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Design and Evaluation of a Motion Cueing Algorithm

for Advanced Driving Maneuvers
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During advanced driving maneuvers, such as a slalom maneuver, drivers can be hypoth-
esized to use all the available cues to optimize their performance. These type of maneuvers
generate linear acceleration amplitudes and angular displacements (mainly in yaw) that
most motion simulators cannot present. The innovative design of the Desdemona simu-
lator seems adequate to simulate such motion cues. Features like the absence of angular
displacement constraints, and having an 8 meter radius sledge to deliver high amplitude
specific forces seem important to simulate such maneuvers. The first goal of this project
was to develop a motion cueing algorithm that is capable of handling motion cues inherent
to advanced driving maneuvers. The second goal was to study the effect of motion feed-
back in these extreme maneuvers. We hypothesize that motion feedback improves driver
performance and affects the driving control strategy during advanced driving maneuvers
when compared to a situation without motion feedback. To test the hypothesis, a compar-
ison between no-motion car-driving simulation and motion-feedback car-driving simulation
is done, by measuring driver performance and control behavior in a fast slalom. In the
designed fast slalom, a car drives at 70 Km/h around pylons spaced quite closely from
each other. Twenty subjects successfully drove the fast slalom in both conditions. The
results from a paired comparison show that subjects prefer driving with motion feedback.
Significant differences in the average speed between the two motion conditions were found.
From the results we conclude that there is a difference in driving advanced maneuvers in a
fixed based simulator as compared to a motion simulator. This difference influences driving
behavior with respect to keeping control over the car. From the results it is also clear that
drivers change their control strategy from one motion condition to the other.

I. Introduction

Motion feedback has been used in flight simulators for many years. For example Hosman,1 showed that
this feedback has a beneficial effect on the pilot control performance. Also in the flight simulation domain,
Telban et al.2 stated that the addition of motion cues with visual cues produces a rapid onset of vection,
reducing the delay observed with visual cues alone. In driving simulation, visual cues are assumed to be
the primary source of information.3 However, the role of motion feedback during a driving maneuver was
proved to be relevant4,5 for subjects’ motion perception. Research has been conducted to study the impact
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of motion feedback in driving performance and driving behavior.6–9 The used maneuvers on these studies
were based in elementary driving tasks like braking, cornering, rural and city driving.

The most challenging situation for a driving simulator would be to simulate advanced driving maneuvers.
Advanced driving maneuvers are maneuvers that are usually close to the car dynamic traction limits,10 like
fast slaloms or fast curves present in racing circuits. Under- and/or oversteer events can occur during these
type of maneuvers due to the high amplitude of the forces applied on the tires. In this study it is investigated
how motion feedback affects driver response in these extreme events.

To simulate advanced driving maneuvers, a new Motion Cueing Algorithm (MCA) was developed. A
MCA transforms vehicle motion cues to simulator motion cues. This transformation has to be performed
since simulators have limited motion space when compared with the real vehicle. Therefore, MCAs are used
to present subjects with the necessary/possible motion cues while keeping the simulator within its physical
limits. The new MCA developed for advanced driving maneuvers had to deal with the high amplitude
specific forces and angular rates of these maneuvers, without losing important cues for the perception of over-
and understeer events. The Classical Washout11 algorithm is one of the most used MCAs in commercial
simulators.12 Given its easy implementation and tuning, the Classical Washout is one of the first choices of
engineers when choosing/designing a MCA for a simulator. However, Wentink et al.13 showed that using a
typical Classical Washout algorithm in Desdemona would not take advantage of the available motion space.
This is because the most common MCAs are designed for hexapod simulators. Therefore new MCAs are
needed to fully explore the potential of the Desdemona simulator. Desdemona already proved to be an
effective simulator for driving research.14,15 Therefore we believe that the Desdemona motion platform,
with its unlimited rotation features and high amplitude specific force capabilities, can be used as a tool to
assess how motion feedback influences driving in advanced maneuvers.

The goal of this study is to develop a new motion cueing algorithm for the Desdemona research simu-
lator and assess the effect of motion feedback on driver performance and behavior during advanced driving
maneuvers. Fixed-base simulators or simulators with low motion capabilities are the most used in driving
and advanced driving training.16 Therefore, differences in car handling and task performance between a
condition with motion feedback (motion simulator) and a condition without motion (fixed-base simulator)
during advanced maneuvers was analyzed. The used maneuver was a fast slalom because it can lead to
under- and/or oversteer events, it is usually used in advanced driving courses and the results are compara-
ble with other driving simulation studies.17,18 Our first hypothesis is that simulator motion cues improve
driving performance during advanced driving maneuvers. We expect that motion feedback helps drivers in
controlling the car during an extreme maneuver. Secondly, we hypothesize that with motion cues available,
drivers are better able to identify events like understeer and oversteer. Differences in driving behavior are
differences in the vehicle control inputs induced by motion feedback, vehicle model, control inputs dynamics
among others. We assume it is possible to deduce driving behavior differences from performance measures
like average speed or steering wheel angle. See Brünger-Koch et al.8 for examples of performance measures
used to study differences in driving behavior.

The paper will start with a brief description of the Desdemona simulator followed by the motion cueing
algorithm description. In the last sections, the experimental method and the results are presented, followed
by the discussion of the results and the conclusions of the study.

II. Motion Cueing Algorithm

The present study uses the 6 DoF Desdemona simulator, Figure 1. Desdemona has a cabin that is
suspended in a gimballed 3 DoF system which gives it the capability to rotate freely around any axis in space.
These 3 DoF’s are denominated by cabin roll (φcab), cabin yaw (ψcab), cabin pitch (θcab). The gimballed
system is mounted in a heave axis (H ) that provides the simulator with vertical translation capabilities
(2 meter stroke). The system moves horizontally over an 8 meter sledge. This DoF is denominated as
radius (R). The 8 meter sledge can rotate around its center to provide sustained centripetal acceleration,
denominated as central yaw(ψcentr). Table 1 shows the Desdemona actuator limits (position, velocity and
acceleration). More details regarding the motion system can be found in Roza et al.19

Two different motion conditions were used to test the influence of motion feedback in advanced driving
maneuvers. The first condition, denoted as “No Motion”, only used Desdemona actuators when subjects
drove over a pylon (an upward cue was triggered to notify the driver of the event). For the rest of the
simulation, Desdemona behaved like a fixed-base simulator. The second condition, denoted as “Motion”,
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Figure 1. Desdemona simulator developed by AMST Systemtechnik (Austria) and TNO Human Factors
(Netherlands).

Table 1. Desdemona technical specifications.

ψcentr R H φcab θcab ψcab

Max. Position >360 ◦
±4 m ±1 m >360 ◦ >360 ◦ >360 ◦

Max. Velocity 155 ◦/s 3.2 m/s 2 m/s 180 ◦/s 180 ◦/s 180 ◦/s

Max. Acceleration 45 ◦/s2 4.9 m/s2 4.9 m/s2 90 ◦/s2 90 ◦/s2 90 ◦/s2

used a Desdemona motion cueing algorithm designed specifically for advanced driving simulation. The next
sections explain in more detail the two MCAs used in both motion conditions.

A. No Motion

The MCA used in this motion condition was composed by a collision algorithm (that detects when subjects
drive over a pylon) in series with a third order high-pass filter. The third order high-pass filter was created
using a second order high-pass filter in series with a first order high-pass filter. Figure 2 shows a block
diagram of the MCA used in the No Motion condition. The inputs of the MCA were the car x and y

positions in the virtual world while the outputs were the position, velocity and acceleration of Desdemona’s
Heave drive. The collision algorithms verified the car position and the pylon position and calculated the
difference between them. Figure 3 shows the principle of the collision algorithm, where R is the collision
radius and d is the distance between the center of the car and the center of the pylon. If d is smaller than
R, an acceleration impulse is generated by the algorithm and sent to the block HP Filter 3order represented
in Figure 2. The HP Filter 3order block is defined by Eq. 1, where ω is the second order high-pass filter
natural frequency, ς is the second order high-pass filter damping and ωb is the first order high-pass filter
natural frequency.

 

Car

position (x,y)
Collision

Algorithm HP Filter 3order Desdemona Heave

Figure 2. Block diagram of the motion cueing algorithm used in the No Motion condition.

H(s) =
s2

s2 + 2sως + ω2

s

s+ ωb

(1)

The collision algorithm was implemented to give subjects a better perception of their own performance.
This was implemented to decrease driving path differences between subjects. In this way, drivers were
punished if they drove over a pylon. This algorithm helped to prevent large discrepancies between the two
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Pylon

R

d

Car position

Figure 3. Collision detection algorithm principle.

different motion conditions. If no pylons were hit during the simulation, Desdemona behaved like a fixed
base simulator.

B. Motion

The Motion condition uses a MCA designed for advanced driving maneuvers. Previous solutions developed
for Desdemona14,15 were not able to deliver lateral specific forces with amplitudes higher than ≈ 3m/s2.
This is because these solutions were designed for city driving, with focus on low speed curve driving.14,15

Therefore, the amplitude of the lateral specific force for city driving is below the one needed for advanced
driving.

For the advanced driving MCA a new reference frame was defined. It is referred to as the Desdemona
frame of reference, Fd = xdydzd(Figure 4). The reference axis is fixed to the heave sledge (see Figure 4),
meaning that when the sledge moved, the axis moved with it.

Figure 5, shows the block diagram of the MCA used in the Motion condition. The inputs of this motion
filter were car specific forces (fx, fy and fz), the car positions (x and y) and the car longitudinal velocity. The
outputs were the position, velocity and acceleration of all Desdemona’s six actuators. The filter is divided
into two channels: specific force channel and angular rate channel.

1. Specific force channel

In this channel, the car specific forces were first scaled using the Scaling Factor block and then were sent
to the Car2Desdemona block. The Car2Desdemona block transformed the specific forces from the vehicle
reference frame into Desdemona reference frame. In this way, the specific forces will be filtered at the
actuator level as can be seen in Figure 5. Because the g earth component is parallel to the z axis of the
Desdemona reference frame, we transformed the specific forces coming from the Car2Desdemona block into
accelerations by subtracting the gravitational component. Note that the Heave, Radius and Central Yaw
channels of Figure 5 are aligned with the Desdemona frame of reference z, y and x axis respectively.

Heave Channel The z acceleration coming from the Car2Desdemona block is summed with the accel-
eration from the Collision Algorithm block. The Collision Algorithm was equal to the one used in the No
Motion condition. The acceleration signals are filtered using a third order high-pass filter (HP Filter 3order)
with the same structure of the one used in the No Motion condition (Eq. 1). The Road Rumble block was
used to create the oscillations generated by road irregularities. This algorithm was already used in a previous
Desdemona study.14 The accelerations generated by the Road Rumble algorithm are summed to the ones
coming from the high-pass filter. The acceleration signals are sent to a Limiter block that examined if the
signals were within the Desdemona’s limits.

4 of 31

American Institute of Aeronautics and Astronautics



xd

xd

yd
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Heave sledge

Front view Side view

Top view

Figure 4. Desdemona frame of reference.
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Radius Channel The y acceleration coming from the Car2Desdemona block is filtered using a second
order high-pass filter (HP Filter 2order) defined by Eq. 2, where ω is the second order high-pass filter natural
frequency and ς is the second order high-pass filter damping. The Limiter block was again used to examine
the signal limits before sending it to the actuator.

H(s) =
s2

s2 + 2sως + ω2
(2)

Central Yaw Channel The central yaw actuator is used to generate longitudinal acceleration. In con-
trast to the radius and heave actuators, the central yaw (ψc) is a rotation actuator instead of a translational
actuator. Therefore, the simulation of longitudinal specific force cannot be so straightforward as for the
other actuators. By rotating ψc, centripetal and tangential accelerations are generated. This can be seen in
Figure 6, where ~ac is the centripetal acceleration, ~at is the tangent acceleration, ω is the central yaw angular
velocity and R is the current cabin radius.

ω

R −→ac = ω2R

−→
at = ω̇R

Figure 6. Accelerations generated by the central yaw actuator.

The tangent acceleration will be used to cue the longitudinal acceleration coming from the Car2Desdemona
block. The tangent acceleration is given by Eq. 3, where ~at is the tangent acceleration, ω̇ is the angular
acceleration of the central yaw and R is the current cabin radius.

~at = ω̇R (3)

Consider now that the longitudinal acceleration from the Car2Desdemona block ( ~axi) equals ~at and that
Eq. 3 is resolved in order to the angular acceleration creating Eq. 4. Eq. 4 is then the needed angular
acceleration by the ψc to generate a longitudinal force equal to ~axi.

ω̇ =
~axi

R
(4)

The YawAcc block (Figure 5) used Eq. 4 to transform linear acceleration into angular acceleration. Note
that this method will also generate centripetal acceleration (Figure 6). Because this technique is used to
generate onset cues, we expect low angular velocities and also limited centripetal acceleration components.
Note that if the radius is constant, the centripetal acceleration is proportional to the angular velocity squared.

From Figure 5 it can be seen that the angular acceleration is filtered (HP Filter 2order) by a second order
high-pass filter defined by Eq. 2. The Limiter block was used at the end of the channel to guarantee that
Desdemona limits were not violated.

2. Angular rate channel

The angular rates coming from the car model are scaled in the Scaling Factor block. The scaled angular
rates are then transformed from body rates into Desdemona angle rates in the Body2Desdemona block. The
Limiter block was used to guarantee that the signals sent to the simulator are within limits. The fact that
filtering was not performed in this channel, guarantees that the shape of the signal coming from the vehicle
model is maintained.
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3. Pre-position of the MCA

To explain the pre-position property of the MCA a new frame of reference was defined. The Cabin frame of
reference, Fc = xcyczc, is defined in Figure 7.

xc

xc

yc

yc

zczc

Front view Side view

Top view

Figure 7. Cabin frame of reference.

If at the initial cabin position, the Cabin frame of reference is aligned with the Desdemona frame of
reference, a longitudinal input in the cabin frame of reference will be equal to a longitudinal displacement
in the Desdemona frame of reference. This example is shown in Figure 8.

xc

yc

zc
xd

yd

zd

F
c

F
d

Figure 8. Desdemona and Cabin frame of references when the Radius is used for lateral cueing and the central
yaw is used for longitudinal cueing.

Now consider the case when the two frame of reference are misaligned, for example 90o in yaw angle,
as shown in Figure 9. In this case, a longitudinal input in the Cabin frame of reference would mean a
lateral displacement in the Desdemona frame of reference. In this way, the radius actuator would be used
for longitudinal displacement instead of lateral displacement. Therefore, when defining the cabin initial
attitude, one is also defining which actuators are used to cue a certain direction.

For the slalom maneuver, the Cabin frame of reference was aligned with the Desdemona frame of reference.
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Figure 9. Desdemona and Cabin frame of references when the Radius is used for longitudinal cueing and the
central yaw is used for lateral cueing.

In this way the radius actuator was used to cue the lateral specific force coming from the vehicle model.
This is done because the lateral specific force is dominant in a slalom maneuver. The longitudinal specific
force coming from the car model will not be cued. In this way, it is possible to use the full length of the
radius sledge. By not cueing longitudinal cues, we can use the center of the radius as the initial position
for the simulator cabin. Note that at this position it is not possible to generate longitudinal specific force
(see Eq. 4), meaning that one has to choose a new initial position if longitudinal cueing was to be taken into
account. Therefore, the only time that the ψc is used is when the Cabin frame of reference gets misaligned
with the Desdemona frame of reference due to vehicle model yaw rotations.

4. Tuning the MCA for the slalom maneuver

With the initial actuator positions discussed before, the simulator movement for a slalom right curve was
similar to the schematic shown in Figure 10. While the virtual vehicle approached the pylon (1 in Figure 10),
Desdemona cabin remained at the neutral position. When the vehicle started turning to the right (2),
Desdemona moved along the radius sledge to the right. The cabin rotated along its z axis to follow the same
rotation happening in the virtual vehicle. With this movement, the cabin y axis is no longer aligned with
Desdemona radius, therefore the central yaw actuator moved to keep the lateral specific force generated by
the simulator aligned with the one of the virtual vehicle. When the virtual vehicle turned to the left (3), the
simulator changed its movement also to the left along the radius sledge.

Although possible, tilting coordination was not implemented in this MCA. Tilting coordination is a
technique that generates sustained specific forces without driving the simulator out of its limits. In this
method, the motion platform is tilted to generate a specific force. This specific force is generated using the
gravity vector acting on the motion platform. In this way, the gravity vector direction matches the direction
of the vehicle specific force that one wants to simulate. This technique provides good results as long as the
angular rates used for tilting are below the human semicircular canals (human organs that perceive angular
motion) perception threshold.12 Initial tests performed with the advanced driving MCA showed that the tilt
rate limitation introduced delay in the system and that the extra sustained cues were not an improvement in
the specific forces delivered by the simulator. This had to do with the amplitude and frequency of a slalom
maneuver. To compensate the lack of tilting coordination, the vehicle roll rate was amplified in the Scaling
Factor block (Figure 5) of the MCA. This “false cue” was not disturbing as we confirmed during the initial
tests. Table 2 shows the values of the scaling factors used in the Scaling Factor blocks of the MCA. The
filter parameters of the MCA obtained during the initial tests are shown in Table 3. Note that there is no
filtering in the yaw rate. This means that the only difference between the signal from the car model and the
signal rendered by Desdemona is the amplitude. In this way, the frequency component is equal to the one
of the vehicle model. We believe that this is an important feature for advanced driving simulation because
during oversteer events, the loss of traction on the rear tires would lead to high frequency variations in the
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Figure 10. Schematic of Desdemona cabin motion during a slalom right curve. a) Desdemona movement. b)
Car movement in the virtual world.

car yaw rate. We believe that subjects had the necessary cues in the simulator to judge oversteer events.

Table 2. Motion Cueing Algorithm scaling factors.

Scaling Factor

Lateral specific force 0.75

Vertical specific force 1

Roll rate 2

Pitch rate 0.8

Yaw rate 0.8

Table 3. Motion Cueing Algorithm characteristics.

Desdemona Actuators ω ς ωb

Central Yaw (x direction in the Cabin frame) 1 rad/s2 1 -

Radius (y direction in the Cabin frame) 0.2 rad/s2 1 -

Heave (z direction in the Cabin frame) 1 rad/s2 2 2 rad/s2

III. Method

A. Apparatus

1. Desdemona cabin

Figure 11 shows a schematic of the car mock-up used in the experiment. The car mock-up contained a
steering wheel and two pedals (gas and brake) with force-feedback. The sampling frequency was 1 KHz
for the pedals and 100 Hz for the steering wheel. The steering wheel had a diameter of 40 centimeters.
The steering column inertia, damping and hysteresis were respectively 0.1 kg.m2, 0.025 Nm.s/deg and 1.5
Nm. A fourteen inches LCD screen was present in the mock-up and was used to display the car instrument
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panel (speedometer and tachometer). The force-feedback system was powered by electrical drives. These
drives enabled changes in the loading characteristics used in the steering wheel and pedals. An I/O computer
coupled to the car mock-up controlled the control loadings and generated the instruments panel display. This
computer was inside the cabin for high bandwidth purposes. The outside visual was displayed using three
projectors and a three part flat screen where the images were projected. The refresh rate was 60 Hz. Subjects
were at approximately 1.5 meters from the central screen with a field-of-view of 120 horizontal degrees and
32 vertical degrees. The projectors were connected to three computers on the top of the simulator cabin.
The sound system only reproduced the engine sound based on the car engine RPM.

Figure 11. Schematic of Desdemona car mock-up.

2. Car model

In this study, we used Carsim 7.01b20 as the car model for the experiment. The vehicle dynamics were
similar to a Volkswagen Passat wagon, which is the instrumented car present at TNO Soesterberg. The car
model had automatic gear shift since the Desdemona car mock-up does not have a gear stick implemented.
The speed was limited to 70 Km/h due to the experiment design.

B. Slalom Maneuver

The slalom designed for this study is based on the one used in the MOVES (MOtion cueing for VEhicle
Simulators) Eureka project.17 The maneuver was designed according to the theoretical sinusoidal path of
Figure 12, where a is the sinusoidal path amplitude and d is the distance between pylons.

The amplitude of the theoretical lateral acceleration achieved in this slalom is given by Eq. 5, where a is
the sinusoidal path amplitude, d is the distance between pylons and v is the car velocity.

ay = a
(π

d
v
)2

(5)

Nine different pylon sections were created using Eq. 5, each of them containing six pylons. Figure 12
shows a pylon section example. To create the nine different pylon sections, the sinusoidal path amplitude,
a and the car velocity, v in Eq. 5 were kept constant. Their values were respectively 1.25 m and 70 Km/h.
Distance between the pylons, d was the variable used to differentiate between the pylon sections. Table 4
shows the characteristics of the nine pylon sections.

The nine sections are 200 meters apart from each other to cancel dynamic driving effects between sections.
The pylons are at 0.5 meters from the centerline of the road as is shown in Figure 12.

This slalom was designed with the intent of inducing under- and oversteer events. For that, the theoretical
lateral specific force of the slalom increased up to 5m/s2. It is expected that drivers achieve specific forces
that are above the car traction limit. The traction limit is the maximum force that a tire can be subjected
before losing adhesion with the road. It is likely that motion feedback helps drivers to better identify and
recover from under- and oversteer events. This is expected because of the extra sensory information that
is fed to the driver which would give him a better perception of the current car cues (like speed perception
or total force acting on the car). The use of no filtering in the vehicle yaw rate was important to cue the
large angle variations occurring during oversteer. The yaw rate variation also generates variations in the
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Figure 12. Schematic of the driving path.

Table 4. Slalom characteristics.

Section Theoretical lateral force Distance between pylons

1 1 m/s2 68.30 m

2 1.5 m/s2 55.76 m

3 2 m/s2 48.29 m

4 2.5 m/s2 43.19 m

5 3 m/s2 39.43 m

6 3.5 m/s2 36.51 m

7 4 m/s2 34.15 m

8 4.5 m/s2 32.20 m

9 5 m/s2 30.54 m
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lateral specific force. These motion cues would be felt in the simulator, helping the subject to identify and
counteract the oversteer event. Other cues are also used by drivers to identify under- and oversteer events
like changes in steering wheel torque. For example, during understeer the car loses traction in the front
tires. This means that control inputs on the steering wheel do not change the car direction. This “lack of
control” is felt by differences in the steering wheel torque. The steering wheel torque in this simulation was
generated by Carsim 7.01b.20

C. Procedure

The experiment started with a practice run as it can be seen in Figure 13. In this run, the easiest slalom
section was driven until subjects felt familiarized with the driving task. Subjects were instructed to drive
through the slalom as fast as possible; however, the velocity was limited to a maximum speed of 70 Km/h.
They were told only to lower the car velocity (using the brake pedal or releasing the gas pedal) when the
car was near hitting the guard rail or if they felt losing the control over the car.

Practice Run First Run

Statement list
Sickness scale

Second Run

Statement list
Pair comparison
Sickness scale

Statement list
Pair comparison
Sickness scale

Statement list
Pair comparison
Sickness scale

Fourth RunThird Run

Trial 1 Trial 2

Figure 13. Experimental order.

After the practice run, subjects had to drive through the slalom (all the nine pylon sections) four times.
Two times for the Motion condition and two for the No Motion condition. The repetition of the conditions
was only introduced to observe if driving behavior was influenced by any training effect. If training effects
affect subject’s driving, it is expected that their driving behavior is more constant during the repetition.
To decrease order effects subjects were divided into two randomized groups,21 shown in Table 5, where NM
refers to the No Motion condition and M refers to the condition with motion feedback. In Table 5. The first
time a condition was run corresponds to Trial 1 and its repetition corresponds to Trial 2.

Table 5. Motion condition order.

Group
Trial 1 Trial 2

First run Second run Third run Fourth run

1 NM M NM M

2 M NM M NM

D. Subjects

Twenty two participants (15 males and 7 females) participated in the experiment. Data from two subjects
had to be discarded due to motion sickness issues. Of the twenty remaining subjects, ten participants started
with the no motion condition (Group 1 of Table 5) while the other ten participants started with the motion
feedback condition (Group 2 of Table 5). The participants were all TNO employees. None of them had
driving experience with advanced maneuvers. The average age of the participants was 38 years old (σ = ±11
years); the average driving experience was 18 years (σ = ±11 years) with an average mileage per year of
18000 Km (σ = ±16000 Km).
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E. Dependent measures

1. Subjective measures

A paired comparison technique was used to test if the condition with motion feedback is preferred to the
no motion condition. Subjects had to compare the current run with the previous run in terms of overall
impression of realism by saying which condition they preferred. Subjects indicated the overall impression
between two motion conditions three times during the experiment. They compared the first run with the
second, the second run with the third and the third run with the last one.

After each run, subjects had to fill in a questionnaire. A questionnaire to measure simulation realism was
not found in the literature, therefore it was decided to design a new questionnaire that can measure simulation
realism in the way we needed. The questionnaire was developed such that it can be re-used in future simulator
studies that want to measure the same. In our opinion, simulation realism cannot be directly measured and
can be influenced by variables like subjects immersion, controllability of the vehicle, task performance among
others. Therefore, 26 statements were created in order to measure simulation realism. The statements were
based on the variables we thought were important to measure simulation realism. Table 6 contains the 26
statements, as well as the variables we though the statements were measuring. These variables are shown
just to explain the reasoning behind the statements. Note that the original statements were in Dutch which
means that part of the meaning can be lost in translation. Subjects had to agree or disagree with the
statements using a 7 point “Likert22-type” scale like the one in Table 7.

Table 6. Statement list.

Statements Measured variable

1 I felt I was really driving.

Immersion

2 I forgot that I was inside a simulator.

3 I drove like I usually would do.

4 I felt that I could get injured during the driving task.

5 I felt quite anxious while conducting the driving task.

6 I enjoyed driving.

7 The car steered normally, as I am used to.

Vehicle Controlability

8 The motion of the car felt like I am used to.

9 I felt confident with the car.

10 I sometimes had the feeling of losing control over the car.

11 I felt that I was driving near the car performance limit.

12 It felt as if I was controlling a real car.

13 The task was easy.

Task Performance
14 I had to adapt task-execution to the limitations of the simulator.

15 I performed the task well.

16 The motions and forces helped me conducting the task.

17 The simulation was realistic.

Simulator cues
18 The simulator motion and forces felt realistic.

19 The outside visual of the simulator was realistic.

20 The field-of-view in the simulator was large enough.

21 I was really focused.

Motivation22 I have really pushed it.

23 I was really challenged to perform well.

24 I continuously became better.

Training Value25 After this experience, I can perform the task better in the real world.

26 This experience helped me to develop the required driving skills.

A six point sickness scale23,24 (Table 8) was used to check the sickness levels of subjects during the
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Table 7. Seven point Likert scale.

Strongly Disagree 1 2 3 4 5 6 7 Strongly Agree

experiment. Subjects were asked to indicate their level of sickness after each run through the inter-com. If
their level was higher or equal to four, the experiment stopped.

Table 8. Six point motion sickness scale.

Score Symptom

1 feeling OK, no symptoms

2 initial symptoms, such as stomach awareness, but no nausea

3 mild nausea

4 moderate nausea

5 severe nausea and /or retching

6 vomiting

2. Objective measures

Objective measures were used to draw conclusions regarding car handling differences in the two motion
conditions. For that, car variables such as car speed, specific forces, steering wheel angle were recorded. In
addition, we observed that the number of accidents occurring was different for both motion conditions, so
these results were also reported. We considered that an accident occurred whenever subjects hit the guard
rail or lose the control over the vehicle. Note that in all conditions, the only difference was the motion
feedback while other simulator characteristics such as steering wheel dynamics and visual scene were kept
equal.

IV. Results

A. Simulator motion

In the No Motion condition, the simulator behaved like a fixed-base simulator except when a pylon was hit.
Therefore the simulator only used vertical motion space. In the Motion condition the implemented MCA
took advantage of all Desdemona actuators. Figure 14 shows an example of the motion space used by the
MCA during a full slalom run, i.e. during a run where the nine pylon sections were driven.

Figure 15 shows an example of lateral and vertical specific forces generated by the vehicle model versus
the ones generated by the Desdemona simulator in the Motion condition. The analysis is done for pylon
section one and pylon section eight to show how the MCA handles the motion cues in a slower and in a
faster pylon section.

From Figures 15(a) and 15(b) it follows that the slalom amplitude and frequency were higher for pylon
section 8 as it was predicted when designing the slalom maneuver. In pylon section 8, the simulator was
able to follow the shape of the car model signal. For this pylon section, the simulator lateral specific forces
reached amplitudes in the same order of magnitude of the ones from the car model signal. For pylon section
one, the lateral specific force only differed a little in amplitude from the one of the car model due to the
used scaling factor.

In Figure 15(c), it is possible to see that for section one, the vertical specific force was nearly constant in
terms of amplitude during a significant part of the maneuver. For section eight, we can notice some sinusoidal
variation due to the high roll rates that the car model was facing. In both pylon sections, the MCA was
able to correctly follow the vehicle signal in terms of amplitude and timing. In Figures 15(c) and 15(d), we
can also observe a peak on the simulator specific force. This peak was caused by hitting a pylon during the
simulation.

Figure 16 shows the roll and yaw rates of the vehicle model versus the ones rendered by Desdemona.
As given in Table 2, the roll rate of the MCA was scaled with a factor of two in order to generate higher
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Figure 15. Specific forces of the vehicle model (dashed line) versus the specific forces generated by Desdemona
simulator (solid line) for sections one and eight of the slalom maneuver.
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lateral specific forces to compensate the lack of tilt coordination. This can be seen in Figure 16(b) where
the simulator roll rates had clearly higher amplitude than the vehicle model roll rates. It is also noticeable
both in Figures 16(a) and 16(b) a small delay of the simulator signal in comparison to the one of the vehicle
model. This delay was created by the MCA limiters. Again, one can see that the roll rate of section eight
was higher in terms of amplitude and frequency than the roll rate of section one.
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Figure 16. Angular rates of the vehicle model (dashed line) versus the angular rates generated by Desdemona
simulator (solid line) for sections one and eight of the slalom maneuver.

The simulator yaw rate of pylon section one (Figure 16(c)) correctly followed in amplitude and frequency
the one generated by the vehicle model. For pylon section eight small delays are noticeable due to the MCA
limiters. Near t ≈ 193s, the simulator yaw rate had higher amplitude than the one of the vehicle model. This
happened because the central yaw actuator was also moving at that time. Therefore, the extra amplitude
was coming from the rotation of the central yaw.

B. Paired Comparison

Figure 17 shows the total scores for each of the comparisons. The score is the number of times that a
condition was preferred over the other.25 A chi-square test was used to verify the significance of the paired
comparison analysis. In the first comparison (1 vs 2 in Figure 17) there was not a significant effect of the
motion condition in the subject’s overall impression, χ2(1) = 3.2, p = 0.074. A total number of 14 subjects
preferred the condition with motion, while 6 subjects preferred the no motion condition. For the second
and third comparisons it was found a significant effect of the motion condition at the 5% level, respectively
χ2(1) = 5, p = 0.025 and χ2(1) = 9.8, p = 0.02. For the second comparison, fifteen subjects preferred the
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motion condition. For the third comparison, seventeen subjects preferred the condition with motion.
The effects of subjects’ groups (whether subjects start with Motion or No Motion) was only consider-

able for the first comparison. From the fourteen subjects that preferred the Motion condition in the first
comparison, six of them were from Group 1 and eight were from Group 2. From the fifteen subjects that
preferred the Motion condition in the second comparison, seven of them were from Group 1 and eight were
from Group 2. From the seventeen subjects that preferred the Motion condition in the third comparison,
eight of them were from Group 1 and nine were from Group 2.

When the scores of the paired comparison are accumulated, the result is a total score of 46 for the Motion
condition and a total score of 14 for the No Motion condition. In this case there is a significant effect of the
motion condition at the 1% level, χ2(1) = 17.067, p < 0.01.
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Figure 17. Paired comparison total scores for each run.

C. Questionnaires

1. Factor analysis

To analyze the results from the questionnaire, a factor analysis was performed. A factor analysis21 is a
technique used to identify groups of variables. It examines how the variables correlate with each other,
grouping the ones with higher correlation. In our case, we will use the factor analysis to see how the
statements are grouping together. If the statements group like in Table 6, it means that our initial predictions
were correct, i.e., the variables we thought the statements were measuring were correct. The factor analysis
results showed that the statements did not group as it was predicted. We can conclude that the questionnaire
needs to be re-designed so that we can measure some of the simulation realism variables that did not group
in the way it was predicted.

Two statements had to be removed from the analysis because they were not grouping with any other
statements, creating two separate factors. These were statements eleven (“I felt that I was driving near the
car performance limit.”) and fourteen (“I had to adapt task-execution to the limitations of the simulator.”).

2. Reliability analysis

A reliability analysis21 was performed to verify how reliable was the scale we used in the questionnaire.
Field21 argues that a Cronbach’s alpha value lower than 0.7 normally indicates an unreliable scale. A value
between 0.7 and 0.8 is acceptable. Field states that leaving out some variables can increase dramatically
the Cronbach’s alpha value, meaning that the reliability of the scale increases. This means that the quality
of the questionnaire also increases. With the purpose of increasing the reliability of the scale, the following
statements were left out: 2-I forgot that I was inside a simulator, 3-I drove like I usually would do, 4-I felt
that I could get injured during the driving task, 20-The field-of-view in the simulator was large enough, 21-I
was really focused, 24-I continuously became better.
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The results from the factor analysis and the reliability analysis are summarized in Table 9. Table 9 shows
how the statements grouped together as well as their Cronbach’s alpha value. Because Factor 5 had a low
Cronbach’s alpha value, no further analysis was made using it.

Table 9. Factor and Reliability analyses results.

Factor Statements Cronbach’s alpha

1

01 - I felt I was really driving.

0.947

07 - The car steered normally, as I am used to.

08 - The motion of the car felt like I am used to.

12 - It felt as if I was controlling a real car.

16 - The motions and forces helped me conducting the task.

17 - The simulation was realistic.

18 - The simulator motion and forces felt realistic.

2

06 - I enjoyed driving.

0.763
19 - The outside visual of the simulator was realistic.

22 - I have really pushed it.

23 - I was really challenged to perform well.

3

09 - I felt confident with the car.

0.78713 - The task was easy.

15 - I performed the task well.

4
25 - After this experience, I can perform the task better in the real world.

0.915
26 - This experience helped me to develop the required driving skills.

5
05 - I felt quite anxious while conducting the driving task.

0.565
10 - I sometimes had the feeling of losing control over the car.

3. Result analysis

From the grouping obtained in Table 9, we tried to reason why the statements were grouping in that way. The
statements of factor one appear to be measuring how subjects felt the car motion cues (driving feeling/motion
perception) in relation with the control inputs. Factor two seems related with subject motivation but the fact
that statement 19 (“The outside visual of the simulator was realistic.”) is coupled with the other statements
of this factor cannot be explained. Factor three appears to be related with task performance, and factor four
with training value or skill transfer to the real world.

Figure 18 shows the average factor ratings for the five factors found in the factor analysis. A repeated-
measures ANOVA between the two independent variables, motion condition and trial number, was performed.
Interactions of the motion condition and/or trial with the two different subjects’ groups were only found for
the task performance factor. Therefore, a three-way mixed ANOVA was used in the analysis of this factor to
take into account the group effect. The ANOVA results can be found in Table 10 for the motion independent
variable and in Table 11 for the trial independent variable.

From Figure 18(a) it is possible to see that the driving feeling was higher for the motion condition. The
condition with motion scored ≈4.5 and ≈ 4.8, respectively for trials 1 and 2, while the no motion condition
scored ≈ 3.4 both for trials 1 and 2.

For the factor measuring motivation, Figure 18(b), motion also scored better than no motion for both
trials.

Regarding task performance, two significant interactions were found. The first is related with a significant
interaction between the motion condition and the subject’s group, F (1, 18) = 5.049, p = 0.037. The second
was a sginificant interaction between the motion condition and the subjects’ group and at which trial subjects’
were, F (1, 18) = 5.835, p = 0.027. Figure 19 shows these interactions. From Figure 19(a) one can observe
that subjects from Group 1 (start with the No Motion condition) felt that their performance was better
in the No Motion condition than in the Motion condition. Their average scores were ≈ 3.3 and ≈ 4.0
respectivelly for the No Motion and Motion condition. On the other hand, subjects from Group 2 felt that
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their performance was better in the Motion condition. Their average scores were ≈ 4.4 and ≈ 3.2 respectivelly
for the No Motion and Motion condition. For Trial 2, one can observe from Figure 19(b) subjects felt that
their performance was similar in both conditions. The results were also similar between the two subject’s
groups.

In terms of training value, the motion condition scored ≈ 3.5 in trial 1 and ≈ 4.0 in trial 2. For the same
factor, the no motion scored ≈ 2.9 and ≈ 3.3, respectively, for trials 1 and 2. The training value was the
only factor with a significant main effect of the trial.
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Figure 18. Average factor scores and 95% confidence intervals for the five factors.

Table 10. Repeated-measures ANOVA results of the factor scores for the motion variable (∗ = p < 0.05).

Factor F p sig.

1 F (1, 19) = 11.007 0.004 *

2 F (1, 19) = 13.511 0.002 *

3 F (1, 18) = 0.091 0.767 -

4 F (1, 19) = 6.532 0.019 *

D. Motion sickness scale

The motion sickness scale was used to observe the subject’s sickness level during the experiment. Figure 20
shows the average sickness scores of all motion conditions for trials 1 and 2. A repeated-measure ANOVA
was performed to check for significant effects of the motion condition or the trial. There was a significant
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Table 11. Repeated-measures ANOVA results of the factor scores for the trial variable (∗ = p < 0.05).

Factor F p sig.

1 F (1, 19) = 0.481 0.496 -

2 F (1, 19) = 0.000 1.000 -

3 F (1, 18) = 3.734 0.069 -

4 F (1, 19) = 10, 414 0.004 *

M
ea

n
S
co

re

Motion
No Motion

Group 1 Group 2
1

2

3

4

5

6

7

(a) Trial 1

M
ea

n
S
co

re

Motion
No Motion

Group 1 Group 2
1

2

3

4

5

6

7

(b) Trial 2

Figure 19. Average factor scores and 95% confidence intervals for the task performance factor.

main effect of the motion condition on the motion sickness score, F (1, 19) = 5, 444, p = 0.031. A significant
main effect of the trial on the motion sickness scale was not found. However, note that the motion sickness
average scores are low for all the conditions (below two in a scale of one to six), which indicates that motion
sickness was not an issue during the experiment.

E. Subjective comments

The only results obtained regarding under- and/or oversteer events were obtained during the de-briefing
phase. Subjects that have previously experienced oversteer events were able to identify those in the Motion
condition. In some cases, motion feedback helped them to recover from these events without crashing.
However, it was difficult to identify under- and oversteer events from the objective data due to the experiment
design. These events happened only to some subjects and it was difficult to find a relation in the data to
explain differences observed in both motion conditions. In order to study these events more in-depth, an
experiment should be designed where under- and oversteer events are induced. For example, a clothoid
curve as suggested by Fortmüller,5 can be used to study these events and to better understand how vehicle
handling in simulation can be improved by motion feedback.

During the de-briefing, subjects commented that they were surprised when they lost control over the car
during the condition without motion. On the other hand, during the motion condition, subjects did feel that
they were losing control over the vehicle, which made accidents more expected events.

F. Number of pylon sections accomplished

The slalom got increasingly more difficult with each pylon section. Table 12 shows the number of participants
that were able to drive through the nine slalom sections without crashing the car. The runs were again divided
in two groups, to show the difference between the first time a motion condition was driven (Trial 1) and its
repetition (Trial 2). This means that for the first trial, 55% of the participants were able to finish the slalom.
For Trial 2, subjects were more consistent and 75% were able to finish the slalom. Differences between
Motion and No Motion are only considerable for trial one. In this trial, 65% of the participants experiencing
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Figure 20. Average scores and 95% confidence intervals of the motion sickness scale for trials 1 and 2.

the motion condition were able to finish the slalom against 45% experiencing the condition without motion
feedback. No considerable differences were found between the two subject’s groups as one can observe from
Table 12. Table 13 shows in which pylon section accidents occurred. Note that because of the number of
accidents, the total number of participants is lower in the last pylon sections.

Table 12. Number of participants out of 20 that finished the nine pylon sections.

Trial 1 Trial 2

Group 1 Group 2 Group 1 Group 2

Motion 7 6 8 8

No Motion 4 5 8 7

Table 13. Number of accidents per total participants in each section.

Pylon section
Trial 1 Trial 2

Motion No Motion Motion No Motion

1 0/20 0/20 0/20 0/20

2 0/20 0/20 0/20 0/20

3 0/20 0/20 0/20 0/20

4 0/20 0/20 0/20 1/20

5 0/20 0/20 0/20 0/19

6 1/20 2/20 1/20 0/19

7 2/19 5/18 1/19 1/19

8 4/17 1/13 1/18 3/18

9 0/13 3/12 1/17 0/15

G. Average speed

The average speeds were analyzed to check differences in driving strategy between the two motion conditions.
Subjects had a more constant driving behavior in Trial 2 than in Trial 1. For trial one, the total number of
accidents was higher and the standard deviations of the average speeds were also higher. For example, in
pylon section nine, the standard deviations for the Motion condition are 4.84 for trial one and 1.33 for trial
two. This means that the practice run was not enough for subjects to develop a constant driving behavior.
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For the objective measures, we want subjects to have a more constant driving behavior, so that we can
analyze differences between motion and no motion without external factors interfering in subjects’ driving
behavior, like the lack of training. Figure 21 shows the mean car speed and the 95% confidence intervals for
the nine pylon sections. From Figure 21 one can observe that the average speed decreases with the pylon
sections, since they got increasingly difficult. The Motion condition average speeds are smaller than the No
Motion condition average speeds. A repeated measures ANOVA was performed with the intent of studying
the effect of motion on the car average speed. Significant main effects were found starting on pylon section
five. The ANOVA results can be found in Table 14.
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Figure 21. Average car speed and 95% confidence interval for all pylon sections in Trials 2.

Table 14. Repeated-measures ANOVA results of the average speed for the motion independent variable
(∗ = p < 0.05).

Section F p sig.

5 F = (1, 18) = 8.697 0.009 *

6 F = (1, 18) = 19.278 0.000 *

7 F = (1, 17) = 25.306 0.000 *

8 F = (1, 14) = 5.940 0.029 *

9 F = (1, 4) = 5.352 0.041 *

H. Vehicle model measures

Subjects were able to control the vehicle velocity up to a maximum of 70 Km/h. In this way subjects could
naturally control their speed. Therefore, the time that a subject took to drive the full slalom was different
from participant to participant. Consequently, comparing time plots of car variables is not correct. This is
because at a certain time instant, subjects are in different slalom positions. In order to compare averages
of car variables, we used longitudinal spatial plots. In this way, we can compare the differences of a certain
car variable for a certain road section (e.g., what happens to the lateral specific force when the car is near
a pylon). This analysis was performed in two different section of the slalom: pylon sections two and nine.
Pylon section two was preferred to pylon section one to decrease subjects’ variance on the control inputs
due to adaptation to the driving task. By comparing a slalom section demanding lower frequency control
inputs with a slalom section demanding higher frequency control inputs, one can study the driving behavior
evolution in the slalom.
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1. Driving path

The driving path was analyzed to observe if subjects had a different driving strategy (like distance to the
pylons) when motion feedback was present. Figure 22 shows the average driving path for pylon section
two and nine. Pylon positions are also represented in the plot. The average was calculated by combining
data from all participants for trial 2. Trial one data was not included because subjects’ driving behavior
was more variable there. From Figure 22(a) it is observable that the driving path is lagging in the motion
condition when compared with the no motion condition. A zoom near the fourth pylon (Figure 23) showed
that the standard deviations of the two motion conditions slightly intersect each other. The same delay was
observable in pylon section nine. However in this pylon section, the standard deviations of both driving paths
fully intersected each other, meaning large driving path variations between subjects. Although the frequency
of the driving path was higher in pylon section nine, the path amplitude was similar in both sections.
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Figure 22. Average driving path for sections two and nine.

Longitudinal Position, m

L
at

er
al

P
os

it
io

n
,
m

Motion

No Motion

2900 2920 2940 2960
-3

-2

-1

0

1

2

3

4

5

Figure 23. Zoom of the average driving path and standard deviations for section two.

2. Steering wheel angle

The steering wheel angle was analyzed to observe the effort that subjects had put into the car control inputs
for the different motion conditions. Figure 24 shows the average steering wheel angle for pylon section two
and nine. The average was calculated using all participants’ data for trial 2. In Figure 24(a) it is possible
to observe that the signal amplitude is similar for Motion and No Motion. However, the No Motion signal
seems to have a higher frequency component on top of the main sinusoidal component. This high frequency
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component was not observable in the Motion condition. In Figure 24(b) the high frequency component of
the No Motion condition is no longer noticeable. In this pylon section, a delay of the Motion condition in
comparison with the No Motion condition was visible. The standard deviations of the steering wheel angle
for this pylon section are too high to draw any conclusions.
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Figure 24. Car model steering wheel angle average for sections two and nine.

I. Power spectral density analysis

A Power Spectral Density (PSD) analysis was performed to examine the control effort differences between
the tested motion conditions. PSD analysis has already been used to check differences in motion conditions
for flight simulators.26–28 Telban et al.27 used this technique to study pilot performance variations and
which motion cueing algorithm demanded a higher pilot workload. In this study we used this technique to
draw conclusions not only about the control effort but also to investigate changes in control behavior by
studying the frequency content of the control input signals for the different motion conditions.

Figure 25 shows the results obtained from the PSD analysis. The PSD was calculated for every subject
and then averaged. Again, only the results of trial two were used. The total time in a pylon section depends
from pylon section to pylon section since the distance between pylons is different for all the nine pylon
sections. This means that the results of pylon section two had a lower frequency resolution than the ones of
pylon section nine. The total time used to calculate the PSD was measured from the second last pylon in the
pylon section. In this way, one obtains a total time of two periods of the pylon section driving path. Ideally,
the frequency of the control input is equal to the frequency of the driving path. From Figures 25(a) and 25(b)
it follows that pylon section nine required higher control effort since the power of the main frequency peak is
much higher than the one of pylon section two. In pylon section nine, the Motion condition main frequency
peak has less power and seems to be at a lower frequency than the one of the No Motion condition. A zoom on
the PSD of pylon second two (Figure 26(a)) shows a high frequency component on the No Motion condition
nonexistent on the Motion condition. This was also investigated for pylon section nine (Figure 26(b)). To
check if these high frequency differences on both motion conditions were statistically significant, a dependent
t-test was performed. For pylon section two, the average of the individual PSD’s was computed from 0.3 to
0.6 Hz which was where this high frequency peak on the No Motion condition was noticeable. The same was
done for pylon section nine but from 0.6 to 1.0 Hz. The dependent t-test results can be found in Table 15.

Table 15. Dependent t-test results for the mean PSD in the frequency range of 0.3-0.6 Hz in pylon section
two and 0.6-1 Hz in pylon section nine (∗ = p < 0.05).

Pylon section
Mean PSD

Standard error t p sig.
Motion No Motion

2 0.0101 0.0341 0.0058 t(19) = −4.157 0.001 *

9 0.0267 0.0455 0.0122 t(13) = −1.536 0.149 -
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For all the pylon sections, the subjects’ control input is between 0 and 1 Hz. This interval is congruent
with what was reported by Guo et al.26 To study the control effort, the PSD plots were integrated. The
integrals were calculated from 0 to 1 Hz using Euler integration. Figures 25(c) and 25(d) show the average
integral power and its standard deviations respectively for pylon section two and nine. It follows that pylon
section nine required higher control effort than pylon section two. The control effort for the Motion condition
in this pylon section was lower than the one of the No Motion condition. Note that the same results can be
obtained by calculating the variance of the steering wheel angle.
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Figure 25. Average PSD (top figures) and average integral power and standard deviations (bottom figures) of
the steering wheel input for pylon section two and nine.

V. Discussion

A. Simulator motion

Desdemona is a simulator with a special motion platform. This motion platform allows new approaches to
simulate motion, not possible in more conventional motion platforms. The main effort during the develop-
ment of the advanced driving MCA was in simulating the main motion features of a slalom maneuver while
having an MCA capable of adapting to other kind of maneuvers/simulations. Desdemona’s gimballed system
allows full rotations around the three axes of the Desdemona frame of reference. Because of this, tuning of
the rotational channel was not an issue. Therefore, the main focus during the tuning of the MCA was in
achieving specific forces in the same order of magnitude of the ones of the real vehicle. The lateral specific
force is the one with the higher amplitude during a slalom maneuver. The MCA was able to follow this spe-
cific force both in amplitude and frequency. The 0.75 lateral gain was chosen based on the results obtained
from other studies17,18,29,30 where it was found that a scaling factor of one is not preferred by subjects in
a simulation environment. These studies indicated that subjects perceive the one to one condition as too
strong.
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Figure 26. Zoom of the average PSD for pylon section two and nine.

The MCA structure is similar to the Classical Washout algorithm.11 An advantage of this property is
that the filter is easy to tune. It is also computationally fast due to its simple mathematics. Unfortunately
the MCA also had some of the disadvantages present in the Classical Washout algorithm, such as the
need to tune for the worst case scenario since its filter parameters are fixed during the entire simulation.
Nevertheless future updates can be made to this MCA to include new features like high pass filters with
adaptive parameters or blocks containing mathematical functions of the human perception organs to optimize
motion space usage. Tilt coordination can also be easily implemented in this design.

The design decision of using a zero gain on the longitudinal scaling created some discomfort whenever
subjects had to use the brake pedal. Subjects complained that they missed a longitudinal specific force input
whenever they had to brake to lower the vehicle speed. They also stated that the lack of longitudinal cueing
when they lowered speed made it more difficultfor them to infer the current vehicle velocity. A suggestion
to overcome this situation is to use a floating neutral position instead of a fixed neutral position. A floating
neutral position would change the neutral positions of the actuators during the simulation. In this way, the
neutral position would adapt depending on current simulation requirements.

Some authors31,32 are using predictive algorithms to calculate the best neutral position to handle the
next simulator maneuver. Other authors like Chapron et al.33 use a gain scheduling algorithm to change
between two different motion cueing algorithms within the simulation. This solution has the advantage of
being able to use two MCAs specifically tuned for two different maneuvers. In their case,33 they had a
situation where the vehicle had to perform a lane change and some seconds after had to do a curve. Two
algorithms were used: a lane position algorithm (LPA) and a Classical Washout algorithm. During the
lane change the LPA was used. After, the LPA is changed into the Classical Washout by a pre-positioning
algorithm so that the vehicle performs the curve with the Classical Washout instead of the LPA. The main
disadvantage of this scheme is that the pre-positioning algorithm takes time to change from one algorithm
to another which could generate false cues if the algorithms are not changed when the vehicle is already on
the curve.

In our opinion an online algorithm that changes the neutral position of the simulator would be a good
feature to implement in this MCA. In this way one would have a better use of Desdemona motion space,
and in the particular case of the slalom maneuver it would be possible to generate longitudinal cues. For the
slalom maneuver, the neutral positions could oscillate between -2 and 2 meters of the radius sledge, which
would enable the use of the central yaw to generate longitudinal onset cues. The filter parameters could also
adapt with the change of neutral positions to guarantee that the simulator stays within its physical limits
(e.g., if the cabin is at 2 meters of radius, movements in one lateral direction have to be more conservative
than movements in the other direction).

B. Paired comparison

From the paired comparison analysis we can see that the condition with motion was much more preferred
by the subjects than the condition with no motion. It can also be observed that with the progression of
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the experiment, the No Motion condition was rated best fewer times (Figure 17). This had to do mainly
with the subjects that started the experiment with the No Motion condition. In the first paired comparison
four subjects of this group preferred the No Motion condition while in the last comparison only two subjects
continued to prefer this condition.

By accumulating the preferrences from the three paired comparisons together, the difference between
the two motion conditions was highly significant, showing that subjects much prefer the condition with
motion feedback. It can be concluded that for advanced maneuvers like this slalom, subjects prefer to have a
simulatior with motion feedback, rather than a fixed based simulator. Some of the participants commented
that it was much easier to “catch up with the cadence” (the sinusoid) of the slalom when motion was present.

C. Questionnaires

The factor analysis conducted in this study tried to reveal the subject’s subjective impression about the
realism of the simulation. Factor one, which had to do with driving feeling, showed that subjects had a
better perception of how the car was reacting to the control inputs in the motion condition. This means that
in the subjects’ point of view, motion feedback enhances driving feeling. However, some subjects said that
they perceived motion in the No Motion condition.34 This phenomenon of perceiving motion in a no-motion
condition was already reported by Wentink et al.14 Nevertheless, according to the results of the driving
feeling factor motion feedback is needed in order to have a better perception of the vehicle one is controlling.
This could mean that motion feedback in simulation helps subjects to build a better internal model of the
vehicle they are controlling.

Factor two was a measure of subjects’ motivation to perform the task. In both conditions, subjects
were motivated to perform the task, but in the Motion condition this motivation was higher than in the
No Motion. These results showed that the driving task was motivating for subjects and that with motion
feedback, their motivation increased.

Task performance (factor 3) was the only factor influenced by whether the first motion condition was
Motion or No Motion. Both subjects’ groups felt that their performance decreased in the second time they
drove the full slalom. However, one can observe that for Trial 2, subjects felt that their performance did not
change regardless the motion condition.

The fourth factor has to do with training value, i.e., with the subjective account to wether skills learned
in the simulator transferred to skills in the real world. From the obtained results it is possible to observe that
for the first trial, subjects did not feel that the experiment helped develop car driving skills. Nevertheless,
we can observe that the condition with motion feedback had a higher score. For trial two we noticed an
increase of the average scores meaning that training effects had an influence in the skills developed in the
simulator.

Some issues with the questionnaire arose in this experiment. Therefore we would suggest some corrections
of the questionnaire for future studies. First we should leave out all the statements that were not grouping
with other statements and all the statements that failed the reliability test. The factors measuring simulation
realism need to be rewritten based on how statements were grouping together in the factor analysis results.
In the questionnaire, every factor should have a small introduction explaining to the subject what we want to
measure with the statements. It would be useful to conduct small experiments to validate the questionnaire
where the objective would be to improve/correct the questionnaire instead of trying to validate a hypothesis.
These measures would improve the method and guarantee better results in future experiments.

D. Motion sickness scale

The motion sickness scale was used in this experiment to monitor the subject’s sickness level. In this way
it is possible to observe if there is a condition that raises the sickness level of subjects which can affect the
results of the other measures. The sickness scores were very low for all the motion conditions which is good
since higher motion sickness scores could bias the other measures.

Despite the low scores, there was a significant effect of the motion condition in the motion sickness scores.
The No Motion condition was more sickening than the Motion condition. A possibility for this has to do with
the fact that in the No Motion condition the human vestibular organs are not activated, which is incongruent
with what is happening in the visual channel. It is also possible to note a slight increase of the sickness
scores with the trials, nevertheless the repeated measures ANOVA did not show any significant effect of the
trial in the sickness scores.
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E. Number of sections finished

The number of accidents was dependent on training effects since there were more accidents in trial 1 than in
trial 2. In the first pylon sections the task was easy and no accidents occurred. When the task became more
difficult, accidents started occurring mainly in the No Motion condition. In trial 2, the number of accidents
decreased in both conditions since subjects were more aware of the difficulty of the task. Therefore, subjects
driving behavior was more constant in trial 2. This shows that the practice run at the beginning of the
experiment was not enough to stabilize subjects’ driving behavior. Note that the slalom in the practice run
induced a lower lateral specific force on the vehicle when compared to some pylon sections of the full slalom.

F. Average speed

Motion feedback changed driving behavior as one can see from the average speed differences between the two
motion conditions. Subjects had a lower average speed in the Motion condition when compared to the No
Motion condition. This means that with motion feedback, in the more difficult pylons sections, subjects were
more aware of how the car was reacting and drove it more carefully to prevent a crash with the guardrail. The
speed difference was always significant (starting on pylon section 5) which seems to indicate that subjects
learned how to use the motion feedback cues. In this case, motion is helping subjects in better perceiving
the car speed and not exceeding the car limits. These speed differences are congruent with results found in
other studies.6,8, 9 Brünger-Koch et al.8 were able to compare the results obtained in the simulator with
results obtained during real car driving. The results showed that the average speed in simulator is much
higher than that in real driving. Siegler et al.6 used two motion conditions (motion and no motion) to
draw conclusions about subjects braking behavior in a simulator. They found differences in the subject’s
decelerations, concluding that motion prevented subjects from reaching high decelerations, producing a more
realistic driving behavior.

One can also argue that the differences in average speed between the two motion conditions are related
with driver comfort. Since none of the subjects had experience in advanced maneuvers, the information
provided by motion feedback was used to improve comfort instead of performance. Therefore, one can link
the decrease of speed in the No Motion condition with the increase of task difficulty, and link the extra
decrease of speed in the Motion condition with the increase of comfort during the maneuver.

G. Vehicle model measures

The average driving path is similar for both motion conditions. However, one can observe that the sinusoidal
peak of the motion condition has some delay when compared with the one of the no motion condition. Pretto
et al.18 found similar results for the average driving path that subjects had during their slalom maneuver.
It was reported that this driving path delay varies with the lateral gain of the vehicle specific force used
has input for the motion cueing algorithm of the simulator. For pylon section two, the lateral amplitude of
the driving path sinusoid is higher for the motion condition than for the no motion condition. For pylon
section nine this changes since the driving path amplitude is lower for the motion condition. This difference
is clearer between pylons 3 and 5 since the other pylons were affected by subjects entering and exiting the
pylon sections. A longer pylon section would be needed to study in more detail the sinusoidal differences
between the two motion conditions.

The steering wheel angle plots showed that in the earlier pylon sections the control inputs were similar,
indicating similar driving behavior in both motion conditions. This is no longer true in the fastest sections
where the control inputs for each motion condition were different in amplitude and frequency. In the earlier
pylon sections, it was also observed during the No Motion condition a high frequency behavior on the steering
wheel. This behavior was observed while conducting the experiment where subjects overcompensated their
movements.

H. Power spectral density analysis

The PSD analysis was used to check control effort differences between the two motion conditions. The
integral of the PSD was used as a workload measure. Telban et. al.27 stated that a motion condition having
a higher integration means that subjects spent more power on that condition than on the other. The integral
plots show that pylon section nine had higher workload than pylon section two.
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From the PSD plots it is possible to observe a high frequency behavior during the No Motion condition
in pylon section two. The high frequency behavior is around 0.3 and 0.6 Hz. This high frequency behavior
was not observed in the Motion condition. For pylon section nine, the main frequency peak of the Motion
condition was at a smaller frequency than the one of the No Motion condition. This was expected since
in the No Motion condition the average speeds were higher, meaning that the steering wheel input needs a
higher frequency behavior in order to drive through the slalom.

VI. Conclusion

This experiment showed that it is important to have motion feedback in the simulation of advanced
driving maneuvers. Subjects much prefer the condition with motion feedback as one can observe from the
paired comparison results. From the questionnaire results one can conclude that subjects found that motion
enhances their driving feeling and also keeps them more motivated to perform the task. From the objective
measures it follows that with motion subjects drove more carefully and had better control of the car; therefore
they could anticipate on the car dynamic behavior better and were less surprised when the car did crash. In
trial one, where subjects had not crashed before, the Motion condition registered less accidents than the No
Motion condition. One can deduce that during unexpected events, motion can help to decrease the accident
rate. Motion feedback also decreased subjects’ workload during the last pylon sections.

The questionnaire used in this experiment proved to be a good tool to understand the subject’s preference
of the condition with motion feedback. It helped to pinpoint what variables made subjects prefer the motion
condition. Future work should be done in improving the questionnaire.

Motion feedback had an effect on driver performance and driving behavior, especially on the fastest
sections of the slalom. This means that drivers adopted different strategies when they were fed with extra
sensory information. In flight simulation, it was already shown that motion feedback had a beneficial
influence on pilot control performance.1 A similar effect seems to be present in simulating advanced driving
maneuvers. Research using driver-on-the-loop would also be affected if a fixed based simulator is used
whenever extreme maneuvers are present. This could happen in road safety research or research that explores
driving disturbances, since advanced driving maneuvers are normally required to overcome difficult driving
situations. Therefore, if motion is not present, drivers are losing important information that ultimately would
make them react to the situation in a totally different way. Future experiments should focus on investigating
the most important cues for driver control in advanced driving maneuvers.
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cue algorithm,” DSC 2007 North America, Iowa City, September 2007.

34Correia Grácio, B. J., Wentink, M., Feenstra, P., Mulder, M., van Paassen, M. M., and Bles, W., “Motion Feedback in
Advanced Driving Manoeuvres,” DSC 2009 Europe, Monaco, 2009.

31 of 31

American Institute of Aeronautics and Astronautics



��


��
� ����� �����	� ����	� ����� ����	�



���� ��


�� �
���	 ���� ���	�

������ ����	
�� �� 
��
����

������� �
��������

����� ����	� 
��
� ����� �����	� ����	�





 

MOTION FEEDBACK IN ADVANCED 
DRIVING MANOEUVRES 

B. J. Correia Grácio*, M. Wentink*,   
P. Feenstra*, M. Mulder† 

M. M. van Paassen†, W. Bles*  
 
 

*TNO Defence, Security and Safety 
Human Factors 

3769 ZG Soesterberg, the Netherlands 
 

†Control and Simulation Department, 
Aerospace Engineering, 

Delft University of Technology 
P.O. Box 5058, 2600 GB Delft, the Netherlands 

 
bruno.correiagracio@tno.nl 



DSC 2009 Europe – Monaco – 4 – 6 February 2009 

 

Abstract 

During advanced driving manoeuvres, drivers can be hypothesized to use all the available 
cues to optimize their performance. Fixed-base simulators are commonly used for training of 
these advanced driving manoeuvres, despite the fact that motion cues are not present. In this 
experiment we hypothesize that motion feedback improves driver performance and affects the 
driving control strategy during advanced driving manoeuvres when compared to a situation 
without motion feedback. A comparison between no-motion car-driving simulation and 
motion-feedback car-driving simulation is done, by measuring driver performance and control 
behaviour in a fast slalom. In the fast slalom designed for this experiment, a car drives at 70 
Km/h around pylons spaced quite closely at approximately 30 meters apart. 
The advanced Desdemona motion platform was used in this study. Desdemona’s unique 
motion system allowed us to create a motion simulation that was almost one-to-one regarding 
the specific forces and angular rates in the actual car. A new motion cueing algorithm was 
developed to handle advanced driving manoeuvres like this fast slalom.  
Twenty subjects successfully drove the fast slalom in both conditions. The results from a 
paired comparison show that subjects prefer driving with motion feedback. Motion feedback 
also helped subjects conducting the driving task. The number of accidents was significantly 
lower in the motion condition, as compared to the no-motion condition. Significant 
differences in the maximum lateral specific force and in the average speed between the two 
motion conditions were found also. From the experimental results we conclude that there is a 
difference in driving advanced manoeuvres in a fixed based simulator as compared to a 
motion simulator. This difference influences driving behaviour with respect to keeping 
control over the car and also it is clear that the driver changes his control strategy. 

Résumé 

 



DSC 2009 Europe – Monaco – 4 – 6 February 2009 

 

Introduction 

The number of simulators with motion feedback has increased in the past few years. Due to 
their physical limitations, one-to-one motion is often not possible to render in current 
simulators. These motion limitations introduce false cues in the simulation, such as the 
motion responsible for bringing the simulator cabin back to the neutral position. False 
cues can be very disturbing [1], degrading the simulator fidelity. Clearly, within the 
constraints of the simulator motion space the negative effects on simulation fidelity must be 
minimized.  
 
The goal of this study is to assess the effect of motion feedback on driver performance in 
advanced driving manoeuvres. Advanced driving manoeuvres are usually close to the car 
dynamic traction limits [2], like fast slaloms or fast curves (like those in racing circuits) that 
can induce under- and/or oversteer in the car. Fixed-base simulators or simulators with low 
motion capabilities are the most used in driving and advanced driving training [3]. With this 
experiment we want to investigate the difference of using a fixed based simulator or a 
simulator with motion feedback in advanced manoeuvres. The manoeuvre used will be a fast 
slalom for two reasons: to compare the results with other experiments in the MOVES 
(MOtion cueing for VEhicle Simulators) Eureka project [4], and because this type of 
manoeuvre is usually used in advanced driving courses. 
 
This research aims to understand whether motion feedback is an advantage in advanced 
driving simulation. Our first hypothesis is that simulator motion cues improve driving 
performance during advanced driving manoeuvres. We expect that motion feedback will help 
the driver in controlling the car during an extreme manoeuvre. Secondly, we hypothesize that 
with motion cues available, drivers are better able to identify events like understeer and 
oversteer. 
  
The paper will start with a brief description of the Desdemona simulator followed by the 
explanation of the experimental method. The motion cueing filter for Desdemona is explained 
here as well. Next the results are presented and discussed followed by conclusions. 
 
Desdemona 
 
The present study uses the 6 DoF Desdemona simulator at TNO Human Factors, The 
Netherlands [5]. The Desdemona motion platform, with its unlimited rotation and high 
specific force capabilities, can be used as a tool to assess how motion feedback influences 
drivers in advanced manoeuvres. A first driving simulation experiment was already carried 
out in Desdemona on the topic of cornering [5]. In the current study a motion cueing 
algorithm will be developed for slalom driving with the objective of providing realistic 
motion cues without violating Desdemona physical limits. In the development of the 
algorithm, an effort is made to guarantee that the necessary motion cues for advanced driving 
are present, like cues that indicate over- and understeer. 
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Method 
 

Motion Cueing Algorithm 

Two different motion conditions were used in this experiment. The first condition, denoted as 
“No Motion”, only used Desdemona actuators when subjects drove over a pylon (an upward 
cue was triggered to notify the driver of the event). For the rest of the simulation Desdemona 
behaved like a fixed-base simulator. The second condition, denoted as “Motion”, used a 
Desdemona motion cueing algorithm that was designed specifically for advanced driving 
simulation. The next sections explain in more detail the two motion conditions. 

No Motion 

This motion condition contains an algorithm that activates the Heave drive every time a 
subject hits a pylon, giving the subject a feeling of actually driving over the pylon. In this 
way, subjects had a better perception of their own performance. If no pylons were hit during 
the simulation, Desdemona behaved like a fixed base simulator. 

Motion 

 
Figure 1 - Motion Cueing Algorithm. 

 
The motion cueing algorithm is based on the principles of the Classical Washout filter [6, 7]. 
It uses rotation matrices (blocks Car2Desdemona and Body2Desdemona in Figure 1) to 
transform the car specific forces and angular rates from the car reference frame into 
Desdemona reference frame. This motion condition also contains the “hitting pylon” 
algorithm coupled to the Heave drive. The road rumble algorithm of [5] was also used in this 
condition. Figure 2 shows the car specific forces and angular rotations versus the ones 
rendered by the simulator for a given pylon section. 
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Figure 2 - Specific forces (on the left) and angular rates (on the right) of the car model (dotted lines) 

versus the simulator (solid lines) in one of the fastestsections of the slalom manoeuvre. The peak in fz is 
caused by hitting a pylon. 

Slalom Manoeuvre 

The slalom designed for this study is an extension to the one used in the MOVES (MOtion 
cueing for VEhicle Simulators) Eureka project [4]. The manoeuvre was created based on a car 
sinusoidal path like the one in Figure 3, where a is the sinusoidal path amplitude and d is the 
distance between pylons. 
 

 
Figure 3 - Theoretical driving path. 
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The amplitude of the lateral force is given by equation      
 (1), where a is the sinusoidal path amplitude, d is the distance between pylons and v is 
the car velocity.  

2
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⎛= v

d
aay
π       (1) 

 
Nine different pylon sections were created using equation      
 (1), each of them containing six pylons. The constant parameters of equation  
     (1) were the sinusoidal path amplitude, a (1.25 meters) 
and the car velocity v (70 Km/h). Distance between the pylons was the variable parameter. 
Table 1 shows the characteristics of the pylon sections.  
 
 
 

Section Theoretical lateral 
force (m/s2) 

Distance between pylons (m) 

1 1 68.30 
2 1.5 55.76 
3 2 48.29 
4 2.5 43.19 
5 3 39.43 
6 3.5 36.51 
7 4 34.15 
8 4.5 32.20 
9 5 30.54 

Table 1 – Slalom characteristics. 
 

The nine sections are 200 meters apart from each other to cancel dynamic driving effects 
between sections. The pylons are at 0.5 meters from the centreline of the road as is shown in 
Figure 3.  

Procedure 

The experiment started with a practice run. In this run, the easiest slalom section was driven 
multiple times, since the objective was to familiarize subjects with the driving task. Subjects 
were instructed to drive through the slalom as fast as possible; however, the velocity was 
saturated at a maximum speed of 70km/hour. They were told only to lower the car velocity 
(using the brake pedal or releasing the gas pedal) when the car was near hitting the guard rail 
or if they felt losing the control over the car.  
 
After the practice run, subjects had to drive through the slalom (all the nine pylon sections) in 
the two different conditions. Drivers had to drive each condition twice to test if their driving 
is influenced by any training effect. This means that subjects had to drive the slalom four 
times in total. To decrease order effects subjects were divided into two randomized groups, 
shown in Table 2, where NM refers to the no motion condition and M refers to the condition 
with motion feedback. 
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Group First run Second run Third run Fourth run 
1 NM M NM M 
2 M NM M NM 

Table 2 - Motion condition order. 

Experimental Design 

Twenty-two participants (15 males and 7 females) participated in the experiment, with an 
average age of 38 years. Two had to be discarded due to motion sickness issues. Of the twenty 
remaining subjects, ten started with the no motion condition (Group 1 of Table 2) while the 
other ten participants started with the motion feedback condition (Group 2 of Table 2).  
Starting in the second run, a paired comparison technique was used to test if the condition 
with motion feedback is preferred to the no motion condition. Subjects had to compare the 
current run with the previous run in terms of overall impression of realism by forcing them to 
say which condition they preferred. 
 
After each run, subjects had to fill in a questionnaire that dealt with the following topics: 
immersion in the simulator task, controllability of the car, slalom performance, simulation 
realism, motion realism and training value. 
 
In the questionnaire we used a list of statements on which subjects had to agree or disagree 
using a 7 point Likert scale. See Figure 4. Figure 5 shows in which order the experiment was 
conducted. 
 

Strongly Disagree 1 2 3 4 5 6 7 Strongly 
Agree 

Figure 4 - Seven point Likert scale. 
 

 
Figure 5 - Experimental order. 

Objective measures 

The objective measures used in this study were the car average speed and the lateral specific 
forces generated by the car model. From these measures it is possible to draw conclusions 
about the subjects’ driving behaviour. In our study, we assume that differences in driving 
behaviour show up as differences in measurable car variables such as car speed, car specific 
forces and driving trajectory. In addition, we observed that the number of accidents occurring 
was different for both motion conditions, so these results were also reported. Note that in all 
conditions, the only difference was the motion feedback while all other simulator 
characteristics such as steering wheel dynamics and visual scene were kept equal. 
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Results 
Paired comparison  

Subjects indicated the overall impression between two motion conditions three times during 
the experiment. They compared the first run with the second, the second run with the third 
and the third run with the last one. Figure 6 shows the total scores for each of the 
comparisons. Like stated in Grant et al. [8], the score is the number of times that a condition 
was preferred over the other. A chi-square test was used to check the significance of the 
paired comparison analysis. In the first comparison (1 vs 2 in Figure 6) there was not a 
significant effect of the motion condition in the subject’s overall impression, χ2(1)=3.2, 
p=0.074. For the second and third comparisons it was found a significant effect of the motion 
condition at the 5% level, respectively χ2(1)=5, p=0.025 and χ2(1)=9.8, p=0.02. When the 
scores of the paired comparison are accumulated, the result is a total score of 46 for the 
Motion condition and a total score of 14 for the No Motion condition. In this case there is a 
significant effect of the motion condition at the 1% level, χ2(1)=17.067, p<0.001. 
 

 
Figure 6 - Paired comparison total scores for each run. 

Questionnaires 

From this section on, we will define Trial 1 as run one and two and Trial 2 as run three and 
four. This is done to show the difference between the first time a motion condition was driven 
and its repetition. The questionnaire used in this experiment contained 26 statements, where 
subjects had to indicate whether they agreed or not with the statement. Because of time issues 
only four statements were analysed. The statements are: 
 

• “The motions and forces helped me conducting the task”. 
• “The simulator motion and forces felt realistic”. 
• “I sometimes had the feeling of losing control over the car”. 
• “I was really focused”. 

 
The choice of these statements is related with the experiment hypothesis since they show how 
motion feedback can influence driving behaviour in terms of task performance, realism, 
control and concentration. Note that the original statements were in Dutch, which means that 
part of the meaning can be lost in translation.  
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Figure 7 - Question average ratings and 95% confidence intervals. 
 
Figure 7 shows the subject’s ratings for the four chosen statements. A repeated measure 
ANOVA with contrasts focusing on the differences between the two independent variables 
(motion condition and Trial number) was performed. For the statement, “The motions and 
forces helped me conducting the task” there was a significant main effect of the motion 
condition on questionnaire ratings, F(1,19) = 13.589, p = 0.002. Contrasts revealed that the 
effect of the motion condition in the subject ratings was significant for Trial 1, F(1,19) = 
9.404, p = 0.006 and for Trial 2, F(1,19) = 14.625, p = 0.001. The statement, “The simulator 
motion and forces felt realistic” also showed a significant main effect of the motion condition 
on questionnaire ratings, F(1,19) =11.406, p = 0.003. Contrasts showed significant effects of 
the motion condition in the subjects ratings for Trial 1, F(1,19) = 5.550, p = 0.029 and for 
Trial 2, F(1,19) = 10.715, p = 0.004. For the statement, “I sometimes had the feeling of losing 
control over the car” there was a significant main effect of the motion condition on 
questionnaire ratings, F(1,19) = 7.452, p = 0.013. There was also a significant main effect of 
the trial number on the questionnaire ratings, F(1,19) = 30.523, p < 0.001. Contrasts showed a 
significant effect of the motion condition on the subjects ratings for Trial 2, F(1,19) = 4.952, p 
= 0.038, but not for Trial 1. In the statement “I was really focused” there was a significant 
main effect of the motion condition on questionnaire ratings, F(1,19) = 7.356, p = 0.014. 
There was also a significant effect of the trial number on the questionnaire ratings, F(1,19) = 
12.435, p = 0.002. There was a significant interaction between the motion condition and the 
run number, F(1,19) = 6.450, p = 0.020. Contrasts revealed a significant effects of the motion 
condition in the subjects rating for Trial 1, F(1,19) = 7.912, p = 0.011, but not for Trial 1. 
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Objective Measurements 

Number of sections finished 

In the experiment the slalom got increasingly more difficult with each section (see Table 
1).The runs were again divided in two groups (Trial 1 and Trial 2), to show the difference 
between the first time a motion condition was driven and its repetition. For Trial 1, thirteen 
subjects out of twenty were able to drive through the nine slalom sections without crashing 
the car in the Motion condition. For the No Motion condition only nine subjects out of twenty 
were able to drive the slalom without crashing. For Trial 2, sixteen out of twenty subjects 
finished the full slalom for the Motion condition while for the No Motion condition fifteen 
out of twenty subjects were able to finish the slalom. Table 3 shows in which pylon section 
accidents occurred. 
 

Pylon section Trial 1 Trial 2 
Motion No Motion Motion No Motion 

1 0 0 0 0 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 1 
5 0 0 0 0 
6 1 2 1 0 
7 2 5 1 1 
8 4 1 1 3 
9 0 3 1 0 

Table 3 - Number of accidents in each section. 

Average speed 

The average speeds were analysed to check differences in driving strategy between the two 
motion conditions. Figure 8 shows the mean car speed and the 95% confidence intervals for 
the nine pylon sections. From Figure 8 one can observe that the average speed decreases with 
the pylon sections, since they got increasingly difficult. The Motion condition average speeds 
are slightly smaller than the No Motion condition average speeds.  
 

Figure 8 - Average car speed and 95% confidence interval for all pylon sections in Trial 1 and  2. 
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Significant differences between motion conditions for the average car speed were found from 
section 5 to section 9. The available data decreases with the section number because of the 
occurred accidents. Since we are only interested in the differences between Motion and No 
Motion for Trial 1 and 2, a dependent t-test will be used in the analysis instead of a repeated 
measure ANOVA. Note that the results for Trial 2 will have more statistical power than the 
ones of Trial 1 since there were fewer accidents in the last runs. Table 4 shows the results of 
the dependent t-test. Significant effects (at the 5% level) of the motion condition in the car 
average speed were found for the highlighted rows in Table 4, and indicated by asterisks (*) 
in Figure 8. 
 
 
 

Section  M Δ SE t p 

5 Trial1 -2.017 0.981 t(19)= -2.056 0.054 
Trial 2 -2.101 0.712 t(18)= -2.949 0.009 

6 Trial1 -3.522 1.579 t(17)= -2.230 0.039 
Trial 2 -4.179 0.952 t(18)= -4.391 0.000 

7 Trial1 -2.513 1.983 t(14)= -1.267 0.226 
Trial 2 -3.808 0.757 t(17)= -5.030 0.000 

8 Trial1 -4.947 2.148 t(10)= -2.303 0.044 
Trial 2 -2.851 1.170 t(14)= -2.437 0.029 

9 Trial1 -5.713 3.409 t(6)  = -1.676 0.145 
Trial 2 -2.577 1.114 t(11)= -2.313 0.041 

Table 4 - Mean difference, standard error, t-test score and significance of the car speed for the last 5 pylon 
sections. 

 

Car model specific forces 

Figure 9 shows the average specific force generated by the car model. The average was 
calculated using all the participants in all the four runs 
 

Pylon section 1 

 

Pylon section 9 

Figure 9 - Car model average specific forces for pylon section 1 (on the left) and pylon section 9 (on the 
right). The averages are calculated using all the participants in all runs. 
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Discussion 
 
Motion feedback has been used in flight simulation for many years. It has been shown that 
this feedback has beneficial effects on pilot performance [9]. In driving simulation, visual 
feedback is assumed to be the primary source of information [10], nevertheless several studies 
that assess the effect of motion in a driving task have already been performed [11,12]. In this 
study, we also want to investigate the effect of motion feedback, but this time in advanced 
driving manoeuvres. 
 
The condition with motion was much more preferred by the subjects than the condition with 
no motion. From the 14 subjects that rated the Motion condition the best when the first run 
was compared with the second run, only one subject changed its opinion in the other 
comparisons (rated No Motion better when comparing the second run with the third run). It 
can also be seen that with progression of the experiment, the No Motion condition was rated 
best fewer times (Figure 6). At the end of the experiment, the difference between the two 
motion conditions was highly significant as one can see from the paired comparison results. 
This means that for advanced manoeuvres like this slalom, subjects prefer to have a 
simulation with motion feedback, rather than a fixed based simulator. Some of the participants 
commented that it was much easier to “catch up with the cadence” (the sinusoid) of the slalom 
when motion was present.  
 
Motion seems also necessary to help subjects conducting the driving task better as can be seen 
from the questionnaire results. The participants agreed that motion helped them in the driving 
since the average rating for the statement “The motions and forces helped me conducting the 
task” in the Motion condition was 5.30 for Trial 1 and 5.45 for Trial 2. Regarding how 
realistic the motion was, it can be seen that subjects in the Motion condition were undecided 
whether what they were feeling was realistic or not (the ratings for this statement were 4.4 for 
Trial 1 and 4.85 for Trial 2). This had to do mainly with control differences of their car and 
the used car model (some subjects did not have power steering in their car for example) and 
also because the used manoeuvre was not comparable with the type of manoeuvres they 
normally do in their car. For the No Motion condition, subjects rated it unrealistic (3.25 in 
Trial 1 and 3.20 in Trial 2) even though that some of them believed that simulator movements 
were present in this condition. This phenomenon of reporting the presence of motion in a no-
motion condition was already reported by Wentink et al. [5]   
 
Motion feedback changes driving behaviour as one can see from the average speed 
differences between the two motion conditions. Subjects had a lower average speed in the 
Motion condition compared to the No Motion condition. This means that with motion 
feedback, in the harder pylons sections (which is where this difference is noticeable) subjects 
are more aware of how the car is reacting and drive it more carefully to prevent a crash. 
Figure 9 shows that in the earlier pylon sections (section 1 in this case) the car model specific 
forces are very similar, which indicates that the driving behaviour of subjects in both motion 
conditions is the same. This is no longer true in the fastest sections (section 9 in Figure 9) 
where the car model specific forces have different amplitudes. The Motion condition has 
smaller force amplitudes than the No Motion condition since subjects have feedback about the 
magnitude of the specific forces and try to drive with smaller lateral forces. Nevertheless this 
data has to be analysed in more detail to draw more conclusions about how subjects drove the 
slalom manoeuvre.  
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Motion feedback has an effect on driver performance and driving behaviour, especially on the 
fastest sections of the slalom. This means that drivers adopt different strategies when they are 
feed with extra sensorial information (motion cues in this case). In flight simulation, it was 
already shown that motion feedback has a beneficial influence on pilot control performance 
[9].  A similar effect seems to be present in extreme driving simulation. This has 
consequences in training, since advanced driving training is still mainly performed with fixed 
based simulators [3]. Research using driver-on-the-loop would also be affected if a fixed 
based simulator is used whenever extreme manoeuvres are present. This could happen in road 
safety research or research that explores driving disturbances, since advanced driving 
manoeuvres are normally required to overcome difficult driving situations. Therefore, if 
motion is not present, drivers are losing important information that ultimately would make 
them react to the situation in a totally different way. 
 
Conclusions 
 
This experiment showed that it is important to have motion feedback in the simulation of 
advanced driving manoeuvres. From the results we see that subjects much prefer the condition 
with motion feedback and that motion supports them in conducting the task better. In the 
fixed base condition, the participants had difficulties to keep the control over the car and 
therefore the number of crashes was higher. Motion feedback also influences driving 
behaviour as can be concluded from the differences in the car average velocity for both 
motion conditions. With motion feedback, subjects drove more carefully and had better 
control of the car; therefore they could anticipate on the car dynamic behaviour better and 
were not that surprised when the car did crash.  
 
Motion feedback is desirable in this type of manoeuvres since it helps drivers in their driving 
task. With motion it was easier for subjects to catch up the correct sinusoidal path of the 
slalom as well as to predict when control actions were needed. It also helped to reduce the 
accident rate since participants had a better control approach due to the extra feedback that 
motion produces. With motion, subjects also identified situations of under- and oversteer 
better and some of them were able to recover without crashing the car. Without motion, 
subjects failed to identify these events, making accidents an unexpected occurrence. 
 
Further analysis of other objective measurements like the steering wheel angle and the 
specific forces has to be done in order to draw more conclusions about the driving control 
behaviour differences. Future experiments should focus on investigating the most important 
cues for driver control in advanced driving manoeuvres, since from this experiment one can 
conclude that motion feedback is very important in these types of manoeuvres.  
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Abstract 

The goal of this study was to assess the effect of an increasing motion space on the fidelity of 
driving simulation in the Desdemona research simulator. The experimental task was a 
standardized slalom maneuver where the car velocity was limited to 70 km/h.  
Subjective measures, which included eight statements on realism and task performance were 
used to assess simulation fidelity. The slalom task was driven in four conditions: 1) one-to-
one motion space, 2) 0.7 times the motion space, 3) 0.4 times the motion space, and 4) no-
motion. The conditions were compared pair-wise. In total 16 participants completed the 
experiment. Compared to the no-motion condition, driving a slalom maneuver in Desdemona 
was judged more realistic when motion cues were available, where the magnitude of the 
motion, within the range of 0.4 to 1, has less to no effect on the realism compared to the issue 
of motion versus no-motion. Furthermore, the participants indicated that motion and forces 
actuated by Desdemona helped to conduct their task better.  
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Introduction 

The goal of this study was to assess the effect of an increasing motion space on the fidelity of 
driving simulation in the Desdemona simulator. Subjective variables, e.g. realism, and the 
objective driver performance were used as measures of simulation fidelity. The subjective 
measures are described in this paper. A standardized slalom maneuver is simulated while 
varying the simulator motion space across conditions, ranging from no-motion  to one-to-one 
motion. 
 
In flight simulation it has been shown that motion has a beneficial effect on pilot 
performance, especially in high-gain control tasks where the pilot has to stabilize the aircraft 
during (atmospheric) disturbances [Hosman 1996, Pool 2007]. In those conditions, the inertial 
motion perceived by the equilibrium system provides phase-lead over the motion information 
perceived by the visual system (i.e. the information is faster). In addition, the delay time in the 
vestibular pathway is shorter than the delay in the visual pathway. Already in the 1960's, 
McRuer showed that phase-lead from motion feedback improves control performance 
[McRuer et al., 1965, 1967, Weir & McRuer 1968]. Over the years, the motion cueing 
systems of full flight simulators were more or less optimized to render disturbance motion 
correctly in order to achieve comparable pilot behavior in the simulator.   
Although it is generally assumed that visual feedback is the primary source of information 
when driving a car [Kemeny & Panerai, 2003], motion feedback will most probably help the 
driver to stabilize the car and to keep it on track. It is hypothesized that the role of motion in 
driving simulation is equivalent to that in flight simulation, and that the addition of motion in 
demanding, simulated driving tasks improves control performance and realism. Since driving 
simulators are far from standardized, the question that arises is: how much simulator motion 
and what type of motion platform and cueing logic is required to provide realistic motion 
feedback.  
 
Among others, [Groen et al., 2001] found in their study that the simulator motion was 
perceived as too strong when in fact the motion was already scaled-down and filtered. 
Therefore, it is expected to find the best driver performance and the highest degree of realism 
in a scaled motion space condition, and the worst results in the no-motion condition.  
 
The work described in this paper is carried out in the framework of the MOVES (MOtion 
cueing for VEhicle Simulators) Eureka project. One of the main purposes of the project is to 
evaluate and compare simulation fidelity of different driving simulators. Driving simulators 
involved are KUKA (Max Planck Institute), Ultimate (Renault), CarSim (DLR) and 
Desdemona (TNO, AMST). A comparable experiment on driver performance in a standard 
slalom maneuver was carried out on each of these simulators. In addition to the study 
described in this paper, an extended slalom driving experiment was performed. This addition 
addresses Advanced Driving Simulation that involved faster slalom maneuvers and higher 
accelerations and forces [Correia Grácio et al., 2009]. 
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Method 

Apparatus  

The Desdemona simulator (Figure 1) was utilized for the slalom experiment. Desdemona is a 
moving-base research-simulator located at TNO (Soesterberg, The Netherlands) that was 
designed with a special focus on spatial disorientation demonstrations, flight simulation, and 
driving simulation. It was built in close co-operation with AMST (Ranshofen, Austria). The 
simulator has 6 Degrees of Freedom (DoF). The cabin is mounted in a gimbaled system (3 
DoF, >2π radians), which as a whole can move vertically along a heave axis (1 DoF, ±1m) 
and horizontally along a linear arm (1 DoF, ±4m). This structure can as a whole rotate around 
a central axis to facilitate centrifugal motion (1 DoF, <3G).  For the experiment, the 
Desdemona cabin was equipped with a generic car cockpit. The cockpit contains force-
feedback on steering wheel, and on gas and brake pedals. Direct drive electrical motors 
generate the control loading for the steering wheel and pedals. The out-the-window visuals 
have a width of 120x40 degrees visual angle.  
 

 
Figure 1 The Desdemona Research simulator 

The vehicle dynamics were calculated by a Carsim vehicle model (Ann Arbor, MI, USA) and 
were comparable with the dynamics of a Volkswagen Passat with automatic gear shift. In the 
experiment, the velocity was limited to 70 km/h. The vehicle model ran in a Matlab-Simulink 
thread using shared memory [Hogema et al., 2004].  
The motion cueing filter ran in a separate Matlab-Simulink thread as well. Figure 2 shows the 
global structure of the applied filter. The lateral position – and thereby the lateral acceleration 
– of the vehicle was cued by the 8 m linear arm. The width of the road is 6m, which enables 
the possibility to cue one-to-one. Pilot tests showed that participants were able to drive the 
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slalom trail with the maximum velocity of 70 km/h. Therefore, the longitudinal force was not 
cued. The roll and pitch vehicle motions were cued directly by the corresponding Desdemona 
gimbals. The paths only contain a scaling gain and a limiter block. The car heading was cued 
by two degrees of freedom, i.e., the high frequencies were cued by the cabin yaw and the 
remaining low frequencies were cued by the central yaw. The lateral cues by the linear arm 
remain in the proper direction when only high frequencies are actuated by the cabin yaw. The 
high and low pass filters were complementary, i.e., the output of the two filters add up to 1 
such that the total heading is also cued directly. Finally, a velocity depending road rumble and 
a stimulus when hitting a pylon were applied by the heave axis. Note that the filter does not 
contain tilt coordination. A previous experiment on curve driving [Wentink et al., 2008] 
suggested that false cues were receiving more attention than correct cues. Tilt coordination or 
rather the washout associated with tilt coordination is an example of a false cue, which could 
disturb the judgment of a condition.  
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Figure 2 Global structure of the applied motion cueing filter 

Scenario and conditions 

The experiment took place at a two-lane rural road (Figure 3). The lane width was (3 m). 
Guardrails were placed at both sides of the road. During the experiment, the participants had 
to drive multiple times the slalom trail that was indicated by the pylons. The pylons were 
alternately placed at 0.5 m to the right and left of the road centerline. Within each trail, the 
distance between the first nine pylons was 62.5 m and the distance between the last three 
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pylons was 50 m. The change of the spatial frequency in a slalom prevents that the driver can 
drive the whole slalom with the same cadence.  
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Figure 3 The road geometry (the axes are not scaled) 

In total four gain settings (conditions) of the motion cueing filter (Figure 2) were compared. 
The gains were 0 for no-motion and 0.4, 0.7 and 1 for motion. In terms of lateral 
displacement, the motion space used was 0, <2.8, <4.2 and <6 m, respectively. Twelve 
different pairs can be composed out of four conditions. These 12 pairs were assigned to two 
sets such that per set all gains were compared (but not in all orders). One group of participants 
tested set 1 and the second group of participants tested set 2. In one run, one pair was driven, 
i.e., one gain setting for the first trail and another gain setting for the second trail. Each 
participant compared six pairs in six runs in a randomized order.  
 

Participants, procedures and data registration 

Sixteen participants (4 female and 12 male) completed the experiment. Two participants did 
not finish the experiment due to motion sickness. They were all TNO employees and not 
professional drivers. The average age was 36 (s.d. – standard deviation – 10) years, the 
average mileage per year was 14281 (s.d. 9252) km and the average driving simulator 
experience was 28 (s.d. 65) hours.   
 
After arrival, the participant was briefed about the experiment. The goal was to complete a 
run in the lowest possible time. That was, to drive as fast as possible (maximum was 70 
km/h), without damaging the car. It was allowed to reduce the velocity when he/she expected 
to loose the control of the car. For example, when the car was going to leave the road or when 
they were hitting pylons. The experimenter answered questions that the participant might 
have. Subsequently, the participant signed an informed consent (stating that he/she was in 
good health, had understood the instructions and participated voluntarily).  
To get used to the simulator and the car dynamics, the experiment started with a practice 
slalom run (gain 0.5 with a rather similar filter). Next the real runs started. A pylon at the right 
side of the road indicated the finish of a trail (Figure 3).  
 
Both objective and subjective data was collected during the experiment. The objective data 
included the position, velocities, accelerations and the control inputs of the car. This paper 
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does not include the results of the objective data. The subjective data were collected by means 
of a questionnaire. After each trail, a questionnaire with 8 statements and a misery-score was 
filled-out. Regarding the statements, so-called constructs have been used [Field, 2005]. 
Variables that cannot be measured directly like realism are called constructs. Firstly one has 
to determine which observable ‘variables’ can be measured that represent the construct. 
Therefore, different statements have been used that have an association with one construct, for 
example realism. The validation of the constructs is not covered in this paper. The participants 
had to agree or disagree with the statements using a 7-point Likert scale (Figure 4).  The 
misery score is a 6-point scale, ranging from ‘feeling OK, no symptoms’ to ‘vomiting’.  After 
each pair, the participant did a pair-wise comparison, that is, the participant indicated which 
of the two trails was the most realistic. Finally, at the end of the total run the participant could 
give general comments. 
 
Strongly Disagree 1 2 3 4 5 6 7 Strongly Agree 

Figure 4 The 7-point Likert scale to judge the statements  

Results 

Pair-wise comparison 

After each pair, the participant was asked to indicate which of the two trails he found the most 
realistic. Figure 5 shows the result for the four gain settings. The value at the vertical axis 
indicates the number of times the particular gain setting was preferred. The sum of all 
preferences is 96, which corresponds to 16 participants times 6 pairs. 
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Figure 5 Result of a pair-wise comparison on realism between 4 different gain settings 

A significant effect was found by comparing all four gains in one Chi-square test (χ2= 26.58, 
df = 3, p < 0.01). This implies that a difference was found in realism between the different 
gain settings. In order to differentiate between the gain settings, 6 separate (6 combinations) 
Chi-square tests were done. Consequently the significance level reduces according to the 
Bonferroni correction, i.e. there is a difference between two setting when p < 0.05/6 = p < 
0.008. Table 1 shows the results. It can be concluded that the gain setting 0 (no-motion) 
differs with the other 3 gains setting. The remaining gain settings are not found to be 
different.  
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Table 1 Pair-wise comparison on realism between the 4 gain settings (** = p<0.01) 

Compared gains  χ2 df p significance 

0 and 0.4 17.06 1 0.000036 ** 
0 and 0.7 28.49 1 0.000000 ** 
0 and 1 16.13 1 0.000059 ** 
0.4 and 0.7 2.18 1 0.139650 - 
0.4 and 1 0.02 1 0.890746 - 
0.7 and 1 2.60 1 0.106865 - 
 

Statements 

After each trail, a questionnaire with 8 statements was filled-out. Each participant rated the 4 
gain settings 3 times (6 pairs/4 gains = 12 trails/4 gains). The 4 gain settings, 8 statements and 
4 repetitions where tested in a repeated measures ANOVA.  No effect for the repetitions was 
found for the statements; therefore the influence of the repetition was left out of the analysis. 
Figure 6 shows the mean scores for the statement for each gain setting. A post-hoc Tukey 
HSD test showed a significant effect between gain 0 and the other gains for the statements. 
This implies that slalom driving with motion was experienced as more realistic and helped the 
participants by conducting their task better as compared to the no-motion condition.  In this 
experiment, no statistical significant differences in realism and conducting the task were 
found between the gain settings 0.4, 0.7 and 1, except for the utmost right statement in Figure 
6. A significant effect (p<0.05) was found between gain 0.4 and gain 0.7. The forces for gain-
setting 0.7 were found to be more realistic compared to gain setting 0.4.  A trend or a 
marginal effect (p<0.1) was found for the statement that ‘motion and forces helped 
conducting the task’ between gain setting 0.4 and 0.7. 
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Figure 6 The mean scores for 6 statements 
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The overall result is in line with the pair-wise comparison. Although, for both the pair-wise 
comparison (Figure 5) and the statements (Figure 6), a visual inspection indicates a slight 
preference for a gain setting of 0.7.   

Misery Score 

After each trail, the participant indicated the MISC (misery score).  The mean MISC was 1.35 
(for the 16 participants that completed all runs). The mean value was between ‘feeling OK, no 
symptoms’ and ‘initial symptoms, such as stomach awareness, but no nausea’.  
The MISC was analyzed with an ANOVA and a post-hoc Tukey test. The sequence of gain 
settings were randomized among the participants and the time-constant of misery is relatively 
low compared to the duration of a trail. Therefore, no effect was found for the Misery Score 
as a function of the gain settings.  
For the repetition, a significant effect (p<0.01) for the MISC was found between repetition 2 
and 3 (for all conditions together). Hence, during the experiment the MISC changed from 1 
(feeling OK) to 2 (initial symptoms).  
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Figure 7 The (misery score) MISC as a function of the repetition 

Discussion  

The participants had rather limited to no experience with real slalom driving. However, one 
can assume that they have driven similar kind of maneuvers, such as sudden lane changes and 
driving a roundabout with a relative high velocity. Comparable lateral forces and roll rates are 
present in these maneuvers. This indicates that the participants were able to differentiate 
between the conditions.  
Compared to the no-motion condition, the analysis showed that driving a slalom trail has been 
judged more realistic when motion cues were available. The pair-wise comparison and the 
statements showed this. It also appeared that the magnitude of this motion, within the range of 
0.4 to 1, is less important compared to issue of motion versus no-motion. Only for one 
statement a distinction between motion gain 0.4 and 0.7 was found, where a motion gain of 
0.7 was found to be more realistic. As mentioned earlier, the cueing filter did not provide false 
cues due to washout effects associated with tilt coordination. In a previous experiment 
concerning curve driving [Wentink et al., 2008], the participants criticized false cues, which 
influenced the judgment between no-motion and motion. The participants did not mention 
false cues in the present experiment. Consequently, absence of washout is likely to be a 
reason for the clear distinction between the motion and no-motion conditions.  
The experiment described in this paper applied a road rumble that was scaled with the gain 
setting. This implies no road rumble for the gain 0 condition and maximal road rumble in the 
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one-to-one motion condition. The effect of road rumble is important for driving immersion. 
Therefore, the absence of road rumble in no-motion condition has influenced the results.  
It was found that the motion and forces actuated by Desdemona helped the participants to 
conduct their task better. This is a first result regarding the effect of motion on driver 
performance. Motion feedback will most probably help the driver to stabilize the car and to 
keep it on track. It is hypothesized that the role of motion in driving simulation is equivalent 
to that in flight simulation, and that the addition of motion in demanding, simulated driving 
tasks improves control performance. In ongoing work, we will verify this hypothesis by 
analyzing the objective data.  
Finally, no effect has been found for the Misery Score as a function of the gain settings 
because the ‘time-constant of misery’ is relatively low compared to the duration of a trail. 
Only a slight increase of the Misery Score over time was found.  
 
Conclusions 
The present study showed the following results: 
1) Compared to the no-motion condition, driving a slalom trail in Desdemona has been 

judged more realistic when motion cues were available, where the magnitude of the 
motion, within the range of 0.4 to 1, has less effect on the realism compared to issue of 
motion versus no-motion. 

2) The participants indicated that motion and forces actuated by Desdemona helped to 
conduct their task better. An analysis of the objective data will be performed to strengthen 
this conclusion.  
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MOVES Rijsimulatorstudie, experiment 2, september 2008 

Instructie experiment MOVES  
- rijsimulatorstudie- 

 
 
Wilt u deze instructie zorgvuldig doorlezen.  
 
Tijdens dit experiment rijdt u buiten de stad op een tweestrooksweg. In het midden van de weg 
staan pylonen waar u om heen dient te slalommen. De eerste pylon passeert u steeds van rechts 
naar links. De auto waar u in rijdt is een Volkswagen Passat automaat waarbij de snelheid 
begrensd is op 70 km/u.  
 
In dit experiment zult u verschillende ritten rijden, waarbij de aangeboden beweging per rit 
verschillend is. Elke rit bevat een aantal slalom parcoursen. U zult beginnen met een slalom 
oefenrit. Daarna beginnen de ritten van het echte experiment. Hier zal per rit, bij ieder volgend 
slalomparcours, de afstand tussen de pylonen kleiner worden.  
 
Uw doel is om de rit in een zo kort mogelijke tijd af te leggen. Dus probeer zo snel mogelijk te 
rijden zonder de auto te beschadigen. Verminder alleen de snelheid als u de auto niet meer onder 
controle heeft. Bijvoorbeeld als u van weg af dreigt te raken of de pylonen begint te raken.  
 
Na iedere rit vragen wij uw mening over de gereden rit door middel van een vragenlijst. We zijn 
geïnteresseerd in uw mening! 
 
 

 
 
 



MOVES, september 2008 
 

  
PROEFPERSOONVERKLARING 

 
Ondergetekende, 
 
Naam  ○ Dhr  ○ Mevrouw      .................................................................... 
 
Geb. datum    .................................. 
 
Rijbewijs sinds      19 …….       
 
Gemiddeld aantal kilometer rijervaring per jaar:   …………. 
 
Rijsimulator ervaring in uren:   .................................. 
 
Heeft u een normale nacht gehad:   ja    nee 
 
Voelt u zich okay:    ja    nee 
 
verklaart op volkomen vrijwillige basis deel te nemen aan een experiment m.b.t. onderzoek in de 
Desdemona simulator, uitgevoerd bij TNO te Soesterberg. Ik heb begrepen dat het daarbij gaat om een 
experiment waarin ik in de rijsimulator ga rijden op een weg buiten de bebouwde kom, waarbij ik 
tijdens het rijden een slalom taak moet uitvoeren.  
 
De bedoelingen van het experiment en de daarbij gevolgde aanpak zijn tot mijn tevredenheid 
uitgelegd, en mijn vragen zijn door de proefleider bevredigend beantwoord. Er is mij verzekerd dat ik 
op elk moment zonder opgaaf van redenen mijn deelname aan het experiment kan beëindigen. Evenzo 
kan de proefleider onder dezelfde voorwaarden mijn deelname aan het experiment beëindigen. Ik zal 
me houden aan de veiligheidsregels en aan de instructies van de proefleider. 
 
Bij rapportage van de resultaten van het experiment wordt mijn privacy beschermd in die zin dat het 
niet mogelijk zal zijn op enigerlei wijze mijn identiteit te achterhalen.  
 
Voorts verklaar ik lichamelijk in goede gezondheid te verkeren. 
 
Soesterberg,  .................  2008     
 
Handtekening proefpersoon:     
 
Proefpersoon-nr:
 
 
TOELATING 
 
Naam proefleider:     
 
- Ik heb mij ervan overtuigd dat deze proefpersoon voldoet aan de selectiecriteria om aan 

bovengenoemd experiment deel te mogen nemen.  
 
Soesterberg, datum     .............. 
 
 
Handtekening proefleider:    ……….. 
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In hoeverre bent u het eens met de volgende stellingen (omcirkel het nummer)? 
 
1. Ik was echt aan het rijden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
2. Ik vergat dat ik in een simulator zat. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
3. Ik reed de auto zoals ik normaal ook zou doen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
4. Ik had het gevoel dat ik gewond kon raken tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
5. Ik was best gespannen tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
6. Ik vond het rijden leuk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
7. De auto stuurde normaal, zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
8. De bewegingen in de auto voelden zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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9. Ik voelde me vertrouwd met de auto. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
10. Soms had ik het gevoel de controle over de auto te verliezen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
11. Ik heb het maximale uit de prestaties van de auto gehaald (in bochten). 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
12. Het voelde alsof ik een echte auto bestuurde. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
13. De rijtaak was makkelijk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
14. Ik heb de taakuitvoering aangepast aan de beperkingen van de simulator. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
15. Ik voerde de rijtaak goed uit. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
16. De bewegingen en krachten die ik voelde hielpen me bij de taakuitvoering. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
17. De simulatie was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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18. De bewegingen en krachten van de simulator voelden realistisch aan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
19. Het buitenbeeld in de simulator was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
20. Het gezichtsveld in de simulator was groot genoeg. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
21. Ik was heel gefocused. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
22. Ik ben tot het uiterste gegaan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
23. Ik werd uitgedaagd om goed te presteren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
24. Ik ben steeds beter geworden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
25. Na deze ervaring, kan ik de rijtaak ook in het echt beter uitvoeren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
26. Deze ervaring heeft me geholpen om de benodigde rij-vaardigheid te ontwikkelen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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Hoe voelt u zich (omcirkel het nummer): 
 

1. Okay, geen klachten. 
2. Voel m’n maag / licht in ‘t hoofd, maar niet misselijk. 
3. Beetje misselijk 
4. Misselijk 
5. Erg misselijk 
6. Braken 
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In hoeverre bent u het eens met de volgende stellingen (omcirkel het nummer)? 
 
1. Ik was echt aan het rijden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
2. Ik vergat dat ik in een simulator zat. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
3. Ik reed de auto zoals ik normaal ook zou doen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
4. Ik had het gevoel dat ik gewond kon raken tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
5. Ik was best gespannen tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
6. Ik vond het rijden leuk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
7. De auto stuurde normaal, zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
8. De bewegingen in de auto voelden zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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9. Ik voelde me vertrouwd met de auto. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
10. Soms had ik het gevoel de controle over de auto te verliezen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
11. Ik heb het maximale uit de prestaties van de auto gehaald (in bochten). 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
12. Het voelde alsof ik een echte auto bestuurde. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
13. De rijtaak was makkelijk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
14. Ik heb de taakuitvoering aangepast aan de beperkingen van de simulator. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
15. Ik voerde de rijtaak goed uit. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
16. De bewegingen en krachten die ik voelde hielpen me bij de taakuitvoering. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
17. De simulatie was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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18. De bewegingen en krachten van de simulator voelden realistisch aan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
19. Het buitenbeeld in de simulator was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
20. Het gezichtsveld in de simulator was groot genoeg. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
21. Ik was heel gefocused. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
22. Ik ben tot het uiterste gegaan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
23. Ik werd uitgedaagd om goed te presteren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
24. Ik ben steeds beter geworden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
25. Na deze ervaring, kan ik de rijtaak ook in het echt beter uitvoeren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
26. Deze ervaring heeft me geholpen om de benodigde rij-vaardigheid te ontwikkelen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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Hoe voelt u zich (omcirkel het nummer): 
 

1. Okay, geen klachten. 
2. Voel m’n maag / licht in ‘t hoofd, maar niet misselijk. 
3. Beetje misselijk 
4. Misselijk 
5. Erg misselijk 
6. Braken 

 
 
Welke van de twee condities voelde het meest realistisch (benaderde het gevoel in een 
echte auto het best, omcirkel het nummer)? 
 

1. Een na laatste rit 
2. Laatste rit 
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In hoeverre bent u het eens met de volgende stellingen (omcirkel het nummer)? 
 
1. Ik was echt aan het rijden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
2. Ik vergat dat ik in een simulator zat. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
3. Ik reed de auto zoals ik normaal ook zou doen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
4. Ik had het gevoel dat ik gewond kon raken tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
5. Ik was best gespannen tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
6. Ik vond het rijden leuk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
7. De auto stuurde normaal, zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
8. De bewegingen in de auto voelden zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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9. Ik voelde me vertrouwd met de auto. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
10. Soms had ik het gevoel de controle over de auto te verliezen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
11. Ik heb het maximale uit de prestaties van de auto gehaald (in bochten). 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
12. Het voelde alsof ik een echte auto bestuurde. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
13. De rijtaak was makkelijk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
14. Ik heb de taakuitvoering aangepast aan de beperkingen van de simulator. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
15. Ik voerde de rijtaak goed uit. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
16. De bewegingen en krachten die ik voelde hielpen me bij de taakuitvoering. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
17. De simulatie was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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18. De bewegingen en krachten van de simulator voelden realistisch aan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
19. Het buitenbeeld in de simulator was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
20. Het gezichtsveld in de simulator was groot genoeg. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
21. Ik was heel gefocused. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
22. Ik ben tot het uiterste gegaan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
23. Ik werd uitgedaagd om goed te presteren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
24. Ik ben steeds beter geworden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
25. Na deze ervaring, kan ik de rijtaak ook in het echt beter uitvoeren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
26. Deze ervaring heeft me geholpen om de benodigde rij-vaardigheid te ontwikkelen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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Hoe voelt u zich (omcirkel het nummer): 
 

1. Okay, geen klachten. 
2. Voel m’n maag / licht in ‘t hoofd, maar niet misselijk. 
3. Beetje misselijk 
4. Misselijk 
5. Erg misselijk 
6. Braken 

 
Welke van de twee laatste condities voelde het meest realistisch (benaderde het gevoel in 
een echte auto het best, omcirkel het nummer)? 
 

3. Een na laatste rit 
4. Laatste rit 
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In hoeverre bent u het eens met de volgende stellingen (omcirkel het nummer)? 
 
1. Ik was echt aan het rijden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
2. Ik vergat dat ik in een simulator zat. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
3. Ik reed de auto zoals ik normaal ook zou doen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
4. Ik had het gevoel dat ik gewond kon raken tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
5. Ik was best gespannen tijdens het uitvoeren van de rijtaak. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
6. Ik vond het rijden leuk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
7. De auto stuurde normaal, zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
8. De bewegingen in de auto voelden zoals ik gewend ben. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
 
 
 



Proefpersoonnummer:  Simulator rit: 4  
 

14 
 

9. Ik voelde me vertrouwd met de auto. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
10. Soms had ik het gevoel de controle over de auto te verliezen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
11. Ik heb het maximale uit de prestaties van de auto gehaald (in bochten). 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
12. Het voelde alsof ik een echte auto bestuurde. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
13. De rijtaak was makkelijk. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
14. Ik heb de taakuitvoering aangepast aan de beperkingen van de simulator. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
15. Ik voerde de rijtaak goed uit. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
16. De bewegingen en krachten die ik voelde hielpen me bij de taakuitvoering. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
17. De simulatie was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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18. De bewegingen en krachten van de simulator voelden realistisch aan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
19. Het buitenbeeld in de simulator was realistisch. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
20. Het gezichtsveld in de simulator was groot genoeg. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
21. Ik was heel gefocused. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
22. Ik ben tot het uiterste gegaan. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
23. Ik werd uitgedaagd om goed te presteren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
24. Ik ben steeds beter geworden. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
25. Na deze ervaring, kan ik de rijtaak ook in het echt beter uitvoeren. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 

 
 
26. Deze ervaring heeft me geholpen om de benodigde rij-vaardigheid te ontwikkelen. 
Helemaal niet mee 

eens 1 2 3 4 5 6 7 Helemaal mee 
eens 
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Hoe voelt u zich (omcirkel het nummer): 
 

1. Okay, geen klachten. 
2. Voel m’n maag / licht in ‘t hoofd, maar niet misselijk. 
3. Beetje misselijk 
4. Misselijk 
5. Erg misselijk 
6. Braken 

 
 
Welke van de twee laatste condities voelde het meest realistisch (benaderde het gevoel in 
een echte auto het best, omcirkel het nummer)? 
 

1. Een na laatste rit 
2. Laatste rit 

 
Algemene opmerkingen: 
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