of self-
movement without actual physical movement is referred
to as vection [43]. However, simulator sickness is not only
observed with fixed-based driving simulators, but also
with motion-based and head-mounted simulators [45].
One reason is that according to Hettinger and Riccio [23]
simulator sickness is often visually induced. For example,
high rates of optic flow can lead to more and severe simu-
lator sickness symptoms [25]. Optic flow is the perceived
motion of elements in the visual scene that appears from
the relative motion of the viewer to the environment [18].
In reality, optic flow provides important information for
speed and motion perception. However, optic flow can
contribute to simulator sickness if the perceived motion
does not correspond to the vestibular stimuli [45]. Hence,
the visual scene should include only as many objects that
encourage optic flow, like trees, houses and so forth, as
are needed in order to provide the perception of motion
on the one hand and to reduce simulator sickness on the
other hand [45].

Besides optic flow, other technical system factors con-
tribute to the occurrence of simulator sickness [32], [3]. For
example, Cobb et al. [13] mentioned that in head-mounted
simulators simulator sickness often arises as a result of
technical problems with the HMD. The weight of the HMD
itself can lead to user discomfort and simulator sickness
symptoms. Furthermore, due to the required head track-
ing process, transmission delays occur which influence the
update rate of the visual scene [13], [45]. These latencies
can encourage discrepancies hetween visual and vestibu-
lar stimuli and therefore contribute to simulator sickness.
In order to avoid simulator sickness, latencies should not
exceed a value of 50 ms [27].

Additionally, the duration and exposure to the driv-
ing simulator also influence the occurrence of simulator
sickness. Kennedy, Stanney, and Dunlap [32] could show
that longer, coherent time periods (e.g., 60 minutes vs.
20 minutes) spent in the simulator led to more simula-
tor sickness symptoms. However, repeated exposures
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(e.g., 2 times a month compared to 6 times a month)
promoted adaptation and therefore reduced sickness
outcomes [32]. Kennedy, et al. [30] suggest that a time
interval of two to five days is optimal in order to adapt to
simulator sickness. Moreover, characteristics of the driv-
ing task influence the occurrence of simulator sickness.
As Mourant, et al. demonstrated, driving on curves and
in city environments led to more simulator sickness than
driving on straight roads [34].

Further, user characteristics, like gender or age, can
also contribute to simulator sickness. For example, Brooks
et al. [10] pointed out that older participants suffer from
more simulator sickness symptoms.

In most studies, simulator sickness is measured with
the Simulator Sickness Questionnaire (SSQ) from Ken-
nedy et al. [30]. This questionnaire consists of 16 dif-
ferent symptoms, which contribute to three different
subscales: nausea (N), which includes gastrointestinal
symptomatology, oculomotor disturbances (0), which
contain visual problems, and disorientation (D), which
involves vestibular symptoms like dizziness or vertigo.
Subjects have to rate the severity of each symptom on
a 4-point scale from 0 (none) to 3 (severe). In addition
to the three symptom clusters, a total sickness score is
computed, which can be considered as the most reliable
indicator of simulator sickness severity [30]. The highest
possible total score is 235.

Simulator sickness is likely to occur in every kind of
driving simulator. As simulator sickness can alter driving
behavior, it is essential to account for simulator sickness
in driving simulation and especially validation research.

1. Research Questions

For the safe, reliable, realistic and reproducible testing of
ADAS (especially for active safety systems), new test meth-
ods are needed which overcome the disadvantages of driv-
ing simulators and real test drives. As explained above,
the VIL offers many advantages compared to real test
drives and driving simulators. However, results obtained
in VIL studies can only be transferred to reality, if behav-
ioral validity of the VIL test setup is ascertained. Thus,
four main research questions have been addressed. First,
it was one aim of this research study to investigate if the
VIL displays absolute behavioral validity for longitudinal
driving maneuvers. The second research question focused
on the systematic examination of relative validity. Thirdly,
face validity should be explored. In this first validation
study lateral driving behavior was deliberately omitted
because of existing problems with the simulation of turn-
ing maneuvers.

As the VIL might, just like driving simulators, have an
issue with simulator sickness, the fourth aim of the current
research study was to investigate the occurrence of simu-
lator sickness while driving the VIL.

IV. Method

A. Driving Maneuvers

In order to investigate hehavioral validity of the VIL setup,
five different driving maneuvers where chosen. Each of
these frequently occurs in every day driving and can be
implemented both in the VIL and in reality on a closed-off
test track.

In the first maneuver participants were instructed to fol-
low a leading vehicle with a constant distance of 15 meters
while the leading vehicle drove steadily 50 km/h.

In the second maneuver, the participants also had to
follow the leading vehicle with a constant distance of
15 meters. First, the car in front drove 40 km/h. Then,
accelerated with 1 m/s? to 60 km/h, continued with con-
stant speed, and finally decelerated with 1 m/s? to 40 km/h
again at the end. Participants were told to adapt their driv-
ing behavior to that of the leading vehicle in order to keep a
constant distance of 15 meters.

The task in the third driving behavior constituted over-
taking of a leading vehicle that drove at a constant speed
of 50 km/h. Again, participants were instructed to follow
the leading vehicle with a constant distance of 15 meters.
At a certain point at the test track, the examiner asked the
subjects to overtake the leading vehicle. No speed limits
were given.

The fourth task was to stop behind a vehicle that was
already waiting at a junction. The instruction in the fourth
maneuver was to drive with a constant speed of 50 km/h.
No instructions were given concerning the vehicle already
waiting at a junction. Subjects were only told to adapt their
driving behavior to the traffic situation.

The last task entailed an unanticipated braking maneuver.
The subjects had to follow a leading vehicle with a constant
distance of 15 meters. The speed of the leading vehicle was
55 km/h. Unexpected for the subjects, the leading vehicle
decelerated with 3.50 m/s® to 30 km/h. The instruction in the
fifth driving maneuver was the same as in tasks one and two.

The corresponding time headways for tasks 1, 2, 3, and
5 are summarized in Table 1. For all driving maneuvers

Tabie 1. Driving maneuvers and time headways.

Driving Maneuver Time Headway

B T N T P WL N P

(1) Following a leading vehicle with constant 11s
speed of 50 km/h

(2) Following a leading vehicle with varying 1.355-0.905-1.35s

speed (40-60-40 km/h)
(3) Overtaking a leading vehicle (50 km/h) 13s
(4) Anticipated braking maneuver No leading car

(5) Unanticipated braking maneuver (55 km/h) 0.98s
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the section of measurement was 500 meters. In order to
control the speed profile of the leading vehicle in reality,
the driver of this car received an intensive training before
the study. As additional help, optical hints at the roadside
marked the starting and endpoint of the acceleration and
deceleration phases.

B. Experimental Design and Measurement Variables

As mentioned in section II (C), high rates of optic flow can
intensify simulator sickness symptoms. In order to inves-
tigate whether a visual scene with lots of elements that
encourage optic flow has an influence on simulator sickness
as well as on driving behavior, two different visual environ-
ments were designed. The first environment was more com-
plex and consisted of a number of static objects, like trees
or buildings, in order to provoke a high degree of optic flow
(in the following stated as “complex virtual environment”).
The second virtual world, however (“simple virtual environ-
ment”), matched the real environment of the test track and
contained only few objects that could encourage optic flow
and was therefore very simple. Both virtual worlds as well as
the real test track are depicted in Fig. 4.

A 5 (driving maneuvers) X 3 (driving environment)
within-subjects experimental design was chosen in order
to examine the research questions previously outlined.
The effects of three different driving environments (real-
ity/VIL complex virtual environment/VIL simple virtual
environment) in five different driving situations (following
a leading vehicle with constant speed/following a leading
vehicle with varying speed/overtaking a leading vehicle/
anticipated braking maneuver/unanticipated braking
maneuver) on driving behavior, perceived realism and
simulator sickness were investigated. Latin square method
was used in order to control for serial effects.

Various driving parameters, which were most suited
to assess the participants’ braking, steering and distance
behavior, constituted the objective measures of driving
behavior. Absolute validity was determined by the compari-
son of the averaged values of these parameters between driv-
ing in a real car and driving the VIL. Relative validity was
assessed by the comparison of subjects’ braking behavior
in the two experimental conditions “anticipated braking
maneuver” and “unanticipated braking maneuver” as well as

V= 0t= 0028841 V.= 0t=01:00:60 ;
(a) {b) (©)

FiG 4 (a)4 Complex and (b) simple virtual world, and (c) rea'lity'.

by the comparison of their reaction times in the two driving
maneuvers “following a leading vehicle with varying speed”
and “unanticipated driving maneuver” between reality and
the VIL conditions. Table 2 summarizes the objective driving
parameters for each of the five driving maneuvers.

Simulator sickness was measured by the simulator sick-
ness questionnaire from Kennedy et al. [30]. Scores for the
three subscales of nausea, oculomotor disturbances, and dis-
orientation were computed as well as the total sickness score.

Additionally, perceived realism was assessed with a
single-item 5-point Likert scale.

C. Test Setup and Data Recording
For the validation study, an off-the-shelf Audi A6 Avant was
used. Only a CAN interface to read controller messages and
record objective vehicle data was additionally implemented.
The VIL hardware and a second PC, which wasused to record
the reality scenarios, were installed inside the trunk.
During the simulator scenarios, data were recorded
with the Virtual Test Drive software, at a frequency of
60 Hz. In addition to information pertaining to the vehicle’s
state, (e.g., steering angle, velocity, etc.) the positions of all
vehicles in the simulation were stored simultaneously. The
distance from the VIL to the leading vehicle was calculated
offline by use of the Euclidean distance measure.

Table 2. Driving maneuvers and objective measures.

Objective Measures

R N SN PP N

e Standard deviation of the average distance
to the leading vehicle

Driving Maneuver

(1) Following a Jeading
vehicle with constant
speed

(2) Following a leading e Maximum position of accelerator pedal
vehicle with varying o Maximum longitudinal acceleration
speed e Time between acceleration of leading
vehicle and increase of accelerator pedal
of at least 10%
© Maximum brake pressure
o Maximum Jongitudinal deceleration
e Time between deceleration of leading
vehicle and zero-position accelerator pedal

(3) Overtaking a leading e Maximum steering angle

vehicle e Maximum accelerator position
e Maximum longitudinal acceleration
(4) Anticipated braking © Maximum brake pressure
maneuver o Maximum Jongitudinal deceleration
o Distance to Jeading vehicle at point of
start braking
o Distance to Jeading vehicle at point of
standstill
{5) Unanticipated braking o Maximum brake pressure
maneuver e Maximum longitudinal deceleration

e Time between deceleration of leading
vehicle and zero-position accelerator pedal
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During the real-life scenarios, all data were recorded with
the Vector CANape software. Vector CANape is a software tool
for the development, calibration and diagnostics of electronic
control units. The distance to the leading vehicle was mea-
sured with the built-in radar of the adaptive cruise control.

D. Procedure
Prior to the experimental trials, a short video of the VIL
was shown, the main operational principles of the VIL
were explained and signed consent was obtained. Next,
participants had time to familiarize themselves with the
handling of the experimental vehicle. This training lasted
for approximately 10 minutes and included full braking
applications and driving with different speeds.
Subsequently, participants had the opportunity to become
familiar with driving the VIL in another test phase, which
also took around 10 minutes to complete. Before each of
the three experimental trials, participants had to follow a
leading vehicle and practiced to keep a constant distance of
15 meters behind that leading car. The examiner monitored
the actual distance of the participants and helped them to
hold an exact distance of 15 meters by giving them feedback
about their actual headway. Following the training phases,
the experimental trials were conducted, which
entailed three phases: driving in reality, driving VIL
with a complex environment, and driving VIL with a

was driving experience of less than 10,000 km per year.
A total of 44 subjects (15 female and 29 male) participated
in this validation study. However, two people could not fin-
ish the study because of severe simulator sickness symp-
toms and were excluded from further analysis. Subjects
were students or staff members of the Universitaet der
Bundeswehr Muenchen and were recruited around cam-
pus. The mean age of the sample was 29 years (SD = 10)
with a range between 20 and 56 years. The participants
had an average driving experience of 23,797 km per year
(SD = 14,033). None of the subjects has taken part in a driv-
ing simulator study hefore.

V. Results

A. Simulator Sickness

None of the participants reported any sickness or illness
symptoms prior to the test phase. However, two participants
had to break off during their first VIL test drive due to severe
simulator sickness symptoms and their data were excluded
from further analysis. 2% of the subjects reported no symp-
toms at all in the SSQ when driving VIL in the simple envi-
ronment, whereas 12% complained about severe symptoms.

Table 3. Means and standard deviations for simulator sickness symptoms.

simple environment. Each of these three experimen- VIL Simple VIL Complex

tal phases lasted for about 30 minutes. The entire pro- Virtual World Virtual World

cedul.*e took on average 2.5 hours per participant, over Symptoms SSQ Mo D Wi D

a period of two days. AR S I iy
As mentioned above, the order of experimental General discomfort 0.60 0.63 0.79 0.75

conditions systematically varied in order to control Fatigue 024 0.48 0.24 0.48

for serial effects. Consequently, the sequence of condi-

tions changed for each participant. An exemplary pro- Headache 033 0.57 0.26 0.50

cedure is detailed in the f(?lllowing. Upon completion of Eyesirain 0.98 0.90 0.81 0.63

the training phase, a participant would e.g., first com-

plete the five investigated driving maneuvers in real- Difficulty Jocusing 1.02 0.84 0.98 0.81

ity. After a short break, the participant would execute e Gl 0.05 022 0.05 0.2

all five driving maneuvers in the VIL with a complex

virtual reality and afterwards complete the realism Sweating 0.40 063 0.40 0.63

questionnaire as well as the SSQ. In order to avoid Neiees 048 07 0.45 07

overstrain, the second VIL phase never followed the

first one directly, but took place on another day. Prior to Difficulty concentrating 0.55 0.74 0.48 0.63

this second VIL phase, the pe.u*.tici.pant would be given Fillrescerraad 0.48 074 0.33 0.61

another opportunity to familiarize themselves with

the vehicle. S/he would then execute the same driving Blurred vision 0.48 0.67 0.57 0.67

maneuvers (in a different order) in the s:imple vir'tual Dizzy (eyes open) 0.29 055 026 0.63

world and fill out another SSQ and realism question-

naire. Finally, the participant was debriefed and com- Dizzy {eyes closed) 0.05 0.22 012 0.40

pensated for his/her efforts with 30 EUR. Vertigo 026 050 029 0.60

E. Subjects Stomach awareness 031 0.68 0.36 0.66

Because of the HMD, people with glasses could not Burping 0.02 015 0.07 0.34

take part in this study. Another exclusion criterion
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5% showed no simulator sickness symptoms after driving VIL
in the complex environment, whilst 9% experienced intense
sickness symptoms. Table 3 provides an overview of the aver-
age scores for each individual symptom. In order to assess the
extent of simulator sickness in more detail, the nausea, ocu-
lomotor disturbances, and disorientation scores as well as the
total sickness scores were computed according to Kennedy
etal. [30]. Wilcoxon signed-rank tests were conducted to com-
pare the respective scale and total sickness scores between
driving VIL in a complex and simple virtual environment. As
depicted in Fig. 5, disorientation symptoms were more severe
than nausea ones or oculumotor disturbances in both experi-
mental conditions. At an a-level of 5%, no statistically signifi-
cant differences were found between the two VIL conditions
with regard to simulator sickness.

B. Absolute Validity
In order to compare the influence of the two VIL conditions on

driving behavior, dependent t-tests were conducted. In none
of the five driving maneuvers, the design of the virtual world
(complex vs. simple) had a significant effect on the measured
driving parameters at an a-level of 5%. Therefore, for further
statistical analysis the data of the two VIL conditions could be
subsumed and compared with those of the reality condition.
Since absolute validity can be assumed when the
numerical values are equal in both experimental condi-
tions, it was tested whether there are differences between
driving in reality and driving in the VIL. For this purpose,
dependent t-tests and Wilcoxon signed-rank tests were
used depending on whether the assumptions for paramet-
ric tests had been met or violated. Since the aim of this
study is to show that driving in the VIL does not differ from
driving in reality, it is essential for the statistical analysis
to keep the probability of a Type Il error (i.e., the likelihood
of failing to find a difference that is really there) at a mini-
mum level of 5%. Due to the fact that there is a trade-off
between Type I and Type II errors, an a-level of 20% was
chosen, see e.g., [15]. An a priori statistical power analysis
revealed that, given a sample size of at least 40 subjects and

o
o
4

e
(o))

o =
® N

Mean SD of Distance to
Leading Vehicle (m)
o
o

o
(<]

Reality VIL

' Following a leading vehicle with constant speed—comparison
between reality and VIL (bars = SD).

an assumed medium effect size, an a-level of 20% would
be sufficient to reach a statistical power of 95%. In order to
characterize the magnitude of observed effects, Pearson’s
correlation coefficient r was calculated. In the following,
the five driving maneuvers are analyzed in detail.

Following a Leading Vehicle with Constant Speed

In this scenario, participants were asked to keep a constant
distance of 15 meters to the car driving in front of them. In
reality the mean following distance was 18 meters (SD = 1.72)
compared to 17 meters (SD = 2.57) in the VIL condition. As
depicted in Fig. 6, the distance to the leading vehicle varied
significantly more when driving in the VIL compared to driv-
ing in reality (z = —4.55, p < 0.001, r = —0.50).

Following a Leading Vehicle with Varying Speed

Here, the participants were also instructed to follow a lead-
ing vehicle with a constant distance of 15 meters. However,
this time, the leading car varied its driving speed conse-
quently; subjects had to continuously adapt their own driv-
ing speed in order to keep the distance at the constant level
of 15 meters. The driving maneuver was divided into an
acceleration and a deceleration phase.

As shown in Fig. 7, participants (N = 41) pressed the
accelerator pedal more forcefully in reality than they did
during driving the VIL (z = -3.16, p < 0.001,r = —0.35). Con-
sequently, the mean maximum longitudinal acceleration
was also higher in reality (z = —4.10, p < 0.001, r = —0.45).
Further, with an average reaction time of 1.09 s (SD = 0.52 s)
participants (N = 39) reacted more quickly to the changing
speed of the leading vehicle while driving in reality com-
pared to driving the VIL (M = 2.38 s, SD = 0.85 5; z = —5.43,
p <0.001, r = -0.61).

In the deceleration phase, however, subjects (N = 41)
braked more forcefully while driving the VIL compared to
driving in reality (z = —-2.31, p = 0.02, r = —0.26). Therefore,
the mean maximum deceleration was also higher (z = —3.56,
p <0.001, r =—0.45). On the other hand, participants (N = 36)
reacted more quickly to"the braking leading vehicle in
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reality (M = 0.95 5, SD = 0.76 s), than in the simulation condi-
tion (M = 1.79 s, SD = 0.68 s; z = —-3.81, p < 0.001, r = —0.45).

Overtaking a Leading Vehicle

During this maneuver, participants were asked to overtake
a leading vehicle. As displayed in Fig. 8, subjects pressed
the accelerator pedal more forcefully in reality compared to
driving the VIL (z = —4.37, p < 0.001, r = —0.48). The mean
maximum acceleration was also higher in reality (z = —5.61,
p < 0.001, r = —0.61). No significant differences, however,
were found between the two driving modes regarding the
mean maximum steering angle (z = —0.27, p = 0.79).

Anticipated Braking Maneuver

In this maneuver, subjects had to stop behind a vehicle that
was already standing at a junction. On average, participants
started braking 79.68 meters in front of the standing vehicle
while driving the VIL compared to 49.90 meters in reality
(t(41) = —14.41, p < 0.001, r = 0.91). Additionally, subjects
stopped more closely to the standing vehicle in reality than
in the VIL conditions (z = —-1.87, p = 0.06, r = —0.20). No
significant differences between the two driving modes were
found concerning the average brake pressure (z = —0.38,
p = 0.70) as well as the mean maximum longitudinal decel-
eration (z = —0.18, p = 0.86). The individual values are sum-

marized in Fig. 9.

Unanticipated Braking Maneuver
As depicted in Fig. 10, subjects took more time to react to
the unanticipated braking of the leading vehicle while

driving the VIL compared to driving in reality (t(37) =
-12.35, p < 0.001, r = 0.90). In addition, participants braked
with higher force in reality than in the simulation condition
(z = -2.56, p = 0.01, r = —0.28). Therefore, the mean maxi-
mum longitudinal deceleration was also significantly higher
inreality (z = —2.88, p < 0.001, r = —0.32).

C. Relative Validity

In order to assess relative validity, the mean maximum
brake pressure in the anticipated braking maneuver was
compared with that in the unanticipated braking maneuver,
both in reality and in simulation. For a better overview, the
mean maximum brake pressure for the two experimental
conditions is depicted in Fig. 11. Relative validity can be
assumed when brake pressure differences are of the same
direction and order in both experimental conditions.

As can be seen in Fig. 11, in both experimental conditions
participants braked more forcefully in the unanticipated
braking maneuver. In reality, the mean maximum brake
pressure was 3.5 times higher in the unanticipated braking
maneuver than in the anticipated maneuver, whereas in the
VIL condition the mean maximum brake pressure tripled.

Additionally, relative validity was assessed by the com-
parison of the average time that participants took to react
to the braking leading car with the release of the accelera-
tor pedal in the unanticipated braking maneuver and the
maneuver in which participants followed the vehicle with
varying speed. Again, relative validity can be assumed
when reaction time differences are of the same direc-
tion and approximate magnitude in both experimental
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conditions (reality and. VIL). Mean reaction times are
depicted in Fig. 12. It can be seen that in both maneuvers
subjects reacted more quickly in reality compared to the
simulation. However, in both, the VIL and the reality condi-
tions, drivers released the accelerator pedal more quickly
in the unanticipated braking maneuver than in the maneu-
ver in which participants followed the vehicle with varying
speed. In reality, subjects reacted 2.5 times faster in the
unanticipated braking maneuver than in the maneuver with
varying speed, compared to 2.2 times in the VIL condition.

D. Perceived Realism

After each VIL condition, participants were asked to indicate
how realistic the VIL environment looks to them on a single-
item Likert scale ranging from 1 (very unrealistic) to 5 (very
realistic). Perceived realism ratings for both VIL conditions
are displayed in Fig. 13. Nearly 80% of the participants con-
ceived the VIL as realistic in both conditions. Only 10% of the
subjects stated that the VIL appears unrealistic to them.

VI. Discussion

The VIL offers a safe and reproducible environment for
the development and evaluation of ADAS. However, results
ohtained in VIL studies can only be generalized and trans-
ferred to reality, if the VIL elicits the same driving behavior
as itis observed in the real world. Additionally, driving simu-
lators often elicit simulator sickness, which can alter driving
behavior and as a result have negative effects on simulator
validity. Therefore, four main research questions have been
addressed. The first three research questions aimed at vali-
dating the VIL and at investigating whether the VIL with a
virtual reality achieves absolute, relative and face validity for
longitudinal driving maneuvers. Fourthly, the occurrence of
simulator sickness while driving the VIL was of interest. In
order to investigate the influence of different virtual environ-
ment configurations (complex vs. simple) on driving behav-
ior and simulator sickness two virtual worlds were designed.

A. VIL Validity

According to Blana [7] the subjective impression of how
realistic a simulator appears to its user is an important fac-
tor of simulator validity as this impression can have effects
on driving motivation and driving behavior. For example,
an unrealistic driving simulator may motivate the subjects
to behave differently as they would in reality. Based on the
results presented in section V (D) the VIL achieves good
face validity. 80% of the subjects perceived the VIL as (very)
realistic. Especially the realistic representation of driving
dynamics as well as vehicle noise were positively noted. No
significant differences were found between the complex
and simple virtual world concerning subjective appraisals.
However, as reported by Berg, Karl, and Farber [4], subjective
immersion is higher for the complex world compared to the
simple one. In order to generate a realistic driving environ-
ment, the complex virtual world may therefore be preferred.
On the other hand, the operation of the complex virtual
world requires more computational power, which may have
negative consequences concerning other system factors like
time lags. This dilemma cannot be resolved in general, but
has to be considered with respect to the study aims.

Besides face validity, hehavioral validity plays a signifi-
cant role when simulator results are applied to reality. In
order to assess absolute behavioral validity, five different
driving maneuvers were compared between two VIL and
one real test drive. As no statistical significant differences
were found between driving the VIL with a complex and
a simple virtual world, no further distinctions are made
between the two VIL test drives. Absolute validity was only
achieved for three individual driving parameters. Specifi-
cally, no differences were found concerning the maximum
steering angle when overtaking a leading vehicle. Addi-
tionally, the maximum brake pressure as well as the maxi-
mum longitudinal deceleration did not differ significantly
in the anticipated braking maneuver where subjects were
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required to stop behind a standing vehicle. However, for all
other driving parameters significant differences emerged.
For example, it was more difficult for the subjects to keep
a constant distance of 15 meters to the leading vehicle in
the VIL condition. In addition, participants took less time to
react to speed changes of the leading vehicle in reality than
while driving the VIL. As many subjects mentioned, the
perception of distance as well as the perception of distant
objects was more difficult in the simulation than in real-
ity, which might have contributed to the observed higher
reaction times. As a consequence, participants had to brake
with higher forces during the maneuver “following a lead-
ing vehicle with varying speed” in order to keep a constant
distance of 15 meters. Moreover, subjects initiated the
deceleration process earlier, i.e., at greater distance hehind
the leading vehicle in the anticipated driving maneuver.
However, in general the tendency to react more slowly
and to accelerate more smoothly was found while driving the
VIL. Various causes are conceivable for this trend. On the one
hand, subjects might have perceived higher acceleration and
deceleration forces as unpleasant because of the inertia of
the HMD. On the other hand, the criticality of the driving
situation could have been experienced as less severe in the
VIL as in reality and therefore led to different braking pat-
terns. Additionally, subjects mentioned that the perception of
distances was more difficultin the virtual world than in real-
ity. This could also be responsible for differences concerning
the longitudinal driving behavior. The absence of the cock-
pit and the instrument panel in the virtual world could have
exacerbated the perception of distances in the VIL. In the

VIL, the driver’s perspective of the road ahead is quite dif-
ferent as in a real car. This may have led to a slightly differ-
ent driving behavior. For future VIL studies, it is required to
integrate the cockpitin the simulation. This is also necessary
ifin-vehicle displays should be tested with the VIL test setup.

Another possible explanation for the lack of absolute
validity could be the occurrence of simulator sickness,
which is discussed in detail in the following section.

Although absolute validity was only found for three
driving parameters, these results are not unexpected.
Blaauw [6] for example could achieve absolute validity for
his driving simulator only for longitudinal, but not for lat-
eral vehicle control. However, Térnros [46] points out that
relative validity is sufficient for the application of driving
simulators as research tools (p. 497).

In order to demonstrate relative validity the mean max-
imum brake pressure as well as the mean reaction times
of two experimental conditions were compared, both in
reality and in the simulation. In both cases relative valid-
ity could be well established. Although there were sig-
nificant differences concerning the absolute values, the
found effects were in the same direction and of similar
magnitude. Thus, it could be shown that subjects were
able to realize the various situation demands and to react
situation-specifically. For example, both in reality and in
the simulation, subjects reacted more quickly and braked
more forcefully in the unanticipated braking maneuver.

In conclusion, the VIL elicits situation-specific driving
behavior that is comparable to driving in the real world.
Hence, it seems that the VIL offers high potential for the
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development and evaluation of ADAS. In particular driving
behavior during system failures, e.g., the malfunction of the
automatic braking system or the adaptive cruise control can
thus be investigated in a safe environment without endan-
gering other traffic participants. However, due to the lack of
absolute validity, the VIL is not yet suited as a research tool
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for the fine tuning of comfort systems. Conceivably, the intro-
duction of a correction factor would mitigate the differences
in the absolute numerical values between reality and simula-
tion, which warrants further research. Additionally, the pres-
ent study focused on longitudinal driving maneuvers. Thus,
before investigating ADAS with the VIL test setup that sup-
ports the driver in his lateral driving behavior, an additional
validation study is vital. It is assumed that simulator sickness
is even more problematic when turning maneuvers are driven
in simulation. That is one reason why the obtained results
cannot simply be transferred to lateral driving maneuvers.

B. Simulator Sickness
As mentioned above, validation results have to be treated

with caution if simulator sickness occurs. Hence, simu-
lator sickness was measured by the Simulator Sickness
Questionnaire [30]. Although the literature suggests that
simulation sickness might be exacerbated with increasingly
detailed virtual landscapes, severity as well as symptom
constellation did not differ between the complex and the
simple virtual worlds. Consequently, no further distinction
between the two virtual environments was made. Overall,
4% of the subjects could not finish the experiment because
of severe simulator sickness symptoms. Only 2% experi-
enced no sickness symptoms at all, whereas the remain-
ing 94% reported at least a minor increase in simulator
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sickness symptoms measured with the SSQ. According to
Kennedy et al. [31] total sickness scores higher than 20 indi-
cate perceivable discomfort. Sickness scores higherthan 100,
however, point to severe illness. In both VIL conditions the
mean total sickness score is 36, wherefore the magnitude of
simulator sickness while driving the VIL can be considered
unpleasant. These results are comparable with other stud-
ies assessing virtual reality-induced simulator sickness (see
for example [13], [21]). However, based on the assumption
that vection is a major contributing factor of simulator sick-
ness [22], it was assumed that the VIL induces less simulator
sickness symptoms compared to other driving simulators.
Nevertheless, the accurate representation of motion cues
in the VIL, which ought to reduce the conflict between the
presented visual and vestibular cues, could not reduce the
occurrence of simulator sickness. One possihle explanation
could be that there are still residual vection conflicts induced
by measurement errors. However, these small inconsisten-
cies could not explain the high amount of simulator sickness.

Another possible explanation for the study’s results is
given by Hettinger and Riccio [23]. They point out that vec-
tion is only one of two major causes of simulator sickness.
Simulator sickness also often occurs when there are large
time lags between head movements and the update of the
visual scene. As mentioned above, these latencies should
not exceed 50ms [27]. With the soft- and hardware used
in the presented VIL setup, a time lag of nearly 150ms
occurred. These latencies might have led to slight dis-
crepancies between the visual and vestibular inputs and
thereby encouraged simulator sickness symptoms. This
is in line with the finding that the amount of simulator
sickness in Navy simulators was exacerbated by increas-
ing transmission delays [43]. Additionally, Cobb et al. [13]
showed that greater time lags resulted in higher disorien-
tation scores at the SSQ. As pointed out in section V, disori-
entation symptoms were most severe in the present study,
followed by oculomotor and nausea symptoms. In contrast,
Moss et al. [33] found that simulator sickness during HMD
exposure did not increase with longer time delays. How-
ever, they could show that an increase of exposure dura-
tion encouraged simulator sickness. Therefore, another
possible explanation for the high amount of simulator sick-
ness in the present study could be that the exposure times
of about 30 minutes have been too long.

Kennedy et al. [31] showed that the severity and the symp-
tom constellation of simulator sickness can vary between dif-
ferent simulator types and thereby provide valuable cues to
identify the causes of simulator sickness. Stanney and Ken-
nedy [37], among others, pointed out that simulator induced
sicknessusuallyhasan O (oculomotordisturbances) >N (nau-
sea) > D (disorientation) profile whereas exposure to virtual
environments led to a D > N > O profile. The VIL, however,
elicited a slightly different, D > O > N, pattern. That is, con-
sistent with other VR exposures, disorientation symptoms,

such as dizziness or vertigo, were the dominating ones,
whereas symptoms of nausea were least frequently reported.
According to the results of Cobb et al. [13], one major cause
for the onset of simulator sickness in the present study may
have been the large transmission time lags. In contrast, in
this VIL study nausea symptoms were less severe compared
to disorientation and oculomotor symptoms. Yet, the absolute
nausea scores are comparable with other simulator sickness
studies, see for example [13] or [21]. On the other hand, the
disorientation as well as the oculomotor disturbance scores
are much higher compared to the results obtained by Cobh
et al. [13] or Hakkinen et al. [21]. This indicates that HMD
design and technical factors are a major cause of simulator
sickness while driving the VIL with a virtual reality.

Indeed, besides the latencies further factors may have
contributed to the observed simulator sickness. For exam-
ple, weight and inertia of HMDs have been linked to simu-
lator sickness. In fact, HMDs as light as 600g were found
to elicit simulator sickness [45]. The HMD of the present
study weighs 1400g. This led, to pronounced, involuntary
head movements when driving on an uneven road. Fur-
thermore, especially during hard braking maneuvers the
HMD swung back and forth, which the subjects tended to
experience as unpleasant and might have encouraged sim-
ulator sickness. In addition, Hékkinen et al. [21] showed
that disorientation as well as total sickness scores were
significantly higher when using stereoscopic compared
to non-stereoscopic displays. Both scores are comparable
with the disorientation and total score of the present study.
Hence, it is conceivable that the use of an HMD with ste-
reoscopic depth may also be a major contributing factor to
simulator sickness.

In summary, driving the VIL led to at least minor simu-
lator sickness symptoms. Several HMD software and hard-
ware design factors may have contributed to the dominance
of disorientation symptoms in the present study. Clearly,
further research is necessary to investigate the influence
of these factors in more detail.

As mentioned ahove, simulator sickness can have
negative consequences for driving simulator validation.
Subjects often modify their driving hehavior in order to
reduce sickness symptoms as demonstrated by Cobb et al.
[13]. In the present study behavior adaptation in order to
reduce simulator sickness symptoms could he a possible
explanation for some effects found in the present study.
For instance, subjects could have been braking more gen-
tly in the VIL conditions in order to avoid the HMD rock-
ing back and forth which was experienced as unpleasant.
Hence, it is possible that simulator sickness is at least in
some cases responsible for the lack of absolute validity
in the present study. Other consequences, such as a loss
of motivation or the lack of concentration, are also pos-
sible [45]. Although other explanations are conceivable,
validation results have to be treated carefully as long as
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simulator sickness emerges. Therefore, further develop-
ment of the VIL is required in order to reduce simulator
sickness and thus facilitate the interpretation of validation
research results.

VIl. Qutlook

The present study provided clear indications for future
improvements of the VIL, so that it may be utilized as a safe
and reliable simulation tool for the evaluation and develop-
ment of ADAS. As a measure of improvement, simulation
sickness has to be decreased. To counter simulation sick-
ness, latency in head tracking needs to be minimized. Fur-
thermore, the majority of the subjects complained about
the slow image update during head movements. With the
current hardware setup a time lag of approximately 30 ms
is induced. Therefore, one of the major goals for further
VIL improvements is to reduce the time lag in head track-
ing. To minimize the adverse influence of the used HMD
on the development of simulation sickness, a lighter device
(with the disadvantage of a smaller field of view) and the
possibility to run the HMD in mono is also recommended,
with which, a direct comparison of the different HMD
influences on simulation sickness can be investigated in
future studies. Further measures concerning the study
design proved to be useful in the mitigation of simula-
tor sickness. Kennedy, Stanney, and Dunlap [32] as well
as Hoffman and Buld [24] showed that repeated exposure
to simulators reduces the severity of sickness symptoms.
In accordance with this study, participants in the present
study also reported to experience the second VIL test drive
as less unpleasant although no significant differences in
the SSQ were found between the first and the second VIL
test drive. Therefore, we recommend to introduce at least
two training sessions in order to get familiar with the VIL.
Moreover, it would seem useful to develop a specialized
VIL training program in order to accelerate subjects’ adap-
tation to the VIL and to reduce simulator sickness. In addi-
tion, time spent in the VIL should be limited to a maximum
of 20 minutes.

Perceived realism may be further improved by display-
ing the ego car to the driver. Presently, the driver does
not receive any visual feedback of the vehicle’s interior. In
fact, due to the direct view to the environment, the driver
has the illusion of flying over the street. Therefore, fur-
ther development efforts should strive to superimpose a
vehicle in order to enhance the perceived realism of the
driving experience.

Additionally, the current validation study focused on
longitudinal driving behavior. In order to use the VIL test
setup for lateral driving behaviors, another validation
study is needed.

In conclusion, the VIL is a valuable research tool for the
development and evaluation of ADAS, especially of collision
avoidance systems like the automatic braking guard or the
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avoidance assistant. The present study demonstrated that,
due to its proven relative validity, the behavior of drivers
at system boundaries can be examined reliably and safely
with the VIL. For the application of the VIL to the testing
of comfort systems, however, ahsolute validity is required.
While the VIL, at its present state of development does
not yet show this absolute validity, the present study pro-
vided valuable insight into further developments that are
required to achieve this goal.
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