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PREFACE

The purpose of the flight simulator is to provide a safe, readily available and economical means of training air crew in
the operation of aircraft. Simulator training is potantially a safe substitute for part of the flight training that would otherwise
be done in aircraft at higher cost and with greater risk,

Over the years a number of uno-sirable simulator effects, including a set of effects referred to as simulator sickness,
have been reported, The frequency of ‘hese reports has incressed as simulator usage has increased to offset the higher costs
and risks of operating the complex modzrn aircraft. The goal of the symposium was to examine simulator-induced effects,
their operational implications, and their etiology in order to develop ideas for reducing undesired effects. In general,
symposium objectives were met. Areas for standardization of investigational methods and procedures were identified. Some
apparent conflicts in results of different investigations were resolved, and avenues (or future studies were ascertained.
Several speakers provided recommendations for procedures to be followed to avoid some of the unwanted effects of
simulator training.

Le simulateur de vol permet I'entrainement des équipages au vol en toute sécurit€ et & moindre frais, 4 I'aide d’'un
équipement qui est disponible en permanence. En effet, le simulateur de voi représente une solution de remplacement sans
risque, qui permet de poursuivre une phase de I'entrainement au vol qui serait autrement effectuée a bord d’aéronefs, a plus
grands frais et & plus grands risques.

Au cours des années, un certain nambre d'effets indésirables ont été constatés et notamment un ensemble d'effets
connus sous le nom de “mal de simulateur”. Le nombre de cas constatés de mal de simulateur a augmenté avec 'emploi des
simulateurs devenu plus intensif dans le but de réduire le coit grandissant et les risques de plus en plus importants associés a
la mise en oeuvre des aéronefs modernes, complexes. Le Symposium avait pour but d’examiner ces effets, leur incidence sur
la conduite des missions et leur étiologie, afin de trouver des solutions permettant de réduire ces effets indésirables. La
plupart des objectifs du symposium ont été atteints. Des domaines de normalisation en ce qui concerne les méthodes et Jes
procédures d’investigation ont été repertoriées. Certains désaccords qui semblaient exister entre les résultats de différentes
recherches ont été résolus, et des axes de recherche ont été identifiés. Plusieurs orateurs ont fait des recommandations
concernant les procédures a suivre afin d'éviter certains effets indésirables de Pentrainement sur simulateur.
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TECHNICAL EVALUATION RRPORT
by

Fread E. Guedry, Jr., N.8., Ph.D.
Chief Scientist
Naval Aercapace Medical Rerearch Laboratory
Pensacola, Florida, USA
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1. IKTRODUCTION

The Asrospace Nedical Panel fymposium on "Motion Cues in Flight Simulation and Simu-
lator Induced Sickness" was held in Brussels, Belgium, from 29 Septesber 1987 through
1 October 1987. The AGARD Conferunce Procesdings presented here consists of seventeen
individual papers followed at the end of the Proceedings by a Round Table Discussion.
Authors from six NATO countries presented papers.

TR

£ ., THEMGE
%‘ The s ium was focused on the constellation of effecta that represent problems ‘
& encounts a the use of flight simulators to train air crew. Simulator-induced effects,

resembling motion sickness, can interfere with progress in training. After-effects such
as perceptual-motor aberrations and "visual flashbacks®™ can lengthen “down-time® between
aimulator training sessions or between a simulator session and readiness for actual
flight. Relations between motor-control actions and the perceived response of the simu-~
= lator, wvhen diacrepant with the remembered mmrtim- of flight conditions, can be a

T source of disturbance, particularly to the experienced aviator who may raise gquestions
about negative transfer of training. %he main theme of this symposium was chosen because
of an rpparent increase in the number of such reports; i.e., the symposium theme arose
from the users of simulators, individuals being trained, and individuuls responsibis for
training. The increased number of reports, in turn, may be related to 1) the increased
use of simulators to reduce the costs and risks of training in modern aircrafe; 2) the
technological advances that have provided the designer with ever-increasing options for

depicting the terrxain, sky, and other aircraft in various degress of realism, levels of l
visual contrast, amount of visual detail and sizes of the field of view; ) inadequate
maintenance of simulators and other factors brought ocut during the course of the sym-

posium,
p
3. PURPOSE AND SCOPE

The purpose for this cymposium wes to disseminate information cbtained in recent
years con the incidence of effects in different simulators (or different units of the
same model simulator) that might adversely influence the effectiveness of simulator
training. An approach to obtaining information pertinent to etiology involves relating
diffarences in incidence of effects to differences in simulator cues and motor responsea
in the context of theories of adaptation to sensorimotor rearrangement. Topics addressed
included current and future trends in simulator design, variables influencing virually-
induced self-motion (vection), use of modals for the design and evaluation of simulators,
procedures for cvercoming vertigo in patients, procedures for reducing disorientation in
space flight, aome cliallenges presented by helmet-mounted displays, and efforts to
ralate neurophysiological systems and physiological measures (including event-related
cortical potentials) to simulator problems.

i#
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4. SYNPOSIUM PROGRAM

The ram consisted of four sessions. Session I consisted of thres presentations
that provgcr!:g a symposium overview and discussion. Session II conaisted of four presenta-
tions. Effocts revealed during evaluaticn of different simulators by different speakers
were discussed. Session III comprised eight presentations zovering a range of topics.

Due to time constraints, discussion was restricted following each of the last five
presentations in this session. Session IV consisted or two presentations, one related

to reduction of unwanted effecta reaulting from clinical disorder, and the other related
to an effort to use simulated cue mismatches to preadapt individuals to stimulus rearrange-
ment in weightlessness., These presentations were followed by a Round Table Discussion
involving four panelists, a moderator, and the aulience. The discuasion centered on
sevaral points that had bean raised during the sourse of the symposium.

5. YTECHNICAL EVALUATIUN

‘the presentations of the three speakers of Sesslon I provided a valuable overview
for the symposium. The many simulation-indu.=»A effects, sometimes included in lists of
signs of simulator-induced sickness, were ti.e subject of lengthy discussion late in the
synposium. Relevant to this in Kennedy's opening ta'k was his proposal that different
symptom clustors may be related to differen! simulator equipment features, and he pro-
vided tables directly relevant to this point. The data base for Kennedy's presentation
involved the evaluatior ~f 10 flight trainers "before and after some 1200 saparate

exposures.”
Current trends in simulation of motion cues, presented by Mooij, a member of the

Flight Mechanics Panel of AGARD, proivide insight into demands for larye fields-of-view
and high resolution visual images for simulators. It is probable that compute--

T o et It T e i




generated imagery will be used almost exclusively in the future. Head-slaved or head/
eye-~slaved control be used to provida high resolution in the area of visual interest
.RI. saintainin .'xa. field of view, HNowever, Mooij believes that enhanced depiction
of the outside visual scene creates simulator-induced sicknets problems. Moolj regarda
quality control in the maintenance of flight simulators and in the training of individu-
als oparating eimulatars as important decerminers of simulator siokiess.

Benscn characterised simulator sickness as "another form of motion sickness,”
adducing as evidence the significant number of reports of stomach aswareness, nausea,
sweating, hasdache, dizziness, and drowsiness -- all common to other forme of motion aick-
ness. Although vomiting is infrequent in simulator sickness, many other attributes of
simulator effects resesble responses to stimulus situations that provoke motion sickness:
e.¢., Sevarity of the offects and the after-effects are functions of the duration of the
motion stisulus; sdeptation o2curs with repeated simulator flights, wide individual
differencas in the manifestation of malaiss, disturbances of poatural control after
up:om‘;;n all common to adaptation to sensory rearrangement conditions that produce
motion s ehs.

While Benaon identified one of Kennedy's clusters of asimulator effects as "just
another form of motion sickness,” he also clearly indicated that other simulator~
induosd effacuts are not specifically characteriatic of motion sickness, e.9., sone of
the visual disturbances reported. Also, variations in the r of information collected
by various investigators of different simulators sed efforts to compare inci-
dence of particular sisulator-induced effects. A nt emphasized during the course
of the symposium is the need to consider simulator-induced effects in relation to effects
induced by comparable flights in the aircraft.

The neural mnismatch or sens LRArXran: nt theory was proposed to explain the
cluster of signs and aymptoms Iiﬁuil\n of lin!utox-lndueo‘l’-ouon sickness. MNotion

sickuess occurs when sensory information from the visual, vestibular, and scmatosensory
systemd about whole-body movement is discordant with the pattern of sensory inputs ex-
pected on the basis of past experience, A mode) within the cent:al nervous syatem of
afferent and efferent neural activity is derived through daily experience “primarily
during voluntary contrxol of whola-body movemwnt.® A sustained change in the pattern of
sensoxy input -- as, for example, occurs in soma motion environments or when thera is
vestibular disesse -- yields a continual mismutch between actual and expected sensory
inputs. Thua. the internal wmodel muut be moditied, but with two effects: 1) motion
sickness, and 2) gradual mcdification of sensorimotor responses that provide adequate
control of motion in the nuw environment. As the mismatch is reduced, motion sickness
subsides, but then return to a "normal® enviionment produces after-effacts as a result
of readaptation to the normal environwent.

The senaory rearrangenment concept, as presented, emphasized the importance of past
experisnce. I concur but with one reservation, viz, tha: some forms of conflict, wherein
sensory inputs would elicit reactions in differont directions simultaneocusly from the
same muscle groups, may be an innate alarm signal that contributes to motion sicknest.
Navertheless, it is clear that sensorimotor and perceptual reactions are altered during
persistent expnsure to unusual wmotion environments (1,2). The sensory rearrangement
theory of motion sickness was gsnarally accepted by the aymposium participants who intes-
mt:d a number of the effects and after-effects of simulator training from this view-

nt.

The four papers of Session II dealt with incidence of simulator-indvced effects and
after-effecta on simulators in four countries -- France, Canada, The United Ringdom, and
the Unitud Scates.

Results of the first papar in this group were based upon a retroapective survey,
wvhereas results in the remaining three papers were basad, at least partially, upon results
obtained from more direct surveys. Chappelow, and later Kennedy during the Round Table
Diszussion, indicated that reported incidence tended to be lower in retrospactive surveys.
Each of these papers presented evidence of unwanted simulator effects. Thers seemed to be
general agreament that there are reasons snd mathods to ameliorate unwanted effects,
which in general were milder than anticipated and did not outweigh advantages that simu-
lator training oflers.

Reports of simulator sickness cbtained fram pilots in the Air Force of France were
sumarized in the paper by Lager et al. (presented b{ Leger). Of 164 pilota responding,
153 responses were judged suitable for general descriptive analysis, and 132 were retained
for detiiled analysis. In contrast to other studias Tn which on-site investigators eva:-
uated effects induced by specific simulatora, questionnaires were used by Lager et al.
to obtain information on the past simulator experience of pilcts (and motion sickness in
general) from different units of the Air Force of France. Thus, the results vere bas.d
upon questionnaires ansvered anocnymously relating to past experience in differrent simu-
lators over a number of ysars. Sixty-ssven percent of the responding piloty had experi-
snced simulator-induced sickneds to some degres, but the majority of effects slicited
were moderate and decreased rapidly after several sessions. After-effects were absent
in 51%, insignificant in 34,8%, moderate in 9.7 , and severe in 3.8% of the reaponding
subjects, In contrast with a study by Kennedy et al. (3), statistically significant
relationghip betwesn simulaior sickness and motion sickneas in ganeral indicated by
scores from a motion sickness questionnaire) was not found by Lager et al. Differences
in g:.mgapoctdof the results may be attributable to differences in approaches used and
n uaed,




In contrast with the praceding paper, which dealt with a number of simulators over
a number of years, the paper by Mages et al. concentrated on one simulator, the C-130H
(Mercules) flight simulatur. Previcus complaints about the simulator hed included a
variety of disturbing handling characteristics, unrealistic ground effects, and many
symptons such as vertigo, Aissiness, disorientation, stomach disturbance, headache,
nausea, and eye strain; at lsast two pilots vomited following simulator flights. The
present atudy was conducted after shortcumings in handling characteristics had been
sddressed by computer moditications.

Simulator sessions ‘asted ¢ hours, with a coffee break after 2 hours; the pilot
and ropilot switched positions after the break. No subject reported severs simulator
asickness, but 93% experienced at least one symptom. Most commonly reported were eye
strain, after-sensations of motion, fatigue, and drowsineas. ISproved simulator han*-
ling characteristics may explain the lessaer effects encountered in the present study,
The flight exparience factar ia relation to simulator effects was also evaluated. Their
experienced group had provious Nercules simulator exporience as well as flight experience.
The inexperienced zmup had previous tught experience, but none in the Hercules aircraft
or simulator. Differences related to flight experience were not found; the authora do
not ard their results as definitive but rather as a reason for kesping cpen queations
regarding the role of flight experience in simulator sickness. The role of flight ex-
perience in simulator sickness was alluded to by a number of apeakers in the symposium,
It is an important point because it relates to the sens Iearran At theory of motion
sickneas, which was generally accepted by symposium participanta. sAall median age
difference (32 versus 29 years) between the “experienced” and "novice” groups in Magee's
study was not a statistically ugnulcmt variable in the effects recorded, but it was
the subject of discussion later in the sympomium.

R IR

Chappelow studied two simulators, both research aimulators, one at Farnborough and
one at Warton in the United Kingdom. A questionnaire provided information on effecta
experienced during the simulator sortie and, by readminictratior 3 days later, the same
questionnaire provided information on post-simulator effects. Retrospective information
was obtained by serding the queationnaire to other pilots known to have flown one of the
two simulators. Concurrent surveys yielded more reporta of simulator-induced eftects
than did the retrospective survey. A 708 return rate yielded 271 responses.

Both simulators were fixeld-based with a projection dome and were used to simulate
air combat maneuvering in this atudy. With the ption of c rrent guestionnaires
at Farnborough, about 40 to 308 of the respondents reported no symptoms at all, Effects
at Farnborough were characterized Ly fatigue (mantal and physical) and increasing aymp-
toms as exposure lengthened, Results differed from those ocbtained at Warton. Pilots
at Warton seldom mentioned fatigue; rather they reported dizziness, unsteadiness, and
H false perception of attitude. About 30t reported false perception of attitude, an eflect
R that was less common at Farnborough.

Dohxgd symptcing (after simulator sorties) were uncommon; no delayed effects were
reported in over 503 of the respondents from the concurrent survey and in over 90% from
the retrospective survey. However, six subjects at Farnborough reported spinning sensa-
tions, usually on going to »ed, and one of these canceled a acheduled flight the next day.

ERFN L T I

Differences in results between Farnborough and Warton are prubably attributable to
- the simulator sorties scheduled. Farnhorough aimulator sorties lasted from 2 to 6 hours
= involving tests of different systems, whereas those at Warton were of 1 hour/day duration,
each consiating of several 10-minute training sessiona. :

In general, the symptom constellations were similar to those reported in several
other studies, but the data ruggest a less severe problem than had been anticivated.
An interesting feature of this study was that about 25t of all subjects found the aimu-
lator experience exhilarating; they enjoyed the experience. About 40V indicated that
their simulator experience produced a positive attitude toward simulators, whereas lass
than 3% reported a negative attitude change. Chappelow found no relationship between
previous flying experience and simulator effects,

Chappelow zoncurresd with recommendations of Kennedy for reducing unwanted simulator
effects; particularly he mentioned providing a night's rest between simulator tiaining
and real flight, limiting simulator exposure to 1 hour/day, avoidance of ocut-of-focus

, visual displays, avoidance of resets of the visual system, allowing those few pilots who
= have persisting effects to remove thexselves from flight schedules, and asmsuring adequate
simulator maintenance.

The final paper in this sezsion by Gower et al, (Paper #8) provides a balanced
background of advintages accrugd from the use of simulators and problems encountered
in their use. Gower, who presented the paper, sumrirized a number of studies, including
invastigation of Navy simulators by some of his co-authors. The methods employed are
similar to those of the Navy studiea.

The paper concentrates on svaluation of the U.S. Army's newest rotary-wing
simulator, the AH-64 Apache combat mission simulator (CNS); it provides a good des-
cription of the Apache helicopter, particularly systems in the Apache potentially
relevant to Apache CNS training effects. The study conajisted of an on-site survey of
pilots undergoing CMS training by means of a motion sickness history questionnaire
(NSHQ} and a motion sickness questionnaire (MSQ). The NSQ provided evaluation of l)prior
flight time and simulator time (and recency of such experience); 2) use of medications,
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aloohol, tobacco, etc., and an estimate of well-being before entering the simulater; ?)
;oct-ﬂi t symptoms; and 4) experiences with sys'ems and symgtoms in the simulator.

n addition, a postural equilibdrium test was administered befors and after simulator
training sessions.

———————— T L

Several samples of subjects (including studeat pilots, rated Army AN-84 pilots,
and instructor pilotz) were included im the study of 127 individuals whose combined
experience totaled 434 CNB flights. Data were categorized in two symptom-clusters:

1) vision-related problems, difficulty concentrating, and hesdache; and 2) motion
nﬁn:a‘u drowsiness/fatigue, sweating, nausea, dizziness, atamach swarsness, and full-
ness head.

Ovar-all a/aptom incidence was 448, similar to prior U.8. Navy studies. Differ-
ences ina ame betwesn “student” and “rated" aviators were insignificant when sub-
ects were flying in the copilot-gunner ssats, but rated aviators axhibited significant-
Yy Rore IIQ&-Q when flying in the pilot seat. Postural equilibrium test scores
drapped significantly from pre-test to t-tests (again similar to U.8, Navy data).
In & student group, followed over 10 tlights, the pre-post ataxia difference acores
increased over flight sessions even though other sveptoms declined. The suthors recom-
mended follow-on studies of poat-simulator effecis beyond t'.«ir 15-30 minute post-flight
evaluations because of potential pocst-simulator risks in flying, driving, and so forth.

™e eight papers ecztuhq Session 1I1 represented a bruad range of topiea.
Papers 9 and 12 dealt with the use of predictive models in relation to producing ade-
quate simulation: howmver, the models werc of very different types. Bussolari, Young,
and Lee developed a model based fundamsntally upon theory of how mntions of the head ere
transduced into neural messages by the end-organs of the vestibular systam. When

values for parsmeters in diffecential equationa appropriate for these kinds of senas
organs have heen cbtained, then prediction of responses to any set of ianitial conditions
and any set of accelerations can be made and teated through appropriate experiments.

In thia way, Bussolari et al. 8 t to minimize differences between perceived motions
in selected aircraft maneuvers simulated maneuvera. Thus, their model was general-
izable to 2 number of motion conditions, although, as thay indicated, more complex
nodels would be needed to subsume the many effects of central adaptive mechanisms and
integration of information ' om other sensory systems. The model of Prank and Casalil
was an empirical statistica. model based upon regression equations and the empirical
assessment of response variance accounted for by several independent variables. This
model vas kased upn substantial data collected from a particular simulator., Frank and
Casall s sted caution in applying their derived model to other simulators. although
they anticipate that “the general relationship betwean the dependent variables and their
reyressore vould he substantially the same" for other simylators. While these two
approaches to modeling are very different, it is interesting to note that Bussolari et al.
vaed results o an ampirically derived wmwodel to validate their model.

‘The papers by NMoward et al. (Papers 15 and 16) and Kriebel et al. (Paper 10) were
somevhat related in that they dealt with information fundamental to understanding per-
ceptual responses in simulators, but they did not deal spescifically with simulators.
on ¢the othar hand, Paper 1l by Casali and Paper 13 by Delleyn at al. provided information
on evaluation of simulators. Both of these papers could easily be grouped with the
papurs of Semsion IY. The paper by Casall provided a substantial review of several
topics important to :his aymposium. The paper by Ellis et al., Paper 14, dealt pri-
marily with information trarsmission through novel display instrusents, but it also
dixcussed potential prcblems of head-ficed displays. Ellis' intereat and background
in this area were revealed by his earlier questions to Mooij concerning the practicality
of hexd-slaved versus sye-slaved area-of-interest displays.

The third session an with the paper by Bussolari, Young, and lee, presented by
Young, on the use of vestibular wodels for design and evaluation of flight simulator motion.
The fundamental idea is to use 1 modal for predicting motion perceptions in order to
reproduce (as closely as poagible) in the simulator pilot the perceptions of the air-
craft pilot. Values for parameters in the modeis for predicting semicircular canal
and otolithk responses were derived from studies of responses of vesatibular primary
afferenta as opposer. to selecting parameter values based upon endorgan mechanics or
perceptual transfer functions.

Particular flight maneuvers were sulected for simulation in two simulators, the
Vertical Notion Siwulator (VMS) and a Boeing 727-200 flight aimulator, both located
at NASA Ames Mesearch Center. PFour NASA test pilots, current in VIOL aircraft and
with experience in the VNS, participated iu a study evaluating simulation of selected
VIOL wansuvers; and 18 air transport pilots, current in the Bosing 727, participated
in a study of simulation of selected Boeing 727 mansuvers.

Within the limits of the observations, the model approach providnd motion drive
logic that was comporable in regard to pilot performance and ratings of simulstor

acosptability to an vically optimized washout system previcusly develoged at NASA
Amss. An important t of this r was that for some tﬁu of ajrcratt and for
simlation of selected maneuvers, limited wLotion base capabllity appears adequate for

training purposes.
Data reported in the paper by Kriebel et al., presented by Kreibel, related spe-
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cifically to vestibular-evoked respohses. Evoked responses recorded from normal sub-
jects mx from a subject without vestibular function were compared, Stimuli comprised
whele=body sinuscidal cscillation at 0.4 Np with peak velocities above and below sub-
je.ts' perceptual thresholds. Ahsence of sinusoidal cortical-evoked responses in the
patient led to the conclusion that the sinuscidal variation in cortical potentials
recorded from normal subjects was mainly of vestibular origin. MNowever, the authors
wers clearly aware of the convargence of kinesthetic and aomatosensory projections in
the area identified in earlier animal studies as the primary .siibular cortical pro-
jection area:. The authors then described neurclogical systems and neurophysiological
functiona involved in the perception and contcol of motion in everytay life as a way
claf presenting the complexity of the systems challenged by adjustment to flight simu-
ators.

T™he paper by Casali and Fuiank, preasented by Casali, provided an excellent tabular
susmary of a number of simulator studies including studies of vehicular simulators. In
considering cuoloqx. the authors indicated that it is Qifficult to target simulator
design characteristics that induce simulator sickness. However, they provided a summary
of variables, some simulator-specific and others derived from evaluation of a number of
simulators that have been identilied as contributors to simulator sickness. The pri-
mary thrust of this papcr was a review of symptomatslogy measuremsnt with the objective
of providing guidance regarding promising measures for future atudies. Self-report
msasures, motion sicknesa queationnaires, physiological measures including cardiovascular
activity, respiration, skin resistance/conductance, efforts to measure pallor, facial
temperature, and msasures of gastrointestinal activity were discussed aiong with postural
stability measuras.

Prank and Casali evaluated effects of transport delays of the motion system and ot
the visual motion system in a cumputer-controlled automobile simulator with a ¢ degree-
of-freedom visual system. Of particular interest in this study was whether or not the
visual motion subsystem should lead or lag ths motion base subsyatem.

The results indicated “a linear relationship between increased veatibular distur-
bance, degraded parformance and increases in delay,” where delays were 0, 170, and 340 ma.
With asynchronous delays, results indicated that the visual scene movement should pre-
cede motion base movement. Dependent variables included driving performance measures,
physioclogical measures (skin resistance, pallor, respiration), measures of postural
stability, and a simulator sickness severity index,

The paper by DeHeyn et al. (Paper #13) in the Program), the fifth paper af this
session, examined two simulator scenarios for the presence of horizontal nystagmus and
for simulator-induced sickness in 12 F-16 pilots during training in a £flight simulator.
In addition, 31 pilots responded to an anonymous questionnaire concerned with symptoms
during and after simulated flight. Little or no nystagmus was detected during vavious
raneuvers in the simulated flights, Many eye movements occurred during the engine
tturt-ug and landing segments of each zcenario, very probably saccades associated with
gaze shifts required to perform these particular tasks. The possibility that vertical
and roll eye movemants may have occurred during some segments of the scenarios would not
have besn sufficiently revealed by the recording procedurss used. Eye movements ap-
parently were not recorded in darkneas before or after the simulator exposure.

Symptoms of aimulator sickneas during simulation were reported by 39% (12 of 31)
of the pilota, age range 23-40 years, apparently with a preponderance of reports from
older, morw experienced pilots. Of the pilots reporting symptoms, 37%¢ indicated per-
sistence of aymptoms (poat-simulator) for about 15 minutes, 16% for up to 2 hours; one
pilot had to interrupt his training program due to persisting effacts.

Results of the symptom survey were comparable to rasults cbtained by other investi-
gators. Nc evidence was obtained for relationships between characteristics of oculomovor
contro. and simulator-induced effectn, although vigual suppression could have prevented
detection of anomalous sys movement patterns immediately following simulator exposure.

The asixth paper of Session III, Paper #l4 in the program, was presented by Ellis.
Technological advances permit high-perforuarce 3D computer graphics, which provide aero-
space designers with new flexibility for creating interactive information displays.

The authors provided examplez of geametric enhancement and symbolic enhancement of
“spatial instruments®™ and described an experiment illustrating how selected symbolic
enhancements can provide qualitative and quantitative improvement in pictorial communi-
cation. Iaformation enhancement in head-mounted displays is likely to yield results
di fferent from thaose that would bea obtained from the same display information obtained
from panel-mounted displays. With head-mounted displays, the normal vestibulo-ocular
reflex (VOR) would be counterproductive unless VOR stabilization of the eye relative to
a fixed point in apace is somehow compensated by image movement in tie display. Such a
viewing situation requires “careful calibration to insure perceptual stability." Fail-
‘ure to achieve sutiicient perceptual stability with head-fixed displays can produce
nausea. This part of the paper by Ellis et al. should be considered in relation to
Mooij's commenta on head-slaved area-of-interest displays.

The authors Juggested several furms of information enhancement that appear feasible
for head-mounted displays, and ~oncluded that "the development of spatial instruments is
limited not by our manufacturing capabilities, but by our imagination an¢é by our under-
standing of human spatial perception.®
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The last two pspers of Sassion III, presented by Howard, dealt with sensations of
salf-mctiun (circular vection and linear vection) and tilt induced by moving visual
fields. In the studies described in Paper #15, the moving displays filled the entire
visual field, subjects wera awara that their chairs and litters could be rotated inde-
pendently of the visual surrounds, and efforts were made to minimisze somesthetic cues.
The appacatus permitted stimuli for pitch, 20ll, or yaw vection about either a vertical
or horizontal axis. As expected, vertical-axis vection was consistently stronger than
horizontal-axis vection. For both vartical or horizontal axes, yaw vection was atronger
than pitch vection, which was atrongar than roll vection. For horixontal-axis vection,
there was ¢ strong asymmetry of illusory body tilt in pitch with tilt backward stronger
than tilt forward, There appsars, however, to be discrepancy in the text and Figure 4
regarding asymmetry in the magnitude of pitch vection. Magnitude of perceived tilts
about the horiszontal axis during vection exceeded magnitudes previously reported, pos-
sibly as a result of tha large visual field, the reduced somesthetic cues, and the sub-
ject being "primed to expect the body to rotate.”

The second paper presented by Howard examined the contributions of various faccors
(such as background versus foreground motion, cential versua peripheral motion) to
vection generation with competing moving displays. In general, the authors explained
their findin¢s in both papers on a "common sense" basis, such as the frequency of occur-
rer.ce and reiiability of visual cues to whole-body motion in the daily experience of
natural motion relative to the Earth.

The fourth session consisted of two papers and a Round Table Discussion. Neither
paper dealt directly with problems of simulator sickneas, but both were concerned with
adaptation to conditions that produce sensory rearrangement. According to the theoreti-
cal viewpnint presented by Benson in Ses<ion I, motion sickness, including simulator-

induced motion sickness, is one of the .cnsequences of adaptation to sensory rearrange-
ment.

The paper by Norre' (Paper 17) focused on sensory mismatch (i.e,, sensory rearrange-
ment) produced by peripheral vestibular disorder, in particular, perioheral vestibular
disorders that produce vertigo provoked by movement. His method for treating selected
patients consisted of repetitive exposure to the provocative motion that induces vertigo;
it was based upon research indicating that vestibular adaptation or habituation is highly
specific. Norre' reported success in the outcome of his treatment. From this, he recom-

?egded that sensory mismatches produced in simulators should closely resemble those in
light.

The paper by Parker and Reschke described an effort to readapt individuals to a
sensory rearrangement that occurs in space flight. The inte '~ n was to closely repro-
duce visuval-vestibular mismatches that occur in weightlessne. and, by preadaptation to
this sensory rearrangement, to provide a method for reducing u.sturbance in space
flight.

Norre's recommendation and the fundamental idea pursued by Parker and Reschke are
in many respects related to the work of Bugsolari et al. (Paper 9), who sought to match
perceptual experiences in flight by the use of vestibular models for the design (and
evaluation) of flight simulator motions. As indicated above, both papers were also
based upon the fundamental tlieoretical viewpoint presented by Benson (Paper 3).

The Round Table Discussion centered on several points that were rais¢a during the
course of the symposium. The points listed for discussion were:

1. Symptom checklists by various investigators used in evaluation of simulator
sicknens include symptoms that are also affects of conditiona other than motion mick-
negs. If nausea, stomach awareness, or vomiting are not among symptoms listed, should
check marks on other symptoms ba included as signs of simulator-induced sickneas?

2, Simulator-induced after-effects have been reported and have been a cause of sub~
stantial "down-times" betwaen simulator training sessions and return to real flight. 1If
equivalent symptoms are present after real flight, is there renson for “down-times"
after simulator sessions that are longer than those required after real flight?

3. In the past, there were a number of reports indicating that the "experienced
pilot® is more disturbed than "the novice" by simulator training, yet we have had several
papers that seemed to question this rather generally accepted balief.

4. BSome studies have indicated relationships bhetween motion sickness history
queutionn;ircl (MSHQ) and simulator sickness, whereas others have not found significant
relationship.

5. Several speakers suggested that increased fidelity of the viasual display in
simulators is related to increased incidence of simulator sickness. 1Is this generally
accepted?

6. TDiscuss visual versus motion-base phase leads in relation to time lags in
visual perceptions and visual-vestibular interactions.

Because of the length of discussions of Points 1, 2, and 3, Points 4 and 6 were
omitted from the Round Table Discussion.




In connection with Poinc 1, several speakers, ¢.g., Kennedy, listed clusters
of symptoms that served to separate signs of sickness from effects that commonly accom-
pany sickness (sometimes called ¢overt indicators of motion sickness), but are also clearly
associated with other causal conditions. Newrtheleas, this point remained a concern
of the audience, as is obvious from the comments in the Round Table Dimcussion.

The second puint was repeatedly raised, particularly by Benson. Have the after-
effects of real flight been studied sufficiently to place the aftur-effects of sinu-
lator training in proper perspective?

The third point ia important because it is central to the neural-mismrich (syno-
nyms: sensory rearrangement, sensory conflict, cue mismatch, sensory mismatch, con-
flict, etc.) thecry of motion sickness. The experienced pilot would be expected to be
more disturbed than the novice by inadequacies of the simulator. The Round Table Dis-
cuasion sarved to reaolve differences betwesn studies on this point.

The fourth point was omitted from discussion. Differences in results between
studies are probably due to differences in the MSHQ used and differences in the range
of effacts found in the simulators studied. Range of effects discerned may be attribu-
table either to the sinulator, kinds of subjects, or (perhaps more importantly) to the
method of survey, as Kennedy indicated during the Round Table Discussion.

The f£ifth point, discuseed thoroughly during the Round Table Discussion, will not
be elaborated here.

The sixth point was not opened for discussion during the Round Table, although
comments relevant to this topic were made by Young in the course of discussion of
other points., Factors influencing latency and magnitude of perceived motion following
onset of visual motion are important in simulation, and some fundamental information was
provided in Papers 15 and 16 by Howard et al. Paper 12 by Frank and Casali dealt with
this tupic, but the door was only slightly opened in this symposium. Relative dominance
of the visual and vestibular systems in regard to eye movement control, as well as per-
ceptual effects, is frequency-dependent and, to some degree, magnitude-dependent. This
point could easily be the topic of a major symposium.
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6. CONCLUSIONS

6.1. Simulator-induced motion sickness and many of tha effects of simulator
training are areas of legitimate concern; continuing research is needed.

6.2, Examination of simulator-induced effects in clusters (e.g., vestibular,
gastrointestinal, visual) appears to be a useful aid in the diagnosis of specific
eimulator problems.

TRl

6.3. Effects during and after simulator training sessions should be evaluated
in relation to effects during and after real flight. Disturbing effects, such as
fatigue, headache, and dizziness, are common covert signs of motion sickness, but when
their incidence in simulators essentially reproduces incidence ln real flight (of
comparable duration and flight profile) then they ure not necessarily signs of poor
simulation and may be signs of good simulation. They also may be indications that
new display instruments, whether in simulators or in aircraft, should be further
evaluated.

6.4, In-depth studies of the duration and magnitude of the after-affects of simu-
lator training in the course of a sequence of simulator training sessions are needed.

6.5. Efforts to standardize data gathered in simulator evaluations are desirable
in order to enhance possibilities for shared data bases.

6.6. Unwanted simulator-induced effects tend to decrease with repeated simulator
training sessions. (One study indicated increasing problems with ataxia while other
symptoms diminished.) Usually, reduction of unwanted effects is advantageocus for
training. However, behavior Juring simulator training must be studied. For example,
adaptation to a simulator by learning to restrict “ead movements would be dangerous
training for a crew member whose combat performunce depends upon wide-field visual scan.

6.7. Current and future trends in simulator design center around new developments !
in computer-generated imagary to meet demands for large fields of view and high-resolu- ;
tion visual images. High resolution, particularly when produced by head-slaved or
head/eye-slaved area-of-interest techniques, must be carefully evaluated for unwanted <
simulator training effects, including simulator-induced motion sickness. i

6.8. Eye-slaved area-of-interest displays are of particular concern due to
artifacts in most feasible methods of eye movement measurement.

6.9. Shifts in gaze that yield apparent changes in depth may introduce discrep-
ancies between reflexive visual focus mechanisms and feedback of cues from the visual
display.

€.10. Area-of-interest shifts in gaze involving head and eye movement activate
several mechanisms of oculomotor control. Together thease mechanisms produce a gaze
shift of remarkably constant velocity to the area of interes:, and then stabilization
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of the eye on the arsa of interest despite ongoing changes in the angular velocity of
the head and of the eye during the gaze shift process (4). Coordination between sci-
entists, familiar with machanisms of gase control, and engineers designing area-of-
interest displays is important for sfficient optimiszation. Similar coordination is
highly important for efficient development of head-fixed displays.

6.11. In genera', pilots with substantial flight experience in the aircraft being
simulated ars more disturbed by simulation inadequacies than individuals without flight
experience. Results seemingly at variance with this conclusion appeared to be resolved
during the meeting.

6.12. To improve the science of simulation, more scientific information is needed
on factors influencing the onset, magnitude, and direction of perceptions of self-motion
and attitude relative to tke Earth in aircraft and in simulator-feasible conditions.
Important subtopics include the dynamics of perceived motion as influenced by a) visual-
vestibular-somesthetic interactions, k) force fields encountered in aircraft, and c)
voluntary initiation of motion. .

6.13. Models of the dynamics of the human vestibular system appear to be useful
in the design and evaluatinn of selected flight simulator motions. More complex models
will be required for more general application.

6.14. Empirically derived models are useful in evaluation of the effects on per-
formance of changes in simulator characteristics, in optimizing motion-base washout
dynamic:, and in validating predictions from mndels derived from a systems engineering
approach.

7. RECONMENDATIONS

7.1 An invited speaker frum the AGARD Flight Mechanics Panel made a substantial
contribution to this symposium. Future symposia of the AGARD Aeroaspace Medical Panel
should continue the practice of inviting members of other AGARD panels whose missions
are relevant to the symposium topic,

7.2. A working group to develop standards for evaluation of aeromedical simulator
effects is recommended.

7.3. A symposium on factors influencing the dynamics of perceived motion and
orientation relative to the Earth is recommended.
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SUNIARY

The U.S. Navy has conducted a survey in 10 flight tralners where motion experience questionnaires
and poformance tests wers administered to pilots before and after some 1200 separate exposures. From
these measures on pilots, several findings wmrged: a) specific histories of motion sickness wers
predictive of simulator sickness syuptomatology: b) postural equilihrium was degraded after hops in
som> simuletors; c) self-reports of motion sickness symptomatology revealed three major symptom
clusters; gastrointestinel, visual, and vestibulur: d) certain pilot expariences in simulators and
aircraft were related to severity of symptoms experienced: s) simulator sickness incidences varied from
10-60%; £) substantial perceptusl adaptation occurs over & series of hops: g) in two moving-base flight

trainers motion sicknsss incidence appeared to be related to the amount of acceleration {(energy)
experienced in frequency ranges around 0.2Hz.

The findings are discussed in the context of sensory confiict theory and res~ wendations are made
for simulator design criteria. Suggestions are made for how to relate simulator and equipment
configuration to ti: separate symptom clusters as an ald to diagnosis of specific problems within
particular simulators. We belisve this holds promise in diagnosing simulator equipment problems (e.g..
aligreent, inertial motion profile, cue asynchrony) since different symptom clusters may be related to
different oquipment faaturass.

PREFACE

The use of ground-based flight simulators for training is growing rapidly because simulators permi.
training to occur safely and at lower cost [71, 72, 73]. Simulators may be used to train tasks which
are difficult or impossible to train in the aircraft, and similatorz are as amuch as 10-30 times more
available. In the past 10 years, the U.S. Navy and Marine Corps have fielded many simulators
incorporating s~phisticated computer graphics, with wide fields of view and complex motion systems.
With the increased avallability of such devices, reports of simulator sickness also seem to occur with
greater fraqueacy, with armed forces in the U.8. [9, 33, 38, 82] and Canad. [67].

Simulator sickness, a problem firs: recognized 30 years ago [26, 63], resembles motion sicknesas
symptomatology. The problem has resurfaced in various reports since then, notably Barrett and Thornton
(1], Reason and Diaz [77], Puig [76]), Ryan, Scott, and Browning ([78]. The history of simulator
sickness rasearch has Lbsen reviewed in severs . reports [5, 6, 13, 39, 40, 58]. These rev’-+s generally
pactition the adverse effects of simulstor sickness to three main classes:

. - Bxamples include visual aftereffects [33), locomotor ataxia
(8), physiological discomfort ([38], and interference with higher order sensory-motor functions
{571.

. Iorlications for Training - An increased occurrence of simulator sickness threatens the
long-term utility of ground-based flight trainers as integral components in military and
civilian flight training. Distrust and apprehension may develop among users of particularly
troublesome simulators. limiting their training effectiveness. There is also a posaibility
that pilot trainees may adopt perceptual-motor strategies to avoid sickness in the simulator
that will result ‘n poor., even nagative, transfer of training to thy aircraft. Posteffects
way restrict pllois in their subsequent training activities.

. Readiness Implications - It may also be necessary in some cases to restrict postsimulator
flight activities of aircrew who experience sufficiently profound sywptoms of sickness and
disorientation, thereby diminishing their operational readiness. This, in turu, may limit
overall operational effectiveness. Simulator aftereffects may even place the person directly
at risk in other posttraining activities (e.g., driving).

Simulator sickness is defined both by the content in which it occurs and by the symptom clustering:

. opergtional - Simulator sickness 1s that condition where pilots suffer physiological
discomfort in the simulator but not while flying the same maneuvers in the actusl aircraft.
The presence of nigh incidence of slaulator sickness implies that there 1is something wrong
with the simulation (e.g., out of specification or alignment, dmamic visual distortiou, cue

. Psychephysiological - Simulator sickness is a malady which resembles other forms of motion
sickness, Vomiting is the cardinal sign, while drowsiness, dizziness. and nausea are its
chief symptams [41, 42, 87, 88]. Less frequently reported, but often present, are postural
changes, or atatia, sometimes referred to as "leans" or “staggers" [8, 15, 17). vuther signs
include changes in cardiovescular, respiratory, gastrointestinal, biochemical, and temperaturs
regulation functions [7, 60, 61, 66]. Other symptoms include general discomfort, apathy,
dejection, headache, stomach awareness, disorientation, lack of appetite, desire for fresh
air, weakness, fatigue. confusion, and occasionally, tlashbacks and incapacitation. Symptoms
which are particularly characteristic of simulator sickness include pallor, sweating,
salivation, and eyestrain.
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Compared to other Zorms of motion sickness, visually related disturbances are mole prevalent than
the neurovegsetative, yet symptoms are still presenc in fixed-based simulators as well as in simulators
with motion bases. It is felt that wvection, the visually induced impression of felt motion, iz an
important (and maydbe & necessary) condition for sickness in fized-base simulators. Simulator sickness
resembles disturbences subjects experisnce when wearing reversing, displacing, or inverting lunses
[44), and, to a lesser extent. astronauts' saperisnces with the space adaptation syndrome [29, 731.

Because of the similarity between simulator sickness and sotion sickness, it would svem that
charactaristics of the motion snvironment may be a contributing factor. Nowever, we were abls to find
only one study (2%) which examined man-in-the-lcop and recorded the motion profiles. These results
showed the presence of very low frequency dynamics but did not connect their obtained findings with the
acceleration profile of ships at sea (39), nor related data for recommended exposure limits for such
vibrations [10].

Whan the Naval Asrospace Madical Research Laboratory bdegan their studies of motion sickness in the
Pensacola Slow -Rotation Room (18, 20] they modified the history questionnaire of Birren ([2) and
validated thm agairat the criterion of vomiting in connection with a stancardized test [43). Then,
the save scocing key was esploye? in a study of student pilots to determine their willingness to be
candid on such & questionnaire [24], and later this scoring key was smployed to examine whether su.h
reaponses wers predictive of success in flight training (31]. In gensral, the two scoring keys (motion
sickness, trainirq success) contained ovirlapping items and produced apprecisble contribution to a
multiple regression pradiction equation (31, 34]).

This same quescionnaire has been - - in several studies of motion sickness including hurricane
penetrations [49) and ships at sea - wever, thers has not been &n opportunity for a large-scale
validation effort against the crt- seasickness until the studies conducted on the Office of
Naval Research Motion Generator .. Factors Research, Inc. (69). In these studies over 600
subjects (male and female college students) were expomed to standardized conditions and brought to a
criterion of vomit versus requested nonparticipation. This data set has been item analyzed and
cross-vaiidated to produce a new scoring key [55].

An eight-step program has been initiated by the U.S. Navy to document, explain, and alleviate the
problem of simulator sickness. FPFirst, the research literature was integrated and compiled to pemmit
access and review (4, 5, 6, 39]. Second, a conference was convened by the National Academy of Sciences
wvhere the Committee on Muman PFactors in the Commission on Behavioral and Social Sciences and Education
held a three-day workshop, 26-28 September 1983, at the Naval Postgraduate 8School in Monterey,
California [58]). This workshop brought together experts from the three military services and the
academic community to identify the initial ressarch requirements for simulator sickness. The
conference recommendations were: (a) to formally survey the occurrence of sickness in the various
training devices, (b) to determine the actual incidence of sysptomr in different simulatnrs, and (c) to
deteruine whether any squipment features are correlated with a disproportionate incidence.

Third, a survey was conducted of 10 Navy simulators and an attempt to create a permanent data base
has begun. PFourth, preliminary analyses of some of these data were made svailable in a series of
communications and to a conference of a cross-disciplinary team of experts in the areas of vision,
vestibular function, simulator design, and simulator usage. The transcript of this latter conference
[36) provided short-term solutions relevant to instructional strategies and operator usags, and longer
term design modifications were suggested as the wost promising weans of preventing sickness in
simulators in the near term. Fifth, the suggestions were synthesized into a Navy field manual [35)
with recommended procedures to alleviate simulator sickness. AMdditional documentation of these
findings is available in a series of wore than 30 Naval Training Systems Center technicsl documents.

The purpose of the present report is to describe steps six and seven in the program, which entail
complete analysis of the technical data base from the 10 simulators, and measurement of the influence
of various inertial system profiles in two simulators in order to develop criteria for future Navy
filight simulation. Tha eighth step is being planned and is concerned with the identification of
characteristics of simulator visual displays that are nauseogenic.

Expecimental Plan. The survey was conducted over a 30-month period. Netlodological issues were
addressed first. Srecifically, it was necessary to: 1) develop a reliabie measu.-e of gait unsteadiness
durirg ant after simulator exposure [80); 2) develop and adapt a motion sickness symptomatology
self-report questionnaire to be employed for assessmant of pattern and severity of symptoms [38]; 3)
davelop a procedurs to identify whether human performance (cognitive vs. motor) was adversely affected
and the sxtent of performance decremsnt [S51]; and 4) improve and adapt the scoring key for a motion
sickness history questionnaire [44].

8ite Belgction. Por the survey, the simulator sites were selected to be representative of the Navy's
current flight simulators which possess visual aystems and with respect to geographical area, aircraft
type mission, and equipment features. The sasple included simulators with computer—gensrated imagery
and model boards, light-source projection on domes, and CRT-based systems. There were approximately
equal numbers of sites from each coast. A comparison between fixed-wing and rotary-wing systems was
intended. Representative moving-bass and fixed-base systems wers surveyed. Both operational flight
trainers and weapons systems trainers (and one weapons tactics trainer) were included. provided they
had visual systems. Communication with the Navy basic training and advanced training comsands revealed
almost no reports of sickness in basic training flight simulators, perhaps because few, if any, have
visual displays. Therefore, simulators for basic training were not studied.
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Subiscta. To the e ent possible, all aircrew reporting for simulator training at the selected sites
were isked to partitipate. Survey pericds varled from three weeks to three months at a sisulator
site. During the course of the large survey and field study of over 1400 simulation flights, only one
individual declined to participate. The resultant pool of participants included a highly diverse group
of (mostly) designated Navy/Marine Corps aviators who flew these flight simulators ay part of their
normal duties. All participantas were judged to be in good physical and mentel health at the time of
the study.

T™he participants were briefed (usually individually, but occasionally in groups) on the nature and
purpose of the survey one to sevan days prior to the beginning of the experiment. During the briefing
the pllots wers reassured as to the confidentiality of the results and completed the. *Motion Mistory
Questicnal-¢." BRach participant - completed prehop weasures Jjust prior to ths simulator session.
Participants were cycled through their flight simulator session and posthop wmeasures were then
collected.

PIshop. Rach participant completed the pretest measurss 15 to 30 minutes before beginning his
simulator flight. The pretest measures could include the “Symptom Checklist Questionnaire,® three
postucral equilibrium tests, and the performance tast battery of psychomotor and cognitive tests.

. Immediately after finishing the simulator flight, participants were administered the
pocttnr svhich consnisted of the seme measurss collected during the pretest session. Finally, each
pilot was informally interviewed by the researcher. This interview invited the aircrew to discuss
experisnces in the simulator.

CANDIDATE MEASURES

Motion Sickness Qusstionnaire (M§0). 1The theory behind scaling motion sickness severity is that
vomiting, the cardinal sign of motion sickness, 1s ordinarily preceded by a combination of symptoms
[56, 62, 66, 85]. Studies conducted during World War II by Professor Wendt (86) form the historical
basiz for work in this fisld. In these studies, Wendt employed a self-report method which used a
three-point continuum scale for grading sickness. This scale was used to assess motion sickneas
symptomatology, whereby vomiting was rated higher than "nausea without vomiting® which, in turn, was
rated higher than discomfort. Navy sclentists laver developed a Motion Sickness Questionnaire (MSQ), a
diagnostic classification aystem, and a five-point symptomatology scale for research in a Slow Rotation
Room {SRR) {50].

In a series of experiments to assess the influence of actual vessel motion upon crew performance,
physlology., and affective state [87, 88, 89, 90), the five-point MSQ was expanded to a seven-point
symptomatology scale to query 15 participants aboard & 95-foot Coast Guard vessel regarding 34 symptoms
normally assoclated with wotlion sickness. This is the approach used in the present study where
symptoms were defined as either “Pathognomonic® (vomiting), “Major Symptoms," "Minor Symptoms,® and
“Other Symptoms™ for current scoring (see Table 1l). This classification scheme is similar to those
used in pravious experiments [44, 45, 88) and even to the 1l6-point scale {91), although one major
chanyge has besn incorporated for simulator sickness work. A family of visual aymptoms (including
difficulty focusing, visual flashbacks, eyestrain, and blurred vision) was added to the "minor®
category. As indicated previously, visual dysfunction seewed to occur with greater frequency in
simulator sickness than in other forms of moticm sickness. Lackner and Tiexeiria (52] have suggested
that oculomotor conflict bears a strong rasemblauce to the parceptual problems of wmotion sickness. Ve
followed thelr rationale by including eyestrain .nd related phencwana in our scoring. A facsimile of
the recommended Motion Sickness Questionnaire 1s included as Appendix A. Additional information about
thess procedures appears slsewhers [43). Based on our previous sxperiences in other studiea of motion
sickness (44, 47, 87, 88] with over 1,000 personally monitored caxes we believe such an index is a
meaningful way to express the level of diicomfort.

. This quistionnaire was used to determine esach subject's
history of exposure to varlous motion environments and susceptibility to motion sickness. It was
patterned after the Pensacola Motion History Quastionnaire developed by Kennedy and Graybiel [44) which
is an omnibus anamnestic form that has been item analyzed, empirically validated, and cross-validated
for the prediction of motion sickness against a laboratory procedure [44) and a ship motion simulator
[5%.. In addition, MHQ scores are related to flight training success (24, 44]. The MHD gives sach
subjact a “motion history® score that rates a =ubject's general motion siciknoss susceptibility. 1In a
previcus study involving simulators ([40) MHQ scores wers positive.y but not rignificantly related to
experivnced sickness. The recommended new form of the MHQ for p:edicting simulator sickness is shown
as Appendix B.

Aitomnied Performance Test System (AFTS). The explicit rationsle for assessment of human
capabiliticy in unusual or adverse environments iz to predict fluctuations in the individual's capacity
to perform his job. Other furposes are to wonitor and diagnose the harmful/undesiratle effects of the
environment xd to assess the effectiveness of practice, training, cquigment, and system design. A
Mavy-sponsored ressarch program titled Performance Evaluation Tests for Environmental Rasearch (PETSR)
had a similar goal [23]. 1In that effort, a set of 30 tests of human cognitive, perceptual, amd
paychumotor capabilities used to study the effects of ship sotion and other environmants weare subjected
to an engineering analysis. Tasks were categorited as suitable for repeated means, variances, and
correlations were statistically reliable under constant bassline conditions.

The “best" of thise testa has been computerized on a portable microprocessor under development
suppor: from NASA. This microprocessor-bassd pattery, called the Automated Performance Yest System
(APTS) [3] is the size of a notebook (9"x 12"x 2.5"). battery operated, sits easily on a lap or fits
into a briefcase, and weighs only four pounds.
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TABLE 1. NODIFIRD DIMGOSTIC CATNOORITATION SCORR SHENT

PATHOGCWON IV SYMPTON
Vomit

MAJOR SYNPTONS (moderate or ssvere)
Increased sall -ation
Neusea
weating
Palles
Retch
Prowsiness

NIVOR SYNPTOMS (generally aild)
Increased salivation
Nausea
Mllor
Sweating
Drowsiness

MTAL SYMPTOMS (“*ainor® and “other® symptoms)
Difficulty concentrating (minor symptom)
Contusion (minor symptom)
fullness of head (other symptom)
Depression (other symptum)

Apathy (other sywptom)

VISUAL SYNPTOMB (°*minor® and “other” symptoms)
Difficulty focusing (minor symptom)
Visual flaghbacks (minor symptom)
Blurred vision (other symptom)

Bye strain (other symptom)

"OTHER SYMPYOMS®
Character faclies
Increased yawning
Stomach awareness
Anorexia
Burping
BN desice
Headache
Dizzinass
Aerophagia
Vertigo
canaral facigue

The microcomputer was used to administer performance tests immediately befors and after a person's
simulator exposure. The specific tests were Pattern Comparison, Grammatical Reasoning, and Specd of
Tapping. These tests have been field tested over several replications and have been shown to have the
requisite metr': properties for the present purpose. Specifically, the 7.5-minute battery: (a)
achieves stabili.ty within 25 uinutes of testing, (b) has six subtests with retest reliability
cosfficients equal to or greater than r = 0.85 for sach three ainutes of testing, and (c) assesses at
least two diffarent mental factors and one motor factor. The basis for the battery may be founi in the
early work on the PETER battery [23). Mditional information about the test battery may Le fourd in a
NASA-sponsored study [S1).

The total time for all tasks was approximately 15 minutes. The cumputer has self-sdministered
instructions for sach of its tests. The computer battery consisted of tne following tests: (1) three
10-second Tapping tests using the participant's preferred hand (the first 10-second test was prac:ice),
(2) pattern Cowparison for 1.5 minutes (with 20 seconds of practice befors actual testing), (3) two
10-gecond Tapping tests with one finger from each hand (no practice -- format exactly like Eirast
Tapping test), (4) Gramsatical Reasoning for one minute (with 20 secunds of practics), and (5) two
10-second Tapping tests using the subject's norpreferred hand (no practice).

Bquilibrium Tegts. Two postural equilibrium tests, one static (Standing-On-One-Leg), and one
dynamic (Valking Toe-to-Heel), Were used to assess ataxia as a sigsysptom of simulator sickness.
These are established tests derived from the Graybiel-Pregly Posture Test [19]. The tests were
pertormed on the floor {16). 1In a preliminary study. these tests were shown to be otharwisa stable and
reliable, although grouwp performances increased continmually ove. sessions (80]. In the
*Standing-Oon-One-Lag9® test, participants were asked to stand first on their “preferred leg* with arms
folded ecross their chest and eyes closed for & maximum of 30 seconds. The experimenter used a stop
watch to time how long the subject maintained the stance without losing balance or deviating from that
position. The trial ended either after the 30-second time limit or when the subject lost his balance.
Bach subject performed the test for five consecutive trials on his preferred leg, then repsated the
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stquence on his nu:.‘lund IOL n l\o 1king "Tos-tu-Heel® test the subject walked 4 maximm of 12
steps with arms fol chest and ayes closed. 1Y the aubject did not touch his tos with his
hvel, he was told to atop. The mumber of steps 4p to that point was recorded and the test repeated.
Soth tests were administersd to sach subject pre~ and posthop.

After completion of the main survey, simulators with differing incidenies were scught in order to
determine whether chavacteristics of the wotion profiles could be identified which were nauseogenic.
Soth the BM-3 Sea Ring and P=3C Orion simulators, Jlocated at the U.8. Navel Air Statior
Jacksonville, Plorida (NAS JOAX), mst such criteria, since they possesued several characteristics
inplicated in simuletor aickness (viz.., w ‘v fields of view, wotion-base, and computer-yenerated
imagery), and were representative of the mJny simulators operational within the Navy.

MIULTS OF THE 2ITR SURVEY

In combining the 10 different flight simulators of the survey and the two simulators for the motion
profilo study, 1200 exposurss wers cbtained in all. Due to constraints on the avallability of pilots,
axperimenters and simulators as welil as other problems which attend field studies, all tests were not
edministersd at all =zites. This limited the results obtained to 1134 pre-/postmotion sickness
questionhaires: 548 MNIQ's; 711 pre-/postpostural equilibrium cases; 464 pre-/postperformance
batteries; and 191 wotion profile cames.

Qeneral Rurvey Findings

overail Incidence. The overall incidences, based on 1186 separats simulator pllot axposurss appear
in Table 2a, It iz to bea recalled that the criterion for discomfort in thisz table iz *the percent of
persons who were sick enough upon exiting to report at least one minor symptom ordinarily assoclated
with motion sickness.” By :this criterion, incidences in the 10 simulators vary over & broad range
(10-60%). 1In Table 2b we have collected the grand incidence of each symptom category over all
simulstors. Table 3 presents the distribution of post-MSQ scores accoss the 0-7 dowmward scale.
(*ine-grained analysis of symptom clustering are found in Pigures 1 amd 2.)

Bauilibrium Test Results. Pre-/postpostural and gait stability comparisons from all simulators
combined revealed an overall decrement from bafore to after exposure {(p < 0.001) and six of eight
individual simulator comparisons were statistically significant when compared to a control growp.
These data are described in detail alsewhers (37).

Notion History ouestionnaire Results. MHQs scored in the standard way [46], and with two new
wethods [5S] were compared. All three score Kkeys obtained low but statistically :lgnlncunt
correlations with incidence of simulator sickness {correlations ranged from p = 0.16 to [ = 0.23), amd
thus wers aildly predictive of reported symptomatology. A combined key for predicting simulator
sickness was derived based on the best items from the tiaree extant keys. The combined key obtained a
correlation of ¢ = 0.32 amd [ =~ 0.43 wizh reported symptomatology in the validation and
cross-validation samples, respectively.

Automated Performance Test System Resuity. Pre- versus postperformance changes were studied in
only six different simulators. In no simulator wers group performances poorer after exposure, and
indeed, wost changes showed learning effects from the first (pre) to the second (post) sessivn. Based
on interpolations from other experiments on nonpilot subjects, these changes appear wWithin the range of
improvements due to practice which are to be sxpected over two sessionz [Sl).

Seecial Survey Pindings

gimulator Sickness Symptoms. Table 4 shows overall pre-exposure and postexposure mean scores for
diagnostic simulator sickness symptoms. Thete are composite scores summarizing many symptoms.

A preliminary inspection of the individual NSQ forms suggested that there were iwo symptoms that
resulted from sxposure to the simulators surveyed (motion sickness-like symptoms and symptoms related
to eyestrair). This was later confirmed statistically: indeed, 3 third was revealed through a factor
analysis [53] but has not yet been applied to these data. Using the symptoms from Table 1 with the
scoring criteria from fable 2, all W50 forms were scored two ways, with or without visual sywptoms
asgociated with eyss.rain. A singla t-test was performed on the pre- vs. postdata from esach
sinulater. Performing multiple t-tests in this manner increases Type I error probability (the chance
of finding a difference where none exists). Note, howsver, that all "significant® tests yleld p values
of .00l or less, and those that are "not significant® are not close to any reasondble significance
threshold. These findings are likely to be invariant under any method of protecting against type I
error rate. The results of thess L-tests agree well with the incideace rates of motion sickness—-like
symptom development in Figure 2, and in six ~wt of nine simulators these differances are shown to be
statistically significant. DNote that the outcome of omitting eyostrain-related symptoms ordinarily
lowered the obtained t statistic but did not change the p value from a siguificant to a nonsignificant
level. Therefore, while syestrain is not ordinarily a major symptom of motion sickness, omitting it is
largely without effect from an interpretive standpoint. Ryestrain, howeve:, appears to coatribute to
overall discomfort. There is also sutficient evidence antalling adaptive changes in ocylomdtor control
wvhich are related to conditions of simulator sickness, particularly recalibration of the oculowotor
system based on perceived error signals (11, 52]) that in the special circumstance of simulator
sickness, it will be more helpful to include this symptan complex to the diagnostic classification.
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TABR 2. DESCRIPYIVE INFORMMATION CONCERNING 10 NAVY
AND MARINR CORPS FLIGNT SIMULAYORE*
(At least une ainor syaptom checked Lff on the POSTHOP Symptom Checklist)

- e vISION/  PIRU OF -

UWATOR N AIRCRANY TIPR LOCATION YIRM (dew) DICIUDICE SCORE
m 4 P/A-10 WIT  Lewoore Yea/to 80N/, S0V m 1.3¢
P12 26 P/A-18 OFT  Lemoore Yes/No aw 3V m 58
2P12 52 F-14 \ST  NMiramac Yen/io IB0H/150V 100 .54
210 38 m-2¢ ort NMiramar Yes/Yes 1IN/ sV m 1.M
IMEAC 223 SH-3  OFT  Jscksonville Yes/Yes  130W/ 3OV (11N 2.44
I 66 P-IC  OFT Jax/Brunmwck Yes/Yes s v 9 1.4
27117 201  (M~46  OFT  New Alver Yes/Yes  173W/ S0V NN 1.13
2121 159  CN-S3D OFT  New River Yea/Yes 106N/ 4OV N 1.4
2°120 230 CN-53R OFT  New River/  Yes/vsz 180N/ 4OV m 1.8

Tustin

Totel N=1l1l36
*the New River and Tustin 2F120 simulators data are combined in order to increase
R. Al®o, the 286 simulator was excluded due to small seaple size (N=3).

TABLE 2b. OVERALL PERCENTAGES OF KEY SYMPTOMNATOLOGY

Ip° Symptoms Balcentage 3" Symptomr Bercentage
Rye 3train ash Drowsiness/Fatigue 260
Blurred Vision ki Y Sweating p3 Y
DAfficulty Focusing pOL Y Naussa T Y
Difficulty Concentrating 10% Dizziness/Vertigo 5%
. Headache 18% Stomach Awareness 8
Fullness of Head [1)

TABLE 3. PRRCENTAGES (FREQUENCIES) OF EACH NSQ SCORR

[P

AMr- POST- . SCORE
: stafs ¥ @ Y 2 F I\ s £ 1
ane 8 37.5(3) 25.0(2) 0.0 12.5Q1) 25.0(2) 0.0 0.0 0.0
an? ™ 50.0(47)  i3.8{(13) 5.3(%) 13.8(13) 17.0Q16) 0.0 0.0 0.0
WEAC 223  20.3(6I) 4.9(11) 7.2(15) 22.0(49) 32.7{M) 2.7(6)  1.3(3) .%(2)
a2l 15 45.3(72) 13.8(22) 5.0(8) 19.5(31) 15.7(2%) 0.6(1) 0.0 0.0
gy 2120 230 44.6(103) 11.7(27) 11.3(26)  14.3(33) 15.7(36) 2.2(%) 0.0 0.0
: a7 201 54.8(154) 13.5(3) 6.0(17)  11.7(33)  12.8(36) 0.7(2)  0.4{1) 0.0
¥ a0 66 27.3(18)  18.2(12) 15.2(10) l2.0(®) a7.3318) 0.0 0.0 0.0
£ 132 26 S0.0(1Y) 1S.4(Q) 7.1 11.5¢(3) 15.4(0) 0.0 9.0 0.0
ar110 85 40.0(22) 9.1(S) 3.6(2) a1.8(12)  35.3(10) 0.0 0.0 0.0 ¢
v 2r112 52 73.1(38;, 1M.5(7) 3.8(2) L 18} 3.8(2) 0.0 0.0 0.0 :
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TABLE 4. PRR- AND PORTETMMAATOR EXPOSURR DIAGHOSTIC
SHRAATOR SICKNESS STNPTUNS*

Similater & 1 e'ant  bost-faan  Riffaxsccamean S '}
m " v 0.5106 1. 3404 -4.0200 4.5 0.000
wo 0.4707 1.100% -0.7021 -4.00 0.000

il » ] 0.6923 1.2692 -9.87¢% =1.58 0.12¢
wo 0.5000 1.11%4 -0.61%4 ~0.202 0.034

2 2 v 0.5 0.3388 ~0. 134 ~0.93 0.35%
wo 0.3077 0.3308 -0.2300 -1.47 0.14?

arilo L 1] 1 0.€348 1.83¢ ~1.1010 ~4.08 0.C00
L] 0.5273 1.6000 -1.0727 ~4.41 0.00%

s $ 31 v 1.422 2.4398 ~1.1973 -9.28 0.000
wo 11168 2.0082 -0.9408 -7.47 0.000

e “ v 1.4010 1.93%4 -2.28% ~1.03 0.307
wo 1.87%0 1.6081 -0.0303 -0.12 0.%01

F W b1 v 0.6338 1177 -0.5448 -5.58 0.000
wo 0.5448 0.9708 -0.4342 -4.87 0.000

aril 159 L 9.8742 1.4003 -0.6100 -$.00 0.000
wo 0.811) 1.2093 -0.4780 -3.0% 0.000

mn a3 v 0.5870 1.5087 -0.9217 -7.67 0.000
wo 0.53400 1.16%2 -0.6304 -3.53 0.000

Total N=1186

* The data for the New River and Tustin 27120 simulators were cosbined in
order to increase W.

@ & statistics were calculated with (W) and without (¥/0) scores of visual
sffects related to asthencpia (“ayestrain®).

- See Table 1 for scoring criteria

chanacteristic Motion Bickngss Aymptogs. Pigure 1 shows the self-reported incidence of four
characteristic symptoms of motion siciness -- dizziness with eyes open, vertigo, stomach awersness, and
nausea for each of the 10 simulators surveyed. The aamples for esach symptom exclude individuals
reporting the sywptoms prior to simulator exposurs 20 that the proportions amd frequencies are limited
to those individuals who Jid not have the symptoma entering the <imulator but did have tham when
exiting. This particular method of pressnting the data may undecestimate the extent of the problem
beceuse different pilota may experience different symptoms. In addition, for our survey., measures of
characteristic wotion sicikness sywptoms generally result in comu ‘rvative velues that may underestimate
the magnitude of the prodblem. There was no control for the number of times an individual used the
simulator over the period of the survey 80 that prior exposures ranged from 1 to as many as 30 hops and
soms individuals may have already adapted or habituatsd to the simulation. Ulliano, Kennedy, and
Lambart [81) show that the incidence of sickness drops 503 each hop over thess exposures. It was not
possible to correct these data by using pllot's report of hop number beceuse of the multiplicity of
other variables which occur during regular training (e.g.., there were different time intervals between
hope, different kinematics are known to occur in the same syllabus hop number, pilots ware not alvays
sure of the hop number).

Asthancpia. Figure 2 shows the self-reported frequency of eyestrain aymptoms - headache,
eyestrain, and difficulty focusing for each simulation. Again, the deta reported here are for those
who were free of the sysptoms upon entering the simulator. Ve believe these symptoms are less likely
than motion sickness sysptoms to habituate during training. From thess tables it is clear that some
simulators elicit symptows in few individuals, whersas other simulators elicit symptoms in many.

Using the data from Figures 1 and 2, the simulators may be classified into categories of high,
medium, and low symptom fregquencies. Tables 5 and ¢ present thess classifications for motion sickness
and  eyestrain sysptams, respectively. Thers 1is soms, but not complete, agresment between the
classification of simulators according to the two sympton typss. Two simulators produced a high
incidence of both motion sickness and eyestrain, two other similatort produced a low incidence of both
s wptom types, and one simulator produced msdium incidence of both types. The other four simulators
had & one-level difference (high/wedium or medium/low) between production of ths two Symptoms.

From the charecteristics of simulators listed for the devices grouped by aymptom ®incldence® in
Tebles 5 and §, it iz possible to hypothesize which simulator features appear to be provocative. It
appoars that the simulators more provocative of motion sickness-like sysptoms tend to be helicopter
rather than fized-wing simulators, and to Use multiple CRT-computer—image generation displays rather
than projection-dome screen displays.
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TAMLE §. OWARACTERINTICE OF SIMRATORS® TWAT RL1CIT
NOTION SICKNENS-LIKE SEPTONR**

¢ oop Nelo/
Me- Motion MOV WYV Pized Image Generation/
craft  Simulator Mausee Baes  (Deacsec) CKX/Dome ¥iDs.  DRiaplay character.
Hish_Incidence
M-I 2peec 15.4%  Yes  130/30 ot Melo  Digital COI/calli-

qraphic CaY

-3t 220 1108 Yes 200/%0 onT Melo Jlgital Cal/raster CRY

o-q4ir arl1? 8.9 Yes 115/%0 ot Nelo ™all raster scanmed
©G1/6300 color edyes
6-window seq-
sented virtual

Hoderate Incidence

o33 2 7.80 Yes 200/30 oRT Nelo Digitai co1/
raster CR?

=2 2r110 5.5% Yos 139/3% T fizxed Digitel COY/Rybrid
calligraphic-raster
scan CR?

P/A-18 w7 6.0\ No 360/14% Dome Fixed Digital cor/
TV projectors

Low Inclidence

F/A-10 3R1I2 0.0\ No 48/32 ot Fixed Calligraphic oI/
dome projection

P3~C arerr 0.00 Yeos a8/3¢ CRT fized TV camera-nodel board
calligraphic b/N CGI

~la arll2 0.0% No 350/1%9 Dome fixed IV camera-carrier

wodel. Pt. Lt,
Background 4 AOI
Projectors

Total N- = 1111

*The 286 simulator was excluded becauss of the insufficient numbar of cases
=9,
seIncomplete forms were not included and resulted in a lower N for percentages.

Nev Vay to Score Norion 3ickness Svwptomatology

the availadility of this large Navy/Marine Corps data base permitted the opportunity to conduct a
factor analysis of symptom data from all the MEQ's. This analysis indicated that reported sywptons
formed three major clusters: Pactor I =~ Vestibular (dizziness and vertigo): PFactor X -
Gastrointestinal (nausea, stomach awareness): and IIX - Visual (headache, eyestrain, prodless in
focuaing). Although factors were clearly identified, thers wen some overlap (common symptoss) among
clusters, particularly with respect to ®giobal® symptoms such as fatigue and general discomfort, When
this shared variance wes rotated onto a “general® factor, factor overlap was sharply reduced. The
analysis suggests that simulator sickness and its symptoms can be repregentad by the three independent
clusters, along with the "General Discomfort® factor which is common to all reported mymptoms. Scoring
the MIQ with this structure is likely to be dramatically more diagnostic of the problems underlying a
given simulator; General Discomfort scores would indicate the werall magnitude of the problem, while
Visual, Gastrointestinal. and Vestibular scores should reflect more accurately the particuler simulator
systau(s) causing the problem.

An alternative factor structure was also developed by sxtracting four ractors (rather then thres)
in the analysis. When sxamined in this way, the Visual factor “split® into two lactors, ane involving
the process of visual disturbance (blurcing, out-of-focus) and the secord the fesults of that
disturbance (eyestrain, visual Catigue, loss of concentration). A similer geniral fector was also
present for this analysis. Decause each of these visual factors is based on fewer sywhtoms, resultant
scores would be expected to be less reliable than those for the 3-factor scoring Wethod, but the
differential power could be ussful for wore refined analyses of visual problems, and scoring keys are
being developed for this structurs. These relations are discussed in greater detail elsewhere [33).




TALE 6. NCTERISTICE OF SINULATORE® MWAAT RLICIT
RIS STRAIN BILATED RENPTOND:*

¢ boP ele/

Ae- Aotion Fised Image Gemeration/

Ceafl Almmlator Weadeche Beds. . POV Y CRX/Dema MiRs Rialay ChArectar

Mish_Incideace

| o ] W M. Yoo 130/% ot =lo Digital Q3l/Calll-
sraghic ont

[ 2 4 e V.0 Yo 1%/38 ont Pized Digital CEI/Mybrid
calligraphic-caster
scan OR?

ot mnr BN Yoo 4873 [~ Fized TV camera-model board

calligraphic b/w oot
x-332 271207 6.0 Yas 200/7%0 or Welo Digital OGl/raster
T
o8 29117 12.0% Yos 178/%0 ot Nelo N1l rester scanmed

OO 6300 Color sdyes
S-uindow segmanted

virtual

o-3% a2 9.1\ Yeos 200/%0 oY elo blgital OBl/raster CRT

e _Incidence

a1 M S\ ) o 0/14% Dome Fized Digital QO1/IV
projectois

Al a2 “n Mo 48732 T Fized cCalligraphic cor/
dome projection

~1l4A a2 0.0 o 350/1%0 Dome PFined TV camera-cercier
model Pt. Lt.
Background 4 AOX
Projectors

Total N = 1111

‘The 286 simulator was excluded decause of the insufficient number of cases
=9,
*sInconplete Corms were not included and resulted in & lower ¥ for rsrcentages.

NEASURBNINT OF SINULATOR NOTION VITR PILOT-IN-THE-LOOP

™e -3 simulator is & rotary-vwing aircraft (helicopter) simulator with computer-generated graphic
displays that simulate twilisht conditions, employing a “Vital IV* calligraphic dusk/night OBI.
Vials are displayed with a 7-window, S-channel, folded on axis virtual image cathode-ray tube (CRT)
with & 130 2 30 (0 x V) field of view, Wotion i3 generated with & six-degree-of-freedom. synergistic
wotion platform. In general. the simulator is operated on a 16 hours/day, S days/week schedule.
Qroesionally. the simulatez would be “downed® for maintenance of Tepair purposes. One and one-half
days of continuous dowmntime occurred during the study due to a major update of the simulator site air
comditioning systea.

™e P-3C simuletor is a fized-wing alrcratt simulator with visual displays generated with a W
camera/model board. Visuals are displayed with & S-windor, 3-chanmel CRT (off axis reflective) with a
48 x 3 (N x V) field of view. Notion is genereted with a six-degree-of-freedom symergistic moticn
system. The slmmlator is operated on a 15 hours/day. 3 days/week schedule. In gensral. the scene
content of the helicopter simuletor (IP64C) appears to be mwore articulated amd attive (i.e., wore
oldges. higher resclution and contrast. and much close contect with the ground) than in the P-3C flight
simulator. Many P-3C flight syllabus hops are high sltitude or seasceps scenes, with low reeclution
displays on single projection video screens.
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vory RMgh sensitivity servo accelercasters with ninisum tempetature sensitivity and hysteresis were
stlected. Theot scceleremeters aperate With cutput outrent, 50 the gain is dependent on the size of a
prociaion resister used to develcp & voltage from the curcent. The signal-to-noise ratic wasd no longer
4 cohcern When based on proper resister selection tu previde high-sensitivity voltage ocutput.

T™he occeletemetels wate ¢c cowpled to @sasurs WR only wmotion but elso varience in the
nitations)l fleld whwere they are msunted. BSince the sarth's gravity is a constant of nature, an
acceleremster tilted within its lecal st of coordinates will semse a varience in the local
gravitationsl fisld. Decawes tilt 1o a very useful functien sl these transductors, they ars sometimes
used aerictly for this purpess.

Mother odvanteys of the acceleresster selected was that voltege output from the signal
conditionsrs csuld easily do adjusted te match the Liatied dynamic renge of a high-accurecy trm
wodulation (M) tepe recesder. Initial plamning ellewed for this wvoltaye renge to be changed as
MCoasary Quring oach ruh beceulbs the acceioramsters were &c cowpled and, with a high gain renge (10
veolta/held together S0mS), a siall amount of centisued tilt might overlesd ome or mure channels on the
m:. ’m procedures are discussed in detall ia Ven Woy, Aligood, Lilienthal, Kennedy, and
nooper (83).

meiion Prrille Stulisn

Changes of aymptomstology in the two simulators were tested for statistical significence by the
Vilosasn Matched Mairs Signed Raaks Test {12), for ves with correlated ordinal data. Por the 2M04C
simlator (¥ = 148), comperison of peet/pre-HBp ascores (3 = 7.3220, p < .001) indicated that
statistically significent differsnces were obtained. Thia suggests that oxposure to the IMAC
simulated flight etwiromment results in drematic, significent, and adverse changes in motion sickmess
syuptomatoleiy. In the W0 simulator (@ = 43), the mman differences were ROt statistically different
(8 = 1.799, 9 > .08). Indeed, there was a slight reduction from the pre- to the postscore.

Meure 3 shows the standard axes labels used in this study. PFigurs ¢ incorporates Military
standerd 1472¢ (NIL-STD-1473C) [64) for the low frequency ond of the spectrum and typical vidbration
valuss From commonly knowm occurrences. It may be seeht that man-in-the-loop mwotion profiles fall
within the nsuseogenic regiens of 1432C,

Figure § showe maximum aversage vs. mazimm peak values for this same nominal run. The valles
correspond to the low-frequency portion of NIL-STD-1472C. Although maximum peak values are expected to
be larger than the marisum averaged values, the range of variance for this run was larger than
expected. Thus, the megnitude of difference Detween the pedk and average values for any frequency is
significant, If only averaged valuss are used for analysia and correlation evaluation, the analyst
would ba led to erronecus comclusions.

Figure 3 also shows a comparison of the nominal mean run of the P-3 simulator with the nominal mean
run for the SH-J simulator, for the ) axes in the case of SN-3 and for the strongest simulator (gx) in
the P3-C, overlaid on NIL-BTD-1472C. The force envirorment of the two devices is markedly different;
the SH-3 presents motion profiles within regions to which NIL-STD-1472C predicts nauseogenic reactiona.

ohesrved Svpsotamatolosy

The objectives of this research followed from a definition of the problem [14]) and the suggestions
for research of a pane) of vestibular scientists and training equipment technologists [38) to determine
the extent to which simulator sickness occurred in Navy aystems. BSome of the results are clear—cut.
T™here was almost no vomiting or retching (.2\), but some wevere nausea, and significant amounts of
drowsiness, aeyestrain, and disequiiibrium. Approximately 100 pilots (i.e., 10W) experienced
disturbances that may ba considered severs snvugh to warrant restriction of subsequent activities tor
as much a8 24 hours.

Many of these individuals exhibited postural disturbances. Such individuals may be considered to
be at risk to themselves and to others if they drive themselves home or return to demanding activities
at work. Activities to be avoided include driving and flying, as well as those which entall attention
to balance (mountain climbing and roof repair).

Using the report of at least one minor motion sickness-related symptom (e.y., salivation, nausea,
pallor, drowsiness, or sweating) but not acceasory symptoms (e.g., fatigue, depression, or boredom) as
ths criterion of illness, the observed incidence of sickness in the various simulators renged from a
low of 100 to & high of 0% for :he total data base. 1If this were the only sign or symptom, the risk
might be no more severe than an extendcd aircralt flight, perhaps with heavy "¢ forces. However,
sdverse conditions produced in & simulator must be jJustified by their training effectivensas.
ordinarily. the symptoms of simulator sickness overlap only slightly with those which result from the
srwvirormental stress of flying al craft, and their training relevance is dubious. Purthermore. some of
these symptoms, particularly those related to eyestrain, may be remedied by enginsaring changes in
future systems and to some extent by better maintenance in existing systems.
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Figure 3. Translational >yircraft measurement axes orientation.
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Figure 5. Comparison of X axis of the SH-3 helicopter simulator
mean run vs. the X axis of the P-3 aircraft simulator mean run.

It appears from our data that simulator exposure does not significantly interfere with a person's
cognitive or simple motor abilities, but scme simulators do induce unsteadiness for some time
afterwards. These conclusions are based on the use of floor walking and standing tests after the
pilots' simulator exposures, rather than the use of more sophisticated apparatus and techniques at
specific times after exposure, which might have been more sensitive. Further work needs to be
conducted in this area in order to clarify the magnitude of the risk of the pilot population and the
duration of effect. It is not known to what extent exposure to aircraft and surface vehicles might
occasion similar effects nor how long those effects may last.

The duration of these postural posteffects was not monitored, and it is not known how lony they
might persist. Similar posteffects have been reported elsewhere [17, 21] following long-term (days)
exposure in centrifuges, and are a cause for some concern following space flight (22, 30). It is well
known [68] that related closed loop integrated circulitry exists within the human nervous system for
walking, and standing [54]) as well as for eye hand coordination employed in tracking and steering
{32). This implies that disturbances manifested by postural instability may also transfer to manual
tracking tasks (e.g.. driving and flying). Therefore, the extent of postural aftereffects should be
carefully researched with far more sensitive and sophisticated tests than we employed (e.g., force
platforas) and data should be obtained for an extended period following exposure to the simulator
(perhaps hours). Studies of perceptual modifications (84] imply that the adaptation period (viz,
posteffects) is proportional to time spent in practice. There are few more consistent findings in the
behavioral sciences than that the greater the learning or adaptation, the greater are the aftereffacts,
and the more resistant they are to extinction. The strength of these aftereffects, whether they will
adversoly effect the performance of other activities (e.g., driving) and how long effects may persist,
are all empirical questions which should be studied in order to answer questions about safety and
health influences of simulator usage. Explicit studies should be undertaken to establish reasonahle
adaptation periods before driving or flying are resumed.

The findings from the MHD are encouraging since they permit the capture of approximately 10-15% of
the reliable variance indeperdent of simulator, age, ad flight profile. This implies that simulator
sickness is very individual and considerable predictive powsr (and with it the 1likelihood of
protection) can bs obtained by the identification before exposure of those persons who have higher than
average likelihoods of sickness. The success of the Navy simulator sickness field manual [35) suggests
strongly that it should be possible to identify who will have problems. To this end, it is recommended
that the combined MiQ key be published in relevant military sc~vice publications in order to inform
pilots about their individual risk of simulator sickness. These findings are dealt with more
extensively elsewhere [47].
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presently, if effects are noted following exposure to simulators, we would recammend that pllots be !
; linited for some time subsequent to simulator flight (depending on the simulation used). 'This !
constraint can be a serious impediment to operational readiness, but may be wvarranted. It is suggested

that operators who experisnce any unsteadiness and 3ymptoms equivalent to a score greater than 3 (cf.

Table 1) should remain of the simulator building until sywptoms dissipate and their flying should be

restricted for one day.

Eroblematic Simulators

In connection with this survey, one simulator revealsd an unexpectedly high incidence of illness
(CH-538-2P120). The Naval Training Systems Center sublequently conducted an inservice engineering
assessment in order to evaluate the optical alignment and other characteristics of the system. This
evaluation revealed several equipment Features which appeared to contribute to the high incidence
i [74). Some of these (distortion. color balance, alignment) are considersd to be routine maintenance
and "out-of-specification® problems. Others, short of major redesign, may not be easily wodified.

t
i The simulators which exhibit the highest incidences of sickness (Tables 5 and 6) are helicopter
i simulators with CRT infinity optics systems vwhich have six-degrees—of-freedom moving-base systems.
' These equipment features all appear to interact in the etiology of simulator sickness in ways that are
i inodequately understood at this time. For example, fixed-wing, fixed-base, dome displays characterize
the low incidence systems. These data suggest areas of future ressarch. PFor exasple: (1) two of the
i widest Fleld-of-view simulations (287 and 2r)112) present very low incidences, and (2) recent
i Juasi-experimental studies have shown sickness in two moving-base simulators to be related to the
f physical 0.2 Hz motion profile [83). If the visual problems of the computer-generated imagery (CGI)
. systems are covaried, would dowss be as nauseogenic? Comparison of Tables 5 and 6 provide some support
: for this view. Converging survey studies should be conducted where it would be possible to compare CRT
; versus dome displays with the motion base either enabled or disabled. Other combinations should be
! attempted. Such a program would likely necd to combine tield studies with laboratory work. Other
i important questions include determining whether the helicopter syllabus which occasions the motion
: profiles, the pllot's training, asrodynamic models, or the hydraulic systems resp< are genic?

The Dependent Variable Probles

The above issues await Curther research. However, before such work can proceed, it will be

: necessary to improve the way motion sickness severity is scored. In the present study, data were
i : dropped from some pllots who reported excessive symptoms before the simulator hop. A better method for

: screening the participants must be developed -~ perhaps with closer personal) contact in the field, and
maybes after more comprehensive discussion either through the Commanding Officer, ®xecutive Officer,
Training Officer, Flight Surgeon, and Safety Officer. MNext, a better scoring method is presently under
study and will be developed [53] to permit better diagnosis of the level of sickness and perhaps
specific diagnosis of symptom complexes. The slightly different ordering of simulators in Tables 5
versus 6 when a criterion for sickness rather than eyestrain is used suggests that this may be feasible
in the future. Additionally, there are three newly developed physiological wmeasures: pallor ([70],
qastric motility {28, 79)., and dark focus [12) which show promise.

It is possible to incorporate Military Standard 1472C (64]) 4ir an algerithm for a
microprocessor-based biocybernetic instrusent that, with further refinement, could become a digital
husan vestibular system dosimster and blomechanical motion analyzer. Such a device 1s likely to have
application for many other vehicles.

Summary

i Incidence data were available from surveys of simulators at six different Naval/Marine Corps Alr
Stations. For the survey alone, 1200 exposures were recorded in 10 different flight simulators.
Approximately 200 wore were recorded when the wotion profile studies were conducted. Some of the
results are Clear-cut: -

z (1) The simulators which appear to exhibit the highest incidences of sickness are helicopter
- simulators that employ six-degrees-of-freedom (DOF) moving-base systems which use multi-window CRT's to
. provide the wide fislds of view. But these equipment features are not independent. Thersfors, while
Y fixed-wing, fixed-base, dome displays distinguish the low incidence systems, insufficient converging
operations are available in the technical data base to establish which of these factors is the
determiner of the sickness rates.

i (2) There was almost no vomiting or retching (2/1186), but some severe nausea and drowsiness. Such
individuals may be considered to be at risk to themselves and to others if they drive themselves home
or return to demanding activities at work. While simulator exposure in general d4id not produce gross R
i changes in a person's cognitive or siuple motor abllities, some simulators do induce unsteadiness i
! afterwards. Ve suggust in regular simulator operations in the future, pilots should be indoctrinated
E to identify whatever postural and sysptom changes are occasioned by their simulator exposures. Pllots

exhibiting identifiable unsteadiness and symptoms greater than a criterion value should remain in the
y simulator building until symptoms dissipate and perhaps restrict their flying for one day. These data
suggest areas of future ressarch.

H
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coNCLUSION

It may be stating the obvious to say that the ultimate aim of science is prediction and control.
In the context of simulator sickness we believe that perhaps as much as 50% of the incidence is either
predictable or controllable. These known relations are:
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A particular eotion history, measurable with the five questions of tho Orlando Motion Nistory

-Questionnaire can account for 10-15% of the incidence. Adding pilot rank can improve the strength

of this relationship.

Eyestrain - is a significant portion of the reported incidence data and wuch of this we believe is
controllable by proper display arrangement or design (e.g., domes).

Notion sickness symptomatology after a flight should probably be used by the puo: to restrict his

* activities that day and perhaps the next.

simulator usage, alignment and maintenance are probably major contributing factors te :icl:non
incidence. Some of the rules vhich govern this are known and should be followed.

Postural equilibrium after £light should perhaps be used as & sign to limit activities,
particularly 1if the individual alsc has other motion aickness or eyestrain symptoms.

If the simulator is a moving-base device, it would be best to avoid linear oscillations in the
range of 0.2z,

Mftomt mixtures of symptomatology are likely to be predictive of the origins of the problom in a
similator.

But ‘much of the problem still resains, and while a portion of the simulator sickness prediction

question is likely to be due to error, we believe that sijnificant improvemsntsc can he made to our
undsrstanding of the mechanisms which govern this malady. It should be pointed out that even if the
Eirst S0V is presently available, it is likely to be the “easy® 50%.
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POSTHOP SYNPTON CHECKLIST

Instructivas: PRleass fill this out DEFORRE you go into the simulator.

Cirele

below if any sywptoms &pply to you right now. (After your
sirulator exposurs, you will be asked these questions agein.)

fayere

2. fatime oo Moderats  Ssvers
3. poradom Moo Mpderate  Severe
4. Droweiness une Hoderats  Savers
5. Headache iene NModerate  Savels
6. Evestrain None Mpderate  Seavers
7. pAfficulty focusing vope Noderate Javers
8. 4, falivation increased = None Noderate  Severs
b _Salivation decreased Mo Nodepate  Hevers
9. Sweating one Severs
ne fevere

Ssvers

EEEEFFEEEERFRREREEEEEEERREEE
E

23.

24. confusion g

25. Buping | Mo, of times

7. oonauind— = 9. of Sl
. r

* visual illusion of movement or false sensations rimilar to aircraft
dynamics, when pat in the simulator or the airc .ft.

"%  gStomach awareness is usually used to indicate a feeling of discomfort which

is just short of nausea.
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NOTION HISTORY QUESTIOWMAIRE FOR SINULATOR SICKNESS ‘

1. Nave you ever besn motion mick othar than aboard ships of in aircrafi?

Mo @ Yes_)
2. Listed selow are 4 mmber of situations in which some pecple héve reported motion sickness B
aymptams. In the apace provided, ciwck any SYMPION(S) You may have experienced at any time, past or
present.

{ SITUATIONS SYNPTONS
= :
= :
& ; W g
Bl 5|2 g Bl s & ‘
: SEHEEEHEEEHERN
FLIGNT SINUAIOR
ROLLER £PASTER
i NERRY=G0- ROUND
; OTHER CARNIVAL DEVICES
§ AUTONDBILES
{ LONG TRAIN OR BUS TRIPS
) SHINGS
g HAI00KS
, GYMRASTIC APPARATUS
AOLLEV/ICE SKATING
ELEVATORS
W“m&uw
ROTORCYCLES

* gtomach Awareness refers to a feeling of discomfort that is preliminery to neusea.

Any symptom checked: 1 Rlse: 0

Any symptom checked by Aircraft or Flight Simulator: 1 Rlae: 0
Sywptoa “"Stomach Awareness" checked by Simylator: 1. glse 0

Any symp'wm checked by Roller Coaster. Nerry—Go-Round, or Other Carnival
Devices:? 1 Bise: 0

&
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DISCUSSION
PRICE: HNow do you define eye strain?

REMNZDY: Tha dafinition is strictly operational; subjects, pilots in this case, report
eya strain or difficulty focusing and so forth,

PRICE: Could you give me an example of a subjective description of eye strain?

REMNEDY: It is just a check in the box labeled "aye strain.” This is not measured
In any way.

LARDOLT: You mentioned visual flashbacks. How important are visual flashbacks in the
schems of things? Are they a cause for worry? HNow frequent are they? Wwhat ia the
genesis? Wh~t are their characteriatica?

RENNEDY: Of 1200 cases in our data base, we have 20 reports of flashback that we
consider rich snough to deserve complete description. There are perhaps 100 responses
that might be considexred flashbacks, but there is not enouqgh information within the
person's self-report form for us to say that those 200 are all cases. 80 in terms
of a bare rate, we would suggest that somewhers betwuen 10 and 200, and more like 50,
of the 13200 are likely to have identifiable flashback type reports. Those may have
occurred with one hour and as long as 24 hours after the simulator exposurs. The inci-
dence is low in our total data base. As far as what they are or what causes them, I think
that the best I can do is give you a theoretical answer. They are perhaps related to
state-dependent learning. They appear to occur in perceptually impoverished situations
and in sicuations similar to the simulator experience.
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TECHNOLOGY INVOLVED IN THR SINULATION OF NOTION CUES:
MR CURRENT TREND
24
NoA. Mool
Rational Aerespace Laboratery WLR
Amgterdam, The Netherlande

SIGARY

T™he subject of metion cue gemeration is a topic that requires serious attentiom from all {uvolved in
the design, developmtat and masufacture of flight simmlaters. The enhaneed realiem in the depiction of
terrain, oky, and other aireraft available ia curreat viswsl systema hee beea asseciated vith an
increasing awmber of inatences of simulater sichkness. This form of sickness ia the comstellatiom of
sysptens vhish any be sxperiemced by pilets as & result of flying & siaslater.

As one of the intreductory papers of the AGARD Asrespace Madical Sympesium on "NMotien cues im flight
ainulatica amd stmmlater induced sichness™ this paper presants cbserveatisas comcerning the currest tremd
1a vigusl and wotion systems.

After an iatredwction of dasic cuing methodolegy in flight atisulatiom, the overview cohceatrates on
developusnts in image gemarvation, imege display, platforw motion cue gemsratiom amd motiom hardwere
aechanisns. The paper concludes with soms ebesrvations comcerning the importance of maintemance and
calibration of flight simulator installatioms.

1. INTRODUCTION

In recent yeara there hes been an increase in the number of reports of simulator sickmeas, although
the extent of the problem is still not clearly defined.

1f eicknese occurs im the aimulator, but mot in the real world, thare is svidence of a bad
staulation.

The implications of simulator sickneas are:
- Compromised training
- Decreased aimulator use
- Simnlator afteraffecta.

The problems are particularly serfous among the more axperienced aviators as a result of overt
“gensory conflict”. Less obvious but nonethelesa sarious is the possidility of negative transfer of
training in the less exparienced aviator (compromised training).

A study published by the Naval Training Systems Center in 1986, reference 1, provides posaibly the
wost comprehensive background information on the simulator sickness problem. It discusses its parameters,
implications im training and research applications aud theoretical foundations, It aluo lists simulator
design and procedural cherscteristics with potential for influsncing pilot sick It is atated that the
simulator aickness atiology is as yet not clesrly underatood largely because of the interscting effects
which cam produce unsasiness for specific cosbinations of independent variables.

A topic that requires sarious attention in tha design, development and manufacture of flight
wimelotors is the aspect of motion cue g ion. Motion cuus are provided through the visual diaplay of
out-of-the~cockpit scenery and platform motion.

Notion cues are clearly related to the phenomenon of simulator sickness; in all documented cases of
simulator sickness, a visual display of vehicle dynemice has been involved (Ref. 2).

The enhanced realism in the depiction of the outside visual scena cowbined with platform motion in
flight simulation, or the perceived motion solely acquired from visual systems vith enhanced realisa in
fixsd-base simulators create problems in the field of simulator induced aickness.

A necessary factor in relation to the occurrence of simulator aickneas is a large Field-Of-View (ov)
of the cutaide visual scene (FOV in excess of 60 deg in the horizontal plane).

In this paper soms important physical parameters that charactsrias sdvanced visual and motion aystess
are discussed. The paper i{s limited to trends in Visual Systems and Motion Systems, being the most
dominant motion cue generating systems in simulators for flight training. Therefore no attention is given
here to concrol loading systems, cockpit imatrument systema and sound ayatems, even though thess three
slements also produce sensationa related to aircraft motion,

A flow disgram representing the operation of a flight simulator i{s depicted in figure 1.1, All
subsystems, including the computational system, contribute to the important control loop lags and delays
vhich play a role in the perceptusl fidelity of the simulator. Reference 1 imtroduces clearly the role of
thess lags and delays as sickness—-contributors. One interesting observation ie that the pilot, as a result
of such lags and delays, may adopt & control behaviour that lesads to pilot-induced oscillationa. Such
oscillations may contribute to sickmasa-cuset (due to their sinusoidal character). Thia type of
oscillations may also be a result of incorrect damping in control loading systems. In general, proper
modelling and displaying through a control loader system of all factors related to control “feel" ia of
dirvect relevance to simulator sickneas.

2. BASIC CUING METRODOLOGY
The visual display of cut-of-the cockpit scenery provides visually induced wotiom cuss.

The degrea to which the scenery generated and displayed by the visual system must reflect real-world
scanary is highly task-dependent.
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Platforn soticn in flight simmlateis i direated at previdiang cwes especially in the area of:
turbulones disturbances

vibretions

onsat tuss in suppert of visual sessations (high frequency platferun metien)

leng tets actelavations (very lew=frequesey platfera metism: tile).

Metion-deteation capabilities

A brief summary is pressated belew of the role played by the priscipal sessery nechaniems in motion
hml:: :: relation te flight eimslatica. AGARD-AR-139 (Ref. 3) was the primary ssurce for the overview
presea 20,

. SIMICIRGULAR CAMALS tegether with the etelithe (te bo memtiowsd balew) salled “the westibular srgm”,
form the balanee mechoutiom Jondted in ihe famer sor. In tetal, twe times three reughly erthegenal
cemsle enist. Their fumceien 10 amalegows te that of rete gyres.

At frequencies balew O.1 Bz, Mowever, their indications are slese to emgular scceleratioma. These low
froquensies are setially sweteined euly in msm-gade vehicles such as sirplemcs amd here the
seafeircular camal sigmals can be misleading.

. OTOLITHS play the Tele of sonaors of spesific ferce} ore pair is oxicated im the herizomtal plame
with the head in ite norual pesitien, the ether pair is eriemted primarily ta the vertical plame. The
otoliths ave incapable of distinguiching between gravitatiessl acceleration sed limesr acceleration
with respect e luertial space,

. TACTILE OR SOMATUSENSORY RECEPTORS permit detectiom of a chamge of oriemtation (of the body) or a
change of force om the dody. An important characteriatic with respect to simulation is that the
output of these receptors tends to return te a referemce level during sustaimed uniform pressure
spplication.

. PROPRIOCEPTIVE AND KINESTRETIC SENSES eigeal the relative positions of parts of the bdody as well s
their wevemsats. All proprisceptive asd kimesthetic senees tegether parmit suwbjects to perceive body
atcelavstions based on the biomechanical reactions of the head and linbs by messuriag either the
force required to heep them stationary or the resulting sotiems.

. THR ETES make it possible to create so-called self-motion sensations by umiform motion of a wide
visual field (visually iaduced motion). This phenomenca is cslled “vection" and is based primarily on
the notien detection capabilitiss of the peripheral retima. (The foveal area of the retinma is the
high=acuity ceatral part of the retins asscciated with image scamming amd recognitiom and thus the
cognitive sense of self-moticwm).

Cuing methodelogy

Notion cuimg cam be realized through the stimslation of Yestibuler orgems, Tactile receptors,
Proprioceptive amd Kineathetic senees and the Uyea. Vhea a machanizatiea of the training simulator is
seletted without & motiom gystem, 20 is pressntly the case far a certainm class of fighter atrcraft
simulators of the USAF (Ref. 4), etimulation of the tactile, proprioceptive and kimeathstic senaen ia used
to gemerate accelaration cwes. Devicez such as a g=seat, & g-suit asd stick-shakers are used in those
canes.

In the folloving arteatiom will ba focussed om motion cuing through stimulation of tha Eyes and the
Veatibular orgaa.

Wde~field visvally induced motion.

The phenomenca of “vection" mentioned above based on wa!furm wotiom of a visual field decomes
effective when the Fleld-0f-View (FO¥) 18 larger than $0 deg ond most effective with a POV of 180 deg.
Both linear vection and circular vection occturs.

T™he principal characteristice related tn the applicatiom of visually induced motica im flight
simulation are:

characteristics of the vise:l field
contreat borders over at least JOX of the POV, proper brightness and uniforn velocity are all
important in imcresalng the sffectivensss of visually isduced motion.

bac N\nﬂ versus foreground

should be presented as backgroumd, (preferably distant informatiom). Fixed
chjects in tho backgrousd, such as blemishes on the projection scresn, cen inhibit visuslly induced
wmotion.

linear iom
translation of am aircraft through & wide viswal field aleo leads to visuslly induced wotiom
eoffacts. Nigh~speed movemsat appesrs to saturate the perception of velocity,

circular vection

od wotion in yav is quite effective over the rangs of angular velocitiss up to §0
dag/eec (at yav rates higher than 60 dag/eec the vection becomes “wmsaturated™; the perception of
self-rotation is less tham that of finld rotation). Por visually imduced motiom about the pitch or roll
axis during level flight, the effect is normally a paradoxical ome of pich er roll rate, without a
corresponding continvous chamge in pitch or roll amgles. If the rell or pitch iz perforwed about a verti-
cally oriented velocity vector, however, it will noruslly prodwce coatinning and nosparedoxical visually
induced rotation sensatioms.
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Sensationa dwe to Platform Notiom.

The ssmicircular canals fumstion as rate gyroe over a limited irequency range. It ia mecemsary to
“wash-out" platform motiom at very low frequencies, 9o that & measurs of wotion cues cen be schisved while
the setual space ia which the platferm moves (retates) i limtted. The adequacy of wash=out algorithme

OR aA appropriate appreciatiom of the sffective thrasholds of the semicircular cimale.

The stelithe give rrpid responce whea stimulated by linear accelerations or sudden tilt, The
pereeption of these meticns shew & considerable ameunt of dynsmic lag (unless it is confirmed by some
other cwe, swch aa seaicircular eanal astivity ov visiem),

The relatienchip of parceived to sctual lisesr velocity caam be wodelled as a aimple third-ordar
aysten. At sxtremely lov frequemcies, below 0.1 Rz, adaptation effects come imto play, and the magnitude
of the perceived metion hecemes leas thaa that of the applied motica. Since the otholiths are incapable of
distiaguishing batween limear acceleration and orismtation with respact to the vartical, it is common
prectics tu substitute a oteady piteh or roll attituie, for sustained limear sccaleration. It ia, however,
very iaportant that the rate of pitch snd vell utilised ia performing the “g-tilt™ mancewvre ba such as to
aveid the gemeration of insdverteat (falas) metiom cues.

If eme is restricted to "g-tilt™ mancewvres that rotate the cockpit at sub-thrashold iatus the time
takon for the acceleration to He washed out is sxcessively long and leads to intolerable excursicas of the
notion platform. Cempromisss are gemsrally applied by rolling or pitching at slightly super=threshold
vatea to tilt angles less than fdeslly required amd relyisg om the influence of visusl cwes to aininise
tha imgportamce of the discrepancy.

Iateractiea batween semsations dus to platform motion and wide-field visual stimulatica.

. The principal limitation om exclusive relisnce on visually i{nduced motion in flight simulation 1s the
situation of rapid changes ia limear or amgular velocity. When sudden changes in visual field velo-
city are mot accoupanied by confirming platform moticn, thers can occur & disturbing and often
lengthy time delay in the development of self-motion.

. In the sbasnce of confiraing action cuas, such aa might ba gemerated by platform motion, there are
constraints on the magnitude of visually induced motion effects aa well as on onset times.

. Veatibular cuss (semicircular canals and otoliths) are responses to accelsrations. They are important
when early detection of aircraft acceleration is required to avoid instability (of the pitot/aircraft
syatem) or to react to critical failares. Through vestibular cues the pilot can perceive aircraft
wotion approximately 150 meec carlier than through vision.

. Visual cues are important for steady, slowly changing, velocity parception, Moviang visual scenes are
especially appropriate for low frequency motion aimulation with quasi-stesdy-state velocity zegments.

3. THR CUE CONFLICT THEORY

It is extremely doubtful that there is a single causal factor for simulator sicknes., anywore than
there is for wotion sickness in general (Ref. 35).

Symptoms of simulator sickness include: disoriemtation, dizzinsss nausea, smesis, spinning
sensations, mntor dyskinesia, flashbacks, visual dysfunction, burping, confusion and drowsiness, among
othera. A number of thess symptoms are also present occasionally in motion sickneas experiances. For these
reasons the SENSORY CUR CONFLICT THEORY (alsc reacognized as the SENSORY REARRANGEMENT THEORY) of motion
sickness has bean generally accepted as a working model for aimulator sickness (Ref. 2). The model
poatulates
%a referencing function in which motion informatiom signalled by the ayes, veatibular orgen, tactile
receptors or proprioceptive and kinestetic senses may be in comflict with these inputs' “expected" values
based on a neural stors which reflects past experience, or with how the aystem's circuitry is wired."

A conceptualization of the sensory cunflict theory of mwotion sick. ~ss is showm im figure 3.1 (Ref.6).

4.  VISUAL SYSTEMS

In all documented casss of simulator sickness & visual display of the sxternal visusl scene has been
involved. In addition the occurrence of the sickness phenomenon is strougly related to systems with a FOV
in excess of adout 60 deg in the horizontal plane. Nearly all visuals of advanced training aimulators
excesd this number.

Out-of-the-vindow visusl simulation is a formidable challenge because of the fantsstic performance
capabilities of the human eye and the inadequat d ding of hov a human uses the visual information
in a simuletor. Reference 7 which has bean produced by AGARD FMP Working Group-10 thoroughly identifies
and definea physical parameters that characterise the simulator visual system and determines ita fidelity.

Visual eystems can be broken down in tvo subsystema:

. Inage genevation system.

. Inage display aystem.

The image generstion and display systeas are basically imdependent and normally can be interchanged
betwaen mamufacturers.

The trend towavds mission simulators dictates the incorporation in the simulator of the capability
for demanding tasks such as low-level navigation and air-to-ground attack for fixed wing aircraft and
Nap~Of-the=Earth (NOE) operations and hover for helicopters.

This demands a lerge FOV in cosbination with very high resclutiom.
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The trend in image generation for training systems ia that Computer Gensrated Imagery (CGI)
techniques will be used almost exclusively. The main thrust in the development of image display systems is
less clesx, though it is probably the moat important slament in the visual system.

One prospact for presenting high-resolution, large fisld-of-view scenes is the laser projector. One
other prospact is the head- or head/ sye coupled area-of-interast approach.

The latter concept combines cost-effectiva image gensration, because of balanced detail over the
total field-of-view and at thé seme time potentially solves the "field-of-view versus resolution dilesma".
Its application in the training field may de expected in the near future.

Image gensration

Computer Generated Imagery or CGI syctems have progressed enormously recently in the level of detail
offered and the quality of texture which is an important aspect related to realiatic depth perception.

The drivers behind the recent improvemsnts in image gensration have been the military with their
requirements for mission simulatsrs for low level flight and tank warfare as walli as the airlins industry
with their requirements rulated to maximized usage of flight simulators in all aspects of the training and
proficiency checkiug of their flight crews. The description of contemporsry "daylight/dusk/night" visusl
systems used in the airline industry (Federal Aviation Administration, Phase III) is:
"A visual system capable of producing as a minimum, full color presentations, scene content comparable in
detail to that produced by 4000 edges or 1000 surfaces for daylight and 4000 light points for night and
Jdusk scenes, 6-foot lamberts of light at the pilot's eye (highlight brightness), 3-arc minutes resolution
for the field of view at the pilot's sye, and a diaplay which is fres of apparent quantisation and other
distracting visual effects while the simulator is in motion",

Puture trends indicate that with increasing use of VLSI (Very Large Scale Integration) and eventually
VBSIC (Very High Speed Integrated Circuits) technology, not only will generation capability coutinue to
increase, but cost will tend to dacrease.

CGI will make possible the generation of full-field-of view, high resolution imagery for
fighter/attack type aircraft simulators.

A list of a number of state-of-the-art image gensrating systess is presented in figure 4.1,

Image display
Image diaplays in training simulators can be subdivided as follows:
1 Large azimuth, limited elevation field-of-view

l.a Infinity optics:
Mulii-window, direct-view of CRT's plus infinity optics.

1.b Projection screen
Multi-projector syatem using a "back-projection-screen" and a concave wirror.

2 Very largs field-of-view
2.a Dome projection system
2.2.1 Target tracked: air-to-sir combat simulators and certain air-to-ground simulators
2,8.2 Uead/eye trackel: Area-Of-Interest (AOI) approach

Z.b Helmet mounted system
Head/eya tracked: Ares-Of-Interest (AOI) approach.

Of the firat group it may be of interest to indicate how the "projection screen" (’\b), the most
wodern of the two, works.

In these systems & field of view of 150 deg (or 200 deg) in aximuth and 40 deg (in elevation) is
produced using three, four or five CRT projectors, ssch with red, green and blue tubes, driven from thres,
four or five CGI channels, and a back-projection screen and a concave mirror. Figure .4,2 depicts the

rinciple.

’ Of the second group attention is directed towards the AOI approach (2.a.2 and 2.b). With regard to
the target tracked dome projection approach (2.s.1) one should be aware of a unovel form of visual and
mocion syetem integration for a simulator for fighter R and D work, refarsnce 8. The motion systum and the
cockpit are housed within a fixed dome and associated projection equipment (contemporary devices use
motion platforma carrying a dom: and associaied projection equipment).

The Area-Of-Intereat (ADI) approach smploys head/eye slaving and ia tailored to match the
psychophysical performance of the human v.sual system.

Its principle 1is based ou generating and projecting the highest level of detsil and resolution only
in an area of interest coinciding with head position and the orientation of the ayes. This means that high
rasolution imagery is only required over the very small foveal field-of-view (typical 20 degrees).

At present the develop of AOL sy ie an area of grest activity.
As an example of the AOI approach employed in a dome projection system, the ESPRIT (Eye-Slaved Projected
Raster Inset) system of Singer Link-Milas can be mentioned (Ref. 9). Separate projectors for the foveal
high resclution inset image and the periphersl low resolution (“background”) image are used. An eye

EOIE

ek




2-5

slaving system is used to drive the foveal projector and to command the CGI system to generate the image
for the instantaneous aye pointing dirsction.

A configuration with a foveal projector giving 1,5 arc minutes per pixel resolution (equivalent to $
arc minutes per line pair) and three background projectora covering 270 deg in azimuth and 130 deg in
elevation is under development. Figure 4.3 depicts ths ESPRIT system,

An example of the AOI approsch using a helmet mounted system is the binocular CAE Fiber-Optic Helmet
Mounted Disply (FPORMD) (Ref. 10),

This image display system exista of lightvalve projectors, relay-combining optics, fiber-optic
cables, helmet, helmet dieplay and the helmet position and orientation senaing system.

The display for each eye has both & background and & high-resolution inset channal. A four-channel
CGI system is used. True stereoscopic viewing is possible.
tg A :k:tch of the helmet plus associated componenta and the displayed field-of-viev is given in

ure 4.4,

The pilot's YOV in a modern high performance single seat fighter/ attack aircraft is approximately
300 deg azimuth and a nominally unobstructed uppar FOV. For VIOL fighters or (attack) helicopters an
additional downward view of 40 to 50 deg is of importance.

The required resolution of 2 arc minutes for effective (mission) simulation is obtainabla with the
AOI devices described sbove. :

As is indicated above, high-quality displays (high-resolution and almost unlimited fields of view)
are now baing readied for use in research and development simulators. Application in the training field
may be expected in the near futura.

A list of a number of state-of-the-~art display systems iz given in figure 4.5.

R T TR

5. MOTION SYSTEMS

It has been demonstrated in several studies that proper design of certain aspects of the platform
wotion system is quite critical to the avoidance of simulator sickness.

Motion systems are vwidely used as part of flight simulator installations in the military and the
civil craining fields.

The complete wmotion system consists of:

- motion cue generation

- motion drive logic

- motion hardware mechanism

[ I

The cue generstion and drive logic are embodied in software. Below a closer look at cue generation
and hardvare mechanism will be taken because they determine the motion cue characteristics,

R L L T

Motion cus generation

An essential transformation in relating a motion system's displacement, velo..ty, and acceleration
capabilities to its cue-producing potential in various simulated flight situations is a consideration of
the technique used to attenuate the motiona of flight to the axcursion envelope of the simulator., The
commonly used technique is divect attenuation and linear high-pass filtering.

The characteristic frsquency of each filter is directly related to the maximum amplitude of the lower
frequency accealerations anticipatad in the flight to bs simulated, the excursion envalope of the motion
system, and the degree to which direct attenuation is acceptable or neccessary. .

As a result of the constraints just mentionsd the characteristic frequencies of the "wash-out"
filters quite often coincide with the frequency range for manoceuvres. This leads to phase advances in the
motion cue,

i A 4 [ P,

The "g-tilt" vre as di d in Chapter 2 is also generated within the cue generating
algorithm, The limits of application of “g-tilt" should be studied through further research; a potential
conflict with proper simulation of angular cues does exisi.
A further role for the cue gensration algorithms is to apply "limit logic" to keep the motion
mechanisn off its atopa (and thus avoidirg the activation of the ultimate hardware limit switches) and to
allow a smooth recovery from any saturation of demancs. The "limit logic" should act without undue ,
disturbance to the pilot. As he continues to fly the simulator the wmotion should racover back to normal i
operation. !
There is considerable opportunity for the improvement of motion cue generation; extensive research is
nesded in this area
3 Recent treatises on flight simulator motion cue generation with emphasis on transport aircraft are
o given in references 11, 12 and 13.

1
3
§
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Motion hardware mechaniss

AGARD FMP Working Group-07 reported in 1979, refaerence 14, the first substantive attempt to measurs
performance of the multiple degree-of-freedom motion syatems. The referenca specifiss a uniform method of
measuring and reporting motion system performance cheracteristics.

The most obvious physical chazscteristics of the hardware are the system sxcursion limite. They are
defined as the extremes for displacement, velocity ard acceleration which can be reached during controlled
aingle~degres-of-freedom oparation.

It is anticipated that system excursion lisits will not be increased and therefore no significant
increase in wotion cue magnitude or duratien will be realised,
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Ths motion cue capnbu!.ty obtainable with a system is probably best represented by two i
cll:luct;r'l;uicl called the "operational excursion limits" (for sinusoidal input signals) and the "dyuuic
threshold

Operational excursion limits:

These limits determine the motion cue magnitude the platform can provide without generatir. :
unacceptable acceleration noise. The operational (and the system) excursion limits can be displ .yed in &
dh.nl of velocity versus frequency for each degree of freedom; ses figure 5.1.

Dynamic threshold

The dynamic threshold indicates how quickly the motion cua can be provided. For hydrostatic bearings
and correct lead compensation, the dynamiec thrashold can be kept belew 50 msec for acceleration step
inputs larger than 0.02 g, see figure 5.2,

The timing of the various kinds of motion cues provided by the total system is of great importance.
The timing of an acceleration cue is especially important to the pilot. It should ba close to that
; exparienced in real flight; the trend in improvements in computer update rates has a positive effect on
; the reduction of motion cue response time.

As one example of an advanced 6 degress-of-freedom motion system figure 5.3 presents the
specification of a second generation hydrostatic motion system produced by Hydraudyne (Boxtel, The
Netherlands) for the Nation.l Aerospace Laboratory NLR. The specified accelerations and fraquency responss
are well in excess of the capabilities of contemporary ny-tm. Figure 5.4 presents the mechanical
construction with aix linear hydraulic servomotors.

6. QUALITY CONTROL

High quality maintenance/calibration of hardware and software is needed to safeguard continued
. operation of the simulator at the fidelity level at the time of its delivery.
s i A number of observed instances of simulator sickness had to do with residual digital progrsm errors.
i : Other instances could have been linked to not-properly calibrated hardware elements.

In the civil world one can observe that the introduction of simulators with powerful motion cuing
cupability (hr;c field~of-view visual systems, 6 degree-of-freedom motion platforms) is paralleled by the
of d ta for the approval of their use in training and checking of proficiency (Refs. 15, 16

and 17).

It is noted that while previously only qualitative checks were performed by the regulatory
authorities, now & clear trend towards a continuocus checking of the devices againat the data used in the
initial approval phase can be distinguished.

To givo an impression about the severity of the recurrent evaluation scheme of simulators as required
in the USA, it is noted that according to refersnce 15 they are svaluated every 4 months. In each
recurring evaluation 1/3 of the performance tests in the Approval Test Guide (ATG) will be checked so that
each year the complete ATG will be tested.

It is not clear what the present situation is with regard to requirements for recurrent evaluation
wvithin che military (simulator) training ity. No d (e.g. military specifications) concerning
initial and continued approval could be located.

v It is not known if the introduction of the systems based on the area-of-interest approach doas not
require a higher level of education and training of maintenance personnel than the level required for
contemporary systems.

Inappropriate use of the powsrful Vision and Platform Motion cuing devices by ths parsons charged
with the task of running the training sessions can have devastating effects on the well baing of the
pilot. It must be clear that proper training of these persons is of utmost importance.

7. CONCLUDING OBSERVATIONS

Ares-of~interest image displays show promise to be introduced alongside the type of systeme presently
in use. They may be of the dome projection or the helmet-mountad type., Head/eys tracking devices will bae
applied to expanded field-of-view visual systems and to insert high resolution detail into the area being
viewsd by the pilot.

Research should be directed to platform motion cue gensration philosophy and embedded 1imit logic of
motion bases in order to improve the art of flight simulation,

Quality control with respact to continued operation of flight simulators (maintenance/calivration) is
sssential vith regard to simulator fidelity; a relatiouship with the occurence of simulator sickness
exists.

g i S e M G s 4o ot e

Proper training of the persons who are in charge of the powerful Vision and Platform Motion cuing
devices is of utmost importance.

May I conclude to say that the views I have expressed are my o'm, and do not necessarily reflect the
views of the Flight Mechanics Panel of AGARD or the views of my employer, the National Aerospace
Laboratory, NLR.
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8. SCREEN
C- PROJECTORS

Fig. 4-3 Projection screen image display system
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Fig. 5-1 Excursion and operational limits for sinusoidal input signals
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System limite

Displacement Yelocity Acceleration
pos  neag pos  neg pos  neg
longitudinal 1.72 1,34 (m) .8 8  (m/e) ] 8 (m/a?)
lateral 1.39 139 (m) .8 8  (m/w) 8 8 (m/a?)
vertical 1.01 1l.14 (m) .8 .8  (m/e) 10 10 (m/s®)
roll 30.5 30.8% (deg) n, 30, (deg/s) 200 200 (dag/a®)
pitch 28.7 28.9 (deg) 30. 0. (deg/s) 200 200 (deg/s?)
yaw 41.4 41.4 (deg) u. 30, (deg/s) 150 150  (deg/s?)
Freq J Le8p
freguency (Hxz) | wax. phase angle (deg) | amplitude ratio
S ! R 2.0 1.0 £ 0.1
S 4 He 43 betwaen 0.7 and 1.0

*) with 5000 kg useful load

Fig. 8-3 8Specification for the system limits and frequency respoase of
the 3nd generation hydroatatic motion system at NLR

Fig. 8-4 DMechanical comstructivu of the Imd generation hydrostatic motion
systen of NLR
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DISCUSSION

GUEDRY: Did you say that an sye-tracking syastem would be used to enhance the visual
ge? I1f so, what eye-tracking system would be used?

MOOIJ: The answer to the first part of the question is yes. I think eye-tracking will
used to make & clearer image in the line of sight. These particular devices require
high resolution in a 20° circular field; therefore we nesd a number of image~generation
channels. The technol of .yc»tneung is still in a state of flux. There is experi-
mentation with methods 1like infrared reflection upon the eyeball, but there are always
training and calibrating problems involved, 1 assume that the eye-tracking problem will
be solved. The helmet-mounted display shown on the slide, at the moment, is only head-
tracked. This meana that the high resolution part is set in the center of the right
side of the halmat and not of the eyes; and that may be a big problem -~ I don't know -
the particular system is just coming on line at NASA Ames, but the aim iz tc make it
eye-slaved. The other one - the Singer-Link system on the platform rhown on the slide -
ey claim that it is a fully eye-slaved aystem or combination sye/head-slaved system.

BLLIS: 1'd like to ask another question along this same line. I think the idea of
@ye-track is at least 8 years old, maybe 10, and the typical problems with it have been
the quality of eye-track. The eye-tracking techniques I've seen are prokably not suffi-
cient for particular tasks. I'm wondering if you have seen the performance of soms of
these systems, especially the one that actually, as you say, claimed to ba eye-tracked
and whether it seems to be working adequately.

MOOXJ: This is difficult to answer from my own knowledge. I am not acquainted with

8¢ asystems. I took them from the literature because these are important trends at
the moment. There are also indications that image generation, the computer part, will
be growing so fast that in two or three years the high resolution solution (1.5 arc
mirutes) over the whole 180° will be available for the helmet-mount system,

BLLIS: I aske! because I have heard very similar discussion with mutch the same impact.
Y've alvays been very skeptical as to how well the eye-track systems work beciuse I've
used two or three different systems myself, and I know they're highly volatile. 1In fact,
I have come to believe that the head-track system would ba better because of the greater
stability of the image.

NOOIJ: To begin with, all thode systems ire head/eye-slaved so we have the head-track
system anyway. The performance I've heard about in the Canadian system is good ..ith
the head-track system.

ELLIS: Yes, head-track works better.

MAGEE: I worry about head-slaved devices and eye-track devices because it seems that
svolution has provided a tight coupiing between head and eye movement control, and so
I see theae devices as presenting a real challenge to similator design. This may make
for more simulator sickness. Would you care to comment on this?

NMOOIJ: No. I know that there was a big conference this paat surmer in Montreal, Y pre-
sume, with a section on simulation sickness, and that would be a source of the moat recent
feedback on this. But I am not aware of the practical result with m.,re than one pilot,
let's zay, in a training situation. 1It's really a guestion mark - I agree. It may

make things worse, but from a atandpoint of simulation and high resolution - on paper
(from an engineering viewpoint) it seems “super" naturally. I don't want to go into a
commercial talk (I'm from a government laboratory in Holland), but some pecple in industry
are extremely enthusiastic about it, and they have claimed so far that, with their enqi-
neering pilots, there were no problems; but these pilots know the system and possibly they
know not to move too fast. Therefore, such claims may not be relevant to the atudent
pilot. I have one remark in addition to the paper that I would like to make about trends.
I forgot to mention that the sizes of motion bases we have now in the 6-degree-of-freedonm
systems, are probably at a maximum (at leart for the present). There are tremendous de-
velopments yet to be achieved in image generation and image diaplay. On the other hand,
the quality of motion reproduction on the motion base is very good these days if you do

a proper job and the sizes of the motion bases will not go further than we see ‘oday.
There are some more or less practical limits related to siszes of buildings, power, and
costs.
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Ast 1 tofs 8 or _Bickness

by A J Berson
Royal Air Foree Inatitute of Aviation Medicine
Famnboroigh MHents GUI4 63X UK

Summery

The clinical features of almulator sickness are similar te the malsise induced by other motion stimull. The
smential aetiology of the condition ia conmaered to be the same a8 v other types of motion sickness, namely,
the miusmatch between the motion information provided by the bodyds rense organs and the beains internal
mooe) of ‘expected' motion cues. The Mmismateh cen be between concomitant inputs providea by the anguler and
linear acceleration transucers of the vestibular apparatus, or between visual and vestibular inputs. More
signiticently, in & nhxed base mmulator it 18 the sossnce of ‘wxpected' inertial cues when the ambient visual
system {8 stumulated by the external world, visual display that engenders neural mismateh. Even when the
simulator has a moticn base, quantitative and temporal diparities between visual and inertial cues commonly
otour snd oan contribute, along with visual distortions and other anomalies, to the induction of \he motion
sickness syndrome.

Introguetion

Simulator sickness is a term used to describe the syndrome of signa and symptoms that have been
experionced by individuals during and atter exposure to motion in simulators. The majority o the reports
relate to symptoms induced in flight simulators (reviewed by Kennedy et al, 1984), but car driving simulators
having cynamic visual displays also evoke the signs and symptoms which characterize simulator sickness (Reason
a Las, 1971 Casall & wierwille, 1¥80),

The varied manifeatations of simulator sickness, descrived in papers reviewing the problem in flight
simulators, are listed in ‘Table 1. Apart from these data peing drawn trom several different types ot 1light
simulators, renging from helicopter to flixed-wing, air combat simulators, there is & lack of uniformity in the
range of subjective information elicitea by interview orf questionnatre. Thus it is not possible to preseit
mesningfui nhigures of the incidence of particular signs or symptoms. What does emerge, however, is a clinieal
picture in whieh a signiticant, but variable, number of 1ilymng personnel expertence the signs and symptoms of
motion  sickness during mmulated flight - notably, stomach awareness, nausea, sweating, hcadache, dizziness and
crowsiness, but rarely vomiting, In addition, they report other symptoms which are not specinically
charactenistic of motion sickness, in particular, false perceptions of attitude (i.e. spatial disorientation),
physieal snd mentsl tatigue and disturbances of vision.

On leaving the simulator there is usvally a rapid amelioration of symptoms, though in common with the
sickness induced by other provocative motion environments (e, ses-sickness, swing-siciness), some symptoms
may persist for several hours after the simulaced flight. In addition, symptoms not present in the simulator
may become manifest. Listurbances of postural equilibrium and ataxia are trequently reported, though they are
usually short-lived. Less common are the visual ‘'rlash-backs' and transient illusory sensations of bodily motion
that can occur sporadically over several hours after the simulated flight.

There are teatures of simulator sickness, other than signs and symptoms, which strengthen the argument
that sumulator sickness is just another form oOf motion sicimess. For example, the soverity of the disability and
its arter-effects is a function of the duration of exposure to the motion atimulus. Another common feature is
saaptation. with repeated flights in the simulator most individualzs show en incressed tolerance and reduction
in aymptoms. Thers iz a clear parallel in the adaptation to provocative stimuli in the simulator with that seen
in the adaptation to conditions of sensory rearrangement; whether this be the atypical sensory environment
produced by actusl (as opposed to simulated) fight, by a ship in rough seas, by & slow-rotation room, by
weightiessness or DY visual distortion le.g. inverting goggies). In addition, there are wide individusl differences
in susceptibility and differences in the manner in which malaise is manifest.

The Neursl Mismatch Theory
In order to explain why flight simulators may elicit the motion sickness syndrome, it is necessary, first, to
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A. During simulated flight

Stomech awareness
Naussa

Vomiting

Pallor

Sweating

Headache

Dizziness
Drowsiness
Yawaing

Ancrexia

Inoressed salivation

False perception of attitude
Disorientation

Contusion

Eye strain

Blurred vision

Physical Patigue

Mental Fatigue

Exhilaration

Diffieulty with fine movements

B. After simulator flight

Persistence of signs and symptoms induced during fNight

Ataxia
Visual ‘Flash Backe'

Motion 'Flash Backs' (flying or spinning sensations)

Table 1, S and toms of Simulator Sickness

{Sources: Chappelow, 1987; Kennedy et al, 1984;
Kennedy et al, 1987; McCauley, 1984)
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Figure 1. Heuristic model of motor control, motion detection and motion sickness
based on the heural mismatch' theory.

(From Benson, 1984).
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consider the broader problem of why certain motion stimulli induce sickness. The importance of conflicting
sensory cues as the principsl aetiological factors in motion sickness was suggested more than a Zentury ago
(Irwin, 1881), but it was Reason (1970, 1978) who first presented @ coherent extlanation in his neursl
mismatch or s~nsory rearrangement theory. The principal concept of this theory is that motion sickness occurs
when the sensory information about bodily movement, provided by the ayes, the vestibular apparatus and other
receptors stimulated by forces acting on the body, is at variance with the inputs that the central nervous
system expaets to receive., Essentinl to the theory is the postulated existence within the ceniral nervous
system of a model of atferent and efferent neural activity associated with bodily movement; a model that is
derived through daily experience, primarily during the volitionsl control of body movement and the maintenance
ot postural equilibrium. In normal locomotor activity, disturbances of body movement, such as when one
accidently trips, are typically briet and the mismatech between actual and expected sensory inputs from the
body's motion detectors is employed to initiate corrective motor responses. However, when there is a sustained
change in the sensory input - as occurs, for example, in atypical motion environments or when there is
vestibular disease -~ then the presencz of the mismatch between actual and expected sensory inputs indicates
to the central nervous system that the internal model is no longer appropriate. The process of adaptation,
initiated by the mismateh signal, involves the modification or rearrangement of the internal model so that it
corresponds more closely with the contemporary sensory afference; consequently the mismatch signal is reduced
to an acceptable lcvel.

The presence of a sustained mismatch sigral has two eftects: one, it causes a iearrangement of the
internal model; and two, it evokes the sequence of neural responses that constitute the motion sickness
syndrome. ‘ihere is clearly benefit to the organmism to be derived trom moditying sensory and motor responses,
for this allows it to furction more effectively in a novel environment. Whether motion sickness has any
survival value is more problematical. Treisman (1977) has suggesied that, in an evolutionary context, it does,
though it may also be argued thet motion sickness is & design defect which has only recently lin an
evolutionary time scale) come to light with the use of mechanical aids to transportation (Oman, 1880).

Figure 1 is a diagramatic representation of the funectional components and processes embraced by the ncoral
mismateh theory. Motion of the body is detected principally by the eyes and the vestibular apparatus, although
changes in the body's orientation to gravity and imposed linear accelerations are also transduced by
mechanoreceptors in the skin, muscle, capsules of joints and supporting tissues, which may be considered to
act synergistically with the otolith organs. It is postulated that within the central nervous system there is a
neural centre that acts as a comparator of signals from the receptors with those from the internal model that
stores the signature ot ‘expected’ signals. The cuput of this comparator is the mismatch signal that, on the
one hand, 183 responsible for modifying the internal model and, on the other, for activating the neural
structures mediating the signs and symptoms of motion sickness. How this activation is achieved, that is,
whether by purely neuroral or whether by neurohumoral mechanisms, has yot to be determined. It is necessary
to postulate, however, the presence of a leaky integrator in order to account for the slow development of
symptoms following exposure to provocative motion. In addition, the developmeut of protective adaptation
without induction ot motion sickness and the large intersubject differences in susceptibility, require the
presence of a threshold function in tre system,

Identification of motion cue conflicts implicated in simulator sickness

Simuletion of provacative flight environment. There are a few research flight simulators that have the
capability of exposing the pilot to whole-body motion stimuli having angular and linear accelerations
comparable to those achieved in actual flight. If these motion stimuli cause sickness in flight then it is not
surprising that a reasonably accurate reproduction of the dynamic ftiight environinent will evoke sickness in the
simulator. In such circumstances the principal neural mismatch is between the information provided by the
angular and linear acceleration transducers of the vestibular apparatus - the semicirculer canals and otolith
organs (U'Hanlon & McCauley, 1974). Linear accelerations at frequencies below 0.5 Hr are the dominant
provocative stimuli, but head movements made during sustained turns and other rotational motion producing
cross-coupled (Coriolis) stimulation of the semicircular canals may also be implicated (Guedry & Benson, 1978).
It is not proposed, however, to discuss in more detail the nature of the mismatch produced by such motion
stimuli in this paper, for our concern is primarily with the motion sickness oeeurring during simulation of
flights which, in the aerial environment, do not induce the motion sickneas syndrome.
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Visual Cues, The simplest example of the role of visual cuss in the aetiology of simulator sickness is provided
by thosse simulators in which there is a dynamic, external world, visual display but no physical motion of the
simulator bass (e.g. the IFHE Ball HTL bhelicopter simulator (Miller & Goodson, 1930), the 3E6 P4 aircratt
simulator (MoGuiness et al, 1981}, the UK Air Combat simulators (Chappelow, 11'87) or the 'Simulear' motor
ocar simulator (Reason & Diaz, 1871)). In sueh simulators the external visual world moves in response to the
eontrol inputs of the pilot in a reasonably convinecing way but the visual input to the pllot's central nervous
system is not accompenied by the ‘expected' neural signals from the body's inertial receptors of the vestibular
apparatus and the more generally distributed mechanoreceptors. The importance of the ‘expectation' of
correlated signals trom the visual and inertial receptors is supported by the fact that pilots with flight
experience ot the manoeuvres in the aircraft being simulated were more likely to develop symptoms than those
who were not familiar with, or had little flight experience of, the aircrert or the manoeuvres being simulated
(Kennedy et al, 1984).

The angular subtense of the visual display is another factor in determining the incidence of sickness
(McCauley, 1984) for the condition is much commoner in those simulators having & wide field of view than in
those in which the external visual world display is confined to a small window. The implication of this finding
is that stimulation of the ambient visual system, rather than the foeal visual system, is an essential feature
for the generation of cue conflict. The ambient visual system is part of what may be termed an ambient
orientation system in which there 18 conve.gence at centres within the brain ot signals trom the peripheral
retina with those from vestibular and somatosensory receptors signalling body orientation and movement
(Leibowite & Dichgans, 1980). This system largely operates at a subconscious level in the control of bodv
posture and equilibrium, but 1t 13 well established that moving patterns in the peripheral visual field can
induce powertul sensations of bodily movement, the so-called vection sensations (Dichgans & Brandt, 1978).
These may be angular or linear, depending upon the form of the dynamic visusl stimuli. Sueh vection stimuli
csn induce the motion sickness syndrome it the sensed bodily motion s not in accord with information from
the body's inertisl receptors. The simplest example is the conflict produced by a roll vection stimulus
presented to a subject standing erect. The visual stimulus engenders a sensation of body movement and tilt
from the vertical position, whilst the otoliths and other gravirereptors signal tilt in the opposite direction as
a result of the compensatory adjustment of posture in response to the fllusory sensation. Yet more provocative
is the effect or head movement in roll when exposed to an angular vection stimulus in yaw -~ the "pseudo-
Coriolis effect (Dichgans & Brandt, 1973). In this more dynamiec situation, involving active head movements and
inputs both from the semicircular csnals and the otoliths, the visual stimulus is almost as potent as actual
bodily rotation in yaw in the induction of motion sickness.

There are many reports in the literature of the problems experienced by subjects who were requirec to
weoar optical devices that distorted vision (reviewed by Dolezal, 1882). Gross distortions, such as right/lefrt
reversal or inversion of the visual scene, are initislly highly provocative of motion sickness when the subject
attempts to move about and engage in normal locomotor activity. Yet even minor visual distortions such as
the change iu magnification of speotacles can cause symptoms, albeit less severe, on the first day or so that
they are worn.

In common with other aetiological factors in simulator sjckness the relative importance of distortions of the
external visusl world display is not known. There is anecdotal evidence, nowever, that geometrical and
perspective errors in the visusl display of the helicopter simulator studied by Miller & Goodson (1958) made a
significant contribution to the incidence of sickness. Errors in the optical alignment of projected displays
relative to pilot eye datum have also been implicated and we have experience of an RAF Lightning simulator
which nauseated the instructors, rather than the students, until it was discovered that the display was
missligned.

Other characteristics of the visusl display, such as its luminance and the degree of scene detail depicted,
may also be of aetiologicsl significance. It may be argued, however, that the ambient visual system is
adequately stimulated by low spatisl frequencies having low contrast and luminance. Hence, the quality of the
image providing visual information on spatial orientation end movement is not important; rather it is the
angular subtense of the image that determines the strength of the visual cue and its ability to engender
sengory conflict. On the other hand, the quality of the imagery has a direct impact on tha difficulty in
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' performing focal visual tasks, such as target location and identifieation, which the pilot may be required to

earry out in the simulator. Such deficiencies in the display are thus more likely to be the cause of, or at
least contribute to, the eye strain, headache and "visual problems® reported by simulator pilots, rather than of
simulator motion sickness per se.

Whole-body motion_cues. In the preceding section of this paper it is postulated that the principal cause of
simulator sickness {s the conflict engendered by powerful ambient visual motion cues in the absence of the
expetted motion cues from vestibular and somaesthetic receptors, The corollary to this concept is that
sickness ‘should be reduced if, in theé simulator, these non-visual receptors are stimulated by linear and angular
movement of the body in a manner which is compatible with the visual display. Experiments conducted in a
VSTOL simulator (Sinacori, 1967) and a driving simulator (Casali & Wierwille, 1980) have shown that the use
of a motion base providing onset acceleration cues did lead to an improvement in the acceptability of the
simulation and to a decrease in the incidence of sickness.

The limited angular and linear excursijon of motion bases necessitates the introduction of motion ‘washout’
having time constants considerably in excess of those of the vestibular receptors that transduce angular and
linear movement. Accordingly, the afferent vestibular stimuli during a simulsted manoeuvre generally do not
correspond with those generated when the same menoeuvre is performed in flight, The lack of correspondence
may be small when, for example, minor changes in roll attitude are simulated. Lateral tilt of the motion base
generates an appropriate angular acceleration, an effective stimulus to the semizircular canals, end a
commensurate change in orientation ot the head relative to the gravitational acceleration, an effective
stimulus to the otolith organs. More commonly, however, the pattern of stimulation in the simulator ditfers
from that oceurring in flight. A simple example is the simulation of ti:2 change in direction of the resujtant
force vector, associated with acceleration in the line of flight, by a backward tilt of the motion base - an
angular movement causing inappropriate stimulation of the semicircular canals.

Appreciably more serious mismatches between the expected inertial cues and those achieved by the motion
base oceur during simulation of the flight of high performance aireraft, particularly the large and frequent
changes ot the force environment and of attitude associated with air-combat manoeuvres. The inability of the
motion base to achieve high linear and angular accelerations and roll rates which are in any way comparable
to those occurring during such manoeuvres in flight, probably accentuates the confliet with visual motion cues
and increases the incidence of sickness. The ineffectiveness of the motion base has led to it being disengaged
in at least one air-combat simulator (Seevers & Makinney, 1979) and most simulators of this type In the US
and the UK are now of a fixed-base design.

Temporal incongruity of motion cues Apart from what may be termed the quantitative and qualitative mismatch
of motion cues produced by visusl and inertial stimuli in simulators, differences in the timing of these cues
also contribute to the -conflict. Two types of temporal incongruity can be recognised; one between the control
fnputs made by the pilot and the motion cues provided by the visual display and motion base, the other
between the visual display and motion base. The experienced pilot will have an expectancy of the temporal
relationships between control stick and throttle demands and the dynamic response of the aircratt. Any time
difference, between the perception of the motion cue(s) from that which he expects to receive, represents a
mismatch capable of contributing to the development of motion sickness in the simulator,

In those simulators w..h motion bases there s also the potential for temporal incongruity of visual and
fnertial cues, which may be compounded by the differing dynamics of the visusl and vestibular sensory systems
in the perception of motion (reviewed by Young, 1984). Retinal receptors signal position and velocity of a
visual target from which acceleration may be perceptually derived. In contrast, the otoliths (in company with
somaesthetic mechanoreceptors) are sensitive to linear acceleration and rate of change of acceleration (jerk)
and hence give information about body movement which is phase advanced upon that provided by the visual
system. Sensory Integration of these gravireceptor signals is required in order to perceive transient linear
velocity and displacement. The semiciroular canals signal, for transient angular movements, the angular velocity
of the head and provide cues which allow the change in angular position or angular acceleration to be
perceived by integration or differentiation of the afferent signal within the central nervous system. The
implication of these differing sensory dynamics is that sensory conflict iz likely to be the greater |If
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mechanical movement of the simulator (and hence the operator) lags movement of the visual display than if
the visual display lags the motion base.

In addition to a motion base, other devices, such as G-seats, G-suits and helmet loaders, have been used to
provide pseudo-inertisl cues to the pilot and to enhance the realism of the simulators. Whether they
contribute to the induction of simulator sickness remains to be determined, although it is not improbable that
the dynamics of the actuating mechsnisms can introduce lags which confliet with visual cues or with other
inertial cues. However, the role of wsomaesthetic cues in the aetiology of motion sickness, in general, is
uncertain. Unlike ambient visual stimuli, somaesthetic: signals do not converge at the level of the vestibular
nuclel and are poorly represented in those areas of the ceresbellum whose ablation of which protects
experimental animals from motion sickness.

Post-exposure effects

As noted above, post-exposure effects fall into two categories, those that are a continuation of the signs
and symptoms of motion sickness and others that become manifest only after leaving the simulator, notably
ataxia and ‘flash backs' in the visual and vestibulsr/proprioceptive sensory modalities.

The persistence of symptoms is a normal feature of motion sickness and, like other aspects of the
condition, exhibits wide variation between individuals. Some experience a rapid amelioration of the signs and
symptoms on withdrawal of provocative stimull; in others, malaise, drowsiness and a feeling of depression may
persist for several hours after leaving the simulator (Reason & Brand, 1975). The neural events mediating the
motion sickness syndrome are not understood, but the slow development and decay of symptomns probably is the
manifestation of the accumuiation of some neurotransmitter within the central nervous system during exposure
to provocative motion, and its subsequent removal or return to a normal level on withdrawal of the stimulus,

The other after-effects, in particular the disturbance of postural equflibrium, are, most probably, the
manifestation of adaptive processes, in which new patterns of sensory-motor co-ordination are elaborated that
are appl'-oprlate to the altered sensory environment of the simulated flight. Most of the experimental studies
of adaptation to altered sensory environments have involved gross visual distortion, such as reversing or
inverting goggles, or substantial alteration of the motion environment as in, for example, the Pensacola Slow
Rotation Room (reviewed by Welch, 1978). The sensory rearrangement imposed in these experiments is
substantially zreater than that achieved in flight simulations, but they fillustrate the remarkable ability of
man's central nervous system to modify both the perception of signals from sensory receptors and the temporal
and spatial configuration of voluntary and involuntary (reflex) motor responses {(Melvill Jones, 19877), The
magnitude of the adaptive change is dependent, inter alia, on the extent of the rearrangement, on the
duration of exposure and on whether the operator is active (i.e. within the control loop) or passive in the
rearranged sensory environment (Reason & Benson, 1978). It is probably this last factor, the active
involvement of the pilot, whose motor responses directly influence the visual and inertisl cues received, that
is responsible for the rapid modification of sensory-motor reflexes which arc disadvantageous on leaving the
atypical environment of the simulator and returning to a stable visual world and a stable, 1y, force
environ:aent.

The ‘flash Dacks' in which the pilot has brief, but powerful, recall of the simulator visual display or of the
motion of the simulator are comparable to the transitory sensory disturbances that oceur in more everyday
situations in which there has been sustained exposure to comprehensive visual or inertial stimuli. For example,
there are few who, having been aboard a boat in moderate seas for a few hours or more, will not have
intermittently perceived an illusory sensation of tha boat's motion on return to land, This sensation may also
be accompanied by & corresponding motion of the visual scene. Although this type of phenomenon hus long
been described (Darwin, 1801) its neural mechanism remains covert, though in psychological termz one may
speculate that it represents the recall of memory traces laid down during the period of exposure to the
rearranged sensory environment.

Coneclusion

Simulator sickness, in common with other forms of motion sickness, has several causes and affects different
people in different ways; it is, to quote Kennedy et al (1¥87), “polygenic and polysymptomatic". In this paper
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an attempt has been made to discuss some of the more important aetioiogical factors within the framework
provided by the neursl mismatch theory of motion sickness.

An extensive list of possible causal factors is to be found in 'the proceedings of the National Research
Council Workshop on Simulator Sickness (McCauley, 1984), though, unfortunately, the present state of
knowledge allows only very spproximate weightings to be given to the potential of each factor to cause
simulator sickness. An understanding, incomplete as it is, of the aeticlogy of the condition does, however,
allow rational recommendations to be made (Kennedy et al, 1987) relating to simulator hardware and utilisation
that should reduce the incidence of simulator sickness and increase the operstional effectivemess of simulator
training.
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RTUDE HORIBONTALE DE L'INCIDENCRE DU MAL DES SIMULATEURS
DANS LES PORCES ARRIENNES FRANCAISES

par
*A, LEGER, *"P, SANDOR, **R.P. DELAHAYE

*Laboratoire de Médecine Aérospatiale
Centre d'Essais en Vol ~ 91220 - BRETIGNY-AIR, FRANCE

**Ingpection du Service de Santé pour 1l'Armée de 1l'Air
26, Bd Victor - 75996 - PARIS ARMEES

L'utilisation systématique du simulateur de combat pour l'entrainement
a favoriséd la mise en évidence du probléme du mal des simulateurs. Une enquéte destinée
4 évaluer 1l'incidence des troubles a été mende au sein de plusieurs unités de 1'Armée
de 1'Air. Les résultats obtenus montrent globalement que 67 & des pilotes interrogés
ont présenté des symptdmes A des degrés divers. L'analyse statistigue des donnédes
montre une absence de corrdlation entre 1la susceptibilité générai: aux cinétoses
déterminée au moyen d'un questionnaire et la sensibilité au mal des simulateurs. Cette
dernidre constatation amdne A envisager la nature du conflit en cause.

IRTRODUCTION

Depuis le début des anndes 80 un intérét croissant s'est manifesté,
principalement aux Etats-Unis, & 1l'égard du mal des simulateurs. Cet intérét, qui
semble suscité par des considérations opérationnelles, fait suite A des préoccupations
antérieures fondamentales ( 3 ).Suivant en cela l'opinion de REASON ( 3 ) on peut
replacer ces phénomdnes dans le cadre plus général des cinétoses induites visuellement,
C'eat bien, en effet, la généralisation de visualisations en champ large et de
simulateurs 4 base fixe utilisant le principe de la vection pour 1l'entrainement des
pilotes qui donne son ampleur A& un probléme plus ou moins latent.

Le premier simulateur 3 base fixe utilisant le principe de 1la vection
a été opérationnel en France en 1975, Il s'agit d'une installation destindée aux études
techniques et tactiques lides A 1l'emploi des missiles de combat aérien rapproché.
Peu aprés, un simulateur utilisant une sphére de 10 m de diamétre a été mis en service
au Centre A'Essais en Vol. La mise en oeuvre de ce type de simulateur A des fins
d'entrainement au combat s'est effectude A la fin de l'année 1984 sur la Base Aérienne
102 de DIJON et au Centre d'Entrainement au Combat de Mont-de-Marsan. Ces simulateurs
sont essentiellement destinés A 1l'entrainement des piloteu de Mirage 2000.

Il est intéressant de constater qu'avant 1984 les descriptions faites
par les pilotes des symptd®mes de mal des simulateurs sont restées au stade d'anecdotes.
Ce n'est finalement qu'2 partir de la mise en service des simulateurs d'entrainement
que le probldme des implications touchant A& la sécurité des —ols s'est réellement
posé. Les observations effectuées par les pilotes utilisant les Ssinulateurs de combat
ont amené l'Inspection du Service de Santé pour l'Armée de l'Air 3 demander une étude
sur l'incidence des effets secondaires de la simulation.

I1 n'est pas contestable gque la meilleure méthode d'évaluation de
l'incidence du mal de simulateurs aurait consisté 3 effecturrs une étude sur le site.
L'intérét de cette démarche ressort nettement des travaux entrepris par KENNEDY et
coll, ( 5 ). Cependant ce type d'opération nécessite une préparation importante. Compte
tenu de l'organisation des différents services mis en cause, elle n'édtait paa
envisageable, du moins dans un premier temps.

Il a donc été procédé A& une enquéte portant sur l'expérience passée
des pilotes de différentes unités de 1'Armée de 1'Air.

Protocole

Un questionnaire anamnestique simple a été congu en tenant compte de
l'expérience acquise dans le domaine du mal des simulateurs par d'autres auteurs (4,5).
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Prgoddure

s questionnaire anonyme a été dAiffusé dans les différentes régions
aériennes et remis aux pilotes par l'intermédiaire du médecin 4du Personnel Navigant
des bases concerndes.

Aprds collecte des réponsea et centralisation au niveau des Directions
Régionales du Service de Santé pour 1l'Armde de 1'Air, les dossiers ont été adressés

4 1'Inspection du Service de Santé pour 1'Armée de 1'Air. BEnfin, le Laboratoire de
wddecine Adrospatiale a été chargé de 1'exploitation des donndes.

aeesticanpire

L'objectif du questionnaire consistait A& permettre 1l'étude d'une large
por!ulltion de pilotes. Il n'était donc pas envisageable d'utili-er un questionnaire
tréas détaillé, ceci en vue d'obtenir un niveau de coopération satisfaisant du plus
grand nombre possible de sujets.

Le document remis au pilote se composait de quatre parties :

- une courte note d'introduction exposant le but de 1l'snquéte ;

- ur questionnaire d'information générale ;

- un questionnaire "mal des simulateurs” ;

- un questionnaire "mal des transports®.

Le questionnaire d'information générale portait sur 1l'Age, l'expérience
aéronautique, 1l'expérience Ades simulateurs de combat. Cette premidre partie ciblait
donc l'étude sur un type particulier de simulateur. Cependant des consignes verbales
ont dété données afin d'inclure 1'expérience provenant d'autre type de simulateur
(mission, entrafnement).

La partie concernant le mal des simulateurs se divisait en deux thimes
principaux @

- les symptimes ressentis pendant les séances ;
- les troubles survenant & 1l'issue des séances.

Dans tous les cas il était demandd d'indiquer la sévérité A 1'aide d'une
échelle numérique en quatre points :

0  Absence

1  Intensité faible

2 Intensité modérée

3  Intensité forte.

Pendant les séances, les questions portaient sur :

- las signes digestifs pathognomoniques : inconfort épigastrique, nausdes,
vomissements ou spasmes.

- Las signes A4'accompagnement : sudation, sensation de chaleur,
étourdissement, salivation, céphalées.

A 1l'issue des séances les questions portailent sur la sensation de malaise
général, les troubles de 1l'équilibre et de la locomotion, les céphalées, la disparition
ou la persistance des signes avec la répétition des séances.

Cette partie du questionnaire se terminait par des remarques 1libres
concernant le mal des simulateurs.

La dernidre partie du dossier consistait en un questionnaire explorant
la susceptibilité génécale au mal des transports inspiré du N.S.Q. de REASON ( 7 ).
Ce questionnaire avait préalablement été validé au Laboratnire au cours de la sélection
de candidats cosmonautes.

Traitement des donndes :

Las données recueillies ont &té traitées au Laboratoire de Médecine
Aérospatiale du Centre d'Essais en Vol. A partir des données brutes on a pu calculer
un indice reflétant la sévérité globale des troubles rapportés ainsi que le score
de susceptibilité au mal des transports.
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Une analyse de correspondance multiple a ensuite &té effectude avec
l'aide du Centre de Sélection de 1'Armée de 1'Air.

RESULTATS

Dans l'ansemble des unités ayant participé & 1l'enquite, 164 pilotes
ont répondu au Questionnaire. Dans un premier temps 153 réponses ont &été Jugdes
exploitables pour l'analyae descriptive globale. 132 dossiers ont été retenus en finale
pour l'analyse statistique détaillée.

8i 1l'on considire l'ensemble des dossiers on constate gque tout type
de simulateurs et niveau de sévérité confondus, 67 % des pilotes ont ressenti des
troubles lors de séances de simulation. Un seul pilote décrit un épisode de vomissement.

Ces résultats se rapportent essentiellement & l'utilisation du simulateur
de combat. Cepandant un certain nombre de réponses concernent d'autres types de
simulateurs (simulateur de mission Mirage Fl CR, simulateur Alpha-Jet, simulateur
C 160 TRANSALL).

Noua envisagerons en premier lieu l'analyse descriptive des résultats
puis 1l'analyse statistique qui en a été faite.

Analyse descriptive :

Cette analyse comporte deux volets :

- Les troubles rapportés pendant et aprés les séances de simulation

- La susceptibilité aux cinétoses évaluée A 1'aide du questionnaire
mal des transporta (QMT).

. ‘Troubles liés & la simulation

Parmi les signes pathognomoniques du mal des simulateurs on a distingué
1'inconfort épigastrique et la sensation de nausée, de l'envie de vomir. Il s'agit
13 d'une distinction quelque peu artificielle mais qui a été adoptée pour introduire
un élément de sévérité supplémentaire., Ces signes apparaissent dans 18,9 % des réponses
pour la nausée simple et 9,8 & des pilotes admettent avoir eu envie de vomir au cours
d'une séance de simulation.

Les signes d‘'accompagnement apparaisgent beaucoup plus frégquemment et
dans bon nombre de cas sont seuls présents. Ainsi une sudation inhabituelle a été
relevée dans 18,9 & des cas. La sensation de chaleur anormale eat présente dans 21,2
% des réponses. Le symptéme le plus fréguent reste cependant la sensation
d'étourdissement ou de vertige gui apparait dans 26,5 t des questionnaires. Ce symptSme
est suivi de prds par les manifestations 3 type de céphalées et de tension oculaire
qui atteignent 22,7 §%.

L'intensité des symptlmes est bien sr extr8mement variable selon le
sujet.

L'indice d'intensité globale, déterminéd A partir de 1l'intensité des
différents symptdmes, fait apparaitre que dans 47 % des cas les tiroubles restent &
un niveau faible. Par contre ils sont modérés (intensité 2) dans 12,1 & des cas. Le
niveau de sévérité 3 n'apparait gue pour 3,8 & des troubles. En définitive sur les
132 dossiers ayant été soumis A l'analyse statistique seul 37,) % des sujets n'ont
présenté aucun signe.

Cette proportion de sujets indemnes apparait beaucoup plus importante
pour ce qui concerne la période post-simulation. 51 % des sujets ne reldvent aucun
trouble. Parmi les troubles les plus fréquemment rencontrés A 1l'issue des sessions
on note la sensation d'détourdissement, les troubles passagers de l'équilibre et les
céphaldes. L'intensité de ces symptlmes reste faible dana 34,8 % des sujets. Elle
est modérée dans 9,8 % et sévére dans 3,8 %,

Pour la plupart des pilotes interrogés les symptdmes disparaissent
rapidement, généralemant aprés 3 ou 4 aéances. On note cependant que sur l'ensemble
des réponsas, 8 sujets signalent une persistance de la symptomatologie au deld de
la dixidme séance de simulation. Parmi les 47 pilotes des escadrons de Mirage 2000,
qui sont les utilimateurs privilégiés des simvlateurs de corbat, 4 pilotes déclarent
la persistance des troubles bien qu'ils aient été exposds répétitivement. L'intensité
des sympt8mes est faible dans 3 cas, modérée dans le dernier.

. Susceptibilité générale aux cinétosmes :

La figure 1 présente l'histogramme des scores do susceptibilité calculéds
& partir des questionnaires pour 153 pilotes. La distribution des scores ne diffédre
pas sensiblement de celle rencontrée, par exemple, dans une population de candidats
cosmonautes. Un groupe de 3 pilotes se ddétache cependant avec des scores élevés,
supérieurs & 90 ce qui signe habituellement une susceptibilité importante aux cinétoses.
Deux de ces pilotes sont des chasseurs, le troisidme est un pilote d‘'hélicoptéres .
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D'une manidzre générale, dans cette population essentiellement composée de pilotes
de chasse on retrouve un peu plus de 20 & & 25 % des individua qui peuvent dtre
considérés comme assex susceptibles au mal des transports.

- Analyse statistique
L'analyse statistique des données o'est revilde relativement décevante
dans la mesurs od slle dégage peu de grandes lignes directement exploitables.

La matrice d'intercorrélation présentée A la figure 2 a &té détablie
sur les variables représentatives de la population et du mal des simulateurs. lLas
variables sont pour la population la nombre A'heure de vol (HDV), l'dge, la sensibilité
aux cinétoses (SENS), le nombre de séances de simulateur (NSES). Les variables prises
pour le mal des simulateurs sont le nombre de signes pendant la simulation (NSIP),
%'intcnuti)do ces signas (ISIP), le nombre et l'intensité des signes post-simulation
NSIA, ISIA).

L'examen de cette matrice ne permet pas de dégager de corrdlation trids
intéressante en dehors de la liaison entre le nombre et 1l'intensité des signes pendant
et aprds lz simulation. Cette corrélation n'est cependant 8 trds surprenante. En
fait c'est une constatation négative qui apparait la plus intéressante, dans la mesure
od l'on n'observe pratiquement pas de corrélation entre la susceptibilité générale
aux cinétoses et le mal des simulateurs.

Ces premiers résultats permettent de comprendre assez facilement que
1'analyse de correspondance multiple effectuée par la suite n'a pas apporté d'éldments
plus attrayants.

DISCUSSION

Les résultats obtenus lors de cette enqudte sont cohérents avec les
travaux mends par d'autres auteurs (1,5). En effet selon KENNEDY et Coll. 1l'incidence,
selon la séverité du critére choisi, se situe entre 70 § et 20 % des sujets, Ces
chiffres sont & comparar aux 67 & et 15 8 qui ressortent de cette étude ; pour sa
part CROWLEY trouve une incidence légdrement inférieure puisqu'elle se situe A 40
$ des aujets.

L'étude que nous avons mené eat une étude globale. C'est 3 dire ‘elle
incorpore différentz types de simulateur et parmi les simulateurs de combat différentes
installations. Ce fait peut expliquer des différences qui pourraient apparaitre avec
des études mendes spécifiquement sur un type de simulateur.

L'un des pointa qui ressort nettement est le manque de corrélation
existant entre la susceptibilité générale aux cinétoses évalude A& 1l'aide d'un
questionnaire et la sensibilité au mal des simulateura. Ce résultat n'est pas
fondamentalement en désaccord avec les donndes de la littérature puisque RBASON et
DIAZ (7) avaient déjd souligné la faible valeur prédictive de ce type de questionnaire
pour le mal des simulateurs. De mdme CROWLREY rapporte que la sensibilité au mal des
simulateurs dans le simulateur de 1'AH~1 cobra n'ast pas associde avec une histoire
antérieure de mal des transports. Cependant, pour KENNEDY et PFRANK il existerait une
corrélation quoique faible.

Ce manque de prédictivité des questionnaires anamnestiques, par ailleura
bien corrédlés avec les résultats d'édpreuves vestibulaires, amdne donc & envisager
le probléme de la nature desz stimulations causales.

Il ne fait pas de doute Que les manifestations observées, tant au cours
qu'd 1l'issue des séances de simulation, sont lides 3 un processus d'adaptation au
niveau du asystdme nerveux central. On peut parler ici “d'actualisation" du moddle
interne de la dynamique du corps, tel qu'il est présenté par YOUNG (9).

Les troubles observés dans las simulations du combat & base fixe peuvent
#tre rattachés sana trop de probldme aux cinétoses induites visuellement dont les
nécanismes ont &été largement <tudiés par DICHGANS et BRANDT (3). Pour da'autres
simulateurs, comme les simulateurz de mnission A base mobile dotés de visualisation
en champ large, les mécanismes en causa sont sans doute plus complexes.

Pour leur part les Questionnaires anamnestiques explorant 1la
susceptibilité individuelle au mal des transports font appel 4 des questions portant
principalement sur des conflits comportant des stimulations vestibulairxes de poids
fort. Il serait alors tentant de considérer que ces questionnaires, adaptéa
approximativement au mal des tranaports dana des conditions “"naturelles" terrestres,
ne correspondent pas & des applications plus spécifigques. Il faut toutefois noter
que les résultats obtenus nar DAUNTON et coll. (2 ) ne vont pas dans ce sens. Il
semblerait en effet chezx 1l'animal ue les sujets sensibles aux stimulatione
vestibulaires soient ceux qui répondent alement aux stimulations visuelles.Par contre
les résultats présentés par MONEY et Coll. (6) sont plus cohdrents puisqu'ils montrent
que les sujets sensibles aux tests vestibulaires classiques uvent se révéler
insensibles des cinétoses induites par un conflit visuo-vestibulaire(prisme de DOVE).
Le faible nombre de sujets inclus dans cette expérimentation exclut cependant toute
généralisation.
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Le probldme de la susceptibilité individuelle aux diverses formes de
cinétose reste de toute fagon un obstacle épinsux pour la compréhension des mécanismes
du mal des transports.ll dépasae d'ailleurs largement le cadre de cette étude et du
probléme du mal des simulateurs.

L'incidence du mal des simulateurs observé dans les unitds de 1'Armde
de 1'Air Frrangaise apparait relativement identique aux observations effectudes dana
d'autres pays. On doit souligner que dans la grande majoritéd des cas ces manifestations
restent modérdes et a'‘estompent rapidement aprds quelques adances. Sur 1le plan
opérationnel deux problémes peuvent 8tre envisagés. Lam implications dans le domaine
de la sécurité des vols ne aemblent pas vraiment trds cruciales. Les mesures de bon
lon: q?: ont été proposdes jusqu'd présent semblent régler le probléme d'une manidre
satisfaisante.

La problime avancéd par FRANK et KENNEDY de la fiabilité de la simulation
apparait beaucoup plus complexe. Les résultats obtenus au cours de cette étude ne
permettent pas d'apporter d'éléments en cette matidre.

Il faut toutcfois remarquer gque toute simulation repose par principe
sur la génération d'illusions senmorielles.

Plus ces illusions sensorielles sont fortes, plus la simulation reste
réaliste comme c'est le cas pour la simulation de combat. L'intérét opérationnel semble
évident pour les pilotes et nous n'avons recueilli aucun avis négatif sur ce point
dans notre enquite. Plutdt que de conaidérer ce type de simulation comme "mauvais",
peut-étre vaut-il mieux prendre sas effets secondaires comme "la rangon du progras®.
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Fig. 1 : Histogramme des acores de susceptibilité aux cinétoses déterminés
par le questionnaire pour une population de 153 pilotes.
HODV 1,00
AGE 0,88 1,00
SENS =-0,06 Q,03 1,00
: NSES 0,27 0,16 0,01 ), 00
NSIP 0,00 0,04 0,18 -0,09 1,00
ISIP 0,06 0,06 0,16 0,04 0,79 1,00
NSIA 0,08 0,14 0,23 -0,12 0,36 0,41 1,00
ISIA 0,07 0,07 0,22 -0,0S 0,44 0,47 0,80 1.00 §
.f i
¢ HDV AGE SENS NSES NSIP ISIP NSIA ISIA ‘
! . 3
| i l
X
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Fig. 2 : Matrice d'inter-corrélation des variables représentatives de la o
population et de l'incidence des troubles. .
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DISCUSSION

PRICE: Did you obtain data relative to how long after simulated flight the post-
simulator-run symptoms persisted?

LEGERt Yes, we gathered some data but it was not presented in this paper. I would
Say that most of the after-effects occurred within 13 minutes. Moat after-effects
stopped very rapidly. 1 do not recall any late post~run effecta like some of thoae
reported by Dr. KRennedy.
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SIMULATOR INDUCED SICKNESS AMONG HERCULES AIRCREW

L.E. Magee, L. Kantor and DM.C. Sweeney
Defence and Civil Institute of Enviroament Medicine
1133 Sheppard Ave. West, Downsview, Ontario, M3M 389 Canada

. BUMMARY

The purposss of this study were to Investigate the incidence, severity and time-course of simulator sickness among
pllots and fiight engiaeers tralaing oa a C-130H (Hercules) fight simulator, and to ssess the influence of fight exper
ence on susceptidility. Evidence of simulator sicknes was collected by questionaalre, tests of balance, and obsetvation.
The questionasites were completed at the conclusion of a four-hour tralning sesslon and 20 hours later. The balance
tests were parformed immediataly prior to and immediately following the training semion. Overt signa of palior, sweat-
ing, drowsiness and visual nystagmus were also recorded al these times. Thirty-five of the 42 alrcrew (e, 83%) tested
reported charscteriatic symploms of simulator sicknwss. The most prevalent wers eysstrain, mental and physical
fatigue, and aftersensations of motion. Some effects persisted following simvlator tralning for many hours although
most ware not severe. Few had delayed coset. Although eleven auhjects (26%) reportad loas of balance at the end of
the training session, performance on the balance tasts improved; this suggests & practice effect which masks ataxia.
With the exception of occasional nystagmus, no overt sigms of simulator sickness were evident. The relationships
between alrcraft experience, both general and type-specific, and diagnostic scores based on symptoms were examined,
There was no evidence to indicate that experience influenced susceptibility to simulator sickness.

INTRODUCTION

The Defence and Civil Institute of Environmental Medicine has begun to determine the incidence, severity, and
time-course of simulator sickness resulting from the use of fight simulstors within the Canadian Forces. The purposes
of this work are (i) to provide a rational basis for flight restrictions following simulator training, (1i) to make interim
recommendations to alleviate the problem, and (iii) to identify salier* churacteristics of Canadian Forces flight simula-
tors that seem to instigate sickness and that possibly limit training effectiveness.

In the present study symptoms experienced by alrcrew training on a flight simulator for a multi-engine transport
aircraft, the Cl!‘ﬂhm reported. This simulator was suspect as a result of pilot reports accumulated during the
acceptance period following its installation at Canadian Forees Base Trenton in February, 1985, Pilots had been given a
questionnalre by instructional staff to help validate the simulator. Complaints about the handling characteriaties of the
simulator were obtained. Jerkiness in nose wheel steering, overbraking, oversensitive throttle, oversensitive
rudder/alleron and instability despite trim were typical comments on simulator handling chara-teristics. *Ballooning™

on round out during landings and unrealistic ground effects were noted. Accompanying these com,.i«ints were those of
vertigo, disorientation, dizsiness, headache, stomach disturbance, nausea and eye strain. Two pilots had vomited follow-
ing simulator flights. Shortcomings in the handling characteristics of the simulator were subscquently addressed by
software modifications to the computer algorithms, but the extent to which they were corrected and the extent to which
simulator induced sickness remained were uncertain.

Sensory conflict prevalls as an explanation of simulator induced sickneas, Sickness is thought to be generated as a
result of conflicts among existing inputs from the spatial senses and those expected from memory (for a review, see
McCauley (1)} The basic assumption, that uncorroborated sensory signals give rise to sickness, has found support in
experimental findings which suggest that experienced operators are more susceptible to simulator sickness than students,
or those with little or no previous experience with the vehicle (2-6). Casali and Wierwille (7) suggest that kinematic
modelling of the vehicle is perhaps the mast fundamental and critical factor underlying the dynamic fidelity of a simula-
tor. In a comprehensive summary of the literature (1) temporal discrepancies batween the response characteristics of the
simulated and actual alrcraft are identified as a prime source of simulator sickness. Response lags and temporal asyn-
chronies were known to exist for the visual and motion aystems of the C130(H) simulator, On these grounds it was
hypothesized that C130(H) aircrew familiar with the Hight characteristics of the aircraft would be more susceptible to
simulator sickness than students with no experience because the experienced personnel would be sensitive to additional
conflicts between sensory expectations derived: from long term memory and the immediate sensations derived from the
simulator session. Consequently, empirical data were sought to compare the susceptibility of experienced and noviee ain
crew. Greater susceptibility among experienced nircrew would implicate the simulator's dynamic features as a cause of
simulator induced sickness and would provide further support for the theory of sensory conflict.

METHODS

Participanta

Thirty-one pilots and eleven Hight engineers scheduled for training on the C-130H (Hercules) simulator participated
in this study. Both experienced (7 flight engineers, 19 pilots) and novice (4 fiight engineers, 12 pilots) aircrew, all males,
participated. The experi~nced group consisted of aircrew that had come from their squadrons to the simulator facility
for advanced tralning. Some members of this group had already used the simulator. Their experience on the simulator
ranged from 20 to 124 hours, with a median of 90 hours, but at least three months had elapsed since their last session
on the trainer. This group also had accumulated between 450 and 5500 hours of fiight time on Hercules aircraft (E and
H models) with a median of 1250 hours. These estimates for the number of hours of training on the simulator and the
number of hours of Hercules flight exparience are based on data provided by only eleven of the 28 experienced aircrew.
The remsining data were missing. Complete data from all members of the group indicated that the number of hours
they had logged on all types of airceaft ranged from 845 to 10,000 bours, with a median of 3168 hours. The median age
of this group was 32 years. Those in the novice group had no previous training on the Hercules aircraft or Hercules
simulator. This group of subj. :ts was undertaking initisl tralning for type certification. Thelr flight experience cn
other aireraft types ranged from 50 to 4340 hours, with a median of 1485 hours. Their median age was 20 years,
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Equipment

The major components of the C-13GH simulator include ar instrumented flight deck, an instructor station, a visual
display system, and a motion platform. The physical components of the simulator cockpit faithfully duplicate those of
the aircraft. Hydraulic londers with hydrostatic bearings are used to provide force feedback to the primary flight con-
trols,

The motion platform, a 500 serles design built by CAE Electronics Ltd., Is a six-post, synergistic system providing
motion in six degrees-of-freedom (DOF). The posts, arranged in pairs as inverted Vs, also have hydrostatic bearings;
each post is about 3.4 meters long. Some motion system performance characteristics are given in Table 1.

Table 1: Motion System Performance Characteristics

FI&L_M Veloelt celeratio
Pitch +38° -37° +24 " ae! 4250 ° sec?
Roll +28° +24 ° se! +250 ° sec™?
Yaw +37° 224 * see”! 3250 ° sec™?
Vertical 1.73m +0.61m see! | 31.0g
Lateral 2.44m +0.7'm sec! | +0.6g
| Longitudinal | 2.84m £0.71m sec! | £0.6g

The resorant frequency of the motion platform is recognized for its importance to simulator sickness. Sensitivity to
motion sickness is greatest about .2 Hz (8). To characterize this aspect of the C130(H) simulator a three-axis accelerom-
eter was used to record vibrations at a pilot’s seat while he flew a typical circuit. Power spectral analysis of the data
indicated that the magnitude of frequencies between 0 and 2 Hz did not exceed .01 g RMS. There was no evidence that
the resonant frequency of the simulator resided within this range or that the energy levels within this range approached
hypothetical thresholds for simulator sickness (9).

The visual display system consists of six separate "windows": the front, quarter and aft (side) windows of tne pilot
and cu-pilei. Only five of the six wirndows are octive at the same time. Either of the aft windows, but not both, is
active depending on whether the pilot or co-piiot is flying the simulator. Four separate "channels” of computer-
genersted imager; drive the 5 active windows. One channel drives both front windows so that the imagery displayed to
the pilot and co-pilot is identical. In other words, there iz no parallax between the two forward windows; pilot and co-
pilot see exactly the same scene as if they arc at the same vantage point. A resulting visual effect is that both pilot and
co-pilot, for examp:e, may simultaneously perceive themselves to be centered on the runway, although they sit on oppo-
site sides of the co kpit. The seating positions of the aircrew are shown in Figure 1.

Figure 1: Seating positiona of the aircrew
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A Rediffusion Novoview SP2 system generates the computer imagery. This imagery is displayed on high resolution
CRTs (780 x 1000 pixels) through a beam splitter and collimating mirror. The computer generated imagery (CGI) sys-
tem Is capable of producing about 4000 light points and 200 surfaces. Day, dusk, and night scenes may be seen. Max-
imum brightness of the displays are 2.5 foot-lamberts (Iv-L) for day acenes, 1.5 ft-L dusk and 0.5 ft-L night, The field-
of-view for the three active windows on the pilot's side of the cockpit subtends about 120 degrees horizontal and 40
vertical. System remction times to discrete control inputs are shown in Table 2 for the attitude dispiay indicator (ADI),
motion and visual systems. )

Table 3: Throughput Delays For AD], Motion And Visual Systems (milliseconds)

Axis
| Delay (ms
Take-off | Cruise { Landing |
PITCH
Visual 210 210 220
ADI 260 230 260
Motion 170 180 180
ROLL
Visual 200 210 230
ADI 240 260 280
Motion 190 190 200
YAW
Visual 250 240 240
ADI 240 240 230
Motion 180 200 200

Unfortunately, it is not possible to determine the extent to which the control loop display lags shown in Table 2
differ from actual contrcl response lags as the latter are unavailable. However, the visual display lags presented in this
table are relatively large and appear to be more than sufficient to generate simulator sickness (8). It is also instructive
to note (i) that the length of the lags vary with different stages of flight, (ii) that the lags vary with the type of control
used (elevators, silerons and rudder), (iii) that visual, motion, and instrument lags are out of phase, (iv) that the

temporal asynchronies are inconsistent, and (v) that motion platform response precedes visual system response.

Procedures

The experimenter observed and tested each subject immediately ‘ -fore and immediately after the training session.
The presence and severity of any overt signs of pallor, sweating, drowsiness and visua!l nystagmus were recorded at these
times. Methods for these ratings can be found elsewhere (10). Two balance tests, the Walk On Floor Eyes Closed
(WOFEC) and the Sharpened Romberg (SR) were given. Detailed descriptions of these tests are provided by Fregly,
Graybiel and Smith (11).

The number of subjects in the simulator during any single session varied; there were always two pilots and some-
times one or two flight engineers. Each simulator session lasted four hours with a coffee break midway through the ses-
sion. The pilots switched positions following the coffee break, allowing the person who was first co-pilot the opportuaity
to be aircraft commander and vice versa. Since the research literature indicates that aircrew adapt to the simulator
within a few training sessions (eg. (8)), all subjects were tested on their first day. Following the training session each
subject completed a symptom questionnaire to indicate the presence and severity of aftereffects. Subjects were
requested to return twenty hours later to respond again to the questionnaire. They were assured that their performance
and responses would not affect their career and that their results would be confidential.

RESULTS & DISCUSSION

Ninety-five percent of the subjects experienced at least one symptom listed on the questionnaire given to them

immediately after their training session on the simulator. A summary of their responses is presented in Te.ble 3.
The most commorly reported symptoms include eye strain, after-sensations of motion, mental and physical fatique, and
drowsiness. Most symptoms ware rated mild, some moderate, none severe. The types of symptoms and their severity
are similar to those reported in the literature. No subject reported severe simulator sickness as might have been
expected on the basis of the anecdotal reports of pilots who flcw the simulator scon after its installation. This may
mean that some of the more provocative characteristics of the machine were corrected by software modifications. It
may also mean that instructional staff learned to avold practices known o precipitate simulator sickness, such as freez-
ing the visval display or rapidly repositioning the aircraft (9).

To determine whether the overall incidence and severity of the symptoms reported by each group differed reliably,
diagnostic criteria established by Kennedy, Dutton, Lilienthal Ricard and Frank (12) were used to rate the responses.
They have published explicit criteria for evaluating simulator sickness. The criteria provide a means by which symp-
tomatology may be ordered according to severity. A zero to seven scale is used; seven represents emesis. This rating
scheme was used to avold exaggeration of differences between groups due to high correlations among the responses to
some symptoms, possibly accounted for by overlap in symptom meaning.

Diaguostic scores based on the questionnaire data are given in Table 4. The Mann-Whitncy U test was applied to
these scores to determine whether the two groups differed. The result was found to be non-significant (2, = -1.1; p >
.05). It is of interest to note thot twelve per cent of the aircrew obtained a diagnostic score of 3 or more which is
believed to represent a threshold for voluntary training on the simulator (12).
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Table 3: Frequencies Of Immediate Symptoms

Novics Experienced Total

(a=10) _(a=28) (amt3)

Symptom tion Mild | Moderate | Severe | Mild | Moderate | Severe

1. GENERAL L.OSS OF WELL-BEING 3 4 3 10
3. WARMTH 8 2 8
3. HEADACHE 2 1 4 2 ]
4. PHYSIOAL FATIGUE [} 1 9 5 21
8. STOMACH AWARENESS 3 3 [
5. VOMITED(EMESIS) 0
7. _LOSS OF BALANCE 5 5 1 11
8. EYE STRAIN 7 1 15 4 27
9. BLURRED VISION 1 9 1 11
10. LOSS OF DEPTH PERCEPTION 2 1 3 []
11, INVERTED VISION 1 1
12. VISUAL FLASHBACKS 1 1
13. APATHY 3 4 1 8
14, MENTAL FATIGUE 7 13 2 22
15. DROWSINESS 5 12 17
18. CONFUSION 1 3 4
17. DIZZINESS 1 3 4
18. VERTIGO 1 2 3
19. LEANS 5 5
20. SPINNING SENSATIONS-ROTATION 1 7 1 9
21. TRANSLATORY SENSATIONS 3 5 1 []
22. DISORIENTATION 1 4 []
23. AFTER-SENSATIONS OF MOTION 4 1 17 H] 25
24. DIFFICULTY IN FINE MOVEMENTS 1 8 9
28. LOSS OF APPETITE 2 1 3
26. EXCESSIVE SALIVATION 1 1 3
27. BURPING 0

28. MOVEMENT OF VISUAL SCENE 3 7 10
TOTAL 61 ] Q 152 F1d 0 248

Table 4: Diagnostic Score Frequencies - Imraediate Symptoms

Experience Diagnostic Score Total
0 1 213415

Noviece 4 4 7101011 16

Experienced | 3 6 113 13]011 28

Total 711072 [(3j0]2 42

sensations of motion for a brief period of time (approximately 5 minutes), ten hours after training.

B s e LI R IR PR P SR

When asked the next day, a large number (81%) of subjects indicated that their symptoms lingered or that new
symptoms arose following training. Table 5 provides a summary of the responses. It shows that the most commonly
reported symptoms for both the experienced and novice groups were physical and mental fatigue, eye strain, drowsiness,
after-sensations of motion, and headache. Most of these symptoms were mild, few moderate, none severe. Some symp-
toms lingered briefly for a few minutes, others persisted for many hours. One subject said he had a headache for 20
hours. Subjects experienced lingering symptoms for a median of 2.5 hours. There were three reports of delayed onset.
One individual (experienced) reported that yhysical fatigue set in two hours after ending the tralning session, lasting
eight hours. Another (novice) reported that physical fatigue set in 1.5 hours following training and lasted approximately
1.5 hours. A third subject (novice) reported that he experienced visual flashbacks, translatory sensations and after-

!
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Table 5: Frequencies Of Delayed Symptoms

Noviee Experienced Total
(n=10) (ne=22 (n=38)
‘ Symptom/Reaction ' Mild | Moderate | Severe | Mild | Moderate | Severe
1, GENERAL LOSS OF WELL-BEING 1 1 1 5
3. WARMTH 2
3. HEADACHE 2 1
4. PHYSIOAL FATIGUE 8 1
8. STOMACH AWARENESS _
[e._voMrTED(EMESIS)
7._LOSS OF BALANCE
8._EYE STRAIN
9. BLURRED VISION []
10, LOSS OF DEPTH PERCEPTION 2
11, INVERTED VISION 0 i
2
3

- o I I
o

-

»
o

" 18D i3 (¢
-
]
-
-
-

12, VISUAL FLASHBACKS
[ 13. APATHY
14, MENTAL FATIGUE
15, DROWSINESS
18. CONFUSION
17. DIZZINESS
18. VERTIGO 1
19. LEANS 1
20. SPINNING SENSATIONS-ROTATION 1
21, TRANSLATORY SENSATIONS 1
22. DISORIENTATION
23. AFTER-SENSATIONS OF MOTION 2 5
24. DIFFICULTY IN FINE MOVEMENTS
25. LOSS OF APPETITE 1
26. EXCESSIVE SALIVATION
27, BURPING
28. MOVEMENT OF VISUAL SCENE 1
TOTAL 45 4 0 55 14 0
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‘The pattern of responses to the delayed questionnaire was simllar for the two groups. Diugnostic scores are showa
in Table 6. The groups did not differ according to the Mann-Whitney U test (2, = -1.1; p > .05). On the basis of this
evidence, and the negative result noted above, there is no reason to conclude that there is any relationship between
diagnostic score and flight experience on the Hercules aircraft. The empirica! data do not implicate the mathematical
model as a primary cause of simulator induced sickness, nor do they aflirm the notion that experiential knowledge of
vehicular dynamics predisposes aircrew to simulator sickness,

Table 8: Diagnostic Score Frequencies - Delayed Symptoms

Expetience Diagnostic Score Total

0 1]213[(415
Novice 3 715111010 Li] :
Experienced | 8 | 8 |4 [1]1]0] 23 1 .
Total 12 1156 {92110 39 : )
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Since the numbers of flight hours logged by members of each group overlap considerably it is possible to examine
more generally the relationship between Hight experience and simulator sickness. Total flight hours on all types of air
! craft were correlated with diagnostic scores obtained from the immediate and delayed questionnaires. Because flight
i experience and age were found to be positively correlated (r == .67), and because sensitivity to disorientation and vertigo
ls kncwn to inoresse with age (13), it was necessary to remove variation with age to determine the relationship between
flight experience and diagnostic score, A partial correlation between the two variables of interest was computed. Also,
because the criterion messures are ordinal, and contaln many ties, the ranking technique suggested by Ferguson (14) was
used to calculate correlation coefficients. The coefficient of correlation between total fiight hours and disgnostic score,
accounting for age, Is .03 for immediate symptoms and -.17 for delayed symptoms, clearly non-significant values. These
values do not change if the data for pilots alone ars used. The lack of a relstionship between total flight hours and
disgnostic score suggests that general flight experience is also ineffective in influencing simulator induced sickness.
t There is no resson to believe that experienced aircrew are differentially sensitive to simulator characteristics, including
: its dynamic festures. Therefore, temporal asynchronies between visual and motion systems do not seem to predispose
experienced aircrew to simulator sickness contrary to expectation.

The results of the balance tests confirm this conclusion. A split-plot analysis of variance using the scores obtained
from the WOFEC test revealed a significant practice effect (F{1,36)m=11.1, p < .002) in the absence of an interaction
effect between group and replication, or main cffect due to experience. Similarly, only a significant main effect due to
practice (F(1,38)=5.1, p < .03) was found for the SR balance test. Subjects showed a general improvement in balance.
This is an interesting result considering that 25 subjects (30%) reporied aftersensations of motion upor leaving the
flight simulator, and that 11 (26%) reported loss of balance.

We suspect that practice effects mask ataxia. Failure to find degraded performance as a result of simulator expo-
sure has been reported by Kennedy et al (15). In attempt to reconcile this result with that of Crosby and Kennedy (16),
who found significant ataxia problems following a four-hour training session, they postulated that insufficient exposure
to the simulator was the reason why they did not detect loss of balance, maintaining that the postural equilibrium tests
are sensitive enough to measure meaningful effects. In the present study the duration of the training session was as long

as :ll:m of Crosby and Kennedy. With the exception of occasional nystagmus, no overt signs of simulator sickness were
evident.

The association between flight experience and simulator sickness is a topic of longstanding interest. Havron and
; Butler (2), the first to document simuiator sickness, said that "Instructors reported sickness somewhat more frequently
and in a more extreme form than students”. Havron and Butler suggested that instructor’s expectancies are more firmly
i fixed; consequently, they may be more sensitive to simulator inadequacies. But, tkey also offered slternative explana-
tions, noting that the students handled the controls more often, and that visual distortions may be more apparent to

the experienced pilot who scans the entire visual scene rather than concentrating on a specific area. '

Miller and Goodson (3) also suggested that experience may be an important factor in the genesis of simulator sick-
ness. This suggestion was based on their finding that 60% of instructor pilots reported symptoms compared to 12% of
student pilots. They suggested that a difference in willingness to report symptoms may be one factor that helps explain
the difference In incidence between instructors and students. McGuiness, Bouwman and Forbes (8) found that aircrew
with more than 1500 flight hours had a higher incidence of symptoms than less experienced aircrew, but they note that
other characteristics of the subject populations complicate the interpretation of this result. Physiological changes result-
ing from aging may influence susceptibility, they say, beeause problems of disorientation and vertigo increase with the
age of aviators (13). Paradoxically, the relationship betweer age and experience is used by Kennedy (17) to help explain
a finding in apparent contradiction to the rest of the research literature. He found that more experienced flight
engineers reported fewer symptoms of simulator sickness than seemingly less experienced personpel. He explains that
loss of vestibular and visusl sensitivity with age may afiord some protection from simulator sickness by reducing the
salience of conflicting cues.

In conclusion, the research literature provides a small amount of circumstantial evidence, often gathered inciden-
tally, bearing on the significance of flight experience. A variety of confounding variables have been offered to cloud the
establishment of a clear relationship between flight experience and susceptibility to simulator induced sickness. The
significance of the present study is that it directly assessed the role of experience, examining the relevance of both type
specific and general aircraft experience, and that it took into account age as a confounding variable. The results chal-
lenge the generality of the notion that flight experience predisposes aircrew to simulatcr sickness. However, we do not
regard our resuits as definitive. One reasonable explanation for the apparent ineffective role of experience in the present
study Is that the experienced group possessed both simulator and aircraft experience. They may have learned to reduce
simulator induced sickness by spontaneously practising techniques to alleviate its occurrence, such a3 minimizsing head
movements or avolding the visual display (see (9)). Insufficient data were obtained in this study to dissociate these
facets of experience. Clearly, additional experimentation is needad to clarify further the associations among simulator
fidelity, flight experience and simulator induced sickness.
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DISCUSSION
UNIDENTIFIED QUESTIONER: Did you cbserve some nystagmus?

NAGEE: Yes, we did. It was a very rars event, but we picked this up on three or four
different occasions, but we are unable to explain these responses. I should have men-
tioned that there were no overt signs of pallor, sweating, or drowsiness., Also, we
saw ?I:Igl\ll onh a couple of occasions before the simulator run, 30 these data are not
meaningful.

GUEDRY: Under what conditions did you cbserve the nystagmus?

MAGEE: We simply observed subjects' ayes as they followed our fingertips, i.e., as

they looked to the left, to the right, up, and down. It was not sophisticated testing.
(Note: Answer did not clearly diatinguish betwe~n evaluation of quality of pursuit eye-
ti'aok%ng, presence of gaze nystagmus, etc., but this was obvioualy not a primary objec- ‘
tive. :

PRICE: Did you say that 60% of the subjects experienced after-effects, or 60% of those
Who presented symptoms had after-effects?

MAGEE: 60% scored greater than 2 on the diagnostic scale. Twenty-five of the 42 subjects
scored at least 2, 3, 4, 5 on our diagnostic scale.

PRICE: So that was not related to after-effects but rather percent having symptoms?

MAGEE: Yes. (Note: Magee's Table S shows that 12 of 39 subjects indicated Delayed Symp-
tom Scores of 2 or greater.)

BENSON: Coming back to the problem of ataxia following exposure, do you have any idea
of the incidence of ataxia following real flight?

NAGEE: No.

BENSON: I think we need this comparison between effects following real and simulated
ghts,

MAGEE: Yes, but I think it is more important to examine these ataxia tests - they seem
very insensitive. I was alarmed by how easy it was to improve performance by practice,
by simple things like distributing more or less weight across the two feet, locking one
knee behind the other, etc. We need to improve our tests of ataxia hefore moving to the
problem of comparing effects of actual flight and simulator flight. (Note: There are
elaborate methods of evaluating ataxia as lndicated by Parker later in the meeting.)

BENSON: The queation is whether or not ataxia ia a simulator effect or one that also
occurs during real flight.

BERRY: If I understood you correctly, there was a coffee break in the middle of the
T-hour session?

MAGEE: Yes.

BERRY: Did you evaluate whether coffee or tea consumption during the break had any
eITect on performance?

MAGEE: No.
BERRY: I would think that there might be a significant effect.

MAGEE: I don't know, These fellows drink a lot of coffee all the time. If we deprived
them of coffee, we may have found a larger effect.

DOPPELT: Although it was not the point of your paper, did you do any analysis as to
training-effect activity relating to the symptoms?

MAGEE: None., I'd love to.

CASALI: Given the level of transport delay inherent in the simulator control loop, do :
you have any information on how the tracking performance in the simulator and control i
reversals correlate with what is actually experienced in the plane? !

MAGEE: No, I did not measure performance. I know that we were not having problems
with oscillation, but I have no measure of actual tracking performance.
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‘ SINULATOR SICKRESS IN THE ROYAL AIR FORCR: A SURVEY
§ J W Chappelow
i RAF Institute of Aviation Medicine :
' Faraborough :
: Hampahire GUl4 €832 -
3 SRBMRY
3 A qQuestionnaire survey was undertaken of pilots with experience of two air combat
. simulators. Two hundred and seventy one respondents coapleted quastionnaires, some up
. to two years retrospectively and others imsmediately after a simulator session. There
4 were, thus, four separate atudies. The questionnaires sought information on the

incidence of disequilibrium and other symptoms experienced in the simulator and after
leaving it. The proportion of those suffering at least one symptom in the simulator
varied between 30t and more than 90% across studies (53.5% overall). Howevaer, not all
the symptoms reported were unequivocally ascribable to disequilibrium., The proportion
of each sasple reporting delayed symptoms waa between 10% and 50% (13% averall), The
effect on the respondenta' motivation to use the simnlator was negligible.,

INTRODUCTION

The surveys reported in this document were undertaken at the behast of tha Simulator
Technology Research Liaison Committee of the Ninistry of Dafencea. The iatereat in
simulator-induced sickness waa provoked by reports originating in the Unitel Statas of
¢ Amarica suggesting that modern simulators, particularly those with wide fiald of view
B visual systems and no motion platforms, could induce symptoms of disequilibrium both in
the simulator and some time after leaving it. Delayed symptoms could posi: a 8serious
threat to flight safety. Symptoms expsrienced in the simulator could compromise
tiuiniug by direct interferance or by reducing the trainee's motivation to use the
simulator,
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Rennedy et al (1) have provided a convenient summary of seven studies of aimulator
sickness between 1957 and 1982 involving four simulator types and exposures of 30
minutes to one hour for air combat simulators and up to four hours on other types.
Among the generalisations they derived from these studies were the following:

- Nausea, dizxziness and ataxia were the most commonly reported symptoms.
[ = Incidences ranged from l1l% to 88%.
- Wide field of view was a factor.

- The likelihood of symptoms was related to the intenaity of manpeuvring or the
duration of exposurs to the simulator.

- More axperienced pilots were more susceptible.

s

They went on to investigate the incidence of simulator sickness among 64 aviators
flying one of two helicopter simulators. They found that nearly 40% reported two or
more symptoms and 808 reported at least one symptom. Kennedy et al (2) investigated
1008 aircrew members exposed to eleven simulators and found one or more symptoms in 13%
to 55% of cases. 1

L0 Aty

- One of the more disturbing studiea included in the summary was that by Kellog et al
Y (3) on an air combat aimulator. Of 48 pilots 87,5% exhibited some untoward effects.
- Nausea was reported by 79.2%, Sensations of spinning or pitching, vivid visual images of
¢ the simulator sortie and other symptoms were axperienced after leaving the simulator -
H in some cases ten hours later. The pilots were engaged in an intensive programme of air

: combat training involving approximately 12 hours of simulator flying in one week. r

Drawing on the extensive experience of simulator sickness recorded in these studies,
Kennedy et al (4) have proposed guidelines for simulator use intended to minimize the
untoward effects. These include:

- Avoiding freeszsing in unusual attitudes or slewing the visual system while it is
visible to the pilot.

- Reatricting the duration of simulator aeasions to leas thai two houras and taking
breaks during a seasion.

~ Allowing at least one day breaks between asimulator sorties. K

- Reducing the duration and intensity of activities after long periods away from the
simulator.

The Royal Air PForce has an increasing requirement for air combat simulation, The
combination of very wide angle field of view and fixed-base cockpits in the air combat
simulators curreatly in use and projected for future use is, according to the evidence
available, potentially provocative of symptoms. Most invidious would bs delayed
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symptoms of disequilibrium sngendered by adaptation to the simulator environment., The
intention hehind the current study was to draw on axisting experience of air combat
simnlators in the RAF in order to gauge the size of the problea.

Two air coambat simulators were available for study. They had essentially similar
deaigns (fixed-base cockpits within a projection dome) but the one at the Royal Aircraft
Bstablishment, Parnborough was used exclusively as a research tool; the pilots surveyed
had taken part in a variety of trials not directly linked to air combat flying. The
pllots surveyed for their experience of the simulator at British Aerospace, Warton, had
all been engaged in air combat training.

A quastionnaire was davised in two forms: Form A was to be given to pilots ismediately
after exposurs to a aimulator for completion in two parts, the first (covering symptoms
experienced in the simulator) during the debrief, the second (covering dalayed symptoms)
three days later. PForm B was similar but was a retrospective inguiry sent to pilots who
had been exposed to the simulatora during the preceding two years. The PFarnborough
simulator was the subject of the firat phase of the investigation; pilots with
axperience of the Warton simulator were surveyed later. As a result of experience in
the tirst phase, one Queastion ("Por how long d4id you fly the simulator?") was slightly
altered to permit a tfiner categorisation of responses. The questionnaires sought
information in the following categories:

- Total flying experience

- Bxparience of the air combat simulator.
- Bffects expsrienced in the simulator.

- Delayed effects.

- Activities after flying the simulator (flying or &riving) and unusual effects
experienced while engaged in those activities.

- Unusual symptoms experienced in other simulators.
- Changes of attitude towards the aimulator.
= Other coamants.

A full list of the effects for which a Yes/No response was sought can be seen in
Tables 2 (immediate effects) and 3 (delayed effecta).

The return rate for the two retrospective studies was aprroximately 708. The results
from the two simulator sites and two forms of the gquestionnaire are sufficiently
different to warrant separate presentation in most of the tables and figures that
follow. Table 1 contains a summary of the total flying expasrience of the respondents,
Table 2 shows the incidence of immediate effects, and Table 3 that of delayed affects,

In Figure 1 the extent of exposure to the air combat simulators is summarized, Pigure
2 records the proportions of respondents suffering one, two, three, more than three or
no symptoma while flying the aimulator:; the affects "exhilaration® and "sense of well
being®" have been excluded from this and all other analysea in which the term “aymptoms"
is uszed in preference to the term "effects". Figure 3 prasents a similar analysis of
delayed symptoms.

Nany of the comments added by respondents provided interestirg qualificationsa to the
rather bald statement that a aymptom had been experienced., The following list
paraphrases and summarizes most of those comments:

- Symptoms experienced as a result of standing in the dome next to the simulator
cockpit: 29 comments (all from Warton); most of the roported symptoms were not
included in the data but 13 immediate and eight delayed symptoms reported by ten
reapondents were in a sufficiently ambiguous context tc warrant inclusion.

- Symptoms (particularly fatigue) ascribed to prolonged or high workload: 14
comments.

- Symptoas due to equipment deficiencies: These were mainly confined to criticisms of
the visual systems, eg poorly defined horizon causing uncertainty about attitude,
out of focus visual system or head-up display causing headache or visual problems
and limited reaolution of the visual syatem making target selaction difficult: 9
commentsa

-~ Symptoms due to the realism of the simulation: 8 comments, eg difficulty with
perception of attitude when near the vertical; feelings of instability
(unsteadiness) at low airspeed.
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Pigure 4: Immediate symptoms versus time in the simulator
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= Symptoms only slight or very brief: 10 cosments.

- mtor poasibly due other factors (alcohol or food): 3 comments (all from
rton),

~ BSymptoms esperienced mainly or only during visual systea resets: 5 comments.

With the exception of the 13 Warton A-Form respondents, those who suffered more
immediate symptoms appeared to suffer more delayed sysptoms as well. The correlation
(for the entir: sample) batween number of immediate s toas and number of delayed
sysptoms reported is low, but ajgaificant (r, = 0.2¢, p<0.01l)., There waa no correlation
between total flying hours and number of tuéhto or delayed asymptoma.

In considering the effects of time in the simulator on the number of symptoas
reported, analysis was restricted to reapondents reporting the modal number of days of
exposure (one for Parnborough, three for Warton). Pigure 4 showas that longer exposure to
the Farnborough simulator tended to produce more symptoms in the simulator. Combining
respondents to Forms A and B for the PFarnborough simulator yields a small, but
significant correlation (e, = 0.28, p<0.03). The reletionship is not apparent in the
Warton data for ismediate symptoms (Figure 4) or in the delayed aymptom data from either
simulator {(Figure 3).

Tabla 4 shows the number who flew an aircraft or drove a car after flying the
simulator and, of thoae, the number who did =0 with symptoms.

R PTG, . I AT e LT

Some respondents (nearly all of them in the Warton B sample) were known to have had
: wmore than one exposure to the simulator. Table 5 shows that a smaller proportion of
H thase pilots reported sysptoms, but the difference was not significant (Pisher Exact
Probability tests " v immediate sywptoms p=0.12; for delayed sywptoms p=0.36).

Respondents whu had reported immediate or delayed symptoms were asked to assess the

effect of the experience on their willingness to use the simulator. Table 6§ summarises
these responses.

TABLE 1: Total flying experience (hours)

Location: Farnborough Warton

Form: A B A B

N = 25 55 15 17€
Mean 2372 2332 613 1533
* Standard deviation 1105 1169 541 134
- Ninimsum 400 400 200 100
Naximom 5000 4700 1700 6000

" TABLE 2: Incidence of immediate effects (percentage)

Location: Farnborough Warton

Form: A B A B

N= 23 55 15 176

falae perception of gttitude a8 1) 20 35

dizziness 12 4 0 [}

spinning sensations 4 5 7 6

unsteadiness 8 4 27 13

headache 12 11 [] 1

pallor 0 0 0 1

stomach awareness 4 2 [1} 3

burping 0 0 0 1

lassitude/weakness 0 2 0 1l

- yawning 0 13 13 2
: cold aweat 1] 2 0 3
confusion 4 5 13 6
’ physical tatigue 48 25 0 3
N mental fatigue 32 33 0 6
& visual problems ] 7 0 7
¥ difficulty with fine movements 12 2 13 ?
%, «xhilaration 24 11 27 24
£ sense of well being 4 2 0 S

B e s o

— e



- —-

L sinehaningdy

-

6-8
TABLE 3i: Incidence of delayed effects (psrcentage)
Tocation: Farnborough Warton
Form: A B A B
. N = 25 55 15 176
false purception of attitude 0 0 ' 13 1
dizziness 0 2 40 2
headache 4 4 0 1
pellor 0 0 [} [y
stomach awareness 4 0 0 1
loss of appetita 0 0 0 0
nausea 0 0 0 1
vomiting 0 0 0 0
unusual physical fatigue 12 4 0 1
unusual mantal fatigue 8 5 0 1
yawning i} 2 0 1
burping 0 0 0 0
confusion 0 0 0 0
sg-inning sensations 16 4 7 2
unsteadiness 0 2 20 2
difficulty with fine movewents 1] 0 0 0
visual problems 0 0 1] 0
vivaid visual imagas 4 0 13 5
flying sensations 8 0 7 2
TABLE 4: Post-simulator activities (number reporting)
Location: Farnborough Warton
Furm: aA B a B
N = 25 55 15 176
flew an aircraft... 0 9 0 7
.. .Wwith delayed symptoms ) 2 0 0
drove a car... 20 44 8 110
...with delay2d symptoms 2 6 0 1
TABLE S: Tacidence of symptoms and number of exposures
(Warton B only)
Immediate symptoms Delayed symptoms
Number of None One or more None One or more
exposures
One 78 74 138 14
Two or more 16 8 23 1
TABLE 6: Effects on willingness to use the simulator.
{Percentage)
Lncatinn: Farnborough Warton
Form: A B A B
N = 25 55 15 176
Greatly increased 0 9 13 10
Slightly increased 12 4 7 S
No influence 44 27 47 28
Slightly decreased 4 0 0 1
Greatly decreased 0 2 0 1
No answer 40 58 33 55
DISCUSSION

General comments:

Pew significant relat.onships wete apparent in these data. The number of untoward
symptoms experienced in the simulator or afterwards was not demonstrably related to the
total previous flying experience of the pilots. There was n: sgtatistically signiiicant
change in the incidence of symptoms with repeated exposure to the simulators (Table 5).
Length of exposure to the aimulator was nst demonstrably related to the number of
& .ayed sympioms reported. However, pilots flying the Farnborough simulator were more
likely to experience symptoms durirg a long session than a short one, It is probably no
coincidence that physical and umental fatigue are the predominant symptoms reported from
Parnborough; prolonged and heavy woirkload was, apparently, a more significant problem
than disequilibrium (see Table 2) for veasons discussed below (under Immediate
symptoms) .
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Pilots who reported many immediats symptoms were also more likely to report delayed
symptoms. This finding is somewhat at variance with the notion that delayed symptoms of
disequilibrium are likely to arise as a resclt of adaptation to the simulator
envirorment, and is dus to many of the reported delayed aymptoms being continuation of
effects experienced in the simulator (eg fatigue, some reoports of diszsiness and
unsteadiness). Exceptions are flying and apinning sensations, which were most often
experienced on closing the eyus when going to bed.

The delay (over a year in some cases) in reaching some of the retrospective
respondents muat, inevitably, have allowed a number of less noteworthy effects to be
forgotten. The fact that the visit to the air combat simulator was an interesting and
unique experience for many of the respondents may hava reduced this memory loss. On the
other hand, the administration of Form A guestionnaires may, in itself, have drawn
attention to symptoms that would otherwise have gone unnoticed. Overall, it is to be
expected that the retrospective surveys (Form B questionnaires) should reveal a lower
incidence of asympioms than the A PForm questionnaires. In general this is so. The
safest course is, probably, to regard the two sets of results as representing upper and
lower bounds on an estimate of the incidence of symptoms to be expected in similar
aimulato.s. To the extent that the Warton simulator was us=d purely for air combat
training, whereas the Parnborough simulator was used for research purposes, the data
from Warton are a better guide tu what should be expected from future use of training
air combat simulators in the RA'.

The effect of untoward aymptoms on the respondents' willingness to use the simulator
(Table 6) was genarally slight and only in a few instances negative. In view of the
nature of the question (it was directed only at those who had suffered unpleasant
symptoms), it i5 surprising that the balance of responses favoured an increased
willingrieas to use the simulator. An explanation was evident in additional comments.
These indicated that many respondents thought the simulators pruvided valuable training
in important skills, and were fun to fly; the positive aspects outweighed the negative.

Immediate symptous:

A clear difference between the Farnborough and Warton respondents is evident in Table
2. Pilots flying the PFarnborough simulator reported phyaical and mental fatigue far more
frequently than those flying the Warton simulator. The most likely explanation for this
difference lies in the different purposes for which the pilots used the simulators: at
Warton students received instruction in air combat often in short (10 minutes)
sessions. At Parnborough pilots participated in experimantal trials. The necessity for
repeated and extensive measurement in aquipment evaluation jinevitably favours rather
more arduous working conditions for the pilots. In addition, in some of the trials,
pilots reported physical fatigue and difficulty with fine movements due to heavy stick
forcea. The different regimes at the two sites are reflected in Pigure 1. Most of the
Parnborough respondents had between two and six hours in the simulator in a single day.
Very few of those attending the Warton simulator achieved more than two hours simulator
time in one day; in general they spent two to four days at the site and only a small
proportion exceeded six hours in the siaulator in that time.

Leaving fatigue aside, there is some evidence of disequilibrium induced in both
simulators, the main symptoms being false perception of attitude at Parnborough and
falae perception of attitude and unsteadiness at Warton (Table 2)., However, the
qualifying comments supplied by some respondents indicate that caution is required in
interpreting these results. Symptoms such as confusion, headache and visual problems
were often associated with comments about poor contrast or focus of the visual system or
head-up display inadequacies, Some of the reporta of Jligsiness, unsteadiness and false
perception of attitude may have resulted from passive observation of the visual system.
Some symptoms were reported as being only mild or short-lived, or as due to
over-indulgence in alcohol or highly spiced food. Some ware ascribed to the realism of
the simulation, ie the respondents felt that they would have had similar experiences in
the air, and a few resulted from system resets. Although a small proportion of
respondents reported three or more symptoms (Figure 2), none appears to have been
incapacitated or seriously discomforted by his experiences.

Bearing in mind the differences between the PFarnborough and Warton rasults, it seems
likely that most untoward symptoms in air combat simulators could be avoided by
restricting the duration of training sessions to short periods and by avoiding certain
provocative conditions. Por example the visual system and head-up display should be
carefully maintained in focus; resetting the simulator with the visual system
{lluminated should be not be permitted. Intensive repetition of training sessions over
several days should be avoided., Inspection of Figure 4 suggest: that if a maximum
permitted exposure of one hour per day is observed over periods of one to three days,
then at least half tha pilots should experience no noticeable syvwptoms at all. Taking
into account the numbers reporting fatigue or symptoms ascribable to other factors, the
proportion experiencing symptoms unequivocally of disequilibrium should be small.

Delayed symptoms:

The results from the retrospective surveys indicate a very low incidence of delayed
symptoms (Table 3); this is probably a fair indication of the salience of the symptoms
as experienced by the respondents. The concurrent (Form A) results are less reassuring,
though the small numbers involved should be borne in mind. Physical fatigue (mainly
ascribed to long sorties and high stick forces) was reported by 128 of the Farnborough
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Porm A respondents. FPFour respondents (16%) also complained of spinning sensations; all
four associated the symptom with closing the eyes onh going to bed. One found his sleep
disturbed (and cancelled his first £light the next day); one reported only mild
sensations; one reported purely visual images of turning; and two thought that thinking
about the questionnaire or the simulator ride had provoked the experience,

Six Warton Form A respondents (408) reported delayed dizsiness (Table 3), Three of the
six (208 of the sample) alac reported unsteadiness. One described his symptoms as
"minor in nature®™ although they lasted for six hours, Three indicate@ that the
disziness lasted only a few minutes immediately after leaving the simulator,
Interestingly, three of the six were among those who reported experiencing symptoms
while standing in the simulator dome.

Few respundents flew an aircraft after the simulator (Table 4). The two who reported
“"symptoms® were actually commenting on a difference in hoad-up display presentation
between the simulator and their aircraft. A total of nine respondents reported
experiencing symptoms while driving a car after the simulator flight (about 58 of those
who drove). The majority of thesa reports concerned fatigue. Two concerned detachment
from reality, two disequilibrium, and one vivid visual images.

If, as suggested above, simulator air combat training is conducted in short sessions
totalling not more than an hour a day, then the risk of delayed symptoms would probably
be around 108 (taking Pigure 5 as a guide). Allowing a night's saleep before
recommencing flying duties should reduce residual risks to negligible proportions.
Although it should be expected that the majority of delayed symptoms experienced under
such a regime would be tolerable, being very short-lived or mild or occurring only on
going to sleep, the possibility of a small number of pilots suffering more severe
disturbance should be recognised, and allowed for. In view of the fact that several of
those reporting delayed symptoms of dixzziness, apinning sensations etc also reported
experiencing symptoms while standing in the simulator dome, it would probably be wise to
include time spent in such passive observation of the visual system in the one hour per
day exposure limit.

Comparison with previous studies:

The incidences of symptoms experienced in the simulator found in this survey seem
comparable with the rather broad range reported in previous studies. However, when the
raspondents' qualifying comments are taken into account, the overall impression is that
disequilibrium may be rather less of a problem in these simulators than elsewhere. The
low incidence of serious delayed symptoms supports this view, There are two main
reasons why a difference might be expected. The exposure borna by the Warton
respondents was considerably less intense than that suffered by, for example, the air
combat pilots in the study by Kellog et al (2); to a large extent it would meet the
guidelines suggested by KXennedy et al (4). Both the simulators in this survey were
primarily research devices. This fact could have implications for the standard and
amount of maintenance effort devoted to them in comparison with training simulators. As
a result, there may be less scope for the minor misadjustments or drifting out of
specification that can make the simulator feel unlike the aeroplane to an experienced
pilot.

Although the data reported here give less cause for alarm than some previous studies,
they do, nevertheless, provide support for many of the guidelines suggested by Xennedy
et al (4). Specific modifications of current practice that ssem to be justified are:

1. Avoidance or restriction of passive observation of the visual system by air combat
pilots using the Warton simulator.

2. Pinding some means of ameliorating the lot of pilots taking part i{n experimental
trials at Farnborough.
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DISCUSSION

ELLIS: You mentioned false perception of attitude as a symptom. Could you elaborate
on that? Are there any patterns to the errors in attitude perception?

CHAPPELOW: I'm afraid I can't. This was essentially a checklist and all we have ia
checks In boxes. I think the false perception of attitude reported as a delayed symptom
may well have arisen when people stopped the simulator with a large angle of roll or
pitch and then tried to step out., Some people did elaborate slightly. They had @iffi-
culty appreciating what their attitude was near the vertical.

ELLIS: If I might just follow up - the false perception of attitude refers tc an experi-
ence upon just leaving the simulator?

CHAPPELOW: Not necessarily. It could be a false perception while still in the simula-
tor or while engaged in flying, so there were two separate issues - whether it was ex-
perienced in the simulator or was a delayed symptom.

DOPPELT: Could you please describe what the scenarios were that were used in the two
simulators; that is, how they differed technically, intensity of training and so forth,
and secondly, was there a difference in the simulators in terms of the visual and control
response characteristics?

CHAPPELOW: To some extent I can answer your question. At Warton, subjects were engaged
In, to a large extent, basic air combat training. Most of them were pilots undergoing
advanced flying training. As I said, most of them got short bursts of about 10 minutes,
adding up to about an hour a day in basic instruction. At Farnborough, there was a
variety of trials; not all of them really involve much maneuvering risk, but flying in
air combat training. Some of them were air-to-ground, some of them were tests of helmet-
mounted sights or infrared devices, so there was a wide variety. Low-risk maneuvers are
certainly not as provocative as air combat. The simulators, while of the same basic
design, were different in terms of control characteristics according to which aircraft
they were simulating, and were different, I think, in terms of the visual displays used.
At Warton there is a computer-generated background earth display which is "flat fields"
with a superimposed aircraft model. Farnborough had a variety of devices, including
models which a computer manipulates,
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SUMMARY

As tochnology has been developed to provide imgroved visual and motion systems in
operational flight trainers and weapons tactica trainers, there have heen increasing
reports of the occurrence of simulator sicknesa. Simulator sickness here refers to one
or more symptoma which can occur while {n a simulator, immediately postexposura, or at
some later time following exposure. Flight instructors have complained these symptoms
interfere with simulator usage. Some pllots have reported while driving following
postexposure, they have had to pull off the road and wait for symptoms to subaide.
Instructor-operators have reported ex eriencinf "the room spinning" when they went to
bed. More critical ia the potential for in-flight problems due to prolonged ghysto-
logical effecta. As a result, flight activities after simulator flight have been
limited in some commands.

The U.S. Army Aeromedical Research Laboratory at Fort Rucker, Alabama, and the
Naval Training Systems Center at Orlando, Florida, have conducted field esurveys to
document the extent of the s*mulator sickness problems at operational fixed- and
rotary-wing simulator sites. Data are pooled from 10 different Navy flight simulators
and the Army's AH-64 flight simulator. The total number of surveys is approximately
1500, with the number of subjects in each simulator type ranglng from 28 to 280. The
simulator gsickness incidence rates and the relative frequency of specific symptonms are
presented and correlational factors such as flight experience, simulator experience,
and flight mode also are presented. Difficulties in asaessing the duration of simula-
tor sickness effecta are noted, and attempts are made to present the aymptom Auration
for the Army's AH-G4 combat mission simulator (CMS). Unique to this CMS {s its use of
the helmet display unit (HDU) in conjunction with the other visuals in the simulator.

The combined Army and Navy simulator sickness database is an ongoing attempt to
relata syaptoms to apecific equipment featuresa, simulator instructional techniques,
training procedures, and trainee characteristica. The study reinforces the need for
continued research related to system design, tralining methods, and crew rest guidelines
hetween simulator and actual flight.

INTRODUCTION

Training, the military's primary mission during peacetime, creates large and con-
tinuing demands on the financial resources allocated to the Department of Defense. For
example, it costs about $3.6 billion per year for fuel and supplies to operate military
aircraft in the United States. Much of this military flying is conducted for training
purposes. However, flight simulators can be operated at 5 to 20 percent of the cost of
comparable aircraft (Orlansky and Strin%, 1979). Generally, pilots trained {n simula-
tors can acquire necessary skills with fewer flight hours than those pllots who are not
training in simulators.

Advancing engineering technologles permit a range of capahilities to simulate the
real vorld through very compelling kinematics and computer-generated visual scenes.
Aviators demand realistic simulators. However, this synthetic environment can, on
occasion, be so compelling that conflict is estahlished bhetween visual and vestihular
information specifying orientation (Kennedy, 1975; Oman, 1980: Reason and Brand, 1975).
It has been hypothesized that in siwulators, this Jdiscrepancy occasions discomfort and
the cue conflict theory has heen offered as a wouining modei for the phenomenon labeled
"gimulator sickness' (Kennady, Berbaum, and Frank, lgﬂh) In hrief, the model postu-
lates the referencing of motion information asignaled hy the ret.na, vestibular appara-
tus, or sources of somatosensory information to "ixpected" values based on a neural
store which reflects past experience. A conflict hetween expected and experienced
flight dynamics of sufficient magnitude can exceed a pilot's ability to adapt, inducing
in some cases simulator sickness.

The nature of simulator sickness

Simulator sickness ia considered to be a form of motion sickness. Motion sickness
is a general term for the constellation of symptoms which result from exposure to
motion or certain espects of a woving environment (Casalif, 1986), although changing
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visusl sotions (Crampton and Young, 1953; Teixeira and Lackner, 1979) may induce the
malady. Pathogmonic signa are vomiting and retching; overt signs are pallor, sweating,
and salivation; symptoms are drowsiness and nausea !klnncdy and Frank, 1986). Postural
changea occur during and after exposurs. Other aigna (cf., Colehour and Graybiel,
1966; McClure and Fregly, 1972; Monay, 1970; Stern, Koch, Stewart, and Lindblad, 1987)
include changes in cardiovascular, respiratory, gastrointestinal, biomedical, and
temperature regulation functlions. Other symptoms include general discomfort, apathy,
dejection, headache, stomach awvareness, disorientation, lack of appetite, desire for
freah air, weakness, fatigue, confusion, and incapacitation. Other hshavioral
manifestations influencing operational efficlency include carelessness and incoordina-
tion, particularly in manual control. Differences between the symptoms of simulator
sickness and mora common foras of motion sickness are that in simulator sickness visual
syaptoms tend to predominate and vomiting is rare.

Previous simulator sickness research

The atudies by Havron and Butler (1957) and Miller and Goodson (1958) appear to he
the first published reports of simulator sickness. They found a substantial incldence
of symptoms among usars of the Navy's 2-FH-2 helicopter simulator. (lastructor pilots
were found to bhe more susceptible than students.) One of the first attempts to docu-
ment the problem in the Air Force was reported hy Kellogg, Castore, and Coward (1980).
They survayed 48 pilots using the Air Force simulator for air-to-air combat (SAAC) and
found a majority 588 percent) had experienced some syaptoms of simulator sickness
Sgrilnrily nausea) during SAAN training. Of particular interest were the F-4 pilots

0 reported delayed perceptual aftersffects including sensations of climbing and
turning while watching TV, or they experienced an 180-degree inversion of the visual
field while 1 lni down. The Air Force authors suggested "the users of such (wide
fiold-of-vinv¥ almulators should be aware that some adjustment may be required by
pllotas when stepping back into the real world from the computer-generated world ..."

U.S. Navy studies

An investigation of simulator sickness in the Navy's 2E6 air coabat naneuverlni
aimulator (Acusg found that 27 percent of the aircrews using the ACMS reported varying
degrees of aymgtona (McGuinneaa, Bouwman, and Forbea, 1981). The more experienced air-
crews (over 1500 flight hours) had a higher incidence of symptoms than the leas experi-
enced flight crews. Dizziness waas the most frequent symptom, followed by vertigo,
disorientation, ''leana,' and nausea. The incidence of aymptomatology was greater in
pilots than in radar intercept officers (RIOs). The authors suggested one reason for
the reduced levels of simulator sickness found in the 2E6 pilots, relative to the Air
Force SAAC, may have been the less intensive schedule of simulator time. Exposure
duration and frequency appear to he potentially important variahles, as has heen found
in other environments that produce wotion sfckness (McCauley and Kennedy, 1976).

Frank (1981) has reported almost 1 out of every 10 individuals using the 2F112
simulator (F-14) experienced aymptoms of simulator sickness, and that close to 48
percent of the 21 alrcrews sampled using the 2F110 simulator (E-2C) reported aymptoms.
Croeb{ and Kennedy (1982) have documented cases of simulator sickness in the 2F87F
(P-3C), particularly at the flight engineer's position. There also have heen reported
occurrences in the 2F117A simulator (CH-46E) (Frank and Crosby, 1982).

For the past 5 years, the U.S. Navy has conducted a ayatematic program of research
on simulator sickness. This program was initiated to (1) provide problem dafinition
using field survey data (Crosby and Kennedy, 1982; Keunnedy, Dutton, Ricard, and Frank,
1984; Kennedy, Lilienthal, Dutton, and Ricard, 1984; Kennedy, Merkle, and Lilienthal,
19855, (2) conduct a review of the litsrature (Casali, 1986; Casali and Wierwille,
1986a, b; Kennedy and Frank, 1986), and (3) convene two workshops (McCauley, 1984;
Kennedy, Berbaum, Dunlap, Lilienthal, and Hettinger, 1987, in preparation).

Subsequently, a conference of experts (Kennedy, Berbaum, Lilienthal, Dunlap,
Mulligan, and Funaro, 1987), and a more comprehensive analysis of field data (Kennedy,
Merkle, and Lilienthal, 1985; Ltlienthal and Merkle, 1986; Kennedy, Lilienthal,
Berbaum, Baltzley, and McCauley, 1987, in preparation; Lane, Kennedy, and Lilienthal,
1987, 1in preparation) resulted in the deve{opment of a field manual and guidelines for
the alleviation of simulator sickneas (Kennedy, Berbaum, Lilienthal, Dunlap, Mulligan,
and Funaro, 1987). These documents were issued as an interim meagure until experi-
mental work could be conducted to identify and measure the extent to which specific
sinulator equipment featurea promote simulator sickness. Some experimental studies
have heen conducted. Uliano, Kennedy, and Lambert (1986) conducted a study at the
Navy's visual technology research simulator (VIRS) in Orlando in which helicopter
pilots flew simulated alr taxi and slalom maneuveras in the vertical takeoff and landing
(VTOL) simulator. The results indicated the occurrence of symptoms was moat prevalent
in the first of three seassions (conducted on separate day.), dropping off dramatically
following the initfal exposure. These experimental studies are contgnuing at VTIRS, { :
with physlological measures of sickness and relationships to vection (Hettinger, Nolan, ; .
Rennedy, Berbaum, Schnitzius, and Edinger, 1987) as the main emphasis. .

The U.S. Navy also has conducted a survey in 10 flight trainers where motion
sickness experience questionnaires and performance tests were administered to pilots
before and after some 1200 sefarate exposures. From these measures on pilots, several
findings emerged: (a) specific histories of wotion sickness were predictive of simula-
tor sickness symptomatology; (b) postural equilibrium was degraded after flights in
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some simulators; (c) self-reports of motion sickness syaptomatology revealed three
major symptom clusters: gastrointestinal, visual, and vestibular; (d) certaln pilot
experiences in simulators and alrcraft were related to severity of symptoms experi-
enced; (e) simulator sickness inciderce varied from 10 to 60 parcent; (f) substantial
perceptual adaptation occurs over a series of flishtn and (g) thee was almost no
vomiting or retching, but aome severe nausea and drowainess.

In addition, a recent study examined the effects on sickness rates of differin
anergy lf.cttl in moving base simulators (Allgood, Kennedy, Van Hoy, Lilienthal, an
Hoopar, 1987). The resulta showed the incidence of sickness was greater in a simulator
with energy spectra in the region descrihbed as nausecgenic by the 1981 Military Stan-
dard 1472C (MILSTD-1472C) and high sickness rateas were experienced as a function of
time exceeding these vary low frequency (VLF) 1limits. Therefore, the U.S. Navy has
recomnended, for any moving-base simulator which is reported to have high incldences of
aickness, frequency times acceleration racordings of pllot/simulator interactions
should he made and compared with VLF guidelines from MILSTD-1472C. Howaver, in those
cases vhere illness has occurred in a fixed-basa simulator, other explanations and
fixes are being sought.

The Navy has recommended when simulator sickness symptoms, including disequilih-
rium are of sufficient magnitude, such individuals may be considered to he at risk to
themsalves and to others 1f they drive themselves home or return to demanding work
artivities. While stmulator exposure in genera) did not produce groas changes in a
person'a cognitive or simple motor abilities, some simulators induced unsteadiness
aftervarda. The Navy has recommended pilots should he indoctrinated early to identify
vhatever poatural and syaptom changes are occasioned by thelr simulator exposures and
those pilots exhibiting identifiable unateadiness and severe symptoms should remain in
ghe sizulator building until symptoma dissipate and perhaps restrict their flying for 1

ay.

These data suggest areas of future research. The results of the Navy survey have
been used to provide suggestions and criteria for future simulator design, and recom-
mendations are offered for asimulator ula%e regimen. Incidence of simulator distreas
for the separate indicants (nausea, dizziness, eye strain, ataxia) were indexed by
simulator and equipment configuration. This approach appears toc hold promise to diag-
nose the problem (e.g. alignment, inertial motion profile, cue asynchrony) since dif-
ferent symptom clusters may follow from different equipment features. Methodological
considerations of aurveys Into simulator sickness (e.g., statistical power, effects of
adaptation, individual differences, etc.) also are unﬁer investigation.

U.S. Coast Guard study

Ungs (1987) eveluated simulator sickness in four simulators. Three were rotary-
wing aircraft and one was a fixed-wlng alrcraft. Two of the simulators had computer-
generated imagery. Only 4.3 percent of the pilots reported the occurrence of delayed
simulator sickness; the interval between sinulator flights and recurrence ranged from
1 dn{ to several weeks. Symptoms ranged from digsorientation and dizzinesas to visual
flashbacks, 1lluaions, or distortions.

U.S. Army's involvement with gimulator sickness

Prior to the actual fielding of the neweat rotary-wing simulator, the AH-64 Apache
combat mission aimulator (CMS), at U.S. Army inatallations, tralning of Apache pilots
was conducted at the Singer Link facility in Binghamton, New York. At this time, anec-
dotal information indicated some of the pllots and fnstructor operators (I0) were
experiencinz symptoms of simulator sickness resembling those reported in U.S. Navy and
U.S. Coaat Guard systema. The training flights were 2 hours in duration and most of
the studenta completed the course of instruction in a week's time. Thia included 15
hours of instruction alternating between the pilot and copllot-gunner stations.
Inatructor operators were complaining of the onset of a "spinning room'" sensation while
lying in hed by the middle of a training week. Indeed, some students took Dramamine to
alleviate the effects of their symptoms. In May 1986, documentation of the problem
reached the U.S. Army Aeromedical Research Laboratory (USAARL) at Fort Rucker, Alahama.
In July 1986, the Aviation Training Brigade at Fort Rucker formed a study group to
examine the Apache training program. One of the issues was that of simulator sickness.

A brief survey of existing records and a literature search were conducted in
August 1986. Training records of 115 students from the CMS showed that 7 percent of
the students had sufficient symptoms to warrvant a comment on their grade slips. While
thia incidence ia low compared with Navy simulator sites (Kennedy, Lilienthal, Berbaum,
Baltzley, and McCauley, 1987, in preparation), rates were derivad from training records
not designed to document simulator sickness, recording only those cases severe enough
to interfare with training or to cancel a flight. The Navy has reported an incidence
rate of 12 to 60 Yereent from the same simulator (Kennedy, Frank, McCauley, Bittner,
Root, and Binks, 1984), depending on whether the data were collected by the aquadron,
the aquadron flight surgeon, or 'y an independent source with guarantee of anonymity.
Comparatively, the 7 percent incidence rute appeared t6 underestimate the magnitude of
the Army's praoblem. The literature search led USAARL inveatigators to visit the Naval
Training Systems Center (NTSC) in Orlando, Florida. From that association has grown a
working relationship geared to capitalize on lessons learned from past research and
expand the database of simulator sickness studiea. As part of that search, it also was
discovered that an independent survey in Europe by a U.S. Army flight surgeon had
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smployed the NTSC -ethodoloﬁn to survey the incidence of simulator aickness jn the
- AH-1 Cobra flight weapons simulator (Crowley, 1987).

In the report to the Army study group, it was recommended a problem definition
ntud{ be conducted to ascertain more accurately the scope and nature of the problem of
sisulator sickness in the CMS. The rcquest for that astudy vas received in February
1987. The protocol for the study was approved by the USAARL Scientific Review Commit- H
tee on & May 1987, and data collection began on 8 May 1987. This report documents the
results of that study. :

METHODS

Description of the Army system

The neweat generation of U.S. Army attack hslicopters is the AH-64 advanced attack
helicopter, commonly known ai the Apache. Thias attack helicopter is the replacement
for the AH=1 attack helicopter, known as the Cobra. The Apache helicopter provides the
commander with & seans of rapidly concentrating antitank and suppressive firepower on
targets during all environmental conditions: day, night, and adverse weather.

The Apache, built by McDonnell Douglas Helicopter Coapany, is a twin-engine, four-
bladed attack helicoptsr os.utcd by a tandem-seated crew of two (Figure 1). Planned
: operations are below 15,000 ft, and fonaully at tree-top lavel. The rear seat is
i occupled by the pilct who is responsible for flying the aircraft. The front seat is
; occupied by the copilot-gunner (CPG) who is responsible for detecting, engaging, and

deatroying enemy targets. Both stations have controla for flying the aircraft and

. instrumentation for flying in instrument meteorological conditfons (IMC). However, the
b CPG ofcen will fly the entire flight and never touch the controlsa. In general, the CPG
, will spend the majority (more than 80 parcent) of his time looking at the video display
: unit (VDU) or through his helamet uounted display unit (HDU) for target acquisition,
: designation, and engagement. The remainder of the time is spent programming his navi-
gation and weapons systems' computers in the cockpit. On the other hand, the pilot's
task is to guide the aircraft's flight path and most of his time {s spent controlling
:hcfnlrcrnf: and looking outside the cockpit inspecting for obstacles and enemy air-
craft.

s e o s 8 et P e AT

! Armament for the Apache is of three tygn (Figure 2). The primary weapon on the

: AYnchc is the Hellfire antitank misasile, a laser-guided missile capable of defeating
all currently known armored vehiclea at a significant standeff range. The 30 mm chaia
iun automatic cannon is the primary area weaapon subsystem, providing suppressive
irepover and the capability to destroy lightly armored vehicles. Another option is
the 70 mm folding fin aerial rockets which have been a atandard U.S. Army and NATO
munition for many years.

The pilot night vision sensor (PNVS) developed by the Martin Marietta Orlando
Aerospace Corporation enables pilota to fly at night and in periocda of reduced visibil-
ity. Coupled with this system ia the target acquisition and designation sight (TADS)
vwhich comhines high-power direct view optics, a forward looking infrared (FLIR) sensor
for night operations, and a high-resolution day TV syatem with a laser designator and a
laser spot tracker. The PNVS ¥YLIR sensor provides real-time imagery of the terrain for
nap-of-the-earth (NOE) flight and penetration of obscurants such as rain, fog, dust,
and amoke. Sensors for these systems are located on the nose of the aircraft in a
rotating turret which ia slaved to the pllot's and copilot's head movements.

The TADS ia operated hy the CPG; however, hoth pilots may view the vides. Nor-
mally, the PNVS is operated by the pilot, but it also can he used as a backup for the
CPG as well. The wide field-of-view of the TADS FLIR optics also is used as a backup
t for the PNVS. The pilots view the imagery produced by theae systems in one of two
ways. The first is by selecting the desired gystam and viewing it on the video diapluy
unit (VDU) mounted on the instrument panel of the pilot's console or through the dis-
plays of the optical relay tube assembly (ORT) and its assoclated VDU mounted at the
coplilot-gunner's console. The second mode is to select the display and view it through
the HDOU attached to the integrated helmet unit (IHU) of the Integrated Helmet and Dis-
play Sighting Syaten (IHADSS?.

i Each pilot can observe what his turret is looking at through the HDU. The HDU is
: an electro-optical monocular display device designed to provide the piler with a
selected video signal magnified to a 30-degree by 40-degree fleld-of-view (FOV), enlli- i
mated to infinity, and projected at unity-magnification; that is, a one-to-one size :
relationship between the FLIR image of an object and the actual object. The HDU con-

sists of a cathode ray tube (CRT) and combiner glass mounted on a barrel-type assembly :
with adjustments for focus and image orientation. The CRT usea a coarse-grained phos- !
phor known as P43 which, when excited, emits visible lish: in rhe blue, green, and red :
wavelengthae. (The red and blue wavelengths are filtered out in this npp?ication.)

The P43 was chosen because its rapid decay rate allows the pilots to slew their heaus

at normal rates of movement and not have the problem of image smearing (afterimage).

Superimposed on the FLIR imege is fli.%ht: symbology to enhance the pilot's NOE
flying capabilities. This provides the pilot with needed aireraft and flight perfor-
mance information independent of his viewing direction. This aymbology includes a
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aagnetic heading t s power readings in percentage of pover available, sensor loca-
tion, Doppler steer {nfomtion, redar altimeter inforaation, thrust vector and
eyclie taput information, as well as weapon aystem atatus and selection inforsation.

Description of sisulation aystem

The CMS faithfully reproduces all aircraft systems with great fidelity and realisa
using 29 high speed 32-bit microprocessors arranged to provide parallel proceshing.
Virtually the only difference iz that all of the images are produced by a digital image
generator. Trees look like cones, the tarrain is not taxtured, and the houses and
manmade structurss appear to be "cartoonish." Considerable and compelling realisa ia

resent in the simulator and pilots report hacoailng so engroased in the unfolding

ttle acenario that the exsrcise takes on the sights, sounda, and intensity of a real
conflict. The CMS produced by the Singer Link Company is a full motion-hased aimulator
with § degrees of freedom, with 60 inches of travel. One unique feature is each of the
?non is located on an individual motion platform with a colocated instructor-operator
Figure 3). The two motion platforma are linked by the computer so visual and motion
information are the same for each. One pilot at a time iz designated to "have the
controls." Each cockpit has three windows for out-the-window (OTW) viewing in addition
to VDU and HDU visuals of the actual aircraft. The CMS incorporates whole cockpit
vibration supplemented by a seat shaker for cach pilot. (When the aircraft fires itas
chain gun, the pilots' ssat shakeru add increased vibration to simulate that activity.
Howaver, the added vibration is not felt by the 10.) CMS now does not have G-suit,
G-geat, or lap and ghouldar belt tightening features. Whea air-to-air combat features
are added to the database, these features are felt to he needed to accurately simulate
the envisioned flight scenarios. Even at its present atage of development, the CMS is
on the cutting edge of technology and has yet to reach its full potential.

The database now covers a 16-by-16 km area of generic European terrain. Efforts
are underway to expand the database to a 32-by-40 km area. Almost sll of the flight
scenarios are NOE and therefore, require detail of terrain, vegetation, and trees,
etc., not required by other simulators. As a result, only 20 percent of the databaae
is provided with the deteil in which to conduct NOE flight.

The CMS is an interactive simulator in the sense it shoots back. The I0 can set
the hostility level from a low of 1 to a meximum of 10 depending on the crew': skill
and proficiency level. The 10 also can set the lethality level from a low of 1 to a
maximum of 10. Basically, these levels initially determine how rapidly the Apache can
be acquired on radar by the enemy, and secondly, how deadly will be the resultant fire
he receives. Each of the enemy armor and antiaircraft systema in the database are
capable of acquiring, tracking, and engaging the Apache aircraft with the same capa-
bilities as the real pileces of equipment. The pilots also receive information in the
form of radar warning and lock-on data in the same manner they would in the aircraft.
Should the crew expose themselves to detection and not ssek cover, the enemy can and
effectively will engage them and the result is a very violent engagement. Noise,
impact, and system malfunctions are simulated with alarming sccuracy.

Method

The Army's initial study into simulator sicknesa waz a field study deaigned to
cong}cnn: and expand the Navy's database of 10 simulators (Kcnnedf. Lilienthal,
Berbaum, Baltzley, and McCauley, 1987, in preparation; Van Hox, lgood, Lilienthal,
Kennedy, and Hooper, 1987), and the Coast Guard data (Ungs, 1987). As employed in
previous aurveys, this study consisted of an on-site survey of pilots and 10s uaing a
motion history questionnaire (fHQ), a motion sickness questionnaire (MSQ), and a
postural aquilibrium test (PET).

The MHQ is & self-report fora designed to evaluate the subject's past experience
with different modes of motion and the subject's history of susceptibility to motion
aickness. The MHQ is adainistered once. The MSQ {s designed to assess the aymptoma-
tology experienced from the simulator. It has a pre- and postflight component. Addi-
tional information about this instrument are in Kennedy, Lilienthal, Berbaum and
Fowlkes (1987).

The MSQ is divided into four sections. The firat asection ia prefli{ht background
information vhich gives a better description of the pilot subject and allows placing
that aubject in the proper category according to flight position, duties, total flight
time in the aircraft and in the simulator, and a history of recent flight time in bhoth
the aircraft and the simulator. Additional descriptive information concerning scoring
methods and validity data are in Lenel, Berbaum, Kennedy, and Fowlkes (1987).

The second section is the preflight ph{liolo.icll status gyction. This section is
adainistered at the gimulator site, and gathers benchmark data as to the subject's
recent exposure to prescription medicationa, illness, and use of alecohol or tobacco
roducts. The second .part of this section is the praflight symptoa checklist which
ocuments how the subject felt before entering the aimulator.

The third section ia the postflight aymptom checklist and is enctl{ tha sane as
the preflight symptom checklist. This saction is administcred lmmediately after the
simulator flight, and .provides data regarding any increase or decrease in severity of
the symptoms that the subject is experiencing. 5Should the subject be experiencing an
increase in any of the sysptons, an attempt was made to monitor him or to intarview him
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the following day in order to provide some informatioa regarding recovery froa the :
o:pu-hncld synptoms. This was sasier at the Fort Rucker site than at the Fort Hood ,
site. .

The fourth section is the postflight information section which provides data on
the flight conditions the pilot experienced while in the simulator and information
concerning the statue of the various systems within the aimulator.

Postural equilibrium tests (Thomley, Kennady, and Bittner, 1986) were administered
concurrently with the MHQ and MSQ. These tests consist of three subtasts, each design-
ed to measure an aspect of postural equilibrium, as follows:

a. Walk-on-floor-with-syes-cleosed (WOFEC). The subject fs lnstructed to walk
12 heel-to-toe stepa with his eyes closed and arms folded across hias cheat. The sub-
Ject is given a score (0-12) haged on the nuaher of steps he is able to roaplete with-
out nidutopptng or falling. The subject is teasted five times, bhoth pre- and
post flight. Subjects are scored on the average number of staps tsken using the bheat
three of the five tests.

b. scnndlnt-on-pnfcrnd-lag-vith-c{u-eloud (SOPLEC). The subjact desig-
nates his preferred leg (the leg he'd use to kick a football) and this is annotated on
the form. The subject then is asked to stand on his preferred leg for 30 seconds with
his eyes closed and arms folded across hias chest. The experimenter records the number
of seconds the subject is able to stand without losing balance. The aubject iz scored
on the number of seconds he ia able to stand. The test {s administered five times with
the best three of the five being used for analysis.

c. Standing-on-nonpreferred-leg-vith-eyes-closed (SONLEC). The SONLEC is
administered and scored in tha seme manner as the SOPLEC. The SONLEC will uae the
opposite leg froam the SOPLEC and is adainistered five times. The aubject's acore is
the average number of seconds he is able to stand using the beat three of the five
tests.

In order to gather the most comprehensive data in the least intrusive manner, the
surveys were adainiatered to all aviators vho presented themselves at the simulator
aites for flight periods. No attempt was made to randomize the population, but rather
to study the problem in the operational setting in which it ia found and using flight
scenarios normally found during training.

Participants

Three candidate populations comprised the survey sample. The first were student
aviators. These individuals are rated Aray aviators who were at Fort Rucker for the
AH-64 transition course. They were either recent initial entry rotary-wing graduates
with 150 houra, or more senior aviators with several thousand hours of flight time. Of
importance for this aurvey was that they were essentially naive with respect to hoth
the simulator and the AH~64 helicopter prior to this course. During the final 2 weeks
of their courze, after all of their time allocated in the actual aircraft has been
accomplished (normally 40 hours of flight time), they spend 15 hours of flight time in
the simulator. This conalsted of five flights in each crew station, each flight
congisting of 1.5 flight hours. Because Uliano, Kennedy, and Lambert (1986) reported
illnesses asaociated with aimulator sicknesa quickly dissipate with time when a pilot
vho i unfaamiliar with a simulator ia exposed repeatedly, it wus expected similar
adaptations would occur here. The opportunity to wonitor the students in the transi-
tion course afforded the Aray an orgortunity to compare its experience with adaptation
githeu ft:di.ngn. Approximately students were surveyed over an average of

ghts each.

The second target population was the rated Army AH-64 pilota who return to the
simulator site at theilr duty station for continuation and miassion training on an
irrogular hasis. All these individuals currently are located at Fort Hood, Texas,
which is the Aray's single station for the fielding of the Apache helicopter and ita
advanced attack halicopter hattaliona. 1t also is the only other operational CMS
facility now used by t:o Aray.

The third end final population was the ICs or instructor pilots (IPg) for the CMS.
At Fort Pucker, they all are members of the Aviation Training Brigade and are warrant
officer aviators charged with training the students attending the AH-64 tranaitiou
course. Conversely, at Fort Hood, the 10s are Department of the Army civiliana who
work at the simulator site as IPs. However, each is & retired Aray aviator and most
are former AH-1 Cobra pilota with combat experience in Vietnam. ey are restricted
from ﬁyini in the aircraft by regulation and job descripticia. Unit IPs from the unita
which are located at Fort Hood provide very limited duty as I0s. It ghould be noted
due to the scheduling of I0s at the Fort Rucker site and the rasulting amall number of .
subjects available, and the fact that all of the Fort Rood 10g do not fly the aircraft, .
most of the data concerning the 10s was considered invalid. Consequently, no data of
any aubstauce for this population is available for this report.

In order to capture the data necessary froa the mentioned ulations, the sites
used were Fort Rucker and Fort Hood. A target population of 208‘-’550 was the objective,
but dua to time constraints and the nuances of operational usage of the simulator, only
127 subjects were obtained. Due to suspense dates placed on the atudy by the Assistant
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Secretnr;hof the Army/Research, Development and Acquisition, only the CNS could be sur-
veysd. ere are three other Aray asimulators that must still he surveyed (AH-1, CR-47,
and UH-60) . They performed the normal gso ram of instruction at the Fort Ruckar aite
and one of saveral operations ordera (0 ) designed to maintain grofletancy at the
Fort Hood site. As a matter of explanation, each ﬂ%&\; in the CMS at both sites ia
based upon a tactical sicuvation as puunna in an O and proceeds as rapidly or as
slowly Irom target to target as the crew's ski)l permita. Hoatlility levels and lethal-
ity levels are set by the 10 depending on skill level of the crew and the desired
teaching goal for that particular flight. The investigator did not Rerforn any inter-
vention or sxercise any control over the flights in the conduct of this survey.

R P S Wy

All aviators scheduled for flight were surveyed. Each was guaranteed anonymity
and they were peraitted nonparticipation. Data obtained from the questionnaires and
the PET were enterad {nto a generic datahase using the programe in use at the NTSC, and
data reduction and analysas were performed as in pravious studies. The data in this
report now are incorporated into the Navy's simulator sickness database, which also
includes Cosat Guard data in order to determine comaonality of aymptons and siaulator
usage and design. Unique to the prezent satudy is that the student population wasz
evaluated over a 2-week period and 9-10 flights. /n inttial look at adaptation to the
simulator and postsimulator symptoms recovery time is preaented.

The 127 Army aviators surveyed ranged in sze from 20 to 47 years (mean 30.6, SD
5.77) . Their ranks ranged from warr«nt officer 1 to chief warrant officer 4 and first

l{eutenant to colonel. Flight experfence was in the range 150 to 8400 flight hours
(mean 1583.48).

RESULTS
Overall {ncidence

Based on our previous experiences in monitoring motion sickness in Navy simula-
tora, we have adopted as our index of diacomiort the percent of persons who ware sick
enough upon exiting to report at least one minor aymptom which is ordinarily associated
with motion alckness. These overall incidence data, based on 434 separate staulator
pilot exposzures, appear as Table 1. Presented in the tahble is the overall incidence as
vall as the grand incidence for two aymptom categorieas --- those related to asthenopia
and those related to motion sickness.

In Table 2, the information presented in Table 1 is presented aeparately for atu-
dent and rated aviators. Student aviators were surveyad over nine to ten flights dur-
ing the transition course. The data for rated aviatora represents only the firat
observation for each aubject even though some were gurveyed two or three times during
the course of the study. In addition, for sach pilot group, the data are presented by
seat (vhethar the pilot occupied the pllot or copilot-gunner position). For rated avi-
ators, the data indicate that pillota generally are more likely than copilots to experi-
ence sysptome of greater severity. Previous studies (Kennedy, Lilienthal, Berhaum,
Baltzley, and McCauley, 1987, in preaparation; McGuinnesas, Bouwman, and Forbes, 1981;
Havron and Butler, 1957) have found aviators with greater experiences in the actual
alrcraft reported more difficulties with simulators, particularly when they have
'recent high time.' In the present survey, it ls our underatanding individuala
selected to fly in the pilot seat from the "rated aviator" category would he expected
to have considerably higher Apache flight times than those selacted for the copllot
:ea.‘.u and it is our speculation this {a the prohahle geneais for this difference in
ncidence.

Table 1
Incidence of poatflight (15-30 minutes) symptoms zecorded
following 434 ailmulator flights (_lzrluhjeeto.‘
Overall incidencer: 44%

Asthenopla Percentage Motion sickneas Percentage
Eye atrain 29% Drowsinesa/ fatigue 43%
Blurred vision k4 Sweating 30%
Diffieulty focuaing 9% Nausea ” :
Difficulty concantrating 11% Di::tnaulvert'tgn 5% ‘
Readache 20% Stomach avareness 6% ,

Fullnese of head 7% i

¥ At Yeaat one mincr symptom checked off on the postfiight aymptom checklist
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Table 2
Coaparative incidence of key soltﬂlght (15-30 ainutes) symptoms*
for student aviators and rated aviatcora by seat vhere
nuaber of observations for studeants and
N' = number of subjects for rated aviatora
Student aviators Rated aviators Rated aviatora
pIlo 0 opilo 0
(%171)  (N=168) (v =44) (N1wa2)

Overall incidence 41% ALY 44% 57T
Syaptons of asthenopia:

Eyo strain o 291 302 18% 362

Blurred visjon 1% 4% 2% L

Difficulty focusing £13 a 9 173

Difficulty concentrating 6% 131 14% 17

Headache az 247 9% 14%
Symptomns of motion sickness:

E¥0v1In¢ln7ThEIguo 39% 47% 43% 38%

Sweating 29% 35% 16% 36%

Nausea 7% b2 s ox 10%

Dizzineas/vertigo 12 2% 23 %

Stomach awareness 4% 7 22 193

Fullness of head 4% 8% 162 7

sast one minor symptom ¢ e poattlight aymptom chec

Ataxia

The postural equilibrium teat (PET) means and standard deviations, along with ain-
imum and maximun scorea, are reported in Table 3. Paired t-testa were used to assess
changes from prescores to postscores for each of the three PET dcgcndcnt varisbles,
where pre- and postscores wers based on the average of the beat three out of five pre-
and poattrials, respectively. Compariscn of pre- and post-WOFEC acores (t = 4.74, df =
408, p < .001), pre- and poat-SONLEC scores (t = 5.20, df = 405, p < .0017, and pre-
and post-SOPLEC scores (t = 6.19, df = 406, p < .001) revealed statistically signifi-
cant dacrements in postural stabillty occurred for each measure.

In Table &, the PET data are presented according to pilot group and seat occupied.
For the atudent aviators, only the SOPLEC measure revealed a significant decrement for
both pilots and ccplilots from the pre- to posttesting. Analysis of WOFEC and SONLEC
asasures revealed statistically significent decrements for the pilots only. Analyses
for the rated aviators revealed statistically significant decrements for both pilots
and corllot. on the WOFEC and SOPLEC msasurea. However, on the SONLEC measure, a
signiflcant decrement was found only for the pilotas.

Table 3

Means, standard deviations, minimum/maximum scores and
Na* for pre- and poat-WOLFEC, SONLEC, and SOPLEC measures

~WOFEC — SONLEC “SOPLEC
Pre Post Pre Post Pre Post
Mean 11.38 11.02 23.17 21.81 23.06 21.54
sb 1.42 1.79 7.89 8.07 7.81 8.16
Min-nax 3.3-12.0 3.3-12.0 5.0-30.0 2.3-30.0 5.6-30.0 3.3-30.0
N 410 409 410 406 410 407

¥ N = Nunber of observations
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Table &
Pre- and postexposure PET gcores for student
aviators and rated aviators by seat
‘DY{TTerence
N> Premsean Poatmean ReaAn t _p

Topt: WOFRC:
Student aviators: =

coguo: 163 . 11,29 11,29 0.00 0.03 980

Pllot 158 11,38 11.07 0.28 2.70 008
Rated aviators:

Copilot &3 11.68 10.70 0.93 3.62 «001

Plot. Al 11.73 10.46 1.27 3.97 000
Test: SONLEC:
Student aviators:

Copilot 163 22,70 22.33 0.37 0.91 370

Pllot 158 23.83 21.81 2.02 5.56 000
Rated aviators:

Copilot 41 23.68 22.76 0.92 1.13 270

Pllot 40 22.57 20.48 2.09 2.43 .020
Test: SOPLEC:
Student aviators:

Copilot 163 22.99 22.27 0.73 2.06 041

Pilot 158 231.45 22.00 1.45 4.14 .000
Rated aviators:

Copilot 41 23.21 20.81 2.39 2.29 030

Pilot 4l 22,03 18.79 .23 3.63 001

¥ N = Rumber of observatlions

Simulator sickness symptoms
Table 5 shows overall preexposure and postexposure mean scores for the MSQ. The

NSQ is a composite acors summarizing many symptoms. A paired t-test, used to assess

changes across pre- and postuneasures of l{nptoutolo.x revealed a statistically sig-
nificant increase in aymptomatology (t = 11.29, df = 52, P ¢ .001). The results show
that aviators training in the CMS experience a marked change in motion sicknsas symp-
tomatology over the course of a tulnln’ session. These data are presented according
to aviator group and seat in Table 6. For both aviator groupa, there vas a statis-
tically significant increase in aymptomatology from the pre- to posteimulator training.

Table $
MSQ mean, minimum/maxisus scores, and Ne*
—_Fre Post
Mean 0.85 1.66
sD 1.30 1.59
Min-max 0.0-4.0 0.0-6.0
R 434 433

¥R = Nunber of obsarvatlions
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Table 6

Pre- and postexposure diagnostic M3SQ means for
student aviators and rated aviators hy seat

DI TTerence
b Premean Postaean Mean t p_

Student avistors:

Coptllot m .73 1.%4 81 7.43 .000

Pilot 168 .98 1.74 .76 6.74 .000
Rated aviators:

Copilot 43 58

Pilot 42 .93

¥R = Total nuabar of obasrvations

aviators

Characteristic symptoms of sickness and asthenopia

Table 7 shows the self-reported lacidence of four characteristic symptoms of
motion sickness (dizziness with eyes open, vertigo, astomach awareness, and nausea) and
for three characteristic syaptoms of asthenopla (headache, eye strain, and difficulty
focusing). The samplea for each symptom exclude individuals reporting the symptoms
prior to siaulator exposure so that the proportions and frequencies are liaited to
those individuals who did not have the aymptoms ugon entering the simulator, hut did
haw thea when exiting. This particular method of presenting the data may underesti-
mate the extent of the problem hecause different aviators may experience diffarent
symptoams, and others may experience an increase in a preexiating aymptom--it is
suggested thia is one reason why the inctdence rates in Tahle 1 generally are higher
than those in Table 7. 1In addition, for our survey, measures of characteristic wotion
aickneas ayaptoms gensrally result in conservative values that may undersstimate the
magnitude of the problem. Aviators train in the simulator froa 1 to 10 times during
the qualiftcation course and some individuala seemingly adapted or habiruated to the
simulator. It was not possible to correct these data by using an aviator's report of
syllabus number because of the multiplicity of other variables which occur during
r.‘ulcr training (e.g., there were different time intervals between flights and
different kinematica are known to occur in the same syllabus number). propose this
is an additional reason why the data reported here may be expected to be conservative
estinates of the incidence.

The data in Table 7 are separated in Table 8 according to aviator qroup and seat.
Data for student aviatora suggest the severity of symptoms experienced largely is
indepsndent of seat occupied. However, for rated aviators, there is a general tendency
for pilots to sxperience symptoms of greater severity than those experienced hy the
copilot-gunnersa.

Table 7

Characteristic symptoms of motion sickness and asthenopia¥

Primary motion sickness symptoms®*

ggxi: : 1:.E.l.l ) Vertigo 13::::\:‘:0 Nausea

1.4X  (6/434) 1.2% (5/434) 5.2% (22/424) 5.8% (25/429)
Eye strain related syaptonsg®*

Headache Eye atrain Difficulty focuaing

14.0% (53/388) 24.3% (98/403) ) 9.3% (40/431)

¥ Farcentages of thoae not reporting a symptom belore exposure that report
the symptom after exposure
*k Total posaible ohaervations = 434
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3 Table 8 ’
: Characteriastic symptoma* of motion sickness and asthenopia
s for student aviators** and rated aviators®™** by seat
3 Primary motion “Student aviatora Rated aviatora
3 sickness aymptoms CopITot Pilot CopiTot ot
3 Dizziness (eyes open) 1,2% (2/1713 1.2% 2!168; 2.3% (1/44) 2.4% (1/42)
- Vertigo 0.0% (0/171 1.8% (3/168 0.0% (0/44) 4.8Y. (2/42)
A Stomach awareness 3.0% 5/166; 6.0% (10/1663 2,32 (1/43) 19.5% (8/41)
3 Nausea 5$.8% (10/170 6.0% (10/166 0.0% (0/46) 9.5% (4/42)
! Eye strain related symptoms:
Headache 13.7% (21/153; 17.7% (26/147)  9.1% (4/44) 7.7% (3/39)
Eie strain 26.0% (52/162) 24.2% (37/153) 14.3% §6/A2) 31.6% (12/38)
Difficulty focusing 8.8% (15/170) 7.7% (13/168) 9.1% (4/44) 15.0% (6/40)
. * Percentage of those not reporting symptomé Delore exposure that report the
¥ sznpton after the exposure
E * Total posaible obgservations = 171 for copllots; 168 for pilots
} *%% Total possible cases = 44 for copilots; 42 for pilots
E Table 9

Correlational analysis of symptomology
and flight characteristics

i - Posc-M5Q Post- winus

g Flight characteristic d}ggpost:c criteria pr:-HSQ

: Mission -.06 .04
Flight hours -.05 -.04
Flight hours last 2 months -.08 -.07
Night vs. day .08 .12
Duration of exposure W15 30%
R=7%
p ¢ .01

‘ Correlation analysis of the level of motion sickneas severity and the post- minus
pre-MSQ scores indicated a significant correlation for only one variable, duration of
exposure. This correlation was based on the €irst recordad session in which symptoms
were noted. Contrary to previous studies, the Army data do not indicate flight expe-
rience level to be a prediction of simulator sickness. (Although cons’stent with

i findings from other studies, because 10 correlations were calculated for this compari-
- son, such a finding might be expected to occur by chanca 50 percent of the time when no
other true correlations were present.)

Figure 4 presents the postflight MSQ severity acores for aviators who completed
their qualification course phase in the CMS according to the training syllabus. As
might be expected the figure indicates during the 10 flights, there is adaptation as
the aviators gain simulator experience in the CMS. Aviators generally report fewer
symptoms as they fly the simulator more often. There is a general trend downward even
though there are slight deviations from a decreasing function. It was expected this
downward trend might be sharper than actually experfenced.

figures 5, 6, and 7 present the postflight ataxia test difference scores for the
same student aviators. This preflight 3core minus the postflight score for the three
tests, WOFEC, SOPLEC, and SONLEC, is used as an indicator of gain and loss of function,
in this case, equilibrium. It should be noted that there is an apparent loss of equi-
librium that progresses over the course of flights. Following session four, the three
tests indicate a general trend of a gustained level of a loss of equilibrium. In the
earlier flights it would be expocted that whatever effect was present would be masked
by the learning that would be taking place, £8 seen in Thomley, K. E., Kennedy, R. S.,
and Bittner, A. C. (1986). This appears to be what has haopened in these cases.
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DISCUSSION

The results of this A-my study are clear. Simulator sickneas aymrtonltology in
the AH-64 CMS has shown an overall incidence From 434 observations of 44 nercent, a
value which is comparable to those reported by the U.S. Navy in their report of 10
different simulators (range ~ 10-60 percent). We have compared the AH-64 CMS to the 10
aimularors of the Navy's database in a serles of fine-grained analyses of the lndivid-
ual symptomatology according to a series of dichotomiea: fixed-wing versus rotary-wing
- Table 10; moving base versus fixed basc - Table 11; CRT/calligraphic display versus
dore projection - Table 12. It would appear the results obtained in our atudy are in
line with expectations, that s, the symptoms which more cosmonly are assoclated with
motion sickness also are present to a considerahble extent. Eye atrain and ratigue are
prevalent symptoms in the (MS. Howsver, those flying the Apache consistently complain
of eys strain from flights in the aircraft and the workload inherent in the mission of
the aircraft also is conslde. »d task saturated and fatigufng. These data from the Army
survey are very much in line with the Navy's findings from their larger survey.

Tahle 10

Overall percentages of kuvy ugn tomatology for Navy fixed wing versus
rotary wing and the Army CM ?total number of observations >1630)

Asthenopia: Headache Eye strain Difficulty focusing
FW 15.9 14.8 6.2

RW : 8.9 22.5 10.2

CMS 20.0 29.0 9.0

Stomach

Motion sickness: Digziness Vertigo awareness Nausea
Fw 4.0 6.2 7.0 3.6

RW 3.3 3.9 8.8 9.9

CMS 5.0 5.0 6.0 7.0

Table 11

Overall percentages of key rymptomatology for Navy motion base versus
fixed base and the Army CMS (total numbar of ohservations >1630)

Asthenopia: Headache Eye strain Difficulty focusing
MB 16.1 22.6 10.1

FB 4.7 10.6 4.7

CMs 20.0 29.0 9.8

Stomach

Motion sickness: Dizginesa Vertigo awareness Nausea
M3 3.7 3.9 8.0 9.2
FB 2.6 7.3 9.1 3.4
CMS 5.0 5.0 6.0 7.0
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Table 12

Overall percentages of ke{ ayap*tomatology for Navy dome verasus
CRT/calligraphic viasv"l systems and the Army
(total number of observations >163C)

Asthenopia: Headache Ey. strain Difficulty focusing
Dome 5.5 9.3 | 4.6

CRT 15.5 22.5 9.9

CcHs 20.0 29.0 9.0

Motion sickness: Dizziness Vertigo .3:::::2. Neusea
Dome 3.1 8.5 10.6 4.0

CRT 3.6 3.7 7.7 8.9

CNS 5.0 5.0 6.0 9.0

¥ At Yeast one minor symptom checked off on the postIlight symptom checkliat

The comparative percentages of symptomatology and eye strain in the two differing
aviator populations reveal an almost equal amount of aimulator sickneas symptomatology
in the "student" aviators versus the ''rated" aviators when flying in the copiloc-gunner
seats, hut there appears to be considerably greater incidence of sickness symptoms in
"rated" aviators when flying in the pilot's seat. However, the pre- versus post-motion
sickness aymptomatology scores ohtained in the present study are comparable with thoae
of the Navy studiea. These differences statistically were signiffcant in the present
study, and as indicated above, persons vho flew in the pilot's seat appeared to be more
affected than those with copilot-gunner exposures. Although these differences are
amall, it would appear they are real.

The postural equilibrium scores generally reveal a significant change from before
to after flying in the aimulator. These differences support the findings from the Navy
3tudy and imply that aviators amay he at some riak in activities which require balance
and manual control after their flights. The individual findings for the different
groups reveal that flying in the pilot seat may entall more visual/vestibular
recalibration than after equal times in the copilot-gunner seat. Whether this is
related to the increased amount of time spent in out-the-window activities is
problematfc, and should be studied further.

. The comparison of the postural and symptomatology data in the student aviators who
were followed over 10 flighta is revealing in this regard. It appears that while
reported gymptoms lessen with continued practice in the simulator, the amount of post-
adaptation phenonena evident through the ataxia performance implies that aviators may
be at greater risk in latar sessions than earlier ones. The data suggest that the
price that is paid for this adaptstion ia decreased equilibrium. As the aviators'
eymptoms would appear to be lesseuing, perhaps his confidence in his own adaptability
would be leading him to be leas poised to atteand to such aftereffects. In our opinion
such a relation could result in compromises to safety, both on the ground and in
flight. We believe this should be examined in a larger population of aviators obaerved
longer than the present 15-30 ainutes postflight. It must he determined whether ox not
the duration of these postadaptation effects cutlasts the stimulus for a period graater
than the aviatora renagned in the simulator building for this study.

The results of this atud{ and the continuing dialogue among users of flight simu-
1. >ra vill be an ever-expanding database of simulator sickneas experlences. Better
design criteriu and operational guidelines designed to alleviate the effects of simula-
tor sickneas als> vilg be forthcomiug. In the meantime, it is spparent that the prob-
lem of simulator sickness atill exists with new and yet only pertially understood
ramifications. Managers and aviators alike should become aware of these and take
appropriate action to insulate thogse at risk.
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DISCUBSION

GUEDRY: I had the ispresaion that x« showed a diffcrence in experienced pilots versus
students early in your series of slides and then later on I thought you said there was no
difference. Could you clear that up for we?

GONER: We have the same kind of problem as that of my Canadian colleague who talked
earlier. We had a mixed group of aviators going through training: they had flight ex-
perience ranging from 1350 hours to 83400 hours bhut were still liated as studenta.

BENSON: Can I ask you the same question that I asked our Canadian friend this morning?
Have You any idea of the nature of the postural disturbances ard impairment of equilidb-
rium following a real flight? )

GONER: We have not done a study that provides an answer to your question. 1@ would
agree that if a aimulator produces something that the aircraft does not, then poten-
tially we have poor simulation. On the other hand, if it produces effecta like those
produced by the aircraft, then maybe we should leave it alone.

BENSON: My question relates to the poasibility that any exposure to vibration and

motion may cause impairment of postural equilibrium. We are placing a lot of emphasis on
changes in postural stability that may be leas than those produced by real flight., I
remembar talking to one colleague who indicated quite severe disturbances of postural
equilibrium after having been on a Greyhound bus for 2 hours.

GONCR: Having flown the simulator and being rated myself, 1 would say that the simulator
produces stronger effects bacause of the altered environment.

WOLFE: I wonder if these pilots were there for TDY training, and if they were, diq
you look at the history of their drinking prisr to their training?

GOWER: Yaes, sir. Was that all of your question?

WOLFE: We know that even moderate alcohol consumption has an effect on the vestibular
system that may persist up to 72 hours, Because you'ra doing a form of vestibular teat,
I wonder whether or not some of your results wmay be influenced by earlier alcohol intake.
The other question is, how many of the pilots have refractive errors and wear glasass?
Is there any ccrrelation batwean the symptoms of eye strain and whether or not they

wear glasses?

GOWER: In answer to your first question, si:i, as part of the motion history question-
naire administered pre-flight, subjects were asked two questionz: Do you smoke? If so0,
in the lasi 24 to 48 hours? Have you had any alcoholic beverages in the last 24 to

48 houra? There was no correlation. I can tell you that the training for the Apache
transition course is probably one of the toughest for these pilots to undergo. Thay
are home studying on Priday nights, ard not at the Club. I was there to taka thesze
surveys myself - there were no hangovers tn mention.

WOLFE: I'm not speaking about hangover. Bquilibrium tests are o™riously affocted by
moderate drinking. I think there have been some recent pspers inaicating there is effect
on performance in the simvlator up to 18 }ouras after moderate drinking.

GONER: There was no correlation hetween “he walking or the standing component of the
postural equilibrium test with use of alcohol or cigarette smoking.

WOLFE: In other words, the equilibrium test was not very sensitive. Sensitive effects,
e.9., positional alcoliol nystagmus, have been recorded after a couple of beers, up to
3 or 4 days later,

GOWER: That may be a measure to look at but it is more scphicticated, mcre costly,

and more time-consuming than our measures. This wes a field study, an initial look;
and as a result of that, we did not louk at it any more deeply thun to ask the question
on the questionnaire as to whether or not they had baen drinking and then take a ' ok
at it statistically.

KENNEDY: Trese were pre/post simulator-exposurs meJsures, 8¢ you would expect sublects
to have disequilibrium befure as well as after if effects wers due to alcchol.
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GOWER: In terms of how many subjects wore glasses, we did not gather thoae data.
PRICE; Seventeen percent of Apache pilots wear glasses.

% Seventeen percent of the over-all population wear glasses. I don't know how
s n our sanple had corrected vision, Seventean percent may he very sccurate for
sample,

%A 1 was interested in whether there would be a high correlation between thoge
visual symptoms flying the simulator and those who wore gilasses.

GOMWER: I can tell you, sir that it hurt my eyes and I don't wear glassas.

ax 1 have a comment pertaining te the queation. You suggest that xou would cmct

correlation. I would disagres; unless there was some prismatic distortiaa, or
lm with preabycpia, with sultifocal correction, wvhich we didn't have, corractive
glassea would not conuibnn wuch increase in aye strain aymptomatology.

NXE“XN SPEARER: Were they flying with integrated helmet and display sighting
L] n sisulator?

GOWER: Absolutely.
UNIDENTIFIRD SPEARER: I think that's wheia your psak sve strain came from.

%& The INADSS comas in depending on the way particulax flight scenarios in the

ng were done. Por those in the student group, it depended upon what they were doing

that dcy. whether or not they were flying a duy mission, or an all-night mission; some
lots use the HDU without regard to day or night, Sowe use it a lot and aces don't use

t, except at night.

UNIDENTIFIED SPEARER: Significant eys strain has been reported with the IRADSS after
nutes o ying.

GOMER: The green phosphor when cranked up to high intensity produces a glare and a
"Flashbulb® after-effect. Nany, ! think, referred to that as eye strain with the THADSS.
Also the CRT depiction caused aome eys strain as well.

PRICE: The transition students had prolonged periods in simulator training unirterrupted
By actual flight?

GONER: That's correct. The studant aviatorz only flew the simulator.

PRICE: So there we have a group who flew a numbar of consacutive simulator flights. I
would be curicus about whether they showed any additional delayed symptoms in compariaon
with the other group.

GONER: I don't have that one worked out as yet. We've looked at those data with Dr.
Kennedy's paople in a separate paper. We did not do a detailed gathering of information
po.t-night. It was more of a structured interview. °Did you have any problem?" If
they said nothing, that was all that was done. Those who did jnake mention of it were
noted in the book. I think we could best look at that with the NSQ severity acores.

They complained of fewer and fewer symptoms as they progressed through the training peri-
ods. As I remember it, in general, those who complained of after-effeuts did so in the
first, second, or third sesaion, and then they did not mention after-effects after that.

CHAIRMAN: Is there anyone who cares to make a remark at this time?

VIOLETTE: (In Frunch) Note: {ue to technical recording difficulties, translation from
French to English is not available.

CHAIRMAN: Thank you for your opinion. Any further remarks?

PARKER: We've been talking about simulator sickness in this laat session and attributing
s¥fects to simulator exposure., The previocus speaker, the previous commenter, and Alan
Benson have alluded to a need for adequate concrol studies. Nany of the problems we have
been seeing 3ay also be associated with the actual flight environrsnt. It secems that a
saries of control studies should be undertaken prior to pursuing what could be very ex-
pansive fixes for simulator sickness. Secondly, thers has been emphasis on postural equi-
librium disturbance zfter simulator exposure. There is a society Of posturography, and
there are a number of laboratorimas both in Europe and in the United States and Japsn pur-
suing posturography studies. There are su.= very nice techniques for separating out pos-
tural disturbances, technigues that provide the opportunity to manipulate the visual sur-
round and a moving platforw. I think if we'rs going to put emphasis on postural discur-
bance as a function of being in a simulator, perhaps better techniques should bes employed.

LANDOLT: I would like to ask a question of both Dr. Benson and Dr. Kennedy. This
morning, Dr. Benson, you gave an extensive list of factora that you associate
with simulator tickness. Where should we put our dollars in looking at these simu-
lator sicknes: factors insofar as research goes? Where should we do research?

BENSON: If we knew the answer, if we knew vhat was important, then I think that work
would already be done. I think the work that Dr. Keanedy is doing in trying to relate
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symptoms in differeat sivulators to specific charactaristice of those simulators may
reveal some of the eritical factors. 1 personally think it'a the nature and quality of
the visudl imagery that's the most isportant, In my iimited experience, optical dis-
tortions, lack of optical alignment, the fact that the images are collimated, are fac-
tors that often ssem to be wmoat provoustive. 1 think vhen you come o to motion bases,
then we're in a difficult area. “x fealing is that in combat simulation, then the
motion bases are onl: giving a caricature of an adeguate stimulus, a~d you may just
as wall do without a motion base.

1 It's rhf not fate to stert by saying motion sickness, or simu-

okness this case, 1is polyzonxc and polysymptomatic. But I believe that
that ia a correct characterization of the anawer to question. 1 believe that there
are some instances vhere individuals become siock in a simulator because the simulator is
behaving like a ship. That is, the simulator has substantial enerqgy at 0,2 Nz and pecple
become zick for whateve. reason pecple becoma sick at sea. Alternatively, there are condi
tiona where pilots have built a cunditioned ccsuutoxy responae 80 that they no longer
are bothered the sendory ck they receive from the aircraft waneuvers they initi-
ate. These pilots, placed in simulators for saintenance training or refresher training
(vhich may be fized-base or moving-base), nov receive ted sehsory feedback based on
their adaptation. I 4on't believe the pecple who in the first case got sick at 0.2 Wz are
atting sick for the same reason a8 the people who are getting aick in the sscond case as
& result of adaptation and conditioned compensatory responses. Also, distortions in the
visual scenery create cue conflict problawme, ¢.9., lack of corroboraiion of depth cueing,
distortion due to lack of collimation, thinga out of alignmaent, etc. 1 don't think that
the sickness that occurs in the third cass iz the same as the other two cases. Therefore,
the sickness - the genesis of the problem - is markedly differeat in ths thrce cares.
Also, 1 think that there are examples that could be offered where the ccimulus, if you
will, i= not the weme for all of these people. I tnink the same thing is true for the
response mechanisas. Somecimes we measure eye atrain and we use this as a aign of sick-
ness; sometimes we mesasure gastric upset and uae this as a sign of sickness. I would
say we should spond more effort on how we will characterigze the stimulus and how we will
characterize the responses.

McCAULEY: I'm part of a resesarch team louking at the fiber-optic helmet-mounted dis-
play that was built by CAD, which has bewn mentioned earlier. This simulator is about
to go uperational at NASA Ames. Therefore, I was very interested to see whit the Air
Porce had to say in the paper that we didn't hear. I wondered if we have Air Force
psople with information about that same helmet-wmounted display which is in use at
Willjams Air Force Base.

DOPPELT: The author of the paper is not available and the data that we have with us
are not of sufficient character to provide a complete answer at the present time. With
the fibsr-optic display as used in the Human Resources Laboratory, thers have been some
concerns related to the tiings that have been discussed, namely, collimation, aptical
alignment, and so forth. There have bean solma symptoms of ratigue or sye fatigue and
s0 forth, but that is part of the display developwant program. I feel that the study
does not have a population large enough to present. Dr. Kellogg is not available 30 the
small data pool that we had initially commented upon is difficult to describe in a read
paper.
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VALIDATION OF OPTIMAL WASHOUT SYSTEM IN YTOL SIMUL ATION

In an sttempt to validate cur model, wmmﬂuvdmnlmhd desl, % w© “odnee 2 motion washout system for two
of the uix d of freedom (ﬁ:hu.dm)ofﬂs cdalMonnSlmﬁum ) st NASA Ames Research Center (Figure 4).
ﬁ:ned VTOL simulations,

the experitnental evaluation was that of a vectored-thrust VTOL vehicle. vehicle's cansfer function in the pitch-surge direction
is depicted in Figure 5. It includes parmmneters that model aerodynamic drag (t1), damping in pitch (12), and control system delay (13).

sranmouer G, | anmme
oo 3% (10t 001 (1841) L)
G.--lll('.:.f':) ty=Wee
t4e08mec
13=0.01 w0

Figure 5 VIOL aircraft wansfer function used in VMS motion study.

"n order to a:sess the sensitivity of our motion drive logic o its design parameters and compare the experimental system with
eswblished washouts, sik different wasinout systems were developed. versions of the optimal washout system (OWS) were
synthesized by choosinfg different values for the weights in the quadratic cost functional. Thezst‘ OWS Nominal, was designed to
make maximum use of the simulator motion base travel and placed equal weight on the modeled otolith and ssmicircular canal errors,
relative to their thresholds. The second, OWS Decreased Gain, was gencrated by placing lage weights on platform motion siates as
compared to the computed orientation error.  This washout was designed to make use of approximately half of the VMS platform
horizontal travel. The third, OWS High Otolith Weighting, was synthesized by placing twice the weight on the orientation error
contribution of the modeled otolith response as that placed on the orientation emror contributed by the semicircular canals. In addition
to the three motion drive systems synthesized by the optimization tedm'l}ue, three versions of the motion controller cumrently used with
the VMS werc implemented in che pitch-surge axes. Al three were of the crossfeed type as designed by R, Bray at NASA Ames
Research Center and described by Sinacori (1977). The first, Ames Nominal, was tuned by ths designer to make maximum use of the
simulator motion travel given the types of flight maneuvers anticipated in the -tudy. The second, Ames Decreased Gain, was
modified to reduce the horizontal travel of the simulator cab by a factor of two by reducing the gain of the linear wachout filter. The
third, Ames Increased Omegu, was generated by increasing the break frequency (¢ .nega) of the high-pass washout filter in order to
decrease the low-frequency content of the simulator motion. This has the effect of decreasing the travel requirements of the simulator
without attenuating the amplitude of the high frequency motion.

The response of each of the six motion washout systems as implemented on the VMS are compared in Figure 6 for a single dash quick-
stop maneuver. In this maneuver, the aircraft is pitched nosc-down to accelerate forward to a ziven velority and then pitcued nose-
up to decelerate rapidly to a stationary hover. Identical pilot inputs were given to the ircraft marhematical model for each of the six
washout systems. For cach motion drive system, the measured simulator displac  ~t, computed otolith error, and computed
semicircular canal error are plotted vs time. The time responses of the Ames washov .. charucterized by extremely low otolith
error due to the fact that this washout system placed emphasis on the coondination ot it of the simulator cab with longitudinal
acceleration. The reduction of washout filter gain in the Ames Decreased Gain case produces the predicied effect of a lower simulator
horizontal displacement. This is achieved at the expense of a slight increase in the conputed semicircular canal error. A similar effect
can be seen for the Ames Increased Omega washout. The OWS Nominal v.ashout was generated with equal weighting on otolith
and semicircular canal errorin the cost functional and this is reflected in th balunce between the two errors for the dash-quick-stop
maneuver. The OWS Decreased Gain washout commands a smaller simulator displacement with very little change in the modeled
otolith and semicircular canal error. The OWS High Orolith Weighting washout, designed by gltcing igh weights onthe computed
otolith srror, generates otolith error that is only slightly less than that produced by the OWS Nominal washout. This, combined
with the observation that the computed otolith and semicirculur canal errors do not change significanily when the simulator
platform travel is reduced by the OWS Decreased Gain washout, indicates the existence of an apps.snt insensitivity of the
optimization equations with respect to the orientation error. The insensitivity of optimal controller perforcaance to changes in the
weights of certain components of its cost functional is commonly encountered in optimal controller design (Kwakemnaak and Sivan,
1972) and niay be compensated for by placing largur weights on those components and their time derivatives.
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ulator were recorded, as were the pilot control

were the aircraft handling qualities, as presented in the

simulator, w the Cooper- rating scale (Cooper and Harper, 1969). After four trinls of the formation flight, the

simylator was re-initialiced at an altirnde oflOmcmabovouimulmde:{onme. The pilots then performed a series of dash-

Stop the end of these flight tasks, they were asked specifically to

rate the motion of the simulator using a seven component rating system fotthi:m(m‘ ble 1), The motion rating

scale used numerical of smoothness, sense, amplirade, phase lag, entation as well as an overall rating
of the motion relative to base operation.

RESULTS OF VTOL SIMULATION

The instructions given to the pilot subjects were to maintain relative position during ihe formation flight. However, due to the
difficulty of judging distarce, given &:e limitations of the visual scene and the 33m separation betwuen the lead aircraft and the
simulator, the relative velocity proved to be a more appropriate measure of performance.  The velocity difference between the lead
aircraft and the sim:lator was computed as a velocity efror. The performance ¢ each pilot was scored by computing the variance of
the velocity error and recording this us a Velocity Error Score (VES). The variance of the velocity error was used for the VES
ingtead of the root-mean-square velocity error to eliminate the effect of a steady state velocity error. For this reason, the VES is a more

iate measure of the correlation of the velocity of the simulated VTOL aircraft and the target aircraft. Despite the -act that the
m’ots were highly trained in VTOL aircraft, their performance varied widely, dumnlqnnf the possibility of combining measurements
across subjects. For illustration in this discussion, data taken from a single pilot (Pilot #3) is presented. The observations and
conclusions drawn from this data are generally applicable to all four pilot subjects.

£
§
-
i
E
%
|

ATTRIBUTE RATING
|} -
$MOOTHNESS g coueARANLE Ly Y
TH PUED BABE
DEPMITELY CORRECT w
SENSE rg—g-iie TOTALLY REVERSED
AMPLITUDE N0 MOTION EXPERENCED AT LEAST TWRCE
THAT EXPECTED
PHASE LAG wOME EXPANENCED AT LEAST we®
nOWE EXPEMIENCED
DISCOMFORT GAmar cowrii
DISORIENTATION NONR EXPEMENCED CAWNOT PERFORM
WANSUVER
OVERALL EXCELLENT OTMIMILY ROOR

TABLE 1. Multi-sttribute mction rating scale.

The velocity error scoves for Pilot #3 given in Figure 7a indicate that the greatest differences in tracking performance occur between

fixed base and and one of the motion conditions. The differences in tracking performance when motion cues were present were

relatively small. The effect of leamning on tracking performance is also quite small as indicated in Figure 7b where performance is

plotted against the order of tation of the individual motion conditions. The fact that pilot performance appears to be robust in the

mwe of significantly t motion conditions is a limitation inherent in the use of perfuimance alone as an indicator of motion
ty, particularly when highly skilled pilots are used as test subjects.

In order to examine the effects ot motion conditions on pilot control behavior a pilot describing function analysis was performed.
Using the disturbance input to the lead aircrafi, the pilot cyclic pitch inuts, and the mode! aircraft dynamics, the linear portion of the
lot control response was reconstructed. A typical frequency responsc plot oftl;xcn-loop ilot/aircraft dynamics i3 presented in
igure 8. The charactaistics of this plot are representative o all pilots and ail itions, e decrease in system gain (20 o 30
dB/decade) in the vicinity of the crossover freq (lpg?xlmnaly 1.3 radiant/second) is consistent with previous observations
of human control hehavior (McRuer and Krendel, 1974); however, the ted phase angle remeins in the region of -180 degrees,
indicating the presence of strong closed-loop instability. The fact that the dats show that the pilots were able to stabilize
the aircraft during the formation flying task appears to counter the notion of instability implied by the linear pilot describing
. The reason for this discrepancy may be that a linear control model is not mhepauin of a vehicle with high-
dynmgc;w (Yﬁ.mdﬁ:ﬁ-y. 1965). ptez‘::e gmﬁmu conu':lul:havia is mcﬁ.ngil:um with low -to-noise ratio
1/remnant) describing function g Ovenall, wefe uc differences in ot descri
mmmm&;mﬁ:’mﬂm il bing
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FIGURE 8. Frequency response of open-loop pilovsircraft dynamics FIGURE 9  Pilot ratings of vehicle handiing qualities vs motion condition
memu(‘g’ﬁmmy during longiindinal tracking task (formation flight),

The level of pilot compensation required to perform the formation flying task for each of the motion conditions is reflected in the
Cooper- ratings presented in Figure 9 (a high Cooper-Harper ruting reflects poor handling qualities). The relatively high (4 to
6) Cooper-| ratings given for the handling qualities of the simulator in the formation flying task indicate that considerable pilot
com| tion was required to achieve adequate task performaisce. Differences in required pilot compensation among motion
cumi:smu be more sigaificant than differences in task performance. The slight comrelation (R = 0.61) between performance
and the Cooper-Harper rating assigned indicates that pilot compensation may be a more sencitive measure of the role of motion
cues in the formation flying task. The Ames Nominal, Ames Decreased Gain, and OWS Nominal received equal ratings (CH-4),
indicating that the sirwlator requires less pilot sation tocf‘liv with these washout systems than it did under Fixed Base (CH-$)
The Ames Incrensed Omegs and OWS High Otolith Weighting (CH-5) were judged equivalent to Fixed Base and the OWS Decreased
Gain \C*1-6) was judged poorer than Base.

The ratings given by Pilot #3 of the motion conditions by means of the scale given in Table 1 are presented in Table 2. In genenal,
there was some correlation (R = 0.72 to 0.91) for all pilots between tc Cooper-Harper handling quality rating assigned to the
fonpation flying task under each motion condition and the overall rating of simulator motion. Pilot #3 rated all washout system equally
on the overall xcale with the exception of the poor rating of the OWS Decreased Gain washout.  The OWS Decreased Gain washcut
condition also recetved the poorest Coox: rating from Pilo: #3. The deficiencies in motion amplitude and phase iag (the
phase difference between the motion of the visual scene and that of the motion platform) s reflected in the poor ratings assigned to
those componenis appear to be the major vontributors to the formulation of an overall motion rating by Pilot #3. On the other hand,
the motion component tatings given 10 Ames Nominal, Ames Decreased Gain, and the OWS Nominal were significantly different,
yet the overall motion rarings and the Cooper- ratings to thor= same conditions did not differ from each other. It would

appear, therefore, that the direct ssaessment of the p by mweans of 3 multi t scale is more sensitive to changes in
motion conditions than the estimation of vehicle bandling uaﬂﬁubymmoﬂhe(b;mmummnmbjecﬁnnﬁng
of the simulator motion. In each pilot exhibited a di t correlation between components of the motion rting ‘scale and the

overall motion rating, indicating considerable between-subject variation in the assessment of each t of simulator motion.  This
difference among individuals makes coﬁnhon of ratings actoss a pool of pilot subjects quite difficult. A similar effect has been
observed for the subjective rating of mental warkload and techniques exist to reduce the between-subject variation in workload ratings
(Hart and Staveland, 1986). These same techniques could be applied to the motion rating scales described here.
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TABLE 2, Motion ratings assigned to each washout system by Pilot #5.

WASHOUT SMOOTHNESS ~ SENSE AMPLITUDE  PHASELAG  DISCOMFORT  DISORIENTATION OVERMLL

AMES NOMINAL 2 1 3 2 1 1 H

AMES DECREASED GAIN 2 1 3 4 1 2

AMES INCREASED OMEGA 2 1 3 ] 1 1 2

WS NOMINAL 2 1 4 3 2 1 2

OWS DECREASED GAN 2 1 2 4 1 1 4
~QW8 HIGH QTOLTHWEIGHTING . 2 — 4 2 A, 2. 2
BYALUATION OF MOTION PLAT.ORM ALTERNATIVES
A second study in this research program was recently conducted 10 provide an additional ity to evaluate the motion model and to

investigete the impact of alternative limited motion design options for air transport flight simulators. Assessing motion platform effects
on pilot performance in tasks representative of those which are required during training and checking is a first step in identifying
candidate systems which could be evaluated in a training environment.

Eighteen air transport pilots, currently flying Boeing 727 aircraft, participated as paid volunteers in the study. Of the eighteen pilots,
three served in the Captain and fiftesn in the First Officer crewmember position. E..perience in the 727 rnged from 3 months 10 7.5
years with an average of 2.4 years. A Bocing 727-200 flight simulator certificated under Phase Il of the Federal Aviation Regulations
simulator requircments section (Part 121, Appendix H) was used for the study. The simulator, which is located at NASA Ames
Reserrch Center provides a full six DOF motion utilizing a nonlinesr, adaptive motion drive logic scheme. A dusk/night visual system
provides a computer generated image of the out-of-the-cockpit scene o both the Captain and F..st Officer positions. For this study, only
night scenes were presented.

Three motion platform conditions were compared in this study: the full six DOF motion required for Phase Li simulators and two limited
motion conditions. ‘The latter platform motion conditions were provided by restricting the software logic driving the platform. For one
of the limited motion conditions, the six DOF system was reduced to two DOF: vertical and lateral transiational motion. Inclusion of
this condition in the study was to allow an evaluation of a system limited to providing largely disturbance information about the state of
the aircraft. Amplitude of normal platform motion excursion in these two axes was not limited. In the second limited motion condition,
small amplitude 1 ertical transtation motion commonly called "special effects” were the only motion cues provided. These special eftecis
included the following: runway touchdown bump, vibrations induced by runway rughness, buffets associated with flap, landing gear,
and spoiler extension, and Mach and stall buffet. Maximum leg cxtension with these effects was .63 cm, These special effects were
provided in the full motion and two axes motion: conditions as well.

Six of the cighteen pilots were randomly assigned to each of three test scenarios, The three test scenarios were constructed to allow the
evaluation: of pilot performance in task conditions representative of those they would receive in the operational training environment. An
additional criterion for task selection was the desir: that significant pilot control activity be involved. This criterion was included 10
increase the probability of detecting motion platform effects if they did, in fact, exist. Each pilot was tested individually with the pilot-
not-flying duties performed by 2 research pilot. The three tust scenarios were as follows: (1) engine flameout on takcoff subsequent to
rotation; (2) an airwork scenario consisting of steep tums, approach to stall, and standard mte turns with yuw dampers failed; and (3)
an ILS a h and landing flown through a low-level, horizontal windshear. All scenarios were conducted in and around the
simulated San Francisco Intematioral Airpont (¢ FO) environment. With the exception of the ILS appro-..: and landing. all mancuvers
wese conducted in standard day, no wind, visua) meteorological conditions The simulated aircraft had a akeoff weight of 67,300 kg.
In order to standardize testing, fuel quantities were held constent throughout the flights.

Prior to testing, piiots were provided with the opportunity to fly VFR approaches and\hndings with full platform motion in order to
become familiar with the simulation environment. Pilots were not informed that motion platform conditions would be aitered, only that
the study's intent .. as to assess simulator fidelity issves. In all motion test conditions, all normal procedures involving full motion
operations were conducted so that pilots would not be inade aware of any changes in platform functioning pricr to testing. Those tested
in the engine-out on takeoff scenariv were required to perform two successive takeoffs from a standing start under each of the three
motion conditions. Engine flameout onset time varied, but always occurred within 5 seconds following rotation, Engines 1 and 3 were
failed randomly on successive takeoffs to reduce anticipatory control responses by the pilots. Pilots were insuructed to maintain runway
heading and level out at 610 m altitode (2000 ft). The order in which the three motion conditions were tested was counterbalanced
across the six pilots who {lew the scenario.

In the airwork scenario, the simulated aircraft was initialized at 250 KIAS and 4570 m (15,000 ft) MSL. The pilot was required to
€xecute two successive stecp tums followed by two successive approach io stall mancuvers with the aircraft in the clean configuration.
Two standard rate turns with failed yaw dampers were then flown at an ahitude of 10,000 m (33,000 ft) and 300 KIAS. Each pilot flew
the airwork scenario once under each of the three motion conditions. The order of testing for motion conditions was counterbalanced
across pilots. Pilots assigned to fly the ILS approach and landing scenario began the approach at an attitude of 1200 m (4000 ft) and an
airspeed of 220 KIAS. The pilots were initialized with an intercegt course 30 degrees off the localizer course to runway 28R at SFO.
The ILS approach was flown manually by use of flight directors. Ceiling for the approach was 183 m (600 ft) with unlimited visibility
at and belcw 152 m (500 ft). At this aititude, 8 windshear was introduced which altered wind speed and direction from a 15 knot
hug\(\)nnd lod:l:gknot Hilwind at the runway surface. Wind was changed at a rate of -1 knot per 30 ra (100 ft) in speed and 36 degrees
per30min tion.

Both subjective pilot rarings and abjective simulator measurements were taken during the course of the study. The pilot ratings were
taken after the completion of testing on a given motion condition within each scenario. The rating instrument consisted of six items,
each requiring a ml&pointaede. A rating of 3 on this scale indicated that the felt the simula‘or to be very similar to the
aircraft. For e, & rating of 1 oa control workload was given if the simulator control effort was much less than that of the aircraft,
a 5 if the efforr was much more than that of the aircraft. The six items addressed the following: total control workload in the scenario,
control worklosd during configuration changes, genera: responsiveness of the simulator to control inputs, the utility of the simulator for
wraining and checking, and an assessment of overall realism of the simulation, For all items, pilots were asked to base their ratings to the
extent possible on experience with the aircraft. Objective measures of pilot and simulator performance were collected in real time ata
rate of 15 samples per second, Aircraft state parameters such as airspeed, attitude, and altitude were sampled as were measures of
simulator motion, the output of the spatial oricntation models, and pilot control inputs,
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RESULTS OF TRANSPORT AIRCRART SIMULATION i

mmnladthombjecdvenﬁnpof&nimulmmwmn in Figure 10. This figure showa the rating for each of the =
“xmm-mudmmmmmmm:mm{nmm 3 and in all motion platform conditions, the
ratings were found far the three motion

pilots rated the simulation to be similar to the aircraft. No reliable
Mumdmaﬁmammmhfamdxnﬁum
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FIGURE 10 Pilot rating of simulaor fidelity as a function of notion FIGURE 11  Alrcralt conterline devistion prior to and following engine
condition, fiamecct (s tiee = 0) a3 & fusction of motion condition,

Aircraft state mw and pilot control activity were analyzed to determine the effects of platform motion variations on pilot
E‘fammee. successive trials of the same maneuver were executed, data from these trials were averaged. Statistical analyses
a repeated measures design were conducted to determine whether differences among platform motion conditions were reliable,

Engine Flameout Scenario - For the engine flameout scenario, most of the data of interest occur shortly before and after the loss of
power. Figure 11 shows the simulated aircraft mean absolute deviation from runway centerline as a function of motion platform
condition from 10 seconds prior to 10 seconds following engine flameout. No reliable differences were found. In order to evaluate
motion effects on pilot contrc] behavior, the mean variance of the combined rudder positions was calculated for this period. In general,
greater amounts of control activity will be reflected 18 an increased variance of control position over time. An analysis of pilot rudder
control ncﬁvi;y for the three motion conditions did not reveal any reliable differences. An analysis of the time to climb to a safe altitude
was also conducted for this scenario because of the operational significance of achieving altitude in optimal time under these flight
conditions. Time to climb to an altitude of 120 m (400 ft.) from a speed of 120 KIAS was calculated for cach pilot for zach trial under
cach of the three motion conditions. Figure 12 shows the average time as a function of motion condition. Less than 10% difference
¢ ximately 3 seconds out of 35 scconds total) in mean climbout time was evident among the three motion conditions and that
ifference was not statistically significant.

40 Ne6 piiots 124
Nt pliots
301 | Pich
B Bank
L.
10 4
o-
8DOF 200F  BPECIAL EFFECTS 8 DOF 2DOF  SPECWALEFFECTS
MOTION CONDITION : MOTION CONDIMON
FIGURE 12 Time to climb io altitude following engine flameout (N FIGURE 13 Mean variance of aircraft pitch and bank angle during approach
1o stall

=6)

Airwork Scenaria - Of the three maneuvers exccuted, data only on the last two maneuvers performed during the airwork scenario (stalls
and turns with yaw dampers failed) will be presented here, two maneuvers ptovidedumnlty to examine pilots' ability to

control the simulated aireraft at high angles of attack and when the aircrafi was operating with tly redveed control stability. The )
data analysis window for the stall maneuver was defined as the pericd 10 seconds , to 10 seconds tho lowest airspeed i

attsined. Figure 13 shows the mean variance in aircraft attitude during this period. analyses of both aircraft pitch and roll angle variation !

was coaducted for the three motion conditions. No reliable differences were found among motion conditions for cither of these
measures. Pilot performance measures during the stall maneuver were also unaffected by platform motion condition, as reflected in
analyses of coutrol column and contral wheel position variation duﬁnfedﬂte analysis w. Analyses of aircraft attitude and pilot
control response during the standard rate turns with yaw dampers failed yiekded results similar to the stall maneuver. Mo reliuble
differences we: » found in either pitch or roll variance for the three motion conditions. Although there was significant control activity
during this maneuver, analyses of pilot control column and whee! inputs did not reveal reliable differences as a function of motion

condition,

was the period durin, m:ﬁe windshear was initiated (150 m, 500 fi.) and ending 20 seconds later. This
riod beidenﬁfkdu approach maneuver segment in the subsequent discussion. The mean absoluts deviations of the aircraft
the glideslope and localizer are depicted in Figure 14. {As a refereuce in interpreting this data, note that the fuselage of the 727 is

ig - The instrument ap; scenario was divided into two se ts for the analyses. The first segment
nuﬁn;nthetg:d’
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$0OF Y ey — SDOF 200F  SPECW EFFECTS
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FIGURE 9. Mean RMS vestibular exror in the longitudinal axis FIGURE 10, Mﬂmmnhmhlhewciﬂﬂuw)futhe
(wurge) for the instrument approsch sconario, instrvment approach scenario,
The absence of an lelinbleeffectsofplltfommoﬁononeithesubjecﬁvewnofsimuhuﬂdeﬁqupufmofme i
isofplrdcuhrhéutsineedtelbsolutuceduuﬂmsmvidedbyzheﬁzllmodoncondiﬁonsm,h.mﬂ,welhbwe for

the perception of whole body motion. However, Wwhen the vestibular model is used to estimate the diffeconce between sensed motion in
the simulator and the actual aircraft, mmummmmﬁmmmmmmmuweﬂwsmﬁw
alone are not significant. Whether whole-body motion affects pilot behavior is on & pumber of factors. The mare important
ofthaemthedynmﬁuoﬁhewhiclebeiudmﬂmd,themmmdexumof wmwmmmmmsme
task enviroament including the availability of information mdnndnpt to that provided by motion alone (e.8. a wide field-of-view visual
scene), and pilot attitudes and beliefs, In the VTOL study described above, the pilots were aware that platfurm motion was being
manipulated and were sensitive o differences in motion condition. In this study, the pilots were unaware that motion was being
mlnipullledlnd'his.combined\ﬁththcovenllmlismofdiesimnluionlndlhed 3 of the aircraft (a transport category fixed.
wing aircraft as opposed to a hovering vehicle) may have overwhelmed the small differences in mozon sensed as computed by the
vestibular model

3

. CONCLUSION
4 A model for the perception of human spati orientation based on physi ogia{modelsofthe_vestibnlnru;mshs&nsucoessfnﬂy
: ;f.plied t0 the problem of flight tor motion fidelity design and evaluation. The optimal coatrol approach to the design of

tform motion controllers is capable of ucing motion drive logicdmhubeendemonsnwdtohemunbktom existin
yWWtWh&ﬁml«pﬁmM@m&mm&ﬁﬂm The ldvanmgeoﬂhemodel-bneg
design technique in that itpumiuthemnipuhﬁonof:bemouonoonmnupufa_mmeenot only in terms of the motion

t and mouonﬁlupdon The
thesized ﬁmmmmmyhmoﬂ-mw assuming that the. pilot puts and aircraft disturbances are a
g:chuﬂc process. It htheuoﬁuﬂypocﬁ&obinuwemepuformeeofm optimal washout system by measuring pilot inputs
during the simulztion and optimizi tform motion on-line, given the ins,antaneous state of the motion system; however, the

ng
tation uired to perform this is currently prohibiti The emerging technalogy of hi speed parallel processors
muolug:m po‘:hn. Y v o ey

The validation of any simulasor motion dri system ir a human factors stud: 13 a considerable challenge 10 the researcher.

ldnﬁﬁiﬂﬂddﬂ&%&ﬁhmd%&ﬁ“ﬂh&bmﬂmw . M:mlnee oo
nndﬁwhﬂwﬂonofﬁe?&bwﬁchmﬂmmﬂ@‘h%y of nmumb:n.m The direct assessment of
motion fidelity by means 4 multi-component rating simnilar employ: showz promise as a measuremen
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Finally, the effect of wide field-of-view visual scenes upon the pilot must be incorporated in future models of spatial orientation

perception used ir: flight simulation. As new models are created for the interaction between visual and vestibular cues in the human

gdn?:]s mmdeﬁwf spatial orientation, they may be used in « manner similar to that described above as enpneenn. tools for the flight
A
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DISCUSSION

BLLIS: I would guess that there are two possibilitier as to why the particular type of
MOEIon you used didn't seem to matter. One would be that you don't have a sensitive
enough test to differentiate different types, and the other would be that perhaps you
haven't found an extensive enough task to be able to sepacate the diffeient types, 1I
wondersd what yasu thought the answer might be.

YOUNC: There is, Dr. Ellis, of course, a third posaibility and that is that there

really is no difference. 1@ think that the question of the task is very important.

Take the two extremes where in one situation (Iou might consider air-to-air combat as

an example), the task is such that no motion will be adequate. Consequently, it

dosan't matter very much what you use. The other extrame is a task like a well-

bshaved transport in which any motion is adequate. I think that the two cases 7
discusscd were near those two axtrames. That may be why we did not find vasc differ-
ences. You will recall that in research situations in which one veals with aircraft

that are close to the margin of ntablllti, the motion is very important and the particular
motion (especially motion delay) is critical in the stability of the pilot-vehicle mysten.
So I think that the iusue of the appropriate task is a very important one. \s far as the
appropriata measure, if we knaw of a rore sensitive one, we would have used it.

NAGEL: I wonder if any of your subjects bacame disoriented or had any of the other
symptoms associated with the simulator sickness syndrome.

YOUNG: We were conscious of the simulator szickness situation and had no reports of it
elther in the VTOL or in the 727. Typical exposures were not very long, on the order of
30 to 40 minutes. Dr. Bussolari who conducted the tests at Ames was alerc to this,
queried his subjects, and did not receive reports indicating simulator sickrness. There
were rsasonably good visual systems in both cases.

VAN HOLTEN: In aircraft combat, g-force is a very important impact on performance. Did
¥ou have any measurement of g-force?

YOUNG: No. g~force, of course, is the most difficult to reproduce in conventional
simulators of the kind that we used here. Obvicusly you have to go to a centrifuge in
crder to produce the sustained g-forces that can b2 present in flight. We found that it
was pointless for us to concentrate on g ~ on longitudinal acceleration in the optimiza-
tion bscause in all cases we would have &normous errors. You may have noticed in my
plot of the surge orrors that the vestibular errors in longitudinal acceleration were
aix or seven times threshold. There we're in a situation similar to what I described

to Dr. Bllis. Any motion syatem is so inadequate for reproducing g, that it doesn't
matter too much which moticn is being used unless we were using a centrifuge., I

would say that the specific exanples I have discussed this morning are not spplicable

to the case of cantrifuyes for training.

UNIDENTIFIED SPBAKER: On a rotating platform it is possible t¢ produce changes in
apparant attitude.

YOUNG: Well, & rotating platform in which the center of the pilot's head is well
off-axis is by my definition of centrifuge.

VIOLETTE: Due to technical recording difficulties, translation of Dr. Violette's com-
ments (1n French) are not available. Rowever, Dr. Young's reply follows.

YOUNG: I'm in complete agreement with your generalization about the differences

ween transport category simulators and combat alrcraft simulators. 1T have two
comments about the moticn requirementa in combat aircraft simulation. One has to do
with the flying qualities and handling qualities, and the other has to do with the
safety-relaied aspects of, in particular, thc :roblem of G-LOC, the sudden loss of
consciousness due to high g. For the firat pioblem, air-to-air combat simulation with
wide field of view - there have been many people who have offered the opinion that
with a sufficiently wide field-of-view, high-resolutior visual system, motion is no
longer a requirement, and here in Brussels in 1979 we discussed the problem of the
continuing need for motion in wide rield-of-view slmulators. The accumulating evidence,
I helieve, states that motion remains an important requirement for air-to-air combat,
even with wide field-of-view aimulation. Howeve., the magnitcude of the motion can be
drastically reduced because the only remaining requirement for motion is the onset
cueing, the initial acceleration to hurry the onset of vection (vigsually induced
motion). The other part of the question has to do with g-training to ensure that the
pilot ¢f a combat aircraft is awaie of the danger of sudden high-g onset and also sus-
tained g in relation to the dangers of not only traditional gray-out, but also the
sudden loas of consciousness. For that purpose, we're really not talking about closed-~
loop simulation as much as g-training, for which I believe persconally, the centrifuge
is an extraordinarily important device - in fact, an irreplaceable one. I think th»t
it is necessary that the pilot be given a task during centrifuge training that is
related to hia aircraft flying task. In fact, Professor Xenyon and I have taken some
steps with the people at Brooks Air Force Base (Dr. Gillingham in particular) to im-
plement a visual flying task on the centrifuge. Thera have heen attempts to produce N
alternate g-cueing devices ip flight simulatora, including the g-seat, but in my 3
opinion, none of them ia, as yet, an adequate substituts for centrifuge training.
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HOTION CURS IN EVERY DAY LIFR
J. Kriedal, A. Kormhuber and H. Lang*

ADt. Neurclogie und Pavchiatrie, Dundeswehrkrankanhaus Ula
Obazar Eanlsherq ¢0, D-7900 Ul
*ABt. Neurcicele. Universitdt, Ob.rer Bselsbers, D-7900 Yla

SUNNARY:

Hotion cuss are perceived via differen® sengorv modalities. Converaence of taleceptive and propriocenta-
ve sensory imformation Is a prezeguisite of tasi-ralated senseful motor reaztion. Research with venrr-
related drain voteatiale {SRP) delivers iwportamt functional and tovogranhical information of theas cum-
plex iateraction, Prom ERP dsta the fumction of the frontomesial supvlementary motor area {SMA) could ac
analyzed. Their {mportant role ir timing sagquential tasks and connacting the senscry and =otor syster is
4 tratad, S y dysfunctions nicht irritate the onsat and seguence of taskrelated wotor reac-
tions.

Vestibular evoked cersbral potentials are chosen te daronstrate the restristions of the intarpretion of
the I:P resulta, Pron staady state avoked and transianty avoked polentials further knowledaa can ba ux-~
pected.
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INTRODUCTION.

. Eveat related brain votaatials (ERP) play an irtcrtant rola as indices of rantal vork lead, of flight

: perforsance. air crav salaction ate. Therefors the whols vroblem uas be¢n linmited as follows:

a. Hotion cues as measurable by alectrophvsioloaical tachniquas, and

b. not enly raferring to evary day lits, dut with soms refecence to simulator problers. and

¢, not ouly focusing at one semsory podaliiy but prefarring the xultisensory converuencs and trying to
give a link t3 the vearforming mortor systs.t. The pilot's hands are the link te the stick and throtrle,
Neve tha transmission detwaen sinsory paccevtion and motor action i.e. to the aircraft takes place.
Percaption and reaction ~ motor (ralaction of a pilot -~ , wmultimodal sensory analyses and task rela-
ted senseful motoric (re)action and the tharsby additionally vroduced sensory faedback {(proericcen-
tive and telecedtive) are s continuously interwoven sequential process (Fig 1),

o i nn s
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INTRATTHN OF SENSORY AND MOTOR SYSTEM

s

P
.

Fig. 1. After the salt-initiated start of a real flight or a simulator flight
the notor reactions and sensory percaptions are continuously intarwovenh
thre igh out the task.

At any level -especially under high workload -~ psychic incluences way be suovorting or coamplicating
occurences. Individual skills and experience (i.e. learning. memory) will intluencs the outcome ot
the mission.

Ressarch tocusing on one sensory modality is hichly neeaed and very important. But it should not be
oversmphasized with respect to the immansely comuvlicated topic of similutor sicknass. This ir true
even for the very important vestibular system in this context.
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YRITIBULAR SYSTEY,

Daspite the aforanentionsd liritation, we atarc to look at the vestibular svetem onlv, Before the inter-
pretation of resuits we shouwld varv carefully proof what we are messurine (16), Ares we reslly able to
record verqy vastitular evoled resvonses? Oaly an slectric excitation of the vestibular nerve tould re-
sult in & certaimly vestibular evoked cortical wotemtial (37). The areurents of soas authors (18 )1,
36) are convincing in 8. tar as they ave measucine cortical avoked respomser and as they retect or con-
trol artitact coataninmations. But for we they are not that coaviaciag as far as the enclusion of in-
tinences ot the soadtosansory systes ip concernsd. There is evideace that we are dsaline with a primary
bimodal cortical projection fisld ~ ¢ vestidular And 20MATORAASOTY EAPTESeRtation avred = in the (A$3Q)
antericr suptasylvian eyrws (i, 2. 4, 10, 11, h1, 28, 2Q).

The veatibular coztar belones to the somatisensory ared (10) and of course there is cloge hinodal coa-
vercence asd interaction. Vith scalp recordings of eveat related potentials (ERP) aw imterfareacs of
both nodalities mieht be assuaed. Ta rotary avoked votentials im normal and labvrinthectomited rabbits
{17) reiatively constant ocurrance in lateacies and amelitudes of the edrly waake (P 1 and P 2) was
found. This sueeests th.ir .omatosensorv origin and does not vaderline the vastidular iafluemce. But it
seens likely that the la.ar peake ( P ) and P 4), which ace auch lets comzonly sean im labyrinthectomi-
ted aninala, rewresent a cortical potemtial of the afferent vestidular fidbres. Perhase a suitable animal
nodel may Aistineuish deatwsen the vestibular and the sonatosensory part of the svoked potentials wheress
the test situations with humam subiects srobabdly might not,

¥a had the opwort ity to study avokad braim wotemtiale with & 19-year-eld patient with hilateral com-
plete tailure lageaisia) of the vestidular awparatus. 8o we could differentiate between the raaction of
the vestibular and the somatossnsory syster by coaparing the patient's data with thoss obtained froe
four healthy subiacts of the narme age.

In this study steady state vestibular evoked brain potentials ware recorded (23).

fTechnigue of Rezistration:

The patieat and the healthy control subiects {aged Detwean 19 and 21 vears) were sested on & swivel
chair and faataned te it with the heads bant forward by 30 degrees. Continuous sinunoidal rotationt
around the body axis wara performad. In order to sreclude anv i1nfluence of evemovements (vestibuloocular
reflax) the 2ubiects had to fixazs a small lighted spot. This svot moved in phase with the swival chair
sotion and therefore remsinad at the same vlace for the subiects eves. The complete darkening of the ex-
parizental roca, the zagking of the aubiscts avdition by white noiss . tha use of apecial smectacles
parnitting foveal vision only served to axclude conceivadle visual. acoustic or somatossngory influances
to the maximue sxtent possidla.

Vith  larenca to the iatermational) 10/20-Svstem Ag/AgCl slectrodas ware placed paristally on both sides
1 ©® tnterior to the positions Py (P +') and P 4 (P «'), For the unipolar KkG-registrations linked ears
vars used as vefexance electrodes. The registration of the elctrooculogras (EOG) was used vo avoid in-
tlusncas by ays sovesants, eyelid bliaking and vestibulo-ocular reflex. Any possible sources of slectro-
nagaetic iuterferences in the axperimental room could be excluded bafora the actual sxveriment by a pre-
test with & hichly sensitive antenna sounted at the swivel chair. The transition vestistanca batveen the
skull surtace and the electrodes was less tham ona kOhm, the time constant was five seconds, the upper
limiving frequancy wac at /0 cps. During the experiment the EEG, IOG and the techrical data tincluding
angular accalavatvion., dmaular velocilty, vosition of the svwival chair! wera recorded and stored on a mag-
netic taps for off-line analysas with artifact reiaction., Averaqes cf 400 EEG-epochs covering full sin-
susoidal pacterns of the patient and the healthv subjects were obtained. All subiects were familiarized
withn the tasks to ba accomplished and tha bshaviour required during the experiment in a standardized
way. Abovae all. the subiacts vare instructed to esvacially concentiats on the conscious parcestion of
the rotary motion. Tha firat vart of tha exvariment vas desiontd to determine ths thrashold-of sensation
by means of pavchoohvsical tezts without resistration of cortical votentials, Then. in a second stap. w3
ragistrated cortical votentials belov and above the thrashold of vercestion.

FINDINGS.

Fig. 2 sumparizes the reyults. The threshold valuas of the conscicus rotary movement procepticon of thae
healthy subiscts was different from that found for the patiant. f7ha vatiant could not parceiva a rotary
movemant with a maximum angular velogity (Vmax) of 3.8 dearev/sac (fragueny: 0.4 cps: amplitude betwaen
two turning pointa: 3 degress). whareas the heaalthy subiects showad a clear verception of the rotary me-
vement. A daxirum angular velocitv (Vmax) of 5.8 deoree/sst caused in the patient inconstantly and unre-
producidly a aensation of & movement. Only whan stimulated with a Vaax nt €.8 degree/sec or highar and
an amblitude of & dearess betwaen turnina voints, he wvas able te clearly osrceive and describe the rota-
ry acvarant and the position of tha chair in the room.

The votentials regiatrated from healtdy subiects shuwed - uwith only minor inter-individual differences
(Fia. 2, diadgram a & D) - a tybical pattern of cerebro-electric neqativity and posivivicy. Vhen stimula-
ted with a Vmax of 3.8 degree,sec, the registrated cerebral notential aabplitude showed a frequency tvice
as hiah as the rotation treauancy of tha awivel chair. The measured valus of the 2axiaum amplituds bet-~
ween the Regative and tha positive maxicum was 2 microvelt.

The vacorded pattern can ba .onsidersd tvpical bacause an inter-individual comparison revealed no signi-
ficant differunces. At the same time. the comparison showed 3 clost vhasa corrslation bstwaan the naga-
tive maximum Ovar the cortax and tha varvine valuas of the rotation valocity. The latancy differsnce
betwesn the magiaum negativicy and the maximum angular velocitv apoun-ad to values from 10 to 20 dearees
oaly.

The literaturs tealls us that fluctuations of cortical neaativity are to be taken ap an indication of
cortical activities (3. 24. 25): in this case as an indicetion of the activity associated vith the rota-
tion stimulus. Psychophvsical axpariments suwnoort this assumotion. since under other but similar experi-
mantal conditions a phase correlation batween conscicus psrcevtiol of a rotation movement and the rota-
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tion vejotity has already been towsd (21).

OCut results (23) allow the conclumion that ths potantinls registrated with healthy sudiscts with norsal
veatibular svetens ars of vestidbular ariwin sainly. Is this commection, the fluctwations ef certical
potentiale. which could be ancited in the watient by stinuli of considerabiy hieher inteasity oaly, must
b avaluited &5 aa ansver to multiple sematossascrial afferences. WALER = an to the tise factor - are
not firnly ohase reluted to the steady state rotation stimwlue iFie. 2 disgrasm d). The expetinents
show that & norsdl vestidular \pparatus cectainly is a necessary wrerequivite teor the petentials tetis-
trated. Dut when intarprating the rasults. aleo the additional intluence of a Magher cortical processiag
aust Do conatdercd {directed attention wot. BAP {(24): contingent aeq. variations, CNV (26, 3%). The more
20 48 the cerebral area, the potentials of which were registrated over the skull, is a location of com-
;::Qinc vestidular and multiple somatosensorial and, sarticularly. kimaesthetic affereaces (6, 20, 22,
Another iaterwsting aswect of the case presested ia this study should be aeted. It is certaialy surpri-
sing how srall the rotation stimuli ace the patieat is abla to perceive dy his acrmil somstosensorial
atfersats. But durime nighttine, on roweh eround. this informatien is mot sufficiemt to emdbdle the pa-
tiedt to coumterpoiss say disturdancas of his Balance iaeediately Dy a posture corraction of his body.
¥ith the balence maintained, such correctioms of the hody posture Are Possible Dby vestidularly sediated
labyrinthiae ratlexes (22, 23).

Vhather transisnt evoked vestibular sotentiale or steady stata avoked vestibular potemtials or the com-
bMisation of both will wive Dettar intormation needa further investigations. The intarfarance ol »semate-
sentory svatem. hovever. has to ba taken into accoumt (231,

CORTICAL POTENTIA! § ssrociated with

. »\\\
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He. 2.

Slow cerebral ovotential shifts accompanving 2 steady state sinusoidal
rotation, Comparison of the cortical avoked potentials of healthy sub-
fects (diagra® a-f} with thote onf a pavient with coevletely lacking
vastibular excitability (diaeram déc). The horizontal line indicates
the threshold of comscious vercaption of tha rotary motion, P» and Pe:
bilatera) parietal slectrode posivions. Angular acceleration: afit):
anqulay velocity: vit): position of the svwivel chair: sit),

VESTIBULAR - (NECKX)PROPRIOCEPTIVE INTERACTION.

The veatibulay avsten sessures linear and angular acceleration of che head in space {20, 21. 22. 27,
28). Propriocaption sigaals position and movements of the parts of the dody in relation to each other
{22). Both systems are needed for poscural stabilization. kimesthesia and spatial oriemtatios. The lady-
rinths in the fXull record poverants of tha head, ragardless of what happens with the truak. The CNS bas
alsuoc to take imto account the oroprioceptive signals of the neck about the excursions of the kead rela-
tive to the trunk. The vestidulo-spinel asd cervicossimal reflexes are wsed for the stabilization of the
ctrunk (22). Neck inout also raaches the cortical vastidular field in the onterior svpraaylvian gyrus
(ASSG)  All camal-pack interaction appears to be gquite consistantly sither the resvait of an additive or
of a subtractive intaracticn of canal and neck induced effects. (4. 6, 11. 22).

Fig. ) left side shows vestibular-neck imteractions. Novemants of the head ralativa to the trunk are al-
8¢ sovaments of the head in space. A convergence of labyrinthiae. somatosensory amd nack-propriocedtion
is necessary. Thera sxist soms differences batwesn the parception of astive and passive novememts (27).

PASSIVE HOVEVENTS AND FROPRIOCEPTIVE ILLUSIONS.
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Pte. 3 vieht side ceacentratus on the tesults Of sastive herizedtal retations it & 0.2 eve) of afttine
healthy sudtects (271. Pure labyriathine stipulation war obtained by whele Dedv cotation (N ¢ £1. The
b 1oet entimatud the anele (M) trem the individual turhine sensatien. Pure nech wroprisceptive stim-
latson (Suxaa) wes aBeained by revations eof tha treal relative to the staticasry hesd. This led te o
trehk turaise seasation (T8). The dirsction was thar of the setudl trenk sevedent with regpect to the
statiendry head. Surstisiagly the subiecis emperienced aloe  ssnsation af their heat deine tetatw ia
the direction of the relative headsto=trusk deflection. THLS turhiRg seasation TepTASENtE 4 Percentive
1liution (27 Metinse 0O Mot moventnt took Blace. This fllusion did a0t Avits durine svtive head swve-
sante. Perhare this Xind of Saagive IRk AOVERMAtE MY havpen duriag & simvlated Relicepter tlight with
the BLIots Mad {end eves) stayiew fined ot a coveet. Perhans this Rind of wroprieceptive 1llusiobary
SOTORMALE BAY 2estridute to & seasory dystwaction recuitiRg 1n vagetative svmetous.

VesindAar< nock Dietaiiton Comorhnl pereapon of Foseive Mnent s\
Cunatiot parcepion of avvemant and (eshare totation: trunk, e, bt
H t&-&.ﬁr s having soraytoms
TS e S
ey Yis-a?
- [ R 17
/ ',' qu,‘“&:‘&l
({// ~— mraghive
| {panaive moveman? )

S -

Havensn? Mg relative 16 Hwe trunk —aovemant
hedd i pate:  veshibuler - apindk NG Corvite
spinal refien

intoraction: contl and neck atfarents

ure 130gendhing shimtabion NeT 1)
ure ootk prapriveaptive stemlaten T i)

Fig. ),

Left side, Schanatic diagrax of the head on tha vruak detiniaw cefe-
rance Airection. St s»cal T truak: W: head: W3, T3, NT: anelas bet-
waen the vartical axis 13) an the axis of the trunk and head (3M),
Raght aide. SRubisctive estimation of trunk-in-space and aead-ii-space
rotation durine comdined horitomtal camal amd neck atimulation (MeT).
The subiacts registrate turhing sansations TS and NS, Pare neck oru-
oriocestive stimulation {T) by rotacioa of che trumk telative te the
stationary head provoked vercedtive iliwsicas of herd rotation {&7).

CONTRAST SENSITIVITY FUNCTION AND VISUAL PRRFORNANCE.

Tran >are vasual stimuli aight cadsa Raused uader cartaim conditions, This mivht hasvan, for axamr.s. if
the visval insut does mot £it tO aRwectancy, memory and axosrience. The recordiags of tramsient viswal
avoked votentials addad iszvorvant informatioh to our :nowisdas of the visual svstas. LKven mors informa-
tion of this kiad can be exvected ov the stationary viguil evoked pocaatials now coming in use 12, 1.,
&Y. 30, 34}, Thie method enddlen us to deteraine the contrast semsivivaty obicctivaly by using sinusoi-
dal gravine wacterns. The coatrast function can be »ore impOYtanz in targer detection amd identification
than wigual acuity (12, 1), 3. 34, Simusoida! oratinos varied in tieguency. contrast and ohase will
deliver a visual seuivalant (vigsuouras) of an sudioerar. Visudl acul*y seasurss seasltivity at high sva-
tial freguencias while CORtrast sensitivity furctions cover a wida ramas of spRtial freguenc.cs. Indivi-
dual differences im contrast seasitivity tunctions ars the basis of ditfarences 1n verformance of com-
vlex tasks.Compariue research doas 80 far indicated that CORTYIST sunEATIVILY And not visual acuity ore-
dictad simulated taraet detactioa t12. 13). Further studies relatad to sire and dastance percedtion
occurine with artificial diselay syatemr probably will adé soms information vo the understanding of si-
milator induced wrohlems.

Ot courss visior. plavs also & role in gvatial orientation. Dbodv vosturs. Darcedtion of self motion and
locosotion, The asbient mode of visual srocessiae inieracts with the vestidular. somavosensory and audi-
tory svstam to subServe apatial orieatation. vostura amd gare stability (20, 22).

HULYTT SENSENSORY CONVERGENCE,
The presused fumction Of coavervine informadion via eultimodal seusory input is conscious perceptica of

soditicn in space and of sovements (22).

Thus inforaatisa froem anv perishiral sensory organ is seldos

trangferred and andlyzed separataly on the covtial lavel,

Iateqrated parcention takes nlace alrsadv in

subcorticas levals i,

6.

11}, Huleiscnsory convargence and selactive data reduction occur at any "1me

in everv dav life. Thev are of svecial inversst in cosplex tasks like simnlator work. Relative orepc de-
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TARCY Of SRt JRREORY R0dality vith reswect to Svecifie ftinuli due to variows tasks with referencs o
SEDITIONCE and meBerv Ziv havpen. Nu weader that hishly soshisticated and slaborate studies concentrated
0% ORe  Sensory  Sedality do wet amkibit veliable and wseful intormatiom for these complex interrodal
coordination 119),

HOTOR $YSTRN.

Meltizodal sensary COAVARGRCE .8 Mec-1sArY tor meror sechanisms (8, 20. 21, 32). The moter cortax i
TURTADORSY tO thy SORBGEY cOTtOR. Fro- the sensory woiat of view, the motor cortex it mainly a someto-
3e280rv and vestidular asseciation area (1), Vithin the sotor CorteR oAlY those ROVAMANTS aTe Tedresen~
*ed which need sophisticated tactila And prowrioceptive reswiation: a.e. tinear-. hand-. tondue-, livp-
and toe movepsnts (7. 23}, Nowever articulatorv rovements f0T sbeaRika are guided by Varnicke's verisvl-
vian sveach area (8. 14, i85, 1%, 22'. Eve movamant® are localized in the sre-occivital, poRterior, wa-
rietal ard fremtal cortex 8, 22). Thevy are not represented in the motor cortax at all. The Rotor systan
16 rather decontralized.

TINING FUNCTION OF TRE SMA.

Dessits the decentralisation of the wOtor SVETeR tesdordi Cooriination betwaen telecadttive and srosrio~
centive sysceas is necessary. TALS function is aubserved by the frontomedidl saralishic sumplementary
aetor ared (SHA). Notivation and olanmine are chanasled into tha motor system via the 3NA (3, 9. 14, 13,
16, 42). Thit ared also has & vedl tinine function in deciding on the start of & moveasnt. The decision
tor the riwh' moment for action must take into accouRt the exteraal awnd iateraal situation. Tthis is the
axplanation for the extraordinary sultitude of sfferant and atfecent commections of the SMA. Thas area
has & convarqance of telacestiva iaputa via sendory proiection amd asscciatioa areas (soaterior cortax!
and trom motivational impulses iror the limbic syatam (8, 22). Ve have @ loneitudinal tunctional davi-
sion of the draia. Rknown as hemisoheric ssecialisation. Furthermore we have & transvargte fuhctional di-
vision of ths Brain. The retrorolandic roaterior vart with the Samsory asseciation area deals with ths
ARtOrRAl faatures of a sitvation. The !ontal lobet are raialv concarned with internal asvects of ac~
tion. This includes coor’imatioh. Dlamning. amticimation and temporal saeuencs 5. £2'. Ve *ay soveax of
an anterior motivational brain and a vosterior attantional brain 18'. the necessarv coordination is subd-
seeved by the SHA. The prinine fumctioh of the fronro-masial cortex (SUA} for voluntary self-paced mova-
2eAtS is verv wall documented Mv gtudies of the surface negative Dareiischaftspocentials (P} or readi-
ness Botentiale (7, 8. 9. M4 1M,

VISUONOTOR TRACKING AND MOTOR LEARNING.
Visuomotor tracking tagks include voluatavy self-paced and stimuius-devendent movements in response to
tima-locked avants {7, 44, %),

TRAQKING - ISUAL

[ 1 wm

P  BEREITSCHAFTSPOTENTIAL
RXP : reloxation pelential
gFNP::mAtunndggcxgngn
DAP  duecked aftentiyn powntial

He. &

Grand averaces ot cerebral potentialg acress 1§ sjudiects. lonopolar
recordines vs linked aars. Dotted limes indicats double standard er-
ror. Time scale € sec, Vertical lines: voluntrarily initraved stimulus
onsat (t=0): change 1a direction of tha stimulus {t=l):@ fast reset ot
cthe stirulus {t=2). The difterent cortical areas show different pat-
terns of necativivy and positivicy, FC; (SMA): tromto-med.. O2: right
occipital EEG-electrode positions. Or is examplary for tne visval pro-
jection area.
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Fig. 4 shows hand tracking with a f£ixed time program. DBetvesn second O and 1 the visual stimulus con-
stantly qoes in 2 random direction. In sec 1 a sudden chande in stimulus direction occurs. Between sec 1
and 2 the stimulus moves in anothar constant random dirsction. The motivation svsten is able to amtici-
pate the time fixed chanaes of stimulus direction. Therefore the orecedina negative Baraitschaftspoten-
tial (BP) declines alresady about 300 msec befors the chanae of stimulus diraction ovar the SHA (FCz).
Ovar the teleceptive sensory asscciation area (Or), hovever. & hich negative potential (DAP. directed
attention potential) is maintained until 200 msec after the chanae of stimulus direction. This 200 msec-

epuch represents the time of the sensory information processing for the new tracking direction (7. 24,
a8),

CONCLUSIONS. )

The fev chosen sxamplaz of ERP show that complex functional and towraraphical information of the sensory
and the motor systea can be obtained. Hotion cues in every day life or in sequential sansorimotor tasks
like in simulator work can be studied. However. only a small part of the complex interwovan secuential
sensorimotor process can be extracted for ax.ccimental analysis. Therefors the intervretation of the re-
sults is rastricted and an explanation of such a complicated topic liks simulator sickness is not possi-
bla. To this restriction ve can add some other well kmown tacts.

Hor2 exparienced air crews are more likely to experisnce simulator sickness. Simulator sickness seems to
depand on computer generated simulator situations and their multisensory perceotion by the pilot. The
qreat - the fidelity of simulation the more liksly eimulator sickness will occur (19, 3.

The best simulation of flight situations is not (yet ?) equivalsnt to real flicht exverience (33). Pi-

lots being able to realizs these differsnces even under areat work load can be assumed to be exparienced

ones. The simulator situation does not exactly fit to the real in-fiight experience and causes a memory

ccaflict, The pavcho-phya‘ological conilict related to sirulator induccd syndromes may occeur uncous-

cionsly. The problem might be psychologically agaravated becaus: they are “flyine" and not doing iust

sone simulator work vhich might becoms halpful lateron during reas flight maneuvers. Putting all thase

informetions together wa would assume that simulator sickness could bu reduced if

a. the tachnica2l development cc'ild eliminate the differences batveen sansory serception in simulator and
real flight situations, or it

b. less sophisticated simulators producing less similarity betwsen training situations and real flight
snviroamenr would be used. Does skill acauisition always reauire a highly sophisticated rcoreduction
ot flaght enviroment (19,33) ?
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DISCUSSION

VIOLETTE: The comments /(in Prench) by Dr. Violette cculd not be translated due to the
guality of the tape recording. The following is an estimate of the intended content
of a small part of his commentary:

I congratulate the spesker on his outstanding presentation. Tha review of neur»-
phyesiological systems was most enlightening. In my opinion, this talk should have been
included in the opening session of this meeting. I feel that conditioned reflexes have
not been sufficiently addressed. The highly experienced pilot is conditioned to expect
particular patterns of sensory feedback when he initiates control actions in his ajir-
craft., When he initiates the same control action in a simulator, the sensory informa-
tion he has been conditioned to expect is not forthcoming., This expiains the simulator
aickness of experienced pilots.

Dr. Violette then commented on terminology.

KRIEBEL: I think that we have had too much talk on one point. Every point should be dis-
cussed In detail with reference to what we know from physiolocical experiments. However,
this would take the rast of the session, and I think the chesirman would not permit me to
answer in such detail. T would like to make a very short comment on the tarms we are
using, for example, the term, motion cues. English is not my mother language - in
everyday language and in scientific language alsc - we have quite a lot of terms. When
you try to interpret them, you'll find that they are somatimes senseless, yet they are
still used because everybody knows what we are speaking about even if it is not defined

in great detail.

VIOLETTE: Not translated.

CHAIRMAN: Gentlemen, we must stop this discussion to allow time for the other papers.
We will accept one more gquestion. Larry, do you have one quick question?

YOUNG: Yes, it's a brief question to the author. Briefly, you stated that the corti-
cal-svoked potentials were uniguely vestibuler, and I would like .to know what is the
evidence that they are not an artifact of the auditory cues or a representation of
other somatosensory inputs?

KRIEBEL: First, I didn't say that they were only of vestibular origin. I said,

"mainly of vestibular origin." In reproducing the test situation, and in comparing it
with the patient's data, it seems that these potentials might be caused by the vestibu-
lar system. I am not very certain of this bacause as I indicated, only excitation of

the vestibular nerve would give us more confidence that we are recording only vestibular-
evoked responses. If you examine the way we collected the data, our analysis and
registration techniques, you'll see that most of the influence of artifacts of other
origina were excluded insofar as is possible. We are very careful about artifacts. I've
worked for about 3 years, focusing on artifact problems., I did not indicate that we have
only vestibular-evoked responses; but some other authcrs do, and that's the reason I
stressed this point.
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MANIFESTATION OF VISUAL/VESTIBULAR DISRUPTION IN SIMULATORS: : v
SEVERITY AND EMPIRICAL MEASUREMENT OF SYMPTOMATOLOGY i

by
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Blackaburgﬁ Virginia 24060
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and
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SUMMARY

Reported incjidence rates of vehicular simulator-induced sickness in operators

is highly variable both within and between devices. Recent teview of the

literature indicates that documented incidence rates range from 0 to mearly 90%

in flight devices and even higher in some driving Jevices. However, the

severity of the asimulator sickness problem is not adequately gauged by « simple

count of those operatexs experiencing one or more physiologic symptoms. :
Instead, a battevy of metrics 1is usefil in identifying and progerly assessing i
an induced atate of simulator sickness. This is of particular importance with .
the recent thrust in empirical research toward determination of the effects of

simulator design parameters, such as control lcop delays, on operator sickness

: and performance. This glper reviews the symptomatology expe:ienced by

£ operators of flight and driving simulators. Drawing upon this review, depen-

dent measures are recommended for use in simulator-sickness research, iacluding

self-report forus, specific physiologic indices, postural equilibrium tests,

performance tests, and susceptibility prediction instruments. A tabular docu-

mantation of published research studies concerning simulator sickness 1is also

provided, as 1as a4 discussion of the ramifirations of the problem.
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INTRODUCTION

Background

Simulator-induced syndrome, more commonly termed "simulator sickness," has veceived
cons’.derable notoriety in recent years. There are cases in which specific vehicle simu-
o lators have developed a reputation for inducing infirmity symptoms in operators and as a
i result, have been severely hindered in application. Not only ‘lo nperators often become
I leary of these devices because of the discomfort they uay produce, training instructors
and researchers may become skeptical about their ebilitg to provide a realistic vehicular
control experience (Casa:ii and Frank, 1986). Though the severity of the simulator-
induced syndrome is highly variable nmong devices, and a few devices have no reported
problems, it is clear that a serious and ill-defined problem does exist. Unfortunately,
human factors research aimed a: determining the simulator-based causes of the syndrome
has lagged considerably behind the rapid advences made in simulator technology, which
have greatly expanded performance capabilities and application potential of the devices.
In fact, since the first documentation of simulator sickresa by Havron and Butler in
- 1957, there has been a paucity of empirical studies to determine either the symptoma-
4 tology or the etiology of the problem. Most of the existing work 1s summarized in
1. tebular form in this paper.

Simulators have been employed to mimic several full-scale vehicular systems, includ-
= ing fixed- and rotary-wing aircraft, automobiles, heavy trucks, tracked military
veﬁicles. surfece excavation equipment, underground mining devices, railwey locomotives, 4

i space vehicles, ship bridges, and submarines. Of these, autounolile and aircraft devices ]
X P

[ have most often bean reported to have simulator sickness problems. Usually, the display i

Borlpective in devices which are reported to elicit sickness is '"inside-out' rather than 3

o

outside-in." That ig, the operator views an out-the-window scene through the windscreen
and performs &8 an in-the-loop controller. Reports of sickuess with "outside-in" devices d
are rare, though sickness has occurred in aome simulators in which certain crew members B
do not view an out-the-window scene (e.g., Casail and Wierwille, 1986), and in tele-~ §
operated systems (Pepper, 1986). Symptomatology oi the simulator sickness syndrome .
varies widely among individuecls who experience 1t and umong simulators that induce it.
Acute effacts way include hesdache, dizziness, disorientation, eiestrnin, cold sweating,
pallor, burping, nausea, and even full emesis. Degraded vehicular control and task per-
formance mag also result, Jhich certainly i{inhibits the lelrnini experience and/or
influences the research process (e.g., Casali, 1981). And particularly diasturbing are
the residual post-simuiator symptome, including prolonged nuusea and malaise, fatigue

motor dyskinesia, visual dysfunctioning, ataxia, and in rare instances, 1illusory visuei
flashbacks to the siwulator experience for up to 10 hours afterward (Kellogg, Castore,
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and Coward, 1980). In certain military simulators, the "aftereffects' have been deemed
severe snough to warrent prohibiting actual aircraft €£light for a predatermined post-
simulator period (e.g., Fitron 124, 1981).

Ranifications of the Problem

Simulators represent a useful regource for research and design, training, screening,
and proficlency maintenance. Reliance on aircraft and ship bridge aimulators for
instructional purposes is particularly high in the ailitary and onaritine induatry,
rolpectivoli. Driving and flight devices are alao hoavll¥ employed in research and
system design. Sickness which accompanies simulator use in these a{pllenttonn poses
several problens which may inhibit aioulator effectivensss (e.g., Casali, 1981; Frank,
Kellogg, Kennedy, and McCauley, 1983). Though the state of sickness in operators may not
always be part{cularly overt or severe, the ramifications of the occurrence are quite
serious, albeit in many cases, subtle. A few of these ramifications warrant mention.

1.) Compromised training. Trainee sicknesa may interfere with training syllabus
objectives due to distraction, disruption, and reduced trainee confidence. Tralneas may
adopt certain strategies to reduce the inducement of sickness in the simulator, sueh as
Judiciously using certain control movements which result in innocuous simulator uotion
reaponse. Obviously, such strategies may bhe totally inappropriate in the full-acale
vehicle for the same set of circumstances. As a result, there is potential for negative
transfer and habit interference when the full-scale vehicle is undertaken, particularly
for novice trainees. The need to "unlearn' such responses results in inefficient utili-
:;tion of the simulator and transfer vehicle as well as wasting trainee and instructor
time.

2.) Safety riaks. Though post-simulator driving or flying incidents and .- acci-
dents ¢.% not well-documented, simulator sickness does pose a potential safet: -axard.
While there appears to exist no firm evidence that post-sigzulat~r accidents are n~orre-
lated with nimugator-induccd aftereffects (McCeuley, 1984), measures have been taken to
restrict same day flight in U.S. Navy aircraft following simulator exposure (OPNAVINST,
1984). Ataxia, visual dysfunction, and visual flashbacks are symptoms which are of par-
ticular concern to the post-simulator safety of operators.

3.) Ivuppropriate behavioral response. Simulator-induced sickness constitutes an
inappropriate by-produci of the slmulator experience. If it were the case that simulator
subjects became 11l under precisely th( same sget of conditions for which they bicame
motion-sick in the actual vehicle, then theoretically the sickness would be appropriate.
iiowever, this 1s not usually the case. For instance, drivers of automobiles rarely get
eick but pasgsengers often do. However, certain driving simulators are notorious for
inducing sickness 1in the driver. Because such a simulator, but not the full-scale
vehicle it attempts to replicate, induces operator illness, it can be argued that the
simulator i3 inadequate.

4.) Validirty problems. Related to the issue of artificial behaviors is the influ-
ence of simulator sickness un device validity. The preserce of aickness constitutes an
extraneous source of variance in the operator's data, because it does not correspond to
responges observed in the actual system. Thorefore, it poses a threat to the validity of
the siwulation and acquired data may not be readily generalizable to the actual system.

5.) Reduced utilization. Simulator utilization, and the development and reali-
zation of sinulator application potential in general, ia inhibited by the problem of
operator sickness. As a result of the discomfort, instructorx and trainees alike may
lose ronfidance in simulator-based training and consequently may nct use the simulator ir
a scrious or consistent manner. Trainee motivation and attention are essential to an
efficient, effective training program but these needs are somewhat opposed ty the problem
of trainee sickness. From a research atandpoint, the performance data obtained from a
sicknegs-inducing simulator are suspect and diminished use, and well as decreased fund-
ing, may result.

6.) Ethics. Particularly in military tcraining devices, the problems caused by sim-
ulator sickness may be outweighed by the necessity and benefit of the training effort. A
moderate degrece of sickness may be acceptable (and furcvhermore lessen with exposure) as
long as training objectives are not overly comprouisad. It 18 difficult, however, to
spprise trainees or gubjects of the potential of sickness beforehand without biasing
their behavior in the simulator. Accepted ethical principles of informed consent in
rssearch (e.g., American Psychological Aaso., 1982) dictate that such disclosure be made
to subjects who are undertakiig a decision ko participete in a simulator-based
experiment.

EXPERIMENTAL INVESTIGATION OF SIMULATOR- INDUCED SICKNESS

The aforementioned implications o€ simulator-induced sicknees give rise to the need
for research attention to alleviate the problem via simulstor redesign and the appli-
cation of counterumeasures. Although the gitercturo is somewhat limited in this regard,
several studies have heen performed to determine the scope and severity of the sicknass
problem in specific eimulators. A very few studies have alao inveatigated, in limited
fashion, several simulator design features wvhich are thought to contribute tc sickness.
However, the etiology remainsg ill-defined and further work is required before the under-
lying causes ar: fully understood.
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Prior Research - Tabular Overview

The reseerch studies and incidence accounts of aimulator-induced sickness exist in a
variety of the psychological, physiological, aerospace, military, and husan factors
literature. In an attempt to reduce this literature base to a eoncino. casily-referenced
form, Tables 1 through 3 wers devised. These tables are intended to srovido the resder
with a quick background reference on simulator sickness research, including information
about the symptomatology, uuvotit{, and indogendont variables investigated. The tables
are not exhaustive nor all-inclusive; as such, the reader should refer to the original
referencer for cifics concerning experimental protocol and data analyses. An attempt
was made to obtain cnd include all avallable reforences that have dirsct mention of simu-
lator sichness occurrences among flight trainees or flight/deiving research subjects. (A
very recent study performed by the Naval Training Systems Center is not ifncluded in the
review.) References are divided into those of an "experimeutal" nature, in which
sisulator-induced sickness was the primary focus of an investigation (see Tables 1 and
3), and those of an "aneuvdotal'' nature, in which the incidence of operator aickness was
simply reported as it occurred in conjunction with an applied effort (see Table 5). The
latter group of reports include mention of simulator sickness in the context of its hia-
drance to a training, ressarch, or evaluation effort and not as the intent of an experi-
aental investigation. The experimentation reports vary considarably in the level of
cdetail provided, though in all cases, the roports are catalogued to the fullest extent
possible with respect to those aspects gersans to simulator sickness. Blanks in the
tables indicete that either the information was not evaluated or not reported in the
siud{.i Significeant effects designate only rhose findings which were statistically-
significant.

It is difficult to draw conclusions about a study on simulator sickness without
first knowi the characteristics of the device on which it waa performed. For this
resson, provided in Tables 2 and 4 13 sn overview of apecific simulators used in the
studies. Brief information on the simsulator visual display, motion system, operator
cockpit, auditory asystem, operating procedures, Intended applicaticas, and corresponding
actual vehicle is provided.

Inforuation in the tabular overview is further gubdivided into atudies performed on
an automobile simulator and those performed o~ an aircraft sizulator. Most research has
been conducted using aircraft devicea, the majority of which are fixed-wing military
devices (Table 1). Table 2, which is intended to be paired with Table 1, provides infor-
mation on the aircraft simulators used in the studies. Though fewer axperiments have
been conducted on driving simulators, more emphasis has been placed on the manipulation
of simuylator independent variables in the driving studies. This research is documented
in Table 3 which corresponds to the driving simulators' features in Teble 4. Finally,
Table 5 consists of simulator-induced sickness incidence reports in both flight and dri-
ving devices.

The tables are, for the most part, self-explanatory. However, in Table 1, it sghould
be noted that the Hartman and Hatsell (1976) =etudy which wused the simulator for air-
to-air combat (SAAC) was conducted with the motion system, whereas the Kellogg, Castore,
and Coward (1980) study was performed on the SAAC without motion. (Currently, the SAAC
is operated for training without the wotion system.) A spectral analysis of heave motion
in the SAAC was conducted hy Hartman and Hetsell, indicating that a majority of spectral
energy fell between 0.2 and V.4 He, with a peak at spproximately 0.25 He. As egtablished
by O'Hanlon and McCauley (1974), a grovocative stimuius for inducing motion sickness is
vertical oscillation of npproximute y 0.2 Hz. Consequently, the inherent moticun energy
spectrum of a aimulator would be a critical factor 1u the inducement of simulatoxr
sickness.

Etiology

Though the intent of thia paper is not to address the eticlogy of simulator-induced
sickness, the independent variables noted in Tables 1 and 3 and the eimulator descrip-
tions in Tables 2 and 4 may provide limited guidance in targeting simulator design
characteristics with potential for influencing sickness. In general, however, because so
few of the studies have defined the stimulus conditions under which the inducement
occurred, it is difficult to drew firm cocncluasions regarding the salient varisbles. It
appears that sickness is provoked by & stimulus array emanating from certain design and
usage characteristics of simulators, and that this array may differ between devices.
Indeed, the cauges of sickness may be simulator-specific, eapecially in that relatively
subtle characteristics of a given simulator. such as geometric display distortion due to
lack of alignment maintenance, may influence subject discomfort. Identification of
critical gtimuli in one device may not be generalizable to other devices. This problem,
coupled with the likely iateractive naturc of some stimuli (auch as display field-of-view
and scene detail), makes the causes of aimulator sickness somewhat difficult to investi-
gate and isolate.

There has been limited progress in identifying certain simulator characteristics in
need of research attention with regard to their influence on operator discomfort (e.g.,
McCauley, 1984; Casali and Wierwille, 1986). Some of these chavacteristics are not
simulator-specific in that they occur in many simulators and resesrch results concerning
them may be generalizable Examples include contrcl loop lags aud delays, control load-
ing and response, motion system axes and position/acceleration envelore, motion apectrum,
display medium and optics, display field-of-view und scene detail, display update rates
dynamic imaging problems, and cockpit emn.ironment (e.g., tempersiture, hunidt:y5
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Teble 1. Suamsary of Pubiished Studiea on Alrcratt Similatar-lnduced Sickness.
] | | 1
] | Witler and | deliogg,
Havron end | @oodeon Rysn, 3cott, Crosdy and | Cestore, |
. Sutter (1938, and Broming | Nenredy ol Oovard |
Datecuran Fairt isg0) | .
= = W T
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plagineys
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Exparience Effectyd } x X
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Slanitjcent Eftocts 1
Siow otrtalned: Q~Quewtionnalre, |=Intervies, Reinstrusentation, D~Olrect cdbservetion, S-Subject comment.
A number Indicates § ocourrence; x Indicates acairrence reported, but not by 5.
Ceysptams lessen with expusure to s lsulator.
Yore experienced resl=worid vohicle aparstors sore susceptibie.
®Two scendrios: lor level (35 f1) or nigh level (500 f4) meneuvers.
7 of 11 Instructors also had to quit die to alckness.
9A1s0 hed & meximum manewering scenario.
U 1gnt discomfort to mlld nauues.
iBoth Fat and =14 cockplits evaluated.
Jtransport deley, 3 levels [n maec: 126 + 70 (standerd), 117 & 23 (CH=33), 213 & 10 (SH=3).
Rstand-om-one leg test for ataxis.
characteristice. These are but a few examples, as over 60 independent variables have

been identified in McCauley (1984).

As can be surmised from Tables 1 and 2, a fev independent variablea have already
been investigated and their isolated influence on operator discomfort determined.
Briefly, these include the following findings: (1) vinulg syatem transport delay is more
disquieting than motion system delay, visual cue should lead (tezporally) wmotion cue
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17 of 11 Instructors also Ped to quit due to sickness.
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-'rnn-pﬂ delay, 3 levels inmsect 126 ¢ 70 (stendard), 177 & 23 (CH=3%), 213 + 70 {SH=3).
Kstand=on-one leg test for atex!s.
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% existing In studies referenced In Table 1.

tzontal, Veverticel, FO¥=tiald=ot-vier.
Spepitch, Reroil), Yeyew, Li-iongitudinal, LT=latersl, Veverticsl (6 totald.

window FOV; monochrome d!splay sdded for tilight engr. In Brunswick, NE, device (no. Hi).

SacDannei i~Dovglas Electranics Gorporation.
ootV cemsre wodet tergat prelectors.
JCCTY camre nodel target prajectors and GBI carrler for tanding via MOEC Vital IV
Nrew tnatructed not to viee display durlng resst.
ot lon seat dissbled during Vileno ot sle studys

(Frank et al., 1987); (2) no effect of visual delay on sickness (Uliano et al., 1986);
(3) experienced pilots (or drivers) more susceptible, discomfort aubsides with increased
sisulator exposure (Kellogg et al., 1980; McGuinness et al., 1981; Money, 1980; Reason
and Diaz, 1971; Uliano et al., 1986); (4) tilt cueing of lateral acceleration, delayed
dynamics, and subject enclosure heighten operator uneaszinesa (Casall and Wierwille,
19803; S) pilot (controller) more susceptible than g.llivﬁ crew (McGuinness et al.,
1981); (6) no differences between wmotion/no motion with respect to dependent measures
(Crosby and Rennedy, 1982; Har:man and Hatsell, 1976; Ryan et al., 1978); (7) reduction
in sickness symptoms with addition of wmotion in V/STOL (Sinacori, 1967); (8) off-axis
vievlng of displays produces discomforr and ataxis (Crosby and Kennedy, 1982); and (9)
field-independent gsubjects more susceptible than £told-do:.ndcnt- (Barrett and Thornton,
1968). Caution againut interpreting these findings in the global sense iz adviaed. Due
to the polygenic nature of simulator sickness, unay factors may contribduts, aingly or in
concert, to ind a atate of discomfort.

SYMPTOMATOLOGY MEASUREMENT

From the preceding tabular overview, it 1is clear that the effecta of asjmulator-
induced sickness may be msanifested via & variety of asigna and symptoma. Tr properly
study the problem, the selection of valid and relisble depandent variables for identify-
ing degrees of og:rator sickness and for assessing the affecte of wmanipulated simulator
variables must done with care. The importance of recognisi the polysymptosatic
nature of the atate of simulator-induced sickness has been well-demonatrsted (s.g.,
Kennedy et al., 1984; Testa, 1969).
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| | )
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|
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Ol her | 0u2v0.4 e matton | | gantry handralls | |
Charecteristics | spactrum component | | in view of cockplr | |
) _30RNent | Il J
A3 axlsting in studles retferenced in Tebla to
fzontal, Vevertics), FOV=tiold-ot-vier.
Spepitch, R=rotl, Yeyar, LN=longttudinel, LT=lateral, Vevertical (6 total).
vindow FOV; monochrome display added tor f1ight engr. In Brunswlch, ME, device (no. 11).
SucDonne] I=Douglas Electronics Corporetion.
1GCTY comera mode! target prajectors.
SCCTY coera sdel target prajectors and GGl carrler for landing via MDEC Vitsl IV,
Mcrem Instructed not to vies displey uring reset.
IMotion sewt disabled during Ullsno et als study.

The purposs of this section iz to review the measures which have been applied in
studies f simulator sickness to date, assess the sensitivity of those measurea, and pro-
vide guidance for the resesarcher as to which measures are the must promising for future

: studies. It is atressed at the outse¢t that the scope of this review s limited to pub-

: 1is ad ressarch specific to simulator-induced sickness or closely-related problems. -
z Though mary physiological symptoms of simulator sickness appear akin to those of motion !
: sickness, the intent herein {s to stress those metrics which have exiating data sets from 4
H simulators. As such, an exhaustive review of the motion sickness literature and motion 3
3 sickness syaptomatology is not included in this brief pcgct. The interested reader is o
5 advised to consult Money (1970) and Reason end Brand (1975) for complete treatises on

i wotion sickneas symptomatology.

% Self-Report Measures

i

Probably the most popular and easily-adeinistered data collection technique for sim-
ulator use is that of self-report. Post-simulator subject self-evaluation has been
obtuined successfully in gseveral studies with a variety of different queationnaires
(e.g., Barrett snd Thornton, 1968; Frank et al., 1987; Hartman cnd Hatsell, 1976; Teata,
1569; Uliano et al., 1986). Post-simulator verbal interviews using structured questions,

have also proven useful for discovering ayaptoms and identifying their frequency and
severity of occurrence {Keilogg et al..nt980). q y

R N -

—_— e &



gy W i L e

F
3
£

11-8

Tohio 2 FIIgt Stmitater Churectaristion.d (Contimetd

LW T EME " AL
T —-—T Al . ~Ahtutas L. __ S8 )
Jestiiiete. L dsilgmter.  §_ dallsmbe L CNtastiesl. Jnilmater

~italting. Jealatoe.. R~ =T .

AT R -

Ty o []) []] o
MOEC Yitet TN DL vitat v Mot ttuslen Mrevien o ttusten €T3
il

FULON- T ~dlaltal GAl Aaltal b L___dlaitel )

hdlm wlligraphic calligrephie ol M igrephie roster
1 S } - A (- W
Intinlty | reflostive = eptias | retiostive ® ptica | retiative = gptien | metioative » gpties |
2ain \ -
Wt
e Tammar ™ m T

shis sipiin. ~Shinairem )
Saere Coervtont shy, oarth, whips, sy, earth, ships, shy, earth, sarrler,| shy, serth, ships, |
. Shlests A shiests__J

}
Ml bxten J
e | ___amersiatic 1 amecalatic | ____amerslatic |
Smetesteei] __allg allg — i —allt
§ = S D = >
etinioe tin = = - =
BT . TT TN . CTTH O Y00 . N -
1 J
Cob type onclosed helon nciosed helo. ] enciosed AT ontioeed helee
S ik i —
NG i A 3 F
Aadie ) ves. muitiels | ves. muitisie 1 __yes, guitisle | __ywe. muitisle |
Searsting Premed,
-, 1Y 5 N Y Jodedbps |
Jemadnsh tongthl 1.3 hry, 2
DemaCame | ves X S m‘.___.J
Slow/teert Goano) > - o —
M Y8 =T e X0
other | | |
Onarectorlatles | ! A | - J

%2 exlating In atudies referenced In Table 1.
laontal, Vevertical, FOv=f|ald=ot-view.
Pepitch, Reroll, Yoyaw, Li=longltudinal, LT=laters), VYevertical (6 totald.
windos FOV; wonoohrame display added for fiight engr. In Brunselick, ME, davica (mo. {i).
Siclomet i=Dougles Electronics Corparetion.
10CTY camsra MU\ target projectors.
SCCT? camsra modnl target projectors sad GBI cecrler for Jending vie MOEC Vival IV,
inatructed not 10 view display during reset.
iuotion seut disshied tiring Ulleno ot al. study.

Particularly in the case of a written questionnaire, it is important that the
selected inatrument is easily understood, concise enough to complete quieklg face valid
froa the subjects' point-of-view, quantifiable for analysis pur;oses, relial io over time
and trials, and correlated with objective measurea which are known to be valid.

Motion sicknass estionneire gnsgz. T.. MSQ, ceveloped Dy Wiker, Kcnncdg.
McCauley, and ﬁpper d‘!‘”), meets the above criteria and has baen demonstrated to bs
sensitive to simulator-induced effects in geveral studies (e.g., Frank et al., 1987;
Lilienthal and Merkle, 1986; Ulianc et al., 1986). The MSQ 1is a 27-item checkliat of
phgliologicul symptons, sensations, and visual/vestibular effects, some of which are
subject«rated on a four-point scale as to their severity. The form is usually adm’ani-
sterad befors and after the simulator experience. A prhr:{ feature of the MNSQ is that
subjectu' rasponses may be rated post-hoc according to a validated diagnostic categori-
zation scheme to achieve a uvon-xoint sickness aseverity score (Kennedy, Dutton,
Lilienthal, Ricard, and Frank, 1984). This conmposite score is then applicable to
statistical analysea. Wiker st al., have demonstrated that MSQ scores have a significant
polnt-biserial correlation of mean r = 0.63 with the dichotomous criterion of esesis/no
emesaia. Because of its demonatrated validity and nnoiuv!.:{. the MSQ must be considered
as a measure of choice in simulator-induced sickness research.

Direct Observation

The motion-sick individual may experience a subset of approximatsly 40 physiological
sysptoms which have been identified in the literature (e.g., Reason and Braud, 197%).
Certain of these symptoms are overt and may allovw divect observation and identification
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hustion seut dlsshied Girlng Ullano ot ol stuty.

by sn experimenter. Some syaptoms, such as increased pallor, facial or lisb per-
spiration, change in breathing activity, change in facial expression, and increasad
lvallovtntl,l say be relatively aubtle in their manifeatation and therefore neceasitate
thorough knowledge of the subject'a normal appearance. Others such as violent burping,
loss of balance, guttural heaving, and, of course, frank emesisz are more cbvious.

Crampton (1955) demonstrated the efficacy of uaing color photographs of motion-sick
individuals to identify the gtotrclllon of overt symptom: froa sickness onset to full
emssis. Uliano et al. (1986) found that experimenters could reliadbly asseas pre-post
sisulator differencea in subjects' physical appearance when using a structured Likert
rating scale. Likewiae, subjects used the asame scale to self-rate their own facial
appearance pre-post osure. Strong agreament waa obtained betwsen the self-ratings and
the experimenters' ratings. Both rati techniques demonstrated ssnsitivity to reduced
subject 1illness with increcsed simulator exposure across a three-day period.
Experimenter-provided ratings were also performed on photographs of subjects (rather than
from direct view), but no additional information waa obtained and inter-rater reliability
suffered as a result. In any case, direct observation of svaptomatology may be useful in
augmenting instrumented physiologic measurement and/or self-uvaluation.

Instrumented Physiclogical Measures

Changes in bodily cardiovascular, gastrointestinal, respiratory, biochemical, and
~emperature regulation functions often arise with simulator sickness. Several plysio-
logical wmessures have been electronically or electro-optically instrumented snd
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S nusber Tadicetes § tnclennce; ¥ Indicetes ocourrence reported, Wt not by 5.
Soyuptons lessen vith sposurs to alaulater,

cuperionted rest=warid vehicle cpareters mre sutteptihie.
“poatehoc anaiyals of the ettects of tleld tndependence/dependence on the Barrett end Melson deta,
5tend=on-one=leg test for atasts.

transduced directly from svdbjects in simulator experimenta. A brief diascussion of the
domonstrated succeas of sach of these weasures follows.

heart rate, or similarly, pulse rate tranaduced at a peripheral
artery. Interbeat interval is sometimes also neesured. These measurez may be obtained
via a variety of techniques, tncluding palpatiovn, cardiotachometry, olectroclrdio%rlphy.
phonocardiograptiy, and plothy:nograghy Stern, Ray, and Davis, 1980). The last of these
techniques reliez on blood volume changes in a bodilK member such as an arm, log, finger,
or earlobe. The volume changes may be seased through photoslectronics (detecting opacity
changes), impedance aneasurement, or astraln gauge muegurement. Of all the cardiac
ssasuremsnt techniques, photosleccric plethyamography obtained using an earlobe trans-
ducer may ba the most sasily adsiniatered and least intrusive to che vehicular centrol
task.

Cardiac activity. The most popular and easily-obtained metric of cardiovascular
activity Is that of

Money (197N) vreported that a motion-sick individual may exhibit either increases or
decreasss in hLeart rate frow baseline levels. In & atudy where subjects viewed a film ol
fast driving on curvy roads (but were not actively controlling the vehicle), Parker
(1964) reported an increasa (from bageline) in sublecta' heart rates in response to the
fils and a decrease in fin&.r pulse volume. The fils also produced other definitive
syaptoas of motion sickness in subjects. Using photoslectric p athylno§rlphy, Casall and
Wierwille (1980) found no changes in pulae rate as a result of the simulator tlski though

other physiological measures were sensitive. In conclurion, limited evidence exiats for
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the application of heart rate neasures in studies where only mild levels of

expected to occur.

Respiration rate.

s be a sensit

The measure of respiration rate, or breaths-per-unit

sickneas are

tine, has

proven to be a senaitive indicant of aimulator sickness, but the direction of lts change

(increase or decreaas)

generlllg true of
Brand, 1975

versely,

individuala'

simulator experiment in which nearl
studies of Casali and Wierwille (1980) and Frank et al. (1987), an absolute difference

score batween baseline

obtained.
lator diacoafort.
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respiration

from baseline is

all subjecta bec

rate and

{inconsistent across
respicatory responses

}. In the Parker (1964) driving [ilm study
was found in subjects after they experienced the
Testa (1969) found increases in respiration rate in response to a film-based
In the driving siwmulator

studie

ame {11,

to wotion sickness
a decrease in reapiration rate
vaction effects of the file.

.. The same [}

(Reason and

Con-

simulator exposure resplration rate was
In both studies, respirstion rate was found to be a reliable measure of simu-

Degraded simulator conditiona, auch as those including large amounts
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Table 4. Oriving Sisulator Charssheristics.?

| | i Genera) Mrinrs
Sla. Deslgnation lGuodvess Aptogopce ! ijcodyesr Meroeoace |1 JGLA ) Technical Coiter |
L autombite ) _steecbite 1 _atewobils L wiomchlle |
Teep Yehigle | fublfcplse oeden | tyliceizepeden ) full-slzeneden. ) oeoevel
Applicetion redearch - resesrch reagserch & driver ressarch
: - e
YIaudl Srten
Iipe )} GWprolection ) KD eoniter | _waticeoicture | _sotionpictye |
depgedource | edelhowrd | sedel hoerd ~flia tls
el aphetlcat screen | ___GNT 1 _soherical sicess |
intinlty viaing distanos | reflective ®optics viaming Zistence reflective cptics
Soveing 1
Lhntunihmg —iriicht gdeedignt | ealo by tiim 1 edlo by tilg |
BOLEQY (yeg) 2009 A8fNiks__ Ao0duok 1 1-bg/urks )
Jcene Qontert | __rosd hperighery [ voed A periphery .} tiim of actvel roed | tiim of ectuat road |
Metlsn Syaten
Type Lied-hese fleed-beze Hixegebage |
Dsy of Freedon® - - - +11t sim. of LN,LT
at/emult = = = -
S=diaplay gl = = - =
Yiorgtion = = Yoy yop :
. }
Sab type. — S hOd SHC_bogy SOF_hody socigeed cystom |
No» Qrew e Liver o iver, paspenger —drlvec J
Audio i englny, drivetrain] engine, drivetrein | engine, drivetrain engine, drivetraln, |
1 tire ]
'. ' |
Spergting Proced. |
Bart/whole Tesh | whole —hole yhols —hole
JTyp. Task Longthl X0 sin. % sine T yrk. |
Ergage Cape. | = = = =
Sloy/fuoat Cape.| = = B = }
m-_tm.wmlg e ke ke R J
Other | :
SChsrocteristics | 1 J

%A exiating In studles referenced In Table 3.
izontet, Vevertical, FOV={isid=of~vien.
Cpepltch, Reroll, Yeyss, LN=longitudinal, LT=lateral, Vevertics) (6 totel).

of delay, yielded larger absolute value shifts in respiration rate from baseline than did
normal simulator conditions.

Respiration rate may be obtaired with several methods, includirg thermistor air
temperature measurement, chest estrain-gauge measurement, thorax impedance, pressure
pneumography, spirometry, and capacitive-coupling chest movement trarsduction.
Capacitive-coupling wmovement transduction has been applied successfully and witheout
interference in several simulator-based studies (Casali, Wierwille, and Cordes, 1983).

Skin resistance/conductance. As previously noted, cold sweating often appears with
the onset of motion sickness, though it 1is sometimes absent in some subjects (Crempton,
1955). Sweating may be observed as an increase in skin conductance (micromhos) or as a
decrease in skin resistence (ohme). Skin potentisl (endosomatic) measmurement ia obtained
without applied current while skin resistance/conductance (exnsomatic) entails the use of
a low-level excitation current Both measures are usually obtained using silver-silver
surface electrodes, amplification/conditioning circuitry, und a strip chart rscorder.
Though care must be taken in electrode placement and record interpretation, the instru-
mentation of electrodermul metrics ia relatively straightforward.

Cold sweationg by simulator-sick subjecty has been directly observed by several
researchers (e.g., Barrett and Nelson, 1665 and 1966; KRellogg et al.. 1980). Parker
(1964) instrumented the volar surface of the forearan and found increases (from baseline)
in skin conductance (increased perspiration) in response to his vection £ilm. (Electrode
placement on the arms may tend to interfere with vehicular control in a simulator.
Parker's subjects were passive in that they only watched the driving filam.) Testa (1969)
also reported increased perspiration in response to a driving simulator, using forehead
electrode placement. Casali and Wierwllie (1980) reported decreased forehead skin resis-
tance (increaged perspiratiun) when subjects were enclosed in a bex-like simulator cab,
but the measure was not sensitive to other degraded simulstor conditions. VFrank et al.
(1987) did not find the measure to be gencitive In their study. It should be noted that
although forehead electrode placement may be convenient for driving or flying tasks, it
may not be the best location to transduce skin resistance changes durirg motion sickness.
McClure and Fregly (1972) reported that the response profile of forehead reaistance
demonatrates a relatively long latency to sweat onset ftollowed by a gradual rise of
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Teble 4. Driving Sirulatar Charscteriatics.® (Continued)
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n
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Fresge Cage- | = - 2
Other | | | operstion in ]
Sharacteristics | A L siark_room J

SAs existing in studles referenced In Table 3.
1zontsl, VYevertical, FO¥=tleld=of~view.
Spepltch, Reroll, Y=yaw, Li-longitudinal, LT=lateral, Vevertical {§ totai).

rcaponse. This should be taken into account when applying the measure across a simulator
run,

Psllor. Paleness of the skin 1is considered to be one of the most frequently-
oceurring signa of motion sickness (e.%., Crampton, 1955). Unlike nausea and emesis,
pallor 1is generally thought to result from hypevactivity in the sympathetic portion of
the autonomic nervous system. The constriction of blood vessels reaponsible for its
appearance is likely &n adrenergic effect of ayngathetic nervous system activity, though
other chemical substances may play a role as well (Money, 1970). In any case, pailor may
be directly obaserved by the experimenter, either from the subject's face itself or from
facial photographs (e.g., Uliano et al., 1987). Pallor measurement may also be
electronically-instrumented usini photo-optical sensors to provide a measure of skin
tranamisaivity (Casali and Wierwille, 1980?.

Two studies have demonstrated the effectiveness of pallor as a dependent measure
using fiber-optics photo-optical sensors on subjects' earlobes. Significant baseline-
to-aimulator exposure increases in pallor were found in simulator conditions designed to
induce discomfort in these studies (Casali and Wierwille, 19850; Frank et al., 1987).
These results, coupled with the reliability of occurrence of the symptom {n motion-sick
individualas, indicate that pallor should be given serious consideration as a valigd
measure in sinmulstor sickness studies. However, as with any physiological index, care
nust be taken to control for lndividual differences and to accovat for extraneous influ-
ences, such as physical workload or temperature effects, on the measure.

Facial temperature. A lipited amount of support existas for the use of facial
temparature measurément in simulator sickness research. Parker (1964) reported increases
in subjects' facial temperatures in response to vection. To the authors' knowledge, no
sinulator-based atudy has ‘incorporated facial temperature (or bodily temperature) as an
instrumented metric. A thermistor udhered to the surface of the skin is the typicel
transducer for facial temperature measurement.

There are many. influences, in addition to that of a state of motion sickness, which
may alter facial temperature. Care must be tasken to control for, or partial out, these
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Teble 5. Maports of Simlstor Sickness incldence (vithout esperisentation).

Simyistor Degignation Jehigle _Agtive/Pasgive  Sewplelize Incidence
Qeneral Motors Teche Otr.® generic wto active 30 plus® 2 cseve plus®
North Asericsn Rockwel i@ pendric ato sctive &0 3 caswe
y/8T0L9 Jot=litt active 1 1 case
XN P14 tighter active [1] 168

106! SHe2F helo sctive 28 10

Fouc ! $H=3 heloe active 36 130
F6ac™9 SHe3 helos . active 193 898

F1100 : Ee2C turbeprep active ” a0

nre CH=4&E helos active 160 298

For A3 turboprap active %8 g

¥121° CH=33D helos active 208 se

xTe F/A=18 fighter active 102 33

F132¢ F/A=18 tighter active 26 28

% Belrke and Wililews (1968)

® precise figures not provided

C areda, Kirkpatrick, end Shatter (1972)

4 ginecorl (1967)

® Kennedy, Dutton, Ricerd, and Frank (1984)

t Sisulator locsted on vest cosst

9 Simuistor locsted un east cosst

h pi{terences mey be partially due to differences in cperating procedures and length of training fiights.

effects. Changes in ambient temperature, humidity, workload, stress, and metabolism are
but a few factors which may be influentfal.

Gastrointestinal activity. The gastrointestinal response has not been instrumented
and investigated in slmulator sickness studies, though it warrants attention due to its

ut:ili.tiy:I in motion sickness research. Subjects often report vague sengations such as
stomach queasiness, fullness, and nausea, though these simulator-induced symptoms have
not been quantified using known measures of altered gastric motility. There appears to
be conaiderable potential benefit for the use of electrogastrography in documenting
gastric disturbances in simultor-sick aubjects.

Evidence for the relationship between tachygastria and motion sickness lies in the
work of Stern, Koch, Leibowite, Lindblad, Schupert, and Stewart (1985). Motion sickness
was produced in 14 of 21 subjects who viewed a rotating drum conveying the experience of
vection, or illusory aelf-motion. In cue-conflict theory, a visual-vestibular mismatch
results from this experience in that the subject senses movement through the visual chan-
nel, things he or she is moving, but never actually changes position. (A esimilar con-
flict can be said to result from a fixed-base simulator experience.) Stern et al., using
electrogastrograms (EGG) recorded from cutaneous electrodes on the abdomen, found that
dominant EGG frequencies shifted from a normel 3 cpm to an abnormal 5-8 cpm
(tachygastria), in subjects who were vection-induced motion-sick. Of the seven subjects
who dig not become motion-sick, the normal EGG pattern of 3 cpm did not change during
motion.

Because a clear relationship between EGG frequency and motion sickness 1ia evident,
it appears that electrogastrography should be given serious conazideration for use in sim-
ulator asickuess research. A review of inatrumentation and procedures for this technique
appear in Stern et al. (1980).

Postural Equilibrium Measures

Loss of balance and ataxia are common problems noted by trainees and subjects after
exiting a dynamic simulator. The simulator presents an altered sensory environment which
usually entails considerable vection, and some adaptetion to “his environment occurs in
the operator's visual and vestibular sensory systems. Upon return to the 'normel"
environsent, balance and equilibrium may be disrupted until the person gro resses through
re-adaptation. Such effects may be wmesaured using pre-post simulator postural
equilibrium tests.

Saeveral ataxia tests have been applied in simulator studies, including the walk-
toe-to-heel, wvalk-on-floor-eyes-closed, stand-on-preferred-leg, and stand-on-
nonpréferred-leg tasks. Evidence for the utility of :hese exists 1in Crosby and
Kennedy {1982), Kennedy et al. (1984), Frank et al. (1987), and Uliano et al. (1986).
The latter two studies employed the two stand-on-leg tests, demonstrating them to be uee-
ful indicants of visual/vestibular disruption correlating with other sickness metrics.

Recent evaluations by 'rhonlcg, Kennedy, and Bittner (1986) have led to the recommendation
e

that the stand-on-lag tests selected for determining highly trausitory effects such as
aight occur following simulator exposure. Pre-post simlator data from these tests must
be interpreted with care due to the potential influsnce of pre-exposure practice on post-
simulator scores. If vestibular disruption occurs, test scores should dJdecrease post-
exposure; however, practice may mitigate this effect.
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Other Measurag

Pre-post exposure performance teats. There 1is some gpeculation that simulator
eXposure Rmay Influence a person's ablility to garform perceptual, cognitive, and psycho-
ootor tasks. Thia is considered to be a rasult of the alterad amensory experience rather
than a direct indicant of illness, though illaness may exacerbate the effect.  Research on
a variety of simple gre-poat almulator tasks has been limited in scope, and the results
have not been promising, st least with regard to simulator effects. No significant simu- N
lator effects were found using a slmglo arithmetic test in the Casali and Wierwille 2
(1980) driving simulator study. Similarly, performance on a grammatical reagoning task :
was not found to be a sensitive measure bz Uliaro et al. (1986). Teat data from several
simulators in the Kennedy .et al. (1984) survey is reported to be currently under
analyeis. These results should shed more light on the utility of pre-poat exposure per-

3 formance tests. At present, little hard evidence exists to support their use in
simulator-sickness studies.

Vehicle control performance measures. In degraded simulator configurations which
may induce discomfort, such as those with substantial transport delay, vehicle control
performance be adversed affected. Several on-line measures reflecting different aspects
of vahicle controllsbility and tracking task difficulcy have been agglied to tap these
performance effec' - (e.g., Cesali and Wierwille, 1980; Frank et al., 1987; Uiiano et al.,
1986). Typical isures have included the number of small and large control reversals,
as well as devia..on in yaw, lateral position, longitudinal position, altitude, and
speed. Though somewhat simulator- and task-specific, these indices should prove useful
in a battery intended for control performance measurement.

TR

Lo

Measures for Sickness-Susceptibility Prediction

Though not useful for f{dentification of a state of simulator-induced sickness,
several other metrics have been applied in attempts to predict individual susceptibil-
ities. Ulianc et al. (1986) tested the Motinn History Questionnaire, a self-report form
which addresses a subject's prior history of motion exposure and related sickness, and
found it to be unsuccessful in predicting simulator sickness susceptibility. Barrett and
Thornton (1968) reported that field-independent subjects (measured on a Rod-and-Frame
test of perceptual style) were more susceptible to simulator sickness than field-
dependents. Howevexr a reviev of the reiated literature and the results of two suvbsequent
studies (Casali and Wierwille, 1980; Frank et al., 1987) have failed to support the use
of individual perceptual style as 2 valid predictor of simulator sickness susceptibilicy
(Frank and Casali, 1986).

Rl ip gt
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Due to the potential benefit of a predictive metric for identifying individuals who
may require a reduced, or less intense, course of exposure to a simulator, it is recom-
mended that regearch on predictive tests be continued in conjunction with other
5 simulator-based studies. Data collection on such metrics vsuallr entails a minimal time
i uddition to an experiment, so this rescarch may be "piggy-backed" at little expense.

REC..PITULATION

This paper has attempted to provide insight into the etiology, and particularly the
symptomatology, of simulator-induced sickness. Though the published research documented
in the tables herein has been relatively limited 1in scope, several important findings
have resulted. It appears evident that simulator sickness is a serious problem, but one
which is amenable to laboratory investigation. Potentially-provocative simulator charac-
teristics, such as control loop delay and lag, can be targeted, studied, and have bounds
placed on their design parameters. The dynamic and physical characteristics of existing
simulators which induce operator sickness must be addressed in future simulator designs,
otherwise the problem will persist and even expand with new simulator applications.

ISR ST

To conduct regearch on the causes of siwulator sickness, an accurate symptomatology
is needed, and the researcher wust be armed with valid, reliable metrics of this symp-
tomatology. Much progress has already been made in this regard. Because the syndrome is
typicalpy polysymptomatic, a multivariate paradigm appears most useful 1in sickness H
ragessment, Iincorporating a battery of metrica. As indicated herein, specific self- X
report measures, instrumented physiologic indices, and ataxia tests ave prime candidates Q
for such a battery. '
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DISCUSSION

KENNEDY: A very nice review, John. I wanted to add a couple of things on unpublished
Jdata that may be useful. Navy researchers in Orlando have done some electrogastrogram
{EGG) studies of simulator sickness and have had difficulty replicating the findings of
Stern’ et al., #6 question remains about thiz measure. As for other measures, thero is
lm:nﬂut{on, particularly with head-coupled systems, that there may be a recalibration
of the vestibulo-ocular reflex (VOR). This might de a useful physiological indicant to
add to your list, Dark focus was tried in the simulation studies in Orlando; there were
changea in dark focus in those persons who had extensive symptomatology. This was attemp-
ted again in another simulator with another population, pilots. The two simulator sickness
conditions were not identical. The first one was deliberately designed to vroduce simu-
lator sickness in collesge students - who ware slightly myopic on the average - and there
were changes in dark focus that were reliable in those persons who were sick. 1In the next
study using dark focus as an index, changes wers not in the same direction, but this may
be attributable to several factors. Subjects were pilots; this was their first time in a
simulator; workload was high., These subjects way have been excited. I mention this
because for a long time there have been arguments about: 1Is the symptomatology of motioen
aickness a parasympathetic or a sympathetic issue? Poasibly it is worthwhile returning to
the issuve of autonomic nervous system balance, the internal milieu, if you will., S8ickness
may be parasympathetic initially, but excitement may develcp when the subject perceives the
onset of sickness. Looking for a symptom that is ouly going to go in one direction may
not be appropriate because some of the differences may depend upon different people per-
ceiving their own bodily changes, Initially the shift may be in a parasympathetic direc-
tion and then subsaquently it may be in a sympathetic direction. Indeed, two drugs known
to be effective in reducing motion sickness seem consistent with this set of thoughts.

To underscore the notion about the performance changes, we did carefully examine

pra/post changes, and there were no obvious differences in a battery of tests admin-
istered to 400 subjects.

CASALI: Yes, and we've tried several different tests ourselves and have not seen any
pre/post differences. The slectrogastrogram measurement was included in this survey
because, to my knowledge, it had not been directly instrumented in simulators, If we
look at motion sickness from the standpoint that it is nausea and vomiting, with the
knowledge that nausea and vomiting can occur after the stomach has been denervated,
then we can separate that aspect of motion sickness from the autonomic nervous system.
There is, of course, speculation about the mobilization of other variables I mentioned,
e.9., pallor, whether or not it is under direct sympathetic-parasympathetic control

or whether during motion sickness there is some other chemical transmitter circulating.
But I agree about the EGG. I'm glad to hear there are simulator data on it.

CHAIRMAN: We're behind our schelule, but I would like to make one snort comment., I
n} ere is a nead for some standardization in the tests that are being used to
look at simulutor sickness, and I think you've laid out some examplea of things that

could be included.
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SUMMARY

The role of visual-motion coupling delays and oceing order on operator
performance and uneasiness was asweused in a driving simulator by means of a
response surface sethodology central-composite deasign. The most salient
finding of She study was that visual delay appears to be more disruptive +to
an individual's control performance and well-baing than is wmwotion delay.
Empirical multiple regresszion models were derived to predict 10 resliadble
meagures of simulator operator driving performance and comfort. Principal
componenis analysis on these 10 models decomposed the dependeant measures into
two mi- iificant models which were labeled vestibular disruption and degraded
performance. Examination of the empirical models revealed that, for
asynchronous delay conditions, better performance and well-being were
ackieved when the visual aystem led the motion gystem. A zmecondary analysis
of the role of subject gender and perceptual style on musceptibility to
simulator sickness revealed that neither of these independent variables was a
significant source of variance,

INTRODUCTION

Modern vehicle simulators are controlled by digital computer syrtems which are
needed to perform a masaive array of control calculationz. In part, thesze calculations
are used to mimic the dynamic responses of a specific vehicle, monitor and respond to
the operator’'s control activities and instructor or expe-imenter inputs, provide
feedback data to an instructor-operator station, and provide computer-image generation
(CIQ) for a visgual simulation of the external-vehicle environment.

As the number of calculations increases, there is a concow! tant increaze 1. che
transport delay (i.e., & delay wherein an input ias exactly reproduced at the and of a
delay periody. The greater the number of faces or edges requirad in a CIG display. the
greater the calculation time and the greater the transport delay. Since tha computer
typically calculateszs the simulated vehicle's current pesition before it calculates
(usually serially} the CIG vizual scene, delays sccur. This problem can be exacerbated
even furt- by the current practice of using separate computeras of differing update
frequenc’ for the motion and visuval subsystems. 1In several flight simulators, tor
exampl. .o motion subsystem updates at 30 Hz, whereas the vizual subsystem has a 13 Hx
update. Using a fazter visual subsystem update rate would reduce the time delay.

The occurrence of simulator transport delay can result in at least two undesirable
congequences: First, an operator’s control performance is degraded (1). Second, the
opsrator may sxperisnce increased discomfort or uneasiness (2). This latter consequence
is one form of the malady known as “simulator sicknezs.® Simulator sickness can have
several negative implications including compromising the validity c¢f the simulation and
consequently the generalisabllity of the resultant simulator data o actual system or
transter task (3).

Although the precise etiology of simulator sickness ig not known, it ia believed to
reasult from a conflict or mismatch among sensory cues (4). This premise, known as the
perceptual conflict theory, postulates a referencing funetion in which motion
information, signaled by the eyes, vestibular apparatus, or the proprioceptors, is at
variance wi*h theres e’ expeated values (3, 8). Current philosophy in simulator
desirm dic = g ths . - onset of the motion subsystem should lead the visual zsubsystem.
This ,; «Lionele St .com two factors: Firat, since the position of the simulated
vehiclie is calcoul.ied prior %0 the ClG updating the new visual scene, it iz functionally
convenient to allow a delay between the motion and visual subsystems. Second, many
simulator design sngineers believe that humans perceive vestibular and kinesthetic cues
of motion before they perceive visuval cues. This is a tenucus sssumption.

Reaction time (RT) axperiments have shown the dominance of vision over kinesthetic
and auditory stimuli. ' ‘ough simple RT to & tone or to a kinesthetic stimulus is
taster than to a visus mulus, when either auditory or kinesthetic cues are combined
with vision, their R . .samens and vigion dominates (7, 8, 9, 10). Young (11) noted
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shad vircularvestion can influence asn-visual acoesleration shreshelds. When inersial
accelerasions are applied in & direction eppesite te that of dhe visually-induced
sotien, it Vakez longer for them Vo be detected. On tAhe odher hand, complitentery
vestibular and visusl ondel cues give rise 40 a more rapid exparience of
vigsually-induced metion. :

According so \he Federal Aviation Adainistsration, all Phase 11 and Phame III
simulatora must have the modion subdbsyater lead She visusl subsystsem, dul by not more
shan 150 me (12). Whiteside (13) has commented Shal Mhia is the reverse of what \hings
ought to de. Bimilarly., Kennedy, Frank, and McCauley (14) have emphasized that she
rhilozophy in simulation is diiferent depending upon whether visual or inersial cuea are
being addressed, In Verms of vizual fidelity, Ahe goal has been %0 replicate the real
worlid as closely as possible. In condrast, %o obtain motion tidelivy, some simulation
designers hav~ sel adbout to fool the vegtibular aystem SArough suprathresheld
stimulasion and weshouh.

There are performance data which permilt speculation that, in some cases, i% may be
batter for She visual subaysiem %0 lead the motion subsystem. For example. in a study
on the effeactssz of visual-motion display mismatch in & szingle axis compensatory Sracking
task, Shirachi and 3hirley (18) have zhown Mhah, ftor a condition in which Vhe mimulated
aircraft dynamics were of low gain (subjectively satistfactory to the pilots), visual
lead preduced less \racking error \uan ihe converse relationship.

In summary, it is readily apparent that mction can be detected in many waye by the
human sensory system. The perception of velooity and orientation is dominuted by vision
in the steady state and Yor low frequencies below 0.1 Ha (11). At higher frequencies
and with rapid acceleration, vestibular cues appear to dominata. Similarly, the
temporal sequencing of perceptual sensors is state dependent. Experiments en simple
reaction time have ghown that such factors as stinmulur intensity, expectancy, and
temporal uncertainty all interact and afteat simple reaction time. Clearly, neither the
propriocepiive modality nor the visual modality is independent o the other. In
eddition, review of the literature on visval-motion coupling strongly suggeats that
visual lead may produce bettar operator performance and less simulator sicknesa in many
cases.

The purpose of the study was to parform a parametric evaluation of simulaior
visual-motion coupling delays and cueing order from which design recommendations could
be made to optimisze control performance and minimisze operator discomfort. The goal of
the research wasz tc develop empirical model®s and concomitant response surfaces f{rom
which simulator dezign recommendations could be derived.

Independsat. Yariables

Two indepsndent variablea wera zelacted ior study: wotion-syetea uranasport delay and
visual-system transport delay. Review ot the literature on transport delays in
operational vehicle simulators reveals that delays up to 400 ms have occurred, with most
falling below 300 as (.8, 17). 1In order to be able t0 atavisvically generate
secynd-order response surfaces for later analysis, three lavelsz of delay are both
necessary and sufficient. Tranapnort delaya of 0, 170, and 34U ms were evaluated in thia
experiment. The selection of these levels of delay was bhased upon the literasure
reviewsd, the desire to have a statistically orthogoral response surface design, and the
limitations impoaed in quantizing the delavs.

0f mecondary intarest were three other independent variables: perceptual gtyle, past
motion sickness history, and gender. Sowme authora have reported that field-independent
individuals appsar to be more susceptible to simulator gickness than field-dependent
individuals (e.g., 18, 190). Similarly., an individual's past motion sickness hisiory has
beaen shown to be modarately predictive of future motion gickness (3) and simulator
sickness (21). and females appear t0o be more susceptible to motion sickness than males
3.

METHOD
Bspaciwental _Design

Primary_degign. A two-factor, between-subjects, orthogonal, second-order, response
surface central composite design, with equal replicasion, was the primary design in this
study. An orthogonal design was used to provide uncorrelated estimatas of the response
model regression coefficients, thereby facilitating the interpretation of possible
second-order effecta. In addition, a between-subjects design was selected to eliminate
the possible occurrence of learning, practice, or order effects across treatment
conditions.

For an orthogonsl response suriface methodology (RSH) design with only two
independent variables, it can be readily shown that thia design is equivalent to a
conventional 3 x 3 factorial design with nine treutment conditions.

Sagondary_deaiga. Embedded within the above design, s secondary design appropriate
for ssresaing perceptual style and gende> wes employed. Although, based upon a review
of the literature by Frank and Casali (20), it was not expected sShat a subject s
pevceptual style would influence hic or her susceptibilisy %0 simulatcr sickness, it waw
decided to block the subjects according vo perceptual style, as measured by a
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rod-and~frame tSedt (RFT), to enable uaambiguous interpretation of she dada.

lslunh

The subjecis were 27 male and 27 female paid velunteers aged betwaen )8 and 48
YOATSE, with a mean age of 39.08 years. The distance driven per year ranged from 0844 ‘o
40,831 ki (400 to 28,000 miles) with a msan of 13,724 ka (8,828 milen). Noae of the
subjecis had previeus simulaisr enperionte. A4l) asubjecta had a valid driver'a license
and & miniwum of 20730 far s%adie visuval acuisy ae measursd by & wall chart Landolh-C
Semn.

Driving Sisuiader_Avparajus

The primary apparatus used i this study consisted of a compular-~controlied
sutomebile simulator witk a four degres-of-freedom motion base and a five
degree~ol~fresdem vinual aystem located in Mshe Virginia Polytechnic Inaztituis and Stale
University Vehicle Anaslysis and Sisulation Labdoratory. A detailed demcriptior of Mhe
simulator has besn reported by Wierwille (38).

Yaaguramend_ARRatatus

Rod_and_Yrame. The rod-and-frame apparatus consisted of a square frame, l1.08 m
(42.78 jnches) on a side, and wishin it, a rod 1.02 m (40.850 inches) long. Robh ‘she rod
and She frama asete constructied from 19 mm (0.73 inch) Subular pipe covered with
reflactiive tape and could be moved independently of each other by the experimenier. The
rod-and~frame apparatus was houveed in & Y. 20 m (10.5 feed) long, 1.42 m (30 inches)
wide, 1.08 m (6.9 feet) high strucsure covered in a double layer of opaque dlack “ground
cloth.' The interior corners uf the enclogure were curved to sliminate possible cues to
verticality. This structure wag, in turn, housed in an air-cenditionsd room. The
subject's eye-to-frame distance was 2.17 m (85.35 inches). This distance was zelected to
ensure that the frame’'s retinal-image sise was the same sz Wilkin, Lewis, Hersaman,
Machover, Measnsr, and Wapner (23). During experimentadion, only the rod and frame were
visible to the suhject.

Drivingd_gimuiater meaavrag. The driving weasures were as follows:
(a) Number of steering reversals. Two measures of steering reversals were computed:

small steering revarzals (SREV) and large steering reversals (LREV). Smsll stesring
reversals and LREV were defined as the number of times the magnitude of the ste~ring
movenent exceeded 2 deg or 3 dag, reszpectively, afisr stesving wheel velocity . ssed
through nero.

(h) Yaw ghandard deviation. Vehicle yaw waz given by ihs angle in the horisontal
plane betwean the saiwmulated vehicle longitudinal axis and the inetantaneocuz roadway
tangent.

(c) Fraquency of seat movoment. Ssat moveuent was mesasured as a change in seat pad
and backrest preszure of the mimulator operator's seat. The aignal amplitude of a
linear potentiometer positioned in each location waz set to ensure that only driver
movemants and not zimuistor motion responses were racorded.

Physielesigal_senagors. Three phymiclogical measures were used in Lhis gtudy:

(a) Skin resistance. Skin resiszstante waz seagured by two metallioc electrodes
incorpnrated inso a rubber headband worn by the mubject.

(b) Pallor. Pallor was measured by a small photoslectric module attached to ‘he
antinelix of the subject's right ear. The sansor body warx attached to the haadband
containing the skin resistance eilectrodes.

(o) - Reapiration. The apparatus used for the mesasurement of respiration frequency
has been deacribed in detail slsewhare (24).

Pogtural dissguilibrive, Two postural gtability seata, the stand-on-prefarred-leg
{SOPL) test ard the stand-on-non-preferred-leg (SONPL) test, recommended by Thomley,
Kennedy, and Bittner (23} for determining highly transgitory effects such as might occur
foliowing simulator exposure, were used.

Sisulstor_sicknase_gaverity_index.__The subject seulf-evaluatio: form used in this
study was a version of Wiker, Kennedy, McCauley, and Pepper (268), which has "esn
modified by Kennedy, Dutton, Ricard, and Frank (27) for specific use in simulator

gickness studies.

Metion_sickness. bisiory_gvesiicnnairs. The Pensacola MSQ way uzed o agsews past
motion sickness history of the subjects (see U or 28 for a nure detailed discussion).

Procsdurs

. Badzand-Frapa_Ieg), Series 3 of the rod-and-frame test (RFT) was administersd in
aacordance with the prosocol desci-ibed by Oltman (20). The subjects’ scores on the RFT
were independently rank-ordered for each gender and divided into thirda. This procedure
yielded nine subjects per third for each gender. One subject from each third was
assigned tc one of {he nine treatment conditions.

Pre-simulator_s¥porurs, Prior to entering the simulator, sach aubject was
administered tha SOPL and SONPL postural disequilibrium tezts. Rach subject waz then
assisted into the simulator and insiructed to fasten the seat belt. Tha physiological
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sensers were thea fitted 46 \he subjesi. BRach subject was given & sheet of writien
1nstruchiiona for Vhe driving ‘ask and ashed Ve read \hem carefully. The subjecis wers
seld e relax and rest while Vhe superimenter calibrated Ahe recerding esquipmens. DReen
illunination wae redused (e appreximate twilight and (he physiclegical menitering system
was choeked e snmure VRt iy was funesioning preperly.

Afber apprenimately B min, \he experimenter returasd e Lhe subjeel, retrieved the
wisten instruetiens, and orally briefed She oubjeet on the driviag task. The subjeeh
wag Veld te relan fer aboul 10 nin leager and \hat She enperiment weuld thea begia.
Afver the subjecs had been sitbVing for ab least 10 ain in \he deachiivatred simulater,
boseline measures of respiratrion, skin resistance, pallor, and number of seatr muvemenis
were taken svery minute over a 8-min peried.

SiM13307 _agRoaure. AV Ahe apprepriate bime, She sudjech waz advised thav Ve
simulator was 16 be activated and \hat they were V0 have & S-min practice mession Vo
“ged She feel)” of she simulatser. AN Ve oad of R aia, \he experimeater Veld the sudjeeh
that she experimental driviag seasien was Ve degin, Ve accelerate ¢ 353 mph (88.83
kn/hr), and %0 Sry maintaining \has speed and She right-hand lane pesitvien Ahroughout
the remainder of the axperisment. The prepregraamed driving scenasrio lasted 21 min and
alternated beblween curved and siraight stretches of road.

2ogs:ainuiag . 2_oxpRayls. Upon aompletien of the simulated driving sask, (he
phrsiological seasors were remeved frem She subject, the seat bdelts waa unduckled, and
the subjech was assiasted from the simulaser. The subject was immediasely adainistered
\he postural disequilidbrium Vests and Vheh asked te {ill out \he self-evaluation foram
for use by \he experimenter in \ke gimulater sickness severily index (8881) calculation.
Fellowing thiz, Vhe subjech filled sut the motion sickness history guestionnaire.

Date_Badugdien

The following methods were smployad V0 reducs \he rew dala derived for each variable
%0 a fora appropriate for svatristical analysis.

Red-and-Frape.Tass. For each subject, the mean number of degrees by which the red
deviated from true vertical was computed 20ross the eight axperimental trials.

Rriviad_ maas\udes. A sudjecth's yaw deviation score (TAW) was caloulated as She mean
value of the two yaw gtandard deviation values computed during the final 8 min of t\he
experimental run. The numbers of SREV and LREV were represented by the cumulative total
of \he nuaber of times ateering reversals equaled or exceeded 5 deg or 5 deg.
respectively, over tAhe tinal 5 mia of Vhe zimulator exposurs. For seal movemsnt, the
t0ta) number of seat movements during the S-min baseline pericd was subtracted from the
total number of seat movementzs during the last 3 min of the simulatvd driving vask. This
difference scorte was rererred to sz SEAT. In addition, the total number of seat
movements (TSEAT) mede during the driviang scenario was computed.

Phyzicliogical _weanyres. For each physiclogical messure, a gingle difference score
was computed detweasn the gubject'szs mean bazeline vulue and hiw or her mean value during
the final 8 min of the simulased driving sask. Since \he motion sickness literature
indicates thats respirasion may elther increase (3J0) or decrease (31) with sickness,
depending upon the individuai, an abaolute value of breath cycles per second (ACS)
difference Scole was used.

Roasural. dizeguilibrivie, The difference between a subjec\'s mean score on the
post-gimulator exposure te2%s and a subject’'s mean score on the pre-simulator exposure
tests yislded each subjecy’'s stability measure in seconds. A cowmdbined (COMEB) score was
also formed by adding the results of the SOPL and SONPL tests and compuling & mean. The
combined zmcore alsoc represented a difference score detween the pre-simulator and
post-gimulator teasss.

While administering the ataxia tests, a large variability in the subjscs’'s adility
to maintain atability on the pre-aimulator exposure test was observed. Because of Shis,
it was felt tShat a percentage score might produce a more sensitive measure of any
vestibular disburbance induced by the experimental treatments. Consequently, perceniage
SOPL (PSOPL), percentage SONPL (PSONPL)., and percentage COMD (PCOMB) scores wers
computed by forming a ratio of the respective post-simulator axp®wre mean scors %o the

pre-simulator exposure mean score, subtracting Shia value from 1.0, and multiplying by
100,

Simuiasor_sickness_ssverity_ipdex. Each subject’s simulator sickness meverity index
{SSSI) was computed following the procedure of Nennedy, Dutton, Ricard, and Fraak
(27). EKech subject's final symptomatology categorization score consisted of an integer
value betwaen 0 and 7, inclusive. The larger the 8851 score, the greater the subject's

discomtort. Ia addition, the total number of symptoms reported by esach subject was also
tallied (TSYM).

Motigd_sicknsgs_bistory_guestionbairs. The procedure deserided by Moore, Lents. and
Quedry (28) was followed .n scoring the Pensacola MSQ.

For ease of reference, Table 1 prazants \he list of she dependent measures and their

s RN b bl kb 5.
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abbreviations. MNete \hat RFT and MBQ scores were not ineluded since \hey represent
independens variables.

Table 1. A Lishs of vhe Experimental Dependent Measures and Their Abbrevialions

Yaw Ssanderd Deviation (YAW)
Small Sveering Reversals (SREV)
Large Bveering Reversals (LREV)
Ditterence in Seatr Movement (3RATY
Total Number of Seat Movements (TSEAT)
Ditterente in Pallor {PaL)
Difference in 3kin Remistance (RES)
Difterance in Breatsh Cycles Per Second (3Cs)
Sisulater Bickness Severity Index (3881)
Total Number of Syrptoms Reporied (T8YM)
Ssand-On-Prefarred-Leg Test (S0PL)
Stand-On-Non-Pretferred-Leg Teat (SONPL)
Combined Stand~On-Leg (comm)
Percent Shand-Un-Preferred-lLeg (PSOPL)
Percent Svand-On-Non-Preferred-Leg (PSONPL)
Percoent Combined Stand-On-Leg (PCOMND)

RESULTS AND DISCUSSION

The response surface methocology dasa analysis sssensially consisted of two
stasistvical analyses. Firast, for each dapendent variable, a least-squares
sultiple-regression analysis was perforaed to determine the firgt-order polynomial
nodel. Second, an analysis of variance was performed on the derived regrezsion model.
The rerultsz clearly demonstrated that visual and motion mystem delays are detrimeatal to
both an individual's control performance ard well-being. Ten migniticant (p ¢ 0.08)
enpirical modelzs were found which predict a sudbject’'s gimulator driving performance
(YAW, SREV, LREV), vestibular disturbance (SOPL, SONPL, COMB, PSOPL, PFCOMB), and
well-baing (BCS. 3381I) as & function of visual-motion coupling delays.

Examination of wmodel lack of tit and Mallows' Cp statisztic values suggested that,
with \he exception of 8881, the introduction of higher-order effects would not
meaningivlly iwprove sach tirst-order model’'s description of the functional relationship
between performance and \he independent variadles. A second-order mrdel was found to be
more appropriate for SSSI. Table 2 presents the formulae for the 10 models. (In the
tormulae, bdoth V, the visual system delay, and M, the motion rystem delay, are specified
in m2.) Due to the small magnitude of some regreasor coefficients all values are
carried ocut to six decimal placea. Due to space limitations, the response surtacesz for
each of the 10 models are not presented,

Table 2. Significant Regresaion Mcdels (V = vigual delay, M = motion delay)

Dependent Variable Ro;riucor.
Brasath cycles/s L4 0.000777 + 0.000027 V + 0,000171 M
Yaw standard deviation = G.637954 ¢+ 0.007038 V + 0.003432 M
Small mteering reversals » 214.77778 ¢ 0.141170 V + 0.04034uv M
Large steering reversals = 17.706208 + 0.1003'4 V + 0.0723086 M
Simulator zickness severity index - 2.100074 ¢+ 0.010%30 V + 0.0079028 M
- 0.000018 V=V - 0.000012 MxM
~ 0.000013 VxM
Stand-on-preferred-leg - = 1.080288 - 0.017667 V - 0.001820 M
Stand-on-non-prefearred-leg - -~ 1.309222 -~ 0.003107T V - 0.011107 M
Combined mtand-on-leg - = 1.400401 - 0.007308 V - 0.007902 M
Percent stand-on-preferred-leg - 3.804014 * 0.124143 V ¢+ 0.0068422 M
Percent combined stand-on-leg = 16.400988 + 0.UT3817 V + 0.03¢107 M
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Obvioualy, shere 18 & danger in applying Ahe derived models Ve ovher simulators.
Mewaver, I\ is expecied Shal the general relationsdip between \he dependent variables
and Aheir regresasera weuld be sudstantially Ahe same, although the coafficient
waighbings would, ne deuds, ohange.

The univariate analyses previded an assessmant of how \he vombined influence of \he
independeny variables attecied a specifiv depandeatr variable. Muldivariase techniques,
suck ad principal componenis analysis, can be used V0 tes\ \he eifechia ef geveral
dependent variadbles, \hareby helping Vo isclatre underlying behavioral dimensions.
Principal compenenis analysis en She 10 gignificany polynomial medels decomposed tha
dependent measures inte \we significant models which were labeled vesiibular disruption
and degraded perfermance. Theze two mndels are:

Vestibular disrupiion = -~ . 08041 + 0.00043 ¥V + 0,00314 N
Degraded performance = - 1.08030 ¢ 0.00377 V + 0,00200 N.

For general design recommendariona, perhapa She most useful wmodels are Ahe two
derived from \he principal componenis analysia. These acdels represent a composite of
Ahe 10 significant models wivh each prediciing one specific oulcome. Examrination of
thete models clearly indicates that when asynchronous delays occur in & simulator,
vigual aystiem movemant should begin before wotion aystem movemsnt \o produce the least
amount of uneasineas. Similarly, operator condrol perforsance is better with viasual
lead, althsugh the eftechs ie no\ as pronounced az wilh unessinesga. These findings are in
direct contlict wilh the Federal Aviatior Administralion’'s design guidance for Phase II
and Phase Il zimulatora (13) and general simulator design philosophy.

This experiment certainly does not repreaent the definitive study on mimulater
vigual-motion coupling delay. Meny other variables interact with delay. However, the
resuliz of \his atudy s\rongly suggeat Ahat vigual delay is far more disruptive to a
simulator opsrator’s control performance and physical comfors \han is motion delay. The
regulis also azuggeat that, when asynchronous delays ogour ir a driving simulator, visual
scene movensnt should begin before movement of \he inersial ayatem. The tirst-order
wodels produced by the principal componentis decompozition demonairate a linear

relatvionship between incressed vestibular disturbance, degraded parformance, and
increases in delay.

Again, it must be emphasized that the models are nobd definitive, but they can at

leas\ provide a relative rank-ordering among various dewign alternatives. It is in shis
manner that their use is recommended.

A secvondary analysis of the role of zubjsct gandar, percepiual siyle. and past
motion sickness history on susceptidility o simulasor gicknesz revealed that none of
Ahese independent variables was 2 significany source of variance.
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ENQUETE SUR LE MAL DES SIMULATEURS DE VOL COUPLEE
A UNE ETUDE NYSTAGMOGRAPHIQUE

par

Méd 1.1 Col G.De Heyn®*, Méd Maj P.De Graff*™ et Mcd Col P.Vandenbosch***
Forczs Aérienne Centre de Médecine Aérospatiale
Quartier Roi Albert ler
Rue de 1a Fusée 70
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Le mal des simulateurs, spparenté su mal des transports, est une cinétose due mux progrds de la
technologie et aux impératifs budgetaires nt de sécurité.

-~ p—

Certe patholngie nouvelle touche des pilotes expérimentéds et résulte dtun conflit de sensations dans
X : un environnement inhabituel.

; : Nous avons réalisé une enqulte auprds d'une unité de chasse de la Force Adrienne Belde pour évaluer
) la fréquence du mal des simulateurs ainsi que les manifastetions ressenties.

10% - des pilotes i{aterrogés sont :égulidrement sujet au mal des  simulatsurs, 25% le
occasionnellement 3 des degrés divers.

sont
D'sutre part nous avors essayé d'ogfectiver les troubles de 1'dquilibze par une étude
nystagmogruphique portant sur 12 pilotes durant leur entrafinement sur simulateur de vol. Nous avans
été frappés per la pauvrsté des mouvements oculaires durant le vol simulé, Les mouvements cculwires
nystagmiques n'apparaissant que rarement et fugitivement, principalement en fln de virage. Ils sorit
toujours de faible omplitude. I! n'a pu ctre établi une relation entve les manifestations
vestibuleires otjectives et les sensations subjectives du mal das simulateurs.

AN INVESTIGATION OF SIMULATCR SICKNESS AND AN
ELECTRONYSTAGMOGRAPHIC STUQY
by
: Mé&d LtCol DE HEYN G. (*), Méd Maj DE GRAFF P, (s®),
: Méd Col VANDENEOQSCH P. (sew)

i N Simulator sickness, which 1Is related tn traval sickness, is a oproduct of high technology, safety
‘ ; requirements and budgetary limitations.

‘ E This new psthology affects experienced pilots and {s the recult nf con'licting sersations,
| ' experienced in an unfamiliar eavirunment.

We conducted a survey of a Belglan Alr Force fighter squadron in o-der to uvaluste the frequency of
simulator sickness and the symptoms experienced.

Ten per cent of the pilots questioned regularly experienced simulator sickness sacd twenty five per
ceant felt it occasionally in varying degrees,
We also attemptad to objectify the problems of vertigo and disorientation by reans of an
alectronystagmographic study of 12 pllots during their training on a flight simulator. We were
surprised by ths poor ocular response during the simulated flight. Nystagmic movements appea:ed
rarely and then only fleetingly, mainly at the end of a turn, They were all of low amplitude. We were

not able to establish s correlation betwean the objective vestibular responses and the subjective
feelings of simulator sickness.

(=) Centre de Médecine Aérospatiale - Chef de Service ORL
{(*#) Chetf de Service Mddicsl 10 W Tac
(*«#) Centre de Médecine Adruspstlale - Commandant
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PHYSIOPATHOLOGIE DU MAL DBS SIMULATEURS

Suite 4 une longue évolution ee chiffrant en millions d'années, cvous nos récepteurs
sont phyeiologiquement adaptés 4 la locomotion terrestre naturelle.

Depuis quelquea dizaines d'années 1'homme habitué A évoluer dans le champ dec l2a pesanteur
terrestre a révolutionnd son environnement et ses modss cde diplacement. Dans le domaine

adronautique nos capteurs sensoriele sont particulidrement inudaptés aux nouveaux modes
de déplacement.

L'appareil otolithique, les fuseaux neuro mumculaires, les organes tendineux de Golgi,
les réceptsurs proprioceptifs sont sensibles au vecteur champ de pesanteur. Les canaux
semi~circulaires sont senwibles aurx accélérations sngulaires.

Les divers systémes sont conplémentaires de la vision. Lorsque celle-ci ne peut remplir

son rdle et que les autres systdmes sont sollicités par un environnement gravito inertiel-
inhabituel apparait la désorientation spatinle,

Ainsi sans apport visuel un sujet soumis 4 une rotation A4 vitesse conetante autour d'un
axe pasuant par la t8te ne percevra pas le mouvement réel de rotation,

Nos capteurs sensoriels peuvent cependant »'adapter & des situations nouvelles inhabi-
tuelles - Notre organisme intégrera alors harmonieusemont des informations paraisant
contradictoir~s, susceptibles d'entrainer des illusiones sensorieclles.

Chaque type de transport a ses carastéristiques propres auxquelles l'organisme s'adapte.
Que des pillotes entrainés, ne connaissant plus les manifestations désagréables du mal
de 1'air, soieat sujets & des malaises lors de leur entrainement sur simulateur de vol
peut paraltre paradoxal, mais les conflits de sensations sont différents de ceux des
vols réele.
Sur un simulateur 4 plate-forme fixe le pilote est asoumis 3 des mensations visuelles
de mouvement de grande amplitude alors que les récepteurs kinesthésiques et vestibulaires

ne lui donnent que peu d'informations de mouvements.

De plua les informatione visuelles fov=-nis par 1'écran du simulateur donnent une impres-

aicn de clair abscur ol la notion de relief eat diminude, ce qui accroit la difficulté
d'orientation.

Par ailleurs, aprés son entrafnemeni sur -saimulateur, le pilote doit se réhabituer a
un environnement physiclogique normal.
L'orientation spatiale, 1'équilibre postural, la 1lncomotion repoasent sur l'intégration

de données provenant des appareila visnels, vestibulaires, kinesthéeiques, tactiles
et auditife.

Cette intégration de donnéea eensoriel. -~
a1 le support peychologique le permet.

Des sujets anxieux et stressés ressentiront plus 1es ambiguités du systime d'orientation
spatiale et seront plue facilement sujets aux cinétosecsa.

me pourra se réaliser harmonieusement que

ETUDE ELECTRONYSTAGMOGRAPHIQUE SUR SIMULATEUR DE VOL

Méthodologie

Durant leur entrainement sur esimulateur de vol 12 pilotes de F-16 dgés de 25 A 36 ans
ont &té testés sur le plan vestibulaire par électronystagmographe.

Un électronystagmographe monccanalaire enregistrait les mouvements oculaires hcurizontaux
grice i trois électrodes autocollantes situées respectivement 3 l'angle externe de
chaque oceil ot entre les sourcils. .

Ces &léctrodes ne géuaient en rien les mouvements de 1a tdte. La sensibilité de 1'elec-

tronystagmographe étaii réglée sur 10 mm V, 1la vitesse de déroulemen“ du papiler était
de 25 mm/msec

Durant toute la durée du vol aur aimyulateur les mouvements oculaires 4%taient enregist-ée
en continu - Le déroulement du tracé était suivi dans la salle le contrdle du simulateur
ce qui permettalt de jfuger seconde par seconde les réactions oculaires en fonction du
programee de vol et de dépister immédiatement 1'apparition d'un nystagmus horizontal.,

Aprés son entrafnement esur simulateur lae pilote rexplissait un questionnai-e nominal
sur ses impressions de vol et la dsscription des troubles ressentis dventuellement.

STUDE ELECTRONYSTAGNOGRAPHIQUE SUR PROGRAMME DOG PIUHT

Deux pilotes dv 10 % Tac ont étd msuivis durant ce programme d'une duréde de 40 min.
La philosophie générale de ce programme comprend un lAchage de bombe sur cible au sol
suivi d'un combat airien svec uvn adversaire. Il peut &tre décomposéd en ses divers points:

e oo b & i L AN AT

.

CURERIPU

R SONC

£ entinn?

=
4
3

e



R

e R R A T N T

13-3
1) START UP ENGINES (contrdle de départ)
2) TAKE OFP (décollage)
3) BOMB RANGR (l&chage d'une bombe suivi d'un virage & gauche avec boucle de 360°

pour revenir dans l'axe de départ)
4) CLIMB OUT/LOFY accélération de 4.5 G/Z sec avec cabré suivi de looping.

5) DOG PIGHT combat visuel engagé avec avion ennemi
6) RECOVERY vol aux instruaents

7) BNERGENCY panne du systéme hydraulique

8) LAKDING atterrissage

Durant 1le suivi du tracé nous avons &té& frappés par le peu de mouvements oculaires durant
la période de vol.

Seuls les pointe 1 et 8 comportent de nombreux mouvements oculaires et correspondent
au contrdle visuel des instruments de bord.

Pour les autres points les mouvements oculaires sont peu importants et épousent logique-
ment les exigences du programme (ex : contact visuel avec la cible, rspérage de 1la piste
ou de la panne au tableau de bord).

Durant le vol aux instruments les mouvements oculaires sont particuliirement pauvres.

Il n'y a eu aucun épisode pouvant évoquer un accés de nystagmus.

ETUDE ELECTRONYSTAGMOGRAPHIQUE SUR PROGRAMME ACRO

Btonnés par la pauvreté des réponses oculaires eur programme DOG PIGHT, nous sommes
passées A un programme comprenant de nombreuses mparoveuvres acrobatiques smusceptibles
d'entrainer des illusions sensorielles.

Six pilotes du 10 W Tac et 4 pilotes du 1 W Ch ont é&té suivis gur programme ACRO qui
8'11l ne durait que 25 minutes était nottement plus mouvementé et pouvait &tre décomposé
en ces divers points suivants @

1) START UP ENGINES (contr8le de départ)

2) TAKE OPFF (décollage)
3) LOGPING
. 4) ROLL/LEPFT/RIGHT (tonneau)
5) 4 POINT ROLL (tonneau décompoeé par palicr de 90°)
6) BARRELL ROLL (manoeuvres lentes de la pointe de 1'avion au-dessus et
en dessous de 1a ligne d'horizon).
7) STEEP TURN LEPFT/RIGHT (looping horizontal 4 la vitease de 250 noeuda).
. 8) SLOW SPERD RECOVERY (cabré & 90° suivi d'un looping lorsque la vitesse diminue -

Cette manoeuvre est répétée 3 fois).
Les points 1 & B s'effectuent & hsute altitude (high level).

9) HiIGH SPEED PASS OVER RUNWAY
(lcoping au-dessus de 1a plste d'atterriseage).
10) Circuit d'atterxrisaage (TOUCH AND GO).
11) PAMPA STRAPING PASS (tir au canon mais 1'arme a'enraye).
12) PASS : Vol & base altitude au-dessus de 1a piste.
13) Atterrissage sans mcteur.

L'examon des Ltracés de mouvementa oculzires comme pour le programme DOG PIGHT montre
avant décollage et aprés atterriessage de nombreux zmouvements oculaires dus au contr8le
des instruments de bord par 1le pilote.

Durant les manoeuvres acrobatiques proprement dites les mouvements oculaires sont rares,
nais & 1la fin de celle-ci apparaisent quelques secovases qui traduisent probablomant
une relaxation du pilote qui observe son environnement.

Des secousses A4 caractére nystagmographique ont &té observées chez quatre pilotes.

Blles étaient de durée bréve, d'inteneité peu importante et ne survenaient qu'une A
deux fo‘’s par vol A& la fin d'un virage (Ex : manoeuvre STEEBP TURN).

Trois autrec pilotes avalent au départ un tracé parasité par des contractures musculaires,
facialet ot palpébrales. Ce parasitage cessailt en cours d'exercice et le tracé se norma-
14sait dans 1a phase LOW LEVE. au vu de la piste d'atterrissage, ceci probablement rela-
xration musculaire et psychologique en fin d'exercice.
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ENQURTE NOMINATIVE APRES L'BNTRAINENENT SUR SINULATEUR

Dix pilotes sur les douse avaient présentéd lors de vols précédante des manifestations
de cinétose de simulatsur, mais aucun pilote n'a avoud avolir resasnti de malaises durant
1'exercice suivi par enregistrement ENG, Au dépoulllement du questiocnnaire personnalish
quatre pilotes avaient eu de légers problémes d'instabilité lors de volas précédants.

De ces quatres pilotes un mseul eignale régulidpement un état de déséquilibre lors d'eicé-
lérations importantes en début de vol. Ces manifestations déragréables disparaisent
aprés une phase d'adaptation. Le tracé ENG de ce pilote ne montre aucune phase nystagmo-
graphique.

La discordance entre cette enquéte ncminative et 1a réalité des faitm noue a failt é&tabdblir
un questionnaire anonyme adressé A toua les pilotes de la base du 10 ¥ Tac.

ENQUETE ANONYME AUPRES DES PILOTES DU 10 W Tac SUR LA PREQUENCE ET

LBS MANIPRESTATIONS DU MAL DES SIMULATEURS

1, Cinétose et 8ge des pilotes.

31 pilotes du 10 W Tac 85és de 23 A 40 ans ont accepté de répondre A 1'enquéte anonyme.
Si le total d'heures de vol réel a'échelonnait de 400 4 3.300, le nombre d'heureas
d'entralnement sur simulateur varient de 50 A 200.

Pouze pilotes sur lea trente et un ont ressenti sur sinmulateur des malaises A des
degrés divers.

La proportion de pilotes sénsibles A cette cinétose semble &tre plus importante chez
les pilotes expérimentés plus agéa.

Age 20 - 25 26 - 30 31 ~ 3¢ 36
Air Sicknens 3 3 3 3
No Syamptoms [ 7 4 2

Parmi les douze pilotes ayan. &té sujets au mal des simulatsurs, trois .'ont été
plus réguliérement et leur tranche d'Age est celle des plug de 36 ans.

2. Manifestations de la cinétose.

95 % des pilotes sensibles décrivent un état vertigineux,
50 % un sentiment de malaiese généralisé,
10 £ sont nausseux.

Pour S0 X des pilotes, ces tr_ubles surviennent lors ¢e manoeuvres acrobatiques,
10 % ressentent ces wanifestations également lors de vol aux instruments, de pannes
et de vol & basee ou hauts altitude.

Led malaises persistent aprér 1l'entrafnement sur simulsteur pour 75 % des pilotes.
Pour 1a moitié de ceux-ci les troubles de 1'équilibre ne dédpassent pas subjectivement
le quart d'heure. Seize pour cent des pilotes digent ressentir les effets de 1la ciné-
tose jusqu’'d deux heures aprés 1la fin de l'entratnement sur simulateur.

n seul pilote sur les trente et un & dd occasionnellement interrompre son programme
d'entratnement.

La durée du vol sur simulateur influence trente pour cent dea pilotes susceptibles
de développer des analaiges.

Dix neur pour cent des pilotes en général préférent s'entrafiner avec verridaro d'avion
relevée car ils dAvelcppent un sentiment de clauetrophotie lorsque celle-ci est rabattue.
Cette tendance & la claustrophobie touche vingt-cing pour cent des sujets ayant déve-
loppé une cinétose sur simulsteur.
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L'enquétes anonyme révele que 38 % des pilotss ont prceenté dan sanifestations du mal
des simulateurs essentiellement soua forme de troubles de 1'é&quilibre.

Un pourcentage trésm voisin a #&té trouvé lors d'une enquite réalisde au Canada scus 1e
Aurora Plight Deck Simulator asoit 36 %.

L'analyse objective des mécanismes neurologiques rests ccpendant difficile.

Cetts 8tude confirme 1'importernce des mécanismes corticaux dane 1'étlologie dea cinétoses.
Las rares 8t fugitivea secousnes nyatagriques de faible amplitude obmervées chex les
pilotes wntrainés sur simulateur de vol A plate-forme fixe s'expliquent logiguement
paAr une excitation vestibulaire des canaux Semi-circulaires bien moindre que cells des
vols réels.

La pauvreté des mouvements oculaires est due 2 une fixation visuelie sur un écran proche
du aujet, situation qui n'exige que des balayasges oculaires réduits.

Il nous & &t4 difficile 4'éLablir une corrélation entre nyatagmus et illuaion sensorielle B
Car aucun des pilotes interiogés aprés Jeur prestation n'a avouéd avoir resaenti le moindre K
malaise. 1
Quoique nous ayona aasuré ces pilotes que toutes les données physiclogiques et médicalew s
recueillies durant l'expérimentation ne scraient pas conmignées dans leur dossier médical

d'aptitude, la méfiance A 1'égard du médacin expérimentateur 1'a emporté, ce que aous

regrettons car seule une collaboration é&troite entre physiologistes et pilotes pourras

faire progreaser nos connaissances.
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HEAD-MOUNTED SPATIAL INSTRUMENTS:
SYNTHETIC REALITY OR IMPOSSIBLE DREAM

by
Stephen R.Ellis, Arthur Grunwald and Mordekhai Velger

. NASA Ames Research Center
Moffett Field, Catifornia USA
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Summary

A spatial instrumentis defined as a spatial display which has been either geometrically or symbolically enhanced toenablea
user toaccomplish aparticular task. Research we have conducted over the past several yearson 3D spatial instruments ias shown
that perspective displays, even when viewed from the correct viewpoint, are subject to systematic viewer biases. These biases
interfcre with correct spatial judgements of the presented pictorial information. It also has been found that deliberate,
appropriate geometric distortion of the perspective projection of an image can improve user performance.

| T AT, e Lk 1

Thesetwo findings raise intriguing questions concerning the design of head-mounted spatialinstruments. The design of such
instruments may not only require the introduction of comper:satory distortions to remove the naturally occurring biases but also
may significantly benefit from the introduction of artificial distortions which enhance performance. These image manipulations,
however, can cause a loss of visual-vestibular coordination and induce motion sickness: Additionally, adaptation to these
manipulations is apt to be impaired by computational delays in the displays of the image. Consequently, the design of head-
mounted spatial instruments will require an understanding of the tolerable limits of visual-vestibular discord.
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Introduction

The introduction of relatively low cost, interactive, high performance 3D computer graphics work-stations such as the IRIS
2400 Turbo or the Megatek 928, and the certain prospect for further miniaturization and cost reduction, has provided acrospace
designers with powerful research tools for creating new media for interactive, information displays.

This flexibility raises many practical design challenges and interesting theoretical questious, but since many of these new
information displays may be helmet or head mounted, particularly prominent questions concern guarantering the perceptual
stability of the display’s image. Indeed, it is shown in this paper that selecting a head-mounted format limits design freedom in the
definition of the displays in ways that do not constrain conventional panel-mounted formats.

Analysis

An understanding of the relevant dwigﬁ questions is best provided by an analysis of the linear transformations that the
spatial information must undergo before presentation to the user. In general, the information is first defined as sets of vectors,
polygons, or polyhydra positioned inn inertial reference frame some times called the “real world" coordinate systems (Foleyand 3
Van Dam, 1982).

e gk Al
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Prior to presentation to the viewer, thisinformation must be transformed by <caling, rotation, translation, and projection to
position it in an “eye coordinate system” determined by the position and dircction of a viewing vector. This transformstion
process is commonly represented as a series of matrix operations and is referred to as the “viewing transformation”.

Subsequent use of this sputial information by the viewer requires that he perform further coordinate transforms to bring it
into a useful frame of reference. For example, if the subject is required to make an egocentric direction judgement based on
information on a 3D map, he must further transform the information into a body or evena hand centeved coordinate system bya
process similar to the viewing transformation. These are the transformations typically used in telercbotics.

B N A T LA AP AT

S

Exocentric direction judgements or other exocentrically orienied tasks would seein to requirsan additional transformation
to place them at the exacentric posiuur, as suggested by Piaget (1956), iowever, these tasks can be shown to be geometrically
reducible to sequences of egocentric iask= which result in ego-centric direction vectors that are then simply subtracted from each
other. (Grunwald and Ellis, 1986) (see tig.t) t

iy
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In order to understand how the spatial information presented in pictures may be used, itis helpful to distinguish between
images whichmay bedescribed as spatial displaysand those that were designed tobe sputialinstruments. One may think of a spatial
display as any systematic mapping of one space onto another. A picture or a phowgraph is a spatial display.

A spatial instrument, in contrast, is a sparial display that has been enhanced either by geometric or symbolic techniques to
insure that the communicative intent of instrument is realized. A simple example of a spatial instrumentis an analogue clock. Ina
clockthe angular positions of the arms are made proportional to time, and the viewer's angle estimation task is assisted by radial tic : .
marks designating the hours and minutes. oo
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AZIMUTH
PLANE

, REFERENCE

GROUNDGRID

Figure 1 The relative direction of one object (cubz) with respect to another and a reference direction x is given
Uy the difference in the judged egocentric azimuth rotation of two objects: the ground grid which
provides the reference and the azimuth plane defincd by perpendicular drops from the cubes to the grid,

: A second aspect of the definition of a spatial instrument, which the clock example also illustrates, is that the communicated
i variable, time, is made proportional to a spatial property of the display,su _hasan angle, area, or length andis notsimply encoded
. esacharacter string,

The spatial instruments that we wish to focus attention on are generally interactive. That is to say that the communicated
information flows both to and fro between the viewer and the instrument. Some of this bidirectional flow exists for practically all
spatialinstrumentssince movement of the viewer can have amajorimpact on the appearanceof the display. However, the displays
we wish to focus attention on are those encorporating at lea. : one controlled element, such as a cursor, which is used to extract
information from and input iaformation to the instrument.

Spatial instruments have a long history. One of the first ever made was an astrolabe uncovered in 1901 near Antikythera,
Greece but not fally described until the middle *50’s by De Solla Price (1959) who was able to deduce much of its principles of
operation by x-raying the highly corroded remains. Most notably was his discovery that the device used differential gearing to
convert sidereal morths to lunar months. Here the communicated variables are the positions of the planets.

[

Though many previous spatial instruments have been mechanical and often associated with astronomical calculations
(King, 1978) they need not be so.

Maps certainly meet the definition. The map projection may be chosen depending upon the geographical feature of
importance, straight line mapping of compass courses asin Mercator projections or area conservation as in Lambert-type, equal-
area projections. (Bunge, 1965) The projection choice illustrates the geometric enhancement of the map. The overlaying of
latitude and longitude lines illustrates the symbolic enhancement.

. But more modern media may also be adapted to enhance the spatial information that they portray as the reference grid used
by Muybridge illustrates (Muybridge, 1953)

. ) Contemporary spatial instruments are found throughout the modern aircraft cor:kpit, the most notable prbbably being the
H attitude directionindicator or ADIwhich displays a variety of signals related to the aircraft’s attitude and orientation with respect
to terminal navigation beacons.

! More recent versions of these standard cockpit instruments have been realized with CRT based instruments which have
| generally been modeled after their electromechanical predecessors (Boeing, 1983). The computer graphics and CRT display
! media, however, allow the conception of totally novel display formats for demanding new acrospace applications.
|
!

Grunwald and Ellis (Granwald and Ellis, 1987) have described, for instance, a more pictorial spatial instrument to assist :
info.mal, complex, orbital navigation, proximity operations, and rendezvous in the vicinity of the space station, (see Figure 2). | '
The definition of this instrument entailed a number of specific graphical enhancements which may be classified as cither ' i
geometric, symbolic or both. For example, a geometric enhancement was introduced by providing a display mode in which the ;
axis along which spacecraft typically follow reentrant looped paths is tzansformed into a time axis which does not exhibit these
loops. This transformation may assist obstacle avoidance and out of plane maneu vering during small orbital changes. The use of a
time axis may also be a technique to avoid visual illusions associated with perspective projections of the trochoidal paths that N
deacribe the relative niotion paths of one spacecraft with respect to each other (Grunwald and Ellis, 1987). st
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Figure 2 Sample proximity operations display. The solid curved lines show a planned orbital rendezvous
hetween an orbital maneuvering vehicle (CMV) aud the space station. The dotted lineis a
predicted flight path for the OMV. The projecting vectors show body axes of the craft.

Geometric Enhancement

In general, there are various kinds of geometric enhancements that may be introduced into spatial displays, but their
common feature is a transformation of the metrics of either the displayed space or of the objects it contains, A mor familiar
exampleis found in relieftopographic maps for whichitis useful toexaggerate the vertical scale. This technique has alsobeen
for experimental traffic displays for commercial aircraft. (Ellis, McGreevy, & Hitchcock, 1987) :

Anothertype of geometric enhar:cementimportant for displays of objectsin 3D spaceinvolves the choiceof the positionand
orientation of the eye coordinate system used to calculate the projection. Azimuth, elevation and roll of the system may be
selected to project objects of interest with a useful aspect. This selection is particulerly important for displays without
stercoscopic cues, but all types of displays can benefit fram an appropriate selection of these paramieters. (Ellis, Kim, Tyler,
McGreevy and Stark, 1985; Kim, Ellis, Tyler, Hannaford, and Stark, 1987.)

Because of its dramatic effect on the image, selection of the field of view angle is particularly interesting. Only changing the .
field of view angle simply magnifics the itaage producing an image which corresponds to an optic array geometrically similar to i
that optic array that a viewer would experience from the modeled eye paint. Selecting a very wide field of view angle resulisin a
minimized image, but also can introduce marginal distortions if a planar projection surface is used to produce the image. An
additional sourcc of distortion can ariseif the display is viewed from a point other than the modeled eye pointin the eye coordinate
system. The effects of these latter distortions may, however, be modulated by the viewer’s awareness ef the picture plane (Pirenne,
1970; Ellis, Smith, McGreevy, 1987).

Significant design features can be achieved by joint variation of the field of view angle as well as the distance from the
modeled eye point to reference objects in the display (McGreevy and Ellis, 1986; Ellis, et al., 198 7; Adams, 1975). Though this
combined manipulation may introduce marginal distortions, it allows control over the projected sizes of objectsin the image and, E}
for example, allows definition of a projection that will always include a designated volume of the object space. This is & useful :
property of a situation awareness display which is not preserved in a display by changes in the field of view alane.

Theintroduction of deliberate spatial distortion into a spatial instrument can be a useful way tnimprove the communication
of spatial information to a viewer since the distortion can be used to correct underlying natural biases in spatial judgements. For
example, exocentric direction judgements (Howard, 1982) made of extended objects in perspective displays, can for sume
response measures exhibit a “telephotobias”. Thatis tosay that the subjects behave as if they were looking at the displey through a
telephoto lens. This bias can be corrected by introdution of a compensating wide-angle distortion. (McGreevy and Ellis, 1986;
Grunwald and Ellis, 1987)

Unnatural scaling of displayed objects can also be used to control their prominence to insure, for example, that they never
become vanishingly small. (see Fig.3). Object scaling is particularly effective at achieving nonlinear exaggerations. Unnaturel
object scaling can, however, increase display clutter since objects may interpenctrate, but the fact that objects and their
component axes may be independently scaled generally provides the designer with techniques to reduce this problem.
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Figure 3 Sample cockpit display of air traffic. Own ship is at the center of the display. 1 minute predictors
project out of all aircralt symbols. Reference lines are dropped perpendicular to the reference grid.
Symbolic Enhancement

Symbolic enhancements generally consist of objects, scales, or metrics that are introduced into a display to assist pick-up of the
communicated information. The usefulness of such symbolic aids can be seen, for example, in displays to present air traffic
situation information which focus attention on the relevant “variables” of truffic encounter, such as relative altitude, asopposed to
less useful “properties” of the aircraft state such as absolute altitude (Falzon, 1982).

One way to present an aircraft’s altitude relative to a pilot’s own ship on a perspective display is to draw a grid at a fixed
altitude below the “ownship” symbol and drop reterence lines from all aircraft symbols cnto the grid. If the “ownship” altitude is
marked on these reference lines, then the distance fron: the other aircraft symbols to the mark is proportional to the relative
altitude. If the aircraft are given predictor vectors that show future position, similar reference lines can be dropped from the ends
of the predictor lines.

‘The reference lings not only serve to clarify the target’s ambigucus aspect but also can improve perception of the target's
heading difference with a pilot’s ownship. This effect has been shown in a recent experiment examining the effects of reference
lines on egocentric perception of azimuth of extended objectsin perspectiveiinages created by amicrocomputer graphics system.
This experiment provides a detailed example of how psychophysical evaluation of display formats can be used to assess their
information display vffectiveness.

Inthis experiment 10 subjects viewed static perspective projections of aircraft-like symbols elevated at three different levels
above a ground reference grid: alow level below the view vector and almost on the grid, a middle level co-linear with the viewing
vector, and a high level above the view vector by the same amount as the low level was belowit. (see Fig.4). The aircraft symbol has
straight predictor vectors projecting forward showing future position above the reference: grid. In one condition reference lines
were dropped only from the currentaircraft position, in the second condition lines were dropped both from currentand predicted
position.

The subjects viewed the entire configuration of aireraft symbol and grid frama fixed eye position 28 cm from the projection
surface, This position was from the display surface and at the center of projection fora viewing vector set toO degrees azimuth and
=22.5 deg elevation. Nine different azimuth rotations of the image were presented: 0 to 180 in 22.5 degree increments. The
subject’s task was to adjust the egocentric divection of a horizcatal dial to indicaie the azimuth rotation of the aircraft. Azimuth
rotation was crossed with a number of reference lines in a factorial repeated measures experiment.

The first result of the expcriment was that subjects made substantial errors in their estimation of the azimuth rotation of the
aircraft; they generally suw it rotated more towards their frontal plane than it in fact was (F = 23.4, df = 8,72; p. < .001). This
correspanded to clockwise errors for actual clockwise rotations up to 90 degrees, The errors reverse for rotations greates than 90
degrees.

The second result is that the error towards the frontal plane for the symbols with one referenceline increased as the height of
thesymbotincreased above the grid (F = 4.1,df = 2,18, p <.34). Mostsignificantly, however, as shown in figure 5, introduction of
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Figute 4 Five views of sample stimuli used for the experiment which illustrate the three heights of the aircraft symbol
above the grid and the two reference line conditions. Viewing elevation = —22.5 deg, azimuth = 45 degrees.
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Figure S Mean clockwise and counterclockwise egocentric direction judgement for clockwise azimuth rotation.

the second reference line totally climinated the effect of height, reducing the azimuth error in some cases about 50% (F = 2.402,
df = 16,144, p < .003).

A more detailed geometric and perceptual analysis of this result is beyond the scope of this paper; however, these
experimental results show in a concrete way how appropriately chosen symbolic enhancements can provide notonly qualitative
but quantitative improvement in pictorial communication.

Combined geometric and symbolic enhancements

Some enhancements combine both symbolic and geometric elements. One good example is provided by techniques
connecting the photometric properties of objects or regions in the display with other geometric properties of the objects or
themaei ves. Russetl and Milos (1987), for exampie, have asso<iated the optical detusicy of points in space with the norm of
mtofmemmﬁmdadiudvedwmpmtmd produced striking visualization of three-dimensional
tions of the compound. Similar techniques have been applied to solid models derived from sequences of CAT scans and
allowed akind of “electronic dissection™ of medicalimages by control of the transparency of the different tissue types contained in
the X-ray images (Phoenix data systems). Though this technique can provide absolutely remarkable images; one could for
example “see the wind™ (poem refer) by making optical density proportional to velocity; one of the challenges ofits use, generally
not yet met, is the introduction of metrical aids to allow the viewer to pickup quantitalive information from the photometric
transformation.




PP g s s

14-6

The different types of enhancement are important in particular for nead-mounted displays because they interact differently
with the image and the viewer. The global geometric enhancements arc particularly important for head-mounted displays since
they interfere with visual-vestibular coordination and can result in motion sickness.

Computer generated, helmet-mounted images were probably first produced by Ivan Sutherlandin 1970 (Sutheriand, 1970)
and have more recently been produced somewhat more elaborutely at several other laboratories. (Furness, 1986; Fisher,
McGreevy, Humphries, Robinett, 1986)

[3
3

When Sutheriand developed his display, the required hardware and soltware investment was substantial and availabie only
; to well fundad laboratories. In contrast today. the display technology has become so inexpensive that a system adequate for
{ cteditable research can be assembled within 2 budget of a few thousand dollars.

Presentation of the computer generated image display on & hend mounted display strongly encourages the viewer to

) interpret the projection as a virtual space which is expected to interact with his movements as if it were a real space. This kind of
interpretation also occurs, but to a lesser extent, with ordinary pictures presented in the normal panel mounted format. The
interpretation of & virtual space can give rise to pictorial illusions of depicted orientation dstein, 1987; Ellis, Smith, and
McGroevy, 1987), but these effects are far weaker with panel mounted displays than with that are helmet-mounted.

One reason for the difterence is that the helmet displays often include collimating optics, (Weintraub etal., 1985) producing

; true virtual images andinterfering with viewers ability tolocate the surface of the picture (Nagata, 1986). Furthermore, the helmet
. displays generally present wider fields than the panel mounted displays. These viewing conditions, which trigger the normal
binocular reflexes associated with vergence accommodation, coupled with the vestibular effects of head movement resultin a

: viewing situation that requires carcful calibration to insure perceptuul stability. If stereoscopic presentation or head driven
: motion paratiax are used, this requirement is assured.

The difficult with this format is that most of the interesting geometric enhancements destroy the required calibration. This

. difficulty is true by definition for the cnhancements, such as differential scaling of the axes, that operate on the display space itself,

; : but it is also true, though to a lesser extent, of enhancements such as differential object scaling because familiar size can be the

: : overriding cue to apparentdistance (Ittelson, 195 1). This effect may have operational significance and explain crrors pilots make
when using virtual image displays (Roscoe, 1984; 1987),

Theloss of visual stability due to improper correlation between visual and vestibular movement arises from both voluntary
and involuntary head movement. Large voluntary head movements can produce the most obvious loss of stability if the gains and
phase lags between the image movement and vestibular ocular reflex(VOR) do not match. Fortunately, the VOR isadaptable and
can adjust its gain and phase response (Bertoz and Mclville-Jones 1985), though time lags resembling transport delays may
preclude this adaptation. Small involuntary head movements cause relative mavement between the head and the viewing axis of
the eye which is inertially stabilized by the VOR. In this situation the head-mounted display screen moves and blurs the image.
Thus the normal operation of the VOR is actually counterproductive. Measurement of the actual head movement can provide a

signal to allow compensatory, inertial stabiiization of the display by displacement on the screen by adaptive filters which can
model the VOR (Velger et al., 1987).

Besides loss of visual stability, geometric enhancements can interfere with visuo-motor coordination. This interference is
particularly evident if the display includes s hand-controlled cursor. Under these circumstances an improperly calibrated or and
intentionally distorted display resembiles the view through a prism and lens system that introduces an optical distortion into the
lines of sight. As known at least from the time of Helmholtz (1856), the visuo-motor system can completely adapt to the kind of
conformal transformation such system can produce. Short time delays, on the order of 100 msec., can, however, substantially
degrade or block this adaptation. (Held, Efstathiou and Greens, 1966).

o et ey 4

Alluwable Enhancements for Helmet Mounted Instruments

e 1w T

In view of the many intrinsic problems with purely geometrical enhancement, the sufest enhancements for helmet mounted
instruments scem to be symbolic, the kind of added information overlays that have been used on sircraft heads-up-displays for
years.

Bad ol e ees

‘These displays typically transpose much of the information alrcady availablein aircraft cockpits intoamoreintegrated form
aad presentit onalarge combining plate, or beam splitter, so the informationis available “head up™ and can be soen when the pilot
looks out the window (Weintraub, Haines and Randle, 1985). In addition to the usuxl moving tape, cursors numerical readouts,
these displays often have asmail graphics image projected to correspond in shape, size and position to an out-the-window object
such as 8 runway. Maintsining good calibration for such an overlap between a uisplay-generated graphics object and the
projection of a real external object represents a significant chalienge in a wearable helmet not using skull screws to maintain its
position on the users head. Indeed, helmet mounted displays of this sort have been suggesied asuseful nausea-inducing apparatus E
toattempt to habituate sstronauts to the sensory discordance of weightiessness before they begin space travel, (Parker, Renschke,
Arrott, Homick, and Lichtenberg, 1986.)

Nevex the less, symbolic use of three-dimensions also seem o be an allowable enhancement. For example, one can imagine
three-dimensional icons represanting records in & hierarchical data base for which the third dimension could represent depth of
nesting. Another interesting possibility for symbolicaid could be transient 3D “yurdsticks™ used in combination witha 3D cursor
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used Yo denigniste af objecta to be compared. Onos two tbjects are selected, a line symbolicly designating their scpatation
mdh_pt!::ynmmdtodq)hyam&ﬂmmm rines =

the enhancements, thoss least o caust visual stability problems are thoae that act on the real wotld
mmﬁhmwmmmmmmmmmmmmmmm
taarkodly violate the viewers implicit assumptions sbout the size and shaps, thess transfornmtions act carly caough s0 that theis
offect may interpreted simply se changing the shape and size of the objects. They would unfortuaately interfere with manual
maiipulation of the objects, butas long as this is carried out symbolically with a cursor and not with a simulated “hand™ with many
degrees of control which must be adapted to the conditons of the display space, these size and shape transformation should notbe
too aversive,

Finally, the photometric transformations illwstrated by Russell and Miles (1987) are ualikely to have untoward
consequences for head mounted instruments and may prove uselul if combined with metrical sids allowing them to present more
quantitative information.

Inthe final analysis the limits we face in the definition of helmet mounted instruments are not really classically technological,
butintellectual. The tochnological limits we face in the design of these tools will be foresecubly aver come by time, effort and the
natural progressin optical and electronic fabrication. The development of spatial instrumentsis limited not by our manufacturing
capabilitics but by our imagination and by our understanding of human spatial perception.
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INFLUENCE OF VECTION AXI1S AND BODY POSTURE ON VISUALLY-INDUCED
SELF-ROTATION AND TILT

I. P. Howard and B, Cheung
Institute for Space and Terrcstrial Science, Human Performance Laboratory
York University, North York, Ontario, Canada, M3} 1P3

J. Landolt
DCIEM, 1133 Sheppard Ave, North York, Ontario, Canada, M3M 3B9

SUMMARY

Yaw vection is induced by a scene rotating about the spina! axis (z axis), pitch vec-
tion by a scene rotating about an axis in the mid-frontal plane (y axis) and roll vection by a
scene rotating about an axis parallel to the line of sight {x axis). Each of these axes can be
vertical or horizontal, making six conditions in ell, of which only four have been studied
previously. We studied vection and illusory body tilt under ail six conditions, with a full
rotating field, reduced somesthetic cues and in a situation in which body rotation could oc-
cur. Yaw vection around a vertical axis was strongest. Forward pitch vection was stronger
than backward pitch vection. Contrary to previous reports, for most subjects backward il-
lusory tilt was much stronger than torward illusory tiit. Two subjects experienced 360°
body rotation in the horizontal-pitch condition. The dircction of pitch axis asymmetry was
found to be consistent and not related to the asymmetry of vertical optokinetic nystagmus.

INTRODUCTION

An crect obscrver exposcd to a scene moving horizontally usually expericuees full
continuous body rotation (civcularveciion) after about 20 seconds. An upright observer
surrounded by a scene moving vertically or by one rotating about the visual axis, typically
expericnces a limited degree of bady inclination or tilt (up to about 15 degrees) accompa-
nicd by a paradoxical sensation of body rotation (1). The limited sensation of body tilt or
inclination has been ascribed to the absence of otolith stimulation that would accompany
real tilt. This thieory gains suppoit from the fact that pitch vection is more pronounced when
subjcets arc upside down; a position in which the utricles are less sensitive (2). Continuous
vection without tilt sensations is produced when the subject is supine and exposed to rota-
tion of the scene about the visual axis, because in this situation the effects of gravity ave ir-
relevant (3). Young et al. (5) measured roll vection in the weightless conditions of space
and found that its onset latcncy was gencrally shorter than {or either vertical or horizontal
roll vection on earth, It is not clear from this study how zero-gravity conditions affccted
sensations of illusory body tilt. This would presumably depend upon whether the subject
imagined himself sitting up or lying down. If he imugined himseif sitting up the experience
of ro}l vection should be much the same as on earth until the subject has lcarned not to cx-
pect gravity-related scnsations when the body tilts.

According to the utricular-restraint theory, vection without illusory tilt should occur
when the vection axis is vertical, and vection should be accompanied by a sensation of tilt
whenever the vection axis is horizontal. In neither case should it matter what posture the
subject is in. Howcvet, this may not be the whole story. In previous studics the moving
displays did not fill the whole visual field and no attempt was made to minimize somes-
thetic cues. Furthermorz, subjecets sat in an ordinary chair with their feet on the ground and
were thus predisposed (o believe that they would not rotate. "The present experiments were
designed to overcome these limitations.

Another aim of these cxperiments wus to make comparisons between related stim-
ulus conditions, in order to understand why illusory body tilt is limited. We may experi-
ence limited tilt of the body when looking at a visual display rotating wround the visual axis
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(Fig. 1f), not only because of the effects of gravity receptors, but also because we rarely
sce the world turn full circle about the visual axis. The proper comparison condition is one
in which the supire subject looks ap at a display rotating about the visual axis (Fig. le),
that is, a condition in which the restraint of gravity is removed but the factor of visual
experience is still the same. To take a second example, we may expericnee limited illusory
pitch when looking at an upward rotating display (F'ig. 1d) because we rarely sce the visual
world rotate this way. The proper coniparison condition in this case in that in which the re-
cumbent subject Jooks at a display rotating towards the feet or the head (Fig. 1c). Finally, if
visual experience is responsible for limited illusory body tilt then subjects should experi-
ence {ull unimpeded vection when lying down and looking at a visual display rotating about
the visual axis (Fig. 1b) because this type of visual motion is very common, as when we
see a scene rotating around the vertical body (Fig. 1a). In previous studies tests rave been
made in only four of the possible six stimulus configurations, which means that proper
comparisons have not teen made between equivalent stimulus conditions.

METHODS

Apparatus The main apparatus was a hollow nine-foot diameter fiberglass sphiere. The in-
side «as painted white and covered with randomly spaced black dots, varying in size {from
1 ecm to 5 can. The sphere could be rotated about either a vertical or horizontal axis. The
change in axis was accomplished by adjusting a jack which either lowercd the sphere onto
bearings at the side or raised it to engage bearings above and below. When the sphere was
on the vertical axis the support for the subject was inserted into the lower bearing in such a
way that it engaged a drive system which enabled the experimenter to rotate the subject and
the sphere independently about the same vertical axis One support was a chair which held
the subject in a vertical sitting posture {Fig 1a) and another was a horizontal bed which
suppotted the subject in either a supine (Fig le) or recumbent posture (Fig. Ic). When the
sphere was on ifs horizontal axis, the vertical subject support was removed and a horizontal
boom was moved along a track through the centre of one of the side bearings. Supports for
the subject couid be attached to the end of this boom. One of these supported the subject in
a vertical sitting posture, cither facing the axis of rotation (Fig. 1f) or facing at right angles
to the axis (Fig. 1d), and the other supported ihe subject in a supine posture, like an animal
on 2 spit (Fig. 1b). A motor driven shaft passed through the boom so that the subject could
be rotated indegendently of the sphere about the same horizontal axis. In ali conditions the
subject's head was at the centre of rotation of the sphere. In those conditions in which the
vection axis was horizontal, the subject's body was encased in a box lined with inflated air
bags and was strapped wiih a five-poini hamess on the outside of the air bags. There was
thus pressure on all sides of the subject's body. A iwo-way microphone-speaker system
allowed experimenter and subject to communicate without having to press controls.

Stimulus Conditions We define vaw vection as that occurring about the mid-body axis {z
axis), pitch vection as that occuiring about an axis in the mid fronta! plane of the body (y
axis) and roll vection as that occurring about the visual axis (x axis). Eack of these vec-
tion axes can be either vertical or herizontal, which makes up tlie six conditions illustrated
in Figure 1. Quantitative results nave been published for only three of these conditions; the
vertical-yaw (Fig. 1a), the horizontai-pitch (Fig. 1d), and the horizontal-roll (Fig. 1f) con-
ditions. In the three vertical-axis conditions (Fig. 1a, ¢ and ¢) the gravity sensors are irrele-
vant to the experience of vection. These are referred to as the gravity-irrelevant conditions.
Each of thesc conditions has a matching liorizontal-axis condition (Fig. 1b, d and f respee-
tively) in which the subject sees the same visual motion but in which the graviry sensors
would be expected to restrain vection. We shall refer to these as gravity-releviat condi-
tions, Thus, the vertical-yaw condition, in which the apvighit subject watches a horizontalty
moving display (IFig. ia). is gravity irrclevant and is therefore one in which full unimpeded
vection is usually expericnced. This condition is matched by the gravity-velevant, horizon-
tal-yaw condition in which the supine subject watches 1 display rotating from side-to-sidc
across the visual ficld (Fig. tb). In this condition, the utricles and somesthetic system in-
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. Vertical yaw

4

e. Vertical roll f. Horizontal rol}

Figure 1. Stimulus conditions. Yaw denotes stimulus rotation
about the mid-body axis, pitch about the y-body axis and roll about
the visual axis. Vertical and horizontal refer to the orientation of the
axis of scene rotation.
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form the subject that the body is not rotating with respect to gravity. The three matched
pairs of conditions of this sort are set out side by side in Figure 1.

The sphere was rotated around the stationary subject at velocitics of 30, 45 and
60°/s in both clockwise and anticlockwise directions. Each trial lasted 60 seconds. During
30-second intervals between trials the subject was in the dark and was asked to open the
eyes for the new trial when the sphere had reached a steady velocity. At ten-second inter-
vals through each trial the subject vas asked to report the magnitude of vection by calling
out a number between zero and four, 'Zero' signified no vection and 'four signified that
the subject felt that the body was rotating inside a stationary sphere. Numbers ‘One’, 'two’
and 'three’ indicated intermediate levels of vection. In those conditions in which the vection
axis was horizontal the subject was also required to report the angular extent to which the
body seemed to be tilted or inclined to gravity. Subjects used a scale of 0, 10, 20, 30, 45,
60, and 90 degrees for these judgments. In the main experiment nobody reported values
beyond 90 degrees. Before each gravity-relevant irial, subjects were actually iilted through
each of the designated angles between 0-and 90 degrees to left and to right and were told
what angle that was. They were then tested with corrections until they were able to recog-
nize each of these angles accurately. This procedure trained subjccts in making tilt judg-
ments and convinced them that the support could turn, For each stimulus condition, sub-
jects were tested for each stimulus velocity in both directions. Tria!s were presented at ran-
dom. A subject was tested on only one stimulus condition on a given day and the order in
which conditions were tested was counterbalanced across subjects. Seven aduli subjects
were tested on all conditions of the main experiment.

RESULTS

From each trial the magnitude of vection was indicated by the mean of the six nu-
merical estimates that subjects made. The magnitude of illusory body tilt was derived in the
same way. ‘

The main results with regard to vection magnitude arc as follows. Yaw vection, for
both vertical and horizontal axcs was significantly stronger than pitch vection, which in
turn was significantly stronger than roll vection (Figure 2). Vcction around a vertical axis
was on average significantly stronger than vection around a horizontal axis for all body
posturcs (Figure 3). The magnitude of vection was the same for the two dircctions of scene
motion except that downward pitch vection (induced by upward scence rotation) was sig-
nificantly stronger than upward pitch vection (Figure 4). For roll vection there was a sig-
nificant trend for the magnitude of vection to decrease with increasing velocity of the stim-
ulus, but no significant effect of velocity was found for the other vection axes (Figure 5).

The main results with respect to illusory tilt are as follows. Hlusory til{ occurred, as
expected, only when the vection and gravity axes were orthogonal, that is, in gravity-rele-
vant conditions. The mean results for 7 subjects averaged across stimulus velocity are
shown in Figure 6. Statistical analysis revealed that there was a strong asymmetry of illu-
sory tilt for pitch vection. For all but one subject, at all stimulus velocitics, illusory tilt
backwards was much stronger than illusory tilt forwards and all these subjects were aware
of this asymmetry. One subject experienced a strong opposite asymmetry. The asymmetries
for the other axes were not significant. For each axis of vection the degree of illusory tilt
increased with stimulus velocity up 0 45°/s (Figure 7).

SUPPLEMENTARY EXPERIMENTS

The most striking result of the main experiment is the sirong asymmetry of illusory
body tilt for pitch vection about a horizontal axis. For all but one subject illusory pitch
backward (induccd by downward stimulus motion) was stronger than illusory pitch for-
ward, Young ct al. found the reverse asymmetry in four subjects who were tested in a
flight simulator (2). Only one of our subjects behaved like those ¢f Young ct al, ‘I'he
difference hetween the two studies could be due to random sampling of subjects or to dif-
ferences in the stimulus. The most obvious difference is that a flight simulator display con-
tains a stationary window frame whercas our display had no stationary features. We there-
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roll : pilch p <0.05
pitch: yaw p <0.05
3 L roll : yaw p < 0.01

Vection magnitude
~N

roll pitch

yaw
Axis of scene rotation

Figure 2. Mean vection magnitude of seven subjects for yaw,
pitch and roll axis. Error bars are standard errors of the mean.

E

Veclion magnitude

horizonta!

horizontal vs. vertical p <.0.01

vertical

Axis of scene rotation

Figure 3. Mean vection magnitude for all horizontal axis
conditions compared with that for all vertical axis conditions.
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Figure 4. Mecan vection magnitude as a function of direction of

scene motion for each vection axis.
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Figure 5. Mean vection magnitude for each vection axis as a
function of stimulus velocity. Only vection about the roll axis
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; Figure 6. Mean illusory body tilt for each direction about each
vection axis for only gravity-relevant conditic 15 (horizontal axis of
: scene rotation).
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Figure 7. Mean illusory body tilt averaged across three gravity-
relevant stimulus conditions as a function of stimulus velocity.
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! fore retested the subjects on the gravity-relevant conditions but with a stationary 30 cm FE
: sctluare frame suspended just in front of the moving display, straight ahead of the subject. ;
The results are shown in Figure 8. For pitch vection, all subjects showed the same dircc- 3
tional asymmetry that they had shown without t'.e frame. Thus, directional asymmetries of 3
illusory pitch are consistent from day to day and are not related to the presence or absence i
) ' of a fixed frame. In addition, there was a significant trend for clockwise roll vection to be
: - stronger than counterclockwise roll vection. All subjects experienced the very striking im- :
qmsgi&n that the frame was displaced from the horizontal or vertical by the same amount as
the body. '

In a sccond supplementary éxperiment we explored whether the asymmetry in illu-
sory body pitch is related to asymmetties in-vertical optokinetic nystagmus (OKN). It has :
been reported that the gain of OKNwith slow phases in an upward direction is, for most
people, stronger than that with slow phases in a downward direction (4). After testing nine :
3 more subjects we found a second subject with stronger illusory tilt towards the feet. We
3 recorded the slow phase velocity of upward and downward OKN of the two subjects with
this type of asymmetry and of two subjects with the other type of tilt asymmetry. All four
subjects showed the normal preponderance of OKN with upward slow phases, although,
as can be seen in Figure 9, this asymmetry of OKN showed only for stimulus velocities
over 30"/s. These results demonstrate that there is no reason to suppose that asymmetries of-

i OKN and of illusory pitch are related.
' DISCUSSION
‘ g For each type of vection (yaw, pitch ard roll) the magnitude of vection was higher
; : for gravity-irrclevant conditions than for gravity-relevant conditions. We conclude that the
' 3 gravity sense organs restrain the sensations of vection. Vection was strongest for the verti-

cal-yaw condition, which makes sense because motion of the visual world produced by
yaw is the most common type of visual motion that we experience. We often rotate the ver-
tical body full circle around a vertical axis but rarely rotate it far around the pitch or roll
axes.

In all conditions in which the vection axis was vertical, all subjects experienced
unimpeded vection through a full circle and in all conditions in which the vection axis was
horizontal, subjeccts expericnced only partial rotation of the body. We have thus not pro-
duced any evidence that the factor of visual experience causes vection to be confined to less
than complete rotation. However, an experience reported by one subject is suggestive. The
subject was supine and looking at a display moving around the body axis (Fig. 1b). At first
he expericnced a moderate degree of vection asscciated with a limited degree of sideways
z body tilt. After a while the body seemed to tilt in the direction of the feet, occasionally
seeming to become vertical. When this happened full unimpeded vection was experienced.
The perceptual system had removed the paradoxical experience of continuing self rotation
combined with limited tilt by ‘concluding' that th:: body was vertical. No subject reported a
similar resolution of paradoxical sensations in any of the other conditions, and this could be
because the condition in which this resolution of the paradox was adopted was the only one
which resulted in a familiar experience.

The mecan magnitude of illusory body tilt was about 24° at a stimulus velocity of
45%/s, which is about twice the magnitude of tilt reported by licld ¢t al. at that stimulus ve-
locity. But our display filled the visual ficld, somesthetic cues were reduced and the subject
was primed to expect the body to rotate. The largest illusions of body tilt occurrcd for most
subjects in the condition in which they were vertical and looked at a display moving to-
wards their feet. The mean value of tilt for this condition was about 38 degrees, and for
several subjects it often reached 60 or 90 degrees. When screen.ng subjects for the supple-
mentary experiment we found two people who experienced full head-over-heels vection
under these circumstances. The gravity sensors do not restrain vection as mtch as previous
evidence suggested. If experiments like the ones reported here were conducted under water i
the true contribution of the utricular organs to the restraint of vection could be revealed. B :
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y Down va. y Up p<0.01

Wusory body tilt [deg]

ccw oW Down Up Leit Right
Roll Pitch Yaw

Axis and direction of scena rotation

Figure 8. Mean illusory body tilt for nine subjects under the same
conditions as in Figure 7. except for the addition of a fixed 30 cm
frame in front of the moving display.

50 (725 Down vs. 45 Up p<0.01
60 Down vs. 80 Up p<0.01

40

30

20

10

Mean slow phase velocity

0
30 Down 30 Up 45 Down45 Up60 Down o Up
Stimulus velocity [ deg/sec ]

Figure 9. Mean velocity of the slow phase of vertical OKN for
four subjects as a function of the velocity and direction of stimulus
motion. The difference between up and down nystagmus was
significant only for velocities above 30 */ sec.
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VECTION AND THE SPATIAL DISPOSITION OF COMPETING MOVING DISPLAYS

1. P. Howard, M. Ohmi and W. Simpson
Institute of Space and Terrcstrial Science, Human Performance Laboratory
York University, North York, Ontario, Canada, M3J 1P3

J. P. Landolt
DCIEM, 1133 Sheppard Ave., North York, Ontaric, Canada, M3M 3B9

SUMMARY

In Experiment 1 we investigatced the rclative effectiveness of two superimposed
displays in generating circular vection as a function of (i) the separation in depth between
them, (ii) their perceived rclative distances, and {iii) which display was in the planc of
focus. Circularvection was found to be governed by the display that was perceived to be
more distant, even when it was actually nearer. Vection was not affectcd by whether the
near or far display was in the plane of focus, nor by which display was fixated or pursued
by the eyes. In Expcriment 2 we asked whether the gencrally held belicf that vection is
induced most effectively by the peripheral stimuli is due to an artifactual effect of perceived
distance. The experiment assessed the separate contributions of foreground-background
and central-peripheral placement of competing displays. It was found that both factors
contribute in an interactive way to the experience of vection, In Experiment 3 we
investigated how linear forward vection induced by a lcoming visual display is affected By
the near-far relationships of competing displays

EXPERIMENT 1 CIRCULAR VECTION AND THE RELATIVE DISTANCE OF
COMPETING DISPLAYS

When- an upright stationary observer views a visual display that rotates
about the mid-body axis, the impression created is that the display is at rest and the
observer is rotating. This illusion of self rotation is called circularvection (1,2). Natural
scenes rarely rotate with respect to the head unless the head rotates. Furthermore, the
vestibular system is an unreliable indicator of self rotation except during and just after
acceleration. Thercfore it is not surprising that scene rotation is interpreted as sclf rotation,
even when tire body is not rotating. There is a conjunction of visual and vestibular inputs
into the vestibular nuclei (3) and the parietal cortex (4) which probably explains why visual
inpuis can so closely mimic the effects of vestibular inputs.

When a person rotates in 2 normal three-dimensional environment, stationary parts
of the scene move relative to the head. Since the more distant parts of a scene are unlikely
to rotate with the person, their movement relative to the head provides a more reliable
indicator of self rotation than does the rotation of nearer objects. It follows that
circularvection should be related to the motion of the more distant of two supcrimposed
displays. In line with this expectation Brandt et al. (5) found that vection was not affected
by a stationary object in front of the moving display but was reduced when the object was
seen beyond the display. In Brandt's experiment binocular disparity was the only cue to
deptb and the two stimuli differed in size. Furthermore, there is some doubt whether depth
was the crucial factor as opposed to the perceived foreground-background relationships of
the competing stimuli. Experiment 1 was designed to control for th: se factors.

Method There were two visual displays; a background display which filled the subject's
field of view and rotated around the subject at an angular velocity of 30%s, and a
foreground display which was stationary. The moving display consisted of randomly
placed black dots on the inside of a translucent white vertical eylinder, radius 60 cm. The
dots of the stationary dispiay were similar to those of the moving display and were
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mounted on a transparent cylinder just inside the translucent cylinder. Both displays were
transilluminated by diffuse white light at a level of 40 cd/m2,

The subject sat at the centre of the two concentric cylinders with the head fixed in a
helmet. The displays were viewed monocularly with the gaze at the centre of the displays.
The stationary display was set in random order at each of four distances from the subject's
eye: 36, 44, 52, and 59 cm. The absence of binocular cues to depth allowed the perceived
depth order of the two displays to reverse spontancously, even when they were well
separated in depth, At each distance, subjects were asked, in one trial, to focus within the

lane of the display with slightly sharper dots (the near display) and, in another trial, to

ocus in the plane of the display with less sharp dots (the far display). An instruction to
look at the far or near display would have been ambiguous because the displays were
designed to reverse their apparent depth order. Similarly, an instruction to look at the
moving or stationary display would have been ambiguous because which display appearcd
to move varied according to whether or not the subject was experiencing vection. Each trial
lasted about 150 s, during which time the subject was asked to report two events. The first
was the onset or offset of vection. Since all subjects reported complete vection when
vection was present, this report was sufficient. The second event was any apparent reversal
of the depth order of the two displays. Reversal of depth was easy to notice because of the
slight differences in appearance of the two sets of dots. Four subjects were tested.

Results A time course of the presence or absence of vection and a time course of changes in
apparent depth were obtained for each trial. All subjects showed similar trends and a typical
example of the time courses of these two events is shown in Figure 1. In all cases vection
was experienced whenever the display that was perceived as the more distant was moving
and was never experienced whenever the display perceived as more distant display was
stationary. Changes in the experience of veciion were closely linked to reversals of
apparent depth. We derived a cross correlation function which served as an index of
coincidence of these two events, the details of which are given in Ohmi et al. (6).

The dependance of vection on the perceived relative depth of the two displays was
not affected by whether subjects focused on the moving display or on the stationary
display, nor by changes in distance between the two displays. When the displays were
virtually coplanar, the moving display seemed to slide over or under the stationary display
and the spontaneous reversal was that of foreground-background rather than primarily one
of depth. Vection was perceived only when the display that was perceived as background
was moving.

(w)
Vection ¢ -

No vection A

] 50 100 150
()

“Far” moves - |——l |—-| |»~| —
“Near” moves t+ ‘

A i
0 50 100 150

Time after stimulus onset (sec)

Figure 1, The time course of (a) changes in the experience of circular vection and
(b) changes in the perceived relative depth of the moving display of ore subject. The
background display was G0 cm and the foreground display 36 cm from the subject. In this
condition the subject focused on the background display.
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Canclusion We conclude that circular vection is totally under the control of whichever of
two similar displays is perceived as background. This dominance of the background
display does not d?und on depth cues, because circularvection is dominated by a display
that appears more distant, even ‘vhen it is nearer. We think that perceived distance is an
incidental property of that part of the scene interpreted as background. When subjects
focused on the moving display optokinetic pursuit movements of the eyes occurred, and
whea they fucused on the stationary display, the eyes were stationary. But such a change in
the plane of focus had no effect on whether or not vection was experienced, as long as the
apparent depth order of the two displays did not change.

Thus sensations of self rotation are induced by those motion signals that are most
reliably associated with actual body rotation, namely, the signals arising from that part of
the scene perceived as background. Vection sensations are not tied to depth cues, which
makes scnse because depth cucs can be ambiguous, and they arc not ticd to whether the
eyes pursue one part of the scene or another, which also makes sens¢ becauss it is
headcentric visual motion that indicates self motion and this is just as well detected by
retinal image motion as by motion of the eyes.

EXPERIMENT 2 CIRCULARVECTION AND THE CENTRAL-PERIPHERAL AND
NEAR-FAR PLACEMENT OF STIMULL

Introduction Braudt et al. reported that circularvection is much more effectively induced by
a moving scene confined to the peripheral retina than by one confined to the central retina
(7). In these studies, the central retina was occluded by a dark disc which may have
predisposed subjects to see the peripheral display as background and it may have been this
rather than its peripheral position which caused it to induce strong vection. Similarly, when
the stimulus was confined to the central retina subjects may have been predisposed to see it
as a figure against a ground, which may have accounted for the small amount of vection
evoked by it. Experiment 2 was designed to measure the separate and interactive
contributions of the factor of central versus peripheral placement and the factor of neas
versus far placement of competing stimuli to the generation of circularvection.

Method The apparatus is depicted in Figure 2. The subject was seated with the head at the
center of a 1.3 m diameter vertical cylinder which could be rotated in either direction. The
cylinder was made of white translucent plastic and its inner surface was covered with
randomly arranged black opaque dots, 2 cm in diameter and with a mean density of 735
/m2. The cylinder was transilluminated at a level of 10 cd/m2, A white transilluminated belt
containing a similar array of black dots ran over rollers and concave sirips of plastic so that
it locked like a section of the large cylinder. This display of dots was placed above the
subject’s head and reflected by a sheet of transparent plastic onto a matching black occluder
in the centre of the large display. The subject thus saw a 28 square surrounded by the
large cylindrical display. The small display could be moved so that it appeared to be
suspended 12.5 cm in front of, in the same plane as, or 12.5 cm beyond the peripheral
display as if seen through a square hole. In some conditions, one or the other of the
displays was occluded. Both displays moved at an angular velocity of 259/s across the
subject's field of view, either in the same direction or in opposite directions.

The stimulus conditions are set out in Table 1. In each trial subjects looked at the
center of the display for two minutes and reported the direction and strength of
circularvection by setting a five-position switch, with the central position indicating no
vection. The switch scttings were digitized and recorded by a computer together with a
record of the time at which each change of the switch occurred.. A value of +1 was assigned
to full vection in a direction opposite to the motion of the visual display and a value of -1 to
full vection in the same direction as the display. Values of +0.5 and -0.5 were assigned to
intermediate levels of vection. When the two parts of the display moved in opposite
dircctions, the motion of the peripheral display was taken as reference. A mean vection
score for each tria! was derived by multiplying the duration in seconds of each constant
sctting of the switch by the valuc of that sctting, udding these sums over the two-minute
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period, and dividing by 120 (the duration in seconds of a trial). Thus the mean score for
each trial varied between -1 and +1. Trials were separated by two-minute rest intcrvals
during which subjects sat with the lights on but the dispiays stationary.

The order of sessions (center near, coplanar and ceater far) was counterbalanced
and the order of conditions within sessions was randomized. Eight men and orn® woman
between the ages of 23 and 60 years served as subjects. All but three were naive about the
nature of the experiment.

Surround display

Figure 2, Showing the spatial dispositions of the central and peripheral parts of
the display used in Experiment 2. The subject was seated at the centre of the cylindrical
display and centered the gaze on the middle of the centre display. The two displays could
be moved in the same or in opposite directions, or could be blacked out. The central
display was reflected onto a matching black square on the larger display.

Both parts of display moving

* Moving in same direction
* Moving in different direction

Only one part of display moving
+ Centre stationary - surround moving
* Surround stationary - centre moving

* Centre black - surround moving ‘
» Surround black - centre moving

Table 1. Types of display used in Experiment 2. Each type of display was
presented in random order with the central part nearer than, beyond or in the same plane as
the surround part of the display.
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Resuits In Figurc 3 the mean vection ratings for the ninc obscrvers arc plotted as a function
of the relative distance of the central display (near, coplanar and far) and the type of
display. Since there was no significant difference between vection for leftward and
rightward moving displays the data from the two directions of motion were combined. The
displays in which both fields were moving in the same-dircction clicited higher vection
ratings than the disghgg in which they were moving in oppositc directions (means 0.82
and 0.42; F(1,8) = 8.305, p < .019). The direction of vection was opposite to the motion
of the peripheral field, indicating that the addition of the oppositely moving center reduced
but3c(l)i§l nlgts :)everse vection. There was no effect of centre depth in these conditions (F(1,8)

The relative contributions of centre and surround fields to vection can be seen by
comparing displays where only the surround was moving (center-still and center-black
conditions) with displays where both centre and surround were moving in the same
direction (same-direction condition). This comparison showed that if centre motion (in the
same direction) was added to surround motion then there was no increase in vection
(E(2,16)= .383, NS} As expected, no effect of depth of the centre was seen for displays
in which only the surround was moving (F(2,16) = .012, NS).

The center-still and surround-still pair of conditions and the center-black and
surround-black pair of conditions were matched in all respects except the location of the
moving field (centre or surround). In both cases, vection was much higher when the
moving ficld was the surround (center-still rating .76 vs surround-still rating 0.09: (1,8)
= 27.556, p < .001; center-black rating 0.79 vs surround-black rating 0.32 : F(1,8) =
17.592, p < .003). If the stationary field was visible, there was an interaction between its
peripheral-central location and its depth (F(2,16 ) = 5.601, p <.014). That is, the pattern
of vection ratings for near, coplanar, and far ficlds was different for centre-still and
surround-still conditions. There was no main effect of Centre Depth (E(2,16) = 3.360,
NS). If the stationary field was black, the pattern of ratings for near, coplanar, and far
fields was the same (no Location x Centre Depth interaction, F(2,16) = .786, NS). There
was a main effect of Depth of Centre (mean ratings for ncar, coplanar, far: 0.59, 0.48,
0.60: E(2,16) = 3.773, p < .044). Thus, if a stationary field was black, then less vection
was obtained for coplanar centers than for near or far centers.

1.0
(o))
._g 0.8 N
«d : N\
I .
c 0.6 &%
§ 0.4 4
0.2 .
5 °F .
2 b
= 0.0
-0.2
Same Opposite Centre  Centre Surround Surround
Motion  Motion Still Black Still - Biack
Figure 3. Mean vection ratings of nine subjects plotted as a function of the

relative depth between the central and peripheral parts of thie display and the type of
display. A vection rating of 1.0 signifies full vection in a direction opposite to the
motion of the display. When the two parts of the display moved in opposite directions,
the motion of the perirt.eral part was taken as reference. The error bars are standard errors

of the mean.
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The final comparison of intcrest was that between displays with moving conters and
either still (visible) or black surrounds. Iu the surround-black conditions, there were no
dispurity cues when the central field was near, only when it was far. Vection ratings were
Jower in the surround-still than in the surround-black condition (mean rating 0.09 vs 0.32;
E(1,8)= 10.019, p < .013). There was no main effect of Depth of Centre (E(2,16) =
3.463, NS), but there was a significant interaction between Surround Type and Centre
Depth (EQ2,16) = 9.237, p < .002). Thus the pattern of ratings for near, coplanar and far
fields was differeat for still surrounds and black currounds (as is plainly visible from
Figure 3). The pattern for surround-still was the more interesting. If the center was
moving and the surround was still but visible, little vection was obtained except whzn the
moving ficld was further away than the surround.

Discussion This experiment has confirmed that, all things being ‘equal, vection is driven
better by peripheral stimuli than by central stimuli. Indeed it is driven just as weli by a
moving peripheral display with the centre black or visible and stationary as it is by a full-
field display. However, if the centre of the display is moving in a direction opposite to that
of the peripheral part then vection is reduced. Thus a moving central display can weaken
the effect of a moving peripheral display but not to the extent of reversing vection. If the
peripheral part of the display is visible but stationary then the direction of vection is
determined by the central part of the display but only if the moving cential ficld is farther
away than the suniound. This result is understandable when we realise that this sort of
stimulation is produced, for example, when an observer looks out the window of a moving
vehicle. The moving field seen through the window indicates that the viewer is moving
along with the part of the scene surrounding the window. When the surround is black, the
relative distance of the moving central display has little or no effect. The reason for this is
probably that & central display in front of a black surround provides virtually no cues to its

location in depth and subjects are at liberty to perceive it as being beyond the surrcunding
black display.

EXPERIMENT 3 ILLUSORY FORWARD MOTION AND THE RELATIVE
PLACEMENT OF STIMULI

A looming, or radially expanding, display in the frontal plan¢ induces forward
vection - an illusory sensation of forward motion of the body along the line of sight (7,8).
In Experiment 3 we examined whether forward linear vection, like circularvection, is
govemced by the display perceived to be in the background.

Method A microcomputer was programmed to producc a looming display of 64 randomly
distributed dots on an oscilloscope screen. The radial movement of each dot simulated the
movement of a dot approaching the subjcct at constant velocity along a path parallc! to the
visual axis. The display was psesented scquentially to give a scnsation of a continuously
approaching display of dots which induced a sensation of forward motion of the self
through a tunnel of dots towards a cistant focal point.

" A display of 512 randomly distributed stationary dots was superimposed on the
dispiay of lcoming dots on cach of two oscillosope screens vicwed through mirrors to
form a stereoscope. The stationary display on one oscilloscope was shifted laterally to give
a disparity of + 90 min cf arc between the looming display and the stationary display. Thus
the stationary display could be placed stercoscopically cither beyond or ncarer than the
moving display. The radius of thc combined display was 20" of visual angle.

Tiere were three conditions; (i) only the jooming display wus presented, (ii) the
stationary display was presented nearer than the looming display and (iii) the statiorary
display was presented beyond the looming display. Subjects viewcd the disp:lays for 1 min
while continuously estimating the strength of forward vection by moving a lever connccted
to the microcomputer.

In another condition of the experiment a similar display was used but binocular
disparity cues were eliminated, leaving the subject free to perceive onc or other-of the
superimposed displays as more distant. The subject was requircd to report the strength of
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vection as well as any spontaneous reversals of depth order between the two displays.
Tl:ee aduits, who had expericnced circular vection and had normal ¢yesight, scrved as
subjects,

Results Responses of subjects were digitized in three levels and then avernged over the |
min trial period. As all subjects showed simular trends, the strengths of forward vection
averaged across subjects for the three conditions in which binocular cues were preseat are
shown in Figure 4. When the display of stationary dots was preseated in front of the
display of looming dots, the strength of forward vection was the same as when only the
looming display was presented. Oa the other hand, when the stationary display was
sented beyond the looming display the strength of forward vection was reduced to about
0 % of its value when there was no stationary display. A two-way analysis of variance
confirmed that the effect of Condition was statistically significant [F{2,8) = 12.50, p <
.02}, The results of this experiment are consistent with thosc of Experiment 1 for circular
vection, and indicate that, as before, the background display controls vection. However,
whereas circular vection was totally suppressed for all subjects when the background dis-
play was stationary there was some residual forwvard vection under these conditions.

In the conditions in which binocular cucs were not present, responscs of subjects
were digitized in three levels and then averaged scparately for the time periods during
which the stationary displays appeared to be in front of the looming display and for the time
periods when the stationary displays appeared to be beyond the looming display. All
subjects showed similar trends. The stationary display did not significantly suppress
forward vection when it appeared in front of the looming display. When the stationary
display aggearcd beyond the looming di:Klay, the strength of forward vection was reduced
to about 40 % of its strength when only the looming display was presented. Although this
reduction was smaller than when binocular cues were present, a three-way analysis of
variance confirmed that the effect of Apparent Depth Order (in front-beyond) was
statistically significant [F(1,71) = 197.62, p < .001].
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Figure 4, Mean strength of forward vection when the looming display was

presented alone, and when the stationary display was presented nearer than the looming
display or beyond the looming display. Vertical bars are standard errors of the mean,
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Conglusiona We conclude that when a display of stationary dots is supcrimposed on a
di. play of looming dots, forward vection 15 to a large extent controlicd by the display
which is ‘nore distant or which appears more distant. Subjects interpret a stationary displiy
nearer than a'lcoming display as moving torward with them like a dirty windshield in a car.
In this respe~t torward and circular vection are Llike. For forward vection this is the only
reasonable interpretation for subjects, because if subjects regard a stationary display in
front <f a loominyg display as fixed in space, it will eventually hit subjects if they feel
forward vection or hit the approachir:3 display if they do not feel forward vecticn. On the
other hand, although circularvection was completely inhibited when the background display
was stationary there was still weak foxward vection with a stationary background display.
This difference makes sense because, for forward body motion, the image of a distant
scene is virtually stationary whereas, for circular body motion, it is not.
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CU::—::: TRAINING VERTIGO, PROVIDING SUGGRSTIORS FOR THE MNANAGENENT OF SIMULATOR
81X

Marcel E. Norré, M.n., Ph.D, Dpt Otoneurology & Equilibriometry

The University of Leuven Hospitals LEUVEN (Belgium).

Clinical experience with exercise treatment for vertigo has confirmud the extreme
adaptibility of the balance syster (6,7.5,9). Vestibular Habituation Training
(V.H.T.) for provoked (positioning) vertigo provides some interesting cues in the
scope of the theme of thie meeting, related to simulator sickness.

Por a good understanding of the problem, some fundamental notions have to be
preciced.

VERTIGO is a subjsctive sensation, caused by and resulting from a dysfunctional state
of the balance system. Dysfunction becomes conscicus, whereas normal functioning
remains unconscious. Vertigo is comparable with the different kinds of motion
sickness, because of the similarities in the pathogeresis of both manifestations
{10). Simulator aickness can be categorized under motion sickness.

Ve would like to smphasize some cues of the treatment we have used for more than 10
years in sone types of vertigo. We present them to the experts as a material for
information and consideration.

As vertigo is the result of dysfunction in balance, a clear definition of the balance
systam is neceasary.

Balance consists in a complex sensori-motor system, which serves two goals (11) : 1/
the stabilization of the visual field and 2/ the maintenance of the erect 'standing
position.

Thase goals are achieved by appropriated reflexes, elaborated by the centers of the
brair.;tem. To this aim the centers are informed about changes in spatial -orientation
by three sensors: vision, vestibular and proprioceptive systems,

The centers also dispose of adaptive possibilities, which are the basis of exercise
treatment (6,8,9).

The dysfunction causing vertigo may be aituated in the balance aystem at the
paripheral sengory level or at the level of the centers., Exercise treatment concerns
peripheral vertigo, which is the result of a gsensory mismatch.

Each situaticn of spatial relationship and each change in this situation have to be
signalled to the centers, in rast as well as during movement. The incoming sensory
pattern i a "known" one, compared with former experience (rafersnce pattern).
Correspondance with the expected pattern allows normal and automatic procedure for
elaborating the adequate reflexes.

If one sensor is disturbed, the resulting input is changed and gets opposed to the
one of the other sensors and a sensory mismatch results. Automatic procedure is no
more posaible and the situation becomes conscious as "vertigo". It is accompanied by
panic, whereas at the same time there is an overflow to the neurovegetative centers.

Two types of peripheral vertigo can be distinguished: 1/ spontaneous vertigo which is
the result of a dysfunction causing a lasling sensory mismatch in the situation of
rest as well as when moving. It is the result of a disturbance affecting the
vestibular system for a short or long time. 2/ provoked vertigo occurs only by meving
and here a persistent dysfunctional state becomes only manifest (i.e. causing a
sensory mismatch) when the system has to signal change in spatial relationship. The
vertigo is limited, shortlasting and can also be elicited deliberately (6,7).

The balance system disposes of adaptive meclianisms which have been studied
intensively (1,3,4) and which constitute the basis upon which the exercise treatment
is founded (6,8,9). Thesa adaptive mechanisms belong to the central processing.

According te the data which 1ire provided by these studies and which are also

rasulting from the experiences gathered by daily application, following raequirements
can be put forward for exercise treatment.

The vertigo that can be treated by exercises is a peripheral vertigo. This means that
the dysfunction has its origine at the level of the mensory input, causing a sensory
mismatch. It is a vestibular vertigo, i.e. the dysfunction is located in the
vestibular sensoxr. As exsrcise treatment appeals to the adaptive mechanisms of the
centers, central disturbance is a countra-indication for exercise treatment.

The vertigo has to be produced by a non-fluctuant, steady state of dysfunction in the
vestibular system (9). Thia limits the application to "provoked vertigo". This
veartigo results from the working situation of the system: i.e. when movements,
changes of position have to be informed to the centers, In rest the situation is
normal or normalized.
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Experiments have shown that the repeated exposure of the whole system to the
condition producing the sensory mismatch is thae very stimulus favoring the
davelopment of adaptation (3,4). It is an error-controlled process. It can be
conceived as a pattern rebuilding (6).

Habituation, studied in the field of the vestibular functioning, furnished the main
characteristics of this adaptation: response decline of the disabling affect,
specificity and retention of the affect (2,5).

In this way the exercises have to be selected individually.

It-is the progressive development of adaptation and the specificity of the resulting
adug:ntlon, that are the fundanental reasons for which the peripheral dysfunction has
to stable.

Progressive development can hardly be achieved when the underlyiny dysfunction is
always changing. ng habituation effect is striotly limited to the type of stimulus
uced ard when the dysfunction is labile and changing, the incoming stimulus pattern
is changing and cannot bring about a sufficient habituation effect.

These characteristics have been confirmed in the clinical application of V.H.T. The
experience in patients shows the progressive reduction of the number of positive
cases during therapy (table 1). Each case is tested for provoked vertigc and a score
is computed, Also the progressive reduction of the mean of the scores of the cases
still positive at each step allows to follow the aagree of provoked vertigo.
Proyressive evolution is obvious. . :

Table 1.

Evolution during VHT treatment

- Bxamination no 1 2 3 E
n of posit cases 40 29 14 3
mean of the scores 105 47 43 9

ex no 1: after one week; 2: after two weeks, 3: after three weeks. E: endevaluation
after 6 weeks.

positive case shows at leasnt one maneuvre posiiive at the test-battery

mean of the scores at the VHT-testhattery for the cases still positive.

The specificity of the positive maneuvres 18 also confirmed by the clinicai
experience, The 19 M of the test-battery were subdivided in groups cccording to the
direction of the eliciting maneuvre. It is clear that each patient has an individual
pattern of positive maneuvres, as is illustrated in table 2.

Table 2. Specificity of the positive maneuvres.

Of the 19 maneuvres : 12 can be positive with (M+«Ny+) or without nystagmus (M+Ny-)
7 never show nystagmus (M+Ny-)

Tha positive M+Ny+ belong to one or more subdivisions

All N+ belong to only one subdivision n=17
M to the right (series I/R): n=9
M to the left (series I/Lj}: na=8

The M+ balong to two subdivisions n=16
I/R+I/L: nu3
I/R+I/Mi: nu9
I/L+I/Mi: n=d

The M+ belong to the three subdivisions nm?7

Sham exercises, i.e. movements not provoking vertigo, avoidance therapy,

non-treatment give a significant less effect. This proves that the repeated exposure

?: g?c g’ticnt to the positive maneuvres is the only ufficisnt way for traatment
able .

These data confirm that :
- habituation effect is possible for provoked vertigo

- the course of the therapsutic effect corresponds with the assumptions and shows the
typical characteristics

e



173

- the specificity of the habituation aeffact, here the therapeutic effect, linked to
the provoking maneuvre is clearly rhown.

TABLE 3, CNECK FOR EFFICACY OF VAT.
Reduction VHYT scores : 1008 +75% 75-25% -25%

B ke, i, b

A. Group C: Normally 4 10 6 0 i
treated cases (N=20) :
3 B. Group D: treated by O 1 9 10 :

] sham exercises (N=20)

C. Group B: non- 1 3 10 14
treated crans (N=28)

Bvaluation of the results after two weeks of exercises for groups C and D, after at
least two waeks for E. :

These are the basic experiences in VHT treatmant, which we esteem to be interesting.

Which is now the LINK TO SIMULATOR 3ICKNESS ?

First of all we would like to emphasize that we don't mean that these persons suffer
of vertigo. The disabling sensation, called motion sickness, means only a disturbance
similar to vertigo (10).

Lo L)

In both, the seansory observation of the environment by the three sensors results in a
sensory mismatch. In vertigo it is ona of the sensors that works in a wrong way and
in wotion sickness it is an unusual presentation c¢f the environment structure that
causas the mismatch.

Pravoked vertigo as well as motion sickness is linked te actual working of the
system. In both situations the system has to work up changing relationships: in the
provoked vertigo the changing situation has no contradiction in se related to a
normal working schedule of the system, whereas it has in motion sickness.

In both cases it must be possible to re-organize the effect of the changed sensory
input by central adaptation.

Our clinical experience confirmed it: repeated oxposure to the mismatch is the very
stimulus and has a positive effect in provoked vertigo. Persons with motion sickness
can be habituated in the same way as we observe it for our patients with provoked
vertigo: i.e. progressively by oxposure and specifically, related to the stimulus
pattern of the exposure (10).

-1

However the characteristics, especially the spacificity of the effect, lead to an
important remark related to simulator sickness:

Adaptation is very specific, which means that only the situation to which the system
is exposed gets adapted with exclusion of the other similar situations. We saw this
h: spacificity effect confirmed in our patients. So far as and as much as the sensory
5 pattern in the simulator is different from the sensory pattern experienced in real
4 flight, adaptation to the simulator condition may cause trouble in the flight
condition. Both have to be icentical or ressemblant as near as possible.

i The only valuable advise is to reduce sensory mismatch as much as possible and to
b approach the situation of flight as much as possible.
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DISCUSSION

GUEDRY: Thank you for your very interesting presentation. Your work pertains to the
situation mentioned by Benson in which the sensory rearrangament results from the
medical state of the subject. I would like to comment on work in various labatories in
the United States and other countries, indicating that several different procedures can
be used to provide a more general adaptation to various provocative motion conditions.

I do not mean to imply, however, that these other procedures would necessarily be appro-

priate for the categories of patients in your study.

VIOLETTE: Comments (in Frsuch) could not be translated due to technical difficulty.
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PREADAPTATION TO THE STIMULUS ARARRANGEMENT OF WRIGHTLRESNESS: PRELININARY
STUDIRS AND CONCEPTS FOR TRAINER DRBIGNS

D. R. Parker and M. ¥. Reschke

Department of Psychology, Miami Univeraity,
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Space Biowedical Ressarch lnstitute,
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SUMMARY

An effort to develop preflight adaptation training (PAT) apparatus and proceduras
to adapt astronauts to the stiaulus rearrangament of weightless apsceflight is being
pursued. Basad on the otolith tilt-cranslation reinterpretation model of sensory adap-
tation to weightleasness, two prototype preflight adaptation trainers (PAT) have bdeen
developed. These trainers couple pitch movement of the subject with translation of the
visual surround. Subjeota were expoaed to thia atimulus rearrangement or to a control
ocondition of no rearrangement for perioda of 30 m. Ths hypotliesis that exposure to the
rearrangesent would attenuate vertical eye movementa was supported by two experiments
using the Miami University Seesaw (MUS) PAT prototype. The Dynamic Environment Simula-
tor (DR8) prototype failed to support this hypothesis; this result is attributed to a
peculiarity of the DES apparatus. A final experiment demonstrated that changes in ver-
tical sye movements wera not a consequence of fixotion on an external target during
sxposure to a control condition. Tosether these experiments support the view that pre-
flight adaptation training can alter sye movements in a manner consistant with adapta-~
tion to weightlessness.

Following these initial studies, concepta for development of operational preflight
trainers were proposed. The trainers are intended to: demonstrate the stimulus rear-
rangement of weightlesaness; allow astronauts to train in alterad sensory environment;
modify sensory motor reflexes; and reduce/eliminate space motion sickness symptoma.

INTRODUCTION

Current estimates suggest that about 50% of the shuttle astronauts experiencs
space motion sickneas (SMS) during the initial 24-72 hours of orbital flight. Symptoms
range from lethargy to vomiting, loading to reduced performance sfficlency and senae of
well-being. Further, the oconsequences of vomiting during extravehicular aotivity are
potentially serious (1).

It has been noted that weightleszsness rearranges the relationshipa among signals
from visual, skin, joint, and vestibular receptors. Congruence between vestibular sig-
nals and those from other receptors as well as bstwaen the vesatibular otolith and semi-
circular canal receptors is disrupted by the absence of gravity. This lack of ocongru-
ence between sensory signals leads to sensory conflict, which appears to bhe the basic
machanisa underlying space motion sickness (2).

Paople adapt to stimulus rearrangements. For example, adaptation to the stimulus
rearrangement produced by prisms is revealed by motor responses, such as eye movements,
as well as by sensory veactions, such as self-motion perception (3,4,5). Analogous
changea are seen during adaptation to weightlessnese, when relationships between
visual, vestibular, and somatosensory signale are altered. Adaptation is indicated by
rcduced subjective disturbance to voluntary motion after 24 to 72 hours of orbital
flight, as well as by perceptual and physiologioal reflex changes noted during flight,
reentry and ismedistely after landing (2).

SMS oan be viewed am a side effact of adaptation to weightlessness. The adapta-
tion proceaas occurs as the result of sensory compunsation and/or sensory reinterprata-
tion. Sensory compensation occurs when the mignal from one type of receptor is attenu-
ated and signals from other receptors are augmented, In the abscnce of an appropriate
graviceptor signal in weightlessneas, information from other spatial orientation recep-
tors, such as the eyes, the vestibular semiciroular cana)s, and the neck positicn
receptors, can be used by astronauts to maintain spatial orientation and moveaent con-
trol. Alternatively, signals from graviceptors may be reinterpreted by the brain. On
Earth, inforamation froam graviceptors is interpreted by the brain as linear motion
{translation) or tilt with respect vo gravity. Because stimulation from gravity is
sbsent during orbital flight, interpretation of the graviceptor signals as tilt is
wmeaningless. Therefore, durin® adaptation to waightlessnsas, the brain reinterprets
all graviceptor output to indicate tranalation. This iz the otolith tilt-translation
reinterpretation (OTTR) hypothesis (1).

L s e a—————
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1

3 STUDIES WITH PROTOTYPR TRAINERS [
‘ : Previous Research é

i . . Results from several experiments with the PAT prototype trainera have been
i ' reported previously. One experiment (8) examined the amplitude of horisontal eye move-
: menta elicited by roll atimulation as a consequence of exposure to the PAT atimulus
rearrengenent. The largeat change in eye movement amplitude was found wher the subject
received both visual snd tactile stimulation during sxposure to the rearrsugement. A
seoond experiment (7) indicated that the eye movement changes produced by 30-» expo-
sures to the stimulus rearrangement persisted bayond the training period. Atteapta to
replicate the findings of the initial experimenta with a differeant prototype trainer
were unsuccessful; however, it was found that aye movement responses could be altered
by manipulation of the phase relationship between roll motion of the subject and visual
surround translation. Finally, the affects of exposure to a PAT atimulus rearrangement
condition associated with inoreased retinal slip versus one associated with reduced
retinal elip were exanined (8). No differences in horizontal eye movement smplitudes
as & consequence of this manipulation were observed.

e

Theae preliminary observations indicated the need for further experimentation to
elucidate the speocific physiologiocal and perceptusl responses to the atimulus rear-
rangenent produced by those trainers.

Hypotheases

Before undertaking the experiments desoribed in this paper, wea poatulated that

vertiocal eys movement amplitude would be reduced following exposure to the PAT stimulus

. iearrangement as coapared to a control oondition of no stimulus rearrangement. This
’ hypothesis was besed on the OTTR model of sensory-motor adaptation to weightleasneasa.

The OTTR model suggeats that otolith aignals normally may he interpreted as either
tilt or as translation. During PAT exposure, the translation interpretation is faocili-
R tated and the tilt interpretation is repressed. If the training is usucoesaful and the
i : translation interpretation persists following the exposure, the trairee should perceive

; less tilt and greater translation during real pitch stimulation following the tresining
than p:;or to it. Further, diminished compensatory vertical eye movements should be
observed.

Bases for these prediotions are illustrated in Fig. 1, which shows the eye move-
mont required to maintain gaze on an imagined floor-fixed target, X, during forward
pitoh, Pigure 1-A illustrates hypothesiszed reduced tilt self-motion perception follow-
ing training. Note that the head in the POST-PAT panel is tilted forward lesa than in
the PRR-PAT panel. This is intended to represent the subject's perceived tilt, not the
real tilt. If this were correct, smaller vertical eye movements would be required to
aaintain gase on the imaginary floor-fixed target afier PAT training.

1

PRE PAT POST 180° PAT

X
)e

I S §

POST PAT 1 |eosTor pav

NIV EE AT

Fig. 1. 1-A: It is hypothesised that PAT training could result in reduced peroceived ) N
pitch amplitude. II this is correct, smaller vertical eye movements would be required N i
to maintain gase on an imaginary floor-fixed target. 1-B: It is hypothesised that PAT N i
training could result in a translationsl motion aftereffeot and that 0O* PAT training
would result in backward translation during forward pitch while 180* PAT training would Lo
produce forward translation during forward pitoh. The consequence of translational Vel L

and incressed amplitude after 180° PAT.

notion aftereffects would be decreasi i vartioal sye movement amplitude following 0* PAT o]
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Figure 1-B illustrates hypothesized eye movemsent ohanges as a conaesquence of a
translation aftersffect. If translational self-motion peroception were inoreassd fol-
lowing training, there would be no changs in the subject’s perception of tilt; rather,
perosived distance %o the imaginary target would da altered. The perceived distance to
the imaginary target belore training is irdicated by the dotted line, A. Following 3
PAT training condition that corrslates forward pitch with forward translation, the par-
ceived distanoe, B, to the imsginary target would be decreassd. An cppoaite effect
should be assocaiated with the condition where forward pitch ia correlated with backward
tranalation. Conssyuently, the amplitude of the vertinal movement required to maintain
gane fixation would be inoreased cor reduced, depending on tha partioular stimulus rear-
rangenent .

Four expariments were undertakea to examine vertioal eye movementa, self-motion
peroeption and motion sickneas symptoms as a fuanction of exposure to the sensory rear-~
rangenent. produced by the PAT prototypes. The main question addreased in these atudies
was: do esye: movements ewvoked by pitch head motion change relative to bazeline as a
oconseq! of axp e to the PAT atimulus rearrangement?

Rxpariment 1

This sxperiment examined the amplitude of vertical eyes movements elicited by pitch
stimulation following PAT training.

Nethod

Sixtaoen subjeots from the Johneon Space Center Neurophysiology Laboratory subject
pocl completed thisg oxperiment. All had passed an Air Force Class 1II physical exami-
nation and none reported prior auditory or vestibular diffioulties,

The protocol and general purpose of the experimeat were explainud to the subjeots.
They were¢ also instructed about how to report self-action perceptior and motion uiok-
ness syaptoms in terac of the Fensacola diagnoatic oategories (6).

The MUS PAT prototype that has been desaribed previoualy was umed (1,6). The
apparatus produced pitch head motion of +/- 12* around an axis looated at the subject's
larynx. The oacillation frejuency of the pitch motion and the visual surround {box)
was mat to C.28 Hx. Silver-amilver ohloride electrodes for recording vertical eye
novements vere loocated on the right supra- and infra-orbital ridgea and on the right
msastoid. The subjesot was seated in the apparatus with a large black collar to preveat
downward vision and was secured by waist and head reatraints. A large box with a ran-
dom design and colored lights on the inside walla was placed over the avated subject,
and the front wall of box translated away froa the aubjeot during forward pitch,

Anplified eye movement and pitoh motion signals were digitized and stored using an
LSI 11/23 computer. The signal was also displayed on an oscilloscope during the uxper-
iment. Vertical eye movements were sarpled during pitoh osoillation for 58 s under
each of the following conditione: (a) & bassline condition without the box and while
fixating on a floor-fixed stationary target; (b) a seocond baseline condition in dark-
ness {(wearing light-excluding gogglesa) while fixating on an imaginary image of the
floor-fixed stationary target; (c) in the darkneas after 15 m of PAT or NO-PAT expo-
sure; and (d) in the darkness after an additional 15-m period of PAT or NO-PAT expu-
aures. Duiing both the PAT and NO-PAT conditions, the subjects were exposud to continu-
ous sinusoidal pitch motion. Zaoh recording was prededed by a 30-s stabilisation
period. REye moveaent calibration was parformed after each 556-s3 recordinsg.

The experiment required two days for esch subject. During one day the subjeoct was
exposed either to the PAT condition (box moving with reapect to the subject to produce
visual surround transiation during pitch motion) or to the NO-PAT oondition (box fixed
to achieve & stationary vigsual surround relative to the subjeot). One-half of the sub-~
Jeota were exposed to the NO-PAT conditicn on their first day.

Motion sickness symptoms were checked eachk 15 m (5 m into each adaptation period)
or as reported, and the experiment was terminated if the subject acoumulated 7 or more
points.

The subjects were asked to indicate whether ithey perceived their self motion to be
primarily translation or primarily tilt and whether tcuching the walls of the box pro-~
duoed any ochanges in motion perception. They also were usied to do whatever was
required to snhance the translational melf-motion perception. REye movements were aoni-
tored throughout the experiment to ensure asubject understanding snd cocnaration. Alsu,
the investigator talked with the subjects to maintain alertneas.

Eesults and Disoussion

Eye movement response power at the stimulus frequency was determined using Fourier
analysis. The ratios of response power post-PAT compared to pre-PAT and post-NO-PAT
compared to pre-NO-PAT were calculated for each subject; the re-ults are illustrated in
Prig. 2. Averaged aoross subjects, this ratio was 0.80 for the PAT condition end 1.02
for the NO-PAT condition. Using a VWilcoxon matched-pairs nigned-ranks teat, this dif-
ference is atatistically significant (T = 33, N = 16, p ¢ 0.08, ore tail). Thoae date
indicate that eye movement gain is reduced foliowing exposurs to the PAT exposure as
compared to the control condition.
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Four aubjects were unable to couplete the experiment due to motion sickmess.

Thirsteen of the 1¢ subjecots reperted translation during PAT exposurs. Of these, ?
reported that the traaslaticnal self-motion was not perceived when their eye were
olessd. The sensation was often desoribed as similer to moving on a skateboard baok
and ferth scroas & saall huap.

The prediction that eye novemeat gain would be reduced following PAT waa sup-
ported. Nowaver, a vne-tailed teat was regquired to support thias sonoluaion. The small
differencea obtained aay hava been & consequence of the faot that the viawal surround
was fixed with respect to the subjeot during the NO-PAT condition. In order to stabi-
lize gaze, the subjeots had to suppreas vertical aye movements evoked by pitch motion
during the NO-PAT sxposure. Coasequently, both the PAT and the NO-PAT conditions would
tend toc result in reduced eye movement gain.
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Fig. 2. Vertical eye movcment amplitudes were samaller following PAT trsining using the
MUS prototype (Experiments i and 3). No amplitude changes were observed followiang
training using the DE8 prototype (Rxperiment 2). Eye movcment amplitude was not
affected by fixation instructions during a “control" condition (Experinment 4).

VRRTICAL
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Experizent 2

Experiment 3 replicated Experiment 1 using a different trainer. Also, effects of
the phase relationship between visual surround motion relative to the pitch motion were
examnined. It was predicted that vertinal eye movement amplitude would be decreased
following O* PAT and increased following 180 PAY (aee Fig. 1-B).

Nethod

Eleven subjeots from the Wright-Patterson Armstrong Aercspnos Mediocal Research
Laboratory Accsleration Effects Panel completed this experiment. All had extensive
prior experience ir unusual acceleration environments and had passed en Air Foroe Class
III physioal examination. The instructions were the same as for BExperisent 1.

The DES PAT prototype that has been desoribed praviously was used (7). It pro-
duoced pitch head motion of ¢/- 12° at 0.25 Hzx around the interaural axis. Eye movement
recording was the same as for Experiwent 1.

The experiment required 3 days for each subject. On ane day the box (visual sur-
round) was fixed relative to the subject (NO-PAT); on a seoond day the front wall of
the box moved away froa the subject duriag forwerd pitoh (0* PAT); and on a third day
tke box moved toward the subject during forward pitch (180* FAT). The rest of the pro-
cedure was as in Experiment 1 except that no observations w.re performed with the asub-
Jeot fixating on a floor-fixed stationary target. The order of exposure conditions
aocross subjects was ocounterbalanced snd subjects were assigned randoaly to the differ-
ent orders.

Besults and Discussion

Aversged across subjects, the ratios of eye movement response ampljtude before and
after exposure were 1.07 for NO~PAT, 1.03 for 0¢ PAT and 1.11 for 180 PAT (aee PFig.
2). Using the Wiicoxon satched-pairs, oigned-ranks teat, th differenc did not
approach statistical signifioance (NO-PAT ve. O® PAT:! T = 30.5, N = 11, p = N&; NO-PAT
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va, 180% PAT: T = 84,8, N = 11, p = N8; O° PAT vs. 180° PAT: T = 20, N =z 11, p = NS),
Ocular response amplitude was not modified by the PAT traiming.

Exposurs duration was truncated for two subjects due to motion sickness. Rach was
::1- to complete the experimsat protocol using 20-z rather than 30-a expoaure dura-
“.l

Nine of ihe subjeota reported translaticnal self-motion perception during PAT
exposure. Of these, one sxperienced translation only during 180* PAT. One of the two
subjects who did not report translation experienced significant aotion sickness.

The results from ERxperiment 1 wers not repiioated by Rxperiment 2. Although
excellent data weres obtained, as judged by the ocoherence values, thers were large aif-
f.::nool aoroar aubjecta. No trends in support of the hypotheses are apparent in the

The major difference betwesn Rxperiments 1 and % that say account for the differ-
ent results is the fact that both the aubjects and the visual surround ware enclosed in
a osb in the DES apparatus. Consequently, the aubjects wers unable to pragtice fixat-
ing on a stationary, floor-fixed target in Bxperiment 2. Further, the visual surround
was fixed with rveapect to the subjeot during NO-PAT exposure, as in Experiment 1. Aa
suggested above, this would tend to reduce vertiocal eye movement gain.

Other differencea betweer Rxperiments 1 and 2 that may account for the disparity
in the results include the following: (a) The aubjects in the Experiment 1 were naive
concerning the hypothesis and baaic simulation, whereas nearly all of the Experiment 2
subjects had participated in previous PAT studies and wers partially familiar with the
exparimenter’s expesctations. (b) The MUS provides pitch arourd the subject's larynx
while the DES pitch axis corresponds to the subjecta’s intaraural axis.

Experiment 3

Experiment 3 replioated Experiment 1 except that the visual surround was removed
during the control condition.

Method

Nineteen subjeots from the Johnson Space Centsr Neurophysiology Laboratory subjeot
pool completed thias uxperiment. Instructions and apparatus were the same as in Experi-
went 1.

Eye movemeats and subjects’ reports were recorded in thu same smsnner sas for Exper-
imant 1. The only difference was that the bhox (visusl surround) was removed during NO-
PAT exposure.

Rasults and Discusaioa

Averaged across subjeots, the ratios of eye movemant response amplitude before and
after expogsure were 0.70 for the PAT ocondition and 1.20 for the NO/PAT condition (aece
Fig. S:i )Thll differsnce is statistically significant (T = 38,5, N = 1%, p < 0,085,
two tails).

Four subjecta experienced mild motion sickness syaptoms during exposure to the PAT
condition. Self-motion perception was a ocombination of tilt and translation with lit-
tle pure translation reported.

These results show that eye moveaent gnin changsa can be produced by training in
the MUS PAT prototype. PFurther, the sise of the decresse was comparable in magnitude
to that obtained in Experiment 1.

The differances between eye movement gains after the PAT and NO-PAT conditioms in
Experiment 3 vere more consimtent than those found in Ekxperiwent I, This suggeats that
removing the Lox and allowing the subject to view the normal laboratory environment
during NO-PAT exposure did enhance the difference between the PAT and NO-PAT condi-
tions.

Experinent 4

Experiment ¢ addresaed the possibility that instructions regsriing gasze fixation
during the NO-PAT condition may have accounted for the results observed in Bxperiments
1 and 3.

Nethod

Ton aubjects from the Johnson Space Centor Neurophysiology Lsaboratory aubject pool
participated in this atudy; instructions and apparatus were th~ same as for Exporiaent
1.

The subjeots were exposed on two successive days to two NO-PAT conditions. During
one of these they were inatructed to maintain fixation on a target light located 38 oa
from their eyoes. During the other NO-PAT condition, the aubjeots wvere jinstructed to
look around the laboratory and not maintain fixation on any particular loocation. The
box (visual surround) was not used in this experiment.
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Reaults and Discussioa

Eye movement amplitudes (a) after pitoh exposure with target fixation relative teo
bafore exposure with target fixation and (b) after exposure without torget fixatioa
relative to bafore exposure without target rixation werc caloulated. Aversged aoross
subjecta, this ratio was 1.18 for pitch exposure with target fixation and 1.1% for
exposure without target fixation (see PFig. 2). The difference between thase ratios
doaa not approach statistical aignificance (T = 23, N = 10, p NS).

No motion sicknesa aymptoms were reported during this experiment. Self motion waa
not assessed.

ERxperiment 4 indicated that fixation on a target nin during pasaive pitoh under
NO-PAT ocondition could not by itsalf account for tha differencea obtained in RExperi-
ments 1 and 3.

General Discussion

Experiments 1! and 3 support the view that PAT training prior to weightleas apace-~
flight could teach aatronauts to reintsrpret signals from the otclith ordans in a man-
ner consistent with the OTTR model. In other words, training say fscilitate a transla-
tion interpretation of the aignals from these organs and auppress a tilt interpreta-
tion.

Several invastigatora have noted that relatively brief (about 30 m) exposure of
animals to atimulus rearrangesents results in eye sovement gain changes. Of particular
interest in this regard are the oross-VOR astudies performed by Peterson and his ocol-
leagues (9). They raported gain changes in eye movements evoked by pitch in animals
that had had their semicircular oanals surgically plugged. This indicatea that
adaptive responues can be asdiated prinocipally by the ctolith receptors.

While vertical eye movenent gain was relatively readily altered in Experiaents 1
and 8, no consistent phase shifts wers obtained. This ia in agreement with the report
by Gonshor and Melvill Jones {10) that alteration of aeye movement phase uay require
much longer expoaure to stimulus rearrangement than does alteration of gain.

Two days of continuous exposure were required to elicit aignificant gain changen
in the left-right reversing priam studies performed by Gonshor and Melvill Jones. This
ia in ocontrast to the relatively brief esxposures in the studies reported here, The
difference in the exposure time required to elicit a change amay be related to the
requirements of the stimulus rearrangsment; the atimulua rearrangement associated with
left-right reversal ssems more demanding that that produced by the FAT trainer.

The data from these experiments suggest large differences betwaen individuala.
Thia has been observed in previous sensory-actor adaptation studies and has been
attributed to a variety of faotors including the ways in which different people ordi-
nartily weight different spatial orientation ocues (4).

PREFLIGHT ADAPTATION TRAINER DESIGNS

On the basis of the the sensory confliot approach to SMS, sensory compensation and
the OTTR hypothesis, oconcepta for preflight adaptation apparatus and training
procedures have been developed, Development of trainers to siaulate the stimulus rear-
rangenment of waightlessnesas can be approached in two waya: (a) graviceptor stabilisa-
tion to evoke sensmory cospensation and (b) graviceptor-visual rearrangement to svoke
sensory reinterpretation.

Graviceptor stabilization: Although gravity cannot be eliminsted on Earth, its
contribution to spatial orientation in the simulated environment ocan be negated. Thias
could be schieved by keeping the grovity vector constant vith respect to the trainse as
the trainee changes orientations within the simulated environment; perceived orienta-
tion ochanges ocould be pruduced through visual environment changes around a fixed
trainee who could still engage in simulated motion. This would aschieve gravicepror
atabilization.

Gravioceptor-visual rearrangeme..t is based on the OTTR hrypothesis. We suggest that
an astronaut occuld be taught to reinterpret graviceptor output provoked by head tilts
on Barth by providing movemant of the visusl surround appropriate to a weightleas
environment during those head tilts.

The proposed PAT simulations of weightlessneas are based on an esmerging under-
standing of the neural basis of apatial orientation. This view suggesta that sensory
and motor reactions asaociated with orientation and motion can be supported by appro-
priate visual input in the absence of normally ocongrusni graviceptor cuea from the
otoliths and other organs (1). '

Simulation of weightlessnesa could be accomplished with a smet of four “part-task"
PAT trainers. Three trainers would stabilize the otolith receptors with reapect to
gravity and one would use paasive pitch or roll movement to simulate translacion in
weightleasness.
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Comoepts for the design of the part-taak traimera ars illustrated in Fig., 3. PFor
the Nede A apparatus, the traimese'’s head would be held in the upright position to main-
win grevi output cohatant. A visual scene repressutiag the shuttle aiddeok or

201ad d bo presented to hia via projectors ami s soreen or & helmet-mounted dis-
ay.  The etess would more in a maaner depsndent on atteapted head movements by the
trainee amd/or imputs to hand controllers. The atteapted head movements could be
deteoted by force tranaducers ia the head restraint. 8Signals froa the foroe transduo-
ers or hand controllers could eotivate & rouot arm (in a asarby mockup) which would
GATTY &R AZFAY of video cameras, and the visual sceme recorded by the cameras would be
sath by She treimee. Alternatively, a ocoaputer-gensrated imagery systea could be used,
In this apparatus, visual feedbeck would be appropriate for the commands from the hand
controllers and the attempted head motions. HNowever, gravity information transduced by
the otolith and somstossnaory receptors would act change, thersby achieviag graviveptor

stebilisation.
PREFLAGHT ADAPTATION TRAINER
PROJECT
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Fig. 3. Design oconcapts for four "part-taak™ preflight adaptation trainera. See text. :

The Mode B apparatus could employ a two-degree-of-freedom moving bass to atabilixze
the otolith receptors with reapect to gravity during active head/body movement (pitch,
roll and yaw) by the trainsoc. Both the traines and t>e visual scene would be located
on the moving bane. The traines's movements would be detected by a head tracker whioch
would provide the input signals; the hydraulic actuators would move the base and the
trainee's body so as to keep the trainee’s upright relative to gravity. There-
fore, sravity siguals from the otoliths wou remain oconatant while visual and neck
recaptor feedback appropriate for the trainee’s head and body motions would be provided

by the apparatus.
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Ia the Node C apparatus, the trainee would be restrained on & ons-defites-of-frae-
don moving base. Rell or pitoh soticn would be used to simulate an otolith receptor
aignal that would be elicited by tremslation in weightleassness, and the viaual scene
weuld wrenslste with respect to the traimse. Therefore pitch or rell weuld be reinter-
proted as translation by the trainee. Thia truiner derivea froa the OYTR wmodel of
sensory-aoto. adaptation to weightlessneas.

In the Node D trainer, the traines would be restrained in a Rorizontal position
and parsitted to move his head only in a plane orthagonal to gravity (rnll when supine
and pitoh when lying on side). The vizual scens would be fixed with respsct to the
subject's body (only the subject’s hesd moves); consequently, the visual feedback would
e appropriste o the attespted head nmotica, as would the neck receptor and
seaiciroular canal feeddack. As with Nedea A and B, the otolith signals would remain
coantant thereby achieving gravioeptor stabilisatioa.

CONCLUSIONS

Ralatively bdrief exposure to a atimulua rearrangeaent where a subject is moved
pusaively in pitch and the visual surround translates with respect to him along his X
body axis results in reduced verticsl eye movement gain. Thia observation supports the
view that apparatus and procedures can ba developed to presadapt astronauts to the stim-
ulus rearrangement asscciated with weightlesa spaceflight. Design concepts tor four
"part-task” preflight adaptation trainers have been developed.
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DISCUSSTION
KUIPERS: Did astrorauts who avoided head movements have prolonged adaptation time?

;gmggmx The a<tronaute are avare that active head aotiuns muy result in disturbance.
rtheless, their tasks require them to move about a good deal. What we see is
pecple moving about fairly viguroualy during the first few hours of flight, and then
subsejuently, as they begin to develop motion sickness, thay remember, “I shouldn't have
done that." Then they move around with the head almoat fixed with raspect to the hody.
Dr. Young might wish to comment an this.

YOUNG: I agree with that generalization, Don. Unforturnstely, as yet we have been
URabI® to limit or control the head movement activities in space missions. Consequentl: .
a controlled, balanced, double=blind atudy of whether or not particular head movemants

are provocative has not been done as yet. We have the commenta of the crew members who
have baen asked to make a segquence of stereotyped head movements, and as Dr. Parker aaid,
they all have said that head movemants tend to proveke motlon sickness, and pitching

head movements are the most seriocus. The point which all of us notice who've spent any
time watching the live video of astronauta is that crew members who are suffering motion
sickness symptoms (whether they tell us about them, at the time, or not) are very -:.sy to
recognise because they move about the space craft like a mummy, minimizing to the greatest
axtent posvible not only head movements with respect to space but also head movements with
respect to the body.

e e e s T R A

ot

WL AR

[ S




ROUND TABLE DISCUSSION

HOUK, Nlt@i%g CHAIRMAN: WNe have set up a mechaniasm to achieve some focus on informa- ¥
tion presen over the two technical days by having a round table discussion. It will
onli work 1f you, the audience, gartipato and ask some of the questions I've overheard

during breaks. Lr. Guedry is going to be our moderator, and he's accompanied by Drs.
Casali, Kennedy, and Young of the United States, and Dr. Benson of tiie United Kingdom,

e e it

GUEDRY, MODERATOR: I've listed a series of points that seemed to me to be in need of
more Hflcunlion. I'1ll rrad sach point, give the panel members & chance to comment,
and then we would like the audience to join in the diacussion. Incidentally, the
panel members have not had a chance to prepare their comments in advance. The points
have been selacted as the symposium progressed, and so the panel will be speaking ex-
temporansously., Point 1. A number of the aymptoms that were described in various
studies of simulator sickness are also common to many other conditions. For example,
should a reprrt of fatigue be recorded as a sign of simulator sicknessa, even though
nausea, stomach awareness, or vomiting were nevur reported with this simulator? Alan,
would you care to start?

Laih g

L

BENSON: I'll begin mainly by saying that I think symptom ratings in terms of percent-
age come out rather too high if we include all the whole range of symptoms in post-
exposure questionnaires, which include reports like fatigue, eye strain, and the like.

; Although these symptoms are associated with the exposure, they are not what I would

k call simulator sickness; i.e., patterns of symptoms which are associated with motion

: sickness. Bob Kennedy made the point in his overview speech that simulator sickness

is really dealing with those zigns and symptoms that are produced in the simulator, but
not produced in real flight. Fatigue and postural instability have been included in the
list of symptoms, but we don't really know in many cases the incidence of fatigue and
postural instability following real flight.

KENNEDY: I'm probably not going to give answers - just mora questions. For example,
T'm not sure I know what should be done when a person has symptoms before they go in

and no symptoms when they come out. (Additional comments by Kennedy were not clear in
the audio-tape.) There is on recurd one simulator that was recorded by three different
"experimenters.” The first was a form sent cut by the asguadron *o be filled out by all
of the pilots after they had flown in simulators. Another was a form that was admin-
istered personally by the local flight surgeon who was himself a former helicopter
pilot and had good relations with his squadron. Then there was a third survey conducted
by the Navy - by the Naval Training Systems Center. The incidence in the fixrst case was
less than 12% as I racall. My recollection of the incidence, when the flight surgeon
made the inquiries, waus close to 80%. Incidence, as obtained from paper and pencil
forms filled out by pilots as they came out, scored according to a criterion of "Did you
have it when you came out?" and "Did you have it when you came in?", and subtraction of
the second from the first was about 48%. So there are many ways to look at this
problem, none of which is without some difficulty and without mome shortcomings.
(Yennedy was prepared to amplify his remarks with slides, but to conserve time for other
speakers, the chairman intervened.)

S

{
|
i
e
|
¥
b

b e

CASALI: Let me just make one comment from an experimental standpoint rather than a sur-
vey standpoint because I think our perceptions are somewhat biased. We started with a
simulator in our laboratory which is known not to induce symptoms, and we have data on
that from about 1500 subjects. Our approach has been to progressively degrade different
dynamic variables in that simulator and compare degraded conditiona against control
conditions. We then use measures, some ¢~ 'ich are subjective, some of which are
instrumented (that I discussed in my talk) and look for significant changes “etween

the control conditions and the differenc degraded conditions and draw some conclusions,
We still have the danger that Dr. Benson has alluded to - we don't know what happens

in the actual vehicle to many of those measures., We have found our approach to be
fairly useful from the standpoint of getting a statistical basis for our conclusions
and also for developing predictive models.

R

? GUEDRY: Does anyone from the audience have comments you would like to make on this
H pein

BILLINGS: In speaking of some of thc physiological adaptations in space flight - and
particularly of space motion sickness - I think we are gradually moving *oward conceiv-
ing of this as a physiological rather than pathological response to a radically altered
environment. I've been made progressively more uncomfortable here by the term, simulator
sickness, for what to me sounds very much like a physioclogical adusptive response to some
imperfactiona, inadequacies, insufficiencies, if you will, in our motion-based simulators.
I think it's been mentioned nlreldi this week that perhaps one should consider the occur~ .
rence of these symptoms as indications of design defects in the simulator as, in fact, : .
was done with one or two of the very early helicopter simulators. Whether it was simu-
lator sickness or engineering sickness, everybody got it. I'm having increasing diffi-
culty coming to grips with the concept that this is a sickness - a ciasease - as opposed
tn a physiological adaptation, i.e., an appropriate response of a normal individual to
an abnormal environment. I don't know whether that's any help or not, but it's perhaps
a slightly different way of thinking about the problem.
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GOWER: 1 would agree with what Dr. Billings said, if we're to hang a title on what we
are saying in terms of responses being abnormal or normal to an abnormal situation.
Regardless of the name tag, if the end result is reduced performance or any other type
of adverse effect, then it is a problem, regardless of what we call it. Whether we
call it similator-induced aynérome or simulator sickness or whatever, it still must be
treated and continue to be studied. I would be more concerried with Dr. Guedry's second
point for discussion. I= what we see in the simulator differernt from what we see in
the aircraft? PFurthermore, how long does the effect persist after the stimulator ex-
posure, and what safety factors are involved with it?

FRANK: I agree with Dr, Billinga in the sense that simulator sickness is not an illness
But a natural reaction to sensory rearrangement. I agree with Dr. Billings in the
sense that simu) ator sickness really means that the simulator is sick. (Dan Weintraub
was the first tc point this out, and he recommended thn use of "simulator-induced syn-
drome.") Howaver, there's an advantage to the term, simulator sickness, because as Dr.
Gillingham has said, simulator sickness like motion sickness and seasickness is really
an orientaticn sickness, if you will. Labeling something either as seasickness or
motion sickness or carsickness or airsickness or simulator sickness serves to define
the stimulus conditions under which that rearrangement took place. For this reason,
the phrase, simulator-induced sickness, is of some benefit. It doesn't give you the
specifics but at least it tells you the effects occurred in a simulator as opposed to
a ship at sea or a hovercraft or whatever,

DOPPELT: I don't want to carry on the discussion ad libidum, but I would like to add
also to Dr. Billings' comments and to some of the Initial speakers. The name may have
relevance perceptually to the operators in the field, but certainly we muat have

some reasonable taxonomy available so that one can approach the experiments and the
results uf those experiments in as rational a fashion as poasible. As we have reviewed
effects for the last two days, it's very hard to come to grips with what is simulator-
induced ir terms of the symptom or what iz simulator-reproduced in terms of flight. Un-
less we get to the point of trying to understand these differences, as has been pointed
out, we then indead do a lot of lumping. The effects that have been deacrioed as lumped
sre obviously eye strain and fatigue. Anybody knows that when you design and develop a
simulator, you try to cram as much training as you can in the shortest period of time.
Brgo, you're going to induce some level of fatigue or eye strain which would be made
worse, or hetter, depending upon the specific deaign of the system, the pressure on the
crew, the schedule that's impnsed, etc.; and that indeed may be a simulator-induced
aymptem, but it may be a positive one because it may replicate flight-induced fatigue.
So I hope (from the operational RiD field) that we get to some sort of taxonomic under-
atanding that ailows us to categorize the research in a way that it can be better
understood as it relates to both the design of the simulator for the purposes of relat-
ing to the flight employment and as well as to the physiological implications to indi-
viduals participating that may not relate to the air eavironment itself, I would
propose that if we're to use the word, simulator-induced -- then perhaps we should also
consider using “simulator-veproduced,” which is really what you're after in certain of
the symptoms. The word, sickness, I think, is a difficult one for us conceptually
because I also believe that pathology is not involved, and I don't think air crew really
feel it is proper to be called sick in simulator environments.

GUEDRY: We must move on to the next point which has already been alluded to by several
participantas including General Doppelt and Dr. Benson: Are effects during and after
simulated flight also present after real flight? If so, then thia may be one sign that
the simuvlation is good. It would conceivably have some impact on down-time. 1In other
words, if the simulator effects match effects during and after real flight, then there
would appcar to be no reason for down-times following simulated flight to exceed down-
times after real flight. Certainly pilots fly more than one hop a day at times. Y
bring this in so that we will move on to other points before. our time expires. How-
ever, there were several hands up so we will accept a few more comments.

LANDOLT: I want to advance the premise that the simulation-induced sickness in the
papers presented here appears to be leas a worry for the flight physician than it is

a convenient means for exploring the conflict resolution hypothesis for mction sickness.
I know with airsickness, which is a serious problem, that we can bring back 80% of the
air crew with good drug therapy and autogenic procedures. Seasickness is a problem
also, but the only time that I perceive that simulator-induced seasickness iz a real
problem is with helmet-mounted devices. I think that the real strength of the problems
that we encounter here with simulator-induced sickness is that they are leading us to
explore and resolve many of the different proprioveptive-visual-vestibular interactions
that are inherent in conflict resolution.

YOUNG: Dr. Landolt's comments about the potential for the greatur problem of simulator
sickness with helmet-mounted devices is, I believe, correct. Inherently they should not
necessarily produce adaptation sickness, as Dr. Billings refera to it. But they have
the potential, when engineering is not done correctly, of creating greater sensory mis-
match and consequently the potential for creating conditions that typically lead to
motion sickness. I don't think a priori they are more dangerous, but they do have that
potential, particularly as we devogop head-slaved and later eye-slaved area-of-interest
displays. The potential for temporal as well as spatial miumatches is a very severe one.
And while I have the microphone, Mr. Chairman, let me just continue with "what's in a
word," Ceartainly Dr. Billings is correct in that we should not be led into thinking
that simulator sickness is a pathological conditinn. You (Dr. Billings} will recall,
since you mentioned space sickness, that NASA has attempted to include space sickness
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under a rubric of what it called space adaptation syndrome, partly because sickness is
bad and adaptation is good - and s0 maybe we could get people to admit that they had
adapted even if they didn't get aick. Howsver, Major Gower's point cannot be overlooked,
viz,, regardless of what you cill it, if it interferes with training, it's bad. And to
follow up LCDR I'rank's comments about whether simulator sickness means that you get sick
in the simulator, or the simulator is sick, I think that there is yet another risk

and that is the danger of being sick ol the simulator.

KENNEDY: There is some indication that people minimize their head movements in simu-
Istors to avoid mone of the conditions of simulator sickness. If one does thia in a
simulator which is designed to have a wide field of view for the operator who should

be making lots of head movements in combat, you may be teaching him habits that will be
disadvantageous in combat as a result of Lis “adaptation™ to the simulator. So T would
agree with Dr, Landolt in a general way, but I think there are some occasions where
adaptation in the simulator can bring on bad conscquences.

BENSON: This is really one of the critical matters, isn't it? We know that the nervous
system is highly plastic and we can adapt to the sensory rearrangement, whether severe
or mild, of a particular simulatcy. Now you've mentioned adaptation in a behavioral
sense as well, modifying motor activity, and here the question is whether exposure to
the siwwulator is going to have a negative effect on subsequent expoaure to real flight.
It's that which I think is one of the crucial gues’ions to which we should try to find
angwers.

CASALI: From a different research standp.int, we are concerned in our laboratory
with sickness being a threat to the validity of our research simulator. We're con-
carned with the research results comiry from the simulator, the behavioral data being
influenced by sickness and also by inadequacies of the vehicluy model or inadequacies
of how cues are presented, i.e., invalid data which do not correlate with data from
the actusl vehicle. S0 not only is simulator sickness a problem from the training
standpoint, but it's a problem from a research standpoint where we may only have a
single person in a simulator one tine, and there is no opportunity to adspt except
within the course of that one run. In this context it is a threat to validity in
txansferring our results say, to vehi~cle handling characteristics.

PRICE: Before we get away from symptoms. I want to make a point. While there are many
somewhat vague synpioms and perhaps common symptoms, a major concern in the operational
community is the after-effect illusions. My concern is not only the distribution of
various effects, buc what is the time distribution? What is the time distribution after
one simulator flight? Rfter two? After a sustained period of simulator flight like for
a week or ten dayas? This is relevanrt to saving travel money and/or putting simulators
in too many locationc. I think that's a real operational concern, and I'd hate to see
us focus all of our time on more common effects that may be less significant.

KENNEDY: Based on a combination of socme of the data that you peopie (U.S. Army perscnnel)
collected znd that we collected, out of 750 cases of people who were questioned about
after-effects, about half had effects chat outlasted the stimulus. This brings us down
to ubout 300, Of the 300, about 40% said that they had effects that lasted more than an
hour ~ or slightly more than 100 - and out of those about 30 had effects that lasted

more than 6 hours. That's the fivst cut at the data that I mentioned. So in terms of
effects that outlast the stimulus, by self-report, there were 30 out of 700 - maybe 5% -
who said they had effe::ts that ave presumed to last 6§ hours.

BENSON: Bnob, do we ask the sime guestion of peopie after real flight?
KENNEDY: No.

PRICE: We also had a group that flew (I believe that Major Gower reported) for a suas-
tained period, yet we did not follow them long enocugh to assess the time diatribution
of symptoms, and that's what concerns me.

GUBL.RY: I don't think we're going to anawer your quastioc. any better than it's already
been answered. Unless someone else wants to comment, we'll go on to the next point.

It has been very common to say that it is the experienced pilot who is disturbed by
simulator handling characteristics and simulator sickress, whereas thc novice tends

to be less disturbed. In this meeting we've had several papers that seemed to find
little difference between the experienced pilot and the novice. May we consider this
as the next point for discussion.

VIOLETTE: (In French) Technical difficultiea prevented translation of tape recording.

YOUNG: The only comment I would make is that the experienced pilot has a certain ex-
pectation of sensory input, as you said, both motion and visual sensory input. When
those are not met, that causea a more serious problem vis-a-vis the sensory conflict
theory for the experienced pilot with his well-developed prediction than for the novice
Pilot with his lack cf wall-developed prediction. This is consistent with the older
simulator sickness data going back to Niller and Goodson. Now finding that the novice
Pilots are also having difficulties may be related to the notion of knowing essentially
vwhat commands to apply in the simulator. The inexperienced pilot may, as you say, be
producing rather more irregular and less tolerable acceleration than would the experi-
enced pilot who is controlling the simulator in a manner closer to his control of the
aircraft and therefore flying a smoother flight.
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McCAULEY: I'd also like to comment that in Dr. Magee's paper, with the Canadian ex-
periwonts, I think that using the term, novice, may not be Quite correct. As I recall,
the flight hour aver of that group was about 13500 hours. 1Is that correct? 8o they
were nev to that particular aircraft, the C-130, but still I wouldn't call them novices.

BENSON: Ard again in the series that Chappelow reported, they were hardly homogenous
grcups of experienced and inexperienced pilots, and very few of them had experience
in that particular kind of aircraft. So his data are not directly relevant to the
classical concepts of effects of current experience in the aircraft. Certainly anec-
dotal experience from driving simulators which were taken around the country in the
U.K. do fit with the clessical concepts. 1t was the police driving instructors who
came out pale and sweaty, whereas relatively young people who'd not done much driving
had minimal symptoms. There is evidence in other situations where experienced people
are at higher risk.

GUEDRY: To summarise, you feel that the novice-versus-experienced pilot difference does
hold up, but perhaps I have referred to groups as being comprised of novices who were
really not novices. Also, the novice may generate more provocative motions than the
experienced pilot. Finally, some motion conditions are inherently provocative, and

in such conditions true novices would be subject to motion sickness.

MAGEE: Some of the esarly work wes based on the fact that instructors seemed more sus-
ceptible than the students, but they didn't have their hands on controls so that there
was an active/passive distinction, They were off-axis in viewing perhaps, and maybe they
were older and there were many confounding variables that entered in. I don't think that
any real clear statements can be made at this point on the role of flight experience
because thare are so many other factors, such as inatructors being more willing to report
symptoms .

YOUNG: Of the other variables that you mentioned, I believe they go generally in the
dlrection of supporting the notion that the experiencea driver or pilot will be more
susceptible, The original studies - the original repoitc from helicopter simulator
sickness studies going back to the late 1950's were always with a pilot with his hands

on the controls, i.e., an instructor flying the simulator as opposed to cbserving;
otherwise, of course, the situatiorn would be very different. Age, as we well know, tenda
to decrease our susceptibility to motion sickness in general (that's one of the good
things about aging), so I doubt that age would be a factor in favor of increased suscep-
tibility for instructor pilots.

KENNEDY: Except, age iz likely to make you less perceptible and flexible and adaptable,
and to the axtent that that could play a role in how well you adapt to the simulator,
age could work against you.

YOUNG: Were you not the same age as I, Dr. Kennedy, I would disagree with you strongly.
TECHNICAL EVALUATOR: Here it should be noted that differences in ages of various groups

mantioned In this symposium were not very great, and “elderly” groups were not a consider-
ation.

KENNEDY: There are two other issuea: Firast, there are at least three sets of data that
haven't been mentioned, one that was done several yesars ago for the Naval Training Systems
Center - where there were experienced pilots that did have increased incidence, and then
there are two other data sets that I had slides on and didn't get to show, where more ex-
perienced pilots tended to have sligh“ly more incidence. Perhaps more important is a
measuremsnt issue., Virtually all of the distributions of flight times tend to be skewed
and non-normal, where the mean and median do not exactly coincide. For this reason, ordi-
nary statistics are difficult to use. Secondly, the criterion variable is almost always
some kind of difference score or cumulative score. The criterion tends to have a restric-
tion in range even with a 7-point scale where averages are running something like 2 or 3
or 1,

GUEDRY: I think we'll move on, and let's askip the fourth point and go to the fifth.
There was a statemeat made by Dr. Mooij......

VIOLETTE: <(In French) Translation not available due to technical difficulty with the
tape recordings.

GUEDRY: I'll ask Dr. Young to answar because he is fluent in French and I was unable to
hear the translator.

YOUNG: Briefly, the question refers to the fact that in making a turn - somebody run-
ning around a turn leans into the turn before he gets the .estibular stimulation. There
is a lovely picture that many of you know by Dr. Fukuda of the bus driver and the bus
passenger taken in Japan. You see the bus driver (or ticket taker) leaning into the turn
and all the bus passengers leaning out away from the turn. Clearly the prediction of
acceleration allows the experienced operator to set in a motor program to overcome
responges prior to the sensory signals which the passengers are relying upon. 1 think
that that applies precisely to an aspect of motion sickness, namely that -hu active
person, the pilot in control, is unlikely to get sick whereas the passer.er iz likely

to get sick. (Technical Evaluator: Reference to Fukuda is: PFukuda, T. Postural
behavior and motion sickness. Acca Otolaryngol. (S8tockholm), 1976, B1:237-241.)
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GUEDRY: We are very near our closing time and only have time for one more point for con-
slderation, Several speakers have suggested that as the fidelity of visual displays of
the outside scene increases, simulator sickness increases. Are there comments from the
pansl or audience on this point?

BILLINGS: One very brief comment: Lat us not confuse the size of our visual display
systema with the fidelity of our visual systems. You know, the brighter they get, the
worse they get. 1@ think thers will come some point at which we may well find some respon-
ses to certain distortions in these very rich, if not faithful, visual scenss; but what
we've been talking about hers, I believe, is che angular size of these visual images, not
the fidelity of them.

KENNEDY: I think that the comment could be made more correct if one were to may in our
quest For fidelity, as we get closer and closer to physical fidelity, the differences
between insuts from Aifferent sensory systems may take on increasing importance. So I
don't think that it is simply a fidelitv issue, but as we get closer to fidelity, we
may have tighter tolerances between two or more sensory systems.

YOUNG: By fidelity, I think moa*: of us think of spatial fidelity, resolution, field of
view, color, number of lines, etc., but we also should not forget temporal fidelity.

Now in the presentations of F.ank and Casali, they talk about asynchrony. 1 think that
we must be very careful in considering the data which tell us about maximum asynchrony
between motion and visval cues from the point of view of minimising symptoms of sick-
neas. WNe should not neglect the tctal transport delcy between controlled element move-
ment and the movemunt of hoth the visual and the control motian. It does not take very
much in terms of increased transport delay, of the order of 100 to 120 milliseconds,

to convert a possibly stable vehicle to a marginally stable or unstable vehicle. Cer-
tainly from the point of view of fidelity in training, we would be doing a great disser-
vice if, in an attempt to solve the simulator sickness problem, we ended up with control
laws in the computer which made the simulator non-useful for training. I have been in a
simulator which, through the addition of one more eguation and one more equation, had
tranaport delays approaching half a second, and it clearly was not flyable. So I

don't think we want to be led into that trap on the delay side.

GUEDRY: It's time for closing. I have asked Larry to provide a summary of our round
e discusasion,

YOUNG: It's certainly difficult for me to try to summarize the summary. Let me only
polnt out that the areas of simulator sickness are areas of legitimate concern. The
notion that this is a malady, something pathological, or abnormal behavior, I think,
has been thoroughly discradited, and I belicve that the side discuasion, which we can
call "What's in a Name?" was ur~ful in bringing out those poincts. The quastion of
whether or not aimulator sic’ is exists and is a threat to adequate simulation, again
I think, has been thorouyhly disposed of. It's real - you may quibble about the numbers,
but there's no guestion that it poses a threat and iz of ooncern not only in a military
community but in the commercial community as well. In terms of a theoretical basis for
it, all that I've heard talls us that it iz consistent with the sensorimotor conflict
theory, which is now generally deemed to underlie most kiuds of motion sickness. The
isaues of what doas one do, some of the kinds of things that I know Dr. Kennedy (I was
privileged to serve on his panels down in Penzacola) has dealt with - what does one do
to fix the system? I think there are still a number of important areas that have been
and will continue to bhe explored. My feeling is that the greatest area for fruitful
research at the moment is in the cperational area; and that is, given the current
situation concerning hardware, what does one do in terms of simulator utilization,
a;:proprhto curriculum design, and scheduling tc maximize the return and minimize the
rigk? .

GUEDRY: A comment that I should have made to close the Round Table Discussion, I uill
ake now in my role as Technical Evaluator, 1 thank the Panel members, Drs. Benson,
Casali, Kennedy, and Young for their willingness to serve as panelists without oppor-
tunity for advance preparation. They did an ..wellent job. 1 also thank the audience
for their thoughtful contributions and vigorous participation.
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