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a  d - tu p le  v e c to r  c a lle d  p ix e l- fe a tu re , \ = f  (Pm H x^  x2k- -  > xdkl T

th e  o b s e rv a tio n  s p a c e  c a lle d  p ix e l- fe a tu re -s e t, P=={X1, X 2 , . . . ,  X np}

th e  n u m b e r o f  p ix e ls  in th e  s c e n e

th e  v o lu m e  o f th e  p ix e l-fe a tu re -s e t, v p= d .n p

a  p a th -s e g m e n t re p re s e n ts  a n  o b je c t in  th e  o b s e rv a t io n  s p a c e , 

X a . - - . -  X niK  W l w  P = R 1U P 2U . . . U P to

th e  n u m b e r o f p ix e ls  w ith in  th e  o b je c t P.

th e  s p a tia l- fe a tu re -m a p  o f o b je c t P j in  th e  s c e n e , L = {  k  ; X Re P.} 

w h e re  L .n L .= 0  fo r  a ll i * j

th e  lo ca l s p e c tra l fe a tu re  v e c to r  w ith in  th e  o b je c t P. 

th e  id d a f S d h f M d i I  I ia tu r P  v ic t o r  w ith in  th e  O b ject P.
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9 t ( . )  a  fu n c tio n a l d e n o tin g  th e  u n ity  re la t io n , fo r  o b je c t e x tra c tio n , w h ic h  

is  d e fin e d  in th e  o b s e rv a tio n  s p a c e  by  an  a d ja c e n c y  re la t io n s h ip  

to g e th e r  w ith  th e  s im ila r ity  c r ite r io n .

xF f.)  a  fu n c tio n a l d e n o tin g  th e  fe a tu re  e x tra c tio n  p ro c e s s , vF  : P  -»  F  
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L  th e  s p a tia l- fe a tu re -m a p  o f th e  w h o le  s c e n e , L = L 1U L 2U ... U L no

A  a n  in d e x  s e t o f p ix e ls  w h ic h  h a v e  an  a d ja c e n c y  re la t io n s h ip  w ith
K • ,
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L in e  O b je c t F e a tu re  E x tra c t io n  fo r  M u ltis p e c tra l S c e n e  R e p re s e n ta tio n . M a jo r  

P ro fe s s o r: D a v id  A . L a n d g re b e .

T h is  th e s is  in v e s tig a te s  a  n e w  o n - lin e  u n s u p e rv is e d  o b je c t- fe a tu re  e x tra c tio n  

m e th o d  th a t re d u c e s  th e  c o m p le x ity  a n d  c o s ts  a s s o c ia te d  w ith  th e  a n a ly s is  o f 

th e  m u lt is p e c tra l im a g e  d a ta  a n d  th e  d a ta  tra n s m is s io n , s to ra g e , a rc h iv a l a n d  

d is tr ib u tio n  a s  w e ll.  T y p ic a lly  in  re m o te  s e n s in g  a  s c e n e  is  re p re s e n te d  by  

th e  s p a t ia l ly  d is jo in t  p ix e l-o r ie n te d  fe a tu re s . It w o u ld  a p p e a r  p o s s ib le  to  

re d u c e  d a ta  re d u n d a n c y  b y  a n  o n - l in e  u n s u p e rv is e d  o b je c t - fe a tu r e  

e x tra c tio n  p ro c e s s , w h e re  c o m b in e d  s p a tia l-s p e c tra l o b je c t 's  fe a tu re s ,  ra th e r  

th a n  th e  o r ig in a l  p ix e l- fe a tu r e s ,  a re  u s e d  f o r  m u l t is p e c t r a l  s c e n e  

re p re s e n ta t io n .

T h e  a m b ig u ity  in  th e  o b je c t d e te c tio n  p ro c e s s  c a n  be  re d u c e d  if th e  s p a tia l 

d e p e n d e n c ie s ,  w h ic h  e x is t  a m o n g  th e  a d ja c e n t  p ix e ls , a re  in te l l ig e n t ly  

in c o rp o ra te d  in to  th e  d e c is io n  m a k in g  p ro c e s s . W e  d e fin e  th e  u n ity  re la t io n  

th a t  m u s t e x is t a m o n g  th e  p ix e ls  o f an  o b je c t. T h e  u n ity  re la t io n  c a n  be  

c o n s tru c te d  w ith  re g a rd  to  th e :  a d ja c e n c y  re la t io n , s p e c t ra l- fe a tu re  a n d  

s p a t ia l - fe a tu r e  c h a r a c te r is t ic s  in  a n  o b je c t ;  e .g .  A M IC A  (A u to m a t ic  

M u lt is p e c tra l Im a g e  C o m p a c tio n  A lg o r ith m )  u s e s  th e  w ith in  o b je c t  p ix e l-  

fe a tu re  g ra d ie n t v e c to r  a s  a  v a lu a b le  c o n te x tu a l in fo rm a tio n  to  c o n s tru c t th e  

o b je c t 's  fe a tu re s , w h ic h  p re s e rv e  th e  c la s s  s e p a ra b ility  in fo rm a tio n  w ith in  th e  

d a ta . F o r  o n -lin e  o b je c t e x tra c tio n , w e  in tro d u c e  th e  p a th -h y p o th e s is , a n d  th e  

b a s ic  m a th e m a t ic a l to o ls  fo r  its  re a liz a t io n  a re  in t ro d u c e d  in  te rm s  o f a  

s p e c if ic  s im ila r i ty  m e a s u re  a n d  a d ja c e n c y  re la t io n .



A M IC A  is  a n  e x a m p le  o f  o n - l in e  p re p ro c e s s in g  a lg o r ith m  th a t  u s e s  

u n s u p e rv is e d  o b je c t fe a tu re  e x tra c t io n  to  re p re s e n t  th e  in fo rm a t io n  in  th e  

m u lt is p e c tra l im a g e  d a ta  m o re  e f f ic ie n t ly .  A s  th e  d a ta  a re  re a d  in to  th e  

s y s te m  s e q u e n t ia lly ,  th e  a lg o r ith m  p a r t it io n s  th e  o b s e rv a tio n  s p a c e  in to  an  

e x h a u s t iv e  s e t o f d is jo in t  o b je c ts  s im u lta n e o u s ly  w ith  th e  d a ta  a c q u is it io n  

p ro c e s s ,  w h e re , p ix e ls  b e lo n g in g  to  a n  o b je c t fo rm  a  p a th -s e g m e n t in  th e  

s p e c tra l s p a c e . E a ch  p a th -s e g m e n t is  c h a ra c te r iz e d  b y  an  o b je c t- fe a tu re  s e t. 

T h e n , th e  s e t  o f o b je c t- fe a tu re s ,  ra th e r  th a n  th e  o r ig in a l p ix e l- fe a tu re s ,  is  

u s e d  fo r  d a ta  a n a ly s is  a n d  d a ta  c la s s if ic a t io n .

A M IC A  is  a p p l ie d  to  s e v e ra l s e ts  o f re a l im a g e  d a ta , a n d  th e  p e r fo rm a n c e  

a n d  re lia b il ity  o f fe a tu re s  is  e v a lu a te d . E x a m p le  re s u lts  s h o w  a n  a v e ra g e  

c o m p a c tio n  c o e ff ic ie n t o f m o re  th a n  20/1 ( th is  fa c to r  is  d a ta  d e p e n d e n t) . T h e  

c la s s if ic a t io n  p e rfo rm a n c e  is  im p ro v e d  s lig h tly  b y  u s in g  o b je c t- fe a tu re s  ra th e r  

th a n  th e  o r ig in a l d a ta , a n d  th e  C P U  t im e  re q u ire d  fo r  c la s s if ic a t io n  is  re d u c e d  

b y  a  fa c to r  o f m o re  th a n  2 0  a s  w e ll.  T h e  fe a tu re  e x tra c tio n  p ro c e s s  m a y  be  

im p le m e n te d  in  re a l t im e ,  th u s  th e  o b je c t- fe a tu re  e x tra c tio n  C P U  t im e  is  

n e g le c ta b le ; h o w e v e r, in th e  s im u la te d  s a te llite  e n v iro n m e n t th e  C P U  t im e  fo r  

th is  p ro c e s s  is  le s s  th a n  1 5 %  o f C P U  t im e  fo r  o r ig in a l d a ta  c la s s if ic a tio n .

T h e  w o r k  d e s c r ib e d  

G r a n t  N A G W -9 2 5 .

in  th is  r e p o r t  w a s  s u p p o r te d  in  p a r t  b y  N A S A
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IN T R O D U C T IO N

1 ,1  B ackgrou m f

T h e  d e m a n d  fo r  a  p o w e rfu l s y s te m  in  th e  s tu d y  o f th e  E a r th 's  re s o u rc e s  

(v e g e ta tio n , w /a te f, m in e ra ls , e tc .) ,  m o n ito r in g  o f th e  e n v iro n m e n t, a n d  la n d  

m a p p in g  c a lls  fo r  o b s e rv a tio n  m e th o d s  th a t w ill p ro v id e  in c re a s in g ly  d e ta i le d  

in fo rm a tio n  a b o u t re le v a n t p a ra m e te rs  w ith  a d e q u a te  re s o lu t io n  in  t im e  a n d  

s p a c e . In v ie w  o f th d s e  h e e d s  re m o te  s e n s in g  b y  im a g e ry  h a s  ra p id ly  g a in e d  

in te re s t in  th e  la s t d e c a d e  [1 ]. In re m o te ly  s e n s e d  d a ta  a c q u is it io n  s y s te m s ,

I j iL  i t  L i -Si" -L-L*L

d a ta  ta k e n  b y  a  v a r ie ty  o f s e n s o rs  [2 ,3 ]. T h e  re f le c ta n c e  s p e c tru m  c a n  be  

U sed to  id e n tify  a  la rg e  ra n g e  o f g ro u n d  c o v e r  m a te r ia ls  [4 ].

In th e  p a s t, d a ta  w e re  ty p ic a lly  a c q u ire d  in  fo u r  to  s e v e n  s p e c tra l b a n d s .

o b s e rv a tid h s  o f  a  s c e n e  a re  re p re s e n te d  by  a  la rg e  s e t o f m u It is p e c tra l im a g e

R e c e h t s ig n if ic a n t d e v e lo p m e n ts  in  s e n s o r  te c h n o lo g y  m a k e  p o s s ib le  E a rth

- ;J-Y Y-Y. v xUiL'I' Y.-isi
o b s e r v a t io n a l re m o te  s e n s in g  s y s te m s  w ith  u n p re c e d e n te d  s p e c t ra l 

re s o lu t io n  a n d  d a ta  d im e n s io n a lity . T h e  v a lu e  o f th e s e  n e w  s e n s o r  s y s te m s  

lie s  in  th e ir  a b il ity  to  a c q u ire  a  n e a r ly  c o m p le te  o p tic a l s p e c tru m  fo r  e a c h

p ix e l in  th e  s c e n e . S u c h  im a g in g  s p e c tro m e try  n o w  m a k e s  p o s s ib le  th e  

a c q u is it io n  o f d a ta  in  h u n d re d s  o f  s p e c tra l b a n d s  s im u lta n e o u s ly .  F o r  

e x a m p le ,  th e  H ig h  R e s o lu t io n  Im a g in g  S p e c tro m e te r  (H IR IS )  n o w  b e in g  

d e v e lo p e d  b y  N A S A  fo r  la u n ch  in th e  m id -1 9 9 0 's , is  to  h a v e  3 0  m e te r  g ro u n d
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re s o lu t io n , 1 0 0 0  p ix e ls  p e r  s c a n  line , a n d  192  s p e c tra l b a n d s  [5 ]. A s  a  re su lt, 

th e  c o m p le x ity  a n d  c o s ts  a s s o c ia te d  w ith  th e  a n a ly s is  o f th e  m u It is p e c tra l 

im a g e  d a ta  a n d  d a ta  tra n s m is s io n ,  s to ra g e , a rc h iv a l,  a n d  d is tr ib u tio n  a re  

lik e ly  to  in c re a s e  e n o rm o u s ly . T h e re fo re , th e  s e a rc h  fo r  e ff ic ie n t  m e th o d s  fo r  

s c e n e  re p re s e n ta tio n  to  re d u c e  th e  a m o u n t o f d a ta  b u t w h ic h  d o  n o t s a c r if ic e  

in fo rm a tio n  c o n te n t in c re a s e s  in im p o r ta n c e . T h e  c u r re n t  w o rk  is  d ire c te d  a t 

th e  re d u c tio n  o f s u c h  d a ta  re d u n d a n c y  in  th e  s c e n e  re p re s e n ta tio n .

O n - lin e  d a ta  re d u n d a n c y  re d u c tio n  is e s p e c ia lly  im p o r ta n t in  d a ta  s y s te m s  

in v o lv in g  h ig h  re s o lu t io n  re m o te ly  s e n s e d  im a g e  d a ta  w h ic h  re q u ire  re la te d  

p o w e r fu l  c o m m u n ic a t io n ,  a r c h iv in g ,  d is t r ib u t io n  a n d  d a ta  a n a ly s is  

s u b s y s te m s . H igh  re s o lu t io n  im a g in g  d a ta  s y s te m s  [6 ], e .g ., A IS , A V IR IS , a n d  

H IR IS , a re  e x a m p le  s y s te m s  w h e re  th e  a p p lic a t io n  o f  o n - l in e  fe a tu re  

e x tra c tio n  w ill b e  im p o rta n t. A M IC A # is  an  "o n - lin e  p re p ro c e s s in g  a lg o r ith m  

th a t  u s e s  u n s u p e rv is e d  o b je c t - fe a tu r e  e x t r a c t io n ” to  re p re s e n t  th e  

in fo rm a t io n  in th e  m u lt is p e c tra l im a g e  d a ta  m o re  e f f ic ie n t ly ,  to  a c h ie v e  d a ta  

r e d u n d a n c y  re d u c t io n .  A M IC A  in c o r p o r a te s  s p e c t r a l  a n d  c o n te x tu a l 

in fo rm a t io n  in to  th e  o b je c t- fe a tu re  e x tra c tio n  s c h e m e . T h e  a lg o r ith m  u s e s  

lo c a l s p e c tra l-s p a tia l fe a tu re s  to  d e s c r ib e  th e  c h a ra c te r is t ic s  o f o b je c ts  in th e  

s c e n e . E x a m p le s  o f s u c h  fe a tu re s  a re  s iz e , s h a p e , lo c a tio n , a n d  s p e c tra l 

fe a tu re s  o f th e  o b je c ts . T h e  lo c a l s p a tia l fe a tu re s  (e .g ., s iz e , s h a p e , lo c a tio n  

a n d  o r ie n ta t io n  o f th e  o b je c t in th e  s c e n e )  o f th e  o b je c ts  a re  re p re s e n te d  b y  a  

s o -c a lle d  s p a t ia l- fe a tu re -m a p .  T h e  s p e c t ra l fe a tu re s  o f  a n  o b je c t  a re  

re p re s e n te d  b y  a  d -d im e n s io n a l v e c to r .

F o r sim plicity from  n o w o n  th e "on-line unsup ervised  o b jec t-fea tu re  extraction  algorithm " will 

b e re fe rre d  as  A M IC A  (A utom atic  M ultispectra l Im a g e  C o m p ac tio n  A lgorithm )



1.2  Objefetive of th e  IH vestigatiort

T h e  o b je c tiv e  o f th is  re s e a rc h  is  to  d e v e lo p  a  jo in t  u n s u p e rv is e d  o b je c t  

O x tfa e tid n  a n d  fe a tu re  re p re s e n ta t io n  te c h n iq u e  fo r  re m o v a l Of re d u n d a n t  

d a ta  in  h ig h  re s o lu t io n  m u lt is p e c tra l im a g e  d a ta  fo r  r e m o te ly s e n s e d  s c e n e  

re p re s O r ita t id n . O n - lin e  re m o v a l o f  re d u n d a n t d a ta  is  im p o r ta n t in re d u c in g  

c o s ts  a n d  t im e  d e la y s  in  lin k s  b e tw e O O th e  SO hSor a d d  th e  id fo fm a tio d  use r,; 

o r  a lte rn a te ly  o n - lin e  re m o v a l o f re d u d d a h c y  c a n  b e  u s e d  I d ^p b td ln  h ig h o r  

p e r fo rm a n c e  in  th e  d a ta  a n a ly s is . F o r im p le m e n tin g  th is  c o n c e p t, th e  A M IC A  

is  in v e s tig a te d  w ith  e m p h a S is  g iv e n  to  p ra c tic a l d a ta  s y s te m  c o n s id e ra tio n s .  

T h e  te c h n iq u e  is  in te n d e d  a s  a n  o n - lin e  u n s u p e rv is e d  o b je c t - fe a tu re  

e x tra c tio n  te c h n iq u e  fo r  s c e n e  re p re s e n ta tio n , to  a c h ie v e  d a ta  re d u n d a n c y  

re d u c tio n .  In th e  re s t o f th e  th e s is  th is  te c h n iq u e ,  th e  jo in t  u n s u p e rv is e d  

o b je c t e x tra c tio n  a n d  fe a tu re  re p re s e n ta t io n ,  w ill  be  re fe p d d  to  a s  "o b je c t-  

fe a tu re  e x tra c tio n ” o r  a lte rn a te ly  " im a g e  c o m p a c tio n ."
. . ; ■> ‘

T h is  te c h n iq u e  is  b a s e d  on  th e  fu n d a m e n ta l a s s u m p t io n  th a t  th e  s c e n e  is  

s e g m e n te d  in to  o b je c ts  s u c h  th a t  a ll s a m p le s  (p ix e ls )  fro m  a n  o b je c t a re  

m e m b e rs  o f th e  s a m e  c la s s ;  h e n c e , th e  s c e n e 's  O b je c ts  o d d  e a c h  b e  

re p re s e n te d  b y  a  S ing le  s u ita b ly  c h o s e n  fe a tu re  s e t. T y p ic a lly  th e  s iz e  a n d  

s h a p e  o f o b je c ts  in  th e  s c e n e  v a ry  ra n d o m ly , a n d  th e  s a m p lin g  ra te  a n d  

th e re fo re  th e  p ixe l s ize  a re  f ix e d . It is  re a s o n a b le  to  a s s u m e  th a t  th e  s a m p le  

d a ta  (p ix e ls )  fro m  a  s im p le  o b je c t h a ve  a  c o m m o n  c h a ra c te r is t ic . A  c o m p le x  

s c e n e  c o n s is ts  o f s im p le  o b je c ts . A n y  s c e n e  c a n  th u s  b e  d e s c r ib e d  b y  

c la s s ify in g  th e  o b je c ts  in te rm s  o f th e ir  fe a tu re s  a n d  b y  re c o rd in g  th e  re la t iv e  

p o s it io n  a n d  o riO h td fio d  Of th e  o b je c ts  in th e  s c e n e .



T h e  p ro p o s e d  im a g e  c o m p a c t io n  c a n  be  th o u g h t o f a s  a  c o m b in e d  o b je c t  

e x tra c t io n  a n d  fe a tu re  re p re s e n ta tio n  p ro c e s s , w h e re , o b je c t e x tra c tio n  is  a  

p ro c e s s  o f s c e n e  s e g m e n ta tio n  th a t  e x tra c ts  s im ila r  g ro u p s  o f c o n tig u o u s  

p ix e ls  in  a  s c e n e  a s  o b je c ts  a c c o rd in g  to  s o m e  n u m e r ic a l m e a s u re  o f 

s im ila r ity , in tu it iv e ly ,  o b je c ts  h a v e  tw o  b a s ic  c h a ra c te r is t ic s :  th e y  e x h ib it  an  

in te rn a l re g u la r ity , a n d  th e y  c o n tra s t w ith  th e ir  s u rro u n d in g s . B e c a u s e  o f th e

ir re g u la r it ie s  d u e  to  th e  n o is e , th e  o b je c ts  d o  n o t e x h ib it  th e s e  c h a ra c te r is t ic s  

in  a n  o b v io u s  s e n s e . T h e  a m b ig u ity  in  th e  o b je c t d e te c tio n  p ro c e s s  c a n  be  

re d u c e d  if th e  s p a tia l d e p e n d e n c ie s , w h ic h  e x is t a m o n g  th e  a d ja c e n t p ix e ls , 

a re  in te ll ig e n tly  in c o rp o ra te d  in to  th e  d e c is io n  m a k in g  p ro c e s s .

In th is  w o rk  a  n e w  m e th o d  fo r  d e te c tio n  o f o b je c ts  is  d e v e lo p e d  fo r  o n - lin e  

O b je C tT e a tu re  e x tra c tio n . T h is  m e th o d  u til iz e s  a  n e w  te c h n iq u e  b a s e d  on  a

s o -c a lle d  unity  re lation  w h ic h  m u s t e x is t a m o n g  th e  p ix e ls  w ith in  a n  o b je c t. 

T h is  u n ity  re la t io n  a m o n g  th e  p ix e ls  o f an  O b ject is d e fin e d  w ith  re g a rd  to  an  

a d ja c e n c y  re la t io n , s p e c tra l fe a tu re s , a n d  s p a tia l fe a tu re s  in an  o b je c t.

T h e  te c h n iq u e  m u s t d e te c t o b je c ts  in re a l- t im e  a n d  re p re s e n t th e m  b y  m e a n s  

o f a n  o b je c t- fe a tu re , T h e  u n ity  re la t io n , fo r  o n - lin e  o b je c t- fe a tu re  e x tra c tio n , 

c a n  be  re a liz e d  by  th e  p a th -h y p o th e s is . T h e  p a th -h y p o th e s is  is  b a s e d  on  th e  

fu n d a m e n ta l a s s u m p t io n  th a t  p ix e ls  f ro m  an  o b je c t  a re  s e q u e n t ia l ly  

c o n n e c te d  to  e a c h  o th e r  by  a  w e ll-d e f in e d  re la t io n s h ip  in  th e  o b s e rv a tio n  

s p a c e , w h e re  th e  s p e c tra l v a r ia t io n  b e tw e e n  tw o  b o n s e c u t iv e  p o in ts  in  th e  

p a th  fo llo w s  a  S p ec ia i ru le ; i.e . e a c h  p ix e l in  a n  o b je c t h a s  a  c e r ta in  u n ity  

re la t io n s h ip  W ith th e  c o r re s p o n d in g  p a th  in th e  o b s e rv a tio n  s p a c e . T h e  p a th -  

h y p o th e s is  is  e x p la in e d  a n d  illu s tra te d  in th e  n e x t c h a p te r



By em p lo y in g  th e  p a th -h yp o th es is  an d  using an  a p p ro p ria te  m etric  fo r

s im ila r ity  m e a s u re , th e  s c e n e  c a n  b e  s e g m e n te d  in to  o b je c ts . V ie w in g  th e  

s c e n e  s e g m e n ta tio n  fro m  th is  p e rs p e c t iv e ,  a  n e w  o n - lin e  o b je c t  d e te n tio n  

p ro c e s s  ( fo r  s c e n e  re p re s e n ta tio n )  is  d e v e lo p e d  f o r u n s u p e r v is e d o b je c t -  

fe a tu re  e x tra c tio n  in re m o te ly  s e n s e d  g ro u n d  c o v e r  d a ta .

T h e  fe a tu re  e x tra c tio n  p ro c e s s  is  b a s e d  o n  th e  fu n d a m e n ta l a s s u m p tio n  th a t 

re a s o n a b ly  w e ll d e f in e d  o b je c ts  in  th e  s c e n e  c a n  b e  re p re s e n te d  b y  a  

s u ita b ly  c h o s e n  fe a tu re  s e t, w h ic h  is e x tra c te d  fro m  th e  m u lt is p e c tra l im a g e  

d a ta -  A n  o b je c t  is d e s c r ib e d  by  a  fe a tu re -s e t  (s o -c a lle d  o b je c t- fe a tu re )  o f 

p a r a m e tr ic  p r im it iv e s  w h ic h  w ill  b e  e x p la in e d  in  c h a p te r  tw o .  T h e  

p e r fo rm a n c e  o f a  fe a tu re  e x tra c tio n  p ro c e s s  is  m e a s u re d  in  te rm s  o f  th e  

in fo rm a tio n -b e a r in g  q u a lity  o f th e  fe a tu re s  v e rs u s  th e  d a ta  s e t s ize . S in c e  th e  

n o is e  m e a s u re m e n t on  on e  p ixe l d o e s  n o t in flu e n c e  th e  m e a s u re m e n t n o is e  

fo r  a n o th e r  p ix e l,  th e  e ffe c t o f n o is e  is  d e c re a s e d  s u b s ta n tia lly  b y  a v e ra g in g  

th e  s p e c tra l re s p o n s e  o f th e  p ix e ls  w ith in  ah  o b je c t. T h e  re lia b ility  o f s e le c te d  

O b je c t-fe a tu re s  is  in v e s tig a te d  in c h a p te r  fou r.

In s u m m a ry , th e  p ro p o s e d  o n - lin e  u n s u p e rv is e d  o b je c t- fe a tu re  e x tra c tio n  

p ro c e s s  fo r  an  e ff ic ie n t s c e n e  re p re s e n ta tio n  c o n s is ts  o f fo u r  m a jo r  s te p s :

o b je c t  d e te c t io n :  P ix e ls  fro m  an  o b je c t a re  s e q u e n tia lly  c o n n e c te d  to  e a c h  

o th e r  w ith  an  a p p ro p r ia te  p a th . A n y  tw o  p o in ts  o f th is  p a th  s a tis fy  a

c e r ta in  w e ll d e fin e d  u n ity  re la t io n s h ip .  T h is  re la t io n  is  d e f in e d  b y  a  

s p e c if ic  m e a s u re  in  th e  o b s e rv a tio n  s p a c e . B a s e d  on  th is  h y p o th e s is  a  

fu n c tio n a l fo r  m e a s u r in g  th e  u n ity  re la t io n  is  d e f in e d .  B y  u s in g  th is

fu n c t io n a l th e  u n ity  re la t io n  b e tw e e n  p ix e ls  is  m e a s u re d ,  a n d  a n



a p p ro p r ia te  p a th -s e g m e n t is  s e le c te d ; i.e . p ix e ls  in  an  o b je c t fo rm  a  

p a th -s e g m e n t in  th e  o b s e rv a tio n  s p a c e .

s e g m e n ta tio n : T h e  s c e n e  is  p a r t it io n e d  in to  a  f in ite ,  b u t u n k n o w n  n u m b e r 

o f o b je c ts  b y  c h e c k in g  th e  u n ity  re la t io n  a m o n g  a d ja c e n t p ix e ls , w h ic h  

c o r re s p o n d s  w ith  g ro w in g  th e  p a th -s e g m e n t in  th e  o b s e rv a tio n  s p a c e .

fe a tu re  ex tra c tion : E a ch  o b je c t is  re p re s e n te d  b y  a n  o b je c t- fe a tu re  s e t in  

th e  " fe a tu re  s p a c e ."  T h e  in fo rm a tio n  a b o u t a tt r ib u te s  o f a  g iv e n  o b je c t, 

s u c h  a s  s iz e  a n d  lo c a tio n , th e  o b je c t 's  s p e c tra l a n d  c o n te x tu a l fe a tu re s  

c a n  be  u s e d  fo r  re p re s e n ta tio n  o f an  o b je c t in th e  fe a tu re  s p a c e .

m easu rin g  fea tu re  re levan cy : B y u s in g  a n  e f f ic ie n t  m e a s u re  th e  c h o ic e  

o f fe a tu re  re le v a n c y  in th e  fe a tu re  s p a c e  is  c h e c k e d . F e a tu re s  m a y  th e n  

b e  e x te n d e d  o r  m e rg e d  in  th e  fe a tu re  s p a c e . In rea l t im e , th is  s te p  

o c c u rs  s im u lta n e o u s ly  w ith  th e  fe a tu re  e x tra c tio n  p ro c e s s .

T h e  o b je c t d e te c tio n  a n d  fe a tu re  e x tra c tio n  p ro c e s s e s  a re  u n s u p e rv is e d  a n d  

re a liz a b le . A f te r  th e  f in a l s te p  th e  s c e n e  is  re p re s e n te d  b y  th e  re le v a n t  

o b je c t- fe a tu re s  in th e  " fe a tu re  s p a c e ,"  w h ic h  re d u c e s  th e  s iz e  o f th e  im a g e  

d a ta  b u t p re s e rv e s  th e  u s e fu l in fo rm a t io n .  T h u s ,  th e  re d u c t io n  o f d a ta  

re d u n d a n c y  is  a c h ie v e d .

It is  e x p e c te d  th a t th is  m a p p in g , fro m  th e  p ix e l- fe a tu re  s e t in to  th e  o b je c t-  

fe a tu re  s e t, s h o u ld  g e n e ra te  a  re le v a n t fe a tu re  s e t fo r  s c e n e  re p re s e n ta tio n . 

T h e  s p a tia l fe a tu re  o f an o b je c t o fte n  h a s  o n ly  a  w e a k  re la t io n s h ip  to  its  c la s s . 

H o w e v e r, m a n y  c la s s e s  c a n  be  d is t in g u is h e d  re a s o n a b ly  w e ll o n  th e  b a s is  o f 

th e ir  s p e c tra l fe a tu re s , u s in g  s ta t is t ic a l p a tte rn  c la s s if ic a t io n  te c h n iq u e s .  O n e



m ig h t e x p e c t th e  c la s s if ic a t io n  a c c u ra c y  to  be  h ig h e r  if an  u n k n o w n  o b je c t is 

c la s s if ie d  u s in g  s p e c tra l-c o n te x tu a l fe a tu re s  ra th e r  th a n  w h e n  it is  c la s s if ie d  

u s in g  o n ly  th e  m e a s u re m e n t m a d e  on  th e  p ix e ls  w ith o u t c o n te x t.

S p e c tra l in fo rm a tio n  o f s u rro u n d in g  p ix e ls  is  c o r re la te d  w ith  th e  c e n te r  p ix e l 

u n d e r  c o n s id e ra tio n .  In o b je c t  d e te c t io n  t h e s p e c t r a l  fe a tu re s  o f  a d ja c e n t 

p ix e ls  a re  c o n s id e re d  u s in g  s u b s ta n tia l ly  n e ig h b o r in g  in fo rm a tio n ; th u s ,  th e  

o b je c t- fe a tu re  c o n s is ts  o f b o th  s p e c tra l a n d  c o n te x tu a l fe a tu re s .T h e re fo re ,  it 

is  e x p e c te d  th a t  th e  c la s s if ic a t io n  a c c u ra c y  to  b e  h ig h e r  b y  u s in g  o b je c t-  

fe a tu re  ra th e r  th a n  th e  in d iv id u a l p ix e l- fe a tu re . A  b a s ic  p re m is e  o f o b je c t  

v e rs u s  p ix e l s c e n e  re p re s e n ta t io n  is  th a t s in c e  an  o b je c t is  u s u a lly  la rg e  

c o m p a re d  to  th e  s iz e  o f a  p ix e l,  d a ta  a n a ly s is  o n  th e  b a s is  o f th e  h b je c t-  

fe a tu re s  w ill be  m u ch  fa s te r  a n d  re lia b le .

1.3 R ela ted  W ork

B a s ic a lly ,  th re e  d if fe re n t  a p p ro a c h e s  h a v e  b e e n  a v a ila b le  to  re d u c e  th e  

re d u n d a n c y  in th e  im a g e  d a ta  re p re s e n ta tio n :

* im a g e  d a ta  c o m p re s s io n  m e th o d s

• fe a tu re  e x tra c tio n  m e th o d s

V  im a g e  s e g m e n ta tio n  te c h n iq u e s  /

Im a g e  d a ta  c o m p re s s io n  te c h n iq u e s  u s u a lly  a im  a t an  o p t im a l t ra d e -o f f  

b e tw e e n  e f f ic ie n c y  a n d  im p le m e n ta tio n  s im p lic ity ,  a c c o rd in g  t o t h e  u s e r 's  

n e e d s . D a ta  c o m p re s s io n  is th e  s c ie n c e  a n d  a r t o f p ro c e s s in g  in fo rm a tio n  to  

o b ta in  a  s im p le  re p re s e n ta tio n  w ith  a t m o s t a  to le ra b le  lo s s  o f f id e lity . S u c h  

s im p lif ic a t io n  m a y  b e  n e c e s s ita te d  b y  s to ra g e  c b d i^ 'r ^ n ts ^ .b ^ n d w id tK .



l im ita t io n ,  o r  c o m m u n ic a t io n s  c h a n n e l c a p a c ity .  F id e li ty  o f th e  e v e n tu a l 

re p ro d u c t io n  o f th e  in fo rm a t io n  b a s e d  on  th e  S im p lif ie d  o r  c o m p re s s e d  

re p re s e n ta tio n  is  m e a s u re d  b y  m a th e m a tic a l d is to r t io n  m e a s u re s  [7 ] s u c h  a s  

e r ro r  o r  p u re ly  s u b je c tiv e  m e th o d s  b a s e d  on  p s y c h o p h y s ic a l te s ts  (e .g ., 

s u b je c tiv e  im a g e  a p p e a ra n c e ) .

M a n y  m e th o d s  a n d  te c h n iq u e s  a re  k n o w n  fo r  im a g e  d a ta  c o m p re s s io n "  

[8 ,9 ,1 0 ]:

(a ) M e th o d s  b a s e d  o n  im a g e  p ro c e s s in g  in  th e  s p a t ia l  d o m a in :  

p re d ic to rs ,  in te rp o la to rs ,  d e lta  m o d u la t io n ,  d i f fe re n t ia l p u ls e  c o d e  

m o d u la t io n , v a r ia b le  w o rd - le n g th  e n c o d in g , e tc .

(b ) M e th d d s  b a s e d  on  a  p re lim in a ry  m a p p in g  o f th e  im a g e  d a ta  in  a  

t ra n s fo rm e d  d o m a in  a n d  on  a  s u b s e q u e n t  s u ita b le  s e le c tio n  o f th e  

t ra n s fo rm e d  d a ta :  t ra n s fo rm e d  c o d in g ,  e .g ., b a s e d  o n  th e  D is c re te  

F o u rie r , H a d a m a rd , W a ls h , H a a r, K a rh u n e n -L o e v e , e tc . tra n s fo rm s .

(c ) H y b r id  m e th o d s  e m p lo y in g  a  c o m b in a tio n  o f m e th o d s  (a ) a n d  (b).

G e n e ra lly  th e s e  m e th o d s  a re  u s e d  fo r  o h e -d im e n s io n a l (in  a  s p e c tra l s e n s e )  

im a g e  d a ta ; e .g ,, te le v is io n  s ig n a ls^  B u t f o r  ̂ h ig h -d im e n s io n a l (a g a in , in  a  

s p e c tra l s e n s e )  im a g e s , e s p e c ia lly  W hen  th e  o n - lin e  a n d

u n s u p e rv is e d , th o s e  m e th o d s  a re  n o t a s  p ra c tic a l.

T h e  s e c o n d  a p p ro a c h  to  im a g e  d a ta  re d u n d a n c y  re d u c tio n  u s e s  s p e c tra l 

fe a tu re  e x tra c tio n  m e th o d s . In d a ta  a n a ly s is  th e  p ro b le m  o f c h o o s in g  th e  

re le v a n t fe a tu re s  fo r  a  s e t o f m u lt is p e c tra l im a g e  d a ta  is  re fe rre d  to  a s  fe a tu re  

s e le c tio n . F e a tu re  s e le c tio n  is  th e  s c ie n c e  o r  a r t o f p ro c e s s in g  d a ta  to  o b ta in



a  s im p le  re p re s e n ta tio n  w ith  in fo rm a tio n  p e r  u n it d a ta  v o lu m e  m a x im iz e d . In 

S t i t i l t i c i l  p i t t e f r i  re c o g n it io n ,  d a t i  a n a ly s is  I n d  s ig n a l p ro c e s s in g  fe a tu re  

s e le c t io n  re d u c e  th e  in fo rm a tio n  re d u n d a n c y , a llo w in g  a  s im p le r  d e s c r ip t io n

o f th e  s y s te m  u n d e r 'C o n s id e ra tio n .  In m u lt is p e c tra l im a g e  d a ta , fe a tu re  

s e le c tio n  a ls o  re d u c e s  th e  to ta l c o m p u ta tio n a l t im e  w h e n e v e r  th e  a n a ly s is  

in V o ly e s  a  c o m b in a to r ia l  h a n d lin g  o f  fe a tu re s ,  a s  in  c o m p u te r  d a ta

c la s s if ic a t io n .  In m o s t o f th e  c a s e s , fe a tu re  e x tra c tio n  im p ro v e s  th e  d a ta  

c la s s if ic a t io n  p e rfo rm a n c e  [1 1 ,1 2 ].

In th e  lite ra tu re  o n  th is  s u b je c t, th e re  a r i  m a n y  e x a m p le s  w h e re  th e  fe a tu re  

s e le c tio n  p ro b le m  is  h a n d le d  b y  u s in g  lin e a r  s ta t is t ic a l m e th o d s , s u c h  a s  

v a r ia n c e  a n d  p r in c ip a l c o m p o n e n t  a n a ly s is  [1 3 ,1 4 ]. S o m e  e f fo r ts  h a v e  a lso

b e e n  m a d e  to  s e le c t  fe a tu re s  in  th e  c a s e o f  n P n - lin e q r  m o d e ls  [1 5 ]. T h e  

t ra n s fo rm a t io n  c a n  b e  p a ra m e tr ic  o r  n o n p a ra m e tr ic  [1 6 ] b u t  s h o u ld I re d u c e  

d im e n s io n a lity  a n d  a t th e  s a m e  t im e  p re s e rv e  th e  in fo rm a tio n  n e c e s s a ry  fo r  

id e n tif ic a t io n  o f th e  s p e c tra l re s p o n s e .

O n e  o f th e  t ra d it io n a l fe a tu re  e x tra c tio n  te c h n iq u e s  is  th e  K a rh u n e n -L o e v e , o r 

p r in c ip a l c o m p o n e n t,  t ra n s fo rm a t io n  [1 7 ]. H d v v e v b r; C o ns t r i ic t id h  o f  th is  

tra n s fo rm a t io n  re q u ire s  e s tim a tio n  o f th e  c o v a r ia n c e  m a tr ix , a n d  th is  p ro c e s s  

w o u ld  ta k e  on  th e  o rd e r  o f 1 0 13 a r ith m e t ic  o p e ra tio n s  fo r  a  ty p ic a l s c e n e  10

b y  1 0 k m  s u c h  a s  w ill  be  a c q u ire d  b y  A V IR IS . O n  th e  o th e r  h a n d , 

u n fa v o ra b le  c o n d it io n s  a r is e  w h e n e v e r  th e  s a m p le  o f p o in ts  is  s o  s m a ll,  o r  

th e  n u m b e r o f fe a tu re s  is  so  la rg e , th a t  th e  " lo w  o f la rg e  n u m b e rs "  is  n o t 

a p p lic a b le  a n d  th e  G a u s s ia n  d is tr ib u tio n  a s s u m p t io n  is  a  W eak h y p o th e s is  

[1 8 ,1 9 ]. O r  e s p e c ia l ly  w h e n  th e  d a ta  p ro c e s s in g  is  o n - lin e  a n d  th e  a n a ly s is  

fo r  fe a tu re  e x tra c tio n  is  in  re a l t im e ,  in t h is c a s e  it s h o u ld b e  yC ry  fa s t  a n d



u n s u p e rv is e d .  T h u s ,  th e  a b o v e  a p p ro a c h e s  a re  n o t a s  p ra c tic a l.  C le a r ly , 

m o re  c o m p u ta tio n a lly  e ff ic ie n t tra n s fo rm a t io n s  a re  n e e d e d  fo r  th e  a n a ly s is  o f 

m u lt is p e c tra l im a g e  d a ta .

A n  e x te n s iv e  b ib l io g ra p h y  o f p u b lis h e d  p a p e rs  a n d  re p o r ts  d e a lin g  w ith  

s c e n e  s e g m e n ta t io n  a n d  m o d e ls  is  p re s e n te d  in  [2 0 -3 1  ].  Im a g e  

s e g m e n ta t io n  a n d  c lu s te r in g  a re  b o th  m e th o d s  o f g ro u p in g  d a ta . T h e  

d if fe re n c e  b e tw e e n  im a g e  s e g m e n ta t io n  a n d  c lu s te r in g  is  th a t  in  c lu s te r in g ,  

th e  g ro u p in g  is  d o n e  in  th e  m e a s u re m e n t s p a c e ; in im a g e  s e g m e n ta tio n , th e  

g ro u p in g  is  d o n e  o n  th e  s p a tia l d o m a in  o f th e  im a g e . G e n e ra lly , tw o  b a s ic  

a p p ro a c h e s  to  s c e n e  s e g m e n ta t io n  h a v e  a p p e a re d  in  th e  l i te ra tu re :  th e  

"e d g e  d e te c t io n "  a p p ro a c h ,  w h ic h  a t te m p ts  to  e x p lo it  o b je c t  c o n t ra s t  

[2 0 ,2 1 ,2 2 ] ,  a n d  th e  " re g io n  g ro w in g "  a p p ro a c h , w h ic h  u s e s  in tra -o b je c t  

s im ila r ity  [2 3 ,2 4 ,2 5 ]. T h e  e d g e  d e te c tio n  o r  b o u n d a ry  f in d in g  a p p ro a c h  h a s  

tw o  s te p s . F irs t,  p o in ts  a lo n g  th e  b o u n d a r ie s  o f o b je c ts  a re  fo u n d , th e n  th e  

c o m p le te  b o u n d a r ie s  a re  d e r iv e d  fro m  th e  b o u n d a ry  p o in ts . A m o n g  th e  

te c h n iq u e s  u s e d  to  d e te c t  b o u n d a ry  p o in ts  a re  lo c a l g ra d ie n t,  te m p la te  

m a tc h in g , tw o -d im e n s io n a l fu n c tio n  f it t in g , c lu s te r in g  a n d  g ra d ie n ts  e s tim a te d  

fro m  a  v a r ia b le  s iz e d  n e ig h b o rh o o d .

T h e  g ra d ie n t  a p p ro a c h , in  g e n e ra l,  is  in h e re n tly  n o is y  a n d  p ro d u c e s  b o rd e rs  

th a t  a re  d is c o n tin u o u s  w h ile  a ls o  p ro d u c in g  s p u r io u s  is o la te d  p o in ts . A n  

a lg o r ith m  d e v e lo p e d  b y  W a c k e r  a n d  L a n d g re b e  [2 6 ] b a s e d  on  c lu s te r in g  

te c h n iq u e  is  m o re  s ta b le  a n d  le s s  n o is y . N o n e  o f th e s e  te c h n iq u e s  f in d  

b o u n d a ry  p o in ts  w ith  litt le  e n o u g h  e r ro r  to  fo rm  c o m p le te  o b je c t b o u n d a r ie s  

o r  g u a ra n te e  c lo s e d  b o u n d a r ie s  o f th e  o b je c ts . T h u s , to  fo rm  a  c lo s e d  

b o u n d a ry  fo r  e a c h  o b je c t, a  h e u r is t ic  p ro c e d u re  u s in g  a -p r io r i in fo rm a tio n  is



u s e d  to  f il l  in m is s in g  b o u n d a ry  p o in ts  a n d  e l im in a te  ir re le v a n t  b o u n d a ry

p o in ts . S e v e ra l h e u r is t ic  a p p ro a c h e s  to  th e  p ro b le m  o f e d g e  d e te c t io n  a re  

g iv e n  w h ic h  a re  e ffe c t iv e  o n ly  w h e n  th e  o b je c t s h a p e  is  re s tr ic te d .

P re v io u s ly  in v e s t ig a te d  re g io n  g ro w in g  m e th o d s  h a v e  fo llo w e d  tw o  s te p s : 

f ir s t  th e  im a g e  is  d iv id e d  in to  e le m e n ta ry  re g io n s , th e n  re g io n s  a re  m e rg e d  

a c c o rd in g  to  a  s e t o f  fh e rg in g  ru le s  [2 5 j.  In  [22J e le m e n ta ry  re g io n s  a re  

re g io n s  o f c o n s ta n t g ra y  le v e ls , a n d  th e  m e rg in g  ru le s  a re  h e u r is t ic s  b a s e d  

o n  w h a t th e  f in a l o b je c ts  s h o u ld  lo o k  like . T h is  m e th o d  is  d if f ic u lt  to  u s e  if 

o b je c ts  d o  n o t h a v e  c o n s ta n t g ra y  le v e ls , a s  is  th e  c a s e , fo r  m u lt is p e c tra l 

im a g e  d a ta .

M o s t s tu d ie s  h a v e  d e a lt w ith  o n e -d im e n s io n a l (in  a  s p e c tra l s e n s e )  im a g e  

d a ta  o n ly , e .g . te le v is io n  s ig n a ls , a n d  ra re ly  h a s  a tte n tio n  b e e n  d e v o te d  to

th e  m u lt is p e c tra l  im a g o  d a ta . T h e  im p o r ta n c e  O f m u lt is p e c t r a l  ir r ia g e  

s e g m e n ta t io n ,  in  re la t io n  to  d a ta  c la s s if ic a t io n ,  h a s  b e e n  re c o g n iz e d  b y

L a n d g re b e  [3 1 ]. It h a s  b e e n  s h o w n  th a t  m o re  a c c u ra te  a n d  e f f ic ie n t  

c la s s if ic a t io n  o f L A N D S A T  d a ta  fo r  E a r th  s c e n e s  c a n  b e  a c h ie v e d  b y  

c la s s ify in g  a  w h o le  s e g m e n t a t a  t im e  ra th e r  th a n  b y  p ix e l b y  p ix e l 

c la s s if ic a t io n .

R o b e rts o n  e t a l [2 3 ] d e v e lo p e d  a  p a r tit io n in g  a lg o r ith m  to  p a r t it io n  an  im a g e  

in to  re c ta n g u la r  o b je c ts . R o b e rts o n  u s e d  a  re c u rs iv e  im a g e  s e g m e n ta t io n  

a lg o r ith m  b y  a p p ro x im a tin g  e a c h  o b je c t by  o n e  o r  m o re  re c ta n g u la r  b lo c k s  o f

im a g e  p o in ts , w h e re  an  im a g e  h a s  b e e n  d iv id e d  in to  s u c c e s s iv e ly  s m a lle r  

b lo c k s  u n til c e r ta in  s to p p in g  c r ite r ia  a re  m e t. T h e  o b je c ts  re p re s e n te d  by

e le m e n ta ry  re g io n s  a re  d e fin e d  b y  a  re g u la r  re c ta n g u la r  g r id  s u p e r im p o s e d



upon im a g e . T h e  m erg ing  rule is to m erg e  statis tica lly  s im ila r, ad ja c e n t

re g io n s . T h is  m e th o d  w o rk s  w e ll o n ly  if  e le m e n ta ry  re g io n s  c a n  b e  m a d e  

b o th  s m a ll e n o u g h  to  a llo w  g o o d  b o u n d a ry  a p p ro x im a tio n  a n d  la rg e  e n o u g h

to  p re s e rv e  th e  s p a tia l c h a ra c te r is t ic s  o f th e  o b je c ts  o f w h ic h  th e y  a re  a  pa rt.

G u p ta  a n d  W in tz  [2 4 ] d e v e lo p e d  a n  a lg o r ith m  to  f in d  c lo s e d  f ie ld  b o u n d a r ie s  

in  a  m u lt is p e c tra l im a g e  b y  p a r t it io n in g  th e  im a g e s  in to  b lo b s . G u p ta  u s e d  

h y p o th e s is  te s t in g  b y  f ir s t  d iv id in g  th e  im a g e  in to  e le m e n ta ry  re g io n s , e .g . 

2 x 2  a r ra y s .  T h e  a lg o r ith m  c o m p a re s  f ir s t  a n d  s e c o n d  o rd e r  s ta t is t ic s  o f

a d ja c e n t s u b s e ts . A d ja c e n t s u b s e ts  h a v in g  s im ila r  f ir s t  a n d  s e c o n d  o rd e r  

s ta t is t ic s  a re  m e rg e d  in to  b lo b s . In th is  m a n n e r th e  e n tire  p ic tu re  is  s e p a ra te d  

in to  b lo b s  s u c h  th a t  th e  im a g e  e le m e n ts  w ith in  e a c h  b lo b  h a v e  s im ila r  

c h a r a c te r is t ic s .  B y  v a ry in g  e i th e r  o f tw o  p a ra m e te rs  th e  a m o u n t  o f 

c o n s id e ra tio n  g iv e n  to  g re y  le v e l a n d  te x tu re  c a n  b e  a d ju s te d . T h e  a lg o r ith m  

g u a ra n te e s  c lo s e d  b o u n d a r ie s ,  w h e re  th e  b o u n d a r ie s  a re  d e fin e d  to  be  th e  

e d g e s  b e tw e e n  b lo b s . T h e  a lg o r ith m s , R IM P A R  [2 3 ], B L O B  [2 4 ] a n d  E C H O  

[2 5 ], g u a ra n te e  c lo s e d  b o u n d a rie s .

S o m e  o f  th e  e a r l ie r  s tu d ie s  c ite d  a b o v e  s u f fe re d  f ro m  o p e n  b o u n d a ry  

p ro b le m s , s o m e  fro m  th e  s e n s it iv ity  to  th e  n o is e , a n d  m o s t ly  fro m  th e  

lim ita t io n  d u e  to  th e  n e c e s s a ry  c o n d it io n s  re q u ir in g  la rg e  a m o u n ts  o f C P U  

t im e ,  i te ra t iv e  p ro c e s s in g ,  a n d  s o m e  fro m  th e  d e p e n d e n c y  o n  m a n u a l 

in it ia t io n  o r  s u p e rv is io n  fo r  th re s h o ld  a s s ig n m e n t. In th o s e  a p p ro a c h e s  th a t 

th e  e x tra c tio n  o f an  o b je c t is  b a s e d  on  a  p e r-d e fin e d  e le m e n ta ry  re g io n s , 

e v e n  th e y  m a y  g u a ra n te e  c lo s e d  b o u n d a r ie s , th e  e x tra c tio n  o f an  o b je c t w ith  

a  c o m p le x  a n d  ir re g u la r  b o u n d a ry  is  n o t a c c u ra te  o r  it w ill  b e  v e ry  t im e  

c o n s u m in g . S o m e  o b je c t e x tra c tio n  p ro c e s s  re q u ire s  a  p r io r i in fo rm a t io n
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a b o u t th e  s c e n e  (e .g ., s ta t is t ic a l p rope rties ; o f th e  s c e n e , d is tr ib u tio n , s h a p e  

a n d  s iz e  o f o b je c t, o r  n u m b e r o b je c ts  in th e  sCOrid) a h d  re q u ire  th re s h o ld  

a s s ig n m e n t a n d  s u p e rv is e d  in it ia tio n  vvheri th e  n u m b e r o f  tra in in g  .Sam ple is 

s o  s m a ll s u c h  th a t th e  " lo w  o f la rg e  n u m b e rs " is r io t a p p lic a b le  a n d  G a u s s ia n  

a s s u m p tio n  is a  w e a k  h y p o th e s is  fo r  m a k in g  a  c o rre c t d e c is io n .

1.4 Tftesre drgam zafidh

T h is  th e s is  is  o rg a n iz e d  in to  f iv e  c h a p te rs . F o llo w in g  an  in tro d u c tio n  to  th e  

g e n e ra l c o n c e p t o f n u m e r ic a l s c e n e  o b s e rv a tio n  m o d e l a n d  m e th o d s  fo r  

s c e n e  d e s c r ip t io n , c h a p te r  tw o  in tro d u c e s  b a s ic  m a th e m a tic a l to o ls  to  re a lize  

th e  u n ity  re la t io n  fo r  o b je c t  e x t ra c t io n ,  w h e re  th e  p a th -h y p o th e s is  is  

e x p la in e d  a n d  th e  p ro p e r t ie s  o f th e  u n ity  re la t io n  a re  in v e s tig a te d  in s e v e ra l 

th e o re m s  w ith  th e ir  p ro o fs . B a s e d  on  th e  u n ity  re la t io n  a n d  th e  p a th -  

h y p o th e s is ,  th e  A u to m a t ic  M u lt is p e c tra l Im a g e  C o m p a c t io n  A lg o r i th m  

(A M IG A ) is  d e v e lo p id .  T h e  f lo w  c h a r t a n d  th e  d e ta ils  a b o u t A M IG A  a re  

p re s e n te d  in C h a p ta r  th re e . In th e  fo u r th  c h a p te r , th e  re l ia b il ity  o f o b je c t -  

fe a tu re s  v e rs u s  p ix e l- fe a tu re s  is  in v e s tig a te d  a n d  th e  re s u lts  o f th e  o b je c t-  

fa a tu ra  ix t ra C tio h ,  a p p lie d  to  s e v e ra l s e ts  o f rea l d a ta , a re  p re s e n te d . F in a lly , 

in  th e  f if th  c h a p te r , th e  th e s is  is c o n c lu d e d  w ith  a  d is c u s s io n  a b o u t th e  o b je c t-  

fe a tu re  p e rfo rm a n c e  v e rs u s  th e  p ix e l- fe a tu re s .



, C H A P T E R  2

S C E N E  M O D E L  A N D  F E A T U R E  E X T R A C T S O N

2.1 In tro d u c tio n

T h e  o b je c tiv e  o f th is  c h a p te r  is  to  in tro d u c e  th e  b a s ic  c o m p o n e n ts  th a t m a ke

u p  th e  s t ru c tu re s  o f an  a n a ly t ic a l m o d e l fo r  s c e n e  re p re s e n ta t ip n  in  a n  

e f f ic ie n t m e a s u re  s p a c e . This,, p ro c e s s  is  c a rr ie d  p u t  th ro u g h  a  s p e c if ic  fe a tu re  

e x tra c tio n  m e th o d  w h ic h  m a p s  th e  o n g in a l d a ta  (p ix e l o b s e rv a tio n )  in to  an

e f f ic ie n t  fe a tu re  s p a c e , c a lle d  th e  o b je c t- fe a tu re -s p a c e .  T h e  e f f ic ie n c y  

c r ite r io n  fo r  th is  m a p p in g  is  th e  a m o u n t o f 'U s e fu l'' in fo rm a t io n  t h a t  c a n  be  

e x tra c te d  fro m  th e s e  fe a tu re s , v e rs u s  th e  d a ta  s e t s ize .

O n e  o f th e  fu n d a m e n ta l te n e ts  o f m o d e rn  s c ie n c e  is  th a t  a  p h e n o m e n o n

c a n n o t b e  c la im e d  to  b e  w e ll u n d e rs to o d  u n til it c a n  b e  c h a ra c te r iz e d  in 

q u a n tita t iv e  te rm s . V ie w e d  in  th is  p e rs p e c tiv e , m u c h  o f w h a t c o n s t itu te s  th e

c o re  o f s c ie n t if ic  k n o w le d g e  m a y  be  re g a rd e d  a s  a  re s e rv e !r o f c o n c e p ts  a n d  

te c h n iq u e s  w h ic h  c a n  be  d ra w n  u p o n  to  c o n s tru c t  m a th e m a t ic a l m o d e ls  o f 

v a r io u s  ty p e s  o f  s y s te m s  a n d  th e re b y  y ie ld  q u a n t i ta t iv e  in fo rm a t io n  

c o n c e rn in g  th e ir  b e h a v io r . In e s s e n c e  a  m o d e l is  s o m e th in g  w h o s e  s tru c tu re ,

a n d  h e n c e  b e h a v io r , c o rre s p o n d s  in s o m e  s e n s e  to  th a t  o f a  p a r t ic u la r  re a lity  

o f  p h e n o m e n a . In s c e n e  m o d e lin g , th e  s tru c tu re s  w e  u s e  w ill u s u a lly  b e

m a th e m a tic a l in n o ta t io n  a n d  w ill h a ve  e le m e n ts  o f p h y s ic a l a t t r ib u te s  in  th e ir  

n a tu re .



In th is  c h a p te r  w e  p re s e n t a  m o d e l fo r  a  s c e n e  c o n ta in in g  o b je c ts . In th is  

m o d e l th e  v a r ia t io n s  w h ic h  c a rry  th e  d e s ire d  in fo rm a tio n  (o b je c t fe a tu re s )  a re  

re p re s e n te d  in  th e  d a ta , b u t th o s e  v a r ia t io n s  w h ic h  d o  n o t (n o is e )  a re  

m in im iz e d  b y  a v e ra g in g :  e a c h  o b je c t  c a n  be  c h a ra c te r iz e d  b y  th e  e x p e c te d  

v a lu e  o f s p e c tra l re s p o n s e s  o f p ix e ls  w ith in  th e  o b je c t to g e th e r  w ith  th e  o b je c t

c o n te x tu a l fe a tu re s .  It is  a s s u m e d  th a t  tw o  a d ja c e n t  o b je c ts  d i f fe r  in  a  

m e a s u ra b le  w a y  re la tiv e  to  th e  s p e c tra  ! fe a tu re s  S. o r  c o n te x tu a l fe a tu re s  V..

O b je c ts  w ith  s m a ll a re a , fo r  w h ic h  th e  n u m b e r o f th e  p ix e ls  w ith in  th e  o b je c t is 

n o t s u ff ic ie n t  fo r  c o n te x tu a l fe a tu re  e x tra c tio n , w ill be  re p re s e n te d  O nly b y  th e

s p e c tra l fe a tu re . H o w e v e r, in g e n e ra l an  o b je c t c a n  b e  d e s c r ib e d  b y  a  s e t o f  

th re e  p a ra m e tr ic  p r im itiv e s  ( S . , V j l L ), w h e re  L j is  th e  s p a tia l- fe a tu re -m a p .

F o llo w in g  a  s u rv e y  o f th e  g e n e ra ! c o n c e p t o f n u m e r ic a l s c e n e  re p re s e n ta tio n  

a n d  m e th o d s  fo r  s c e n e  d e s c r ip t io n ,  s e c tio n  fo u r  in tro d u c e s  th e  p ro p o s e d  

te c h n iq u e  fo r  u n s u p e rv is e d  o b je c t- fe a tu re  e x tra c tio n . T h e  b a s ic s  o f  fe a tu re  

s e le c t io n  a n d  O b je c t-fe a tu re  re lia b ility  a re  d e s c r ib e d  in s e c tio n  f iv e . In s e c tio n  

s ix  o b je c t  d e te c t io n  b a s e d  o n  th e  u n ity  re la t io n  a m o n g  th e  p ix e ls  in  th e  

o b s e rv a tio n -s p a c e  is e x p la in e d , a n d  th e  b a s ic  m a th e m a tic a l p ro p e r t ie s  o f th e  

u n ity  re la t io n  a re  d e te rm in e d . A f te r  a n  in tro d u c tio n  to  s im ila r ity  m e a s u re  in 

s e c t io n  s e v e n ,  fo r  re a liz a t io n  o f  th e  u n ity  re la t io n  th e  p a th -h y p o th e s is  is  

in t r o d u c e d ; th e n  o b je c ts  in  b o th  o b s e rv a t io n -s p a c e  a n d  fe a tu re -s p a c e  a re  

il lu s tra te d .  S e c tio n  s e v e n  c o n c lu d e s  w ith  c o n s tru c t io n  o f th e  fu n c tio n a l fo r  

u n ity  re la t io n  te s t.  T h e  e q u a t io n s  fo r  fe a tu re  e x tra c tio n  a re  d e r iv e d  a n d  

p re s e n te d  in  s e c tio n  e ig h t. A f te r  a  s u m m a ry  a b o u t th e  p ro p o s e d  fe a tu re  

e x tra c tio n  p ro c e d u re  fo r  s c e n e  re p re s e n ta t io n  in  s e c tio n  n in e , th is  c h a p te r  

c o n c lu d e s  w ith  a  b r ie f d is c u s s io n  o f  o b je c t- fe a tu re  c la s s if ic a t io n .



2 i2  R em o te ly  S en sed  S c en e  O b s e rv a tio n

In  re m o te  s e n s in g  s y s te m s , p ro p e r t ie s  o f an  u n k n o w n  s c e n e  a re  d e te rm in e d  

a t a  d is ta n t  lo c a tio n ,  th ro u g h  n o n c o n ta c t m e a s u re m e n t, b a s e d  u p o n  th e

in te ra c t io n  o f th e  e le c tro m a g n e tic  ra d ia t io n  w ith  th e  s c e n e  [4 ,3 2 ]. R e m o te  

s e n s in g  h a s  g re d tly  e x te n d e d  m a n 's  p e rc e p tio n  o f th e  w o r ld 's  re s o u rc e s  a n d  

in te ra c tio n  o f n a tu re  a n d  m an  m a d e  in flu e n c e s . R e m o te  s e n s in g  h a s  g ro w n

fro m  s im p le  p h o to g ra p h y  a n d  p h o to  in te rp re ta t io n  to  s a te lli te  b o rn e  s e n s o rs  

g n d  s o p h is t ic a te d  m a c h in e  a id e d  a n a ly s is .  Im p o r ta n t  d e v e lo p m e n ts  in  

s e n s o r  te c h n o lo g y , c o m p u te r  s y s te m s , pa tte rn , re c o g n it io n  th e o ry , a n d  im a g e  

p ro c e s s in g  te c h n iq u e s  h a v e  b ro u g h t th e  re m o te  s e n s in g  s ta te  o f a r t to  th e  

p o in t w h e re  it is  a  p o w e rfu l to o l fo r  s tu d y in g  th e  E a r th 's  re s o u rc e s  re m o te ly . 

In  th e  m o d e rn  re m o te ly  s e n s e d  E a rth  O b s e rv a t io n  S y s te m s  th e re  a re  tw o  

m a in  d is t in c t  a c t iv it ie s ;  s c e n e  re p re s e n ta tio n  b y  n u m e r ic a l d a ta  o r  d a ta  

a cq u is itio n ;  a n d  in fo rm ation  extraction, b y  m e a n s  o f w h ic h  th e  a c q u ire d  

n u m e r ic a l d a ta  is c o n v e r te d  in to  u s e fu l in fo rm a tio n .

T h e  s c e n e  (in  th is  w o rk  th is  is  a s s u m e d  it to  be  p a r t o f th e  E a rth 's  s u r fa c e )  is 

th e  ta rg e t  o f th e  re m o te  s e n s in g  s y s te m , w h ic h  is  u n d e r  in v e s tig a tio n  a n d  th e  

in te re s t is  to  e x tra c t In fo rm a tio n  a b o u t th e  s c e n e 's  s tru c tu re  a n d  c o n te n t. T h e

d e s ire d  in fo rm a tio n  is  a s s u m e d  to  be  c o n ta in e d  in th e  s p e c tra l,  s p a tia l,  a n d  

te m p o ra l v a r ia t io n  o f e le e tro m a g n e tic  e n e rg y  c o m in g  fro m  th e  s c e n e  w h ic h  is  

g a th e re d  by  th e  s e n s o rs .

T y p ic a lly  a  c o m p le x  s c e n e  is  c o m p o s e d  o f re la t iv e ly  s im p le  o b je c ts  o f  

d if fe re n t  s iz e s  a n d  s h a p e s , e a c h  o b je c t o f  w h ic h  c o n ta in s  o n ly  o n e  c la s s  o f 

s u r fa c e  c o v e r  ty p e . T h e  s c e n e  is  o fte n  d e s c r ib e d  b y  c la s s ify in g  th e  o b je c ts



a n d  re c o rd in g  th e ir  re la t iv e  p o s it io n s  a n d  o r ie n ta t io n s  in  th e  s c e n e  in  te rm s  o f 

ta b u la te d  re s u lts  a n d /o r  a  th e m a tic -m a p  (c la s s -m a p ), F ig . 2 ,1 .
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F ig . 2 ,1 : A t y p ic a f th e m a tic -m a p  (c la s s -m a p )



A  c r it ic a l p o r t io n  o f th e  d a ta  a c q u is it io n  s y s te m  is  a  m u lt is p e c t ra ls e n s o r .  

M u it is p e c tra l s e n s o r  s y s te m s  e m p lo y  s e n s o rs  to  o b s e rv e  p o r t io n s  Of th e  

e le c t ro m a g n e t ic  s p e c tru m  ty p ic a lly  ra n g in g  fro m  th e  v is ib le  re g io n  to  th e  

re f le c t iv e  in fra re d  re g io n s . A ls o  th e  th e rm a l p o r tio n  o f th e  s p e c tru m  a n d  o th e r  

p o r t io n s  o f th e  e le c tro m a g n e t ic  s p e c tru m  s u c h  a s  m ic ro w a v e  re g io n  h a v e  

im p o rta n t u s e s  in  re m o te  s e n s in g .

In at re m o te  s e n s in g  s y s te m ,  ̂ p r im a ry  fe a tu re s  o f a  s c e n e  a re  fo rm e d  by  

m u lt is p e c tra lL o b s e rv a t io n s ,  w h ic h  a re  a c c o m p lis h e d  b y  s p a t ia l ly  a n d  

s p e c tra lly  s a m p lin g  th e  s c e n e .

A  ty p ic a l m u lt is p e c tra l s e n s o r  s a m p le s  s e v e ra l s p e c tra l d im e n s io n s  a n d  o n e

s p a t ia l d im e n s io n  fro m  th e  s c e n e  a t a  g iv e n  in s ta n t o f t im e .  T h e  s e c o n d  

s p a tia l d im e n s io n  is  p ro v id e d  by  th e  m o tio n  o f th e  p la tfo rm  w h ic h  c a r r ie s  th e  

s c a n n e r  o v e r  th e  re g io n  o f in te re s t, g e n e ra tin g  a  ra s te r  s c a n ; a lte rn a te ly , th e  

ra s te r  c a n  be  p ro v id e d  b y  a re a  a rra y  d e te c to r  [6 ]. T h u s ,  th ro u g h  th e  d a ta  

a c q u is it io n  s y s te m , th g  s c e n e  m a y  be  v ie w e d  in an  im a g e  fo rm  ta k e n  a t e a c h  

o f a  n u m b e r o f e le c t ro m a g n e t ic  w a v e le n g th s . T h is  im a g e  c a n  b e  th o u g h t o f  

a s  a  m u lt i- la y e r  m a tr ix  w h o s e  e le m e n ts  a re  c a lle d  p ix e ls , t h e  p h y s ic a l m o d e l 

o f a  s c e n e  a f te r  s p a tia lly  a n d  s p e c tra lly  s a m p lin g  is  il lu s tra te d  in  F ig . 2 .2 .

L e t Pjj jj b e  re p re s e n ta tiv e  o f a  p ix e l a t th e  lo c a tio n  o f th e  i th ro w  a n d  j th

C b ium n  o f th e  s c a n n e d  im a g e  o f th e  sc e n e . A s  s h o w n  in  F ig .2 .2 , th e  n u m b e r 

o f p ix e ls  in  e a c h  s c a n  lin e  is nx, a n d  th e  n u m b e r o f lin e s  in  e a c h  s c e n e  fra m e

is  n , w h ic h  b o th  a re  f in ite  a n d  a s s u m e d  k n o w n .



S p atia l S a m p le  Pf. n 

A P ix e I 11,11

F ig . 2 .2 . M u lt is p e c tra l s c e n e  p ix e l-d e s c r ip t io n



T H e in s ta n ta n e o u s  f ie ld  o f  v ie w  o f th e  d a ta  a c q u is it io n  s y s te m  d e f in e s  th e  

p ix e l s iz e  (s p a tia l re s o lu t io n )  a n d  is  th e  p ro je c t io n  o f th e  d e te c to r  b a c k  

th ro u g h  th e  o p tic a l s y s te m  o n to  th e  s c e n e . T h e  s p e c tra l re s o lu tio n  o f th e  d a ta  

a c q u is it io n  s y s te m  d e fin e d  th e  s p e c tra l d im e n s io n a lity  d  o f th e  d a ta . F ig u re  

2 .3  illu s tra te s  th e  s p e c tra l a n d  s p a tia l re s o lu t io n  o f a  p ix e l- fe a tu re .

S p e c tra l B and s  

(S p ec tra l R esolutio n )

S in g Ie P ix e I  

(S p a tia l R eso lu tio n )

F ig .2 .3 . A  ty p ic a l p ix e l- fe a tu re

T h e  o u tp u t  o f th e  d a ta  a c q u is it io n  s y s te m  is  m u lt i - d im e n s io n a l d a ta ,  

re p re s e n te d  n u m e r ic a lly  b y  an  o rd e re d  s e t o f d -d im e h s io n a l v e c td rS . W e  

re p re s e n t th e  m u lt is p e c tra l s e n s o r  re s p o n s e  b y  a  fu n c tio n a l / ( . ) ,  w h e re  th is  

fu n c t io n a l m a p s  th e  f i x e r s  s p e c tra l a t t r ib u te s  in to  a  d ^ d im e p s io n a l re a l 

s p a c e .

/ ;  {p ixe l s p e c tra l re s p o n s e s J -^ R *1



It is  a s s u m e d  th a t  d  d if fe re n t s p e c tra l o b s e rv a tio n s  o f e a c h  s in g le  p ix e l a re

o b ta in e d  b y  th e  m u ltis p e q tra l s e n s o r . E a ch  p ixe l is re p re s e n te d  n u m e r ic a lly , 

th e n , b y  a n  d -d im e n s io n a l s e t o f m e a s u re m e n ts , d e n o te d  b y  v e c to r  X k in  th e

o b s e rv a tio n  s p a c e ,  w h e re  th e  v e c to r  e d m p b n e n ts  a re  a  s e t  o f m e a s u re m e n t 

a t e a c h  s p e c tra l in te rv a l;  i.e . e a c h  v a lu e  in  th is  s e t, x j k , is  a  re a l n u m b e r

p ro p o r t io n a l to  th e  e n e rg y  re c e iv e d  fro m  th e  p ix e l b y  th e  s e n s o r  in  th a t  

p a r t ic u la r  b a n d  o f th e  e le c tro m a g n e tic  s p e c tru m .

T h e  v e c to r  X. is  th e n  re fe rre d  to  a s  th e  fe a tu re  v e c to r  o f p r. . . ;  i.e ., e a c h  p ixe l 

p . .  c a n  b e  id e n tif ie d  b y  k n o w in g  its  fe a tu re  X  . M a th e m a t ic a lly  th is  s e t is

re p re s e n te d  b y  a  d - tu p le v e c to r a n d  is  c a lle d  a  pixel-feature.

* k ” tX 1 k ’ X2 k’ •"  ’ Xd J -/< R [i,i]>

T h e  s e t o f p ix e l- fe a tu re s , w h ic h  re p re s e n ts  th e  w h o le  s c e n e  b y  a  s u b s e t  o f 

R d s p a c e , is  c a lle d  th e  observation-space  a n d  re p re s e n te d  by :

P = {X . ,  X ? , . . . ,  X J

w h e re  np is  th e  n u m b e r o f s p a tia l o b s e rv a tio n  (p ixe ls ), n

n = n  .n
P ■ X y . .

T h e  v o lu m e  o f P  is  d e fin e d  fo r  s c e n e  re p re s e n ta tio n  b y  th e  n u m b e r o f s p a tia l 

a n d  s p e c tra l o b s e rv a tio n s , a n d  is  e q u a l to :

v  ^ d m
p p

N o tic e  th a t  th e re  is  a  re la t io n  b e tw e e n  th e  in d e x  o f th e  p ix e l- fe a tu re  "k "  a n d  

th e  p ix e l s p a tia l c o o rd in a te s  in  th e  s c e n e  [ i ,j]. T h e  s p a tia l lo c a tio n  o f e a c h



p ix e l in  th e  s c e n e  c a n  b e  d e te rm in e d  u n iq u e ly  by  k n o w in g  its  ro w  n u m b e r, I, 

a n d  its  c o lu m n  n u m b e r, j, w h e re  th e  in d e x  a d d re s s  o f a  p ix e l is  re p re s e n te d

b y  a  tw o - tu p le  [ i, j] . A n  in d e x  o p e ra to r  is  d e fin e d , s u c h  th a t  b y  k n o w in g  th e  

p ix e l 's  in d e x  a d d re s s * [i, j], th e  in d e x  o f th e  c o r re s p o n d in g  p ix e l- fe a tu re  in  th e  

o b s e rv a tio n  s p a c e , th e  s c a la r  k, c a n  be  d e te rm in e d ; Le ., it re p re s e n ts  th e  

index m apping  fro m  th e  s p a tia l d o m a in  in to  th e  s p e c tra l d o m a in , T h e  w e ll 

o rd e re d  s e q u e n c e  o f in d ic e s , W hich re p re s e n ts  th e  w h o le  s c e n e , is  c a lle d  th e  

spatial-feature-m ap, L; w h e re  L is  a  s u b s e t Of n a tu ra l n u m b e rs .

M k ;  X - Z ( P j j  fcP )

i= 1 . 2 ..... n a n d  j= 1 . 2 ...... n
’ . 'X  y

T h e  s p a tia l- fe a tu re -m a p  is  n e e d e d  to  id e n tify  th e  s p e c tra l fe a tu re  o f a  p ix e l,

b y  k n o w in g  its  s p a tia l c o o rd in a te s  in th e  s c e n e , in  th e  o b s e rv a tio n  s p a c e . 

T h e  s c e n e  is  re p re s e n te d  n u m e ric a lly  by  th e  p ix e l- fe a tu re -s e t P  to g e th e r  w ith  

th e  c o r re s p o n d in g  S p a t ia l- fe a tu re -m a p  L, o f w h ic h  a ll e le m e n ts ,  fo r  th e  

s c e n e s  a re  f ix e d  a n d  d e te rm in is t ic .

O n e  o f  th e  d is t in c t iv e  c h a r a c te r is t ic s  o f th e  s p a t ia l  d e p e n d e n c e  in  

m u lt is p e c tra l d a ta  is  th a t th e  s p e c tra l s e p a ra tio n  b e tw e e n  tw o  a d ja c e n t p ix e ls  

is  le s s  th a n  tw o  n o n -a d ja c e n t p ix e ls , b e c a u s e  th e  s a m p lin g  in te rv a l te n d  to

b e  g e n e ra l ly  s m a lle r  th a n  th e  s iz e  o f a n  o b je c t;  i.e . ,  tw o  p ix e ls  in  s p a tia l

p ro x im ity  to  o n e  a n o th e r  a re  u n c o n d it io n a lly  c o r re la te d  w ith  th e  d e g re e  o f 

c o rre la t io n  d e c re a s in g  a s  th e  d is ta n c e  b e tw e e n  th e m  in c re a s e s  [3 3 ].

T h e  re s u lts  o f s tu d y  on  m e a s u re m e n t Of d if fe re n t  o rd e r  s ta t is t ic a l s p a tia l

d e p e n d e n c y  in im a g e  d a ta , s p e c if ic a lly  th e  m e a s u re m e n t o f  f irs t,  s e c o n d  a n d



th ir d  o rd e r  a m p litu d e  s ta t is t ic s  a lo n g  a  im a g e  s c a n  lin e  s h o w  c o n s id e ra b le  

c o r re la t io n  b e tw e e n  a d ja c e n t  p ix e ls  [3 4 ]. S e y le r  [3 5 ] c o n c lu d e d , f ro m  th e  

m e a s u re m e n t o f th e  d is tr ib u tio n  o f th e  d if fe re n c e  b e tw e e n  a d ja c e n t p ix e ls , 

th a t  th e  p ro b a b ility  th a t tw o  a d ja c e n t p ix e ls  h a v e  th e  s a m e  g ra y  le ve l is  a b o u t 

10  t im e s  th e  p ro b a b ility  th a t th e y  d if fe r  b y  th e  m a x im u m  p o s s ib le  a m p litu d e  

d if fe re n c e . K e tt ig  [3 3 ] b y  m e a s u r in g  th e  s p a tia l c o r re la t io n  o f m u lt is p e c tra l 

d a ta , s h o w e d  th a t th e  c o r re la t io n  b e tw e e n  a d ja c e n t p ix e l is  m u c h  le s s  w h e n  

c o n d it io n a l u p o n  b e in g  w ith  an  o b je c t,  a s  c o m p a re d  to  u n c o n d it io n a l 

c o r re la t io n .

H ig h  c o r re la t io n  a m o n g  a d ja c e n t p ix e ls  in  th e  o b s e rv a tio n  s p a c e  re p re s e n ts  

re d u n d a n c y  in  s c e n e  d a ta . W h e n  s u ch  re d u n d a n c y  o c c u rs , re d u c in g  th e  s iz e  

o f th e  o b s e rv a tio n  s p a c e  s h o u ld  be  p o s s ib le  w ith o u t lo s s  o f in fo rm a tio n .

H



2 .3  O b jec t vs. P ixel S cen e  D escrip tio n

A s  p re v io u s ly  s ta te d  th e  s c e n e  is  a s s u m e d  to  c o n s is t  o f  re la t iv e ly  s im p le  

o b je c ts  o f d i f fe r e n t  s iz e s  a n d  s h a p e s . T h e  re s o lu t io n  o f th e  s p a t ia l 

re p re s e n ta tio n  d e p e n d s  on  b o th  p ix e l s iz e  a n d  th e  in te rv a l b e tw e e n  s a m p le s , 

w h ic h  a re  u s u a lly  e q u a l. F ig . 2 .2 . B y  u n d e r -s a m p lin g  in fo rm a t io n  is  lo s t; 

h o w e v e r, o v e r-s a m p lin g  w ill c a u s e  in c re a s e d  re d u n d a n c y .

T y p ib a ily  th e  s iz e  a n d  s h a p e  o f o b je c ts  in  th e  s c e n e  v a ry  ra n d o m ly , F ig .2 .1 , 

a n d  th e  s a m p lin g  ra te , a n d  th e re fo re  th e  p ixe l s ize , is  f ix e d ; it is  in h e re n t in 

im a g e  d a ta  th a t  d a ta - d im e n s io n a l i t y  ( th e  n u m b e r  o f s p a t ia l - s p e c t r a l  

o b s e rv a t io n s  fo r  s c e n e  re p re s e n ta t io n )  in c re a s e s  fa s te r  th a n  its  in tr in s ic -  

d im e n s io n a lity  (th e  s iz e  o f  th e  s m a lle s t  s e t w h ic h  c a n  re p re s e n t  th e  s a m e  

s c e n e , n u m e r ic a lly ,  w ith  no  lo s s  o f in fo rm a t io n ) .  B e c a u s e  th e  s p a t ia l 

s a m p lin g  in te rv a l is  u s u a lly  c o m p a ra b le  to  th e  o b je c t s ize , it fo l lo w s  th a t e a c h  

o b je c t  is  re p re s e n te d  b y  a n  a r ra y  o f  s im i la r  p ix e ls .  T h e re fo re ,  s c e n e  

s e g m e n ta t io n  in to  p ix e ls  is  n o t a n  e f f ic ie n t  a p p r o a c h  fo r  s c e n e  

re p re s e n ta tio n ; h o w e v e r, a  s c e n e  c a n  be  s e g m e n te d  in to  o b je c ts , a n d  s in c e  

t h e ,  s h a p e  a n d  s iz e  o f o b je c ts  m a tc h  th e  s c e n e  v a r ia t io n ,  s c e n e  

re p re s e n ta tio n  b y  s im p le -o b je c ts  is  m o re  e ffic ie n t.

A n  ob ject c o n s is ts  o f c o n tig u o u s  p ix e ls  fro m  a  c o m m o n  c la s s  w h ic h  h a v e  a  

u n ity  re la t io n s h ip  w ith  e a c h  o th e r ; T e ., th e ir  fe a tu re s  a re  s ta t is t ic a lly  s im ila r , 

a n d  s in c e  th e  re c o g n it io n  o f p a tte rn s  is  b a s e d  on  p a tte rn - fe a tu re  c o m p a r is o n  

(a lth o u g h  th e re  is  a  f lu c tu a tio n  in th e  s p e c tra l re s p o n s e  o f p ix e ls  w ith in  an  

o b je c t )  th e s e  p ix e ls  h a v e  th e  s a m e  c o m m o n  c h a r a c te r is t ic  a n d  c a r ry  

e q u iv a le n t  " u s e f i i l "  in fo rm a t io n  a b o u t th e  S cene . T h e  s im ila r ity  a m o n g  th e



p ix e ls  o f a n  o b je c t  o c c u rs  in  p a r t  in  th e  fo rm  o f  r e d u n d a n c y  in  th e  

m e a s u re m e n t (o b s e rv a tio n )  s p a c e . R e d u n d a n c y  in  th e  o b je c t d a ta  im p lie s

th a t a  s c e n e  c a n  be  s e g m e n te d  in to  o b je c ts , in s te a d  o f p ix e ls , w ith  no  lo s s  o f 

u s e fu l in fo rm a tio n  T h u s  th e  m e th o d  o f s c e n e  d e s c r ip t io n  b y  o b je c t e x tra c tio n  

w i l l  b e  d i r e c te d  a t th e  re d u c t io n  o f  d a ta  re d u n d a n c y  in  th e  s c e n e

re p re s e n ta tio n , if th e  re le v a n t o b je c t- fe a tu re  is  s e le c te d .

O b je c t d e te c t io n  re fe rs  to  f in d in g  th e  n a tu ra l g ro u p s  a m o n g  th e  c o n tig u o u s

p ix e ls . In  o th e r  w o rd s , th e  d a ta  is  s o r te d  in to  o b je c ts  s u c h  th a t  th e  "U n ity  

R e la t io n "  h o ld s  a m o n g  m e m b e rs  o f th e  s a m e  o b je c t  a n d  n o t  b e tw e e n  

m e m b e rs  o f d if fe re n t  a d ja c e n t o b je c ts . E s s e n tia ily  o b je c t d e te c tio n  m ig h t be  

v ie w e d  a s  a s s ig n in g  a p p ro p r ia te  m e a n in g  to  th e  te rm s  "n a tu ra l u n io n s "  a n d  

"n a tu ra l a s s o c ia t io n "  w h e re  "n a tu ra l” u s u a lly  re fe rs  to  h o m o g e n e o u s  a n d  

" w e l l  s e p a ra te d  s t ru c tu re s ;"  w h ic h  m a k e s  o b je c t  e x t ra c t io n  s im i la r  to  

c lu s te r in g  p ro c e s s  [31 ].

O b je c t e x tra c tio n  a n d  c lu s te r in g  a re  s im ila r  in  th e  s e n s e  th a t  th e y  b o th  a re  

m e th o d s  o f g ro u p in g  d a ta ; h o w e v e r, s p a tia l c o n s id e ra tio n s  m a k e  c lu s te r in g  

a n d  o b je c t e x tra c tio n  d if fe re n t. B e c a u s e  an  o b je c t c a n  b e  te x tu re d , th e  p ix e ls  

w ith in  a n  o b je c t  m ig h t n o t fo rm  a  c o m p a c t c lu s te r  in  th e  m e a s u re m e n t 

(o b s e rv a tio n )  s p a c e . A ls o , b e c a u s e  th e re  c a n  be  s e v e ra l in s ta n c e s  o f a  

p a r t ic u la r  c la s s  o f e n tit ie s  in  a  s in g Ie im a g e , F ig . 2 .1 , n o n a d ja c e nt o b je c ts  

m ig h t b e  n e a r ly  id e n tic a l in  o b s e rv a tio n  s p a c e . A n o th e r  d if fe re n c e  is  th a t  in 

o b je c t  e x t ra c t io n  th e  e x is te n c e  o f a  p a r t it io n  th a t  c o m p le te ly  s e p a ra te s  

o b je c ts  is  g u a ra n te e d . H o w e v e r, in c lu s te r in g , if w e  a llo w  u n d e r ly in g  c la s s e s  

w ith  o v e r la p p ing  d e n s ity  fu n c tio n s ,  th e  c la s s e s  c a n  n e v e r  b e  c o m p le te ly  

s e p a ra te d  in  th e  o b s e rv a tio n  s p a c e .



O b je c t e x tra c tio n  c a n  be  th o u g h t o f a s  tra n s fo rm in g  th e  o r ig in a l im a g e , w h ic h  

is  a  p ix e l-d e s c r ip t io n  o f a  s c e n e , F ig . 2 .2 , in to  an  a r ra n g e m e n t o f o b je c t-  

d e s c r ip t io n , F ig .2 .4 .

F ig . 2 .4  M u lt is p e c tra l s c e n e  o b je c t-d e s c r ip t io n



A rt o b je c t-d e s c r ip t io n  is  o fte n  b e tte r  th a n  a  p ix e l-d e s c r ip t io n , fo r  tw o  b a s ic

'm a s o n s :  ;

> F irs t,  m o re  in fo rm a t io n  a b o u t th e  s c e n e  e n tity  is  a v a ila b le  fro m  a  

c o l le c t io n  o f p ix e ls  a s s o c ia te d  w ith  th e  o b je c t  th a n  f ro m  a n  

in d iv id u a l p i x e l  a s s o c ia te d  w ith  th e  s c e n e .  T h is  fa c t  h a s  b e e n  

e x p lo i te d  b y  " o b je c t "  c la s s i f ic a t io n  a lg o r i th m s  th a t  m a k e  a  

c la s s if ic a t io n  d e c is io n  fo r  e a c h  g ro u p  o f im a g e  p o in ts , fo r  e x a m p le  

b y  s e q u e n t ia l c la s s if ic a t io n  [1 1 ]. T h e  p o te n tia l a d v a n ta g e s  o f o b je c t  

c la s s if ic a t io n  a re  e s p e c ia lly  g re a t w h e n  c la s s  p ro b a b ili ty  d e n s it ie s  

d i f fe r  in  s h a p e  b u t e x h ib it  a  h ig h  d e g re e  o f o v e r la p .  C la s s ify in g  

o b je c ts  in s te a d  o f p ix e ls  a ls o  a llo w s  th e  m e a s u re m e n t a n d  u s e  o f  

s p a t ia l c h a ra c te r is t ic s  s u c h  a s  s ize , s h a p e  a n d  te x tu re , w h ic h  h a v e  

beOn fo u n d  to  b e  i is e fu l in  c la s $ ific a t io n .

* S e c o n d , an  o b je c t re p re s e n ta tio n  is  o fte n  m o re  c o m p a c t th a n  a  p ix e l 

d e s c r ip t io n :  T h is  s a v in g s  in  s to ra g e  s p a c e  o r  t ra n s m is s io n  s p e e d  

o c c u rs  i t  o b je c ts  c o n ta in  e n o u g h  p o in ts  s o  th a t  s p e c ify in g  th e  

lo c a tio n s  a n d  e s s e n tia l p ro p e r t ie s  o f th e  o b je c ts  ta k e s  fe w e r  b its  

th a n  s p e c ify in g  th e  c o lle c t io n  o f in d iv id u a l p ix e l p ro p e r t ie s .

In th is  th e s is  a  m e th o d  fo r  d e te c t io n  o f o b je c ts , b a s e d  o n  a  s p e c if ic  re g io n  

g ro w in g  m e th o d , is  d e v e lo p e d  fo r  a u to m a tic  s c e n e  re p re s e n ta tio n  b y  o b je c t-  

fe a tu re s  v e rs u s  p ix e l- fe a tu re s . T h is  m e th o d  u til iz e s  a  n e w  te c h n iq u e , b a s e d  

o n  th e  u n ity  re la t io n  a n d  th e  p a th  h y p o th e s is , w h ic h  d e te c ts  o b je c ts  a n d  

re p re s e n ts  th e m  b y  m e a n s  o f an  o b je c t- fe a tu re  in th e  fe a tu re -s p a c e



2 .4  O b je c t  M o d e !

In th e  a n a ly s is  a n d  p ro c e s s in g  o f m u It is p e c tra l im a g e s  o n e  e n c o u n te rs  at 

la rg e  a m o u n t  o f d a ta . T o  e n a b le  e ff ic ie n t p ro c e s s in g  o f th is  d a ta , it w o u ld  be  

p re fe ra b le  to  h a v e  a n  u n d e r ly in g  m o d e l th a t  e x p la in s  th e  d o m in a n t  

c h a ra c te r is t ic s  o f th e  g iv e n  im a g e  d a ta .  S u b s e q u e n t p ro c e s s in g  o f th e  

im a g e s  c a n  be  e ff ic ie n tly  a c c o m p lis h e d  b y  u s in g  th e  m o d e ls  f it te d  to  th e  d a ta . 

W ith  th e  a b o v e  s c h e m e , a  S cene is  s e g m e n te d  in to  s p a tia l ly  d is jo in t o b je c ts : 

th e  im a g e  d e s c r ib e d  b y  th e  o b je c ts ' fe a tu re s  a n d  b y  re c o rd in g  th e  re la t iv e  

p o s it io n  a n d  o r ie n ta tio n  o f th e  o b je c ts  in th e  s c e n e ;

L e t L j b e  th e  s p a tia l- fe a tu re -m a p  o f an  o b je c t P. in th e  s c e n e . In o th e r  w o rd s , 

P. is  a  s e t  c o m p o s e d  o f c o n tig u o u s  p ix e ls  b e lo n g in g  to  th e  s a m e  c la s s , a n d  

L  is  th e  in d e x -s e t o f th e  p ix e ls  in th e  c o rre s p o n d in g  o b je c t.

p f ( x , r  X2 i > y

T h e  n u m b e r o f o b je c ts  in  th e  s c e n e , no, is  u n k n o w n , bu t, th e  s c e n e 's  s p a tia l-

fe a tu re -m a p  c o n s is ts  o f u n io n  o f f in i te  d is jo in t c lo s e d -s e ts , re p re s e n te d  by  

L j1S .? ' . . . - V ; .

=SU l 2U

L n L = O f o r  H

O b je c ts  In  im a g e d  s c e n e s  a re  d e s c r ib a b le  b y  s e ts  o f re le v a n t a t t r ib u te s  o r  

fe a tu re s .  T h e s e  fe a tu re s  re p re s e n t d is t in c t  m e a s u re m e n ts  o r  o b s e rv a b le  

p ro p e r t ie s .  T h e  o b je c t 's  in it ia l m e a s u re m e n ts , w h ic h  a re  e n c o d e d  a s  p ix e l-



fe a tu re s , a re  s u b s e q u e n t ly  s u b je c te d  to  a  o b je c t- fe a tu re  tra n s fo rm a tio n : th e  

re le v a n t  o b je c t- fe a tu re  c a n  b e  th e  s p a tia l- fe a tu re -m a p  o f th e  s c e n e  a n d  th e  

o b je c t s p e c tra l-c o n te x tu a l fe a tu re s , w h ic h  a re  e x p la in e d  in th e  n e x t s e c tio n  in 

th is  c h a p te r . F ig u re  2 .5  illu s tra te s  an  e x a m p le  o f o b je c t- fe a tu re .

F ig .2 .5 . A  ty p ic a l o b je c t- fe a tu re



E a c h  o f th e  o b je c ts  c o n ta in s  a  u n io n  o f s im ila r  p ix e ls , a n d  th e  u n io n  o f th e  

s im p le  o b je c ts  re p re s e n ts  th e  w h o le  s c e n e . A ll p ix e ls  o f a n  o b je c t,  w h o s e

p ix e ls  s a tis fy  th e  u n ity  re la t io n , c a n  be  re p re s e n te d  by  a n  o b je c t- fe a tu re  s e t: a

c o m p le x  s c e n e  c o n s is ts  o f o b je c ts , a n y  s c e n e  c a n  th u s  b e  d e s c r ib e d  b y  

c la s s ify in g  th e  o b je c ts  in te rm s  o f th e ir  re le v a n t o b je c t- fe a tu re s  Y.. T h e o b je c t -

fe a tu re  e x tra c tio n  p ro c e s s  is  d e n o te d  b y  a  n o n lin e a r  fu n c tio n  'F ( - )  w h ic h  

m a p s  th e  o b s e rv a tio n -s p a c e  (p ix e l- fe a tu re -s e t}  in to  a  m o re  e ff ic ie n t fe a tu re -

s p a c e  (o b je c t- fe d tu re -s e t) .  T h e  p ro c e d u re  fo r  o b je c t  fe a tu re  e x tra c tio n  is  

e x p la in e d  in  th e  "O b je c t-F e a tu re  E x tra c tio n " s e c tio n  o f th is  c h a p te r . H e re  w e  

re p re s e n t th e  fe a tu re  e x tra c tio n  o n ly  b y  n o ta t io n .

T h e  o p e ra to r  vP f.)  is  a c tu a lly  th e  fe a tu re  e x tra c to r  w h ic h  m a p s  th e  o b je c t 's  

p ix e l- fe a tu re s  P. in to  a  p o in t, c a lle d  o b je c t- fe a tu re  Y  , in th e  fe a tu re  s p a c e . It

is  e x p e c te d  th a t  th is  m a p p in g , fro m  th e  p ix e l- fe a tu re  s p a c e  in to  th e  o b je c t-  

fe a tu re  s p a c e , s h o u ld  g e n e ra te  a  re le v a n t fe a tu re  s e t fo r  re p re s e n ta t io n  o f

th e  o b je c ts ' a ttr ib u te s .

Y j= vP (P i)

T h e  s e t o f o b je c t- fe a tu re s , F, w h ic h  re p re s e n ts  th e  w h o le  s c e n e , is  c a lle d  th e

feature-space: th e  s c e n e  c a n  be  re p re s e n te d  b y  th e  o b je c t- fe a tu re -s e t F. It is  

d e s ira b le  th a t  th e  a m o u n t  o f u s e fu l in fo rm a tio n  c o n v e y e d  b y  o b je c t- fe a tu re -

F, be  e q u iv a le n t to  th e  a m o u n t o f u s e fu l in fo rm a t io n  c o n v e y e d  b y  th e  

na l d a ta  s e t, P, w h ile  a t th e  s a m e  t im e  vf , th e  v o lu m e  o f th e  fe a tu re  se t,

ild  he  m u ch  s m a lle r  th a n  v  . th e  v o lu m e  o f th e  d r io in a l d a ta  se t.



A  s y s te m  th a t  m a p s  a  s e q u e n tia l s o u rc e  s e t P = P 1 U  P 2 U  ... U  P no in to  an  

o b je c t- fe a tu re  s e t F = { Y . ,  Y 0, .... Y  } d e fin e s  th e  c o m p a c tio n  sys te m . T h e

a llo w e d  s iz e  o f th e  re p ro d u c t io n  s e t is  m u c h  s m a lle r  th a n  th e  to ta l s iz e  o f 

s o u rc e  s e t a n d  h e n c e  c o m p a c t io n  is  a c h ie v e d ; i.e .,  it ta k e s  fe w e r  b y te s  to

s p e c ify  th e  re p ro d u c tio n  s e t th a n  th e  o r ig in a l s o u rc e  s e t. T h e  c o m p a c tio n  

c o e f f ic ie n t  c  is  d e fin e d  a s  th e  ra t io  o f th e  v o lu m e  o f p ix e l- fe a tu re -s e t ,  v p ,

d iv id e d  b y  th e  v o lu m e  o f th e  o b je c t- fe a tu re -s e t, v f.

c = v  /  v. 
p f

T h e  a c c u ra c y  o f th is  s y s te m  (th e  in fo rm a tio n  c o n te n t in  th e  o b je c t- fe a tu re -s e t)  

is  d e p e n d e n t on  th e  p a ra m e tr ic  p r im it iv e s  w h ic h  a re  u s e d  in o b je c t- fe a tu re

c o n s tru c t io n ; h o w e v e r, th is  a c c u ra c y  h a s  an  u p p e r  b o u n d  w h ic h  is  c o n tro lle d  

b y  th e  Ie v e I o f  n o is e  w h ic h  e x is ts  in th e  a c q u ire d  d a ta . In th e  a n a ly s is  o f a  s e t 

o f  d a ta  p o in ts  in m u lt id im e n s io n a l s p a c e ,  th e  n e e d  to  c h o o s e  th e  m o s t 

re le v a n t fe a tu re s  fre q u e n tly  a r is e s . F e a tu re  s e le c tio n  te c h n iq u e s  a re  u s e d  to  

f in d  p ro p e r t ie s  Of o b je c ts  in th e  s c e n e  w h ic h  c a n  s e rv e  a s  th e  s tro n g e s t d u e s  

to  th e ir  id e n tif ic a t io n .  T h is  s u b je c t is  in v e s tig a te d  in th e  n e x t s e c tio n  w h e re  

th e  a p p ro p r ia te  fe a tu re  w ill be  s e le c te d  fo r  o b je c t re p re s e n ta tio n .



2 .5  F ea tu re  S e le c tio n

T y p ic a lly , o b je c ts  a re  c la s s if ie d  (g ro u p e d ) by  an  e x p e r im e n ta l s tu d y  o f s o m e  

p h e n o m e n o n . O n e  b a s ic  p ro p e r ty  a ll o b je c ts  p o s s e s s  is  th a t  th e y  a re  

d e s c r ib a b le  b y  s o m e  s e t o f re le v a n t  a t t r ib u te s  ( fe a tu re s ) ,  t h e s e  fe a tu re s  

re p re s e n t d is t in c t  m e a s u re m e n ts  o r  O b s e rva b le  p ro p e r t ie s . In th e  c a s e  o f 

p h y s ic a l o b je c ts  a t t r ib u te s  c a n  in c lu d e , fo r  e x a m p le ,  s iz e , s h a p e , te x tu re , 

a v e ra g e  s p e c tra l re s p o n s e , e tc . T h e  in it ia l e n c o d in g  o f  th e  a t t r ib u te s  is  

d ic ta te d  b y  th e  m e a s u re m e n t d e v ic e s  in u se  o r  by  an  e s ta b lis h e d  c o n v e n tio n . 

F e a tu re s  m a y  b e  m e a s u re d  o n  d if fe re n t  s c a le s :  q u a lita t iv e  s c a le s ;  e .g ., 

n o m in a l; o r  q u a n t ita t iv e  s c a le s ; e .g ., o rd in a l,  in te rv a l,  ra t io  a n d  a b s o lu te .  

T h e s e  in it ia l m e a s u re m e n ts , w h ic h  a re  e n c o d e d  a s  n u m e r ic a l v a r ia b le s , m a y  

b e  s u b s e q u e n t ly  s u b je c te d  to  a  p ro b le m -d e p e n d e n t t ra n s fo rm . Q u a lita t iv e  

p ro p e r t ie s  s u c h  a s  s m a ll,  m e d iu m , la rg e , e tc . c a n  be  re p la c e d  b y  re la t iv e  

n u m b e rs . In th is  th e s is  w e  re s tr ic t c o n s id e ra tio n  to  a  c a s e  in  w h ic h  a ll th e  

a t t r ib u te s  m a k in g  u p  th e  o b je c t  fe a tu re  a re  q u a n t ita t iv e .  T h e  c h o ic e  o f  

re le v a n t  fe a tu re s  is  v e ry  ta s k -d e p e n d e n t  a n d  m a y  d e p e n d  m o re  o n  th e  

ju d g m e n t  o f th e  s y s te m  d e s ig n e r  o r  o p e ra to r  th a n  o n  a n y  o th e r  s y s te m  

c o m p o n e n ts .

In th e o ry ,  d e c is io n s  a b o u t c la s s  m e m b e rs h ip  fo r  a  n o is y  o b je c t s h o u ld  be  

b a s e d  u p o n  a s  m a n y  o b s e rv a tio n s  o f th e  o b je c t a s  p o s s ib le , a n d  p re lim in a ry  

d e c is io n s  c o n c e rn in g  s u b s e ts  o f o b je c t- fe a tu re s  c a n  p ro v id e  le s s  th a n  

m a x im a lly  re l ia b i l i ty  re c o g n it io n .  T h u s  th e o r e t ic a l ly ,  th e  m o s t re l ia b le

d e c is io n  s h o u ld  be  b a s e d  u p o n  a ll th e  p ix e ls  in  th e  o b je c t. A ls o  in  th e o ry ,



e v e ry  re s u lt a c h ie v a b le  w ith  d  v a r ia b le s  c a n  a ls o  b e  a c h ie v e d  w ith  d+1 

v a r ia b le s , b u t th e  c o n v e rs e  is  no t tru e .

T h u s  o n e  m ig h t e x p e c t th a t  b y  in c re a s in g  th e  n u m b e r o f fe a tu re s  th e  o b je c t 

re c o g n it io n  e r ro r  ra te  s h o u ld  d e c re a s e  o r  a t le a s t s ta y  th e  s a m e , b u t in  

p ra c tic e  q u ite  o fte n  th e  p e rfo rm a n c e  o f th e  fe a tu re s  w ill im p ro v e  u p  to  a  p o in t, 

th e n  b e g in  to  d e te r io ra te  a s  fu r th e r  a ttr ib u te s  a re  a d d e d . T h is  is  re fe rre d  to  a s  

th e  H u g h e s ' p h e n o m e n o n  [3 6 ]. K o v a le v s k y  [3 7 ] p o in ts  o u t th a t  th o u g h  in 

c o m p lic a te d  c a s e s  o f in te rd e p e n d e n t v a r ia b le s  it is  n o t e a s y  to  e s tim a te  th e  

e r ro r  p ro b a b ili ty ,  it is  a lw a y s  tru e  th a t  in c re a s in g  th e  n u m b e r  o f v a r ia b le s  

u s e d  fo r  ta k in g  s ta t is t ic a l d e c is io n s  m a y  o n ly  im p ro v e  th e  re lia b ility , h o w e v e r 

th e  d e c is io n  p ro c e d u re  e r ro r  m a y  b e c o m e  w o rse .

D u d a  a n d  H a r t  [1 2 ] c o m m e n t th a t  fo r  th e  B a y e s ia n  d e c is io n  p ro c e d u re  

b e y o n d  a  c e r ta in  p o in t th e  in c lu s io n  o f a d d it io n a l p a ra m e te rs  le a d s  to  h ig h e r  

p ro b a b ilit ie s  o f e rro r , if th e  n u m b e r o f tra in in g  s a m p le s  is  f in i te . T ru n k  [1 9 ] 

s h o w s  th a t  th e  p ro b a b ility  o f e r ro r  o f th e  B a y e s  d e te c to r  a p p ro a c h e s  z e ro  as  

th e  d im e n s io n a l i t y  in c re a s e s  a n d  a l l p a ra m e te rs  a re  k n o w n , b u t  th e  

p ro b a b i l i t y  o f  e r ro r  a p p ro a c h e s  0 .5 0  ( fo r  th e  tw o  c la s s  c a s e )  a s  th e  

d im e n s io n a l ity  in c re a s e s  a n d  th e  p a ra m e te rs  a re  e s t im a te d ,  t h u s ,  e v e n  

th o u g h  th e o re t ic a l ly  a s  m a n y  p a ra m e te rs  s h o u ld  b e  u s e d  a s  p o s s ib le , a  

s p e c if ic  d e c is io n  p ro c e d u re  m a y  b e c o m e  w o rs e  b y  u s in g  to o  m a n y  

p a ra m e te rs .

T h e  e x is te n c e  o f an  o p tim a l s e t o f fe a tu re s  is  in d ic a te d  fo r  th e  re p re s e n ta tio n  

o f th e  o b je c ts , re la t iv e  to  fe a tu re  s e le c tio n  a n d  th e  fe a tu re  re lia b ility  p ro b le m . 

A n  o b je c t c a n  be  d e s c r ib e d  by  a  s e t o f p a ra m e tr ic  p r im it iv e s . S u c h  p r im it iv e s



m a y  b e  b a s e d  o n  o b s e rv a t io n  a s  w e ll a s  k n o w le d g e  a b o u t th e  o b je c t. 

T yp iG a Ily  in  re m o te  s e n s in g  th e  im p o r ta n t p r im it iv e s , fo r  re c o g n it io n  o f an  

o b je c t, a re  s p e c tra l fe a tu re  a n d /o r  C o n te x tu a l fe a tu re s . B t it  s in c e  i t  is  u s u a lly  

p re s u m e d  th a t  th e  S h a p e  a n d  s iz e  o f  n a tu ra l o b je c ts  ih  d  s c e n e  (g ro u n d  

c o v e r  ty p e s )  a re  ra n d o m  a n d  u n re la te d  to  th e  g ro u n d  c o v e r  c la s s e s , th e s e  

fe a tu re s  a re  o f te n  ig n o re d  e x tra c tio n  a n d  p a tte rn  re c o g h it io n  o f th e

g ro u n d  c o v e r  ty p e s . H o w e v e r in th is  W ork, th e  O b je c ts ’ g e o g ra p h ic a l fe a tu re s  

a re  p re s e rv e d  in  th e  s p a tia l- fe e tu re -m a p  a n d  c a n  b e  u s e d  b y  a n  a p p ro p r ia te  

p a tte rn  reC ogh itibh  s y s te m , if it b e  n e c e s s a ry .

It is  a s s u m e d  th a t tw o  a d ja c e n t o b je c ts  d if fe r  in  a  m e a s u ra b le  W ay re la tiv e  to  

th e  s p e c tra l o r  c o n te x tu a l fe a tu re s . In th is  s y s te m , a  s e t o f p o in ts  re p re s e n tin g

s im ila r  p a tte rn s  a re  re p re s e n te d  w ith  th e  s a m e  fe a tu re s . T h u s , th e  a tt r ib u te s  

Of P . c a n  be  re f in e d  b y  o b s e rv a t io n  w h ic h  a re  g iv e n  b y  a  s e t  o f  th re e

p a f a f h e f f ic  p r im it iv e s :

-  Y 1= ( S j l V i l L )  '

w h e re  S. is  th e  e s tim a te d  w ith in -o b je c t  s p e c tra l fe a tu re  re p re s e n ta t io n ,  V. is  

th e  e s tim a te d  c o n te x tu a l fe a tu re , a n d  L. is  th e  s p a t ia l- fe a tu re -m a p  o r  th e

o b je c t g e o g ra p h ic a l s h a p e  a n d  lo c a tio n  in th e  s c e n e .

L e t n. be  th e  n u m b e r o f p ix e ls  in th e  o b je c t P . , a n d  L j be  th e  C o rre s p o n d in g  

S p a t ia l- fe a tu re -m a p , th e n  th e  o b je c t s p e c tra l fe a tu re  S. is  e s t im a te d  b y  

a v e ra g in g  th e  S p e c tra l re s p o n s e  o f  p ix e ls  w ith in  th e  o b je c t  P. ( it  s e e m s

p la u s ib le  to  a s s u m e  th a t  a  s e t o f p o in ts  r e p r e s e n tng s im iIa r p a tte rn s  c o u ld  

be  re p re s e n te d  w ith  th e  s a m e  fe a tu re s )



T h e  in t r a - o b je c t  s p a t ia l  v a r ia t io n  ( c o n te x tu a l fe a tu re )  is  o b je c t - c la s s  

d e p e n d e n t  [3 1 ] a n d  c a n  be  u s e d  fo r  o b je c t re c o g n it io n  In th is  w o rk  th e  o b je c t

c o n te x tu a l fe a tu re  is  re p re s e n te d  b y  th e  w ith in -o b je c t  s p e c tra l v a r ia t io n  

v e c to r , V.. T h e  s p e c tra l v a r ia tio n  v e c to r  is  d e fin e d  b y  th e  g ra d ie n t o f th e  p ixe l-

fe a tu re  w ith  re s p e c t to  th e  s p a tia l d is p la c e m e n t in th e  s p a tia l d ire c t io n  5. Le t 

u. be  th e  u n it -v e c to r  in th e  d ire c t io n  o f ith a x is  in a  R d s p a c e , th e  g ra d ie n t o f a

p ix e l- fe a tu re , X e  P , is  in tro d u c e d  b y  th e  fo llo w in g  e q u a tio n :

V x
O J1

3x _ d x

d i + U 2 d i + d 0 5

T h e n  th e  c o n te x tu a l fe a tu re ,  V ., is  e s t im a te d  b y  a v e ra g in g  th e  s p e c tra l 

v a r ia t io n  o f p ix e ls  w ith in  th e  o b je c t P..

v . = - ^ y v  x.
* n. -1  *  8 ■ K

! keL.

N o tic e  th a t  th e  s p a tia l d ire c t io n  8 c a n  be  h o r iz o n ta l,  v e r t ic a l,  d ia g o n a l, a n d  

a n y  o th e r  p o s s ib le  s p a tia l d ire c t io n .  T h is  a v e ra g in g  re d u c e s  th e  e f fe c ts  o f 

n o is e  on  th e  re s p o n s e s  o f a  d if fe re n c e  o p e ra to r , V .  t h e  o b je c ts  w ith  s m a ll 

a re a , w h o s e  n u m b e r o f p ix e ls  w ith in  th e  o b je c t is  n o t s u ff ic ie n t  fo r  c o n te x tu a l 

fe a tu re  e s tim a tio n , w ill b e  re p re s e n te d  o n ly  b y  th e  s p e c tra l fe a tu re . T h is  is

d o n e  b y  a d ju s tin g  th e  d e g re e  o f u n c e r ta in ty  in  th e  fe a tu re  e x tra c tio n  p ro c e s s :

th e  u n c e r ta in ty  a b o u t th e  fe a tu re  is  in v e rs e ly  d e p e n d e n t on  th e  n u m b e r o f 

p ix e ls  th a t a re  c o n ta in e d  w ith in  th e  o b je c t P . .



In s u m m a ry , gin o b je c t  c a n  be  re p re s e n te d  b y  a  s e t o f th re e  p a ra m e tr ic  

p r im it iv e s  (S., V . , L ) .  A lth o u g h , th e  c o n te x tu a l fe a tu re  is  d e p e n d e n t on  th e

s e n s o r  re s o lu t io n  a s  w e ll a s  th e  s e n s o r  a lt itu d e  fro m  th e  s c e n e ,  th e  in tra - 

o b je c t s p a tia l v a r ia t io n  b e tw e e n  a d ja c e n t p ix e ls  c a n  be  a  s ig n if ic a n t fa c to r  fo r  

P h - I ih e  o b je c t  e x tra c tio n  (s e e  p a th -h y p o th e s is  in  s e c tio n  2 .7 ) . It is  e x p e c te d  

th a t  th is  m a p p in g , fro m  p ix e l- fe a tu re  s p a c e  in to  o b je c t- fe a tu re  s p a c e  s h o u ld  

g e n e ra te  a  re le v a n t fe a tu re  s e t fo r  s c e n e  re p re s e n ta tio n . T h e  p e r fo rm a n c e  o f 

a n  o b je c t- fe a tu re  e x tra c tio n  p ro c e s s  is  m e a s u re d  in  te rm s  o f th e  in fo rm a tio n 

b e a r in g  q u a lity  o f th e  fe a tu re s  v e rs u s  th e  d a ta  s e t s iz e .

B y  u s in g  th e  u n s u p e rv is e d  o b je c t- fe a tu re  e x tra c tio n  th e  S cene is  re p re s e n te d  

in  th e  fe a tu re  s p a c e . O n c e  e a c h  o b je c t- fe a tu re  is  c la s s if ie d , th e  m e m b e rs h ip  

o f  p ix e ls  w h ic h  b e lo n g  to  th a t  o b je c t  a re  d e te r m in e d s im u l ta n e o u s ly  

re g a rd le s s  o f th e ir  s iz e  a n d  lo c a tio n  in  th e  s c e n e . C la s s if ic a t io n  a c c u ra c y  is  

a n  im p o r ta n t q u a n tita t iv e  m e a s u re  o f fe a tu re  q u a lity  in  th e  re m o te  s e n s in g  

s y s te m . F e a tu re  q u a lity  c a n  be m e a s u re d  in te rm s  o f:

* o v e ra ll m is p la c e m e n t e rro r

th e  fe a tu re  c la s s if ic a tio n  p e r fo rm a n c e

s u b je c tiv e  o b je c ts  a p p e a ra n c e .

T h e  f ir s t  a n d  s e c o n d  m e a s u re s  a re  q u a n t ita t iv e  c r i te r ia  w h ic h  h a v e  

c o n v e n ie n t  m a th e m a tic a l fo rm s , w h e re  th e  f irs t o n e  m e a s u re s  th e  n u m b e r o f 

p ix e ls  a s s ig n e d  to  th e  in c o rre c t n e ig h b o r in g  o b je c t (b a s e d  o n  o b je c t c la s s  

ty p e )  re la t iv e  to  th e  to ta l n u m b e r o f p ix e ls  in th e  s c e n e . T h e  s e c o n d  o n e
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m e a s u re s  th e  n u m b e r o f p ix e ls  c la s s if ie d  in to  th e  c o rre c t c la s s  re la t iv e  to  th e  

to ta l n u m b e r o f p ix e ls  in th a t p a r t ic u la r  c la s s .

T h e  s u b je c t iv e  o b je c ts ' a p p e a ra n c e  is  an  a p p ro p r ia te  c r ite r io n  w h e n  s o m e  

o b je c ts  in  th e  s c e n e  b e c o m e  m o re  im p o rta n t th a n  o th e rs  re g a rd le s s  o f th e  

s iz e  o f th e  o b je c ts , o r  w h e n  th e  g ro u n d - t ru th -m a p  fo r  th e  f irs t tw o  e v a lu a tio n s  

is  n o t a v a ila b le . In s u c h  c a s e s  it is  o fte n  to o  d if f ic u lt  to  d e fin e  a  m a th e m a tic a l 

e x p re s s io n  fo r  a d e q u a te ly  q u a n tify in g  fe a tu re  q u a lity . T h e  v is u a l a s s e s s m e n t 

w ill be  u s e d  fo r  th is  k in d  o f q u a lif ic a t io n . T h e  fe a tu re  e v a lu a tio n  is  p e rfo rm e d  

a n d  e x p la in e d  in d e ta il in c h a p te r  fou r.



2.6  O b jec t D etectio n  and U n ity  R e la tion

A n  o b je c t  c o n s is ts  o f th e  u n io n  o f p ix e ls  w h ich  h a v e  a  u n ity  re la t io n  w ith  e a ch  

o th e r. T h e  u n ity  re la t io n  is th e  im p o rta n t to o l fo r  c o n s tru c tio n  o f o b je c ts . T h is  

is  e x p la in e d  in th is  s e c tio n . In tu itiv e ly , o b je c ts  h a ve  tw o  b a s ic  c h a ra c te r is t ic s ; 

th e y  e x h ib i t  . 'a n '. - in te r n a l '. c o n s is te n c y ,  a n d  th e y  c o n t r a s t  w ith  t h e ir

s u rro u n d in g s . B e c a u s e  o f th e  irre g u la r it ie s  d u e  to  th e  n o is e , th e  O b jec ts  m a y  

n o t e x h ib it  th e s e  c h a ra c te r is t ic s  in  an  a b s o lu te  s e n s e . T h e  a m b ig u ity  in  th e

o b je c t  d e te c tio n  p ro c e s s  c a n  b e  re d u c e d  if th e  s p a tia l d e p e n d e n c ie s , w h ic h  

e x is t  am O h g  th e  a d ja c e n t p ix e ls , a re  in te l l ig e n t ly  in c o rp o ra te d  in to  th e  

d e c is io n  m a k in g  p ro c e s s . In th is  w o rk  u n ity  re la t io n  a m o n g  th e  p ix e ls  o f an  

o b je c t  is  c o n s tru c te d  w ith  re g a rd  to  th e  a d ja c e n c y  re la t io n ,  th e  s p e c tra l-  

fe a tu re s  a n d  th e  s p a tia l- fe a tu re  c h a ra c te r is t ic s  in an  o b je c t.

Im a g e  d a ta  is  re p re s e n te d  b y  a  tw o -d im e n s io n a l re c ta n g u la r  a rra y  o f p ixe ls . 

O n e  o f th e  im p o rta n t c h a ra c te r is t ic s  o f s u c h  d a ta  is  th e  s p e c ia l n a tu re  o f th e  

d e p e n d e n c e  O f th e  fe a tu re  a t a  la tt ic e  p o in t to  th a t  o f its  n e ig h b o rs . T h e  

uhO O nditiO ha l c o r re la t io n  b e tw e e n  tw o  p ix e ls  in  s p a t ia l p ro x im ity  to  o n e  

a n o th e r  is  o fte n  h igh , a n d  s u c h  c o rre la tio n  u s u a lly  d e c re a s e s  a s  th e  d is ta n c e  

b e tw e e n  p ix e ls  in c re a s e s .  O n e  w a y  o f c h a ra c te r iz in g  th is  d e p e n d e n c y  

a m o n g  th e  n e ig h b o r in g  p ix e ls  is  to  re p re s e n t it b y  a  u n ity  re la t io n  w h ic h  

e x is ts  a m o n g  th e  p ix e ls  o f an  o b je c t, m e a n in g  th a t  an  o b je c t  c o n s is ts  o f 

c o n t ig u o u s  p ix e ls  f ro m  a  c o m m o n  c la s s  w h e re  th e ir  fe a tu re s  a re  

s ta t is t ic a l ly  s im ila r .

T h e  k e y s  to  th e  u n ity  re la t io n  a m o n g  th e  p ix e ls  o f an  o b je c t a re  th e  a d ja c e n c y  

re la t io n  a n d  th e  s im ila r ity  c r ite r io n . P ix e ls  fro m  a n  o b je c t  c a r ry  c o m m o n  

c h a r a c te r is t ic  in fo rm a t io n  a b o u t th e  s c e n e , a n d  s in c e  a ll in fo rm a t io n



e x t r a c t io n  p ro c e s s e s  a re  b a s e d  o n  th e  p a t te rn s ' fe a tu re  c o m p a r is o n ,

m a th e m a tic a lly  it c a n  th e n  be  s a id  th a t  th e  u n ity  re la t io n  e x is ts  b e tw e e n  tw o  

p ix e ls  X. a n d  X  if a n d  o n ly  if th e y  s a tis fy  tw o  c r ite r ia  s im u lta n e o u s ly :
K T

1) T h e y  h a v e  an  a d ja c e n c y  re la t io n  w ith  e a c h  o th e r , in  th e  s e n s e  

th a t  th e y  a re  s p a t ia lly  c o n tig u o u s  o r  th e ir  s p a tia l d is ta n c e  is  f il le d  

b y  a  s e q u e n c e  o f c o n t ig u o u s  p ix e ls  fro m  th e  s a m e  c la s s . T h e

s u b s a t  o f L  (s p a tia l- fe a tu re -m a p ) w h o m  th e ir  c o rre s p o n d in g  p ix e ls  

h a v in g  an  a d ja c e n c y  re la t io n  w ith  th e  p ix e l X k is  re p re s e n te d  b y

th e  s e t A k , c a lle d  n e ig h b o rh o o d  s e t. T h e  a d ja c e n c y  re la t io n  is

il lu s tra te d  in c h a p te r  th re e .

2 )  T h e y  h a v e  th e  s a m e  a t t r ib u te s ,  o r  th e y  c a r ry  e q u iv a le n t  u s e fu l 

in fo rm a t io n  a b o u t th e  s c e n e , in th e  s e n s e  th a t  th e ir  fe a tu re s  a re  

s im ila r  tq  e a c h  o th e r . T h is  m e a n s  th a t th e  d is ta n c e  b e tw e e n  th e s e  

a ttr ib u te s , in an  a p p ro p ria te  m e tr ic -s p a c e , is  le s s  th a n  un ity .

v  3 J x ,  v < 1

T h is  m e tr ic  (th e  s im ila r ity  m e a s u re )  is  e x p la in e d  in  d e ta il in  th e  n e x t s e c tio n ; 

in  th is  s e c t io n  o n ly  th e  p ro p e r t ie s  o f a  u n ity  re la t io n ,  re g a rd le s s  o f th e  

s e le c te d  m e tr ic , a re  in v e s tig a te d . L e t 9 t ( . )  be  a  re la t io n  o n  s e t P .  W h e n  th e  

re la t io n  e x is ts  it is  re p re s e n te d  b y  9 t ( . )= 1 , o th e rw is e  b y  9 t( .)= 0 .

T h e  9 t  (.) is  a  u n ity  re la t io n  p ro v id e d  th a t  (.) s a t is f ie s  th e  fo l lo w in g  

p ro p e r t ie s  fo r  a l l Xk  ̂ X ., X h b e lo n g in g  to  p ix e l- fe a tu re -s e t P :

i) S im ila r ity  a n d  A d ja c e n c y  P ro p e r t ie s :

( 9 . (X k,X ) < 1  a n d  r e A k } « 9 t ( X k, X r) = l



ii) R eflexive Property: 9 l ( X k, X k)=1

Ni) S y m m e tr ic  P ro p e r ty : 9 t (X k, X f) =  9 t ( X r, X R)

iv )  T rahs ItiV e  t^ rd p lH ^ :  T h e  u n ity  r e la t io n  h a s  a  t r a n s it iv e

p ro p e r ty , th a t is , if th e  u n ity  re la t io n  e x is ts  b e tw e e n  X k a n d  X f ,

S l(X k, X f) = 1, a n d  a t th e  S am e t im e  it e x is ts  b e tw e e n  X h a n d  X r , 

S l(X h, X f) = 1, th a t  is s u ff ic ie n t fo r  e x is te n c e  o f th e  u n ity  re la t io n

X h)= 1 . S in c e  th e  u n ity  re la t io n

e x is ts  a m o n g  th e  p ix e ls  in  an  o b je c t, w e  s a y  th a t  th e  u n ity  

re la t io n  e x is ts  b e tw e e n  e a ch  p ix e l o f  an  o b je c t  a n d  

th e  o b je c t itse lf.

N o tic e  th a t th e  u n ity  re la t io n  is d e fin e d  by  a  p ro p e r ty  b e tw e e n  tw o  in d iv id u a l 

p ix e ls  in  an  o b je c t, b u t it is  e x te n d e d  to  th e  p ro p e r ty  b e tw e e n  a  p ix e l a n d  an  

o b je c t (b a s b d  5n  th e  tra n s it iv e  p ro p e r t ie s ) , T h e  u n ity  re la t io n  p ro p e r t ie s  a re  

v e ry  im p o rta n t to o ls  fo r  o b je c t e x tra c tio n .

P ro p o s itio n : T h e  u n ity  re la t io n  is  s a id  to  e x is t b e tw e e n  th e  p ix e l X k 

a n d  th e  o b je c t P. if  a n d  o n ly  if fo r  s o m e  X r b e lo n g in g  to  P j t h e  

re la t io n  S t(X r, X R)=1 is  tru e .

P ro o f o f th e  s u ff ic ie n t  c o n d it io n : s in c e  X f b e lo n g s  to  th e  o b je c t P j , th e  

u n ity  re la t io n  e x is ts  b e tw e e n  X  a n d  a ll o th e r  p ix e ls  fro m  P.; i.e .,

S lfX r, X ji) = !  fo r  a ll X he P.

b u t S l( X r, X k)= 1 , Und fro m  th e  u n ity  re la t io n  t ra n s it iv e  p ro p e r ty *  th is  

im p lie s  th a t ; /



9 t (X k, X h)=1 fo r  a ll X he Pj

w h ic h  it is  e q u iv a le n t to  s a y in g  th a t th e  u n ity  re la t io n  e x is ts  b e tw e e n  

th e  p ix e l X k a n d  th e  o b je c t P . ; th u s  X Re P..

P ro o f o f  n e c e s s ity  c o n d it io n : if th e  u n ity  re la t io n  e x is ts  b e tw e e n  X k a n d  

th e  o b je c t P. , w e  s h o u ld  h a ve

9 t ( X k, X h)=1 fo r  a ll X he P.

B u t th e  s e t P. is  a  f in ite  c lo s e d  s e t ,  a n d  s in c e  X  e  P., it is  a
I r  I

n e c e s s a ry  c o n d it io n  to  h a v e

n \ .  X rJ= I

W e  h a d  p o in te d  o u t th a t, th e  u n ity  re la t io n  in  th e  o b s e rv a tio n  s p a c e  is  d e fin e d  

b y  an  a d ja c e n c y  re la t io n s h ip  to g e th e r  w ith  a  s im ila r ity  c r ite r io n  a m o n g  th e  

p ix e ls ' a t t r ib u te s .  T h e  s im ila r ity  b e tw e e n  th e  p ix e ls ' a t t r ib u te s  is  o f b a s ic  

im p o r ta n c e  in  a tte m p tin g  to  te s t  th e  e x is te n c e  o f th e  u n ity  re la t io n . T h is  is 

e v id e n t  s in c e  th e  e x is te n c e  o f tw o  a d ja c e n t o b je c ts  is  a  c o n s e q u e n c e  o f th e  

d is s im ila r ity  o f  fe a tu re s  fro m  n e ig h b o r in g  p ix e ls  w h e re  tw o  a d ja c e n t o b je c ts  

d i f fe r  in  a t le a s t o n e  o f th e  s p e c tra l o r  c o n te x tu a l fe a tu re s . B u t th e  a c c u ra c y  o f 

th e  s im ila r ity  m e a s u re  is  d e p e n d e n t o n  th e  s e le c te d  m e tr ic  s p a c e  u s e d  fo r  

fu n c tio n a l c o n s tru c t io n  a n d  h a s  an  u p p e r  b o u n d  w h ic h  is  c o n tro lle d  b y  th e  

a m o u n t o f n o is e  in  th e  s y s te m . T h e  u n c e r ta in ty  in  th e  s im ila r ity  m e a s u re  is  

s ig n if ic a n tly  re d u c e d  u s in g  th e  w ith in  o b je c t re g u la r it ie s  (c o n te x tu a l fe a tu re ) . 

T h is  p ro p e r ty  is  u s e d  in th e  p a th -h y p o th e s is  fo r  u n ity  re la t io n  c o n s tru c tio n . In 

th e  n e x t  s e c t io n  th e  m a in  c o n c e p t o f s im ila r ity  m e a s u re  b a s e d  o n  p a th -  

h y p o th e s is  is  p re s e n te d .
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2.7  S im ila rity  M easu re  and  Path  H y p o th es is

T h e  p r in c ip le s  fo r  e v a lu a tio n  o f th e  u n ity  re la t io n  a re : ,

a )  th e  m e a s u re  o f s im ila r ity

b ) m e m b e rs h ip  in  th e  s a m e  n e ig h b o r in g  s e t, c h a ra c te r iz e d  b y  a  

s in g le  c o n c e p t (a d ja c e n c y  re la t io n ) .

t h e  t ra d it io n a l p r in c ip le  fo r  c o m p a r in g  fe a tu re s  u t il iz e s  s o m e  m e a s u re  o f 

p a tte rn  s im ila r ity , w h ic h  is  th e  re c ip ro c a l o f a  d is ta n c e  m e a s u re .

T o  d e fin e  a  d is ta n c e , w e  n e ed  a  fu n c tio n a l w h ic h  m a p s  a ll p a irs  o f e le m e n ts  

fro m  th e  s e t o f fe a tu re s  in to  th e  rea l line :

3 : { X , Y } - > R +

S u c h  a  fu n c tio n a l is  c a lle d  a  m e tric  if it p o s s e s s e s  th e  fo llo w in g  p ro p e r t ie s : 

P o s it iv e  d e fin ite :

a(X,Y)>0

a (X ,Y )= 0  X = Y

S y m m e tr ic :

a (X ,Y )= a (Y ,X )

T r ia n g le  in e q u a lity :

3 (X ,Z ) <  a (X ,Y ) +  a (Y ,Z )

T h e s e  re q u ire m e n ts  a re  m e re ly  fo rm a liz e d  s ta te m e n ts  re f le c t in g  th e  in tu it iv e  

p ro p e r t ie s  o f a  d is ta n c e . T h e  s e t o f fe a tu re s  P  to g e th e r  w ith  fu n c tio n a l 3 ( .)  is  

c a lle d  a  m e tr ic  s p a c e  a n d  is  re p re s e n te d  by  a  tw o - tu p le  (P , d).



A n  in te re s t in g  c la s s  o f m e tr ic  s p a c e s  [3 8 ], w h ic h  is  c a lle d  M in k o w s k y  

S p a c e s  o r  Lp s p a c e s , is  o b ta in  w h e n  a  m e tr ic  3 ( .)  is  d e fin e d  in  a  Rd s p a c e  

b y  th e  fo llo w in g  fo rm u la

d

3 p(x ,y ) = [ X  - V  I

A n o th e r  w e ll- k n o w n  m e tr ic  s p a c e  is  c a lle d  C h e b y s h e v  S p a c e ,  w h ic h  is  

d e fin e d  in  a  Rd s p a c e  by  th e  fo llo w in g  e q u a tio n

Q n e  c a n  s h o w  th a t

0 c(X ,Y ) =  S u p  {  | Xk - yk | }

k=1

0 c(x .y ) =  I i m  3  (X jY )
p - > o o

T h is  s h o w s  th a t  th e  C h e b y s h e v  s p a c e  is  a  s p e c ia l c a s e  in  th e  M in k o w s k y  

s p a c e s  (Boo). T h e  m e tr ic  B 1 is  c a lle d  D ia m o n d  s p a c e , B2 is  c a lle d  E u c lid e a n



In v ie w  o f v a r io u s  d e fin it io n s  o f m e tr ic  s p a c e s  th e  q u e s tio n  a r is e s  a s  to  w h ich

m e tr ic  sp a d e  c a n  b e d t e x p la in  th e  s im ila r ity  a n d  d if fe re n c e s . FrOr e x a m p le , le t 

X  be  an  u n k n o w n  p ix e l a n d  Y y 1Y 2 , Y 3 be  s p e c tra l fe a tu re -v e c to rs  o f th re e

d iffe re n t h e ig h b o r in g  o b je c ts . F ig u re  2 .7  illu s tra te s  th e s e  fe a tu re -v e d to rs  in a

R d s p a c e  (d = 3 2 ) w h e re  th e  v e r t ic a l a x is  s h o w s  th e  v a lu e  o f e a c h  e le m e n ts , 

*  , in  th e  fe a tu re  v e c to r , a n d  th e  h o r iz o n ta l a x is  s h o w s  th e  p o s it io n  o f th a t
n
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p a rt ic u la r  e le m e n t in th e  fe a tu re  v e c to r .

1 0  n 2 010 n 20 30 10 n 20

F ig . 2 .7  W h ich  o f Y  , Y  , Y .  is  m o re  s im ila r  to  X  ?



Le t th e  d e c is io n  ru le  fo r  u n ity  re la t io n  b e  th e  m in im u m  d is ta n c e  c r ite r io n

b e tw e e n  th e  s p e c tra l fe a tu re s  (s im ila r ity  m e a s u re ) . T h e n ,  ta b le  2.1 g iv e s  

d if fe re n t a n s w e rs  fo r  th e  e x is te n c e  o f th e  u n ity  re la t io n  a m o n g  X  a n d  Y 1 ,Y 2 ,

Y 3 , w h e re  in  th e  D ia m o n d  s p a c e  Y 1, in th e  E u c lid e a n  s p a c e  Y 2 , a n d  in  th e  

G h e b y s h e v  s p a c e  Y 0 is  s e le c te d  to  h a v e  a  u n ity  re la t io n  w ith  X .

T a b le  2.1 D is ta n c e  b e tw e e n  fe a tu re s

D i s t a n c e i n t h e M e a s u r e S p a c e

X f r o m D ia m o n d E u c lid e a n C h e b y s h e v

2 . 5 6 0 .5 4 0 .1 8

3 D( x , y 2) 2 .6 2 0 . 5 2 0 .1 3

3„<X 'Y 3>
3 .1 6 0 .5 6 0 . 1 0

V=;.- ; . . ' c-

T h e re  is  n o t a n y  a n a ly t ic a l a p p ro a c h  to  f in d  th e  o p tim u m  m e tr ic  s p a c e  fo r  

s im ila r ity  m e a s u re  in  th e  g e n e ra l s e n s e  fo r  m u lt is p e c tra l im a g e  p ro c e s s in g ; 

h o w e v e r, th e  s u p e r io r ity  o f th e  D ia m o n d  m e tr ic  o v e r  th e  o th e r  m e tr ic  s p a c e s  

c a n  b e  d e te rm in e d  e x p e r im e n ta lly  [3 9 ,4 1 ] ;  a ls o , n o tic e  th a t  th e  fo llo w in g  

p ro p e r ty  a lw a y s  h o ld s  fo r  a n y  p a ir  o f fe a tu re s  (X ,Y ) in a  Rd s p a c e :

3 C(X -Y ) =  d j x . Y )  ^  f y x . Y )  ^  d , (x .Y )

T h u s  in  th is  w o rk  w e  re s tr ic t th e  c o n s id e ra tio n  to  th e  m e tr ic s  th a t  m e a s u re  th e  

s im ila r ity  d is ta n c e  in  th e  D ia m o n d  s p a c e .



In o rd e r  to  c h a ra c te r iz e  th e  u n ity  re la t io n  a m o n g  th e  p ix e ls , c o n s id e r  p ixe l X k 

a n d  a  n e ig h b o r , X f If th e y  a re  s u ff ic ie n tly  s im ila r  a c c o rd in g  to  s o m e  s u ita b le  

m e a s u re , th e n  X  a n d  X  s h o u ld  be  m e rg e d  to  a  s in g le  s im p le  o b je c t P . ;

o th e rw is e  th e y  s h o u ld  b e  a s s ig n e d  to  d if fe re n t  o b je c ts . T o  im p le m e n t th is

s c h e m e  th e  d e fin it io n  o f a  s u ita b le  fu n c tio n a l fo r  m e a s u r in g  th e  d is ta n c e  is  

n e c e s s a ry . A s s u m e  th is  fu n c tio n a l e x is ts  a n d  is  d e fin e d  b y  3 s(.), s u c h  th a t if

^ ( X k1X rX i

w e  s a y  th a t  X  is  s im ila r  to  X  , th e n  th e  u n ity  re la t io n  e x is ts  b e tw e e n  th e m , 

w h ic h  m e a n s  X  a n d  X  c a rry  c o m m o n  c h a ra c te r is t ic  in fo rm a t io n  a b o u t th e
K r

s c e n e , a n d  lo c a lly  b e lo n g  to  th e  s a m e  o b je c t P..

O n e  d is a d v a n ta g e  o f th e  a b o v e  a p p ro a c h  is  th a t  it is  q u ite  lo c a l, T h e re  is  

a lw a y s  u n c e r ta in ty  in  a p p ly in g  a  s im ila r ity  m e a s u re  to  tw o  a d ja c e n t p ix e ls  

(u n c e r ta in ty  is  e x p la in e d  in a p p e n d ix  A  a t th e  e n d  o f th is  th e s is ) . It is  lo g ic a l

th a t e m p lo y in g  m o re  p ix e ls  a s  e v id e n c e  w o u ld  te n d  to  re d u c e  th is  u n c e r ta in ty  

in  d is ta n c e  m e a s u re m e n t. O n  th e  o th e r  h a n d , in c re a s in g  th e  a m o u n t o f

e v id e n c e  in c re a s e s  th e  c o m p le x ity  o f th e  u n s u p e rv is e d  p ro c e s s  a n d  p o s s ib ly

th e  e rro r  o f th e  fe a tu re  e x tra c tio n  p ro c fd u re s  [1 9 ,3 6 ].

It w o u ld  s e e m  th a t th e  o p tim u m  a p p ro a c h  fo r  d e s ig n in g  th e  fu n c tio n a l 3 s(.) is  

th a t it s h o u ld  be  b a s e d  on  th e  to ta lity  o f p ixe l fe a tu re s  in th a t o b je c t, P j. S in c e  

P. is  n o t p re -d e te rm in e d  a n d  th e  fe a tu re s  o f P j a re  u n k n o w n , a  h y p o th e s is  w e

s h a ll re fe r  to  a s  th e  p a th  h y p o th e s is  w ill b e  u s e fu l fo r  o n -lin e  fu n c t io n a l 

a s s ig n m e n t.



Path  H yp o th es is : A s  p ix e ls  fro m  a n  o b je c t  a re  s e q u e n t ia lly  re c e iv e d , th e  

o b je c t a c c u m u la te s  in  a  fa s h io n  s u c h  th a t  th e  o b je c t  is  in c re a s in g ly  w e ll 

d e fin e d . T h e  p a th  o f s e q u e n tia l a s s o c ia t io n  w h ic h  th e  p ix e ls  fo llo w  in  th e  

s p e c t ra l s p a c e  fo rm  a  - .c o n tin u a lly ..e v o lv in g  h y p o th e s is  re g a rd in g  th e  

o b je c t  d e f in it io n .  S e g m e n ts  in  th is  p a th  a re  d e te rm in e d  on  a  s p e c tra l 

b a s is  re la t iv e  to  th e  th e n  c u rre n t s ta tu s  o f a ll o th e r  a d ja c e n t o b je c ts  b y  th e  

s p e c tra l v a H a tio n  b e tw e e r i tw o  c o n s e c u t iv e  p o in ts  in  th e  p a th  u s in g  a  

s p e c if ic  m e tr ic  to  be  d e fin e d  p re s e n tly . S e g m e n ts  in  th e  p a th  a re  a ls o  

d e te rm in e d  b a s e d  u p o n  th e  s p e c tra l s e p a ra tio n  b e tw e e n  th e  c u r re n t  a n d

th e  m o s t re c e n t ly  p re c e d in g  p ix e l o f th a t  o b je c t in s p a tia l s p a c e ,  th u s  

in c o rp o ra tin g  b o th  s p e c tra l a n d  s p a tia l in fo rm a t io n  in  th e  a s s o c ia t io n  o f 

p ix e ls  w ith  o b je c ts .

F ig . 2 .8 . T w o  a d ja c e n t o b je c ts  in  th e  o b s e rv a tio n  s p a c e

N o tic e  th a t  th e  s e q u e n t ia l n a tu re  o f  th is  h y p o th e s is  is  s ig n if ic a n t .  F o r  

e x a m p le ,  c o n s id e r  th e  h y p o th e tic a l d is tr ib u tio n  o f th e  p o in ts  o f tw o  o b je c t in



s p e c t ra l s p a c e  a s  s h o w n  in F ig .2 .8 . T h e  p a th  b y  w h ic h  th e y  m ig h t  h a v e  

a c c u m u la te d  is  illu s tra te d  in  F ig .2 .9  a n d  is  s u c h  a s  to  e x p la in  h o w  s u c h  an  

o v e r la p p in g  c la s s  s tru c tu re  is fe a s ib le .

F ig . 2 .9 . T w o  o b je c ts  a re  re p re s e n te d  b y  th e  c o rre s p o n d in g  p a th -s e g m e n ts  

N o tic e  th e o re t ic a l ly ,  th e re  is  o n ly  o n e  s p e c if ic  p a th -s e g m e n t j P jl in  th e

s p e c tra l s p a c e  d e fin e d  b y  an  o b je c t, a n d  th e  p a th  s e q u e n c e  c a n n o t p a s s  

th ro u g h  a n o th e r  p o rt io n  o f th e  o b s e rv a tio n  s p a c e , F ig .2 .9 . T h e  s e p a ra tio n  o f 

th e  tw o  o b je c ts  b a s e d  u p o n  th e  p a th s  a re  m a d e  p o s s ib le  b y  th e  s p a t ia l 

d e p e n d e n c y  in  th e  p a th  d e fin it io n .

P .o P .= 0  fo r  a ll M j

In o th e r  w o rd s , th e  e x is te n c e  o f a  p a r tit io n  th a t c o m p le te ly  s e p a ra te s  o b je c ts  

is  s u b s ta n tia lly  in c re a s e d  b y  th e  p a th -h y p o th e s is ;  a n d  a ls o , n o n -a d ja c e n t



ob jects w hich  belong to th e  sa m e  class , but a re  spatia lly  se p a ra te d  by the

o th e r  o b je c ts ,  h a v e  d if fe re n t  p a th -s e g m e n ts  a n d  e v e n  m ig h t b e  n e a r ly  

id e n tic a l in  th e  o b s e rv a tio n  s p a c e .

It s h o u ld  b e  re a liz e d  th a t  th e  p a th -s e g m e n t P. is  d e fin e d  in  th e  s p e c tra l 

s p a c e  a n d  it is  d if fe re n t fro m  a  s p a tia l p a th  in th e  s c e n e . A  p a th -s e g m e n t P. 

is  re p re s e n te d  b y  its  s p e c tra l- fe a tu re  S., S p e c tra l v a r ia t io n  re g u la r ity  V., a n d  

th e  p a th  e n d  p o in t X kM .

T h e  p a th  h y p o th e s is  th u s  d e te rm in e s  a  p o s s ib le  s e q u e n c e  o f p o in ts  in  th e  

o b s e rv a tio n  s p a c e  fo r  e a c h  o b je c t, w h ic h  im p lie s  th a t  e a c h  o b je c t fo rm s  a  

w e ll-d e f in e d  s e q u e n c e  in  o b s e rv a t io n  s p a c e ,  c a lle d  th e  p a th -s e g m e n t.  

T h e  s u c c e s s io n  o f c o n s e c u t iv e  o b s e rv a tio n s  d e s c r ib e s  a  p a r t ic u la r  t ra je c to ry

in  th e  o b s e rv a t io n  s p a c e . A n y  c h a n g e  in  th e  b e h a v io r  o f tw o  c o n s e c u tiv e  

p o in ts  ( th e  e n d  p o in t o f th e  p a th -s e g m e n t X kj f  a n d  th e  c u r re n t  p ix e l X k ) in

th is  t r a je c to r y  c a n  d e f in e  a  s ta r t  p o in t o f a  n e w  p a th -s e g m e n t,  i.e . th e

d e te c tio n  o f a  n e w  o b je c t fo llo w s  th a t o f th e  d e te c tio n  o f th e  e n d  o f a  p a th -  

s e g m e n t (X kj= 0 ).

T h e  s e q u e n t ia l m a tu re  o f th is  m e th o d  a n d  its  O h-Iihe im p le m e n ta tio n  c a n n o t 

w a it  fo r  th e  c o m p le te  t ra je c to ry  fo r  d e c is io n  m a k in g  a b o u t a  s m a ll p a th -

s e g m e n t.  W e  th u s  p ro p o s e  to  d e te rm in e  th e  a p p a r it io n  o f a  n e w  p a th -  

s e g m e n t  (n e w  o b je c t)  b y  n /2  p a s t o b s e rv a t io n s  a n d  n 12 fo l lo w in g

o b s e rv a t io n s ,  w h ic h  th e s e  o b s e rv a t io n s  s u p p o s e d  to  re p re s e n t  th e  in it ia l 

in tra -o b je c t  ru le . T h e n  th e  p ro c e s s  w ill c o n tin u e  b a s e d  on  th e  in tra -o b je c t  

ru le  u n til a  n e w  o b je c t be  d e te c te d .



In th is  w o rk  a  fu n c tio n a l fo r  te s t in g  th e  u n ity  r e la t io n s h ip b e tw e e n th e  p ix e l-  

fe a tu re  X f a n d  o b je c t- fe a tu re  Y. b a s e d  o n  th e  G h a s s e m i-d is ta n c e  in  th e

D ia m o n d  s p a c e  is in tro d u c e d . W h e re  th e  G h a s S e r t i i -d is ta n c e  is  a  m e t r ic  th a t

n o r m a l iz e  th e  s p e c t r a l  d is t a n c e  b y  t h e i r  s p e c t r a l  g r a d ie n t  v e c to r .

a o (Y r X 1) =  C S i - X 1 D V v i * |S  V n) ' '

w h e re  a
n. +  d

an d  $
n. +  d

V . , S. a n d  n. a re  th e  s a m e  p a ra m e te rs  a s  d e f in e d  in  s e c t io n  2 .5 . A s
I . I ... I \

p re v io u s ly  s ta te d  w h e n  th e  n u m b e r o f p ix e ls  w ith in  an  o b je c t is  n o t s u ff ic ie n t, 

w e  in c o rp o ra te  V n in to  th e  n o rm a liz a tio n  fa c to rs . W h e re  V n is  th e  s p e c tra l

v a r ia t io n - v e c to r  b u il t  d n  n ^ /2  p a s t  o b s e rv a t io n s  a n d  fo l lo w in g

- I ;
o b s e rv a tio n s  (se e  a ls o  c h a p te r  th re e ) . T h e  in v e rs e  o f a  v e c to r, V  , is  d e fin e d  

b y  th e  fo llo w in g  re la t io n s h ip  b e tw e e n  th e ir  c o r re s p o n d in g  e le m e n ts :

-1 -1 . -1
v  = [v ; ,v 2', v 1 {

• ’  v d  J

N o tic e  th e  fu n c tio n a l is  n o rm a liz e d  a n d  th e  d is ta n c e  is  c o m p a re d  w ith  u n ity , 

i.e . th is  fu n c tio n a l m a p s  th e  p a ir  o f o b je c t- fe a tu re  a n d  p ix e l- fe a tu re  in to  tw o  

d is jo in t e x c lu s iv e  re g io n s .

3 g(.): F X P —> [0 , 1 ) 0  [ 1 , oo)

T h e  f irs t re g io n  is  tb e  in te rv a l [0 , 1 ) w ith  th e  p ro p e r ty  th a t  a n y  p a ir  th a t  h a v e  

b e e n  m a p p e d  in to  th is  in te rv a l s a tis f ie s  th e  s im ila r ity  c r ite r io n . T h e  s e c o n d  

re g io n  is  [0 , ° ° )  th a t in d ic a te s  th e  u n ity  re la t io n  te s t is  fa ile d .



2 .8  O b je c t-F e a tu re  E x trac tio n

In th is  w o rk  vye re s tr ic t c o n s id e ra tio n  to  a  c a s e  in, w h ic h  a ll p ix e ls  m a k in g  u p  

a n  o b je c t h a v e  q u a n tita t iv e  a n d  c o n c e p tu a l s im ila r  a tt r ib u te s . It is  a s s u m e d

th a t  tw o  a d ja c e n t o b je c ts  d if fe r  in a  m e a s u ra b le  w a y  re la t iv e  to  th e  s p e c tra l o r

c o n te x tu a l fe a tu re s ,  b a s e d  on  th e  G h a s s e m i-d is ta n c e .  E a c h  o b je c t  is  

re p re s e n te d  b y  a  s e t o f th re e  p a ra m e tr ic  p r im it iv e s  (S ., V . , L . ), w h ic h  a re

e x p la in e d  in s e c tio n  2 .5  in  th is  c h a p te r .

B a s e d  o n  th e  p a th -h y p o th e s is , th e  d a ta  rea d  s e q u e n tia lly  in to  th e  s y s te m . A  

p re s e n t p ix e l is  c o m p a re  w ith  its  a d ja c e n t o b je c ts  (p a th -s e g m e n ts  in  th e

o b s e rv a tio n  s p a c e )  fo r  th e  u n ity  re la t io n  te s t. If th e  d is ta n c e  b e tw e e n  p ix e l-  

fe a tu re  a n d  o b je c t- fe a tu re  Y. is  le s s  th a n  u n ity  , 9 g(Y., X k)< 1 , th e n  th is  p ix e l

w i ll b e  a n n e x e d  to  th is  o b je c t, a n d  th e  o b je c t- fe a tu re  w il l b e  u p d a te d . T h is  

c o m p a r is o n  w ill be  d o n e  fo r  o th e r  p o s s ib le  a d ja c e n t o b je c ts , a n d  if th e re  is  

a n o th e r  O b jec t w h ic h  h a s  a  u n ity  re la t io n  w ith  th e  p ix e l,  th e n  th is  o b je c t a n d  

th e  fo rm e r  o n e  w ill be  m e rg e d . If th e re  is  no  a d ja c e n t o b je c t to  h a v e  th e  u n ity  

re la t io n  w ith  th e  p ixe l, th e n  th is  p ix e l w ill be  a  s in g u la r  o b je c t. T h is  p ro c e d u re  

is  il lu s t ra te d  in c h a p te r  th re e .

L e t X  b e  th e  fe a tu re  o f  an  u n k n o w n  p ix e l p.. „ w h ic h  h a s  a  n e ig h b o rin g  s e t A ..
f  L*tJJ I

A n d  le t Y. be  th e  o b je c t- fe a tu re  e s tim a te d  fro m  P.. If X f h a s  th e  u n ity  re la t io n  

w ith  th e  p a th ^ s e g m e n t P.:

3 g ( Y , X r) < 1  a n d  re A . 9 t ( P . , X r)

th is  im p lie s  th a t X r b e lo n g s  to  th e  o b je c t P . ; h e n ce , th e  in d e x  k  s h o u ld  a n n e x  

to  L . ; P jV a n d  X r c a n  be  re p re s e n te d  b y  th e  s a m e  fe a tu re  Y.. In  p ra c tic e  th e



o b je c t P. a n d  th e  p ixe l X  a re  m e rg e  to  P. in  th e  fe a tu re  s p a c e  s im u lta n e o u s ly
I r I

w ith  th e  o b je c t d e te c tio n  p ro c e s s .

T h e  p ix e l a n n e x a it io n  p ro c e s s ,  P j= P jU X r , in  th e  o b s e rv a t io n  s p a c e  is

e q u iv a le n t w ith  th e  o b je c t- fe a tu re  u p d a tin g . A s  it h a d  b e e n  p o in te d  o u t in th e

s e c t io n  2 .5  in  th is  c h a p te r ,  an  o b je c t  is  re p re s e n te d  b y  a  s e t  o f th re e  

p a ra m e tr ic  p r im it iv e s  Y. =  (S., V . , L . ). T h u s , th e  o b je c t- fe a tu re  u p d a tin g  c a n

be  p e r fo rm e d  by  th e  fo llo w in g  c o m p u ta tio n s :

n.S. + X.
O  I I I

s . = _ ^ r r

v r

n ,v i + 1 \

n i + 1

L =  L.U k
I I

A f te r  o b je c t- fe a tu re  e x tra c tio n ,  th e  n e x t s te p  is  to  m e a s u re  th e  fe a tu re  

re l ia b ili ty  in fe a tu re  s p a c e  ( th e s e  tw o  s te p s  o c c u rr in g  s im u lta n e o u s ly  in th is  

c a s e ) . T h is  p ro c e s s  te s ts  th e  o b je c t v a lid ity  a n d  fu s io n  (m e rg in g )  te n d e n c y  o f 

th e  o b je c t  in fe a tu re  s p a c e . T h e  o b je c t m a y  be  m e rg e d  c o n s is te n t  w ith  th e  

o b je c ts ' fe a tu re s  in fe a tu re  s p a c e .

F o r  a  fu s io n  te n d e n c y  te s t, th e  tra n s it iv e  p ro p e rty  o f  th e  u n ity  re la t io n  is  u se d . 

T w o  o b je c ts  in  th e  fe a tu re  s p a c e  c a n  be  m e rg e d  i f ' t h e y  h a v e  th e  u n ity  

re la t io n .

Lem m a: If a  s in g le  p ixe l h a s  a  u n ity  re la t io n  w ith  tw o  d if fe re n t o b je c ts  

s im u lta n e o u s ly ,  th e n  b o th  o b je c ts  h a v e  a  u n ity  re la t io n  w ith



e a c h  o th e r , th e y  h a v e  a  fu s io n  te n d e n c y ,  a n d  th e y  s h o u ld  

m e rg e  to  a  s in g le  o b je c t.

Proof: L e t X f be  th e  p ix e l th a t h a s  th e  u n ity  re la t io n  w ith  th e  o b je c ts  P. 

a n d  P. s im u lta n e o u s ly .  T h e n , th e  fo l lo w in g  re la t io n s  h o ld
" J  : :

s im u lta n e o u s ly :

9 t ( X r, X k) = i  fo r  aH X ke P . ; a n d  SR(Xr, X h)=1 fo r  a ll X f S P j ^

5 3

b y  th e  u n ity  re la t io n  tra n s it iv e  p ro p e r ty . T h is  im p lie s  th a t 

9 t ( X  , X 1V I  fo r  a ll X ke  P U P

T h is  im p l ie s  th a t  X  b e lo n g s  to  b o th  o b je c ts  P . a n d  P.
r  i J

s im u lta n e o u s ly ,  o r  b e lo n g  to  a  n e w  o b je c t, P j , w h ic h  is  th e  

u n io n  o f th e  o b je c ts  P. a n d  P. in c lu d in g  th e  p ix e l X  its e lf

P = P U P U X
I  I ] r

In p ra c t ic e  th e  o b je c ts  P. a n d  P. a re  m e rg e d  to  P j in  th e  fe a tu re  s p a c e  

s im u lta n e o u s ly  w ith  th e  o b je c t d e te c tio n  p ro c e s s , w h e re  it is  e q u iv a le n t w ith

o b je c t- fe a tu re  u p d a tin g  in th e  fe a tu re  s p a c e .  W h e re  o b je c t- fe a tu re  u p d a tin g  

a re  p e r fo rm e d  b y  th e  fo llo w in g  c o m p u ta tio n s  (se e  s e c tio n  2 .4 ):

L = L U L U r
I I J

n.S. +  n.S. +  X r
rv < i ) I r

I n. + n .+ T

HiV n jV  | X r - X m  I

n. +  n. + 1



S in c e  d u r in g  th e  o b je c t d e te c t io n  th e  in fo rm a tio n  o f th e  p ix e l- fe a tu re s  is

c o m p a c te d  in to  th e  o b je c t- fe a tu re s , th e  fu s io n  te n d e n c y  te s t  d e p e n d s  o n ly  on  

th e  o b je c t- fe a tu re s ;  e .g ., Y. a n d  Y.. T h u s  th is  o p e ra tio n  is  v e ry  fa s t  a n d  is

e q u iv a le n t  w ith  th e  p ro c e s s in g  o f  a  s in g le  p ix e l,  a s  r r ie e s u re d  b y  th e  

c o m p u ta tio n  t im e  re q u ire d .

2.9  S u m m ary

A  s c e n e  c a n  b e  re p re s e n te d  b y  fe e tu re s  o f s p a tia l ly  d is jo in t  o b je c ts , ra th e r  

th a n  th e  p ix e ls ’ fe a tu re s . T h e  p ix e ls  o f an  o b je c t h a v e  a  u n ity  re la t io n s h ip ,  

w h ic h  c a n  b e  re a liz e d  b y  a  p a th  h y p o th e s is  b y  m e a n s  o f  a n  e f f ic ie n t

fu n c tio n a l 3  ( -K T h is  fu n c tio n a l te s ts  th e  u n ity  re la t io n  b e tw e e n  p ix e ls . B a s e d

o n  s u c h  a  s c h e m e , a n  p p je e t  js.. .re a liz e d  a s  a  p a th -s e g m e n t  in  th e  

o b s e rv a t io n  s p a c e  P., w h e re  th e  p a th ’s e le m e n ts , P j==IX1jlX ^ l, ... X nj}, c a rry

e q u iv a le n t u s e fu l in fo rm a tio n  a b o u t th e  s c e n e . T h e  s e q u e n tia l n a tu re  o f th e

m e th o d  Jet th e  p ro c e s s  im p le m e n te d  o n - l in e -  E e c h  p a th -s e g m e n t  is  

re p re s e n te d  b y  a  re le v a n t o b je c t- fe a tu re  s e t Y i= xF ( P i) in th e  fe a tu re -s p a c e .

F in a lly , th e  s e t o f o b je c t- fe a tu re s  F = J Y 1, Y 2, ..., Y  J ,  ra th e r  th a n  p ix e l- fe a tu re s  

s e t  P = P 1U P 2 U ... U P no, is  u s e d  fo r  d a ta  t r a n s m is s io n  a n d  fo r  th e

c la s s if ic a t io n  p ro c e s s  a s  w e ll.  T h e  n e x t c h a p te r  e x p la in s  th e  o b je c t d e te c tio n  

a n d  fe a tu re  e x tra c tio n  a lg o r ith m .

L e t P = F  be  th e  b a s ic  re la t io n  b e tw e e n  o b s e rv a tio n  s p a c e  a n d  fe a tu re  s p a c e . 

T h e n  P j= Y j im p lie s  th a t: Y. re p re s e n t e q u iv a le n t u s e fu l in fo rm a tio n  a b o u t th e

s c e n e  to  th a t  th e  o b je c t P.. O n c e  e a c h  o b je c t- fe a tu re , Y . , is  c la s s if ie d , th e



m e m b e rs h ip s  o f p ix e ls  w h ic h  b e lo n g  to  th e  c o r re s p o n d in g  o b je c t  a re  

d e te rm in e d  s im u lta n e o u s ly , re g a rd le s s  o f th e  p ix e ls ' lo c a tio n  in  th e  s c e n e .

T h e  s p e c t ra l in fo rm a t io n  o f s u r ro u n d in g  p ix e ls  is  c o r re la te d  w ith  th e  

c o r re s p o n d in g  p ix e l.  T h is  d e p e n d e n c y  a p p e a rs  in  th e  fo rm  o f  c o n te x tu a l 

fe a tu re s  th a t  a re  in c o rp o ra te d  in  th e  o b je c t fe a tu re  e x tra c tio n . B e c a u s e  b o th  

c o n te x tu a ra n d  s p e c tra l fe a tu re s  a re  u s e d  in  th e  fe a tu re  e x tra c t io n  p ro c e s s , 

O ne m ig h t  e x p e c t  C la s s if ic a t io n  a c c u ra c y  to  b e  h ig h e r  in  o b je c t- fe a tu re  

c la s s if ic a t io n  u s in g  th e  o b je c t- fe a tu re  ra th e r  th a n  p ix e l b y  p ix e l c la s s if ic a t io n , 

u s in g  th e  p ix e l- fe a tu re . In o th e r  w o rd s , it is  m o re  lik e ly  th a t  th e  c la s s if ic a t io n  

o f  g ro u n d  c o v e r  f ie ld s  in  th e  fe a tu re  s p a c e  b a s e d  on  th e  o b je c t- fe a tu re  c a n  

b e  m o re  a c c u ra te  a n d  e f f ic ie n t  th a n  th e  p ix e l b y  p ix e l c la s s if ic a t io n  in  th e  

o r ig in a l p ix e l- fe a tu re s . S in c e  th e  c la s s if ic a t io n  p ro c e s s  is  p e r fo rm e d  in  th e  

fe a tu re  s p a c e  ra th e r  th a n  in th e  o b s e rv a tio n  s p a c e , th e  a lg o r ith m  h a s  th e  

p o te n tia l to  be  fa s te r  th a n  a  c o n v e n tio n a l o n e . T h is  re s u lts  fro m  th e  fa c t th a t 

th e  s iz e  o f th e  o b je e t- fe a tu re -s e t is  m u c h  s m a lle r  th a n  th e  s iz e  o f th e  p ix e l-  

fe a tu re -s e t. T h e  p e rfo rm a n c e  o f o b je c t- fe a tu re s  is  p re s e n te d  in  c h a p te r  fo u r .



C H A P T E R  3

O N -L IN E  U N S U P E R V IS E D  O B J E C T -F E A T U R E  E X T R A C T IO N

A L G O R IT H M

3.1 in lrdductrori

A s  h a s  b e e n  p o in te d  o u t, th e  re d u c t io n  in  c o m p le x ity  a n d  c o s ts  a s s o c ia te d  

w ith  th e  a n a ly s is  o f m u lt is p e c tra l im ag e  d a ta , d a ta  tra n s m is s io n ,  s to ra g e ,  

a rc h iv a l a n d  d is tr ib u tio n  is  an  im p o rta n t ta s k  o f o n - lin e  u n s u p e rv is e d  o b je c t-  

fe a tu re  e x t ra c t io n . T h e  a m b ig u ity  in  th e  o b je c t d e te c t io n  p ro c e s s  c a n  be  

re d u c e d  if th e  s p a tia l d e p e n d e n c ie s , w h ic h  e x is t a m o n g  th e  a d ja c e n t p ix e ls , 

a re  in te ll ig e n tly  in c o rp o ra te d  in to  th e  d e c is io n  m a k in g  p ro c e s s .

A M IC A  u s e s  u n ity  re la t io n  fo r  o b je c t d e te c tio n . In th is  w o rk , th e  u n ity  re la t io n  

a m o n g  th e  p ix e ls  o f an  o b je c t is  c o n s tru c te d  w ith  re g a rd  to  th e :  a d ja c e n c y  

re la t io n , s p e c tra l- fe a tu re  a n d  s p a tia l- fe a tu re c h a ra c te r is t ic s  in  an  o b je c t; i.e . 

A M IC A  u s e s  th e  w ith in  o b je c t  p ix e l- fe a tu re  g ra d ie n t  v e c to r  a s  a  v a lu a b le  

c o n te x tu a l in fo rm a tio n  to  c o n s tru c t th e  o b je c t 's  fe a tu re s , w h ic h  p re s e rv e  th e  

c la s s  s e p a ra b ility  in fo rm a tio n  w ith in  th e  d a ta .

B a s e d  on  th e  p a th -h y p o th e s is  th e  d a ta  re a d  s e q u e n tia l ly  in to  th e  s y s te m  a n d  

th e  u n ity  re la t io n  b e tw e e n  a  c u rre n t p ixe l a n d  th e  p a th -s e g m e n ts  (o b je c ts  in  

th e  o b s e rv a tio n  s p a c e )  w ill be  e x a m in e d . T h is  p ix e l m a y  th e n  be  m e rg e d  in to
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an  a p p ro p r ia te  o b je c t o r  it m a y  in it ia te  a  n e w  o b je c t. A s  e x p la in e d  in  s e c tio n  

2 .5 , an  o b je c t w ill be  re p re s e n te d  by  th e  o b je c t- fe a tu re  se t.

T y p ic a l ly  th e  p e r fo rm a n c e  o f a n  o b je c t- fe a tu re  e x t ra c t io n  a lg o r ith m  is  

m e a s u re d  b y  th e  p e r fo rm a n c e  o f th e  o b je c t- fe a tu re s  w ith  re s p e c t to  th e  p ix e l-  

fe a tu re s ,  a s  w e ll a s  b y  its  im p le m e n ta tio n  c o m p le x ity .  T h e  c o m p le x ity  o f 

o b je c t- fe a tu re  e x tra c tio n  a lg o r ith m  is  a  p a r t ic u la r ly  im p o rta n t c o n s id e ra tio n  in  

th e  h a rd w a re  im p le m e n ta t io n  a n d  re q u ire d  c o m p u ta t io n  t im e .  T h e  

p e r fo rm a n c e  Of o b je c t- fe a tu re  is p re s e n te d  in th e  c h a p te r  fo u r.

In th is  c h a p te r  w e  fo c u s  on  th e  re d u c tio n  in  c o m p le x ity  o f A M IG A  w ith  no 

d e g ra d a t io n  in  th e  a c c u ra c y  o f th e  p ro c e s s .  T h is  is  a  c h a lle n g in g  a n d  

s o p h is t ic a te d  ta s k  e s p e c ia lly  w h e n  it is  to  be  im p le m e n te d  o n - lin e .

A M IC A  c o n s is ts  o f fo u r  d is t in c t a c t iv it ie s , F ig .3 .1 :

1 -  : '■ ■ ''VfLih c t io hart e s t im a tio n

2 -  u n ity  re la t io n  te s t

3 -  fe a tu re  e x tra c tio n  a n d  fe a tu re  re lia b ility  te s t

4 -  fe a tu re  tra n s m is s io n

A ll o f th e s e  a c t iv it ie s  c a n  b e  p e r fo rm e d  a n d  im p le m e n te d  b y  A M IG A  a s  

e x p la in e d  in  th e  p re v io u s  c h a p te r .  In th is  c h a p te r  w e  t r y  to  o p t im iz e  

p e r fo rm a n c e  o f th e  A M IC A 1 in  th e  s e n s e  o f C P U  t im e  a n d  m e m o ry  

re q u ire m e n ts  fo r  im p le m e n t in g  th e  fe a tu re  e x tra c tio n  p ro c e s s . T h is  c a n  be

a c h ie v e d  b y  o p tim iz a tio n  o f th e  n u m b e r o f p a s t a n d  fo llo w in g  o b s e rv a tio n s , 

n w, fo r  in it ia t io n  o f a  h e w  o b je c t, a s  e x p la in e d  in  s e c tio n  2 .7 , to  m in im iz e  th e

re q u ire d  m e m o ry . A ls o , it c a n  b e  a c h ie v e d  b y  re d u n d a n c y  re d u c tio n  in  th e



n u m b e r  o f  u n ity  re la t io n  a n d  fe a tu re  re l ia b i l i ty  te s ts ,  to  m in im iz e  th e  

c om p u ta tio n  t im e  fo r  d e c is io n  m a k in g .

In p u t

M S S  D a ta

F ig . 3 .1 . R e a l-tim e  o b je c t- fe a tu re  e x tra c t io n  a c t iv it ie s

f  F e a tu re  

! ,T ra n s m is s io n

F u n c tio n a l

E s tim a tio n

U n ity

R e la tio n  C h e c k

F e a tu re  E x tra c t io n  

a n d

F e a tu re

R e le v a n c y  C h e c k



In th e  n e x t s e c tio n  w e  in tro d u c e  th e  n e c e s s ity  o f a n  a s s ig n m e n t o f a  w in d o w  

fo r  re m o v a l o f th e  fe a tu re  e x tra c tio n  d e p e n d e n c e  o n  th e  s c a n n in g  d ire c t io n  

w h ic h  m a y  o c c u r  in  th e  c a s e  o f in it ia tio n  o f a  n e w  o b je c t. T h e n  s e c tio n  th re e

w il l  e x p la in  h o w  o n e  c a n  re d u c e  th e  n u m b e r o f o p e ra tio n s  p e r  n o d e  fo r  th e  

u n ity  re la t io n  a n d  fe a tu re  re lia b ility  te s t, b y  u s in g  th e  u n ity  re la t io n  p ro p e rt ie s . 

F in a lly , s e c tio n  fo u r  e x p la in s  th e  a lg o r ith m  p ro c e d u re  a n d  th e  f lo w  c h a r t o f an  

o p tim iz e d  A M IG A .

3 .2  O ptim a l W in d o w  S ize  A s s ig n m en t

T o  a p p ly  th e  u n ity  re la t io n s h ip  te s t to  a  p ix e l w e  m u s t f irs t e s t im a te  th e  w ith in -  

O b je c t s p a t ia l p a ra m e te rs ,  V .. T h e  e s t im a te d  p a ra m e te rs  a re  u s e d  to

g e n e ra te  a  n o rm a liz e d  m e tr ic  ( fu n c tio n a l)  fo r  e v a lu a t io n  o f  u n ity  re la t io n  

w ith in  e a c h  o b je c t. It is  a s s u m e d  th a t th e  o b je c t is  la rg e  e n o u g h  to  o b ta in  a  

re lia b le  e s tim a te  o f th e  m o d e l p a ra m e te rs . T h e  o b je c t is  a s s u m e d  " la rg e "  w ith  

re s p e c t  to  th e  "d "  d im e n s io n a lity . T o  e s tim a te  th e  p a ra m e te rs  a t e a c h  p o in t 

w e  p ro c e e d  a s  fo llo w s . S u p p o s e  th e  s p a tia l p a ra m e te rs  e v o lv e  s lo w ly  o v e r  

e a c h  o b je c t.  A s  p o in te d  o u t in  th e  p re v io u s  c h a p te r ,  b e c a u s e  o f th e  

s e q u e n tia l n a tu re  o f A M IC A  a n d  its  o n -lin e  im p le m e n ta tio n  th e  s y s te m  c a n n o t 

w a it  fo r  th e  c o m p le te  t ra je c to ry  fo r  d e c is io n  m a k in g  a b o u t a  s m a ll p a th -  

s e g m e n t. T h u s , g e n e ra lly  th e re  a re  tw o  c a s e s  th a t s h o u ld  be  c o n s id e re d  fo r  

fu n c t io n a l a s s ig n m e n t a n d  fe a tu re  s e le c tio n  (se e  s e c tio n  2 .5 ):

1) In th e  f ir s t  c a s e , th e  n u m b e r o f p ix e ls  w ith in  th e  o b je c t is  s u f f ic ie n t  fo r  

c o n te x tu a l fe a tu re  e x tra c tio n . In th is  c a s e  th e  o b je c t w ill be  re p re s e n te d
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b y  b o th  s p e c tra l a n d  c o n te x tu a l fe a tu re s , a n d  th e  d o m in a n t fa c to r  to  

n o rm a liz e  th e  fu n c tio n a l is  th e  V. e x tra c te d  w ith in  th e  o b je c t  P..

2 } In th e  s e co n d  ca s e , th e  o b je c t is  s m a ll, o r  th e  n um b e r o f p ix e ls  w ith in  th e  

o b je c t is no t s u ff ic ie n t fo r  c o n te x tu a l fe a tu re  e x tra c tio n . In th is  c a s e  th e

o b je c t  w i ll be  re p re s e n te d  o n ly  b y  th e  s p e c tra l fe a tu re s ,  a n d  w e  

d e te rm in e  th e  v a lid ity  o f a  n e w  p a th -s e g m e n t (n e w  o b je c t)  b y  n /2  p a s t

o b s e rv a t io n s  a n d  n /2  fo llo w in g  o b s e rv a t io n s  a c c o m p lis h e d  w ith in  a .

w in d o w . T h e s e  o b s e rv a tio n s  a re  p re s u m e d  to  re p re s e n t th e  in it ia l in tra -

O b jec t c h a ra c te r is t ic . In th is  c a s e  th e  d o m in a n t fa c to r  to  n o rm a liz e  th e  

fu n c tio n a l is  th e  V n e x tra c te d  w ith in  an  a p p ro p r ia te  w in d o w .

In th is  w o rk  th e  s p a tia l d ire c t io n  8 is  d e fin e d  to  be  in a ll o f th re e  h o r iz o n ta l h,

v e r t ic a l v , a n d  d ia g o n a l vh  s p a tia l d ire c t io n s  (s e e  a p p e n d ix  C ). In th e  s e c o n d  

c a s e  th e re  is  a  p o te n tia l p ro b le m  w ith  th e  fe a tu re  e x tra c tio n  ( if  V n is  n o t

in c o rp o ra te d  in to  th e  fu n c t io n a l) ;  th a t  is , th e  o b je c t - fe a tu r e  in h e re n t  

d e p e n d e n c e  on  th e  o rd e r  in  w h ic h  p ix e ls  a n d  th e  s m a ll o b je c ts  ( if  th e re  is  

s o m e )  a re  e x a m in e d  fo r  u n ity  re la t io n . F ig u re  3 .2  i l lu s tra te s  e ig h t o f th e  

p o s s ib le  w a y s  th a t d a ta  c a n  be  read  in to  th e  s y s te m .

n,W

2

I =
2



to p -d o w n , le ft- r ig h tle ft- r ig h t, to p -d o w n r ig h t- le f t,  to p -d o w n

b o tto m -u p , le ft- r ig h t r ig h t- le f t,  b o tto m -u p  le ft- r ig h t, b o tto m -u p

F ig . 3 .2 . E ig h t p o s s ib le  s c a n n in g  d ire c t io n s  fo r  re a d in g  d a ta  in to  th e  s y s te m



T h u s  th e re  a re  e ig h t a p p ro a c h e s  th a t  a  p ix e l c a n  b e  e x a m in e d  w i th  th e

a d ja c e n t  s m a ll o b je c ts  ( if  th e re  is  s o m e ) s e q u e n tia lly .  F o r  e x a m p le ,  a  le ft-  

r ig h t, to p -d o w n  s c a n  m a y  no t y ie ld  th e  s a m e  in it ia l o b je c ts  e x tra c tio n  a s  a  

r ig h t- le ft ,  b o t to m -u p  s c a n  d o e s .  In o th e r  w o rd s , o n - lin e  o b je c t  d e te c t io n  

o u tc o m e  is  d e p e n d e n t on  s c a n n in g  d ire c t io n  w h e n  th e  o b je c ts  a re  s m a ll.

T h e  u n ity  re la t io n  b a s e d  on  th e  p a th -h y p o th e s is  p ro v id e s  th a t  th e  s c a n n in g  

d ire c t io n  d e p e n d e n c y  c a n  be  m in im iz e d  b y  s e le c tio n  o f an  e f f ic ie n t  w in d o w  

s ize , nw, a n d  a p p ro p r ia te  p o s itio n  fo r  th e  w in d o w , F ig . 3 .3 . T h is  d e p e n d e n c y

c a n  be  s ig n if ic a n tly  re d u c e d  by  m e a s u r in g  th e  fe a tu re  re l ia b ili ty  a m o n g  th e  

a d ja c e n t o b je c ts .

W id th  o f w in d o w

H e ig h t

w in d o w

Fig. 3 .3 Position of the pixel in the w indow  for functional estim ation



N o w , th e  d e te c t io n  o f a  n e w  o b je c t is  b u ilt  u p o n  th e  nw/2  p a s t o b s e rv a tio n s  

a n d  n w/2  fo l lo w in g  o b s e rv a t io n s .  In  th is  w a y  th e  s c a n n in g  d ire c t io n  

d e p e n d e n c y  is  m in im iz e d ; o b je c ts  w ill be  g ro w n  u n til th e  n u m b e r o f  p ix e ls  

w ith in  an  o b je c t is s u ff ic ie n t  fo r  c o n te x tu a l fe a tu re  e s tim a tio n . T h e n  th e  lo c a l 

s p e c tra l g ra d ie n t w ill be  th e  im p o r ta n t fa c to r  fo r  fu n c tio n a l a s s ig n m e n t. A s  it 

is  s h o w n  in  c h a p te r  tw o , in  p ra c tic e , o b je c t g ro w th  w il l b e  a c c o m p lis h e d  by  

a d ju s tm e n t o f th e  c o e ff ic ie n ts  a  a n d  P in  th e  fu n c tio n a l.

(■);. (Y i. X ,) =  O S i - X 1 D V v ^ p v n) ' '

T h e  m e m o ry  re q u ire m e n t a n d  C P U  t im e  fo r  fu n c t io n a l a s s ig n m e n t  a re  

p ro p o r t io n a l to  th e  s ize  o f w in d o w , nw. S in c e  th e  d a ta  is  rea d  in to  th e  s y s te m

lin e  b y  lin e , w e  try  to  m in im iz e  th e  n u m b e r o f lin e s  p e r  w in d o w  to  o p tim iz e  th e

C P U  t im e  a n d  s to ra g e  fo r  fu n c t io n a l n o rm a liz a t io n .  O n  th e  o th e r  h a n d , 

re d u c t io n  in  th e  n u m b e r o f lin e s  in  th e  w in d o w , n ( , in c re a s e s  s c a n n in g

d ire c t io n  d e p e n d e n c e , w h ic h  re d u c e s  th e  q u a lity  a n d  p e r fo rm a n c e  o f th e  

o b je c t- fe a tu re s .

In an  e x p e r im e n t s e v e ra l ty p e s  o f m u lt is p e c tra l im a g e  d a ta  (s e e  c h a p te r  fo u r)  

a re  u s e d . A s  a  c r ite r io n  fo r  e v a lu a tio n  o f th e  e ffe c t o f th e  w in d o w  s iz e , th e  

p e r fo rm a n c e  o f th e  o b je c t- fe a tu re s  v e rs u s  th e  o r ig in a l p ix e P fe a tu re s  is  

p re s e n te d .  F ig u re  3 .4  i l lu s t r a te s  th e  e f fe c t  o f th e  w in d o w  s iz e  o n  

p e r fo rm a n c e  o f th e  o b je c t- fe a tu re s  w h e re  th e  p e r fo rm a n c e  is  re p re s e n te d  by  

th e  p e rc e n ta g e  o f c o rre c t fe a tu re  c la s s if ic a tio n .
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In th is  f ig u re  th e  w id th  o f th e  w in d o w  is  f ix e d  a n d  is  e q u a l to  th e  n u m b e r o f 

p ix e ls  in  e a c h  s c a n - lin e , nx, th u s  th e  h e ig h t o f w in d o w , n, (n u m b e r o f lin e s  in

th e  w in d o w ), is  u s e d  a s  th e  re fe re n c e  fo r  w in d o w  s ize .

o b je c t-fe a tu re  

orig in a l p ix e l-fe a tu re

* — *

1 1 14 17 20 23 26 29 32

height of w indo w  (nl)

F ig . 3 .4 . E ffe c t o f w in d o w  s ize  on th e  fe a tu re  p e rfo rm a n c e

t h e  re s u lts  o f th is  e x p e r im e n t s h o w  th a t, fo r  th e  d a ta  s e t u s e d , if th e  w id th  o f 

th e  w in d o w  be  e q u a l to  n o r  g re a te r  th a n  64 , p ra c tic a lly , th e  o p tim u m  h e ig h t

fo r  th e  w in d o w  is  e ig h t o r  ten  line s  p e r  w in d o w .



3 .3  R ed u c in g  th e  U n ity  R e la tio n  and F ea tu re  R e lia b ility  T es ts

T h e  !m u lt is p e c t ra I im a g e  d a ta  a re  re a d  in to  th e  s y s tem  s e q u e n t ia lly  in  th e  

ra s te r  s c a n  o r ie n te d  fo rm a t,  w h e re  e a c h  p ix e l c a n  h a v e  a t m o s t e ig h t  

a d ja c e n t n e ig h b o r in g  o b je c ts . L e t p  b e  a  p ix e l u n d e r  c o n s id e ra tio n  a n d  O nw , 

O ne, O n , . . . .  O 8 , O se be th e  e ig h t a d ja c e n t n e ig h b o rs  o f th e  p ixe l p, F ig .3 .5 . If th e  

th e  u n ity  re la t io n  e x is ts  b e tw e e n  th e  p ixe l a n d  a n y  o f th o s e  o b je c ts , th e  p ix e l-  

fe a tu re  w ill  be  c o m b in e d  ( fe a tu re  fu s io n )  w ith  th e  c o r re s p o n d in g  o b je c t-  

fe a tu re , a n d  th e  p ixe l lo c a tio n  w ill be  a n n e x e d  to  th e  s p a tia l- fe a tu re -m a p .

F ig . 3 .5 . E ig h t a d ja c e n t n e ig h b o rin g  o b je c ts



A s  it  is  e x p la in e d  in  c h a p te r  tw o , p ix e l p is re p re s e n te d  n um e r ic a lly  b y  th e  

v e c to r  X k, a n d  its  e ig h t  a d ja c e n t  n e ig h b o rs  O nw , O n , O ne, ..., O se c a n  be  

re p re s e n te d  b y  c o r re s p o n d in g  p a th -s e g m e n ts  P k1 , P k2 , P k3 , P k8 , o r  by  

th e ir  fe a tu re s  Y k1 , Y k2 , Y k2 , Y k8 re s p e c tiv e ly . N o tic e  a s  p o in te d  o u t  in

s e c tio n  2 .7 , in  p ra c tic e  a  p a th -s e g m e n t P kiI s  re p re s e n te d  o n ly  b y  its  s p e c tra l 

fe a tu re  S kl , s p a tia l fe a tu re  V ki, a n d  its  e n d  p o in t X k1. A M IG A  te s ts  fo r  th e  

e x is te n c e  o f  th e  u n ity  r e la t io n  b e tw e e n  X k a n d  its  e ig h t  n e ig h b o rs .

S im u lta n e o u s ly  th e  s y s te m  m e a s u re s  th e  fe a tu re  re i ia b iI ity  o f th e  e ig h t  

n e ig h b o r in g  o b je c ts  a n d  te s ts  fo r  s h r in k a g e  te n d e n c y  a n d  fo r  a l l p o s s ib le

c o m b in a t io n s  b e tw e e n  th e  e ig h t n e ig h b o r in g  o b je c ts ' fe a tu re s .  In  o th e r

w o rd s , g iv e n  a  p ix e l X k in th e  o b s e rv a tio n  s p a c e , re g a rd le s s  o f th e  e x is te n c e

o f th e  u n ity  re la t io n , A M IC A  s h o u ld  te s t fo r  fe a tu re  re lia b il ity  a n d  a n y  o th e r  

p o s s ib ility  o f e x is te n c e  o f th e  u n ity  re la t io n  a m o n g  X k a n d  Pk1, P k2, P k3 , Pk8 

. F o r  e x a m p le ,  i f  th e  u n ity  re la t io n  e x is ts  b e tw e e n  X k a n d  P k2 , a f te r  

a n n e x a tio n  o f p to  O n in  th e  fe a tu re  s p a c e  (c o n n e c tio n  o f X k to  th e  p a th -  

s e g m e n t P k2) th e  a lg o r ith m  s h o u ld  c o n tin u e  fo r  te s t in g  th e  e x is te n c e  o f  th e  

u n ity  re la t io n  a n d  s h r in k a g e  te n d e n c y  b e tw e e n  P k2 a n d  o th e r  n e ig h b o r in g

fe a tu re s  a n d  c o n tin u e  m e a s u r in g  th e  o b je c t- fe a tu re  re lia b ility .
•• • ■ • ' ■ • '• ■■ ■ -

F o r a n y  in c o m in g  p ix e l o b s e rv a tio n s , X k, th e re  a re  2 5 6 = 2  p o s s ib le  c a s e s  in

th e  o b s e rva tiO n -S p a c e  th a t th e  a lg o r ith m  s h o u ld  c h e c k  fo r  u n ity  re la t io n  a n d  

fe a tu re  re l ia b il ity :  C  8 c a s e s  if a ll o f th e  8  n e ig h b o rs  b e lo n g  to  8  d if fe re n t

c la s s e s , C *  c a s e s  if a ll o f th e  8  n e ig h b o rs  a re  fro m  o n ly  7  d if fe re n t c la s s e s , 

G  8 e a s e s  i f  a ll o f th e  8  n e ig h b o rs  b e lo n g  to  o n ly  6  d if fe re n t  c la s s e s , C 8
3 . 4

c a s e s  if  a ll o f th e  8  n e ig h b o rs  b e lo n g  to  o n ly  5  d if fe re n t c la s s e s , C  c a s e s  if

a ll o f th e  8  n e ig h b o rs  b e lo n g  to  o n ly  4  d if fe re n t c la s s e s , C 8 c a s e s  if a ll o f th e
' 6



■ • - • 8 •
8  n e ig h b o rs  b e lo n g  to  o n ly  3  d if fe re n t  c la s s e s ,  C ? c a s e s  if  a ll o f th e  8

- - ■ • s  '•

n e ig h b o rs  b e lo n g  to  o n ly  2  d if fe re n t  c la s s e s  a n d  C fl c a s e  if  a ll o f th e  8  

n e ig h b o rs  a re  fro m  th e  c la s s , w h e re :

c k _  k! 

n n l(k -n ) !

T h e  s y m m e tr ic  p ro p e r ty  o f th e  u n ity  re la t io n  p ro v id e s  fo r  A M IC A  to  re d u c e  th e  

n u m b e r o f c h e c k  p o in ts  p e r  e a c h  p ix e l b y  u s in g  o n ly  th e  f ir s t  fo u r  a d ja c e n t 

n e ig h b o r in g  o b je c ts , F ig .3 .6 , in s te a d  o f e ig h t a d ja c e n t n e ig h b o r in g  o b je c ts .
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/ w w y v
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, A  l u T y T ^ T w T y W w M w ■w " w * w * w * w ® w * w T y T w T w T w T y T y T y T w M  

A Mr* w T y l  w T ^ A a J w T w T w *  y l  w T w ■w T w ' w ’w T w T w * w T w T w T w T w T y T w M  
I a IwTwTwTw Jr Y'wTwTwTwTwTwTwTYTwTwTwTwTwTwTwTwTwTwTui 
A JwTwTwTw»W . IwTyTyTyTy T y lyTyTyTyTyTyTyTyTyTyTyTyTyTJ
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I A Y 'y 'y T X f  1 Iy T y T y T ^  ^SIwTyTyTyTyTyTyTyTyTyTyTyTj
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1 /  *W*W®W® J  Iw Ty Ty f ^ fT yT yT yT yT yT yT yT yT yT yI]

V * y ly ly l  V y T y M  ^ TyT yTyTyTyTyT yTyTyTu I
Y t Y I  V y w  Iy T y T y T y T y T y T y T y T y T y f

tfTWTwT^. \ J u i r  \TyTyTyTyTyTyTyTyTy T /
V T y T y T y T y T y T y T y T y T M  
i y T w T y T y T y T y T y T y T y f  
| T y T y T y T y T w T y T y l y T J  
W y T y T y T y T y T y T y T u i  
I y T y T y T y T y T y T y T y Y  
r *Y  Y y T y T y T y T y ly  ' 
I y T y T y T y T y T y T y T J  
| T y T y T y T y T y T y T y  y  
y T y T y T y T y T y T y T wJ
T y T y T y T y T y T y T ^

V* y T y T y T y T y T y f

F ig . 3 .6 . F o u r  a d ja c e n t n e ig h b o r in g  o b je c ts

Prop osition  1 : B a s e d  o n  th e  u n ity  re la t io n  p ro p e r t ie s ,  th e  re s u lts  o f A M IC A , 

u s in g  th e  f irs t  fo u r  a d ja c e n t n e ig h b o rin g  o b je c ts , a re  e q u iv a le n t to  th e  re s u lts
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o f A M IC A , u s in g  e ig h t a d ja c e n t n e ig h b o rin g  o b je c ts  w h e n  th e  in p u t d a ta  is  

rea d  b y  o f th e  s y s te m  s e q u e n tia lly  in th e  ra s te r  s c a n  o r ie n te d  fo rm a t.

P ro o f: A s s u m e  th a t  A M IC A  c h e c k s  th e  u n ity  re la t io n  a n d  fe a tu re  re l ia b ility  

o n ly  a m o n g  X k , Pk1, Pk2, Pk3, a n d  Pk4, a n d  th e n  s ta r ts  re p e a tin g  th e  s a m e  

p ro c e d u re  a m o n g  X r , P 1 , Pr2, Pr3 a n d  Pr4, w h e re  X r is  th e  f irs t E a s t a d ja c e n t 

p ix e l to  X k. B u t in th is  n e w  c o o rd in a te , Y 1 is  th e  s a m e  a s  Y k2, a n d  Y 2 is  th e  

s a m e  a s  V k5, a lso  Y r4 is  e q u iv a le n t to  X k in th e  fe a tu re  s p a c e . T h is  im p lie s  th a t,

m a th e m a tic a lly , A M IG A  w ill c h e c k  th e  u n ity  re la t io n  a n d  fe a tu re  re l ia b il ity  fo r  

Y k5 in th e  n e x t in c o m in g  p ixe l X  , a n d  s in c e  th e  u n ity  re la t io n  is  tra n s it iv e  a n d  

s y m m e tr ic , th e  o u tc o m e  w ill be  th e  s a m e  a s  w h e n  X k a n d  Y k5 a re  c o n s id e re d  

to g e th e r  fo r  th e  u n ity  re la t io n  a n d  fe a tu re  re lia b ility  te s t.

T h e  s a m e  s itu a tio n  e x is ts  fo r  Pk6, Pk7 a n d  Pka in  th e  s e q u e n c e  o f th e  n e x t line

s c a n , w h e re  th e  u n ity  re la t io n  a n d  fe a tu re  re lia b ility  o f a t le a s t o n e  p ixe l fro m  

e a c h  o f th e s e  p a th -s e g m e n ts  (P k6, Pk7, P ka) w ith  X k w ill be  c h e e k e d  in th e

fe a tu re  s p a c e . In o th e r  w o rd s ,  s in c e  th e  u n ity  re la t io n  is  s y m m e tr ic ,  

m a th e m a tic a lly  th e  la s t fo u r  a d ja c e n t n e ig h b o rs  o f X k (Pk5, Pk6, Pk7 a n d  Pka)

w ill b e  c o n s id e re d  in  th e  n e x t in c o m in g  p ixe l d a ta  a n d  th e  n e x t s e q u e n c e  o f 

s c a n  lin e  d a ta . T h is  a p p ro a c h  fo r  te s t in g  th e  u n ity  re la t io n  is  m u ch  e a s ie r  to  

im p le m e n t b e c a u s e  th e re  a re  fe w e r  o b je c ts  to  c o m p a re  s im u lta n e o u s ly  a n d  

fe w e r o b je c t- fe a tu re s  to  be  te s te d  fo r  fe a tu re  re lia b ility .

4

U s in g  th e  f ir s t  fo u r -a d ja c e n t  n e ig h b o rs , A M IC A  s h o u ld  s t i l l c h e c k  1 6 = 2  

p o s s ib le  c a s e s  p e r  e a c h  p ix e l fo r  e x is te n c e  o f th e  u n ity  re la t io n  a n d  fe a tu re  

re lia b ility  in th e  fe a tu re -s p a c e .



P ro p o s it ib n  2 : F o r  a n y  g iv e n  p ix e l X k, th e  u n ity  re la t io n  a n d  fe a tu re

re l ia b il ity  te s t  is  re d u n d a n t fo r  a ll o f th e  case 's  .in w h ic h  tw o  o f th e  n e ig h b o r in g  

o b je c ts  h a v e  a n  a d ja c e n c y  re la t io n : [Y 11, Ym J1 [Y „  ,Y k4], [Y k2 , Y 13 ], [Y k2l Y k4 ], 

[Y„,  Y k2, Y k, ] ,  [Y k l , Y12 , Y k4], [Y k2, Y ks, Y J ,  [Y k l , Y ks, Y 14 ] a n d  [Y k l , Y 12,Yks , Y k4].

In o th e r  w o rd s , th e  o n ly  re le v a n t c a s e s  th a t  s h o u ld  b e  c o n s id e re d  b y  A M IC A  

fo r  u n ity  re la t io n  a n d  fe a tu re  re l ia b il ity  te s t ,  a m o n g  X k a n d  its  a d ja c e n t  

n e ig h b o r in g  o b je c ts , a re : [P k1 ], [P k1. Pk3 ]. [P k21. [P k3]. Ip k3 - p k4 ] a n d  [P k4I-

P r o o f :  A m o n g  th e  e ig h t n e ig h b o r in g  O b je c ts  o f X k , fo r  a n y  tw o  a d ja c e n t

o b je c ts  th e re  e x is t a t le a s t  o n e  p ix e l a t th e ir  b o u n d a ry ,  X b , th a t  h a s  an  

a d ja c e n c y  re la t io n  w ith  X k . U s in g  th e  f irs t  fo u r  a d ja c e n t n e ig h b o rs , th e  p ix e l 

X b h a s  b e e n  c h e c k e d  fo r  th e  u n ity  re la t io n  s e q u e n tia lly  b e fo re  p ix e l X k , a n d  

s in c e  X k a n d  X b a re  a d ja c e n t, th e  t ra n s it iv e  p ro p e r ty  o f  th e  u n ity  re la t io n  

p ro v id e s  u s  th a t  c h e c k in g  fo r  th e  u n ity  re la t io n  a n d  fe a tu re  re lia b ility  fo r  th o s e  

a d ja c e n t G r e e ts  i s  re d u n d a n t, w h e re

9 t (X k, X b)=1 <=> 9 t (X k, P.)=1 fo r  a n y  b e  L

T h e re fo re , th e  u n ity  re la t io n  p ro p e r t ie s  p ro v id e  th a t  a n  e f f ic ie n t  a lg o r ith m  fo r

e a c h  p ix e l s h o u ld  c h e c k  a t m o s t th e  f irs t  fo u r  n e ig h b o r in g  o b je c ts , a n d , a s  

s h o w n  in  th e  p re v io u s  p ro p o s it io n ,  th e re  a re  o n ly  tw o  p o s s ib le  c a s e s ,  

[Yki, Y k3] a n d  [Y k3 ,Y k4 ], th a t  fe a tu re  re l ia b ili ty  o f o b je c t- fe a tu re  n e e d  to  be

c h e c k e d . T h e s e  tw o  c a s e s  a re  th e  s a m e  a s  th o s e  fo r  w h ic h  th e  s h r in k a g e  

te n d e n c y  a m o n g  fo u r  n e ig h b o rin g  o b je c ts  s h o u ld  be  c h e c k e d , [P k1, P k3 ] a n d  

[ ^ P k4].



7 0

B a s e d  o n  p a th  h y p o th e s is  a n d  th e  u n ity  re la t io n  p ro p e r t ie s  a t e a c h  n o d e  

th e re  is  o n ly  o n e  o f th e  fo llo w in g  c a s e s  th a t tw o  o b je c ts  c a n  m e rg e  to g e th e r. 

In the, f irs t  c a s e  X k h a s  a  u n ity  re la t io n  w ith  P k1 a n d  P k3 s im u lta n e o u s ly . T h e n

b o th  o b je c ts  s h o u ld  be  re p re s e n te d  by  a  s in g le  fe a tu re . F ig u re  3 .7 . il lu s tra te s  

th is  a c t iv ity  in  th e  fe a tu re  m ap . T h e  fe a tu re s  w ill be  u p d a te d  a s  it is  e x p la in e d  

in  c h a p te r  th re e . T h e  s e c o n d  c a s e  fo r  m e rg in g  tw o  o b je c ts  o c c u rs  w h e n  X k 

h a s  a  u n ity  re la t io n  w ith  P k4 a n d  P k3 s im u lta n e o u s ly .  T h e n  th e  fe a tu re  m a p  

s h o u ld  N s  u p d a te d , a s  it is  il lu s tra te d  in  th e  F ig u re  3 .8 , a n d  b o th  o b je c ts  w ill 

be  re p re s e n te d  by  th e  s a m e  o b je c t-fe a tu re .
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F ig . 3 .8 . T h e  s e c o n d  p o s s ib le  c a s e  fo r  m e rg in g  tw o  o b je c ts  in  th e  sp a tia l 

? fe a tu re -m a p  ^



3 .4  A M lC A  E xp lan a tio n

T h e  f lo w  c h a r t o f A M IG A  is  il lu s tra te d  in  f ig u re  3 .9 . T h e  m u lt is p e c tra ! im a g e  

d a ta  is  re a d  in to  th e  s y s te m  in  th e  le ft- r ig h t, to p -d o w n  ra s te r  s c a n  fo rm a t. T o  

b e g in  th e  p ro c e s s  th e  lo c a l p ix e l- fe a tu re  g r a d ie n t  is  e s t im a te d  a n d

n o rm a liz e d  w ith in  th e  w in d o w . A f te r a  s ta r t p e rio d , th e  w in d o w  is  s h if te d  s u c h  

th a t  th e  p ix e l u n d e r  c o n s id e ra tio n  is  a lw a y s  in  th e  m id d le  line  o f th e  w in d o w .

A n  u n k n o w n  p ix e l p r. .. is  c o m p a re d  w ith  its  fo u r  a d ja c e n t o b je c ts  b y  te s t in g  

th e  u n ity  re la t io n  b e tw e e n  th e  p ix e i- fe a tu re  X k a n d  c o r re s p o n d in g  p a th -  

s e g m e n ts  (P k1 , P k2 , P k3 , P k4). If th e  u n ity  re la t io n  e x is ts  th e n  th e  p ix e l w ill

b e  c o n n e c te d  to  th e  c o r re s p o n d in g  p a th -s e g m e n t.  If m o re  th a n  o n e  p a th -

s e g m e n t w e re  s e le c te d  th e n  th e  c o r re s p o n d in g  o b je c ts  w ill  b e  m e rg e d  

(P j= P k1U P k3 o r  P j= P k3U P k4). If th e  u n ity  re la t io n  d o e s  n o t e x is t a m o n g  a n y  o f

th o s e  fo u r  a d ja c e n t  p a th -s e g m e n ts  c o m p a re d  w ith  X k , th e n  X k w il l be  

in it ia liz e d  a s  a  n e w  p a th -s e g m e n t,  P = X  . A f te r  e a c h  d e c is io n  m a k in g  a n d  

fe a tu re  re lia b ility  c h e c k , th e  fe a tu re s  o f th e  c o r re s p o n d in g  o b je c t ( Y . ) w ill be

u p d a te d .

T h e  b o u n d a ry  o f o b je c t (in  th e  s p a tia l- fe a tu re -m a p ) is  c h e c k e d  fo r  c lo s e n e s s , 

a n d  th e n  th e  fe a tu re  o f th e  c lo s e d  o b je c t w i ll be  t ra n s m itte d  to  th e  e a r th -  

s ta t io n . A t e a c h  n o d e , fo r  u n ity  re la t io n  a n d  fe a tu re  re lia b ility  te s t, th e  s y s te m  

n e e d s  o n ly  th e  in fo rm a tio n  a b o u t th e  a d ja c e n t o b je c ts , a n d  th e  c o e ff ic ie n ts  o f 

th e  fu n c tio n a l a re  n e c e s s a ry  o n ly  fo r  th e  o p e n  o b je c ts . T h is  im p lie s  th a t  th e  

c o m p a c tio n  s y s te m  re q u ire d  o n ly  in fo rm a tio n  a b o u t th e  o p e n  o b je c ts  in  th e  

la s t tw o  lin e s .



Fig. 3 .9 . F lo w  c h a rt o f A iy iIC A



o b je c t  is  c lo s e d  a n d  its  fe a tu re  tra n s m itte d , th e  c o r re s p o n d in g  b u f fe rs  fo r  

fu n c t io n a l a s s ig n m e n t  w ill  b e  re s e t  a n d  re a d y  fo r  a  n e w  c o e f f ic ie n ts  

a s s ig n m e n t .  In c h a p te r  fo u r, re su lts  o f  im p le m e n ta tio n  o f A M IG A  to  th e  rea l 

d a ta  a re  p re s e n te d .

T h u s , th e  system  should store at m ost only 2n x o b jec t-fe a tu re s . W h e n  th e

In s u m m a ry  A M lC A  c o n s is ts  o f fb u r  m a in  a c tiv it ie s :

1 - fu n c tio n a l ass ig n m en t: th e  c o e f f ic ie n ts  fo r  fu n c tio n a l n o rm a liz a t io n  

a re  m e a s u re d  s ta t is t ic a lly  w ith in  th e  w in d o w  W , w h e re  X j, b e lo n g s  to  th e

m id d le  line  in  th is  w in d o w  (s e e  p a g e  51 a n d  6 4 ).

2- u n ity  rotation check: G iv e n  a n y  p ix e l Xk th e  u n ity  re la t io n  b e tw e e n  Xk 

a n d  a ll fo u r  a d ja c e n t n e ig h b o r in g  o b je c ts , P k1 , P k2 > p k3 a n d  P k4 a re  

c h e c k e d  a n d  X k w ill be  a s s ig n e d  to  a p p ro p r ia te  p a th -s e g m e n t, P..

3- fe a tu re  e x tra c tio n  a n d  fe a tu re  re lia b ility  tes t: th e  s p e c t r a l  a n d  

c o n te x tu a l fe a tu re  o f a n  o b je c t  w ill  b e  e x t ra c te d  a n d  th e  fe a tu re  

r e l ia b i l i ty  w ill be  m e a s u re d  b y  u s in g  u n ity  re la t io n  p ro p e r t ie s , w h e re  tw o  

o b je c ts  m a y  b e  m e rg e d  a n d  w i l l  b e  re p re s e n te d  b y  th e  s a m e  o b je c t-  

fe a tu re  in th e  fe a tu re  s p a c e .

4- fea tu re  tran sm iss io n : b y  u s in g  th e  fe a tu re  m a p , th e  b o u n d a ry  o f e a ch  

o b je c t is c h e c k e d . A n y  t im e  th a t  A M IC A  f in d s  th a t  th e  b o u n d a ry  o f an  

o b je c t  is  c lo s e d , th e  fe a tu re s  o f th e  c o r re s p o n d in g  o b je c t  w ill  b e  

tra n s m it te d  to  th e  e a rth -s ta t io n .



C H A P T E R  4

F E A T U R E  E V A L U A tIO N

4.1 In tro d u ctio n

T h e  o b je c t iv e  o f is  to  d e m o n s tra te  th e  v a lid ity  o f th e  u n ity  re la t io n

a n d  p a th -h y p o th e s is  fo r  on  line  u n s u p e rv is e d  o ty e c t- fe a tu re  e x tra c tio n  a n d  to  

s h o w  th a t  p e r fo rm a n c e  o f th e  o b je c t- fe a tu re s  i f  b e tte r  th a n  th e  p ix e l- fe a tu re s . 

T h e  ,p e r fo rm a n c e  o f a  fe a tu re  e x tra c tio n  p ro c e s s  is  m e a s u re d  in  te rm s  o f th e  

in fo rm a t io n -b e a r in g  q u a l ity  o f th e  fe a tu re s  v e rs u s  th e  s iz e  o f th e  d a ta  se t. 

C la s s if ic a t io n  a c c u ra c y  is  a n  im p o rta n t q u a n tita t iv e  m e a s u re  o f fe a tu re  q u a lity  

in  a p p lic a tio n s  w h e re  th e  d a ta  is  a u to m a tic a lly  in te rp re te d  ( e g . ,  re m o te ly  

s e n s e d  im a g e  d a ta ) . H o w e v e r, c la s s if ic a t io n  a c c u ra c y  is  d e p e n d e n t  on  th e  

c la s s if ic a t io n  a lg o r ith m  a s  w e ll a s  th e  fe a tu re  e x tra c tio n  te c h n iq u e , a n d  o fte n  

s ig n i f ic a n t  a c c u r a c y  im p ro v e m e n ts  c a n  b e  o b ta in e d  b y  ta i lo r in g  th e  

c la s s if ic a t io n  a lg o r ith m  to  th e  s p e c if ic  fe a tu re  e x tra c tio n  te c h n iq u e . T h e re fo re , 

it  is  im p o rta n t to  in v e s tig a te  jo in t ly  fe a tu re -e x tra c tio n  a n d  c la s s if ic a t io n  w h e n  

th e  fe a tu re  q u a lity  ( re le v a n c y  o f th e  fe a tu re s  fo r  s c e n e  re p re s e n ta t io n )  is  

b a s e d  on  c la s s if ic a t io n  a c c u ra c y .

In th is  c h a p te r  s e v e ra l re a l im a g e  d a ta  s e ts  a re  u s e d  to  p ro v id e  c o m p a ra tiv e

p e r fo rm a n c e  re s u lts  fo r  th e  v a r io u s  fe a tu re  c o n f ig u ra t io n s  b e tw e e n  th e  

o r ig in a l p ix e l- fe a tu re s  X k a n d  c o m p a c te d  o b je c t- fe a tu re s  Y .. T h e  fe a tu re s ’



re lia b ility  a n d  q u a lity  a re  m e a s u re d  in te rm s  o f o v e ra ll m is p la c e m e n t e r ro r  in  

th e  s c e n e  (O M E ), fe a tu re  c la s s if ic a t io n  p e r fo rm a n c e  (F C P ), a n d  s u b je c tiv e  

o b je c ts  a p p e a ra n c e  (S O A ). T h e  s a m e  tra in in g  s a m p le s  a n d  d e c is io n  ru le  a re  

u s e d  fo r  e a c h  c o m p a r is o n , F ig . 4 .1 .

C o m p a c tio n

A

•

D ata  Set

T r a in in g ^

Set J
<

C o m p a ris o n

1 -  O M E  c r ite r io n

2 - F C P  c r ite r io n

•  '  ■ ■ V  ■ .

3 - S O A  c r ite r io n

F ig . 4.1 F e a tu re  re lia b iIity  e v a lu a tio n



T h e  f irs t  e v a lu a tio n  is  a  s im p le  q u a n tita t iv e  c r ite r io n  w h ic h  h a s  a  c o n v e n ie n t  

m a th e m a tic a l fo rm  to  m e a s u re  th e  n u m b e r o f p ix e ls  a s s ig n e d  to  an  in c o rre c t 

n e ig h b o r in g  o b je c t b a s e d  o n  th e  o b je c t c la s s if ic a t io n ,  re la t iv e  to  th e  to ta l 

n u m b e r o f p ix e ls  in  th e  s c e n e  (o v e ra ll m is p la c e m e n t e rro r) . L e t G T M = {r1,r2,...,

rnt} re p re s e n t th e  g ro u n d - tru th -m a p  o f th e  o r ig in a l d a ta , a n d  le t C P M = Ic 1 ,C 2 ......

c nt} re p re s e n t th e  c la s s if ic a t io n -p ix e l-m a p  re s u lt o f fe a tu re  c la s s if ic a t io n . T h e n

th e  o v e ra ll m is p la c e m e n t e r ro r  pan  be  c o m p u te d  b y  c o m p a r is o n  o f th e  C P M

a n d  th e  G T M :

O M E
T i rt,

IOOt P-
n t

w h e re  n m is  th e  to ta l n u m b e r o f p ix e ls  m is p la c e d  in to  in c o r re c t  n e ig h b o r in g  

o b je c ts  (b a s e d  on  th e  o b je c t c la s s ), a n d  nt is  th e  to ta l n u m b e r o f p ix e ls  in  th e  

s c e n e . T h e  f irs t  fe a tu re s ’ e v a lu a to r , a ls o , m e a s u re s  th e  q u a lity  o f o b je c t 's

s p a tia l s h a p e  a n d  b o u n d a ry  a c c u ra c y  in te rm s  o f o v e ra ll m is p la c e m e n t e rro r . 

T h e  O M E  is  no t g e n e ra lly  m e a n in g fu l fp r  m e a s u r in g  th e  fe a tu re s  q u a l ity  in  a n  

a b s o lu te  s e n s e . F o r  e x a m p le , it w o u ld  n o t u s u a lly  be  u s e fu l fo r  c o m p a r in g  

fe a tu re  q u a lity  a c ro s s  d if fe re n t fe a tu re  s e le c tio n s . H o w e v e r, th e  O M E  c a n  be  

v e ry  u s e fu l fo r  c o m p a r in g  th e  p e rfo rm a n c e  o f th e  o p tio n s  (e .g . w in d o w  s ize )  

o f  th e  fe a tu re  e x tra c tio n  te c h n iq u e  on  th e  s a m e  m u lt is p e c tra l im a g e  d a ta  

u s in g  th e  s a m e  c la s s if ic a t io n  a lg o r ith m  w ith  th e  s a m e  tra in in g  s a m p le  se ts .

T h e  fe a tu re  c la s s if ic a t io n  p e rfo rm a n c e  (F C P ) m e a s u re s  th e  n u m b e r o f p ix e ls  

c la s s if ie d  in to  th e  c o r re c t  c la s s  re la tiv e  to  th e  to ta l n u m b e r o f p ix e ls  in  th a t 

p a r t ic u la r  c la s s .  T h is  c r ite r io n  is  u s e d  to  e v a lu a te  th e  o b je c t - fe a tu re  

p e r fo rm a n c e  w h e n  th e  e ffe c ts  o f c la s s if ie r  d e c is io n  ru le  a n d  t ra in in g  s a m p le s  

on  th e  c la s s  fe a tu re  p e rfo rm a n c e  s h o u ld  be  c o n s id e re d .



G o o d  g r o u n d  t ru th  in fo rm a t io n  is  a  v e ry  im p o r ta n t  p a ra m e te r  in  fe a tu re  

e v a lu a tio n  to  m in im iz e  th e  u n re la te d  e rro r  in  th e  fe a tu re  e x tra c tio n . H o w e v e r, 

O b ta in in g  a  v a lid  g ro u n d - tru th -m a p  (G T M ) a n d  re g is te r in g  th e  m u lt is p e c tra l 

im a g e  d a ta  w ith  th is  m a p  is  o fte n  c o s t ly  a n d  v e ry  t im e  c o n s u m in g . T h u s , 

a m o n g  th e  a v a ila b le  re a l d a ta  th o s e  s u b s e ts  w h ic h  h a v e  a  re la t iv e ly  re lia b le  

g ro u n d - tru th -m a p  s h o u ld  be  s e le c te d  a n d  u s e d  fo r  th e  O M E  a n d  F C P  fe a tu re  

e v a lu a t io n s .

T h e  s u b je c tiv e  a p p e a ra n c e  is an  a p p ro p r ia te  c r ite r io n  w h e n  th e  g ro u n d - tru th -  

m a p  is  n o t a c c u ra te  e n o u g h  to  be  u s e d  b y  o th e r  fe a tu re  e v a lu a to rs , o r  w h e n  

s o m e  o b je c ts  in  th e  s c e n e  a re  m o re  im p o r ta n t th a n  th e  o th e rs  re g a rd le s s  o f 

th e  s iz e  o f th e  o b je c ts . In s u c h  c a s e s  it is  o fte n  to o  d if f ic u lt  to  d e f in e  a  

m a th e m a t ic a l e x p re s s io n  fo r  a  fe a tu re  q u a lity  a d e q u a te  fo r  q u a n t ita t iv e  

e v a lu a t io n .  In t is  c a s e  v is u a l a s s e s s m e n t w ill  b e  u s e d  fo r  th is  k in d  o f 

q u a l if ic a t io n .  T h is  c r ite r io n  is  u s e d  to  e v a lu a te  th e  s p a t ia l q u a l i ty  o f th e  

s p a t ia l- fe a tu re -m a p , fo r  p re d ic t io n  o f m o re  in fo rm a tio n  a b o u t th e  s c e n e , by  

u s in g  m o re  c o m p le x  fe a tu re s , w h ic h  s h o u ld  be  e x tra c te d  fro m  th e  tra in in g  

s a m p le s ,  In o th e r  w o rd s , b y  in c o rp o ra t in g  th e  o b je c t a p p e a ra n c e  in  th e  

s p a tia l- fe a tu re -m a p  in to  th e  fe a tu re  s e le c tio n  s tra te g y , m o re  c o m p le x  o b je c ts  

in  th e  s c e n e  c a n  b e  d e te c te d . F o r  e x a m p le  s o m e  s ig n if ic a n t  w ith in -c la s s  

v a r ia t io n  s h o w s  th a t  m o re  in fo rm a t io n  a b o u t th e  c o m p le x  o b je c ts  (p e rh a p s  

s o il ty p e  c o v e re d  b y  v e g e ta tio n )  in  th e  s c e n e  m ig h t b e  e x tra c te d  b y  u s in g  

e v e n  m o re  c o m p le x  fe a tu re s .

In th is  c h a p te r  a f te r  an  in tro d u c tio n  to  c la s s if ic a t io n  d e c is io n  ru le s  in s e c tio n

4 .2 , th e  e x p e r im e n ta l re s u lts  w ill be  p re s e n te d  in  s e c tio n  4 .3 .



4 .2  C la s s ific a tip n

C lassification  is th e  procedu re m ost often Used fo r qu an tita tive  analysis  of

rem o te  s en s in g  im a g e  d a ta . It re s ts  u p o n  u s in g  s u ita b le  a lg o r ith m s  to  la b e l 

th d  p ix e ls  (o r  o b je c ts )  in  th e  s c e n e  a s  re p re s e n tin g  p a r t ic u la r  g ro u n d  c o v e r  

ty p e s , o r  c la s s e s . In c la s s if ic a t io n  o f th e  c o m p a c te d  im a g e  d a ta , o n c e  e a c h  

o b je c t- fe a tu re  iS c la s s if ie d ,  th e  m e m b e rs h ip s  o f p ix e ls  w h ic h  b e lo n g  to  th e  

O o rre s p o n d in g  o b je c t a re  d e te rm in e d  s im u lta n e o u s ly  re g a rd le s s  o f  th e ir  s iz e  

a n d  Id e a tio n  in  th e  s c e n e . Ir re s p e c t iv e  o f th e  c la s s if ic a t io n  a lg o r ith m , th is  

p ro c e d u re  c o n s is ts  o f th e  fo llo w in g  e s s e n tia l p ra c tic a l S teps {3 2 }:

♦ C h o o s e  re p re s e n ta tiv e  o r  p ro to ty p e  p ix e ls  fro m  e a c h  o f th e  d e s ire d  

s e t  o f c la s s e s  (for e x a m p le  w a te f ,  u rb a n  re g io n s ,  c ro p la n d ,  

ra n g e la n d s , e tc .),  t h e s e  p ix e ls  fo rm  a  tra in in g  s e t. T ra in in g  s e ts  fo r  

e a c h  c la s s  c a n  b e  e s ta b lis h e d  u s in g  s ite  v is i ts ,  m a p s ,  a i r  

p h o to g ra p h s  o r  e v e n  p h o to in te rp re ta t io n  o f a  c o lo r  c o m p o s ite  

p ro d u c t fo rm e d  f f d m th e  im a g e  d a ta . O fte n  th e  t ra in in g  p ix e ls  fo r  a

g iv e n  c la s s  w il l lie  in  a  c o m m o n  re g io n  e n c lo s e d  in a  b o rd e r ;  th a t  

re g io n  is  th e n  c a lle d  a  tra in in g  f ie ld  ( th e  c o n t ig u o u s  t ra in in g  f ie ld s  

a re  u s e d  fo r  w ith in  c la s s  c o n te x t p a ra m e te rs  e s tim a tio n ).

• U s e  th e  tra in in g  d a ta  to  e s t im a te  th e  p a ra m e te rs  o f th e  p a r t ic u la r  

c la s s if ie r  a lg o r ith m  to  be  u s e d ; th e s e  p a ra m e te rs  w ill  b e  th e  

p ro p e r t ie s  o f th e  p ro b a b ility  m o d e l u s e d , o r  w ill be  th e  e q u a tio n  th a t

■ . ...- ' - . , V. 1 . ■ . . . ’

d e fin e s  p a r t it io n s  in th e  m u ltis p e c tra l s p a c e . T h e  s e t o f p a ra m e te rs

fo r  a  g iv e n  c la s s  is  c a lle d  the  class-feature  s e t o f th a t c la s s .



U s in g  th e  tra in e d  c la s s if ie r , Iafcrel o r  c la s s ify  e v e ry  p ix e l (o r  o b je c t)  in  

th e  s c e n e  in to  o n e  o f th e  d e s ire d  g ro u n d  c o v e r  ty p e s  ( in fo rm a tio n  

c la s s e s ) .  M ere  th e  w h o le  s c e n e  s e g m e n t o f in te re s t  is  ty p ic a lly  

c la s s if ie d .

• P ro d u c e  ta b u la r  s u m m a r ie s  o r  th e m a tic  ( c la s s )  m a p s  w h ic h  

s u m m a r iz e  th e  re s u lts  o f th e c la s s if ic a t io n .

In th is  c h a p te r ,  to  e v a lu a te  o b je c t- fe a tu re  re l ia b ili ty  tw o  d if fe re n t  c la s s if ie rs  

a re  c o n s id e re d :  th e  M a x im u m  L ik e l ih o o d  c la s s i f ie r  a n d  th e  M in im u m

D is ta n c e  c la s s if ie r  [4 ].

4.2.1 M axirnum  L ike lih o o d  D ec is io h  R u le

M a x im u m  l ik e l ih o o d  c la s s i f ic a t io n  is  th e  m o s t c o m m o n  s u p e r v is e d  

c la s s if ic a t io n  m e th o d  u s e d  w ith  re m o te  s e n s in g  im a g e  d a ta ; th is  is  d e v e lo p e d

in  th e  fo llo w in g  in a  s ta t is t ic a lly  a c c e p ta b le  m a n n e r [1 1 ]. L e t th e  g ro u n d  c o v e r  

c la s s e s  fo r  a  s c e n e  be  re p re s e n te d  by : (O ., i =  1 , 2 , . . . ,  m , w h e re  m is  th e  to ta l

n u m b e r o f d e s ire d  c la s s e s  in  th e  s c e n e . S u p p o s e  th a t  s u ff ic ie n t  tra in in g  d a ta  

is  a v a ila b le  fo r  e a c h  g ro u n d  c o v e r  ty p e . T h is  c a n  b e  u s e d  to  e s tim a te  a

p ro b a b il ity  d is tr ib u tio n  fo r  g ro u n d  c o v e r  ty p e  th a t d e s c r ib e s  th e  lik e lih o o d  o f 

f in d in g  a  fe a tu re  fro m  c la s s  0 ) . ,  a t th e  p o s it io n  o f X . T h e  m a x im u m  lik e lih o o d

d e c is io n  ru le  d e c id e s  th a t )< b e lo n g s  to  Cb̂  if a n d  o n ly  if

P (X |c b .)p (c o .)> p (X |(O j)p (c o j) fo r  a ll j * i

w h e re  p(X |co.) is  th e  c la s s  CO. p ro b a b ility  d e n s ity  fu n c tio n  e v a lu a te d  a t X  , a n d  

p(co.) (s o -c a lle d  a -p r io r i p ro b a b ility  o f c la s s  CO.) is  th e  p ro b a b ility  th a t c la s s  CO.
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o c c u rs  in  th e  s c en e .  C o m p u ta t io n a l c o n v e n ie n c e  re s u lts  in  d e fin it io n  o f th e  

d is c r im in a n t fu n c tio n  g .(X ) [11 ]

Qi(X) = I n{ p (x | cp.) p (co.)} = ln{p(x|o3.)}+lfi{p(a>.)}

w h e re  In is  th e  n a tu ra l lo g a r ith m , so  th e  m a x im u m  Iike IihO dd  d e c is io n  ru le  

b e c o m e s

X m COj ;$=$■ g.(X)>gj(X) for all j* i

A  v e ry  c o m m o n  c la s s if ic a t io n  a p p ro a c h  in  m u lt is p e c t r a l  im a g e  d a ta  

a p p lic a tio n  is  th e  m a x im u m  l ik e lih o o d  G a u s s ia n  p a ra m e tr ic  c la s s if ie r  o n  a  

p e r  v e c to r  b a s is . T h is  c la s s if ie r  is o fte n  u s e d  b e c a u s e  o f  its  re la t iv e ly  s im p le  

im p le m e n ta tio n , e s p e c ia lly  w h e n  th e  s p e c tra l fe a tu re s  a re  th e  o n ly  fe a tu re s  

th a t  a re  u s e d  fo r  o b je c t re p re s e n ta t io n .  T h e n  th e  d is c r im in a n t  fu n c tio n  fo r  

m a x im u m  lik e lih o o d  c la s s if ic a t io n , b a s e d  u p o n  th e  a s s u m p t io n  o f G a u s s ia n  

d is tr ib u tio n , is :

'V •• . . ,

Qi(X) == Ifi^p(Toj)I - O ^ l n  I X jI  - © E j ( X - M j)

w h e re  M. a n d  £ . a re  th e  m e a n  v e c to r  a n d  c o v a r ia n c e  m a tr ix  o f  th e  d a ta  in  

c la s s  CD., w h ic h  is  e s t im a te d  fro m  th e  tra in in g  s a m p le s . L e t n. s a m p le s  be  fro m  

c la s s  CO., th e n  th e  m e a n  a n d  c o v a r ia n c e  o f th e  e a c h  c la s s  a re  e s tim a te d  by

th e  fo lIo w ing e q u a tio n s :

V i t t £ (V ^ X V M >
• k=1

. t



O fte n  th e  a n a ly s t  h a s  no  u s e fu l in fo rm a t io n  a b o u t th e  p (0 ).). In th is  c a s e  a  

s itu a t io n  Of e q u a l p r io r  p ro b a b ilit ie s  is  a s s u m e d - A s  a  re s u lt ln {p ((0 .)} c a n  b e

re m o v e d  fro m  th e  d is c r im in a n t fu n c tio n , s in c e  it is  th e  s a m e  fo r  i - 1 , 2 , . . . .  m . In 

th a t  c a s e  th e  0 ,5  c o m m o n  fa c to r  c a n  a ls o  be  re m o v e d . T h u s  th e  d is c r im in a n t 

fu n c tio n  c a n  be  s im p lif ie d  in to :

g.(>0 = -In lS iI -(X-Mi)tXZ1(X-Mi)

S u ff ic ie n t tra in in g  s a m p le s  fo r  e a c h  g ro u n d  c o v e r  c la s s  m u s t b e  a v a ila b le  to  

a l lo w  re a s o n a b le  e s t im a te s  o f th e  e le m e n ts  o f th e  m e a n  v e c to r  a n d  th e  

c o v a r ia n c e  m a tr ix  to  b e  d e te rm in e d . F o r  a  d  d im e n s io n a l m u lt is p e c tra l s p a c e  

a t le a s t d+1 s a m p le s  a re  re q u ire d  to  a v o id  th e  c o v a r ia n c e  m a tr ix  b e in g  

s in g u la r  A p a r t fro m  th is  c o n d it io n  it is  c le a r ly  im p o r ta n t  to  h a v e  a s  m a n y  

tra in in g  p ix e ls  a s  p o s s ib le , p a r t ic u la r ly  a s  th e  d im e n s io n a l ity  o f fe a tu re  s p a c e  

in c re a s e s , s in c e  in  h ig h e r  d im e n s io n a l s p a c e s  th e re  is  an  in c re a s e d  c h a n c e  

o f h a v in g  s o m e  in d iv id u a l d im e n s io n s  p o o r ly  re p re s e n te d  [1 9 ]. S w a in  [4 ] 

re c o m m e n d s  a s  a  p ra c tic a l m in im u m  th a t TOd s a m p le s  p e r  c la s s  be  o b ta in e d  

fo r  tra in in g , w ith  10Od a s  b e in g  h ig h ly  d e s ira b le , if it c a n  b e  a tta in e d .

T h e  e f fe c t iv e n e s s  o f m a x im u m  lik e lih o o d  c la s s if ic a t io n  d e p e n d s  u p o n  a  

re a s o n a b ly  a c c u ra te  e s tim a tio n  o f th e  m e a n  v e c to r  M  a n d  th e  c o v a r ia n c e  

m a tr ix  X  fo r  e a c h  s p e c tra l c la s s . T h is  in  tu rn  is  d e p e n d e n t u p o n  h a v in g  a  

s u f f ic ie n t  n u m b e r o f tra in in g  p ix e ls  fo r  e a c h  o f th o s e  c la s s e s . In c a s e s  w h e re  

th is  is  n o t s o , in a c c u ra te  e s tim a te s  Of e le m e n ts  o f X  re s u lts , le a d in g  to  p o o r  

c la s s if ic a t io n . W h e n  th e  n u m b e r o f tra in in g  s a m p le s  p e r  c la s s  is  lim ite d  it c a n  

b e  m o re  e f fe c t iv e  to  re s o r t  to  a  c la s s if ie r  th a t  d o e s  n o t m a k e  u s e  o f 

c o v a r ia n c e  in fo rm a tio n .



4 .2 .2  M in im u m  D is tan ce  P e c is io n  R u le

W h e n  th e  n u m b e r  o f t r a in in g  s a m p le s  p e r  c la s s  is  lim ite d  to  h a v e  a  

re a s o n a b ly  a c c u ra te  e s tim a tio n  o f th e  c o v a r ia n c e  m a tr ix  % fo r  e a c h  s p e c tra l 

c la s s , th e  m in im u m  d is ta n c e  (M .D .)  c la s s if ie r  [1 1 ], is  an  a lte rn a tiv e  w h ic h  to  

s b lv e s  th e  p ro b le m  o f th e  M .L . G a u s s ia n  c la s s if ie r . A ls o  M .D . c la s s if ie r  c a n  

b e  u s e fu l w h e n  th e  o th e r  o b je c t 's  p a ra m e te rs  s u c h  a s  c o n te x tu a l fe a tu re s  

( lo c a l s p e c tra l g ra d ie n t)  to g e th e r  w ith  th e  s p e c tra l fe a tu re  a re  u s e d  fo r  d a ta  

C la s s if ic a t io n .

T h e  a s s ig n m e n t o f an  u n k n o w n  p ix e l to  a  c la s s  is  b a s e d  o n  th e  m in im u m  

d is ta n c e  d e c is io n  ru le , w h e re  th e  d e g re e  o f a s s ig n m e n t o f  p ix e l to  e a c h  

o b je c t w o u ld  d e p e n d  on  th e  re la t ive  d is ta n c e  b e tw e e n  th e  o b je c t- fe a tu re  a n d  

e a c h  c la s s - fe a tu re , e s t im a te d  fro m  th e  t ra in in g  s a m p le s  [1 1 ,4 0 ]. W ith  M .D .

c la s s if ie r ,  t r a in in g  d a ta  is  u s e d  o n ly  to  d e te rm in e  c la s s - fe a tu re s  [3 2 ] :  

C la s s if ic a t io n  is  th e n  p e r fo rm e d  b y  p l a c i n g  a h  o b je c t- fe a tu re  (o r

p ix e l- fe a tu re )  i n  th e  c la s s  o f  th e  n e a re s t ciaSS-featurle. L e t Y  be  a n  

u n k n o w n  fe a tu re  a n d  d . ( Y )  be  s u c h  a  d is ta n c e  fro m  c la s s - fe a tu re  o f (0. th e n :

Y e W i <=> 3 i( Y ) < 3 |(Y )  fo r  a ll  H

A s  it w a s  e x p la in e d  in  c h a p te r  tw o , an  o b je c t- fe a tu re  c a n  be  re p re s e n te d  b y  a

th re e - tu p le  (S  , V  , L ), w h e re  S is  th e  s p e c tra l v e c to r , V  is  th e  w ith in  o b je c t
. y . y y . y. . y . ■ ■.' ■ ■

g ra d ie n t  v e c to r ,  L is  th e  s p a tia l- fe a tu re -m a p , a n d  n w ill b e  th e  n u m b e r o f
y y

p ix e ls  in  th e  o b je c t. L e t n. be  th e  n u m b e r o f p ix e ls  w ith in  th e  tra in in g  f ie ld  (L j) 

u s e d  fo r  c la s s - fe a tu re  e s tim a tio n  fro m  c la s s  CO.. T h e n  th e  c la s s - fe a tu re  o f CO.



c a n  b e  re p re s e n te d  b y  th re e  p a ram e te rs  (S . , V . , n . ) w h e re  S j is  th e  e s t im a te d  

c la s s  s p e c tra l v e c to r  a n d  V. is  th e  e s tim a te d  w ith in  c la s s  g ra d ie n t v e c to r .
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t o  in c o rp o ra te  th e  w ith im c la s s  c o n te x tu a l m fo rm a tid n  in to  th e  m in im u m  

d is ta n c e  c la s s if ie r  d e c is io n  ru le ; a  d is c r im in a n t  fu n c tio n  b a s e d  o n  a  n e w  

distance  is  d e fin e d , w h e re  in Lp s p a c e  [3 8 ] th e  g e n e ra l fo rm  o f th is  m in im u m  

d is ta n c e  c la s s if ie r  is d e fin e d  b y  th e  fo llo w in g  e q u a tio n :

a j ’ (Y ) =  ( S1 - S y)p ( 9 |V | +  3yV y) V  ln( v f  ® V * )

T h e  c o e ff ic ie n ts  g a n d  g  a re  d e fin e d  by : 
1 y

g i n. +  ny a n d  g y n. + ny

A g a in  S  a n d  V  a re  d -d im e n s io n a l v e c to rs  a n d  g is  a  s c a la r , In is  th e  n a tu ra l 

lo g a r ith m , a n d  th e  s u p e rs c r ip t T  re p re s e n ts  th a t th e  v e c to r  is  tra n s p o s e d . T h e

s u b s c r ip t  "p "  d e n o te s  th a t  th e  d is ta n c e  is  m e a s u re d  in  th e  Lp s p a c e . T h e  

o p e ra tio n  <8> b e tw e e n  tw o  v e c to rs  V 1 a n d  V 2 is  d e fin e d  b y :

' i ® V 2 =  f l v i * v2

w h e re  th e  s c a la rs  v 1k a n d  V 2k a re  e le m e n ts  o f v e c to rs  V 1 a n d  V 2 re s p e c tiv e ly .

T h e  p o w e r  "p "  o f a  v e c to r  is  d e fin e d  b y  th e  fo llo w in g  re la t io n s h ip  b e tw e e n  

th e ir  c o r re s p o n d in g  e le m e n ts :
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T h is  m in im u m  d is ta n c e  c la s s if ie r  m a y  b e  a tt ra c t iv e  (s p e c ia lly  w h e n  th e  C P U  

tim e  fo r  c la s s if ic a t io n  o f d a ta  be  a  s ig n if ic a n t p a ra m e te r)  s in c e  it is  a  fa s te r  

te c h n iq u e  th a n  th e  m a x im u m  Iike lih iopc l c la s s if ic a t io n :  th e  s p e e d  o f  th is  

c la s s if ie r  is  o rd e r  0 ( d ) ,  h o w e v e r th e  s p e e d  o f th e  M .L  G a u s s ia n  d e c is io n  ru le  

is  o f o rd e r  0 ( d 2). In th e  m a x im u m  lik e lih o o d  c la s s if ic a t io n  e a c h  c la s s  is  

m o d e le d  b y  a  m u lt iv a r ia te  n o rm a l c la s s  m o d e l; h o w e v e r ,  th e  G a u s s ia n  

a s s u m p t io n  is  n o t u s e d  in  th is  m in im u m  d is ta n c e  te c h n iq u e .  N o tic e  th a t  

th o u g h  s e v e ra l g ro u n d  c o v e r  c la s s e s  c a n  be  c la s s if ie d  b y  th is  M .D . c la s s if ie r , 

it m ig h t be  m o re  s u ita b le  to  u s e  th e  M .L . c la s s if ie r  ( th e  M .L . c la s s if ie r  is  

u s u a lly  m o re  a c c u ra te  th a n  th e  M T ). c la s s if ie r) .

In  th e  n e x t s e c tio n  th e  e x p e r im e n ta l te s t  re s u lts  a re  p re s e n te d , w h e re  b o th  

d e c is io n  ru le s  ( th e  M a x im u m  L ik e lih o o d  G a u s s ia n  c la s s i f ie r  a n d  th e  

M in im u m  D is ta n c e  c la s s if ie r )  a re  u s e d  fo r  fe a tu re  c la s s if ic a t io n .



4 .3  E xp erim en ta l R e su lts

In th is  s e c t io n  th e  p ro p o s e d  fe a tu re  e x tra c tio n  te c h n iq u e  is  a p p lie d  to  s e v e ra l 

s e t o f im a g e  d a ta . A s  p re v io u s ly  s ta te d , th e  o b je c tiv e  o f th e s e  e x p e r im e n t is  

to  d e m o n s tra te  th e  v a l id ity  o f th e  u n ity  re la t io n s h ip  a n d  th e  p a th -h y p o th e s is , 

a n d  to  s h o w  th a t  th e  p e r fo rm a n c e  o f  o b je c t- fe a tu re  is  b e t te r  th a n  th e  

p e r fo rm a n c e  o f  p ix e l- fe a tu re  re g a rd le s s  o f  th e  c h o ic e  o f  c la s s if ic a t io n  

d e c is io n  ru le  a n d  th e  tra in in g  se t.

T h e  o r ig in a l o f th e  f irs t M S S  d a ta  s e t (ca lle d  F lig h t- lin e  2 1 0 )  is  c o n ta in e d  on  

L A R S  ta p e  n u m b e r 1 6 5 , f ile  n u m b e r 1, ru n e  n u m b e r  7 1 0 5 3 9 0 0 . T h is  f ile  

c o n ta in s  In d ia n a  a g r ic u ltu ra l d a ta . T h e  d a ta  h a s  12 s p e c tra l b a n d s  (0 .4 6  p m  

to  1 1 .7 0  p m , T a b le  4 .1 )  a n d  w a s  c o lle c te d  b y  th e  U n iv e rs ity  o f  M ic h ig a n  

S c a n n e r. C o rn  B lig h t W a tc h  F lig h t- lin e  2 1 0  w a s  o v e r f lo w n  a t a b o u t n o o n  on  

A u g u s t 1 3 , 1971 fro m  a n  a lt itu d e  o f 5 ,0 0 0  fe e t. T h e  a re a  c o v e re d  w a s  a  

1 .4 x 9 .7  m ile  s tr ip  o f fa rm la n d . T h e re  w e re  2 2 8  s a m p le s /s c a n  lin e  a n d  1161 

s c a n  lin e s - fo r  a  to ta l o f 2 6 4 ,7 0 8  p ixe ls .

T a b le  4.1 F lig h t- lin e  2 1 0  s p e c tra l b a n d s

C h a n n e l S p e c t r a l  B a n d ,  p m

V ;  I 0 .4 6  - 0 .4 9

2 0 .4 8  - 0.51

3  ■ ' 0 .5 0  - 0 .5 4

4 0 .5 2  - 0 .5 7

5  ; 0 .5 4  - 0 .6 0

6 0 .5 8  - 0 .6 5

: . 7  . ■ 0.61 - 0 .7 0

8 0 .7 2  - 0 .9 2

9 1 .0 0 - 1 .4 0

10 1 .5 0 - 1 .8 0

11 2 .0 0  - 2 .6 0

12 9 .3 0 - 1 1 .7 0
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t h e  o r ig in a l o f th e  s e c o n d  M S S  d a ta  s e t (c a l le d  F lig h t- l in e  C -1 )  w a s  

o b ta in e d  fro m  th e  s a m p le d  a n d  q u a n tiz e d  o u tp u t o f a  1 2 -c h a n n e l (0 .4 0  p m  to  

1 .0 0  p m , T a b le  4 .2 ) a irb o rn e  s c a n n e r f lo w n  o v e r  p re d o m in a n tly  a g r ic u ltu ra l 

re g io n s  in  In d ia n a . F lig h t- lin e  C-1 w a s  o b ta in e d  on  2 8  J u n e , 1 9 6 6  a t  1 2 :3 0  

P .M . T h e  a re a  c o v e re d  w a s  a p p ro x im a te ly  4  m ile s  lo n g  a n d  1 m ile  w id e  o f 

fa rm la n d . T h e re  w e re  2 2 8  s a m p le s /s c a n  line  a n d  9 5 0  s c a n  lin e s  fo r  a  to ta l o f 

2 1 6 ,6 0 0  p ix e ls .

r  T a b le  4 .2  F lig h t line  C-1 s p e c tra l b a n d s

C h a n n e l S p e e t fa l  B a n d ,  p m

I 0 .4 0  - 0 .4 4

2 0 .4 4  - 0 .4 6

3 0 ,4 6 - 0 .4 8

4 0 . 4 8 - 0 .5 0

5 0 .5 0  - 0 .5 2

V 1 6 0 .5 2 - 0 .5 5

7 0 . 5 5 - 0 .5 8

8 0 .5 8  - 0 .6 2

9 0 .6 2 - 0 .6 6

10 0 .6 6 - 0 .7 2

11 0 .7 2  - 0 .8 0

12 0 .8 0 - 1 .0 0

T h e  th ird  M S S  d a ta  s e t ha s  7 -c h a n n e l s p e c tra l b a n d s  ( th re e  v is ib le  s p e c tra l 

b a n d s  a n d  fo u r  in fra re d  s p e c tra l b a n d s )  w h ic h  h a v e  b e e n  o b ta in e d  fro m  an  

u rb a n  a re a  a n d  in c lu d e s  th e  O 'H a re  A ir p o r t .  T h is  a re a  h a s  2 5 6  

s a m p le s /S c a n  line  a n d  2 5 6  s ca n  line s  fo r  a  to ta l o f 6 5 ,5 3 6  p ix e ls .

In a d d itio n *  th re e  s in g le -b a n d  im a g e s  w ith  d if fe re n t c o m p le x ity  a re  u s e d  fo r  

e v a lu a tio n  o f fe a tu re  e x tra c tio n  p ro c e s s  b y  s p a t ia l- fe a tu re -m a p  c o m p a r is o n . 

T h e s e  th re e  a re : "c a m p u s -5 1 2 " , w h ic h  c o n ta in s  a  p o r t io n  o f th e  th e  P u rd u e  

c a m p u s  in  th e  v is ib le  s p e c tra l b a n d ; a n d  th e  g ir l ;  a n d  th e  s p a c e  s h u t t le



im a g e . T h e  fo rm e r  c o n ta in e d  5 1 2  x 5 1 2  p ix e ls  a n d  th e  tw o  la tte r c o n ta in e d  

2 5 6  x  2 5 6  p ix e ls .

A s  h a s  p o in te d  ou t , th e  re l ia b ility  a n d  q u a lity  o f fe a tu re  e x tra c tio n  p ro c e s s  a re  

m e a s u re d  in  te rm s  o f o v e ra ll c la s s if ic a t io n  e r ro r ,  fe a tu re  c la s s if ic a t io n  

p e r fo rm a n c e , a n d  s u b je c t iv e  o b je c ts  a p p e a ra n c e . T h e  p e r fo rm a n c e  o f th e  

f ir s t  tw o  e v a lu a to rs  is  h ig h ly  d e p e n d e n t on  th e  a c c u ra c y  o f th e  g ro u n d - tru th -  

m a p . T h u s  in o rd e r  to  m in im iz e  th e  e ffe c t  o f u n re la te d  e r ro r  in  c la s s if ic a t io n  

p e r fo rm a n c e s , th e  f irs t  tw o  e v a lu a tio n s  (O M E  a n d  F C P ) a re  a p p lie d  o n ly  to  

th e  te s t a re a s  w h ic h  h a v e  a  re la t iv e ly  a c c u ra te  g ro u n d - t ru th -m a p  (F ig .4 .3  s e e  

a ls o  a p p e n d ix  B ). H o w e v e r th e  S O A  e v a lu a tio n  is  a p p lie d  to  th e  w h o le  a re a

in a ll o f th e  d a ta  Sets.

4.3 .1  F ea tu re  C la s s ific a tio n  P e rfo rm a n c e

T h e  o r ig in a l p ix e l- fe a tu re s  a n d  th e  c o m p a c te d  o b je c t- fe a tu re s  a re  u s e d  

s e p a ra te ly  to  d e te rm in e  th e  c la s s if ic a t io n  a c c u ra c y  in  e a c h  s p a c e .  T h is  

e v a lu a t io n  is  d o n e  b y  c o m p a r in g  c la s s if ic a t io n  p e r fo rm a n c e  in  th e s e  tw o  

p a r t ic u la r  s p a c e s . T h e  re s u lts  o f e a c h  t r ia l c a n  be  p re s e n te d  in  c o m p a r is o n  

ta b le s ,  w h e re  in  e a c h  ta b le  th re e  d if fe re n t p a ra m e te rs  h a v e  b e e n  c o n s id e re d :

• c la s s if ic a t io n  p e r fo rm a n c e

• c o m p a c tio n  c o e ff ic ie n t

• C P U  t im e  fo r  c la s s if ic a tio n .

T h e  s e t No.1 c o n ta in e d  9 d if fe re n t g ro u n d  c o v e r  c la s s e s  (a p p e n d ix  B ), w h ic h  

th e  12 c h a n n e ls  s p e c tra l im a g e ry  o f th is  a re a  a re  p re s e n te d  b y  F ig .4 .2 .a  a n d  

F ig .4 .2 .b . T a b le s  4 .3  a n d  4 .4  a re  e x a m p le s  o f fe a tu re  e v a lu a t io n  u s in g  tw o



9 0

is  s e le c te d .

. d ifferent agricultural d a ta  s e ts , w h e n  th e  M .L  B a y e s  G a u s s ia n  d e c is io n  ru le

F ig .4 .2 .a  S p e c tra l im a g e ry  o f te s t a re a  s e t WG.1 ch a n n e l-1  to  c h a n n e l-6
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T a b le  4 .3 . F eatu re  perform ance using B ay es -M L  classifier (set N o .1 )

P e r fo rm a n c e o fP ix e I -F e a tU re s

N u m b e r o f F e a tu re s = 3 6 9 ,6 0 0  B y te s  C o m p ac tio n  C o e ffic ie n t =1

T ru e  C la s s ■ N u m b e r o f S a m p le s  C la s s if ie d

T o ta l# C o rn S o y . /Vood W h e . S u d . O ats Pas . H ay N o n % C o rre c t
C o rn 1 0 1 0 4 8 9 4 2 1 0 2 1 4 5 1 4 9 I 2 2 0 2 2 7 2 1 8 8 .5 %

S o y b e a n s 1 2 9 1 0 6 11717 4 8 2 1 0 8 8 8 7 0 1 4 4 8 8 9 0 .8 %
W o o d s 3 8 9 4 1 0 3 2 8 3 0 1 2 0 41 8 4 .3 %
W h e a t 9 4 4 0 8 8 7 3 2 0 2 4 0 9 1 6 3 7 7 .5 %
S u d e x 1 2 1 9 0 1 7 0 0 1 1 7 5 21 0 2 4 9 6 .4 %
O ats 6 0 3 1 1 2 0 8 3  , 5 0 8 0 2 8 4 3 8 4 .2 %

P a s tu re 3 3 9 0 0 0 0 0 0 3 0 7 0 3 2 9 0 .6 %
H av 7 4 6 2 2 1 1 21 3 5 2 0 5 9 2 5 4 7 9 .4 %

N o n farm 3 5 4 6 , 1 7 6 9 1 4 6 8 1 1 1 1 9 8 1 3 1 7 6 8 9 .6 %
T otals 3 0 8 0 0 C

O
C

D

C
D 11936 978 1089 1191 826 318 748 4722 8 9 .2 %

O v e ra ll P e rfo rm a n c e  -  89 .2%  C P U  T im e  =  5 1 5 .2  s e c o n d s

P e rfo rm a n c e  o f O b je c t-F e a tu re s

N u m b e r o f  F e a tu re s = ! 3 ,6 9 2  B y te s C o m p a c tio n  C o e ffic ie n t = 27

T ru e  C la s s N u m b e r o f S a m p le s  C la s s if ie d

T o ta l# C o rn S o y . /Vood W h e . S u d . O ats Pas . H ay N o n % C o rre c t.
C o rn 1 0 1 0 4 9 5 9 2 1 2 3 1 7 6 7 0 6 0 6 6 2 3 3 9 4 .9 %

S o y b e a n s 1 2 9 1 0 2 4 12 4 0 9 2 0 9 7 4 I 2 7 0 T l 1 5 5 9 6 .1 %
W o o d s 3 8 9 0 4 3 8 5 0 0 0 0 0 0 9 9 .0 %
W h e a t 9 4 4 6 11 1 2 8 2 4 0 11 0 0 8 0 8 7 .3 %
S u d e x 1 2 1 9 0 9 0 0 1 1 9 3 1 3 0 3 1 9 7 .9 %
O ats 6 0 3 4 1 0 2 0 5 8 8 0 0 8 9 7 .5 %

P a s tu re 3 3 9 0 0 0 0 0 0 3 3 9 0 0 1 0 0 .0 %
H ay 7 4 6 4 5 0 0 0 9 1 0 6 9 1 0 9 2 .6 %

N o n farm 3 5 4 6 6 9 1 3 6 1 2 9 4 8 2 4 4 0 1 1 8 2 8 6 5 8 0 .8 %
T o ta ls 3 0 8 0 0 9 7 4 0 1 2 6 9 3 6 3 5 1061 1 2 0 2 8 9 0 3 3 9 8 8 9 3342 9 3 .8 %

O v e ra ll P e rfo rm a n c e  =  9 3 .8 % C P U  T im e  =  1 8 .8  s e c o n d s

C o m p a r is o n :

C o m p a c tio n  C o e ffic ie n t.. . .. . .. . .. . .. . .. .

P e rfo rm a n c e  Im p ro v e d ... .. .. .. .... ..

C P U  t im e  sp e e d  up  fa c to r ................................... 5 1 5 /1 8 .8  =  2 7 .4

... .. .. .. .3 6 9 ,6 0 0 /1 3 ,6 9 2  =  2 7 .0

.... . .. . .. . . fro m  8 9 .2 %  to  9 3 .8 %



T a b le  4 .4 . F eatu re  perform ance using B ay e s -M L  classifier (set N o .2 )

P e r fo rm a n c e o fP ix e I -F e a tu re s

N u m b e r o f F e a tu re s = 1 1 5 2 0 0  B y te s  C o m p a c t io n  C o e f f i c ie n t  =1

T ru e  C la s s N u m b e r o f S a m p le s  C la s s if ie d

T o ta l# C o rn S o y . N o o d W h e . S u d . O ats P at. H ay N o n % C o rre c t

C o m 2 4 0 0 2 2 5 0 0 1 4 6 0 0 I 3 0 0 9 4 %

S o y b e a n s 2 4 0 0 0 2 3 2 2 7 6 0 0 1 1 0 0 9 7 %

W o o d s 8 0 0 3 1 7 8 5 5 0 0 0 6 0 9 8 %

W h e a t 8 0 0 1 7 0 11 7 6 7 0 5 0 0 0 9 6 %

S u d e x 8 0 0 0 0 0 0 7 9 1 5 0 4 0 9 9 %

O ats 8 0 0 0 0 9 7 0 7 1 9 6 3 2 0 9 0 %

P astu re 8 0 0 0 0 0 0 0 9 8 7 0 1 1 0 8 7 %

H ay

OOCO 0 2 11 2 0 2 1 5 7 6 8 0 9 6 %

N o nfarm 0 0 0 0 0 0 0 0 0 0 1 0 0 %

T o ta ls 9 6 0 0 2 2 7 0 2 3 2 5 1 0 3 8 7 8 1 7 9 1 8 3 1 7 8 3 7 8 1 0 9 4 .8 %

Q v e r a l i  P e r fo r m a n c e  =  9 4 .8 %  | C P U  T im e  =  2 9 .2 0  s e c o n d s

P e rfo rm a n c e  o f O b je c t-F e a tu re s

N u m b e r o f F e a tu re s= 4 2 3 6  B y te s  C o m p a c t io n  C d e f f i c ie r i t  = 2 7

T ru e  C la s s N u m b e r o f S a m p le s  C la s s if ie d

T o ta l# C o rn S o y . N o o d W h e . S u d . O ats Pa t; H ay N o n % C o rre c t

C o rn 2 4 0 0 2 3 9 1 I 6 0 0 0 2 0 0 100%

S o y b e a n s 2 4 0 0 0 2 3 9 9 0 0 0 0 1 0 0 100%

W o o d s 8 0 0 1 4 1 7 7 8 7 0 0 0 0 0 9 7 %

W h e a t 8 0 0 3 3 0 0 7 6 7 0 0 0 0 0 9 6 %

S u d e x 8 0 0 0 0 Q 0 7 9 2 5 0 0 3 9 9 %

O ats 8 0 0 Q 0 7 2 0 7 6 7 1 8 6 0 9 6 %

P a s tu re 800 0 0 0 O 0 12 7 8 8 0 0 9 9 %

H ay 800 O 7 3 0 0 0 7 7 8 3 0 9 8 %

N o n farm 0 0 0 0 0 0 0 0 0 0 100%

To ta ls 9 6 0 0 2 4 0 3 2 3 2 8 1 2 4 0 7 2 9 7 9 2 8 5 1 7 7 0 4 8 7 0 9 8 .6 %

O v e r a l l  P e r fo r m a n c e  = 9 8 .6 %  C P U  T im e  =  0 .6 7  s e c o n d s
- ■ : ■

C o m p a r is o n :

C o m p a c tio n  C o e ffic ie n t... .. . . ....... . . .1 1 5 2 0 0 /4 2 3 6  =  2 7 .2

P e rfo rm a n c e  Im p ro v e d .... fro m  9 4 .8 %  to  9 8 .6 %

C P U  tim e  sp e e d  up  fa c to r... .. .. ...... 2 2 .2 0 /0 .6 7  =  3 3 .1 3



T o  e s ta b lis h  th e  u n ity  re la t io n ,  th e  s y s te rr i le a rn s  a b o u t th e  fu n c t io n a l 

c o e ff ic ie n ts  s im u lta n e o u s ly  w ith  th e  d a ta  a c q u is it io n  p ro c e s s  b y  m e a s u r in g  

•Ithfifc' qb je< rt/.S p e c tr^ tv g ra d ie n t ;w h ic h ,  is  th e n , n o rm a liz e d  w ith in  a  w in d o w . 

C la s s if ic a t io n  a c c u ra c y  is  d e p e n d e n t  o n  b o th  th e  c la s s if ic a t io n  a lg o r ith m  a n d  

th e  tra in in g  s a m p le  s e t , fu r th e rm o re ,  it is  s lig h tly  d e p e n d e n t  o n  th e  w in d o w  

s iz e , w h ic h  w ill be  in v e s tig a te d  in  th is  s e c tio n . V a r io u s  m u Itis p e c tra l im a g e  

d a ta  a re  u s e d  to  m e a s u re  o b je c t m is p la c e m e n t e r ro r  v e rs u s  s iz e  o f w in d o w

fo r  fu n c t io n a l  a s s ig n m e n t .  T h is  c o r r e s p o n d s  to  d e te r m in in g  fe a tu re  

p e r fo rm a n c e  a s  a  fu n c tio n  o f w in d o w  s iz e  nw . T h e  p e r fo rm a n c e  o f th e

c o m p a c te d  o b je c t- fe a tu re , e x tra c te d  fro m  m u lt is p e c tra l im a g e  d a ta , is  p lo tte d  

in  F ig .4 .4  (u s in g  d a ta  s e t N o .1 )  a n d  F ig .4 .5  (u s in g  d a ta  s e t N o .2 ) , a n d  

c o m p a re d  w ith  th e  p e r fo rm a n c e  o f th e  o r ig in a l p ix e l- fe a tu re s  fro m  th e  s a m e  

s c e n e . v'/.,. .

T h e  g e n e ra l fo rm  o f th e  fu n c tio n a l is  d e fin e d  b y  (se e  s e c tio n  2 .7 ) :

(Y r  X ,) =  (. S l • X , |)T(<x V, +  p  V „ ) '

In  th e  s e c o n d  t r ia l a s  F ig u re  4 .5  s h o w s  tw o  d if fe re n t fu n c tio n a ls  F un .1  a n d  

F u n .2  a re  d e fin e d  fo r  o b je c t- fe a tu re  e x tra c tio n . W h e re  in  th e  f ir s t  fu n c tio n a l 

(F u n .1 )  th e  c o e ff ic ie n t a  a n d  P a re  d e fin e d  by

a  =  0  a n d  p  =  1 if n. <  5 .d

a  =  1 a n d  (3 =  0  o th e rw is e

a n d  in th e  s e c o n d  fu n c tio n a l (F u n .2 )  th e  c o e ff ic ie n t a  a n d  p  a re  d e fin e d  b y



A s F ig .4 .4  an d F ig .4 .5  show  th e  fe a tu re  pe rfo rm an ce  for w in do w  size m ore

th a n  3  line s  is  a lm o s t c o n s ta n t fo r  a  p a r t ic u la r  fu n c tio n a l

2  90

M  L. O b je c t-fea tu re  

M .L . P ix el-fea tu re  

M .D . O b je c t-fe a tu re  

M .D . P ix el-fea tu re

W in d o w  s ize  (div ided by nx)

F ig . 4 .4 . E ffe c t  o f w in d o w  s ize  on  fe a tu re  p e rfo rm a n c e  u s in g  d a ta  s e t .N p .I
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M .L . F u n .1 O b je c t-fe a tu re  

M  L. F u n .2  O b je c t-fe a tu re

M .L . P ix e l-fe a tu re  

M .D . Fun.1 O b je c t-fe a tu re
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-------B -—  M .D . F u n .2  O b je c t-fe a tu re

—  4 - -  M .D . P ix e l-fe a tu re
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I 1 * I " ' I ' ’ I ' ' I “ 1

1 7  2 0  2 3  2 6  2 9  3 2

W in d o w  s ize  (div ided by nx)

E ffe c t o f w in d o w  s iz e  on  fe a tu re  p e rfo rm a n c e  u s in g  d a ta  s e t  N o .2



t h e  c o m p a c tio n  c o e ff ic ie n t  is  d e p e n d e n t  on  th e  d a ta  ty p e , w h e re  th e  m e tr ic  

c o e f f ic ie n t  fo r  fe a tu re  e x tra c tio n  is  a d a p te d  w ith in  th e  w in d o w . T h u s  it is  

e x p e c te d  th a t,  re g a rd le s s  o f th e  d a ta  ty p e  a n d  th e  fu n c t io n a l s p a c e ,  th e  

C o m p a c tio n  c o e ff ic ie n t a ls o  be  a  fu n c tio n  o f th e  w in d o w  s iz e . T h re e  d if fe re n t 

d a ta  s e ts  a re  u s e d  a n d  th e  p e r fo rm a n c e  o f th e  c o m p a c tio n  c o e f f ic ie n t  a s  a  

fu n c t io n  o f w in d o w  s iz e  is  p lo t te d  in  F ig .4 .6 . F ig u re  4 .6 . s h o w s  th e  

c o m p a c tio n  C o e ff ic ie n t is  a lm o s t c o n s ta n t fo r  w in d o w  h e ig h t la rg e r  th a n  th re e

-o——

Fu nctio n al.2  d a ta  set.1  

Functional. I  d a ta  set.1  

F u n ctio n a l.1 d a ta  s e t.2  

F u n c tio n a M  d a ta  se t.3

1 4  1 7  2 0  2 3

W in d o w  s ize  (divided by nx)

F ig . 4 .6 . E ffe c t o f w in d o w  s ize  on th e  c o m p a c tio n  c o e ff ic ie n t u s in g  th re e

d iffe re n t d a ta  s e ts



C la s s if ic a t io n  a c c u ra c y  is  d e p e n d e n t  o n  b o th  th e  c la s s if ic a t io n  a lg o r ith m  a n d  

th e  tra in in g  s a m p le  s e t . It is  o n ly  s lig h tly  d e p e n d e n t  on  th e  w in d o w  s iz e ,  a s  

s e e n  e a r lie r . T h e  o b je c tiv e  o f th is  s e c tio n  is  to  d e m o n s tra te  th e  v a lid ity  o f th e  

p a th  h y p o th e s is  fo r  u n s u p e ry is e d  o b je c t- fe a tu re  e x tra c tio n  a n d  to  s h o w  th a t 

p e r fo rm a n c e  o f  th e  o b je c t - fe a tu r e s  is  b e t te r  th a n  th e  p ix e l- fe a tu r e s ,  

in d e p e n d e n t o f th e  c h o ic e  o f c la s s if ie r  d e c is io n  ru le . O n c e  a n  o b je c t- fe a tu re

is  c la s s if ie d  th e  m e m b e rs h ip  o f p ix e ls  w h ic h  b e lo n g  to  th a t  o b je c t  a re  

d e te rm in e d  s im u lta n e o u s ly , re g a rd le s s  th e  p ix e ls ' lo c a tio n  in  th e  s c e n e .

T h re e  d if fe re n t  s p a c e s  (D ia m o n d  s p a c e , E u c lid e a n  s p a c e ,  a n d  C h e b y s h e v  

s p a c e )  a re  u s e d  s e p a ra te ly  fo r  m in im u m  d is ta n c e  fu n c tio n a l c o n s tru c tio n  to  

i l l t is t r a te  th e  d e g re e  o f m e tr ic  d e p e n d e n c e  in  th e  fe a tu re  c la s s if ic a t io n  

p e r fo rm a n c e  re la t iv e  to  a  m a x im u m  lik e lih o o d  G a u s s ia n  d e c is io n  ru le .

T h e  M D .  d is c r im in a n t  fu n c t io n  in  D ia m o n d  s p a c e  re p re s e n te d  b y  th e  

fo llo w in g  e q u a tio n :

3 , o o ± {
k=1

I s k ; S y k I

Qjv ik +  9 y v yk
+ a, IfKvik) + g . I n ( V l k ) J

In th e  E u c lid e a n  S pace th e  M  D. d is c r im in a n t fu n c tio n  is  d e fin e d  by ;

- \2  ■r-i - ( Sjk -  S k )

3 |(Y ) = X { g V \ n v
; T i  y I ik y Y yk

+ g i l n ( v ik) + gy Iri(Vyk)J

A n d  in th e  C h e b y s h e v  s p a c e  th e  d is c r im in a n t fu n c tio n  is  re p re s e n te d  b y :



- (Y) = ^ P + Qi I n i O ^ y Intv,,)}

T h e  re s u lts  o f o v e ra ll fe a tu re  p e r fo rm a n c e  ( 1 0 0  - O M E  % ) v e rs u s  s e le c te d  

c la s s if ic a t io n  d e c is io n  ru le  in th e  m e tr ic  s p a c e s  a re  p lo t te d  in f ig u re  4 .7  a n d  

F ig .4 .8 . ;

F ig u r e  4 .9  s h o w s  th e  c o m p a r a t iv e  re s u lts  o f  fe a tu r e  c la s s i f ic a t io n  

p e r fo rm a n c e  (F C P ) m a x im u m  lik e lih o o d  G a u s s ia n  d e c is io n  ru le , w h e re , in  

th is  te s t  o n ly  th e  s p e c tra l fe a tu re s  o f o b je c ts  a re  u s e d  fo r  th e ir  c la s s if ic a t io n . 

F ig .4 .1 0  s h o w s  F C P  o f d a ta  s e t No.1 u s in g  m in im u m  d is ta n c e  d e c is io n  ru le  in  

D ia m o n d  s p a c e . F ig .4.11 s h o w s  F C P  o f d a ta  s e t N o.1 u s in g  M .D . d e c is io n  

ru le  in  th e  E u c lid e a n  s p a c e .  F ig .4 .1 2  s h o w s  th e  fe a tu re  c la s s if ic a t io n  

p e r fo rm a n c e  o f d a ta  s e t No.1 u s in g  M D. d e c is io n  ru le  in  th e  C h e b y s h e v  

s p a c e  fo r  c la s s if ic a t io n , w h e re  th e  p e r fo rm a n c e  o f th e  p ix e l- fe a tu re  a n d  th e  

o b je c t- fe a tu re s  a re  p re s e n te d  s e p a ra te ly .

T h e  s a m e  e x p e r im e n t is  d o n e  b y  u s in g  d a ta  s e t N o .2  fo r  c la s s if ic a t io n  o f 

o b je c t- fe a tu re s  (c o m p a c te d  d a ta )  a n d  p ix e l- fe a tu re s  (o r ig in a l d a ta ) ,  a n d  th e  

c o m p a r is o n  re s u lts  a re  p re s e n te d  in  th e  f ig u re s  F ig .4 .1 3 , F ig .4 .1 4 , F ig .4 .1 5  

a n d  F ig .4 .1 6 .



B I !  P ix e l-F e a tu re  

[ 2 3  O b je c t-F e a tu re

2  3

D ecision  R ule N u m b er

D ecis ion  ru le  #1 =  M .L . B ayes  G au ss ian  

D ecision  rule # 2  =  M .D . D iam ond S p a c e  

D ecision  rule #3  =  M .D . Euclidean  S p a c e  

D ecision  rule # 4  =  M .D . C h e b y s h e v  S p a c e

F ig . 4 .7  O v e ra ll F e a tu re  P e rfo rm a n c e  u s in g  d i f fe re n t c la s s if ic a t io n  ru le s

(d a ta  s e t  N o .1 )



H I  P ix e l-F e a tu re  

□  O b je c t-F e a tu re
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D ecision  R ule N u m b e r  

D ecision  ru le  #1 = M .L . B ayes  G a u s s ia n  

D ecision  rule # 2  =  M  D . D iam on d S p a c e  

D ecision  rule # 3  =  M .D . E u c lid ean  S p a c e  

D ecision  ru le  # 4  =  M .D . C h e b y s h e v  S p a c e

F ig . 4 .8  O v e ra ll F e a tu re  P e rfo rm a n c e  u s ing  d if fe re n t  c la s s if ic a t io n  ru le s

(d a ta  s e t  N o .2 )



1 0 3

M L  G a u s s ia n  P ix e l-F e a tu re  

M .L . G a u s s ia n  O b je c t-F e a tu re

4  5  6  7

C Ia s s T y p e N u m b e r

c la ss  #1 =  corn  

cla ss  # 3  =  w o od s  

cla ss  # 5  =  su de x  

cla ss  # 7  =  p as tu re  

cla ss  # 9  =  non-farm

class # 2  =  so y b e a n  

cla ss  # 4  =  w h ea t  

cla ss  # 6  .= o a ts  

cla ss  # 8  =  hay  

c lass # 1 0 W o v e ra ll

Fig, 4 .9  F e a tu re  perform ance using M .L . B ayes G au ss ia n  decision rule

(d ata set N o .1 )



1 0 4

M .D . D ia m o n d  P ix e l-F e a tu re  

M  D . D ia m o n d  O b je e t-F e a tu re

G Ia s s T y p e N u m b e r

c la s s # 1 = c o r n  c lass # 2  =  s o y b e a n  

c lass # 3  =  w oo ds  c lass # 4  =  w h e a t

c lass # 5  =  su de x  c lass # 6  =  o a ts

c lass # 7  =  pasture c lass # 8  =  hay

c lass # 9  =  non -farm  c la ss  # 1 0  =  o vera ll

F ig . 4 .1 0  F e a tu re  p e rfo rm a n c e  u s in g  M .D . D ia m o n d  s p a c e  d e c is io n  ru le

(d a ta s e t  N o. 1)
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M  M .D . E u c lid e a n  P ix e l-F e a tu re  

□  M .D . E u c lid e a n  O b je c t-F e a tu re '

4  5  6  7

C Ia s s T y p e N u m b e r

cla ss  #1 =  corn  ; c la ss  # 2  =  s o yb ean

class  # 3  =  w oo ds  c la s s  # 4  =  w h e a t

cla ss  # 5  =  su d ex  c la ss  # 6  =  o a ts

cla ss  # 7 =  p as tu re  c la ss  # 8  =  hay

c lass # 9  =  non-farm  cla ss  # 1 0  =  o vera ll

Fig. 4 .11 Featu re  perform ance using M .D . Euclidean sp ace decision rule

(d ata set Novi )
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M . D; G h e b y s h e v  P ix e l-F e a tu re  

M .D . C h e b y s h e v e  O b je c t-F e a tu re

4  5  6  7

C lass  T y p e  N um be r

■ cornc lass #1 

c lass # 3  =  w oo ds  

blaB$#5 = Sudex 

c la ss  # 7  =  p as tu re  

c la ss  # 9  =  non-farm

class  # 2  =  s o y b e a n  

class  # 4  =  w h e a t  

class  # 6  =  o a ts  

class  # 8  =  hay  

class  # 1 0  =  OveraII

F ig . 4 .1 2  F e a tu re  p e rfo rm a n c e  u s in g  M .D . C h e b y s h e v  s p a c e  d e c is io n  ru le

.!(d a tase t No. I.)
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M .L . G a u s s ia n  P ix e l-F e a tu re  

M .L . G a u S s ia n  O b je c t-F e a tu re

4  5  6

C la ss  T y p e  N u m b e r

c lass  #1 = c o r n  

c lass  # 3  =  w o od s  

c lass  # 5  =  su d ex  

c lass  # 7  =  p as tu re  

c lass  # 9  =  o vera ll

c la s s  # 2  =  s o y b e a n  

Class # 4  =  w h e a t  

c lass  # 6  =  o a ts  

c lass  # 8  =  hay

Fig. 4 1 3  F eatu re  perform ance using M L. B ayes G au ss ian  decision rule

(d ata set N o .2 )
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I l  M .D . D ia m o n d  P ix e l-F e a tu re  

□  M .D . D ia m o n d  O b je c t-F e a tu re
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C lass T y p e  N u m be r

c lass #1 =  corn  c lass # 2  =  s o y b e a n

c lass # 3  =  w oo ds  c lass # 4  *= w h e a t

c la ss  # 5  =  su de x  c lass # 6  =  o a ts

c lass # 7  =  p astu re  c lass #8  =  hay

c lass # 9  =  o verall

Fig. 4 .1 4  F eatu re  perform ance using M .D . D iam ond space decision rule

(d a ta s e t N o .2 )
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M D .  E u c lid e a n  P ix e l-F e a tu re  

M .D . E u c lid e a n  O b ie c t-F e a tu re
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4 5 6 7
C lass  T y p e  N u m b er

cla ss  #1 =  corn  

class  # 3  =  w oo ds  

cla ss  # 5  =  su de x  

c la ss  # 7  =  p astu re  

class  # 9  =  o vera ll

c la ss  # 2  =  s o yb ean  

c lass # 4  =  w h ea t  

cla ss  # 6  =  o a ts  

class  # 8  == hay

Fig. 4 .1 5  F eatu re  pe rform ance using M .D . Euclidean sp ace  decision rule

(d ata  set N o.2 )
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H  M .D . C h e b y s h e v  P ix e l-F e a tu re  
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3  4  5  6

C lass T yp e  N um ber

class  #1 =  corn  c lass  # 2  =  s o y b e a n

class  # 3  =  w o o d s  class  # 4  =  w h ea t

class  # 5  =  su de x  c lass  # 6  =  o a ts

class  # 7  =  p astu re  c lass  # 8  =  hay

class  # 9  =  overa ll

Fig. 4 .1 6  F eatu re  perform ance using M .D . C h eb ysh ev  sp ace decision rule

(d ata  set N o .2 )



H I

T h e  s p e c tra l fe a tu re  fo r  a  g iv e n  c la s s  is  a  fu n c tio n  o f s u n  a n g le , g ro u n d  s lo p e , 

g ro u n d  m o is tu re , a tm o s p h e r ic  a b s o rp tio n , M S B  in s tru m e n t n o ise , a n d  m a n y  

o th e r  p a ra m e te rs .  T h e re fo re , th e  c la s s if ic a t io n  p e r fo rm a n c e  is  d e p e n d e n t o n  

th e  tra in in g  s a m p le s , e v e n  if th e y  c o m e  fro m  th e  s a m e  g ro u n d  c o v e r  ty p e . B y 

t ra in in g  th e  c la s s if ie r  u s in g  s a m p le s  fro m  th e  d a ta  s e t to  b e  a n a ly z e d  th e  

e f fe c ts  o f  m a n y  o f th e s e  p a ra m e te rs  a re  n o rm a liz e d  o u t. T y p ic a lly , a  to ta l 

tra in in g  s e t f o r a  g iv e n  c la s s  c o n s is ts  o f s e v e ra l s u b s e ts  o f  d a ta ,  w h ic h  a re  

s e le c te d  fro m  v a r io u s  lo c a tio n s  th ro u g h o u t th e  im a g e . H o w e v e r fo r  o b ta in in g  

c o n te x tu a l fe a tu re s  th o s e  p ix e ls  s h o u ld  be  c o n t ig u o u s  in  th e  s q u a re  a re a  

( tra in in g  f ie ld )  w ith  a  s iz e  c o m p a ra tiv e  to  th e  d a ta  d im e n s io n a lity  (n u m b e r o f 

s p e c tra l c h a n n e ls ) .  A ls o , c o n te x tu a l in fo rm a tio n  is  h ig h ly  d e p e n d e n t on  th e  

s e n s o r  a lt itu d e  a n d  s p a tia l re s o lu tio n . S o  th e  n e e d  fo r  tra in in g  s a m p le s  fro m  

th e  s a m e  F lig h t- lin e  is  s ig n if ic a n t.

T w o  t ra in in g  s e ts  a re  s e le c te d  fro m  d if fe re n t  a re a s  in  d if fe re n t  s iz e s . T h e  

s ta t is t ic s  o f  th e  t r a in in g  s e ts  a re  p re s e n te d  in  th e  a p p e n d ix  B . T h e  

p e r fo rm a n c e  o f p ix e l- fe a tu re s  (o r ig in a l d a ta )  a n d  o b je c t- fe a tu re  is  p re s e n te d  

:in-'-:.TaWe\:41,3 i.:vU ;sing^the--;first.':tra in ing.'-;-set,. In th is  e x p e r im e n t  a  s ta n d a rd  

m a x im u m  lik e lih o o d  G a u s s ia n  c la s s if ie r  is  U sed fo r  c la s s if ic a t io n .  F ig u re  4 .1 7  

s h o w s  th e  c o m p a ra tiv e  fe a tu re  c la s s if ic a t io n  p e r fo rm a n c e  (F C P ) u s in g  th e  

f iro t  tra in in g  s e t, w h e re  o n ly  th e  s p e c tra l fe a tu re s  o f o b je c ts  a re  u s e d  fo r  th e ir  

id e n t i f ic a t io n ;T h e  s a m e  e x p e r im e n t  is  d o n e  b y  u s in g  th e  s e c o n d  tra in in g  s e t 

fo r  c la s s if ic a t io n  o f th e  o b je c t- fe a tu re s  (c o m p a c te d  d a ta )  a n d  p ix e l- fe a tu re s  

(o r ig in a l d a ta ) , a n d  th e  c o m p a r is o n  re s u lts  a re  p re s e n te d  b y  F ig .4 .18.



T ra in in g  S e t. 1 P ix e l-F e a tu re  

T ra in in g  S e t.1  O b je c t-F e a tu re

C Ia s s T y p e N u m b e r

class  #1 =  corn c lass # 2  =  s o y b e a n

class  # 3  =  w oo ds  class  # 4  =  w h e a t

class  # 5  =  su de x  c lass  # 6  =  o a ts

class  # 7  =  p astu re  c lass  # 8  =  hay

class  # 9  =  non -farm  class  # 1 0  =  o vera ll

F ig .4 .1 7  F eatu re  perform ance using training set No. 1
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- \

M  T ra in in g  S e t .2  P ix e l-F e a tu re  

E3 T ta in in g  S e t .2  O b je c t-F e a tu re

C lass T y p e  N u m b e r

c lass  #1 =  corn  c la ss  # 2  =  so y b e a n

c lass  # 3  =  w oo ds  c la ss  # 4  =  w h e a t

c lass  # 5  =  su d ex  c la ss  # 6  =  o a ts  V

c lass  # 7  =  p astu re  c la ss  # 8  =  hay

c lass  # 9  =  n on-fa rm  c la ss  # 1 0  =  o vera ll

F ig .4 .1 8  F eatu re  perform ance using training set N o .2



1 1 4

S in c e  th e  c la s s if ic a t io n  p ro c e s s  is  p e rfo rm e d  in th e  fe a tu re -s p a c e  ra th e r  th a n  

in  th e  o b s e rv a t io n -s p a c e , th e  a lg o r ith m  is  m u c h  fa s te r  th a n  c o n v e n t io n a l 

o n e s . T h is  re s u lts  fro m  th e  fa c t th a t th e  s ize  o f fe a tu re -s p a c e  is  m u c h  s m a lle r  

th a n  th e  s iz e  o f p ix e l- fe a tu re -s p a c e . T h e s e  e x a m p le s ' re s u lts  s h o w  th a t d a ta  

re d u n d a n c y  is re d u c e d  by  a  s ig n if ic a n t a m o u n t (in  th is  c a s e , th e  s iz e  o f th e  

fe a tu re -s p a c e  fo r  s c e n e  re p re s e n ta tio n  is  re d u c e d  b y  a  fa c to r  o f 2 7 ) . In 

a d d it io n , th e  a c c u ra c y  o f in fo rm a tio n  e x tra c te d  fro m  th e  o b je c t- fe a tu re s  (a s  

m e a s u re d  by  c la s s if ic a t io n  a c c u ra c y )  is  s lig h tly  g re a te r  th a n  th a t  o b ta in e d  

w h e n  u s in g  th e  o r ig in a l p ix e l- fe a tu re s . It is  b e lie v e d  th a t  th e  c la s s if ic a t io n  o f 

g ro u n d  c o v e r  f ie ld s  u s in g  th e  o b je c t- fe a tu re s  b a s e d  o n  th e  p ro p o s e d  

a p p ro a c h  is  m o re  a c c u ra te  a n d  e ff ic ie n t th a n  th e  p o in t by  p o in t c la s s if ic a t io n  

in  th e  o r ig in a l p ix e l-fe a tu re s .

4 .3 .2  S p a t ia S -F e a tu re - IV Ia p  A p p e a r a n c e

S u b je c tiv e  a p p e a ra n c e  is an  a p p ro p r ia te  c r ite r io n  w h e n  s o m e  o b je c ts  in  th e  

s c e n e  b e c o m e  m o re  im p o r ta n t  th a n  th e  o th e rs  re g a rd le s s  o f th e  s iz e  o f 

o b je c ts . In s u ch  c a s e s  it is o fte n  d if f ic u lt  to  d e fin e  a  m a th e m a tic a l e x p re s s io n  

fo r  a d e q u a te ly  q u a n t ify in g  fe a tu re  q u a l ity . T h e  v is u a l a s s e s s m e n t w ill  b e  

u s e d  fo r  th is  k in d  o f q u a lif ic a t io n  a n d  fo r  e v a lu a tio n  o f th e  a c c u ra c y  o f th e  

c o m p a c tio n  p ro c e s s  in p re s e rv in g  th e  fe a tu re s  o f s m a ll o b je c ts  o r  o b je c ts  w ith  

th e  c o m p le x  b o u n d a r ie s . T h e  o b v io u s  d is a d v a n ta g e  o f th is  c r ite r io n  is  th a t it

is  s u b je c tiv e  ra th e r  th a n  q u a n tita t iv e . T h e  s u b je c tiv e  fe a tu re  e v a lu a t io n  is
; ;

p e rfo rm e d  by  v is u a lly  c o m p a r in g  th e  m ap  o f c o m p a c te d  o b je c t- fe a tu re  (ca lle d



s p a tia l-fe a tu re -m a p ), w ith th e  sp atia l m ap  Of th e  orig in al p ixels  (c a lle d

g ro u n d - tru th -m a p ) . .

A s  it p o in te d  o u t , s in c e  th e  c la s s if ic a t io n  p e rfo rm a n c e  is  d e p e n d e n t  o n  th e  

t r a in in g  s a m p le s  a n d  th e  g r o u n d - t r u th - m a p ,  th e  s p a t ia l - fe a tu r e - m a p  

a p p e a ra n c e  is  a  v a lu a b le  c r ite r io n  fo r  fe a tu re  e v a lu a tio n . A ls o , in  th e  fe a tu re -

m a p  th e re  is  a  s ig n if ic a n t w ith ih -c la s s  in fo rm a tio n  w h ic h  Can be  u s e d  fo r  e v e n

g ro u n d - tru th -m a p  e v a lu a tio n .

S p e c tra l in fo rm a tio n  o f s u rro u n d in g  p ix e ls  is  c o rre la te d  w ith  th e  c e n te r  p ix e l 

u n d e r  c o n s id e ra tio n .  In o b je c t  d e te c t io n  th e  s p e c tra l fe a tu re s  o f a d ja c e n t

p ix e ls  a re  c o n s id e re d  u s in g  n e ig h b o r in g  in fo rm a tio n ; th u s  th e  o b je c t- fe a tu re  

w h ic h  w e  re p re s e n t th e m  in  th is  e x p e r im e n t o n ly  b y  ( S . , L  ) b u ilt  u p o n  b o th

s p e c t ra l a n d  c o n te x tu a l in fo rm a t io n .  T h e re fo re ,  it is  e x p e c te d  th a t  th e

c la s s if ic a t io n  a c c u ra c y  to  be  h ig h e r  b y  u s in g  o b je c t- fe a tu re  ra th e r  th a n  th e  

'- in d iv id u a l. •p jx e l- fP a tu re ''(n 6 tid d  th a t  w e  d id  n o t c o n s id e r  e ffe c t o f  V. in  th e

c la s s if ic a t io n  o f o b je c t- fe a tu re  u s in g  M .L . d e c is io n  ru le ) . F ig .4 .1 9  s h o w s  by  

u s in g  th e  o b je c t- fe a tu re ,  fo r  e x a m p le ,  th e  w h e a t f ie ld ,  w h ic h  is  c irc le d ,

c la s s if ie d  b e t te r  th a n  w h e n  th e  p ix e l- fe a tu re s  a re  u s e d  fo r  its  c la s s if ic a t io n ,

P g  2 0 .

A  te s t  fo r  ro b u s tn e s s  o f th e  p a th  h y p o th e s is  a n d  a c c u ra c y  o f th e  u n ity  re la t io n  

s h o w s  th a t  th e  fu n c t io n a l b a s e d  o n  p a th -h y p o th e s is ,  c a n  d e te c t  a  s in g le  

ra n d o m ly  s e le c te d  p ix e l in  a  re la t iv e ly  la rg e  s o y b e a n  f ie ld  w h ic h  is  re p la c e d  

b y  a  p ix e l fro m  s o m e  O th e r g ro u n d  c o v e r  ty p e s ;  th is  p ix e l is  s h o w n  in  a  

tr ia n g le  in  F ig .4 .1 9  a n d  F ig .2 0 .



F ig . 4 .1 9  C la s s if ic a t io n  m a p  o f o b je c t- fe a tu re s  (d a ta  s e t N 0 .1 )
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F ig . 4 .2 0  C la s s if ic a t io n  m a p  o f p ix e l- fe a tu re s  (d a ta  s e t NO. 1)
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T h e  a p p e a ra n c e  o f an  o b je c t  in  th e  s p a t ia l- fe a tu re -m a p  c a n  b e  in te l l ig e n t ly  

in c o rp o ra te d  in to  th e  fe a tu re  s e le c tio n  s tra te g y  fo r  e x tra c tio n  o f m o re  c o m p le x  

c la s s e s  in  th e  s c e n e . F ig u re  4 .3  s h o w s  th e  o r ig in a l d a ta  g ro u n d  tru th -m a p  

d a ta  s e t N o .1 a n d  F ig .4.21 is th e  c o r re s p o n d in g  s p a tia l- fe a tu re -m a p  o f d a ta  

s e t  N o .1  a f te r  o b je c t- fe a tu re  e x tra c tio n ,  w h ic h  c o n ta in e d  1141 d if fe re n t  

o b je c ts . F ig .4.21 s h o w s  th a t  th e re  is  s ig n if ic a n t  w ith in -c la s s  v a r ia t io n ,  a n d  

th u s  m o re  in fo rm a t io n  a b o u t th e  s c e n e  (e .g ., s o il  ty p e  a n d  v e g e ta t io n  

c o n d it io n )  m ig h t b e  e x tra c te d  th a n  w ill be  a t te m p te d  h e re , p e rh a p s  u s in g  

e v e n  m o re  c o m p le x  fe a tu re s .

It is  o fte n  d e s ira b le  to  d e fin e  b o u n d a r ie s  s h a rp ly  w h ic h  s e p a ra te  a  re la t iv e ly  

lim ite d  n u m b e r  o f o b je c ts  w ith  d i f fe re n t  s p e c tra l fe a tu re s ,  b u t it  is  n o t 

im p o rta n t to  p re s e rv e  th e  in te rc la s s  s c a tte r  in fo rm a tio n  w ith in  th e  b o u n d a r ie s . 

T h e  lo s s  o f in te rc la s s  s c a tte r  in fo rm a tio n  is  ro u g h ly  e q u iv a le n t to  c o n to u r in g  

w ith in  th e  s c e n e  a n d  ig n o r in g  th e  c o n te x tu a l fe a tu re s . T h is  k in d  o f il lu s tra t io n  

is  a  g o o d  to o l fo r  e v a lu a tio n  o f im a g e  d a ta  w h ic h  d o  n o t h a v e  a  g ro u n d - tru th -  

m a p . T o  illu s tra te  th e  v a lid ity  o f th e  u n ity  re la t io n  a n d  th e  p a th -h y p o th e s is  in  

d e f in it io n  o f c o r re c t  b o u n d a r ie s  a n d  a c c u ra c y  o f th e  s p a t ia l- fe a tu re -m a p ,  

s e v e ra l im a g e s  w ith  th e  d if fe re n t c o m p le x ity  a re  use d .

T h e  c a m p u s - im a g e  w ith  th e  s ize  o f 5 1 2  by  5 1 2  is s h o w n  in f ig u re  4 .2 2  w h ic h  

is  m o re  c o m p le x  th a n  th e  la te r  im a g e s . T h e  re s u lts  o f c o m p a c t io n  o f th e  

c a m p u s - im a g e  by  th e  fa c to r  o f 41 is  p re s e n te d  in th e  f ig u re  4 .2 3 . F ig u re  4 .2 4  

is  th e  o r ig in a l g ir l- im a g e  w ith  th e  s ize  o f 2 5 6  b y  2 5 6  p ix e ls , a n d  F ig u re  4 .2 5  

s h o w s  th e  s p a t ia l- fe a tu re -m a p  o f th e  s a m e  im a g e  a f te r  c o m p a c t io n  b y  a  

fa c to r  o f 45 . F ig u re  4 .2 6  s h o w s  re s u lts  o f im a g e  c o m p a c tio n  (s p a tia l- fe a tu re -



m a p ) b y  th e  fa c to r  o f 3 6  u s in g  th e  o r ig in a l s h u tt le - im a g e  w ith  th e  s iz e  o f 2 5 6  

b y  2 5 6  p ix e ls  w h ic h  is  il lu s tra te d  in f ig u re  4 .2 7 .

B y  c o m p a r is o n  o f th e  s p a tia l- fe a tu re -m a p S  o f c o m p a c te d  im a g e s  b y  th e ir  

c o rre s p o n d in g  o r ig in a l im a g e s , th e  a c c u ra c y  o f th e  o b je c t- fe a tu re -e x tra c tio n  

te c h n iq u e  w ill be  c le a r .



1 2 0
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F ig , 4 .21 T h e  s p a tia l- fe a tu re -m a p  o f d a ta  s e t  NO.
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Fig.- 4 .2 3  T h e  s p a tia l- fe a tu re -m a p  o f c a m p u s - im a g e  a f te r  c o m p a c tio n
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F ig . 4 .2 5  T h e  s p a tia l- fe a tu re -m a p  o f g ir l- im a g e  a f te r  c o m p a c tio n
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F ig . 4 .2 7  T h e  s p a tia l- fe a tu re -m a p  o f  s h u tt le - im a g e  a f te r  c o m p a c tio n



C H A P T E R  5

SUMIVtARY A N D  C O N C L U S IO N

In  o rd e r  to  re d u c e  d a ta  re d u n d a n c y  in . m ii l t is p e c t r a l im a g e ry  w e  h a v e  

p ro p o s e d  a  m o d e l, b a s e d  on  a  s c e n e  o b je c t-d e s c r ip t io n ,  fo r  m u lt is p e c tra f 

im a g e  re p re s e n ta tio n . W e  h a v e  d e v e lo p e d  an  o n - lin e  u h s u p e rv is e d  o b je c t-  

fe a tu re  e x tra c tio n  a lg o r ith m  (c a lle d  A M IC A ) w h ic h  d e te c ts  th e  o b je c ts  by 

u s in g  th e  u n ity  re la t io n  b a s e d  on  th e  p a th -h y p o th e s is . T h e  u n ity  re la t io n  

a m o n g  th e  p ix e ls  o f an  o b je c t c a n  b e  d e fin e d  w ith  re g a rd  to  th e : a d ja c e n c y  

re la t io n ,  s p e c tra l- fe a tu re  a n d  s p a t ia l- fe a tu re  c h a ra c te r is t ic s  in  a n  o b je c t.  

A M IC A  u s e s  th e  w ith in  o b je c t p ix e l- fe a tu re  g ra d ie n t  v e c to r  a s  a  v a lu a b le  

c o n te x tu a l in fo rm a tio n  to  c o n s tru c t th e  o b je c t 's  fe a tu re s , w h ic h  p re s e rv e  th e  

c la s s  s e p a ra b i lity  in fo rm a tio n  w ith in  th e  d a ta . B a s e d  on  th e  p a th -h y p o th e s is  

th e  d a ta  re a d  s e q u e n tia l ly  in to  th e  s y s te m  a n d  th e  u n ity  re la t io n  b e tw e e n  a  

c u r re n t  p ix e l a n d  th e  p a th -s e g m e n ts  (o b je c ts  in  th e  o b s e rv a tio n  s p a c e )  a re  

e x a m in e d , th e  c u rre n t  p ix e l m a y  be  m e rg e d  in to  a n  a p p ro p r ia te  o b je c t o r  it 

w i ll in it ia te  a  n e w  o b je c t. A n  o b je c t is  re p re s e n te d  b y  a  re le v a n t  o b je c t-  

fe a tu re  se t. '

. ' - ■ ; t ; • ' • ;

A M IC A  is  im p le m e n te d  to  rea l m u ltis p e c tra l im a g e  d a ta . T h e  p e r fo rm a n c e  o f 

th d  O b je c t-fe a tu re s  is  c o m p a re d  w ith  th e  p e r fo rm a n c e  o f th e  o r ig in a l p ix e l-  

fe a tu re . T h e  e ffe c t o f m e tr ic  s p a c e s , c la s s if ie r  d e c is io n  ru le s , t ra in in g  s e ts  on



th e  p e r fo rm a n c e  o f th e  fe a tu re s  a re  s tu d ie d .  T h re e  d i f fe re n t  e v a lu a t io n  

s tra te g ie s  (o v e ra ll m is p la c e m e n t e rro r, fe a tu re  c la s s if ic a t io n  p e r fo rm a n c e  a n d  

s u b je c t iv e  o b je c t  a p p e a ra n c e )  a re  s e le c te d  fo r  c o m p a r a t iv e  fe a tu re  

e v a lu a t io n  u s in g  th e  p ix e l- fe a tu re s  a n d  th e  o b je c t- fe a tu re s .

T h e  e x p e r im e n ta l re s u lts  in d ic a te  th a t d a ta  v o lu m e  is  re d u c e d  b y  a  s ig n if ic a n t 

a m o u n t  ( th e  s iz e  o f th e  fe a tu re -s p a c e  fo r  s c e n e  re p re s e n ta tio n  is  re d u c e d  by  

a  fa c to r  b e tw e e n  2 0  to  5 0  w h ic h  is  d a ta  d e p e n d e n t) . In  a d d it io n , th e  a c c u ra c y  

o f  in fo r m a t io n  e x t ra c te d  f ro m  th e  o b je c t - fe a tu r e s  (a s  m e a s u re d  b y  

c la s s if ic a t io n  a c c u ra c y )  is  g re a te r  th a n  th a t o b ta in e d  w h e n  u s in g  th e  o r ig in a l 

p ix e l- fe a tu re s . It is b e lie v e d  th a t th e  c la s s if ic a t io n  o f g ro u n d  c o v e r  f ie ld s  in  th e  

fe a tu re -s p a c e  b a s e d  o n  th e  p ro p o s e d  a p p ro a c h ,  is  m o re  a c c u ra te  a n d  

e ff ic ie n t  th a n  th e  p o in t b y  p o in t c la s s if ic a t io n  in th e  o r ig in a l s p a c e .

T h e  c o r re la t io n  a m o n g  th e  a d ja c e n t p ix e ls  in th e  im a g e  d a ta  a p p e a rs  in th e  

fo rm  o f  re d u n d a n c y  in  th e  s p e c tra l-s p a t ia l fe a tu re s . S p e c tra l in fo rm a t io n  o f 

s u r ro u n d in g  p ix e ls  is  c o rre la te d  w ith  th e  c e n te r  p ix e l u n d e r  c o n s id e ra tio n . In 

o b je c t d e te c t io n  th e  s p e c tra l fe a tu re s  o f a d ja c e n t p ix e ls  a re  c o n s id e re d  u s in g  

n e ig h b o r in g  in fo rm a t io n .  T h e re fo re ,  it is  e x p e c te d  th a t  th e  c la s s if ic a t io n  

a c c u ra c y  to  be  h ig h e r  b y  u s in g  o b je c t- fe a tu re  ra th e r  th a n  th e  in d iv id u a l p ix e l-  

fe a tu re . T h e  im p ro v e m e n t o f th e  c la s s if ic a t io n  p e r fo rm a n c e  is  a  c o n s e q u e n c e  

o f  in c o rp o ra tio n  o f th e  s p a t ia l in fo rm a tio n  in  th e  o b je c t- fe a tu re  e x tra c tio n  

d e c is io n  ru le ; h o w e v e r, in a d d it io h  tb  th a t, it c o u ld  be  a ls o  a  c o n s e q u e n c e  o f 

c o m p le x ity  re d u c tio n  b y  d a ta  c o m p a c tio n  (H u g h e s ' p h e n o m e n o n ).



S in c e  th e  c la s s if ic a t io n  p ro c e s s  is  p e rfo rm e d  in  th e  fe a tu re -s p a c e  ra th e r  th a n  

in  th e  o b s e rv a t io n -s p a c e , th e  a lg o r ith m  is  m u c h  fa s te r  th a n  c o n v e n t io n a l 

o n e s . '

T h e  o b je c t  a p p e a ra n c e  in  th e  fe a tu re -m a p  c a n  b e  in c o rp o ra te d  (b y  v is u a l 

a s s e s s m e n t)  in to  th e  fe a tu re  s e le c tio n  s tra te g y  fo r  e x tra c tio n  o f m o re  c o m p le x  

o b je c ts  in  th e  s c e n e ,

A M IC A  c a n  be  u s e d  a s  a  b o u n d a ry  f in d in g  a lg o r ith m  b y  u s in g  th e  s p a tia l-  

fe a tu re -m a p . It ha s  b e en  im p le m e n te d  to  f in d  b o u n d a r ie s  in  th e  p ic tu re s  (e .g ., 

f ig u re  o f s h u t t le ) a s  w e ll a s  fo r  m u ltis p e c tra l im a g e ry . In th is  c a s e  th e  fe a tu re -  

m a p  c a n  be  u s e d  fo r  fu r th e r  p ra c tic a l a p p lic a tio n  s u c h  a s  d e te c t io n  a n d  

re c o g n it io n  o f o b je c ts  to  re p la c e  th e  h u m a n  v is io n  s y s te m , in  th e  a u to m a tic  

o b je c t  re c o g n it io n .

In s u m m a ry ,  A M IC A  h a s  b e e n  u s e d  a d v a n ta g e o u s ly  o n  tw o  p ro b le m s  

c o n c e rn in g  fe a tu re  e x tra c tio n  a n d  c o m p re s s io n  o f m u lt is p e c tra l re m o te ly  

s e n s e d  im a g e  d a ta . It a p p e a rs  th a t  th e  p ro p o s e d  o b je c t- fe a tu re  e x tra c tio n  

p ro c e s s , fo r  o n - lin e  re d u n d a n c y  re d u c tio n  in th e  s c e n e  re p re s e n ta t io n ,  h a s  

s e v e ra l a d v a n ta g e s  o v e r  m o s t o f th e  c o n v e n tio n a l te c h n iq u e s .

• T h e  p e r fo r m a n c e  w ith  th e  o b je c t - fe a tu r e s  c a n  p r o v id e  a n  

im p ro v e m e n t in c la s s if ic a t io n  a c c u ra c y  in s te a d  o f a n y  d e g ra d a tio n .

• T h e  p ro c e s s  is  s u b s ta n t ia l ly  c a p a b le  fo r  t r a c k in g  th e  c o m p le x  

b o u n d a r ie s .
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T h e  fe a tu re  e x tra c tio n  p ro c e s s  d o e s  n o t re q u ire  a n y  p r io r  in fo rm a tio n  

s u c h  a s  s ta t is t ic a l p ro p e r t ie s  o f th e  s c e n e , d is tr ib u tio n , s h a p e  a n d  s iz e  

o f th e  o b je c t, o r  n u m b e r a n d  ty p e  o f c la s s e s  in  th e  s c e n e : th e  p ro c e s s  

is  in  th is  s e n s e  c o m p le te ly  u n s u p e rv is e d . T h e re  is  o n ly  a  v e ry  w e a k  

d e p e n d e n c e  on  th e  w in d o w  s ize .

T h e  p ro c e s s  a l lo w s  s u b s ta n t ia l f le x ib i l i t y  fo r  c h o o s in g  fe a tu re s .  

D e p e n d in g  o n  th e  d e s ire d  in fo rm a t io n ,  d if fe re n t  a t t r ib u te s  c a n  b e  

e m p h a s iz e d  o r  d e -e m p h a s iz e d  b y  s e le c t io n  o f  a n  a p p ro p r ia te

fu n c tio n a l in  th e  m e a s u re -s p a c e .

T h e  ih fo rm a tib h  e x tra c tio n  p ro c e s s  d o e s  n o t n e e d  to  b e  p re c e d e d  b y  

a  d a ta  d e -c o m p a c tio n .

♦ T h e  c o m p a c tio n  p ro c e s s  is  n o t ite ra t iv e  a n d  m a y  b e  im p le m e n te d  on  

b o a rd  th e  s e n s o r  p la tfo rm , i.e . th e  p ro p o s e d  o b je c t- fe a tu re  e x tra c tio n  

c o u ld  b e  c a r r ie d  o u t  b e fo re  t ra n s m it t in g  th e  im a g e  d a ta  to  th e  

re c e iv in g  te rm in a l. In th is  c a s e , a  re d u c tio n  o f th e  t ra n s m is s io n  ra te , 

a n d , c o n s e q u e n t ly ,  th e  re q u ire d  t r a n s m it t in g  b a n d w id th  is  a ls o  

a c h ie v e d .  O f c o u rs e ,  th is  s o lu t io n  re q u ire s  a n  in c re a s e  in  th e

p ro c e s s in g  c a p a b il it ie s  a t th e  s a te llite  b o rn e  te rm in a l, b u t th e  p re s e n t 

t r e n d  o f  V L S I d ig i ta l m ic ro e le c t ro n ic s  a n d  d e v e lo p m e n t  in  th is  

te c h n o lo g y  s u g g e s ts  th is  a p p ro a c h  a s  a  te c h n ic a lly  fe a s ib le  s o lu t io n  

in  th e  fu tu re . In th is  c a s e , th e  u n s u p e rv is e d  o b je c t- fe a tu re  e x tra c tio n  

p ro c e s s  c a n  be  illu s tra te d  in  F ig . 5.1 a s  an  in te r fa c e  b e tw e e n  th e  d a ta

a c q u is it io n  s y s te m  a n d  th e  te le c o m m u n ic a t io n  s y s te m , w h ic h  o b je c t-



fe a tu re s , ra th e r  th a n  p ix e l- fe a tu re s , a re  u s e d  fo r  d a ta  tra n s m is s io n  a s  

w e ll a s  d a ta  a rc h iv in g , d is tr ib u tio n  a n d  in fo rm a tio n  e x tra c tio n .

Data
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U n c e rta in ty

It is  im p o rta n t to  re a liz e , re g a rd le s s  o f th e  s im ila r i ty  m e a s u re  s e le c te d , th a t 

th e  m e a s u re m e n ts  a re  no t p re c is e  a n d  th e re  is  a lw a y s  s o m e  u n c e r ta in ty  in 

th e  o b s e rv a tio n s . T h e  e ffe c t o f th is  u n c e r ta in ty  s h o u ld  be  c o n s id e re d  in  th e  

s e le c tio n  p f a  s y s te m  o f m a th e m a tic a l m o d e ls . T h e re  a re  s e v e ra l s o u rc e s  o f 

u n c e r ta in ty , a n d  s in c e  th e  ty p e  o f u n c e r ta in ty  in v o lv e d  in  o u r  a p p ro a c h  w ill 

e ffe c t  th e  c h o ic e  o f th e  s y s te m  m o d e l, it is im p o rta n t to  d is t in g u is h  b e tw e e n  

th e m . T h e  m a in  s o u rc e s  o f u n c e r ta in ty  in s y s te m s  a re  as  fo llo w s :

In a c c u ra te  m e a s u re m e n ts : In e x a c t m e a s u re m e n ts  c a n  c a u s e  u n c e r ta in ty  in 

m o d e ls  o f p h y s ic a l p ro c e s s e s  w h ic h  a re  a b s o lu te ly  d e te rm in is t ic . F o r  

e x a m p le ,  m e a s u r e m e n t  a c c u r a c y  o f  a  c e r ta in  a m o u n t  o f  

e le c t ro m a g n e t ic  ra d ia t io n  e n e rg y  b y  th e  s e n s o r , re g a rd le s s  o f th e  

q u a l ity  o f th e  s e n s o r  s y s te m , d e p e n d s  on  th e  n u m b e r o f d ig it iz e d  g ra y -  

■ le v e ls .

R a n d o m  o c c u rre n c e s : If th e  o u tc o m e  o f a  p h y s ic a l p ro c e s s  is  b e lie v e d  to  be  

ra n d o m , re g a rd le s s  o f th e  m e a s u re m e n t a c c u ra c y , th e re  is  a n o th e r  

ty p e  o f u n c e r ta in ty . T h e re  is an  e le m e n t o f c o n c e rn  a b o u t th e  e v o lu tio n  

o f th e  p ro c e s s  w h ic h  is  u n a ffe c te d  by  e n v iro n m e n ta l im p re c is io n . F o r  

e x a m p le , w ith d ra w in g  o n ly  o n e  s e e d  fro m  a  b o x  c o n ta in in g  a  m ix tu re  

o f 5 0 %  w h e a t a n d  5 0 %  o a t h a s  tw o  e q u a lly  lik e ly , m u tu a lly  e x c lu s iv e  

o u tc o m e s  (O a t o r  W h e a t)  p e r  e a c h  t r ia l.  T h u s  th e  e v o lu t io n  o f a  

s e q u e n c e  o f id e n tic a l a n d  in d e p e n d e n t t r ia ls  o f th is  e x p e r im e n t c a n  

n o t b e  p re d ic te d  w ith  c e rta in ty . M o d e ls  o f p ro c e s s e s  w h ic h  e x h ib it  th is  

k in d  o f u n c e r ta in ty  a re  c a lle d  s to c h a s tic  o r  p ro b a b ilis t ic  m o d e ls . F o r a



fa ir  m ix tu re  o f th e  oa t a n d  w h e a t, w e  h a v e  th e  a  p r io r  id e a  th a t  th e  

p ro b a b il ity  o f e a c h  o u tc o m e  is  e q u a l to  0 .5 ; h o w e v e r, th is  v a lu e  w ill 

c h a n g e  to  z e ro  o r  o n e  a fte r  th e  tr ia l w a s  d e te rm in e d .

V a g u e  d e s c r ip t io n s : T h e re  is  an  e le m e n t o f u n c e r ta in ty  w h ic h  is  n o t c a u s e d

b y  m e a s u re  e r r o r  n o r  b y  ra n d o m  o c c u r re n c e .  A s s u m e  th a t  a ll 

m e m b e rs  o f a  s e t P a re  d e te rm in is t ic  a n d  f ix e d .  L e t Xr  b e  a

d e te rm in is t ic  m e m b e r o f P. T h e re  is  u n c e r ta in ty  in  th e  d e te rm in a tio n  o f 

th e  s e t o f a ll m e m b e rs  fro m  P w h ic h  a re  s im ila r  to  Xr  b e c a u s e  o f

v a g u e n e s s  in th e  s im ila r i ty  c r ite r io n . N e ith e r  a  d e te rm in is t ic  m o d e l n o r  

a  S to c h a s t ic  m o d e l is  s u ita b le  fo r  th is  p h y s ic a l s itu a t io n ,  w h ic h  

m a n ife s ts  a  s o u rc e  o f n o n -s ta t is t ic a l U n c e r ta in ty  o r  fu z z in e s s .  In a  

d e te rm in is t ic  s e t e v e ry  e le m e n t h a s  a  p re c is e ly  d e f in e d  c r ite r io n  o f 

m e m b e rs h ip  e q u a l to  e ith e r  z e ro  o r  o n e . In th e  c a s e  o f a  fu z z y  s e t th e  

c la s s  o f o b je c ts  h e e d  n o t n e c e s s a r ily  e ith e r  b e lo n g  o r  n o t b e lo n g  to  

th is  c la s s .  H e re  e a c h  o b je c t  m a y  h a v e  in te rm e d ia te  g ra d e s  o f 

m e m b e rs h ip , ra n g in g  fro m  z e ro  to  o n e . It is  im p o rta n t to  re a liz e  th a t th e  

c la s s  m e m b e rs h ip  is  f ix e d  a n d  w ill n o t c h a n g e  e v e n  a f te r  th e  tr ia l w a s  

d e te rm in e d . '
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D ata S ta tis tic

T e s t a re a  D a ta  s e t N 0 .1  c o n ta in in g : 

N u m b e r o f lin e s /fra m e  =  2 2 0

N u m b e r o f p ix e ls / lin e  =  140

NumberbfohaoOois = 12

D a ta  s e t NQ .1 te s t a re a  c la s s  s ta t is t ic

( I la s s  ty p e P o s c r ip t io n
. . . V"- -v- ■

#  o f p ix e ls P o rc e n ta g e

t :- ' , c T :  1 C o rn 1 0 1 0 4 3 3 %

s  ' 2 .7 .. S o y b e a n s 1 2 9 1 0 4 2 %

f 0  :: W oods 3 8 9 1 .3 %

D  w  . " ’4 . W h e a t M 4  " 3 .1 %

x 5
; , - ■. . . .  • ■ .

S u d e x 1 2 1 9 3 .9 %

0 • 6 ■ O a ts 6 0 3 2 %

7 - ? T p ;  7  " P a s tu ro 3 3 9 1 .1 %

h 8 H a y 7 4 6 2 ,4 %

t ^ ' . A  9 N o n -F a rm 3 5 4 6 1 1 .5 %
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A p p e n d ix  G! 

Prbgrahni fo r A M iC A

1 4 8

*

*

* * * * * * * * * * * * * *  * * * * * * * * * *  * * ,* * * * * * * *  * * * * * * * * * * * * *  * * * * * * * * *  * * * * * *

T h is  pro ge ra m  tesfethe U nity R e lation  *

to  ex tra c t o b je c t-fe a tu re s , fo r s c e n e  rep re sen ta tio n . * 

i f j h , W n ib e r  of ch a tte ls  (d im ens io na lity ). *

h y  n u m b er of lines in th e  scen e  *

n x n u m b er o f p ixels  per scan  line

nwg higth of w ind ow = 2  x nw

gH  H orizo nta l p ix e l-fea tu re  G ra g ie n  

g V  V ertic a l p ix e l-fea tu re  G ra g ie n t

g H V  D ia g o n a l p ix e l-fe a tu re  G rag ien t

inputs :

D a ta  in B IL  fo rm at:

o u tp u ts :

' s p a tia l-fe a tu re -m a p ; A D R S  =  L j
' o b jec t-fea tu re s ; F e a tu re  (X = S j)

Ir * * * * * * * *  iir * * * * * * * * * * * * * *  *  *  *  *  * * * * * *  *  *  * * * * * * * * * * * * * * * * * * * *  *  *  *  * *  *  *  *

*  ' '

*

’*

p k r ^ e ite r (h h W t2 ,^

p a ra n ie te r (n w g = 2 v^

. WH(nhfnwg)fwY(nhf̂ ^̂  '.

X (n h )lW (h h tp ^ , ^ ) lA p ^ S '(n x >n rp )ta d k (n x l3).bufk(.hx)' ;

ip ie g e r d m in (n xf3 ) ,D IS ld is 1,d is 2Id is3.d is 4,d is5  

In teger b u fa (3 *n x ),a 1 1a 2 fa 3 ,a 4 ,a 5 (a rm n Ia d lt,a , fdr.uo pen  

in teger V (h h ,h x )IV (n h Inx)IS (n h Inx )IN(nx) 

ch arac te r* 1 scen(nx)  

real X1 (n h),tim (2 ) 

f d r»u o pe n (' F 2 10 ',3 8 4 )

* *  fd r« u b p e n ('d ata /FL G 1  ’,3 8 4 )

fd r *u o p e n (,d a ta /F U C 2 ,I38j4) .

* *  fd r -u o p e n ( ‘d 'a fa /FLC 3*,38 4)

* *  fd r- u b p e n(,d a ta /F L C 4 ,f3 8 4 )

p p e n (1 0 J ile = *F E A T U R E )

O p e n ( I I fI i I e - tA D R S t)

*****************************************<

* ,  Initiation of the Functional C oeffic ients
*******************************************************

* 1 . 1 0 0  ih -1 ,n h

;■-.SSWhiWfjp
w V ( ih , lw ) .0  .

call U read(Idr1S re n 1Iix )j^ i  ^

W (ih fixfiw )= icha r(sc en(ix )) 

W (ih ti x , ^ W ( t h j x . ^ ,<^ X ,W )' lt' ° ) /

W (  h ‘ 1 \ )) ^ ( ^ • '^ - '^ ( ih . i w ) + i a b s ( W ( i h , i x fiw)-

S f(iw .ne.i) w V(ih ,iw )»w V (ih ,iw )+ iab s(V V(ih ,ix fiw)-

Vy(IhlKfIwt))
1110

1 10 0

100 0

1210

120 0

continue ,
W R (jh fiW + n w )-w H (ih fiW)

cintlBiie

m s & > -
WV(ififnw+1 )=toV(ihfnw)

U B s -
do 12t0iwig-1friWg

g H (ih ) -g H ( ih )+ vvH(ihflwg)

;g V (ih )-g V (ih )+ w V (ih fiWg)

con tinue

1220

1 2 3 0

s u m F f-0  

s u m V iO  

db 12 2 0  ih -1 ,hh  

iu m H -e u m H + g H ( ih )

s u m V -s u m V + g V (ih )  

con tinue y  . 

if (surnH .If.surhV) then

do 1 2 3 0  ih -1  fnh

' g s * H,w
else

do 1 2 4 0  ih - t .n h  

g H V ( ih ) -g V ( ih )  . 

continue

1 3 0 0

1 2 4 0

*****,*************'* '********* '*******************'********

* 8 e g m e h a ta tib n  of th e  First Sc an  L ine *
*******************************************************

do 1& X) I k - I  frix 

b u fk ( ik )-0  

continue

Ik = I ; ;

k5«ik

b u fk (ik )- ik  v  

ik -lk +1

A d R S (1 f1 ) -k 5  

a d k (1 ,1 )» k 5  

JM (K S)-I ; 

db  1 4 0 0  ih -1  fnh 

; S (ih fk 5 )= W (ih f1f1)

V (ih fk 5 )» 0  

Y (ih fk 5 ) - W ( ih t1f i )  

continue  

do 1 50 0 ix -2 ,n x  

do 1 5 1 0  ih -1  fnh 

X ( ih )-W (ih tix ,1)  

con tinue ;

d is 1 -D IS (n x y ,V (1  fk 5 )f^ ( t ; k 5 ) fN (k 5 ) fX ;g N fnh) 

if (d is t. le .n h ) then  

A D R S (ix f1)»k 5

8 d k (ix f1 ) .k 5  

N (k 5 )-N (k 5 )+ 1  

do 1 5 2 0  ih -1 ,  nh

S (ih fk 5 ) - S ( ih fk 5 )+ X (ih )  

y (i^ k 5 )« y ( ih ;k 5 )+ ia b s (Y ( ih fk5 )-X (ih ))  

Y ( ih ,k 5 )-X ( ih )

t o : " * ”  . ■
k 5 - ik

bufk(ik )—ik

ik -k + 1  . . .  . . .

A D R S (ix ,1 )-k 5

a d k (ik .i )—k 5

N (K S )-I

do  1 5 3 0  ih -1  fnh

S ( ih ,k 5 )-X ( ih )

1 5 1 0

1 5 2 0



1 4 9

V (ih ,k 5 )» 0

Y ( ih ,k 5 )-X ( ih )

1 5 3 0  continue

endif

1 5 0 0  con tinue  

a - k 5  

' Ia -O  

iy -2

iyi-i .;.
Iy 2 -n rp

iy 3 -n rp

ib f-2

Ib f1 -1  V 

ib f2 -3
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

: Se gm en ta tio n  of the  R e st of S c en e
t******************************************

goto  201
* *4*4*4«**+*444* **+ **4*444*«*

* C a s e  # 3  *
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *

S ( ih ,k 2 )-S ( ih ,k 2 )+ X (ih )

V (ih fk 2 )*V (ih ,k 2 )+ ia b s (Y (ih ,k 2 )-X ( ih ))

Y ( ih ,k 2 )-X ( ih )

con tinue

*****************

i -1

iw -n w

iw 1« n w -1

iw g -n w g

n n p -n y -n w + 1

t1 -e tim e (t im )

t1 -t im (1 )

do  2 9 9 9  ip «2 ,n y

i-1 + m o d (i,n w )

if(ip .gLnnp) goto  101

a 3 -A D R S (ix 2 ,iy 1 )  

k 3 » ad k(ix 2 ,ib f1 )  

if(k3 .e q .k2 ) d is 3« d is 2  

if(k3.eq .k 2) goto  1 0 5

d is 3 -D IS (n x y ,V (1  fk 3),S (1  fk 3 ) ,N (k 3 ) ,X ,g H V fnh) 

If(dis3.g t.nh) goto 1 05

A D R S (ix ,iy )« a 3

adk (ix ,ib f)« k3

N (k 3 ) -N (k 3 )+ 1

do  131 ih «1 ,n h

S (ih ,k 3 )» S (ih ,k 3 )+ X (ih )

V (ih tk 3 )*V (ih ,k 3 )+ ia b s (Y (ih ,k 3 )-X ( ih ))

Y ( ih ,k 3 )-X ( ih )

con tinue

goto 201  
*♦*♦*♦+»«*«**♦*+*+«*+*«**+++**++»+*«**♦*♦+++

**« * * * * * *4*4* ********<

C o m p uting  th e  Functional C oeffic ients

iw -1 + m o d (iw ,n w )  

iw 1 » 1 +n x> d (iw 1 ,n w )  

iw g - 1+m o d (iw g .n w g )  

do  2 1 0 0  ih - l . n h  , 

call urea d(fd r,s cen ,n x)

do  2 1 1 0  ix«1,nx  

W (ih ,ix ,iw )-ic h a r(s c e n (ix ))  

if(W (ih,ix,iw ).lt.O)

105 1

W (ih ,ix ,iw )*W (ih ,ix ,iw )+ 2 5 6  

' ' * * * '  contii

W V (ih ,iw g j= 0

2 1 1 0

w H (ih ,iw g )« 0

con tinue

W (ih jx 1 fiw))

W (ih fix ,iw 1)) -i 

2 1 2 0

do 2 1 2 0  ix«2,nx  

ix 1 -ix -1

w H (|h J w g )= w H (ih jw g )+ ia b s (W (ih fix ,iw j-

w V fih .iw gJ -w Vfih .iw gJ + ia b sfW fih .ix .iw )-

g H ( ih ) -0

g V ( ih ) -0

con tinue

2 1 3 0

2 1 0 0

2 1 4 0

2 1 5 0

do 2 1 3 0  itg« 1,nw g  

g H (ih )-g H (ih )+ w H (ih ,itg )  

'g V (lh )-g V (lh )-fw V (ih .l tg ) . 

continue

Continue

s u m H -0

s u m V -0

do 2 1 4 0  ih « 1 tnh

su m H « s u rn H + g H (ih )

s u m V -s u m V + g V (ih )

con tinue

if(surnH .lt:sum V) then

do 2 1 5 0  ih -1 ,n h

g H V (ih )« g H (ih )

con tinue

C a s e  # 5  
* * * * * * * * * * * * * * *

if(ia .g t.0)then

a 5 « b u fa (ia )

ia - ia -1

else

a -a + 1

a 5 - a

endif

if(bufk(ik).eq .0)then  

k5 « ik  

bufk(fc )« ik  

ik«1+ m od (ik ,n x)  

. f la g k -1  

else

jk » 1 + m o d (ik ,n x )

« « ,( '■ ■ ***
if(fla gk .eq .0 j goto  1051

/  A D R S (ix ,iy )» a 5  

ad k (ix ,ib f)« k5  

N (k 5 ) -1  

do 151 ih -1 ,n h  

S (ih ,k 5 )= X (ih )  

V (ih ,k 5 )« 0  V 

Y (ih ,k 5 )= X (ih )  

con tinue  

d is 5 « m in 0 (d is 2 ,d is 3 )  

if(d is S .le .n h m x)th en  

if(d is2.e q .d is5 ) then

endif

e lse

em
*****************************************************************

ndif

d m in(ix ,fo fj« 2

d m in (ix ,ib f)«3

dm in (ix ,ib f)=5

Labelling  n o n -E d g e  P ixels  of th e  S c en e

* * * * * * ******************

do 2 1 6 0  ih -1 ,n h  

g H V (ih )= g V (ih )

2 1 6 0  con tinue

-.--‘Oftclif************** ****************************** *********** 
Labeiiĥ th First Column of the Scene

* * * *4* + * * * * *« * * * * * * * * * * *4* *4* * * * * * * * * * * * * * * * * * * * * * * * * * *

101 ix -1

110  
\ ******

Ix 2 - ix + 1  

do 1 1 0  ih -1 ,h h  

X (ih )» W (ih ,ix ,i)  

con tinue
,*********************

Case #2 *
**************

a 2 « A D R S (ix ,iy l)  

k 2 -a d k (ix ,ib f1 )

d is 2 -D IS (n x y ,V (1  ,k 2),S (1  ,k 2 ) ,N (k 2 ),X ,g V fnh) 

If(d is2.g t.nh) goto  10 3

A D R S (ix ,iy ) -a 2  

ad k(ix ,lb f)« k2  

^  N (k 2 )-N (k 2 )+ 1

do 121 ih «1,nh

■********************************<

201 do 2 0 0  ix «2,nx-1

" ix l« ix -1

ix2«ix+1  

do 2 1 0  ih -1 ,n h  

X ( ih )-W (ih ,ix fi)

2 1 0  . continue
**************************** ■

. • C a s e # 1  ' * '  •'
****************************  .

a l -A D R S f ix  1tiy) 

k 1 » ad k(ix 1 ,ib f)

d is 1 -D IS (n x y jV (1 fk 1 ) ,S (1 ,k 1 ),N (k 1 ) ,X IgH ,nh )  

a 2 *A D R S (ix ,iy 1 )  . •

/  k 2 -a d k (ix ,ib f  1) 

if(k1 .eq .k2 ) then  

d is 2 -d is 1  

. . .  e lse -

d is 2 « D IS (n x y ,V (1 ,k 2 ) ,S (1 ,k 2 ),N (k 2 ) ,X ,g V ,n h )

endif

d is 5 -m in 0 (d is 1 ,d is 2 )  

if(dis5.g t.nh) g o to .2 0 3  

if(d is5.e q .d is1 ) then

A D R S (ix , iy ) - a t  

ad k (ix ,ib f)-k 1  

if(N (k 1).g t.n m ax ) goto  3 2
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151

end lf
* * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

C a s e  # 6  •
+**+«+***«***4+>«*«++*«♦*«*+< 

2 0 6

d m in fix ,ib f)«5

lf(ip .e q .2 ) goto  2 0 0  

a d lt« A D R S (ix 1 ,iy 1 )  

k d l t -a d k ( lx i . ib f l)  

if(N (k d lt) .e q .1 ) thbn  

if la g -0

if(d m in (ix 1,ib f1 ).e q .1 ) then  

if( ix 1-1 .e q .0 ) print *, 'E R R O R  1',ix1 tip-1

a rm n -A D R S fix  1-1 ,iy 1)  

krm h« a d k (ix 1 -1 ,ib f1 )  

e lse if(dm in (ix 1t ib f1 ).e q .2)  then

a r m n -A D  R S fix  1 ,iy2) 

k rm n -a d k (ix 1 ,lb f2 )  

e ls e iffd m in fix l, Ibf 1 ).e q .3 ) then

a rm n -A D R S fix ,iy 2 )  

k rm n -a d k fix ,ib f2 )

. e lse iffd m in fix l,ib f1 ).e q .4 J  then  

; if ( ix l -1 .eiq.O) print y  E R R O R  4 ', 1x1 fip-1

a rm n -A D R S (ix  1 -1 tiy2) 

k rm n -a d k (ix 1 -1 ,ib f2 )  

e ls e iffd m in fix l,ib f1 ).e q .5 ) then  

if l a g - 1

' '  e ls e

prin t ‘ ,V . ip - l . ' ix ' . ix l . 'd m in ’.d m in fix l. ib flJ .'N '.N Ik d lt)  

endif

iffiflag.eq.O) then

if(N fk rm n ).e q .l)  then

N (k rm n )= 2

do  261 ih - l .n h

S (ih ,k rm n )« 2 *S (ih ,k rm n )

continue

endif

3 0 4  a 4 -A D R S fix 1 ,iy 1 )

k 4 -a d k (ix 1 ,ib f1 )

. . if(k4 .e q .k2 ) d is4 «d is 2  

if(k4.eq .k 2) goto  3 0 5  

' if(k4 .e q .k1 ) d is 4 -d is 1  

if(k4.eq .k 1) goto  3 0 5

d is 4 -D IS (n x y ,V (1  fk 4 ),S (1  ,k 4 ),N fk 4 ),X ,g H V ,n h )

4 if(d is4.g t.nh) goto  3 0 5

A D R S (ix , iy ) -a 4  

a d k (ix ,ib f)-k 4  

N (k 4 ) -N fk 4 )+ 1  

? do  341 ih - i ,n h

;  S ( ih ,k 4 )-S ( ih ,k 4 )+ X (ih )

V (ih ,k 4 )-V ( ih ,k 4 )+ ia b s (Y (ih ,k 4 )-X (ih ))

Y (ih ,k 4 )« X (ih )

341 con tinue

goto 3 0 6

C a s e  # 5

3 0 5

3 0 5 1

ik -k d lt

b u fk (ik )« 0

a d k (ix 1 ,ib f1 )-k rm n

A D R S (ix l,iy 1 )« a rm n

ia #ia +1

b u fa (ia )« a d lt

endif

end if

2 0 0  con tin ue
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  - 

*  L a b e iin g th e la s tC o iu m n o fS c e n e

ix -n x

ix l- ix -1

d o 3 1 0 ih « 1 ,n h  

X ( Ih )-W fih  ,ix,i)

3 1 0  con tinue
***************************** ;

C a s e  #1 *

a 1 -A D R S f ix  1,iy) 

k 1 -a d k (ix 1 .ib f)

d is 1 -D IS (n x y IV (1 ,k 1 ) fS (1 9k 1 ).N (k 1 )fX lg H fnh) 

if(d is l.g t.n h ) goto 3 0 2

A D R S (ix ,iy )« a 1

adk (ix ,ib f)«k1;

N fk 1 )« N (k 1 )+ 1  

do 311 ih -1 ,n h  

S f ih ,k 1 )-S ( ih ,k 1 )+ X fih )

V (ih ,k1  )-V (ih ,k 1  )+ ia bs(Y (ih ,k1 J-X fih )) 

Y (ih ,k 1 )-X ( ih )  

con tinue  : /

if(ia.gt.O) then  

, a 5 -b u fa ( ia )  :

ia - ia -1  

else  

a -a + 1  

a 5 « a  

endif

if(bufkfik).eq .O )then  

k 5 - ik  

bu fk fik )« ik  

ik -1 + m o d (ik ,n x )  

f la g k -1

• e lse

ik»1+ m od (ik ,n x)  

f  Ia g k -O

endif

if(flagk.eq .O) goto  305 1

A D R S (ix , iy ) -a 5  

. adk (ix ,ib f)= k5

N (k 5 ) -1

, do  35 1 ih -1 ,n h

S ( ih ,k 5 )-X ( ih )

V f ih ,k 5 ) -0

Y ( ih ,k 5 )-X f ih )

1 con tinue

d is 5 « m in 0 (d is 1 ,d is 2 ,d is 4 )  

iffd is5.le .nh m x) then  

iffd is1.eq .d is5 ) then

dm infix ,ib f)«1

e lse if(d is2 .e q .d is5 ) then

dm infix .ib f)—2

: e lse

d m in fix ,ib f) -4

endif

e lse

d m in fix ,ib f) -5

en d #

C a s e  # 6
*4* *4* *«44+*4* * * * *4*+44+44++«

if( ip .eq .2) goto  2 0 0 0  

do 3 6 0  i6 -1 ,2

goto  3 0 6

.444444444'

3 0 2

C a s e  # 2  • . *;
********************

a 2 -A D R S (ix iy 1 ) :  

k 2 « a d k (ix ,ib f1 )  

if(k 2 .e q .k 1 ) d is2«dis1  

if(k2 .e q .k1 ) goto  3 0 4

d ^ -D IS fn xy .V fl.i^ J.S fl.^ ^ N fl^ j.X .g V .n h ) 

if(d is2.g t.nh) goto  3 0 4

A D R S (ix ,iy ) -a 2  

adk fix .ib f)—k2  

; N (k 2 )« N (k 2 )+ 1

do 3?1 ih«1,nh  

S fih ,k 2 )« S (ih ,k 2 )+ X fih )

V f ih ,k 2 )-V ( ih ,k 2 )+ ia b s (Y  (ih ,k 2)-X (ih ))

Y f ih ,k 2 )-X ( ih )

continue

goto  3 0 6

C a s e  # 4

ix 1 -n x -(2 - i6 )  

a d lt-A D R S (ix 1 ,iy 1 )  

k d lt -a d k f ix l . ib f l)  

if(N fk d lt) .e q .l)  then  

i f la g -0

if(dm infix  1 ,Sbf 1 ) .e q  • 1). then

a rm n -A D R S fix 1 ^ 1  , iy i )  

k rm n « a d k (ix 1 -1 ,ib f1 )  

e ls e iffd m in fix l,ib f1 ).e q .2 ) then

a rm n -A D R S fix  1 ,iy2)  

k rm n« ad k(ix 1,ib f2 )  

e lse iffd m in fix l ,ibf I ) . e q .3 ) then  

iff ix i+ l.g t .n x )  print 1E R O R R

a rm n « A D R S (ix 1 + 1 ,iy 2 )  

k rm n «a d k(ix 1+ 1 ,ib f2 )  

e ls e iffd m in fix l,ib f1 ).e q ,4 ) then

a rm n -A D R S fix  1 -1 ,iy2) 

k rm n -a d k fix 1 -1  ,ibf2) 

e ls e iffd m in fix l,ibf 1 ).e q .5 ) then  

if l a g - 1 

else

prin t V iy * ,ip -1 .,ix,,ix1,,dm in ,,d m in fix 1 ,ib f1 ),,N ‘,N (k d lt) 

endif

iffifiag.eq.O) then

if(N fk rm n ).e q .l)  the n  

N fk rm n )-2  

do  361 ih—1,nh  

S (ih ,k rm n )-2 *S (ih ,k rm n )



1 5 2

361 continue

endif

a d k (ix 1 ,ib f1 )-k rm n

ik -k d lt

bu fk (ik )« 0

A D ftS (ix 1 ,iy 1 )= a rm n

ia - la + 1

b u fa (ia )= a d lt

endif

endif

3 6 0  con tinue

* T ra n s m ittin g th e F e a tu re s
* * * * * *  * **  * * * * *  * * * * * * * *  * * * * * * *  * **  * **  * * * * * * * *

lx—1

40 1 ix -0

4 1 0  ix -ix +1

if(A D R S (lx Jy 2) .e q .A D R S (ix ,iy 1) ) then  

Ix - Ix + 1 

lx—1

if(lx.gt.nx) ix -n x

endif

if(ix .lt.nx) goto 4 1 0  

if(lx .gt.nx) goto 2 0 0 0  

i f la g -0  

if(lx .g t.1)then

do 4 2 0  ix=1,lx-1

if(A D R S (ix ,iy 2 ).e q .A D R S (ix tiy2)) ifla g-1  

4 2 0  continue

endif

if(iflag.eq.O) then  

a 5 » A D R S (lx ,iy 2 )  

k5 « ad k (lx ,ib f2 )  

ik»k5  

bufk(ik )—0  

do 4 3 0  ih -1 ,n h

X (ih )= n in t(flo at(S (ih ,k 5))/f lo at(N (k 5)))

4 3 0  continue

w rite (1 0 ,* ) a5  

w rite (1 0 ,* )X  

endif  

lx -lx +1  

goto  401

2 0 0 0  iy -1 + m o d (iy ,n rp )

iy 1 -1 + m o d (iy 1 ,n rp )

iy2«1+ rriod (iy 2 ,n rp )

ib f« 1+m od(ib f,3 )

ib f1 »1 +m o d (ib f1 ,3 ) ,

ib f2 =1 +m od (ib f2 ,3 )

if(ip .ge.nrp) then

iy 3 -1 + m o d (iy 3 ,n rp )

do 4 5 0  ix=1,nx  

ij= A D R S(ix ,iy3 )

ID = 3 2 + m o d (ij,9 5 )

Sc en(ix )= ch ar(ID )

4 5 0  continue

w rite (1 1 ,* ) (A D R S (ix ,iy 3),ix «1 ,n x)

endif

2 9 9 9  continue  
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

P ro c e s s in g th e la s t lin e  * 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

do 3 1 0 0  ix -1 ,n x  

a d lt-A D R S (ix ,iy 1 )  

k d lt-a d k (ix .ib f l)  

if(N (kd lt) .e q .1)  then  

i f la g -0

if(<Jm in(ix,tof1).eq.1) then  

if( ix -l.eq .O ) print \  'E R R O R  VJ xiIp -I

a rm n = A D R S (ix -1 ,iy 1 )  

k rm n -a d k (ix -1 ,ib fl)  

e ls eif(d m in (ix ,ib f1 ).e q .2)  then

a rm n -A D R S (ix ,iy 2 )  

krm n=a dk (ix ,ib f2)  

elseif(dm in (ix ,ib f,1).eq .3) th en

a rm n « A D R S (ix + l,iy 2 )  

krm n= ad k(ix +1 ,ib f2 )  

e lse if(dm in (ix ,ib f1 ).e q .4)  then  

if(ix-1 .eq.O) print * ? 'E R R O R

a rm n = A D R S (ix -1 ,iy 2 )  

krm n« ad k(ix-1 ,ib f2)  

e ls eif(d m in (ix ,ib f1 ).e q .5)  then

if lag=1  

else

prin t V iy 1J p - V ix ', ix ,'dm in ,,dm in (ix ,ib f1 ),,N ,l N(kdlt) 

endif

if(iflag.eq.O) then

if(N (krm n).e q .1)  then

N (k rm n )-2

do 3 1 1 0  ih -1 ,n h

S (ih ,k rm n )-2 *S (ih ,k rm n )

3 1 1 0  con tinue

endif

adk (ix ,ib f1 )= krm n

ik -k d lt  

bufk (ik )—0

A D R S (ix ,iy 1 )-a rm n

ia -ia + 1

b u fa ( ia )-a d lt

endif

endif

3 1 0 0  continue
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* Transm itting  the  Fea tu re s
********************************************

lx—1

30 0 1  ix -0

3 2 0 0  ix-ix+1

if(A D R S (lx .iy 2 ).e q .A D R S (ix ,iy 1 )) then  

lx -lx +1  

ix -1

if(lx .gt.nx) ix -n x

endif

if(ix .lt.nx) goto 3 2 0 0  

If(lx .gt.nx) goto 3 0 0 2  

if la g -0  

if(lx .g t.1)then

do 3 2 1 0  ix -1 ,lx -1

if (A D  R S (lx , iy 2 ).e q . A D  R S  (ix, iy2)) if la g = 1 

3 2 1 0  continue

endif

if(iflag.eq.O) then  

a5 = A D R S (lx ,iy 2 )  

k5 = ad k(lx ,ib f2 )  

do 3 2 2 0  ih -1 ,n h

X(ih )« n in t( flo a t(S (ih ,k 5 ))/f lo a t(N (k 5 )))

3 2 2 0  con tinue

w rite (1 0 ,* ) a 5  

w rite (1 0,*) X  

endif 

lx -lx+1  

goto 300 1

3 0 0 2  ik -1  

b u fk (ik )= A D R S (1 ,iy 1)  

k 5 -a d k (1 ,ib f1 )

do 3 2 3 0  ih -1 ,n h

X (ih )« n in t( flo a t(S (ih ,k 5 ))/f lo a t(N (k 5 )))

3 2 3 0  continue

w rite (1 0,*) bufk(ik) 

w rite (1 0 ,* )X  

do 3 3 0 0  ix -1 ,n x  

iflag -1

do 3 3 1 0  Ik - 1 , ik

if(A D R S (ix ,iy1  ).e q .b u fk (lk)) i f la g -0  

3 3 1 0  con tinue

if(iflag .e q .1 )th en  

ik -ik+1

bu fk(ik )—A D R S (ix ,iy 1 ) 

k 5 -a d k (ix ,ib f1 )  

do 3 3 3 0  ih»1,nh

X (ih )-n in t(f lo a t(S (ih ,k 5 )) /flo a t(N (k 5 )) )

3 3 3 0  continue

w rite (1 0 ,* ) bufk(ik) 

w rite (1 0 ,* ) X  

endif

3 3 0 0  continue

do 5 0 0  iy =2,nrp  

iy 3 -1 + m o d (iy 3 ,n rp )

do 5 1 0  ix -1 ,n x  

ij= A D R S(ix ,iy3 )

ID - 3 2 + m od (ij, 9 5 )  

s c e n (ix )= c h a r( lp j

5 1 0  con tinue

w rite (1 1 ,*) (A D R S (ix ,iy 3),ix =1  ,nx)

5 0 0  con tinue

stop 

end
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

* Functional No.1 *

function D IS (n w ,V ,S ,n ,X ,T ,n h )

in te ger D IS ,V (n h ),S (n h ),X (n h ),T (n h ),n ,n h ,n w

a - 0 .0

if(n 'g t.100 ) then  

do 2 0  1 -1 ,nh

a « a + a b s ((S ( l) -(n *X (l)) ) /f  Ioat(V (I)J)

2 0  con tinue

else

do 10  1 -1 ,nh

a = a + a b s (((S (l) /f lo a t(n ))- f lo a t(X ( l) ) )* (n w /f lo a t(t( l)) ) )



1 5 3

con tinue

endif

D lS -n in t (a )

return

Fun ction al N o .2

function  D IS 2 (n w ,V ,S ,n fX ,T lnh)

in te ge r D IS ,V (n h ),S (n h ),X (n h )fT (n h ),n ,n h ,n w

a » 0 .0

b -1 .0 /f io a t(n + 2 4 )  

c -2 4 y flo a t(n w *(n + 2 4 ))  

do 10  1-1 , nh

a -a + a b s (((S ( l) /f lo a t(n )) -f lo a t(X (l)) ) /(b *V (l)+ c *T ( l)) )

con tinue

D !S -n in t (a )

return

end



V IT A



M o h a m m a d  H a s s a n  G h a s s e m ia n  Y a z d i w a s  b o rn  on  M a y  2 3 , 1 9 5 6 , in  

M a s h h a d , Ira n . H e  g ra d u a te d  fro m  T e h ra n  C o lle g e  o f T e le c o m m u n ic a t io n ,  

T e h ra n ,  Ira n , in  M a y  1 9 6 0 , re c e iv e d  th e  B .S .E .E . d e g re e  in  c o m m u n ic a t io n  

e n g in e e r in g ,  a n d  w a s  a w a rd e d  th e  D is t in g u is h  S tu d e n t H o n o re e : h ig h e s t 

G .P .A . a v e r  o b ta in e d  a t th e  u n iv e rs ity  u p  to  th e  p re s e n t ,  M a y  1 9 8 8  

(3 .9 4 /4 .0 0 ) .  T h e n  he  w a s  e m p lo y e d  b y  IT R C  ( Ira n  T e le c o m m u n ic a t io n  

R e s e a rc h  C e n te r)  a s  a  c irc u it  d e s ig n e r  a n d  re s e a rc h  a s s is ta n t  in  th e  d ig ita l 

s w itc h in g  s y s te m  lab . O n e  o f h is  w o rk s  a t IT R C  w a s  d e s ig n in g  a  n e w  P B X  

s y s te m  w h o s e  o p e ra t io n  a n d  q u a l ity  is  d is t in c t  f ro m  c o n v e n t io n a l P B X  

s y s te m s . A f te r  p a r t ic ip a t io n  in  th e  d e s ig n in g  a n d  d e v e lo p m e n t o f  b i lin g u a l,  

F a rs s i/L a tin , c o m p u te r  te rm in a ls  w ith  M E R C  (M a te r ia l a n d  E n e rg y  R e s e a rc h  

C e n te r) , he  e n te re d  th e  g ra d u a te  s c h o o l o f E le c tr ic a l E n g in e e r in g  a t P u rd u e  

U n iv e rs ity  in th e  F a ll o f 1983 .

H e  re c e iv e d  th e  M .S .E .E . d e g re e  fro m  P u rd u e  U n iv e rs ity , W e s t L a fa y e tte , IN , 

in  D e c e m b e r  19 84 . S in c e  th e  F a ll o f 1 9 8 5  he h a s  b e e n  a  te a c h in g  a s s is ta n t 

a n d  la te r  a  re s e a rc h  a s s is ta n t a t th e  P u rd u e  S c h o o l o f E le c tr ic a l E n g in e e rin g . 

H e  ,c o m p le te d  w o rk  to w a rd  h is  P h .D . d e g re e  in  e le c tr ic a l e n g in e e r in g  w ith  

re s e a rc h  in te re s ts  in  p a tte rn  ,re c o g n it io n  a n d  d a ta  p ro c e s s in g  fo r  re m o te  

s e n s in g  s y s te m s , m u lt id im e n s io n a l d ig ita l s ig n a l p ro c e s s in g ,  a n d  s ig n a l 

re p re s e n ta tio n .

H e  m a r r ie d  M is s  S h o k o u h  F an i in  M a y  19 8 0 . T h e y  h a v e  th re e  d a u g h te rs : 

S a ra h  s ix , M a rya m  f iv e , a n d  E h s a n e h  tw o  y e a rs  o ld .
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