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SUMMARY 

An automat ic  d i g i t a l  c o r r e l a t i o n  plane processor  i s  descr ibed  t h a t  p e r m i t s  r a p i d  
l o c a t i o n  and i d e n t i f i c a t i o n  of up t o  99  d i f f e r e n t  normalized a u t o c o r r e l a t i o n s .  Up t o  
99 unnormalized c o r r e l a t i o n s  a r e  acqui red  i n  a s i n g l e  TV frame of 1/30 sec.  Analog 
preprocess ing  c i r c u i t s  permit  d i g i t a l  conversion and RAM s t o r a g e  of those v ideo  
s i g n a l s  wi th  t h e  c o r r e c t  ampli tude,  pu lse  width,  r i s i n g  s l o p e ,  and f a l l i n g  s lope.  TV 
synchronized a d d r e s s i n g  of 3 RAMS permits  on-line s t o r a g e  o f :  1 )  t h e  maximum 
unnormalized ampli tude,  2 )  t h e  image x l o c a t i o n ,  and 3 )  t h e  image y l o c a t i o n  of t h e  
o u t p u t  of each of up t o  99 matched f i l t e r s .  A f o u r t h  RAM s t o r e s  a l l  normalized 
c o r r e l a t i o n s .  

Only t h e  maximum c o r r e l a t i o n  f o r  each of 99 matched f i l t e r s  i s  determined i n  one 
TV frame of 1 /30  sec. Successive TV frames look f o r  t h e  n e x t  l a r g e s t  c o r r e l a t i o n  
o u t p u t  f o r  each o p t i c a l  matched f i l t e r .  

The s i l h o u e t t e  of each image s t o r e d  i n  t h e  m u l t i p l e  o p t i c a l  matched f i l t e r  i s  
a l s o  s t o r e d  i n  a p a i r  of ROMs t h a t  r e p r e s e n t  t h e  l e f t  and r i g h t  s i d e  of t h e  
s i l h o u e t t e .  Input  image energy i s  c o l l e c t e d  through a n  o p t i c a l  high-pass f i l t e r  of 
t h e  same bandwidth a s  t h e  corresponding o p t i c a l  matched f i l t e r  by a ga t ed ,  wideband 
v ideo  i n t e g r a t o r .  The image energy s i g n a l  i s  routed  t o  a ROM r e c i p r o c a l  look-up 
t a b l e .  Normalizat ion ( d i v i s i o n  by image energy)  i s  accomplished i n  1 psec by a 
d e d i c a t e d  d i g i t a l  m u l t i p l i e r .  A p a r t i a l  out-of-f ie ld  s i g n a l  i s  a v a i l a b l e  t o  a b o r t  
n o r m a l i z a t i o n  and t o  i n d i c a t e  t h e  approach of l o s s  of t r a c k .  

INTRODUCTION 

The o p t i c a l  matched f i l t e r  (MF) ( r e f e r e n c e  1) h a s  n o t  found wide a p p l i c a t i o n  
because a c c e p t a b l e  f a l s e  a la rm r a t e s  have n o t  been r e a l i z e d  by observa t ion  of t h e  
ampl i tude  of t h e  c o r r e l a t i o n  peaks. When t h e  i l l u m i n a t i o n  l e v e l  a s s o c i a t e d  w i t h  a n  
unmatched i n p u t  image g r e a t l y  exceeds t h a t  of t h e  matched image of comparable s i z e ,  
t h e  MF g e n e r a l l y  y i e l d s  a f a l s e  a la rm i f  MF output  c o r r e l a t i o n  peak i s  t h e  only  
measure of acceptance.  However, i f  w e  could d i v i d e  t h e  above a u t o c o r r e l a t i o n  and 
c r o s s - c o r r e l a t i o n  output  peaks each by t h e i r  corresponding i n p u t  image e n e r g i e s ,  t h e  
r e s u l t i n g  normalized c o r r e l a t i o n s  would then  be independent of input  image energy,  
and f o r  t h i s  s i t u a t i o n ,  t h e  normalized a u t o c o r r e l a t i o n  peak would be l a r g e r .  

The normal iza t ion  approach descr ibed  below does normalize t h e  a u t o c o r r e l a  t i o n  
peak but  y i e l d s  a n  approximate normal iza t ion  of t h e  c r o s s  c o r r e l a t i o n  peak. We, 
t h e r e f o r e ,  expect  t h e  normalized a u t o c o r r e l a t i o n  n o t  t o  always be l a r g e r ,  but t o  
a lways be u n i t y ,  whereas t h e  approximate normalized c r o s s  c o r r e l a t i o n  w i l l  r a r e l y  be 
u n i t y .  The d e v i a t i o n  from u n i t y  w i l l  be used a s  a measure of t h e  u n c e r t a i n t y  of a 
c o r r e c t  image match. To a s s i s t  i n  reducing f a l s e  a l a r m s ,  o t h e r  d i s c r i m i n a n t s  such a s  
unnormalized c o r r e l a t i o n  p u l s e  width,  r i s i n g  and f a l l i n g  s l o p e s ,  a s  w e l l  a s  
unnormalized p u l s e  ampli tude a r e  a n  i n t e g r a l  p a r t  of t h e  s y s t e m .  
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PHENOMENOLOGIC MATCHED FILTER REVIEW 

Because w e  (1) e x p l o i t  t h e  au tomat ic  t r a c k i n g  f e a t u r e  of t h e  MF, ( 2 )  use  
m u l t i p l e  ME'S, and (3) employ band-limited ME"s t o  normalize t h e  c o r r e l a t i o n  o u t p u t s ,  
a b r i e f  d e s c r i p t i o n  of t h e  MF i s  i n  order .  

F igure  1 i s  one of t h e  many p o s s i b l e  MF c o n f i g u r a t i o n s . !  The back f o c a l  p l a n e  
of t h e  t ransform l e n s  c o n t a i n s  t h e  on-axis, two-dimensional F o u r i e r  t ransform G(fx, 
f y >  of g ( x , y ) ,  t h e  ampli tude of t he  matched i n p u t  image. When we s i g n i f y  t h e  i n p u t  
image we r e f e r  t o  t h e  image of t h e  o b j e c t  of i n t e r e s t  i n  t h e  i n p u t  scene. During 
f a b r i c a t i o n  i t  w i l l  be t h e  only image i n  t h e  scene. 
complex and two-dimensional and i t s  phase can be recorded on h igh  r e s o l u t i o n  spec t ro-  
scopic  f i l m  by use of a second phase-locked co l l imated  l a s e r  beam a t  a n g l e  8 t o  t h e  
s i g n a l  beam. The r e s u l t i n g  s t a t i o n a r y  i n t e r f e r e n c e  p a t t e r n  shown magnif ied i n  f i g u r e  
1 c o n t a i n s  a g r a t i n g ,  o r  " s u b c a r r i e r , "  whose spac ing  depends on t h e  a n g l e  between 
t h e  s i g n a l  and r e f e r e n c e  beams. Superimposed on t h e  s u b c a r r i e r  g r a t i n g  a r e  t h e  very 
s l i g h t  p e r t u r b a t i o n s  of t h e  phase c o n t r i b u t i o n s  of t h e  Four ie r  t ransform of t h e  i n p u t  
image. On playback wi th  t h e  r e f e r e n c e  beam removed and w i t h  the  exposed and 
developed MF i n s e r t e d  i n  t h e  i d e n t i c a l  f a b r i c a t i o n  p o s i t i o n ,  t h e  conjugate  f i r s t  
o r d e r  of t he  MF s u b c a r r i e r  i s  used a s  shown i n  f i g u r e  1. I n  f i g u r e  2 w e  f o l d  t h e  
arrangement of f i g u r e  1 i n  l i n e  t o  demonstrate  several p o i n t s .  
matched i n p u t  image t h e  l i g h t  e x i t i n g  t h e  MJ? i s  G(fx, f y )  G*(fx, f ), where 
G(fx, f ) is the  amplitude of t h e  i n p u t  matched spectrum and G*(fx, f y )  i s  

MF, r e g a r d l e s s  of t h e i r  i n p u t  d i r e c t i o n  (phase) ,  a r e  p a r a l l e l .  The consequence of 
t h i s  f a c t  i s  t h a t  they focus  t o  a p o i n t  a t  t h e  c o r r e l a t i o n  output  plane.  The focused 
poin t  i n  t h e  c o r r e l a t i o n  plane i s  t h e  summation of a l l  s p a t i a l  f requencies  and ,  
t h e r e f o r e ,  a l l  t h e  i n p u t  image energy less  s y s t e m  t ransmiss ion  l o s s e s .  This  i s  n o t  
t r u e  f o r  a n  unmatched i n p u t  image and t h e  c r o s s - c o r r e l a t i o n  peak w i l l  be reduced a s  
w e l l  as broadened. For a band-limited MF w i t h  t h e  low s p a t i a l  f r e q u e n c i e s  shown i n  
the magnif ied MF of f i g u r e  1 s a t u r a t e d  (overexposed),  t h e  a u t o c o r r e l a t i o n  f u n c t i o n  
becomes a sharp  p o i n t ,  as shown i n  f i g u r e  3 (b )  and compared t o  t h a t  of f i g u r e  3 ( a )  f o r  
t h e  f u l l  spectrum MF. In p r a c t i c e ,  t h e  photographic  MF p l a t e  h a s  a dynamic range of 
the o r d e r  of 1 O O O : l  and t h e  energy spectrum of most o b j e c t s  h a s  a dynamic range of the 
o r d e r  of 106:1, so t h a t  t h e  f u l l  spectrum a u t o c o r r e l a t i o n  of f i g u r e  3 ( a )  i s  n o t  real- 
i z a b l e .  Second, several MFs can b e  processed s imul taneous ly  through t h e  u s e  of a 
m u l t i p l e  holographic  l e n s  a r r a y  t h a t  i s  e q u i v a l e n t  t o  several over lapping  l e n s e s  as 
shown i n  f i g u r e  2 ( b ) .  Thi rd ,  f i g u r e  2 (a )  i n d i c a t e s  a transverse displacement  of t h e  
i n p u t  image, and, f o r  Fo = F1, t h e  c o r r e l a t i o n  w i l l  exper ience  t h e  same displacement  
w i t h  an i n v e r s i o n  i n  t h e  x and y d i r e c t i o n s .  Therefore ,  i n p u t  image p o s i t i o n  i n  t h e  
i n p u t  p l a n e  can b e  determined by observ ing  t h e  p o s i t i o n  of t h e  c o r r e l a t i o n  o u t p u t .  
By making F1 < Fo, t h e  mapping of t h e  i n p u t  image p l a n e  i n t o  t h e  o u t p u t  c o r r e l a t i o n  
p l a n e  can be  reduced t o  f i t  the output  of s e v e r a l  f i l t e r s  i n t o  t h e  TV camera t u b e  
viewing a p e r t u r e .  

The spectrum G(fx, f y )  i s  

F i r s t ,  f o r  t h e  

Y 

t h e  amp Y i t u d e  t ransmi t tance  of t h e  matched f i l t e r .  Therefore ,  a l l  r a y s  e x i t i n g  t h e  

NORMAL IZATION APPROACH 

P a r s e v a l ' s  theorem equates  image i n t e g r a t e d  energy t o  i t s  s p e c t r a l  
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i n t e g r a t e d  energy. The l e f t  s i d e  of t h e  equat ion ,  image energy, i s  measured from the  
inpu t  image and provides  the  denominator f o r  the normalized c o r r e l a t i o n .  The r i g h t  
s i d e ,  s p e c t r a l  energy,  i s  measured by t h e  a u t o c o r r e l a t i o n  peak t o  provide the  
numerator. P rov i s ion  is  incorpora ted  t o  c o l l e c t  image energy i n  the  same r e s t r i c t e d  
band of t he  MF. Image energy band l i m i t i n g  i s  accomplished by s e l e c t i n g  one of the  
100 holographic  l e n s e s  f o r  imaging. In s t ead  of a MF a t  t h i s  beam we provide a high- 
pass  o r  bandpass imaging f i l t e r  of t h e  same bandwidth a s  t he  MF, i n  t he  MF plane.  
The r e f e r e n c e  beam, on f a b r i c a t i o n ,  i s  used t o  d i rec t  the band l i m i t e d  image on 
playback t o  an  imaging l e n s  t o  provide  a d i f f e r e n t  image plane s c a l i n g  and a 
d i f f e r e n t  TV pickup o t h e r  than t h a t  used f o r  the  c o r r e l a t i o n  plane.  I n  a f e a s i b i l i t y  
experiment now being assembled, a 2 x 2 holo-lens w i l l  provide t h r e e  nF and one 
imaging l e n s  t h a t  w i l l  s ha re  the  same inve r se  t ransform l e n s  f o r  MF, a s  we l l  a s  
imaging, and w i l l  sha re  t h e  same TV camera f o r  c o r r e l a t i o n  and imaging. 

To c o l l e c t  t he  image energy,  the  TV v ideo  is i n t e g r a t e d  only dur ing  the  t ime the  
d e s i r e d  image is scanned. Detec tors  a r e  square-law dev ices ,  and t h e  TV video vo l t age  
i s  p r o p o r t i o n a l  t o  energy. An e a r l i e r  ve r s ion  of t h i s  concept r e s t r i c t e d  v ideo  
i n t e g r a t i o n  t o  a r e c t a n g l e  t h a t  was centered  on the  d e s i r e d  image. The x-y RAMS 
provide the  i n t e g r a t i n g  window p o s i t i o n  over  the  image. The p a r t i c u l a r  MF, a s  
determined by t h e  RAM addres s ,  determines the  s i z e  of the  r ec t ang le .  I n  t h i s  manner 
t h e  matched image w i l l  always f a l l  w i t h i n  the  r e c t a n g l e  window even though an 
unmatched image may f a l l  p a r t i a l l y  outs ide .  However, s i n c e  the  i n p u t  image and i t s  
background a r e  a high frequency v e r s i o n  of the  a c t u a l  i npu t  scene ,  we can expec t  a 
non-negl igible  c o n t r i b u t i o n  by the  background around the  matched image w i t h i n  t h e  
r e c t a n g l e .  To avoid  t h i s  s i t u a t i o n ,  and t o  guarantee t h a t  the  normal iza t ion  of the  
a u t o c o r r e l a t i o n  w i l l  be a c c u r a t e  and f r e e  of background, t h e  shape of t he  r e c t a n g l e  
was a l t e r e d  t o  t h a t  of the  s i l h o u e t t e  of the  matched image. 

Two KOMs a r e  used t o  s t o r e  the  s i l h o u e t t e s  of a l l  matched images. We w i l l  r e f e r  
t o  one a s  t h e  START ROM and t h e  o t h e r  a s  t h e  STOP ROM. The s i l h o u e t t e  i n  each 
i n t e r l a c e d  f i e l d  of a TV frame i s  l o c a t e d  a t  cont iguous addres ses  i n  t h e  START and 
STOP KOMs. For s i l h o u e t t e s  where a TV scan l i n e  l eaves  and r e e n t e r s ,  an  a d d i t i o n a l  
p a i r  of ROMs w i l l  be r equ i r ed  t o  avoid i n t e g r a t i n g  background energy. A TV frame of 
1/30 sec is  r equ i r ed  t o  c o l l e c t  t h e  image energy of each s e l e c t e d  unnormalized 
c o r r e l a t i o n .  Preprocess ing  c i r c u i t r y  l i m i t s  the  number of unnormalized c o r r e l a t i o n s  
t o  be normalized. 

AP P L ICAT ION 

The need f o r  normalized c o r r e l a t i o n s  can be apprec i a t ed  i f  we have t o  s e l e c t  o r  
d e t e c t  a p o s s i b l e  a u t o c o r r e l a t i o n  out  of thousands of c o r r e l a t i o n s  i n  a few seconds. 
This  was the  mot iva t ion  f o r  t h e  development of the system t o  be descr ibed .  

The OMFIC (Opt i ca l  Matched F i l t e r  Image C o r r e l a t o r )  is  desc r ibed  i n  r e f e r e n c e  2 
and i s  p resen ted  i n  schematic  form i n  f i g u r e  4 .  The system i s  capable  of process ing  
an i n p u t  image through 100 o p t i c a l  matched f i l t e r s  s imul taneous ly .  Therefore ,  an 
image of an i n p u t  scene con ta in ing  20 o b j e c t s  w i l l  y i e l d  2,000 c o r r e l a t i o n s  i n  2 o r  
3 n s  at t h e  OMFIC ou tput  p lane .  The output  c o r r e l a t i o n  p lane  i s  scanned by a 
convent iona l  TV camera and a l l  2,000 c o r r e l a t i o n s  can be viewed on a TV monitor .  
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The problem addressed  was t o  s e l e c t  any a u t o c o r r e l a t i o n s  o u t  of t h e  a r r a y  of 
c o r r e l a t i o n s ,  and i d e n t i f y  t h e  image ( a s s o c i a t e d  matched f i l t e r )  and t h e  image x-y 
c o o r d i n a t e s  i n  a few seconds. C o r r e l a t i o n  normal iza t ion  was one of t h e  d iscr imina-  
t o r s  used t o  reduce  f a l s e  alarms. If t h e  matched images w e r e  t r u c k s  parked s i d e  by 
s i d e ,  t h e  r e s u l t i n g  a u t o c o r r e l a t i o n s  could be a few microseconds a p a r t ,  and t h i s  
r u l e d  out t he  use of microprocessors  t o  process  t h e  TV video. TTL w i t h  20 n s  
swi tch ing  t i m e  a r e  adequate  and, t h e r e f o r e ,  t h e  bulk of t h e  system descr ibed  below 
c o n s i s t s  of i n t e g r a t e d  TTL c i r c u i t s .  A LIP i s  used t o  provide slow informat ion  i n  a 
few 100 us  t i m e  frame and t o  s u p e r v i s e  o v e r a l l  o p e r a t i o n s ,  conduct s e a r c h e s ,  and 
provide  d i s p l a y s  and p r i n t o u t  messages. 

SYSTEM DESCRIPTION 

Figure  5 i s  a n  o v e r a l l  system block diagram. The TV video i s  preprocessed so 
t h a t  only video p u l s e s  of t h e  c o r r e c t  ampli tude,  of t h e  c o r r e c t  pu lse  width,  and w i t h  
the  c o r r e c t  r i s i n g  and f a l l i n g  s lopes  w i l l  be accepted  t o  be converted t o  8 - b i t  
d i g i t a l  da t a  i n  a 600 n s  A I D  conver te r .  F igure  6 shows t h e  preprocess ing  g a t e  
t iming. The unnormalized c o r r e l a t i o n s  a r e  s t o r e d  i n  a 256 x 8 b i t  RAM. There a r e  
t h r e e  a d d i t i o n a l  RAMs, a l l  256 x 8 b i t s ,  and two of t h e s e  are synchronously addressed  
wi th  t h e  TV r a s t e r  sweep, a long  with t h e  unnormalized c o r r e l a t i o n  RAM a s  d e s c r i b e d  
below. Two of t h e  RAMS s t o r e  image x-y c o o r d i n a t e s ,  and t h e  f o u r t h  RAM s t o r e s  t h e  
normalized c o r r e l a t i o n s .  

Two timing c o u n t e r s  a c c u r a t e l y  address  t h e  R A M s  and l o c a t e  t h e  p o s i t i o n  of a l l  
c o r r e l a t i o n s  t o  t h e  requi red  p r e c i s i o n  on t h e  TV r a s t e r .  The h o r i z o n t a l  counter  
c o n s i s t s  of a d i g i t a l  phase-locked-loop (PLL) and provides  t h e  fou r  l e a s t  s i g n i f i c a n t  
b i t s  (LSB) f o r  t h e  KAM 8-b i t  address  bus. The v e r t i c a l  counter  i s  e s s e n t i a l l y  a TV 
l i n e  counter  provid ing  t h e  f o u r  most s i g n i f i c a n t  b i t s  (MSB) f o r  t h e  RAM a d d r e s s .  The 
H and V counts  can be hardware o r  sof tware a l t e r e d  t o  a g r e e  wi th  t h e  number and 
c o n f i g u r a t i o n  of t h e  matched f i l t e r  a r r a y .  A t e s t  p a t t e r n  can be d isp layed  on a TV 
monitor f o r  system s e t u p  and a s s i s t a n c e  i n  matched f i l t e r  f a b r i c a t i o n  output  
addressing.  Such a p a t t e r n  i s  shown i n  f i g u r e  7 f o r  a 10 x 10 matched f i l t e r  a r r a y .  
Each of t h e  100 boxes i n  t h e  checkerboard t e s t  p a t t e r n  r e p r e s e n t s  a RAM a d d r e s s .  The 
b r i g h t  s p o t  i n  t h e  upper lef t -hand corner  of each box (more v i s i b l e  i n  f i g u r e  3 ( b ) )  i s  
t h e  KAM e r a s u r e  p u l s e  of 100 n s  d u r a t i o n  of every o t h e r  TV f i e l d .  Since the RAMs a r e  
synchronously addressed  wi th  t h e  TV r a s t e r ,  t h e  da t a  a t  any one address  can be  
d isp layed  on t h e  TV monitor.  The M S B  of t h e  da t a  bus was connected t o  t h e  TV monitor  
video input  t o  demonstrate t h a t  t h e  c o r r e l a t i o n  peak was s t o r e d  a t  t h e  c o r r e c t  
address .  To ensure t h a t  only t h e  peak of t h e  video p u l s e  i s  s t o r e d  i n  each a d d r e s s ,  
a n  8-bi t  d i g i t a l  comparator t es t s  t h e  incoming 8 - b i t  video peak wi th  t h e  RAM s t o r e d  
v a l u e  and w i l l  dump t h e  s t o r e d  v a l u e  i f  i t  i s  smaller. I n  t h i s  manner, o n l y  one 
c o r r e l a t i o n  peak i s  s t o r e d  i n  each address .  I f  s e v e r a l  c o r r e l a t i o n  pulses  a r e  
p r e s e n t  f o r  a p a r t i c u l a r  MF ( i n  t h e  same box of t h e  checkerboard) ,  t h e  s t o r e d  va lue  
w i l l  be i n h i b i t e d  by t h e  LIP on the  n e x t  TV frame a f t e r  normal iza t ion .  The n e x t  
l a r g e s t  c o r r e l a t i o n  peak of t h e  p a r t i c u l a r  f i l t e r  w i l l  then  be s t o r e d .  A f t e r  s e v e r a l  
TV frames a l l  c o r r e l a t i o n  peaks a s s o c i a t e d  w i t h  each matched f l t e r  w i l l  be processed.  
The 8-b i t  comparator o u t p u t  p u l s e  t r i g g e r s  a wr i te  p u l s e  f o r  t h e  unnormalized and t h e  
x and y R A M s .  Therefore ,  t h e  maximum unnormalized c o r r e l a t i o n  peak of each f i l t e r  i s  
s t o r e d  i n  a WIM a d d r e s s  ass igned  t o  t h a t  f i l t e r  and t h e  x-y coord ina tes  a s s o c i a t e d  
wi th  t h e  c o r r e l a t i o n  a r e  s t o r e d  a t  t h e  same address  i n  t h e i r  r e s p e c t i v e  x and y R A M s .  
A t  t h e  end of each TV frame t h e  RAMs a r e  e rased  and t h e  process  i s  repea ted .  
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During every o t h e r  TV v e r t i c a l  blanking i n t e r v a l  (once per  TV frame) of 
approximately 1.7 m s  a l l  t h r e e  RAMs (unnormalized c o r r e l a t i o n ,  x and y c o o r d i n a t e s ) ,  
t o g e t h e r  w i t h  t h e  normalized c o r r e l a t i o n  RAM, a r e  scanned very r a p i d l y  by swi tch ing  
i n  a high-speed a d d r e s s i n g  counter .  A t  each address  t h e  c o n t e n t s  of t h e  unnormalized 
and the  normormalized RAMS a r e  i n t e r r o g a t e d  f o r  any conten t .  I f  no normalized number 
i s  s t o r e d  where a n  unnormalized number has  been found, then  t h e  normal iza t ion  process  
w i l l  be i n i t i a t e d  dur ing  t h e  next  TV frame, and t h e  f i r s t  s t e p  i n  t h e  normal iza t ion  
process  i s  t h e  s t o r a g e  of 1)  t h e  RAM a d d r e s s ,  2 )  x c o u n t ,  3 )  y count ,  and 4 )  the 
unnormalized c o r r e l a t i o n .  

I n  f i g u r e  8,  we  d e f i n e  t h e  image h e i g h t  and l o c a t i o n ,  re ferenced  t o  i t s  
l o c a t i o n ,  a s  s t o r e d  i n  t h e  x and y R A M s .  The l e f t  shaded s i d e  of t h e  image, 
des igna ted  SKY i s  s t o r e d  i n  t h e  START ROM a t  cont iguous addresses  f o r  s u c c e s s i v e  TV 
l i n e s  i n  a f i e l d ,  and the i n t e r l a c e d  f i e l d  i s  s t o r e d  a t  a n o t h e r  group of cont iguous 
addresses .  The same image i s  s t o r e d  a t  t h e  same a d d r e s s e s  i n  t h e  STOP ROM f o r  t h e  
r i g h t  edge of t h e  image, des igna ted  SP. When t h e  h o r i z o n t a l  sweep and,  t h e r e f o r e ,  
t h e  x counter  of t h e  t iming c h a i n  i s  equal  t o  t h e  v a l u e  s t o r e d  i n  t h e  START ROM, t h e  
a s s o c i a t e d  comparator ou tput  w i l l  swi tch  on a high-speed, wideband video i n t e g r a  t o r ,  
t r i g g e r e d  by SK, and, i n  a s i m i l a r  manner, t h e  STOP ROM w i l l  swi tch  t h e  i n t e g r a t o r  
o f f ,  t r i g g e r e d  by SP. The h e i g h t ,  TL + BL, of t h e  image t r i g g e r s  a h e i g h t  FF t o  g a t e  
i n  only t h e  c o r r e c t  SR and SP ROM addresses .  To c o r r e c t l y  address  t h e  START and STOP 
KOMs f o r :  a )  t h e  c o r r e c t  image, b) c o r r e c t  f i e l d ,  and c )  c o r r e c t  p o s i t o n  i n  x and y 
r e q u i r e s  o f f s e t s  on a l l  p o s i t i o n  da ta .  Some of t h e s e  a r e  slow (TV f i e l d  i n t e r v a l s )  
and a r e  provided by t h e  microprocessor.  The 8-b i t  counts  t h a t  a r e  r e q u i r e d  i n  l ess  
than  a TV l i n e  i n t e r v a l  of 63.5 u s  a r e  hard wired. 

The RAM a d d r e s s  i d e n t i f i e s  t h e  MF and,  hence, t h e  image. The l o c a t i o n  of t h i s  
image, i n  t h e  START and  STOP ROM, must be accessed  a s  t h e  TV sweeps through t h e  
image. 
provides  t h e  o f f s e t  f o r  t h e  corresponding ROM l o c a t i o n  of t h i s  image. I n  t h i s  
manner, t h e  v e r t i c a l  t iming c h a i n  l ine-counter  i s  o f f s e t  t o  c o r r e c t l y  a d d r e s s  t h e  
KOMs a s  t h e  image i s  scanned. A t  t h e  beginning of each  TV scan  l i n e ,  t h e  ROM s t o r e d  
v a l u e  i s  s u b t r a c t e d  from t h e  Xo s t o r e d  v a l u e  t o  provide a count f o r  t he  l e a d i n g  
edge of t h e  image (Xo - SR). An 8-b i t  comparison of t h i s  value with t h e  h o r i z o n t a l  
PLL t iming c h a i n  i d e n t i f i e s  t h e  l e f t  edge of t h e  image t o  s t a r t  t h e  video i n t e g r a t o r .  
I n  a s i m i l a r  manner (Xo + SP) w i l l  s t o p  t h e  i n t e g r a t o r  f o r  t h a t  p a r t i c u l a r  TV l i n e .  
A f t e r  a complete TV frame, t h e  i n t e g r a t o r  ou tput  i s  converted t o  8 b i t s  and a 
r e c i p r o c a l  KOM provides  t h e  denominator t o  a f a s t  (1 us) 8 b i t  by 8 b i t  m u l t i p l i e r  
w i t h  t h e  unnormalized c o r r e l a t i o n .  S torage  of t h i s  value i n  t h e  normal c o r r e l a t i o n  
KAM completes t h e  normal iza t ion  cycle .  During t h e  TV frame t h a t  normal iza t ion  i s  
underway, t h e  X-Y RAMS, a s  w e l l  a s  t h e  unnormalized RAM, cont inue  t o  be updated a s  
before .  The U P  reads  t h e  normalized RAM and checks f o r  d e v i a t i o n  from uni ty .  An 
a p p r o p r i a t e  v ideo  over lay  c i r c l e  o r  square can e n c i r c l e  t h e  c o r r e l a t i o n  peak, and t h e  
b l i n k i n g  r a t e  of t h e  over lay  can i n d i c a t e  d e v i a t i o n  from uni ty .  

The va lue  Y o  - TL of f i g u r e  8 d e f i n e s  t h e  image top  l i n e ,  and t h e  uP 

The block diagram of f i g u r e  9 i n d i c a t e s  how t h e  o p e r a t i o n s  descr ibed  above a r e  
r e a l i z e d  i n  a s t r a i g h t f o r w a r d  fashion.  To determine i f  t h e  image i s  p a r t i a l l y  c u t  
off by t h e  r a s t e r  boarder ,  we e v a l u a t e  f o u r  q u a n t i t i e s .  I f  (Yo - TL) < 0, t h e n  
t h e  image i s  p a r t i a l l y  o f f  t h e  top of t h e  screen .  
2 4 4 / k  (where K i s  t h e  number of rows of MF, and, t h e r e f o r e ,  c o r r e l a t i o n  a d d r e s s  
rows),  t h e  image is  p a r t i a l l y  off  t h e  bottom of t h e  screen.  I f  (Xo - SR) < 0 ,  then  
t h e  image i s  p a r t i a l l y  off  t he  l e f t  s i d e  of t h e  r a s t e r ,  and i f  (Xo -k SP) > 100 ( f o r  
a 100 count  r a s t e r ) ,  then  t h e  image i s  p a r t i a l l y  o f f  t he  r i g h t  s i d e  of t he  screen .  
I n  a l l  f o u r  of t h e s e  c o n d i t i o n s ,  t he  normal iza t ion  w i l l  be a b o r t e d  and a n  a p p r o p r i a t e  
message w i l l  be i n d i c a t e d  by t h e  LIP. T h i s  same informat ion  could be used f o r  a n  

S i m i l a r l y ,  i f  ( Y o  + BL) > 
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automat ic  t r a c k e r  a s s o c i a t e d  w i t h  t h e  OMFIC t h a t  i s  about  t o  l o s e  i t s  t a r g e t  and t h e  
d i r e c t i o n  t o  move t o  main ta in  t h e  t r a c k  is  indica ted .  

NORMALIZATION OF CROSS CORRELATIONS 

We can apply  P a r s e v a l ' s  theorem t o  t h e  c r o s s  c o r r e l a t i o n  s i t u a t i o n  

where g2(x,y)  i s  a n  unmatched i n p u t  image ampli tude and g l ( x , y )  i s  t h e  matched 
image. However, we do n o t  have a s i n g l e  peak i n  t h e  c o r r e l a t i o n  plane t h a t  
r e p r e s e n t s  t h e  i n t e g r a t e d  c r o s s  product  because G2 and G I  do n o t  have conjugate  
s p e c t r a ,  and t h e  s p e c t r a  do n o t  have t h e  same s p a t i a l  f requencies .  A c r o s s  
c o r r e l a t i o n  peak need n o t  be a n  even f u n c t i o n  ( a s  i t  is  f o r  a n  a u t o c o r r e l a t i o n  peak) ,  
and i t s  l o c a t i o n  can be l o c a t e d  almost  anywhere w i t h i n  t h e  i n p u t  image i f  we map i t  
back t o  t h e  i n p u t  plane.  The ROM s t o r e d  s i l h o u e t t e  l o c a t i o n  i s  p o s i t i o n e d  by t h e  x-y 
RAM s t o r e d  c o r r e l a t i o n  peak a s  i n d i c a t e d  i n  f i g u r e  8. There a r e  t h r e e  d i f f e r e n t  
s i t u a t i o n s  t h a t  we can encounter:  1) t h e  e x t e n t  of g2 > t h e  e x t e n t  of 81, 2)  t h e  
e x t e n t  of g2 < t he  e x t e n t  of 81, and 3 )  g1 and g2 do n o t  completely overlap.  
I n  c a s e  ( 1 )  where t h e  s i l h o u e t t e  g1 f a l l s  e n t i r e l y  w i t h i n  82, t h e  i n p u t  image, we 
do c o l l e c t  less than  t h e  f u l l  i n p u t  image energy, and t h e  denomination of t h e  
normal iza t ion  i s  smal le r  than f o r  a p e r f e c t  g2 s i l h o u e t t e .  It i s ,  t h e r e f o r e ,  
p o s s i b l e  t o  have a normalized c r o s s  c o r r e l a t i o n  g r e a t e r  than  uni ty .  I n  c a s e  ( 2 )  w e  
can have a smaller than u n i t y  n o r m a l i z a t i o n ;  however, we  do c o l l e c t  background, and 
t h i s  can a l t e r  t he  normal iza t ion .  The same i s  t r u e  f o r  c a s e  ( 3 ) .  

Therefore ,  a l though we can make a d e f i n i t i v e  s ta tement  t h a t  t h e  normalized 
a u t o c o r r e l a t i o n  i s  u n i t y ,  w e  can expect  t h e  normalized c r o s s  c o r r e l a t i o n  t o  vary 
cons iderably  wi th  some s l i g h t  p o s s i b i l i t y  of a va lue  of un i ty .  

No e f f o r t  was made t o  e x p l o i t  t h e  even symmetry of t h e  a u t o c o r r e l a t i o n  peak i n  
t h e  preprocessor .  I f  r e q u i r e d ,  t h i s  e x t r a  f e a t u r e  can be implemented i n  a 
s t r a  ighf  orward manner. 

CONCLUSIONS 

The au tomat ic  c o r r e l a t i o n  plane processor  descr ibed  here  can r a p i d l y  a c q u i r e ,  
i d e n t i f y ,  and l o c a t e  the  a u t o c o r r e l a t i o n  outputs  of a bank of m u l t i p l e  o p t i c a l  
matched f i l t e r s .  The KOM s t o r e d  d i g i t a l  s i l h o u e t t e  of each image a s s o c i a t e d  w i t h  
each matched f i l t e r  a l lows  TV v ideo  t o  be used t o  c o l l e c t  image energy t o  provide 
a c c u r a t e  normal iza t ion  of a u t o c o r r e l a t i o n s .  The r e s u l t i n g  normalized autocor-  
r e l a t i o n s  a r e ,  t h e r e f o r e ,  independent of t h e  i l l u m i n a t i o n  of t h e  matched inpu t .  
Devia t ion  from u n i t y  of a normalized c o r r e l a t i o n  can be used a s  a confidence measure 
of c o r r e c t  image i d e n t i f i c a t i o n .  
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Figure 1.- Matched filter configuration. 
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Figure 2.- Some aspects of matched filters. 
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WIDE BAND MF HIGH FREQUENCY MF 

Figure  3.- Wide band and h igh  frequency a u t o c o r r e l a t i o n  f u n c t i o n s .  
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Figure 4.-  O p t i c a l  matched f i l t e r  image c o r r e l a t o r  (OMFIC >. 
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Figure  5 . -  Overall system block  diagram. 
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Figure  6.- Video preprocess ing  waveshapes ( c o n d i t i o n  f o r  A/D convers ion) .  
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Figure  7.-  Ten by t e n  t es t  p a t t e r n .  
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Figure  8. - D e f i n i t i o n  of t e r m s .  

103 



X xo 
RAM LATCH 

VIDEO 

OFF TOP? 

E b  

I COUNT 
X.COUNTER 

Figure 9. -  Normalization block diagram. 
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