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Abstract - The collective goal of the driving simulation community should be to share ideas to improve the motion
cueing across driving simulators worldwide. Due to the active research and intensive usage of driving simulators
over the last decades, knowledge in the field of motion cueing has been gained from experience gathered by the
community, or practical experience by performing dedicated experiments. This paper discusses several points of
‘common knowledge’ in designing and evaluating motion cueing, along with their value for driving simulation. The
goal of the discussion in this paper is to compare these points of common knowledge to the experiences and ideas
gathered at BMW’s driving simulation center in Munich, which was opened in 2021 and hosts a fleet of fourteen
driving simulators. Furthermore, we aim to bring across points of interest and outlines for future research that
should be of interest to the driving simulation community. With the common goal of improving motion cueing, this
contribution thus aims to improve and extend the discussion between those working and researching in the driving
simulator industry.

Keywords: motion cueing, common knowledge, motion scaling, tilt-coordination, motion perception

1. Introduction

BMW’s driving simulation center in Munich, Germany,
operates a variety of driving simulators to cover a
wide range of simulated driving experiments. Most
experiments are known as customer studies, i.e., in-
volving everyday drivers (in contrast to expert drivers)
to study the impact of certain vehicle design choices.
For each simulator, and in some cases even each
experiment, the Motion Cueing Algorithm (MCA) and
its corresponding parameter values generally need to
be specifically chosen and/or redesigned. Here, the
goal is often to induce high realism and as little sim-
ulator sickness as possible, while ensuring that the
motion stays in the simulator workspace at all times.
Most experiments require a dedicated decision on
the simulator and MCA choice, as well as a tuning
procedure to select the MCA parameters suitable for
that experiment.

Researchers and engineers working on driving sim-
ulation benefit from the knowledge that has been
gained and used in the flight- and driving simula-
tion community for more than half a century. This
knowledge has been gathered either through prac-
tical experience or through dedicated experiments,
e.g., on how humans perceive motion. Examples in-
clude knowledge on how humans perceive scaled
motion (Berthoz, et al., 2013), tilt-coordination (Strat-
ulat, et al., 2011), and tilt-rate limiting (Nesti, et al.,
2016). This knowledge on when and how these fea-

tures can be applied can be considered as the “com-
mon knowledge” of driving simulation.

However, not all of these innovations are necessarily
experimentally proven, and sometimes it is unknown
under which circumstances they are valid. Many of
these features are also applied at BMW’s driving sim-
ulation center since its opening in 2021. Due to the
experiments performed in its three years of opera-
tion, new insights on such features have been gath-
ered. It would thus be a valuable contribution to see
whether and how these experiences compare to the
knowledge available in literature.

The contribution of this paper is to provide a selec-
tion of ‘common knowledge’ and compare these to
our experiences at BMW. To this end, this paper gives
an overview of the state-of-the-art in our knowledge
of MCA features and analysis methods found and ap-
plied in literature. For each point, we discuss whether
our experiences at the driving simulation center cor-
respond to common knowledge, either through anec-
dotal or empirical evidence, and/or discuss whether
specific points require further investigation. Thus, the
paper aims to provide an overview of existing motion
cueing features, a comparison to our experiences,
and the basis for a discussion on how we should ap-
ply the collective knowledge in the future.

The paper is structured as follows. Sections 2-5
each give an overview on different points of ‘com-
mon knowledge’, along with the subsequent discus-
sion. More specifically, motion scaling, tuning, motion
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perception, and inconsistent cueing for behavioral fi-
delity are examined in more detail here. A conclusion
follows in Section 6.

2. Motion Scaling

2.1. Scaled Motion vs. Full Motion
Due to the limited workspace of typical motion sys-
tems, scaling down the simulated vehicle’s motion is
generally applied to still deliver representative and
realistic simulator motion. In (Berthoz, et al., 2013),
it was found that participants consider a range of
scaling factors (0.4-0.75) to be most realistic. Further-
more, and perhaps somewhat surprisingly, a veridical
scaling factor of 1 was found to be too strong. This
would be a beneficial finding, as lower scaling factors
reduce the required size of simulators’ motion sys-
tems, reducing cost.

We have implemented high scaling factors up to full
motion (no scaling) in several cases, such as a 1-to-
1 reproduction of lateral motion in a slalom maneu-
ver on BMW’s high fidelity Diamond Space simulator
(Figure 1b). Participants indeed assessed this motion
as too strong, and preferred scaled motion (up to 0.8
in both longitudinal and lateral directions), in accor-
dance to the findings of Berthoz, et al. (2013). In a
recent experiment (Kolff, et al., 2024) we have also
found no significant differences between scaling fac-
tors of 0.8 compared to 0.4 in terms of perceived re-
alism and occurrence of simulator sickness, although
both having a clear benefit over missing motion. One
possible hypothesis is that it is caused by a lack of
accurate visual information in the simulation, such as
optical flow, which reduces the perception of speed
and therefore of the associated motion.

2.2. Scaling Coherence
Some simulators offer the ability to increase the scal-
ing factor in a single Degree of Freedom (DoF) only.
For example, apart from the traditional hexapod, the
Diamond Space (Figure 1b) has an additional single-
direction linear actuator, allowing for additional trans-
lational motion. For the Diamond Space, the orien-
tation of the vehicle mockup can be changed, such
that the linear actuator can be used to either cre-
ate motion in lateral or the longitudinal direction. Sig-
nificantly stronger motion in one DoF is possible by
increasing the scaling of the motion in that specific
DoF. From our experience, however, motion that is
scaled equally in all directions is often preferred over
unequal scaling factors. Unequal scaling is consid-
ered as unrealistic, even if the larger allowable scal-
ing factor in one of the DoFs would lead to an ob-
jectively smaller motion mismatch. This implies that
a simulator such as the Diamond Space would not
be a good choice when strong motion in all direc-
tions is required (e.g., in city driving), and then it is
better to have a reduced motion in all directions (for
example by using a smaller simulator), but at least
in coherence with each. The full range of the linear
actuator of the Diamond Space does provide a clear
benefit if the motion of the DoF in which the linear ac-
tuator moves is also actually a lot stronger than the
other DoF. Examples of this single-direction motion
are slalom maneuvers on a highway scenario (mo-
tion in the y-direction) or a use-case with strong ac-
celeration/braking (motion in the x-direction) only. We

are currently not aware of any studies that have ex-
plicitly investigated this possible preference of scaling
coherence. Thus, we suggest it as a crucial point for
future work to investigate where the limits and oppor-
tunities for scaling coherence lie.

2.3. Group Scaling

Next to the scaling coherence in the various DoFs,
another concept is important, namely group scaling.
In some cases, it can be possible to arrive at dif-
ferent scaling factors in the tuning process for dif-
ferent DoFs. However, one returning observation we
have made is that motion scaling is often preferred to
be as similar as possible in certain groups of DoFs.
Namely, these groups correspond to 1) lateral ma-
neuvering: the lateral specific force, roll rate, and
yaw rate, 2) longitudinal maneuvering: the longitudi-
nal specific force and the pitch rate, and 3) on its own,
the vertical specific force. It is, for example, prefer-
able to scale the lateral specific force and yaw rate
similarly, such that they are in accordance with each
other for the lateral maneuvering. A lateral motion
that is scaled by 50% with a yaw motion that is fully
reproduced has often been perceived as a too strong
yaw motion, resulting in the perception of oversteer-
ing. Only the vertical specific force component has
been found to be relatively ‘free’ from the other DoF,
perhaps because it is mainly independently active in
specific driving maneuvers (bumps, hill driving). Sim-
ilar to the scaling coherence, we suggest specific re-
search on this topic, as it can reduce the tuning com-
plexity by effectively linking the gains of the different
DoFs in these groups.

3. Tuning

3.1. “Big Motion Equals Big
Responsibility”

Large motion systems, such as BMW’s Sapphire
Space (Figure 1a) or Renault’s ROADS, allow for
high scaling factors. Principally, such simulators thus
should allow for improved motion cueing quality com-
pared to smaller simulators that only allow low scaling
factors, as explained in the previous subsection and
in Berthoz, et al. (2013).

BMW’s largest motion simulators, the Sapphire
Space (9 DoF, see Figure 1a) and the Diamond
Space (7 DoF, see Figure 1b), indeed allow for a high
fidelity motion cueing for driving scenarios. However,
the redundant axes in these overdetermined motion
systems increase the complexity in MCAs and their
parametrization, requiring additional effort in the tun-
ing for each experiment.

Furthermore, an important insight has been that
large scaling factors also amplify any imperfections in
the motion. These imperfections can come from lim-
itations in the motion cueing, or even from imperfec-
tions in the simulated vehicle model. Therefore, ex-
periments in which large scaling factors were applied
we also required more extensive and precise tuning
and vehicle models, as without these it is likely that
the large motion potential enhances or amplifies bad
motion. In contrast, for the motion cueing on smaller
simulators it has been easier and faster to achieve an
acceptable tuning (relative to the possible fidelity on
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(a) The 9-DoF Sapphire Space simulator. (b) The 7-DoF Diamond Space simulator.

Figure 1: Simulators at BMW’s driving simulation center. Image credit: BMW Group.

that simulator). Thus, compared to a small system,
a larger motion system also amplifies the need and
responsibility of a properly tuned motion cueing, as
well having a more detail-rich vehicle model. Using a
bigger simulator thus does not automatically result in
a better experience and results in a higher “responsi-
bility” in getting the tuning of the motion cueing right.

4. Motion Perception

4.1. Vestibular System Models

Considering that the perception of inertial motion
mainly occurs through the vestibular system, it is
not surprising that models of the vestibular system
are often applied in motion cueing research (for an
overview, we refer to Ellensohn, 2020; Reymond and
Kemeny, 2000).

Especially in Model-Predictive Control (MPC) motion
cueing, a vestibular model can be used directly to
compare the simulator to the reference motion in the
cost function, e.g., (Ellensohn, et al., 2019). Including
these models can potentially make the cueing bet-
ter (Rengifo, et al., 2021), by focusing motion cue-
ing optimization on errors that are actually perceiv-
able. There are several problems with including mod-
els of the vestibular system, however. First, many
of these models are overly simplified. They do of-
ten not include other motion channels, such as the
proprioceptive system, which has also shown to mat-
ter for the perception of motion (Hlavačka, Mergner,
and Schweigart, 1992). Vestibular models are also
often based on uni-directional research under sim-
plified conditions, e.g., by excluding the role of visual
information. Finally, vestibular models are often struc-
tured as (linear) filters which implies that certain fre-
quencies are not considered. This means that infor-
mation on those frequencies does not matter to the
cost function of MPC.

From our experience, vestibular models induce ad-
ditional complexity without always offering a clear
advantage. MPC MCAs use both a model for the
simulator dynamics and a vestibular model (Kolff,
et al., 2023). While the dimension of the simulator
model depends on the number of simulator DoFs,
the vestibular models have a fixed dimension. The

most commonly used models of the vestibular sys-
tem (Telban, Wu, and Cardullo, 2000) introduce 15
additional states, which, compared to the 14 states
used to model BMW’s 9-DoF simulator, significantly
enlarge the total models. This increase in problem
dimension leads to higher computational complexity,
which further challenges the real-time capability of
MPC MCAs.

This appears to contradict the need for more accurate
and therefore more complex models of human motion
perception, which integrate visual and vestibular mo-
tion perception. Nevertheless, integrating such more
complex models might justify their added complex-
ity in MPC algorithms. Especially in driving simula-
tors, where the visual sense of motion is relatively
strong, it’s not about only matching vestibular cues,
but about ensuring the combination of visual and
vestibular feels realistic. At this moment, we do see a
clear shortcoming in perception models that account
for this integration of visual and vestibular (Kotian, et
al., 2024). Together with the complexity of the result-
ing models, this stands in the way of including these
models in MCAs in a meaningful and effective way.

4.2. Tilt-coordination Preference
Tilt coordination is an often applied method in driving
simulation, where sustained specific forces are gen-
erated through platform tilt (Stratulat, et al., 2011).
Through the roll angle ϕ and pitch angle θ, a spe-
cific force component induced with a tilt with respect
to gravity can be perceived by humans as a transla-
tional acceleration, as long as the rotational motion
tilting the simulator remains below the human per-
ceptual threshold (Nesti, et al., 2016). In flight simula-
tion, hexapod motion simulators also combine trans-
lational and rotational motion to reproduce the slow
motion of the aircraft. For driving, however, vehicle
motions are naturally highly dynamic and asymmet-
ric, for example in urban driving (Ellensohn, 2020).
This makes effective application of tilt coordination,
without exceeding rotation motion perception thresh-
olds, more difficult.

From our experience, tilt coordination is indeed pre-
ferred more by customers/non-expert drivers (Kolff,
et al., 2022b). In contrast, however, it is not preferred
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by expert drivers. This may be due to a variety of rea-
sons. First, tilt coordination is relatively slow, which is
less suitable for the direct and dynamic driving style
of expert drivers. Second, the perceptual threshold of
the rates of expert drivers might also be lower, such
that they notice rotational motion earlier, which is to
be avoided in tilt-coordination. Third, the additional
added rotations must be accounted for if the driver
is not located in the point where the motion is ap-
plied (Kolff, et al., 2023). If the rotational motion is fast
(even if it occurs below the rotational threshold), this
can lead to erroneous motion that can be perceived
by the driver. Correcting for this is a complex opera-
tion, which is currently not done in available MCAs.
Thus, tilt-coordination should always be used care-
fully, and only for sustained accelerations. Note, how-
ever, that tilt-coordination sometimes appears natu-
rally, and cannot simply be turned off. For example,
MCAs using a cost function minimization of the spe-
cific force (such as in MPC) result in tilt-coordination
even without the explicit instruction to the MCA to do
so (i.e., see Dagdelen, et al., 2009.

4.3. Tilt-rate Limiting

Tilt-rate limiters are used to ensure that the realisa-
tion of inherently unrealistic motion cueing features
such as tilt coordination always occurs below the ro-
tational perceptional threshold of a human driver, by
limiting how fast the cabin can rotate. In recent years,
several works (such as Kraft, He, and Rinderknecht
(2021)) have used tilt-rate limiting formulations for
tilt coordination in motion cueing. It is often argued
that the addition of a limitation on the associated ro-
tational rate increases the test subject’s reported fi-
delity of the motion cueing, as below a certain thresh-
old on the tilt-rate, the human and its vestibular sys-
tem cannot perceive the rotational motion (Reymond
and Kemeny, 2000).

From our experience, however, tilt-rate limiting does
not always lead to an increase in the reported qual-
ity of the motion. This argument is two-fold: First of
all, the application of tilt-coordination can be consid-
ered a trade-off. The sensation of rotational motion
is sometimes considered acceptable by drivers, if in
return they obtain a large increase in acceleration
through the tilt-coordination. If tilt motion is strongly
limited, this will also limit the success with which a
sustained specific force is replicated. Second, tilt-rate
limiting can also result in an increase of false cues
in the rotational motion. If a maneuver is (partially)
cued using tilt-coordination, the rotational motion can
be kept under the perceptual threshold using the
tilt-rate limiting. After finishing the maneuver, how-
ever, the constrained rotational motion cannot imme-
diately bring the simulator back to its original attitude,
such that an acceleration cue is still present where it
should be absent.

4.4. Error type classifications

With the limited motion space of driving simulators,
angular velocities and specific forces acting on a test
subject will inevitably differ from those perceived in
a real vehicle. These resulting mismatches can differ
in both magnitude and direction. A typical method to
distinguish between errors is to classify these in dif-
ferent types of errors. Here, different definitions exist,

for example as defined by Grant and Reid (1997) for
flight simulators. These authors defined three differ-
ent types of errors: false cues, missing/scaling error
cues, and phase-error cues.

Vehicle

Sim

(a) Congruent cue. (b) Phase error.

(c) Scaling error. (d) Missing cue.

(e) False cue. (f) False direction cue.

Figure 2: Various typical error type definitions.

A typical definition for false cue motion is a motion
cue that is in the opposite direction of the vehicle mo-
tion (Grant and Reid, 1997; Kolff, et al., 2022a), indi-
cated in Figure 2f, or a motion cue where no motion
is expected from the vehicle (Grant and Reid, 1997)
(Figure 2e). On missing cues (Figure 2d) and scaled
cues (Figure 2c), Grant and Reid (1997) notes that
“Experience has shown that scaled or missing cues
do not lead to the same reduction in perceived fidelity
as false cues, which is also indicated by Baarspul
(1986), although no experimental proof is presented.”
Phase errors were also defined by Grant and Reid
(1997), in which the simulator motion is shifted in time
(i.e., leading or lagging) with respect to the vehicle
reference motion, see Figure 2b. Variations of these
definitions exist, such as defined in Cleij (2020), Kolff,
et al. (2022a).

Our experience is that error type classifications are
helpful as a heuristic method of describing the quality
of the motion. However, they are not so useful when
objectively describing the quality. This might be be-
cause they are useful in describing and categorizing
motion by a test driver (“This drive contained more
false cue motion than the previous drive”), whereas
objectively they are more difficult to quantify (“Drive 1
is . . .% better than drive 2”).

A further point of discussion is presented in Figure 2,
where the surface area between the vehicle and sim-
ulator motion represents the total amount of error
between the two signals. For false direction motion,
which is the typical source of false cue motion in
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driving simulation due to washout, the objective error
is simply larger than the other error types, such as
for scaling errors. Thus, the question arises whether
false cues are also disproportionately worse than the
other types, even if they would have the same objec-
tive mismatch. We would thus recommend to further
investigate the roles of scaling, missing, and false
cues in the case of equal mismatch magnitudes, as
this could reveal whether it is truly the type of error
that disproportionately impairs the quality of driving
simulator motion.

Our experience is that for driving simulation, both the
subjective ratings, as well as the occurrence of sim-
ulator sickness indeed increase proportionally with
the size of the mismatch. This is shown in Figure 3,
which shows the preliminary results of a study on
subjective evaluations and simulator sickness as a
function of motion cueing mismatches (Kolff, et al.,
2024). Here, Figure 3a shows the Motion Incongru-
ence Rating (MIR), i.e., a subjective rating of motion
cueing quality provided by the participants. Further-
more, this is extended by similar results on simula-
tor sickness by measuring the Misery Scale (MISC)
(Bos, MacKinnon, and Patterson, 2005) in Figure 3b.
The baseline had a scaling of 0.8, whereas the scal-
ing condition was scaled with 0.4. Missing and false
direction had scaling factors of 0 and -0.8, respec-
tively. The ordering of the data in both figures is fully
consistent with the objective motion mismatches for
the different cueing error types in Figure 2.

Future research should investigate explicitly how
these error types compare when their objective mis-
match sizes are forced to be equal (e.g., comparing
a large scaling mismatch with a small false direction
cue error). In preliminary tests, we have seen, per-
haps somewhat surprisingly considering the popular
usage of error types in literature, no direct proof that
this is indeed the case. Even if there would be no
fundamental difference in these error types, however,
they can still be used as a heuristic for error eval-
uations. But then perhaps they are not so suitable
in improving motion cueing. A missing link to con-
nect both worlds might be to investigate how such
heuristic evaluations relate to subjective ratings of the
motion. Although Cleij (2020) has incorporated er-
ror types based on signal differences, similar to Fig-
ure 2, future work could investigate how subjective
error type experiences affect the subjective ratings of
the motion.

A final point is that we have noted that although false
direction cues occur during washout, which is com-
mon in driving simulation, their occurrence becomes
less frequent with larger motion systems and more
optimized MCAs. Large excitation reduces the need
of washout, which directly implies less false direction
cue errors.

4.5. Quality of the Vehicle Model

A prime goal in motion cueing development is to
make the Motion Cueing Algorithm (MCA) produce
simulator motion that feels as natural as possible. In
general, this means decreasing the mismatches be-
tween the vehicle reference motion and the motion
of the simulator. This also implies that the evaluation
of the motion cueing compares the simulator’s mo-
tion to the vehicle reference to see whether objective
differences exist. The vehicle reference, however, of-

ten comes from a vehicle model, which is an approx-
imation of the real-world vehicle. This is an important
distinction, because if we obtain subjective evalua-
tions of the motion through test drivers, they will com-
pare their simulator experience to what they would
expect from real-life driving (Kolff, et al., 2022b), and
not what they expect from the vehicle model.

Our experience is that the role of the quality of the ve-
hicle model is often overlooked. Especially if we aim
to quantify the quality of the motion cueing, a compar-
ison to the vehicle model data should be performed
with great care. For example, a significant increase in
the quality of the presented motion may be obtained
by improving the fidelity of the simulated vehicle mo-
tion, and not the motion cueing itself. This point is
further amplified in the case of large, high-fidelity mo-
tion systems, as explained in Subsection 3.1. Future
experimental MCA comparisons could thus benefit
greatly from also reporting the quality of the vehicle
model, or by objectively comparing the simulator mo-
tion to both the vehicle model and the real vehicle,
if this information is available. For example, a spe-
cific real-life measurement could be compared to the
vehicle model response, as well as to how the MCA
would cue this motion.

5. Inconsistent Cueing for
Behavioural Fidelity

In driving simulation, the goal is often to make the
simulation as realistic as possible, without actively re-
quiring the behaviour of the driver to be the same as
in the real vehicle. In that case, also an MCA is pre-
ferred that increases the realism as much as possi-
ble, known as perceptual fidelity. In flight simulation,
most simulators are used to train pilots. This typically
requires a direct focus on ‘behavioural’ fidelity (Pool,
2012). Different than in driving simulation, flight sim-
ulation has not seen a strong surge towards MPC
algorithms. Considering its focus on behavioural fi-
delity, this might be only logical, also with an impor-
tant lesson for driving simulation if behavioural fidelity
is desired.

Future research should focus on a better understand-
ing of how certain MCAs perform regarding these fi-
delity types. For example, MPC algorithms are known
to be able to provide a better quality of motion (Cleij,
et al., 2019), and hence a more realistic simula-
tion. However, they come with the intrinsic prob-
lem that due to their optimization nature, the algo-
rithms always optimize the motion with the available
workspace in mind. Consider a vehicle that drives
through a corner with 40 km/h and after that drives
through a second corner with 80 km/h. A Classical
Washout Algorithm (CWA) would be tuned consid-
ering the two maneuvers, such that it fits within the
workspace of the simulator for the most stringent ma-
neuver (i.e., the 80 km/h corner). As a result, the 40

km/h results in a lateral motion (∼ v
2

r
) with a quar-

ter of the intensity, which might not correspond to the
full 40 km/h motion even if the full motion would be
possible. An MPC MCA solves this problem differ-
ently, as it optimizes every part of the motion with the
workspace available at that moment. Thus, it can cre-
ate a situation where a 40 km/h corner and a 80 km/h
corner are cued with the same intensity. The resulting
inconsistency in what a driver would expect from the
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Figure 3: Impact of motion cueing error type on subjective evaluations and simulator sickness, adapted from (Kolff,
et al., 2024).

motion potentially affects the simulation’s behavioural
fidelity (or perhaps even perceptual fidelity). A crucial
next step for MPC MCAs is thus to investigate how
inconsistent cueing could affect the fidelity of the sim-
ulation.

6. Conclusion
In the development and application of motion cueing,
knowledge about human perception is crucial, as this
can be used to improve the motion cueing of driv-
ing simulator experiments. By operating BMW’s driv-
ing simulation center, we have tested several points
of ‘common knowledge’ and compared these to the
experiences acquired from many experiments and
driving simulation use-cases. By sometimes recon-
firming, and sometimes reconsidering existing knowl-
edge, the contributions in this paper can in turn con-
tribute to the common knowledge of the driving simu-
lation community, improving the motion cueing of our
collective effort. From this comparison, it can be con-
cluded that many heuristics currently applied in the
tuning of motion cueing in driving simulation are not
based on sufficient proof and would need reevalua-
tion or specific experimental proof to be truly reliable
for motion optimization and interpretation of driving
simulator experiment outcomes. Moreover, we would
suggest an active discussion on such technical fea-
tures, focusing on if and how these are applied in the
driving simulation community. This way, our collective
knowledge of motion cueing in the driving simulation
can be consolidated, unified, and improved.
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