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Abstract 

A new a p p r o a c h  to  r a y  t r a c i n g  is i n t r o -  
duced .  The d e f i n i t i o n  of a " ray"  is  e x t e n d e d  
i n to  a cone  by  i nc lud ing  i n f o r m a t i o n  on t h e  
s p r e a d  angle  and  t h e  v i r t u a l  or ig in .  The advan -  
t a g e s  of t h i s  a p p r o a c h ,  which  t r i e s  to  m o d e l  
l i gh t  p r o p a g a t i o n  wi th  m o r e  f ide l i ty ,  i n c l u d e  a 
b e t t e r  m e t h o d  of a n t i - a l i a s i n g ,  a way of c a l cu -  
l a t i ng  f u z z y  shadows  and  dul l  r e f l e c t i o n s ,  a 
m e t h o d  of c a l c u l a t i n g  t h e  c o r r e c t  leve l  of 
d e t a i l  in  a p r o c e d u r a l  m o d e l  and  t e x t u r e  map ,  
and  f inal ly ,  a p r o c e d u r e  for  f a s t e r  i n t e r s e c t i o n  
c a l c u l a t i o n .  

CR C a t e g o r i e s  a n d  S u b j e c t  D e s c r i p t i o n s :  1.3.3 
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Introduction 

Ray tracing is a very powerful yet simple 
approach to image synthesis. Though expen- 
sive computationally, it has generated some of 
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t h e  m o s t  r e a l i s t i c  s c e n e s  to  d a t e  [10, 13, 17]. I t  
is  a l so  u s e d  for  e n t e r t a i n m e n t  and  c o m p u t e r  
a i d e d  d e s i g n  [9, 15]. However ,  a p a r t  f r o m  the  
e o m p u t a t i o n a l l y  e x p e n s i v e  m e t h o d  of s u p e r -  
s a m p l i n g ,  no g e n e r a l  m e t h o d  e x i s t s  to  r e m o v e  
a r t i f a c t s  c r e a t e d  b y  a l i as ing .  F u r t h e r m o r e ,  a t  
p r e s e n t ,  t h e r e  is  no g e n e r a l  p r o c e d u r e  to  
d e c i d e  wha t  leve l  of d e t a i l  is  s u f f i c i e n t  in  a t ex -  
t u r e  m a p  or  in a p r o c e d u r a l  or  h i e r a r c h i c a l  
m o d e l  of an o b j e c t  when  r a y  t r a c i n g .  This is 
p r i m a r i l y  b e c a u s e  i n d i v i d u a l  r a y s  a r e  inf in i -  
t e s i m a l l y  t h i c k  and  t h u s  we c a n n o t  e x p l o i t  
a r e a - s a m p l i n g  t e c h n i q u e s  to  avo id  a l i a s ing  
a r t i f a c t s .  This p a p e r  goes  b e y o n d  s o m e  of 
t h e s e  l i m i t a t i o n s  by  r e d e f i n i n g  the  c o n c e p t  of 
"ray".  

T h e  P r o b l e m  

In r a y  t r a c i n g ,  r a y s  a r e  s h o t  f r o m  t h e  eye  
in to  t h e  world .  They a r e  c o n s t r a i n e d  so t h a t  
t h e y  p a s s  t h r o u g h  t h e  c e n t e r  of t he  p ixe l s  in 
t he  v i r t u a l  s c r e e n .  Once t h e y  have  lef t ,  any  
r e l a t i o n s h i p  b e t w e e n  t h e  r a y  and  the  p ixe l  on 
wh ich  t h e  r e s u l t s  will  be  d i s p l a y e d  is s e v e r e d .  
This is b e c a u s e  a r a y  is d e f i n e d  as  a s t a r t i n g  
p o i n t  and  a d i r e c t i o n  wh ich  t o g e t h e r  f o r m  a 
l ine.  This s i m p l e  d e f i n i t i o n  al lows for  s t r a i g h t -  
f o r w a r d  and  f a s t  i n t e r s e c t i o n  c a l c u l a t i o n s  w i th  
v a r i o u s  o b j e c t s  [11, 13, 14]. U n f o r t u n a t e l y ,  i t  
a l so  has  d r a w b a c k s .  

The m a i n  d r a w b a c k  w i th  t h e  above  s t a n -  
d a r d  a p p r o a c h  is t h a t  t h e r e  is no t  enough  in fo r -  
m a t i o n  a s s o c i a t e d  wi th  t he  r a y  to  p e r f o r m  
a n t i - a l i a s i n g  [5]. Rays allow us only  to  s a m p l e  
a t  t h e  one p o i n t  in  t he  c e n t e r  of a p ixel .  There  
is  no way of knowing or  c a l c u l a t i n g  wha t  e l se  is  
v i s i b l e  in  t he  n e i g h b o r h o o d  s u r r o u n d i n g  t h e  
s a m p l e  po in t .  

The only  way to  a n t i - a l i a s  w i th in  s t a n d a r d  
r a y  t r a c i n g  is to  go to  h i g h e r  r e s o l u t i o n .  Whir- 
t e d  p r o p o s e d  a d a p t i v e  s u p e r s a m p l i n g  and  i t  is  
now a l m o s t  u n i v e r s a l l y  u s e d  [17]. The re  a r e  a 
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c o u p l e  of p r o b l e m s  a s s o c i a t e d  w i t h  t h i s  
a p p r o a c h ,  howeve r .  F i r s t ,  t h e  a m o u n t  of c o m -  
p u t a t i o n  c a n  go up  d r a s t i c a l l y  i n  p i x e l s  w h e r e  
l a r g e  v a r i a n c e s  of i n t e n s i t y  o c c u r .  S m a l l  
p o l y g o n s  w i t h  a t e x t u r e  m a p p e d  on  t h e m  a r e  a 
c a s e  i n  p o i n t .  The s e c o n d  p r o b l e m  is t h a t  s m a l l  
d e t a i l s  m a y  "fall  t h r o u g h  t h e  c r a c k s "  of t h e  
s a m p l e  p o i n t s .  This  is  e s p e c i a l l y  t r u e  of 
o b j e c t s  t h a t  a r e  r e f l e c t e d  or  r e f r a c t e d  by  o t h e r  
o b j e c t s .  

One way  of a t t a c k i n g  t h e  s a m p l i n g  p r o b l e m  
o u t l i n e d  a b o v e  is  to  m o d i f y  t h e  d e f i n i t i o n  of 
"ray".  The p ixe l  s h o u l d  r e p r e s e n t  n o t  a p o i n t  
b u t  a n  a r e a  of t h e  s c r e e n .  This  f a c t  c a n  be  
e n c o r p o r a t e d  if t h e  r a y  b e c o m e s  a p y r a m i d  
w i t h  t h e  a p e x  a t  t h e  eye  a n d  t h e  b a s e  d e f i n e d  
by  t h e  f o u r  p l a n e s  t h a t  c u t  t h e  b o r d e r s  of t h e  
p ixe l .  I n t e r s e c t i o n  c a l c u l a t i o n s  b e t w e e n  t h i s  
e x t e n d e d  r a y  a n d  a n  o b j e c t  c a n  d e c i d e  n o t  o n l y  
if t h e r e  is a n  i n t e r s e c t i o n  b u t  a l so  w h a t  f r a c -  
t i o n  of t h e  r a y  i n t e r s e c t s  t h e  ob j ec t .  This  f r a c -  
t i o n a l  c o v e r a g e  i n f o r m a t i o n  is  s u f f i c i e n t  to  p e r -  
f o r m  s i m p l e  a r e a  a n t i - a l i a s i n g .  Also, n o t h i n g  
c a n  "fall  t h r o u g h  t h e  c r a c k s "  as t h e  r a y  c o v e r s  
t h e  who le  pixel .  Now, o n l y  one  r a y  p e r  p ixe l  is  
s u f f i c i e n t  r e g a r d l e s s  of s c e n e  c o m p l e x i t y .  

The p e n a l t y  of t r a v e l i n g  t h i s  r o u t e ,  how- 
eve r ,  is t h a t  i n t e r s e c t i o n  c a l c u l a t i o n s  c a n  
b e c o m e  q u i t e  i n v o l v e d .  1 If a r a y  is  r e f l e c t e d  or  
r e f r a c t e d  by  a c u r v e d  s u r f a c e  t h e  r e s u l t i n g  r a y  
c a n  be  v e r y  d i s t o r t e d ,  f u r t h e r i n g  t h e  c o m p l e x -  
i t y  of t h e  i n t e r s e c t i o n  c a l c u l a t i o n s .  Also, con -  
s i d e r  a n  o b j e c t ,  A, t h a t  i n t e r s e c t s  o n l y  a p o r -  
t i o n  of t h e  ray .  To c o r r e c t l y  r e n d e r  o b j e c t s  
b e h i n d  A, t h e  r a y  s h o u l d  be  m o d i f i e d  to  i n d i -  
c a t e  t h e  p o r t i o n  t h a t  is  b l o c k e d  by  A. The p r o -  
p o s e d  new  d e f i n i t i o n  of a r a y  m u s t  be  f u r t h e r  
e x t e n d e d  to  h a n d l e  th i s .  A p p r o x i m a t i o n s ,  s u c h  
as  c o v e r a g e  m a s k s  [7], m a y  b e  u s e d  b u t  t h e s e  
c a l c u l a t i o n s  q u i c k l y  b e c o m e  p r o h i b i t i v e .  

An Approximat ion:  Cones  

The a b o v e  e x t e n d e d  d e f i n i t i o n  of a r a y  is  
too  c o m p l e x  to  be  e a s i l y  i m p l e m e n t e d  so a s i m -  
p l i f y i n g  a p p r o x i m a t i o n  is  p r o p o s e d :  Let  t h e  n e w  
d e f i n i t i o n  of a r a y  be  a c i r c u l a r  p y r a m i d  or  
cone .  This  will  be  m a d e  p o s s i b l e  by  i n c l u d i n g  
t h e  a n g l e  of s p r e a d  a n d  v i r t u a l  o r i g i n  of t h e  r a y  
i n  t h e  d e f i n i t i o n  w h i c h  o r i g i n a l l y  i n c l u d e d  o n l y  
t h e  o r i g i n  a n d  d i r e c t i o n  of t h e  ray .  The s p r e a d  

In fact, Whitted started work in this direction 
but abandoned it due to the complexity of the in- 
tersection calculations [17]. 

angle is defined as the angle between the 
center line of the cone and the cone boundary 
as measured at the apex of the cone. This angle 
is chosen such that when the ray is sent from 
the eye the radius of the cone at the distance of 
the virtual screen is the width of the pixel. The 
virtual origin is the distance from the apex of 
the cone to the origin. This will not be zero for 
reflected or refracted cones. Reflected and 
refracted rays continue to keep this symmetric 
shape, modifying the spread angle and distance 
to the virtual origin so that a good approxima- 
tion of the cone is constantly maintained. 

Calculating the intersection between a cone 
and an object is still rather complex. This will 
be described in the next section. The result 
from the intersection calculations should indi- 
cate not only if there is an intersection but also 
the fraction of the cone that is blocked by the 
object. A sorted list is maintained of the eight 
closest objects that intersect the ray. This list 
is u s e d  for  a n t i - a l i a s i n g .  If t h e  c l o s e s t  o b j e c t  
does  n o t  c o m p l e t e l y  fill  t h e  r a y  t h e n  t h e  n e x t  
o b j e c t  i n  t h e  l i s t  c o n t r i b u t e s  to  t h e  p ixe l  v a l u e .  
S i n c e  a t  p r e s e n t  o n l y  t h e  f r a c t i o n a l  c o v e r a g e  
v a l u e  is  u s e d  i n  m i x i n g  t h e  c o n t r i b u t i o n s  f r o m  
t h e  v a r i o u s  o b j e c t s ,  o v e r l a p p i n g  s u r f a c e s  will  
be  c a l c u l a t e d  c o r r e c t l y  b u t  a b u t t i n g  s u r f a c e s  
will no t .  A d d i t i o n a l  i n f o r m a t i o n  i n  t h e  s o r t e d  
i n t e r s e c t i o n  l i s t  c a n  be  u s e d  to  r e c t i f y  t h i s  
s h o r t c o m i n g .  

R e f l e c t i o n  a n d  r e f r a c t i o n  c a l c u l a t i o n s  m u s t  
t a k e  i n t o  a c c o u n t  t h a t  t h e  r a y  is now a cone .  
The n e w  d i r e c t i o n  of t h e  r a y  is c a l c u l a t e d  i n  t h e  
s a m e  m a n n e r  as  s t a n d a r d  r a y  t r a c i n g  a n d  u s e s  
t h e  c e n t e r  l i ne  of t h e  cone .  To c a l c u l a t e  t h e  
ne w  v i r t u a l  o r i g i n  a n d  s p r e a d  a n g l e  t h e  s u r f a c e  
c u r v a t u r e  is  r e q u i r e d .  A c o n s t a n t  c u r v a t u r e  is 
a s s u m e d  t h r o u g h o u t  t h e  a r e a  of i n t e r s e c t i o n  
a n d  t h e  o p t i c a l  l aws  of s p h e r i c a l  m i r r o r s  a n d  
l e n s e s  a r e  u s e d  [12]. U n f o r t u n a t e l y ,  we c a n n o t  
u s e  t h e  s i m p l e  l e n s  e q u a t i o n s  t h a t  d e p e n d  on  
t h e  " p a r a x i a l "  a p p r o x i m a t i o n  ( t he  i n c i d e n t  
a n g l e  of t h e  i n c o m i n g  r a y  is c lo se  to  zero) .  The 
m o r e  g e n e r a l  e q u a t i o n s  a r e  r e q u i r e d .  

I n t e r s e c t i o n  Calculat ions  

We now d e s c r i b e  t h e  i n t e r s e c t i o n  c a l c u l a -  
t i o n s  b e t w e e n  a c o n e  a n d  v a r i o u s  o b j e c t s .  
These  o b j e c t s  i n c l u d e  s p h e r e s ,  p l a n e s  a n d  
p o l y g o n s .  In  g e n e r a l ,  e a c h  i n t e r s e c t i o n  c a l c u l a -  
t i o n  s h o u l d  c o n s i s t  of two p a r t s :  a f a s t  i n / o u t  
t e s t  a n d  t h e n  a m o r e  c o m p l i c a t e d  a r e a  i n t e r -  
s e c t i o n  a p p r o x i m a t i o n .  The q u i c k  f i r s t  t e s t  is  
d e s i r a b l e  s i n c e  m o s t  o b j e c t s  will  i n t e r s e c t  
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r e l a t i v e l y  few r ays .  

The i n t e r s e c t i o n  c a l c u l a t i o n  b e t w e e n  a 
s p h e r e  a n d  a c o n e  c o n s i s t s  of two p a r t s .  The 
f i r s t  p a r t  t e s t s  if a n  i n t e r s e c t i o n  will  o c c u r  a n d  
t h e  s e c o n d  p a r t  c a l c u l a t e s  t h e  f r a c t i o n a l  c o v e r -  
age. 

This  t e s t  b e g i n s  by  f i n d i n g  t h e  p o i n t  on  t h e  
c o n e ' s  c e n t e r  l i ne  (CP) t h a t  is  c l o s e s t  to  t h e  
c e n t e r  of t h e  s p h e r e  a n d  t h e  d i s t a n c e  b e t w e e n  
t h e  two p o i n t s  (SEP). In  s t a n d a r d  r a y  t r a c i n g  
t h i s  m u s t  a l so  be  p e r f o r m e d  w i t h  t h e  t e s t  b e i n g  
n e g a t i v e  if SEP is g r e a t e r  t h a n  t h e  r a d i u s  of t h e  
s p h e r e .  The a b o v e  c o m p a r i s o n  m u s t  be  m o d i -  
f i ed  to  t a k e  i n t o  a c c o u n t  t h a t  t h e  r a y  is a cone .  
Let  t h e  d i s t a n c e  b e t w e e n  CP a n d  t h e  v i r t u a l  
o r i g i n  of t h e  r a y  be  T, t h e  s p r e a d  a n g l e  A a n d  
t h e  r a d i u s  of t h e  s p h e r e  R. We c a l c u l a t e  t h e  
fo l lowing:  

D = T ' t a n ( A )  + R /cos (A)  

If D is  l e s s  t h a n  SEP, t h e n  t h e r e  is no  i n t e r s e c -  
t i o n  b e t w e e n  t h e  r a y  a n d  t h e  s p h e r e  (see  fig. 1). 
The a b o v e  c a l c u l a t i o n  r e q u i r e s  t h e  e v a l u a t i o n  
of two t r i g o n o m e t r i c  f u n c t i o n s .  Not ice ,  how- 
eve r ,  t h a t  t h e s e  f u n c t i o n s  on ly  d e p e n d  on  t h e  
s p r e a d  a n g l e  a n d  n e e d  be  e v a l u a t e d  once ,  
b e f o r e  a n y  i n t e r s e c t i o n  c a l c u l a t i o n s  b e g i n .  
This r e s u l t s  i n  a t e s t  t h a t  is o n l y  a few f l o a t i n g  
p o i n t  o p e r a t i o n s  m o r e  e x p e n s i v e  t h a t  r e g u l a r  
r a y  t r a c i n g .  

The s e c o n d  p a r t  of t h e  i n t e r s e c t i o n  c a l c u l a -  
t i o n  e v a l u a t e s  t h e  f r a c t i o n a l  c o v e r a g e  of t h e  
s p h e r e  w i t h i n  t h e  ray .  This is e q u i v a l e n t  to  
f i n d i n g  t h e  a r e a  of i n t e r s e c t i o n  of two c i r c l e s ,  
t h e  o u t l i n e  of t h e  s p h e r e  a n d  t h e  o u t l i n e  of t h e  
c o n e  w h e r e  i t  is c l o s e s t  to  t h e  s p h e r e .  To ca l -  
c u l a t e  t h i s  q u i c k l y  a n  a p p r o x i m a t e  s o l u t i o n  
i n v o l v i n g  a s i m p l e  p o l y n o m i a l  e v a l u a t i o n  is p e r -  
f o r m e d .  

The i n t e r s e c t i o n  c a l c u l a t i o n  b e t w e e n  a r a y  
a n d  a p l a n e  is now d e s c r i b e d .  The c a l c u l a t i o n  
b e g i n s  w i t h  a q u i c k  t e s t  t o  m a k e  s u r e  t h a t  t h e  
p l a n e  is n o t  b e h i n d  t h e  o r i g i n  of t h e  r a y  b y  ca l -  
c u l a t i n g  t h e  i n t e r s e c t i o n  b e t w e e n  t h e  c e n t e r  
l i n e  of t h e  r a y  a n d  t h e  p l a n e .  If t h e  i n t e r s e c -  
t i o n  is b e h i n d  t h e  o r i g i n  of t h e  r a y  t h e n  t h e  
p l a n e  is  d i s c a r d e d .  O t h e r w i s e ,  t h e  a n g l e  
b e t w e e n  t h e  c e n t e r l i n e  of t h e  r a y  a n d  t h e  plane  
n o r m a l  is c o m p u t e d .  This  a n g l e  a n d  t h e  s p r e a d  
a n g l e  of t h e  r a y  a r e  c o m p a r e d  a n d  i t  is a s i m p l e  
m a t t e r  to  t e s t  fo r  i n t e r s e c t i o n .  

The n e x t  p a r t  of t h e  i n t e r s e c t i o n  c a l c u l a -  
t i o n  c o m p u t e s  t h e  f r a c t i o n a l  c o v e r a g e .  The 

p r o b l e m  c a n  be  r e d u c e d  to  two d i m e n s i o n s  a n d  
i n v o l v e s  f i n d i n g  t h e  a r e a  of i n t e r s e c t i o n  
b e t w e e n  a c i r c l e  ( t he  c r o s s  s e c t i o n  of t h e  cone )  
a n d  a ha l f  p l a n e  ( the  h o r i z o n ) .  The s p r e a d  
a n g l e  a n d  t h e  a n g l e  b e t w e e n  t h e  r a y  a n d  p l a n e  
c o m p u t e d  a b o v e  t o g e t h e r  i n d i c a t e  how t h e  d i s -  
t a n c e  b e t w e e n  t h e  c e n t e r  of t h e  c i r c l e  a n d  t h e  
edge  of t h e  hal f  p l a n e .  G i v e n  t h i s  d i s t a n c e ,  t h e  
a r e a  of i n t e r s e c t i o n  is  c o m p u t e d  u s i n g  a po ly -  
n o m i a l  a p p r o x i m a t i o n .  This  c o m p l e t e s  t h e  
i n t e r s e c t i o n  c a l c u l a t i o n  for  p l a n e s .  

The i n t e r s e c t i o n  c a l c u l a t i o n  b e t w e e n  a 
c o n e  a n d  a p o l y g o n  is now o u t l i n e d .  T h e r e  a r e  
two r e a s o n a b l e  s t r a t e g i e s  we c a n  use .  The f i r s t  
r e q u i r e s  we i n t e r s e c t  t h e  c o n e  w i t h  t h e  p l a n e  
d e f i n e d  b y  t h e  p o l y g o n  a n d  p e r f o r m  a n  i n t e r -  
s e c t i o n  t e s t  b e t w e e n  t h e  p o l y g o n  a n d  t h e  c r o s s  
s e c t i o n  o b t a i n e d .  The c r o s s  s e c t i o n  of a c o n i c  
c a n  b e  e i t h e r  a c i r c l e ,  e l l ipse ,  h y p e r b o l a  or  a 
p a r a b o l a .  This  m a k e s  i n t e r s e c t i o n  c a l c u l a t i o n s  
m o r e  c o m p l i c a t e d .  The s e c o n d  s t r a t e g y  
r e q u i r e s  t h a t  we p r o j e c t  t h e  v e r t i c e s  of t h e  
p o l y g o n  o n t o  a p l a n e  p e r p e n d i c u l a r  to  t h e  
d i r e c t i o n  v e c t o r  of t h e  cone .  Now t h e  c r o s s  
s e c t i o n  of t h e  c o n e  w i t h  t h a t  p l a n e  is a lways  a 
c i r c l e .  We t h e n  m u s t  c a l c u l a t e  t h e  i n t e r s e c t i o n  
b e t w e e n  t h e  p r o j e c t e d  p o l y g o n  a n d  a c i r c l e .  
This  c a n  be  a c c o m p l i s h e d  by  c a l c u l a t i n g  t h e  
d i s t a n c e  f r o m  t h e  c e n t e r  of t h e  c i r c l e  to  e a c h  
of t h e  e d g e s  a n d  t h e n  u s i n g  t h e  c i r c l e  - ha l f  
p l a n e  i n t e r s e c t i o n  e s t i m a t i o n  m e n t i o n e d  e a r -  
l i e r .  

Choos ing  a R e p r e s e n t a t i v e  

Most  a n t i - a l i a s i n g  s c h e m e s  m a k e  s o m e  
a s s u m p t i o n s  w i t h i n  a p ixe l  to  s i m p l i f y  t h e  a lgo-  
r i t h m .  Two c o m m o n  a s s u m p t i o n s  a r e  t h a t  t h e  
d e p t h  (z v a l u e )  a n d  i n t e n s i t y  of a n y  i n d i v i d u a l  
o b j e c t  a r e  c o n s t a n t  w i t h i n  t h e  p ixe l  [5, 7]. B u t  
t h e  c h o i c e  of t h e  r e p r e s e n t a t i v e ,  t h e  s a m p l e  
p o i n t  on  t h e  o b j e c t  w i t h i n  t h e  p ixe l  a t  w h i c h  
t h e  i n t e r s e c t i o n  c a l c u l a t i o n s  will  be  p e r f o r m e d ,  
m u s t  be  m a d e  w i t h  c a r e  or  t h e  a t t e m p t  a t  
a n t i - a l i a s i n g  will  f a l t e r .  

T h e r e  a r e  two v a r i a b l e s  t h a t  c a n  be  a l t e r e d  
w h e n  m a k i n g  t h i s  d e c i s i o n .  The f i r s t  is  w h i c h  
p o i n t  on  t h e  o b j e c t  s h o u l d  be  c h o s e n ?  The 
c e n t e r  of t h e  p ixe l  is u n i v e r s a l l y  u se d .  P r o b -  
l e m s  a r i s e  w h e n  t h e  o b j e c t  does  n o t  o c c u p y  t h i s  
p o i n t .  S o l u t i o n s  t h a t  on ly  p i c k  t h e  p o i n t  on  t h e  
o b j e c t  t h a t  is c l o s e s t  t o  t h e  c e n t e r  (as s e e n  
f r o m  t h e  eye)  c a n  l e a d  one  a s t r a y .  F o r  e x a m -  
ple ,  c o n s i d e r  t h e  c a s e  in  w h i c h  a c o n e  p a r t i a l l y  
i n t e r s e c t s  a n  i n f i n i t e  p l a n e  b u t  t h e  c e n t e r  of 
t h e  c o n e  does  n o t  i n t e r s e c t .  The p o i n t  c l o s e s t  
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t o  t h e  c e n t e r  w o u l d  b e  on  t h e  h o r i z o n .  If we  
m o d e l  t h e  a t t e n u a t i o n  of l i g h t  w i t h  d i s t a n c e  
t h i s  wi l l  r e s u l t  in  a n  i n t e n s i t y  of z e r o  f o r  t h i s  
p o i n t  s i n c e  t h e  d i s t a n c e  t o  t h e  h o r i z o n  i s  i n f i n -  
i t e .  

The s e c o n d  v a r i a b l e  o n e  h a s  w h e n  c h o o s i n g  
t h e  r e p r e s e n t a t i v e  is  w h a t  s u r f a c e  p r o p e r t i e s .  
s h o u l d  t h e  s a m p l e  p o i n t  b e  g i v e n ?  They  d o  n o t  
h a v e  t o  b e  e x a c t l y  t h e  s a m e  a s  t h e  v a l u e s  f o u n d  
a t  t h e  s a m p l e  p o i n t .  Why y o u  m a y  w a n t  t o  
c h a n g e  t h e s e  v a l u e s  i s  i l l u s t r a t e d  be low:  

S p e c u l a r  h i g h l i g h t s  c a n  b e  a p r o b l e m  w h e n  
t h e  s u r f a c e  n o r m a l  v a r i e s  g r e a t l y  w i t h i n  a p i x e l  
[6, 18]. By r e d u c i n g  t h e  d i r e c t i o n a l  d e p e n d e n c e  
of t h e  s p e c u l a r  h i g h l i g h t  in  t h e s e  t r o u b l e  s p o t s  
t h e  p r o b l e m  is  d i m i n i s h e d .  F o r  e x a m p l e ,  if we  
a r e  u s i n g  P h o n g  s h a d i n g ,  we  c a n  c l a m p  t h e  
v a l u e  of n, t h e  p o w e r  t o  w h i c h  t h e  s p e c u l a r  d o t  
p r o d u c t  is  r a i s e d ,  t o  a v a l u e  t h a t  wi l l  s u b d u e  
t h i s  f o r m  of a l i a s i n g .  

Leve l s  of  Deta i l  

A r e c u r r i n g  p r o b l e m  w i t h  p r o c e d u r a l  a n d  
h i e r a r c h i c a l  m o d e l s  of o b j e c t s  is  t h e  l e v e l  of 
d e t a i l  t o  w h i c h  t h e y  s h o u l d  b e  g e n e r a t e d  [3]. In  
c l a s s i c a l  r a y  t r a c i n g  t h e r e  i s  no  g o o d  a n s w e r  a s  
t h e r e  is  n o  w a y  of k n o w i n g  how m u c h  of t h e  
s c r e e n  a n  o b j e c t  wi l l  f i l l .  S t o c h a s t i c  s u r f a c e s  
a r e  a g o o d  e x a m p l e  [8, 13]. If we  d o  n o t  s u b d i -  
v i d e  t h e  s u r f a c e  e n o u g h  we  wi l l  s e e  t h e  r e s u l t -  
ing  p o l y g o n s .  If we  s u b d i v i d e  t o o  f a r ,  h o w e v e r ,  
we wi l l  e n c o u n t e r  t w o  p r o b l e m s :  F i r s t ,  we  wil l  
w a s t e  c o m p u t i n g  r e s o u r c e s  a n d  s e c o n d ,  we wil l  
b e  f o r c e d  t o  u n d e r s a m p l e .  This  i s  b e c a u s e  
f u r t h e r  s u b d i v i s i o n  wil l  i n t r o d u c e  h i g h e r  f r e -  
q u e n c y  c o m p o n e n t s  i n t o  t h e  s t o c h a s t i c  s u r f a c e ,  
f r e q u e n c i e s  t h a t  c a n n o t  b e  r e p r o d u c e d  f a i t h -  
fu l ly .  We c a n  u s e  c o n e s  t o  a d v a n t a g e  h e r e .  By 
c a l c u l a t i n g  t h e  s i z e  of t h e  i n t e r s e c t i o n ,  we  c a n  
d e c i d e  w h a t  l e v e l  of d e t a i l  i s  s u f f i c i e n t .  Thus  
two  d i f f e r e n t  v i e w s  of  t h e  s a m e  o b j e c t ,  o n e  
d i r e c t  a n d  one  r e f l e c t i n g  off  a n o t h e r  s u r f a c e ,  
c a n  b o t h  b e  r e n d e r e d  a t  t h e  c o r r e c t  l e v e l  of 
d e t a i l .  K a j i y a  h a s  p e r f o r m e d  r a y  t r a c i n g  w i t h  
p r i s m s  a n d  s u r f a c e s  of r e v o l u t i o n  [13]. His  
i m p l e m e n t a t i o n  of t h e s e  o b j e c t s  r e q u i r e  t h e  
u s e  of s t r i p  t r e e s ,  a h i e r a r c h i c a l  s t r u c t u r e  
w h i c h  r e p r e s e n t s  a c u r v e  a t  v a r i o u s  r e s o l u -  
t i o n s .  We c a n  s p e e d  u p  t h e  i n t e r s e c t i o n  c a l c u -  
l a t i o n  w i t h  t h e s e  o b j e c t s  b y  o n l y  S u b d i v i d i n g  
t h e  s t r i p  t r e e  t o  a l e v e l  s u f f i c i e n t  f o r  d i s p l a y .  

C o n e s  c a n  a l s o  b e  u s e d  t o  a n t i - a l i a s  t e x -  
t u r e .  At  e a c h  i n t e r s e c t i o n  a n  e s t i m a t e  of t h e  
s i z e  a n d  s h a p e  of t h e  i n t e r s e c t i o n  c a n  b e  

c a l c u l a t e d .  This  i n f o r m a t i o n  c a n  b e  u s e d  t o  
g e n e r a t e  t h e  f i l t e r  t o  a v e r a g e  t h e  t e x t u r e  m a p .  

F u z z y  S h a d o w s  

V i r t u a l l y  a l l  g r a p h i c s  s y s t e m s  m o d e l  l i g h t  
a s  e i t h e r  a p o i n t  s o u r c e  o r  a s  a d i r e c t i o n  f r o m  
w h i c h  p a r a l l e l  l i g h t  b e a m s  e m a n a t e  [4]. C o n s e -  
q u e n t l y ,  s h a d o w s  c a s t  b y  t h e s e  l i g h t  s o u r c e s  
e x h i b i t  s h a r p  b o u n d a r i e s .  C o n e s  a l l ow u s  to  
e x t e n d  o u r  r e p e r t o i r e  of l i g h t  s o u r c e s  t o  
i n c l u d e  o n e s  t h a t  c a s t  f u z z y  b o u n d a r i e s  a t  
a l m o s t  n o  e x t r a  c o s t .  F o r  e x a m p l e ,  we  c a n  a d d  
s p h e r e s  of v a r y i n g  r a d i i  a s  l i g h t  s o u r c e s .  At  
e a c h  i n t e r s e c t i o n ,  w h e n  a r a y  is  s e n t  t o  t h e  
l i g h t  s o u r c e  t o  c a l c u l a t e  t h e  s h a d o w ,  we 
b r o a d e n  t h e  r a y  t o  t h e  s i z e  of t h e  l i g h t  s o u r c e .  
By c a l c u l a t i n g  how m u c h  of t h e  l i g h t  s o u r c e  i s  
b l o c k e d  b y  i n t e r v e n i n g  o b j e c t s ,  we h a v e  e n o u g h  
i n f o r m a t i o n  t o  g e n e r a t e  f u z z y  s h a d o w s .  N o t e  
t h a t  t h i s  d o e s  n o t  p r o d u c e  c o m p l e t e l y  c o r r e c t  
s h a d o w s .  The  s h a d o w s  of t r a n s p a r e n t  o b j e c t s  
wi l l  s t i l l  b e  w r o n g .  The  c o n c e n t r a t i o n  of l i g h t  
b y  t h e s e  r e f r a c t i n g  s u r f a c e s  c a n n o t  b e  g e n -  
e r a t e d  u s i n g  t h i s  s i m p l e  a p p r o a c h .  

Dull R e f l e c t i o n s  

In  h i s  c l a s s i c  p a p e r  [17], T u r n e r  W h i t t e d  
r a i s e d  t h e  i s s u e  of g e n e r a t i n g  s p e c u l a r  
h i g h l i g h t s  u s i n g  r a y  t r a c i n g  t e c h n i q u e s .  His  
a p p r o a c h ,  h o w e v e r ,  s u f f e r e d  f r o m  a l i a s i n g  a n d  
f i r e d  off m a n y  r a y s  a t  e a c h  i n t e r s e c t i o n  p o i n t .  
This  is  v e r y  e x p e n s i v e  c o m p u t a t i o n a l l y  a n d  w a s  
t h u s  a b a n d o n e d .  We p r o d u c e  s i m i l a r  r e s u l t s  b y  
s i m p l y  b r o a d e n i n g  t h e  r e f l e c t e d  r ay .  In  t h i s  
m a n n e r ,  o n l y  o n e  r a y  i s  r e q u i r e d .  When  r a y s  
a r e  b r o a d e n e d ,  r e f l e c t i n g  s u r f a c e s  b e c o m e  l e s s  
g l o s s y .  Th is  r e s u l t s  i n  r e f l e c t i o n s  t h a t  a r e  l e s s  
d e t a i l e d .  In  a s i m i l a r  m a n n e r ,  t r a n s l u c e n c y  
c a n  b e  m o d e l e d  b y  b r o a d e n i n g  t h e  t r a n s m i t t e d  
r a y .  

The  a b o v e  r e m a r k s  s u g g e s t  t h a t  t h e  
a m o u n t  of a m b i e n t  l i g h t i n g  c a n  b e  e s t i m a t e d  
b y  f i r i n g  v e r y  b r o a d  r a y s  f r o m  e a c h  s u r f a c e  a n d  
u s i n g  s i m p l e  l i g h t i n g  m o d e l s  t o  p r e v e n t  a n  
i n f i n i t e  r e g r e s s  of r a y s .  

R e d u c i n g  I n t e r s e c t i o n  C a l c u l a t i o n s  

The  c o n e  a p p r o a c h  p r o v i d e s  a b a s i s  f o r  
r e d u c i n g  t h e  n u m b e r  of i n t e r s e c t i o n  c a l c u l a -  
t i o n s  r e q u i r e d  f o r  r a y  t r a c i n g .  By r e c u r s i v e l y  
f i r i n g  c o n e s  of v a r i o u s  s i z e s  a t  t h e  s c r e e n ,  we 
c a n  p e r f o r m  a W a r n o c k  s t y l e  c u l l i n g  p r o c e s s  
[16]. This  c a n  s i g n i f i c a n t l y  r e d u c e  t h e  n u m b e r  
of i n t e r s e c t i o n  c a l c u l a t i o n s  r e q u i r e d  a t  e a c h  
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p i x e l  by  c a p i t a l i z i n g  on  i m a g e  c o h e r e n c e .  A 
t e s t  c a s e  of s ix  s p h e r e s  ( w i t h o u t  r e f l e c t i o n ,  
r e f r a c t i o n  o r  s h a d o w s )  r e s u l t e d  in  an  o r d e r  of 
m a g n i t u d e  r e d u c t i o n  in  i n t e r s e c t i o n  c a l c u l a -  
t i o n s .  This  r e s u l t  c a n  be  i m m e d i a t e l y  a p p l i e d  
t o  r a y  c a s t i n g  [1], a n d  w i t h  s o m e  m o d i f i c a t i o n s ,  
t o  r a y  t r a c i n g  in  g e n e r a l .  

R e s u l t s  

F i g u r e s  2 - 5 a r e  e x a m p l e s  of i m a g e s  g e n -  
e r a t e d  u s i n g  s o m e  of t h e  a b o v e  i m p r o v e m e n t s  
t o  r a y  t r a c i n g .  T h e y  all  t o o k  a p p r o x i m a t e l y  50 
m i n u t e s  e a c h  t o  c o m p u t e  on  a VAX 780. F i g u r e  
2 i l l u s t r a t e s  a n t i - a l i a s i n g  a n d  f u z z y  s h a d o w s .  
The  l i g h t  s o u r c e  is  a s p h e r e  of r a d i u s  20 u n i t s  
( e a c h  c h e c k e r b o a r d  is o n e  u n i t  w ide )  a n d  
a p p r o x i m a t e l y  300 u n i t s  a w a y  f r o m  t h e  s c e n e .  
The c h e c k e r b o a r d  is  m o d e l e d  as  a p r o c e d u r a l  
t e x t u r e  m a p .  

F i g u r e  3 i l l u s t r a t e s  du l l  r e f l e c t i o n s .  The  
b a l l s  b e c o m e  p r o g r e s s i v e l y  l e s s  g l o s s y  f r o m  
l e f t  t o  r i g h t .  This  is e v i d e n c e d  by  t h e  r e f l e c t e d  
c h e c k e r b o a r d  t h a t  v a r i e s  i n  d e t a i l  f o r m  ba l l  t o  
bal l .  The  e x t r a  a n g u l a r  s p r e a d  of t h e  r e f l e c t e d  
r a y s  f o r  e a c h  of t h e  b a l l s  in  l e f t  t o  r i g h t  o r d e r  
is 0., .2 a n d  .4 r a d i a n s .  

F i g u r e s  4 a n d  5 i l l u s t r a t e  r a y  t r a c i n g  t e x -  
t u r e s .  The  m e t h o d  of p y r a m i d a l  p a r a m e t r i c s  
[18] was  u s e d  t o  f i l t e r  t h e  t e x t u r e .  

C o n c l u s i o n s  

We h a v e  i n t r o d u c e d  a n e w  a p p r o a c h  t o  r a y  
t r a c i n g :  c o n e s .  Wi~h c o n e s ,  o n l y  one  r a y  p e r  
p i x e l  is  now r e q u i r e d  t o  p e r f o r m  a n t i - a l i a s i n g .  
The  c o n e  a p p r o a c h  c a n  a l s o  e a s i l y  be  u s e d  t o  
d e c i d e  t h e  c o r r e c t  l e v e l  of d e t a i l ,  g e n e r a t e  
f u z z y  s h a d o w s  a n d  du l l  r e f l e c t i o n s  a n d  r e d u c e  
i n t e r s e c t i o n  c a l c u l a t i o n s .  Work is  s t i l l  r e q u i r e d  
t o  f i n d  e f f i c i e n t  i n t e r s e c t i o n  a l g o r i t h m s  f o r  
m o r e  c o m p l i c a t e d  o b j e c t s .  

A c k n o w l e d g e m e n t s  

I w i s h  t o  t h a n k  Ala ln  F o u r n i e r  f o r  h i s  s u p -  
p o r t  a n d  v a l u a b l e  c o m m e n t s .  I a l s o  w i s h  t o  
t h a n k  E u g e n e  F l u m e ,  R a l p h  Hill ,  M i c h a e l  Ho l los i  
a n d  D e l f i n  M o n t u n o  who  w e r e  a s o u n d i n g  b o a r d  
f o r  m a n y  i d e a s  a n d  c o n t r i b u t e d  n u m e r o u s  
s u g g e s t i o n s .  
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