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A b s t r a c t  

Work is described which merges 3-L i n p u t  and d i s p l a y  t e c h n o l o g i e s  t o  implement a  r e a l -  
t ime  i ~ l t e r a c t i v e  computer  g r a p h i c s  envi ronment ,  g e n e r a t i n g  a  s t e r e o s c o p i c  image t h d t  one 
c r e a t e s  by r e a c h i n g  d i r e c t l y  i n t o  i t .  The d i s p l a y  i s  an o r d i n a r y  v i d e o  m o n i t o r ,  r e f l e c t e d  
o f f  a  I ~ a l f - s i l v e r e d  m i r r o r ,  and viewed through PLZT o p t o - e l e c t r i c a l  s h u t t e r  g l a s s e s .  For 
i n p u t ,  an e l e c t r o m a g n e t i c  s i x  degree-of - f reedom d i g i t i z e r  is mounted i n  a s m a l l  wooderl 
"magic wdnd", w i t h  a  p u s h b u t t o n  mounted i n  t h e  h a n d l e .  

I n t r o d u c t i o n  

The l a s t  s e v e r a l  y e a r s  have s e e n  t h e  growlng a c c e p t a n c e  and application o t  computer 
g r a p h l c  hardware t o  a  v a r r e t y  of d l s c p l l n e s ,  such a s  image p r o c e s s l n g  and computer a i d e d  
d e s l g n .  Simultaneously, a  s m a l l e r  b u t  more adventuresome body o f  r e s e a r c h  u s e s  g r a p h l c s  
t o  r e p r e s e n t  d a t a b a s e  abstractions o r  a l d  l n t e r a c l t v e  computrng sys tems  t o  more a c c u ~ a i e l y  
cornmunlcate w l t h  t h e ~ r  u s e r s .  A s  p r o c e s s l n g  has  become c h e a p e r ,  t h e r e  h a s  been r l s i n g  
I n t e r e s t  I n  d s s p l a y l n g  t h r e e  d l m e n s l o n a l  s o l l d s .  Although t h l s  u s u a l l y  1s t a k e n  t o  mean 
p l a n a r  p r o l e c t l o n ,  perhaps  w l t h  f e a t u r e s  such a s  s h a d i n g  and s p e c t r a l  r e f l e c t r o n ,  Lherc 1s 
a  glowing d e s i r e  among computer  g r a p h l c  circ1c.s t o  work w i t h  t r u e  stereoscopic d i s p l a y  

r l g u r e s  1 and 2 .  The t h r e e  d l m e n s l o n a l  work s t a t l o n  I n  u s e  and a  cutaway vlew. The CIU' 
s c r e e n  above t h e  u s e r ' s  head I S  vlewed through t h e  h a l f - s l l v e r e d  m l r r o r .  The u s e r  1 s  
wearing what a p p e a r s  t o  b e  w e l d e r s '  y o g y l e s ,  whlch house Lhe P U T  g l a s s e s .  The digitizer 
1s mounted a t  t h e  end o f  t h e  wand I n  t h e  u s e r ' s  hand.  



One of t h e  o b v i o u s  a t t r a c t i o n s  of  computer  g e n e r a t e d  g r a p h i c s  i s  t h e  p o s s i b i l i t y  o f  
m.lklnq then1 i n t e r a c t i v e ,  responding  through a  v a r i e t y  of  i n p u t  d e v i c e s .  The work d e s c r i b e d  
i n  t h i s  paper  r e p r e s e n t s  t h e  p a r t i a l  f r u i t i o n  of d e s i r e s  t o  d e s i g u  computer sys tems  which 
i n c o r p o r a t e  bo th  s t e r e o  d i s p l a y s  and i n t e r a c t i v e  g r a p h i c s .  T h i s  p a r t i c u l a r  p r o j e c t  
e x p l o r e s  s p a t i a l  mapping of  a  t r u e  3 - 0  v i d e o  d i s p l a y  i n t o  an i n s t r u m e n t e d ,  p o s i t i o n -  
s e n s i t i v e  work a r e a .  The r e s u l t  is a n  image which a p p e a r s  t o  occupy t h e  same s p a c e  a s  
o n e ' s  hand;  one c a n  r e a c h  i n t o  t h e  image, modifying i t  o r  drawing i n  i t  p r e c i s e l y  where 
one  is t o u c h i n g .  

T h i s  work,  per formed a t  t h e  A r c h i t e c t u r e  Machine Group of M.I.T, is p a r t  of an ongoing 
e x p l o r a t i o n  of i n t e r a c t i v e  and u s e r - s e n s i t i v e  d i s p l a y s ,  w i t h '  concern  f o r  r e a l i s m  and 
lnuuediacy. Nei . ther  t h e  i n p u t  n o r  CRT d i s p l a y  t e c h n o l o g i e s  were deve loped  i n  t h e  L a b o r a t o r y ;  
t h e  n o v e l t y  of  t h e  p r o j e c t  c o n s i s t s  of c r e a t i n g  a  d i s p l a y  s t a t i o n  and g r a p h i c  s o f t w a r e  t o  
'llow the combina t ion  of t e c h n o l o g i e s  i n t o  a  s p a t i a l l y  c o r r e s p o n d e n t  v i s u a l  environment 
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Numerous d e v i c e s  a r e  now used conunonly a s  two d imens ionnl  g r a p h i c a l  i n p u t  p e r i p l ~ c r a l s ,  
such  a s  t a b l e t s ,  touch  s c r e e n s ,  t r a c k b a l l s ,  and mice.  They have found wide a p p l i c a t i o n ,  
e s p e c i a l l y  i n  computer  a i d e d  d e s i g n ,  f o r  e n t e r i n g  and m a n i p u l a t i n g  d a t a b a s e s  r e p r e s e n t i n g  
r e a l  wor ld  o b j e c t s .  T h e r e  a r e ,  however, o b v i o u s  l i m i t a t i o n s  t o  t h i s  2 - D  i n t e r a c t i o n ;  r e a l  
s o l i d s  a r e  t h r e e  d i m e n s i o n a l .  The common p r a c t i c e  of  mapping t h e  two degrees-of-freedom 
of i n p u t  i n t o  t h r e e  d imens ions  is awkward, r e q u i r i n g  f r e q u e n t  remapping of a x e s  t o  manage 
3 - D  m a n i p u l a t i o n s .  True  t h r e e  ( o r  h i g h e r )  degree-of - f reedom i n p u t  d e v i c e s  have been 
d e m o n s t r a t e d  b u t  a r e  s t i l l  n o t  i n  wide use .  S u r p r i s i n g l y ,  and perhaps  a  p a r t i a l  answer t o  
i t s  l a c k  o f  a c c e p t a n c e ,  such  hardware has  r a r e l y  been used  i n  c o n j u n c t i o n  w i t h  s t e r e o  
d i s p l a y  i n t e r a c t i o n .  A d d i t i o n a l l y ,  many of t h e s e  d e v i c e s  s u f f e r  from l i m i t a t i o n s  due t o  
r e l i a n c e  on  mechanica l  l i n k a g e s  o r  u s e  o f  o p t i c a l  p a t h s  which can e a s i l y  be occ luded  by a  
u s e r ' s  hand. 

We have a t t e m p t e d  t o  p r o v i d e  t r u e  t h r e e  d i m e n s i o n a l  i n p u t  i n  a  c o m f o r t a b l e  manner w i t h  a  
m a g n e t i c  p o s i t i o n  s e n s i n g  technology  deve loped  by Polhemus N a v i g a t i o n a l  S c i e n c e s  of Essex 
J u n c t i o n ,  Vermont. 1 'Phis s i x  degree-of - f reedom d i g i t i z e r  r e t u r n s  t h e  p o s i t i o n  ( x ,  y ,  and 
z )  and a t t i t u d e  ( a z i m u t h ,  e l e v a t i o n ,  and r o l l )  of  a  s m a l l  s e n s o r  r e l a t i v e  t o  a  l a r g e r  
r a d i a t o r  4 0  t i m e s  p e r  second ( s e e  f i g u r e  3 ) .  Three  m u t u a l l y  o r t h o g o n a l  d i p o l e  an tenna  
c o i l s  i n  t h e  r a d i a t o r  g e n e r a t e  a  n u t a t i n q  magnet ic  f i e l d ,  which is p icked  up by t h e  s e n s o r ,  
a p l a s t i c  cube  a b o u t  1 . 5  cm, on  edge  which a l s o  c o n t a i n s  a  s i m i l a r  a r r a y  of r e c e i v e r  ~ 0 i I s .  
A ~ 1 ~ 1 1 1  minicomputer c o n t r o l s  t h e  r a d i a t o r  c u r r e n t s  and proccssov  t h e  s e n s o r  s ignAl  t o  
c a l c u l a t e  l o c a t i o n  q u i t e  a c c u r a t e l y .  

F i g u r e  3 .  The d i g i t i z e r ,  showing t h e  F i g u r e  4 .  The PLZT s h u t t e r  g l a s s e s  and 
r a d i a t o r  and s e n s o r  i n  t h e  "maglc wand". and wand. 

The s e n s o r  i s  s m a l l  and l i g h t ,  connec ted  t o  nearby p r e a m p l i f i e r s  by a  t h i n ,  f l e x i b l e  
c a b l e .  Because i t  s e n s e s  by magnet ic  f i e l d s ,  a  human body u s i n g  t h e  d e v i c e  d o e s n ' t  
i n t e r f e r e  w i t h  o r  b lock  i t s  o p e r a t i o n ,  a l t h o u g h ,  a s  d i s c u s s e d  below, c o l o r  t e l e v i s i o n  
m o n l t o r s  c a u s e  s i g n i f i c a n t  problems.  For t h e  p u r p o s e s  of t h i s  work s t a t i o n ,  a  s e n s o r  has  
been mounted a t  t h e  end of a  s m a l l  wooden "magic wand" which a l s o  h a s  a  pushbut ton  s w i t c h  
p l a c e d  w i t h i n  t h e  h a n d l e .  The wand, s w i t c h ,  and cab1.e a r e  b l a c k ,  w h i l e  a  w h i t e  s p o t  on t h e  
s e n s o r  i n d i c a t e s  t h e  " a c t i v e "  p o r t i o n  oE t h e  wand. 'The r a d i a t o r  i s  mounted o u t  of  s i g h t  
beh ind  t h e  work a r e a .  



S t e r e o s c o p i c  d i s p l a y  technology  i s  much more w i d e l y  a p p r e c i a t e d  t h a n  3-D i n p u t  hardware.  
E'or t h e  p u r p o s e s  o f  i n t e r a c t i v e  computer g e n e r a t e d  s t e r e o  imaging ,  t h e  d i s p l a y  must he 
c a p a b l e  of changing  i n  someth ing  n e a r  r e a l  t ime  and communicating w i t h  a  h o s t  computer .  
A d d i t i o n a l l y ,  we d e s i r e d  t o  p r o j e c t  t h e  d i s p l a y  i n t o  t h e  work a r e a  t o  d r e a t e  t h e  d i r e c t  
s p a t i a l  mapping of i n p u t  t o  image. f o r  t h e s e  r e a s o n s ,  we c h o s e  v i d e o  a s  ~ h c  d i s p l a y  
~nedium; c o l o r  v i d e o  computer  d i s p l a y s  a r e  comnonly a v a i l a b l e ,  e a s y  t o  i n t e r f a c e ,  and 
r c l a t l v c l y  i n e x p e n s i v e .  

S i n g l e  s c r e e n  s t e r e o  CRT d i s p l a y  call be  accompl i shed  u s i n g  t h e  2 : l  i n t e r l a c e  of  
c o p v c n t i o n a l  v i d e o  conibined w i t h  s p e c i a l  o p t o - e l e c t r i c a l  s h u t t e r  q l a s s e s . 2  L e f t  and r i ~ j h t  
eye  views of  s t e r e o  p a i r s  a r e  d i s p l a y e d  on t h e  even and odd s c a n  l i n e s ,  e f f e c t i v e l y  t ime  
m u l t i p l e x i n g  them. The s c r e e n  is t h e n  viewed through w a f e r s  of  a  l e a d  lanthanum z i r c o n a t e  
t i t a n a t e  (PLZT) c e r a m i c  which f u n c t i o n s  a s  an e l e c t r i c a l l y  o p e r a t e d  s h u t t e r  ( s e e  f i g u r e  4 ) .  
Running i n  s y n c h r o n i z a t i o n  w i t h  t h e  v i d e o  s i g n a l ,  t h e s e  g l a s s e s  a l l o w  one eye  a t  a  t ime  t o  
view t h e  p r o p e r  p h a s e  image on t h e  CRT. S imple  c a l c u l a t i o n s  of  t h e  l e f t / r i g h t  (even/odd 
s c a n  l i n e )  d i s p a r i t y  a l l o w  t h e  computer g e n e r a t e d  g r a p h i c s  t o  b e  d i s p l a y e d  i n  a  manner such 
t h a t  t h e y  occupy a  v i s u a l  volume both  i n  f r o n t  of  and behind  t h e  s c r e e n .  

From t h e  computer  g r a p h i c s  s t a n d p o i n t ,  t h e  major a d v a n t a g e  o f  t h e  PLZT v i d e o  d i s p l a y  is 
s imply  t h a t  i t  u s e s  o r d i n a r y  v i d e o  components, i n c l u d i n g  computer  frame b u f f e r s  and 
m o n i t o r s ,  a l l o w i n g  a  r a n g e  of implementa t ions .  The g l a s s e s  a l l o w  c l o s e  t o  f u l l  c o l o r  iruagc 
t r a n s m i s s i o n ,  which is  n o t  dependent  on p a r t i c u l a r  head a t t i t u d e s ,  a s  w i t h  p o l a r i z i n g  
techniques. The image r e s o l u t i o n  i s  ha lved  i n  t h e  v e r t i c a l  d i r e c t i o n  due  t o  t h e  u s e  of 
i n t e r l a c e  t o  mul t i 'p lex  s t e r e o  p a i r s .  Image b r i g h t n e s s  i s  a l s o  reduced  ~ i ~ ~ n i f i c a n t l y ,  even  
w i t h  t h e  s h u t t e r  f u l l y  opened,which can  be o n l y  p a r t i a l l y  cornpeilsilted f o r  by i n c r e a s i n g  
CRT g a i n .  A d d i t i o n a l  problems o c c u r  w i t h  v i d e o  p r o j e c t o r s .  

The Work S t a t i o n  

A 1 9  i n c h  CRT i s  mounted a t  a  45 clecjree a n g l e  above and i n  f r o n t  o f  t h o  o p e r a t o r ' s  head ,  
~ ~ n d  viewed through a  h a l f - s i l v e r e d  lmirror p a r a l l e l  t o  t h e  f l o o r .  T h i s  p r o j e c t s  t h e  image 
i n t o  a r e g i o n ,  u n o b s t r u c t e d  by t h e  s c r e e n ,  t h a t  one  c a n  r o a c h  i n t o  w i t h  t h e  i n p u t  wand. 
T h i s  i s  t h e  a c t i v e  work a r e a .  The regi .on under  t h e  m i r r o r  was p a i n t e d  b l a c k  and i s  i l l u -  
m i n a t r d ,  r e s u l t i n g  i n  t h e  v i s u a l  mix of  t h e  computer  g e n e r a t e d  image and t h e  hand t h a t  i s  
workinq on i t .  T h i s  l i g h t i n g i s d r i v e n  by a  computer  c o n t r o l l e d  d i n n e r .  

l e f t  r i y h t  
F i g u r e  5 .  A s t e r e o  p a i r  of  photographs  showing t h e  work s t a t i o n .  
To view i n  s t e r e o ,  p o s i t i o n  t h e  head s o  t h e  l e f t  eye  i s  looking  a t  
t h e  l e f t  p i c t u r e ,  and t h e  r i g h t  eye  t o  t h e  r i y h t ,  r e l a x i n g  t h e  e y e s .  

The u s e r  s i t s  i n  a  c o m f o r t a b l e  c h a i r  i n  f r o n t  of t h e  work s t a t i o n ,  l o o k i n g  down i n t o  t h e  
a c t i v e  r e q i o n  through t h e  h a l f - s i l v e r e d  m i r r o r .  T h i s  a l l o w s  h i s  hand t o  appear  i n  tho  
m i d s t  of t h e  r e f l e c t e d  image from t h e  CRT. The d i g i t i z e r ' s  r a d i a t o r  i s  h idden  behind t h e  
wooden w a l l s  of  t h e  work s t a t i o n .  As t h e  d i g i t i z e r  1 s  a c c u r a t e  o v e r  a  l a r g e r  r e g i o n  than  
t h e  p r o j e c t e d  g r a p h i c s ,  menu b u t t o n s  a r e  p l a c e d  i n  t h e  wcrk a r e a  where they  can  be seen  b u t  
d o n ' t  o v e r l a p  w i t h  t h e  d l s p l a y .  Of c o u r s e ,  a d d i t i o n a l  " s o f t "  b u t t o n s  can be  p r o j e c t e d  i n  
t h e  Image a s  w e l l .  These menu i t e m s  a r e  s e l . e c t e d  by touchincj t l i m  w i t h  t h e  wand and 
pushinq  Lhc b u t t o n  i n  i t s  h a n d l e .  V i s u a l  feedback  i s  p r o v i d e d  t o r  each  mcnu f u n c t i o n  
s e l e c t i o n .  



I m p l e m e n t a t i o n  

 he u s e r  s i t s  i n  f r o n t  o f  t h e  work s t a t i o n  a n d  s e e s  t h e  wand i n  t h e  m i d s t  o f  a  t r u e  3-D 
v i d e o  image ( s e e  f i g u r e  6 ) .  He c a n  t o u c h  and  c h a n g e  t h e  lnlage u s i n y  t h e  b u t t o n  a n d  t h e  
wand. I t  1s t h e  t a s k  o f  s y s t e m  s o f t w a r e  t o  d e t e r m i n e  t l i e  p o s i t i o n  o f  t h e  d i g i t i z e r  and 
i n s u r e  t h a t  t h e  r e s u l t i n g  c h a n g e  i n  t h e  image is nicipped c o r r e c t l y  i n t o  t h e  v i e w e r ' s  v i s u a l  
f i e l d  s o  i t  a p p e a r s  to o c c u r  e x a c t l y  w h e r e  t h e  wand i s  s e e n .  A s  t h e  g o a l  o f  t h e  i n t e r -  
a c t i o n  i s  s u c h  a  s u c c e s s f u l  s p a t i a l  c o r r e l a t i o n ,  no c u r s o r  s h o u l d  b e  n e c e s s a r y .  

F i g u r e  6 .  L o o k i n g  t h r o u g h  t h e  m i r r o r  i n t o  t h e  work a r e a .  'The q r a u h i c s  
a p p e a r  a s  d o u b l e  l i n e s  w i t h o u t  t h e  PLZT v i e w i n q  g l a s s e s ;  t h e  d i s t a n c e  
be tween  t h e  d o u b l e  imayes  d e t e r m i n e s  t h e  d e p t h  a t  wh ich  t h e y  a r e  s e e n .  

I n d e e d ,  t h e  e f f e c t i v e n e s s  o f  t h e  i n t e g r a t i o n  o f  t h e  v a r i o u s  componen t s  o f  t h e  s y s t e m  may 
b e  m e a s u r e d  by how w e l l  t h e  g r a p h i c s  f u n c t i o n  w i t h o u t  any  c u r s o r .  I n  t h e  i n i t i a l  a o p l i c a -  
t i o n  o f  t h e  s y s t e m ,  t h e  wand became a  p a i n t  b r u s h ,  and  t h e  u s e r  was g i v e n  t h e  a b i l i t y  t o  
d raw 3 - D  c o l o r e d  images  i n  s p a c e .  When t h e  b u t t o n  i s  p u s h e d ,  c o l o r  d r i b b l e s  o u t  o f  t h e  
w h i t e  s p o t  o n  t h e  wand which  m a r k s  t h e  d i g i t i z e r ' s  l o c a t i o n .  

S e v e r a l  c a l c u l a t i o n s  d e t e r m i n e  t h e  p o s i t i o n  o f  t h e  p a i n t .  F i r s t ,  t h e  d i g i t i z e r ' s  
l o c a t i o n ,  i n  i t s  own c o o r d i n a t e  s y s t e m ,  m u s t  be  r o t a t e d ,  t r a n s l a t e d ,  and s c a l e d  i n t o  t h e  
s c r e e n  c o o r d i n a t e  s y s t e m  ( a c t u a l l y ,  t h a t  o f  t h e  p r o j e c t e d  image o f  t h e  s c r e e n ) .  Then t h e  
p o i n t  oE i n t e r s e c t i o n  o f  t h e  p r o j e c t e d  s c r e e n  and  t h e  l i n e  o f  s i g h t  f rom t h e  e y e  t o  t h e  
~ l i c j i ~ i z u r  i s  d c t a r m i n c c l .  ' I 'his g i v e s  tiit: ( x ,  y )  c o o r d i n a t e  i n  s c r e e n  s p a c e  a t  wh ich  t o  draw 
t h e  i ~ u ~ i q e .  I " i n a l l y ,  t h e  d e p t h  o f  t h e  wand ( z  i n  s c r c o n  s p a c u )  i s  u s e d  t o  d e t r r m i n c  t l ic  
d i s p a r i t y  o f  t h e  e v e n / o d d ,  l e f t / r i g h t  v i e w s  w i t h  which  t o  d raw t h e  g r d p h i c .  

'Ph i s  mapp ing  a l l o w n  t h e  u s e r  t o  d raw f r e e - f o r m ,  t r u e  s t e r e o  i m a g e s ,  c o n s i s t i n g  o f  l i n c s  
o f  c o l o r e d  p a i n t  s u s p e n d e d  i n  s p a c e .  C o l o r  i s  s e l e c t e d  by t o u c h i n g  c o l o r e d  d o t s  u s e d  a s  
menu b u t t o n s .  I n d e e d ,  t h e  image  i s  q u i t e  w e l l  c o r r e l a t e d  w i t h  t h e  wand l o c a t i o n ,  a n d ,  when 
w e l l  c a l i b r a t e d  ( s e e  b e l o w )  r e a l l y  d o e s  s u p p o r t  t h e  i l l u s i o n  o f  t h e  p a i n t  f l o w i n g  o u t  
e n d  o f  t h e  wand. I n  p r a c t i c e ,  t h e  w h i t e  t a r g e t  s p o t  is a b o u t  o n e  c e n t i m e t e r  s q u a r e  t o  
~ n d i c a t e  l o c a t i o n  u n c e r t a i n t y  i n  t h e  a c t i v e  vo lume ,  wliich m e a s u r e s  a p p r o x i m a t e l y  50 by 30 
b e  2 5  c e n t i m e t e r s  d e e p .  

S e v e r a l  a d d i t i o n a l  c u e s  a i d  t h e  s t e r e o s c o p i c  r e a l i s m  b e  r e i n f o r c i n g  d e p t h  p e r c e p t i o n .  
A q u i c k  and  d i r t y  h i d d e n  s u r f a c e  a l g o r i t h m  a u t o n i a t i c a l l y  p a i n t s  i n  f r o n t  o f  o r  b e h i n d  
p r e v i o u s l y  c o n s t r u c t e d  l i n e s .  S i m i l a r l y ,  t h e  b r i g h t n e s s  a n d  s i z e  o f  p a i n t  g r a p h i c s  
d e c r e a s e  i n  a  somewhat  e x a g g e r a t e d  manner  w i t h  d i s t a n c e .  The d e p t h  m o d u l a t e d  l u m i n a n c e  o f  
t h e  g r a p h i c s  i s  f u r t h e r  u s e d  i n  c o n j u n c t i o n  w i t h  t h e  i l l u m i n a t i o n  o f  t h e  work a r e a .  As t h e  
u s e r  r c a c h e s  c l o s e r ,  t h e  l i g h t s  u n d e r  t h e  m i r r o r  g e t  b r i q i l t e r ,  s o  more o f  t h e  g r a p h i c  i s  



ubscuced by t h e  hand;  a s  t h e  hand moves f u t h e r  away, t h e  l ~ g h t s  d m ,  w l t h  t h e  r e v e r s e  
effc. : t  o t  ladklng t h e  y r a p h l c s  a p p e a r  more domrnant t h a n  t h e  hand. 

111 a ~ ~ o t l ~ e r  a p p l i c a t i o n  under  development ac t h e  t u n e  oE t h i s  w r i t i n g ,  t h e  work s t a t i o n  
i s  L I ~ C ~  t o  Lui.ld d a t a b a s e s  c o n s i s t i n g  of  t h r e e  d l ~ n e n s i o n a l  polygons f o r  s o l i d  modeling 
systems. The wand is used t o  e n t e r  s e q u e n t i a l  v e r t i c e s ,  w l ~ i c h  a r e  connec ted  by s t e r e o  
" r u b b e r  Land" l i n e s ,  and t h e n  f i l l e d  w i t h  a  s e l e c t e d  c o l o r .  Again,  t h e  d i s p a r i t y  of  even/  
odd scat1 l i n e s  p l a c e  t h e  polygons a t  t h e  c o r r e c t  d e p t h ,  and h idden  s u r f a c e  removal d e a l s  
w k  t h  o v e r l a p s .  

D i f f i c u l t i e s  i n  t h e  development o f  t h i s  i n t e r a c t i v e  computer s p a c e  f e l l  i n t o  two 
c a t a g o r l e s :  e f f e c t s  on t h e  magnet ic  d i g i t i z e r  by t h e  CRT, and d i f f i c u l t i e s  viewing pro- 
j e c t e d  v i d e o  w i t h  t h e  PLZT g l a s s e s .  

The former  is t h e  most f o r m i d a b l e  problem. The s t r o n g  l o c a l  magnet ic  f i e l d s  a s s o c i a t e d  
w i t h  t h e  CRT s e v e r e l y  d i s t u r b  t h e  d i g i t i z e r  i n  two ways: n o i s e  i s  i n t r o d u c e d  i n t o  t h e  
s e n s o r  s i g n a l ,  and t h e  normal ly  r e c t i l i n e a r  d i g i t i z e r  c o o r d i n a t e  s p a c e  is s e v e r e l y  whrped. 
Noise  i s  reduced w i t h  d i s t a n c e  from t h e  CRT, b u t  a s  t h e  s c r e e n  i s  moved f u r t h e r  away, i t s  
reflected imaye becomes s m a l l e r .  A l t e r n a t i v e  d i s p l a y  technology  was n o t  h e l p f u l  ( s e e  below).  
' l a c i n g  an o r d i n a r y  m e t a l  wi.ndow s c r e e n  i n  f r o n t  of t h e  CRT s c r e e n  he lped  reduce  n o i s e  
s i ~ j n i f i o a n t L y ,  b u t  d i g i t i z e r  p o i n t s  s t i l l  needed t o  h e  low p a s s  f l l t o r e d ,  s lowing  sys tem 
r e s p o n s i v e n e s s .  'Phis  t r a d e - o f f  was somewhat a l l e v i a t e d  by u s i n g  an a d a p t i v e  f i l t e r  w h i c l ~  
f i l t e r s  marl: h e a v i l y  when t h e  s e n s o r  i s  n e a r e r  t h e  CRT. 

Unwarpincj t h e  d i g i t i z e r  s p a c e  was done by a  b r u t e  f o r c e ,  b e s t  f i t  s i m p l e  c u r v a t u r e  
s p p r o x l m a t l o n ,  i n  combrna t ion  w i t h  a c a l i b r a t i o n  r o u t i n e .  C a l i b r a t i o n  was f u r t h e r  
n e c e s s i t a t e d  by t h e  f a c t  t h a t  t h e  d i g i t i z e r  c o o r d i n a t e  sys tem is r e l a t i v e  t o  t h e  r a d i a t o r ,  
which is  f r e q u e n t l y  removed f o r  o t h e r  exper iments  i n  t h e  L a b o r a t o r y .  A d d i t i o n a l l y ,  t o  
i n s u r e  s p a t l a 1  c o r r e s p o n d e n c e  t h e  sys tem must be  c a l i b r a t e d  t o  a  p a r t i c u l a r  u s e r ' s  most 
c o m t ' o r t ~ ~ l l e  v i e w p o i n t .  C a l i b r a t i o n  is  done by d i s p l a y i n g  a  s u c c e s s i o n  of  d o t s  which t h e  
u s e r  touches  w i t h  t h e  wand, g i v i n g  i n p u t s  t o  b u i l d  a  t r a n s f o r m a t i o n  m a t r i x .  

The most bothersome limit w i t h  t h e  PLZT g l a s s e s  i s  t h e i r  low ( a p p r o x i m a t e l y  20%) 
t r a n s m i s s i o n  when f u l l y  open .  T h i s  i s  f u r t h e r  confounded when t h e  CRT image i s  r e f l e c t e d  
o f f  a  h a l f - s i l v e r e d  m i r r o r !  Although we a t t e m p t e d  t o  u s e  a  v i d e o  p r o j e c t o r  f o r  a  b r i g h t e r  
image ( a n d  a l s o  t o  minimize t h e  above mentioned magnet ic  d i s t u r b a n c e s  t o  t h e  d i g i t i z e r ) ,  
thc decay c h a r a c t e r i s t i c s  of  t h e  Genera l  E l e c t r i c  L i g h t  Valve we used were such a s  t o  a l l o w  
v i s u a l  c r o s s t a l k  o v e r  p a r t  o f  t h e  d i s p l a y .  A f t e r  u s i n g  t h e  g l a s s e s  f o r  a  few m i n u t z s ,  
when t h e  e y e s  hive becon~e somewhat more a c c u s t o ~ n e d  t o  t h e  l e v e l  of  i l l u m i n a t i o n ,  t h i s  
r-cclii<:t:cl t)r ~ l ~ l i t n c s s  1s l e s s  n o t i c e d .  

Conclus ions  

'1'11~: illust t i ' l l i n q  L-e.iturc o f  t h i s  d i s p l a y  liystem is t h a t  i t  i s  fun t o  u s e .  I t  is s i m p l e  
y e t  i . ~ . ; c l n ~ t i n y  t o  draw col~lplex 3-D k n o t s ,  s p i r a l s ,  e t c .  With t h e  polygon drawer ,  we n r r  
g e t t l n g  c l o s e r  t o  more r e a l  wor ld  a p p l i c a t i o n s .  The low p a s s  f i l t e r i n g  d o e s  slow down t h e  
d r a w i ~ ~ g  more t h a n  is  c o m f o r t a b l e  when v e r y  n e a r  t h e  ugper  l i m i t s  oE t h e  acLive  volume, bu t  
speed  is a d e q u a t e  f u r t h e r  down. The d e p t h  a d j u n c t s ,  e s p e c i a l l y  t h e e x a g g e r a t e d  d r o u o f f  o f  
p a i n t  s i z e  and br ic j l l tness ,  d r a m a t i c a l l y  a i d  v iewers  n o t  used t o  s t e r e o s c o p i c  d i s p l a y s .  
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