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A B STR A C T

V is u a l  p a t t e r n  r e c o g n i t io n  is f o r m a l i z e d  in  t e r m s  o f an  

in f o r m a t io n  t h e o r e t i c a l  a lg o r i t h m  w h ich  o p e r a t e s  upon  a  c o n t r a s t  

fu n c t io n  of p a t t e r n  d a ta .  T h e  c o n t r a s t  fu n c t io n  f a c i l i t a t e s  d i s c r i m ­

in a t io n  a b i l i ty  w ith  a  s l ig h t  d e c r e a s e  in d e c is io n  t im e .  T h e  

in fo r m a t io n  t h e o r e t i c a l  a lg o r i t h m  c o m p u te s  a  m e a s u r e  of th e  

a d d i t io n a l  in f o r m a t io n  w h ic h  a n  unknow n p a t t e r n  p ro v id e s  abou t 

e a c h  of a  s e t  of s t a t i s t i c a l l y  e s t a b l i s h e d  p a t t e r n  c l a s s e s .

An IBM 1620jj  c o m p u te r  w as  u s e d  to  s im u la te  a  c l a s s i f i ­

c a t io n  s y s t e m  b a s e d  upon  th e s e  c o n c e p ts .  One h u n d re d  p e r  c en t
* \

of th e  l e a r n e d  p a t t e r n s  an d  f o u r ty  p e r  c e n t  of u n le a r n e d  r a n d o m  

p a t t e r n s  w e r e  a b le  to  b e  r e c o g n iz e d  c o r r e c t l y  on th e  b a s i s  

of on ly  tw e lv e  l e a r n e d  s a m p le s  of e a c h  of t h i r t y - f i v e  ty p e s  of 

p a t t e r n .
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I IN TRO D U CTIO N

R e c e n t  a d v a n c e s  in  th e  s c ie n t i f i c  te c h n o lo g y  of d ig i ta l  c o m p u te r  

h a r d w a r e  and  the  c o in c id e n t  d e v e lo p m e n t  o f  c o m p u te r  s o f tw a r e  h av e  

e n a b le d  r e s e a r c h e r s  to  s im u la te  h u m a n  r e c o g n i to r y  p r o c e s s e s  w hich  

w ould  o th e r w is e  m o s t  c e r t a i n l y  h a v e  r e m a in e d  p h i lo s o p h ic a l  e n ig m a s  

As a  r e s u l t ,  m a n y  new  m a th e m a t i c a l  e x p r e s s io n s  hav e  e v o lv ed  c o n ­

c e r n in g  v i s u a l ,  a u r a l  an d  o th e r  n e u r o lo g ic a l  c o n ce p t  f o r m a t io n  and  

d e te c t io n  s y s t e m s .  T h is  p a p e r  is  p r in c ip a l ly  invo lved  in  dev e lo p in g  

a  v i s u a l  p a t t e r n  c l a s s i f i c a t i o n  a lg o r i t h m  b a s e d  upon the  f o r m a l i z e d  

c o n ce p ts  of in fo r m a t io n  t h e o r y  and upon th e  v iew  th a t  p a t t e r n  c o n ­

te n t  is  m o r e  f u n d a m e n ta l ly  r e p r e s e n t e d  b y  in t e r n a l  c o n t r a s t s  th a n  

b y  an  a b so lu te  s ig n a l  s t r u c t u r e .

T h e  d e s ig n  of a n  a u to m a to n  c a p a b le  of c la s s i fy in g  r a n d o m  p a t ­

t e r n s  is in  a n s w e r  to  a  d e m a n d  f o r  f a s t e r  and  m o r e  e f f ic ie n t  d a ta  

p r o c e s s in g .  M e d ic a l  p i c t o r i a l  d ia g n o s i s ,  a u to m a t ic  r a d a r  p a t t e r n  

d e te c t io n  a n d  r e m o te  d e c i s iv e  v e h ic u l a r  c o n t r o l  ( b y  e n v i r o n m e n ta l  

pattern, an a lysis  ) are only so m e of the eventual goals of such an 

a u to m a to n .  B e fo re  t h e i r  r e a l i z a t i o n ,  h o w e v e r ,  s e v e r a l  o u ts ta n d in g  

p r o b le m s  a r e  y e t  to  b e  so lv e d .
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A. R e la te d  P r o b l e m s

O f c h ie f  c o n c e r n  a r e  cod ing  and  id e n t i f ic a t io n  t im e s  and  

m e m o r y  c a p a c i ty  r e q u i r e m e n t s .  A r e a l  t im e  s y s t e m  d e m a n d s  an  

a lm o s t  in s ta n ta n e o u s  m a c h in e  d e c i s io n  c a p a b i l i ty  in  o r d e r  to  cope  

w ith  s e q u e n t ia l  e v e n ts .  An off l in e  c o m p u te r ,  on  th e  o th e r  h an d , 

m ig h t  r e q u i r e  a  m e m o r y  of e x t r a o r d i n a r i l y  l a r g e  c a p a c i ty  to  c o n ­

ta in  th e  b a c k g ro u n d  s t a t i s t i c s  n e c e s s a r y  to  p ro d u c e  a  c o r r e c t  

d e c is io n .  F o r tu n a t e ly ,  t h e s e  r e q u i r e m e n t s  a r e  b e in g  fu l f i l le d ,  a s  

w as  m e n t io n e d ,  b y  a  r a p id  a d v a n c e m e n t  of c o m p u te r  te ch n o lo g y .

N o ise  is  in d eed  a  s a l i e n t  p r o b le m .  In th e  s e n s e  of a  lo s s  

of d a ta  th ro u g h  q u a n t iz a t io n ,  n o i s e  is  u n a v o id a b le ;  y e t ,  th e  v a r i a ­

b i l i ty  of p o s i t io n  of p a t t e r n  d a ta  in  th e  f ie ld  of v iew  is  n o i s e  of a  

ty p e  w h ich  can  a lm o s t  b e  c o m p le te ly  e l im in a te d  b y  p r o p e r  n o r m a l ­

iz a t io n  t e c h n i q u e s ! ^  D a ta  w h ich  is  c o n ju n c t iv e  of e v e r y  p a t t e r n  in 

the  s y s t e m  v o c a b u la r y  is n o is e  w h ich  m a y  e a s i ly  b e  p r o g r a m m e d  

out of th e  d e c i s io n  p r o c e s s  ( a t  th e  e x p e n s e  o f  off l ine  co m p u tin g  . 

t im e  ). M uch b a c k g ro u n d  and  a d d i t iv e  i n t e r f e r e n c e  c a n  p o s s ib ly  

b e  e l im in a te d  by  o p e ra t in g  on  a  d i f f e r e n t i a l  fu n c t io n  o f  th e  p a t t e r n ,  

a  p r in c ip le  s e t  f o r th  in  th is  t h e s i s .  T h e r e  is  o f ten  p r e s e n t ,  too , 

C om ple te ly  i r r e l e v e n t  d a ta  ( r a n d o m  o r  o th e r w is e  ) w h ich  p e r io d i c a l l y  

c r e a t e s  u n w an ted  a m b ig u i t i e s .  T h e s e  m a y  b e  d i s c o n t in u i t i e s  in  

o th e r w is e  con tin u o u s  p a t t e r n  s t r u c t u r e s ,  s m u d g e s ,  fo g g in e s s  due 

to  an  i m p r o p e r  fo c u s ,  g l a r e  a r i s i n g  f r o m  in te n s i ty  s a tu r a t i o n  and
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o th e r w is e  u n d e s i r e a b le  e f f e c t s .  A p a r t i c u l a r  p a t t e r n  so  a d v e r s e l y  

affected  is often inevitably unrecognizable; but, such effects  on the 

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

c l a s s  of p a t t e r n  is  u s u a l ly  n e g l ig ib le .

R a n d o m  p a t t e r n  o r i e n ta t io n  in  th e  f ie ld  of v iew  p r e s e n t s  an 

in t e r e s t i n g  c h a l le n g e  to  an y  re c o g n i t io n  s c h e m e .  T h is  p r o b le m  is  

p e r h a p s  th e  one  w h ich  is m o s t  av o id ed  by  p a t t e r n  r e c o g n i t io n  r e ­

s e a r c h e r s .  A n obv ious  s o lu t io n  w ou ld  s e e m  to  b e  an  in v en tiv e  

t r a n s f o r m a t i o n  w h ich  w ould  r e n d e r  th e  im m e d ia te ly  o p e r a t iv e  d a ta  

in v a r ia n t  u n d e r  t r a n s l a t i o n ,  ro ta t io n  and  m a g n i f ic a t io n .  U n fo r tu n a te ly  

th is  p r o b le m  is  m o r e  c o m p le x  th a n  i t  a p p e a r s  and  th e  r e s u l t  is  

th a t  no  su c h  e f f ic ie n t  t r a n s f o r m a t i o n  h a s  y e t  b e e n  d i s c o v e r e d .

If th e  r e c o g n i t io n  s y s t e m  is  an  a d a p t iv e  one , th e  q u e s t io n  of 

d e g e n e r a t io n  a r i s e s .  T h e  a d d i t io n  of r e c o g n iz e d  r a n d o m  in p u ts  

to  th e  o v e r a l l  s t a t i s t i c s  sh o u ld  i n c r e a s e  th e  d i s c r i m i n a t o r y  a b i l i ty  

of the  d e c is io n  a lg o r i th m .

In a  s t a t i s t i c a l l y  b a s e d  c l a s s i f i c a t i o n  s y s t e m ,  one m u s t  d e c id e  

w hen  he h a s  a c q u i r e d  enough in i t i a l  d a ta  ab o u t th e  p a t t e r n s  to  be  

d i s c r im in a t e d .  He is b o u n d ed  on one  h an d  b y  th e  in e f f ic ie n c y  of 

too m u ch  d a ta ,  and  on the  o th e r  b y  th e  c o s t  of am b ig u o u s  r e s u l t s  

due to  an  in s u f f ic ie n t  s t a t i s t i c a l  s a m p le .  A gain , in  a  d ig i ta l  s y s t e m ,  

a  d e c i s io n  m u s t  b e  m a d e  a s  to  th e  c o a r s e n e s s  of s e g m e n ta t io n  of 

p a t te r n s  in to  e l e m e n t s ,  and  th e  d e g r e e  of q u a n t iz a t io n  of th e  s ig n a l
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e n e r g y  c o r r e s p o n d i n g  to  e a c h  e le m e n t .  T h e s e  d e c is io n s  w ould  no t 

a r i s e  in  an  a n a lo g u e  s y s t e m ;  b u t ,  th e  v e r s a t i l i t y  of a  d ig i ta l  

m a c h in e  ( w ith  th e  e x c e p t io n  of an  an a lo g u e  i n t e r f a c e  a t  th e  inpu t ) 

in  b o th  fu n c t io n  a n d  m e m o r y  c a p a c i ty  f a r  ou tw eighs  th e  p r e s e n t  

s p e e d  a d v a n ta g e  of a n a lo g u e  r e c o g n i t io n  s y s t e m s .

F o r  a  m o r e  d e ta i le d  a n a ly s i s  of t h e s e  and  o th e r  p r o b le m s  

r e l a t e d  to  p a t t e r n  r e c o g n i t io n  r e s e a r c h ,  an d  how a t t e m p ts  h av e  

b e e n  m a d e  to  a l l e v ia te  th e m ,  th e  r e a d e r  is  in v i te d  to  r e f e r  to  a  

s y n o p s is  b y  S p i n a r d ^ )  and a l s o  to  (3).

B. O u tl in e  o f  th e  P r o c e d u r e

T h e  c l a s s i f i c a t i o n  a l g o r i t h m  u n d e r  in v e s t ig a t io n  is  b a s i c a l l y  

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

p r o b a b i l i s t i c  s a m p l in g  is r e q u i r e d .  O nly  a f t e r  o b ta in in g  s u f f ic ie n t  

b a c k g ro u n d  know ledge  a b o u t  a  s e l e c t  g ro u p  of p a t t e r n  c l a s s e s  

c an  m e a n in g fu l  r e c o g n i t io n  b e  a c c o m p l i s h e d .  H e n ce ,  t h e r e  is  a  

n e e d  to  o r g a n iz e  th e  s t r u c t u r a l  c o n ten t  of p a t t e r n s  in to  a  f o r m  

m o s t  s u i ta b le  to  the  te c h n iq u e s  e m p lo y e d  b y  th e  c l a s s i f i c a t i o n  

a lg o r i th m .  T h is  in v o lv es  s e g m e n t in g  th e  p a t t e r n  c o n t in u u m  into  

the  m in im u m  n u m b e r  of d i s c r e t e  s u r f a c e  e le m e n ts  w hich  w i l l  

f a c i l i t a t e  an  e f f ic ie n t  d i s c r i m i n a t i o n  a m o n g  th e  e n t i r e  s e t  of 

p a t t e r n  c l a s s e s .  T h e  n u m b e r  of s u c h  e le m e n ts  is  c r i t i c a l  s in c e  

t h e r e  is a  p r o p o r t i o n a t e  lo s s  of d a ta  due  to  th e  a v e r a g in g  te c h n iq u e  

u s e d  to  m e a s u r e  e le m e n t  s ig n a l  s t r e n g th  ( a s  in  a  p h o to -d io d e  ).
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Any g r a d ie n t s  of l ig h t  e n e r g y  o v e r  th e  s u r f a c e  of a  s in g le  e le m e n t  

a r e  t h e r e f o r e  e x t in g u is h e d .  T h e  r e s u l t a n t  a v e r a g e  e n e r g y  of 

e ac h  e le m e n t  i s  th e n  q u a n t iz e d  in to  one  of a  p r e d e t e r m i n e d  n u m b e r  

of s ig n a l  l e v e l s .  T h u s ,  p a t t e r n s  a r e  r e p r e s e n t e d  by  an  o r d e r e d  

a r r a y  of e le m e n ts  an d  th e  v a lu e  o f  e a c h  e le m e n t  b e lo n g s  to  a  

bou n d ed  d i s c r e t e  s ig n a l  s p a c e .

I t  is  im p o r ta n t  to  n o te  th a t  a  c o n s i s t e n t  o r d e r in g  of t h e s e  

e le m e n ts  b e  m a in ta in e d  to  p r e s e r v e  th e  v e r y  ' e s s e n c e '  o f  p a t t e r n .

To c o m p le te  th e  cod ing  p r o c e s s ,  th e  ab o v e  a r r a y  r e q u i r e s  

an  a d d i t io n a l  t r a n s f o r m a t i o n .  T h e  r e a s o n s  f o r  and  th e  e f fe c ts  of 

th is  t r a n s f o r m a t i o n  w i l l  b e  d i s c u s s e d  in  C h a p te r  II. It is  

su f f ic ie n t  to  m e n t io n  h e r e  th a t  a  p a t t e r n  is  n o t  m e r e l y  th e  c o m ­

m u n ic a t io n  of a  g ro u p  of p a r a l l e l  s ig n a l s .  R a t h e r ,  it is  m e a n t  

to  convey  s o m e  c o n c e p t  d e s c r i b e d  b y  th e  i n t e r r e l a t i o n s h i p  of 

l ig h t  e n e r g ie s  o v e r  the  e n t i r e  p a t t e r n  f ie ld .  T o  r e a l i z e  th is  id e a  

in  t e r m s  of th e  s ig n a l  v a lu e d  a r r a y , a n  a r b i t r a r y  e le m e n t  is  

f i r s t  c h o s e n  f r o m  th e  a r r a y .  T h e  v a lu e  o f  e a c h  e le m e n t  fo llow ing  

th is  one is s u b t r a c t e d  in  t u r n  f r o m  th e  v a lu e  of th e  s e l e c t e d  

e le m e n t .  T h e  m a n n e r  in  w h ich  th e  r e m a in in g  e le m e n ts  of the  

a r r a y  a r e  s e l e c t e d  is  a l s o  a r b i t r a r y .  I t  i s  im p o r ta n t  to  n o te ,  

h o w e v e r ,  th a t  on ce  the  s t a r t i n g  po in t an d  th e  s c h e m e  fo r  

e x h au s t in g  th e  r e s t  of th e  e l e m e n t s  o f  th e  a r r a y  h a v e  b e e n
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d e c id e d ,  th a t  s c h e m e  an d  no o th e r  m u s t  a b s o lu te ly  d e f in e  th e  

t r a n s f o r m a t i o n .  What r e s u l t s  is  an  o r d e r e d  s e q u e n c e  of c o n t r a s t  

v a lu e d  d ig i t s .  T h is  p r o c e s s  g iv e s  r i s e  to  a  new b o u n d ed  and  

d i s c r e t e  s ig n a l  s p a c e .  T h e  e le m e n ts  of th a t  s p a c e  s h a l l  b e  the  

b a s i s  of f r e q u e n c y  d i s t r i b u t io n s  c h a r a c t e r i z i n g  in d iv id u a l  p a t t e r n  

c l a s s e s .

If th e  p a t t e r n  w e r e  s e g m e n te d  in to  x  e l e m e n t s ,  th e n  th e  

c o r r e s p o n d in g  c o n t r a s t  v a lu e d  s e q u e n c e  w ould  h a v e  x  - 1 d ig i t s .

When a c c u m u la t in g  th e  s t a t i s t i c s  of a  s p e c i f ic  c l a s s  o f  p a t t e r n ,  

e ac h  of th e  x  - 1 d ig i ts  is  t r e a t e d  in d e p en d e n t ly .  T h e  n u m b e r  of 

o c c u r r e n c e s  ( o v e r  a  w ide  s a m p le  of th a t  c l a s s  ) of e a c h  v a lu e  in 

the  c o n t r a s t  v a lu e d  s ig n a l  s p a c e  is  th e n  ta b u la te d  f i r s t  f o r  one of 

the  x  - 1 d ig i t s ,  an d  t h e n  f o r  a n o th e r ,  and  so  on u n t i l  x  - 1 d i s ­

t r ib u t io n s  a r e  f o r m e d .  Such  s t a t i s t i c s  a r e  a c c u m u la te d  f r o m  

known p a t t e r n s  an d  e ac h  g ro u p  of d i s t r ib u t io n s  is  a c c o r d in g ly  

la b e l le d .

A v e r y  s i m i l a r  p r o c e s s  is  fo l lo w ed  in  th e  r e c o g n i t io n  of 

an  unknow n p a t t e r n .  A f te r  q u an tiz in g  an d  t r a n s f o r m in g  the  

p a t t e r n  in to  a  c o n t r a s t  v a lu e  s e q u e n c e  of d ig i ts  the  o c c u r r e n c e  of 

th e  c o n t r a s t  v a lu e  in  e a c h  of th e  x  - 1 d ig i t  p o s i t io n s  is c o m p a r e d  

to  the  f r e q u e n c y  of o c c u r r e n c e  of th e  s a m e  c o n t r a s t  v a lu e  in  th e  

c o r r e s p o n d in g  d ig i t  p o s i t io n  of a  p a r t i c u l a r  p r e l e a r n e d  p a t t e r n  c l a s s  

A m e a s u r e  of th i s  c o r r e s p o n d e n c e  w ith in  th e  s a m e  d ig it  p o s i t io n

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



is  c o m p u te d ,  one  f o r  e a c h  o f th e  x  - 1 d ig i t  p o s i t io n s .  T h e  m e a s u r e  

is  d e r iv e d  f r o m  In f o rm a t io n  T h e o r y  an d  w i l l  be  d i s c u s s e d  in  d e ta i l  

in  C h a p te r  II.

F in a l ly ,  th e  x  - 1 m e a s u r e s  a r e  s u m m e d  to  g ive  an  in d ic a t io n  

of th e  t o t a l  a d d i t io n a l  in f o r m a t io n  w hich  th e  unknow n s a m p le  

p r o v id e s  ab o u t th e  p a r t i c u l a r  p r e l e a r n e d  p a t t e r n  c l a s s .  A w e ig h t-  

ing fu n c t io n  m a y  b e  in c lu d e d  in  th e  ab o v e  s u m m a t io n .  S im i l a r  

to ta l s  a r e  c o m p u te d  f o r  e ac h  of th e  r e m a in in g  p r e l e a r n e d  p a t t e r n  

c l a s s e s  an d  th e  unknow n s a m p le  is  id e n t i f ie d  a s  th e  p a t t e r n  c l a s s  

w h ich  y ie ld s  th e  h ig h e s t  t o t a l  m e a s u r e .

T h is  r e c o g n i t io n  s y s t e m  is  a d a p t iv e  in  th e  s e n s e  th a t  the  

s t a t i s t i c s  of a n  id e n t i f ie d  p a t t e r n  m a y  b e  ad d ed  to  th o s e  of th e  

id e n t i f ie d  c l a s s .
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II TH EO RY

A. T h e  E f fe c ts  of Q u an tiz in g  P a t t e r n s  In T e r m s  of t h e i r

I n te r n a l  C o n t r a s t  S t r u c t u r e

T h e  c o n ten t  of an  o p t ic a l  p a t t e r n  is  p e r h a p s  b e s t  d e s c r i b e d  

by  th e  v a r i a t i o n s  of l ig h t  e n e r g y  o v e r  the  v i s u a l  p la n e .  T h e s e  

l ig h t  e n e r g y  g r a d ie n t s  s e e m  m o r e  c lo s e ly  r e l a t e d  to  th e  c o n ce p ts  

w h ich  a  p a t t e r n  s t r i v e s  to  c o m m u n ic a te .  It i s  lo g ic a l ,  t h e r e f o r e ,  

to  code  p a t t e r n s  in a  m a n n e r  w h ich  e m p h a s iz e s  t h e i r  c o n t r a s t  

s t r u c t u r e .

1. C o n t r a s t  Coding

L e t  a  p a t t e r n  b e  s e g m e n te d  in to  an  a r r a y  of a  X b d i s c r e t e

e le m e n t s .  In ad d i t io n ,  l e t  th e  s ig n a l  v a lu e s  w hich  an  e le m e n t

m a y  a s s u m e  b e  l im i t e d  to  a  d i s c r e t e  s e t ,  S. T h e  e le m e n ts  of

S s h a l l  c o n s i s t  of z e r o  (0) an d  th e  f i r s t  q p o s i t iv e  r e a l  i n t e g e r s .

S: ( s o .  s lt ..........  s q  )

Now g e n e r a t e  a  s e t ,  C , o f  c o n t r a s t  v a lu e s  f r o m  th e  e le m e n ts  of 

the  s e t  S, a c c o r d in g  to  th e  law ,

8
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(1)

T h e  e le m e n ts  of C, t h e r e f o r e ,  in c lu d e  z e r o  (0) and th e  f i r s t  q 

p o s i t iv e  and n e g a t iv e  r e a l  i n t e g e r s .

Cl ( c _ q »  . . .  cq> . . .  Cq )

J u s t  a s  a  p a t t e r n  can  b e  r e p r e s e n t e d  by  a  m a t r i x  of 

d i s c r e t e  s ig n a l  v a lu e s ,  i t  c a n  a l s o  be  r e p r e s e n t e d  by  a  d i f f e r e n t  

m a t r i x  o f  c o n t r a s t  v a lu e s .  If th e  f o r m e r  m a t r i x  is d en o ted  as  

M and  th e  l a t t e r  is  d e n o ted  as  N, th e n  th e  m a t r i x  N m a y  b e  g e n ­

e r a t e d  f r o m  th e  m a t r i x  M b y  th e  fo llow ing  e q u a tio n ,

( n ? ’ -v ) = ( m  .) - (m u ’ v ) (2)
J i»J

u , v  = 1 , 1 ; ............  a ,  b

i, j  = 1 , 1 ;  a ,  b

n^*-V a r e  th e  e le m e n ts  of th e  m a t r i x ,  N, w h ile  m- • and  m u *v 
J J

a r e  th e  e le m e n ts  of the  m a t r i x  M. M a t r ix  N t h e r e f o r e  h a s  

(a  X b )^  d i s c r e t e  c o n t r a s t  v a lu e d  e l e m e n t s .  (n^ '.v ) r e p r e s e n t s
J

ck  " s i  “ s j 

i  = 0, 1, ..........  q

j = 0, 1, ..........  q

k  = -q ,  . . .  0, . . . q
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th e  c o n t r a s t  b e tw e e n  th e  v a lu e  of th e  e le m e n t  of ro w  u  an d  c o lu m n  

v  o f m a t r i x  M , an d  th e  v a lu e  of th e  e le m e n t  of ro w  i and  c o lu m n  

j o f  m a t r i x  M. E a c h  e le m e n ta l  v a lu e ,  (rm  j) ,  o f m a t r i x  M g e n ­

e r a t e s  a  c o n t r a s t  v a lu e  b e tw e e n  i t s e l f . and  e ach  of the  o th e r  e l e -

thm e n ts  of M f o r m in g  th e  i , j  ro w  of m a t r i x  N. S ee  F ig u r e  1. 

f o r  a  d e ta i l e d  r e p r e s e n t a t i o n  of a  g e n e r a l i z e d  s ig n a l  v a lu e d
»

m a t r i x  and  th e  r e s u l t a n t  g e n e r a t e d  c o n t r a s t  v a lu e d  m a t r ix .

T h e  fo l lo w in g  r e l a t i o n s h ip s  a r e  g iven  f o r  th e  N m a t r i x  

of F ig u r e  1. (See  th e  e x a m p le  in  A p p en d ix  B)

<n l 7 >  -  < 3 >

<“ !:]> = < < :? >  = °  <4 >

i,  j = 1 , 1 ; ............ a , b

u , v  = 1 , 1 ;   a , b

and  ( n ^ )  = t - J V j , . ! )  - > (5)

i , j  = 1 , 2 ; ............  ( a , b ) - l

u, v  = ( i ,  j ) + l ; ............  a ,  b

( ie .  e le m e n ts  e n c lo s e d  b y  th e  d ia g o n a l  and  th e  f i r s t  ro w  of N ) 

N o te : ( i,  j ) - l  d e n o te s  th e  ro w  p r e c e d in g  ro w  i, j in  m a t r i x  N.

(i,  j)+ l d en o te s  th e  ro w  fo llo w in g  ro w  i, j in  m a t r i x  N .

An e x am p le  of e q u a t io n  (5) m a y  be  found  in  A p pend ix  B.
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F i g u r e  I. S ig n a l  V a lu e d  M a t r ix

m r, i ; m i , 2 ; ..........  m l , b

m 2 , 1’ m 2 ,b
M

m a ,  1* m a ,  2 ; ------  m a , b

C o n t r a s t  V a lu e d  M a t r ix  ( g e n e r a t e d  f r o m  M)

n l»l* n^’ b * n 2» 1. n a * b
1, 1* 1, 1 ’  1,1 * 1, 1 ’  * 1,1 ’  "  1, 1

n 1' 1 * n a ’ b
n i ,  2 ’ 1, 2

n^’ *; n a »b N
l>b l , b

n 1’ 1 ; n a ’ b
2 , 1  2,1

1.1 1,2 l , b  2 ,1  2, b a ,  b1 , 5 n  ’ ; . n  ; n  ; . n  : . n.
a , b  a , b a , b  a ,  b a ,  b a ,  b

11
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E q u a t io n  (4) in d ic a te s  th a t  th e  d ia g o n a l  e le m e n ts  of 

m a t r i x  N a r e  a lw ay s  z e r o  and  t h e r e f o r e  a r e  in s ig n if ic a n t  in 

r e p r e s e n t i n g  th e  p a t t e r n  f r o m  w h ich  the  m a t r i x  w as  d e r iv e d .

E q u a t io n  (3) show s  th a t  th e  e l e m e n t s  b e lo w  th e  d ia g o n a l  m a y  b e  

g e n e r a te d  b y  th o s e  a b o v e  th e  d ia g o n a l ,  and  h e n c e  on ly  one of 

t h e s e  g ro u p s  of e le m e n ts  is  s ig n i f ic a n t  in  r e p r e s e n t in g  th e  o r i ­

g in a l  p a t t e r n .  F r o m  eq u a t io n  (5) it  can  be  show n  th a t  th e  e le m e n ts  

above  the  d ia g o n a l  ( ex c lu d in g  th o s e  in  th e  f i r s t  ro w  of m a t r i x  N ) 

m a y  b e  g e n e r a t e d  b y  th e  aXb -1 e l e m e n t s ,

" M *  ....................... < ’l  ( 6 >

H e n ce ,  th e  N m a t r i x  in F i g u r e  1. c a n  b e  u n iq u ly  s p e c i f ie d  by  

th e  e l e m e n ts ,  (6).

S u p p o se  th a t  a  p a t t e r n  is  c o d ed  b y  the  c o n t r a s t  v a lu ed  

s e q u e n c e  of e l e m e n t s ,  (6). Its  N s e q u e n c e  ( (6) ) h a s  one  l e s s  

e le m e n t  to  c o n s id e r  in the  d e c i s io n  p r o c e s s  th a n  does  th e  s ig n a l  

v a lu e d  m a t r i x .  An M m a t r i x  e le m e n t  co u ld  h a v e  q + 1 p o s s ib le  

s ig n a l  v a lu e s ;  an  N s e q u e n c e  d ig i t  p o s i t io n  m a y  a s s u m e  any  one 

of 2q + 1 v a lu e s .  T h a t  is  to  s a y ,  th e  2q  + 1 e le m e n ts  of th e  s e t ,

C, r e p r e s e n t  th e  c o n t r a s t  v a lu e d  s ig n a l  s p a c e  of an  N s e q u e n c e ,  

w h ile  the  q + 1 e le m e n ts  of th e  s e t ,  S, r e p r e s e n t  th e  s ig n a l  v a lu e d  

s p a c e  of an  M m a t r i x .  T h is  m o r e  th a n  d o u b les  th e  b a s e  len g th  of
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e ac h  f r e q u e n c y  d i s t r i b u t io n  c h a r a c t e r i z i n g  a  p a t t e r n  c l a s s .  T h e  

a d v an ta g e  is  th a t  a  p a t t e r n  in  c o n t r a s t  d ig i t  f o r m  h a s  a  g r e a t e r  

d im e n s io n a l i ty  ( ( 2 q  + l ) - ( q  + l )  = q ) w ith  l e s s  t im e  r e q u i r e d  

fo r  c l a s s i f i c a t io n  th a n  in M m a t r i x  f o r m .  A d is a d v a n ta g e  is an  

i n c r e a s e  in th e  m e m o r y  c a p a c i ty  r e q u i r e d  b y  p a t t e r n  c la s s  

f r e q u e n c y  d i s t r i b u t io n s .  T h e  g r e a t e r  d im e n s io n a l i ty  is  in  a g r e e ­

m e n t  w ith  th e  id e a  th a t  a  c o n t r a s t  c o d ed  p a t t e r n  m o r e  d i r e c t ly  

c o m m u n ic a te s  c o n ce p ts  th a n  do es  a  s ig n a l  coded  p a t t e r n .

T h e  c o n c e p t - d im e n s io n a l i ty  a n a lo g y  is  n o t  to  b e  

m i s i n t e r p r e t e d  a s  a  m a th e m a t i c a l  d e f in i t io n  of v i s u a l  p a t t e r n  

c o n c e p ts .  N o r  does  i t  im p ly  th a t  m o r e  ’in f o r m a t io n '  c a n  be  

d ra w n  f r o m  a  p a t t e r n  b y  c o n t r a s t  co d in g . It is  m e r e l y  a  

te ch n iq u e  w h ich  is  d e s ig n e d  to  f a c i l i t a t e  p a t t e r n  d i s c r im in a t io n  

and  to  m e e t  th e  m o r e  d e m an d in g  r e q u i r e m e n t s  of h ig h  s p e e d  d a ta  

p r o c e s s in g .

2. T h e  M : N T r a n s f o r m a t i o n  •

T h e  n u m b e r  of e le m e n ts  of s e t  S is  q + 1. T h e n  a t  m o s t

ab ‘(q  + 1) p a t t e r n s  m a y  be  r e p r e s e n t e d  in  M m a t r i x  f o r m .  A lthough

th e  s a m e  n u m b e r  of p a t t e r n s  a r e  r e p r e s e n t a b l e  in  N s e q u e n c e

f o r m ,  th e  ( q +  l)a ^  p o s s ib le  s e q u e n c e s  th a t  m a y  be  g e n e r a t e d  a r e

no t u n iq u e .  T h a t  i s ,  s e v e r a l  d i f f e r e n t  p a t t e r n s  in  M m a t r i x  f o r m

a r e  t r a n s f o r m e d  into id e n t ic a l  N s e q u e n c e s .  In  th a t  s e n s e  c o n t r a s t

cod ing  a p p e a r s  to  b e  d i s a d v a n ta g e o u s ;  y e t ,  it  w il l  b e  d e m o n s t r a t e d
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to  be  the  c o n t r a r y .

T o  c o n s id e r  the  s i m i l a r i t y  b e tw e e n  p a t t e r n s  w h ich  a r e  

t r a n s f o r m e d  in to  the  s a m e  s e q u e n c e ,  f i r s t  e x am in e  th e  M m a t r i x  

f o r m  in t e r m s  of i ts  q u a n t iz e d  s ig n a l  .v a lu es .  A s s u m e  th a t  th e  

o r d e r  of M m a t r i c e s  h a s  b e e n  f ix e d  a t  ( a ,b )  and th a t  th e  s e t  S 

h a s  b e e n  d e t e r m in e d  to  c o n ta in  on ly  th e  e l e m e n ts ,
■ 0

s 0 ’ ............  s q

T h e  fo llow ing  a r g u m e n t  s h a l l  in d ic a te  how  th e  to ta l i ty  of M m a t r i c e s  

c an  be  p a r t i t io n e d  in to  g ro u p s ,  an d  how one c an  d e te r m in e  f r o m  

th e s e  g ro u p s  w h a t  M m a t r i c e s  a r e  t r a n s f o r m e d  in to  id e n t ic a l  N 

s e q u e n c e s .

A ll  of th e  d i s c r e t e  s ig n a l  v a lu e s  w h ich  m a k e  u p  a

p a r t i c u l a r  m a t r i x ,  MSp, c a n  b e  r e p r e s e n t e d  in  a  s e t ,  SSp, w hich

is  a  s u b s e t  of th e  s e t ,  S. If th e  l a r g e s t  v a lu e ,  s ^ ,  of S w e r e

m is s in g  f r o m  th e  s e t  S s^ ,  th e n  a  u n it  m a t r i x ,  ( of o r d e r  (a , b) ),

cou ld  be a d d ed  to  M s D to  o b ta in  a  new  m a t r i x ,  Ms +1 .
* Jr

M Sp + M t = M sp+1  (7)

If 1 p ' d en o te s  the  ty p e  of m a t r i x  th a t  c a n  b e  added , th e n  eq u a t io n  

(7) c a n  b e  w r i t t e n  m o r e  s p e c i f i c a l ly  a s ,
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Ms^ + M  ̂ = Msj+l (8)

T he  s e t ,  S s j+ l ,  c o r r e s p o n d in g  to  th e  new  m a t r i x ,  Ms^+1, w ou ld  

a l s o  b e  a  s u b s e t  of the  s e t ,  S. T h e  n u m b e r  of p o s s ib le  m a t r i c e s  

( o f th e  to ta l i ty  of M m a t r i c e s  ) w h o se  s e t  SSp does  n o t c o n ta in  Sq 

is  S i m i l a r l y  t h e r e  a r e  (q  - l ) a^  p o s s ib le  M m a t r i c e s  w h o se

s e t ,  SSp, do es  no t c o n ta in  s q * s q-L ( * d e n o te s  th e  lo g ic a l  'a n d '  ).

To th e s e  m a t r i c e s  th e  duo m a t r i x ,  cou ld  be  a d d ed  to  o b ta in

a  new  m a t r i x ,  Ms2+2» w h o se  s e t ,  S s 2 +2 , is a  s u b s e t  of th e  s e t ,

S. In g e n e r a l ,  if  S s ^  ( p = 1, ..........  q ) does  n o t  c o n ta in

S q * S q _ ^ *  . . . . .  * s q_(i_i)» th e n  th e  a d d i t io n  o f  to  M sp,

M sp + M i = M sp +i (9)

r e n d e r s  a  m a t r i x  w h o se  s e t ,  SSp+i, is  a  s u b s e t  of the  s e t ,  S. 

T h e s e  a r g u m e n ts  a r e  c o n d e n s e d  in  T a b le  I.

T a b le  I M M a t r ix  G ro u p in g

SSp E x c lu d e s  D is ta n c e  N o. of M a t r i c e s  G ro u p

no e le m e n t  0 (q  + l )3-*5 Qq+1

i ab ^
s q 1 1 Qq

V V l  2 ( q ‘ 1>ab Qq-1

s q * s q _l*‘ **s 0 9 1 Q1
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F r o m  T a b le  I th e  fo llow ing  is  d e d u ce d .  T h e r e  a r e  

q  + I g ro u p in g s  of M m a t r i c e s  w h e r e  in  g e n e r a l  e ach  m e m b e r  

of g ro u p  is  d i s t a n t  by  (q  - ( i -1)) f r o m  one m e m b e r  of g ro u p  

Qq+j and  is  'd i s t a n t '  by  (q  - (i-1)) - 1 f r o m  one  m e m b e r  of g ro u p  

Qq an d  s o  on . E a c h  m e m b e r  of g ro u p  is  a  m e m b e r  of a l l  

g ro u p s  o f  h ig h e r  o r d e r .  T h e  s ig n i f ic a n c e  of th is  p a r t i t io n in g  of 

th e  to ta l i ty  of M m a t r i c e s  in to  su c h  g ro u p s  is  to  show  th a t  a  m e m ­

b e r  of g ro u p  an d  one  m e m b e r  of e ach  g ro u p  'd i s t a n t '  f r o m  

the  m e m b e r  o f  g e n e r a t e  th e  s a m e  N s e q u e n c e .  F o r  e x a m p le ,

T h e  ro w  m a t r i c e s ,

(1, 2, 0, 1); (2 , 3, 1, 2); an d  (4 , 5, 3, 4)

a l l  g e n e r a te  th e  N s e q u e n c e ,

( - 1, 1, 0 ),

w hen  Sq = 5 a n d  w hen  th e  o r d e r  of M m a t r i c e s  is (1 ,4 ) .

S in c e  e v e r y  m e m b e r  of g ro u p  Q q  is  d i s ta n t  f r o m  

Q q ^p  th e n  th e  n u m b e r  of u n iq u e  N s e q u e n c e s  w hich  c an  b e  g e n ­

e r a t e d  by  th e  to ta l i ty  of M m a t r i c e s  i s ,  f r o m  T a b le  I,

(q  + l )ab - q ab
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T h e r e f o r e ,  th e  n u m b e r  of r e d u n d a n t  N s e q u e n c e s  w h ich  w ou ld  be

ab
g e n e r a te d  b y  th e  (q  + 1) M m a t r i c e s  i s ,

R  = q ab (10)

M m a t r i c e s  of o r d e r  (1 ,4 ) w ith  e le m e n ts  u n d e r  s e t  S: (0, 1, 2) 

a r e  g iv en  in  A p p en d ix  C in  o r d e r  to e x e m p l i fy  e q u a t io n  (10).

It  h a s  b e e n  shown, then, th a t  in t r a n s f o r m i n g  M m a t r i c e s  

to  N s e q u e n c e s  a c c o r d in g  to  an  a b s o lu te  r u l e  t h e r e  is  no d i s c r i m i ­

n a t io n  b e tw e e n  p a t t e r n s  w h ich  a r e  ' d i s t a n t ' f r o m  one a n o th e r  in  th e  

s e n s e  of T a b le  I. What i s  l o s t  in  th e  t r a n s f o r m a t i o n  is  d a ta  of 

the  f o r m  r e p r e s e n t e d  b y  m a t r i c e s  ML , w h e re  i  d en o te s  th e  d i s t a n c e .  

In the  a u th o r ' s  o p in ion  t h e r e  is  no d i f f e r e n c e  in  th e  v i s u a l  p a t t e r n  

c o n ten t  b e tw e e n  MI m a t r i c e s  w h ich  a r e  'd i s t a n t '  by any  a m o u n t .

T h e r e  is  a c tu a l ly  a  g a in ,  t h e r e f o r e ,  by  avo id in g  an  u n n e c e s s a r y  

a m b ig u i ty  w h ich  'd i s t a n t '  p a t t e r n s  w ould  c r e a t e  a m o n g  th e  p r e l e a r n e d  

c la s s  f r e q u e n c y  d i s t r ib u t io n s  w hen  d e r iv e d  f r o m  MI m a t r i c e s .  

F u r t h e r m o r e ,  th e  r e p r e s e n t a t i o n  of p a t t e r n s  b y  c o n t r a s t  v a lu ed  

N s e q u e n c e s  sh o u ld  g r e a t l y  im p r o v e  th e  d i s c r i m i n a t o r y  a b i l i ty  of 

the  p r o p o s e d  c l a s s i f i c a t i o n  s y s t e m .
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B. An I n f o rm a t io n  T h e o r e t i c a l  D e c is io n  F u n c t io n

In th e  p r o p o s e d  c l a s s i f i c a t i o n  s y s t e m ,  v i s u a l  p a t te r n s  a r e  

to  be  r e p r e s e n t e d  by  a  s e q u e n c e  of c o n t r a s t  v a lu ed  d ig i t s .  T he  

s e q u e n c e  is o r d e r e d  an d  o f f ix e d  le n g th  an d  th e  d ig i ts  ta k e  on d i s ­

c r e t e  v a lu e s  b e lo n g in g  to  th e  f in i te  s e t  C. D u rin g  th e  le a r n in g  

of a  p a r t i c u l a r  c l a s s  o f  p a t t e r n ,  f r e q u e n c y  d is t r ib u t io n s  a r e
a

a c c u m u la te d  o v e r  th e  s e t  C fo r  e a c h  d ig i t  p o s i t io n  of the  

s e q u e n c e .  In id en tify in g  a  r a n d o m  p a t t e r n ,  t h e r e f o r e ,  s o m e  

fu n c tio n  is d e s i r e d  o f  th e  c o r r e l a t i o n  b e tw e e n  th e  unknow n d ig i t  

v a lu e s  and  th e  c o r r e s p o n d in g  d ig it  v a lu e  f r e q u e n c ie s  of th e  

know;n p a t t e r n  c l a s s e s .

Tw o su c h  fu n c t io n s  h a v e  b e e n  p r o p o s e d .  One t r e a t s  e ac h  

d ig i t  of th e  c o n t r a s t  co d ed  s e q u e n c e  w ith  e q u a l  w e ig h t ,  w h ile  

th e  o th e r  s t r e s s e s  v a lu e s  w h ich  a r e  m o r e  h ig h ly  c o r r e l a t e d  

w ith  c o r r e s p o n d in g  c l a s s  d ig i t  v a lu e  f r e q u e n c i e s .

1. D e c is io n  F u n c t io n  - M o d e l  1

C o n s id e r  th e  p a t t e r n  c l a s s e s  w h ich  th e  s y s t e m  is  to 

r e c o g n iz e  a s  th e  s e t  of e v e n ts ,

Y = (Yi) (11)

i  = 1, ........... n

L e t  th e  e le m e n ts  of s e t  C f o r m  a  s e t  of e v e n ts ,
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X = (Xj)

j = 1...................m  ; m  = 2q + 1
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(12)

D eno te  th e  n u m b e r  of s a m p l e s  u s e d  in  the  le a r n in g  of a  p a r t i c u l a r  c l a s s  

y. a s  N i . L e t  th e  e v e n ts  x- b e  s u p e r s c r i p t e d  a s ,  3&, w h e re  k  r e f e r s  to
1 J  J

a  p a r t i c u l a r  d ig i t  p o s i t io n  of th e  N s e q u e n c e  . R e c a l l  th a t  v i s u a l  p a t t e r n s  

a r e  in  the  f o r m  of c o n t r a s t  v a lu e d  N s e q u e n c e s  . T h e  r a n g e  of k  i s ,

k  = 1, ..........  ab -1

C o n s id e r in g  a n  in d iv id u a l  d ig i t  p o s i t io n  k, th e  a d d i t io n a l  in fo r m a t io n  

w h ich  the  k  d ig i t  of an  unknow n p a t t e r n  p ro v id e s  abou t th e  k  d ig i t  

of c l a s s  y  is g iv en  b y ^ ,

*k ( 7 i / x j ) = L °g  ( P r  (Y i/x j ) / p r  (Yi) ) (13)

k  k
But, Ik  ( y i / x j )  = Ik  ( x j / y i )

and  Ik  ( x ^ /y j )  = Log ( P r  (x jf /y i ) /P r - ( x j f )  ) (14)

T h e r e f o r e  Ik  (y^ /x ^ )  = L og ( P r  ( x ^ / y i ) / P r  (x^) ) (15)

k
P r  (xj /y^) is  th e  c o n d i t io n a l  p r o b a b i l i ty  th a t  d ig i t  p o s i t io n  k  of p a t t e r n

c l a s s  y- h a s  c o n t r a s t  v a lu e  Xj. P r  (x j  ) is  th e  p ro b a b i l i ty  th a t  d ig i t

p o s i t io n  k  h a s  c o n t r a s t  v a lu e  x^ in  any  c l a s s  of th e  s e t  Y. If th e  f r e q u e n c i e s

k  k  k  k
c o r r e s p o n d in g  to  P r  (x; / y^) and  P r  ( x - ) a r e  F r  (x- /y^) and  F r  (x : )

J J J J
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r e s p e c t iv e ly ,  th e n ,

P r  ( £ / y . )  = ( F r  (xk / y  ) /N i)  
J 1 J 1

(16)

and P r  (afc)
n

F r  (* * ) /(  I (Ni) ) 
j  i = l

(17)

T h e r e f o r e , I k ( Y i / ^ ) = Log F r ( x * / y i ) /N i)
J

F r ( x ^ ) / (  Z Ni) 
j i = l

(18)

k  kS in ce  F r ( x . / y . ) »  F r ( x .  ) an d  N i ( i  = 1, . . .  n ) a r e  a l l  
J

k
known q u a n t i t i e s ,  th e n ,  I j J y j / x .  ) c a n  b e  c o m p u te d  d i r e c t ly .

J

B e c a u s e  e a c h  d ig i t  v a lu e  is to  be  c o n s id e r e d  of e q u a l  im p o r ta n c e  

in  th e  o v e r a l l  d e c is io n ,  th e n  th e  t o t a l  a d d i t io n a l  in fo rm a t io n  

w h ich  an  unknow n p a t t e r n  p r o v id e s  ab o u t  c l a s s  y^, i s ,

ab -  1
i ( y j / xj) = z y y i H ' )

k = 1

(19)

2. D e c is io n  F u n c t io n  - M o d e l 2

A w e ig h t in g  f a c t o r ,  P r (x ^ /y ^ ) ,  is  in c lu d e d  in  th e  d e c i -J

s io n  fu n c t io n  r e p r e s e n t e d  b y  e q u a t io n  (19), in o r d e r  to  e m p h a s iz e

the  l a r g e r  v a lu e s  of L ( y - / x . )  and  to  d e - e m p h a s i z e  th e  s m a l l e rK i  j

o n e s .  T h e  d e c i s io n  fu n c t io n  f o r  a  s in g le  d ig i t  is  t h e r e f o r e ,
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* k  
ik (yi/xj) F r ( x j f /y . )  Log

Ni

'r ( x j / y ^ / N i

F r ( x ^ ) / (  E Ni)
J i = i  -

(20)

T he  d e c i s io n  fu n c t io n  f o r  the  to ta l  n u m b e r  of d ig i ts  in  th e  N

s e q u e n c e  i s ,

ab -  1
r ( y . / x . )  = I w * % ) ( 21)
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I l l  E X P E R IM E N T A L , -PROCEDURE

A. D a ta  A c q u is i t io n

1. S o u r c e  of P a t t e r n s

A lthough  th e  p r o p o s e d  re c o g n i t io n  s y s t e m  is s u f f ic ie n t ly  

g e n e r a l  in  t h e o r y  to  h a n d le  any  ty p e  of v i s u a l  p a t t e r n  , i t  is  

l im i t e d  b y  th e  u n a v a i l a b i l i ty  of a c c u r a t e  n o r m a l i z a t io n  te c h n iq u e s .

It w ould  h a v e  d i f f icu l ty  a t  th is  s ta g e  in  d i s c r im in a t in g  b e tw e e n  

c y c lo n e s  and  h u r r i c a n e s ,  fo r  e x a m p le .  T h e r e f o r e  the  tw e n ty - s ix  

c a p i t a l  l e t t e r s  of th e  a lp h a b e t  an d  the  f i r s t  n ine  c a r d in a l  n u m e r a l s  

w e r e  u s e d  to  t e s t  th e  c l a s s i f i c a t i o n  s y s t e m .

T h e  p a t t e r n s  w e r e  h a n d  w r i t t e n  in  o r d e r  to  c r e a t e  a  

w ide  v a r i a t i o n  in  t h e i r  s p a t i a l  f o r m .  A c o a r s e  pen  w as  u s e d  

so  th a t  a  m e d iu m  p r o p o r t io n  of th e  f i e ld  of v iew  w as  c o v e r e d .

N ote  in  F i g u r e  2. th a t  th e  f i e ld  of v iew  is a  one inch  s q u a r e  

g r id  of tw e n ty - f iv e  s e g m e n t s .  F i g u r e  2. g iv e s  an  e x a m p le  of 

the  type  of e a c h  p a t t e r n  u s e d  ( exc lu d in g  '10' ).

2. N o r m a l iz in g  T h e  P a t t e r n

E a c h  s a m p le  h a n d  w r i t t e n  c h a r a c t e r  w as  f o c u s s e d  w ith in  

a  p a p e r  b a s e d  g r id  te n  u n i ts  h ig h  and e ig h t  u n i ts  w id e .  T h e  c h o ic e  

of e igh ty  e l e m e n t s ,  though  a r b i t r a r y ,  w as  th o ugh t to  b e  s u f f ic ie n t

22
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fo r  an  id e n t i f ic a t io n  of a l l  t h i r t y - f i v e  c h a r a c t e r s .  A r e c t a n g u la r  

sh a p e  w as  c h o se n  b e c a u s e  a  l a r g e  p o r t io n  of the  s a m p le  p a t t e r n s  

te n d e d  to  b e  g r e a t e r  in  h e ig h t  th a n  in  w id th . T h e  p a t t e r n  w as 

p o s i t io n e d  so  th a t  i t  w as  ta n g e n t  to  one p a i r  of o p p o s i te  g r id  

b o r d e r s .  T h e n  th e  p a t t e r n  w as  c e n t r e d  in  th e  d i r e c t io n  of th e  

o th e r  p a i r  of b o r d e r s .

T h e  p e r c e n ta g e  of e a c h  e le m e n t  c o v e r e d  by  th e  p r o je c te d  

c h a r a c t e r  w as  ta k e n  a s  th e  s ig n a l  v a lu e  of th a t  e le m e n t .  E ig h ty  

su c h  s ig n a l  v a lu e s  w e r e  c o m p u te d  fo r  e a c h  p a t t e r n .

3. S ig n a l  a n d  C o n t r a s t  Coding

T h e  e ig h ty  p a t t e r n  s ig n a l  v a lu e s  w e r e  f i r s t  q u a n t iz e d  

in to  d i s c r e t e  v a lu e s  ra n g in g  f r o m  z e r o  (0) to  tw en ty  (20). T h e  

ch o ice  of th a t  n u m b e r  of c o n t r a s t  v a lu e s  w as  a g a in  an  a r b i t r a r y  

one . By s u b t r a c t i n g  f r o m  th e  v a lu e  of th e  f i r s t  e le m e n t  th e  

v a lu e  of e a c h  of the  fo l lo w in g  e le m e n t s ,  ro w  by  ro w , a  c o n t r a s t  

v a lu ed  s e q u e n c e  of s ev e n ty -n in e  d ig i ts  w as  f o r m e d .  T h is  w as  

in  a c c o r d a n c e  w ith  e q u a t io n  (2). T h e r e f o r e ,  e a c h  of the  s e v e n ty -  

n in e  d ig i ts  h a d  a  d i s c r e t e  c o n t r a s t  v a lu e  in  th e  ra n g e  ( -20  to  +20 ).

F o r  a  s a m p le  of a  s ig n a l  and  c o n t r a s t  v a lu e  coded  

p a t t e r n  of a  d i f f e r e n t  s i z e  and  q u a n t iz a t io n ,  s e e  A ppend ix  B . T h e  

p a t t e r n  o f  A p p en d ix  B w ould b e  r e p r e s e n t e d  b y  th e  l a s t  e igh t 

d ig i ts  in th e  f i r s t  ro w  of m a t r i x  N.
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B. C o m p u te r  S im u la te d  C la s s i f i c a t io n  Unit

A ll  of th e  t h e o r e t i c a l  te c h n iq u e s  d e r iv e d  in C h a p te r  II w e r e  

im p le m e n te d  in  s e v e r a l  c o m p u te r  p r o g r a m s .  It w ould  be  too  

te d io u s  to  in c lu d e  a l l  of th e  p r o g r a m  l i s t in g s  and  t h e i r  flow  

c h a r t s  h e r e .  T h e  m a jo r  p o r t i o n  o f  t h e s e  w e r e  to s im u la te  the  

l e a r n in g  p h a se  of th e  r e c o g n i t io n  s y s t e m  in  lu m p  f o r m .  T h e  f i r s t
i

p r o g r a m  w as  w r i t t e n  to  r e a d  a l l  o f th e  d a ta  ( c o n s is t in g  of 12

(5)
s a m p le s  of e a c h  of 35 c h a r a c t e r s  ) f r o m  p re p u n c h e d  c a r d s  in to  

a  c o r e  m e m o r y .  It w as  to  p a c k  th e  d a ta ,  code  it by  c h a r a c t e r  

and  t r a n s f e r  th e  c o n d e n s e d  b lo c k  to  d i s k  s t o r a g e .  A n o th e r  p r o g r a m  

w as  d e s ig n e d  to  d e l im i t  th e  d a ta  a l r e a d y  s t o r e d  on d isk ,  in to  

f i e ld s ,  b y  f la g g in g  th e  l e f tm o s t  d ig i t  of e a c h  v a lu e ;  th is  en ab le d  

the  d a ta  to  b e  s e l e c t e d  and  p r o c e s s e d  in d iv id u a l ly .  T h e  th i r d  

p r o g r a m  q u a n t iz e d  th e  s ig n a l  d a ta .  T he  f o u r th  g e n e r a te d  c o n t r a s t  

v a lu e s  f o r  a l l  of th e  c h a r a c t e r  s a m p l e s .  The  f if th  p r o g r a m  g e n ­

e r a t e d  f r e q u e n c y  d i s t r ib u t io n  ta b le s  f r o m  th e  c o n t r a s t  v a lu ed  d a ta .  

See  A p pend ix  D f o r  a  s a m p le  of how th e  d i s t r ib u t io n s  w e r e  s e t  

up  in  m e m o r y  a n d  f o r  a  c o m p a r i s o n  of th e  c o n t r a s t  v a lu e d  d a ta  

s t r u c t u r e  of th e  t h i r t y - f i v e  c h a r a c t e r s .

T h e  s ix th  p r o g r a m  s u m m e d  th e  t h i r t y - f i v e  f r e q u e n c y  ta b le s  

in to  a  s in g le  t a b le .  In th e  t h i r t y - f i v e  ta b le s  w e re  s t o r e d  th e  

v a lu e s ,  F r ( ^ / y i )  , w h ile  in  th e  s u m  ta b le  th e  u n c o n d i t io n a l  f r e ­

q u e n c ie s ,  F r ( x ^ ) ,  w e r e  to  be  found . T h e  p u rp o s e  of th e  s u m  ta b le

’ -yr/  4 5
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w as to  g r e a t l y  d e c r e a s e  re c o g n i t io n  d e c i s io n  t im e .

T h e  s i z e  of t h e s e  t a b le s  n e c e s s i t a t e d  th a t  th e y  b e  s t o r e d  

in  a  s e c o n d a r y  m e m o r y  a r e a  and  b e  c a l l e d  in to  c o r e  m e m o r y  on ly  

w hen  r e q u i r e d .  T hu$  m u c h  t im e  w as  c o n s u m e d  in  s e e k in g  and 

t r a n s f e r r i n g  t h e s e  t a b l e s  b e tw e e n  p r i m a r y  and  s e c o n d a r y  s to r a g e  

a r e a s .

T h e  m a c h in e  u s e d  w as  an  IBM  1620j j  c o m p u te r  w ith  40 K 

c o r e  s t o r a g e  c a p a c i ty  an d  1311 d i s k  d r iv e  a s s e m b ly .  T he  p r o g r a m s  

w e r e  w r i t t e n  in  SPS lan g u ag e  and  c o m p i le d  in to  m a c h in e  lan g u ag e  

by  a  M o n ito r  II S y s te m  a s s e m b l e r .  A b a s i c  layou t of th e  r e c o g ­

n i t io n  u n it  in  t e r m s  of the  IBM  1620 c o m p u te r  is found  in  F i g u r e  3.

T h e  f in a l  c o m p u te r  p r o g r a m ,  P C P  ( P a t t e r n  C la s s i f i c a t io n  

P r o g r a m  - a l s o  w r i t t e n  in SPS ) w as  d e s ig n e d  to  h a n d le  th e  d a ta  

of one p a t t e r n  a t  a  t im e  and  to  p e r f o r m  a l l  of th e  fu n c t io n s  of 

th e  f i r s t  f o u r  p r o g r a m s .  In a d d i t io n ,  th e  d e c is io n  m o d e ls  w e re  

im p le m e n te d  an d  re c o g n i t io n  of an  unknow n p a t t e r n  cou ld  be  

a t t e m p te d  b y  u s in g  e i t h e r  d e c i s io n  fu n c t io n  1 ( e q u a t io n  (19) ) o r  

d e c is io n  fu n c t io n  2 ( e q u a t io n  (21) ). It sh o u ld  be  n o ted  th a t  th e  

n a t u r a l  lo g a r i t h m  w as  u s e d  in  th e  im p le m e n ta t io n  o f  b o th  d e c i s io n  

fu n c t io n s .  P C P  w as  a d a p t iv e  in  th e  s e n s e  th a t  th e  d a ta  of an  

id e n t i f ie d  p a t t e r n  cou ld  b e  a d d e d  to  th e  s y s t e m  f r e q u e n c y  ta b le s  

and  o th e r  p a r a m e t e r s  co u ld  be  u p d a te d  to  a cc o u n t  f o r  th e  a d d ed  

d a ta .  With th is  f a c i l i ty  i t  co u ld  h a v e  b e e n  d e t e r m in e d  w h e th e r
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o r  n o t th e  c l a s s i f i c a t i o n  s y s t e m  w e r e  d e g e n e r a t iv e ;  h o w e v e r ,  th is  

w as  n o t  t r i e d .

Of th e  t o t a l  n u m b e r  of s a m p le  p a t t e r n s  t e s t e d  b y  P C P ,  140 

l e a r n e d  p a t t e r n s  w e r e  t e s t e d  by  fu n c t io n  m o d e l  1, 105 l e a r n e d  

p a t t e r n s  w e r e  t e s t e d  by  fu n c t io n  m o d e l  2 and  th i r t y - f i v e  u n l e a r n e d  

s a m p le s  w e r e  t e s t e d  by  fu n c t io n  m o d e l  1. No u n le a r n e d  s a m p le s  

w e r e  t e s t e d  b y  fu n c t io n  m o d e l  2.

A c o m p le te  l i s t in g  of the  P C P  p r o g r a m  m a y  b e  found in 

A p pend ix  A. T h e  c o m m e n ts  a d ja c e n t  to  th e  l i s t in g  p ro v id e  an  

e x p la n a t io n  of th e  fu n c t io n a l  f low  of th e  p r o g r a m .

C. E f fe c t iv e  S t a t i s t i c a l  Z e ro

S in ce  the  n u m b e r  of s a m p le s  u s e d  to  l e a r n  th e  p a t t e r n  c l a s s e s  

w as v e r y  s m a l l  and  due  to  th e  d ig i ta l  n a t u r e  of o p e ra t io n ,  m a n y  

of the  f r e q u e n c ie s  u s e d  by  th e  d e c is io n  a lg o r i th m s  w e re  of v a lu e  

z e r o  (0). Log(0) b e in g  in d e t e r m in a t e ,  a n  e f fe c t iv e  z e r o  v a lu e  

h ad  to  b e  e s t a b l i s h e d .  It w as  d e c id e d  a r b i t r a r i l y  th a t  the  o c c u r r e n c e  

of a  z e r o  r e p r e s e n t e d  the  l e a s t  p o s s ib le  in f o r m a t io n  and , t h e r e f o r e  , 

a  ' z e r o '  w as  c h o s e n  to  g ive  an  in fo r m a t io n  m e a s u r e  w h ich  w as 

s l ig h t ly  m o r e  n e g a t iv e  th a n  th e  v a lu e  th a t  cou ld  h a v e  r e s u l t e d  in 

the  m o s t  n e g a t iv e  c a s e .
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Of the  p r e l e a r n e d  s a m p le  p a t t e r n s ,  one  h u n d re d  p e r  c en t  

w e r e  c o r r e c t l y  id e n t i f ie d  by  th e  fu n c t io n  m o d e l  1. O n ly  s e v e n ty -  

two p e r  c en t  of th e  p r e l e a r n e d  p a t t e r n s  w e r e  c o r r e c t l y  id e n t i f ie d  

by  th e  fu n c t io n  m o d e l  2. F o u r t y  p e r  c en t  of the  unknow n p a t t e r n s  

w e r e  c o r r e c t l y  id e n t i f ie d  by  th e  fu n c t io n  m o d e l  1; fu n c t io n  m o d e l  2 

w as  no t a p p l ie d  to  th e  u n le a r n e d  s a m p l e s .

T h e  t i m e  r e q u i r e d  f o r  th e  c o m p le te  id e n t i f ic a t io n  o f a 

s in g le  p a t t e r n  s a m p le  w as  a p p r o x im a te ly  t h r e e  m in u te s .  T h is  

t im e  cou ld  h a v e  b e e n  s u b s ta n t i a l ly  r e d u c e d  by  em p lo y in g  a  

f a s t e r  c o m p u te r .

F i g u r e s  4 . - 8. r e p r e s e n t  ty p ic a l  r e s u l t s  u s in g  fu n c t io n  

m o d e l  1 on l e a r n e d  s a m p l e s .  F i g u r e s  9. - 13. r e p r e s e n t  th e  

the  in fo r m a t io n  m e a s u r e s  o b ta in e d  by  fu n c t io n  m o d e l  2 f r o m  

the  l e a r n e d  s a m p l e s .  F i g u r e s  14. - 27. a r e  ty p ic a l  r e s u l t s  

o b ta in e d  b y  ap p ly in g  fu n c t io n  m o d e l  1 to  u n l e a r n e d  p a t t e r n s .
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V CONCLUSIONS AND R ECO M M EN D A TIO NS

F u n c t io n  m o d e l  1 is d e f in i te ly  a  s u c c e s s f u l  a lg o r i th m .  

F u n c t io n  m o d e l  2, h o w e v e r ,  is  in a d e q u a te  in  i ts  a b i l i ty  to  w e ig h t  

th e  c o m p o n en t m e a s u r e s  of fu n c t io n  m o d e l  1. A p r o p e r  w e igh ting  

fu n c t io n  h a s  y e t  to  b e  f o r m u la t e d .

T h e  a d v a n ta g e s  of th e  c o n t r a s t  t r a n s f o r m a t i o n  a r e  n o t  fu l ly  

u t i l i z e d  in  th e  s im u la t io n  p r o g r a m  ( P C P  ). T h e  d e c i s io n  t im e  

is s h o r t e r  th a n  i t  w ou ld  b e  f o r  s ig n a l  co d ed  p a t t e r n s ;  b u t ,  the  

s m a l l  n u m b e r  of s a m p l e s  a s  w e l l  a s  th e  m e th o d  of d a ta  

c o l le c t io n  l i m i t  th e  o p p o r tu n i ty  f o r  th e  c o n t r a s t  t r a n s f o r m a t i o n  

to  be fu l ly  e f fe c t iv e .  It w ou ld  b e  in t e r e s t i n g  to  c o m p a r e  c o n t r a s t  

coding  and  s ig n a l  cod ing  b a s e d  upon  a  l a r g e r  s a m p le  of p a t t e r n s .

T h e  p r o b le m  of a n  e f fe c t iv e  s t a t i s t i c a l  z e r o  h a s  by  no m e a n s  

b e e n  s o lv e d .  F u r t h e r  s tu d y  is  r e q u i r e d  to  f in d  out i t s  e f fe c t  

upon  a  d ig i ta l  p a t t e r n  r e c o g n i t io n  s y s t e m .

T h e  c h o ic e  of g r id  s i z e  and  the  d e g r e e  of s ig n a l  q u a n t iz a t io n  

a r e  v a r i a b l e s  th a t  sh o u ld  be  in v e s t ig a te d  f u r t h e r .
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A P P E N D IX  A

P C P

P A T T E R N  C LA SSIFIC A T IO N  PRO G RA M

An SPS c o m p u to r  p r o g r a m  o r ig in a l ly  w r i t t e n  
f o r  an  IBM  1620 M K II m a c h in e  w ith ,

M ONITOR II R ESID E N T  SY STEM  

INDEX R E G IS T E R S 

40K CO RE MEMORY 

1311 DISK ST O RA G E DRIVES 

1622 CARD R EA D  PU N C H

T h e  p r o g r a m  r e q u i r e s  25, 630 c o r e  p o s i t io n s  
an d  is  o p e r a t e d  in  c o n ju n c t io n  w ith  36 d a ta  

t a b le s  s t o r e d  on d i s k  p a c k  m e m o r y  
( s a t e l l i t e  - d r iv e  #1 )
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D e c la r a t i v e  S ta te m e n ts

O utpu t D as 26
D ac 1,@

A1 D as 80
D ac 1,@

A2 D as 80
D ac 1,@

A3 D as 80
D ac 1,@

A4 D as 80
D ac 1,@

A5 D as 80
D ac 1,@

A6 D as •»

o00 * C a rd
D ac l . @ . , O utput

A 7 D as

o00 B lock
D ac 1,@

A8 D as 80
D ac 1,@

A9 D as 80
D ac 1,@

A10 D as 80
D ac 1,@

A ll D as 80
D ac 1,@

A12 D as 80
D ac 1,@

B la n k D ac 50,
D sc 5 0 ,000000000000000
D sc 11, 0000000000@ ,, * C a r d  C

None D as 8 0 , , * B lan k
D ac 1,@

M od D ac 38, Sw itch  1 - on f o r  M odi, off f o r  Mod2@
N ote D ac 44, Sw itch  3 - on to  a d ju s t  the  S y s te m  T ab
C a lm e s Dac 36, Sw itch  4 - on f o r  F u r t h e r  S a m p le s .  @
B ad n u m D ac 15, Z e r o  N u m e r a to r ®
B ad d en Dac 17, Z e r o  D en o m en a to r@
Inf Dac 11,1( ) = @
Tw o D ac 3, @
D ec Dac 2,
E x p Dac 2, E@
P lu s Dac 2,+@
E m p ty Dac 27, @
I te m Dac 24, S y s te m  T a b le s  A d ju s te d .®
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Stop Dac 25, Id e n t i f ic a t io n  C o m p le te .  @
C a r d in D as 00 o * C a rd  Input A r e a
S h r in k D ss 2 4 0 , , * R ed u c e d  Input
* D a ta
A r e a D ss 160,, a,T* Q u an tize d  D a ta
* A r e a
D u m m y D da o o o o

T a b a r D ss 10000 ,, * F r e q u e n c y  T a b le
*T* C o re  A r e a
F l a r e a D ss 7 9 0 , , a. C o n d it io n a l  F r e q
* A r e a
F i a r l D ss 7 9 0 , , * U n co n d it io n a l
<JU> F r e q  A r e a
S o r t D ss 5 2 5 , , au S o r t  A r e a
O ut D ss 3 5 0 , , * In fo rm a t io n  A re a
M ul Ds 5 , , *r* P r o d u c t  A r e a s
R e s u l t Ds 5
P r o d c t Ds 5
Quot Ds 2
R e m Ds 2 , , a* R e m a in d e r
Sub Ds 2 , , a,T* D if f e re n c e  A r e a
Z e ro Dc 0° o * a>T F ix e d  P o in t  Z e ro s
Z r Dc 7 ,0
F l t z e r Ds 10, , * F lo a t in g  P t  Z e ro
C n t r s t Ds 2 , , * C o n t r a s t  D a ta
S m tb cn Ds 2 , , A re a s
Idl Ds 1,, au In d ic a to r s
Id 2 Ds 1
S e tin d Ds 1
C o m p a r Ds 10, , %u*T* C o m p a re  A r e a
S u m Ds 10, , a. Ac c u m u la to  r
S m a l l f Ds 10, , au"T* E f fe c t iv e
* S ta t i s t i c a l  Z e ro
D enu Ds 2 , , au N u m b e r  of
D enom u Ds 10, , S a m p le s  /  C la s s
D eni Ds 3, , au•V* T o ta l  N u m b e r
D en o m l Ds 10, , of S a m p le s
P a te l s D s 5 , , auT* Id e n tif ied  C la s s
«IU Coded A r e a
Hold Ds 15, , au T em porary
F io t Ds 11,, L o c a t io n s
B ang Ds 10
B angf Ds 10
T em p f Ds 10
W ait Ds 10
S ave Ds 10
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S ap Ds 10
C an Ds 5
S t i l l Ds 5
T m p i Ds 3
S av Ds 2
T e m p i Ds 2
H o ld l Ds 2
T a b le D sa T a b a r
•ju ou

T* D isk  C o n t ro l  F id s
T a b D da , 3, 0, 65, T a b a r

Dc 1,@
S u m tab D da , 3, 09600, 98, T a b a r

Dc l.@
A Dc 5, 02456, , * C o n s ta n ts
T h r e e Dc 2, 35
S e v e n Dc 2, 79
¥
*
4,

Input Unknown D a ta

S t a r t H
Cf S e tin d , , , 4.*«» R e s e t  M o d i - 2 In d r
T d m S e tin d ,  0
R c ty
W aty M od
R c ty
H
B n cl N oflag
Sf S e tin d ,  , , •JU

T* Set M o d i - 2 In d r
N oflag B *U2

B sb a *H2
T f D enu, Z r - 5 ,  , 4.T* Z e r o  S a m p le  T o t ls
T f D en i,  Z r - 4
T f m T ab+ 5 , 06000

Count Sk T ab
Rdn T ab
Cdn T ab
A D en i,  T a b a r+ 3 ,  , J,

T" T a l ly  T o t l  S a m p ls
A m T a b + 5 ,100, , F r o m  D is k - S to r e d
C m T ab + 5 , 0 9 5 0 0 , , F r e q  T a b le s
Bnz Count
B lx m *+12, -240(A l)
R ac d C a rd in ,  , , a. R ead  D a ta  C a r d s
R ac d C a rd in
R acd C a rd in

R ut in  e T d Shrink+240( A l), C a r d in + 0 2 8 , , C o m p a c t  Input D at
T d Shrink+241(A l), C ard in+ 032
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T d S hrink+ 242(A l) ,  C ard in + 0 3 4
T d Shrink+243( A l), C a rd in + 0 4 0
T d Shrink+244( Al), C a rd in + 0 4 4
T d S hrink+ 245(A l) ,  C ard in + 0 4 6
T d Shrink+ 246(A l) ,  C ard in+ 052
T d Shrink+ 247(A l) ,  C a rd in + 0 5 6
T d Shrink+ 248(A l) ,  C ard in+ 058
T d Shrink+249( Al), C ard in + 0 6 4
T d Shrink+250( A l), C ard in+ 068
T d Shrink+251( A l), C a rd in + 0 7 0
T d S hrink+ 252(A l) ,  C a rd in + 0 7 6
T d Shrink+253( Al), C ard in+ 080
T d S hrink+ 254(A l) ,  C a rd in + 0 8 2
T d S hrink+ 255(A l) ,  C ard in + 0 8 8
T d Shrink+ 256(A l) ,  C ard in+ 092
T d Shrink+257( A l), C a rd in + 0 9 4
T d S hrink+ 258(A l),  Cardin+100
T d Shrink+ 259(A l) ,  C ard in+104
T d Shrink+260(A1), C ard in+106
T d S hrink+ 26 l(A l) ,  Cardin+112
T d Shrink+262( A l), Cardin+116
T d Shrink+263(A1), Cardin+118
B cx m R u tin e -1 2 , 24(A1)
R ac d C a rd in
R ac d C a rd in
B lx m *t-12, -240(A1)
B lx m *t-12, -160(A2)

S e tf lg Sf Shrink+ 240(A l) ,  , ,
Q uant M m S hrink+ 242(A l) ,  2, 10,

T f M ul, 00099, ,
Sf M ul-2
T f Quot, M ul-1
T d R e m , M ul
T d m R em -1 ,  0, 11
C m R e m , 5
B1 N oadd
A m Quot, 1,10

N oadd T f A rea+ l6 l(  A2), Q uot
B x m *U2, 2(A2)
B c x m Setflg , 3( Al)
B lx m *1-12, -158(Al)
T f H old l, Area-1-1

S u b tr T f Sub, H o ld l, ,
S Sub, Area+161(A1), ,
T f A rea+ I6 l(  A l), Sub
B c x m S u b tr ,  2(Al)

F ig  C o m p e ted  D a ta  
Q u an tize  D a ta  
Into 21 L e v e ls

* G e n e r a te  C o n t r a s t  
V a lu e  S eq u en ce
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*
*
*

C a lc u la te  M u tu a l  In fo rm a t io n s

B ac k

B ac

N x tc ls

B bls  79

T f S m a l l f -2 ,  Z e r o ,  , Se t Up
T f m S m a ll f ,  2 ,10 , S t a t i s t i c a l  Z e ro
T d m S m a l l f - 9 , 1,11
Sf S m a llf
T f F l t z e r - 2 ,  Z e ro ,  , * Se t Up F lo a t in g
T f m F l t z e r ,  99 ,10 , P t  Z e ro
Sf F l t z e r
B lx m *+12, -790(A1)
T f l F la re a + 7 9 9 (  Al), F l t z e r ,  , «JU Z e r o  Cond and  

U ncond  F r e q  A r e a s
B c x m B ack , 10(A1)
B lx m *+12, -790(A1)
T f l F la rl+ 799(A 1), F l t z e r
B cx m B ac , 10(A1)
B lx m *+12, - 350(A5)
B lx m *+12, - 35( A2)
T f Sav, T h r e e ,  , •JL. F in d  T o ta l  N u m b e r
Mf 00313, 00310, , of S a m p le s  f o r
A Sav, 00314 ,, C la s s  U n d e r  T e s t
Mf 00310, 00313
M m Sav, 100, 9
B x m *+12,l(A2)
T f P r o d c t ,  00099
A m P r o d c t ,  06000
T f T ab+ 5 , P r o d c t ,  , ■V Set Up S c t r  A d d rs
Sk T a b ,  , , * B r in g  in  Cond
R dn T a b ,  , , F r e q  T a b le
Cdn Tab
T f Denu, T a b a r+ 3
B lx m *+12, -158(A4)
B lx m *+12,-790(A1)
B lx m *+12, -79(A3)'
T f Sav, S ev en , , S e t Up Cond F r e q
Mf 00318, 00315, , T a b le  A d d rs
A Sav, 00319
Mf 00315, 00318
M m S a v , 8 2 ,9
B xm *+12,1( A3)
T f R e s u l t ,  00099, , * Add D ig it  P o s n
T f C n t r s t ,  A rea+ I6 l(  A4), , T o  A d d rs
A m C n t r s t ,  21,10
M m C n t r s t ,  2, 9
T f P r o d c t ,  00099
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A R e s u l t ,  P r o d c t ,  , * Add C n t r s t  V a lu e
A R e s u l t ,  T a b l e , , P o s n  to  A d d rs
A m  R e s u l t ,  3
T f  T e m p i ,  R e s u l t ,  11, * E x t r a c t  F r e q
T f l  T e m p f ,  F l t z e r ,  , F r o m  T a b le
C m  T e m p i ,  9. » * F r e q  to  F i t  P t
Bh A lte r
T d  T e m p f -9» T e m p i
Sf T e m p f -9
T f m  T e m p f ,  1,10
C T e m p f - 8 ,  F l t z e r - 8
B nz LI
T f l  T e m p f ,  F l t z e r
B7 LI

A l te r  T f  T e m p f - 8 ,  T e m p i
T f m  T e m p f ,  2,10

L I T f l  F la rea+ 7 9 9 (A 1 ) ,  T e m p f ,  , * F i t  P t  V a lu e  to
* Cond F r e q  A r e a

B x m  *U2,10(A1)
B c x m  B b ls7 9 ,2 (A 4 )
Sk S u m tab ,  , , * Cond F r e q  T a b le
R dn  S u m tab ,  , , To C o re
Cdn S u m tab
B lx m  *H 2,-790(A 1)
B lx m  * U 2 ,-7 9 (A 3 )
B lx m  *¥12, -158(A4)

B ls7 9  T f  Sav , S ev en , , * Se t Up U ncond
Mf 00318, 00315, , F r e q  A d d rs
A Sav , 00319
M f 00315, 00318
M m  S av , 123,9
B x m  *U2,1(A3)
T f  R e s u l t ,  00099> , * Add D ig it  P o s n
T f  S m tb cn ,  A rea+ I6 l(A 4), , to  A d d rs
A m  S m tb cn ,  21,10
M m  S m tb cn , 3 ,9
T f  P r o d c t ,  00099
A R e s u l t ,  P r o d c t ,  , * Add C n t r s t  V a lu e
A R e s u l t ,  T a b le ,  , P o s n  to  A d d rs
A m  R e s u l t ,  3
T f  T m p i ,  R e s u l t ,  11, * E x t r a c t  F r e q
T f l  T e m p f ,  F l t z e r ,  , f r o m  T a b le
C m  T m p i ,  99»» * F r e q  to  F i t  P t
Bnh Twoo
T f  T e m p f - 7 ,  T m p i
T f m  T e m p f ,  3,10
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Twoo

O ne

M l

C om put

C y c le
M odi

F a d

B7 Ml
C m T m p i ,  9
Bnh One
Mf T m p i-1 ,  T m p i - 2
T f T e m p f - 8 ,  T m p i
T f m T e m p f ,  2, 10
B7 Ml
T d T e m p f - 9, T m p i
Sf T e m p f -9
T f m T em p f ,  1,10
C T e m p f -8 , F l t z e r - 8
B nz Ml
T f l T e m p f ,  F l t z e r
T f l F la r l+ 799(A 1), T e m p f , , •X*

«T* F i t  P t  V a lu e  to 
U ncond  F r e q  A r e a

B x m *+12,10(A1)
B c x m Bis 79, 2(A4)
T f T e m p f ,  F l t z e r
B lx m *+12, -790(A1)
T f l S um , F l t z e r ,  , *r» Z e r o  In f tn  A cc
T f l T e m p f ,  F l t z e r
T f m D en o m u , 2 ,10, "V S a m p le  T o t ls  to
T f D e n o m u -2 ,  Z e r o ,  , F lo a t in g  P t  F o r m
T f D e n o m u - 8 ,  D enu
T f m D en o m l,  3,10
T f D e n o m l-2 ,  Z e ro
T f D e n o m l- 7, D en i
Bnf Mod2, S e tin d ,  , •JU

T * To S e le c te d  Mod
T fl C o m p a r ,  F la re a + 7 9 9 (  Al)
C C o m p a r - 8 ,  F l t z e r - 8 ,  , *T* T e s t  Cond F r e q
Bnz N o sa m e
T f l C o m p a r ,  F la r l+ 7 9 9 (A l)
C C o m p a r - 8 ,  F l t z e r - 8 ,  , ■J,

T» T e s t  U ncond F r e q
Bnz F a d
B M ak, , , T No In fo rm a t io n
T f l B angf, S m a llf ,  , «l«

O ' S u b s t i tu te  St a t
F d iv B an g f , D en o m u , , Z e r o  and
F  div B angf, F la r l+ 7 9 9 (A l) ,  , C o m p u te  M e a s u r e
F  m u l B angf, D en o m l
F in B ang , Bangf
F a d d Sum , B ang , , * Add E f fe c t iv e  Inf
B nc2 Away
R c ty
W aty B ad n u m
R c ty
B Away
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M ak B n c l Aw ay
R c ty
Waty B ad d en
R c ty
B Away

N o sa m e F m u l F la re a + 7 9 9 (  A l), D en o m l,  , •Y* C o m p u te  M e a s u r e
F m u l F la r l+ 7 9 9 (  Al), D en o m u
F  div F la re a + 7 9 9 (A l) ,F la r l+ 7 9 9 (A l )
T f l T e m p f ,  F la re a + 7 9 9 (  Al)
F i n B ang , T e m p f
F a d d Sum , B ang , , •JUn* Add In f o rm a t io n
B Away

Mod2 T fl C o m p a r ,  F la re a + 7 9 9 (A l)
C C o m p a r - 8 ,  F l t z e r - 8 ,  , a .

•V T e s t  Cond F r e q
Bnz N o s a m
T f l C o m p a r ,  F la r l+ 7 9 9 (A l)
C C o m p a r - 8 ,  F l t z e r - 8 ,  , ■J*

*T» T e s t  U ncond F r e q
Bnz F a d d
B K a m , , , 'T* No In fo rm a t io n

F a d d T f l T e m p f ,  S m a l l f ,  , S u b s t i tu te  S ta t
F  div T e m p f ,  D en o m u , , Z e ro  and
F d iv T e m p f ,  F l a r  1+799(A1),, C o m p u te  M e a s u r e
F m u l T e m p f ,  D e n o m l
F i n F la r l+ 799(A 1), T e m p f
T f l T e m p f ,  S m a l l f
F  div T e m p f ,  D enom u
F m u l F la r l+ 799(A 1), T e m p f
F a d d Sum , F la r l+ 7 9 9 (  A l), , *T* Add E f fe c t iv e  Inf
Bnc2 Away
R c ty
Waty B ad n u m
R c ty
B Away

K am B n cl Away
R c ty
Waty B adden
R c ty
B Away

N os a m T f l Sap, F la re a + 7 9 9 (  A l), , -J-
T * C o m p u te  M e a s u r e

F  div Sap, Denomu
F  m u l F la re a + 7 9 9 (  A l), D e n o m l
F m u l F la r l+ 7 9 9 (  A l), D en o m u
F d iv F la re a + 7 9 9 (A l) ,F la r l+ 7 9 9 (A l)
T f l T e m p f ,  F la re a + 7 9 9 (A l)
F i n B ang , T e m p f
F m u l B ang , Sap
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A w ay

*
*
*

T r n s f r

G obak

R e m a in

F a d d  S u m , B ang , ,
B c x m  C y c le ,  10(A1)
T f l  Out+359( A 5 ) , S u m  
B c x m  N x tc l s , 10( A5)
R c ty
W aty S top  
R c ty

O u tpu t M u tu a l  In fo rm a t io n s

T d m  Idl, 0, ,
T d m  Id 2 , 0
T r n m  O utpu t-1 , E m p ty -1 ,  ,
T r n m  O u tp u t-1, I n f -1 
T r n m  O utput+23, D e c -1 
T r n m  O utpu t 4- 39, E x p -1 
T r n m  Output+41, P lu s  -1 
T r n m  N one-1 , B lank-1  
B lx m  *F12,-350(A3)
B lx m  *t-12, -525(A1)
T f  C an , Z r - 2
T f l  S o r t+ 5 3 9(A l) ,O u t+ 359(A 3), ,
A m  Can, 1 
T f  Sor t+ 529(A l) ,  C an  
B x m  *U2,10(A3)
B c x m  T r n s f r ,  15(A1)
B sbb  *H2 
B lx m  *Fl2, 525(B3)
B lx m  *H 2f 34{B1)
B sx  *H 2,00354(B1)
T f l  S ave , S o r t - l ( B 3 ) ,  ,
F s u b  S o r t - l (B 3 ) ,  S o r t - l6 (B 3 )
C S o r t -3 (B 3 ) ,  Z e r o
Bnh R e m a in  
T f l  S o r t - l (B 3 ) ,  Save  
T f l  Hold, S o r t - l (B 3 )
T f  Hold-10, S o r t - l l ( B 3 )
T f l  S o r t - l ( B 3 ) ,S o r t - l 6 ( B 3 )
T f  S o r t - l l ( B 3 ) ,S o r t - 2 6 ( B 3 )
T f l  S o r t - l6 (B 3 ) ,  Hold 
T f  S o r t -2 6 (B  3), Hold-10 
B Rem ain+12
T f l  S o r t - l (B 3 ) ,  Save  
B x m  *U 2,-15(B 3)
B c x m  G o b ak + 1 2 ,- ( B2)
B lx m  *H2, 525(B3)

* Add In f o rm a t io n

* Z e ro  C o lu m n  In d rs

* S e t Up A lpha  F id s

Index  Cls M e a s u r s

* S o r t  M e a s u r e s
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B c x m  G obak , -1(B1)
B sb a  *F12
B lx m  *t-12,-525(A1)
B lx m  *H2,13(A5)
B lx m  *H2,13(A6)
B lx m  *+12,12(A7)
T f  S t i l l ,  A
C f Idl, , , * R e s e t  In d ic a to r s
Cf Id 2

R e t u r n  T f l  F lo t ,  S o r t  + 539( A l), , * S o r te d  M e a s u r e s
S m  F lo t ,  1,10, to  D a ta  O ut A r e a
Mf F lo t -1 0 ,  F lo t - 9
T n f  O utpu t+22 , F l o t - 9 ,  , * D a ta  L e f t  O ne Dig
T d m  O u tp u t+ 2 0 ,0 
T d m  Output+19, 0 
Sf F l o t -8
C F l o t - 2 ,  Z r ,  , * T e s t  M an tis  a  S ign
B nl Go 
Cf F lo t - 2
T d m  Output+19, 2, , * M an tis  a  N e g a t iv e
T d m  O utput+20, 0 
B7 Go+24

Go T d m  O utput+19,1, , * M an tis  a  P o s i t iv e
T d m  O utput+20, 0
T n f  O utpu t+38 , F l o t - 2 ,  , * M ant to  O ut A r e a
C m  F lo t ,  0 ,10 * T e s t  E xp o n  Sign
B nl Not low 
Cf F lo t
T d m  Output+41, 2, , * E xpon  N eg a tiv e
T d m  O utput+42, 0 
B7 Notlow +24 

N otlow  T d m  O utp u t+ 4 1 ,1, , * E xpon  P o s i t iv e
T d m  O u tp u t+ 4 2 ,0
T n f  O utput+46, F l o t ,  , * E xpon  to  O ut A r e a
Mf Sort+528( A l), Sort+525( Al)
T n f  O utput+6, S o r t+ 529(A l) ,  , * Index  to  O ut A r e a
Bnf *>4-24, Idl, , * C o lum n  1 C heck
B Y e s 2 -3 6
B c x m  Nol, -1(A5)

Y e s l  Sf Idl, , , * C o lum n  1 C o m p le te
T f  S t i l l ,  A 
A m  S ti l l ,  56
B nf *+24, Id2, , * C o lu m n  2 C h eck
B Yes 3-12
B c x m  No2, -1(A6)

Y e s 2 Sf Id2, , , * C o lum n  2 C o m p le te
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Y es 3

No3

No2

N ol

G as
T*
«A»T*
T*
A r t

T f S t i l l ,  A
A m S ti l l ,  108
B c x m No3, -(A7)
T r n m S ti l l ,  E m p ty -1 ,  6
W acd Al, , ,
Wacd A2, , ,
W acd A3, , ,
Wacd A4, , ,
W acd A5
Wacd A6
Wacd A 7
Wacd A8
Wacd A9
Wacd A10
W acd A ll
W acd A12
W acd C a rd in ,  , ,
Wacd C a r d i n , , ,
B7 A r t
T r n m S ti l l ,  O u tp u t -1, 6
A m S ti l l ,  162
B7 G as
T r n m S ti l l ,  O u tp u t -1, 6
A m S ti l l ,  162
B7 Gas
T r n m S ti l l ,  T w o-1 , 6
A m S ti l l ,  4
T r n m S ti l l ,  O u tpu t-1 , 6
A m S ti l l ,  158
B x m R e tu r n ,  15( Al)

F r e q u e n c y  T a b le  A d ju s tm e n t  O p tion  

R c ty
Waty N ote
R c ty
H
B nc3  C a l l
T f  P a t e l s , S o r t+ 4 , ,
Mf P a te ls -1, P atels -4 , ,
M m  P a t e l s , 100, 9
T f  P r o d c t ,  00099
A m  P r o d c t ,  05900
T f  T ab+ 5 , P r o d c t ,  ,

Sk T a b ,  , ,

C o lu m n  3 C o m p le te  
P u n c h  In fo rm a t io n  
M e a s u r e s  In 
D e sc en d in g  O r d e r  
of M agn itude

P u n c h  S a m p le  
C oded  C a rd s

C o lu m n a to r  R u tin e

G e t C la s s  Code
of Max M easure

Set Up Cond F r e q  
T a b le  A d d rs  
T a b le  to  C o re
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Cdn T ab
A m  T a b a r + 3 , 1,10 * U pdate  S a m p le  Qty
B lx m  *H 2,-158(A1)
B lx m  * H 2 ,-7 9 (A 3 )

A g a in  T f  S a v ,S e v e n
M f 00318, 00315
A Sav , 00319
Mf 00315, 00318
M m  Sav, 82, 9
B x m  *H2,1(A3)
T f  R e s u l t ,  00099, , * Add D ig it  P o s n
T f  C n t r s t ,  A rea+ l6 l(  A l), , to  A d d rs
A m  C n t r s t ,  21,10
M m  C n t r s t ,  2, 9
T f  P r o d c t ,  00099
A R e s u l t ,  P r o d c t ,  , * Add C n t r s t  V a lu e
A R e s u l t ,  T a b le ,  , P o s n  to  A d d rs
A m  R e s u l t ,  3
A m  R e s u l t ,  1, 610, * U pdate  Cond F r e q
B c x m  A gain , 2(A1)
Sk T a b , ,  * R e w r i t e  T a b le
Wdn T a b ,  , , Onto D isk
Cdn T ab
Sk S u m tab ,  , , * U ncond F r e q
R d n  S u m tab ,  , , T a b le  to  C o re
Cdn S u m tab
B lx m  *U2, -158(A1)
B lx m  * f l2 ,-7 9 (A 3 )

C on tin  T f  Sav , S ev en , , * Se t Up Uncond
Mf 00318, 00315 F r e q  A d d rs
A Sav, 00319
Mf 00315,00318
M m  Sav, 123,9
B x m  *fl2,l(A3)
T f  R e s u l t ,  00099, , * Add D ig it  P o s n
T f  S m tb cn , A re a + l6 l(A l) ,  , to  A d d rs
A m  S m tb cn , 21,10
M m  S m tb cn , 3 ,9
T f  P r o d c t ,  00099
A R e s u l t ,  P r o d c t ,  , * Add C n t r s t  V a lu e
A R e s u l t ,  T a b le ,  , P o s n  to  A d d rs
A m  R e s u l t ,  3
A m  R e s u l t ,  1, 69, * U pdat U ncond F r e q
B c x m  C ontin , 2(A1)
Sk  S u m tab ,  , , * R e w r i t e  T a b le
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Wdn S u m tab ,  , ,
Cdn S u m tab
R c ty
Waty I te m
R c ty

C a l l  W aty C a lm e s
R c ty  
H
B nc4  E n d , , ,
B S t a r t

E n d  C a l l  E x i t
D end  S t a r t

O nto D isk

* R e c y c le  O ption
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A P P E N D IX  B

E X A M P L E  O F  EQ U A TIO N  (5)

C o n s id e r  a  p a t t e r n  w h ich  is s e g m e n te d  in to  n in e  d i s c r e t e  
e l e m e n t s .  L e t  th e  s e t  S of s ig n a l  v a lu e s  be ,

S: ( 0, 1, 2, 3 )

A s s u m e  th e  fo l lo w in g  M m a t r i x ,

3 1 2
2 2 0 
2 0 1

U sing  eq u a tio n  (2), the  fo l lo w in g  N m a t r i x  is g e n e r a te d ,

0 2* 1 1 1 3 1 3 V

-2  0 -1 -1 -1 1 -1 1 O'

-1 1 0 0 0 2 0 2 1

-1 1 0 0 0 2 0 2 1

-1 1 0 0 0 2 0 2 1

-3  -1 -2 -2 -2 0 -2 0 -1

-1 1 0 0 0 2 0 2 1

-3  -1 -2 -2 -2 0 -2 0 -1

o1 -1 -1 -1 1 -1 1 0

n 3’ 3 • 1,1 ’
1 3 3

V 2 )

70
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A c c o rd in g  to  e q u a t io n  (5),

(n 3 , 3 ) = (n 3 ,3  ) - (n 1’ 2 )
V 1 ,2  7 ( l , 2 ) - l '  (1, 2 ) - l

<n 3; i 3) (n1*2 ) 
V l , l '

= 2 - 2  = 0 =
<n i ; 23 >
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A P P E N D IX  C

E X A M P L E  O F  EQ U A TIO N  (10)

E q u a t io n  (10) g iv e s  th e  n u m b e r  of r e d u n d a n t  N s e q u e n c e s  

w h ich  w ould  b e  g e n e r a t e d  by  th e  t r a n s f o r m a t i o n  in C h a p te r  II. 

C o n s id e r  M m a t r i c e s  of o r d e r  (1 ,4) ,

a  = 1 

b = 4

D efine  th e  s e t  S,

S: (0, 1, 2)

s = 2
q

L e t th e  o r d e r  of th e  N s e q u e n c e  g e n e r a t io n  b e  ro w  b y  ro w  s t a r t ­

ing w ith  T h e n  th e  to ta l  n u m b e r  of p o s s ib le  M m a t r i c e s  i s ,

(q  + l ) ab = 34 = 81

.72
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T h e  n u m b e r  o f  r e d u n d a n t  m a t r i c e s  a c c o rd in g  to  eq u a tio n  (10) i s ,

T h e  n u m b e r  of u n iq u e  N s e q u e n c e s  i s ,

(q  + l ) ak - q = 81 - 16 = 65 

F r o m  T a b le  II on th e  fo llo w in g  p a g e ,  th e  n u m b e r  of u n iq u e  N 

s e q u e n c e s  ( th o s e  w ith o u t  an  * ) is  s e e n  to  be  65, in a g r e e m e n t  

w ith  th e  g e n e r a l  f o r m u la ,

. ,,»ab ab U = (q+1) - q

T h e r e f o r e  th e  n u m b e r  of r e d u n d a n t  m a t r i c e s  i s ,

R = 81 - 65 = 16, 

th e  n u m b e r  p r e d i c t e d  b y  e q u a t io n  (10),

( 2 2 )
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T a b le  II A ll  P o s s ib l e  M an d  N M a t r i c e s

M N_ M N_ M N_

0000 000 *0001 00-1 0002 00 -2
1000 111 *1001 110 1002 11-1
2000 222 2001 221 2002 220
0100 -100 *0101 -10-1 0102 -10-2
1100 o n *1101 010 1102 01-1
2100 122 2101 121 2102 . 120
0200 -200 0201 -20 -1 0202 -2 0 -2
1200 -111 1201 -110 1202 -11-1
2200 022 2201 021 2202 020
0010 0-10 *0011 0-1-1 0012 0-1-2
1010 101 *1011 100 1012 10-1
2010 212 2011 211 2012 210
0110 -1-10 *0111 -1-1-1 0112 -1-1-2
1110 001 *1111 000 1112 00-1
2110 112 *2111 111 2112 110
0210 -2 -10 0211 -2 -1 -1 0212 -2 -1 -2
1210 -101 *1211 -100 1212 -10-1
2210 012 *2211 o n 2212 010
0020 0 -2 0 0021 0 -2 -1 0022 0 -2 - 2
1020 1-11 1021 1-10 1022 1-1-1
2020 202 2021 201 2022 200
0120 -1-20 0121 -1-2 -1 0122 -1 -2 -2
1120 0-11 *1121 0-10 1122 0-1-1
2120 102 *2121 101 2122 100
0220 -2 - 2 0 0221 -2 -2 -1 0222 - 2 - 2 - 2
1220 -1-11 *1221 -1-10 1222 -1-1-1
2220 002 *2221 001 *2222 000
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A P P E N D IX  D 

P A T T E R N  CLASS F R E Q U E N C Y  D ISTRIBU TIO N

T h e  c u r v e s  on th e  fo llow ing  p a g e s  r e p r e s e n t  th e  s t a t i s t i c s  

g a th e r e d  f r o m  tw e lv e  s a m p l e s  of e a c h  of t h i r t y - f i v e  p a t t e r n  

c l a s s e s .  E a c h  c o lu m n  c o r r e s p o n d s  to  a  p a r t i c u l a r  d ig i t  p o s i t io n .  

T he  f r e q u e n c i e s  of o c c u r e n c e  o f  f o r ty - o n e  c o n t r a s t  v a lu e s  ( r a n g in g  

f r o m  -20 to  +20) a r e  r e p r e s e n t e d  in e a c h  c u rv e .  Of th e  s e v e n ty -  

n in e  d ig i t  p o s i t io n s  w h ich  d e f in e  a n  N - s e q u e n c e ,  f i f ty - tw o  a r e  

show n.

75
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