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D o c t o r of P h i l o s o p h y 

A NEW CONCEPT IN THE DESIGN OF 
FINITE AUTOMATA 

by F r e d e r i c k Warwick Michae l S t e n t i f o r d 

I n r e c e n t y e a r s c o n s i d e r a b l e e f f o r t has been b r o u g h t t o b e a r upon prob lems 

a r i s i n g i n t h e f i e l d of Computer Aided D e s i g n . T o t a l m e c h a n i z a t i o n of 

t h e d e s i g n p r o c e s s has g e n e r a l l y p roved d i f f i c u l t and ma^y s u c c e s s f u l 

p r o j e c t s have r e l i e d upon a c e r t a i n measu re of human i n t e r a c t i o n . Th i s 

t h e s i s p r o p o s e s and d i s c u s s e s an app roach t o t h e a u t o m a t i c d e s i g n p rob lem 

i n which compute r s e a r c h e s a r e gu ided by an e v o l u t i o n a r y p r o c e s s o f random 

change f o l l o w e d by e m p i r i c a l e v a l u a t i o n . 

In s u p p o r t of t h e t h e o r y e v o l u t i o n a r y methods have been a p p l i e d t o two 

p r o b l e m s . F i r s t l y a p r a c t i c a l method f o r t h e r e d u c t i o n o f ve ry l a r g e 

f i n i t e - s t a t e machines i s p r o p o s e d and e v a l u a t e d . S e c o n d l y an e v o l u t i o n a r y 

s e a r c h i s used in t h e a u t o m a t i c d e s i g n of an e c o n o m i c a l s e t of f e a t u r e s f o r 

t h e r e c o g n i t i o n of OCR B p r i n t e d c h a r a c t e r s . D e t a i l e d r e s u l t s a r e p r e s e n t e d 

which g i v e a c l e a r i n d i c a t i o n of t h e nove l p e r f o r m a n c e of t h e s y s t e m . 

Al though t h e p e r f o r m a n c e f a l l s s h o r t of t h a t a s s o c i a t e d w i t h many commercia l 

e q u i p m e n t s , t h e r e s u l t s a r e shown t o compare f a v o u r a b l y w i t h t h o s e a c h i e v e d 

by an i n d e p e n d e n t l y and i n t u i t i v e l y d e s i g n e d s e t of f e a t u r e s . 

I t i s s u g g e s t e d t h a t t h e work can be e x t e n d e d t o O p t i c a l C h a r a c t e r 

R e c o g n i t i o n p rob lems i n v o l v i n g many f o n t s , and a l s o t o p rob l ems of 

f i n g e r p r i n t c l a s s i f i c a t i o n . 
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1. INTRODUCTION 

1 .1 GsnGrBi 

I n r e c e n t y e a r s c o n s i d e r a b l e e f f o r t has been b r o u g h t t o b e a r 

upon p rob lems a r i s i n g i n t h e f i e l d of Computer Aided D e s i g n . Resea r ch 

has r anged f rom a u t o m a t e d p r i n t e d c i r c u i t d e s i g n t o t h e a u t o m a t i c 

s e l e c t i o n o f f e a t u r e s f o r p a t t e r n r e c o g n i t i o n . These t a s k s can q u i t e 

o f t e n be s o l v e d by human i n t u i t i o n , b u t s e r i o u s d i f f i c u l t i e s a r e 

g e n e r a l l y e n c o u n t e r e d as soon as a t t e m p t s a r e made t o mechan ize t h e 

p r o c e s s . A common o b s t a c l e i n many d e s i g n p rob lems i s t h e a b s e n c e 

of any f o r m a l t h e o r y which migh t l e a d d i r e c t l y t o a p r a c t i c a l s o l u t i o n . 

More o f t e n t h a n n o t t h e a u t o m a t e d app roach i n v o l v e s an e x t e n s i v e s e a r c h 

p r o c e d u r e which i s k e p t w i t h i n t h e bounds of p r a c t i c a b i l i t y by t h e 

a p p l i c a t i o n of h e u r i s t i c s . An e x h a u s t i v e s e a r c h would t h e o r e t i c a l l y 

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

p rob lems such a method i s n o t f e a s i b l e . Of c o u r s e , s u i t a b l y chosen 

h e u r i s t i c s o f t e n l e a d t o s a t i s f a c t o r y s o l u t i o n s t o p a r t i c u l a r p r o b l e m s . 

There i s no g u a r a n t e e , h o w e v e r , t h a t h e u r i s t i c s chosen o n l y by i n t u i t i o n 

and n o t s u p p o r t e d by f o r m a l a rgument o r e m p i r i c a l e v i d e n c e , w i l l a lways 

p r o d u c e t h e d e s i r e d r e s u l t s . I ndeed t h e b e s t s o l u t i o n s can be p r e c l u d e d 

e n t i r e l y . 

The r e s e a r c h r e p o r t e d i n t h i s t h e s i s has a t t e m p t e d t o a v o i d t h e 

use of i n t u i t i v e h e u r i s t i c s a t t h e o u t s e t of t h e i n v e s t i g a t i o n of two 

d e s i g n p r o b l e m s . R a t h e r than i n t r o d u c e h e u r i s t i c s when f i r s t f a c e d w i t h 

an e x t e n s i v e s e a r c h , t h i s app roach r e l i e s upon an e v o l u t i o n a r y p r o c e s s 

c o n s i s t i n g of a s e r i e s of random s t e p s each f o l l o w e d by an e m p i r i c a l 

e v a l u a t i o n . Only a f t e r a s e t of u s e f u l r e s u l t s have been p r o d u c e d a r e 

s e a r c h h e u r i s t i c s e x t r a c t e d and used t o enhance t h e o r i g i n a l s e a r c h 

p r o c e s s . 



1 . 2 The O r i g i n a l ^ n t r i b i r t ^ o n 

The i n t e n t i o n in t h i s t h e s i s has been t o d e m o n s t r a t e t h e 

e f f e c t i v e n e s s and e x e m p l i f y t h e p h i l o s o p h y of e v o l u t i o n a r y m e t h o d s . 

Al though t h e e v o l u t i o n a r y c o n c e p t i s by no means o r i g i n a l ( 1 ) , t o t h e 

a u t h o r ' s k n o w l e d g e , i t has n o t been employed b e f o r e in t h e manner of 

t h i s t h e s i s . The method i s p r o p o s e d as a s e a r c h t o o l t o be used in 

t h o s e i n s t a n c e s in which m a t h e m a t i c a l l y j u s t i f i e d e x c l u s i o n r u l e s do 

n o t r e d u c e t h e volume of t h e s e a r c h s p a c e t o a p r a c t i c a l s i z e . 

In s u p p o r t of t h i s t h e o r y e v o l u t i o n a r y methods have been a p p l i e d 

f o r t h e f i r s t t ime in two p rob lem a r e a s . F i r s t l y a new method f o r t h e 

r e d u c t i o n of f i n i t e - s t a t e machines i s p r o p o s e d ( 2 , 3 ) and e v a l u a t e d . 

S e c o n d l y an e v o l u t i o n a r y s e a r c h i s u sed in o r d e r t o d e s i g n a nove l s e t 

of f e a t u r e s f o r O p t i c a l C h a r a c t e r R e c o g n i t i o n . In a d d i t i o n an 

e v o l u t i o n a r y app roach t o t he c o n c e p t of randomness has been p u t f o r w a r d ( 4 ) 

The b a s i c p h i l o s o p h y b e h i n d t h i s work r e s t s on t h e a v o i d a n c e 

o f i n t u i t i v e h e u r i s t i c s which a r e n o t s u p p o r t e d by a d e q u a t e e m p i r i c a l 

e v i d e n c e t o show t h a t t hey a r e s u i t e d t o t h e p rob lem c o n c e r n e d . 

1 . 3 O u t l i n e of t h e T h e s i s 

The t h e s i s b e g i n s w i t h a d i s c u s s i o n o f some of t h e d i f f i c u l t i e s 

which f r e q u e n t l y c rop up in au toma ted d e s i g n p r o b l e m s . P a r t i c u l a r 

emphas i s i s l a i d upon t h e d i f f e r e n c e be tween i n t u i t i v e h e u r i s t i c s and 

r i g o r o u s l y s u p p o r t e d r u l e s i n compute r s e a r c h e s . The use of h e u r i s t i c s 

i s o u t l i n e d in t h e c o n t e x t of t h e r e d u c t i o n o f f i n i t e - s t a t e machines and 

p a t t e r n r e c o g n i t i o n . The e v o l u t i o n a r y method i s i n t r o d u c e d as a s e a r c h 

t o o l e n a b l i n g bo th r e s u l t s and u s e f u l s e a r c h h e u r i s t i c s to be e x t r a c t e d . 

The n e x t two c h a p t e r s d e s c r i b e p a r t i c u l a r a p p l i c a t i o n s o f t h e e v o l u t i o n a r y 

a p p r o a c h . F i r s t l y , c h a p t e r t h r e e d e s c r i b e s a l g o r i t h m s f o r t h e r e d u c t i o n 

and d e c o m p o s i t i o n of f i n i t e - s t a t e m a c h i n e s . These a l g o r i t h m s a r e 



e v o l u t i o n a r y in t h e s e n s e t h a t t hey r e l y on a s o u r c e of random i n p u t s 

and a p r o c e s s of e m p i r i c a l e v a l u a t i o n . C h a p t e r f o u r r e p o r t s r e s e a r c h 

in which an e v o l u t i o n a r y s e a r c h p r o c e d u r e has been used in t h e 

a u t o m a t i c d e s i g n of r e c o g n i t i o n l o g i c s f o r an O p t i c a l C h a r a c t e r 

R e c o g n i t i o n s y s t e m . The r e s u l t s a r e d e s c r i b e d and compared w i t h 

t h o s e o b t a i n e d by an i n t u i t i v e d e s i g n p r o c e d u r e . F i n a l l y c h a p t e r 

f i v e draws c o n c l u s i o n s f rom t h e v a r i o u s a s p e c t s of t h e work and p r o p o s e s 

s e v e r a l a r e a s f o r f u r t h e r s t u d y . 



2 . CURRENT LIMITATIONS IN THL DESIGN OF AUTOMATA 

2 . 1 C o m p u t a t i o n a l L i m i t a t i o n s 

A modern d i g i t a l compute r f u n c t i o n s in a l o g i c a l manner 

by p e r f o r m i n g s i m p l e o p e r a t i o n s i n t e r p r e t e d s e q u e n t i a l l y f rom a 

s p e c i f i e d programme of i n s t r u c t i o n s . The compute r n e v e r d e v i a t e s 

f rom b e h a v i n g in t h i s way , each s t e p b e i n g p e r f e c t l y p r e d i c t a b l e 

f rom t h e l a s t a c c o r d i n g t o t h e f i x e d i n s t r u c t i o n r e p e r t o i r e of 

t h e m a c h i n e . I t i s n a t u r a l t h e r e f o r e , t h a t p rob lems s u i t a b l e f o r 

a n a l y s i s by compu te r s h o u l d be f o r m a l i z e d and c o n v e r t e d i n t o a 

r e p r e s e n t a t i o n t h a t i s b o t h unambiguous and amenab le t o compute r 

i m p l e m e n t a t i o n . 

In t h e ca se of p a r t i c u l a r p rob lems i t m i g h t a p p e a r t h a t a 

f o r m a l d e s c r i p t i o n i n which a l l p o s s i b l e a s p e c t s of t h e t a s k a r e 

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

a d i g i t a l c o m p u t e r . Such p rob l ems somet imes demand t h a t compute r s 

s e a r c h e x h a u s t i v e l y t h r o u g h some l a r g e s p a c e of s o l u t i o n a t t e m p t s . 

C e r t a i n s m a l l p rob l ems can be app roached in t h i s s t r a i g h t f o r w a r d 

m a n n e r , b u t t he m a j o r i t y of r e a l p r a c t i c a l p rob lems meet w i t h 

c o n s i d e r a b l e d i f f i c u l t y when e x h a u s t i v e t e c h n i q u e s a r e emp loyed . 

For i n s t a n c e , i n t h e game of c h e s s i t i s e s t i m a t e d t h a t t h e r e a r e 

1 ? D 

10 d i f f e r e n t c o n t i n u a t i o n s . Even t h e f a s t e s t and b i g g e s t 

compute r s a v a i l a b l e t o d a y would on ly be able t o e x p l o r e t h e m i n u t e s t 

f r a c t i o n of p o s s i b l e c h e s s games. In a d i s c u s s i o n on t h e p o s s i b l e 

r e d u c t i o n of s e a r c h e f f o r t Minsky (5) has s a i d , " t h e r e a l p rob l em 

i s t o f i n d methods which s i g n i f i c a n t l y d e l a y t h e a p p a r e n t l y 

i n e v i t a b l e e x p o n e n t i a l growth of s e a r c h t r e e s " . 



O f t e n s i m i l a r c o m p u t a t i o n a l d i f f i c u l t i e s a r i s e f rom t h e 

chosen l o g i c a l s t r u c t u r e i n which t h e p rob lem i s embedded. 

H i c h i e (6 ) in an a r t i c l e on A r t i f i c i a l I n t e l l i g e n c e comments , 

" t h e d r a w - b a c k of t h e app roach l i e s i n t h e cumbersomeness of 

p r e s e n t day p r o c e d u r e s f o r o p e r a t i n g on l o g i c s t a t e m e n t s , and 

t h e s p e e d w i t h which t h e y t e n d t o r a m i f y i n t o a f o r e s t of 

i r r e l e v a n t d e d u c t i o n s , p a r t i c u l a r l y i f t h e i n i t i a l s e t of axioms 

i s o f more t h a n t r i v i a l s i z e " . He r e i t e r a t e s t h i s s t a t e m e n t 

a g a i n in a t h e o r e m p r o v i n g c o n t e x t (7 ) by s a y i n g , "mechan ized 

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

p a t h s t h r o u g h l a c k of any a d e q u a t e f o r m u l a t i o n s of t h e n o t i o n of 

r e l e v a n c e " . 

I t a p p e a r s t h e r e f o r e , t h a t t h e compute r s c i e n t i s t i s 

f a c e d w i t h two a l t e r n a t i v e s , e i t h e r he m u s t o b t a i n much more 

p o w e r f u l comput ing mach ines o r e l s e r e l a x t he f o r m a l r e q u i r e m e n t s 

t h a t t h e d e s i r e d r e s u l t s must s a t i s f y . In t h e n e x t s e c t i o n i t 

w i l l be shown t h a t t h e f i r s t of t h e s e a l t e r n a t i v e s i s n o t f e a s i b l e . 

2 . 2 Hardware L i m i t a t i o n s 

The comput ing power of modern mach ines i s l i m i t e d by t h e i r 

p h y s i c a l s t r u c t u r e . A s t u d y of t h e power d i s s i p a t i o n i n l o g i c 

c i r c u i t s , ba sed on e x t r a p o l a t i o n o f p r e s e n t t e c h n o l o g y , i n d i c a t e s 

t h a t t h e l i m i t on s p e e d l i e s on ly a b o u t an o r d e r of m a g n i t u d e beyond 

t h e s p e e d of t h e f a s t e s t c o n t e m p o r a r y c i r c u i t s ( 8 ) . The ILLIAC IV 

c o m p u t e r , c u r r e n t l y u n d e r c o n t r u c t i o n , e f f e c t i v e l y p l a n s t o speed up 

c o m p u t a t i o n by o p e r a t i n g 64 p r o c e s s o r s i n p a r a l l e l . T h i s , h o w e v e r , 

r a i s e s v e r y s e r i o u s p rob lems on how t o p rogram t h e machine e f f i c i e n t l y 

"One of t h e most d i f f i c u l t t a s k s i n o r g a n i s i n g an ILLIAC IV program 

i s t h e a l l o c a t i o n of s t o r a g e . . . . t h e d a t a s h o u l d be s t o r e d in such 

a way t h a t t h e u s e r ' s a l g o r i t h m keeps most of t h e p r o c e s s i n g 

e l e m e n t s a c t i v e mos t o f t h e t i m e " ( 9 ) . 



Bremermann (10) has c o n j e c t u r e d a t h e o r e t i c a l l i m i t a t i o n 

on any d a t a p r o c e s s i n g s y s t e m w h e t h e r i t be a r t i f i c i a l o r l i v i n g , o r 

p a r a l l e l or s e q u e n t i a l . He s t a t e s t h a t such a s y s t e m can p r o c e s s 
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no more t h a n (2x10 ) b i t s / s e c / g m . Even t h i s number i s s m a l l when 

compared w i t h t h e number of p o s s i b l e p a t t e r n s on a s i m p l e b l a c k and 

w h i t e 20 x 40 m o s a i c ( - 1 0 ^ ^ ^ ) o r aga in t h e t o t a l number of c h e s s 
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games ( - 1 0 ' ) . I t i s n o t t h e r e f o r e f e a s i b l e t o e x p e c t imrpovements 

in h a r d w a r e a l o n e t o overcome t h e s e huge c o m p u t a t i o n a l p r o b l e m s . 

Mich ie (7) comes t o t h e c o n c l u s i o n t h a t t h e r e a l d i f f i c u l t i e s l i e 

w i t h t h e s o f t w a r e r a t h e r than t h e h a r d w a r e . "At p r e s e n t l i m i t a t i o n s 

l i e in i n a d e q u a t e u n d e r s t a n d i n g of m a t h e m a t i c a l - l o g i c a l and programming 

p r i n c i p l e s r a t h e r than in h a r d w a r e s p e e d s o r s t o r a g e c a p a c i t i e s " . 

In view of t h e i m p r a c t i c a l i t i e s i n v o l v e d , emphas i s in t h i s 

r e s e a r c h has s h i f t e d away f rom e x h a u s t i v e methods and has s o u g h t t o 

f i n d t e c h n i q u e s t h r o u g h which t h e r e s u l t s of i n c o m p l e t e a n a l y s i s can be 

used t o make s e a r c h e s more e f f i c i e n t ( 5 , 1 0 , 11 , 1 2 , 1 3 , 1 4 , 1 5 ) . 

2 . 3 H e u r i s t i c s and S i e v e s 

In an e f f o r t t o r e d u c e t h e s h e e r bu lk of c o m p u t a t i o n a s s o c i a t e d 

w i t h many a p p l i e d p rob lems ( f o r i n s t a n c e , s w i t c h i n g t h e o r y and p a t t e r n 

r e c o g n i t i o n ) i t has been n e c e s s a r y t o i n t r o d u c e ' h e u r i s t i c s ' i n o r d e r 

t o d i r e c t t h e s e a r c h away f rom u n p r o m i s i n g p o s s i b i l i t i e s and t h e r e b y 

r e d u c e t h e p r o c e s s i n g r e q u i r e m e n t s t o p r a c t i c a l l e v e l s . 

Minsky (15) d e f i n e s h e u r i s t i c s as " r u l e s o r p r i n c i p l e s which 

have n o t been shown t o be u n i v e r s a l l y c o r r e c t b u t which o f t e n seem 

t o be of h e l p even i f t h e y may a l s o o f t e n f a i l " . I t i s common f o r 

any s e a r c h a i d t o be c a l l e d a h e u r i s t i c . For i n s t a n c e , in t h e s e a r c h 

f o r p r ime numbers i t can be shown t h a t a l l p r i m e s a r e of t h e form ( 6 n t l ) 

Some a u t h o r s would c a l l t h i s f a c t ( S i e v e of E r a t o s t h e n e s ) a h e u r i s t i c , 

b u t t h i s t h e s i s t a k e s t h e view t h a t such a r u l e o n l y s e r v e s t o d e f i n e 

t h e s e a r c h s p a c e . T h i s a t t i t u d e i s t a k e n b e c a u s e many of t h e p rob lems 
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c o n s i d e r e d i n t h i s t h e s i s a r e n o t s u b j e c t t o a comple t e a n a l y t i c a l 

s o l u t i o n , and hence any h e u r i s t i c s t h a t a r e employed would 

n e c e s s a r i l y be of an i n t u i t i v e n a t u r e . In t h e c o n t e x t of s e a r c h e s 

t h e d i s t i n c t i o n i s made t h e r e f o r e , between a r i g o r o u s l y p roved 

m a t h e m a t i c a l p r o p e r t y o r ' s i e v e ' , and t h e r a t h e r more f r e q u e n t l y 

e n c o u n t e r e d h e u r i s t i c . In view o f t h e s e c o n s i d e r a t i o n s t h e 

f o l l o w i n g d e f i n i t i o n o f a h e u r i s t i c w i l l be e m p l o y e d : 

a h e u r i s t i c i s any a l g o r i t h m o r p a r t o f an a l g o r i t h m 

n o t c o m p l e t e l y s u p p o r t e d by r i g o r o u s a n a l y t i c a l t h e o r y , 

which i t i s i n t u i t i v e l y f e l t w i l l a i d t h e s e a r c h f o r 

t h e s o l u t i o n t o a p a r t i c u l a r p r o b l e m . 

In w r i t i n g s e a r c h programmes a p r i o r i i n t u i t i v e knowledge 

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

way o f h e u r i s t i c s . I n d e e d i n t h e more i n t r i c a t e s e a r c h e s 

h e u r i s t i c s a r e u s e d t o t h e e x t e n t t h a t "no t r i a l i s made w i t h o u t 

a c o m p e l l i n g r e a s o n , j u s t as e x p e n s i v e e x p e r i m e n t s must be 

c a r e f u l l y d e s i g n e d i n any r e s e a r c h " ( 1 2 ) . In t h i s way , s e a r c h e s 

a r e c a r r i e d o u t by t h e a p p l i c a t i o n of a s e t of r u l e s some of which 

a r e i n t u i t i v e and s e r v e o n l y t o l i m i t t h e p r o c e s s i n g . 

The b r a n c h - a n d - b o u n d a l g o r i t h m has been u sed many t i m e s t o 

embody h e u r i s t i c i n f o r m a t i o n i n t o a programmed s e a r c h ( 1 6 ) . 

C o n s i d e r t h e p r o b l e m of m i n i m i z i n g a f u n c t i o n f in some d i s c r e t e 

s e t X. Suppose t h a t we have a v a i l a b l e a f u n c t i o n g which computes 

a l o w e r bound f o r f i n a s e t A: 

g(A) 4 f ( x ) f o r a l l x C A and A C X [ a ] 

I n f o r m a l l y t h e b r a n c h - a n d - b o u n d s t r a t e g y p a r t i t i o n s t h e s e t X 

i n t o s u c c e s s i v e l y s m a l l e r p o r t i o n s , each t i m e o n l y f u r t h e r 

s u b d i v i d i n g t h e mos t p r o m i s i n g s u b s e t of X, as e s t i m a t e d by g . 



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

t e r m i n a t i n g t h e a l g o r i t h m w i t h t h e S i n g l e p o i n t as t h e minimum. 

The a c t u a l l o w e r f o u n d i n g f u n c t i o n depends on t h e p a r t i c u l a r 

p r o b l e m and t h e a p r i o r i knowledge a v a i l a b l e and i n t h i s s e n s e 

i s a ' h e u r i s t i c f u n c t i o n ' . In a c t u a l p r o b l e m s t h e p o s s e s s i o n 

of such a l o w e r b o u n d i n g f u n c t i o n g i s e q u i v a l e n t t o t h e knowledge 

o f an a n a l y t i c a l f a c t a b o u t t h e p r o b l e m domain . In t e r m s of t h i s 

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

m a t h e m a t i c a l p r o p e r t y . In g e n e r a l an i n t u i t i v e h e u r i s t i c w i l l 

n o t be s u p p o r t e d by s u f f i c i e n t l y s t r o n g e v i d e n c e t o 

s a t i s f y i n e q u a l i t y [ a ] and t h e r e f o r e t h e r e w i l l be some u n c e r t a i n t y 

a b o u t t h e v a l i d i t y o f t h e t h e o r e m and t h e m i n i m a l i t y o f t h e s e a r c h . 

H a r t e t a l . ( 17 ) e x t e n d t h i s t e c h n i q u e t o h e u r i s t i c g raph 

s e a r c h and g i v e as an example t h e p r o b l e m of d i s c o v e r i n g a s e q u e n c e 

o f c i t i e s on t h e s h o r t e s t r o u t e f r o m a s p e c i f i e d s t a r t t o a 

s p e c i f i e d goa l c i t y . They q u o t e a s u i t a b l e l o w e r bound on t h e 

d i s t a n c e be tween c i t i e s as b e i n g t h e a i r l i n e d i s t a n c e be tween t h e m , 

and use t h i s s i e v e t o r c d u c e t h e number of c i t i e s t h a t need t o be 

c o n s i d e r e d . T h i s a d d i t i o n a l i n f o r m a t i o n can be l o g i c a l l y deduced 

f rom normal E u c l i d e a n geomet ry and must l e a d t o an o p t i m a l s e a r c h . 

S i e v e s a r e e x t r e m e l y u s e f u l i f t h e y can be f o u n d . However , i t i s 

more common f o r i n f o r m a t i o n t o be of an i n t u i t i v e n a t u r e and n o t 

n e c e s s a r i l y v a l i d e v e r y w h e r e i n t h e p rob l em domain. 

In s h o r t i t can be s a i d t h a t t h e r e a l p a y o f f in u s i n g 

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

p r a c t i c a l i t y . Feigenbaum and Feldman (18) make t h e v i t a l p o i n t , 

h o w e v e r , t h a t "by d r a s t i c s e a r c h l i m i t a t i o n s , somet imes t he b e s t 

s o l u t i o n ( i n d e e d , any o r a l l s o l u t i o n s ) may be o v e r l o o k e d " . I t 

i s n o t p o s s i b l e t o t e l l in advance how r e s t r i c t i v e a s e t of h e u r i s t i c s 



may t u r n o u t t o b e . I n d e e d t h e r e s t r i c t i o n s c o u l d q u i t e e a s i l y 

go u n n o t i c e d t h e r e b y p r e c l u d i n g many p o t e n t i a l s o l u t i o n s which 

l i e o u t s i d e t h e bounds l a i d down by t h e h e u r i s t i c r u l e s t h e m s e l v e s . 

2 . 4 F i n i t e S t a t e Machine A n a l y s i s 

2 . 4 . 1 G e n e r a l 

A l g e b r a i c machine t h e o r y i s a b r a n c h o f t h e t h e o r y 

o f c o m p u t a t i o n . In a p p l i c a t i o n i t can be used t o model t h e 

o v e r a l l a c t i o n o f s p e c i f i c p i e c e s of l o g i c a l h a r d w a r e and 

e n a b l e s p r o b l e m s of d e s i g n t o be s t a t e d c l e a r l y and 

u n a m b i g u o u s l y . I t does n o t , h o w e v e r , model t h e a c t i o n s of 

e l e c t r o n i c d e v i c e s d i r e c t l y , b u t o n l y t h r o u g h t h e movement 

o f a b s t r a c t ' s t a t e s ' . C l o c k e d l o g i c a l c i r c u i t s n o r m a l l y 

o p e r a t e by p a s s i n g t h r o u g h a s e q u e n c e of s t a t e s , each s t a t e 

c o r r e s p o n d i n g t o a p a r t i c u l a r s e t t i n g of t h e i n t e r n a l memory 

e l e m e n t s . Each ' n e x t s t a t e ' and o u t p u t i s d e t e r m i n e d s o l e l y 

on t h e n e x t i n p u t and t h e c u r r e n t s t a t e . The two p r i n c i p a l 

s e q u e n t i a l mach ine models a r e t h e Moore mach ine and t h e Mealy 

m a c h i n e . In b o t h t h e s e mode l s t h e o u t p u t i s a f u n c t i o n of 

b o t h p a s t and p r e s e n t i n p u t s , b u t w h e r e a s i n t h e Moore mach ine 

t h e o u t p u t i s a s s o c i a t e d w i t h t h e c u r r e n t s t a t e , t h e Mealy 

mach ine o n l y g i v e s o u t p u t s on s t a t e t r a n s i t i o n s (Append ix B . l ) , 

T h e s e models have been used e x t e n s i v e l y i n r e s e a r c h on t h e use 

o f c o m p u t e r a i d s f o r l o g i c c i r c u i t d e s i g n . I h i s s e c t i o n 

d i s c u s s e s t h e p r o b l e m s i n v o l v e d i n r e d u c i n g t h e number of 

i n t e r n a l s t a t e s and t h e p r o b l e m o f i m p l e m e n t i n g t h e mach ine 

i n h a r d w a r e by s t a t e a s s i g n m e n t u s i n g p r e s e r v e d p a r t i t i o n s . 
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2 . 4 . 2 ^ y t t e RediictJon 

In g e n e r a l i t i s f e l t d e s i r a b l e t o remove r e d u n d a n t 

s t a t e s f rom a machine in o r d e r t o g a i n c o r r e s p o n d i n g r e d u c t i o n s 

in t h e f i n a l h a r d w a r e . In p a r t i c u l a r c a s e s , h o w e v e r , t h e 

p r o c e s s of s t a t e r e d u c t i o n i t s e l f can l e a d t o more complex 

r e a l i z a t i o n s i n t e rms of h a r d w a r e ( 1 9 ) . Care s h o u l d be t a k e n 

t o e n s u r e t h a t a s i m p l e i n t e r n a l s t r u c t u r e does n o t e x i s t b e f o r e 

r e d u c t i o n t a k e s p l a c e . 

Most a l g o r i t h m i c s t a t e r e d u c t i o n t e c h n i q u e s i n v o l v e a 

s e a r c h t h r o u g h a l l t h e maximal ( o r p r ime) c o m p a t i b l e s e t s of 

s t a t e s f o r a s e t which s a t i s f i e s c o v e r and c l o s u r e r e q u i r e m e n t s 

( 2 0 , 2 1 , 2 2 , 2 3 , 24) (Appendix B . 4 ) . Th i s app roach has t h e 

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

a l l p o s s i b l e r e d u c t i o n s . T h a t i s , e v e r y p o s s i b l e v a l i d r e d u c t i o n 

of a f i n i t e - s t a t e machine i s d e s c r i b a b l e in t e rms of c o m p a t i b l e 

s e t s of s t a t e s . An e x h a u s t i v e s e a r c h t h r o u g h a l l p o s s i b l e c o m p a t i b l e 

s e t s would t h e r e f o r e g u a r a n t e e an o p t i m a l r e s u l t . However , t h e 

c o m p u t a t i o n a l r e q u i r e m e n t s can go up as t h e power of t h e number of 

machine s t a t e s and i t i s u s u a l f o r such t e c h n i q u e s t o employ s i e v e s 

and h e u r i s t i c s i n o r d e r t o d e l a y t h i s e x p o n e n t i a l g r o w t h . 

2 . 4 . 3 S t a t e Ass ignmen t 

Having o b t a i n e d a s u i t a b l y r e d u c e d s t a t e t a b l e , t h e 

n e x t s t e p i n t h e d e s i g n p r o c e d u r e i s t h e a l l o c a t i o n of a b i n a r y 

code t o e v e r y i n t e r n a l s t a t e so t h a t i n p u t e q u a t i o n s f o r t h e 

s t o r a g e e l e m e n t s may be d e r i v e d . The t o t a l number of d i s t i n c t 

s t a t e a s s i g n m e n t s f o r a s t a t e t a b l e w i t h n s t a t e s u s i n g r s t a t e 

v a r i a b l e s i s ( s e e ( 2 6 ) ) 

( 2 " - 111 
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In o r d e r t o a v o i d an e x h a u s t i v e s e a r c h f o r an optimum 

a s s i g n m e n t , s e v e r a l r u l e s of thumb have been d e v i s e d t o a s s i s t 

t h e deve lopmen t of an economica l c i r c u i t ( 2 6 ) . The b e s t 

r e a l i z a t i o n s a r e n o r m a l l y o b t a i n e d by u t i l i z i n g s t r u c t u r a l 

i n f o r m a t i o n f rom each i n d i v i d u a l m a c h i n e , r a t h e r than by u s i n g 

an e x t e r n a l a l g o r i t h m i c p r o c e d u r e , ( e . g . b i n a r y a s s i g n m e n t ) . 

Such an a s s i g n m e n t can g e n e r a l l y be a c h i e v e d f rom a knowledge 

of t h e p r e s e r v e d p a r t i t i o n s on t h e s t a t e s e t ( 2 7 ) , (Appendix B.2) 

F o r e x a m p l e , s u p p o s e a p r e s e r v e d p a r t i t i o n ^ on t h e 

s t a t e s e t { 1 , 2 , 3 , 4 , 5 , 6 , ? } i s { T ; 2 7 3 ; ITT?}. Hien 

s i n c e 3 b i t s o f s t o r a g e a r e e s s e n t i a l f o r 7 i n t e r n a l s t a t e s , 

two b i t s can be used t o i d e n t i f y t h e b l o c k and t h e r e m a i n i n g 

b i t t o d i s t i n g u i s h t h e s t a t e s w i t h i n a b l o c k . T h i s l e a d s t o 

an a s s i g n m e n t in which t h e n e x t s t a t e v a r i a b l e s have a 

r e d u c e d d e p e n d e n c e on t h e c u r r e n t s t a t e v a r i a b l e s . T h i s 

o f t e n means t h a t f e w e r g a t e s and c o n n e c t i o n s w i l l be r e q u i r e d 

t h e r e b y l e a d i n g t o a more e c o n o m i c a l i m p l e m e n t a t i o n . I t has 

been shown (28 ) t h a t most l a r g e m a c h i n e s ( w i t h c e r t a i n bounds 

on t h e number o f i n p u t s ) p o s s e s s p r e s e r v e d p a r t i t i o n s . T h i s 

means t h a t f r e q u e n t l y t h e r e w i l l be s u b s t a n t i a l h a r d w a r e 

s a v i n g s a s s o c i a t e d w i t h t h e p a r t i t i o n i n g a p p r o a c h t o s t a t e 

a s s i g n m e n t . 
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S p e c i a l machine s t r u c t u r e s can be r e c o g n i z e d t h r o u g h 

t h e i r s e t s o f p r e s e r v e d p a r t i t i o n s and p a r t i t i o n p a i r s . Fo r 

i n s t a n c e , i f i t i s p o s s i b l e t o imp lemen t a mach ine as a 

s h i f t r e g i s t e r , t h e n a s e t o f p a r t i t i o n p a i r s w i l l e x i s t 

wh ich p o s s e s s t h e comapping p r o p e r t y (Append ix B . 2 ) . S h i f t 

r e g i s t e r i m p l e m e n t a t i o n s c a n n o t be f o r c e d o n t o an a r b i t r a r y 

m a c h i n e ; s u i t a b l e s t r u c t u r e mus t be p r e s e n t i n t h e o r i g i n a l 

mach ine i f s h i f t r e g i s t e r d e c o m p o s i t i o n i s t o be u s e f u l . 

However , i t i s q u i t e p o s s i b l e t h a t such an i m p l e m e n t a t i o n 

c o u l d be a c h i e v e d by f i r s t i n t r o d u c i n g a p p r o p r i a t e r e d u n d a n t 

m a t e r i a l i n t o t h e m a c h i n e . 

2 . 4 . 4 Semig roup Approach 

The i n t e r n a l s t r u c t u r e of f i n i t e a u t o m a t a may a l s o 

be d e s c r i b e d u s i n g s e m i g r o u p s ( A p p e n d i x B . 5 ) . The machine 

may be r e p r e s e n t e d by a s e t o f mappings of t h e s t a t e s e t i n t o 

i t s e l f w i t h e a c h mapping c o r r e s p o n d i n g t o an i n p u t . T h i s s e t 

of mapp ings f o r m s a s e m i g r o u p and a l l t h e r e s u l t s o f 

c l a s s i c a l s e m i g r o u p t h e o r y can be a p p l i e d t o such a s e t . 

However , t h i s f o r m a l t h e o r y makes two s e r i o u s 

r e s t r i c t i o n s on t h e s o r t o f mach ine which can be a n a l y s e d . 

F i r s t l y a s e q u e n c e of i n p u t s i s c o n s i d e r e d t o be e q u i v a l e n t 

t o a s i n g l e i n p u t w i t h o u t r e g a r d f o r t h e c o r r e s p o n d i n g o u t p u t 

s t r i n g s . I t d o e s n o t seem s u f f i c i e n t t o a r r i v e a t t h e r i g h t 

s t a t e when t h e o u t p u t s t r i n g s a r e d i f f e r e n t . I t i s n o t 

t h e r e f o r e a n t i c i p a t e d t h a t much a p p l i c a t i o n w i l l be made t o 



r e a l d e s i g n p r o b l e m s ( 2 9 ) . S e c o n d l y no a c c o u n t i s 

t a k e n of d o n ' t c a r e c o n d i t i o n s . In o r d e r t o s e t up 

t h e s e m i g r o u p t h e b l a n k e n t r i e s mus t be f i l l e d 

a r b i t r a r i l y . C o m p l e t i n g t h e mach ine i n some u s e f u l 

way i s s t i l l an u n s o l v e d p r o b l e m ( 3 0 ) . 

F i n a l l y i f t h i s a n a l y s i s i s t o be a p p l i e d , t h e 

s e m i g r o u p w i l l p r o b a b l y n e e d t o be g i v e n by i t s 

m u l t i p l i c a t i o n t a b l e . T h i s t a b l e w i l l be s u b s t a n t i a l l y 

l a r g e r t h a n t h e s t a t e t r a n s i t i o n t a b l e . For i n s t a n c e a 

mach ine w i t h 10 s t a t e s and 2 i n p u t s w i l l have a s t a t e 

t r a n s i t i o n t a b l e w i t h 20 e n t r i e s ; on t h e o t h e r h a n d , t h e 

s e m i g r o u p may have up t o 10^^ e l e m e n t s , and so t h e 

20 

m u l t i p l i c a t i o n t a b l e may have up t o 10 e n t r i e s . I t i s 

t h i s s i z e p r o b l e m t h a t v i r t u a l l y p r o h i b i t s a d i r e c t use o f 

t h e s e m i g r o u p ; i t can o n l y be u s e d t h r o u g h i t s g e n e r a l 

p r o p e r t i e s a t t h e c o n c e p t u a l l e v e l ( 3 0 ) . 

I t can be s e e n t h a t much of t h e work a s s o c i a t e d 

w i t h t h e d e s i g n o f a u t o m a t a seems t o be hampered by huge 

c o m p u t a t i o n a l p r o b l e m s as soon as p r o b l e m m a g n i t u d e s i n c r e a s e 

( 3 1 ) . Whenever t h e work has been a p p l i e d s u f f i c i e n t 

h e u r i s t i c s have g e n e r a l l y been i n t r o d u c e d t o e n a b l e t h e 

p r a c t i c a l r e s u l t s t o be a c h i e v e d . 

2 . 5 P a t t e r n R e c o g n i t i o n 
2 . 5 . 1 Gene ra l 

A l t h o u g h p a t t e r n r e c o g n i t i o n has been s t u d i e d f o r a c o n s i d e r a b l e 

l e n g t h o f t i m e , i t has n o t d e v e l o p e d i n t o a c o h e r e n t d i s c i p l i n e . 
Much of t h e work i n p a t t e r n r e c o g n i t i o n has been c o n c e r n e d w i t h 
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p a r t i c u l a r p r o b l e m s i n p a r t i c u l a r c i r c u m s t a n c e s and has c o n t r i b u t e d 

v e r y l i t t l e t o w a r d s a g e n e r a l t h e o r y . Very o f t e n c e r t a i n 

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

p a t t e r n r e c o g n i t i o n t e c h n i q u e s , b u t n e a r l y a lways t h e method of 

s o l u t i o n i s v e r y c l o s e l y t a i l o r e d t o t h e p a r t i c u l a r p rob l em w i t h 

no h i n t of a g e n e r a l a p p r o a c h . 

The o n l y p r o b l e m which f a l l s u n d e r t h e h e a d i n g of p a t t e r n 

r e c o g n i t i o n t h a t has met w i t h s u f f i c i e n t s u c c e s s t o e n a b l e p r o d u c t s 

t o be m a r k e t e d i s t h a t of O p t i c a l C h a r a c t e r R e c o g n i t i o n (OCR). The 

r e c o g n i t i o n o f OCR B f o n t c h a r a c t e r s i s t h e c e n t r a l p a t t e r n 

r e c o g n i t i o n p r o b l e m c o n s i d e r e d i n t h i s t h e s i s , and w i l l s e r v e h e r e 

as an i l l u s t r a t i o n o f some o f t h e d i f f i c u l t i e s e n c o u n t e r e d in a 

r e a l r e c o g n i t i o n t a s k . To t a k e a s i m p l i f i e d e x a m p l e , i t may be 

r e q u i r e d t o r e c o g n i s e t h e c h a r a c t e r 'A ' when s e v e r a l d i f f e r e n t 

b i n a r y p a t t e r n s a r e d i s p l a y e d on a 20x40 m a t r i x . The ' f o o l p r o o f ' 

a p p r o a c h would be t o r e c o r d and l a b e l each of t h e 2^^^ d i f f e r e n t 

p o s s i b l e p a t t e r n s w i t h 'A ' o r ' n o t - A ' ; t h e n each t i m e a d e c i s i o n 

i s r e q u i r e d , t h e t e s t p a t t e r n c o u l d be compared w i t h t h e l i b r a r y 

o f m e a s u r e m e n t s f o r an a c c u r a t e r e c o g n i t i o n . Of c o u r s e , t h i s i s 

n o t a p r a c t i c a l s o l u t i o n and t h e u s u a l p r o b l e m o f how t o r e d u c e t h e 

amount o f d a t a p r o c e s s i n g o c c u r s a g a i n . 

The p r i n c i p a l r e a s o n f o r t h e i n d e p e n d e n c e o f many w o r k e r s 

i n p a t t e r n r e c o g n i t i o n has been t h e n e c e s s i t y f o r c a r e f u l l y d e s i g n e d 

h e u r i s t i c s t o make s h o r t c u t s t h r o u g h t h e enormous s e q u e n c e of 

p o s s i b l e t r i a l s . These h e u r i s t i c s g e n e r a l l y r e l a t e o n l y t o t h e 

a p r i o r i knowledge of t h e c u r r e n t t a s k and a r e o f l i t t l e i n t e r e s t 

i n o t h e r p r o b l e m a r e a s . The i n t u i t i v e h e u r i s t i c method i s a l m o s t 

u n i v e r s a l i n p a t t e r n r e c o g n i t i o n : Nagy (32) s t a t e s , " H e u r i s t i c 

methods f o r t h e d i s c o v e r y o f m e a s u r e m e n t s f o r p a t t e r n r e c o g n i t i o n 



t a s k s a r e l a r g e l y r e s p o n s i b l e f o r a l m o s t a l l o f t h e p a t t e r n 

r e c o g n i t i o n d e v i c e s which have been i n c o r p o r a t e d i n p r a c t i c a l 

s y s t e m s t o d a t e " . Kova levsky (33 ) goes f u r t h e r by s a y i n g , 

"At t h e p r e s e n t t i m e no one d o u b t s any l o n g e r t h a t a p r i o r i 

r e s t r i c t i o n s s u b s t a n t i a l l y n a r r o w i n g t h e c l a s s of s o l u t i o n s 

must be p r e s e n t i n e v e r y r e c o g n i t i o n p r o b l e m " . 

F o r i n s t a n c e , in OCR i n s t e a d of c o n s i d e r i n g a l l p o s s i b l e 

p a t t e r n m e a s u r e m e n t s , h e u r i s t i c s a r e u s e d t o s e l e c t a s m a l l 

number o f t e s t s o r ' f e a t u r e s ' . T h e s e f e a t u r e s a r e chosen i n 

such a way t h a t t h e c h a r a c t e r t o be r e c o g n i s e d i s c h a r a c t e r i z e d 

and can be i d e n t i f i e d by t h e p r e s e n c e o f a b s e n c e o f t h e f e a t u r e s , 

( e . g . ' t w o l o o p s ' i s a f e a t u r e o f t h e c h a r a c t e r ' 8 ' ) . Once t h e 

f e a t u r e s have been chosen many a u t h o r s a p p l y s o p h i s t i c a t e d 

s t a t i s t i c a l methods i n o r d e r t o m i n i m i z e e r r o r s . However , 

" u n l e s s t h e f e a t u r e s s e p a r a t e t h e p a t t e r n s no amount o f s t a t i s t i c a l 

a n a l y s i s can u n t a n g l e t h e e r r o r s t h a t n e c e s s a r i l y r e s u l t when 

p a t t e r n images o v e r l a p " ( 3 4 ) . 

The e n o r m i t y o f t h e s i z e o f some of t h e s e a r c h s p a c e s 

s o m e t i m e s i t s e l f has a e f f e c t on t h e c o u r s e of p a t t e r n r e c o g n i t i o n 

r e s e a r c h . T h i s i s b e s t i l l u s t r a t e d by t h e OCR e x a m p l e . I t m igh t 

have been d e c i d e d t o use b i n a r y f e a t u r e s o f t h e m a t r i x m a t c h i n g t y p e 

( s e e s e c t i o n 4) which g i v e s b i n a r y r e s p o n s e s d e p e n d i n g upon w h e t h e r 

o r n o t t h e y f i t anywhere on t h e t e s t c h a r a c t e r . I f each e l e m e n t 

o f t h e m a t r i x can be b l a c k - s e e k i n g , w h i t e - s e e k i n g o r d o n ' t c a r e , 

t h e t o t a l number o f p o s s i b i l i t i e s f o r a 10x10 m a t r i x and f o r a 

16x30 m a t r i x a r e ' ^ 1 0 ^ ^ a n d ' ~ 1 0 ^ ^ ^ , r e s p e c t i v e l y . T h i s a rgumen t 

i s s o m e t i m e s u s e d a g a i n s t e x p a n d i n g t h e s e a r c h f r o m t h e 10x10 m a t r i x 
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t o t h e more complex , and t h e r e f o r e more n u m e r o u s , 16 x 30 m a t r i x 

measurement s ( 3 2 ) . T h e r e i s no e m p i r i c a l e v i d e n c e f o r making 

such a d e c i s i o n , f o r a f r u i t l e s s s e a r c h i n a s p a c e of 10^^^ 

p o s s i b i l i t i e s i s h a r d l y l i k e l y t o be s u c c e s s f u l i n one c o n t a i n i n g 

50 

10" . Moreover a s o l u t i o n t o t h e OCR p rob lem t h r o u g h a s m a l l 

10 X 10 window i s i n t u i t i v e l y a much more d i f f i c u l t t a s k than i f 

t h e whole c h a r a c t e r i s v i s i b l e t h r o u g h a l a r g e r window. 

To s u m m a r i z e , i t can be s a i d t h a t p a t t e r n r e c o g n i t i o n 

p rob lems a l m o s t a lways i n v o l v e a s e a r c h t h r o u g h an i n o r d i n a t e l y 

l a r g e s p a c e of p o s s i b i l i t i e s and r e s t r i c t i v e h e u r i s t i c s a r e 

i nvoked in o r d e r t o r e a c h some s o r t of s o l u t i o n . Indeed t h e r e 

a p p e a r s to be no r i g o r o u s t h e o r y which can be a p p l i e d t o r e d u c e 

t h e enormous s e a r c h e s which o c c u r in r e a l w o r l d p a t t e r n r e c o g n i t i o n 

p r o b l e m s . 

2 . 5 . 2 The Mesa Phenomenon 

I t i s common f o r many s e a r c h p r o c e d u r e s t o be f o r m u l a t e d 

in such a way t h a t t h e goal i s a c h i e v e d when t h e v a l u e of an 

e v a l u a t i o n f u n c t i o n E(A^, A g , . . . , ! ) i s maximized by a d j u s t i n g t h e 

p a r a m e t e r s ! , For i n s t a n c e , i n p a t t e r n r e c o g n i t i o n 

t h e migh t r e p r e s e n t t h e e l e m e n t s of a f e a t u r e and E t h e e v a l u a t i o n 

f u n c t i o n f o r t h a t f e a t u r e . The a l g e b r a i c s t r u c t u r e o f t h e f u n c t i o n 

E i s n o t g e n e r a l l y known and so ' h i l l - c l i m i n g ' methods a r e a p p l i e d . 

T h i s app roach e x p l o r e s l o c a l l y a b o u t a p o i n t and a d j u s t s t h e 

i n such a way t h a t EC^^, A g ' - ' - ' i n c r e a s e s most r a p i d l y . 

F r i e d b e r g (35) used hi 1 1 - c l i m b i n g t o e x p l o r e t h e s p a c e o f 

compute r programmes i n o r d e r t o d i s c o v e r t h o s e which p e r f o r m e d 

c e r t a i n s i m p l e c o m p u t a t i o n s . The machine was n o t s u c c e s s f u l as 

each programme took of t h e o r d e r of 1000 t i m e s l o n g e r t o p r o d u c e 



17 

t h a n p u r e chance would e x p e c t . Minsky ( 5 , 35) a t t r i b u t e s t h i s 

f a i l u r e t o wha t he has c a l l e d t h e 'Mesa Phenomenon' in which a 

sma l l change in a p a r a m e t e r u s u a l l y l e a d s t o e i t h e r no change in 

p e r f o r m a n c e o r t o a l a r g e change in p e r f o r m a n c e . The s p a c e i s 

t h u s composed p r i m a r i l y of f l a t r e g i o n s o r ' m e s a s ' . Hinsky h o l d s 

t h a t t h e Mesa Phenomenon g e n e r a l l y c r o p s up in d i f f i c u l t s e a r c h 

t a s k s where i t i s h a r d t o f i n d "any s i g n i f i c a n t peak a t a l l " 

i n t h e e v a l u a t i o n f u n c t i o n . 

Bremermann (10) has c o n d u c t e d s e v e r a l hi 1 1 - c l i m b i n g 

e x p e r i n e n t s in o r d e r t o s o l v e s y s t e m s of l i n e a r e q u a t i o n s and 

l i n e a r i n e q u a l i t i e s . He found t h a t a l m o s t i n v a r i a b l y t h e p r o c e s s 

s t a g n a t e d a t v a r i o u s p o i n t s d e p e n d i n g on t h e s i z e and n a t u r e of 

each i n c r e m e n t a l c h a n g e . He s t a t e s l a t e r (34) t h a t , " t h e 

s t a g n a t i o n phenomenon i s e x t r a o r d i n a r i l y common and seems t o be a 

b a s i c p r o p e r t y of a l m o s t any o p t i m i z a t i o n p r o c e s s " . 

The h i l l - c l i m b i n g app roach i s somet imes s a t i s f a c t o r y , b u t 

two p a r t i c u l a r d i s a d v a n t a g e s can r e n d e r t h e method unworkab le 

d e p e n d i n g upon t h e t y p e of p r o b l e m under s t u d y . F i r s t l y t h e 

s e a r c h r e q u i r e s t h e c o m p u t a t i o n of t h e g r a d i e n t of E and hence 

t h e l o c a l d i r e c t i o n of most r a p i d improvemen t . Th i s means t h a t 

f o r a p rob lem w i t h n v a r i a b l e s , n p a r t i a l d e r i v a t i v e s must be 

computed and hence E must be r ecomputed n t i m e s . Normal ly E i s 

n o t known e x p l i c i t y i n t e rms of t h e v a r i a b l e s and s o t h e 

g r a d i e n t c o m p u t a t i o n i n f a c t r e q u i r e s n comple t e p r o b l e m e v a l u a t i o n s . 

For l a r g e n each s t e p in t h e s e a r c h can t h e r e f o r e r e q u i r e c o n s i d e r a b l e 

c o m p u t a t i o n . 



The s e c o n d d i s a d v a n t a g e shows i t s e l f i n t h o s e p r o b l e m s 

i n which E shows no t e n d e n c y t o vary c o n t i n u o u s l y w i t h t h e 

I m p l i c i t i n t h e h i l l - c l i m b i n g method i s t h e a s s u m p t i o n t h a t t he 

' h i l l s ' a r c f a i r l y smooth and t h e g r a d i e n t w i l l i n d e e d i n d i c a t e 

t he b e s t d i r e c t i o n f o r improvemen t . I f t h i s t u r n s o u t n o t t o 

be t h e c a s e and s m a l l changes i n X; cause q u i t e d r a m a t i c changes 

i n E , t hen t h e c o m p u t a t i o n o f t h e g r a d i e n t w i l l n o t a lways 

i n d i c a t e t h e b e s t d i r e c t i o n s of improvemen t . I f t h e r e i s no 

c o n t i n u i t y in E a t a l l t hen t h e h i l l - c l i m b i n g method would have 

l i t t l e t o o f f e r o v e r a random s e a r c h ( u s i n g E as an e v a l u a t i o n 

f u n c t i o n ) . 

2 . 5 . 3 E v o l u t i o n a r y S e a r c h 

Prob lems i n P a t t e r n R e c o g n i t i o n a r e n e a r l y a lways c h a r a c t e r i z e d 

by t h e p r e s e n c e of a ve ry l a r g e s p a c e of p o s s i b l e s o l u t i o n s . As has 

a l r e a d y been s t a t e d , i t i s normal f o r t h e c o m p u t a t i o n a l bu rden t o be 

r e d u c e d by t h e use o f i n t u i t i v e h e u r i s t i c s . These a l m o s t i n e v i t a b l y 

c a u s e some r e d u c t i o n in p e r f o r m a n c e by p r e c l u d i n g a p o s s i b l y l a r g e 

number of s o l u t i o n s . H i l l - c l i m b i n g s e a r c h t e c h n i q u e s a r e used 

s u c c e s s f u l l y i n t h o s e i n s t a n c e s in which i t i s known t h a t t h e s e a r c h 

s p a c e has a ' s m o o t h ' s t r u c t u r e . W i t h o u t t h i s knowledge t h e 

h i l l - c l i m b i n g h e u r i s t i c can become an imped iment i n t h o s e p rob lems 

i n which t h i s c o n t i n u i t y i s n o t p r e s e n t . I t i s p o s s i b l e t o g e n e r a l i z e 

a t t h i s p o i n t by s a y i n g t h a t w h a t e v e r s e a r c h h e u r i s t i c i s chosen f o r 

a p r o b l e m , w h e t h e r i t be h i l l - c l i m b i n g o r any o t h e r r u l e , u n l e s s t h e r e 

i s r e a l e v i d e n c e t o show t h a t i t i s s u i t e d t o t h e p r o b l e m , then t h e r e 

i s a d a n g e r t h a t t h e r e s u l t s p r o d u c e d w i l l n o t be s a t i s f a c t o r y . 
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In t h e a b s e n c e o f any a p r i o r i knowledge of a P a t t e r n R e c o g n i t i o n 

p r o b l e m , i n t u i t i v e s e a r c h r u l e s c a n n o t be u sed w i t h o u t r u n n i n g t h e 

r i s k of o b t a i n i n g i n f e r i o r r e s u l t s . Th i s means t h a t t o be s u r e of 

an u n b i a s e d s e t o f r e s u l t s t h e r e s e a r c h e r must e i t h e r use a random 

s e a r c h o r an e x h a u s t i v e s e a r c h . A random s e a r c h i s o f c o u r s e , 

i m p r a c t i c a l as i t i s p r o b a b l y even l e s s e f f i c i e n t t h a n t h e e x h a u s t i v e 

me thod . However , s o l u t i o n s a r e u n l i k e l y t o be s c a t t e r e d a t random 

t h r o u g h o u t t h e s e a r c h s p a c e , and s o a s e a r c h p r o c e d u r e which made use 

o f any ' s i m i l a r i t y ' o f c l o s e l y s c o r i n g s o l u t i o n s would be much more 

e f f i c i e n t . An e v o l u t i o n a r y s e a r c h c o n s i s t i n g o f a s e r i e s of 

r e l a t i v e l y s m a l l random changes makes use o f t h e ' c o n t i n u i t y ' o f 

s u c c e s s i v e s o l u t i o n s p r o v i d i n g t h e s i z e s of t h e random changes a r e 

chosen a p p r o p r i a t e l y . A s u i t a b l e c h o i c e of s i z e f o r t h e change would 

maximize r e a l - t i m e r a t e of improvement and t h e r e b y r educe t h e o v e r a l l 

c o m p u t a t i o n n e c e s s a r y f o r t h e s e a r c h . E v o l u t i o n a r y s e a r c h e s a r e s t i l l 

v u l n e r a b l e t o t h e Mesa Phenomenon and w i l l f a i l i n much t h e same way as 

t h e h i l l - c l i m b e r s i f t h e r e i s n o t s u f f i c i e n t ' c o n t i n u i t y ' i n t h e s e a r c h 

s p a c e . In t h e s e c i r c u m s t a n c e s t h e s i z e of t h e random changes must be 

i n c r e a s e d so t h a t any c o n t i n u i t y which does e x i s t can be u t i l i z e d t o 

min imize c o m p u t a t i o n . 

As soon as such an e v o l u t i o n a r y s e a r c h has p r o d u c e d some u s e f u l 

r e s u l t s , i t i s p o s s i b l e t h a t some i n t u i t i v e h e u r i s t i c s can be e x t r a c t e d 

and used t o e x p e d i t e t h e o r i g i n a l s e a r c h . Such h e u r i s t i c s would then 

a l r e a d y have s u f f i c i e n t e m p i r i c a l j u s t i f i c a t i o n t o d e m o n s t r a t e t h a t 

t h e y would n o t d e t r a c t t h e s e a r c h p r o c e s s . I t s h o u l d be e m p h a s i s e d 

a g a i n t h a t h e u r i s t i c s chosen by i n t u i t i o n w i t h o u t any knowledge o f t h e 

s e a r c h s p a c e would o f f e r no such g u a r a n t e e . C h a p t e r 4 d e s c r i b e s a 

s e r i e s of e x p e r i m e n t s i n which an e v o l u t i o n a r y s e a r c h has been employed 
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i n t h e d e s i g n of an economica l s e t of f e a t u r e s f o r t h e machine 

r e c o g n i t i o n o f OCR B p r i n t e d c h a r a c t e r s . The method has i d e n t i f i e d 

s e v e r a l h e u r i s t i c s which enhance t h e s e a r c h p r o c e s s . 

2 . 5 . 4 P r e v i o u s Work 

The e v o l u t i o n a r y s e a r c h i s by no means a new c o n c e p t ; i t was 

p e r h a p s f i r s t s u g g e s t e d in a machine i n t e l l i g e n c e c o n t e x t by T u r i n g 

(37) in 1950. The f i r s t f a i r l y e x t e n s i v e e x p e r i m e n t s b a s e d on t h e i d e a 

were c a r r i e d o u t by Fogel e t a l . ( i ) . Small f i n i t e - s t a t e machines were 

e v o l v e d t o w a r d s p r e d i c t i n g some e x t r e m e l y s i m p l e p a t t e r n s e q u e n c e s . 

C o n s i d e r a b l e emphas i s was p l a c e d upon mimic ing b i o l o g i c a l phenomena 

( ' g r o w t h ' , ' m a t i n g ' ) w i t h o u t r e g a r d f o r t h e f u n d a m e n t a l p r i n c i p l e s i n v o l v e d . 

For i n s t a n c e , m u t a t i o n s t o t h e f i n i t e - s t a t e machines were of s e v e r a l 

d i f f e r e n t t y p e s each o c c u r r i n g a c c o r d i n g t o a c e r t a i n p r e d e f i n e d p r o b a b i l i t y . 

I t was i n e v i t a b l e t h e r e f o r e t h a t t h e s t r u c t u r e of t h e p a r t i c u l a r t y p e of 

f i n i t e - s t a t e machine employed was r e f l e c t e d in t h e r e s u l t s which were 

a c h i e v e d . In o t h e r words t h e s t e p - b y - s t e p changes were i n f l u e n c e d l a r g e l y 

by t h e r e p r e s e n t a t i o n r a t h e r t h a n by any d e s i r e d f i n a l fo rm which t h e 

s o l u t i o n migh t t a k e . For t h i s r e a s o n t h e a u t h o r f e e l s t h a t i t would 

n o t have been f r u i t f u l t o make any d i r e c t e x t e n s i o n of t h i s work . 

So lomonof f (38) c o n s i d e r s t h a t " t h e method of Fogel e t a l . s h o u l d n o t be 

r e g a r d e d i n i t s p r e s e n t s t a t e as b e i n g p a r t i c u l a r l y good f o r w o r k i n g any 

b u t t h e s i m p l e s t p r o b l e m s " . In c o n s i d e r i n g t h e work of F r i e d b e r g (35) 

and Fogel e t a l . , Mich ie ( y) s t a t e s t h a t t h e " a p p r o a c h i s now c o n s i d e r e d 

n a i v e , and n a t u r e t e n d s t o be t h o u g h t a poo r model f o r c o s t - c o n s c i o u s 

d e s i g n e r s " . 

* change a s t a t e , add a s t a t e , d e l e L e a s t a t e , change i n i t i a l s t a t e , e t c , 
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An e v o l u t i o n a r y e x p e r i m e n t i s d e s c r i b e d by Mucc ia rd i and Gose 

(39) i n which TOO h a n d p r i n t e d c h a r a c t e r s were c l a s s i f i e d i n t o 5 c l a s s e s . 

64 i n t u i t i v e l y chosen p r o p e r t y d e t e c t o r s were a p p l i e d t o t h e c h a r a c t e r s 

b e f o r e r e c o g n i t i o n was a t t e m p t e d . S i n c e t h e r e c o g n i t i o n mechanism 

i n c o r p o r a t e d 64 p a r a m e t e r s each of which c o u l d have been a l t e r e d 

i n d e p e n d e n t l y , ve ry l i t t l e w e i g h t c o u l d be a s s i g n e d t o t h e r e s u l t s . 

However , i t was o b s e r v e d t h a t t h e g r e a t e r f r e edom of t h e e v o l u t i o n a r y 

p r o c e s s l e d t o b e t t e r r e s u l t s t han t h o s e a r i s i n g f rom a more r e s t r i c t e d 

e x p e r i m e n t . 

S e v e r a l a u t h o r s (Chow and L i u , 4 0 ; Kaufman, 41) have r e p o r t e d 

e x p e r i m e n t s on s o - c a l l e d e v o l u t i o n a r y s e a r c h e s i n which i n t u i t i v e 

h e u r i s t i c s have been t h e main g u i d i n g f o r c e . For i n s t a n c e . Chow e t a l . 

s t a t e t h a t h e u r i s t i c s a r e used t o l i m i t t h e s e a r c h so t h a t t h e p r o p o s e d 

p r o c e d u r e i s c o m p u t a t i o n a l l y f e a s i b l e . Kaufman d i r e c t s h i s s e a r c h by 

a s s i g n i n g i n t u i t i v e p r o b a b i l i t i e s t o each of t h e a l l o w a b l e s o r t s of changes 

Klopf and Gose (47) d e s c r i b e an e v o l u t i o n a r y p a t t e r n r e c o g n i t i o n 

method which was a p p l i e d t o an a r t i f i c i a l p r o b l e m i n v o l v i n g o n l y 16 

4 - b i t p a t t e r n s . 

Lin (43) used an e f f i c i e n t s e a r c h method i n h i s s o l u t i o n s t o 

v a r i o u s ' t r a v e l l i n g s a l e s m a n p r o b l e m s ' . The s e a r c h began w i t h a 

random i n i t i a l t o u r and e v a l u a t e d a l l o t h e r t o u r s which c o u l d be 

o b t a i n e d by c h a n g i n g o n l y 3 l i n k s . Th i s c o n t i n u e d u n t i l an improvement 

was found a t which p o i n t t h e r e s u l t i n g t o u r was t r e a t e d as t h e i n i t i a l 

t o u r and t h e p r o c e s s r e p e a t e d . In t h i s way a s u c c e s s i o n of s t e a d i l y 

i m p r o v i n g s o l u t i o n s were e v o l v e d * u n t i l a l o c a l l y optimum s o l u t i o n was 

o b t a i n e d . I t was i m p o r t a n t t h a t t h e t e c h n i q u e d i d n o t a t t e m p t t o f i n d 

t h e b e s t improvement p o s s i b l e a t each s t a g e of t h e s e a r c h , b u t r a t h e r 

* Changes were n o t random b u t e n u m e r a t i v e , h o w e v e r , t h e i r e f f e c t on t h e 

e v a l u a t i o n measure was n o t p r e d i c t e d in a d v a n c e . 



chose p a r a m e t e r v a l u e s s o t h a t t h e p r o b a b i l i t y of a c h i e v i n g an 

o p t i m a l s o l u t i o n w i t h i n a c e r t a i n t ime was m a x i m i s e d . Lin s t a t e d 

t h a t in g e n e r a l t h e method of s t e e p e s t d e s c e n t t e n d s t o i n c r e a s e 

t h e c o m p u t a t i o n t ime d i s p r o p o r t i o n a l l y and recommended t h a t t h e 

domain o f s e a r c h be r e s t r i c t e d , b u t on ly a f t e r s u f f i c i e n t i n f o r m a t i o n 

had been g a t h e r e d so t h a t good s o l u t i o n s were l o s t o n l y w i t h a very 

s m a l l p r o b a b i l i t y . 

In c o n t r a s t S i k l o s s y e t a l . (44) has been s u c c e s s f u l i n 

a p p l y i n g e x h a u s t i v e s e a r c h methods to p rob lems i n t h e o r e m p r o v i n g 

which had h i t h e r t o r e q u i r e d a h e u r i s t i c s e a r c h f o r t h e i r s o l u t i o n . 

T h e i r app roach r e s t e d upon t h e c o n s t r u c t i o n o f a s e a r c h t r e e i n 

which new nodes were g e n e r a t e d u s i n g t h e r e w r i t e r u l e s i n a s t r a t e g i c 

o r d e r . The v a r i o u s r e w r i t e r u l e s were c a t e g o r i z e d a c c o r d i n g t o how 

q u i c k l y t h e y i n c r e a s e d t h e s i z e of t h e s e a r c h t r e e . Dur ing t h e s e a r c h 

t h e r a p i d l y e x p a n d i n g r u l e s were o n l y a p p l i e d as a l a s t r e s o r t a f t e r 

a l l e l s e had f a i l e d . In t h i s way t h e s e a r c h was a b l e t o p r o c e e d f o r 

much l o n g e r b e f o r e t h e s i z e of t h e s e a r c h t r e e became unmanageab l e . 

N i l s s o n (45) d e s c r i b e s and d i s c u s s e s s e v e r a l o p t i m a l s e a r c h 

a l g o r i t h m s which can be used t o s e a r c h g r a p h s o r s t a t e s s p a c e s . 

These i d e a s a r e a l s o e x t e n d e d t o s e a r c h e s which c a r r y o u t e f f i c i e n t 

p rob l em r e d u c t i o n s . Both s o r t s of s e a r c h a r e founded upon t h e b r a n c h 

and bound c o n c e p t of e s t i m a t i n g f u n c t i o n s which p r o v i d e a bound f o r t h e 

c o s t of t h e v a r i o u s p a t h s e x p l o r e d by t h e a l g o r i t h m . Problems which 

can be f o r m u l a t e d i n a g r a p h i c a l form a r e p r o b a b l y b e s t a p p r o a c h e d u s i n g 

such t e c h n i q u e s p r o v i d i n g a l s o t h a t s u f f i c i e n t h e u r i s t i c ( o r a n a l y t i c ) 

i n f o r m a t i o n i s a v a i l a b l e t o p r e v e n t an u n d e s i r a b l e number of nodes f rom 

b e i n g e x p a n d e d . 



Along w i t h a l l o t h e r p r a c t i c a l s e a r c h m e t h o d s , t h e 

e v o l u t i o n a r y s e a r c h r e l i e s upon a c e r t a i n measure of ' c o n t i n u i t y ' 

i n t h e s e a r c h s p a c e and w i l l s t a g n a t e i f t h i s c o n t i n u i t y does n o t 

e x i s t . In t h e s e c i r c u m s t a n c e s t h e s i z e s o f . t h e e v o l u t i o n a r y changes 

a r e i n c r e a s e d u n t i l t h e s e a r c h can u t i l i z e w h a t e v e r c o n t i n u i t y i s 

p r e s e n t . 

P r e v i o u s work u s i n g e v o l u t i o n a r y s e a r c h e s has n o t c o n t r i b u t e d 

s i g n i f i c a n t l y i n t h e f i e l d o f compu te r a i d e d d e s i g n . The c r i t i c i s m s 

o f t h i s work have been c o n c e r n e d w i t h t h e s i m p l i c i t y of t h e p rob lems 

a t t e m p t e d and t h e a p p a r e n t i n e f f i c i e n c y o f t h e s e a r c h . Work by 

L i u ( 4 3 ) has s e r v e d t o show t h a t such s e a r c h e s can be made e x t r e m e l y 

e f f i c i e n t by u s i n g good h e u r i s t i c s . 



2 . 6 Smmary 

T h i s c h a p t e r has h i g h l i g h t e d some o f t h e c o m p u t a t i o n a l 

d i f f i c u l t i e s f a c i n g t h e d e s i g n e n g i n e e r . A l g o r i t h m s f o r t h e o p t i m a l 

r e d u c t i o n and d e c o m p o s i t i o n of f i n i t e - s t a t e mach ines a r e f r e q u e n t l y 

i m p r a c t i c a b l e b e c a u s e of t h e s h e e r b u l k of c o m p u t a t i o n i n v o l v e d . 

H e u r i s t i c s a r e t h e r e f o r e i nvoked i n o r d e r t h a t t h e methods migh t 

y i e l d r e s u l t s w i t h o u t e x c e s s i v e p r o c e s s i n g . P a t t e r n r e c o g n i t i o n 

t a s k s a r e a l m o s t a lways t a c k l e d u s i n g i n t u i t i v e h e u r i s t i c s in an 

e f f o r t t o r e d u c e t h e c o m p u t a t i o n a l r e q u i r e m e n t s . R a r e l y i s t h e 

a p p l i c a t i o n of r i g o r o u s t h e o r y s u f f i c i e n t t o r e ach s o l u t i o n s t o r e a l 

w o r l d p a t t e r n r e c o g n i t i o n p r o b l e m s . 

I t was e m p h a s i s e d t h a t t h e r e a r e d a n g e r s i n t h e use of 

h e u r i s t i c s w i t h o u t p r i o r e v i d e n c e t h a t t h e y w i l l n o t d e t r a c t t h e 

s e a r c h p r o c e s s . H e u r i s t i c s r e s t r i c t t h e number of t r i a l s r e q u i r e d 

f o r a c o m p u t a t i o n and t h e r e b y p r e c l u d e s o l u t i o n s which l i e o u t s i d e 

t h e bounds l a i d down by t h e h e u r i s t i c r u l e s t h e m s e l v e s . And f u r t h e r , 

i t i s n o t p o s s i b l e t o t e l l how r e s t r i c t i v e a s e t of h e u r i s t i c s may t u r n 

o u t t o be u n l e s s t h e p r o p e r t i e s of t h e s e a r c h s p a c e a r e known b e f o r e h a n d , 

The n a t u r e of s o l u t i o n s t o c e r t a i n p a t t e r n r e c o g n i t i o n p rob lems f o r 

i n s t a n c e , can be c o m p l e t e l y unknown, and so t h e r e s e a r c h e r o f t e n has no 

c h o i c e b u t t o use p o s s i b l y i l l - f o u n d e d h e u r i s t i c s . 

An e v o l u t i o n a r y s e a r c h was p r o p o s e d in o r d e r t o p o s t p o n e t h e 

c h o i c e o f h e u r i s t i c s u n t i l a f t e r some r e s u l t s have been a c h i e v e d . In 

t h i s way t h e p e r f o r m a n c e of any h e u r i s t i c chosen can be b r o a d l y a s s e s s e d 

b e f o r e i t i s i n c o r p o r a t e d in t h e s e a r c h . 
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3. EVOLUTIONARY DESIGN OF SEQUENTIAL MACHINES 

3 . 1 C u r r e n t S t a t e R e d u c t i o n A l g o r i t h m s 

S e v e r a l o f t h e p rob lems a s s o c i a t e d w i t h t h e a u t o m a t i c d e s i g n o f 

f i n i t e - s t a t e machines were b r i e f l y d e s c r i b e d i n 2 . 4 . Al though a 

p e r f e c t l y sound f o r m a l f ramework e x i s t s f o r t he t h e o r e t i c a l t r e a t m e n t 

of such p r o b l e m s , t h e t h e o r y t a k e s ve ry l i t t l e a c c o u n t of t h e s e r i o u s 

c o m p u t a t i o n a l d i f f i c u l t i e s which a r e e n c o u n t e r e d i n p r a c t i c e . This 

c h a p t e r d e s c r i b e s and e v a l u a t e s a t e c h n i q u e f o r t h e r e d u c t i o n of 

s e q u e n t i a l mach ines and b e g i n s by s u r v e y i n g t h e methods c u r r e n t l y 

a v a i l a b l e . 

G r a s s e l l i and Lucc io (21) d e s c r i b e a t e c h n i q u e f o r t h e r e d u c t i o n 

of s e q u e n t i a l mach ines i n which an o p t i m a l r e d u c t i o n can be a c h i e v e d 

w i t h o u t c o n s i d e r i n g a l l p o s s i b l e c o m p a t i b l e s e t s . In t h i s method the 

maximal c o m p a t i b l e s e t s a r e d e t e r m i n e d and t h e n f rom t h e s e t h e p r ime 

c o m p a t i b l e s e t s a r e f o r m e d . The d e s i r e d r e d u c t i o n i s o b t a i n e d by 

s e l e c t i n g t h e minimal number of p r ime c o m p a t i b l e s e t s which fo rm a 

c o v e r i n g of t h e o r i g i n a l s t a t e s and which remain c l o s e d u n d e r a l l 

a p p l i c a b l e i n p u t s . I t i s shown t h a t t h i s s e l e c t i o n p rob l em can be 

e q u i v a l e n t l y f o r m u l a t e d as an i n t e g e r l i n e a r p r o g r a m . Such a p rogram 

s o l v e s a s e t of i n e q u a l i t i e s c o n t a i n i n g as many v a r i a b l e s as p r ime 

c o m p a t i b l e s e t s w i t h a c o s t f u n t i o n e x p r e s s i n g t h a t t h e number of 

s e l e c t e d c l a s s e s be m i n i m a l . G r a s s e l l i and Lucc io r educe t h e e n o r m i t y 

of t h i s s e l e c t i o n p rob lem by f i r s t d rawing up t h e c o v e r and c l o s u r e 

i m p l i c a t i o n s i n a c o v e r i n g and c l o s u r e (CC) t a b l e . They then app ly 

s i x s i e v e r u l e s t o t h i s t a b l e by which v a r i o u s rows and columns can be 

e l i m i n a t e d . This l e a v e s a s u b s t a n t i a l l y s m a l l e r CC t a b l e and hence a 



r e l a L i v e l y s i m p l e r i n t e g e r l i n e a r program t o reach t h e minimal 

r e d u c t i o n s . I t i s w o r t h n o t i n g t h a t a l t h o u g h t h e a p p l i c a t i o n o f 

each r u l e l e a d s t o a v a l i d r e d u c t i o n and does n o t p r e c l u d e any 

o p t i m a l s o l u t i o n s , t h e r e a p p e a r s t o be no c l e a r l y d e f i n e d o r d e r 

of a p p l i c a t i o n o f t h e s i x r u l e s i n o r d e r t o r e ach t h e s m a l l e s t 

CC t a b l e . 

House and S t e v e n s (24) i n t r o d u c e d a s e v e n t h s i e v e r u l e f o r 

t h e CC t a b l e and have a c h i e v e d t h e r e d u c t i o n o f a 22 s t a t e machine 

i n 3 m i n u t e s of p r o c e s s i n g t i m e . They s t a t e d h o w e v e r , t h a t t hey 

were u n a b l e t o g i v e a d v i c e on t h e b e s t o r d e r of a p p l i c a t i o n of t h e i r 

s e t of r u l e s . The m a j o r d i s a d v a n t a g e of r e d u c t i o n methods which 

s e t up c o v e r - c l o s u r e t a b l e s i s t h e e x p o n e n t i a l r a p i d i t y w i t h which 

t h e t a b l e s can i n c r e a s e in s i z e as t h e machine s i z e i n c r e a s e s . For 

i n s t a n c e House and S t e v e n s p r o c e s s e d a 21 x 21 CC t a b l e f o r an 8 s t a t e 

machine and a 504 x 261 CC t a b l e f o r a 22 s t a t e m a c h i n e . 

B e n n e t t s e t a l . (25) r e d u c e d t h e c o r e s t o r e r e q u i r e m e n t s by 

emp loy ing s e v e r a l i n t u i t i v e h e u r i s t i c s and gave up t h e g u a r a n t e e of 

an o p t i m a l r e d u c t i o n . R a t h e r t han s e l e c t i n g f rom t h e more numerous 

p r ime c o m p a t i b l e s e t s , t h e method a r r i v e s a t a r e d u c t i o n by c h o o s i n g 

s e t s f rom o n l y t h e maximal c o m p a t i b l e s e t s and d r a s t i c a l l y r e d u c e s t h e 

p o s s i b i l i t i e s which need t o be e x p l o r e d i n o r d e r t o s a t i s f y c o v e r and 

c l o s u r e r e q u i r e m e n t s . I t i s s t a t e d h o w e v e r , t h a t a c o n s i d e r a b l e p rob lem 

s t i l l r emains i n t h e c o n s t r u c t i o n o f l a r g e maximal c o m p a t i b l e s e t s . I f 

such a s e t c o n t a i n i n g n s t a t e s e x i s t s , t hen o f t h e o r d e r ( m / 2 ) ^ j r / 2 ) ' 

c o m p a t i b l e s t a t e s c o n t a i n i n g m/2 s t a t e s w i l l r e q u i r e s i m u l t a n e o u s s t o r a g e 

a t some p o i n t d u r i n g t h e p r o c e d u r e . Th i s q u a n t i t y a p p r o x i m a t e l y d o u b l e s 

each t ime m i n c r e a s e s by o n e . 
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Ferryman (46) has i n v e s t i g a t e d t h e p rob lem of machine i d e n t i f i c a t i o n 

and has c a r r i e d o u t a s e r i e s of e x p e r i m e n t s aimed a t t h e c o n s t r u c t i o n 

of f i n i t e - s t a t e machine models f rom a number o f o b s e r v a t i o n s of an 

unknown p r o t o t y p e . P r o t o t y p e machines of up t o 40 s t a t e s were 

s t u d i e d and t h e work was e x t e n d e d t o c a s e s i n which t h e s t a r t s t a t e 

was n o t known. The method used t h e c o n c e p t of o u t p u t c o n s i s t e n t 

S . P . p a r t i t i o n s in o r d e r t o g u i d e t h e c h o i c e of t h e model mos t 

l i k e l y t o be c o r r e c t . E x p e r i e n c e g a i n e d d u r i n g t h e c o n s t r u c t i o n 

of each model was c a r r i e d f o r w a r d t o t h e n e x t mode l . In o r d e r 

t o check on t h e c o r r e c t n e s s of each model Ferryman g e n e r a t e d random 

i n p u t s e q u e n c e s and compared t h e o u t p u t s w i t h t h o s e f rom t h e p r o t o t y p e . 

I t was f o u n d t h a t t h e i d e n t i f i c a t i o n p r o c e d u r e had mos t d i f f i c u l t y 

w i t h p r o t o t y p e mach ines which p o s s e s s e d a l a r g e number of s t a t e s 

h a v i n g t h e same o u t p u t , o r two s t a t e s which had ve ry s i m i l a r 

b e h a v i o u r . 

E x i s t i n g s t a t e r e d u c t i o n a l g o r i t h m s g e n e r a l l y s u f f e r f rom huge 

c o m p u t a t i o n a l b u r d e n s a s s o c i a t e d w i t h t h e p r o c e s s i n g of c o m p a t i b l e 

s e t s . The r e d u c t i o n t e c h n i q u e d e s c r i b e d i n t h e n e x t s e c t i o n i s b a s e d 

on a s i m i l a r app roach t o t h e model t e s t i n g method used by Fe r ryman . 

I t a l s o r e l i e s upon t h e c o n c e p t of s t a t e c o n t a i n m e n t and does n o t 

make heavy demands upon c o r e s t o r a g e as machine s i z e s i n c r e a s e . 



^ ^ An E v o l u t i o n a r y S t a t e Reductjon_ A1 gor i thni* 

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

c o r e s t o r e r e q u r i e m e n t s i n two ways : 

i ) The employment o f an e v o l u t i o n a r y p r o c e d u r e . 

11) The r e s t r i c t i o n t o r e d u c t i o n i n which s i n g l e 

s t a t e s r e p l a c e t h o s e which t h e y c o n t a i n 

(Appendix B.4) o r a r e a b l e t o c o n t a i n . 

R e s t r i c t i o n i i ) means t h a t an o p t i m a l r e d u c t i o n w i l l n o t n e c e s s a r i l y be 

a c h i e v e d i n t h o s e c a s e s where i t i s p o s s i b l e t o use a group of m s t a t e s 

t o do t h e work o f a n o t h e r g roup of n s t a t e s w i t h n>m>l. Such a 

r e d u c t i o n i s o n l y d e s c r i b a b l e in t e rms of o v e r l a p p i n g c o m p a t i b l e s e t s . 

I t i s s u g g e s t e d t h a t c a s e s i n which i i ) has a s i g n i f i c a n t e f f e c t on t h e 

e f f i c i e n c y o f t h e r e d u c t i o n a r e r a r e . For i n s t a n c e * of t h e examples i n 

t h e l i t e r a t u r e ( 2 1 , 2 3 , 2 4 , 47) o n l y t h e machine d e s c r i b e d by G r a s s e l l i 

and Lucc io (21) i s p r e v e n t e d f rom b e i n g r e d u c e d t o an o p t i m a l r e s u l t 

( 5 - s t a t e r e d u c e d machine i n s t e a d o f 4) by r e s t r i c t i o n i i ) . 

The e v o l u t i o n a r y method p r o p o s e d h e r e d e t e c t s p r o b a b l e s t a t e 

c o n t a i n m e n t ( ' p s e u d o e q u i v a l e n c e ' ) by a p p l y i n g random i n p u t s e q u e n c e s t o 

p a i r s o f s t a t e s and compar ing t h e r e s u l t i n g p a i r ^ of o u t p u t s e q u e n c e s . 

In t h i s way ve ry l i t t l e more compute r s t o r a g e i s needed t h a n t h a t 

r e q u i r e d t o s t o r e t h e g iven m a c h i n e . 

Suppose t h e g iven machine has t h e s t a t e s e t ( S ^ . S g , . . . , $ ^ ) . 

C o n s i d e r t h e o r d e r e d p a i r of s t a t e s S^ and S j and t h e p random i n p u t 

s e u q e n c e s 

Xi ik ( k = l , . . . , p) (p<2" -T) 

*The work d e s c r i b e d i n t h i s c h a p t e r has l a r g e l y been p u b l i s h e d by t h e 

a u t h o r ( 2 , 3 ) ; s e e Appendix A. 



a l l o f l e n g t h m. Each i s p r e s e n t e d t o t h e g i v e n m a c h i n e , f i r s t 

w i t h a s s t a r t s t a t e and t h e n w i t h S j as s t a r t s t a t e . T h i s r e s u l t s 

i n two s e t s o f p o u t p u t s e q u e n c e s k = l , p } 

a n d j Z j ^ k = l , p } . I f , S^and S j a r e s a i d t o be 

m - d i s t i n g u i s h a b l e as t h e r e e x i s t s an i n p u t s e q u e n c e o f l e n g t h m which 

d i s t i n g u i s h e s t h e two s t a t e s . I f , ( S - , S j ) w i l l be s a i d 

t o f o r m a p s e u d o - e q u i v a l e n t ( p - e ) s t a t e p a i r . 

The f i r s t s t a t e i s s e l e c t e d and t e s t e d f o r p s e u d o - e q u i v a l e n c e 

w i t h a l l o t h e r s t a t e s . I f i n t h i s p r o c e s s a p - e p a i r ( S ^ , S ^ ) i s 

d i s c o v e r e d , i s r e p l a c e d by w h e r e v e r i t o c c u r s in t h e s t a t e t a b l e and 

t h e r e d u n d a n t s t a t e i s removed . A f t e r t h e d i s c o v e r y o f a l l such 

p - e p a i r s t h e p r o c e d u r e r e t u r n s t o s e l e c t and compare t h e n e x t 

u n s e l e c t e d s t a t e w i t h t h o s e s t a t e s n o t a l r e a d y removed . In t h i s w a y , 

any p s e u d o - e q u i v a l e n c e s which a r e d i s c o v e r e d r e d u c e t h e number of t h e 

r e m a i n i n g c o m p a r i s o n s . I t i s f o u n d i n t h e d i s c u s s i o n on ' d o n ' t c a r e ' 

c o n d i t i o n s t h a t p s e u d o - e q u i v a l e n c e i s n o t a s y m m e t r i c r e l a t i o n . 

T h i s means t h a t , i n t h e w o r s t c a s e 

2 

( n - l ) + ( n - l ) + . . . + ( n - l ) = n ( n - l ) = n -n 

s t a t e c o m p a r i s o n s m i g h t be made , and hence t h a t t h e p r o c e s s i n g 

t i m e does n o t i n c r e a s e more r a p i d l y t h a n t h e s q u a r e of t h e number 

o f s t a t e s . I t i s o b s e r v e d t h a t t h e c o m p u t a t i o n a s s o c i a t e d w i t h 

c o n v e n t i o n a l r e d u c t i o n p r o c e d u r e s which do n o t p o s s e s s a d v a n c e 
o 

i n f o r m a t i o n on t h e mach ine s t r u c t u r e , must i n c r e a s e a t l e a s t as n 

i n o r d e r t o d e t e c t a l l p o s s i b l e c o m p a t i b l e s t a t e p a i r s . ( U s u a l l y 

t h e c o m p u t a t i o n i s much g r e a t e r t h a n t h i s ; s e e 3 . 1 ) . 

The a l g o r i t h m i n p u t s each random s e q u e n c e s i m u l t a n e o u s l y t o 

t h e p a i r o f s t a t e s u n d e r c o m p a r i s o n . In t h i s way , as soon as 



so 

d i i f e r e n b o u t p u t s a r e o b t a i n e d , t h e p r o c e s s can be t e r m i n a t e d w i t h 

t n e unamoiguous d e c i s i o n t h a t t h e two s t a t e s a r e n o n e q u i v a l e n t . I t 

i s p r o b a b l e bhau any a i f f e r e n c e would a p p e a r e a r l y i n t h e f i r s t i n p u t 

s e q u e n c e , ana so che a l g o r i t h m makes n o n e q u i v a l e n c e d e c i s i o n s q u i t e 

q u i c k l y . The b u l k of t h e p r o c e s s i n g t i m e o c c u r s i n t h e e v a l u a t i o n 

o f che p o t e n c i a l p s e u d o - e q u i v a l e n t s t a t e s . I f t h e s t a t e s e n t e r e d 

f r o m eacn o f t h e two s t a t e s u n d e r c o m p a r i s o n a r e e v e r s i m u l t a n e o u s l y 

i d e n t i c a l , t h e n t h e c u r r e n t i n p u t s e q u e n c e i s t e r m i n a t e d and t h e p r o c e s : 

c o n t i n u e d w i t h t h e n e x t in t h e s e t of p i n p u t s e q u e n c e s . T h i s i s 

b e c a u s e a n o n e q u i v a l e n c e d e c i s i o n i s i m p o s s i b l e once t h e two p a t h s in 

t h e s t a t e d i a g r a m have merged . At t h e end o f t h e p r o c e d u r e a r e d u c e d 

mach ine i s l e f t which p o s s e s s e s no c o m p a t i b l e s t a t e s . 

3 . 3 I n c o m p l e t e l y S p e c i f i e d Machines 

These i d e a s can now be a p p l i e d t o t h e much more d i f f i c u l t c a s e 

w h e r e t h e mach ine i s o n l y p a r t i a l l y s p e c i f i e d . T h e r e a r e two s o r t s o f 

don t c a r e ' c o n d i t i o n s which can a r i s e in a p a r t i a l l y s p e c i f i e d Moore 

o r Mealy m a c h i n e : 

a ) t h e n e x t s t a t e t r a n s i t i o n i s n o t s p e c i f i e d 

b ) t h e o u t p u t i s n o t s p e c i f i e d 

These c o n d i t i o n s a r e a s s i g n e d v a l u e s such t h a t would n o t be 

p r e v e n t e d f r o m f o r m i n g a p - e s t a t e p a i r , t h a t i s , e n t r i e s a r e a s s i g n e d 

i n such a way t h a t S. i s made t o c o n t a i n S j f S ^ D S j ) w h e r e p o s s i b l e . 

Le t S . and Z. be t h e s t a t e and l a s t o u t p u t a f t e r t h e n t h 
n n 

t r a n s i t i o n f r o m S ^ . The v a r i o u s a c t i o n s and a s s i g n m e n t s i n t h e 

a l g o r i t h m a r e b e s t summar ized i n a t a b l e : 



SI 

SPECIFIED 
NOT SPECIFIED 

SPECIFIED 
ASSIGNMENT ACTION 

n 
1 I f s . = s . 

j n ^n 

} t h e n t . c . s . 

S . 
Jp 

t . c . s . 

j e l s e c o n t i n u e n o t a s s i g n e d t . c . s . 

c o n t i n u e c o n t i n u e 

c o n t i n u e n o t a s s i g n e d c o n t i n u e 

t . c . s . = t e r m i n a t e c u r r e n t i n p u t s e q u e n c e and c o n t i n u e t h e s t a t e p a i r 

c o m p a r i s o n w i t h t h e n e x t i n t h e s e t of p i n p u t s e q u e n c e s , 

c o n t i n u e = c o n t i n u e w i t h n e x t i n p u t i n c u r r e n t s e q u e n c e . 

TABLE 1 
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To i l l u s t r a t e t h e p h i l o s o p h y b e h i n d t h e t r e a t m e n t o f d o n ' t c a r e 

c o n d i t i o n s , c o n s i d e r t h e f o l l o w i n g Mealy m a c h i n e : 

i n p u t s 

s t a t e s 

a . b c 

A C/0 E/1 B/0 

B D/0 D/1 B/0 

C l ^ v i C/1 E / 1 

D l A / - - / - D / 1 , 

E A/0 B/1 

o u t p u t s a r c shown a l o n g s i d e 

t h e s t a t e t r a n s i t i o n s 

S u p p o s e s t a t e B i s b e i n g c h e c k e d f o r p o s s i b l e s t a t e c o n t a i n m e n t in s t a t e 

A. Then f r o m t h e A and B rows i n t h e t a b l e , 

A3B^^CZ)D and EZ)D (B c l e a r l y c o n t a i n s B) 

cont inuing, CZ)D^>EZ)D 

To e n a b l e C 3 D t h e e n t r y 'A ' in Da i s w r i t t e n i n t o Ca 

To e n a b l e EDO t h e e n t r y ' 1 ' in Dc i s w r i t t e n i n t o Ec . Having 

m o d i f i e d t h e t a b l e i n t h i s way , AZ)B and s t a t e B can t h e r e f o r e be r e p l a c e d 

by A w i t h o u t a f f e c t i n g t h e f u n c t i o n o f t h e m a c h i n e . 

T h i s same p r o c e d u r e i s c a r r i e d o u t by a p p l y i n g t h e i n p u t s e q u e n c e s 

a a , b c a , t o t h e s t a t e p a i r (A,B) and f o l l o w i n g t h e i n s t r u c t i o n s i n 

T a b l e 1. The s t a t e p a i r (A,B) i s a p - e p a i r and s o s t a t e B i s removed 

as d e s c r i b e d i n 3 . 2 . 

S e v e r a l r e d u c e d v e r s i o n s o f t h e mach ine may e x i s t ; t h e r e d u c t i o n 

which i s in f a c t c a r r i e d o u t i s d e p e n d e n t on t h e o r d e r i n which s t a t e 

c o m p a r i s o n s a r e made ( F i g u r e 1 ) . 



A G/T - / - - / O - / -

B " / - B / - E / - " / ' -

C - / - - / I H / - E / -

D - / - ~ /0 - / - A / -

E G/0 E / - B/1 V -
F - / - I / - " / " • B/0 

G D/- [ ) / - - / o E / -

H - / • " c / - - / - D/~ 
I F /1 C/0 •70 

1 2 3 4 1 2 3 4 

A C/1 A/0 E / 0 A/1 A G/1 H/1 H/0 B/0 

C A/~ A /1 H/0 E / - B G/0 B/0 B/1 A/1 

E C/0 E / - A/1 - / - G B / - B / - - / O B / -

F - / - H / - / " A/0 H A/1 A/0 - / O B/1 

11 F/1 C/0 / o A/1 

o r d e r i n g : A,B, C,D, E ,F ,G o r d e r i n g : A,C,B , D , E , F , G , H , I 

p a r t i t i o n : { A , B , D; C ,G; E ) F; H , I } p a r t i t i o n : { A , C , F ; IBTnTE; iG; iTTT 

1 2 3 4 

A C/1 C/0 - / o A/1 

B C/0 B / - B/1 " / " 

C A / - A/1 A/0 B/0 

o r d e r i n g : A ,C ,E ,F ,G 

p a r t i t i o n : j / r B,E; r , F , 6 } 

FIGURE T : P r o t o t y p e and Three R e d u c t i o n s 
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3 . 4 R e l i a b i l i t y of R e d u c t i o n s 

Each s t e p i n t h e r e d u c t i o n a l g o r i t h m i s d e t e r m i n e d f rom t h e 

e v a l u a t i o n of a random i n p u t t o t h e m a c h i n e . In t h i s way t h e p r o c e s s 

o f r e d u c t i o n i s an e v o l u t i o n a r y p r o c e d u r e i n which each change t h a t i s 

made t o t h e machine has no w a t e r t i g h t l o g i c a l s u p p o r t , b u t i s v e r i f i e d 

e m p i r i c a l l y by t h e e v a l u a t i o n o f p i n p u t s e q u e n c e s ( o f l e n g t h m). 

A b s o l u t e c e r t a i n t y of t h e v a l i d i t y of t h e r e d u c e d machine would be 

a c h i e v e d i f a l l p o s s i b l e i n p u t s e q u e n c e s i = n o . i n p u t s ) were 

used i n t h e e v a l u a t i o n . However , i f t h i s i s d o n e , t h e t e c h n i q u e 

becomes e x h a u s t i v e and s u f f e r s f rom t h e same t r o u b l e s as o t h e r r e d u c t i o n 

m e t h o d s . At t h e o u t s e t o f t h i s r e s e a r c h t h e a u t h o r f e l t t h a t s u b s t a n t i a l l y 

s m a l l e r v a l u e s o f p t h a n i ^ ^ m i g h t o n l y be n e c e s s a r y f o r q u i t e h igh 

c o n f i d e n c e i n t h e r e s u l t s . S i n c e t h e t y p e - a d o n ' t c a r e c o n d i t i o n 

t e r m i n a t e s an i n p u t s e q u e n c e , p s h o u l d c e r t a i n l y be l a r g e r t han t h e 

number of t y p e - a c o n d i t i o n s . 

I t was s t a t e d (2) t h a t any e r r o r s t h a t were p r e s e n t i n t h e f i n a l 

r e d u c e d v e r s i o n o f t h e machine c o u l d be d e t e c t e d by a p r o c e s s o f 

v e r i f i c a t i o n . The r e d u c t i o n was t hen r e c y c l e d u n t i l a l l e r r o r s were 

e l i m i n a t e d . N a t u r a l l y t h e amount of r e c y c l i n g would be r e d u c e d by 

i n c r e a s i n g p , and hence p s h o u l d be a d j u s t e d e m p i r i c a l l y u n t i l t h e 

o v e r a l l p r o c e s s i n g t ime f o r a c o r r e c t r e d u c t i o n i s a t a minimum. 

However , B e n n e t t s (48) has s a i d t h a t " v e r i f y i n g t h e r e d u c e d s t a t e t a b l e 

o b t a i n e d by p s e u d o e q u i v l a n e t merg ing i s n o t a t r i v i a l p r o b l e m " . He 

a r g u e d t h a t t h e d e t e r m i n a t i o n of t h e f u n c t i o n a l e q u i v a l e n c e of two 

mach ines cou ld o n l y be a c h i e v e d by an e x h a u s t i v e p r o c e d u r e . Th i s i s 

c e r t a i n l y t r u e i n g e n e r a l , b u t i n t h i s p a r t i c u l a r c a s e B e n n e t t s f a i l e d 

t o make use of o t h e r i n f o r m a t i o n p r o v i d e d by t h i s method . 



Each r e d u c t i o n which i s c o r r e c t i s e q u i v a l e n t t o t he 

d e t e r m i n a t i o n of a p a r t i t i o n whose b l o c k s a r e c o m p a t i b l e s e t s of 

s t a t e s ( F i g u r e 1 ) , t o g e t h e r w i t h t h e merg ing of a l l t h e s t a t e s i n 

each i n t o one . I t f o l l o w s t h a t t h e r e d u c t i o n i s v e r i f i e d by c h e c k i n g 

t h e c o m p a t i b i l i t y of t h e s t a t e s i n each b l o c k of t h e p a r t i t i o n and 

making c e r t a i n t h a t t h e merg ing p r o c e s s h a s been c o m p l e t e . Th i s 

means t h a t e r r o r s can be d e t e c t e d s i m p l y by e n s u r i n g t h a t : 

i ) The p a r t i t i o n s a r e o u t p u t c o n s i s t e n t . 

i i ) The p a r t i t i o n s a r e p r e s e r v e d f o r a l l 

a p p l i c a b l e i n p u t s , and i n c o m p l e t e 

merges a r e e l i m i n a t e d by 

i i i ) a s s i g n i n g d o n ' t c a r e s i n t h e f i n a l 

machine where n e c e s s a r y . 

Al l t h r e e checks i n v o l v e no more t han a s i n g l e s c a n o v e r t h e s t a t e t a b l e . 

I t i s n o t e d t h a t i ) and i i ) a r e s u f f i c i e n t t o d e m o n s t r a t e t h e v a l i d i t i y of 

t h e p a r t i t i o n , and i i i ) mere ly checks t h a t t h e merg ing s t a t e s a r e n o t o n l y 

c o m p a t i b l e w i t h , b u t a l s o c o n t a i n e d by t h e merged s t a t e . For i n s t a n c e t h e 

i n c o r r e c t l y r e d u c e d machine d e s c r i b e d i n Appendix A i s b a s e d on t h e p a r t i t i o n 

{A; B ,E ; C,G; D; F ; H , I } which i s n o t p r e s e r v e d s i n c e C,G ^ F,B u n d e r i n p u t 

3 . 5 R e s u l t s 

Some e m p i r i c a l e v a l u a t i o n o f t h e r e d u c t i o n method was c a r r i e d o u t a t 

Southampton U n i v e r s i t y by an M.Sc. s t u d e n t and a 3 r d . y e a r u n d e r g r a d u a t e and 

t h e i r r e s u l t s a r e summar ized h e r e . 



S c o t t f 4 9 ) c a r r i e d o u t a s e r i e s of e x p e r i m e n t s aimed a t 

d e t e r m i n i n g t h e r e l a t i o n s h i p be tween t h e p r o b a b i l i t y of a f a u l t y 

r e d u c t i o n and t h e v a l u e s of t h e p a r a m e t e r s m, p and n . 

I t was o b s e r v e d t h a t i n p u t s e q u e n c e s v e r y se ldom r e a c h e d l e n g t h s 

of g r e a t e r t han n - 1 d u r i n g t h e r e d u c t i o n p r o c e s s . Th i s meant t h a t 

l o n g e r s e q u e n c e s would n o t e f f e c t t h e e r r o r p r o b a b i l i t i e s t o any 

ve ry g r e a t e x t e n t . The maximum l e n g t h of each i n p u t s e q u e n c e (m) 

was t h e r e f o r e h e l d a t n -1 and n o t used as a v a r i a b l e p a r a m e t e r d u r i n g 

t h e i n v e s t i g a t i o n . 

A number of mach ines were r e d u c e d u s i n g v a l u e s o f p r a n g i n g 

f rom i ^ ^ ( i = n o . i n p u t s ) t o u n i t y . For each v a l u e of p t h e machines 

were r educed n ( n + l ) / 2 t i m e s u s i n g each p o s s i b l e p a i r of s t a t e s t o 

i n i t i a t e each r e d u c t i o n . The r e d u c t i o n s were v e r i f i e d e x h a u s t i v e l y 

and t h e p r o b a b i l i t y of an e r r o r p l o t t e d a g a i n s t p f o r each m a c h i n e . 

Th ree mach ines (A ,B ,C , i n T a b l e 2) of d i f f e r e n t i n t e r n a l s t r u c t u r e s 

were s t u d i e d in t h i s way. I t was found t h a t i n a l l c a s e s t h e e r r o r 

p r o b a b i l i t y e s t i m a t e s d e c r e a s e d s t e a d i l y t o z e r o as p i n c r e a s e d . 

The s m a l l e s t v a l u e s of which no e r r o r o c c u r r e d a r e g i v e n 

in T a b l e 2 . These v a l u e s r e p r e s e n t a 70% r e d u c t i o n on t h e number 

of a l l p o s s i b l e i n p u t s e q u e n c e s and which would be r e q u i r e d i n an 

e x h a u s t i v e c h e c k . 

Machine A B C 

N o . i n i t i a l s t a t e s 5 . 5 6 

N o . f i n a l s t a t e s , 3 . , 5 , , 3 

Average c o m ' ^ t i b n 
t i m e ( s e c . ) 

7 8 . 12 

P • ^min 
5 1 64 41 

TABLE 2 
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E r r o r p r o b a b i l i t i e s f o r l a r g e r machines were n o t computed i n 

t h i s p r o j e c t b e c a u s e t h e v e r i f i c a t i o n p r o c e d u r e r e q u i r e d t h a t a l l 

p o s s i b l e i n p u t s e q u e c e s be a p p l i e d t o t h e s t a t e p a i r (48) and hence 

demanded p r o h i b i t i v e amounts of c o m p u t a t i o n . 

Thomas (50) employed t h e more e f f i c i e n t v e r i f i c a t i o n p r o c e d u r e 

d e s c r i b e d i n 3 . 4 , b u t h i s e x p e r i m e n t s were a g a i n hampered by t h e 

l i m i t e d a v a i l a b i l i t y of t h e compu te r and he was u n a b l e t o o b t a i n 

r e l i a b l e r e s u l t s on l a r g e r m a c h i n e s . 

Both S c o t t and Thomas c o n c l u d e d t h a t t h e main a d v a n t a g e 

of t h e r e d u c t i o n method was i t s r e l a t i v e l y low c o r e s t o r e r e q u i r e m e n t . 

Botb a g a i n a g r e e d h o w e v e r , t h a t t h e r e was r e a s o n t o b e l i e v e t h a t t h i s 

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

of c o m p u t a t i o n which would be r e q u i r e d when l a r g e r mach ines were 

p r o c e s s e d . In o r d e r t o r e s o l v e t h i s p o i n t t he a u t h o r c a r r i e d o u t 

some e x p e r i m e n t s which d e t e r m i n e d t h e r e l i a b i l i t y of t h e r e d u c t i o n 

method when a p p l i e d t o t h e 4 i n p u t 22 s t a t e machine used by House 

e t a l . ( 2 4 ) , ( F i g u r e 2 ) . 

The 126 i n c o m p a t i b l e s t a t e p a i r s i n t h i s machine were f i r s t 

d e t e r m i n e d m a n u a l l y u s i n g an i m p l i c a t i o n c h a r t . The 22 s t a t e machine 

t o g e t h e r w i t h t h e 126 s t a t e p a i r s were then s u p p l i e d t o a compute r 

programme which a t t e m p t e d t o r e c o g n i z e t h e i n c o m p a t i b l e s t a t e s by 

a p p l y i n g p random i n p u t s e q u e n c e s of l e n g t h 21 i n t h e manner of t h e 

p s e u d o - e q u i v a l e n t r e d u c t i o n t e c h n i q u e . I f one of t h e 126 s t a t e p a i r s 

was n o t s e e n t o be i n c o m p a t i b l e a f t e r t h e a p p l i c a t i o n o f p i n p u t 

s e q u e n c e s , t h e n t h i s would have c o r r e s p o n d e d t o an i n v a l i d r e d u c t i o n 

had t h e two s t a t e s been merged . In t h i s way t h e r e l i a b i l i t y of t h e 
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FIGURE 2 : R e d u c t i o n Example f rom House e t a l . (24) 
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p s e u d o - e q u i v a l e n t r e d u c t i o n method on t h i s 22 s t a t e machine was s t u d i e d 

f o r v a r i o u s v a l u e s of p . The s e t of 126 i n c o m p a t i b l e s t a t e s was 

p r o c e s s e d s e v e r a l t i m e s f o r each v a l u e of p and t h e t o t a l number of 

e r r o r s r e c o r d e d ( T a b l e 3 ) . Th i s e n a b l e d a p r o b a b i l i t y of e r r o r t o 

be computed and p l o t t e d a g a i n s t p ( F i g u r e 3 ) . I t was o b s e r v e d t h a t 

a l l t h e e r r o r s a t t r i b u t e d t o v a l u e s o f p > 1000 a r o s e f rom t h e s i n g l e 

i n c o m p a t i b l e s t a t e p a i r ( 1 , 2 2 ) . Upon i n v e s t i g a t i o n i t was f o u n d t h a t 

t h i s i n c o m p a t i b l e s t a t e p a i r r e q u i r e d t h e l o n g e s t d i s t i n g u i s h i n g 

s e q u e n c e ( o f l e n g t h 4 ) . In o r d e r t o be r e a s o n a b l y c e r t a i n t h a t t h i s 

i n c o m p a t i b l e p a i r had been i d e n t i f i e d and hence t h a t t h e r e d u c t i o n 

p r o c e s s would have y i e l d e d a v a l i d r e s u l t , 5000 o r more random s e q u e n c e s 

had t o be a p p l i e d . 

No. 
Sequences 

(P) 

No. 
Runs 
(q) 

N o . E r r o r s 
i n q runs 

P r o b a b i l i t y 
of e r r o r 

1 111 11249 0 . 8 0 

3 10 687 0 . 5 4 

10 111 362 0 . 2 6 

30 10 156 0 . 1 2 

100 11 49 0 . 0 3 5 

300 10 16 0 . 0 1 3 

1000 42 28 0 . 0 0 5 3 

2000 50 11 0 . 0 0 1 7 

3000 10 1 0 . 0 0 0 8 

5000 10 0 * " 

10000 50 0 " 

15000 50 0 

20000 50 0 

TABLE 3 
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Figure 3 . Probability of error in the reduction 

of a 22 ne 



3 . 6 The P s e u d o - E q u i v a T e n t Approach_and A l t e r n a t i v e s 

The r e s u l t s d e s c r i b e d i n t h e l a s t s e c t i o n a r e s u f f i c i e n t t o 

r e v e a l a s e v e r e s h o r t c o m i n g i n t h e p s e u d o - e q u i v a l e n t r e d u c t i o n p r o c e s s . 

Ihe r e l i a b i l i t y of t h e method i s s een t o b e c l e a r l y d e p e n d e n t upon t h e 

number of random s e q u e n c e s which a r e u sed i n each s t a t e p a i r e v a l u a t i o n . 

However , t h i s r e l i a b i l i t y i s a l s o d e p e n d e n t upon t h e s t r u c t u r e of t h e 

machine b e i n g r e d u c e d . I t was s e e n t h a t i n v a l i d r e s u l t s can be ve ry 

d i f f i c u l t t o e l i m i n a t e i f t h e machine b e i n g r e d u c e d c o n t a i n s p a i r s of 

s t a t e s which can o n l y be d i s t i n g u i s h e d by long s e q u e n c e s . 

In t h e 22 s t a t e example i t was d i s c o v e r e d t h a t o n l y one p a i r o f 

s t a t e s r e q u i r e d a s e q u e n c e of l e n g t h > 4 t o d i s t i n g u i s h them. Th i s 

meant t h a t i t would have been s u f f i c i e n t t o u s e a ] ^ 256 p o s s i b l e i n p u t 

s e q u e n c e s of l e n g t h 4 d u r i n g t h e checks f o r i n c o m p a t i b i l i t y . This 

would have l e d t o a much more e f f i c i e n t s e a r c h . However , in g e n e r a l 

t h e l o n g e s t minimal d i s t i n g u i s h i n g s e q u e n c e f o r a l l p a i r s of s t a t e s i s 

n o t known, and hence an a c c u r a t e bound on t h e number of i n p u t s e q u e n c e s 

c a n n o t be d e t e r m i n e d w i t h o u t f u r t h e r comput ing e f f o r t . 

These r e s u l t s do n o t i n v a l i d a t e t h e merg ing p r o c e s s i t s e l f b u t 

p o i n t o u t t h e s low and i n e f f i c i e n t ( i n t e rms of p r o c e s s i n g t i m e ) way 

i n which i t was a p p l i e d . The method can be made e x a c t by a l g o r i t h m i c a l l y 

c o m p i l i n g t h e l i s t of a l l i m p l i e d s t a t e c o n t a i n m e n t s and c h e c k i n g each 

one i n t u r n f o r c o m p a t i b i l i t y . Th i s w i l l g e n e r a t e a v a r i a b l e c o r e s t o r e 

r e q u i r e m e n t which c o u l d i n c r e a s e as n ^ , b u t o n l y i n t h o s e c a s e s i n which 

t h e machine was h i g h l y r e d u n d a n t . 
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As an example c o n s i d e r t h e p r o t o t y p e machine d e s c r i b e d i n 

f i g u r e 1 u s i n g t h e s t a t e o r d e r i n g A,D»H , I ,B ,C ,E ,F ,G. The r e d u c t i o n 

i s c a r r i e d o u t as b e f o r e e x c e p t t h a t each s t a t e p a i r i s checked f o r 

i ) o u t p u t c o m p a t i b i l i t y and 

i i ) i m p l i e d s t a t e c o n t a i n m e n t s . 

The c h e c k i n g o f i m p l i e d s t a t e c o n t a i n m e n t s i s c a r r i e d o u t i n 

t h e same way as an i n i t i a l s t a t e p a i r and c o n t i n u e d u n t i l no s t a t e 

c o n t a i n m e n t s a r e i m p l i e d o r an i n c o m p a t i b i l i t y has been f o u n d . 

This p r o c e s s can be o u t l i n e d f o r t h e example as f o l l o w s : 

A 3 D a f t e r merg ing w i t h no i m p l i e d c o n t a i n m e n t s . 

A ID H a f t e r merg ing w i t h no i m p l i e d c o n t a i n m e n t s . 

A 3 F a f t e r m e r g i n g . 

G 3 3 B a f t e r m e r g i n g . 

E 3 E a f t e r m e r g i n g . 

B 3 E a f t e r merg ing w i t h no i m p l i e d c o n t a i n m e n t s . Th i s i n f o r m a t i o n has 

e n a b l e d s t a t e s A , D , H , I , B , E , and GF t o be merged . Only one s t a t e 

compar i son r e m a i n s . 

C D G a f t e r merg ing w i t h no i m p l i e d c o n t a i n m e n t s . Th i s p r o c e s s 

g i v e s r i s e t o t h e t h i r d r e d u c t i o n i n F i g u r e 1 . 

Th i s a l g o r i t h m has n o t been programmed b u t n e v e r t h e l e s s has been 

a p p l i e d manua l ly t o mos t of t h e examples i n t h e l i t e r a t u r e . Reduc t ion 

o f t h e l a r g e s t of t h e s e (22 s t a t e s ) t a k e s no more than a few m i n u t e s and 

a s i n g l e s h e e t of p a p e r . 
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E x i s t i n g a l g o r i t h m s f o r t h e r e d u c t i o n of F i n i t e - S t a t e Machines 

have been s u r v e y e d and a new a p p r o a c h has been p r o p o s e d . The new 

method d e t e c t s p r o b a b l e s t a t e c o n t a i n m e n t by a p p l y i n g random i n p u t 

s e q u e n c e s t o p a i r s of s t a t e s and compar ing t h e r e s u l t i n g p a i r s of 

o u t p u t s e q u e n c e s . Any s t a t e which a p p e a r s t o be c o n t a i n e d by a n o t h e r 

i s merged i n t o t h e c o n t a i n i n g s t a t e . R e d u c t i o n i s c o m p l e t e d when no 

s t a t e can c o n t a i n any o t h e r . 

E x p e r i m e n t a l work on t h i s p rob lem has been d e s c r i b e d and has 

r e v e a l e d a d e f i c i e n c y in t h e a p p r o a c h . I t was f o u n d t h a t i n c o r r e c t 

r e d u c t i o n s c o u l d o n l y be a v o i d e d by e m p l o y i n g i m p r a c t i c a b l e amounts of 

c o m p u t a t i o n . I t was shown t h a t machines which p o s s e s s e d p a i r s of s t a t e s 

which c o u l d o n l y be d i s t i n g u i s h e d by long i n p u t s e q u e n c e s ( o f l e n g t h k , 

s&y) c o u l d n o t be r e d u c e d a c c u r a t e l y w i t h o u t a l l o w i n g the volume of 

c o m p u t a t i o n t o depend e x p o n e n t i a l l y upon k . Th i s c o n c l u s i o n compared w i t h 

F e r r y m a n ' s (46) f i n d i n g s i n t h e p rob lem of machine i d e n t i f i c a t i o n . 



D E S I G N OF LOGICAL C I R C U I T S FOR O P T I C A L CHARACTER R E C O G N I T I O N 

4 . 1 The O.C.R. Prob lem 

4 . 1 . 1 M a t r i x Match ing 

The r e q u i r e m e n t f o r a machine t o r e a d w r i t t e n m a t e r i a l 

has e x i s t e d e v e r s i n c e compute r s f i r s t began p r o c e s s i n g l a r g e 

q u a n t i t i e s of d a t a . The f i r s t commercial o p t i c a l c h a r a c t e r 

r e c o g n i t i o n ( O . C . R . ) machine a p p e a r e d ove r 17 y e a r s a g o , b u t 

even so t h e marke t has n o t expanded as i t had been e x p e c t e d ( 5 1 ) . 

The most p o p u l a r t y p e of r e c o g n i t i o n t o be d e s c r i b e d in t h e 

l i t e r a t u r e and t o be used in commercia l d e v i c e s , i s t h e ' m a t r i x 

m a t c h i n g ' scheme ( 5 2 ) . I t i s p r o b a b l y chosen f o r i t s f a s t 

s i m u l a t i o n speed on a d i g i t a l compute r and i t s s i m p l e i m p l e m e n t a t i o r 

A t t e n t i o n i n t h i s c h a p t e r i s c o n f i n e d t o t h e p rob lems a s s o c i a t e d 

w i t h t h e r e c o g n i t i o n of p r i n t e d c h a r a c t e r s u s i n g such t e c h n i q u e s , 

b e g i n n i n g f i r s t w i t h a d e s c r i p t i o n of a t y p i c a l s y s t e m ( 5 3 ) . 

F i v e b a s i c e l e m e n t s can be d i s t i n g u i s h e d in t h e s y s t e m 

I l l u s t r a t e d in F i g u r e 4 . The p r i n t l i n e on t h e document p a s s e s 

o v e r an a r e a i l l u m i n a t e d by l a m p s ; t h e r e f l e c t e d l i g h t i s then 

c o l l e c t e d by a l e n s and imaged on a v e r t i c a l l i n e a r r a y of 

p h o t o d i o d e s . The v i d e o - c i r c u i t s a m p l i f y t h e s e and q u a n t i z e 

them i n t o b l a c k and w h i t e g r i d p o i n t s . The m a t r i x i s a r e g i s t e r 

where t h e incoming g r i d p o i n t s a r e a s s e m b l e d t o form an 

e l e c t r i c a l image of t h e p a r t of t h e l i n e which has j u s t been 

s c a n n e d . The e x t r a c t i o n l o g i c a n a l y s e s t h e e l e c t r i c a l image 

c o n t i n u o u s l y and a c c u m u l a t e s a t t h e a p p r o p r i a t e t i m e a measure 

o f f i t be tween t h e c h a r a c t e r p a t t e r n in t h e m a t r i x and each of 

t h e c h a r a c t e r c l a s s e s t o be r e c o g n i s e d . F i n a l l y t h e d e c i s i o n 
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l o g i c i n s p e c t s t h e s e measurement s o f f i t and d e c i d e s w h e t h e r 

a p a r t i c u l a r c l a s s s h o u l d be r e c o g n i z e d o r w h e t h e r t h e p a t t e r n 

s h o u l d be r e j e c t e d . 

The m a t r i x i s a l ong s e r i a l s h i f t r e g i s t e r which b r i n g s 

t h e b i n a r y p a t t e r n s t o be r e c o g n i z e d i n t o a l l p o s s i b l e 

t r a n s l a t i o n p o s i t i o n s . As t h e p a t t e r n moves a c r o s s t h e m a t r i x 

t h e e x t r a c t i o n l o g i c checks t h r o u g h a s p e c i f i e d s e t of s p a t i a l l y 

r e l a t e d g roups of p o i n t s ( c a l l e d o p e r a t o r s ) f o r m a t c h e s . Each 

p o i n t o r e l e m e n t i n t h e o p e r a t o r i s e i t h e r b l a c k - s e e k i n g o r 

w h i t e - s e e k i n g , f i t t i n g b l a c k o r w h i t e m a t r i x p o i n t s r e s p e c t i v e l y . 

The whole o p e r a t o r ma tches o n l y i f a l l i t s e l e m e n t s f i t 

s i m u l t a n e o u s l y a t l e a s t once somewhere on t h e m a t r i x ( F i g u r e 5 ) . 

- S % 2 : 1 
B i n a r y - ' T-
Video 

Black S e e k i n g * ' 
E lemen t 

White S e e k i n g ' 
E lement 

O p e r a t o r 

FIGURE 5 : M a t r i x s h i f t r e g i s t e r showing 
an o p e r a t o r which matches 2 ' s 

T h i s i n f o r m a t i o n i s p a s s e d t o t h e d e c i s i o n l o g i c e n a b l i n g a 

c h a r a c t e r c l a s s i f i c a t i o n t o be g i v e n . The m a j o r p rob lem a r e a 

l i e s in t h e d e s i g n of o p e r a t o r s which a r e b e s t s u i t e d f o r t h e 

r e c o g n i t i o n o f c h a r a c t e r s . Normal ly t h i s t a s k i s c a r r i e d o u t 

by a human d e s i g n e r who u s e s i n t u i t i o n t o p r o d u c e a c c e p t a b l e 

o p e r a t o r l o g i c . T h i s c h a p t e r examines t h e p rob lem and l a t e r 

employs an e v o l u t i o n a r y s e a r c h p r o c e d u r e i n t h e a u t o m a t i c 

d e s i g n of o p e r a t o r s . 
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4 . 1 . 2 P r i n t Q u a l i t y 

The d i f f i c u l t y of o p e r a t o r d e s i g n r e s t s a l m o s t e n t i r e l y 

upon t h e v a r i e t y o f p r i n t q u a l i t y which t h e machine i s e x p e c t e d 

t o e n c o u n t e r . The p e r f o r m a n c e of a l l O.C.R. machines i s 

c r i t i c a l l y d e p e n d e n t upon t h e p r i n t q u a l i t y , a f a c t o r which 

has p roved t o be ve ry d i f f i c u l t t o d e f i n e ( 5 1 ) . In o r d e r 

t o c l a r i f y t h i s p o i n t , p r i n t v a r i a b i l i t y can be b roken down 

i n t o t h e f o l l o w i n g component p a r t s : 

1. P a p e r r e f l e c t i o n . 

2 . , Ink d e n s i t y . 

3 . V o i d s . 

4 . S p o t s . 

5 . Limb w i d t h . 

F u r t h e r p a r a m e t e r s t h a t add t o t h e d i f f i c u l t i e s a r e p o s i t i o n a l 

in n a t u r e and can be i d e n t i f i e d a s : 

1 . V e r t i c a l P o s i t i o n . 

2 . H o r i z o n t a l P o s i t i o n . 

3 . T i l t . 

4 . A d j a c e n t c h a r a c t e r s . 

F i n a l l y t h e r e a r e two c h a r a c t e r v a r i a t i o n s , p r o b a b l y b e s t 

d e s c r i b e d a s : 

1 . S i z e . 

2 . C h a r a c t e r f o n t . e g . OCR A, OCR B. 

V a r i a t i o n s due t o v e r t i c a l p o s i t i o n and h o r i z o n t a l p o s i t i o n 

can be l a r g e l y e l i m i n a t e d by an e x h a u s t i v e s c a n n i n g mechanis i 

( 4 . 1 . 1 ) which e n a b l e s a l l p o s s i b l e c h a r a c t e r p o s i t i o n s t o be 

p r o c e s s e d . 

;m 



In t h e o r y t h e b i n a r i z a t i o n o r t h r e s h o l d i n g of t h e 

incoming a n a l o g u e c h a r a c t e r s would be c a r r i e d o u t p e r f e c t l y 

i f t h e c h a r a c t e r s were f i r s t r e c o g n i z e d and then r e p l a c e d by 

a r c h e t y p e s . I t i s t h e a u t h o r ' s o p i n i o n t h e r e f o r e t h a t i n 

g e n e r a l , a t t e m p t s t o remove s p o t s o r f i l l v o i d s ( e t c . ) b e f o r e 

r e c o g n i t i o n t a k e s p l a c e can o n l y d e s t r o y i n f o r m a t i o n and a t 

b e s t o n l y m a i n t a i n t h e o v e r a l l r e c o g n i t i o n c a p a b i l i t y . Of 

c o u r s e , t h i s would n o t be t r u e where s p e c i f i c t y p e s of 

d e g r a d a t i o n were known t o be o c c u r r i n g . I t migh t be c o n c l u d e d 

t h a t good t h r e s h o l d i n g o c c u r s where o n l y a minimal amount of 

i n f o r m a t i o n i s l o s t d u r i n g t h e t r a n s i t i o n f r o m a n a l o g u e t o 

d i g i t a l s i g n a l s . 

The p r o b l e m of s e p a r a t i n g a d j a c e n t c h a r a c t e r s has n o t 

been s o l v e d a l g o r i t h m i c a l l y ( 5 4 ) . However , i t can be 

a p p r o a c h e d in two o t h e r w a y s : e i t h e r t h e s c a n n i n g o p e r a t i o n 

can be ' p u l s e d ' so t h a t ' r e a d - o u t ' o c c u r s a t c e r t a i n t i m e s 

c o r r e s p o n d i n g t o t h e i n s t a n t s when c h a r a c t e r s a r e in t h e c o r r e c t 

r e c o g n i t i o n p o s i t i o n , o r t h e d i f f e r e n c e be tween c h a r a c t e r s can 

be used in such a way t h a t o n l y when a c h a r a c t e r i s i n t h e 

c o r r e c t r e c o g n i t i o n p o s i t i o n does t h e o u t p u t exceed some 

p r e d e t e r m i n e d t h r e s h o l d ( 5 5 ) . The f i r s t method i s c e r t a i n l y 

a p p r o p r i a t e in t h o s e c a s e s in which t h e s p a c i n g of t h e c h a r a c t e r s 

i s known ( e . g . l i n e p r i n t e r o u t p u t s ) . In g e n e r a l t h i s 

i n f o r m a t i o n i s n o t a v a i l a b l e in a d v a n c e , and t h e r e c o g n i t i o n 

l o g i c must t a k e t h e a d d i t i o n a l bu rden of d i s t i n g u i s h i n g 

c h a r a c t e r c o n t i g u i t i e s f rom t h e c h a r a c t e r s t h e m s e l v e s . 
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I t can be seen t h a t t h e d e s i g n of o p e r a t o r s f o r t h e 

r e c o g n i t i o n of even a s i n g l e f o n t can be e x t r e m e l y d i f f i c u l t 

i f a l l a s p e c t s of p r i n t d e g r a d a t i o n a r e t o be t a k e n i n t o 

a c c o u n t . The n e x t s e c t i o n s u p p l i e s some background i n f o r m a t i o n 

on t h e s o r t of p e r f o r m a n c e c u r r e n t l y o b t a i n e d in OCR s y s t e m s . 

4 . 1 . 3 C u r r e n t OCR System P e r f o r m a n c e 

E x p l i c i t s t a t e m e n t s d e s c r i b i n g t h e p e r f o r m a n c e s of 

commercia l OCR mach ines o v e r a l l t y p e s o f c h a r a c t e r d e g r a d a t i o n 

a r e n o t n o r m a l l y a v a i l a b l e . Th i s i s n o t b e c a u s e t h e m a n u f a c t u r e r 

i s u n f a m i l i a r w i t h h i s e q u i p m e n t , b u t b e c a u s e t h e r e i s no s t a n d a r d 

by which c h a r a c t e r d e g r a d a t i o n can be m e a s u r e d . Th i s means t h a t 

any p e r f o r m a n c e f i g u r e s which a r e i s s u e d c o u l d m i s l e a d t h e c u s t o m e r . 

Faced w i t h an OCR r e q u i r e m e n t , i t i s g e n e r a l l y s a f e r f o r t h e 

c u s t o m e r t o app roach s e v e r a l m a n u f a c t u r e r s w i t h t h e i d e n t i c a l s e t s 

o f d a t a which a r e t y p i c a l of h i s own r e c o g n i t i o n p r o b l e m . The 

v a r i o u s p e r f o r m a n c e s can then be compared n o t o n l y in t e r m s of 

e r r o r and r e j e c t r a t e s , b u t a l s o in t e r m s o f c a p i t a l c o s t and 

t h r o u g h p u t s p e e d s . 

N e v e r t h e l e s s most m a n u f a c t u r u e r s of OCR e q u i p m e n t do g i v e 

an i n d i c a t i o n of t he p e r f o r m a n c e of t h e i r mach ines in i d e a l 

c o n d i t i o n s . P r o b a b l y t h e b e s t p e r f o r m a n c e by an OCR document 

r e a d i n g machine a t t h e l ower end of t h e p r i c e m a r k e t i s t h a t 

a c h i e v e d by t h e P l e s s e y 4200B. Th i s i s a machine which r e a d s 

OCR B n u m e r i c s p l u s f o u r s y m b o l s . I t i s c a p a b l e of a r e j e c t r a t e 

of 1 . 5 i n 10^ and a s u b s t i t u t i o n r a t e an o r d e r b e t t e r t han t h i s . 

These f i g u r e s were d e r i v e d f rom ' q u i t e good q u a l i t y ' c h a r a c t e r s 

o b t a i n e d f rom s e v e r a l t y p e s o f ' w e l l m a i n t a i n e d ' l i n e p r i n t e r s . 



The IBM 1975 O p t i c a l Page Reader was d e s i g n e d t o a c c e p t 

p r i n t e d c h a r a c t e r s of o v e r 200 f o n t s f rom q u a r t e r l y emp loye r 

f o r m s . The r e p o r t (56) i n d i c a t e d t h a t t h e r e j e c t r a t e on a 

p e r c h a r a c t e r b a s i s lay around 1%, b u t no i n d i c a t i o n oF cne 

c h a r a c t e r q u a l i t y was g i v e n . 

The most r e c e n t o p t i c a l page r e a d e r t o be announced i n 

B r i t a i n i s t h e M u l l a r d X1300. The m a n u f a c t u r e r s s t a t e t h a t t h e 

p e r f o r m a n c e i s a l m o s t w i t h o u t e r r o r p r o v i d i n g t h e p r i n t has been 

o b t a i n e d f rom recommended e l e c t r i c t y p e w r i t e r s and r i b b o n s and on 

recommended p a p e r . Under t h e s e c i r c u m s t a n c e s t he u s e r can e x p e c u 

no more t h a n 1 in 10% r e j e c t and 1 in 10^ s u b s t i t u t i o n e r r o r s . 

E r r o r and r e j e c t r a t e s when s t u d i e d in i s o l a t i o n can be 

v iewed i n two w a y s ; e i t h e r t h e y can be t a k e n as measu re s of t h e 

p e r f o r m a n c e o f t h e r e c o g n i t i o n s y s t e m , o r as measu res of t h e 

q u a l i t y of t h e d a t a which i s r e c o g n i z e d . An i n d i c a t i o n of t h e 

h i g h c h a r a c t e r q u a l i t y r e q u i r e m e n t s of most OCR s y s t e m s i s s e e n 

in t h e i r f a i l u r e t o meet t h e s p e c i f i c a t i o n l a i d down by t h e 

P o s t O f f i c e f o r a u t o m a t i c l e t t e r s o r t i n g . The P o s t O f f i c e s t a t e 

t h a t as many as 20% of l e t t e r s can be r e j e c t e d as u n r e a d a b l e by 

t h e machine b u t no more t h a n one e r r o r in 2000 c h a r a c t e r s i s 

t o l e r a b l e . In o r d e r t o r e a d t h e p o s t c o d e t h e machine mus t a c c e p t 

a b o u t 20 c l a s s e s o f c h a r a c t e r of any f o n t and of any d e g r a d a t i o n . 

Such a machine i s n o t w i t h i n t h e c u r r e n t s t a t e of t h e a r t i n OCR. 
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4 . 2 P r e v i o u s Automated Design Methods 

A g r e a t dea l of l i t e r a t u r e has been p roduced on many 

a s p e c t s of P a t t e r n R e c o g n i t i o n a l l of which c o u l d be s a i d 

t o be r e l a t e d t o OCR. R e f e r e n c e s in t h i s s e c t i o n w i l l o n l y 

be s e l e c t e d f r o m t h o s e p a p e r s which c o n t r i b u t e d i r e c t l y t o 

m a t r i x m a t c h i n g a s p e c t s of OCR. 

B l e d s o e and Browning (57) were among t h e f i r s t t o r e p o r t 

a c o m p u t e r - a u t o m a t e d scheme f o r t h e d e s i g n o f r e c o g n i t i o n l o g i c . 

They employed a 10x15 p h o t o d i o d e a r r a y and s e l e c t e d a number of 

randomly g e n e r a t e d s e t s o f n p o i n t s on t h e a r r a y . Each s e t of 

n 

n p o i n t s c o u l d t a k e one of 2 s t a t e s d e p e n d i n g on t h e p a t t e r n 

p r e s e n t in t h e 10x15 b i n a r y a r r a y . Dur ing t r a i n i n g each s t a t e 

o f each s e t o f n p o i n t s was l a b e l l e d w i t h t h e names of t h e 

c h a r a c t e r s which gave r i s e t o i t . T e s t c h a r a c t e r s were 

i d e n t i f i e d by p a s s i n g a m a j o r i t y v o t e o v e r t h e s t a t e s a c t i v a t e d 

by t h e t e s t c h a r a c t e r . The method shows l i t t l e hope of 

e x t e n s i o n i n view of t h e r a t h e r w a s t e f u l t a b l e - l o o k - u p n a t u r e 

o f t h e p r o c e s s . However , t h e work c a r r i e d o u t d e m o n s t r a t e s 

t h a t m a t r i x m a t c h i n g methods do p o s s e s s h igh d i s c r i m i n a t i v e 

power . 

At a b o u t t h e same t ime Evey (58) d e s c r i b e d an i n t u i t i v e 

t e c h n i q u e which he u sed t o s o l v e a 1 4 - c l a s s p r o b l e m . T h i s t i m e 

t h e compu te r was o n l y used as an a i d in t h e manual d e s i g n o f 

o p e r a t o r s which matched c o - c l a s s e d c h a r a c t e r s . Evey d i d n o t 
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f a v o u r a u t o m a t i c methods and made t h e f o l l o w i n g comment, 

"Most a u t o m a t i c p r o c e d u r e s can be r u l e d o u t due t o t h e 

a s t r o n o m i c a l number o f p o s s i b l e l o g i c s ( o p e r a t o r s ) , b u t 

u s e f u l p r o c e d u r e s have been d e v e l o p e d by l i m i t i n g t h e 

c o m p l e x i t y o f t h e c o n d i t i o n s used in t h e s t a t e m e n t s . 

However , p o s s i b l y b e c a u s e of t h i s l i m i t a t i o n , s t a t e m e n t s 

so p roduced have n e v e r been as s u c c e s s f u l in p r a c t i c e as 

t h o s e d e s i g n e d by p e o p l e " . ( c f . H e u r i s t i c s , 2 . 3 ) . 

Uhr and V o s s l e r (59) were n e x t t o p r o p o s e an a u t o m a t i c 

method i n which 40 5x5 b i n a r y o p e r a t o r s were s c a n n e d a c r o s s 

t h e i n p u t m a t r i x f o r m a t c h e s . The p o s i t i o n s o f match 

e n a b l e d 4 " c h a r a c t e r i s t i c s " p e r o p e r a t o r t o be a s s o c i a t e d w i t h 

each c l a s s of c h a r a c t e r . The r e c o g n i t i o n took p l a c e when 

t h e s e p a t t e r n c h a r a c t e r i s t i c s were compared w i t h a r e f e r e n c e 

l i s t . A p a r t f r o m manual and random g e n e r a t i o n , o p e r a t o r s were 

a l s o d e r i v e d h e u r i s t i c a l l y a c c o r d i n g t o t h e f o l l o w i n g r u l e s : 

a) The 5x5 m a t r i x was e x t r a c t e d f r o m a random 

p o s i t i o n in an i n p u t c h a r a c t e r . 

b) Al l ' z e r o ' c e l l s c o n n e c t e d t o ' o n e ' c e l l s were 

r e p l a c e d by b l a n k s . 

c) Each o f t h e r e m a i n i n g c e l l s , b o t h ' z e r o s ' and ' o n e s ' 

was t h e n r e p l a c e d by a b l a n k w i t h a p r o b a b i l i t y 

d) T e s t s were made t o e n s u r e t h a t t h e o p e r a t o r d i d n o t 

have ' o n e s ' i n t h e same c e l l s as any o t h e r c u r r e n t l y 

used o p e r a t o r o r any o p e r a t o r in a l i s t o f t h o s e 

r e c e n t l y r e j e c t e d by t h e p r o g r a m . 



These r u l e s a r e i n t u i t i v e h e u r i s t i c s and s e r v e o n l y t o 

r e s t r i c t t h e s e a r c h s p a c e t o w h a t a r e t h o u g h t t o be more 

f r u i t f u l a r e a s . Some e l e g a n t s o l u t i o n s a r e c e r t a i n l y 

p r e c l u d e d by b) ( s e e 4 . 4 ) . 

The s y s t e m was improved by a d j u s t i n g v a r i o u s w e i g h t s 

g i v e n t o each o p e r a t o r ; t h e o p e r a t o r s t h e m s e l v e s were l e f t 

u n a l t e r e d e x c e p t by p o s s i b l e r e p l a c e m e n t . The s i z e s of t h e 

d e s i g n and t e s t s e t s (<100) in r e l a t i o n t o t h e number of 

a d j u s t a b l e p a r a m e t e r s (>160) and t h e number o f o p e r a t o r s , does 

n o t p r o v i d e a c o n v i n c i n g d e m o n s t r a t i o n t h a t t h e s y s t e m would be 

e c o n o m i c a l l y v i a b l e i f l a r g e r d a t a s e t s were u s e d . 

Z o b r i s t (60) l a t e r e x t e n d e d t h i s work t o a two l a y e r 

scheme b u t c o n t r i b u t e d n o t h i n g new t o t h e d e t a i l e d d e s i g n of 

t h e o p e r a t o r s . 

Kamentsky and Liu (61) a l s o f e l t t h a t in an a u t o m a t e d 

method " t h e r e must be a way t o r e s t r i c t t h e number of s w i t c h i n g 

f u n c t i o n s t h a t a r e t o be c o n s i d e r e d in t h e d e s i g n p r o c e d u r e . 

In e f f e c t , an e f f i c i e n t s e a r c h p r o c e d u r e f o r l o g i c must be 

f o u n d " . They a c h i e v e d t h i s be g e n e r a t i n g random o p e r a t o r s 

w i t h i n c e r t a i n h e u r i s t i c s p a t i a l c o n s t r a i n t s . These c o n s t r a i n t s 

were i n t u i t i v e and chosen t o e m p h a s i s e l o c a l f e a t u r e s of t h e 

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

p o t e n t i a l s o l u t i o n s f rom even b e i n g c o n s i d e r e d . 3000 o p e r a t o r s 

were g e n e r a t e d and 75 were s e l e c t e d a c c o r d i n g t o an i n f o r m a t i o n 

measure which f a v o u r e d o p e r a t o r s which matched one h a l f o f t h e 

s e t of c h a r a c t e r s . A B a y e s ' d e c i s i o n was used t o o b t a i n 0.3% 

r e j e c t and 0.15% e r r o r r a t e s on a d a t a s e t of 1300 s amp le s 



c o n t a i n i n g 26 c l a s s e s . I t was d i s c o v e r e d t h a t o p e r a t o r s 

h a v i n g a round 5 - 7 e l e m e n t s commonly a c h i e v e d t h e g r e a t e s t 

d i s c r i m i n a t i v e power . 

L a t e r L iu (62) e x t e n d e d t h e work o f Kamentsky e t a l . 

and a c h i e v e d b e t t e r r e s u l t s by a p p l y i n g an i n f o r m a t i o n measure 

t o t h e a c t u a l c h o i c e of o p e r a t o r e l e m e n t s . C h a r a c t e r s f rom 

t h e v a r i o u s c l a s s e s were p o s i t i o n n o r m a l i z e d on t h e m a t r i x and 

t h e i n f o r m a t i o n measure of each m a t r i x p o i n t c a l c u l a t e d . Th i s 

e n a b l e d a l i s t of m a t r i x p o i n t s of h igh i n f o r m a t i o n t o be 

f o r m u l a t e d f r o m which s e t s of 5 - 7 e l e m e n t s were randomly chosen 

t o compose o p e r a t o r s . In o t h e r w o r d s , r a t h e r t h a n use t h e 

s p a t i a l c o n s t r a i n t o f Kamantsky t o r e s t r i c t t h e number of 

p o s s i b l e o p e r a t o r s , an i n f o r m a t i o n measure h e u r i s t i c was used 

i n s t e a d . One r e s u l t on 2000 c h a r a c t e r s of one f o n t c o n s i s t e d 

of 0.1% e r r o r s and 0.35% r e j e c t s u s i n g 96 o p e r a t o r s in a 26 

c l a s s p r o b l e m . A l a t e r p a p e r by Liu e t a l . (63) d e s c r i b e d 

a more e x t e n s i v e e x p e r i m e n t a l i n v e s t i g a t i o n i n t o t h e p e r f o r m a n c e 

o f a s i m i l a r s e t of 96 o p e r a t o r s , b u t a g a i n no c l e a r i n d i c a t i o n of 

t h e P r i n t q u a l i t y was g i v e n . The a u t h o r s d i d s t a t e h o w e v e r , 

t h a t ' v e r y l i t t l e p o o r q u a l i t y p r i n t was c o n t a i n e d in t h e d a t a 

s e t " . I t i s a d m i t t e d l y d i f f i c u l t t o d e s c r i b e p r i n t q u a l i t y , 

b u t u n t i l some a t t e m p t i s made, t h e v a r i o u s r e s u l t s c a n n o t be 

compared even s u b j e c t i v e l y . 

The r e s e a r c h a t IBM by Kamentsky and Liu was g iven a 

c r i t i c a l a p p r a i s a l d u r i n g t h e d e s i g n o f t h e IBM 1975 o p t i c a l 

page r e a d e r ( 5 6 ) . I t was found t h a t t h e p e r f o r m a n c e 

d e t e r i o r a t e d by an o r d e r o f magn i tude when r e a l i s t i c d a t a were 

u s e d . Moreover " b e c a u s e of t h e a u t o m a t e d d e s i g n p r o c e d u r e s , 

t h e r e was no c l e a r i d e a of wha t each component was supposed t o d o " . 



and hence i t was d i f f i c u l t t o mod i fy a n d ' i m p r o v e t h e mach ine . The 

p r o j e c t t h e r e f o r e t u r n e d t o i n t u i t i v e methods and e n l i s t e d t h e h e l p 

of a s y s t e m 360/model 40 w i t h 256K b y t e s of memory i n t e r f a c e d t o a 

c o m p l e t e r e a d e r . 96 o p e r a t o r s and a b o u t 2000 c h a r a c t e r r e s p o n s e s 

were b u i l t i n t o t h e f i n a l mach ine . O p e r a t o r s were f a r more complex 

t h a n t h o s e r e p o r t e d in e a r l i e r p a p e r s ; an example d e s c r i b e d r e p r e s e n t e d 

a l e n g t h y 2 - l e v e l b o o l e a n f u n c t i o n o f 92 m a t r i x p o i n t s . Each o p e r a t o r 

was d e s i g n e d f o r a p a r t i c u l a r t a s k , o f t e n t h i s was t h e r e s o l u t i o n of a 

s p e c i f i c c o n f u s i o n p a i r ( e . g . I , T ) . The a u t h o r s c o n c l u d e d t h a t "An 

a u t o m a t i c a l g o r i t h m t o r e p l a c e t h e d e s i g n e r would have t o be q u a l i t a t i v e l y 

d i f f e r e n t f rom t h e k i n d s t h a t a r e p r e s e n t l y a v a i l a b l e " . 

T h i s p h i l o s o p h y has e x t e n d e d t o t h e d e s i g n of t h e IBM 1275 

r e c o g n i t i o n s y s t e m ( 5 3 ) , and an i n t e r a c t i v e s y s t e m f o r r e a d i n g u n f o r m a t t e d 

p r i n t e d t e x t ( 6 4 ) , In b o t h s y s t e m s human i n t u i t i o n p l a y e d a m a j o r p a r t 

e i t h e r in t h e d e s i g n o f t h e r e c o g n i t i o n l o g i c o r t h e r e c o g n i t i o n i t s e l f . 

Moreover r e c o g n i t i o n was c a r r i e d o u t by s t r a i g h t f o r w a r d methods of 

c o r r e l a t i o n w i t h s t a n d a r d c h a r a c t e r s f rom each c l a s s . 

In t h e d e s i g n o f o p e r a t o r s f o r a P l e s s e y o p t i c a l r e a d e r B r i t t 

( 65 ) was a l s o s c e p t i c a l a b o u t c o m p u t e r - a u t o m a t e d a p p r o a c h e s . " U n f o r t u n a t e l y 

I t i s n e c e s s a r y t o make a l a r g e number of s i m p l i f y i n g a s s u m p t i o n s in o r d e r 

t o keep t h e compute r t i m e down t o a r e a s o n a b l e l e v e l . Al though compute r 

s i m u l a t i o n has been used d u r i n g t h e p r o j e c t in t h e d e s i g n of t h e f e a t u r e s 

( o p e r a t o r s ) , i t has been c o n c l u d e d t h a t s i m p l i f y i n g a s s u m p t i o n s c a u s e 

t h e r e s u l t s t o be of v e r y l i m i t e d v a l u e " . 

The f i r s t a t t e m p t t o d e s i g n a s e t of o p e r a t o r s w i t h some r e g a r d 

t o t h e t o t a l s t r u c t u r e o f t h e o p e r a t o r s e t was p e r h a p s by Coombs (66) . 

He a r g u e d t h a t o p e r a t o r s s h o u l d be s e l e c t e d o n l y i f t h e i r b i n a r y ( f i t / n o 

f i t ) r e s p o n s e s t o t h e v a r i o u s c h a r a c t e r c l a s s e s c o i n c i d e d w i t h a column o f 

a b o o l e a n o r t h o g o n a l m a t r i x ( F i g u r e 6 ) . 
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Columns r e p r e s e n t 11 o p e r a t o r r e s p o n s e s . 

1 1 1 1 1 1 1 1 1 1 1 
0 1 0 1 1 1 0 0 0 1 0 
0 0 1 0 1 1 1 0 0 0 1 

1 0 0 1 0 1 1 1 0 0 0 
0 1 0 0 1 0 1 1 1 0 0 rows r e p r e s e n t o p e r a t o r 
0 0 1 0 0 1 0 1 1 1 0 r e s p o n s e t o each of 12 
0 0 0 1 0 0 1 0 1 1 1 c l a s s e s of c h a r a c t e r . 
1 0 0 0 1 0 0 1 0 1 1 

1 1 0 0 0 1 0 0 1 0 1 

1 1 1 0 0 0 1 0 0 1 0 0 = no f i t 
0 1 1 1 0 0 0 1 0 0 1 
1 0 1 1 1 0 0 0 1 0 0 1 = f i t 

FIGURE 6 Boolean o r t h o q o n a l M a t r i x 

T h i s meant t h a t a c o m p l e t e s e t o f o p e r a t o r s which a l l s a t i s f i e d t h i s 

r e q u i r e m e n t would g i v e r i s e t o minimal c o n f u s i o n be tween c l a s s e s . In 

f a c t t h e o p e r a t o r s in such a s e t a r e o p t i m a l i n t h e s e n s e o f t h e i r 

i n d e p e n d e n c e of each o t h e r ; no r e d u n d a n t i n f o r m a t i o n i s e x t r a c t e d n o r 

a r e any measurements d u p l i c a t e d . Such a scheme does n o t need t o be 

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

i n t h e v a r i a b i l i t y of o p e r a t o r r e s p o n s e s . However , as Coombs p o i n t s o u t , 

"we s h a l l a t a l a t e r s t a g e r e q u i r e t o f i n d t h e n - t u p l e s ( o p e r a t o r s ) which 

d i v i d e t h e c a t e g o r i e s i n t h e d e s i r e d manne r " . The p a p e r does n o t r e p o r t a 

s a t i s f a c t o r y s o l u t i o n t o t h i s p r o b l e m . 

Summary 

The a u t o m a t i c g e n e r a t i o n of o p e r a t o r s f o r c h a r a c t e r r e c o g n i t i o n 

has n o t met w i t h s u f f i c i e n t s u c c e s s t o meet c u s t o m e r r e q u i r e m e n t s . In 

e v e r y c a s e h e u r i s t i c s have been i n v o k e d t o a i d t h e s e a r c h f o r o p e r a t o r s . 

The s e a r c h e f f o r t has been r e d u c e d f o r e x a m p l e , by a p p l y i n g s p a t i a l 

c o n s t r a i n t s , by u s i n g i n f o r m a t i o n m e a s u r e s , and by r e d u c i n g t h e s i z e of t h e 

o p e r a t o r . 



S u c c e s s f u l OCR p r o j e c t s have in most i n s t a n c e s r e l i e d e n t i r e l y 

on human i n t u i t i o n in t h e d e s i g n o f o p e r a t o r s . In t h e s e c a s e s o p e r a t o r s 

have been i n d i v i d u a l l y d e s i g n e d t o c a r r y o u t t a s k s which can be a s s e s s e d 

q u i c k l y and e a s i l y by t h e human d e s i g n e r . 

I t i s i n t e r e s t i n g t o o b s e r v e t h a t t h e number of o p e r a t o r s 

employed i n bo th a u t o m a t i c and i n t u i t i v e schemes r a r e l y e x c e e d s 100. 

I t migh t seem t h a t by i n t r o d u c i n g a new o p e r a t o r and e l i m i n a t i n g a n o t h e r 

s o u r c e of c o n f u s i o n , t h e o v e r a l l e r r o r r a t e w i l l be r e d u c e d . However , 

each new o p e r a t o r n e c e s s a r i l y g i v e s r i s e t o a s m a l l number of s p u r i o u s 

m a t c h e s , and t h i s in t u r n w i l l i n t r o d u c e s u b s t i t u t i o n e r r o r s . I f t h e 

number of a d d i t i o n a l e r r o r s e x c e e d s t h e number r emoved , t h e n t h e 

e x t e n s i o n t o t h e r e c o g n i t i o n l o g i c becomes a d i s a d v a n t a g e . In t h i s way , 

i f o p e r a t o r s a r e i n t u i t i v e l y d e s i g n e d t o c o r r e c t s m a l l e r and s m a l l e r 

s o u r c e s of e r r o r , a p o i n t ( a r o u n d 100 o p e r a t o r s ) i s r e a c h e d a t which 

no f u r t h e r improvements a p p e a r t o be p o s s i b l e . I t i s s u g g e s t e d t h a t 

o p e r a t o r s which a r e d e s i g n e d t o c o r r e l a t e w i t h s i n g l e c l a s s e s o r r e s o l v e 

a s i n g l e c o n f u s i o n p a i r a r e p a r t i c u l a r l y p r o n e t o t h i s e f f e c t . T h a t i s , 

t h i s s o r t o f o p e r a t o r when w o r k i n g on n o i s y d a t a , i s v e r y l i k e l y t o f a i l i n 

t h e s i n g l e t a s k f o r which i t was d e s i g n e d ; i t can t hen do no o t h e r t h a n 

damage t h e o v e r a l l r e c o g n i t i o n p e r f o r m a n c e . Only t h o s e o p e r a t o r s which 

a r e c a p a b l e o f d i s t i n g u i s h i n g many c h a r a c t e r c l a s s e s f r o m many o t h e r s would 

be r o b u s t enough t o p r o v i d e i n f o r m a t i o n f rom poor q u a l i t y d a t a . The t y p e 

o f o p e r a t o r s p r o p o s e d by Coombs a r e e m i n e n t l y s u i t a b l e in t h i s r e s p e c t 

a l t h o u g h he g i v e s no w o r k i n g method f o r f i n d i n g them. C e r t a i n l y i t would 

be f a r t o o d i f f i c u l t t o d e s i g n them i n t u i t i v e l y . 

The n e x t s e c t i o n p r o p o s e s an e v a l u a t i o n f u n c t i o n which t o g e t h e r 

w i t h an e v o l u t i o n a r y s e a r c h , e n a b l e s a r e c o g n i t i o n s y s t e m t o be d e s i g n e d 

a u t o m a t i c a l l y . The s e a r c h i s n o t hampered by a p r i o r i h e u r i s t i c s and t h e 

e v a l u a t i o n r o u t i n e e n s u r e s t h a t t h e o p e r a t o r s keep many of t h e a d v a n t a g e s 

a d v o c a t e d by Coombs. 



4 . 3 . The Evol uti_oii_ary Scheme 

4 . 3 . 1 F l o r e s and Grey C r i t e r i o n 

F l o r e s and Grey (67) have d e s c r i b e d a t h e o r e t i c a l l y optimum 

scheme a g a i n s t which any s e t of f e a t u r e s f o r c h a r a c t e r r e c o g n i t i o n 

may be r a t e d . 

C o n s i d e r a s e t of N f e a t u r e s ( o p e r a t o r s ) . 

A r e f e r e n c e c h a r a c t e r C^, f rom t h e i th c l a s s w i l l g i v e r i s e t o a 

r e s p o n s e v e c t o r F. where 

" { f i l ' f i 2 , ' " " ' f i n ) 

and where f \ j i s t h e r e s p o n s e o f t h e j t h f e a t u r e t o t h e i t h 

r e f e r e n c e . 

S i m i l a r l y t h e j th f e a t u r e c o r r e s p o n d s t o a v e c t o r r e s p o n s e f ^ f r o m 

t h e K c l a s s e s where 

A t e s t c h a r a c t e r T w i l l c o r r e s p o n d t o t h e r e s p o n s e v e c t o r 

. f y = t g , . . . » t ^ } , 

and t h e d e c i s i o n as t o which of K c l a s s e s t h e unknown c h a r a c t e r 

b e l o n g s i s made by examin ing K c r o s s c o r r e l a t i o n f u n c t i o n s 

F. . F 
= J 1 = 1 , 2 , K. 

4 1 

and c h o o s i n g t h e l a r g e s t I t i s n e c e s s a r y t o n o r m a l i z e t h e 

r e f e r e n c e v e c t o r s F^ i n o r d e r t h a t d e c i s i o n s a r e n o t b i a s e d in f a v o u r 

of r e f e r e n c e s w i t h l a r g e m o d u l i . 

A p 
Le t F^ = '~'i be t h e u n i t v e c t o r in t h e d i r e c t i o n o f , F . . 

The d e c i s i o n p r o c e s s can be r e s t a t e d as t h e d i s c o v e r y of t h e i which 

c o r r e s p o n d s t o t h e l a r g e s t v a l u e of I F^ 
| , ^ l 

F^ makes w i t h t h e i th r e f e r e n c e v e c t o r . T i s t h e r e f o r e a s s i g n e d t h e 

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

cos where 8^ i s t h e a n g l e t h a t 
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a n g l e t o 

The e f f e c t of n o i s e on t h e d e c i s i o n 1s now c o n s i d e r e d . 

In f i g u r e 7 t h e r e a r e two u n i t r e f e r e n c e v e c t o r s F. ,F.,8.. i s t h e 
I J 

a n g l e be tween t h e m , and Z-AOB = ACOB. 

A 
C 

FIGURE 7 : D e t e r m i n a t i o n of minimum t o l e r a b l e 
n o i s e V. 

Any v e c t o r f rom 0 i n t h e p l a n e and l y i n g w i t h i n t h e a n g l e AOB i s 

i d e n t i f i e d w i t h t h e i t h c l a s s ; any v e c t o r l y i n g in t h e a n g l e BOC i s 

i d e n t i f i e d w i t h t h e j t h c l a s s . The l e a s t n o i s e which would c o r r u p t 
A 

Z i TS ^ w i t h jVj= S in 8 ^ j / 2 , where V_ i s t h e n o i s e v e c t o r whose 

components a r e i n d e p e n d e n t random v a r i a b l e s * . The minimum c o r r u p t i n g 

n o i s e f o r t h e s y s t e m t h u s depends upon t h e s m a l l e s t a n g l e which e x i s t s 

be tween any two v e c t o r s in t h e s y s t e m . In t h i s way, max imiz ing t h e 

s m a l l e s t a n g l e be tween any two v e c t o r s in t h e s y s t e m o f r e f e r e n c e 

v e c t o r s c o n s t i t u t e s an o p t i m i z a t i o n o f t h e s y s t e m . 

F l o r e s e t a l . now showed t h a t t h e l a r g e s t a n g l e a such t h a t t h e 

a n g u l a r d i s t a n c e be tween any p a i r of r e f e r e n c e v e c t o r s i s a t l e a s t a i s 
- 1 , a = cos 

K-1 
1 I f o r N ^ K - 1 

* I t i s assumed t h a t each f e a t u r e i s a f f e c t e d by n o i s e i n t h e same way, 



CO 

In o t h e r words t h e b e s t d i s c r i m i n a t i o n and immunity t o n o i s e t h a t 

can be a c h i e v e d o c c u r s w h e n ' ) = cos ^ ( - 1 / K - 1 ) . Moreover t h i s 

maximum can be o b t a i n e d when t h e u n i t r e f e r e n c e v e c t o r s l i e on t h e 

v e r t i c e s of a r e g u l a r K-1 d i m e n s i o n a l s i m p l e x i n s c r i b e d in t h e 

N - d i m e n s i o n a l u n i t s p h e r e . 

More s i g n i f i c a n t . i s t h e f a c t t h a t n i s i n d e p e n d e n t of N. 

I f t h e number of f e a t u r e s , N, i s i n c r e a s e d beyond K-1 , t h e optimum 

s o l u t i o n w i l l n o t improve . However , i t i s t r u e t h a t an i n c r e a s e 

in N beyond K-1 w i l l a l s o i n c r e a s e t h e 'degrees of f r e e d o m f o r t h e 

c h o i c e o f f e a t u r e s which c o m p r i s e an optimum o r n e a r optimum s y s t e m . 

Th i s makes i t e a s i e r t o comply w i t h t h e c o n s t r a i n t s imposed by t h e 

geomet ry of t h e c h a r a c t e r s and s t i l l c o n s t r u c t a n e a r optimum s y s t e m . 

I t i s wor th n o t i n g a t t h i s p o i n t t h a t Coombs (66) a l l o w s no d e g r e e s of 

f r e e d o m in h i s scheme. F l o r e s e t a l . c o n c l u d e d t h a t t h e most economica l 

and o p t i m a l s o l u t i o n o c c u r r e d when t h e number of f e a t u r e s was equa l t o 

one l e s s t han t h e number of c l a s s e s (N=K-1). They d i d n o t , h o w e v e r , 

a t t e m p t t o s e t up r u l e s o r methods f o r c o n s t r u c t i n g such a s e t of 

f e a t u r e s . 

I t m igh t be deduced f rom t h i s work t h a t i f such a f e a t u r e s e t i s 

t o be c a p a b l e of any improvement t hen b o t h t h e number of f e a t u r e s and 

t h e number of c l a s s e s must be i n c r e a s e d . I t i s i m p o r t a n t t o a p p r e c i a t e 

t h a t i n c r e a s i n g t h e number o f c l a s s e s and f e a t u r e s does n o t s i g n i f i c a n t l y 

damage t h e optimum a n g u l a r s e p a r a t i o n of t h e c l a s s r e f e r e n c e v e c t o r s 

Indeed 

Lim cos ^ ( - 1 / K - l ) = 
2 
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However , i f r e f e r e n c e v e c t o r s a r e addqd w i t h o u t i n c r e a s i n g t h e 

d i m e n s i o n a l i t y of t h e s p a c e , then t h i s a n g u l a r s e p a r a t i o n d e c r e a s e s 

t o z e r o . E x t e n s i o n s t o t h e F l o r e s e t a l . optimum s y s t e m a r e 

c o n s i d e r e d in more d e t a i l i n c h a p t e r 5. 

4 . 3 . 2 S c o r i n g Scheme 

In t h i s work an e v a l u a t i o n f u n c t i o n i s r e q u i r e d which s c o r e s 

o p e r a t o r s in such a way t h a t t h e a n g u l a r s e p a r a t i o n o f t h e v a r i o u s 

r e f e r e n c e v e c t o r s i s max imized . 

C o n s i d e r a K - c l a s s c h a r a c t e r r e c o g n i t i o n p r o b l e m . Wi thou t 

l o s s of g e n e r a l i t y l e t = + 1 i f t h e j t h o p e r a t o r f i t s t h e i th 

r e f e r e n c e , and f ^ j = -1 i f n o t . Then f^ = j l , l , . . . , l j a n d 

- f ^ = j - l , - l , . . . , - l j r e p r e s e n t t h e r e s p o n s e s of t h e t r i v i a l o p e r a t o r s 

which a lways f i t , and n e v e r f i t , r e s p e c t i v e l y . 

I t has been d e c i d e d t h a t K-l o p e r a t o r s w i t h r e s p o n s e s 

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

can be f o u n d . The o v e r a l l r e s p o n s e s o f such scheme can t h e r e f o r e 

be r e p r e s e n t e d by a KxK r e s p o n s e m a t r i x . 

i " 1 3 . . . 3 K 

j = 1 , . . . , K 

The a n g u l a r s e p a r a t i o n of t h e v a r i o u s n o r m a l i s e d c l a s s r e f e r e n c e 

v e c t o r s i s maximized when t h e sum of a l l p o s s i b l e c r o s s c o r r e l a t i o n s 

F - . F \ ) be tween them i s m i n i m i z e d . In t h e p r a c t i c a l s o l u t i o n s 
i , j "'T 

d e s c r i b e d i n t h i s t h e s i s i t w i l l be r a r e f o r a l l a n g u l a r s e p a r a t i o n s 

-1 
8 ^ . t o s a t i s f y ^ < 8 ^ ^ c o s - 1 / 3 5 . T h e r e f o r e i n t h i s t r e a t m e n t 

2 
A A 2 . 

i t w i l l be c o n s i d e r e d s u f f i c i e n t t o min imi se / L / ( F . . F . ) w i t h t h e 
J 



r i s k t h a t s o l u t i o n s i n w h i c h for a l l i , j w i l l b e o v e r l o o k e d . 

F i r s t i t i s s h o w n t h a t t h e s u m ( C ) o f t h e s q u a r e s of t h e c r o s s 

c o r r e l a t i o n s b e t w e e n e a c h o f t h e c o l u m n s o f f . 
1J 

i s e q u a l t o t h e s u m o f 

t h e s q u a r e s o f t h e c r o s s c o r r e l a t i o n s b e t w e e n e a c h o f t h e r o w s . 

C = 
UJ i I: 

1 , j , k , m 
{ ' k i ^ k j ^ i i i i ' m j } 

I n t e r c h a n g i n g d u m m y v a r i a b l e s i , k a n d j , m g i v e s 

° i . j f d , { f i k f j k f i m f j m } 

° 5 



2 

T h e r e f o r e m i n i m i z i n g t h e ^ r o s s c o r r e l a t i o n ) a m o n g t h e s e t o f 

o p e r a t o r r e s p o n s e s w i l l a l m o s t a lways e n s u r e t h a t t h e c r o s s 

c o r r e l a t i o n be tween c h a r a c t e r r e f e r e n c e v e c t o r s i s a l s o 

m i n i m i z e d . The pe rmanen t i n c l u s i o n of t h e t r i v i a l o p e r a t o r 

r e s p o n s e f^ means t h a t t h e o t h e r K-1 o p e r a t o r s a r e d i s c o u r a g e d 

f rom a s i m i l a r b e h a v i o u r . Th i s means t h a t d u r i n g t h e o p t i m i s a t i o n 

of t h e o p e r a t o r s t h e c r o s s c o r r e l a t i o n be tween c h a r a c t e r r e f e r e n c e 

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

s e p a r a t i o n r a t h e r t h a n by t r i v i a l l y r e d u c i n g m o d u l i . 

These c o n s i d e r a t i o n s p r o v i d e a good e v a l u a t i o n measure f o r 

each o p e r a t o r . A c a n d i d a t e o p e r a t o r s h o u l d r e c e i v e a good s c o r e 

i f i t s r e s p o n s e i s o n l y s l i g h t l y c o r r e l a t e d w i t h t h e r e s p o n s e s o f 

t h e o p e r a t o r s a l r e a d y g e n e r a t e d . In o r d e r t o c o n s t r u c t an i n c r e a s i n g 

s c o r e which can be f o r m u l a t e d in t h e f a s t i n t e g e r a r i t h m e t i c of a 

compu te r t h e f o l l o w i n g f o r m u l a has been c h o s e n . 

V l \ 

where f ^ i s t h e r e s p o n s e of t h e c a n d i d a t e o p e r a t o r . Here E ( f ) 

i n c r e a s e s as t h e ( c o r r e l a t i o n ) ^ of w i t h t h e d e c r e a s e s . Th i s 

f o r m u l a can be i n t e r p r e t e d g e o m e t r i c a l l y as t h e sum o f t h e 

p e r p e n d i c u l a r d i s t a n c e s f r o m a p o i n t in K- space r e p r e s e n t e d by 

o n t o t h e d i r e c t i o n s o f e a c h , f ^ . The new o p e r a t o r i s i n c l u d e d i n 

t h e s e t i f t h e r e i s room, o r i f i t s p e r f o r m a n c e i s b e t t e r t h a n t h e 

w o r s t member. 

I t i s o b s e r v e d t h a t t h i s s c o r i n g scheme embraces t h e i n f o r m a t i o n 

measure of Kamentsky e t a l . (61) and Liu ( 6 2 ) ; t h e r e q u i r e m e n t f o r 

f g t o be m i n i m a l l y c o r r e l a t e d w i t h f^ n e c e s s a r i l y i m p l i e s t h a t f ^ must 

p a r t i t i o n t h e c h a r a c t e r c l a s s e s i n t o two h a l v e s . 
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4 . 3 . 3 S t a t e m e n t of t h e P rob lem and I t s Approac^h 

The OCR GXper imcnta l work in t h i s t h e s i s was c o n c e r n e d w i t h t h e 

d i s c o v e r y of a s e t o f p o s i t i o n i n v a r i a n t o p e r a t o r s which l e a d t o 

t h e r e c o g n i t i o n o f poo r q u a l i t y OCR B b i n a r y a l p h a n u m e r i c c h a r a c t e r s * . 

The p a t t e r n s were p r e s e n t e d on a 40x20 a r r a y , a l t h o u g h in f a c t each 

i n d i v i d u a l c h a r a c t e r c o u l d n o r m a l l y be p l a c e d e n t i r e l y w i t h i n a 

30x16 a r r a y . 

I t was d e c i d e d a t t h e o u t s e t t h a t t h e o p e r a t o r s s h o u l d be of 

t h e m a t r i x m a t c h i n g t y p e and s h o u l d be r e s t r i c t e d in t h e f o l l o w i n g 

ways : 

a) S i z e s h o u l d n o t be g r e a t e r t han 30x16. 

b) E lemen t s s h o u l d be e i t h e r w h i t e - s e e k i n g f p ) , 

b l a c k - s e e k i n g ( i ) o r d o n ' t c a r e s . 

c) Number of 0 and 1 elemtents s h o u l d be bounded . 

Al l t h r e e l i m i t a t i o n s were chosen so t h a t r e s u l t s would be c o m p a t i b l e 

w i t h c u r r e n t e q u i p m e n t s . 

R e f e r e n c e c h a r a c t e r s were chosen t o be t h e t h r e e t h i c k n e s s e s of 

t h e t h e o r e t i c a l a r c h e t y p e s f o r OCR B a l p h a n u m e r i c s . O p e r a t o r r e s p o n s e s 

were o b t a i n e d f rom t h i s s e t of 108 c h a r a c t e r s . 

WW* 

FIGURE 8 : The OCR B Upper Case Font 

* OCR B i s a s t y l i z e d f o n t s p e c i a l l y d e s i g n e d t o s a t i s f y r e q u i r e m e n t s of 

b o t h human and machine r e a d e r s ( F i g u r e g ) ( 6 8 ) . 



65 

Having chosen a s u i t a b l e e v a l u a t i o n f u n c t i o n , t h e s e a r c h f o r 

good o p e r a t o r s was c a r r i e d o u t u s i n g an e v o l u t i o n a r y p r o c e d u r e . 

I n i t i a l l y a random o p e r a t o r (C) was g e n e r a t e d h a v i n g a bounded number 

o f e l e m e n t s , F . 

< = { x i , P i ; x 2 , P 2 ; ' - - ; x F ' P p } ^ 4 

where - ( x . , x . ) a r e t h e c o - o r d i n a t e s of t h e i th e l e m e n t and 1 1^ i g 

p . = 0 o r 1 i s t h e p a r i t y of t h e i t h e e l e m e n t . The o p e r a t o r was 

e v a l u a t e d and t h e s c o r e r e t a i n e d . A s i n g l e random change was t hen 

made t o an o r a p ^ . I f t h e p e r f o r m a n c e d id n o t i m p r o v e , t h e 

a l t e r a t i o n was removed , o t h e r w i s e i t was l e f t i n p l a c e . A f t e r a 

s u c c e s s i o n of such s t e p s , u s e f u l s t r u c t u r e was ' t r a i n e d ' i n t o t h e 

o p e r a t o r . A f t e r ( - 6 0 ) s u c c e s s i v e a l t e r a t i o n s had b r o u g h t no 

improvement t h e e v o l u t i o n was t e r m i n a t e d and t h e o p e r a t o r checked f o r 

r e d u n d a n t e l e m e n t s . E l emen t s were removed i f t h e i r o m i s s i o n e i t h e r 

had no e f f e c t on t h e s c o r e , o r c a u s e d an improvemen t . The o p e r a t o r 

was t h e n e v a l u a t e d f o r i n c l u s i o n i n t h e s e t ( l i b r a r y ) of r e t a i n e d 

o p e r a t o r s . I t was d i s c a r d e d and t h e p r o c e s s r e p e a t e d , i f 

t h e r e was no room i n t h e l i b r a r y and t h e o p e r a t o r was no b e t t e r 

t h a n any of t h e o p e r a t o r s a l r e a d y p r e s e n t . 

The n e x t s e c t i o n d e s c r i b e s t h e c o u r s e of e x p e r i m e n t a l work 

which was c a r r i e d o u t u s i n g t h e e v o l u t i o n a r y p r o c e d u r e as a t o o l i n 

t h e s e a r c h f o r u s e f u l o p e r a t o r s . 

4 . 4 E x p e r i m e n t a t i o n and R e s u l t s 

4 . 4 . 1 . 1 0 x 1 0 S i n g l e C l a s s O p e r a t o r s 

The most n a t u r a l and d i r e c t app roach was i n i t i a l l y t h o u g h t 

t o be t h e i d e n t i f i c a t i o n of f e a t u r e s which c h a r a c t e r i z e d each 

i n d i v i d u a l c l a s s of p a t t e r n . I t was a l s o f e l t w o r t h w h i l e t o e x p l o r e 



t h e p o s s i b i l i t y o f u s i n g sma l l 10x10 o p e r a t o r s b e c a u s e t h e s e migh t 

be ' e a s i e r t o f i n d ' t h a n l a r g e r v e r s i o n s . 

The s c o r i n g scheme employed was b a s e d on t h e f o l l o w i n g f o r m u l a 

E = 36g^ - J > ^ g (g = 0 , 1 , 2 , o r 3 ) . 

i = I 

where g^ i s t h e number of matched a r c h e t y p e s in t h e i th c l a s s and 

# i s t h e c l a s s which t h e o p e r a t o r i s e x p e c t e d t o i d e n t i f y . 

O p e r a t o r s were g iven a f i x e d number of random e l e m e n t s and 

a l l o w e d t o e v o l v e in t h e manner e x p l a i n e d in t h e l a s t s e c t i o n ( 4 . 3 . 3 ) . 

In t h e ve ry f i r s t e x p e r i m e n t s i t was d i s c o v e r e d t h a t o p e r a t o r s p o s s e s s i n g 

12 o r more e l e m e n t s d i d n o t e v o l v e . T h e i r i n i t i a l s t r u c t u r e was so 

u n r e l a t e d t o t h e c h a r a c t e r s t h a t ma tches r a r e l y o c c u r r e d even a f t e r 

a c o n s i d e r a b l e number o f s i n g l e a l t e r a t i o n s has been t r i e d . In t h i s 

way , i t was d e c i d e d t h a t o p e r a t o r s s h o u l d be g i v e n 11 e l e m e n t s . I t was 

a l s o found v e r y e a r l y in t h e work t h a t once t h e e v o l u t i o n has p r o g r e s s e d 

a s m a l l d i s t a n c e , changes t o t n e p a r i t y o f s i n g l e o p e r a t o r e l e m e n t s r a r e l y 

c a u s e d an improvemen t . As soon as t h e o p e r a t o r took up a p a r t i c u l a r 

s t r u c t u r e , t h e p a r i t y change a l m o s t i n v a r i a b l y was t o o t r a u m a t i c an 

a l t e r a t i o n t o a l l o w t h e o p e r a t o r t o c o n t i n u e f u n c t i o n i n g . The g a i n s 

p r o v i d e d by t h e added ' f r e e d o m ' o f t h e p a r i t y c h a n g e , were n o t t h e r e f o r e 

c o n s i d e r e d s u f f i c i e n t t o j u s t i f y t h e i n c r e a s e d l e n g t h of t i m e be tween 

o p e r a t o r i m p r o v e m e n t s , and so i t was abandoned . 

Al though o p e r a t o r s a l l s t a r t e d w i t h 11 e l e m e n t s , t h e s o f t w a r e 

a l l o w e d changes t o be made which p l a c e d e l e m e n t s on ' t o p o f each o t h e r ' , 

t h e r e b y e f f e c t i v e l y r e d u c i n g t h e i r number . At t h e end of t h e e v o l u t i o n 

o f an o p e r a t o r , r e d u n d a n t e l e m e n t s were removed e n a b l i n g t h e u s e f u l s i z e 

of t h e o p e r a t o r t o be s e e n . A t o t a l of 489 o p e r a t o r s were e v o l v e d 

a c c o r d i n g t o t h e s i n g l e c l a s s e v a l u a t i o n f o r m u l a w i t h ^ r a n g i n g t h r o u o h 
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t h e c l a s s e s A-Q. The p r o p o r t i o n s o f . o p e r a t o r s p o s s e s s i n g v a r i o u s 

numbers of e l e m e n t s a r e i l l u s t r a t e d in t a b l e 4 . 

No. 

E lements 
5 5 7 8 9 10 11 

No. 

O p e r a t o r s 
1 17 58 176 154 59 24 

TABLE 4 

I t i s seen t h a t o p e r a t o r s p o s s e s s i n g 8 e l e m e n t s a r e f a v o u r e d f o r t h e 

t a s k of ma tch ing one c l a s s o u t of 36 c l a s s e s . I t becomes i n c r e a s i n g l y 

d i f f i c u l t t o c o n s t r u c t good o p e r a t o r s w i t h f e w e r t han 8 e l e m e n t s 

b e c a u s e t h e d i s c r i m i n a t i o n must r e l y much more upon i n g e n i o u s s p a t i a l 

r e l a t i o n s h i p s be tween t h e e l e m e n t s in o r d e r t o a c h i e v e t h e ma tch /no 

match r a t i o of 1 / 3 6 . As f a r as e v o l u t i o n was c o n c e r n e d , i t was i m p o r t a n t 

t o i n i t i a l i z e o p e r a t o r s w i th one o r two more e l e m e n t s than t h e optimum 

number. The p r e s e n c e of one o r two r e d u n d a n t e l e m e n t s gave t h e s e a r c h 

a measure of f l e x i b i l i t y and e n a b l e d the o p e r a t o r t o be m o d i f i e d 

w i t h o u t damaging i t s b a s i c s t r u c t u r e . (See a l s o 4 . 4 . 3 ) . 

The c o m p o s i t i o n o f t h e 8 e l e m e n t o p e r a t o r s i s i l l u s t r a t e d in 

Tab l e 5 where i t i s seen t h a t equa l numbers of b l a c k and w h i t e s e e k i n g 

e l e m e n t s a r e p r e f e r r e d . 

B1 Wt. B l . Wt. B l . Wt. Bl. Wt, Bl Wt. B l . Wt. 

No. 
E lements 7 - 1 6 - 2 4 - 4 3 - 5 2 - 6 

No. 
O p e r a t o r s 12 69 82 12 

TABLE 5 



T h e r e seems t o be some j u s t i f i c a t i o n , a g a i n in t h e i n t e r e s t s of 

p rogram e f f i c i e n c y , n o t t o g e n e r a t e o p e r a t o r s p o s s e s s i n g 1 o r f e w e r 

e l e m e n t s of e i t h e r p a r i t y . A l a r g e number of b l a c k s e e k i n g e l e m e n t s 

p r o b a b l y does n o t e v o l v e s u c c e s s f u l l y , whe reas a sma l l number of 

b l a c k s e e k i n g e l e m e n t s w i l l n o t e x t r a c t enough i n f o r m a t i o n f rom t h e 

c h a r a c t e r s . 

Each o p e r a t o r was s c a n n e d o v e r a l l 108 c h a r a c t e r s in a b o u t 

5 s e c o n d s and a new o p e r a t o r was p r o d u c e d a f t e r a b o u t 100-200 

i t e r a t i o n s o r 10-20 m i n u t e s o f p r o c e s s i n g t i m e . Many o f t h e r e s u l t s 

d e s c r i b e d in t h i s t h e s i s were o b t a i n e d d u r i n g n i g h t p e r i o d s when t h e 

compu te r would n o t o t h e r w i s e have been u s e d . D e t a i l s of t h e s o f t w a r e 

r e l e v a n t t o t h i s work a r e g iven in Appendix D. 

Four examples a r e shown in F i g u r e 9 , A l o n g s i d e each o p e r a t o r 

i s a h i s t o g r a m of t h e r e s p o n s e s o v e r a l l 108 a r c h e t y p e OCR B 

c h a r a c t e r s . The p a r t i c u l a r a s p e c t s h i g h l i g h t e d by t h e o p e r a t o r s have 

beem s u p e r i m p o s e d on each i l l u s t r a t i o n . These a r e i n s t a n c e s of 

f e a t u r e s which o c c u r o n l y in s i n g l e c l a s s e s of c h a r a c t e r s . I t i s 

n o t e d t h a t e s p e c i a l use i s made of b l a c k / w h i t e a d j a c e n t e l e m e n t s o r 

edge d e t e c t o r s , f a c t o r s which were s p e c i f i c a l l y e x c l u d e d by Uhr and 

V o s s l e r ( s e e 4 . 2 . ) . 

An a n a l y s i s of t h e o p e r a t o r r e s p o n s e s e n a b l e d t h e c h a r a c t e r s A-Q. 

t o be o r d e r e d a c c o r d i n g t o t h e p e r c e n t a g e o f o p e r a t o r s s c o r i n g > 1 0 4 . 

T h i s o r d e r i n g i s shown i n T a b l e 6 . 
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C h a r a c t e r 
T o t a l No. 
O p e r a t o r s 

No. s c o r i n g 
> 1 0 4 % 

H 32 32 100 

K 32 32 100 

I 32 29 91 

A 28 23 82 

E 32 26 81 

J 32 25 78 

F 32 23 72 

N 32 23 72 

P 32 21 66 

G 32 20 63 

M 19 12 63 

Q 10 6 60 

0 32 19 59 

D 32 18 56 

C 27 14 52 

B 22 8 36 

L 32 6 19 

i 
f 

TABLES 

S e v e r a l of t h e e a s i l y c o n f u s e d c h a r a c t e r s (Q,0 ,D) a r e seen t o be q u i t e 

low in t h e l i s t . However , t h e c h a r a c t e r s ' L ' and ' B ' w e r e p r o b a b l y 

n o t a t t h e b o t t o m b e c a u s e o f any i n t r i n s i c d i f f i c u l t y of r e c o g n i t i o n , 

b u t b e c a u s e most of t h e d i s t i n g u i s h i n g f e a t u r e s w e r ^ t o o l a r g e t o be 

r e p r e s e n t e d w i t h i n a 10 x 10 window. 

S e v e r a l o f t h e b e s t o p e r a t o r s c o r r e s p o n d i n g t o each c l a s s 

were g rouped t o g e t h e r so t h a t some r e a l c h a r a c t e r examples c o u l d be 

c l a s s i f i e d u s i n g a m a j o r i t y d e c i s i o n . Some p r e l i m i n a r y r e s u l t s 

i n d i c a t e d t h a t t h e o p e r a t o r s would o n l y c l a s s i f y c h a r a c t e r s whose 

q u a l i t y was e q u i v a l e n t t o t h a t of t h e a r c h e t y p e . 
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S i n g l e c l a s s o p e r a t o r s a r e p r o b a b l y b e s t d e s i g n e d i n t u i t i v e l y 

b e c a u s e t h e human d e s i g n e r can b u i l d h i s own ' e x p s r i e n c e ' i n t o t h e 

o p e r a t o r wibhouc h a v i n g t o t e s t i t o u t on a l l p o s s i b l e c h a r a c t e r 

d e g r a d a t i o n s . However , i n t u i t i v e h e u r i s t i c s can be m i s l e a d i n g and a 

human d e s i g n e r would c e r t a i n l y have d i f f i c u l t i e s i f he was c o n f i n e d 

t o a 10 X 10 window. N e v e r t h e l e s s s i n g l e c l a s s o p e r a t o r s on ly 

d i s t i n g u i s h one c l a s s of c h a r a c t e r f rom t h e r e s t and a r e bound t o be 

i n e f f i c i e n t b e c a u s e o f t h e i r poor i n f o r m a t i o n c o n t e n t ( s e e summary t o 

4 . 2 ) . This i s i l l u s t r a t e d in T a b l e 7 in which i d e a l o p e r a t o r s d e s i g n e d 

f o r t h r e e d i f f e r e n t t a s k s a r e r a t e d a c c o r d i n g t o t h e number o f p a i r s 

of c l a s s e s t h a t a r e d i s t i n g u i s h e d and t h e t o t a l number of c l a s s e s in 

t h e p rob l em. 

T o t a l No. C l a s s e s 2 10 36 100 K 

S p e c i f i c s e p a r a t i o n 
of 2 c l a s s e s 1 1 1 1 1 

S i n g l e c l a s s 
r e c o g n i t i o n 1 9 35 99 K-1 

B i n a r y p a r t i t i o n 
o f c l a s s e s 1 25 324 2500 ( K / 2 ) 2 

TABLE 7 : Numbers of p a i r s of 
c l a s s e s d i s t i n g u i s h e d 

by 3 t y p e s of o p e r a t o r 

In a 36 c l a s s p rob lem i t i s s e e n t h a t o p e r a t o r s which match h a l f 

o f t h e c h a r a c t e r c l a s s e s can be a l m o s t t e n t i m e s as p o w e r f u l as t h o s e 
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which match on ly s i n g l e c l a u s e s . Moreover t h i s a d v a n t a g e i n c r e a s e s 

as t h e number of c l a s s e s i n c r e a s e s * . However , t h e p rob lem o f 

d e s i g n i n g a whole s e t of o p e r a t o r s w i t h t he n e c e s s a r y i n t e r d e p e n d e n c i e s 

i s a t a s k f a r beyond human i n t u i t i o n . 

In t h e n e x t s e c t i o n o p e r a t o r s a r e e v o l v e d n o t t o f i t s i n g l e 

c l a s s e s , b u t t o s a t i s f y t h e c r i t e r i o n of a n g u l a r s e p a r a t i o n s e t o u t i n 

4 . 3 . 2 . 

4 . 4 . 2 10 X 10 0 r t h o g o n a l O p e r a t e r s * * 

10 X 10 o p e r a t o r s were a g a i n e v o l v e d b u t t h i s t i m e t h e f o l l o w i n g 

e v a l u a t i o n f u n c t i o n was u s e d : 

Q 2 
9 \ r ^ ( f . f . ) 

E ( f n ) = 3 3 1 ~ ^ 
'0 '^0 2 

1 = 1 f . 

as d e r i v e d in s e c t i o n 4 . 3 . 2 . In t h i s p r a c t i c a l a p p l i c a t i o n each 

,1; = { ^ \ i ' ^ 2 i ' ^ 3 6 i } ^ p o s i t i o n n o r m a l i z e d v e r s i o n of t h e t r u e 

r e s p o n s e v e c t o r g^ ={91^ , o v e r t h e 108 a r c h e t y p e 

c h a r a c t e r s e t , w h e r e 

f i j = 9 i j - 3 / 2 ( g ^ j = 0 , 1 , 2 , o r 3) 

T h i s t r a n s f o r m a t i o n was c a r r i e d o u t in o r d e r t o a l l o w a n g l e s t o be 

a s s e s s e d o u t s i d e t h e p o s i t i v e ' q u a d r a n t ' and t o a v o i d z e r o d e n o m i n a t o r s 

in t h e e v a l u a t i o n f o r m u l a . I n i t i a l l y t h e l i b r a r y was empty and t h e 

s t o r e d r e s p o n s e s were s e t t o z e r o . Th i s meant t h a t a t f i r s t , 

T h i s i m p l i e s t h a t t h e number o f o p e r a t o r s a l s o i n c r e a s e s (See 4 . 3 . 1 ) 

** The t e r m o r t h o g o n a l i s used b e c a u s e i d e a l l y t h e r e i s a r i g h t a n g l e 

be tween any p a i r o f r e s p o n s e v e c t o r s . 



f \ j = - 3 / 2 , 1 ^ 1 w i t h = +3 /2 ( a s d e f i n e d e a r l i e r in 4 . 3 . 2 . ) . 

I t f o l l o w e d t h a t t h e f i r s t o p e r a t o r t o be g e n e r a t e d was ve ry s t r o n g l y 

e n c o u r a g e d t o r e spond a t r i g h t a n g l e s t o t h e t r i v i a l r e s p o n s e f ^ . The 

f i r s t o p e r a t o r was s a t i s f a c t o r y t h e r e f o r e i f i t m e r e l y matched h a l f of t h e 

c h a r a c t e r c l a s s e s and was s t o r e d w i t h r e s p o n s e f ^ . The second o p e r a t o r 

was s t i l l e n c o u r a g e d t o match h a l f o f c h a r a c t e r c l a s s e s , b u t a t t he same 

t ime i t s r e s p o n s e had to be p e r p e n d i c u l a r t o f g . As t h e l i b r a r y f i l l e d , 

more became n o n - t r i v i a l and t h e r e q u i r e m e n t t o b e p e r p e n d i c u l a r t o 

d e c r e a s e d . E v e n t u a l l y a l i b r a r y of 32 o r t h o g o n a l o p e r a t o r s w i t h r e s p o n s e s 

f f "loo was p r o d u c e d . However , t h e r e were a lways s e v e r a l ve ry p o o r 

o p e r a t o r s i n t h e l i b r a r y which added ve ry l i t t l e i n f o r m a t i o n t o t h e 

r e c o g n i t i o n c a p a b i l i t y and had a c o r r e s p o n d i n g l y low s c o r e . And so t h e 

e v o l u t i o n a r y p r o c e s s was c o n t i n u e d a l l o w i n g t h e w e a k e s t o p e r a t o r s in t h e 

l i b r a r y t o be r e p l a c e d by b e t t e r ones as and when t h e y were g e n e r a t e d . 

In t h i s way a s t e a d i l y i m p r o v i n g o r t h o g o n a l s e t of o p e r a t o r s was o b t a i n e d . 

C o n t i n u i n g t h e p r o c e s s i n t h i s manner meant a l s o t h a t t h e s e a r c h was n o t 

impeded by a p o o r c h o i c e f o r t h e f i r s t few o p e r a t o r s ; i n d e e d any o p e r a t o r 

was d i s c a r d e d as soon as i t s r e s p o n s e d i d n o t a p p e a r t o be c o n t r i b u t i n g 

t o t h e ' o v e r a l l ' p e r f o r m a n c e . 

Over s e v e r a l e x p e r i m e n t s a t o t a l of 76 o p e r a t o r s were g e n e r a t e d a l l 

i n i t i a l l y p o s s e s s i n g 11 e l e m e n t s and a l l h a v i n g t h i s number p o s s i b l y 

r e d u c e d by t h e e l i m i n a t i o n of r e d u n d a n c y . The d i s t r i b u t i o n o f o p e r a t o r s 

p o s s e s s i n g v a r i o u s numbers o f e l e m e n t s i s i l l u s t r a t e d in T a b l e 8. 

No. 
E l emen t s 5 6 7 8 9 10 11 

No. 
O p e r a t o r s 6 32 26 8 2 1 1 

TABLE 8 
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T h i s t i m e t h e most p o p u l a r number of e l e m e n t s was 6 ( c f . Liu who 

chooses 5 - 7 i n ( 6 2 ) ) as compared w i t h 8 f o r t h e s i n g l e c l a s s o p e r a t o r s . 

Th i s r e d u c t i o n o c c u r s b e c a u s e t h e o r t h o g o n a l o p e r a t o r s a r e e x p e c t e d t o 

f i t 18 c l a s s e s of c h a r a c t e r i n s t e a d of o n e . I t f o l l o w s t h e r e f o r e t h a t 

in g e n e r a l , o r t h o g o n a l o p e r a t o r s n o t o n l y e x t r a c t more i n f o r m a t i o n , b u t 

a l s o t h e y have a s i m p l e r i n t e r n a l s t r u c t u r e t h a n t h e s i n g l e c l a s s o p e r a t o r s . 

The c o m p o s i t i o n of t h e 6 - e l e m e n t o p e r a t o r s i s d i s p l a y e d in T a b l e 9 

where a g a i n an e q u a l s p l i t i n t h e e l e m e n t s i s f a v o u r e d . 

B l a c k / W h i t e B l a c k / W h i t e B l a c k / W h i t e B l a c k / W h i t e 

No. 
e l e m e n t s 5 - 1 4 - 2 3 - 3 2 - 4 

No. 
o p e r a t o r s 1 1 0 1 9 2 

TABLE 9 

Some examples o f o r t h o g o n a l o p e r a t o r s p r o d u c e d by t h e p r o c e d u r e a r e 

shown in F i g u r e 10. O f t e n t h e i n t e n t i o n of t h e o p e r a t o r c o u l d be s e e n 

by i n s p e c t i o n . For i n s t a n c e , o p e r a t o r a) d e t e c t s t o p l e f t hand c o r n e r s , 

and o p e r a t e r d) d e t e c t s a s p e c i f i c t y p e of c o n c a v i t y . The a u t h o r f e e l s 

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

of o b t a i n i n g an o p e r a t o r f rom a r e s p o n s e r e q u i r e m e n t i s e x t r e m e l y d i f f i c u l t 

and may n o t even be p o s s i b l e . 

An o r t h o g o n a l s e t of 32 o p e r a t o r s was e v o l v e d and e v a l u a t e d on some 

r e a l OCR B a l p h a n u m e r i c d a t a . The d e c i s i o n scheme was b a s e d upon t h e 

c r o s s c o r r e l a t i o n of t h e r e s p o n s e v e c t o r s w i t h 36 r e f e r e n c e v e c t o r s d e r i v e d 

f rom t h e a r c h e t y p e s ( 4 3 . 1 ) . The d a t a was o b t a i n e d f rom l i n e p r i n t e r 

o u t p u t s and was s e p a r a t e d s u b j e c t i v e l y i n t o 6 g r a d e s o f p r i n t q u a l i t y . 

A d e t a i l e d a c c o u n t of t h e g r a d i n g i s n o t g iven h e r e , b u t i t i s s u f f i c i e n t 
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t o s t a t e t h a c the q u a l i t y was much h i g h e r than t h e d a t a used in t h e 

nexL s e c t i o n , where in f a c t b e t t e r e r r o r r a t e s were a c h i e v e d . The 

r e s u l t s a r e summarized in Tab le IQ 

T o t a l No. 
C h a r a c t e r s 

No. 
C o r r e c t 

% 
E r r o r 

Grades 1 & 2 524 484 8 

Grades 3 & 4 636 449 35 

Grades 5 & 6 223 126 44 

TABLE 10 

The e r r o r r a t e s were o b t a i n e d f o r a f o r c e d d e c i s i o n w i t h no o p t i o n t o 

r e j e c t t h e c h a r a c t e r . It was o b s e r v e d t h a t p a r t i c u l a r c h a r a c t e r 

c o n f u s i o n s could be blamed for a l a r g e n u m b e r of the e r r o r s . 

Among t h e w o r s t o f f e n d e r s were 0 - 0 , E - F and B - P . Most of t h e 

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

f o r chese c h a r a c u e r p a i r s a l l i n v o l v e d a d i m e n s i o n which was g r e a t e r than 

10 u n i t s long ( F i g u r e 1 1 ) . Th i s meant t h a t a ' P ' c o n t a i n e d a l l t h e 

10x10 f e a t u r e s t h a t a ' B ' c o n t a i n e d , and s i m i l a r l y an ' F ' c o n t a i n e d a l l 

t h e f e a t u r e s in an ' E ' . A ' b o t t o m l e f t hand c o r n e r ' d e t e c t o r would in 

t h e o r y make t h e r e q u i r e d d i s t i n c t i o n s . However , i t was found t h a t 

13 11 

FIGURE 11 Two C o n f u s i o n P a i r s 
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v a r y i n g c h a r a c t e r t h i c k n e s s e s and edge i r r e g u l a r i t i e s made t h i s 

i n t u i t i v e o p e r a t o r of ve ry l i t t l e v a l u e . In any c a s e , such an 

o p e r a t o r d e s i g n e d f o r a s p e c i f i c c o n f u s i o n p a i r i s n o t in k e e p i n g 

w i t h t h e s t r a t e g y o f o r t h o g o n a l o p e r a t o r s . 

In view of t h e s e d i f f i c u l t i e s i t was d e c i d e d to a l l o w an o p e r a t o r 

t o span an e n t i r e c h a r a c t e r . This would of c o u r s e i n c r e a s e t h e 

s i z e of t h e s e a r c h s p a c e , b u t a t t h e same t ime i t would remove s e v e r e 

r e s t r i c t i o n s in t±m p o t e n t i a l r e c o g n i t i o n c a p a b i l i t y of t h e s y s t e m . 

4 . 4 . 3 . 30 X 16 O r t h o g o n a l O p e r a t o r s 

In t h i s e x p e r i m e n t o p e r a t o r s were a l l o w e d t o e v o l v e w i t h i n a 

30 X 16 f r a m e . E a r l i e r e m p i r i c a l r e s u l t s s u g g e s t e d t h e f o l l o w i n g 

bounds f o r t h e g e n e r a t i o n o f o p e r a t o r s : 

a) All o p e r a t o r s were i n i t i a l i z e d w i t h 7 e l e m e n t s . 

b) No o p e r a t o r was g e n e r a t e d w i t h l e s s t h a n 2 b l a c k 

s e e k i n g e l e m e n t s . 

The o r t h o g o n a l o p e r a t o r e v a l u a t i o n f u n c t i o n was a g a i n employed 

( 4 . 3 . 2 ) , t h i s t ime w i t h K = 6 5 . The s e q u e n c e o f e v o l u t i o n a r y changes 

d u r i n g t h e p r o d u c t i o n of a t y p i c a l o p e r a t o r i s i l l u s t r a t e d in F i g u r e s 

12 and 13. I n i t i a l l y t h e o p e r a t o r has f i v e b l a c k s e e k i n g p o i n t s and 

two w h i t e s e e k i n g p o i n t s l o c a t e d in random p o s i t i o n s w i t h i n t h e 30 x 16 

f r a m e . Amongst a t o t a l of 41 random a l t e r a t i o n s t h e r e were 11 improvements 

The s u c c e s s i v e r e s p o n s e v e c t o r s a r e shown i n F i g u r e 1 4 . Al though t h e 

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

(No. 12) w i t h t h e d e t e c t i o n of ' b o t t o m r i g h t hand c o r n e r s ' . 

I t was t h o u g h t t h a t in p r a c t i c e o p e r a t o r r e s p o n s e s would n o t a l l be 

m u t u a l l y o r t h o g o n a l and t h e r e f o r e t h a t many more o p e r a t o r s than t h e 

o p t i m a l 35 c o u l d be accommodated i n t h e r e c o g n i t i o n s y s t e m . I t was f o u n d 



78 

* * 

3. 4. 

* * 

FIGURE 12 



?9 

* * 

7 . 

* * 

* * 

* * 

10. 

* * 

11 FIGURE 13 1 2 , 



80 

* 

No. 1 _ * * * * 
m73456789ABCDEFQ RSTU VWXYZ 

2 * * * * * ** 
0123456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 

^ * * * * * ** 
0123456789ABCDEFGHIJKLHN0PQRSTUVWXYZ 

* * * * 
^ ** * ** * ** •k±i< 

0123456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 
** * ** ** 

* * * * * * * * * * * 

0123456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 
** * ** ** * 

[\jQ ^ g ** -k -k -k -k -kk * kk *** *** * 

0T23456789ABCDEFGHIJKLMN0PQR5TUVWXYZ 
** * ** ** * 

[\j Q y k k-k k k * ** -k kk kk kkk k 

0123456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 
* * 

* * * * * * ** * * 
^ Q 0 * ** * * ** * ** ** **** 

0123456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 

* * * * k 
* * * * * * * * * * * * * * * * * * 

Q g * *** ** ******* ** ******* ***** 

0T23456789ABCDEFGHIJKLMN0PQRSTUVWXYZ 
* * ** * * * **** * * 

* * * * * * * * * * * * * * * * * * * * * * * * * 
|\j Q 1Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 

0123456789ABCDEFGHIJKLHN0PQRSTUVWXYZ 
* * ** * * * * * * 

* * * * * * * * * * * * * * * * * * * * 
Q ******* ** kkk **** ******* **** * 

* * * * * * * * * * 
* * * * * * * * * * * * * * * * * * * * * * 

f'.J Q 12 ******* ****** ** * ****** *** 
0123456789ABCDErGHIJKLMN0PQRSTUVWXYZ 

FIGURE 14 



81 

t h a b chc ra iK ac wnich now o p s r a t o r s w c r ^ added to t h s l i b r a r y d ropped 

c o n s i d e r a b l y a f t e r a b o u t 45 o p e r a t o r s had a l r e a d y been g e n e r a t e d . The 

p r o c e d u r e ' p r e f e r r e d ' t o o v e r w r i t e p o o r o p e r a t o r s w i t h b e t t e r ones r a t h e r 

t h a n i n c r e a s e t h e t o t a l number . Th i s meant t h a t as t h e number o f 

o p e r a t o r s i n t h e l i b r a r y was i n c r e a s e d , c e r t a i n o p e r a t o r s became weake r 

and a t l e a s t one began t o s c o r e l e s s than t h e t r i v i a l o p e r a t o r . 

O p e r a t o r s weakened in t h i s way s i m p l y b e c a u s e t h e i r r e s p o n s e s were 

s u r r o u n d e d by s e v e r a l o t h e r s which were n o t a t a s a t i s f a c t o r y a n g u l a r 

s e p a r a t i o n . Here t h e n i s some e x p e r i m e n t a l v a l i d a t i o n f o r t h e t h e o r y 

expounded by F l o r e s e t a l . i n 4 . 3 . 1 where i t was s t a t e d t h a t no improvement 

cou ld be made t o a r e c o g n i t i o n s y s t e m by mere ly i n c r e a s i n g t h e number of 

f e a t u r e s w i t h o u t l i m i t . 

A n o t h e r s e t o f o r t h o g o n a l o p e r a t o r s was now g e n e r a t e d b u t t h i s t i m e 

i t was l i m i t e d in s i z e t o 40 o p e r a t o r s in o r d e r t o a v o i d t h e s t a g n a t i o n 

phenomenon d e s c r i b e d above . The s e t o f o p e r a t o r s was e v a l u a t e d o v e r 

r e a l d a t a u s i n g a s i m p l e n e a r e s t n e i g h b o u r d e c i s i o n scheme: 

Let g ^ j be t h e number ( 0 , 1 , 2 , o r 3) of a r c h e t y p e c h a r a c t e r s matched 

by t h e j t h e o p e r a t o r in t h e s e t . Suppose t h e t e s t c h a r a c t e r T gave r i s e 

t o t h e r e s p o n s e v e c t o r = t ^ , t g , . . . , t ^ where K i s t h e number of 

o p e r a t o r s and t j = 3 o r 0 f o r a f i t o r no f i t , r e s p e c t i v e l y . Then T was 

a s s i g n e d t o t h e c l a s s c o r r e s p o n d i n g t o t h e s m a l l e s t of t h e 36 sums S . , where 

K 

^i " 1 = 1 , 2 3 6 . 

I f , h o w e v e r , t h e two s m a l l e s t sums S ^ , S ^ , d i f f e r e d by l e s s than o r e q u a l 

t o 4 , t h e c h a r a c t e r was r e j e c t e d and no c l a s s i f i c a t i o n was g i v e n . 
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The d a t a used in t h i s s e c t i o n were 2864 OCR B a l p h a n u m e r i c l i n e 

p r i n t e r c h a r a c t e r s . The q u a l i t y of p r i n t r a n g e d f rom t h e t o t a l l y 

u n r e c o g n i z a b l e t o t h e ve ry h i g h e s t q u a l i t y . The c h a r a c t e r s were 

s u b j e c t i v e l y g r a d e d by document and so i t was t o be e x p e c t e d t h a t . 

many i n d i v i d u a l c h a r a c t e r s were i n c o r r e c t l y g r a d e d . There were 32 

g r a d e s numbered 1 - 3 2 , t h e l a r g e r numbers b e i n g a s s o c i a t e d w i t h t h e 

p o o r e r q u a l i t i e s . 

The odd g r a d e s c o r r e s p o n d e d t o t h e t h i n n e r s o r t s of c h a r a c t e r , 

and t h e even g r a d e s c o r r e s p o n d e d t o t h e t h i c k c h a r a c t e r s . T a b l e 11 

l i s t s t h e numbers of c h a r a c t e r s which were p u t i n t o v a r i o u s p a i r s of 

g r a d e s . F i g u r e s 15 and 16 d e p i c t 8 c h a r a c t e r s a m p l e s t aken f rom 8 

of t h e g r a d e s . The t o p row of 4 in each b l o c k of 8 a r e t y p i c a l 

c h a r a c t e r s i n t h e g r a d e ; t h e lower row c o n s i s t s o f 2 of t h e w o r s t 

f o l l o w e d by 2 o f t h e b e s t c h a r a c t e r s . 

GRADES 1- 3 5 - 7 9 - 1 1 13-15 17-19 2 1 - 2 3 25 -27 29-31 

No. 
CHARACTERS 69 160 157 238 202 319 162 114 

Odd Grades : T o t a l = 1421 

GRADES 2 - 4 6 - 8 10-12 14-16 18-20 2 2 - 2 4 2 6 - 2 8 30-32 

No. 
CHARACTERS 81 207 225 157 138 341 221 73 

Even Grades : T o t a l = 1443 

TABLE 11 

The p e r f o r m a n c e of t h e 40 30 x 16 o p e r a t o r s was d e c i d e d l y b e t t e r 

t h a n t h a t a c h i e v e d p r e v i o u s l y . However , a few d i f f i c u l t c h a r a c t e r s 



Grade 3 Grade 13 

Grade 21 Grade 31 

Figure 15 Typical Odd Grade Characters 
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Grade 22 Grade 32 

Figure 16 . Typical Even Grade Characters. 
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( e . g . 0 , 0 , D) a g a i n gave r i s e t o t h e m a j o r p r o p o r t i o n of t h e t o t a l 

e r r o r and r e j e c t r a t e s . Two s t e p s were t aken t o o f f s e t t h i s p r o b l e m . 

i ) 24 more o p e r a t o r s were chosen f rom e a r l i e r 

o p e r a t o r s e t s which d i s t i n g u i s h e d t h e more 

d i f f i c u l t c o n f u s i o n s . T h i s b r o u g h t t h e 

t o t a l number of o p e r a t o r s in t h e s e t up t o 64 . 

i i ) The 36 c h a r a c t e r r e f e r e n c e s g ^ ^ , g^g g^^^ 

were r e g e n e r a t e d f rom the a v e r a g e o p e r a t o r r e s p o n s e s 

t o r e a l d a t a d e r i v e d f rom g r a d e s 1 - 10. 

S t e p i ) was u n s a t i s f a c t o r y i n t h e s e n s e t h a t t h e e x t r a 24 o p e r a t o r s 

d i d n o t e x t r a c t as much i n f o r m a t i o n f rom t h e c h a r a c t e r s as t hey migh t 

have d o n e . However , t h e number of e r r o r s was r e d u c e d by t h i s a c t i o n . 

S t e p i i ) e f f e c t i v e l y moved t h e 36 c h a r a c t e r r e f e r e n c e v e c t o r s t o t h e 

c e n t r e s o f g r a v i t y of t h e 36 c l u s t e r s o f d a t a p o i n t s i n f e a t u r e s p a c e . 

T h i s was c a r r i e d ou t b e c a u s e t h e 108 t h e o r e t i c a l a r c h e t y p e s d i d n o t 

r e p r e s e n t some o f t h e r e a l c h a r a c t e r s . 

Three examples of o p e r a t o r s t o g e t h e r w i t h t h e i r a v e r a g e r e s p o n s e s 

a r e i l l u s t r a t e d in F i g u r e 17. The c o m p l e t e s e t of 64 o p e r a t o r s i s l i s t e d 

in Appendix E. Th i s s e t o f o p e r a t o r s was e v a l u a t e d o v e r t h e OCR B d a t a 

d e s c r i b e d a b o v e , and t h e e r r o r r a t e s and r e j e c t r a t e s a r e summarized in 

T a b l e 12 and F i g u r e 18. 
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GRADE 1- 3 5- 7 9 - 1 1 

14 .0 

13-15 17-19 21 -23 25 -27 29-31 

% 
R e j c c t 8 . 7 8 . 7 

9 - 1 1 

14 .0 1 6 . 8 9 . 9 1 0 . 4 4 0 . 1 71 .1 

% 
E r r o r 

2 . 9 1 .9 3 . 8 2 . 9 0 . 5 1.3 3 . 7 1 1 . 4 

Odd Grades 

GRADE 2 - 4 6 - 8 10-12 14-16 18-20 2 2 - 2 4 2 6 - 2 8 30-32 

% 
R e j e c t 1 2 . 3 9 . 7 5 . 8 16 .6 18 .1 10 .9 9 . 5 9 . 6 

% 
E r r o r 

1.2 1 . 0 0 . 4 3 . 2 1 . 4 1 .2 0 . 5 1 . 4 

Even Grades 

TABLE 12 

Out of 2849* c h a r a c t e r s which were a c t u a l l y c l a s s i f i e d by t h e r e c o g n i t i o n 

s y s t e m , 59 were s u b s t i t u t i o n e r r o r s and 446 were r e j e c t e d . The t r u e 

c l a s s i f i c a t i o n and t h e machine c l a s s i f i c a t i o n of t h e c h a r a c t e r s d i s p l a y e d 

i n F i g u r e s 15 and 1 6 , a r e g iven in T a b l e 13. The comple t e c o n f u s i o n 

m a t r i x i s d i s p l a y e d in F i g u r e 19. I t i s s e e n t h a t m a j o r c o n f u s i o n s o c c u r 

be tween 0 and 0 , and E and F. A s t u d y o f t h e c h a r a c t e r s t h e m s e l v e s r e v e a l s 

t h a t o n l y a s m a l l amount of d i s t o r t i o n i s r e q u i r e d t o t r a n s f o r m 0 - ^ 0 and 

i t i s a l s o common f o r t h e l o w e r l imb of E ' s t o be c o m p l e t e l y m i s s i n g . 

* Th i s number i s d i f f e r e n t t o t h a t g iven in t a b l e 11 b e c a u s e s e v e r a l 

c h a r a c t e r s were s u b s e q u e n t l y r e j e c t e d owing t o p a p e r t a p e i m p e r f e c t i o n s 



1 
GRADE 3 R T I D H J Y P 

MACHINE 
CLASSIFICATION R T I D U H Y P 

GRAK 13 A R S 0 0 R P 7 

MACHINE 
CLASSIFICATION A R s n If P 7 

GRADE 21 G I N U M Q 0 S 

MACHINE 
CLASSIFICATION G I N U M Q J S 

GRADE 31 I 3 M B A 7 P 7 

MACHINE 
CLASSIFICATION TI 11 H u If P 7 

GRADE 4 U T S R H D 4 2 

MACHINE 
CLASSIFICATION u T S R H D 4 2 

GRADE 12 D H K Q F S U V 

MACHINE 
CLASSIFICATION D H K Q F 8 U V 

GRADE 22 1 6 9 B F G 5 8 

MACHINE 
CLASSIFICATION 1 6 9 B V 5 8 

GRADE 32 1 B F I 2 7 4 D 

MACHINE 
CLASSIFICATION 1 B F I 2 7 4 D 

? = r ' e j e c t 

TABLE 13 



22 

The p r o b l e m of d i s t i n g u i s h i n g c e r t a i n d i f f i c u l t p a i r s of 

c h a r a c t e r s was g i v e n t o a s m a l l g roup of human r e c o g n i s e r s so t h a t 

t he mach ine p e r f o r m a n c e cou ld be compared . Al l 2 ' s and Z ' s , 

0 ' s and O ' s , and 8 ' s and B ' s were e x t r a c t e d f rom t h e d a t a and p r e s e n t e d 

in a random o r d e r . The human r e c o g n i s e r c o u l d e i t h e r d e c i d e be tween 

t h e two c l a s s e s o r r e j e c t t h e c h a r a c t e r . The r e j e c t r a t e s and e r r o r 

r a t e s f o r each p e r s o n o v e r t h e t h r e e p rob lems a r e g i v e n in F i g u r e 20 . 

The mach ine p e r f o r m a n c e was o b t a i n e d by f o r c i n g a d e c i s i o n be tween t h e 

two c l a s s e s in q u e s t i o n and r e j e c t i n g t h e c h a r a c t e r i f t h e sums S ^ , S g , 

c o r r e s p o n d i n g t o t h e s e c l a s s e s , d i f f e r e d by l e s s t han 4 . I t i s s een 

t h a t t h e humans r e j e c t e d f e w e r c h a r a c t e r s and made more m i s t a k e s than 

t h e m a c h i n e . A f a i r e r compar i son migh t have been made i f t h e machine 

had been c o m p e l l e d t o r e d u c e i t s r e j e c t r a t e . N e v e r t h e l e s s t h e 

e x p e r i m e n t d e m o n s t r a t e s t h a t some of t h e p o o r q u a l i t y c h a r a c t e r s p r o b a b l y 

c o u l d n e v e r be c l a s s i f i e d w i t h c e r t a i n t y . 

The q u e s t i o n o f c o n t i g u o u s c h a r a c t e r s must a r i s e in any O.C.R. 

s y s t e m . So f a r onTy i s o l a t e d s i n g l e c h a r a c t e r s had been c o n s i d e r e d , and 

i t was f e l t i m p o r t a n t t h a t t h e r e a c t i o n o f t h e r e c o g n i t i o n s y s t e m t o 

c o n t i g u o u s c h a r a c t e r s s h o u l d be t e s t e d . Of c o u r s e , i f c h a r a c t e r 

s e g m e n t a t i o n i s a c h i e v e d o u t s i d e t h e r e c o g n i t i o n s y s t e m , t h i s p rob lem w i l l 

o n l y a r i s e d u r i n g a f a u l t y s c a n ( 4 . 1 . 2 ) . 

In t h i s e x p e r i m e n t 136 c h a r a c t e r ' c o n t i g u i t i e s ' were c o n s t r u c t e d by 

a b u t t i n g t h e f i n a l h a l f o f one c h a r a c t e r w i t h t h e f i r s t h a l f o f a n o t h e r 

and r e c o r d i n g t h e mach ine c l a s s i f i c a t i o n s . I t was found t h a t t h e machine 

gave f a l s e c l a s s i f i c a t i o n s t o 15 of t h e s h a p e s b u t r e j e c t e d t h e r e m a i n d e r . 

The e x p e r i m e n t d e m o n s t r a t e d t h a t t h e s y s t e m p o s s e s s e d a c l e a r a b i l i t y t o 

r e j e c t a l i e n s t r u c t u r e s . Th i s s u g g e s t e d t h a t such a r e c o g n i t i o n scheme 

was f e a s i b l e f o r i n c l u s i o n i n a c o n t i n u o u s s y s t e m ( 4 . 1 . 2 ) which would be 
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i n d e p e n d e n t of t h e h o r i z o n t a l s e p a r a t i o n s of c h a r a c t e r s . A d e c i s i o n 

would be made on ly a f t e r s e v e r a l s u c c e s s i v e i d e n t i c a l c l a s s i f i c a t i o n s 

had been g i v e n . Each c h a r a c t e r would be ' s e e n ' by t h e machine t o be 

segmented f rom t h e r e s t by a p e r i o d of r e j e c t c l a s s i f i c a t i o n s . 

4 . 4 . 4 Improvements t o t h e E v o l u t i o n a r y S e a r c h 

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

f o r s e v e r a l d i f f e r e n t OCR p r o b l e m s . The minimal use of i n t u i t i v e s e a r c h 

h e u r i s t i c s was in k e e p i n g w i t h t h e p h i l o s o p h y o f t h i s t h e s i s . In 

h i n d s i g h t , h o w e v e r , t h e r e were s e v e r a l i n s t a n c e s where a v o i d a b l e l i m i t a t i o n ; 

had been imposed on t h e s e a r c h . 

A r e s t r i c t i v e h e u r i s t i c was t h e d e c i s i o n t o keep t h e number o f 

o p e r a t o r e l e m e n t s r i g i d l y a t 7 t h r o u g h o u t t h e e v o l u t i o n of an o p e r a t o r . 

A more a d a p t a b l e scheme would have a l l o w e d new e l e m e n t s t o b e c r e a t e d and 

o l d ones t o be removed. Th i s c o u l d have been a c h i e v e d s i m p l y by p r o v i d i n g 

a pool t o which an o ld o p e r a t o r e l e m e n t c o u l d be moved, o r f rom which a new 

e l e m e n t c o u l d be t a k e n . 

A n o t h e r r e s t r i c t i o n which a l s o hampered t h e s e a r c h was t h e 30 x 16 

o p e r a t o r f r ame i t s e l f . Al l t o o o f t e n t h e e v o l v i n g o p e r a t o r moved up 

a g a i n s t t h e o p e r a t o r f r a m e and was t h e r e b y p r e v e n t e d f rom any f u r t h e r 

v a r i a t i o n i n t h a t d i r e c t i o n . Upon r e f l e c t i o n t h e r e was ve ry l i t t l e need 

t o have any bounda ry f o r t h e e v o l v i n g o p e r a t o r a t a l l . C h a r a c t e r s c o u l d 

a lways be l o c a t e d w i t h i n a 30 x 16 m a t r i x and t h e r e f o r e a u s e f u l o p e r a t o r 

cou ld n e v e r have i t s b l a c k s e e k i n g elermants e x t e n d i n g a c r o s s a m a t r i x l a r g e r 

t h a n 30 x 16. Some w h i t e s e e k i n g e l e m e n t s c o u l d p r o b a b l y e x t e n d o v e r 

a g r e a t e r a r e a t han 30 x 16 , b u t i t i s l i k e l y t h a t t h e y would be r e d u n d a n t 

u n l e s s t h e y were a l s o in t h e v i c i n i t y of t h e c h a r a c t e r . I t f o l l o w s 

t h e r e f o r e t h a t an unbounded e v o l v i n g o p e r a t o r w i l l a u t o m a t i c a l l y m a i n t a i n 



I t s e l f w i t h i n t h e a p p r o x i m a t e d i m e n s i o n s of t h e c h a r a c t e r s b e i n g 

r e c o g n i s e d . Only o c c a s i o n a l l y w i l l t h e f i n a l o p e r a t o r have t o be 

r e j e c t e d on t h e g rounds t h a t i t s w h i t e s e e k i n g e l e m e n t s l i e o u t s i d e t h e 

t e r m s o f t h e p r o b l e m . Such an a r r a n g e m e n t cou ld be s i m u l a t e d by 

emp loy ing a l a r g e r f r a m e , say 30 x 2 0 , and c e n t r a l i z i n g t h e o p e r a t o r 

w i t h i n t h e f r ame a f t e r each improvemen t . 

F i n a l l y t h e s t r u c t u r e of t h e p seudo- random number g e n e r a t o r 

r e s t r i c t e d t h e s e a r c h . I f t h e number s e q u e n c e p r o v i d e d by t h e g e n e r a t o r 

c o i n c i d e d i n some p r o f o u n d way w i t h t h e p rob lem s t r u c t u r e , t h e n ve ry poo r 

r e s u l t s c o u l d be e x p e c t e d . However , i t i s f e l t t h a t t h e chances of t h i s 

o c c u r r i n g in p r a c t i c e a r e r e m o t e . 

4 . 4 . 5 Comparison w i t h I n t u i t i v e Design Methods 

P a r a l l e l b u t i n d e p e n d e n t work was a l s o c a r r i e d o u t on t h e 

i n t u i t i v e d e s i g n of o p e r a t o r s . Th i s work i n v o l v e d t h e manual 

s e l e c t i o n of each e l e m e n t in a s e t of 108 o p e r a t o r s . The d e s i g n 

e n g i n e e r c a l l e d upon s e v e r a l y e a r s of e x p e r i e n c e i n t h i s f i e l d and 

p r o d u c e d a s e t of o p e r a t o r s f o r t h e OCR B f o n t in a b o u t s i x mon ths . 

The r e c o g n i t i o n s y s t e m which was d e s i g n e d i n t h i s way was g iven t h e 

i d e n t i c a l c h a r a c t e r s e t employed in 4 . 4 . 3 . The p e r f o r m a n c e i s 

summarized i n T a b l e 14 and F i g u r e 2 1 . 

The e x a c t d e t a i l s of t h e i n t u i t i v e l y d e s i g n e d o p e r a t o r s and 

t h e r e c o g n i t i o n scheme a r e n o t a v a i l a b l e b e c a u s e of commercia l s e c r e c y . 
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GRADE 1- 3 5- 7 9-11 13-15 17-19 21-23 25-27 29-31 

% REJECT 0.0 26.9 33.8 29.0 10.9 23.5 57.5 91.9 

% ERROR 0.0 0.0 0.6 0.0 1.5 1.9 2.5 0.9 

Th in Grades 

GRADE 2- 4 6- 8 10-12 14-16 18-20 22-24 26-28 30-32 

% REJECT 2.5 6.3 0.9 3.8 3.6 2.1 5.4 2.7 

% ERROR 1.2 1.0 0.4 3.2 1.4 1.2 0.5 1.4 

T h i c k G r a d e s 

TABLE 14 

Out o f 2849 c h a r a c t e r s 550 were r e j e c t e d and 27 w e r e i n 

e r r o r . T h i s compares w i t h 440 r e j e c t e d and 69 e r r o r s w i t h t h e 

a u t o m a t i c a l l y d e s i g n e d s y s t e m . I t i s s e e n f rom F i g u r e s 18 and 21, 

and T a b l e s 12 and 14 t h a t t h e i n t u i t i v e l y d e s i g n e d s y s t e m n e v e r 

r e a c h e d an e r r o r r a t e g r e a t e r t h a n 3.2% b u t t h i s was a c h i e v e d a t t h e 

e x p e n s e of a l a r g e r e j e c t i o n o f t h e t h i n n e r g r a d e s o f c h a r a c t e r . 

The t o t a l number o f e l e m e n t s u s e d i n t h e 108 o p e r a t o r s was 

849 and t h i s compares w i t h t h e 352 u s e d i n t h e a u t o m a t i c a l l y designed 

s e t o f 64. 



No. 
ERRORS 

No. 
REJECT 

No/ 
ELEMENTS 

No. 
OPERATORS 

DESIGN 
EFFORT 

INTUITIVE 27 550 849 108 0 . 5 man y e a r 

AUTOMATIC 69 440 352 64 
hou r s 

^ c o m p u t a t i o n 

TABLE 15 

The i n t u i t i v e d e s i g n method r e q u i r e d & man y e a r of d e s i g n e f f o r t 

and t h i s must be compared w i t h t h e 30 hou r s of c o m p u t a t i o n on a DDP 516 

n e c e s s a r y f o r t h e a u t o m a t i c me thod . At c u r r e n t r a t e s t h e manual t e c h n i q u e s 

were by f a r t h e more e x p e n s i v e . 

4 . 5 Summary 

T h i s c h a p t e r has examined t h e p rob lem of t h e d e s i g n o f o p e r a t o r s 

f o r O p t i c a l C h a r a c t e r R e c o g n i t i o n . C u r r e n t methods r e l y h e a v i l y upon 

a c o m b i n a t i o n of i n t u i t i v e h e u r i s t i c s and manual i n t e r v e n t i o n . I t has 

been shown t h a t t h e d e s i g n o f t h e more e f f i c i e n t t y p e of o r t h o g o n a l 

o p e r a t o r i s n o t amenable t o an i n t u i t i v e a p p r o a c h , no r has a s u i t a b l e 

s e a r c h h e u r i s t i c been p r o d u c e d in t h e l i t e r a t u r e . 

The e v o l u t i o n a r y s e a r c h p r o c e d u r e was used in t h i s work and 

e n a b l e d most o f t h e e f f o r t t o be c o n c e n t r a t e d upon t h e s t u d y of d i f f e r e n t 

e v a l u a t i o n s r a t h e r than t h e e f f e c t s of d i f f e r e n t s e a r c h t e c h n i q u e s . Th i s 

meant t h a t t h e p r o p e r t i e s of each t y p e o f o p e r a t o r c o u l d be a s s e s s e d 

w i t h o u t t h e bu rden of f i r s t d e s i g n i n g a s e t of h e u r i s t i c s e a r c h r u l e s . 

S e v e r a l u s e f u l s e a r c h h e u r i s t i c s became a p p a r e n t a f t e r some r e s u l t s were 

o b t a i n e d and were used a t l a t e r s t a g e s t o e x p e d i t e t h e o r i g i n a l s e a r c h . 

A s e t of o t h o g o n a l o p e r a t o r s was c o n s t r u c t e d a u t o m a t i c a l l y and 

e v a l u a t e d o v e r r e a l d a t a t o g i v e e n c o u r a g i n g r e s u l t s . These r e s u l t s 



were e s p e c i a l l y p r o m i s i n g in view of t h e poor p r i n t q u a l i t y , t h e 

s i m p l i c i t y of t h e o p e r a t o r s , and most i m p o r t a n t , t he e x t e n s i b i l i t y 

of t h e r e c o g n i t i o n s y s t e m ( s e e 4 . 3 . 1 and 5 . 2 . 1 ) . F i n a l l y a 

c o m p a r a t i v e e x p e r i m e n t was d e s c r i b e d which used i n t u i t i v e d e s i g n 

methods and d e m o n s t r a t e d t h a t a comparab le p e r f o r m a n c e was a c h i e v e d 

by t h e a u t o m a t i c method a t a f r a c t i o n of t h e d e s i g n c o s t s . 



5. C o n c l u s i o n s and F u t u r e Work 

5 . 1 Ccmc jus ions 

5 . 1 . 1 E v o l u t i o n a r y Method 

The i n t e n t i o n i n t h i s t h e s i s has been t o d e o m o n s t r a t e t h e 

p h i l o s o p h y mid use of e v o l u t i o n a r y s e a r c h p r o c e s s e s . Dur ing 

t h e s t u d y i t became a p p a r e n t t h a t t h e e v o l u t i o n a r y method p o s s e s s e d 

s e v e r a l a d v a n t a g e s o v e r o t h e r a p p r o a c h e s when a p p l i e d t o a c e r t a i n 

c l a s s o f p r o b l e m . On t h e o t h e r hand i t was shown t h a t when employed 

on a t o t a l l y d i f f e r e n t t y p e of p rob lem t h e method was e x t r e m e l y 

i n e f f i c i e n t . 

The n o n - e x h a u s t i v e n a t u r e of e v o l u t i o n a r y s e a r c h e s makes 

them e m i n e n t l y s u i t a b l e f o r p rob lems i n v o l v i n g ve ry l a r g e s e a r c h 

s p a c e s and l i t t l e o r no a p r i o r i i n f o r m a t i o n . T h e i r a p p l i c a t i o n 

t o such p rob lems can e n a b l e u s e f u l h e u r i s t i c s t o be i n f e r r e d f rom 

t h e r e s u l t s and used t o e x p e d i t e t h e o r i g i n a l s e a r c h p r o c e s s ( c h a p t e r 4) 

C o n v e n t i o n a l graph t r a v e r s i n g t e c h n i q u e s a r e o n l y s u c c e s s f u l i n l a r g e 

p rob lems i f p o w e r f u l h e u r i s t i c s a r e known which p r e v e n t an unmanageable 

number of nodes f rom b e i n g e x p a n d e d . H i l l c l i m b e r s and t o a c e r t a i n 

e x t e n t t h e e v o l u t i o n a r y s e a r c h e s , r e q u i r e advance i n f o r m a t i o n abou t 

t h e ' s m o o t h n e s s ' of t h e h i l l s i n t h e s e a r c h s p a c e ; such i n f o r m a t i o n 

i s o f t e n l a c k i n g . 

U s e f u l h e u r i s t i c s o r a n a l y t i c p r o p e r t i e s of t h e s e a r c h 

s p a c e a r e o f t e n known b e f o r e t h e s o l u t i o n s t o c e r t a i n p rob lems a r e 

a t t e m p t e d . In t h e s e i n s t a n c e s a p u r e l y e v o l u t i o n a r y app roach i s 

l i k e l y t o be i n e f f i c i e n t , i n d e e d i f s u f f i c i e n t s t r u c t u r a l i n f o r m a t i o n 

i s a v a i l a b l e , n o guesswork o r i n t u i t i o n s h o u l d be n e c e s s a r y and t h e 

goal can be r e a c h e d d i r e c t l y ( 3 . 6 ) . 



5 . 1 . 2 R e d u c t i o n of F i n i t e - S t a t e Machines 

E v o l u t i o n a r y s e a r c h c o n c e p t s were a p p l i e d t o t h e 

p rob lem of t h e r e d u c t i o n o f f i n i t e - s t a t e m a c h i n e s . I t was 

hoped t h a t some of t h e l a r g e c o m p u t a t i o n a l r e q u i r e m e n t s which 

a r e commonly e n c o u n t e r e d in t h i s a r e a m i g h t be r e d u c e d by 

u s i n g such an a p p r o a c h . 

A s e t of r u l e s was d e f i n e d f o r merg ing p a i r s of 

s t a t e s a f t e r t h e y had been f u n c t i o n a l l y compared u s i n g s e t s 

of random i n p u t s e q u e n c e s . The r e s u l t s i n d i c a t e d t h a t i n o r d e r 

t o o b t a i n a v a l i d r e d u c t i o n , an e x c e s s i v e amount of c o m p u t a t i o n 

was n e c e s s a r y . I t was f o u n d t h a t t h e amount of p r o c e s s i n g was 

i n f a c t d e p e n d e n t upon t h e i n t e r n a l s t r u c t u r e of t h e machine 

b e i n g r e d u c e d , more p r e c i s e l y upon t h e l e n g t h of t h e l o n g e s t 

minimal d i s t i n g u i s h i n g s e q u e n c e r e q u i r e d t o d e m o n s t r a t e t h a t a 

p a i r of s t a t e s was i n c o m p a t i b l e . Th i s meant t h a t a machine 

which was 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 c o u n t e r f o r e x a m p l e , 

would p r o b a b l y n e v e r be r e d u c e d a c c u r a t e l y b e c a u s e o f t h e 

l e n g t h of t h e d i s t i n g u i s h i n g s e q u e n c e s . In c o n c l u s i o n i t can 

be s a i d t h a t t h e t e c h n i q u e as o r i g i n a l l y d e s c r i b e d was n o t 

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

f i n i t e - s t a t e m a c h i n e s . However , t h e r e s u l t s d i d n o t i n v a l i d a t e 

t h e r u l e s f o r merg ing s t a t e s and t h e s e remain as a u s e f u l 

d e t e r m i n i s t i c r e d u c t i o n method ( 3 . 6 ) . 

A s i m i l a r c r i t i c i s m can be l e v e l l e d a t t h e method 

f o r t h e d e t e r m i n a t i o n o f p r e s e r v e d p a r t i t i o n s d e s c r i b e d i n 

Appendix C, and a d e t e r m i n i s t i c v e r s i o n o f t h e a l g o r i t h m i s 

a g a i n t o be p r e f e r r e d . 
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5 . 1 . 3 O p t i c a l C h a r a c t e r R e c o g n i t i o n 

The most s i g n i f i c a n t d e m o n s t r a t i o n o f t h e e v o l u t i o n a r y 

method was in t h e d e s i g n of o p e r a t o r s in t h e p rob lem of O p t i c a l 

C h a r a c t e r R e c o g n i t i o n . T h i s was a p r a c t i c a l p rob lem which 

demanded t h e a u t o m a t i c r e c o g n i t i o n o f o v e r 2800 OCR B c h a r a c t e r s 

o v e r a c o m p l e t e r a n g e of p r i n t q u a l i t i e s . 

I t was f o u n d t h a t t h e s u c c e s s o f t h e e v o l u t i o n a r y s e a r c h 

was n o t a f f e c t e d by t h e c o m p l e x i t y of t h e e v a l u a t i o n c r i t e r i a . In 

o t h e r words t h e p r e c i s e d e t a i l s o f t h e s e a r c h mechanism d i d n o t 

need t o be a l t e r e d e v e r y t ime a change was made t o t h e e v a l u a t i o n . 

T h i s meant t h a t o p e r a t o r s cou ld be d e s i g n e d a c c o r d i n g t o a v a r i e t y 

of r e q u i r e m e n t s w i t h o u t t h e bu rden of d e s i g n i n g d i f f e r e n t s e t s o f 

h e u r i s t i c s e a r c h r u l e s . E f f o r t was t h e r e f o r e c o n c e n t r a t e d upon 

t h e s t u d y of t h e o p e r a t o r s a r i s i n g f rom each e v a l u a t i o n r a t h e r t han 

t h e e f f e c t s of d i f f e r e n t s e a r c h t e c h n i q u e s . 

S e v e r a l r e s u l t s were o b t a i n e d u s i n g t h i s s e a r c h method 

and some i n i t i a l o b s e r v a t i o n s were made: 

a) Al though o p e r a t o r s which matched s i n g l e 

c l a s s e s of c h a r a c t e r were o f t e n s t r a i g h t f o r w a r d 

t o d e s i g n ( i n t u i t i v e l y and a u t o m a t i c a l l y ) , 

t h e y were shown t o be i n s u f f i c i e n t i n t h e i r 

e x t r a c t i o n of c l a s s i n f o r m a t i o n f rom t h e t e s t 

c h a r a c t e r s . Th i s meant t h a t such o p e r a t o r s 

were u n s u i t a b l e f o r t h e r e c o g n i t i o n o f ve ry 

p o o r q u a l i t y p r i n t . 

b ) I t was found t h a t a r e s t r i c t i o n on t h e s i z e of 

t h e o p e r a t o r l e d t o r e c o g n i t i o n w e a k n e s s e s which 

were d i r e c t l y a t t r i b u t a b l e t o t h i s s i z e l i m i t a t i o n . 



In view of t h e s e c o n s i d e r a t i o n s o p e r a t o r s were a l l o w e d t o span 

t h e e n t i r e c h a r a c t e r a r e a , and an improved e v a l u a t i o n c r i t e r i o n 

was c h o s e n . T h i s c r i t e r i o n gave r i s e t o s e t s of o p e r a t o r s w i t h 

' o r t h o g o n a l ' r e s p o n s e h i s t o g r a m s * o r e q u i v a l e n t l y , t o s e t s of 

o p e r a t o r s which were o p t i m a l in an i n f o r m a t i o n t h e o r e t i c s e n s e . 

E f f i c i e n t r e c o g n i t i o n c o u l d s t i l l be a c h i e v e d t h e r e f o r e , even i f 

a p e r c e n t a g e of t h e o p e r a t o r s f a i l e d t o f u n c t i o n in t h e way t h e 

e n g i n e e r i n t e n d e d . Moreover such a scheme was economic n o t o n l y 

in t h e number o f o p e r a t o r s r e q u i r e d f o r a p a r t i c u l a r p r o b l e m , b u t 

a l s o in t h e number of e l e m e n t s r e q u i r e d f o r each o p e r a t o r * . 

Many o p e r a t o r s h a v i n g v a r i o u s p e r f o r m a n c e s were 

o b t a i n e d u s i n g t h e e v o l u t i o n a r y s e a r c h . A c l o s e r s t u d y of t h e 

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

i m p r e c i s e p r o p e r t i e s o r h e u r i s t i c s some of which were used t o 

add e f f i c i e n c y t o t h e o r i g i n a l s e a r c h : 

1. The f i r s t s e a r c h h e u r i s t i c which was employed 

l i m i t e d t h e number of e l e m e n t s t o b e : = l l and 

a l l o w e d changes t o be made o n l y t o s i n g l e e l e m e n t s . 

2 . Changes were l i m i t e d t o a l t e r a t i o n s in p o s i t i o n 

of t h e e l e m e n t s . P a r i t y changes were found t o 

be u n p r o d u c t i v e . 

3 . O p e r a t o r s which matched s i n g l e c l a s s e s were most 

l i k e l y t o p o s s e s s 8 e l e m e n t s (4 b l a c k s e e k i n g and 

4 w h i t e s e e k i n g ) . 

* The t o t a l number of b l a c k and w h i t e s e e k i n g p o i n t s i n t h e 64 

o p e r a t o r s e t d e s c r i b e d in Appendix E was 352 o r an a v e r a g e o f 

5 - 6 p o i n t s p e r o p e r a t o r . 
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4 . O r t h o g o n a l o p e r a t o r s were most l i k e l y t o p o s s e s s 

be tween 5 and 6 e l e m e n t s , a t l e a s t 2 of which were 

b l a c k s e e k i n g . O p e r a t o r s were t h e r e f o r e i n i t i a l i z e d 

w i t h 7 e l e m e n t s a t l e a s t 2 of which were b l a c k s e e k i n g . 

5 . Improved p e r f o r m a n c e s were o b t a i n e d by employ ing 

a window s i z e which s p a n n e d whole c h a r a c t e r s . 

A s e t of 64 o p e r a t o r s was p r o d u c e d and e v a l u a t e d o v e r 

r e a l d a t a t o g i v e r e s u l t s which a r e summarized in F i g u r e 18. I t 

i s s e e n t h a t t h e r e j e c t r a t e s and e r r o r r a t e s i n c r e a s e as t h e 

q u a l i t y of t h e t h i n n e r (odd g r a d e s ) t y p e of c h a r a c t e r d e c r e a s e s . 

However , t h i s does n o t o c c u r w i t h t h e t h i c k (even g r a d e s ) c h a r a c t e r s 

and p r o b a b l y i n d i c a t e s t h a t a l a r g e p r o p o r t i o n of t h e e r r o r s and 

r e j e c t s a r e due t o an i n s u f f i c i e n t number of o p e r a t o r s f i t t i n g t h e 

c h a r a c t e r s , r a t h e r t h a n a l a r g e number of o p e r a t o r s a l l f i t t i n g t h e 

wrong c h a r a c t e r s . 

I t i s a l s o s i g n i f i c a n t t o p o i n t o u t t h a t t h e s h a p e 

of t h e r e j e c t h i s t o g r a m s f o l l o w s t h e s h a p e o f t h e e r r o r 

h i s t o g r a m s q u i t e c l o s e l y . T h i s t e n d s t o c o n f i r m t h a t t h e 

q u a n t i t y of d a t a employed was s u f f i c i e n t t o g i v e a r e a l i s t i c 

i n d i c a t i o n o f t h e p e r f o r m a n c e of t h e s y s t e m . I f i n s u f f i c i e n t 

d a t a had been used t h e n one migh t n o t have o b s e r v e d such s t a b l e 

t r e n d s in t h e e r r o r / r e j e c t h i s t o g r a m s . 

A d e t a i l e d s t u d y of t h e e r r o r s and r e j e c t s i n d i c a t e d 

t h a t t h e m a j o r i t y were a s s o c i a t e d w i t h a few c h a r a c t e r c o n f u s i o n s , 

e . g . 0 - 0 , E - F , P-R. I t was c l e a r t h a t t h e o v e r a l l p e r f o r m a n c e 

would be s u b s t a n t i a l l y improved i f t h e s e c o n f u s i o n s c o u l d be r e s o l v e d . 
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The d i f f i c u l t y of some of t h e c h a r a c t e r c l a s s i f i c a t i o n s was 

d e m o n s t r a t e d by compar ing t h e machine p e r f o r m a n c e w i t h t h a t 

o f a s m a l l g roup o f human r e c o g n i z e r s . I t was found t h a t 

t h e machine made f e w e r e r r o r s b u t r e j e c t e d more c h a r a c t e r s 

t han t h e human r e c o g n i z e r s . 

A much more e x t e n s i v e e x p e r i m e n t was c a r r i e d o u t 

which compared t h e p e r f o r m a n c e s of o p e r a t o r s d e r i v e d by 

e v o l u t i o n a r y methods and t h o s e d e r i v e d u s i n g human i n t u i t i o n . 

The m a n u a l l y d e s i g n e d o p e r a t o r s were a p p l i e d t o t h e same d a t a 

s e t and t h e two r e c o g n i t i o n p e r f o r m a n c e s compared . In a d a t a 

s e t of 2849 c h a r a c t e r s i t was found t h a t t h e a u t o m a t i c a l l y 

d e s i g n e d o p e r a t o r s e t made 42 more s u b s t i t u t i o n e r r o r s b u t 

r e j e c t e d 110 f e w e r c h a r a c t e r s t h a n t h e i n t u i t i v e l y d e s i g n e d 

s y s t e m . The a u t o m a t i c a l l y d e s i g n e d l o g i c was a l s o found t o 

be h a l f as c o s t l y i n t e r m s of o p e r a t o r c o m p l e x i t y (numbers of 

g a t e s ) and c o n s i d e r a b l y c h e a p e r i n t e rms of d e s i g n e f f o r t 

( T a b l e 1 5 ) . 

T h i s s t u d y of t h e o r t h o g o n a l t y p e of o p e r a t o r has 

shown t h a t i t i s n o t n e c e s s a r y t o p r o c e s s v a s t q u a n t i t i e s of 

d a t a in o r d e r t o d e s i g n u s e f u l o p e r a t o r s . I n s t e a d i t i s 

s u f f i c i e n t t o employ o n l y a r e l a t i v e l y s m a l l s e t of t h e o r e t i c a l 

a r c h e t y p e c h a r a c t e r s i n o r d e r t o d e t e r m i n e good p o s i t i o n s f o r 

o p e r a t o r e l e m e n t s . I n d e e d i t i s p e r h a p s e a s i e r t o i m a g i n e t h a t 

t h e r e i s no r e a l need t o s e a r c h beyond t h e b a s i c c o n s t r u c t i o n of 

t h e c h a r a c t e r s f o r a d d i t i o n a l i n f o r m a t i o n as t o t h e i r c l a s s i f i c a t i o n * 

* A s t u d y of s p e c i f i c d e g r a d a t i o n s would s u p p l y more i n f o r m a t i o n 

p r o v i d e d t h a t t h e d e g r a d a t i o n s t h e m s e l v e s c o u l d be r e c o g n i z e d . 
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Thi s c o n c l u s i o n r e l i e v e s t h e enormous d a t a h a n d l i n g p rob lem which 

i s s een e s p e c i a l l y in t h e work of Kamentski and Liu (61) and Liu (62 ) . 

P r o b a b l y t h e g r e a t e s t a d v a n t a g e of t h e o r t h o g o n a l o p e r a t o r 

s e t l i e s i n i t s e x t e n s i b i l i t y . The same e v o l u t i o n a r y method of 

c o n s t r u c t i o n can be used t o g e n e r a t e more o p e r a t o r s which w i l l 

r e s o l v e d i f f i c u l t c h a r a c t e r d i c h o t o m i e s , and a t t h e same t i m e 

m a i n t a i n a u s e f u l c a p a b i l i t y o v e r t h e r e s t of t h e c l a s s e s ( 5 . 2 . 1 ) . 

In t h i s way e r r o r s a r i s i n g f rom common c h a r a c t e r c o n f u s i o n s a r e 

removed b u t n o t a t t h e e x p e n s e of o t h e r s p u r i o u s e r r o r s . 

The p e r f o r m a n c e of a p a t t e r n r e c o g n i t i o n s y s t e m can n e v e r 

be p r e d i c t e d w i t h any c e r t a i n t y o v e r unseen d a t a . I t i s o n l y 

p o s s i b l e t o d e m o n s t r a t e p e r f o r m a n c e o v e r a l i m i t e d q u a n t i t y of d a t a 

which i s h o p e f u l l y r e p r e s e n t a t i v e of t h a t e x p e c t e d in p r a c t i c e . 

I ndeed a d o u b t which i s commonly e x p r e s s e d a b o u t p a t t e r n r e c o g n i t i o n 

s y s t e m s i n g e n e r a l , c o n c e r n s t h e i r a b i l i t y t o g e n e r a l i z e i n t o 

unseen d a t a . I t i s a q u e s t i o n which can a lways be a sked and n e v e r 

be s a t i s f a c t o r i l y a n s w e r e d . However , t h e a u t h o r f e e l s t h a t t h i s 

c r i t i c i s m has no r e a l f o u n d a t i o n f o r i t can o n l y be r e s o l v e d by a 

s t r a i g h t f o r w a r d e v a l u a t i o n of t h e unseen d a t a . The d a t a i s t h e n 

no l o n g e r ' u n s e e n ' i n t h e s e n s e t h a t no i n f o r m a t i o n i s g a i n e d a b o u t 

t h e e x p e c t e d p e r f o r m a n c e on t h e n e x t b a t c h o f unseen d a t a . I t i s 

much more i m p o r t a n t t o d e t e r m i n e p r e c i s e l y how a p a t t e r n r e c o g n i t i o n 

s y s t e m can be improved i f , p e r h a p s a t a l a t e r s t a g e , t h e c h a r a c t e r i s t i c s 

of t h e d a t a move o u t s i d e t h e l i m i t s which can be t o l e r a t e d by t h e 

s y s t e m . In o t h e r words t h e p a t t e r n r e c o g n i t i o n s y s t e m i t s e l f must 

be c a p a b l e o f a c c e p t i n g b e n e f i c i a l m o d i f i c a t i o n s in t h e l i g h t of 

r e s u l t s o b t a i n e d long a f t e r t h e i n i t i a l t r a i n i n g p r o c e s s . Such a 

p r o c e d u r e fo r . t h e o r t h o g o n a l o p e r a t o r OCR s y s t e m i s d e s c r i b e d in t h e 

n e x t s e c t i o n . 
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5 . 2 Areas f o r F u r t h e r S tudy 

5 . 2 . 1 O p t i c a l C h a r a c t e r R e c o g n i t i o n 

The work d e s c r i b e d i n t h i s t h e s i s has r e v e a l e d an i m p o r t a n t 

avenue, of s t u d y f o r f u r t h e r r e s e a r c h in O p t i c a l C h a r a c t e r R e c o g n i t i o n . 

The p r a c t i c a l OCR prob lem t a c k l e d in t h i s t h e s i s i s by no means s o l v e d , 

and a c o n s i d e r a b l e amount of r e s e a r c h e f f o r t i s needed b e f o r e t h e r e s u l t ; 

c o u l d g i v e w o r t h w h i l e economic g a i n s o v e r c o n v e n t i o n a l t e c h n i q u e s . 

However , t h e work on O p t i c a l C h a r a c t e r R e c o g n i t i o n comes 

c l o s e s t t o p r o v i d i n g an e c o n o m i c a l l y v i a b l e method . In o r d e r 

t o a c h i e v e t h i s i t i s p r o p o s e d t h a t t h e r e c o g n i t i o n s y s t e m be 

e x t e n d e d t o c a t e r f o r more s t r i n g e n t e r r o r r a t e s and r e j e c t r a t e s . 

As has been d e s c r i b e d in t h e t h e s i s ( 4 . 3 . 2 and 4 . 3 . 3 ) 

e v o l u t i o n a r y methods e x i s t f o r t h e g e n e r a t i o n o f K-1 o r t h o g o n a l 

o p e r a t o r s in a K - c l a s s p r o b l e m . However , i t i s found in such 

a s y s t e m t h a t t h e m a j o r i t y of e r r o r s and r e j e c t s can be a t t r i b u t e d 

t o j u s t a few d i f f i c u l t c h a r a c t e r c l a s s e s . These e r r o r s can be 

s t u d i e d and r e p r e s e n t a t i v e c h a r a c t e r s chosen ( e . g . some 0 ' s ) t o 

a c t as new a r c h e t y p e c h a r a c t e r s f o r t h e K+1 th c l a s s * . A new 

o p e r a t o r i s t hen e v o l v e d t h e r e b y p r o d u c i n g a (K+1) x (K+1) r e s p o n s e 

m a t r i x and m a i n t a i n i n g t h e o r t h o g o n a l i t y be tween t h e o p e r a t o r 

r e s p o n s e s t h e m s e l v e s ^ . 3 . 1 ) . Dur ing r e c o g n i t i o n , of c o u r s e , t h e 

K+1 th c l a s s w i l l be i d e n t i f i e d w i t h t h e o r i g i n a l c l a s s ( e . g . t h e 

0 - c l a s s ) . Th i s t e c h n i q u e can be a p p l i e d each t i m e i t i s f e l t t h a t 

t h e r e c o g n i t i o n o f c e r t a i n c l a s s e s i s u n s a t i s f a c t o r y . As t h e 

s y s t e m expands i n t h i s way , i t would be q u i t e i n o r d e r f o r an 

e a r l i e r o p e r a t o r t o be o v e r w r i t t e n by a newly e v o l v e d o p e r a t o r 

which has g r e a t e r c a p a b i l i t y o v e r t h e e x t e n d e d s e t of c l a s s e s . 

* These a r c h e t y p e s m i g h t , f o r i n s t a n c e , r e f l e c t p a r t i c u l a r forms 

o f d e g r a d a t i o n . 
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The m u l t i f o n t p rob lem can be a p p r o a c h e d i n much 

t h e same way; t h e number of c l a s s e s would s i m p l y be e x t e n d e d 

each t ime a new c h a r a c t e r v a r i a n t was found t o be c a u s i n g an 

e x c e s s i v e number of e r r o r s o r r e j e c t s . For i n s t a n c e , one 

would a l m o s t c e r t a i n l y r e q u i r e a lower c a s e 'A ' c l a s s ( a ) . 

In t h i s way t h e s y s t e m c o u l d be improved t o w a r d s e i t h e r t he 

r e c o g n i t i o n of p o o r e r q u a l i t y c h a r a c t e r s , o r t h e r e c o g n i t i o n 

o f a g r e a t e r number of c h a r a c t e r f o n t s , o r b o t h . 

5 . 2 . 2 F i n i t e - S t a t e Machine S t u d i e s 

The e v o l u t i o n a r y s e a r c h has been shown t o be i n e f f i c i e n t 

when a p p l i e d t o t h e r e d u c t i o n of f i n i t e - s t a t e m a c h i n e s . N e v e r t h e l e s s 

t h e r u l e s which have been s e t down f o r merg ing p a i r s of s t a t e s can 

s t i l l be a p p l i e d a l g o r i t h m i c a l l y w i t h a g u a r a n t e e o f a c c u r a t e r e s u l t s . 

As d e s c r i b e d e a r l i e r t h e merg ing t e c h n i q u e can y i e l d s e v e r a l 

d i f f e r e n t r e d u c t i o n s of t h e same machine by b e g i n n i n g t h e p r o c e s s w i t h 

a d i f f e r e n t o r d e r i n g of s t a t e s . F u r t h e r s t u d y i s r e q u i r e d , t h e r e f o r e i n 

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

I t seems l i k e l y t h a t t h e method w i l l a c h i e v e i t s b e s t p e r f o r m a n c e 

when t h e r e d u c t i o n has a v a i l a b l e as many a l t e r n a t i v e p a t h s as p o s s i b l e 

a t e v e r y s t a g e in t h e p r o c e s s . In o t h e r words r a t h e r t h a n f i r s t 

merg ing t h e rows c o n t a i n i n g m a i n l y d o n ' t c a r e e n t r i e s and l e a v i n g an 

u n r e d u c i b l e s e t of n o n - r e d u n d a n t r o w s , i t would be more e f f i c i e n t 

t o a t t e m p t t o merge t h e n o n - r e d u n d a n t rows f i r s t . T h i s means t h a t 

a good o r d e r i n g would be one w h i c h p u t t h e rows w i t h t h e f e w e s t 

d o n ' t c a r e e n t r i e s a t t h e t o p , and t h e g r e a t e s t number a t t h e b o t t o m . 

I t was e m p h a s i s e d t h a t t h e r e d u c t i o n of f i n i t e - s t a t e 

mach ines o n l y has r e a l v a l u e i f s i m p l e s t r u c t u r e i s n o t a l r e a d y 
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p r e s e n t , a n d moreover t h a t a knowledge of t h e p r e s e r v e d p a r t i t i o n s 

of a machine d i r e c t s a t t e n t i o n t o w a r d s t h i s s t r u c t u r e . I t i s o n l y 

a s m a l l s t e p f u r t h e r t o p r o p o s e t h a t r e d u n d a n t s t r u c t u r e can be 

added in o r d e r t o s i m p l i f y machine i m p l e m e n t a t i o n s , p e r h a p s t o 

a c h i e v e a s h i f t r e g i s t e r c o n f i g u r a t i o n . T h i s i s t h e ' s t a t e 

s p l i t t i n g ' p rob l em ( 2 9 ) , as y e t u n s o l v e d in a p r a c t i c a l s e n s e . 

5 . 2 . 3 F i n g e r p r i n t C l a s s i f i c a t i o n 

F i n g e r p r i n t p r o c e s s i n g and f i l e s e a r c h i n g a r e becoming 

i n c r e a s i n g l y s e v e r e i n f o r m a t i o n b o t t l e n e c k s owing t o t h e volume 

o f p r i n t s h a n d l e d . T h i s p rob lem i s a g g r a v a t e d by t h e d e c r e a s i n g 

number of f i n g e r p r i n t a n a l y s t s . 

A s e c o n d m a j o r p r o b l e m i s t h e need f o r an e f f e c t i v e s i n g l e 

p r i n t c l a s s i f i c a t i o n t e c h n i q u e , t h a t i s , one which g e n e r a t e s a l a r g e 

number o f c l a s s e s . The c u r r e n t l y a c c e p t e d Henry s y s t e m and a l s o 

t h e B a t t l e y s y s t e m a r e b o t h i n a d e q u a t e (69 ) f o r p o s i t i v e 

i d e n t i f i c a t i o n s f rom s i n g l e p r i n t s . However , j u s t as w i t h OCR, 

t h e c h i e f o b s t a c l e t o a u t o m a t i c f i n g e r p r i n t p r o c e s s i n g i s p r i n t 

q u a l i t y . P r i n t s can be d i s t o r t e d in a v a r i e t y of d i f f e r e n t w a y s , 

each of which p r e s e n t s c o n s i d e r a b l e d i f f i c u l t i e s a t t h e e n c o d i n g 

s t a g e . 

G r a s s e l l i ( 7 0 ) encodes p r i n t s by r e c o r d i n g t h e l o c a l 

s l o p e s o f t h e f i n g e r p r i n t r i d g e s and t h e n s m o o t h i n g t h e r e s u l t i n g 

v a l u e s . The t r a n s f o r m a t i o n i s c o m p l e t e d by combin ing t h e s e 

e l e m e n t a l s l o p e s . R e c o g n i t i o n i s c a r r i e d o u t by d e t a i l e d r i d g e 

f o l l o w i n g a l g o r i t h m s in t h e v i c i n i t y of t h e c o r e of t h e encoded 

p r i n t . Hankley and Tou ( g g ) employ a scheme which s y s t e m a t i c a l l y 

s e a r c h e s a l o n g r i d g e s and d e t e c t s t o p o l o g i c a l f e a t u r e s . The 

t o p o l o g i c a l c o d i n g g e n e r a t e s a ' s e n t e n c e ' which d e s c r i b e s t h e 

s t r u c t u r e o f t h e p r i n t . I t a l s o e n a b l e s t h e p r i n t t o be 

c l a s s i f i e d a c c o r d i n g t o some o r d e r i n g of t h e s e t o f s e n t e n c e c o d e s . 
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A s e r i o u s d i s a d v a n t a g e of bo th t e c h n i q u e s i s t h e 

c r i t i c a l dependence upon t h e ve ry f i r s t s t e p in t h e e n c o d i n g 

p r o c e s s . P r o v i d i n g t h e i m p o r t a n t i n f o r m a t i o n i s n o t l o s t a t 

t h i s p o i n t , c o r r e c t c l a s s i f i c a t i o n s can a lways be o b t a i n e d . 

However , t h i s c r i t i c a l i t y t h rows c o n s i d e r a b l e d o u b t upon t h e 

r e p e a t a b i l i t y of s u b s e q u e n t e n c o d i n g s o f t h e same p r i n t ; i t i s an 

e s s e n t i a l r e q u i r e m e n t t h a t e n c o d i n g s of t h e same p r i n t t a k e n a t 

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

I t i s s u g g e s t e d t h a t t h e app roach t a k e n i n t h i s t h e s i s 

t o w a r d s t h e OCR p rob l em c o u l d a l s o be employed i n t h e c l a s s i f i c a t i o n 

o f f i n g e r p r i n t s . F e a t u r e s would a g a i n c o r r e s p o n d t o b i n a r y m a t r i c e s 

and each r e f e r e n c e p r i n t would be c h a r a c t e r i z e d by a b i n a r y v e c t o r 

which i n d i c a t e d which f e a t u r e s matched t h e p r i n t . Scene of c r ime 

p r i n t s would t h e n be s c a n n e d by t h e same s e t of f e a t u r e s and t h e 

r e s u l t i n g v e c t o r compared in a n e a r e s t n e i g h b o u r s e n s e w i t h t h e 

r e f e r e n c e v e c t o r s . I d e a l l y each r e f e r e n c e v e c t o r would be 

o r t h o g o n a l t o t h e o t h e r s so t h a t t h e s y s t e m c o u l d t o l e r a t e q u i t e 

n o i s y p r i n t s b e f o r e a l l t h e u s e f u l 1 r e c o g n i t i o n c a p a b i l i t y was l o s t . 

In f a c t as p r i n t s d e c r e a s e d i n q u a l i t y , f e w e r f e a t u r e s would m a t c h , 

and t h i s in t u r n would r e s u l t i n a s m a l l e r s e a r c h r e d u c t i o n r a t i o . 

The f i n g e r p r i n t p rob lem d i f f e r s f u n d a m e n t a l l y f r o m OCR i n t h a t t h e 

p r i n t c l a s s e s a r e n o t n e c e s s a r i l y p r e d e t e r m i n e d . In p r a c t i c e t h i s 

would mean t h a t t h e c l a s s e s would be formed by t h e s e t of f e a t u r e s 

employed and would be s a t i s f a c t o r y on ly i f each c l a s s c o n t a i n e d a 

s u f f i c i e n t number of p r i n t s . 
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In s h o r t t h i s app roach has some c l e a r a d v a n t a g e s o v e r c u r r e n t 

a u t o m a t i c methods of f i n g e r p r i n t c l a s s i f i c a t i o n : 

i ) Once t h e f e a t u r e s e t has been e v o l v e d , a l l 

f i n g e r p r i n t e n c o d i n g and c l a s s i f i c a t i o n 

cou ld be a u t o m a t i c . 

i i ) The e f f e c t of n o i s e on t h e s y s t e m r e d u c e s 

t h e s e a r c h r e d u c t i o n r a t i o r a t h e r than 

c r e a t i n g c l a s s i f i c a t i o n e r r o r s . 

i l l ) The s y s t e m can be e x t e n d e d t o c a t e r f o r more 

p r i n t s by i n c r e a s i n g t h e number of f e a t u r e s . 

Of c o u r s e t h e b u l k o f t h e work l i e s in t h e d e t e r m i n a t i o n of t h e 

o r t h o g o n a l f e a t u r e s t h e m s e l v e s and i t would be an e x t r e m e l y i n t e r e s t i n g 

p r o j e c t t o d i s c o v e r p r e c i s e l y what form t h e s e f e a t u r e s would t a k e . 

5 . 2 . 4 Fuzzy S e t s 

The c o n c e p t of a f u z z y s e t was i n t r o d u c e d by Zadeh (71) in o r d e r 

t o f o r m a l i z e w h a t i s meant by a s e t of o b j e c t s w i t h a con t inuum of g r a d e s 

of membersh ip . • Zadeh (72) e x t e n d e d t h e c o n c e p t t o f u z z y a l g o r i t h m s in 

an a t t e m p t t o d e s c r i b e i m p r e c i s e o p e r a t i o n s which a r e commonly e n c o u n t e r e d 

i n r e a l l i f e , e . g . i n s t r u c t i o n s f o r p a r k i n g a c a r . These i d e a s b e a r a 

c l o s e r e l a t i o n s h i p t o t h e work c a r r i e d o u t i n t h i s t h e s i s and a r e now 

d i s c u s s e d in t h i s c o n t e x t . 

A f u z z y s e t i s d e f i n e d as f o l l o w s : 

A f u z z y s e t A in X i s c h a r a c t e r i z e d by a membership f u n c t i o n 

f ^ ( x ) which a s s o c i a t e s w i t h each p o i n t in X a r e a l member in 

t h e i n t e r v a l [O, l ] , w i t h t h e v a l u e o f f ^ ( x ) a t x r e p r e s e n t ! 

t h e ' g r a d e of membersh ip ' o f x in A. 
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Zadeh d e s c r i b e d a l g o r i t h m s as f u z z y i f t h e y c o n t a i n e d names of 

f u z z y s e t s . In t h i s way p r e c i s e meanings were a s s i g n e d t o f u z z y 

i n s t r u c t i o n s t h r o u g h t h e use of t h e membership f u n c t i o n s of t h e f u z z y 

s e t s which e n t e r e d i n t o such i n t r u c t i o n s . However , as Zadeh p o i n t e d 

o u t , " t h e a s s i g n m e n t of a p r e c i s e meaning t o a f u z z y i n s t r u c t i o n does 

n o t i n i t s e l f r e s o l v e t h e a m b i g u i t y of how i t s h o u l d be e x e c u t e d " . 

C e r t a i n l y i f t h e v a r i o u s membership f u n c t i o n s a r e i n t e r p r e t e d as 

p r o b a b i l i t y m e a s u r e s , t hen t h e e x e c u t i o n o f t h e f u z z y i n s t r u c t i o n 

p r e s e n t e d no d i f f i c u l t y . Zadeh m e n t i o n e d o t h e r methods of e x e c u t i o n , 

b u t e m p h a s i z e d t h a t he had n o t p r o v i d e d a d e f i n i t i v e answer t o t h i s 

q u e s t i o n . 

P r o b a b l y t h e most a t t r a c t i v e f e a t u r e of f u z z y a l g o r i t h m s l i e s 

i n t h e i r i n d e f i n i t e n a t u r e . The s u c c e s s o f a f u z z y a l g o r i t h m s h o u l d 

n o t depend on t h e knowledge of t h e " p r e c i s e s p e c i f i c a t i o n of t h e 

membership f u n c t i o n s of t h e f u z z y s e t s e n t e r i n g i n t o such i n s t r u c t i o n s 

(72) I t i s i n t h i s s e n s e t h a t f u z z y a l g o r i t h m s and t h e e v o l u t i o n a r y 

a l g o r i t h m s d e s c r i b e d i n t h i s t h e s i s o v e r l a p in t h e i r g e n e r a l i n t e n t . 

I t i s i m p o r t a n t t o o b s e r v e t h a t many of t h e f u z z y s e t s which o c c u r i n 

P a t t e r n R e c o g n i t i o n do n o t have a p r i o r i membership f u n c t i o n s . In t h i s 

t h e s i s f b r e x a m p l e , t h e p r o b a b i l i t y of e r r o r f o r an e v o l v e d s e t of OCR 

o p e r a t o r s can o n l y be o b t a i n e d by c a r r y i n g o u t a s e r i e s of r e a l e v a l u a t i o n s 

Th i s i s b e c a u s e t h e e v o l u t i o n a r y method does n o t n e c e s s a r i l y r e l y upon 

a p r i o r i h e u r i s t i c s d u r i n g a s e a r c h ; i t i s o n l y a f t e r t h e s e a r c h has been 

comple t ed t h a t a m e a n i n g f u l measure can be a t t a c h e d t o t h e r e s u l t . 
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Z a d e h ' s o r i g i n a l p a p e r ( 7 1 ) has s t i m u l a t e d c o n s i d e r a b l e i n t e r e s t 

in t h e t h e o r y of f u z z y s e t s , m a i n l y b e c a u s e i t p r o v i d e s a way of a c t u a l l y 

e x p r e s s i n g many o f t h e p r a c t i c a l p rob lems now f a c i n g compu te r s c i e n t i s t s . 

T h i s d i s c u s s i o n has h i g h l i g h t e d t h e ' f u z z y ' n a t u r e of e v o l u t i o n a r y 

a l g o r i t h m s , and i t i s s u g g e s t e d t h a t f u t u r e work migh t be c o n c e r n e d w i t h 

t h e r e l a t i o n be tween t h e ' q u a n t i t y of e v a l u a t i o n ' and t h e a c c u r a c y o r 

' f u z z i n e s s ' of e v o l u t i o n a r y r e s u l t s . 

5 . 3 P h i l o s o p h y of t h e T h e s i s 

T h i s t h e s i s has d i s c u s s e d t h e b a s i c t h i n k i n g b e h i n d e v o l u t i o n a r y 

c o n c e p t s and has r e p o r t e d i t s a p p l i c a t i o n i n two p rob lem a r e a s . I t has 

a lways been e m p h a s i s e d t h a t an e v o l u t i o n a r y s e a r c h s h o u l d n o t be d i r e c t e d a t 

t h e o u t s e t by p r e c o n c e i v e d h e u r i s t i c r u l e s . The a d v a n t a g e s o f t h i s app roach 

can n e v e r be d e m o n s t r a t e d r i g o r o u s l y , b u t i t can be shown t h a t p a r t i c u l a r 

d e d u c t i v e s e a r c h e s f r e q u e n t l y g e t ' t r a p p e d ' b e f o r e a s a t i s f a c t o r y s o l u t i o n 

has been o b t a i n e d . The f i n a l t e s t i s , of c o u r s e , an e m p i r i c a l e v a l u a t i o n 

c a r r i e d o u t on a p r a c t i c a l p r o b l e m . 

I t i s n o t f e a s i b l e t o r e j e c t a ^ ^ h e u r i s t i c s d u r i n g a s e a r c h , f o r t h i s 

i s t a n t a m o u n t t o c a r r y i n g o u t a t o t a l l y random p r o c e d u r e . The r e s e a r c h 

has shown h o w e v e r , t h a t t h e use o f a s u i t a b l y chosen e v o l u t i o n a r y ' s m a l l 

c h a n g e ' h e u r i s t i c ( 2 . 5 . 3 ) was s u f f i c i e n t t o g e n e r a t e e n c o u r a g i n g r e s u l t s . 

I n d e e d t h e p h i l o s o p h y t h r o u g h o u t t h e work has been t o e l i m i n a t e u n j u s t i f i e d 

r e s t r i c t i o n s f rom t h e s e a r c h e s , and t o a l l o w t h e e v o l u t i o n t o p r o c e e d i n as 

u n c o n s t r a i n e d a manner as was p o s s i b l e w i t h i n t h e f ramework of t h e v a r i o u s 

p r o b l e m s . Only a f t e r a s e t of u s e f u l r e s u l t s have been p r o d u c e d a r e 

s e a r c h h e u r i s t i c s e x t r a c t e d and used t o enhance t h e o r i g i n a l s e a r c h p r o c e s s . 



C u r r e n t l y t h e r e a p p e a r s t o be a d e t e c t a b l e move 

away f rom t h e more t r a d i t i o n a l and f o r m a l i s t ! c methods of 

compu te r s c i e n c e . Minsky (73) goes as f a r as s a y i n g t h a t 

"an e x c e s s i v e p r e o c c u p a t i o n w i t h f o r m a l i s m i s imped ing t h e 

deve lopmen t o f compu te r s c i e n c e " . Two examples of t h i s 

t r e n d away f rom c o n v e n t i o n a l methods were r e p o r t e d r e c e n t l y . 

The f i r s t i s c o n c e r n e d w i t h t h e p rob l em of f a s t d i g i t a l image 

r e g i s t r a t i o n ( 7 4 ) , and t h e s e c o n d w i t h d i g i t a l f a u l t d e t e c t i o n 

( 7 5 ) . Both t e c h n i q u e s i n c o r p o r a t e a random e l e m e n t and 

compared w i t h e a r l i e r m e t h o d s , t h e y make c o n s i d e r a b l y r e d u c e d 

demands on c o m p u t a t i o n . The a u t h o r has c o n d u c t e d s e v e r a l 

p r e l i m i n a r y e x p e r i m e n t s which i n v e s t i g a t e d t h e f e a s i b i l i t y of 

a n o n - d e t e r m i n i s t i c d e f i n i t i o n of randomness ( 4 ) . Th i s 

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

and b e a r s some r e l a t i o n t o t h e p rob l em of ' s t r u c t u r e d e t e c t i o n ' 

i n p a t t e r n r e c o g n i t i o n . Whether t h e n o n - a n a l y t i c t e c h n i q u e 

becomes p o p u l a r s u r e l y depends upon i t s s u c c e s s i n a w i d e v a r i e t y 

of p r o b l e m s . Over t h e n e x t few y e a r s one migh t e x p e c t an 

i n c r e a s i n g volume of r e s e a r c h t o be d e v o t e d t o an e v a l u a t i o n o f 

such m e t h o d s ; o n l y t hen w i l l i t be p o s s i b l e to a t t a c h r e a l i s t i c 

and m e a n i n g f u l v a l u e s t o each a p p r o a c h . 
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A P P E N D I X B S E Q U E N T I A L MACHINES : D E F I N I T I O N S 

1 Machines 

The two c l a s s i c f i n i t e machine models a r e d e f i n e d ( 2 9 ) : 

A Moore t y p e s e q u e n t i a l machine i s a q u i n t u p l e 

M = ( Q , I , Z , g , A ) 

where i ) Q i s a f i n i t e nonempty s e t o f s t a t e s ; 

i i ) I i s a f i n i t e nonempty s e t o f i n p u t s ; 

i i i ) Z i s a f i n i t e nonempty s e t of o u t p u t s ; 

i v ) g : Qxl i s c a l l e d t h e t r a n s i t i o n ( o r n e x t s t a t e ) 

f u n c t i o n ; 

v) A: Q i s c a l l e d t h e o u t p u t f u n c t i o n . 

A Mealy t y p e s e q u e n t i a l machine i s a q u i n t u p l e 

M = ( Q , I , Z , g , A ) 

where i ) Q i s a f i n i t e nonempty s e t of s t a t e s ; 

i i ) I i s a f i n i t e nonempty s e t of i n p u t s ; 

i i i ) Z i s a f i n i t e nonempty s e t of o u t p u t s ; 

i v ) 6 : Q x l — » Q i s c a l l e d t h e t r a n s i t i o n f u n c t i o n ; 

v) A: Qxl » Z i s c a l l e d t h e o u t p u t f u n c t i o n . 

B.2 P a r t i t i o n s 

A p a r t i t i o n m on a s e t Q i s a c o l l e c t i o n o f d i s j o i n t s u b s e t s of 

Q whose s e t un ion i s Q. The s e t s of % a r e c a l l e d b l o c k s of % and 

s = t ( n ) i f f s and t a r e c o n t a i n e d i n t h e same b l o c k o f 
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A p a r t i t i o n on t h e s e t o f s t a t e s of t h e machine 

M = ( Q , I , Z , a , A ) 

i s c a l l e d a p r e s e r v e d p a r t i t i o n * i f f s a t (n ) i m p l i e s t h a t 

g ( s , x ) = g ( t , x ) ( % ) f o r a l l x f I . 

A d d i t i o n ( + ) and m u l t i p l i c a t i o n ( ' ) can be d e f i n e d on t h e 

p a r t i t i o n s o f a s e t Q. I f and a r e p a r t i t i o n s on Q, t h e n : 

i ) i s t h e p a r t i t i o n on Q such t h a t 

s = t ( % ^ . i f f s = = t ( and S : = t ( 

i i ) + % i s t h e p a r t i t i o n on Q such t h a t 

s = : t ( n ^ . n g ) i f f t h e r e e x i s t s a s e q u e n c e i n 

Q S = SQ, s ^ , s ==t f o r which e i t h e r 

S ' — s . 
1 + l ( " i ) o r S .==S. + n g ) f o r 0 < i < n - i 

^ 2 i s l a r g e r t h a n o r equa l t o * i f f e v e r y b l o c k of i s c o n t a i n e d 

i n a b l o c k of and w r i t e In t h i s c a s e i s a r e f i n e m e n t 

of p a r t i t i o n # 2 -

I t can be shown t h a t i f ^ and a r e p r e s e r v e d p a r t i t i o n s on t h e 

s e t of s t a t e s of a s e q u e n t i a l machine M, t h e n so a r e t h e p a r t i t i o n s 

#2 + n 2 ' 

P a r t i t i o n p a i r s f i n d a p p l i c a t i o n s in t h e s t a t e a s s i g n m e n t p rob lem 

and in f e e d b a c k d e c o m p o s i t i o n ( 2 9 ) -

A p a r t i t i o n p a i r ( ^ , ; / ) on t h e machine 

M = ( Q , I , Z , a , A ) 

i s an o r d e r e d p a i r o f p a r t i t i o n s on Q such t h a t s==t(%^ i m p l i e s 

6 ( s , x ) = 5 g ( t , x ) f o r a l l x e I . 

* H a r t m a n i s and S t e a r n s (29) c a l l t h e s e p a r t i t i o n s 

s u b s t i t u t i o n p r o p e r t y ( S . P . ) p a r t i t i o n s . 
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In o r d e r t o c a t e r f o r t h e d o n ' t c a r e s in t h e o r i g i n a l machine 

t h i s d e f i n i t i o n i s weakened : 

I f n and f a r e p a r t i t i o n s on Q, i s a weak p a r t i t i o n p a t r i f f 

s = t ( n ) i m p l i e s 6 ( s , x ) = 5 ( t , x ) ( r ) f o r a l l x c I such t h a t 6 ( s , x ) 

and 5 ( t , x ) a r e s p e c i f i e d . 

I f ( n , r ) i s a weak p a r t i t i o n p a i r , t h e n m has t h e comapping 

p r o p e r t y w i t h r i f f e v e r y b l o c k o f ^ maps unde r I i n t o a t most one b l o c k 

o f T and e v e r y b l o c k o f r i s mapped i n t o by a t most one b l o c k o f ^ . 

B.3 Covers 

Q u i t e f r e q u e n t l y t h e b l o c k s of p a r t i t i o n s a r e mapped by t h e 

n e x t - s t a t e mapping (6 ) o n t o o v e r l a p p i n g s u b s e t s o f Q. When t h i s 

o c c u r s , p a r t i t i o n s o f Q can no l o n g e r be used t o o b t a i n i n f o r m a t i o n 

a b o u t t h e m a c h i n e . The n o t i o n of a c o v e r i s i n t r o d u c e d t o overcome 

t h e s e d i f f i c u l t i e s . 

Le t Q be t h e s t a t e s e t of a machine H. 

A s e t ^ i s a c o v e r * i f 

a) t h e un ion o f a l l C X f ^ i s Q, 

b) C. c: Cj i f f i = j . 

The a r e c a l l e d b l o c k s of t h e c o v e r . 

For e v e r y s u b s e t C of Q t h e image of C u n d e r 8 w i t h i n p u t 

X( I i s d e f i n e d t o be 

6 ( x , C ) = q^ = 6 ( x , q j ) f o r q j C C and g ( x , q j ) d e f i n e d } 

A c o v e r ^ = Cg, . . . , C } i s c a l l e d a p r e s e r v e d c o v e r i f f 

t h e r e e x i s t s one k such t h a t 6 ( x , C j ) f o r e v e r y x c I , I f 8 ( x , C j ) = 0 , 

t h e n a ( x , C j ) c : C ^ f o r a l l C^c 

* H a r t m a n i s and S t e a r n s (29) d e f i n e a s e t s y s t e m i n a s i m i l a r way. 
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Most of t h e r e s u l t s c o n c e r n i n g p a r t i t i o n s can he e x t e n d e d t o 

e q u i v a l e n t r e s u l t s w i t h c o v e r s . However , t h e a d v a n t a g e s g a i n e d by 

t h e g r e a t e r g e n e r a l i t y a r e l o s t t o t h e i m p r a c t i c a b i l i t y o f t h e 

a l g o r i t h m s . T h i s i s b e c a u s e in f i n d i n g t h e s e t of a l l p r e s e r v e d 

p a r t i t i o n s f o r an n - s t a t e machine a p p r o x i m a t e l y n ( n - l ) / 2 c a l c u l a t i o n s 

a r e n e e d e d , w h e r e a s (2^ - n - 1 ) c a l c u l a t i o n s a r e needed t o f i n d a l l o f 

t h e p r e s e r v e d c o v e r s . Some a u t h o r s c o n c l u d e t h a t a l t h o u g h t h e c o v e r 

c o n c e p t i s h e l p f u l in f o r m u l a t i n g and t h i n k i n g a b o u t machine p r o b l e m s , 

and a l t h o u g h some s p e c i a l i z e d a p p l i c a t i o n s can be d e v e l o p e d , i t w i l l 

ve ry se ldom be a p r a c t i c a l t o o l f o r e x h a u s t i v e a n a l y s i s . 

B.4 S t a t e R e d u c t i o n 

S t a t e s a r e s a i d t o be e q u i v a l e n t i f f e v e r y p o s s i b l e i n p u t 

s e q u e n c e c a u s e s t h e machine t o p r o d u c e t h e same o u t p u t s e q u e n c e when t h e 

i n i t i a l s t a t e i s q^ as i t does when t h e i n i t i a l s t a t e i s q j . 

A p a r t i t i o n % on t h e machine M i s c a l l e d o u t p u t c o n s i s t e n t i f f 

S s s t f ^ ^ i m p l i e s A ( s ) = A ( t ) f o r a l l i n p u t s x. 

When machines a r e n o t d e f i n e d f o r a l l p o s s i b l e i n p u t s t h e c o n c e p t s 

of s t a t e e q u i v a l e n c e as w e l l as p r e s e r v e d p a r t i t i o n s a r e no l o n g e r 

a p p l i c a b l e . The t r e a t m e n t of t h o s e mach ines r e q u i r e s f u r t h e r 

d e f i n i t i o n s . 

A s e q u e n c e t h a t can be a p p l i e d t o a p a r t i a l l y s p e c i f i e d machine 

in i n i t i a l s t a t e q w i t h o u t e n c o u n t e r i n g any u n d e f i n e d t r a n s i t i o n s 

( i . e . 6 ( q ^ , x ) i s a lways d e f i n e d ) i s s a i d t o be a p p l i c a b l e t o s t a t e q . 

S t a t e q^ c o n t a i n s s t a t e q 2 ( q i : 2 q 2 ) i f f e v e r y i n p u t s e q u e n c e t h a t 

i s a p p l i c a b l e t o qg i s a l s o a p p l i c a b l e t o q ^ , and r e s u l t s i n t h e same 

o u t p u t s e q u e n c e r e g a r d l e s s of w h e t h e r i t i s a p p l i e d t o i n i t i a l s t a t e 

qg o r t o i n i t i a l s t a t e q ^ . 
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I t migh t seem t h a t t h e s t a t e c o n t a i n m e n t r e l a t i o n would be 

s u f f i c i e n t t o f i n d t h e minimal number of s t a t e s t o r e p r e s e n t a 

g iven m a c h i n e . I t t u r n s o u t , h o w e v e r , t h a t t h i s r e l a t i o n i s t o o 

s t r o n g in t h a t i t i s o f t e n p o s s i b l e t o use a g roup of m s t a t e s t o 

do t h e work of a n o t h e r g roup o f n s t a t e s w i t h n > m > l . S t a t e 

c o n t a i n m e n t i s m e r e l y t h e p a r t i c u l a r c a s e of m=l. To a c c o u n t f o r 

t h i s s i t u a t i o n f u r t h e r d e f i n i t i o n s must be i n t r o d u c e d . 

The s t a t e s a r e s a i d t o be c o m p a t i b l e i f f e v e r y i n p u t s e q u e n c e 

which i s a p p l i c a b l e t o bo th and qg g i v e s r i s e t o i d e n t i c a l o u t p u t 

s e q u e n c e s . 

A s e t B of s t a t e s i s c a l l e d a c o m p a t i b l e s e t i f e v e r y p a i r of 

s t a t e s c o n t a i n e d in B a r e c o m p a t i b l e . B i s a maximal c o m p a t i b l e s e t 

i f B i s n o t a p r o p e r s u b s e t of any c o m p a t i b l e s e t . The image P of a 

c o m p a t i b l e s e t C i s c a l l e d t h e c o n d i t i o n c l a s s f o r C. 

A c o m p a t i b l e s e t i s n o n - p r i m e , i f t h e r e e x i s t s a n o t h e r 

c o m p a t i b l e s e t Cj such t h a t 

i ) C. c Cj 

and i i ) P j c 

O t h e r w i s e i s a p r ime c o m p a t i b l e s e t . 

The g e n e r a l s t a t e r e d u c t i o n p rob l em amounts t o t h e d i s c o v e r y 

of a p r e s e r v e d c o v e r w i t h a minimal number of b l o c k s each o f which i s 

a c o m p a t i b l e s e t . ( I t i s i n f a c t o n l y n e c e s s a r y t o c o n s i d e r p r ime 

c o m p a t i b l e s e t s ) . 

6 . 5 Semigroups 

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

members o f t h e s e t h a v i n g 

i ) t h e c l o s u r e p r o p e r t y . 

i i ) t h e ' a s s o c i a t i v e p r o p e r t y . 



The s emig roup o f a s t a t e machine M = ( Q , I , 6 ) i s t h e s e m i g r o u p 

g e n e r a t e d by t h e i n p u t s r e g a r d e d as mappings of Q i n t o Q where t h e 

r u l e o f c o m b i n a t i o n i s t h e c o n c a t e n a t i o n of t h e i n p u t s e q u e n c e s . 
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APPENDIX C AN EVOLUTIONARY AIGORITHH FOR THE DETERMINATION OF 
PRESERVED FARTTTlONS^ ' ' ' 

An e s s e n t i a l s t e p in t h e i m p l e m e n t a t i o n of a f i n i t e - s t a t e machine 

i s t n e a s s i g n m e n c of b i n a r y s t a t e v a r i a b l e s ( 2 . 4 . 3 ) . A knowledge of t h e 

i n t e r n a l s c r u c t u r e o f t h e machine i s i m p e r a t i v e i f an e l e g a n t r e a l i z a t i o n 

i s t o be o b t a i n e d . The p r e s e r v e d p a r t i t i o n s o f t h e machine n o t o n l y 

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

s k a t e s , b u t a l s o d i r e c t a t t e n t i o n towards t h e mos t economic a s s i g n m e n t . 

C h a p t e r t h r e e has been c o n c e r n e d w i t h an a l g o r i t h m f o r t h e s t a t e 

r e d u c t i o n of m a c h i n e s , o r e q u i v a l e n t l y , t h e d i s c o v e r y o f maximal 

p a r t i t i o n s whose b l o c k s c o n s i s t of c o m p a t i b l e s t a t e s . These p a r t i t i o n s 

a r e o u t p u t c o n s i s t e n t and p r e s e r v e d , b u t o n l y f o r c e r t a i n i n p u t s e q u e n c e s 

t h a t a r e a p p l i c a b l e t o t h e machine s t a t e s . P r e s e r v e d p a r t i t i o n s a r e 

n o r m a l l y c o n s i d e r e d o n l y when t h e machine i s f u l l y s p e c i f i e d , in which 

c a s e t h e y can be u s e f u l l y m a n i p u l a t e d in a c c o r d a n c e w i t h s u p p o r t i n g 

t h e o r y . C o n v e n t i o n a l p rograms f o r t h e p r o d u c t i o n o f p r e s e r v e d 

p a r t i t i o n s i n v o l v e a t r e e s e a r c h and a s t o r a g e r e q u i r e m e n t which goes 

up as t h e s q u a r e of t h e number of s t a t e s . As w i t h s t a t e r e d u c t i o n such 

a t e c h n i q u e becomes unwie ldy when a ve ry l a r g e number of s t a t e s i s e n c o u n t e r e d , 

In t h e f i r s t i n s t a n c e c o m p l e t e l y s p e c i f i e d mach ines a r e c o n s i d e r e d . 

The a l g o r i t h m b e g i n s w i t h t h e t r i v i a l p r e s e r v e d p a r t i t i o n 

*o = { l ; 2 ; . . . ; n } . Two i n i t i a l s t a t e s ( q . , q . ) a r e chosen and a random 
1-1 J-| 

s e q u e n c e o f l e n g t h m i s i n p u t s i m u l t a n e o u s l y t o b o t h . T h i s r e s u l t i n 

c o n t r o l p a s s i n g t h r o u g h a s u c c e s s i o n o f m p a i r s of s t a t e s : 

(A -i ) A i sA' ) • 

^1 J l ^2 ^2 ^m Jm 

Each p a i r of s t a t e s w i l l b e l o n g t o t h e same b l o c k o f a p r e s e r v e d p a r t i t i o n 

which a l s o has q . and q . in t h e same b l o c k . I n p u t s e q u e n c e s a r e 
^1 J l 

t e r m i n a t e d i f a s t a t e p a i r i s composed of i d e n t i c a l s t a t e s . O t h e r w i s e 

a l l i n p u t s o f t h e s e q u e n c e a r e a c c e p t e d . The s t a t e b l o c k s i n t h e i n i t i a l 

p a r t i t i o n a r e g rouped t o g e t h e r t r a n s i t i v e l y a c c o r d i n g t o t h e 



e q u i v a l e n c e d e f i n e d by t h e l i s t of s t a t e ' p a i r s , ( q . , q . ) . Th i s 

p r o d u c e s a p a r t i t i o n w i t h B e g i n n i n g w i t h t h e same 

s t a t e p a i r , t h e g r o u p i n g of s t a t e b l o c k s in i s c o n t i n u e d w i t h 

a n o t h e r random i n p u t s e q u e n c e p r o d u c i n g 3^ w i t h ^2>%Y>^o' A f t ^ r 

p such s e q u e n c e s we have 

> * o ' 

I f #p = | l , 2 , . . . , n } t h e n n i s o u t p u t as a p s e u d o - p r e s e r v e d 

p a r t i t i o n . I f % becomes e q u a l t o p e r h a p s f o r s m a l l q , t h e 

p r o c e s s can be t e r m i n a t e d w i t h t h e unambiguous d e c i s i o n t h a t t h e r e 

i s no n o n - t r i v i a l p r e s e r v e d p a r t i t i o n w i t h t h e c u r r e n t i n i t i a l s t a t e 

p a i r in t h e same b l o c k . When t h i s p r o c e d u r e has been a p p l i e d t o a l l 

n ( n - l ) / 2 p o s s i b l e s t a r t - s t a t e p a i r s , a p o s s i b l y empty s e t o f d i s t i n c t 

n o n - t r i v i a l p s e u d o - p r e s e r v e d p a r t i t i o n s w i l l have been g e n e r a t e d . 

I t i s p o s s i b l e t h a t t h e p a r t i t i o n s p r o d u c e d by t h i s t e c h n i q u e 

a r e n o t a c t u a l l y p r e s e r v e d . G r e a t e r c e r t a i n t y in t h e r e s u l t s i s 

o b t a i n e d by i n c r e a s i n g t h e p a r a m e t e r s m:p . However , t h e e r r o r s which 

o c c u r in p s e u d o - p r e s e r v e d p a r t i t i o n s a r e o n l y of a p a r t i c u l a r t y p e as 

i s i l l u s t r a t e d by t h e f o l l o w i n g t h e o r e m . 

Theorem 

I f a n o n - t r i v i a l p r e s e r v e d p a r t i t i o n s o f a c o m p l e t e l y s p e c i f i e d 

machine e x i s t s , t h e n a n o n - t r i v i a l p s e u d o - p r e s e r v e d p a r t i t i o n i s 

a lways f o u n d . 

P r o o f 

n > s i n c e t h e g e n e r a t i o n o f a p s e u d o - p r e s e r v e d p a r t i t i o n 

r e q u i r e s t h a t a t l e a s t two s t a t e s a r e g rouped in t h e same b l o c k of n . 
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C o n s i d e r a p a i r of s t a t e s i n t h e same b l o c k o f % . 

;e t h a t ^ u s i n g i n i t i a l s t a r t s t a t e p a i r . 

Then t h e r e e x i s t s a p a i r o f s t a t e s (q , , ) which a r e in t h e same 

b l o c k of b u t n o t in t h e same b l o c k of % . But t h e i d e n t i f i c a t i o n 

o f ( q . , , 9 ^ ' ) TM t h e same b l o c k of m was i n f e r r e d f rom t h e i d e n t i f i c a t i o n 

of ( q - . q ^ ) . 

T h e r e f o r e ^ o t i n t h e same b l o c k of C o n t r a d i c t i o n . 

' - ^ o < " p ^ : " ' 

I d e a l l y d o n ' t c a r e c o n d i t i o n s s h o u l d be a s s i g n e d so as t o min imize 

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

f i l l s t h e d o n ' t c a r e c o n d i t i o n s in such a manner t h a t any p r e s e r v e d 

p a r t i t i o n s t h a t a r e p r o d u c e d a r e as sma l l as p o s s i b l e . In t h i s way 

a s s i g n m e n t s a r e made so t h a t each b i n a r y v a r i a b l e d e s c r i b i n g t h e new s t a t e 

depends on as few v a r i a b l e s of t h e o l d s t a t e as p o s s i b l e . 

I f on t h e k th i n p u t a d o n ' t c a r e c o n d i t i o n i s r e a c h e d f r o m one 

o f t h e i n i t i a l s t a t e s , q . , t h e n t h e s t a t e q . i s s u b s t i t u t e d in i t s p l a c e . 
^ -̂ k 

S i m i l a r l y i f t h e d o n ' t c a r e i s r e a c h e d f rom q . , q - i s s u b s t i t u t e d . The 
^k 

i n p u t s e q u e n c e i s t h e n t e r m i n a t e d and t h e p r o c e d u r e c o n t i n u e d as f o r 

c o m p l e t e l y s p e c i f i e d m a c h i n e s . The re may be many such a s s i g n m e n t s f o r t h e 

d o n ' t c a r e c o n d i t i o n s each g i v i n g r i s e t o a d i f f e r e n t s e t of p r e s e r v e d 

p a r t i t i o n s . The p a r t i t i o n s which a r e in f a c t p r o d u c e d a r e d e p e n d e n t 

on t h e o r d e r in which t h e p a i r s o f s t a t e s a r e compared . 

P r e s e r v e d p a r t i t i o n s can be used t o decompose a c o m p o s i t e machine 

i n t o a s e t o f i n t e r c o n n e c t e d s m a l l e r m a c h i n e s . In e f f e c t t h i s means 

t h a t a s s i g n m e n t s can be g i v e n t o t h e component mach ines w i t h o u t any 

dependence upon t h e i n t e r n a l s t a t e s of t h e o t h e r component m a c h i n e s . 

I t can be shown (77) t h a t t h e r e i s a l o o p - f r e e r e a l i z a t i o n of a s e q u e n t i a l 
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machine f rom n s m a l l e r machines i f t h e r e c o r r e s p o n d s a s e t of n 

p r e s e r v e d p a r t i t i o n s whose p r o d u c t i s m . I t i s o b s e r v e d t h a t 

a l t h o u g h t h i s method o f t e n e n a b l e s a machine t o be c o n s t r u c t e d 

f r o m s i m p l e r m a c h i n e s , i t makes no c o n t r i b u t i o n t o w a r d s s i m p l i f y i n g 

t h e i m p l e m e n t a t i o n of t h e o u t p u t mapping . 

An a s s i g n m e n t c a r r i e d o u t on t h e b a s i s of a p s e u d o - p r e s e r v e d 

p a r t i t i o n might n o t be an a c c u r a t e r e p r e s e n t a t i o n of t h e o r i g i n a l mach ine . 

However , on ly i f t h e machine was made t o f u n c t i o n in a way which was 

n o t e x p l o r e d d u r i n g t h e d e r i v a t i o n of t h e o r i g i n a l p s e u d o - p r e s e r v e d 

p a r t i t i o n , would t h e i m p l e m e n t a t i o n go a s t r a y . In t h e same way as 

w i t h s t a t e r e d u c t i o n , m a l f u n c t i o n s can be made a r b i t r a r i l y r a r e by 

i n c r e a s i n g t h e c o m p u t a t i o n , and t h u s t h e r e l i a b i l i t y of t h e 

p s e u d o - p r e s e r v e d p a r t i t i o n s . An a b s o l u t e check on t h e p s e u d o - p r e s e r v e d 

p a r t i t i o n s can be c a r r i e d o u t a g a i n i n much t h e same way as w i t h s t a t e 

r e d u c t i o n s by e n s u r i n g t h a t : 

i ) The p a r t i t i o n s a r e p r e s e r v e d and 

i i ) a l l n e x t s t a t e d o n ' t c a r e c o n d i t i o n s 

a r e a s s i g n e d . 

At t h i s s t a g e any e r r o r s which a r e f o u n d can be c o r r e c t e d q u i t e s i m p l y 

by merg ing a p p r o p r i a t e b l o c k s of t h e p a r t i t i o n % t h e r e b y p r o d u c i n g t h e 

r e q u i r e d p a r t i t i o n % ( s e e T h e o r e m ) . However , in t h e l i g h t of r e s u l t s 

o b t a i n e d in C h a p t e r t h r e e , c o n s i d e r a b l e d o u b t mus t be p l a c e d on t h e 

r e l i a b i l i t y of p s e u d o - p r e s e r v e d p a r t i t i o n s u n l e s s v e r y many i n p u t 

s e q u e n c e s a r e employed . As w i t h s t a t e r e d u c t i o n i t would be more 

e f f i c i e n t t o a p p l y t h e d o n ' t c a r e a s s i g n m e n t r u l e s i n an e x h a u s t i v e f a s h i o n . 

F i n a l l y an i n i t i a l s t u d y of t h e p r e s e r v e d p a r t i t i o n s of a machine 

w i l l l e s s e n t h e d a n g e r of s i m p l e i n t e r n a l s t r u c t u r e b e i n g d e s t r o y e d by s t a t e 

r e d u c t i o n ( 2 . 4 . 2 ) . In t h i s way s t r a i g h t f o r w a r d i m p l e m e n t a t i o n s w i l l be 

u n l i k e l y t o go u n n o t i c e d . 



APPENDIX D OCR SYSTEM SOFTWARE 

D. l Genera l 

The programmes and s u b r o u t i n e s were w r i t t e n in FORTRAN and 

DAP-16 f o r t h e Honeywell DDP 516 16K c o m p u t e r . Two o n - l i n e 

t e l e t y p e s , a h i g h - s p e e d r e a d e r , a h i g h - s p e e d punch and a s t o r a g e 

s c o p e a r e employed a t v a r i o u s p o i n t s in t h e s y s t e m . The p r o j e c t 

was i n f l u e n c e d t o a c o n s i d e r a b l e e x t e n t by t h e a b s e n c e of any 

b a c k i n g s t o r e , and i t was t h i s l i m i t a t i o n w^ich p r o b a b l y made t h e 

o r t h o g o n a l t y p e o f o p e r a t o r so a t t r a c t i v e . A p a t t e r n r e c o g n i t i o n 

p rob l em i s n o r m a l l y n o t t h o u g h t f e a s i b l e u n l e s s l a r g e q u a n t i t i e s of 

d a t a can be a c c e s s e d by t h e c o m p u t e r . In s p i t e o f t h i s , t h e methods 

employed in t h i s t h e s i s e n a b l e d a r e c o g n i t i o n s y s t e m t o be d e s i g n e d 

and e v a l u a t e d e n t i r e l y w i t h i n 16K of c o r e s t o r e . 

In p a r a l l e l w i t h t h e e v o l u t i o n a r y s e a r c h p rogrammes , t h e 

c o r r e s p o n d i n g manual v e r s i o n s were a l s o w r i t t e n . I t was f e l t t h a t 

a manual i n t e r f a c e was e s s e n t i a l f o r g a i n i n g i n s i g h t i n t o some o f t h e 

p r o b l e m s . I t t u r n e d o u t h o w e v e r , t h a t manual methods were t e d i o u s 

and d i d n o t look p r o m i s i n g i n view of t h e l i m i t e d e f f o r t a v a i l a b l e . These 

programmes were l i t t l e used and w i l l n o t be d e s c r i b e d h e r e (76 ) . 

The work was n a t u r a l l y c e n t r e d a round two main p rogrammes , t h e 

e v o l u t i o n a r y o p e r a t o r g e n e r a t o r and t h e c h a r a c t e r c l a s s i f i e r programme. 

D.2 Programme D e s c r i p t i o n s 

D ' 2 . 1 E v o l u t i o n a r y O p e r a t o r G e n e r a t o r 

T h i s programme p r o v i d e d a s o f t w a r e f ramework which 

h y p o t h e s i z e d , e v a l u a t e d and m o d i f i e d OCR o p e r a t o r s a c c o r d i n g t o t h e 

e v o l u t i o n a r y p r i n c i p l e s s e t down i n 4 . 3 . 3 . O p e r a t o r s which were 

p r o d u c e d were s t o r e d i n a l i b r a r y which c o u l d h o l d up t o 64 o p e r a t o r s 

The programme o c c u p i e d t h e a r e a lOOg - 20746g . 
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Command I n s t r u c t i o n s 

When i n i t i a l i z e d o r i n t e r r u p t e d t h e programme asked f o r one of 

f o u r n u m e r i c commands: 

1. Programme was t o f u n c t i o n w i t h o u t o u t p u t . 

2 . A f t e r each m o d i f i c a t i o n t h e f o l l o w i n g was t o be 

punched o u t in a t e l e t y p e - l i s t a b l e f o r m : 

a) Three p a r a m e t e r s a s s o c i a t e d w i t h t h e 

r u n n i n g of t h e programme: 

T o t a l n o . m o d i f i c a t i o n s . 

No. good m o d i f i c a t i o n s . 

B e s t c u r r e n t o p e r a t o r s c o r e so f a r . 

b) Response h i s t o g r a m of t h e m o d i f i e d o p e r a t o r . 

c ) P i c t o r i a l r e p r e s e n t a t i o n o f t h e o p e r a t o r . 

( f o r b) and c) s e e F i g u r e 1 7 ) . 

3 . As 2 . b u t o n l y c) was o u t p u t . 

4 . As 1 . b u t o n l y a f t e r an improvement had o c c u r r e d . 

A d d i t i o n a l F e a t u r e s o f t h e Programme 

A. H y p o t h e s i z e d (random) o p e r a t o r s were r e j e c t e d i f t h e y d i d n o t 

f i t any c h a r a c t e r i n t h e a r c h e t y p e s e t . 

B. B e f o r e an o p e r a t o r was s t o r e d i n t h e l i b r a r y each e l e m e n t was 

checked f o r r e d u n d a n c y and removed i f i t d i d n o t c o n t r i b u t e , 

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

C. An o p e r a t o r which was p r o d u c e d by t h e programme was s t o r e d in t h e 

o p e r a t o r l i b r a r y o n l y i f i t s p e r f o r m a n c e e x c e e d e d a t l e a s t one 

of t h o s e a l r e a d y s t o r e d . In t h i s c a s e , t h e w o r s t o p e r a t o r , i n 

t e r m s o f t h e c u r r e n t e v a l u a t i o n f u n c t i o n , was o v e r w r i t t e n . 

D. T h i s programme d i d n o t c a l l t h e FORTRAN I /O l i b r a r y f o r s t o r a g e 

r e a s o n s . 

E. The F l o w c h a r t f o r t h i s programme i s i l l u s t r a t e d i n F i g u r e 22. 
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D . 2 . 2 OCR C l a s s i f i e r Programme 

T h i s programme c l a s s i f i e d and d i s p l a y e d t h e OCR B d a t a u s i n g t h e 

n e a r e s t n e i g h b o u r c l a s s i f i e r d e s c r i b e d in 4 . 4 . 3 . An o p e r a t o r l i b r a r y 

p r o d u c e d by t h e e v o l u t i o n a r y programme was r e q u i r e d f o r t h e r u n n i n g of 

t h i s programme. The programme o c c u p i e d t h e a r e a lOOg - 30000^ . 

Command I n s t r u c t i o n s 

When i n i t i a l i z e d o r i n t e r r u p t e d t h e compute r a sked f o r one o f 

s e v e n n u m e r i c commands: 

1. Complete p r i n t o u t p l u s d i s p l a y . In t h i s mode each c h a r a c t e r 

was d i s p l a y e d on t h e s t o r a g e s c o p e and t h e c l a s s i f i c a t i o n d a t a 

was p r i n t e d o u t on t h e s e c o n d t e l e t y p e . 

2 . Comple te p r i n t o u t , d i s p l a y and h a r d copy . Th i s , o p t i o n was as 1 . , 

b u t a h a r d copy o f each c h a r a c t e r was punched o u t in a fo rm which 

was d i r e c t l y l i s t a b l e on an o f f l i n e t e l e t y p e . 

3 . E r r o r R e j e c t P r i n t o u t p l u s d i s p l a y . T h i s o p t i o n was as 1 . , b u t 

o n l y f o r c h a r a c t e r s which were e i t h e r e r r o r s o r r e j e c t s . 

4 . E r r o r R e j e c t P r i n t o u t , d i s p l a y and h a r d copy . T h i s o p t i o n was 

as 3 b u t a h a r d copy of each d i s p l a y e d c h a r a c t e r was a l s o p r o d u c e d 

in t h e manner o f 2 . 

5 . C o n f u s i o n M a t r i x . T h i s o p t i o n c a u s e d t h e compute r t o punch o u t 

a t e l e t y p e - l i s t a b l e copy o f t h e c u r r e n t c o n f u s i o n m a t r i x . 

6 . T h r e s h o l d P a r a m e t e r s . The compute r r e q u e s t e d two r e j e c t 

t h r e s h o l d s . The f i r s t d e t e r m i n e d t h e l a r g e s t d i f f e r e n c e be tween 

t h e 1 s t . and 2nd . c l a s s i f i c a t i o n d i s t a n c e s a t which c h a r a c t e r s were 

r e j e c t e d . The s econd d e t e r m i n e d t h e s m a l l e s t d i s t a n c e f o r a f i r s t 

c h o i c e c l a s s i f i c a t i o n a t which c h a r a c t e r s were r e j e c t e d . 

7 . P a u s e . 



D.3 Data Areas 

D . 3 . 1 Common Areas 

The re were t h r e e p r i n c i p a l f i x e d a r e a s in c o r e which had 

a u n i v e r s a l l y common u s a g e t h r o u g h o u t t h e s y s t e m . 

NAME EXTENT 
( o c t a l ) 

SIZE FUNCTION 

TRCH 23266-33451 4212 S t o r a g e s p a c e f o r 
a r c h e t y p e s 

MIFH 33452-35651 1152 Response h i s t o g r a m 
a r e a 

MIF 35652-37651 1024 O p e r a t o r a r e a 

TABLE 16 Common Areas 

The o p e r a t o r l i b r a r y a lways o c c u p i e d t h e a r e a 33452g - 37651g. 

D.3.2 R e l o c a t a b l e Areas 

The re were s e v e r a l r e l o c a t a b l e l o c a t i o n s and w o r k i n g 

a r e a s which were l a b e l l e d f o r e x t e r n a l r e f e r e n c i n g by DAP 16 

s u b r o u t i n e s . T h i s was done in p r e f e r e n c e t o o t h e r methods f o r 

t h e f o l l o w i n g r e a s o n s . 

a) To s i m p l i f y t h e s t r u c t u r e of t h e common a r e a s . 

b) To r e l i e v e t h e i n f o r m a t i o n l o a d c a r r i e d by 

s u b r o u t i n e a r g u m e n t s . 

c) Debugging p u r p o s e s . 

d) To u t i l i z e t h e f u l l power of t h e Honeywell l o a d i n g 

r o u t i n e s . 



NAME LENGTH 
(Dec ima l ) 

FUNCTION 

BPAT 4565 S c a n n i n g Area 

GRM 1 No. Improvements P a r a m e t e r 

IGEN 1 T o t a l No. Changes P a r a m e t e r 

WLIP 64 Working O p e r a t o r Area 

HIST 36 Working Response H i s t o g r a m Area 

NOGI 1 Max.No.bad m o d i f i c a t i o n s (M^) 

FBFM 480 M o d i f i e d O p e r a t o r p o i n t e r s 

TABLE 17 : R e l o c a t a b l e Areas 

D.4 S t o r a g e of O p e r a t o r s 

O p e r a t o r s were s t o r e d i n t h e common d a t a a r e a MIF ( 3 5 6 5 2 g - 3 7 6 5 1 g ) , 

Up t o 64 o p e r a t o r s c o u l d be s t o r e d i n t h i s a r e a each o p e r a t o r o c c u p y i n g 

16 w o r d s . 

Each e l e m e n t of t h e o p e r a t o r was coded i n t o one 16 b i t word as 

f o l l o w s ; 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
\ - A 

P a r i t y o f 
E lemen t 

D e l i m i t e r P o s i t i o n in O p e r a t o r 

P r e s e n c e 
B i t 

FIGURE 2 3 



B i t T i s 1 i f t h e e l e m e n t was b l a c k s e e k i n g . 

B i t 1 i s 0 i f t h e e l e m e n t was w h i t e s e e k i n g . 

B i t 2 i s 1 i f an e l e m e n t was r e p r e s e n t e d . 

B i t s 8 - 1 6 r e p r e s e n t e d a number ( 0 - 4 7 9 ) i n d i c a t i n g t h e p o s i t i o n of 

t h e e l e m e n t in t h e 30 x 16 o p e r a t o r . The e l e m e n t word v a l u e ZOOOg 

d e l i m i t e d t h e l i s t of o p e r a t o r e l e m e n t s . 

64 o p e r a t o r r e s p o n s e s , c o r r e s p o n d i n g t o t h e o p e r a t o r s s t o r e d 

in MIF, were s t o r e d i n MIFH. Each r e s p o n s e h i s t o g r a m c o n s i s t e d of 

36 numbers which were packed i n t o 18 words i n MIFH. Each p a i r of 

h i s t o g r a m s l o t v a l u e s was packed w i t h t h e f i r s t v a l u e o c c u p y i n g 

b i t s 1 - 8 and t h e s econd o c c u p y i n g t h e r e m a i n d e r . 

D.5 S c a n n i n g 

The s p e e d s o f b o t h t h e e v o l u t i o n a r y programme and t h e c l a s s i f i e r 

programme were l i n e a r l y d e p e n d e n t upon t h e speed o f t h e s c a n n i n g r o u t i n e 

Some e f f o r t was t h e r e f o r e g iven t o w a r d s t h e d e s i g n of a f a s t c h a r a c t e r 

s c a n n i n g r o u t i n e . T h i s was a c h i e v e d by u t i l i z i n g t h e p a r a l l e l n a t u r e 

of t h e Honeywell DDP 516 m o d i f i e r r e g i s t e r . 

The s c a n n i n g s t r u c t u r e c o n s i s t e d of t h r e e d a t a a r e a s d e t a i l e d in 

T a b l e 18. 

FUNCTION LENGTH NAMES 

Working o p e r a t o r a r e a 64 WLIP, WLIS 

M o d i f i e d o p e r a t o r p o i n t e r s 480 FBFM 

B i n a r y c h a r a c t e r s can a r e a 4565 BPAT 

TABLE ,8 
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The s c a n n e d a r e a i t s e l f was s u f f i c i e n t l y l a r g e t o a l l o w a b l a n k 

margin t o s u r r o u n d t h e c h a r a c t e r and t o e n s u r e t h a t t h e o p e r a t o r 

was s c a n n e d o v e r t h e c h a r a c t e r in a l l p o s s i b l e r e l a t i v e p o s i t i o n s . 

The w o r k i n g o p e r a t o r was r e p r e s e n t e d by two l i s t s WLIS and 

WLIP. WLIS was an o r d e r e d l i s t o f o p e r a t o r e l e m e n t s (0 o r 1) which 

was d e l i m i t e d by - 1 . WLIP was an l i s t of i n d i r e c t p o i n t e r s t o t h e 

30 X 16 a r r a y FBFM and t h e r e b y i n d i c a t e d t h e p o s i t i o n o f t h e 

c o r r e s p o n d i n g e l e m e n t s in WLIS w i t h i n t h e 30 x 16 o p e r a t o r . 

FBFM was an a r r a y of 30 x 16 = 480 m o d i f i e d a d d r e s s e s which 

p o i n t e d t o t h e e x t r e m e b o t t o m l e f t of t h e c h a r a c t e r s c a n a r e a w i t h 

z e r o in t h e m o d i f i e r ( F i g u r e 2 4 ) . T h i s a d d r e s s l i s t was a r r a n g e d 

s o t h a t t h e r e l a t i v e p o s i t i o n s of o p e r a t o r e l e m e n t s c o u l d be c a r r i e d 

t h r o u g h t o t h e c h a r a c t e r s can a r e a s , By a l t e r i n g t h e v a l u e o f t h e 

m o d i f i e r , t h e a d d r e s s e s w i t h i n FBFM were a l l e f f e c t i v e l y a l t e r e d . 

T h i s i n t u r n c a u s e d t h e o p e r a t o r t o move o v e r t h e c h a r a c t e r . 

The scan a r e a BPAT was so a r r a n g e d t h a t s e q u e n t i a l l o c a t i o n s ran 

f r o m t o p t o b o t t o m and l e f t t o r i g h t . T h i s meant t h a t as t h e m o d i f i e r 

was i n c r e m e n t e d , t h e o p e r a t o r moved downwards and f rom l e f t t o r i g h t . 

A l so i t meant t h a t t h e o p e r a t o r s c a n n e d t h e c h a r a c t e r as i f t h e s c a n 

a r r a y were wrapped a round a c y l i n d e r w i t h a h o r i z o n t a l a x i s , t h u s 

removing t h e need f o r more t h a n one s t e p p i n g v a r i a b l e ( i . e . t h e m o d i f i e r ) 

The margin above and below t h e c h a r a c t e r was a l s o s u f f i c i e n t l y wide t o 

p r e v e n t t h e o p e r a t o r s i m u l t a n e o u s l y o v e r l a p p i n g t h e t o p and t h e b o t t o m 

of t h e s c a n n e d c h a r a c t e r . 

The s e a r c h f o r a f i t was s p e e d e d up y e t a g a i n by c h e c k i n g t h e 

b l a c k s e e k i n g e l e m e n t s f o r a match b e f o r e t h e w h i t e s e e k i n g e l e m e n t s . 

T h i s had t h e e f f e c t of s p e e d i n g t h e s c a n up o v e r t h e l a r g e b l a n k s p a c e s 

o u t s i d e t h e c h a r a c t e r a r e a . 
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Using t h e s e i d e a s t h e i n n e r l oop o f t h e s c a n n i n g r o u t i n e 

( i . e . t h e m a t c h / n o match check) was r e d u c e d t o t h e f o l l o w i n g DAP 16 

machine code i n s t r u c t i o n s : 

NST LDA* STAT 

SPL t e s t i f f i n i s h e d . 

JMP OUT EXIT ^ o p e r a t o r m a t c h e s . 

SNZ t e s t p o i n t s of e l e m e n t . 

JMP ZERO w h i t e s e e k i n g . 

LDA* ADDR b l a c k s e e k i n g . 

SNZ t e s t f o r b l a c k . 

JMP NEXT EXIT no m a t c h . 

IRS STAT ) i n c r e m e n t 

IRS ADDR ( p o i n t e r s . 

JMP NST c o n t i n u e . 

ZERO LDA* ADDR 

SZE t e s t f o r w h i t e . 

JMP NEXT EXIT no m a t c h . 

IRS STAT / i n c r e m e n t 

IRS ADDR ( p o i n t e r s . 

JMP NST c o n t i n u e . 

Each e l e m e n t was checked f o r a match i n 8 o r 9 i n s t r u c t i o n s 

o r 15-16 c y c l e s The l o o p in which t h e s e i n s t r u c t i o n s were 

n e s t e d , i n c r e m e n t e d t h e m o d i f i e r r e a d y f o r t h e n e x t o p e r a t o r p o s i t i o n , 



APPENDIX E ORTHOGONAL OPERATOR SET -

In t h i s a p p e n d i x t h e 64 OCR o p e r a t o r s and c o r r e s p o n d i n g r e s p o n s e 

h i s t o g r a m s a r e l i s t e d . F i r s t l y t h e 64 h i s t o g r a m s a r e l i s t e d in 64 

rows each column c o r r e s p o n d i n g t o one o f t h e 36 c l a s s e s i n d i c a t e d a t 

t h e t o p . S e c o n d l y each of t h e 64 o p e r a t o r c o n f i g u r a t i o n s i s l i s t e d 

as a row of 3 - t u p l e s . Each 3 - t u p l e c o r r e s p o n d s t o an o p e r a t o r e l e m e n t , 

t h e f i r s t two numbers i n d i c a t i n g t h e row and column c o - o r d i n a t e s , and 

t h e t h i r d t h e p a r i t y of t h e e l e m e n t . A s e t of z e r o c o - o r d i n a t e s does 

n o t c o r r e s p o n d t o any e l e m e n t . 

O p e r a t o r H i s t o g r a m s 

O 1 2 3 4 5 4 7 8 y 4 3 C D E F 3 H I J K L % N 0 P 0 3 5 T U J j X Y Z 
1 2 2 2 1 0 1 0 0 1 0 1 2 8 I 2 0 3 0 2 0 0 0 0 0 2 0 3 3 2 2 0 0 0 0 1 3 

2 0 0 3 3 3 3 3 1 3 1 3 3 0 2 2 3 3 3 0 0 3 1 3 3 0 3 2 3 3 1 1 1 3 2 1 2 

3 3 3 3 3 1 3 3 3 3 3 0 3 3 3 3 0 3 0 3 0 0 2 1 0 3 0 3 0 3 3 1 1 1 3 1 3 

4 3 0 0 1 3 3 1 0 3 1 1 2 3 3 3 0 2 0 0 0 3 3 0 1 3 0 1 0 2 0 3 3 0 0 0 0 

5 0 0 3 3 3 3 3 1 3 3 1 3 2 1 3 3 2 1 1 0 3 0 1 1 1 3 2 3 3 1 0 0 0 3 1 3 

6 3 0 3 3 0 3 3 2 3 3 3 3 0 3 0 1 3 2 0 3 2 0 2 1 3 3 3 3 3 0 3 3 3 3 2 2 

7 3 0 1 1 2 3 3 0 3 3 3 3 3 3 3 3 3 3 0 3 3 0 3 3 3 3 2 3 3 1 1 3 2 3 2 0 

6 3 0 3 2 2 0 1 3 3 3 3 3 2 3 0 2 1 0 0 3 1 0 0 0 3 2 2 2 0 0 3 3 3 2 3 3 

9 1 0 2 3 0 3 3 0 3 0 0 3 3 3 3 0 3 1 2 0 3 0 2 0 0 0 0 0 3 0 0 0 0 3 0 3 

1 0 3 0 0 2 3 2 3 1 3 3 1 3 1 3 0 0 3 3 0 3 0 1 3 3 3 3 3 3 1 0 3 3 3 0 0 1 

1 1 3 3 3 3 3 3 3 3 3 3 0 1 2 3 2 2 3 1 3 1 3 2 1 1 3 3 3 2 3 3 1 0 1 3 1 3 

1 2 1 0 2 1 3 0 2 3 0 2 1 0 1 0 1 1 0 0 0 0 3 0 0 0 0 0 0 0 0 1 0 3 1 3 3 3 

1 3 2 0 3 2 1 3 0 0 2 0 0 2 3 3 3 0 3 0 3 0 0 2 0 0 3 0 3 0 2 0 1 0 0 0 0 3 

1 4 3 1 3 3 3 3 1 3 3 3 3 2 3 3 2 1 2 0 3 3 2 1 1 3 3 1 3 1 2 1 3 3 3 3 1 3 

1 5 3 0 3 2 3 3 3 3 3 3 3 3 3 3 3 3 3 3 0 2 3 0 2 1 3 3 3 3 0 2 1 2 3 3 0 3 

1 6 3 0 0 3 0 3 0 0 1 0 0 1 3 1 2 0 3 0 3 0 1 1 0 0 3 0 1 1 3 0 1 0 0 3 0 0 

1 7 3 0 2 0 1 2 2 0 3 3 1 3 3 3 3 3 3 2 0 0 3 0 0 0 3 3 3 3 0 2 0 0 0 1 1 1 

1 8 3 1 0 3 1 2 3 0 3 1 3 3 3 3 3 1 3 1 3 1 3 3 1 1 3 2 3 2 3 1 3 1 2 3 1 1 

1 9 3 0 1 0 0 0 0 1 0 1 0 1 3 3 2 2 2 0 0 0 3 0 0 0 2 3 2 2 0 2 0 1 0 1 2 0 

2 0 0 2 3 3 3 3 3 1 3 2 3 3 0 0 3 2 2 3 0 1 3 0 3 2 0 2 0 2 3 0 0 1 2 3 1 3 

2 1 3 0 1 1 3 1 0 0 1 2 0 1 3 3 2 0 3 0 1 0 3 3 0 0 3 0 3 1 2 0 3 0 1 3 0 2 

2 2 3 3 3 3 3 3 3 3 3 3 1 3 2 3 1 1 3 0 2 0 3 1 1 0 3 3 3 3 3 3 1 1 1 3 2 3 

2 3 3 0 3 0 1 1 1 0 2 1 0 1 1 3 2 1 2 3 0 1 3 0 3 3 3 3 2 2 0 0 3 2 3 0 2 0 

2 4 3 0 0 0 1 1 3 0 2 2 2 2 1 2 0 0 3 2 0 0 1 0 3 3 3 1 3 1 0 0 3 2 3 1 0 0 

2 5 3 0 0 0 0 1 2 0 3 2 0 2 1 3 1 0 2 3 0 1 1 0 3 3 3 3 3 3 2 0 3 0 3 0 2 0 

2 6 1 0 3 3 1 3 3 3 3 3 0 2 0 2 2 2 2 2 0 0 2 0 1 2 1 3 3 2 3 0 0 0 1 3 0 3 

2 7 3 1 3 3 0 3 3 2 3 3 0 3 3 3 3 1 3 1 3 2 1 1 2 1 3 1 3 1 3 1 1 0 1 3 0 3 

2 8 1 3 1 3 3 1 3 0 3 1 3 3 0 1 1 1 3 2 0 0 3 0 3 3 0 2 2 2 2 1 0 0 3 3 0 1 

2 9 1 1 1 3 0 3 3 3 3 3 1 3 0 2 3 3 3 1 1 1 0 0 1 1 1 3 2 3 3 1 1 0 1 2 0 1 

3 0 3 1 1 3 3 3 3 2 3 3 3 3 3 3 1 0 3 0 1 0 3 3 1 3 3 0 3 2 3 1 3 3 3 3 3 1 
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31 j 3 3 3 j j 3 3 3 3 0 3 3 3 3 0 3 0 3 0 2 1 0 U j a 3 2 3 j U U U d U j 
3 2 3 2 3 3 3 3 3 3 3 3 2 3 3 3 3 2 3 2 3 1 3 3 2 2 3 2 3 3 3 2 3 0 2 3 1 3 

3 3 3 0 3 3 2 1 2 3 1 0 2 1 3 3 1 2 2 0 2 3 0 0 0 0 3 3 2 1 1 2 0 1 0 0 0 3 

3 4 3 0 1 0 0 3 0 0 3 3 0 0 3 1 0 0 3 0 0 0 0 0 0 0 0 0 3 3 3 0 0 0 0 2 0 0 

3 5 1 0 1 1 3 3 3 1 3 3 3 3 0 1 3 3 3 0 0 0 2 0 2 3 0 3 2 3 1 0 0 0 1 2 0 1 

3 6 1 1 0 3 1 3 2 0 2 3 0 2 2 3 2 0 1 0 1 0 0 2 1 0 1 0 0 0 3 1 1 1 0 0 2 3 

3 7 1 3 0 1 0 1 0 0 1 0 0 2 0 3 2 2 1 2 3 3 2 2 2 2 1 2 0 2 1 2 2 0 1 1 0 0 

3 8 3 0 3 2 1 0 1 2 3 3 1 3 3 3 2 2 3 3 0 3 3 0 2 1 3 3 3 3 3 0 3 3 3 3 2 3 

3 9 2 0 0 0 0 1 2 0 3 2 0 2 3 1 1 1 2 2 0 0 0 0 1 0 3 3 2 2 3 0 0 0 0 0 0 0 

4 0 3 0 3 2 2 1 2 3 0 3 1 0 1 3 1 1 1 1 0 3 2 0 1 0 3 1 3 1 0 0 3 3 3 1 1 3 

4 1 2 0 0 0 0 1 0 0 0 3 0 1 3 1 1 0 3 0 0 0 0 0 0 0 3 0 2 0 2 0 0 1 1 0 0 0 

4 2 3 0 0 0 0 3 3 0 2 2 0 1 0 2 1 0 3 0 0 0 0 0 0 2 2 0 1 0 3 0 3 3 0 0 0 0 

4 3 3 0 3 2 3 3 0 2 3 2 3 3 0 3 0 0 2 3 0 0 3 0 0 3 0 3 3 3 0 0 0 0 3 0 0 2 

4 4 3 0 0 0 3 2 3 0 3 2 3 3 3 2 1 0 3 2 0 0 1 1 0 2 3 0 3 2 1 0 2 0 0 3 0 0 

4 5 3 0 2 3 0 3 3 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

4 6 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 3 0 0 0 0 0 0 0 0 0 0 0 

4 7 0 0 0 0 2 0 0 0 0 0 0 1 3 1 3 0 0 0 0 0 2 3 0 0 3 0 0 2 0 0 1 0 3 3 0 0 

4 8 3 0 2 0 2 0 3 0 0 2 3 3 2 3 3 0 2 1 1 0 3 3 0 3 0 0 1 3 3 0 0 2 2 1 0 2 

4 9 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 3 0 0 

5 0 2 0 0 0 0 0 1 0 1 3 0 0 0 1 0 0 0 0 0 0 0 0 0 1 3 0 3 0 0 0 3 3 3 0 0 0 

5 1 3 0 0 0 0 0 1 0 3 3 0 3 3 2 0 0 2 0 0 0 0 0 0 0 0 0 3 0 1 0 0 0 0 0 0 0 

5 2 3 2 2 3 3 3 3 1 3 2 1 3 2 3 0 0 3 3 0 3 3 0 3 1 3 3 3 3 3 0 3 3 2 2 2 1 

5 3 2 0 0 0 0 0 1 0 1 3 0 1 0 1 0 0 1 0 0 0 0 0 2 1 3 0 3 0 0 0 3 0 3 0 0 0 

5 4 1 0 0 1 0 2 0 0 3 0 2 2 2 1 1 0 3 3 0 0 3 1 3 3 3 0 3 3 2 0 3 1 3 1 0 0 

5 5 3 1 3 3 3 3 3 2 1 3 2 0 1 3 0 0 1 1 0 0 3 0 2 3 3 2 3 2 1 3 1 1 3 3 2 2 

5 6 0 0 0 1 0 2 1 0 0 0 0 0 0 1 0 0 0 0 0 0 3 0 0 1 0 0 0 0 0 0 0 0 1 3 0 0 

5 7 2 1 3 3 2 3 2 3 2 2 0 1 1 0 2 0 2 0 2 0 0 0 0 0 2 0 1 0 2 1 0 0 0 1 0 3 

5 8 3 0 1 1 0 1 3 1 3 3 1 2 3 2 2 2 1 2 0 0 2 0 2 1 0 3 3 2 1 1 0 3 1 2 1 1 

5 9 2 0 3 3 3 3 2 3 3 3 0 0 3 3 0 0 3 0 0 0 3 1 0 0 2 1 3 2 3 0 1 0 0 3 0 3 

6 0 3 0 1 0 2 1 3 2 3 3 1 2 0 3 0 0 3 2 0 0 0 0 2 3 3 3 3 1 1 1 3 3 3 0 3 1 

6 1 2 0 2 0 0 0 0 0 2 0 0 1 3 3 1 1 3 0 0 0 2 0 0 1 2 2 2 1 0 2 0 0 0 0 0 1 

6 2 1 0 0 0 0 0 0 0 3 1 0 1 0 1 0 0 2 0 0 0 0 0 0 1 3 0 3 0 2 0 1 0 0 3 0 1 

6 3 3 0 0 0 1 3 2 0 0 3 0 2 3 3 2 0 3 1 0 0 1 3 0 1 3 0 2 1 3 0 3 2 1 0 0 0 

6 4 0 0 3 0 1 0 2 2 3 0 1 2 1 1 2 1 1 3 0 1 3 0 3 3 0 3 2 3 1 0 0 1 3 3 0 3 

O p e r a t o r C o n f i g u r a t i o n s 

1 3 5 1 3 6 1 7 6 0 1 6 1 6 0 2 4 1 1 1 2 6 8 0 2 6 9 0 

2 2 1 0 2 1 0 1 3 1 5 0 8 1 5 1 1 4 1 0 1 1 9 1 1 0 0 0 0 

3 2 1 2 1 1 7 2 0 1 8 1 2 0 2 3 1 3 1 0 0 0 0 0 0 0 0 0 

4 1 9 1 1 1 2 0 3 9 1 1 1 1 5 0 1 3 I 4 0 1 8 1 5 1 0 0 0 

5 6 3 1 1 2 3 0 1 3 4 0 1 5 2 0 1 8 1 1 1 8 2 1 2 4 1 0 0 

6 7 1 5 1 1 0 7 0 1 1 1 4 1 1 5 7 1 2 6 1 4 0 2 9 1 0 0 0 0 0 

7 7 1 0 2 0 1 1 1 2 1 1 0 0 2 2 7 0 2 3 5 1 0 0 0 0 0 0 

8 3 4 0 4 8 1 5 2 0 5 8 1 2 1 2 1 2 2 7 0 2 6 8 0 

9 4 7 1 7 1 4 0 9 1 3 0 1 2 2 1 1 9 6 0 2 5 7 1 2 8 8 0 

1 0 2 1 0 0 6 1 5 1 I 1 5 1 1 2 1 2 1 1 5 8 0 2 4 1 2 0 0 0 0 

I 1 7 4 ! 9 4 0 1 4 4 0 2 0 5 I 0 0 0 0 0 0 0 0 0 

1 2 2 6 0 7 1 4 1 9 1 6 0 1 2 1 2 1 1 4 1 3 0 2 1 7 1 0 0 0 

1 3 1 1 2 1 8 1 0 0 1 1 3 0 2 2 1 1 1 2 2 1 6 1 0 0 0 0 0 0 

1 4 6 1 6 1 8 1 1 0 1 3 1 2 0 2 3 1 2 1 0 0 0 0 0 0 0 0 0 
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. 1 5 3 1 3 0 9 1 5 0 1 3 1 5 1 1 9 6 0 6 5 7 1 0 d 0 0 0 0 

1 6 8 1 3 ' 1 9 1 6 0 1 2 1 3 0 1 7 1 1 1 2 0 1 6 0 2 7 1 3 1 3 0 1 5 0 

1 7 9 8 0 1 2 1 0 0 1 8 7 1 1 8 9 1 1 8 1 0 1 2 0 9 0 2 9 3 1 

1 8 1 6 5 1 2 7 6 1 2 8 8 0 3 0 8 1 0 0 0 0 0 0 0 0 0 

1 9 1 3 1 2 1 1 9 1 2 0 2 1 4 1 2 5 4 1 2 6 3 0 2 9 4 1 0 0 0 

1 2 1 0 I 3 9 0 1 7 9 1 2 5 4 1 2 7 8 1 3 0 6 0 0 0 0 

2 1 1 6 1 5 1 0 0 1 2 7 0 1 5 6 1 2 0 9 1 2 4 1 3 0 0 0 0 
2 2 7 5 1 7 6 1 1 0 6 0 2 1 8 1 0 0 0 0 0 0 0 0 0 
2 3 2 9 0 4 9 0 6 9 0 6 1 0 1 1 5 1 1 2 6 7 0 0 0 0 
2 4 2 4 1 9 1 4 1 1 0 1 3 0 1 1 1 4 1 0 0 0 0 0 0 0 0 0 
2 5 1 1 1 0 9 1 2 0 9 1 4 1 1 2 4 1 1 6 9 1 2 4 1 1 0 0 0 0 
2 6 3 1 5 0 5 2 1 1 4 1 0 1 5 8 1 2 1 2 1 0 0 0 0 0 0 
2 7 9 1 5 1 2 8 1 3 0 3 0 1 3 1 0 0 0 0 0 0 0 0 0 0 0 0 
2 8 5 4 1 1 0 1 1 1 5 4 0 1 5 7 I 1 6 7 1 2 8 2 0 0 0 0 
2 9 6 5 1 6 8 1 8 5 0 1 7 5 1 2 2 2 0 2 5 1 5 0 8 8 1 0 
3 0 1 1 4 1 1 3 8 0 2 8 4 0 2 8 8 1 0 0 0 0 0 0 0 0 0 
3 1 6 6 1 1 1 6 0 1 4 1 6 0 2 7 8 1 0 0 0 0 0 0 0 0 0 
3 2 1 1 1 1 3 2 0 1 4 2 1 2 6 1 0 0 0 0 0 0 0 0 0 0 0 
3 3 9 1 5 1 1 2 7 0 1 3 4 0 1 9 6 0 1 9 1 4 0 2 8 8 i 0 0 0 
3 4 1 2 6 1 1 6 3 0 1 6 1 2 0 2 1 6 0 2 5 5 1 2 7 1 5 0 2 9 6 1 
3 5 6 1 2 0 1 0 1 6 0 1 2 1 2 1 2 3 1 5 1 2 6 7 1 2 9 5 0 0 0 0 
3 6 5 1 2 0 7 1 3 1 1 4 1 3 1 2 1 1 4 0 2 6 1 4 0 2 8 1 6 1 0 0 0 
3 7 4 2 0 6 5 1 1 4 4 0 1 5 5 1 2 1 3 0 2 5 5 1 3 0 5 0 
3 8 3 9 0 3 1 2 1 1 9 4 1 2 4 1 5 0 0 0 0 0 0 0 0 0 0 
3 9 7 9 0 1 7 7 1 1 9 1 0 1 2 0 1 0 0 2 0 1 1 1 2 2 2 1 0 0 0 
4 0 1 3 0 3 7 0 3 1 1 1 4 1 1 1 7 2 0 1 6 3 1 2 3 i 5 0 
4 1 8 1 0 8 1 1 1 1 2 1 1 1 3 9 0 2 8 7 1 0 0 0 0 0 0 
4 2 8 1 3 0 9 6 1 1 8 1 5 1 2 0 1 2 0 2 7 1 1 1 2 9 9 0 0 0 0 
4 3 2 2 6 1 2 3 1 3 1 2 6 4 0 2 6 1 3 0 2 7 1 5 1 0 0 0 0 0 0 
4 4 5 5 1 6 2 0 1 5 2 1 2 1 1 3 1 0 0 0 0 0 0 0 0 0 
4 5 5 9 1 2 7 9 0 2 8 I 1 1 2 9 7 1 0 0 0 0 0 0 0 0 0 
4 6 5 1 1 1 6 1 1 6 1 2 0 1 8 1 2 1 2 0 2 0 2 3 4 1 0 0 0 
4 7 1 2 6 1 1 4 6 1 1 7 9 0 2 5 1 5 0 3 0 7 1 3 0 1 4 1 0 0 0 
4 8 5 1 I 5 6 0 8 1 2 0 1 6 1 1 1 8 7 1 2 0 1 3 0 2 5 8 0 
4 9 9 2 1 9 1 5 0 1 2 2 0 1 3 3 1 1 4 1 0 1 1 6 7 1 2 6 I 3 1 
5 0 1 2 1 4 1 1 3 9 0 1 4 4 0 1 5 3 1 2 3 1 1 1 0 0 0 0 0 0 
5 1 6 1 1 I 8 1 0 8 2 1 1 7 1 0 0 2 1 1 1 1 2 5 8 1 0 0 0 
5 2 1 2 1 0 0 1 4 1 0 1 4 1 4 1 1 5 8 0 1 9 6 1 1 9 1 1 1 3 0 7 0 
5 3 5 5 1 8 6 0 1 1 5 1 1 5 1 6 1 0 0 0 0 0 0 0 0 0 
5 4 2 5 1 1 7 1 3 0 1 7 1 5 1 2 5 7 0 0 0 0 0 0 0 0 0 0 
5 5 5 1 4 0 9 8 I 1 5 1 4 1 1 S 1 1 0 1 9 1 5 1 2 1 7 0 0 0 0 

5 6 1 9 1 3 1 6 0 1 0 7 0 1 5 8 0 1 7 1 6 1 2 0 1 5 0 2 2 9 1 
5 7 5 5 1 7 5 0 1 8 2 0 2 7 7 1 0 0 0 0 0 0 0 0 0 
5 8 1 8 1 2 1 2 1 3 1 2 4 2 0 3 0 4 1 0 0 0 0 0 0 0 0 0 
5 9 9 4 0 1 1 4 1 2 0 4 0 2 2 5 0 2 9 4 1 0 0 0 0 0 0 
6 0 1 3 I 1 4 0 3 1 3 1 7 1 1 1 1 6 1 0 0 2 2 1 2 0 0 0 0 
6 I 3 8 1 1 0 3 I 1 0 4 0 1 7 5 0 1 8 3 1 0 0 0 0 0 0 
6 2 3 4 1 9 4 0 1 5 3 1 1 9 1 3 1 2 6 8 0 0 0 0 0 0 0 
6 3 8 9 1 1 2 1 3 0 1 2 1 6 0 1 4 2 0 2 2 1 4 0 2 5 1 6 1 0 0 0 
6 4 1 1 0 0 2 3 0 2 1 6 1 1 1 1 1 1 1 6 6 I 0 0 0 0 0 0 
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