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INTRODUCTION 

That   port ion of the   f l igh t -s imula t ion  community involved  in  t ac t ica l  f i g h t e r  
simulation  has  been  concerned  over  the  uti l i ty of both g-seat cueing  devices and 
platform  motion  systems  for  several   years.  The l i t e r a t u r e  i s  voluminous,  with a r t i -  
cles by proponents and opponents of each  or  both  (ref.  1). Recent  experiences a t  
Langley  Research  Center (LaRC)  i n   s epa ra t e   app l i ca t ions  of a representa t ive  of each 
cueing  system  have  been  quite  favorable  (refs.  2 and 3 ) .  

I n   s p i t e  of the   successfu l   appl ica t ion  and p i lo t   accep tance  a t  Langley,  defi- 
c i e n c i e s   i n  motion  cueing  exist  with  each  system. The Langley-designed  g-seat 
( r e f .  4 )  has been  most e f f e c t i v e   i n   p r e s e n t i n g  normal acce le ra t ion   cues ,   pa r t i cu la r ly  
sustained  cues .  I t  is less e f f e c t i v e   i n  i t s  presenta t ion  of r o t a t i o n a l  and t r ans l a -  
t iona l   onse t   cues  and sustained  s ide-force and surge  cues. The convent ional ,   s ix-  
degree-of-freedom,  synergistic  platform motion  system,  the  Langley  Visual/Motion 
Simulator ( V M S ) ,  has no capab i l i t y   fo r   sus t a ined  normal acce lera t ion   cue ing  and very 
l imi t ed   capab i l i t y   fo r   t r ans i en t   ve r t i ca l   cue ing .   In   f ac t ,   t he   ve r t i ca l   ax i s  is used 
pr imar i ly   for   tu rbulence  and buffet   cueing.  The other  degrees of freedom are effec- 
t i ve ly   p re sen ted  by the  platform  washout sys tem,  a system which w a s  also  developed a t  
Langley  Research  Center.   Intuit ively,   the meshing of the two systems to   provide  an 
augmented system  for  six-degree-of-freedom  motion  cueing w a s  des i rab le .  

In   o rde r   t o  measure  and  analyze  the  effects of the  motion  plus  g-seat  cueing 
system, a simulation  experiment w a s  des igned   u t i l i z ing  a pu r su i t   t r ack ing   t a sk  and  an 
F-16 s imulat ion model w i t h  the   s tandard  f ixed  s ide-arm  control ler .   This   paper   pre-  
sents   the  comparat ive  effects  on simulated-pursuit-tracking  performance of the   fo l -  
lowing  combinations of motion  cueing: no motion  (fixed-base  operation),   g-seat  only,  
platform motion  only,  and  platform  motion augmented by g-seat. The performance 
r e su l t s   a r e   p re sen ted  as standard  root-mean-square (rms) error  measures,   while  the 
ana lys i s   t oo l s   u t i l i zed   s t anda rd   un iva r i a t e  s t a t i s t i ca l  techniques. 

S I M U L A T I O N  FACILITY 

The experiment w a s  conducted  using LaRC real-time s i m u l a t i o n   f a c i l i t i e s .  The 
mathematical model of t h e   a i r c r a f t  and  the  simulation  hardware  drives were imple- 
mented on the  Langley Real-Time Simulation  System.  This  system,  consisting of a 
CYBER 175 computer  and associated  interface  equipment ,   solved  the programmed equa- 
t i o n s  32 times per second. The average time delay from inpu t   t o   ou tpu t  w a s  approxi- 
mately 47 msec (1.5 times the  sample per iod) .  The simulation  hardware  and  software 
u t i l i z e d  are descr ibed below. 

g-Seat 

The g-seat used i n  this study i s  one  of the Langley-designed  and  fabricated seat 
cushions   ( re f .  2 )  ins ta l led  in   the  Langley  Visual /Motion  Simulator .  The four -ce l l  
seat  ( f i g .  1 1 ,  using a t h i n  a i r  cushion  with  highly  responsive  pressure  control,  w a s  
designed  to   reproduce the same events  which  occur i n  an a i r c r a f t  seat under accelera- 
t ion  loading.  The seat is i n i t i a l l y   b i a s e d   . s u c h  that the  seat  conforms t o  the p i l o t  
t o   s u p p o r t  most of his   weight .  The i n i t i a l  a i r  pressure  a l lows  the t w o  main support  



areas, the i s c h i a l   t u b e r o s i t i e s ,   t o   t o u c h  a wood su r face  and thus  begin  to compress 
the   f lesh   near   these  areas. I n   t h i s  manner, the   b ias   es tab l i shes   the   " f i rmness"  of 
t h e  seat. As acce le ra t ions   i nc rease   (pos i t i ve  g va lues ) ,  a i r  is removed from the  
seat, g iv ing   t he   e f f ec t  of compressing  the  cushion  material and causing more of t he  
p i lo t ' s   we igh t   t o  be supported by the  area  around the t u b e r o s i t i e s .  However, some 
a i r  i s  l e f t   i n   t h e   s e a t   t o  enhance  the  cue of s ink ing   in to   the   sea t   whi le   p revent ing  
t h e   f a l s e  cue of the seat f a l l i n g  away from the   s ides  of the   l egs  and buttocks.  For 
negat ive g v a l u e s ,   s u f f i c i e n t  a i r  is added t o   t h e   s e a t  to remove a l l  contac t   wi th   the  
wood and,  thus,  to  uniformly  support  the body weight  without  al lowing  the  seat   to 
become firm  because of too much air .  

This manner of sea t   opera t ion   ( i . e . ,   reproducing   the   a i rc raf t - sea t   ac t ions)  
automatical ly   reproduces  other   re la ted  pi lot   events ,   such  as   ra is ing  or   lowering  the 
body with  the  resul t ing change i n  the  eyepoint  and t h e   j o i n t   ( h i p s  and knees)  angles. 
I t  a l s o   r e s u l t s  i n  proper  loosening and t igh ten ing  of t h e   l a p   b e l t  and shoulder  har- 
nes s .  The seat-cushion  steady-state  t ime  lags  are  about 35 msec, y ie ld ing  a t o t a l  
average  delay,  including  computational  throughput, of s l i g h t l y  more than 80 msec. 

Motion  System 

The Langley  Visual/Motion  Simulator (VMS) is a six-degree-of-freedom,  synergis- 
t i c   p l a t f o r m  motion system wi th   acce le ra t ion ,   ve loc i ty ,  and p o s i t i o n a l  limits. (See 
f i g .  2 . )  These limits are   p resented   in   t ab le  I. Time lags of less   than 15 msec a r e  
achieved by driving  the  base  with  lead  compensation (ref. 5 ) .  Thus, the  average 
t o t a l  motion  delay,  including  computational  throughput, is less than 70  msec and is  
quite  compatible  with  the rest of the  system,  including  visual  delays.  The washout 
system  used to  present  the  motion-cue commands to   t he  motion  base is nonstandard. It  
was conceived and developed a t  Langley  Research  Center  (ref. 6 ) .  The basis of the 
washout i s  the  continuous  adaptive change of parameters  to ( 1 )  min imize  a cost   func- 
t ional   through  cont inuous  s teepest   descent  method  and ( 2 )  produce  the  motion  cues i n  
t r a n s l a t i o n a l   a c c e l e r a t i o n s  and ro t a t iona l   r a t e s   w i th in   t he  motion  envelope of the 
synerg is t ic   base .  

Visual  Display 

The Langley VMS is  provided  with an  "out-the-window" virtual-image system of t he  
beam-spl i t ter ,   ref lect ive-mirror   type.  The system,  located  nominally 4.17 f t  from 
the   p i lo t ' s   eye ,   p re sen t s  a nominal f i e l d  of view 48O wide  and 36O high and uses a 
525-line TV r a s t e r  system. The image system  provides a 46O by 26O instantaneous 
f i e l d  of  view  and suppl ies  a co lo r   p i c tu re  of uni ty   magnif icat ion  with a r e so lu t ion  
on the  order  of 9 minutes of a r c .  

The scene   depic ted   in   the   v i r tua l - image   d i sp lay  was obtained by video  mixing a 
terrain-model-board  picture  with a t a r g e t   a i r c r a f t  and a r e t i c l e   d i s p l a y .  The  com- 
p o s i t e   s c e n e   p r e s e n t e d   t o   t h e   p i l o t  is  a s  shown on  a monitor i n  f i g u r e  3 with  about 
70° l e f t  wing down a n d   t h e   t a r g e t   a i r c r a f t   a t  800 f t  i n  t h e  2 o 'c lock   pos i t ion   o f   the  
reticle o u t e r   c i r c l e .  The s t a t e -o f - the -a r t  TV camera t r a n s p o r t  system used i n  con- 
junct ion  with a s o p h i s t i c a t e d   t e r r a i n  model board is  desc r ibed   i n   r e f e rence  7. 'Ihe 
maximum scaled  speed  capabili ty  of  the  system i s  444 knots,   with  vertical-speed  capa- 
b i l i t i e s  of f30 000 ft/min. The t rans la t iona l   l ags   o f   the   sys tem  a re  15 msec o r  
less. I h e   t a r g e t - a i r c r a f t   d i s p l a y  was generated by the   smal l  model, c lo sed -c i r cu i t  
t e l e v i s i o n  system descr ibed i n  re ference  3. Elevation  and  azimuth  changes as well a s  
t a r g e t   r o l l  were accomplished  e lectronical ly .   Wlat ive  pi tch  and yaw were obtained 
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by r o t a t i o n  of the two-gimbal support  mount. The average   to ta l  v i s u a l  delay,   includ- 
ing  computational  throughput  delay, w a s  less   than 70 msec. The r e t i c l e  is generated 
by  a  computer graphics  system  with a second-order f i l t e r  added t o  match t h e   r e t i c l e  
response to  the  servo  response of the  terrain  board and t a r g e t   a i r c r a f t .  

Cockpit Hardware 
n 

4 

The general-purpose  cockpit of the VMS was modif ied  to   represent  a f i g h t e r  by 
removing the  wheel and  column  and i n s t a l l i n g  a s ide-arm  force-actuated  control ler  on 
the   p i lo t ' s   r igh t -hand  s ide .  The rudder  pedals were a l so   conf igu red   t o  be force-  
actuated.  The t h r o t t l e  w a s  i n s t a l l e d   i n   t h e   c o n v e n t i o n a l   l e f t   p o s i t i o n ;  however, t he  
p i l o t   s e a t  w a s  of the  general   t ransport   type,   ra ther   than  the  special   incl ined  seat  
of the F-16. N o  spec ia l   a rmres t  w a s  provided  to  support   the  forearm,  although  the 
elbow r e s t  of t h e   t r a n s p o r t   s e a t  mimicked this   funct ion  because of the  placement  of 
t h e   c o n t r o l l e r   i n   t h e  same gene ra l   l oca t ion   a s   t he   con t ro l l e r  i n  t he   ac tua l   a i rp l ane .  
Primary  instrumentation  consisted of an a t t i t u d e   i n d i c a t o r ,  a ver t ical-speed  indica-  
t o r ,  an a l t imeter ,   angle-of -a t tack  and s ides l ip   meters ,  an a i r speed   i nd ica to r ,  a Mach 
meter, a turn-and-bank i n d i c a t o r ,  and  a  compass card. 

Aircraft   Mathematical  Model 

The equations  used  to  describe  the  motions of the F-16 were nonl inear ,   s ix-  
degree-of-freedom,  rigid-body  equations  referenced  to a body-fixed  axis  system. The 
aerodynamic  data  used i n  the  equat ions of motion  were derived from s t a t i c  and dynamic 
( forced   osc i l la t ion)   wind- tunnel   force   t es t s   conducted   wi th  a 0.15-scale model a t  a 
Reynolds number  of about 0.8 x 1 O6 and  a Mach number  of about 0.1 . The data   included 
an  angle-of-attack  range from - I O o  t o  90° and  a s ides l ip   range  from -4OO t o  40°. 
Effec t s  of Mach number, Reynolds number, o r   a e r o e l a s t i c i t y  were not   inc luded   in   the  
mathematical model. Spec ia l   f ea tu re s  of the  F-16 model with  motion-cue  implications 
included ( 1  ) the  use of a normal-acceleration command longi tudinal   control   system 
which p rov ides   s t a t i c   s t ab i l i t y ,   no rma l -acce le ra t ion   l imi t ing ,  and angle-of-attack 
l imi t ing ;  ( 2 )  the  use of  a r o l l - r a t e  command system i n   t h e   r o l l   a x i s ;  and ( 3 )  the  use 
of  an ai leron  rudder   interconnect  and  a s t a b i l i t y - a x i s  yaw damper i n  the yaw ax i s .  
The mass and geometr ic   charac te r i s t ics  of t he   s imu la t ion   a i r c ra f t   a r e   p re sen ted  i n  
t a b l e  11. Complete d e t a i l s  of the model a r e  documented i n  reference 8. 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSES 

A 22 X 8 f ac to r i a l   des ign   w i th  a six-degree-of-freedom  pursuit   tracking  task 
formed the  environment  within which the   da ta  were gathered.  Univariate  analyses of 
var iance were  performed on the  root-mean-square (rms) data .  

Experimental  Design and  Task 

The f a c t o r s  of t he  22 x 8 f a c t o r i a l   d e s i g n  were motion  (on  or  off) ,   g-seat  (on 
or   off  ); and test s u b j e c t s   ( e i g h t   p i l o t s ) .  Each c e l l   w i t h i n   t h e   d e s i g n  w a s  r e p l i -  
cated 10 times; t h a t  is, each p i lo t   f l ew   the   t r ack ing   t a sk  10 times a t  each  combina- 
t i o n  of the  motion and g - sea t   f ac to r s  (40 data   runs) .  The tracking  task  used w a s  
approximately 2 minutes in   l eng th .  The t a r g e t   a i r c r a f t  w a s  dr iven by a computer- 
generated  taped maneuver cons i s t ing  of  a 39 tu rn  a t  a constant   a i rspeed of 285 knots 
and c o n s t a n t   a l t i t u d e  of 2500 f t .  The p i l o t  of t h e   p u r s u i t   a i r c r a f t   ( s i m u l a t e d  F-16) 
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was required  to   t rack  the  target   while   maintaining a 1000-ft  range.  If  the  range 
became less than 800 f t ,   t h e  run was repeated. Range information was provided by a 
standard  range  analog bar on t h e   r e t i c l e   s c a l e d  for 2000 ft .   This  caused  the 
required  1000-ft   range  to appear a t  the  6 o 'c lock  tab.   During  the  task,   the   pursui t  
p i l o t ' s   t r a c k i n g   r e f e r e n c e   ( r e t i c l e )  was d r i v e n   i n   v e r t i c a l   a i r c r a f t  body ax i s  by a 
sum of  13  sinusoids. The s inusoids  had a f ixed set of amplitudes and f requencies   bu t  
randomly  chosen  phases  (between -180O and  180O). The phases were randomly  chosen so  
t h a t   t h e  test sub jec t s  would not   learn  the movements, of the   re t ic le .   Table  I11 pre- 
sents   the  ampli tudes and frequencies  i n  the sum of s i n e  waves. The amplitudes were 
s c a l e d   t o  limit the maximum d e f l e c t i o n  of the reticle t o  f l  Oo. In   order   to   t rack  the 
t a r g e t ,   t h e   p i l o t  was r equ i r ed   t o   keep   t he   t a rge t   i n   t he   cen te r  of the   re t ic le .   This  
provides  the same type of t r a c k i n g   t a s k   t h a t   t h e   p i l o t  would normally  encounter  in 
gun tracking  with a lead-angle-computing  gunsight. 

Test   Subjects  and Procedure 

E igh t   ac t ive  F-15 p i l o t s ,   s t a t i o n e d   a t  Langley A i r  Force  Base, were used as test 
sub jec t s .  None of t h e s e   p i l o t s  had previous  experience i n  a research  simulator  such 
a s   t he  v M S ,  although some of t h e   p i l o t s  had ''flown" a moving-base t ra in ing   s imula tor  
before  and a l l  e i g h t  were familiar  with  the  instrument-only F-15 t ra in ing   s imula tor .  
Each pi lot   "f lew"  the  s imulat ion  a t   the   four   motion/g-seat   level   combinat ions.  The 
o r d e r   i n  which the  pilots  f lew  the  combinations was randomly  chosen to  reduce  any 
l ea rn ing / f a t igue   e f f ec t s .  Ten r e p l i c a t e s  of each  combination were performed by the 
p i l o t s   f o r   t r a i n i n g  and  10 r ep l i ca t e s   fo r   da t a .  The p i l o t s  completed a l l   t r a i n i n g  
combinations  before any data  runs were s t a r t e d   i n   o r d e r   t o  minimize  learning  effects.  

A data-co l lec t ion   per iod   for   each   s imula t ion   combina t ion   took   about  2 minutes 
p e r  run, s t a r t i n g  from a zero-er ror  trim condition. The f i r s t  20 seconds were used 
t o   p h a s e   i n   t h e  sum of s ines   d i s tu rbance .  The next  15  seconds  were  used t o   a l l o w   t h e  
p i l o t   t o   s t a b i l i z e   a t   t h e   f u l l   a m p l i t u d e  of the  sum of s ines   d i s turbance .  The 
remaining 2 minutes  were  used f o r   d a t a   c o l l e c t i o n .  As a means of  encouraging  the 
p i l o t s   t o  do the i r   bes t ,   t hey  were g iven   t he   "bes t "   s co res   t o   da t e   be fo re   t he i r   s e s -  
s ion .  Then, t h e i r  rms v e r t i c a l  and l a t e r a l   t r a c k i n g   e r r o r s  and mean range  were  given 
t o  them a f t e r  each  simulation  run. This c rea t ed  a very  high  level of competit ion 
among t h e   p i l o t s   t o   a c h i e v e   l o w e r   e r r o r   s c o r e s .  

From previous  experience, it w a s  suggested  that   about  15  continuous  runs of the 
t racking   task  were the maximum number that   could be completed  without a break  before 
t h e   p i l o t ' s  performance  began to   de te r iora te   because  of fa t igue.   Therefore ,  one 
p i l o t  could  perform two d i f f e ren t   ce l l   combina t ions  of  10 r e p l i c a t e s ,  each  (with 
proper  rest between t h e   c e l l s )   d u r i n g  one  3-hour s imulat ion  session.  A f i r s t   s e s s i o n  
was devoted e n t i r e l y  t o   f ami l i a r i z ing   t he   p i lo t   w i th   t he   s imu la to r  and the  experimen- 
t a l  task.  Then, two t o   t h ree   s e s s ions  were used t o  comple te   the   en t i re   se t   for  
training.  Also,   before  data were taken  for a c e l l  combinat ion,   the   pi lot   usual ly  
took  between  three  to  six  practice  runs.  

Performance  Measures  and S t a t i s t i c a l  Analyses 

The roo t  mean squares of the   ver t ica l -he ight   e r ror ,   l a te ra l   d i sp lacement   e r ror ,  
and c o n t r o l   s t i c k   f o r c e   f o r   r o l l  and p i t c h  were  computed a s  measures of performance. 
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Univariate   analysis   techniques were appl ied to  the  performance  measures. The 
s ta t is t ical  techniques are desc r ibed   i n  most s tandard   t ex ts  on the  subject ,   such as 
references 9 and 10. 

RESULTS 

The primary  question to  be addressed is, D o  motion  and  g-seat  cues  have  an  addi- 
t i v e   e f f e c t  on the performance of t h i s   t a s k ?  

The rms performance  measures  and  the mnemonics used are shown i n  table I V .  
Tables V and V I  show mean rms e r ro r ,   s t anda rd   dev ia t ion ,  and s t anda rd   e r ro r   fo r   t he  
lateral  and v e r t i c a l   t r a c k i n g   e r r o r s  (EL and EV) and the ro l l  and p i t c h   c o n t r o l  
i npu t s  (TAP and TSP) for the  four  combinations of g-seat  and  motion  conditions. 
These r e s u l t s  are p l o t t e d   i n   f i g u r e s  4 to 7. Tables V I 1  and V I 1 1  show the   r e su l t s   o f  
an   ana lys i s  of variance on these  four  measures. 

Table V and f i g u r e  4 exh ib i t   h igh ly   s ign i f i can t   d i f f e rences   (ve ry  much less than 
a t  5-percent  level)  between  the  fixed-base  and  g-seat/motion  conditions  for la teral  
t r ack ing  error. Mean r m s  error is reduced from  9.043 f t   ( f i x e d  base) to  7.555 f t  by 
g-seat  cues and t o  7.746 f t  by motion-base  cues, a reduction of 16.5  percent and 
14.3 percent ,   respec t ive ly .  However, the two cues combined provide a s i g n i f i c a n t l y  
lower la teral  t r a c k i n g   e r r o r  of  6.420 f t .  The a n a l y s i s  of var iance  for   the l a te ra l  
t r a c k i n g   e r r o r   ( t a b l e  V I 1 1  shows t h a t   t h e r e  are h i g h l y   s i g n i f i c a n t  effects of p i l o t ,  
motion,   g-seat ,   p i lot  by motion,  and p i l o t  by g-seat on the  lateral t r ack ing   e r ro r ;  
however, t h e r e  is no e f f e c t  of  motion  by  g-seat. Similar r e s u l t s  are shown for ro l l  
c o n t r o l   i n p u t  (TAP). The p l o t s   ( f i g .   5 )   f o r   r o l l   c o n t r o l   i n p u t  show a h igh ly   s ign i f -  
icant   lowering  of   the  control   input  (TAP) f o r  motion  conditions  (F-value of 158.51 
versus 6.74 f o r   s i g n i f i c a n c e  a t  1-percent   level)   wi th  a lesser bu t  still s i g n i f i c a n t  
(F-value of  9.85 versus 6.74 f o r   s i g n i f i c a n c e  a t  1-percent  level)   lowering of r o l l  
cont ro l   input   for   g -sea t   condi t ions .  A s  shown i n   f i g u r e s  4 and 5, th i s   lower ing  of 
the roll s t i c k   f o r c e  is assoc ia ted   wi th  a lowering of the la teral  t r a c k i n g   e r r o r   f o r  
both  condi t ions . 

The r e s u l t s  of t he   ana lys i s   o f   va r i ance   on   t he   ve r t i ca l   t r ack ing   e r ro r  (EV)  and 
p i t c h   c o n t r o l   i n p u t  (TSP) are p r e s e n t e d   i n   t a b l e  V I I I .  The e f f ec t s   o f   p i lo t ,   g - sea t ,  
p i l o t  by motion,  and p i l o t  by g-seat are a l l  s i g n i f i c a n t  a t  t he   1 -pe rcen t   l eve l   fo r  
EV. No motion e f f e c t s  were expected i n   t h e   v e r t i c a l   a x i s ,   a n d   n o   s i g n i f i c a n c e   w i t h  
r e s p e c t  t o  v e r t i c a l   e r r o r  i s  r e c o r d e d   f o r   t h e   e f f e c t s  of  motion  and  motion by g-seat. 
The same t r e n d s   h o l d   f o r   p i t c h   c o n t r o l   i n p u t s .   V i s u a l   p r e s e n t a t i o n s   o f   t h e   d a t a  for  
v e r t i c a l   e r r o r   a n d   p i t c h   i n p u t  are i n   f i g u r e s  6, 7, and  12 t o  15. Figures 8 t o  15 
show t h e   i n d i v i d u a l   p i l o t   d i f f e r e n c e s .  

DISCUSSION 

From t h e s e   r e s u l t s ,  w e  can see tha t   the   g -sea t  and  motion  cues  have t h e i r   g r e a t -  
est e f f e c t  on t h e   p i l o t ' s  lateral t r ack ing  error, even  though  the reticle is driven 
v e r t i c a l l y   o n l y .   S i m i l a r   r e s u l t s  are shown in   r e f e rences  11 and  12 f o r  normal accel- 
erat ion  cues   presented  through  g-seat  and  helmet  devices. Our i n t e r p r e t a t i o n  of this 
would be as follows: The pi lot ' s  f irst  t a sk ,   i n   t h i s   fu l l   s ix -degree -o f - f r eedom 
ta sk ,  is to c o r r e c t  for lateral e r r o r  so t h a t   h i s  X body axis is i n   t h e   v e r t i c a l  
plane of t h e   t a r g e t  body a x i s  system. (See f ig .   16.)  Once he is "in-plane,"  the 



p i l o t  can then  reduce the  vertical  tracking  error. This strategy is evidenced by the 
fact   that  the  la te ra l   e r ror  (EX) is less than one-half of the  vertical  tracking  error 
(EV) . 

AS fa r   as   the   l a te ra l   e r ror  i s  concerned, the  data  (fig. 4 and tables V and V I I )  
show tha t   t he   g sea t   o r  motion platform  causes a s ignif icant  and approximately  equal 
reduction of the  lateral   tracking  error.  Moreover, the  data  also show an additive 
e f fec t  (evidenced by f ig .  4 and a nonsignificant motion by g-seat e f f ec t )  i n  tha t   the  
combined cues lower the   l a te ra l   e r ror  over  each cue used alone. Our interpretation 
of the  additive  effect i s  that  the  roll lnotion cue lowers the   p i lo t ' s  rms r o l l  con- 
t ro l   ( f i g .  51, thereby  reducing  translations which move the   p i lo t ' s   a i r c ra f t  "out-of- 
plane." %he g-seat  provides  primarily normal acceleration  cues and reduces  the l a t -  
e r a l   e r ro r  by allowing  the  pilot   to  "feel" a normal acceleration which  would take him 
out-of-plane  before he would see  the  translation. The  two cues ( r o l l  motion and 
normal acceleration) used together  provide  the  pilot w i t h  onset cues from the motion 
platform and sustained  cues from the  g-seat, which he  uses t o  lower h i s  l a t e ra l   e r ro r  
by an amount almost  equal to   the amount each cue lowers the  fixed-base  case. 

For the vertical  tracking  error ( E v )  and pitch  control (TSP),  the  motion plat-  
form  shows  no first-order  effect   (f igs.  6 and 7 and tables V I  and V I I I ) .  This is to  
be expected since  the motion drive  algorithms  (refs. 2 and 5) provide very l i t t l e  
ver t ical  cue. However, a further look a t  the  data  (figs. 1 2  and 1 4 )  and  knowledge 
that  there  are  significant  pilot   interactions lead to  the  conclusion  that a small 
ver t ical  cue,  possibly  the  pitch-rate  cue,  presented by the motion base does affect  
p i lo t  performance, but  not i n  a uniform manner across a l l   p i l o t s .  Motion cues 
improve the  vertical performance of p i lo t s  3,  4, and 5 ( f ig .  1 2 )  but degrade the 
ver t ical  performance of a l l  the  other  pilots.  Therefore,  the  effect of motion on 
some individual  pilots is s ignif icant   (pi lots  2,  3, 4, and 6 by a t- test) ,   but  the 
pi lot   effect   ( the  different  response to  motion by individual  pilots)  washes out any 
first-order motion effect .  

The ver t ical  cue with respect  to  the  g-seat is much clearer. I n  figure 13, 
p i lo t s  1 ,  2, and 5 show the  g-seat cues leading  to  slightly  larger  vertical  errors. 
None  of these  pilots show  any s ta t is t ical ly   s ignif icant   dif ference when tested with a 
t - tes t  between g-seat on or  off performance w i t h  respect  to EV; however, the  other 
p i lo t s  show significant  reductions i n  ver t ical   error  with g-seat  cues.  Overall,  the 
g-seat produces a significant  reduction of the  vertical  error (F-value of 9.85 versus 
6.74 for  significance a t  1-percent level)  by providing normal acceleration cues which 
relate  directly  to the  error (EV)  when the p i lo t  is "in-plane" with the  target. 

CONCLUDING REMARKS 

In  order  to measure  and analyze  the effects of the motion plus  g-seat  cueing 
system, a manned-flight-simulation  experiment was conducted u t i l i z ing  a pursuit 
tracking  task and  an F-16 simulation model i n  the NASA Langley Visual/Motion 
Simulator. 

This  experiment  provided the  information  necessary t o  answer the primary  ques- 
t ion,  Do motion and g-seat  cues have an additive  effect  on the performance of t h i s  
task? With respect  to  the  lateral   tracking  error and roll-control  stick  force,  the 
answer is affirmative. When the motion platform  (onset motion cues) and the  g-seat 
(normal acceleration cues) are  used separately,   the  pilot  uses  the  information  pro- 
vided t o  prevent  overcontrol i n  r o l l  and i s  therefore  able  to reduce h i s   l a t e r a l  
tracking  error. When the two cues are  used together,  the  information  provided  has an 

6' 



e f fec t  of lowering the  rol l -control   s t ick  force and the lateral tracking  error gener- 
ated by an amount almost  equal t o   t h e  sum of the amount t h a t  each  cue case d i f f e r s  
from the fixed-base case. For the  vertical   tracking  error,   the  g-seat  significantly 
lowers the  error  whether  motion is  used or  not. "he motion cue may have an   e f fec t  on 
a n  individual   pi lot ' s  ver t ical  performance, but  overall,  motion does not  appear t o  
have a cons is ten t   e f fec t  on the  vertical  tracking  error.  Neither  the  g-seat  nor  the 
motion platform  affects  the amount of pitch-control  stick  force used. 

Langley Research  Center 
National  Aeronautics and Space Administration 
Hampton, VA 23665 
December 28, 1983 
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TABLE I.- LIMITS OF LANGLEY VISUAL/MOTION  SIMULATOR 

Axis I Displacement 

P i t c h  ............ 
Yaw .............. 
Vertical . . . . . . . . . 
Lateral .......... 
Longitudinal ..... 

Roll e . . . . . .   . . . . e .  

a lg  = 9.81 m/sec . 2 

+30°, -2OO 
f220  
f32O 

+39, -30 i n .  
f48 i n ,  
+48 in .  

V e  l o c i   t y  

k15 deg/sec 
f15 deg/sec 
f15 deg/sec 
f24 i n / sec  
+24 in / sec  
*24 i n / sec  

. .  

Acceleration 

+50 deg/sec 2 

f50 deg/sec 2 

+SO deg/sec2 
a 
a 
a 

f0 89 
k0 69 
*o 69 

. - . . . " 

TABLE 11.- MASS AND DIMENSIONAL  CHARACTERISTICS OF F-16 SIMULATION MODEL 

Weight, lb ................................................................... 16 519 

Moments  of i n e r t i a :  
I X I  s l ug - f t2  . . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9339 
Iyr s l u g - f t  .........................................................*...* 39  199 

Ixz, s l u g - f t  ................................................................. 132 

2 
2 

I z r  SlUg-ft ............................................................. 46 492 
2 

Wing: 
Span, f t  ..................................................................... 29.0 
Area, f t 2  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280 
Mean aerodynamic  chord, f t  .................................................. 10.94 

Surface   def lec t ion  limits: 
Horizontal  t a i l :  

Symmetric,  deg .................................................~...o~~.~~~.. *25 
D i f f e r e n t i a l  (per s u r f a c e ) ,   d e g  .............................................. f5 

Ailerons   ( f laperons) ,   deg  ..........................................~o~..~~~..~ *20 
Rudder,  deg .........................................................,.eoe.o.o. f30 
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TABLE 111.- PARAMETERS  OF  SUM  OF SINES USED 
To DRIVE THE RETICLE 

F r e q u e n c i e s ,  
rad/sec 

0.245 
.540 
.933 

1.424 
2.01 3 
2.896 
4.074 
5.547 
8.001 
10.946 
16.248 
22.040 
32.094 

~ ~~ ~~ ~ 

Relative  amplitudes 
~ ~~ 
~ . ~ -  ~ ~~ ~ 

1.150 
.747 
e 3 1  9 
.121 
.051 
.022 
.009 
.004 
.002 
.OOl 
-0003 
.OOOl 
.00006 

TABLE IV. - ROOT-MEAN-SQUARE  PERFORMANCE  MEASURES 

S t a t e  

P i t c h  control i n p u t  
R o l l  control i n p u t  
Vertical t r a c k i n g  error 
Lateral t r a c k i n g  error 

U n i t s  

Pounds 
Pounds 

F e e t  
F e e t  

~ 

~~ 

Mnemonics 

TSP 
TAP 
Ev 
EL 

~~ 
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i 

Variable  

ELI 

TAP 

TAP 

TAP 

TABLE V.- LATERAL  PERFORMANCE  MEASURES 

Motion 
condi t ion 

O f f  
O f f  
On 
On 

O f f  
On 

( a )  
( a )  

O f f  
O f f  
On 
On 

O f f  
On 

( a )  
( a )  

g-seat 
condi t ion 

O f f  
On 
O f f  
On 

( a )  
(a  1 

O f f  
On 

O f f  
On 
O f f  
On 

( a )  
(a 1 

O f f  
On 

Sample 
po in t s  

Mean 
rmS 

e r r o r  

Standard 
dev ia t ion  

Standard 
error 

80 
80 
80 
80 

1 60 
160 

160 
160 

80 
80 
80 
80 

1 60 
160 

9.043 
7.555 
7.746 
6.420 

~ 

8.299 
7.083 

2.883 
2.117 
1.973 
1.603 

2.630 
1.91 1 

0.324 
.238 
.222 
.I 80 

8.394 
6.987 

~~ ~ 

2.1  19 
2.064 
1.862 
1.783 

2.547 
1.957 

0.263 
.249 
.209 
.209 

0.029 
.028 
.023 
.023 

2.092 
1.822 

0.257 
.212 

160 I 1.991 1 0.270 160 1.923 .269 

a D a t a  combined ac ross   t h i s   cond i t ion .  
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TABLE VI . -  VERTICAL PERFORMANCE  MEASURES 

~~~ 

g - s e a t  
c o n d i t i o n  

O f f  
On 
O f f  
On 

( a )  
(a 

O f f  
On 

O f f  
On 
O f f  
On 

( a )  
(a 1 

O f f  
On 

- 

Sample 
p o i n t s  

80 
80 
80 
80 

3 60 
160 

1 60 
160 

80 
80 
80 
80 

1  60 
160 

1 60 
160 

a D a t a  c o m b i n e d   a c r o s s   t h i s   c o n d i t i o n .  

Mean 
rmS 

e r r o r  

18.498 
17.621 
18.470 
17.702 

38.060 
18.086 

18.484 
17.662 

4.010 
3.988 
4.004 
3.968 

3.999 
3.986 

4.007 
3.978 

Standard  
d e v i a t i o n  

~~ 

3.860 
2.981 
3.072 
3.522 

3.466 
3.316 

3.477 
3.253 

0.215 
.224 
.279 
.252 

0.219 
.265 

~~ ~ 

0.248 
.238 

Standa rd  
e r r o r  

0.434 
.335 
.346 
.396 

- 

0.024 
.025 
.031 
.028 

? 
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TABLE VI1.- RESULTS OF F-TESTS ON LATERAL PERFORMANCE  MEASURES 

Source of 

5-percent  level 1 -percent   l eve l  
s ign i f i cance  a t  s ign i f i cance  a t  F-va lue v a r i a t i o n  

F-value €or F-value  €or 

P 
M 
P X M  
GS 
P X GS 
M X G S  
P x M x G S  
Repl ica tes  

23.70 
41.26 
5.01 

55.28 
4.79 

.I 8 
1.74 
.57 

Lateral t r ack ing   e r ro r  

2.04 
3.88 
2.04 
3.88 
2.04 
3.88 
2.04 
1.91 

P 
M 
P x M  
GS 
P X GS 
M X GS 
P x M x G S  
Replicates 

Ro l l   con t ro l   i npu t  

11.93 

3.21 
3.88 9.85 
2.04  3.56 
3.88 158.51 
2.04 

1.91 1.10 
2.04 7.24 
3.88 .319 
2.04 

-I 
2.72 
6.74 
2.72 
6.74 
2.72 
6.74 
2.72 
2.48 
1 

2.72 
6.74 
2.72 
6.74 
2.72 
6.74 
2.72 
2.48 

a~ - p i l o t ;  M - motion; GS - g-seat. 
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TABLE V I I 1 . -  RESULTS  OF  F-TESTS ON VERTICAL  PERFORMANCE  MEASURES 

Source .  of 

1 -pe rcen t  level 5 -pe rcen t  level 
s i g n i f i c a n c e  a t  s i g n i f i c a n c e  a t  F-value v a r i a t i o n  

F-value for F-value for  

( a )  

I Vertical t r a c k i n g  error 

P 

1.91 1.46 Replicates 
2.04  3.45 P x M x G S  
3.88 04 M X GS 
2.04 3.02  P  x GS 
3.88 9.85 GS 
2.04  5.95 P X M  
3.88 .Ol M 
2.04 39.55 

P i t c h   c o n t r o l   i n p u t  

2.72 
6.74 
2.72 
6.74 
2.72 
6.74 
2.72 
2.48 

~ ~~ 

P 
M 
P X M  
GS 
P  x GS 
M X GS 
P X M x G S  
Replicates 

~ 80.80 
.74 

9.06 
3.68 
4.00 

.25 
9.34 
2.95 

2.04 
3.88 
2.04 
3.88 
2.04 
3.88 
2.04 
1.91 

a~ - pi lo t ;  M - motion; GS - g-seat. 

2.72 
6.74 
2.72 
6.74 
2.72 
6.74 
2.72 
2.48 
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L-84-01 
Figure 1 .- g-seat system. 
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Figure 2 .- Langley  Visual/Motion  Simulator, 

Figure 3.- Pilot's  visual  scene. 
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MOTION 06 
9 -SEAT OFF 

80 SAMPLE  POINTS PER STATl ST1 C 

1 I I 
MOTION OFF MOTION  ON MOTION ON 
9 -SEAT ON 9 -SEAT OFF g -SEAT ON 

CUE CONDITIONS 

Figure 4.-  Lateral  tracking  error. 

I/ 
ROLL 

CONTROL 
FORCE, 

I b  i 

80 SAMPLE  POINTS PER STATl  S'rlC 

P 
P P 

1 E 1 .  I I I 
MOTION OFF MOTION OFF MOTION  ON  MOTION  ON 
9 -SEAT OFF 9 -SEAT ON g -SEAT OFF g -SEAT ON 

CUE CONDITIONS 

Figure 5.- -11 control  input. 
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23 80 SAMPLE  POINTS PER STATISTIC 

22 

21 

20 

ERROR, 19 

18 

17 

16 

15 

14 I I 1 - 
MOTION OFF MOTION OFF MOTION  ON MOTION  ON 
g -SEAT OFF 9 -SEAT ON g -SEAT OFF g -SEAT ON 

VERT I CAL 

ft 

CUE CONDITIONS 

P 

Figure 6.- Vertical t r ack ing   e r ro r .  

P P 

5- 80 SAMPLE  POINTS PER  STAT1  ST1 C 

PITCH 

- 3 FORCE, 4 

- 
CONTROL - 

Ib 

3 -  

g -SEAT OFF 9 -SEAT ON 9 -SEAT OFF -SEAT ON 
MOTION OFF MOTION OFF MOTION  ON  MOTION  ON 

' 
CUE CONDITIONS 

I I -  _I 

Figure 7.- Pi t ch   con t ro l   i npu t .  

t 
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20 SAMPLE  POINTS PER STATISTIC 

MOT I ON 
ON 
OFF o 

ROLL 

FORCE, 4 4 

Ib a ; P 0 

I 1  
t l  I I I I I I I 

2 3 4 5 6 I a 
P I LOT 

Figure 8.- Effec t  of motion on p i l o t s '   r o l l  command. 
(Data  taken  across  g-seat  conditions.  ) 

20 SAMPLE  POINTS PER STATISTIC 

ROLL 
CONTROL 'i (I-SEAT 

OFF 0 
ON 0 

1 I I I I 
1 2 3 4 

I I 
5 

I 
6 7 a 

PILOT 

Figure 9 .- Effec t  of g-seat on p i l o t s  ' ro l l  command. 
( D a t a  taken  across  motion  conditions.)  
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20 SAMPLE  POINTS PER STAT1 S T l C  

13 "t 11 

LATERAL 

ft I 

MOT I ON 
ON 
OFF 0 

P 
" x 

5E I 1 I I I 
1 2 3 4 5 6 7 8 

I . . "  I 

P I LOT 

Figure 10.- Effect of motion on p i lo t s '   l a te ra l   e r ror .  
(Data  taken across  g-seat  conditions. ) 

20 SAMPLE  POINTS PER STAT1 ST1 C 
12 E 

P 
Q P 

m T  
OFF o 
ON 

P 

I I I I I 
1 2 

I 
3 4 5 6 7 8 

P I LOT 

20 

Figure 1 1  .- Effect of g-seat on p i lo t s '   l a te ra l   e r ror .  
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20 SAMPLE  POINTS PER STATIST IC  
T 

P 
P P 

I . .  
2 

I 
3 

1 
4 

. -1 
5 

P I  LOT 

MOTION 

ON 
OFF 0 

P.. . . . " I 2  
6 7 8 

Figure 12.- Ef fec t  of motion on p i l o t s '   v e r t i c a l   e r r o r .  

20 SAMPLE  POINTS PER STAT1 ST1 C 

I I J  
OFF 0 
ON 

I 
6 

Figure 13.- E f f e c t  of g-seat on p i l o t s '   v e r t i c a l   e r r o r .  
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Figure 14.- Effect of motion on p i lo t s '   p i tch  command. 
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Figure 15. - Effect of g-seat on pilots' pitch command. 
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