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A b s t r a c t

HCL i s a h i e r a r c h i c a l c e l l u l a r l o g i c , i n
w h i c h o p e r a t i o n s a r e a p p l i e d t o o b j e c t s
c a l l e d b i t - p y r a m i d s which t h e m s e l v e s a r e
f u n c t i o n s on s p a c e s c a l l e d h i e r a r c h i c a l
d o m a i n s . H C L p r o v i d e s an a l g e b r a f o r
c o m p u t a t i o n s i n v o l v i n g h i e r a r c h i c a l ,
m u l t i p l e - r e s o l u t i o n r e p r e s e n t a t i o n s o f
i m a g e d a t a . P I P E i s a n e w l y - d e v e l o p e d
p a r a l l e l a r c h i t e c t u r e w h i c h s u p p o r t s
m u l t i p l e - r e s o l u t i o n p y r a m i d o p e r a t i o n s .
T h i s p a p e r e s t a b l i s h e s t h a t H C L i s
f u n c t i o n a l l y e q u i v a l e n t t o a subse t o f
P I P E ' S i n s t r u c t i o n s e t , and t h a t e v e r y HCL
p r i m i t i v e ope ra t i on co r responds t o a s i n g l e
machine i n s t r u c t i o n i n P I P E and execu tes i n
a s i n g l e m a c h i n e c y c l e . F u r t h e r , t h e
c o n n e c t i v i t y o f H C L d a t a - o b j e c t s i s
embedded i n t h e da ta - pa ths o f t h e P I P E
a r c h i t e c t u r e . Thus, P I P E can o p e r a t e upon
t h e d a t a - o b j e c t s o f HCL d i r e c t l y , w i t h o u t
using e x t r a s t o r a g e f o r l i n k s o r p o i n t e r s ,
a n d w i t h o u t c o m p u t a t i o n o f s t o r a g e
a d d r e s s e s . As a r e s u l t , P I P E p rog rams
i m p l e m e n t i n g HCL may be e x p e c t e d t o run
e n o r m o u s l y f a s t e r t h a n c o r r e s p o n d i n g
p r o g r a m s f o r von Neumann machines, o r f o r
o t h e r p a r a l l e l machines which do not share
P IPE 'S a r c h i t e c t u r a l correspondence t o t h e
s t r u c t u r e s o f HCL.

T a n i m o t o ( 1 9 8 4 ) h a s d e s c r i b e d a
h i e r a r c h i c a l c e l l u l a r l o g i c (HCL), i n wh ich
o p e r a t i o n s a r e a p p l i e d t o o b j e c t s c a l l e d
b i t - p y r a m i d s which themse lves a r e func t i ons
on spaces c a l l e d h i e r a r c h i c a l domains. HCL
c o m p r i s e s an a l g e b r a f o r c o m p u t a t i o n s
i n v o l v i n g h i e r a r c h i c a l , m u l t i p l e - r e s o l u t i o n
r e p r e s e n t a t i o n s o f image data. As a fo rma l
system, HCL suppor ts d e d u c t i v e a n a l y s i s o f
image p r o c e s s i n g o p e r a t i o n s as w e l l as t h e
des ign o f s o f t w a r e f o r t h e o p e r a t i o n s . HCL
p r o v i d e s e x p r e s s i v e mechanisms f o r p a t t e r n -
m a t c h i n g , r e s o l u t i o n r e d u c t i o n , p a r a l l e l
p r o c e s s i n g and i t e r a t i v e p r o c e s s i n g o f
images. I n a d d i t i o n t o p r o v i d i n g a f o r m a l
t h e o r e t i c a l bas i s f o r h i e r a r c h i c a l c e l l u l a r
machines, HCL o f f e r s t h e p o s s i b i l i t y o f
e f f i c i e n t c o m p i l a t i o n o f i t s e x p r e s s i o n s
i n t o p r o g r a m s f o r p a r a l l e l m a c h i n e s w i t h
v y r a m i d a l a r c h i t e c t u r e s . C o n s i d e r e d as a
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language, HCL c o m p a c t l y s u p p o r t s a l a r g e
c o l l e c t i o n o f u s e f u l image - p rocess i ng and
i m a g e - d e s c r i p t i o n c a p a b i l i t i e s wh ich make
e x p l i c i t u s e o f t h e h i e r a r c h i c a l domain.
We t h e r e f o r e a r e d r a w n t o t h e t a s k o f
i m p l e m e n t i n g t h e o p e r a t i o n s o f HCL on t h e
most a p p r o p r i a t e a v a i l a b l e hardware.

I d e a l l y , such a machine should support t h e
fundamen ta l HCL o p e r a t i o n s as e l e m e n t a r y
machine o p e r a t i o n s , and should embed i n i t s
c o n n e c t i v i t y t h e c o n n e c t i v i t y o f t h e HCL
o b j e c t s and domains. The f i r s t o f t h e s e
r e q u i r e m e n t s f o l l o w s i m m e d i a t e l y f r o m
c o n s i d e r a t i o n s o f o p e r a t i n g e f f i c i e n c y ; t h e
i d e a l HCL m a c h i n e s h o u l d e x e c u t e r a t h e r
than s i m u l a t e HCL operat ions. Th i s i m p l i e s
t h e a b i l i t y t o s p e c i f y h i e r a r c h i c a l
o p e r a t i o n s o v e r p y r a m i d s and p y r a m i d a l
n e i g h b o r h o o d s i n t h e m i c r o - c o d e o f t h e
dev i ce . The second c o n d i t i o n f o l l o w s f r o m
c o n s i d e r a t i o n o f b o t h o p e r a t i n g e f f i c i e n c y
a n d s t o r a g e r e q u i r e m e n t s . T h e
r e p r e s e n t a t i o n o f d a t a o b j e c t s i n
h i e r a r c h i c a l domains t y p i c a l l y r e q u i r e s
m u l t i p l e s t o r a g e e l e m e n t s f o r e v e r y d a t a
i t e m . I n a d d i t i o n t o r e p r e s e n t a t i o n o f t h e
d a t a per ~ e ,a s y s t e m o f p o i n t e r s i s
r e q u i r e d t o e s t a b l i s h l i n k s t o s t r u c t u r a l l y
r e l a t e d d a t a i t e m s . The s t r u c t u r e o f t h e
da ta o b j e c t i s i m p l i c i t l y con ta ined i n t h e

c o n n e c t i v i t y e s t a b l i s h e d by t h i s system o f
l i n k s . S i n c e a s i n g l e da ta i t e m may belong
t o m u l t i p l e d a t a o b j e c t s (e.g., p y r a m i d a l
neighborhoods) i n d i f f e r e n t r e l a t i o n s h i p s ,
i t i s g e n e r a l l y n o t p o s s i b l e t o r e p r e s e n t
t h i s c o n n e c t i v i t y s imp ly i n an arrangement
o f d a t a e l e m e n t s i n a d d r e s s space . As a
r e s u l t , a d d i t i o n a l s t o r a g e e l e m e n t s , o r
m a c h i n e o p e r a t i o n s , o r bo th , a r e r e q u i r e d
i n o r d e r t o r e p r e s e n t o r c o m p u t e t h e
c o n n e c t i v i t y o f o p e r a t i o n s ove r m u l t i -
e l e m e n t d a t a o b j e c t s . W h e r e t h e s e
o p e r a t i o n s r e p r e s e n t e l e m e n t a r y H C L
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o p e r a t o r s , t h i s o v e r h e a d c a n l e a d t o
c o n s i d e r a b l e i n e f f i c i e n c y . The i d e a l HCL
d e v i c e would employ d a t a - f l o w paths which,
by themse lves , o r d e r e d t h e i n t e r a c t i o n s o f
d a t a e l e m e n t s and o p e r a t o r s s o t h a t n o
s t o r a g e e l e m e n t s o t h e r t h a n d a t a e l e m e n t s
w e r e r e q u i r e d , and no a l g o r i t h m s w e r e
r e q u i r e d t o compute da ta e l e m e n t addresses.

T h e N a t i o n a l B u r e a u o f S t a n d a r d s ' P I P E
p r o c e s s o r ( P i p e l i n e d I m a g e P r o c e s s i n g
E n g i n e ) s u p p o r t s a p y r a m i d m o d e o f
operat ion. As such, it i s t o our knowledge
t h e o n l y f u l l - s c a l e p y r a m i d mach ine i n
o p e r a t i o n . T h e w o r k r e p o r t e d h e r e
demonst ra tes that a subset o f the pyramid -
mode o p e r a t i o n s o f P I P E a r e an e x a c t
e m b o d i m e n t o f t h e f u n d a m e n t a l l o g i c a l
ope ra t i ons o f HCL. F u r t h e r m o r e , the data -
f l o w pa ths within P I P E e x a c t l y support t h e
c o n n e c t i v i t y o f t h e HCL d a t a o b j e c t s , b o t h
w i th in h i e r a r c h i c a l domains, and b e t w e e n
h i e r a r c h i c a l d o m a i n s w h i c h can e x i s t
contemporaneously i n P I P E .

T h e P I P E image p r o c e s s o r ( K e n t , S h n e i e r ,
and Lumia, 1985 ) was i n s p i r e d i n p a r t by
pyramid concepts t r a c e a b l e t o Tanimoto and
P a v l i d i s ( 1 9 7 5 ) and i n p a r t by d e s i g n s
p r e v i o u s l y d e v e l o p e d i n a c o l l a b o r a t i o n
b e t w e e n M c C o r m i c k , K e n t , and D y e r ( 1 9 8 0 ,
1 9 8 2 ) . T h i s l a t t e r work a l s o i n f l u e n c e d
subsequent f o r m u l a t i o n s o f D y e r ( 1 9811,
which had deve loped out o f t h e o r e t i c a l work

MPS Stage
(k +1)

MPS Stage
(k)

wi th Rosen fe ld (Bosen fe ld 1979.) This work
i n t u r n c o n t r i b u t e d t o T a n i m o t o ' s
deve lopment o f HCL. Thus it may n o t be
s u r p r i s i n g t h a t t h e r e i s a n e s s e n t i a l
s i m i l a r i t y b e t w e e n t h e f u n d a m e n t a l
o p e r a t i o n s o f HCL, and t h e bas i c o p e r a t i o n s
and o r g a n i z a t i o n o f t h e P I P E processor .

The P I P E A r c h i t e c t u r e .

P I P E i s composed o f a s e r i e s o f m o d u l a r
processing stages (MPS). Each MPS c o n t a i n s
b o t h memory and p r o c e s s i n g c a p a b i l i t y .
These s tages a r e i n t e r c o n n e c t e d b y t h r e e
i m a g e - f l o w p a t h w a y s ( F i g u r e 1 ) . I n
g e n e r a l , t h e f o r w a r d p a t h w a y c a r r i e s
p rocessed images output f r o m each stage (k)
t o the input o f t h e subsequent s tage (k-1).
T h e r e t r o g r a d e p a t h w a y c a r r i e s i m a g e s
o u t p u t f r o m e a c h s t a g e t o t h e input o f i t s
p r e d e c e s s o r ( k + l ) , a n d t h e r e c u r s i v e
p a t h w a y c a r r i e s i m a g e s o u t p u t f r o m e a c h
stage back i n t o t h a t s tage 's own input. A t
t h e input t o e a c h s t a g e t h e i n f o r m a t i o n
a r r i v i n g o n i t s t h r e e i n p u t p a t h s may be
combined a c c o r d i n g t o any a l g e b r a i c o r
Boolean o p e r a t i o n t o form a r e s u l t a n t input
image f o r t h e s t a g e . Within each s tage ,
t h e image i s s t o r e d i n one o f t w o b u f f e r s ,
f r o m w h i c h i t can be s u b j e c t e d t o a v a r i e t y
o f neighborhood and point. opera t ions . Each
s tage s imuul taneously processes t h e image(s)
c o n t a i n e d i n i t s b u f f e r s , c o m p l e t i n g t h e
p r o c e s s i n g o f an e n t i r e image ( 2 5 6 x 2 5 6 x

MPS Stage
(k -1)

To
Succeeding

Stages

From
Preceding

Stages

(3)

@ Forward Pathway

@ Recursive Pathway

@ Retrograde Pathway

Figure 1. The P I P E p r o c e s s o r c o n s i s t s o f m u l t i p l e modular p r o c e s s i n g s tages connected
by c o n c u r r e n t , i n t e r a c t i n g , image - f low p i p e l i n e s . R e s u l t s o f independent o p e r a t i o n s on
images i n each stage a r e output o v e r Forward, Recu rs i ve , and Retrograde pathways, The
input t o each s tage mag be ob ta ined f r o m any a l g e b r a i c o r Boolean comb ina t ion o f t h e
images ar r i v ing on t h e t h r e e pathways.
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8 - b i t ) i n one s i x t i e t h o f a s e c o n d ( o n e
mach ine c y c l e . ) T h e r e s u l t s o f t h e s e
o p e r a t i o n s , i n any c o m b i n a t i o n , c a n b e
o u t p u t t o t h e f o r w a r d , r e t r o g r a d e , and
r e c u r s i v e p a t h w a y s l e a v i n g t h a t s t a g e .
P I P E can p e r f o r m a v e r y l a r g e v a r i e t y o f
i n t e r e s t i n g and u s e f u l o p e r a t i o n s on t h e
images c o n t a i n e d i n t h e MPSs. H e r e we will
c o n c e n t r a t e o n l y on a s u b s e t r e l e v a n t t o
HCL.

When P I P E i s o p e r a t e d i n i t s py ramid mode,
images passed over t h e f o r w a r d pathway f r o m
s t a g e ( k ) t o s t a g e (k - 1) a r e r e d u c e d t o
o n e - h a l f l i n e a r r e s o l u t i o n (one four th t h e
number o f p i x e l s ) by a s a m p l i n g p r o c e s s
w h i c h c a r r i e s f o r w a r d t h e odd - numbered
p i x e l s o f odd-numbered rows i n t o a densely -
p a c k e d a r r a y . I m a g e s p a s s e d o v e r t h e
r e t r o g r a d e p a t h w a y a r e a m p l i f i e d b y
r e p l i c a t i o n , so t h a t each " f a t h e r " i n stage
( k ) i s r e p l i c a t e d i n t o f o u r a d j a c e n t Itsons''
i n s t a g e ( k + l ) . I m a g e s p a s s i n g o v e r t h e
r e c u r s i v e pa thway a r e unchanged. I n t h i s
mode, communications between b i t - py ram ids
i s h a n d l e d i n a c o n s i s t e n t manner. The
v e r s i o n o f P I P E a t t h e N a t i o n a l Bureau o f
S tanda rds c o n t a i n s e i g h t MPSs, s o t h a t a
c o m p l e t e h i e r a r c h i c a l p y r a m i d c a n b e
con ta ined within t h e machine, s t a r t i n g f r om
a 256 x 2 5 6 p i x e l image i n t h e f i r s t s tage ,
a n d t a p e r i n g t o a s i n g l e p i x e l i n t h e
e i g h t h . T h e P I P E s t a g e s ( o r any s u b s e t o f
t h e m ) may o p e r a t e i n non - py ram id mode t o
p e r f o r m a v a r i e t y of s tandard o p e r a t i o n s on
i m a g e s p r i o r t o t h e i r deve lopment i n t o
h i e r a r c h i c a l r e p r e s e n t a t i o n s . I n
p a r t i c u l a r , a v a r i e t y o f g r a y - s c a l e
opera t ions may be per fo rmed on images p r i o r
t o r e d u c t i o n t o one o r m o r e b i n a r y i m a g e s
t h r o u g h t h r e s h o l d i n g on v a r i o u s d e r i v e d
p r o p e r t i e s .
The e i g h t b i t s o f a p i x e l may b e t r e a t e d
within P I P E as an a r i t h m e t i c q u a n t i t y , i n
w h i c h c a s e p o i n t a n d n e i g h b o r h o o d
o p e r a t i o n s produce a p p r o p r i a t e a rit hme t i c
r e s u l t s . It i s p o s s i b l e t o d e a l w i th
h i e r a r c h i c a l p y r a m i d s o f b y t e s i n t h i s
f a s h i o n . H o w e v e r , i t i s a l s o p o s s i b l e t o
t r e a t t h e e i g h t - b i t p i x e l a s e i g h t
i n d e p e n d e n t b i t s o f a B o o l e a n v e c t o r . I n
t h i s c a s e , a l l p o i n t and n e i g h b o r h o o d
o p e r a t i o n s t r e a t e a c h b i t - p l a n e
i n d e p e n d e n t l y . Moreover , e i g h t d i f f e r e n t
a n d i n d e p e n d e n t s e t s o f p o i n t a n d
n e i g h b o r h o o d o p e r a t i o n s i n a s t a g e may be
a p p l i e d s i m u l t a n e o u s l y t o t h e e i g h t b i t -
p l a n e s . With t h i s c a p a b i l i t y , it i s
p o s s i b l e t o d e v e l o p and s i m u l t a n e o u s l y
o p e r a t e upon e i g h t independent h i e r a r c h i c a l
Boolean s t r u c t u r e s or , ll bit -pyramids. l ' Up
t o s i x t e e n s u c h s t r u c t u r e s can b e h a n d l e d
if u s e i s made o f b o t h o f t h e i m a g e b u f f e r s
wi th in each stage. I n t e r a c t i o n s b e t w e e n
d i f f e r e n t b i t - p l a n e s t r u c t u r e s may o c c u r
both b e f o r e and a f t e r t h e w i t h i n - b i t - p l a n e
n e i g h b o r h o o d o p e r a t i o n s , i n t h e same
machine c y c l e .

P y r am i d s , H i e r a r c h i c a l D o m a i ns , a n d
P y r a m i d a l Neighborhoods.

I n HCL, T a n i m o t o d e s c r i b e s a p y r a m i d as a
d a t a o b j e c t w h o s e s t r u c t u r e i s a
h i e r a r c h i c a l domain which i s i n turn a s e t
o f c e l l s . A c e l l i s s p e c i f i e d i n HCL b y
t h e 3 - t u p l e ( k , i , j ) . A p y r a m i d i s d e f i n e d
as a f u n c t i o n w h i c h maps each c e l l o f a
h i e r a r c h i c a l domain t o a v a l u e . A b i t -
p y r a m i d i s composed o f e l e m e n t s whose
v a l u e s a r e i n t h e range f O , 1 ] , and a b y t e -
p y r a m i d i s composed o f c e l l s whose v a l u e s
a r e i n t h e r a n g e f 0 , 2 5 5 j . HCL d e f i n e s a
p y r a m i d a l n e i g h b o r h o o d o f a c e l l as
c o n s i s t i n g o f e i g h t s a m e - r e s o l u t i o n
n e i g h b o r s a t l e v e l ( k ) , one f a t h e r c e l l a t
t h e n e x t l o w e r l e v e l o f r e s o l u t i o n ( k - 1 ) .
and f o u r sons a t t h e n e x t h i g h e r l e v e l o f
r e s o l u t i o n ( k + l ) . T h i s f o u r t e e n - c e l l
neighborhood i s i l l u s t r a t e d i n F i g u r e 2.

HCL d e f i n e s s e v e r a l o p e r a t i o n s on pyramids,
wh i ch r e q u i r e o p e r a t o r s t o be a p p l i e d t o
each c e l l o f a pyramid, o r t o corresponding
c e l l s o f m u l t i p l e p y r a m i d s , g e n e r a t i n g a
pyramid as a r e s u l t . The r e s u l t may occupy
a n e w p y r a m i d o r r e p l a c e o n e o f i t s
predecessors . I n t h i s c l a s s o f o p e r a t i o n s ,
a v a l u e i s g e n e r a t e d f o r e v e r y c e l l i n t h e
i n p u t p y r a m i d ( s ) . By c o n t r a s t , p y r a m i d a l
n e i g h b o r h o o d o p e r a t i o n s d e f i n e d by HCL o n
t h e p y r a m i d a l n e i g h b o r h o o d o f a c e l l
r e q u i r e t h a t t h a t c e l l ' s n e w v a l u e b e
computed by t h e r e s u l t o f an o p e r a t i o n o n
a l l t h e c e l l s o f i t s p y r a m i d a l
neighborhood. T h i s r e s u l t may r e p l a c e t h e
o r i g i n a l con ten ts o f the c e l l o r c o n t r i b u t e
t o t h e c o n s t r u c t i o n o f a new pyramid.

I n P I P E , t h e c e l l v a l u e s a r e s t o r e d i n t h e
b i t s ( o r b y t e s ) o f t h e p i x e l s i n t h e i m a g e
b u f f e r s o f t h e m a c h i n e ' s MPS s tages , and
p y r a m i d s o v e r t h e h i e r a r c h i c a l domain a r e
con ta ined in a s e t o f such b u f f e r s l o c a t e d
i n s u c c e s s i v e stages. S t o r a g e space f o r a
b i t - p y r a m i d e x i s t s i n t h e s e t o f b i t - p l a n e s
w i t h a common i n d e x o v e r t h e s e t o f
b u f f e r s . Such a s t o r a g e s p a c e will be
r e f e r r e d t o as a " doma in r e g i s t e r . I t The
i d e n t i t y o f an i n d i v i d u a l b i t - p y r a m i d (and
t h e domain r e g i s t e r con ta i n i ng i t ) will be
u n d e r s t o o d f r o m t h e name o f t h e s e t o f
b u f f e r s (BUFF -A o r BUFF-B) and t h e t h e b i t -
p l a n e i n d e x . I n a P I P E d o m a i n r e g i s t e r ,
t h e i n d e x k t h e n r e f e r s t o t h e MPS s t a g e
and i.j t o c o o r d i n a t e s o f t h e c e l l i n t h e
i m a g e b u f f e r o f t h a t s tage . I n p y r a m i d
mode, t h e P I P E m a c h i n e passes r e s u l t s o f
o p e r a t i o n s o n t h e c o n t e n t s o f e v e r y o t h e r
c e l l o f e v e r y o t h e r r o w o f o n e o f i t s
s t a g e s f o r w a r d i n t o t h e n e x t s t a g e , w h e r e
t h e y a r e s t o r e d i n a d e n s e l y - p a c k e d a r r a y
c o n s t i t u t i n g t h e r e d u c e d r e s o l u t i o n i m a g e
o f t h e c o n t e n t s o f t h e p r e c e d i n g s t a g e .
T h i s image c o n s t i t u t e s t h e p o r t i o n o f t h e
p y r a m i d a t t h e n e x t l e v e l ( k - 1 ) o f t h e
domain. When t h i s o p e r a t i o n i s p e r f o r m e d
over t h e machine's e igh t s tages, a f u l l 256
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Figure 2 . A pyramidal ne ighborhood o f a c e l l . i n a
h i e r a r c h i c a l domain. The ''home c e l l " o f each such
neighborhood has one f a t h e r , e i gh t l a t e r a l ne ighbors ,
and four sons.
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x 2 5 6 a r r a y i n t h e f i r s t s t a g e i s r e d u c e d
t o a s i n g l e c e l l i n t h e e i g h t h s tage , thus
fo rming a complete pyramid .

AND-Match and OR-Match opera t ions .

T h e t w o b a s i c t y p e s o f p y r a m i d a l
ne ighbo rhood o p e r a t i o n s o f HCL a r e c a l l e d
AND-Match and OR-Match. They r e q u i r e b i t -
b y - b i t c o m p a r i s o n s b e t w e e n an a r b i t r a r y
f o u r t e e n - c e l l p y r a m i d a l n e i g h b o r h o o d
p a t t e r n , P, c o n s i s t i n g o f 0, 1 , o r I tdon ' t
c a r e " ( D ) v a l u e s , and t h e v a l u e s o f t h e
c o r r e s p o n d i n g c e l l s o f e a c h p y r a m i d a l
ne i ghbo rhood o f t h e h i e r a r c h i c a l domain.
T h i s c o m p a r i s o n has t h e v a l u e 1 u n d e r t h e
AND-Match o p e r a t i o n if a l l p a t t e r n e lemen ts
(excep t t h e D ts) equal t h e i r corresponding
n e i g h b o r h o o d v a l u e s . T h e O R - M a t c h
o p e r a t i o n r e t u r n s 1 i f a t l e a s t one o f t h e
P - e l e m e n t s wh i ch i s n o t a D m a t c h e s i t s
c o r r e s p o n d i n g n e i g h b o r h o o d v a l u e . T h e
r e s u l t s o f a l l i n d i v i d u a l c o m p a r i s o n s i n
t h e n e i g h b o r h o o d a r e t h e n ANDed i n
AND- Match , and ORed i n O R - M a t c h , t o
g e n e r a t e t h e f i n a l v a l u e f o r t h e c o n t e n t s
o f t h e c e n t r a l c e l l o f t h e p y r a m i d a l
neighborhood. The same comparison p a t t e r n ,
P, i s used i n app ly ing t h e ope ra t i on t o t h e
pyramida l neighborhood o f every c e l l o f t h e
h i e r a r c h i c a l d o m a i n , s o t h a t an S I M D
a r c h i t e c t u r e s u f f i c e s .

I n PIPE, e v e r y 3 x 3 neighborhood b i t - p l a n e--

c o n s t i t u t e s a n i n e - b i t v e c t o r w h i c h
a d d r e s s e s a r e s u l t i n a 5 1 2 - e n t r y l ook - up
tab le . T h i s t a b l e can con ta i n the c o r r e c t
r e s u l t o f a match wi th P f o r a l l p o s s i b l e
n i n e - b i t n e i g h b o r h o o d s , f o r e i t h e r
AND Match o r OR M a t c h o p e r a t i o n s . E v e r y
stage of t h e macTine has the c a p a b i l i t y o f
p e r f o r m i n g t w o i n d e p e n d e n t B o o l e a n
n e i g h b o r h o o d o p e r a t i o n s o f t h i s s o r t
s i m u l t a n e o u s l y o n t h e s a m e d a t a
n e i g h b o r h o o d . T h i s m a y o c c u r
s i m u l t a n e o u s l y and i n d e p e n d e n t l y i n e v e r y
s t a g e o f t h e machine. I n t h e same machine
c y c l e , t h e s e r e s u l t s , o r t h e d a t a i t s e l f ,
may be c o m m u n i c a t e d t o o t h e r s t a g e s o v e r
t h e t h r e e i n t e r - s t a g e p a t h w a y s d e s c r i b e d
above . U s i n g t h e s e r e s o u r c e s , a c e l l and
i t s l a t e r a l n e i g h b o r h o o d may p a r t i c i p a t e
s i m u l t a n e o u s l y i n o p e r a t i o n s o v e r t h r e e
d i f f e r e n t p y r a m i d a l n e i g h b o r h o o d s as a
f a t h e r , as a son, and a s t h e p r i n c i p a l
e l e m e n t ( h o m e c e l l ) o f a p y r a m i d a l
neighborhood. The method by wh ich t h e P I P E
a r c h i t e c t u r e a c c o m p l i s h e s t h i s i s
i l l u s t r a t e d by r e f e r e n c e t o f i g u r e 3, which
s c h e m a t i z e s s e v e r a l o f t h e o p e r a t i n g
e l e m e n t s a n d d a t a - p a t h s o f one M P S , a
s i n g l e P I P E s t a g e . All o f t h e d a t a
e lemen ts o f a s i n g l e h i e r a r c h i c a l l e v e l a r e
s t o r e d i n b u f f e r s o f such a s t a g e (BUFF - A
i n t h e e x a m p l e o f f i g u r e 3.) Du r i ng a
s i n g l e mach ine c y c l e each o f these e lemen ts
and i t s l a t e r a l n e i g h b o r h o o d will b e
s e q u e n t i a l l y accessed i n r a s t e r - s c a n o r d e r ,

Pyramidal
Neighborhood
of a Cell

P Level of Father

Level of Lateral
Neighbors

Level of Sons

Figure 3 . S c h e m a t i c r e p r e s e n t a t i o n o f some e l e m e n t s o f a s i n g l e modular p r o c e s s i n g
s tage (MSP) o f t h e P I P E niachine, s h o w i n g o p e r a t i o n s o f HCL. Se? t e x t f o r d e s c r i p t i o n
o f e l e m e n t s .
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and will p a r t i c i p a t e s i m u l t a n e o u s l y i n
t h r e e p y r a m i d a l neighborhood o p e r a t i o n s .

T h e r e s u l t of t h e P- compar ison o p e r a t i o n
o v e r t h e home c e l l and i t s e i g h t l a t e r a l
n e i g h b o r s i s a c c o m p l i s h e d b y r o u t i n g t h e
n e i g h b o r h o o d d a t a t h r o u g h t h e f i r s t
neighborhood o p e r a t o r (NOP-1 i n f i g u r e 3.)
The r e s u l t of t h e P- compar ison f o r t h e same
ne ighborhood c o n s i d e r e d as a n e i g h b o r h o o d
o f s o n s i s o b t a i n e d b y r o u t i n g t h e
n e i g h b o r h o o d d a t a t h r o u g h t h e s e c o n d
neighborhood opera to r (NOP-2 i n f i g u r e 3.)
I n t h e c a s e o f son c e l l s , o n l y o n e o f t h e
f o u r sons o f any home c e l l i s i n d i r e c t
upward commun ica t i on wi th t h e home c e l l ,
d u e t o t h e s a m p l i n g p r o c e d u r e u s e d t o
g e n e r a t e t h e h a l f - r e s o l u t i o n upward s t e p .
H o w e v e r , t h e n e i g h b o r h o o d o p e r a t i o n o v e r
the pyramida l sub -neighborhood occupied by
t h e f o u r sons may be used t o g e n e r a t e t h e
v a l u e passed up f r o m t h e communicat ing son
( w i t h o u t a f f e c t i n g t h e va lue s t o r e d i n t h e
communicat ing son.) T h i s v a l u e will be t h e
r e s u l t o f an AND o r O R o f t h e P - c o m p a r i s o n
o p e r a t i o n o v e r t h e sons ’ p y r a m i d a l sub -
n e i g h b o r h o o d . ( A t t h e l e v e l o f t h e sons ,
t h e commun i ca t i ng son i s t h e c e n t r a l c e l l
o f t h e 3 x 3 n e i g h b o r h o o d , and o n l y i t and
i t s e a s t , sou th , and s o u t h e a s t n e i g h b o r s
may a f f e c t t h e resu l t . ) Because t h e AND and
O R o p e r a t i o n s w h i c h c o m b i n e t h e P -
c o m p a r i s o n o p e r a t i o n s o v e r t h e p y r a m i d a l
ne ighborhoods o f HCL a r e c o m m u t a t i v e , t h e
r e s u l t s o b t a i n e d wi th t h i s p rocedure do n o t
d i f f e r f r om t h e r e s u l t o b t a i n e d i f a l l t h e
son c e l l s communicate d i r e c t l y . The r e s u l t
o f t h e P - c o m p a r i s o n f o r t h e s a m e
neighborhood cons ide red as t h e neighborhood
o f a f a t h e r i s s i m p l y o b t a i n e d b y r o u t i n g
t h e c e n t r a l e l e m e n t o f t h e ne ighbo rhood
d i r e c t l y out. o f t h e s t a g e , s i n c e a t t h e
f a t h e r l e v e l o n l y t h e c e n t r a l c e l l o f t h e
n e i g h b o r h o o d may a f f e c t t h e r e s u l t . (The
P - c o m p a r i s o n f o r t h i s s i n g l e e l e m e n t i s
o b t a i n e d a f t e r i t s r e c e i p t i n t h e ( k + l )
s t a g e . ) I n a l l of t h e s e o p e r a t i o n s , P I P E
a u t o m a t i c a l l y s u p p l i e s dum my n e i g h b o r h o o d
c e l l s f o r i n c o m p l e t e neighborhoods a t f r a m e
bounda r i es . P I P E has inpu t and o u t p u t
s t a g e s a t e i t h e r end o f t h e MPS c h a i n w h i c h
c o n t a i n b u f f e r s w h i c h may b e s e t t o z e r o t o
supply a f a t h e r o f t h e apex and sons o f t h e
base.

As e a c h s e q u e n c e o f r e s u l t s passes o u t o f
t h e n e i g h b o r h o o d o p e r a t o r s t t h e s e r e s u l t s
a r e s w i t c h e d t o t h e i n t e r - l e v e l
commun i ca t i on pa ths . The r e s u l t o f t h e
l a t e r a l n e i g h b o r h o o d - l e v e l P - c o m p a r i s o n
f r o m N O P - 1 i s r o u t e d t o t h e r e c u r s i v e
pathway ( l a b e l e d REC), and passes back i n t o
t h e i npu t s e c t i o n o f s t a g e ( k ) ; t h e r e s u l t
o f t h e s o n - l e v e l P-comparison f rom NOP-2 i s
r o u t e d t o t h e f o r w a r d pa thway ( l a b e l e d
F O R ) , and passes t o t h e i npu t s e c t i o n o f
s t a g e ( k - I ) ; t h e f a t h e r d a t a e l e m e n t i s

r o u t e d t o t h e r e t r o g r a d e p a t h w a y ( l a b e l e d
RET) , and passes t o t h e input s e c t i o n o f
s t a g e ( k + l ) . The r e s u l t s a r r i v i n g f r o m
d i f f e r e n t l e v e l s a r e combined by AND o r OR
o p e r a t i o n s a t t h e inpu t s e c t i o n o f e a c h
s t a g e . I n f i g u r e 3 , t h e inpu t a r r i v i n g o n
the RET pathway f r o m s t a g e (k-1) r e p r e s e n t s
t h e f a t h e r o f a home c e l l i n t h i s s t a g e
(k) . It i s p a s s e d t h r o u g h a l o o k u p t a b l e
(LUT) w h i c h imp lemen ts t h e P- comparison on
t h e f a t h e r e lemen t . The input a r r i v i n g on
t h e REC pathway i s t h e s t a g e ( k ) l a t e r a l -
n e i g h b o r h o o d r e s u l t , w h i c h i s p a s s e d
unchanged th rough a LUT, and ANDed o r ORed
w i t h t h e f a t h e r r e s u l t i n an ALU. T h i s
r e s u l t i s fur ther combined through a second
ALU w i t h t h e son r e s u l t w h i c h a r r i v e s ,
a f t e r passing unchanged through a LUT, f r o m
stage ( k + l ) ove r the FOR pathway.

T h e f i n a l r e s u l t i s t h e v a l u e o f t h e
pyramida l neighborhood o p e r a t i o n f o r a home
c e l l i n s t a g e ( k ) . P i p e l i n e d e l a y s and
r e a d / w r i t e - o p e r a t i o n a d d r e s s o f f s e t s a r e
e m p l o y e d t o s e c u r e t h e a r r i v a l o f t h e
r e s u l t a t s u c h a t i m e t h a t i t can , if
d e s i r e d , be w r i t t e n i n t o BUFF-A o f f i g u r e 3
w i t h o u t t a k i n g p a r t i n n e i g h b o r h o o d s o f
c e l l s s t i l l b e i n g r e a d f r o m BUFF -A. It i s
a l s o p o s s i b l e t o d i r e c t t h e r e s u l t t o a
uif f e r e n t b u f f e r .

T h e p y r a m i d a l n e i g h b o r h o o d o p e r a t i o n
d e s c r i b e d i n t h e p r e c e d i n g p a r a g r a p h s
o c c u r s s i m u l t a n e o u s l y f o r a l l e i g h t b i t -
p l a n e s , s o t h a t t h e e i g h t b i t s o f t h e home
c e l l may con ta in t h e r e s u l t s o f o p e r a t i o n s
on up t o e i g h t independent b i t - p y r a m i d s .
E a c h o f t h e s e may h a v e b e e n s u b j e c t e d t o
d i f f e r e n t p y r a m i d a l n e i g h b o r h o o d
o p e r a t i o n s , employing d i f f e r e n t P matches.
A t e a c h s t a g e o f t h e o p e r a t i o n s ,
i n t e r a c t i o n s among t h e s e b i t - py ram ids a r e
p o s s i b l e b y m a p p i n g t h e e i g h t - b i t e l e m e n t
t h r o u g h LUTs, o r p a s s i n g i t th rough ALUs.
I n p a r t i c u l a r , l o g i c a l and b a r r e l s h i f t s ,
and o t h e r i n t e r - d o m a i n r e g i s t e r mapp ings
may be u s e d t o a c c u m u l a t e r e s u l t s . F o r
examp le , t h e r e s u l t o f an AND- Match o r
O R M a t c h o p e r a t i o n on t h e d o m a i n r e g i s t e r
o f - b i t 0 might be s h i f t e d l e f t and r e s u l t
i n a new domain r e g i s t e r i n b i t 1 , l e a v i n g
t h e o r i g i n a l domain r e g i s t e r u n a l t e r e d .
S e v e r a l 1 6 - b i t i n t e r a c t i o n s a r e a v a i l a b l e
so t h a t t h e c o n t e n t s o f b o t h b u f f e r s may
i n t e r a c t as s i x t e e n i n d e p e n d e n t domain
r e g i s t e r s .

B i n a r y Operat ions.

A second c l a s s o f o p e r a t i o n i n HCL r e q u i r e s
l o g i c a l i n t e r a c t i o n among b i t p y r a m i d s o f
t h r e e h i e r a r c h i c a l d o m a i n r e g i s t e r s ,
d e s i g n a t e d X , Y , and Q. T h e b i n a r y
o p e r a t i o n s o v e r X , Y , and Q a r e p o i n t w i s e
l o g i c a l o p e r a t i o n s among c o r r e s p o n d i n g
c e l l s i n d i f f e r e n t h i e r a r c h i c a l domain
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r e g i s t e r s . The HCL o p e r a t i o n s s p e c i f y a
B o o l e a n o p e r a t i o n o v e r X , o r o v e r X and Y ,
r e s t r i c t e d by the s t a t e o f domain r e g i s t e r
Q. All B o o l e a n o p e r a t i o n s a r e p e r m i t t e d .
Ifo n l y X and Q a r e invo lved , any ope ra t i on
i n v o l v i n g a B o o l e a n f u n c t i o n o f o n e
argument a p p l i e d t o X (such as NOT X ) may
b e r e s t r i c t e d t o a p p l y o n l y w h e r e t h e
c o r r e s p o n d i n g c e l l o f Q = 1. If X , Y , and
Q a r e i n v o l v e d , a B o o l e a n func t i on o f t w o
arguments o v e r X and Y ( f o r examp le , X AND
Y ) may be s i m i l a r l y r e s t r i c t e d t o c e l l s
where Y=I..

The HCL b i n a r y o p e r a t i o n s may be c a r r i e d
o u t s i m u l t a n e o u s l y a t a l l l e v e l s o f P I P E ,
on a l l elements o f t h e domain r e g i s t e r s , by
pass ing t h e e i g h t - b i t con ten ts o f each c e l l
through a look - up t a b l e c o n t a i n i n g a l l
p o s s i b l e outcomes, and return ing t h e r e s u l t
ove r t h e r e c u r s i v e pathway. As i n t h e case
of t h e p y r a m i d a l neighborhood o p e r a t i o n s ,
up t o e igh t domain r e g i s t e r s may i n t e r a c t ,
i n c l u d i n g t h e p o s s i b i l i t y o f t r a n s f e r r i n g
the r e s u l t t o empty domain r e g i s t e r s . T w o
such eight - domain r e g i s t e r i n t e r a c t i o n s may
occur s imul taneously a t each l e v e l because
o f t h e presence o f t w o comp le te b u f f e r s and
o p e r a t o r s . The r e s u l t s o f t h e t w o e i g h t -
domain r e g i s t e r opera t ions may a l so be made
t o i n t e r a c t . I n many c a s e s , LUTs w i t h i n
t h e P I P E s tages ( o m i t t e d f r o m f i g u r e 3 f o r
c l a r i t y ) will p e r m i t b i na ry o p e r a t i o n s and
p y r a m i d a l ne i ghbo rhood o p e r a t i o n s t o be
combined i n t h e same machine c y c l e .

R e p e t i t i o n and t h e l fUNTIL NO CHANCE tf Me ta -
opera to r .

T h e f i n a l s e t o f f u n d a m e n t a l H C L
e x p r e s s i o n s g o v e r n s t h e i t e r a t i o n o f t h e
o p e r a t o r s a l r e a d y desc r ibed . The e s s e n t i a l
r e q u i r e m e n t i s t o be a b l e t o r e p e a t any
opera t ion , e i t h e r f o r a f i x e d sequence, o r
u n t i l no further change occurs.

P I P E ' S s t a g e s a r e managed b y a s e t o f
s t a g e - c o n t r o l u n i t s w h i c h s e q u e n c e t h e
o p e r a t i o n s o f t h e s t a g e s . T h e s t a g e -
c o n t r o l un i t s can c o m p l e t e l y r econ f i gu re a
s t a g e f o r a new o p e r a t i o n b e t w e e n e v e r y
m a c h i n e c y c l e . The s t a g e c o n t r o l u n i t s
c o n t a i n sequences o f i n s t r u c t i o n s , w i th
r e p e a t and branch p o i n t s , f o r e a c h stage.
T h e s e sequences a r e down - loaded t o t h e
s t a g e - c o n t r o l u n i t s f r o m t h e hos t . F i x e d
r e p e t i t i o n i s thus a c c o m p l i s h e d . T h e
"UNTIL NO CHANGE " meta - opera to r r e q u i r e s a
s i m p l e c o m p a r i s o n o p e r a t i o n t o b e run
between t h e r e s u l t domain r e g i s t e r and t h e
p r e v i o u s r e s u l t domain r e g i s t e r a f t e r each
i t e r a t i o n . T h i s c o m p a r i s o n may occupy a
machine c y c l e f o r some HCL opera t ions , b u t
may be incorpora ted i n t o t h e i t e r a t i o n f o r
o t h e r s . Dur ing t h e c o m p a r i s o n o p e r a t i o n ,
the stage c o n t r o l un i t a t each l e v e l can be
made t o d e t e c t t h e r e s u l t o f a f a i l u r e t o
compare i n any c e l l o f any domain r e g i s t e r ,

and t o i n h i b i t a sequence branch when t h i s
occurs during t h e machine c y c l e .

Ex tens ions .

Some p o t e n t i a l l y i n t e r e s t i n g e x t e n s i o n s t o
t h e c a p a b i l i t i e s o f HCL can be e n v i s i o n e d
u s i n g t h e P I P E h a r d w a r e . The p o s s i b i l i t y
o f s u p p l e m e n t i n g t h e h i e r a r c h i c a l H C L
o p e r a t i o n s with p r e - o r p o s t - p r o c e s s i n g
o p e r a t i o n s i n non -pyramid mode has a l r e a d y
b e e n m e n t i o n e d . A n o t h e r p o t e n t i a l l y
i n t e r e s t i n g e x t e n s i o n wou ld b e t h e use o f
P I P E ' S a r i t h m e t i c c o n v o l u t i o n mode o f
n e i g h b o r h o o d o p e r a t o r t o e x t e n d t h e s c o p e
o f t h e f u n c t i o n s d e f i n e d i n HCL o v e r
B o o l e a n o p e r a t o r s . P e r h a p s t h e m o s t
im m e d i a t e l y u s e f u l e x t e n sion i n v o l v e s
P I P E ' S M I M D c a p a b i l i t i e s . Although HCL has
b e e n c o n c e i v e d a s a f o r m a l i s m f o r S I M D
mach ines , t h e r e i s no i n h e r e n t r e a s o n why
d i f f e r e n t HCL o p e r a t o r s c o u l d n o t be
a p p l i e d t o d i f f e r e n t r eg i ons o f an image in
t h e same machine c y c l e on an M I M D machine.
I n P I P E , t h e c o n t e n t s o f t h e b y t e s i n
e i t h e r one o f t h e t w o b u f f e r s i n each s t a g e
can b e i n t e r p r e t e d as i n d i c e s p o i n t i n g t o
t h e s e t o f t a b l e s and o p e r a t i o n s t o be
employed when process ing t h e neighborhood
o f t h e c o r r e s p o n d i n g b y t e i n t h e o t h e r
b u f f e r . Thus, d u r i n g each machine c y c l e ,
up t o 255 d i f f e r e n t HCL opera t ions cou ld be
employed ove r va ry i ng reg ions o f t h e e i g h t
h i e r a r c h i c a l domain r e g i s t e r s con ta ined i n
one o f t h e b u f f e r s o f each s t a g e . ( T h e
s e l e c t a b l e o p e r a t i o n s would be down - loaded
by t h e h o s t , a l o n g wi th t h e s t a g e - c o n t r o l
p rograms. The e x a c t number o f s e l e c t a b l e
o p e r a t i o n s a v a i l a b l e wou ld depend o n t h e
amount o f s t o r a g e a v a i l a b l e f o r them, which
i s a n o p t i o n . ) A t y p i c a l u s e o f t h i s
c a p a b i l i t y m igh t b e t o v a r y t h e P - p a t t e r n
o f t h e p y r a m i d a l n e i g h b o r h o o d o p e r a t i o n
o v e r d i f f e r e n t image c o m p o n e n t s such a s
e d g e and non - e ,dge r e g i o n s . S i n c e t h e
mapp ing i s a r b i t r a r y , t h e i n d i c e s i n t h e
d i r e c t i n g b u f f e r may i n f a c t b e d a t a
r e s u l t i n g f r o m a prev ious image - process ing
c y c l e , such as an e d g e - d e t e c t i o n opera t ion .

Per formance Ana lys i s .

T h e p o t e n t i a l p e r f o r m a n c e o f P I P E i n
e x e c u t i n g HCL a lgor i thms can be a f f e c t e d by
s.evera1 f a c t o r s . T y p i c a l l y , e x e c u t i o n t i m e
o f HCL p r i m i t i v e o p e r a t i o n s will n o t b e
d a t a dependent, s i n c e P I P E always opera tes
ove r e v e r y neighborhood o f every b u f f e r i n
e v e r y m a c h i n e c y c l e . Thus, t h e p r i m i t i v e
o p e r a t i o n s a r e 0 (1 ) , t h a t i s , a c o n s t a n t
n u m b e r o f m a c h i n e c y l e s . P I P E will
p e r f o r m more than 5 x 10' b i n a r y o p e r a t i o n s
p e r second o v e r c e l l s o f s i x t e e n b i t - doma i
r e g i s t e r s . It c a n a l s o p e r f o r m 2.5 x 1 0
f o u r t e e n - n e i g h b o r p y r a m i d a l ne ighborhood
o p e r a t i o n s p e r second o v e r e i g h t b i t - d o m a i n
r e g i s t e r s . The a c t u a l e f f i c i e n c y ob ta ined
however depends on t h e way i n w h i c h t h e
d a t a makes use o f t h i s p o t e n t i a l .

!I
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T h e number o f u s e f u l b i n a r y o p e r a t i o n s i s
d i m i n i s h e d i f a l l s i x t e e n h i e r a r c h i c a l b i t -
d o m a i n r e g i s t e r s a r e n o t e m p l o y e d .
T y p i c a l l y s e v e r a l will be employed i n eve ry
o p e r a t i o n , f o r e x a m p l e , as X, Y , and Q
domain r e g i s t e r s . S e v e r a l such o p e r a t i o n s
c o u l d be done i n p a r a l l e l , s i d e b y s i d e i n
t h e s i x t e e n a v a i l a b l e h i e r a r c h i c a l b i t -
domain r e g i s t e r s . A lso, s i n c e PIPE’ S c y c l e
t i m e i s des i gned t o m a t c h RS - 170 v i d e o
f i e l d r a t e s , p r o g r e s s i v e r e s u l t s o f
p y r a m i d a l b i n a r y o p e r a t i o n s on sequent ia l
images can be s h i f t e d l a t e r a l l y within t h e
domain r e g i s t e r s , and u l t i m a t e l y o u t p u t a t
v i d e o r a t e s a f t e r s o m e s e q u e n c e o f
o p e r a t i o n s w h i l e new images a r e t a k e n i n ,
t h u s m a x i m i z i n g u s e o f t h e d o m a i n
r e g i s t e r s . If a s t r a i g h t f o r w a r d approach
t o s t o r a g e o f p y r a m i d c o n s t r u c t i o n s i s
emp loyed , t h e number o f u s e f u l 1 4 - e l e m e n t
pyramida3 neighborhood o p e r a t i o n s i s o n l y
4.2 x 10 p e r second , due t o t h e t a p e r i n g
o f t h e p y r a m i d s . The e f f e c t i s t o r e p l a c e
a m u l t i p l i c a t i o n o f t h e base area by e i g h t
l e v e l s w i t h a m u l t i p l i c a t i o n o f t h e base
a r e a by 4 1 3 , w h i c h i s t h e p r o p o r t i o n o f
py ramid c e l l s t o image c e l l s (Tanimoto and
P a v l i d i s , 1975.) S t o r a g e schemes wh i ch
cou ld inc rease t h i s number would appear t o
be d i f f i c u l t and marg ina l l y use fu l . As i n
t h e c a s e o f b i n a r y o p e r a t i o n s , t h e
e f f i c i e n c y a l s o depends o n t h e e x t e n t t o
w h i c h m u l t i p l e d o m a i n r e g i s t e r s may b e
u s e f u l l y s u b j e c t e d t o p y r a m i d a l
neighborhood o p e r a t i o n s s imu1t aneously .
A f a c t o r w h i c h c a n b e u s e d t o
i m p r o v e t h e a v e r a g e e f f i c i e n c y , i s t h a t
t h e r e a r e many u s e f u l c a s e s i n w h i c h P I P E
will b e a b l e t o p e r f o r m b o t h b i n a r y
o p e r a t i o n s and p y r a m i d a l n e i g h b o r h o o d
o p e r a t i o n s s e q u e n t i a l l y wi th in each MPS, i n
t h e same m a c h i n e c y c l e . T h i s a b i l i t y t o
m i c r o - c o d e m u l t i p l e H C L p r i m i t i v e
o p e r a t i o n s i n c r e a s e s e f f i c i e n c y and,
t o g e t h e r w i t h t h e a b i l i t y t o p r o c e s s
m u l t i p l e domain r e g i s t e r s i n p a r a l l e l , can
r e s u l t i n P I P E p r o g r a m s w h i c h h a v e f e w e r
machine c y c l e s than HCL opera t ions .

H C L p r o g r a m s can d e v e l o p g l o b a l i m a g e
s t a t i s t i c s u s e f u l i n image p r o c e s s i n g .
T his r equir e s bit - s e ria 1 a ri t h m e tic
o p e r a t i o n s d e v e l o p e d f r o m HCL p r i m i t i v e s .
Tan imo to ( 1 9 8 4 ) d e m o n s t r a t e s t ha t t h e HCL
c o m p u t a t i o n a l m o d e l c a n i m p l e m e n t b i t -
s e r i a l a r i t h m e t i c i n O ( l o g N ) t i m e ,
p r o v i d e d t h a t t w o h i e r a r c h i c a l d o m a i n
r e g i s t e r s a r e a v a i l a b l e as “ c a r r y b i t s ” i n
a d d i t i o n t o one f o r t h e llsum.tl The HCL
p r o g r a m t o i m p l e m e n t t h i s a r i t h m e t i c
r e q u i r e s b o t h p y r a m i d a l n e i g h b o r h o o d
o p e r a t i o n s w h i c h g e n e r a t e sums and i n t e r -
doma in - reg is te r b i n a r y o p e r a t i o n s t o d e a l
p r o p e r l y w i th c a r r y problems. I n a l l , t h e
o p e r a t i o n i n p u t s t h r e e b i t p y r a m i d s ,
o u t p u t s t h r e e n e w ones, and employs t w o
o t h e r s i n t h e computat ion process. T h i s i s

an e x a m p l e o f a u s e f u l o p e r a t i o n i n which
t h e i n t e r - d o m a i n - r e g i s t e r b inary ope ra t i ons
may be s c h e d u l e d w i t h i n t h e same machine
c y c l e a s t h e p y r a m i d a l n e i g h b o r h o o d
o p e r a t i o n s . Thus, t h e P I P E p rog ram t o
i m p l e m e n t b i t - s e r i a l a r i t h m e t i c o v e r
h i e r a r c h i c a l domains may a l s o be e x p e c t e d
t o run i n O ( l o g N) t i m e .

Rega rd l ess o f t h e a c t u a l p r o c e s s i n g speed
o f a mach ine , i t will not b e s u i t a b l e f o r
a p p l i c a t i o n t o r e a l - t i m e image process ing
i f images cannot be loaded and unloaded i n
r e a l - t i m e . T h i s p o t e n t i a l b o t t l e n e c k must
be cons ide red i n e s t i m a t e s o f t h e machine’s
e f f i c i e n c y . I n t h e case o f PIPE, t h e b a s i c
o p e r a t i o n s a r e g e a r e d t o t e l e v i s i o n f i e l d
r a t e s ( 6 0 images/sec. ) M u l t i p l e - r e s o l u t i o n
p y r a m i d s c a n be b u i l t a t t h i s r a t e as w e l l ,
and , once s u c h a h i e r a r c h y h a s b e e n
i n s t a n t i a t e d i n t h e m a c h i n e , i t may be
moved through t h e m a c h i n e and r e p l a c e d by
subsequent p y r a m i d s a t r e a l - t i m e r a t e s i f
t h e image p r o c e s s i n g a l g o r i t h m s p e r m i t .
T h u s , H C L o p e r a t i o n s a n d n o t 1 1 0
c o n s i d e r a t i o n s will b e t h e t r u e l i m i t i n g
f a c t o r i n PIPE’ S pyramida l mode.

By w a y o f c o m p a r i s o n , t h e 4 . 2 x l o 7
f o u r t e e n - e l e m e n t p y r a m i d a l n e i g h b o r h o o d
o p e r a t i o n s t h a t P I P E will p e r f o r m each
s e c o n d c o u l d be e x p e c t e d t o t a k e 1 1 7
seconds on a von Neuman mach ine under t h e
assumption tha t t h e machine cou ld p e r f o r m
one a c c e s s - o p e r a t e - s t o r e i n s t r u c t i o n p e r
microsecond, t h a t ano the r microsecond would
be r e q u i r e d f o r computa t ion o f ind ices, and
t h a t a f a c t o r o f 1 0 c o u l d b e s a v e d b y
o p t i m i z a t i o n techniques.

Conclusions.

E v e r y fundamenta l HCL ope ra t i on corresponds
t o a t m o s t a s i n g l e P I P E m a c h i n e
i n s t r u c t i o n , a n d e x e c u t e s i n a s i n g l e
m a c h i n e c y c l e . P I P E can o p e r a t e upon t h e
d a t a - o b j e c t s o f HCL d i r e c t l y , w i t h o u t using
e x t r a s t o r a g e f o r l i n k s o r p o i n t e r s , and
w i t h o u t c o m p u t a t i o n o f s t o r a g e a d d r e s s e s .
As a r e s u l t , i t shou ld e a s i l y be p o s s i b l e
t o w r i t e a c o m p i l e r f o r HCL w h i c h will
p e r m i t a l l HCL s t a t e m e n t s t o be t r a n s l a t e d
i n t o e f f i c i e n t P I P E p r o g r a m s . Such
programs may be expec ted t o run t w o o r d e r s
o f magn i tude f a s t e r than co r respond ing
programs f o r von Neumann machines, and a l s o
f a s t e r than o t h e r p a r a l l e l machines which
d o n o t s h a r e P I P E ’ S a r c h i t e c t u r a l
correspondence t o t h e s t r u c t u r e s o f HCL.
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