








39 
 

 
Figure 23: Illustration of different positions of �:�º�â�Ë, the resulting lateral acceleration due to 
rotational motion, and the combined effect of translational lateral acceleration with the added 

rotational contribution. Rotation points at head point �1�½ (left) and at roughly the roll axis (right). 
Figure obtained from Paper A, modified from Jamson [32] and Fischer and Werneke [57]. 

 

     

     
Figure 24: Acceleration measured using an IMU at the head point in the simulator cockpit during a 

slalom manoeuvre. Setting A - AoR close to vehicle roll axis (top) and Setting B - AoR close to 
head point �1�½ (bottom). From Paper A. 
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          (a)          (b) 

 

Figure 25: Bode plots for the reference point at vehicle roll axis (a) and the reference point at head 

point (b) illustrating vehicle lateral acceleration ay to perceived simulator lateral acceleration ây for 

simulator settings S1 (only translation), S2 (with roll feedback) and S3 (including tilt coordination), 

in comparison to the reference vehicle. From Paper A. 
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7 Gaze model for cueing evaluation 

The proprioceptive reflexes involved in gaze stabilisation, and the way these mechanisms 

can lead to a systematic discrepancy between vehicle motion and head motion during 

driving, were introduced in Section 3.4. During active driving, the assumption of a cockpit-

fixed vestibular system does not hold, and this chapter therefore examines the implications 

for yaw and pitch cueing. Since the assumption of a cockpit-fixed vestibular system is 

embedded in state-of-the-art motion cueing methodologies, often as an optimisation target 

in conjunction with MPC, an investigation of its validity is warranted. The purpose of this 

chapter is thus to examine the consequences of gaze stabilisation for motion cueing in driving 

simulators. 

In Paper C, data from a driving simulator session were used to evaluate the relationship 

between modelled driver head rotation in yaw and the corresponding vehicle yaw motion. A 

driver gaze model based on one of the models presented by Van Leeuwen [28] was used, in 

which the gaze was directed toward a preview point located at a distance proportional to the 

braking distance ahead of the vehicle while fixation shifted toward the apex during corner 

entry. From the gaze vector, the resulting gaze angle and gaze angular rate were computed. 

The model is illustrated in Figure 26 showing the nominal view, i.e. the view distance when 

no apex is present inside the window defined by apex window long and apex window short. 

If an apex is present inside these two distances, the gaze focus on that. 

 

Figure 26: Driver gaze model with corner apex window (left). Preview distances in the gaze model 

used in the study (right). From Paper C. 

 

The comparison of vehicle yaw rate and estimated gaze yaw rate, illustrated in Figure 27, 

shows substantial discrepancies throughout the lap. During slalom and double lane change 

(DLC) manoeuvres, which are characterised by high-frequency transients, this effect is more 

pronounced. Throughout the lap, the head yaw rate generally had a phase lead relative to the 

vehicle yaw rate while simultaneously attenuating high-frequency content. Since neither the 

gaze nor the vehicle exhibits frequencies above 2 Hz in this case, the gaze angle can be 

assumed to be roughly the same as the head angle. This shows that gaze fixation toward a 

forward point on the path stabilises the head relative to the vehicle motion. 
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Figure 27: Global yaw rate of the driver’s head and vehicle yaw rate (Paper C). 

 

These results point in the same direction as the findings of Land and Tatler [29], Land and 

Lee [30] as well as van Leeuwen et al. [55], showing that the vehicle body is a poor proxy 

for the head motion for vehicle dynamics manoeuvring. This observation has direct 

implications for motion cueing strategies that rely on vehicle-fixed vestibular references. If 

the head motion experienced by the driver already differs systematically from the vehicle 

body motion in real driving, then using vehicle yaw rate or pitch rate as a proxy for the semi-

circular canals stimulus introduces a structural modelling error. In such cases, the motion 

cueing algorithm is effectively optimising towards a reference signal that the driver 

performing vehicle dynamics-related manoeuvring does not experience.  

This highlights the important limitation of using vestibular-error minimisation as an 

optimisation objective in motion cueing. When head stabilisation is driven by active gaze 

fixation and proprioceptive reflexes, the vestibular stimulus at the head becomes a 

consequence of the interaction between visual feedback and simulator motion rather than a 

quantity that can be prescribed directly from vehicle states. Under these conditions, motion 

trajectories based on a minimised vestibular response error cannot necessarily imply 

optimised perceptual fidelity since the dominant source of error lies in the mismatch between 

vehicle motion, simulator motion and their coupling through the visual feedback. As a result, 

the role of the vestibular system as an indicator of vehicle motion should therefore be re-

evaluated. This is motivated by the measurements of Keshner and Peterson  [49] [50], which 

show that the SCC is acting as a gyro stabiliser during rotation. 

The visual system should therefore be accounted for when introducing gaze as a human state 

in a driving simulator framework. Modelling all the possible effects of the visual system is 

a very complicated task, so the work within this thesis focuses primarily on the rotational 

degrees of freedom. As the VCR and the VOR are operating relative to a globally fixed 

reference, the gaze rotation is stabilised relative to the global frame of reference. The relation 

between simulator rotation and visual flow was shown in Section 3.4, and it is restated here 

that for any rotational direction 𝑗, the visual slip during pure rotation can be modelled by 

𝑒̇𝑣𝑖𝑠̇ = 𝜔𝑗,𝑠 + 𝜔𝑗,𝑣𝑖𝑠. It should be clear that this only occurs when 𝜔𝑗,𝑠 = −𝜔𝑗,𝑣𝑖𝑠 since the 

visual representation of rotation is normally a scaled version of the negative vehicle motion 

-𝐾𝑣𝑖𝑠𝜔𝑗, (the visual camera is fixed to the vehicle body frame). This only happens when the 

simulator moves exactly as 𝜔𝑗,𝑠 = 𝐾𝑣𝑖𝑠𝜔𝑗. The effect is the following: the gaze reflexes of a 

driver compensate up to roughly 20 Hz for the simulator motion. If the visual system shows 

a different motion than the simulator performed, the visual field moves as 𝑒̇𝑣𝑖𝑠̇ , and visual 
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slip should occur since the VCR and VOR expected the visual field to be globally fixed (as 

it normally is). In conclusion, in order to have the most realistic head rotation in a simulator, 

the simulator should move as closely to the actual vehicle motion as possible. This should 

produce the most realistic SCC responses. What seems like a truism is in fact an effect of 

the strong visual stimuli present in ground vehicle dynamics and motion simulators. If this 

is true, the target should not be to optimise vestibular response, but rather to optimise 

simulator-vehicle motion correlation. 

Analysis of gaze behaviour during slalom manoeuvring (Paper C) revealed that vestibular-

model-based motion cueing produced larger visual slip errors compared to simpler 

algorithms using only vehicle states. Moreover, the results showed that cueing algorithms 

that avoided filtering the slip rate 𝛽̇ and only filtered the kinematic yaw rate 𝛾̇ had 

significantly lower visual slip compared to cueing algorithms filtering the whole yaw-state 

𝜓̇, thus showing that a partitioning of this state to reduce filtering, as suggested by [9], 
provides more realistic gaze behaviour. The separation of slip (only filtering 𝛾̇) compared to 

pure yaw-filtering was examined during a subjective assessment presented in Paper D. From 

the perspective of the yaw gaze model, state-partitioned cueing, which is called the CR 

(consistent path radius) strategy (see Paper D), is expected to produce less visual slip than 

filtering the entire yaw-state, which is called the FS strategy (FS=Filtered slip, see Paper D 

for full details). The CR strategy was described as much easier to position and felt more 

natural, while FS felt more challenging to drive and predict. Gaze behaviour thus provides a 

plausible explanation for the more natural subjective experience reported for CR. 

In Paper F, a model based on Keshner and Peterson’s measurement results [49] was 

developed. The gaze model is described as a spring damper model between the head angle 

and the gaze vector and as a spring and damper element between the trunk and the head, all 

of which are illustrated in Figure 28. In this model, it is assumed that 𝜃𝑡𝑟𝑢𝑛𝑘 is equal to the 

vehicle pitch angle. The resulting Bode plot also presented in Figure 28 shows qualitative 

behaviour similar to the results from [49] when analysing the transfer function from trunk 

motion to head motion. The Bode plot is represented in a similar way as in [49], with the 

magnitude and phase represented as head relative to trunk. Thus, a magnitude of 1 and phase 

shift of 180 degree means that the head compensates fully for the trunk motion, i.e. the head 

is still when the trunk moves. 

To simulate gaze performance, a simple manoeuvre was designed in which the vehicle was 

driven over a crest and then braked at 6 m/s². The gaze angle was calculated in the same 

manner as in Paper C, with a velocity dependent preview. The manoeuvre is illustrated in 

Figure 29.  
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Figure 28: VCR model based on Keshner and Peterson’s results [49] [50]. Bode diagram for the 

VCR model with the trunk as the input and head pitch angle as the output, which shows qualitative 

similarities between the VCR model presented here and the data published by Keshner and 

Peterson. 

 

 
Figure 29: Track and acceleration input for pitch simulation (Paper F). 
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The resulting vehicle pitch and driver gaze angle and rate are illustrated in Figure 30 along 

with the head motion estimated by the VCR model. What can be seen is that the gaze exhibits 

small angular rates, thus showing the stabilising effect. The VCR head motion exhibits more 

oscillations as a result of disturbances occurring due to trunk motion. The change in steady 

state gaze and VCR after the brake phase shows how the steady state gaze changes due to 

reduced preview distance after a reduction in longitudinal velocity. 

 
Figure 30: Simulated human response for gaze, gaze rate and vestibular response (without 

accounting for longitudinal acceleration). 

 

The pitch simulation further supports the conclusions drawn from the yaw analysis. Even 

under simplified longitudinal manoeuvring, the inclusion of a VCR-like head stabilisation 

mechanism leads to head motion that differs significantly from the vehicle pitch motion; this 

is because the head motion is globally more stabilised than the vehicle motion, which 

manifests in the pitch rate. The difference between the head pitch rate and vehicle pitch rate 

in this case is roughly 0.15 rad/s (8.6 deg/s). Furthermore, the gaze angle is significantly 

more stable compared to the vehicle. These pitch results are consistent with the yaw findings, 

confirming that gaze stabilisation has a significant effect in the context of human motion 

perception. Specifically, retinal slip can occur when the simulator loses correlation and/or 

amplitude relative to the vehicle since this creates a mismatch between visual cueing and 

motion cueing.  

Taken together, the yaw and pitch analyses indicate that the vehicle/cockpit-fixed vestibular 

model in rotational motion provides, at best, an incomplete description of the perceptual 

stimulus experienced by the driver during active driving. This suggests that motion cueing 

strategies should focus on replicating vehicle motion rather than optimising a cabin-fixed 

vestibular response. As shown by Bruschetta et al. [9] and further analysed in Paper D and 
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Paper F, the separation of states to avoid filtering helps improve simulator-to-vehicle 

correlation. In the case of the separation of 𝛾̇ and 𝛽̇, the kinematic yaw rate is dominated by 

low-frequency content while slip angle 𝛽 and slip rate 𝛽̇ contain both low- and high-

frequency components, albeit with limited amplitude (and hence can be retained). This is 

useful when it comes to gaze stabilisation because retinal slip is not noticed below 2-3 deg/s; 

however, the visual acuity continually degrades as the retinal slip increases [38]. By retaining 

𝛽̇, the simulator-to-visual feedback should be improved across the frequences. This 

observation supports using the state-partitioned motion cueing approach, which extends to 

more states besides yaw feedback, as introduced in the following chapter. 
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8 State-partitioned motion cueing 

Motion cueing strategies for driving simulators have traditionally dealt with vehicle motion 

by filtering each degree of freedom, primarily in order to satisfy workspace constraints. This 

stems from the fact that the global motion of the vehicle in general does not fit into the 

constrained workspace of a driving simulator. Classical motion cueing is an example of this. 

To avoid perception errors and fit the motion into the simulator workspace, it is necessary 

to filter out the global vehicle roll and pitch angle as well as the vehicle yaw rate with 

washout filters [32] [34]. While this approach is practical, it implicitly assumes that all the 

motion components in each DOF are equivalent in terms of vehicle characteristics. As shown 

in both Paper C and the preceding chapter of this thesis, gaze models indicate that this 

assumption does not hold for active driving. In particular, it is possible to apply the fact that 

vehicle motion can be seen as the sum of the path motion and the relative motion to the path. 

The advantage of considering vehicle motion as the sum of two parts is that the relative 

motion is amplitude limited in a practical sense, meaning that it can be replicated to a high 

degree in the context of a driving simulator, while the path motion is a global motion and 

must be filtered. 

An important step toward this distinction was introduced by Bruschetta et al., who proposed 

separating the yaw feedback into kinematic and slip-related components [9]. By retaining 

the slip-related states and applying filtering only to the kinematic yaw component, their 

approach resulted in improved subjective performance. It also reduced false cues compared 

to filtering the total yaw motion while still keeping the motion within platform constraints 

[9]. This strategy relies on the fact that under normal conditions, the body slip state is limited 

in amplitude while the global yaw state is not. Other researchers, such as Garret et al. [58], 

showed that slip was possible to feed without filtering, while Bruschetta et al. [9] showed 

that the yaw dynamics could be fed as a filtered global motion and an unfiltered state which 

is relative to the path. 

Building on the work of Bruschetta et al. [9] and Garrett et al. [58], Paper D further 

investigated state partitioning in the context of motion cueing. The results showed that a 

decomposition of lateral acceleration into components in the form of 𝑎𝑦 = 𝑉𝑥𝜓̇ + 𝑉̇𝑦 is not 

suitable since both terms contain a mixture of path-related and vehicle-related dynamics. 

Partitioning these components therefore introduces artefacts rather than reducing them. 

In contrast, the yaw state 𝜓̇ can be meaningfully partitioned into 𝜓̇ = 𝛾̇ − 𝛽̇ provided that 

the gains applied to the kinematic yaw-rate component 𝛾̇ and slip-rate component 𝛽̇ are 

equal. Deviating from this condition was shown to introduce artefacts, whereas equal gains 

preserve the physical consistency when combining the two parts of the yaw cue [50]. 

A subjective assessment was conducted on a virtual winter test track to evaluate the 

perceptual effect of separating slip feedback in motion cueing. The comparison focused on 

two cueing strategies: a state-partitioned strategy retaining the path radius with separated 

slip feedback (CR), and an otherwise identical strategy in which the slip-related yaw 

component was filtered as a single yaw signal (FS). The experimental setup, manoeuvres, 

and assessment procedure are described in detail in Paper D and are therefore not repeated 

here. 

The pairwise comparison, presented in Figure 31, showed a preference for the CR strategy, 

which was rated higher than the FS strategy by the majority of drivers across all evaluated 
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metrics, including transient slip feedback, vehicle positioning, yaw feedback in both limit 

and below-limit handling, and steady-state behaviour. For the positioning-on-track metrics, 

all the drivers preferred the CR strategy, although in a small number of cases no preference 

was shown between the strategies. Importantly, no metric showed a systematic preference 

for the FS strategy over the CR strategy. When asked to provide an overall preference, all 

the participating drivers favoured the CR strategy over the FS strategy. 

 
Figure 31: Ratings between the CR Setting (retained radius, separated slip) and the FS Setting 

(retained radius, filtered slip). From Paper D. 

The qualitative feedback further supports the quantitative ratings. Drivers described the CR 

strategy as providing more realistic behaviour during grip loss, improved predictability 

during corner exit and clearer feedback during oversteer and counter-steering manoeuvres. 

In contrast, the FS strategy was consistently described as hard to control and sluggish, with 

delayed responses and reduced steering feedback, particularly in scenarios involving large 

slip angles and transient yaw dynamics. These observations were reported independently by 

all the drivers participating in the assessment.  

The benefit of state partitioning from a human reflex point of view was investigated in Paper 

C, in which a gaze model was applied to the same slalom manoeuvre used in the subjective 

assessment. The evaluation showed reduced gaze errors compared to the full filtering of the 

yaw state, as well as improved gaze correlation. Combining the conclusions from Paper D 

and Paper C, the partitioning of yaw improves the correlation between simulator motion 

and vehicle motion. Additionally, human gaze behaviour was improved, which in turn 

improves the overall motion perception. This could also explain the improved feedback for 

state partitioned yaw rate determined by Bruschetta et al. [9].  

Partitioning the states of vehicle motion into path-related and vehicle-related states is not 

only possible for the yaw degree of freedom. It was shown in Paper D that translational 

acceleration should not be partitioned. The acceleration states are related to both path and 

vehicle position relative to its path, challenging a meaningful partitioning. However, it is 

possible to partition the body position in roll 𝜃𝑥, pitch 𝜃𝑦 and vertical positions 𝑧𝐶𝑜𝐺 into a 

partitioned state of body position relative to ground and ground position, as suggested in 

Paper E. The paper shows that the vehicle’s velocity vector in the XZ-plane can be used as 

a proxy for road inclination, i.e. the path, and the vertical slip angle 𝜙 = 𝑡𝑎𝑛 𝑉𝑧/𝑉𝑥, giving 

the vehicle pitch relative to the path. This approach is only limited to pitch, however. The 

process for pitch partitioning is illustrated in Figure 32. 
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Figure 32: Partitioning of vehicle pitch states. A car brakes in a downhill and pitches forward (1) In 

the conventional approach (2), a high-pass filter is applied to the total pitch motion, thereby 

filtering both ground pitch and suspension-induced pitch. By separating total pitch into ground 

inclination (3) and body-to-road pitch (4), only the ground inclination is filtered, thus allowing the 

body/suspension pitch to be passed 1:1 to the simulator (5) (Paper E). 

 

Roll relative to the path and CoG height relative to the road cannot be inferred from the CoG 

velocity. These states, together with pitch, are limited in amplitude relative to the road plane 

due to limited suspension travel. For a typical passenger car, the amplitude of these states 

for regular driving is well within the normal workspace of a driving simulator, on the order 

of ±4 deg/g for roll and ±0.1 m for vertical displacement. As shown in Paper E, it is possible 

to estimate these three states by considering the road as a plane and determining this plane 

by sensing the wheel contact points as illustrated in Figure 33, along with a simple least-

square fit to calculate the three road plane states in roll 𝛼𝑥, pitch 𝛼𝑦, and vertical  𝑧𝑔𝑟𝑑. As 

these states are not necessarily continuous in their derivatives, performing low-pass filtering, 

denoted 𝐿𝑃, before calculating the vehicle relative to ground states in roll 𝜑, pitch 𝜙 and 

vertical ℎ𝑔𝑟𝑑  is appropriate: 

𝜃𝑥 − 𝐿𝑃𝑥𝛼𝑥 = 𝜑 

𝜃𝑦 − 𝐿𝑃𝑦𝛼𝑦 = 𝜙 

𝑧𝐶𝑜𝐺 − 𝐿𝑃𝑧𝑧𝑔𝑟𝑑 = ℎ𝑔𝑟𝑑   

 

(8.1) 
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Figure 33: Illustration of a four-wheeled vehicle driving on a road with road roll angle 𝛼𝑥, road 

pitch angle 𝛼𝑦 and height 𝑧𝑔𝑟𝑑 at the point of interest (in this case, the CoG). From Paper E.  

By implementing the strategy in the simulator, the framework proposed initially by [9] was 

adapted, and each ground-related state was therefore high-pass filtered while the vehicle 

relative to ground states were simple pass-through.  

The cueing strategy was compared for the manoeuvre presented in Figure 29 in order to 

evaluate the pitch using a full-car vehicle model. The resulting pitch cueing is shown in 

Figure 34, in which the velocity-based and ground sensing-based methods produced similar 

results and obtained significantly improved cueing for vehicle-induced pitch, i.e. pitch 

caused by vehicle acceleration, while also obtaining similar performance as a classical 

washout for ground induced pitch. 

 
Figure 34: Pitch feedback for a full-car running down a hill and subsequently braking at 6 m/s2 

(Paper E) 
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The roll cueing was further evaluated by letting the simulated vehicle drive over a road step 

on the left side of the car followed by a left turn at 6 m/s2. The road profile and manoeuvre 

are shown in Figure 35, and the results of the simulations are shown in Figure 36. The roll 

state basically shows behaviour similar to that of the pitch simulation, with the ground-

induced roll behaving similarly to that of the classical filtered roll. For the vehicle-induced 

roll, the strategy is able to reproduce the vehicle motion without significantly increasing the 

peak roll angle of the simulator. The partitioned strategy exhibits a maximum simulator roll 

angle similar to that of the classical filtered strategy, with a peak roll angle at approximately 

0.1 rad.  

 

 
Figure 35: Manoeuvre with a road step on the left side of the car followed by a left turn at 6 m/s2 

(Paper E) 

 

 
Figure 36: Roll rate and roll angle during road-step manoeuvre followed by a left turn (Paper E). 

 

To further evaluate the strategy, the state-partitioned strategy was compared to an MPC-

based strategy using vestibular models and tilt coordination, as shown in Paper F. The VCR 

model introduced in Figure 28 was used together with a look-ahead gaze model to 

objectively evaluate the state partitioning, state-of-the-art MPC and classical washout with 
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regards to head motion and visual slip for the manoeuvre presented in Figure 29, where a 

vehicle drives over a crest into a downhill segment and then brakes at 6 m/s2.  

The resulting vehicle and simulator pitch angle and rate are shown in Figure 37, illustrating 

the tilt coordination effect of the MPC and the washout effect of the classical cueing. It also 

shows that the MPC exhibits a significant phase delay compared to the state partitioning and 

classical filtering, which should be apparent in the pitch rate plot in Figure 37. This is partly 

explained by the inclusion of an SCC model which attenuates high frequency content [47].  

The resulting head angle response from the VCR model is illustrated in Figure 38. While the 

head position offset was not the main target of the investigation, it is interesting to note that 

the classical washout, without any tilt coordination, in fact causes a tendency for the driver 

to look upwards during the brake manoeuvre, thereby inducing a head tilt opposite to what 

is sought in such a manoeuvre. This can be imagined as follows: when a vehicle pitches, 

such as 2 degrees in the positive direction, the driver must compensate with -2 degrees of 

head movement relative the vehicle’s body to keep the head orientation still globally and to 

keep looking at the foveal point forward on the road. In a driving simulator, the road is 

represented on a screen in front of the driver. The visual cueing gives a cue that the vehicle 

pitches positively 2 degrees, i.e. moving the foveal point -2 degrees relative to the simulator 

cockpit. If the simulator does not pitch (i.e. no motion cue is applied), this causes the visual 

flow to go upwards in the global frame. To track the visual field, the driver will shift their 

gaze to follow their chosen foveal point, i.e. they will tilt their head backwards to follow the 

visual flow. 

 

 

Figure 37: Vehicle and simulator cockpit response for different cueing strategies (Paper F). 
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Figure 38: VCR head angle response (Paper F). 

 

The head pitch rate for the downhill and brake manoeuvre in Figure 39 shows that the three 

cueing strategies differ substantially from each other. The classical cueing and the state 

partitioning follows the reference in phase; however, the classical cueing shows a significant 

error in the head rate since it lacks tilt coordination. The phase shift of the MPC controller 

is also evident in this case. The state-partitioned case follows the driver in the vehicle 

reference since it does not alter the vehicle signal for vehicle induced pitch. 

 
Figure 39: Head pitch rate according to the VCR model (Paper F). 

 

The visual slip results presented in Figure 40 show that all the cueing strategies exhibit 

similar performance over the crest, with general low amplitude visual slip in the range of 2-

3 deg/s, which should not be noticeable [38]. During vehicle-induced pitch, the MPC has the 

highest visual slip, indicating that the phase shift observed in the MPC controller causes 

gaze-related errors. The classical washout is lower in this case, mainly because it exhibits 

lower phase shifts. The state partitioning does not exhibit visual slip in this case, once again 
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because it replicates the vehicle motion as pass-through cueing. Paper C and Paper F 

conclude that the visual system should be included in the analysis of the motion cueing, and 

an increased correlation between simulator motion and vehicle motion reduces visual slip. 

 
Figure 40: Simulated retinal slip for a driver in a vehicle (ref) and different motion cueing 

strategies (Paper F). 

 

Furthermore, humans are sensitive to errors in the direction of the acceleration, as shown in 

Paper A. As the state-partitioned strategy does not include tilt coordination, this was 

important to evaluate. To illustrate the difference between motion cueing relying on tilt 

coordination for steady state roll or pitch as opposed to state-partitioned cueing, roll feedback 

was used as an example. In steady-state cornering on a banked road, the specific force acting 

on the driver is determined by the combined effect of gravity and lateral acceleration, 

resulting in a net force aligned with the vehicle roll angle, as illustrated in Figure 41 (left). 

In a driving simulator, this specific force is reproduced by rolling the cabin, as shown in 

Figure 41 (right). 

In classical motion cueing, the simulator roll angle is obtained by high-pass filtering the total 

roll motion and augmenting it with tilt coordination generated by low-pass filtering the 

lateral acceleration: 

𝜃𝑥,𝑠 = 𝐺(𝑠)𝜃𝑥 + 𝐾tilt

1

𝑠 + 𝜔tilt

𝑎𝑦  (8.2) 

where 𝜃𝑥,𝑠 is the simulator roll angle, 𝐺(𝑠) is the motion cueing filter of vehicle roll angle, 

the tilt cut off frequency is named 𝜔tilt = 1/2𝜋𝑓𝑐   (see Equation 4.10 for further details). 

This produces a steady-state lateral acceleration in the simulator cockpit frame of reference 

proportional to the tilt angle defined as 

𝑎𝑦,𝑠 = 𝑔sin (
𝐾tilt

𝜔tilt

𝑎𝑦) (8.3) 
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Under state-partitioned cueing, the high-pass filter instead acts on the road-induced roll 

component, while the steady-state simulator roll angle corresponds to the vehicle roll relative 

to the road. This roll can be described by a roll pendulum model: 

𝜙 =
1

𝑠2 + 2𝜉𝜔roll𝑠 + 𝜔roll
2 𝑎𝑦 (8.4) 

which yields a steady-state vehicle roll angle 𝜙 = 𝑎𝑦/𝜔roll
2 , and as 𝜃𝑥,𝑠 = 𝜙 with partitioned 

cueing, this yields a a lateral acceleration (in the cockpit frame of reference): 

𝑎𝑦,𝑠 = 𝑔sin 𝜙 (8.5) 

For a vehicle with a roll centre below the centre of gravity, the vehicle will roll such that it 

induces a specific force in the same direction as the specific force from the translational 

acceleration. Both approaches can reproduce a steady-state lateral specific force within 

simulator constraints and in the correct direction. 

Therefore, the state-partitioned cueing induces specific forces aligned with what an MPC or 

classical cueing would produce at steady state, but the amplitude is limited to that of the roll 

and pitch of the vehicle. An advantage of partitioning cueing is that it avoids the tuning of 

tilt coordination filters. The tuning involved is only related to the path filtering and possible 

scaling. 

 

 

Figure 41: Accelerations of a vehicle undergoing cornering to the right in a positively banked 

corner in steady state (left). The corresponding accelerations of the vehicle in a driving simulator, 

in steady state (right). 

The results presented in this chapter show that motion cueing for driving simulators can be 

treated as a problem of filtering global motion and replicating local motion rather than as a 

uniform filtering problem across all vehicle states. Both subjective evaluations and gaze-

based analyses demonstrate that certain motion components are critical to preserving vehicle 

behaviour and driver control, while others primarily reflect global path geometry and must 
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be modified to satisfy simulator workspace constraints. These findings support a state-

partitioned view of motion cueing in which motion components are classified according to 

their role in describing vehicle characteristics or path geometry rather than by degree of 

freedom. 

This structure can be summarised by expressing the simulator state vector as the 

superposition of a filtered path-dependent component and an unfiltered vehicle-relative 

component, 

𝑋𝑠 = 𝐺𝑀𝐶(𝑠) 𝑋𝑝 + 𝑋𝑣 (8.6) 

where 𝑋𝑝 contains motion components associated with the driven path and 𝑋𝑣 contains 

vehicle-relative motion components that are amplitude-limited and important for conveying 

vehicle dynamics. The operator 𝐺𝑀𝐶(𝑠) represents the motion cueing filters required to 

enforce simulator constraints.  

The states contained in 𝑋𝑣 are defined with the goal of decoupling them from the path. 

Consequently, 𝑋𝑝will be similar for two different vehicles moving along the same path at 

the same velocity, while 𝑋𝑣will primarily describe the differences between the vehicles. The 

advantage in this case is that the states related to vehicle characteristics remain unfiltered. 

This should be seen as a step towards a more objective motion cueing strategy. In practice, 

this cueing strategy places requirements on the driving simulator hardware since it needs to 

be able to reproduce 𝑋𝑣, and it might be necessary to limit the amplitude of 𝛽, for example, 

to avoid extreme values since 𝛽 is normally limited in amplitude.  

For a passenger car, which is the focus of this thesis, the suggested partitioning of states is 

the following: 

𝑋𝑝 = [𝑎𝑥, 𝑎𝑦, 𝛾̇, 𝛼𝑥, 𝛼𝑦 , 𝑧𝑔𝑟𝑑]
⊤ 

 

𝑋𝑣 = [0,0, 𝛽, 𝜑, 𝜙, ℎ𝑣𝑒ℎ]
⊤ 

(8.7) 

For other vehicles, other partitioning strategies might be more suitable. For an airplane for 

example, the pitch angle could possibly be partitioned into the angle of attack and the 

kinematic pitch rate, while for the roll, the coordinated turn angle and the offset from that is 

possible. This requires that the states in 𝑋𝑣 are position states normally bounded in amplitude 

relative to the path. The contribution of this chapter is to show that the idea from Bruschetta 

et al. [9] extends to more states and that it is possible to decide scale factors via the use of 

vehicle dynamics and human reflex modelling. Vehicle-induced roll should be based on the 

work in Section 6, while future work should focus on determining the rotation centre for the 

ground-induced rotation states. The strategy of state partitioning has been implemented for 

body slip and roll at the driving simulator at KTH, Stockholm. Initial testing showed that an 

AoR for ground-induced roll at ground level produced subjectively realistic results; 

however, the relationship in this case must be established in future work. 

Having established this structural formulation, the remaining challenge is to apply the 

partitioned motion cueing strategy within the finite workspace of a driving simulator. The 

following chapters thus address motion scaling and reachable-set-based methods, which 

enable the path-dependent motion to be constrained while maintaining the faithful 

reproduction of vehicle-relative dynamics. 
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9 Motion cueing scaling for vehicle dynamics 

Driving simulators operate under workspace constraints, so it is necessary to use a motion 

cueing algorithm which filters out the low-frequency parts of the motion. Simply keeping 

the motion cueing gain at unity is not necessarily a viable option. Berthoz et al. [13] showed 

that the preferred gain is often below unity and somewhere within the range of 50% to 75%. 

The reason for this could be an underestimation of visual stimuli [59] as well as an 

overestimation of motion due to jerk relative to acceleration amplification [32] [60]. 

Nonetheless, scaling is often required to avoid filtering out too much of the motion feedback 

with cut-off filters. Studies to analyse how different cues should be scaled relative to each 

other have been conducted. Berthoz et al. [13], for example, studied motion scaling for lateral 

acceleration and yaw in a subjective sense, letting test subjects rate different cueing gains 

across the different degrees of freedom, while Kusachov et al. [15] used a model-based 

approach and devised a method for lateral and yaw-specific cueing derived from a single-

track model. 

Kusachov et al.’s work showed interesting prospects, although the model-based approach 

limited its validity to the linear range of vehicle dynamics [15]. Berthoz et al.’s work 

produced a sensitivity map of perceived differences between different cueing gains [13]. In 

the scope of this thesis work, the goal was to develop a cueing scaling strategy based on 

vehicle dynamics and human motion perception. An important objective was to avoid 

vehicle modelling in the motion cueing itself since the motions of the driver and vehicle are 

already represented in the vehicle simulation software containing the full vehicle model; 

therefore, these motions should be represented as accurately as possible in the driving 

simulator and not reinvented in the cueing strategy. Such an approach could at first glance 

lead to a simple assumption, which is that the most reasonable scaling is “isometric”, i.e. 

using the same scaling for both lateral cueing and yaw cueing. Based on experience, 

however, this approach is not always perceived well subjectively. A further approach could 

be to tune the lateral cue to something perceived subjectively well, and if there is still some 

workspace remaining in the yaw direction, it can be maximised to a certain value. This could 

in many cases be well-received subjectively as the driver gets fed more cueing and higher 

sensory stimuli while the proneness of visual slip is reduced, as shown in Paper F. The 

visual system in combination with the simulator motion platform thus affects the perception 

of cues, and if the motion system runs with significantly different gains compared to the 

visual system, the subjective evaluation of the cueing is not only a motion evaluation but a 

simulator system evaluation. If a smaller visual gain (i.e. smaller screen) could be used in 

that case, a different result might arise. In any case, the relationship between cues such as 

lateral acceleration and yaw is not well defined in the body of driving-simulator literature, 

and the effect of cue scaling on perceived vehicle dynamics remains an open question, to the 

author's knowledge. Hence, this relationship, dictating planar dynamics warranted an 

investigation from a vehicle dynamics and human driver perception perspective.   

Human perception of planar vehicle motion is strongly influenced by visual feedback as 

shown by [30] as well as [28] [29] [51]. In a driving simulator, visual cues can be reproduced 

with high fidelity, thus providing a strong indication of vehicle speed. However, drivers tend 

to underestimate their own driving speed even in real-world conditions, with reported 

underestimations at about 20% [61] [62], and this tendency has been shown to transfer to 

driving simulators as well [63]. As a result, drivers are generally less sensitive to errors in 

the velocity and temporal domain than to errors related to spatial cues. 
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During cornering, drivers obtain information about path geometry from multiple sources. 

Steering input provides information about radius 𝑅 through the Ackermann steering angle 

𝛿𝐴 for a vehicle with wheelbase 𝐿 [30]: 

𝛿 =
𝐿

𝑅
+ 𝐾𝑢𝑠𝑎𝑦, 𝛿𝐴 =

𝐿

𝑅
 (9.1) 

with the understeering factor 𝐾𝑢𝑠𝑎𝑦 acting as an offset based on the lateral acceleration 

utilised. Thus, in the linear region under similar lateral accelerations, it is mainly the 

Ackermann angle that determines the effective steering angle. Head gaze angle helps the 

driver deduct the corner radius and thus acts as a feedforward term for the driver to set the 

steering angle according to the Ackermann angle. These cues allow drivers to judge path 

radius reliably even when speed perception is biased. As a result, consistency between 

steering input, gaze behaviour and perceived path geometry plays an important role in the 

subjective evaluation of vehicle motion. 

When motion cueing is scaled due to simulator workspace limitations, errors must be 

introduced either in the spatial domain, affecting perceived path geometry, or in the velocity 

and temporal domain as described in Paper D. Given the reduced sensitivity to speed errors 

and the strong reliance on spatial cues during cornering, a scaling strategy that preserves 

path geometry while allowing errors in velocity was expected to be perceptually 

advantageous in many driving situations. This observation motivated an analysis of motion 

cueing scaling strategies that explicitly considers how lateral acceleration and yaw cues 

influence perceived path radius and speed. 

The scaling of the lateral cues can be performed by analysing curved motion during quasi-

static conditions. By applying a gain 𝐾𝑦 to the radial acceleration a and a gain 𝐾𝛾̇ to the 

kinematic yaw rate 𝛾̇, the simulator radius 𝑅𝑠 and velocity 𝑉𝑠 can be expressed as a function 

of vehicle radius 𝑅 and velocity 𝑉. The resulting relationship between acceleration, radius, 

and velocity is given as follows: 

𝐾𝑦𝑎 = (𝐾𝛾̇𝛾̇)
2𝑅𝑠 

 

𝑅𝑠 =
𝐾𝑦𝑎

(𝐾𝛾̇𝛾̇)2
=
𝐾𝑦

𝐾𝛾̇
2 𝑅 

 

𝑉𝑠 = 𝐾𝛾̇𝛾̇𝑅𝑠 = 𝐾𝛾̇𝛾̇𝑅
𝐾𝑦

𝐾𝛾̇
2 =

𝐾𝑦

𝐾𝛾̇
𝑉 

(9.2) 

Defining these relationships allows for an analysis of how the simulator path radius 𝑅𝑠 and 

simulator velocity 𝑉𝑠 are adjusted when undergoing scaling in a driving simulator with 

feedback of planar dynamics. The following error equations can be defined as a description 

between simulator quantities relative to vehicle quantities (Paper D): 

𝑉𝑒 = 𝑉𝑠 − 𝑉 = 𝑉(
𝐾𝑦

𝐾𝛾̇
− 1) (9.3) 

𝑅𝑒 = 𝑅𝑠 − 𝑅 = 𝑅(
𝐾𝑦

𝐾𝛾̇
2 − 1) (9.4) 
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Equation 9.2 show the mapping from the lateral gain and yaw gain (𝐾𝑦, 𝐾𝛾̇) to effective 

simulator radius and speed. For a given lateral acceleration gain 𝐾𝑦, different yaw gains 𝐾𝛾̇ 

correspond to different combinations of radius and speed errors as shown by Equations 9.3-

9.4. In Figure 42, the two error functions are plotted. Apparent from the plot is that the 

velocity error is zero at 𝐾𝛾̇=𝐾𝑦, and the radius error is zero at 𝐾 𝛾̇ = √𝐾𝑦; both the errors 

grow outside the region of: 

𝐾𝑦 ≤ 𝐾 𝛾̇ ≤ √𝐾 𝑦 (9.5) 

Given that the problem was formulated based on quasistatic assumptions, it is possible to 

analytically determine a constraint range of the yaw rate gain in relation to the lateral 

acceleration. As lower scaling factors are applied, the trade-off between velocity and radius 

becomes increasingly difficult to manage, and vice versa. What follows is that both these 

error functions can only be zero when 𝐾𝛾̇
2 = 𝐾𝑦 = 1, showing that scaling the simulator 

motion relative to the simulated vehicle’s motion will introduce errors either in 𝑉𝑒, or 𝑅𝑒, or 

both. This can be shown by formalising a cost function 𝐽𝑒 based on the two error functions: 

𝐽𝑒 = 𝑄𝑉 (
𝑉𝑒
𝑉𝑥
)
2

+ 𝑄𝑅 (
𝑅𝑒
𝑅
)
2

 (9.6) 

where the cost factors 𝑄𝑉 and 𝑄𝑅 denote how much weight should be applied to radius versus 

velocity. The cost function for 𝑄𝑉 = 𝑄𝑅 = 1 for 𝑅 = 100 m and 𝑉𝑥 = 30 m/s is shown in 

Figure 42. It should be apparent that the cost function has a minimum in the range of 𝐾𝑦 ≤

𝐾 𝛾̇ ≤ √𝐾 𝑦, and that it grows outside of the region. It is also evident that the cost function 

does not have a zero cost, i.e. scaling in motion cueing always introduces errors. This, 

together with the imposed constraints, represents one of the more important findings 

presented in this work. 
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Figure 42: Velocity and radius errors 𝑉𝑒 and 𝑅𝑒 plotted for a fixed 𝐾𝑦 = 0.5 and a range of yaw 

rate scaling 𝐾𝛾̇, with the actual errors (top) and the relative errors as well as the cost function 

(bottom). Adapted from Paper D. 

 

To complement the analytical investigation of motion cueing scaling, a subjective evaluation 

was conducted to assess how different scaling strategies are perceived during dynamic 

driving (Paper D). The purpose of the test was to evaluate whether the theoretically derived 

scaling relationships resulted in perceptually relevant differences during driving. The test 

was carried out in a moving-base driving simulator on a virtual winter test track including 

slalom manoeuvres and an open double lane-change. These manoeuvres were selected to 

induce both rapid transients and large body slip angles. Six professional vehicle test drivers 

participated, all of whom regularly conduct subjective vehicle dynamics assessments in both 

simulators and real vehicles. A pairwise comparison procedure was used wherein drivers 

evaluated two cueing configurations back to back. 

The results of this comparison are found in Figure 43, with CV denoting the setting for 𝑉𝑒 =

0, i.e. 𝐾𝛾̇ = 𝐾𝑦, and CR, denoting the setting for 𝑅𝑒 = 0, i.e. 𝐾𝛾̇ = √𝐾𝑦: 
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Figure 43: Comparative ratings between the CV Setting (retained velocity) and the CR Setting 

(retained radius). From Paper D. 

 

The results showed a general preference for the strategy retaining consistency in path radius 

(CR) over the strategy retaining consistency in vehicle velocity (CV). The CR strategy was 

particularly favoured during cornering and corner exits, for which drivers reported improved 

predictability and more natural slip behaviour.  

Overall, CV was perceived as offering a precise and realistic turn-in response, with better 

onset precision, while CR was perceived as more yaw responsive but less precise at turn-in, 

becoming more realistic at mid-corner and corner exit, where the path radius is small. This 

indicates that the CR setting is favourable when the Ackermann angle and gaze are important 

cues and low frequency performance is of interest, while the CV setting is more realistic 

when the initial yaw and acceleration cue are more important and the Ackermann angle and 

gaze are less relevant, such as in straight-ahead and turn-in events, when high frequency 

content around zero input is more important.  

One likely explanation for this feedback is the effect a higher yaw gain versus lateral 

acceleration gain has during an initial turn in. The lateral acceleration as a function of 

longitudinal position during a turn-in event is illustrated in Figure 44. 

 
Figure 44: Illustration of the point of zero acceleration during an initial turn-in event. 
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The lateral acceleration at any longitudinal position in this case can be approximated by the 

following equation: 

𝑎𝑦 + 𝜓̈𝑥 = 𝑎𝑦(𝑥) (9.7) 

where 𝑥 is the longitudinal distance from the CoG to the point of interest and 𝜓̈ is the yaw 

acceleration. The acceleration centre, located behind the vehicle during a turn-in event, is 

found by making the acceleration 𝑎𝑦(𝑥) = 0:  

𝑎𝑦 + 𝜓̈𝑑 = 0 →  𝑑 = −
𝑎𝑦

𝜓̈
 (9.8) 

By applying the same approach as in Section 6 for the geometric acceleration centre during 

turn in, it is possible to estimate 𝑑 when a force is applied to the front wheel at a distance 𝑓 

in front of the centre of gravity: 

𝜓̈ =
𝐹𝑦𝑓

𝐽𝑧
,  𝑎𝑦 =

𝐹𝑦

𝑚
 (9.9) 

The 𝑑𝐺𝐶 can be then found based on basic vehicle parameters: 

𝑑𝐺𝐶 =
−𝐽𝑧
𝑚𝑓

 (9.10) 

For a passenger car, this relationship is of the order of 1 m, i.e. the acceleration centre when 

force is only applied to the front axle (and not on the rear), is roughly at the rear axle 

(typically during the initial phase of a turn-in event such as a step-steer manoeuvre).  

If the motion is then scaled in a simulator due to motion cueing, the distance at onset 

becomes: 

𝑑𝑠 = −
𝐾𝑦𝑎𝑦

𝐾𝛾̇𝜓̈
≈ −

−𝐾𝑦𝐽𝑧

𝐾𝛾̇𝑚𝑓
 (9.11) 

Consequently, the distance 𝑑𝑠 = 𝑑 is only correct if 𝐾𝑦 = 𝐾𝛾̇, while 𝑑𝑠 moves towards the 

motion application point (driver, CoG) if 𝐾𝛾̇ becomes larger than 𝐾𝑦. This is an artefact of 

motion scaling. In a setting where the corner radius is small, the solution 𝐾𝛾̇ = √𝐾𝑦 works 

reasonably well; however, during the first transient, this tuning will skew the turn-in 

behaviour, thus making the car seem to build up forces more slowly at the rear axle since 

distance 𝑑 will be smaller. In conclusion, for straight ahead driving while evaluating 

transients and high frequency inputs, 𝐾𝛾̇ = 𝐾𝑦 is most likely the better option for perceiving 

vehicle dynamics in the correct way. When driving around a track with steady-state 

cornering – the Ackermann angle, gaze angle and low frequency input are dominant – a gain 

closer to 𝐾𝛾̇ = √𝐾𝑦 is likely to be the better option. In the end, however, it will be a 

compromise when motions are scaled. For combined manoeuvres, a certain yaw feedback 

gain somewhere inside the range defined by Equation 9.5 will likely be the better 

compromise. This effect offers a possible explanation for the feedback obtained from the 

test drivers during the simulator test. To illustrate how 𝑑 is affected by scaling during 

transients, a step-steer manoeuvre was conducted with a two-track full vehicle model, 

including tyre and axle relaxation. The results are illustrated in Figure 45 and show that 

during onset, the acceleration centre is well approximated by the geometric centre 𝑑𝐺𝐶. The 
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results also show that the different scaling on lateral and yaw cues will affect this distance 

at onset. As the yaw-acceleration is reduced towards steady state, the distance grows. 

 

 

Figure 45: Step-steer manoeuvre for a two-track full vehicle model (top). Resulting acceleration 

centre distance 𝑑 at onset (bottom). 

Establishing which cueing should be used when, which corresponds to tuning the weights of 

cost function 𝐽𝑒, is a matter of future work. One possibility for obtaining cueing that is a 

compromise between the two extremes is to have a frequency-dependent lateral cue trim 

since the yaw acceleration is high mainly for fast transients (as illustrated in Figure 45). By 

moving the motion application point either forwards or backwards by ∆𝑥 in the simulator, 

the lateral cue can be described by the following equation:  

 𝑎𝑦,𝑠 = 𝐾𝑦𝑎𝑦 + ∆𝑥𝐾𝛾̇ 𝜓̈ (9.12) 

In this case, 𝑎𝑦,𝑠 ≈ 𝐾𝑦𝑎𝑦when yaw acceleration 𝜓̈ is small, which is sought in order to retain 

the correct radius in the simulator after turn in when the Ackermann angle is significant, 

such as when the vehicle is close to mid-corner and corner exits. To obtain 𝑑𝑠 = 𝑑 at turn in 

when yaw acceleration 𝜓̈ is large, the longitudinal offset of the motion application point 

should be: 

(√𝐾𝑦 − 𝐾𝑦)𝑎𝑦 = ∆𝑥𝐾𝛾̇ 𝜓̈ (9.13) 
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which corresponds to a trimming of the lateral acceleration. Assuming that turn-in events 

and steering correction is dominated by high frequency content closer to that of the vehicle’s 

yaw response bandwidth while the high Ackermann angle manoeuvres tend towards lower 

frequencies, then in a simulator setting this extra term should mainly act at onset. A simple 

filtered formulation for motion cueing such as this is therefore: 

𝑎𝑠 = (𝐾𝑦𝑎𝑦 + (√𝐾𝑦 − 𝐾𝑦) 
𝑠

𝑠 + ωtrim

 𝑎𝑦)𝐺𝑦(𝑠) (9.14) 

where 𝐺𝑦(𝑠) is the nominal lateral cueing transfer function and 𝑠/(𝑠 + ωtrim) is a first-order 

high pass filter acting only on the trim factor. For high frequencies, the net onset gain tends 

towards √𝐾𝑦, matching the yaw onset gain; for low frequencies, the trim vanishes and the 

low-frequency behaviour remains governed by 𝐾𝑦. Thus, for high frequencies, the distance 

of zero acceleration should tend to 𝑑𝑆 ≈ 𝑑 when the ratio of 𝐾𝑦 and 𝐾𝛾̇ tends to 1, according 

to Equation 9.11. For low frequencies, it will tend to 𝑑𝑆 ≈ √𝐾𝑦𝑑. An illustration of the 

proposed strategy is shown as a Bode plot in Figure 46 using the reference strategies 

introduced in Equation 9.13. The lateral cueing filter 𝐺𝑦(𝑠) in this case is a second-order 

filter, 𝐺𝑡𝑟𝑖𝑚(𝑠) is a first-order high-pass filter as in Equation 9.14.  

 

Figure 46: Bode plot of cueing with trim factor, with two standard motion cueing strategies as 

references. 

The trim-based strategy has been implemented on a compact driving simulator, but it has not 

been through structured tests – this is left to address in future work. The purpose of including 

it in this work is to highlight it as a candidate for a cueing strategy which is a compromise 

between the two extremes in the range. 

Overall, the subjective evaluation and analytical findings point in the same direction. The 

preference for different scaling strategies in varying driving situations aligns with the 

derived constraints on yaw rate scaling relative to lateral acceleration scaling, and it can be 

concluded that no single fixed scaling strategy provides optimal perception across both 

transient and steady-state manoeuvres.   
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10 Reachable sets for workspace adaptation 

The challenge of motion cueing tuning stems directly from the constraints imposed by the 

robot used for the task of producing the motion cueing. Driving simulators often consist of 

parallel robots such as hexapods. These types of robots have nontrivial workspaces since 

actuators are strongly coupled to each degree of freedom. Although the coupling of each 

DOF to each actuator makes the hexapod a challenging case for motion cueing tuning, it also 

allows the hexapod to produce motion in six degrees of freedom. Furthermore, most 

hexapods are not able to produce large horizontal and yaw motions at the same time. To get 

around this, the hexapod is often combined with another robot such as an XY table, which 

is a 2-DOF robot that can produce horizontal motion. This allows the hexapod to mainly 

produce the other four degrees of freedom without wasting workspace on horizontal motion. 

Other platform options, such as the tripod [33] and wire-driven DiM-400 platform by VI-

Grade, are capable of producing yaw as well. Additionally, simulators such as Dynisma 

solve this problem with an XY table and a rotating table. Workspace constraints are one of 

the main reasons for choosing the MPC cueing approach. However, this is challenging in 

practice, partly because the workspace constraints are nonlinear and the workspace itself is 

nonconvex [8], thus making it necessary to conduct nonlinear optimisation in real time. This 

is computationally expensive at high control frequencies. In practice, this is often solved by 

introducing linear constraints on the motion in each degree of freedom and using linear 

optimisation. This is still costly compared to a classic cueing strategy using only filters, but 

it is possible to run linear MPC hundreds of times per second. In any case, MPC has more 

limitations in practical usage. First, the horizon of acceleration and velocity reference 

forward is unknown and normally assumed to be zero for the samples after sample 𝑡 = 0, 

i.e. only the first input sample of the optimised trajectory is used. This signifies that the 

solution is not necessarily optimal. Moreover, MPC deals with constraints relative to the 

output of the motion cueing. Since constraints are imposed as linear box constraints and 

workspaces are generally not boxed shaped, washout is often introduced to avoid actuator 

constraints similar to those of classical washout. This washout effect has some drawbacks; 

first and foremost, it creates false cues since it moves in opposite direction of the onset cue 

and also reduces the available workspace for the onset cue.  

The drawback of setting the washout to neutral can be shown by simulating two onset cues 

in a row, as shown in Figure 47. The reference acceleration is limited to 50% of the vehicle 

acceleration, and for the initial step of –5 m/s² at 𝑡 = 0 s, the simulator performs roughly at -

4 m/s². When the acceleration steps from –5 to +5 m/s² at 𝑡 = 3 s, the required cue is twice 

as large as the first. The washout approach can only use roughly half of the available 

workspace for this second onset due to the washout to neutral. Another approach, presented 

in Paper G and denoted as quasistatic positioning (QSP), uses the knowledge of the 

vehicle’s acceleration limits. When a vehicle is utilising all its acceleration capacity 𝑎𝑦,𝑚𝑖𝑛 

in, for example, a negative Y direction, it is in theory safe to position the simulator close to 

the workspace limit in the negative Y direction since the vehicle cannot generate further 

acceleration such that 𝑎𝑦 < 𝑎𝑦,𝑚𝑖𝑛, and thus cannot generate a further cue in the negative 

direction. In principle, the input of the cueing is constrained, and for a stable cueing filter, 

so is also the output. Both the washout and QSP approaches generate an onset cue, but the 

washout begins returning the platform toward neutral immediately after the onset whereas 

QSP holds the position at the workspace boundary. QSP, having kept the full workspace 

available for the next cue, performs the onset without hitting constraints and produces a 
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smaller false cue. By knowing the limits of the input, it is possible to position the simulator 

such that space is left proportional to the size of the expected acceleration input.  

 

Figure 47: Simulated response of a washout-to-neutral strategy and a strategy which has a steady-

state offset (Paper G). 

This approach was used in Paper G to generate target positions in steady state for an MPC 

controller operating a tripod with X, Y and Z rotation as DOFs. The target positions in 3D 

form a set of positions derived from the acceleration envelope and optimised to the 

workspace, as shown in Figure 48. See Paper G and Appendix C for more information.  
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Figure 48: QSP set adapted to the workspace (Paper G). 

 

The QSP approach shows that the workspace necessary to achieve the cueing could be 

reduced by 20% while at the same time reducing false cues by 10%. This is possible because 

QSP achieves closer reference tracking compared to a washout approach. The improved 

cueing performance is illustrated in Figure 49, and the reduced workspace usage is presented 

in Figure 50. QSP can be used as a modification to existing MPC strategies to make the 

positioning more intelligent, or it can be implemented with a classic second-order filter for 

automatic tuning with regards to the workspace to obtain offsets and scaling. It can also be 

extended to a 6-DOF robot since vertical position, pitch and roll are also limited within its 

range for normal vehicle dynamics manoeuvres. 

For vehicle dynamics manoeuvres, the inputs to motion cueing are in fact possible to 

estimate using standard methods such as logging data from a driver in the loop, lap-time 

optimisation, and generation of the performance envelope as shown in Paper H. This 

includes acceleration, acceleration-induced heave, roll and pitch, as well as the steady-state 

yaw rate.  
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Figure 49: False cues for perceived 𝒂𝒙 (top) and perceived longitudinal acceleration during brake 

and acceleration manoeuvres (bottom). Further details can be found in Paper G. 

 

Figure 50: Platform position in the XY-plane (Paper G). 
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10.1 Minkowski addition  

Since it is possible to estimate the admissible inputs into motion cueing, it is possible to use 

reachability analysis of the cueing to calculate the reachable position set and not simply rely 

on steady-state approximations.  

Minkowski summation is a method which enables the use of set-based reachability analysis 

if given a motion cueing and admissible input set. The Minkowski summation method is 

described in detail in Paper H and Appendix D. This is one method that can be used to 

calculate the reachable set. Other methods such as brute force simulation to sample random 

points from the admissible input set and simulate the cueing response further enable 

reachable-set calculations for nonlinear motion cueing strategies [64]. This enables 

reachable sets to be used not only for evaluating linear cueing strategies, but also for 

nonlinear strategies, although at the expense of computational cost.  

10.2 Reachable motion cueing set 

Forward reachability for motion cueing tuning can adapt offline objective motion cueing to 

the workspace constraints at hand. This provides some opportunities since it reduces the 

need to conduct online constraints evaluation during cueing, which is the big motivator for 

model predictive control. This is possible to know a priori because an admissible input set is 

known. An admissible acceleration input set can be generated as described in Paper H, 

which is shown for a race car for some different velocities in Figure 51. In principle, a linear 

quadratic control could thus be used as cueing algorithm for example, and the reachable 

position set for this cueing for a given input set can be calculated and positioned in the 

workspace to avoid constraints. This signifies that even for cueing without explicit 

workspace constraints, it is possible to avoid the constraints even when using a non-washout 

to neutral algorithm. As shown in the quasi-static methodology, it is also possible to optimise 

the overall gain of the reachable set such that it maximises the use of the workspace. In this 

work, the methodology is presented using a LQR regulator in X and Y as a double integrator 

from acceleration to position, without washout to neutral, as shown in Paper H. Roll and 

pitch are estimated from the input set, in this case using a second-order filter for roll with 

acceleration as input, and a first-order filter for acceleration to kinematic pitch as mentioned 

in Section 4.1.  
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Figure 51: Acceleration envelope for a racing car at different velocities (modified from Paper H). 

 

The reachable position set 𝑆𝑝 is adapted by utilising the same method as presented in 

Appendix C. The same workspace that was used in Paper G and Paper H was used as the 

example, generated from a sliding tripod robot. The gain is used to scale the motion cueing 

gain for an LQ-regulator, or the cut-off frequency, or both, and the principle is the same as 

presented in Appendix C. The gains and offsets can be obtained from Paper H. Workspace 

adaptation for performance envelopes (PE) for three different velocities are presented in 

Figure 52. 

 

 

Figure 52: Reachable position sets from LQR-based motion cueing (LQ-NW) adapted for 

workspace constraints (adapted from Paper H). 

By computing the union of the sets, a complete reachable set for motion cueing can be 

established. The full reachable set, workspace and resulting platform positions for a 

simulation using the resulting cueing is shown in Figure 53.  
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Figure 53: Resulting motion cueing trace for a LQ-NW strategy for a simulation with a complete 

reachable set from the LQ-NW regulator (Paper H). 

The 2D case described visualises this approach. Motion cueing algorithms in general do 

produce 6D motion. The extension of the methodology is analogous to that of the 2D and 

3D cases shown. To highlight this, the motion cueing system is formulated as a discrete-time 

linear system driven by admissible accelerations from the vehicle acceleration envelope: 

𝑥̅𝑘+1 = 𝐴𝑀𝐶𝑥̅𝑘 + 𝐵𝑀𝐶𝑎̅,      𝑎̅ = [𝑎𝑥, 𝑎𝑦, 𝑎𝑧]
⊤
∈ 𝔘𝑎, (10.1) 

with the state vector: 

𝑥̅ = [𝑥 𝑥̇ 𝑦 𝑦̇ 𝑧 𝑧̇ 𝜑 𝜑̇ 𝜙 𝜙̇ 𝜓 𝛾̇] (10.2) 

The system matrices were constructed from the translational and rotational cueing filters 

together with simplified vehicle rotational dynamics since the PE did not contain roll and 

pitch degree of freedoms. The filter definitions, yaw-rate approximation, roll-pitch model, 

and parameter ranges used to construct 𝐴𝑀𝐶and 𝐵𝑀𝐶 are provided in Appendix E. 

The recursion to find the reachable position set 𝑆𝑃 (described in Appendix D) based on the 

input set 𝔘𝑎 is performed analogous to the 2D case. The last step is to include potential 

disturbances such as road roll angle 𝛼𝑥 and road pitch angle 𝛼𝑦, i.e. disturbances from the 

road or additional slip angle disturbance 𝛽, to take into account slip angles above PE-

generated slip angles to have margins for evasive slip angles. The ranges are applied as a 

Minkowski summation such that: 

𝑆𝑀𝐶
𝑝 = 𝑆𝑝⊕𝒲𝑀𝐶 (10.3) 

where 𝒲𝑀𝐶 is the disturbance vector and is defined in Appendix E. The resulting set of 

positions is the simulator position set 𝑆𝑀𝐶
𝑝

=[𝑥̅𝑠, 𝑦𝑠̅, 𝑧𝑠̅, 𝜃̅𝑥, 𝜃̅𝑦, 𝜃̅𝑧]
⊤ 

 represented as vertex 
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The resulting cueing reachable position set is illustrated in Figure 54 and Figure 55. 

Generating the full set took 6.23 seconds on a standard laptop with an i7-6820HQ processor. 

The interior points in the position set stem from the 6D convex hull projection down to the 

3D representation and are not true interior points of the complete set. The parameters for this 

cueing can be found in Table 2. 

 

 

Figure 54: Reachable position set for pitch over cabin xy coordinates in the cueing frame of 

reference (left), and vertical reachable set projected from 6D (right). 

 

Figure 55: Yaw reachable position set over cueing 𝑋 coordinates (left), and roll reachable set 

(right). 

  



73 

 

Table 2: Motion cueing parameters for reachable set calculations 

Parameter Value Unit Description 

𝑑𝑡 0.1 s Sampling time 

𝐾𝑥 , 𝐾𝑦, 𝐾𝑧, 𝐾𝜑, 𝐾𝜙𝐾𝜓, [0.5 0.5 0.1,1,1, √0.5] - Cueing gains 

𝜔𝑀𝐶,𝑦 0.65 Hz Cueing frequency 

[𝛽𝑚𝑖𝑛,𝛽𝑚𝑎𝑥] [-5 5] deg Yaw / sideslip band 

[𝑎𝑧,𝑚𝑖𝑛,𝑎𝑧,𝑚𝑎𝑥] [-5 5] m/s² 
Vertical acceleration 

bounds 

𝜔𝜑, 𝜔𝜙 2.5 Hz Eigen-frequency roll, pitch 

𝑅𝑜𝑙𝑙 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 0.3 deg/(m/s²) 
Roll per 1 m/s² lateral 

acceleration 

𝑃𝑖𝑡𝑐ℎ 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 0.2 deg/(m/s²) 
Pitch per 1 m/s² 

longitudinal acceleration 

[𝛼𝑥,𝑚𝑖𝑛,𝛼𝑥,𝑚𝑎𝑥] [-3 3] deg Roll band 

[𝛼𝑦,𝑚𝑖𝑛,𝛼𝑦,𝑚𝑎𝑥] [-3 3] deg Pitch band  

 

10.3 Workspace adaptation for cascaded robots 

The next step is to fit the reachable set into the workspace of the simulator while maximising 

the use of space. Once again, this is similar to the methodology already shown, but some 

differences arise in this case. The scale of the reachable set could be applied isometrically 

across the cueing degrees of freedom, and this would arguably be valid if roll and pitch were 

downscaled to that of lateral and longitudinal acceleration for example. As Section 7 showed, 

the roll and pitch cueing arguably benefits from being scaled similar to 𝐾𝑣𝑖𝑧, i.e. these should 

be constrained to that of the visual gain. Moreover, the cascading of a hexapod and tripod 

system requires particular care for workspace adaptation since the relationship between the 

hexapod and tripod is nontrivial. In this case, a scaling rule is applied to distribute motion 

between the hexapod and tripod. The entire formulation of this problem involving workspace 

adaptation is outlined in Appendix E. 

The resulting reachable set adaptation is presented in Figure 58. The projection of the 

reachable set (RS) onto a 3D shape shows the effect of parallel robots, where the RS does 

not reach the limit for the projected 3D case; however, since each vertex point of the RS 

corresponds to a 6D motion, the actuators are in fact constraints. This explains why the RS 

seemingly fills a small part of the workspace when projected onto 3D space.  

To evaluate the RS set adaptation, the motion cueing was simulated with an input trajectory 

generated by the use of the admissible input set. The motion cueing output is presented in 

Figure 56, and the resulting actuator lengths are presented in Figure 57. 
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Figure 56: Motion cueing output data for the logged data. 

 

 
Figure 57: Actuator lengths for the simulated data. Dashed lines show constraints. 
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The simulated results shows that the actuators are close to their constraints, but they do not 

deviate outside of their admissible range. The resulting trajectories are also presented in 

Figure 58 in the 3D projection. The simulated trajectories show that they are well described 

by the RS for this manoeuvre.  

 

 

Figure 58: Reachable set adaptation projected to pitch (top left), yaw (top right), roll (bottom left) 

and Z (bottom right). The trajectories from a simulated run using the cueing are also included. 

 

This methodology could be extended and applied in a number of different ways. First, the 

results show that at a minimum, it is possible to use forward reachability to tune motion 

cueing for a given workspace in 6D for a cascaded system. This enables constraints to be 

embedded into the tuning of a linear motion cueing, as described in this section. Furthermore, 

the resulting RS is a convex or close-to-convex shape, and its constraints could therefore be 

used for explicitly constraining linear filters online as well as constraints for a linear MPC 

controller without a significant increase in computational cost. Solving this for only a 

hexapod or tripod is a subproblem of the problem described in this section. The RS could be 

used for many other different purposes than shown here. The methodology should be seen 

as step towards objective motion cueing tuning rather than a completely finished framework. 

Several improvements could be made in terms of describing the input set and how the 

cascaded system operates together. In this case, both the hexapod and tripod are based on 

the same RS such that the tripod position in X, Y and yaw is proportional to the hexapod 

position in X, Y and yaw. The tripod position could, for example, be an independent part of 

the optimisation problem to maximise the use of the workspace even further. 
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11 Summary of appended papers 

This section presents a summary of the results presented in the appended Papers A-H. Paper 

A is an analysis of the positioning of the longitudinal axis of rotation (AoR) for roll feedback 

in a driving simulator. The use of linear models for vehicle dynamics and human motion 

perception enables classical control theories to show the effect of different AoR positions. 

The AoR positioning was further optimised via nonlinear optimisation based on logged data 

and assessed using subjective assessment. Paper B investigates the use of tilt coordination 

for low frequency acceleration feedback during electric power assisted steering (EPAS) 

tuning in winter conditions. This investigation was motivated by a shift towards lower 

frequencies during winter testing compared to summer testing. Paper C investigates how 

human gaze behaviour can be used to evaluate and develop yaw cueing feedback in a driving 

simulator and how partitioning of yaw states enhances human gaze behaviour. Paper D is 

an in-depth study on the scaling of lateral acceleration and yaw feedback for vehicle 

dynamics. The study rendered a framework that relates acceleration to yaw rate in 

downscaled cueing, and it further investigated how partitioning the yaw cue avoids filtering 

vehicle-specific cues. The partitioning strategy was further developed for roll, pitch and 

vertical degrees of freedom in Paper E, and its evaluation during standard manoeuvres 

demonstrated its advantages over existing strategies. In Paper F, the strategy of partitioning 

was applied to pitch feedback and evaluated using human gaze models for pitch during 

different manoeuvres. During the evaluation, it showed improved human motion perception 

and visual perception compared to existing strategies. In Paper G, a methodology to reduce 

false cues in driving simulators was developed using the vehicle performance envelope. This 

strategy, which positions the simulator within the workspace according to where the vehicle 

is operating in the performance envelope, reduces the need to blindly wash out to neutral, 

thus minimising false cues and improving workspace usage while enhancing cueing 

performance. The strategy was further developed in Paper H by performing a reachability 

analysis with the vehicle performance envelope to adapt and optimise motion cueing for a 

workspace. Altogether, the work resulted in the creation of a framework for objective motion 

cueing tuning for general cueing in a simulator workspace, thereby creating an automated 

process for cueing tuning that takes into account workspace constraints and vehicle 

characteristics while ensuring workspace utilisation and enabling a more efficient virtual 

development process.  

11.1 Paper A: Enhancing perception of vehicle motion by objective positioning of 

the longitudinal axis of rotation in driving simulators 

This study investigates how the longitudinal axis of rotation (𝑋𝐴𝑜𝑅) in a driving simulator 

should be positioned in the vertical/lateral plane to improve the perceived fidelity of vehicle 

motion. The analysis combines objective offline modelling with logged driving data 

optimisation and subjective evaluation by professional test drivers. 

A linear vehicle-simulator driver model based on a classical motion cueing algorithm was 

developed to evaluate the effect of the 𝑋𝐴𝑜𝑅 position. Two reference points were 

investigated: one AoR located on the vehicle roll axis, and one AoR located at the driver’s 

head. The model was used to assess the transfer of vehicle acceleration and yaw rate to 

perceived acceleration at the driver’s head.  

The linear analysis indicated that using the driver’s head as the reference point provides a 

more accurate relationship between vehicle motion and perceived motion in terms of both 
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acceleration magnitude and the coupling between perceived yaw rate and lateral 

acceleration. To further investigate the optimal axis placement, a nonlinear offline 

optimisation procedure was performed using recorded simulator data. Both the linear model 

and the optimisation favoured positioning the 𝑋𝐴𝑜𝑅 close to the driver’s head since this 

reduces false motion cues arising from roll feedback during transient manoeuvres. 

A subjective study was conducted to validate these findings. Three simulator configurations 

were compared: Setting A, with the 𝑋𝐴𝑜𝑅 at the vehicle roll axis; Setting B, with the 

𝑋𝐴𝑜𝑅 placed slightly below the driver’s head based on the optimisation procedure; and 

Setting C, which incorporated transport delays into the optimisation procedure and placed 

the 𝑋𝐴𝑜𝑅 closer to the eye position. IMU measurements at the driver’s head were recorded 

to support the subjective evaluation. 

The results showed clear differences in motion behaviour between the configurations. 

Setting A produced noticeable phase shifts and false jerks during rapid direction changes, 

followed by overshoots in lateral acceleration. In contrast, Settings B and C exhibited 

reduced phase lag, lower jerk levels, and peak accelerations closer to the reference vehicle’s 

response. 

Subjective ratings were largely consistent with the objective results, with drivers generally 

preferring configurations in which the axis of rotation was located near the head. However, 

some disagreement remained between drivers when comparing Settings B and C. This 

variation was attributed to the small differences between the two configurations, the potential 

order effects in the testing procedure, differing levels of simulator adaptation and variations 

in simulator experience among the drivers. 

11.2 Paper B: Motion cueing for winter test conditions 

This work investigated an adaptation made to the motion cueing algorithm in order to 

improve EPAS tuning in winter test conditions. This adaptation was developed and 

supported using the logged data collected during physical vehicle tuning sessions in both dry 

and low-friction environments showing an increased weight in low frequency content. 

The motion cueing adaptation focused on modifying tilt coordination and onset filter tuning. 

The parameters governing coordinated tilt were optimised offline using a nonlinear 

optimisation procedure based on the recorded data. This optimisation process was guided by 

a linear model and produced two candidate configurations: Setting B, in which false motion 

cues were not penalised, and Setting C, in which false motion cues were included in the cost 

function. Setting C was selected for further subjective evaluation and compared against 

Setting A, which did not use coordinated tilt. 

A subjective assessment involving six expert drivers was conducted using pairwise 

comparison. An objective analysis was also performed that showed a better correlation 

between vehicle and simulator lateral acceleration when tilt coordination was enabled along 

with a reduction in false lateral acceleration cues at the driver’s head. 

Despite these objective improvements, subjective responses were mixed. Two drivers 

reported negative effects associated with tilt coordination, and most drivers detected 

noticeable changes in roll behaviour. One driver remarked that “the car/sim was doing stuff 

when I wasn’t,” indicating that the tilt motion was perceptible and that the build-up of tilt 

angle introduced phase lag in the lateral acceleration cue. Several drivers also commented 

on changes in perceived vehicle balance, thus highlighting the strong coupling between 
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lateral acceleration feedback and yaw response, which directly influences perceived slip 

angle development. 

The foremost contribution of this study is its demonstration that tilt coordination not only 

affects perceived acceleration levels but also perceived roll behaviour and vehicle balance, 

even with low tilt rate limits. This underlines the trade-off between increasing motion 

realism and preserving accurate vehicle dynamics perception. The results suggest that tilt 

coordination is problematic when applied in driving simulators intended for vehicle 

dynamics evaluation and chassis tuning since it affects the perceived vehicle characteristics. 

11.3 Paper C: Driver gaze model for motion cueing yaw feedback optimisation 

Paper C describes the development of a driver gaze model intended to support the evaluation 

of yaw motion cueing in driving simulators. The model is grounded in established research 

on gaze stabilisation reflexes during trunk motion as well as empirical observations of driver 

gaze behaviour during cornering. 

The purpose of the gaze model is to provide a more representative reference signal for yaw 

motion cueing and to establish a stronger link between motion feedback and the simulator’s 

visual system. By incorporating apex fixation behaviour, the model reproduces the tendency 

of drivers to focus on specific points during cornering. The results demonstrate a clear 

discrepancy between vehicle yaw rate and global head yaw rate, with head motion exhibiting 

a phase lead relative to vehicle motion. 

Using the predicted head motion as a reference, the model was applied to evaluate four yaw 

cueing strategies. Two of these strategies relied on vestibular modelling combined with high-

pass filtering, while the remaining two used only high-pass filtering. In addition, the study 

investigated the effect of separating body slip angle from the high-pass filtering typically 

applied in motion cueing. This separation was motivated by the observation that slip angle 

and slip rate contain both low- and high-frequency components but remain bounded in 

magnitude, thus enabling them to be reproduced directly by the simulator without filtering. 

This approach relies on the fact that the yaw rate can be decomposed into a kinematic 

component describing instantaneous path curvature and a body slip component describing 

vehicle yaw angle with respect to the path, with the slip angle being amplitude-limited during 

driving. The evaluated strategies were: 

• MC-SCC: yaw rate processed through a semicircular canal model and a high-pass 

filter 

• MC-SS-SCC: kinematic yaw rate processed through a semicircular canal model and 

high-pass filter, combined with an unfiltered slip angle scaled by a gain  

• SMC: yaw rate filtered only through a high-pass filter  

• SMC-SS: kinematic yaw rate filtered through a high-pass filter, combined with an 

unfiltered slip angle scaled by a gain  

Among these, the SMC-SS strategy produced the best correlation between the reference and 

simulated head motions, indicating improved fidelity in reproducing driver head dynamics. 

This work concluded that the gaze model provides a more suitable reference for evaluating 

yaw motion cueing than traditional vestibular models alone. The results highlight systematic 

differences between vehicle yaw rate and head yaw motion, suggesting that fixed vestibular 

models are an oversimplification when used for yaw feedback in vehicle dynamics 
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simulations. The findings also indicate that retaining the slip angle as an unfiltered signal 

improves yaw cueing performance regardless of whether a vestibular model is included. 

Overall, this work increases the understanding of driver gaze behaviour and demonstrates its 

relevance in motion cueing design. It also points to the need for more detailed human motion 

perception models when simulators are used for limit handling and low-friction vehicle 

dynamics evaluation. 

11.4 Paper D: Motion cueing scaling for planar vehicle dynamics and body slip 

feedback 

Paper D investigates the scaling of planar motion cues and lateral slip feedback in driving 

simulators to improve the fidelity of vehicle stability evaluation under transient and low-

friction conditions. The study addresses the necessary motion scaling caused by workspace 

limitations, which in turn distorts the relationships between lateral acceleration, yaw rate and 

body slip dynamics. 

A theoretical framework based on quasi-steady circular motion was developed to analyse 

how scaling affects the coupling between planar vehicle states. Two motion cueing strategies 

were formulated, one preserving path radius (CR) – implying reduced velocity – and one 

preserving velocity (CV) – implying an increased path radius. The results show that these 

two strategies place suitable constraints on the admissible scaling of yaw rate relative to 

lateral acceleration. Furthermore, the results highlight that scaling introduces errors in both 

the spatial and temporal domains, which exist due to the scaling itself. 

The handling of lateral slip feedback was also examined. It was shown analytically that 

separate states could be created for yaw feedback but not for acceleration. Hence, yaw rate 

was separated into kinematic yaw rate and body slip feedback. By not filtering the slip rate, 

phase errors and false cues during transients were successfully reduced. The results indicate 

that slip rate should not be high-pass filtered but should only be scaled consistently with yaw 

rate to preserve correct dynamic relationships and avoid perceptual artefacts. 

A subjective evaluation was conducted using a moving-base driving simulator that compared 

the two scaling strategies (CR and CV) as well as separated versus filtered slip feedback. Six 

professional test drivers performed pairwise comparisons in winter test scenarios involving 

transient manoeuvres. The results show a general preference for the radius-preserving 

strategy (CR), which provides more consistent spatial cues and improved controllability, 

particularly during corner exit and large-slip conditions. The velocity-preserving strategy 

(CV), however, performed better at turn in and smaller amplitude inputs. Additionally, a 

clear and unanimous preference was expressed for separating slip feedback over classical 

filtered approaches due to improved predictability, more realistic grip-loss behaviour and 

reduced false motion cues. 

Overall, the study demonstrates that maintaining geometric consistency in path radius, 

combined with unfiltered and consistently scaled slip feedback, improves the fidelity of 

motion cueing for vehicle stability assessment in winter conditions. These findings provide 

a theoretical basis for tuning motion cueing algorithms in simulators in which scaling is 

necessary due to workspace constraints. 

11.5 Paper E: Leveraging driving simulator advances in early phase vehicle 

development - Partitioning of vehicle states for enhanced motion feedback 

In this article, a motion cueing methodology based on the partitioning of vehicle states was 
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proposed to improve motion fidelity in moving-base driving simulators. The approach 

addresses the limitations of conventional high-pass filtering, which attenuates important 

vehicle dynamics and decreases the realistic nature of simulator feedback. 

The method breaks down vehicle motion into terrain-induced and vehicle-induced 

components, thereby enabling the selective filtering of global motion while preserving local 

vehicle dynamics. Two partitioning strategies were investigated: a velocity-based approach 

for pitch, and a more general method using tyre contact points to estimate the ground plane, 

which extends to roll and vertical motion. The simulation results demonstrate that the 

partitioned approach maintains vehicle-relative motion with near one-to-one correspondence 

during what can be seen as driver-induced acceleration such as braking and cornering, while 

conventional filtering removes or distorts these cues. Partitioning leads to improved 

simulator-to-vehicle motion correlation both in transient and steady-state conditions for 

these events. 

The findings indicate that the partitioning of vehicle states provides a simple and effective 

means of improving motion cueing fidelity in order to produce more reliable subjective 

evaluations in early-phase vehicle development. 

11.6 Paper F:  Pitch motion cueing in driving simulators: Effects of head 

stabilisation on vestibular and visual responses 

In Paper F, the influence of motion cueing on human head and gaze dynamics was 

investigated, with evaluations based on retinal slip and vestibular stimulation. The study 

expands on the common assumption used in modern motion cueing algorithms that the 

driver’s head is rigidly fixed to the simulator cabin by instead incorporating a simplified 

model of the vestibulo-collic reflex (VCR) to account for realistic head stabilisation. 

A modelling framework was developed by combining a linear vehicle pitch model, a VCR-

based head-neck model, a gaze model based on a moving foveal point, and a semicircular 

canal (SCC) model. This framework was used to evaluate three motion cueing strategies: a 

classical washout filter, a model predictive control (MPC) approach using a fixed vestibular 

model, and a state-partitioned strategy separating terrain-induced pitch from vehicle body 

pitch. The evaluation was conducted for a crest-and-brake manoeuvre representative of 

combined low- and high-frequency pitch dynamics. 

The results show that the dominant differences between cueing strategies arise from their 

phase characteristics. The MPC approach performs well for low-frequency terrain excitation 

due to tilt coordination, but it introduces significant phase delay during braking transients. 

This delay leads to incorrect timing between visual and inertial cues, thus producing elevated 

gaze rate errors and increased retinal slip. The classical washout algorithm maintains phase 

alignment but fails to preserve steady-state pitch behaviour and exhibits worse overall 

motion correlation compared to the other two strategies. In contrast, the state-partitioned 

strategy preserves vehicle-related pitch motion while filtering only terrain-induced 

components, which results in accurate tracking during vehicle-induced transients, consistent 

gaze behaviour and lower retinal slip. 

Incorporating VCR-based head dynamics reveals that vestibular input differs substantially 

from predictions based on cabin-fixed models. The head motion induced by trunk dynamics 

alters the SCC response, and comparisons show that fixed-head vestibular models 

overestimate the actual vestibular stimulus during pitch. When longitudinal acceleration 

effects are included, acceleration-induced head dynamics dominate the vestibular response, 
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further reducing the relevance of cabin-fixed assumptions. 

The results show that accurate phase alignment and the preservation of vehicle-to-simulator 

motion correlation are more critical than embedding detailed vestibular models within the 

cueing algorithm. The results support the use of state-partitioned cueing strategies, highlight 

the limitations of fixed vestibular representations and provide a more physically relevant 

basis for motion cueing design in high-performance driving simulators, all while reducing 

online computational costs by avoiding online optimisation. 

11.7 Paper G: False cue reduction in motion cueing utilising the vehicle 

performance envelope 

In this work, a novel method was presented for reducing false cues and improving workspace 

efficiency in model predictive control-based motion cueing. Conventional MPC algorithms 

in which future vehicle trajectory is unknown typically return the motion platform to a 

neutral position after an onset cue to avoid hardware constraints. This "washout to neutral" 

strategy causes false motion cues and results in an inefficient use of the simulator's 

workspace. 

To address this limitation, a quasi-static positioning (QSP) strategy was developed that 

utilises the vehicle's quasi-static performance envelope to generate reference platform 

positions. The core principle of QSP is to position the platform based on the current vehicle 

state and its maximum reachable acceleration in any given direction rather than simply 

returning it to a neutral centre. To implement this strategy, the vehicle’s performance 

envelope was first generated across different velocities. This envelope was then mapped to 

the simulator’s workspace using a nonlinear optimisation procedure to maximise the 

operational set within the physical constraints of the platform. Finally, this QSP reference 

was integrated into an MPC framework designed to track both vestibular and position 

references. 

This proposed QSP method was evaluated against a standard washout strategy using lap-

time simulation data. The results demonstrated that the QSP method provided improved 

tracking performance along with a notable reduction in false cues. Specifically, false cues 

were cumulatively reduced by approximately 10% for longitudinal acceleration, 20% for 

lateral acceleration and 25% for yaw acceleration over the course of the simulated lap. 

Despite achieving closer reference tracking, the QSP method also reduced peak-to-peak 

translational space usage by about 20% in both the X and Y directions, demonstrating 

significantly more efficient use of the simulator's workspace. 

11.8 Paper H: Objective motion cueing tuning based on reachability and vehicle 

performance envelope 

In Paper H, the objective tuning of motion cueing was investigated by integrating vehicle 

performance envelopes with reachability analysis. Traditional algorithms often rely on 

manual tuning and position washout to manage platform constraints, which can lead to 

inefficient workspace utilisation and the introduction of false motion cues. To address these 

limitations, a methodology was developed that replaces the standard "washout to neutral" 

strategy with a robust, set-based positioning approach that considers the vehicle’s physical 

acceleration capacity. 

The methodology utilises a velocity-dependent acceleration envelope to define a closed set 

of admissible vehicle inputs. By propagating this input set through the motion cueing 
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dynamics, a reachable position set is estimated that represents all potential platform 

displacements for a given configuration. This reachable set is then mapped to the physical 

workspace using nonlinear optimisation. This process automates the selection of gains and 

prepositioning, thus ensuring that the platform remains within hardware limits while 

maximising the available motion space. 

The performance of the proposed objective tuning method was evaluated against manual 

tuning and standard washout strategies using track data. The results indicate that the method 

significantly improves workspace utilisation. By eliminating the need for constant position 

washout, the approach reduces false cues during steady-state manoeuvres while maintaining 

high-fidelity acceleration feedback. This framework provides a computationally efficient 

offline alternative to complex real-time optimisation, enabling motion feedback that is better 

suited to the unpredictable manoeuvres required in vehicle chassis development. 
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12 Conclusions and scientific contributions 

The purpose of this thesis work was to develop a framework for motion cueing that supports 

vehicle dynamics evaluation in driving simulators while explicitly accounting for human 

motion perception and simulator constraints. Within this context, two research questions 

were posed. 

The first question concerned how objective methods for motion cueing evaluation can be 

used to enhance virtual vehicle dynamics development. This has been addressed by 

enhancing human models for motion cueing evaluation purposes, specifically head/neck 

dynamics such as gaze models. Additionally, offline evaluations focusing on perceptual false 

cues have been considered as evaluation metrics allowing the relationship between vehicle 

states, perceptual cues and simulator limitations to be analysed systematically. 

The second question concerned how state-of-the-art motion cueing strategies can be 

improved to better represent vehicle dynamics. This has been addressed by introducing a 

perception-aware, vehicle-centric formulation of motion cueing wherein vehicle motion is 

broken down and selectively filtered based on its physical and perceptual role rather than by 

the degree of freedom. This question is also addressed by showing that motion cueing tuning 

can be done objectively based on vehicle performance capacity and workspace constraints. 

The main conclusion of this work is that motion cueing should be treated as a representation 

problem related to vehicle dynamics characteristics rather than a simulator control problem. 

A key finding is that filtering motion uniformly by degree of freedom is not appropriate for 

active driving. Motion components within a single degree of freedom can have different 

physical and perceptual roles, and treating them equivalently leads to a loss of vehicle 

characteristics or false cues. 

Vehicle motion can be broken down into path-related and vehicle-related components. Path-

related motion is unbounded and must be constrained to satisfy simulator workspace 

limitations, while vehicle-related motion is bound by amplitude and can be reproduced with 

high fidelity. This breakdown thus necessitates a state-partitioned formulation of motion 

cueing, in which filtering is applied to path motion while vehicle-related states are retained, 

in order to improve simulator-vehicle correspondence and reduce the number of false cues. 

This enhances relative validity, since vehicle-motion-relative-to-path remains unfiltered, 

meaning that parameter changes and their subsequent effects are preserved rather than 

attenuated, thereby becoming more representative of real-life behaviour and easier for the 

driver to distinguish. Furthermore, this increases the absolute validity – as these states 

become less skewed, they should be easier to relate to real-life vehicles as well. 

Since constrained workspaces require high-pass filtering in motion cueing, human motion 

perception was a key challenge to address. Consequently, efforts have been made in this 

thesis to expand on the existing state-of-the-art cueing strategies, which assume cabin-fixed 

head and vestibular organs. It is also shown that human motion perception, in particular gaze 

stabilisation reflexes such as VCR and VOR, imposes constraints on the rotational degrees 

of freedom by connecting the visual stimuli to the motion stimuli. By taking these reflexes 

into account, it is possible to show that consistency between visual and rotational cues is 

necessary to avoid visual slip. These connections are not captured by cabin-fixed vestibular-

targeted cueing alone. The conclusion is that consistency between visual and rotational 

motion cues is critical for realistic motion representation during active driving. 
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In addition, the choice of motion reference point is studied by the use of linear models and 

optimisation. The results show that the choice of motion reference point has a first-order 

influence on perceived onset acceleration, signifying that it is essential to position the motion 

reference point in such a way that the perceived vehicle characteristics are altered as little as 

possible when vehicle motion is propagated via motion cueing. For planar vehicle dynamics, 

placing the reference point close to the driver’s head yields onset cues that better correspond 

to those of the real vehicle and reduce rotational-induced artefacts. 

The thesis takes further steps to objectively tune motion cueing based on vehicle dynamics 

characteristics. By investigating the kinematics and dynamics of a vehicle undergoing 

circular motion, it is shown that motion scaling requires a careful selection of gains, which 

constrains the possible scaling combinations between lateral cues and yaw cues. Suitable 

scaling depends on the relationship between translational and rotational cues and varies 

between transient and steady-state manoeuvres; transient manoeuvres benefit from cueing 

that strives for consistency in the velocity coupling of yaw and lateral acceleration, while 

steady-state- and low-radius cornering should strive for cueing with more consistency in the 

corner radius coupling of yaw and lateral acceleration. 

Finally, this work shows that simulator workspace constraints can be managed explicitly by 

using forward reachability-based methods. This enables offline evaluation of cueing 

feasibility, avoids unnecessary wash-to-neutral behaviour, and reduces false cues in onset 

scenarios without relying on real-time optimisation. Due to this improvement, it is possible 

to adapt the cueing for workspace constraints automatically offline based explicitly on 

vehicle performance knowledge. The result is cueing adapted to the simulated vehicle and 

the workspace of the simulator itself, thereby ensuring faster and more objective tuning 

methodology while reducing false cues and increasing workspace efficiency.  

In summary, by physically modelling vehicle motion using simulator motion and human 

perception together, this thesis contributes to a transparent vehicle dynamics-centric 

framework for objective motion cueing that combines vehicle dynamics and human 

perception-aware design choices. This promotes more consistent use of driving simulators 

for vehicle dynamics evaluation. 

 

12.1 Future work 

The work presented in this thesis establishes a vehicle-centric and perception-aware 

framework for motion cueing in moving-base driving simulators. While the core structural 

principles of the framework have been demonstrated and validated, several avenues for 

research remain open and constitute natural extensions of this work. 

One avenue concern human motion perception modelling. The thesis demonstrates that 

cabin-fixed vestibular models are insufficient for representing rotational motion during 

active driving and that gaze stabilisation reflexes impose first-order constraints on motion 

cueing design. However, the perceptual models used remain intentionally simplified. Future 

work should aim to refine these models. Refinements to the gaze model and development of 

enhanced models such as haptic models for cueing design could provide important insights 

into motion perception in vehicle dynamics. Quantitative identification of gaze and head 

motion behaviour across different manoeuvres and driving tasks would allow for more 

precise bounds on acceptable cueing discrepancies while still preserving the interpretability 
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of the motion cueing design. Importantly, such refinement should remain grounded in 

physically interpretable models rather than black-box optimisation in order to maintain 

transparency and traceability to vehicle dynamics. 

Another avenue of future research concerns the extension and generalisation of state 

partitioning. The thesis shows that partitioning vehicle motion into path-related and vehicle-

related components is an effective structural principle for planar vehicle dynamics and yaw 

motion, and that this principle can be extended to roll, pitch and vertical motion by separating 

road-induced and vehicle-induced components. While the feasibility of this approach has 

been demonstrated, some modelling choices remain open. The precise definition of rotation 

centres for ground-induced roll and pitch, along with their dependence on road geometry, 

vehicle configuration and driving task, require further investigation. Additionally, the 

partitioning strategies developed in this work are tailored to passenger cars; extending the 

framework to other vehicle classes such as heavy vehicles or off-road platforms may require 

different boundedness assumptions and alternative state decomposition. Furthermore, the 

vertical direction was not studied in this thesis, and ride-related cueing was not generally 

studied either. This is a natural next step in the course of motion cueing research.  

Although this work has only scratched the surface of the use of forward reachability in 

driving simulator motion cueing design, it could be used to enhance the work in linear MPC 

as well as adapt time-invariant motion-cueing algorithms to the workspace. Simple box 

limits for some DOFs are also used in this work. Future work should focus on more precise 

descriptions of limits that are of interest to vehicle dynamics evaluation and investigate how 

forward reachability could be implemented to let motion-cueing algorithms such as MPC 

make more informed optimisation decisions.  
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Appendix A: Inverse kinematics 

This appendix describes briefly the inverse kinematics problem, which is arguably the most 

common kinematics used in simulator control today. 

A parallel robot such as that depicted in Figure A.1, can be described with base and platform 

positions according to 𝐴̅ and 𝐵̅, where each is a 3 × 𝑗 dimensional matrix and each column 

is the 𝑋, 𝑌, 𝑍-coordinates for the 𝑗-th actuator. To calculate the 𝑗-th actuator’s length for a 

given platform orientation, the problem ideally regards calculating a vector length ‖𝐿𝑗‖ 

between two points 𝐴̅𝑗 and 𝐵̅𝑗 in a 3-dimensional Euclidian space, which thus requires no 

derivatives. If this calculation is performed at a high enough frequency, the motion will be 

rendered smooth enough for the purpose of driving simulators.  

 

Figure A.1: A representation of a parallel robot, in this case a hexapod platform, with actuators 

represented as vectors and base A and platform B, which gives the actuator coordinates in space. 

𝐴̅ is normally fixed when no subsystem is used, and 𝐵̅1 is obtained such that: 

𝐵̅1 = 𝐵̅0 + 𝑝̅ + 𝑅𝑧𝑦𝑥𝐵̅0 (A.1) 

where 𝐵̅0 is the geometry of the platform relative to the point of where translational motion 

is applied on the platform in the coordinate system 𝑋𝑠, 𝑌𝑠, 𝑍𝑠 and is a static matrix, 𝑝̅ is the 

translational position fed to the robot, and 𝑅𝑥𝑦𝑧 is the rotation matrix for rotation around the 

𝑋, 𝑌, 𝑍-axes. The formula for calculating the 𝑗-th actuator length is thus: 

‖𝐿𝑗‖ = √(𝐵̅𝑗 − 𝐴̅𝑗)
2
= √(𝐵𝑗𝑒𝑥 − 𝐴𝑗𝑒𝑥)

2
+ (𝐵𝑗𝑒𝑦 − 𝐴𝑗𝑒𝑦)

2
+ (𝐵𝑗𝑒𝑧 − 𝐴𝑗𝑒𝑧)

2
  (A.2) 

Different types of parallel robots exist, such as robots utilising sliding sleds along a track on 

the base instead of telescopic actuators. In this case, 𝐿𝑗 is a fixed and known quantity, and 

the problem instead is to find the sled position 𝐴𝑗𝑒𝑥, 𝐴𝑗𝑒𝑦, 𝐴𝑗𝑒𝑧 along the track which fulfils 

Equation A.2, and thus becomes a root solving problem. The principle of inverse kinematics 

still stays the same. 

For one actuator 𝐴′(𝑗),  with a linear or curved track, the actuator length can be calculated 

by first solving the equation for 𝑘𝑗: 
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𝑣(𝑗)𝑘𝑗 + 𝐴(𝑗) = 𝐴
′(𝑗) 

(𝐵̅1(𝑗) − 𝐴
′(𝑗))2 = 𝑑𝑗

2 
(A.3) 

where 𝑑𝑗 is the stay length for the j-th actuator, giving the fixed distance from one linear 

stage to the platform. The position of the 𝑗-th actuator at zero length is denoted 𝐴(𝑗) =

[𝑋𝑗
0 𝑌𝑗

0 𝑍𝑗
0]
𝑇

, and the orientation of the actuator’s workspace is described by the unit vector, 

for a linear slider 𝑣(𝑗) = [𝑐𝑥𝑒𝑥,𝑗 𝑐𝑦𝑒𝑦,𝑗  𝑐𝑧𝑒𝑧,𝑗]
𝑇
 such that ||𝑣(𝑗)||=1. The factor 𝑘𝑗 is a scalar 

which is solved for to obtain the correct actuator position such that the distance between the 

actuator position 𝐴′(𝑗) and the platform position 𝐵′(𝑗) equals 𝑑𝑗.  

By expanding Equation A.3 it is possible to rewrite it to solve for 𝑘𝑗: 

𝐶𝑗 = 𝐵′(𝑗) − 𝐴(𝑗) 

𝐶𝑗
2 − 2𝑣(𝑗)𝑘𝑗𝐶𝑗 + 𝑣(𝑗)

2𝑘𝑗
2 − 𝑑𝑗

2 = 0 
(A.4) 

This is a second order root solving problem. Only one root is valid, which is normally the 

root closest to the zero-length position of the actuator, given that there is hardware constrains 

limiting the platform to be oriented to more than one side of the actuator. This corresponds 

to the 𝑘𝑗 which is lowest, such that:  

𝑎𝑗 = −
2𝑣(𝑗)𝑘𝑗𝐶𝑗

𝑣(𝑗)2
, 𝑏𝑗 =

𝐶𝑗
2 − 𝑑𝑗

2

𝑣(𝑗)2
 

𝑘𝑗
1,2 =

𝑎𝑗

2
± √(

𝑎𝑗

2
)
2

− 𝑏𝑗
2 

𝑘𝑗 = min𝑘𝑗
1,2

 

(A.5) 

The length of the 𝑗-th actuator is then simply the magnitude of the unit vector times the scalar 

solving the root problem: 

𝐿𝑗 = ||𝑣(𝑗)𝑘𝑗|| (A.6) 
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Appendix B: Motion application point 

This appendix describes the motion application point in a driving simulator and how it affects 

the motion cueing. The motion application point is defined as where the motion cueing is 

applied in the cockpit, or alternatively, the point of which the cockpit is rotated during 

translation.  

The motion application point is the point in the platform-fixed cabin frame (𝑋𝑠, 𝑌𝑠, 𝑍𝑠) at 

which the commanded translations and rotations are defined. To distinguish the cabin-fixed 

frame from the axes about which platform rotations are executed, three axes of rotation 

(AoR) are introduced: (𝑋𝐴𝑜𝑅 , 𝑌𝐴𝑜𝑅 , 𝑍𝐴𝑜𝑅). The corresponding translational application points 

are defined as: 

- lateral: intersection of the 𝑋AoR axis with the 𝑌S𝑍S plane, 

- longitudinal: intersection of the 𝑌AoR axis with the 𝑋S𝑍S plane, 

- vertical: intersection of the 𝑍AoR axis with the 𝑋S𝑌S plane. 

In a general 6-DOF robot, the three AoR axes do not necessarily intersect at a single point, 

as illustrated in Figure B.1. This occurs, for example, if the roll AoR is chosen to coincide 

with a vehicle roll axis, the pitch AoR with a pitch centre, and the yaw AoR with the vehicle 

CoG. 

 

Figure B.1: Illustration of the simulator platform fixed reference frame (𝑋𝑠,  𝑌𝑠,  𝑍𝑠) and the axes of 

rotation (𝑋𝐴𝑜𝑅 ,  𝑌𝐴𝑜𝑅 ,  𝑍𝐴𝑜𝑅) within this frame of reference, with each translational motion 

application point on each AoR, as well as the driver head point 0𝐷 and the vector from each AoR to 

the head point, denoted 𝑝̅𝑟𝑜𝑙𝑙 , 𝑝̅𝑝𝑖𝑡𝑐ℎ and 𝑝̅𝑦𝑎𝑤. 

 

Calculating the acceleration of the driver’s head point 𝑂̅𝐷 in the cabin frame of reference for 

the case with AoR that does not intersect requires each contribution to be calculated 

separately: 
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𝑎̅𝑠𝑖𝑚 = [

𝑎𝑥,𝑠𝑖𝑚
𝑎𝑦,𝑠𝑖𝑚
𝑎𝑧,𝑠𝑖𝑚

] , 𝜔̅𝑥,𝑠 = [𝜔𝑥,𝑠 0 0], 𝜔̅𝑦,𝑠 = [0 𝜔𝑦,𝑠 0], 𝜔̅𝑧,𝑠 = [0 0 𝜔𝑧,𝑠] 

[

𝑎𝑥,𝑂𝐷
𝑎𝑦,𝑂𝐷
𝑎𝑧,𝑂𝐷

] = 𝑎̅𝑠𝑖𝑚 +

[
 
 
 
 [𝑒𝑥,𝑠 0 0] ∙ (𝜔̇̅𝑦,𝑠 × 𝑝̅𝑝𝑖𝑡𝑐ℎ + 𝜔̇̅𝑧,𝑠 × 𝑝̅𝑦𝑎𝑤 + 𝜔̅𝑦,𝑠 × (𝜔̅𝑦,𝑠 × 𝑝̅𝑝𝑖𝑡𝑐ℎ) + 𝜔̅𝑧,𝑠 × (𝜔̅𝑧,𝑠 × 𝑝̅𝑦𝑎𝑤))

[0 𝑒𝑦,𝑠 0] ∙ (𝜔̇̅𝑥,𝑠 × 𝑝̅𝑟𝑜𝑙𝑙 + 𝜔̇̅𝑧,𝑠 × 𝑝̅𝑦𝑎𝑤  + 𝜔̅𝑥,𝑠 × (𝜔̅𝑥,𝑠 × 𝑝̅𝑟𝑜𝑙𝑙)  + 𝜔̅𝑧,𝑠 × (𝜔̅𝑧,𝑠 × 𝑝̅𝑦𝑎𝑤))

[0 0 𝑒𝑧,𝑠] ∙ (𝜔̇̅𝑥,𝑠 × 𝑝̅𝑟𝑜𝑙𝑙 + 𝜔̇̅𝑦,𝑠 × 𝑝̅𝑝𝑖𝑡𝑐ℎ + 𝜔̅𝑥,𝑠 × (𝜔̅𝑥,𝑠 × 𝑝̅𝑟𝑜𝑙𝑙) + 𝜔̅𝑦,𝑠 × (𝜔̅𝑦,𝑠 × 𝑝̅𝑝𝑖𝑡𝑐ℎ)) ]
 
 
 
 

 

(B.1) 

where 𝑒𝑥,𝑠, 𝑒𝑦,𝑠 and 𝑒𝑧,𝑠 are the base components spanning the platform fixed frame of 

reference and 𝑝̅𝑟𝑜𝑙𝑙, 𝑝̅𝑝𝑖𝑡𝑐ℎ and 𝑝̅𝑦𝑎𝑤 are orthogonal vectors from each AoR to the point 𝑂̅𝐷. 

For the case when three AoR intersect at one point, the vector 𝑝̅ is the vector from the 

intersecting point to the 𝑂̅𝐷 and thus the acceleration at 𝑂̅𝐷 can be calculated as: 

𝜔̅𝑠 = [𝜔𝑥,𝑠 𝜔𝑦,𝑠 𝜔𝑧,𝑠], 𝑝̅ =  𝑝̅𝑟𝑜𝑙𝑙 + 𝑝̅𝑝𝑖𝑡𝑐ℎ + 𝑝̅𝑦𝑎𝑤 

[

𝑎𝑥,𝑂𝐷
𝑎𝑦,𝑂𝐷
𝑎𝑧,𝑂𝐷

] = 𝑎̅𝑠𝑖𝑚 + 𝜔̇̅𝑠 × 𝑝̅ + 𝜔̅𝑠 × (𝜔̅𝑠 × 𝑝̅) 
(B.2) 

The choice of application point and placement of the AoR have an important effect on the 

cueing, while 𝑎̅𝑠𝑖𝑚 describes the acceleration at the point where all the AoR intersect in the 

cabin frame at point 𝑝̅𝑖𝑛𝑡 = 𝑂̅𝐷 − 𝑝̅.  

Consider an ideal simulator reproducing the vehicle motion exactly at the point of interest. 

If 𝜔̄𝑠 = 𝜔̄veh and the head-point acceleration is required to match the vehicle head-point 

acceleration, then: 

𝑎̅𝑜𝐷 = 𝑎̅𝑠𝑖𝑚 + 𝜔̇̅𝑠 × 𝑝̅ + 𝜔̅𝑠 × (𝜔̅𝑠 × 𝑝̅) (B.3) 

𝑎̅𝑜𝐷
𝑣𝑒ℎ = 𝑎̅𝑠𝑝 + 𝜔̇̅ × 𝑝̅𝑜𝐷

𝑠𝑝 + 𝜔̅ × (𝜔̅ × 𝑝̅𝑜𝐷
𝑠𝑝) (B.4) 

since the simulator acceleration is equal to the acceleration at the sampling point, 𝑎̅𝑠𝑖𝑚= 𝑎̅𝑠𝑝  

for the ideal simulator; these can be substituted in Equation B.4: 

𝑎̅𝑜𝐷
𝑣𝑒ℎ = 𝑎̅𝑠𝑝 + 𝜔̇̅ × 𝑝̅𝑜𝐷

𝑠𝑝 + 𝜔̅ × (𝜔̅ × 𝑝̅𝑜𝐷
𝑠𝑝) = 𝑎̅𝑠𝑖𝑚 + 𝜔̇̅ × 𝑝̅𝑜𝐷

𝑠𝑝 + 𝜔̅ × (𝜔̅ × 𝑝̅𝑜𝐷
𝑠𝑝) (B.5) 

If 𝑎̅𝑜𝐷
𝑣𝑒ℎ = 𝑎̅𝑜𝐷, the vector between the head and the sampling point 𝑝̅𝑜𝐷

𝑠𝑝
 must be the same as 

𝑝̅, which fixates the sampling point in (𝑋𝑣, 𝑌𝑣, 𝑍𝑣) to the same coordinate as the application 

point in (𝑋𝑠,  𝑌𝑠,  𝑍𝑠) when the frames coincide relative to the head. Since 𝑝̅ = 𝑂̅𝐷 − 𝑝̅𝑖𝑛𝑡, the 

acceleration 𝑎̅𝑠𝑖𝑚 must describe the acceleration at the point of AoR intersection: 

𝑎̅𝑜𝐷 − 𝜔̇̅𝑠 × 𝑝̅ − 𝜔̅𝑠 × (𝜔̅𝑠 × 𝑝̅) = 𝑎̅𝑜𝐷 + 𝜔̇̅𝑠 × (−𝑝̅) + 𝜔̅𝑠 × (𝜔̅𝑠 × (−𝑝̅)) = 𝑎̅𝑠𝑖𝑚 (B.6) 

where −𝑝̅ = 𝑝̅𝑖𝑛𝑡 − 𝑂̅𝐷, which is the vector from the head point to the point of intersection 

of the AoR. This implies that to avoid deterministic kinematic artefacts at the point of interest 

(here 𝑂̅𝐷), the vehicle sampling point and simulator application point must coincide relative 

to the head, and further, the sought cueing is applied only at the intersection point. The rest 

will be a function of distance from the application point and the rotational cueing. 

It is now meaningful to define one reference point, which location from the driver’s head 

point 𝑂̅𝐷 can be described by the vector 𝑝̅. This reference point is therefore treated as the 

common cueing reference in both the vehicle and cabin frames. 
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Appendix C: Quasistatic positioning 

This appendix describes the quasistatic positioning strategy in driving simulators and shows 

how it is possible to find a optimal quasistatic position of a simulator given simple 

assumptions of the motion cueing.  

For any asymptotically stable linear time invariant (LTI) system, a change in constant input 

Δ𝑎𝑦 produces an output trajectory whose amplitude scales linearly with Δ𝑎𝑦. Accordingly, 

there exists a scalar 𝐾 > 0 such that: 

Δ𝑃 = 𝐾 Δ𝑎𝑦 (C.1) 

where Δ𝑃denotes the peak transient deviation from a stable asymptote. Linearity of the LTI 

system ensures that the output amplitude is proportional to the input amplitude. 

Let 𝑃 denote the set of achievable positions for a given MCA under lateral acceleration input 

𝑎𝑦 (Figure C.1). The total span of the set is Δ𝑃, where the left-hand portion Δ𝑃𝐿 is 

proportional to the maximum leftward acceleration change Δ𝑎𝑦,𝐿 via 

Δ𝑃𝐿 = 𝐶𝑀𝐶  Δ𝑎𝑦,𝐿 (C.2) 

and similarly on the right, 

Δ𝑃𝑅 = 𝐶𝑀𝐶  Δ𝑎𝑦,𝑅 . (C.3) 

These correspond to the peak position amplitudes of a linear cueing strategy. The set 𝑃 lies 

inside the 1-DOF workspace 𝐿𝑠, of extent Δ𝐿𝑠, and is positioned according to the steady-

state simulator position 𝑃𝑠𝑠. The unused space between 𝑃 and the workspace boundary 

defines the margin 𝜀. 
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Figure C.1: Acceleration envelope (top) and positioning of P inside the set 𝐿𝑠 (bottom) 

 

The workspace can then be written as a function of the cueing: 

∆𝐿𝑠 = ∆𝑃 + 𝜀 = ∆𝑃𝐿 + ∆𝑃𝑅 + 𝜀 

∆𝐿𝑠 = 𝐶𝑀𝐶(∆𝑎𝑦,𝐿 + ∆𝑎𝑦,𝑅) + 𝜀 

∆𝐿𝑠 = 𝐶𝑀𝐶(𝑎𝑦,𝑚𝑎𝑥 − 𝑎𝑦 + 𝑎𝑦 − 𝑎𝑦,𝑚𝑖𝑛) + 𝜀 

(C.4) 

Setting 𝜀 = 0 gives Δ𝑃 = Δ𝐿𝑠. The resulting expressions for 𝑃𝑠𝑠 and 𝐶𝑀𝐶 becomes, 

Δ𝐿𝑠 = 𝐶𝑀𝐶(𝑎𝑦,𝑚𝑎𝑥 − 𝑎𝑦,𝑚𝑖𝑛) 

𝑃𝑠𝑠 = +
Δ𝐿𝑠
2
− 𝐶𝑀𝐶(𝑎𝑦,𝑚𝑎𝑥 − 𝑎𝑦) = −

Δ𝐿𝑠
2
+ 𝐶𝑀𝐶(𝑎𝑦 − 𝑎𝑦,𝑚𝑖𝑛) 

𝑃𝑠𝑠 = 𝐶𝑀𝐶 (𝑎𝑦 −
𝑎𝑦,𝑚𝑎𝑥 + 𝑎𝑦,𝑚𝑖𝑛

2
) , 𝑃0 = 𝑃𝑠𝑠(𝑎𝑦 = 0) 

𝐶𝑀𝐶 =
Δ𝐿𝑠

 𝑎𝑦,𝑚𝑎𝑥 − 𝑎𝑦,𝑚𝑖𝑛 
 

(C.5) 

This gives a reference position 𝑃𝑠𝑠 that depends on the current acceleration and places the 

MCA steady state asymptotical position proportionally to the 𝑎𝑦 within the acceleration 

envelope. A standard second-order cueing filter with an offset 𝐶𝑀𝐶(𝑎𝑗,𝑚𝑎𝑥 + 𝑎𝑗,𝑚𝑖𝑛)/2 

exhibits exactly this mapping for acceleration: 

𝑃(𝑠) =
𝐶𝑀𝐶  𝜔𝑀𝐶

2

𝑠2 + 2𝜔𝑀𝐶𝑠 + 𝜔𝑀𝐶
2  𝑎𝑗 − 𝐶𝑀𝐶

𝑎𝑗,𝑚𝑎𝑥 + 𝑎𝑗,𝑚𝑖𝑛

2
 (C.6) 
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and its steady-state output matches the derived 𝑃𝑠𝑠. The key takeaway is that, under these 

assumptions, the most space-efficient acceleration cueing corresponds to a simple critically 

damped second-order filter without any washout.  

For simulator yaw-feedback, a first order filter has the appropriate mapping: 

𝑃(𝑠) = 𝐶𝑀𝐶
 𝜔𝑀𝐶

𝑠 + 𝜔𝑀𝐶
 ωz − 𝐶𝑀𝐶

𝜔𝑧,𝑚𝑎𝑥 + 𝜔𝑧,𝑚𝑖𝑛
2

, (C.7) 

Where 𝜔𝑧,𝑚𝑖𝑛 and 𝜔𝑧,𝑚𝑎𝑥 is the expected maximum and minimum yaw rate, typically 

occurring at 𝑎𝑦,𝑚𝑎𝑥 at the slowest longitudinal velocity occurring during simulation. These 

are typical motion cueing filters without washout. For a vehicle in quasi-static conditions, 

these filters produce their steady state response, hence the name given to the strategy is 

quasistatic positioning (QSP). The offset and 𝐶𝑀𝐶 can easily be calculated for a 1-DOF 

cueing in a 1-DOF workspace given that the acceleration limits from the vehicle is known 

(yaw-rate limits can be estimated). This can be obtained from the acceleration envelope. For 

nontrivial workspaces and nontrivial performance envelopes, the situation is not as simple. 

As parallel mechanisms such as a tripod or a hexapods positioning affects the positioning in 

another, the calculation of the gain and the offsets is a nonlinear problem, dependent on the 

workspace constraints and the shape of the cueing envelope. Nonetheless, the approach 

describes for 1-DOF extends naturally to more degrees of freedom.  

By using the acceleration envelope to calculate the shape of the steady state cueing envelope, 

a set of steady state positions can be obtained such as: 

GQSP=GPE [

𝐶𝑋
𝐶𝑌
𝐶𝜔𝑧

] (C.8) 

where 𝐺𝑃𝐸 = [𝑎̅𝑥, 𝑎̅𝑦,
𝑎̅𝑦

𝑉̅𝑥
], i.e. the performance envelope including corresponding steady 

state yaw rate, and the bar indicates that these are numeric arrays of vertices. An example of 

𝐺𝑃𝐸(𝑉𝑥 = 15 m/s) is illustrated in Figure C.2. 
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Figure C.2: Performance envelope at 15 m/s 

To utilise the maximum of the workspace, the cueing steady state positions can now be 

adapted to the workspace by formulating the optimisation problem of maximising the overall 

cueing gain: 

𝑚𝑎𝑥𝑖𝑚𝑖𝑠𝑒: 𝐶𝑀𝐶  

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 

𝑃𝑠𝑖𝑚 = 𝐺𝑄𝑆𝑃𝐶𝑀𝐶 + 𝑃0 

𝐿 = 𝑓(𝑃𝑠𝑖𝑚) 

𝐿̅𝑚𝑖𝑛 < 𝐿̅ < 𝐿̅𝑚𝑎𝑥 

𝜃𝑚𝑖𝑛 < 𝜃 < 𝜃𝑚𝑎𝑥   

𝛼̅𝑚𝑖𝑛 < 𝛼̅ < 𝛼̅𝑚𝑎𝑥  

(C.9) 

where 𝑃0 is the offset in X, Y and yaw direction, 𝑓(𝑃𝑠𝑖𝑚) is the nonlinear kinematic function 

and 𝐿̅𝑚𝑖𝑛 and 𝐿̅𝑚𝑎𝑥 are the lower and upper bounds of actuator lengths, 𝜃𝑚𝑖𝑛  and 𝜃𝑚𝑎𝑥  
constraints of the yaw angle, and 𝛼̅𝑚𝑖𝑛, 𝛼̅𝑚𝑎𝑥 is interference constraints of the actuators. The 

bars indicate that these are arrays for each point of the position set 𝑃𝑠𝑖𝑚. The key idea is 

unchanged from the 1-DOF derivation: each admissible input [𝑎𝑥, 𝑎𝑦, 𝜔𝑧]  corresponds to a 

steady-state platform position 𝑃𝑠𝑖𝑚, and the complete admissible input set generates a steady-

state position set that should be placed within the platform workspace. Such that the 

simulator is used to its maximum. 𝑃𝑠𝑖𝑚 for each input is now a steady state position of the 

simulator, the target to track for the MPC-controller.  
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Appendix D: Minkowski summation 

This appendix describes the process of Minkowski summation in the context of motion 

cueing reachability analysis. Furthermore, it describes how Minkowski summation can be 

simplified by assumptions of the convexity of the input set, i.e. the performance envelope. 

For a linear time-invariant system: 

𝑥𝑘+1 = 𝐴𝑥𝑘 + 𝐵𝑢𝑘 (D.1) 

The reachable set describes all states that can be attained from an initial state under all 

admissible inputs. Assuming the initial state is 𝑥0 = 0 and the admissible disturbance or 

input set 𝑤 is convex, compact, and contains the origin, the one-step reachable set is 

𝑆1 = 𝐴𝑥0⊕  𝑤 (D.2) 

where ⊕ denotes Minkowski addition. If the disturbance set is constant and the matrix 𝐴 is 

strictly stable, the reachable set propagates according to 

𝑆𝑘+1 = 𝐴𝑆𝑘⊕  𝑤 (D.3) 

In the context of motion cueing, the acceleration input acts as the disturbance, so 𝑤 = 𝐵 𝑢, 

where 𝑢 lies in a closed and compact set 𝒰 of admissible inputs. The acceleration envelope 

obtained from vehicle performance therefore defines 𝒰, and Equation D.3 yields the 

reachable set of all states that the motion-cueing algorithm can produce under all admissible 

accelerations. 

In this work, the goal is to determine the reachable positions, not the full state. Since the 

MCA dynamics for translation can be modelled as a discrete integrator, the state consists of 

at least position and velocity, and the reachable position set is obtained by projecting 𝑆𝑘onto 

the position coordinates: 

𝑆𝑘
𝑝 = projpos(𝑆𝑘) (D.4) 

Propagation continues until the position set converges, i.e. 

𝑆𝑘+1
𝑝 ⊆ 𝑆𝑘

𝑝
 (D.5) 

or until steady state is considered reached based on the response time of the system. 

It is important to note that 𝑆𝑘
𝑝

 guarantees constraint satisfaction only if the actual input 𝑢 

remains inside 𝒰 during operation. When 𝒰 is convex, this condition can be enforced by 

representing 𝒰 with linear inequalities 𝑀𝑢 ≤ 𝑏. In the present work, this explicit constraint 

is not required, as the same acceleration data used to construct 𝒰 (from the acceleration 

envelope and lap-time simulation) is also used as input when evaluating the cueing 

performance. 

The full Minkowski summation is an inefficient algorithm because it generates all interior 

points of the set, while only the boundary is relevant for checking workspace feasibility. A 

more compact representation is obtained using support functions. 
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The Shapley-Folkman theorem [65] provides intuition that Minkowski sums of many sets in 

low dimension tend to become nearly convex. In the present application, the reachable set is 

formed by repeated Minkowski addition of the input contribution, and the resulting boundary 

was found to be only marginally affected by replacing the admissible input set 𝒰 with its 

convex hull conv(𝒰). As Minkowski summation has the following property: 

𝑐𝑜𝑛𝑣(𝑆1⊕𝑆2) = 𝑐𝑜𝑛𝑣(𝑆1) ⊕ 𝑐𝑜𝑛𝑣(𝑆2) (D.6) 

For linear dynamics and Minkowski summation, convexification commutes. Hence it is 

possible to replace the admissible input set 𝒰 by its convex hull given that 𝑘 is sufficiently 

long for the reachable set to converge: 

 𝑆𝐾 ≈  ⨁𝐴𝑘𝐵 𝑐𝑜𝑛𝑣(𝒰)

𝐾−1

𝑘=0

, 𝑆𝐾 =⨁𝐴𝑘𝐵𝒰

𝐾−1

𝑘=0

 (D.7) 

Therefore conv(𝒰) was used instead of 𝒰 to obtain a tractable boundary description. For 

horizons sufficiently long, convexifying 𝒰 was found to have minor impact on the boundary. 

This enables the use of support functions. For a convex set 𝑆, its support function is defined 

as: 

ℎ𝑆(𝑝) = max 𝑝⊤𝑥
𝑥∈𝑆

. (D.8) 

Support functions have two key properties for this purpose: 

ℎ𝐴𝑆(𝑝) = ℎ𝑆(𝐴
⊤𝑝),    ℎ𝑆1⊕𝑆2(𝑝) = ℎ𝑆1(𝑝) + ℎ𝑆2(𝑝). (D.9) 

Applying these identities to the reachable-set recursion 

𝑆𝑘+1 = 𝐴𝑆𝑘⊕𝑤 (D.10) 

gives the support-function update: 

ℎ𝑆𝑘+1(𝑝) = ℎ𝑆𝑘(𝐴
⊤𝑝) + ℎ𝑤(𝑝) (D.11) 

The reachable position set is obtained by projecting onto the position coordinates. The set 

vertex can be reconstructed as follows: For each adjacent pair of support vectors (𝑝𝑖, 𝑝𝑖+1), 
the supporting lines: 

𝑝𝑖
⊤𝑥 = ℎ𝑖 ,      𝑝𝑖+1

⊤ 𝑥 = ℎ𝑖+1 (D.12) 

are intersected to obtain a boundary point 𝑠𝑖
∗ with the linear system ℎ̅𝑖 = [ℎ𝑖 , ℎ𝑖+1]

⊤ and 𝑝̅𝑖 =
[𝑝𝑖
⊤, 𝑝𝑖+1

⊤ ]⊤ : 

𝑝̅𝑖𝑠𝑖
∗ = ℎ̅ 

𝑆𝑘 = {𝑠1
∗…… . 𝑠𝑁

∗ } 
(D.13) 

where 𝑁 is the number of sampled support vectors (in this work, the number is equal to the 

number of vertices of the convex hull of 𝒰, however it can be chosen). 
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Using support functions eliminates interior-points during Minkowski summation and 

provides a boundary-only description of the reachable positions, which is the part required 

for workspace adaptation. Without the convex approximation, this would not be practically 

feasible to generate a motion cueing reachable set for 6D over several steps.  

To analyse the difference between the full Minkowski summation and the boundary only 

approach, the reachable set for the LQ-regulator in a 2D is presented in Figure D.1 top right 

with the acceleration envelope at 𝑉𝑥=15 m/s for a simulated result for full Minkowski and 

support function method. The simulation is conducted by sampling random points from the 

exterior of the acceleration envelope and simulate the response, and then calculating the 

boundary. This is done for a discretisation of 0.5 seconds. The reason for the crude 

discretisation is that the full Minkowski summation explodes for many steps, and the 

reachable set would not converge if fewer steps were done, as seen in Figure D.1 where the 

Minkowski summation is shown for all steps up to 4.0 seconds. The comparison between 

the three methods show that the support function (SF) methodology produces similar results 

to the full Minkowski and simulated results (where no assumption of convexity is done), 

even for as low as 8 steps, showing that the SF method is usable without loss of performance 

but increasing computational speed from 20 mins (simulation) and 2 hours (Minkowski sum) 

to 0.07 seconds (SF) for a input set of 720 points. Making the reachable set method feasible.  

 

 

 

Figure D.1: Resulting reachable position sets for a LQ-regulator, from Paper H.  



108 

 

  



109 

 

Appendix E: Motion cueing for reachable set simulations and workspace adaption 

This appendix provides the filter definitions, auxiliary models, and parameter ranges used 
to construct the motion cueing system matrices described in Section 10. 

The cueing system is driven by accelerations taken from the admissible vehicle 
acceleration envelope: 

𝑎̄ = [𝑎𝑥, 𝑎𝑦, 𝑎𝑧]
⊤ ∈ 𝔘𝑎. (E.1) 

The acceleration signals are processed using second-order filters of the form: 

𝑎𝑛
𝑠 = 𝐺(𝑠)𝑎𝑛, 𝐺(𝑠) =

𝐶𝑛𝑠
2

𝑠2 + 2𝜁𝜔𝑛𝑠 + 𝜔𝑛
2
 (E.2) 

𝑎𝑧 was included in the admissible set as a range of [−5, 5] m/s2 which is generally obtained 

from simulations on the intended track. The simulator yaw-rate is calculated as: 

𝜃̇𝑧
𝑠 =

𝑠

𝑠 + 𝜔𝑦
𝛾̇ + 𝛽̇ | 𝛽 ∈ [𝛽𝑚𝑖𝑛, 𝛽𝑚𝑎𝑥] (E.3) 

where 𝛾̇ =
𝑎𝑦

𝑉𝑥
, 𝜃̇𝑧

𝑠 is the simulator yaw rate, 𝛽̇ is the body slip angle, and 𝛽𝑚𝑖𝑛, 𝛽𝑚𝑎𝑥 is the 

min and max of the admissible body slip angle 𝛽. The range of vehicle roll and pitch angles 

can be obtained from the acceleration envelope. The road induced roll and pitch angles can 

either be obtained from the planned manoeuvre or decided explicitly. As the acceleration 

envelope did not contain all vehicle states necessary in this work, a roll pendulum model 

was used in this case to obtain the vehicle roll angle 𝜙 and the pitch angle 𝜑 from the 

acceleration envelope. Further, a range of road-inclinations in pitch and roll, 𝛼𝑥, 𝛼𝑦 of 

interest to simulate was included such as: 

𝜃𝑥
𝑠 = 𝜙 + 𝛼𝑥, 𝛼𝑥 ∈ [𝛼𝑥,𝑚𝑖𝑛, 𝛼𝑥,𝑚𝑎𝑥] 

𝜃𝑦
𝑠 = 𝜑 + 𝛼𝑦, 𝛼𝑦 ∈ [𝛼𝑦,𝑚𝑖𝑛, 𝛼𝑦,𝑚𝑎𝑥] 

(E.4) 

The cueing can now be described as a complete system with the state-vector: 𝑥̅ = [𝑥

 𝑥̇ 𝑦 𝑦̇ 𝑧 𝑧̇ 𝜙 𝜙̇ 𝜑 𝜑̇  𝜓 𝛾̇] and the input set 𝑎̅ ∈ 𝔘𝑎, i.e.  the input lies within the acceleration 

envelope. The system is thus: 

𝑥̅𝑘+1 = 𝐴𝑀𝐶𝑥̅𝑘 + 𝐵𝑀𝐶𝑎̅ (E.5) 

where 

𝐴𝑀𝐶 = 𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝐴𝑥, 𝐴𝑦, 𝐴𝑧 , 𝐴𝜑 , 𝐴𝜙, 𝐴𝜓) (E.6) 

and 

𝐵𝑀𝐶 = [{𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝐵𝑥𝐵𝑦, 𝐵𝑧)}, {𝑏𝑙𝑘𝑑𝑖𝑎𝑔(𝐵𝜙, 𝐵𝜑 , 𝐵𝜓)}]
⊤ 

 (E.7) 

where each 𝐴𝑛 and 𝐵𝑛 is the matrix form of each cueing filter.  

To include road disturbances and additional margins of safety in the slip angle, these 

disturbances were represented by the following disturbance set: 
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𝒲𝑀𝐶 = [0,̅ 0̅, 0̅, [𝛼𝑥,𝑚𝑖𝑛, 𝛼𝑥,𝑚𝑎𝑥], [𝛼𝑦,𝑚𝑖𝑛, 𝛼𝑦,𝑚𝑎𝑥], [𝛽,𝑚𝑖𝑛, 𝛽𝑚𝑎𝑥]]
⊤

 (E.8) 

This disturbance set is incorporated into the reachable set computation through a Minkowski 

summation as described in Appendix D. 

After obtaining the initial position set 𝑆̃𝑠
𝑃∗, either from the process above by a priori 

knowledge of the vehicle performance and cueing strategy, or by simply logging the 

resulting simulator cueing output for the intended manoeuvre, the next step is to maximise 

the usage of the simulator. This is done by adapting 𝑆̃𝑠
𝑃 to the simulator workspace.  

It is advisable to keep vehicle induced roll and pitch close to that of the visual gain 𝐾𝑣𝑖𝑠. In 

this case assumed to be 𝐾𝑣𝑖𝑠 = 1, and further, due to tilting effects, the offset in roll and pitch 

must be zero. For a 6-DOF simulator, the resulting set, in global coordinates 𝑆𝑠
𝑃, to be 

optimised is now: 

𝑆𝑠
𝑃 = [

𝑅𝑧(𝜓𝑘)𝑆𝑠
𝑃∗(1:3,:) ]⊤

𝑅𝑧(𝜓𝑘) 𝑆𝑠
𝑃∗(4:6,:)⊤

] 
(E.9) 

𝑅𝑍(𝑆𝑠
𝑃∗(6, : )) is the rotation vector around Z, such as the positions of the cueing reachable 

set is transformed from platform coordinates to global coordinates. 

The gain matrix, with scaling factors for the adaption 𝐶𝑀𝐶 is applied for all DOFs except 

pitch and roll, which is fixed at 1 and thereby given as: 

𝐺 = diag(𝐶𝑀𝐶 , 𝐶𝑀𝐶 , 𝐶𝑀𝐶 , 1,1, 𝐶𝑀𝐶) 
(E.10) 

which results in the equation for the effective simulator set as: 

𝑆𝑠
𝑃 = 𝑃̄0 + 𝐺 𝑆̃𝑠

𝑃 (E.11) 

where 𝑃̅0 =[𝑥𝑜𝑓𝑓𝑠𝑒𝑡, 𝑦𝑜𝑓𝑓𝑠𝑒𝑡, 𝑧𝑜𝑓𝑓𝑠𝑒𝑡, 0,0, 𝜃𝑧,𝑜𝑓𝑓𝑠𝑒𝑡]
⊤

, which are optimisation variables 

together with 𝐶𝑀𝐶.  

In this work, the tripod forms the subsystem of a cascaded tripod-hexapod system. The 

hexapod base configuration 𝐴̅1
𝐻𝑒𝑥 is related to the tripod configuration as: 

𝐴̅1
𝐻𝑒𝑥 = 𝐴̅0

𝐻𝑒𝑥𝑅𝑍(𝑃̅
𝑇𝑟𝑖𝑝(6)) + 𝑃̅𝑇𝑟𝑖𝑝(1: 2) (E.12) 

where 𝑅𝑧 is a rotation matrix around global Z, 𝐴̅0
𝐻𝑒𝑥 is the nominal geometry of the hexapod 

base, 𝑃̅𝑇𝑟𝑖𝑝 is the tripod position in 𝑋, 𝑌, 𝑍 and 𝜃𝑥 , 𝜃𝑦, 𝜃𝑧. The tripod configuration is 

obtained from the same set, such that both robots operate within the reachable set: 

𝑃̅𝑇𝑟𝑖𝑝 = 𝑃̅0
𝑇𝑟𝑖𝑝

+ 𝐺𝑇𝑟𝑖𝑝𝑆̃𝑠
𝑃 (E.13) 

where 𝑃̅0
𝑇𝑟𝑖𝑝 = [xoffset

𝑇𝑟𝑖𝑝 , yoffset
𝑇𝑟𝑖𝑝 , 0,0,0, θz,offset

𝑇𝑟𝑖𝑝 ]
⊤

,  is the offset of the tripod. The scaling factor  

𝐺𝑇𝑟𝑖𝑝 = [𝐶𝑚𝑐,𝑥, 𝐶𝑚𝑐,𝑦, 0,0,0, 𝐶𝑚𝑐,𝜃𝑧]
⊤

 are independent gains. These are treated as 

optimisation variables and allows the optimiser to scale the tripod motion independent of the 
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total set gain 𝐶𝑀𝐶. It is implemented independent of the hexapod to slack the coupling 

between the hexapod position and tripod position, allowing for a larger 𝐶𝑀𝐶. 

The hexapod platform configuration is obtained form: 

𝐵1
𝐻𝑒𝑥 = 𝑆𝑠

𝑃(1: 3, : ) + 𝐵0
𝐻𝑒𝑥𝑅𝑍,𝑌,𝑋(𝑆𝑠

𝑃(4: 6, : )) (E.14) 

where 𝑆𝑠
𝑃(1: 3, : ) are the translational positions from the reachable set, and 𝑆𝑠

𝑃(4: 6, : ) are 

the angle of rotations which is fed to the rotation matrix 𝑅𝑍𝑌𝑋. The optimisation problem can 

now be formalised as follows: 

𝑚𝑎𝑥𝑖𝑚𝑖𝑠𝑒: 𝐶𝑀𝐶  

𝑠𝑢𝑏𝑗𝑒𝑐𝑡 𝑡𝑜: 

𝑆𝑠
𝑃 = 𝑃̄0 + 𝐺 𝑆̃𝑠

𝑃 

𝑃̅𝑇𝑟𝑖𝑝 = 𝑃̅0
𝑇𝑟𝑖𝑝

+ 𝐺𝑇𝑟𝑖𝑝𝑆̃𝑠
𝑃 

{𝐿̅𝑇𝑟𝑖𝑝, 𝐿̅𝐻𝑒𝑥} = 𝑓(𝑃𝑇𝑟𝑖𝑝, 𝑆𝑠
𝑃) 

𝐿̅𝑇𝑟𝑖𝑝𝑚𝑖𝑛 < 𝐿̅𝑇𝑟𝑖𝑝 < 𝐿̅𝑇𝑟𝑖𝑝𝑚𝑎𝑥 

𝐿̅𝐻𝑒𝑥𝑚𝑖𝑛 < 𝐿̅𝐻𝑒𝑥 < 𝐿̅𝐻𝑒𝑥𝑚𝑎𝑥 

𝜃̅𝑚𝑖𝑛
𝑇𝑟𝑖𝑝 < 𝜃̅𝑇𝑟𝑖𝑝 < 𝜃̅𝑚𝑎𝑥

𝑇𝑟𝑖𝑝   

𝜃̅𝑚𝑖𝑛
𝐻𝑒𝑥 < 𝜃̅𝐻𝑒𝑥 < 𝜃̅𝑚𝑎𝑥

𝐻𝑒𝑥    

𝛼̅𝑚𝑖𝑛 < 𝛼̅ < 𝛼̅𝑚𝑎𝑥  

(E.15) 

The problem was solved with optimisation routine IPOPT using automatic differentiation 

in CasADI [66]. 
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