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ABSTRACT 
The goal of the work here repo r ted Is 

t o I n v e s t i g a t e a l g o r i t h m s which f i n d the 
rea l s t r a i g h t edges In scenes c o n s i s t i n g 
o f p r i s m a t i c s o l i d s , t a k i n g I n t o account 
smooth v a r i a t i o n s In I n t e n s i t y over 
f a c e s , b l u r r i n g o f edges, and n o i s e . To 
t h i s end we g i ve In t h t s paper a model 
of the appearance to an o p t i c a l Input 
dev ice of such scenes; and desc r i be a 
sub -op t ima l s t a t i s t i c a l d e c i s i o n 
p rocedu re , based on the model , f o r the 
I d e n t i f i c a t i o n o f a l i n e w i t h i n a narrow 
band on the f i e l d of v i ew , g iven an 
a r r a y o f I n t e n s i t i e s f rom w i t h i n the 
band. 

I. INTRODUCTION 
In the f o l l o w i n g s i x s e c t i o n s a model -

based l i n e p r e d i c a t e Is developed 
a n a l y t i c a l l y . The remain ing two s e c t i o n s 
summarize the r e s u l t s In a computa
t i o n a l l y f e a s i b l e f o r m , and d iscuss 
e m p i r i c a l I n v e s t i g a t i o n s o f I t s 
b e h a v i o r . The reader may wish to examine 
these two s e c t i o n s p r i o r to u n d e r t a k i n g 
a s tudy of the a n a l y s t s upon which the 
r e s u l t s are based. 

I I . THE BASIS OF THE DECISION PROCEDURE 
Our procedure f o r d e t e r m i n i n g the ex

i s t ence of a rea l edge w i t h i n a narrow 
s u b - r e c t a n g l e on some f i e l d o f v i ew , 
g i ven a se t of I n t e n s i t y va lues J f rom 
w i t h i n the s u b - r e g i o n , Is to compute a 
p r o b a b i l i t y f u n c t i o n o f these I n t e n 
s i t i e s , P (CB/J ) , and to compare t h i s 
va lue w i t h a p reass lgned t h r e s h o l d 
v a l u e . P(CB/J) I s the c o n d i t i o n a l proba
b i l i t y , g i ven t h a t J was ob ta ined over 
the s u b - r e g i o n , t h a t a boundary l i n e was 
a c t u a l l y p resen t and cen te red In the 
r e g i o n . The use o f p r o b a b i l i s t i c 
techn iques r e f l e c t s the assumpt ion t h a t 
no i se p reven ts us f rom hav ing access to 
the set o f a c t u a l " n o l s e - f r e e " I n t e n s i t y 
v a l u e s , l j over the domain. Th is p roce
dure can be shown ( 1 , 2) to be op t ima l 
In the sense of making the best d e c i s i o n 
about the e x i s t e n c e of a l i n e In the 
reg ion over which the I n t e n s i t y sample J 
i s t a k e n , g i ven o n l y t h i s I n t e n s i t y 
sample, and no s p a t i a l con tex t 
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I n f o r m a t i o n about the p o s s i b l e e x i s t e n c e 
o f o t h e r l i n e s I n the scene, e . g . c o t e r -
mlnal w i t h , o r p a r a l l e l t o the l i n e I n 
q u e s t i o n . I n p a r t i c u l a r the procedure o f 
a c c e p t i n g the hypo thes i s o f the e x i s 
tence of an edge when PCCB/J) is above 
some t h r e s h o l d has the f o l l o w i n g p r o p e r 
t i e s : 

1) Suppose I t Is d e s i r e d to keep the 
p r o b a b i l i t y o f a f a l s e p o s i t i v e e r r o r 
( f a l s e c l a i m t h a t a l i n e e x i s t s ) a t o r 
below a c e r t a i n v a l u e . Then t he re e x i s t s 
a t h r e s h o l d f o r PCCB/J) which guarantees 
t h i s bound on the f a l s e p o s i t i v e e r r o r 
r a te and at the same t ime m in im izes the 
p r o b a b i l i t y o f m i s s i n g a n a c t u a l l i n e . 

2 ) S i m i l a r l y t he re e x i s t s a t h r e s h o l d 
f o r P(CB/J) which guarantees a p a r t i c u 
l a r bound on the p r o b a b l l l l t y o f m i s s i n g 
l i n e s and at the same t ime g i ves a 
minimum r a t e o f f a l s e p o s i t i v e e r r o r s . 

3) F u r t h e r , t he re e x i s t s a t h r e s h o l d 
va lue f o r PCCB/J) which guarantees t h a t 
the sum of the p r o b a b i l i t i e s o f m i s s i n g 
a l i n e and of making a f a l s e p o s i t i v e 
e r r o r I s m i n i m i z e d . 

The genera l s t r a t e g y f o r e s t a b l i s h i n g 
a va lue f o r PCCB/J) is based on some 
s imple Bayeslan p r o b a b i l i t y a n a l y s i s . 
F i r s t , we note t h a t by d e f i n i t i o n : 

C2.1) 

where CB Is the se t of l i 's over narrow 
r e c t a n g u l a r domains c o n t a i n i n g the image 
of a cen te red boundary l i n e . Formula 
C2.1) f o l l o w s f rom the f a c t t h a t 
PCCB/J) is the c o n d i t i o n a l p r o b a b i l i t y 
t h a t the a c t u a l I n t e n s i t y p a t t e r n over 
the g i ven s u b - r e g i o n is some member of 
CB, g iven t h a t the p a t t e r n J was 
ob ta ined over the r e g i o n . I t I s thus the 
sum over a l l e lements of CB, of the c o n 
d i t i o n a l p r o b a b i l i t y o f t h i s element 
be ing the I n t e n s i t y p a t t e r n , g i ven t h a t 
the p a t t e r n J was o b t a i n e d . From Bayes' 
r u l e we have: 

PCI, / J ) - PCJ, I , ) /PCJ) 

where PCJ) Is the a p r i o r i p r o b a b i l i t y 
o f occur rence o f the o b t a i n e d I n t e n s i t y 
p a t t e r n J and PCJ, l i ) Is the J o i n t 
p r o b a b i l i t y o f o b t a i n i n g t h a t p a t t e r n 
a long w i t h l ; be ing the rea l p a t t e r n o f 
I n t e n s i t i e s . Us ing t h i s r e l a t i o n , ( 2 . 1 ) 
becomes: 

PCCB/J) - ( 2 . 2 ) 

C l e a r l y P ( J ) , the a p r i o r i p r o b a b i l i t y 
o f e x i s t e n c e o f J , i s the sum of J ' s 
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J o i n t p r o b a b i l i t y o f ex i s t ence a long 
w i t h some member of CB, and I t s J o i n t 
p r o b a b i l i t y of ex i s t ence w i t h a member 
of CN ( the complement of CB In the set 
CI = { I i } ) , s ince t h i s exhausts a l l 
poss ib l e cases. Hence: 

The remainder of t h i s paper w i l l be 
devoted to m o d e l l i n g the set C I , so as 
to p rov ide a bas is f o r exp ress ing the 
v a r i o u s p r o b a b i l i t i e s In the above 
e x p r e s s i o n . The end r e s u l t w i l l be a 
c losed form t h r e s h o l d f u n c t i o n Q(J) 
g i v i n g an approximate va lue of P(CB/J) 
as a f u n c t i o n of the se t of I n t e n s i t i e s 
con ta ined In the se t J . 

I I I . DEFINITION AND CATEGORIZATION OF CI 
Ma thema t i ca l l y the elements of CI are 

rea l va lued f u n c t i o n s o f two v a r i a b l e s 
d e f i n e d over a narrow r e c t a n g u l a r reg ion 
of the p l ane . A member l i of CI Is to be 
thought of as g i v i n g the va lue of the 
l i g h t I n t e n s i t y , as a f u n c t i o n o f p o s i 
t i o n , over some narrow r e c t a n g u l a r sub 
reg ion of a two d imensional Image. It 
should be emphasized tha t the I n t e n s i t y 
f u n c t i o n s we have In mind In t h i s 
s e c t i o n are those g i v i n g the rea l I n t e n 
s i t i e s over the sub reg ions In q u e s t i o n , 
In the absence of any no ise and 
d i s t o r t i o n which would be in t roduced by 
some phys i ca l Inst rument designed to 
o b t a i n I n t e n s i t y v a l u e s . We s h a l l l i m i t 
out a t t e n t i o n t o I n t e n s i t y f u n c t i o n s 
taken over domains of a s i n g l e 
preasstgned s i z e . I t w i l l be apparent 
t ha t no loss o f g e n e r a l i t y w i l l r e s u l t 
f rom so d o i n g . 

We w i l l d e f i n e a f u n c t i o n to be a 
member o f CI I f I t g ives the I n t e n s i t y 
over some r e c t a n g u l a r sub reg ion of a 

two d imensional Image of some scene 
hav ing the f o l l o w i n g p r o p e r t i e s : 

1) The scene c o n s i s t s of p r i s m a t i c 
( p l a n e - f a c e d ) s o l i d s . 

2) The I n t e n s i t y over the faces of the 
o b j e c t s , and In the background, Is a 
smooth con t inuous f u n c t i o n o f p o s i t i o n . 

3) At the Images of the rea l edges In 
the scene, the I n t e n s i t y I s e i t h e r 
s imp ly d i s con t i nuous In va lue ( h e r e a f t e r 
t h i s w i l l be r e f e r r e d to as an " e d g e " ) ; 
or has an anaomalous va lue w i t h equal 
I n t e n s i t i e s Jus t t o e i t h e r s i d e , as 
produced by a c rack between b locks or 
by a h i g h l i g h t . (The l a t t e r w i l l 
h e a f t e r be r e f e r r e d to as " l i n e s " ) . 

F u r t h e r , by assuming tha t the I n t e n 
s i t y va lues are a c t u a l l y the l oga r i t hms 
of the I n t e n s i t i e s In the scene, we have 
the a d d i t i o n a l p r o p e r t i e s : 

4) The d i f f e r e n c e In I n t e n s i t y across 
an "edge" w i l l be app rox ima te l y cons tan t 
a long I t s l e n g t h , a l though the abso lu te 
I n t e n s i t y a long the edge may smoothly 
v a r y , 

5) The d i f f e r e n c e between the 
anomalous I n t e n s i t y a long a " l i n e " and 
the I n t e n s i t y o f the Immediately 
su r round ing area w i l l be approx ima te l y 
cons tan t a long the l eng th o f the l i n e . 

Note t h a t the p o s s i b l e ex i s t ence o f 
shadows need pose no prob lem, s ince rea l 
edges p a r t i a l l y In shadow may be 
cons idered f o r the purposes of the model 
to be two d i s t i n c t " l i n e s " o r "edges " . 
F u r t h e r , the edges of the shadows 
themselves have p r o p e r t i e s I d e n t i c a l to 
those of "edges " , and may be so modeled. 

We can be more s p e c i f i c about the 
p r e v i o u s l y I nd i ca ted d i v i s i o n o f C I I n to 
two subsets CB and CN: 

Let CB be the subset of CI c o n s i s t i n g 
o f a l l Images o f " b o u n d a r i e s " , I . e . 
" l i n e s " o r "edges " , e x a c t l y centered 
I n , and t r a v e r s i n g the e n t i r e l eng th 
o f , the r e c t a n g u l a r domain o f 
d e f i n i t i o n . An example: 

over the r ec tang le bounded by the p o i n t s 
( 0 , 0 ) , ( 1 , 0 ) , (0 ,10 ) and ( 1 , 1 0 ) . 

Let CN be the remainder of C I . 
The c lass CB may be f u r t h e r subd iv ided 

In accordance w i t h the d i s t i n c t i o n made 
e a r l i e r between an "edge" and a " l i n e " : 

>Let CE be the subset of CB c o n s i s t i n g 
o f those f u n c t i o n s r e p r e s e n t i n g s imple 
d i s c o n t i n u i t i e s o f I n t e n s i t y . The 
f u n c t i o n g iven as an example under the 
d e f i n i t i o n of CB above Is of t h i s t y p e . 

>Let CL be the remainder of CB, I . e . 
those I n t e n s i t y f u n c t i o n s r e p r e s e n t i n g a 
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l i n e o f anomalous I n t e n s i t y , such 
f rom a h i g h l i g h t or crack between 
b l o c k s . An example: 

as 
two 

over the r ec tang le bounded by the po in t s 
( 0 , 0 ) , ( 1 , 0 ) , (0 ,10 ) and ( 1 , 1 0 ) . 

F i n a l l y we may subd iv ide the c lass CN 
In to two s u b - c l a s s e s : 

>Let CH be the subset of CN c o n s i s t i n g 
o f I n t e n s i t y f u n c t i o n s over r ec tangu la r 
sub - reg ions of the plane which are not 
crossed by Images of any 1 Ines of the 
scene. An example: 

I ( x , y ) = .3x + .2y + 10. 

over the reg ion bounded by the po in t s 
( 0 , 0 ) , ( 1 , 0 ) , (0 ,10 ) and ( 1 , 1 0 ) . 

> Let CS be the remainder of CN. 
I n t e n s i t y f u n c t i o n s In t h i s c lass are 
those over r e c t a n g u l a r sub regions of 
the p lane c o n t a i n i n g the Image of pa r t 
of a l i n e , or p o s s i b l y a c l o s e l y spaced 
p a i r . 

The h e l r a r c h y of sub ca tego r i es Jus t 
desc r i bed is summarized In the f o l l o w i n g 
d iapram: 

IV. NUMERICAL CHARACTERIZATION OF THE 
MEMBERS OF CI AND A PROBABILITY 
DISTRIBUTION ON THEM 

As a f u r t h e r s tep In model ing the set 
C I , we would l i k e to be able to charac
t e r i z e an element of any of the above 
subsets by some s imple numer ical 
d e s c r i p t i o n . The f u n c t i o n a l d e s c r i p t i o n s 
g iven In the above examples are too 
e x t e n s i v e to lend themselves to the s o r t 
of a n a l y s i s we wish to pe r fo rm . By way 
of s l m p l I f I c a t o n , we In tend to omit any 
re fe rence t o abso lu te I n t e n s i t y , 
t r e a t i n g , f o r example, the f o l l o w i n g two 
f u n c t I o n s : 

as e q u i v a l e n t , as they d i f f e r o n l y by a 
cons tant over t h e i r domains. Members of 
CE and CH w i l l thus be c h a r a c t e r i z e d 
on ly by t h e i r " r e l a t i v e a m p l i t u d e s " o r 
ampl i tude o f d i s c o n t i n u i t y a long t h e i r 
l e n g t h s . The above examples are 
m i s l e a d i n g l y s imple in t h a t t h i s 
r e l a t i v e ampl i tude has been a cons tan t 
over the whole l eng th of the domain. We 
a c t u a l l y In tend t ha t there be a smal l 
" r i p p l e " in the r e l a t i v e amp l i tude a long 
the l i n e s , as was Imp l ied by the 
express ion "app rox ima te l y c o n s t a n t " In 
assumptions 4) and 5) above. 

A l though we may thus c h a r a c t e r i z e a 
member of CL or CE by a n e a r l y cons tan t 
f u n c t i o n of one v a r i a b l e , it is more 
p r a c t i c a l f o r the f o l l o w i n g a n a l y s i s t o 
assume the domain of d e f i n i t i o n to be 
d i v i d e d in to n approx imate ly square sub 
components and g ive a d e s c r i p t i o n In 
terms of the n average " r e l a t i v e a m p l i 
tudes" over these r e g i o n s . We propose 
the n o t a t i o n I (a,1 , . . . , a, n ) f o r a 
member of CL, and l ( b , i , . . . , b,n ) f o r 
a member of CE. The f u n c t i o n f ( x , y ) , a 
member of CE, Just r e f e r r e d to would be 
thus descr ibed by the 1 0 - t u p l e ( 2 , 2, 

.. , 2 ) , and would be denoted by 1 (2 , 

Members of CH are s i m i l a r l y t r e a t e d , 
w i t h average g r a d i e n t w i t h i n a square 
sub- reg ion In p lace o f average r e l a t i v e 
I n t e n s i t y . For these e lmen ts , we w i l l 
use the n o t a t i o n l ( c n , . . . , c , n ) . 

The reader may note t ha t no re fe rence 
has been made to the remain ing c l ass 
composing C I , namely CS. S u f f i c e I t to 
say here t ha t in the a n a l y s i s which 
f o l l o w s , such a c h a r a c t e r i z a t i o n is 
unnecessary, p rov ided one Is w i l l i n g to 
t rade computa t iona l f e a s i b i l i t y f o r a 
small amount of mathemat ical exac tness . 
The reader might f u r t h e r be puzz led t h a t 
no re fe rence is made In a d e s c r i p t i o n of 
a member of CL or CE to the u n d e r l y i n g 
crosswise g r a d i e n t s t o e i t h e r s ide o f 
the d i s c o n t i n u i t y , w h i l e members of CH 
are descr ibed e n t i r e l y In terms of a 
g r a d l e r t . The answer Is t ha t In the case 
of CH, the g r a d i e n t s are the p r i n c i p a l 
e f f e c t , whereas in the case of members 
of CL and CE they are n o t . In the 
a n a l y s i s which f o l l o w s the g r a d i e n t s in 
the members of CE and CL are Indeed 
Ignored, s ince no p r o v i s i o n is made f o r 
them in the n - t u p l e d e s c r i p t i o n s . 
However in (1) it is shown how these 
can be taken in to acccount to a f i r s t 
o rder o f a p p r o x i m a t i o n . 

We are now In a p o s i t i o n to put a 
p r o b a b i l i t y d i s t r i b u t i o n on the members 
of the se ts CL, CE and CH based on the 
above c h a t r a c t e r l z a t I o n . S p e c i f i c a l l y , 



we s h a l l express the a p r i o r i p r o b a b i l 
i t y o f ex i s t ence of a member, e . g . o f 
CL, as a r e l a t i v e l y s imple f u n c t i o n of 
(a,| , . . . , a,n ) , the n r e l a t i v e 
ampl i tudes which are used to desc r i be 
I t . 
To begin w i t h , assume t h a t each h i g h 

l i g h t or c rack In scenes under c o n s i d e r 
a t i o n , I . e . each member of CL, has an 
" I d e a l i z e d a m p l i t u d e " a . Th is should be 
thought o f as the r e l a t i v e amp l i t ude 
which would occur a long the whole l e n g t h 
of the h i g h l i g h t or c rack in the absence 
o f minor I r r e g u l a r i t i e s in l i g h t i n g o r 
de fec t s In the o b j e c t s themse lves . Let 
us f u r t h e r assume t h a t the p r o b a b i l i t y 
d i s t r i b u t i o n P(a) on t h i s parameter Is 
known. F i n a l l y l e t us assume t h a t f o r 
a l l h i g h l i g h t s o r c racks w i t h I d e a l i z e d 
amp l i tude a , the v a r i o u s ac tua l r e l a t i v e 
ampl i tude va lues a , are s t a t I s t l e a l l y 
Independent ; and t h a t they have a normal 
d i s t r i b u t i o n w i t h mean a and s tandard 
d e v i a t i o n a Independent of a. From t h i s 
It f o l l o w s t h a t the p r o b a b i l i t y PC 1 (ad , 

. . , a , n ) / a ) ) , I . e . the p r o b a b i l i t y o f 
e x i s t e n c e o f a c rack o r h i g h l i g h t w i t h 
ac tua l r e l a t i v e amp l i tudes a, | , . . . a i n 
along I t s l e n g t h , g iven t h a t the 
I d e a l i z e d amp l i tude was a, is g i ven by: 

To o b t a i n P ( l ( a , i , . . . , a,n ) ) , the a 
p r i o r i p r o b a b i l i t y o f e x i s t e n c e o f the 
h i g h l i g h t o r c rack w i t h r e l a t i v e a m p l i 
tudes a,j , . . . , a i n , we need on l y sum 
the above exp ress ion over a l l va lues o f 
a. Hence f o r I, a member of CL we have: 

S i m i l a r fo rmulas ho ld f o r members of CE 
and CH, w i t h b and c In p lace of a, P1 

and P" in p lace of P, and a1 and a'' In 
p lace of o . 

V. THE PROBABILISTIC RELATIONSHIP BE
TWEEN AN OBTAINED SET OF INTENSITIES 
AND A NOISE FREE INTENSITY FUNCTION 

In t h i s s e c t i o n we s h a l l s p e c i f y a 
p l a u s i b l e r e l a t i o n s h i p between ob ta i ned 

where B ( x , y ) I s the I n t e n s i t y f u n c t i o n 
r e s u l t i n g f rom a p p l y i n g the b l u r r i n g t o 
an I n t e n s i t y f u n c t i o n hav ing the va lue 
zero except a t the o r i g i n of the Image 
space. Now If l i belongs to the c l a s s CL 
then the co r respond ing b l u r r e d v e r s i o n 
l has the p r o p e r t y t h a t I t s va lue a long 
any normal to the major a x i s of the r ec 
t a n g u l a r domain is g i ven by ag(x ) + b, 
where a Is the r e l a t i v e amp l i t ude of the 
d i s c o n t i n u i t y a t the p o i n t where the 
normal I n t e r s e c t s the major a x i s , and 
g ( x ) is r e l a t e d In a s imp le way to the 
f u n c t i o n B ( x , y ) Jus t men t ioned . I t 
shou ld be emphasized t h a t g ( x ) Is not 

"no l sy " ( t e n s i t y samples taken over long 
r e c t a n g u l a r reg ions and ac tua l p o s s i b l e 
i n t e n s i t y f u n c t i o n s over such r e g i o n s , 
i . e . the members of CL, CE and CH. The 
o b j e c t w i l l b e t o g i ve a n a l y t i c c losed 
form express ions f o r the va lues o f the 
c o n d i t i o n a l p r o b a b i l i t i e s P ( J / l i ) a s 
apear In the d e c i s i o n p r e d i c a t e ( 2 . 4 ) . 
The r e l a t i o n s h i p between an ob ta i ned 
sample and p o s s i b l e a c t u a l I n t e n s i t y 
f u c t l o n s is de termined by two e f f e c t s . 
The f i r s t o f these I s the b l u r r i n g 
Inheren t in any o p t i c a l sys tem, which 
t u rns t h e o r e t i c a l l y sharp I n t e n s i t y 
d i s c o n t i n u i t i e s I n t o smooth s l o p e s , and 
tu rns h i g h l i g h t s , hypo thes ized as l i n e s 
o f d i s c o n t i n u i t y o f v i r t u a l l y n o w i d t h , 
I n t o smooth r i d g e s . The second e f f e c t Is 
random t ime n o i s e . 

I t w i l l be assumed In what f o l l o w s 
t ha t the degree o f b l u r r i n g o f edges 
t ha t Is Inheren t In the I n t e n s i t y 
samples J ob ta i ned by an a c t u a l o p t i c a l 
Input dev ice f rom scenes of the s o r t 
desc r ibed Is homogeneous and I s o t r o p i c 
over a l l scenes under c o n s i d e r a t i o n . 
Th is assumpt ion might be v i o l a t e d I f the 
scenes had s u f l c l e n t depth t h a t some 
p a r t s would be s i g n i f i c a n t l y out o f 
f o c u s . However In u s i n g the dev ice 
ment ioned In (1) and In the l a s t p a r t of 
t h i s paper I t Is p o s s i b l e to have the 
o p t i c a l focus b l u r r i n g dominated by 
o the r b l u r r i n g e f f e c t s , which are 
s p a t i a l l y u n l f o r m . 

I t I s I n s t r u c t i v e In c o n s i d e r i n g the 
r e l a t i o n s h i p between an ob ta i ned I n t e n 
s i t y sample J and members of CL CE or CH 
t o cons ide r the r e s u l t o f a p p l y i n g t h i s 
b l u r r i n g t o members o f the l a t t e r s e t s . 
These b l u r r e d I n t e n s i t y f u n c t i o n s w i l l 
be denoted by the symbol I,1. It Is easy 
to show t h a t I f b l u r r i n g Is u n i f o r m and 
I s o t r o p i c over a f i e l d o f v i ew , I t ac ts 
on an I n t e n s i t y f u n c t i o n l ( x , y ) to 
produce a b l u r r e d f u n c t i o n l ' ( x , y ) as 
f o l l o w s : 
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V I . TOWARD A CLOSED FORM FOR PCCB/J) 
In t h i s s e c t i o n we s h a l l show how to 

For I, a member of CE the re e x i s t s a 
co r respond ing m- tup le (V1' , • • , Vm' ); 
and f o r I, a member of CH an m- tup le (V" 
, . . . , V m " ) . These m- tup les are s imp ly 
the va lues o f the f u n c t i o n s g ( x ) , h ( x ) 
and l ( x ) ment ioned In the d i s c u s s i o n of 
the f u n c t i o n s 1 i ' , s u i t a b l y s c a l e d . 

We now address ou rse l ves to an 
express ion f o r the va lue o f P ( J / I , ) . 
T h i s , I t may be r e c a l l e d , Is the c o n d i 
t i o n a l p r o b a b i l i t y o f o b t a i n i n g the I n 
t e n s i t i e s compr i s i ng J , over the reg ion 
In q u e s t i o n , g iven t h a t the a c t u a l I n 
t e n s i t y over the reg ion Is g i ven by 
the f u n c t i o n I , . I f the l a t t e r Is a 
member of CL, CE or CH, then the 
co r respond ing l i" as g iven by ( 5 . 1 ) gives 
what the va lues In the set ought to be 
In the absence of n o i s e . Th is no ise Is 
assumed to be un i f o rm over the f i e l d of 
view of the I n t e n s i t y measur ing 
Ins t rumen t ; and va lues x of I n t e n s i t y 
taken repea ted ly at a p a r t i c u l a r p o i n t 
are assumed to have a d i s t r i b u t i o n 
around a mean of x g iven by: 

dependent on any p rope r t y of I, o t he r 
than t h a t I t Is a members of CL. S i m i l a r 
r e s u l t s ho ld f o r members of CE w i t h a 
f u n c t i o n h (x ) In p lace o f g ( x ) ; the 
l a t t e r be ing the I n t e g r a l o f the fo rmer . 
T y p i c a l l y g ( x ) w i l l resemble a "be l l 
c u r v e " ; and h (x ) a s imple s tep f u n c t i o n 
w i t h rounded c o r n e r s . The case of 
members of CH Is s i m i l a r , but w l l h the 
s imple l i n e a r f u n c t i o n l (x)=mx In p lace 
o f g (x ) o r h ( x ) . These p r o p e r t i e s w i l l 
be use fu l l a t e r In t h i s s e c t i o n . 

The geometry over the Image plane of 
the p o i n t s a t which I n t e n s i t i e s are to 
be ob ta ined has thus f a r been l e f t 
u n s p e c i f i e d . We w i l l s t i p u l a t e t ha t t h i s 
geometry be the same f o r a l l of the 
square sub - reg ions I n t o which the rec 
t a n g u l a r domain o f the l i n e p r e d i c a t e Is 
d i v i d e d . In p a r t i c u l a r we s t i p u l a t e t ha t 
I t c o n s i s t o f a set o f m p o i n t s l y i n g 
a long a l i n e t r a v e r s i n g the square sub-
reg ion through I t s c e n t e r , normal to the 
major a x i s of the main r e c t a n g u l a r band. 

The d i s c u s s i o n o f the " b l u r r e d " I n t e n 
s i t y f u n c t i o n s 11 ' can now be c a r r i e d one 
s tep f a r t h e r by c o n s i d e r i n g the r e s u t 
o f r e s t r i c t i n g these f u n c t i o n s to the 
f i n i t e se t of p o i n t s whose geometry has 
j u s t been d e s c r i b e d . The r e s u l t i n g I n 
t e n s i t y f u n c t i o n , which we s h a l l denote 
by the symbol I,", are c l e a r l y f o r m a l l y 
s i m i l a r to the se ts J o f ob ta ined I n t e n 
s i t y v a l u e s . The na tu re o f the 
r e l a t i o n s h i p between these two c l a s s e s , 
and I t s I m p l i c a t i o n s In deve lop ing 
c losed form express ions f o r the c o n d i 
t i o n a l p r o b a b i l i t i e s P ( J / l i ) w i l l b e 
d iscussed p r e s e n t l y . Meanwhtle, va r i ous 
p r o p e r t i e s of the f u n c t i o n s l , " w i l l be 
n o t e d . F i r s t , each c o n s i s t s of n m-
tup l es o f v a l u e s , each m- tup le be ing the 
va lue of the co r respond ing f u n c t i o n I,' 
over a set of m p o i n t s l y i n g a long one 
of a set of e q u a l l y spaced normals to a 
m,aJor a x i s of the domain of d e f i n i t i o n 
of I, . Secondly , If I1 Is in the c lass 
CE, CL or CH, then any m- tup le f rom a 
co r respond ing I " I s determined e n t i r e l y 
f rom the va lues of two parameters , and 
f rom whether li came from CL, CE or CH. 
Th is f o l l o w s f rom the p r o p e r t i e s o f the 
f u n c t i o n s I,' ment ioned In the paragraph 
be fo re l a s t , and from the u n i f o r m i t y o f 
the geometry of the p o i n t s In the domain 
of the f u n c t i o n 11". Th is may be f o r m a l l y 
r e s t a t e d as f o l l o w s : There e x i s t s an 
m- tup le (V1 , . . . . , Vm) such t ha t If 
l ( a , l , . . . , a ,n ) Is a member of CL, 
then the co r respond ing I i" is g iven by: 
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express c e r t a i n sums c o n s t i t u t i n g the 
numerator and denominator o f our l i n e 
d e c i s i o n f u n c t i o n ( 2 . 4 ) as c l osed fo rm 
f u n c t i o n s o f the I n t e n s i t y va lues f rom a 
r e c t a n g u l a r r e g i o n . F i r s t , l e t : 

I t I s the goal o f t h i s s e c t i o n t o g i v e 
c l osed form exp ress ions f o r the sums 
C L ( J ) , CE(J ) , and CH(J) making use of 
the c losed form exp ress ions ( 4 . 1 ) , 
( 4 . 2 ) , ( 5 . 3 ) and ( 5 . 4 ) . The m a t t e r o f 
the sum CS(J) w i l l be d e f e r r e d to the 
next s e c t i o n . 

Now ( 6 . 1 ) may be r e w r i t t e n u s i n g ( 4 . 1 ) 
and ( 5 . 3 ) a s : 

w i t h , a g a i n , F and G g i ven by ( 4 . 2 ) and 
( 5 . 4 ) r e s p e c t i v e l y . A l s o , I t t s easy t o 
show t h a t the p roduc t over s and the sum 
over the aS 's may be I n t e r c h a n g e d , so 
t h a t : 

As a consequence of I g n o r i n g a b s o l u t e 
I n t e n s i t y we may assume t h a t the 
o b t a i n e d I n t e n s i t i e s have been 
no rma l i zed by sub reg ions so t h a t : 
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Assuming the I d e a l i z e d r e l a t i v e a m p l i 
tudes have a normal d i s t r i b u t i o n w i t h 
mean 0 and s tandard d e v i a t i o n p, t h e n : 

where P(CL) Is the a p r i o r i p r o b a b i l i t y 
o f a " l i n e " . Th is l a t t e r exp ress ion f o r 
CL(J) may be put I n to the fo rm: 

S i m i l a r fo rmulas e x i s t f o r CE(J) and 
CH(J) . 

V I I . RATIONALE FOR IGNORING THE CLASS CS 
A an a n a l y s i s s i m i l a r to the 

f o r e g o i n g / w i t h the goal o f o b t a i n i n g a 
c losed form exp ress ion f o r CS(J ) , may be 
a v o i d e d . I t has been shown In (1) t ha t 
Q(J) g i ven by: 

has the f o l l o w i n g p r o p e r t i e s : 
1) Q(J) and PCCB/J) are n e a r l y equal 

when J c o n s i s t s of I n t e n s i t y va lues 
f rom a narrow reg ion which c o n t a i n s 
no p a r t of a " bounda ry " , I . e . an edge, 
h l g h l I g h t o r c r a c k . 

2) Q(J) and P(CB/J) are n e a r l y equal 
when J c o n s i s t s of I n t e n s i t i e s f rom 
w i t h i n a narrow r e c t a n g u l a r reg ion 
c o n t a i n i n g a cen te red boundary l i n e . 

3 ) Values o f Q(J) f o r J ' s f rom v a r i o u s 
narrow r e c t a n g u l a r reg ions app rox ima te l y 
cen te red on a boundary l i n e have a 

maximum f o r the se t J f rom a reg ion In 
which the boundary Is e x a c t l y c e n t e r e d . 

I f care I s e x e r c i s e d , Q(J) thus serves 
as a s u b s t i t u t e f o r PCCB/J). Problems do 
a r i s e , as the f o r e g o i n g would p r e d i c t , 
when Q(J) i s a p p l i e d to I n t e n s i t y se ts 
f rom a narrow r e c t a n g u l a r band c rossed 
at an angle o f , e . g . , 30 degrees by an 
In tense boundary l i n e . I t was necessary 
In p r a c t i s e to Inc lude a h e u r i s t i c p r o 
cedure f o r e l i m i n a t i n g the spu r i ous 
l i n e ev idence produced by these o b l i q u e 
c ross i ngs of a reg ion by an In tense 
boundary. 

V I M . SUMMARY: A LINE DETECTION 
PROCEDURE 

The f o r e g o t n g a n a l y s i s y i e l d s a f o u r 
s tep procedure f o r d e c i d i n g on the e x i s 
tence of a l i n e between some p a i r of 
p o i n t s on the Image of a scene c o n s i s t 
ing o f p lane faced p r i s m a t i c s o l i d s . 
The f i r s t s tep Is to make n e q u a l l y 

spaced scans across the proposed edge. 
Th is y i e l d s n m- tup les o f I n t e n s i t y 
v a l u e s . The second s tep Is to compute 
s i x v a l u e s , a * , Ri , a * ' , R, ' , a * " and R" 
from each of these m - t u p l e s . Tne t h i r d 
s tep is to compute f rom these 6n va lues 
the va lue o f : 

where • Is the s tanda rd d o t - p r o d u c t 
o p e r a t o r . The v e c t o r s V, V1 and V" are 
c o n s t a n t s , the same f o r each va lue o f I . 
Each "R" va lue Is a l i n e a r comb ina t i on 
o f a co r respond ing " a * " va lue w i t h the 
dot product o f U , w i t h I t s e l f , I . e . , f o r 
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where the summations are taken f rom i=1 
to 1=n, and the s i x ( p o s i t i v e ) cons tan t s 
K1 , . . K2 " are d e r i v a b l e f rom the 
cons tan ts In the exponents o f ( 6 . 1 2 ) . 
F i n a l l y t h i s va lue Is compared w i t h a 
t h r e s h o l d , and a l i n e Is c la imed to 
e x i s t I f the va lue exceeds I t . 

The c a l c u l a t i o n r e q u i r e d to o b t a i n the 
s i x va lues a * , . . . , R, " f rom an m- tup le 
o f I n t e n s i t y ' va lues I s q u i t e s i m p l e . 
Consider the I n t e n s i t i e s o b t a i n e d f rom 
the l - t h scan to be an_m-yector . Then 
the re e x i s t m-vectors V, V1 and V" such 
t h a t : 
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The va lues a * , R1, , . . . R", d e r i v e d f rom 
the m success ive ' i n t e n s i t y va lues f rom 
some sho r t scan across a scene, have a 
s imp le I n t u i t i v e s i g n i f i c a n c e . Reca l l 
t h a t they are ob ta i ned f rom ( 8 . 2 ) and 
( 8 . 3 ) us ing t h ree m- tup l es_o f_cons tan t s 
symbol ized as the v e c t o r s V, V1 and V " . 
The m- tup le o f va lues c o m p r i s i n g , e . g . , 
V, are s imp ly the m I n t e n s i t y va lues 
which would be o b t a i n e d f rom scann ing 
across a p e r f e c t l y c l ean paradigm h i g h 
l i g h t by an I n t e n s i t y measur ing dev i ce 
whose b l u r r i n g c h a r a c t e r i s t i c s are 
i d e n t i c a l w i t h the one used In o b t a i n i n g 
U , , but which has a n e g l i g i b l e no ise 
l e v e l . Of course the s e p a r a t i o n of the m 
p o i n t s Invo l ved I n t h i s "parad igm h i g h 
l i g h t p r o f i l e " must be the same as the 
a c t u a l s e p a r a t i o n o f the p o j n t s a t wh ich 
the I n t e n s i t i e s compr i s i ng U, are 
obta ined._Now suppose t h a t the "parad igm 
p r o f i l e " V I s l e a s t squares f i t t e d t o 
the se t of I n t e n s i t i e s U, . The f a c t o r by 
which the former must be m u l t i p l i e d In 
o rde r t o ach ieve t h i s best f i t I s s imp ly 
some cons tan t m u l t i p l e of a i* . We s h a l l 
thus r e f e r to a va lue of a* as the 
" h i g h l i g h t d i s t i n c t n e s s " o f the se t o f 
I n t e n s i t i e s U, f rom which It was 
o b t a i n e d ; and r e f e r to the va lue of R, 
as the " h i g h l i g h t s i m i l a r i t y " o f Ui . I t 
may be shown t h a t a* has the p r o p e r t y of 
be ing near zero when the "shape" of the 
p r o f i l e Ui f rom which I t was computerd 
Is not at a l l h l g h l i g h t - 1 I k e . We may 
s i m i l a r l y r e f e r to a i * 1 as the "edge 
d i s t i n c t n e s s " of Ui ;' and _ as the 
"edge s i m i l a r i t y " F i n a l l y V" ' is s imp ly a 
l i n e a r l y I n c r e a s i n g sequence o f v a l u e s ; 
so t h a t a * " is a measuer of l o c a l 
g r a d i e n t and R" a measure of the aparen t 
homogenlty o f the s u r f a c e across which 
the co r respond ing U ( was o b t a i n e d . 

I t may be shown t h a t the t h r e s h o l d p r o 
cedure I n v o l v i n g ( 8 . 1 ) I s a p p r o x i m a t e l y 
e q u i v a l e n t t o the procedure I n v o l v i n g 
( 7 . 1 ) and ( 6 . 1 2 ) . The p roo f o f 
approx imate e q u i v a l e n c e , which w i l l not 
be g i ven e x p l i c i t l y h e r e , depends on two 
p r o p e r t i e s o f the l a t t e r two 
e x p r e s s i o n s . F i r s t , I f the t h ree terms 
g i ven by ( 6 . 1 2 ) are p lugged I n t o ( 7 . 1 ) , 
and the ( o m i t t e d ) mn d i f f e r e n t i a l s and 
mn f a c t o r s of r , common to a l l t e rms , 
are c a n c e l l e d ; then the r e s u l t i n g 
c o e f f i c i e n t s o f e are a l l l ess than 1 . 
Second, I t may be shown (1 ) t h a t I f the 
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va lue o f ( 7 . 1 ) I s , e . g . , above . 9 5 , then 
the two terms of the numerator are 
n e c e s s a r i l y q u i t e u n e q u a l . I t appears t o 
be necessary to t h r e s h o l d a t above t h i s 
va lue I f the p r e d i c a t e Is to be a p p l i e d 
a l a r g e number of t imes to avo id a 
s i g n i f i c a n t number o f f a l s e p o s i t i v e 
e r r o r s . 

IX . EMPIRICAL INVESTIGATIONS 
I n v e s t i g a t i o n s o f the p resen t l i n e 

d e t e c t i o n procedure were based on I n t e n 
s i t y I n f o r m a t i o n o b t a i n e d f rom a 
computer c o n t r o l l e d Image d i s s e c t o r 
( I n f o r m a t i o n I n t e r n a t i o n a l " V l d l -
s s e c t o r " ) . Th is dev ice makes a v a i l a b l e 
to the computer I n t e n s i t y va lues f rom 
any p o i n t on a 40000, by 4 0 0 0 0 , g r d . 
I n t e n s i t y va lues are l o g a r I t m l c a l l y 
sca led w i t h about 80 gray l e v e l s f o r 
every f a c t o r o f two In a c t u a l I n t e n s i t y . 

Severa l dozen scenes , mos t l y c o n s i s t i n g 
o f p l a n e - f a c e d w h i t e p r i s m a t i c s o l i d s , 
were a n a l y s e d , w i t h the f o l l o w i n g 
conc lus Ions : 

>ERIFICATION OF UNDERLYING 
ASSUMPTIONS. I t was f i r s t necessary to 
I n v e s t i g a t e the v a l i d i t y o f v a r i o u s 
assumpt ions up on which the f o r e g o i n g 
a n a l y s i s Is based, namely: 

1) I n t e n s i t y va lues s u p p l i e d by the 
Image d i s s e c t o r have an a p p r e c i a b l e 
random no ise component which Is Gaus
s i a n , and whose l e v e l Is Independent 
bo th o f I n t e n s i t y and l o c a t i o n . 

2 ) P r o f i l e s o f I n t e n s i t y a long scans 
normal to rea l edges In ana lysed senes 
are e i t h e r c l i f f - s h a p e d o r peak-shaped. 

3) Var ious p r o f i l e s o f one or the o t h e r 
o f these two types d i f f e r o n l y In a m p l i 
t u d e , and not In w i d t h or skewness. 

4) I n t e n s i t y scans taken normal to a 
rea l edge, a t r e g u l a r I n t e r v a l s a long 
I t s l e n g t h show a good degree of con 
s i s t e n c y as to amp l i t ude and t y p e . 

The f i r s t assumpt ion I s t h e o r e t i c a l l y 
guaranteed by the des ign of the Image 
d i s s e c t o r used . Var ious e m p i r i c a l I nves 
t i g a t i o n s were made which v e r i f i e d t h i s . 
Assumptions two and t h ree were found to 

be l a r g e l y t r u e In t h a t the shape of an 
I n t e n s i t y p r o f i l e across a p a r t i c u l a r 
edge appeared to be Independent of p o s i 
t i o n on the f i e l d ; and a l s o the shapes 
o f I n t e n s i t y p r o f i l e s taken across 
v a r i o u s h i g h l i g h t s o r edges between 
e q u a l l y l i g h t e d u n i f o r m faces d i f f e r e d 
o n l y b y m u l t i p l i c a t i v e c o n s t a n t s . 
However, In the scenes ana lysed t h e r e 
appeared to be a l a r g e r v a r i e t y of types 
o f edge p r o f i l e s than e x p e c t e d , p a r t i c u 
l a r l y across r a t h e r s u b t l e b o u n d a r i e s . A 
reasonable r e p r e s e n t a t i v e se t o f s i x 
p r o f i l e s I s I l l u s t r a t e d I n f i g u r e 2 . 



Session No. 1 Scene Analysis I Robot Project Papers 25 

F igu re 2 . 
Assumption 4 appeared to be t r u e to a 

marked degree f o r In tense edges. However 
t h i s was not always the case f o r very 
s u b t l e edges. The I m p l i c a t i o n s o f t h i s 
w i l l b e d iscussed l a t e r . 

The e x i s t e n c e of more than two edge 
types does not e s p e c i a l l y I n v a l i d a t e the 
f o r e g o i n g theo ry and a n a l y s i s , which may 
c l e a r l y be g e n e r a l i z e d to s i x types 
Ins tead of two. Th is r e s u l t s In a 
d e c i s i o n f u n c t i o n s i m i l a r t o ( 8 . 1 ) but 
w i t h the minimum taken over s i x 
exp ress ions Ins tead o f two. These s i x 
exp ress ions are c a l c u l a t e d us ing ( 8 . 2 ) 
and ( 8 . 3 ) and a set of s i x m-vectors of 
c o n s t a n t s . Each of these v e c t o r s Is 
o b t a i n e d f rom one o f the p r o f i l e s o f 
F igure 2, and c o n s i s t s of a set of 
success ive va lues taken a t e q u a l l y 
spaced p o i n t s . The number (m) and 
spac ing w i l l now be d i s cussed . 

>GEOMETRY OF THE SAMPLING DOMAIN. Two 
s p a t i a l l y l o c a l parameters govern the 
a c q u i s i t i o n o f I n t e n s i t y I n f o r m a t i o n t o 
be g i ven to the present l i n e p r e d i c a t e . 
These are the l e n g t h of each of the n 
sub -scans , and the number (m) of I n t e n 
s i t i e s I n each. 

It seemed to be of prime Immportance 
t h a t the l e n g t h of the scan be Jus t 
enough to encompass the e n t i r e shape of 
the v a r i o u s p r o f i l e s . R e f e r r i n g t o 
f i g u r e 2, t h i s would appear to be about 
15 u n i t s or 1.5% of the w i d t h of the 
f i e l d . I f t h i s were much w i d e r , a 
g r e a t e r d i v e r s i t y o f paradigm p r o f i l e s 
would have to be used r e f l e c t i n g va r i ous 
d i f f e r e n t combina t ions o f g r a d i e n t 
va lues ( s l o p e s ) o f the " t a i l s " o f the 
p r o f i l e s . Exper iments I n v o l v i n g scan 
l eng ths of 1%, 2% and 1.5% of the f i e l d 
w i d t h con f i rmed the r e l a t i v e s u p e r i o r i t y 
o f the l a t t e r . 

The most Impor tan t c r i t e r i o n f o r e s t a b 
l i s h i n g p o i n t s e p a r a t i o n seemed to be 
t h a t the spac ing be s u f l c l e n t l y f i n e 
t h a t a scan across a h i g h l i g h t would 
I nc lude a t l e a s t one va lue s u f l c l e n t l y 
c l o s e to the c e n t e r of the peak as to 
have a va lue w i t h i n , e . g . , 90% of the 
maximum va lue at the peak. R e f e r r i n g to 
F igu re 2, the reader may see t h a t the 
co r respond ing s e p a r a t i o n Is one or two 
u n i t s , o r about . 1 % o f the f i e l d w i d t h 
o f the p resen t I n s t r u m e n t . Exper iments 
I n v o l v i n g a spac ing of .05% I n d i c a t e d 
n o p a r t i c u l a r advantage over . 1 % . 

For a m a j o r i t y of subsequent 

exper iments va lues o f the ( g e n e r a l i z e d ) 
t h r e s h o l d f u n c t i o n ( 8 . 1 ) and terms 
t h e r e o f , were computed ( u s i n g ( 8 . 2 ) and 
( 8 . 3 ) ) f rom a s p e c i f i c set of 7 16-
v e c t o r s o f cons tan t s d e r i v e d f rom the 
p r o f i l e s In f i g u r e 2 , matched to a 
spac ing o f . 1 % o f the f i e l d w i d t h . 
I n t e n s i t y va lues were read a t t h i s 
spac ing In se ts of 16. The r epo r t ed 
r e s u l t s were based on e x h a u s t i v e 
c a l c u l a t i o n o f v a r i o u s "R" and " a * " 
va lues f o r scenes o f p r i s m a t i c s o l i d s . 
T y p i c a l l y 100 scans of 500 I n t e n s i t y 
va lues each were made c o v e r i n g the 
e n t i r e scene. For each scan 485 va lues 
of each of the 7 "a*" 's and "R"' ,s were 
computed f rom each success ive 1 6 - t u p l e 
o f I n t e n s i t y v a l u e s . These va lues were 
graphed or p r i n t e d l ine by Iine f o r 
a n a l y s l s . 

>L0CAL SENSITIVITY. R e s t r i c t i n g the 
f u n c t i o n g iven by ( 8 . 1 ) ( o r r a t h e r the 
ment ioned g e n e r a l i z a t i o n o f I t ) to a 
s i n g l e scan (n ■ 1) r e s u l t s In a 
s i m p l i f i e d f o r m u l a , s i nce the ( a * - a * ) 2 

terms are a l l z e r o . F u r t h e r , as w i l l be 
l a t e r e x p l a i n e d , the a*2 terms are o f 
d o u b t f u l s i g n i f i c a n c e . There thus 
r e s u l t s a n o n - l i n e a r d e c i s i o n f u n c t i o n 
based on the va lues of seven " R " , s . 

Th is l o c a l i z e d v e r s i o n o f the present 
procedure was compared w i t h two o t h e r 
l o c a l edge d e t e c t i o n o p e r a t o r s . The 
f i r s t o p e r a t o r Is due to Roberts (3) and 
uses the f o l l o w i n g f u n c t i o n o f f o u r ln -
t e n s i t y va lues v1 , v2 , v3 and v4 f rom the 
co rne rs of a smal l square : 

In (1) I t was shown t h a t the p resen t 
edge p r e d i c a t e , even t a k i n g I n t o account 
I t s use o f more I n t e n s i t y v a l u e s , Is 
more than tw ice as s e n s i t i v e as the 
Roberts o p e r a t o r . The present o p e r a t o r 
was a l s o compared w i t h a second 
d i f f e r e n c e o p e r a t o r d iscussed In (4) 
I n v o l v i n g f o u r success ive I n t e n s i t y 
va lues V1 , v 2 , v3 and v4 , o b t a i n e d at 
equal I n t e r v a l s a long a l i n e normal to a 
proposed edge. The fo rmu la Is g i ven by : 

It may be shown by an argument s i m i l a r 
to the one c i t e d In c o n n e c t i o n w i t h the 
Roberts o p e r a t o r t h a t the p resent p roce 
dure Is s l i g h t l y more s e n s i t i v e In 
d e t e c t i n g edges than the second 
d i f f e r e n c e method p rov i ded the l a t t e r ' s 
p o i n t spac ing I s wide r e l a t i v e to the 
b l u r r i n g . R e f e r l n g t o the edge p r o f i l e s 
a t the bot tom o f f i g u r e 2 , the reader 
should note t h a t I f these f o u r I n t e n s i t y 
va lues are o b t a i n e d a t 1 u n i t I n t e r v a l s 
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around the cen te r o f the edge, the 
va lue o f the o p e r a t o r I s c o n s i d e r a b l y 
below t h a t which would be o b t a i n e d I f 
the I n t e n s i t y va lues were o b t a i n e d a t , 
e . g . , f o u r u n i t I n t e r v a l s . Fu r t he r I f 
the edge were e x a c t l y cen te red on second 
o r t h i r d p o i n t , the va lue o f the 
o p e r a t o r would s i m i l a r l y be reduced. 
Th is f o u r va lue o p e r a t o r thus becomes 
p r o g e r s s l v l y less and less s e n s i t i v e as 
the p o i n t spac ing dereases . Th is Is 
t r u e o f the Roberts o p e r a t o r as w e l l . 
On the o t h e r hand, In o rde r to avo id 
m i s s i n g h i g h l i g h t s , the p o i n t spac ing 
shou ld be q u i t e c l o s e . 

These o b s e r v a t i o n s I n d i c a t e a marked 
s u p e r i o r i t y o f the persent procedure In 
the l o c a l d e t e c t i o n o f edges, e t c , 
p rov ided the cos t o f o b t a i n i n g I n t e n s i t y 
va lues Is c o n s i d e r a b l y g r e a t e r than the 
cos t o f c o m p u t a t i o n . In the p resen t 
Image d i s s e c t o r - computer system t h i s 
was Indeed the case . I n t e n s i t y va lues 
r e q u i r e d an average of one m i l l i s e c o n d ; 
whereas the e n t i r e t ime r e q u i r e d to 
c a l c u l a t e a set of 7 " a * " and "R" va lues 
f rom a set of 16 I n t e n s i t y va lues was 
app rox ima te l y 500 mic roseconds . In o r d e r 
not to miss h i g h l i g h t s , the success ive 
I n t e n s i t y va lues In a scan must be 
o b t a i n e d a t a r e l a t i v e l y c l ose s p a c i n g . 
The e f f e c t i v e use of a s imp le second 
d i f f e r e n c e o p e r a t o r on such I n t e n s i t y 
va lues wou ld , as c i t e d above, r e q u t r e 
t h a t e . g . , o n l y every f o u r t h I n t e n s i t y 
va lue o f the f i n e scan be used. I t s 
s e n s i t i v i t y would thus be c o n s i d e r a b l y 
below t h a t o f the p resent o p e r a t o r , 
which uses a l l the I n t e n s i t y v a l u e s . 

>AVERAGE APPARENT DISTINCTNESS. As may 
be I n f e r r e d f rom the d i s c u s s i o n e a r l i e r 
In t h i s s e c t i o n , the terms In ( 8 . 1 ) 
I n v o l v i n g the sums over the va lues a* 
and a * 1 g i v e an average measure of how 
d i s t i n c t an edge or h i g h l i g h t may be 
f i t t e d t o the o b t a i n e d p r o f i l e s . These 
terms seem to be of l i t t l e va lue In 
p r e d i c t i n g the e x i s t e n c e of a rea l edge 
or l i n e . Two reasons may e x p l a i n t h i s . 
F i r s t , l a rge va lues a c t u a l l y p rov i de 
n e g a t i v e ev idence In ( 8 . 1 ) as to the ex 
i s t e n c e o f an edge o r l i n e , r e f l e c t i n g 
the f a c t t h a t a c c o r d i n g to the model 
ve ry d i s t i n c t edges are r e l a t i v e l y 
I n f r e q u e n t . A second problem Is t h a t a 
ve ry d i s t i n c t edge c r o s s i n g the examined 
reg ion a t an o b l i q u e ang le w i l l produce 
a spu r i ous h igh va lue In t h i s sum. 

>CONSISTENCY OF EDGE DISTINCTNESS. The 
seven sums_over terms of the fo rm (a i * -
a*)2 , ( a * " , - a * ' )2, e t c . In the g e n e r a l i z e d 
v e r s i o n o f ( 8 . 1 ) have a s imp le I n t u i t i v e 
s i g n i f i c a n c e . Consider the sum 
c o r r e s p o n d i n g to the uppermost p r o f i l e 
o f f i g u r e 2 . Th is c o n s i s t s o f n terms o f 
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the form (a ;* -a*) 2 , where a* Is the 
average of the n a * ' s. S ince each a* Is 
a measure of the " h i g h l i g h t ' 
d i s t i n c t n e s s " o f the scan I n t e n s i t i e s 
f rom which I t was computed, the e n t i r e 
sum g i ves a measure of the v a r i a n c e of 
the h i g h l i g h t d i s t i n c t n e s s a long the 
l e n g t h o f the proposed l i n e . Thus each 
of the seven terms g i ves a measure of 
the c o n s i s t e n c y o f the proposed l i n e 
a long I t s l e n g t h . 

There was Indeed a s t r i k i n g c o n s i s t e n c y 
o f t h i s s o r t among the more d i s t i n c t 
edges, h l g h l I g h t s and c r a c k s , In the 
many scenes a n a l y s e d . However, as was 
p o i n t e d o u t , the more s u b t l e boundar ies 
sometimes showed t h i s c o n s i s t e n c y , and 
sometimes n o t . S ince In e f f e c t a bas ic 
assumpt ion of the model was p a r t i a l l y 
v i o l a t e d , a c e r t a i n doubt was cas t on 
the v a l i d i t y o f these te rms . I t might be 
f r u i t f u l to use a h e u r i s t i c procedure 
which would Increase the l i k e l i h o o d o f 
acceptance o f a l i n e I f t h i s c o n s i s t e n c y 
were f o u n d ; but would have no e f f e c t I f 
n o t . Th is r e q u i r e s f u r t h e r I n v e s t -
I g a t I o n . 
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