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SUMMARY

Perception Coherence Zones
in Vehicle Simulation

Ana Rita Valente Pais

Motion simulators are used worldwide as pilot and driveiniray devices. They provide
a relatively cheap, safe, accessible, and environmerftédigdly alternative to training in
the real vehicle. For these simulators to be effective asitrgdevices, the provided stimuli
must allow subjects to recognize and react appropriatetlifferent situations. Studying
and monitoring the fidelity of the stimuli provided is thevef essential to guarantee the
current safety, and increase the future safety of road arichael.

One of the main fidelity aspects concerns the simulator maystem. The limited mo-
tion space of simulators impedes the exact reproductiohef/ehicle motion one-to-one.
To provide inertial motion stimuli while maintaining thensillator within its mechanical
limits, motion filters are used. These filters, also known atian cueing algorithms, intro-
duce amplitude attenuation and phase distortion in théi@enotion feedback as compared
to the visual motion available through the outside visuaptilys. This creates a discrep-
ancy between the inertial and the visual stimuli. If thiscdépancy, or mismatch, is large
enough to be perceived by the subject in the simulator, theridelity of the simulation
may be impaired.

Knowledge of how those mismatches between the visual anthéngal stimuli affect
the human in the simulator is needed for the developmentwfmetion cueing algorithms
and simulator designs, and the optimization of motion Slfer existing motion platforms.
Moreover, a better understanding of human self-motion ggses and especially of the
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mechanisms involved in the perception of combined visudl iaertial motion cues will
lead to better and more complete fidelity criteria for theeasment of the quality of inertial
motion simulation.

The main goal of this thesis is to contribute to the improvetw# inertial motion fi-
delity in vehicle simulation. From this goal, three moredfie objectives are defined.

Objective 1

The first objective is to study the process of motion cueinggathm design and
tuning, and evaluate the consequences of different cugitigrs, and hence differ-
ent inertial stimulation, on subjects’ perception, cohehavior and performance.

Objective 2

The second objective is to focus in more detail on a specificgument of simula-
tion fidelity: the perception of combined visual and indrsimuli. Here, the aim
is to extend our knowledge of visual-inertial cue percaptiovehicle simulation
scenarios.

Objective 3

The third objective is to investigate the possibility ofngsthe knowledge of com-
bined perception of inertial and visual stimuli to deriveqeption-centered motion
cueing guidelines that are independent of a particular eanotueing algorithm
structure and motion platform.

To address the first objective, a new motion cueing algorfithmarban curve driving in
a large, centrifuge-based motion simulator was designdeaaluated. Three cueing solu-
tions were tested: the new solution, a classical filter ndlymesed with Stewart platforms
and a road rumble only algorithm.

To evaluate the effect of inertial cues on subjects’ perfomoge and control behavior,
very specific performance goals would have had to be set angiple of control task would
have had to be very well defined, leaving little room for setgeo choose their own control
strategies. To simulate a task as close as possible to arhea driving, the performance
and control behavior constraints were not applied. As altré@suas very difficult to com-
pare the three cueing solutions based on performance atcoehavior.

A perception analysis based on subjects’ answers to questies identified specific
inertial cues that were important for either the acceptamtke rejection of specific cueing
solutions, but it was not possible to measure how differemsaontributed to the overall
acceptance.

The process of designing, tuning and evaluating a motiomguedgorithm for an un-
conventional simulator, for which there are few guideliagd tested solutions, showed that
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more platform independent, human-based, perceptioneeetrid guidelines are needed.

The second objective was approached by measuring and grgltiae perception of
combined visual and inertial stimuli using the concept obharence zone. Since the use
of mation filters introduce both amplitude attenuation ahdge distortion in the inertial
stimulus as compared to the visual stimulus, two types otpaice zones were defined:
amplitude coherence zones and phase coherence zones.

An amplitude coherence zone represents the range of ineriton amplitudes that,
although not being a perfect match with the visual motion litogte, is still perceived by
the subjects as being coherent. Similarly, a phase cohemme represents the values of
phase distortion between the inertial and visual stimalf #re still perceived as coherent.

Amplitude coherence zones can be defined by an upper and atligshold, or alter-
natively, by a Point of Mean Coherence (PMC) and a Coherence XVidth (CZW). The
upper threshold represents the highest inertial motionitudp that is still perceived as co-
herent with a certain visual stimulus amplitude. The lovieeshold represents the lowest
inertial motion still perceived as coherent. The PMC is tiertial amplitude level exactly
halfway between the upper and the lower threshold and the @&aWé difference between
the upper and the lower threshold.

For phase coherence zones only one threshold was measimed.g&neric high-pass
filters introduce lead in the inertial motion with respecthe visual motion, only thresh-
olds for leading inertial motion were measured. This meagphase-error threshold then
represents the largest value of phase lead that can be épplibe inertial motion and is
still perceived as coherent. Low-pass filters were not carsd.

Several experiments were performed that aimed at investggaither amplitude or
phase coherence zones. Amplitude coherence zones werareeésr yaw rotation and
sway translation. Yaw amplitude coherence zones were mehdu two simulators: the
Simona simulator and the Desdemona simulator. Phase caleezenes were measured for
yaw and pitch rotations. The effects of stimulus amplitudd &equency were measured
for both amplitude and phase coherence zones.

Results show that yaw and sway amplitude coherence zonesaffected by both the
visual stimulus amplitude and frequency. In general, feréasing visual stimulus ampli-
tudes the PMC became larger, as did the CZW. For higher andgbtof the visual stimulus
the upper thresholds tended to become closer to or even linaarthe one-to-one line
(physical match) and this was identified by a “bending dowfithe coherence zones, with
the PMC values becoming smaller than the one-to-one line.

The effect of frequency was also similar for yaw and sway dtonghe coherence zones.
For higher frequencies, both the lower and upper thresht#dseased. The effect of fre-
guency was related to the perception of “motion strengtihwvds concluded that perceived
motion strength is best explained as a weighted combinafiperceived angular accelera-
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tion and angular velocity, in the yaw case, and of perceiireghl jerk and linear accelera-
tion, in the sway case.

In the comparison of phase coherence zones in yaw and gitobe twvere found to be
similar and not affected by either the amplitude or the fesguy of the stimuli. Subjects
behaved like phase-error detectors rather than time-dief@ctors and the measured phase-
error threshold was approximately 19 deg with the inertiation leading the visual motion.

In a next step, to approximate more realistic simulatiomades where subjects are
often required to perform flying or driving tasks, the effetteduced subjects’ attention on
the perception of amplitude coherence zones was evaluatdterence zone measurements
were obtained while subjects were performing a manual obhttundary-avoidance task.
The manual control task was performed based on visual stomly and in a different
degree-of-freedom than the coherence zone measurements.

The addition of the active task did not significantly afféot tperceived coherence of
visual and inertial stimuli. A possible explanation is tttzé perceptual task and the active
control task were not performed concurrently, but in segaehe., offset in time. It might
take a short period of time to make a decision regarding theepesd coherence, freeing
the rest of the time to concentrate on the active task.

These results support the premise that in terms of perdefidiedity, simulator tests
can be performed passively and the results may be genefdtiractive, pilot-in-control
situations. The same might not apply, however, for perfareeaor behavioral fidelity.

As a final step in the study of coherence zones, and as a ptiepdi@ addressing the
third objective, sway amplitude coherence zones were medsua three hexapod simula-
tors: the Visual Motion Simulator (VMS), the Generic Fligheck (GFD) and the Integra-
tion Flight Deck (IFD), at the NASA Langley Research CenteHampton, Virginia, USA.
These three simulators had different motion and visuaksystcharacteristics.

The differences between simulator configurations weraxagtby the differencesin the
measured upper thresholds of the coherence zone. The loweshblds were not affected
by the simulator configuration nor by the amplitude and featy of the visual stimuli.

Despite the differences in the upper threshold values, dheestrends were observed
for the effects of frequency and amplitude in all three sils. The same was observed
for yaw coherence zones when comparing data obtained intth@n@ and the Desdemona
simulators.

This observation, that the exact values of the coherenaemary vary across simulators,
but do maintain the same overall trends with respect to theastimulus amplitude and fre-
quency, led to two conclusions. First, despite fundametiffdrences between simulators,
such as the differences between the Simona and the Desdsimuriators (yaw) or the dif-
ferences between the Visual Motion Simulator (VMS), the &enFlight Deck (GFD) and
the Integration Flight Deck (IFD) (sway), it is still accepte to test and compare coherence
zones measurements made in different apparatus.
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Second, it is not only acceptable but actually desirabletsal Using coherence zones,
different simulations can be evaluated on the basis of holivttwe perception of the com-
bined stimuli fits within the coherent range. This impliesttisimulators should not be
evaluated and compared based on their mechanical perfomadone, but on the basis of
the combined presentation of visual and inertial stimubh€rence zones offer a metric to
guantify the adequacy of this combined presentation ofigtim

To achieve the third objective, the measured data on cobemames was used to derive
motion fidelity criteria and to propose a coherence-zorsetanotion fidelity assessment
method. The measured lower thresholds were transformeadhiimtimum requirements for
motion filter gains. The phase-error thresholds were uselitain maximum allowed phase
distortion criteria. These derived criteria were then canep to established criteria avail-
able in literature.

The coherence zones criteria were shown in a modified Singlodr In a Sinacori plot,
motion criteria are represented in terms of acceptableanaain and phase distortion at
the frequency of 1 rad/s. Since coherence zones were méasudifferent frequencies
and amplitudes, it was possible to expand that representtiidifferent frequencies and
amplitudes.

The use of coherence zones as a motion fidelity assessmembdreties on the as-
sumption that the perceived coherence between visual amtlahstimuli is indicative of
“good” motion. Similarly to other assessment criteria, lsas those proposed by Sina-
cori, Schroeder, and Advani and Hosman, coherence zongpuanlide a measure for the
adequacy of the provided inertial motion with respect to sirge ideal motion. This de-
sired motion corresponds to the simulated vehicle motiahiarthis thesis, it is assumed
to be equivalent to the visual motion. All these assessmeithoads require vehicle model
fidelity and are thus, on their own, not sufficient to guaranitertial motion fidelity. Nev-
ertheless, they do provide much needed guidance in therdasijtuning of motion cueing
algorithms.

The proposed coherence zone assessment method and gnitefide three important
additions to the already available criteria. First, it @rets not only criteria for desirable
motion stimuli, but also offers a systematic, objectivemiam-perception-based method to
measure the limits of the criteria.

Second, the coherence zones method and criteria add a ttdrtbarth dimension to
the Sinacori plot: frequency and amplitude. By doing sodbigerence zone criteria do not
depend on a specific motion filter structure.

Third, by offering a measurement method and allowing déffeéfrequencies and ampli-
tudes to be chosen, the coherence zones method can pravidatsir-based, task-specific
criteria. However, coherence zones as a metric, that isyresagure of the perceived coher-
ence of the inertial feedback provided, is platform and tadkpendent.



Xii Summary




CONTENTS

Summary vii
Introduction 1
1.1 Motion simulators . . . . . . . ... 3
1.2 Vehicle simulators and motion fidelity . . . . .. ... ... ... .... 4
1.3 Perception, Behavior and Performance . . . . . . ... ... .. ..... 6
1.4 Human self-motion perception . . . . . . . . ... ... L. 8
1.4.1 Inertial perception of motion . . . . .. ... ... ... ... 8
1.4.2 Visual perception of motion . . . . . .. ... ... ... ..... 9
1.5 Motion perception in vehicle simulation . . . . . ... ... ... 11
1.5.1 Perception thresholds and perceived motion strength . . . . . .. 11
1.5.2 Visual and inertial stimulation . . . . ... .. ... ....... 11
1.5.3 Perception coherence zones . . . . . .. . ... 12
1.5.4 Motion assessment and requirements . . . . . . . ... ... ... 13
16 Researchgoals . . . .. .. .. .. .. .. . ... 14
1.7 Approach . . . . . e 15
1.8 Assumptions . . . . . ... e 17
1.9 Outline . . . . . e 18



Xiv

Contents

2

Cueing

Motion Cueing for the Desdemona Simulator

2.1 Introduction . . . . . . ...
2.1.1 The Desdemona simulator. . . . . . .. .. ..
2.1.2  Motion drive algorithms . . . . . . .. ... ..

2.2 Three motion filters . . . . ... ... .. ... ...,
2.2.1 The Rumble algorithm . . . . . .. .. ... ..
2.2.2  The Classical algorithm . . .. . ... ... ..
2.2.3  The One-to-one yaw algorithm . . . . ... ..

23 Theexperiment . . . . . . .. ... ...
23.1 Hypotheses . . . . .. .. .. ... ... ...,
232 Method . .. .. ... .. ... ...

24 Results .. ... ...
241 Simulator motion. . . . . .. ... ...
2.4.2 Questionnaires: drivers’ ratings . . . . ... ..
2.4.3 Motion sicknessscales . . . . .. .. ... ...
2.4.4 Objective measures . . . . . . . ... ... ..

25 Discussion . . . ... e
2.5.1 Simulator motion. . . . .. ... ... .....
2.5.2 Questionnaires: drivers' ratings . . . . ... ..
2.5.3 Motion sicknessscales . . . . .. .. ... ...
2.5.4 Objective measures . . . . ... ... .....

2.6 Conclusions . . . . . . . ...

Perception

Measuring Perception Coherence Zones

3.1 Introduction. . . . .. .. .. ... ... ... ... ..
3.2 Coherencezones . . . . . .. . . . ... ...

3.3 Experimentl . ... . ... ... ... ...

21



Contents XV
331 Method . . . . . . .. 60

332 Results . . . . . . 64

3.4 Experiment 2 . . . .. 67
341 Method . . . . . . .. 68

342 Results . . . . . 69

3.5 Discussion . . . .. e e e e 72
3.5.1 The experimental method . . . . . . ... ... ... ... ... 72

3.5.2 The effect of amplitude . . . . . . ... ... 73

3.6 Conclusions . . . . . . . .. 74

4 The Effect of Frequency 75
4.1 Introduction . . . . . . . . L e 77
42 Experimentl . . . . . .. 77
421 Method . . . . . . . 77

422 Results . .. .. 79

4.3 Hypotheses . . . . . . . . .. 81
4.4 Experiment 2 . . . . .. 82
441 Method . . . . . . .. 82

442 Results . .. . . . . e 85

45 Discussion . . . . . .. e e e e 89
45.1 The imperfect internal representation hypothesis . . . . .. . .. 89

452 Testing the hypothesis at low frequencies . . . . ... ... ... 91

4.5.3 Comparison of the high and low frequency studies . . . .. ... 93

45.4 Application to flight simulation . . . . . . ... ... ....... 94

4.6 Conclusions . . . . . . . 95

5 Phase Coherence Zones 97
5.1 Introduction . . . . . . . . L e e 99
5.2 Hypotheses . . . . . . . . .. 100
53 Method . . . . . . 103



XVi

Contents

5.3.2 Experimental Conditions. . . . . . ... ... ... ..
5.3.3 Motion Profile . . . .. ... ... ... ...
534 Procedure. . . . . ... o
5.3.5 Subjects and subjects’ instructions . . . . .. ... ..
54 Results . . ... ... ..
55 Discussion . . . . .. e
5.6 Conclusions . . . . . . .. ..

Perception Coherence Zones During Active Tasks

6.1 Introduction. . . . . . .. .. ...
6.2 Method . . .. . .. .. ...
6.2.1 Apparatus. . . . . . ...
6.2.2 Experimental design . . . . ... .. .. ... . ....
6.2.3 Motion and visual signals . . . . ... ... ......
6.2.4 Control Task . . . .. .. .. .. ... L.
6.25 Procedure. . . . . ... oo
6.2.6 Subjects and subjects’ instructions . . . . .. ... ..
6.3 Results . . ... . ... . ...
6.3.1 Effortscores . ... ... ... .. ... ... ...,
6.3.2 Control input and performance measures . . . .. . .
6.3.3 Thresholds and Coherence Zones . . . . . .. ... ..
6.4 Discussion . . . . . .. e
6.5 Conclusions . . . . . . .. ...

Comparing Simulators Using Perception Coherence Zones

7.1 Introduction. . . . . . .. ... ...

72 Method . . .. . . .. .
721 Apparatus. . . . . ...
7.2.2 Experimental design . . . . ... .. .. ... .....
7.2.3 Motion and visual signals . . . . ... ... ......

724 Procedure. . . . . . . . e



Contents XVii

7.2.5 Subjects and subjects’ instructions . . . . . ... ... 145

73 Results . ... ... 146
T4 Discussion . . . . . .. e e 155
741 VMS . 155

742 GDFandIFD. . . . . . . .. 157

743 VMS,GDFandIFD . . . ... ... .. ... 158

7.5 Conclusions . . . . . . e 160

8 Data Compilation and Summary of the Main Findings 161
8.1 Introduction . . . . . . . . .. 163
8.2 Yaw amplitude coherence zones . . . . . . . ..o 163
8.3 Frequency . . . . . ... 165
8.4 Acceleration and velocity . . . . ... ... 167
85 Yawmotiongains. . . . . .. .. 170
8.6 Sway motion gains . . . . . ... 171
8.7 Coherence zones and optimal gain . . . . .. ... ... ... ...... 171
Il From Perception to Cueing 175

9 Perception Coherence Zones as a Motion Fidelity Assessment Method 177

9.1 Introduction . . . . . . . . . e 179
9.2 Sinacori plot and Schroeder's revised criteria . . . . . . ... ... .. .. 179
9.3 Advani-Hosman criteria . . . . . ... 182
9.4 Coherence zone criteria . . . . . . . ... 183
9.5 Upperthresholds . . . . . ... ... ... ... 188
9.6 Coherence zone assessment method . . . . . . . .. ... ... ... ... 189
10 General Conclusions and Recommendations 191
10.1 Conclusions . . . . . . o o e 193
10.2 Recommendations . . . . . . . .. 194

10.2.1 Further research on amplitude coherence zones . . . . . . .. .. 194



Xviii Contents
10.2.2 Further research on phase coherence zones . . . . .. ... ... 195

10.2.3 Combined amplitude and phase coherence zones measurements . 196

10.2.4 Coherence zones and degrees-of-freedom. . . . . . . .. .. ... 196

10.2.5 Other types of coherence zones . . . . . . . . . . ... ... ... 196

10.2.6 Understanding the mechanisms behind the perception of coherence 197

10.2.7 The link between perception and control behavior . . . . . . .. 197

A Perception Coherence Zones Assessment Method 199
A.1l Coherence zones method . . . . . . ... ... ... ... .. .. ..... 201
A.2 Selecting the measurement points . . . . . . . .. ... ... ... ..., 201
A21 Frequency. . . . . . . . 201

A22 Amplitude . . ... ... 202

A.2.3 Reducing the number of measurement points . . . . . . ... .. 203

A.3 Measuring coherence zones . . . . . . . ... 204
A.4 Converting coherence zones into criteria . . . . . . . ... ... ... .. 205
References 207
Samenvatting 223
Acknowledgments 229
Curriculum Vitae 233

Publications 235



1

INTRODUCTION




Introduction




1.1 Motion simulators 3

1.1 Motion simulators

On the morning of December 17 of 1903, north of Big Kill DevilllHthe first powered
heavier-than-air flight traveled approximately 36.5 meier12 seconds. More than one
century later, that first historic flight covered a distarte is still impossible to accomplish
with most of the flight simulators of today.

Flight simulators have a limited motion space. Their usefgt, however, lies precisely
on that fact. A ground based machine, controlled by layersofivare end electronics
that keep it from reaching its mechanical limits, providesate and easy to access training
environment. Simulators allow pilot training under manifetient scenarios, guaranteeing
repeatability of all conditions. Compared to training inealraircraft, simulators are also a
cheaper and more environmentally friendly solution.

Today, the advancement of simulator technology has alldeed widespread use of
simulators as pilot training devices. Simulators are uakuhgside with actual flying hours,
for the training of commercial pilots. Proficiency checksléype ratings are increasingly
relying on simulator training alone and with the exceptibmaneuvers related to airplane
upset prevention and recovery training (Advani et al., 2 1tost flight task training can
be performed in simulators (International Civil Aviatiomganization, 2009).

Most training flight simulators currently in use consist afabin placed on an hexapod,
also known as a Stewart platform. Curiously, the hexapodfitstsdeveloped by Gough
(Gough, 1957) for research on car tires.

The automotive industry also relies heavily on simulatdrke first driving simulator
studies on driving ability and causes of accidents date tmate 1910s and 1920s (Wach-
tel, 1995). Currently, many car manufactures invest in arofilatforms that allow them to
research, develop and test new products (Grant et al., Zidjdelen et al., 2004). Road
vehicle simulators are also used for research into driveabier (Godthelp et al., 1984;
Van Winsum and Godthelp, 1996; Boer et al., 2000; ReymonH,&t@01; Greenberg et al.,
2003; Briinger-Koch et al., 2006) and road safety studieg) as mobile phone usage (Hor-
berry et al., 2006). Recently, car driving simulators asodleing used for the training of
new drivers.

Motion simulators have also been used for space relatednassince the 1950s and
1960s. Early centrifuge simulators (Clark and Hardy, 1949) rotating rooms (Graybiel
et al., 1960; Guedry et al., 1962) were used to select and &istronauts and study the
physiological impact of space flight. Recently, motion siators have also become popular
as tools for Earth-bound human motricity research (Advaal.e2010a).

The entertainment industry has been a great catalyst ofigiimn technology and it is
responsible for making motion simulators available to tresses. Motion simulators are
now a common sight in innumerous attraction parks and eveseous.
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Figure 1.1: “Star Tours: The Adventures Continue” ride at Disneyland Park in
Anaheim, California, USA, featuring a hydraulic 6 DOF motion platform and a
Starspeeder mockup cabin that seats 40 people. (Courtesy of Disney, (© Dis-
ney/Lucasfilm Ltd, STAR WARS (©) 2012 Lucasfilm Ltd & TM.)

With the generalized use of motion simulators some concasralisen about the quality
of the stimuli provided. When simulators are used for bebralistudies it is important to
elicit similar behavior in the simulator as in the real siton. Especially when the main
goal is to train subjects to react appropriately to diffégtuations, the fidelity of the stim-
uli provided is crucial. In flight simulators, to train pifto perform a certain task, it is
important that all the necessary cues for that task areablaiand resemble those in the
real vehicle.

For this reason, studying and monitoring the fidelity of mantsimulators, and in partic-
ular of those used as pilot or driver training tools, is efiaéto guarantee the current, and
increase the future safety of road and air travel.

1.2 Vehicle simulators and motion fidelity

Many aspects affect the realism of a vehicle simulationkpd@nd instruments, the control
interfaces, the vehicle model, the visual system, the mdise dynamics and the actual
motion provided to the subjects.

In flight simulation, considering that simulator pilot tnéig is a standard practice, the
evaluation of the quality of simulation has been an impdrthscussion point among the
scientific community, flight simulator manufacturers andHti simulator users. Different
metrics have been used to assess, standardize and cagdtighizsimulators and the regu-
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lating entities have made a considerable effort to defineléfsirable characteristics of the
separate systems involved (International Civil Aviatiorg@nization, 2009).

One of the main fidelity concerns is the simulator motion exyst The limited mo-
tion space of simulators impedes the exact reproductioheofircraft motion one-to-one.
Therefore, motion filters are used to translate vehicle omatito simulator motion. These
filters, also known as motion cueing algorithms, are usetéemulate the aircraft motion
while preventing the simulator from reaching its mechallioats.

Typical motion filters used in Stewart platforms are higlsgélters, which attenuate
the amplitude of the vehicle motion at low frequencies, lisb éntroduce phase distortion
(Reid and Nahon, 1985, 1986a,b). This causes a differertaeba the motion of the vehi-
cle and that of the simulator, which might have an impact erpilot’s perception of motion
and control behavior.

The effect of motion filters on pilot’s perception of motiondacontrol behavior in the
simulator has been extensively studied. Although the tesuk often platform and task
dependent, Schroeder (1999) provides a good summary of exapeyiments and condenses
their results into fidelity criteria, adapted from Sinaddi®77).

These fidelity criteria aim at guiding the
process of designing and tuning the mos 80
tion cueing algorithms to obtain the high—c.\‘g
est fidelity of motion possible. The crite-5 60
ria defined by Sinacori, and later revised b@

Low
Fidelity

Medium

Schroeder, are based on a so-called Sin%— 40 Fidelity

cori plot. The Sinacori plot shows the am.-g

plitude attenuation versus the phase disto@ 20 High

tion introduced by motion filters at the fre-g Fidelity
quency of 1 rad/s. Figure 1.2 shows an ex- 00 0.2 04 0.6 08 1
ample of such a plot for angular motion. Rotational gain @ 1 rad/s, -

Ideally, a low attenuation, or high am-
plitude, and a low phase distortion should  Figure 1.2: Example of a Sinacori
be achieved. The fidelity criteria are de-  plot for angular motion. Adapted by
fined by stipulating boundaries for max- ~ Schroeder (1999).
imum allowed amplitude attenuation and
phase distortion. Three fidelity regions are defined: lowditn® and high, with the high
fidelity region corresponding to the higher gains and loweage distortions.

Despite the evidence that motion filters affect pilot's g@tion and control behavior
(Samiji and Reid, 1992; Schroeder, 1996, 1999; Grant et@6;2XGroen et al., 2007; Eller-
broek et al., 2008), the performance of the motion cueingrétym has not always been
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taken into account in the regulations for training deviddsst requirements for the simu-
lators’ motion systems used to be limited to the mechaniedbpmance of the motion base
alone. However, in the last decade, considerable attehisrbeen given to the fidelity of
the inertial motion during actual simulation. As a consetas the motion requirements
now also include the need to present sufficient and adequeatigsl cues. The adequacy of
inertial cues is evaluated with tests that include not oméyrhotion base mechanics but also
the motion cueing software (Joint Aviation Authorities 030 Royal Aeronautical Society,
2005; International Civil Aviation Organization, 2009).

The preoccupation with the use of motion in vehicle simolatian also be seen in road
vehicle simulation, as some of the most recently built satars, used for research on car
driving, are larger than most research flight simulatorssides a hexapod motion base,
these simulators also include additional translationationosystems, such as lateral rails
(Dagdelen et al., 2004; Feenstra et al., 2007; “MercedesB2011) or XY tables (“Toy-
ota”, 2007; “NADS-1", 2010; “VTI's”, 2012), and added yawtation, through gimbals
(Feenstra et al., 2007) or rotating platforms (“Toyota™20*NADS-1", 2010).

Nevertheless, despite all efforts to improve the motionlifigén vehicle simulators,
simulator motion will never fully equal the real vehicle riwat. There will always be differ-
ences and knowledge of how these differences affect the mimtae simulator is manda-
tory for the definition of fidelity criteria, the developmeaftnew motion cueing techniques
and simulator designs, and the optimization of motion §lfer existing motion platforms.

1.3 Perception, Behavior and Performance

For the purpose of training pilots, or drivers, subjects nieern to recognize the important
cues, and use them to control the vehicle to attain a desweti$afety, comfort and perfor-
mance. This means there are at least three levels at whichayewaluate the motion in a
simulator: perception, behavior and performance.

From a performance point of view, motion in the simulatordse® allow for a similar
performance to that achieved in the real vehicle. Howevendns are able to adapt to their
environment, and for a given task the same level of perfommanay be attained under
different motion conditions.

Despite achieving the same end result, human controllegbtrhave done so by adapt-
ing their control strategies. This means that althouglr {heiformance was the same, their
control behavior was different. This indicates that thef@@nance approach alone is not
sufficient to understand and evaluate the effect of simulamtion on human controllers
and that behavioral metrics should also be considered.



1.3 Perception, Behavior and Performance 7

From a behavioral point a view, the simulator motion doesmesd to equal vehicle
motion but it needs to elicit control behavior similar to thdbserved in the real vehicle.
Many studies have focused on the modeling and identificatfquilot control behavior in
an attempt to capture different control strategies witheobsd changes in the pilot model
(McRuer et al., 1965; Stapleford et al., 1969; Jex et al.319@n der Vaart, 1992; Hosman,
1996; Zaal, 2011; Pool, 2012).

Also in car driving, there has been a considerable efforv&duate the impact of sim-
ulator motion on driver steering and braking behavior (Refpa., 1982; Boer et al., 2000;
Reymond et al., 2001; Siegler et al., 2001; Briinger-Koah.e2006). This field of research
has contributed to the understanding of how motion and Viues are used by human con-
trollers and which cues are considered essential for spesénual control tasks. However,
behavioral studies, and in particular work on pilot modehtification, is currently limited
to scenarios where it is possible to model the human costrell a linear system. This
requires the use of very specific manual control tasks, wetly well defined motion and
visual stimuli.

To extend simulator studies to a wider range of scenariogatiter a more complete in-
sight into the effect of motion on humans, it is useful to ddesalso a perceptual approach.

From a perceptual point of view, the simulator motion doesrmeed to equal vehicle
motion fully, but only to the extent to which humans can pere¢he difference between
both. Many perception studies have, therefore, focused easuaring perception thresh-
olds (Stewart, 1971; Hosman and van der Vaart, 1978, 198@sd@eet al., 1986, 1989;
Heerspink et al., 2005).

Measuring human sensitivity to motion in different circuames helps define the range
of possible motion stimuli that can and should be used in kitimn. Moreover, for simula-
tion scenarios with above-threshold stimuli, it is also ortpnt to understand how motion is
perceived and how the combined perception of differentgygfestimuli, such as visual and
inertial, result in perceiving the simulator motion as eqlent to that of the real vehicle, or
not.

Considering that humans will base their control actionshenpgerceived stimuli and
that these actions will result in a certain performancellevee might say that, if from
a perceptual point of view the stimuli presented to the huaranindistinguishable from
that in the real vehicle, then the control actions and theltieg performance will also be
equivalent to those in the real vehicle. This implies a ghtdorward, causal relationship
between perception, behavior and performance. This woelamthat if a simulation has
perceptual fidelity, also behavioral and performance figlalie guaranteed. However, it has
not been proven that behavioral fidelity depends exclugierlperceptual fidelity. In fact,
recent work has showed that human controllers perceive atidras between visual and
inertial stimuli before these mismatches will start to efftheir manual control behavior
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(Beckers et al., 2012). This means that having perceptuditfidnight not be necessary to
achieve behavioral fidelity.

In this light, it might seem that perceptual fidelity, as a me#o achieve behavioral
fidelity, is not necessary and that behavioral studies alemd@d be sufficient to improve
motion simulators’ usability as training devices. Howeusdependently of the relationship
between perception and behavior, perceptual fidelity idéumental to guarantee immersion
and acceptation of the virtual environment, eliminate thegibility of simulator sickness,
train subjects for conditions where disorientation migbtwr, and perhaps the most im-
portant reason, to help human controllers recognize anecity react to important cues
during vehicle failure or accident situations.

All'in all, it seems fair to say that all three approachesgcpptual, behavioral and per-
formance, are valid approaches and probably all three aessary for the continuous im-
provement of motion in vehicle simulation. This thesis feesion the perceptual approach.
This approach starts by understanding the basics of humaomerception and human
motion sensors in both real and simulated environments.

1.4 Human self-motion perception

1.4.1 Inertial perception of motion

Humans have different systems which are used for the peocept inertial motion: pro-
prioceptive, tactile and vestibular.

The proprioceptive system provides information on musoletraction in response to
external forces and the relative position of our limbs artteobody parts with respect to
each other. Acceleration externally applied to our bodies to vehicle acceleration for
example, will have an effect on the necessary forces to keefpady parts in a certain
position. This information can be used to make an estimat@me® self-motion.

The tactile system may also be used to derive informationthady motion. Changes
in skin pressure on the back, buttocks and legs, while gittira moving vehicle may indi-
cate the direction and magnitude of the vehicle’s acceaterat

The vestibular system is often seen as the main system reffmifior sensing self-
motion. Itis located in the inner ear and consists of theclgtnd saccule, which together
are called the otolith organs, and the semi-circular caf®IxC) (Howard, 1968). The SCC
detect angular motion, whereas the otolith organs aretsentd specific forces and thus
affected by linear acceleration and gravity.

The SCC are three orthogonally oriented circular canalskvhilow for detection of
angular motion in three rotational axis. The canals corddlnid called endolymph. When
the head rotates, the fluid initially remains stationary tumertia, while the canal moves
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Figure 1.3: lllustration of the vestibular system showing the three semi-circular canals
and the otolith organs. (Courtesy of NASA.)

with the head. This causes a membrane, also named cupidig ihe canal to deflect, indi-
cating to the brain that there is angular acceleration (HAWE968). If the head continues
to rotate at a constant velocity, the endolymph will evelilyistart to rotate at the same ve-
locity as the canal, and the canal response to angular ma#oays. So, the SCC respond
to angular acceleration and not angular velocity.

The otolith organs contain a gelatinous layer on top of wktiehme are calcium carbonate
crystals known as otoliths. There are two of these strustureach otolith organ. One of
these is oriented in the vertical plane and the other in thizdwatal plane (Howard, 1968).

When the head is accelerated linearly, the different iagii the otoliths and the gelati-
nous layer cause the hair cells inside the gelatinous layeeind, indicating to the brain that
the head is accelerating. If a constant velocity is achietheslsensation of linear motion
stops.

The otolith organs sense specific force and in a constanitgfid this can be used
to form a percept of the head orientation relative to theieaiit However, using the otolith
organs alone it is not possible to distinguish between tineeeleration and the acceleration
of gravity. This differentiation is accomplished by usiniper sensorial information, such
as rotational information from the SCC and visual cues.

1.4.2 Visual perception of motion

The human eye is composed of the cornea, the lens and tha.rétie cornea and the lens
allow focusing on objects at different distances. The eetina layer inside of the eye that
contains receptor cells called cones and rods. As lightateitefrom objects enters the eye
through the cornea and the lens and reaches the retina, les end rods transform that
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information into electrical pulses to the brain (Westhaini®68; Hood and Finkelstein,
1968).

Images moving across the retina may trigger a perceptionoeement. However, fol-
lowing a moving object by rotating the head will cause thegmaf that object to remain
fixed with respect to the retina, but the object will still berpeived as moving.

Visual perception of motion depends on other factors thahthe eye and the move-
ment of images across the retina. The neuronal paths timsntigithe information gathered
by the eye receptors and the further processing of thisnmdition in the brain, have been
shown to have a great importance in visual motion percegGaidstein, 2002).

The visual system provides information regarding the pasiand orientation with re-
spect to the outside world, and in addition it also providekeity information (Van de
Grind, 1988; Van Boxtel et al., 2006). For the purpose of wituglhuman self-motion per-
ception in vehicle simulation since the visual perceptibmotion is done in velocity space
(Loose and Probst, 2001), the visual system is often coregid® be a velocity sensor
(Van der Steen, 1998; Bos et al., 2002, 2004). The visuakeptian of self-motion is then
described by the perception of velocity amplitude and dioec

One important aspect of visual motion perception in vehsateulation is vection. Vec-
tion is the induction of self-motion perception throughuast stimulation (Gurnee, 1931;
Brandt et al., 1973). A well-know example of vection is theving train illusion. This
illusion occurs when one is sitting in a stationary train #meltrain on the next track starts
moving. The movement of the other train gives the illusiorsef-motion in the opposite
direction.

In a simulator, the visual system projects moving imagesasgnting the outside world
which induce the perception of a moving self through a steaip world. Different aspects
of the visual system display and the visual scene conterg baen shown to affect the
onset and sustenance of vection, as well as the perceivaubityt of the visually-induced
self-motion. For a review please refer to Riecke (2010).

The process of vection is often modeled by a low-pass fileprasenting the fact that
the perception of self-motion after an onset in visual mostmulation is a slow process
(Brandt et al., 1973; Melcher and Henn, 1981; Mergner anck&gd 990). However, it
has been shown that the build-up of vection is faster in tiseate of conflicting vestibular
stimuli (Young et al., 1973; Berthoz et al., 1975), as forrapée, when the onset in visual
motion is presented simultaneously with a short duratiential stimulus (Wong and Frost,
1981).
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1.5 Motion perception in vehicle simulation

1.5.1 Perception thresholds and perceived motion strength

Human motion perception is obviously a topic that interdistsls of research other than
just vehicle simulation. A great deal of the existing knadge was gathered in fields such
as medicine and physiology. Examples are the work by Van Eghet al. (1949) on the
mechanics of the SCC, and later the studies of Fernandezeld€3g (1971) on modeling
the SCC of the squirrel monkey. The models developed by Reemand Goldberg (1971)
formed the basis for one of the models of the human SCC dyrsfHicsman and van der
Vaart, 1978, 1980) currently used by the flight simulatiomoaunity.

Other perception studies relevant for vehicle simulatiocut on the limits of human
motion perception, the so-called motion perception thoktsh Particularly useful are stud-
ies that analyze the effect of stimulus frequency on senswatjon thresholds (Stewart,
1971; Gundry, 1977; Hosman and van der Vaart, 1978; Bensah, €986, 1989; Soyka
et al., 2011, 2012) or the effect of expectation (Meslan®8)9studies on motion thresh-
olds measured during concurrent stimulation in other degyd-freedom (DOFS) or in the
presence of visual cues (Huang and Young, 1981; Zaichik.e1899; Rodchenko et al.,
2000; Groen et al., 2004; Valente Pais et al., 2006), andestumh the effect on thresholds
of performing a manual control task (Roark and Junker, 18i#&man and van der Vaart,
1980; Samji and Reid, 1992).

In a vehicle simulation context such studies often aim atisgla specific problem di-
rectly related to motion cueing algorithms. For example, ¢ixperiments performed by
Groen and Bles (2004) determined the pitch motion perceptieeshold during linear fore-
and-aft visual motion stimulation. The threshold valueytireeasured confirmed the empir-
ically determined maximum pitch velocity used during titozdination maneuvers.

Although very useful to delimit the ranges of usable motitthrese studies offer very
little guidance on the use of motion at supra threshold gvedr this reason, it is necessary
to also investigate motion perception at higher levelsiafigiation.

An example of this type of work is the study by Grant and Hakc(2006) on the
relationship between linear acceleration and jerk and gregption of motion strength.
Other examples of perception studies with supra threshiofdition are Just Noticeable
Difference (JND) measurements (Mallery et al., 2010; Nasmsd Grant, 2011; Dos Santos
Buinhas et al., 2013) and sensation estimation (Elsnet, 1€ddies.

1.5.2 Visual and inertial stimulation

The physical limitations of the simulator, and the resgjtirse of motion filters, limit the
amplitude and frequency of the motion cues provided in theukitor. Unlike the motion
system, the visual system can show any displacement ardstaf the simulated aircraft.
This often causes a discrepancy between the inertial matidrthe visual motion stimuli.
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Understanding the perception of combined visual and ialestimuli has been, therefore,
crucial for the further development of vehicle simulation.

Much of the early research on perception of visual and iakstimulation was per-
formed in a rotary chair placed inside an also rotating ¢incscreen (Gurnee, 1931; Brandt
etal., 1973; Young et al., 1973; Melcher and Henn, 1981; Né&m and Bles, 1984; Probst
etal., 1985; Mergner and Becker, 1990) or other chair-bappdratus (Pavard and Berthoz,
1977; Mesland, 1998; Groen et al., 1999). Later, with theyprss of simulator technology
and the growing interest of the vehicle simulation commuinithis topic, other studies ap-
peared performed in motion simulators. In these studie$otties was less on understand-
ing the underlying principles of human-self motion and mairected towards determining
which combinations of visual and inertial stimuli resuliadhe more comfortable and re-
alistic scenarios (Casali and Wierwille, 1980; Huang andnidpn 1981; Schroeder, 1996,
1999; Zaichik et al., 1999; Rodchenko et al., 2000; Groeh £2@01, 2005; Fortmuller and
Meywerk, 2005; Grant and Haycock, 2006; Grant et al., 200®e® et al., 2007; Eller-
broek et al., 2008; Fortmdiller et al., 2008; Correia Go&tial., 2010).

A preferred approach to represent the human percept amaigeens is to construct
mathematical models. Many models have been developed iffiéhesht levels of complex-
ity varying from models of SCC dynamics (Hosman and van dertyd 978, 1980) to the
more complex models that include thresholds (Borah et 8881Greig, 1988; Kamphuis,
1994; Soyka et al., 2011, 2012), visual time delays and @e¢Bos and Bles, 2002; Groen
et al., 2004), visual and vestibular cues interaction (Zaes and Young, 1981; Telban
and Cardullo, 2001; Bos and Bles, 2002; Reymond et al., 2B8@en et al., 2004; Naseri
et al., 2008) and conflict detection (Zacharias and Youngl1Blosman and van der Steen,
1993; Telban and Cardullo, 2001). Outputs of the modelsigtedetection of inertial cues,
judgment of motion strength, estimation of own velocityteddion of conflicts between vi-
sual and inertial cues or an overall sense of self-motioogion expressed in terms of
velocities and orientation with respect to gravity.

Most models were successful in explaining or replicatindected experimental data.
However, especially for models dealing with combined petioa of visual and inertial
stimuli, there are none that allow for widespread use. Thi@ation of current models is
limited to the tasks and scenarios for which they were dgeglo Nevertheless, summing
up all the data collected to develop these models and analytze mathematical laws they
establish, much can be understood about the integratioisoeéland inertial cues and the
perception of self-motion resulting from this process.

1.5.3 Perception coherence zones

A particular type of research on combined perception ofalisund inertial cues focuses
on determining the boundaries of accepted visual-motiomuation. An example is the
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work of Van der Steen (1998). Van der Steen measured the ridbrbatween visual and
inertial cues in terms of amplitude. His premise was thainduself-motion in the real
world, the visual and inertial stimuli are always part of asistent, coherent movement.
In a simulator, the mismatch between the visual and inestiaduli might reach a point
where the motion coherence is lost, or, in other words, a @isinbetween the two cues is
perceived by the subject.

He used the concept of coherence zone

to designate the range of inertial motion 12 : Pz
amplitudes that, although not being a one- 4, o e .
to-one match with the visual motion ampli-§ o 7 7

tude, were still considered by the subjectg 7

as being part of a coherent movement. Vag 6 77

der Steen considered that coherence w@s 4 I «”

maintained as long as subjects perceive% 2 -

the outside world as stationary. Once the 0 L2 — gﬁ;‘grc%rlllf/ecé%gfuent motiJ[
outside world was perceived as moving, co- o 2 4 6 8 10 12
herence was deemed lost. Visual amplitude

Van der Steen measured amplitude co-
herence zones for yaw, roll, swing (sway  Figure 1.4: Hypothetical amplitude
and roll combined), surge and heave for  coherence zone.
different visual motion amplitudes and fre-
guencies. Although much relevant data were collected, ty@itude and frequency levels
were rather low. Amplitudes ranged from 0 to 12 deg/s foraalll swing, 3 to 18 deg/s for
yaw and 0.5 m/s for the linear DOFs. The frequencies varidéddmn 1 and 2 rad/s. For
a more direct application to vehicle simulation higher atnges and a broader range of
frequencies should be tested.

The concept of coherence zone can also be applied to phéseedifes between visual
and inertial stimuli. For example, Grant and Lee (2007) aheiteed the minimum phase
lead of the pitch inertial cues relative to the pitch visua¢s that could be detected by the
subjects in the simulator. They found that the average pease detection threshold was
57 deg. This result suggests that for an inertial motion @Head inferior to the deter-
mined threshold, visual and inertial cues are still congide¢o be coherent. Therefore, the
measured threshold can be used to define a phase cohererce zon

1.5.4 Motion assessment and requirements

Despite the large body of data available from many decadésimfan motion perception
research, the available requirements for the combinedeptason of visual and inertial
stimuli in training simulators is almost non existent.
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Generally all requirements are given separately for eastesy. sound cues, motion
cues, visual cues, control feel, etc. Nevertheless, it ssibte to derive some constraints
for the simulation of combined visual and inertial cues. Egample, in terms of timing,
the combined fidelity of the motion and visual systems candsessed based on the trans-
port delay between pilot control input and the motion andiaisystems response (Joint
Aviation Authorities, 2003; Royal Aeronautical Societ@d5; International Civil Aviation
Organization, 2009). By limiting the maximum allowed trpog delay for all systems, the
appropriate timing between motion and visual cues is alsoanieed.

In terms of amplitude and phase, the matching between @&heutid visual cues can be
evaluated through the motion filter settings and motion Ipastormance.

According to the International Civil Aviation OrganizatiglCAO)’s Manual of Crite-
ria for the Quialification of Flight Simulation Training Deds (International Civil Aviation
Organization, 2009) the assessment of the combination 6émplatform and motion filter
can be done by plotting the amplitude attenuation versuglhiase distortion, similarly to
what is done in a Sinacori plot, but extending the represiemtao a wider range of fre-
quencies (Advani and Hosman, 2006). This assessment metimaerns motion only and
it does not include non-linear processes. Consideringitipeocesses only and assuming
that the visual motion stimuli, in terms of amplitude, fregey and phase, is equivalent to
the motion in the real aircraft, then any difference betwisenreal aircraft motion and the
inertial motion cues in the simulator, are also the diffeenobserved between the visual
and the motion cues in the simulator. Hence, guaranteeirgsiadble simulator motion
performance should also lead to a good match between thal wsd motion cues.

Inthe ICAQO’s Manual (Attachment F) (International Civil fation Organization, 2009),
it is mentioned that plotting the results in such a mannemalldirect comparison of simu-
lators. However, it is also mentioned that the definitionhef fidelity boundaries is still an
ongoing activity. From this one might conclude that destiiemany available studies on
human motion perception, to improve the requirements amdkegines for motion cueing,
more research is needed. Especially studies that focusegretiception of combined visual
and motion cues may help in the definition of boundaries fertial motion fidelity.

1.6 Research goals

Motion perception studies, whether in a simulation envinent or not, have greatly con-
tributed to our understanding of how humans perceive vigodlinertial stimuli in a simu-
lator. This knowledge has been used in the development gmirament of motion cueing
algorithms currently in use. Nevertheless, concern alieutjtiality of inertial motion dur-
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ing vehicle simulation has encouraged the developmentefimel more complete simulator
assessment and comparison methods.

The further development of these methods demands an even kebwledge of human
self-motion perception. Moreover, the emergence of newkitar designs calls for new
motion cueing techniques for which there are fewer testejpmaven solutions. Here as
well, a better understanding of human motion perception hedy the design and tuning of
novel cueing algorithms.

The main goal of this thesis is to contribute to the improveta# inertial motion fi-
delity in vehicle simulation. From this goal, three moredfie objectives are defined.

Objective 1

The first objective is to study the process of motion cueingaihm design and
tuning, and evaluate the consequences of different cugitigrs, and hence differ-
entinertial stimulation, on subjects’ perception, cohehavior and performance.

Objective 2

The second objective is to focus in more detail on a specificgument of simula-
tion fidelity: the perception of combined visual and indrsimuli. Here, the aim
is to extend our knowledge of visual-inertial cue percaptiovehicle simulation
scenarios.

Objective 3

The third objective is to investigate the possibility ofngthe knowledge of com-
bined perception of inertial and visual stimuli to deriveqeption-centered motion
cueing guidelines that are independent of a particular anotueing algorithm
structure and motion platform.

1.7 Approach

The three objectives defined above are dealt with in thres paeich with a different level
of detail. The first part approaches motion cueing and theabinertial motion in vehicle
simulation from a generic point of view. The second focusea more specific component
of motion simulation, the perception of combined inertiatlavisual cues, and analyzes it
in more detail. In the third part, the specific knowledge gagll on visual-inertial motion
perception is generalized into motion cueing guidelines.

In the first part, the process of design and tuning of moti@irayalgorithms is studied
by developing a new cueing solution for a centrifuge-bakede motion-space simulator.
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For such an unconventional simulator there are fewer ginieehnd proven cueing solutions
than for a Stewart platform, a fact that exacerbates andigigh the challenges of motion
cueing design.

The inertial stimulation attained with the new cueing siolutis then evaluated based
on perceptual, behavioral and performance metrics. Ajhdbere is enough evidence that
determining the impact of inertial motion on the fidelity @hicle simulation is not a trivial
problem, by using a large motion space simulator, it may lssipte to accentuate the dif-
ferences between a new algorithm that takes advantage Gfrtfeemotion space and more
conventional approaches that use much less space.

Inthe second part, the perception of combined visual anti&hstimuli is measured and
evaluated using the concept of coherence zone. As motiersfilitroduce both amplitude
attenuation and phase distortion on the inertial motiorh wétspect to the visual motion,
both amplitude coherence zones and phase coherence zer@maidered.

Compared to subjective motion ratings, coherence zonesder@ relatively simple
and objective measure of perceived agreement betweer gisdénertial cues. Moreover,
since few assumptions are needed regarding the percepmohbmisms involved, coherence
zone measurements are expected to be valid for more sitgatian only those in which
the measurements were performed.

Amplitude coherence zone measurements are performedyntogtiw. The large yaw
motions present during the car driving scenario from the fiest have inspired the choice
to investigate yaw coherence zones. Moreover, by choosingthe inertial stimulation is
restricted to the SCC, that is, because there are no chamgjes orientation with respect
to gravity, the stimulation of the otolith organs is nedbigi. Limiting the stimulation to
one vestibular sensor simplifies the analysis of the reanlisnay allow for a better under-
standing of the influence of one vestibular sensor, in thée ¢the SCC, in the higher level
process of perception and integration of multiple cues.

Coherence zones are measured using stimuli with amplitaig$requencies common
to vehicle simulation. The effect of amplitude and frequeor both amplitude and phase
coherence zones in yaw and pitch is studied. Afterwardsppoaach simulation scenar-
ios where the subject has many tasks to perform, the effedéofeased subject attention
on yaw amplitude coherence zones is investigated. Hereafteplitude coherence zones
in a linear degree-of-freedom (DOF) are addressed. Thetadfestimulus frequency and
amplitude on sway coherence zones is investigated with uneaents in three different
simulators. As a preparation for the third part, this steyp ahvestigates the possibility of
comparing different simulators using coherence zones astaan

In the third part, the data on coherence zones collected ith@lexperimental trials
are used to derive motion fidelity criteria. These criteri@yrbe used as guidelines for the
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development of new motion cueing algorithms or as metricgif® comparison of different
cueing solutions in different simulators.

1.8 Assumptions

This thesis focuses on the perception of combined visuaimertial cues. As mentioned
above, the perception of inertial motion relies on diffémmsors such as the somatosensory
system (proprioception and tactile stimuli) and the vedtibsystem. In this thesis, the
relative weight of the sensory signals from both systemshenotverall motion percept is
not investigated.

Furthermore, mathematical models of the dynamics of the 8@fLotolith organs are
used to represent the inertial motion sensors as a wholbesetcases, the contribution of
the somatosensory system is neglected (Walsh, 1961; Cletahg1989).

In the approach followed in this thesis, the perception ehimed visual and inertial
stimuli is related to vehicle motion fidelity. As explainegfbre, the focus lies on perceptual
fidelity, and not on behavioral or performance fidelity. Thetion cueing guidelines that
are derived from the experimental findings are perceptised only. Although it is recog-
nized that for a complete understanding of the role of iaéntiotion on vehicle simulation,
also behavioral and performance aspects have to be coadjdbose are not investigated
in this thesis.

Regarding perceptual fidelity, throughout this thesis @issumed that the visual cues
represent the motion of the real vehicle and that any pexdaiifference between the iner-
tial motion and the visual motion results in a perceivedaddhce between the real vehicle
motion and the simulated motion. If no difference is peredibetween inertial and visual
cues, then there is no perceived difference between thdatimaduand the real vehicle, and
the simulation can be said to be of high quality.

When making this assumption, two important aspects of tinelsition are overlooked.
The first is the vehicle model. The vehicle motion providedubjects through the visuals
does not always perfectly match the real vehicle motion. vikeal motion corresponds
to the response of the vehicle model to the control inputhefgilot. The accuracy of
the vehicle model used will determine the quality of the mtshown in the visuals and
supplied to the motion cueing algorithm. The second aspattarns the visual system
characteristics. It has been shown that specific aspedts ofdual system, such as field-of-
view and collimation (Chung et al., 2003), texture (Dear@l., 2001) and scene content
(Sweet and Kaiser, 2005) have an effect on the visually pardenotion. Other aspects,
such as focal distance, update rate, contrast and resofatght also influence the perceived
visual stimulus.
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In other words, the assumption made is that perceived cobeimplies motion fidelity,
when in fact the fidelity of other simulation components soatecessary. Nevertheless, al-
though coherence does not necessarily imply fidelity, addglerceived coherence between
the visual and the inertial motion is taken to represent inggarealism of the simulation.

1.9 Outline

Most chapters in this thesis are based on scientific puldizsithat were written indepen-
dently from each other and can, therefore, be read separdteé publications on which
each chapter is based are indicated on the chapter title page

This thesis is divided in three parts. Figure 1.5 shows araaltie representation of the
thesis structure. Each part, | to Ill, addresses objectivies 3, respectively. The circular
representation of the thesis structure highlights theticelahip between the three parts.
First, in Part I, the study of the process of motion cueingeff,hin Part Il, the focus on
a specific component of motion simulation: the perceptionamhbined visual and inertial
cues. Andfinally, in Part lll, returning to motion cueing kypdying the knowledge gathered
in Part Il to derive motion cueing guidelines.

In Figure 1.5, the dashed arrow between the third and thepfings represents the fact
that the developed guidelines have not been fully testechiotton cueing design process.
Doing so would allow us to fully close the circle of Cueingy&ption and Cueing again.

The first part comprises just Chapter 2. In the second paaptedns 3 to 8 focus on better
understanding the combined perception of inertial andalisiotion cues, using the concept
of coherence zone and Chapter 8 provides a summary of thiésraad some conclusions.
The third part consists of Chapter 9. Below, the contentsachechapter are described in
somewhat more detail.

Chapter 2 describes the design and implementation of a aanglmotion cueing al-
gorithm for the Desdemona simulator. The developed algoris compared to a classical
motion cueing algorithm and a road rumble only conditiorl tee solutions are evaluated
using subjective motion ratings and performance metrics.

Chapter 3 presents two experiments. The first experimerst ‘(W der Steen-like”
motion stimuli, step-like acceleration signals, and meagumethod, an adaptive one-up-
one-down staircase algorithm, to measure yaw amplitudeepéion coherence zones. In
this experiment, the work of Van der Steen is extended todrigtimulus amplitudes. The
second experiment tests a new method for the measuremesrtagfiption coherence zones.
This new method, named the self-tuning method, aims aterfastl more precise collection
of data.

Chapter 4 addresses the effect of frequency on amplitudepton coherence zones.
An experiment performed in the Simona Research Simulatdessribed. Yaw amplitude
perception coherence zones are measured using the sieifrtmethod and employing si-
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nusoidal signals as visual and inertial stimuli. Two fregeevalues are tested, a medium
and a high value. Based on the results of this experimentpathgsis is formed that ex-

plains the effect of frequency on coherence zones and magdgkta extrapolate the results
to the whole frequency range. Then, a second experimensigied that tests the posed
hypothesis in the medium and low frequency ranges. A lowtfemcy motion demands a
larger motion space. For this reason, the second experimpetformed in the Desdemona
simulator, which has an unlimited yaw attitude motion space

Chapter 5 describes an experiment measuring phase coba@nmes in yaw and pitch.
The effect of frequency, amplitude and DOF on the perceptairerence zones is studied
and results are compared to previous research on phaseddés and time delays between
simulator’s visual and inertial motion systems.

Chapter 6 deals with the effect of decreased subject aitepti the measured percep-
tion amplitude coherence zones. Until now, during a colmeone measurement subjects
are only required to judge the match between inertial andaisotion stimuli and have
no other tasks. However, during many simulation scenattiespilot will have to provide
attention to one or more simultaneous tasks, such as maonizbtof a vehicle and navi-
gation. In this chapter, an experiment is presented thasiiyates the effect of performing
manual control tasks of different difficulties on the peti@pcoherence zones.

Chapter 7 presents three amplitude coherence zones in ssvByrmed in three sim-
ulators at the NASA Langley Research Center. The effect giliéunde, frequency and
simulator configuration on the measured coherence zonegdstigated.

Chapter 8 summarizes the main findings regarding perceptiberence zones and dis-
cusses the trends visible in the data across the differ@etrarents.

Chapter 9 uses the perception coherence zone data to adrasitaria for the design
and tuning of motion filters. The coherence zone criteriacarapared to existing fidelity
metrics. Considerations are made regarding the poterittalerence zones as perception-
based motion fidelity criteria and assessment method.
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2.1 Introduction

Throughout the years, research on car driving has beeredaprt with a multitude of
purposes, as for example, understanding and modeling tinamdriver behavior (Ritchie
et al., 1968; Godthelp et al., 1984; Godthelp, 1986; Van Wimsand Godthelp, 1996),
assessing potential dangerous driving situations, ardy/istg drivers’ reactions to driver
assistance systems (Jamson et al., 2007b) or new road seSlgmadvent of car simulators
has improved time and cost effectiveness, while allowirttglbeontrol and repeatability of
the experimental conditions. Furthermore, simulatorsradf myriad of possible scenarios
while guaranteeing the driver’s safety. However, new guktsés bring new questions. The
motion and visual stimuli presented to the subject in theutator are not a replica of the
real car situation. Especially regarding motion, many campses have to be made to be
able to maintain the simulator within its physical limitscestill provide the driver with the
necessary motion cues.

Research has been undertaken to investigate the effeanhafegor motion on driving
tasks (Repa et al., 1982; Siegler et al., 2001; Greenbetg 2083). Others have compared
driver motion perception, behavior and performance in &gaaand in a simulator (Boer
et al., 2000; Panerai et al., 2001; Reymond et al., 2001]8iegal., 2001; Hoffman et al.,
2002; Bringer-Koch et al., 2006). In these studies bemalénd performance metrics are
used to assess the relative and absolute validity of thelatoruBlaauw, 1982). These
measurements normally depend on the task at hand and ne sirggtic can be used to
summarize the drivers behavior. For braking maneuverssarea related to the longitudi-
nal control of the car are taken, as for example, maximumldeat#on (Briinger-Koch et al.,
2006; Hoffman et al., 2002; Siegler et al., 2001; Boer et28l00), mean jerk (Siegler et al.,
2001), vehicle speed (Briinger-Koch et al., 2006; Panerali.,e2001), time to collision or
time to the stop line when the subject initiates the brakiraneuver (Boer et al., 2000;
Hoffman et al., 2002; Briinger-Koch et al., 2006). For lateontrol maneuvers, such as
lane change or cornering tasks, behavior and performanasures performed include root
mean square of the heading error and the lateral position @epa et al., 1982; Greenberg
et al., 2003), steering wheel angle and steering wheelsalete (McLean and Hoffmann,
1975; Repa et al., 1982), maximum lane position deviatiogpgRet al., 1982), mean tra-
jectory (Siegler et al., 2001), lateral acceleration (Regchet al., 2001), vehicle angular
velocity (Siegler et al., 2001) and curve approach speeer(Bbal., 2000). The choice of
objective metrics to be used in a simulator experiment ibl@ratic since it depends on
the task difficulty and on pre-determined performance gdalsthermore, it is difficult to
gather sets of studies that have used the same metrics yzarhé same issues. Conse-
guently, the question of which motion cues are necessasffiective driving simulation, is
still an open one.
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An especially challenging problem is cueing cornering $agskurban environments.
City curves have a smaller radius than highways or countagso These sharp turns are
thought to be more provocative than, for example, highwayes) and can cause disori-
entation or even simulator sickness (Bertin et al., 20054948, 1993). Moreover, when a
car enters a curve there is an almost immediate onset oélateceleration due to the road
curvature. Even at relatively low speeds, small curve reali cause quite abrupt changes
in lateral forces that are difficult to reproduce in a simoiatBoth the quick onsets and
the sustained forces throughout the curves play an importéer in curve driving simu-
lation (Greenberg et al., 2003; Kemeny and Panerai, 200@n8ed et al., 2001; Siegler
et al., 2001; Blaauw, 1982). Furthermore, not only is theveuadius small in urban envi-
ronments, but also the curve angle is large. It is not uncomtonanake 90 deg turns at a
crossing or intersection with yaw rates of 30 deg/s (Graat.e2004). This type of scenario
implies large yaw displacements that are difficult to rendsimulators with a limited mo-
tion space. The concern about this problem is reflected irettent development of driving
simulators with a much larger motion space, as for examgié, @atform (like the hexa-
pod) mounted on top of a rail or an XY table (Schwarz et al.,2@agdelen et al., 2004;
Jamson et al., 2007a; “Toyota”, 2007; Chapron and Colir@d,/2.

The Desdemona simulator (Bles et al., 2000; Feenstra &04l7), although it is struc-
turally different from the ones described above, it has alaity large motion space. This
makes it a quite attractive device to be used in road vehicielation. Moreover, the Des-
demona central yaw axis can be used to simulate both tharsedtateral specific force as
well as the yaw rate: the subject sitting in the cabin canalgtdrive through a curve.

The goal of the present research is twofold. The first parteors designing and imple-
menting a motion drive algorithm (MDA) for urban curve drigi simulation in the Desde-
mona simulator. The new MDA makes use of the Desdemona figggrdesign to provide
high angular rates and sustained accelerations. The s@awhdonsists of evaluating the
new MDA through experimental comparison with two other maotalgorithms. The evalua-
tion of the three motion cueing algorithms will be done basednalysis of motion profiles,
scores obtained from questionnaires, and objective messifirdrivers’ behavior and per-
formance. However, since the task to be performed is relgtigasy and no performance
goals will be set, there is a limited number of objective riestthat can be used. Signals
such as as velocity, acceleration and control inputs wilneasured. From these a variety
of metrics can be calculated afterwards.

In the following sections we will describe the Desdemonautaitor and introduce the
concept of motion cueing and motion filters. Then, the desifjthe new motion drive
algorithm is explained, as well as the other two MDA's thatevased to create the three
experimental motion conditions. Finally, we describe thigazimental method, present and
discuss the results and draw some conclusions.
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2.1.1 The Desdemona simulator

Figure 2.1 is a schematic of Desdemona with indication o8 ilegrees of freedom. Table
2.1 summarizes the Desdemona motion space specificatidressimulator has an 8 me-
ter linear track. This linear track can rotate around itsti@mpoint, providing a 4 meter
centrifuge arm. This DOF is denominated the “central yavg'axiotion along the linear
track represents displacement along the radius of theifteygr so, this DOF is called the
“radius” or “radius track”. The structure mounted on theehin track consists of a 2 meter
vertical linear track, the “heave track”. A gimbaled sturet mounted on the heave track
allows the cabin to rotate more than 360 degrees in thre@gothel axes. Using com-
mon aeronautical nomenclature we name the rotations atbencrtical axis “cabin yaw”,
around the lateral axis “cabin pitch”, and around the lamndjital axis “cabin roll”.

Figure 2.1: Artistic impression of the Desdemona simulator with indication of the
degrees of freedom: 1. Central yaw axis. 2. Radius track. 3. Heave track. 4. Cabin
roll. 5. Cabin yaw. 6. Cabin pitch.

2.1.2 Motion drive algorithms

Compared to the real vehicle, all simulators have a resttichotion space. This means
that a one-to-one replica of the vehicle motion is impossibl accomplish. Therefore,
mathematical algorithms are used to transform real velnicl&on into simulator motion.
These motion drive algorithms (MDA), or motion filters, seriwo purposes. The first
is to maintain the simulator within its physical limits, @vging not only the maximum
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Table 2.1: The Desdemona simulator motion space limits. Pos, Vel and Acc, refer
to position, velocity and acceleration limits, respectively.

Central Radius Heave Cabin Cabin Cabin
yaw axis track track roll yaw pitch

Pos >360deg +40m +1.0m >360deg >360deg > 360deg
Vel 155deg/s 3.2m/s 22m/s 180deg/s 180deg/s 180 deg/s
Acc 45deg/d 49m/¢ 49m/¢ 90deg/d 90deg/d 90 deg/d

displacement, but also velocity and acceleration comggaiThe second is to provide the
subject in the simulator with sufficient motion cues.

A widely known MDA is the Classical Washout algorithm (ReiddaNahon, 1985,
19864a,b). This algorithm, or variants of it, is mostly usegimulators using Stewart plat-
forms, also known as hexapods. The methods used in thisithligoare common to other
MDAs and will be briefly explained here as an introduction totion cueing techniques.

For the sake of clarity, we define here some terms used latigrisrchapter. Linear
accelerations refer to inertial linear accelerations @diclg the gravity component. The
combination of both linear acceleration and gravity isedpecific force. Linear motion
in the vehicle or subject longitudinal, lateral and velttezees are also referred to as surge,
sway and heave, respectively. Rotational movement ardumdongitudinal, lateral and
vertical axes are also denominated roll, pitch and yaw.aesgely.

MDAs are a set of maotion filters that transform vehicle motioto simulator motion.
In the Classical Washout algorithm, sustained linear aggii@n accelerations are high pass
filtered, so as the real vehicle accelerates, the simulatwesin the required direction to
render the accelerations (onset cue). In order to preversttuators from reaching their
limits while the real vehicle continues to accelerate rdfie onset cue the simulator moves
back to its initial position (washout). The washout creaessmulator motion opposite to
the one in the real vehicle. This should optimally be donewehe motion perception
threshold of the subject. If the washout motion is above #vegption threshold, then the
return motion will be felt by the subject as a false cue.

In driving simulation, sway motion can be used to provideghkject with the high fre-
quency component of the lateral force present during a ciireen a car enters the curve
there is a quick onset of lateral force due to the road cureatét this point there will be
a fast sway movement, followed by a slow washout motion thiagls the simulator back
to the initial position. When the car leaves the curve thera sudden decrease in lateral
force. This means the simulator will sway in the oppositedion and again washout to
the initial position. Both sway motions, the onset-washelién entering the curve and the
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onset-washout when exiting the curve, are defined by the $éghepass filter, although
only the first onset cue is desired. The filter settings shbalduch that the onset is strong
enough to simulate entering the curve but not so strongtleatises a disturbing cue when
leaving the curve. Furthermore, the washout motion shoal&dpt below the perception
threshold.

In addition to high pass filtering, a technique called tiloadination is also applied.
The linear accelerations of the real vehicle are low pagsditt and coupled to the angular
channels. This means that as the real car accelerates thrigarexample, the simulator
cabin will slowly pitch up. If the tilting of the cabin is dorizelow the rotation perception
threshold, then the subject in the simulator will attribtite extra force in its longitudinal
axis to a linear forward acceleration. This effect is stiemig the presence of visual cues.
The combination of the onset cue from the high pass filter badilting of the cabin tries
to match the total linear acceleration of the vehicle. Itleitp the fact that human sensors
cannot distinguish between linear accelerations andyré®erthoz and Droulez, 1982). If
there is no perception of angular motion, then an increaspeuific force can be perceived
as an increase in linear acceleration, instead of a diffeyvgantation relative to gravity
(Groen and Bles, 2004).

This technique can be used in curve driving simulation tovjpl®sustained lateral force
using roll tilt. The amplitude of the provided lateral foradll depend on the maximum
roll angle. The larger the intended lateral force, the latge maximum roll angle should
be. To maintain a subthreshold roll rate the cabin has taesiawly causing the lateral
force to build up gradually. This low frequency movement péements the quick onset
cue provided by the fast sway movement. However, if the c#diies too long to reach
the desired roll angle, there will be a moment when the laferae provided by the onset
cue has passed and the one provided by the roll tilt is noepteget. This may cause a
drop in the perceived lateral force. Moreover, when the eavés the curve, the sustained
lateral force decreases abruptly. At this point, the cabtb quickly rotate back. Again, to
maintain the rotation below threshold, it will take someditrefore the cabin roll washout
is finished. This can cause a lateral force false cue at thek&the curve. Thus, the choice
of the cabin tilt rate limit is a compromise between, on onedia quick build up of the
lateral force, a large enough maximum roll angle and a fdktwashout and, on the other
hand, a roll rate that is below the perception threshold.

The Classical Washout algorithm, primarily designed fayhtisimulation in an hexa-
pod, does not make optimal use of the Desdemona motion sHagapods can be referred
to as parallel simulators (Angeles, 2003, pp.6—10). Thégdesf the motion cueing al-
gorithms for parallel simulators might be considered iretetent of the motion platform.
Although the tuning of the filters must account for the spedifinitations and motion space
of the platform, the filters’ output is expressed in trariefzl and angular motion in an
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inertial frame of reference and not in the specific degredésefiom of the simulator. Con-
versely, Desdemona may be considered a serial simulatme siach DOF is connected
to the next, forming an open-loop kinematic structure. Irsd®@nona, the motion cueing
strategy is closely related to the design of the simulatdriesseparate degrees of freedom.
A general motion cueing strategy for Desdemona has beegrassbefore, the spherical
washout algorithm (Wentink et al., 2005). Although thisefilinakes better use of Desde-
mona’s motion space than the Classical Washout algorithigifficult to tune. We believe
that an MDA specifically designed for Desdemona, with a deffiask in sight, can make a
much more effective use of the Desdemona motion space aridmubtaracteristics.

2.2 Three motion filters

Three motion drive algorithms (MDA) were implemented in Besdemona simulator: the
Rumble filter, the Classical filter and the One-to-one yawifilThe Rumble filter consisted
of only road rumble motion. The Classical filter was a Claalsigashout algorithm, similar
to the one described in Section 2.1.2, adapted to Desdempmion space. The One-to-
one yaw filter was especially designed for curve driving irs@@mona, and as the name
indicates, it provided one-to-one yaw rate, with no needdsivout lateral position.

2.2.1 The Rumble algorithm

The first filter was designed to provide a control “no motiowwhdition. However, not
moving the simulator at all would allow subjects to recognikis condition too easily,
potentially biasing the results. Therefore, the “no matioandition was changed into a
rumble only condition, i.e., no car accelerations were dugicthere was motion in heave
and roll that mimicked the vibrations and oscillations doghe car engine and the road
irregularities. The road rumble algorithm was developelND, Soesterberg and had been
in use in TNO’s small hexapod simulator. This motion comditprovided the subjects
with roll and heave motion with frequencies and amplitudaying with car longitudinal
velocity, but unrelated to the accelerations of the sinedatehicle (see Figure 2.2).

2.2.2 The Classical algorithm

The second motion filter was a Classical Washout algorithaptedi to the Desdemona
simulator motion space. The cabin initial or neutral positivas halfway along the heave
track and at 1 meter from the end of the radius track. The caboriented perpendicular
to the radius track. Figure 2.3a shows the motion of the caine horizontal plane when
the simulated car makes a left turn. As the simulated carcgmed the turn (1) and braked
(2), the cabin moved backwards. The rotation of the central §xis was used to provide
onset longitudinal acceleration. Small displacementhé@radius and cabin yaw were used
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to maintain the specific force in the driver’s longitudinailsa as the central yaw axis rotated.
When the car entered the curve (3), the cabin moved alongtlias and the yaw gimbal

turned, providing onset yaw and lateral acceleration. @grout of the curve (4) generated
a similar response as entering the curve, but with the cadoinand the displacement along
the radius in the opposite direction. Between each moventieatcabin was washed out
back to the neutral position. Cabin pitch and cabin roll wesed throughout the experiment
for tilt coordination and for onset cues in roll and pitch. effoad rumble was simulated

Figure 2.2: Heave and roll simulator motion varying with the car model longitudinal
velocity.

using the same algorithm as in the Rumbile filter.

- =

(a) Classical. (b) One-to-one yaw.

Figure 2.3: Schematic of the cabin motion during one simulated left turn with the
Classical and the One-to-one yaw motion filter. Cabin position as the simulated car
approaches the turn (1), brakes (2), turns left into the curve (3) and leaves the curve

(4).
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2.2.3 The One-to-one yaw algorithm

The neutral position of the cabin was at 1.25 meter from thie adfrthe radius track and
halfway along the heave structure. It was oriented radiedly, the cabin’s longitudinal axis
was parallel to the radius track, with the subjects facingvard. The two outer rings were
in the horizontal plane, causing a gimbal lock. However,ithpossible rotation was yaw,
which could be done using the central yaw axis. The cabindcstill roll, using the yaw
gimbal, and pitch, using either the pitch or the roll gimb&gure 2.3b shows the position
of the cabin throughout a simulated left turn. When the satad vehicle approached the
turn (1), it decelerated (2). The cabin moved backwardsgtbe radius track providing the
subject with onset longitudinal acceleration cues. Whenvithicle entered the curve (3),
the central yaw axis rotated at the same yaw rate as the catafgential acceleration from
the rotation of the yaw axis, and not the centripetal acaétan, as one would expect, was
used to simulate the lateral forces. When the car left theeci4), the yaw axis decelerated.
Since the central yaw axis did not have limited displacentapte was no need to bring it to
the neutral position, so there was no lateral position orgagle washout. Pitch motion was
used to provide sustained longitudinal specific forces armbtnpensate for the centripetal
acceleration generated by the rotation of the central yasv &oll motion was also used to
provide sustained lateral specific forces. For the road femie used the same algorithm
as in the Rumble filter.

Figure 2.4 shows a block diagram of the developed motiomgugigorithm. The main
elements will be analyzed in more detail in the followingtfets.

2.2.3.1 Longitudinal and vertical motion

In Figure 2.4 H P,.44;s andH P, Were composed of a first order high-pass filkepP; 5,
followed by a second order high-pass, limiting filtéf P41 ). The specific forces at the
driver's head f....) were transformed to the subject’s longitudinal and vattaxis, using

the cabin orientationd). The calculated x and z components of the specific force were
then filtered and coupled to the radius and heave DOFs, ridsglgc The output of the
filters H,qqius aNdH P,.... Were the commanded motion of the radius and heave DOFs in
terms of position, velocity and acceleration. The limitfilter (H P24 14) had two work-

ing modes: high-pass filter mode or limiting mode. After higgiss filtering the signal, the
limiting algorithm looked at the current position, velgcénd acceleration to predict the
position in the near future. Depending on the calculatedr&uposition, one of the two
working modes was chosen. If the future position was withegosition limits, no limiting
was necessary. This meant that the output of the total higfilter (H P2y, 15, ) Was simply

the input signal after a second order high-pass filter (@ueiotion). On the other hand,

if the future position exceeded the position limits, theiling mode took over by braking
the simulator and repositioning it at a safety distanceifiiig motion). The simulator max-
imum velocity and acceleration were limited for both woikimodes, so both the cueing
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Figure 2.4: Block diagram of the One-to-one yaw motion cueing algorithm.

motion as well as the limiting motion had limited velocitiaed accelerations, although
different limits were used for the two modes. The first ordeerfi H P, 5, prevented the
limiting filter, H P24 1:m, from alternating between the two modes continuously, wthen
input was a high sustained acceleration signal. This woaltse the simulator to oscillate
between the safety distance and the position limit.

2.2.3.2 Lateral motion

The central yaw axis was used to provide both the lateraliipéarces and the yaw rota-
tion. The car yaw velocityu(,) was coupled almost directly to the central yaw axis rota-
tional velocity. In Figure 2.4 P 5 1;,, Was a low pass filter with velocity and acceleration
limiting. However, the cutoff frequency was sufficientlyghithat the filter approximated
unity at the frequencies of interest, resulting in a one+te-yaw rate. The output of this
filter was the motion of the central yaw axis in terms of pasitivelocity and acceleration.
The tangential acceleration generated by the acceleratidndeceleration of the central
yaw axis simulated the lateral forces through the curve. ¢él@n the accelerations gen-
erated were not large enough, so to increase the lateraifisdecces during the curves
the cabin was tilted in roll. Increasing the rotational deraion of the central yaw axis
could provide higher tangential accelerations, thus desingl or even omitting the roll rota-
tion. However, this would also increase the resultant geeial acceleration. Accordingly,
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there would be higher specific forces in the subjects’ lardjital axis that would require
faster pitch rotation. Thus, the choice of the central yaig astational acceleration was
actually a compromise between adding some roll rotatiomaneiasing the pitch rotational
acceleration to eventually supra-threshold levels.

2.2.3.3 Tilt coordination and the cabin controller

In addition to roll, pitch rotation was also used to providstained specific forces. Pitch tilt
complemented the radius track onset cues and compensaten foentripetal force asso-
ciated with the central yaw axis rotation. The tilt coordioa algorithm was implemented
in the blockCabin Controller in Figure 2.4. The inputs for th€abin Controller were
the motion of the first three DOFs of the simulator (central yis, radius and heave) and
the desired specific forces at the subject’s hefag.J. From the inputs, the specific force
vector generated by the motion of the first three DOfz$\Was computed. Then, thi&abin
Controller, using only the pitch and roll DOFs, oriented the cabin s tinva direction of
f3 coincided with the direction of..

To improve the timing of the cabin roll rotations with the ded lateral forces, we fed
forward the car yaw rate.(,) to the roll channel of th&€'abin Controller. The car yaw
rate signal was used, instead of the lateral specific foggeasifor two reasons. First, in the
type of curves we used, the shape of the two signals was dgrbiesame. Second, the
car yaw rate signal was much smoother than the lateral spémitie signal.

2.3 The experiment

2.3.1 Hypotheses

From the three implemented motion filters, we expected the-Orone yaw filter to be
rated best by subjects. The One-to-one yaw filter providetemmotion than the Rumble
filter, which we expected to be favorable to the realism ofdineulation. Compared to the
Classical algorithm, the One-to-one yaw filter did not nesd/ashout lateral position nor
yaw angle and provided a one-to-one yaw, instead of only y@setcues. We hypothesized
that these features would improve the realism of lateralonaturing turns.

With respect to motion sickness, we expected the Classiltth be the most provoca-
tive due to the existence of false cues during the washohtafdl angle. The Rumble filter,
since it provides very little motion, was hypothesized tate least provocative. We also
expected that if subjects did get motion sick, then througkite experiment that condition
would worsen, i.e., motion sickness would tend to increasaughout the experiment.
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2.3.2 Method
2.3.2.1 Apparatus

The experiment was performed in the Desdemona simulat@.c@hin was equipped with
a generic car cockpit, see Figure 2.5.

Figure 2.5: The interior of the Desdemona cabin with the car cockpit installed.
Outside world view from the driver's perspective.

The visual database was built using StRoadDesign (“StReaidip”, 2008) and Open-
SceneGraph (Burns and Osfield, 2004). A PC-based computerafed image system was
used to render the outside world. In the cabin, three compgenerated real-time images
with an update rate of 60 Hz. Three projectors (resolutidi24lx 768 px) projected the
image on a three part flat screen, placed at approximately Irtém the driver’s eyes, cre-
ating an out-of-the-window field-of-view of 120 degreesikontal and 32 degrees vertical.
Blending and image distortion was also computed in the tbhoegputers in the cabin.

The dashboard consisted of a speedometer displayed on arsti@BEn, placed behind
the steering wheel and connected to the “on board” I/O coerpdthe sound system was
developed at TNO. It reproduced wind and engine sound dépgnd vehicle velocity and
engine RPMs. Direct drive electrical motors placed inshe ¢abin provided the control
loading for the steering wheel, the gas and the brake pedidsals and steering wheel
position and velocity were read by the “on board” I/O computih a sampling frequency
of 1 MHz for the pedals and 100 Hz for the steering wheel. T@edémputer connected
the controls, the dashboard and the audio system to theleehixlel at a frequency of 400
Hz.

Two computers ran the car model and the motion filters. Theareaael was imple-
mented as an s-function generated by CarSim, running orab&imulink at 400 Hz. The
motion filters were also implemented in Matlab Simulink aad at a frequency of 200 Hz.
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One supervisor computer hosted the operator interfacecgged data. The commanded
motion was sent from the motion filters to the Desdemona coenpia a bridge computer
with a frequency of 200 Hz.

2.3.2.2 Experimental design and procedure

An experiment was performed using three different motigarl the Rumble, the Classical
and the One-to-one yaw filters, described in Section 2.2ndJsach motion filter subjects
drove two times around a square city block, performing oaefyfurns. Figure 2.6 shows
the top view of the circuit. Two of the turns were 20 meter uadiurves and the other two,
in diagonally opposite corners, were perpendicular cngssior intersections, with rounded
shoulders. The radius of the rounded shoulders was 8.5 sneter

Figure 2.6: Top view of the driving circuit: a square city block with 150 meter
straight segments, two 20 meter radius curves and two intersections.

After each run (8 left turns), the subjects answered a quasdiire. After the first and
last run they also filled in a motion sickness scale. At the@rttie experiment they were
asked to rank the three filters according to their preferefite presentation order of the
motion filters was randomized and balanced for all subjeetech subject performed four
runs: three experimental runs and one trial run. The trialwas performed with the same
motion filter as the first experimental run. This means thatttlial run was not the same
for all subjects, but it was balanced for all subjects. Betveach run there was time for
the subjects to fill in the questionnaire and the motion sslknscale. Subjects indicated
when they were ready for the next run. The total time insigesiimulator, per subject, was
between 20 and 30 minutes.
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2.3.2.3 Questionnaires and motion sickness scale

The questionnaires consisted of seven questions to be eatlg placing a mark on an
analog scale, one mark per scale. The analog scales weeseeped by a horizontal line
of 10 cm with beginning, middle and end markings. The extrenfehe scale were from
“totally unrealistic motion”, on the left, to “just like a acar”, on the right. Different as-
pects of the motion could contribute to the perception oéatistic motion, such as: motion
in the wrong DOF (false cues), motion that is either too girontoo weak (mismatch in
amplitude), poor timing (mismatch in phase or time delags)a mismatch in frequency.
Subjects were asked to answer the following questions:

1. How realistic or unrealistic was the overall motion whdiéving, specially focusing
on the curved segments (curves and intersections)?

2. How easy or difficult was it to steer the car (staying on Hree)?
3. How realistic or unrealistic did the road rumble feel?

4. How realistic or unrealistic did entering the curves feel

5. How realistic or unrealistic did leaving the curves feel?

6. How realistic or unrealistic did accelerating feel?

7. How realistic or unrealistic did braking feel?

There are several motion sickness scales available (Kgreteal., 1989, 1993). The
motions sickness scale used was the Misery Scale (MISCg|aiged and validated at TNO
Human Factors (Wertheim et al., 1992; Bos et al., 2005), ab&eD.2.

2.3.2.4 Subjects and subjects’ instructions

24 volunteer subjects participated in the experiment, 1&rmad 8 female subjects. Sub-
jects were aged from 23 to 58 (the mean was 32 years, the medisi31 years), with a
driving experience between 2 to 39 years (the mean was 18 ytharmedian was 12 years).
All except two subjects had experience with automatic geiftesl cars. All but six subjects
had previous experience with some sort of vehicle simulator

Subjects did not see the simulator move in any of the motiorditions before they
went in for the experiment. We instructed subjects to dikethey normally would in their
cars, trying to keep the car in the center of the right lanekagging an acceptable velocity.
They were reminded that it was a city environment and thedspedt was 50 km/h. With
respect to the questionnaires, we asked subjects to cotiselsimulator motion to answer
the questions, i.e., not to focus too much on other simuldgatures like the visuals, the
dashboard or the lack of mirrors and car frame. Also, we adMisem to take as a reference
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Table 2.2: The MISC: the rating scale used to evaluate motion sickness.

Symptom Score
No problems 0
Slight discomfort but no specific symptoms 1
vague 2
Dizziness, warm, headache, some 3
stomach awareness, sweating, etc. medium 4
severe 5
some 6
medium 7
Nausea
severe 8
retching 9
Vomiting 10

a rental car, a small family car with automatic gear shift.d&yng so, we tried to establish
an absolute reference, common for all subjects.

2.4 Results

2.4.1 Simulator motion

The three motion filters resulted in three different simadahotion profiles. For the Rumble
filter the resulting motion was quite trivial and consistddhigh frequency motion in roll
and heave. For the Classical and One-to-one yaw filtersritésasting to look at the motion
space used by the two filters, see Figure 2.7.

In terms of longitudinal motion the motion space used wasvadgnt for both motion
filters. The tuning of the longitudinal channel was quite sEmwative and that can be seen
in the limited motion space used, approximately half a métee lateral cueing in the One-
to-one yaw filters was done using the central yaw axis, wieeld ko the 360 deg foot print
shown in Figure 2.7b.

For the One-to-one yaw and Classical filters also the motiomiged to the subject in
the simulator and in the car was compared. The specific f@iceyaw rate at the subject’s
head for one subject during four curves are displayed inrgigLB8. The “car” signals were
computed from the output of the car model and the “simulasaghals from the output of
the motion filters.
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Figure 2.7: Motion space used by the Classical and the One-to-one yaw filters: foot
print of the cabin motion (gray line) and simulator maximum radius (dashed black
line).

The longitudinal cueing of both algorithms have similar rettderistics, so the differ-
ences in the resulting longitudinal specific forces are maii

With respect to the lateral specific forces, the One-to-aae filter provided higher
magnitudes than the Classical. Tuning the Classical fitgrrovide higher amplitudes of
lateral specific force would lead to higher roll angles thatid also take longer to washout,
increasing the occurrence of situations like the one degiit Figure 2.9. In this case, the
washout of the roll angle in the Classical filter was too sl@ausing a peak in lateral force
at the end of the curve. We relate this artifact to the manyestds reports of feeling tilted
sideways when coming out of the curve. The different belrawidhe Classical motion
filter shown in Figure 2.9 was related to the subjects’ dgvétrategies: a combination of
chosen velocity and trajectory. The One-to-one yaw filteovadd roll rates of 6 deg/s in
tilt coordination, twice as high as in the Classical alguorit Nevertheless, there were no
complaints from subjects regarding false roll cues in the-@rone yaw filter.

The major difference between the two motion filters, Onete-yaw and Classical, was
the yaw motion, see Figure 2.8e and Figure 2.8f. In a reabicizing into a curve results in
an initial angular acceleration in the direction of the @ifpositive) and then, leaving the
curve, there will be an angular acceleration in the oppabitection (negative). With the
Classical filter, only onset cues were provided. This mehatthe cabin first turned in the
positive direction (onset) and then immediately returrcetthé initial orientation (washout).
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Figure 2.8: Longitudinal and lateral specific forces and yaw rate at the subject’s
head from the car model and in the simulator with the Classical and One-to-one yaw
motion filters during four curves.
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When leaving the curve, a similar behavior occurred: thercabyned in the negative di-
rection (onset) and then immediately returned to the ingigentation (washout). This
behavior resulted in the yaw rate depicted in Figure 2.8e&e @he-to-one yaw algorithm,
on the other hand, did not have a washout, since the yaw cupraraisled one-to-one using
the central yaw axis.

— — —car
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(a) Classical. (b) One-to-one yaw.

Figure 2.9: Lateral specific force at the subject’s head from the car model and in the
simulator for one subject driving the same curve with two different motion conditions:
the Classical and the One-to-one yaw motion filters. At the end of the curve, the slow
washout of the roll angle with the Classical algorithm causes a false cue in lateral
force.

2.4.2 Questionnaires: drivers’ ratings

The answers to the questionnaires were converted from #legscale to a numerical value
from 0 to 10. This numerical value was taken as the score dn@&abe seven questions in
the questionnaire. The means of the scores, adjusted faulgicts (Field, 2005, pp. 279—
285) and the 95% confidence interval of the means are showigimeé=2.10a and in Figure

2.11. Each plot corresponds to a question on the questi@raierall score, easiness of
driving, road feel, entering the curves, leaving the curaeselerating and braking.

Figure 2.10 shows that with respect to the overall realisth@imotion, the One-to-one
yaw filter scored best, Rumble second and Classical lastréhts of the ranking question
are shown in Figure 2.10b. The One-to-one yaw filter was vatethe best by half of the
subjects and the other half placed it in second place. Thes{Ch filter was classified third
by more than half the subjects and the Rumble filter was ¢leddirst, second and third
almost the same number of times.
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Figure 2.10: Realism of the simulator motion for the three motion conditions from
the scores on the questionnaire and the results of the ranking question. The bars in
(a) represent the 95% confidence interval of the means.

A repeated measures Analysis of Variance (ANOVA) was peréat on the scores on
each question. The independent variable was the motion (fitiemble (R), Classical (C)
and One-to-one yaw (0O)) and the dependent measures weredttes ®n each of the ques-
tions in the questionnaire. There was a significant effethefmotion filter on the scores
for all questions except question 4: realism of the motiotering curves. For all other
questions post hoc pairwise comparisons were performexd inferroni correction for
the level of significance (Field, 2005, pp. 339-341). Tahl& shows the results of the
ANOVA and the post hoc tests.

On the question about the overall realism, the One-to-onefyi@r had a significantly
higher score than Rumble and Classical. Regarding the esssiof driving, the One-to-
one yaw filter had also the highest score, significantly highan the Classical but not
significantly higher than the Rumble filter. On question Jliem of the road feel, the
Rumble filter scored best, significantly higher than the §ltad but not significantly higher
than the One-to-one yaw filter.

Lateral motion was evaluated by questions 4 and 5. On questi@alism of the motion
while entering curves, the One-to-one yaw filter scored,J@sible second and Classical
last. Also leaving the curves, the Classical filter was abersd the worse of the three.
However, whereas the differences in scores while enteliagtirves are not statistically
different, leaving the curves, the Classical conditiorveha significantly lower score.

Regarding longitudinal motion, accelerating was congdesignificantly more realistic
in the conditions with motion than with the Rumble conditi®imilarly, braking with the
One-to-one yaw condition was significantly better than tlunBle condition but was not
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Figure 2.11: Answers to the questionnaire. Mean scores and the 95% confidence
interval of the means (from 0, not realistic at all, to 10, just like a real car).
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Table 2.3: ANOVA and post hoc tests results of the answers to the questionnaire,
where ** is highly significant (p < 0.01), * is significant (0.01 < p < 0.05), - is not
significant (p > 0.05), and n.a.: is not applicable.

ANOVA Pairwise comparison
Question df F sig. R-C R-O C-O
Total score 1.58,36.3012.08 ** - * *k
Easiness of driving 2,46 455 * - — *
Road feel 1.45,33.45 7.77 ** b — -
Entering curves 2,46 280 - n.a. na na.
Leaving curves 1.56,35.9613.65 ** * - *x
Accelerating 2,46 7.49 ** * *x _
Braking 2,46 442 % - * -

a Greenhouse-Geisser sphericity correction applied.

statistically different from the Classical algorithm. Hewer, for the braking maneuvers
there was no statistical difference between the Classimhttee Rumble filters’ scores.

2.4.3 Motion sickness scales

Of all the subjects, only one was unable to perform the erpant due to motion sickness.
The subject expressed a wish to stop after the trial run. &k #sked one more subject
to perform the experiment, to keep a balanced design. 24esistjinished the experiment,
from which, 8 started with the Rumble filter, 8 with the Clasdffilter and 8 with the One-
to-one yaw filter. To evaluate the scores on the MISC, theesiibjvho did not get sick at all
(subjects who scored zero twice on the MISC) were excluded the statistical analysis.
In total 8 subjects were excluded from the data set, 3 hatkedtaith the Rumble filter, 2
with the Classical and 3 with the One-to-one yaw filter. Th&SMIscores of the 16 subjects
after the first and after the third runs were normally disiréu.

An independent one-way ANOVA was performed to evaluate ifferdnce in motion
sickness scores after the first run. The subjects who staitedhe Classical filter presented
the highest scores on the MISC and the ones who started wifRumble filter presented the
lowest scores. However, the ANOVA showed that the motioerfiid not have a significant
effect on the MISC scored((2, 13) = 0.72, p > 0.05).

The cumulative trait of motion sickness was evaluated bjopeiing a repeated mea-
sures ANOVA to compare the MISC scores after the first run anideaend of the exper-
iment. There was indeed a significant increaBe1(, 15) = 11.52, p < 0.01) from the
scores after the first run{ = 1.5, SE = 0.34) to the scores at the end of the experiment
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(M = 3.3, SE = 0.66). Figure 2.12 shows the MISC scores after the first run andeat t
end of the experiment for the motion filter presented firshedubjects.

10

—=&— first run
—o6—— lastrun

MISC scores
S

N

RO

Rumble Classical One-to-one yaw

Figure 2.12: Scores on the MISC. Mean and the 95% confidence interval of the
mean of the MISC scores after the first and last run, for the motion filter presented
first to the subjects.

2.4.4 Objective measures

We expected the subjects to adopt a different driving bemawi have a different perfor-
mance depending on the motion filter. We measured diffeignats: steering wheel angle,
brake and gas pedal deflection, lateral and longitudinadlacation, and velocity. The only
metric for which we found a relevant and statistically sfigaint effect of the motion filter
was on the maximum deceleration.

The majority of times subjects pressed the brake pedal dirthlgpart of a straight seg-
ment and continued pressing it in the beginning of the cuniatersection. So, the two
laps around the square city block were divided in two sestitie intersections (Intersec-
tion), including the straight segment before it and the 2@emeadius curves (Curve), also
including the straight segment before the curve. For eateh file computed the maximum
deceleration in each of these sections. Each driver, in gaatton condition, drove each
section of the trajectory four times. For the statisticalgsis we used the average of the
values calculated for the second and third runs. Figure 20b8s the average maximum
deceleration in each section of the trajectory. The valisgdal/ed are the adjusted means
for all subjects (Field, 2005, pp. 279-285), for each mofilber and section of the road.

The data were analyzed using a two-way, repeated measur€@/ANThe indepen-
dent variables were the motion filter (Rumble, Classical @né-to-one yaw) and the road
section (Intersection and Curve). The dependent measwgehgamaximum deceleration.
Mauchly’s tests indicated that the assumption of sphgriets violated for some of the
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Figure 2.13: Mean maximum deceleration for each motion filter and section of the
trajectory. The error bars represent the 95% confidence interval of the means.

effects. In these cases, we used Greenhouse-Geissertestimfigphericity to correct the
degrees of freedom. We also performed post hoc pairwise adsgms using Bonferroni
correction for the level of significance (Field, 2005, pp93341). The ANOVA showed a
significant effect of the motion filterH (1.36,31.27) = 9.996, p < 0.01) and of the section
of the trajectory " (1,23) = 5.23, p < 0.05) on the maximum deceleration. The post hoc
tests indicated that the maximum deceleration was significtower (p < 0.05) with the
Classical (4 = 0.29, SE = 0.009) and One-to-one yaw{ = 0.30, SE = 0.009) filters
than with the Rumble filter}f = 0.35, SE = 0.014).

2.5 Discussion

In the present study experiments with three motion drivetigms for car driving have

been performed. This study did not include “real” car driyand even in the literature not
much data from actual car experiments were found. Thergoeenotion drive algorithms

are mainly compared against each other in terms of their fiseotion space and with

respect to the subjective ratings of driving realism andiomosickness. The maximum
brake acceleration could be compared to values found iratitee from both simulator and
“real” car studies.

2.5.1 Simulator motion

The longitudinal motion cueing of the One-to-one yaw filteswery similar to the Classical
washout. However, since this was the first experiment tomuhé Desdemona simulator,
extra care was taken for the motion constraints. To prevensimulator from reaching
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the radius arm limits during any part of the experiment, trggltudinal motion tuning was
very conservative. Less conservative filter parameterdomaliow better use of the motion
space.

In the One-to-one yaw algorithm the maximum roll rates weiieg¢ as high as the typ-
ical 3 deg/s used in tilt coordination, without complairsm the subjects. In our opinion
two things explain this result. First, the feedforward Igopvided a roll rate that was much
better timed to the onset of lateral force. Second, in a relicle, there is also a roll onset
while entering and leaving a curve. The provided roll ratethitexpected vehicle roll, mak-
ing it easier to accept it as a “good cue”. We think this tegbeican be used in other types
of vehicle simulation, like flight simulation. The succedgte tilt coordination using the
feedforward loop lies on the choice of the driving signalthis case, we used the vehicle
yaw rate, which had the same shape as the desired roll angle.

2.5.2 Questionnaires: drivers’ ratings

The One-to-one yaw filter scored best in terms of realism@®stmulation. Both the scores
on the question about the overall realism and the rankingteesonfirm that the order of

preference was the One-to-one yaw filter first, second thelfRuand third the Classical.

Also the question about the easiness of driving showed time sader of preference. The
road feel was less realistic in the conditions with motiotagSical and One-to-one yaw
filters). Some subjects reported that the feel of the roatiése conditions was too strong
and it sometimes felt like they were driving a small truck.isTfesult probably reflects an
interaction between the road feel cueing and the vehiclégomotieing, which amplified the

simulator accelerations.

Looking at the questions about the lateral motion, enteaimgjleaving curves, the One-
to-one yaw filter scored best and the Classical worst. Whawirig the curve with the
Classical filter, many subjects reported feeling tilted witeming out of the curve. Some
of the subjects added that it was sickening, disorientingimply unpleasant. This lead
us to believe that the lower scores of the Classical filtehia tjuestion were due to this
artifact. With the Rumble condition there were no lateraéguexcept for roll vibrations,
and still the score was just slightly lower than with the Qoesne yaw filter. More obvious
differences on paper, like the one-to-one yaw rate providate One-to-one yaw filter,
were not positively noted by the subjects, not even in theegrpental debriefing. These
observations indicate that the scores reflect not so mudioibe cueing as they do the “bad
cueing” or “bad motion”. The presence of false cues, evesfbries, are strongly penalized,
whereas the absence of both good cues and false cues, ltke Rumble condition, seems
to be tolerated quite well.

Regarding the longitudinal motion, the One-to-one yawrféeored best and the Rum-
ble condition worst. It seems that here, unlike in the ldtease, there was a recognition
of the lack of “good cues”. The Rumble filter was not reportedé¢ disturbing or disori-
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enting, but some subjects did report that something wasmgisalthough others also said
that the acceleration and braking feeling was the best snabindition. Nevertheless, the
scores clearly show that, although there were no false ¢thesRumble filter was indeed
considered less realistic than the conditions with motitire score difference between the
Classical and the One-to-one yaw filters was not large, whiak to be expected, since
both filters used similar algorithms to cue longitudinal ilant However, for the braking
maneuvers the Classical algorithm did not show an improwemith respect to the Rum-
ble condition, whereas the One-to-one yaw clearly did. d&vwly, this may be due to the
fact that, although both algorithms cued longitudinal metsimilarly, they were coupled
to different degrees of freedom. The Classical algorithedube central yaw axis and the
cabin yaw, whereas the One-to-one yaw used the radius. Mereihne two filters were
dramatically different in the other degrees of freedom \Whiaplies different interactions
with the longitudinal motion channel. This cross-talk beém motion in different degrees
of freedom might also be the cause for the small differentedrn the scores of the two
algorithms. Another possibility is that the subjects wdightly biased in their ratings of
the longitudinal motion due to differences in perceivediat motion.

In general, the assessment of new motion drive algorithraglifficult task, since there
is no standard method and it always relies on one specificfdeted parameters. The
comparison with other MDA's rests on the assumption thatadtion filters were tuned
equally well. In this experiment we tuned all the motion fiteising the authors and a
few others as test subjects. The tuning of the Classicaridigo was especially difficult.
Higher gains, and hence more motion, caused the alreadyianedtlagging of the roll
angle when leaving the curves. Lower gains provided smailaion cues and it became
difficult to distinguish the motion with the Classical filteom the motion with the Rumble
filter. On the whole, the questionnaire method and the brgauhe questionnaire into
questions about the longitudinal and lateral motion seeniseta very successful way of
understanding the strong and weak points of new conceptadtion cueing.

2.5.3 Motion sickness scales

The low scores obtained on the MISC and the fact that only aihgest was unable to
finish the experiment, was quite satisfactory. The scorab@MISC were lower with the
Rumble filter and higher with the Classical filter. No statstdifference was found though,
possibly due to the short duration of each run. The higheesawith the Classical filter are
probably an effect of the false cues present at the end ofutvec

The scores at the end of the three runs were on average higirettie scores after the
first run, supporting the hypothesis that motion sicknessimulative.
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2.5.4 Objective measures

The only relevant metric that showed a significant effechef inotion filter was the max-
imum deceleration before and in the beginning of the curmekiatersections. Maximum
deceleration values from real car experiments are not aminBriinger-Koch et al. (2006)
reported a mean maximum deceleration value of 0.2 g, whejeashwere asked to make
a full stop at a specified point, with an approaching speeddfré/h. Boer et al. (2000)
reported mean values between 0.2 g and 0.33 g for approaspéggls between 52 to 65
km/h. Boer et al. (2000) also showed results for a 40 meteusateft curve negotiation.
With approaching speeds between 72 and 76 km/h, the maxineggiatation values were
between 0.23 g and 0.36 g (means per subject). Although theriexental settings were
different, the values found in the present study fit well witthe ones from tests in a real
car.

The mean maximum deceleration values obtained show thieindnditions with mo-
tion (Classical and One-to-one yaw filters), the maximumetiation was lower than in
the condition without motion (Rumble filter). This is in agreent with the findings of
Siegler et al. (2001). Siegler et al. (2001) performed aregrpent on braking behavior in a
driving simulator with and without motion. The driving spbwas 80 km/h. They reported
higher deceleration values in the “no motion” conditionrtliathe “motion” condition. For
self initiated braking, the maximum deceleration with the fnotion” condition was 0.54 g
whereas with the “motion” condition it was 0.44 g. For braktriggered by signposts, with
the “no motion” condition the maximum deceleration was Q48hd with “motion” it was
0.43 g. Although these values are larger than the ones @utainthe present study, a few
points should be taken into account. First, these values tefmaneuvers where subjects
were asked to reach a full stop. Second, the nominal drivpegds were larger than the 50
km/h maximum set for the present task. Third, the subjecteasked to reach a full stop
at a certain pre-determined line. In order to meet the perémice goal and decelerate the
car to a full stop, the braking maneuver was probably moreesgiye than the one needed
in the present experiment, to approach a curve or intesedievertheless, the maximum
deceleration with the Rumble condition was significantlght@r than with the conditions
with motion, indicating that for the braking maneuver, roativas indeed relevant.

2.6 Conclusions

The designed motion drive algorithm showed potential féwanrcurve driving simulation.
The use of the central yaw axis of the Desdemona simulatowalleft and right curves
with no need to washout the lateral position. Lateral motias considered most realistic
with the One-to-one yaw filter, although the Rumbile filter veagery close second. The
lower scores of the Classical filter, when leaving the curvese related to the washout of
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the roll angle at the end of the curve. The results on thedhteotion support the idea that
“no motion is better than bad motion”.

For the longitudinal motion the “no motion” condition (Rufepwas considered less
realistic than the conditions with motion. The only perfamae metric that was affected by
the different motion conditions was the maximum deceleratSimilar to other studies, in
the “no motion” condition the average maximum deceleratias higher than in the con-
ditions with motion. Comparison with values from real capesiments lead us to believe
that the addition of motion contributed positively to thaliem of the braking maneuver.

Since no specific task or performance goal was set for theremgst, not many behav-
ioral and performance metrics could be used to compare fferetit filters. The simple
task of driving around the city block, keeping in the laneswat difficult enough to push
subjects to their limits. A more demanding task or a very djpgoerformance goal would
perhaps force subjects to search for an optimal controlliehaBy doing so, the motion
cues in the simulator could become crucial in correctly ssisg the vehicle state. Fur-
ther investigation and improvement of the One-to-one yawionarive algorithm should
include a comparative study between real car driving andilsitor driving, setting a clear
performance goal and assigning tasks of increased difficult
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3.1 Introduction

Flight simulators have a limited motion space and it is ingilae to reproduce aircraft mo-
tion one-to-one. Motion filters, which are used to transfaineraft motion into simulator
motion, introduce phase and amplitude distortions. Wisstteamotion cues are constrained
to the simulator mechanical limits, the visual cues canaspnt the modeled aircraft true
displacement and attitude. This situation causes the hagwhthe inertial cues provided to
the pilot in the simulator to differ. It is important for thedélity of the simulation that the
pilot does not perceive this discrepancy between cues.&/deisigning and tuning simula-
tor motion filters, an attempt is made to minimize the differebetween the pilot perceived
motion cues and the aircraft actual motion that is shown éwisuals. For this reason,
knowledge on human motion perception thresholds and pgocegnd integration of visual
and inertial cues is of crucial importance for flight simidat

Throughoutthe past decades much research has been domsorysaotion thresholds
(Stewart, 1971; Hosman and van der Vaart, 1978, 1980; Beetsah, 1986, 1989; Heer-
spink et al., 2005) and motion thresholds in the presencéeheafrvisual and motion cues
(Zaichik et al., 1999; Rodchenko et al., 2000; Groen et 8042 Valente Pais et al., 2006,
2012; Pool et al., 2012). One step toward application of huperception knowledge in
flight simulation are experiments with supra threshold @isand inertial stimulation. Ini-
tially, many experiments on perception of combined visual @ertial cues were carried
out on rotating chairs enclosed by a rotating drum (Yound.efl873; Huang and Young,
1981; Melcher and Henn, 1981; Wertheim and Bles, 1984; Pmilzd., 1985; Mergner and
Becker, 1990). These studies mainly focused on inducingnaeakuring self-motion per-
ception during visual and inertial stimulation but failediresent a clear measure of to what
extent the mismatch between visual and inertial cues waed by the subjects. Visual
and inertial cues might differ in terms of amplitude, fregog phase, timing or direction.
If the differences are detectable then the realism of thelsition might be impaired. Con-
versely, if no mismatch between the cues is perceived, tiegnare interpreted as consistent
with each other and as belonging to one realistic scenduab 4, the cues are perceived as
being “coherent”.

More recent studies, performed in flight simulators, havasne=d such mismatches in
terms of phase and amplitude. For example, Grant and Le&20@estigated the maxi-
mum phase difference between visual and motion that coulthgetected by subjects in a
simulator. Van der Steen (1998) researched amplituderdiffes between visual and mo-
tion that still resulted in a realistic simulation. He cdllihe coherent set of values between
visual and inertial motion amplitude, the coherence zorthogh not explicitly stated by
the authors, the study of Lee and Grant, in fact, also medsuceherence zone. Their mea-
sured threshold, the maximum motion phase lead for whichabiand inertial cues were
still considered to be coherent, defines a “phase coheremes.z
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The studies by Grant and Lee (2007) and Van der Steen (19&8)nbst of the avail-
able work on perception, has been done during passive tdegktds, there was no pilot in
control. During a pilot-in-the-loop simulation it is diffidt to have control over the precise
visual and motion cues provided which complicates the desigl analysis of experiments.
More specifically, the frequency content and amplitude efdtimuli greatly depend on the
pilot's control strategy (Zaal et al., 2009; Pool et al., @Q1The precise influence of the
amplitude and frequency of the stimuli on the perceptionadferent visual and vestibular
motion is still unknown.

In this chapter, although still with passive tasks, stepsgaren in the direction of mea-
suring perceived coherence between visual and inertialdueng a pilot-in-the-loop simu-
lation. The effects of stimulus amplitude on perceptionerehce zones for yaw motion are
investigated in two experiments in the Simona Research I8tonof the Delft University
of Technology.

The first experiment extends the coherence zones measurdanbgler Steen (1998)
to amplitudes closer to the ones used in vehicle simulatidhe higher amplitudes are
chosen based on data from helicopter yaw capture tasksq&dar, 1999; Grant et al.,
2006; Ellerbroek et al., 2008). The experimental procedugmilar to the one used by
Van der Steen (1998). That is, for a certain visual motion ldoge, the inertial motion
amplitude is varied throughout a set of trials. Then, aféehetrial, subjects are asked about
the coherence between the visual and the inertial cues.uliject’'s answer determines the
inertial amplitude of the following trial according to a gihe up-down staircase procedure
(Levitt, 1971).

The second experiment is designed to validate a new megsmethod that gives the
subjects a more active role. Using the same setup as in thexXjperiment, subjects are
asked to tune the amplitude of the motion cue by increasindeoreasing its amplitude
across trials. This self-tuning method aims to be fasterlessltiring for subjects than the
staircase method.

The chapter is structured as follows. Section 3.2 definesdheept of coherence zone
and summarizes the work of Van der Steen (1998) on this tafterwards, Sections 3.3
and 3.4 describe the two experiments, including the coomrding results. At the end, a
general discussion of all the experimental results is piteskin Section 3.5 and the final
conclusions are drawn in Section 3.6.

3.2 Coherence zones

The term coherence zone was first introduced by Van der St©98). However, many oth-
ers have studied the influence of combined visual and inettes in self-motion perception
(Young et al., 1973; Pavard and Berthoz, 1977; Zachariasvandg, 1981; Probst et al.,
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1985; Wertheim, 1994; Mesland, 1998; Zaichik et al., 1998]éhenko et al., 2000; Groen
et al., 2004; Valente Pais et al., 2006) and similar conddyaiisused different terminology
can be found elsewhere (Groen et al., 2001; Fortmuller aegividrk, 2005; Fortmuller
et al., 2008; Grant and Lee, 2007). Since the current workhvaaed on the experimental
methods of Van der Steen (1998), this section provides aigésa of his work on coher-
ence zones. Also, the definition of coherence zone and dedatecepts as presented by Van
der Steen (1998) and as used in this thesis are briefly dsguss

A coherence zone is formed by the various combinations ofaviand inertial cues that
are perceived by the pilot as being part of a coherent, tealsnulation. The limits of
such a coherence zone are thus dependent on the definitioreafistic simulation. Van
der Steen (1998) defined a coherence zone as a combinatidgsuaf @nd inertial stimuli
that, although being physically incongruent, still “prdes the perception of an earth sta-
tionary visual scene”. This is based on the fact that duriginotion in the real world,
the visual scene is normally perceived as stationary witpeet to an earth-fixed reference
frame. Since the perceived self-velocity and the perceiedacity of the visual scene may
be assumed to be inaccurate to a certain extent, there wélaage of values for which
self-velocity and visual scene velocity will be perceived@atching although they are phys-
ically different. A large enough mismatch between these weold cause the perception
of a non earth-stationary visual scene. In a virtual envirent, the perception of a moving
outside world signifies that the simulation is impaired.

Van der Steen (1998) performed two studies in flight simutatdn the first study the
perceived coherence between the inertial and visual stivad used as a measure for the
uncertainty in perceived inertial self-motion. For thatpase, the visual stimuli consisted
of checkerboard patterns displayed very shortly on mositmrated in the subject’s periph-
eral field of vision. Van der Steen (1998) varied the visumhstus amplitude for given
amplitudes of the inertial motion. Both the visual and theriral stimuli were sinusoidal.
For each inertial amplitude, he measured the maximum anoimaim visual cue amplitudes
that still resulted in the perception of an earth-statigndsual scene. When the visual cue
amplitude was excessively large with respect to the inertia, subjects perceived the vi-
sual scene to move against their perceived self-motiorctitime On the other hand, if the
amplitude of the visual cue was too small, subjects perddive visual scene to move in the
same direction as their perceived self-motion, that is, @ging with them. These two sce-
narios represented two velocity amplitudes that defineddherence zong(7): a “fast”
threshold Vras7) and a “slow” thresholdWsow):

CZ =Vrast — Vsrow (3.1)
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Using a staircase method (Levitt, 1971), Van der Steen (L®@8@sured these thresholds
and for each pair of thresholds he calculated the point ofmeederenceR M C) and the
gain of the PMC GM C):

PMC =0.5Vrast + Vsrow) (3.2)
PM
GMC = ¢ (3.3)
SELF

The GMC is a measure for the position of the coherence zoterespect to the inertial
amplitude {sgrr). A GMC less than one signifies that the measured PMC is less th
the provided inertial velocity, indicating that subjects anderestimating their inertial am-
plitude or overestimating their visually perceived vetgcif the GMC is larger than one,
then the PMC is larger than the inertial velocity, indicgtan overestimation of the inertial
velocity or an underestimation of the visually perceivebbedy.

Van der Steen (1998) measured thresholds for surge, hedlyewing (combined sway
and roll) and yaw using different combinations of inertied@itudes and motion frequen-
cies. For surge and heave one motion amplitude was testédn/8. For roll and swing,
motion amplitudes varied from 3.7 to 12.4 deg/s and for yheytvaried from 2.9 to 17.8
deg/s. The profiles frequencies were 1.2, 1.5 and 2 rad/dlfdegrees of freedom and for
roll and swing an extra condition with frequency of 1 rad/swested.

The calculated GMCs were in general below unity for surge lzgelze motion. Com-
paring his results with previous studies (Zeppenfeldt,1t $ertheim, 1994; Mesland and
Wertheim, 1995) Van der Steen (1998) concluded that foemsing inertial motion ampli-
tudes the GMCs slightly decreased. For roll and swing mettbe GMCs were above one
and decreased with increasing inertial motion amplituder. the yaw motion the GMCs
varied from 2 at the lowest inertial motion amplitude to ktig below one for inertial am-
plitudes of 9.7 deg/s and higher. This indicates that subjecerestimated their inertial
velocity or underestimated their visually perceived véloat the lower amplitudes. Van
der Steen (1998) concluded that these results were in agrdéenith previous studies by
Wertheim and Bles (Wertheim and Bles, 1984), but only foddinger amplitudes. A partic-
ularly interesting finding was that the yaw coherence zodendt increase with increasing
amplitude as was hypothesized based on findings by WertH€a%y.

In a second study, “the outside world is being perceived atiosiary” was taken as a
measure for the realism of the simulation. Van der Steeng)L98ried the amplitude of
the inertial motion for fixed amplitudes of the visual motiofhe visual scene consisted
of a hilly grass field with some houses and trees, displayea @ome with a field of view
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of 142 deg horizontal and 110 deg vertical (partially ocelddy the cockpit). The visual
and inertial motion profiles consisted of acceleration stephe amplitude of the inertial
cue was varied, again using a staircase procedure. Theshighd lowest inertial motion
amplitudes that still resulted in the perception of a stediy outside world were called the
upper and lower threshold, respectively. Van der Steen§l®@asured these thresholds in
roll and yaw for visual amplitudes of 0, 2, 4, 8 and 12 dég/s

The resulting coherence zones for both roll and yaw becardendor larger visual
motion amplitudes. For yaw visual amplitudes higher thared/gl the coherence zones
were fairly symmetric, that is, the upper and lower thredhokere at similar distances
from the one-to-one line. For roll this symmetry was not pres the upper thresholds
were at a greater distance from the one-to-one line tharotherlthresholds. For both roll
and yaw motion the upper and lower thresholds could be lindited. If the linear fit
is extrapolated to higher visual motion amplitudes, howetve2 coherence zones became
quite large. Figure 3.1 shows Van der Steen’s (1998) uppei@amer thresholds for yaw
motion and the corresponding linear regression lines.

0 50 T
B — — — one-to-one line
g —e— upper thresholds
& 40[ —O— lower thresholds
2
=
g 30
IS
2]
]
s 20
=
[
8 10
@
£

0

024 8 12 30

Visual stimulus amplitude, ded/s

Figure 3.1: Mean upper and lower yaw thresholds measured by Van der Steen (1998)
with corresponding regression lines. Error bars indicate the standard deviations.

As can be observed, for yaw visual motion with an amplitudg@ideg/s the coherence
zone predicted by the linear regression would be betweemd@ta deg/s. This implies
that for vehicle simulation around this amplitude the mtgain can be decreased to as
little as 0.3.

Van der Steen (1998) also collected verbal remarks fromubgests and divided their
answers into three categories: “the motion was not regljstsomething was out of the
ordinary” and “the motion was realistic’. He reported thasaers of the first category
were given when the visual scene was perceived as non stgtiand answers of the last
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category when the scene was perceived stationary. Repattsamething was out of the
ordinary occurred around the measured thresholds.

The verbal reports collected by Van der Steen (1998) seemdiodte that around the
threshold value the amplitude mismatch was detected bwighal scene was still perceived
stationary. If we consider that the realism of the simulai®hindered when an amplitude
mismatch is perceived, then this should be the criterionl tselelimit the perception co-
herence zone. For this reason, the definition of simulatatism adopted in the present
work was different from the one Van der Steen (1998) usedhikithesis, the simulation
will be considered to be impaired when the inertial motiopésceived as “too strong” or
“too weak” with respect to the presented visual scene.

3.3 Experiment 1

The goal of the first experiment was to extend the yaw cohereones measured by Van
der Steen (1998) to higher amplitudes. The coherence zosengasured in terms of an
upper and a lower threshold. The upper threshold was definbd the maximum inertial

motion amplitude that was still considered by subjects tadleerent with the provided

visual scene. The lower threshold was the smallest inart@tion still accepted by the

subjects as coherent with the visual motion.

3.3.1 Method

The experimental method used was based on the one used byeV&tedn (1998), with
a few adaptations. Also, a different simulator and a diffiéndsual database were used.
The following sections describe the method, indicatingenérdiffers from the original
experiment.

3.3.1.1 Apparatus

The experiment was conducted in the Simona Research Sonusiiown in Figure 3.2.
The Simona simulator has a hydraulic 6 DOF motion base whiolwa for a maximum
displacement oft 41.6 deg in yaw. The visual system consists of three LCD ptojs,
with a resolution of 128& 1024 pixels per projector, and a collimating mirror thatyides
a field of view of 180 degx 40 deg. The visual update and refresh rates are 60 Hz. For a
more detailed description of the Simona simulator motiod @isual systems capabilities
and the computer architecture and software used, pleasmetioefan Paassen and Stroosma
(2000), Stroosma et al. (2003) and Berkouwer et al. (2005).

For the visual scene, Van der Steen (1998) used a grass figgldhils and trees. In this
experiment, a different database was used but an attempinads to preserve the same
number of visual objects. Figure 3.3 shows the outside Vstene, which consisted of a
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Figure 3.2: The Simona simulator.

view of the Amsterdam Schiphol airport including the cohtoaver, some lower buildings,
part of a runway and some grass fields. The viewpoint heighth&@same as in the original
experiment: 5 meters.
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Figure 3.3: Central part of the outside visual scene showing a view over Schiphol
airport.

3.3.1.2 Experimental design

The experiment had a one-way repeated measures desigritheiéimplitude of the visual
stimulus being the independent factor. As explained abitnvegoal was to extend the co-
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herence zones measured by Van der Steen (1998) to highdtuwaepl Based on data from
helicopter tracking tasks (Schroeder, 1999; Grant et @Dp2Ellerbroek et al., 2008) and
taking into account the available motion space of the fligimugator, a maximum visual
motion amplitude of 30 deg/svas chosen. Also, to allow for a comparison with the re-
sults obtained by Van der Steen, some of his conditions wegreated. A balance had to
be found between maintaining the number of conditions asdswossible while still ob-
taining enough data points along the amplitude axis. Catoereones were measured for
amplitudes of the visual scene motion of 0, 4, 12, 18, 22, 263thdeg/%. The conditions
with 0, 4 and 12 deg?sstimuli matched the lowest, median and highest amplitueiisd by
Van der Steen. To extend the amplitude levels up to 30 &eigisr evenly space amplitude
levels were chosen: 18, 22, 26 and 30 d&g/s

For all visual motion conditions a lower and an upper thréfar inertial motion were
determined. Per subject the 14 threshold conditions wessured twice. This resulted in
28 experimental trials per subject.

3.3.1.3 Motion and visual signals

The stimulus profile used for visual and motion consisted séguence of smoothed steps
in acceleration. Figure 3.4 shows an example of the positietocity and acceleration
time histories. The smoothing was done using a quarter ofriagef a squared cosine
function with a frequency of 10.5 rad/s. The longest acediien plateau had a duration of
1.5 seconds.
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Figure 3.4: Example of the step-like motion profile for an acceleration plateau of 12
deg/s>.
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3.3.1.4 Procedure

Subjects were seated in the left-hand chair of the simulebin. Motion was applied

so that the subject’'s head was in the center of rotation. Tbgst wore a headset with
active noise cancellation on which engine noise was plajiédee buttons located in the
control column in front of the participants were used to rddbeir answers throughout the
experimental runs.

The order of the experimental conditions was randomizeaVery subject. For each
experimental trial, the visual motion amplitude was keptistant and the inertial motion
amplitude was varied through a set of runs. After each rupjests were asked to indicate
whether or not the inertial motion amplitude was perceiveccaherent with the visual
scene motion. The subjects’ answer determined the inartiplitude of the following trial
according to first, a search algorithm to guarantee thaestsbjvere within their coherence
zone, and afterwards, a simple up-down staircase algofitleitt, 1971).

Figure 3.5 shows an example of a sequence of trials startitigtiae search algorithm
and making the transition to the staircase algorithm afierfirst positive answer. The
procedure described by Van der Steen (1998) did not inclisg@ech algorithm.
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Figure 3.5: Example of a sequence of trials illustrating the algorithms used, for
a lower threshold measurement at a visual motion amplitude of 30 deg/s*>. The
negative answers are indicated above or below the corresponding amplitude level.

For both algorithms, after each answer, the following rus eaculated based on a step
size and a step sign. A positive step sign meant that theAimitprun would have a higher
inertial motion amplitude than the previous one. A negasigsn meant that the next run
would have a weaker motion.
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The search algorithm started with an inertial motion betw@® and 1.1 times the visual
scene and a step size of 10% of the visual motion amplitude théo0 deg/é amplitude
case, the initial step size was a random number between @.9.8ndeg/$ and the first
trial amplitude equaled the initial step size. After eachat&e answer from the subjects,
the step size was doubled and the step sign was invertedr tAfidirst positive answer,
indicating that the subjects were within their coherengeezthe staircase algorithm started.

In the staircase algorithm, the initial step sign was negdtir lower threshold measure-
ments and positive for upper threshold measurements. Tt Biep size was chosen to
be 0.2 times the visual amplitude. For the 0 dégisiplitude case, the initial step size was
a random number between 0.2 and 0.3 deghsfter a reversal in answers, that is, a “no”
answer after a “yes” answer or vice-versa, the step sign exassed and the step size was
halved. After four consecutive answers of the same typeay@wes or always no, the step
size was doubled. The staircase ended when the step sizeecedBth of the initial step
size or at the end of 30 trials.

Before the actual experimental session started, subjédtevd test trials to get ac-
quainted with the procedure.

3.3.1.5 Subjects and subjects’ instructions

In total 8 male subjects aged between 23 and 28 years (measf @§eyears) participated
in the experiment.

The participants were instructed to sit upright and reffadm making head movements
throughout the experiment. They were, however, allowedatregver the visual scene at
will.

Subjects were told they were to perform a series of runs édvich blocks. In each
block of runs the visual scene would move the same way buttipitade of the simulator
motion would vary. Subjects were asked to answer the quedii@ the amplitude of the
visual movement correspond with the magnitude of the m@ticat the end of each trial.
A positive answer would mean that they perceived the ang#itof the visual and of the
motion to match, and a negative answer would mean that thegidered the simulator
inertial motion to be either too strong or too weak with redye the visual motion.

Further, subjects were told that in each block of runs a segpief amplitude levels
would be tested that was chosen by an algorithm. No furtiferrmation was given on the
algorithm, nor were they informed that their answers hadffatieon the next amplitude
level.

3.3.2 Results

An example of the time histories of the commanded and medsuation signals for low
and high amplitude values, approximately 12 dégisd 30 degh respectively, is shown
in Figure 3.6.
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Figure 3.6: Time histories of the commanded and the measured yaw acceleration
for amplitudes of approximately 12 and 30 deg/sz.

The small peaks observed in the measured signal halfwaycttedeaation step corre-
spond to the so-called “turnaround bump”. In percentage dbceleration peak is around
8% of the commanded amplitude in the 12 dégignal and 9% in the 30 deg/signal.

For the determination of the upper and lower thresholds,athelitude levels tested
during the search algorithm part were not taken into accainty the data collected from
the staircase algorithm were used. For each of the amplitwaés tested in one staircase,
the corresponding answers were converted into a value. tNegmswers were attributed
a value of 0 and positive answers a value of 1. To each of thatsesgts a psychometric
curve was fit using a least squares method. The curves weredéfi terms of a mean and
a standard deviation as described in Equation (3.4), foloilver thresholds, and Equation
(3.5), for the upper thresholds?,, and P, represent the probability of a certain motion
amplitude () to be perceived as coherent with the visual amplitude. HEtenated value
of u, which is the amplitude level at 50% probability, was takerttze threshold of the
coherence zone.

1 A
Pio (4) = —= / ez @0 gy (3.4)

1 A -1 2
P (A)=1— / €227 @1 g (3.5)
oV21 J
The estimated upper and lower thresholds were averageddoy espetition of every
subject. The subjects’ mean values are displayed in Figirogether with data from Van
der Steen (1998). It should be noted that the standard dmvéapresented correspond to
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the deviation of the estimated thresholds from the overathm and not to the estimated
standard deviations of the psychometric curves.
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Figure 3.7: Mean estimated upper and lower thresholds plotted together with data
from Van der Steen (1998). The error bars indicate the standard deviation.

From Figure 3.7 it can be seen that the measured coherenedsznarrower than the
coherence zone measured by Van der Steen (1998). This maghtésult of the different
questions posed to the subjects. The participants in hisrerpnt indicated when the
outside world was perceived to move whereas in the presg@ariexent subjects signaled
an amplitude mismatch between visual and inertial motioerth8ps the perception of an
amplitude mismatch precedes the perception of a non-statj@utside world.

For a clearer visualization of the coherence zone width gmihsetry, a coherence zone
width (CZW) and a point of mean coherence (PMC) were caledlfiom the uppert..,)
and lower (h,,) threshold values using Equations 3.6 and 3.7. The PMC anll &7 all
visual amplitudes are shown in Figure 3.8.

CZW = thy, — thi, (3.6)
Z
PMC = thy, + CTW (3.7)

Up to the amplitude of 12 deg/she present results are comparable to the ones from
Van der Steen (1998). The coherence zone is fairly symmetsiindicated by the PMCs
very close to the corresponding visual amplitudes, and ¢ther@ence zone width increases
with increasing visual amplitude stimulus.
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Figure 3.8: Measured coherence zones. Error bars indicate the 95% confidence

interval of the mean.

For amplitudes higher than 12 detjthe coherence zone is no longer symmetric. The
upper thresholds align with the one-to-one line causing?fs to deviate from the one-
to-one-line. This indicates that for the higher amplitudéshe visual stimulus, subjects
overestimated their inertial amplitude or underestiméted visually perceived velocity. It
is also interesting to observe that for the visual amplisai@ove 18 deg/she CZW hardly
increases.

3.4 Experiment 2

Although the experimental method used in the first experiree@med suitable, it demanded
a relatively large effort from the part of the subjects. Albgects reported the task to be
difficult, as it required a constant high level of concentnafor a long time. In an attempt to
make the task easier and also accelerate the experimetaalaliection, a new method was
designed, a self-tuning method that gave participantsahé&al over the motion amplitude
of each of the runs. It was expected that this would lead stdbje converge to a threshold
value in fewer runs than with the staircase procedure. Tidat this new method, a small
experiment was performed. Lower and upper thresholds werasuared for two visual
amplitudes with the staircase method used in Experimentdlwath the new self-tuning
method.
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3.4.1 Method
3.4.1.1 Apparatus

As in the first experiment, all trials were conducted in thra&@na Research Simulator, using
the same visual scene.

3.4.1.2 Experimental design

A two-way repeated measures design was chosen. Upper aerd loresholds were mea-
sured for amplitudes of the visual scene motion of 12 and g@sHiewith both the staircase
and the self-tuning method. This resulted in 4 experimecwaditions that participants
repeated 6 times, 3 times for measurements of the lowerttbicéand 3 times for measure-
ments of the upper threshold. In total, each subject peddrga experimental trials.

3.4.1.3 Motion and visual signals

The visual and motion profiles were the same as the ones ugegbariment 1.

3.4.1.4 Procedure

The experimental trials were divided in two blocks, one ggire staircase method and the
other using the self-tuning method. From a total of 5 subjeZtstarted with the staircase
method and 3 with the self-tuning method. Within each bldle&,presentation order of the
experimental conditions was randomized for every subject.

The staircase method was already described in Section.8.3Hor the self-tuning
method, in each experimental condition the visual ampéitu@s kept constant while the
motion amplitude was varied throughout the runs of one.tAathe beginning of the trial,
subjects were informed whether that trial corresponded lawar or an upper threshold
measurement.

In each trial, the amplitude of the first run was randomly ciele between 1.1 and 0.9
times the visual amplitude. At the end of each run subjeatddochange the motion of the
next run. They did this by pushing a switch button multiplees up or down until they
reached a certain number of increments or decrements. Tdsemumber was displayed
on the outside visual. A positive number meant the next rualdvbave a higher amplitude
motion, and a negative number meant a lower amplitude mo#iéier giving their answer,
subjects pressed a second button to signal that they wedg feathe next run. The trial
ended when subjects’ answers had two consecutive revefsaie increment or decrement,
i.e.,, asequence of 1, -1, 1, or -1, 1, -1. This indicated thhjezts converged to a certain
amplitude of motion that could not be increased or decreasgthore. To guarantee that
this method had a similar measurement resolution to thecats method, when subjects
reached the conversion point, the difference between #iewa amplitude levels tested
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should be the same as in the staircase method. Recallinththataircase method started
with a step size of 20% of the visual amplitude and stoppedwthe step size was 1/8th
of the initial step size, then the logical size of the incrabw@ decrement in the self-tuning
method is 1/8th of 20% of the visual amplitude.

At the end of all trials, subjects were asked which methoy greferred and why.

3.4.1.5 Subjects and subjects’ instructions

All 5 subjects had participated in Experiment 1. They wereddgetween 25 and 28 years
with a mean of 25.6 years.

Subjects were informed that the experiment consisted opavts, each with a different
experimental procedure. The two procedures were labelesttidtl 1" and “Method 27,
corresponding to the staircase procedure and the seligipriocedure, respectively. The
instructions for the staircase part of the experiment wheesame as the ones provided
in Experiment 1. For the self-tuning part, participants evigrstructed to start their tuning
procedure by finding a motion amplitude that matched theaViserom that point on, they
should tune the motion up or down, dependent on the threshe&surement of that trial.
For example, when measuring an upper threshold they shoatdment the motion until
it was perceived as too strong. Then, they were told to deeriéand increase it as many
times as needed until they found the strongest motion cemditat was still perceived as
coherent with the visual motion. Subjects were adviseddd stith increments of 8, 10
or more and decrease the number of increments or decreneasrg direction reversal.
They were informed of the stopping criteria of the trials.

Before each part of the experiment subjects performed 2 eést4rials.

3.4.2 Results

The upper and lower thresholds measured with the staircatkoch were calculated as
described in Section 3.3.2. For the self-tuning method,ttineshold for each run was
calculated by averaging the amplitude of the last two runs.every subject, the threshold
value for a certain experimental condition was averagedlfaepetitions of that condition.

As in Experiment 1, the obtained upper and lower threshoktewsed to calculate the
point of mean coherence (PMC) and the coherence zone widWjCFigure 3.9 shows
these values for both methods tested. For reference purffesé®MC and CZW from
Experiment 1 for the amplitudes of 12 and 30 dégi also presented.

The PMC and CZW values from Experiment 1 and those from Erpent 2 with the
two different methods were quite similar. In ExperimenttZ% tmean PMC at the visual
amplitude of 30 degfswas around 24 degfsvhereas at the visual amplitude of 12 dég/s
was quite close to the one-to-one point (12.5 ddg/Similar to the first experiment, the
coherence zone appears to bend below the one-to-one linghatrtvisual amplitudes. As
also seen in Experiment 1, as the visual amplitude grows ft@rto 30 degls the CZW
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Figure 3.9: Measured coherence zones for two visual amplitudes using two different
measuring methods. Error bars indicate the 95% confidence interval of the mean.

also increases. The CZW measured with the self-tuning rdetfas slightly lower than the
CZW measured with the staircase method.

To assess whether or not the self-tuning method was eqoivalthe staircase method, a
two one-sided t-test (TOST) was performed. To considentioeniethods equivalent within
a certain margin, the difference in values obtained wittheaethod should be smaller than
a chosen valué. Two null hypotheses are made, that the difference betwesetwio means
(M1 — M?2) is larger thans and smaller thar-6. If both null hypotheses are rejected,
than it can be said that the absolute value of the differemerdans is smaller than delta
(M1 — M2| < 6).

In Experiment 1, thresholds were measured with the stainceethod. In Experiment 2,
thresholds were measured using both the staircase metkdti@self-tuning method. For
the TOST itis assumed that the difference between the vahtained in Experiment 2 with
the two different methods should not be larger than the idiffees obtained in Experiment 1
and Experiment 2 using the same method. Hence, the valueaf be chosen based on the
the values obtained in Experiment 1 and in Experiment 2 utfiagstaircase method. For
this purpose, the mean differences between the valuesebitasing the staircase method
in Experiment 1 and in Experiment 2 and the corresponding 888fidence intervals were
calculated.

Figure 3.10 shows the mean differences between the valuamet in Experiment 1
(first) and Experiment 2 using the staircase method (staid the mean differences between
the values obtained in Experiment 2 using the staircaseadethd the self-tuning method



3.4 Experiment 2 71

(self). All confidence intervals include the zero, whichigates that the data are consistent
with the means obtained in each experiment being equivalent
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Figure 3.10: Mean differences between the PMC and CZW values measured in Exper-
iment 1 (first), in Experiment 2 using the staircase method (stair) and in Experiment
2 using the self-tuning method (self). Error bars indicate the 95% confidence interval
of the mean.

The width of the confidence intervals for the mean differeneeveen PMC values
obtained in Experiment 1 and Experiment 2, both using tHecstse method, were 3.18 and
8.79 deg/3 for visual amplitudes of 12 and 30 dey/sespectively. For the CZWs these
values were 7.81 and 8.44 degfer visual stimulus of 12 and 30 ded/sespectively.

The confidence intervals were normalized with the ampliidee visual stimulus and
then averaged across amplitudes. The average confidercesinvidths in percentage of
the visual stimulus were 28% and 47% for the PMC and CZW, &sfdy. These values
represent the mean difference between the two experimgintgihe same method and were
chosen as thé values to be used in the TOST.

Table 3.1 shows the results of the TOST for the normalizei@mihce in PMCs and
CZWs. The TOST indicates that both null hypotheses can betexj and thus both methods
may be considered equivalent for a difference of 28% and 4v%e values of the PMC
and CZW, respectively.

The new method was neither faster nor slower than the ss&inceethod in terms of the
number of runs needed to converge. So, although from theriexpeter point of view there
was no advantage in using this method, when asked about jtaricipants preferred the
self-tuning method over the staircase method. Subjectsexes that the new method was
nicer and more motivating.
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Table 3.1: TOST results for the comparison of the staircase method with the self-
tuning method, where ** is highly significant (p < 0.01), * is significant (0.01 < p <
0.05), and - is not significant (p > 0.05).

M1—DM2>6 M1 —-M2< -6
0 (%) df t sig. df t sig.
normalized diff. PMC 28 4 -2.2122 * 4 55073 **
normalized diff. CZW 47 4 -2.1697 * 4 7.4078 **

3.5 Discussion

Two experiments were performed to measure perception enberzones in yaw for differ-
ent amplitudes and using two different measuring methodsdoh of the conditions. From
the measured data a point of mean coherence and a cohererceidth were calculated.

3.5.1 The experimental method

The method used in the first experiment was quite similar éocthe used in the original

experiment of Van der Steen (1998), with a few changes, artteamg, the question posed
to the subjects. In the present experiment the participaadsto make a judgment about
the relative magnitudes of the visual and the inertial cdeeneas in Van der Steen’s (1998)
experiment they were asked to indicate a non-stationarsidritvorld. The assumption

that perceiving a mismatch in cues amplitude precedes tteepiion of a non-stationary

outside world may explain why the measured coherence zoeeswarrower than the ones
measured by Van der Steen (1998). The fact that the coheremeemeasurements may
vary according to the question posed does not harm the waditiihe results or the method.

The formulation of the question should follow from the ddfaom of coherence zone. Using
different definitions implies that different threshold® deing measured, which justifies
the use of distinct questions. Despite all these consideigtno definite conclusions can
be drawn as Van der Steen (1998) also used a different vigatdra that might also have

influenced the visually perceived yaw velocity and consatiy¢he width of the coherence

zone.

In the second experiment a self-tuning method to measurerenbe zones was vali-
dated. The intention was to create a procedure that was gasdeeasier for the participants.
By avoiding subjects to become tired, distracted or boteslgiata collection could become
more reliable. The new method was neither faster nor slohen the staircase method
in terms of number of trials per run. Nevertheless, all pgyéints were positive about the
self-tuning method, reporting that it was more motivatimpis increased motivation for the
subjects can help prevent boredom during the experiments.
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3.56.2 The effect of amplitude

In both experiments the PMCs decreased below the one-tdirenéor amplitudes of the
visual cue above 12 ded/sThis indicates that at high visual amplitudes the paréinig
preferred relatively lower inertial amplitudes. This risould arise from an artifact in-
troduced by the simulator's motion system. However, aftem@ning the data from the
inertial measurement unit (IMU) mounted on the Simona satai| very small differences
were observed in the simulator motion performance at higherlower amplitudes. For
the higher amplitude conditions the turnaround bump wagelan absolute terms, but rela-
tive to the commanded acceleration amplitude, it was apprately the same at higher and
lower amplitudes.

Another explanation could be that at higher amplitudesexttbjwere underestimating
the visually perceived velocity. The GMCs presented by VanSteen (1998), which were
in general above one for angular motion, also indicate arergsimation of the visual
velocity. However, for the particular case of yaw motionn\@er Steen (1998) registered
GMCs above one only for amplitudes below 9.7 deg/s, whichoisim agreement with
what was found here. Conversely, Melcher and Henn (1981¢ kawnonstrated that at
high accelerations a visual scene is less optokinetic. rrlbeults show that during visual
stimulation only, the latency for the detection of self-inatincreased for accelerations
above 10 degfs They also reported that for increasing visual stimuli eéles, the self-
velocity was underestimated. An underestimation of thaallg perceived velocity could
lead to the down tuning of the inertial motion. For furthevestigation into this effect
several visual related aspects should be taken into accsustt as the characteristics of the
visual system, the information content of the visual scemthe process of vection.

The visual cue amplitude also had a significant effect on ti&/dn general, the CZW
increased with increasing visual cue amplitude. Based andéx Steen’s (1998) work,
this was an expected result. In the first experiment, thisdtkgas observed only for visual
cue amplitudes up to 18 ded/sFor higher amplitudes the CZW remained fairly constant.
Apparently, for higher amplitudes of the visual stimulughjects become less accurate in
their estimation of self-velocity but at the same time they r@latively more sensitive to
deviations from the visually perceived velocity. No exg@#an for this result was found.

The present results suggest that signals with high ampktua high frequencies can
be more attenuated than low amplitude profiles. This findagiffs the efficient use of
motion space. More specifically, high amplitude yaw motian be tuned down to as much
as 0.5, if considering the lower threshold of the coheremcezor approximately 0.8, if
considering the PMC.
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3.6 Conclusions

The work of Van der Steen (1998) on coherence zones was @démthis chapter to better
approximate realistic flight simulation scenarios. Fiashplitudes closer to the ones found
in vehicle motion were tested. Second, a measuring methathwglave participants a more
active role in the measurement procedure was validated.

The measured coherence zones were narrower than the onasretbhy Van der Steen
(1998) which might be due to the different question posetiésubjects and consequently
the different definition of coherence zone used. The peimemf a mismatch between
inertial and visual cue, as used in this work to define thetiof the coherence zone, might
precede the perception of a non-stationary outside world.

The self-tuning method used in Experiment 2 was not fastan the staircase method
used in Experiment 1, but it was considered by the subjeatsosie motivating and a nicer
task to perform. The results obtained with both methods weqtévalent.

In the two experiments it was observed that the amplituddefvisual cue affected
both the PMC and the CZW. The PMC and CZW increased with irsimgaamplitude
of the visual cue, although for amplitudes above 18 detife PMC decreases below the
one-to-one line and the CZW remains fairly constant.

Based on these results, and considering the lower thresfitié coherence zones, in a
flight simulation scenario, high amplitude yaw motions ntige down tuned to 0.5 of the
visual cue.
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4.1 Introduction

In the previous chapter (Chapter 3) Van der Steen’s work @&nSteen, 1998) was ex-
tended by measuring yaw coherence zones at higher amjthesveen 0 and 30 ded/s
using a step-like profile. To further advance our knowledfyeoterence zones and to be
able to apply it in a flight simulation context, also the effetfrequency on the coherence
zones should be studied.

Van der Steen (1998) measured coherence zones in yaw usimpglal signals with
frequencies between 1.2 and 2 rad/s and found that the stnfrdquency had no signifi-
cant effect on the measured thresholds. However, as alsarkeohby Van der Steen (1998),
the range of frequencies tested was rather small. For a battierstanding of the effect of
frequency on the combined perception of visual and inectials, more data should be col-
lected for a larger range of frequencies.

This chapter describes two experiments where coherenaszme measured for fre-
guencies as low as 0.2 rad/s and as high as 10 rad/s.

The first experiment investigates the effect of the stiméileguency on the yaw coher-
ence zones using the self-tuning method validated in Ch&ptdleasurements are made
with three different motion profiles, a step-like profile aidusoidal profiles with frequen-
cies of 2 rad/s and 10 rad/s. The results are used to formaalspothesis regarding the
influence of the SCC dynamics on the coherence zones.

The second experiment focuses on the low frequency raniy sisusoidal signals of
0.2 rad/s and 2 rad/s, and tries to verify the hypothesischbased on the high frequency
results. The results are analyzed in velocity and accéerapace.

This chapter is organized as follows. First, the method asndlts of the first experiment
are described followed by the hypothesis posed based or tesslts. Afterwards, the
second experiment method and results are presented ancushwaith those from the first
experiment. At the end, a general discussion is preserdkolwid by conclusions.

4.2 Experiment 1

4.2.1 Method
4.2.1.1 Apparatus

All trials were conducted in the Simona Research Simulatorthe same visual scene as
described in both experiments of Chapter 3 was used.
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4.2.1.2 Experimental design

The experiment had a two-way repeated measures design. Xpleeiraental conditions
were defined by two visual amplitudes, 12 and 30 degsd three stimulus profiles. Two
of the profiles were sinusoids with frequencies of 2 and 1@srathe third profile, included
as a reference profile, was the step-like signal used in tndqars two experiments. Both
upper and lower thresholds were measured and each subjectted each experimental
condition 3 times. Every subject performed 36 experimenik.

4.2.1.3 Motion and visual signals

The step-like profile was described before in Section 333.The other two profiles were
sinusoids with frequenay and maximum amplitudd defined by the experimental condi-
tion. The sinusoidal signals had a duration of 4 periods.firheand last periods were used
to fade in and out. The whole acceleration signal, includirgfade-in and fade-out phases,
is defined in Equation (4.1), whefe= 27 /w andw, = w/2.

0<t<T
Asin(wt) (0.5 — 0.5 cos(wst)) + Ac sin(wt) ) and
H_/
compensation 3T <t <A4T
a(t) =
(4.1)

If the acceleration signal without the compensation terintegrated, a velocity signal
is obtained that does not start at zero. A constant could Hedatb the velocity signal
to compensate for the velocity initial value but that woudgult in a position signal that
diverges with time. To prevent this situation, the comp&osderm was added. The ampli-
tudeA. = A/12 and frequencw,. = w/2 were chosen such that the velocity signal starts
at zero and is continuousat= 7.

Figure 4.1 shows an example of the signals for the two fregesrtested and an ampli-
tude of 12 degh

4.2.1.4 Procedure

The procedure followed was the same as the one used in Exgrerihin Chapter 3 regard-
ing the self-tuning method part. For a description of thecpthure see Section 3.4.1.4. The
order of the experimental runs was randomized per subject.
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Figure 4.1: Example of two motion profiles of different frequencies with a maximum
acceleration amplitude of 12 deg/s>.

4.2.1.5 Subjects and subjects’ instructions

There were 8 participants, 6 males and 2 females, with agegbr 23 and 34 years (mean
age of 25.9 years).

The instructions given to the subjects were the same asdadlf-tuning method part of
Experiment 2 in Chapter 3. Subjects were told there wouldifferent profiles of motion,
some faster and some slower. Before the experiment, selgediormed 4 to 6 test runs.

4.2.2 Results

Again, as in Experiment 2 in Chapter 3, the obtained uppet@mer thresholds were used
to calculate the PMC and the CZW. They are presented in Fig2réor the three motion
profiles tested. In this and all subsequent figures the emibdicate the 95% confidence
interval of the adjusted means.

As in the experiments in Chapter 3, the PMC for the higheraliamplitude was signif-
icantly lower than the one-to-one point. Comparing botlustidal signals, the PMC was
clearly lower for the higher frequency signal than for thedo frequency signal. The same
trend can be observed in the CZW. With respect to the stepsiignal, since this profile
contains both high and low frequencies it was not obviousretige results with this pro-
file would be with respect to the other two profiles. The PMC wasiewhat in between
both sinusoidal signals and the CZW for the higher amplitwele also in between the two
sinusoids. The CZW for the low amplitude was higher thantierttvo sinusoidal profiles.
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Figure 4.2: Measured coherence zones for two visual amplitudes and two stimulus
frequencies.

An ANOVA was performed on the effect of the amplitude of theual cue and the
stimuli profile on the PMC and CZW. The results are summariadiéble 4.1.

Table 4.1: ANOVA results for the point of mean coherence (PMC) and the coherence
zone width (CZW), where ** is highly significant (p < 0.01), * is significant (0.01 <
p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent PMC Czw

variables df F  sig. daf  F  sig.
Amplitude 1,7 132.87 ** 1,7 4449  **
Profile 2,14 7.25 ** 2,14 457 *
Amplitude x Profile 2, 14 278 - 2,14 105 -

The amplitude had a highly significant effect on both the PM@ the CZW. The effect
of the profile on the PMC was also highly significant. Post-paicwise comparisons, using
Bonferroni correction for the level of significance, showttthe PMC for the 2 rad/s signal
was significantly higherg < 0.05) than the other two profiles.

The main effect of the profile on the CZW was also significartwidver, the pairwise
comparisons did not show any significant differences beatwiee profiles. The effect of the
frequency on the CZW may be related to the effect of the fraquen the PMC. It was
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observed that for higher visual amplitudes, both the PMCthadCZW were higher. If for
the 2 rad/s signal the PMC was higher, perhaps a higher CZWteesonly from a higher
PMC and not necessarily from the effect of the stimulus fesmy.

4.3 Hypotheses

An explanation for the different PMCs with different pro§ilean be found in the dynamics
of the SCC. The hypothesis is made that the dynamics of theeBE€Qot taken into account
in the internal comparison between perceived visual andgperd inertial motion, which
implies that the perceived coherence zones will vary deipgnon the frequency of the
stimuli used. To explain this dependency, the dynamics@B&8C are shown in Figure 4.3
together with three motion stimuli with frequencies of ®2and 10 rad/s (black circles).
The SCC dynamics are represented in terms of velocity inpdisaceleration input.

20 - — 5
acceleration input
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° motion stimuli

10t :
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Figure 4.3: Semi-circular canals dynamics represented in terms of velocity input and
motion stimuli with frequencies of 0.2, 2 and 10 rad/s (black circles).

The SCC model used here is the one fitted by Hosman and Van der(¥880) through
threshold measurements. The gain was set such that the maslel gain of one at the
frequency of 1 rad/s. The SCC model for an angular velocipyirand an output that is
proportional to angular velocity is given by:

0.1097jw + 1

5.924jw + 1
For a frequency range between 1 and 9 rad/s the SCC dynamiakaggproximately a

gain of one. For frequencies higher than 9 rad/s the SCCdat® a gain higher than one

Hsce(jw) = 5.972jw (4.2)
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in the vestibular path signal. If the visual and vestibulgnals are directly compared and
there is no internal compensation for the gain introducethieySCC dynamics, then the
vestibularly perceived motion amplitude will be highernithe visually perceived motion

amplitude. As a result of this perceived difference, suisj@dll require lower amplitudes

of inertial motion than the amplitude that physically cepends with the visual cue.

This reasoning is supported by the results of the previawdystThe PMCs at 10 rad/s
were 1.42 times higher than at 2 rad/s, which corresponds qull with the ratio of 1.45
between the SCC gains at 10 rad/s and at 2 rad/s (in Figure /.35 1.45).

For the lower frequency range, since the SCC gain is lowdiests will prefer higher
amplitudes of inertial motion than for stimuli in the randeldo 9 rad/s. For the frequency
of 0.2 rad/s the gain introduced by the SCC is lower than on¢hsohypothesis is posed
that subjects will prefer inertial motion amplitudes thag higher than the one-to-one match
with the visual stimulus.

Although this line of reasoning seems to explain the preslipobtained results, it de-
pends on the assumption that the dynamics of the SCC are maf taken into account
during the internal comparison of the visual and inertighsils. This would imply that
there is no internal representation of the SCC dynamicsatrtttis representation is not
accurate for too high or too low frequencies.

4.4 Experiment 2

44.1 Method
4.4.1.1 Apparatus

To measure coherence zones in yaw with a low frequency signal very large position
motion space is necessary. For this reason, experiment 2amaicted in the Desdemona
simulator at TNO Defence, Security and Safety in Soestgriidre Netherlands, shown in
Figure 4.4.

The simulator has an 8 meter linear track that can rotatenaritsl central point, provid-
ing a 4 meter centrifuge arm. The structure mounted on tleatitrack consists of a 2 meter
vertical linear track. A gimbaled structure mounted on teave track allows the cabin to
rotate more than 360 degrees in three orthogonal axes. dsimgion aeronautical nomen-
clature we name the rotations around the vertical axis fcgaw”. In this experiment only
the cabin yaw was used. The cabin yaw can has an acceleraipof 90 deg/$ and a
velocity limit of 180 deg/s.

A PC-based computer generated image system was used to teadeitside world. In
the cabin, three computers generated real-time imagesawitipdate rate of 60 Hz. Three
projectors (resolution: 1024 768 px) projected the image on a three-part flat screen,
placed at approximately 1.5 m from the participants’ eyesating an out-of-the-window
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Figure 4.4: The Desdemona simulator. (Courtesy of TNO, Soesterberg.)

field-of-view of 120 degrees horizontal and 32 degreesaatiThe outside visual scene
consisted of a view of an airport including some buildingstpf a runway and some grass
fields. The viewpoint height was 5 meters.

4.4.1.2 Experimental design

In order to be able to compare the results of the present iexpet with the ones from ex-
periment 1 (Section 4.2), performed in the Simona simulatame experimental conditions
were chosen to match exactly the ones also used there. So tlas Simona study, two
experimental conditions were defined by two visual ampé&idL2 and 30 deg’sand one
stimulus frequency: 2 rad/s.

Furthermore, to investigate the effect of frequency on thigecence zones in both ve-
locity and acceleration space a combination of frequendyaamplitude of the stimuli had
to be found that allowed for a comparison between signals twib different frequencies
and the same acceleration amplitude and two different &egies and the same velocity
amplitude. For the low frequency stimulus a frequency ofr@ds was chosen. Since due
to simulator velocity limits it was not possible to perforhetcondition defined by ampli-
tude 30 deghand frequency 0.2 rad/s, one other amplitude value was defBieeg/s.
Using this amplitude at a frequency of 0.2 rad/s allowed fdiract comparison, in velocity
space, with the condition with visual amplitude of 30 dégisd frequency of 2 rad/s, since
both result in a velocity amplitude of 15 deg/s.

The visual scene was also chosen to provide similar refeseas in the Simona study.
However, since the visual databases used were differerth@ndutside scene was not ex-
actly the same, it was thought that some investigation in¢oefffect of the content of the
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visual scene would be interesting as well. For this reasdmaii an exploratory character,
a condition was added with a different visual scene comgjsif a star field. At an ampli-
tude of 12 degiand a frequency of 2 rad/s, measurements were made undeifterernt
outside visual conditions: the airport scene and the stak, fihich consisted of white dots
on a black background. In this way only visual flow was prodided there was no other
elements that could give a real measure of distance orastitThe lack of concrete ref-
erences is thought to influence subject’s estimate of Vigpairceived attitude(Sweet and
Kaiser, 2005).

Table 4.2 summarizes the visual motion conditions. Noté dhdy the condition with
amplitude of 12 degfsand frequency of 2 rad/s was tested with both the airporteseen
the star field.

Table 4.2: Experimental conditions defined in terms of acceleration amplitude and
frequency of the visual stimuli and the resulting visual amplitude in deg/s.

Amplitude, deg/$

Frequency,
rad/s 3 12 30
0.2 15 60 -
2 15 6 15

In total there were six different experimental conditioRer each condition both upper
and lower thresholds were measured and each subject rdpssatie measurement 3 times
which resulted in a total of 36 trials per subject.

4.4.1.3 Procedure

Thresholds were measured using an in-the-loop self-tymiogedure also used in reference
(Correia Gracio et al., 2010). While being subject to a tarus sinusoidal yaw motion
both visually and inertially, subjects were asked to useyatjok to change the inertial
motion gain.

The joystick gain was different for the two frequencies ahdias chosen as a com-
promise between control sensitivity and tuning procedwunatibn. A high joystick gain
would cause abrupt or fast changes in the inertial motionliémde, possibly resulting in
discomfort or making it very difficult for subjects to finera the motion gain. A too low
gain would result in very long experimental trials. The jigls gain was set such that at the
maximum positive deflection, the joystick signal would aatlse velocity signal amplitude
to double in approximately 84% of the stimulus period. Thesjiwk signal was integrated
and to further smooth the transition between inertial mogains a second-order low-pass
filter (w, = 5, = 1) was applied. The output of the second-order filter was tip@tied to
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the inertial velocity signal. Additionally, some logic wapplied to the motion gain signal
to prevent negative gains or too high gains that would céawssitmulator to reach its motion
limits.

For measurements of the upper threshold, participantsagies to increase the motion
gain as much as possible while still perceiving the inertiation amplitude to match the
visually perceived motion. For measurements of the lowsgsthold, they were asked to
decrease the motion gain as much as possible while stilepéng matching inertial and
visual motion amplitudes. When the desired motion gain whsaed, subjects pressed the
trigger button on the joystick to end the trial. A second pres the trigger indicated they
were ready for the next trial. The initial motion gain was adem value between 1.15 and
0.85.

4.4.1.4 Subjects and subjects’ instructions

Seven male subjects and one female subject participatbd exjperiment. Their ages were
between 21 and 28 years, with an average of 24.63 years.

Participants were seated and held the joystick in theirtfigind. They were asked to
keep their head as much as possible in the seat's head-kstfaain from making head
movements, but they were free to scan the outside view at Wity wore a head-set on
which white noise was played to mask simulator noise. Theliset also allowed them to
communicate with the experiment supervisor at all times.

Subjects were instructed to make small adjustments to thi®mgain and after every
adjustment let the motion profile run for at least one fulliper They were also advised to
adjust the motion gain until they were outside their coheearone, that is, while measuring
an upper threshold they should increase the motion gaihtaet felt the inertial motion
was too strong. From that point they should slowly decrelgentotion gain until it felt
congruent again.

4.4.2 Results

Threshold values were obtained by computing the maximuntizenotion amplitude dur-
ing the last period of the sinusoidal signal in each triabrirthe upper and lower threshold
values a coherence zone width (CZW) and a point of mean cober@®MC) were calcu-
lated using Equation (4.3) and Equation (4.4), respegtivel

CZW = thyy, — thi (4.3)

VA
PMC = th, + CTW (4.4)
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Figure 4.5 shows the PMC and CZW for two visual amplitudes tavalfrequencies.
Values are presented in acceleration. In this and all sutesgdigures the error bars indicate
the 95% confidence interval of the adjusted means.
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Figure 4.5: Measured coherence zones for two visual amplitudes and two stimulus
frequencies.

An ANOVA was performed on the effect of the amplitude of theual cue and the
stimulus frequency on the PMC and CZW. The results are listethble 4.3. Similar to
previous experiments, both amplitude and frequency hadrafisiant effect on the PMC
and CZW. However, a significant interaction between fregyexnd amplitude was found.
At the amplitude of 12 deg?sand frequency of 2 rad/s the PMC increases with respect to
the one-to-one line, instead of slightly decreasing, asies! for the lower frequency. The
same trend can be observed for the CZW.

From Figure 4.5 it can also be observed that the PMCs wittotleer frequency stimulus
were not larger than the PMCs with the higher frequency aastexpected. However, if the
same results are represented in velocity space, as shoviguirer.6, the reverse situation
is observed. Here only the two conditions with a velocity #itage of 15 deg/s are shown.

Although the PMC with the lower frequency stimulus is higtiean with the higher fre-
quency stimulus, comparison using a T-test showed no signifidifference between both
conditions,t(7) = 1.605,p > 0.05. The CZW values show the inverse trend, with the
higher frequency condition having a larger CZW than the lofrequency condition. How-
ever, also here the T-test showed that the difference isigiifisant,¢(7) = —2.166,p >
0.05.

Figure 4.7 displays the PMCs and CZWs for the two conditioiib different outside
visuals.
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Figure 4.6: Measured coherence zones for two conditions with the same velocity
amplitude and different frequencies.
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Figure 4.7: Measured coherence zones for a stimulus frequency of 2 rad/s and two
different outside visual scenes.
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Table 4.3: ANOVA results for the point of mean coherence (PMC) and the coherence
zone width (CZW), where ** is highly significant (p < 0.01), * is significant (0.01 <
p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent PMC czw

variables df  F  sig. df  F  sig.
Amplitude 1,7 3313 ** 1,7 36.26 **
Frequency 1,7 1550 ** 1,7 3380 **

Amplitude x Frequency 1,7 10.73 * 1,7 1046 *

The PMC and CZW for the two visual scenes were fairly simitzd the T-tests did not
indicate a significant difference between the two condgiaf7) = —0.178,p > 0.05 for
the PMC and(7) = —0.776, p > 0.05 for the CZW.

The conditions with visual cue amplitude of 12 and 30 degfsd frequency of 2 rad/s
were compared to the ones from the previous study in the Sirsonulator. In the latter,
the same stimulus characteristics were used, althouggtalgldifferent tuning method was
used and, as mentioned before, different visual displayaecheristics. Figure 4.8 shows the
means and 95% confidence interval of the PMC and CZW for theraxental results in
the two simulators, Desdemona and Simona.
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Figure 4.8: Measured coherence zones for a stimulus frequency of 2 rad/s and two
visual amplitudes in two different experiments in the Desdemona and the Simona
simulators.
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The differences between results on both simulators are tanige, with the PMC and
CZW measured in Simona lower than the ones measured in Des@enf\lso, the 95%
confidence intervals are considerably larger for the erpent in Desdemona. Table 4.4
shows the results of the ANOVA, where the amplitude of thei@isues was considered
a within-subjects effect and the simulator used as a betwabjects effect. To guarantee
homogeneity of variance, the PMC data were transformedetogtiprocal and the ANOVA
was performed on the transformed data.

Table 4.4: ANOVA results for the point of mean coherence (PMC) and the coherence
zone width (CZW), where ** is highly significant (p < 0.01), * is significant (0.01 <
p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent PMC czw

variables daf  F  sig. daf  F  sig.
Amplitude 1,14 39.37 ** 1,14 1413 **
Simulator 1, 14 3.77 - 1, 14 6.33 *
Amplitude x Simulator 1,14 192 - 1,14 067 -

The statistical test revealed a significant difference betwthe two simulators for the
CZW but not for the PMC. As expected, the amplitude had a Bagnit effect on both the
PMC and CZW and there were no interaction effects betweeritanig and simulator.

4.5 Discussion

4.5.1 The imperfect internal representation hypothesis

The first experiment investigated the effect of the stimudhesjuency on the coherence
zones. The PMCs for the 10 rad/s signal were significantlytaan for the 2 rad/s signal.
At the higher frequency subjects preferred inertial mot@mnmplitudes that are lower than
the physically correspondent visual cue amplitudes. Thudiriig was explained using the
dynamics of the SCC: at higher frequencies, above 9 radkslbeity signal is more ampli-
fied than at the middle frequencies (from 1 to 9 rad/s). At bighequencies a higher gain
is introduced in the vestibular sensory path but not in tilseat path. When the visual and
vestibular signals are compared internally, the vestitgignal will be perceived as having
higher amplitude than the visual signal. When asked to miielamplitude of the inertial
signal with that of the visual, subjects will then tend toduhe inertial signal down.
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It is important to note that we are assuming that the compafi®tween the visual and
the vestibular paths is done in terms of velocity. Althoubére is no clear evidence to
support or reject this assumption, such a representatimmipelling since visually we can
perceive velocity (Hosman, 1996) and the output of the S6Ca frequency range between
approximately 1 and 9 rad/s, is also proportional to veyo&roen and Bles, 2004).

The experimental design, however, considered the actielermmplitude to be an in-
dependent factor. The choice to keep the acceleration ardpliand not the velocity am-
plitude, constant across different frequencies was baseheofact that, although the SCC
output is proportional to velocity, they are sensitive taelerations (Van Egmond et al.,
1949). The 2 and 10 rad/s signals had equivalent amplitudasdeleration. In terms of
velocity, the amplitudes have to be divided by the signailsgfiencies. This resulted in
different velocity amplitudes depending on the frequenicthe profile, making it difficult
to draw definite conclusions over the effect of velocity oa ttoherence zones. Perhaps
in future work it would be useful to consider different fremncy stimuli at fixed velocity
amplitudes.

Qualitatively, the gain of the SCC at the two frequencieddexplain the differences
found in the PMCs. From a modeling point of view, this implteat the conflict detec-
tion mechanism does not take into account the SCC dynamitstiotality. The increased
gain for higher frequencies could be accounted for, by fangxle, passing the visual sig-
nal through an internal model of the SCC canals, as propogedhbharias and Young
(Zacharias and Young, 1981) and later also modeled by TelhdnCardullo (Telban and
Cardullo, 2001). In that case, the conflict detection betvwibe signals from the visual and
from the vestibular path would be independent of the stimfrequency, with the exception
maybe for a frequency dependency of vection.

Since there seems to be a frequency dependency on the vestddular conflict de-
tection, it can be suggested that the internal representatfi the SCC dynamics is not
perfect. For frequencies between 1 and 9 rad/s the SCC fumafiproximately like a ve-
locity feedthrough, or, if an acceleration input is consédk like an integrator. It could
be argued that for the lower and higher frequencies, whiemaybe not that common in
normal head movements, the internal representation of @@ iS still just an integrator,
or a velocity feedthrough. That is to say that for frequestéss common in natural head
movements the SCC internal representation is simply ex@frdm the dynamics at more
“common” frequency ranges.

One way to test these assumptions would be to pre-filter #xtidh motion signal with
the inverse dynamics of the SCC, so that the total systemesfiper and SCC dynamics
would become the perfect velocity sensor at all frequenéiesn example, see Wentink et
al. (Wentink et al., 2009). In such a case, the PMC should eitftuenced by the stimulus
frequency.
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The effect of the stimulus frequency on coherence zones 8ast@sted by Van der
Steen (Van der Steen, 1998). Although he found no signifiesilts, it should be reminded
that the range of frequencies tested, from 1 to 2 rad/s, wdgnahe range in which the
SCC function as a velocity feedthrough. Besides the workawf ¥er Steen, no other study
could be found that directly showed the effect of the stimuhequency on the perception
of coherent visual and inertial cues. However, it has beewstl{Melcher and Henn, 1981;
Mergner and Becker, 1990) that vection is a low frequencggse that complements the
high frequency characteristics of the vestibular systers.afconsequence, at the higher
frequency profile vection might not be occurring, making jirgment of coherent visual
and inertial cues more difficult.

4.5.2 Testing the hypothesis at low frequencies

In the second experiment, like in previous studies the pegdeoherence zones were influ-
enced by the amplitude of the visual cue and the frequendyso$timuli. However, unlike
expected, at the higher amplitude and higher frequencyittongthe PMC and CZW val-
ues increased with respect to the one-to-one line. Thisitondlso presented the larger
95% confidence interval, indicating perhaps that subjeatsrhore difficulty or were less
consistent in determining the limits of the coherence zanéHis condition.

The comparison between the two frequencies in terms of aatein did not show an
increase in PMC for the conditions with lower frequency, as\wypothesized. However,
when representing the conditions and respective PMC and @aNs in velocity, the
expected trend is visible. For the lower frequency, the PMSS tigher than for the higher
condition. Although this is in agreement with the assumpttwat the gain imposed by the
dynamics of the SCC is not taken into account during the fir@liesomparison of the visual
and inertial paths, definite conclusions can not be madeesime difference between the
PMCs proved to be statistically not significant.

Also interesting to note is the inverse trend of the CZW wtshbws a lower value for
the lower frequency than for the higher frequency. It hasmb@eserved in Chapter 3 and
in Experiment 1 that the CZW increase is roughly proportidoahe increase in PMC,
similar to what can be seen in the present results when PMC2Zkd values are shown in
acceleration space. When represented in velocity spaseMeo, the CZW seems to be less
closely related to the PMC. This result might suggest thatgérceived inertial velocity
amplitude is being taken into account for the internal corspa with the visual signal
and the determination of a subjective one-to-one matchthiatithe perceived acceleration
level influences how much subjects allow a deviation front three-to-one match. One
other possibility would be that for the lower frequency citiogh, which has also the lowest
amplitude in terms of acceleration, 3 deg/the absolute motion perception threshold is
influencing the lower bound of the coherence zone. For atbiegght into this effect, in



92 The Effect of Frequency

Figure 4.9, the coherence zones are plotted in terms of wpEklower threshold for both
acceleration and velocity amplitudes.
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Figure 4.9: Upper and lower thresholds for all conditions displayed in both acceler-
ation and velocity units.

As can be seen in Figure 4.9b, the upper thresholds for battlittons are quite similar
whereas the lower thresholds differ, with the conditiortwifie lowest frequency showing
the highest value. Figure 4.9a shows that the lower thrdgloolthe lower frequency con-
dition approaches 3 ded/s Although this value is probably still well above the sernysor
threshold for this frequency (Heerspink et al., 2005; Viddpais et al., 2006), it might be
too low to allow subjects to make a fair comparison with theepived visual motion. If the
lower bound of the coherence zone is in fact being influengatidinertial sensory thresh-
old, then, not only the decreased CZW but also the increastci fér the lower frequency
condition might be a direct consequence of this. In that ctse perceived one-to-one
match might be lower than what the PMC indicates, but the uppé lower thresholds are
not symmetrically distributed around the subjective am@e point. This would refute the
hypothesis that the coherence zones are influenced by thel@tmnics.

To avoid a biased measurement of the coherence zone loveshtiid, higher acceler-
ation amplitudes should be chosen. However, it is diffiaufind a suitable velocity signal
amplitude for two such different frequencies as 0.2 and Zsrtmt still results in accelera-
tion signals that are comfortable for the subjects and fitwithe simulator’s velocity and
acceleration motion space. One other possibility wouldlEnbose frequency values closer
to each other, for example, 0.3 and 1 rad/s. At closer fregjesiit is easier to find an appro-
priate velocity amplitude, although the gains introducgdhe SCC are also closer. If the
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gains are similar, then any existing difference betweerttieerence zones measured at the
two frequencies will be more difficult to observe due to intiad inter-subject variability.

4.5.3 Comparison of the high and low frequency studies

The comparison of the results obtained in the Simona anderD#sdemona simulators
shows a considerable difference between the two simulatlittough the values of the
PMC and CZW obtained in Desdemona were much higher that teg foom Simona, sta-
tistically only the CZW values were considered to be sigaiiity affected by the simulator
factor. The data from Desdemona had also a much higher earigsulting in a larger
confidence interval.

The values for the PMC found in the Desdemona simulator wensiderably higher
than the one-to-one line, indicating an overestimatiomefisually perceived self-velocity
or an underestimation of the inertially perceived selfiomt As the visual display in the
Desdemona simulator is much closer to the observer thari8ithona simulator, and there
is no collimation, the objects in the visual scene might be@iged as closer to the observer
then in Simona. If that is the case, than the displacementedet objects at a certain
velocity might be interpreted as a higher self-velocityrtlifathe objects are perceived as
being further away from the observer.

Moreover, the proximity of the display in the Desdemona dator will result in a
higher sensitivity to head movements. For a shorter focsithdce, each head movement
will result in a displacement of the objects displayed wigispect to the subject’'s head,
when in fact, these objects are represented as being far améiprence, should move much
less with each head movement. This motion of the represestipgtts with each head
movement might also lead to the perception that objects laseicto the subject. When
displacements due to head movements are combined with ttiemad the visual stimulus,
objects might be perceived as moving at a higher velocity.

This overestimation of the visually perceived motion woihlen lead to a higher match-
ing inertial motion, explaining the higher values found floe PMC.

Although the two visual display systems differed also inspthspects, collimation might
be the one playing the most important role in the subjectatération of self-velocity.
Chung et al. (Chung et al., 2003) investigated the effectiincation, field-of-view and
resolution on the pilot's control performance and subjectiatings during a hover task.
They concluded that collimation had a positive influence aterhl velocity control and
pilot’s perceived sense of motion. A wider field-of-view sherl added value for position
and attitude control and resolution had no significant éffo, whereas the field-of-view
might be important for the perception of orientation witlspect to the world, absence or
presence of collimation might influence subjects’ perceptf self-velocity and overall
sense of motion.
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Besides the difference in visual system, also the visuateseeas slightly different,
although if the results from the comparison between the figlt and airport scene are
to be trusted, the specific visual scene might have less imfu¢han the visual system
characteristics.

One other important difference between the two studies hagxperimental method
used. Both relied on a self-tuning method, although in Siantbvat was accomplished by
letting subjects increment and decrement the inertialenaimplitude in consecutive trials,
whereas in Desdemona tuning was done in-the-loop and tingain@otion gain could be
changed continuously. Nevertheless, the effect of amg#itin the coherence zones showed
the same trend in both simulator studies and was indepenéigra simulator used.

4.5.4 Application to flight simulation

The present results suggest that to obtain the same levadroéiped coherence, signals
with high amplitudes or high frequencies can be more attierlignan low amplitude, low
frequency profiles. Attenuating high frequencies leadsltwapass filtering action, which
is contrary to what is done in most motion cueing algorith@isice low frequency signals
use more motion space than high frequency ones, most digwrihigh-pass filter inertial
accelerations and use tilt-coordination and visual stirfiaullow frequency cueing. Thus,
the presented trends are not in line with what is currentlyeda flight simulation.

Conversely, with respect to the amplitude of the inertiad,dhe findings do favor the
efficient use of motion space. More specifically, high anogl, high frequency yaw motion
can be tuned down to as much as 0.3, if considering the lowesltlold of the coherence
zone, or approximately 0.6, if considering the PMC. Howeeare should be taken when
extrapolating the trends found here to other motion profilée step-like profile tested, for
example, although containing frequencies above the 18,reeBulted in PMCs and CZWs
somewhat in between the two sinusoidal signals. This inegthat when moving from
motion profiles with one frequency to signals with a more claxfrequency content, as it
happens in flight simulation, then the perception of cohterimual and inertial cues might
not follow the amplitude and frequency trends found with@&rsinusoids. Even assuming
that the effects of frequency and amplitude remain the sammdre complex signals, then
still the phase of the different frequency components hagtaken into account. By solely
changing the phase values one can modify the time signal thathfor example, peak
amplitudes vary considerably.

When transferring the current findings to motion cueing igagibns, not only the above
mentioned effects should be considered but also the de§fie=dom. In pitch and roll and
during linear accelerations dedicated measurementsghewhade, since other inertial sen-
sors play a role. Moreover, the combined stimulation in nthean one degree of freedom
might also influence the perception of coherent visual aediil cues.
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4.6 Conclusions

The effect of stimulus frequency on the coherence zones m&stigated in two experi-
ments performed in the Simona and the Desdemona simulators.

In both experiments it was observed that the amplitude ofitheal cue influenced both
the PMC and the CZW.

In the first experiment, the frequency of the stimuli had aigant effect on the PMC
and the CZW. For a medium frequency stimulus (2 rad/s), th&€R¥d the CZW were
higher than for the high frequency stimulus. A model of theCS&as used to qualitatively
explain these trends and an hypothesis was posed regardingparfect internal represen-
tation of the SCC dynamics.

In the second experiment this hypothesis was tested. If dherence zone measure-
ments are observed in velocity space, then the trend of th€ Rivllower stimulus fre-
guency seems to support the hypothesis that the SCC dynanflissnce the perceived
coherence between visual and inertial cues. However, thes&ound for the CZW and the
individual lower and upper thresholds indicate that theightnbe an effect of the inertial
sensory thresholds for the condition with the lowest acedilen amplitude. For this reason
the main hypothesis could not be confirmed.

For further research into this effect, care should be takehe choice of suitable stim-
ulus frequencies and amplitudes. At low frequencies higleeeleration profiles will have
high velocity amplitudes which might be uncomfortable fobgcts and/or reach simulator
limits. The effect of frequency on perception coherenceesdn, for this reason, easier to
investigate at the middle frequency range (1 to 9 rad/s) &idfrequency rangex 9rad/s).

The comparison of the two studies in different simulatosgtd large differencesin the
PMC and CZW. This might seem discouraging for motion peticeptesearch in motion
simulators, since results in one simulator can apparewtiyoa easily transposed to other
simulators. Nevertheless, if the focus remains on the geather than on the absolute
values, then the conclusions drawn are similar for bothisftadcoherence zone widths
increase with increasing visual cue amplitude, and at migheplitudes the point of mean
coherence tends to lower with respect to the one-to-one line

The visual scene content had no influence on the measurececaieezones. However,
the particular characteristics of the visual system migivieha large influence on the exact
values of the measured thresholds, and, as mentioned befigite explain the large differ-
ences found between the coherence zones measured in thienwaters.

These findings imply that in a vehicle simulation scenarghlamplitude yaw motions
might be tuned down to approximately 0.6 of the visual cuetaatihigh frequencies can
be attenuated more than low frequencies. However, in a folian scenario with cues that
occur simultaneously in more than one degree of freedosytiiue might change. Further
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research on this topic should extend the range of frequemacid amplitudes tested as well
as add motion cues in other degrees of freedom.

Moreover, to move towards a pilot-in-control situatione téffect of workload on the
perception coherence zones should also be investigatedndoa vehicle simulation sce-
nario, subjects attention is generally dedicated to maaualpervisory control tasks, or
both. In such a scenario, the attention given to the permepésk of matching perceived

visual and inertial cues decreases, which might influenedtundaries of the perception
coherence zone.
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5.1 Introduction

Motion filters distort not only the amplitude of the inert@les but also the phase. For a
complete assessment of the effect of motion filtering ontpilotion perception, and more
specifically, on the perception of combined visual and iakues, both amplitude and
phase should be taken into account.

Several studies have investigated the effect of motionrifigeon pilot performance
(Shirachi and Shirley, 1977; White and Rodchenko, 1999ngite Jr., 1993; Schroeder,
1996; Grant et al., 2006), pilot manual control behaviorgP@012), handling qualities
(Chung and Schroeder, 1997; Damveld, 2009) and pilot ma@ttmeptance and perception
(Schroeder, 1996; Grant et al., 2006). Using different iogtthey related filter gain and
break-frequency to a desired level of motion fidelity. Thga@s and break-frequencies
can be related to the amplitude attenuation and phase tibistaf the inertial cue with
respect to the visual cue. However, a specific filter gain @dglrespond to different levels
of attenuation at different frequencies. The same way, aifspbreak-frequency value will
lead to different levels of phase distortion depending @stimulus frequency that is being
considered.

When measuring pilot motion acceptance with different orofilter settings, both am-
plitude and phase mismatches occur and it is not clear wisicdnpeter will cause a specific
setting to be rated as good or bad motion. Moreover, sirgilarlwhat was found for am-
plitude mismatches(Valente Pais et al., 2010a), the paorepf phase distortion between
cues may depend on the frequency of the stimuli. This frequelependence behavior
cannot be captured with an approach that lumps togethereiff phase distortion values
under one break-frequency value. To better understand dohamisms behind perception
of phase mismatches between inertial and visual cues, ahdasbeen done for amplitude
mismatches, the phase coherence zone should be measufet@ntstimulus frequencies.

There are few studies that directly measured phase misemtofiween inertial and
visual cues. Earlier works mainly focus on time-delays sy from technical limitations
of the visual and inertial systems rather than phase misraatdue to the effect of motion
filters (Frank et al., 1988). For example, Miller and Riley9{¥) measured the effect of
time delays between the inertial and visual cues on the paeice of one subject during
a tracking task. They concluded that performance was sigmifiy decreased when the
inertial cue lagged the visual cue by 300 ms and their subjecided to become nauseated
for time delays larger than 200 ms. They related the meagimeddelay values to phase
differences based on the short period frequency of the albedraircraft model, which was
2.38 rad/s. However, it is not clear that the controlledraiitc and hence also the simulator
inertial motion, was in fact sinusoidal.

The tracking task consisted of following a target aircraftiehh moved vertically with
a frequency of 0.21 rad/s and the subject had control of the aiveraft in pitch and roll.
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The frequency of motion in the vertical plane was thus vepetgent on the pilot's control
inputs and the response of the aircraft model. Moreovey, tésted mostly conditions with
the inertial motion lagging the visual motion, and not, asaitild be expected by the use
of a high-pass motion filter on the inertial channel, thetiaécue leading the visual cue.
Furthermore, since they only used one subject and there wtsmin more than one degree
of freedom, it is difficult to generalize and use these redoldetermine a phase coherence
zone.

Grant and Lee (2007) directly measured detection of phese-thresholds for sinu-
soidal pitch motion. Although not explicitly stated by thetlaors, they have measured
phase coherence zones. They have determined a phasehezshrald below which the vi-
sual and inertial cues were perceived as synchronizedajththere was a phase difference
between them. Correspondingly, phase differences abevehtase-error threshold lead to
the perception of incoherent, unsynchronized visual aediad cues. Since generally mo-
tion filters provide phase lead to the inertial cue, they laresidered only the cases where
the inertial cue leads the visual cue. This lead to only orsspferror threshold, as opposed
to other coherence zone measurements which have a lowenampar threshold. Never-
theless, to all phase values between 0 deg and the measwasetgiror threshold may be
considered a phase coherence zone. Grant and Lee (200)restphase-error thresholds
for pitch motion with frequencies of 1.257 rad/s and 6.28¥sand amplitudes of 2.29
deg/s and 5.73 deg/s. They used a flight simulator for thei@enotion and provided the
visual cue through a head-mounted display. The mean phesetereshold found was 57
deg.

The goal of the present experiment is to extend Grant andslveark (2007) to higher
amplitudes and frequencies and establish a basis for adtiearmodel which could be
extrapolated to other conditions. Although they used pitdtion, in the present work yaw
is used. By using yaw motion instead of pitch, the effect @viational cues is avoided,
which may simplify the interpretation of the results. Netetess, in order to have a direct
comparison with Grant and Lee’s data (2007), two conditiares performed with pitch
motion.

This chapter first presents the hypotheses posed with respe effect of amplitude
and frequency on the phase-error thresholds, followed bsaription of the experimental
method used. The results are shown and compared with th&dat&rant and Lee (2007).
The chapter ends with a general discussion and conclusions.

5.2 Hypotheses

Human perception of stimuli synchronization can be regérake a time dependent or a
phase dependent mechanism. One might argue that the datettinsynchronized visual
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and inertial cues is simply a matter of identifying the ocence of two events in time.
If that is so, there would be no reason to believe that theugaqy of the stimuli could
change that time-based threshold. That is to say, the p@yodhreshold is independent
of the frequency of the motion signals. However, both visarad inertial stimuli are not
sharp events that occur at a specific point in time. Rathey #fould be considered as
stimuli that may continuously vary in time. In fact, the judgnt of how well both stimuli
are synchronized should occur during stimulation. For te&son, it is hypothesized that
subjects will act like phase detectors, rather than timeydgetectors.

This hypothesis states that subjects are sensitive to pliffeseences between two sinu-
soidal motion stimuli, that is, the measured thresholdsheilphase-error thresholds. These
phase-error thresholds may vary depending on the frequamtyamplitude of the stimuli.
The phase-error thresholds obtained by Grant and Lee (2G0He used to make further
considerations on these effects.

Grant and Lee (2007) measured phase-error thresholdgébrmbtion with the inertial
motion leading the visual motion. They used sinusoidal orosignals with two different
frequencies, 1.257 rad/s and 6.283 rad/s, and two diffamaplitudes, 2.29 deg/s and 5.73
deg/s. This resulted in four experimental conditions wttloby tested twice, once using
a motion gain of 1 and once using a motion gain of 0.5 appliethéinertial motion.
They also investigated the effect of visual scene compldxittesting all the conditions
with a simple visual consisting of a horizon line and a mormptex visual scene which
included houses and trees. In total, they measured phesetteesholds for 16 conditions.
A summary of their results is given in Table 5.1.

Table 5.1: Average phase-error thresholds obtained by Grant and Lee (2007).

Amplitude, deg/s

Motion Visual Frequency,
gain  complexity rad/s 2.29 5.73
0.5 Low 1.257 87 50
0.5 Low 6.283 68 46
0.5 High 1.257 82 45
0.5 High 6.283 60 41
1.0 Low 1.257 70 38
1.0 Low 6.283 46 32
1.0 High 1.257 54 40
1.0 High 6.283 66 38

Based on these results two opposing hypotheses may be potesleffect of frequency
on the phase-error thresholds.
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The first hypothesis is based on the results from the comditidth the lowest amplitude
(2.29 deg/s). For these conditions, the phase-error thlgshvere approximately 20 deg
higher for the lower frequency than for the higher frequefexcept for the two conditions
with a motion gain of 1 and high visual complexity scene). i&inmto what was done for
amplitude coherence zones, this result can be explainedebglytnamic characteristics of
the SCC. Figure 5.1 shows the SCC dynamics in terms of matg#nd phase, as described
by the model in Equation (5.1) (Hosman and van der Vaart, 1980
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Figure 5.1: Semi-circular canals dynamics with indication of the experimental stim-
ulus frequencies in Grant and Lee (2007).

0.1097jw + 1
5.924jw + 1

As can be seen in the phase plot, Figure 5.1b, the SCC intecaln@dditional phase
lead (indicated by\) at the frequency of 6.283 rad/s when compared to the frexyueh
1.257 rad/s. Since this extra phase lead is provided by ti& 8@ill only affect the per-
ception of the inertial cue. Due to this phase lead, durimgititernal comparison of the
visual and inertial cues, the inertial stimulus might becpéred as being ahead of the visual
stimulus. This effect is based on the assumption that huh@anst have an accurate inter-
nal representation of their SCC, and therefore, cannotriatly compensate for it in their
comparison of the two stimuli. During the experiment, aifiaial phase lead is introduced
in the inertial signal, which is added to the lead providedt®y SCC, resulting in a larger

Hscc(jw) = 5.972jw (5.1)
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phase difference between cues than the difference acabfortby the experimental pro-
cedure. Assuming a constant phase-error threshold at theemiche perceived visual and
inertial cues are internally compared, the conditions wittigher frequency should present
a lower phase-error threshold, since the SCC are alreadylinting phase lead. The differ-
ence in the measured thresholds at the two different frezjeeshould be entirely explained
by the difference in phase lead introduced by the SCC. In faetdifference in phase lead
introduced by the SCC is 21 deg, which corresponds quitewitll the approximately 20
deg difference observed in the measured thresholds.

The second hypothesis is based on the results of Grant an(RDe&) for the higher
amplitude conditions. Here, the phase-error thresholcineed fairly constant across fre-
guencies. It could be hypothesized that at the lower ang@ittonditions subjects had diffi-
culties perceiving the motion stimuli and the apparentatfté frequency is in fact an effect
of amplitude. Although the lower amplitude signals are vaddbve threshold, they might
still hinder subjects’ judgment when they need to simultarsty evaluate both inertial and
visual cues. This fact seems to be supported by the facthhegholds are slightly higher
for the conditions with a motion gain of 0.5. Furthermorehat higher frequencies, for the
same velocity amplitude, the acceleration amplitude iedig This could explain why the
thresholds found were lower for the high frequency condgidncreasing the acceleration
amplitude of the stimuli, either by increasing the frequeac by increasing the velocity
amplitude, will perhaps result in stimuli which are eas@perceive and judge. Therefore,
if large enough stimuli are used, the phase-error thresheliduld be independent of the
frequency.

This hypothesis also implies that there is an effect of aiugé on the phase-error
thresholds. It could be said that as the amplitude of theudtimcreases, the phase-error
threshold will tend to decrease. Itis thought, though, thiateffect saturates above a certain
amplitude.

5.3 Method

5.3.1 Apparatus

The experiment was conducted in the Simona Research Sonwhich has an hydraulic 6
degree-of-freedom motion base which allows for a maximwspldcement of- 41.6 deg in
yaw and -23.7 to 24.3 deg in pitch. The visual system consfdtwee LCD projectors, with

a resolution of 1280« 1024 pixels per projector, and a collimating mirror that\pdes a
field of view of 180 degx 40 deg. The visual update and refresh rates are 60 Hz. Forea mor
detailed description of the Simona simulator motion andafisystems capabilities and the
computer architecture and software used, please refertés®assen and Stroosma (2000);
Stroosma et al. (2003); Berkouwer et al. (2005). The outgigsieal scene consisted of a
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view of the Amsterdam Schiphol airport including the cohtowver, some lower buildings,
part of a runway and some grass fields, from a viewpoint heifjtmeters.

5.3.2 Experimental Conditions

Phase-error thresholds were measured for yaw motion sigvith three frequencies and
two amplitudes. Thresholds were measured only for the cdseamhe inertial motion
leads the visual motion, since generally motion filters gieyphase lead in the inertial
cue. To allow for a direct comparison with the data from Gramd Lee (2007), phase-
error thresholds were also measured in pitch, for two fragies and one amplitude. The
two lower frequencies chosen were the same as the ones ugedtheir study, 1.257 and
6.283 rad/s. The highest frequency, 10.053 rad/s was chodes in the range above 10
rad/s where the semicircular canals dynamics introducegaigphase lead, but it is not a
too high frequency that it would become uncomfortable far shibjects in the simulator.
The low amplitude chosen of 5.73 deg/s was also used by Graht.ae (2007). The
other amplitude of 9.17 deg/s was chosen to extend theirtdatéggher amplitudes. All
experimental conditions are listed in Table 5.2.

Table 5.2: Experimental conditions.

Frequency, rad/s

Amplitude,
deg/s 1.257 6.283 10.053
5.73 Yaw/Pitch  Yaw/Pitch Yaw
9.17 Yaw Yaw Yaw

The specific values of 9.17 deg/s for the amplitude and 10r@88/3 for the frequency
were selected such that two of the conditions would also yweddentical amplitudes in
acceleration. Initially, this was thought to provide aremststing comparison, although the
idea was later discarded.

Table 5.3 shows the resulting amplitudes in acceleratiefgcity and attitude for all
conditions. The amplitude defining a condition is denotedélocity. All conditions were
chosen to produce reasonable values of acceleration angigitén the limits of the Simona
simulator.

5.3.3 Motion Profile

Both the visual and inertial motion signals were sinusqidéth equal amplitude and fre-
guency but different phases. To guarantee that the actieleraelocity and attitude of the
simulator always started and ended at zero in each run, #rdahmotion signals were
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Table 5.3: Attitude, velocity and acceleration amplitudes for each of the experimental

conditions.
Frequency, rad/s
1.257 6.283 10.051 1.257 6.283 10.051
Attitude, deg 4.56 0.91 0.57 7.30 1.46 0.91
Velocity, deg/s 5.73 5.73 5.73 9.17 9.17 9.17
Acceleration, degfs 7.20 36.00 57.60 11.52 57.60 92.17

faded in and out. To avoid any unwanted discrepancies bettteevisual and the inertial
signals, the fade-in and fade-out were also applied to thaalisignal. Equation (5.2) de-
scribes the fade-in and fade-out parts of the motion prafikeims of accelerationd and
w are the amplitude and frequency of the acceleration sigisagiven by the experimental
conditions, indeg/s? and rad/s, respectively. The amplitude = A/12 and the frequency
w. = w/2 were chosen such that the velocity signal started at zeravasccontinuous at
t=2n/w=T.

ft) = %Asin(wt) - %Asin(wt) cos(wst) + A. sin(w,t) (5.2)

Equation (5.3) shows the complete motion signal in termscoékeration.T” is the pe-
riod of the signal andV is the number of periods in each experimental run, excluthieg
fade-in and fade-out periods. The valuedfdepended on the frequency of the motion sig-
nal. A minimum of two periods and 10 seconds of duration wassitered to be necessary
to allow for a good judgment of the match between the visudlthe inertial signals. For
the lowest frequency, the value df was 2, resulting in experimental runs of approximately
20 seconds. For the middle and highest frequencies of 6:282@051 rad/sV was set at
8 and 14, respectively, resulting in experimental runs grapimately 10 seconds.

F(b), 0<t<T
a(t) =< Asin(wt), T<t<(N+1)T (5.3)
f&=T), (N+1)T<t<(N+2)T

For the both the yaw and pitch conditions, the center of imtavas the subject’s head.
During pitch motion, and to maintain as much as possiblelamgionditions to the ones
in Grant and Lee’s study (2007), there was no compensatiathéospecific forces arising
from tilting with respect to gravity.

In each run, the inertial motion lead the visual motion by astant phase. By keeping
a constant phase difference also during the fade-in, th#iahenotion effectively started
while the visual scene was still stationary, and during fadethe visual motion kept on
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moving, while the inertial motion had already stopped. Aiibh the inertial motion was
considered to be sub-threshold during these short timeefsaahthe beginning and end of
each run, it could not be excluded that this might aid subjecthe detection of a time
delay between the onset and stopping of both cues. To avisiddilitional clue, the visual
scene was also faded-in. A blank screen was shown at thertiegiof inertial motion, and
only after a half period the visual scene would appear. Tarass soft transition between
the blank screen and the visual scene, the visual scene dexd ifaduring 500 ms.

The synchronization of the inertial and visual cues was stdfliaccording to known
intrinsic time delays of the visual (Stroosma et al., 200% eotion systems (Berkouwer
et al., 2005) of the simulator. To compensate for these tiglayd, the visual scene was
artificially delayed by 6 ms.

5.3.4 Procedure

Subjects were seated in the right-hand-side chair of thelabor cabin. Subjects wore a
headset with active noise cancellation where engine no&eplayed to further prevent
any noise cues. The trim button on the sidestick, on the Bgie of the participants, was
used to record their answers throughout the experimentsl r€ommunication with the
experiment supervisor was possible at all times.

The experiment was divided in trials. Each experimental tonsisted of several runs.
In each run, the visual and inertial motion signals had timesamplitude and frequency
but a different phase. Throughout one trial the visual digrees kept constant whereas the
inertial signal phase was varied according to a so-calleduprone-down adaptive staircase
algorithm, similar to the one used in Experiment 1 in ChaBtefhe choice of measuring
method was determined by the fact that, although subjecteasily identify a phase mis-
match, they are rarely able to determine which of the sigfvédsial or inertial) was leading
and which one was lagging. This precludes the use of theseaitg method.

The staircase algorithm determined the phase-error to pkedpo each next run de-
pending on the phase-error of the previous run and on thestsbjudgment of the visual
and inertial motion signals. After each run subjects wekedsf the inertial and visual
cues were synchronized. They provided their answer by pgghe trim button up, signi-
fying “yes”, or down, signifying “no”. Depending on the selot’'s answer the phase-error
in the next run was either increased (if the answer was “yesfecreased (if the answer
was “no”). The amount by which the phase-error was increaséécreased was called the
step size. After each reversal in the subjects’ answer #esre was halved. If the same
answer was given more than four times in a row the step sizelaalsled to assure a faster
approach to the threshold. The initial phase-error wasoarized between 0 and 5 deg and
the initial step size was 8 deg. An increase in phase-erranintdat the inertial motion
would lead the visual motion by a larger value.



5.4 Results 107

While there was no upper limit, the lower limit for the phasmewas zero degrees. If
the value reached zero and the subject answered “no” foritmestin a row, the phase error
in the next run was randomized between 50 and 70 deg. Thiseasthat subjects who,
due to tiredness or lack of attention, perceived phaseaseatthough there were none, could
“restart” their judgment. The experimental trial finishelem either the step size reached 1
deg or the number of reversals reached ten.

For every subject the order of conditions was randomize@rysubject repeated each
condition three times, which resulted in a total of 24 expental trials per subject. Each
subject spent approximately 2 hours in the simulator with aninute break halfway.

Before the experiment started, subjects were given thias to get used to the proce-
dure.

5.3.5 Subjects and subjects’ instructions

Eight subjects participated in the experiment, seven naldone female. Their ages were
between 23 and 26 years with a mean of 24.75 years. Five ssibjdcated having previous
experience with full motion simulators.

Subjects were informed that the experiment was divided inraber of trials. Each trial
consisted of a random number of runs, of which some containgithse-error and others
not. The number of runs with or without phase error was alatedtto be randomized.
Although not explicitly mentioned, it was suggested thagittanswers had no influence
on the phase-error of the following run. Subjects were as&gddge whether the visual
and the inertial stimuli were synchronized in time. They evarstructed to concentrate
solely on this synchronization detection and to avoid ggttiistracted by other factors
in the experiment, such as possibly perceived amplitudenatishes. They were, however,
encouraged to report any kind of cues or strategies useddotdle synchronization errors,
or any other impressions about the experimental condiaoisprocedure.

5.4 Results

For each experimental trial a phase-error threshold wasrmi@ted using the subjects’ an-
swers in each run. A “yes” answer was assigned a value of zera &no” answer a value of
one. A psychometric curve based on a normally distributedudative probability function
was then fitted to the answers using a least squares methegsybohometric curves were
defined by a meanu and a standard deviation) as described in Equation (5.4).

1 A 2
P(4) =~ 2W/ €307 @1 4oy (5.4)
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Here, the variable: represents the phase-error or phase difference betweefistied
and the inertial motion signal$? is the probability of a phase-error with the valdeo be
perceived as unsynchronized visual and inertial stimuli.

The estimated value qf, which is the phase-error at the 50% probability level, was
taken as the phase-error threshold. The estimated phasakeesholds were then averaged
across repetitions of the same experimental condition.akeaged phase-error thresholds
for all subject are shown in Figure 5.4 for pitch and yaw motidhe bars represent the
95% confidence interval.
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Figure 5.2: Phase error thresholds for both yaw and pitch motion.

The pitch phase-error threshold was approximately the $ameoth frequencies. The
yaw phase-error thresholds did not appear to be influencdddgmplitude of the cue, but
there was a slight variation with frequency. The lowest aighést frequencies showed
higher thresholds than the middle frequency. A remarkaiflerdnce between conditions
seems to be the spread in values, with the lowest frequemaijttans in yaw and the highest
amplitude and highest frequency condition showing a muajel05% confidence interval.

To further investigate the spread in the measured threshthld data was organized in
box plots, as seen in Figure 5.3. In this figure, the centnal tepresents the median and
the edges of the boxes are the 25th and the 75th percentifeswiiiskers extend to all
data points that are not outliers. Outliers are consideedd gdoints that are larger than
g3 + 1.5(¢g3 — ¢1) and smaller tham, — 1.5(¢g3 — ¢1), whereg; andgs are the 25th and the
75th percentiles, respectively. Outliers are given togettith the indication of the subject
number.
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Figure 5.3: Box plot of all conditions showing outliers.

As can be observed from Figure 5.3, the large spread in thecgaditions with the
lowest frequencies can be explained by the fact that subjeuber 3 presented phase-error
thresholds that were much higher than the mean for thoseitcmmsd Subject number 3
reported having difficulty perceiving the inertial moticor these conditions. In fact, these
conditions result in the lowest acceleration amplitudeg (Rable 5.3) and difficulty in per-
ceiving the cue might have strongly impaired the subjediiita to perform the task. The
data from subject number 3 was removed from the data set daaddt included in the
results shown from this point on.

The averaged thresholds excluding subject number 3 arershhowigure 5.4, where
the bars indicate the 95 % confidence interval. Here, thelinlds are presented in terms
of phase error and time delay. The time delay values wereileaérl from the phase-error
thresholds measured and the frequency of the signal. Siecgtimuli used were single sine
waves, each phase-error value corresponds to one spatifidilay between the inertial
and the visual motion. In this figure two hypothetical linge also shown that represent
the trend the thresholds should follow in the case that stbjeehaved like phase-error
detectors and in the case they behaved like time-delaytdesed hese lines were calculated
by considering the constant phase and constant time-debsythe average of the measured
thresholds for all conditions.

In Figure 5.4a the measured phase-error thresholds seestide the constant phase
line much more than the constant time-delay line. This tesah be better observed in
Figure 5.4b, where the thresholds follow the constant pliasejuite closely. The time-
delay threshold is much higher for the low frequency condgi which is to be expected
since for lower frequencies, the same phase error corresgora larger time delay than for
the higher frequencies.
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Figure 5.4: Thresholds expressed in terms of phase error and time delay.

An ANOVA was performed on the data. For the yaw phase-errarstivlds, nei-
ther the amplitude{(1,6) = 0.118, p > 0.05) nor the frequencyq(2,12) = 3.111,
p > 0.05) had a significant effect on the thresholds. There were alsateraction effects
(F(2,12) = 0.903, p > 0.05). For the pitch thresholds, there was no significant diffeee
between frequencie$(1, 6) = 0.132, p > 0.05). Between yaw and pitch thresholds there
was also no significant differenceB (1, 6) = 0.527, p > 0.05).

For comparison purposes, the measured thresholds are ghgether with the data
from Grant and Lee 2007 in Figure 5.5. Their thresholds wérdedy to 50 deg larger than
the ones measured in the present experiment. These diffss@might be due to the differ-
ent visual system and experimental method used.

The phase-error thresholds were determined assuminghthdinte delay between the
visual and the inertial stimuli was solely determined by pivase-error introduced by the
experimental procedure. Any other synchronization issue® taken into account by ar-
tificially delaying the visual scene by 6 ms to match the knamirinsic time delay of the
motion system. However, both the visual system time delaytha motion system time
delay were measured for specific configurations of visugblgis and motion profiles. It
could be argued that for the specific stimuli of the presepeerment these time delays
would change.

To investigate the impact that unaccounted for timing déffeces might have on the mea-
sured thresholds, modified phase-error thresholds wecelatéd. These modified thresh-
olds show the subjects’ average thresholds for hypotHetinang differences between the
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Figure 5.5: Comparison of the measured phase-error thresholds with the data from
Grant and Lee (2007).

inertial and visual signals. Figure 5.6 shows these thildsHor timing differences from

-10 to 10 ms. A positive timing difference indicates thaheitthe inertial motion system
had a smaller time delay than what was compensated for, aighal system had a larger
time delay, or both. A negative value shows the oppositaan, either the inertial motion
system was slower or the visual system was faster thanlipitiansidered.
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Figure 5.6: Impact of unaccounted for timing differences between visual and inertial
signals on the phase-error thresholds.
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As expected, any small timing difference that was unacaalfdar would have a larger
impact on the phase-error at the higher frequencies thdredbiver ones. Despite the fact
that there seems to be quite a difference between the melabuesholds and the thresholds
for the maximum timing differences at the highest frequescinost values are still within
the 95% confidence interval calculated for the measured data

5.5 Discussion

An experiment was performed to measure the maximum phadefahe inertial cue that
was still perceived by subjects as being synchronized wighvisual cue. This maximum
value, also denominated phase-error threshold, was meshfanr pitch and yaw motion at
different frequencies and amplitudes of the stimuli.

The measured phase-error thresholds did not show sigrtifiii@rence between yaw
and pitch thresholds. The specific forces arising from thehpimotion were either not
relevant for the phase-error detection task or perhagmdih they were above the surge
threshold, not large enough to be useful.

The yaw phase-error thresholds were also not affected bgrthgitude of the stimuli.
This is not in agreement with the values recorded by Grantlazel (2007), where the
thresholds at the lower amplitude were between 15 deg andegthijher than for the
higher amplitude. That effect was even more pronouncedrcbnditions with a motion
gain of 0.5. Their results resemble the ones of subject 3d@mptksent experiment, whose
phase-error thresholds for the lower frequency yaw caotitivere around 50 deg to 60
deg higher than at other frequencies. The subject had swdteithg these low frequency
conditions, that it was difficult to perceive the inertial tiom. The low frequency conditions
have, in fact, the lowest acceleration amplitudes (seeeTal3)). These low values, although
well above threshold, might still be insufficient to allow Bngood comparison between the
visual and inertial stimuli. Curiously, the subject’s loreuency pitch threshold was in the
same range as the other values. However, during pitch mati@xtra gravitational cue can
be used to detect the sinusoidal inertial motion, faciligathe comparison of both stimuli.
For all the other subjects the amplitude of the stimuli wasaapntly large enough to allow
for a good detection of mismatches between inertial andaVisues.

The stimulus frequency did not significantly affect eithiee tyaw or the pitch phase-
error thresholds. This result is in agreement with what waseoved for the higher ampli-
tude conditions in Grant and Lee’s study (2007). In theidgtdrequency had an evident
effect only for the low amplitude conditions. As discusséd\e, the combination of low
amplitude and low frequency leads to very low acceleratiopléudes. As the stimuli ac-
celeration amplitude decreases, subjects seem to beconeden@nt in their judgment of
matching visual and inertial cues, resulting in higher ghasor thresholds. The ampli-
tudes and frequencies chosen in the present experimeitexBuapparently large enough
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acceleration amplitudes, which allowed all subjects, i exception of subject number
3, to make a good evaluation of both inertial and visual cuesking at all the results, the
ones presented here and the ones from Grant and Lee (20€3)Jdtbe said that an effect
of amplitude and frequency is only observable for low anojlé stimuli.

The constant phase-error thresholds measured acroseffreigs also indicates that hu-
man subjects are sensitive to phase differences betwesgsl @isd inertial cues, rather than
time delays. If subjects would be time-delay detectors ooaldvexpect that as frequen-
cies increase, the phase-thresholds would also increasaesults found for both yaw and
pitch motion showed that as the frequency increases, theggnding time-delay thresh-
old greatly decreases, following the expected trend of atam phase-error threshold.

Comparing the actual threshold values found in this studly thie ones from Grant and
Lee (2007) it is clear that the pitch phase-error threshalei® much lower for the present
work. Despite the fact that the higher values they found @efalver amplitude conditions
may be explained by an insufficient inertial cue amplitude,the higher amplitude con-
ditions, there is still a 20 deg difference. Grant and Leed{@(erformed measurements
of their visual and motion systems inherent time delays iipally for their experiment
whereas in the present experiment, previously measuredvalere used. The time delays
inherent to the systems were not measured for the purpose gfresent experiment and
might have gradually changed with time or be slightly off doepecific characteristics of
the experimental setup, such as visual scene complexityhanftequency of the stimuli.
To investigate whether such timing differences might explae differences between the
results in both studies, modified thresholds were calcdlbtesed on hypothetical timing
differences between visual and inertial signals. It wasitfin that the modified thresholds
could also reveal a small effect of frequency that was masietiming differences that
were not accounted for in the experimental setup.

As expected, the modified thresholds at higher frequendifesset the most from the
measured thresholds. Nevertheless, for unaccountedyififierences of as much as 10 ms,
at the highest frequency, the phase thresholds would iser@adecrease by a maximum of
around 5 deg. On the one hand, a higher phase-thresholdtertfigquencies could be
expected if humans behaved like time-delay detectors. Mekyvalthough 5 deg represents
a 20 % to 25 % increase in the threshold value, it is still nohash as it would be expected
from a constant time-delay threshold. On the other handwarghase-error threshold
at higher frequencies is in agreement with the hypothesisttie phase lead introduced
by the SCC is not compensated for in the internal compari$aiisaal and inertial cues.
Nevertheless, a decrease of only 5 deg does correspond itlelthe 30 deg phase lead
introduced by the SCC at the highest frequency with respettd lowest frequency. It
is thus unlikely that there is an effect of frequency maskgditall timing mismatches
between the visual and inertial systems.
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The study of the modified thresholds also did not help expllaén20 deg difference
found between Grant and Lee’s (2007) study and the presenfRarhaps more straightfor-
ward reasons for the discrepancy can be pointed out, suttedadt that both studies were
performed in different simulators and the visual systenmesludiffered considerably. The
influence of visual system characteristics, such as fieldief and collimation, have been
shown to influence subjects’ sense of motion (Chung et al3RMNevertheless, to be able
to understand the effect of these characteristics on theepton of cue synchronization,
further investigations are needed.

Differences in the experimental methods used may also iboterto the difference in
the measured thresholds. In this study the threshold vahsedefined to be the phase-error
at the 50% probability level in the psychometric curve. Gramd Lee (2007) used a 79%
probability level. For a higher detection probability a inég phase-error value would be
expected. As perhaps expected, the phase-error threshodd & hard boundary, but more
a gradual change, where the higher the phase-error, themiglthe probability that it is
detected.

For a better direct comparison with the work from Grant and (2007), it would be
necessary to calculate the 79% probability level from thasaeed thresholds. However,
the staircase procedure used in the present experimerntipso& good estimate of the psy-
chometric curve mean (the 50% probability level), but nat®fnclination. For this reason
it is not possible to obtain a reliable estimation of the cteteopsychometric curve that
would allow us to estimate the 79% probability level.

The presented results have two implications for vehicleutation. First, the idea of
different threshold levels, or different probabilitiesd#ftection, agrees well with criteria for
simulator motion which consider different levels of fidgli\n example of such criteria is
the Sinacori plot (Sinacori, 1977), where the phase distoihtroduced by a motion filter
at 1 rad/s is used to delimit high, medium and low fidelity cegi.

Second, a phase-error threshold that remains constanfr@gbency indicates that at
the lower frequencies, where high pass filters introduceenptrase lead than at higher
frequencies, there is a higher risk of disrupting the reati§ the simulation. However, how
different phase distortions at different frequencies rhigfiluence the lumped phase-error
threshold is not yet known.

5.6 Conclusions

An experiment was conducted to measure the influence of ktgfiequency and amplitude
on the visual-vestibular phase-error detection threghdlthe measurements were made in
yaw and pitch.
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The measured thresholds suggest that humans act like phaseletectors, rather than
like time delay sensors and that for the range of amplituddsr@quencies tested, the mean
phase-error thresholds is 19 degrees.

The frequency of the stimulus did not affect phase errorafiete. These results are par-
tially in agreement with the findings of Grant and Lee (200Me mean phase-threshold
value, however, was much lower than the one found in thatystlitis difference might be
attributed to the experimental methodologies use. Thecsise method used here was de-
signed to obtain a reliable threshold value at the 50% pritiyellevel of the psychometric
curve, whereas in Grant and Lee (2007) the probability lewesl 79%. Differences in the vi-
sual systems characteristics might have also played alnaleyithout further investigation
no decisive conclusions can be drawn.

The measured thresholds for yaw were similar to the onegdfaupitch. The stimulus
amplitude was probably high enough above the angular met@asory threshold to render
the extra cue, the otolith stimulation, unnecessary.

From the combined analysis of the present results and the foom Grant and Lee
(2007), it appears that the frequency and amplitude of iheufitonly have an influence on
the phase-error threshold for low angular accelerationlitaumdes.

If the results found here are to be directly applied to mofitier tuning, then care
should be taken that the angular inertial motion does nattlea visual cues by more than
19 degrees.
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PERCEPTION COHERENCE ZONES

DURING ACTIVE TASKS

This chapter is based on the following publication:

Valente Pais, A. R., Van Paassen, M. M., Mulder, M., and VintV. (2011). Effect
of Performing a Boundary-Avoidance Tracking Task on thecBgtion of Coherence
Between Visual and Inertial Cues. RBroceedings of the AIAA Modeling and Simula-
tion Technologies Conference, Portland, OR, USA, August &AA-2011-6324.



118 Perception Coherence Zones During Active Tasks




6.1 Introduction 119

6.1 Introduction

During flight simulation, the inertial and visual stimuliquided to the pilot differ consid-
erably. The motion cueing algorithms (MCA) transform theriral motion amplitude and
phase differently for different signal frequencies. Inartb quantify the effect of these
MCAs on the realism of the simulation, it is necessary towsts how much the differences
between inertial and visual cues affect human perceptidrbahavior.

Many studies have been performed on the integration ofialexrhd visual stimuli in
various simulation scenarios (Groen et al., 2001; GroerBies, 2004; Grant et al., 2006;
Grant and Lee, 2007). A specific set of studies has concenrtestthe concept of coherence
zones (Van der Steen, 1998; Valente Pais et al., 2010b,aphArence zone represents a
range of inertial motion levels, either amplitude or phasels, which although not being a
match with the visual motion, are still perceived by humasere realistic, coherent move-
ment. These coherence zones determine the boundaries witiéh the simulator inertial
motion can be adjusted or modified to fit the simulator motionits without hindering the
quality of the simulation.

Thus far, coherence zones have been measured for diffengtitedes and frequencies
of angular motion. All experimental setups had subjectggudhether or not visual and in-
ertial cues matched in terms of amplitude (Chapters 3 an@d dér Steen, 1998) or phase
(Chapter 5; Grant and Lee, 2007). Although much more databeacollected, there is
now a basic understanding of how coherence zones are afflegtstimulus amplitude and
frequency. However, before this knowledge can be appligddt-in-the-loop simulations,
more knowledge must be gained as to how the coherence zosegetvhen the pilot is not
fully concentrated on the visual and inertial cues, butaltfihas a task to perform, as for
example, a manual control task.

Introducing a manual control task in a perceptual expertngnot without its chal-
lenges. A pilot-in-the-loop situation implies that thesddss control over the amplitude and
frequency of the visual and inertial stimuli that subjeats exposed to, making it difficult
to analyze and compare results.

Probably for this reason, the few studies that have been, doaasuring the effect of
performing a manual control task on perception threshdkis(k and Junker, 1978; Hos-
man and van der Vaart, 1978; Samji and Reid, 1992), have aiaat the inertial motion
relevant for the threshold measurement separated fronmérgal motion relevant for the
control task. This was accomplished by using separate degrefreedom (Hosman and
van der Vaart, 1978; Samji and Reid, 1992) or measuring tH#fémence thresholds by
superimposing the inertial stimulus used to measure trestioid on the inertial stimulus
resulting from the control task (Roark and Junker, 1978).

These studies have measured the effect of decreaseda@itentncreased mental load,
through the addition of a manual control task, on the motierception thresholds. Al-
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though both inertial and visual stimuli were used, the goas w0 measure the inertial per-
ception threshold only. The effect of increased mental lmathe combined perception of
visual and inertial cues has not been investigated.

These studies have shown that the perception thresholdsase considerably when
the control task is added. However, it is not known whethergime holds for coherence
zones. Although the coherence zone boundaries may alsadiepehe same mechanisms
that determine the sensory motion perception threshottsr digher level brain processes
are probably involved in the integration of inertial anduasstimuli.

In order to measure the effect of decreased attention onetfeeption coherence zones,
an experimentwas designed where subjects’ yaw amplitutiereace zones were measured
while performing a pitch boundary-avoidance tracking tasldifferent difficulty levels.
For comparison purposes, also the passive coherence auitiesut the control task) were
measured.

It is hypothesized that, similar to the trends observed fiertial motion thresholds,
when measuring coherence zones while performing a coask) subjects spend less atten-
tion on the perception task and become more lenient. Théyalll for wider coherence
zones due to a decrease in the lower threshold and an inénethgeupper threshold.

This chapter describes the experimental method for botlpalssive and the active co-
herence zone measurements and presents the results. listhesglon, the experimental
findings for the active part are compared to the ones for tesipa part and to other work
found in literature. The chapter ends with the conclusions.

6.2 Method

6.2.1 Apparatus

The experiment was conducted in the Simona Research Sonwhich has an hydraulic 6
degree-of-freedom motion base which allows for a maximuspldcement oft 41.6 deg
in yaw. The visual system consists of three LCD projectoith) & resolution of 1280«
1024 pixels per projector, and a collimating mirror thatypdes a field of view of 180 deg
x 40 deg. The visual update and refresh rates are 60 Hz. Foraaetailed description
of the Simona simulator motion and visual systems capadsland the computer architec-
ture and software used, please refer to Van Paassen anagi8aq@000); Stroosma et al.
(2003); Berkouwer et al. (2005). The outside visual scemssisted of a view of the Ams-
terdam Schiphol airport including the control tower, somedr buildings, part of a runway
and some grass fields, from a viewpoint height of 5 meters. Ad-ldp-Display (HUD),
described further in Section 6.2.4, was also shown throutglbexperimental conditions.
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6.2.2 Experimental design

The experiment was divided in two parts. The first part caedisf measuring coherence
zones without any control task, so a passive perceptiondalk In the second part co-
herence zones were measured for the same conditions asfirstipart, although this time
subjects had to perform an active control task simultarigaeuith the perception task. Both
parts considered, the experiment had a two-way repeatesumesadesign, with the two in-
dependent variables being the frequency of the motion bmyméthe task difficulty. Two
frequencies and three task difficulty levels were testesjltiag in a total of 6 conditions.
The frequencies tested were 2 and 5 rad/s and the difficulgldavere perception task
only, perception task and active control task of low difftguénd perception task and active
control task of increased difficulty. For all conditions avkr and an upper threshold for
inertial motion were determined and each measurement wde Biéimes, which resulted
in 36 experimental trials per subject. Table 6.1 summatizegxperimental conditions.

Table 6.1: Threshold measurements performed at each experimental condition.

Part | Part Il
Frequency,
rad/s Passive Active easy  Active difficult
2 Upper/Lower Upper/Lower  Upper/Lower
5 Upper/Lower Upper/Lower  Upper/Lower

6.2.3 Motion and visual signals

The choice of frequencies and amplitudes was based on alegisusly used (Chapter 4),
to allow for comparison with earlier studies. However, owlgliional factor was taken
into consideration. It was chosen to test signals of diffefeequencies but with the same
velocity amplitude, and not acceleration amplitude, asag been done until now. It was
thought that by doing so, it would be possible to further stigate the effect of frequency
and amplitude on perception coherence zones.

The amplitude of the visual in acceleratiofi)(was 12 degfsfor the 2 rad/s signal and
30 deg/$ for the 5 rad/s signal. These acceleration amplitudes hega bsed in previous
chapters, and so has the 2 rad/s frequency. The 5 rad/s fregueas chosen such that the
two signals with different frequencies would have the saeleaity amplitude: 6 deg/s.

The first and last period of the sinusoidal signals were uséalde in and out.

Equation (6.1) describes the fade-in and fade-out partseofirtotion profile in terms of
acceleration, where is the frequency of the acceleration signal, as given byxperimen-
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tal conditions. The amplitudd,. = A/12 and the frequency. = w/2 were chosen such
that the velocity signal started at zero and was continubtus-227/w = T.

ft) = %A sin(wt) — %A sin(wt) cos(wst) + Ac sin(wt) (6.1)

Equation (6.2) shows the complete motion signal in termscokkeration. 7" is the
period of the signal an@ is the number of periods of each motion signal, excluding the
fade-in and fade-out periods. The value/®fdepended on the frequency of the motion
signal: for the 2 rad/s signaly was 5, and for the 5 rad/s sign&l, was 2. This resulted in
the same duration for both conditions: 15.71 seconds.

ft), 0<t<T
a(t) =< Asin(wt), T<t<(N+1T (6.2)
f&=T), (N+1)T<t<(N+2)T

6.2.4 Control Task

The control task consisted of a boundary-avoidance pittking task. The tracking error
and boundaries were shown on a compensatory display sypesed on the outside visual
scene. This HUD consisted of an horizontal gray bar and tteeadi symbol, as shown in
Figure 6.1. The gray bar’s width corresponded to a pitchenB deg.

Figure 6.1: Representation of the center part of the outside visual with the HUD.

The outside visual scene was dedicated to the perceptiratas showed only yaw
motion. Information on the pitch boundary-avoidance tasils wnly available through the
HUD. As the outside visual scene moved, the aircraft symhdlthe surrounding frame
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remained fixed with respect to the pilot’s view point, sucittihe HUD was always directly
in front of the pilot. The vertical motion of the gray bar shemithe tracking error between
the desired pitch angle and the controlled element pitcheariguring the perception task
only conditions, the HUD was shown with a stationary gray bar

There were two difficulty levels for the control task, whiclerg achieved by using two
different system dynamics. The controlled system dynafoicthe easy task was a single
integrator; for the difficult task it was a second order systith a positive pole, that is, an
unstable system. The transfer functions for both systemos) $tick deflectionds) to pitch
angle @) are shown in Equations 6.3 and 6.4. Both elements were tsunedthat they had
the same gain = 0.8594) at a frequency of 1 rad/s.

H(jw) = K]iw 6.3)
H(jw) = K% (6.4)

The tracking signal, or forcing function, used was based pitch tracking task study
reported in literature (Damveld, 2009) and simplified to msaf 5 sines with amplitudes,
frequencies and phases as listed in Table 6.2.

Table 6.2: Characteristics of the sine signals used to compose the forcing function. k;
indicates the multiple of the fundamental frequency, w; the corresponding frequency
in rad/s, A; the amplitude is radians and ¢; the phase in radians.

ki wi A; b

7 041 0.0173 2.99
13 0.76 0.0173 2.65
17 1.00 0.0173 -3.12
24 141 0.0173 -0.56
31 182 0.0173 3.81

The forcing function was chosen to be relatively simple, wb@mpared to other manual
tracking control studies (Zaal, 2011; Pool, 2012). As treselies focused on pilot model
identification, the tracking signal frequency content wisracial importance. Since that is
not the case in the present study, the higher frequencycbngs not necessary. Moreover,
this simple forcing function allowed for a very simple tasken using the single integrator
element, and still a considerable control challenge whémgu$he second order unstable
system. For the latter system, a more difficult forcing fimrctiwould result in a constant
loss of control. Using these two tasks with very contrastlificulty levels was thought to
deliver larger, and hence easier to observe, differencéinoherence thresholds.
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Since the forcing function was simple, to avoid memorizatibthe tracking signal, the
time signal was mirrored around the amplitude axis, arohieditne axis and around both,
creating four different time signals with equivalent diffity. These time signals were used
sequentially in each run.

The boundary avoidance task was preferred over a pure trgutsk because it was
thought that for the latter, despite the two levels of diffigusubjects would deliver the
same amount of attention and effort to the control task. Tilg difference would then
be on the performance attained. With a boundary avoidarstethere can be periods of
time when no pilot input is needed to keep acceptable pedoom, in this case, to stay
within the gray area. These periods can be made more or &zgsefint by changing the con-
trolled element. By using an unstable system, distractmidack of attention were heavily
punished, making this a much more attention demanding keskthe single integrator.

6.2.5 Procedure

The experiment was performed in two parts, a passive andtive gart. To avoid subject
fatigue, each subject performed each part on a different day

The perception task procedure was similar to the experisndegicribed in Chapters 3
and 4. In each experimental condition the visual amplituds kept constant while the
motion amplitude was varied throughout the runs of one.tAathe beginning of the trial,
subjects were informed whether that trial corresponded lttwar or an upper threshold
measurement.

In each trial, the amplitude of the first run was randomly ctelé between 1.1 and 0.9
times the visual amplitude. At the end of each run subjeatddochange the motion of the
next run. They did this by pushing a switch button multiplaes up or down until they
reached a certain number of increments or decrements. Tdsemumber was displayed
on the outside visual. A positive number meant that the naxtwould have a higher am-
plitude motion, and a negative number resulted in a lowerlitindg motion. After giving
their answer, subjects pressed a second button to sign#h#dyavere ready for the next run.
The trial ended when subjects’ answers had two consecersals of one increment or
decrement, i.e., asequenceof 1, -1, 1, or -1, 1, -1. Thisated that subjects converged to
a certain amplitude of motion that could not be increasedearehsed anymore. The size
of one increment or decrement was 0.025 of the visual anggitu

For the part of the experiment where subjects had to perfat the perception task
as well as an active control task, this same procedure was fosg¢he perception task.
However, during each run subjects had not only to judge thaiarde of the inertial motion
with respect to the visual amplitude, but they also had téoperthe pitch tracking task.

At the beginning of the second part and before the actual unea®nts were made,
subjects performed training sessions to reach a constédotrp@ance on the tracking task.
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These sessions consisted of a minimum of 20 runs for eackirigatask difficulty, per
subject. Training runs were done until the subject showeddady performance for at least
10 runs. If at the end of 20 runs there was evidence that acjpatit was still improving
or adjusting his control strategy, more runs would be pengd. The root-mean-square
(RMS) of the subjects’ control input and total error signaksre monitored to guarantee a
consistent tracking.

To assess whether or not the two active task difficulties weteed perceived as less
and more demanding by the subjects, an effort scale was freed,'No effort at all” to
“Maximum effort”. After each of the runs subjects were askedill in the effort scale on
paper, with a vertical mark placed on a 10 cm line.

After training for both control task difficulties, the measment part started. The ex-
perimental trials were divided in 6 blocks of 4 conditionslealn each block always the
same task difficulty was used. Each block corresponded teuements of the upper and
lower thresholds for the two signal frequencies. In eachgfdlocks all experimental con-
ditions were tested. The presentation order of each pailoakb was balanced across all
8 subjects. Before each block, if the task difficulty chanfyech the previous block (so, a
different controlled element was used), subjects perfdrome test trial to adapt to the new
task.

In the beginning of each run subjects had 3 seconds to getiatgd with the control
task. After these 3 seconds the inertial and visual motioaldvstart. The tracking task
stopped at the same time the inertial and visual motion stppdicating the end of a run.
At the end of one trial, subjects were asked to fill in the agereffort scale for the tracking
task across all runs in that trial.

6.2.6 Subjects and subjects’ instructions

There were 8 male participants with ages between 23 and 35 greaan of 27.5 years).

For the perception task, participants were instructedrne the motion up or down, de-
pending on the threshold measurement of that trial. For pl@mwhen measuring an upper
threshold they should increment the motion until it was pemed as too strong. Then, they
were told to decrease it and increase it as many times asdaatihey found the strongest
motion condition that was still perceived as coherent wih\isual motion. Subjects were
advised to start with increments of 10 or more and decreaseaumber of increments or
decrements at every direction reversal. They were inforaféde stopping criteria of the
trials.

With respect to the active task, subjects were instructehgtraining that they should
keep the horizontal green line displayed in the HUD withie thoving gray area, with
the least effort possible. It was explained to them thatréfte training they would be
performing both the perception task as well as the contsl.t®uring the measurement
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part subjects were encouraged to maintain the same levehtifat input and performance
as they did during training.

After each trial during the active part of the experimentsats filled in the effort scale.
They were instructed to judge only the effort and attentfeythad to spend on the control
task to keep acceptable performance. Their effort scoraldheflect the averaged effort
across all the runs in one trial. For the training phase tB&ustions were the same but
subjects were asked to fill in the scale after each run.

6.3 Results

During one of the training sessions of one subject there vgaistdlem with the data record-
ing. Since no reliable information was collected, this eabi§ data were removed from all
the analysis concerning training sessions. However, tt@rded threshold data during the
passive and active part of the experiment were still used.

6.3.1 Effort scores

To assess whether or not both control task difficulties wedteéd perceived as requiring dif-
ferent levels of effort and attention, subjects were askdil in an effort scale. The marks
made on paper were converted to a value with two decimal pldoem 0, representing
“No effort at all”, to 10, “Maximum effort”. For the trainingessions, the mean score was
calculated from the average scores over the last 10 runsevgbjects had showed similar
performance. For the active part, the mean scores were ¢naged values recorded in each
of the three repetitions of one condition.

Figure 6.2 shows the mean scores for the easy and difficutta@aasks during the
training and active parts. The error bars in this and allofeihg figures in this chapter
represent the 95% confidence interval of the mean.

The task difficulty was clearly reflected in the effort sconegh higher scores for the
more difficult task. To investigate whether this effect wam#icant an ANOVA was per-
formed and the results are shown in Table 6.3.

The task difficulty had indeed a significant effect on the effzores and there was
no difference in perceived effort between the training isessand the active part of the
experiment.

Additional statistical tests have shown that except fortésk difficulty, there were no
other statistically significant differences found in théoef scores between experimental
conditions in the active part. The stimulus frequency armdghold measured (upper or
lower) did not affect the mean effort scores.
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Figure 6.2: Mean effort scores for both tasks, during training and actual experiment.

Table 6.3: ANOVA results for effort scores, where ** is highly significant (p < 0.01),
* is significant (0.01 < p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent Effort scores

variables df = sig.
Type 1,6 0.25 -
Difficulty 1,6 28.01 ok

Type x Difficulty 1,6  1.02 -

6.3.2 Control input and performance measures

As a complementary measure to assess the effort and attelginand of the task difficulty
levels, the average duty cycles were calculated. The dutie ¢y defined as the percentage
of time during which subjects are acting on the control séioll thus changing their control
input. In this analysis, these percentages were calcutsteing the rate of change of the
stick deflection signal.

A rate of change different than zero meant subjects weragoin the stick. However,
in practice the rate of change is never exactly zero, sinbsts can not steady their hand
so perfectly as to immobilize the stick completely. For thiydcycle calculations the rate
of change was considered small enough as to indicate a “nad affange” period when it
was betweent 0.015 rad/s£ 0.86 deg/s). This value was chosen after visual inspection
of the stick deflection signal. Figure 6.3 shows part of a tiraee of the rate of change of
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the stick deflection with indication of the 0.86 deg/s limits. The insert shows the original
signal and the signal used for the duty cycle calculations.
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Figure 6.3: Example of a time trace of the rate of change of the stick deflection.
The gray region represents the & 0.86 deg/s limits.

The calculated duty cycle values were averaged acrosstammland subjects to inves-
tigate any change of control activity between the trainiegssons and the active part of the
experiment. For the training sessions only the values ofattel 0 runs were used. No sig-
nificant differences were found between the duty cycle \atligring the training sessions
and during the active part of the experimeR{{, 6) = 0.24, p > 0.05). The task difficulty,
on the other hand, had a very clear effect on the duty cyclgegdboth during the training
and the active experimenf'(1,6) = 26.91, p < 0.01), with the duty cycle values being
much higher for the difficult task than for the easy task.

To investigate a possible interaction between the conttivity and the stimuli pro-
vided for the perception task, the duty cycle values were atslyzed throughout the dif-
ferent conditions of the active part of the experiment, thafor trials with both upper and
lower threshold measurements and the two different stifuequencies. Figure 6.4 shows
the average values for all the active conditions and thaitrgisessions.

The root mean square (RMS) of the input and error signals aleecalculated to get
some insight on subjects’ control activity and performaticeughout the experiment. The
error signal was zero whenever the system'’s pitch angle vithenwhe boundaries defined
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Figure 6.4: Mean duty cycle values for both difficulty levels, during the training and
active parts of the experiment. f2 and f5 refer to stimulus frequencies of 2 and 5
rad/s, respectively. low and up indicate lower and upper threshold measurements.

by the gray area in Figure 6.1. When the pitch angle exceduesttboundaries, the error
was the difference between the system’s pitch angle andahedary of the gray bar. For
the training sessions only the last 10 runs were considefée. averaged values for the
RMS of the input and error signals for all conditions are shdnvFigure 6.5.
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Figure 6.5: Mean RMS values of the input and error signals for both difficulty levels,
during the training and active parts of the experiment. f2 and f5 refer to stimulus
frequencies of 2 and 5 rad/s, respectively. low and up indicate lower and upper
threshold measurements.
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The RMS of the input signal shows the same trends as the daky,ayith significantly
higher values for the difficult task than for the easy taBK1(6) = 48.13, p > 0.05).
There were no significant differences between the mean RM&waluring training and
during the active part of the experimer((l,6) = 0.54, p > 0.05). The RMS of the
error signal shows slightly different results, with highelues for the active part of the
experiment than for the training sessio¥ {, 6) = 18.42, p < 0.01). This degradation in
performance was more pronounced in the task with a highBculify level, which can be
confirmed by a significant effect of the interaction term Ty¢tpaining or active)x Difficulty
(F(1,6) = 14.49, p < 0.01). The difficulty level also affected the RMS of the error
significantly (1, 6) = 9.07, p < 0.05).

Across the different conditions of the active part of theerkpent also differences were
observed between the control activity indicators (dutyleymd RMS of the control input
signal) and performance indicators (RMS of the error sigigihal). The ANOVA results
for the duty cycle, and the RMS of the input and error signatess all conditions in the
active part are shown in Table 6.4.

Table 6.4: ANOVA results for the duty cycle and the RMS of the input and error
signals. Only the main factors and the interactions for which there were statistical
significant effects are shown. ** is highly significant (p < 0.01), * is significant
(0.01 < p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent Duty cycle RMS input RMS error

variables df F  sig. df F  sig. df F sig.
Threshold 1,7 24.49 *x 1,7 17.54 *x 1,7 4.12 -
Frequency 1,7 4.40 1,7 1.97 - 1,7 0.43

Difficulty 1,7 42.48 *x 1,7 54.13 *x 1,7 11.54 *
Thresholdx Difficulty 1,7 11.35 * 1,7 0.08 - 1,7 6.58 *
Frequencyx Difficulty 1,7 18.72  ** 1,7 4.61 1,7 0.42 -

The task difficulty had a significant effect on all three metrishowing a higher control
activity and worse performance for the difficult task. Theshold measurement had an
effect on the duty cycle and the RMS of the input signal, withler values for the upper
threshold measurement, but it did not affect the RMS of theresignal.

The interaction terms Threshotd Difficulty and Frequency Difficulty also showed
an effect on the duty cycle values. In Figure 6.4 it can be #estrfor the more difficult task,
the duty cycle values remain fairly constant, whereas ferghsy task the values increase
with increasing frequency and going from lower to uppershmd measurements. For the
RMS of the error the opposite seems to happen, that is, the RilSalues for the easy
task remaining fairly constant across conditions and shamweschanges only in the more
difficult task. The performance seems to be worse in the uppeshold measurement runs.
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6.3.3 Thresholds and Coherence Zones

The inertial amplitudes selected by the subjects in eachliton were converted to upper
and lower thresholds by averaging the last two amplitudevefy trial. The mean thresh-
olds values are shown shown in Figure 6.6 in velocity (Figlifa) and acceleration units
(Figure 6.6b).
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Frequency, rad/s Visual motion acceleration, ded/s
(a) Velocity representation. (b) Acceleration representation.

Figure 6.6: Mean thresholds and standard deviations represented in terms of accel-
eration and velocity units.

In general terms the upper thresholds increase and the tbwesholds decrease as we
go from the passive (perception only) task to the easy atdisie and then to the difficult
active task. One exception is the upper threshold for thed& rgtimulus and the difficult
task, which is lower than the corresponding values for tieiotask difficulty levels. To
investigate if these trends are significant, an ANOVA wadqgrered and the results are
shown in Table 6.5.

For both the upper and the lower threshold measurementstbaljrequency had a
significant effect, with lower values for the higher freqagrsimilar to what has been seen
in Chapter 4. The task difficulty did not have a significaneeffon the measured thresholds.

Although there was no significant effect of the task diffigyiltis still interesting to ana-
lyze the threshold results in terms of a coherence zone. A @athva PMC were calculated
according to Equations 6.5 and 6.6.

CZW = thyy, — thi (6.5)

PMC = thy, + CZTW (6.6)
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Table 6.5: ANOVA results for the upper and lower threshold measurements, where
** is highly significant (p < 0.01), * is significant (0.01 < p < 0.05), and - is not
significant (p > 0.05).

Dependent measures

Independent Lower threshold Upper threshold
variables df  F  sig. df  F sig.
Frequency 1,7 2986 ** 1,7 3280 *
Difficulty 2,14 231 - 2,14 025 -
Frequencyx Difficulty 2,14 0.89 - 2,14 192 -

The PMC and CZW in velocity and acceleration units are shawRigure 6.7a and
Figure 6.7b, respectively.
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(a) Point of Mean Coherence. (b) Coherence Zone Width.

Figure 6.7: Coherence zones represented in terms of velocity units.

The PMC remains fairly constant whereas the CZW slightlyeéases with increasing
task difficulty. The exception to this trend is the conditigith frequency 2 rad/s and the
difficult task, as also seen in the threshold results. Siheeeffect of the task difficulty
was not statistical significant in the threshold data, itas expected that this is different
for the coherence zone data. However, for the sake of coemsss, also an ANOVA was
performed on these values and the results are presenteblm&.8.
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Table 6.6: ANOVA results for the Point of Mean Coherence (PMC) and the Coher-
ence Zone Width (CZW), where ** is highly significant (p < 0.01), * is significant
(0.01 < p < 0.05), and - is not significant (p > 0.05).

Dependent measures

Independent PMC czw
variables df  F  sig. df  F sig.
Frequency 1,7 3645 ** 1,7 1758 **
Difficulty 2,14 057 - 2,14 078 -
Frequencyx Difficulty 2,14 2.88 - 2,14 086 -

6.4 Discussion

Coherence zone thresholds were measured during a percepiiptask, an easy control
task and a difficult control task. As a means to monitor therditbn demanded by the
control task, a subjective effort rating was used, as wetledrol activity and performance
metrics.

It was important to analyze these metrics to investigatetdreor not the two levels of
difficulty of the control task were indeed any different. Tchey cycle values and the RMS
of the control input were much higher for the difficult taskthfor the easy task. This result
is consistent with what was expected, since for the diffitadk, the unstable controlled
element required larger deflections of the control stickttaia acceptable performance.
The confirmation that the two control tasks were of diffembugh difficulty levels comes
from the large difference found between the effort score®édh tasks.

One other important goal of recording effort scores androbactivity metrics was to
guarantee that the attention effort dedicated to the cbiatsk was constant across the train-
ing and the active parts of the experiment. The trainingisesset the base line for how
much effort should be put into the control task to attain ataiele performance. If subjects
maintained this level of attention, then it could be assuhed there would be reduced
attention for the perception task.

The analysis of the subjective effort scores, duty cyclei@sland RMS of the input
signal show that, in general, subjects were successful inteiaing a constant level of at-
tention dedicated to the control task even when they wenagined|to perform a perception
task simultaneously. The effort scores and the RMS of thérabimput showed no differ-
ence in the perceived effort between the training and theeagarts of the experiment.

The duty cycle values, on the other hand, despite similaresabetween training and
active runs in general, show small but significant changemsitthout the conditions of the
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active part. Namely, the threshold measurement had a signifieffect and there were
interaction effects for the task difficulty and thresholdaserement and task difficulty and
frequency. Looking at the average duty cycle values, it sethiatt for the more difficult task
the duty cycle values were fairly constant, but for the eask they increase with frequency
and going from lower to upper threshold. It could be that timeutator inertial motion
affected the subjects interaction with the control stiakifiaially raising the time subjects
were acting on the controls. However, if that would be theecttee same trends should be
observed for the difficult task.

The different results found for the duty cycle values andRIMS of the control input
are not contradictory. The duty cycle indicates the timepsns changing the input, but it
does not characterize how that change is made. The RMS obtiteotinput is one way
of doing that characterization. Gray (2009) lists the RMSha&f control input rate as an
average measure of aggressiveness. He also mentions thié¢arbeasured of aggressive-
ness is the total work applied on the stick (stick displacattienes the force applied). He
defends that the combination of a high duty cycle and a higjtessgiveness result in high
pilot inceptor workload. Perhaps analyzing the contrabefin these terms would provide
a clearer view of the differences across conditions. Naedgts, the currently used metrics
seem sufficient to argue that the control activity was carisgtatween training and active
sessions.

The performance, on the other hand, was not constant. The &M® error signal
was higher for the active part of the experiment than for taeing part. In the active
part, the upper threshold measurements also resulted sevparformance, that is, larger
errors. Despite that the perceived effort scores and theaatctivity metrics indicate that
the control effort was maintained from training to activasuperformance was degraded.

This may imply that although subjects dedicated the sammtdff the control task,
their control inputs were less accurate, or perhaps deliaytade, in such a way as to result
in larger excursions outside the tracking boundaries. Qherdwypothesis is that subjects
were bad judges of their own effort and in fact, despite tliere§cores indicating other-
wise, they spent less attention on the control task whenwleeg to simultaneously perform
the perception task.

Contrary to what was expected and is found in literature (Raad Junker, 1978; Hos-
man and van der Vaart, 1980; Samji and Reid, 1992) the cobethnesholds did not in-
crease with the addition of the control task. The generabtd wider coherence zones for
more difficult tasks is present, but small and definitely righicant. Furthermore, there
was a decrease in the upper threshold during the difficltaahe lowest frequency, which
contradicts the expected results. In this case it might bettie task became too difficult
and any kind of inertial motion was considered just a disipadrom the control task. This
could lead some subjects to tune down the inertial motionvéder, if that would have been



6.4 Discussion 135

the case, the upper threshold measurement for the higliereiney should show the same
trend. The fact that it only happens at the lowest frequeaeys to dismiss this hypothesis,
though care should be taken while interpreting trends irddta when there is no statistical
significance.

The indifference threshold increase so clearly found ieotudies (Roark and Junker,
1978; Hosman and van der Vaart, 1980; Samji and Reid, 1992 neBencountered in the
coherence zone thresholds. Although intuitively one méptect the same trend, it may be
that the perceptual mechanism involved in a coherencehtblésannot be directly related
to the perception mechanism underlying sensory inertiaktiolds in the presence of other
cues, or during higher workload conditions.

Inertial motion perception thresholds are often referedds a signal-to-noise ratio
mechanism (Greig, 1988). When sensor output rises abovemaunoise, the inertial stim-
ulus is detected. For thresholds in the presence of other @uduring a control task, the
signal-to-noise ratio has to be higher than normal befaeedetected. For coherence zone
measurements, the inertial motion is supra-threshold hadignal-to-noise ratio is high
enough so that the individual signals are always detecthd.cbherence zone threshold is
the outcome of the comparison mechanism between inertibVsnal stimuli, which may
not be so quickly affected by the addition of a control task.

One other explanation for the obtained results is that thisgarison is not something
subjects perform simultaneously with the control task,ibudistinct periods of time. The
inertial and visual stimulus comparison can be made duriglgaat period of time within
a run, leaving the rest of the time to perform the control ta8khough control activity
metrics and effort scores were recorded, these valuestoefieean values, averaged across
runs.

It might be that what is being assessed is then not the effexttention demanded by
the control task, but available time to decide whether otwotcues match. For the percep-
tion task subjects had the entire run to decide. For the eagythey could dedicate a fair
amount of time for the comparison while still maintaining ttontrolled element between
boundaries. For the difficult task, since the controlledraat was unstable, any loss of
attention was heavily punished, so subjects had less timtbéacomparison. Nevertheless,
it may be that even for the most difficult condition subjecs lkenough time to make a deci-
sion and in the other conditions they had time to spare. tfitthe case, then no difference
should be expected in the measured coherence zones.

This being true, for vehicle simulation application, théjgets’ acceptation of simu-
lated inertial cues might be measured passively and djregiplied to active situations,
such as procedural or supervisory tasks. For manual caasks with inertial motion feed-
back, if the control task is in a different degree-of-freedaof the one being assessed, the
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same might hold, although for definite conclusions morermtation is needed on how
coherence zones change in the presence of inertial cudaignreo the perception task.

If the manual control task is in-the-loop, that is, if thesdriertial feedback relevant to
the control task in the same degree-of-freedom as the ong besessed, the passively mea-
sured coherence zones will probably not suffice to decidénerirtertial motion feedback
characteristics. In this case, subjects need the inedias éor performance, and inertial
motion affects not only perception but also behavior (®lidnd Young, 1968; Pool et al.,
2011b).

The frequency had a significant effect on the measured thldshAs also seen in the
previous chapters, for higher frequencies subjects ptessrmotion. The PMC decreases
from above the one-to-one line at 2 rad/s to being close toyaipal match with the visual
stimulus at 5 rad/s. The CZW also decreases with the decieahe PMC. The effect
of frequency on the PMC has been qualitatively explainedhag@er 4 with the fact that
at higher frequencies the dynamics of the SCC have a higlielirgaelocity which is not
accounted for in the internal comparison of visual and iabcues. This effect is present
in all the threshold measurements indicating that not omhthie perception task only, but
also for the active tasks, this relationship remains valid.

6.5 Conclusions

Perception coherence zones for yaw motion were measur@igdeassive and active sit-
uations. During the active part of the experiment, subjeese required to perform an
out-of-the-loop pitch boundary-avoidance task. Two ddfe levels of difficulty for the
control task were designed.

The perception coherence zones were not significantly teffidoy the addition of the
control task. It seems that the decision whether or not tedial and visual stimuli were a
match could be done in a short period of time, leaving theatsfch run to perform the
control task. This means that there is a time separationegbéinception task and the active
control task.

This being the case, in flight simulation applications, theeptable range of inertial
motion amplitudes for a certain visual stimulus may be daeteed in a passive manner and
directly used in situations were the pilot has a task to perfeuch as procedural training
and supervisory tasks. Also for manual control tasks, tresigaly determined coherence
zones might apply, if the control task is in a different degoé-freedom of the one being
assessed. The same does not apply, however, for contrslitaske-loop, where inertial
motion feedback is important not only for perceptual figebut also to attain adequate
performance and control behavior.
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7.1 Introduction

The use of motion filters in flight simulators ensures thantieehanical limits of the simula-
tor are not reached while providing inertial cues to thetpild hese motion filters introduce
amplitude and phase distortions with respect to the realaitrmotion and to the displayed
visual cues. Despite the fact that motion simulators haea lised commercially since the
1930s, only in the last decade some serious effort has beentddanclude the characteris-
tics of the motion filters in the quality assessment of flightidators (Royal Aeronautical
Society, 2005; International Civil Aviation Organizatio2009). Although only recently
the motion filters are being taken into account by regulatmthorities, their influence on
the quality of the simulation and the impact on pilot per@aptind behavior has been an
important topic of research in the scientific community ($amd Reid, 1992; Schroeder,
1999).

Many studies have focused on understanding pilot peraeptisimulator environments
(Roark and Junker, 1978; Hosman and van der Vaart, 1978, B80ji and Reid, 1992;
Zaichik et al., 1999; Groen et al., 2001; Bos et al., 2002;e@berg et al., 2003; Groen
and Bles, 2004; Heerspink et al., 2005; Fortmiller and Meyw2005; Grant et al., 2006;
Naseri and Grant, 2011) and others have investigated theteff motion cues and motion
filter settings on pilot behavior (Shirley and Young, 1968x &t al., 1978; Greig, 1988;
Grantet al., 2005; Pool et al., 2010, 2011a). There also &xas some effort in categorizing
different filter settings in equivalent fidelity regions (b, 1968; Schroeder, 1996; White
and Rodchenko, 1999; Schroeder, 1999).

The so-called Sinacori plots relate motion filter gain andgghdistortion at the fre-
guency of 1 rad/s to three levels of simulation fidelity: lomedium and high. These fidelity
levels have been determined using the judgment of expetspailuring specific tasks in the
simulator. They also assumed a fixed structure for the mdtitam, such that by know-
ing the gain and phase distortion at one frequency, the pttogrerties of the filter are also
known. This approach starts with constraints regardindandiiter design and then derives
fidelity levels based on pilot judgment and performance.

A different approach is to start by determining what is cdaséd acceptable and desir-
able in terms of human motion perception, or using the ctitesminology, what is high
or low fidelity, then design motion filters that fit those regunents. This second approach
starts with constraints regarding human motion percemimhthen derives fidelity levels
for motion filter design.

Research on human motion perception in flight simulatiomades can be considered
essential for the second approach. Especially studie$abas on the combined perception
of visual and inertial stimuli (Hosman and van der Vaart, 1,98rant and Lee, 2007) are
of importance, since the differences in amplitude and piseduced by the motion filters
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result in different visual and inertial stimuli being praed to the pilots. The coherence
zone research is one of these studies.

Amplitude coherence zones are influenced by a number ofrfastrch as the amplitude
(Chapter 3) and frequency (Chapter 4) of the visual stim@diherence zones seem to also
be significantly affected by the type of visual and motiontegsused. In Chapter 4, data
from two different simulators was compared and it was obegthat the measured coher-
ence zones were different between simulators. Althougldiffierences were statistically
significant only for the CZW and not for the PMC, such a requdi¢ates that when trans-
forming coherence zone knowledge to motion filter designtanadhg, attention should be
given to the simulator specific configuration in terms of motbase and visual system.

From this, one can say that the evaluation of the motion badenmance and motion
filter settings as the sole basis for assessing the motianggeality of a simulator might
be incomplete, as it does not consider the combination afaViand motion systems as a
whole. For different visual systems, the same motion filettirsgs may result in different
perceptual fidelity levels, and vice-versa.

To investigate whether coherence zones could be used agia taetomplete the cur-
rent fidelity assessment methods, it is necessary to testrhash of the differences among
simulators can be captured by coherence zones. To this girpo experiment was de-
signed that measured coherence zones in three differenlzdors.

This experiment was part of a larger project and since manfyeofiecisions regarding
the experimental design can only be fully understood whesiclering the whole project,
the following paragraphs briefly explain the the project.

In arecent study, the perception of inertial motion straragtcompared to visual motion
has been investigated using a different concept than therenbe zones. In a study by
Correia Gracio et al. (Correia Gracio et al., 2010) theahiatg of inertial and visual linear
lateral motion has been studied using the concept of optjisial Using sinusoidal signals
as stimuli, they asked their subjects to tune the inertigioncamplitude such that it would
optimally match the amplitude of the presented visual sceagon.

To the ratio of the amplitude value chosen by subjects oweathplitude of the visual
signal they called optimal gain. This gain represents thfay which the vehicle motion
should be filtered to obtain inertial motion that matchesvisaally perceived motion, that
is, the optimal gain corresponds to a possible motion filgéng

One interesting finding from this study was that the measopinal gain values de-
pended on the initial inertial amplitude provided to thejeats. When the amplitude of
the inertial motion of their first run was well above the arhple of the visual stimulus,
subjects tended to choose higher optimal gains than wheindavfirst run with a lower
inertial amplitude. As a consequence, the optimal gainesakcame an optimal gain zone,
delimited by the higher and lower values found.
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From this result, the question arose to whether the measytadal gains were not in
fact, a coherence zone. To investigate what was the re$dtipibetween optimal gain and
coherence zone, and whether these two metrics could indiedkdtiate between simula-
tor configurations, a study was designed where optimal ga&asurements and coherence
zone measurements in sway were made using the same sus$iiectdi and identical mea-
surement methods in three different simulators (Corregc®ret al., 2013).

This chapter describes the part of the experiment conagutherence zones only.

7.2 Method

7.2.1 Apparatus

The experiment was conducted in the Visual Motion Simul&tiviS) and the Cockpit

Motion Facility (CMF), located at NASA Langley Research @anLaRC) in Hampton,

Virginia, USA. The CMF consists of one motion base and thnéerchangeable simulator
cabins. For this experiment, two different cabins were usethe CMF, the Generic Flight
Deck (GFD) and the Integration Flight Deck (IFD). Figure ghows the VMS and CMF

motion bases.

(a)VMS. | | (b) CM F. |

Figure 7.1: The VMS and CMF motion bases. (Courtesy of NASA.)

7.2.1.1 VMS

The VMS has a six DOF, hexapod type, motion base with an amtstbke of 1.5 m. The
maximum displacement, velocity and acceleration in therddtaxis aret1.2 m,+0.6 m/s
and4+5.9 m/g, respectively. For motion control, commands were sentdanbtion base at
50 Hz.
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The visual system consists of four Wide Angle Collimated @YAvindows of 1024 by
944 pixels with an update rate of 60 Hz. The front windows pe\a field-of-view (FoV)
of 65.93 deg horizontal by 45.23 deg vertical. The lateraldeiv on the left-hand side has
a FoV of 48.50 deg horizontal by 35.50 deg vertical.

The lateral acceleration of the motion base was measured @&indstrand QA-900
accelerometers (serial number 1271). These have beed taslealibrated te-2g at up to
100 Hz, and have deviations of less than 10Q0

7.2.1.2 GFD

The motion base of the CMF is also a 6 DOF, hexapod motion bi#tseugh it is larger and
newer than the VMS. The actuator stroke is 1.9 m and the latesgon limits are+1.4 m,
+1.0 m/s, and:6.9 m/¢ in position, velocity and acceleration, respectively. Thetion
base was controlled at 50 Hz.

The GFD visual system consists of four WAC windows with anatpdate of 60 Hz.
The front windows have a horizontal FoV of 46 deg and a vdricd/ of 34 deg. The
lateral windows have a FoV of 49 deg horizontal by 37.5 detjcadr Although the FoV is
smaller in this cockpit than in the VMS, the resolution of #weens is higher, with each
window having 1280 by 1024 pixels.

The lateral acceleration was recorded with a Honeywell R) accelerometer (Mo-
del QA-700) which was placed under the dynamic platform atddntroid position.

7.2.1.3 IFD

The IFD cockpit is also part of the CMF, so the motion base rgtion given for the GFD
also apply to this simulator.

The visual system is quite different from the GFD and VMS dsists of a collimated
panoramic display, with a horizontal FoV of 200 deg and aivarfoV of 40 deg. Four
projectors are used, each with 1440 by 1024 pixels, and aatepadte of 60 Hz.

The interior of the three simulators are shown in Figure 7.2.

7.2.2 Experimental design

The experiment had a three way repeated measures designndependent factors con-
sidered were the three simulators described above, twahdsimulus amplitudes, and two
stimulus frequencies.

The visual stimulus amplitudes used were 0.5 and ? n/sese amplitudes were chosen
such that the results could be directly compared to pre\studies on optimal gain tuning
performed in other simulators.

The choice of frequencies was less straightforward. Ihitthree frequencies of 2, 3,
and 5 rad/s were chosen for the GFD and IFD part of the expatiri@ée lowest frequency
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(a) VMS. | (b) GFD.

Figure 7.2: View of the interior of the three cabins. (Courtesy of NASA.)

of 2 rad/s was the lowest possible frequency to be testedewstill remaining within the
motion base limits. For the VMS the minimum frequency wasdsahowever, so only two
frequencies would be tested in this simulator.

During preliminary tests it became clear that because bollerence zones and opti-
mal gain measurements were being performed, the expelisassions were too long and
there was the risk that subjects would become too tired. lisrreason, one of the fre-
guencies was eliminated from the tests in the GFD and IFD. amtain symmetry with
respect to the tests in the VMS, it would have been betteiitarehte the 2 rad/s condition.
However, it was thought that maintaining this low frequemayuld allow a more direct
comparison to results from other studies that used the samelss frequency. Moreover,
the larger the differences between tested frequenciesasierat would be to observe the
effect of frequency on the coherence zones. It was then detidmaintain the 2 and 5 rad/s
conditions for the GFD and IFD and test the 3 and 5 rad/s cimmdiin the VMS. With this
design, comparison among the three simulators can be ddyatdhe frequency of 5 rad/s.

For each condition two measurements were taken, one forpheruhreshold and one
for the lower threshold. For each of these measurements tepetitions were made, re-
sulting in a total of 24 experimental trials in each simufato

7.2.3 Motion and visual signals

The visual and inertial motion stimuli consisted of sinalsdisignals with amplitude and
frequency defined by the experimental conditions descridime. The signals were de-
signed such that experimental runs of different frequenaieuld have the same duration.
The length of the motion signals were 2, 4 and 8 periods foctimalitions with frequencies
of 2 rad/s, 3 rad/s and 5 rad/s, respectively.

These sinusoidal signals were faded in and out to guarahétehte acceleration, ve-
locity and position signals always started and ended at Zdre fade in and fade out parts
of the signal are described by Equation (7.1), whéris the amplitude inn/s?, w is the



144 Comparing Simulators Using Perception Coherence Zones

signal frequency in rad/s, and, andw, are the smoothing and compensation frequencies,
respectively, also in rad/s. Both the smoothing and the @nsation frequencies equaled
half of the signal frequency.

fit)= %Asin(wt) - %Asin(wt) cos(wst) + A. sin(w,t) (7.1)

The complete motion signal is given by Equation (7.2) whEres the period of the
signal andV is the number of periods in one run. The number of periods doegclude
the two periods that are necessary to perform the fade inatedut. Including the fade in
and the fade out, the total length of one run was 12.57 seconds

F(b), 0<t<T
a(t) =< Asin(wt), T<t<(N+1)T (7.2)
f&=T), (N+1)T<t<(N+2)T

Figure 7.3 shows examples of complete runs for all threaugagies and an amplitude
of 1 m/S.
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Figure 7.3: Example of the motion signals during one run for the three different
frequencies and an amplitude of 1 m/s%.

7.2.4 Procedure

The experiment was divided in three parts. The first part veslacted in the GFD, the
second part in the VMS and the third part in the IFD. Due to $atow scheduling it was
not possible to have all simulators available at the same,tsno randomization between
simulators was not possible. There was one month sepatatnigsts in the GFD and in
the VMS and four months between the VMS and the IFD parts. Bngessubjects were
used in all three simulators. The order of the 24 experintaritds performed in each
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simulator was randomized for every subject. For each stilifeetrial order was the same
on all three simulators.

Subjects were seated in the left-hand chair of the simutztbm. The subject wore a
headset with active noise cancellation which allowed to rmomicate with the experiment
supervisor. Three buttons located in the sidestick, onédfteside of the participants were
used to record their answers throughout the experimemntal ru

For each experimental trial, the visual motion amplitude Wept constant and the in-
ertial motion amplitude was varied through a set of runs. dohetrial, the inertial motion
amplitude of the first run was randomly selected between id10a9 of the visual ampli-
tude. Before each trial started, subjects were informedhenahat trial corresponded to a
lower or an upper threshold measurement.

At the end of each run within a trial subjects could changentiogion of the next run.
They did this by pushing a switch button multiple times up owd until they reached a
certain number of increments or decrements. The chosen enwds shown on a head-
down display placed directly in front of the subjects. A piesi number meant the next
run would have a higher amplitude motion, and a negative rumigant a lower amplitude
motion. After giving their answer, subjects pressed a sgtmtton to signal that they were
ready for the next run.

The trial ended when subjects’ answers had two consec@wersals of one increment
or decrement, i.e., asequence of 1, -1, 1, or -1, 1, -1. Tlisated that subjects converged
to a certain amplitude of motion that could not be increasetboreased anymore. To avoid
fatigue, trials were also stopped if subjects reached 36.rihe size of the increment or
decrement was 0.025 of the visual amplitude, which corneded to 0.0125 mfsfor the
lowest amplitude condition and 0.050 rhfsr the highest amplitude condition.

Before starting the experiment, subjects performed trardamly chosen experimental
trials for training purposes.

7.2.5 Subjects and subjects’ instructions

Eight subjects were selected from the employees of the LaRftFSimulation Facility.
There were seven male participants and one female pariiciphe subjects’ average age
was 49 years, ranging between 31 and 64 years old. All eidijgsts were able to complete
the experiment, and there were no complaints of motion siskn

The participants were instructed to sit upright and reffam making head movements
throughout the experiment. They were, however, allowedatzegver the visual scene at
will.

Participants were told they were to perform a series of empantal trials which con-
sisted of several runs. In each trial the visual scene wouldemhe same way but the
amplitude of the simulator inertial motion would vary beemeruns depending on their
input.
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Subjects were told at the beginning of the trial whether apenpr a lower thresh-
old measurement was being performed. For an upper thresteddurement subjects were
asked to find the strongest inertial motion amplitude that stél perceived as coherent with
the visual cue. For a lower threshold measurement they ve&eido find the weakest iner-
tial motion amplitude that was still coherent with the vistize. Subjects were instructed to
decrease and increase the inertial motion amplitude as titaeyg as needed until they were
satisfied with their choice. Subjects were advised to staintiwcrements of 10 or more and
decrease the number of increments or decrements at evetidir reversal. They were
informed of the stopping criteria of the trials.

7.3 Results

To observe the differences in motion base performance leetree three simulators, the
commanded lateral acceleration was compared to the mebsigrals for each of the three
simulators. Figure 7.4 and Figure 7.5 show time historigh@fcommanded and measured
signals for all frequencies at high and low amplitudes. Tinpl&udes chosen to be plotted
are around 0.2 m#sand 1.5 m/& for the commanded signal, and are representative of the
limits of the search interval for most subjects.

As can be seen, there were quite some differences in penfimenaetween the VMS
and the CMF motion bases. The VMS showed a more pronouncaddtound bump” at
the low amplitude and low frequency conditions and a clearsiwot at the high amplitude
conditions. The low amplitude conditions at a frequency o&/s seemed to be equally
demanding for both motion bases. In these conditions the hiistories clearly showed an
additional oscillation around 15 rad/s for the VMS and 20s4ddr the CMF. Although these
oscillations were more pronounced at the low amplitude dgH frequency conditions, a
spectral analysis of the time histories showed that theywweesent in all other conditions
as well.

The data from the CMF motion base also showed oscillatioosrat 180 rad/s, which
were stronger with the GFD than with the IFD cabin. The oatidhs can clearly be seen
in the time histories in Figure 7.4c and Figure 7.5c. Althobgth cabins were mounted on
the same motion base, differences in mass of the cabin, ifullgttaken into account by
the motion base controller, may have affected the overdibpmance.

Since there were considerable differences between the eoced and the measured
motion, the thresholds should be based not on the amplitoidtee commanded signals,
but on the amplitudes of the measured signals. However, saneeshould be taken, since
some of the peak amplitudes of the measured signal mightieme caused by noise inher-
ent to the accelerometer and not motion of the platform.
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Figure 7.4: Time histories of the commanded and the measured lateral acceleration
for frequencies of 3 and 2 rad/s.
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To preserve the measured accelerations and eliminate teghéncy noise that is un-
likely to have resulted from the inertial motion of the ptath, the measured signals were
filtered with a second order filter with a cutoff frequency 6frad/s. Examples of the mea-
sured signals before and after the filtering are shown inr€igué. Only examples of the
low amplitude runs are plotted, since in these the diffeesrzetween the measured and
filtered signals are more noticeable.

The threshold values were determined by averaging the pealktade of the last two
runs in each trial. The so determined thresholds were theraged across the three rep-
etitions of each condition. Especially for the VMS, the diffnces in peak amplitudes
between the commanded and the filtered signals were quife, lso a large difference can
be expected between the thresholds if they are determinedtfre commanded signals or
from the filtered signals. For the tests in the VMS, the thotdhdetermined from the com-
manded signals are shown together with the thresholdsndieted from the filtered signals
in Figure 7.7.

As can be seen, there was indeed a considerable differetwedrethe commanded
signal thresholds and the filtered signals thresholds,céapefor the upper thresholds of
the high amplitude conditions. Although the differencenwsgtn commanded and filtered
thresholds for the other simulators was negligible, fordhlke of consistency, all thresholds
were determined from the filtered signals. Therefore, exedyere explicitly mentioned
otherwise, all threshold values presented here were ditedfrom the filtered signals.

Figure 7.8 shows the determined thresholds for all conafitio the VMS. In this and
all following figures, the error bars indicate the 95% confickeinterval of the mean.

For both frequencies and amplitudes of the visual stimahesupper and lower thresh-
olds defined a coherence zone that included the one-to+omeThe variation of the lower
threshold values across conditions was small, whereaptter thresholds clearly increased
with the visual stimulus amplitude and decreased with feaqy.

A repeated measures ANOVA was performed to investigatevenehe observed dif-
ferences were significant. The results of the analysis apesishin Table 7.1. All data
were normally distributed. Both the frequency and the amgé had a significant effect on
the upper thresholds, but not on the lower thresholds. Tivaseno significant interaction
effects.

The thresholds determined in the GFD and IFD are shown inrEig®. Similarly to the
results from the VMS, the visual stimulus amplitude and Gieracy had a more noticeable
effect on the upper thresholds than on the lower threshéldssboth simulators, there was
a very small increase in the lower thresholds for the highgslaude and a slight decrease
for the higher frequency conditions. The same trend can ée & the upper thresholds,
but here the differences are much larger. The upper thresmokasured in the GFD were
slightly lower than the ones measured in the IFD, and the datuesholds were slightly
higher.
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Figure 7.6: Time histories of the measured and the filtered lateral acceleration signals
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Figure 7.8: Upper and lower thresholds for the VMS.

To investigate whether these effects were significant, a@¥\was performed on the
data. Table 7.2 shows the results of this analysis. Only thia ffects and significant in-
teractions are shown. The effect of amplitude and frequendie lower threshold values
was not significant. Moreover, the lower thresholds fromtthe simulators were not sig-
nificantly different. The upper threshold values were digantly affected by the simulator,
amplitude and frequency factors. In addition, the effedteduency on the upper thresholds
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Table 7.1: Results of the ANOVA for the measured thresholds in the VMS, where
** is highly significant (p< 0.01), * is marginally significant (p< 0.05), and - is not
significant (p> 0.05).

Dependent measures

Independent Lower threshold Upper threshold
variables df F sig. df F sig.
Amplitude 1,7 247 - 1,7 4836 **
Frequency 1,7 160 - 1,7 559 *
Amplitude x Frequency 1,7 3.07 - 1,7 0.02 -
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Figure 7.9: Upper and lower thresholds for the GFD and the IFD.

was larger on the IFD than on the GFD, as is confirmed by thefiignt interaction effect
found between simulator and frequency.

The measured thresholds from all three simulators can beawed only for the highest
frequency, since in the VMS the lower frequency was 3 raddsrent 2 rad/s as in the GFD
and IFD. The upper and lower thresholds at 5 rad/s and at theutaplitudes for all sim-
ulators are shown in Figure 7.10. For comparison purpoststhe thresholds calculated
from the commanded and from the measured signals are shown.

The lower thresholds did not vary much from one simulatoti® dther. The largest
differences were seen in the upper threshold values. The $thé®ed the highest values,
especially for the conditions with the 1 ri/amplitude. The GFD showed the lowest upper
thresholds. An ANOVA was performed on the data. The resultssaown in Table 7.3.
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Table 7.2: Results of the ANOVA for the measured thresholds in the GFD and IFD,
where ** is highly significant (p< 0.01), * is marginally significant (p< 0.05), and -
is not significant (p> 0.05).

Dependent measures
Independent Lower threshold Upper threshold
variables df F sigg df F sig.
Simulator 1,7 248 - 1,7 2484 **
Amplitude 1,7 256 - 1,7 156.07 **
Frequency 1,7 296 - 1,7 2177 **

Simulatorx Frequency 1,7 0.05

1,7 737 %
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Figure 7.10: Upper and lower thresholds, for the 5 rad/s frequency conditions, in
the VMS, GFD and IFD, obtained from commanded and measured signals.

The lower thresholds were not significantly different asrosnditions and simulators. The
simulator and the amplitude had a significant effect on thgeuphresholds. Although
the larger difference seemed to be between the VMS and tlee ttio simulators, a post-
hoc pairwise comparison, using Bonferroni adjustmentsrfoltiple comparisons, showed
that the VMS and the IFD were not significantly different, thut GFD was significantly
different from the VMS and the IFD.

The coherence zones limited by the upper and lower thresivald also be represented
in terms of a PMC and a CZW. Figure 7.11 shows the results irthtteee simulators in
terms of PMC and CZW.



154 Comparing Simulators Using Perception Coherence Zones

Table 7.3: Results of the repeated measures ANOVA for the measured thresholds in
all three simulators for a stimulus frequency of 5 rad/s, where ** is highly significant
(p< 0.01), * is marginally significant (p< 0.05), and - is not significant (p> 0.05).

Dependent measures
Independent Lower threshold Upper threshold
variables df sig. df F sig.
Simulator 214 132 - 1.19,10.328 7.96 *
Amplitude 1,7 315 - 1,7 72.64 **
Simulatorx Amplitude 2,14 1.03 - 12,14 203 -

a Greenhouse-Geisser sphericity correction applied.
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Figure 7.11: Measured coherence zones.

The PMCs increased with amplitude, approximately follayvihe one-to-one line, al-
though for the higher amplitude they were slightly lowertwiespect to this line than for
the lower amplitude conditions. The VMS had the largest PM@sch is to be expected,
given that the upper thresholds were also much higher insihisilator. The CZWs were
also larger for the higher amplitude conditions. The VMS treglwider coherence zones,
followed by the IFD. The GFD presented the narrowest zones.

The ANOVA results, shown in Table 7.4, indicate that the @fff amplitude was sig-
nificant on both the PMC and the CZW. The simulator factor was significant on both
metrics, although it was not possible to statisticallyafiéntiate the CZWs in the three sim-
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ulators using a post-hoc pairwise comparison (again usoféroni adjustment). For the
PMC the post-hoc tests showed a significant difference twee VMS and the GFD, but
not between the VMS and the IFD and between the GFD and the IFD.

Table 7.4: Results of the repeated measures ANOVA for the PMC and CZW in all
three simulators for a stimulus frequency of 5 rad/s, where ** is highly significant
(p<0.01), * is marginally significant (p< 0.05), and — is not significant (p> 0.05).

Dependent measures

Independent PMC czw
variables df F sig. df F sig.
Simulator 1.208.4 539 * 214 7.44 **
Amplitude 1,7 108.49 ** 1,7 2482 **
Simulatorx Amplitude 1.95,8.37 1.67 - 214 151 -

a Greenhouse-Geisser sphericity correction applied.

7.4 Discussion

The three motion simulators used in this experiment comtvioetypes of visual systems,
WAC windows and collimated panoramic display, and two dédfeé motion bases. Both
motion bases are hexapods, but the VMS is a considerably pldéorm than the motion
base of the GFD and IFD. The performance of the motion baseswenitored by looking
at the commanded and measured motion signal.

7.4.1 VMS

As was to be expected, the older motion platform, the VMSwatblarger turnaround
“bumps” that were relatively worse at the lower amplitud@#is situation was known a
priori and the worse performance of the motion base was thidodrave an influence espe-
cially on the lower threshold values, since here the amgdisuof the inertial motion were
lower. It was thought that the large turnaround bump coutdease the overall perception
of strength of the inertial motion, leading the subjectsieetdown the motion for both high
and low amplitudes.

However, at the very low amplitudes, possible crosstalktionan other DOFs) might
mask the inertial lateral motion, which could lead subjeatsine the motion up, such that
motion in the lateral DOF could be distinguished from thesstalk. The lower thresholds
results show that if any of these issues played a role, thbgretanceled each other out, or
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the effect was too small to be measurable.

The turnaround bump might also have influenced the measyn@el thresholds in the
VMS. The threshold values obtained from the commanded Egvitzere clearly lower than
the ones computed from the measured and filtered signalsugjper thresholds from the
commanded signals were in fact lower than the ones obtam#teiother two simulators,
but when using the measured signals, the peak amplitudds theeturnaround bump result
in higher threshold values.

On the one hand, one might say that including the peak amdpliaf the turnaround
bump into the calculation is wrong because it artificiallises the threshold value. On the
other hand, it is also not correct to base the threshold sadunethe peak amplitude of the
commanded signals instead of the measured signals wheifféremnice is so large. It was
considered that presenting the results in terms of actuakored amplitudes was the most
correct. Nevertheless, both the commanded and measureshétd values in the VMS
were computed for comparison purposes.

When comparing the commanded upper threshold values inMf®, tb the ones in the
GFD, which has the same type of visual system, one might atgéf the turnaround was
the cause of lower values then considering the peak amplidfidhe turnaround bump in
the threshold computation should result in similar thrédfioThe fact that the measured
thresholds are in fact higher than the ones in the GFD, iteliteat although the turnaround
bump influences subjects’ perceived motion strength, isduo@ account for the whole
difference between the VMS and the GFD.

The turnaround bump represents a high-frequency compohtirg motion signal. Sub-
jects perhaps based their judgment on the lower frequermaponent of the signal and took
the turnaround bump only partially in consideration.

The measured coherence zones in the VMS show a significaat eff frequency, with
higher frequencies leading to lower upper thresholds. Téssilt is similar to what was
found for yaw motion in Chapters 4 and 6 and it is in agreemattit previous studies that
showed that subjects judge motion strength not only on teislod acceleration but also of
jerk (Grant and Haycock, 2006).

In Chapter 4 it was argued that the influence of frequency ery#tw coherence zone
might be related to the dynamics of the SCC. The gains appdigde inertial stimulus
by the SCC might not be taken into account during the intecnaiparison of visual and
inertial stimuli resulting in a deviation of the PMC from tae-to-one line. If the same
rationalization was to be applied to the lateral motion, wnald expect a similar but weaker
effect, since the gain of the otoliths also increases wihdiency (Heerspink et al., 2005),
but only slightly, for a frequency range between 1 and 10sta@his may help explain the
variation in the upper threshold values with increasingjfiency, but it is not agreement
with what was found for the lower threshold values.
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Surprisingly, the lower thresholds were not affected by gtmulus frequency. One
explanation for this fact might be the performance of theiamplatform at the low ampli-
tudes. The crosstalk might have masked the lateral motisndb an extent that it hindered
subjects in their task. One other explanation could be tlaively lower resolution of the
measurement method at the lower amplitudes. In the expetahsetup, the minimum am-
plitude intervals that are tested depend on the amplitudlesofisual stimulus, so they are
the same for the lower and the upper threshold trials. A seralugh amplitude interval
at the higher amplitudes runs may be too large to captureligpet slifferences in lower
threshold measurements. Of course, it may happen thatdeetbpecific combinations of
lateral motion amplitudes and frequencies the lower tholeshof the perceived coherence
zone are indeed very similar.

The amplitude of the visual stimulus also had a significafieotbn the upper thresholds
but not on the lower thresholds. Again, the lower threshaltsrmight have been affected
by the resolution of the experimental method. Although nahiediately observable from
the upper and lower threshold plots, very similar to whatdsas for yaw coherence zones,
the coherence zone bends down with respect to the one-thrend his effect is easier to
see by looking at the PMC values. For the higher amplitudd*M€ value is still higher
than 1 m/$, but it is much closer to the one-to-one line than for the loaraplitude.

7.4.2 GDF and IFD

The thresholds measured in the GFD and IFD were also basdueoméasured signals.
Unlike the VMS, the difference between the commanded andsured signals peak am-
plitudes in these two simulators was small, which resultedery similar commanded and
measured threshold values.

The differences in weight of the two cabins, with the IFD weigg 10% more than
the GFD, was expected to slightly influence the motion baspaance. However, apart
from a high frequency oscillation that is stronger in the GRBn in the IFD, the lateral
motion performance of the motion platform was very similliris not clear what are the
causes of the high frequency oscillation. One hypothesiddvbe that it is not actually
an oscillation of the motion base, but of the measuremertt die frequency of this os-
cillation was around 180 rad/s or 28 Hz, which may be too lowelectrical noise, but it
could be explained by some type of mechanical vibration atattachment point between
the measurement unit and the platform.

The influence of frequency and amplitude on the threshollisxsed the same trends
as the ones seen in the VMS. The higher frequency conditiesidted in lower values,
although that effect was only statistically significant floe upper thresholds. The fact that
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also in these two simulators the different conditions didl significantly affect the lower
thresholds indicates that either the amplitudes and frecjas chosen were not different
enough, or indeed that the measuring method lacks resoltibe lower amplitudes. Since
this is a result that is constant across simulators, thegtnitity that it is related to a specific
simulator configuration, is small.

Contrary to the lower thresholds, the upper thresholds wiferent between the two
simulators. The IFD presented higher upper thresholdsttieGFD. When looking at the
motion platform performance, the larger differences betwa&mulators are observed at the
lower amplitudes. Any differences in the results that wodddive from the motion base
would then be expected to be more accentuated on the loweshthids. However, it is
precisely in the upper thresholds that significant diffeemnare seen. This indicates that the
differences found between the threshold values were pitpblale to the visual system.

Chung et al. (2003) showed that collimation greatly inflleshsubjects’ perception of
lateral velocity and a larger field-of-view improved pasiticontrol during a hover task.
Both the IFD and the GFD have collimated displays, but the &b a panoramic display
whereas the GFD has four WAC windows. For a subject sittintherleft-hand seat of the
simulator only two of those windows provide visual stimidat This greatly decreases the
field-of-view which might lead to an underestimation of tligual cue amplitude in the GFD
relative to the IFD. The effect of this underestimation i$ abserved on the lower thresh-
olds, which, as mentioned above, might be related to a lacksaflution of the measuring
method at low amplitudes.

The thresholds measured in the IFD resulted in a wider colcergone, although the
point of mean coherence was not significantly different leetavsimulators. The larger
panoramic display of the IFD favors the onset and strengtreofion (Brandt et al., 1973;
Held etal., 1975; Kawakita et al., 2000; Nakamura, 2001 Wwican lead to a stronger sense
of self motion, which in turn allows larger inertial amplites before subjects detect some
mismatch between the visual and the inertial cue. One camsasethat the IFD has a more
convincing display, that allows the inertial cue amplitudadivert further from the visual
cue before it is noticed by subjects.

7.43 VMS, GDF and IFD

Comparing all three simulators for the conditions with enstius frequency of 5 rad/s, again
the lower thresholds show little variation, whereas theaughresholds were significantly
affected by the amplitude and the simulator. Based on theskinids calculated from the
measured signals, the post-hoc tests showed that sttistihe upper thresholds in the
VMS and the IFD were not different from each other but weraigicantly different from
the values in the GFD.
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It should be noted that since all subjects performed theraxpgats in each of the sim-
ulators in the same order, an effect of learning should natibegarded. However, there
is some evidence that in this type of task, the effect of liearis negligible. In this exper-
iment, as well as in the other experiments described in ligsis, each condition is always
repeated by the same subject two or three times. Althoughighiot explicitly reported,
an effect of the repetition has never been found. MoreoreChapter 3, two Experiments
are described. A small subset of subjects performed botarerpnts, with a few weeks of
time in between. Also here, no effect of learning or habitratvas found.

The differences found between the upper thresholds in th&\ahd IFD as compared
to the GFD are somewhat non intuitive. Similarities coulcckpected between simulators
that have similar visual systems, such as the VMS and the GF&mulators with the same
motion base, such as the GFD and IFD. In this respect, the @kl be expected to be in
between the VMS and the IFD. The GFD has a newer motion phattban the VMS, with
improved performance, but it has a visual system that is ssbahisticated as the one in
the IFD.

When comparing the upper thresholds based on the commaigphedss indeed the re-
sults fit the expectations, with the VMS showing the lowesesholds and the IFD the
highest. As noted before, calculating the thresholds frommanded signals might not be
entirely correct but does help in understanding how theatgund bump might influence
subjects’ judgment of motion. The lower upper thresholdthan VMS are in agreement
with the hypothesis that subjects tuned the motion down mpEmsate for the turnaround
bump.

The comparison of the three simulators might be summarizedviery generic way by
saying that better simulators allow for larger differenigesveen the inertial and visual cues.
That is, for higher quality systems, subjects are more tgrietheir judgment of matching
visual and inertial cues. Moving from the VMS to the IFD, theatity of the inertial motion
feedback and the visual systems could be said to improvs.iffigirovement lead to higher
upper thresholds, with the exception of the thresholds éMMS that include the peaks
caused by the turnaround bump. However, the same effect etazbserved for the lower
thresholds during the tested conditions and these are petha most interesting for flight
simulation applications.

From a simulation point of view it is much more interestinddok at the lower thresh-
olds, since the goal is to provide enough inertial feedbaikgithe smallest motion space.
If motion filter gains are set at, for example 0.7 of the visoa¢, then based on these
tests, subjects’ perception of combined visual and inecti@s will be equivalent in all
three simulators. However, the same might not apply forraflegrees of freedom or other
combinations of amplitudes and frequencies.

On the other hand, the results for the upper thresholds nhighibteresting for repo-
sitioning motion of the simulator. In certain motion pro$ijehe amplitude of the inertial
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motion might be exaggerated with respect to the visual cab that it is used to cue the
vehicle motion but also to allow faster movements when msitpning the simulator or
bringing it back to an initial position. According to thessults, the increase in inertial
motion with respect to the visual cue will not be noticed by slubjects and more even for
higher quality simulators.

7.5 Conclusions

The coherence zone for lateral acceleration motion wasumeddn three different simula-
tors for two different visual stimulus amplitudes and twinstlus frequencies. The effect
of amplitude and frequency on the upper thresholds of themotte zones were similar
to what has been previously found for yaw motion. The uppegstiolds decreased with
frequency and increased with amplitude. However, for tlghéi amplitude the point of
mean coherence decreased with respect to the one-to-ene lin

The lower thresholds were not significantly affected byesithmplitude or frequency.
This result was unexpected and since it was consistentashosilators it is thought to be
a particular case of the chosen motion conditions. Nevieskethe comparison of the three
simulators using coherence zones was successful, in tlse eat differences in simulator
configuration resulted in differences in the measured uppesholds.

To further investigate the potential of coherence zones@ereeptual metric to quan-
tify differences in simulator and motion cueing performasicmore degrees of freedom,
amplitudes and frequencies should be tested across diffeiraulators. One practical way
of bypassing the complicated logistics of running multipleulator studies is to use one
simulator and artificially degrade both the motion baseqgrerince and the visual system
quality (see Nieuwenhuizen, 2012).
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8.1 Introduction

The effects of amplitude, frequency, subject’s attentiod aimulator characteristics on
amplitude coherence zones have been studied in differg@riexents using different ex-
perimental methods. Throughout the thesis, each chapderided one or two experiments
that focused on investigating a particular aspect of catfereones. In each chapter, the
results were discussed and conclusions were drawn thaedplthe studied scenarios.

As explained in the Introduction Chapter, each chapter aanehd almost indepen-
dently of the others. Although this allows for an easier asa® the present thesis, the
fragmented nature of such a presentation might hinder tlierstanding of the general
principles regarding coherence zones. An attempt is mattiésichapter to approach all the
experimental data as a whole.

All the data from the previous experiments has been gathamddwill be presented
side-by-side. In doing so, it becomes easier to draw gemeratiusions and, although
the important details of each experiment are temporarigriooked, it also provides for a
summary of the most important findings.

8.2 Yaw amplitude coherence zones

Chapters 3, 4 and 6 described a total of five experiments wdrapgitude perception co-
herence zones were measured in yaw. In total, five differetiom profiles were used: one
was an acceleration step-like motion signal and the otheriere sinusoidal signals with
frequencies of 0.2, 2, 5 and 10 rad/s. Four experiments wexfered in the Simona sim-
ulator and one in the Desdemona simulator; three differexgisuring methods were used.
Despite all the variations in the different experimentalips, combining all the data in one
plot would allow the main trends to be observed.

The mean data across all subjects from each of the expesmeastaveraged for each
of the conditions, determined by motion profile and ampktud obtain overall mean co-
herence zone data. Figure 8.1 shows the data of all five erpats as a function of the
motion profile and the amplitudes of the visual motion stim@ihe perception coherence
zones’ limits, the lower and upper thresholds, are reptesgdy the lower and upper limits
of the colored bars. Each bar represents an interval, theapigir of lower and upper thresh-
olds. Each color represents a different motion profile. Fawity purposes, whenever more
than one pair of thresholds were measured at the same vispditiade, the bars are plotted
next to each other surrounding the corresponding visualiardp. Horizontal black lines,
placed at the inertial amplitude that physically matchesvisual amplitude, connect those
pairs of thresholds.

Looking at Figure 8.1 it becomes clear that a large part ofdidia was collected for
stimuli with amplitudes of 12 and 30 deg/sFor these conditions, which were performed
with different experimental setups, the spread in thretkalues seems quite large. This is
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Figure 8.1: Coherence zones represented as the values between the measured lower
and upper threshold values, across all amplitudes and frequencies, for five different
experiments. The horizontal black lines span different measurements made at the
same visual amplitude.

a direct result of using data from both the Simona and the &asda simulators, which, as
discussed in Chapter 4, can have a very large influence o ealues of the measured
thresholds. Although the thresholds’ values are depermtetite specific characteristics of
the simulators’ motion and visual systems, the trends eleseior the effect of amplitude
and frequency have remained constant across platforms.eMainhas been shown that
with increasing amplitude of the visual stimulus, coheeenanes tend to bend down with
respect to the one-to-one line and the coherence zone widthases. Also, an increase in
frequency generally led to lower threshold values.

In Figure 8.1, the trends observed for each of the experisnggpparately can still be
observed. The coherence zones at higher amplitudes seesrideér, relative to the one-
to-one line, than the coherence zones at lower amplitudesteder, for a given visual
stimulus amplitude, with the exception of the 0.2 rad/s stintoherence zone limits tend
to decrease as the stimulus frequency increases. It is kafvlarthat even across different
experiments and simulators, it is possible to observe sechls.
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8.3 Frequency

In Chapter 4 the effect of frequency on yaw coherence zoneselated to the dynamics of

the SCC. There, it was argued that although the SCC are siietuby rotational acceler-

ation, its dynamics resemble that of an integrator for feetpies between approximately 1
and 9 rad/s (Hosman and van der Vaart, 1978). For this ranfyjeqiencies, where normal

head motion occurs, the output of the SCC is proportionattoaity and, outside this range,

it is proportional to acceleration. In this case, if sulbgacse a simplified internal represen-
tation of the SCC that extends the integrator dynamics téredjuencies, high frequency

and low frequency acceleration stimuli would be over-andarastimated, respectively, see
Figure 8.2.

20

SCC .
internal representatig
—e— stimulus frequencies

|Hscc/|, dB
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Figure 8.2: Difference in gain between the SCC dynamics and the hypothesized
internal representation at the frequencies of the stimuli used.

For frequencies within the 1 to 9 rad/s range, a large effefrequency would not be
expected. In fact, comparing the results of coherence zaasarements made using 5
rad/s stimuli with the ones using 2 rad/s (visual amplitufi@® deg/$8) it is difficult to
see a clear effect of frequency. However, when measuringreolce zones for very low
frequency stimuli (0.2 rad/s) this hypothesis did not seeimald. As can be seen in Figure
8.1, for the visual amplitudes of 3 and 12 dégthe thresholds measured for the 0.2 rad/s
stimuli present lower values than that of the 2 rad/s stimuli

Because the output of the SCC is proportional to velocityveen 1 and 9 rad/s and
since visually perceived self-motion is also based on vgloin Chapter 4 it was argued
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that it is reasonable to assume that the internal compaosmertial and visual stimuli is
done in “velocity space”.

Figure 8.3 shows the same data as in Figure 8.1, but now bethighal amplitudes as
well as the inertial amplitudes are represented in velagiiys. As before, horizontal black
lines, placed at the inertial amplitude that physically chat the visual amplitude, connect
the different pairs of thresholds corresponding to the sameal amplitude.
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Figure 8.3: Coherence zones represented as the values between the measured lower
and upper threshold values in velocity units, for five experiments. The horizontal
black lines span different measurements made at the same visual amplitude.

When comparing the threshold results in velocity spaces#me reasoning as above
could be applied. Due to a simplified internal representaticthe SCC, for very high fre-
quencies$ 9 rad/s) the inertial motion may be overestimated and foy iev frequencies
(< 1rad/s) it may be underestimated.

The step profile contains several frequencies, from belowd?srto above 10 rad/s.
The thresholds determined using this profile are likely tpete on the relative amplitude
of each frequency composing the signal and on how the comlgaeception of different
frequencies affects the overall perception of inertialiorostrength.

Comparing the thresholds measured at the visual amplittid® deg/s, the 0.2 rad/s
stimulus presents higher thresholds values than the 2. r&dfsthe visual amplitude of 6
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deg/s, the 2 rad/s stimuli result in higher threshold valhas the ones from the 5 rad/s
stimuli. Here, the trend of decreasing coherence zonehhblas with increasing stimulus

frequency is more clearly shown than in Figure 8.1. This setengonfirm the hypothesis of

the simplified internal representation (Chapter 4). Howgvased on the dynamics of the
SCC, the differences in the threshold values between thea@/2 and 2 rad/s stimuli were
expected to be larger than the differences between the 2aad/the 5 rad/s. The latter pair
of frequencies are within the region in which the SCC apprates an integrator and thus
also, the simplified internal representation.

Moreover, if the differences between thresh-

olds measured at different frequencies could be g — — - one-to-onein&

. . g . 0.2 rad/s
fully explained by the simplified internal repre- L 45 2 rad{f,
sentation hypothesis, then the expected trendsS 40 10 rad/s
should be observable not only in velocity but § 2(5)
also in acceleration units. Figure 8.4 zooms in :é o5
on Figure 8.1 and shows the thresholds mea-s8 g

. . ©
sured for a visual amplitude of 12 degy/sFor £ 15 I ]
simplification, the results from the step pro- = 10 l
file have been omitted. The first three bars on X '
L , 0

the left-hand side in the figure represent data 12
collected in the Desdemona simulator and the Visual amplitude, degfs

other, data collected in the Simona simulator.
One can see that the threshold values at 0.2 rad/s
are still much lower than the ones at 2 rad/s.
This cannot be explained using only the inter-
nal representation hypothesis.

Figure 8.4: Coherence zones
measured in acceleration units at
a visual stimulus amplitude of 12

deg/s.

8.4 Acceleration and velocity

A different explanation for the effect of frequency was atdfered in Chapter 4. There it
was concluded that subjects seem to base their judgmente@mbinationof both velocity
and acceleration amplitudes. This is similar to what hasloéscussed in the work of Grant
and Haycock (2006) and Soyka et al. (2009), where it has beanrsthat perception of
linear inertial motion strength depends not only on the letaton amplitude but also on
the jerk amplitude. The otolith organ’s models presentedHbgman and Van der Vaart
(1978) show that the response of these organs is propalrtibath acceleration and jerk.
Transposing this to the angular motion case, where the bafghe SCC is proportional to
velocity and acceleration, one would say that perceivedkangnotion strength depends on
both velocity amplitude and acceleration amplitude.
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That being the case, the effect of frequency could in factrbeféect of velocity and
acceleration amplitudes. That is, for the same acceleratioplitude, a high frequency
acceleration stimulus results in a smaller velocity armgl than a lower frequency one.
For stimuli with frequencies as different as 0.2 and 10 ralésdifferences in velocity
amplitudes are very large. As an illustration, Figure 8 &ehthree sinusoidal signals with
the same acceleration amplitude and different velocityldages.
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(a) 0.2 rad/s. (b) 2 rad/s. (c) 10 rad/s.

Figure 8.5: Example of three motion profiles with a maximum acceleration ampli-
tude of 30 deg/s* and different frequencies, resulting in different maximum velocity
amplitudes.

For the same acceleration amplitude of 12 dggiise lowest frequency signal has a
velocity amplitude of 60 deg/s. As mentioned above, foréarigual motion amplitudes,
coherence zones tend to bend below the one-to-one linemMdass that at high amplitude
movements subjects have an increasing tendency to downttienimertial motion. So,
comparing the thresholds measured at 0.2 rad/s with the measured at 2 rad/s, with
a visual amplitude of 12 degd/stwo factors are playing a role: frequency and amplitude.
As a general trend, lower frequencies lead to higher aciberthresholds. On the other
hand, high motion amplitude leads to a down tuning of thetialemotion, leading to lower
thresholds. The 0.2 rad/s profile is a much lower frequenay the 2 rad/s profile but has a
very large velocity amplitude.

The relationship between velocity and acceleration anmhdis and frequency can be bet-
ter observed by showing the coherence zone data in bothityeload acceleration space,
while retaining the information about the stimulus freqeyerFigure 8.6 shows the coher-
ence zones measured in terms of visual velocity and inextie¢leration, for each motion
profile.

In this figure there is a different one-to-one line for eachioroprofile, since, depending
on the stimulus frequency, the same acceleration ampli@éadesponds to different velocity
amplitudes. For the same stimulus frequency, higher vigelalcity amplitudes result in
coherence zones that are bent down with respect to the eoeettine. Concurrently, for the
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Figure 8.6: Coherence zones represented as the values between the measured lower
and upper threshold values in acceleration units, across all visual velocity amplitudes,
for five different experiments. The horizontal black lines span different measurements
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made at the same visual amplitude.

same visual amplitude, higher frequency stimuli also lealdwer thresholds with respect
to the physical match.

From this it seems possible to conclude that coherence zareeaffected by both the
velocity and the acceleration amplitude of the motion stirau Subjects seem to rely on
a weighted combination of both velocity and acceleratigmeges to match the perceived
inertial motion to the perceived visual motion. The effetfrequency that is observed
when representing the coherence zones as visual verstialimenplitudes might just be a
consequence of this weighing between velocity and acdalara

In general, for high frequency and high amplitude motionjolthmight be considered
outside the normal range of head and body movement, subgect$o down tune the inertial
motion with respect to the physical match.
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8.5 Yaw motion gains

The effect of frequency is especially important when apgyknowledge of perception
coherence zones to the tuning of motion filters. Dependintheravailable motion space,
high-pass filters might introduce more or less attenuatidiff@rent frequencies, depending
on the filter’'s gain and cutoff frequency. In order to be ablate coherence zone measure-
ments in the optimization of such filters, thresholds caa bésrepresented in terms of gains
at different profile frequencies.

Figure 8.7 shows the coherence zones in terms of motion ghiatsis, the upper and
lower thresholds were divided by the corresponding visaetkeration amplitude for each
profile frequency. The data was divided in three differeatiai acceleration amplitudes: 3,
12 and 30 degfs The step-like profile was a periodic signal with a fundarakfiequency
of 1.8 rad/s. However, it contained other higher frequermygonents and so, it can not
correctly be plotted at only one frequency. For this reasiom step-like profile is plotted
separately on the right hand side of the figure. For clatigystep profile data corresponding
to amplitudes other than 12 or 30 degése not shown.
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I 12 deg :
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Figure 8.7: Coherence zones represented as the maximum and minimum motion
gains obtained from the threshold values, across three amplitudes for all yaw motion
experiments. The horizontal black lines span different measurements made at the
same frequency.
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The upper threshold gains are clearly higher for the midaéigidencies of 2 and 5 rad/s.
The differences in the lower threshold gains are not as pmoced but they also present
higher values for the middle frequencies. The values obthirsing the step profile seem
to be somewhere between what one could expect for stimubgsiéncies between 2 and
10 rad/s. The effect of the visual cue amplitude can also ba,sgith higher amplitudes
leading to lower gains. This corresponds to the previousintioned “bending” of the
coherence zone with respect to the one-to-one line at hayhefitudes.

The large upper threshold value for the 3 dégtimulus corresponds to measurements
performed in the Desdemona simulator. As discussed in €hdpfor the same experimen-
tal conditions, the thresholds values obtained in the Dasta@ simulator were generally
larger than the ones obtained in the Simona simulator, [glthue to the specific charac-
teristics of Desdemona’s visual system, such as the proxohthe display and the absence
of collimation.

8.6 Sway motion gains

For the experiments in sway described in Chapter 7, the satadm@atment can be applied
to obtain threshold gains. The measured lower and uppestthlds for sway amplitude
coherence zones were divided by the corresponding visuplitane. Figure 8.8 shows
these threshold gains for three stimulus frequencies aaditplitudes, collected in three
different simulators.

The trends in the data are similar to what was observed forogdwverence zones. Both
the upper and lower threshold gains decrease slightly withebsing frequency and the
gains are lower for the highest amplitude of the visual culeer& is one exception at the
frequency of 3 rad/s, where the upper threshold gains ageddhan the ones at 2 rad/s.
The thresholds at 3 rad/s correspond to measurements made\fisual Motion Simulator
(VMS), whereas the ones at 2 rad/s were performed in the @drlight Deck (GFD) and
the Integration Flight Deck (IFD). As discussed in Chaptethé VMS presents consider-
able overshootin the motion response, which results indrigfireshold values.

8.7 Coherence zones and optimal gain

What is perhaps more striking in Figure 8.7 and Figure 8.Bas the upper threshold gains
can be very high. For sway, upper gains are above 2 and foratahe frequency of 2 rad/s
and a visual cue amplitude of 12 degispper threshold gains can be above 3. This is a
remarkable result, since previous research has shownuhbpgcss in the simulator prefer
motion gains below one (Groen et al., 2007; Correia Grac#.£2010).

Perhaps a crucial difference between these studies anddberp one is what exactly
is asked of subjects during the experiment. In this studyjesiis are requested to find the
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Figure 8.8: Coherence zones represented as the maximum and minimum motion
gains obtained from the threshold values, across all amplitudes and all sway motion
experiments.

boundaries of their coherence zones. They are invited &rihrte what is the strongest and
weakest inertial motion amplitude that still matches theual cue amplitude. In the cited
studies, subjects are required to either rate the motiomdicate what is the inertial ampli-
tude that is the best possible match to the perceived ardplivfithe visual stimulus. It is
quite intuitive to think that this optimal inertial amplde is contained within the coherence
zone. In fact, a study on both perception coherence zonestimdal gain showed that the
optimal region was contained within the lower part of theem@mce zone (Correia Gracio
etal., 2013). What exactly motivates subjects to choosetaingange of values within the
coherence zones as being “optimal” is still not known.

Nevertheless, when intending to optimize the motion fiftgiprocess, it is perhaps more
useful to look at the lower part of the coherence zones. Tibispnly because of the optimal
region location, but also because lower motion gains wéltlléo a more efficient and still
effective use of the motion space of the simulator. In thissee the lower thresholds of
the coherence zone provide a good indication for the motanggto be used. However,
measured upper and lower thresholds showed a decreasidgitita increasing frequency.
This preference for weaker inertial motion amplitude at hiigher frequencies is at odds
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with the use of high-pass filters, which show a higher gainighdr frequencies. The
relationship between coherence zone measurements, &sp&dth respect to the lower
thresholds, and motion filtering optimization is furthesaissed in Chapter 9.
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0.1 Introduction

The lower thresholds of the coherence zones represent tiismmi inertial motion ampli-
tudes that are perceived by subjects in the simulator adstilg coherent with the visual
stimuli. If these values are used as the minimum allowed onogiain at a specific fre-
guency, then it is likely that the inertial and visual cuethatt frequency will be perceived
as having matching amplitudes. The same reasoning can tiegpthe phase coherence
zone measurements described in Chapter 5. The phasedliesieasured can represent
the maximum phase value at which the inertial cue may lead/itweal cue and still be
perceived as having a matching phase.

It is assumed that since the visual stimulus representsahiele motion, for a realistic
model of the vehicle dynamics, any perceived differencesben the visual and the inertial
cue will correspond to a perceived difference between théleemotion and the simulator
motion. If the simulator motion and the vehicle motion arecgésed as different, then it
can be said that the simulation is impaired.

Taking the perception of coherent or incoherent visual aedial cues as a measure of
simulation fidelity, the coherence zone measurements cagsdikas criteria for motion filter
design and tuning. Although ideally much more data would éeded to draw up motion
fidelity criteria that extend to different simulator configtions, types of task and degrees-
of-freedom, the currently available data can still be usedemonstrate the potential of
coherence zones measurements as guidelines for the deeioand tuning of motion
filters.

In Chapter 8 the measured coherence zone thresholds adfessd experiments were
averaged for different frequencies and amplitudes of thealistimulus. By dividing these
threshold values by the corresponding amplitude of theaVistimulus, threshold gains were
obtained. These gains represent the coherence zones bmjressed as a ratio between
the visual amplitude and the inertial motion amplitude.

In this chapter the calculated average threshold gainsalandhe phase-error thresholds
measured in Chapter 4, will be used as coherence-zone bagtxhridelity criteria.

9.2 Sinacori plot and Schroeder’s revised criteria

One widely used criterion in flight simulation is the so-edllSinacori plot with fidelity
regions (Sinacori, 1977). The fidelity regions limits cepend to criteria for gain and
phase distortion introduced by motion filters at the freaqueof 1 rad/s. Schroeder (1999)
performed a careful review of motion filter assessment stidnd, based on experimental
data, suggested revised criteria for the rotational antstational axes. The revised criteria
by Schroeder are shown in Figure 9.1.
Two lines delimit three regions of fidelity. Along the linepsgating the “High” from

the “Medium” fidelity regions, four points were marked, repented by letters A to D.
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Figure 9.1: Sinacori plot with motion fidelity criteria for the rotational axes revised
by Schroeder (1999).

Each of these points represent the amplitude attenuatidrphase distortion introduced
by a given motion filter at 1 rad/s. There are several motiderfdettings that may result
in the same amplitude attenuation and phase distortioresadt 1 rad/s. However, for
most flight simulators with a Stewart platform, the most iydesed method to cue vehicle
accelerations in the limited space of a simulator is to usigh-pass filter. Moreover, to
make sure that after each initial motion of the simulata,dhbin always returns to a neutral
position, motion filters need to be of second order or higlfethe motion filter structure
is defined as a second order high-pass filter with a fixed dagngzitue of 0.7, each pair of
gain and phase-distortion values in the Sinacori plot wilirespond to one unique set of
motion filter parameters (scale factor and break frequedy modulus across frequencies
for each of these filters are shown in Figure 9.2. Here, thetdiweshold gains for four
frequencies and two visual signal amplitudes are shown.

The lower threshold gains represent the lower limit of thertial motion gain for which
the combined inertial and visual cues are perceived as enheBimilarly, for fixed values
of phase-distortion at 1 rad/s at each of the points A to Dntlé&on filter lines represent
the lower limit of the inertial motion gain for which, accand to Schroeder’s criteria, the
motion cueing is considered to be of high fidelity. It shoudchoted though, that the criteria
derived by Schroeder for the rotational axes are mainly diateroll and pitch motion,
whereas the coherence zone measurements were made in yaxthetess, there are a few
observations that are interesting to make.
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Figure 9.2: Lower threshold gains for five motion profiles and two visual stimulus
amplitudes and motion filters derived from Schroeder’s revised criteria.

The coherence zone measurements were made with a zerogikEsten, that is, only
the gain was varied, whereas Schroeder’s criteria weredmasexperimental data collected
using motion filters that introduce both amplitude atteimmaand phase distortion. At a
zero phase-distortion level (filter A), Schroeder’s cidare, in general, less strict than the
coherence zone criteria, with the former setting a minimuotiom gain of 0.4 whereas the
latter demands gains as high as 0.8.

Since the depiction of Schroeder’s criteria is made basedigim-pass filters, it is to
be expected that the gain increases from low to high fregasrand remains constant for
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frequencies higher than the filter break-frequency. Onegtian is filter A that corresponds
to a single scale factors (the break frequency is zero). hiraset, the limits based on
the coherence zones seem to indicate that high gains arechaethe middle frequencies
(around 2 rad/s) and they can be lower for high and low freqigsn Furthermore, the
criteria based on coherence zones also allow for differalutes at different amplitudes of
the visual cue. This is only possible since measurements made using single sinusoid
signals with a specific amplitude.

The coherence zone gains were derived from human self-mpgicception metrics and,
apart from choosing the lower thresholds as the lower lifioitsnotion filter scale factors,
no other considerations have been made regarding the twinenlation technology. In
contrast, the initial Sinacori plot and Schroeder’s redisdteria are centered on typical
motion filtering techniques and aim at achieving the bessiptesresult within the limita-
tions of the simulator. The measurement of coherence zoagsdeliver criteria that are
impossible to meet with a specific simulator or during a djetipe of task, rendering the
criteria useless for direct application. On the other h&uthroeder’s criteria or any type of
criteria that assumes a specific motion filtering technigighbbe limiting the development
of novel cueing methods.

9.3 Advani-Hosman criteria

The proposed use of coherence zones as fidelity criterigevstill considering simulator
motion space issues can be accomplished by expanding thengx&inacori plots with
criteria defined for both frequency and amplitude. One ste@tds this concept has been
made by Advani and Hosman.

Advani and Hosman (2006) have proposed a joint representafi the motion base
and the motion filter performance. To this purpose, they idenshe total transfer function
from the simulated vehicle motion to the inertial stimulopided to the subject, including
the dynamics of the motion base hardware, the charactaristihe motion base controller
and the effects of the motion filter. The transfer function ttzen be plotted in a modulus
versus phase plot for all frequencies of interest. In sucloa @ region of gain and phase-
distortion values can be defined which will lead to accepgtaidtion fidelity within a certain
range of frequencies.

Figure 9.3 shows the limits for acceptable motion for thatiohal axes that were pro-
posed by Advani and Hosman on a temporary basis, i.e., uotieraxperimental data is
collected. An example of a transfer function of the combihedapod motion base and
motion filter is also plotted. The motion base charactesaised were those of the Simona
simulator for yaw motion, with a second order high-pass arofilter with a scale factor of
0.55 and a cutoff frequency of 0.35 rad/s. The phase valuesepted are absolute values,
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so they may indicate either inertial motion phase lead (uprid/s) or phase lag (from 4 to
10 rad/s).
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Figure 9.3: Advani-Hosman proposed criteria for the rotational axes and an example
of a combined transfer function.

As can be seen, the simulator motion can be described atatfifférequencies and the
fidelity of the motion provided can be assessed independehthe type of motion filter
used. From the figure, one might conclude that the inertiglonpat almost all frequencies,
is not acceptable. However, below, it will be shown that whsimg criteria that distinguish
between stimulus frequencies and amplitudes, the providsgtial motion, at high ampli-
tudes, is in fact acceptable for most frequencies.

9.4 Coherence zone criteria

It is now proposed that coherence zone measurements beasatibrate the acceptable
motion region, or better said, regions. Not only one regiam loe defined, but for the same
transfer function, different regions can be created thatespond to different frequency
ranges and amplitudes.

As an example, the lower threshold gains shown in Figure @ 2ised to determine the
left boundary of the acceptable motion region. For the uppendary, corresponding to the
phase-distortion limit, the thresholds measured in Chdptge used. The phase-threshold
values obtained were not measured at the same frequenciesglitudes as the ampli-
tude coherence zones, so some approximations will be mdake pfiase-thresholds were
measured in yaw for amplitudes of 5.73 and 9.17 deg/s andidérezies of 1.257, 6.283
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and 10.051 rad/s (see Chapter 5 for the values in acceleratiiis), whereas the lower
thresholds gains from Figure 9.2 correspond to amplituéi#g and 30 degfsand frequen-
cies of 0.2, 2, 5 and 10 rad/s. For reasons of simplificatioa,amplitudes of the visual
stimulus will be considered either high, 9.17 deg/s in thagghthreshold experiment and
30 deg/$ in the amplitude coherence zone experiments, or low, 5.g8dmd 12 degfs
The phase-threshold values at the frequencies of 1.2583@&ad 10.051 will be taken as
corresponding to the frequencies of 2, 5 and 10 rad/s, régglsc It should be noted that
the phase-thresholds measured showed no significant effedher the amplitude nor of
the frequency of the visual stimulus. Hence, using an awetabase-error threshold for all
amplitudes and frequencies would also be an acceptablexpyation.

Figure 9.4 shows the different fidelity regions derived frive lower thresholds of the
amplitude coherence zones measurements and the phaseremEheone measurements.
The same transfer function from Figure 9.3 is also shown.

As already mentioned before, the phase coherence zonebaadplitude coherence
zones were obtained independently, so there is no certtiatythe combined coherence
region is rectangular. A rectangular region assumes thatefying motion gain values,
the phase-threshold is constant and vice-versa. The rdusd@ns proposed by Schroeder
were based on experimental work that used motion filtersh@igeneration of inertial mo-
tion cues. Typically, when the cutoff frequency of a highspélter is decreased, the gain
has to be decreased as well to maintain the same usage of tlmrspace. Generally, a
decrease in the cutoff frequency leads to a reduction of hiasg-distortion at 1 rad/s. So,
for a typical hexapod simulator the trade-off to be made ta/ben high gain and high phase
distortion or low phase distortion and low gain. The roundsgions thus exclude low gain,
high phase-distortion regions.

Grant and Lee (2007) measured phase-error thresholdstébr miotion using two dif-
ferent gains applied to the inertial motion: 1 and 0.5. Theynd a significant effect of the
motion gain on the phase-error thresholds. In fact, for donagain of 0.5, the phase-error
thresholds were around 10 deg higher than for a motion galh efiggesting that as the
gain decreases, the allowed phase distortion increaseswdhld make the criteria regions
neither rectangular nor rounded, but with a sloped uppentlary.(For an example of such
a boundary, please see the low frequency level boundariegjure A.1) Presently, and
until more data is collected using combined phase and amdglitnismatch, the rectangular
regions are considered to be the simplest approximation.

The different regions correspond to acceptable, or colyeneation at different fre-
quency ranges and amplitude levels. Generally speakingafth simulation, and each type
of vehicle being simulated, it is possible to identify a rargf frequencies and amplitude
levels that are crucial for the execution of the specific &dkand. Using different fidelity
regions allows the tuning of the motion filter to have optipaiformance at the frequencies
and amplitudes of interest while providing insight into #féect of changes in the filter at
other less crucial, but perhaps also important, regions.
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Figure 9.4: Representation of coherent motion regions for yaw based on phase-error
thresholds and lower threshold gains for two amplitude levels: high (high amp) and
low (low amp), and three frequency ranges, based on the method proposed by Advani

and Hosman.
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The usefulness of having different criteria for differereduencies becomes evident
when comparing Figure 9.3 with Figure 9.4. In Figure 9.3 thsighed motion filter and
motion base performance seem to result in acceptableahertition only for frequencies
around 10 rad/s. However, in Figure 9.4 it becomes possibmpare each frequency
point with its corresponding criterion. In Figure 9.4 ona sae that for high amplitude mo-
tion with frequencies around 1 to 2 rad/s, the designed fli#provides coherent motion.
For the other frequency ranges, around 5 to 6 rad/s (Figdiea®d 10 rad/s (Figure 9.4),
the same applies.

Figure 9.4 illustrates different regions for yaw, but thensacan obviously be done for
other degrees-of-freedom, and both rotational and tréioskd channels can be tuned in
this manner. As an example, Figure 9.5 shows criteria deffikem the lower thresholds
measured in the experiments described in Chapter 7, for svegipn. Here, no phase-error
threshold data were collected in sway. For this reason, gaily criteria is presented.

It is important to note that the maximum phase distortiondatkd in the plots refers to
the phase difference introduced by the combination of théandilter and the dynamics
of the motion platform. and the computational time delaygidally, this maximum phase
distortion includes phase lead introduced by the motioarfilland high frequency phase
lag introduced by the motion platform. Indirectly, it mayrwt include time delays due to
simulator computation and communication times. These telays are usually different
for the visual and the motion systems.

Figure 9.6 shows a simplified schematic of the timing of défe events during a sim-
ulation. The first event, designated by “vehicle” in the figurepresents the motion of the
actual vehicle as it is calculated in the vehicle model. T¥enes “motion” and “visual”
represent the start of the platform motion and the motiomesgnted through the visual
displays, respectively. For simplification, the timingfdiences in the figure represent both
time delays and phase differences. In this representdt®fimotion” is assumed to lead
the “visual” but that is not necessarily always the case.

In the case of coherence zones, the phase difference wasmeéastween inertial and
visual stimuli and thus includes any timing differencesaen the visual and the inertial
stimuli. This is represented kY, in the figure. It does not, however, include any constraint
on the overall time delay between computed vehicle moti@hsamulator motion.

In the Advani-Hosman criteria, the phase distortion cigterefers to the phase differ-
ence between vehicle motion and simulator motion, inclgdire phase difference intro-
duced by the motion filter and platform dynamics, and comntpmrtal time delays. This is
represented byk,,,. Here, the time delay between vehicle and simulator mosi@ecounted
for, but the time delay between visual and inertial motionds

The Advani-Hosman criteria do not include any constraimishe differences between
visual and inertial motion in the simulator. Neverthelelsat constraint is indirectly guaran-
teed by setting a maximum allowed time-delay for the visysiemm (Joint Aviation Author-
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Figure 9.5: Representation of coherent/acceptable motion regions for sway based on
lower threshold gains for two amplitude levels and three frequencies. The acceptable
region proposed by Advani and Hosman for the translational axes is also shown.
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Figure 9.6: Schematic of time delay and phase distortion constraints.

ities, 2003; Royal Aeronautical Society, 2005; InternagibCivil Aviation Organization,
2009), indicated by\,, in the figure.

For the coherence zone based criteria, the phase dist@tidrincluded time delays
between inertial and visual motion are incorporated in tiiteria, but there is no constraint
regarding the delay between the vehicle motion and the Ve inertial stimuli in the
simulator. Again, setting a maximum allowed visual systestag guarantees that both the
visual and the inertial motion have an acceptable delay repect to the vehicle motion.

For both criteria it holds that the overall timing of the silation is only guaranteed
when constraints are applied to two of the variables indit@t Figure 9.6. The third one
can always be derived from the first two.

9.5 Upper thresholds

Up to this point only lower threshold values were used towetriteria for motion cueing.
However, measuring upper thresholds, apart from conirigub our general understand-
ing of human motion perception mechanisms, can be usefuhédesign of new motion
filtering techniques as well.

Generally, in a flight simulator it is desirable to provide thecessary motion feedback
with the smallest possible motion space. The less motiocesigaised in one DOF, the more
it can be used in other DOFs, for example. So, if two differ@otion gains provide the
same perception of coherence between visual and ineitiallstthe lower gain is the most
advantageous. In such a scenario it may seem that uppenstadedave little relevance for
motion cueing. However, when considering the repositigmiotion of the simulator, for
example, it makes sense to think about larger gains, sohteaimulator returns as quickly
as possible to its neutral position in order to have spadéd@for the following maneuver.

One other application where it may be useful to know the h8gbain that can be used
for cueing a certain movement is during tilt coordinatiomuring a tilt coordination maneu-
ver, the simulator is placed at a non-zero angle with grasayhat the specific force due to
gravity is used to simulate a sustained linear acceleralitihe onset of linear acceleration
is fast, then the rotational movement needed to place thia ealthe desired angle should
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also be fast. However, to prevent subjects from perceiiagthey are being rotated, the
rotational motion has to be made slowly, so it remains belwvperception threshold. If
during a certain simulation scenario, besides an onsetenifép force, there is also rota-
tional vehicle motion in the same direction as the rotatieaded for the tilt coordination
maneuver, then the maximum rotational speed is no longerméied by the perception
threshold, but by the upper threshold of the coherence z&irece generally, the upper
thresholds of coherence zones are above the one-to-onetbeimotational movement can
then be performed at a higher speed.

This technique can be applied to improve the cueing of onaefiiore difficult prob-
lems in road vehicle simulation: curve driving. During a dmadius turn, common in
urban environments, the lateral specific force due to theilar trajectory of the car cannot
be fully cued using only an onset in sway. Generally, it ipalscessary to roll the simulator
cabin to provide subjects with a sustained lateral cue duha curve. Entering and leaving
the turns happens relatively fast, so it is difficult to paeva roll motion that remains below
the perception threshold and still reaches a roll angleslamgpugh to provide a realistic
lateral specific force.

In this scenario, the slight actual roll motion that the cakes when entering a curve
can be used to “mask” the addition of high angular velocity natation in the simulator.
The vehicle roll motion when entering the turn can be smalijtis visually perceptible. If
roll motion is provided above the one-to-one point but betlogupper threshold, the motion
will be coherent with the visual roll cue, while simultansbuproviding a larger roll angle
in a shorter amount of time. This technique was used in theomdilter described in
Chapter 2 for curve driving in the Desdemona simulator.

0.6 Coherence zone assessment method

To achieve simulator motion fidelity criteria that allow file development of new simula-
tion methods and at the same time serve the current simwla&rs, both human-centered
and simulator-centered criteria should be combined.

From the coherence zone research it can be concluded thatheotrequency and the
amplitude of the visual stimulus, and hence of the vehicl¢iong have an effect on the
perception of coherence between inertial and visual cues.

From a simulator motion space point of view, there is alwayrade-off between high
motion gain and high phase distortion. For lower motion gaaiso the phase distortion
values should be lower to attain the same level of fidelityisTi# visible in the rounded
off regions proposed by Schroeder as opposed to the redtamggions initially defined by
Sinacori.

This trade-off was not studied during the coherence zonesunements, as only either
gain or phase were measured and never both at the same tifioee Beherence zones may
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in fact be used as a fidelity criteria, combined measurenstiasld be done. In Appendix
A a method is proposed on how to measure coherence zonesatlitlmplitude and phase
mismatches and how to translate those measurements inimmfidelity criteria.
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10.1 Conclusions

The goal of the present study was to contribute to the imprmre of inertial motion fidelity
in simulation. From this goal, two more specific objectivesrgvdefined. The first was to
understand the impact of different cueing solutions onettbj perception, behavior and
performance. The second was to extend our knowledge of cwdlgerception of inertial
and visual cues and to investigate the possibility of udiigknowledge to derive guidelines
for vehicle simulation.

The first part of this thesis presented the design and evatuat a new motion cueing
algorithm for curve driving in a large, centrifuge-basedimo simulator.

The second part consisted of several experiments aimededtigating both ampli-
tude and phase coherence zones. Amplitude coherence zenesngasured for yaw and
sway and phase coherence zones were measured for yaw andTpieceffects of stimulus
amplitude and frequency were measured for both amplitudepdwase coherence zones.
Furthermore, for yaw amplitude coherence zones, the viagale content and subjects’ at-
tention to the perception task were investigated. Thrdergifit simulators were compared
using sway amplitude coherence zones.

In the third part of the thesis, the coherence zone data veakstaglerive motion fidelity
criteria for vehicle simulation.

From the first part of this thesis it became clear that the ghpathe quality of iner-
tial motion stimuli on subjects perception, control beloadnd performance is observable
but difficult to quantify. There are no readily available hads, most criteria are based
on a specific motion filter structure and the available mstae both platform and task-
dependent.

In the experiment described, as in most motion cueing dgsigoedures, the design
and choice of initial settings for the motion cueing algumits were based on knowledge of
human motion perception, the physical limitations of threudator and the type of scenario
and task being simulated. The optimization of those ing&ttings was largely based on
human-based subjective judgments. The effect of eachgetti motion perception, control
behavior and performance could only be assessed throughsixt experimentation with
human subjects. This process implies a great time investmen

To expedite and improve process of design and tuning of mdilters, with respect to
motion perception, more platform independent, human+bpseception metrics and guide-
lines are needed. Coherence zones offer a systematic, Hoasaa approach to the deter-
mination of motion boundaries that can guide the optimiratirocess.

In the second part of this thesis coherence zones were negbssione way of studying
the combined perception of visual and inertial cues. Thiectdd data was summarized and
discussed in Chapter 8. The advantage of using coherenes #othe context of vehicle
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simulation is that it quantifies the level of perceived c@mee between visual and inertial
cues without necessarily having to determine the progseofi¢he individual processes, that
is, the perception of visual motion, and the perception eftial motion.

In this respect, coherence zones represent a bridge betietarge body of more fun-
damental research into human self-motion perception, pptieal studies that are oriented
towards motion cueing. The effects of stimulus amplitudes fiequencies on coherence
zones provide a basic understanding of combined cue péoe@imultaneously, the co-
herence zone measurements can be directly converted iieliges for vehicle simulation.

In the third part, coherence zones were used to define motieing criteria and to
propose a motion cueing assessment method. The coheremeagsessment method and
criteria provide three important additions to the alreagsilable criteria.

First, it presents not only criteria for desirable motioimsti, but also offers a system-
atic, objective, human-perception-based method to medlsalimits of the criteria for each
desired degree-of-freedom and simulator configuration.

Second, the coherence zones’ method and criteria introglticied and fourth dimen-
sions to the Sinacori plot: frequency and amplitude. Dggtishing between different fre-
quencies results in criteria that make no assumptions degathe motion filter structure.
Moreover, with the possibility of constructing criteriar fdifferent amplitudes and frequen-
cies, motion filters may be tuned optimally to motion profiigsical of specific tasks.

Third, by offering a measurement method and allowing d#fiferfrequencies and am-
plitudes to be chosen, the coherence zones method presantatsr-based, task-specific
criteria. This means that the ranges of desirable or ackkptaotion may be defined in-
dependently for each simulator configuration and that thasges can be used to find the
best possible solution for each individual motion platfotmthis respect, coherence zones
as criteria are task and platform dependent. However, eolcerzones as a metric, that is,
as a measure of the perceived coherence of the inertial éekgivovided, is platform and
task independent. This allows one to compare motion cuahgisns across simulators,
not on the basis of the inertial stimuli they provide, but lba perceived coherence between
the visual and inertial stimuli, independently of eachfolahs’ mechanical limitations.

10.2 Recommendations

10.2.1 Further research on amplitude coherence zones

This thesis extended the work on amplitude coherence zoraaplitudes and frequencies
common to vehicle simulation. However, the motion profilsediwere relatively simple:
either acceleration steps or sinusoidal signals. The egjdn of coherence zone measure-
ments to pilot-in-the-loop simulation scenarios can betiydmproved by extending the
type of profiles tested.
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The effect of frequency has been studied by using singleseidal signals. However,
in an actual simulation, the motion of the vehicle is liketyhave a large combination
of frequencies at different amplitudes. One option to edtear knowledge of coherence
zones to different signal shapes would be to investigate jpenweption of coherence be-
tween visual and inertial stimuli works when the motion gdeois a combination of two or
more sines. Does perceived coherence at both frequendieginally guarantee that the
combined motion profile is also perceived as coherent? Isssiple to predict the coher-
ence zone of the combined, multiple frequency, motion gdfdm the coherence zones at
the individual frequency signals? How does the relative laoge of each sinusoid in the
combined profile affect the perception of coherence?

10.2.2 Further research on phase coherence zones

The amount of data collected for phase coherence zones waglecably less than for am-
plitude coherence zones. Although different frequenciesamplitudes have been tested,
there are not enough data points to fully understand théioekhip between acceleration
amplitude, velocity amplitude and frequency. For examible effect of amplitude and fre-
guency on phase coherence zones found by Grant and Lee @hee, 2007) was not
observed in the present work. It was hypothesized that tesirlts might be explained by
the fact that in one of their conditions very low amplitudienstli were used. An amplitude
level too close to the inertial and visual sensory threshattght hinder the perception of
each stimulus individually and artificially increase thepé-error threshold. This effect has
not been tested yet. It would be worthwhile to extend the #&oge and frequency ranges
of the inertial and visual stimuli used in phase coherencezneasurements and observe
whether or not, for extreme values, the phase-error thidstavies.

Moreover, as only one-sided phase-error thresholds weasuned in the present work,
it is recommended to investigate if the same conclusionsbeadrawn for phase-error
thresholds when the inertial motion lags the visual motidhe choice of measuring only
thresholds for leading inertial motion was based on theiticahl motion filters used in
flight simulation. Here, the use of high-pass filters introelilead in the inertial motion
with respect to the visual motion. However, when considgtiire characteristics of the mo-
tion platform in the tuning process, as suggested by Advagiilosman (2006), this might
change. The mechanical limits of the motion platform introgl extra lag in the inertial
motion and, especially at high frequencies, may cause #rdahmotion to actually lag the
visual motion. In addition, phase-error thresholds foigiag inertial motion may also be
used to fine-tune the tilt coordination channel of a motioeieg algorithm, where inertial
linear accelerations are low-pass filtered.
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10.2.3 Combined amplitude and phase coherence zones measure-
ments

Coherence zones were measured in terms of amplitude or.pbBasieag amplitude coher-
ence zone measurements, the phase difference betweerotegrtwli was zero. The same
way, for coherence zone measurements, the gain of theahemtition with respect to the
visual motion was one. As explained in Chapter 9 and furtkermmlified in Appendix A,
for a better definition of the coherence zone criteria in agairsus phase plot, it is also
necessary to measure combined amplitude and phase coba@mes. This means that
amplitude coherence zones should be measured when theitdi $tave a certain phase
difference, and symmetrically, phase coherence zoneddsheumeasured for conditions
where the inertial and visual motion have different amplisi.

10.2.4 Coherence zones and degrees-of-freedom

Most of the amplitude and phase coherence zone measuremergperformed in yaw.
Phase coherence zones were also performed in pitch andtadeptoherence zones in
sway. Although no differences were found between the pitchyaw coherence zones, for
example, in order to construct a complete set of criterig,iifhportant to gather data for all
DOFs.

Moreover, it is useful to investigate how motion in one DOfeeffs the perception of
coherence between inertial and visual stimuli in anotheFDEbr motion in multiple DOFs,
is the separate contribution of each DOF perceived indegrghdfrom the other(s) or is
the motion perceived as a whole? Similar to what has also pegmosed for multiple-
frequency profiles, can perception coherence zones foliptesDOF motion be predicted
from perception coherence zones in each individual DOFtBs&mplitude and frequency
do we need to add other dimensions such as the effects ofmintasher DOFs and at other
frequencies?

10.2.5 Other types of coherence zones

Besides amplitude and phase coherence zones, there arara@hsurements interesting
for vehicle simulation. One example is the directional aehee zones (De Winkel et al.,
2010a,b), where the direction of the inertial cue deviatemfthat of the visual cue. For
example, for a surge visual cue (motion along thaxis), the inertial cue might be a few
degrees to the left or right (motion along theandy axes). These coherence zones might
be interesting to apply in cueing solutions for simulatohwotating cabins mounted on
top of linear rails or for the tuning of washout motion.

Other types of coherence zones that are interesting totigaés relate to the relation-
ship between coherence zones and optimal gain. Studies#agured subjects’ preferred
inertial motion gain for different visual stimuli (Corre@racio et al., 2010) have found that
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there is not one, but a range of optimal gains. This range loiegamay be referred to as
an optimal zone. Work has been done to compare percepti@rente zones to optimal
zones (Correia Gracio et al., 2013) and they have concltitEdhe optimal zone is con-
tained within the coherence zone. It is likely that both teecpption of coherence and the
determination of an optimal gain are gradual processesatieatot fully described by one
threshold or one value. Further work on this topic shoulegtigate whether coherence
and optimal zones can be explained by the same perceptualkmem, but measured at
different levels of certainty (or acceptance).

10.2.6 Understanding the mechanisms behind the perception of
coherence

Very recently an effort has been made to model perceptiorremite zones based on the
uncertainty of the individual stimulus perception (Dos 8arBuinhas et al., 2013). The
CZW was successfully modeled by the summation of the medslurst Noticeable Differ-
ences (JND) of the visual and of the inertial stimuli. Morena theoretical model has also
been developed to explain the “bending down” of the PMC fghlr amplitudes. It would
be very interesting to further validate the CZW model ané:gt the PMC model.

Although this line of experimentation may diverge from \a@aisimulation scenarios,
it is an indispensable contribution to our understandinthefbasic sensing and perception
mechanisms underlying the perception of combined stinfilis.recommended that further
research aimed at the development of motion simulationifjdetiteria and guidelines for
motion cueing design is always accompanied, in paralleimbye fundamental research on
human self-motion perception.

10.2.7 The link between perception and control behavior

As explained in the introduction of this thesis, there aneesd layers of fidelity and sev-
eral approaches to study and improve simulator motion. Altjin the main focus of this
thesis has been on perception, there has been some workalbridge the gap between
perception and control behavior studies.

One of these studies investigated the possibility of iniclgé sensory threshold model
in a pilot control behavior model and identifying the valdete threshold during a manual
tracking task (Valente Pais et al., 2012; Pool et al., 20T2)s work used methods typi-
cal of control behavior studies and applied them to the nreasent of human perception
thresholds.

Beckers et al. (2012) compared perception coherence zonkshavior coherence
zones. They measured phase coherence zones for differ¢ionnpoofiles from simple
sinusoids to more complex multiple-frequency profiles. yitheen set up a manual control
tracking task such that the inertial stimuli provided tojsgls during the task resembled the
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passively tested profiles. They performed the trackingfiasttifferent conditions of phase-
error between the inertial and the visual stimuli. By idByitig the pilot model parameters
for all the conditions they attempted to establish a “betvasdherence zone”. That means,
a range of phase-error values for which subjects preseimédisbehavior to the condition
with no phase-error. They concluded that subjects’ cofeblavior changed gradually and
that there was no steep thresholds for the behavior cohemmte. Nevertheless, they did
show that it is possible for subjects to be outside theirgggtion coherence zones and still
control the system in a way similar to the one-to-one coaditi

It would be very interesting to repeat such a study for amgétcoherence zones and
different motion profiles. For that to happen, considerafflert has to be put into designing
experimental conditions that fit both the passive and thigeatasks. The improvement of
the current identification techniques might allow more téity in the choice of motion
profiles.

Experimental work combining perceptual and behavioratiteis indispensable to the
advancement of motion simulation. These type of studidsalldiw for a better comprehen-
sion of the role of perception in manual control and of thatre¢ importance of perceptual
fidelity and behavioral fidelity for the overall success ofrawdation.
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A.1 Coherence zones method

When using coherence zone measurements to derive motidityfidéteria it should be
understood that the outcome is dependent on the specifiaatkéstics of the motion sim-
ulator. As shown by the results from Chapter 4 and Chaptérenype of visual system and
the performance of the motion base may have a large influemtieeovalues found for the
lower and upper thresholds. For that very reason, cohemmues may be used to develop
cueing solutions that make the best use of each simulatividioclly.

This appendix describes an example of a possible, but ddfinibt the only, use of
coherence zones as a motion cueing tool. It presents a gtsfep method on how to
measure perception coherence zones and how to use thosaremeasts to derive motion
cueing criteria for typical high-pass motion filters.

It is assumed that, from a perception point of view, moticiefd will only degrade the
fidelity of the simulation if the amplitude attenuation artthge-distortion levels introduced
are outside the coherence zone. Hence, designing motiexs fittat provide inertial motion
within the coherence zone will lead to the best motion figightat a specific simulator can
provide.

To use coherence zone measurements to design and tune filtgrsrthree steps need
to be performed: first, the measurement parameters, suchiwde and frequency, have
to be chosen; second, the measurements of the coherencefaotize chosen conditions
have to be performed; and third, the results have to be ctat/ento fidelity criteria. A brief
description of these three steps and the desired resultesemted below. The following
sections will explain each of the three steps in more detail.

A.2 Selecting the measurement points

Coherence zones may be measured for different DOFs, diffemetion profiles with dif-
ferent frequencies and amplitudes and using differen&Vistenes. Since it is very imprac-
tical to do measurements for all possible occurring contimina of parameters, a selection
should be made that may vary depending on the task to be pextbby the subject in the
simulator.

A.2.1 Frequency

For each specific task, the dominant and the “more often” mo@ufrequencies should be

identified. Since the frequency of the stimulus has an efiadhe coherence zones, more
than one frequency level should be chosen. When the taskdtdtes not seem to generate
motion at specific frequencies or the measurements are medaat a specific task, three

frequency levels may be chosen: low, medium and high. Thegebm chosen to cover the

full operational range during a specific task or to span tinédi of the motion platform.
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Steps Description Result
Based on the type o
task/vehicle to be simu- Setof MxN conditions defined
1. Selection lated, select the frequency ar by M frequency levels and N

2. Measurement

3. Criteria

amplitude of the visual anc
inertial stimuli to be used.

Define the measurement metl
ods and the measureme
points: phase and amplitude cc
herence zones, combined pha
and amplitude coherence zone
lower and/or upper thresholds
etc. Perform the measurement

Convert the measurement date
into criteria that can then be
used as a guideline for design
and tuning of the motion cueing
algorithm.

amplitude levels.

Phase and amplitude coherence
zone data measured at the
selected conditions.

Motion fidelity criteria defined
in terms of minimum mo-
tion gain and maximum phase-
distortion for M frequency lev-
els and N amplitude levels, re-
sulting in MxN lines on a gain

vs. phase plot.

Since the effect of frequency on the angular motion ampditcoherence zones is ex-
pected to be significant when comparing low { rad/s) and highx 9 rad/s) frequencies
to medium frequencies, collecting data in these three nsgmlikely to offer a good esti-
mate of the coherence zones for all other intermediate &ecjas. In other words, when
for example collecting data at 0.6, 4 and 10 rad/s, the tloidstat 1 rad/s are likely to be
somewhere between the values found at 0.6 and 4 rad/s ana#sdold at 6 rad/s will be
between the values found at 4 and 10 rad/s.

A.2.2 Amplitude

The selection of the stimulus amplitude is also importaspeeially for the current motion

filtering solutions which do not discriminate between diéfiet amplitude inputs. Depending
on the type of task, it could be expected that during a sinaiahe maximum amplitude

of motion varies with time.

For example, when performing a heading capture task in aodmpeér, the amplitude of
motion is large for the first capture movement, and is veryliswizen the pilot performs
that last adjustments around the desired heading. For stagkawo amplitude levels can
be chosen, one that matches the maximum amplitude durincgibteire movement and a
second one that matches the average of the maximum amgliexgected during the ad-
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justment phase. This would result in two different critddathe two different amplitudes.
However, most motion filters in use today will not filter matiof different amplitudes dif-

ferently. For that reason, the criteria corresponding t® @nthe other amplitude will have
to be chosen.

One may then choose for the amplitude that is based on theamumsal part of the task.
In the yaw capture task example, if the goal of the simulaisaio study the importance of
inertial feedback on pilot control behavior, then one miggyy that the first capture motion
is made based primarily on the pilot's knowledge of the luglter dynamics and the desired
heading and that for the small adjustments inertial feeklimactually more relevant. In
this case, one might choose for the amplitude level expetitedg the adjustments phase,
as here the fidelity of the inertial motion provided is cruiéie the goal of the study.

On the other hand, imagining that the goal of the simulatiotoiteach naive subjects
how to perform a yaw capture task in an helicopter, one mighisicler the immediate
response of the vehicle to control inputs to be very impdrtémthis case, the amplitude
level expected during this first maneuver should be chosemasasurement point.

A third solution, assuming that motion fidelity should be eliyygood during both
phases, is to choose an amplitude level halfway betweenrtimitade expected in the
two phases.

One last option, would be to combine different motion filtensdifferent phases of the
simulation. Such a solution severely complicates the cbofrthe inertial motion system.
The online switching between two motion filters, each mopgrapriate to a different phase
of the simulation, is not a trivial problem and is out of thege of this appendix.

It is important to note that choosing only one amplitude Idee the measurements
determines the type of compromise to be made in the moti@n @iksign. Criteria derived
from such measurements already reflect the compromise neddtedn having high fidelity
motion at one amplitude or the other. If more than one angidiis chosen, then more than
one amplitude related criteria can be derived. Then, ifaliea compromise to be made, it
can be done during the motion filter tuning phase, by adjgstiotion filter parameters to
meet one criterion or the other.

A.2.3 Reducing the number of measurement points

Assuming that two amplitude levels and three frequencylsdvave been chosen, six mea-
surement conditions are obtained. If both amplitude and@ltaherence zones are to be
measured, each with lower and upper thresholds, there vbeuddotal of 24 measurements
to be made. Although 24 is a reasonable number of measuren@atiow for a faster data
collection, this number can be reduced.

In traditional high-pass filters, motion gains are choserhghat the necessary motion
cues are provided while saving as much motion space as pmssibthat case, only the
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lower limit of the amplitude coherence zone is of interedd ameasuring only the lower
threshold should suffice. Measuring upper thresholds maydadul for the tuning of
washout motion or tilt coordination maneuvers as explain&kction 9.5. Nevertheless, to
simplify this explanation, upper threshold measuremeiitsiat be considered. Moreover,
depending on the performance of the motion and visual syst#rmoould be assumed that
the inertial motion will always lead the visual motion andhbe, only one threshold for the
phase coherence zone can be measured as well.

Furthermore, other considerations can be made that allducheg the amount of mea-
surements to be made. It has been shown that amplitude caleezenes are affected by
both the amplitude and the frequency of the visual stimtiesce for all the six measure-
ments conditions amplitude coherence zones should be neglsu

In contrast, for phase coherence zones during angular matid for high enough am-
plitudes, no significant effects of amplitude and frequemeye found. If the chosen ampli-
tude levels are high enough and allow subjects to easilyeperdoth the inertial and the
visual stimuli, then it should suffice to perform measuretaan only one amplitude level.
In general, subjects report that higher amplitude condtiti@cilitate the perception task at
hand. For this reason, phase coherence zones should beretefsuthe higher amplitude
level.

Regarding the frequency, despite the fact that no signifieliact on phase coherence
zones was found, most motion platforms have a frequencyndigme performance. To be
sure to accommodate possible timing differences betweeiméntial and the visual stimuli,
phase coherence zones should be measured at the threerdiffequencies.

A.3 Measuring coherence zones

As discussed above, in the following, phase coherence zaasumements refer to one
phase threshold (motion leads) and amplitude coherence maasurements refer to one
amplitude threshold (lower threshold). If rendered nemgsshe exact same procedures
can be followed to measure the other thresholds.

For amplitude coherence zones, the self-tuning methoditdescin Chapters 3 and 4
should be used. As compared to a staircase method, thaus@ifjtmethod is not neces-
sarily faster or more accurate but it engages subjects notikely, which reduces subjects
boredom and fatigue.

For phase coherence zones, subjects are able to recogrerethétwo stimuli, visual
and inertial, are not synchronized but are generally unatday which signal is leading and
which one is lagging. For this reason, the self-tuning metkaot very effective. Instead,
a staircase method as described in Chapter 4 should be used.

For each of the conditions described above, four measursnsbould be performed,
named here A, B, C and D. A corresponds to the measurement dbwrer threshold of
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the amplitude coherence zone and B to the phase threshokl CTtheasurement can be
obtained by using the value of the measured lower thresi#gldifvided by the amplitude
of the visual stimulus, as a motion gain applied to the iaértiotion and then measuring
another phase-threshold. The D measurement is obtainesity the first measured phase
threshold (B) as a fixed mismatch between the inertial andavigtimuli and then measuring
a second lower amplitude threshold.

As discussed above, the phase thresholds are not expeatkdrtge for different am-
plitudes and so the phase coherence zone, measurement Be caeasured at only one
amplitude level. Measurements A and D refer to amplitudesoafice zone measurements,
which has been shown are influenced by both amplitude andédrexy, and should there-
fore be performed for all experimental conditions. Meamest C, despite being a phase
coherence zone measurement, depends on the value measukesd it should also be per-
formed for all conditions. Table A.1 summarizes the type efisurements to be performed
at each of the measurement conditions.

Table A.1: Measurement conditions and type of thresholds to be measured at each
of the conditions. Lower amplitude thresholds are indicated in black and phase-error
thresholds, in gray.

Frequencies

Amplitudes Low Medium High
Low A,CD A,CD A,CD
High ABCD ABCD ABCD

A.4 Converting coherence zones into criteria

The measured data can now be converted into different ieriter all the amplitude and
frequency levels tested. Each of the tested conditiong@slilt in one boundary line, each
defined by four points, corresponding to the four measurésmaade, A to D.

To obtain those boundary lines, first, the measured lowesttolds should be converted
into gains by dividing the measured value by the correspandisual stimulus amplitude.
The phase-error thresholds can be used directly. These gathphase-errors can then be
presented in a motion-gain vs. phase-distortion plot.

Figure A.1 shows hypothetical threshold values, trandléé points along criteria
boundary lines, for six experimental conditions.

As it was discussed in the previous section, measurementsBwnlg performed at one
amplitude level. To complete the set of criteria, this vatuesed twice, for both amplitude
levels.
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Figure A.1: Hypothetical amplitude lower thresholds and phase-error thresholds for
three different stimulus frequencies and two amplitude levels.

Obviously, the more points are measured, the better defaxddlime will be. Neverthe-
less, four points are sufficient to conclude whether the cmitenotion region is rectangular,
rounded or with sloped upper and left boundaries.

Having defined the criteria bounds, different cueing sohsican now be tested offline
by comparing the gain and phase distortion introduced bynthgon filter in the inertial
stimulus with the desired motion gains and phase errors.

The execution of the steps described above lead to motidlitfiddteria for high-pass
motion filters. The step after that, and not described hsr®, tune motion filters based on
this criteria and then compare the found solutions with iothetion filter settings obtained
through expert judgments. The comparison of these solsitigith respect to perceptual
metrics would fully validate the coherence zone method &nkBsults as perception-based
motion cueing criteria. Doing so, would allow to close thepgopresented in the thesis
introduction (see Figure 1.5), from cueing, to perceptard then back to cueing.



REFERENCES

Advani, S. K. and Hosman, R. J. A. W. (2006). Towards Stanidergl High-Fidelity Cost-
Effective Motion Cueing in Flight Simulation. IRroceedings of the Royal Aeronautical
Society Conference on Cutting Costs in Flight SimulaticalaBcing Quality and Capa-
bility, London, UK, November 7-8

Advani, S. K., Potter, M., and Fernie, G. (2010a). CEAL - Rtigimulation Technology
Applied to Rehabilitation Research.Rioceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, Toronto, ON, Canadaust 2-5 AIAA 2010-
8100.

Advani, S. K., Schroeder, J. A., and Burks, B. (2010b). Whe#l Can Be Done in
Simulation to Improve Upset Training? RFroceedings of the AIAA Modeling and Sim-
ulation Technologies Conference and Exhibit, Toronto, Oblpada, August 2;5A1AA
2010-7791.

Angeles, J. (2003)Fundamentals of Robotic Mechanical Systems: Theory, Methand
Algorithms Springer-Verlag, 175 Fifth Avenue New York, NY 10010, US#econd
edition. ISBN:0-387-95368-X.

Atencio, Jr., A. (1993). Fidelity Assessment of a UH-60A 8lation on the NASA Ames
Vertical Motion Simulator. Technical Memorandum NASA 1040 NASA, Ames Re-
search Center, Moffet Field, CA, USA.

Beckers, N. W. M., Pool, D. M., Valente Pais, A. R., Van Paas$¢. M., and Mulder,
M. (2012). Perception and Behavioral Phase Coherence Zoreassive and Active
Control Tasks in Yaw. IfProceedings of the AIAA Modeling and Simulation Technel®gi
Conference and Exhibit, Minneapolis, MN, USA, August 13A18A 2012-4794.



208 References

Benson, A. J., Hutt, E. C. B., and Brown, S. F. (1989). Thrédhéor the Perception of
Whole Body Angular Movement About a Vertical Axidviation, Space and Environ-
mental Medicine60(3):205 - 213.

Benson, A. J., Spencer, M. B., and Stott, J. R. R. (1986). Sftulels for the Detection of
the Direction of Whole-Body, Linear Movement in the HorizakPlane Aviation, Space
and Environmental Medicin&7(11):1088 — 1096.

Berkouwer, W. R., Stroosma, O., Van Paassen, M. M., Mulderakd Mulder, J. A. (2005).
Measuring the Performance of the SIMONA Research Simutakotion System. In
Proceedings of the AIAA Modeling and Simulation Technele@onference and Exhibit,
San Francisco, CA, USA, August 15:BAA 2005-6504.

Berthoz, A. and Droulez, J. (1982)utorials on Human Motion Perceptipphapter Linear
Self Motion Perception, 157-199. Plenum Press, 233 Spriree§ New York, NY
10013, USA. ISBN: 0-306-41126-1.

Berthoz, A., Pavard, B., and Young, L. R. (1975). Perceptibhinear Horizontal Self-
Motion Induced by Peripheral Vision (Linearvection). BaSlharacteristics and Visual-
Vestibular InteractionsExperimental Brain ResearcB3(5):471-489.

Bertin, R. J. V., Collet, C., Espié, S., and Graf, W. (200%)bjective Measurement of
Simulator Sickness and the Role of Visual-Vestibular Con8ituations. IrProceedings
of the Driving Simulation Conference North America, OrlanBL, USA, November 30 -
December 2280-293.

Blaauw, G. J. (1982). Driving Experience and Task Deman&gitulator and Instrumented
Car: A Validation StudyHuman Factors24(4):473-486.

Bles, W., Hosman, R. J. A. W., and De Graaf, B. (2000). DesdwmoAdvanced Disorien-
tation Trainer and (Sustained-G) Flight SimulatorPimceedings of the AIAA Modeling
and Simulation Technologies Conference and Exhibit, De@@, USA, August 14-17
AlAA 2000-4176.

Boer, E. R., Yamamura, T., Kuge, N., and Girshick, A. (20@Xperiencing the Same Road
Twice: A Driver Centered Comparison Between Simulation Bedlity. InProceedings
of the Driving Simulation Conference, Paris, France, Seyter 6-8

Borah, J., Young, L. R., and Curry, R. E. (1988). Optimal stior Model for Human
Spatial Orientation Annals of The New York Academy of Scientds(Representation
of Three-Dimensional Space in the Vestibular, Oculomatod Visual System):51-73.

Bos, J. E. and Bles, W. (2002). Theoretical ConsiderationSanal-Otolith Interaction and
an Observer ModeBiological Cybernetics86(3):191-207.



References 209

Bos, J. E., Groen, E. L., and Nooij, S. A. E. (2004). Furtheodghts on and Calculations
by Spatial Orientation and Motion Sickness Modeling. TecainReport TM-04-1005,
TNO Defense, Security and Safety, Soesterberg, The Natids]

Bos, J. E., Hosman, R. J. A. W,, and Bles, W. (2002). Visualti#elar Interactions and
Spatial (Dis)orientation in Flight and Flight Simulatiohechnical Report TM-02-C009,
TNO Defense, Security and Safety, Soesterberg, The Natios]

Bos, J. E., MacKinnon, S. N., and Patterson, A. (2005). Mofickness Symptoms in a
Ship Motion Simulator: Effects of Inside, Outside, and NeWwi Aviation, Space, and
Environmental Medicingr6(12):1111-1118.

Van Boxtel, J. J. A,, Van Ee, R., and Erkelens, C. J. (2006). ifgl8 System Explains
Human Speed Perceptiodournal of Cognitive Neuroscienc&8(11):1808-1819.

Brandt, Th., Dichgans, J., and Koenig, E. (1973). Diffei@riffects of Central Versus
Peripheral Vision on Egocentric and Exocentric Motion Beton. Experimental Brain
Research16(5):476—-491.

Briinger-Koch, M., Briest, S., and \ollrath, M. (2006). Wial Driving With Different
Motion Characteristics - Braking Manoeuvre Analysis antidaion. InProceedings of
the Driving Simulation Conference, Paris, France, Octot€s, 69—78.

Burns, D. and Osfield, R. (2004). Open Scene Graph A: IntrbalucB: Examples and
Applications. InlEEE Virtual Reality 265. IEEE Computer Society.

Casali, J. G. and Wierwille, W. W. (1980). The Effects of \dar$ Design Alternatives on
Moving-Base Driving Simulator DiscomforHuman Factors26(6):741-756.

Chapron, T. and Colinot, J. (2007). The new PSA PeugeobtélitAdvanced Driving Sim-
ulator: Overall Design and Motion Cue Algorithm. RBroceedings of the Driving Simu-
lation Conference North America, lowa City, 1A, USA, Sefteni2-14

Cheung, B. S. K., Howard, I. P., Nedzelski, J. M., and LandblP. (1989). Circularvec-
tion About Earth-horizontal Axes in Bilateral Labyrintt@rdefective Subject#\cta Oto-
laryngologica 108(5-6):336—344.

Chung, W. W. and Schroeder, J. A. (1997). Visual and RolktatMotion Cueing Syn-
chronization Requirements for Motion-Based Flight Sintiolas. InAmerican Helicopter
Society 53rd Annual Forum, Virginia Beach, VA, USA, Aprit28ay 1, 994—-1006.

Chung, W. W. Y., Sweet, B. T., and Lewis, E. (2003). Visual idgeEffects Investigation
for a Hover Task. InProceedings of the AIAA Modeling and Simulation Technekgi
Conference and Exhibit, Austin, TX, USA, August 11A1AA 2003-5524.



210 References

Clark, C. C. and Hardy, J. D. (1959). Preparing Man for Spdigh& Astronautics
88(1Vv):18-21.

Correia Gracio, B. J., Van Paassen, M. M., Mulder, M., anetfs, M. (2010). Tuning of
the Lateral Specific Force Gain Based on Human Motion Paarept the Desdemona
Simulator. InProceedings of the AIAA Modeling and Simulation Technele@onfer-
ence and Exhibit, Toronto, ON, Canada, August, 2B\A 2010-8094.

Correia Grécio, B. J., Valente Pais, A. R., Van Paassen, MMdlder, M., Kelly, L. C.,
and Houck, J. A. (2013). Optimal and Coherence Zone Conmpakid¢thin and Between
Flight Simulators.Journal of Aircraft 50(2):493-507.

Dagdelen, M., Reymond, G., Kemeny, A., Bordier, M., and kild{. (2004). MPC based
motion cueing algorithm: Development and application ® tHh- TIMATE driving sim-
ulator. InProceedings of the Driving Simulation Conference, Parigriee, September
8-10,221-233.

Damveld, H. J. (2009)A Cybernetic Approach to Assess the Longitudinal Handlingl€
ities of Aeroelastic Aircraft Ph.D. thesis, Delft University of Technology, Faculty of
Aerospace Engineering.

Dearing, M. G., Schroeder, J. A., Sweet, B. T., and KaiseiKM2001). Effects of Visual
Texture, Grids, and Platform Motion on Unpowered Helicoptndings. InProceedings
of the AIAA Modeling and Simulation Technologies Confezeared Exhibit, Montreal,
Quebec, Canada, August 68IAA 2001-4251.

Van Egmond, A. A. J., Groen, J. J., and Jongkees, L. B. W. (1988e Mechanics of the
Semicircular CanalJournal of Physiology110(1-2):1-17.

Ellerbroek, J., Stroosma, O., Mulder, M., and Van PaassenyIM2008). Role Identifi-
cation of Yaw and Sway Motion in Helicopter Yaw Control Tasksurnal of Aircraft
45(4):1275-1289.

Elsner, W. (1971). Power Laws for the Perception of Rotatind the Oculogyral lllusion.
Perception & Psychophysic8(5):418-420.

Feenstra, P. J., Wentink, M., Roza, Z. C., and Bles, W. (20Désdemona, an Alternative
Moving Base Design for Driving Simulation. IRroceedings of the Driving Simulation
Conference North America, lowa City, September 12-14

Fernandez, C. and Goldberg, J. M. (1971). Physiology ofperal Neurons Innervating
Semicircular Canals of the Squirrel Monkey. Il. Respons8itmsoidal Stimulation and
Dynamics of Peripheral Vestibular Systednurnal of Neurophysiology4(4):661-675.



References 211

Field, A. (2005).Discovering Statistics Using SPSSAGE Publications, 1 Oliver’s Yard,
55 City Road, London EC1Y 1SP, UK, second edition. ISBN 978609-4452-2.

Fortmuller, T. and Meywerk, M. (2005). The Influence of Yawolments on the Rat-
ing of the Subjective Impression of Driving. FProceedings of the Driving Simulation
Conference North America, Orlando, FL, USA, November 30cebder 2362—-373.

Fortmuller, T., Tomaske, W., and Meywerk, M. (2008). Théuance of Sway Accelera-
tions on the Perception of Yaw Movements. Rroceedings of the Driving Simulation
Conference Europe, Monaco, January 31 - Februgrg@1-170. INRETS-Renault.

Frank, L. H., Casali, J. G., and Wierwille, W. W. (1988). Effe of Visual Display and
Motion System Delays on Operator Performance and Uneasim@sDriving Simulator.
Human Factors30(2):201-217.

Godthelp, H. (1986). Vehicle Control During Curve Drivinguman Factors28:211-221.

Godthelp, H., Milgram, P., and Blaauw, G. J. (1984). The Dgwment of a Time-Related
Measure to Describe Driving Strategyuman Factors26:257-268.

Goldstein, E. B. (2002)Sensation and PerceptioWadsworth, 511 Foresst Lodge Road,
Pacific Grove, CA 93950, USA, sixth edition. ISBN 0-534-539%

Gough, V. E. (1956-1957). Remarks on Automobile, Stahil@gntrol, and Tyre Perfor-
mance. InProceedings of the Automobile Divisid392—-394. The Institution of Mechan-
ical Engineers, Incorporating the Institution of Automielitngineers, The Institution of
Mechanical Engineers, Westminster, London, UK.

Grant, P. R., Artz, B., Greenberg, J., and Cathey, L. (208I9tion Characteristics of the
VIRTTEX Motion System. InProceedings of the 1st Human-Centered Transportation
Simulation Conference, lowa City, IA, USA, November2-41. The University of lowa.

Grant, P. R. and Haycock, B. (2006). The Effect of Jerk andefaration on the Perception
of Motion Strength. IrProceedings of the AIAA Modeling and Simulation Technelgi
Conference and Exhibit, Keystone, CO, USA, August 218E%A 2006-6253.

Grant, P. R. and Lee, P. T. S. (2007). Motion-Visual PhagefHDetection in a Flight
Simulator.Journal of Aircraft 44(3):927-935.

Grant, P. R., Papelis, Y., Schwarz, C., and Clark, A. (20@)hancements to the NADS
Motion Drive Algorithm for Low-Speed Urban Driving. IDBriving Simulation Confer-
ence Europe, Paris, France, September 840-77.

Grant, P. R., Yam, B., Hosman, R. J. A. W,, and Schroeder, J2805). The Effect
of Simulator Motion on Pilot's Control Behavior for Helictgy Yaw Control Tasks. In



212 References

Proceedings of the AIAA Modeling and Simulation Techne@onference and Exhibit,
San Francisco, CA, USA, August 15;P8AA 2005-6304.

Grant, P. R., Yam, B., Hosman, R. J. A. W,, and Schroeder, (R06). Effect of Simulator
Motion on Pilot Behavior and Perceptiodournal of Aircraft 43(6):1914-1924.

Gray, W. R., lll (2009). Handling Qualities Evaluation aetkSAF Test Pilot School.
In AIAA Atmospheric Flight Mechanics Conference, Chicage,UBA, August 10-13
AIAA 2009-6317.

Graybiel, A., Clark, B., and Zarriello, J. J. (1960). Obsgions of Human Subjects Living
in a “Slow Rotation Room” for Periods of Two DayArchives of Neurology3(1):55-73.

Greenberg, J., Artz, B., and Cathey, L. (2003). The Effedtateral Motion Cues During
Simulated Driving. InProceedings of the Driving Simulation Conference North Acae
Dearborn, MI, USA, October 8-10

Greig, G. L. (1988). Masking of Motion Cues by Random Moti@umparison of Human
Performance with a Signal Detection Model. Technical ReEpd8, UTIAS.

Van de Grind, W. A. (1988). The Possible Structure and Rold@ironal Smart Mecha-
nisms in Vision.Cognitive System®(2):163-180.

Groen, E. L. and Bles, W. (2004). How to Use Body Tilt for then8lation of Linear Self
Motion. Journal of Vestibular Researcth4(5):375-385.

Groen, E. L., Hosman, R. J. A. W,, Bos, J. E., and Dominicus/.J(2004). Motion
Perception Modelling in Flight Simulation. IRroceedings of the RAeS Conference,
“Flight Simulation 1929-2029: A Centennial Perspectivd’ondon, UK, May 26-27
13.1-13.9.

Groen, E. L., Howard, I. P., and Cheung, B. S. K. (1999). Infaeeof Body Roll on Visually
Induced Sensations of Self-Tilt and Rotatid¥erception 28(3):287-297.

Groen, E. L., Smaili, M. H., and Hosman, R. J. A. W. (2005). Slimted Decrab Maneuver:
Evaluation with a Pilot Perception Model. Proceedings of the AIAA Modeling and
Simulation Technologies Conference and Exhibit, San ksan¢ CA, USA, August 15-
18, AIAA 2005-6108.

Groen, E. L., Smaili, M. H., and Hosman, R. J. A. W. (2007).deption Model Analysis
of Flight Simulator Motion for a Decrab Maneuvdournal of Aircraft 44(2):427-435.

Groen, E. L., Valenti Clari, M. S. V., and Hosman, R. J. A. WO@2). Evaluation of
Perceived Motion During a Simulated Takeoff Ruournal of Aircraft 38(4).



References 213

Guedry, F. E., Graybiel, A., and Collins, W. E. (1962). Reathrcof Nystagmus and Disori-
entation in Human Subjects. Joint Report NASA-CR-55756tddhStates Naval School
of Aviation Medicine and NASA, (Unspecified center).

Gundry, A. J. (1977). Thresholds to Roll Motion in a Flightilator. Journal of Aircraft
14(7):624-631.

Gurnee, H. (1931). The Effect of a Visual Stimulus upon thes&gtion of Bodily Motion.
The American Journal of Psychola@gB3(1):26—48.

Heerspink, H. M., Berkouwer, W. R., Stroosma, O., Van Pagadge M., Mulder, M., and
Mulder, J. A. (2005). Evaluation of Vestibular Thresholds Motion Detection in the
SIMONA Research Simulator. IRroceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, San Francisco, CA),Usigust 15-18AIAA
2005-6502.

Held, R., Dichgans, J., and Bauer, J. (1975). Charactesisti Moving Visual Scenes
Influencing Spatial OrientationVision Researchl5(3):357-365.

Hoffman, J. D., Lee, J. D., Brown, T. L., and McGehee, D. V.q2p Comparison of Driver
Braking Responses in a High-Fidelity Simulator and on a Teatk. Journal of the
Transportation Research Bogrti803(1):59-65.

Hood, D. C. and Finkelstein, M. A. (1968Handbook of Perception and Human Perfor-
mance volume |: Sensory Processes and Perception, chapter Siti8igynto Light. A
Wiley-Interscience Publication, 111 River Street, HobgkéJ 07030-5774, USA. ISBN
0-471-88544-4.

Horberry, T., Anderson, J., Regan, M. A., Triggs, T. J., armdvi, J. (2006). Driver
Distraction: The Effects of Concurrent In-vehicle Taskea® Environment Complexity
and Age on Driving Performancéccident Analysis and Preventio88(1):185-191.

Hosman, R. J. A. W. (1996)Pilot’s Perception and Control of Aircraft MotionsPh.D.
thesis, Delft University of Technology, Faculty of Aerosp&ngineering.

Hosman, R. J. A. W. and Van der Steen, F. A. M. (1993). Falseliatection Thresholds in
Flight Simulation. InProceedings of the AIAA Flight Simulation Technology Crarfee,
Monterey, CA, USA, August 9-1AIAA 1993-3578-CP, 193-201.

Hosman, R. J. A. W. and Van der Vaart, J. C. (1978). VestitMiadels and Thresholds of
Motion Perception. Results of Tests in a Flight Simulatoteinal Report LR-265, Delft
University of Technology, Faculty of Aerospace EnginegyiDelft, The Netherlands.

Hosman, R. J. A. W. and Van der Vaart, J. C. (1980). Threstafld#otion Perception and
Parameters of Vestibular Models Obtained from Tests in adidbimulator. Effects of



214 References

Vestibular and Visual Motion Perception on Task Perforneaffechnical Report M-372,
Delft University of Technology, Delft, The Netherlands.

Hosman, R.J. A. W. and Van der Vaart, J. C. (1981). Effectsstiular and Visual Motion
Perception on Task Performandecta Psychologica48(1-3):271 — 287.

Howard, I. P. (1968)Handbook of Perception and Human Performanagume I: Sensory
Processes and Perception, chapter 11: The Vestibularmyste Wiley-Interscience
Publication, 111 River Street, Hoboken, NJ 07030-5774, USSN 0-471-88544-4.

Huang, J. and Young, L. R. (1981). Sensation of Rotation AbdLertical Axis with a Fixed
Visual Field in Different Illluminations and in the DarkExperimental Brain Research
41(2):172-183.

International Civil Aviation Organization (2009). Manuaf Criteria for the Qualification
of Flight Simulation Training Devices. Volume 1 — Airpland€AO Doc 9625, Interna-
tional Civil Aviation Organization (ICAO). Third edition.

Jamson, A. H., Horrobin, A. J., and Auckland, R. A. (2007a)vibg: Whatever Happened
to the LADS? Design, Development and Preliminary Validatid the New University
of Leeds Driving Simulator. IfProceedings of the Driving Simulation Conference North
America, lowa City, IA, USA, September 12-14

Jamson, A. H., Whiffin, P. G., and Burchill, P. M. (2007b). i Response to Controllable
Failures of Fixed and Variable Gain Steeringiternational Journal of Vehicle Design
45(3):361-378.

Jex, H. R., Magdaleno, R. E., and Junker, A. M. (1978). Rddicking Effects of G-Vector
Tilt and Various Types of Motion Washout. Proceedings of the Fourteenth Annual

Conference on Manual Control, Los Angeles and Moffet Fi€ld, USA, April 25-27
463-502.

Joint Aviation Authorities (2003). Aeroplane Flight Simatdrs. JAR-STD 1A, Joint Avia-
tion Authorities (JAA).

Kamphuis, H. H. (1994)Visual-Vestibular Interaction and the Perception of Salftion
Master of Science Thesis, Delft University of Technologynpublished.

Kawakita, T., Kuno, S., Miyake, Y., and Watanabe, S. (208@dy Sway Induced by Depth
Linear Vection in Reference to Central and Peripheral \lisigdd. The Japanese Journal
of Physiology50(3):315-321.

Kemeny, A. and Panerai, F. (2003). Evaluating Perceptiddrining Simulation Experi-
ments. TRENDS in Cognitive Scienceg1):31-37.



References 215

Kennedy, R. S., Lane, N. E., Berbaum, K. S., and Lilienthal, ®4 (1993). Simulator
Sickness Questionnaire: An Enhanced Method for Quangf@imulator Sicknessln-
ternational Journal of Aviation Psycholog$(3):203-220.

Kennedy, R. S., Lilienthal, M. G., Berbaum, K. S., Baltzley,R., and McCauley, M. E.
(1989). Simulator Sickness in U.S. Navy Flight Simulatofsiation, Space, and Envi-
ronmental Medicing60(1):10-16.

Levitt, H. (1971). Transformed Up-Down Methods in Psychmastics. Journal of the
Acoustical Society of Americd9(2):467-477.

Loose, R. and Probst, Th. (2001). Velocity not AcceleratidrSelf-Motion Mediates
Vestibular - Visual InteractionPerception 30(4):511-518.

Mallery, R. M., Uchanski, R. M., and Hullar, T. E. (2010). HamDiscrimination of Rota-
tional Velocities.Experimental Brain ResearcB04(1):11 — 20.

McLean, J. R. and Hoffmann, E. R. (1975). Steering Reveiasla Measure of Driver
Performance and Steering Task Difficulljuman Factors17(3):248-256.

McRuer, D. T., Graham, D., Krendel, E. S., and Reisener, 96%). Human Pilot Dynam-
ics in Compensatory Systems. Theory, Models and ExpersWith Controlled Element
and Forcing Function Variations. Technical Report AFFDR-85-15, Air Force Flight
Dynamics Laboratory, Wright-Patterson Air Force Base, OBA.

Melcher, G. A. and Henn, V. (1981). The Latency of Circularctfen During Different
Accelerations of the Optokinetic Stimulu$erception and Psychophysjc30(6):552—
556.

Mercedes-Benz Driving Simulator Helps Fine Tune 2012 Bs€l§2011). Retrieved
on November 5, 2012, from http://www.emercedesbenz.caotogamercedes-benz/b-
class/mercedes-benz-driving-simulator-helps-finet2612- b-class/.

Mergner, T. and Becker, W. (199®erception and Control of Self Motipohapter Percep-
tion of Horizontal Self-rotation: Multisensory and Cogwét Aspects. Lawrence Erlbaum
Associates, Inc., 365 Broadway, Hillsdale, New Jersey @78, USA. ISBN 0-8058-
0909-0.

Mesland, B. S. (1998)About Horizontal Self-Motion Perception..Ph.D. thesis, Univer-
siteit van Utrecht.

Mesland, B. S. and Wertheim, A. H. (1995). Visual and NonaigContribuitions to Per-
ceived Ego-motion Studied with a New Psychophysical Methamlirnal of Vestibular
Research5(4):227-288.



216 References

Miller, Jr., G. K. and Riley, D. R. (1977). Visual/Motion CiMismatch in a Coordinated
Roll Maneuver. Technical Note NASA TN D-8364, NASA, LanglBgsearch Center,
Hampton, VA, USA.

Mudd, S. (1968). Assessment of the Fidelity of Dynamic RiigimulatorsHuman Factors:
The Journal of the Human Factors and Ergonomics Sociii{4):351-358.

NADS-1 (2010). Retrieved on November 5, 2012, from httpMwnads-
sc.uiowa.edu/siomadsl.php.

Nakamura, S. (2001). The Perception of Self-Motion IndubgdCentral and Periph-
eral Visual Stimuli Moving in Opposite Directionslapanese Psychological Research
43(3):113-120.

Naseri, A. and Grant, P. R. (2011). Difference ThresholdsaMirement and Modeling. In
Proceedings of the AIAA Modeling and Simulation Techne@onference, Portland,
OR, USA, August 8-1RAIAA 2011-6245.

Naseri, A., Grant, P. R., and Dufort, P. (2008). ModelingReeception of Acceleration and
Jerk using Signal Detection Theory.Pnoceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, Honolulu, HI, USAgust 18-21 AIAA 2008-
6846.

Nieuwenhuizen, F. M. (2012Changes in Pilot Control Behaviour Across Stewart Platform
Motion Systems Ph.D. thesis, Delft University of Technology, Faculty oémyspace
Engineering.

Nilsson, L. (1993). Behavioural Research in an AdvancediBgiSimulator — Experiences
of the VTI System. IrProceedings of the Human Factors and Ergonomics Society 37t
Annual Meeting, Seattle, WA, USA, October 11615—-616.

Van Paassen, M. M. and Stroosma, O. (2000). DUECA - Dataeldrictivation in Dis-
tributed Real-Time Computation. FRroceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, Denver, CO, USA, stut+17 AIAA 2000-
4503.

Panerai, F., Droulez, J., Kelada, J., Kemeny, A., Balligagd and Favre, B. (2001).
Speed and Safety Distance Control in Truck Driving: Congariof Simulation and
Real-World Environment. IfProceedings of the Driving Simulation Conference, Sophia
Antipolis, Nice, France, September 5-7

Pavard, B. and Berthoz, A. (1977). Linear Acceleration Miedithe Perceived Velocity of
a Moving Visual ScenePerception 6(5):529-540.



References 217

Pool, D. M. (2012). Objective Evaluation of Flight Simulator Motion Cueing Eliy
Through a Cybernetic ApproactPh.D. thesis, Delft University of Technology, Faculty
of Aerospace Engineering.

Pool, D. M., Damveld, H. J., Van Paassen, M. M., and Mulder(2011a). Tuning Models
of Pilot Tracking Behavior for a Specific Simulator Motion €ng Setting. IrProceed-
ings of the AIAA Modeling and Simulation Technologies Cemige, Portland, OR, USA,
August 8-11AIAA 2011-6322.

Pool, D. M., Valente Pais, A. R., De Vroome, A. M., Van Paas$&nM., and Mulder, M.
(2012). Identification of Nonlinear Motion Perception Dymas Using Time-Domain
Pilot Modeling. Journal of Guidance, Control, and Dynam|&5(3):749-763.

Pool, D. M., Zaal, P. M. T., Damveld, H. J., Van Paassen, M.\¥n der Vaart, J. C., and
Mulder, M. (2011b). Modeling Wide-Frequency-Range PilgjuBlization for Control
of Aircraft Pitch Dynamics.Journal of Guidance, Control, and Dynamj&4(5):1529—
1542.

Pool, D. M., Zaal, P. M. T., Van Paassen, M. M., and Mulder, 2010). Effects of Heave
Washout Settings in Aircraft Pitch Disturbance Rejectidournal of Guidance, Control,
and Dynamics33(1):29-41.

Probst, Th., Straube, A., and Bles, W. (1985). Differeriiects of Ambivalent Visual-
Vestibular-Somatosensory Stimulation on the Perceptid®eif-Motion. Behavioural
Brain Research

Reid, L. D. and Nahon, M. A. (1985). Flight Simulation Moti@ase Drive Algorithms.
Part 1: Developing and Testing the Equations. TechnicabR&196, UTIAS, Toronto,
Canada.

Reid, L. D. and Nahon, M. A. (1986a). Flight Simulation Matibase Drive Algorithms.
Part 2: Selecting the system parameters. Technical Re@ortBrIAS, Toronto, Canada.

Reid, L. D. and Nahon, M. A. (1986b). Flight Simulation Matibase Drive Algorithms.
Part 3: Pilot evaluations. Technical Report 319, UTIAS ofdo, Canada.

Repa, B. S., Leucht, P. M., and Wierwille, W. W. (1982). Thé&Ef of Simulator Motion
on Driver PerformanceSAE Technical Paper 820307

Reymond, G., Droulez, J., and Kemeny, A. (2002). Visuobesar Perception of Self-
motion Modeled as a Dynamic Optimization ProceB#logical Cybernetics87:301—
314.

Reymond, G., Kemeny, A., Droulez, J., and Berthoz, A. (200R9le of Lateral Acceler-
ation in Curve Driving: Driver Model and Experiments on R&ehicle and a Driving
Simulator.Human Factors43(3):483-495.



218 References

Riecke, B. E. (2010)Virtual Reality, chapter 8: Compelling Self-Motion Through Virtual
Environments Without Actual Self-Motion Using Self-Motidllusions (“Vection”) to
Improve VR User Experience. InTech. ISBN: 978-953-307-318

Ritchie, M. L., McCoy, W. K., and Welde, W. L. (1968). A Studfthe Relation Between
Forward Velocity and Lateral Acceleration in Curves Duribgrmal Driving. Human
Factors 10(3):255-258.

Roark, M. and Junker, A. (1978). The Effects of Closed Loogcking on a Subjective Tilt
Threshold in the Roll Axis. IrProceedings of the 14th Annual Conference on Manual
Control, Los Angeles and Moffet Field, CA, USA, April 25-223 — 450.

Rodchenko, V., Boris, S. VY., and White, A. D. (2000). In-Fid=stimation of Pilot's Ac-
celeration Sensitivity Thresholds. Rroceedings of the AIAA Modeling and Simulation
Technologies Conference, Denver, CO, USA, August 1MBA 2000-4292.

Royal Aeronautical Society (2005). Aeroplane Flight Siatat Evaluation Handbook —
International Standards for the Qualification of Aeropl&tight Simulators. Technical
report, Royal Aeronautical Society (RAeS), London, UK. riredition.

Samiji, A. and Reid, L. D. (1992). The Detection of Low-Amptie Yawing Motion Tran-
sients in a Flight Simulator.IEEE Transactions on Systems, Man, and Cybernetics
22(2):300-306.

Dos Santos Buinhas, L., Correia Gracio, B. J., Valente, PaifR., Mulder, M., and Van
Paassen, M. M. (2013). Modeling Coherence Zones in Fligmu&ition During Yaw
Motion. In Proceedings of the AIAA Modeling and Simulation Techne@onference
and Exhibit, Boston, MA, USA, August 19-8abmitted.

Schroeder, J. A. (1996). Evaluation of Simulation Motioddtity Criteria in the Vertical
and Directional AxesJournal of the American Helicopter Societl (2):44-57.

Schroeder, J. A. (1999). Helicopter Flight Simulation MotPlatform Requirements. Tech-
nical Report NASA/TP-1999-208766, NASA, Moffet Field, CASA.

Schwarz, C., Gates, T., and Papelis, Y. (2003). Motion Gharistics of the National
Advanced Driving Simulator. IRroceedings of the Driving Simulation Conference North
America, Dearborn, Ml, USA, October 8-10

Shirachi, D. K. and Shirley, R. S. (1977). The Effect of a \&EMotion Display Mismatch
in a Single Axis Compensatory Tracking Task. Contractord®epNAS2-7806 NASA
CR-2921, NASA, Ames Research Center, Moffet Field, CA, USA.

Shirley, R. S. and Young, L. R. (1968). Motion Cues in Man-i&hControl — Effects of
Roll-Motion Cues on Human Operator’s Behavior in Compemsa8ystems with Dis-
turbance InputslEEE Transactions on Man-Machine Syste8(@):121-128.



References 219

Siegler, 1., Reymond, G., Kemeny, A., and Berthoz, A. (2003¢nsorimotor Integration
in Driving Simulator: Contribuitions of Motion Cueing in &mnentary Driving Tasks. In
Driving Simulation Conference, Sophia Antipolis, Nicealkece, September 5-7

Sinacori, J. B. (1977). The Determination of Some Requirgsir a Helicopter Research
Simulation Facility. Contractor Report NAS2-9421 NASA-QR2066, NASA, Ames
Research Center, Moffet Field, CA, USA.

Soyka, F., Robuffo Giordano, P., Barnett-Cowan, M., antihgiff, H. H. (2012). Modeling
Direction Discrimination Thresholds for Yaw Rotations Aral an Earth-Vertical Axis
for Arbitrary Motion Profiles.Experimental Brain ResearcB20(1):89-99.

Soyka, F., Robuffo Giordano, P., Beykirch, K., and Bulthei. H. (2011). Predicting
Direction Detection Thresholds for Arbitrary Translatgmcceleration profiles in the
Horizontal PlaneExperimental Brain ResearcBA09(1):95-107.

Soyka, F., Teufel, H. J., Beykirch, K. A., Giordano, P. R. tlBy J. S., Nieuwenhuizen,
F. M., and Bulthoff, H. H. (2009). Does Jerk Have to Be Coesidl in Linear Motion
Simulation? InProceedings of the AIAA Modeling and Simulation Techne®onfer-
ence, Chicago, IL, USA, August 10; ¥3AA 2009-6245.

Stapleford, R. L., Peters, R. A, and Alex, F. R. (1969). Ekpents and a Model for Pilot
Dynamics with Visual and Motion Inputs. Technical Report 8% CR-1325, Systems
Technology, Inc., Hawthorne, CA, USA.

Van der Steen, F. A. M. (1998Felf-Motion PerceptionPh.D. thesis, Delft University of
Technology, Faculty of Aerospace Engineering.

Stewart, J. D. (1971). Human Perception of Angular Accelensand Implications in Mo-
tion Simulation.Journal of Aircraft 8(4):248-253.

StRoadDesign  (2008). Retrieved on  July 10, 2008, from
http://www.stsoftware.nl/StRoadDesign.html.

Stroosma, O., Van Paassen, M. M., and Mulder, M. (2003). d¢/8iie Simona Research
Simulator for Human-Machine Interaction ResearchPtaceedings of the AIAA Model-
ing and Simulation Technologies Conference and ExhibatiAuTX, USA, August11-14
AlAA 2003-5525.

Stroosma, O., Van Paassen, M. M., Mulder, M., and Postemid, 2007). Measuring
Time Delays in Simulator Displays. Proceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, Hilton Head, SC, UWs@ust 20-23AIAA 2007-
6562.



220 References

Sweet, B. T. and Kaiser, M. K. (2005). Modeling of Perceptiord Control Attitude with
Perspective Displays. IRroceedings of the AIAA Modeling and Simulation Technel®gi
Conference and Exhibit, San Francisco, CA, USA, August8l2JAA 2005-5891.

Telban, R. J. and Cardullo, F. M. (2001). An Integrated Madéluman Motion Perception
with Visual-Vestibular Interaction. IRroceedings of the AIAA Modeling and Simulation
Technologies Conference and Exhibit, Montreal, Canadausu6-9 AIAA 2001-4249.

Toyota Develops World-class Driving Simulator. Real-asgible Environment to Aid De-
velopment of Active Safety Technology (2007). Retrievedsaptember 15, 2008, from
http://www.toyota.co.jp/en/news/07/1126html.

Van der Vaart, J. C. (1992)Modelling of Perception and Action in Compensatory Man-
ual Control Tasks Ph.D. thesis, Delft University of Technology, Faculty oédspace
Engineering.

Valente Pais, A. R., Mulder, M., Van Paassen, M. M., Wentik,and Groen, E. L. (2006).
Modeling Human Perceptual Thresholds in Self-Motion Pgtioa. In Proceedings of
the AIAA Modeling and Simulation Technologies ConferemekExhibit, Keystone, CO,
USA, August 21-241AA 2006-6626.

Valente Pais, A. R., Van Paassen, M. M., Mulder, M., and WintV. (2010a). Perception
Coherence Zones in Flight Simulatiodournal of Aircraft 47(6):2039-2048.

Valente Pais, A. R., Van Paassen, M. M., Mulder, M., and WiatM. (2010b). Percep-
tion of Combined Visual and Inertial Low-Frequency Yaw Muwti In Proceedings of
the AIAA Modeling and Simulation Technologies ConferemzkExhibit, Toronto, ON,
Canada, August 2;5AIAA 2010-8093.

Valente Pais, A. R., Pool, D. M., De Vroome, A. M., Van Paas$&¢nM., and Mulder, M.
(2012). Pitch Motion Perception Thresholds During Pasaive Active Tasks.Journal
of Guidance, Control, and Dynamic35(3):904-918.

VTI's simulator facilities, Sim IV (2012). Retrieved on Nember 5, 2012, from
http://www.vti.se/en/research-areas/vehicle-tecbgyWtis-driving-simulators/.

Wachtel, J. (1995). Brief History of Driving Simulator§R News(179):26-27, 45.

Walsh, E. G. (1961). Role of the Vestibular Apparatus in tleecBption of Motion on a
Parallel SwingJournal of Physiology155(3):506-513.

Wentink, M., Bles, W., Hosman, R. J. A. W., and Mayrhofer, [400Q5). Design & Evalu-
ation of Spherical Washout Algorithm for Desdemona Simarlatn Proceedings of the
AIAA Modeling and Simulation Technologies Conference axkiliit, San Francisco,
CA, USA, August 15-1&IAA 2005-6501.



References 221

Wentink, M., Correia Gracio, B. J., and Bles, W. (2009).dtrency Dependence of Allow-
able Differences in Visual and Vestibular Motion Cues in m&ator. InProceedings of
the AIAA Modeling and Simulation Technologies ConferemmkExhibit, Chicago, IL,
USA, August 10-13AIAA 2009-6248.

Wertheim, A. H. (1994). Motion Perception During Self-Mmii The Direct Versus Infer-
ential Controversy RevisitedBehavioral and Brain Science$7(2):293-355.

Wertheim, A. H. and Bles, W. (1984). A Re-Evaluation of Cdlaten Theory: Visual,
Vestibular and Oculomotor Contribuitions to Perceived é&bjMotion. Technical Re-
port IZF 1984-8, Institute for Perception, National Defetitesearch Organization TNO,
Soesterberg, The Netherlands.

Wertheim, A. H., Ooms, J., de Regt, G. P., and Wientjes, C. J1892). Incidence and
Severeness of Seasickness: Validation of a Rating Scalehnieal Report IZF 1992
A-41, TNO Institute for Perception, Soesterberg, The Neédmels.

Westheimer, G. (1968 andbook of Perception and Human Performanagume I: Sen-
sory Processes and Perception, chapter 4: The Eye as amlQpsitument. A Wiley-
Interscience Publication, 111 River Street, Hoboken, N0BO75774, USA. ISBN 0-471-
88544-4.

White, A. D. and Rodchenko, V. V. (1999). Motion Fidelity @niia Based on Human
Perception and Performance.Rroceedings of the AIAA Modeling and Simulation Tech-
nologies Conference and Exhibit, Portland, OR, USA, Au@ekt, AIAA 1999-4330,
485-493.

De Winkel, K. N., Correia Gracio, B. J., Groen, E. L., and Wesven, P. (2010a). Visual-
Inertial Coherence Zone in the Perception of Headind?rreedings of the AIAA Mod-
eling and Simulation Technologies Conference and ExHibignto, ON, Canada, August
2-5, AIAA 2010-7916.

De Winkel, K. N., Weesie, J., Werkhoven, P., and Groen, E2010b). Integration of Visual
and Inertial Cues in Perceived Heading of Self-Motidaurnal of Vision 10(12):1-10.

Van Winsum, W. and Godthelp, H. (1996). Speed Choice andiSteBehavior in Curve
Drving. Human Factors38(3):434—-441.

Wong, S. and Frost, B. (1981). The Effect of Visual-Vesti#suConflict on the Latency
of Steady-State Visually Induced Subjective RotatioRerception & Psychophysics
30:228-236.

Young, L. R., Dichgans, J., Murphy, R., and Brandt, T. (1978}eraction of Optokinetic
and Vestibular Stimuli in Motion PerceptioActa Oto-Laryngologica76:24—-31.



222 References

Zaal, P. M. T. (2011)Pilot Control Behavior Discrepancies Between Real and &ited
Flight Caused by Limited Motion StimulPh.D. thesis, Delft University of Technology,
Faculty of Aerospace Engineering.

Zaal, P. M. T., Pool, D. M., Chu, Q. P.,, Van Paassen, M. M., Mul., and Mulder, J. A.
(2009). Modeling Human Multimodal Perception and Contrsing Genetic Maximum
Likelihood Estimation.Journal of Guidance, Control, and Dynamj&2(4):1089-1099.

Zacharias, G. L. and Young, L. R. (1981). Influence of Comthivésual and Vestibular
Cues on Human Perception and Control of Horizontal Rotati&xperimental Brain
Research41:157-171.

Zaichik, L. E., Rodchenko, V., Rufov, I. V., Yashin, Y. P..dawhite, A. D. (1999). Accel-
eration Perception. IRroceedings of the AIAA Modeling and Simulation Techne®gi
Conference and Exhibit, Portland, OR, USA, August 9AIIAA 1999-4334, 512-520.

Zeppenfeldt, P. (1991Bepaling van Drempelwaarden voor het Waarnemen van Velechi
Tussen Visuele en Vestibulaire Stimulatie Tijdens Eigeebang (in Dutch) Master of
Science Thesis, Faculty of Aerospace Engineering, Delitéisity of Technology. Un-
published.



SAMENVATTING

Perceptiecoherentiezones
in Voertuigsimulatie

Ana Rita Valente Pais

Bewegingssimulatoren worden wereldwijd gebruikt voopgpit en rijopleidingen. Ze
bieden een relatief goedkoop, veilig, toegankelijk eneaniriendelijk alternatief voor trai-
ning in het echte voertuig. Simulatoren zijn alleen efiefdtidien de aangeboden stimuli de
personen in staat stellen om verschillende situaties teeheen en er adequaat op te reage-
ren. Het bestuderen van en toezicht houden op de waarhsiisgbeid van de aangeboden
stimuli is daarom van essentieel belang om het huidigegheidsniveau te waarborgen, en
om de toekomstige veiligheid van het weg- en luchtverkeeetgroten.

Een van de belangrijkste aspecten van de waarheidsgeteadimbtreft het bewegings-
systeem van de simulator. De beperkte bewegingsvrijheidsimulatoren belemmert de
eén-op-één weergave van de beweging van het voerteigegingsfilters worden gebruikt
om de simulator binnen de mechanische grenzen te houdeijl taestiéle bewegingssti-
muli worden aangeboden. Deze filters, ookwel bewegingsi#iimoes genaamd, veroorza-
ken een afname van de amplitude en een vervorming van dedagievnertiéle bewegings-
terugkoppeling vergeleken met de visuele beweging geptessl via het buitenzichtsys-
teem. Hierdoor ontstaat een discrepantie tussen deeteedii de visuele stimuli. Indien
deze discrepantie, of verschil, groot genoeg is om door tsopa in de simulator te worden
waargenomen, kan het zijn dat de waarheidsgetrouwheideramullator wordt aangetast.

Kennis van hoe deze verschillen tussen de visuele en deééleestimuli de mens in
de simulator beinvloeden is nodig voor de ontwikkeling m@uwe bewegingsalgorithmes,
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simulatorontwerpen en de optimalisatie van de bewegitgsiin bestaande bewegings-
platformen. Bovendien zal een beter begrip van de menedgkbewegingprocessen, met
name van de mechanismen die bij de perceptie van gecombaeisuele en inertiéle be-
weging een rol spelen, leiden tot betere en completereieriten de kwaliteit van de waar-
heidsgetrouwheid van de inertiéle bewegingssimulatieteordelen.

Het belangrijkste doel van dit proefschrift is een bijdrégéeveren aan de verbetering
van de waarheidsgetrouwheid van de inertiéle bewegingartuigsimulaties. Vanuit dit
doel zijn drie specifiekere doelstellingen gedefinieerd.

Doelstelling 1

De eerste doelstelling is om het ontwerp- en afregelproardvewegingsalgorith-
mes te bestuderen, en om de gevolgen op de perceptie, slvaggn prestaties
van personen te evalueren ten gevolge van verschillendgebaden bewegings-
mogelijkheden, en dus van verschillende inertiéle staties.

Doelstelling 2

De tweede doelstelling is om in detail te focussen op eenifsgeonderdeel van
de waarheidsgetrouwheid van simulaties: de perceptie gaorgbineerde visu-
ele en inertiéle stimuli. Hier is het doel om onze kennis darvisueel-inertiéle
bewegingswaarneming in voertuigsimulatiescenario’aliitreiden.

Doelstelling 3

Het derde doel is om te onderzoeken of de kennis van gecoetdiag@erceptie
van inertiéle en visuele stimuli gebruikt kan worden omiehttijnen voor percep-
tiegebaseerde bewegingsaanbieding van af te leiden diafhiznkelijk zijn van

een bepaalde vorm van het bewegingsalgorithme of bewqgatésm.

Om de eerste doelstelling te onderzoeken is er een nieuwdieggalgorithme ont-
worpen en geévalueerd ten behoeve van het rijden van lgechiegen in een stedelijke
omgeving, in een grote, op een centrifuge gebaseerde begasjinulator. Drie bewegings-
mogelijkheden werden getest: een klassiek filter zoalsugledlijk voor Stewartplatformen,
een algoritme met alleen wegtrillingen, en een nieuwe Gigs

Om het effect van inertiéle beweging op de prestatie errgagiag van personen te eva-
lueren zouden zeer specifieke prestatiedoelen moeten wgedeld en het type stuurtaak
zou zeer goed moeten worden gedefinieerd, waardoor er wiiinige voor personen zou
overblijven om hun eigen stuurstrategie te kiezen. Om eak t@& simuleren die zo veel
mogelijk leek op echt stadrijden werden er geen beperkioggelegd aan de prestatie en
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stuurgedrag. Als gevolg daarvan was het erg moeilijk om @elzhwegingsoplossingen te
vergelijken op basis van prestatie en stuurgedrag.

Een analyse van de perceptie op basis van de antwoordennrgmpa op vragenlijsten
toonde aan dat bepaalde inertiéle bewegingen belangaijgnwoor ofwel de aanvaarding,
ofwel de afwijzing van de betreffende bewegingsoplosgimagr het was niet mogelijk om
te meten hoe verschillende stimuli bijdroegen aan de algeraeceptatie.

Het proces van het ontwerpen, afregelen en evalueren vabeeegingsalgorithme
voor een onconventionele simulator, waarvoor er weinigtlijoen en geteste oplossingen
beschikbaar zijn, toonde aan dat er meer platformonafhigitekeop de mens gebaseerde
perceptiemetrieken en -richtlijnen nodig zijn.

De aanpak van de tweede doelstelling bestond uit het metenatueren van de per-
ceptie van gecombineerde visuele en inertiéle stimuli Inediulp van het concept van de
coherentiezone. Aangezien het gebruik van bewegingsfittawvel een afname van de am-
plitude als een vervorming van de fase van de inertiéleustisin vergelijking tot de visuele
stimulus tot gevolg heeft, zijn er twee type coherentiesayedefinieerd: de amplitudeco-
hereentiezone en de fasecoherentiezone.

Een amplitudecoherentiezone geeft het bereik van de ardplitan inertiéle bewegin-
gen weer die, hoewel ze niet perfect overeenkomen met delgibeweging, nog steeds
door de proefpersoon als coherent worden waargenomen. £3ffdiewijze geeft een fa-
secoherentiezone de waarden van het faseverschil tusseertiéle en visuele stimuli aan
die nog als coherent worden beschouwd.

Amplitudecoherentiezones kunnen worden gedefinieerdefoboven- en ondergrens,
of op alternatieve wijze, door een gemiddelde coherentigéls: point of mean coherence,
PMC) en de breedte van de zone (Engels: coherence zone WiAW). De bovengrens
geeft de grootste inertiéle bewegingsamplitude aan dieiscoherent wordt waargenomen
in combinatie met een bepaalde visuele stimulusamplitude.ondergrens is de laagste
inertiéle beweging die nog als coherent wordt waargenomerPMC is de waarde van de
inertiele amplitude die halverwege de boven- en ondergligh en de CZW is de afstand
tussen boven- en ondergrens.

Voor fasecoherentiezones werd slechts één grens gent@tedat algemene hoogdoor-
laatfilters een fasevoorsprong van de inertiéle bewegingpzichte van de visuele bewe-
ging introduceren zijn alleen grenswaarden voor vo@taie inertiéle beweging gemeten.
Deze gemeten grens voor het faseverschil geeft de grootgtlijke waarde van de fase-
voorsprong die op de inertiéle beweging kan worden toegtegranog steeds als coherent
wordt beschouwd. Laagdoorlaatfilters zijn niet beschouwd.

Diverse experimenten werden uitgevoerd die waren geriglisd onderzoeken van of-
wel de amplitude- ofwel de fasecoherentiezones. Amplitaderentiezones werden geme-
ten voor gierrotaties en laterale translaties. Gierammdiitoherentiezones werden gemeten
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in twee simulatoren: de Simona simulator en de Desdemonaation. Fasecoherentiezo-
nes werden gemeten voor gier- en stamprotaties. Ook wergeffecten gemeten van de
stimulusamplitude en -frequentie op zowel de amplituddasacoherentiezones.

Resultaten tonen aan dat gier- en laterale amplitudecotiezenes werden beinvioed
door zowel de amplitude als de frequentie van de visueleutisn Over het algemeen
werden de PMC en CZW groter als de amplitude van de visueheibts groter werd. Voor
grotere amplitudes van de visuele stimulus lijkt het dat deelngrens dichter bij, of zelfs
lager dan, de één-op-één lijn kwam te liggen en dit werkbgmerkt door het naar beneden
afbuigen van de coherentiezones, waarbij de PMV waardéneklererden dan de één-op-
eén lijn.

Het effect van de frequentie was ook vergelijkbaar voor-giaraterale amplitudecohe-
rentiezones. Voor hogere frequenties werd zowel de bousmeaondergrens kleiner. Het
effect van de frequentie is gerelateerd aan de perceptitheavegingssterkte”. Geconclu-
deerd werd dat de waargenomen bewegingssterkte het besteokden uitgelegd als een
gewogen combinatie van waargenomen hoekversnelling ekshetheid in het geval van
gierbewegingen, en van waargenomen lineaire jerk en liee@airsnelling in het geval van
laterale beweging.

Uit de vergelijking van fasecoherentiezones voor gier-tampbewegingen volgde dat
deze gelijkwaardig waren en dat ze niet werden beinvioed de amplitude en de fre-
quentie van de stimuli. Proefpersonen gedroegen zich a&véaschildetectoren en niet
als tijdsvertragingsverschildetectoren, en de gemetemsgvaarde voor het faseverschil be-
droeg ongeveer 19 graden, waarbij de inertiéle bewegimgliep op de visuele visuele
beweging.

In de vervolgstap, waarbij werd geprobeerd realistischeemaario’s te simuleren waarin
proefpersonen vlieg- of rijtaken moesten uitvoeren, wertidifect van verminderde aan-
dacht van proefpersonen voor de perceptie van de amplivhéeentiezones onderzocht.
Coherentiezones werden gemeten terwijl proefpersonehasimatige stuurtaak moesten
uitvoeren waarin ze het voertuig binnen bepaalde bepaaktezgn moesten houden. De
handmatige stuurtaak werd uitgevoerd aan de hand van eistiebuli alléén, en in een
andere vrijheidsgraad dan de coherentiezonemetingen.

De actieve taak had geen enkel effect op de waargenomerectigevan de visuele en
inertiéle stimuli. Een mogelijke verklaring is dat de peptuele taak en de actieve stuurtaak
niet gelijktijdig door de proefpersonen werden uitgevoandar na elkaar, dat wil zeggen,
verschoven in de tijd. Mogelijk was er maar een korte perioddig om een mening te
vormen over de waargenomen coherentie, waardoor de resieviijd besteed kon worden
om zich te concentreren op de actieve taak.

Deze resultaten ondersteunen de veronderstelling da&feette perceptuele waarheids-
getrouwheid simulatoronderzoeken kunnen worden uitgelvoeet passieve taken en dat
deze resultaten mogen worden gegeneraliseerd en wordeuilgelor actieve, piloot-in-
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control situaties. Dit is mogelijk niet het geval voor de wagidsgetrouwheid gebaseerd op
prestatie of stuurgedrag.

Als laatste stap in de studie naar coherentiezones en alses@iding op de derde doel-
stelling werden laterale amplitudecohereentiezonesdidpa drie hexapod simulatoren:
de Visual Motion Simulator (VMS), de Generic Flight Deck (Bfen de Integration Flight
Deck (IFD) simulator bij het NASA Langley Research CenteHempton, Virginia, USA.
Deze drie simulatoren hadden bewegings- en visuele systeme¢ verschillende eigen-
schappen.

De verschillen tussen de simulatorconfiguraties werdargggvonden in de gemeten
bovengrens van de coherentiezone. De ondergrens werdgnédtcant beinvioed door de
simulatorconfiguratie noch door de amplitude of frequevaie de visuele stimuli.

Ondanks de verschillen in de bovengrenswaarden werdereirdiaé de simulatoren
dezelfde trends waargenomen voor de effecten van frequentamplitude. Uit een ver-
gelijking tussen giercoherentiezones gemeten in de Sirsonalator en de Desdemona
simulator volgde hetzelfde.

De bevinding dat de precieze waarden van de coherentiezomeek variéren tussen
simulatoren, maar dezelfde algemene trends behouden waswide stimulus amplitude
en frequentie betreft, heeft tot twee conclusies geleidddreerste plaats is het, ondanks
fundamentele verschillen tussen de simulatoren zoals dehiflen tussen de Simona en
Desdemona simulatoren (gierbeweging) en de verschillssetude VMS, de GFD en de
IFD (laterale beweging), nog acceptabel om coherentieztmmeten in verschillende ap-
paraten en deze metingen te vergelijken.

In de tweede plaats is het niet alleen acceptabel, maarweliselijk om het op deze
manier te doen. Met behulp van coherentiezones kunnenhiescle simulaties worden
beoordeeld op basis van hoe goed de perceptie van de ge@arderstimuli past binnen
de coherentiezone. Dit houdt in dat simulatoren niet zoudeeten worden beoordeeld en
vergeleken op basis van hun mechanische prestaties affés&ar op basis van de gecombi-
neerde weergave van visuele en inertiéle stimuli. Cohlierarnes bieden een metriek om
de geschiktheid van deze gecombineerde presentatie waulige kwantificeren.

Om de derde doelstelling te bereiken werden de gemetenemieszones gebruikt om
criteria voor de bewegingswaarheidsgetrouwheid van afitkeh, en om een op coheren-
tiezones gebaseerde methode voor te stellen om de bewegadeidsgetrouwheid te be-
oordelen. De gemeten ondergrenzen zijn omgezet in minina@me/oor de parameters
in bewegingsfilters. De grenzen voor het faseverschil zghrgikt om criteria te verkrij-
gen voor de maximaal toegestane fasevervorming. Dezeegdgatriteria zijn vervolgens
vergeleken met bestaande criteria in de literatuur.

De criteria gebaseerd op de coherentiezones zijn weergedewen aangepaste Sina-
corigrafiek. In een Sinacorigrafiek worden criteria voor deavheidsgetrouwheid van de
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beweging weergegeven door de maximaal acceptabel geasfiteming van de amplitude
en fase van de beweging bij een frequentie van 1 rad/s. A@gde coherentiezones bij
verschillende frequenties en amplitudes werden gemetas het mogelijk om de grafiek
uit te breiden met verschillende frequenties en amplitudes

Het gebruik van coherentiezones als een methode om de breysggiarheidsgetrouw-
heid te beoordelen berust op de veronderstelling dat degeaamen coherentie tussen
visuele en ineriéle stimuli een indicatie is voor “goede&iMeging. Net zoals bij andere
beoordelingcriteria, zoals zijn voorgesteld door Sing&@ehroeder, en Advani en Hosman,
bieden coherentiezones slechts een maat voor de doeitlbfa van de aangeboden iner-
tiele beweging in relatie tot een gewenste ideale beweddege gewenste beweging komt
overeen met de gesimuleerde voertuigbeweging en is inaiffpchrift verondersteld gelijk
te zijn aan de visuele beweging. Al bovenstaande beoogiatisthoden vereisen een goede
waarheidsgetrouwheid van het voertuigmodel en zijn dugidp niet voldoende om een
hoge waarheidsgetrouwheid van de inertiéle bewegingrengiaren. Desalnietemin bieden
ze de broodnodige ondersteuning bij het ontwerp en hetef&egyan bewegingsalgorith-
mes.

De voorgestelde beoordelingsmethode op basis van corerenés biedt drie belang-
rijke aanvullingen op de reeds beschikbare criteria. Testegeeft de methode niet alleen
criteria voor gewenste bewegingstimuli, maar biedt ook ®etematische, objectieve, en
op menselijke waarneming gebaseerde methode om de gremzele ¢riteria te meten.

Ten tweede voegt de op coherentiezone gebaseerde metiodierde en vierde dimen-
sie aan de Sinacorigrafiek toe: frequentie en amplitudedda hangen de coherentiezon-
ecriteria niet af van de vorm van een specifiek bewegingsfilte

Ten derde kan de coherentiezonemethode, door het biedexevameetmethode waar-
van de verschillende frequenties en amplitudes kunnenemgdkozen, simulatorgebaseer-
de en taakspecifieke criteria bieden. Coherentiezonesetl$etn dat wil zeggen als maat
voor de waargenomen coherentie van de aangeboden iade@back, is echter platform-
en taakonafhankelijk.
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