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Abstract 

The recovery of straight picture edges 
from digit isations of scenes containing poly-
hedra ( ' l ine f inding') is central to the 
functioning of scene analysis programs. 
While recognising that recovery properly 
involves a computational mobilisation of a 
great deal of knowledge-supported context, 
there remain some "basic issues of represent
ation which govern the way in which the 
primary data - grey levels - are addressed. 
The paper describes a parametric representa
tion of straight picture edges and i ts 
procedural deployment in the recovery of 
edges from digitisations of scenes whose 
contents arc essentially polyhedra with 
strong visible shadows. 

1. Scene Analysis 

Contemporary thinking in scene analysis 
is focussed primarily upon efforts to deploy 
higher level knowledge, e.g. of support, 
l ighting and scene composition12 to achieve an 
'integrated' interpretation of pictures in the 
form of grey scale data from TV cameras or 
comparable picture digi t isers. The need to 
involve such knowledge has "become progress
ively more apparent as line and region 
finders10 5 2 1 have demonstrated that a 
pass-oriented approach to the recovery of 
edges and surfaces is only part ial ly success
f u l . 

Our own studies are focussed primarily 
upon this same endeavour: a crucial feature 
of our research is the formulation of a task 
in which there is a rich "but hopefully 
tractable range of knowledge which could "be 
mobilised in such an integrated analysis. 
The task had i ts origins in part in the 
dictum we attribute to Guzman7 ' i f you 
recognize a foot you know where (in the 
picture) to look for a leg ' The scenes 
we are working on are polyhedral in content 
but polyhedra constrained to form a puppet 
figure (Fig. l) In so doing we hope to bring 
to bear just that sense of context which 
Guzman evokes, in order to assist the proces
sing of some picture or scene fragment. 
Contemporary programs e.g. Falk£ do just 
this but within the restr ict ion that context 
can only be mobilised to help in identifying 
the elements of a single body (of which Falk 
has 9 distinct models) except for the 
contextual inferences provided by the requir
ement that bodies be simply supported. 
Winston's account12 of Finin's work goes 
beyond Falk in precisely the direction we 
have adumbrated although it is unclear what 
range of architectures is being contemplated 
beyond the 'arch' he describee. 

Notwithstanding these attempts to 

reformulate approaches to scene analysis as 
integrated or ' heterarchical' (as epposed to 
• hierarchical' pass-oriented schemes) there 
remains a clear requirement for procedures 
which are capable - with or without context -
of recovering three-dimensionally significant 
entit ies in the primary picture data. One 
recent attempt to mobilise context to assist 
a line finder is described by Shirai11 . 
After an i n i t i a l 'pass' to recover an outer 
contour of the group (or groups) of objects 
visible in the scene, the line finder is 
d'reefed to significant locations e.g. con
cavities, in this contour as the origin of a 
search for further edges. Heuristics of 
various sorts e.g. 'Jock for an edge parallel 
to one already found' are used to further 
constrain the direction of the search. The 
search i tse l f proceeds from the immed iate 
vicini ty of that location. Inspection of 
typical scenes suggests that at many such 
locations on an edge, the evidence may be 
meagre although elsewhere along i ts length 
the evidence is much stronger. Thus a search 
init iated by a program such as Shirai's may 
i 'ail because it has a very myopic way of 
addressing the picture space to find edges. 
This paper is concerned primarily with a study 
of an alternative to this locai search 
strategy, by exploiting the coll inearity of 
the feature points making up a straight 
picture edge as an addressing mechanism. 

The exploitation of this property to 
find straight lines is not in i tse l f original. 
Both Duda and Hart* and Griffith6, describe a 
parameter!sation of feature-point data which 
is of assistance in recovering straight lines. 
Indeed our own work derives directly from 
that of Duda and Hart. These earlier workers 
however leave many problems unresolved (e.g. 
Duda and Hart p.13 col. 2) not least of which 
is the nature of the methods by which the 
parameterised data is to be concatenated into 
1ines. The study which we have carried out 
provides a fresh perspective from which to 
view the 'myopia' of line finders and gives 
at the same time a more detailed picture of 
the d i f f icu l t jes that remain. 

2. The Line Finding Process 

2.1. The Data. 

The data with which we have worked 
derive from positive photographs of scenes l i t 
by a single l ight source. Our primary concern 
is with scenes involving the puppet figure 
which is painted a uniform matt grey, althougi 
we have done some work on matt white poly
hedral blocks. The photograph is digitised 
by a f ly ing spot scanner* with a linear 

+We are grateful to Dr. J.R.Parks of the Nat
ional Physical, Laboratory for making this 
Scanner available to us. 
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r esponse t o r e f l e c t e d l i g h t q u a n t i s e d i n t o 
61+ g r e y l e v e l s . I n p r a c t i c e t h e range i s 
a t o u t 1+0 g r e y l e v e l s . I n s p e c t i o n o f t h e 
d i g i t i s a t i o n s r e v e a l s t h a t o v e r p e r c e p t u a l l y 
u n i f o r m r e g i o n s o f t he p i c t u r e t h e v a r i a t i o n 
i n g r e y l e v e l between a d j a c e n t p i c t u r e p o i n t s 
( ' n o i s e ' ) i n c r e a s e s a p p r o x i m a t e l y l i n e a r l y 
w i t h a v e r a g e g r e y l e v e l t o a n e x t e n t ( a b o u t 1 + 
u n i t s peak -peak a t a g r e y l e v e l o f 1+0) w h i c h 
becomes a n u i s a n c e i n c o m p u t i n g t he b r i g h t 
ness d i f f e r e n t i a l w i t h i n t he b r i g h t a r e a s o f 
t h e p i c t u r e . We have n o t a t t e m p t e d to 
i d e n t i f y t h e sou rce o f t h i s ' n o i s e ' n o r t he 
e x t e n t t o w h i c h i t o r i g i n a t e s i n t he p h o t o -
m u l t i p l i e r sys tem o r i n t he p h o t o g r a p h i c 
p r o c e s s . 

2 . 2 . M a p p i n g t h e d a t a i n t o r . a s p a c e . 

As i n d i c a t e d i n S e c t i o n I we w i s h t o use 
t h e ' g l o b a l ' c o l l i n e a r i t y o f f e a t u r e p o i n t s 
a s a m a j o r f a c t o r i n r e c o v e r i n g s t r a i g h t 
p i c t u r e edges r a t h e r t h a n t h e i r c o n t i g u i t y . 
F o l l o w i n g Duda and H a r t 4 we c a p t u r e t h i s 
p r o p e r t y b y u s i n g a v a r i a n t o f t h e s o - c a l l e d 
Hough t r a n s f o r m a t i o n . A s t r a i g h t p i c t u r e 
edge i s t r e a t e d a s l i n e i n t he p i c t u r e p l a n e , 
p a r a m e t e r i z e d "by a t h e o r i e n t a t i o n o f , and r 
t h e l e n g t h o f t he n o r m a l f r o m t h e o r i g i n t o 
t h e l i n e . The e q u a t i o n o f t h e l i n e i s t h e n 

1 

A l i n e i s t h u s c o m p l e t e l y s p e c i f i e d ( e x c e p t 
f o r i t s e x t e n t - a n i m p o r t a n t c o n s i d e r a t i o n 
i n t h e p r e s e n t t a s k ) b y a ( r , a ) p a i r . A 
p o i n t ( x , y ) i n t he p i c t u r e p l a n e may b e 
t h o u g h t o f as t he common p o i n t o f i n t e r s e c t 
i o n o f a f a m i l y o f l i n e s , each member o f t h i s 
f a m i l y h a v i n g a n o r i e n t a t i o n a i n the range 
( 0 , 1 8 0 ° ) and a v a l u e o f r d e t e r m i n e d by ( 1 ) . 
A p o i n t t h e r e f o r e c o r r e s p o n d s t o a f a m i l y o f 
( r , a ) p a i r s . A s e t o f c o l l i n e a r p o i n t s i n 
t h e t w o - d i m e n s i o n a l Space o f t h e p i c t u r e has 
a s e t o f l i n e f a m i l i e s w j t h . a . common ( r , a ) . 
member. The b a s i c p r i n c i p l e o f t h e t e c h n i q u e 
d e s c r i b e d by Duda and H a r t 4 and r e l a t e d 
methods such a s t h e s o - c a l l e d H o u g h t r a n s 
f o r m a t i o n i s t o a c c u m u l a t e e v i d e n c e f o r such 
common members b y mapping p i c t u r e p o i n t s i n t o 
( r , a ) s p a c e . 

The p i c t u r e edges o f i n t e r e s t a re 
a s s o c i a t e d w i t h l o c a l changes i n p i c t u r e 
b r i g h t n e s s ( f e a t u r e p o i n t s ) and t h u s t he 
p o i n t s w h i c h f o r m t h e s e edges a re ( x , y ) 
l o c a t i o n s i n t he p i c t u r e where t h e g r a d i e n t G 
o f t h e p i c t u r e b r i g h t n e s s s i g n i f i c a n t l y 
exceeds t he v a l u e s o f G a s s o c i a t e d w i t h 
l o c a t i o n s i n u n i f o r m a r e a s o f t h e p i c t u r e . 
We can compute G at t h e l o c a t i o n ( m , n ) by 
o b t a i n i n g a measure o f t h e g r a d i e n t i n t he x 
and y d i r e c t i o n s ( D X ^ D Y ^ ) a s e s t i m a t e d 
f r o m a 3 x 3 g r i d c e n t e r e d on ( m , n ) : 

The t e r m Smn is a s c a l e f a c t o r w h i c h 
r e d u c e s the m a g n i t u d e o f G f o r b r i g h t e r 
p i c t u r e p o i n t s t o combat t he n o i s e ( d e s c r i b e d 
e a r l i e r ) e n c o u n t e r e d i n b r i g h t a reas o f t h e 
p i c t u r e . I n t h e p i c t u r e s w e have s t u d i e d w e l l 
o v e r 7 5 % o f t h e p i c t u r e l o c a t i o n s g i v e e f f e c 
t i v e l y z e r o v a l u e s f o r G as can be seen by 
i m p o s i n g a t h r e s h o l d w h i c h e l i m i n a t e s t h e s e 
p o i n t s . The r e s u l t d i s p l a y e d t w o - d i m e n s i o n a l l y 
( F i g . 2 ) c o n t a i n s most o f t h e p i c t u r e edges o f 
i n t e r e s t . I t i s o n l y t h e v a l u e s o f G f o r 
t h e s e l o c a t i o n s t h a t a re used i n the r e c o v e r y 
o f p i c t u r e e d g e s . The t h r e s h o l d i n a f i x e d 
one w h i c h can be r e g a r d e d as a c o n s t a n t in t h e 
p i c t u r e - t a k i n g and p i c t u r e - d i g i t i s i n g process. 
F o r each p i c t u r e l o c a t i o n s o i d e n t i f i e d w e 
c o u l d compute t h e f a m i l y o f r , a p a i r s i t 
d e t e r m i n e s and b e g i n t o accumu la te e v i d e n c e b y 
i n c r e m e n t i n g t h e a p p r o p r i a t e c o u n t e r s i n a two 
d i m e n s i o n a l a r r a y , where each c o u n t e r w i l l 
r e c o r d t h e number o f l o c a t i o n s g i v i n g r i s e t o 
a v a l u e o f r , a l y i n g w i t h i n t h e range a p p r o p r 
i a t e t o t h a t c o u n t e r , a range Dr,Da, w h i c h i s 
d e t e r m i n e d by t he q u a n t i s a t i o n we impose on 
t h e r,f i- s p a c e . We d e p a r t f rom t h i s method o f 
a c c u m u l a t i n g e v i d e n c e ( t h e method d e s c r i b e d b y 
Duda and H a r t 4 ) i n two i m p o r t a n t r e s p e c t s . 

F i r s t l y b y mak ing use o f l o c a l e v i d e n c e 
t o d e t e r m i n e u n i q u e l y t he v a l u e o f a . T h i s 
l o c a l e v i d e n c e c a n b e d e r i v e d f r o m the r a t i o 
D X / D Y W h i c h g i v e s t h e d i r e c t i o n i n w h i c h t he 
g r a d i e n t l i e s . S i n c e t h e g r a d i e n t s h o u l d b e 
p e r p e n d i c u l a r t o t he p i c t u r e edge a i s g i v e n 
by DY 

t a n a = ffc ( 6 ) 
T h e r e i s o f c o u r s e a r i s k t h a t t h i s 

e s t i m a t i o n w i l l b e i m p r e c i s e e s p e c i a l l y f o r 
example a t j u n c t i o n s b e t w e e n c o n t i g u o u s 
p i c t u r e edges , b u t much o f t he u n c e r t a i n t y 
a r i s e s f o r p i c t u r e p o i n t s where the v a l u e o f 
G i s l o w , w h i c h we have a l r e a d y e x c l u d e d f r o m 
c o n s i d e r a t i o n b y t h r e s h o l d i n g G . T h a t t h e s e 
l o c a l e s t i m a t e s a re c o n s i s t e n t and r e a s o n a b l y 
r e l i a b l e may b e Judged f r o m F i g . 2 , w h i c h 
d i s p l a y s t h e d i r e c t i o n o f G a t each o f t h e 
p o i n t s where G exceeds t h r e s h o l d . I f a , x 
and y a re a l l known t h e n r i s d e t e r m i n e d , i t 
can however b e computed i n two ways g i v e n t h a t 
a i s g o i n g to b o q u a n t i s e d . T h a t i s , r can be 
computed e i t h e r d i r e c t l y f r o m the v a l u e o f a 
given by (6) or a f te r that value has been 
q u a n t i s e d . The two a l t e r n a t i v e s g i v e t h e r , a 
c o u n t e r s d i f f e r i n g g e o m e t r i c a l f i e l d s o f v i e w : 
w e s h a l l n o t p u r s u e t h i s p o i n t o f d e t a i l h e r e 
save to say t h a t we have a d o p t e d t h e second 
a p p r o a c h , namely we q u a n t i s e a b e f o r e c o m p u t 
i n g r . The q u a n t i s a t i o n s t e p s used a r e Da=10° 
and D r=3 p i c t u r e rows ( c o l u m n s ) . 

The second p o i n t o f d e p a r t u r e r e l a t i v e t o 
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t h e method o f Duda and H a r t 4 i s t o i n c r e m e n t 
t h e c o u n t e r "by t he m a g n i t u d e o f G r a t h e r t h a n 
"by one f o r each c o n t r i b u t i n g p i c t u r e l o c a t i o n . 
Our m o t i v a t i o n i n s o d o i n g i s t o ensure t h a t 
w e r e a d i l y f i n d s t r o n g p i c t u r e edges ( a t the 
r i s k t o b e s u r e o f m a s k i n g weak ones) and t o 
e n s u r e t h a t t h o s e c o u n t e r s f o r w h i c h a i s 
a c c u r a t e l y computed f r o m t h e l o c a l e v i d e n c e 
( b e c a u s e G i s l a r g e ) a r e e m p h a s i s e d . 

The r e s u l t i n g h i s t o g r a m H ( r , a ) f o r the 
d i g i t i s a t i o n o f F i g . l i s g i v e n i n F i g . 3 . The 
o r i g i n o f c o o r d i n a t e s i s i n the c e n t r e o f t he 
p i c t u r e (Row 133 , Column 129 o f F i g . 2 ) , i t i s 
t h i s p-o int f r o m w h i c h r i s m e a s u r e d . I n t he 
p iu re l y a l g e b r a i c i n t e r p r e t a t i o n o f t he t r a n s 
f o r m a t i o n a r a n g e s be tween 0° and 1 6 0 ° ; t he 
method o f c o m p u t i n g a f r o m t h e l o c a l e v i d e n c e 
y i e l d s v a l u e s w h i c h range be tween 0° and 3600 
s i n c e w e w i s h t o d i s t i n g u i s h w h i c h s i d e o f 
t h e p i c t u r e edge i s t h e d a r k e r . Thus f o r a 
g i v e n o r i e n t a t i o n o f t h e p i c t u r e edge t h e r e 
a re two p o s s i b l e v a l u e s o f a c o r r e s p o n d i n g t o 
one or o t h e r s i d e b e i n g t h e d a r k e r . We have 
l a b e l l e d t he a a x i s o f t he h i s t o g r a m a c c o r d i n g 
t o t h e c o n v e n t i o n i 'o r d i s p l a y i n g a used i n 
F i g . 2 as w e l l as i n t h e more c o n v e n t i o n a l way, 
s o t h a t i t i s p o s s i b l e t o p i c k o u t c o r r e s p o n -
dences b e t w e e n peaks i n t he h i s t o g r a m w i t h 
bands o f p i c t u r e p o i n t s i n F i g . 2 . When one 
does t h i s e . g . f o r t h e b i n r = 7 2 , a = 180° 
( i d e n t i f i e r ' I ' ) c o r r e s p o n d i n g t o t he shadow 
o f t he p u p p e t ' s s h o u l d e r s , we i m m e d i a t e l y 
g r a s p t he f a c t t h a t the b i n i n n o sense 
r e p r e s e n t s t h e l i n e s w e see i n F i g . 2 . F o r 
t h i s b i n c o n t a i n s b o t h t h e s e p i c t u r e edges 
a l t h o u g h t h e y a re n o t j o i n e d , because t h e i r 
c o n s t i t u t e n t p i c t u r e l o c a t i o n s have the same 
r , a v a l u e s a s s o c i a t e d w i t h t hem: t h e y are 
c o l l i n e a r . The q u a n t i s a t i o n a l s o has i t s 
e f f e c t t o o i n d i v i d i n g a s i n g l e edge between 
a d j a c e n t h i s t o g r a m " b i n s ; f o r example t h e 
p o i n t s f o r m i n g t he l o w e r edge o f t h e l e g 
shadow i n F i g . 2 do n o t a l l have t h e same 
o r i e n t a t i o n and are t h e r e f o r e a l l o c a t e d t o 
d i f f e r e n t h i s t o g r a m b i n s . E l s e w h e r e i n t h e 
p i c t u r e p a r a l l e l edges w h i c h a re c l o s e t o g e 
t h e r have been a l l o c a t e d t o t h e same b i n . 
The l a t t e r two d e f e c t s can be exposed more 
r e a d i l y i f w e c o n s i d e r t h e l o c a t i o n s c o n t r i 
b u t i n g t o each h i s t o g r a m b i n . For c o n v e n i e n s 
l e t u s r e s t r i c t a t t e n t i o n t o o n l y t hose b i n s 
of F i g . 3 whose m a g n i t u d e exceeds 5 . We can 
now a s s i g n an i d e n t i f i e r , chosen a g a i n f ro i i i 
t h e c h a r a c t e r s e t o f t he l i n e p r i n t e r , t o 
each b i n and d i s p l a y i n t h e t w o - d i m e n s i o n a l 
f o r m a t o f F i g . 2 t h e l o c a t i o n s w h i c h b e l o n g t o 
each o f t h e s e m a j o r b i n s . The r e s u l t ( F i g . 4 ) 
i l l u s t r a t e s t he p o i n t s we have been mak ing 
o n l y t o o w e l l . A t t h e same t i m e the l i s t s o f 
c o n t r i b u t i n g p o i n t s f o r each b i n , r e f e r r e d t o 
h e r e a f t e r a s t h e c o n t r i b u t i n g p o i n t s l i s t (cpl) , 
p r o v i d e s a b a s i s f o r s u r m o u n t i n g the f i r s t ' 
two p r o b l e m s posed b y t h e ( r , a ) t r a n s f o r m a t i o n . 
The d a t a s t r u c t u r e w e r e f e r t o a s t h e h i s t o 
gram H ( r , a ) c o n t a i n s f o r each b i n a l i s t 
( t h e c p l ) o f t h e ( x , y ) l o c a t i o n s c o n t r i b u t i n g 
t o t h a t b i n a s w e l l a s t h e summed m a g n i t u d e H 
o f t h e c o n t r i b u t i o n s o f t h o s e l o c a t i o n s . 

2 . 3 . R e c o v e r i n g s t r a i g h t l i n e s f r o m the 
r , q h i s t o g r a m . 

The r e c o v e r y o f bounded s t r a i g h t l i n e s 
f r o m t h e h i s t o g r a m c e n t r e s upon a p r o c e s s -
a t t h i s s t a g e f u l l o f c r u d e r a t h e r ad, hoc 

d e v i c e s - o f r e c o v e r i n g s u b - s e t s o f t h e 
l o c a t i o n s c o n t r i b u t i n g t o t he h i s t o g r a m : 
s u b s e t s w h i c h c o r r e s p o n d a s c l o s e l y a s p o s s i 
b l e w i t h t h e l i n e s w e w o u l d s k e t c h i n o n 
F i g . l . The s t a r t i n g p o i n t f o r t h e s e a r c h i s 
a c p l f r o m a m a j o r b i n . The method i s i t e r a 
t i v e : s e a r c h f o r a new l i n e a lways b e g i n s 
w i t h t he l a r g e s t b i n r e m a i n i n g i n t h e h i s t o 
g ram, and s e a r c h t e r m i n a t e s when no b i n 
exceeds t he a r b i t r a r y v a l u e o f 5 . These 
s u b s e t s w h i c h w e s h a l l c a l l p u t a t i v e l i n e 
l i s t s ( p l l ) , a re r e c o v e r e d i n a s e r i e s o f 
s t e p s . 

2 . 3 . 1 . Recovery o f p u t a t i v e l i n e l i s t s . 
The c p l o f t he l a r g e s t b i n i n t he h i s t o g r a m 
i s t a k e n a s a b a s i s f o r f o r m i n g a p l l . A 
l i s t o f t h e p o i n t s i n t h e c p l i s made, o r d o r a l 
on e i t h e r x v a l u e ( f o r a</|f)° o r a> l -J3° ) o r 
y v a l u e ()|f j° < a < l 3 ; j ° ) . T h i s l i s t i s now 
scanned f r o m one end w i t h a v iew to f i n d i n g 
o t h e r c p l ' s c o n t a i n i n g p o i n t s w h i c h c o n t r i b u t e 
t o t h e edge . F o r each p o i n t i n the l i s t w e 
compute G , a f o r t h o s e n e i g h b o u r s o f t he p o i n t 
w h i c h a re n o t a l r e a d y i n t h e l i s t . B y n e i g h 
b o u r s o f a p o i n t we mean t h e e i g h t l o c a t i o n s 
w h i c h i m m e d i a t e l y bound t h e p o i n t . F o r each 
of. t hose n e i g h b o u r s h a v i n g a G above t h r e s h o l d 
and a v a l u e o f a . n o t more t h a n 10° d i f f e r e n t 
f r o m t h a t o f t he i n i t i a l c p l , t h e c p l c o n t a i 
n i n g each such n e i g h b o u r i s merged i n t o t h e 
l i s t and t he scan i s resumed. D u r i n g t h i s 
scan gaps i n t he l i s t a re t e s t e d i ' o r . A gap 
o c c u r s when t h e n e x t p o i n t o n t h e l i s t has a n 
x v a l u e ( i f the l i s t i s o r d e r e d o n x ) o r y 
v a l u e ( i f t h e l i s t i s o r d e r e d o n y ) w h i c h 
d i f f e r s f r om t h a t o f the c u r r e n t p o i n t b y more 
t h a n s o m e c o n s t a n t w h i c h a t p r e s e n t i s s e t a t 
1 u n i t . I f a gap i s f o u n d t h e n t he p o i n t s i n 
t h e l i s t beyond t he gap a re assumed t o be 
f r o m a d i f f e r e : i t , c o l l i n e a r , e d g e , and a re 
d i s c a r d e d . 

S i n c e t h i s scan adds c p l ' s t o t h e l i s t 
t h e beginning of t he l i s t may have been e x 
t e n d e d , and i t i s p o s s i b l e t h a t t h i s e x t e n s i o n 
c o n t a i n s g a p s . I t i s t h e r e f o r e n e c e s s a r y t o 
scan t h e l i s t a g a i n i n t he r e v e r s e d i r e c t 3 o n 
l o o k i n g f o r a g a p . A s b e f o r e , p o i n t s ( i f any) 
beyond the f i r s t gap f o u n d a re d i s c a r d e d . 

The p o i n t s r e m a i n i n g i n t he l i s t a f t e r 
t h e s e two scans are t he r e q u i r e d p l l . They 
are removed f r om the a p p r o p r i a t e c p l ' s o f t h e 
h i s t o g r a m and t he v a l u e o f H f o r each c p l 
dec remented a c c o r d i n g l y . Recovery o f p l l ' s 
t h e n c o n t i n u e s w i t h t he c p l f r o m the new 
l a r g e s t b i n i n the h i s t o g r a m as a b a s i s . The 
r e c o v e r y p r o c e s s i n t e r m i n a t e d when t h e r e art-
n o b i n s l e f t w i t h magn i t ude g r e a t e r t h a n 5 . 

The se t o f p l l ' s e x t r a c t e d f r o m the 
d i g i t i s a t i o n o f F i g . l and t he h i s t o g r a m o f 
F i g . J i s i l l u s t r a t e d i n F i g . 5 ) , a g a i n u s i n g a 
u n i q u e (new) i d e n t i f i e r f o r each p l l ; 

2 . 3 . 2 . C o n v e r t i n g p u t a t i v e l i n e l i s t s 
i n t o l i n e s . The o r d e r e d l i s t o f p o i n t s 
e m e r g i n g f r o m the p r o c e d u r e d e s c r i b e d above 
i s s u b j e c t e d t o two t e s t s t o d e t e r m i n e i t s 
a c c e p t a b i l i t y . I t s ' s t r e n g t h * i s assessed b y 
summing t he v a l u e s o f G f o r t h e p o i n t s 
c o n t a i n e d i n t h e l i s t . I f t h e i r summed v a l u e 
i s l e s s t h a n 2 , t h e p l l i s r e j e c t e d . 

The n e x t s t e p i s t o f i t a l i n e t o t h e 
p o i n t s o f t h e p l l u s i n g a l e a s t s q u a r e s 

545 



approx imat ion w i t h each po in t weighted by i t s 
G v a l u e . 

The q u a n t i s a t i o n on r sometimes causes 
p o i n t s from adjacent p a r a l l e l edges t o f a l l 
i n t o the same "bin. The a l go r i t hm f o r 
recover ing p l l ' s cannot a t present handle 
t h i s s i t u a t i o n and produces a s ing le p l l f o r 
the edges. Such p l l ' s can be detected from 
the l a rge spread of po in t s about the f i t t e d 
l i n e . The measure used f o r t h i s is the 
var iance of the perpend icu la r d is tances of 
the p o i n t s from the l i n e . W h e r e a s i s 
used to r e j e c t a p l l , the value of the 
var iance computed is n o t , since the p l l and 
the l i n e f i t t e d are s t r u c t u r a l l y s i g n i f i c a n t 
ob jec ts which o ther programs can be expected 
to make use o f . 

The accepted p l l ' s now have to be 
assigned end p o i n t s . The technique invo lved 
f i r s t reorders the p o i n t s o f the p l l i n the 
d i r e c t i o n o f the l i n e f i t t e d t o them, i . e . 
orders them accord ing to t h e i r pe rpend icu la r 
d is tance from a normal to the l i n e . The 
extremum po in t s o f t h i s l i s t are not u s u a l l y 
very good candidates as end p o i n t s ; the l i s t s 
tend to have t a i l s w i t h extremum p o i n t s some 
d is tance o f f the f i t t e d l i n e . The method 
adopted is to scan the l i s t no t i ng on which 
s ide o f t h i s l i n e the p o i n t s l i e , u n t i l the 
f i r s t c ross-over i s n o t e d . Th is c ross-over 
po in t approximates to the i n t e r s e c t i o n of the 
l i n e w i t h a boundary around the set of p o i n t s , 
and is taken as the endpo in t . The procedure 
is repeated a t the o ther end o f the l i s t . 

The l i n e segments superimposed on the 
p l l ' s i n P ig .5 were obta ined from those p l l ' s 
by the above method. P i g . 6 is a p l o t of the 
same l i n e s produced us ing the GROATS graphical 
system8; f o r ease of i n s p e c t i o n l i n e s whose 
var iance exceeds 10 u n i t s are shown d o t t e d . 
Resul ts f o r o ther p i c t u r e s o f t h i s same t y p e , 
us ing the same parameter s e t t i n g s , are i l l u s 
t r a t e d i n F i g . 7 . 

2 . 3 . 3 . Program d e t a i l s . The program was 
implemented in A l g o l 66R3 on an ICL 1906A, and 
uses 35-45K of core memory. The process ing 
t ime depends on the complex i ty of the p ic tu res , 
and v a r i e s from about 30 seconds f o r simple 
b locks scenes to about 90 seconds f o r the 
more compl icated puppet p i c t u r e s . 

3 . Resu l ts 

Perhaps the most obvious ques t ion to ask 
o f t h i s l i n e f i n d e r i s 'does i t work?' 
Un fo r t una te l y such a quest ion can on ly be 
answered r e l a t i v e to the success or f a i l u r e 
achieved in us ing the l i n e data f o r some 
r e c o g n i t i o n o r i n t e r p r e t a t i o n t a s k . A t the 
t ime no such e v a l u a t i o n has been at tempted; 
the i n t e r p r e t a t i o n r o u t i n e s s imply do not 
e x i s t . However, we can adopt the requirements 
t h a t some repor ted scene ana lys i s system 
would appear to impose upon i t s l i n e f i n d e r , 
and assess performance on t ha t b a s i s . A good 
candidate is S h i r a i ' s program11 since the 
contex t f ree phase o f l i n e f i n d i n g i s r a t h e r 
w e l l de f ined in t h a t program, be ing aimed a t 
the recovery of the scene con tou r . That is 
the set of ' o u t e r ' edges of the ob jec t or 
group o f over lapp ing ob jec ts v i s i b l e i n the 
scene. The p i c t u r e s we are work ing w i t h , 

un l i ke those used by S h i r a i , con ta i n substan
t i a l areas of v i s i b l e shadow which can be 
regarded as augmenting t h i s con tour , f o r 
example the l i n e s in P i g . 6 numbered 1 , 36, 19, 
16, 17, 9, 24 I g n o r i n g i n t e r n a l 
contours ( e . g . 27, 22, 20 in F i g . 6 ) we can 
form a simple numer ica l measure of success by 
comparing the number of p i c t u r e edges in the 
outer contour est imated by eye f o r the da ta , 
w i t h the number of these edges appear ing as 
l i n e s in the output da ta . In Table 1 these 
counts are l i s t e d f o r f i v e scenes. 

The r e s u l t s suggest - r e l a t i v e to S h i r a i 
who apparen t l y never f a i l s to recover the 
complete o u t l i n e - a r a t h e r d i s a p p o i n t i n g 
performance. There is however a major 
d i f f e r e n c e between the data f o r the two l i n e 
f i n d e r s namely t ha t S h i r a i was work ing w i t h 
matt wh i te b locks on a b lack v e l v e t support 
plane whereas we are work ing w i t h matt grey 
polyhedra ( the puppet) on a matt wh i te support 
p lane . Moreover the o p t i c a l q u a l i t y espec
i a l l y focus of some of our photographs is 
much i n f e r i o r to t h a t o f S h i r a i (our scenes 
extend over a g r e a t e r s p a t i a l e x t e n t ) . Thus 
our worst cases 212, 225, s u f f e r from very 
badly defocussed shadows where many o u t l i n e 
p i c t u r e edges are missed, 

A more f ragmentary ana l ys i s of performace 
can be g iven by l o o k i n g at some w e l l - d e f i n e d 
mis takes . S p e c i f i c a l l y a number of p i c t u r e 
edges are missed due to des ign de fec t s of the 
a l go r i t hm which are p o t e n t i a l l y e a s i l y 
r e c t i f i e d . We can i d e n t i f y th ree main 
causes f o r miss ing ( o r m i s - p o s i t i o n i n g ) a 
p i c t u r e edge. 

(a) Edges which are shor t and/or 
l a c k i n g in c o n t r a s t . The vast bu l k o f 
missed edges f a l l i n t o t h i s ca tegory . Por 
example the edge complet ing the top of the 
puppet 's head i n F i g . l ( the miss ing l i n e 
j o i n i n g the j u n c t i o n of 16 and 17 w i t h the 
j u n c t i o n of 9 and 2k in F i g . 6 ) . This is 
c l e a r l y v i s i b l e i n the d i f f e r e n t i a t e d data 
( F i g . 2 ) i t s magnitude however i s too low f o r 
the h is togram b i n (r = +57, a- = 130°) to 
exceed c r i t i c a l t h resho ld f o r l i n e f i n d i n g , s o 
t h a t i t never appears i n the c p l ' s f o r t h i B 
data ( F i g . k ) . 

(b) A s i m i l a r case of cons iderab le 
i n t e r e s t because o f i t s p o t e n t i a l va lue i n 
any 3-D i n t e r p r e t a t i o n of the da ta , occurs as 
pa r t of 'TEE j u n c t i o n ' formed by the occ lus ion 
of the t runk shadow by the nearer ' a rm ' in 
F i g . l . Two of the edges - l i n e s 13 and 18 in 
P ig .6 - are recovered; the t h i r d i s c l e a r l y 
v i s i b l e i n the d i f f e r e n t i a t i o n P i g . 2 , and a t 
f i r s t 3 igh t i t seems odd t ha t i t does not 
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same ( r , a ) . I t i s c l e a r t h a t the adjacency 
c r i t e r i o n we have adopted makes it a very 
crude edge - fo l l owe r . 

There are b a s i c a l l y two t h i ngs one is 
t r y i n g to do w i t h the c p l i n i t s simple form 
or i t s form as augmented by o ther c p l ' s merged 
due to p rox im i t y in ( r , a ) space or ( x f y ) 
space. The f i r s t i s to f i n d the end p o i n t s 
of edges. At present we do t h i s by examining 
the l i s t . However most i n t e r e s t i n g p i c t u r e 
edges end in j u n c t i o n s . Thus the f a c t t h a t 
an edge te rmina tes u s u a l l y i f not always 
imp l i es t ha t another edge is ' p o i n t i n g ' a t 
t h a t t e r m i n a t i o n p o i n t . Thus many 'gaps ' 
perhaps a m a j o r i t y cou ld be marked not from a 
cons i de ra t i on of the edge c p l per se but from 
a c o n s i d e r a t i o n of ' ne i ghbou r i ng ' "[Tn some 
sense) c p l ' s . In Horn 's paper he descr ibes a 
phase which we have not ye t s tud ied c a l l e d 
•concoct ing v e r t i c e s ' . Th is phase f o l l o w s on 
from the fo rma t ion of bounded l i n e s to 
represent recovered edges: the proposa l 
sketched i n f o r m a l l y above would in the 
contex t o f the B in fo rd -Horn l i n e f i n d e r amount 
to a merge of two processes ( l i n e f i t t i n g and 
ve r tex concoct ion) which are at present 
s e q u e n t i a l . The procedures f o r c a r r y i n g t h i s 
out in the r , a pa ramete r i sa t i on have not been 
d e t a i l e d as y e t . 

The second o b j e c t i v e in process ing a 
s i g n i f i c a n t c p l i s to a s c e r t a i n whether the 
p i c t u r e l o c a t i o n s which l i e in the 'mark ' as 
against the 'space ' between gaps, s a t i s f y 
some c r i t e r i o n o f ' edge-ness ' r e a l i s e d in the 
present program by s t r i c t s e q u e n t i a l l y -
addressable p i c t u r e c o n t i g u i t y . Perhaps l ess 
search-dominated c r i t e r i o n would be s imply to 
assess the s p a t i a l dens i t y of po in t s on the 
c p l in the p u t a t i v e 'mark ' between gaps. 
Again we have not pursued t h i s n o t i o n to the 
po in t o f programming i t . 

The c r u c i a l ques t ion is tha t of dec id ing 
how much work should be done on a t tempt ing to 
remedy some of these de fec ts - perhaps along 
the l i n e s suggested - as aga ins t accept ing 
the e x i s t i n g performance and l e a v i n g o ther 
r o u t i n e s to remedy these omissions and e r ro rs . 
Our cu r ren t preference and i n t e n t i o n l i e s 
almost who le ly i n the l a t t e r d i r e c t i o n . 
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