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SUMMARY 

This  paper p r e s e n t s   t h e   r e s u l t s  of t w o  t r a n s i e n t   m o t i o n   s e n s i n g  experi- 
ments  which were m o t i v a t e d   b y   t h e   i d e n t i f i c a t i o n  of an  anomalous rol l  cue  (a 
"jerk" a t t r i b u t e d  to a n   a c c e l e r a t i o n  spike) i n  a prior i n v e s t i g a t i o n  of real- 
ist ic f i g h t e r   m o t i o n  s i m u l a t i o n .  The e x p e r i m e n t a l   r e s u l t s   s u g g e s t   t h e   c o n s i d -  
e r a t i o n   o f   s e v e r a l   i s s u e s  for mot ion   washout   and   cha l lenge   cur ren t   sensory  
s y s t e m   m o d e l i n g   e f f o r t s .   A l t h o u g h   t h e   s u b j e c t  paper r e p r e s e n t s   n o   s e n s o r y  
m o d e l i n g   e f f o r t   i n   i t s e l f ,   t h e   a r g u m e n t  is made as to  t h e   n e c e s s i t y  of incor -  
p o r a t i n g   i n t o   s u c h  models t h e   a b i l i t y  to  h a n d l e   t r a n s i e n t   i n p u t s  of s h o r t  
d u r a t i o n  (some of which are less t h a n   t h e   a c c e p t e d   l a t e n c y  times f o r   s e n s i n g )  
and   r ep resen t ing  separate channe l s  for r o t a t i o n a l   a c c e l e r a t i o n   a n d   v e l o c i t y  
sens ing .  

INTRODUCTION 

A major emphas is   in   mot ion   s imula t ion   technology is  c u r r e n t l y   c e n t e r e d  
around  modeling human sensory   mechanisms,   inc luding   ves t ibu lar ,  t a c t i l e ,  and 
p r o p r i o c e p t i v e   s e n s o r s ,   a n d   t h e   i n t e r a c t i o n  of t h e s e   s e n s o r s   w i t h   v i s u a l   s e n -  
sors (refs. 1 t o  8 ) .  The g e n e r a l  goal of  such efforts,  a s i d e   f r o m   i n s i g h t ,  
is to p rov ide  a q u a n t i t a t i v e  means for d e t e r m i n i n g   m o t i o n   f i d e l i t y   r e q u i r e -  
ments for f l i g h t   s i m u l a t i o n  tasks.  U n f o r t u n a t e l y ,   t h e   v a l i d a t i o n  of such  
models is based  mainly  on steps or ramp-type i n p u t s   r a t h e r   t h a n   o n   a i r c r a f t -  
r e l a t e d   i n p u t s .  A major concern  of t h i s  paper is t h e  f a c t  t h a t   i n p u t s  of a 
t r a n s i e n t   n a t u r e   a n d   w i t h   r e l a t i v e l y   h i g h - f r e q u e n c y   c o n t e n t  ( i .e. ,  1 Hz) must 
b e   c o n s i d e r e d .   P r o v i s i o n s   i n   t h e   c u r r e n t   d i g i t a l   i m p l e m e n t a t i o n s   o f   t h e s e  
models t o  h a n d l e   i n p u t s  of h igh- f requency   conten t  are inadequa te ,   w i th   i n t e -  
g r a t i o n   a l g o r i t h m  step s i z e s  a t  a minimum of 0.1 sec (p. 33 o f   r e f .  6 ) .  

O f  equal concern  is t h e   e q u i v a l e n c e   g i v e n  to  r o t a t i o n a l   a c c e l e r a t i o n   a n d  
v e l o c i t y   s e n s i n g   b y  means of l a t ency   a rgumen t s  (refs. 6 ,  8,  and 9 ) .  It  is 
a r g u e d   t h a t  it is necessa ry  to rep resen t   on ly   one   s enso ry   i npu t   channe l .  V e l o c -  
i t y  is commonly chosen   and   the   reasoning   then  follows: s i n c e   a n   a n g u l a r  accel- 
e r a t i o n   a b o v e  its t h r e s h o l d  is n o t   s e n s e d   u n l e s s  it endures  for some f i n i t e  time 
( t h e   l a t e n c y  time) a n d   s i n c e   t h e   a n g u l a r   v e l o c i t y   t h r e s h o l d   c a n  be t h e o r e t i c a l l y  
equated  t o  t h e   i n t e g r a t i o n   o f   t h i s   a c c e l e r a t i o n   o v e r   t h e  period o f   t h e   l a t e n c y  
time, t h e   r e p r e s e n t a t i o n  of t h e   a c c e l e r a t i o n   c h a n n e l  is unnecessa ry   ( r e f .  7 ) .  A 
need   for  some i n d e p e n d e n t   r e p r e s e n t a t i o n  of b o t h   v e l o c i t y   a n d   a c c e l e r a t i o n   c h a n -  
n e l s  is p r e s e n t e d   i n   t h e   p r e s e n t  paper. 

The conce rns   exp res sed   he re  are d i r e c t e d   t o w a r d  e f fo r t s  underway to u s e  
human senso ry  models t o  d e t e r m i n e   s i m u l a t o r   r e q u i r e m e n t s ,   p a r t i c u l a r l y   i n  the 
realm of   mot ion   requi rements  for tactical f i g h t e r s .   T h e s e   c o n c e r n s  were 
p rompted   by   t he   i nves t iga t ions  of t r a n s i e n t   m o t i o n   s e n s i n g   r e p o r t e d   h e r e i n .  
The mot iva t ion  for t h e s e   i n v e s t i g a t i o n s  arose f rom  the   s tudy   of  p i lo t  accep- 
t a n c e   o f   s i m u l a t o r   p l a t f o r m   m o t i o n   f o r   f i g h t e r   a i r p l a n e s .  An anomalous r o l l  
cue  was r e p o r t e d   i n   r e f e r e n c e  10  to  be  of major consequence   i n  rea l i s t ic  



fighter motion simulations. This anomalous cue was presented to   the   p i lo t  by 
the motion base upon s t i c k  release. I t  is not  present, a t   least   subject ively,  
i n  actual   f l ight  i n  conventional  fighter  airplanes.  Additionally,  reference 1 0  
ident i f ied a method for  producing  potentially  realist ic  roll  cues which elimi- 
nates this objectionable  stick  release cue. 

T h i s  paper reviews i n  some de ta i l  the r o l l  cueing situations of refer- 
erence 1 0 ,  and then  discusses two separate  experiments i n  acceleration  sens- 
ing. N o  sensory modeling e f for t s  based on the  results of these  experiments  are 
attempted. However, the  deficiencies of current models upon which these  results 
impinge are  identified.  The f i r s t  experiment  provided specific  information  to 
implement the proposed washout scheme suggested i n  reference 1 0 .  The second 
experiment was conducted to  explore  additional  acceleration  profiles  that were 
suggested by the  sensory  impressions  encountered  during  the f i r s t  experiment. 
Results of the two experiments  demonstrate that  current  sensory models are 
inadequate t o  handle  the r o l l  cueing situations  described i n  reference 1 0  and 
the  additional  cueing  situations  to be reported i n  the  subject  paper. 

TRE  ANOMALOUS ROLL CUE 

Figure 1 ,  taken from reference 1 0 ,  i l l u s t r a t e s  the anomalous r o l l  cue iden- 
t i f i e d  by the  pilots  participating i n  that  study. The maneuvers involved are 
(a )  a q u i c k  30° r o l l  from s t ra ight  and level and (b) a quick r o l l  back t o  
s t ra ight  and level.  The figure  presents  the time his tor ies  of the  stick  input, 
the  responding airplane's  (a  simulation of a YF-16) rol l   accelerat ion,   rol l  
velocity, and la teral   accelerat ion,  and the measured roll   acceleration,  the 
measured lateral   acceleration, and the commanded rol l   veloci ty  from a synergis- 
t i c  six-degree-of-freedom  motion  base  driven by a "nearly  linear"  first-order 
washout i n  ro l l .  (See ref. 10 . )  The following  description was given by a p i l o t  
of h i s  motion perceptions  during  the  (a)  portion of the maneuver, a simple rapid 
bank to  the  right: 

"I f e l t  a jerk  to  the  r ight as I applied  the s t i c k  input, and 
then an increasing  roll  rate  to  the  right, which  was halted by a 
jerk t o  the   l e f t  when I released  the  stick. This second jerk is  
not  encountered i n  actual f l i g h t  and is total ly   unreal is t ic  and 
unacceptable. 

T h i s  description is typical of a l l   p i lot   react ions  to   the  rol l  channel  response 
of the motion base as  reported i n  reference 10.  Although "jerk" is defined i n  
the  vernacular of engineering  as  the  derivative of acceleration,  the  partici- 
pating  pilots were not  familiar w i t h  that   definit ion and  were not  sure of j u s t  
what they were feeling. However, they were insis tent   that  whatever they were 
feeling  at   st ick  release,  marked w i t h  as ter isks  i n  figure 1 ,  was unrealist ic.  

I t  should be noted that none of these  pilots had flown ei ther  a YF-16 or 
an F-16 airplane,  although a l l  were experienced i n  conventional  fighter  air- 
planes. A recent  description (p. 18 of ref.  1 1 )  of a flight  evaluation of  an 
F-16 mentions that  "the  abrupt  halt caused by simply releasing  pressure on the 
st ick is enough to  straighten  the second p i l o t ' s  hardhat on t h e  other side of 
the canopy." I n  conventional  fighter  airplanes,  "stopping  the  roll seldom 
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presents the same problem." T h i s  description is of  an unconventional motion cue 
encountered at   s t ick  re lease i n  actual   f l ight  i n  a similar  airplane; however, it 
is believed  to be a description of a translational  acceleration cue resulting 
fran a high rotational  acceleration about  the  airplane  center of gravity,  rather 
than  the anomalous rotational cue encountered on the motion base. The motion' 
base  cue was believed t o  be a definite  rotational cue. Translational  accelera- 
t ion cues to  the p i l o t ' s  head on the motion base resulting from r o l l  motion of 
the  base were small and not  considered t o  be a par t  of the  jerk cue. 

To identify  the motion sensations  described i n  the  preceding p i lo t  quota- 
tion,  the  following  supposition was advanced af te r  much discussion and thought: 
The j e rks   f e l t  upon s t i c k  activation and release  are  roll  acceleration  cues; 
t h e  ro l l   r a t e  is sensed as a continuous  velocity cue. 

For each of the two pulse-type  stick  inputs ( (a)  and (b) ) i n  f igure 1 ,  
there  are two airplane  roll   acceleration peaks  (one positive and  one negative). 
P i lo t s  expect i n  f l i gh t   t o   f ee l   t he   f i r s t  peak, b u t  not  the second one. Since 
the peaks are approximately  equal i n  magnitude and time duration, one might 
expect both peaks to  be sensed. 

The motion base,  driven by the washout, experiences  three  roll  accelera- 
t ion peaks. A l l  three motion base  peaks are  well above the maximum reported 
rotational  acceleration  threshold (0.07 rad/sec2, from p. 28 of ref. 8 )  , and 
yet only two were sensed by the  pi lots  i n  the  simulator  (ignoring  for now the 
question of latency  times). The p i lo t s   s ta te   tha t  they  should  only  sense one 
jerk,  as i n  a conventional  fighter,  rather  than two. 

Before  pursuing  the  cause of this anomalous jerk,  the remaining motion 
cues  presented to   the   p i lo t  i n  the  simulator  (fig. 1 )  are  discussed  briefly. 
The posit ive peak velocity is  above the commonly accepted rotational  velocity 
threshold (0.035 rad/sec, p. 35 of ref.  6)  while  the  negative peak velocity 
(the washout) is below the  threshold. The p i lo t s  d i d  not detect   ei ther t h i s  
washout or  the  misalignment of the  gravity  vector due to  the bank angle of 
the motion base and its limited  translational  capabilities. The false   s ide 
force  generated by the misalignment of the  gravity  vector may  be  removed i n  
a coordinated washout scheme by translational  acceleration i n  the  opposite 
direction. 

An attempt to   ident i fy  a source  other than the second acceleration peak for  
the  objectionable cue was  made.  The potential  sources  investigated  included 
the washout process, motion base hardware turnaround bump,  sway force induced 
by the  inertial   side  acceleration, and the  airplane math  model.  The motion base 
was driven  directly w i t h  scaled  airplane bank angle, and the anomalous cues were 
still  present. Thus, the washout process was eliminated  as a potential  source 
of the cue. Hardware turnaround bump occurs  during  position  turnaround,  as  the 
velocity changes sign.  Investigation  into  the sequence of events  revealed  that 
the  objectionable cue occurred  prior  to  position  turnaround and that  the magni- 
tude of the  turnaround bump  was too  small (0.018 rad/sec2)  to be considered  as 
a source of the problem. 

The i n e r t i a l  side acceleration  contribution  to sway, observable i n  fig- 
ure 1 as  notches  appearing i n  the  side  force, was eliminated by setting  the 
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translational channel  input t o  zero. The objectionable  cues, which are  not 
subjectively  present i n  f l i gh t ,  were still presented  to  the  pilots on the 
motion base. 

The remaining source of the second jerk (supposed to  be  an acceleration 
spike)  to be investigated was the airplane math model. A r o l l  s t i c k  pulse 
command to  each of the  real-time  fighter  simulation models currently  available 
on the Langley d i f fe ren t ia l  maneuvering simulator (DMS, ref. 12) revealed simi- 
lar   a i rplane response. These models include  the F-14,  F-15,  F-16,  A-10,  F-4, 
and YF-16. Most  of these models include  actuator  servos and the models cover  a 
wide range of control systems and control  force systems. The airplane  response 
referred  to is the  large  reversal i n  roll  acceleration  necessary  to  return  the 
roll   rate  to  zero upon s t i c k  release  (fig.  1). Since  the model responses are 
similar,  it was presumed that  the  objectionable  roll cue would  be present i n  
moving base simulation of these models also. Yet each model  had  been rigor- 
ously  validated  against  available f l i g h t  data;  unfortunately, no stick pulse 
data were available from f l i g h t .  The airplane math  model is t h u s  an unlikely 
source of the  objectionable  cue,  since  the  large  reversal i n  roll   acceleration 
is common to a l l  for pulse-shaped stick inputs. 

All four potential  sources of the  objectionable cue have  been  examined 
and eliminated from consideration,  leaving unanswered the problem of the  sec- 
ond jerk. However, although no explanation is offered as to  why the  pi lot  
f ee l s  the second jerk i n  the  simulator and may not i n  actual f l i g h t ,  it is 
possible  to make the second peak i n  the  simulator  subliminal  to  the  pilot. 
Identification of the  jerk  as an acceleration cue or as  a true  jerk or as 
samething not  yet  considered is unnecessary from the  viewpoint of removing 
the anomalous cue. 

DESCRIPTION OF ?HE EXPERIMENTS 

Table I presents  the  ratio of the second acceleration peak to   the   f i r s t  
peak, resulting from a r o l l  s t i c k  pulse i n p u t ,  €or  the  airplane math models 
currently i n  the QMS inventory. From observation of these  data, a question 
natural ly   ar ises   as   to  what the  ratio mus t  be for  the second peak to  be sublim- 
inal  i n  a simulator.  Figure 2 ,  taken from reference 10, presents time histo- 
r i e s  obtained by driving  the motion  base w i t h  a  sequence of three sine-wave 
pulses i n  rotational  acceleration from which p i lo t s  were unable to  detect  any 
unreal is t ic  cues. The peak ra t io   for   th i s  case was 0.625. Pilots  subjected 
to  this input contended that a washout scheme which involved motion cues for 
roll  inputs  similar  to  those invoked by the sine-wave pulse sequence of fig- 
ure 2 would  be r ea l i s t i c .  To prepare  the  basis  for such  a washout  scheme, 
t h e   f i r s t  experiment was conducted to  determine  the  acceptable  ratio of accel- 
eration peaks, under both  instrument  only and out-the-window visual  scene 
conditions. 

A sequence of three sine-wave pulses i n  rotational  acceleration was pro- 
grammed to  drive  the Langley visual/motion  simulator (VMS, refs.  13 and 14). 
Each sine-wave pulse, with  amplitude and frequency w as  parameters, pro- 
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gressed   th rough half  a c y c l e  ( 0  5 u t  5 71, where t is time) be fo re   be ing   suc -  
ceeded by the   nex t   pu l se .   (See   f i g .   3 . )   The  VMS is a p o s i t i o n - d r i v e n   s e r v o  
sys t em  o f   f i n i t e   bandwid th   and ,  as s u c h ,   i n t r o d u c e s  some d i s t o r t i o n   i n   b o t h  
ampl i tude   and   phase ,   a l though  compensa t ion   techniques   have   ex tended   the   band-  
wid th  to above 4 Hz ( ref .  14)  . A d d i t i o n a l   m i n o r   d i s t o r t i o n  of t h e   a c c e l e r a t i o n  
prof i les  was i n t r o d u c e d  by t h e  d i s c r e t e   n u m e r i c a l   i n t e g r a t i o n   o f   v e l o c i t y  t o  
p o s i t i o n  commands.  The v e l o c i t y   d r i v e s  were o b t a i n e d   a n a l y t i c a l l y   f r o m   t h e  
d e s i r e d   a c c e l e r a t i o n   p r o f i l e s   a n d   t h e n   i n t e g r a t e d   i n  real  time u s i n g   t h e  same 
i n t e g r a t i o n   r o u t i n e   u t i l i z e d   i n   L a n g l e y   w a s h o u t   i m p l e m e n t a t i o n s  to y i e l d   t h e  
p o s i t i o n   d r i v e s   f o r   t h e   m o t i o n   b a s e .   A l t h o u g h  a l l  t h e s e   m i n o r   d i s t o r t i o n s  of 
t h e   a c c e l e r a t i o n  profiles have some i m p o r t a n c e   i n   f u t u r e   v e s t i b u l a r   m o d e l i n g  
c o n s i d e r a t i o n s ,   t h e i r   i m p o r t a n c e  is nebulous   for   cur ren t   models   which   cannot  
a c c o u n t   f o r   t h e   u n d i s t o r t e d   c a s e .  The d i s t o r t i o n s   h a v e  no s i g n i f i c a n c e   f r o m  
the   washou t   po in t   o f   v i ew,   s ince   t he  same d i s t o r t i o n s  w i l l  be  encountered  by 
t h e  washout commands for t h e  VMS i n   a n y   s i m u l a t i o n   a p p l i c a t i o n .  

The  Langley VMS is provided  with  an  out- the-window  vir tual   image  system  of  
t h e   b e a m - s p l i t t e r ,   r e f l e c t i v e - m i r r o r  type. T h i s   s y s t e m ,   d e s c r i b e d   i n   d e t a i l   i n  
r e f e r e n c e   1 0 ,  was used i n   p a r t  of t h e  f i r s t  experiment  to de termine  t h e  accept- 
a b l e   r a t i o  of a c c e l e r a t i o n  p e a k s  unde r   v i sua l   cond i t ions .  A t e r ra in   model -board  
s c e n e  was d r i v e n   i n   e i t h e r  r o l l  or yaw, dependen t   on   t he   expe r imen ta l   cond i t ion ,  
by t h e   a i r p l a n e   m o t i o n   t h a t  would have   accompanied   an   acce le ra t ion   prof i le   con-  
s i s t i n g  of two ha l f - s ine   waves  of equa l   bu t   oppos i t e   magn i tude   and   o f   t he  same 
frequency.  Amplitude  and  frequency were t h e  same as those of t h e  f i r s t   s i n e  
wave i n  t h e  a c c e l e r a t i o n   p r o f i l e   f o r  t h e  motion base ( e . g . ,   f i g .  4 ) .  

A second  experiment was a l so   conduc ted .  The f i r s t   e x p e r i m e n t   u t i l i z e d  a 
v e r y  low ampl i tude  t h i r d  acce le ra t ion   peak   mere ly  to  r e t u r n   v e l o c i t y   a n d   p o s i -  
t i o n  to z e r o   s i m u l t a n e o u s l y .  The s e c o n d   e x p e r i m e n t   i n v e s t i g a t e d   t h i r d   p e a k s  of 
s u f f i c i e n t   m a g n i t u d e  to be  sensed by t h e  s u b j e c t s .   M o t i v a t i o n  for t h i s  e x p e r i -  
ment arose from t h e  fact  t h a t   t h e  t h i r d  p e a k  a c c e l e r a t i o n   f u n c t i o n a l l y   d r i v e s  
t h e  v e l o c i t y  to ze ro ,   wh ich   dup l i ca t e s  t h e  f u n c t i o n a l   s i t u a t i o n  of the   s econd  
a c c e l e r a t i o n  p e a k  i n  an actual  f l i g h t   v e h i c l e .  A s  i n   f i g u r e  1 ,  t h e  second 
acce le ra t ion   peaks ,   i nduced  by s t i c k  r e l e a s e ,   d r i v e  t h e  r o l l  r a t e  to z e r o .  
Note tha t   t he   s econd   peak  of the  s ine-wave  sequences  (e .g . ,   f ig .   3)   of   the  
f i r s t   e x p e r i m e n t   d r i v e   t h e  r o l l  ra te  th rough   ze ro  to a w a s h o u t   v e l o c i t y   l e v e l .  
The t h i r d   s i n e  wave i n   t h e   s e q u e n c e   t h e n   r e t u r n s   v e l o c i t y   a n d   p o s i t i o n  t o  z e r o  
s imul taneous ly .  

RESULTS FOR THE ACCEPTABLE RATIO, EXPERIMENT I 

Table I1 c o n t a i n s   t h e   a m p l i t u d e s  A i  a n d   f r e q u e n c i e s  u i  o f   t h e   t h r e e  
s ine -wave   pu l se s   mak ing   up   each   acce le ra t ion   p ro f i l e   s equence   t ha t  was u t i l i z e d  
i n   d e t e r m i n i n g   t h e   a c c e p t a b l e  ra t io .  F o r   t h i s   e x p e r i m e n t ,  A1 and u1 were 
chosen to  provide  a maximum r o t a t i o n a l   v e l o c i t y  of 0.15 rad /sec ,  A2 w a s  chosen 
to  c o n t r o l   t h e   a c c e l e r a t i o n  ,ratio,  id2 was chosen to provide  a maximum n e g a t i v e  
r o t a t i o n a l   v e l o c i t y   ( t h e   w a s h o u t   r a t e ,   d e s i r e d  to  s u b l i m i n a l )   o f  -0.025 rad/sec, 
and A3 and  '03 were chosen to r e t u r n   t h e   v e l o c i t y   a n d   p o s i t i o n  to z e r o  a t  t h e  
same time. 

5 



E i g h t   s u b j e c t s   p a r t i c i p a t e d   i n   f o u r  separate de termina t ion   subexper iments .  
The s u b e x p e r i m e n t s   d e t e r m i n e d   t h e   a c c e p t a b l e   a c c e l e r a t i o n  peak ratios  for roll 
inputs   under  (1)  i n s t r u m e n t   o n l y   a n d   ( 2 )   v i s u a l   c o n d i t i o n s ,   a n d   t h e n  for yaw 
inpu t s   unde r  ( 3 )  i n s t rumen t   and  ( 4 )  v i s u a l   c o n d i t i o n s .   E a c h   s u b j e c t  was to be 
exposed to two p r o f i l e s  a t  a time, and   then   asked  to pick t h e   p r o f i l e   w h i c h   h a s  
t h e  lesser stick-release cue ,  or lesser second j e rk .  Four of t h e   s u b j e c t s  were 
cons ide red   expe r i enced   and   t he   o the r   fou r  were cons ide red   na ive   conce rn ing  a i r -  
p lane   mot ions .  The s u b j e c t s  were t r a i n e d  by  one  exposure to t h e   1 . 5  r a t io  pro- 
f i l e   c o n t r a s t e d   w i t h   t h e   0 . 5  r a t i o  p r o f i l e .  All s u b j e c t s   d e c l a r e d ,   a f t e r   s u c h  
e x p o s u r e ,   t h a t   t h e i r   t a s k  was obvious .  They were i n s t r u c t e d   t h a t   i n   t h e   e v e n t  
o f   i n d e c i s i o n ,  a cho ice   o f   one   p ro f i l e   ove r   t he   o the r  had to be made on some 
b a s i s .  Each s u b j e c t  was exposed to n i n e   c o n t r a s t s  of two p r o f i l e s ,   w i t h   s i x  
random r e p e t i t i o n s   o f  each c o n t r a s t  for the   fou r   s epa ra t e   subexpe r imen t s .  

The R o l l  R a t i o s  

F i g u r e  5 summar izes   t he   r e su l t s   o f   t he  r o l l  cue  experiments  for both  
i n s t r u m e n t   a n d   v i s u a l   c o n d i t i o n s .   I d e n t i c a l   r e s u l t s   i n  terms of s t a t i s t i c a l  
s i g n i f i c a n c e s  were obta ined   under   the  two c o n d i t i o n s .  The b r a c k e t s   i n d i c a t e  
t h e  c o n t r a s t i n g   p r o f i l e s   u s e d   i n   t h e   s u b e x p e r i m e n t ,   a n d   t h e  as te r i sks  r e p r e -  
s e n t  t h e  c o n t r a s t s   t h a t  were s t a t i s t i c a l l y   s i g n i f i c a n t   a t   t h e   9 5 - p e r c e n t  con- 
f i d e n c e   l e v e l ,   b a s e d  on a o n e - t a i l e d  X 2  tes t  (p.  263 o f   r e f .   1 5 ) .  As i n d i -  
c a t e d   i n   t h e   f i g u r e ,   t h e   s u b j e c t s   c o u l d   n o t   d i f f e r e n t i a t e  among the  0 .625,   0 .5 ,  
a n d   0 . 3 7 5   p r o f i l e s .   H o w e v e r ,   t h e   s u b j e c t s   c o n s i s t e n t l y   p r e f e r r e d   a n y   o f   t h e s e  
t h r e e  prof i les  when c o n t r a s t e d   w i t h   t h e   o t h e r   t h r e e .  The 0.25 r a t i o   p r o f i l e  
invokes a bank  angle   of   about  13O over  a p e r i o d  of 20.6 sec, w h i c h   c r e a t e s  a 
n o t i c e a b l e   s i d e   f o r c e   t h a t  a l l  s u b j e c t s   f o u n d   r e a d i l y   a p p a r e n t   a n d   o b j e c t i o n -  
a b l e .   T h e r e f o r e ,   t h e   0 . 2 5  r a t io  p r o f i l e  was c o n s i s t e n t l y   r e j e c t e d   o n   t h a t  
basis,  r a t h e r   t h a n   o n   a n   o b j e c t i o n a b l e   s e c o n d - j e r k   b a s i s .  

The Yaw R a t i o s  

S ince   any   subs t an t i a l   bank   ang le   i nduces  a s i d e   f o r c e   t h r o u g h   t h e   g r a v i t y  
vector   which  cannot   be  compensated  because of t h e   l i m i t e d   t r a n s l a t i o n a l  capa- 
b i l i t y   o f  t h e  VMS, t h e  yaw a x i s ,   w i t h   n o   g r a v i t a t i o n a l   i n t e r a c t i o n ,  was also 
i n v e s t i g a t e d .  As was t r u e   i n   t h e  r o l l  a x i s   i n v e s t i g a t i o n ,   t h e   s i g n i f i c a n t  sta- 
t i s t ica l  r e s u l t s  were i d e n t i c a l   f o r   t h e   i n s t r u m e n t - o n l y   a n d   v i s u a l   c o n d i t i o n s .  
F i g u r e  6 summar izes   t hese   r e su l t s .   Fo r   t he  yaw a x i s ,   t h e   0 . 7 5   p r o f i l e  was 
ind i s t ingu i shab le   f rom  the   0 .625 ,   0 .5 ,   and   0 .375   p ro f i l e s ,   and   t he   sub jec t s  
c o n s i s t e n t l y   p r e f e r r e d   a n y   o f   t h e s e   f o u r   p r o f i l e s  when c o n t r a s t e d   w i t h   t h e  
o t h e r  two p r o f i l e s .  The 0 .25   case  was a g a i n   r e j e c t e d ,   a l t h o u g h   t h e   r a t i o n a l e  
o f   t h e  subjects was d i f f e r e n t   f r o m   t h a t   f o r  r o l l .  Under v i s u a l   c o n d i t i o n s   f o r  
the   0 .25  r a t io  p r o f i l e ,   t h e  yaw mot ion   of   the   base   cont inued   for  some time a t  
a ra te  above   t h re sho ld   a f t e r   t he   ou t - the -window  scene   had   ha l t ed .   (See   f i g .  4 . )  
The r a t i o n a l e   f o r   t h e   i n s t r u m e n t  case was n o t  too clear ,  a l though some of   t he  
s u b j e c t s   c i t e d   t h e   e x c e s s i v e   h y d r a u l i c   s y s t e m   n o i s e   f o r   t h i s  case as be ing  
r e s p o n s i b l e   f o r  i ts c o n s i s t e n t   r e j e c t i o n .  N o  one   sugges t ed   t ha t  a second jerk 
was p r e s e n t  for t h i s  0 . 2 5   p r o f i l e .  

6 



The S e l e c t e d  Ratio 

Based   on   t he   r e su l t s   o f   t he  roll and yaw s t u d i e s   a n d   t h e   d e s i g n   p h i l o s o p h y  
of   washout   c i rcu i t ry   which  requires washout   in   the  minimum a c c e p t a b l e  time i n  
o rde r  to  be   p repared  to p r e s e n t   s u b s e q u e n t  cues ,  t h e  r a t io  of  0.625 is ident i - .  
f i e d  as t h e   a c c e p t a b l e  ra t io  of a c c e l e r a t i o n  p e a k s .  The con ten t ion   o f  p i lo t s  
exposed to  t h a t  r a t io  was t h a t  a washout  scheme  which  invoked similar motion 
cues  would be p o t e n t i a l l y  realist ic,  main ly  because no f a l s e  s t i c k  release cues 
would  be  detectable .  

RESULTS FOR ACCELERATION SENSING,  EXPERIMENT I1 

The second   expe r imen t ,   a cce l e ra t ion   s ens ing ,  was sugges t ed  by the   fo l low-  
i n g   f a c t s .   I n   a n  actual f l i g h t   v e h i c l e   t h e   s e c o n d   a c c e l e r a t i o n  p e a k ,  induced 
by s t i c k  release, d r i v e s   t h e   s e n s e d  roll rate to zero .  However, i n   t h e  simu- 
l a tor ,  t h e   s e c o n d   a c c e l e r a t i o n  p e a k  of the  sine-wave pulse sequences  j u s t  
d i s c u s s e d   f u n c t i o n a l l y   d r i v e s   t h e   r o t a t i o n a l  rate th rough   ze ro  to  the   washout  
v e l o c i t y ,   r a t h e r   t h a n  to  zero .  The t h i r d  peak i n   t h e   s e q u e n c e   d r i v e s   t h e  
r o t a t i o n a l  rate from the   washout   ve loc i ty  to zero.   I f   the   second  s ine-wave 
pulse were to d r i v e   t h e  ra te  th rough   t he   washou t   ve loc i ty  to a ve loc i ty   above  
threshold ,   and  i f  t h e   t h i r d  peaks of   the  sequence were i n c r e a s e d  to s u f f i c i e n t  
magnitude to  be sensed ,   the   second  and   th i rd  p e a k s  might  more a c c u r a t e l y   r e p r e -  
s e n t   t h e   f i r s t  and  second  peaks of a f l i g h t  case - t h a t  is, a f i n a l  accelera- 
t i o n  p e a k  t h a t   f u n c t i o n a l l y   d r i v e s  a s e n s e d   v e l o c i t y  to zero. 

Two c o n d i t i o n s  were envis ioned .  The f i r s t  c o n d i t i o n  would deal wi th   ve loc-  
i t ies  a b o v e   t h r e s h o l d ,   a s   i n   t h e   f l i g h t  case ( a l t h o u g h   r o t a t i o n a l  rates of  much 
h i g h e r   l e v e l s   a r e   e n c o u n t e r e d   i n   f l i g h t ) .  The  second  condi t ion  would  deal   with 
v e l o c i t i e s  b e l o w  t h e   t h r e s h o l d   ( g e n e r a l l y   a c c e p t e d  to  be  around  0.035 rad/sec) 
i n   o r d e r  to i n v e s t i g a t e   l a t e n c y   a r g u m e n t s ,   w h i c h   h a v e   b e e n   i n t e r p r e t e d  (ref.  7 )  
t o  s ta te  t h a t   a n   a n g u l a r   a c c e l e r a t i o n   a b o v e  its t h r e s h o l d  w i l l  no t   be   sensed  
u n t i l   t h e   a n g u l a r   v e l o c i t y   e x c e e d s  its t h r e s h o l d .   M o t i v a t i o n   f o r   t h i s  l a te r  
i n v e s t i g a t i o n  arose from the f a c t   t h a t  the s u b j e c t s   i n   t h e   p r e v i o u s   e x p e r i m e n t ,  
as well as t h e  p i lo t s  o f   r e f e rence  1 0 ,  a l l  s t a t i n g   t h a t   t h e y   s e n s e d   t h e  j e r k  
f i r s t ,   f o l l o w e d  by a r o t a t i o n a l   r a t e  c u e  - two separate cues. 

The Above-Velocity-Threshold Profiles 

Table  I11 lists the ampl i tudes   and   f requencies ,   a long   wi th  the extremum 
v e l o c i t i e s ,   f o r   t h e   s i n e - w a v e   s e q u e n c e s   u t i l i z e d .  The p r o f i l e s  are i l l u s t r a t e d  
i n   f i g u r e  7,  with  minor liberties t aken  to collapse to  a uniform time scale. A t  
the   end of t h e   f i r s t  sine-wave pulse  of each  profile,  t h e   v e l o c i t y  had  reached a 
maximum v a l u e   ( u s u a l l y  0.15 r a d / s e c ) .  A t  the   end  of   the  second  s ine-wave  pulse ,  
t h e   v e l o c i t y  had  reached a minimum va lue   (u sua l ly   -0 .15   r ad / sec )  . The t h i r d  
sine-wave pulse t h e n   r e t u r n e d   b o t h   p o s i t i o n   a n d   v e l o c i t y  to zero .  Two s u b j e c t s  
expe r i enced   t he   p ro f i l e s   unde r   i n s t rumen t -on ly   cond i t ions   i n   bo th  roll and yaw 
axes.  A s t e r i s k s  r e p r e s e n t   p e a k s   t h a t  were r e p o r t e d  as jerks c o n s i s t e n t l y ,   a n d  
squares r e p r e s e n t  peaks t h a t  were r e p o r t e d  as n o t   b e i n g   n o t i c e a b l e .  R o l l  and 
yaw r e s u l t s  were i d e n t i c a l .  
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These results  agree w i t h  the  ratio  results  discussed  previously. That is, 
peaks that  are  not sensed (squares)  are  less than 0.625 of the  preceding  peak, 
whereas peaks that   are  sensed (asterisks)  are  equal  to  or  greater than  the  pre- 
ceding peak. Some type of saturation model for t h e  sensory mechanism involved 
is possibly  suggested by these  results. 

The Below-Velocity-Threshold Profi les  

Table IV lists the  amplitudes and frequencies,  along w i t h  the extremum 
velocities,  for  the sine-wave pulse sequences that were used to  examine acceler- 
ations  that ,  according to  latency  explanations,  should  not have  been sensed by 
the  vestibular system. The  extremum veloc i t ies   a re   a l l   l ess  than 0.035 rad/sec, 
and the time durations of the accelerations  fall   well  below latency  curves 
such as  figure 8. Figure 9 i l l u s t r a t e s ,  i n  the manner  of figure 7, the below- 
velocity-threshold  profiles. Again, two subjects  experienced  the  profiles i n  
both yaw and r o l l  axes, w i t h  the same resul ts  i n  each axis.  Subjective sen- 
sations of only  jerk  cues, w i t h  no rotational  or  translational  cues, were 
reported,  along w i t h  jerk  directions and relat ive magnitudes. 

The f i r s t  combined prof i le  of f igure 9,  w i t h  a second-to-f i r s t  peak r a t io  
of 0.5, was reported  as  consisting of two jerks  to  the  right  for  three of the 
four  cases. The las t   case ,  w i t h  a third-to-second peak r a t io  of 0 .5 ,  con- 
sisted of only one jerk  to  the  right. These results  are  identical  to  the 
above-velocity-threshold  results. 

The second cmbined  profile, w i t h  a second-to-first peak r a t io  of 1 . 0 ,  
was reported  to  consist of a jerk  to  the  r ight followed by a jerk  to  the  left .  
A third  jerk,  to  the  right, was reported  for  the  third-to-second peak r a t i o  
of 2.0 only. I n  the  above-threshold  results,  the  third  jerk was reported  for 
the  third-to-second peak r a t io  of 1 .O, also. 

The results  for  the  third combined prof i le ,  w i t h  a second-to-first peak 
r a t io  of 2.0,  differed from the  above-threshold resul ts  again  for  the  third- 
to-second peak r a t io  of 1 . O .  The results  for  the  other two rat ios ,  2.0 and 0.5,  
agreed w i t h  the  above-threshold results.  

Modeling Acceleration Sensing 

The subjective  results from two participants i n  one unstructured  experiment 
certainly cannot be used to  develop a basis  for a new model  of the  vestibular 
system. However, these  results do suggest  further  investigation  into percep- 
t ion of angular  acceleration  cues  that  are  separate from angular  velocity per- 
ceptions. The fact   that  the  sensing of acceleration  spikes  violates  latency- 
time arguments  should be jus t i f ica t ion  enough for  further  investigation. Of 
particular  interest   to the washout system designer is the  question of why a 
p i l o t  i n  f l i gh t  may not  sense  the second acceleration peak while h i s  counter- 
par t  on the ground does (f ig .  1 ) .  Perhaps  the different  magnitudes of velocity 
and side  force have some effect ,   as  perhaps was the  case  for  the  third peak 
differences between  above-  and  below- threshold  results. 
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CONCLUDING REMARKS 

The r e su l t s  o f   t he   t r ans i en t   mo t ion   s ens ing   expe r imen t s   p re sen ted   have  
i m p l i c a t i o n s   f o r  two areas of c u r r e n t   m o t i o n   s i m u l a t i o n   t e c h n o l o g y   e f f o r t s .  
The  washout   system  designer ,   and  indeed  the  f ighter   motion  s imulat ion  user ,  
m u s t  be aware o f   t h e   p o s s i b i l i t y   o f   a n   a n o m a l o u s  rol l  cue   p re sen ted  upon s t i c k  
release to t h e   s i m u l a t o r  p i lot .  The f a c t   t h a t   e l i m i n a t i o n   o f   t h i s  c u e  du r ing  
the  washout  process is p o s s i b l e ,   t h r o u g h  u s e  o f   an   accep tab le  ra t io  of  succeed- 
i n g   a c c e l e r a t i o n   p e a k s ,  may s u g g e s t  many new washout  schemes. 

The i m p l i c a t i o n s   o f   t h e s e  resul ts  to  t h e  area of  sensory  modeling are 
clear. For f i g h t e r   a i r p l a n e s  a t  least ,  present   models  are inadequa te  to  hand le  
r ea l i s t i c  i n p u t s ,   t h a t  is, t r a n s i e n t   i n p u t s   o f   r e l a t i v e l y   s h o r t   d u r a t i o n  (i.e., 
h ighe r   f r equency   con ten t ) .   P re sen t   mode l s   mus t   i nco rpora t e   bo th   t he   ve loc i ty  
and   acce le ra t ion   channe l s   and   p rov ide  some r e p r e s e n t a t i o n   o f   t h e  je rk  c u e  iden- 
t i f i e d   i n   t h i s  paper. Also, t h e   v a l i d i t y   o f   l a t e n c y - t i m e   c o n s i d e r a t i o n s  is 
c e r t a i n l y   c h a l l e n g e d  by t h e s e  resu l t s ,  as is t h e   v a l i d i t y  of c u r r e n t   e f f o r t s  
to d e t e r m i n e   m o t i o n   f i d e l i t y  issues u t i l i z i n g   c u r r e n t   s e n s o r y   m o d e l s .  

Langley  Research  Center  
Nat iona l   Aeronaut ics   and  Space A d m i n i s t r a t i o n  
Hampton, VA 23665 
September 28, 1979 
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TABLE 1.- DMS CURRENT INVENTORY 

t I . . " - . - 
Ratio of roll  acceleration  peaks 
(second  to  first)  for  pulse  input Airplanes 

F-  4 

F-16 
. a0 F-15 

0.90 

.85 F-14  (SAS o f f )  

.90 A-1 0 
1 .oo YF-16 
1 .40 

F-14 (SAS on) .90 

Ratio 
(a) 

1.5 
1 .oo 
.75 
.625 
.50 
.375 
.25 

TABLE 11.- SINE-WAVE  SEQUENCE  DATA 

= Amplitude of ith sine-wave  pulse; 
w i  = Frequency  of  ith  sine-wave  pulse 1 

A1 1 

rad/sec  rad/sec2  rad/sec  rad/sec2 
w2 1 A2 I w1 I 

0.4  5.33  -0.6 

1 -1 4286 - .1 5.33  .4 
1 .71429 -.15  5.33 . 4  
2.28571 - .2 5.33  .4 
2  .a571 4 -.25  5.33  .4 
3  -42857 - .3  5.33  .4 
4.571 43 -.4  5.33 .4 
6.8571  4 

A3 I 

rad/sec  rad/sec2 
w3 1 

0.00674 0.53933 
,00563  .45070 
.00484 

. I  a1 a2 -00227 

.24742 .00309 

.30189 .00377 

.347a3 .00435 

.38710 

aRatio of second  acceleration  peak to first  peak. 
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TABLE 111.- ABOVE-VELOCITY-THRESHOLD  PROFILES 
- 
A i  = Amplitude of ith  sine-wave  pulse; 

O J ~  = Frequency of ith  sine-wave  pulse - 1 
." " 

A1 
:ad/sec' 
-~ . 

0.45 

-45 

-225 

" - 

w1 
rad/sec 

6.5751 
6 .O 
6 .O 
6 .O 

6.92308 
6.0 
6 .O 

4.241  28 
3.67347 
3.0 

. .  

A2r . 
rad/sec' 

-0.225 -. 225 
-. 225 -. 225 
-.45 
-.45 -. 45 
-.45 
-.45 
-.45 
"~ ~- 

w2 , 
rad/sec 

1 .5686 
1.5 
1.60772 
1.75747 

3.21  429 
3.0 
3.301 54 

3.51425 
3.30275 
3.0 
. "  

A3, ~ 

rad/sec' 

0.9 
.45 
.225 
.1125 

.9 
* 45 
.225 

.9 

.45 

.225 
. .  

a3 
rad/sec 

12.04452 
6.0 
3.4638 
2.1  2066 

11.9469a 

3.681  78 
6.0 

1 1  .97697 
5.995 
3.0 

~- 

Maximum 
roll rate, 
rad/sec 

0.13688 
.15 
-1  5 
.15 

.13 

.15 

.15 

.lo61 

.1225 

.15 

w1 1 

rad/sec 

TABLE 1V.- BELOW-VELOCITY-THRESHOLD  PROFILES 

= Amplitude of ith  sine-wave  pulse; 
coi = Frequency of ith  sine-wave  pulse 1 

32.87671 
30 .O 
30.0 
30 .O 

34.68208 
30 . O  
30.0 

21  .20141 
18.4091 
15.0 

L 

A2 1 

:ad/sec2 

-0.1 5 

-. 3 

-.3 

~ 

w2 
rad/sec 

7.8431 4 
7.5 
8.0429 
8.771 93 

6.08579 
5.0 
6.5061 9 

7.56955 
6.52893 
5.0 

A3 1 

rad/sec 

0.6 
.3 
.15 
.075 

.6 

.3 

.15 

.6 

.3 
-15 

"3 1 

rad/sec 

60.24474 
30.0 
17.2591 5 
10.69384 

60.42905 
30.0 
18.41 64 

59.80042 
30.221  37 
15.0 

Maximum 
r o l l  rate, 
r ad/sec 

0.01  825 
.02 
.02 
.02 

.0173 

.02 

.02 

.01415 

.0163 

.02 

Minimum 
roll  rate, 
r ad/sec 

-0.1 5 
-.15 -. 1299 -. 10605 
"1 5 
- .15 
-. 1226 
-.15 
-.15 
-.15 

Minimum 
roll  rate, 
r ad/sec 

-0.02 
-.02 
-.0173 
-.0142 

-.02 
-.02 -. 01 635 
-.02 
-.02 
-.02 
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25 r 

10 

Airplane  roll 
acceleration, 0 
rad/sec2 

-10 

. 5  

Measured 
motion-base  roll 
acceleration, 0 
rad/sec2 

-. 5 

+- 
2 . 5  r 

Airplane I I\ 
roll rate. o - 
radlsec V 

-2 .5  I I I ~ 1- "1 -L 
0 5 

Time,  sec 

Commanded 
motion-base 
roll  rate, 
radlsec 

- 

- .5  

Airplane 
side  force, 0 
g units 

-. 4 

-15 r 
Measured 
motion-base 
side  force, 
g units 

Time,  sec 

Figure 1.- Lateral maneuver i l lus t ra t ing  anomalous r o l l  cue during a 5-sec 
period ( f r m   r e f .  1 0 ) .  Maneuver (a)  is a quick 30° r o l l  from s t ra ight  
and level;  maneuver (b) is a quick r o l l  back to   s t ra ight  and level;  
asterisks mark responses  consistently  reported  as  jerks. 
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.5 

Rotational 
acceleration 0 
profile , 
radIsec2 

-.5 

.8 
Measured  base 
rotational 
acceleration, 0 
rad/sec2 

-.8 

I -0.25 sin 2.86(t - t2) 
1 - 1  1 1 1  I I I I 1  

.25 
Commanded 
base  rate, 0 
radlsec 

-. 25. -~ 1 1 1 1 1 1 1 I l j  

Commanded 
base  position, 0 
rad 

"21- 1 . I  1 1 I I I I I 1 
0 5 10 

Time,  sec 

Figure 2.-  Sine-wave pulse  sequence which  was acceptable (from ref. 10 )  . 
(ti is time of ith sine-wave pulse; t = 10 sec.) 
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.5 - 0 .4  sin 8(t - tl) 

Commanded 
acceleration 
profile 
radfsec 3 -0.1 sin -(t 4 - t2) 

“l- 0.025 sin (t - t3) 
0 

3 

-.5 I I I I I . L U I  

Measured  base 
acceleration, 
rad/sec2 

-. 8 

.25 - 
Commanded  base 
rat e , 
radfsec 

0”- 

-.25 1 I l l 1  1 1  I 
Washout  velocity 

”r 
Commanded  base 
position, 0 
rad 

-. 2 L I I I I 1 
0 5 10 

Time , sec 
Figure 3. -  Sine-wave pulse sequence t o   i l l u s t r a t e  f i r s t  experiment. 

(ti is time of ith sine-wave pulse; t = 10 sec.) 
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I 

E .- 

Commanded 
acceleration , 0 
radIsec2 

-. 5 

Velocity, 
rad/sec '"I. A 

0 I 1 

Position, 
rad 1 I 

Commanded 
acceleration, 
rad/sec2 

Commanded 
rate , 
rad/sec 

Commanded 
position, 
rad 

E .- 

0 

-. 5 

0.4  sin -(t - t ) 16 
3 1 
0.0023  sin  0.18(t - t ) 3 

-0.1 sin 1.143(t - t2) 

- .25 1 . - I 1 L  
0 5 10 15 20 

Time,  sec 

Figure 4.- Sine-wave pulse   sequence to i l l u s t r a t e   v i s u a l   d r i v e s  of f i r s t  
experiment. (ti is time of i t h  sine-wave pulse; t = 20 sec.) 
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* 
/ / I l l  

S t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e s  a t  
the   95-percent   conf idence  level  
P r e f e r r e d   r a t i o s  

I 
. ~ - . r ) 8  

7 * 
1.00 0.75 '; 4 1 &////// :!?$// / 0.25  
I . - A I  

T 
I 
_I 

Figure 5.- Results of acceptable-ratio  experiment for roll  axis under 
instrument-only and visual conditions. 

* S t a t i s t i c a l l y   s i g n i f i c a n t   d i f f e r e n c e s  a t  t h e  
95-percent   confidence level  

/ / / / I  P r e f e r r e d   r a t i o s  

Figure 6.- Results of acceptable-ratio experiment for yaw  axis under 
instrument-only and visual conditions. 
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.90 

Acceleration, 
radIsec2 

Acceleration, 
rad/sec2 

Acceleration, 
rad/sec2 

ri 

-.45 L O 
I I I I 1 I 1" 
0 1 2 3 4 5 

Time,  sec 

(a) 0.5 ra t io .  

* Consistently  reported  as  jerks 
Consistently  reported  as not noticeable 

. 9 0  

.45  

0 

. 4 5  

Time,  sec 

(b) 1 .O ra t io .  

0 1 2 3 

Time,  sec 

(c) 2.0 ra t io .  

I 

Figure 7.- Acceleration  profiles,  above-velocity  thresholds. 
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Sensed 

.1 I I I I l l l l l  ~ l "  I I 1 1 1  I l L  1 - 1  I I 1 1 ! 1 1  - 1 1 -  1 1 l L u J  

.OOl  .Ol .1 1.0 10.0 

Angular  acceleration,  rad/sec2 

Figure 8.- Latency  curve for constant  angular  accelerations. 
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.6 - * 

Acceleration, 
radlsecz 

I I I I I I I I 1 -u 
0 .5 1.0 

Time,  sec 

(a)  0.5 ratio.  

* Consistentlv  reported as jerks 
0 Consistently  reported  as  not  noticeable 

Acceleration, 
rad/sec2 

0 . 5  
Time, SCC 

(b)  1 .O ra t io .  

* 

Acceleration, 
rad/sec2 

0 . 6  
Time, sec 

(c) 2.0 ra t io .  

Figure 9.- Acceleration  profiles,  below-velocity  thresholds. 
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