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PREFACE 

The Commi t tee on Human Fac tors was estab l i shed i n  
Oc tober 1 980 b y  the Commi ss ion o n  Behaviora l and Soc ial 
Sc iences and Education of the Nat ional  Re search Counc i l  
i n  response t o  a request  by the Office o f  Naval Re search , 
the Air Force Office o f  Scient i f i c  Researc h ,  and the 
Army Research Ins t i tute for the Behavioral and S oc ial  
Sc iences . In add i t i on ,  i t s  sponsors current ly inc lude 
the Nat iona l Aeronaut i c s  and Space Administration and 
the Nat ional Sc ience Foundat ion . The commi t tee ' s  
objectives a re to provide new perspec tives on 
theore t ical  and methodological  i s sue s , identify bas ic 
re search needed t o  expand and s t rengthen the sc ient i f ic 
basi s  of human factors , and to attrac t sc ient i s t s  both 
wi thin and out s ide the field  to perform the needed 
research.  Its overa l l  goal is to provide a solid  
foundat ion o f  research as  a base on which e f fect ive 
human fac tors practices  can bui l d .  

Human factors i ss ue s  a r i s e  in  every d omain in  which 
peop le interac t with the product s  o f  a technological  
society . To perform i t s  role e f fect ively , the commit tee 
draws on expert s from a wide range of  sc ient i f ic and 
engineering d i s c i p l ines , i nc luding specialis t s  in  the 
fields  o f  psychology , engineering , biomechanics , 
cognit ive sc iences , machine inte l l igence , c omputer 
science s , soc iology , and human fac tors engineering . 
Experts in add i t i onal d is c i p l ines a l so p art ic ipate i n  
the working group s , workshop s ,  and sympos ia organized by 
the commi ttee . Each of  the se d i s c i p l ines c ontributes to 
the bas i c  data , theory , and methods needed to improve 

xi  
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the scient ific  bas i s  o f  human fac tors . 
S imulator s ickne s s , the experience o f  symptoms 

s imi lar t o  motion s ickness , has occurred frequent ly in 
c ivi l ian and mi l itary f l ight t raining s imulators and , in  
some cases , has pers i s ted or ari sen s everal hours after 
a s imulator session .  The syndrome i s  o f  conce rn to 
s imulator de signers and users , inc luding s imulator 
deve l opers , f l ight ins t ructor s , t raining and operationa l 
personne l , aerospace physic ians , physiologis t s , 
p sychologi s t s , and , of course , p i l ot s .  

I t  i s  important t o  bear i n  mind that s imulator 
s ickne s s  may be a spec ial  case of  spat ial  d i s ­
or ientation , or a t  l e a s t  re sult from the same bas ic 
mechani sms . Spatial  orientation i s  a fundamental 
b iologica l func t ion that incorporates posture , 
locomotion ,  and knowledge of  one ' s pos it ion in apac e .  
A s  such , i t  i s  of  cont inuing interest  to a wide spectrum 
of sc ient i s t s  concerned with i t s  underlying mechani sms , 
ind ividual d i f ferences ,  pathology , and deve lopmental 
aspect s .  Thus , the study o f  s imulator s ickness  i s  
valuable not only from the point o f  view o f  s imu lators 
but also  i n  te rms of  the contribut ion it  may make to the 
more general  phenomenon of spatial  orientat ion .  

Recogni zing the potent ial  importance o f  the problem , 
the Naval Training Equipment Center ,  the Army Research 
In s t i tute , and the Air Force School of Aerospace 
Medic ine asked the Commi ttee on Human Factors to  
ident i fy current informat ion and to recommend research 
aimed at the deve lopment of  countermeasure s .  The 
commit tee convened a three-day workshop Septembe r 26-28 , 
1 98 3 ,  at  the Nava l Postgraduate Schoo l in Monterey , 
Ca l i fornia , to : ( 1 )  review ava i l able  informat ion on the 
nature and severity o f  the symptoms o f  s imulator sick­
nes s ,  the ir  frequency , and c i rcumstance s of  occurrence ; 
( 2 ) identi fy i t s  l ike ly e t io logy and cont ribut ing 
factors , such as s imulator des i gn characteri s t i c s  and 
t raining methods ; ( 3 ) assess  the e f f ic acy o f  current 
available countermeasure s to the e f fect s of s imulator 
s ickness;  (4) assess  whether its oc currence is an 
ind icat ion of  de fic ienc ie s  in s imulators that may 
adversely a f fect the t rans fer of  learning , operational 
performance , or safety ; and ( 5 ) recommend research and 
other courses of action neces sary to e l iminate the 
problem of  s imulator s icknes s .  

Nineteen experts  i n  one o r  more o f  the fol lowing 
f ields  partic ipated in the workshop : motion s icknes s , 
ve stibular dynamics , vi sual p roce s ses , s imulator 

xii 
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s ickne s s , and s imul ator des ign and use . Th i s  report of  
the  proceedings re flec t s  the  d i scuss ion that took p l ace 
and the group ' s  recommendations for research . It is 
based on aud i o  record ings of  the workshop , background 
pos i t ion papers p rovided by the part ic ipant s in advance 
of the mee t ing , pre sentations at the meet ing , and 
c omments on a pre liminary dra f t .  In a number o f  
sect ions of  the report , attribut i on i s  given to ind icate 
that the sec tion re f lects  the thinking o f  an individual 
partic ipant . Most  partic ipants made comment s on the 
draft report , which were incorporated into the text . We 
have at tempted to ref lect the workshop i s sue s and the 
thinking of the participants  as accurately as pos s ible . 

A background paper prepared by Robert  S .  Kennedy and 
Lawrence H. Frank , "A Review o f  Mot ion S ickne s s  With 
Spec i a l  Re ference to  S imu l ator S ickne s s , "  provided a 
review o f  exi st ing in format ion for the deliberations o f  
the workshop part ic ipants . Th e  paper , which i s  ava i l able  
from the Commi ttee on  Human Factors , desc ribe s the 
phenomenon of mot ion s ickne s s  and present s various 
theorie s conce rning i t s  etiology and res ponse 
characteri s t ic s .  

I t  should be noted that the workshop participant s 
support the use of f l ight s imul ators for training . Our 
d i scus sions of s imu l ator sickne s s  do not imp ly an 
ind ictment of s imulators . Our intent is rather  to 
s t rive for progress  in the design and app l ication o f  
s imulators through understanding . A s  technology 
advances , continued advances  are a l s o  neces sary in t he 
human /machine interface . 

A re lated study on s imu lat ion has recent ly been 
completed by a spec ial  working group of the Committee on 
Human Fac tors . The working group ' s  report is scheduled 
for re lease early in 1 9 8 5 .  

In add it ion to  the workshop part icipant s ,  a number 
of peop le contributed in important ways to the succe s s  
o f  the s tudy . Michae l E .  McCau ley did a fine j ob a s  
editor of  the proceedings report . Robert T .  Henne s sy , 
the commi ttee ' s  study direc tor in 198 3 ,  and workshop 
partic ipant s Robert Kennedy and Larry Frank e f fective ly 
pl anned and organized the workshop . Ge rald S .  Malecki , 
o f  the Off ice of Naval Research , Al fred R .  Fregly , o f  
the A i r  Force Office of  Scient i fic Research , and Robert 
M. Sasmor , of the Army Research Inst i tute for the 
Behavioral and Socia l  Sc ience s , provided important 
a s s i s tance in organizing and supporting this  effort . 
Charles  W .  Hut chins hosted the meeting on beha l f  of  the 

xi ii 
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INTRODUCTION 

S imulator s ickne s s  i s  a term used to describe the 
d iverse s i gns or symptoms that have been experienced by 
fl ight crews during or after a t raining sess ion in a 
l i ght s imulator . The phenomenon has  been described as 
polygenic and polysymptomatic ; symp toms inc lude nausea ,  
d i zzine s s , spinning sensations , visual f lashbacks , motor 
dyskine s ia , confusion , and drows ine s s  ( Frank et a l . , 
1 983) . Observable evidence ( signs ) o f  s imulator 
s ickne s s  inc lude pa llor , cold sweating , and eme si s .  

Mot ion s ickne s s  i s  a general term for a 
conste l lat ion of  symptoms and s i gn s , generally adver se , 
due to exposure to abrupt , periodic , o r  unnatural 
acce lerat ions . S imulator s i ckne s s  is a spec ial  c ase o f  
mot ion s i ckne s s  that may b e  due to the se accelerat ive 
forc e s  or may be caused by v i sua l mot ion cues without 
ac tua l movement of the subjec t ( Crampton and Young , 
1 9 53 ; Dichgans and Brand t , 1 9 73 ) . 

Al though some sc ient i s t s  have objec ted to the term 
s imul ator s ickne s s  because the cons te l l at ion of  e f fects  
a s soci ated wi th it  would be  descr ibed better as a 
syndrome than a sickne s s , mos t  o f  the workshop 
part ic ipants  concurred w i th the use of the term because 
it  i s  idiomat ic , s imi lar to terms for other subset s o f  
mot ion s ickne s s  s uch a s  s e a  s i ckne s s , c ar sickne s s , and 
space s ickne s s . ( The Nat iona l Aeronautic and Space 
Administrat ion has adopted the term apace adaptat ion 
syndrome--Homick , 1982 ; Nicogoss ian and Parker , 1982) . 

S imulator s ickne s s  has been experienced by p i lot s ,  
copilot s , and other crew members i n  f l i ght s imulator s as  
we l l  as  by drivers and pas sengers in automobi le 
s imulators . The workshop emphas i zed s imulator s ickne s s  

1 
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2 

re lated to  f l ight s imulators , but pert inent evidenc e  
re l ated t o  automobi le s imulators w a s  a ls o  d iscussed . In 
a l l  documented cases of s imu lator sickne s s , a visua l  
d i sp l ay of veh i c le dynamics  baa been i nvo lved . 

S imulator s ickne s s  occurs in both f i xed- and mot i on­
base s imulator s .  It occurs during the s imulator f light , 
immediately a f terward , and many hours late r .  The 
phenomenon was  f irst  reported in c onnect ion with a 
he l icopter s imulator ( Havron and But ler , 1957 ; Mi l ler 
and Goodson , 1 958) , but i t  has occurred in patro l , 
transport , and f ighter/attack aircra f t  s imulators as 
we l l . The highe st  i nc idence ( 88 percen t )  has been 
reported in an a i r  combat maneuver ing ( ACM) s imul ator 
during fi xed-base operat ions , i n  which h igh visua l 
acce lerat ion maneuvers  are common ( Kel logg e t  a l . , 1980 ) .  

Experienced aviators and test  p i lo t s  seem t o  be  more 
susceptible  to s imulator s icknes s  than inexperienced 
trainees . Thi s  fac t seems surpris ing , but i t  i s  
consonant wi th the mos t  common explanat ion o f  the cause 
of s imulator s icknes s ,  i . e . , i ntersensory conf l i c t .  The 
sensory conf l ic t  hypothe s i s  sugge s t s  that experienced 
aviators have a we l l-es tabl i shed neural s tore 
represent ing the re lat ionships among manua l control  
act ions , vi sual dynamics , and the orientation and 
inert i a l  senses subserved by the vest ibular/ 
propriocept ive sys tems . Inexperienced aviators do not 
have such a we l l -e s tabl i shed neurophysiologic a l  
"e xpec t ancy" f o r  the se relat ionships . To the e xtent 
that the s imulator violates  the sensory expectanc ies , a 
confl ict  e xi s t s . 

S imulator s ickne s s  may be o f  operat ional 
s igni ficance because of four kind s of problems : 

1 .  Compromi sed Training . Sympt oms experienced in 
the s i mulator may compromise t raining through dis trac t ion 
and dec rea sed mot iva t ion.  Behaviors l earned in the 
s imul ator to avo id symptoms ( e . g . , not looking out the 
window ,  reduc ing head movement s , avoid ing aggre s s ive 
maneuvers ) may be inappropriate for f l ight . 

2 .  Decreased S imu lator Use . Because o f  t he 
unpleasant symptoms and aftereffec t s , s imulator users  
may be  reluc tant t o  return for sub sequent t raining 
sess ions .  They also may have reduced confidence in the 
t ra ining they rece ive from the s imula tor . 

3 .  Ground Sa fety . Aftere f fec ts , such a s  
d i sequ i l ibrium , could be potent ial ly hazardous f o r  users 
when exit ing the s imul ator or driving home .  
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4 .  Fl ight Safety . No direc t evidence exi s t s  for a 
re lat ionship between s imulator sicknes s  af tereffects and 
acc ident probab i l ity .  Howeve r ,  from the sc ient i fic 
l i terature on perceptua l  adaptation,  one could predict 
that adaptat ion to  a s imulator ' s  rearranged perceptual 
dynamic s  would be counterproduct ive i n  f l ight . Indeed , 
anecdotal  reports  from the Royal  Air Force in the ear ly 
1 970s indicate that f l ight inst ruc tors c la imed i nc reased 
suscept ibi l ity to d i sorientat ion in f l ight hours after a 
s imulator s e s s ion . 

Th i s  report covers  the topic s  that were discussed in 
de t ai l  at the three-day workshop . I t  begins with an 
account of  the major s tudies o f  s imulator s ickness  and 
what we know about i t s  inc idence and prevalence . The 
ne xt sec t ion de scribe s t he re levant des ign character­
i s t ic s  of s imu l ators : i t  begins by describing some of  
the charac teri s t ic s  o f  s imul ators and the ir operators 
that may be invo lved in s imu lator s ickne s s , inc luding 
vi sua l  sys t ems , lags , mot ion systems , and other mot ion 
cue i ng device s ;  it then di scus ses  des ign problems 
spec i fic to f l ight s imulators and those spec i fic to 
aut omob i le s imulators . Theorie s of mot ion s ickne s s  and 
adap t a t ion are deal t wi th in  the fo l lowing sec t ion , and 
sensory conf l ic t  theory emerge s as the mos t  p lausible 
exp lana t ion for the phenomenon o f  mot ion s i ckness . The 
report then makes a numbe r of prac t ic a l  sugge s t ions for 
avoiding the effec t s  of s imul ator s i ckness  in t he 
equipment currently in use,  al though these counter­
measure s rema in to  be val idated . It ends with a s ummary 
of  the recommendat ions for re search that surfaced 
throughout the workshop . 

I t  is  important t o  note that t he works hop d id not 
review t he re lat ionship of space s ickne s s  (or space 
adap t i on syndrome ) t o  s imu lator s ickne s s .  Thi s  omi s s ion 
was del iberate , large ly due to the fac t that the 
re lat ionship between mot ion s icknes s  in a one-gravity 
environment and the space adaptat ion syndrome is poor ly 
understood at this  t ime . In s tudies  by NASA the re was 
great d i f f iculty in predi c t ing suscept ibi l ity to  space 
s i ckne s s  us ing tests  performed in one-gravi ty 
envi ronment s .  Even incident s of  mot ion s ickne s s  in 
provocat ive one -gravity environment s  prior t o  space 
f l ight were not useful  in predict ing incident s o f  space 
adaptat ion syndrome ( Nicogo s s ian and Parker, 1982) . 
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INCIDENCE AND PREVALENCE* 

The overa l l  inc idence o f  s imulator s i ckne s s  in  f light 
s imu lators acros s the armed services is unknown , even 
though the p roblem was first  reported nearly 30 years 
ago . The re are sugge s t ions , howeve r ,  that the inc idenc e 
i s  increasing . Pi lot s tend not to talk about such 
problems as  s imul ator si ckne s s , s o  we may be under­
e s t imat ing the prob lem .  As new video sys tems become 
operat ional in s imu lators and in a i rc raft , informat ion 
about simulator s ickne s s  and mot ion pe rcept ion may 
become even more import ant . 

Th i s  sect ion i s  a brie f review of  the documented 
evidence o f  s imulator s ickne s s .  For a more comp lete 
review , see Kennedy e t  a l . ( 1 983)  and Frank e t  a l . 
( 1 983) .  In add i t ion , Puig ( 1 9 7 0 ,  1 9 7 1 )  has reviewed the 
theoret i c a l  bas i s  for di sorientat ion and s ickne s s  in 
s imulat ion .  

Table 1 summari ze s  the major s tud ies that have been 
made of s imulator s i ckness . The s tud ie s by Havron and 
But ler ( 1 95 7 )  and Mi l ler  and Goodson ( 1 9 5 8 ,  1 960) , the 
f i r s t  pub l i shed report s o f  s imulator s ickne s s , found a 
subs t ant ial  inc idence ( 72 percent ) of  symptoms among 
users of the Navy ' s  2-FH-2 Hover Traine r .  An intere s t ing 
find ing from the Mi l ler and Good son work , a s  previou s ly 
noted, i s  that "the more e xperienced ins tructors seemed 
to  be those mos t  suscep t ib le t o  unp leasant s ensat ions . "  
Other f inding s o f  note were that "the more violent 
maneuve rs were found to produce a greater degree of 

*This sec t i on was dra fted from the workshop pre sentat ion 
by Lawrence H .  Frank . 
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TABLE 1 Major Studies of Simulator Sickness 

Incidence Field of View 
Report Device (Percent) Base Visual Type (H x V) 

Havron and Butler (1957) 2-FH-2 77 Fixed PS 260 X 75 
Miller and Goodson (1958, 1960) 2-FH-2 60(1) Fixed PS 260 X 75 

12(S) 
Hartman and Hatsell (1976) SAAC 52 Moving CIG 296 X 180 
Kellogg, Castore, 

and Coward (1980) SAAC 88 Fixed8 CIG 296 X 180 
Money (1980) CF140 FDS 43 Moving T/N/CIG 48 X 36(?)b 

McGuinness, Bouwman, 
and Forb es (1981) 2E6 27 Fixed T/PS 360 X 150 

CAM MOD 
Frank (1981) 2Fll2 10 Fixed T/PS 360 X 150 

CAM MOD 
Frank (1981) 2Fll0 48 Moving T/N/CIG 120 X 36 
Crosby and Kennedy (1982) 2F87 50 MovingC T/N/CIG 48 X 36b 
Frank and Crosby (1982) 2Fll7 Moving CIG 175 X 50 

Notes: PS • point source; T • twilight; N • night; CIG • computer image generation; CAM MOD • target 
camera model; I • instructors; S • students. 

8Motion not used in study. 
bOne window. 
eMotion or lack of motion had no effect. 

Source: Kennedy et a1. (1983). 

VI 
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' motion s ickne s s . ' Ins t ructors have reported that they 
are more p rone to become s ick when s i t t ing as a 
passenger • • •  than when they are actual ly ' flying ' the 
s imulator" (Mi l ler and Goodson , 1 9 60 : 210 ) .  Mil ler and 
Goodson ( 1958)  a l so reported the occurrence of delayed 
e f fec t s  in an instruc tor p i lot who became " so bad ly 
d isoriented in the s imulator that he vas later forced t o  
s t op hi s car , get out , and wa lk around i n  order t o  
regain h i s  bearings enough to cont inue d riving" ( p .  9 ) . 

S inacor i  ( 1 967) s tudied s imulat ion techn iques for 
vertical  short takeoff and landing ( VSTOL) f l ight . 
Using only one test  p i lot , he was able to  report : 

Pi lot vert igo was induced a s  the t ime durat ion o f  a 
part icular f l ight  inc reased . Ve rtigo was e spec ial l y  
annoying to the p i lot during atti tude reversa l s  or 
hovering .  The p i lot  fe lt h e  c ould d o  better with 
cockp it mot ion cue s  • • • •  Pi lot  ve rt igo may be 
c aused by the con f l ic t  between the somet imes " fair" 
vi sual cue s acquired during at tempted hover and the 
h ighly trained kinesthetic  sensat ions which are 
expected but not fe l t  because the cockpit  is fixed .  
Inadvertent p i lot head mot ions were observed 
frequent ly . 

Ke l l ogg et a l .  ( 1 980) s t ud ied s imu lator s ickne s s  
during f ixed-base operat ions in the Air  Force S imu l ator 
for Ai r to Air Combat ( SAAC ) , wh ich has a wide f i e ld o f  
view . The 4 8  p i lot s surveyed were undergoing a n  intense 
exposure--a high accel erat ion envi ronment ( imp l ied 
visua l l y) during 550 ACM engagements over 5 days , 
averaging a total of  12 hours o f  exposure for each 
pi lot . More than 87 percent of  the p i l o t s  surveyed 
reported some symp toms of s imu lator s ickne s s , primarily 
nausea . Symptoms were mos t  prevalent in the first  few 
days . Pi lots  reported vi sual f lashbacks , somet imes 8-1 0 
hours after exposure ; the se inc luded sensat ions o f  
c l imbing and turning wh ile  watching T V  and experienc ing 
an invers ion o f  the visual field  whi l e  lying down .  

I n  a study for the Canad ian De fence and Civ i l  
Institute o f  Environmental Medic ine , Money ( 1 980) 
inve s t igated reports  o f  s imu lator s ickne s s  in t he Aurora 
CP 140 FDS ( analogous to the U . S .  Navy ' s  P-3 Orion) . He 
found that 44 percent of  the p i lo t s  reported symptoms , 
ranging from s l ight discomfort  to  mi ld  nausea . The 
symptoms were usua l ly expe rienced only i n  the first  one 
or two s imulator exerc i se s . Subsequent  exercises  were 
symptom-free , pre sumab ly due to hab i tuat ion .  
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McGuinne s s , Bouwman , and Forbes ( 1981 ) inve s tigated 
the inc idence of s imulator s ickne s s  among 66 air c rew in 
the Navy ' s F-4/F-14 Air Combat Maneuvering S imulator 
( ACMS ) , the 2E6, and reported an overa l l  inc idence o f  27 
percent . However ,  the more experienced air c rews , those 
with  more than 1 , 500 l ifet ime f l ight hours , had an 
inc idence o f  50 percent , whi l e  those with  le s s  than 
1 , 500 hours had an inc idence o f  1 8  percent . Pi lots  had 
a greater inc idence than Radar Intercept Officers ( RIOs 
or "backseaters " )  with inc idence s  of 36 percent and 1 5  
percent , re spec t ive ly . There were no reports  o f  visual 
f lashbacks in the 2E6. Dizz ine s s  was the mos t  fre quent 
symptom , fol lowed by vertigo , d i sorientat ion , " leans , "  
and nausea.  

Frank ( 1 981 ) reported that approximate ly 1 0  percent 
of  those using the Navy ' s  F-14 s imulator , the 2Fl l 2 ,  
exper ienced symptoms o f  s imu lator s icknes s  and thaf 
approximately 48 percent of those sampled in the E-2C 
s imulator , the 2Fl l 0 ,  expe rienced symptoms . In the 
2Fl l 0 ,  seve ral of  the p i l ot s  commented that the visual 
s t reaming that occurred dur ing turns-whi le-taxiing was 
part icular ly di sconce rt ing . 

Cro sby and Kennedy ( 1 982 )  found that f l igh t  
engineers we re having prob lems in the P-3C s imul ato r ,  
the 2F8 7. They found that the f l ight engineer was 
viewing the independent CRT/CGI d i splay s  of  the pilot  
and the  cop i lot f rom 30 degrees o f f -axi s .  Measures of  
postura l  equi librium in walking and s tanding , which have 
been used previous ly as indices of ve s t i bular disrupt ion 

. ( Fregly , 1 9 74), ind icated s ignificant dec rement s in 5 0  
percent of t he f l ight engineers after  a normal four-hour 
exposure in the s imul ato r .  Occlud ing t he f l ight 
eng inee r ' s view of t he p i lot ' s  and copi lot ' s  disp lays 
e l iminated the postural equi l ibrium problems . 

Frank and Crosby ( 1 982)  inve s t igated the CH-46E 
he l icopter s imul ator , the 2Fl l 7 ,  whi l e  it was in the 
f inal s t ages of  deve lopment and produc t ion . They 
reported some tendency for symp toms o f  s imulator 
s ickne s s  and sugges ted that a more rigorous s tudy be 
conduc ted after the 2Fl l 7  is introduced to  the f leet . 

From the brief  review g i ven above i t  i s  c lear that a 
conste l lat ion o f  e f fec t s  have been found in a i r  crews 
duri ng or after exposure to  f l ight s imulation . The se 
e f fec t s  inc lude the c la s s ic s igns and symptoms of  mot ion 
s ickness  and phenomena as soc iated wit h perceptual 
adaptat ion . The overal l inc idence and severity of  t he 
problem ac ross  a broad spec t rum of  f l ight s imulators , 
however ,  has not been e s t abl i s hed . 
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SIMULATOR CHARACTERISTICS 

A large number of s imulator and operator charac teri s t i c s 
are suspec ted o f  p l ay ing a ro le in s imu lator s ickness . 
The workshop part ic ipant s generated a long l i s t  o f  them , 
wh ich p rovided an initial  s t ruc ture for d i scuss ion . 
Limitat i ons o f  time at the workshop a l l owed only a few 
of these characteristics  to be d i scus sed in detai l .  
However ,  as  a potent ial guide t o  other invest igators , 
the comp lete l i s t  appears as an appendix to this report . 

This sec t ion pre sents the d i scus s ions that took 
p l ace on v isual systems , t ime l ags , mot ion systems , and 
other mot ion cueing device s .  It also  incorporates  
workshop pre sentat ions on the des ign of  a part icular 
f l ight s imulator wi th i t s  at tendant prob lems and 
prob lems invo lved in automobile  s imulators . 

Visua l Sys tems 

Several types of  v isual systems have been used in f l ight 
s imulators , the maj or one s be ing point-l ight source , 
mode l board , and computer-generated imagery ( CGI) .  
Cases of  s imul ator s ickne s s  have been documented in CGI 
and point-l ight  source vi sual sys tems , but t hey seem to 
be l e s s  frequent in mode l board systems . 

One o f  the important variab les for s imulator 
s ickne s s  i s  the field  o f  view ( FOV) of the visua l  system . 
An e s t imated range of  horizontal  FOV for f l igh t  
s imulators is  40-360 deg , depending on the purposes of  
the  s imulat ion . For  example , the  Navy ' s Night Carrier 
Landing Trainer ( NCLT , 2Fl0 3 )  has a re lative l y  narrow 
FOV , approximately 40 deg . In c ontras t ,  ACM s imulators , 
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such as the Air Force SAAC and the Navy' s ACMS , have 
wide FOVs , in excess  of  300 deg . 

Research by Leibowit z  et a l .  ( 1982 ) has suggested 
the importance o f  the ambient visual sys tem in process ing 
dynamic and orientat ion informat ion . The genera l finding 
with re spec t to retinal locat ion i s  that informat ion at  
the peripheral ret ina i s  a more powe rful determinant of  
spat ial  orientat ion e f fec t s  than i s  informat ion at the 
centra l  re t ina . This is confounded , however ,  by sub­
tended ang le ; things usua l l y  ge t larger in  the periphery 
because one i s  moving forward . So perhaps it wou ld be 
more ac curate to s ay that larger t hings a ffect orien­
tat ion more than smal ler thing s .  

Thus , a wider FOV would p rovide more s t imu lat ion for 
the ambient sys tem , resul t ing in a more compe l l ing 
vi sual d i sp lay of motion .  Th i s  enhanced sense of v isua l  
mot ion may contribute t o  more con f l ic t  with ves tibular 
inputs , which are re lat ive ly impoverished in the 
s imul ator.  

The S AAC has a mosaic o f  e ight e lec tronic screens 
that surround the canopy of an F-4 cockpit , y ie l ding a 
296 x 1 80 degree ( H  x V ) FOV . Anecdotal  reports suggest  
that d i sorientat ion and symptomato logy occur with the  
fu l l  e i ght-window d i sp l ay ,  but  not  with  three windows . 
Also , a compe l l ing i l lus ion o f  t i l t  was perce ived wi th 
the e ight-window d i sp lay when a f l ight scenario was 
frozen in a 45-deg angle o f  bank. 

A s tudy by Reason and D iaz ( 1971 ) , however ,  found no 
inc rease in the inc idence of s icknes s  in an automobile  
s imulator as the FOV was increased from 45 t o  90 deg . 
More research i s  needed on FOV.  

Scene de tail  i s  another var iable that may be  
import ant in t he gene s i s  of  s imulator sicknes s .  Greater 
scene de ta i l  p rovides the human visua l s ys tem with more 
informat ion about spat ial  dynami c s , pre sumabl y  sharpening 
the percep t ion of  mot ion and generat ing greater conf l ic t  
with the ves t ibular input s .  The effec t s  of scene detai l ,  
however,  have not been invest igated sys tematically .  

Lags i n  t he temporal presentation o f  the visua l  
d i sp lay have been sugges ted as a contribut ing factor in 
s imul ator sickne s s . Th i s  i s sue i s  d i scus sed more ful ly 
in the sec t ion be low on lags . 

The re has been some sugge s t ion that the detai led 
proce s s  of  writ ing a vi sual d i sp lay acros s the screen 
may be regi s tered by the human vi sual system ,  if no t 
perce ived conscious ly.  Accord ing to  one estimate , a 
typical  t ime period for writ ing the video image i s  
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approximately 1 6  msec . I n  several s imulators , e . g . , the 
Advanced S imul ator for Pilot Training (ASPT ) and SAAC , 
the video images are written in d i f ferent direct ions on 
ad j acent windows . Th i s  may c reate an unusual visua l  
s t imulus of  s imultaneous movement in d i f ferent direct ions 
in  adj acent locat ions . It i s  pos s ible that the se kinds 
of e f fec t s  may contribute ei ther to symptoms of s imulat o r  
s i ckne s s  or to  the visua l  aftere f fects  that have been 
reported . The same problem of mul tidirectiona l video 
wri t ing is  l ike ly in the new area-of-interest  s imu lator 
displays , in wh ich one disp lay is c ontained within a 
larger one , the ir video image s be ing writ ten in 
d i fferent d irec tion s .  

S ome s imulators have vi sua l sys tems wi th a 2 : 1 
interlace sys tem in which the video imagery i s  updated 
by the computer at 30 Hz but the display is updated at 
60 Hz . With thi s type o f  sys tem i t  is inevitable  that 
moving targe ts create doub le image s ,  wh ich may c reate 
i l lusory movement and other prob lems , such as a strobing 
e f fec t .  The contribut ion o f  these e f fe c t s  t o  s imulator 
s ickne s s  is unknown . 

Other features of  v isual d i sp lays have been c i ted a s  
potent ial  contributors t o  the problem .  Opt ic a l  
d i s tort ions were mentioned b y  M i l ler and Goodson ( 1 958)  
as a probable contribut ing factor in s imulator sickes s .  
Poor re s o lut ion , f licker , and of f-axis  viewing a l so have 
been imp l icated ( Frank et al . ,  1983) . 

As new video displays become operat iona l in 
airc raft , it wi l l  be part icularly important to ensure 
that the visual dynamic s provided in the s imulator are 
compat ible  with those experienced in the airc raft . For 
example , a he lmet-moun ted TV d i sp lay wi l l  be inc luded in 
one of  the weapon systems on the Army ' s  new gunship , the 
64 Apache . Research on visually  c oup led sys tems should 
inc l ude que s t �ons of  perceptual aftere f fects  in the 
s imu lator and the aircraf t .  

Eventually , three-d imens iona l visua l  disp lays are 
l i ke ly to  be int roduced . The s tudy of mot ion percept ion , 
perceptual adaptat ion and aftere f fec t s  wi l l  be even more 
important when three-d imens ional disp lays become 
operat iona l i n  s i mulat ion.  

Lags 

Tempora l  incongruities  may exi s t  in the presentat ion o f  
mot ion informat ion i n  the s imulator . Time lags may 
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occur i n  the visual system {Crane , 1983),  the mot ion 
base , or both { Ric ard et  a l . , 1 9 76 ;  Ricard and Puig , 
1 9 77 ;  Semp l e  e t  a l . , 1980). 

Lags should be def ined with reference t o  the 
temporal re lat ionships found in the aircraft as we l l  as  
to the usual  descript ion o f  total t ime . As  an  examp le , 
suppose that 50  msec e l apsed between a pi lot ' s  rol l 
input with the s t ick and the beginning of t he a irc raft 
ro l l .  Given the same input in a s imulator , real i s t ic 
e s t imates  o f  l ags might be 2 50 msec be fore the visua l 
system begins to respond and 350  msec for the mot ion 
base . There are thus several s ources  of e rror for the 
highly tuned neural store of  the experienced p i lot : a 
200 msec lag in the visua l , a 300 msec lag in the 
inert ia l ,  and a 100  msec d is c repancy between the two . 
Th i s  i s  a comp lex prob lem,  because there probab ly i s  not 
a cons tant opt imal l ag t ime . Puig {1970 )  has pointed 
out that the opt ima l l ag t ime i s  l ike ly to  be a func t ion 
of the inten s i t y  of the s t imulus {i . e . , the l eve l of  
acce leration ) . 

Moreove r ,  lag i s  jus t  one index o f  t he fide l i ty o f  
dynamic in forma t ion . Th e  accelerat ive response s  of the 
v i sual and inertial  systems should no t only begin at the 
proper t ime , but fol low the rise  t i me and amp l i tude 
characteri s t ic s  with reasonab le f ide l ity . 

Experienced p i lot s have learned a s e t  of  tempora l 
and spatial  pa�terns in the aircraft re lated to c ontro l  
s t ick input s and the resul tant visua l , ves t ibular , and 
propriocept ive feedback of acce lerat ion informat ion . In 
the s i mulator,  they are confronted with a new set  o f  
tempora l and spatial  patterns , i . e . , l ags , rise  t imes , 
washout , etc . This  discrepancy i s  probab ly the main 
s ource o f  s imu l ator s ickne s s . 

We gain more ins igh t  into this  prob lem by 
cons idering the d i ffering dynamic s of  t he visual  and 
ve s t ibular sensory sys tems in the percept ion of mot ion.  
Re t inal recep tors s i gnal pos i t ion and veloc ity of  a 
visual targe t , from which acce lerat ion may be 
perceptual ly derived . In contras t ,  t he oto l i ths ( in 
company with somae a thetic  mechanorecep tor& ) are 
sens it ive to l inear acce lerat ion and rate of change o f  
acce lerat ion ( j erk ) and henc e give informat ion about 
body movement tha t is phase-advanced on that provided by 
the v isual system.  Sensory integrat ion of these 
gravi receptor s i gna l s  i s  required in  order t o  perce ive 
trans ient l inear ve loc i ty and disp lacement . According 
to Benson {1 978),  the semicircular cana l s  s igna l ,  for 
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t ransient angular movement s , the angular ve loc ity o f  the 
head and provide cues that a l l ow the change in angu lar 
po s i t ion or angular accelerat ion to be perce ived by 
integration or d i f ferent iat ion of t he afferent s igna l 
wi thin the central nervous system.  The imp l icat ion of 
the se d i f fering sensory dynamics i s  that sensory 
conf l ic t  i s  l ike ly t o  be the greater i f  mechanic a l  
movement of  the s imu lator ( and hence t he operator) l ags 
vi sual movement of the visual d i sp lay than i f  the mot ion 
sys tem leads the visua l .  

Why are more experienced p i lo t s  more susceptible t o  
s ickne s s ?  Perhap s only  peop le who are very suscep t ib le 
to  mot ion s ickne s s  are l ike ly to  have a problem when 
they are inexper ienced , but as experience is ac quired , 
the l e s s  suscep t ible p i lots  a l so may be a f fec ted . Th i s  
informat ion i s  important t o  s imulator des igners , because 
they can aim the i r  des ign a t  t he experience leve l of  t he 
users . Highly experienced p i l o t s  may not tolerate  as  
much error between vi sua l and mot ion cues . With 
inexperienced s tudent s ,  however ,  high t rans fer of 
t raining may require a less  exact ing s imulat ion . 

A s imul ator ( part icularly the mot ion bas e )  cannot 
reproduce the acce leration wave forms of  the aircraft  
exac t ly .  What degree of  departure from the nomina l 
acce lerat ion wave forms i s  accep tab l e ?  The answer i s  not 
ent i re ly known . It  depends in part on human visual and 
ve s t ibular p rocesses  as inf luenced by s imulator 
charac teri s t ic s  and the exper ience of the user , both in  
the airc raft  and the s imulator . Th i s  is  certainly an 
area for further research that could  have an ef fec t on 
s imulator s ickne s s , the  t rans fer o f  t raining , and 
s imulator de s i gn guide l ine s .  

Mot ion Sys tems 

The maj ority of today ' s  mi l i tary f l ight s imulators have 
a mot ion base . The numbe r of axes of mot ion varies from 
one to s ix ,  a l though s ix is mos t  common . The typical  
mot ion base i s  hydrau l ically  driven and has a maximum 
angular displacemen t  o f  32 deg and a maximum l inear 
( t rans lat ional ) d i s p l acement of  about 1 m. Because o f  
the d i splacement l imitations , mot ion sys tems are driven 
by command s ignals  us ing washout algori thms that permi t 
h igh f ide l i ty o f  movemen t  ini t iat ion , with subsequent 
d iminut ion o f  the mot ion re sponse even though the 
acce lerat ions assoc iated with the maneuver ( and imp lied 
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by the vi sual d i splay )  cont inue . The importance o f  
tuning the washout a l gori thms i s  d iscussed i n  t he 
sec t ion on des igning a f l ight s imulato r .  

The respons ivene s s  of  a good mot ion base provides 
ve s t ibu l ar and propriocep t ive cue s  to  mot ion for subtle  
aircraft  maneuvers . In very extreme maneuvers , such as 
those required in air-to-air  combat ,  the mot ion base has 
the hope less  task o f  keeping up with susta ined high­
gravity turns and rap id rol l  rate s . It has been reported 
that the Air Force air combat s imu lator ( SAAC) had a 
mot ion base that was eventual ly d i sengaged because of 
i t s  ine f fect ivenes s  ( Seevers and Makinney , 1 9 7 9 ) . The 
Navy ' s  2E6 air  combat s imulator is a l s o  f ixed-base 
(McGuinne s s  e t  al . , 1 981 ) . Despite good des ign 
charac teri s t ic s  and periodic  cal ibrat ion , the e ffec tive­
ne s s  of a mot ion base is l ike ly t o  be l imited in 
s imul ators intended for scenarios with high-accelerat ion 
maneuver s . 

Frank et  al . ( 1983)  have emphas ized the importance 
of  s imul ator resonant frequency as a pos s ib l e  
contributory factor to s imulator s ickness . It i s  known 
that symptoms are greate s t  at a frequency re sonance of  
about 0 . 2 Hz  ( McCau ley and Kennedy , 1 9 7 6 ; Money , 1970 ) . 
Hence , i t  wou ld appear advisab l e  to  avoid thi s very l ow 
frequency range at the t rainee ' s  s i t t ing pos i t ion in 
bui lding s imulators . Frank et a l . ( 1983 : 7-8) desc ribe a 
case in point , which appears as F igure 1 :  

[The figure) pre sents a comparison between Mil itary 
Standard 1472C (MIL-STD 1 472C ,  1 98 1 )  vibration 
protec t ion l imi t s , proj ec ted enve lopes for lesser 
symptomatol ogy , and the SAAC frequency spec trum. 
The two sol id l ines are from MIL-STD 147 2  and 
repre sent the 90% protec t ion l imi t s  for an 8-hour 
vibrat ion exposure . The solid  U-shaped l ine , 
represent ing the exposure l imit for below 1 Hz , i s  
based o n  a criterion of  frank eme s i s . The so l id 
line , repre sent ing the exposure l imit for above 1 
Hz , i s  based upon a criterion of fatigue-decreased 
profic iency . The c riteria for these two d i f fer  as  a 
re s u l t  of the large quant i t y  o f  data generated on 
the e f fec t s  of v ibrat ion on human performance above 
1 Hz. In contra s t , human performance data are 
current ly insuff ic ient to reach hard conc lus ions for 
exposures to  very low frequency vibrat ions ( i . e . , 
be low 1 Hz ) . The l imits  for be low 1 Hz , then , 
should  be viewed as conservat ive , s ince i t  can be 
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F IGURE 1 A Comparison Between MIL-STD 1472C Vomit ing 
Criteria and a Projected Enve lope for Lesser 
Symptomatology .  

Source : Frank et  a l . ( 1 983) . 

pred ic ted that decrement s in performance can be 
expected to occur be fore eme s i s . Consequent ly ,  
the heavy-dashed l ine represents our e s t imat ion of  
where 50% o f  the  popul at ion wi l l  exhibit at leas t 
one symptom o f  s imu lator or mot ion s icknes s  ( e . g . , 
pal lor). The l ight-dashed line i s  our e s t imation 
of where at least one pos t-e f fect  wi l l  occur . 
Note that the tolerance l imi ts  for each of  these 
enve lopes shift  upward , coinc ident with the 
spec t rum for norma l locomot ion . Note , also , 
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that the lowe s t  thresholds  correspond to  those 
energy regions that are moa t  a ssoc iated with mot ion 
s icknes s • • • •  

The S AAC spec trum dep ic ted in [the f igure] 
was replot ted from Hartman ( 1976) . Thi s  mapping 
revea l s  quite c lear ly that t he resonant frequency of  
the SAAC inertial  system intersec t s  our e s t i mated 
tolerance enve l opes and , there fore , may be conduc ive 
to s imulator s ickne s s . Indeed , Hartman and Hatae l l  
reported inc idence rates for spatial  d i sorientat ion , 
eye s t rain , t i rednes s ,  headache and nausea of 52% , 
50%, 38%, 32% , and 14% , respec t ive ly .  

I t  i s  read i ly apparent from the f igure that 
s imu lator re sonant frequency i s  o f  c r i t ical  s a l iency , 
re lat ive to  s imulator s ickne s s ; and that s imu lators 
should be designed with these  enve lopes in mind . 

Other Mot ion Cue ing Devices 

In  add i t ion to a mot ion base , G-seat s ,  G-suit a ,  he lme t 
l oaders , and other devices  have been used in f l ight 
s imulators t o  provide pseudo-inertial  cues  to  t he p i lot . 
The cueing algorithms for these  device s  require further 
deve lopment to ensure that t he proper tempora l pat terns 
are ach ieved re lative to  the vis ion and mot ion base 
sys t ems . 

G-seats  may be pneuma t ic or hydrau l ic .  The 
pneumat ic seat s have longer l ag t imes , which mus t  be 
c ompensated for if they are t o  p rovide useful mot ion 
cues . G-seat a also  change the locat ion of the p i l ot ' s  
head , a feature that combine s  with  voluntary head 
movement to  change the point of regard of the visua l 
di s p l ay. The se variab les have not been thoroughly 
stud ied with respec t to  the pi lot ' s  percept ion of motion 
from the display or the potent i a l  d iscrepanc ies relat ive 
to the aircraf t .  

Comment on Visual and Mot ion Sys tems 

In summary , the charac teri s t ic s  of both vi sua l displays 
and mot ion sys tems for s imulat ion present prob lems , not 
only wi th regard to s imu lator s ickne s s , but in the 
larger context o f  the se lec tion and communicat ion o f  
mot ion informat ion to support learning and opt imize 
t rans fer o f  t raining . 
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Des igning a Fl ight S imu lator* 

In 1 965 the Northrup Corporat ion was commi tted to 
bui lding a f l ight s imulator to s tudy the problems of 
ae rodynamic s  and f l ight c ontro l for vertical  s hort 
take-off  and landing aircraft . The concept s for 
bui l d ing a s imu lator then were not muc h d i f ferent than 
when Mi l ler and Goodson first  reported s imulator 
s ickne s s  in 1 958 , accord ing to  the DeF lore s  Princ ip le ; 
i . e . , the p i l ot sat in a f ixed platform surrounded by a 
spherical screen with about a 1 2-ft radius . At the top 
center was a point-l ight source that provided a screen 
luminance of  about 1 ft-Lambert . Features on a g las s 
p late below the l ight were proj ec ted onto the screen a s  
shadows . Th e  p late was se rvo-driven unde r the l ight to 
s imu late the progre s s  of  the aircraft  over the ground . 

F ie ld o f  view is the first  fac tor ident if ied as  
important in s imulator s ickne s s  as d iscussed above . 
Both s i ze and shape are re levant aspec ts of FOV . The 
Northrup s imulator had a FOV of about 200 by 60 degree s , 
wh ich i s  equivalent to about 28 percent of a comp lete 
sphere . Such a large field is  quite c ompe l l ing to the 
p i lot . 

The X-14  aircraft  at Edward s Air Force Base was u se d  
as a va l idat ion aircraft f o r  the s i mu lator . It had T-34 
wings and tai l and a "home -made" fuse lage wi th an open 
cockp it and two J85 engine s . The project team at 
Northrup t ried to  des ign the s imu lator s o  that the p i lot  
rat ings of f l ight hand l ing charac teri s t ic s  would  be  
equivalent for the  s i mul ator and the  X-14.  They were 
also  interested in the tes t  p i l ot ' s  (N • 1) subject ive 
impres s ions of workload . 

One o f  the first  th ings they looked for was the 
abi l ity to maintain a hover . There was a good 
corre spondence between the performance of the aircraf .t 
and the s imulator for the hove r .  The visua l disp lay and 
the cont ro l  charac teri st ics seemed quite  adequate . 

Scene deta i l  became an is sue as they at tempted to 
put feature s on the glass  plate for the visua l  d i sp l ay .  
The raw number o f  s t imul i  that represent the rea l wor ld,  
probab ly an  important factor  in  s imu lator s icknes s ,  i s  
represented a s  the number o f  patch boundaries i n  the 
luminance d i s t ribut ion. The re are metrics for this  
factor. 

*Th is  sect ion was draf ted from the workshop presentat ion 
by John B. S inacor i .  
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When they tried the second maneuver , the latera l­
quick-st op , the test  p i lot c omp la ined about s tomach 
awarene s s  and nausea . After about 10-20 minute s  of 
performing lateral-quick-s top s ,  the p i lot had to t ake a 
break to avoid be ing s ick .  

The p i lot felt  that these  e f fec t s  would g o  away i f  
he had a mot ion base . Bol stered by d i scus s ions with 
experts such as  Fred Guedry and an introduc t ion to t he 
concep t  of  s ensory con f l i c t  ( d i scussed be low) , they 
acquired a mot ion base . It had 3 d f , pitch ,  ro l l ,  and 
yaw with +/- 1 2  deg angular d isplacement--and no 
t rans latory mot ion . The vi sual sys tem was capab le o f  
about +/- 3 0  deg , so some type of washout was require d .  
The mot ion base wou ld ini t ia l ly fol low a ro l l  
acce lerat ion , for examp le , and then drift  bac k ,  even 
though the aircraft was s t i l l  at  the f u l l  ro l l  a t t itude . 
So a mot ion base with washout was cons idered as a way to 
reduce t he conf lict  between the v i sua l and ves t ibular 
inpu t s  that occur in a f ixed-base s imul ator . Washout i s  
a comp romise : i t  does not p roduce t he f u l l  mot ion 
environment of  f l ight , but i t  provides more cues than a 
f ixed-base s imu lator.  

Des igning the washout required a bit of trial  and 
error. A 12 deg ro l l  would  be fo l lowed c losely by t he 
mot ion base , but for larger ro l ls , the washout would 
begin to reduce the response . On the bas i s  of the work 
o f  Guedry , they knew t hat the t ime c ons tant of  the 
semic ircular canal s  was on the order of 10  sec , so  they 
gue s sed that the cri t ica l t ime c ons tant for the washout 
would be somewhere between l sec and infini ty (which i s  
equ iva lent to n o  t ime cons tant--a 1 : 1  mot ion case ) . 
They swept through the t ime cons tant s in the s imulator 
with the te s t  p i lot giving his opinions about the 
s imulat ion charac teris t ic s . With  an accelerat ion t ime 
cons tant of 2-3 sec ( 2-3 deg / sec /sec ) , t he visua l  and 
mot ion systems were quite acceptab l e  to the p i lot . With 
t ime cons tants  less  than 2 sec , he reported nausea and 
related prob lems , much as in the f ixed -base mode . There 
was also  t he tendency for t he p i lot to overcontro l ,  both 
in f ixed-base and short t ime con s t ant s .  Longer t ime 
c onstant s c reated other p rob lems , because , whi l e  the 
rol l was accurate , the l inear acce leration was absent in 
the s imu lator ( but p re sent in the aircraft).  

Al though the tendency toward s ickne s s  was grea t l y  
reduced wi th a t ime c onstant o f  2-3 sec , some t race s  
remained . This  may have been due to  v i sual dis tort ions , 
as men t ioned by Mil ler and Goodson ( 1 958) , who e valuated 
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a he l icopter simulator with a simi lar type o f  visua l 
s ys tem . 

Head movements are another subtle but important 
factor.  Pi lots  in the simulator tended to rol l the i r  
heads back towa rd the upr ight in a rol l maneuver, perhaps 
in an attempt to maintain a stable visua l image . Later 
i t  vas veri fied that the p i lots  d id the same thing when 
f lying the he l icopte r .  With the s imulator in the fixed­
base mode , the pi lots again t r ied to decrease the ang le 
of the horizon , but in this case the head movement vas in 
the oppos ite direct ion--with the rol l rather than 
against it . 

Overal l ,  approximate ly 75 pe rc ent o f  the experienced 
pi lot s who f l ew the s imulator in the f ixed-base mode had 
p rob lems with s icknes s .  With the moving base , only about 
10 percent ind icated any s ymptoms . Anecdota l evidence 
sugge s t s  that the se condi t ions may have the opposite 
e f fec t s  on inexperienced pilot s . The s imu lator operator /  
technician learned to 11 f ly11 the s imulator in the f ixed­
base mode . Subsequently , when the mot ion base was added , 
he expe rienced symptoms o f  s ickne s s .  The impl ication i s  
that h i s  prior adaptat ion t o  the sensory con f l ic t  
cond it ions i n  the f ixed-base mode made him suscept ible 
to s ickne ss  when the visua l  and ve s t ibular sources of 
mot ion informat ion were rearranged by add ing the motion 
bas e .  

A device like t h i s  s imulator would b e  a good tool  
for  research on  s imulator sicknes s .  One of the les sons 
to  be learned from this exper ience was that , in this  
part icular s i tuat ion , a washout t ime constant of  2-3 
sec , which is c ons iderab ly l e s s  t han t he washout t ime 
constant of the semic ircular cana l s  ( about 10 sec ) , 
seemed suffic ient t o  reduce sensory con f l ic t  to general ly 
to lerable leve l s . One might gue s s  that a s imulator t i•e 
constant that matches the sensory one would be best , but 
i t  may be that as one increases the t ime cons tant toward 
10  sec , the intrave s t ibular conf l ic t  ( cana ls versus the 
otol iths ) are magnified . The bes t  goa l may be a per­
ceptua l  rea l i sm rather than a phys ical rea l i sm in the 
s imulat ion . 

The changes in manua l cont rol performance that 
occurred as  a result  of  the mot ion bas e  were very smal l .  
S imulator de s ign mus t take into account both performance 
and s icknes s .  

Working on the visua l sys tems wi l l  probably help to  
reduce the inc idence of  s imulator s ickne s s . Us ing a 
mot ion base and manipulat ing the acce lerat ion t ime 

Copyright © National Academy of Sciences. All rights reserved.

Research Issues in Simulator Sickness:  Proceedings of a Workshop
http://www.nap.edu/catalog.php?record_id=19368

http://www.nap.edu/catalog.php?record_id=19368


1 9  

cons tant shou ld not be cons t rued a s  the solut ion t o  the 
s imulator s ickne ss problem , a l though they worked in this  
particular case , with a certain type o f  aircraft , certain 
maneuvers , etc . In cases o f  more ext reme maneuvers , 
a l leviat ion of s imulator s ickne s s  by "bee fing up" the 
mot ion base would be a very imprac t ical  approach.  A 
mot ion base is  not a quick f ix to the s imulator s ickne s s  
p rob lem . 

Ti l t  i s  another feature on many mot ion-base 
s imulators , used to s imulate l inear acc e lerat ion . It i s  
important t o  b e  very careful of this  t echn ique because 
the human senses are very good at perce iving t i l t  for 
what it  i s--a change in p itch a t titude rather than a 
trans latory acce lerat ion . Accord ing to Guedry , the 
o t o l i th system provides both a posit ion s igna l , i . e . , 
s tat ic t i l t  re lat ive to gravity , and a t rans ient ( pha s i c )  
response to change i n  pos it ion relat ive to gravity . 
Horizonta l  l inear acc e lerat ion , within certain frequency 
and magnitude l imits , are perceived a s  l inear ve loc ity 
rather than t i l t ,  probab ly because the trans ient oto l i th 
s igna l i s  unaccompanied by a c omp lementary semic ircu lar 
canal s ignal . 

De s ign Charac teris t ic s  o f  Aut omob ile  S imulators* 

There are many para l l e l  i s sue s  in the des ign of driving 
s imu la tors and f l ight s imu lators . Due large ly to  t he ir 
custom-made nature , high cos t ,  and the large driving 
populat ion , mos t  driving s imu lators have been researc h 
too l s  rather than training devices . Several years ago 
it became apparent that researc h  us ing a number o f  
d i f ferent driving s imulators was h indered b y  the 
subjects ' exper iences of s ymptoms akin to mot ion 
s ickne s s  after even brief exposure s ( Reason and D iaz , 
1 971 ) . The inc idence of  s ickne s s  in research d riving 
s imulators i s  d i f ficult to document ; however , in severa l 
cases  symptoms have been quite  overt and subjects  have 
voluntarily  ended driving tria l s  due to imminent eme s i s . 

The basic concep t s  of  the sensory conf l i c t  t heory 
( d i scus sed in a later sec t ion) seem to apply to  the 
prob lem of s imu lator s ickne s s  in d r iv ing s imulators . 
Cl osed -loop delay,  over and above norma l vehicle  

*Th i s  sect ion was draf ted from the  workshop presentat ion 
by John G. Casal i .  
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dynamics  de lay ,  seems to  be part icularly important . 
Historica l ly ,  dr iving s imu lators have tended t o  have 
less  c omputational power for the veh ic le dynamic s and 
display sys tems than f l igh t  s imulators . And the mot ion­
base systems have in many instances been cruder than 
those used for f l ight s imu la t ion , although this  is  
changing of late . For these reasons , there have ease­
t imes been c losed-loop lags in the sys tem t hat are 
perceptible to the drivers , which may c ontribute to cue 
expectancy conf l icts and a l so degrade vehicular contro l .  

Automobi le s imulators a l so face the same problem o f  
t i l t . Certain automobi le s imulators have used oversize 
rol l and p itch mot ions to s imulate lateral and longi­
tud inal transact ions , respect ive ly . Ins tances o f  driver 
d i scomfort and manual contro l  dif ficu l t ie s  have been 
reported for severa l of these device s .  Apparent ly the 
ves t ibular sys tem is not eas i l y  fooled into be l ieving 
that t i l t  ( angu lar position) is equivalent to a l inear 
accelerat ion . A potential  con f l i c t  may arise when the 
subject perce ive s t he mot ion as rotat iona l ,  when the 
mot ion cue that is ant ic ipated in response to  contro l 
input is primarily t rans la t ional . 

In an attempt to catalogue s imulator charac teri st ic s  
that potent ial ly  contribute t o  s imu lator s ickness , i t  
was found that subjects  i n  about 1 0  o f  a tota l o f  2 5  
driving s imul a tors had reported mot ion s ickness . Both 
f ixed- and motion-base s imulators were represented among 
those with symptoms . 

Casal i and Wierwi lle  ( 1 980) performed a comp lete 
fac torial experiment a l  study o f  driving s imulator 
s ickne s s  us ing a mod i f ied vers ion o f  the V irginia Tech 
s imulator . Thi s  device inc ludes a CGI 50 deg 
( horizonta l )  FOV , monochrome display of a two-lane 
highway , a 4 df mot ion base ( does not inc lude pitch and 
heave ) , and a full  sound sys tem. The l a teral t rans lat ion 
cue was replaced with an overs i zed ro l l  cue , and a 300 
msec pure de l ay with smoothing in the c lo sed-loop 
dynamic s was art i f ic ia l ly introduced . The subject s '  
view o f  the surround ing room was occ l uded by a narrow , 
boxl ike cab . Al l these "degraded" s imulator var iab les  
had  some negative effec t s , ei ther in inc reas ing vehic le 
control prob lems or induc ing mild symptoms of s ickne s s .  
They found no p rofound cases o f  s imulator s ickness , 
however , from more than 1 , 000 subj ec ts  in  various 
s tud ie s . 

A te st  of f ie ld dependence was used to match subj e c t s  
in the s tudy . They found no relat ionship between this  
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measure and mot ion sickne s s , contrary t o  previous resu l t s  
reported b y  Barre t t  and Thornton ( 1 968) , who found that 
extreme ly f ie ld-independent sub j ec t s  were more sus­
ceptible  to s ic kness  than fie ld-dependent subj ects  in a 
dr iving s imulator . However ,  Barre t t  and Thornton a l s o  
reported more severe symptoms o f  s icknes s  i n  their  
experimenta l  trial s than Casa l i  and Wiervi l le found in  
the i r  s t udy , perhaps accounting for  t he d i f ferent 
re sul ts  of  field  dependenc e .  

Because o f  the mul t ivariable  nature o f  d riving 
s imulator sickne s s , it is d i f f icult  to des ign research 
that wi l l  a l l ow enough variables to  be inc luded in  a 
fac torial des ign to a l l ow proper assessmen t  of  the 
interac t ions . Th i s  s ame prob lem app l ies  to s tud ies o f  
f l ight s imulator s . 
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THEORIES OF MOTION S ICKNESS AND ADAPTATION 

A theoretical  understanding o f  the phys iology and 
etio logy o f  mot ion s ickne s s  i s  important in solving the 
problems associated with simulator sickne s s . The work­
shop partic ipants reviewed some of the more prominent 
theorie s  that have been sugge sted on the physio logica l  
fac tors involved . Thi s  sect ion opens with an overview 
o f  motion s ickne s s  as  an adapt ive response to  the 
s t imulat ion of the vest ibular system. * It then 
d i scus se s sensory conflict  theory , the most persuasive 
argument to date . Next it describes s tudies o f  
adaptat ion to rearranged sensory input s ,  i l lustrating 
how people adj ust  to the conflict ing mes sage s from the 
visual and ve s tibular systems . It then describe s 
adapt ive changes in oculomotor sys tems . The sect ion 
end s with some comment s on theorie s of mot ion sickne s s  
and some que s t ions for further research.  

The Greek word naus means ship  and that is  the 
origin of the words-n&Usea and naut ica l . It was once 
thought that the sea brought about sickne s s  �y act ing on 
the s tomach ; it was s ome t ime be fore it  was known that 
mot ion rathe r than the sea i t se l f  cause s sicknes s .  In 
1882 Wi l l iam James reported that mot ion causes s icknes s  
by act ing o n  the vest ibular apparatus rather than the 
s tomach ( James , 1 882) . The term mot ion sickne s s  i s  

*This  overview w a s  drafted from the workshop 
presentat ion of Ken E .  Money ; for a comprehensive rev iew 
of mot ion s ickness , see Money ( 1 9 70) , Reason and Brand 
( 19 7 5) , Benson ( 1978) , and Kennedy and Frank ( 1983) . 

22  

Copyr igh t  ©  Na t iona l  Academy o f  Sc iences .  A l l  r i gh ts  rese rved .

Research  I ssues  in  S imu la to r  S ickness :   P roceed ings  o f  a  Workshop
h t tp : / /www.nap .edu /ca ta log .php?record_ id=19368

http://www.nap.edu/catalog.php?record_id=19368


2 3  

usua l ly de f ined as s ickne s s  caused b y  motion . 
Tre isman ( 1 9 7 7 )  addres sed t he evolut ionary 

s igni ficanc e  of the emetic  response of mot ion sickne a a : 
How could vomit ing in response to  a dynamic environment 
c ontr ibute to  the surviva l o f  the species ? He sugges ted 
that the s igni ficance of t he eme t ic response was in the 
expu l s ion of  inge sted toxins from the body . That is , 
vomi t ing occurs because the brain interprets  the 
s t imulus as  i f  i t  were a poi son .  

Tre i sman ' s  "poi son theory" p rovides the bas is  for 
Money ' s  view of moti on s ickne s s , that it is the 
act ivat ion , by mot ion , of the ves t ibular mechani sms that 
norma l l y  fac i l itate  the emet ic response to  poi sons . This 
v iew imp l ies that mot ion s icknes s  is  a response to  t he 
s t imulat ion o f  the ves t ibular sys tem and that i t  invo lve s 
the unnatural act ivat ion o f  a norma l phys iological 
mechan i sm ,  i . e . , vomit ing in re sponse t o  poi son . 

I t  i s  we l l  known that central ves t ibular units  c an 
be driven by s t imulat ing the ambient visua l  sys tem 
( Waespe and Henn , 1 97 7 ,  1 9 78) . There fore , i t  i s  not 
surpri s ing that the ve s t ibular mechani sms can be 
ac t ivated by v isual s t imu lat ion , as they are in s imulator 
s ickne s s . It i s  a l s o  we l l  known that in the absence o f  
the ve s t ibular sys tem , mot ion s icknes s  c annot occur . 
Someone who doe s not have a ves t ibular apparatus i s  
absolutely immune t o  mot ion s ickne s s  and , presumably , to  
s imulator sickne s s  as  we l l ,  a lthough this  has not been 
demonst rated d irec t l y .  

The absence o f  mot ion s ickne s s  in s ubjects  without a 
ves t ibular system has  been demonstrated many t ime s , in 
both human and anima l subjects . In a c la s s ic s tudy o f  
l abyrinth ine de fec t ive subj ec t s  ( LDs ) aboard a ship in 
the North At lant ic , a l l  of the experimenters and the 
c rew got s ick , but the LDs d id not ( Kennedy e t  a l . , 
1 9 68 ) . They were terri f ied and praying , but not s ick.  
Thi s experiment also dea l t  a blow to  the not ion that 
anxiety give s rise t o  mot ion s icknes s ;  at  least it does 
not in LDs . There is a l s o  no reason to  think that 
anxiety p lays a maj or role in s imu lator s ickness . 

Money and Cheung ( 1983)  tested the hypothes i s  that 
the surgical  removal  o f  the ve s t ibu lar sys tem should 
leave an anima l with a defec t ive response to  poisons-­
which i s  one o f  the four physio logica l func t ions o f  the 
inner ear ( i . e . , hearing , body balance , contro l of eye 
movements , and the eme t ic response to poisons ) .  The 
eme t ic response o f  dogs  t o  poi sons wa s measured before 
and after surgica l  remova l o f  the inner ear . The poisons 
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used in the s tudy inc luded l obe l ine , nicotine , 
apoaorph ine , and p i locarp ine . The resul ts  of the study 
were that the dogs no longe r vomited in response to 
mot i on and that the ir emet ic response to several poisons 
was great ly reduced . For several other poisons , the 
emet ic response was not reduced . There are a number of 
mechanisms by which poisons can induce voait ing , and the 
ves tibular sys tem seems to be act ive only in some of 
them . 

Money and Cheung conc luded tha t there is a normal 
vest ibular fac i l itat ion of the emetic response t o  
certain poi sons . Th i s  supports the view of  motion 
s ickne s s  given above , that stresses the central role o f  
the ves t i bular sys tem and at the same t ime ind icates 
tha t it resul t s  from an ac t ivat ion ,  by mot ion , of a 
normal re sponse . Mot ion s ickness  i s  a norma l response 
both for a wide variety of species when confronted wi th 
certain c ondit ions of real ( or visua l ly mediated ) 
mot ion . We a l l  use the term mot ion s ickness , but i t  i s  
not rea l ly s ickness : it i s  a norma l phys iological 
response . ( There are , of course , dozens of mechanisms 
whereby vomi t ing c an occur,  and motion s ickness is j us t  
one o f  them) . 

Tre isman ' s  poi son theory g ive s c redence t o  the 
sensory conf lict  or sensory mismatch theory o f  mot ion 
s ickne s s  ( de sc ribed in detai l be low) , which is a use fu l 
way to  think about the prob lem o f  mot ion s ickne s s  and 
can provide a mean ingful f ramework for research . 

The evolutionary surviva l  value o f  a phys iological 
mechanism such as that sugge sted by Treisman is  
s igni ficant . It i s  access ible by s t imulat ion ari sing 
from peculiar mot ions--mo t ions that exceed the norma l 
dynamic l imit s of the vest ibular sys tem.  When expos ed 
to such mot ion , the ves t ibular system there fore sends 
informat ion that is false ( or dis torted) . The brain 
then recognizes these inputs  as  f al se because they are 
in conflict  with other information about mot ion from 
vision ,  from another part o f  t he ve s t ibular system , or 
from propr iocept ion .  The result  is mot ion sicknes s .  It  
i s  the false informat ion from the ves t ibular sys tem that 
become s the s t imulus for the brain ' s  vomi t ing center . 
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Sensory Conf l i c t  Theory* 

A good s tart ing point in understand ing the role o f  
sensory conf l ic t  i n  mot ion s ickne s s  and s imulator 
s ickne ss  i s  to cons ider sensory inputs  from the 
ves t ibular , visua l , and proprioceptor sys tems in natura l 
movement s in eve ryday cond it ions . Chi ldren spend years 
perfect ing contro l of eye , head , and l imb movement s , 
first  c rawl ing , then walking and running . With 
maturat ion and prac t ice , contro l o f  mot ion becomes 
ski l l fu l  and hence l arge ly automat ic . 

In the norma l adu l t , the ves t ibular system works i n  
c lose coord inat ion with the visua l  sys tem to s tabi l ize 
the eye s re lative to selected earth-targe t s  during 
wa lking , running , and turning movement s , and the three 
sys tems work in c lose harmony in maintaining contro l of 
mot ion during locomot ion .  Typ ic a l ly ,  mos t  of this  
c oordinat ion occurs automa t i c a l ly  and  without consc ious 
awarene s s --unt i l  s omething goes wrong , e . g . , a part ia l 
uni latera l loss  o f  ves tibular func t ion . An aff l ic ted 
i nd ividua l wi l l  be quite d i s turbed and acutely aware o f  
t he cha l lenge t o  his  or her contro l o f  movement .  B lurred 
v i s ion ( o sc i l lops ia)  wi l l  probabl y  result f rom turning 
the head and nausea and vomi t ing from pers i s t ing in 
moving about . However ,  by moving about with care , in 
t ime the disturbing symptoms usua l l y  wi l l  d isappear as 
h e  or  she adjus t s  to  t he new s ensory input s that occur 
d uring movement . 

In some respec t s  the norma l adu l t  moving about on 
the earth is l ike a ski l led p i lot , us ing ski l l s  
d eveloped ove r the years i n  contro l l ing who le-body 
mot ion re lative to the earth . The pi lot , whose l i fe 
depend s  on the ski lled control  o f  mot ion o f  the a irc raft , 
becomes an integral par t o f  the mot ion contro l-loop o f  
the airc ra f t . W i t h  experience the sensory feedback from 
control act ions is used as an important part o f  the 
cont ro l  loop , and , as  in any ski l led perceptua l-motor 
c ontro l performance , the relat ions between contro l 
ac t ions and the uni que feedback induced by the forces 
and torques o f  f l ight recede from consc ious awarenes s  
( i . e . , the feedback i s  used automa t ica l ly ) . On ly 
deviat ions from expected sequenc e s  of sensory feedback 
achieve consc ious awareness  and are a s s e s sed as potential  
ind icators for  correc t ive ac t i on s .  

*Th is sec t ion was adap ted f rom the workshop p resentat ion 
o f  Frederick E .  Guedry . 
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A quotat ion from Me lvi l l  Jones ( 19 74 : 874)  put s the 
foregoing in neurophys iological  perspect ive : 

There i s  good evidence that much o f  our norma l 
motor control is  organized not merely as  an ongoing 
interact ion between cont inuously operat ing autoaat ic 
Sherr ingtonian re flexes , but rather as  c entral ly 
re leased pre formed package s o f  programmed neural  
informa t ion . One might wel l  gue s s  that adaptat ion 
to  new requirements could be re lat ively eas i ly met 
by mere ly reprogramming relevant pat terns o f  the 
outgoing central neura l discharge . However ,  there 
i s  a growing body of research f indings which 
indicates that even cort ica l ly released pat terns o f  
motor drive are not devoid o f  early interact ion with 
corresponding sensory mechanisms . For examp le  we 
now know that such a central  d i scharge o f  motor 
drive is not onl y  des t ined to  ac t ivate musc les 
through relative ly d irec t connect ions with sp inal 
motoneurone s ,  but a l s o , through c o l latera l branches 
o f  central f ibers , to  ac t d irec t ly upon S ENSORY 
neura l  relay s tat ions in spinal cord pathways .  Thus 
the c ort icospinal ( Py ramida l )  mo tor t rac t ,  not only 
descend s  t o  spina l cord networks generat ing 
motoneurone activity to d rive ske letal muscles , but 
a l s o  sends many collateral branche s to synapse 
dire c t ly on second order a fferent neurons in the 
sensory grac i le and cuneate nuc l e i  o f  the dorsa l  
columns o f  the cord . 

A c lue to the func t ional impl icat ion o f  this  
rather surpri s ing fac t is  perhaps to be found in  
somewhat ana logous mechani sms operating i n  the 
per iphery . For exampl e  i t  i s  now we l l  estab l i shed 
that in  many c irc ums tances both a l pha and gamma 
motoneurones ,  innervating the main ( extrafus i l )  and 
mus c l e  sp ind le ( intrafus i l )  f ibers of a ske letal  
musc le , can be coact ivated at  the same t ime . It has 
been proposed that when the combined a lpha-gamma 
program operates  "accord ing to p l an , " the musc l e  
sp indles c ontract ( or re lax) in j us t  such a way a s  
t o  nul l out any change in the i r  sensory d ischarge 
caused by mechanical shortening of the main mus c l e . 
Th i s  rathe r nea t  arrangement woul d  ensure that i f  
a l l  went we l l  ( i . e . , accord ing t o  p lan) , then t he 
centra l nervous sys tem ( CNS ) woul d  not be bothered 
with unnecessary sensory informat ion .  By contras t ,  
i f  the " intended" response was not achieved , then 
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needed sensory information would indeed reach the 
CNS which , in turn , would presumably mod i fy the next 
motor command . Th i s  capab i l ity to recode rearranged 
mot ion input s  raises seve ra l  que s t ions . 

Thus , the experienced p i lot  i s  ap t to be dis turbed 
and perhaps made s ick by the unexpected s ensory feedback 
in  s imulators that may d i ffer cons iderab ly from the feed­
back engendered by t he s ame contro l a c t ions in the 
a i rc ra f t . This  statement concerning the reason for the 
p i lot ' s  d i sturbance is baaed on what i s  cal led the 
sensory conflict  theory o f  mot ion s ickne s s . 

In many s ituat ions tha t  provoke mot ion s ickness , no 
s ingle  component of the mot ion s t imulus i s  e i ther s trong 
or nauseogenic ,  but in comb inat ion the sensory s timul i  
induce s ickness . In other s i tuations , highly nauseogenic 
s t imul i  can be rendered benign by t he add i t ion of other 
mot ion s t imu l i , apparently  because the added s t imul i  
remove the conf l ic t .  These l ines o f  evidence o ffer 
s trong support for conf lict  theory . A brie f  description 
of two expe riments w i l l  serve t o  i l lus t rate these point s .  

Ti l t ing the head 3 0  deg l a teral l y  toward the l e f t  
s houlder during sus t ained c ons tant speed c lockwise whole­
body rotat ion about an earth-vert ic a l  axi s  ( velocity 1 . 0  
rad /sec ) produces  a c ross-coup led ( "coriol is " )  s t imulus 
to the semic ircular cana l s  resu l t ing in a sensat ion of 
forward tumble ( about 90 deg out of the p lane of the 
head movement ) . This we l l-known s t imulus i s  d i sturbing 
and nauseogenic to  mos t  peop le ,  espec i a l ly when repeated 
several  t ime s , yet no s ingle  component of the s t imulus 
i s  s trong or  even d isturb ing . The vert ical semic ircular 
cana l s  have received an "angular impul s e "  equivalent to 
a ve loc i ty change of 0 . 5 rad /sec . The horizonta l  c ana l s  
have received even less  s t imu lat ion . Thus the cana l 
s t imul i  are not s trong or d i s turb ing . A 30 deg lateral 
t i l t  s t imulus to the oto l i th sys tem i s  also neither 
d i s turbing nor nauseogenic . However ,  in c ombinat ion 
these s t imu l i  are nauseogenic because in terms of the 
con f l ic t  theory , the semic ircular c anal s  have s igna led 
rotat ion of the head about one axi s  whi le the oto l ith 
sys tem ( influenced primari ly by t he gravity vector )  has 
s igna led change in head pos i t ion abou t another axis . 
Thu s  there i s  an intralabyrinthine conf l ic t ,  and in 
add i t ion there i s  conf l ic t  between the intended head 
movement and the perceived mot ion of the head and body . 
The central nervous sys tem has been presented with 
sensory input c a l l ing for compensatory reac t ions in two 

Copyright © National Academy of Sciences. All rights reserved.

Research Issues in Simulator Sickness:  Proceedings of a Workshop
http://www.nap.edu/catalog.php?record_id=19368

http://www.nap.edu/catalog.php?record_id=19368


28 

d i f ferent d irect ions at  the same time ; the sensation i s  
confus ing and the s i tuat ion i s  nauaeogenic . 

I f  the same head t i l t  i s  made during the same 
rotat ion ve loc i ty o f  the body but while  the ini t ial 
angular accelerat ion i s  in progress , then exact ly the 
s ame c ross-c oup led s timulus occur s ,  but it is not at a l l  
disturbing , disorient ing , o r  nauaeogenic . The reason i s  
that the angu lar acce lerat ion vector has been added , and 
i t a  vec toral resolution with the cros s-coupled vec tor 
yie lds a resul tant vec tor that remains a l igned with 
gravity ( Guedry and Benson , 1978) . In this case the 
semic ircular c ana l s  s ignal rotat ion about an earth­
vertical  axi s  that is in al ignment with the direct ion of 
gravi ty s igna led by the oto l i th sys tem , and t hus there 
i s  no conf l ic t . Almos t  the same degree o f  amel ioration 
o f  e f fec t s  o f  c ross-coup led semic ircular c anal s t imul i  
can be produced b y  horizontal  op tokine t ic a ftereffec t s  
( Guedry , 1 9 78)  ( Figure 2 ) , wh ich appear to  modulate 
act ivity in the vest ibular nuc le i  as though the 
horizontal semicircular cana l had been s t imu lated ( Henn 
et a l . , 1 9 74) . Observat ions l ike these lend credence to 
the conflict  theory and i l lustrate t hat t he patterning 
o f  sensory cues can play a s igni ficant role in the 
nauseogenic charac teristics  o f  mot ion s t imul i .  

A conceptua l izat ion ( Benson , 1978 ; Reason and Brand , 
1 9 7 5 )  o f  the sensory conf l i c t  theory o f  motion s ickness 
i s  shown in Figure 3 .  Basical ly , the idea i s  that when 
sensory input s from the eyes , semicircular cana l s , 
otolith organs , and other mechanoreceptor& are in 
repeated or  continua l c onf lict  with regard t o the s tate 
of mot ion of  the body re lat ive to the earth , then 
adapt ive changes of the central proce s s ing of these 
input s mus t  occur to  yield e f f ic ient contro l of mot ion 
in the unusual mot ion envi ronment . Meanwh i l e , the 
mi smatched input s  also  set o f f  the mot ion s icknes s  
syndrome , perhap s for reasons e laborated earlier.  
Reason and Brand ( 1 975 )  propose  that mo s t  s ickness­
provoking c onf licts  are o f  three type s , shown in Tab l e  
2 ,  and they cite  examples  f o r  each type . I t  i s  pos s ib le 
that a l l  c ond i t ions that induc e mot ion s icknes s  are not 
subsumed by the sensory conf l ic t  theory , but mos t  cases 
o f  s imulator s icknes s  are probably a t tributable t o  
sensory conf l ict  because s imulators seldom introduce 
s t rong acce le rat ive s timu l i .  One o f  the more compe l l ing 
arguments for the rol e  of sensory conf l i c t  in s imulator 
sickne s s  i s  that experienced p i lots  seem t o  be more 
suscep t ib l e  to s imulator s ickne s s  than are novice s .  

C o p y r i g h t  ©  N a t i o n a l  A c a d e m y  o f  S c i e n c e s .  A l l  r i g h t s  r e s e r v e d .

R e s e a r c h  I s s u e s  i n  S i m u l a t o r  S i c k n e s s :   P r o c e e d i n g s  o f  a  W o r k s h o p
h t t p : / / w w w . n a p . e d u / c a t a l o g . p h p ? r e c o r d _ i d = 1 9 3 6 8

http://www.nap.edu/catalog.php?record_id=19368


I 
� 

29 

w, (CONSTANT) 

IMellul .. , 
... 

ei YN �  
.,..., ..... 
. -. ... 

VN• Ve s t i b u l a r  n u c l e i  

F IGURE 2 Cro s s -Coup l e d  S emi c i rcular Can a l  S t imu l i  

S ourc e : Guedry ( 1 978) . 

Copyright © National Academy of Sciences. All rights reserved.

Research Issues in Simulator Sickness:  Proceedings of a Workshop
http://www.nap.edu/catalog.php?record_id=19368

http://www.nap.edu/catalog.php?record_id=19368


30 

ETIOLOGY OF M01'ION 8ICIOE88 

F IGURE 3 Etiology o f  Mot ion S icknes s  

Source : Benson ( 1 978) . 

Adaptat ion S tud ies* 

Much of  the bas is  o f  the sensory conf l i c t  theory of 
mot ion s icknes s  was formed from stud ie s  o f  adaptation to 
experimental ly contrived rearranged s ensory input s  
involving mot ion cues . Two rather extreme exper imenta l 
s ituat ions i l lus trate the e s sential  points of such 
stud ie s . 

In the first  s i tuat ion , individual s  moving about i n  
a n  enc losed rotat ing room are subjected to a number of  
rearranged sensory inputs .  Because the room i s  rotat ing , 
any movement along a s traight l ine relative to the f loor 
of the room is a curved path relat ive to  the earth 
(vis ion-proprioception conf l ic t ) . Any t i l t ing movement 

*This sec t ion was adapted f rom the workshop presentat ion 
o f  Frederick E .  Guedry . 
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TABLE 2 Types o f  Sensory Confl i c t  

Type 1 When A and B s imul taneously s ignal 
cont radic tory informat ion 

Type 2 When A s igna l s  in the absence o f  
a n  expec ted B s i gnal 

Type 3 When B s igna l s  in the absence o f  
a n  expec ted A s i gnal  

Note : A and B represent members o f  a pai r of  
normal ly corre l ated receptor systems : visual­
inertial  and cana l -otol ith . 

Adap ted from Reason and Brand ( 19 7 5 ) . 

of the head produces semic ircular c anal responses 
roughly at right  angles  to change-in-pos i t ion s igna l s  
from the otol i th organs , and thus there i s  the 
intra labyrinthine con f l i c t  described above . 

The second s ituat ion invo lve s  the use of  righ t / left  
reversal  dove prisms . When an ind ividua l moves about in 
the normal force envi ronment ,  visual feedback i s  r igh t /  
left  reversed . 

Ini t ial ly both o f  these s ituat ions induce severe 
probl ems with contro l of movement and mot ion s ickes s .  
Within several days , contro l o f  mot ion i s  improved and 
s ickne s s  sub s ides . In the course of  thi s  adaptat ion , 
changes in sensorimotor reflexes and i n  perceived mot i on 
occur . Upon return to a normal environment the recoded 
sensorimotor sys tem cause s prob lems . 

After adjustment to  the rotating room ,  head t i l t s  i n  
a normal s tat ic envi ronment induce percept ions o f  mot ion 
and a ves t ibulo-ocular ref l ex ( VOR) at  right angles  to 
the head movement p lane and thus 90 d eg d i s p laced from a 
normal response . Contro l of  body movement in the normal 
environment i s  severely degraded , and nausea and 
vomit ing are common complaint s .  

As adjus tment t o  revers ing p r i sms occurs , locomotor 
performance improves , the gain of  VOR produced by pas s ive 
whol e-body osc i l lation in the dark i s  reduced and , a fter 
a few days , the phase of  the eye movement s s h i f t s  and 
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eventual ly achieve s  alaost  180 deg o f  phase reversal . 
At night upon ret iring , some subjec t s  experience 
fee l ing s  of turning to and fro or unid irect iona l ly .  

After removal o f  the reversing lenses , lqcomotor 
d i sturbances are pronounced and the gain of  the VOR to 
pass ive oscil latory s t imul i  in the dark require s  several 
days for recovery , although the phase of the oculomotor 
response re turns fairly quickly (2 hours)  toward 
normalcy . Voluntary head turning produce s  b lurred 
vision and i l lusory movement of the wor ld , an e ffec t 
that may persist  for two or three day s .  

Th e  t ime course of  adap tat ion seems t o  vary , not 
only accord ing to the severity of the sensory conf l i c t  
but a l s o  accord ing to d i fferent aspec ts o f  responses 
selec ted for measurement . For examp le , in the 
exper iment s by Gonshor and Ke lvi l l  Jones ( 1 9 76)  in which 
subj ects  adapted to the left /right reversing prisms , the 
firs t evidence of  VOR adap tat ion was gain reduct ion 
( revealed by s inusoidal osc i l lat ion in darknes s ) ; 
subsequent ly the VOR re turned s omewhat ,  but with a large 
phase shif t  to bring the VOR into accord with the 
reve rsed vision . After remova l of the lense s , 
osc i l lat ion in the dark s t i l l  revealed a large phas e  
shift  in the VOR but the phase s h i f t  d i s sipated in about 
2 hours , whereas the gain o f  the response requi red 
several days for readaptat ion to normal leve l s . Thus , 
d i ffe rent component s of  the response system can have 
d i f ferent courses  o f  adap tat ion and recovery . In the 
s l ow rotat ion room studies  at Pensacola ( Guedry , 1 96 5 ; 
Grayb ie l e t  a l . , 1 965) , recovery from pro longed rotat ion 
a l s o  seemed to reveal  divergence of response changes .  
Some subj ec t s , tes ted 3 weeks after exposure to 1 2  days 
of  rotat ion at 1 0  rpm, reported return o f  vertiginous 
sensat ions and exhibited recovery toward norma lcy of VOR 
response s to head movement s during rotat ion , yet they 
d id not experience mot ion s ickness  within a 2-hour 
exposure .  Thus ,  mot ion s ickness , which i s  one aspec t o f  
the overa l l  response t o  a n  unusua l mot ion environment , 
may have an adaptat ion and recovery t ime course that 
doe s not neces sari ly para l le l  o ther responses undergo ing 
adapt ive change . 

These extreme examples o f  s ensory rearrangement in  
sensory conf lict  stud ie s  are ment ioned to make the point 
that subs tantial  change s in perception o f  mot ion, · 

postura l  c ontrol , and sensorimotor reflexes occur when 
ind ividua ls  attempt to  c ontrol  body mot ion in rearranged 
sensory environment s for protracted periods . The 
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beginnings  o f  these effec t s  can b e  seen after short 
exposures .  S tud ies that  form t he bas is o f  these  
de script ions sugge s t  that the  centra l nervous system 
commences  rather quickly to recode i t se l f  for adj us tment 
of perceptua l and motor response to  rearranged sensory 
inputs having to  do with the voluntary c ontro l o f  mot ion. 

They also  raise several ques t ions for further 
re search . S imul ators probably never introduce the 
extreme sensory rearrangement involved in these 
experimental s t ud ies . But the recod ing of  responses 
p robably occurs more rap idly with les s extreme s i tuat ions 
( Co l lewij n  et a l . ,  1981 ) . Unl ike the s tudies just  
described , s imulators do not  require the  ind ividua l to 
be exposed t o  the rearrangement s ituat ion cont inuous ly 
for extended period s . But how concentrated can s imulator 
exposure be before s ome recoding occurs such that 
perceptua l  and sensorimotor re flexes are changed ? The 
s trong s imu lator aftere f fec t s  that have been occas iona l ly 
reported sugges t  some reason for concern . How spec i fic 
are changed sets  of response s  to  t he s imulated f l ight 
contro l s ituation? The answer seems to  be not very 
spec i f i c , s ince s imulator aftere ffec t s  have occurred 
during normal locomot ion , driving , and while  lying 
down . The se aftere f fects  sugge st  that s omething more 
t han inte l lectua l learning of procedure s has occurred . 

Oculomotor Adapt ive Systems* 

Many cond i tions that produce adapt ive changes in 
oculomotor systems a l so produce dys func t ion in the form 
o f  mot ion s ickne s s  symptoms . Viewing f l ight s imulator 
visua l  systems may invo lve some o f  the very c onditions  
that  produce oculomotor adaptation .  The results  o f  
l aboratory s tudies o f  oculomotor p la s t ic ity may 
there fore be re levant to s imulator s ickne s s . 

The se laboratory s tud ies have empha s i zed d i fferent 
aspec t s  of  the same problem.  Stud ie s  with prisms have 
been very popular w i th p sycho log i s t s , probab ly because 
o f  the trad i t ional intere s t  in perceptua l adaptation , 
whi le optometric and phys iological ly oriented sc ient i s t s  
have exp lored oculomotor adaptat ions . The two domains 
are , of  course , re lated , and , in mos t  i f  not a l l case s , 

*Th i s  seet ion was adapted from the workshop pre sentation 
of  She ldon M .  Ebenhol t z .  
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change s in percept ion can be deduced direct ly from the 
known changes in oculomotor func t ion . 

Vertical d ivergence , for example , can be induced 
through the use of  prisms ( one eye e levated more than · 
the other )  with concomitant shift s in apparent target 
elevat ion , after remova l  of prisms , that are spec i fic to 
each eye ( Ebenholtz , 1 9 7 8) . Another common condit ion i a  
induced asymme tric convergence or shift  in l ateral gaze . 
Both o f  these condit ions lead t o  adaptation in gaze 
d i rec t ion during the experience ( training ) followed by a 
period o f  readaptat ion in which the ind ividual ia  
returned to the norma l environment .  Adaptat ion in 
lateral gaze also  lead s  to a change in apparent gaze 
d i rect ion and a shi ft in t he latera l orientat ion o f  
obj ect s .  S t i l l  another type o f  adaptation result s  from 
left  and r ight sustained head orientat ion. For examp le , 
maintaining a 30 deg head rotat ion to  one a ide for about 
8-10 minutes may cause the s ubject  t o  make an error ( in 
the d irec t ion o f  the sustained pos i t ion) when at tempt i ng 
to orient the head s t raight ahead and in describing t he 
spat ial  orientation of  object s .  

At a theore t ical  leve l ,  these type s o f  adaptat ions 
may be thought of aa  representing a rese t t ing of the 
set-point or s teady-s tate l eve l  of certain ref lexes . 
The "dol l reflex , "  for example , re fers to the tendency 
of the eyes to rol l downward and the eye l id s  to c lose 
when the head i a  rotated backwards ( Ebenhol t z  and 
Sheb i l ske ,  1 9 7 5 ) . Consc ious at tempts  to c ounter  the 
dol l ref lex wil l ,  over t ime , lead to  adaptation of  the 
response ( Sheb i l ske and Karmichl , 1 9 78) , resul t ing in a 
change in both eye leve l and perceptua l e f fec t s  that 
inc lude a change in the apparent e levat ion of a visual 
target . It i s  a s  though the gain o f  the system i a  
modi fied and a new res t ing leve l  estab l i s hed . Thi s  ia  
an example of an  adaptation in an otolith-dependent 
system, and it i s  interes t ing that mere ly sustained 
pos ture in the presence of a vi sua l target ia suffic ient 
for adaptat ion in thi s oculomotor control system .  

In each of  these c a s e s  i t  ia a negat ive feedback 
loop that operates to nul l error s igna l s  and thus 
maintain normal postural and oculomotor control in the 
face of  perturbat ions o f  ref lexive origin. On this  
basi s  we may be able to understand more c learly the 
meaning of  the conf l ic t  theory of  mot ion s ickness ,  in 
terms of the process ing of error s ignals  in feedback 
loops in the nervous system. For examp le , one way o f  
thinking about conf l ic t  i s  t o  cons ider i t  a demand f o r  
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change , i . e . ,  an error s igna l in  a negat ive feedbac k 
control system ac ting as a c ommand to  an adapt ive 
nervous system to change i t a  parameters . 

The s tudy o f  ocul omotor funct ion provides addi t ional  
exce l lent examples  of  adaptive control systems . Thus , 
the rest ing leve l o f  vergence ( phoria) shif t s  over t ime ,  
and distance perception changes ,  a s  a resu l t  o f  main­
taining f ixation on a near target  ( Ebenhol t z  and Fi sher , 
1982)  or from wearing prisms that induce a change in 
vergence ( Schor , 1 97 9) . Ano ther c lose ly related adaptive 
sys tem i s  that involved with the contro l o f  focus or 
b lur . In this  case , the res ting leve l of accommodat ion 
i s  modulated by maintaining focus on a near or far 
t arget ( Ebenhol t z , 1983 ) . Presumably , the l onger an 
ind ividua l s tays focused on the target , the more l ike ly 
is the tonus o f  the c i l iary musc le  t o  change , modi fying 
the res t ing leve l  or dark focus o f  accommodat ion 
( Le ibowi t z  and Owens , 1 9 7 8 ) . Th i s  is a feedforward type 
of contro l that complement s  the more wide ly understood 
negat ive feedback b lur-control loop . The vergence and 
accommodat ion systems are represented in Figure 4 ,  i n  
which tonus control represen t s  the adapt ive feedforward 
l oops , to which we are now referring . 

There i s  a rec iprocal  re lat ionship between these two 
types of contro l loops , and in the case of convergence 
and accommodat ion , they d i f fer in the i r  t ime cons tants ,  
one ( feedback)  being on the order o f  100-500 ma and the 
other ( feedforward ) capab le o f  l a s t ing for hours . Thi s  
i s  a s ituation that could b e  described as  funct ional 
symbios is between a feedback and an adapt ive feedforward 
l oop . To the extent that the feedforward loop ( tonus 
contro l )  is  succe s s ful , it takes the load o f f  the 
negat ive feedback (blur or d i sparity)  contro l loop . But 
the feedforward sys t�m is  not "inte l l igent" ; it can only 
be updated when an error exi s t s  in the negat ive feedback 
loop--hence the symbiotic nature of the re lat ionship 
between the two control loop s .  

Th i s  symbiotic re lat ionship be tween feed forward and 
feedback loops probably under l ie s  adapt ive plasticity . 
Updat ing the feedforward systems by changing the ir 
set-point s a l l ows them to  be more e f fect ive , which , in 
turn , a l l ows the e rror detec t ing feedback control 
systems to re lax . 

In unpubl ished • tudies o f  the res t ing s tate o f  
convergence and accommodat i on ,  i t  was found that the 
afteref fec ts were func t ions of exposure d urat ion and the 
magnitude of  the change demanded o f  the feedforward 
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F IGURE 4 Vergence and Accommodat ion Contro l Systems 

Note : C :  cont rol ler ; A/C : accommodat ive convergence ; 
C/A : convergence-induced accommodat ion.  

Source : Ebenho l t z  and F i sher ( 1 982) . 

loop . Thes e  variables  may also  be cri t ical  for the t ime 
course ( retent ion) of  the aftere ffect s  that occur wi th 
visual s imulation systems . 

Perhaps the s ingl e  mos t  s igni ficant adapt ive control  
system for  the s imulator s ickne s s  problem i s  the 
vest ibulo-ocular re f l ex ( VOR) . Th i s  is a compensatory 
ocular re sponse that maintains the d irec t ion of gaze , 
enabl ing one to f ix on a visua l t arget whi le moving the 
head . It  has no feedback loop of its own respond ing 
primarily to rad ial  acce lerat ive forces ,  but it does 
receive the bene f it s  o f  feedback from other sources ,  
such as the optokine t i c , pursuit ,  and vergence systems 
( e . g . , Pos t  and Leibowi t z , 1982) . Dove prisms have 
o ften been used to reverse the VOR , making it appear , 
before adaptat ion , that the wor ld turns with you , but a t  
twice the head veloc i ty .  Mot ion s ickness  a lmos t  
invariably occurs with thi s  procedure , both when the 
pr isms are init i a l ly worn and again after adaptation , 
when the prisms are removed and normal viewing i s  
restored . 

Copyright © National Academy of Sciences. All rights reserved.

Research Issues in Simulator Sickness:  Proceedings of a Workshop
http://www.nap.edu/catalog.php?record_id=19368

http://www.nap.edu/catalog.php?record_id=19368


3 7  

Adaptation of  the direct ion and gain of  the VO& bas 
been reported in several s tud ies us ing d i fferent 
procedures ( Cal lan and Ebenho l t z , 1982 ; Gauthier and 
Robinson , 1 975 ; Ke lvi l l  Jones ,  1 9 7 7 ; Miles  and Ful ler , 
1 974) . The symptoms o f  mot ion s ickne s s  that so commonly 
occur in s tud ies of adap tat ion of the VOR that there 
mus t  be s trong c lues for understanding s imulator 
s ickne s s . We may be l ooking at the same problem ,  
stemming from plas t ic ity i n  oculomotor contro l systems , 
that can be induced experimental ly or in a s imulator . 

When the VOR is  manipulated experimental ly ,  a head 
movement produces a " s l ip" in the t arget image re lative 
t o  the tracking eye , rather than maintenance of  gaze . 
Th i s  s l ip o f  the optokinetic  s t imu lus represents the 
e rror s ignal that the oculomotor contol  system tries to 
e l iminate , leading to a change in the feedforward s ignal  
that  contro l s  the d irec t ion and ve loc ity of  the VOR. 
This  error s ignal may also  be t he neurological  bas is  for 
c onf l i c t  leading to the symptoms o f  mot ion s ickne s s . 
Figure 5 disp lays the c ourse o f  gain changes and 
d i rect ional plas t ic i ty in the VOR in vector diagrams 
represent ing the c ircums tances that ini t iate the 
adapt ive response and those  that resul t after  adaptation 
has occurred . The diagram a l so permi ts  t he predict ion 
of the d irect ion of movement i l lus ions that typ ica l ly 
accompany VOR adaptat ions ( Dubo i s , 1 982) . 

Robinson ( 19 7 6 )  baa s tudied the phys iolog ica l  ba s i s  
for adapt ive p lastic ity i n  t he VOR o n  the premi se that 
an incoming ve loc i ty grad ient , an optokinetic  s t imulus , 
i s  an important source o f  informat ion that updates the 
VOR . The ves t ibular cerebe l l um  ( the flocculus ) may be a 
region in which incoming visua l  informat ion could perform 
the updat ing func t ion . In support o f  thi s , ablat ion 
s tud ies with cats  have shown that f locculectomy 
e l iminates the abi l ity to adapt the VOR. 

Under s t roboscopic  i l luminatio9 , expos ure to righ t /  
l e f t  revers ing prisms produced some plastic ity i n  the 
VOR but the gain was greatly reduced over that obtained 
with s teady i l lumina t ion , accord ing to a study by Ke lvi l l  
Jones and Mandl ( 1 9 7 9 ) . Note , howeve r ,  that nausea , 
which normal ly accompanies this  type o f  adaptat ion , was 
absent . Th i s  supports the v iew that the ve loc ity of the 
s l ip s ignal i s  important to the magnitude o f  the 
adaptation ,  s ince intermittent s t imulat ion lowers the 
numbe r of discrepant s igna l s  per uni t  t ime that the 
sys tem is forced to cope with .  Th i s  concept  lead s  to 
the sugges t ion that we may be abl e  to reduce the motion 
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Direction of retinal lip 
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Concltlons praductlw of 
directional plasticity In .the VOR 
Ce.CJ . •  Colan a Ebenhaltr . 1982). 

Initial clnc:tlon 
of VOR 

Direction of 
head ratatlon (h) 

OurlncJ adaplatlon ... lallence 
of pursult - t-vet mowement 
dlrNnlshel. 

VOR z 
......... direction 
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Direction of llusory 
torQtt movement (-R) 

After adaptation lhl clrectlon of 
llutary mowement of a tcqet 

fixated durlnCJ head Gldlatlon Is 
h opposite lhe direction of CJCIZI. 

F I GURE 5 Vec to r  Ana l y s i s  o f  the Cond i t ions Produc t i ve o f  Incre ased Gain , 
Reve rsed Ga i n ,  and Direc t iona l Shi f t s  o f  the Ve s t i bu l a-ocu l a r  Re f lex 

No te : Cance l l a t ion o f  the re s u l tant vec t o r  by t he pur s u i t  s y s t ems i s  a s ource 
of v i s u a l  i l l u s i on s .  
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s icknes s  properties o f  a visual display by reduc ing the 
ve loc i ty o f  the input s ignals . The update rate would 
only have to  be suffic ient to support the apparent 
mot ion desired in the d isp lay . 

These adaptat ions a l l  seem to require an erro r  
s igna l . The p lastic  changes occur as a negat ive feed­
back sys tem responds to thi s  error ( s l ip )  s ignal . 
Exerc i s ing the VOR feedforward loop by itse l f , however ,  
i s  not suf f ic ient t o  permit either initial adaptat ion or 
readaptat ion back to "normal"  leve l s . 

The princ iple that  emerge s ia  that the very funct ion 
of adaptat ion is  to e l iminate or reduce the load on the 
c l osed-loop feedback system by subs tituting a properly 
updated ( adapted ) feed forward s igna l . The evidence 
sugges t s  that recurrent , sys tematic  d irectiona l errors 
in negat ive feedback loops tend to generate adapt ive 
response s in the assoc iated feed forward loops . The se 
adapt ive shi f t s , in turn , serve to reduce the errors in 
the as soc iated negat ive feedbac k loops . In short , 
negat ive feedback loops serve a s  the updat ing sys tem for 
the feedforward loop s .  

Unresolved and sys tema t ic e rror s i n  negative feedback 
loop s are not we l l  tolerated by organisms . These 
s igna l s , in add i t ion to cal l i ng forth an adapt ive 
feed forward response , a l s o  cause eye strain,  d i z z ines s , 
apparent mot ion ,  disorientat ion , and mot ion s ickness . 
It fo l l ows from thi s  hypothe s i s  that the conf licts  
spec i f ied by  the sensory con f l ic t  theory may be 
isomorphic wi th the condit ions tha t produce sus tained 
errors in negat ive feedback l oops governing pos tural 
contro l . 

There i s  st rong neurophysiol og ica l evidence for the 
interact ion between vi sua l and ve s t ibular input s at  the 
ve s t ibular nuc leus (Wae spe and Henn , 1 9 7 7 ; Daunton and 
Thomsen , 1 9 7 9 ) . It  support s  the notion that the visual 
st imulus modulates the output o f  the ve s t i bular nuc leus . 
If thi s  output i s  modulated beyond some leve l , the 
symp toms of  motion s ickne ss  are l ike ly to occur . 

S imulator s icknes s  i s  vi sual s t imulation producing 
nausea . Accord ing to the Tre isman ( 1 9 7 7 )  hypothesis  and 
the support ing studies  by Money , visua l  s t imulat ion 
ac tivates the ve s t ibu lar mechani sms tha t  norma l ly 
fac i l i tate the emet ic response to  poi sons . There i s  
probably a l so a n  adapt ive response leading to a change 
in the gain , phase , and direct ion of the VOR and other 
ve s t ibular-sp ina l re f l exes . 

The ves t ibular system ,  inc l uding the ves tibular 

Copyr igh t  © Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

Research  Issues  in  S imu la to r  S ickness :   Proceed ings  o f  a  Workshop
ht tp : / /www.nap.edu/ca ta log .php?record_ id=19368

http://www.nap.edu/catalog.php?record_id=19368


4 1  

nuc l e i  and the ves t ibular cerebe l lum , have , as  one 
e s sent ial func tion ,  the control of musc le tonus . Thi s  
extend s  to t h e  extraocular mus c l e s  and the contro l of  
eye movement s , driving the muscles  that contribute to  
head pos i t ioning , and those that contribute to  the 
ant i gravity re f lexes . Thi s  imp l ies  that it i s  
critical ly important to iden t i fy the relat ionship 
be tween the s t imul i  ( v i sual , ve s t ibular ,  and 
propriocep t ive ) and the re f lexe s med iated by the 
ve s t ibular sys tem.  If we c an s pec ify these s t imu l i  
( input s ) in the f l ight s imulator , and the resultant 
motor responses , we wi l l  a l s o  have gone a l ong way 
toward def ining and measuring conf l ic t . If one c an 
measure the l inear and angul ar accelerat ion vectors that 
are operating ins tantaneous ly , then one can attempt to 
corre late them with the d irec t ion and magnitude of  the 
optokine t i c  vec tor at  that same t ime . The comparison of 
tho s e  t w o  vec tors c o u l d  be a meas ure of conf l i c t  and o f  
the l ikel ihood e i ther of ensuing adaptat ion or s imulator 
s ickne s s . Thi s  is  at least  a testable  hypothe s i s , 
which , i f  supported , c ou l d  lead to the deve lopment of 
e ffect ive countermea sures . Th i s  i s  o f  special 
importance , s ince one of the prob lems with the conf l ic t  
theory i s  that i t  i s  too genera l  t o  b e  tes ted . 

As a f inal observation ,  i t  should be noted that 
subs tant ial  i nd ividual d i f ferenc e s  exist in 
suscept ibi l ity to the various forms of oculomot or 
adap tations , inc l ud i ng VOR p l a s t i c i ty .  The relat ionship 
be tween these  potent ial  ind ic e s  and measure s of symptoms 
on ex p o s ure to f l i gh t  s imu lators rema ins to be 
determined . 

Comments on Theor ies of Mo t i on S icknes s  

By whatever name i t  i s  known- -neur a l  mi smatch , cue 
c on f l i c t ,  p e rc e p t ua l  d e c o r re l a t i on ,  or sensory 
incongru i ty--sens ory conf l i c t  theory i s  the mos t  common 
exp l anat ion for mo t i on s i c kne s s .  It p o s tu l a t e s  a 
re ferenc ing func t ion in which mo t i on i nfo rma t ion from 
v i s ion , t he ve s t i bu l ar sys tem , and p r o p r ioce p t ion may be 
in conf l i c t  wi th the exp e c ted v a l ue s of these  i nputs , 
b a s e d  on a neura l s tore t h a t  re f l e c t s  p a s t expe rience 
( Kennedy and Frank , 1983 ; Re a s on , 1 9 7 8) . ( Fo r a s umma ry 
of s e n s o ry c on f l i c t  t heory a pp l ied to s imu l a t o r  
s ickne s s , s e e  Ke nnedy a n d  Fr ank , 1983. ) 

A l though sensory c on f l ic t  t he ory o f ten seems 
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exp lanatory after the fact , it ia  not sufficiently 
defined to  enab le ua to make predictions about the 
magnitude of  the con f l i c t  in various dynamic s i tuat ion s . 
Several types o f  conf l ic t  seem to  apply : between 
sensory moda l i t ies  ( i . e . , visual-vest ibular) , within a 
sensory system ( i . e . , oto l i th-canal or ambient-focal ) ; 
or between expected and experienced patterns of  mot ion 
s t imulat ion . Furthermore , it has been suggested ( Benson , 
1978)  that phase and gain parameters of  various sensory 
sys tems may play a role i n  the magnitude of the conf l ic t . 

This imp l ie s  that the conf l i c t  cannot be prec isely 
defined baaed on the phys ical ( d ist a l )  s t imulus 
propert ies , but mus t also incorporate the characterist i c s  
o f  the sensory transducers , which are subject  t o  
variation .  

Conflict  theory does not exp lain why s ickness  fai ls  
to occur in certain situat ions with  apparent conf l ic t , 
and , converse ly , it  does  not c learly predict  s ickness  i n  
certain s i tuat ions such aa vertical l inear osc i l lation 
in wh ich sickness has been observed ( O ' Han lon and 
McCauley , 1974) . 

Despite the defic ienc ies o f  sensory conf l ic t  theory , 
i t  i s  accepted by moa t  researchers aa a good working 
hypothesis  for mot ion s ickne s s , and i t  ia in accord with 
much o f  the data . The que s t ions i t  raises are valuab l e  
cha l l enges f o r  improving the s tate o f  the theory . 
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RECOMMENDED COUNTERMEASURES FOR EXISTING S IMULATORS 

As we can see from the current s tate of  knowledge , a 
great deal s t i l l  remains to  be l earned about the e f fec ts  
of s imulator sicknes s .  At  the same t ime , s imulators are 
an e f fect ive tra ining device and the s imulators currently 
in use  wi l l  be operat ional for some t ime . Thus an 
important immed iate goal i s  t o  f ind ways for users to 
cope wi th the adverse e f fec t s  o f  s imulator s icknes s .  

The workshop par t i c ipants f e l t  that s imply 
recommend ing direc t ions for bas ic research on the 
fundamenta l  mechan isms was not adequate . They d iscus sed 
a number of hypothe ses  for ame l iorat ing s imulator s ick­
ne s s  in current s imulators and generated a pre liminary 
l i s t  of sugges ted countermeasure s ( see Tab le  3 ,  which 
augments  a l i s t  sugges ted ear l ier by Frank et  a l . , 
1983) . Al though these  countermeasures remain to be 
val idated , this  tentat ive l i s t  can be the s ource . of ad 
hoc solut ions to the practical  probl ems . 

Freeze . Al though f reeze can be a va luable 
ins t ruct iona l feature in a s imulat or , i t  can a l s o  be 
very d i sconcert ing i f  u sed indiscriminately . Freeze in 
an off-horizon situat ion , i . e . , 30 degrees wing down , is  
not good procedure . Anecdotal evidence sugge s t s  that 
when a f ixed-base s imulator is frozen and the p i lot is 
asked to exi t , some p i lots  wi l l  re fuse to  ge t out . 
Others c rawl out very carefu l ly , fee l ing that they may 
fa l l , even when they know i t  i s  a f ixed-base system. If 
freeze is used j udic iously  it shou ld e l iminate some 
fee l ings o f  d i scomfort without reduc ing the t raining 
value of the freeze feature . 
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TABLE 3 Recommended Countermeasures for Current 
Simulators 

Jud ic ious use of  freeze and reset 
Avoid prolonged and intens ive exposure 
Remove scene content be fore entering or exit ing 
Tune /calibrate visual and inertial lags 
Avoid mot ion at a frequency of 0 . 2 Hz 
Brie f ing. pi lot s on l ike l ihood of symptoms 
Preadaptat ion and incremental  exposure 
Pos t-s imulator visua l -motor games 
Sy l labus /scenario solut ions ( reduce maneuvers) : 

Turns-whi le-taxi ing 
High-acce lerat ion maneuvers 
Invers ion or steep turns 

Reduce scenario turbulence 
Check persona l and med ical  s tatus 
Avoid l arge head movements 
Autogenic feedback therapy ( biofeedback ) 
Mot ion-sickness  medication 

Re se t .  The reset func tion usua l ly i s  used in 
conj unct ion with freeze . Af ter the freeze or a t  the end 
of some scenario , the ins truc tor may decide t o  init iate 
a new scenar io by press ing the reset button . The pilot  
may see  many mi les o f  video s tream by , perhaps backward , 
within a second or two . Thi s  can be  very disconcert ing 
and sometimes d i sorient ing to  the p i lot . The screen 
should be blanked or the pilot  shou ld c lose his eyes 
when the reset func t ion is used . 

Exposure Dura t ion .  The data genera l ly indicate that 
exposure durat ion c ontributes to  s ickness . Limit ing 
exposure durat ion can provide temporary rel ief  from 
bui lding symptoms . The recommendat ion to l imit exposure 
durat ion and intens ity i s  related to  the " increment a l  
exposure" suggest ion. 

Maneuver Intensity.  On the basi s  of  e xperiences in 
the SAAC and anecdotal informat ion , the number and 
intens ity o f f l ight maneuvers in a s imulator sess ion 
appears to be related to s iau lator s icknes s .  The high 
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i nc i dence o f  symptoms i n  the SAAC occu r r ed when the 
p i lots we r e  f ly ing 35 a i r  combat maneuve r i ng engagements 

i n  dai ly two-hour s e s s i ons . 

Vi sua l Scene Terminat i on . At the end of a scena r i o 

or a s imu l a t ion sess ion, the vi sual scene should be 

r emoved bef o r e  the p i lot is asked to leave the s i mulato r .  

The vi sua l  scene should a l so be off when the p i lot 

ent e r s  the s i mu lator . 

Visual and I n e r t i a l  Lags . Pe r i od i c  chec ks of the 

vi sual and i n e r t i a l  lags are rec ommended . Even if they 
met spec i f icat ions dur i ng acceptance test ing , they 

should be chec ked and c a l i b rated r egu l a r ly . · 

Mot i on Spec t rum. Resea rch has i nd icated that whole­

body mot ion at a f requency of about 0 . 2  Hz i s  the most 
nauseog enic . For mot ion-ba sed s i mu l at or s ,  s i c k ness may 

be less l i ke ly i f  the s imu lator mot i on at that f r equency 
can be r educed . 

B r i ef i ng .  P r o v i d i ng a br i ef i ng for p i lot s who a r e  

unfami l i a r  wi th t h e  s imu lator c a n  b e  helpf u l  by 
i nd icat i ng that the expe r i ence of symptoms is not an 
abnorma l  react ion . G i v i ng them knowledg e about the 

synd r ome reduces the anx i ety that somet imes accompan i es 
the d evel opment of unexpected symptoms . 

P r eadaptat ion and I n c r ementa l Exposu r e .  Resea rch 

has shown that tole rance to head movements du r i ng 
r ot a t ion can be deve loped by a se r i es of expos u r e s  at an 

acc e l e r a t ion l evel low enough to a vo i d  sympt oms . Th i s  
technique o f  incr ement a l  exposu r e  a l s o  may b e  ef f ect i ve 
f o r  s imu lator s i c k nes s .  

V i s ua l-Motor Game s .  There i s  some evi dence that 
act i ve body movement f ac i l i t ates r eadap t a t i on t o  a 

no rma l  i ne r t ial env i ronment . P l ay i ng a game l i k e p i ng 

pong that i n vo l ves hand-eye coo r d inat ion a nd body 
movemen t cou l d  help speed recovery f r om s i mu lator 

aft e r ef f ec t s .  

Syl labus P l ann i ng . The dose effect in s imu l a t o r  

s i c k ness i s  probab ly r elated t o  the f r equency and 

i n t en s i ty of f l ight ma neuve r s  and the durat ion of the 
s imu l ated m i s s ion . P lann i ng the t r a i n i ng syl labus to 

r educe the dose ( espec i a l ly i n  the f i r s t  few days ) 

shou l d  reduce the i nc i dence of symptoms . 
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Scenario Turbulence . In aoae a iaulatora , turbulenc e  
i s  an ins t ructional variable . Avo idin& hi&b turbulence 
leve l s  is reco..anded when probl .. a of a iaulator s ick­
nes s  are ant icipated ( i . e . , with an experienced p ilot 
who has a mi ld case of f lu and baa not f lown in the 
s imul ator for an extended period of t i.e ) . 

Personal Health Status . Banaover , flu shots , etc . 
can contr ibute to an individua l ' s  suscep t ib i l ity t o  
s imulator s ickne s s , and should b e  avoided prior to 
"flyina" a s imulator.  ( Cltewina tobacco also is  not 
recommended . )  

Reduce Head Movement .  Large , rap id head movements 
during anaular mot ion can cause vestibu lar cor io l i s  
e f fec ts , and head movement s durin& visua l ly represented 
angular mot ion can cause paeudocorio l i a  effec t s .  Both o f  
the e f fec ts  are exce l lent a t iaul i  for motion s ickne s s . 
Exce s s ive head movement is not reco.aended in an environ­
ment in which there i s  e i ther ac tua l aot ion or visua l ly 
impl ied aot ion effec t s . A mot ion-base s imulator has 
both .  

Autogenic Feedback Therapy. Re search at NASA-Ames 
and the Ai r  Force School o f  Aviat ion Medic ine has found 
autogenic feedback therapy ( biofeedback) to be e ffec t ive 
in the reduc t ion of aot ion s ickne s s  aymptoaa in pro­
vocat ive l aboratory tes ta .  

Med ication .  Many medicat ions have been app l ied for 
mot ion s ickne s s ; aoae quite success fu l ly .  Flight 
surgeons  c an recommend medicat ion to reduce ayaptoma 
wi thout interfer ing s ignificantly with perfor.ance . 

No f ira data exist on the e ffec t s  o f  a iaulator 
s icknes s or ita afteref fec t s on the probabi l ity of 
d isorientation during f l ight .  A pi lot suffer ing froa 
s imulator s ickness , however , ie  a l ikely cand idate for 
di sor ientat ion in f l igh t  and should exerc ise caut ion 
unt i l  the effects have subs ided . For .oa t people  this 
i s  l ike ly t o  take 1 or 2 hours , but for o thers the 
effects are interaittent and have been reported as much 
as 10  hours after an intense ACM s imulator session 
( Ke l logg e t  al . , 1980) . 

Tbe operat ional co.aanda should becoae aware of  the 
prob lea of a iaulator s ickness . In one ca�e , for two 
Navy s imu lators , a rule was e s tablished t hat pilots 
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could not fly  an a ircraft  for 1 2  hours a fter their  firs t 
exposure to  the s imulator ; that rule has been re laxed 
over the last  year or so , but the problem of s imu lator 
s ickne ss  remains . A " 1 2  hour no f ly" rule may not be 
warranted in  the absenc e  of support ing data , if such a 
rule  p lays havoc with schedul ing o f  the s imulator or the 
aircraft . Some countermeasures wil l  c learly be more 
prac tical  than others in the c ontext of operat ions and 
f l ight training . 
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RECOMMENDATIONS FOR RESEARCH 

Numerous top ic s for research surfaced in the three day s 
of the workshop . At this s tage there are more quest ions 
than answers about s imulator s ickne s s . In this sec t ion 
we attempt to summarize the many research suggest ions 
that were generated by the partic ipant s .  Al though the 
l imi tat ions o f  the workshop prec luded our g1v1ng 
prior i t ie s  to the many research suggest ions , they are 
categorized here by obj ect ive : 

1 .  Prob lem De f init ion 
2 . Theory /Mode l Deve lopment 
3 .  Methodology 
4 .  Det ermina t ion of Causes and Processes 
5 .  Val idat ion o f  Candidate Countermeasure s 

Prob lem Definit ion 

1 . 1 &w extens ive i s  the s imu lator s icknes s 
prob lem? The magni tude and consequences  o f  s imulator 
s ic kne s s  mus t be de termined in order to  make reasonab le 
recommendat ions about solut ions . Fie ld s tudies o f  the 
inc idence of the problem are needed . ( The Nava l 
Tra ining Equipment Center p lans to undertake such a 
study in 1984. ) 

1 . 2  A coord inated survey o f  a l l  mi l i tary f l ight 
s imulators shou ld  be conducted us ing a standardized 
que s t ionnaire . Comprehens ive resu l t s  s hould be 
compi led , l i s t ing the precipitating causes and resu l t an t  
symptoms . To ensure confident ia l i ty , the resul ts o f  
such a quest ionnaire should  b e  compi led b y  a n  agency , 
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such a s  NASA, that doe s not represent a threat to the 
p i l ot s  and air crew who respond . 

Theory/Mode l Development 

2 . 1  The sensory confl ict  theory pre sent s a good 
s tarting point for the study and unders tanding of  
s imulator s icknes s .  S imul ator des igners need the type 
of informat ion that can be communicated in a good mode l .  
However ,  in order to be rea l ly helpful , the t erms wil l 
have to be reduced to mathematical s tatement s o f  the 
nature and extent of the conf l icts  that cause the 
problem .  Such a mathematical representation ( e . g . , Oman , 
1 980) wil l  hel p  make the theory tes tab le and wi l l  guide 
the nece s sary research . 

2 . 2  Sensory c on f l ic t  theory in  i t s  p resent form 
doe s not satis factori ly  addres s  the coherence or 
pred ictab i l i ty o f  the sensory mi smatch . It i s  l ike ly 
that adaptat ion occur s only in responae to predictable 
sens ory mi smatche s . We need to know more about both 
a ickne s s  and adaptat ion as a funct ion of the 
pred ictab i l i ty of the sensory conf l ic t .  

2 . 3  We should b e  abl e  t o  quantify the conf l ic t  i f  
we have accurate measure s o f  the acce lerat ion imparted 
to the head and compare that vector wi th the vec tor 
required by the mot ion pat tern impl ied by the s imulator 
visual sya tem .  The d i fference between these two vec tors 
would represent a good f ir s t  approximation to  the 
quant i f icat ion o f  the sensory conf l ic t . Us ing ref lexive 
response s  such as the ves t ibulo-ocular reflex ( VOR) , 
woul d  make predictions pos sible  about the outcome of  
vi sual and ves t i bular vectors , and the d iscrepancy 
between the ac tua l  and predic ted VOR could be cons idered 
an index o f  t he mismatch . 

Some workshop part i c i pant s s ugges ted that the VOR 
approach may be imprac t ical  in a s imulator environment , 
in which t he visua l  d i s p lay i s  very complex , p i lot head 
movement is complex ,  and there are many more variables  
than in the l aboratory . 

Other re searchers c aution that phase relat ionships 
of vari ous sensory processes  can lead to  pecul iar 
effec t s . Even if the amp l i tude s o f  v i sua l and ves t ibular 
input s are equa l , sensory mismatch can resu l t  from phase 
d i f ferences in the two sensory sys tems . This makes i t  
diff icul t t o  quantify the conf l i c t  on the bas i s  o f  the 
external dynamic s a lone . 
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Quant i f icat ion of  sensory conf l i c t  is a major 
re search goal for t he s tudy o f  s imulator s ickness .  

Methodology 

3 . 1  Because the s imu lator s ickness  prob lem involves 
so many variables  ( see the append ix for a summary l i a t ) , 
cons iderat ion shou ld be given t o  us ing e f f ic ient research 
me thod s such as economic a l  mul t i factor des igns ( Simon , 
1 9 79). We shou ld determine t he variables with the 
greates t potent ial  payo f f  and invest igate  them firs t .  

3 . 2  The re l i a b i l i ty o f  the dependent measures o f  
s imu lator s ickne s s  need t o  b e  inve s t igated . With what 
cons i s tency d o  t he s ymp t oms o f  s imul ator s icknes s  occur 
in ind ividua l s ?  I f  there i s  cons iderab le f luc tuat ion in  
an ind ividual ' s  mot ion s icknes s  response sys tem ,  the 
rel iab i l ity of the criterion measures may be , say , r • 
0. 5 .  We need t o  deve lop rel iab le c r i teria f or e f fective 
analys i s  of the prob l em .  

3 . 3  Phys iological indices o f  mot ion s icknes s  shou l d  
be inve s t i g a t ed . It wa s we l l  es tab l i shed , however ,  that 
peop l e  t end t o  h ave id iosyncratic  patterns  of symptom 
deve l opment .  The pos s ib i l i ty of developing individua l 
pro f i le s o f  symp tom deve l opme n t  s hou l d  be i nves t i ga ted . 

3 . 4  Ind ividua l d i f ferenc e s  are important and shou ld  
be a c count ed f o r  i n  any c omprehens ive model o f  s imulator 
s i c kne s s . There are l a rg e  ind ividual d i f ferences  in ro l l  
vec t ion ,  for examp l e ,  and a l so apparent ly i n  s imulator 
s ickne s s , ye t we have no d a t a  on the ir  correlat ions . W e  
shou l d  s e e k  t o  p red i c t  s us cep t ibi l i ty t o  s imula tor s ick­
nes s  in ind iv idua l s  on the bas i s  o f  knowledge of other 
s e n s o ry p roc e s se s .  

3 . 5  The g a i n  o f  the VOR may be a good measure o f  
s imu l at o r  af tere f fec t s  and adaptation .  The use o f  the 
VOR wou ld requ i re the d eve l opment of t e c hn ique s t o  
mea sure p i l o t s ' head and e y e  movement s accurately in a 
s imu l a t o r ; s ome r e s earc hers s ugge s t  that i t  may be 
imprac t i c a l  t o  o b t a i n  such measures . The feasibi l ity o f  
o b t a i n ing a c c u r a t e  me a s u re s  o f t he visua l  s cene and the 
pi lot s '  head and eye moveme n t  i n  a s imul a tion 
env i ronme nt s hou l d  b e  d e t e rmined . 

3 . 6  Mea s uremen t o f  the mot ion in the visual scen e  
i s  n o t  s t ra ight forward , part icular ly t rans lat ional 
moveme n t . Wha t  i s  the prop e r  me a s u r e  o f  the visua l  
s t imu l u s ?  The re i s  t he p hy s i c a l  mot ion o n  the screen 
and there is the imp l i e d  ( p erce ived ) mot ion of the p i lot . 
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For example , a lateral-quick-stop maneuver a t  two 
di fferent a l t itudes may involve the same perceived body 
mot ion by the p i lot but d i fferent mot ion me tric s on the 
screen . Perceived distance may be an important variable 
that relates displayed mot ion and perceived body-mot ion . 

De terminat ion o f  Causes and Proce sses 

4 . 1 A task analys i s  i s  needed to index the tasks 
be ing performed in the s imulator relat ive to  the 
inc idence o f  s imulator s ickness . The visua l  component s  
of the task may b e  important as we l l  as  p i lot workload 
and f l ight maneuver s .  

4 . 2  Head movement analys i s  i s  needed . An examp le 
of  a c omp lete record of head and eye movement s during a 
s imul ator s e s s i on i s  needed t o  determine head/eye 
coordinat ion and i t s  re lat ionship to the visua l d i splay 
sys t em .  Al s o ,  pat terns o f  head and eye movements o f  
experienced and inexperienced pi lots should be analyzed 
both in the s imulator and in the a irc raft  for various 
maneuvers . Experienced pilots  may have established 
patterns of head movements in the a ircraft that  are 
inappropriate for part icular s imulator dynamic s . 

4 . 3  The mos t d irec t approach to invest igat ing 
s imulator s ickne s s  would be to manipulate the visua l  
display variab les  and the mot ion-base variables i n  a 
s imulator . A research s imulator tha t enabled these 
var iables  to be changed eas i ly would be needed . Visua l  
system FOV and scene detai l ,  f o r  example , could be 
stud ied in c ombinat ion with various l ags and d i s tort ions 
of the mot ion base , a l l  with a variety of s imulated 
aircraft maneuvers . Such a research s imulator could 
also  support study of the e f f icacy of  candidate 
countermeasure s .  

4 . 4  The c ontribut ion o f  other s ources o f  motion 
informat ion , such as  G-seats and he lmet-loaders , needs 
to be s tud ied . How i s  this  informat ion integrated into 
the pilot ' s percept ion o f  spat ial  orientat ion and body 
dynamic s ?  Do these devices c ontribute to s imul ator 
s ickne s s ?  Could  they contribute to prevent ion? 

4 . 5 Is there an opt imal FOV , l arge enough to  enable 
pos itive trans fer o f  training from the s imulator to the 
airc raft , but sma l l  enough to reduce the inc idence of 
s imulator s ickne s s ?  

4 . 6 More informat ion i s  needed about the phase and 
gain re lat ionship of the various sensory processes 
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invo lved . For example , i f  the otol ith response i s  phase 
advanced at  a frequency of 0 . 2  Hz but v i sion i s  not , 
thi s  could be the bas is  for conf l ic t , a t  least  in some 
cases . 

4 . 7  More bas ic research i s  needed on vec t ion. The 
e f fec t s  on vec t ion of leads and lags in the visua l  and 
inert ia l  systems should be inve s t igated . For examp le ,  
i s  visua l  mot ion mos t  provocat ive i n  the same frequency 
doma in ( less  than 0 . 5  Hz ) a s  rea l motion? 

4 . 8 Certain oculomotor variab les should be 
inve s t igated for the ir c ontribut ion t o  s imulator s ick­
nes s , such as distanc e to the d i splay , convergence ,  and 
accommodat ion . S imulator d isp lays should not inadver­
tent l y  encourage convergence and accommodat ion to dri f t  
apart . 

4 . 9 To unders tand t he s imu lator s ickne s s  phenomenon , 
we need to  know the underlying neurological mechanisms , 
from the ret ina t o  the vomit ing cente r .  The ve s t ibular 
nuc l e i  and the cerebellum may be of part icular impor­
tance , part icularly t he i r  role in mot ion perception and 
sensory con f l ic t s . 

4 . 10 We need to know more about how v i sua l mot ion 
influences the ves tibular system .  The work of Waespe 
and Henn ( 1 9 7 7 )  should be  extended . 

4 . 1 1  Would labyrinthine defect ives ( LDs ) be immune 
to s imulator s icknes s  when c onfronted by a s trong moving 
visual environmen t ?  Thi s  information wou ld underscore 
the e s sent ial role of the vest ibular s ys tem in s imu lator 
s ickne s s  and support the notion that s imulator s icknes s 
is  a subset of  mot ion s ickne s s . 

4 . 1 2  The s tudy o f  adaptat ion is  essent i a l  for 
unders tand ing s imulator s ic kness .  Some a f tereffects 
seem to be trans i tory and intermi t tent , whi le  others 
seem to be cont inuous and d i s s ipating . The t ime course 
o f  adaptat ion and readaptat ion wi th periodic  exposure s 
is an importan t  unknown . S imi larly , t he t rans fer o f  
adaptat ion between the s imulator and the aircraft i s  
unknown . These phenomena must be  unders tood t o  support 
recommendat ions tha t could a f fect  f l ight safety , such as 
the minimum t imes between exposure and f l ight . Much o f  
our unders tanding of  these  processes  has come from bas ic  
re searc h .  Perhap s  more app l ied research would be 
fru i t fu l  in the area of adaptat ion t o  real and visua l ly 
imp l ied mot ion . 
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Evaluat ion of  Candidate Countermeasure s 

5 . 1 Inc remental exposure regimens ( Graybiel e t  a l . , 
1 9 6 9 )  could be deve loped i f  we could e s tabl ish a range 
of severity of t he c ondi t ions that c ontribute t o  
s imulator s ickne s s . Suscep t ible  ind ividua l s  could b e  
"preadapted" before being exposed to  the moa t  severe 
cond i t ions , such as intens ive ACH engagements . 

5 . 2 Ac t ive c ontro l l ers  and pas s ive observers  may 
d i f fer  in their probab i l ity of  experienc ing s ickne s s  
(McGuinne s s  e t  a l . , 1 981 ) and in their  rate of  
adaptat ion ( Reason and Benson , 1978 ; Guedry and Bens on ,  
1983) . Research on these  d i fferences i n  act ive and 
pas s ive roles could contribute to our knowledge of the 
etiology o f  s imulator s icknes s  and to s t rategies for 
reduc ing it . 

5 . 3 Field o f  view i s  s ugges ted as  a primary fac tor 
in s imulator s ickne s s . More informat ion is needed on 
the re lat ionship be tween FOV and s icknes s .  I f  the 
inc idenc e  of s ickne s s  rose s teep ly beyond some va lue of 
FOV , there wou ld be support for guide l ines for FOV in 
s imulat ion. A re lated concept is to  increase FOV over 
repeated exposures as adap tation is deve loped . The se 
pos s ibi l i t ie s  should be exp lored in researc h .  

5 . 4 S imulator exposure probab ly involve s  a 
reca l ibrat ion of the sensorimotor processes , fol lowed by 
another period of  reca l ibrat ion upon removal from t he 
s imulation .  Certain hand-eye coord inat ion games , l ike 
p ing pong , migh t  fac i l itate this recal ibrat ion proces s .  
They a l so would b e  usefu l from a mot ivat ional s tandpoint .  

5 . 5 Med ications used for mot ion s i ckne s s  might be 
effec t ive in the prevent ion of s imulator s ickne s s . 

5 . 6 The vel oc ity of  t he optokine t ic s t imulus on the 
s imulator d i sp lay i s . a  very useful variab le  because i t  
represent s the magni tude o f  the s t imulus t o  adapt . 
St roboscop ic i l luminat ion o f  such a "s l ip s igna l "  
e l iminates the mot ion s ickne s s  symptoms that accompany 
optokine t ical ly induced nausea (Me lvi l l  Jones and Mand l ,  
1 9 79 ) . Thi s  seems to  o ffe r reasonab le  hope that 
degrad ing the update  rate of  moving s t imul i  in the 
s imul ator disp l ay might be  sufficient t o  support 
training whi l e  e l iminat ing s imulator s ickne s s . 
Advocat ing degraded upda te rate s , however , appears to  be 
counter to engineering advancements . Further work is  
needed to def ine s imulator spec i fica t ions in terms of 
the de s i red percep tua l e f fe c t s  rather than engineering 
advances  for phys ical real i sm .  
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APPENDIX 
POTENTIAL CONTRIBUTORS TO S IMULATOR S ICKNES S 

Charac teri s t i c s  o f  s imulators and users t hat mus t be 
cons idered as  potential  contributor s to  s imu lator 
s ickness : 

INDEPENDENT VARIABLES 

Mot ion and vibrat ion 
Axes 
Frequency 
Acce lerat ion 
Exposure duration 
Lags 
Phase/gain 

Vis ion 
Field of view 
Framing e f fec t 
Ret inal eccentric i ty 
Off-axi s  d i sp lay 
Scene feature s 

Number 
Appearance 

Di splay type 
Model  board 
Compute r-generated imagery 
Point source  

Pilot head movement 
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Vi sual  mot i on 
Lags 
Phase /gain  
Optometric properties 
Spat ial  frequency 
Raster scan 
Phosphore s i s  
Re fresh rate 
Veloc i t y  
Temporal  f requency 

56 

Linear /angular  acceleration vectors  
Spec t ra l  densi ty 
Dis tort ion ( temporal and spat ia l )  
Col l imat ion 
Magnif icat ion 
Al ias ing 

Simu l ator features 
Motion base / fixed base 
Washout 
Lags 

Visual sys tem 
Mot ion system 
Other mot ion cueing systems 

Dome versus window 
Dynamic modeling o f  aircraft  
G-seat , he lmet-loader , anti-C-sui t 
Maneuvers 

Frequency 
Amp l it ude 
Durat ion 
Turns-wh i le-taxi ing 

Simulator use 
Freeze 
Reset  
( Re ) ini t i a l i zat ion 
Di s solve scene s 
Warning s igna l s  
Cont rol ler /passenger 
Task load ing 
Indoct rinat ion 
Briefing /demonstrat ion 
Buffet 
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Individual d i fferences 
Experienc e / ski l l  leve l 

Aircraf t  
S illlUlator 

5 7  

Field dependence/ independence 
At titude ( set )  
Medical s tatus 
Motion s ickne s s  suscept ib il ity 

DEPENDENT VARIABLES 

Mot ion s ickne s s  symptomatology 
Obj ect ive ( s igns )  
Sub j ec t ive ( symptoms)  

Performance 

Flashbacks 

Postura l d i sequ i l ibrium ( at axia and other balance 
measure s )  

Eye movement ( and ves tibul o-ocular re f lex)  

OTHER ISSUES 

Adaptat ion 
Time course  
Spec i fic i ty 
Trans fer o f  adaptat ion 

Dual (mu l t ip le )  adaptat ion 
Pos i tive/negat ive trans fer 

Ac t ive /pass ive 

Trans fe r of  training 
Pos i t ive /negat ive 
Fl igh t  safety 

Sensory c on f l i c t  ident if icat ion 
Visua l -ve s t ibular 
Ot o l ith-canal 
Intravi sual ( focal-amb ient ) 
Somatosensory-other ( G-seat ) 
Mul t iple  sources  of  confl i c t  
Spa t ia l / temporal con f l ic t  
Conf l ic t  with neura l s tore 
Measurement (magnitude ) of  c onf l ic t  
S igni f icance  of  conf l ic t  
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