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Image correla tion , or ‘map matching, ” has

important implications for autonomous target

acquisit i on an d te rm i nal gui dance for var i ous
missiles , as w~1l as for other pattern recoq-

nition applications. This report makes the

following con tributions to image correlation:

(1) P~nal ysis of block-substitution e~f~cts
(snow , sha dows , clou d s , ~.nd the like) on the
probability of coi?~rela ti on , Pc , (2) Develop-

ment of a closed-form anpr oximation for com-

put i ng Pc , (3) New techniques for calcu lat ing

the inheren t scene c harac ter i~ tics (nuii~bers

of i ndepen den t elemen ts i n the scene ~-r~1 tne

scene correla tion ~~ngth), (4) A co~olc tc-iy

new procedure for estimati ng ~he value of

Pc from the corr e l~ tion d~ta themselv-:s , drd

(5) A ne~ tcc hr ique f o r  ~~lcc ~~ng 3 rd  ‘O T ct ’ f l

Uie s l 1 ! r ’ t 1Lar~~ fe:~ ur~s in a scere. (Author)
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~0 • “ -rh (~ s;’ c I t  I c  sub er t Is ‘‘map mat  h i  ng , ‘‘ or image corre  I a t  ion ,

t o  tH ieve i ut o n om o u s  t a r ~’ot ac q u l s i t  ion and t e r m i n a l  t ’u i d a n c e  f o r  van —
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I ” ”  h\RY

I l i l o  I . - r t  - - i i i- . - -  l i i .  t e l  l o w i n g  n t  r u n !  i on s  t o ’  i - i O ’ i -  - e r r - I  i t  i o n :

\ : i i I vs i s  ot  l i e  I- —~~u i ’s  t I t i l t  i o n  e t I t ’ I - t s ( s n o w , s b - i -  t -  s-  , C I o i l s

nd t h .  - I i t - i -  .in t I i .  
~

) t o  ‘Ii I i  i I i t  v o t t  i - O r  r i  l i t  i ’ s  • P

• .- ‘;.-Io pt i.-t t o t 1 close —f o ’ t l i l  L p p l ’ - x i l i i i t t  io n ( o r  Co ~~ t ’o! i f l~

I . t ’w is li i i  i ’ 0 o , ’- I or i i  l i i t I l t  in g  t o t  i n h e r e n t  s e en .  c h i r i c t  o r —

o 1 ii s ( l i i  id 1 e C o l  i n i l e  p . - i I . s  t o -  i -0. - I S l i i  t l i e  so t n t -  - i i i

sd - I s -  i -o r r t ’ l i t  l o l l  l t - ~~~t i i ) .

0 0 n i p  I t  • I \‘ i ’ . ’ w p r o  t’ ol i i  t . - o ’ l  . s  t i —~a t i i i  - t l i i ’  v - I i  - o f  I’

I r o t - -  r h -  - . r r e l a t  i ’ l l  d a t a  t l i t ’ t O o - l V t - .

5. -\ new I . -  liii i p t e  I or  sd o c t  i I i i ~ ~ iid I i i o -~ t l u g  t lie s i g n i  I h i n t

1 . - i t 1 1 . 5  II) - I so - I - n o .

R i o ., l- — - - i i ’ - o t  it o i t  l o i n  e r r o o r i - . r e s u lt  when  p i t  l o f l S  of  ‘ i i ’  5( 0110 t O  he

i:i;lg. oI s t i t  f r  i t  i t  a r t - i am p l  i t  i - i c  e r r o rs  s i i o - l i  i s  i i~~’ l i t  o r  p r o s l l l o — t ’d I V

s1i i , f o r ,.’~~ i i i  t t i ,  5o~~~ite  or  sn ow (~l1 t lii’ i r i i o i n d  h i s  i t ~~~i o t  t a n ;t l  ‘,- / e S  I

f , a - t  of t h i s  ~‘l~~ss of  e r r o r s  and .l, t . ’r t t i l n e s  t h e  d o e r o t i t  t , , ii i n  I’ i sc
i f u n c t I o n  of  t b .  t i i t r i i t u d .  of t i n  o i t i ; . 1  i t u o l i  er r o l  and  t h e  s i~ t t -1 o f  t 1 i . -

r e f  I - r e n t - k -  ‘~~i ’~ i l 1 Y 0 i I \ o ~ .

i i . -  ( ‘ onput  i t  i n  of  1’ l i . - r e t H  o re  has i n v o l  y e 1  n t i : s - r  i - a l  l n t , ~~ r , l t  j~~~

t t ’ c - l i n l q n  ~‘ . 1 0 1  i t t i l i t - o l  l i t , -  - i . l i s e ij u em- I-  of  the l p p r o x i ’ ’ e l t  i o n  t & u ’ I i i i l q u t

(i -v - lop . i n  t h i s  r t - p o r  t i s  t o .  I ‘ i l l  I i f v  t l ie 0 - 0mph  1 a t  i on ;l  1 wo r F- . Add I—

l o o i , i l l v , ( 1  i o r . -  i n s i g h t  I i ;  been o u t  a i i i e - I  i n t o  t h e  v a r i ~r h 1 & s  t h a t

o o i l !  r i l o o t  . - m o o t  s i , n l  I b i t  l y  t o  i mp r o v i ng  I’ ; (dl i t  h o t s  b et -erie e a s i e r

t o  i ; - : i . l . - :  • ‘ i t  ti ~’- e s t  o ; i . i t  Ion  p r o c e d u r e  f o r  . l et e r m l n i n g  d i r , -i - t  l v I r i o - i

I l i i -  ‘ - - r  .‘ l i t  ( i ~~ 0 ~ i i ;  arid ( ) us i t ig  t h i s  , i i  no o r  i t  liii m ay  en a b  I e one t o

I i i  . ‘ r i  I i f  V 1 ‘ I  I -  ‘ r  i t - (li s t i igir i s l i  I t i p  I t n t  L u  res I ri - I SO 0110

I hu -  t , ’ i i - o i f l o l e o - v  i is~ . I  m o s t  o t  t e n  In  .I. - so - r i h l n g  t h e  s t a t  i s t i c a l

c i i i 1 - j o t . -  r l o t  I c o  ot  .1 I I I  ! n o 1 n i l - one o ) t  sever i I d e l  In i t  i o , r i s  f o r  t I i , -

‘-1( 10 ~or P I l i t  ii 1 -i ~~~t h t r o t  t h i . ’  f o l I o !  - o r  ( i t  I r i t l t ’ p t ’n i l t n  t I’ I (‘flit li I I t )  t hI ’

5( 1 ( 1 1 . ‘Ui ’ .i — , ii - il o n ,— - ] ltii.’ ii i - o i o . r i i l  - t i c o i l - i t  i ’ l l  Is a p r l i i i r t -  I I m i t o i t  l o t )

wh , ’tn  ( OTfl~~I i  I l i i i  I l i t ’  ( ‘ r I  ‘ l  i t  I I~ ll  I . ‘r rg t  ii f o r  I t  i i
~ip I I c - i t  I t r i o • l i i , - flOw

-

~~ - 
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t t o ! i t h i ’~~’ i .  - h - v .  I ON - o h  I n  t h i s  I c - p o . r t  w o r t - - h o to -] ’ s - s c r - f  t i - i t -  L i i  - - o r  r- . - l  i o n

- f -  o t  - I t , c c  I o n  I i t  ,- t l i .  n u m b . - r o f i nd - a - i ; -  -n  t • - I .‘~~ , -~~ P s I n  1 b i t ’  s o t - t i  i - — —  t r i . -;

w h i c h  ; i t i  e t  t o t  i v , -  ‘ r i o - I  i t  l o u t  l . -i ~~~t i c iri i - t i - o i l y  1 ’ . -  c - c I t - u i - i t  - f . hi-

h n i o t t , -  - - - - i s  y i n ]  I t - i l t n s h n ~ . c  r - i no f , i i - ; Iv i - . - o i . ’ r i t . - - 1 -5 i - t i c - . I i -  o s s . i r

t i o u  of  C - i o n s s I~iri  s t a t i s t  I s  i n  t b - s o -  c i l c o l i t  t o r t s  - i l s i o  p r o . v t - - h  r i ’ ; i -~. o n . i ( o l - .-

r , - i o r , - - ; c - n t o t  b y ,- ~ t th e ’ ot  i t  j o t  I c s  of t i . - r i - - i l  t e r r a i n  i n a e . - i  - t t - ’ i l  ~c h.

I l i e  h o e - s i r  t~ o f  t lit I .  - ‘or 1. i leso r i t  - s a t i  -w p r o ’  . - - o r . ’  or  i - s t  i - i t  i t  - -

th e- I’ v on I i i . -  c h i . t  I ’: I r on - ; t i c  - P i t a ,  ri te I c c l i i i  ( l i l t ’  - c pa i n  w o i r I  s b a c k —

e i r b  f r o o t- ~ t b -  o o . p n i ’ I i t  i on  o f - l i o n  t o )  .- s t i t - i ; t t . -  t 1 ; c -  Sc - it o- I ~; i r i c t o r j s t  I ,

I . . - .. t i i . -  w h i r  c o f  l n . I O i o i - I o h i - ; t  t - I c i i , - n t s  i n  t h e  so i l s - , t t o l -  O t t  1 115 1 I n

i c - r i o  t n t  cii S I ’  ‘ - , - c u d  t i r e  si p i l o t  I — t o o — I - - 1  s o -  ( i  / ‘
~~~ r i t  in . ~ r outo  t b i t ’  , - ,- s t  I —

t - ; s i t r - s  of  iii n o -  i ! t : i r i o t , ’ r l s t  0 0-i , c ’n t -  c o n  , : o t l o - i o b a t e  the - u - - d o e r of i n —

dep e n c b e t i t  l i s p I a . - e ’m e nt  p i o si  t io n s  a t  wi l i - t i  t i l e  t w o  map s  ar .  - o o ri p ; ir i - of s i n ’ ]

0 V i r i a n c , -  of P l o -  i t — r i - g i s t  or  o o r r i - I a t  i o n  f i n t i o ’ t  i i t n . 1-~’ i t b i  t b i ’ se e st  I —

t t -  ;in ol ‘ h o e  P 
- 

o l o i s - o h  — f o  o rn  a pp  r i ’ ; :  i ; t t  oi l  , o ’n  i -  c o in  c ‘rit e  i t  . - I’ d i  r i o  t 1

Thi s t e ’ c b n I q uo  was t e s t  e l  u s in g  ‘f on t  e ( o c r  I ’  s ion  I I t  I o i l S  w I t  ~i P . 5 0  I

i n ; i i ’ , - r ’ ,’ . I n  t h i s -  s im u l a t  j o i n s , th e  c l ’ r r , - i t m a t  i i ;  p o in t w ; o s  Id oti t it i - - h

i n  - c i  I o a t - it ’s (P ST’ii l ,\T EI )  = I ) .  V o i l u e ,s o I p t e r t - ; I t l i -  ° i n s in e  t h e  i - s t  j o l t ion
C

- o i n i q u e  t o n e’,icli I n d i v i d u a l  c o r re l at  i o i n  e xp c n im en t  ‘- o c r  h o l  Pi tO~ O. ll

1 a nd 0 . “-1 . i’ e r t c a p s  even more i m p o r t  s t i l t  lY  , a sop a rat  0 e xp e r  i ri en t

w o o  set  i n ,  w h e r e i n  two d i f f e r e n t  maps  wer e ’  c o r r e l a t e d . O b v i o u s ly , f o r

t h is  - o i t o n a t  i on , I’ S I M I I I A l I - I I )  = P • The est  i l - l I l t  ion t e c h n i que I n  t h i s

C a s t  produc ed  va lue s  no ~‘r e . it e r  t h a n  ( 1 . 2 4 . Th i n s , t t i e  t - s t  i tna t Ion t o - o h —

ni que a p pe a r s  t o o  he capab le  of d 1st I n g u l s h  In g  be tween  0 1 5 1 5 where  t h e

se n s o i r  map is  or Is not  c o n t a i n e d  l i t  t lie r e f e r e n c e ’ map.

F i t t i l l y ,  or n e w  t e c h n i q u e  f o r  s e l e c t In g  and I c o a t  j u g  t l i t ’  s ig n i  I I—

c o i n t  f e ’ o t  t o t  n o ’s  in  - i So t l i e  has  been dove loped . The t ec ln n  I quo I s  ha soil

on ,‘st I ma t  i ng t h e  vu l t i t -  of I’ f o r  a I ar p e ’  number  of  submaps  a n t i  so l e o - —
C

t i n g  those  submaps ( set s  of p o i n t s  o ont s t  I t  i n t i n g  t h e  “ s i g n i f i c a n t ”

fe ;r  t i r e s )  t h a t  have  t h e  g r e a t  e s t  e f f e c t on t lie va 1 i l O  of P . An ex-

p l o r a t o r y  c o m pu t a t i o n a l  e x p e r i m e n t  showed su f f i c i e n t l y  e n c o u r a g i l l i ’  re—

sti l t s  to  w a r r a n t  f u r t h e r  r e sea rch  on t h i s  t e c h n i q ue ’ .

- -  - ‘ - ‘ - -
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5 ’ o~ ( ‘ ‘ 0  - u , ,~~~~r b t o  . - o u  b o o  , i  n o o n . -  ‘ t - t - ’ r , i l  u ,  ( b o o - h  • - ; - o - o o  b - - t o t  o P

- i P - u t  - r P - i - o n I cp o r  j - - -- I is ‘- - t ‘s I ‘ , i ,‘ O t t  tp  - ‘ 0 - ”~ 1 0 5  “I 0 - - O t t ,’ ) i n o
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t h ~t t o  1/  . o t  i s  - -r - ‘ 1

0) ( 1 2 )

P 0 0  t n t  • o c ’ c - - ‘ - - u - - i ’ -  I z , — m l  0 - ’_ ‘ - o i t t l t ’ u i , ’ I o i o ’  t - . t - t x p r t ’ - - - . i O u l

( - H ~~~ ) 
( I  I )

TO o l .’ 11 — c b , o ’w ,,  .‘ , - - u ( i - t b  n m I ~ u , - ~ of  - . t n ~ h P P o o r  t l u r i ’ . - d i f f e r - n tc
; i l o - o ’ r i t l oo - . , ’os n , - , ’ t ’  In th o m  t b ’  h i - , r i l u t i m u u m  v - c l o n e - - s  of  d i i  c o r r e s n o o n o h

- - o- tax  f t - s i m s I ’ v ; c l o o , - s  p - n  e , ‘ f n ’ e - t o  S / N  r - n t  1’ ’ . Sc ” o r - t I  ; t o h o l f t  b n n a l  c - i o n—

c l o n — i l o n s  e s c o u  a l  no , . i ~ l i - t o t  , t t  i v . - h v  - b r a w n  P r u o m  t b i e - - rse -  o l o i t  . i  - i t t 1 l q .  ( 1 3 f -

as f o l l o w s :

• As  t i m e - ’  t n m o ’ O o e - r  0 0 1  ~~i ’ t  t ’ . - - t ’’ u . u p  i ° l t ’ o ’ t i ’ o t t  0-0 , N , i n o .’ o ’ e - : m s i - s , t I , ’ ~‘ , e h i ue ’

t i P  o I e - - o u ’ c - s c s e ’ s . l l u i , ’-c i ’ u - - , i n l  i s  I n  , i o o  i n m ’ t ’ c - - u s t ’ o I  ‘‘ , i l ue ’ o ’ t  I’  
-
.

f- i-. ‘ h i m -  ~oi o o b m . - r  ‘ o P  c o u u o — o m l — r o - t p i s t e ’ t — p o u s i t  I o t a — - , (~~, f n c ’ t , - , m ° o , - s ,

l o u -  n - -i so - -- , . I h o ts r i -soil ts i n  a o h i o r m - . u o , m - b  v , nl oue - ’ i t  P 
-

.1. 51 mc i - A o i i i o l  II ’ o r - . - h t o i t  ho  - b  c - p c - o t t e n  I i t O  t h u e - -  S/ N  r s i  t 10 o i n o h  P l ie

‘ t O u t ’  0 b o o t u , u ,  i - - o f  Ph ’ s , no u u u i i v e u - , , t I  r c ’ I - o t i m ’ o o s h u f p  boe - ’ t~~~c - c ’ r i

i n o l  t h u - se - - - - - i r l - u b o h e ’ s  i t t  t u o  b . .  u ’ x l o , ’ o t o ’ . ( .
- o . b r , u ~o o t b ’  l o P  , t  p 1’ -’ - - I i i  ‘ I . e  h~ I . -  1 1 i t  - i pp ‘ t i n , c t V e-’ r P l o t  S / N t i P  ~ c 0

0 o t t  • - ~ - I i e o t  - h u n t  I h u e  o i l  pe n i t  - t o  w I  ( I i  I I t e -  hi  j c ’ b u i - ’ s t , i bmo-o c l i n t  c ’

v a l u e  of B ’ ‘i  l u- ct.  . i e - - h i I ~ ’ v . ’ ’ u  t b , -  mlii b - u n t o  v i  h i t ’  c o t  
~~, t o i l bou t ,’
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h , . ’ os ix I t o  ‘ - s vs I o n e -  - 1 1’~ , ‘~~t u u  is , 1 e ~ n ’ . i I i i . ’  i t t  }3~ 
- 

0 - t o  1 , - i ’’- ’ i -

o t i s  - i out . - , i - s o  o r ,  - t o t  t b u t  - ‘‘good ne- ’ tu s ’’ o f  t o o  1 c -u in  I t 0 or ’ s , s~ u c  m m  - , 1 n

1~ t ’~° t - , t t

‘ 13 ’ = 
b 1 ) 0  

— 

L I I  I )

( I )

5 . I t  I m e - ’ _ utot a b o p e - o r  tn u o o - s  t In e - - d-~ t - t  l it  I d  h e’ 1l~ t l , s c t  t i o r t h i e r  - s o t h - —

i t - u - t I  c - x p r u -- - . n i c ) u u s  t , o t -  m n x i n i i~- s l r i g  I’ c ’a ut ho. - f o i n a d  by  e i t h o t - r

oi, t x f t ’ t b z i i u o ’ t . - n o o o i e - n  c t o r  o r  o ’ - I n i t r s i i i u o ( p  t b o e  o ! i ’ o o o o ’ - u i n s i t c t m  ml

• I t  s i t o u u l m b  u t -i c ’  l o t ’  m . t c - - b  f r o o t - , t h e - ’  o b . u I , c  t h u o n t  , o v e - o  t h o t ’  S / N  n - i t  f , m

o - 1 0 1 m m  i t o - - . - i - o t j o - o t t - I , u ’ o t i n i m i z l u o ~-, t b t t -  v , t o l o c b o l e - ’  o a l o n e ’  does n o t

‘u - u x l n l . ’i ’ F

1/ , - I i i -  t i o u  n u t  t b o e- ~o 0 o V t - .  i c - a l  - i- i t o  i to o ,  ‘ I  it ’ I , o cs 1 c ’s ’,’ r l b m 0 - 0 h , i  t t O ut-

o t -~~~- • - ‘ 1 , ~ - -, i t q u i t e ’  o ’ I t - - t o ’ w b i v  it s max i t - i l zoo t i c o o t  0 s a o o u o m b

o r  i t  c r  j o i n , wIn ’-’ s un l ’o ; ’  t h o t  I s - o u t  i n n  o t f i t  s o o n  I s is t o o t  on -se ’ f c u  I , s t o o l  sh i v  I t

i s  ) 1nr 0 - u - - r u- ~- f f 1 c i . ’nt a s an c - - s t l - ’ i , i t m o r  t h i o i i i  t b -  c t  io



— ‘ ‘1—

I V . ‘ 0 1  t -I 0f - P l o i N  ‘roc ’ b b N b tI !’O b o b - i l N i ,  (‘nRR LAT !o(N I’)ATA

l iii . (‘ - ‘ t o o t - p t  b r t - o u o s e - o o r l y t o , - , - l ~ - c - I c - - l i t t  I h i ’  c o o m t  i - l o u t  l o i n  f l - l o b  I s  t ° o.-

; o o o s s f h l  l I t  v o u f  o m - . l n t g  t h e ’  o’ u u r r’ , ’ l , t I  l o u t  c h s t t  -t t o t ’ ’ -. .- l v i ’ - - t, o . -— t I o o , t t e  i so t ’s . ’

‘ 0 t h o u -  i o s o - - - n t o u o t  o u r  0 , - t r ot o t t  t h e  p r o t - e s s , 5 O i I ’ l t -ts  I h u e - ’  o t u m - o t~o ° r  of I n —

- h - ; o . - t o - I e ’n P t ’ h , - o ’ t , ’ n t s  m n  t b , -  - so ’ .- r u t ’ , N
1 , t b , - c o o n m e ’ h , t t  I c o n  h e ’ o o n ’ t  I ‘ t ’ ’ ’

‘ - o t t o . ’ , - , t o - s i o ’ o o , t I — o o i — t o o o l s i -  r a t i o , 0/ ’l , i O O , i  r h o . -  p r  ,l , i b , I 1  i t v  of - -

O t ’ L ’ t I ‘c i-~~~o ’ O i  , I ’

s c - n . ’  s u r e -  t ’~o - - o u o e - - t b o o ” I ’ . b o y  s’° , j c b o  ‘ o u t  (‘ n u l l  o t ’t m i i i  ‘h e - - i -  i ’ u , t  i t ’ t o i t i ’ — .

F I r s t  , c o o u t-- I p l o t  b - - n- c -  b ‘ p - t t o  . - x p u — c - - ; is t o m  no I - o r  t b o i  - 51 o t t  I - s I  h o  - a 1 - - ‘p ’  - o t he ’ s

, p  ~~~~ c ’ u ’ u r i ’ I a t  I n n  I u n u t o i s.~ , c l  I ’ ’ ~ ’ i o u ’ t O . ’ ~~- - o - t o ,  t o o  ‘ i’  - , p . t t  b o i l I v  o r —

t e l - i t  t o l  w i t h ,  , c o ’uv , t t o : , r o r ’ n l  O t t -  o h I s ’ r I ° - o o t  l o u t . ‘I I , . - ; ‘ r i o l o l t - s n  h~e- u - - - b oo  t l t , u t  I t

i s  o - -st r c o -  ‘,- 1 Il f 1 0 0 1  t o  i c - v t ’  1 0 0 1 0  P t n_~5 - - 5 t i t  l’s t I c - c I r i °  l o t  p l o i o i s b -  I p s . bl ow—

t - v c ’ : - , i i  , u  c - - t o “ o h  s o l o i t ’ l o n  r o o n l o l  ho t ’  - ‘~ I ui i i’i & ’ o h , - i n . t o t , -  ‘ - s t j ’ - o t c t t -s c - - o n h - l

I ,  s n o t ,  - o h 1  r i ’ t l v . ‘F l i t  - u t  h e ’ r u .  - u - ‘ - b ,-~~oo t 11 - t to - o s - .  . - t - - - s t 0 m m , ,

tnoo ~ o m r u - e I , n . , -  ~, oot ~d o , . o o m t s s l o o o - , o l 1 s t o 1 / - - u P  i - I . t b .  St m~ I s t i -  o i l  i - x ; o r . - s s h - m ro s

t h u s u t  ~c - s ’  11 ‘ - ‘ O ’  ; , o o ’ ,’ su 1 p an thin s i r - . - - — i - n e - r oi l  l v  q u i l l  c- s b - - o h . ’ ;  - - e - - r , l i - o s -

is so ’w 0 0 0  . 0  o I l ’  i c o r u s i l u n o s k t  - q u n to o t l ’ n’ I b s s i I  0 0 , - , -  t s t o  - o ’ s t f ’ n o t c -  b — — P ° - ’

o I l  m r ’ - t o e ’  r i t  P l o u - h  i ’O t e ’ i- b i - to e I .“ t ’ o o t s l ot  t i n e  s c - c - t O  u - . , \ ~sv so it Ia I c - or  m e l t ’ °fl

j u t  ° u i ’  so  - - n e -  v i i  I r ~~ - - 0  1 i n  a ‘ - ‘s-c t’ niumb e r of I n1 h en - 0 - l e n t  I i t-te st — is t - , e  i t

tOo .’ oo in t oito, - o o t f  p 1 - s i - I s  u n t i i s n ’ m l  l o t  l ii. ’ s c ’ s — o c r  ~o o i I o . ‘l o b s I . n u m - o  o - ,. t ’

i s  u— u - - h  t o o  - -- . 1  i t s u o c t  i -  o h - - t s s u ; ’ o ’r t o o o r  b o i r i - u c - P  . 1 ’ s o f  r ! o ’ - ; - - r n o -e o-i ’-o , s t i s  Pe-

so -n  ibed ii , ’  1 (1W .

F ; S ’b ’ I ’ i A T I N O ,  0 0 0 / N O  i ° A R A M I  ‘ l I P S  1 - 0 / j i M  1 ( 0 0 - . ( ) O R R E I , A - F I o t ’-.’ ’ I A I A

To 11 l o n i - o t r a t ’ ’  t he-’ c - - s t m a t  I o o o o  p r oce ss , l~ - t  m s  f b i  i-t I o t s s i m t - t , - t h a t  i n —

and o t u n t — u i t  —ni- p Is t c- r valu e-i - , o t t t O o , ’  c orr tilo t t 1m m  1 c o u r t  I o n  h a v e  been ge n t—

e r , n t  c-i l • The ’  followin g m l l m i t t t  It Ic-s u , i i t  he c e - t n - t o - I  . u I  I m m  s tno ’h d a t a , whe re -

t Ow s u b s c r i p t ~1 butchlcat. - s l c u a u i t l t  be ’s cIc’ r lv eul t r o t t ’u  - o . - , t s o n r t ’ u i  d a t a :

m i n i m u m  aeIu le ’v ed  vu I o u . ’  o t  I 0,  co t - t i - I  i t  lout I mutt, I Ion lo-
n e - g i s t  t - r

l ( I 1 ave o , t  p e - r - -,- , u so u r  c-cl o,ruu lu t e’ ol  I li e-’ ‘ i ’  r ’ r . I - t t i c o n  f cl i i (’ t I out Out —

o t t  — I c - p  1 0-4 1 c t

- ( I )  ~ m t - o l s o n  nc- - b n’ r i . tu it - - ‘ P  h oc ’  ( ‘ 0 0 1  t c- I - t O  in n  t l i O n ’  t I ci i i  Out! — ot —

r i g  I - 1 t , - o



1 . - s c ’  i p i o l u o t  11 m e - - s  c m  t b ie -’ ui  h o c -  o i ~~e-’,I mis  e s t  b o s s , m I  i - s P t o n  l O u t -  t - o o ~ s i - u - u l 1 c ’  -~ I on—

i s p  I i - —; I  ( ( 0 )  - , I - I ( 1 0  , s c urul - -
i 

( . 1  ( , ‘ i - - o h m - t l v i -  I n - . h o e -  
~~~~~~ i t  v ~ ( n )

u ’ an o n  - °  - o i ‘ - o c t  i l  t m o n  I h o  it on S i  u t c o - , b u t  ( ‘ e ’ t o i  - n - i I , t , b o o  r - - i --u t o n i  n°

‘t u , -  o o h t s c ’ r v , - , l  ex t  I” , - t ’ u o i u o u  v m l l o u e - ’ , 0 1 0 , u o o l  i t  l o s  o h m - r i  c - i - - h  u n s i t o m ’ I b o o - - u  tss ’ iO ’ u ~~—

t j o - t o - -. w i l l  c u r t - v  01 o’ - i r u - t  ( ‘ 0 oon ’ e - - r t b o e - svi- ,b o o o l

For t h e - ’  ‘-~~I u 1 o’ ’ - . ’’ ( n s s o m u o u m n p .  c o o  o o i o o - o - r r c - 1 , t t  c - t I , i - , o o i - o o ; b a t t — , I j s —

t n i l - i t . - - I ‘ u - n , ‘ — o o u , ’ , 0 t o  st e - - t i e - -  ) t b c e -  o - ‘ t i u ,  it t -  s o i l  t l i e - ’  St  - o t  is - t I ,‘ s o I r ou t ’ - u - u  o n e  -

,1 0
- o n - r e  h a t  i~~l to t b c e ’  sr ‘ 0 0 , ’  c b o , i  u’ o t u - t i - u ’  I St i - ‘i , 0 , 0 

- 
, o t n o l  0 , t o y  P b o i ’  t o !  low—

- ( I )  x n i -

l t t 0 /  . - m h u i u i t  1 - - t o ’ s :

0 0 )  = , “I ot 
~

- ( I  ~ )

I t  , o
, (

~ -
~ 

- 

~~~ 
)

_ 
- 

( 1 5)

3 m  0 = ( 1  — 1/ u t ) 
- 

( 1~~)

- i t - .  o~ v , c r i s i m o -  i - - m t  t It e’ s c e nt

‘s- c r  lo i n e ’ o f  t h o e ,’ n o t i s e - ’
n

ut o m u - o b o c ’  r o t  I u i d c - p e - t o o h e - ’ n t  c - I e ’ t ’ o c - t t t  to I n  t t t e -  seut s o ’u ’  t-i~ cu t e -—

o i t h i  t b . r c - . -  i ’ 5 u t t  i o n s  s t o o l  t b u o u ’ , -  o i t i k n o w i t s , one-  t - s t i i  I b o o n s  o o o o ’ o ~~ o n t e  c - s t  1

u - u t  c - t o  I or t h o e ’  t-uo’i’uo’ b o o i r o i t t o c ’ t  i r s  t nu u t’o t h e - -  me - ’a su r - o I  d o u t s u . S p e -c - i t  i co c i I n ’ ,

= (n/ I )  :~~~( f l )  ‘ l i r e - ,  t l v  f n u o t - u  L q .  ( 1 ’ s ) , ‘-

~~~ 

( “ / 1 )  L~; ( ’1 )  - I~~ (it ) I
f n - o u -  l , m~ t- - , ( 1 4)  and ( 1 ’ ,), t u t o l  t One -’ f o n u o m e n l o t  l o o t ’  I-~ o l t - r j v e ’ t l  f n o ’ t ’ , b - ’qs .  ( 1 - ’, ) ,

( 1°1~) , o n n o l  ( 1 0 ) i s

( o o / , ’ - I )  ; ‘ ( H

‘ I - 
- - ( 1 7 )

b l o c -  , — i i t  I r . -  ‘ n o  c - m t o u r c ’  Is u l 1 , t o ’ r o e o o t o o o c — m l  i i i  I - h p .  ~i I ’ I u i -  t w o  n u a b o - ;  m r . -

f i r s t  c - o o r r e ’ l , t l e d . b l u e  . ‘x t r e ’ m u n m  Is I - d o e - t i as t he.’ b u u — t ’ i - o ’ i s t o - n  v o t l u n ~ o f
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I hoc ’ c - o t t o  t I - t t  ( i o u  P u r i c - t i t o i ’ u i t i m l  is  ex t  0 , 0 -  I c ’ !  f n o  m o’s  t 1cc ’ 1 , ,  - u  ; 1 ,, I I n  - I i t o - i

‘ - - o o ’ - u i - - , o t i - o  o t t  t o o , o ’ o o t - ’ O l  — r e--p h - o t t - n  \‘s i l m m  t- -~~- t rt - t - -n  t ’u u o- .u p unt , ’ b t no o rn t o , 

o t  [it b i t ’ - b i t s. l I t - s , ’ I o o o o  t O , - — -s : u e ’ o o l  , P l o t -  m ’ X t  i - ‘ - “ i - — s  v a l  0 0 1 ’  0 0 ’ I b-

c ’ o m n , ’ l , u t  i n n  t i u n t n _’ t i o t t o , t o o - I  t h u ,  o o ° r r t ’ l , c t  10)0 s t - o S b s t  I c - i --. , t h e  so e t i e ’  u - - t n - t o ’ - —

i - t u - r - o  , c r o - , - o - ot  l ”u ,c’ o ’m b .  b l o b s  i - s t  b u o s o i t j o m t t  h o t - O h , - b o o r s - ~i — , ‘c oo ’s t b  ot t O o . -  m o o r —

r i - l i t  t o o  - ‘ t a t l i s t  h o ’s f o r  t b - -  ‘S’o I ’  - c l g o r i t b o r ,  c i . -  ( o u o m - ; ’ o f : u u t . o o l , 1 ’ f c u o m s l ’ ’ ,

- - t 5 - c O o  , ‘-~ o t t - t -  t o ot  r r r n h v  t 0 t i n s s j , u n  - t o o ’ t  b i t  l o o t  u ’, , - o o t ’r’ , n t i ’  r o t o r - i ’ s -  c- ,’i o m s - - j , c o l

i-o t t  l i s t  t o o - i . ‘ b ! t c -  o p u e ’ s t  b o o n  m i t - - c l o t s  as  I n  b o w  e i i , — . . -  t o .  I t m u t - o s i - u n , i o u  m i- fl—

- r i , , c r o ’  t y p i c - o i l  ~ ‘ - no - — s t a t  i — s t t o ’ s.

o o o o t t  t - o . 1  o - x r o i ’ r  f 0 ’ S o ’ t l t  0,- o t is morn t o  l e o - s t p l~~. s i c - - u n t o -v  it P p h , ’ o ’ - o t ’ ,c~ o i l  - - r

c’s t b n a t i - -  ‘ i t t - h  I - ’  c ’x oc’” , i t o i ’  t b u e ’  ‘ ‘ o i l  H O :  o f  I t - ,, ‘ - , i o n u - o s i , ’ i o o  o i 0 ,~~- o t ’ - : o 3  j , ’ t t . h o ’

, - x r - ’ - o 1 ° - t i - t o t  t ’ on s i - ~t i-c l of  ‘ i - o u t - u ’ i t i n s -  a r u P e-~ t - i . o t - i .  m o - s i -, ’ i c - b o o s t -  m i  c o t s - i c -  r i ’

b i o o l e ’ N ’ o u b t ’ t s t l v  ( l ; i i n t o S I . 0 1 0  l I s t  n i ° - ’ u t c ’ o I , a t o o b  e x t  r i  t I n n ’  P r om o t °  i s  r i - P  c - r e r u n , ’

“u o n t ’  oc 1 0 0  - 1 0 0  e l e ’ o - i - o o t  s e - t o o - o ’m  o o u s u ~ ’ t h - o t  was t b - i - t o  y u r o o - I s u t e u l  l o v e r  t o . - e i t—

t i r e  l o t  c ’ t ’ i t l C c ’  map  t m s l o o u ’ t he-’ M AP oe l o ’ o o r b t  h o t - ,  b u t  t t , , u t - -- . o ’ n u’ n o u l - s .

K - o , - o b  ‘n I b u t -  o t o u l — o - o — r c - t p i s t i - r  o ’ o o r m t o ] ; u t ion I , o t s o , I , ,~ 0 )  o u t - b  ‘ , ( I )  w i - u - c -

o 000 ’ o b ’ I m I i - I l  and N
1 

(‘s t O t ’ o S t i ’ ’f u s I n g  F I q .  ( 1 7 ) .  ‘F ,uhh ’ l ,  s h i o os’ o t l u c ’  r e s u n l t s

oP t h e . -  t - - - . t l u - u - i t i o n  p r o u c - n.-o-o s in s i n g 2 5  o I l  f t  c - r e n t  r e f o - r e ’ u t c n . -  scenes , c- - i c - l i  0 1

w h n I o b t  - o n t o n l n e o l  15 . i ’m .- I e m e n t s .  A l t - o m o  o - u b u , o i , o o t  i t o  t ° s b s  b - c h i t ’  or .-  ph i -

vo c l i n t - s  o f  t b oo ’ tin i rd .—e. n o c l four t it mom€ .nt to , - and - , s o t  t l i e -’ o ’ o u l  — o i l  — r e - o p t s —

t er c o r r e l a t i o n  fu nction . For -c Caus slan mUs t r j l o o ~~ c - I  process , t u e

Ph i l r~ l 000 o o o soo- n t s h o u l d  i o p n u l  zero and t boe -  f o cm r tl u o000 tt s 0 00 t s h o u l d  he t b u m , - . -

i r nes  t i n e  s q u n a r e - -  of  the - -  v a r i a nt - c .  As  seen In the - - t a b le , In t h i s  cas e . -

t h e  proc t-s s Is n n . - s m s c o n a b o  lv c - l o u s e - -  t o  ( P m o n s s i a n  . Thes e --  m o m e n t s  were  t i l s o

c al cu l a t e - i l  f o o r  r e - - c l  sc - e ’ne -’ i t o o a g c - r v  and s i m i l a r  r e souh t s  we ’re - f o un d . h u t

o - o i n r e ’ i ; m t  i o n  i e n g t b o , o l i s c u s s e ob  f u m m t  h e r  hc ’ l c t w , c a n  he d e f i n e d  q u i t e -

p c - t i e - r o i l l v  by t h e  r e - - l o t  b o n s b u i p

(~ i~~1 
) 1 / 2  ( l x )

wi t h  N a c t u a l  number  of sensor  e l e men t s  ( p i x e l s )  in t h e  scene. The

c o l o n ’ — , of u - g iv e n  In  ‘I  ;i h l  e l~° our ,’ c omputed from l ° I . (1M )

The m l f s t u r h l t u g  r e s u l t  o o f  t h i s  e x p e r b m e ’u t t  i s  t h o m  t t h e  a v e r a g e  v a l u e

c i t  t h e -  eb timat e for N
1 

Is 16M (whiclt is mu ch  l a r g e r  t han  t h e  a ct  o r u n

number  of ~ I ement  s , l i o n , from which the’ so-e,t ne was c -crust r u t ’  t ed ) and t h a t

- ~
.-:. — - ‘— — - —‘-  

~~~,
__ —
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there I- c a large v a r l - e t b on in the range of the estimate (from 83 to

° 2 - M ) .  T h I s  e °’xperiment was repeated using different reference map sizes ,

with ‘c i rn ll.i r r e s u l t s .  The hypothesis was put  forth that there is

rnnth irg wrong witb o t O u t ’ estimation technique per se , but rather that

valu es - ° t  t I m e -  MA T) - el gor i thm computed at closely spaced displacements

-c rc’ , In I s , o  t , c orr el - et ed . Such a correlation w o u l d  cause the varian ce

‘of the map— corre la tion functi on to he somewhat sma ller than was
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S b u t o  e’  t t o i -  t - t t n n i - I - i t  l i o n  c ’ o u e ’ f f  I c l e ’n t  b o e - - t s i s ’ . ’n t l o e ’ s ~~ t w c u  f o m u u c - t  t m u u o s , ( 1 )

I ( 7 )  , I s  y I v en t  by  P lii ’ o ’ ov m i r  I , t u o o  - oil ne-” t wo O I oc t i m - t i o u t s  d l v  t o ) .  o h b - v

o c -  p r c . o i ~ i o -  t of t l o u  - t m u u i i h a r i h  m i t - v  h a t  I t o u t s  c o t  c ’ o u o ’ i t  ( o t u t u l  , h u t  ‘ T i C ’  I i i  e ’  , 0 h u m  -

* P r 1’_’ t O  t - m ’ ouut j o tu un I o t i  I t o n i



t t O V . h t I , i 0 0 0 ’ c ’ I s  t l ’ t o ’ s t  u i - ~~t t ’ c’i ) O i i l  t o .  ,‘ e ° t - o m ) , I I c c - n , l i t  0 -~h - o o 0 - r , i l , t h o - r c -  is

t ’ 0 0 0 ’ O . 1  t O  I - - t o  ‘ - t - tS’e -o ’ t u I h o . - - - . - t w o o  u )  , i o c ’ u u t  v u i l i o c - i s . ‘ l ’ h m u u s  Eq s. (1± ) orn i b ( 1 7 )

or - i- m b  1 - !  P o t  p5. - -I e’ te- r’- o i nsit i - ° to  o f  sc i on’ m - o r - o - - u e - t c ’ r - ~ ~~r o o , No’u f )  (- o o r —

t o - b i t  l ou t h - i t - u .

l i p - u  - ‘ o r - l o t  i - - u t  - - t ’ - : o - o ’ T t  i , 1  t i e - n t  o- ooo- u ’, o o o t c - mb “ c l o u t ’ s  b u s  - m  P u r t  0

l p u 0 0 0 u o o t  o u - !  i t - o p l l o t ’  i - u t  -~~i t l -  r e 0~, m o  t o t  t ! - + -  p r i ’ - b l u - t c - o I  u u o - r f o r ” o , o t u ,  u -  oP  t t t~

‘ ‘ - ‘ ‘ - u n ’ ’ -  I t l oo n . ‘ I ’ b to°  r i - - b o o t  i i  m o o  l o t  t h u e ’ m o o t  — o P  — t i - u ’  f — i t , -  r va r  i - c o o ’  u -  n o t  ‘on l v

I .  o ° - P m ’  , t - o  v . t o ~~~~I i t ’  o t t ’  ‘ oP ( , c - . n O  l u - t o , ’ ! ) , b u t  i l — n o , o t t o - I  s o t - c ’

‘o ’r ° , c o m o  I v , u ’ , ’ s t n ’. t to 1: ‘o u t  u n n t u b o - o o  t - u t lt’ o - t t u -  o t t — — ( u i - t o o  0~~ - .- ‘_ t - i l o o i - s o ’ - u l o’ o o —

l u ’ ’ ’ , o o u  p - u ’ p o o t t o t  t o r  p 5. -  No t :  , o l c p o - r i t l i g m  - 0 0 _
u - a l l  t o o ,  - u - o ’ o u — , , ’r ’, - , i t  I ’,’’- .

t ’ u - r  t
o o ,  0 - , ‘ - - :

‘ ‘ -~~-- (o i u ’ u I t o  . i s s u n m i n g  - c o o  t o o t  o ’ t - o  c l - i t o - - s 0 ( l i - u - , —

s h o u t — , ) i s t r i t o o p , ’ o b , ‘ i - r i ’ — t ’ . - o u o o  t o m  - o s , - ) , t o _ u - r ’ s t i o ’ o , u t e o - o  of t l s m -  so o t  l i s t  ( c c l

- .‘ , s o n r . ’ o o  o r . - r - - l , i t i - -!  t o ,  t o .  so u t . - o h o o r - i c  P o - ’ u ’ i , -, t l o ’ t o  by t 0 , c -  0 - l l c ’ w j n o g

- ( [ 0
0 o

- ( .‘ ,° 0

I )  = 0 )  ( 2 3 )

~~~~ 
(~~~~~~~~

) (
~~~

S l u m ’ .’ ( S i o u s is i - c o o  t h u e - - o r v  r , - m ~i n i t c - - --. t h e ’  a v e — r o u t e -  t o f  t i c, ou t  — o f — r i - n  ts te - ’r

v a l u e-s  p m  v , e o t l s ’ h , t O o . -  s c ’c ottc l  m o f  t h e s e - -  equat louis Is n o t  o n s u t l m l e  in solvIno ~

fo r  t h e  so - e -’ne p a r u c o - - i - t  e r s ;  ° o e t o o ,- t h e r e  ar e  c o n i  v two e - ’ q o n a t  ions wi t t i t h o r . - .-

c i n k uto wns .  h l m o w i v e ’ r , In the ’  n o i s e — f  ree i - d i s c ’ , I .  e-’ . , in au ntocorrel at lout s

w i t h  - P ~ 0 0 , Eqs. (22 ) and (24) c-an he sol veo i for N
1 

with the result

:~ (0)~1 
- ( 2 S)

I 
~~~

The comple t .- pr oo -e- s --. in t h is ra is e’ Is diagrammed In Fig. 6.

- - - - ..—“ —‘ — 7 ’ 
~‘1 
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I’u i t  1 0 u , ’ r  o i j t - t l ’ ,° sj s  t o t  si t w c u — e,, - l c ’o ’ o c ’ n t  o i - o o s t u r  ‘ l o u ) ’  sb o ouwo-o  t b o s c t  t t m i ’

v ar  i i t o , ’ u ’  b et  n . e - u t  ,- u o h  a o - i - u t t v o i  I m i - s  o f  t h o c ’  l’ r c o m b u n o - t c- or  rc ’  l i p  1~ ut f o u u i o - t I out

is  ‘ u - t o ’ , j u t t b i c ’ o i t  i t t ~’, ( u s  o - p - o p m u - c t u o o ! )  s : o i t  l . - u t i c o u l  l v  i n u b e - p e n d e n o  ‘0’ , u l u n € - s .

‘ ( u i ’  c ’ x i ’ e ’ r I  , u t ; u I r i ’ o - o o o l t o -  o-o 0 0 0 0 s ’ t O  i t t  ‘b o i l . ] . -  l b  m,’ , - r l l o ,’ t l o i s  a n - c i t i c — - c l  t o r c - —

o l l o ’ t  ( 0 0 0 0 .  I i -  , c v . ’ r u o l c -  o o o o u o u ) - c - r  01  i n o ! o - p r ’ n c b e t m t  O I , ’ p ’ o o ’ t o t  is - o v e r  - c l i  r o 0 c - r —
- 

c o in. - p o o t b o s  1 0 -  c l m t s u ’  o 0  1 I ) t ( , u i u t m b  t t u , - c - s p i t - o a t  i - ° (  - o o r r , - I , c t i o u o ;  l e o o t p t h - , - I c ’ —

I t t - o h  b y  1 0 ) .  (181 , is c I o s u ’  t o  u n n i  I v . ( s o  s u t . ° ° o r ’ u p u t 1cm of ( , u u j s s j s i t o

- - t o t  i - s t  i n s  w o o s  o i o p s c f n t  t e s t o - - I  o o u - o i n g  0 - u - _ u  I — w ’ o r l - I  i s u o ( - o - r ’ .- i n  l’ r o o - b o m o ’ t  c o r r e l s u —

I l o o n , i t t - I  t ! o t ’  t ’e ’ s t n l t wont -i  a g a t u t  r , o , t s o 0 0 0 , o h l v  P o s i t  l v i - .

I I n o t I u c ’  
~
‘ - o s t  , o - o r  r’e- l u  t i on 1 - t o ~~t I n b u s o s t o o  - r t ’ o u t  l i v  be en ci ’o rop o o t o -

o b c ’ t i ’r : t o i u o i n g  t i u c -  - l v o r , u ~o r ’  c h i i s t u u t t o c,- , t ’ ,’er  S i o p f ’ ’ .-n t - o ’~’ i o u t  o f  t h e - ’  -u -  i - t o , ’  a t

wh i c h  th e - ’  o u o u t o o ’ u r r ’ - l , c t  ion f a l l s  t o  a v a l o u r -  , t f  (7 p e r r e n t t of  i t s  oo ori x l—

- 
0 5 0 o 0 0 0 u .  1 1 5  pr ocess j o  comp i I c - o t t o- -I  wb u e - ’ n  a p p i  i e u i  t o  i t w o o — d l o o o r - o u s i ’ ’ n a I  - o s - i : - -

- 
b c , ’ c o i i u s e - -  of t h e  t u t u l t i p le d !r e c ’t l o n s  in  w h i c h  t h e -  o ’ m r r u b u t  I o t o o  P - n o t i o n

I c - i t o b o o ,- u ’ ortpu te i l . Th e’ co-i t loot to I on noe t hod 11 r o-  o-- nfl  t c -oh h ue  r c- I s - , - i t t  o ’pc ’ r i —

t l o n a l 1’ ,- s I m p l er r c - o - b o o o i que’ f u o r  - I c - t e - ” r m n l n I t u~ t b -  e f f o - o ’t  I v , ’ c o o r r e - l o u t  I ’ S
- 

len g t h  of a s c e ne.  T h i s  t o - - h n h u i u e  was o i seo h  t o  c - - - o t l o ’ o ’  i t . - t h e  to oo -’ t Oe r o ’ f

- m o b  ep€’ rtcl en t i’ M - t u e  o u t  to ou nd t he c o r r e  lin t ion I cog t h u  i n  f o c i  r re~ I ens ( a g r  I —

coil  t o n r a  1 , 000 u o oon tot i t t , d esert , and son b u r b a n  ) of t h e  c,- ,lr t h resou r o e s  —-a tel —

- lite data base described in Ref. 1. Each reg ion was h r o k e n  d own into

- twenty—f Ive 20 21) referen ce maps. The Product corre l at l c ’ t. algorithm

was applied to each of these twenty—five subregions , using 10 - la sen-

sor maps , and an estimate of the number of Independent elem ents and t boi’
- c - or r o - s p o m o o I ing  o- o r r e  lo u t  l o o n  l en g t h  in each  s ub r eg  1cm was o b t a i n e d . t h ese--

c-st loo t c- s a r c ’  shown I n  Tab l e s  14 t b m r o u g b o 17 f o r  t h o r ’  t o u r  r e g ion s .  The

. i v e - r o u ~~c- vii l i nes of t h e  o o ’ r r e - l a t  Ion  I en g t b t s  l i t  csi c ’I ’ of tb nese r e g i o n s  are

soi m m a r i z e ’ d  b e l o w :

O < t 0 0 j c u ~t 0

o\ )’, I I , ‘ u i l  l o o m - 3 . 0

- t o ’ u u u i t  ~t L i i  . ‘ . 7

P t , , , . , O  t

‘~~‘ It u u t ’ h u ,  t o o  -
, . 0 )

R , , o u o l o o t t o  ( I t o - t o o  ‘l u l l . ’  I 13 1 . 0 )
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r u m  jo o — —— i v o o i u h i n g  t l o i -  c i s c -  of  I -’q. (IC ),  s i u o i - c - Is l~rt own t o  b e ’  i n o - o - r t - ~~- ’ - t

! , u l u l u -  1-5 shows t h e - ’  o - u o r - t , o , t r I s e n  l o u t o-s ° e - o o  t h u e e s t  j t - - , o t  c - - I  t u b  s i c — t u n a ] S/S

r u t  i n  f o r  a i t )  10 S c o t u s t o r  mop  u t n u b  a 2 ( 0  ‘ ( 1  r e ’ f o - r - u i o - i -  m op  t s c ~ ’ u - t o  o o v i ’ r

I c u t i s  t ’ i o O P  b o n s ’ o t  t h o r ’  c o u r t  1-  o’ u - so c I r c -s s u i t  m l  l i t , ’  t ’o o uj o . T lu e  - ‘-u t I t - o a t - n ’  is

co r r . ’ u ’ t  t o o  o0’i t h I n  o u h o t o n t  I S  p e r c e - n t  r o o u u o .

A 000 (t r o -  ch iC 0 , 0  l I e - s i  desc- r ip t  l o u t  of t h i s  e - ’ s t  i t  u s c  0 m u r  s i nob  it to v ar  i sum - . ’

o ur - n d s in a i  i u ~p o o u  to re ’ s o n  1 t s f u .  r t hoe I’ roc lon c -  t a I~~ u o r  i t  b orn , a t o ’  c o it t  a I t i u ’ - !  In 0 toe

append ix .

T a b l e  18

(IO ~— 1PAR J S05 OF l- :si-I~- 1A - I - l - 1 I )  A S !! A C T U A l ,  S /S  RiVI ’Ift-b
j 0 5  15 ( 1  T i lE ~iAIo  AI , C O R I ’r b b S

(M = 400, N = 100 , Q = 120)

- 

R e g i o n  S/N  ( a c t c n a l )  S / N  ( ( - S t  i m i it e d )

A g r i c u l t u r a l  0 . 7 0  o o . o , l
0u ~ 97  1 .
0 . 9 7  1 . 0 2

M ; - o u i ; t a i n  1 .0 7  1. 12
0 0 .96  ( 1 .87
i ( ~~9”  1 . ( 0 h

b O c ’ t , c - r t  1 . 1 3  ( 1 . 9~
1 .14  0. 80

9, 0

S ub u r h a o i  oo .95  1 . 1 1
1 . 1 2  0 .48
1.02 0.80-

R a n d o m  t o .99

ES -r I MA T I N C  1’ FROM TIlE Ct ) RR EI ,A T ION l)ATA

The most important quantity to he est I t t i o u t e - - o l  f r m o o ’ t  t h e ’  o o o r r e ’ l , t t  j o t ro

oba t a Is the degree o t f conf lu en t - c one can hav e ’  t b n , e t  the ’  ext  r ernum to ives

t he co rr ec t  n ta tchp nl nt , i • e ’ • , t h te  assoc Ia t cob wI t b t h o e ’  e’x t re - I - too t - i .

UsIng the approxima tion technique developed in Sec . III , P can b e— cx—

im re s seul , f ol low ing Eq. (Il), as

L - - ______ - —~~~~~ -~~~~~~~-- . 

.- - .. - .— — 
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~~~~~~~~~~ ( t t t / j, o ( ! m

~‘ ( o u - t ’ e °  ~
‘ I t o  o ’, I v u - o i  I n ’0’ h ’ o~~. ( 5 )  - u n u h  A m u  8 I o u ’ ,’ , ’ v i i  u u - _ u s  t o - I  j u t . ’ -’ t o o l  b u u ’ ~- i u o u —

(2).

\ 5  ‘ c - t o r e the v , tlou , - o f  t h e -  e x t u  - , :_ , ( 1 0 0 , u - o t t  s c - r I ’  .u s  - t o o  i - S O  I —

‘ ‘ s u t . ’ 1- ’r - I - ’ - : ( O ) ~~. S I r - : I l a r l ’ ,- , o t  
~~~~ - ‘ - u i ; ’ -  - t  i l l  ~~~~~~~

- o ’r o ’ c - l - i t l o n  ‘,‘ , o l u n , - s , I~~
( . I ) , s i n - I  t O o , ’ v , u r t , t t o . ’ e - 0 0 0  t 0 o c - - , -  v u l - o c - - , ‘~~~~ I ,

m ’ , o — , o o ’ o ’ ! t t ’ , ’ o - o t h e  - f , ~~ ;u - ser ~ ’ u ’  i s e t o t i  u t - -- ~ u o -  r - ( t ’o c o o l - ( ‘ o ,

r o ’ ’ ~pe -c - t j v u - l v . t n t  or  b e - r  ‘ t o t  b o i l ’ -  I ’ I t  I s  - - t  I I I  o t . ’ c - s - s i r ’ ,’ t .  .

C

‘.‘s u l o n t ’ s  ( o u r  ‘ H I)  - int l  ~
‘ in  E q .  ( 2 ’ - ) .  ‘t he i x  t o t  pr  - o . ’ o b - o r c s  ‘u u ‘ - . - — ‘

d i f f e r  P o o r ’  t I c ’ t w o -  ; - o - i n c l : o , i l  - o i u ’ o u r l t b oo ’t s .

~~‘r t I u c ’  ~“ ‘ - ~ : u • ~ s ’ s o ’ ’ :” , t h o u -  c ’ t ’ o -  l i i  ‘- t i - p  i s  t b - ,  ,‘ .-o s . r i ’ j ot -

t o m  cs t l ” u - m t e  ( o r  
~l 

r p l v e n  b y l ’q .  ( 2 5 ) ,  wI l i l u  w as  u t: , ’ - b ’ ’. :- ’ 0 ‘ a - -

s u n  , u i o t o ) o ’ oo f r e l , o t  ion ou t t i e - r i ’ f i - r c - n n e -  o s u ,u t o . ,\c’t o o , o l  b ’ ., Ho ‘ t t i s  . 00 ,

is is i t o g  t. toe vol lue s  to f and , t h u r o o n g b o  I . ( I  t~ 0 , a t I . - e t - - - C t  I ’ ’ ’- - —

r e l a t i o n  l u - n i g H t  oou u- , os oo r ~ ’ob on ( t ic - r € -1o - r r ’ t o o ’ e ’ t:i up - u s  , ‘- ‘ t l o o t ’ , - - - O r  0 ,

o ’ o o r r e - sp o n d i r n co, q u a n t i t i m ’ s  on t h e  s e ° o o s O r  0 0 0 0 u p ;  a - c ; o r - f  Io t ~’ I - , - ‘ o s -  s S c - o o l o i

p r o b a b l y p e r f o o r o  the u n t o ’ , o rr o -l a tlono out  t h e - -  s o ’ t t t o o O O ’ O’ ’ , i ! ’ S I , ’ .’ - - ° , t T ’t  j o o ~~

of t h e  r e - f e - r e - n c r - c e n t r ’r o - - b on t h o m ’  t , u r c u ’ t  ‘c  ,u u~ u t  l u r . - , - o  s J , , ~- o
po rt Ion , hoo i t  n o t  non the  t a u t  i r e - ’  r e f e ’ r - o o o  o ’ o o u u p .

W i t  ho N t l i o n s  I t o  hano I  , anti , 2 
s t O o l  ‘

~~ l et u-  o I : , -  u tso b qs . ( 2 2 )  t o o - I
X TO

( 2 - c ) ,  c l o s e -  u - - t n  pro ;  e - - € ° o b .  One-’ f i r s t o u l o s c t ’ v i ’ — , t b i t t , u i  t h m - ’ ’ o c p t - - ( o o  t ’,.u o o t o -

f o e ’  o u b u t a j n e - ’ d  o i l r e - o t l v  f r o m  t I m e ’  ‘ l o u t - u  ( s i t t o ’ i ° t b u i - o ’ , ’ I s  - - o  h l o o , u r I l v  u n i v  - - t o . -

r em u m )  , I t is on] v the r a t  l e o  ‘) (1) / 1 ( 0 ) )  that eu o n  r ‘0 In  h - ~ . ( ,
0 , ,  S

i s  g Iv e n  b y Eq.  ( 2 4 )  and - t ~~( ( b )  Is  k n w n ~~~~ t o ’ b’ ( 2 0
2 • ) (  ~~~

Thu s t h e -  desired ratio is simp l y

~, / 0

1 ’  2I - .~~
- 

+ - o
o~~, 1 )  x~~~~ ,n ( 2 ” )

- 1 ( 5 )  
- u + 

2
x n

w h i c h  i nvo lv es onl y known qu a n t i t I e s .
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I !  o n —  c ot ! E o - - t o  u a i s o  l o t  i t ’ (  b o o t  o - - I  , o u n u b  t l i e n P O s  1 0 0 0 0  I ‘I  . ( 2h ) . Ii i _s
c

0 - io t a ) )  l o t  c ’ p r o - c ’ c’s s is - - o’ . io ’ s t ’~o - f  in  I o ;‘ . 7 .

f - o r  t O o -  ‘ ‘  

~~; - - ‘
‘ “,, m lii ’ r u t  i o u  - o ( J ) / ( o ) )  ( ‘ O t t o  I - c -  o o ’ o u o o d  b y  - n s i ’ - i —

- - 2 - ( 1 )
1 c r  p r o  m ’ s .  - ( 1 )  i s  g i v e - n  In  i ’q .  ( i i , ) , i o u - I i i  ( 0 ) )  n s  kn own t o o  he - ’

(1 — ‘ / -  0 ( u is~ ) .  Thus  t h e ’  o l e ’ s I r , ’ oI  r o u t  in  I s

- ‘  1/ .

(-

u :  

~
) ( 0 1 0 )

b lowe ’ve-r , V is s t i l l  a t o o n - t l o n  of o) ~~, u u s  g I v e n  by F- ’q .  ( 2 4 ) .  S i n o ’e-

m n , )
~ 

Increas e -s m o r omo tor tH- o Sll v wit h N
~~
, s i n o l  ton d o e - - . V by E q .  ( 5)

and f I n a l l y , P dc - - -r c’se se --s ~ It b u l u o o ’n- - u sing K , us sh own by F i b .  ( 1 1 )  or

l o b  - ( 2 0 - )  . Tine -is it Is st-en t host t t h u e  p r ey  b o e i s l  v nu eri t I o o r i e - o b  t om r oib ; uno t-n t ,i I

- h i t  t’i cti l t ‘,‘ w i t i i  H o c- MA !) a l g o r i t h m , o ’a us c - o h bo y  t l o t -  p a r t  i i i  o o r r . ’ l s n t j i m  ‘ o f

u I  j o t c-n t v a l oo c - t o  of t i t i s  p a r t i cu l a r  f t i n e - - t  i o n , t ’ s l n r n u o t  be’ o i v o u i o l e d . I l ou -

v~~1 i i e - t o  ( if m ic r b veoi I u u ’ r : ;  t h e  c - (
~ ’ t o e  t I u r i s v i i  I o i l  wa vs be soni c -whoa t t to n

l i g h t , amo ul t h o t -  r esult I r o g  p re ’ ul l e t  ion s  for P o - o r r e ’n ’p e o n d l n g l v  l ) e - ’ s s 1 t i u i~~t I c

‘b ite c ’s t  b o u t  l o o n  o r ,o u ’ c’ o b u n r c -  g i v e — n  l u c r e ’  I s  n e v ( -r t  I t o ’ lc- s s o - x b u c - o - t e - ci t o )  1w s o o t  —

i - i c - n t l y  uo 0 o n r ; u t  c -  t o o  be- o u t ; e - ’ t ci l t i n d er  r t u o u n v  c i r o - t i r r i s t u t o t  e~ ’-o , , e i i d  i s

- . — — ‘- -  ‘ ~~ -‘- —‘9-
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d I , u c p o , u t o o t o t ° d  i n  f e - i l ]  I r o  F I g .  8 . ‘j ut ’ i n b i e ’r e - - n t  t i l t  I b o ~ o i l  t y  I s  re - f l i t  t c - o i  I n

t h .  o u s c  a t  an ~1gon  w i t l o  P in th ie - ’ last b m mox  of t h e -  u i g u o ’i ’ .

, \ r n - x p ’ - u 0 - ’ c - n t m l  5 b o o n  Hut I 0 0 0 0  of  t ho c  - u - st I roo t  t l o o t o  ps 0 , o  , -- , s 1 o - u ’ ~ t o , - ~~ -~~
- r u i n

O m o r  o l n o  cc - n t c u l t o o r - o l  r e- g l o o m  at t I - i ’ e a r t b t  r u - s o l o n ,  c ’ - s s t t i ’ l l l t i -  r050p . T ho m -

‘‘,- \ f )  u l g t ’ u ’ l o  bt r - o ~‘ e — o  e — r t p l i o ’_ ’ e ’ o I  t o o  i o u t ,’ u - - - _ t I g o u t  o -  t h e  l o g o ’  u ’ o - - ’ t - o o ,’ - o ’ ’ ’ - - t  ! , o ’ i m o ~~

of  S c o o l i t  - u n i t  t b o o’ u i n d i ’ t ’ e - s t  J o - o t t  f ern o u f  P . Th or ’ r e f  i - re m- c t — o , u o -  s i z e -  s - c s
I - c

- 2 ( 0  u n - I  H o , ’ to c ’ n ’ O o o r  m ap  s i t e  w a s  1(1 - ] 0 0 • , , o l l i t  ly e r i b  so ’ w as  — , ‘ o ’ - . -  r—

i s - p o s t - to o t t l u .  s, ’ o i t o , o O  ‘u oi ~
) su sh i  t h a t  t h o u ’  S /S  run t In  w - t s  o u n p r o o i - :  I t  o u t , ’ ] ’ .’ I

f r i  o o r r c n ’  l o o t  I o t i s  wo n t -  r o n u o  us  b i g  t he ’  s s t v o u -  su e - r o e ’  u n i t  I I I  : -

n o i s e ’ ‘ - s : t t o o ; o i e - s .  For t l u i s  tom e - - roe - ’ , ‘ l IS t , u t o j  0 = 12 0 - . l o t ! - ] , ’ 10 0 s° so’ w s

t h o r -  r e - s o o  I t s  o i l  t h i s  u _ s t  i t ’ u ; i t  I o n  c ’ x p e r f s o o c - o o t  . I - o u r  a l l  ,~5 r u n s , ~~0 - - - - ‘ n  —

r u - I - u t  b oos  o u l o p m o t ’ I t h m  ( N A P )  o - o r r € - o - t l v  m a t c i u c o l  t I n ’  t w o  r o o , u b o s  ( 1 . .- . ,  s l t ’ t i —

l a t  u - I  1’ = 1 ) .  1’ was u - s t  l o t u s u t o o l  c a s i n g ,  f i r s t , t h e - -  0 )  - I u ’ o ’ i v u - oO ( r o u t - :
C C’ I

u- s t m a t  t oo 0 - t h u  n u m b e r ‘I  l n d e p c ’ o o o f o - u i t  s u ’ o t ’ - o o t  0 0 0 I p  o ’ l o ’ o ’ -u ’ u o t ‘ , o n t o  ‘l\’ o- t t 1 0 ’ , ’

E q .  ( 2 0 ) , su to d  se ’ ’ o ro i l , t h e ’ en t I ri’ number of u ru su p o t ,  0 t c l i  1 0 0 1 0 
~~t OS i t  l o o m i s

( () = 1 2 0 ) ,  wSe ° r i ’  no s i t  t c ’t oop t  w o io-  mad e - ’  t o  on c o o n f l t  f o r  c’nrr , ’l s t t i -- t o  Ito t 0 o , -

— - - - o - t w .  Th i s  l a t t i - r  , u b o ; o r 0 0 0 u i - b o  ~- l o v 1 o u o - u 1 v  y i e l d s  ,u y e - n v  b o w  ( ‘ o n t o - I ’ v a t  I , . )

c - s t  I - c t  e of 1° , -~~~-~ u ’x i i u - o - t , - o l  . A l  t h o u g h  t h e  f o rm e r  o n p p r o o u o - I o , P (o h

n o t  q u i t e -  r i g l o t , s i n m ’e the- ’ i - st  i n o o n t e s  of N
1 

- o r e  s t i l l  t a c o  h i g h , t h o r -  u - s t  I—

‘o u . t t  c - cu f o o r  P i n c  r e - - a s o r t a b l y  c L o s e  to t ine s i mo ulat u ’ ~~ v , u l u u r -  o ’ f  I .  ‘ ‘ i , S/S
C

ratio and t i u u ’  o o r r c - I a t  I on  l e n g t h  w e r e ’ a l s o  e s t i m a t e - u I  in  t h i s  o ’ x ; O i ’ r i o - S ’ n t

and ( I , , -  V a I o i e - ° s a r u  inc 1 uole-’d In Tab le  1 0 0 . ‘P o t  e t b o o t  t l o i s  expe -- r I 0 0 0 11

(‘a oe’ s e e-out’ w i t h  25 d I f f e r e n t  sample’s of nois e - - aolmlc’ d ) is d i f t o - r o ° t t t  0 r o o ” s

t l o u t  In  l o t ) ’  I c ’  l ° c ( 25  o i l  ( f t - r i - t o t  s cenes)  , sc rod I u i r t  hoe-  rm o re  t b o a t  t b i e - ’  e - ’ f  —

f e ’  - t ly e -  c o r r e  I ct  I on  I en gt  to In t h e  p r o s e - n t  c - s t  toe sb u ou I d he s ign  i f  I c ’ s n u o t  I v

less  t ban ( l o t )  in ‘I’ sn h o I t -  14 b e - - c - a u  cue t h e  ado ied  no I si i s  c i om p I e t c - I v tin—

- morre- l a t ed .

The c-xp e r  tnt- nt ‘ , i s  ex tended  by examining t hoc’ e n-i t m a t  es wlie - ’ t o  t hoe

wrong s e - - r i s i o r  n i p  (a map not c - x t r o e u - t e d  f rom t ine r e f e o r e n - e  ma p r o - g i m o o ’ u )

was - o r r c - l a t e d  over the same a g r i c u l t u r a l  r eg ion .  The-’ results are’

shown lit Table 20 w i tb n two different n O i s e  sample-s  added to  make t ho r -

N /I-I rati o of the map approx imate l y 1 .

I n  com i c ]  u m s i o n , the est I mat ion techn I que appears  ca pa hi l e ‘I y i e l d -

ing an est imat e for f rom a s i n g l e  c o r r c - l a t  I c o n f c i n c t  ion s lmou l i c r  t o

that found by Monte Carlo met itod s over numerous correlatIo n runs. In

I 
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ado! I t I cur t , c- o rnpar  I son of Tab be- s I ~O and 2 ) )  m d  b o a t  c ’s t lio n t I hue ’ e - - s t I 00 0 1 1 t j o i n

l e r o e - c - d u u  re  can c - o t t o  i i  y o i l s  t in g u i s h  be twe cr n  (-ase ’s whi r - r e ’  I lo t ’  s ensor  ru ta p 1 to

or Is r u n t  t oni t a l  r o e - - I  i n n  t hue-  r e f e r e n c e  map .

A DI ) I T IO NA I .  I’E RSPI - :C’i I V 1- 0N THE ES’I’I MA T ION I’RSICESS

F u r t h er  d i s c u s s l o u n n  may be h - l p f u l  s e t  t h u s p o i n t  on t i n e -  n a t u r e ’  u o t

t i n e -  m a p — f i a t s  I c i n g  p r u o m - c-s s st i t ch the- t o !  gin i f  I c a n o e- mu I t h o c ’  i - s t  i uoi a t I o n  pro-

- l o i r e - -s  o l e - s c - r i  lot- u ! above.

— ~~~~— —— -
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I o c h m l e ’  2 1 0

-1-P b  I N A I ’I O°-P N b-; Sl ’ l , ’i I; o ’ x b ~o b-;I, _ ’,;1s o :

A 5 50 ( 5 ° ’ S b ° N N 1R I-lA b’ oV b - 15 ‘ ( 5 ) ’
AGR I ’ l ’ I , -r l ’R , -\ i ,  R I - t : i ’ o s

(S  = 100 , t l  = H/fl)~
i

T~~ 
_

,5 Oo ,~ 0 1 . 1  ‘ 1 . 2 / S  (i . 1, °,q

-SH •5 52 .o ’ ~ . 2 3 5  0 0 . 15 5

- N c ’ r o s t ’t r  too - er i e -’  ‘b r -s n u t  (‘ OP , ’
I r - ”u r e - f  ‘ ‘ r e - - n c - c  s, - e - t se ’ .

( o o n , s l d e -’r f i r s t  th e - ’  ( , u o o t o ) c o r r e l a t i o n  of a s i n g le ‘0 r’roso r ‘ ‘-‘1° w l t l s

s t n  I d e n t  i t - a l  , not s e — f r e - c ’ , r~ - ft - r em ’  c - m ap .  ‘h oc ’  d i  ,s t r i b m  t Ion o o ~~~~ i o n ’ s

f o r  t h I s  f u n c t i o o t o  is ltidicat - ’l ,sc - Io ’~ o , t t  i c - o i l I v  I to  E l 0 ’ . ~~~~~~ For  s t o i p l  b ’ —

b t v , , u m a x i m i z i n g  alozou rith rtt such  as  P r o d u c t  is  o o s s u l n e ’ - o  . I t  to f u r t’ ° t i ’ r

,csto t n r o e o l  t h a t  a d i g i t a l  c a l c u l a t  ion i s  p e r f o ’ r o - o o - - i and t h a n  t h e s - r - t oc- I s

s p a t i a l l y  comp l e t e ly  u u n c o r r e l a t o - - l , so~u t h a t  t t ’ u ’  v a l u e ’  o t t  ° - t  -O s u t o - l o  p o i n t

Is e s s e n t i a l  lv  a t _ f u n r t i o n _ _ o t h e r w i se  t h e r e  wio o il d b e’ a t o r o s u l l  - ‘ o o e ’ — s i - I e - h

t a i l  to  the  l e f t  of ~( O ) .  In  this case , t h e  m a p — m a t o I t i n m o  I~r ’ ’  CSS  I s

a lmost  t r i v i a l .  ‘rite sp read  in  the - -  o o o u t — o f — r e g i s t e - ’ r e - l i s t  r i bu t  ion f u r o c —

t ion Is d e t e r m i n e o i  by t i n e  s t a t i s t i c ’s of t he  ,sc e ’ne It s c - I f , a f u n c t I o n  00

C and as give- n b y Eq.  ( 2 2 )  w i t h  - ;  = ‘I , and in p r i n c l i  i t ’  t h i s  can

be computed  b e f o r e h a n d  f r o m  t h e  r e - - f e - r e - - n e c  map.

Consider nex t  the  introduction of noise——intensity fluctuatio n s

or prediction errors , geometrical distortion s , rea l  chang es in t h e

scene , all the causes of d ifferences between the two maps——bunt s t i l l

a ssuming a single sensor map properly centered over the- target (i.e .,

wi th perfect midcour se navigation). The dis tribution of values of t 0 ot ’

correla tion function is now represented in Fig. 98. The possible cross-

over of the tails of the two curve s demonstrate s the possibilit y of a

false ma t ch or g ross err or, and henc e t he need for cal cu la t ing P
C
, t h e

pr obabil i ty of a correct ma r c -h. This q ona n tltv can he ca lculated fain iv

easily If the d istrIbution s snre a scuti me-m i to he (Pau sslan . Since t i  u n d
x

N
1 

are known ahead of t i m e , In  this ~‘ usr - t h i t -  oh se - - rved  w i d t h  of o i(j )
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(0 ( j )  
e ( O )

A - A uto co rreIoPior ~ w i t h  a si ng le mop (no no is e )

~~( J )  0M ( 0 )  ~
‘ ( O )

B. Corr e lat ion with a sing le map w it h rco ise odd .d

• ( J )  ~M(0 )  0 ( 0 )

C .  Correlation wi th on ensemb le 0f possible se nsor maps

Fi g . 9 — Distr ibution of va lues of the correla tion func tion
un der various condi tions



—

‘ n o  I I  -e u - s o - - I t o o  e’ ;  b o o )  e- 0 , f corn w h i  I c - I  - I’ c - - c n n  he ’  I - o u n n o o l  ‘ l i i  I to 1 — ,
t o e

I i c o w , ’~ ’ m ’r , t h e ,’ t o - u i  - - p o e - r u t  i o m n o o u l  to i t u i t  i o u .

( c o n i s l , I , ’ o  I j o o s u l  I v  t h o r -  o u t - S o ’  in  w h u l o I o  t b - r e -  i s  ru ‘ - i - I ,  o o ’ s o  - S c ’  0 o - t ’ - .’I 5 u ~ i - c u

t — rrm ’ r sir -i d t b ,  sen , 0’ n i p  ‘ 0 0 1 ’ , - 0 ’  any  o o o o e ’  c u f  . u  I - u r g e ’  nu nu oohe -r w b o u o s e ’ c e n t e r

1,5 c J i s 5 l , l m ’ e- ’ m l  t r m o o o o  r i t e ’  c - . - i o t c - r  o f  t b ’ -  r , ’ f c - r o ’ n e ’ e - -  : : o , u p  ( I . c . , l u ’  t 0 0  ‘ m t  I

0’.- o u n o  o n n o k u n u o w n  - c u b  ‘ o o o  I — i f l  o u o ’ o o o u t o  t th o s e I l o o t  y o ’ - I I V b c ’  1 -u r o ’ , c ’ ’ - u n  00 i 5 0 0  t o o

c ’ i O \ ’ & ’ t ’  ‘u ; o t - r t  ion of t b o o -  r o - f - r o - n c e ’ o’o,ip h a v i ng  l I f t  u - r u - o t t  s t - u t  i s t  j o - i l  i t ’ , ’ - —

0 0 0  b o o s f r o o r o  t h e -  p o r t  i o n  1 1 0 o T ’ o u ’ o ( i , I t e l v  o u o H a c ’ s ’n t  t o )  t h e- t . c r , - o - t  — In  t b o j — o

o ’ r i t o c , 0000 e ’ is o ’ t o t u s , - r n e , l  w i t h  t h e - ’  o - n s r - u o u l o l e  0 ?  ~~O S t o i i 0 l 5  5 0 - 7 0 - 5 0 0  o’ ’-s ;i h o’~. 
05 ,,

m o - s u i t  in g  o b i s t r i b o n o  i o n s  so r t ’  r e p r e s e n t u ’ - I  in  ~~i o ’ . ‘ 0 0 ’ b ’ 0’ t h e -  o u r t  I I  f c ’ I , c l

i n se r t  l o ’ o o  of o u t o  m ’ x t  r . o  ‘‘ o ’ n s c ’:°oI ’ l c ’ ’’ t , - r r ’o , o~ , ,  In  t (oo ’ v ar  i o u n o - o --s . I t  I

5 , , ’~~~, , m ’’ s ,n-r- u l o lc’ l i s t  r i ° o o u t  I o n s  hoot  w e r c - a f i a l v o ’, o ’ - l  o , y  , ( u o b o n s o o t o , 
- )  

u n - b  ‘ - ~~~
—

t o- o u ’ l e ’ - l  i - sv  t i n e  R an d ~- r o 0 t u p ,  i n  t , ’ r P O H  o o t  p o uro u700e t e r s o i t o s o o ”o u ’ - I  t o  he - k ’ o - o ’,’n .

I t o , -  r - s t i o ’ o , u t i o n  p r o o - t- - l o n r r - s  - l c ’ ’ - u o n ’ I 0 o o ’ - I  I n  t h o l s  r’ o - u o o o r t  p r ovl ole- .u ‘‘ o o - t ! m o o-I

f , o r  - i r o u w i n c  t r o ~’- o t h e ’  o h n e ’ r ’.’ o - - I  - I o u t , o  c o o  I n f e r - n o  0’ 0 - o n c e - n — f l i n g  t h e ’  d l s r r b —

h os t  i o n  o f  t h u s  p o o ’ s s l b l o -  e o x t r e - o ’ o u u , ou ( (1 ) • ‘I ’I i i s  In 1e - r e i i c ’ o -  I n  0 m m  p e - r r n l t  to

t O t -  b e s t  l o n s - o l b Ie -- o - t o t  i m a t e ’  o f  1° to he made  1o o - f ’ o o r m -  t u e  c o t , I . v . , - ‘ to

t h e - -  1 - o i s I s  cu t tine o ’ - o r r e - I :u t l o r n  s tat  i s r ic s  o h t o u i n e i l  w i t h  u s i u n g l o -  ,s, - o o s u o r

l5u~ o , even t h o u gh ~ (0)  c a n n o t  be known and is  simply o’s t i o o o u t  0- _ b

T hn i --s tn-i t l uto a t l o o n  p r o c e d u r e - -  i s  i ) e l I e ’v e - ’I t o  r c ’p r e - s e - o o t a m e w  - - ‘n t  ri—

hut ion  t o  t h o r -  theor y u )f imag - o d o r  r e -  l o u t  loot .
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o b m ’sc ’r i h u ’ s  o t t  c ’ o n o s i o b c ’ r o c b - I , ’ o l e - t o i I  1 o u ; o I o r o o . m ( ’ I o e - - ~ t o  c ’ u o r r , ’ ! - u t  i - ° n  r o u o ’ t  h o u t b o

h o o ’ m o u u ’ I I - - 0 1  . 0 0 0 - ?  t - x I o , ’r I P00 0 0 0  1 ‘o I n t  s - ‘ 1  v i  ‘5’ . I t  t o o - o n t o  so’ u t  ho i s

o u m u c  t o o  o - - su~ ,
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- - ) o t to u i e ’ v o - r t b u e - l , - t o t ,  c - u r r ’ - ’ o v e r m i d , in p u r t i c u l a m , t h u  t e  o ’ b i f i l o b i i m ’ l -  O t

e - r i t ’ : o’ o ’  - ‘ x t t ’ - u o ’ t  i - o t t  - o t t ’  i - ic - v in ) . 1: 1 0 , _ I , o t O o , _.u , ,\ , o , s’o~’ h o o o l- i t  o b o , , u - i s -

c ’ h o a r - o -  0 o r  1 : - c t  I o ) f l  i n  s o u r  o ’ Y , j o e ’ r  I ‘s oot to • ° s s u i t - - - t b o b s  i s  I - o o o o u t  - o r u t i n  - i s —

‘-., ‘ 5 5 j 0 0 5  t i - i  O’ m ’ l e - ’ ’ ,’ R s o o ’ , -  i t t  I b o o -  ‘,~‘o ’o ’~ f o r  t I 0 - r o i l  5 0 0  I - b .

IS Fh1b -
~ I- l-\l’I--

St ost of t l u e - °  c - x p o o r l r t t - o o t s u l  w o r k  d e s o ’ r I b o o - oI jut R o t . I , o s - o o ~’t, -2 I : r u o o s s i , i n

n t i o i s e - - . A l t b o o u g b u i n s t - f o i l r e ’ s u n l t s  o u t s , a u n c h  d i d , f o l l o w  ( r o o t - s  t i u l s  - u s - ~ s r - p o —

I o o t t , I t  is s u p p r o p r i o u t  e’ t o  look o t  n o i s o -  t h a t  I o s o ’ o o o r c - r o ’ g o u ’- e ’ o o t  u t  j \ ’ e ’

c o O  t h a t  I m o u n d  in t b u t -  rea l s o - r i c h . T h u i u -  Is , io ’ o ’ o o t ’ u I o I I tohie - ’o b  wh e n o  0 t o t  e ’t ’ o ’ o o o ’ , ’

P o o c h )  is - I , ’  r l v e - d  I rort o r e - i  d o n n o o u i s s , u u o c ’ c’  i roo , u ~ ’ e ’ t v  0 m b -n in  - 0 0 0 1 ’  n - co  1 0 0 0  o °l t o ’

s ; u e - c t m u n m  ( ‘ - .g .  , , u e ’ r j , u I  p i o o o t o g m o u j i h o v )  i t i t t h e - -  s e n s o r o p e - r u t  ,‘ oo 100 . 1  i t  —

f r - r en t  r o ’ 0 ’ I t t n  ( e . o - . , m i t  r a r e - b or  r’ - m - ( o u r )  . I n  -5000 0 0 o u S t ’ S , t i n e’ ‘‘ore or

b , o - u r o ’ e ’  o f  “ I o t u I t o e - ” r e —s f e b -s i n  ,-rr ou e --o n io -s u r m - - b o o  t i c o n s ‘ I  0 ( 0 , - i n t o c o o — i t  l u - - s

i o l o u e e - o b  I n  t h e -  r e - f  e r r - n i c e ’  map r , ut i ne - - r tbu ai u i n  g e - - o o t o u e t  n c - u  o i l — - u  i o r t 1 - o t i s .

‘b oo r ‘ - s e - r i -  u v o m l  l a b - i t -  sev e r a l  b u f o ’ , I ’ — r , ’ s o l n i t  c n n p l o t  m i r e - ’ ;  ( 7 . ~ “ oc t  o ’ ” ’ - ‘e n’

1 01 xc I ) of u i ownt own Los A n g e l  c-s t a k e - n  out p - e r  I - o n t o  5’, i v c ’  I e - i t c ’ , t i ts  i n  l O s

v I s i b l e ’  and t o e - o u r — h i t r o m e - u I  p o r t  l o o t — s  o c t  t he’ t o ; e ’ u ’t  r u m n ’ o , ani o l i t  v i t o  H e i r

h oi t one-- of t l o o se- p I c t u r e ’ s  c m o u i l d  serve ,— i t - , ,  ‘‘ un ti l .‘,- ‘‘ r e - - I  , - r c t n - ’ , - ‘ o , i p  a n n u l

ic e t h e r  o t t o  i t  ‘‘ o u t r e s p o n d i n g ’’ to t- n o t o o r  map .  x l o e - r l n o n t - n t  s w i t  ho I h e - - t w o ’

p l u - t u i r e — i s  i n  t b o o -  v i i  h o w  o n n u l  ue- , u r — im n t’ r o i r i - ot w a v e - I m - o o , ’ t i u s  ‘ . l e ’ i o i e ’ ob w i o h e l v

v u r y l n u o ’  5 / N  r u t  b u s , wi t in . m mean m n l  I — 2 _  Th is - s e e - t o o , i i  ‘ c ’ 0 1 0 - , o ° i o  m ’ u ’rr t~1 , u t j o i n t



‘ 0 0 ( 0 1  ~ c ’ j e ’ o , t  ( r ’ e - l , u t e ’ oI  1,0 t b , ’  n o r m a l  i o ~r-d p r o o l n n c ’ t  o - o n r o - l , t t  ion ) ho O ’ t ’ S o ’ m ’  fl

h oe t w o ’  0 et  t i r e - - s  s o s  c on I v — i i i  , - b e ’ s  p I t o ’  t hue ’  I - u ?  l b  o u t  t b o o ’  t w o  p n o ’  t o t  r d ’ s

- u r i s  n e - g i os o c - r e - oh I o b e ’i) t i c - n i  l’s ; m o i o l  , 0 1 o 0 0 0’ , o u  q u i t e -  -s i nun i b i n  t o  h u e  m ’ ’ . ’ e ’ . ‘FioI .s

l u st c,l o ,’-o e ’n ’v ,ut io ’°n , n O I o b O , u - s i z e ’ , ; m I t t ’  f , u o t 0 ( o u t  j u d l o ’ loins Io ’ -uture se -le o-elt on

is  c n ’ i t l o ’ , u l , u s  i s  o h i o s o ’ o i s s c ’ o b  n e x t .

FOb E b - : X P E R I M b 0 N I °

I t  b i a s  l o n e  1 , 0 1 0  r e -’c o o g no L’e- 1 t h a t  co u r t - f o u l f e - , u t u n r o -  s o - h - c t  i - t o  is ou

i’ e ’ v  t o o  m ’ f f e - c t  i~~ e p u t t - - r n  r o ’ - ’ - - i ’ r ni t lion. In o ’ o o o o ° ,’ o ’ u o t l o n a l  p o u t t e r n  r o c o t g —

t o i t i o u o , f e - , u t o i r e  s e l~~- t i o ~~n (1) r’ e- o h o uo ’c ’s O bo e - ’ dl me nsl d 07 0 , u l i t v  o i l  t h O r -  t o p _ c o o ’

, u f l u l  h i - n i c e -  t h e -  q u n ; m n n t  It ’ .’ o i l  comp ni t b o o ’ r e - - s - i  jro,’d and ( 2 )  I o ’ o p r o o ’ s o - s  t 0 o e -  ac—

- s t r o l l -v  of c l a s s i f b o ’ ;t t l o n o . o\ l t h o u g i n  ( 1)  I n s u s  o t t  h e - c o o  o u t o  I o o o ; o t i r t a n t  in

th is work , it is s t i l l  re lcvo tn t ; ito- u’ : ( 2 )  is of r o h v h o u r s  s i g u o i f i c a n c e .

Se.’r-t ’ o ml d i f f e r e - n t  k j o o ’ i s  ol  ~‘ ‘ - u  y p r e l  j m i o u i r ’ v f e ’ , u t u r , ’ — s e - ’ l r - c t l o n t  e x l u r - r i r o n e n u t l ’ o

have,- b ee-nt  c o n d s i c t e - o I  o t t o  - I t ’s r b l o t ’ 1  b , e low .

Ed ge- i t ’ t e c u t i o m n

(roe ’ of tine- most  o ’ I i v i o o o i s  k i n d s  0 0 ?  O ’ t’ot t o o r e - -s t o  o ’i u n t o l o le - r in map m a t c h —

hug is t h a t  of edges .  As de s c r i b e d  In Ref . 1, sen or -  to imp ic ’  ed ge d e tec—

t ion is  w e r e  t r i e d , us ing  vurious gradient and Laplacian operators. The

results were  marg ina l , probabl y due to a coruibir oation of  t h e  n o i s i n e s s  of

t h e  p i c t u r e s  and t h e  l ack  of sop h i s t i c a t i o n  i n  t h c ’  o p e r o u t c o r s  t h e m s e l v e s .

More  rece n tl y ,  the Huecke l o1)erat 0r~~
5
~ was a p p l i e d  to  some- of o u r  p ic-

tures. Each p h i  tur e was covered w i t h  a set of n o n — o v e r l a p p in g  d iscs

of  constant d i a nw t e - r .  In each disc , the b lueckel operator finds the

best “ ide a l ed ge ,” tinat is , the straight line in t h e  d i s c ’  t h a t  bes t

separates the- uhisc into two parts of differing p ix el value. Such an

edge u ’ s mno have any orientation and any location within the disc , and in n

fact thes e - values are outputs from the operator . A parameter of the

Huecke l opero m tor is tine goo (Iness o f  fit , that is , the degree to w h i c h

an ed ge approxim ate s an idea l edge. Experiment s were conducted with

v a r i o us  sizes of the Ihue cke l operator and values of the fit parameter.

Two o u t p n s t s  I r e -  shown in Figs , It) and 11 , wher e the ch i~ c size was five

p i x e l s in o l l a m e t e - r , i . e . ,  a S - S square with the corners removed . Tht-

field h oun d ar  I c - o s  i n  t h e  sig r ia -ul t om r :u i re- gl en show c l e a r ly ,  wherea s t t o e

I .—
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Fi g , 10 — Huecke l operator opp hed to on o~r ic u~t ura$ scene



Fi g. 11 — Hueckel operato r app lied to a suburban scene



I c - o u t  0 0 1 0 5  ( b n n c l u u o h  m o , - i ’ o e , u o b s ~ o i l  t h e ’  t o u u h o u n r b o , u n o  o ’ o - o o o  O t t o -  v o u c t o u r  l o o m ’  h oe -

‘ 0 0 0 0 5  t b o o r ’ ? —

~- e o ’ x p l - r i o ’ 0 - o o t  ,-b t o rt b ier w i t b o  h h m n e c k e l  o o l o c - r , u t c o r o ,  c o t  c l i  I c - r e - n t

s i  ~‘ 0 ’ ’  , a 1 t Io o ’ op ~b o t boo ‘e - r s c l u u _ t  0 0~ t o u ’ , ’t O O o  - - 0  h c s t  f o r  o c t  n - 1 0 0 0  5 .

- u 1 50 t t ’ l e d  v - u r j o  - o i o- ‘. ‘ - t l o n e  - to o of  t hue-  - t o  c o p  I ot to - - e - t l u r e - s b - -  I I  - ( t j s c 1 , - u n

l o o t  I t b - n e— s h o c o u n  l o b  c - t i l l  0 e - 0 o - i ’ , t  ‘ . 0 1 1 0 0 0 - - -’ 0 0 ?  t i c  I s p o t ’  u ’ c - t o ’  0 Ot t u o h  oh i t , -t ’ o- n i t

“ i o ’ o ’n o i l  1 0 , l I o n  l o o n - o l i t  f o - i o ’n t t - : b - o ’ n  e ’ 5 c c - n o o n , s~~ u I  t b o o i t  t b - - - s c ’  p a n - u —

‘ ‘ t o o ’  - o ’ , c n  - ‘ -  o h c n h u i c e - o l  l ’ x l ’ e ’ r i o ’ c ’ o o u  i l  1v ‘° o”,,’e ’vo ’r , ft  ‘,, ‘- i o o l o h  1 - , - v c h u u , u h ~ l o  t o o

I o , i v c -  o h’ ,’ i o - t u o  Ic i n t l s t o u t - - u ’  - o  t I o ’ aol  j u n 5 1  - ‘ - 0 0 1  o o ~ t h u m - i - u , ’  p o u r ,  “ l o t  - - i ’ s , o u n o b  o x  i -  - r I —

n o r - n t - u t  i o u  s - i t  h o t I I s  o - oo to o - o- p t -~
- - - -  ‘os i n n or - l e n .

A ~h ‘- - t o  - : c d o l o o t  I n o t  n o  -~ - e - n  I t  of  S t i lt l v i  n~’, t b -  b o u t - c  ~ c - I  0 0 1 0 - t a t  ‘‘r o ’ b o o  -

\‘o l  i c ’ S’ , o n o u h  i n n ?  r . c r , - - s o b o o o r h o , u n  s c e - - n o -~ s’, u s  t m i t  t 0 oe ,’ u ’ o o r u  - ‘lou t icon b o c ’ t ’  

5 cc- Ito to ~0 ’, u s  : - o o i c  h o  I c - sn ( • , 0 0 u  o’ o o o ’ o b o - o n i - o I  ts’ I t i o . 0 0 0 )  u t  I o r  S i t  ‘ h ,  , C 0 ’u O l

o i _ u : .  h l s  j ) i i o ’ : ’ s  1 1 0 t h  - - - r n - i o u  j o ’ O ’ O o i l ) o i t ’ j t b o O l O - _ s o u o ’ i o  - i s  ‘ ,- ‘s ’ i n ?  ‘ ‘ u t - u - - h

s’oun l o b  n e - c t  work sun we-- I 1 0 o r  0 ’ - j rug  lie-— bI un e-e ~’ ~- 1  o o b o e ’  r o u t  - - F • 
0 o 0~~~, v - r , i~ ( —

j u n s t  t r i g  t o o  c o - i ’ ’ , I - u n i t -  t bu r m’ sh uo ]c l suit -I d o b o c ’ o ’ , ot (on S l Z e ’ ‘‘ b l o t  w e - i  I b o ’ o p r o o V 0 ’

e l _ c _ s e , r o - - - o n l t  t o .

Ot b o e - r  ‘ - h o e ’  o u t o o l  , s h , q °,- o l e - I  o ’ o  t e r o s  s i  I I h o e -  o x - t u o l  t o o - - I  • I n u to i -

r o e - r o e  ‘- - , 
(‘ o c r  o- x s u i ° o b o ]  ,‘ , w b o e - r e ’  t h u e — r e -  i s  so i - oo t o’nd c - s t  1 0 - o u t  o cot r o u o s o l  w l c h t hu I , u o i o l

o o n b e - n t o u t j e t t  i n  s o o r o e -  r O u s t ’ s ) , s i o t ’ e -’ i o l I I i , e - o b  I e - t i ’ c t c ’ r s  t ° usc t - i - ,  l o i s

l~~, t O 1 ’’’ - c t b e n  o o u t o  he -— su p p l i e d . ‘I’h i s  i s  u - a r t  o i l  oc l o t - o r  c o o n u- - c - i - ?  i n  w i t i - _ ’ h i

a w h o l e -  o u r — ~e - r o , t l  0! l e o  b i t o i q u r - s  i s  u s e - - I  t o o  o ’ x t r o t t ’ t  ! e ’ , i t o O o o ’’ , t i  p i c ’t’ o i u’ c —s ,

s u n - I  - - ‘ n ’ -  S c’; is m i c e - - t o - - I  u o f  r c ’su son ab  I v  se-- I - i ’ t 1 r i p  u h o t -  o e - o -’,t I eo ’ h o r o  I q u o ’ - t o o t

~t p p I i o  , o t  j o i n t t u e  , i o o v  p s u r t  1 °  u n b a r  p I c t u ~re or c - b u s s  o o f  p i c t - o t o ’s .  Ho e ’

sk i i t  con osu t c - - t 1 to j ) t ’  0 0 0 ~ 0 5 5  0 ’ O l u t  l o t  ‘ 0 ’ 0 0 l 0 5 ’~ t l i e -  l i e ,-  t I t — n , o i l  t boo ’ oot’ h o i t  ‘5 0 0 0 ‘00’ ~~° 111 1

t h e ’  p r - b - l e n  0 - n o - i - -  -“ l o o s e  t o  ‘ t i e ’  of o u r t j !  i c i , u I  I t o t e - I l  I t ’ s - n e c ’ . T i u i — o

10 0 1 1  n t  i r o i l  se o b  a p t  i n u l i t  e t ’ .

A o : r : u o l l t n t  o o j o j o r o  0 - c e -  ii t h o i t  I ’ : t i s i u r r - s  t i n e ’  }° r , ’-s e ru i - t ’ o n ?  I - c - i t  o r e ’,

A j o , u r t i e - u i  our d i?  f I cu) ‘,- I n  c l c s p e - n t c h  i t og c c ii  f o u t  mire - -s , su above,-, Is

t hat a ~‘ I  veto o~c ’ , ’ n o c -  m ou y  n u c o t  c oro t s u n  a n y .  S o - t o s c o n  mai n s a r ’  o i o o i a l i v  n ,ut tte - - r

s t r o l l , u s- b i t I s  q u i t e -  p o s s i b l e -  t i n s u t  i n  m e - I t t  i ve , ’ l v  f i - , l t u u r c - b c - s s  i t , -

t o  i t  ,o rs w i l l  vi o l d  n u o c t  l u n g .  ,-\s fl u e -n i t i c o n i e - , i  c l  d e n  e ’~ c o n i c  l l o p n ’ c c , u o ’ b o  t o ’

Is p r o oh l i - u ; ,  I t-i t - o n u i c o o l  i t  v t hn r - ope roc t o u r  t hi r t - s l e o i  l b  c o n  t o t  S o ’ . A n n , o t  ho , ’! ‘ u p —

i o r o e i e  h o , w i u b o  I c h i , i us b c e - c — n o  h r h i - t  b y  t r b - - I , is t , e  1 - n o s o o r e -  I ‘ - c t  m u  c ’ -  l v
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i ’ -S o-soc o ’ b i t  i nip w i t  h c ’ t o ’ h p c o I n t l sorti e- 0 ur ic I I con c c ?  i t  - u t o o t  I t  s - i ’ -  I b o b o o  o n  i n - .’

; o o i f l t s 0 s u u c l i  u - s  1 0 0 ,  s i mp l e -  t ’, r , u o l i c - n i t o r  I o u t o l , o o  j u n .  - i c - o i l  l u ’ , 1  N’ 1 t b ’ -

c - n o -  i t t  c ’ S  w i t h  , ‘ - o o ’ i n  p i n i n o t  c o t  1 1 0 1 0 - I  0 0 0 0  . 0  ‘‘ c ’ , ’ !  o r  t o ?  o ’ i g b u t  v - u l n i - ’ -

o P t  - t  j o e - - I is t o o l  b ows . t)iv I I c -  ~ lot- 
‘0  - 0 0  s o i m I s i n o ’  c c i  wh i c ’ i i  I 1 - ,  - i t t  ‘,‘c’ro - c d  i n

j o  t i e ’  - ‘ ‘ ‘ ‘ : 1  - r  l i n t  c c 0 0 0 u u r  S - S -~~o t t - h r ; u n i t s  ( o h : , ’  c - h o c u s  o c v t ’ n I ; l b o ) .

o ’ o n o p i o t c -  , u - : ‘oo- o o t b o o ’ - l  , - t - o o h i i ’ n i t  I o r  c c 0 ; o c t  1 ’ - - ’ ’ - p u - h r  n i t  s , s f ?  P u

p i o u  sit t h oe’ - ‘tot e r  o i l  t ’ o t c  h .  S b o t c o -  e t c  ho - t o _ _ u - l i ’  - i t  iu ~~s . i n i  :~:— ‘.‘,i  l i n t  t o:

v — v , ilu n e- , u h c ’ n ’ o ’ I s  a v e c t o r  - 0  c ’ b p b r y o u  l o t , -- ’ for o- , u c b o :o oiro t b u t  ‘ h o e ’  s,’ul s °- r

s c o ’ o o c - . t o o n c h  o t  e ec ?  - n ’ s c O o t , o b o o , ’ o b  1 m b - i  - c  s o ’ o o s o r  scene-  c , c o u  ° o ’- -: o :oouu ’ c-- ’ s o t

t h u  en  r u ’ o ’ o - p o u u - l b n n c t  ,s t o u n c - o i  ( o n  o ’ o ” ; o o t t c . I )  ‘,‘ , -o ’ t t r t o  - r  , , u o ~~; 1 o o e I 0 0 0  o t t  -u  r i - f —

o ’ r c - O o o ’ c ’  s c o - O o n . l o t ’  “ o , o t c - b u  1 o c u j r o t  Is  o b o ’ t  on ”  i n c - - b  t o  1 - c -  t b o o i t  f - o r  s’l o i c b o  t 0

o u s t o o ’ c i a t c - - l  i c - I t - n c - n o  o ’ c ’  ‘,‘ e ’ - ’ t - - r  l i - s  - l o o o s o ’ s t  t o o  t I c c -  ‘ ; c’noo-o o o r e e c - t o m , s’b o o’r o-

I t , 1  
~~~ (~~~fl ~~~ ~~~~ 0~~~ a o t o u 0 0 0 0 - e ’ r - f  :- u , - , u e o s r o - t o , i n i c ] o t  i n s t  P o n d  l I e - d u o  o I ls —

t~’ini m.’ c - , so t r ’ o o u t  t b o e -  , u b o s o o ] m i t c -  c l o - ’ , I o u u  b o r i s , no i to i :-o ou o- : , or  o t h e r . re_- i  itn in ur y

t e s t s  sc , ’ t u n a l l v  p , i v o -  - - - - - r e - r  r o -to u l  o — - I n  a n i r u o o o l - t t  I c o u n  ( 1  0 co n- r e  ‘1  “ u t  d o ’ s

ou t  o f 1 0 )0 0 , o ’ o t i : t l o ; u  r eel  s-i t I n  h o  uiu n t oi l 101) 1 or  -I ,\ 0 )  , h u n t  c 1 ’ -  u n ’; I h o c - r e ’ Is

an o o b o ; 0 0 0 r t c t n l  t v  to  t n’ ’ ’  d i f t ’ o ’ r e ’ o t t  p r , t o b  b o o t  o - s i , ~ c ’ s s i n o h  d i ! ?  c ’ r c - o : t  - l e o  i t o i u ’ n o

ro n it’s , u h o o o i t  V e s t or  t ’ont i p~n n i s o n •  o - o  - o u t - I — i c r i v s u t  b e e ’  i n f  - - n - u  o t  i c 0 0 0  5 u n c h  ‘ o r  b r

0 0 0 c — o i s o l re ’s s o u t h  as li e -  t t 0 0 0 0 0 l f l l ’ss of f i t  of ot b l u u c s ’ b ’ e l  o ’ ; o e ’ r s u t  or  r b i p h o t  a l s o

he o n s e ’ o h

Fe -su t u r e - s__) ‘lsise -d on i- n i t  r-

The- am o u n t  of b n i f o - r o ’ ; , u t  Ion  c Ot iVe Ve oI  liv p s i r t s  c cl i S o c - t i c ’  s, ’ c ’ ’,aS t o o

0 oc ’ 01 p l s u u o s i h  le q u a n t  It ’ .’ on w i m i c - i n  t o  b o ise -- 0 c - a t t i r e  t o o l  c o  I I o ) n , i n t l  i t t _ i c _ c _ _ h

a ‘ o c ’ o u s o i r e -  hase(I  upon  e n t r o o j o ’ . -  c o n s i d e r - i t  i o o o o s  ( d i  r o e - h  l v  r e - l a t e - I t o  i n f o o r —

mat  ion )  is t ene t  imes  t i sed in  o rc i m a r y  p a t  t c n n  r e - c o g n u  i t  1cm . A s i mp le

e - n t r u ’e py o’ o u l i - u n l a t  ion t h a t  was t r i e d  c o n s i s te d  of r cp l u o Ing tin e c- e n o t e n

p o i n t  of  su S 5 s o p n u r e -  1w t i m e  aver age  I n f o ’  r r ’ oo u t ion o ’ o c n’u v c ’ v r - o l  h ’. t b i e

p o i n t s  in t h i s  squa re . T h i s  Is  done  t )y c-o u n t  t r i g the f requency of p l x e - - l

v a l u e s  among the  25 p o i n t s .  We r e ’ganoI  t bu t - se  f r e q u e n t - ics su s  p r o u h a b i  1 1 —

t i e s , i.e., if a particular p i x - 1  value i o c c u r s  K t i m e s , I t s  e m p i r i c a l

p r o b a b i l i t y  , o t  u oi - o -u r r e n c r -  Is p 1 K / 2  5. ‘11cr -r i t h e  t o t , t l  In  f o r m a t  ion I s

- p 1 I - o p



_ 0 ) 1~~

i s  , - , t i e - - i n b s n t  j o i n  5,- u s  t i s e l t - t o r n  t b o o ’  i o n  b p i  n d  s o n b u m n n i o a n  - , c o ’ n i t ’ , - c i  l e t ’  w b t b u ’ b t

- ‘ m o - I t t i o n s  s’, u s  t o l o : o u i l , t t c ’ o h . ‘ b i t e ’  n o - s u i l t s  W e - r e -  , 0 0 ’ o I ? b t s- - u  - - o  1 ° - s t u b  l I t -s c-

t o o t t h e ’ ‘ 0  i o ’ i n a l  k , ,~o b )  - u b o ; s - r i t b u n n o  ( h l  v e ’ n s u i - o  C o O t  c u — c ’ s  - - o u t  c l  1 1 0 ( l )  f - o r

1 c~’ i t  b o ou S — S - - c - n - s - u 50 o t t c ’ , t n o o l  o u  1 ’o ‘ 1 0 0 n i - t o - u ’  o ’ o o o ’ o ’  o; o ’ c ’ o o c ’ . ‘o - r o ’

l o t t i e  i c o n s  o u s ’ u t n ’ e - t t o i t I c o n  i n t o  c I o i S ’-o o ’-s i on  n o r ’  c ’ l , u b o n r , c t  e- - i n f o o n r - u o c u  t o - i :  v a l u i s i —

b o o n  ( s i n o ’ b t  u— s t b o e ’ o ’ o o t u s ’ t _ j i t  o o f  o o o u n t u n s u l  i n t o o n ’ o ’ o , o t  i on  0 ‘ t o o l  i - i t ’  t l o b s  s i t  o t s u —

o l oon ) m i e ° o o  i o ’ o : - r -vc ’ t b o o ’so r o - s m n l t s .

I t  i s  s’o i r t i o  n o i t l c l n p  t b o o c t  , u n u l i N  t u t o o t o t  o f  t 0 o , ’ o o t b o , ’ n  1 , - c o - o r , - - - is-

o _ i l - ‘s ot b u t - n o ’ , c o o t r o - ; - v  I - ;  su I m n n u ’ t  j u m n  o o  I t l i e ’  - I f  s t  n f 0 o u t  1 0 0 : 0  ~o f  I i i  xt ’ 1 e u  I ( n o - t o

r o u t  0 - u ’ t l o u  , c  c l i  r i -ct t m i n u e t  1 0 0 1 0  o o l  t h e ’  v u  I o t e ’ ’ , t boc’o ’ :’ , c ’ l e o - s .  ,\ s  s o n c h u  , i t

n - ’~ o m e - ’ t o o ’ : o t s  s l n o ’ t } o e - ’ r t. ’ l s u s s  0 ?  t o ’  t - u r , - - - s  c i i i  g b v c - - . t o u r t b u e ’ r  b n t s b o ’h t  h o t  0 ’  ‘ h o e - ’

v ,ut ’ o o o u u s  ~ I n c i s  0 ?  I ‘ ‘ o u t i n r e - t o  t e d  1 , i h I e .

0 , u  0 d i r e - s b i , u r ; t ’ o l  on t i n e ’  E s t  j t ’ o , i t  e -’ oI Vsi Joe  C u  b~e-,

o t t  ; u o o o ’ t b t e - ’ r  , t ; o l i r o o o u e - ’ h m  t o ’  f c - , u t o u r e - -  t o c i c - o  t in to b o o s  0 , , , , , o o  t r i o - - h . I n  t h i s

t o  s t e s - I o n :  c~i u e -  , - or a p l e o - n c  n m n n u h e  r ‘0 e- - b e - n o o n ?  s ( I  c - u t  on r e  to i . 0 0  ) t o o  be-

c O o _ i - n t 1 n o o n :  t h e ’  se- -n sor  map, s i l l  b o o o t o t o l b o  I c’ sonhrnsip s coot  o i i r - o l  t n  t oo ~ S o n —

so n map i r e -  c r c - a t e - - I . l a t h s i n h u i s i p  Is t he -n  co om p suro ’ o i  w i t l o  t h e  r e - t o - n o - r i o  c

-- 0 _ u p  u s i n g  the  c o r r e l a t i o n  p r o n ’ c - s t o ; t ine  m a t  cli p o s i t i o n  o i no h o ’ o o r r c ’ l o u t. ion

s t o u t  1st b c -s i r e  s i n u n u i t a n e - - o u n s i v  d e t e r m i n e d . The P s u i n s s i a n  t i n c o o r v  0 1 , - u

r i - l o t t e s  t i m e  s t a t i s t i c s  of the  c o r r e l a t i o n  process  ( e x p e c t  c - - b  v: i l m u c  : l t i i h

v o u n i a n c o -  co t  t he  in— anti o u t — o f — r e - p i s t e r  v a l n n e s  ‘1 t ho- c o i n n c ’ l o i t i o m n  f i n n i o ’ —

t ion ) t o o  t h e  s e c - t o o ’  p a r am e t e r s  ( v a r i a n ce oil t i n e  scene-  f n i t e ’ r o ’ o b  t v , ‘.‘, u r ’ i , o u u d c -

of  t b o e ’  n o d  i-ic- , ant I  nun m i me r  of i f l ( i ep c-nd e f l t  e I o - r o o e ’ u o t  to i n  t b ne sc ene -’ ’) .

u s i n g  t h e - s c -  r o_- l a t i o n s l o i p s , i t  is p o s s i b l e -  t c i  o l e - n v,’ - i l l  t b o o ’ i n f o o r m i t  ion

n i- o ’i - s s o l n v  fo r  c-st m a t  lug P , as  i h t - s c r  Ib m - oh In  S o - o ’ . I V . l b , u v  i n n s  - l e v e l o ’ c - b

on t e c i n n i q u t e  f o r  c - s t  imat  ing  P f o r  c ’ o u e b o  s t n b m a p ,  I t  i s  n o w  i’oo s to ib I c - , liv

r a n k i n g  t h e - -  su i nmap s  r e l a t i v e  to  the  m e a s u r e - , to  - h o t  c ’ ru ° o ino e  t h e  f c - , i—

l u r e - s  ( s i t s  o f p o i n t s  c o n t a i n e d  in the - -  s e ibm ap)  t b t i t  o n ’  f in e st  s l g n i f i —

r a n t  in t h ic  scene.

Univ hr  le t  e x p e r i m e n t  has been p e - -r fo rm e d  t ha t  11 lon ~~t r a t  c-s  t I m i  i--s c - con-

cept  and of f t - r s  some e n c o u r a g i n g  r e su l t  os .  Ts t k j u g  a ve ry  s m a l l  s im o i l a t e c i

r - f € - r e r nc e-- and sensor  se - i - ne- , it w a s  at tempted to d e - t  c - m i n e - -  t ine r e - - l a ?  i v t-

Impor tance  of each of t h e  sensor p o i n t s  in m~t k i n g  a ‘dot c-nt i i i  out s it  c - t i .

‘ r h n l s  wa s (bone- in two ways : On e , throu gi n a ( l i r e - - c t  s i n u m s u l a t  i o ’ n  wi t i n  no 1st ’
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t h i r o m u n u t h  t i n e -  c l o s e - c l — f  o r ou n u b o b o r c o x i m s i t  I c i n  - h i - s t - r i b c -u i  t l o o o c j o , v l o ’ l o I o - - l  s i t u

‘‘ ,~s t  b r ’ o , u t  - !  1’ .”

Hoe ’ n o - f t - n t -i nc e ’  t o d c t t e ’  c )  0 - 0 - - c - n o  was t oe- f o o l  b o o w i n ~~ 7 - 7 ‘‘ ‘ o’~~o i I - u t  c - - b ’’
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Fi g. 12 — °‘ Monufactured” referen ce scene

I t  has urn  i i  1— de u f m e d  , ,n p p rc o x lnno i  t e’ I v  v c - r  t l e s t  I to t  r c - , u k  t bo a t m i g h t  lo t -

te - -  rm c-d c c  road . “ Tine ce - -n ile’ r I - 3 p u n t  1cm of ti n i to — it o - t o e -  s on to c x ?  r , i c  e I

and a p p r o x i m a t e  1’.’ S b ) ) )  d i f f e r e n t  sanuo p l i - s  of g s i u n ss I sin t o m  I t o o ’  We’ t~c’ , i o b o l  e ’ I

t o  - c- 5t c’ ii of tiuc - c - slsc-s f m  n ine -oh b y  o l e  Ic- t t r i g  e x a c t  I ‘.‘ o t n e ’  p o i n t  . ‘l ine- ru) iso

was m u l t i p l i e d  by the  a p p r o p r i a te -  f s u c t o r  w i t h  t , h i e  ~iAl) s i l g o n i t i n r t n  t o ’ o~~i ve

a S /N  r a t i o  of 1 f o r  one set S o ?  cds c s  , u n o s t  a S / N  r a t i o  of I feor -m other

s,-t  . T u e  r e - o l u o ’ c-ol 3 square ( w i t h  mm c i i s o ’ , i o I o h e c l  ) was t b o ~~nt sunp c ’ r impos t - b

In  - m l  I p o s s i b l e  p o s i t i on s .  ‘b l ue ‘‘ob _se r v eu h  I’ I t o  ‘b i b l e -  71 i s  t h e -  o o u o r : o b o c - n
C

o o t  t imes the- H A l > a l g o r i t h m  yielded the correct matc h (with S/N 1)

d i v i d e d  by the total n u m b e r  of cases - l i ce -’  ‘‘est inna te-sI 1’ ‘‘ Is time - - value
C

c a l c u l a t e d  f o l  l o w i n g  t ine  p rocedure  d e s c r i b e d  i i i Se-c - IV .

The r e s u l ts  show t h a t  s i n g l e — p o i n t  d e l e t i o n  in genera l  has l i t t l e

e f l e e - - t , w i t h  t h e  p o s s i b l y  s i g n i f i c a n t  e x c e p t i o n s  t h a t  r e st i l t s  were

bet te ’ r when one p t t r t i c o n l i r  p o i n t  was d e l e te d  (~$ c o n  1, d e p e n d i n g  on

w h i c h  me thod  was  used ) , at’iel t h i a t  t hey  were cle f in itely worse when another

was dci e--t ed (9 or  2 )  Tine boi l t c-n r c-so I t  hid i t - a t  c s  t h a t  1)0 m t  e-) (cu r -
,

is t in e-  most “ si g n  i l l  c - an t ” Ii i  u - t i n t  r I b i n t  ing  t o  t lie ,- corre - ’  1 at  Ion va 1 um ’ .

‘b ’lnc - expe- r imen t  was r e p e at  eel d c - i t -  t ing  s i l l  poss I h i  e i - - u  — ‘s of p o I n t  to -

T I me- r e - s o n ! ?  s w e - r i -  t o m b  l o i n  h i n t  m o r e -  p r o n ou n c e - si t i m s i t i  for t ine sIngl e -—po i nt

s t t n i a t  Io n ;  t h o m - v  u r o -  s ) i ’ o w l i  in  ‘ F o u l ,  Ii- ,° .° . A p ar t  l m ’ n u  l o i n  pa l  r of p o i n t s

— ‘ . - 
- - -‘
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- do  l e t  j u n o  0 0 ~ 
0 ) 0 0 1  -

N 0 0 ’ I ’ f .  : So - o:o ~o -  n s e e - - r o e - -  b _ c o  I n c  t to i r e -  n c u n u o h t - r o ’ d
, u t o  o c o l i o o o ,-,’ ’- :

1 -~ 3

7 h

5, 0 0 )  w s u s  I ooi nu h t o h o e -  tim e most import ant us j u g  t b o o -  to I mm l i t  i c o n t  : : , - t  0 o n - b

, i 0 0 0 i  ( 2 , o o )  was t i n e - ’  u :unst important in the c - s t  i u ::, ut in n  o t p p r i o u o - b o _  I t o  h o o t ’ ’

(‘ u S e ’’ - , the p a i r  o i l  p o i m u t s  c ’ b o o o s c n  were  t h e - -  t w o  b o I o t b n , - s t  i n  ju-up o- onnc ,- i n

l I t -  - o o r r e s p o n d i n g  s l n g l t - — ~’oi n t  e x p e - ’r l n ’ n e n t .

A - ‘ cors ~o i  r i -~u o m n oil t i n e  t wo o so-  t to of r e - t o o t  I t  to p nov i - It ’s a o n ’ s I ‘ ‘‘ Ic s o u r , ’

o f  t i m e  ‘‘t ’ o o o o l t t i - t o s ’° i i i  t h u  s q o o o r o ~x i i ’ os i t  I on  t 1 o b o r o  0 0 0 e ° - . lint ’ c ’ S ?  h o  o t t  c-i I’
c

v s i l o t o ’ s  a r c -  s i l l  h i g b o c - r  s i n c e -  r u t ’  m o i s t ’  ws n s  a o l - b c - I , b u n t  t I n t s  ~~ i- l e ss  l o o t - o r —

t u n t  t h a n  the- r , u n t b —  o r o l c - r i n g .  I t  ii- s t - c ut , b i t  c ’ x . u ’ ’ : p ] o ’ , t h i t  t b e ’  t w o ’

l e - i s t  i n u o p u o r t  a n t  p a i r s  n r c -  l b  c- s n - u , - i n b o t o t b o  , o b o b o r c o , co u t s  (t b o , o o t o t b o  m u l c t  —

c ’ b o u n g e- -cI i n  o r u b e r )  ; t ine - -  , i n o l e - - r  I n u c  o u t  t lie -- o i f o ) o e ’ r  cm ii i  l o t  t o t  q m n i t  c - IS  c - i t —

to I t o t  i - o t t  , ,i i t  boo iou ~‘, b t h o m -  , _ , i o - e - ge - -ro e - -  r’ , u I t re-rich to ’- c - V I o l  c o o t  . b o o ’  o ’ o t - l o  1 - n  , - r , u

i i i ?  f e ’ r , - n o t - o-  - o o r r c l m t l o i n  t o e - f  t i - b c - n t  to arm’ o l e _ i-no in n u I - i c’ 2 1 .

‘I l o i s  e x l n e r i u u o e - - n t  h c s i s  u l e - o : o o o o o o , t  r a t e - o h  I n n  , u o u o t . b t -  w i ’ . ’  t i c ’  e--onu~~- ;’ t c l

- e l e c t i n g  teatur e,-s on t ine - - b ’ , u to ls of  t h e m  v s il o ni-s . In pr m o e ’ I p i e , o f

(‘- cu r se - , we- w o u l d  - c n t  I i u u n t —  t in t ’  p r o d e -’e-ss of  c - I  h o u m i n n a t  1 0 1 0 ’, t n i~ I i t  to , ol o u , u - I —

r u p  l i - t o , , and so ? o r t i n , o f  p01 rot  to I r - ‘ o ’ u  d 1 0 , 0  1 so i - n i -  l i i  0 b ,  s, ’ , i n  - 1 I c o n

i-si t o n  re- to ’’ t li on t m a k e —  s i g n  I ?  t o  un t eon ?  r I b o o n t  I - ni  to t o o  I’ . l’ n 0 ’  - 0  ui ’o u b o i v , _ n I t i - i

s l n ’q e l c -  to t  a r t  o n t o  sh ie ow n o u i , o e v i , we- t ’ o l p b o t  , i v i o j - l  t o  e ’  t o e ’ o - i o  I I o ’ , o I
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kANb< L ORRI - ’LA TI  o 0 ~~ S I i t t !  N I  l w l , b - , ’FI ci N F X P ~: RI M E N T S

N u m b e r  o u f

L,,Y
ouni t s [o e ’i e- t o, ’d

Q o u u n t  it it’s t o  f- c - R a n k — (  o - r r t ’ l , u t e d  I 1 2

I st  j o : t , u t c ,,-d F ’ v e- -r suu s o b s o - r v e , -d P f o r  S / N  = 1 0. ’ o t  0 0 , / 0 -
C’ C -

l o ’ - t l : : , u t e - ’d f’  v c ’r s u s  ob se r v e d P f u r  S / N  3 I (). - 7 (3.

o ) b ’ s e - r v v d  l’ ’ s f o o r  S / N  = 1 v e r s u s  S/ N  3 0 .~~5 I I O o 1

r e - _ o l i n  I n c -m e - n t  t u -  e - - x anun i ne- so i l  p o s sib l e  comb I n a t  i o n s  of p o i n t s , e o o t l e o - u: t r i  —

I i n g in s tead  o n ly  on those  c o mb i n a t  ions  t b o n t  c o n t a i n , f or e x o i n t o l e - , t h e ’

b e s t  t h i r d  of the smalle- r sets. This is hut tine germ of an i d e a ;  boo ’W—

o ’ v t - r , t h e  modes t  su ccess  a c h i e v e d  a t  t h i s  p o i n t  I n d i c a t e s  t b o c ’  o b e ’ s i r —

ability of more ext ensive similar experiments in the fut t nre .

I t

Two c o n c l u s i o n s  can he drawn f r o m  t h e  three  u n s u c c e s s f u l  t - x p c - n i —

m e n ts .  ‘ l i n e  f i r s t  is t h a t  too  s imp le  and n a i v e  an a p p l i c a t i o n  of c o o n —

ven t  lona l f e s i t m i r e - — s e l e c t  in g  a l g o rl  thorns  is not o f t e n  ad e q u a t e -  when

d e a l i n g  w i t h  images of r eal terrain . Those successes t h a t  ioave hc’e--n i

d -m onstra ted by others should he recogn izeo l as t h e  result c o t  qu i te

soph i st ie ited and extensive efforts. The second and m o r t -  imp o ’r t ~-n nt

conclusion is that  a l l  feature—selection algorithms , whate-ve -r t hne - -ir

degree of success in s u e h i e v i n g  matches , should be c o n s c ie n t  I o u n s l v  co on—

pare d w i t h  the more convent iona l  c o r r e l a t i o n  a l t e r n a t i v e ’ s  f o o r  ( a )  ac-

curacy,  ( b )  gross e r ror  rate , an d ( c )  cost  in  term s of c o m p u t i n g  c - f t  o o r t

Time f ourth approach , hased on the use of P , i s  con s ldc - red  promis-

ing and f u r t h e r  e x p e r i m e n t a t i o n  is recommended .

- 

~~~ ‘ - - =1~~~’ 
-~
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I h o  A S h - t o o - : b - i  ‘I I h i  , ; o u i

‘f h o r c - c -  o c t  t i c ’  . u p p r o o , u d ’ i o c ’ -  o , i c ’ ’ o r i h c  - t  i n n  c - i ’ . ‘_ ‘ I - u  i I t o t  i n n  t h e i r  1 i r s t

1 ‘ : j -  1 t- r , o - i n t , u  t i cnn . b l o c - v  w i l l  I ’ ’ ‘o u r  to o n t ’ d  , h ’. id o u s t  :0 , - i n  t - - t ~- , u r u:-  - 1 c r  o s o r

0000 n ’ c -  too . o p h i i ” t t I o  , u t c - o t  r o t  i n u c - o o : o - o o l s , u n i t  i i  c ’ j t h n t ,- r  t b o e - ’_ ’ , u r c  ; o , i d c  t o  ~‘ - - r ~ o r

t h e - j r  t , u i 1 t u r ~ - i s  o e t t t - r  o n n o b o , - r s t - o o o d .  l o u  , n o l d j t  j o b  t o -  t I l e -  f e - u t  o r -  ‘-, c ’ 1 e ’ o  —

t i on o h , i se d  con I’ , h o t - r e ’  , u r o -  i t  1€- , n s t  l w -  o o t f t t ’ r  t c - o ’ h u n i u~ o n o ’ s  O o O  he  -

to id o r  t o t

I > i I ’ R ( ° V I N o  C0RRI- : 1.A ’l’IUN S Y : -  I ’b - 1~~S

I i 0 ; o i r o -  13 - , i o o - w o ’ ,  t i n t -  I o yo - - s t  o f  u t ’ c’ p i o  - i i  o ’orro -l , u t  j u n o  p r o , t ’ sS  i o t ~~

set : :,o C u  w b o i o h ,s en i s o - n ’  d a t a  u n  - t o _ s t  t b m r e o o h o u  ,u ( o r o - u - r ~~o o  c O O S  i n g  0 0 ( 0 1 - r o u t lOf l

Th i s  o - j - t - r u t  1 0 0 0 0  : : o u v  in a v€ ’  0 0 0 a n t y  t t z n € ’t  l o o t s , i roc ’ l u d i n t g ‘‘~ - , r t - v  1€- vt - i  cod i n g ’’

0 t O o t ’  o , I , u t , u , t o ’ , i t o i r e  e x t  r a n t  j o n o  v ia  p u t t  c m  r o - o ’og n i t  i O n  t o o  h n i q u c - s ,

, i n n d  st e - - i t t , ’ c - O o t n u t t o  o ’ : o t ’ t t t  v i a  t i  t i c i ’ r  g lo b o o c l ( c ’ . o ; .  , h i s t o g r a m  e qua l i z a t  io :o ,

r l r . u n s t o l u  r o u t  c o ot , t - t o ~~ o u r  l coco , i l op e r a t o r - ;  ( o ’ . g. ,  g r a d  i t - n t s ,

i _ i  o l e  ~jfls , ~- t -  . ) .  i O n t u - e’ I b u t - s c -  t o c - o u s o i r  d at a  i r e -  p r o - p r o o o  c - so -i t ’d , t he- v , c r o -

i ’d O h I O  a p r o  c - s -our w i n e r e , by means  o ou c o o r r e - L u t  ion a l go r i t i o n , t i e

a i c h n  ~ios i t j o -fl and t h e  l o c a t i o n  of t i u t -  s ensor  map re l a t  ly e  t o o  t h e  r o t —

o ’ r c ’ n i c  e ‘ : u , u ; o  s i r , ’  d c - t e r m  I o t c ’ d .

OO r te i t I toe- unualu r p r o b l e m s  a s s o c i o u t € - d w i  “ h  t h is  forn on uj i a t  Ion  i t  t h e

o u i r r e l , u t  i - - o r  p m 0 , 1 - 5 5  j o-u t h a t  i t  t h e  m a t  c i i  p o s i t  l o o t  ( s e l e c t e d  on t h e

h - u s  i s  ot s c 000uc ’  m c t r  I t ’  e x h u  ib  i t  in g an n i ’xt r emun ot )  doc ’i-o n u o t  f a l l  m u  t h e - ’  r e —

~~1 , o n u  s o n r r o u u n d l n g  t hne  t r u e  m a t c h  position , th e c’ - o rr t ’la tor will f a il - It

~‘ o o c 1  3d , I t o e ’  r e f  o o r  c be v t - r y  d c - s i  r a b l  e , in  add it ion t u  de l erm in i n o g t hue

‘‘ i o u  t o  i i  p u s  i t  i o n , ’’ t o  also d e t e r m i n e  on - o i u t  i d en c e  m ea s u rt ,- on w h o i c h i  to

h~~sc- ,i d ete - - r nno in a ti on that thu l s is ti n e t r u n e - ’  ma t c h  p o ns i t i o n .  Thi c p ro h—

a b i l i t y  of c orr e -e t lock—on , 
~ e ’ p r o v i d e - s  suo - h n  - u measur e .  h oweve r , i t s

u ornput itior’i u n t i l now was a c omplicated calculation tha t was not obt a in n —

able in a closed—form expr &-s o ;iu iu. Section III has provided a “good

. n p p r o X  inna t  ion ” m et h o d  fo r  oht  a i n n i n g  P i n  on c l o sed— t u r m  e x p r e s s i o n .

Th i s  d c - y e ’  l o p me nt  li o n s 1 e,-d to  a r c-  d o n u t  I g u ru  t ion of t lie c-or r e  i , n t  ion pr o—

o e - s ’ , or .

F j ,_~ u i r c -  I ’e s t u ow ~ t h n e - -  iu r o p o n s e d  c’ oo r n i - I , n r  i o n  s o - I n c - m e .  I t  d i i  ft - r s  I r o u tn  

— -_-_ ‘
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li t ’ I t t  - o , e ’  n o t  — o h _ n v  So 0 0 0 - t : o u - 5  p r  i oo i . r i I y i n n  b u o u  t cot c- , t huron t I o o ~ o ~o r ,  - - u - s  u n t o _ f  c c  —

io- , n o - n u  0 - r i o  o t  Lu u n ’ ’ o o t  l o _ u c I t - ot i o n  t h u  o o v ,  i i i  1 i d - e n o f  i o n ,  ‘ T h e -  f o u u o -  t i - : ,

t h u  c ’ S t i ’ ’ , - o l  i c o n )  i n  c ’ o ’ -so-o i s  t o o  o l e  t o  n n o i o t o  I r c o r :o  t H e  n o  1 _ i t  i c o o  - t u t u

~ h i u t  u - l i e  s o c ’~~c - s t , l  O s l o ’ ’, w e t - -  ( v a r i s n n e o  o t  t I c - s e c - m o  l o t  0 i n s i t y  - u n t o !

v o n  i , 0 0 0 ’  o o t  u - h u e  r o o t  sc- i o n n d  , 1 - o u ch  no t i t o - sc ’  st ~u t  1 St  u es , 5 . 0  t , u r ’  t i o t ’

I t - s t  c - - I 5 Y , o t o - ’ ~ o _ Ot h o t ’  h / -  n a t  j o  , n n u c l  t h o u  p r o o i - , u b i I i t ’ ~- u t 0 0 0 r r e - - c  t I c c  p — i - n t .

I w o ’  c o-o s o n m ( - t  n o ’ o t s  i r e -  ‘ c o l e  i n n  I b i s  c - s t  m a t  n i - n o  l i m o  c - ,:,. I - n t - t  , i t  i s  ou’ ~

SI  c c  t i ,  o h  t I l e ’  : i o  0 - t o o  ‘~ l ‘ o t  0 5 1  i c — s  c r c - ( , a o u s s u : o .  b l o t ’  c _ f  t o - ,  t s  ‘to t h i s

o s O  j o - o i l  i - n o -n ’ - ’ o ’ e - o ; :; o f n o n m — 0 , , c o o s s i , c n  S C o_ ’ t 1~~’ s O  i t  1st  j o ’s I 0 5 0 v u  h c - o -  n u  t o  ‘- t c ,-d

b - t o t  n c ’ c - o i  0 , 0 - n c  s m n o o t u l n t  l o ° o I  O i s i o l o r e a l — s o c f it ’  j : n ,i , y d a t - i . “ c o  o t n e b , t O  i s

,cSSofl ,o ’ O  t : , c t  er r -  0 s c o t i r ,  c ’ , u O t  l o o n i h O o t  s i - h i  i t j v c ’  n o o i ’ - o c ’  ( 0 0 - 0 0 : ,  c l r i  , l o t —

t o - o O s i t V - ; o  ii i n 0 - , e t c . )  c r 0 -  c ’ o n t r o o f l t o b  t o o  s n o b si _ n c x i  c - n o t  ( I - v  - l ~n o _  i o s g

t o n i c - n  - o a t ’ , 1 ii - i t s  Len ) t o - s i g n  f c : c r o u n o t ’ t  o - r  ‘- ; )  I l o t  t Ii, -; o b o o n’urm t to i~~ n o i  0 ic  uni t I v

- o l O c ’ n h o t -  c ’ - O  i o n , u t c’ s o o i ’ O  n i n e - ’ b o o r  1°
o_ 

o r  S / u .  ‘I ’I s i s  i s s o t o :4o t m o o  w i l l  , u l ~~, o o

0 - c ’  t~~~~ ’- o t c  - o s sn i ,  - u  s i o : , o i l , u t  j o _ i t o 1 - n o c  c - s o .

- - 0  i : ’ e t e  0 0  o h ,  S/~ rou t io  t u t u  b e  v ,uluo,u h l e ’  i ou s c - I c - c t  hog h it-

r -  -
~~~-~~ i a l , ~~’ n it tn; 0 - - r  h o -  n e x t  0 , i~~r t- I - c t  1010 o i l - d o l t e , u t o c t  ~- , - s s  i 101 V o - o O H , 0 0 t e  j i g

o b c  0 - c  r t o n r T o u n  t -  c i t  t b - c -  hnr ei~ r o 0 o ~- - - i n ,u o j o c ’ r : u t i oo n i .  b l o t -  o_~~5 l  1:o:, o t c -  c i  I’ I t o

h e r O - c o t  t r - - ; - . t w o - - t u o n d ; o o - j n n t S .  M o - s t  i t : o j o e n t u u t t  b y , it  0 , u n s  I- c u ’ - ,  t u l  i n

o l e - ,  j o _ h o : ; ,-, w - h i e - t t o n r  o : ,  ma t e- hi , c s i t i c o n u  o o b t s n i n e , od v i ol f l u e  t o o t ,  l o u t i i  t o

c - c 0 , 5  n s  ( l o t  t r u  0 0  ch  p o si t i o n  or n u ot  , i n t l  c o n s e q c n e - - n n t l v  w h u c - t l u t - r  t h u

e- o r r t - l a t o r  sh o u l d  r L - n r u a i i o  i ’o t b n e  , u t ’ q o n i s i t  j u n o  n o c ic Ic  c o n  s h o u l d  s w - i t c ’ b i  - ‘Vo

t o ,) t r ; u o  k m o d e .  Se ’o - o u iud , i f  P i s  q u i t e -  h i g h , t h e - n , i n n  a dd  i t  i c o n u  t o o  o t t ~~

- i d  o i l -  t o  swi  t o - i t  t o _ i  on t i - c o _ - k t : iv de - ’ , I t w o o u l d  h - c -  p e so ;  ih I t -  t o o  r e - - d i c e ,  h i t , ’

- , o ’ a r o  to a r c - ’u ( ‘*‘ h u i c ’ h i  w o u l d  I r e - c  t h e ’  L- o n n p u t c ’r  t o o  p n - -  c ’tos c o u n t  o t ° o c ’ r  c - r o o t

o - O o u j r (  c-s i n  t t u c -  t r a c k  m o d e - ) ;  or , i f  
c 

i s  b o w , h u t - o n  u - I n c  s c - a r c - I c  , u n e - ,u o:: i g h i t

i - i  t b oc - r rema in  I ixc ’ol o o r  ( o o s s i l o l  y b - c -  e - x j o _ u n o ~I e-d

Tine  s u c c e s s  of t h i s  t o n  o o , i u i , u t  i con  o f  t h o u  c - t o r n - c - l o u t 1 0 0 0 0  ~° n ~~~o c -ss  d c - l o t - r i d s

on t w o c - o n d i t  i c o n t s , n n o u u o o c ’ l y  : ( 1)  t b - u t  11cc ’  t wco  a l o u r - m e - n n t i e n n e d  , n o - s i u o o o ( o t  b o u t s

( S u n  ss I an sl ut i s  I i c o o  anul 1 I n i t  c-tI ~ c ’ o  ‘ ri o , : t r ic,n 1 c- ru -I 5 1 ob o o n uo c s t - V  - r e - i  V

o t e ’ ) ; r a d e ’  h u t ’  t - s t  i o o o , u t c -  o u t  P ‘und S / N  and  ( 2 )  h n a (  he ‘ ‘ i n  i , i n o o - t ’ o i l  t b o e t o c ’

s im nia t c-s i s snnma 11 enough  t C o r c - n o t e -  r t i n t - r n  u s c - t u i  -

Me- I hu ods  f o r  c - s t  im a t  i n t g  1’~ u n i t h / N  f r un t  hit- o t , i  t a h m avc -  I i - c - t o  t c e r n n u —

- u t i ’d . J u l  t i s n l on u n su  I v - is  oi n t b i t -  N / N t o — f I m a t  e h a  o-o - , h i c u w n  i t  t o  1 o~u v c ’ .1

n e - I - u t  n v e — i y  ‘‘ t u o i e r a l o l e - - ’’ v a r i a i u c ’ e-’ . A n u a l y s  i s  ‘ ‘ m u  t h i n ’  v _ n b  l i m o ,  e o f  I’ a o o d



o n , - hi t-I - c c o - o f i ;’i u t o  ‘ o u  t cv Ic ; - i i i  00 - ‘ c i : ;  i i i , ’ :, I mci 1 u I t o _ c u  t t o  - I i i  i ‘j o ’- ;  r ‘ 0 1 , 0  i o u

to ’ 1 ’’ - : - - : , - - -

AR F l  F l  ( l A b ,  1 M b  i l l l c . i  ‘,o

,\rt i t  ( c i i i  ( n O  o - l l i g e - n o o ’ c - s- us  ‘ b o o t  i l c f l o _ o i  i n n  b~, - o . ‘.
‘
, i t u o t  i s  I n  , , ° u - , s e ’ u l

h i  1 , 0  I v  b o t - n ’ c -  u - t o - i t t i o o o o u g b o  t h e  p r o - u - i c c ’ l o v e - I  (of i ) ) ~ i l O 0 ’ , i t  J C ) f l  i _ t o  n ot  ( ‘ J c ’ , u r

i t  t i n  i~s I 0 0 0 0 0 ’

- - i c  n b o o , ’ 0 1 c i r ::;s o : c ~u p  ‘ s _ u  I c i i i  00 ; 1 - v i  - r i c o g  ( 0 0 ,;, a c r  v , - ~~- 0 -

,u:: o o o i o o  ccl ‘ n  0 c c  0 k i t ,  w I  - - - I ;c- - - h o , - , o r  o _ u n n  t it c- p r  o h  - 1 c-no ; - n o b o l  i t juno - u 1 1 - ,- ,

- o p ’ -  i L  ~z c ’d  r e - ’~ o ) - t o u r s  in n  t i n t ’  c - v t -  a m i d s i ; b o — u o ’ o - , O i o ’ I  t v u - ~o t , u 1  l o o t - r b  r ’  0 . 0

i l l  t o , ’  i - r a i n  c r c  p o ’v’ c - r t  o i l  f r i - o i l — u - t o - I  ; o n ’   t o t  - . ‘1 c ’ - , 0 0 : , o i l , u t c  t o o t ’ - - ’

- r 0 0 0 c - s s c _ ’s 0 1 i n t -c 0 1 v 1:- O , ; o : , -  ‘ ,‘ o _o n nc b t h o e ’  to i o t  - - 0 ) 0  t b o o  - - i i ’  I b o o  0 a ,  t ,

c ’ u o u o l d bc , b o ; o t c - , on s i , ’, o i i t  t o  u n i t  ; o i r t  c i i  t h e-- - m t  ( t i c - i  u l  i n u - c,’i l o g , o - o u ,  -

1 c I - 50 0 0 0 1 u l - so - I v ’  I - I o n ’ l  a mnc w conmpon t en r c -v -  ‘ 1 ° n t~ i O )iO woo 0 cI I o , o o  h o - a t  o i l

‘ . o  y -  u - i l - - l e o - - o s , t o -  I n m u i u ; u i . , - — u b r o o o .  O hio- c n o c - r g i l t , ;  c ’ - o o I , : - - ; t u - r 5 ( ’ i e a i  o

°‘~~b - ’  i n n ’  00  c r 0  i t  ( c l i i i i n n t e - l l i , u o - n u o ’ c - c o n h o c ’  a i : : ’ l i c ’ t o -  - - c ’  0 : - i t o -  ( n i t o - ’ . u- o_-

o , i v t  , u l t c - ooi’ , 0 i t I ’ - o o c o c d ’ c -  o l c  t o - - t 0 0 0 0 o .  U n t e  - -~ i i -  ~~o ( t l n i o ,  , n r t  i t  i e o - u l

0 : 0  he 1 1 i , ‘, o_- ne c_ ’ o u t - s o r i b - , -  - - h b o o  ~‘;o ‘, s ( in  wi n  i - : - u i  , ;o  -:~ , I I c c  - - - , , - o u r  0 0 0  n .s , ~u n o d

oi ~ b i e r  ; - r i r . o  I i v  ‘ i r e ’  p i t  t - g c - t : u t - r  t o o  j e r o : ,  r e -  o ° g i o i i n b - l e  o hj o - o u - s .
. a O i - u l Y 0 0 0  t b o e - t o  : o , m t c h i c - s  u - b o o - s c  - c r i b o t i o - n n i - o  r - u t b o c - r  t h u c o o  h o c ’  c u b  j c ’ o t s  h u t - : : ; —

sc l ’ ” - s .

0 t i l t  i o o ; , u t e - ’  i m p o r t o u n l ’ c ’ I nc i t t  i t  i i  i i i  ( o n t o - I l  t e a t  t’ is a

- i - - i ” 1 0 0 - u t  t i c - ’ , t o u g c - t i c r  a l i t 5 , ut : 1 0 0 0 i t o t  o u t  l i n t o o r o : ; , i t  m o n o  u i - i - o t t  b i o u w  r e - i l —

s- o r  I d  s-  c o c o S of  i o u t  c r c - - , t o c r o , -  c :ouis t r m n - t  c o t  a r id h o u w  hu e-  i n  sub hu , i rt , o-, o n o_

r t - l , n t c - c L  I t  i - c a l ; j g l ; c ’ r — o o r c t o - r  o-o ’,’ o i t h u e - s i - , t h a n  t I o - n t  d c ’sc r i h e - - ,h , u I , o v c - .

F o r  c - x , u : : ,  ; ‘ l c - , s t - n i  c - m e - n o t  o, I i k e ’  ‘‘ - i  1 - u r o ; u -  r i v e r a l w a y s  c - m o_ I s u t  n o t  - - o

, u nn d ‘‘ I r e - w i t - s  t u e - v e t o l o - , n o b — & ’ n u d ’’ n r c -  common — s c - r i s e -  f~ uo - t  ‘ , t h i u t  1 0 c - o o P l o - ‘ ‘ ( , t i o ’W ’’
b u t  on - i t t  i f  n o  i , u l i n t o _ - l i  i g e ’ n i c c’ o_ ’omput c - n i c o n s  b ho e ’  h o l d .  l ) c- t, er nn r i n o i n g

n~- h u , a t  s t o u t -i: ’ t n t  - - i r e -  i m p o r t - i n t o  , h ow t o  p u t  t I n -:: ; l n t o o  in , u i o l o n c o h u r j o n t o - i ii—

m n u r m a t  h u m  : t  r on u tui r e - - , hu u w t o ,  re-late - - t h e ’  o ; t ; u t e - - n n i c r n h s , ~u tid h ow t o -  , u  o c t ’ S

, n o c o l  t i i a n i p u l . n t e ’  t i n e -  i n u l o ; r n n n s n t  i on  n r c -  o i l !  n o u s u i o r  c o n s i ’ i o - m ’ , n t  lo ins  I m o  s o r t  i t  i —

I a I l i n t  c - I  I I ,~ e - o ;  - 0 ’

A r t  l i i i  i n  1 j u t e - b I ( g e - n i t - c ’  j u r o g c a nn s  ‘ i t o -  g t - t t c - r i l l y  h i e u u r i s t  it l o t  i n a t c n r t - ,

o I , t ’ , n n i  i m u g  t o u t  0 h c n’ y I n , - , n  o o o a t ; ; t o o - r  01 j u l n u i s i b )  Ic’ o i o n  ( 0 10 ;  c o f  r c - u o - ; c o n u  l u g  i n n  ~n t  —

( 0 - 0 0 ( 0 1  l u g  t o e  o c c o l  V t -  ~u n e c l u I  c - t o u t -c , ; u n n o l  t i c _ n y  i o u - - k t u t u  .n ,nel r n - — I ry  o , , ’ v e - r , u  1 t ln o ne o —

- — 

-



0 0 ,  t : o o - t o o  c so- , . I t o  o o o a j i  i - i t  e b u ( o o ~ ’, ,  l o o n  0 - , o o ’ o j o l e ’ , o - o o ,  h b r o o , o , 0 0 ’ c ’ , , c , u n b o i  l o o n : :

i v  ‘c - ho o - o  5 i l , - u t  t I n c  - o ’ 0 r o - o 0 nooa t o - Ii , on nod  0 hoe  - oo  0 - - 0 - n h u e  I i ’; 1 - ’  o ’ - ’ - c - - ‘ - o r

- c s t t b o o  0 - , t i n n  0 l i e -  r us c - c l  on r i  ( n i l  o n ’ : : ,  o f  i c o n  i i mu t 0 o o  t o t  - - n o o b - n  I ol : - ‘ b  I

i i -  I i  o u r  t i I n u n , u  I l o t  c - I I i ~ ‘ 0 nr c,  - I - 0 0 0  - n - , : - - ,‘ ir , - I o n ;  g o  , o - ‘ t I ; (  - l e o -, , 1 i o o ; o ~~

o 0 0 i ’ - O  i i - :  i o0~’, 0 0 0  r u m , ;  , oc t u o b  - ‘to  - e - tui -o j ‘, ‘ o - . Is - a , - - 0 0  0 r n h i o  t ’  0 ut ’ t o o  0 t h oe ‘ t o  1 0: 0—

o , o , t  0 0  ii t o o  m o— u t a  t I ne ’  o c - c l  w o - r I , I  o f  t , n r o , o - t  u o - q c n i s i  I i o ’ i o . h o o ’w’ t ’- o ’ - ’ r ,

O 0 ,  - l e - - , ’ r~ a ’ i n n - ; ‘ o - o  t ,o m ud  5 i O - i - I o 0000 (°Oi t o  - r ’  , u to o _ I  t I c e  - i o u c  u o - ‘ t o  i o u ; ;  i i i -  do - m —

- 0  - u s o d  i t O g  o o t  0 t t 0 0 1 e i _ S i  I i l l  0 c 1 1 i , - 0  uc  u - ::s:uy 0, . ,  0 ’  S i t ,  0 0  5,0 l i n t  I o ° t o t o  t o  - , i ~~ I I

w i t - i n n , :,,, ‘~~, 0 1 ; , -  i oe ’ :— ; t d e - o  c i t e 0 n i t o - o s . I to o- il i t c ’ t  ,~~ ‘ 0 o 0 0 0 t t ’ t  t o o  t o ’ ,’ ’

- c o  r n - o h : -  i t o  0 o c u m n r i l  i n n  ( h o c -  0 0 u n i t  j o  o , sn n u  5 10 ’g U ‘c j o t  0 , 0 0 ,  0 0 0 b o o - oh i I o ’ - - o ’~~- I i v

,i n id  t -  h i n o m o ~o i o - s  c o b  - u n t u t  n e L L  m o t h e - - l l i , : c - t  o; - ~oy  b o o - o h - , , - : ; o o  i o t s i g h , o  t u o t o l

0i o r , -o _ - t l o t ,  0 0 0 0  0 : 0 0 0 1  - o ’ : o ’ , ’ e : o t l o - o o , o l  ap p u — o -  0c c - c .



, ‘o ; - i o o - n i d  i x

l SI - T b-i, ’, l b  ioN od ‘lift S/N i -:A ’I 1 0 0

0 ,  i S c l i  0 s o t  ito I e - - - r i l - c mc - l i m o _ n o t  I - c o  0 1 n o - u t  0 0 ; , ’, t he  - S / N t o t  i o _ ’

O : -  ofl; I : o ,  - c o o  r r e i - h  i c o i n  J u t ; ;  , m u s  I t og  t i _ t b ;  c r  t h, NAb - 0 o r b o o ’  P r o ’ ’  h i nc  t 0 i , ’, o - r i 0 1 ; : : : ,

‘ o i ~ d o ,  o . l o : c - s  t ; o t  s t - o o ; o i , c O ’ o O d c y i , i t i - r n  of  t o o - c u -  c ’ s t  i ; : ; c u - ’ - ’ , . I t  i t o  0 , 0 - t o - i

o : , - ,  0 t i c  c - t o t  0 0 ”  0 t c ’ , , ) o r  ( t o  o_ h us  i o u ;  t li e ’ ro - d u c t ’  t o n l  , , - r i t h o:: c :  S m o e  m o o _ n  os b- -u-

i~n i  t o r t  - 1 i t  i o n  i n  t h e ’  s o  c - n o c ’ , j . e ’  • , o i l  1 0:0 ,0 1’ P l x i -  I s  c r c -  - e- , , ° i i - o &  1 t t O  1

0 ’ , o l t , ’ c ’ :  o l o  0 - 0  0 0  r t O , i  ct  1° c’ i n n  to r b - r e t  cd  ,i’o t - - u I I ’  s : : ; I  - c o  10 I i n ;o1 u -ge - -i o o l  - nt  t c - I t ’ —

;:1,s) . b : o c -  c ’ s t  ~o ;o o o t e - s  0 0 5 1 0 0 ) :  the’ ‘IAI-  a l g o - o  i t i u m s  , , r o  i L - o tt- e~ 0 r o - c t  ( ‘ i n t —

l ’ i I s c ’ - O ) ,  i c ’ sp i t c  t i c  d i l l  b o u t ’,’ w i t h  N I ‘ ‘~~ u- b i t s  , o i c ’ o ’ r i t h u m  t i u , u t  I s o l i t o —

o u t - s o - d It o S- -c . 1~ , s o o t ’  u ’  I l i e -  I ~~o 0  o - q 0 0 0 i  I i c oo: 0 b o u t 1 un Vu I vu  N Eqs . I A— - )

o n - I  - - —  lu ) I Jo n o ’ o h o  V u  t o’ 1 - c - U s c - i l

i - b I I 0 ’ : A ; ; N o -  l i l t ,  s / u ,  RA ’ l I t o  s - I N (  P R O b o b o T  , \ o G O R 1 ’ b b s M  h A i /

N t o u t i s t  o c a l l v , f o r  t I c -  P r o - - t o o  I - c l o ; o - n i t l n m , t h i t ’  t o o l b o - w i o o ; ;  r c ’ l  1 1 , 01—

si ;  b p s  I u o ’ l  oh t r s c :

1 ( 0 ) 3  = i-o~ ( ,
~

, —

~~~~ ~ + (A- : )

1-1 ° 1 ( J ) )  = I )  ( A - i )

~ x
u~~( J )  = ( “~ + (, \- ‘ )N x n~

b - n o n  i So - o _ r r c ’ l , o t  i c o n ;  u , , t~ u , c - s t  in n a t e ’ s  1 - o r  t h t e ’ e -  i t i ; e ’ o - o e h o i , 0 0 0 t  it i t -s

o u n  c o h (  - t  i nne - -d m o o  t o - i  b ow ’ ,

h t ; ( 0 )  ‘r I m e - - v i l e - i c -  u o l  t I n t - c - o r r e 1~ u t  i c o n u  I u m o ; o t i c o n  - 0 0  t b ; o -  t o c a t ,

p o s i t  i o n , • M~~
°
~~’ 

- m o se r ve  s u s  i o n  c o t  i ; : o , u ( t -  u t  t h i s

‘ ) o u o a 0 0 0  m t y .  S m o t e h u e - ru-- Is ( g e n i e - r u l i v )  o i o l v  c a noe -  t : o u t c ’ hn

j o u u i n u t  , t hi ert - I s  n u c o  way of c - st  ima t hu g  ( l 0 ) .

!. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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(J  ) - II: ’ a, c n n  0 t t ut  0 :00 51 SO t  c c i  c o o n  1— 0 0  1 r ,  - o ’ , j t o t e r  v - ,  1 0  c -

mo ’ - -n r c ’ l i t  I - ‘ n o  I u n i t e ’ t i c o r n  u ’ n n  m - , o - n ’ ’j t -  , o  - — 0 Ii I i i t - u t  e ’  01

l o u  “0 ‘~~o l . u n n ( i t t ’ , . 0 ,’ .

E ‘
~~~ 

I )  , ( I I

0

~ ~~~

( 1  I -b l o b s  o j e - n u n o t  ( t  o ’ 0 a n n  be u - S t  imoi t ed by

- I 
~~~~~~~ [ : 1 h — 0 - 

I )

t o t ’  S / N  r o t  i - -  I uc - r -c c’ c i o o c ’ o - o  nnot  c - cit r ic- d i n ’ t ’o t l y  f r o o t : :  t I ; c ’ ’ o c ’ u - b u r t - c ’

v u  h o c  s , m o n t  s i _ nd ,o~ o an  iou -’ estimated se p a r o u t e  l y  tu m i d  t i n t - n o  t t o e  r o u t  io

o r o o c ’ c l  . i t  i n on s h e - c - m i  s u g g e s t e d  t h n a t  ‘
~~ can bc mu - - a scc r o -d  by  us b r i e ;  o n o l y

t I m e ’ i o u - n t  i ons  c i t  I t o , ’  I e ’ f c - r t ’ n n o  c’ map hu t c h c -or r c - s p o n d  t o o  li c e - so_ - ot soi r o : ; u l o .

t l o ~~ c ’v t - r , wh it - n we- o - o m m s i d e r  t l n a t  w i t h  ‘‘ 1 ( vu - ’’’ i m o n g u - - r y  t ’ c o t l n  o i o o n g - , h i v e ’

rio ( t o e ’  . u n j o e r  i :o ;j u ose ’cl  t u r n  t h u e n n i , i t  b c - c o n n i e- c ~n p I i ; n r c n o t t l n a h  t I n  i t o  i s  m o o _ c t

i to t  ;n ; - t c o r  v n p p r o n , n c h n _ Our ;u p p r o a c ’ h i  is  to ( 1 )  c- c t i m a t c ’  
‘: 

r o ’ o :o 5.

( A — i ) ,  i . e . ,  ~~ ;~~ ( 0 ) ;  ( 2 )  w I t h  t h i s  e s t i m a t e  o t  ~~~~ s o l v e ’  b o b . (A— - .)

I or jou c - s t  mni m at t ccl - ‘ ;  and  f i n a l!  y ( 3) t o rm t h e  rat i ;  o f  u - b  i - c t -  two

- 0 o n - i o t t  i t  i e - o ;  t o ’  o - h o t a  i i i  t I n e -  dc - t i r e d  e s t i r n o o m t e .  Tint-  r c o s u o l t  i- - c

S / N  
2

/~~2 
= 

1 ( A — i )
x n 2N o 1

M
(
~

J )  
1-

‘l i m e -  von r I u n i t  e- u i  h i  s c-s t  (unti l t- o n  mu be- ap p r o x i m a te d  i n  t c-m s 00 t ine-

v a r i a n c e -  of (J) and 1( 0 )  by u s i n g  a Tay lor  s e r i e s  expansion of ~.q .

( A — I ) ,  d r u q o j o  l og t c - m o o s  I n i gh er  t h a n  f i r s t  o r d e r  and f o r m i n g  t h e  exp ec te ch

*
I’oo r I h u e -  P r u de - i t I a I gor I t h m , t in Io ~ qu ai nt I ty is nno t nwasur -d hut ns—

~
- 0  ; n : u n ’ o l  by t t i n -  to ta t is t I t - o i l n~e-n de - - 1 t e e  I o n -  f e - r u .

-
~~~~~~ ~~_ 1 ‘ 

~~~~~~~~~~~~~~~~~~~~~~ 

‘ 

“
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v , i  I o -  0 ’  I n 1 -  so ,’ i . i t o  ca t t I  c e l n a n i 0 : c -  i n n  1 I t o - S / N r o n  t io u . ‘ l ’ h n e ’  b o o t  c r u  s t  I ni ~

u t c i . C l  I c o n  :: o u l a  jo, t o o - u t

\ , u m  I X . ~
‘ 

( :~)
‘ 0, u i  ,- ~ ( ~

,) V i m  0 ( A S )

~ : o i c ’ h m  i n n  t h o i s  c a s t ’ , 1 ’ , f o r  F = E q .  ( A — i ) ,  ‘,ie- ’ld s t i nt - r e- s ou l t

V u  n 0 - , ‘ ‘  

- 

- 
° I \ ‘ . i  u ‘ I  I) 

( I) 
v. n - 1 ( 0 0 0

1 I )  
- 1 1 0 (~~ ) i - 

- 

‘ 0 )
( ( 1 1

h o v s n r i , i o u c ’ e-- o f  . ( 0 )  it- c s i mp l y  o ’ ( 0 ) ,  w h i c h  o m i t  iou - - ob t ,uj roc’ oJ I rat:

t o , .  (!;,_ ._° )  . o ) i o t a i n o i n n g t i n t -  vonr i c ,m nc’ e cc l  1 ( J )  I t o  sonn e -’ whm ;n t 000o _ nm c ’  5 0 1 0 0 1 0 1 1 ’  , ; h c - d ,

b o i l  t o ’r l o u r g e ’  v a l u e - - s  c i t  Q (Q ;- 3 0 ) ,  a c l o s e  a p p r o x i n o o n t i o n  ( a t t r i i - o i u - e - d

t o ’  b- ’ . K . Chow of R a n d )  is

*The e x p e c t e d  values of -
o -~(0), ,‘-.o : ( J )  are t aken  to  be zero  and , w i t h

( 0 )  i n d ep e n d e n t  of ( J )  , t i m e - ’  expec  I t’d v a l u e ’  of  t i m e - -  p r o d c n c  t - ‘ -1 ( 0)  , -c (J
i s a l s o ’  z e r o .

l~ i t h  - ‘ 2
( J)  g i v - m n  by  E q s .  ( A — s )  and ( A — t n ) ,

_ o h
~~~~~~~

[ l E  

1
( 11

c u r  

= ~ 

1 
[(

I I - ( F

w t i e - r e  T ( K )  r e -p r e s e n t s  i e e - ’ mean value o i l  t ime - - o u t — c u f — r t - g i s t  e--r t -or r u - - 1 , m —
t ion  I uric t ion ( t a k e i n  t o  t o e ’  z e r o  fo r  t lie P r u d e - n c  t ,u I g ( n r  i t  hi m) and  ( I
i s  0 u s o , u n o o ; c ’ d  u - c ’  hoe d i s t r i b u t e d  N [O , ‘,1 2 ( J ) ] .  ~‘2 ( J )  i s  hit - n c b u l — s o 1 u onr e - ’
d i st r  f lo u t e d  w i  t i n  Q— 1 d e - -g r ee - s of Ir ce dou n . Thus ,

—

- - m - 
- ( I ) h to in ’  - - t o  - o f  Lu I I s  - ci c - n c  0 on : ,  j u n  - i t  c o n  I c c  ) ‘~ I c - c  - I h o ’  - I I I t’ , o o  I - o l e  I a

- 0  mc mi i I vs o r i , o o  I c  - - I - i ‘_ ‘ o - u o  i I e e

_ _ _ _-  - _ _
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Va r - ( J )  = ~ (,l ) ( A — b )

E q u a t  ( c o r n  ( A — 9 )  can  now he w r i t t e - - m i  us

F • I I l l  [ ~~ t~ - -
-

V o n  ) S , ’ -
• F 0 0 , 0  

+ ~o ( 0 )

o i ( 1 )  N 
- I 

- ( ( I )  ‘ - 
~- (‘I)

( U)  ]

- - 
2 2 - -

Lx p re- - ss nig t i m i s in  t o ’  r:: ~o f  -: an n c i  r c- “,u i t to i n
x U

4 2 2 - 1

Var S/N ~ + 

~
) ~~ 

+ 
N~~~~~~~~ 

(A- . 1 )

or

Var ( S / N)  -‘.(S/N)
2 
[i + ( S/ ~~~)]2  

[
~~~5 + ~~~~~~~~~~~~~ (A -U )

V - n m  = i —- - — — ÷ i0:o - - n o u i , b o  0 t o
- -- (m ~- I )  ~ ( o ~- I I 

-

tI ne \°onm V -~~~~(- I ) is fcn~id t o be sn p pr o x lmsi t ’I V

Va r - t ( , i )  = Va r 
V 

~~~ I )

or

Var ~, ( , i )  o n
2

(J )  [ i - - - 
i 

]~ L 4 ( Q — i )  8 ( Q— l )~

For r .- ; cso n cih l y I on rg e valu e- s  of  Q, t h i s  r educes to

Var  ~~( J )

— 
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i S 1 I M ,AI I N C -  I h l E  S/N RATiO L’SING MAD ALGORITHM 1)ATA

F u o r  thn coo  MAD a l g o r i t h m , u- lie f o l b o w i i n g  r e b a t i o n s ln i p s  s t a t i s t i c  a l l y

h n o l d  t r u e :

F = (,\~ b 1 0

2 ( 0 )  = ( I  - 2 / n )  c / N  (— ‘c - I. )

E 1 : ( 1)  } = ~~~~~~~~ + 
.
~ 

)

l /  
( A - I  h

( ,~~2 
+

o : ( J )  = (I - 2 / )  ~ X o F  (A- l I e )

Est imates  of E~ -4~( O ) 1 , E { - - ( J ) } , and can be ob tained from t he data

‘us described in the prev ious subsection of this appendix. Again , there

is no way to directly estimate the S/N ratio , but it must be obtain ed

I 
- - -
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T , o h o l e -  A — i  sh ows t h a t  t i n e -  va r  i~i n o c e -  of  t h i s  c-s t  i rni at or  is s i m i l , i r to t h a t

01 t h e -  ~1 A b o  t ’s t i no . u u -~’r , b u n t  i s  s o m e wh a t  b e t t e r  in ;n 11 caSes . 1- I quat ion

Ta b l e  A — I

V A S I A N C E  OF Till -: ESTIMATE OF THE S / N  RA TIO L ’SING BOT h T I l E
SA I l  A N I i  P ROI ) 1 ’ ( i  ALGORI ’r }ml DATA FOR Q = 250 AND N = 100

— - — -

St  , o t o o i , i r o t  -

A t  c i o u b  S/ N  V o n r i ; n n m c c -  S / N  ,‘ j  m u - b o o n  S/N

0.1 () . ( 1( 1 14 0 . 0 1  (7

I ( ) . ( 1 5  1 0 . 2 1

1.1 ! I .I)°~

I 0 - ,  . 17 2 • 0 0

(A—b ) cannot be used since , as disc ussed in the main text , N does not

represent t h e  number of independent samples. Nevertheless , an estimate

of ‘
~~ can be obtainted using Eqs. (A—15) and (A—1 7), with th e result

being:

(1 )  ( 
~

) [ ~~M ( ’ ) — t (0) ]

where - - is d e f i n e d  in Eq .  ( A — S ) .

It foll ows that

- 
~2 

, (1 )  1
S/ N  = = 

~ 
- - I (A—20)

(0)
no M

The variance of t hn l s estimate can be found in a manner similar to that

described for the estimate obtained using the  Product algorithm. The

result is

- - a ’ .
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V o u r  ( S / 5 ~ = [ , ]  [on ~~- (  l b  + [ _ (~~~
] 2  V , r  ( 1 )) ]

0 i C  : 0  0 0 i , O  I S

V - u t  ( S / N )  = 

~~~~~
] ‘  [ - ‘

~~ 
[
~ 

] 2
( 1

01] 
( A- . ! .)

I : o  t c -r : ’ i ’ ;  o u t  - — , n m n c l  -- , t i n t s  .‘ , e o n  b o o ’  ‘~‘t’  i t  t o - t o  is
x mm

~‘ u r  ( 5 5 )  = 
( 1~ 

- i)  (2  ~~ 

~ 

) 2  ( 2 )  ( A ~~~ 3 )

V a r  ( 5 / S I  = [ 2 ( S / ~ . )  + 1]
.! ( A 2 - ~ )

This estimator appears to yield reasonabl y good , unb iased estimates 01

t h e  5/N  r a t i o  and co r r e c t  e s t i m a t e s  of i t s  v a r i a n c e , even wh en sp a t i a l ly

correlated data are used.
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