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The availability of powerful and affordable 3D PC graphics boards has made rendering of 
rich immersive environments possible at interactive speeds The scene update rate and the 
appropnate behaviour of objects withm the world are central to this immersive feeling 
This thesis is concerned with the behaviour computations involved in the flocking 
algorithm, which has been used extensively to emulate the flocking behaviour of 
creatures found in nature The mam contribution of this thesis is a new method for 
hierarchically combining portions of the flocks into groups to reduce the cost of the 
behavioural computation, allowing far larger flocks to be updated in real-time in the 
world

Abstract
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1 1 Rendering

R e a l - t i m e  v i s u a l  s i m u l a t i o n  o f  c o m p l e x  th r e e  d im e n s i o n a l  c o m p u t e r  g r a p h ic  
e n v i r o n m e n t s  h a s  b e c o m e  i n c r e a s i n g l y  i m p o r t a n t  a s  t h e  p e r s o n a l  c o m p u t e r  b e c o m e s  m o r e  
c a p a b le  o f  h a n d l i n g  c o m p l e x  g r a p h i c a l  i m a g e r y  A s  th e  v i e w e r  m o v e s  a r o u n d  th e  w o r ld ,  
t h e  v i e w  o f  th e  s c e n e  m u s t  b e  u p d a t e d  b y  t h e  g r a p h ic s  s y s t e m  C o m p u t e r  g r a p h i c s  
e n v i r o n m e n t s  a r e  t y p i c a l l y  c o n s t r u c t e d  f r o m  p o l y g o n s  T h e  t i m e  t a k e n  f o r  t h i s  u p d a te  is  
r e l a t e d  to  t h e  n u m b e r  o f  p o l y g o n s  t h a t  m u s t  b e  d r a w n  f o r  a  g i v e n  v i e w p o i n t  N a v i g a t i n g  
t h e s e  e n v i r o n m e n t s  r e q u i r e s  a  t r a d e - o f f  b e t w e e n  r e a l i s m  a n d  s p e e d  E i t h e r  s l o w  d r a w i n g  
o f  a  s c e n e  c o n t a in i n g  m a n y  p o l y g o n s  o r  f a s t e r  r e n d e r i n g  o f  a  s c e n e  c o n ta in in g  f e w e r  
p o l y g o n s  C o m p l e x  e n v i r o n m e n t s  c o u ld  c o n t a in  m a n y  m i l l i o n s  o f  p o ly g o n s ,  f r o m  a n y  
g iv e n  v i e w p o i n t  a n d  t h e  n u m b e r  o f  p o l y g o n s  to  b e  d r a w n  m a y  o v e r l o a d  e v e n  th e  m o s t  
p o w e r f u l  g r a p h ic s  w o r k s t a t i o n s  M a n y  a l g o r i t h m s  c o m b a t  t h i s  b y  i m p o s in g  a  h i e r a r c h i c a l  
s t r u c tu r e  o n  th e  s c e n e  T h e  a l g o r i t h m s  a s s o c i a t e d  w i t h  t h e s e  s t r u c tu r e s  a r e  u s e d  to  c u l l  
l a r g e  p o r t i o n s  o f  t h e  s c e n e  f r o m  t h e  r e n d e r i n g  p r o c e s s  [ A i r 9 1 ,  C h a 9 5 ,  T e l9 2 ,  L u e 9 5 ]  
T h e s e  a p p r o a c h e s  w o r k  b e s t  f o r  s t a t i c  e n v i r o n m e n t s  w h e r e  l a r g e  p o r t i o n s  o f  t h e  s c e n e  a r e  
e i t h e r  o u t s id e  t h e  v i e w e r ’ s  f i e l d  o f  v i e w  o r  a r e  o b s c u r e d  f r o m  v i e w  b y  n e a r e r  o b je c t s

T h e  v i s i b l e  p o r t i o n s  o f  t h e  s c e n e  m a y  s t i l l  c o n t a in  m a n y  t h o u s a n d  p o l y g o n s  a n d  m u s t  b e  
d r a w n  o n  th e  s c r e e n  S e v e r a l  a p p r o a c h e s  a r e  b a s e d  o n  i m p o s t o r s  w h e r e  o b j e c t s  o r  g r o u p s  
o f  o b j e c t s  a r e  r e p l a c e d  b y  a  f a s t e r  a n d  s i m p l e r  v e r s i o n  to  b e  d r a w n  to  s c r e e n  [ C h e 9 6 ,  
L in 9 4 ,  M a c 9 5 ,  M c M 9 5 ,  S c h 9 6 ,  S h 9 6 ]  T h e  i d e a  b e h i n d  t h e s e  a l g o r i t h m s  i s  to  t r a d e  im a g e  
q u a l i t y  f o r  i n t e r a c t i v i t y  in  s i t u a t i o n s  w h e r e  t h e  e n v i r o n m e n t  i s  t o o  c o m p l e x  to  b e  r e n d e r e d  
in  f u l l  d e ta i l

T h e  a b o v e  a p p r o a c h e s  w o r k  w e l l  f o r  m o s t l y  s t a t i c  s c e n e s ,  b u t  f o r  m o v i n g  o b j e c t s  
e x p e n s i v e  u p d a t e  o p e r a t i o n s  a r e  p e r f o r m e d  o n  th e  h i e r a r c h i c a l  s t r u c tu r e  to  r e f l e c t  t h e  n e w  
p o s i t i o n s  o f  t h e  o b je c t s  S u d a r s k y ’s  [ S u d 9 6 ]  a p p r o a c h  r e p l a c e s  h i d d e n  m o v i n g  o b j e c t s  
w i th  a  s t a t i c  v o l u m e  t h a t  c o n t a in s  t h e  o b j e c t  f o r  a  t i m e  p e n o d ,  s o  t h e  s t r u c tu r e  n e e d  n o t  
u p d a t e d  u n t i l  t h e  o b j e c t  b e c o m e s  v i s i b l e  o r  t h e  t i m e  p e r i o d  e l a p s e s
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T h e  g o a l  o f  o u r  r e s e a r c h  is  t h e  d e v e l o p m e n t  o f  a  s y s t e m  t h a t  a l l o w s  in t e r a c t i v e  r e n d e r in g  
o f  l a r g e  n u m b e r s  o f  o b je c t s ,  w h i c h  e x h i b i t  f l o c k - l i k e  m o t i o n  T h i s  i s  a c h ie v e d  b y  
a p p ly in g  a n  i m p o s t o r  a l g o r i t h m  to  t h e  f l o c k i n g  b e h a v i o u r

12 Flocking
C r a ig  R e y n o l d s  [ R e y 8 7 ]  i n t r o d u c e d  a  d i s t r i b u t e d  a g e n t  b a s e d  f l o c k i n g  m o d e l  i n  w h i c h  
e a c h  f l o c k  m e m b e r  f o l lo w s  s o m e  s i m p l e  r u l e s  T h i s  i s  a n  e x t e n s i o n  o f  p a r t i c l e  s y s t e m s  
in t r o d u c e d  b y  [ R e e 8 3 ] ,  a n d  i s  c l o s e l y  r e l a t e d  t o  b e h a v i o u r a l  a n i m a t i o n  H is  p a p e r  r e f e r s  
to  e a c h  s i m u la t e d  b i r d ,  f i s h  e tc  a s  a  boid T h e  s a m e  t e r m i n o l o g y  i s  u s e d  m  t h i s  t h e s i s  
T h e  b e h a v i o u r s  i n v o lv e d  m  f l o c k i n g ,  s c h o o l i n g  o r  h e r d i n g  a r e  a s  f o l lo w s

Avoidance Avoid colliding with nearby flock-members 
Match Velocity Attempt to match the velocity of nearby flock-member 
Flock Centring Attempt to stay close to the nearby flock-members 
Avoid Obstacles Avoid obstacles in the environment

O n ly  o b s t a c l e s  a n d  o t h e r  b o i d s  w i th i n  a  c e r t a i n  v i s i b i l i t y  r a n g e  R a r e  a c c o u n t e d  f o r  in  t h e  
b e h a v io u r a l  c o m p u t a t i o n s  I f  a n  o b s t a c l e  o r  b o i d  i s  w i th i n  a  c e r t a i n  d i s t a n c e  o f  a  
p a r t i c u l a r  b o id ,  t h e n  i t  i s  v i s i b l e  to  t h a t  b o i d  a n d  i s  i n c l u d e d  in  i t s  b e h a v io u r a l  
c o m p u t a t i o n s  E a c h  o f  t h e  b e h a v i o u r s  h a s  a  w e i g h t i n g  a s s o c i a t e d  w i t h  i t ,  c l o s e r  f l o c k  
m e m b e r s  h a v i n g  m o r e  a n  e f f e c t  t h a n  a  m o r e  d i s t a n t  o n e  T h e  w e i g h t i n g  i s  p r o p o r t i o n a l  to  
t h e  s q u a r e  o f  t h e  d i s t a n c e  b e t w e e n  t h e  tw o  f l o c k  m e m b e r s  T h e  f l o c k  m e m b e r s  a d h e r e  to  
a  b a s i c  f l i g h t  m o d e l  w h e r e b y  e a c h  h a s  a  m a x i m u m  a n d  m i n i m u m  s p e e d  a n d  m a x i m u m  
a c c e l e r a t i o n  A f t e r  c o n s i d e r i n g  t h e  a b o v e  b e h a v i o u r s ,  t h e  r e s u l t i n g  a c c e l e r a t i o n  is  
t r i m m e d  to  s t a y  in  c o m p l i a n c e  w i t h  t h e  f l i g h t  m o d e l  S o m e  r e s e a r c h  h a s  b e e n  p e r f o r m e d  
to  o p t i m i s e  t h e  b e h a v i o u r a l  c o m p u t a t i o n s  o f  h e r d i n g  c r e a t u r e s  [ C a r 9 7 ]  T h e i r  a p p r o a c h  
f o c u s e s  o n  r e p l a c i n g  c o m p u t a t i o n a l l y  e x p e n s i v e  n g i d - b o d y  d y n a m i c s  w i th  a  s i m p l e r  
p a r t i c l e  s i m u l a t i o n  o f  h e r d i n g  f o r  o n e - l e g g e d  c r e a t u r e s  A n o t h e r  a p p r o a c h  [ C h e 9 7 ]  
f o c u s e s  o n  a  v i r t u a l  f u n  p a r k  w i th  b u m p e r  c a r s  a n d  t i l t - a - w h i r l  r i d e s  T h e i r  a p p r o a c h  u s e s  
b u f f e r i n g  o f  s t a t e s  a n d  c o m p u t i n g  th e  p r o b a b i l i t y  o f  a  p a r t i c u l a r  s t a t e  a f t e r  a  c e r t a i n  t i m e
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in t e r v a l  to  in c r e a s e  t h e  e f f i c i e n c y  o f  t h e  s t a t e  c o m p u t a t i o n  O u r  a p p r o a c h  i s  m o r e  s p e c i f i c  
t o  t h e  f l o c k i n g  a l g o r i t h m

1 3 Hierarchical Neighbouring Finding.

I n  t h e  f l o c k i n g  a lg o r i t h m ,  e a c h  b o ld  i s  t e s t e d  a g a i n s t  e v e r y  o t h e r  in  t h e  w o r ld  to  e i t h e r  
i n c lu d e  i t  a s  a  n e a r b y  n e i g h b o u r  ( w i t h i n  a  c e r t a i n  r a n g e  o f  t h e  b o ld )  o r  d i s r e g a r d  i t  
T h e r e f o r e  t h e  c o m p l e x i t y  o f  t h e  a l g o r i t h m  is  0(n2) w h e r e  n i s  t h e  n u m b e r  o f  b o i d s  i n  t h e  
w o r l d  R e y n o ld s  p r e s e n t s  a n  a p p r o a c h  u s i n g  a  s p a t i a l  g r i d  to  a c c e l e r a t e  t h e  n e i g h b o u r  
f i n d in g  a l g o r i t h m  [ R e y 2 0 0 0 ]  O u r  a p p r o a c h  to  n e i g h b o u r  f i n d i n g  a c c e l e r a t i o n  i s  m o r e  
m e m o r y  e f f i c i e n t  f o r  v e r y  l a r g e r  e n v i r o n m e n t s  T h i s  t h e s i s  i n t r o d u c e s  a n  a l g o r i t h m ,  
w h i c h  c o m p u t e s  t h e  b e h a v i o u r  o f  a  g r o u p  o f  f l o c k  m e m b e r s  a s  a  w h o l e  r a th e r  t h a n  
c o m p u t i n g  f l o c k i n g  b e h a v i o u r  f o r  e a c h  b o l d  in d i v i d u a l l y

T o  a c c e l e r a t e  t h e  n e a r b y  n e i g h b o u r  f i n d i n g  a l g o r i t h m  t h e  s c e n e  i s  f i r s t  p r e - p r o c e s s e d  b y  
in s e r t i n g  a l l  t h e  o b j e c t s  i n  a  h i e r a r c h i c a l  s t r u c tu r e  D u r i n g  r u n t i m e ,  a s  t h e  b o i d s  m o v e  
a r o u n d  t h e  w o r ld ,  t h e  s t r u c tu r e  i s  u p d a t e d  to  r e f l e c t  t h e  n e w  p o s i t i o n s  o f  t h e  b o i d s  T h e  
n e i g h b o u r s  o f  e a c h  b o l d  a r e  f o u n d  b y  t r a v e r s i n g  t h e  h i e r a r c h i c a l  s t r u c tu r e ,  c u l l i n g  l a r g e  
n u m b e r s  o f  b o i d s  f r o m  th e  c o m p u t a t i o n  T o  a c c e l e r a t e  t h e  u p d a t e  p h a s e ,  w e  u s e  a  
t e c h n iq u e  p r e s e n t e d  b y  S u d a r s k y  [ S u d 9 6 ]

1 4 Hierarchical Impostors
D u r in g  th e  i n i t i a l  p e r i o d  w h e n  th e  b o id s  a r e  f o r m i n g  in to  a  f l o c k ,  e a c h  o f  t h e  b o i d s ’ 
n e a r b y  n e i g h b o u r s  m a y  c h a n g e  f r e q u e n t ly  O n c e  th e  f l o c k  b e g i n s  to  f l y  i n  a  s t a b l e  p a t t e r n  
i t  w i l l  r e m a i n  in  a  s t a b l e  s t a t e  u n t i l  ( a )  i t  m e e t s  a n o t h e r  f l o c k ,  ( b )  o r  t h e  g o a l  i s  c h a n g e d  
f o r  t h e  b o id s ,  ( c )  o r  a n  o b s t a c l e  i s  i n  i t s  p a t h  A s  a  f l o c k  o f  b o i d s  b e c o m e s  s t a b l e ,  t h e  
b o i d s ’ v e l o c i t y  v a r i e s  l i t t l e  f r o m  f r a m e  to  f r a m e  T h e r e  i s  v e r y  l i t t l e  a c c e l e r a t i o n ,  o n ly  
s m a l l  a d j u s t m e n t s  in  v e l o c i t y  e n a b le  t h e  b o i d s  to  s t a y  c lo s e  to  t h e i r  n e i g h b o u r s  w h i l e  
t r a v e l l i n g  in  t h e  s a m e  d i r e c t i o n  T h e s e  a t t r i b u t e s  o f  t h e  f l o c k  a r e  u s e d  i n  d e v i s i n g  a  m o r e  
e f f i c i e n t  f l o c k i n g  a l g o r i t h m
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T h e  m a i n  c o n t r i b u t i o n  o f  t h e  t h e s i s  i s  o u r  a p p r o a c h  to  g r o u p  t o g e t h e r  s t a b l e  g r o u p s  w i th in  
t h e  f l o c k  a n d  to  c o m p u t e  t h e i r  b e h a v i o u r  a s  a  w h o l e  r a t h e r  t h a n  c o m p u t i n g  e a c h  b o i d ’s 
b e h a v i o u r  in  t h e  g r o u p  i n d i v i d u a l l y  C o m p u t in g  t h e  g r o u p ’s  b e h a v i o u r  i s  a n  o r d e r  o f  
m a g n i t u d e  f a s t e r  t h a n  c o m p u t i n g  t h e  i n d i v i d u a l  b o i d s  b e h a v i o u r

1 5 Thesis Outline

C h a p t e r  2  o u t l i n e s  s o m e  o f  t h e  c o n s i d e r a t i o n s  n e e d e d  to  r e n d e r  3 D  w o r l d s  o n  a  c o m p u t e r  
s c r e e n  W e  g iv e  a  b r i e f  h i s t o r y  o f  t h e  f i e ld ,  a n d  o u t l i n e  c u r r e n t  r e s e a r c h ,  e s p e c i a l l y  
r e n d e r in g  o f  s c e n e s  t h a t  c o n t a in  l a r g e  n u m b e r s  o f  d y n a m i c  o b j e c t s  I n  c h a p t e r  2  w e  a l s o  
o u t l i n e  a  b r i e f  h i s t o r y  a n d  o v e r v i e w  o f  b e h a v io u r a l  a n i m a t i o n  a n d  f l o c k i n g  b e h a v i o u r  o f  
c r e a tu r e s  o n  c o m p u t e r  W e  o u t l i n e  c u r r e n t  r e s e a r c h  t h a t  a t t e m p t s  to  in c r e a s e  th e  
e f f i c i e n c y  o f  t h e  b e h a v i o u r  c o m p u t a t i o n  o f  o b j e c t s  in  t h e  s c e n e  C h a p t e r  3 o u t l i n e s  o u r  
a p p r o a c h e s  to  i n c r e a s i n g  th e  e f f i c i e n c y  o f  t h e  f l o c k i n g  a l g o r i t h m  in  a  3 D  w o r l d  u s i n g  a  
h i e r a r c h i c a l  s t r u c tu r e  to  a c c e l e r a t e  l o c a l i t y  q u e r i e s  C h a p t e r  4  d e s c r i b e s  o u r  n o v e l  
a p p r o a c h  to  f u r t h e r  a c c e l e r a t i n g  t h e  f l o c k i n g  b e h a v i o u r  c o m p u t a t i o n s  b y  u s i n g  
h i e r a r c h i c a l  im p o s t o r s  C h a p t e r  5  c o n t a in s  o u r  t e s t  a n d  r e s u l t s ,  o b t a i n e d  f r o m  r u n n i n g  th e  
im p l e m e n t a t i o n  o f  o u r  a l g o r i t h m  T h e  r e s u l t s  a r e  o b t a i n e d  d i r e c t l y  f o r m  t h e  c o d e  C h a p t e r  
6  c o n ta in s  o u r  c o n c l u s i o n s  a n d  d i s c u s s i o n  o n  f u tu r e  a v e n u e s  o f  r e s e a r c h  in  t h i s  a r e a
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2 1  Introduction

I n  t h i s  c h a p t e r  w e  g iv e  a n  o u t l i n e  o f  c u r r e n t  r e s e a r c h  f o r  r e n d e r i n g  c o m p u t e r  g r a p h ic s  
w o r l d s  o u t l i n in g  s o m e  o f  t h e  f u n d a m e n t a l  a l g o r i t h m s  f o r  c o r r e c t  r e n d e r i n g  o f  a  m o d e l  
T h e s e  w i l l  f o r m  a  f o u n d a t i o n  f o r  t h e  r e a d e r  f o r  t h e  f o l l o w i n g  s e c t i o n s  S e c t io n  2  2  
o u t l i n e s  t h e  c u r r e n t  r e s e a r c h  i n  r e n d e r i n g  S e c t io n s  2  3 o u t l i n e s  t h e  p a r t i c l e  s y s t e m s  
a p p r o a c h  to  a n i m a t i o n  S e c t i o n  o u t l i n e s  c o m e  o f  t h e  a r e a s  w h e r e  b e h a v i o u r  a n i m a t i o n  is  
u s e d  in  c o m p u t e r  g r a p h ic s  S e c t io n  2  4  o u t l i n e s  t h e  a l g o r i t h m  u s e d  to  e m u l a t e  f l o c k i n g  
S e c t io n  2  4  12  d e s c r i b e s  t h e  e f f i c i e n c y  c o n s i d e r a t i o n s  i n  i m p l e m e n t i n g  th e  f l o c k i n g  
a l g o r i t h m  S e c t io n s  2  5 a n d  2  6  o u t l i n e  c u r r e n t  t e c h n iq u e s  f o r  a c c e l e r a t i o n  b e h a v i o u r  
c o m p u t a t i o n s  u s e d  in  a n i m a t i o n  T h e  f in a l  s e c t i o n  p r e s e n t s  a  s h o r t  r e v i e w  o f  t h e  c h a p t e r

2.2 Rendering

2 2 1 Visible Surface Determination

C o m p u t e r  g r a p h i c s  i s  r o u g h l y  d i v i d e d  in to  tw o  a r e a s  O n e  c o n s i d e r s  t h e  h a r d w a r e  a s p e c t s  
a n d  th e  o t h e r  s t u d i e s  a l g o r i t h m i c  a s p e c t s  I t  is  t h e  l a t t e r  a r e a  w h e r e  t h e  f o c u s  o f  t h i s  
s e c t io n  l i e s

T h e  s y s t e m  m u s t  c o m p u t e  t h e  o b j e c t s  t h a t  a r e  v i s i b l e  f o r  t h e  o b s e r v e r  T h e  p r o b l e m  o f  
d e t e r m i n i n g  w h i c h  p a r t s  o f  t h e  o b j e c t s  t h a t  a r e  v i s i b l e  a n d  w h i c h  p a r t s  a r e  h i d d e n  is  
c a l l e d  t h e  hidden surface removal p r o b l e m  T h e  s y s t e m  d e c i d e s  w h i c h  o b j e c t  i s  v i s ib l e  
f o r  e a c h  p ix e l  o n  th e  s c r e e n  s o  t h a t  i t  c a n  b e  g iv e n  t h e  c o l o u r  o f  t h e  o b j e c t

A n o t h e r  a p p r o a c h  i s  to  c o m p a r e  e a c h  o b j e c t  w i th  e v e r y  o t h e r  o b j e c t  a n d  d e t e r m i n e  w h ic h  
p a r t  o f  t h e  o b j e c t  is  v i s i b l e  f r o m  th e  v i e w p o i n t  a n d  t h e n  d r a w  t h a t  p a r t  o f  th e  o b j e c t  T h i s  
i s  r e f e r r e d  a s  a n  object precision a l g o r i t h m ,  o b j e c t  p r e c i s i o n  a l g o r i t h m s  a r e  p e r f o r m e d  a t  
t h e  p r e c i s i o n  a t  w h i c h  th e  o b je c t  is  d e f i n e d
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B o t h  o f  t h e  a b o v e  a p p r o a c h e s  g e t  v e r y  t i m e  c o n s u m i n g  a s  t h e  n u m b e r  o f  o b je c t s  g r o w s  in  
t h e  s c e n e  T h i s  c a n  b e  e s p e c i a l l y  s a id  f o r  t h e  s e c o n d  a p p r o a c h  T y p i c a l l y  i n  a n  i n t e r a c t iv e  
w a l k / f l y - t h r o u g h  o f  a n  e n v i r o n m e n t  t h e  v i s i b l e  p o r t i o n  o f  t h e  m o d e l  a n d  t h e  p r o j e c t e d  
im a g e  c h a n g e s  v e r y  l i t t l e  f r o m  f r a m e  to  f r a m e  S u th e r l a n d ,  S p r o u l l ,  a n d  S c h u m a k e r  
[ S u t7 4 ]  s h o w s  h o w  v i s i b l e - s u r f a c e  a l g o r i t h m s  c a n  t a k e  a d v a n t a g e  o f  coherence - th e  
d e g r e e  to  w h i c h  p a r t s  o f  a n  e n v i r o n m e n t  o r  i t s  p r o j e c t i o n  e x h i b i t  l o c a l  s im i l a r i t i e s

2.2 2 Binary Space Partition (BSP) Tree

T h e  B S P  a l g o r i t h m  is  b a s e d  o n  th e  w o r k  o f  S c h u m a k e r  [ S c h 6 9 ]  a n d  m o r e  r e c e n t l y  
[ F u c 7 9 ]  [ T e l9 2 ]  A  B S P  t r e e  i s  a  d a t a  s t r u c tu r e  t h a t  r e p r e s e n t s  a  r e c u r s iv e ,  h i e r a r c h i c a l  
s u b d i v i s i o n  o f  a  t h r e e  d im e n s i o n a l  ( 3 D )  s p a c e  in to  3 D  c o n v e x  r e g i o n s

A  p l a n a r  B S P  t r e e  is  e f f i c i e n t  f o r  r e n d e r i n g  a  s t a t i c  s c e n e  o f  p o l y g o n s  in  t h e  c o r r e c t  o r d e r  
A  p l a n a r  B S P  t r e e  i s  i n i t i a l i s e d  w i t h  a l l  t h e  p o l y g o n s  in  t h e  s c e n e  in  t h e  r o o t  T h e  p l a n a r  
B S P  t r e e  i s  t h e n  r e c u r s i v e l y  b u i l t  a s  f o l lo w s

•  C h o o s e  a  s p l i t  p l a n e  S o m e  h e u r i s t i c  m e t h o d  i s  u s e d  to  c h o o s e  a  p o l y g o n ’s  p l a n e  to  b e  
th e  s p l i t  p l a n e  T h i s  p o l y g o n  a n d  a l l  o t h e r s  t h a t  a r e  c o p l a n a r  w i th  i t  a r e  a d d e d  to  th i s  
B S P  n o d e

•  T h e  r e m a i n i n g  p o l y g o n s  a r e  s p l i t  i n to  tw o  n o d e s ,  t h e  f r o n t  n o d e  a n d  t h e  b a c k  n o d e  
P o l y g o n s  a r e  p l a c e d  in  t h e  f r o n t  n o d e  i f  t h e y  h a v e  a  p o s i t i v e  d o t - p r o d u c t  w i t h  s p l i t t i n g  
p l a n e ,  a n d  p l a c e s  i n  t h e  b a c k  n o d e  i f  t h e y  h a v e  a  n e g a t iv e  d o t - p r o d u c t  P o l y g o n s  t h a t  
t r a v e r s e  t h e  s p l i t  p l a n e  a r e  p a r t i t i o n e d  in to  t w o  p o l y g o n s  b y  t h e  s p l i t  p l a n e

•  R e c u r s i o n  c o n t i n u e s  f r o m  t h e  b a c k  a n d  t h e  f r o n t  n o d e s ,  h a l t i n g  w h e n  t h e r e  is  n o  
lo n g e r  a n y  p o l y g o n s  i n  t h e  n o d e

T o  p r o d u c e  a  c o r r e c t  o r d e r i n g  o f  p o l y g o n s  i n  t h e  s c e n e  t h e  p l a n a r  B S P  is  t r a v e r s e d  
r e c u r s i v e l y  a s  f o l lo w s  s ta r t i n g  f r o m  t h e  r o o t  o f  t h e  p l a n a r  B S P  t r e e
•  R e n d e r  t h e  p o l y g o n s  in  t h e  n o d e
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•  I f  t h e  v i e w e r  i s  in  f r o n t  o f  t h e  n o d e ,  t r a v e r s e  t h e  b a c k  n o d e  t h e n  t r a v e r s e  t h e  f r o n t  
n o d e  I f  t h e  d o t - p r o d u c t  o f  t h e  v i e w e r ’ s  p o s i t i o n  a n d  t h e  s p l i t  p l a n e  i s  p o s i t i v e  t h e n  
t h e  v i e w e r  is  in  f r o n t  o f  t h e  p l a n e

•  I f  t h e  v i e w e r  i s  i n  b a c k  o f  t h e  n o d e ,  t r a v e r s e  t h e  f r o n t  n o d e  t h e n  t r a v e r s e  t h e  b a c k  
n o d e  I f  t h e  d o t - p r o d u c t  o f  t h e  v i e w e r ’s  p o s i t i o n  a n d  th e  s p l i t  p l a n e  i s  n e g a t iv e  t h e n  
t h e  v i e w e r  is  b e h i n d  t h e  p l a n e

T h e  t r a v e r s a l  w i l l  p r o d u c e  a  c o r r e c t  b a c k  to  f r o n t  o r d e r i n g  o f  t h e  s c e n e  F i n d i n g  a  n e a r  
o p t im a l  B S P  t r e e  f o r  a  c o l l e c t i o n  o f  p o l y g o n s  i s  s t i l l  a  d i f f i c u l t  p r o b l e m  to  p e r f o r m  in  l e s s  
t h a n  N P  t im e  A  p l a n a r  B S P  w i l l  v i s i t  e v e r y  n o d e  in  t h e  t r e e  t o  r e n d e r  t h e  p o l y g o n s  in  t h e  
c o r r e c t  o r d e r

2 2 3 Planar BSP Tree Based Rendering

O u t l in e d  in  t h i s  s e c t i o n  a r e  s o m e  w a y s  t h a t  a  B S P  t r e e  c a n  a l s o  b e  u s e d  to  c u l l  o r  
e l i m in a t e  a  l a r g e  p o r t i o n  o f  t h e  s c e n e  f r o m  r e n d e r i n g  a l t o g e t h e r  T h e  p u r p o s e  o f  t h e s e  
a l g o r i t h m s  i s  t o  q u ic k ly  c u l l  h i d d e n  p a r t s  o f  t h e  s c e n e  A  f e a t u r e  o f  a l l  t h e s e  a l g o r i t h m s  is  
t h a t  th e y  e x p l o i t  s p a t i a l  c o h e r e n c e  b y  u s i n g  a  B S P  s t r u c tu r e  [ F u c 7 9 ]  [ T e l9 2 ]  [ S c h 6 9 ]  to  
d r a w  th e  o b j e c t s  i n  t h e  s c e n e  in  t h e  c o r r e c t  o r d e r  T h e  e n v i r o n m e n t  i s  f i r s t  p r e - p r o c e s s e d  
b y  u s i n g  a  B S P  t r e e  to  h i e r a r c h i c a l l y  s u b d i v i d e  th e  s c e n e  b y  u s i n g  e a c h  p o l y g o n  a s  a  s p l i t  
p l a n e  T h e n  d u r in g  th e  i n t e r a c t i v e  w a l k - t h r o u g h  p h a s e  t h e  B S P  t r e e  is  r e c u r s i v e l y  
t r a v e r s e d  f r o m  th e  r o o t  o n l y  v i s i t i n g  c h i l d r e n  o f  n o d e s  t h a t  h a v e  a  p o s i t i v e  i n t e r s e c t io n  
w i th  t h e  v i e w e r ’s  f i e l d  o f  v i e w

T e l l e r  [ T e l9 2 ]  p r e s e n t s  a n  a u g m e n t e d  B S P  w h e r e  e a c h  l e a f  n o d e  m a i n t a i n s  a  l i s t  o f  n o d e s  
t h a t  a r e  p o t e n t i a l l y  v i s i b l e  f r o m  a n y  p o i n t  w i th i n  t h e  c u r r e n t  n o d e  H i s  a p p r o a c h  i s  v e r y  
e f f i c i e n t  in  a r c h i t e c t u r a l  i n d o o r  e n v i r o n m e n t s  a n d  i s  u s e d  w i d e l y  in  t h e  g a m in g  i n d u s t r y  
[ A b r 9 6 ]  D u r i n g  th e  i n t e r a c t i v e  w a l k - t h r o u g h  th e  n o d e  to  n o d e  v i s i b i l i t y  i n f o r m a t i o n  is  
c u l l e d  a g a i n s t  t h e  o b s e r v e r ’s  f i e l d  o f  v i e w  a n d  t h e  s e t  o f  v i s i b l e  o r  p a r t i a l l y  v i s i b l e  o b j e c t s  
a r e  s e n t  to  t h e  r e n d e r  l i s t  to  b e  d i s p l a y e d  A  le n g th y  p r e - p r o c e s s i n g  s t a g e  is  r e q u i r e d  a n d  
th e r e  a r e  q u i t e  h ig h  m e m o r y  r e q u i r e m e n t s  T h i s  t e c h n iq u e  h a s  b e e n  s h o w n  to  w o r k  v e r y
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w e l l  f o r  i n d o o r  e n v i r o n m e n t s  T h e  g a m e  “Quake” [ Q u a 9 6 ]  [ A b r 9 6 ]  b y  I D  S o f tw a r e  u s e s  
t h i s  t e c h n iq u e  to  r e n d e r  c o m p l e x  w o r l d s  a t  5 0  f r a m e s  a  s e c o n d  o n  a  P e n t i u m  c o m p u t e r

M o r e  r e c e n t l y  L u e b k e  a n d  G e o r g e  [ L u e 9 5 ]  d e v e l o p e d  a  d y n a m i c  v e r s i o n  o f  [ T e l9 2 ]  t h a t  
e l i m i n a t e s  t h e  p r e - p r o c e s s i n g  b u t  t h e  i n t e r a c t i v e  p h a s e  m a y  b e  s l i g h t ly  l e s s  e f f i c i e n t  t h a t  
T e l l e r  a t  a l  [ T e l9 2 ]  w h e n  th e  a v e r a g e  p o l y g o n  c o u n t  m a y b e  b e l o w  1 0 0  a s  in  t h e  g a m e  
Q u a k e  [ Q u a 9 6 ]  T o  a  l a r g e  e x t e n t  t h e  e f f i c i e n c y  o f  t h e s e  a l g o r i t h m s  r e ly  o n  th e  
e n v i r o n m e n t s  t h e y  a r e  a p p l i e d  to  T h e y  r e ly  o n  t h e  f a c t  t h a t  m o s t  o f  t h e  e n v i r o n m e n t  is  
h id d e n  f r o m  v i e w  a t  a n y  t i m e  d u r in g  t h e  r e n d e r i n g  p r o c e s s

T h e  m a i n  d r a w b a c k  o f  t h e  p l a n a r  B S P  a p p r o a c h  i s  t h e  h i g h  c o s t  o f  u p d a t i n g  t h e  t r e e  i f  
a n y  o f  t h e  p o l y g o n s  m o v e  in  t h e  e n v i r o n m e n t  T h e  p l a n a r  B S P  a p p r o a c h  d o e s  n o t  w o r k  
w e l l  w h e n  th e r e  a r e  m a n y  m o v i n g  o b j e c t s  i n  t h e  s c e n e ,  b e c a u s e  o f  t h e  h ig h  c o s t  o fi*u p d a t in g  th e  t r e e  to  r e f l e c t  t h e  c u r r e n t  c o r r e c t  o r d e r i n g  o f  p o l y g o n s  in  t h e  s c e n e  

2 2.4 K-D Tree Based Rendering

T h e  a b o v e  t e c h n iq u e s  o n l y  w o r k  w e l l  f o r  i n d o o r  e n v i r o n m e n t s ,  f o r  m o r e  g e n e r a l  
e n v i r o n m e n t s  a  k - d  t r e e  h i e r a r c h i c a l  s t r u c t u r e  i s  m o r e  s u i t a b l e  A  k - d  t r e e  i s  p r a c t i c a l l y  
i d e n t i c a l  to  a  B S P  t r e e  T h e  d i f f e r e n c e s  b e t w e e n  a  B S P  a n d  a  k - d  t r e e  i n c l u d e  t h a t  a  k - d  
t r e e  i s  f o r c e d  to  u s e  a x i s  a l i g n e d  p l a n e s  a n d  t h e  c u r r e n t  le v e l  o f  t h e  t r e e  is  u s e d  to  
d e t e r m i n e  w h i c h  a x i s  t o  s p l i t  o n  T h e  c u r r e n t  n o d e  i s  s p l i t  i n  h a l f  b y  th e  a x i a l l y  a l i g n e d  
s p l i t  p l a n e  T h e  s p l i t  p l a n e  i s  c h o s e n  b y  c y c l i n g  t h r o u g h  th e  3 a x e s  in  t u r n  I n  F ig u r e  2  1 
a t  t h e  t o p  le v e l  t h e  Z  p l a n e  is  c h o s e n  to  s p l i t  t h e  3 D  s p a c e ,  in to  tw o  e q u a l  h a lv e s  A t  th e  
n e x t  le v e l  e a c h  o f  t h o s e  s p a c e s  i s  s p l i t  b y  t h e  Y  p l a n e ,  a t  t h e  n e x t  l e v e l  t h e  Z  p l a n e  i s  u s e d  
t o  s p l i t  th e  s p a c e  F ig u r e  2  1 i l l u s t r a t e s  a  k - d  t r e e  t h a t  c y c l e s  t h r o u g h  Z , Y  t h e n  X  p l a n e s
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Figure 2  1 A t  e a c h  l e v e l ,  a n  a x i a l l y  a l i g n e d  p l a n e  s p l i t s  t h e  s p a c e

T h e  m a i n  b e n e f i t  o f  a  k - d  t r e e  i s  t h a t  i t  is  m u c h  f a s t e r  t o  u p d a t e  i t  w h e n  t h e  p o l y g o n s  
m o v e

I n  t h i s  s e c t i o n  w e  w i l l  g iv e  a n  o u t l i n e  o f  s o m e  o f  t h e  t e c h n iq u e s  t h a t  u t i l i s e  a  K - d  t r e e  to  
s u b d iv id e  th e  o b j e c t - s p a c e  T h e  f o l l o w i n g  t e c h n iq u e s  s h a r e  s o m e  a t t r i b u t e s
•  T r a v e r s in g  a  k - d  t r e e  a l l o w s  a  l a r g e  p o r t i o n  o f  t h e  s c e n e  to  b e  c u l l e d  f r o m  th e  

r e n d e r i n g  p h a s e  b u t  d o e s  n o t  p r o d u c e  a  c o r r e c t  o r d e r i n g  o f  t h e  v i s i b l e  o r  p a r t i a l l y  
p o l y g o n s  in  t h e  s c e n e

•  T h e  v i s i b l e  o r  p a r t i a l l y  v i s i b l e  p o l y g o n s  a r e  r e n d e r i n g  u s i n g  a n  im a g e  b a s e d  v i s i b i l i t y  
a l g o r i t h m
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N e d  G r e e n e  [ G r e 9 3 ]  h a s  a  d i f f e r e n t  a p p r o a c h  in  t h a t  t h e  v i s i b i l i t y - c u l l i n g  a l g o r i t h m  is  
im a g e  b a s e d  r a t h e r  t h e  o b j e c t  b a s e d  a s  in  [ T e l9 2 ]  T h e  m e t h o d  d e s c n b e d  m  [ G r e 9 3 ]  u s e s  
tw o  h i e r a r c h i c a l  d a t a  s t r u c tu r e s ,  a g a i n  a n  o b j e c t  s p a c e  k - d  t r e e  a n d  a l s o  a n  im a g e  s p a c e  
b a s e d  Z - p y r a m id  I n  o r d e r  t o  c o m b i n e  t h e  Z - b u f f e r  a n d  k - d  t r e e  t h e  f o l lo w in g  o b s e r v a t i o n  
i s  s t a t e d  I f  a  k - d  t r e e  n o d e  i s  h i d d e n  w i th  r e s p e c t  t o  a  Z - b u f f e r ,  t h e n  a l l  t h e  p o l y g o n s  f u l ly  
c o n t a in e d  m  t h a t  n o d e  a r e  a l s o  h i d d e n  W h a t  t h i s  m e a n s  i s ,  i f  t h e  f a c e s  o f  t h e  k - d  t r e e  
c u b e  a r e  s c a n  c o n v e r t e d  a n d  i t  i s  f o u n d  t h a t  e a c h  p i x e l  o f  t h e  c u b e  is  b e h i n d  t h e  c u r r e n t  
s u r f a c e  in  t h e  Z - b u f f e r ,  t h e n  a l l  t h e  g e o m e t r y  m  t h a t  c u b e  c a n  b e  ig n o r e d  T h e  
H ie r a r c h i c a l  Z - b u f f e r  w o r k s  v e r y  w e l l  f o r  c o m p l e x  g e n e r a l  e n v i r o n m e n t s  w h e r e  m o s t  o f  
th e  s c e n e  i s  o c c l u d e d  f r o m  a n y  v i e w p o i n t  L a t e r  p a p e r s  b y  t h e  s a m e  a u t h o r  im p r o v e d  o n  
t h e  a l g o r i t h m  b y  in t r o d u c i n g  c o v e r a g e  m a s k s  to  a c c e l e r a t e  t h e  i m a g e  b a s e d  p o r t i o n  o f  t h e  
a l g o r i t h m  [ G r e 9 6 ]  D u e  to  t h e  c o m p l e x i t i e s  o f  t h e  Z - p y r a m i d  t h e  a l g o r i t h m  w o r k s  b e s t  in  
a  s t a t i c  e n v i r o n m e n t

S a ty a n  C o o r g  [ C o o 9 7 ]  d e v e l o p e d  a n  o b j e c t  s p a c e  b a s e d  v i s i b i l i t y  t e c h n iq u e  T h e  
t e c h n iq u e  e x p l o i t s  t h e  p r e s e n c e  o f  l a r g e  o c c l u d e r s  ( a n  o c c l u d e r  o b s t r u c t s  t h e  v i e w  o f  
o th e r  o b je c t s  in  t h e  s c e n e )  n e a r  t h e  v i e w p o i n t  to  i d e n t i f y  a  s u p e r s e t  o f  v i s i b l e  p o ly g o n s ,  
w i th o u t  t o u c h in g  m o s t  i n v i s i b l e  p o l y g o n s  E a c h  n o d e  in  t h e  o b j e c t - s p a c e  c o n t a in s  a  l i n k  
to  a n  o c c l u d e r  t h a t  w o u l d  b e  p o t e n t i a l l y  “large” i f  a  v i e w e r  w e r e  in  t h a t  k - d  t r e e  n o d e  
W h e n  th e  v i e w e r  i s  m o v i n g  a r o u n d  th e  e n v i r o n m e n t  t h e  k - d  t r e e  n o d e s  a r e  c l a s s i f i e d  a s  
i n v i s ib l e ,  v i s i b l e  o r  p a r t i a l l y  v i s i b l e  w i th  r e s p e c t  to  t h e  s e t  o f  o c c l u d e r s  T h e  t e c h n iq u e  
u s e s  separating a n d  supporting p l a n e s  b e t w e e n  th e  l a r g e  o c c l u d e r  a n d  th e  k - d  t r e e  n o d e  
to  q u ic k ly  d e t e r m i n e  th e  c l a s s i f i c a t i o n  o f  t h e  n o d e  O n c e  th e  s t a t e  o f  e a c h  k - d  t r e e  n o d e  is  
k n o w n ,  a  f in a l  t r a v e r s a l  i s s u e s  v i s i b l e  a n d  p a r t i a l l y  v i s i b l e  p o l y g o n s  to  t h e  r e n d e n n g  
h a r d w a r e ’ s  Z - b u f f e r  f o r  p e r - p i x e l  v i s i b i l i t y  d e t e r m i n a t i o n  A s  m  [ T e l9 2 ]  t h i s  t e c h n iq u e  
e x p l o i t s  t h e  a v a i l a b i l i t y  o f  f a s t  h a r d w a r e  z - b u f f e r s  b y  o v e r  e s t i m a t i n g  t h e  n u m b e r  o f  
v i s i b l e  p o ly g o n s ,  w h ic h  s im p l i f i e s  t h e  v i s i b i l i t y  d e t e r m i n a t i o n  a l g o r i t h m  S in c e  th e  
a l g o r i t h m  r e q u i r e s  t h e  m a i n t e n a n c e  o f  t h e  l a r g e  o c c l u d e r s  in  e a c h  n o d e  th e  a l g o r i t h m  
w o r k s  b e s t  f o r  i n d o o r  a r c h i t e c t u r a l  e n v i r o n m e n t s  w h e r e  m o s t  o f  t h e  s c e n e  i s  h i d d e n  a t  a n y  
o n e  t i m e
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2 2 5 Dynamic Environments

A  p l a n a r  B S P  t r e e  i s  v e r y  c o s t l y  t o  u p d a t e  a s  t h e  p o l y g o n s  a r e  u s e d  a s  s p l i t  p l a n e s  in  t h e  
t r e e  M o v i n g  a  p o l y g o n  m a y  r e q u i r e  t h e  e n t i r e  t r e e  to  b e  r e b u i l t  A  k - d  t r e e  i s  m u c h  m o r e  
e f f i c i e n t  to  u p d a te  a s  i t  o n ly  r e q u i r e s  i n s e r t i n g  e a c h  p o l y g o n  in to  t h e  c o r r e c t  n o d e  r a t h e r  
t h a n  r e b u i l d i n g  e n t i r e  s e c t io n s  o f  t h e  t r e e  a s  in  a  p l a n a r  B S P  t r e e  A  s t r a i g h t f o r w a r d  k - d  
t r e e  a p p r o a c h  to  r e n d e n n g  a  d y n a m i c  e n v i r o n m e n t  i s  a s  f o l lo w s

•  C r e a t e  a  k - d  t r e e  f o r  t h e  s c e n e
•  D u r in g  r u n t i m e  t r a v e r s e  t h e  k - d  t r e e  a n d  p o l y g o n s  t h a t  a r e  a t  l e a s t  p a r t i a l  v i s i b l e  a r e  

r e n d e r e d  u s i n g  th e  Z - b u f f e r  t e c h n iq u e
•  U p d a t e  t h e  p o s i t i o n  o f  a n y  m o v i n g  o b j e c t s  in  t h e  s c e n e  R e - i n s e r t  e a c h  o f  t h e  d y n a m i c  

o b j e c t s  b a c k  in to  t h e  k - d  t r e e

Temporal Bounding Volumes

S u d a r s k y  a n d  G o t s m a n  [ S u d 9 6 ]  i n t r o d u c e s  t h e  i d e a  o f  t e m p o r a l  b o u n d i n g  v o l u m e s  to  c u l l  
d y n a m ic  o b j e c t s  f r o m  t h e  r e n d e r i n g  p i p e l i n e  f o r  a s  l o n g  a s  p o s s i b l e  A s  s h o w n  a b o v e  t h e  
h i e r a r c h ic a l  s t r u c tu r e  n e e d s  t o  b e  u p d a t e d  to  r e f l e c t  t h e  n e w  p o s i t i o n  o f  t h e  m o v i n g  
o b je c t s  A  m e th o d  w h e r e b y  m o v i n g  o b j e c t s  c o u ld  b e  s o m e h o w  ig n o r e d  u n t i l  t h e y  a r e  
v i s ib l e  w o u ld  g r e a t l y  i n c r e a s e  t h e  e f f i c i e n c y  o f  r e n d e n n g  o f  d y n a m i c  e n v i r o n m e n t s  S u c h  
a n  a l g o r i t h m  w o u l d  b e  o u t p u t  s e n s i t i v e  1 e  i t  w o u l d  c u l l  o b j e c t s  t h a t  a r e  n o t  v i s ib l e  A  
n a i v e  m e t h o d  w o u ld  h a v e  to  u p d a t e  t h e  h i e r a r c h i c a l  s t r u c tu r e  f o r  a l l  o b j e c t s  s e e n  o r  
u n s e e n  T h e  p r o b l e m  is  t h a t  t h e  u p d a t e  o f  t h e  s t r u c tu r e  f o r  c u r r e n t l y  u n s e e n  o b je c t s  
c a n n o t  s im p ly  b e  ig n o r e d  f r o m  th e  m o m e n t  i t  i s  h i d d e n ,  a s  i t  m i g h t  b e  d i s p l a y e d  a g a in  
n e x t  f r a m e  S in c e  t h e  c u l l i n g  a l g o r i t h m  o n ly  t r a v e r s e s  v i s i b l e  r e g i o n s  o f  t h e  s t r u c tu r e ,  th e  
o b j e c t ’ s  p o s i t i o n  in  t h e  s t r u c tu r e  w o u l d  b e  o u t d a t e d  a n d  i t  m a y  b e  m i s s e d

T h e  a l g o n t h m  a v o i d s  u p d a t i n g  t h e  s t r u c tu r e  f o r  h i d d e n  d y n a m i c  o b je c t s ,  y e t  c i r c u m v e n t s  
t h e  p r o b l e m s  a b o v e  b y  e m p l o y i n g  T e m p o r a l  B o u n d i n g  V o l u m e s  ( T B V )  T h is  i s  a  v o l u m e  
g u a r a n t e e d  to  c o n t a in  a  d y n a m i c  o b j e c t  f r o m  th e  m o m e n t  o f  t h e  T B V ’s c r e a t i o n  u n t i l  
s o m e  l a t e r  t i m e  T h i s  t i m e  i s  c a l l e d  ‘e x p i r a t i o n  d a t e 5 a n d  th e  l e n g th  o f  t i m e  f r o m  t h e
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T B V ’s c r e a t i o n  u n t i l  i t s  e x p i r a t i o n  i s  c a l l e d  th e  ‘v a l i d i t y  p e r i o d ’ T B V s  a r e  b a s e d  o n  
s o m e  k n o w n  c o n s t r a in t s  o f  t h e  o b j e c t ’s  b e h a v i o u r  F o r  e x a m p l e  s o m e  o b j e c t s  m a y  h a v e  
p r e s e t  t r a j e c to r i e s ,  f o r  t h e s e  t h e  T B V  c a n  b e  a  s w e p t  s u r f a c e ,  o r  i f  o n ly  m a x i m u m  
v e lo c i t i e s  o r  m a x i m u m  a c c e l e r a t i o n  a r e  k n o w n ,  s p h e r e s  c a n  b e  u s e d

T h e s e  T B V ’s a r e  i n s e r t e d  in to  d a t a  s t r u c tu r e s  in  l i e u  o f  d y n a m i c  o b j e c t s  t h a t  th e  
o c c l u s i o n  c u l l i n g  a l g o r i t h m  d e e m s  v i s i b l e  I t  i s  im p o r t a n t  to  n o te  t h a t  t h e  T B V s  a r e  s t a t i c  
o b je c ts ,  a n d  o n l y  n e e d  to  b e  i n s e r t e d  in to  t h e  s t r u c t u r e  o n c e  A  h i d d e n  o b je c t  is  i g n o r e d  
u n t i l  t h e  T B V  b e c o m e  v i s i b l e  o r  t h e  T B V  e x p i r e s  T h e  l a t t e r  m e a n s  t h a t  t h e  T B V  is  n o  
lo n g e r  g u a r a n t e e d  to  c o n t a in  t h e  o b j e c t ,  h e n c e  t h e  o b j e c t  i t s e l f  m a y  b e  v i s i b l e  t o o ,  a n d  
s h o u ld  b e  r e - i n s e r t e d  in to  t h e  s t r u c tu r e  A  p r i o r i t y  q u e u e  o f  T B V  e x p i r a t i o n s  s i m i l a r  to  
e v e n t  q u e u e s  in  a  s i m u l a t i o n  n o t i f i e s  w h e n  th e  T B V s  c e a s e  t o  b e  v a l id  A s  lo n g  a s  t h e  
e x p i r a t i o n  d a t e s  a r e  c h o s e n  w i t h  s u f f i c i e n t  c a r e ,  m o s t  v o l u m e s  r e m a i n  i n v i s ib l e  
t h r o u g h o u t  t h e i r  v a l i d i t y  p e r i o d

TBV Validity Periods
O n c e  t h e  c u l l i n g  a l g o r i t h m  h a d  d e t e r m i n e d  t h a t  a  d y n a m i c  o b j e c t  i s  o c c lu d e d ,  t h e  c o r r e c t  
v a l id i ty  p e r i o d  f o r  t h e  T B V  m u s t  b e  c h o s e n  I f  i t  i s  c h o s e n  t o o  s o o n  th e  d y n a m i c  o b je c t  
w i l l  h a v e  to  b e  c o n s i d e r e d  a g a i n  b e f o r e  l o n g ,  t h u s  d e c r e a s i n g  th e  e f f i c i e n c y  I f  t h e  d a t e  is  
t o o  d i s t a n t  t h e n  t h e  b o u n d i n g  v o l u m e  i s  t o o  b i g  a n d  m a y  b e c o m e  v i s i b l e  a f t e r  a  s h o r t  
t im e ,  a l s o  h i n d e r i n g  p e r f o r m a n c e

O n e  a p p r o a c h  t o  c o m p u t i n g  v a l i d i t y  p e r i o d s  is  s t a r t i n g  w i t h  o n e  f r a m e  a n d  d o u b l in g  th i s  
t im e  u n t i l  t h e  b o u n d i n g  v o l u m e  i s  v i s i b l e  T h e  i t e r a t i o n  b e f o r e  t h e  v o l u m e  b e c o m e s  
v i s i b l e  i s  u s e d  f o r  t h e  T B V  T h e  b o u n d i n g  v o lu m e  i s  t h e n  a s s o c i a t e d  w i th  t h e  o b j e c t

A n o t h e r  m e t h o d  u s e d  is  A d a p t i v e  v a l i d i t y  p e r i o d s  I f  a  T B V  e x p i r e s  b e f o r e  i t  i s  v i s ib l e ,  
t h e n  i t  m e a n s  i t  w a s  to o  s h o r t ,  b e c a u s e  i t  w o u l d  h a v e  b e e n  p o s s i b l e  t o  p o s t p o n e  t h e  
r e f e r e n c e  to  t h e  o b je c t  b y  c h o o s i n g  a  l a t e r  e x p i r y  d a t e  I n  t h e  o p p o s i t e  c a s e ,  i f  t h e  T B V  is  
v i s i b l e  b e f o r e  i t  e x p i r e s ,  t h e  p e r i o d  w a s  to o  lo n g  M a y b e  a  s h o r t e r  p e r i o d  w o u l d  h a v e  
p r o d u c e d  a  s m a l l e r  T B V  t h a t  m i g h t  h a v e  r e m a i n e d  o c c l u d e d  f o r  a  l o n g e r  t im e  I f  t h e
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o b j e c t  i s  s t i l l  h id d e n ,  a  s h o r t e r  v a l i d i t y  p e r i o d  i s  c h o s e n  f o r  t h e  T B V  T h e  s t r a t e g y  m a k e s  
v a l i d i t y  p e n o d s  a d a p t  to  o b j e c t s  b e h a v i o u r  a n d  v i s i b i l i t y  s t a tu s  D y n a m i c  o b je c t s  t h a t  a r e  
f a s t  m o v i n g  o r  s t a y  n e a r  v i s i b l e  r e g i o n s  h a v e  s m a l l e r  T B V ’s , o b j e c t s  in  o b s c u r e d  r e g i o n s  
h a v e  l o n g e r  p e n o d s ,  a n d  a r e  s a m p le d  l e s s  f r e q u e n t ly  a s  t i m e  p a s s e s

Updating K-d Tree

A f t e r  t h e  n e w  p o s i t i o n  o f  t h e  o b j e c t s  h a s  b e e n  c o m p u t e d  t h e  k - d  t r e e  i s  u p d a t e d  to  r e f l e c t  
th e  n e w  p o s i t i o n  o f  t h e  b o i d s  T h e r e  a r e  s e v e r a l  m e t h o d s  o f  p e r f o r m i n g  t h i s  T h e  w h o le  
t r e e  c o u ld  b e  r e b u i l t  f r o m  s c r a t c h  w h i c h  w o u l d  t a k e  nlogn2 [ S u d 9 6 ]  o p e r a t io n s  w h e r e  n i s  
t h e  n u m b e r  o f  b o i d s  A n o t h e r  a p p r o a c h  i s  t o  r e - i n s e r t  e a c h  b o i d  a t  i t s  n e w  p o s i t i o n s  in to  
th e  t r e e  f r o m  th e  r o o t  w h ic h  w o u l d  a g a i n  t a k e s  nlogn2 t i m e  N e i t h e r  o f  t h e s e  a p p r o a c h e s  
t a k e s  a d v a n t a g e  o f  f r a m e - t o - f r a m e  c o h e r e n c e  T h e  o b j e c t s  h a v e  a  m a x i m u m  a c c e l e r a t i o n  
a n d  v e l o c i t y ,  t h e r e f o r e  t h e i r  n e w  p o s i t i o n  w i l l  b e  c lo s e  to  t h e i r  p o s i t i o n  in  t h e  l a s t  f r a m e  
T h e  o b j e c t s  w i l l  u s u a l l y  b e  m  t h e  s a m e  n o d e  a s  i t  w a s  m ,  o r  m  a  n o d e  v e r y  c lo s e  t o  i t  A  
b o t to m  u p  s e a r c h  b e g i n s  f r o m  th e  n o d e  t h a t  o b j e c t  w a s  c o n t a in e d  in ,  u s i n g  th e  o b j e c t  a t  
i t s  n e w  p o s i t i o n  R e c u r s i o n  h a l t s  w h e n  th e  o b je c t  i s  f u l l y  c o n t a in e d  w i th i n  t h e  v o l u m e  o f  
t h e  n o d e  T h i s  n o d e  i s  c a l l e d  t h e  L o w e s t  C o m m o n  A n c e s t o r  (LCA) S in c e  i t ’ s  t h e  l o w e s t  
n o d e  t h a t  c o n t a in s  b o t h  th e  o b j e c t  a n d  t h e  o b j e c t  a t  i t s  n e w  p o s i t i o n
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Figure 2.2 S h o w s  u p d a t e  o f  k - d  t r e e  b y  f i r s t  f i n d i n g  L C A  
o f  o b je c t  a t  i t s  n e w  p o s i t i o n

F ig u r e  2  2  s h o w s  a  2 D  r e p r e s e n t a t i o n  o f  L C A  u p d a t e  o f  t h e  k - d  t r e e  O b j e c t  A r e p r e s e n t s  
t h e  b o i d ’s  p o s i t i o n  i n  t h e  p r e v i o u s  f r a m e ,  a n d  o b j e c t  B  r e p r e s e n t s  th e  o b j e c t ’s  n e w  
p o s i t i o n  F ig u r e  2  2 ( a )  s h o w s  t h e  b o u n d i n g  b o x e s  o f  t h e  n o d e s  o f  a  k - d  t r e e  F i g u r e  2  2 ( b )  
r e p r e s e n t s  t h e  h i e r a r c h i c a l  s t r u c tu r e  o f  t h e  s a m e  k - d  t r e e  E a c h  n o d e  ( r e p r e s e n t e d  b y  i t s  
b o u n d i n g  b o x )  h a s  e i t h e r
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1 le f t  a n d  r i g h t  p o i n t e r s  ( t h e  s o l i d  l in e  a r r o w )  o r
2  i t ’s  a  l e a f  a n d  i t  h a s  n o  p o i n t e r s

F r o m  th e  d i a g r a m ,  i t  c a n  b e  s e e n  t h a t  B i s  n o t  w i th i n  t h e  s a m e  n o d e  a s  A  T h e  r e c u r s iv e  
a l g o r i t h m  to  f i n d  t h e  n o d e  w h i c h  f u l l y  c o n t a in s  B b e g i n s  f r o m  t h e  n o d e  1 A t  e a c h  
r e c u r s iv e  s t e p ,  r e c u r s i o n  h a l t s  i f  t h e  B i s  f u l ly  c o n t a in e d  w i th m  t h e  n o d e  O t h e r w i s e ,  i t  
c o n t in u e s  w i th  t h e  p a r e n t  o f  t h e  n o d e  F r o m  f ig u r e  2  2 ( b ) ,  o b j e c t  B i s  o u t s id e  l e a f  n o d e  1, 
w h ic h  c o n ta in s  B a t  i t s  p r e v i o u s  p o s i t i o n  T h e  a l g o r i t h m  g o e s  o n to  to  n o d e  2, th e  o b j e c t  i s  
s t i l l  n o t  f u l ly  c o n ta in e d  w i th  t h e  n o d e  I t  t h e n  p r o c e e d s  to  n o d e  3, a n d  o b je c t  B i s  f o u n d  to  
b e  f u l ly  i n s id e  n o d e  3 T h e r e f o r e ,  n o d e  3 i s  t h e  L C A ,  w h i c h  c o n t a in s  b o t h  th e  o b j e c t s  a t  
p o s i t i o n  A , a n d  p o s i t i o n  B O b j e c t  a t  p o s i t i o n  B i s  i n s e r t e d  in to  t h e  t r e e  f r o m  n o d e  3 In  
t h i s  e x a m p l e  B i s  i n s e r t e d  in to  n o d e  4 B e l o w  t h e  a l g o r i t h m  is  o u t l i n e d  in  p s e u d o - c o d e  in  
f i g u r e  2  3

KdtreeNode LCANode

FindLCA (KdtreeNode N, Object B)
If N fully contains B 

LCANode = N 
Return

FindLCA (N->Parent, B)
End

UpdateKdtree ( KdtreeNode N)

for each object B in Node N
De-link B from list in Node N
FindLCA of B from N
Insert B into tree from Node LCA

End

Figure 2 3 T h e  F in d L C A Q  a n d  U p d a t e K d t r e e Q  a l g o r i t h m
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T h e  t e c h n iq u e s  o u t l i n e d  i n  s e c t i o n  2  2  2  to  2  2  5 w o r k s  w e l l  f o r  s c e n e s  w h e r e  m o s t  o f  t h e  
s c e n e  i s  o c c l u d e d  f r o m  th e  v i e w e r  b u t  a r e  l e s s  e f f e c t i v e  f o r  e n v i r o n m e n t s  w i th  a  h ig h  
v i s i b i l i t y  c o m p l e x i t y  s u c h  a s  s  l a n d s c a p e  c o n t a in i n g  m a n y  t h o u s a n d  t r e e s  
T h e r e  a r e  tw o  d i f f e r e n t  a p p r o a c h e s
1 G e o m e t r i c  L e v e l  o f  d e ta i l
2  T e x tu r e  m a p p e d  i m p o s to r s

Geometric Level of Detail

G e o m e t r i c  l e v e l  o f  d e ta i l  ( L O D )  v a r i e s  t h e  n u m b e r  o f  p o l y g o n s  t h a t  is  u s e d  to  r e n d e r  a n  
o b je c t  o r  p a r t  o f  a n  o b je c t  s o  a s  to  a c c e l e r a t e  t h e  r e n d e r i n g  o f  t h e  s c e n e  F u n k h o u s e r  a n d  
S e q u in  [ F u n 9 3 ]  p r e s e n t s  a n  a d a p t iv e  d i s p l a y  a l g o r i t h m  in  w h i c h  e a c h  m o d e l  i s  d e s c r i b e d  
b y  m u l t ip l e  l e v e l s  o f  d e t a i l  L o w e r  L O D s  c o n t a in  l e s s  p o l y g o n s  a n d  a r e  t h u s  f a s t e r  to  
r e n d e r  T h e  s y s t e m  d e c id e s  w h i c h  L O D  to  u s e  f o r  e a c h  o b j e c t  d e p e n d i n g  o n  h o w  m u c h  i t  
b e n e f i t s  t h e  o v e r a l l  im a g e  I n  i t ’s  s e l f  t h i s  n o t  e n o u g h  t o  g u a r a n t e e  a n  in t e r a c t i v e  f r a m e  
r a te  ( >  5 f r a m e s  p e r  s e c o n d )  F o r  s i t u a t i o n s  w h e n  a l l  t h e  p o t e n t i a l l y  v i s i b l e  o b je c t s  c a n n o t  
b e  r e n d e r e d  e v e n  a t  t h e  l o w e s t  L O D  o n l y  th e  m o s t  “ v a l u a b l e ”  o b j e c t s  a r e  r e n d e r e d  s o  a s  
f r a m e  t im e  c o n s t r a i n t  is  n o t  v i o l a t e d  E a c h  L O D  o f  e a c h  o b je c t  h a s  a  C o s t  h e u r i s t i c  a n d  
B e n e f i t  h e u r i s t i c  T h e  C o s t  h e u r i s t i c  e s t i m a t e s  t h e  c o s t  o r  r e n d e r i n g  th e  o b j e c t  a t  t h a t  
l e v e l  o f  d e t a i l  T h e  B e n e f i t  h e u r i s t i c  e s t i m a t e s  t h e  p e r c e i v e d  b e n e f i t  to  t h e  f i n a l  im a g e  o f  
t h e  o b je c t  r e n d e r e d  a t  t h a t  l e v e l  o f  d e t a i l  T h e  a p p r o a c h  i s  a d a p t iv e  in  t h a t  i t  u s e s  a n  
o p t i m i s a t i o n  a l g o r i t h m  t o  d e t e r m i n e  w h i c h  o b j e c t s  a n d  a t  w h a t  l e v e l  o f  d e t a i l  t h e y  a r e  
r e n d e r e d  a t  e a c h  f r a m e  s o  t h a t  t h e  f r a m e  t i m e  i s  c o n s t a n t

A  d r a w b a c k  o f  t h i s  m e th o d  i s  t h a t  f o r  a  s m o o t h  t r a n s i t i o n  b e t w e e n  c o n s e c u t i v e  L O D ’s o f  
a n  o b je c t  t h e  d e s i g n e r  w o u l d  h a v e  to  c r e a t e  a n d  s to r e  m a n y  L O D s  d e p e n d i n g  o n  t h e  s i z e  
a n d  c o m p l e x i t y  o f  t h e  o b j e c t  I n  r e c e n t  y e a r s  m e s h  o p t i m i s a t i o n  a l g o r i t h m  h a v e  b e e n  u s e d  
to  r e n d e r  c o m p l e x  g e o m e t r i c  m e s h  m o d e l s  s u c h  a s  m o u n t a i n  t e r r a in  [ H o p 9 8 ] [ D u c 9 7 ]  I n

2 2 6 Level of Detail Rendering
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t h e  s im p le s t  c a s e  a  m e s h  c o n s i s t s  o f  a  s e t  o f  v e r t i c e s  a n d  a  s e t  o f  f a c e s  E a c h  v e r t e x  
r e p r e s e n t s  a  p o i n t  in  s p a c e  a n d  e a c h  f a c e  d e f i n e s  a  p o l y g o n  b y  c o n n e c t i n g  t o g e t h e r  a n  
o r d e r e d  s u b s e t  o f  v e r t i c e s  T r i a n g u l a r  m e s h e s  a r e  o n e  o f  t h e  m o s t  c o m m o n  a n d  h a v e  a t  
m o s t  th r e e  v e r t i c e s  p e r  f a c e

E a c h  L O D  f o r  th e  m e s h  is  c o m p u t e d  a u t o m a t i c a l l y  a n d  t h e  m e s h  o p t i m i s a t i o n  a l g o r i t h m  
d e c id e s  a t  w h a t  L O D  e a c h  p o r t i o n  o f  t h e  m e s h  is  r e n d e r e d  P iv o ta l  t o  a  m e s h  o p t i m i s a t i o n  
a l g o r i t h m s  a r e  s m o o t h  t r a n s i t i o n s  b e t w e e n  d i f f e r e n t  p a r t s  o f  t h e  m e s h  t h a t  a r e  r e p r e s e n t e d  
b y  d i f f e r e n t  L O D s  H o p p e s  [ H o p 9 8 ]  p r e s e n t s  a  p r o g r e s s i v e  m e s h  w h i c h  s to r e s  a  c o a r s e  
b a s e  m e s h  t o g e t h e r  w i th  a  s e q u e n c e  o f  d e t a i l  r e c o r d s ,  w h i c h  i n d i c a t e  h o w  to  r e f i n e  t h e  
m e s h  b y  a d d i n g  o n e  m o r e  v e r t e x  T h i s  s t r u c tu r e  i s  t r a v e r s e d  a t  r u n t i m e  a n d  th e  s y s t e m  
d e c id e s  w h e t h e r  to  r e f i n e  t h e  m e s h  o r  n o t  T h e y  u s e  a  t e c h n iq u e  c a l l e d  e d g e  s p l i t  to  r e f in e  
th e  m e s h  T h i s  a p p r o a c h  p r o v i d e s  s m o o th  t r a n s i t i o n s  b e t w e e n  d i f f e r e n t  l e v e l s  o f  d e t a i l s  in  
t h e  m e s h

L u e b k e  a n d  G e o r g e  [ lu e 9 6 ]  p r e s e n t  a n  a p p r o a c h  m o r e  s u i t e d  to  v e r y  c o m p l e x  C A D  
m o d e l s  c o n s i s t i n g  o f  t h o u s a n d s  o f  p a r t s  a n d  h u n d r e d s  o f  t h o u s a n d s  o f  p o l y g o n s  T h e y  u s e  
a  s t r u c tu r e  c a l l e d  a  V e r t e x  T r e e  to  r e p r e s e n t  t h e  e n t i r e  d a t a b a s e  E a c h  n o d e  in  t h e  t r e e  
c o n ta in s  o n e  m o r e  v e r t i c e s ,  t h e  v i e w  d e p e n d e n t  s i m p l i f i c a t i o n  w o r k s  b y  t r a v e r s i n g  th e  
V e r t e x  T r e e  a n d  c o l l a p s i n g  a l l  t h e  v e r t i c e s  in  t h e  n o d e  to  a  s in g le  v e r t e x  w h e r e  
a p p r o p r i a t e  T h e  c r i t e r i a  to  c h o o s e  w h e n  to  c o l l a p s e  a r e
•  s c r e e n  s p a c e  e r r o r  i f  t h e  d i f f e r e n c e  b e t w e e n  th e  s i n g l e  v e r t e x  a n d  th e  c o n t a in e d  

v e r t i c e s  i s  b e l o w  a  c e r t a i n  v a l u e  t h e n  c o l l a p s e  to  a  s in g le  v e r t e x
•  s i l h o u e t t e  i f  t h e  n o d e  is  p a r t  o f  a  s i l h o u e t t e  ( t h e  e d g e  o f  a n  o b j e c t  a s  t h e  v i e w e r  s e e s

i t )  t h e n  i t  r e q u i r e s  m o r e  d e t a i l
•  p o l y g o n  b u d g e t  o p t i m i z e  t h e  r e s u l t i n g  im a g e  to  p r e s e n t  t h e  b e s t  im a g e  w i th i n  a  g i v e n

f r a m e  t i m e
T h e s e  t h r e e  c r i t e r i a  c o m b i n e  t o  p r o v i d e  t h e  v i e w e r  w i t h  a n  a c c e p t a b l e  im a g e  o f  c o m p l e x  
C A D  m o d e l s  w i th i n  a  c e r t a i n  t i m e  l i m i t  T h e r e  a r e  m a n y  g e o m e t r i c  l e v e l  o f  d e t a i l  
a l g o r i t h m s  b u t  t h e  m e t h o d s  o u t l i n e d  a b o v e  g iv e  a  g o o d  r e p r e s e n t a t i o n  o f  t h e  c o n c e p t s  
i n v o lv e d

i
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Texture Mapped Impostors

T h e  te c h n iq u e  p r e s e n t e d  in  [ A i r 9 1 ]  t a k e s  a  d i f f e r e n t  a p p r o a c h  to  t h e  r e n d e r i n g  p r o b l e m  
T h e  i d e a  b e h in d  th e  a l g o r i t h m  is  to  t r a d e  im a g e  q u a l i t y  f o r  i n t e r a c t i v i t y  in  s i t u a t i o n s  
w h e r e  t h e  e n v i r o n m e n t  i s  to o  c o m p l e x  to  b e  r e n d e r e d  in  f u l l  d e ta i l

M a c ie l  a n d  S h i r l e y  [ M a c 9 5 ]  d e v e l o p e d  a  s y s t e m ,  w h ic h  u s e s  t e x t u r e - m a p p e d  p r i m i t i v e s  
t o  r e p r e s e n t  c l u s t e r s  o f  o b je c t s  to  m a i n t a i n  h i g h  a n d  a p p r o x i m a t e l y  c o n s t a n t  h i g h  f r a m e  
r a t e s  S c h a u f l e r  a n d  S t u r z l i n g e r  [ S c h 9 6 ]  a n d  a l s o  S h a d e  [ S h a 9 6 ]  p r e s e n t  t e c h n iq u e s  to  
a u t o m a t i c a l l y  a n d  d y n a m i c a l l y  c r e a t e  v i e w - d e p e n d e n t  i m a g e - b a s e d  L O D  m o d e l s  t h u s  
g r e a t ly  r e d u c i n g  th e  m e m o r y  r e q u i r e m e n t s  M a c ie l  [ M a c 9 5 ]  p r e s e n t s  a  n e w  m e t h o d  t h a t  
u t i l i s e s  p a t h  c o h e r e n c e  to  a c c e l e r a t e  t h e  w a l k - t h r o u g h  o f  g e o m e t r i c a l l y  c o m p l e x  s t a t i c  
s c e n e s  ( t h e i r  r e s e a r c h  f o c u s e s  o n  o u t d o o r  s c e n e s )  T h e r e  is  a  s i m i l a r  t e c h n iq u e  [ S c h 9 6 ] ,  
w h ic h  d y n a m i c a l l y  c r e a t e s  im p o s t o r s ,  b y  t e x t u r e  m a p p i n g  t h e  c o n t e n t s  o f  a  B S P  t r e e  n o d e  
o n to  a  p l a n e  p e r p e n d i c u l a r  t o  t h e  c u r r e n t  v i e w  p l a n e  A  d r a w  b a c k  o f  t h e  a b o v e  
a p p r o a c h e s  is  t h a t  t h e  g e o m e t r y  s u r r o u n d i n g  t h e  t e x t u r e  d o e s  n o t  m a t c h  th e  g e o m e t r y  
s a m p le d  in  t h e  t e x t u r e  c a u s i n g  a  c r a c k s  to  a p p e a r  T h e  s e c o n d  p r o b l e m  o c c u r s  w h e n  
s w i t c h in g  b e t w e e n  g e o m e t r y  a n d  t e x t u r e  A h a g a ’ s  [ A l i9 6 ]  a p p r o a c h  to  t h e  f i r s t  p r o b l e m  
is  t h e  w a r p  th e  g e o m e t r y  c lo s e  to  t h e  t e x t u r e  to  m a t c h  th e  t e x t u r e  to  a v o id  th i s  
d i s c o n t in u i ty  T h e i r  s y s t e m  h a n d l e s  t h e  s w i t c h  b a c k  to  g e o m e t r y  to  t e x t u r e  b y  m o r p h i n g  
t h e  g e o m e t r y  f r o m  t h e i r  p r o j e c t e d  p o s i t i o n  o n  th e  t e x t u r e  to  t h e i r  o r ig in a l  p o s i t i o n  in  th e  
s c e n e

A u b e l ,  [ A u b 9 8 ] ]  p r e s e n t s  a n d  im a g e  b a s e d  r e n d e r i n g  t e c h n iq u e  to  r e p r e s e n t  v i r tu a l  
h u m a n s  in  r e a l - t i m e  T h e i r  t e c h n iq u e  i s  c a l l e d  a n i m a t e d  i m p o s t o r  b e c a u s e  i t  t a k e s  in to  
a c c o u n t  c h a n g e s  in  t h e  c h a r a c t e r ’ s  a p p e a r a n c e  T h e i r  t e c h n iq u e  t a k e s  a d v a n ta g e  o f  t h e  
c o n s i d e r a b l e  c o h e r e n c e  b e t w e e n  tw o  s u c c e s s i v e  f r a m e s  w h e n  r e n d e r i n g  h u m a n  m o t i o n  
T h e  t e c h n iq u e  i s  s i m i l a r  to  [ R e g 9 4 ]  in  t h a t  p a r t s  o f  t h e  f r a m e  b u f f e r  c o n t e n t  a r e  r e u s e d  
o v e r  s e v e r a l  f r a m e s  t h u s  a v o i d i n g  r e n d e r i n g  th e  w h o l e  s c e n e  e a c h  f r a m e  A u b e l  s h o w s  
h o w  to  g e n e r a t e  a  s in g le  q u a d r i l a t e r a l  t e x t u r e d  i m p o s t o r  f o r  a  v i r t u a l  h u m a n  b y  f a c i n g  t h e
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q u a d r i l a t e r a l  a t  t h e  v i e w e r  a n d  u p d a t i n g  t h e  t e x t u r e  r e g u l a r l y  T h e i r  m o r e  r e c e n t  p a p e r  
i n t r o d u c e s  a  m u l t i - p l a n e  i m p o s t o r  s in c e  a  s in g le  p l a n e  i m p o s t o r  m a y  p r o d u c e  i n c o r r e c t  
v i s i b i l i t y  i n f o r m a t i o n  I n  t h e  m u l t i - p l a n e  a p p r o a c h  t h e  v i r tu a l  h u m a n  is  d iv id e d  in to  p a r t s  
t h a t  n o  o v e r l a p p in g  c a n  o c c u r  e  g  h e a d ,  l o w e r  l e g ,  t o r s o  E a c h  b o d y  p a r t  h a s  i t s  s i n g l e 
p l a n e  i m p o s t o r  s o  t h a t  i t  f a c e s  t h e  v i e w e r  E a c h  v i r tu a l  h u m a n  h a s  j o i n t  p o s i t i o n s  a n d  
th e s e  a r e  u s e d  to  c o m p u te  w h e n  to  i n v a l i d a t e  t h e  t e x t u r e  o f  a  b o d y  p a r t  I f  t h e  d i s t a n c e s  
b e tw e e n  c e r t a in  j o i n t s  a r e  g r e a t e r  t h a n  a  p r e d e f i n e  t h r e s h o l d  t h e n  th e  t e x t u r e  is  to  b e  
r e g e n e r a t e d  T h e  s y s t e m  t e s t s  f o u r  s u c h  d i s t a n c e s  T h e  t e x t u r e  c a n  a l s o  b e  i n v a l i d a t e d  i f  
th e  d i f f e r e n c e  b e t w e e n  th e  c u r r e n t  v i e w i n g  a n g l e  o f  t h e  h u m a n  a n d  th e  v i e w i n g  a n g le  
w h e n  th e  t e x tu r e  w a s  l a s t  c r e a t e d  is  g r e a t e r  t h a n  a  p r e d e f i n e d  t h r e s h o l d  T h e  c a c h e  
in v a l id a t io n  a l g o r i t h m  c o m b i n e s  t h e s e  tw o  v a l u e s  to  p r o d u c e  a  v a r i a t i o n  r a t io  T h e  
d i s t a n c e  to  t h e  v i e w e r  is  a l s o  a c c o u n t e d  f o r  s o  t h a t  m o r e  d i s t a n c e  c h a r a c t e r s  h a v e  a  l o w e r  
c o n t r i b u t i o n  T h e  t h i r d  c o n s i d e r a t i o n  i s  r e n d e r i n g  c o s t  A l l  t h e  h u m a n s  a r e  i n s e r t e d  m  a  
“ to  b e  u p d a t e d ”  l i s t  i n  o r d e r  a s c e n d i n g  o r d e r  o f  t h e  w e i g h t i n g ,  c o m b i n i n g  th e  f o u r  f a c to r s  
a b o v e  O n c e  th e  l i s t  i s  s o r t e d  t h e  f i r s t  K  a c t o r s  a r e  r e f r e s h e d ,  s o  a s  to  n o t  e x c e e d  a  
p o l y g o n - r e n d e r i n g  t h r e s h o l d  A  t e s t  c r o w d  o f  1 2 0  v i r tu a l  h u m a n s  p e r f o r m i n g  a  “ m e x i c a n  
w a v e ”  ty p e  m o t i o n  T h e  f r a m e  r a t e  u s i n g  g e o m e t r i c  m o d e l s  i s  3 f r a m e s  p e r  s e c  T h e y  
a c h ie v e  a  s t e a d y  r a t e  o f  2 4  f r a m e s  a  s e c o n d  ( 2 4  H z )  u s i n g  th e  a n i m a t e d  i m p o s t o r  
t e c h n iq u e  W h e n  t h e  p o s t u r e  v a r i a t i o n  t h r e s h o l d  i s  r e l a x e d  to  3 0  p e r c e n t  t h e  f r a m e  r a t e  
in c r e a s e d  to  a  s t e a d y  r a t e  o f  3 6  H z  w i th  a  v e r y  l i t t l e  l o s s  in  v i s u a l  q u a l i t y  T h e  e x t e n s i o n s  
th e y  o u t l i n e  f o r  C o l l a b o r a t i v e  V i r tu a l  E n v i r o n m e n t  w h e r e  v i r t u a l  h u m a n s  a r e  v i s u a l l y  
m o r e  c o m p le x  i s  t o  m a i n t a i n  a  l i s t  o f  im p o r t a n t  h u m a n s  f o r  e a c h  p a r t i c i p a n t  a n d  u n 
im p o r t a n t  h u m a n s  a r e  d i s c a r d e d  f r o m  th e  c o m p u t a t i o n

T h e i r  t e c h n iq u e  w o r k s  w e l l  f o r  h u m a n s  n o  a t t e m p t  h a s  b e e n  m a d e  to  g a t h e r  g r o u p s  o f  
h u m a n s  t o g e t h e r  a n d  p r o d u c e  a n  i m p o s t o r  f o r  t h e  g r o u p  a s  a  w h o l e  T h e i r  w o r k  m a k e s  n o  
a t t e m p t  to  a c c e l e r a t e  t h e  b e h a v i o u r  c o m p u t a t i o n  f o r  t h e  v i r tu a l  h u m a n s ,  i t  is  s o l e ly  r e l a t e d  
to  t h e  r e n d e n n g  o f  t h e  v i r t u a l  h u m a n s



2 2 7 Discussion

T h e  e f f i c i e n c y  o f  t h e  s c e n e  r e n d e r i n g  t e c h n iq u e s  r e l i e s  l a r g e ly  o n  th e  t y p e  o f  s c e n e  t h a t  i s  
b e e n  r e n d e r e d  T h e r e  a r e  b a s i c a l l y  tw o  d i f f e r e n t  k i n d s  o f  s t a t i c  s c e n e s ,  f i r s t l y  w h e r e  a  
l a r g e  p o r t i o n  o f  t h e  m o d e l  i n s i d e  th e  v i e w e r  f i e ld  o f  v i e w  is  h i d d e n  a n d  s e c o n d ly  w h e r e  
m o s t  o f  t h e  m o d e l  i n s id e  th e  v i e w e r ’s  f i e ld  o f  v i e w  is  v i s i b l e  O b j e c t  s p a c e  c u l l i n g  
[ C o o 9 7 ]  c a n  p r o c e s s  d e n s e l y  o c c l u d e d  c o m p l e x  s c e n e s  e x t r e m e l y  e f f i c i e n t l y ,  
c o n s id e r a b ly  f a s t e r  t h a n  th e  h i e r a r c h i c a l  z - b u f f e r  [ G r e 9 3 ]

A  m a j o r  d r a w b a c k  o f  t h e  t e c h n iq u e  is  t h a t  a l l  t h e  v i s i b l e  o b j e c t s  h a v e  to  b e  r e n d e r e d  
in d i v i d u a l l y  f o r  e a c h  f r a m e ,  w h i c h  f o r  c o m p l e x  s c e n e s  m a y  o v e r l o a d  e v e n  th e  m o s t  
e x p e n s i v e  g r a p h i c s  w o r k s t a t i o n s  I n  o r d e r  t o  r a p i d l y  r e n d e r  c o m p l e x  s c e n e s  w h e r e  a  l a r g e  
n u m b e r  o f  p o l y g o n s  a r e  v i s i b l e  r e n d e r i n g  a l g o r i t h m s  m u s t  i n t e l l i g e n t l y  l i m i t  t h e  n u m b e r  
o f  g e o m e t r i c  p r i m i t i v e s  r e n d e r e d  in  e a c h  f r a m e  [ H o p 9 8 ,  L u e 9 6 ,  F u n 9 3 ]  I t  w o u ld  b e  
d e s i r a b l e  to  r e u s e  im a g e  d a t a  g e n e r a t e d  f r o m  th e  p r e v i o u s  f r a m e s  i f  t h e  c h a n g e s  to  t h e s e  
f r a m e s  m a y  b e  n e g l e c t e d  in  t h e  c u r r e n t  f r a m e  T h i s  c a n  b e  a c h i e v e d  b y  r e p l a c i n g  
e x p e n s i v e  3 D - im a g e  s y n t h e s i s  w i th  f a s t  im a g e  p r o c e s s i n g  w h e r e  p o s s i b l e  T h i s  a p p r o a c h  
i s  e x e m p l i f i e d  in  [ S c h 9 6 ,  M a c 9 5 ,  A l i9 6 ]  w h e r e  i m p o s t o r s  a r e  d y n a m i c a l l y  c r e a t e d  f o r  
la r g e  p o r t i o n s  o f  t h e  m o d e l

T h e  g o a l  o f  o u r  r e s e a r c h  i s  to  d e v e l o p  a  s y s t e m ,  w h i c h  a l l o w s  m te r a c t i v e  r e n d e r i n g  o f  
la r g e  f l o c k s  o f  v i r t u a l  c r e a t u r e s  I n  c h a p t e r  4  w e  o u t l i n e  o u r  a p p r o a c h  to  a c h i e v i n g  
s u b s t a n t i a l  s p e e d - u p s  in  t h i s  a r e a
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T h e  r e s t  o f  t h e  c h a p t e r  i n v e s t i g a t e s  t h e  b a c k g r o u n d  o f  t h e  a l g o r i t h m  w id e ly  u s e d  in  
c o m p u t e r  a n im a t io n  to  s i m u l a t e  t h e  f l o c k in g ,  s c h o o l i n g  o r  h e r d i n g  b e h a v i o u r  o f  c r e a t u r e s  
in  t h e  n a tu r a l  w o r ld  D u r i n g  t h e  e a r ly  y e a r s  o f  c o m p u t e r  a n i m a t i o n ,  a n im a t io n  w a s  
p e r f o r m e d  in  a  s i m i l a r  w a y  to  t r a d i t i o n a l  p e n  a n d  p a p e r  a p p r o a c h e s  T h e  a n i m a t o r  d r e w  
e v e r y  f r a m e  i n d i v i d u a l l y  o n  t h e  c o m p u t e r  r a t h e r  t h a n  o n  a  p a g e  U s i n g  t h i s  a p p r o a c h  
m a n y  v i s u a l  e f f e c t s  s u c h  a s  e x p l o s i o n s ,  f i r e  a n d  c lo u d s  w e r e  d i f f i c u l t  i f  n o t  i m p o s s i b l e  to  
m o d e l  e f f e c t iv e ly  R e e v e s  [ R e e 8 3 ]  i n t r o d u c e d  a n  a p p r o a c h  c a l l e d  p a r t i c l e  s y s t e m s ,  w h ic h  
a l l o w s  f o r  t h e s e  e f f e c t s  to  b e  m o d e l l e d  e a s i l y  T h i s  w a s  f u r t h e r  d e v e l o p e d  to  b e h a v i o u r a l  
a n i m a t i o n  w h i c h  i s  u s e d  to  m o d e l  m a n y  n a tu r a l  p h e n o m e n a  in c l u d i n g  f l o c k i n g  F o r  
e x a m p l e  in  t h e  w i ld e b e e s t  h e r d i n g  s t a m p e d e  in  t h e  a n i m a t e d  f e a tu r e  f i l m  “ T h e  L io n  
K i n g ”  [ L io 9 4 ]  a l s o  th e  b a t  s c e n e  in  “ B a t m a n  R e t u r n s ”  [ B a t9 2 ]  W e  o u t l i n e  R e y n o ld s  
[R e y 8 7 ]  a p p r o a c h  to  m o d e l l i n g  f l o c k i n g  b e h a v i o u r  F i n a l l y  w e  o u t l i n e  s o m e  c u r r e n t  
a p p r o a c h e s  t o  i n c r e a s i n g  th e  e f f i c i e n c y  o f  t h e  c o m p u t a t i o n  o f  s p e c i f i c  b e h a v i o u r a l  
a n i m a t i o n  s y s t e m s

2 3 Particle Systems
T h e r e  a r e  m a n y  p h e n o m e n a  t h a t  a r e  v e r y  d i f f i c u l t  to  m o d e l  e f f e c t i v e l y  u s in g  t r a d i t i o n a l  
a n i m a t i o n  t e c h n iq u e s  e s p e c i a l l y  in  a  3 D  e n v i r o n m e n t  w h e r e  t h e  s c e n e  i s  v i e w e d  f r o m  a  
n u m b e r  o f  a n g le s  F i r e ,  c l o u d s ,  s m o k e  a r e  v e r y  d i f f i c u l t  to  m o d e l  in  3 D  R e e v e s  [ R e e 8 3 ]  
p r e s e n t s  a  n o v e l  a p p r o a c h  to  m o d e l l i n g  s u c h  o b j e c t s  w h i c h  h e  c a l l s  f u z z y  o b je c t s  H e  
p r e s e n t s  t e c h n iq u e s  f o r  m o d e l l i n g  t h e m  c a l l e d  P a r t i c l e  S y s t e m s  A  p a r t i c l e  s y s t e m  is  a  
c o l l e c t i o n  o f  m a n y  m i n u t e  p a r t i c l e s  t h a t  t o g e t h e r  r e p r e s e n t  a  f u z z y  o b j e c t  H e  o u t l i n e s  th e  
n u m b e r  o f  s t e p s  i n v o l v e d  in  a n  a n i m a t i o n  s e q u e n c e  a s  f o l lo w s

•  n e w  p a r t i c l e s  a r e  g e n e r a t e d  in to  t h e  s y s t e m
•  e a c h  n e w  p a r t i c l e  is  a s s i g n e d  i t s  i n i t i a l  a t t r i b u t e s
•  a n y  p a r t i c l e s  t h a t  h a v e  p a s s e d  t h e i r  p r e s c r i b e d  l i f e t i m e  a r e  d e l e t e d
•  T h e  r e m a i n i n g  p a r t i c l e s  a r e  m o v e d  a n d  t r a n s f o r m e d  a c c o r d i n g  to  t h e i r  d y n a m ic  

a t t r i b u t e s
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•  A n  im a g e  o f  t h e  l i v in g  p a r t i c l e s  i s  r e n d e r e d  in  t h e  f r a m e  b u f f e r

T o  c o n t r o l  th e  s h a p e ,  a p p e a r a n c e  a n d  d y n a m i c s  o f  t h e  p a r t i c l e s  t h e  m o d e l  d e s i g n e r  h a s  
a c c e s s  to  a  s e t  o f  p a r a m e t e r s  S to c h a s t i c  p r o c e s s e s  t h a t  r a n d o m l y  s e l e c t  e a c h  p a r t i c l e ’s 
a p p e a r a n c e  a n d  m o v e m e n t  a r e  c o n s t r a i n e d  b y  t h e s e  p a r a m e t e r s  I n  g e n e r a l  e a c h  
p a r a m e t e r  s p e c i f i e s  a  m e a n  a n d  a  r a n g e  i n  w h i c h  p a r t i c l e ’s  v a l u e  m u s t  l ie  T h e  m e a n  
n u m b e r  o f  p a r t i c l e s  g e n e r a t e d  a t  a  f r a m e  is  c h o s e n  b y  t h e  d e s i g n e r

Nparts =  MeanParts +  RandQ +  VarParts (21)

I n  e q u a t io n  2  1 MeanParts i s  t h e  m e a n  s e l e c t e d  b y  t h e  d e s i g n e r  a n d  RandQ i s  a  r a n d o m  
v a lu e  b e t w e e n  + 1  a n d  - 1  Var Parts is  t h e  v a r i a n c e  T o  a l l o w  a  s y s t e m  to  s h r in k  a n d  g r o w  
d u r in g  i t s  l i f e ,  t h e  d e s i g n e r  is  a b l e  t o  v a r y  th e  m e a n  n u m b e r  o f  p a r t i c l e s  g e n e r a t e d  p e r  
f r a m e  a s  f o l l o w s

MeanParts = IntialMeanParts +  deltaMeanparts * (f-fo) (2 2)

w h e r e  / i s  t h e  c u r r e n t  f r a m e  a n d  ^ i s  t h e  f i r s t  f r a m e  d u r i n g  w h ic h  th e  p a r t i c l e  s y s t e m  is  
c r e a t e d  IntialMeanParts i s  t h e  m e a n  n u m b e r  o f  p a r t i c l e s  a t  t h i s  f i r s t  f r a m e ,  a n d  
deltaMeanparts i t s  r a te  o f  c h a n g e  T o  c o n t r o l  t h e  p a r t i c l e  g e n e r a t i o n  o f  a  p a r t i c l e  s y s te m  
th e  d e s i g n e r  s p e c i f i e s  fo  a n d  p a r a m e t e r s  IntialMeanParts, DeltaMeanParts a n d  VarParts

Particle Attributes

A s  e a c h  n e w  p a r t i c l e  i s  c r e a t e d  t h e  s y s t e m  m u s t  d e t e r m i n e  v a l u e s  f o r  t h e  f o l l o w i n g  
a t t r i b u t e s

•  I n i t i a l  p o s i t i o n
•  I n i t i a l  v e l o c i t y
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•  I n i t i a l  s iz e
•  I n i t i a l  c o lo u r
•  I n i t i a l  t r a n s p a r e n c y
•  S h a p e
•  L i f e t im e

T h e  in i t i a l  p o s i t i o n  o f  t h e  p a r t i c l e s  i s  d e f i n e d  b y  t h e  o n g i n  ( c e n t r e )  a n d  o r i e n t a t i o n  o f  t h e  
p a r t i c l e  s y s t e m  A  p a r t i c l e  s y s t e m  a l s o  h a s  a  g e n e r a t i o n  s h a p e ,  w h i c h  d e f i n e s  a  r e g i o n  
a b o u t  i t s  o r ig in  in to  w h ic h  n e w l y  b o m  p a r t i c l e s  a r e  r a n d o m l y  p l a c e d  T h e  a u t h o r  
i m p le m e n t s  a  s p h e r e ,  c i r c l e  m  a  p l a n e  a n d  a  r e c t a n g l e  in  a  p l a n e  T h e  g e n e r a t i o n  s h a p e  
a l s o  d e s c n b e s  t h e  i n i t i a l  d i r e c t i o n  in  w h i c h  n e w  p a r t i c l e s  m o v e  F o r  i n s t a n c e  in  a

Figure 2 4 I l l u s t r a t e s  t h e  e j e c t i o n  a n g le  o f  a  p a r t i c l e

r e c t a n g u l a r  g e n e r a t i o n  s h a p e ,  p a r t i c l e s  m o v e  in  u p w a r d  f r o m  th e  x - y  p l a n e  o f  th e  
r e c t a n g le ,  b u t  a r e  a l l o w e d  to  v a r y  f r o m  th e  v e r t i c a l  a c c o r d i n g  to  a n  e j e c t i o n  a n g le  T h i s  
e n a b l e s  t h e  m o d e l l i n g  o f  d i f f e r e n t  t y p e s  o f  e x p l o s i o n s  b y  a l l o w i n g  t h e  e j e c t i o n  a n g le  to  
v a r y  [ f ig u r e  2  4 ]  T h e  in i t i a l  s p e e d  i s  d e t e r m i n e d  b y  th e  p a r a m e t e r s  MeanSpeed a n d  
VarSpeed ( t h e  m e a n  s p e e d  a n d  th e  v a r i a n c e ) ,  b o t h  o f  w h i c h  a r e  s e t  b y  th e  d e s i g n e r  
P a r t i c l e  c o lo u r ,  t r a n s p a r e n c y  a n d  s i z e  a r e  s e t  in  t h e  s a m e  m a n n e r ,  b y  s e t t i n g  a  m e a n  v a lu e  
a n d  a  m a x i m u m  v a r i a n c e  E a c h  p a r t i c l e  a l s o  h a s  a  s h a p e ,  w h i c h  c a n  b e  s p h e r i c a l ,  
r e c t a n g u l a r  a n d  s t r e a k e d  s p h e r i c a l  ( u s e d  in  m o t i o n  b l u r r i n g  t e c h n iq u e s )
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Particle Dynamics

A t  e a c h  f r a m e  e v e r y  p a r t i c l e  i s  m o v e d  b y  s im p ly  a d d in g  i t s  v e l o c i t y  v e c t o r  to  i t s  p o s i t i o n  
v e c t o r  A n  a c c e l e r a t i o n  v e c t o r  c a n  b e  u s e d  to  a d d  m o r e  c o m p l e x i t y  to  t h e  p a r t i c l e  s y s t e m  
T h e  a c c e l e r a t i o n  v e c t o r  i s  u s e d  to  m o d i f y  th e  v e l o c i t y  v e c t o r  T h e  d e s i g n e r  c a n  s im u la t e  
g r a v i ty  a n d  c a u s e  p a r t i c l e s  to  m o v e  in  a  c u r v e d  p a t h  T h e  c o l o u r  a n d  t r a n s p a r e n c y  a r e  
c h a n g e d  o v e r  t im e  in  a  s i m i l a r  m a n n e r

Particle Extinction

W h e n  c r e a t e d ,  e a c h  p a r t i c l e  i s  g iv e n  a  l i f e t im e  m e a s u r e d  in  f r a m e s  a n d  i s  d e c r e m e n t e d  
e a c h  f r a m e  A  p a r t i c l e  i s  k i l l e d  w h e n  i t s  l i f e t im e  r e a c h e s  z e r o  O t h e r  m e c h a n i s m s  m a y  
k i l l  o f f  a  p a r t i c l e ,  f o r  i n s t a n c e  i f  t h e  p a r t i c l e  i s  to o  f a i n t  to  b e  s e e n  o n  th e  s c r e e n ,  o r  i t  is  
to o  d i s t a n t  f r o m  th e  o n g i n  o f  i t s  p a r e n t  p a r t i c l e  s y s t e m

Particle Rendering

O n c e  th e  a t t r i b u t e s  o f  e a c h  p a r t i c l e  h a v e  b e e n  c o m p u t e d ,  t h e  p a r t i c l e  s y s t e m  c a n  b e  
r e n d e r e d  R e n d e r i n g  h u n d r e d s  o f  m o v i n g  o b j e c t s  o n  t h e  s c r e e n  c a n  b e  a  t i m e  c o n s u m i n g  
c o m p u t a t i o n ,  s in c e  e a c h  p a r t i c l e  m a y  o c c l u d e  a n o t h e r  o r  c a s t  s h a d o w s  o n  o t h e r s  T h e  
a u t h o r  m a k e s  tw o  a s s u m p t i o n s  a b o u t  t h e  p a r t i c l e s  t h a t  s i g n i f i c a n t l y  r e d u c e s  t h e  c o s t  o f  
r e n d e r i n g  F i r s t  t h e  p a r t i c l e  s y s t e m  d o e s  n o t  i n t e r s e c t  w i t h  o t h e r  g e o m e t r i c  m o d e l s  in  th e  
s c e n e ,  h e n c e  th e  r e n d e n n g  s y s t e m  n e e d  o n l y  h a n d l e  p a r t i c l e s  E a c h  p a r t i c l e  i s  d i s p l a y e d  
a s  a  p o i n t  l i g h t  s o u r c e ,  t h u s  e a c h  p a r t i c l e  a d d s  a  l i t t l e  l i g h t  to  t h e  p i x e l  t h a t  i s  c o v e r s  A  
p a r t i c l e  t h a t  i s  b e h i n d  a n o t h e r  i s  n o t  o b s c u r e d  f r o m  a n o t h e r  b u t  r a t h e r  a d d s  to  m o r e  l ig h t  
to  t h e  p i x e l s  c o v e r e d  W i th  t h i s  a l g o r i t h m  a n d  a s s u m p t i o n s  n o  s o r t i n g  o f  p a r t i c l e s  is  
r e q u i r e d  in  t h e  r e n d e r i n g  p r o c e s s
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Particle Hierarchy

T h e  m o d e l  d e s i g n e r  c a n  a l s o  d e s i g n  a  p a r t i c l e  s y s t e m  w h e r e  t h e  p a r t i c l e  t h e m s e l v e s  a r e  
p a r t i c l e  s y s t e m  W h e n  th e  p a r e n t  p a r t i c l e  s y s t e m  is  t r a n s f o r m e d ,  s o  a r e  t h e  c h i ld  s y s t e m s  
T h i s  c a n  b e  u s e d  to  c r e a t e  e f f e c t s  l i k e  m u l t i p l e  e x p l o s i o n s

Conclusion

P a r t i c l e  s y s t e m s  p r e s e n t e d  in  [ R e e 8 3 ]  h a v e  b e e n  s h o w n  to  b e  v e r y  g o o d  a t  c r e a t i n g  
m o d e l s  t h a t  w o u l d  b e  v e r y  d i f f i c u l t  o r  im p o s s i b l e  to  d e s i g n  a d e q u a t e l y  b y  t r a d i t i o n a l  
m e t h o d s  P a r t i c l e  S y s t e m s  a n d  s y s t e m s  b a s e d  o n  p a r t i c l e  s y s t e m s  h a v e  b e e n  u s e d  in  m a n y  
m o t i o n  p i c t u r e s ,  to  m o d e l  s u c h  e f f e c t s  a s  c l o u d s ,  w a t e r ,  w a v e s ,  d u s t ,  a n d  r e c e n t l y  
f l o c k i n g  c r e a tu r e s  T h e  l a t t e r  [ R e y 8 7 ]  u s e s  a  m o r e  a d v a n c e d  f o r m  o f  p a r t i c l e  s y s t e m  H is  
a p p r o a c h  is  to  m o d e l  e a c h  f l o c k  m e m b e r  a s  a  p a r t i c l e ,  e a c h  h a v i n g  a  n u m b e r  o f  m o r e  
c o m p l e x  b e h a v i o u r s  R e y n o l d s ’ w o r k  h a s  s o m e  o v e r l a p  w i th  b e h a v i o u r a l  a n i m a t i o n  t h a t  
f o l lo w e d  o n  f r o m  th e  o r ig in a l  p a r t i c l e s  s y s t e m  I n  th e  n e x t  s e c t i o n  W E  o u t l i n e  s o m e  o f  
th e  m o r e  c u r r e n t  a p p r o a c h e s  to  b e h a v i o u r a l  a n i m a t i o n

Behavioural Animation
T h e r e  a r e  a  f e w  d i f f e r e n t  a s p e c t s  o f  b e h a v i o u r a l  a n i m a t i o n s  I t  i s  u s e d  to  m o d e l  d i f f e r e n t  
ty p e s  o f  3 D  m o d e l s  a n d  a n i m a t i o n s

1 Artificial Evolution for Graphics and Animation [ S im s 9 4 ]  A r t i f i c i a l  e v o l u t i o n  
a l l o w s  v i r t u a l  e n t i t i e s  to  b e  c r e a t e d  w i th o u t  r e q u i r i n g  d e t a i l e d  d e s i g n  a n d  a s s e m b ly  
C o m p le x  g e n e t ic  c o d e s  a r e  e v o l v e d  t h a t  d e s c n b e  th e  c o m p u t a t i o n a l  p r o c e d u r e s  f o r  
a u t o m a t i c a l l y  g r o w i n g  e n t i t i e s  u s e f u l  in  g r a p h i c s  a n d  a n i m a t i o n  G r a p h i c s  d e s i g n e r  
s im p ly  s p e c i f i e s  w h i c h  r e s u l t s  a r e  m o r e  a n d  l e s s  d e s i r a b l e  a s  t h e  e n t i t i e s  e v o l v e  T h i s  i s  a  
f o r m  o f  d i g i t a l  D a r w i n i s m  S e v e r a l  t y p e s  o f  g r a p h i c a l  e n t i t i e s ,  i n c lu d in g  v i r tu a l  p l a n t s ,  
t e x t u r e s ,  a n i m a t i o n s ,  3 D  s c u l p t u r e s ,  a n d  v i r tu a l  c r e a t u r e s  h a v e  b e e n  c r e a t e d  u s i n g  
a r t i f i c i a l  e v o l u t i o n  H e  h a s  c r e a t e d  s o m e  in c r e d i b l y  c o m p e l l i n g  a n i m a t i o n  f r o m  t h i s  w o r k
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2 .  B e h a v i o u r a l  A n i m a t i o n  a n d  E v o l u t i o n  o f  B e h a v i o u r  [ R e y 8 7 ] :  C o m p l e x  a n im a t io n s  
c a n  e m e r g e  w i th  m i n i m a l  e f f o r t  o n  th e  p a r t  o f  t h e  a n i m a t o r  f r o m  b e h a v i o u r a l  r u le s  
g o v e r n i n g  th e  i n t e r a c t i o n  o f  m a n y  a u t o n o m o u s  a g e n t s  w i th i n  t h e i r  v i r t u a l  w o r ld .  T h e  
f lo c k in g  o f  “ b o i d s ”  c o n v i n c i n g l y  b r i d g e d  th e  g a p  b e t w e e n  a r t i f i c i a l  l i f e  a n d  c o m p u t e r  
a n im a t io n .  T h i s  b e h a v io u r a l  a n i m a t i o n  t e c h n iq u e  h a s  b e e n  u s e d  to  c r e a t e  s p e c i a l  e f f e c t s  
f o r  f e a tu r e  f i lm s ,  s u c h  a s  t h e  a n i m a t i o n  o f  f l o c k s  o f  b a t s  in  B a t m a n  R e tu r n s  a n d  h e r d s  o f  
w i ld e b e e s t s  in  T h e  L io n  K in g .

3 .  A r t i f i c i a l  A n i m a l s  [ T e r 9 4 ] :  H ig h ly  r e a l i s t i c  m o d e l s  o f  a n i m a l s  f o r  u s e  in  a n i m a t i o n  
a n d  v i r tu a l  r e a l i t y  h a v e  b e e n  b u i l t  u s i n g  t h i s  a p p r o a c h .  I t  i s  a  m o d e l l i n g  a p p r o a c h  in  
w h ic h  th e  p h y s i c s  o f  t h e  a n im a l  in  t h e  e n v i r o n m e n t  i s  s i m u l a t e d  in  i t s  w o r ld ,  t h e  a n i m a l ’s  
u s e  o f  p h y s i c s  f o r  l o c o m o t io n ,  a n d  i t s  a b i l i t y  to  l i n k  p e r c e p t i o n  to  a c t i o n  t h r o u g h  a d a p t iv e  
b e h a v io u r .  O n e  s u c h  e x a m p l e  o f  t h i s  i s  t h a t  o f  a n  a u t o n o m o u s  v i r tu a l  f i s h  m o d e l .  T h e  
a r t i f i c i a l  f i s h  h a s  ( I )  a  3 D  b o d y  w i th  in t e r n a l  m u s c l e s  a n d  f u n c t i o n a l  f i n s  w h i c h  m o v e s  in  
a c c o r d a n c e  w i th  b io - m e c h a n i c  a n d  h y d r o d y n a m i c  p r i n c i p l e s ,  ( I I )  s e n s o r s ,  i n c l u d i n g  e y e s  
t h a t  c a n  im a g e  th e  v i r tu a l  e n v i r o n m e n t ,  a n d  ( I I I )  a  b r a i n  w i th  m o to r ,  p e r c e p t i o n ,  
b e h a v io u r ,  a n d  l e a r n in g  c e n t r e s .

4 . A r t i f i c i a l  H u m a n s  in  V i r t u a l  W o r l d s  [ T h a 2 0 0 1 ] :  T h e r e  a r e  e v e n  t e c h n iq u e s  f o r  
m o d e l l i n g  a n d  a n i m a t i n g  th e  m o s t  c o m p l e x  l i v in g  s y s t e m s - h u m a n  b e in g s .  In  p a r t i c u l a r ,  
th e  i n c r e a s i n g l y  i m p o r t a n t  r o l e  o f  p e r c e p t i o n  in  h u m a n  m o d e l l i n g .  V i r tu a l  h u m a n s  a r e  
m a d e  a w a r e  o f  t h e i r  v i r t u a l  w o r ld  b y  e q u i p p i n g  t h e m  w i th  v i s u a l ,  t a c t i l e ,  a n d  a u d i t o r y  
s e n s o r s .  T h e s e  s e n s o r s  p r o v i d e  i n f o r m a t i o n  to  s u p p o r t  h u m a n  b e h a v i o u r  s u c h  a s  v i s u a l l y  
d i r e c t e d  lo c o m o t io n ,  m a n i p u l a t i o n  o f  o b je c t s ,  a n d  r e s p o n s e  to  s o u n d s .  A  n u m b e r  o f  
a v e n u e s  o f  r e s e a r c h  a r e  s e n s o r - b a s e d  n a v i g a t i o n ,  g a m e  p l a y in g ,  w a l k i n g  o n  c h a l l e n g i n g  
t e r r a in ,  g r a s p in g ,  e tc .  C o m m u n i c a t i o n  b e t w e e n  v i r tu a l  h u m a n s ,  b e h a v i o u r  o f  c r o w d s  o f  
v i r t u a l  h u m a n s ,  a n d  c o m m u n i c a t i o n  b e t w e e n  r e a l  a n d  v i r tu a l  h u m a n s  a r e  a l l  im p o r t a n t  
a s p e c t s  o f  s im u l a t i n g  h u m a n  b e h a v io u r .

5 . I n t e r a c t i v e  S y n t h e t i c  C h a r a c t e r s  [ B lu 9 5 ] :  A n  I n t e r a c t i v e  S y n th e t i c  c h a r a c t e r  s y s t e m  
e n a b le s  f u l l - b o d y  i n t e r a c t i o n  b e t w e e n  h u m a n  p a r t i c i p a n t s  a n d  g r a p h ic a l  w o r l d s  i n h a b i t e d
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b y  a r t i f i c i a l  l i f e  f o r m s  t h a t  p e o p l e  f i n d  e n g a g i n g  E n t e r t a i n i n g  a g e n t s  c a n  b e  m o d e l l e d  a s  
a u to n o m o u s ,  b e h a v i n g  e n t i t i e s  T h e s e  a g e n t s  h a v e  t h e i r  o w n  g o a l s  a n d  c a n  s e n s e  a n d  
in t e r p r e t  t h e  a c t i o n s  o f  p a r t i c i p a n t s  a n d  r e s p o n d  to  t h e m  i n  r e a l  t im e  T h e  A L I V E  
( A r t i f i c i a l  L i f e  I n t e r a c t i v e  V i d e o  E n v i r o n m e n t )  s y s t e m ,  e m p l o y s  im m e r s iv e ,  n o n -  
in t r u s iv e  i n t e r a c t io n  t e c h n iq u e s  r e q u i n n g  n o  g o g g le s ,  d a t a - g l o v e s / s u i t s ,  o r  t e th e r s

T h i s  t h e s i s  i s  p r i m a r i l y  c o n c e r n e d  w i th  t h e  f l o c k in g  a l g o r i t h m  [ R e y 8 7 ]

2 4 Flocking Algorithm
N a tu r a l  f l o c k s  o f  b i r d s ,  s c h o o l s  o f  f i s h ,  o r  h e r d s  o f  a m m a l s  a r e  a n  in t r i g u i n g  n a tu r a l  
p h e n o m e n a  H u g e  g r o u p s  o f  c r e a t u r e s  s e e m  to  t a k e  o n  a  l i f e  a l l  b y  t h e m s e l v e s  E a c h  
c r e a t u r e  h a s  a  l i m i t e d  v i e w  o f  t h e  o t h e r  m e m b e r s  o f  t h e  f l o c k  a n d  u s e s  t h i s  i n f o r m a t i o n  to  
d e t e r m i n e  th e  c o r r e c t  f l i g h t  p a t h  to  s t a y  i n  t h e  f l o c k i n g  f o r m a t i o n  T h e  f l o c k i n g  a l g o r i t h m  
p r e s e n t e d  b y  R e y n o l d s  h a s  b e e n  s h o w n  to  a c c u r a t e l y  m i m i c  th e  f l o c k i n g  n a t u r e  in  a  
c o m p u t e r  m o d e l  H e  s i m u la t e s  t h e  f l o c k i n g  b e h a v i o u r ,  t h e  f l i g h t  m o d e l  a n d  p e r c e p t i o n  
m o d e l  f o r  e a c h  s i m u l a t e d  c r e a t u r e  R e y n o l d s  p r e s e n t s  a  d i s t n b u t e d  b e h a v i o u r a l  m o d e l  f o r  
s im u la t in g  a  f l o c k  o f  b i r d s ,  o r  h e r d  o f  a n i m a l s  o r  s c h o o l  o f  f i s h  W e  w i l l  u s e  t h e  t e r m  
f lo c k  to  m e a n  a n y  o f  t h e  a b o v e  I n  h i s  p a p e r  h e  c a l l s  e a c h  f l o c k  m e m b e r  a  bold, a n d  w e  
w i l l  u s e  t h i s  t e r m i n o l o g y  E a c h  b o l d  h a s  a  n u m b e r  o f  a t t r i b u t e s

1 V e lo c i ty ,
2  A c c e l e r a t i o n
3 P o s i t i o n
4  O n e n t a t i o n
5 G e o m e t r y  ( i n c l u d i n g  s h a p e  a n d  c o lo u r )
6  V i s i b i l i t y  R a n g e  ( th e  p e r c e p t i o n  v o lu m e  f o r  t h e  b o ld )

T h e r e  a r e  a  n u m b e r  o f  s t e p s  in  t h e  a n i m a t i o n  s e q u e n c e  T h e  b a s i c  o u t l i n e  is  a s  f o l lo w s

•  E a c h  n e w  b o l d  i s  g e n e r a t e d  i n i t i a l i s i n g  i t s  a t t r i b u t e s
•  T h e  b e h a v i o u r  f o r  e a c h  b o ld  i s  c o m p u t e d
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•  E a c h  b o i d  i s  m o v e d  a n d  t r a n s f o r m e d  a c c o r d i n g  to  t h e  b e h a v i o u r  c o m p u t e d
•  T h e  b o i d s  a r e  r e n d e r e d  in  t h e  s c e n e

2 41 Initialisation

T h e  d e s ig n e r  s e l e c t s  t h e  n u m b e r  o f  b o i d s  m  t h e  e n v i r o n m e n t  a t  s t a r t  u p  E a c h  b o i d ’ s  
in i t i a l  p o s i t i o n  c a n  b e  a s s ig n e d  b y  t h e  d e s i g n e r  o r  c a n  b e  r a n d o m l y  c h o s e n  E a c h  b o i d ’s  
v e lo c i ty ,  a c c e l e r a t i o n ,  o r i e n t a t i o n  a n d  p o s i t i o n  a r e  r e s t n c t e d  b y  th e  m o v e m e n t  
c h a r a c t e r i s t i c s  o f  t h e  c r e a tu r e  b e i n g  s i m u l a t e d  E a c h  b o id  c a n  b e  s e t  r a n d o m l y  w i th i n  t h e  
l im i t s  o f  t h e  m o v e m e n t  m o d e l  o r  a s s i g n e d  d i r e c t l y  b y  th e  d e s i g n e r  T h e  in i t i a l  p o s i t i o n  
a n d  o r i e n t a t i o n  a r e  s im i l a r ly  l i m i t e d  b y  th e  c r e a t u r e ’s  c h a r a c t e r i s t i c s  F o r  i n s t a n c e  i f  a n  
a n im a l  l i k e  a  w i ld e b e e s t  i s  b e in g  s im u la t e d ,  t h e n  e a c h  c r e a t u r e  w o u l d  b e  c o n s t r a i n e d  to  
g r o u n d  le v e l ,  a n d  b e  o r i e n t e d  in  a n  u p w a r d  d i r e c t i o n

2 4 2 Geometric Model

T y p i c a l l y  t h e  d e s i g n e r  c r e a t e s  a  g e o m e t r i c  m o d e l  f o r  t h e  c r e a t u r e  T h e  g e o m e t n c  m o d e l  i s  
a  m e s h  o f  p o l y g o n s  r e p r e s e n t i n g  w h a t  t h e  c r e a t u r e  l o o k s  l i k e  o n  t h e  s c r e e n  T h e n  a n  
a n im a t io n  c y c l e  i s  d e s i g n e d  f o r  t h e  c r e a tu r e ,  f o r  i n s t a n c e  a  r u n  c y c l e  f o r  a  l a n d  a n im a l

2 4 3 Flight Model
T h e  f l o c k i n g  a l g o r i t h m  w e  a r e  m o s t  i n t e r e s t e d  in  i s  f l o c k in g  b i r d s  T h e  m e c h a n i c s  a n d  
p h y s i c s  o f  b i r d  f l i g h t  i s  q u i t e  c o m p l e x  [ D a v 9 4 ]  F o r  t h e  p u r p o s e s  o f  t h i s  f l o c k i n g  m o d e l  a  
v e r y  s im p le  f l i g h t  m o d e l  i s  u s e d  T h e  f l i g h t  m o d e l  i s  b a s e d  o n  th e  c h a r a c t e r  m o v i n g  in  th e  
d i r e c t io n  i t  i s  p o in t i n g ,  u t i l i s i n g  a  n u m b e r  o f  s t e e n n g  r o t a t i o n s  ( p i t c h  a n d  y a w ) ,  w h ic h  
r e a l i g n  th e  g lo b a l  o r i g i n  A  m a x i m u m  s p e e d  a n d  m a x i m u m  a c c e l e r a t i o n  i s  d e f in e d  f o r  t h e  
b o id  m o d e l

T o  m o d e l  g r a v i ty  t h e  b o i d  w o u l d  b e  a c c e l e r a t e d  d u e  to  g r a v i t y  e v e r y  f r a m e  T h i s  w o u l d  
h a v e  th e  e f f e c t  o f  t h e  b o id  f a l l i n g  t o w a r d s  t h e  g r o u n d  u n l e s s  a n o t h e r  f o r c e  w a s  a p p l i e d  to  
k e e p  i t  i n  t h e  a i r  M o d e l l i n g  a e r o d y n a m i c  l i f t  w h i c h  i s  a l i g n e d  t o  t h e  b o i d  ‘u p ’ d i r e c t i o n ,  
p r o d u c e s  a n  e f f e c t  l i k e  t h e  b o i d  m o v i n g  q u i c k e r  f l y in g  d o w n  a n d  s l o w i n g  d o w n  w h e n
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f l y in g  u p ,  a n d  n o r m a l  l e v e l  f l i g h t  S t e e r i n g  i s  p e r f o r m e d  b y  a p p l y i n g  t h r u s t  in  t h e  
a p p r o p r i a t e  d i r e c t i o n

2.4 4 Perceptions

M o d e l in g  v i s i o n  is  a  d i f f i c u l t  a n d  c o m p l i c a t e d  t a s k  a n d  m u c h  r e s e a r c h  i s  b e i n g  c o n d u c te d  
m  t h i s  a r e a  T h e  p e r c e p t i o n  m o d e l  u s e d  m a k e s  a v a i l a b l e  t o  t h e  b o i d s  t h e  s a m e  
in f o r m a t i o n  t h a t  w o u l d  b e  a v a i l a b l e  t o  a  r e a l  c r e a t u r e  i e  n e a r b y  n e i g h b o u r s  p o s i t i o n  a n d  
v e l o c i t y  a n d  a n y  v i s i b l e  o b s t a c l e s

R e y n o ld s  d e c i d e d  u p o n  b o i d s  o n ly  b e i n g  g iv e n  in f o r m a t i o n  a b o u t  n e a r b y  f l o c k - m a t e s  
S im u l a t e d  b o i d s  c o u l d  h a v e  d i r e c t  a c c e s s  to  a l l  i n f o r m a t i o n  a b o u t  e a c h  o f  t h e  o t h e r  b o id s  
m  t h e  f l o c k  R e a l  f l o c k  m e m b e r s  h a v e  l i m i t e d  v i s i o n  a n d  n e a r b y  f lo c k  m e m b e r s  o b s c u r e  
t h e  f u r t h e r  a w a y  m e m b e r s  T h e y  h a v e  i n a c c u r a t e  i n f o r m a t i o n  a b o u t  t h e  s u r r o u n d i n g  
f l o c k  I n  f i s h  s c h o o l s ,  t h e  f i s h  h a v e  e v e n  l e s s  v i s i o n ,  b e c a u s e  o f  t h e  d e c r e a s e d  v i s i b i l i t y  in  
w a t e r  A l s o  m  h e r d i n g  a n i m a l s  t h e i r  v i e w  is  v e r y  m u c h  r e s t r i c t e d  to  a  f e w  s u r r o u n d i n g  
a n i m a l s  T h e s e  f a c t o r s  c o m b i n e  to  o n ly  a l l o w  b o i d s  i n f o r m a t i o n  a b o u t  c lo s e - b y  f l o c k  
m e m b e r s

I f  a l l  b o i d s  h a d  i n f o r m a t i o n  a b o u t  a l l  t h e  o t h e r  b o i d s  t h e n  t h e  u r g e  o f  t h e  b o i d s  to  s ta y  
c lo s e  t o  i t s  s u r r o u n d i n g  n e i g h b o u r s  m a k e s  th e  b o i d s  w a n t  to  m o v e  t o w a r d s  th e  c e n t r a l  
p o i n t  m  t h e  f l o c k  W h e n  t h e  b o i d s  a r e  i n i t i a l l y  c r e a t e d ,  w i d e l y  s e p a r a t e d  b o i d s  w i th i n  th e  
w o r ld  w i l l  c o n v e r g e  to  a  s i n g le  p o i n t  a t  t h e  c e n t r e  o f  a l l  t h e  b o i d s  in  t h e  s p a c e  T h i s  is  
v e r y  u n - f l o c k - h k e  b e h a v i o u r  R e y n o l d s  f o u n d  t h a t  f l o c k i n g  b e h a v i o u r  d e p e n d s  o n  e a c h  
f lo c k  m e m b e r  h a v i n g  a  l o c a l i s e d  v i e w  o f  t h e  f l o c k  A  n e a r b y  f l o c k - m a t e  i s  s im p ly  a  b o id  
w i th m  a  s p h e n c a l  r e g i o n  a b o u t  a n o t h e r  b o id  T h e  b o i d s  a r e  m o r e  s e n s i t i v e  to  c l o s e r  
n e i g h b o u r s  T h i s  s e n s i t i v i t y  i s  p r o p o r t i o n a l  t o  t h e  d i s t a n c e  b e t w e e n  t h e  b o i d s
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W e  s ta r t  w i th  a  m o d e l  t h a t  s u p p o r t s  g e o m e t r i c  f l i g h t  o r  g e o m e t n c  s w i m m i n g  o r  in  th e  
c a s e  o f  a n im a l s  g e o m e t n c  r u n n i n g  T h e  t h r e e  b e h a v i o u r s  i n v o l v e d  in  f l o c k i n g ,  s c h o o l i n g  
o r  h e r d in g  a r e  a s  f o l lo w s

1 Match Velocity A t te m p t  t o  m a tc h  th e  v e l o c i t y  o f  n e a r b y  f l o c k - m a t e s
2  Flock Centring A t te m p t  t o  s t a y  c lo s e  to  t h e  n e a r b y  f l o c k - m a t e s
3 Avoidance A v o i d  c o l l i d i n g  n e a r b y  f l o c k - m a t e s

2 4 5 Match Velocity

T h e  M a t c h  V e l o c i t y  b e h a v i o u r  e n a b le s  t h e  f l o c k  m e m b e r s  to  g o  in  t h e  s a m e  d i r e c t i o n  a n d  
a t  t h e  s a m e  s p e e d  a s  t h e i r  n e a r b y  f l o c k - m a t e s  T h i s  b e h a v i o u r  o n  i t s  o w n  c a u s e s  n e a r b y  
f lo c k - m a t e s  to  t r a v e l  in  th e  s a m e  d i r e c t i o n  a n d  s p e e d  C l o s e r  n e i g h b o u r s  c a u s e  th e  b o id  to  
s t e e r  m o r e  to  m a t c h  t h e i r  v e l o c i t y  T h e  r e l a t i o n s h i p  i s  p r o p o r t i o n a l  to  t h e  s q u a r e  o f  t h e  
d i s t a n c e  b e t w e e n  th e m  F i g u r e  2  5 i l l u s t r a t e s  t h e  m a tc h  v e l o c i t y  b e h a v i o u r
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2 4 6 Flock Centring

Fig 2 6 I l l u s t r a t e s  t h e  F l o c k i n g  C e n t r i n g  u r g e  o f  t h e  f l o c k
m e m b e r

T h e  F l o c k  C e n t n n g  b e h a v i o u r  m a k e s  a  b o i d  w a n t  to  b e  n e a r  t h e  c e n t r e  o f  t h e  f l o c k  a s  
i l l u s t r a t e d  in  f ig u r e  2  6  E a c h  b o i d ’s  n o t i o n  o f  t h e  c e n t r e  o f  t h e  f l o c k  i s  a  l o c a l i s e d  c e n t r e  
I t  i s  a c tu a l ly  t h e  c e n t r e  o f  t h e  n e a r b y  f l o c k - m a t e s  T h e  f l o c k - c e n t r i n g  u r g e  d e p e n d s  o n  
w h e r e  t h e  b o id  is  in  r e l a t i o n  to  t h e  r e s t  o f  t h e  f l o c k  A t  t h e  c e n t r e  o f  t h e  f l o c k ,  i t s ’ 
n e i g h b o u r s  b e in g  a p p r o x i m a t e l y  e v e n l y  d i s t r i b u t e d  a b o u t  t h e  b o id ,  t h e  f l o c k  c e n t n n g  u r g e  
is  l o w  A t  t h e  o u t s i d e  o f  t h e  f l o c k  t h e  b o i d ’s  l o c a l  f l o c k - m a t e s  a r e  m o r e  d i s t n b u t e d  
to w a r d s  t h e  i n s id e  o f  t h e  f l o c k  a n d  t h e  f l o c k  c e n t r i n g  b e h a v i o u r  c a u s e s  t h e  b o id  to  s t e e r  
t o w a r d s  t h i s  c e n t r e  T h e  f a r t h e r  a w a y  t h e  b o i d  i s  f r o m  t h e  f l o c k  c e n t r e  t h e  m o r e  i t  i s  
a t t r a c te d  to  i t  T h e  f o r c e  o f  t h i s  a t t r a c t i o n  is  p r o p o r t i o n a l  to  t h e  s q u a r e  o f  t h e  d i s t a n c e
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2.4 7 Avoidance

Figure 2 7  I l l u s t r a t e s  C o l l i s i o n  A v o i d a n c e  b e h a v i o u r s

T o  m a k e  th e  b o i d s  s t a y  a  c e r t a in  d i s t a n c e  f r o m  e a c h  o t h e r  A v o i d a n c e  is  e m p l o y e d  a s  is  
i l l u s t r a t e d  in  f i g u r e  2  7  W h e n  a  b o i d  is  w i th i n  a  c e r t a in  d i s t a n c e  f r o m  o n e  o f  i t s  
n e i g h b o u r s  i t  i s  r e p e l l e d  f r o m  i t  s o  a s  n o t  to  c o l l i d e  w i th  i t  A s  th e  b o id  m o v e s  c l o s e r  to  
th e  n e i g h b o u r i n g  b o id ,  t h e  f o r c e  o f  r e p u l s i o n  i n c r e a s e s  p r o p o r t i o n a l l y  to  t h e  s q u a r e  o f  t h e  
d i s t a n c e  b e t w e e n  th e  b o id  a n d  i t s  n e i g h b o u r

2.4 8 Combining the Behaviours

T h e s e  t h r e e  b e h a v i o u r s  a l l o w  t h e  b o i d s  t o  e x h i b i t  f l o c k  l i k e  m o t i o n  A  s i m p l e  a v e r a g e  o f  
t h e  t h r e e  b e h a v i o u r s  i s  u s e d  b y  [ R e y 8 7 ]  H e  f i n d s  t h a t  a  s i m p l e  c o m b i n a t i o n  o f  w e i g h t e d  
b e h a v i o u r a l  a c c e l e r a t i o n  w o r k s  w e l l  t o  m i m i c  t h e  a g g r e g a t e  m o t i o n  o f  c r e a t u r e s  
e x h i b i t i n g  f lo c k i n g  b e h a v i o u r  T u  a n d  T e r z o p o u l o s  [ T u 9 6 ]  p r e s e n t  a  m o r e  c o m p l e x  
t e c h n iq u e  f o r  c o m b i n i n g  b e h a v i o u r s  i n  t h e i r  “ A r t i f i c i a l  F i s h ”  e n v i r o n m e n t  T h e  v i r t u a l  
f i s h e s  a r e  a l s o  c o n c e r n e d  w i th  s u c h  b e h a v i o u r s  a s  e a t in g ,  m a t i n g ,  p r e d a t o r  a v o i d a n c e  a n d  
a l s o  s c h o o l in g  E a c h  f i s h  h a s  t h r e e  m e n ta l  s t a te  v a r i a b l e s ,  h u n g e r ,  l ib id o  a n d  f e a r ,  t h e  
r a n g e  o f  e a c h  b e i n g ,  b e t w e e n  0  0  a n d  1 0  T h e s e  m e n t a l  s t a t e s  a r e  c o m p u t e d  u s i n g  a
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n u m b e r  o f  v a r i a b l e s  I n  t h e  c a s e  o f  H u n g e r  i t  w o u l d  d e p e n d  o n  th e  a m o u n t  o f  f o o d  
c o n s u m e d ,  d i g e s t i o n  r a t e ,  a n d  t i m e  s in c e  l a s t  m e a l  T h e  h i g h e r  v a lu e s  c o r r e s p o n d  to  
s t r o n g e r  u r g e s  to  e a t ,  m a te ,  o r  a v o i d  d a n g e r  H a v in g  c o m p u t e d  th e  m e n t a l  s t a te  v a r i a b l e s  
t h e  i n t e n t i o n  g e n e r a to r  i s  u s e d  to  d e t e r m i n e  t h e  n e w  v e l o c i t y  o f  t h e  f i s h  F o r  i n s t a n c e  f i r s t  
c h e c k  i f  th e r e  is  im m e d i a t e  d a n g e r  1 e  f r o m  a  p r e d a t o r ,  i f  n o  d a n g e r  t h e n  d e p e n d i n g  o n  
th e  m e n ta l  s t a t e  o f  t h e  f i s h  i t  m a y  e a t ,  m a te  o r  s c h o o l

2 4 9 Impromptu Flocking

W ith  t h e  a b o v e  b e h a v i o u r s ,  t h e  d i r e c t i o n  o f  a  f l o c k  i s  v e r y  d i f f i c u l t  to  d e t e r m i n e  f r o m  a  
g iv e n  in i t i a l  p o s i t i o n  a n d  v e l o c i t i e s  o f  t h e  i n d iv id u a l  b o i d s  B o id s  t h a t  a r e  n e a r  e a c h  o t h e r  
f o r m  in to  f l o c k s  A f t e r  a  b r i e f  t i m e  t h e  g r o u p  w i l l  s e t t l e  d o w n  a n d  e a c h  m e m b e r  w i l l  g o  in  
a p p r o x i m a t e l y  t h e  s a m e  d i r e c t i o n  a n d  a t  t h e  s a m e  s p e e d

I f  t h e  f l o c k  m e m b e r s  a r e  to o  c lo s e  t o g e t h e r  t h e r e  w i l l  b e  a  b r i e f  e x p a n s i o n  p e r i o d  w h e r e  
t h e  d e s i r e  o f  t h e  b o i d s  n o t  to  c o l l i d e  w i th  i s  n e i g h b o r s  w i l l  c a u s e  t h e m  to  m o v e  f u r t h e r  
a p a r t  f r o m  e a c h  o t h e r  u n t i l  t h e  f l o c k  b e c o m e s  s t a b l e  T h a t  i s  m o v i n g  in  t h e  s a m e  d i r e c t i o n  
a n d  s p e e d  a n d  a  a p p r o x i m a t e l y  a  c o n s t a n t  d i s t a n c e  b e t w e e n  f l o c k  m e m b e r s  A l s o  w h e n  
f lo c k s  m e e t  e a c h  o t h e r  t h e y  t e n d  t o  j o i n  t o g e t h e r  in to  l a r g e r  f l o c k s

2 4 10 Scripted Flocking

I t  i s  s o m e t im e s  n e c e s s a r y  in  a n i m a t i o n ,  i n t e r a c t i v e  o r  p r e - r e n d e r e d ,  to  b e  a b l e  to  c o n t r o l  
t h e  d i r e c t i o n  o f  t h e  f l o c k  T h i s  i s  t h e  c a s e  in  a  c o m p u t e r  g a m e ,  w h e r e  t h e  f l o c k  m a y  g o  
f r o m  o n e  p o i n t  to  a n o t h e r  a t  a  p r e d e f i n e d  m o m e n t  in  t i m e  T h e  f l o c k i n g  b e h a v i o u r s  a lo n e  
w i l l  n o t  a l l o w  f o r  d i r e c t e d  c o n t r o l  o v e r  t h e  f l o c k  A n o t h e r  b e h a v i o u r  s u c h  a s  a  ‘s e e k  
G o a l ’ is  r e q u i r e d  w h i c h  t e l l s  t h e  b o i d s  to  g o  t o w a r d s  a  g lo b a l  t a r g e t  [ f ig u r e  2  8 ] T h e  
g lo b a l  t a r g e t  c o u ld  b e  m o v e d  to  g u i d e  t h e  f l o c k  a r o u n d  a  3 D  w o r ld
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2.4 11 Avoiding Obstacles

I n  n a tu r e ,  f l o c k s  w i l l  s o m e t im e s  s p l i t  w h i l e  g o in g  a r o u n d  a n  o b s t a c l e  a n d  j o i n  t o g e t h e r  a t  
t h e  o t h e r  s id e  o f  t h e  o b s t a c l e  T h e  s i m u l a t e d  f l o c k  m u s t  a l s o  a c t  i n  t h e  s a m e  w a y  I f  a n  
o b s t a c l e  i s  s m a l l  e n o u g h ,  w h e n  th e  b o i d s  r e a c h  th e  o t h e r  s id e  t h e y  a r e  s t i l l  n e a r b y  e n o u g h  
to  b e  w i th i n  v i s i b l e  r a n g e  o f  e a c h  o t h e r  a n d  w i l l  g r o u p  t o g e t h e r  in to  a  f l o c k

T h e r e  a r e  a  n u m b e r  o f  m e t h o d s  f o r  c o l l i s i o n  a v o i d a n c e  w i th  o b s t a c l e s  in  v i r t u a l  
e n v i r o n m e n t s  A s  o b je c t s  m o v e  a r o u n d  th e  s c e n e ,  t e c h n iq u e s  a r e  n e e d e d  to  s t e e r  t o  a v o id  
c o l l i s i o n s  w i t h  o t h e r  o b j e c t s  T o  b e  m o r e  r e a l i s t i c  t h i s  s t e e r in g  a c c e l e r a t i o n  i s  b o u n d e d ,  
a n d  c o l l i s i o n s  m a y  b e  p o s s i b l e  a s  i n  t h e  r e a l  w o r ld

Complex Planning T h e s e  m e t h o d s  c a n  b e  v e r y  c o m p l e x  a n d  m a y  in v o lv e  t h e  o b j e c t  
g o in g  in  t h e  o p p o s i t e  d i r e c t i o n  to  i t s  g o a l  t o  n a v i g a t e  a  s e r i e s  o f  o b s t a c l e s ,  m a i n l y  to  
a v o id  g o in g  d o w n  d e a d - e n d s  e tc  T h e r e  a r e  c o m p l i c a t e d  a v o i d a n c e  t e c h n iq u e s  u s i n g  A I  
c o n c e p t s  s u c h  a s  m e m o r y ,  l e a r n in g  a n d  p l a n n i n g  [ C h a 8 7 ]  O t h e r s  a p p ly  in c r e m e n t a l
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h e u r i s t i c s  f r a m e  b y  f r a m e  w i th  n o  m e m o r y ,  n o  p l a n n i n g  a n d  n o  l e a r n i n g  T h e  f o l lo w in g  
a r e  l e s s  s o p h i s t i c a t e d  s c h e m e s  [ R e y 8 7 ]

C o m p l i c a t e d  m o t i o n  p l a n n i n g  r e q u i r e s  a  g lo b a l  k n o w l e d g e  o f  t h e  w o r l d  T h i s  c a n  b e  
a c h ie v e d  b y  a n  e n t i t y  n a v i g a t i n g  a r o u n d  a n  e n v i r o n m e n t  a n d  l e a r n i n g  i n f o r m a t i o n  a b o u t  i t  
a n d  s t o n n g  i t  s o  i t  c a n  b e  u s e d  to  n a v i g a t e  m o r e  e f f i c i e n t l y  T h e  p l a n n i n g  d e s c n b e d  h e r e  
is  p l a n n i n g  d o n e  “ o n  t h e  f l y ”  w i th  n o  g lo b a l  k n o w l e d g e ,  n o  l e a r n i n g  o r  s t o r i n g  o f  
i n f o r m a t io n

A v o i d a n c e  t e c h n iq u e s  a r e  b a s e d  o n  th e  g e o m e t r i c  m o d e l s  o f  t h e  o b s t a c l e s  F o r  a n  o b j e c t  
to  a v o i d  c o l l i s i o n  w i th  a n o t h e r  i t  m u s t  d e t e r m i n e  th e  o b s t a c l e s  m  i t s  p a t h  a n d  c o m p u t e  a  
d i r e c t i o n  to  s t e e r

Steer Away from Surface

T h e  s t e e r  a w a y  f r o m  s u r f a c e  o r  f o r c e  f i e ld  a p p r o a c h  s u p p o s e s  t h a t  a  f o r c e  f i e ld  is  
e m a n a t i n g  f r o m  th e  s u r f a c e  o f  t h e  o b s t a c l e  T h e  m o v i n g  o b j e c t  i s  a c c e l e r a t e d  a w a y  f r o m  
t h e  s u r f a c e  o f  t h e  o b s t a c l e  b y  a  f o r c e  w h o s e  m a g n i t u d e  i s  i n v e r s e l y  p r o p o r t i o n a l  to  t h e  
d i s t a n c e  to  t h e  o b j e c t  U s i n g  t h i s  a p p r o a c h  th e  s t e e r i n g  a c c e l e r a t i o n  c a n  b e  e a s i ly  
c a l c u l a t e d  T h e  m o t i o n  p r o d u c e d  b y  th e  t e c h n iq u e  d o e s  n o t  c o r r e s p o n d  v e r y  w e l l  to  o u r  
i n t u i t iv e  n o t i o n  o f  s t e e n n g  c o n t r o l  I f  t h e  o b j e c t  i s  m o v i n g  d i r e c t l y  t o w a r d s  a  w a l l ,  t h e  
f o r c e  w o u ld  b e  d i r e c t l y  m  th e  o p p o s i t e  d i r e c t i o n  s o  w o u l d  h a v e  o n l y  a  s l o w i n g  d o w n  
e f f e c t  o n  th e  m o v i n g  o b j e c t  T h i s  a p p r o a c h  w o r k s  w e l l  w h e n  a n  o b j e c t  a p p r o x i m a t e s  a  
s p h e r e

37



F ig u re  2 9 Boids are steered away from Surface by the Force vector 
Boid A is steered away and avoid possible collision Boids B was not on 

an intercept course, yet still is steered away from surface

T h e  s t e e r  a w a y  f r o m  s u r f a c e  o b s t a c l e  a v o i d a n c e  t e c h n iq u e  d o e s n ’t  t a k e  in to  a c c o u n t  t h e  
d i r e c t i o n  th e  c h a r a c t e r  i s  m o v i n g  i n  a s  in  F ig u r e  2  9  T h e  g lo b a l  d i r e c t i o n  o f  t h e  s t e e r in g  
f o r c e  is  th e  s a m e  in  a  g iv e n  p o s i t i o n  r e g a r d l e s s  o f  t h e  d i r e c t i o n  t h e  o b j e c t  i s  t r a v e l l i n g  in  
T h i s  h a s  t h e  e f f e c t  o f  s t e e n n g  a  c h a r a c t e r  a w a y  f r o m  th e  o b s t a c l e  e v e n  t h o u g h  i t  m a y  b e  
t r a v e l l i n g  a lo n g  t h e  s id e  o f  t h e  o b s t a c l e  A  m o v i n g  o b j e c t  n e e d  o n ly  r e a c t  to  o b s t a c l e s  in  
i t s  p a th

Steer away from Centre

W ith  th e  s t e e r  a w a y  f r o m  c e n t r e  a p p r o a c h  th e  o b s t a c l e  i s  c o n s i d e r e d  a s  a  p o i n t  a n d  th e  
o b j e c t  s t e e r s  in  th e  d i r e c t i o n  o p p o s i t e  to  t h e  c e n t r e  o f  t h e  o b s t a c l e  ( s e e  f i g u r e  2  1 0 ) I f  t h e  
c e n t r e  o f  t h e  o b s t a c l e  i s  t o  t h e  r i g h t  t h e n  i t  s t e e r s  to  t h e  le f t ,  i f  t h e  c e n t r e  i s  a b o v e  th e  p a th  
o f  t h e  m o v in g  o b j e c t  t h e n  th e  o b j e c t  d i v e s  d o w n  T h e  t e c h n iq u e  w o r k s  w e l l  w i th  
o b s t a c l e s  t h a t  c lo s e ly  r e s e m b l e  s p h e r e s  S im i l a r  to  t h e  s t e e r  a w a y  f r o m  s u r f a c e  m e th o d ,  
th e r e  i s  a  d e a d  s p o t  in  t h e  m i d d l e  o f  t h e  o b s t a c l e ,  in  t h i s  i n s t a n c e  th e  o b j e c t  m e r e ly  s lo w s  
d o w n

I n  t h e  a b o v e  t e c h n iq u e s  s m a l l  a d j u s t m e n t s  i n  v e l o c i t y  f a r  a w a y  f r o m  t h e  o b s t a c l e  c a n  
m a k e  r o b u s t  c o l l i s i o n  a v o i d a n c e  f o r  s i m p l e  e n v i r o n m e n t s  T h e  s t e e n n g  b e h a v i o u r ’s
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s t r e n g th  c o u ld  b e  m a d e  a  f u n c t i o n  o f  d i s t a n c e  s im i l a r l y  to  t h e  s t e e r  a w a y  f r o m  s u r f a c e .  A  
m i n i m u m  d i s t a n c e  to  w h ic h  a n  o b s t a c l e  h a s  a n  e f f e c t  o n  a  m o v i n g  o b j e c t  c o u ld  a l s o  b e  
u s e d .  A s  th e  o b j e c t  g o e s  c l o s e  to  t h e  o b s t a c l e  t h e  s t e e r in g  f o r c e  in c r e a s e s  s o  a s  to  a v o id  
c o l l i s io n .

F igu re  2.10 Steer away from Center. The vector from the center o f  the obstacle 
to the boid is used to steer the boid away from the obstacle. Boid A is steered 

towards the left and Boid B towards the right o f  the object.

S t e e r  A l o n g  S u r f a c e

T h e  s t e e r  a lo n g  s u r f a c e  a p p r o a c h  is  f a m i l i a r  to  a n y b o d y  w h o  h a s  w a l k e d  d o w n  a  d a r k  
c o r r i d o r  u s in g  t h e i r  h a n d s  to  g u id e  t h e m  b y  f e e l in g  f o r  t h e  w a l l .  O n ly  w h e n  y o u  t o u c h  th e  
w a l l  w i th  y o u r  h a n d s  d o  y o u  c h a n g e  d i r e c t io n .  I n  t h i s  i n s t a n c e ,  y o u r  a r m s  a r e  u s e d  a s  
p r o b e s  to  t e s t  f o r  n e a r b y  o b s t a c l e s .  A  c o m p u t a t i o n a l  s i m u l a t i o n  o f  s u c h  a  p r o b e  c a n  b e  
u s e d  to  i m p le m e n t  a  s im p le  a n d  r o b u s t  c o l l i s i o n  a v o i d a n c e  t e c h n iq u e .  A s  m e n t i o n e d  
e a r l i e r  a  m o v i n g  o b j e c t  i s  m o s t  c o n c e r n e d  w i th  o b s t a c l e s  d i r e c t l y  in  f r o n t  o f  i t  a n d  in  i t s  
p a th .  C o n s i d e r  a  s i m u la t e d  p r o b e  o r  f e e l e r  t h a t  e x t e n d s  d i r e c t l y  f o r w a r d  f e e l in g  f o r  a  
m o v i n g  o b je c t .  W h e n  th e  p r o b e  t o u c h e s  i t  w i l l  b e  d e f l e c t e d  l a t e r a l ly .  I f  t h e  m o v i n g  o b j e c t  
t h e n  s t e e r s  in  t h e  d i r e c t i o n  o f  t h e  d e f l e c t i o n  th e  p r o b e  w i l l  s w in g  a w a y  f r o m  a n  o b s t a c l e  
( s e e  f i g u r e  2 .1 1 ) .  T h i s  f e e d b a c k  w i l l  t e n d  to  k e e p  th e  m o v i n g  o b je c t  f r o m  a i m i n g  a t  
n e a r b y  o b je c ts ;  h e n c e  i t  w i l l  s t e e r  a w a y  f r o m  c o l l i s i o n s .  T h i s  t e c h n iq u e  h a s  a  c e r t a i n
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a m o u n t  o f  p r e d i c t i v e n e s s .  W h a t  t h e  p r o b e  d o e s  i s  g iv e  a n  i n d i c a t i o n  o f  w h e r e  t h e  o b je c t  
w i l l  b e  a f t e r  a  c e r t a in  a m o u n t  o f  t i m e  i f  i t  c o n t i n u e s  o n  th e  s a m e  p a th .  T h e  l e n g th  o f  th e  
p r o b e  c a n  b e  in c r e a s e d  a s  t h e  v e l o c i t y  i s  in c r e a s e d .  T h e  l e n g th  o f  t h e  p r o b e  d e t e r m i n e s  
h o w  m u c h  t i m e  p r i o r  to  a  p o t e n t i a l  c o l l i s i o n  i s  a l l o c a t e d  to  s t e e r i n g  a w a y  f r o m  o b s t a c l e s .

F i g u r e  2 .1 1  T h e  B o i d ’s  p r o b e  in t e r s e c t s  t h e  s u r f a c e  a n d  i t  i s  
r e f l e c t e d  a w a y  b y  v e c t o r  N ,  ( w h i c h  i s  a  n o r m a l  o f  th e  

s u r f a c e ) .  T h e  f ig u r e  s h o w s  t h e  B o id  B  a s  i t  m o v e s  a lo n g ,  
e a c h  t i m e  th e  p r o b e  h i t s  t h e  s u r f a c e  i t  i s  d e f l e c t e d  .

S t e e r  T o w a r d s  S i l h o u e t t e  E d g e .

T h i s  a p p r o a c h  b y  C a n n y  [ C a n 8 7 ]  s t e e r s  t h e  o b j e c t  t o w a r d s  i t s  n e a r e s t  s i l h o u e t t e  e d g e .  
W i th  r e g a r d  to  c o l l i s i o n  a v o i d a n c e  th e  m o s t  im p o r t a n t  f e a tu r e  o f  a n  o b s t a c l e  i s  i t s  
s i l h o u e t t e  f r o m  th e  p o i n t  o f  t h e  v i e w  o f  a  m o v i n g  o b j e c t  ( s e e  f i g u r e  2 .1 2 ) .  A  c l o s e d  c u r v e  
r e p r e s e n t i n g  th e  s i l h o u e t t e  c a n  b e  d i r e c t l y  c o m p u t e d  f r o m  t h e  o b s t a c l e ’s  g e o m e t r i c  s h a p e .  
S o  a s  to  e n a b le  t h e  m o v i n g  o b j e c t  to  m i s s  t h e  o b s t a c l e  t h e  c u r v e  m u s t  b e  e n l a r g e d  b y  a  
s i z e  r e l a t e d  to  t h e  o b j e c t  a n d  t h e  a m o u n t  o f  c l e a r a n c e  w a n t e d  b e t w e e n  th e  o b s t a c l e  a n d  
th e  m o v i n g  o b je c t .  T h e  s i l h o u e t t e  i s  c o m p u t e d  b y  p r o j e c t i n g  th e  o b s t a c l e  o n to  t h e  lo c a l  
X Y Z  p la n e  o f  t h e  m o v i n g  o b je c t .  I f  t h e  e n l a r g e d  s i l h o u e t t e  c o n t a in s  t h e  o r i g i n  t h e n  t h e  
o b s t a c l e  is  d e a d  a h e a d  o n  i t s  c u r r e n t  c o u r s e .  T h e  m o v i n g  o b j e c t  m u s t  s t e e r  to  a v o i d  i t ,  t h e  
m o s t  e f f i c i e n t  d i r e c t i o n  to  t u r n  t o w a r d  i s  t h a t  p o r t i o n  o f  t h e  s i l h o u e t t e  c u r v e  t h a t  i s  c l o s e s t  
to  t h e  o r ig in .  T h e r e  m a y  b e  b e t t e r  p o i n t s  o n  th e  s i l h o u e t t e  to  s t e e r  t o w a r d s ,  f o r  i n s t a n c e
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m a y b e  a  p o i n t  c lo s e r  to  t h e  p r o j e c t i o n  o f  t h e  g o a l  w o u l d  b e  m o r e  e f f i c i e n t  f o r  t h e  b o id  to  
s t e e r  a r o u n d  th e  o b s ta c le .

F i g u r e  2 .1 2  T h e  o b j e c t  s t e e r s  t o w a r d s  t h e  c l o s e s t  p o i n t  o n  th e  
s i l h o u e t t e  t h a t  i t  c a n  s t e e r  b y  th e  o b s t a c l e .  P o i n t  1 i s  t h e  

n e a r e s t  p o i n t  o n  th e  s i l h o u e t t e .  P o i n t  2  is  a  s i m i l a r  p o i n t  o n  
t h e  e n l a r g e d  s i l h o u e t t e .  T h e  b o id  s t e e r s  t o w a r d s  p o i n t  2 .

Z - B u f f e r  b a s e d  T e c h n i q u e s

O b s ta c l e  a v o id a n c e  b a s e d  o n  a  Z - b u f f e r  im a g e  c a n  b e  u s e d  [ K u f 9 9 ] .  T h e  a lg o r i t h m  
a t t e m p t s  to  f in d  th e  p ix e l  r e p r e s e n t i n g  th e  l o n g e s t  c l e a r  p a t h  t h r o u g h  th e  o b s t a c l e s .  T o  
in c r e a s e  t h e  e f f i c i e n c y  i t  m a y  w o r k  w i th  v e r y  l o w - r e s o l u t i o n  im a g e s ,  w h ic h  w o r k  w e l l  
w i th  s im p le  e n v i r o n m e n t s ,  b u t  n o t  w e l l  f o r  c r o w d e d  w o r l d s  a s  b y  th e  t i m e  th e  im a g e  is  
f i l t e r e d  d o w n  to  t h e  l o w e r  r e s o l u t i o n  im a g e ,  i t  i s  t o o  f u z z y  to  r e s o l v e  s m a l l  c l e a r  s p a c e s

U s i n g  a  z - b u f f e r  to  s t e e r  t o w a r d s  t h e  l a r g e s t  c l e a r  p a th  is  a  v e r y  r o b u s t  t e c h n iq u e  e v e n  in  
a  v e r y  c o m p l e x  e n v i r o n m e n t .  I t  r e q u i r e s  a  c o n s t a n t  t i m e  to  m a k e  d e c i s i o n s  a b o u t  s t e e r in g  
r e g a r d l e s s  o f  t h e  c o m p l e x i t y  o f  t h e  w o r ld .  A l th o u g h  i t  m a y  s t i l l  l e a d  a n  o b j e c t  in to  d e a d ,  
e n d s  m o r e  s o p h i s t i c a t e d  l e a r n in g  a n d  p l a n n i n g  i s  n e e d e d  to  n a v i g a t e  t h r o u g h  s o m e  
c o m p le x  e n v i r o n m e n t s .
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2 4 12 Algorithmic Considerations.

I n  t h e  f l o c k i n g  s y s t e m  d e s c r i b e d  in  s e c t i o n  3 4  t h e  a l g o r i t h m  c h e c k s  e a c h  b o l d  a g a i n s t  
e v e r y  o t h e r  b o ld  in  t h e  w o r l d  t o  e i t h e r  i n c l u d e  i t  a s  a  n e a r b y  n e i g h b o u r  o r  d i s r e g a r d  i t  
T h e r e f o r e  t h e  c o m p le x i ty  o f  t h e  a l g o r i t h m  is  0(n2) w h e r e  n i s  t h e  n u m b e r  o f  b o id s  m  th e  
w o r l d  I t  i s  t h i s  c o m p l e x i t y  t h a t  w e  h a v e  i m p r o v e d  in  o u r  r e s e a r c h  T h e  f i r s t  p o t e n t i a l  
i m p r o v e m e n t  i s  to  c u l l  m o s t  o f  t h e  b o i d s  f r o m  th e  c o m p u t a t i o n  T h i s  i s  a c c o m p l i s h e d  b y  
i m p o s in g  a  h i e r a r c h i c a l  s t r u c tu r e  o n  th e  b o i d s  w h i c h  w h e n  t r a v e r s e d  to  f i n d  n e a r b y  f lo c k -  
m a te s  w i l l  c u l l  a  l a r g e  n u m b e r  o f  t h e  b o id s

T h e  n e x t  s e c t i o n  s o m e  o f  t h e  t e c h n iq u e s  c u r r e n t l y  u s e d  to  i n c r e a s e  t h e  e f f i c i e n c y  o f  
b e h a v i o u r a l  a n i m a t i o n  a r e  o u t l i n e d

2 5 Levels Of Details for Behaviours
I d e a l l y  v i r tu a l  w o r l d s  s h o u l d  c o n t a in  a  r i c h  e n v i r o n m e n t ,  w i th  o b j e c t s  t h a t  m o v e  in  a  w a y  
a p p r o p r i a t e  t o  t h e  e n v i r o n m e n t  S u c h  a s  c a r s  d r i v i n g  o n  th e  r o a d s ,  p e o p l e  w a l k i n g  a b o u t ,  
b i r d s  f l y in g  I t  i s  c o m p u t a t i o n a l l y  e x p e n s i v e  to  u p d a t e  p o s s i b l y  t h o u s a n d s  o f  m o v i n g  
o b je c t s  in  a  w o r l d  e a c h  f r a m e  T h e  p r o b l e m  o f  r e d u c i n g  c o m p u t i n g  t i m e  t o  u p d a t e  t h e s e  
o b je c t s  is  s i m i l a r  to  t h e  p r o b l e m  o f  r e n d e r i n g  t h r e e - d i m e n s i o n a l  s c e n e s  T h e r e  a r e  t h r e e  
s t e p s  f i r s t l y  d e t e r m i n e  i f  a n  o b j e c t  o r  g r o u p  o f  o b j e c t s  i s  v i s i b l e ,  s e c o n d ly  d e t e r m i n e  h o w  
i m p o r t a n t  i t  i s  to  t h e  v i e w e r ,  t h e n  l a s t l y  r e n d e r  i t  u s i n g  a n  a p p r o p r i a t e  a p p e a r a n c e  
D e t e r m i n i n g  v i s i b i l i t y  i s  p e r f o r m e d  u s u a l l y  b y  f i r s t  p r e p r o c e s s i n g  a  s c e n e  in to  a  
h i e r a r c h ic a l  c e l l u l a r  s t r u c tu r e  a n d  b y  t r a v e r s i n g  t h i s  s t r u c tu r e  l a r g e  in v i s i b l e  p o r t i o n s  o f  
t h e  w o r l d  c a n  b e  c u l l e d  T h e s e  v i s i b l e  o b j e c t s  a r e  t h e n  a s s i g n e d  a n  im p o r t a n c e ,  u s u a l ly  
d e p e n d in g  o n  th e  s i z e  o f  o b je c t  t o  t h e  v i e w e r ,  m o r e  i m p o r t a n t  / o b j e c t s  a r e  m o d e l e d  m  
f in e r  d e t a i l  [ F u n 9 4 ]

I n  a  v i r t u a l  w o r l d  w i th  m a n y  m o v i n g  o b je c t s ,  e a c h  o b j e c t  m a y  f o l l o w  a  n u m b e r  o f  r u le s  
o r  b e  d r i v e n  b y  a  s c r ip t  T h e  s c r ip t s  o r  r u l e s  a r e  t h e  b e h a v i o u r s  o f  t h e  o b j e c t s  T h e  
b e h a v i o u r  i s  s im p ly  a  f u n c t io n a l  u n i t  t h a t  i s  g iv e n  s o m e  i n p u t  a n d  p r o d u c e s  o u t p u t  T h e  
b e h a v i o u r  w i l l  a d j u s t  t h e  s t a te  o f  t h e  o b j e c t  in  s o m e  w a y ,  s u c h  a s  a p p ly in g  s o m e
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t r a n s f o r m a t i o n  T h e  a im  w o u l d  b e  to  r e d u c e  o r  e l i m i n a t e  a l t o g e t h e r  t h e s e  c o m p u t a t i o n s  
f o r  i n v i s ib l e  o b je c t s

S u c h  a l g o r i t h m s  a r e  t h e  b e h a v i o u r a l  e q u i v a l e n t  o f  v i s i b i l i t y  c u l l i n g  a n d  l e v e l  o f  d e t a i l  f o r  
g e o m e t r y  C h e n n e y  [ C h e 9 7 ]  i d e n t i f i e s  th r e e  d i f f i c u l t i e s  i n v o l v e d ,  w h i c h  a r e  a s  f o l lo w s

1 Consistency T h e  s t a t e  o f  a  s y s t e m  w h e n  i t  r e - e n t e r s  t h e  v i e w  i s  c o n s i s t e n t  w i th  i t s  
l a s t  k n o w n  s ta te

2  Completeness E v e r y t h i n g  t h a t  w o u l d  h a p p e n  w i th i n  v i e w  w h e n  n o t  c u l l i n g ,  s t i l l  
h a p p e n s  w i th  c u l l i n g  e n a b l e d

3 Modelling Causality m e a n s  m a i n t a i n i n g  c a u s a l  r e l a t i o n s h i p s  a n d  c o n s t r a i n t s  
b e t w e e n  e v e n t  a n d  o b j e c t s

T h e  a u th o r s  o n ly  d i s c u s s  t h e  c o n s i s t e n c y  p r o b l e m  T h e  c o n s i s t e n c y  i s  t r i v i a l l y  s o lv e d  i f  
th e  s t a te  o f  t h e  s y s t e m  c a n  b e  e x p r e s s e d  a s  a  s im p le  f u n c t i o n  o f  t i m e  G e n e r a t i n g  a  n e w ,  
c o n s i s t e n t  s t a te  in  s u c h  a  c a s e  o n l y  r e q u i r e s  e v a l u a t i n g  th e  f u n c t i o n  a t  a n y  g iv e n  t im e  
H o w e v e r  m a n y  i n t e r e s t i n g  s y s t e m s  c a n n o t  b e  d e s c r i b e d  a s  s u c h  f u n c t i o n s  a n d  m a y  
r e q u i r e  s ig n i f i c a n t  c o m p u t a t i o n a l  e f f o r t  to  g e n e r a t e  a  n e w  s t a t e  T h e  s i m p l e s t  w a y  to  
g e n e r a t e  a  n e w  s ta te  w h e n  a n  o b j e c t  r e - e n t e r s  t h e  v i e w  is  to  f u l ly  s i m u l a t e  t h e  s y s t e m  to  
d e t e r m i n e  w h a t  h a p p e n e d  w h e n  t h e  s y s t e m  w a s  o u t  o f  v i e w  T h e  p r o b l e m  is  t h a t  t h e  
l o n g e r  t h e  s y s t e m  is  i n v i s i b l e  t h e  l o n g e r  t h i s  c o m p u t a t i o n  w i l l  t a k e  T h i s  s lo w s  d o w n  th e  
f r a m e  r a t e  a n d  i n t r o d u c e s  l a g  T h e  s y s t e m  p r e s e n t e d  i s  a  w a l k t h r o u g h  o f  a  f a i r g r o u n d  
c o n t a in i n g  b u m p e r  c a r s  a n d  w h i r l y - g i g s  I f  e i t h e r  is  o u t  o f  v i e w  f o r  e v e n  a  s h o r t  p e r i o d  o f  
t i m e  t h e  v i e w e r  f i n d s  i t  d i f f i c u l t  t o  i n f e r  t h e i r  c o r r e c t  s t a te  w h e n  t h e y  r e - e n t e r  t h e  v i e w  I f  
t h i s  s h o r t  t i m e  p e r i o d  h a s  e l a p s e d  a n d  t h e  n d e  h a s  r e - e n t e r e d  t h e  v i e w  t h e  s y s t e m  u s e s  
s t a t i s t i c a l  p r o b a b i l i t i e s  to  e s t i m a t e  i t s  c u r r e n t  s t a t e  T h i s  c o m p u t a t i o n  i s  f a r  f a s t e r  t h a n  t h e  
fu l l  s i m u l a t i o n  m e n t i o n e d  a b o v e
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T h e  s y s te m  s h o w s  t h a t  d y n a m i c s  c a n  b e  c u l l e d  w h e n  th e  o b j e c t s  a r e  n o t  in  v i e w  a n d  
s p e e d u p s  c a n  b e  a c h i e v e d  f o r  c e r t a i n  d y n a m i c a l  s y s t e m s

C a r l s o n  a n d  H o d g in s  [ C a r 9 7 ]  p r e s e n t s  a  m e t h o d  o f  r e d u c i n g  t h e  c o m p u t a t i o n a l  c o s t  o f  
s i m u la t in g  g r o u p s  o f  c r e a t u r e  b y  u s i n g  l e s s  a c c u r a t e  s i m u l a t i o n s  f o r  i n d i v i d u a l s  w h e n  
th e y  a r e  l e s s  i m p o r t a n t  t o  t h e  v i e w e r  o r  to  t h e  a c t io n  o f  t h e  v i r t u a l  w o r ld  T h i s  i s  m o r e  
r e l a t e d  to  t h e  a l g o r i t h m  w e  p r e s e n t e d  m  c h a p t e r  4 ,  t h a n  t h e  p r e v i o u s  a p p r o a c h  T h e  
a u t h o r s  p r e s e n t  a  s y s t e m  to  d e c r e a s e  t h e  c o s t  o f  c o m p u t i n g  th e  m o t i o n  o f  a  h e r d  o f  o n e -  
l e g g e d  c r e a tu r e s  T h e  s y s t e m  u s e s  d y n a m i c  s i m u l a t i o n  f o r  g e n e r a t i n g  m o t i o n  I t  p r o v i d e s  
a  r e a l i s t i c  a n d  n a tu r a l  l o o k i n g  m o t i o n ,  a n d  r e s p o n d s  in t e r a c t i v e l y  to  c h a n g e s  in  th e  
e n v i r o n m e n t  a n d  to  t h e  a c t io n s  o f  t h e  v i e w e r  T h e  c o m p o u n d  c o s t  o f  c o m p u t i n g  th e  
m o t i o n  f o r  m a n y  i n t e r a c t i n g  c r e a t u r e s  i s  e x p e n s i v e  a n d  m a y  n o t  b e  p e r f o r m e d  m  r e a l 
t i m e  T h e  a p p r o a c h  th e  a u t h o r  t a k e s  to  d e c r e a s e  t h e  c o m p u t a t i o n a l  c o s t  is  to  s e l e c t  t h e  
le v e l  o f  d e t a i l  o r  a c c u r a c y  o f  e a c h  s im u l a t i o n  d e p e n d i n g  o n  c e r t a i n  c r i t e r i a  S u c h  f a c to r s  
a s  t h e  d y n a m i c  s t a te  o f  t h e  s y s t e m ,  i t s  p r o x i m i t y  t o  t h e  i m p o r t a n t  a c t i o n  in  t h e  s c e n e ,  a n d  
i t s  p o s i t i o n  r e l a t i v e  to  t h e  v i e w e r ’s  f i e l d  o f  v i e w  I n  th e  p a p e r  t h e y  u s e  m u l t i p l e  l e v e l s  o f  
s im u la t io n  o f  t h e  c r e a tu r e s  T h e  t e s t e d  t h e i r  s y s t e m  in  a  w o r l d  c o n t a im n g  a  n u m b e r  o f  
o n e - l e g g e d  c r e a tu r e s  a t t e m p t i n g  to  e s c a p e  a  g i a n t  p u c k

T h e  l e v e l s  o f  d e t a i l  t h e y  u s e  m  th e  s i m u l a t i o n s  a r e  p o i n t  m a s s e s ,  h y b r i d  
k i n e m a t i c s / d y n a m i c  a n d  f u l l  r i g i d  b o d y  d y n a m i c  s i m u l a t i o n s  R u l e s  a r e  n e e d e d  f o r  
s e l e c t in g  a  le v e l  o f  d e t a i l  f o r  e a c h  c r e a t u r e  a t  e a c h  i n s t a n t  in  t im e  I f  th e  p r i m a r y  g o a l  is  
v i s u a l  r e a l i s m  t h e m  t h e  s y s t e m  s h o u l d  s w i t c h  t o  s im p le r  s i m u l a t i o n s  w h e n  t h e  c r e a tu r e  
a r e  o u t  o f  v i e w  o r  to o  f a r  a w a y  to  b e  s e e n  c l e a r l y  I f  t h e  d y n a m i c  b e h a v i o u r s  o f  t h e  
c r e a tu r e  a r e  im p o r t a n t ,  t h e n  t h e  s y s t e m  s h o u l d  s e l e c t  t h e  m o s t  p h y s i c a l l y  a c c u r a t e  
s i m u l a t i o n  f o r  c r e a tu r e s  w h e r e  d y n a m i c  e v e n t s  s u c h  a s  c o l l i s i o n s  a r e  im m i n e n t

T h e y  t e s t  t h e  s y s t e m  u s i n g  a  h e r d i n g  a l g o r i t h m ,  [ C a r 9 7 ]  in  o n e  i n s t a n c e  e a c h  m e m b e r  
c o m p u t e d  i t s  m o t i o n  v i a  d y n a m ic  s i m u l a t i o n  a n d  th e  o t h e r  u s e s  a  p a r t i c l e  p o i n t  m a s s  
s y s t e m  T h e  h e r d i n g  a l g o r i t h m  c o m p u t e s  t h e  v e l o c i t y  f o r  e a c h  c r e a t u r e  I n  t h e  p a r t i c l e s  
p o i n t  m a s s  s y s t e m  t h i s  v e l o c i t y  i s  u s e d  a s  t h e  n e w  v e l o c i t y  f o r  t h e  c r e a tu r e  I n  t h e

44



d y n a m ic a l  s y s t e m  t h e  c o n t r o l  s y s t e m  f o r  e a c h  l e g g e d  r o b o t  t h e n  u s e s  t h e  d e s i r e d  v e lo c i ty  
s u p p l i e d  b y  th e  h e r d i n g  a l g o r i t h m  to  d e t e r m i n e  h o w  t h e  l e g  s h o u l d  b e  p o s i t i o n e d  d u r in g  
m o t i o n  to  a c h ie v e  t h e  d e s i r e d  c h a n g e  in  f o r w a r d  v e l o c i t y  D e p e n d i n g  o n  h o w  m a n y  
c r e a tu r e s  n e e d  to  b e  s i m u l a t e d  u s i n g  f u l l  d y n a m i c s  t h e  s y s t e m  s h o w s  s p e e d u p s  o f  a s  
m u c h  a s  f o u r  t i m e s  t h a t  o f  u s i n g  o n l y  f u l l  d y n a m i c s  f o r  t h e  c r e a t u r e s

2 6 Accelerating The Flocking Algorithm
R e y n o ld s  [ R e y 2 0 0 0 ]  p r e s e n t s  a n  a p p r o a c h  to  a c c e l e r a t i n g  t h e  n e i g h b o u r  q u e r y  in  th e  
f l o c k in g  a l g o r i t h m  H e  d e s c r i b e s  a  d e m o n s t r a t i o n  p r o g r a m  c a l l e d  “  P i g e o n s  in  t h e  P a r k ”  
in  w h ic h  th e  u s e r  i n t e r a c t s  w i th  a  l a r g e  g r o u p  o f  c h a r a c t e r s  T h e  f l o c k  o f  p i g e o n  l ik e  
c h a r a c t e r s  f o l l o w  a  n u m b e r  o f  b e h a v i o u r s

•  F l o c k i n g  b e h a v i o u r  a s  p r e s e n t e d  in  ( r e y 8 7 )
•  O b s t a c l e  A v o i d a n c e  b e h a v i o u r
•  R e a c t  to  t h e  u s e r

•  D i s c r e t e  R e a c t i o n  A  h a n d  c l a p  ty p e  r e a c t i o n  c a n  c a u s e  th e  b i r d s  to  s w i t c h  
s t a t e s  b e t w e e n  w a l k i n g  a n d  f l y in g

•  C o n t m u o s  R e a c t i o n  T h e  b i r d s  f l e e  f r o m  t h e  R e m o t e  C o n t r o l l e d  c a r  W h e n  
th e  b i r d s  s e n s e  t h e  c a r  i s  g e t t i n g  c lo s e  t h e y  m o v e  in  a  d i r e c t i o n  t h a t  w i l l  t a k e  
t h e m  a w a y  f r o m  th e  c a r

I n  h i s  d e m o n s t r a t i o n  th e r e  a r e  2 8 0  b i r d s  in  t h e  p a r k  a n d  t h e  d e s i r e d  f r a m e  r a t e  is  6 0  
f r a m e s  p e r  s e c o n d  T h e  r e n d e r i n g  o f  t h e  s c e n e  i s  o n l y  1 5 - 2 0 %  o f  t h e  o v e r  a l l  c o s t  H e  
s p l i t s  u p  th e  a n a ly s i s  in to  tw o  d i f f e r e n t  p a r t s  T h i n k i n g  a n d  L o c a l i t y  Q u e n e s

T h i n k i n g  i s  th e  t im e  t a k e n  f o r  e a c h  c h a r a c t e r  to  s t e e r  in  t h e  d e s i r e d  d i r e c t i o n  T h i s  
c o m p u t a t i o n  i s  p e r f o r m e d  f o r  e a c h  b i r d  t h e r e f o r e  h a s  a  c o m p l e x i t y  o f  O  ( n )  H e  c u t s  t h i s  
c o m p u t a t i o n  c o s t  b y  o n ly  u p d a t i n g  t h e  s t e e r i n g  a c c e l e r a t i o n  e v e r y  6  f r a m e s  o f  a n i m a t i o n  
T h e  c o s t  o f  t h i s  i s  a m o r t i s e d  o v e r  c o n s e c u t i v e  b y  s e l e c t i n g  a t  r a n d o m  o n e  s ix th  o f  t h e  
f lo c k  T h i s  m e a n s  t h a t  t h e  c h a r a c t e r  w i l l  a p p l y  t h e  s a m e  s t e e r i n g  f o r  6  f r a m e s  T h e  
c h a r a c t e r s ’ t h i n k i n g  a b o u t  o b s t a c l e s  i s  p e r f o r m e d  e v e r  s e c o n d  f r a m e
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2 .6 .1  L o c a l i t y  Q u e r i e s
H e  i d e n t i f i e s  t h e  l o c a l i t y  a s  p o t e n t i a l l y  t h e  m o s t  t r o u b l e s o m e  s o u r c e  o f  c o m p u t a t i o n  
e f f o r t .  T h e  b i r d s  m u s t  d e c id e  w i th  w h i c h  o t h e r  b i r d s  to  i n t e r a c t  w i th ,  t h u s  m u s t  t e s t  e v e r y  
o t h e r  b i r d  to  d e c id e  i f  i t  i s  to  i n t e r a c t  w i th  it.

A  m e th o d  to  a c c e l e r a t e  t h e  l o c a l i t y  q u e r i e s  i s  to  s to r e  t h e  c h a r a c t e r s  in  a  1 0 x 1 0 x 1 0  b in -  
la t t i c e  s p a t i a l  s u b d iv i s io n .  A  b o x  s h a p e d  r e g i o n  o f  s p a c e  i s  d i v i d e d  in to  a  c o l l e c t i o n  o f  
s m a l l e r  a x i a l ly  a l i g n e d  b o x e s  c a l l e d  “ b i n s ” . A t  t h e  b e g i n n i n g  o f  t h e  a p p l i c a t i o n  th e  
c h a r a c t e r s  a r e  d i s t r i b u t e d  in to  b i n s  b a s e d  o n  t h e i r  i n i t i a l  p o s i t i o n .  E a c h  t i m e  th e y  m o v e  
th e y  c h e c k  to  s e e  i f  t h e y  h a v e  c r o s s e d  in to  a  n e w  b in ,  a n d  i f  s o  u p d a te  t h e i r  b in  
m e m b e r s h ip .

T h e  l o c a l i t y  q u e r y  i s  p e r f o r m e d  b y  s p e c i f y i n g  a  s p h e r e  a n d  a  f u n c t io n .  T h e  l o c a l i t y  q u e r y  
c o d e  i d e n t i f i e s  a l l  o f  t h e  b in s ,  w h i c h  a t  l e a s t  p a r t i a l l y  o v e r l a p  w i th  t h e  s p h e r e ;  i t  e x a m in e s  
o b je c t s  in  e a c h  o f  t h e  b in s  a n d  t e s t  to  s e e  i f  t h e y  f a l l  w i th i n  t h e  q u e r y  s p h e r e .  I f  s o  t h e  
c h a r a c t e r s  w i th i n  t h e  s p h e r e  a r e  s u p p l i e d  to  t h e  b i r d .  U p d a t i n g  th e  b in s  c a n  b e  d o n e  in  
c o n s t a n t  t im e  u s in g  d o u b l y  l i n k e d  l i s t .  B e c a u s e  t h e  n u m b e r  o f  c h a r a c t e r s  w i th i n  a  g iv e n  
r a d iu s  in  b o u n d e d  th e  m a x i m u m  n u m b e r  o f  b o i d s  in  e a c h  b in  i s  b o u n d e d .

H e  m e n t i o n s  in  o n e  t e s t  u s in g  a  f l y in g  f lo c k  o f  1 0 0 0  s i m u la t e d  b i r d s  p e r f o r m i n g  l o c a l i t y
q u e r i e s  w i th  t h e  b in  l a t t i c e  s p a t i a l  s u b d i v i s i o n  w a s  a b o u t  16  t i m e s  f a s t e r  t h a n  th e  n a iv e  O

2 •( n  ) i m p l e m e n ta t io n .  T h e  d r a w b a c k  o f  u s i n g  th e  b in - l a t t i c e  s t r u c tu r e  is  t h a t  i t  i s  v e r y  
m e m o r y  i n t e n s iv e  a n d  is  t h e r e f o r e  n o t  v e r y  s c a l a b l e .  O u r  a p p r o a c h  u s e s  a  k - d  t r e e  
a c c e l e r a t e  l o c a l i t y  q u e r i e s  w h ic h  h a v e  b e e n  s h o w n  to  b e  v e r y  e f f e c t i v e  in  c u l l i n g  l a r g e  
p o r t i o n s  o f  v e r y  l a r g e  e n v i r o n m e n t s  f r o m  th e  r e n d e r i n g  c o m p u ta t io n .

2 .7  R e v i e w
In  t h i s  c h a p t e r  w e  o u t l i n e  t h e  t e c h n iq u e s  u s e d  to  a c c e l e r a t e  t h e  r e n d e r i n g  o f  c o m p l e x  3 D  
e n v i r o n m e n t s .  T h e r e  a r e  t w o  s t a g e s ,  f i r s t l y  a  h i e r a r c h i c a l  s t r u c t u r e  is  u s e d  to  c u l l  a  l a r g e
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p o r t i o n  o f  t h e  s c e n e  f r o m  th e  r e n d e n n g  c o m p u t a t i o n  a n d  s e c o n d l y  q u i c k l y  r e n d e r  t h e  
v i s i b l e  p o r t i o n s  o f  t h e  s c e n e  e f f i c i e n t l y  W e  a l s o  o u t l i n e  t h e  b a c k g r o u n d  o f  b e h a v i o u r a l  
a n i m a t i o n  a n d  i t s  r o o t s  m  p a r t i c l e  s y s t e m s  S o m e  t e c h n iq u e s  to  a c c e l e r a t e  b e h a v i o u r  
c o m p u t a t i o n s  a r e  i n t r o d u c e d  T h e r e  a r e  tw o  p a r t s  f i r s t  to  c o n s i d e r  w i th  r e g a r d  to  th e  
f l o c k in g  a l g o r i t h m  F i r s t l y  t h e  n e ig h b o u r - q u e r y  c o m p u t a t i o n ,  w h i c h  c a n  b e  a c c e l e r a t e d  
u s i n g  a  h i e r a r c h ic a l  s t r u c tu r e  s i m i l a r  to  t h o s e  o u t l i n e d  in  s e c t io n  2  2  4  S e c o n d l y  u s i n g  a n  
im p o s t o r - l i k e  t e c h n iq u e ,  w h ic h  w i l l  b e  o u t l i n e d  in  t h e  n e x t  c h a p te r ,  c a n  a c c e l e r a t e  th e  
b e h a v i o u r  c o m p u t a t i o n  i t s e l f
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K -d  Tree Neighbour Finding fo r Flocking
Behaviours

C h a p t e r  3
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In this chapter we introduce our approach to accelerating the flocking algorithm Firstly 
the flocking algorithm is described in more detail Our approach to the neighbour finding 
portion of the algorithm is introduced This involves the creation, and the efficient update 
of a hierarchical structure called a k-d tree described in section 2 2 4, which allows for 
the culling of large numbers of boids from the computation

3 11 Representation

The boids in the simulation adhere to a straightforward flight model The boids are 
oriented m the direction of their velocity Each boid has a bounded acceleration and 
velocity For each update of the scene these behaviours are computed for each of the 
boids in the scene Each boid has a number of attributes associated with it

1 Geometric Model This is the geometric representation of the boid A triangular 
mesh usually represents it

2 Velocity The bounded velocity of the boid It is represented by a 3D vector
3 Acceleration The bounded acceleration of the boid is represented by a 3D vector
4 Position The position of the centre in 3D space

The three behaviours are each computed m turn Only neighbours within visible range of 
the boid are included m the behaviour computation This controlling algorithm is shown 
in figure 3 1

3.1 The Flocking Algorithm
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ComputeBehaviour
{

for each Boid B in Scene 
{

FindNearNeighbours(B)
Separation(B)
MatchVelocity(B)
FlockCentring(B)
SteerAwayFromSurface(B)
SeekGoal(B)
CombineBehaviours(B)

}
} Figure 3 1 ComputeBehaviourQ Algorithm

3 1 2  Separation

If two boids get too close together a force is applied in the opposite direction to steer the 
boids away from each other The strength of the force is proportional to the square of the 
distance between them The pseudo-code is shown in figure 3 2

Separation(Boid B)
{

For each neighbouring bold N of boid B
{

d = Distance(N.B)
If d < Range 
{

Steering equals vector between N and B
Set Length of steering vector to 1 0-(d2 / range2 )
TotalSteering = TotalSteering + Steering

}
}
SeparationSteering = TotalSteering / number of Neighbours

Figure 3.2 Separation Algorithm
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The average steenng is used as the separation acceleration vector As the boids get closer 
together it increases in magnitude at a rate proportional to the square of the distance 
between the boids

3 1 3  Match Velocity
This behaviour allows the boids to align with close by neighbours In the absence of 
alignment the boids tend to act more like a swarm of insects rather than a flock or herd 
Velocity matching is computed by finding the average velocity of the nearby neighbours 
The weighting associated with each neighbour’s velocity is proportional to the square of  
the distance between the bold and the neighbour Nearer neighbours have a greater effect 
than more distant one The pseudo code is shown m figure 3 3

Match Velocity(Boid B)
{

For each Neighbour N of Boid B 
{

d = Distance (N', B)
Steering = N’s Velocity
Set Steering magnitude =1- (d2/range2)
TotalSteering = TotalSteering + Steenng

}
MatchVelocitySteering = TotalSteering / number of Neighbours

}

Figure 3 3 Match Velocity Algorithm

3 1.4 Flock Centring

Flock Centring enables the boid to stay close to its near neighbours In this context the 
centre of the flock is the centre o f its nearby neighbours The centre of the flock is easily 
computed as the average of the centers o f the surrounding boids As with the other 
behaviours the magnitude of the steenng vector is weighted A more distant flock centre 
has a greater effect on the boid than a nearer one This weighting is proportional to the 
square of the distance between the boid and the flock centre A boid in the inside of the
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flock has boids approximately evenly distributed around the bold The centre of the 
localized flock is very close to the bold and the flock centnng urge is small A bold on 
the outside of the flock has boids on one side o f it and is steered in towards the centre of 
the flock This behaviour also causes close-by flocks to join into one larger flock The 
pseudo code [Figure 3 4] below illustrates the algorithm

Flock Centring(Boid B)
{

for each neighbour N of B 
{

flockCenter = flockCenter + N’s position
}
flockCenter = flockCenter / number of neighbours 
FlockCentringSteering = Vector from B to flockCenter 
d = distance to flockCenter 
Set FlockCentringSteering magnitude to d2/ range2

}

Figure 3 4 Flock Centring Algorithm 

3 1.5 Computation of Nearby Neighbours
A naive method to compute the nearby neighbours is to visit each other bold in the world 
and determine if it is within a certain range This computation is performed for each bold 
in the world As the number of boids increases the computation time increases by an 
order of magnitude For large flocks in the order o f thousands of boids this would 
produce millions of calculations, thus slowing the frame rate to an unacceptable level for 
interactive viewing

3 1 6  Avoiding Obstacles
The “Steer away from Surface” approach described in section 2 4 11 is used The 
obstacles used are spheres, which are approximated using polygons The surface of the 
spheres is made up of a mesh of polygons and each of these polygons is seen as a surface 
Each bold has a fixed length probe associated with it, which is a vector from the centre of 
the boid pointing in the direction the boid is travelling m An outline of the “Steer away
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from surface”, which is actually an extended version of the method introduced earlier 
[section 2 4 11] is given below The extension is that only obstacles that are closer to the 
boids than the length of the probe and are on a collision course with the bold are tested 
for collision avoidance The bold is on a collision course with the obstacle if the probe 
intersects the obstacle If the bo id’s probe intersects the obstacle, the surface is found that 
it intersects with The normal of the surface is added to the boid’s velocity to produce the 
steering vector The magnitude of this steering vector is proportional to the square of the 
distance to the obstacle The resultant steenng is the collision avoidance vector One 
drawback of this approach is that boids that are travelling in a direction directly 
perpendicular to the surface will only slow down In our application, obstacle avoidance 
is used as part of the flocking algorithm and the other steenng forces also have an effect 
on the boid (such as flock centnng) to cause it to veer off its perpendicular course and 
thus steer around the obstacle The pseudo code [Figure 3 5] below outlines the algonthm 
and figure 3 6 illustrates the vectors involved

Steer Away from Surface(Boid B)
{

if (distance D of Boid B to obstacle O < probe length L and probe P 
intersects surface S on O)
{

SteerAwaySteering = normal to S + Boid B’s velocity,
Set magnitude of SteerAwaySteering = 1 - (D2/ L2)

}
else no collision avoidance

}
Figure 3 5 Steer away from Surface
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Figure 3.6 Shows how the bold steers away from 
the surface

3 1.7 Seek Goal

The Seek Goal behaviour is uitihsed so that the flock w ill fly towards a point in space 

This aids in the testing process so that the flock can be directed towards obstacles and 

other flocks etc The following pseudo code [figure 3 7] outlines the computation The 

boid steers towards the 3D point

Seek Goal(Boid B)
{

Vector Steering = Goal - Boid B's position,
Set Magnitude of Steering vector to (MAXSPEED),
Steering= Steering- B's velocity, 
return Steering,

}

Figure 3 7. SeekGoalQ Algorithm
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3 18 Computing Acceleration

The behaviours must be combined to compute an acceleration vector for the boid Each 

of the flocking behaviours is computed in turn The mean of these behaviour vectors and 

of the SeekGoal() is computed The acceleration from the SeekGoal() behaviour is 

weighted so that it does not overshadow the flocking behaviour (See figure 3 8) I f  the 

mean acceleration is greater than the max acceleration, allowed by the flight model 

computed, it is truncated This acceleration vector is added to the velocity to produce a 

new velocity for the boid and this is used to update its position There are other methods 

using hierarchies of decisions [Tu96] but a simple combination has been shown to mimic 

the flocking behaviour [Rey87]

Steenng Acceleration

V doc ity  Centring Avoidance

Figure 3.8 Combining Behaviours
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3 2 K-d Tree Based Neighbour Finding
In this section the approach used to increase the efficiency of the neighbour finding 

algorithm is introduced To increase the efficiency of the nearby neighbour finding 

algorithm, a technique similar to that presented in Sudarsky and Gotsman [Sud96] paper 

is used Firstly the scene is pre-processed by inserting all the boids in a K-d tree

During runtime as the boids move around the world the k-d tree is updated each frame to 

reflect the new positions of the boids The algorithm outlined here relies on the fact that 

boids have a limited acceleration and velocity, therefore their position in each 

consecutive frame is quite close to each other The algorithm first tests if  the boid is still 

in the same node it was in the last frame, if  so it need not be inserted elsewhere in the 

tree Otherwise, the boid is inserted in a bottom-up direction At each recursive step, 

recursion halts if  the boid (at its new position) is fully contained within the current node 

This node is called the Lowest Common Ancestor (L C A ) Its sub-tree is recursively 

searched for the correct node to insert the boid into, creating a new node if  necessary 

This substantially cuts down the update time This technique is used in a number of our 

algorithms A more detailed description is given in section 2 2 5 The following section 

outlines the initialization and updating algorithms used

3 2 1 Initialisation o f the K -d  Tree

We will begin by outlining the properties of the k-d tree Each k-d tree contains a root 

node at the top of the tree Each internal node in a k-d tree has a pointer to its left child 

and its right child, and a partition plane that splits the node into its left and right children 

[figure 3 9] The partition is an axially aligned plane that splits the node into two equal 

halves At each level the axis to choose is cycled through
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Root

Leaf  Leaf Leaf Leaf

Figure 3.9 Illustrates the root, internal nodes and leaves of a k-d Tree

Each node contains a list of boids that are contained within the node It also contains an 

axially aligned bounding box A node contains a boid if  the boid is contained within the 

axially aligned bounding box of the node Any node that doesn’t have a left or nght 

pointer is called a leaf Initially the root node is a leaf The k-d tree is initialised by first 

placing all the boids in the root node and setting the bounding box to be the bounding 

volume of the scene The root can be partitioned by one of three planes, each one being 

parallel to an axis In this implementation, at each recursive step the axes are simply 

cycled through At each step if  the number of boids in the node is greater than a 

predefined threshold selected by the designer, the selected partition plane partitions them

3 2.2 Updating the Behaviour

To fully update the flock the tree is traversed twice Firstly, the tree is traversed in a 

depth first manner and the behaviours for each boid is computed The first part of this 

computation is to find the other boids that are withm steering range Next the behavioural 

acceleration for the boid is computed using these nearby neighbours as outlined in section 

3 1
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The tree is again traversed to update the boids by adding the computed velocity vector to 

the boid position vector, and each bold is inserted in the correct node in the tree as 

outlined in section 2 2 5

3 2.3 Find Neighbour

The following section outlines the method used to utilize the k-d tree structure to 

accelerate neighbour finding algorithm introduced in section 3 1 To find the nearby 

neighbours of each boid, firstly a sphere with the boid at its centre and radius of visible 

range R is associated with each boid The algorithm finds the LCA, which wholly 

contains this sphere From this node the tree is recursively searched for all boids 

intersecting this volume, adding each one to the neighbour list for the boid The figure 

3 10 illustrates a 2D representation of the nodes and boids included m the search The 

pseudo code [figure 3 11] below outlines the algorithm to find the neighbours of a boid

A
A  A

A
A A

A

A / A A \  A  l c a

A V  B N  A

Figure 3 10 Shows a 2D representation of the regions in the nearby finding 
algorithm The shaded circular region is the nearby neighbour region for the 
Boid B with range R The dark box is the LCA of the shaded region Only 
boids within the un-shaded region in the LCA are included in the nearby

neighbour test
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FindNeighbour( Tree Node T)
For each boid B in T

Compute B's range volume 
Find LCA of B’s range from Node T 
FindNeighbour(B, LCA)

End

TreeNode LCANode

FindLCA (TreeNode N, Boid B) 
If N does fully contain B 

LCANode = N 
Return

FindLCA(N->Parent, B)
End

FindNeighbour( Boid B, TreeNode T) 
for each boid N in T

if N is within range of B then 
add to B’s neighbour list

if T’s left child intersects with B’s range 
FindNeighbour(B, T’s left child) 

if T’s right child intersects with B’s range 
FmdNeighbour(B, T’s right child)

End

Figure 3.11 K-d tree FindNeighbour functions

3 2 4 Updating Position and Orientation of the Boids

It may seem unusual not to update the boid’s position at the same time that the 
acceleration is computed There is a very good reason not to do this Since the behaviour 
computation is based on the relative positions o f the boids, if  some of the boids have their 
position updated before others have computed their behaviours then their resulting 
accelerations will be incorrect Consequently, all the behaviours are computed first, and 
then the new positions are computed separately as follows

59



The k-d tree is traversed in a depth first manner, each node being visited m turn The new 
velocity vector is computed by adding the acceleration vector to the velocity vector as in 
section 3 1 8  The new position is determined by adding the new velocity vector to the 
position vector According to the flight model used, the bold is oriented in the direction 
of the velocity (See Figure 3 12)

Fig 3 12 2D Example of computing new Position and Orientation of 
a boid

3 2 5 Obstacle Avoidance

This section outlines how obstacle avoidance is performed The obstacle avoidance 
algorithm is invoked only for boids within the nodes that are within Range R of the 
obstacle The length of the probe is equal to the visibility range of the boid A similar 
approach is used as in the neighbour finding algorithm section 3 2 3 To determine if  any 
boids are within range o f an obstacle, a new volume is created which has a radius equal to 
the obstacle radius plus the visibility range R of the boids The k-d tree is searched from 
the root using this volume to find the nodes that intersect with that volume (see figure 
3 13)
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As each intersected node is found the function ComputeBoidsBehaviour() [figure 3 14] 

is called For each node the ComputeBoidsBehaviour() computes the behaviour of the 

boid so that it avoids the obstacle outlined in section 3 1 6 I f  the volume is wholly to the 

left of the nodes partition plane, then recursion continues from the node's left child I f  the 

volume is wholly to the right of the nodes partition plane, then recursion continues from 

the node’s right child If  the volume splits the partition plane then both the left and right 

child nodes are searched Recursion halts if  the node is a leaf With this approach many 

of the boids w ill not have to compute their obstacle avoidance behaviour, as they will be 

culled from the computation The following pseudo code [figure 3 14] outlines the 

algorithm used Figure 3 13 shows the boids and nodes that are included and culled from 

the obstacle avoidance algorithm

A

A  A  /  \

A  ( ^ \
r \

A

A

(  A r ~

A  \ A

\  A \  ^ L C A

A v \  6

jR a d i u s  +  R  |

A

Figure 3 13 Shows a 2D representation o f  the regions in the obstacle avoidance algorithm 
The shaded circular region is the region for the obstacle B plus range R The dark box is the 

LCA o f the shaded region Only boids withm in the un-shaded region in the LCA are included
in the obstacle avoidance test
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ComputeBoidsBehaviour( Obstacle Obs.kdtreenode N )
{

for each Bold B in N 
{

steering= ComputeObstableAvoidanceBehaviour(Obs, B)}

}
}

FindlntersectingNodes( kdtreenode N, Obstacle Obs)
{

ComputeBoidsBehaviour( Obs.N) 
if ( N is a leaf)
{

exit
}
if obs is wholly to the left of N's partition plane 

FindlntersectingNodes( N's left child, Obs) 
if obs is wholly to the right of N's partition plane

FindlntersectingNodes( N's right child, Obs) 
if Obs is split be partition plane

FmdlntersectingNodes( N's left child, Obs) 
FmdlntersectingNodes( N's right child, Obs)

Figure 3 14 O bstacle A voidance a lgorithm

3 2 6 K-d Tree Garbage Collection
A s the k-d  Tree is updated  new  nodes w ill be created  and boids w ill m ove betw een 
nodes D uring th is process, as boids m ove on from  certain  regions, nodes in the k-d tree 
w ill becom e em pty A ny nodes or sub-trees that are em pty w hen the k-d  tree  update has 
been com pleted  are deleted  from  the tree  I f  th is w as not perform ed there w ould  be a 
bu ild  up o f  em pty nodes as the flock m oves around the w orld  The criteria  for dele tion  
are i f  the node contains no objects and i f  it is a leaf, then  it is deleted  from  the tree  The 
k -d  tree is traversed  in a  top  dow n direction  from  the root, processing  the leaves o f  the 
tree first I f  the node is a le a f  and contains no bo ids then  it is dele ted  by rem oving  the 
le a f s  paren t child  po in ter The fo llow ing pseudo-code [figure 3 16] and figure 3 15 
illustrates the  a lgorithm
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Figure 3 15 (a) Figure 31 5(b)
Figure 3 15(a) show s the N ode N  in  the k-d  tree 

Figure 3 15(b) show s the N ode N  de-lm ked from  the tree  Its p a ren t’s po in ter to  it 
is converted  to  a N ull po in ter o r zero po in ter

CleanUp(KdtreeNode N)
{

if N has a left child
CleanUp(N’s left child)

If N has a right child
CleanUp(ISTs right child)

If N is a leaf and is empty
Delete N parents pointer to N

Figure 3 1 6  C leanup A lgorithm

3 2 7 Visibility Culling
In C hapter 2 w e outline som e curren t m ethods o f  rendering  three-dim ensional 
environm ents The first consideration  is to  determ ine w hat parts o f  the environm ent are 
v isib le  to the v iew er A  volum e called  a frustum  represents the portion  o f  the scene 
v isib le  to the v iew er A  frustum  is a  truncated  pyram id  w ith  a  rectangu lar base The 
figure 3 17 show s an exam ple o f  a frustum

A ny objects that lie w ith in  th is vo lum e are potentially  v isib le  to the  v iew er T he k-d  tree 
that represents the scene can be used to cull large num bers o f  boids from  the v isib ility
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computation This is performed in similar fashion to that outlined in section 2 4 The k-d 

tree is traversed from the root, testing nodes for intersection with the view frustum At 

each recursive step, the algorithm tests each of its children for intersection with the view 

frustum volume I f  a child node intersects with the view volume then recursion continues 

from that node Recursion halts when a leaf node is reached As each node is visited by 

the recursive algorithm, any boid that intersects the view volume is added to the display 

list All the boids added to a list for display are further processed to determine the correct 

ordenng to draw the boids Below is the pseudo-code [figure 3 18] for the algorithm

Qr

View point

Figure 3.17 shows the view frustum This volume is created from the viewpoint 
and the near clip plane and the far clip plane Any items inside this volume are 
visible

FindVisibleBoids(KdTreeNode N, DisplayList D, ViewVolume V)

{
if (V intersects with N’s left child)

FindVisibleBoids(N’s left child, D, V) 
if (V intersects with N’s right child)

FindVisibleBoids(N’s right child,D,V)
For each Boid B in N 

If B intersects V

Far Clip PI

View frustum

Append B to D
}

Figure 3.18 Find Visible Boids algorithm
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Since the k-d tree stores the boids in the internal nodes as well as in the leaves, a strict 

back to front ordering of the boids is not possible Once the objects that are to be 

displayed are added to the display list they must be processed so that they are displayed 

in the correct order The display list is rendered using the Z-Buffer algorithm

3 2 8 Rendering the Display List
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Hierarchical Impostors for Flocking
Algorithm

Chapter 4
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4.1 Introduction
A  further increase in efficiency  is gained  from  recogn ising  stable reg ions o f  the flock, 
w here individual behav iour update  is no t needed  The behav iour for individual bo ids in 
these groups o f  boids is rep laced  by a  faster behaviour update fo r the group as a  w hole 
C are m ust be taken  in  m ak ing  sure that these stab legroups in teract properly  w ith  the 
neighbouring individual bo ids in the flock W e outline how  to create, m ain tain  and 
destroy these stablegroups during  the lifetim e o f  the sim ulation  In the last section  we 
outline our algorithm  to greatly  increase the efficiency  o f  the stablegroup algorithm  w hen 
the stablegroup is ou t o f  v iew

4.2 Flocking At Runtime
D epending on the  initial a ttributes o f  each boid  1 e position  and  velocity , a  num ber o f  
different situations m ay occur I f  the boids are all w ith in  range o f  each o ther then  there 
w ill be a  period  w here all the boids w ill converge to a  central po in t until the co llision  
avoidance behaviour becom es m ore p redom inant and they  becom e aligned w ith  each 
other, thus form ing a m ore stable pattern  I f  the boids are too  close together the 
separation behav iour w ill cause the  bo ids to  m ove further apart until the o ther behaviours 
start to take over and the flock w ill becom e m ore stable I f  the  bo ids are no t w ith in  range 
o f  each o ther then  they  w ill w ander around until they  are close enough  to passing-by 
boids to  jo in  w ith  them  A s sm aller flocks m eet o ther flocks they  w ill gradually  gather 
together into larger flocks I f  w alls bound  the w orld  in w hich  the boids can fly  or the 
boids w rap around to the o ther side o f  the  w orld  then  a flock w ill eventually  form  
contain ing all the bo ids I f  the bo ids are fly ing  tow ards certa in  goals in  the w orld , then  
only boids fly ing tow ards the sam e goals w ill jo in  together

O nce the flock has becom e stable it w ill rem ain  in a  stable state un til it m eets another 
flock, or the  goal is changed for the boids, or an obstacle is in its pa th  A s a flock o f  boids 
becom es m ore stable the boids velocity  stays m ore or less the  sam e each fram e There is 
very little acceleration , only sm all adjustm ents in  velocity  enable the bo id  to stay in  
flocking form ation  w ith  its neighbours
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The above is in  contrast to  the situation  w here a single bo id  is close to a flock o f  boids 
The single b o id ’s flock cen tn n g  acceleration  is large, as it w ants to  jo in  w ith  the nearby 
flock A s it m oves c loser to a  suitable position  in the  nearby  flock its acceleration  
decreases S im ilarly  as tw o flocks com e close to each other, the  b o id s’ local flock centre 
changes, as som e o f  the  boids m  the ne ighbouring  flock  are included as neighbours 
There is a period  o f  instability  w here the  velocities o f  the  bo ids change m ore rap id ly  as 
they attem pt to flock w ith  the  ne ighbouring  bo ids I f  the  tw o flocks have d ifferen t goals 
then they w ill eventually  b reak  aw ay from  each other, otherw ise they  m ay jo in  together 
to form  a larger flock

4 3 Stablegroup Creation

A s m entioned above, once a group o f  boids has stab ilised  in  a  flock  the bo ids w ill deviate 
only slightly from  their current course or their relative positions For d istan t o r h idden 
flocks there is no need to update the  individual behaviours w hen  a  flock is in such a state 
(w hich usually  occurs after a  short period) O nce the flock  has a  stable pattern  the 
behaviours can be reduced  greatly

There are several issues involved here determ ining  w hen a  group o f  boids is stable, 
grouping them  together in to  a separate stab legroup  object, updating  that object and 
finally, determ ining w hen a stable group reverts to  com puting  individual behaviour The 
m ethod  in troduced involves h ierarch ically  com bining stable nodes in the k-d  tree and 
reinserting  the stablegroup object in the k-d  tree  as a single ob ject The velocity  o f  the 
stablegroup is com puted by determ in ing  the average acceleration  o f  the ou term ost boids 
in the group and adding th is to the velocity  W e w ill outline the algorithm s for creating, 
updating  and destroying the  stablegroups in the fo llow ing  sections

The determ ination  o f  the stability  is perform ed on  a  le a f  by  le a f  basis w hen the k-d  tree  is 
being updated  to reflect the new  positions o f  the bo ids 3 2 4 T the tree  is traversed  in  a top  
dow n fash ion  starting  from  the root and visiting  each le a f  in tu rn  I f  every  boid  in the 
node is stable th en  the  node is m arked  as stable A  boid  is set as stable i f  its acceleration
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has been less than  a certain  value fo r a  g iven num ber o f  fram es O nce the  node has been  
set as stable a  stablegroup m aybe created  The pseudo code below  [Figure 4 1] illustrates 
how  to identify  a  bo id  as stable and set a  node as stable

lsStable(Boid B)
{

set B's StableFlag to False 
if B's acceleration < threshold

add 1 to number of stable frames 
else number of stable frames = 0 
if number of stable frames > threshold value( 10)
{

Set B's stableFlag to True
Set number of stableframes = threshold value (10)
else
Set B's stableFlag to False

}
return stableFlag

}

UpdateBoidsPos(KdTreeNode node)
{

if node is a leaf 
{

unstable = False 
for each Boid B in node 
{

Update Position of B and velocity of B 
if B is not stable

unstable = True
}
if ( unstable is False)

node is set as Stable

else node is set as unstable
}

}

Figure 4 1 lsStable() for bo ids and code fragm ent from  updating  bo ids position  code to
set a  node as stable
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After the k-d tree is updated to reflect the new positions of the boids, any stable leaf

nodes are converted to stablegroup objects The attributes of a stablegroup object are

outlined below

1 A reference to the stable sub-tree This is a k-d tree of the boids contained within the 

stablegroup

2 Bounding Box This is the axial aligned bounding box of the stable sub-tree It is 

computed by processing all the boids in the stable sub tree

3 List of Outer boids This list of outer boids is the boids whose spherical range 

volume intersects with the sides of the bounding box of the stable groups This list is 

used to enable the stablegroup to determine the best velocity to allow it to flock with 

it nearby stablegroups or individual boids The list is computed once when the 

stablegroup is created

4 Velocity This is a 3D vector representing the velocity of the stablegroup When the 

stablegroup is created the velocity is set to the average velocity of all the boids in the 

stable sub-tree The velocity is updated at each frame using the outer-boids behaviour

5 Acceleration This is a 3D vector representing the behavioural acceleration It is the 

average acceleration of the outer-boids

The figure 4 2 illustrates some of the features of the stablegroup
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Stablegroup

Bounding Box

Figure 4 2 T he dark  coloured bo ids are the  boids w hose range in tersects 
w ith  the sides o f  the bounding  box  o f  the S tableG roup T hese boids are 

m em bers o f  the ou ter-boids lists

F irstly  i f  the node is a le a f  and it is m arked  as being stable, then  it can  be further 
processed N m ay contain  stablegroups, and these m ust be re-inserted  into the k -d  tree 
also Each stablegroup is v isited  and is inserted into  the k-d  tree  using the LC A approach 
outlined m section 2 2 5 The new  stablegroup is created  from  the boids in  N and the 
a ttributes o f  it are in itia lized  The Bounding Box is com puted  by v isiting  each bo ld  and 
finding the m axim um  and m in im um  value o f  each  coordinate T hese values are then  used 
to create the  bounding box o f  the stab legroup  The node also has a bounding  box, bu t this 
m aybe m uch larger than  the  bounding  box  o f  the actual bo ids The pseudo-code below  
[figure 4 3] outlines the algorithm  w ith  the N ode N being  tested
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if (N is a leaf and is Stable)
{

numBoidsinStableGroup=0,
ComputeBoundingBox(root),

de-link the node from the tree

for each Stablegroup sG in N 
{

insert sG in K-d tree
}
NewSg is the new stablegroup 
ComputeBounding Box for NewSg 
Determine Outer Boids for NewSg 
Compute Velocity
Insert NewSg in K-d Tree using LCA approach

}

Figure 4 3 C ode fragm ent fo r identify ing  and creating  stablegroup

The outer-boids list is determ ined by traversing  the bo ld  list, any bold  w hose range 
intersects any o f  the  boundary  p lanes o f  the bounding box are added to the outer bo id  list 
The intersection  com putation  is a sphere to  plane intersection , b u t since the sides o f  the 
bounding box are axially  aligned, a  less com plicated  ca lcu lation  is em ployed

Figure 4.4 I f  d istance Q is g reater than  d istance P th en  it is 
an outer-boid  It is then  added  to the  ou ter-bo id  list
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Boid B is tested if  it is to be added to the outer bold list Each axis is test in turn For the 

X  coordinates the test is as follows

if absolute (B’s X + Range -  Centre’s X ) >BB’s max X- Centre’s X

The “absolute (B’s X  + Range -  Centre’s X )” is the value Q in figure 3 4 and “BB’s max 

X- Centre’s X ” is the P in figure 4 4 I f  the condition is true for each of the coordinates of 

the boid’s centre then the boid is added to the outer-boid list The algorithm is outlined 

below

if(absolute (B’s X + Range -  Centre’s X ) > BB’s max X- Centre’s X) 
or absolute (B’s Y + Range -  Centre’s Y ) > BB’s max Y- Centre’s Y) 
or absolute (B’s Z + Range -  Centre’s Z ) > BB’s max Z- Centre’s Z)
{

Add B to Outer-boid list of SG
}

The centre of the stablegroup is the centre of the bounding Box BB of Stablegroup SG

The initial velocity is computed by acquiring the mean velocity vector of the outer-boids 

The newly created Stablegroup is then inserted into the k-d tree

4 4 Updating Velocity

Our approach to determine the velocity of the stablegroup is quite straightforward The 

list of outer-boids is traversed and the behaviour acceleration vector for each is computed 

as in section 3 18 The average of these accelerations is determined using simple vector 

addition and division This value is then used to add to the velocity of the stablegroup 

The position of each boid is updated by traversing each node in the k-d tree, and adding 

the new velocity of the stablegroup to each as in section 3 2 4 The bounding box is also 

updated to reflect its new position
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W hen the stablegroup is sm all the  m ajority  o f  the boids w ill be outer-boids A s the 
stablegroups grow  in size a sm aller portion  o f  boids w ill be outer-boids [figure 4 5] 
S ince each outer-boid  m ust determ ine its near neighbours at each fram e, larger groups 
lead to a m ore efficient algorithm  W e w ill outline our approach to ensure that 
stablegroups are larger ra ther than  sm aller in  a  later section  4 5

B ounding  B ox

Figure 4.5 T he shaded boids outside the stab legroup  are those 
that are used in the behav iour com putation  for the stablegroup

4 5 Updating K-d Tree

A s the stablegroup m oves around the w orld  the k-d  tree fo r the w orld  m ust be updated 
This is perform ed in  a  sim ilar w ay to the  approach  used to update the boids position  the 
w orld , as outlined in section 2 2 5 F irstly  the  L C A  is found  for the stablegroup at its new  
position  A  bo ttom  up search  is perform ed for the stab legroup  at its new  position  from  the 
node that stablegroup w as contained  in R ecursion  halts w hen the stablegroup is fully 
contained w ith in  the vo lum e o f  the node T his node is called  the L ow est C om m on 
A ncestor (LC A ), since it’s the low est node tha t contains bo th  the  stablegroup and the 
stablegroup at its new  position  The stablegroup is inserted  into  the k-d  tree The p seu d o 
code [Figure 4 6] below  outlines the a lgorithm
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Kdtree Node LCANode

Find_LCA (K-d treeNode N, StableGroup S) 
If N does fully contain S 

LCANode = N 
Return 

Find_LCA(N->Parent, S)
End

UpdateKdtree ( Kdtree Node N)
for each stablegroup S in Node N 

De-link S from list in Node N 
Find LCA of S from Node N 
Insert S into tree from Node LCA

End

Figure 4 6 Shows Find LCA and updatekdtree for stablegroup S

4 6 Combining Stablegroups
Stablegroups can be joined together to produce a larger stablegroup The critena for 

combining stablegroups is

• if  all the neighbouring stablegroups of a stablegroup have been its neighbour for 

longer than a certain number of frames then the stablegroups are combined

Each stablegroup is visited during the CombineStablegroups recursive algorithm 

CombineStablegroupsO visits each node in the K-d tree and processes any 

stablegroups that may be contained within it Each stablegroup holds a list of all the 

stablgroups that are within range of it At each update a counter is incremented for each 

neighbour I f  all the neighbours have a count greater than a predefined threshold value 

then the stablegroups are combined
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A neighbour of a stablegroup SG is defined as a neighbour if  it’s withm range of the 

bounding box of SG This is approximated by finding the smallest sphere that the 

bounding box will fit inside and increasing its radius by Range Any stablegroup within 

this volume is a neighbour and is added to the neighbour list [See figure 4 7]

When a stablegroup’s neighbours all have a count greater than the threshold value then a 

new stablegroup is created by combining the stablegroups together Firstly the k-d tree 

for the new stablegroup is created Initially a list is created from all the boids in each of 

the stablegroups As each node is visited in each of the stablegroup’s k-d tree all the 

boids are de-linked from the bold list in the node Then the node itself is deleted from the 

k-d tree An outline of the algorithm is shown in pseudo-code [Figure 4 8] below

S2

Figure 4 7 Shows a 2D representation The SI and S2 are 
neighbours of SG They are within the volume
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GetBoids() first called with k-d tree Root and empty boid list

getBoids(KdTreeNode Node , List bo id lis t)
{

if (Node has a left child )
getBoids(Node’s left child , Boidlist), 

if (Node has a right child )
getBoids(Node’s right child , Boidlist),

Boidlist Initialised to empty list

if (Node is a Leaf)
{

for each Boid B in Node boids lists 
{

De-link from Nodes boid list, 
Append B onto boidlist

}
De-link Node from its parent 
Delete Node,

}
}

Figure 4.8 G etboidsQ  algorithm

From  the pseudo code w e see tha t starting  at the roo t the tree  is traversed  v isiting  the 
leaves first E ach  boid  in the l e a f s  list is de-linked  from  the list and appended to the 
boid list D iagram  4 9 show s an exam ple o f  how  the algorithm  m oves all the boids in the 
tree to a list w hile at the sam e tim e deleting  the tree
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Figure 4.9 Show s a k -d  tree  w ith  roo t 1, w ith  3 
leaves and 2 internal nodes

R unning the algorithm  on the k-d  tree in figure 4 9 w ith  node no 1 as the roo t B efore the 
algorithm  deletes each node it m oves all the boids m  the node to the bold  list The 
sequence o f  nodes v isited  and deleted  are as fo llow s F irstly , node 2 is deleted  since the 
algorithm  processes the left side o f  the  tree  first T hen  it traverses the righ t side o f  the 
root It deletes node 4 then  node 5 W ith  these 2 nodes deleted  the recursive algorithm  is 
back at node on 3, since it is now  a le a f  it deletes th is nodes also N o w  recursion  brings it 
back to node 1 (the root), w hich  is now  also a  le a f  so it too is deleted  The tree has been 
deleted and all the boids contained w ith in  it have been  m oved to  a list so that another k-d 
tree can be bu ilt

The m ethod  outlined in section 2 2 5 is used to in itia lize the k-d tree o f  the stablegroup 
w ith  this list

The bounding box o f  the  new  stablegroup is determ ined by processing  each bounding 
box o f  the  neighbouring  stablegroups The pseudo code [figure 4 10] below  show  
illustrates the approach for the  X  values
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Intialise newjninx to SG s Bounding Box minx 
Intialise new_maxx to SG s Bounding Box maxx

For each stablegroup SG1 neighbour of SG

if ( newminx > SG1’s Bounding Box minx) 
newminx = SG1’s Bounding Box minx 

if ( newmaxx < SG1’s Bounding Box maxx) 
newmaxx = SG1’s Bounding Box maxx

end

Figure 4 10 Identify neighbour

The velocity of the new stablegroup is a weighted average velocity of each of the 

neighbouring stablegroups

The outer-boid list is computed by traversing the outer-boid list of the stablegroups 

Each neighbouring bold is tested against the newly computed bounding box, and where 

applicable are then added to outer-boids list The outer-boid list of the neighbouring 

stablegroups need only be tested since only boids that are outer-boids of the stablegroups 

will be an outer-boid of the combined stablegroup

After the new stablegroup has been created it is inserted into K-d tree of the scene

The above approach has the effect of gathenng together close-by stable-groups The aim 

is to combine the neighbouring stable groups into larger ones, and the combined group 

approximating a flock of boids

Any stable individual boids that are also inside the newly formed stablegroup are also 

removed from the world k-d tree and inserted into the k-d tree of the stablegroup
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4.7 Updating the Stablegroups

A s w ell as com bining stablegroups, w hen a stablegroup becom es unstable it needs to be 
split up. N ew  stablegroups are created  from  the stable portions o f  the stablegroups and 
any boids that are in the unstable portion  are inserted  back  into the k-d  tree for the w orld.

Events that m ay cause the stablegroups to becom e unstable are: change in goal, avoiding 
an obstacle, or m eeting  o ther boids. T hese w ill cause the boids in the stable group to 
d ivert from  their original course. The approach used is conceptually  straightforw ard. A s 
m entioned the outer-boids list is traversed  and the behaviours for each are com puted. The 
stablegroup becom es unstable i f  the outer-boids becom e unstable. F rom  the behavioural 
acceleration  values, the a lgorithm  decides w hether the  stable group is still stable. O ur 
approach is, i f  the m axim um  acceleration  o f  the boids is g reater than  a  given threshold  for 
a certain  num ber o f  fram e then  the group is m arked  as unstable. The a lgorithm  is as 
follow s [Figure 4.11]

For each stable-group SG

For each of the outer-boids B

Compute Behavioural acceleration A 

If A > threshold and number of frames > threshold 

SG is unstable

Else

Increment number of frames

F ig u re  4.11 D eterm ine stab ility  o f  S tablegroup

E ach Stablegroup is v isited  by traversing  the tree in a top  dow n depth first m anner, 
m arking stablegroups as unstable w hen applicable. O nce the stablegroup is m arked as 
unstable, it is rem oved from  the list in the k-d  tree node. The sub-tree associated  w ith  it, 
is traversed and stablegroups are created  from  any o f  the sub-trees that rem ain  stable. 
B elow  is an outline o f  the algorithm .[S ee figure 4.12]
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UpdateStableGroup( KdTreeNode N)

{
UpdateStableGroup(N’s left child) 

UpdateStableGroup(N’s right child)

For each stable Group SG in N 

If SG is unstable 

{
remove SG from list in N 

UpdateStableGroup(sub tree of SG) 

Destroy SG 

}else .

insert SG in tree 

If N is unstable 

{
for each Boid B in N

remove B from boid list in N 

insert in tree

}
else if N is stable

create new stablegroup new SG 

insert new SG in tree

}

Figure 4 12 Illustrates the  update S tablegroup algorithm

F or very  large flocks it is im portan t that as m uch  as possib le  o f  the stable portion  o f  the 
flock rem ains in  stablegroups to  increase efficiency o f  the a lgorithm
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4 8 Avoiding Obstacles

As stablegroups move around an environment, there may be obstacles in their path The 

algorithm must determine when an obstacle is within range of any of the boids in the 

stablegroup and, withm its path I f  an obstacle is in its path then the collision avoidance 

routines for the individual boids are called to steer around the obstacle For an efficient 

algorithm, only those boids that are actually avoiding the obstacle should have their 

behaviours updated As a flock goes around an obstacle some of the boids will be 

accelerating to go around the obstacle while other boids will either be too far away from 

it or have already negotiated the obstacle

As mentioned before in section 3 2 5 the obstacles are contained in same k-d tree as the 

boids and stablegroups Firstly, the algorithm determines the obstacles within range of the 

stablegroup

From the diagram [Figure 4 13] we see that the stablegroups bounding box is increased 

by RANGE, the tree is traversed starting from the node N that contains the increased 

range volume RV Since the increase in the volume due to the range volume is relatively 

small N should be close to the stablegroups current node, typically it w ill be the node 

itself, its parent or its grandparent A recursive bottom up search from its current node is 

performed, at each recursive step if  RV is not wholly contained in the node the search 

continues with its parent Otherwise, the correct node CN is found
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Figure 4.13 Illustrates the nodes involved in com puting the nodes w ith in  range o f  the
stablegroup

B elow  is an outline o f  the  algorithm  [See figure 4 14]

FmdNode(Bounding Volume RV, Tree Node N)

{
if RV is not wholly contained in N 

FindNode(RV, N’s parent)

Else CN = N

}

Figure 4 14 Find in tersecting  nodes a lgorithm
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To determine if  any obstacles are within range of the stablegroup the k-d tree is traversed 

from this node N in a top-down manner. As each node is visited the algorithm processes 

each obstacle in the node. I f  the obstacle intersects the increased bounding box, and is 

within the path of the stablegroup the stablegroup is then processed to determine which 

nodes are affected. The tree associated with the stablegroup is traversed and any nodes 

that are with range and on collision course with the obstacle are further processed. The 

node becomes unstable if  the maximum acceleration of the boids in the node are greater 

than a certain threshold. The stablegroup is updated to reflect to change as shown in 

section 4.6. The algorithm is as follows [figure 4.15]:

DetermineObstacles (StableGroup SG, TreeNode N)

{
for each obstacle O in N

if SG’s is within range of O and O is in path of SG

determine nodes N of SG that are within range of O and O is in 

path of N 

if N has a left child

DetermineObstacles (SG, left child of N)

If N has a right child

DetermineObstacles(SG, right child of N)

}

Figure 4.15 Determine Obstacles that are with Range of stablegroup SG.

As the stablegroup nears the obstacle or obstacles, it will be broken up into smaller 

stablegroups and groups of boids. This is performed by traversing each k-d tree of each 

stablegroup that is within range of an obstacle. The pseudo-code [figure 4.16] below 

outlines the algorithm. The k-d tree of the stablegroup is traversed to determine any 

nodes that are within range of the obstacle. I f  a node is within range then each boid in the 

node is tested i f  it has to accelerate to steer around the obstacle. I f  it has to steer to avoid
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the obstacle then  the node is m arked  as unstable, E ach  bold  tha t steers to  avoid the 
obstacle is also m arked as unstab le  and the  its new  velocity  is com puted  [figure 4 17]

FindlntersectmgNode(k-d treenode N, Obstacle O)
{

ObsAccel(N.O)

If N has a left node
If N’s left node LEFT is within range of O 

FmdlntersectingNode(LEFT, O)
If N has a right node
If N’s right node RIGHT is within range of O 

FindlntersectingNode(RIGHT, O)
}

Figure 4 16 Find the nodes tha t are w ith  range o f  the obstacle

ObsAccel(KdtreeNode N,Obstacle O)
{

for each boid B in Node N 
{

compute obstacle avoidance for Obstacle O 
if (obstacle avoidance vector > threshold 
distance to O <= O’s radius + PROBERANGE)

boid B is set as unstable
Update B’s velocity with obstacle avoidance acceleration

}

Figure 4 17 Steer each boid  in  the node around the obstacle and set the node as unstable

For large flocks the num ber o f  unstable nodes is re la tively  sm all com pared  to the size o f  
the flock, thus leaving m ost o f  the  flock in a stablegroup
D uring th is phase there is quite a lo t o f  rebuild ing  o f  the stablegroups and determ ining 
affected  nodes A nother even t th a t can  happen  to  d isrup t the  stability  o f  a stablegroup is 
w hen it changes its goal
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A change in goal is another event, which can cause the boids to change course Each boid 

has a goal associated with it The goal is a point m space the boid flies towards, this is to 

allow scripted movements of flocks Once the boid reaches its goal, it w ill be given 

another goal to fly towards The change in goal for a stablegroup is processed m a similar 

manner to the obstacle avoidance algorithm Any part of the stablegroup that is within a 

certain distance of the goal is marked as unstable and the stablegroup is updated as in 

section 4 7 above I f  the stablegroup intersects with a spherical volume centered at the 

goal then the stablegroup is marked as unstable and any nodes that intersect with the 

volume are also marked as unstable As outlined in section 4 7 the unstable nodes are 

inserted into the K-d tree and stablegroups are created from the stable sub-trees, i f  any, in 

the stablegroup The diagram [fig 4 18(a)] below shows the unstable nodes and [Fig 

4 18(b)] the individual boids within a certain range of the change in goal point

4 9 Change in Goal

Goal

Stablegroup

Figure 4.18(a) Nodes marked as 
unstable are shown as the shaded 
regions
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computed separately

3 Separate stablegroups created

Figure 4 18(b) Boids behaviour are computed individually Three 
separate stablegroups are also created

4.10 Stablegroup Interaction with Another flock
As the stablegroups move around the environment, they may meet other boids or other 

stablegroups As the other boids come within range, there w ill be some interaction 

between the two The boids from both flocks close to each other will be drawn closer to 

each other, thus causing them to divert from their course Any nodes associated with 

these boids may become unstable and must be identified The approach used is similar to 

the Obstacle Avoidance techniques shown above

As outlined in section 4 3 at each update the behaviour of the stablegroup is computed by 

traversing the outer-boids of the stablegroup The behavioural acceleration for each outer- 

boid is computed, if  the acceleration is greater than a certain value then the stablegroup is 

marked as unstable For instance this could happen when a group of boids come within 

range of a stablegroup The stablegroup is marked as unstable The tree is traversed and 

any nodes that contain the outer-boids that are unstable are marked as unstable The 

stablegroup is then updated as in section 4 7 to reflect the new situation
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So far only visible flocks and stablegroups have been m entioned  Substantial speedups 
can be gained by  treating  ou t o f  v iew  stablegroups d ifferen tly  For instance w hen a 
stablegroup is in v iew  the position  o f  each o f  its boids m ust be updated  every fram e 
There are tw o reasons for updating  the bo ids positions F irst obviously  being tha t the 
v iew er sees the proper position  o f  the  bo id  m  the scene The second reason is so tha t the 
stablegroup can in teract w ith  the  environm ent and o ther boids correctly  W hen a 
stablegroup is out o f  v iew  the user cannot see the bo id  therefo re  it does no t have to be 
updated  to fulfil the  first reason  I f  the stablegroup has no nearby  neighbours then  the 
boids do no t have to be update for behavioural calcu lations W e can test i f  a  stablegroup 
has a neighbour by checking i f  there  are any objects (o ther boids, o ther stablegroups or 
obstacles or goals) visib le  to the  stablegroup A n  object is v isib le  to a stablegroup i f  its 
w ith in  v isib ility  range o f  the stab legroup  This test requ ires on ly  in form ation  about the 
centre o f  the  stablegroup and the bounding  box  o f  the stablegroup T herefore i f  a  
stablegroup is out o f  v iew  and has no neighbours then  the centre and the bounding  box 
need only be updated  For a stablegroup o f  possib ly  a thousand  boids th is is a  substantial 
saving in com puting  cycles In itia lly  w hen a stablegroup i f  found to  have no neighbours 
and is ou t o f  v iew  an offset is stored  w ith  the stablegroup T his is m tialised  to zero and is 
updated  each fram e W hen the ou t o f  v iew  stablegroup goes into  v iew  or is found to have 
a neighbour then boids are updated  to th e ir correct position  by  adding  the offset to their 
position

The tests in chapter 5 illustrate the substantial speedup gained by using th is algorithm  It 
perform s especially  w ell m  sparsely  populated , very large environm ents w here there are 
m any large flocks o f  boids that seldom  in teract w ith  each o ther and the  environm ent

412 Rendering

A s outlined in  the C hapter 2 there are various m ethods fo r rendering  environm ents The 
boids are stored w ith in  the stab legroup  in  a  k-d  tree  structure T his structure is traversed  
d u n n g  the rendering  process in the sam e w ay as the scene k-d  tree  is traversed  to

4.11 Out of View Stablegroups
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determine visible boids As each node is visited m the scene’s k-d tree any stablegroups 

in the node are tested for visibility using the bounding box of the stablegroup I f  it is 

visible then the k-d tree of the stablegroup is traversed to determine visibility of the boids 

with in the stablegroup Any visible boids are added to the render list for the scene

89



Chapter 5 
Tests and Results
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5 1 Introduction

In this chapter we will outline the results gained by running the system outline in chapter 

3 and 4 In the first we will show results from running Reynolds algorithm illustrating 

where the computational bottlenecks lie In the first section we present results obtained 

from running our implementation of the flocking algorithm presented by Reynolds 

[Rey87] In the second section we present timing from running the k-d tree based 

neighbour finding algorithm in chapter 3 We show how a number of factors have an 

effect on the efficiency of the algorithm Finally in the final section we present the results 

of the stablegroup algorithm as described in chapter 4

The tests were run on a 400mhz PC running Windows 98 The timing results are acquired 

from using the clock() function m Visual C++ to time the behaviour computation The 

timings are then written to a text file and loaded into MS Excel The graphs are created 

directly from this data and pasted into to this MS word document The graphs showing 

the break down of the algorithm are obtained using the Visual C++ Profiling tool

The boid’s position is initialised to a random value inside a sphere, the size of the sphere 

is proportional to the number of boids in the simulation This is so that the boids group 

into a single flock Each of the flock in the test has the same density, one bold per 9 5 

squared units For the purposes of testing the boids fly towards a goal positioned in space 

using the seekGoal() behaviour in section 3 17

Reynolds’87 Flocking Algorithm

We implement the flocking algorithm as presented by Reynolds [Rey87] The graph 

below show the frame rate for varying number of boids with a steering range or 10 0 

units In all these tests the initial flock density is one bold per 9 5 squared units Each 

bold has an average of approximately 9 nearby neighbours As is clearly seen from the 

graph [figure 5 1] as the number of boids increase the frames per second (fps) decreases
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The main factor that causes the decrease in frame rate is the FindNeighbour() algorithm 

as in section 3 4

Reynolds 87 Flocking Algorithm
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Figure 5 1 Frames per second Reynolds 87
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Figure 5 2 (a) Break Down of Frame Time for Reynolds 87 varying 

number of boids from 50 to 200 using C++ Profiler
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Reynolds 87 Frame Time Break Up
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Number of Boids

Figure 5 2 (b) Break Down of Frame Time for Reynolds 87 varying 

number of boids from 400 to 1600 using C++ Profiler

Figure 5 2(a) and figure 5 2(b) illustrate the time the system is inside the main functions 

FindNeighbour() and UpdateBehaviourQ These results are gained by running the C++ 

Profiler As you can see the computation time for FindNeighbour() increases rapidly as 

the number of boids increase

The other mam factor that determines the frame rate is the number of nearby neighbours 

as each nearby neighbour is used in the behaviour computation I f  the range is increased 

the number of nearby neighbours will be increased also
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Reynolds 87 Flocking Algorithm Varying Range 
400 Boids
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Figure 5 3 Varying range from 5 units to 40 units

Figure 5 3 shows the effect of increasing the visibility range of each boid m the flock of 

400 boids As the range increases the average frame rate decreases, as more neighbouring 

boids are included m the flocking computation for each bold
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Reynolds 87 Varying Visibility Range 
400 Boids
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Figure 5 4 Fram e B reak  D ow n w hile vary ing  range

Figure 5 4 show s the average fram e tim e break  dow n From  the figure it is show n that 
tim e taken  to com pute the flocking behaviour increases as the range increases The 
N eighbouring  finding algorithm  does no t change as the range increases

Reynolds 87 Varying Visibility Range 
400 Boids
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Figure 5 5 Illustrates tha t in R eynolds 87 average num ber o f  neighbour increases w ith
range
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From these test it has been shown that three main factors contribute to the time taken 

computing the flocking behaviour for a group of boids They are as follows

1 Number of boids

2 Visibility Range of each boids

3 Number of neighbours of each boid

In the next section results are presented for test results of the k-d tree approach to 

neighbour finding

5 2 K-d Tree Neighbour Finding Algorithm

Out first set of tests use a flock of 800 boids Each boids has a range of 7 units and has on 

average 5 neighbours The flock is created so as to have one boids per 9 5 square units 

As described in section 3 4 a  threshold is used to decide when to split a node in the k-d 

tree into two nodes The choice of this threshold value has a large affect on the efficiency 

of the neighbour finding algorithm

Figure 5 6 illustrates the average frame rate of the neighbour finding query with differing 

threshold values The frame rate is at is highest when the threshold is between 30 and 40 

The neighbour query has three mam parts,

1 the number of boids it must test

2 the time taken to find those boids

3 the time take to update the k-d tree

96



n K-D T r e e  Algo r i th m R a n g e  7
800 B o i d s

20 40 80

Threshold

D K  d Tree 
Algori thm

Figure 5 6 K-d Tree Algorithm Average Frame per Second With Range 7
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Figure 5 7 K-d Tree Algorithm Frame Time Break-Down with Range 7 using C++

Profiler

From the figure we see that the time taken to update the k-d tree is a very small 

percentage of the overall cost With a low threshold of 5 boids the time take to find the 

boids is quite high since it has to traverse a lot of nodes of the tree to find the boids As 

the threshold increase the time taken to find the boids decreases but also the number of 

boids tested also increases In figure 5 8 it is shown that the number of boids tested 

increases as the threshold value increases The threshold value between 30 and 40 gives 

the best trade of between these two factors It culls less boids than a lesser threshold but 

finds those boids faster as shown in figure 5 7
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K-d Tree Algorithm Range 7 
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Figure 5 8 Average Number of Boids Tested in k-d Tree Algorithm

In the next tests we will illustrate how changing the range alters the frame rate The 

number of boids and density of the flock remains the same

As we can see as the range increases the frame decreases, in figure 5 6 (range 7) the best 

fps is 14 where as in figure 5 9 (range 10) the best frame rate is 9 As the range increases 

the k-d tree algorithm can cull less boids from the computation In figure 5 9 the range of 

10 is used for each bold From the graph we see that a threshold value of approximately 

20 gives the best results

K-d Tree Algorithm Range 10 
800 Boids

O Behaviour 
Computation

5 20 80
Threshold

Figure 5 9 K-d Tree Algorithm with Range 10 fps
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K-d Tree Algorithm Range 10
800 Boids

5 20 80
Threshold

Figure 5.10 K-d Tree Algorithm Range 10 Frame Time Break Down using C++ Profiler

Figure 5 10 shows a time take to find the boids and the time to determine their distance 

We see that a threshold of 20 yields the best results as it the best combination of number 

boids checked and time take to find those boids Figure 5 11 shows the average frame 

rate for 800 boids while varying the threshold from 5 to 160 Threshold 40 has been 

shown to produce the fastest frame times

K-d Tree Algorithm Range 20 
800 Boids

5 40 160
Threshold

Figure 511 K-d Tree Algorithm Range 20 Fps
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K-d Tree Algorithm Range 20
800 Boids

5 40 160

Figure 5 12 K-d Tree Algorithm Frame Time Break Down using C++ Profiler

As is illustrated in figure 5 12 the threshold 40 yields the fastest combination of number 

of boids tested and time take to find those boids As the range increases two factors cause 

the k-d tree neighbour query to decrease

1 As the range increases, the algorithm traverses more nodes to find all the boids 

that are potentially included as nearby neighbours

2 As the range increases, more boids are included as nearby neighbours thus culling 

a smaller percentage of the overall flock than a lesser range

5 3 Comparison Neighbour Finding with Reynolds’87 and K-d Tree

In this section we compare our k-d tree approach to Reynolds ’87 method of 

implementing his flocking algorithm

Figure 5 13 compares the average frame rate of the k-d tree approach to Neighbour 

finding versus the approach by Reynolds ’87 There is a marked improvement as the 

number of boids increases, the k-d tree approach is far more efficient than the brute force 

search implied by Reynolds 4 87 As the number of boids increases the k-d tree culls a 

larger percentage of the boids in the entire flock
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K-D Tree Vs Reynolds 87 
Neighbour Query
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Figure 5.13 K-d Tree Vs Reynolds 87 Neighbour Query Frame rates

The neighbour query is only a part of the flocking computation, figure 5 14 and 5 15 

illustrate the comparison between the k-d tree approach and Reynolds’87 The tests are 

preformed with each boids having a range of 10 units The average frame rate relates to 

the computation of flocking algorithm As the number of boids increase the k-d tree 

approach proves to be more efficient due to the faster neighbour query computations For 

instance for 1600 boids our approach is 10 times faster that Reynolds’87
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Figure 5.14 K-d Tree Vs Reynolds Frame rates
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Figure 5 15 K-D Tree Algorithm Vs Reynolds Frame rates
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Avoiding Obstacles and Changing Goal

In the test environment there are only a few obstacles and a couple of goals So only a 

small percentage of the cost is used in computing these two steering acceleration 

compared to the cost of the flocking behaviour Neither have a marked effect on the 

frame rate

5 4 Stablegroup Algorithm

This section investigates the fps of the stablegroup algorithm varying the number of 

boids There are three tests contaimng 100, 200 and 400 boids respectively, each test 

contains a single obstacle and one change in goal There is one boid per 9 5 units squared 

and each boid has a visibility range of 10 units The obstacle is spherical in shape with a 

radius of 12 units and is m the direct path of the boids

Figure 3 16 to 3 18 all have similar features The frame rate initially is approximately the 

same as the k-d approach then as the stablegroups are created the frame rate jumps 

considerably When the flock reaches the obstacle the frame rate reduces to a value 

similar to the k-d tree approach Once the flock has cleared the obstacle the frame rate 

increases once again as the stable group is created When the flock reaches a goal and is 

steered toward the next goal the frame rate once again is reduce to the same speed as the 

k-d tree approach
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100 Boids StableGroup Algorithm

Time in Seconds

Figure 516 Shows average frame rates of stablegroup algorithm with a flock of 100 

boids as it moves around obstacle and changes goal

Figure 5 16 illustrates the average frame rates as the flock moves around the world 

Initially the frame rate is approximately 65 fps, which is approximately the same as the k- 

d tree approach As the stablegroup is created the frame rate quickly jumps to 800 fps It 

remains at 800 fps until it is meets an obstacle or changes goal The frame rate returns to 

65 fps during those periods, but quickly increases to approximately 800 fps as the 

stablegroup is created again
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200 Boids StableGroup Algorithm
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Figure 5 17 A verage fram e rates over a tim e period  as flock o f  200 m oves around an 
obstacle and changes goal

Figure 5 17 illustrates the  average fram e rates as the  flock m oves around the w orld  
S im ilarly to figure 5 16 the fram e rate is h igh  as the  stablegroup is created  and decreases 
to  that o f  the k-d tree  approach  w hile the  flock avoids an obstacle or changes goal In this 
case the fram e rate increases to  510 fps as the stablegroup is created  and decreases to 34 
as the individual bold behaviours are com puted
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400 Boids Using Stablegroup Algorithm
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Figure 517 Average frame rates over a time penod as flock of 400 moves around an

obstacle and changes goal

Above (Figure 5 17) the fps for a flock of 400 boids is shown As the stablegroup is 

created the fps increases to 250 fps, the frame rate drops 14 fps as the flock steers avoids 

an obstacle and changes goal

Meeting another flock

The test contains two flocks of 200 boids each, each having a different goal The two 

flocks collide with each other and shortly there after veer away from each other Figure 

5 18 shows the fps change as two flocks meets The frame rate decreases as each 

individual boid’s behaviour is computed The fps increases again as the two flocks move 

away from each other The frame rate dips to the k-d tree frame rate as the flock meets
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another flock As soon as the flocks start to depart from each other they become stable 

again the frame rate increases

Flock to Flock Interaction 
Stablegroup Algorithm 
Two Flocks of 200 Boids

T f h -  O  CO C£> CT>
T— 7—  * —  I -

Time m Seconds

Figure 518  Average fps as two flocks of 200 boids meet each other then depart 

5 5 Out of View Stablegroup

As described in section 4 11 when a stablegroup goes out of view there is no need to 

update each boids position in the stablegroup Thus accelerating the frame rate 

dramatically The test illustrated in figure 5 19 contains 200 boids, which move out of 

view During that time the fps increases to approx 1600 fps, the stablegroup then moves 

into view and the frame rate decreases to approximately 510 fps As the stablegroup 

again moves out of view the frame rate increase once again to 1600 fps

107



Out of View Stablegroup Algorithm 200 Boids 
Out of

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Time in Seconds

r  Stablegroup 
Algorithm

Figure 5 19 Out of View Stablegroup containing 200 boids

Out of View Stablegroup Algorithm 
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Figure 5 20 Out of View Stablegroup containing 400 boids

The test illustrated in figure 5 20 contains 400 boids which move out of view During that 

time the fps increases to approx 1600 fps, the stablegroup then moves into view and the
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frame rate decreases to approximately 250 fps As the stablegroup again moves out of 

view the frame rate increase once again to 1600 fps

5 6 Viewer Trials

This viewer trial was conducted to test if  viewers of the stablegroup animation could 

notice a difference to the flocking animation where each boids behaviour is computed 

separately The trial consisted of 2 demos in Appendix A Demol is the kdtreedem o  and 

demo2 is the stablegroupdem o  Each demo was shown side by side on 400mhz PC The 

participant looked at the demos for a short penod and then commented on the two demos 

There were fifteen people involved in the trial O f those 15, 12 people felt that the only 

difference was that demo2 ran at a faster rate when between the goals Three people felt 

that the flock in demo2 accelerated between the goals but also on more careful scrutiny 

noticed that demo2 has slightly less relative motion of each of the boids when it 

accelerated None of the participants felt that there was a significant difference in the 

demos and they both acted in a fish like manner

109



Chapter 6 
Conclusions and Future Work
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In the preceding chapters we outline our approach to increasing the efficiency o f the 
flocking algorithm introduced by Craig Reynolds I introduce the naive algorithm to 
compute the flocking behaviour for each boid in the flock For each individual bold the 
naive algorithm tests each other boid to find its nearest neighbours The flocking 
behaviour is computed each animation frame computing the boids new position and 
orientation I outline our approach in detail, on how we increase the efficiency o f the 
flocking algorithm There are a number o f steps involved, firstly the k-d tree is created 
and the boids in the scene are inserted into it The k-d tree is used to cull much o f the 
boids from the neighbour finding computation The tests we run shows that our approach 
is more than the Reynolds original algorithm The next step is to decrease the time taken 
for behaviour computation for the boids

Our new approach is to group together a number o f boids into a single group and to 
compute the behaviour for the group as a whole The behaviour is determined by 
computing the individual behaviour for the outermost boids in the stablegroup object 
The behavioural vector for the stablegroup is obtained by computing average acceleration 
vector for the outer-boids We outline the creation, update, combimng and destruction o f 
stablegroups in the scene In chapter 5 our tests show that this method allows for much 
larger flocks to be updated at interactive rates on a PC Our tests illustrate large decreases 
in the cost behaviour computation for the flock We also outline how obstacle avoidance 
and flying to a goal is performed for individual boids and Stablegroups We then present 
our novel algorithm for updating out o f view stablegroups This novel algorithm reduces 
possibly millions o f computations to a few dozen in many situations There are a number 
o f avenues o f future direction

6.1 A m ortize Behaviour Com putation

Reynolds presents a method o f [Rey2000] o f amortizing the cost o f the behaviour 
computation across 6 frames Each boid only updates its behaviour every 6 frames At 
each frame the algorithm chooses one sixth o f the boids at random to update their 
behaviour The other boids use the acceleration from the previous frame This technique
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could be applied to our algorithm This would result in a large increase in frame rate 
when the boid’s behaviour is being individually computed For instance 400 boids are 
currently updated every frame at a rate o f 15 fps Using the above approach this could be 
increased to 90 fps The behaviour computation o f the stablegroup could also utilise the 
same technique by only computing the behaviour every sixth bold in the outer-boids list 
Indeed since stablegroup acceleration is small only one boids in ten or twenty could be 
updated depending on the acceleration o f the stablegroup

6 2 Adaptive A lgorithm

Funkhouser and Sequin [Fun93] present an approach to rendering a 3D scene within a 
bounded frame rate Their research is only concerned with the visual appearance o f the 
object on the screen

To bound the frame rate o f flocking behaviour computation both the benefit and cost o f 
updating individual boids and the stablegroups in the scene need to be determined The 
benefit o f  individual boids depends mainly on its acceleration, higher acceleration 
yielding higher benefit Increased acceleration is caused by

• Meeting other boids
• Steenng around obstacles
• Changing goal

Boids that are performing the above behaviours have increased benefit to the 
environment These boids should be updated at a higher rate than other boids Benefit 
also depends on the distance o f the boids to the user, closer boids having a higher benefit 
The time since last update is used in the benefit computation also, the benefit increases as 
the time since last updated grows This ensures all boids do eventually get updated Boids 
that have not been updated use their acceleration from the previous frame

The cost o f computing the behaviour can be estimated from the number o f neighbours 
that boid has
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A list o f candidates boids to be updated sorted by benefit is created N number o f boids 
are chosen to be updated from the candidate list N  is chosen so that cost o f the first N 
boids does not exceed the threshold frame rate We compute the behaviour o f these boids 
We then update the position and onentation o f the boids in the environment We render 
the scene and then compute the new  benefit and cost o f each boid and create a newly 
sorted list

Stablegroups are updated adaptively in a similar manner Since the acceleration o f a 
stablegroup is low the mam factor in determining the benefit is the size o f it on screen, 
and number o f boids contained within it As outlined m 6 1 only a percentage o f  the 
outer-boids behaviour need be computed each frame M ore distant stablegroups would be 
updated less frequently and when updated would compute a smaller percentage o f its 
outer-boids to determine its acceleration As with individual boids the benefit increases as 
the time since last update increases The cost is estimated from the cost o f updating the 
outer-boids that are to be updated These stablegroups are inserted in the sorted list o f 
candidates to be updated

This adaptive algorithm will yield a bounded frame rate and update boids based on their 
behavioural importance to the scene

6 3 Rendering

There are many methods o f rendering distant objects in computer graphics More 
efficient rendenng may make use o f stablegroups, which can be treated as a single object 
Impostor selection is one approach suited to more efficient visualisation o f distant flocks 
The rendenng o f individual boids in stablegroups may be replaced by a texture mapped 
impostor as in [Sha96] or multiple impostors as in [Aub98]
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6 4 Obstacle Avoidance

The algorithm used for obstacle avoidance is quite straightforward More complex 
obstacle avoidance could be employed One such avoidance technique is silhouette 
avoidance as outlined m section 2 4 11 There are a num ber o f possibilities for caching o f 
information For instance as boids move to avoid the obstacle they find a point on the 
silhouette o f the object to steer towards Many o f the boids behind in the flock will take 
very similar avoidance measures

Ideally stablegroups that are out o f view for a considerable amount o f time need not have 
their behaviours updated Take for instance a stablegroup that is out o f view, which 
avoids an obstacle and gather back together into a single stablegroup again I f  the above 
happens while it is out o f view and the obstacle avoidance has little effect on the 
appearance o f the stablegroup then the obstacle avoidance routines need not be 
computed An out o f view stablegroup can merely ignore the obstacle There are a 
number o f issues involved, how to determine the effect o f an obstacle on a stablegroup 
There are a number o f criteria, the size o f the stablegroup, the size o f the obstacle, the 
flocking behaviour characteristics Each o f which have to be included in determining the 
effect an obstacle will have on a stablegroup Secondly the stablegroup must be out o f 
view until it has regrouped at the other side o f the obstacle If  not then the user must be 
shown a consistent view o f what the stablegroup would look like if  the full obstacle 
avoidance algorithm had been used There are many issues involved, which warrants 
further research

6 .5  Anim ation

Currently the flock is not animated Obviously for a more realistic simulation animation 
would be advantageous In a large flock o f birds, the animation o f boids maybe 
duplicated in the flock Once a boid is rendered the resulting rendered image maybe used 
to render other boids in the flock more efficiently
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6.6 Temporal Bounding Volumes

As outlined in Section 2 2 5 [Sud96] introduced the idea o f temporal bounding volumes 
(TBV) Dynamic objects are replaced by a static TBV The TBV is inserted into the tree 
until it becomes visible or the time lim it is up on it The TBV could be extended to 
replace stablegroups with a TBV Determining the volume o f the TBV is complicated 
because the stablegroups interact with each other and the environment The TBV created 
cannot overlap other stablegroups or their TBV’s or indeed obstacles in the scene This 
approach may work well for sparsely populated environments or in conjunction with 
obstacle avoidance techniques outlined in Section 2 4 11

6 7 Extension to M ulti-body Anim ation.

The only algorithm described in this thesis is the flocking algorithm The approach may 
be extended to other group behaviour systems where a stable region o f the group maybe 
identified and the behaviour computation replaced by a simpler more efficient 
calculation Flocking algorithms are not confined to the air they can also be used for earth 
bound creatures, such as sheep, wildebeest For virtual animals that follow a terrain the 
stablegroup would have to be augmented to account for the terrain following behaviour 
When the stablegroup is created the stablegroup should follow the terrain also Instead o f 
each member o f the herd or flock computing its terrain hugging acceleration and flocking 
behaviour, the stablegroup would compute one value for the terrain following and 
flocking behaviour

Crowding behaviour is very similar to flocking behaviour and the stablegroup approach 
could be adapted to accelerate crowding behaviour using the acceleration o f each member 
to determine when to convert to a stablegroup

The stablegroup approach could be also investigated to acceleration real-time fluid 
dynamics and soft body simulations
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A p pend ix  A

Demonstration of K-d Tree and Stablegroup Algorithm
Fig A 1 illustrates the 3D environment for the k-d tree and stablegroup algorithm There 
is one obstacle, three goals and one flock containing 50 boids The demo programs are on 
the CD accompanying this thesis The demo programs are based on the client server 
model, each demo program contains a server and a client To run each demo, the server 
program is executed then the user runs the corresponding client demo

Fig A  1

The boids are mtiahsed near goal 3 The boids first head towards goals 1 then 2 then back 
to 3 As the boids change goal from 3 to goal 1 it passes by the obstacle Any boids on 
collision course with the obstacle steer to avoid it The boids continue to travel from goal 
to goal until the window is closed by clicking on the top right o f the window
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K-d Tree Demo

This demonstration application illustrates the k-d tree finding algorithm as outlined in 
section 3 2 The frame stays relatively constant throughout the lifetime o f the program 
To run the application double click on the KdTreeDemoServer exe followed by 
KdTreeDemoChent,exe in windows Explorer W hen closing the demo, close both the 
client and the server

Stablegroup Demo

This demonstration application illustrates the Stablegroup algorithm as outlined in section 
4 1 The boids follow the same path as m the k-d tree algorithm (illustrated in Fig A 1) 
To run the application double click on the StableGroupDemoServer exe followed by 
StableGroupDemoChent exe in windows explorer W hen closing the demo, close both 
the client and the server The stablegroup algorithm causes the frame rate to increase 
dramatically when the entire flock becomes stable This is especially noticeable as the 
flock travels from Goal 1 to Goal 2

O ut of V iew  K -d  Tree demo

This demo illustrates the k-d tree algorithm with the first goal much further away (three 
times further than the first demo) To run the application, double click on the 
OutOJViewKdTreeServer exe followed by OutOJViewKdTreeDemoChent exe in windows 
explorer W hen closing the demo, close both the client and server

O ut of V iew  Stablegroup Demo

This demo illustrates the speedup gamed by applying the out o f view stablegroup 
algorithm outlined in section 4 11 This demo differs from the previous two m that the 
first goal is further away (three times further) To run the application, double click on the
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OutOJViewStableGroupServer exe followed by OutOJViewStableGroupChent exe in 
windows explorer When closing the demo, close both the client and server/
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