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Abstract 

Descr ibed  is a visible s u r f a c e  a l g o r i t h m  a nd  an  
i m p l e m e n t a t i o n  t h a t  g e n e r a t e s  s h a d e d  display of ob jec t s  
with h u n d r e d s  of polygons  rapidly  e n o u g h  for i n t e r ac t i ve  
use  -- severa l  i m a g e s  pe r  second.  The bas ic  a lgor i thm,  
i n t r o d u c e d  in [Fuchs ,  K e d e m  a n d  Naylor, 1980], is 
d e s ig n ed  to hand le  r igid ob jec t s  and  s c e n e s  by 
p r e p r o e e s s i n g  the  objec t  d a t a  base  to m in imize  visibil i ty 
c o m p u t a t i o n  cost .  The s p e e d  of t he  a l g o r i t h m  is f u r t h e r  
e n h a n c e d  by i ts  s implic i ty ,  which allows it to be 
i m p l e m e n t e d  within the  i n t e rna l  g r a p h i c s  p r o c e s s o r  of a 
g en e ra l  p u r p o s e  r a s t e r  s y s t e m .  

CR Categor ies  and  Sub jec t  Descr ip tors :  1.3.3 
[ C o m p u t e r  Graphics]: P i c t u r e / I m a g e  Genera t ion  
Display Algor i thms;  Viewing Algor i thms;  1.3.7 [Computer  
Graphics] :  Three -Dimens iona l  Graphics  and  Rea l i sm - 
Visible L i n e / S u r f a c e  El imina t ion  

1. Introduct ion  

The g e n e r a t i o n  of rea l i s t ic ,  co lored  i m a g e s  of 3D 
s c e n e s  has  b e e n  a sub j ec t  of m u c h  s t u d y  for ne a r l y  
twen ty  years .  Many v i s ib le - sur face  a l g o r i t h m s  have  b e e n  
deve loped  for a va r i e ty  of app l i ca t ions  and  m a c h i n e  
e n v i r o n m e n t s  (see,  eg., [Su the r l and ,  Sproull  a nd  
S c h u m a e k e r ,  1974] or [Foley and  Van Dam, 1982]). 
However, for r e a l - t ime  in t e r ac t i ve  appl ica t ions ,  very  
expens ive  spec ia l  p u r p o s e  h a r d w a r e  is needed .  Even if a 
m u c h  lower image  g e n e r a t i o n  ra te ,  of p e r h a p s  one or two 
pe r  second,  is a ccep t ab l e ,  we know of no (previous ly  
pub l i shed)  a l g o r i t hm which  can  a c c o m p l i s h  th i s  on a 
g en e ra l  p u r p o s e  g r aph i c s  s y s t e m .  

It is no t  su rp r i s i ng  t h a t  the  g e n e r a t i o n  of r e n d e r e d  
color i m a g e s  is c o m p u t a t i o n a l l y  expens ive .  Not only do 
the  u su a l  t r a n s f o r m a t i o n ,  cl ipping and  p e r s p e c t i v e  s t e p s  
n e e d  to be p e r f o r m e d  ( the  ones  i n d e p e n d e n t  of the  
p a r t i c u l a r  type  of d isplay  or image  g e n e r a t i o n  
a lgor i thm)  bu t  visibil i ty and  r e n d e r i n g  ca lcu la t ions  m u s t  
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also be  p e r f o r m e d  for eve ry  pixel  in t h e  image .  Genera l  
p u r p o s e  a l g o r i t h m s  m a y  t a k e  severa l  s e c o n d s  (or m u c h  
longer)  to g e n e r a t e  t h e s e  i m a g e s  b e c a u s e  t h e y  requ i re  
e i t he r  m a n y  ca l cu la t ions  a t  e a c h  pixel  or have  s i g n i ~ c a n t  
o v e r h e a d  at  a h i g h e r  level in o rde r  to min imize  the  pixel  
ca lcu la t ions .  

Our own l o n g - t e r m  goals  a re  to have  r e a l - t ime  3D 
i m a g e s  g e n e r a t e d  in our  l abora to ry ,  for use  in a wide 
r a nge  of i n t e r ac t i ve  appl ica t ions .  Al though we are  
des ign ing  spec ia l  p u r p o s e  e q u i p m e n t  for th is  [Fuchs ,  
Poul ton,  P a e t h  and  Bell, 1982], in the  i m m e d i a t e  f u tu r e  
the  i m a g e s  have to be g e n e r a t e d  with our  c u r r e n t  
g e n e r a l  p u r p o s e  g r a p h i c s  s y s t e m .  To g e n e r a t e  t h e s e  
images ,  we are  willing to sacr i f ice  u p d a t e  ra te ,  down to 
even one or two pe r  second .  F u r t h e r ,  we have  found  
t h a t  m a n y  of our  app l ica t ions  (as  well as t hose  of o the r s )  
have  the  s igni f icant ly  s impl i fying p r o p e r t y  t h a t  the  world 
mode l  c h a n g e s  far  less  f r e q u e n t l y  t h a n  t he  viewing 
pos i t ion  [ S c h u m a c k e r ,  Brand,  Gilliland and  Sharp,  1969]. 
Our aim, then ,  is to c u t  ima ge  g e n e r a t i o n  t ime  by t ak ing  
a d v a n t a g e  of th is  s implif icat ion.  We do so by by push ing  
m u c h  of t he  v i s ib le - su r face  o v e r h e a d  into a 
p r e p r o c e s s i n g  phase ,  t h e r e b y  g r e a t l y  r e d u c i n g  the  
o v e r h e a d  at  i m a g e - g e n e r a t i o n  t ime.  By doing so, we 
hope to m a k e  t he  g e n e r a t i o n  of rea l i s t ic ,  co lored  i m a g e s  
for our  c lass  of app l i ca t ions  fas t  e n o u g h  to be use fu l  in 
an  i n t e r a c t i ve  mode .  

2. BSP-Tree Basics  

This s e c t i o n  brief ly reviews t he  
Par t i t ion ing  a l g o r i t h m  (BSP-t ree)  as 
[Fuchs ,  K e d e m  and  Naylor, 1980], 

Binary  Space  
i n t r o d u c e d  in 

2.1. Motivation 

[ S c h u m a c k e r ,  Brand,  Gilliland a n d  Sharp,  1969] 
i n t r o d u c e d  the  no t ion  t h a t  t h e  ima ge  g e n e r a t i o n  can  be 
s implif ied in s i t u a t i o n s  where  the  world mode l  c h a n g e s  
less  f r e q u e n t l y  t h a n  the  viewpoint  or d i r ec t ion  of view of 
the  observer .  Many app l i ca t ions  have  th i s  p roper ty :  a 
b i o c h e m i s t  s t udy ing  a c o m p l e x  molecu le ,  a phys i c i an  
e xa min ing  an a n a t o m i c a l  s t r u c t u r e  for s igns  of d i sease ,  
an  a r c h i t e c t  (or  h e r  cl ient)  walking t h r o u g h  a p l a n n e d  
house  or subdivis ion,  an  e n g i n e e r  des ign ing  a m e c h a n i c a l  
par t .  However, the  S c h u m a c k e r  a p p r o a c h ' s  d e p e n d e n c e  
on m a n u a l  i n t e r v e n t i o n  in t he  building of the  i n t e rna l  
da t a  s t r u c t u r e  m a d e  it difficult (and  t i m e  c o n s u m i n g )  to 
g e n e r a t e  new d a t a b a s e s ,  and  t h u s  l imi ted  its g e n e r a l  
u se fu lne s s .  

Al though the  c u r r e n t  i m p l e m e n t a t i o n  of t he  BSP- 
t r ee  a l g o r i t h m  is l imi ted  to s t a t i c  world m o d e l s  (s ince  
w h e n e v e r  the  world m o d e l  c h a n g e s ,  t he  p r e p r o c e s s i n g  
da ta  r e s t r u c t u r i n g  s t e p  m u s t  be invoked) we hope  to 
ease  th i s  r e s t r i c t i o n  in the  fu tu re .  
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In o r d e r  for the  a l g o r i t h m  to r u n  fast ,  t h e  en t i r e  
BSP- t ree  shou ld  be in local  m e m o r y .  Al though  th i s  is no t  
an  i n h e r e n t  r e s t r i c t i o n  in t he  a lgo r i thm,  t he  overall  
p e r f o r m a n c e  would be  s igni f icant ly  d e g r a d e d  if p a r t s  of 
the  t r e e  h a d  to be swapped  f r o m  back ing  s to re .  Our 
i m p l e m e n t a t i o n  (de ta i led  below) u s e s  8 b i t -p l anes  of a 
24-bit f r a m e  buf fe r  to s to re  a BSP-t ree  da t a  s t r u c t u r e  
with up to a p p r o x i m a t e l y  5000 polygons.  

2.2.  D e s c r i p t i o n  of t h e  bas ic  a lEori thm 

The a lg o r i t h m  cons i s t s  of two c o m p o n e n t s :  

• a one - t ime  p r e p r o c e s s i n g  modu le  ("Make- t ree")  t h a t  
c o n v e r t s  the  i npu t  polygon list  in to  t he  BSP- t rce  
s t r u c t u r e ,  and  

• an  i m a g e - g e n e r a t i o n  m o d u l e  ("Traverse")  which  
t r a v e r s e s  th is  s t r u c t u r e  and  g e n e r a t e s  t he  po lygons  
in a back - to - f ron t  order .  (S t r ic t ly  speaking ,  t he  o r d e r  
is no t  back- to - f ron t ,  bu t  is func t iona l ly  equ iva len t  to 
it.) 

2.2.1. Bui ld ing  t h e  BSP- t ree  

The f u n d a m e n t a l  no t ion  is one of a s e p a r a t i n g  plane:  
t h a t  is, given a p lane  in t he  3D scene  and  a viewing point,  
no polygon on the  viewpoint  side of the  p lane  can  be 
o b s t r u c t e d  by a n y  polygon on the  far  side. Of course ,  if 
the  viewpoint  shou ld  move  to t he  o t h e r  side of the  plane,  
the  o b s t r u c t i o n  pr io r i t i es  a re  r e v e r s e d  [ S o h u m a e k e r ,  
Brand,  GiUiland and  Sharp,  1969]. 

The a lg o r i t hm u s e s  th i s  s imple  no t ion  to c o n s t r u c t  a 
b in a ry  t r e e  of po lygons  f rom the  original  po lygon l is t  
(see Fig. 1). A polygon is s e l e c t e d  f rom the  list  a nd  
p l aced  at  the  root  of the  t ree .  Each  r e m a i n i n g  polygon 

in the  list  is t e s t e d  to  d e t e r m i n e  t h e  side of the  root  
polygon in which  it lies and  is t h e n  p l aced  in the  
a p p r o p r i a t e  d e s c e n d e n t  list. Any polygon which  c r o s s e s  
the  p lane  of the  roo t  polygon is spli t  along t h a t  p lane  a nd  
each  p a r t  p u t  in the  a p p r o p r i a t e  list ( see  polygon 5 in fig. 
2). This p r o c e d u r e  is r e p e a t e d  r ecu r s ivc ly  in the  
following way: f r om each  of t h e s e  d e s c e n d e n t  l is ts ,  a 
polygon is s e l e c t e d  to be t he  roo t  of t h a t  s u b t r e c ,  a nd  
the  r e m a i n i n g  polygons  in th i s  list are  split  by  t he  plane 
of the  roo t  of the  new s u b t r e e  (see  po lygon  2 fig. 3). 
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Figure  1: Top view of s c e n e  

PROC Make t r e e  (poly_list) 
r e t u r n s  ( B S P j r e e ) ;  

if ( p o l y J i s t  is e m p t y )  
r e t u r n  (NULI~TREE) 

else  
roo t  := s e l e c t  (poly..~st); 
b a c k J i s t  := NULL; 
f ront_l is t  := NULL; 
fo r e a c h  (polygon in p o l y j i s t )  

if (polygon is no t  the  root)  

if (polygon in f ron t  of roo t )  
Addlist  (polygon,  f ron t  list): 

e lse  if (polygon is be h ind  root)  
Addlist  (polygon,  ba c k  list); 

e lse  

Split._poly 
(polygon, root ,  

f ron t_par t ,  b a c k p a r t ) ;  
Addiist  ( f r o n t . p a r t ,  f ron t  list): 
Addlist  (back_par t ,  b a c k  list); 

r e t u r n  
( C o m b i n e - t r e e  (Make_tree ( f ront  list),  

root, 
Make_t ree  (back  list)));  

END 

The choice  of the  root  polygon s t r ong ly  in f luences  
the  size of the  t r ee .  In t he  e x a m p l e  i l l u s t r a t e d  in F igures  
1-3, a b e t t e r  choice  of the  initial root  would be a polygon 
o ther  t h a n  3, for e x a m p l e  polygon 5. Figure  4 i l l u s t r a t e s  
a BSP- t ree  with an init ial  cho ice  of polygon 5. Note t h a t  
t he  n u m b e r  of po lygons  in th i s  t r e e  is the  s a m e  as the  
n u m b e r  in the  i npu t  polygon list, while in the  e xample  of 
Figure  3, the  t r e e  is l a rge r  (6 po lygons  i n s t e a d  of the  
original  5). In r e a s o n a b l e - s i z e d  s c e n e  desc r ip t ions ,  the  
t r e e  m a y  grow subs t an t i a l l y .  In s e c t i o n  3.1 we d i scuss  
s t r a t e g i e s  to ke e p  t he  t r e e  sma l l  and  give r e su l t s .  
([Nayior, 1981] develops  b o u n d s  on t he  size of the  BSP- 
t r e e  and  d i s c u s s e s  m a n y  o t h e r  r e l a t e d  i s sues . )  

2.2 .2 .  I m a g e  g e n e r a t i o n  
Once t he  BSP- t ree  ha s  b e e n  c o n s t r u c t e d ,  g e n e r a t i n g  

an  ima ge  f rom a ny  point  of view is s imple .  The t r ee  is 
t r a v e r s e d  in a spec ia l  in -order  fashion.  At e a ch  node of 
the  t ree ,  we d e t e r m i n e  w h e t h e r  the  eye  is in f ron t  of or 
be h ind  the  node  polygon. This r e su l t  d e t e r m i n e s  which  
s u b t r e e  will be  t r a v e r s e d  first.  The o r d e r  is always the  
same:  t r a v e r s e  the  "o the r  side" s u b t r e e ,  o u t p u t  and  
pa in t  t he  node  polygon,  t h e n  t r a v e r s e  t he  "nea r  side" 
sub t r e e .  

3. N e w  Results 

3.1.  Tree  s i z e  
When th i s  a l g o r i t h m  was f i rs t  i n t r o d u c e d ,  t h e r e  was 

c o n c e r n  tha t .  in Ma ny  cases ,  the  t r e e  would be 
s igni f icant ly  l a rge r  t h a n  t he  or iginal  po lygon list. Indeed.  
t h e r e  were  f e a r s  tha t ,  given a l ist  of N po lygons ,  t he  
BSP- t ree  m a y  t u r n  out  to c on t a in  N 2 or m o r e  polygons! 
Al though  no t igh t  b o u n d  ha s  b e e n  ye t  b e e n  found,  f r o m  
our  e x p e r i e n c e  t he  t r e e s  der ived  f rom m o s t  world m o d e l  
d a t a b a s e s  a re  less  t h a n  twice t he  size of the  original  
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Figure 2: Figure 3: front/~ 

After one level A complete tree. ~kback 
of recursion. 
Polygofl 3 chosen 
as root. 

Figure 4: 
An alternate tree 
with polygon 5 
at root. 

We use  t he  he u r i s t i c  of s e l ec t i ng  a root  a t  e a c h  s t ep  
whose  p lane  c u t s  t he  fewest  o t h e r  po lygons  in the  list. In 
our  f irst  e x p e r i m e n t s ,  we m a d e  the  se l ec t ion  a f t e r  
e xa min ing  every  polygon in the  list  as a c a n d i d a t e  for  
root .  We have  s ince  found,  however,  t h a t  se lec t ing  jus t  a 
few c a n d i d a t e s  a t  r a n d o m  f r o m  the  list  (original ly 
s u g g e s t e d  by Zvi Kedem)  gives n e a r l y  as good r e su l t s .  
These  r e s u l t s  a re  shown in table  1, which  i nd i c a t e s  t h a t  
n e a r - m i n i m a l  t r e e s  can  be found  by e x a m i n i n g  only 
abou t  5 c a n d i d a t e  po lygons  a t  e a c h  level. The m o s t  
s t a r t l ing  r e s u l t  in this  table  is t he  e x a m p l e  of t he  "Old 
Well", ( the  l o n g s t a n d i n g  s y m b o l  of UNC - Chapel  Hill). In 
th is  h ighly  non -c onve x  m o d e l  of 356 polygons,  th i s  
he u r i s t i c  p r o d u c e s  a t r e e  which  is exactly t he  s a m e  size 
as the  inpu t  polygon list. 

3.2. Simple implementation in a graphics processor: 
Although it may be clear from section 2.2 that the 

algorithm can be simply expressed in a high level 
language with recursion, what may be less obvious is that 
t he  image  g e n e r a t i o n  c o m p o n e n t  is s imple  e n o u g h  to be 
i m p l e m e n t e d  e n t i r e l y  within a p r o g r a m m a b l e  g r a p h i c s  
p r o c e s s o r .  Our i m p l e m e n t a t i o n  r u n s  on an Ikonas  
RDS3000 r a s t e r  g r a ph i c s  s y s t e m ,  which has  a 
p r o g r a m m a b l e  AM2900-based i n t e rna l  p roc e s so r .  The 
r u n - t i m e  c o m p o n e n t  c ons i s t s  of 1309 64-bit  m i c r o c o d e  
words,  of which only 218 words i m p l e m e n t  t he  BSP- t ree  
p a r t  of t he  i m a g e  g e n e r a t i o n  a lgor i thm,  while the  r e s t  
(1091 words)  i m p l e m e n t  t he  t r a n s f o r m a t i o n s ,  clipping, 
p e r s p e c t i v e  a nd  polygon pa in t ing  r o u t i n e s  t h a t  a re  
n e e d e d  in any  3D ima ge  ~ e n e r a t i o n  s y s t e m .  

PROC Trave r se  t r e e  ( t r ee )  
/ ,  

Traver se  an  i npu t  BSP- t ree  a n d  g e n e r a t e  visible- 
su r f ace  image .  The func t ion  Display h a n d l e s  
t r a n s f o r m a t i o n ,  clipping, p e r s p e c t i v e  division, 
l ight ing and  r ende r ing .  All bu t  t he  r e n d e r i n g  
can  be done e l sewhere  if d e e m e d  m o r e  efficient.  

, /  

if ( t r ee  is e m p t y )  r e t u r n  
else 

if (eye is in f ron t  of t r ee . roo t .po lygon)  
T rave r se_ t r ee  ( t r e e . b a c k _ d e s c e n d e n t ) ;  
Display ( t ree . roo t .po lygon) ;  
T rave r se_ t r ee  ( t r e e . f r o n t _ d e s c e n d e n t ) ;  

else 
T rav e r se_ t r ee  ( t r e e . f r o n t _ d e s c e n d e n t ) ;  
Display ( t ree . roo t .po lygon) ;  
/ *  if back - fac ing  polygons  a re  to 

be c o n s i d e r e d  invisible, 
r e m o v e  t he  p rev ious  line. * /  • 

T rave r se_ t r ee  ( t r e e . b a c k d e s c e n d e n t ) ;  

END 

polygon list; t h e  l a r g e s t  f ound  was 2.33 t imes .  It shou ld  
be n o t e d  t h a t  the  i m a g e  g e n e r a t i o n  t ime  does  no t  
i n c r e a s e  by n ea r l y  th is  f ac to r  of two s ince  it is 
d o m i n a t e d  by p ixe l -pa in t ing  t ime  and  t he  to ta l  pixel  a r e a  
of a m o d e l  does  no t  c h a n g e  as the  po lygons  within it a re  
split. Table 1 i nd i ca t e s  t he  i npu t  polygon l is t  and  BSP- 
t r ee  s izes  for t h e  va r ious  ob jec t s  i l l u s t r a t e d  in F igures  6 
- 10. 

Size of Output for  v a r y i n g  
l ~ L r e  . . ,11 e i n p u t  n u m b e r  of eemdidatcs  
(and n u m b e r )  polygon l i s t  1 3 5 15 

Carot id  a r t e r y  915 2421 1843 1720 1633 
(Fig. s 6a,b) 

Old Well (Fig. 8) 356 1125 384 378 356 
(low detai l)  

SkullCT (Fig. 9) 988 3341 2361 2255 2053 
Old Well 1000 2426 1304 1176 1032 
(high detail) 

Space Shuttle 418 2092 1201 1095 972 
3cubes (Fig. I0) 216 402 279 263 240 
Ribbon plot  368 1478 929 797 660 
Klein bot t le  450 1475 1118 1035 990 
Robot a r m  268 975 650 587 440 

T r e e m a k i n g  t i m e  
Figure n a m e  for 5 candidates  

( seconds)  

Carot id  a r t e r y  116.3 
Old Well 45.0 

(low detail) 
Old Well 448.2 

(high detai l)  
SkulICT 225.8 
Space Shu t t l e  144.2 
3c ube s  15.4 
Ribbon plot 66.4 
Klein bot t le  272.7 
Robot  a r m  52.7 

Table I: Tree m a k i n g  s t a t i s t i c s .  The i m p l e m e n t a t i o n  
is wr i t t en  in C u n d e r  UNIX on a VAX 11/780.  
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3.3. S y s t e m  s p e e d  

Table 2 i n d i ca t e s  t h e  t ime  n e e d e d  to g e n e r a t e  t he  
i m a g e s  i l l u s t r a t e d  in F igu re s  6 - 10. B e c a u s e  s o m e  of the  
s p e e d  of th is  i m p l e m e n t a t i o n  is due  to a r e la t ive ly  f a s t  
g r a p h i c s  p r o c e s s o r ,  it m a y  be use fu l  to ana lyze  where  
the  eff ie ieneies  a re  due  to the  a l g o r i t h m  i t se l f  ( r a t h e r  
t h a n  the  p ro ce s so r ) ,  to d e t e r m i n e  the  ut i l i ty  of the  
a l g o r i t h m  i n d e p e n d e n t  of the  p r o c e s s o r  on which it is 
i m p l e m e n t e d .  To do this ,  we c o m p a r e  it with t he  m o s t  
s imi la r  p rev ious  a lgor i thm,  t he  widely u s e d  Z (or dep th )  
buffer  a l g o r i t h m  (see,  eg., [Foley and  Van Dam, 1962]). 
The BSP- t ree  a l g o r i t h m  has  a fixed pe r -po lygon  o v e r h e a d  
of the  t r e e  t raversa l ;  th i s  c o n s i s t s  of a) t he  m a i n t e n a n c e  
of a s t a c k  of t r e e  r e t u r n  po in t e r s  for t r a v e r s i n g  the  t ree ,  
and  b) p e r f o r m i n g  the  i n n e r  p r o d u c t  a t  e a c h  node  to 
d e t e r m i n e  which way to t u r n  next .  The Z buffer ,  on the  
o th e r  hand ,  h a s  none  of th i s  polygon overhead ,  bu t  h a s  
the  e x t r a  b u r d e n  of ca lcu la t ing  t he  Z, compar ing ,  a nd  
poss ib ly  u p d a t i n g  Z a t  each pixel. There  is t h e n  a 
t r adeof f  b e tween  th i s  pe r -po lygon  o v e r h e a d  and  the  pe r -  
pixel  ove rhead ,  and  it a p p e a r s  t h a t  unt i l  t h e  ave rage  
polygon size b e c o m e s  ve ry  sma l l  (a few pixels)  t h a t  the  
pe r -po lygon  o v e r h e a d  of t he  BSP- t ree  will be 
c o n s i d e r a b l y  less  b u r d e n s o m e  t h a n  t he  pe r -p ixe l  

the  moving  ob jec t  to end  up in t he i r  own sub t r ee ,  which  
m a y  t h e n  be t r a n s f o r m e d  i n d e p e n d e n t l y  f r o m  the  r e s t  
of the  s c e n e  by  us ing  a n e s t e d  t r a n s f o r m a t i o n  m a t r i x  a t  
the  root  of this  ob jec t ' s  s u b t r e e  (see  Figure  5). 

4.2. Anti-Aliasing 

We are  c u r r e n t l y  e x p e r i m e n t i n g  with adding  ant i -  
a l iasing to the  ima ge  g e n e r a t i o n  us ing  a sub-p ixe l  m a s k  
s imi la r  to the  l a t e s t  Evans and  S u t h e r l a n d  digital  s c e n e  
g e n e r a t o r ,  t he  CT-5 [ S e h u m a c k e r ,  1980]. This t e c h n i q u e  
involves m a i n t a i n i n g  a b ina ry  m a s k  of, say, 4x4 subp ixe l s  
a t  e a c h  pixel. The polygons  a re  p a i n t e d  f ron t - to -back ,  
and  a re  s a m p l e d  at  the  subp ixe l  reso lu t ion ,  with  the  
b ina ry  m a s k  ind ica t ing  the  subp ixe l  a r e a s  which have  
a l r eady  b e e n  c ove re d  by a polygon.  We no te  t h a t  the  
BSP- t ree  c a n  g e n e r a t e  a f r on t - t o -ba c k  (equiva lent )  o r d e r  
of po lygons  s imply  by r e v e r s i n g  t he  o rde r  of the  
t r a v e r s a l  (i.e., i n s t e a d  of fa r  side; node  polygon, n e a r  
side, the  o rde r  b e c o m e s  n e a r  side,  node  polygon,  far  
side). The c o n t r i b u t i o n s  of t he  c u r r e n t  polygon to a 
p a r t i c u l a r  p ixe l ' s  color a re  d e t e r m i n e d  by  t he  n u m b e r  of 
subp ixe l s  within t h a t  pixel  of which this  polygon is 
visible. This c o n t r i b u t i o n  is a c c u m u l a t e d  in the  RGB 
pixel  va lue  in t he  i m a g e  f r a m e  buffer .  

N u m b e r  of I m a g e  
Figure  n a m e  p o l y g o n s  g e n e r a t i o n  ra te  
an d  n u m b e r  i n  t r e e  ( f r a m e s / s e c o n d )  

Carot id  Ar t e ry  1633 0.50 - 0.58 
(Fig. 6a, b) 

SkuI1CT (Fig. 9) 2255 0.40 - 0.48 
3 a t o m s  (Fig. 7) 1440 1.53 - 1.84 
Old Well (Fig. 8) 356 1.6 - 2.5 
(low detai l)  
Space  Shu t t l e  923 1 .94-  2.56 
3 c u b e s  (Fig. 10) 280 2.46 - 4.81 
Old Well 1005 1.05 - 1.58 
(high detai l )  

Table 2: Image  g e n e r a t i o n  s t a t i s t i c s .  

course ,  is only valid for app l i ca t ions  which  can  c o n f o r m  
to the  two l imi t a t i ons  of the  BSP- t ree  a lgor i thm:  a s t a t i c  
world m o d e l  and  suff ic ient  local m e m o r y  to ho ld  the  
BSP-tree .  

4. Future Work 

4.1. R e m o v i n g  s t a t i c  world  m o d e l  r e s t r i c t i o n s  
In t h e  p r e s e n t  i m p l e m e n t a t i o n  of t he  a lgo r i thm,  

w h e n e v e r  the  world mode l  changes ,  t he  en t i r e  BSP- t ree  
m u s t  be rebui l t .  F r o m  tab le  1, one can  see  t h a t  it t a k e s  
a m i n u t e  or two for th i s  p roces s .  We are  working on 
va r ious  a l t e r n a t i v e s  to allow re l ax ing  th i s  r e s t r i c t i o n ,  We 
are  co n s id e r i n g  the  s i t ua t i on  in which t h e r e  is only 
l imi ted  ~ h an g e  in t he  world model .  One s u c h  e x a m p l e  
m i g h t  be wh en  the  range of motion of t he  moving  ob jec t s  
is known; s u c h  as  a i rp l anes  which always fly above the  
a i rpo r t  an d  land  only on runways ,  or a u t o m o b i l e s  which  
r e m a i n  on t h e  r o a d ,  or p a r t s  of m o l e c u l e s  which o n l y  
move  in c e r t a i n  r e s t r i c t e d  ways, or doors  which only 
swing on t h e i r  h inges .  With th i s  knowledge,  we m i g h t  be 
able to c o n s t r u c t  a s e r i e s  of convex  reg ions ,  which  
always co n t a in  t he  moving object .  The BSP- t ree  of the  
world m o d e l  could  be c o n s t r u c t e d  s u c h  t h a t  no roo t  
po lygons  c u t s  th i s  region.  This c a u s e s  all t h e  po lygons  of 

Group 1 
of buildings, . 

B? 

Group 2 
of buildings, 
trees, etc. 

Subtree for 
for car Group 2 

Figures 5a and 5b: non-static scene handling 

5. S u m m a r y  a n d  C o n c l u s i o n s  
We have  shown t h a t  the  BSP- t ree  v i s ib le - su r face  

a l g o r i t h m  g e n e r a t e s  i m a g e s  r ap id ly  e n o u g h  to be  u se fu l  
in i n t e r ac t i ve  app l i ca t ions  a nd  t h a t  it c a n  be  eas i ly  
i m p l e m e n t e d  in a p r o g r a m m a b l e  g r a p h i c s  p roce s so r .  
F u r t h e r ,  we have  shown t h a t  in all c a s e s  e n c o u n t e r e d  so 
far, t h a t  the  t r e e  size s t a y s  wi thin  r e a s o n a b l e  bounds .  
We are currently using the system to study 
reconstructed surfaces of human arteries and density 
distributions of organic molecules. Our experience 
i nd i ca t e s  t h a t  it  is a viable (and  f a s t e r )  a l t e rna t i ve  to the  
c o m m o n l y  u s e d  Z buf fe r  in m a n y  s i tua t ions .  
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Finally, we no te  t h a t  this  a l g o r i t h m  m a y  be 
inc reas ing ly  a t t r a c t i v e  as new r a s t e r  g raph ic s  ha rdware  
sy s t ems  b e c o m e  available.  At l eas t  one new 
commerc i a l l y  avai lable  s y s t e m  (Megatek  7200 [Foley a n d  
Van Dam, 1982]) and  seve ra l  e x p e r i m e n t a l  des igns  
([Clark and  Hannah,  1980] and  [Fuchs,  Poulton,  P a e t h  
and  Bell, 1982]) c o n c e n t r a t e  on fas t  r e n d e r i n g  of l ines 
and  polygons.  It  a p p e a r s  t h a t  t he se  s y s t em s  will m o s t  
easily and  d i rec t ly  g e n e r a t e  rea l i s t i c  images  of 3D 
scenes  f rom a back - to - f ron t  o r d e r e d  list  of polygons.  
Since m a n y  can  be  e x p e c t e d  to have t r a n s f o r m a t i o n  and  
clipping hardware ,  all t h a t  r e m a i n s  to  be done  in 
sof tware  is to g e n e r a t e  the  o r d e r e d  l is t  of polygons,  
some th ing  which c a n  be ach ieved  qui te  handi ly  by the  
BSP- t ree  a lgor i thm.  
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Figures 6a.b: 
Two images of a carotid artery reconstructed from CT data. A 1.7 second update 
t ime  is a ch i eved  f rom a BSP-t rec  of 1633 polygons.  The t h r e e - d i m e n s i o n a l  
" toothpick" ,  u s e d  for ro ta t ion ,  and  the  s l ide-pot  box~ for cont roUing zoom. clip- 
ping, angle-of-view and  l ight ing ef fec ts  a r e  visible. Note t he  u se  of t he  c l ipping 
p lane  for c ro s s - s ec t i on ing .  

70 



Figure  7: 
Three  s i m u l a t e d  a toms ,  as c r e a t e d  by Michael  Connal ly  of Yale. The BSP- t ree  h a s  
1440 polygons,  and  we g e n e r a t e  abou t  1.5-2 f r a m e s  p e r  second .  The f ron t  of the  
ob jec t  ha s  been  c u t  away by t he  i n t e r a c t i ve  cl ipping plane.  

Figure B: 

The small version of the 01d Well. A BSP-tree of 356 polygons was created from 
356 input polygons. We generate more than 2 images a second in most cases. 
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Figure 9: 
A skull, reconstructed from CT scans, A single 8-bit intensity value is computed, 
rather than separate red, green and blue intensities as in the other images. 
This is then displayed using a heated obiect spectrum color map. 

F i g u r e  i0:  
3 i n t e r l o c k i n g  c u b e s .  The  B S P - t r e e  h a s  280  p o l y g o n s .  Fo r  t h i s  v e r y  s i m p l e  
o b j e c t  w i th  low s c r e e n  c o v e r a g e  we c a n  g e n e r a t e  up  to  5 i m a g e s  p e r  s e c o n d .  
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