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A t w o - l e v e l  s t a t i s t i c a l  c l a s s i f i c a t i o n  

p r o c e d u r e  has  b e e n  app l i ed  to the p r o b l e m  of 

d e t e c t i n g  c o m p l e x  t a r g e t s  in  a e r i a l  p h o t o g r a p h y .  

At  the  f i r s t  level~ a s e t  of c l a s s i f i c a t i o n  funct ions  

d e s i g n e d  on the b a s i s  of  s a m p l e s  f r o m  the t a r g e t  

c l a s s  and f r o m  o t h e r  i m a g e s  i s  u s e d  to m a k e  s u b -  

d e c i s i o n s  on l o c a l - a r e a  s t a t i s t i c a l l y - d e s i g n e d  

f e a t u r e s  a s s o c i a t e d  wi th  the t a r g e t  c l a s s .  At  the  

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

into  a s i n g l e  d e c i s i o n  as  to the p r e s e n c e  o r  a b -  

s e n c e  of the t a r g e t .  The n a t u r e  of  the da ta  does  

not  a l low for  the d i r e c t  a p p l i c a t i o n  of  c l a s s i c a l  

m e t h o d s  ~ m u l t i v a r i a t e  d i s c r i m i n a n t  a n a l y s i s ;  

r a the r~  m o d i f i c a t i o n s  of  c l a s s i c a l  m e t h o d s  a r e  

u s e d .  Th i s  p r o c e d u r e  has  b e e n  s i m u l a t e d  on a 

d ig i t a l  c o m p u t e r  wi th  the  a id  of  a s p e c i a l  i npu t -  

ou tpu t  d e v i c e  wh ich  c o n v e r t s  i m a g e r y  to c o m -  

p u t e r  l a n g u a g e .  E x c e l l e n t  r e s u l t s  w e r e  ob ta ined  

on i n d e p e n d e n t  t e x t  s a m p l e s  of  a c t u a l  i m a g e r y .  

I n t r o d u c t i o n  

In tu i t i ve  c l a s s i f i c a t i o n  p r o c e d u r e s  b a s e d  

on c o n c e p t s  of d i s t a n c e s  and d i r e c t i o n s ,  and e m -  

p loy ing  t r a n s f o r m a t i o n s  of  the c o o r d i n a t e  s p a c e  

o r  p r o j e c t i o n s  of the s a m p l e s  a long  a p a r t i c u l a r  

d i r e c t i o n  have  b e e n  u s e d  f r o m  the  v e r y  beg innings  

of m u l t i v a r i a t e  s t a t i s t i c a l  a n a l y s i s °  P r e s e n t  

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

of such  i n t u i t i v e  c o n c e p t s  wi th  f o r m a l  p r o b a b i l i s -  

t ic  i d e a s  such  as  m i n i m i z i n g  the  p r o b a b i l i t y  of  

m i s c l a s s i f i c a t i o n  o r  m i n i m i z i n g  the e x p e c t e d  l o s s  

of m i s c l a s  s i f i c a t i o n .  

The b a s i c  a s s u m p t i o n  u n d e r l y i n g  p r o b a -  

b i l i s t i c  c l a s s i f i c a t i o n  i s  tha t  t h e r e  e x i s t s  f o r  e a c h  

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

F (XlJ x z o . . x ~ ) ~  w h e r e  g = 1~ Z , . . G ~  d e n o t e s  the 

p ~ t t e r n  c l a s s  o r  g roup  and the v a r i a b l e s  Xi, 

i = 1, Z ~ . . N  r e p r e s e n t  the o b s e r v a b l e s  wh ich  a r e  

u s e d  to c h a r a c t e r i z e  the  p a t t e r n s .  M e m b e r s  of a 

g roup  g a r e  c o n s i d e r e d  t o b e  s a m p l e s  f r o m  a pop-  

u l a t i on  wh ich  is  d i s t r i b u t e d  in an  N - d i m e n s i o n a l  

s p a c e  a c c o r d i n g  to F g .  

The s i m p l e s t  n o n - t r i v i a l  s i t u a t i o n  occu r s  

when  t h e r e  a r e  on ly  two g r o u p s  w h o s e  p r o b a -  

b i l i t y  d e n s i t y  func t ions  fl(X) and f2(x),  w h e r e  

X = (Xi, X Z . . . .  Xn) J a r e  known and the 

p a t t e r n s  to be  c l a s s i f i e d  m u s t  b e l o n g  to one  of  

t h e s e  two g r o u p s .  F o r  th i s  s i t u a t i o n  i t  i s  weU 

known tha t  o p t i m a l  c l a s s i f i c a t i o n  i s  o b t a i n e d  b y  

u s i n g  the  l i k e l i h o o d  r a t i o  L(x) = fl(X). The  v a l u e  

fz(x) 
of X for a n e w  p a t t e r n  i s  s u b s t i t u t e d  in L(x)  and  

the r e s u l t  c o m p a r e d  wi th  a t h r e s h o l d .  The  

c h o i c e  of the t h r e s h o l d  depends  upon the  c r i -  

t e r i o n  of  o p t i m a l i t y  be ing  u sed .  the  d e g r e e  of  

k n o w l e d g e  abou t  the p r o p o r t i o n  of the two g r o u p s  

in  t h e  u n i v e r s e  f r o m  wh ich  p a t t e r n s  a r e  d r a w n  

and  the c o s t s  of  c o r r e c t  and i n c o r r e c t  c l a s s i f i -  

c a t i on .  

In p r a c t i c e j  the p r o b a b i l i t y  d i s t r i b u t i o n s  

a r e  r a r e l y ~  i f  e v e r ,  c o m p l e t e l y  known.  The  

s i t u a t i o n  w h i c h  p r e v a i l s  m a y  be  (a) the c a s e  of  

p a r a m e t r i c  f a m i l i e s  of d i s t r i bu t i ons~  in w h i c h  

f u n c t i o n a l  f o r m s  of  the  d i s t r i b u t i o n s  a r e  a s s u m e d  

to be known but  p a r a m e t e r s  a r e  e s t i m a t e d  f r o m  

s a m p l e s ;  o r  (b) the n o n - p a r a m e t r i c  c a s e  in  wh ich  

t h e  on ly  k n o w l e d g e  about  the  d i s t r i b u t i o n s  i s  tha t  

wh ich  can  be i n ~ e r r e d  f r o m  s a m p l e s  and no 

a s s u m p t i o n s  a r e  m a d e  about  the f u n c t i o n a l  f o r m s  

of  the d i s t r i b u t i o n s .  E x p o s i t o r y  d i s c u s s i o n s  of  

the a b o v e  c l a s s i f i c a t i o n  s i t u a t i o n s  wi th  r e f e r -  

e n c e s  to the s t a t i s t i c a l  l i t e r a t u r e  and c o m m e n t s  

t he  r e l a t i o n s h i p  of  th i s  l i t e r a t u r e  to s o m e  of 

the  r e c e n t  w o r k  in  p a t t e r n  r e c o g n i t i o n  h a v e  b e e n  

p r e s e n t e d  p r e v i o u s l y l j  Zj 3. 

In the  w o r k  d e s c r i b e d  in th is  p a p e r  t he  t r a -  

d i t i ona l  a s s u m p t i o n ,  tha t  the f o r m  of the p r o b a -  

b i l i t y  d e n s i t i e s  f z ( x )  a r e  known,  has  b e e n  u s e d .  

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

a s s u m e d .  However  the e s t i m a t i o n  and c l a s s i f i c a -  

t ion  p r o c e d u r e s  d i f f e r  in  two w a y s  f r o m  those  

t r a d i t i o n a l l y  u s e d .  F i r s t j  the  n a t u r e  of  the  da ta  

and the r e l a t i o n s h i p  of the n u m b e r  of v a r i a b l e s  

to the s i z e  of the d e s i g n  s a m p l e  l e a d  to s i n g u l a r  

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

u s e d  f o r  m o d i f y i n g  the s a m p l e  c o v a r i a n c e  

m a t r i c e s  to ob t a in  n o n - s i n g u l a r  e s t i m a t e s  o f  the  
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p o p u l a t i o n  c o v a r l a n c e  m a t r i c e s  a p p e a r s  m o r e  

s u i t a b l e  fo r  th is  p r o b l e m  than  the " p s e u d o -  

i n v e r s e "  m e t h o d .  S e c o n d l y ,  c l a s s i f i c a t i o n  is  

p e r f o r m e d  in two s t a g e s  r a t h e r  than in  a s i n g l e  

s t a g e .  

In the f o l l o w i n g  s e c t i o n s  of  th is  pape  r we 

d i s c u s s  s o m e  of the r e a s o n s  which  l e d  to the p r o -  

c e d u r e s  b e i n g  u s e d ,  the n a t u r e  of the p r o b l e m  to 

wh ich  t h e y  h a v e  b e e n  app l i ed ,  and the r e s u l t s  

wh ich  have  b e e n  ob t a ined  on i n d e p e n d e n t  t e s t  

s a m p l e s .  

M u l t i v a r i a t e  N o r m a l  C l a s s i f i c a t i o n  

E s t i m a t o r s  a r e  sa id  to be c o n s i s t e n t  i f  

the e s t i m a t e d  v a l u e  of  a p a r a m e t e r  a p p r o a c h e s  

the  " t r .ue"  v a l u e  of  the  p a r a m e t e r  wi th  p r o b a b i l i t y  

1 as  the s a m p l e  s i z e  i s  i n c r e a s e d  i n d e f i n i t e l y .  

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

u s ing  e s t i m a t e d  p a r a m e t e r s  shou ld  be  c o n s i s t e n t  

wi th  (i .  e .  • tend to) the o p t i m a l  p e r f o r m a n c e  ob-  

t a i n e d  when  t r u e  p a r a m e t e r  v a l u e s  a r e  u s e d .  F o r  

c l a s s i f i c a t i o n  in to  one of two g r o u p s  i t  ha s  b e e n  

shown by  F i x  and H o d g e s  4 tha t  i f  fl(X• 0) and 

fZ(x, 0) s a t i s f y  c e r t a i n  w e a k  r e s t r i c t i o n s  as  to 

c o n t i n u i t y  wi th  r e s p e c t  to 0, w h e r e  0 d e n o t e s  the 

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

e s t i m a t e s  i n s t e a d  of  t r u e  p a r a m e t e r s  v a l u e s  in 

the l i k e l i h o o d  r a t i o  p r o c e d u r e  w i l l  l e a d  to a c o n -  

s i s t e n t  c l a s s i f i c a t i o n  p r o c e d u r e .  F o r  the c l a s s i -  

f i c a t i o n  of a m u l t i v a r i a t e  o b s e r v a t i o n  into  one of  

two g r o u p s  w h o s e  d e n s i t y  f u n c t i o n s  a r e  known e x -  

c e p t  fo r  a n u m b e r  of p a r a m e t e r s ,  i f  c o n s i s t e n t  

e s t i m a t o r s  a r e  u s e d  fo r  the a p r i o r i  p r o b a b i l i t i e s  

and f o r  the unknown p a r a m e t e r s ,  i t  has  b e e n  

shown by  Hoe l  and  P e t e r s o n  5 tha t  the  B a y e s  p r o -  

c e d u r e  wi th  unknown p a r a m e t e r s  r e p l a c e d  by  

e s t i m a t e s  i s  a c o n s i s t e n t  c l a s s i f i c a t i o n  p rocedu re ,  

When  s a m p l e  s i z e s  a r e  f in i t e ,  and e x p e c i a l l y  

when  s a m p l e  s i z e s  a r e  s m a l l ,  the  u s e  of  s u c h  

e s t i m a t e s  c a n  on ly  be  j u s t i f i e d  on h e u r i s t i c  

g r o u n d s .  H o w e v e r •  i t  i s  u s u a l l y  done .  

F o r  the  c a s e  of two n o r m a l  d e n s i t y  f u n c -  

t ions  wi th  the p o p u l a t i o n  c o v a r i a n c e  m a t r i x  

a s s u m e d  to be equa l  fo r  the two g r o u p s  

Log L(x) = x' s" I ¢~(1) _ ~(z)) 

-I/Z (Yc (1) +x~Zl)  ' S -1 1~111 .~(Z)) 

w 
where  x r e p r e s e n t e s  the t ranspose  of the co lumn 

v e c t o r  ( ~ ,  xZ, t~.XN) • x (g )  is  the v e c t o r  o f  sample 
means  u~ me g group and S -1 is  the i n v e r s e  of  
the sample  cova r i ance  r n a t r i c  S obta ined by  

poo l ing  samples  f r o m  the two groups,  The s u r -  
face of  constant  l i k e l i h o o d  iS thus a hyperp la~e  of 

the  f6rrn~ ~ ~ aixi , .  When the " c o v a r i a n c e  m a t r i c e s  

i=1  

f o r  the two g r o u p s  a r e  not  a s s u m e d  to be equa l ,  

Log L ( x ) = l o g  l S ~  -1/Z(x-~(1))  ' C I ( x - ~  (I)) 

+ ~  (x - ~(zl), sz- l lx  _~(z)). 

In th is  c a s e  the  s u r f a c e  of  c o n s t a n t  l i k e l i h o o d  

r a t i o  i s  no l o n g e r  a h y p e r p l a n e  but  t a k e s  the 

form 

N N 

ai .  x ix  j + ~ b i x  i . 
J 

i = I  i = l  

j = I  

S i n g u l a r  S a m p l e  C c v a r i a n c e  M a t r i c e s  

The u s e  of  the above  c l a s s i f i c a t i o n  f u n c -  

t ions  r e q u i r e s  the c o m p u t a t i o n  o f  the i n v e r s e  of  

the e s t i m a t e d  c o v a r i a n c e  m a t r i x .  R e g a r d l e s s  of 

the a c t u a l  p o p u l a t i o n  d i s t r i b u t i o n ,  i f  the n u m b e r  

of s a m p l e s  a v a i l a b l e  to e s t i m a t e  the  c o v a r i a n c e  

m a t r i x  i s  l e s s  than o r  equa l  to the d i m e n s i o n -  

a l i t y  of the m e a s u r e m e n t  s p a c e i  i . e .  i f  m~<N, 

the s a m p l e s  wi l l  be  d i s t r i b u t e d  on a h y p e r p l a n e  

of a t  m o s t  ( m - 1 )  d i m e n s i o n s  and the  e s t i m a t e d  

c o v a r i a n c e  m a t r i x  wi/1 be  s i n g u l a r .  

If the s a m p l e  c o v a r i a n c e  m a t r i x  w e r e  

singular (or near singular) as the sample size 

m tended to infinity then it would appear reason- 

able to assume that the population covariance 

matrix is singular and consider transforming 

the original set of N observables to a set of 

r <N linearly independent variables. Hcavever 

the singularity due to the small size of the de- 

sign sample can hardly be construed as evidence 

u~ the singularity of the population covariance 

matrix. 

The a p p r o a c h  of r e s t r i c t i n g  the n u m b e r  of 

o b s e r v a b l e s  to a few was  j u s t i f i e d  in t he  p a s t  by  

c i t i n g  the c o m p l e x i t y  and l a b o u r  i n v o l v e d  in  c o m -  

put ing  a n d  i n v e r t i n g  s a m p l e  c o v a r i a n c e  m a t r i c e s .  

In add i t i on  to s i m p l i f y i n g  the c o m p u t a t i o n  of s t a -  

t i s t i c s  d e p e n d e n t  on e l e m e n t s  of  the i n v e r s e  

m a t r i x ,  th i s  a p p r o a c h  u s u a l l y  s u f f i c e d  to e n s u r e  

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

m a t r i c e s .  

I t  s e e m s  to us tha t  one of  the o r i g i n a l  m o -  

t iva t ions : fo r  the  i n t r o d u c t i o n  c / m u l t i v a r i a t e  s t a -  

t i s t i c a l  t e c h n i q u e s  was  the d e s i r e  to c o m p e n s a t e  

f o r  the s m a l l  s a m p l e  s i z e s  wh ich  w e r e  a v a i l a b l e  

by m e a s u r i n g  m a n y  c h a r a c t e r i s t i c s  o f  e a c h  m e m -  

b e r  of  the  s a m p l e .  P r e s e n t  c o m p u t a t i o n a l  f a c i l -  

i t i e s  and t e c h n i q u e s  be ing  c o n s i d e r a b l y  beyond  

those  a v a i l a b l e  in  the  p a s t j  one  would  l ike  to l e t  
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the  n u m b e r  of  o b s e r v a b l e s  be  d e t e r m i n e d  b y  the  

n a t u r e  of  the p r o b l e m .  

If t he  s a m p l e  p o i n t s  a r e  d i s t r i b u t e d  on 

an  r d i m e n s i o n a l  h y p e r p l a n e  r <N•  the  e s t i m a t e  

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

p l a n e  i s  z e r o .  If  the  p o p u l a t i o n  c o v a r i a n c e  

m a t r i c e s  a r e  not  a s s u m e d  to be  e q u a l •  c o m p u t a -  

t i o n a l  i n d e t e r m i n a c y  c a n  a r i s e  due to t he  c o n c e n -  

t r a t i o n  of  the  e s t i m a t e d  p r o b a b i l i t y  d e n s i t i e s  on 

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

We t h e n  l o o k  f o r  a r e a s o n a b l e  w a y  of  s p r e a d i n g  

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

t h a t  t he  e s t i m a t e d  m u l t i v a r i a t e  n o r m a l  d e n s i t y  

f u n c t i o n  i s  n o n - z e r o  t h r o u g h o u t  t h e  m e a s u r e m e n t  

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

c o v a r i a n c e  m a t r i x  w h i c h  a p p r o a c h e s  t h e  p o p u l a -  

t i o n  c o v a r i a n c e  m a t r i x  a s  the  s a m p l e  s i z e  t e n d s  

to i n f i n i t y .  

A s s o c i a t e d  w i t h  the  c o m p u t a t i o n a l  i n -  

d e t e r m i n a c y  i s  t he  c o n c e p t u a l  d i f f i c u l t y  of  

a s s i g n i n g  c l a s s  m e m b e r s h i p  to a s a m p l e  w h i c h  

f a l l s  in  n e i t h e r  o f  t he  s u b s p a c e s  on w h i c h  the  e s -  

t i m a t e d  d e n s i t i e s  a r e  d e f i n e d .  

In  s o m e  a p p l i c a t i o n s  t he  M o o r e - P e n r o s e  

G e n e r a l i z e d  I n v e r s e  p r o v i d e s  a s o l u t i o n  to t h e  

s i n g u l a r i t y  p r o b l e m .  H a r l e y  6 h a s  p o i r ~ e d  ou t  t h e  

u n s u i t a b i l i t y  o f  the G e n e r a l i z e d  I n v e r s e  s o l u t i o n  

in  the  p r e s e n t  a p p l i c a t i o n .  He  h a s  a l s o  p r e s e n -  

t e d  a s o l u t i o n  w h i c h  a t  l e a s t  in  an  a d - h o c w a y  r e -  

s o l v e s  b o t h  the  c o n c e p t u a l  and 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  m e n t i o n e d  a b o v e .  The  s o l u t i o n  s u g g e s ~ d  

i s  to add  a t e r m  p r o p o r t i o n a l  to t he  a v e r a g e  v a r -  

i a n c e  to  e a c h  d i a g o n a l  e l e m e n t  of  the  s a m p l e  e s -  

t i m a t e  of the covariance matrix. This class of 

pseudo estimates Sm, can be written as: 

Sm =f(m , N)Em+(l-f(m , N)) ( T r a c e  Era) U. 

N 

w h e r e  E i s  t h e u s u a l  s a m p l e  e s t i m a t e  of  the  c o -  
. m 

varlance matrix, O~<f(m, N)~<i is a monoton- 

ically increasing function of m, the number of 

samples, with f(m• N)-bl as m.-~.~ for N fixed• 

N being the dimension of the vector of obser- 

vables; U is the unit matrix. Further discus- 

sion of  t h i s  c l a s s  o f  e s t i n l a t e s  and on  the  d e t e r -  

m i n a t i o n  of  f ( m ,  N} i s  p r e s e n t e d  e l s e w h e r e  7. 

"Two-Layer" C l a s s i f i c a t i o n  

The  o p t i m a l  n a t u r e  of  the  l i k e l i h o o d  

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

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

v a l i d  and  the  p a r a m e t e r s  a r e  k n o w n  o r  e s t i m a t e d  

f r o m  v e r y  l a r g e  s a m p l e  s i z e s .  T h i s  o p t i m a l i t y  

i s  no  l o n g e r  a s s u r e d  w h e n  p a r a m e t e r s  a r e  e s t i -  

m a t e d  f r o m  s a m p l e  s i z e s  w h i c h  @re no t  l a r g e •  o r  

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

the  f o r m s  a s s u m e d .  In p r a c t i c e ,  b o t h  t h e s e  

s i t u a t i o n s  p r e v a i l .  

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

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

in to  s u b s e t s ,  d e s i g n i n g  a c l a s s i f i c a t i o n  f u n c t i o n  

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

t i o n  f u n c t i o n  w h i c h  u s e s  the o u t p u t s  of  t h e  f i r s t  

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

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

If  we  u s e  Q s u b s e t s  a n d  d e n o t e  t h e  f i r s t  

s e t  of  c l a s s i f i c a t i o n  f u n c t i o n s  b y  C . ,  

c l a s s i f i c a t i o n  f u n c -  j =1•  Z• . . ,  Q,  t h e n  the  f i n a l  2 

t i o n  c a n  b e  b a s e d  e i t h e r  on  the  o b s e r v a b l e s  

(C1, C 2 , . .  • CQ) o r  on  t h e  b i n a r y  r a n d o m  v a r i -  

a b l e s  o b t a i n e d  by  t h r e s h o l d i n g  t h e  C=; i .  e . ,  on  

(Yi" Y ..... Y ~ ) ,  with Y: = 1 if C. ~ Jt. and 

Y:= 0 ~  -1) ~ Cj < t.. JThis latter p~ocedure, 
w ~ i c h  c o m b i n e s  s u b d ~ c i s i o n s  m a d e  on  s u b s e t s  

of  t he  o b s e r v a b l e s  i n t o  an  o v e r a l l  d e c i s i o n ,  i s  

w h a t  we  r e f e r  to  a s  " t w o - l a y e r "  c l a s s i f i c a t i o n .  

F i g u r e  1 s h o w s  an  e x a m p l e  of  t h i s  p r o c e d u r e ,  

In  c o n t r a s t •  t he  u s e  o f  a s i n g l e  c l a s s i f i c a t i o n  

f u n c t i o n  b a s e d  on a l l  t he  o b s e r v a b l e s  i s  r e f e r r e d  

to  a s  " t e m p l a t e - m a t c h i n g : '  

In  p r e v i o u s  w o r k  cf a m o r e  d e t e r m i n i s t i c  

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

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

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

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

d e c i s i o n  a s  to t h e  o b j e c t  p r e s e n t .  T h e  a n a l o g y  

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

the  Cj 's• a s  " s t a t i s t i c a l l y  d e s i g n e d  f e a t u r e s . "  

T h e  c o n c e p t  of  " l a y e r e d "  c l a s s i f i c a t i o n  in  

t h e  s e n s e  d e s c r i b e d  a b o v e  h a s  b e e n  a l l u d e d  to  in  

s o m e  p l a c e s  in  t he  s t a t i s t i c a l  l i t e r a t u r e .  H o w -  

e v e r ,  i t s  c u r r e n t  e m p h a s i s  i n  p a t t e r n  r e c o g n i -  

t i o n  i s  a r e s u l t  o f  t h e  w o r k  m e n t i o n e d  a b o v e  and  

a l s o  the  i d e a s  on  l a y e r e d  n e t w o r k s  i n t r o d u c e d  in  

c o n n e c t i o n  w i t h  p e r c e p t r o n s  and  o t h e r  " t r a h a b l e "  

n e t w o r k s .  The d i f f e r e n c e  b e t w e e n  the  C : ' s  p r e -  
J 

s e n t e d  h e r e  a n d  the  f i r s t  l a y e r  f u n c t i o n s  u s e d  in  

p e r c e p t r o n s  i s  t h a t  the  l a t t e r  a r e  r e s t r i c t e d  to 

w e i g h t i n g  c o e f f i c i e n t s  +1, -1 and  0 and  to b e i n g  

l i n e a r  in  t h e  o b s e r v a b l e s .  The  C . '  s ,  w h e t h e r  

l i n e a r  o r  q u a d r a t i c  d i s c r i m i n a n t  f u n c t i o n s ,  u s e  

c o e f f i c i e n t s  o b t a i n e d  b y  a p p l y i n g  the  l i k e l i h o o d  

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

t e r n a t i v e  c l a s s e s  of  p a t t e r n s .  

T h e  r a t i o n a l e  f o r  d e r i v i n g  the  f i n a l  c l a s s i -  

f i c a t i o n  j u n c t i o n  i s  a l s o  d i f f e r e n t .  In  the  t r a i n -  

a b l e  n e t w o r k  a p p r o a c h  t h e  c o e f f i c i e n t s  o f  t he  

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

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

s i z e  one  p e r  s t a g e  of  a d j u s t e m e n t .  T h e  s a m p l e s  

D2.5-3 



a r e  c y c l e d  t h rough  r e p e a t e d l y  and " c o n v e r g e n c e . '  

of the n e t w o r k  i s  de f ined  as  a c h i e v i n g  p e r f e c t  

s e p a r a t i o n  of  a l l  d e s i g n  s a m p l e s .  In the p r e s e n t  

a p p r o a c h  the r a t i o n a l e  fo r  the d e s i g n  of the f ina l  

c l a s s i f i c a t i o n  func t ion  is  the s a m e  as  tha t  fo r  the 

f i r s t  l a y e r  f u n c t i o n s .  A c c o r d i n g  to th is  r a t i ona l e ,  

in t h e o r y ,  the d i s t r i b u t i o n s  of the b i n a r y  r a n d o m  

v a r i a b l e s  Yj, j = 1, Z , . .  • Q, unde r  the a l t e r n a t i v e  

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

u s e d  to ob ta in  the f inal  c l a s s i f i c a t i o n  func t ion .  

In p r a c t i c e  r a t h e r  r o u g h  a p p r o x i m a t i o n s  to th is  

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

sizes of available design samples is limited and 

also because it is necessary to approximate the 

joint distributions of the binary random variables. 

R e s t r i c t i n g  a t t e n t i o n  to f in i t e  d e s i g n  

s a m p l e s  l e a d s  to an  u n d e r e s t i m a t i o n  of  the p r o b -  

a b i l i t y  of m i s c l a s s i f i c a t i o n .  In c o n t r a s t  to the  

" c o n v e r g e n c e "  c r i t e r i o n  u s e d  to a s s e s s  p e r -  

c e p t r o n s ,  in the p r e s e n t  a p p r o a c h  p e r f o r m a n c e  

is  a s s e s s e d  by the  r e s u l t s  ob ta ined  on i n d e p e n -  

dent  t e s t  s a m p l e s .  

Loc a l - A r  ea  Stat i  s t i c a l l y -  De s igned  F ea tu r  e s 

The m a n n e r  in which  the o b s e r v a b l e s  

should be d iv ided  into s u b s e t s  and the  n u m b e r  of  

such  s u b s e t s  wh ich  should  be u s e d  fo r  t w o - l a y e r  

c l a s s i f i c a t i o n  a r e  q u e s t i o n s  wh ich  canno t  be 

a n s w e r e d  un ique ly .  F o r  the i m a g e  s c r e e n i n g  s i t -  

ua t ion ,  the  n a t u r e  of the p r o b l e m  and the f o r m a t  

of  the  da ta  have  s u g g e s t e d  the fo l lowing  s c h e m e  

of s u b s e t  f o r m a t i o n .  

The s i z e  and q u a n t i z a t i o n  of the d e t e c -  

t ion  a r e a  a r e  d e t e r m i n e d  by the t a r g e t  be ing  

sought  and the r e s o l u t i o n  d e s i r e d .  The d e t e c t i o n  

a r e a  i s  d iv ided  into  a n u m b e r  of  s u b a r e a s .  T h e s e  

s u b a r e a s  a r e  c h o s e n  in a r e g u l a r  way  and a r e  

o v e r - l ~ o p i n g .  The s u b a r e a s  a r e  not  d e s i g n e d  to 

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

t a r g e t ,  such  as  c o r n e r s ,  e t c .  

The c l a s s i f i c a t i o n  func t ions  C b a s e d  on 

t h e s e  s u b a r e a s  a r e  thus  l a b e l l e d  " l o c a l - a r e a  

s t a t i s t i c a l l y - d e s i g n e d  f e a t u r e s  ' E a c h  s u b a r e a  

is  r e f e r r e d  to as  a " f e a t u r e  b l o c k '  

The p r o c e s s  d e s c r i b e d  above  d r a s t i c a l l y  

r e d u c e s  the n u m b e r  of  v a r i a b l e s  wh ich  have  to be  

c o n s i d e r e d  a t  one  t i m e .  E v e n  with  th is  reduction~ 

h o w e v e r ,  the a v a i l a b l e  d e s i g n  s a m p l e  s i z e s  m a y  

r e q u i r e •  when  the C: ,  s a r e  q u a d r a t i c  d i s c r i m -  
J 

inan t  func t ions ,  tha t  the c o v a r i a n c e  m a t r i c e s  of  

the two p o p u l a t i o n s  be e s t i m a t e d  f r o m  s i n g u l a r  

s a m p l e  c o v a r i a n c e  m a t r i c e s .  

We no te  tha t  the  t w o - l a y e r  c l a s s i f i c a t i o n  

m e t h o d  pays  a double  d i v i d e n t .  A s ing l e  c l a s s i -  

f i c a t i o n  func t ion  b a s e d  on a l l  the v a r i a b l e s  would 

g e n e r a l l y  be  out  of the q ~ e s t i o n  f o r  p r a c t i c a l  

r e a s o n s ;  in add i t ion ,  the t w o - l a y e r  m e t h o d  p e r -  

f o r m s  b e t t e r  than a s i ng l e  func t ion .  

P r e p r o c e s s i n g  the I m a g e  

B e f o r e  i t  is  app l i ed  to the r e c o g n i t i o n  n e t -  

w o r k ,  the i m a g e  is  c o n v e r t e d  into  a s p a t i a l l y  

q u a n t i z e d  b i n a r y  p i c t u r e .  The purpose  of th is  

s t ep  is  (a) to s i m p l i f y  the  d a m  for  f u r t h e r  p r o -  

c e s s i n g ,  and (b) to r e m o v e  the n u i s a n c e  v a r i -  

a b l e s  of b r i g h t n e s s  and c o n t r a s t .  The p r e -  

p r o c e s s o r  should p r o v i d e  c o n s i s t e n t  d e t a i l e d  

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

wide  v a r i a t i o n s  of  b r i g h t n e s s  and c o n t r a s t  l e v e l  

and r e v e r s a l  of  c o n t r a s t .  Thus ,  b l a c k  o b j e c t s  

on a wh i t e  b a c k g r o u n d  wi l l  be d e t e c t e d  as  

r e a d i l y  as  whi te  o b j e c t s  on a b l a c k  b a c k g r o u n d .  

S e v e r a l  t e c h n i q u e s  w e r e  i n v e s t i g a t e d  to 

d e t e r m i n e  the m o s t  su i t ab Ie  fo r  p r o c e s s i n g  

a e r i a l  p h o t o g r a p h y .  The t echn ique  c h o s e n  is  

c a l l e d  L a p l a c i a n .  The L a p l a c i a n  func t i on  is  

g iven  by the  equa t i on  

' ~ a  B = '~Z B + '~a B 

yz 

w h e r e  B i s  the i m a g e  b r i g h t n e s s  and x and y a r e  

the two i m a g e  d i m e n s i o n s .  S ince  the func t ion  is  

d e t e r m i n e d  by b r i g h t n e s s  d e r i v a t i v e s  r a t h e r  than 

by  b r i g h t n e s s  i t s e l f ,  i t  p r o d u c e s  no output  on 

l a r g e  u n i f o r m  a r e a s .  In the p r e s e n c e  of l i n e  

b o u n d a r i e s  or c o r n e r s ,  the output  is  h igh .  Thus 

the func t ion  t ends  to ou t l ine  o b j e c t s  and e m p h a -  

s i z e  t h e i r  c o n t o u r s .  The L a p l a c i a n  f i l t e r e d  

i m a g e  i s  then  t h r e s h o l d e d  n e a r  z e r o  to p r o d u c e  

a b i n a r y  ou tpu t .  

The to ta l  s y s t e m  thus c o n s i s t s  of  t h r e e  

s t a g e s  of l o g i c :  P r e p r o c e s s i n g ,  f i r s t l e v e l f e a -  

t n r e  d e t e c t i o n  and f ina l  d e c i s i o n .  The p r e -  

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

w h e r e a s  the f e a t u r e  d e t e c t i o n  and f ina l  d e c i s i o n  

s t a g e s  m a y  u s e  l i n e a r  cr h i g h e r  o r d e r  t h r e s h o l d  

l o g i c .  

In p r a c t i c e ,  L a p l a c i a n  f i l t e r i n g  is  ob ta ined  

by g iv ing  the e l e m e n t  u n d e r  c o n s i d e r a t i o n  a l a r g e  

p o s i t i v e  weight•  with the s u r r o u n d i n g  e l e m e n t s  

hav ing  s u f f i c i e n t  n e g a t i v e  w e i g h t s  to b a l a n c e  the 

p o s i t i v e  we igh t .  Thus ,  no output  i s  ob ta ined  fo r  

a r e a s  of the p i c t u r e  tha t  h a v e  u n i f o r m  b r i g h t n e s s .  

The I m a g e r y  S c r e e n i n g  P r o b l e m  

The goal  of th is  p r o g r a m  is  to d e s i g n  a 

m a c h i n e  tha t  wi l l  s c r e e n  l a r g e  a m o u n t s  of t a c t i -  

ca l  a e r i a l  pho tog raphy•  enab l ing  the p h o t o -  

i n t e r p r e t e r  to spend m o s t  of h is  t i m e  rr~king 
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sophisticated decisions and judgements that re- 

quire all his skill. This machine must present 

to the interpreter those photos which have the 

highe st probability of having military significance. 

Whi le  t h e r e  a r e  m a n y  aspects to the imagery 

screening problem, the most difficult and impor- 

tant is that of automatically detecting tactical 

t a r g e t s .  

The types of targets that are to be de- 

tected include tanks, trucks, aircraft, missiles, 

a r t i l l e r y ,  e t c .  Of  c o u r s e ,  e a c h  photo  must be  

s canned  to f ind t h e s e  t a r g e t s  in any  p o s i t i o n  o r  

r o t a t i o n .  The d e t e c t i o n  of  t h e s e  t a r g e t s  m u s t  be 

v e r y  r e l i a b l e ,  b e c a u s e  of  (a) the  s e r i o u s n e s s  of  

m i s s i n g  i m p o r t a n t  t a r g e t s ,  and (b) the l a r g e  

n u m b e r  of p o s s i b i l i t i e s  of m a k i n g  f a l s e  a l a r m s .  

Tank D e t e c t i o n  E x p e r i m e n t s  

The  e x p e r i m e n t a l  p r o g r a m  had as  i t s  

goal  the d e t e c t i o n  of M-48  t anks ,  Toward  th i s  

end,  100 s a m p l e s  of M - 4 8  tank i m a g e s  w e r e  

t aken  f r o m  a c t u a l  t a c t i c a l  p h o t o g r a p h y .  The  100 

s a m p l e s  r e p r e s e n t  18 d i s t i n c t  t anks ,  e a c h  tank 

hav ing  b e e n  p h o t o g r a p h e d  f r o m  s e v e r a l  d i f f e r e n t  

a n g l e s  and,  in s o m e  c a s e s ,  a g a i n s t  d i f f e r e n t  

b a c k g r o u n d s  due to the t a n k ' s  m o t i o n .  In additions 

100 s a m p l e s  of  o t h e r  t e r r a i n  s e l e c t e d  a t  r a n d o m  

w e r e  o b t a i n e d  f o r  use  as  the  c l a s s  f r o m  wh ich  the 

tanks  a r e  to be  s e p a r a t e d .  F i g u r e  2 shows  the 

i m a g e r y  tha t  was  u s e d .  Note tha t  a l l  the t anks  

a r e  a l i g n e d .  The  a b i l i t y  to d e t e c t  the  tanks  in any  

pos i t ion  and any  r o t a t i o n  is  d i s c u s s e d  in  the i m -  

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

The C o m p u t e r  S i m u l a t i o n  

The i m a g e r y  in  F i g u r e  2 was  p r o c e s s e d  

in IMITAC ( Image  Input to A u t o m a t i c  C o m p u t e r ) ,  

a s p e c i a l l y  c o n s t r u c t e d  s c a n n e r  wh ich  c o n v e r t s  

i m a g e s  to c o m p u t e r  l a n g u a g e ,  and can  a l s o  c o n -  

v e r t  c o m p u t e r  output  to i m a g e s .  The P h i l c o  

LMITAC can  s c a n  a 3 - b y - 3  inch  i m a g e  wi th  a 1024 

l ine  r a s t e r ,  e a c h  l i n e  b e i n g  s a m p l e d  a t  1024 poirds. 

An a n a l o g - t o - d i g i t a l  c o n v e r t e r  e n c o d e s  the p h o t o -  

g r a p h i c  d e n s i t y  to 64 l e v e l s .  Th is  6 - b i t  code  is  

then t r a n s f e r r e d  to the UBC ( U n i v e r s a l  B u f f e r  

C o n t r o l l e r )  of the P h i l c o  2000 c o m p u t e r  s y s t e m ,  

and then  to m a g n e t i c  c o m p u t e r  t ape .  

A s e t  of  c o m p a t i b l e  p r o g r a m s  was  

w r i t t e n  fo r  the P h i l c o  2000 c o m p u t e r  to p r o c e s s  

the data  f r o m  IMITAC.  T h e s e  p r o g r a m s  s i m u -  

l a t e  the o p e r a t i o n s  tha t  would  o c c u r  in  an a c t u a l  

s c r e e n i n g  m a c h i n e ,  s o m e  a r e  s i m p l y  b o o k -  

k e e p i n g  r o u t i n e s ,  such  as  the one which  s e p a r -  

a t e s  the  da ta  into f e a t u r e  b l o c k s ;  the MULTINORIV[ 

p r o g r a m ,  on the o t h e r  hand,  i s  b a s e d  on the  s t a -  

t i s t i c a l  c l a s s i f i c a t i o n  p r o c e d u r e s  d e s c r i b e d  ear l ier .  

As  g e n e r a t e d  by the  IMITAC e q u i p m e n t ,  

e a c h  of the Z00 s a m p l e s ,  100 tanks  and 100 n o n -  

t anks ,  was  in  the  f o r m  of a 32 x 3 Z = e l e m e n t  

r e t i n a .  T h e s e  s a m p l e s  w e r e  c o n v e r t e d  to a 

o n e - b i t - p e r = e l e m e n t  L a p l a c i a n  r e p r e s e n t a t i o n .  

F i g u r e  3 shows  a t y p i c a l  L a p l a c i a n  r e p r e s e n t a -  

t ion  of a tank s a m p l e .  It  i s  in t h i s  f o r m  tha t  

the s t a t i s t i c a l  p r o c e d u r e  m u s t  d e t e c t  t anks .  The 

32 x 32 r e t i n a  i s  then  d i v i d e d  into  24 o v e r -  

l app ing  " f e a t u r e  b l o c k s " ,  e a c h  8 x 8 e l e m e n t s .  

The  p o s i t i o n  o r  shape  of  the f e a t u r e  b l o c k s  does  

no t  r e f l e c t  i n  a n y  way  p a r t i c u l a r  f e a t u r e s  of  

the  tank i m a g e .  T h e y  a r e  s i m p l y  c h o s e n  to 

c o v e r  the e n t i r e  tank i m a g e ,  o c c u p y i n g  a total 

a r e a  of 20 x ~8 e l e m e n t s ,  wi th  50% o c e r l a p  be= 

t w e e n  f e a t u r e  b l o c k s .  E a c h  f e a t u r e  b l o c k  i s  

then  t r e a t e d  s e p a r a t e l y  un t i l  f i na l  d e c i s i o n s  a r e  

a r r i v e d  a t .  E a c h  p a t t e r n  in a f e a t u r e  b l o c k  i s  

a s s u m e d  to be a s a m p l e  f r o m  a 6 4 - b i t  d i m e n -  

s i o n a l  n o r m a l  r a n d o m  v a r i a b l e ,  de sp i t e  the 

b i n a r y  na tu re  of  the da ta .  

In o r d e r  to d e s i g n  a d i s c r i m i n a n t  f u n c t i o n  

f o r  a f e a t u r e  b lock ,  thernean v e c t o r  and c o -  

v a r i a n c e  m a t r i x  of  the p o p u l a t i o n  m u s t  be  e s t i -  

m a t e d .  To th i s  end,  the 100 s a m p l e s  of  t a n k s  

a r e  d i v i d e d  in to  two equa l  g r o u p s .  One g roup  

of  50 s a m p l e s  i s  u s e d  to e s t i m a t e  the p o p u l a t i o n  

p a r a m e t e r s  and t h e r e b y  a r r i v e  a t  a d e s i g n  fo r  

the d i s c r i m i n a n t  func t ion .  The  r e m a i n i n g  g roup  

of  50 s a m p l e s  i s  an  i n d e p e n d e n t  t e s t  s a m p l e ,  

u s e d  to e v a l u a t e  the p e r f o r m a n c e  of  the p r o -  

c e d u r e .  The  s a m e  p r o c e d u r e  ho lds  fo r  the n o n -  

tank s a m p l e s .  In d i v i d i n g  the tank  s a m p l e s ,  

c a r e  i s  t aken  to i n s u r e  tha t  none  of  the  18 d i s -  

t i n c t  t anks  fa l l  in to  bo th  d e s i g n  and t e s t  g r o u p s .  

The design samples are used to estimate 

the mean v e c t o r s  and c o v a r i a n c e  m a t r i c e s  and 

then  the d i s c r i m i n a n t  f u n c t i o n s .  Both  l i n e a r  

and q u a d r a t i c  f u n c t i o n s  w e r e  c o m p u t e d ,  as  p r e -  

v i o u s l y  d i s c u s s e d .  The l i n e a r  d i s c r i m i n a n t  

f unc t i on  c o n s i s t s  of  64 c o e f f i c i e n t s  o r  w e i g h t s ,  

whi le  the q u a d r a t i c  d i s c r i m i n a n t  f unc t i on  has  64 

l i n e a r  w e i g h t s  and 2,016 q u a d r a t i c  w e i g h t s .  In 

add i t ion ,  both  the  d i s c r i m i n a n t  func t ions  w e r e  

" t r u n c a t e d "  by  s e l e c t i n g  a n u m b e r  of  the  c o -  

e f f i c i e n t s  wh ich  a r e l a r g e s t  in  magnitude and p r e -  

su rnab ly  m o s t  s i g n i f i c a n t .  T h i r t y - t w o  l i n e a r  c o -  

e f f i c i e n t s  and 100 q u a d r a t i c  c o e f f i c i e n t s  w e r e  s e -  

l e c t e d  in  e a c h  c a s e .  Th i s  was  to t e s t  the  e f f e c t  

of e c o n o m i z i n g  on the n u m b e r  of w e i g h t i n g  e l e -  

m e n t s  used. 

E a c h  d i s c r i m i n a n t  f u n c t i o n  was  then  

a p p l i e d  to a l l  o f  the s a m p l e s ,  tank  and n o n - t a n k ,  

d e s i g n  and t e s t ,  the  r e s u l t  in e a c h  c a s e  be ing  a 

n u m b e r  c a l l e d  a " s c o r e : '  The  t h r e s h o l d  f o r  the 

f e a t u r e  b l o c k  is  then  s e l e c t e d  to be  h a l f w a y  b e -  

t w e e n  the means of  the d e s i g n  s c o r e s  fo r  t anks  
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and n o n - t a n k s .  E a c h  s c o r e  i s  c o m p a r e d  with  the 

t h r e s h o l d  to m a k e  a f e a t u r e  d e c i s i o n .  Th is  d e -  

c i s i o n  s a y s ,  in  e f f e c t ,  " b a s e d  on th is  s m a l l  a r e a  

of t h e  p i c t u r e ,  i t  a p p e a r s  (or  does  n o t  a p p e a r  } 

tha t  a tank is  p r e s e n t : '  

Th i s  p r o c e d u r e  i s  c a r r i e d  t h r o u g h  fo r  

a l l  Z4 f e a t u r e  b l o c k s .  In th i s  e x p e r i m e n t ,  the 

s e c o n d  l a y e r  d e s i g n  c o n s i s t e d  s i m p l y  of  ass ig r~ng  

equa l  w e i g h t s  to a l l  f e a t u r e  b l o c k s .  Thus ,  the  

f ina l  s c o r e  i s  j u s t  the n u m b e r  of  f e a t u r e  b l o c k s  

wh ich  h a v e  m a d e  a p o s i t i v e  d e c i s i o n ,  o r  h a v e  

" f i r e d : '  A f ina l  d e c i s i o n  t h r e s h o l d  was  not  c a l c u -  

l a t e d  b e c a u s e  i t s  va lue  depends  h e a v i l y  on the 

c o s t s  a s s o c i a t e d  wi th  the two types  of  e r r o r s ,  

t h e s e  c o s t s  be ing  d e t e r m i n e d  by  the p a r t i c u l a r  

a p p l i c a t i o n .  

The Results 

The e x p e r i m e n t a l  p e r f o r m a n c e  of the 

s t a t i s t i c a l  c l a s s i f i c a t i o n  p r o c e d u r e  e x c e e d e d  a l l  

e x p e c t a t i o n s .  

The r e s u l t s  for  a s i n g l e  f e a t u r e  b l o c k  are  

p lo t t ed  in F i g u r e  4 in t e r m s  of  the c u m u l a t i v e  

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

4 g r o u p s  of 50 s a m p l e s .  Note  tha t  the  e r r o r  r a t e  

f o r  the i n d e p e n d e n t  t e s t  g roup  is  on ly  abou t  6%. 

Note  a l s o  tha t  the p e r f o r m a n c e  on the d e s i g n  s a m -  

p l e s  f a r  e x c e e d s  tha t  on the t e s t  s a m p l e s ;  no 

e r r o r s  would  be  m a d e  us ing  on ly  one f e a t u r e  

b loc l4  This  g r a p h i c a l l y  i l l u s t r a t e s  the n e c e s s i t y  

for  u s ing  i ndependen t  t e s t  s a m p l e s  in  e v a l u a ~ n g  

the p e r f o r m a n c e  of r e c o g n i t i o n  n e t w o r k s .  The 

s m o o t h  c u r v e s  a r e  n o r m a l  f i t s  to the o b s e r v e d  

data. 

The  f ina l  r e s u l t s  a r e  shown in F i g u r e  5. 

E a c h  of the n u m b e r s  in the b l o c k s  r e p r e s e n t s  the 

n u m b e r  of f e a t u r e  b l o c k s  tha t  f i r e d  fo r  e a c h  s a m -  

p l e .  Thus ,  24 is  p e r f e c t  f o r  t ank  s a m p l e s  and 0 

i s  p e r f e c t  f o r  n o n - t a n k  s a m p l e s .  T h e s e  r e s u l t s  

a r e  fo r  the s i m p l e s t  d i s c r i m i n a n t  func t ion  t e s t e d :  

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

s a m p l e s  had p e r f e c t  s c o r e s .  The tank s a m p l e  

wi th  a s c o r e  of 11 was  e x a m i n e d  to d e t e r m i n e  why  

i t  had  p e r f o r m e d  so p o o r l y .  It was  d i s c o v e r e d  

tha t  th is  s a m p l e  was  m i s r e g i s t e r e d  by  a s ing l e  

e l e m e n t ,  and tha t  by c o r r e c t i n g  the r e g i s t r y  the 

s c o r e  i n c r e a s e s  to Z4. The s a m e  o c c u r r e d  f o r  

the s a m p l e  wi th  a s c o r e  of 17 (the r e a s o n  why 

m i s r e g i s t r a t i o n  is  not  a c a u s e  fo r  c o n c e r n  is  e x -  

p l a i n e d  in  a s u b s e q u e n t  sec t ion} .  T h e r e f o r e ,  a 

f ina l  t h r e s h o l d  could  be  s e t  a n y w h e r e  b e t w e e n  7 

and 19 wi thou t  m a k i n g  an  e r r o r  on the 100 t e s t  

s a m p l e s .  Th is  i n d i c a t e s  tha t  good r e s u l t s  w i l l  be 

ob ta ined  wi th  l a r g e r  s a m p l e  s i z e s .  

A m u n b e r  of o t h e r  e x p e r i m e n t s  w e r e  p e r -  

f o r m e d  wi th  the  f o l l o w i n g  g e n e r a l  r e s u l t s :  

(I) The  p e r f o r m a n c e  u s i n g  o n e - b i t  

L a p l a c i a n  p r o c e s s e d  i m a g e s  was  abou t  

equa l  to tha t  u s i n g  the  o r i g i n a l  6 ..bit 

i m a g e s ,  and was  c o n s i d e r a b l y  b e t t e r  

than  a n o t h e r  p r e p r o c e s s i n g  t e c h n i q u e .  

. (z) In t e r m s  of  s e p a r a t i o n  a c h i e v e d  b e t w e e n  

s c o r e s  on d e s i g n  s a m p l e s ,  the  l i nea r  

d i s c r i m i n a n t  f unc t i on  is  on ly  s l i g h t l y  

i n f e r i o r  to the q u a d r a t i c  d i s c r i r n i n a n t  

func t ion .  

(3) The a m o u n t  of t r u n c a t i o n  wh ich  was  u s e d  

did not  g r e a t l y  a f f e c t  the p e r f o r m a n c e ,  

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

f u n c t i o n s .  

(4) The p e r f o r m a n c e  o f  the p r o c e d u r e  u s i n g  

equa l  second  l a y e r  w e i g h t s  was  a c t u a l l y  

s u p e r i o r  to a p a r t i c u l a r  a t t e m p t  to g ive  

d i f f e r e n t  w e i g h t s  fo r  e a c h  f e a t u r e  b lock  

as  a func t ion  of s e p a r a b i l i t y  of  d e s i g n  

scores. 

(s) None of the two-layer statistical classi- 

fication procedures tested made any 

errors in classifying the 100 independent 

test samples. This was not the case with 

deterministic design approaches or ran- 

dom-mask methods. 

(6) The p e r f o r m a n c e  of  the s t a t i s t i c a l  c l a s s i -  

f i c a t i o n  p r o c e d u r e s  f a r  e x c e e d e d  tha t  ob-  

t a ined  u s i n g  p r o c e d u r e s  b a s e d  on the 

r e c o g n i t i o n  o f  p a r t i c u l a r  g e o m e t r i c  and 

o t h e r  f e a t u r e s  s u g g e s t e d  by in tu i t ion .  

The I m p l e m e n t a t i o n  

Thus  f a r ,  we h a v e  d i s c u s s e d  on ly  the p r o b -  

p r o b l e m  of d e t e c t i n g  t a r g e t s  when  t h e y  h a v e  p r e -  

v i o u s l y  b e e n  a l i g n e d  wi th in  the r e t i n a .  We sha l l  

now d i s c u s s  ways  of  b r i n g i n g  about  th is  a l i g n m e n t ,  

bo th  in t r a n s l a t i o n  and r o t a t i o n .  

F i r s t ,  i t  i s  c l e a r  tha t  e v e r y  e l e m e n t  of 

the p i c t u r e  m u s t  be  s e a r c h e d  f o r  the  t a r g e t ,  

s i nce  i t  i s  i m p o s s i b l e  to s e p a r a t e  p o t e n t i a l  t a r -  

ge t s  f r o m  the b a c k g r o u n d  until the  d e t e c t i o n  i s  

a c t u a l l y  made.  T h e r e f o r e ,  an  e f f i c i e n t  m e t h o d  is  

n e e d e d  to s c a n  the photo  and app ly  the d i s c r i m -  

inan t  f unc t i on  c o e f f i c i e n t s  to the  a p p r o p r i a t e  e l e -  

m e n t s .  T h i s  i s  u ~ t  e f f i c i e n t l y  done in t he  

fo l l owing  m a n n e r :  The  photo  is  s c a n n e d  by  a 

s i m p l e  TV type  r a s t e r .  As  the e l e m e n t s  a r e  

s c a n n e d ,  t h e y  a r e  s e r i a l l y  e n t e r e d  into  a sh i f t  

r e g i s t e r  o r  t apped  delay l i n e .  The d i s c r i m i n a n t  

c o e f f i c i e n t s  a r e  r e a l i z e d  by  r e s i s t o r s  a t t a c h e d  to 
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a p p r o p r i a t e  sh i f t  r e g i s t e r  e l e m e n t s ,  wh ich  a r e  

then  c o n n e c t e d  t o g e t h e r  to p e r f o r m  the  s u m m a -  

"ion o p e r a t i o n .  This  i s  then  f o l l o w e d  b y  a t h r e s -  

hold  c i r c u i t  wh ich  m a k e s  the f e a t u r e  s u b d e c i s i o n .  

I m a g i n e  tha t  the tank p a t t e r n  i s  " f r o z e n "  in  the 

fh i f t  r e g i s t e r  and tha t  the w e i g h t i n g  r e s i s t o r s  

a r e  a t t a c h e d  to c o r r e s p o n d i n g  e l e m e n t s  of  the 

sh i f t  r e g i s t e r  to ob ta in  the b e s t  d e t e c t i o n  of the 

tank.  On r e f l e c t i o n ,  i t  shou ld  be  c l e a r  that ,  as  

the scann ing  p r o c e s s  p r o c e e d s ,  a tank  in any  

t r a n s l a t i o n a l  p o s i t i o n  in  the photo  wi l l  e v e n t u a l l y  

c o m e  into r e g i s t r y  wi th  the w e i g h t i n g  r e s i s t o r s  

and be d e t e c t e d .  Thus t anks  in  a l l  t r a n s l a t i o n a l  

p o s i t i o n s  a r e  d e t e c t e d  wi th  on ly  a s i n g l e  s c a n  of 

the photo .  V a r i a t i o n s  in r o t a t i o n  a r e  a c c o m m o -  

da ted  by s e a r c h i n g  a t  d i s c r e t e  o r i e n t a t i o n s  by  

(a) r o t a t i n g  the TV r a s t e r ,  o r  (b) d e s i g n i n g  d i s -  

c r i m i n a n t  func t ions  fo r  e a c h  o r i e n t a t i o n ,  o r  a 

c o m b i n a t i o n  of  both .  

Thus the imagery screening system con- 

sists of (a) a high-speed flying spot scanner, (b) 

a L a p l a c i a n  p r e p r o c e s s i n g  s t age  tha t  c o n v e r t s  

the v i d e o  to b i n a r y  da ta ,  (c) a sh i f t  r e g i s t e r  c o t -  

r e l a t o r  w~th s t a t i s t i c a l l y  d e s i g n e d  c o e f f i c i e n t s ,  

and (d) the  f ina l  d e c i s i o n  l o g i c .  The r e s u l t  i s  a 

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

of  p h o t o g r a p h y  and r e l i a b l y  d e t e c t  a v a r i e t y  of  

t a c t i c a l  t a r g e t s  in  any  p o s i t i o n .  

Concluding Remarks 

tions of binary random variables in a different. 

manner. This latter method of approximation is 

directly related to the binary nature of the var- 

iables and in addition avoids the necessity of 

considering covariance matrices. In the current 

p r o g r a m  s u c h  a p p r o x i m a t i o n s  a r e  b&ing investi- 

gated. 

The s a m p l i n g  e r r o r  wh ich  i s  o b t a i n e d  

when  f i n i t e  s a m p l e  s i z e s  a r e  u s e d  to e s t i m a t e  

p a r a m e t e r s  r e s u l t s  in  an  u n d e r e s t i m a t i o n  of  the 

" t r u e "  p r o b a b i l i t y  of m i s c l a s s i f i c a t i o n .  The 

d i f f e r e n c e  b e t w e e n  the  p r o b a b i l i t y  of  m i s c l a s s i -  

f i c a t i o n  e s t i m a t e d  f r o m  d e s i g n  s a m p l e s  a n d  tha t  

w h i c h  is  a c t u a l l y  o b t a i n e d  on i n d e p e n d e n t  t e s t  

s a m p l e s  i s  t h e r e f o r e  o f  i n t e r e s t .  E s t i m a t i o n  of 

t h e s e  d i f f e r e n c e s  and  t h e i r  r e l a t i o n s h i p  to s a m -  

p l e  s i z e s  i s  c u r r e n t l y  be ing  i n v e s t i g a t e d  . 
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