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SUMMARY 

An exper iment  w a s  performed to  s tudy  t h e  e f f e c t s  of update  and r e f r e s h  rates on 
dynamic c a l l i g r a p h i c  CRT d i s p l a y s ,  p a r t i c u l a r l y  t h o s e  used f o r  v i s u a l  d i s p l a y s  i n  
f l i g h t  s i m u l a t o r s .  
a t  v a r i o u s  v e l o c i t i e s .  Observa t ions  were made w i t h  b o t h  one and t w o  r e f r e s h e s  
per upda te .  

A moving h o r i z o n t a l  l i n e  was g e n e r a t e d  on a CRT and observed 

The d a t a  g a t h e r e d  from t h e s e  o b s e r v a t i o n s  are p r e s e n t e d  on p lo ts  of r e f r e s h -  
update  ra te  as a f u n c t i o n  o f  d i s p l a y  v e l o c i t y .  The d i s p l a y  v e l o c i t y  where p i c t u r e  
d e g r a d a t i o n  o c c u r s  can be found by using t h e s e  plots .  These v e l o c i t i e s  are related 
t o  a c t u a l  s i m u l a t e d  a i r c r a f t  a n g u l a r  and l i n e a r  velocities. 

R e s u l t s  show t h a t  a v i s u a l  d i s p l a y  updated a t  30 Hz and r e f r e s h e d  a t  60 Hz 
degrades  a t  very  l o w  s i m u l a t e d  a i r c r a f t  a n g u l a r  and l i n e a r  v e l o c i t i e s .  These veloc-  
i t i e s  a t  which d e g r a d a t i o n  o c c u r s  can  be s i g n i f i c a n t l y  i n c r e a s e d  by i n c r e a s i n g  t h e  
u p d a t e  rate of t h e  v i s u a l  d i s p l a y .  Only minor improvements are p o s s i b l e  by r e f r e s h -  
i n g  t h e  d i s p l a y  t w i c e  f o r  each  update .  To d i s p l a y  r a p i d l y  changing f l i g h t  s c e n e r y  
w i t h o u t  d e g r a d a t i o n ,  t h e  d i s p l a y  update  rate must be f a r  i n  e x c e s s  of 60 Hz, t y p i -  
c a l l y  s e v e r a l  hundred Hz. 

INTRODUCTION 

Var ious  a r t i f a c t s  have been observed i n  s e v e r a l  computer-generated CRT v i s u a l  
d i s p l a y s  i n t e n d e d  f o r  f l i g h t  s i m u l a t i o n  a p p l i c a t i o n s .  These a r t i f a c t s  u s u a l l y .  
i n v o l v e  m u l t i p l e  images and j e r k y  motions when h i g h  d i s p l a y  v e l o c i t i e s  occur .  An 
exper iment  w a s  conducted i n  an attempt to  l e a r n  more a b o u t  t h e  n a t u r e  of t h e s e  a r t i -  
f a c t s  and t h e  c o n d i t i o n s  under which they occur. The exper iment  w a s  n o t  d e s i g n e d  to 
measure t h e  maximum c a p a b i l i t y  of t h e  eye t o  d e t e c t  a r t i f a c t s  b u t  r a t h e r  to  estimate 
t h e  p o i n t  where t h e  v i s u a l  d i s p l a y  becomes unacceptab le .  The goal w a s  to  determine , 
a r e l a t i o n s h i p  between d i s p l a y  ve loc i ty  and CRT r e f r e s h  and update  rates a t  t h e  
p o i n t  where unacceptab le  a r t i f a c t s  appear.  Although a r t i f a c t s  have been observed  
on b o t h  raster and c a l l i g r a p h i c  CRT d i s p l a y s ,  t h i s  experiment  was l imi ted  t o  t h e  
c a l l i g r a p h i c  case. The i n t e n t  of t h i s  experiment  w a s  t o  d e v e l o p  a simple crite- 
r i o n  f o r  e s t i m a t i n g  t h e  minimum update  and r e f r e s h  rate t h a t  produces a cal l i -  
g r a p h i c  v i s u a l  d i s p l a y  of a q u a l i t y  a c c e p t a b l e  f o r  f l i g h t  s i m u l a t o r s .  

Other  work on t h i s  s u b j e c t  h a s  deal t  w i t h  c o n s t a n t - v e l o c i t y  l i n e s  moving i n  one 
d i r e c t i o n .  T h i s  s t e a d y  motion can be c h a r a c t e r i z e d  i n  terms of a combinat ion of 
s p a t i a l  and temporal f requency  responses (Watson and o t h e r s ,  1983). Because f l i g h t  
s i m u l a t i o n  d i s p l a y s  i n c l u d e  unsteady motion ( t h a t  is ,  rapid changes i n  image veloc-  
i t y ) ,  t h e  r e s u l t s  of t h i s  c u r r e n t  experiment c a n n o t  be d i r e c t l y  correlated w i t h  t h e  
r e s u l t s  of p r e v i o u s  exper iments  i n  which uns teady  motion w a s  n o t  s t u d i e d .  To 
o b s e r v e  t h e  maximum e f f e c t  of unsteady motion, a d i s p l a y  w a s  s t u d i e d  t h a t  i n c l u d e d  
s u b s t a n t i a l l y  i n f i n i t e  a c c e l e r a t i o n s .  A l i n e  moving a t  c o n s t a n t  v e l o c i t y  i n  one  
d i r e c t i o n  w a s  i n s t a n t a n e o u s l y  r e v e r s e d  t o  move a t  t h e  same v e l o c i t y  i n  t h e  oppo- 
s i t e  d i r e c t i o n .  



T h i s  report describes t h e  exper iment ,  d i s c u s s e s  t h e  r e s u l t s ,  relates t h e  d a t a  
to  some a c t u a l  f l i g h t  s i m u l a t i o n  s i t u a t i o n s ,  and states some c o n c l u s i o n s  based on 
t h e  experiment .  

DESCRIPTION OF EXPERIMENT 

To s t u d y  t h e  a r t i f a c t s  observed on v i s u a l  d i s p l a y s ,  a h o r i z o n t a l  l i n e  on a n  
oscilloscope d i s p l a y  w a s  moved v e r t i c a l l y  a t  v a r i o u s  speeds  and viewed by several 
observers. These o b s e r v e r s  were asked  t o  comment on what t h e y  s a w .  From t h e  
observer comments, a map of a r t i f a c t s  w a s  genera ted .  The exper iment  i n c l u d e d  l i n e s  
r e f r e s h e d  once per update  and t w i c e  per update .  A l i n e  t h a t  i s  r e f r e s h e d  once per 
update  is drawn on t h e  s c r e e n  once,  h a s  i t s  p o s i t i o n  recomputed ( u p d a t e d ) ,  and i s  
redrawn. A l i n e  t h a t  is  r e f r e s h e d  t w i c e  per update  is  drawn on t h e  s c r e e n  twice i n  
one p o s i t i o n ,  has  its p o s i t i o n  recomputed, .and i s  redrawn t w i c e  i n  t h e  n e x t  p o s i -  
t i o n .  L i n e s  are f r e q u e n t l y  r e f r e s h e d  more o f t e n  t h a n  t h e y  are updated  t o  a v o i d  
f l i c k e r  i n  t h e  d i s p l a y .  

A b lock  diagram of  t h e  s e t u p  used i n  t h i s  exper iment  i s  shown i n  f i g u r e  1 .  An 
oscilloscope is used as t h e  d i s p l a y .  A f u n c t i o n  g e n e r a t o r  producing  a s q u a r e  wave 
w a s  used t o  t r i g g e r  t h e  oscilloscope. The scope w a s  set  to  t r i g g e r  on t h e  t r a i l i n g  
edge of  t h e  p u l s e .  T h i s  f requency,  which is monitored by a f requency  c o u n t e r ,  i s  
t h e  r e f r e s h  rate f o r  t h e  d i s p l a y .  The s q u a r e  wave o u t  of t h e  f u n c t i o n  g e n e r a t o r  is 
a l so  connected  t o  a divide-by-two c i r c u i t .  A microprocessor w a s  used as a counter .  
The i n p u t  to  t h e  microprocessor is s w i t c h - s e l e c t a b l e .  I f  t h e  i n p u t  to  t h e  micropro- 
cessor is t a k e n  d i r e c t l y  from t h e  f u n c t i o n  generator, a d i s p l a y  w i t h  one r e f r e s h  per 
u p d a t e  is obta ined .  I f  t h e  i n p u t  to  t h e  microprocessor is  taken  from t h e  o u t p u t  of 
t h e  divide-by-two c i r c u i t ,  a d i s p l a y  w i t h  t w o  r e f r e s h e s  per u p d a t e  is obta ined .  The 
microprocessor counted each l e a d i n g  edge of t h e  s q u a r e  wave u n t i l  r e a c h i n g  4096, t h e n  
it reversed and counted down t o  zero. T h i s  c o u n t  d r i v e s  a 1 2 - b i t  d i g i t a l  t o  a n a l o g  
c o n v e r t e r  ( D A C ) .  The ouput  of t h e  DAC d r i v e s  t h e  v e r t i c a l  i n p u t  of  t h e  oscilloscope. 
T h i s  creates on t h e  oscilloscope s c r e e n  a h o r i z o n t a l  l i n e  t h a t  moves up and down. 
The l i n e  wid th  w a s  v i s u a l l y  measured, and found to  be approximate ly  1 mm. The speed 
of t h e  l i n e  on t h e  oscilloscope i s  c o n t r o l l e d  by v a r y i n g  t h e  s i z e  of t h e  increment  or 
decrement  of t h e  count  i n  t h e  microprocessor as w e l l  as by v a r y i n g  t h e  f r e q u e n c y  of 
t h e  f u n c t i o n  genera tor .  
decrement  i n t o  t h e  program of t h e  microprocessor. 

The c o u n t  is v a r i e d  by l o a d i n g  t h e  d e s i r e d  increment  or 

The r e f r e s h  rate w a s  r e a d  d i r e c t l y  from t h e  f requency  c o u n t e r .  The v e l o c i t y  w a s  
c a l c u l a t e d  by tak ing  8 c m  ( t h e  h e i g h t  of d i s p l a y ) ,  d i v i d i n g  by 4096 ( t h e  number of 
steps per h e i g h t  of t h e  d i s p l a y ) ,  m u l t i p l y i n g  by t h e  increment  se t  i n t o  t h e  program, 
t h e n  m u l t i p l y i n g  by t h e  u p d a t e  f requency .  T h i s  v e l o c i t y  w a s  cross-checked a t  v a r i o u s  
v a l u e s  by u s i n g  a stopwatch and c o u n t i n g  t h e  number of c y c l e s  per u n i t  t i m e  o f  t h e  
moving l i n e  on t h e  d i s p l a y .  

T h i s  experiment w a s  conducted under  o f f i c e  f l u o r e s c e n t  l i g h t i n g  of  approximate ly  
70 t o  100 footcandles .  To reduce r e f l e c t i o n s ,  a hood w a s  placed around t h e  s c r e e n  
for viewing. 

1 

b' 

S e v e r a l  people were asked to  observe  t h e  e f f e c t s  of t h e  moving l i n e ,  and t h e  
d a t a  o b t a i n e d  r e p r e s e n t  t h e  o p i n i o n s  of t h e s e  o b s e r v e r s .  The viewing d i s t a n c e  of 
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e a c h  i n d i v i d u a l  from t h e  screen w a s  maintained a t  approximate ly  1 m. Othgr  viewing 
d i s t a n c e s  w e r e  t r i e d ,  ranging from approximately 0 . 3  t o  2 m ,  b u t  t h e  r e s u l t s  w e r e  
n o t  a f f e c t e d .  

RESULTS 

The r e s u l t s  of t h i s  experiment  are p l o t t e d  i n  f i g u r e s  2 t o  5 .  F i g u r e s  2 and 3 
are i n d i v i d u a l  p lots  of t h e  d a t a  gathered.  F i g u r e s  4 and 5 are s u p e r i m p o s i t i o n s  of 
t h e  s t r a i g h t  l i n e  approximations of f i g u r e s  2 and 3 .  On f i g u r e  2 ,  s i n g l e  r e f r e s h  
per update ,  t h e  graph shows f o u r  d i s t i n c t  r e g i o n s .  The " p e r f e c t "  r e g i o n  of t h e  p l o t  
r e f e r s  t o  t h e  area where t h e  l i n e  appears  as in tended;  t h a t  i s ,  it appears to  move 
smoothly w i t h o u t  jumping, f l i c k e r i n g ,  b l u r r i n g ,  or o t h e r  a r t i f a c t .  The " f l i c k e r "  
r e g i o n  is where t h e  human eye  can d e t e c t  t h e  a c t u a l  r e f r e s h  on t h e  s c r e e n .  The l i n e  
b l i n k s  i n  t h i s  region.  Opera t ion  i n  t h i s  r e g i o n  is c o n s i d e r e d  unacceptab le .  The 
" m u l t i p l e  l i n e "  r e g i o n  of t h e  graph is where t h e  s i n g l e  l i n e  appears t o  become t w o  
or more l i n e s .  A s  l i n e  v e l o c i t y  i n c r e a s e s ,  t h e s e  m u l t i p l e  l i n e s  are f i rs t  s e e n  a t  
t h e  t o p  and bottom of t h e  s c r e e n  where t h e  l i n e  r e v e r s e s  d i r e c t i o n .  The m u l t i p l e  
l i n e  e f f e c t  c o n t i n u e s  t o  i n c r e a s e  as l i n e  v e l o c i t y  i n c r e a s e s  u n t i l  it persists over 
t h e  e n t i r e  s c r e e n .  The " b l u r r i n g "  reg ion  a l so  o c c u r s  a t  t h e  r e v e r s a l  p o i n t s .  The 
l i n e  appears t o  widen n e a r  t h e  top and bottom of t h e  s c r e e n  (where t h e  l i n e  r e v e r s e s )  
a s  t h e  v e l o c i t y  i n c r e a s e s  u n t i l  m u l t i p l e  l i n e s  are seen.  

On f i g u r e  3 ,  double  r e f r e s h  per update,  t w o  more r e g i o n s  appear where v i s u a l  
a r t i f a c t s  occur .  " F l u t t e r "  is an. a r t i f a c t  where t h e  e y e  sees t h e  l i n e  jump from one 
p o s i t i o n  t o  t h e  next .  F l u t t e r  c l o s e l y  resembles  f l i c k e r .  " F l u t t e r - m u l t i p l e  l i n e s "  
i s  f l u t t e r  i n  combinat ion w i t h  m u l t i p l e  l i n e s .  

The r e g i o n s  f o r  p r e f e r r e d  viewing a r e  t h o s e  marked p e r f e c t .  The r e g i o n s  marked 
b l u r r i n g  w e r e  judged a c c e p t a b l e  f o r  viewing, because t h i s  minor d e g r a d a t i o n  w a s  n o t  
o b j e c t i o n a b l e  t o  t h e  viewers .  B l u r r i n g  i s  n o t i c e a b l e  o n l y  on rapid changes of 
d i r e c t i o n .  As the v e l o c i t y  is i n c r e a s e d  i n  t h e  area marked b l u r r i n g ,  t h e  e f f e c t  
i s  more pronounced. When m u l t i p l e  l i n e s  OK f l u t t e r  are encountered ,  t h e  d i s p l a y  
h a s  been degraded enough t o  be judged unacceptable .  

The d i v i s i o n  l i n e  between a c c e p t a b l e  and u n a c c e p t a b l e  viewing r e g i o n s  on b o t h  
f i g u r e s  2 and 3 can be approximated with s t r a i g h t  l i n e s  (shown on t h e s e  f i g u r e s ) .  
F i g u r e  4 is  a combination of t h e  s t r a i g h t  l i n e  approximat ions  of f i g u r e s  2 and 3 
a l i g n e d  on t h e  same r e f r e s h  rate scale. F igure  5 is  a combinat ion of t h e  s t r a i g h t  
l i n e  approximat ions  of f i g u r e s  2 and 3 a l i g n e d  on t h e  same update  r a t e  scale. 

The l i n e  width of 1 mm used i n  t h i s  exper iment  r e a s o n a b l y  approximates  t h e  l i n e  
wid th  found on 19- through 21-in. d i s p l a y  CRTs  used for  f l i g h t  s i m u l a t i o n  v i s u a l  d i s -  
p l a y s .  The r e s u l t s  of t h i s  experiment  can t h e n  be d i r e c t l y  a p p l i e d  t o  v i s u a l  simu- 
l a t i o n  problems t h a t  meet t h e s e  c r i t e r i a .  

3 



IMPLICATIONS 

u s i n g  t h e  d a t a  o b t a i n e d  from f i g u r e s  2 and 3, and assuming a r e f r e s h  ra te  of 
60 HZ,  t h e  v e l o c i t y  a t  which t h e  d i s p l a y  degrades  s i g n i f i c a n t l y  can be found: fo r  
a s i n g l e  r e f r e s h  per  update ,  t h e  v e l o c i t y  is 5.5 cm/sec. For a double  r e f r e s h  per 
update ,  and an update rate of o n l y  30 Hz, t h e  v e l o c i t y  d e c r e a s e s  t o  1.9 cm/sec. 

These maximum a c c e p t a b l e  d i s p l a y  veloci t ies  can  be related to s i m u l a t e d  a i r c r a f t  
a n g u l a r  v e l o c i t i e s ,  which are seen  on s i m u l a t e d  v i s u a l  f l i g h t  d i s p l a y s .  The assumed 
v i s u a l  d i s p l a y  is a 20-in. CRT. The f i e l d  of  view of t h e  screen is  assumed to  be 50° 
h o r i z o n t a l  and 37.5O ver t ical .  Sample c a l c u l a t i o n s  are shown i n  appendix A. These 
c a l c u l a t i o n s  compute a i r c r a f t  a n g u l a r  ve loc i t ies  where I h e  maximum a c c e p t a b l e  d i s -  
p l a y  v e l o c i t y  occurs  somewhere on t h e  s c r e e n .  I n  p i t c h  and yaw, t h e  d i s p l a y  velo-  
c i t y  is n e a r l y  c o n s t a n t  over  t h e  e n t i r e  s c r e e n ,  w h i l e  i n  ro l l  t h e  maximum d i s p l a y  
v e l o c i t y  o c c u r s  a t  t h e  edge of t h e  s c r e e n .  A i r c r a f t  a n g u l a r  v e l o c i t i e s  are shown 
i n  t h e  f o l l o w i n g  t a b l e :  

Angular Velocities: 

Refresh ,  60 H z ,  R e f r e s h ,  60 Hz, 

deg/sec  deg/sec  
Axis update  , 30-Hz, and update ,  

R o l l  5.4 15.5 
P i t c h  and 2.5 7.2 

Y a w  

These maximum a c c e p t a b l e  d i s p l a y  v e l o c i t i e s  can also be r e l a t e d  to  s i m u l a t e d  
a i r c r a f t  l i n e a r  v e l o c i t i e s .  A t  lower a l t i t u d e s ,  " o u t  t h e  window" d i s p l a y s  on t h e  
s c r e e n  r e s u l t  i n  o b j e c t s  i n  t h e  n e a r  f i e l d  moving faster t h a n  objects f a r t h e r  away. 
For  example, on landing  an  a i r c r a f t ,  t h e  runway c e n t e r  l i n e  moves f a s t e r  a t  t h e  bot- 
t o m  o f  t h e  s c r e e n  than i t  does  a t  t h e  c e n t e r .  A d e r i v a t i o n  and sample c a l c u l a t i o n  
a re  shown i n  appendix B. These c a l c u l a t i o n s  compute a i r c r a f t  forward v e l o c i t i e s  a t  
s e v e r a l  d i f f e r e n t  a l t i t u d e s  when t h e  maximum acceptable d i s p l a y  v e l o c i t y  o c c u r s  a t  
t h e  bottom of t h e  screen .  Forward v e l o c i t i e s  a t  l o w  a l t i t u d e s  are shown i n  t h e  
f o l l o w i n g  table: 

Refresh ,  60 Hz, Ref resh ,  60 Hz, 
update ,  30-Hz, and update ,  

f t / s e c  f t/sec 

A 1  ti t u d e ,  
f t  

15 5.4 15.8 
50 18.  53. 

100 36. 105. 

I 

V 
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CONCLUSIONS 

A t  r e l a t i v e l y  l o w  d i s p l a y  v e l o c i t i e s ,  a r t i f a c t s  were most r e a d i l y  observed a t  
t h e  r e v e r s a l  p o i n t s ,  where a c c e l e r a t i o n  approached i n f i n i t y .  T h i s  uns teady  motion 
r e q u i r e d  v e r y  h igh  update  rates to  e l i m i n a t e  unacceptab le  a r t i f a c t s .  S t e a d y  motion 
w a s  observed a t  t h e  c e n t e r  of t h e  display.  S teady  motion a r t i f a c t s  o c c u r r e d  a t  
h i g h e r  d i s p l a y  v e l o c i t i e s  f o r  a g iven  update rate. Although t h e s e  v e l o c i t i e s  w e r e  
n o t  p r e c i s e l y  measured, t h e y  were on t h e  o r d e r  of double  t h e  v e l o c i t i e s  a t  t h e  
r e v e r s a l  p o i n t s .  These v e l o c i t i e s  are i n  g e n e r a l  agreement w i t h  p r e v i o u s  work 
(Watson and o t h e r s  1983). 

The e f f e c t i v e  slope of t h e  s t r a i g h t  l i n e  approximat ion  on f i g u r e  2 is approxi -  
mate ly  0.93 mm per update .  T h i s  slope i s  ex t remely  close t o  t h e  l i n e  w i d t h  (1 m m )  
on t h e  d i s p l a y .  This  comparison s t r o n g l y  s u g g e s t s  t h a t  immediately a f te r  a n  a b r u p t  
change i n  v e l o c i t y ,  t h e  human o b s e r v e r  can see m u l t i p l e  l i n e s  a n y  t i m e  t h e  n e x t  l i n e  
does n o t  touch t h e  p r e v i o u s  l i n e ,  r e g a r d l e s s  of t h e  update  rate. The e y e  a lso 
d e t e c t e d  t h e  l i n e s  p a r t i a l l y  o v e r l a p p i n g  i n  t h e  b l u r r i n g  area as t h e  l i n e  s t a r t e d  
t o  widen. T h i s  p r e l i m i n a r y  c o n c l u s i o n  was n o t  v e r i f i e d  by a d d i t i o n a l  tests. Such 
a v e r i f i c a t i o n  would n e c e s s a r i l y  i n v o l v e  t h e  s t u d y  of so l id  images w i t h  d i f f e r e n t  
d imens ions ,  and w a s  beyond t h e  scope of t h i s  experiment .  

The r e s u l t s  of t h i s  exper iment  are somewhat pessimistic, because i n f i n i t e  accel- 
e ra t ions  do n o t  occur  i n  a c t u a l  s i m u l a t e d  out-the-window d i s p l a y s ;  however, uns teady  
motion w i t h  s u b s t a n t i a l  acceleration does occur ,  p a r t i c u l a r l y  i n  a n g u l a r  motions. 
T h i s  exper iment  shows t h a t  t h e  s t u d y  of s t e a d y ,  c o n s t a n t - v e l o c i t y  motion i s  n o t  suf -  
f i c i e n t  t o  f u l l y  p r e d i c t  t h e  o n s e t  of a r t i f a c t s .  This  exper iment  a l so  d e f i n e s  t h e  
upper bounds on t h e  o n s e t  of  unacceptab le  a c c e l e r a t i o n - i n d u c e d  a r t i f a c t s  f o r  t h e  
g i v e n  tes t  c o n d i t i o n s .  

The c a l c u l a t i o n s  show t h a t  when a s imula ted  out-the-window scene  from a maneu- 
v e r i n g  a i r c r a f t  is g e n e r a t e d  a t  t y p i c a l  update  rates ( 3 0  and 60 H z ) ,  p i c t u r e  degra-  
d a t i o n  o c c u r s  a t  l o w  a n g u l a r  rates and  a t  l o w  ground speeds when t h e  a l t i t u d e  is  
low. These r a t e s  are w e l l  below t h o s e  a c t u a l l y  encountered  d u r i n g  s i m u l a t e d  air- 
c r a f t  o p e r a t i o n .  Doubling t h e  update  r a t e  from 30  t o  60 Hz i n c r e a s e s  t h e  acceptable 
maneuvering rates by a f a c t o r  of approximately t h r e e ,  b u t  t h e y  are s t i l l  too l o w .  
F u r t h e r  i n c r e a s e s  i n  a c c e p t a b l e  maneuvering rates are p o s s i b l e  by f u r t h e r  i n c r e a s i n g  
u p d a t e  rates;  however, t h e  maneuvering r a t e s  of modern, high-performance f i g h t e r  
a i r c r a f t  are very  h igh .  For example, r o l l  rates i n  e x c e s s  of  6 0 ° / s e c  combined w i t h  
h i g h  a c c e l e r a t i o n s  are f a i r l y  common. Using t h i s  r o l l  ra te  and t h e  assumpt ions  of  
appendix A, a n  e x t r a p o l a t i o n  of t h e  s t r a i g h t  l i n e  approximat ion  of  f i g u r e  2 s u g g e s t s  
t h a t  a n  update  rate of 225 Hz may be r e q u i r e d  to  avoid  u n a c c e p t a b l e  a r t i fac ts .  A 
p i t c h  or yaw rate of 60°/sec could  require a n  update  ra te  as h i g h  as 480 Hz i f  sub- 
s t a n t i a l  a c c e l e r a t i o n s  are p r e s e n t .  F o r t u n a t e l y ,  p i t c h  and yaw a c c e l e r a t i o n s  are 
somewhat lower, t h u s  r e l a x i n g  update  r a t e  requi rements .  These update rates are w e l l  
beyond t h e  c u r r e n t  s t a t e  of t h e  a r t  f o r  a l l  e x c e p t  t h e  simplest v i s u a l  d i s p l a y s .  
Thus o t h e r  t e c h n i q u e s  besides update  r a t e  must be c o n s i d e r e d  t o  improve the d i s p l a y s .  
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The b e n e f i t s  of doubl ing  t h e  r e f r e s h  rate o v e r  t h e  u p d a t e  ra te  are r e l a t i v e l y  
small. The m o s t  s i g n i f i c a n t  b e n e f i t  of a double  r e f r e s h  per u p d a t e  is  to  a v o i d  
f l i c k e r  when t h e  update  ra te  is b e l o w  50 Hz. A t  h i g h e r  update  rates, t h e  double  re- 
f r e s h  provides only a s l i g h t  improvement. For example, a t  a n  80-Hz update ,  accept- 
able s c r e e n  v e l o c i t y  is  a b o u t  7.4 cm/sec w i t h  one r e f r e s h  per update .  Doubling t h e  
r e f r e s h  rate a t  the same update  rate increases t h e  a c c e p t a b l e  v e l o c i t y  t o  a b o u t  
8.7 cm/sec an improvement of approximate ly  18 p e r c e n t .  Therefore ,  h i g h e r  r e f r e s h  
rates are, a t  best ,  o n l y  a small  par t  of t h e  s o l u t i o n  of t h e  a r t i f a c t  problem. 

Other  i n v e s t i g a t o r s  have sugges ted  o t h e r  t e c h n i q u e s  t o  reduce a r t i f a c t s ,  such  as 
computed "smearing" of t h e  p i c t u r e .  (Cook and o t h e r s ,  1984; Dippe and Wold, 1985; 
Korein and Badler ,  1983; and P o t m e s i l  and Chakravar ty ,  1983). I t  remains to  be s e e n  t 

whether  i t  is  more d i f f i c u l t  t o  compute a smeared p i c t u r e  or s imply  i n c r e a s e  t h e  
update  rate. 
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APPENDIX A - ANGULAR VELOCITY COMPUTATIONS 

T h i s  appendix relates t h e  v e l o c i t i e s  of moving objects on a s i m u l a t e d  a i r c r a f t  
CRT d i s p l a y  to  t h e  a c t u a l  a n g u l a r  rates of t h e  s i m u l a t e d  a i rcraf t .  The assumption 
i s  t h a t  t h e  d i s p l a y  measures 20-in. d i a g o n a l l y  and h a s  a h o r i z o n t a l - t o - v e r t i c a l  
aspect r a t i o  of 4 t o  3. T h i s  d i s p l a y  i s  assumed to  subtend  a h o r i z o n t a l  a n g l e  
from t h e  p i l o t ' s  viewpoint  of 50'. The r e s u l t i n g  v e r t i c a l  a n g l e  i s  38.6O, and 
t h e  r e s u l t i n g  viewer-to-CRT d i s t a n c e  is  17.2 i n .  

The f o l l o w i n g  diagram shows t h e  assumed d i s p l a y :  

Reference point 
for pitch and 
yaw rate 
calculations 

Reference point 

7345 

These sample c a l c u l a t i o n s  w i l l  compute t h e  a i r c r a f t  a n g u l a r  v e l o c i t i e s  t h a t  
c o i n c i d e  w i t h  t h e  maximum acceptable d i s p l a y  v e l o c i t y  f o r  t w o  u p d a t e / r e f r e s h  con- 
d i t i o n s .  The f i r s t  c o n d i t i o n  is a 30-Hz update ,  w i t h  t w o  r e f r e s h e s  per update .  
According t o  f i g u r e  3 ,  t h e  maximum a c c e p t a b l e  d i s p l a y  v e l o c i t y  is 1.9 cm/sec. The 
second c o n d i t i o n  is a 60-Hz u p d a t e ,  w i t h  one r e f r e s h  per update .  According to  
f i g u r e  2 ,  t h e  maximum a c c e p t a b l e  d i s p l a y  v e l o c i t y  is  5.5 cm/sec. These c o n d i t i o n s  
were chosen because t h e y  are popular update  and r e f r e s h  rates i n  c u r r e n t  u s e .  

The symbols used are d e f i n e d  as fol lows:  

v1 - d i s p l a y  v e l o c i t y  f o r  30-Hz update,  1.9 cm/sec 
v2 - d i s p l a y  v e l o c i t y  for 60-Hz update ,  5.5 cm/sec 
r - r a d i u s  from c e n t e r  of r o t a t i o n ,  i n .  
w1 - a n g u l a r  v e l o c i t y  f o r  ~ O - H Z  update,  deg/sec  
w2 - a n g u l a r  v e l o c i t y  f o r  60-Hz update ,  deg/sec  

The e q u a t i o n  used, w i t h  convers ion  f a c t o r s  for  i n .  t o  c m  and r a d  t o  deg,  is 

u = (:)(A) (T) = 2 2 . 6  - V 
r 

1. For r o l l  rate, r = 8 i n .  ( h o r i z o n t a l  d i s t a n c e  from s c r e e n  center t o  e d g e )  

. w1 = 22 .6  (x) 8 = 5.4 deg/sec  

5 5  02 = 22.6  (-f) = 15.5 deg/sec  
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For p i t ch  and yaw ra tes ,  r = 17.2 i n .  (d i s tance  from viewer to center  of CRT screen)  

0 1  = 22.6 (>) = 2.5 deg/sec 

W 2  = 22.6 (s) = 7 . 2  deg/sec 

17.2 
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APPENDIX B - L I N E A R  VELOCITY COMPUTATIONS 

T h i s  appendix relates t h e  maximum v e l o c i t y  of a moving object on a s i m u l a t e d  
a i r c ra f t  CRT d i s p l a y  to  t h e  a c t u a l  l i n e a r  forward  v e l o c i t y  of t h e  s i m u l a t e d  a i rcraf t .  
Because  t h e  maximum d i s p l a y  v e l o c i t y  occurs a t  t h e  bottom edge of t h e  d i s p l a y ,  t h e  
c a l c u l a t i o n s  are l imi ted  to  t h a t  l o c a t i o n .  The assumptions are t h a t  t h e  d i s p l a y  
measures 12 i n .  v e r t i c a l l y  and i s  l o c a t e d  17.2 i n .  from t h e  viewpoint .  The r e s u l t -  
i n g  total  v e r t i c a l  viewing a n g l e  i s  38.6O. 

The f o l l o w i n g  diagram shows t h e  assumed d i s p l a y :  

The symbols are d e f i n e d  as f o l l o w s :  

x - d i s t a n c e  of viewer from d i s p l a y  s c r e e n ,  17.2 i n .  
x '  - h o r i z o n t a l  d i s t a n c e  from viewer t o  t h e  n e a r e s t  v i s i b l e  p o i n t  on t h e  

h - h a l f  t h e  h e i g h t  of t h e  d i s p l a y  s c r e e n ,  6 i n .  
h '  - s imula ted  a l t i t u d e  of  the v i e w e r  o v e r  t h e  runway i n  f t  
t - t i m e ,  seconds 

s i m u l a t e d  runway i n  f t  

To re la te  d i s p l a y  v e l o c i t y  ( d h / d t )  t o  s i m u l a t e d  a i r c r a f t  forward  v e l o c i t y  
( d x ' / d t ) ,  t h e  f o l l o w i n g  d e r i v a t i o n  is  requi red :  

u s i n g  similar t r i a n g l e s ,  

X _ -  X' 
h '  h 
- -  

Taking t h e  f i r s t  d e r i v a t i v e  w i t h  r e s p e c t  t o  t i m e ,  

d x '  h ' x  dh  
d t  h2 (,> - =  - -  

'_ 
Because o n l y  magnitudes are s i g n i f i c a n t  t h e  n e g a t i v e  s i g n  can  be i g n o r e d .  

The f o l l o w i n g  sample c a l c u l a t i o n s  w i l l  compute t h e  a i r c r a f t  forward  v e l o c i t i e s  
t h a t  c o i n c i d e  w i t h  t h e  maximum a c c e p t a b l e  d i s p l a y  v e l o c i t y  f o r  t w o  u p d a t e / r e f r e s h  
c o n d i t i o n s .  The f i r s t  c o n d i t i o n  is  a 30-Hz update ,  w i t h  t w o  r e f r e s h e s  per update .  
According t o  f i g u r e  3,  t h e  maximum a c c e p t a b l e  d i s p l a y  v e l o c i t y  i s  1.9 cm/sec, or 
0.75 in . / sec .  The second c o n d i t i o n  i s  a 60-Hz update ,  w i t h  one r e f r e s h  per update .  
According t o  f i g u r e  2,  t h e  maximum a c c e p t a b l e  d i s p l a y  v e l o c i t y  i s  5.5 cm/sec, or 
2.2 in . / sec .  These c o n d i t i o n s  w e r e  chosen because t h e y  are p o p u l a r  update  and re- 
f r e s h  rates i n  c u r r e n t  use.  

. 
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The fo l lowing  sample c a l u l a t i o n s  are  f o r  an assumed a l t i t u d e  of 15 f t ,  which 1s 
t y p i c a l  of a p i l o t ' s  viewpoint with the a i r c r a f t  on the  runway. Other a l t i t u d e s  w i l l  
r e s u l t  i n  proportional  changes i n  maximum acceptab le  forward v e l o c i t i e s .  

A t  30-Hz update, 60-Hz r e f r e s h ,  

dx' 
d t  

0 .75  = 5.4 ft/sec 

A t  60-Hz update and r e f r e s h ,  

dx' = ( 1 5  :217*2) 2.2 = 15.8 ft/sec 
d t  
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d a t e  rate must be f a r  i n  e x c e s s  of 60 Hz, t y p i c a l l y  s e v e r a l  hundred Hz. 
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