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UNSUPERVISED SPATIAL CLUSTERING WITH SPECTRAL DISCRIMINATION

CHAPTER I  

INTRODUCTION

The o b je c tiv e  o f t h i s  r e s e a rc h  i s  th e  co n v ers io n  o f rem o te ly  sensed  

d a ta  in to  u s e fu l  in fo rm a tio n  re g a rd in g  th e  lo c a t io n  and d i s t r i b u t i o n  o f 

v a r io u s  c la s s e s  o f i d e n t i f i a b l e  .ea rth  o b s e rv a tio n  f e a tu r e s .  The rem o te ly  

sensed  d a ta  i s  c o l le c te d  from a p la tfo rm , which may be an a i r p la n e ,  a 

s h ip ,  a b a llo o n  o r a s a t e l l i t e .  The se n so rs  used  g e n e ra lly  c o l l e c t  

e le c tro m a g n e tic  r a d ia t io n  in  s p e c if ie d  w avelength  i n t e r v a l s  (m u lt i-  

s p e c t r a l  and therm al s c a n n e rs , o th e r  ty p e s  o f ra d io m e te rs ,  and m u ltiband  

p h o to g rap h y ), echo r e tu rn s  ( s id e  lo o k in g  a e r i a l  ra d a r  and so n ar) and 

m agnetic f i e l d  in fo rm a tio n  (m agnetom eter), to  name a  few. The c o l le c te d  

d a ta  may be an a lo g , d i g i t a l  o r  a  ph o to g rap h ic  im age; and th e  d a ta  i s  

fo rm a tted  such th a t  a  one to  one correspondence i s  p re se rv e d  betw een 

th e  ground scene and th e  d a ta ,  a s  in  an a e r i a l  ph o to g rap h . The d a ta  

i s  th en  analyzed  to  d e te rm in e  what f e a tu r e s  can be e x tra c te d  from th e  

d a ta  and to  determ ine  th e  lo c a t io n  and th e  d i s t r i b u t i o n  o f  th e se  

f e a tu r e s .  Examples of f e a tu r e s  could  be crop ty p e s ,  d is e a se d  c ro p s , 

bo d ies  o f w a te r , w a te r p o l lu t io n  and lan d  ty p e s . M u ltitu d e s  o f o th e r  

ty p es  o f f e a tu r e s  e x i s t .  As p r e s e n t ly  u se d , th e r e  a re  th r e e  m ain ty p es  

o f f e a tu r e  e x t r a c t io n  m ethods, w hich w i l l  be deno ted  by human photo

1



2

i n t e r p r e t a t i o n ,  su p e rv ise d  com puter f e a tu r e  e x t r a c t io n ,  and u n superv ised  

com puter f e a tu r e  e x t r a c t io n .  The f i r s t  two f e a tu r e  e x t r a c t io n  methods 

in v o lv e  human su p e rv is io n  and judgm ent a f t e r  th e  f a c t ,  w hereas th e  

t h i r d  method does n o t pe rm it any change o f c r i t e r io n  from datum to  

datum . The u n su p erv ised  com puter f e a tu r e  e x t r a c t io n  method i s  based 

e n t i r e ly  on a  lo g ic a l  s e t  o f m a th em atica l r u le s  designed  to  e x t r a c t  th e  

f e a tu r e s  p re s e n te d  in  th e  rem o te ly  sensed  d a ta .  T his r e p o r t  d is c u s s e s  

th e  th re e  m ost commonly used ty p e s  o f f e a tu r e  e x t ra c t io n  methods and 

p re s e n ts  a r e c e n t ly  developed com puter program  fo r  u n superv ised  f e a tu r e  

e x t r a c t io n .



CHAPTER II

SYNOPSIS ON FEATURE EXTRACTION

The most u n iv e rs a l  method of f e a tu r e  e x tra c tio n  i s  th e  c l a s s i c a l

a r t  of photo  in t e r p r e ta t io n .  This a r t  i s  p r im a rily  a p rocess of v is u a l

in s p e c t io n  and s u b je c t iv e  a n a ly s is  by a tra in e d  human o b se rv e r, and i t

h as  been g r e a t ly  enhanced by a v a r ie ty  o f  in s trum en ts  and machines

( s te r e o  v ie w e rs , m ic ro d en s ito m e te rs , a u to p lo t te r s ,  f a ls e  co lo r image

enhancem ent, e t c . ) .  The hum an's r o le  in  t h i s  ta s k  i s  to  su b je c tiv e ly

combine v is u a l ly  a c q u ire d  in p u ts  r e l a t i n g  to  s p a t i a l  p ro p e r t ie s ,  c o lo r ,

te x tu r e  and tem poral phenomena to  id e n t i f y  and c la s s i fy  o b je c ts  in  th e  

1 2  3ground scen e . ’ ’ In  perform ing  th i s  ta sk  th e  human ex e rc ise s  a

s o p h is t ic a te d  a b i l i t y  to  combine v a r io u s  types of d a ta  and draw 

co n c lu sio n s  as to  in fo rm a tio n  s u b t l e t i e s  p re s e n t. As an example of t h i s  

s o p h is t ic a t io n ,  co n s id e r th e  land  u se  c l a s s i f i c a t i o n s ,  "p as tu re"  and 

"improved p a s tu r e ."  Improved p a s tu re  i s  p a s tu re  th a t  i s  surrounded by a 

fe n c e , b u t from an a e r i a l  pho tograph , fen ces  a re  o f te n  d i f f i c u l t  to  

o b serv e . Grazing an im als , however, develop  th e  h a b it  of walking along 

th e  fen ce s  and th e  photo in t e r p r e te r  m erely  has to  look fo r  a brown path  

su rround ing  a green  f i e l d .  The most obvious and se r io u s  inadequacy of 

photo  i n t e r p r e ta t io n  i s  th e  amount o f manpower and tim e needed to  

an a ly ze  la r g e  volumes o f d a ta  r e s u l t in g  from rem ote sensing  oh a la rg e  

a re a  s c a le .

3
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Because o f t h i s  inadequacy, more and more em phasis i s  be ing  p laced  

on develop ing  computer techn iq u es  fo r  an a ly z in g  la rg e  volumes o f 

rem o te ly  sensed  d a ta . P re sen t computer tech n iq u es  a re  designed  to  

e x p lo it  th e  s p e c t r a l  in fo rm atio n  of imagery o r o f s p e c t r a l  scanners  f o r  

e x tra c t in g  in fo rm a tio n . One approach to  t h i s  te ch n iq u e  i s  to  use a  d a ta

bank. The u se  o f a  d a ta  bank assumes th a t  an o b je c t o r an a re a  of

s u f f i c i e n t  dim ensions in  th e  ground scene to  be considered  homogeneous 

p o sse sse s  a unique s p e c t r a l  s ig n a tu re .  The s p e c tr a l  s ig n a tu re s  a re  

produced by re c o rd in g  th e  re tu rn e d  energy (combined r e f le c te d  and 

r a d ia te d  e lec tro m ag n e tic  energy) in  each o f  a number o f narrow  and

d is c r e t e  w avelength  in t e r v a l s .  The d a ta  bank would co n ta in  p re s to re d  o r

e m p ir ic a lly  d e riv e d  s t a t i s t i c s  on th e  s ig n a tu re s  o f known o b je c ts  o r i t  

would c o n ta in  th e  a b i l i t y  to  model and a n a ly t ic a l ly  c a lc u la te  what a 

g iven  s ig n a tu re  should be.

The d i f f i c u l t y  w ith  t h i s  techn ique  i s  th a t  th e re  i s  a p p re c ia b le

v a r i a b i l i t y  in  th e  s ig n a tu r e s ,  which i s  due to  n a tu ra l  tem poral changes

as  w e ll as man-made changes. In  p r a c t ic e ,  t h i s  v a r i a b i l i t y  i s  ev id en t

even fo r  re p e a te d  o b se rv a tio n s  in  which g re a t  c a re  i s  taken  to  m a in ta in

c o n s ta n t sun a n g le , view ing a n g le , cloud co v er, am bient tem p era tu re  and

h um id ity , in s tru m en t c a l ib r a t io n ,  e tc .  T his v a r i a b i l i t y  can be

a t t r ib u t e d  to  a la rg e  degree  to  a la c k  o f m icro sco p ic  homogeneity

between g ro s s ly  id e n t ic a l  o b je c ts  o r sp e c ie s  in  two d i f f e r e n t  ground

scen es . For exam ple, no two le av es  of d ise a se d  corn  w i l l  appear e x a c tly

th e  same, and no two rows of corn w i l l  be a rray ed  e x a c tly  th e  same o r be

surrounded by th e  same c o lo r  o f ground exposed between th e  s t a lk s .  Thus,
4
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A nother s e r io u s  drawback to  t h i s  te ch n iq u e  i s  th e  amount o f computer 

memory re q u ire d  to  s to r e  a l l  p o s s ib le  s ig n a tu re s  and t h e i r  v a r i a t io n s ,  

and a p r o h ib i t iv e  amount o f computer tim e re q u ire d  to  compare an 

unknown s p e c t r a l  s ig n a tu re  w ith  a l l  p o s s ib le  s ig n a tu re s  s to re d  in  th e  

d a ta  bank, u n le ss  a ta b le  look  up p rocedu re  can be u se d .^

The n ex t approach to  be d e sc r ib e d  i s  p robab ly  th e  most p o p u la r and 

w idely  used com puter f e a tu r e  e x t r a c t io n  te c h n iq u e . This approach  has 

been developed e x te n s iv e ly  a t  Purdue U n iv e rs i ty ,^  and many r e la te d

te c h n iq u e s '^  and improvements have been d e riv e d  from t h i s  approach .

This te ch n iq u e  w i l l  be c a l le d  th e  su p erv ised  c l a s s i f i c a t i o n  tech n iq u e  

s in c e  i t  r e q u ir e s  human su p e rv is io n  f o r  th e  s e le c t io n  o f t r a in in g  a re a s ,  

which u l t im a te ly  de te rm in e  th e  number and types  o f f e a tu r e s  to  be 

e x t r a c te d ,  as w e ll as th e  accuracy  o f c l a s s i f i c a t i o n .

In  o rd e r to  d e s c r ib e  t h i s  te c h n iq u e , i t  w i l l  be n e c e ssa ry  f i r s t  to  

d e s c r ib e  th e  d a ta  c o l le c t io n  and fo rm a ttin g , as w e ll as to  develop  th e  

m athem atical n o ta t io n  fo r  o p e ra tin g  on th e  d a ta .  A m u l t i s p e c t r a l  scanner 

i s  g e n e ra lly  used fo r  th e  d a ta  c o l le c t io n .  The scan n er i s  a monochromator 

w ith  a d e te c to r  a r ra y  fo r  re c o rd in g  th e  r e f le c te d  and e m itted  r a d ia t io n  

from th e  ground in  d i f f e r e n t  w avelength  in t e r v a l s .  The monochromator i s  

mounted in  an a i r c r a f t  and th e  r o ta t in g  m irro r  scans th e  ground scene as 

th e  a i rp la n e  f l i e s ,  p roducing  an analog s ig n a l  as shown in  F ig u re  1. I f  

th e  d e te c to r  a r ra y  c o n ta in s  n d e te c to r s ,  th en  n s im u ltaneous s ig n a ls  o r 

channe ls  o f d a ta  a re  reco rd ed  f o r  th e  same ground scen e . The analog  

d a ta  i s  th en  d ig i t i z e d  and reco rded  on m agnetic ta p e  to  produce an n - 

d im ensional d i g i t a l  image of th e  ground scen e . Let th e  a lg e b ra ic  v a lu e  

of th e  d i g i t a l  number d e riv e d  from th e  analog  s ig n a l  be denoted  by j^x^^
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w here k = l    th e  channel number o r  w avelength in te r v a l ;

1=1, 2 , 3 ......... .. A, th e  scan  l i n e  number o r x c o o rd in a te  o f th e  ground

scen e ; and j = l ,  2 , . . . . ,  m, th e  sam ple number fo r  scan i  o r th e  y 

c o o rd in a te  o f th e  ground scen e .

Thus, th e  d a ta  s e t  c o l le c te d  co n ta in s  n channels o f d a ta , S, scan 

l i n e s ,  and m d i g i t a l  sam ples p e r  scan  p e r  channel w ith  an am plitude 

g iv en  by . Each ground scene  c o o rd in a te , i  and j , o f th e  d ig i t a l  

image i s  no rm ally  c a l le d  a  r e s o lu t io n  elem ent and each r e s o lu t io n  

elem ent i s  th e re f o r e  d e sc rib e d  by an n -d im ensional v e c to r  c a l le d  a 

f e a tu r e  v e c to r ,  The components o f th e  f e a tu re  v e c to r  a re  =

t i * i j '  2 * i j ' '" 'n % i j ] '

The nex t s te p  i s  to  produce a  boundary map^^ so th a t  i t  may be

compared w ith  an a e r i a l  pho tograph  tak en  of th e  ground scene a t  the

same tim e th a t  th e  m u l t i s p e c t r a l  scanner d a ta  was c o l le c te d . The

boundary map and a e r i a l  pho tograph  a re  shown in  Chapter 4 and a method

fo r  p roducing  a  boundary map w i l l  be d iscu ssed  in  th e  nex t s e c tio n .  The

photograph a llo w s an o b se rv e r to  s e l e c t ,  f o r  example, a rea s  which appear

to  be crops and th en  to  lo c a te  th e  scan  l i n e  and column number of th e

d a ta  co rresp o n d in g  to  th o se  crops from th e  boundary map. The d a ta  may
15

th en  be accessed  fo r  a n a ly s is  and used as a t r a in in g  a re a  .

For i d e n t i f i c a t i o n  o f crop s p e c ie s ,  ground t r u t h  in fo rm atio n  i s  

r e q u ir e d ,  u n le s s  a  d a ta  bank i s  a v a i la b le .  The ground t r u th  in fo rm a tio n  

cou ld  be  c o l le c te d  by an o b se rv e r  v i s i t i n g  each f i e l d  o r o b ta in in g  th e  

in fo rm a tio n  from  a fa rm er as  to  th e  crop ty p e . I t  i s  in t e r e s t in g  to  n o te  

th a t  t h i s  ty p e  o f in fo rm a tio n  c o l le c t io n  has o c c a s io n a lly  been erroneous 

and p re s e n t c l a s s i f i c a t i o n  te ch n iq u es  have been s u f f i c i e n t ly  a c c u ra te
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to  p o in t  o u t th e se  e r r o r s .  With t h i s  in fo rm a tio n , th e  f i e l d s  in  th e  

a e r i a l  photograph  can be la b e le d  acco rd in g  to  crop ty p e . • T ra in in g  

a re a s  a r e  th en  s e le c te d  from th e  boundary map co rrespond ing  to  

p a r t i c u l a r  known f i e l d s  in  th e  a e r i a l  pho tograph . The d e s ire d  

s t a t i s t i c s  a re  c a lc u la te d  from th e  d a ta  in  th e  t r a in in g  a re a  and a 

s t a t i s t i c a l  d e c is io n  r u le  i s  used fo r  c l a s s i f y in g  th e  rem ain ing  d a ta  

in  th e  d i g i t a l  image. A com puter map o f th e  ground scene i s  th e n  

p r in te d  o u t showing th e  lo c a t io n  o f a l l  r e s o lu t io n  elem ents th a t  w ere 

c l a s s i f i e d  acco rd ing  to  th e  s t a t i s t i c a l  d e c is io n  r u le  as be long ing  o r 

b e in g  s im ila r  to  th e  p a r t i c u l a r  t r a in in g  a re a s  s e le c te d .  The computer 

map can be compared w ith  th e  ground t r u t h  in fo rm a tio n  in  th e  a e r i a l  

photograph f o r  accu racy . A ccu rac ies  o f  80 to  90 p e rc e n t a re  n o t ; 

uncommon.

One o f th e  most w idely  used  d e c is io n  r u le s  i s  th e  maximum 

lik e l ih o o d  r a t i o  te c h n iq u e . The developm ent o f t h i s  te ch n iq u e  depends 

upon two ty p e s  o f d e c is io n  e r r o r s  th a t  can be made in  th e  c l a s s i f i c a t i o n .  

The f i r s t  ty p e  of e r r o r  i s  n o t a s s ig n in g  a  f e a tu r e  v e c to r  as b e long ing  

to  a c la s s  when i t  a c tu a l ly  d o es . The second ty p e  o f  e r ro r  i s  a s s ig n in g  

a f e a tu r e  v e c to r  to  a c la s s  when in  a c t u a l i t y  i t  does n o t belong .

W eights a re  u s u a lly  a ss ig n ed  to  b o th  ty p e s  o f e r r o r s  depending on how 

c o s t ly  th e  e r r o r  i s  in  making th e  wrong d e c is io n .  These w e ig h ts , 

a r e  r e f e r r e d  to  as c o s t f a c to r s  and a r e  a s s o c ia te d  w ith  c l a s s i fy in g  a 

f e a tu r e  v e c to r ,  x , b e lo n g in g  to  c la s s  i  in to  c la s s  j .

U ltim a te ly , th e  d e c is io n  p ro ced u re  m ust be a b le  to  in d ic a te  a f i n a l  

cho ice  f o r  each p o in t in  th e  n -d im en sio n a l f e a tu r e  sp ace . The f e a tu r e  

sp a c e , R, must be d iv id e d  in to  m m u tu a lly  e x c lu s iv e  re g io n s , R^, R g , . . .^ ^ .
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L et th e  p r o b a b i l i ty  d e n s ity  fu n c tio n  fo r  sam ples from c la s s  i  be 

f^ (x )  and th e  a p r i o r i  p ro b a b il i ty  of occu rrence  o f c la s s  i  be P^. The 

p r o b a b i l i ty  o f m is c la s s ify in g  a sample from c la s s  i  in to  c la s s  j  i s

P ( j | i )  = f  f  (x )dx , (1)

" j

and th e  c o n d itio n a l expected  c o s t i f  th e  sample i s  from c la s s  i  i s

m m
C. = E L . . P ( j | i )  = E L . . /  f . ( x ) d x .  (2)

j= l  j= l

One u s e fu l  c r i t e r io n  th a t  i s  o f te n  used i s  th e  average co s t which i s  

g iven  by

m m m
C = E  P.C.  = E f  E L . . P . f . ( x ) d x ,  (3)

i = l  ^ ^ j = l  Rj i = l  ^ ^

and th e  reg io n s  R^   R^ a re  chosen to  m inim ize th e  average c o s t .  The
m

average co s t i s  minimized i f  th e  in teg ran d  E L . .P . f . ( x ' '  i s  a minimum,
i= l  ^ ^

which i s  e q u iv a le n t to  d ec id in g  th a t  a sample x i s  from c la s s  j  i f  

m m
E L . . P . f . ( x )  £ E  L P . f . ( x )  fo r  a l l  k={=j (4)
i= l  ^ ^ i= l  1 1
m

By s u b tra c t in g  E L . . P . f . ( x )  from bo th  s id e s ,  th e  d e c is io n  r u le  i s  
i= l  ^ ^

o b ta in e d , x i s  in  c la s s  j  i f

. ,3,
£,(x) (Lj, -

Since th e  c o s t f a c to r s  L^^ and th e  a p r i o r i  p r o b a b i l i t i e s  P^ a re

c o n s ta n ts ,  th e  d e c is io n  r u le  th a t  m inim izes th e  average r i s k  i s  th e

r a t i o  o f  two c o n d itio n a l p ro b a b il i ty  d e n s i t ie s  o r l ik e lih o o d  r a t i o s  w ith  

a th re sh o ld  v a lu e . The c o s t f a c to r s  and a p r i o r i  p r o b a b i l i t i e s  a re  used



10

only  in  de term in ing  th e  th re s h o ld  v a lu e . W ith a sim ple ch o ice  o f c o s t 

. f a c t o r s ,  = 0 f o r  c o r r e c t  c l a s s i f i c a t i o n ,  = 1 w ith  i^ j  fo r  

m is c la s s i f ic a t io n  and eq u a l a  p r i o r i  p r o b a b i l i t i e s ,  th e  d e c is io n  r u le  

reduces to  d ec id in g  th a t  x  i s  in  c la s s  j  i f

f j ( x )  > f^Xx) f o r  a l l  k=fj ‘ (6)

T his i s  g e n e ra lly  r e f e r r e d  to  as  th e  maximum lik e l ih o o d  d e c is io n  r u le .

In  a c tu a l  p r a c t ic e  th e  c o s t f a c t o r s ,  a p r i o r i  p r o b a b i l i t i e s ,  and 

th e  p r o b a b i l i ty  d i s t r i b u t io n s  a re  n o t known, b u t must be e s tim a te d  from 

members o f  each t r a in in g  a re a . The v a r io u s  c l a s s i f i c a t i o n  tech n iq u es  

th a t  have been developed a re  e s s e n t i a l l y  d i f f e r e n t  methods f o r  e s tim a tin g  

th e  p r o b a b i l i ty  d i s t r i b u t io n s .

In  most cases  a  m u l t iv a r ia te  G aussian  d i s t r i b u t io n  i s  assumed fo r  

th e  t r a in in g  a re a  d a ta ;  and th e  v e c to r  means, M^, and co v arian ce  m a tr ic e s ,  

V^, a re  c a lc u la te d  from th e  d a ta  in  each t r a in in g  a re a . Because th e  

G aussian d i s t r i b u t io n  i s  e x p o n e n tia l ,  th e  lo g a rith m  o f th e  d e c is io n  r u le  

i s  u sed . Thus, d ec id e  th a t  x belongs to  c la s s  j  fo r  a l l  k^ j i f

l og^ | V. |  + ( x - S . ) V ‘ ^(x-M .) < log^lVj^l + ( x - M ^ ) \ '^ ( î - M j^ ) ,  (7)

where |v^[ and ^ a re  th e  d e te rm in an t and in v e rse  o f th e  co v arian ce  

m a trix  and T deno tes th e  tra n s p o se  o p e ra tio n  o f a  m a tr ix .

The advantage o f th e  su p e rv ised  tech n iq u e  i s  th a t  w ith  a v a i la b le  

ground t r u t h ,  known a re a s  o f p a r t i c u l a r  i n t e r e s t  can be used  to  lo c a te  

s im ila r  a re a s  elsew here  in  th e  d a ta .  The d isad v an tag e  o f th e  su p erv ised  

te ch n iq u e  i s  th e  manual s e le c t io n  o f t r a in in g  a re a s  from th e  d a ta ,  w hich, 

when a p p lie d  to  la rg e  d a ta  volum es, can become as te d io u s  and as  tim e 

consuming as  th e  a r t  o f photo i n t e r p r e t a t i o n .  T his i s  e s p e c ia l ly  t r u e  of 

h ig h  a l t i t u d e  m u l t is p e c tr a l  a e r i a l  photography.
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In  re c e n t y e a r s ,  th e  amount of rem o te ly  sensed d a ta  c o l le c te d  on 

e a r th  o b se rv a tio n s  has been phenom enal, as ev idenced by p u b lic a t io n s  in  

th e  l i t e r a t u r e . T h e  f u tu r e  o u tlo o k  in d ic a te s  th a t  t h i s  d a ta  

c o l le c t io n  w i l l  co n tin u e  to  grow, as shown by E arth  R esources Technology 

S a t e l l i t e s  1 and 2 , th e  Skylab E a rth  R esources Experim ent Package and 

th e  Space S h u tt le  S o r t ie  L ab o ra to ry . Because th e  volume of d a ta  

expected  appears  to  be g e t t in g  ou t o f hand , much em phasis i s  being  

p laced  on th e  developm ent o f un su p erv ised  tech n iq u es  f o r  f e a tu r e  

e x t r a c t io n .  These computer tech n iq u es  a re  designed  to  e x t r a c t  f e a tu r e s  

from rem otely  sensed d a ta  w ith o u t e i th e r  th e  a s s is ta n c e  and su p e rv is io n  

o f an o b se rv e r o r th e  p r io r  b e n e f i t  of ground t r u t h  in fo rm a tio n . 

R eferences 18 and 19 g iv e  a re c e n t rev iew  of th e  s t a t e - o f - t h e - a r t  of 

th e se  te c h n iq u e s . The p re s e n t d isad v an tag es  o f th e  unsuperv ised  

tech n iq u es  a re  th a t  a h ig h  degree  of c l a s s i f i c a t i o n  accuracy  i s  o f te n  

d i f f i c u l t  to  o b ta in  and che computer tim e i s  r e l a t i v e ly  e x te n s iv e .

Thus, th e  s p e c i f i c  problem  to  a t ta c k  i s  th e  developm ent o f an 

unsuperv ised  f e a tu r e  e x t r a c t io n  program th a t  c l a s s i f i e s  w ith  a h igh  

degree  of accu racy . The com puter tim e re q u ire d  can  th en  be more 

e f f i c i e n t l y  u t i l i z e d  by o p tim iz in g  th e  com puter program  lo g ic ,  

program ing in  an e f f i c i e n t  machine language, and by u sing  s p e c ia l  

purpose com puters. The advantage of th e  u n su p erv ised  te ch n iq u e  i s  th a t  

no p r io r  ground t r u t h  in fo rm a tio n  i s  re q u ire d  b e fo re  th e  d a ta  a n a ly s is .  

The r e s u l t s  o b ta in ed  w ith  th e  u n su p erv ised  tech n iq u e  a re  designed  to  

show th e  lo c a t io n  and d i s t r i b u t io n  of th e  e x tra c te d  f e a tu r e s ,  b u t no 

id e n t i f i c a t i o n  of th e  f e a tu r e s  i s  p o s s ib le  w ith o u t ground t r u t h  

in fo rm a tio n . Thus, th e  r e s u l t s  o f th e  u n su p erv ised  tech n iq u e  can be
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used f o r  d i r e c t in g  ground t r u t h  p a t r o l s  and th e  lo c a t io n  and amount of 

ground t r u t h  needed can be a c c u ra te ly  determ ined  b e fo re  any ground 

t r u t h  i s  c o l le c te d .  The adequa te  d e te rm in a tio n  o f where and how much 

ground t r u t h  to  c o l l e c t  i s  an  im p o rtan t economic c o n s id e ra tio n  when d a ta  

i s  c o l le c te d  on a g lo b a l o r even a  re g io n a l  b a s i s .  I f  d a ta  i s  c o l le c te d  

on a s e a so n a l i n t e r v a l ,  f o r  exam ple, f u tu r e  ground t r u t h  c o l le c t io n  can 

be  m inim ized by m o n ito rin g  th e  f e a tu r e  s ig n a tu re s  as a  fu n c tio n  of 

seaso n . I f  some o f  th e s e  s ig n a tu re s  change s ig n i f i c a n t ly  from p a s t  

= ra-3u lts , th e  c l a s s i f i c a t i o n  map can be  used to  d i r e c t  ground t r u t h  

p a t r o l s  to  update  on ly  th o se  f e a tu r e  i d e n t i f i c a t i o n s  which have changed.

In  o rd e r  to  m a in ta in  c u r re n t  in fo rm a tio n  on c u r re n t  accom plishm ents 

in  rem ote s e n s in g , th e  "P roceed ings o f  th e  I n te r n a t io n a l  Symposia on 

Remote Sensing  of th e  E nvironm ent," p u b lish e d  by th e  W illow Run 

L a b o ra to r ie s ,  U n iv e rs ity  o f M ichigan , and th e  "Annual E a rth  R esources 

A i r c r a f t  Program S ta tu s  Review ," p u b lish e d  by NASA, a re  h ig h ly  

recommended along w ith  th e  l i t e r a t u r e  survey  l i s t e d  in  R eference 17.

The n e x t C hapter d is c u s s e s  a proposed u n superv ised  computer 

program  fo r  f e a tu r e  e x t r a c t io n .



CHAPTER I I I  

UNSUPERVISED FEATURE EXTRACTION

F ea tu re  e x t r a c t io n  from rem ote ly  sensed d a ta  i s  a v e ry  complex 

p ro c e s s . For t h i s  re a so n , no com prehensive model o r e x p l i c i t  e x te rn a l  

c r i t e r i a  e x i s t  fo r  d e f in in g  and e x t r a c t in g  a l l  f e a tu r e s .  The s e le c t io n  

o f t r a in in g  a re a s  f o r  f e a tu r e  e x t r a c t io n  in tro d u c e s  th e  b ia s  o f human 

o b se rv a tio n  and p reconceived  judgm ent in to  th e  c l a s s i f i c a t i o n  c r i t e r i a .  

For exam ple, an o b serv er may s e le c t  a t r a in in g  a re a  c o n ta in in g  corn  in  

o rd e r  to  a ttem p t to  c l a s s i f y  corn  in  a l l  o th e r  p o r tio n s  o f th e  ground 

scen e , w h ile  th e  d a ta  from th a t  t r a in in g  a re a  may on ly  be cap ab le  of 

c la s s i fy in g  a l l  s p a rs e ly  grow ing, sm all g reen  p la n ts  surrounded by b a re  

s o i l .

The ph ilosophy  behind  th e  developm ent o f t h i s  c l a s s i f i c a t i o n  

program  i s  to  accep t t e n ta t i v e ly  an in t e r n a l  c r i t e r i o n ;  th a t  i s ,  th e  

d a ta  i t s e l f  should  n a tu r a l ly  su g g es t th e  f e a tu r e s  to  be e x tra c te d  and 

su b seq u en tly  id e n t i f i e d .

A flow  c h a r t  of su c c e s s iv e  s ta g e s  o f th e  computer program i s  shown 

in  F ig u re  2.

The f i r s t  s ta g e  o f th e  program i s  to  produce a  boundary map o f th e  

d a ta  by s e p a ra tin g  th e  d a ta  in to  homogeneous and inhomogeneous a re a s .  

T his i s  accom plished by com puting th e  average f e a tu r e  v e c to r  s p e c t r a l

13
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d is ta n c e  p e r  channel o r  d im ension in  th e  d i r e c t io n  o f the  x and y 

ground scene c o o rd in a te s . The fo rm ulas fo r  th i s  c a lc u la tio n  a re  

g iven  by

n 1 / r-, n/ 2 and s =
y

(8)

where i  and j  a re  th e  scan  l i n e  and scan  l i n e  column number, r e s p e c t iv e ly ,  

o f th e  d a ta  in  th e  d i g i t a l  image and th e  summation i s  over n channels o f 

d a ta .

These s p e c t r a l  d is ta n c e s  a re  c a lc u la te d  fo r  each r e s o lu t io n  elem ent 

and s to re d  in  a  j o i n t  p r o b a b i l i ty  d i s t r i b u t io n ,  P (s^ , s ^ ) . The average 

f e a tu r e  v e c to r  d is ta n c e  p e r dim ension i s  computed to  determ ine a m easure 

o f change p re s e n t in  th e  d a ta  from one r e s o lu t io n  element to  th e  nex t 

and a lso  to  keep th e  numbers o ccu rrin g  in  th e  c a lc u la t io n  in  th e  same 

ra n g e , r e g a rd le s s  o f th e  number o f dim ensions used. The a rea s  o f th e  

d a ta  where th e  s p e c t r a l  change, in  e i th e r  th e  x o r y ground scene 

c o o rd in a te  d i r e c t io n ,  i s  equal to  o r  le s s  th an  th e  average s p e c t r a l  

change w i l l  be c l a s s i f i e d  as a homogeneous re s o lu t io n  elem ent; o th e rw ise , 

th e  r e s o lu t io n  elem ent w i l l  be c l a s s i f i e d  as a boundary. The average 

d is ta n c e s  o f th e  average f e a tu r e  v e c to r  s p e c tr a l  d is ta n c e  p e r channel a re  

computed u s in g  th e  form ulas

4  '  4  '“=x'“=y’

Sy -  1 !  Sy P(s^^Sy) d s /S y ,  and (10)

Vy ■ ":%Sy P(Sx.Sy) dŝ dŝ . (ID
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These c a lc u la t io n s  a re  used f o r  d e f in in g  a  d e c is io n  boundary in  th e

j o i n t  p r o b a b i l i ty  d i s t r i b u t io n  as  to  what com bination  of x and y

s p e c t r a l  d is ta n c e s  a re  c l a s s i f i e d  as  belo n g in g  to  a homogeneous

r e s o lu t io n  elem ent o r  a boundary r e s o lu t io n  e lem en t. The d e c is io n

boundary i s  in  th e  shape of an e l l i p s e  which may have p r in c ip a l  axes

in  d i r e c t io n s  o th e r  th an  s and s , The d i r e c t io n  and m agnitude o f
X y

20th e  p r in c ip a l  axes a re  c a lc u la te d  from th e  e ig e n v e c to rs  and 

e ig en v a lu es  a s s o c ia te d  w ith  th e  m a tr ix

X ®x®y

I Vy

(12)

The eq u a tio n  of th e  e l l i p s e  in  th e  p r in c ip a l  axes c o o rd in a te  system

I S

. ' 2

= 1, (13)

w here s '  and- s '  a re  th e  d is ta n c e s  s and s r o ta te d  in to  th e  p r in c ip a l  X y X y

axes c o o rd in a te  system  by th e  e ig en v ec to r  tra n s fo rm a tio n , s ' ^  andX y

a re  th e  e ig en v a lu es  o r  h a l f  le n g th s  o f  th e  p r in c ip a l  axes squared .

. ' 2

(14)

i s  th en  ro ta te d  back in to  th e  s  , s c o o rd in a te  system  by th e  in v e rs ex ’ y
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e ig e n v e c to r  tra n s fo rm a tio n  to  o b ta in  th e  eq u a tio n  o f th e  e l l i p s e  on th e  

d e c is io n  boundary in  th e  s ^ ,  c o o rd in a te  system . The e q u a tio n  o f th e  

e l l i p s e  i s  g iven  by

as^ + bs^ + cs s = 1 ,  (15)X y X y

where a ,  b ,  c a re  de term ined  from r o ta t in g  (1 4 ). The d e c is io n  i s  to  

c l a s s i f y  a  r e s o lu t io n  elem ent as b e ing  homogeneous i f

as^ + bs^ + cs s < 1 .  (16)
X y X y —

A d i g i t a l  image o f a  boundary map i s  reco rd ed  on m agnetic  ta p e  fo r  use 

in  th e  second s ta g e  o f p ro c e s s in g . The m agnetic ta p e  map u t i l i z e s  -1 

to  d e s c r ib e  a boundary elem ent and zero  fo r  a homogeneous e lem en t.

The second s ta g e  i s  concerned  w ith  th e  s e le c t io n  and s p a t i a l  

m erging o f  unknown c a n d id a te  f e a tu r e s  based upon th e  hom ogeneity o f th e  

ground sc e n e , as d isp la y e d  by th e  boundary map reco rd ed  on th e  m agnetic

ta p e . Because th e  b o u n d arie s  on th e  map a re  n o t c lo sed  and have open

gaps in  some c a s e s ,  th e  problem  i s  to  s e le c t  homogeneous a re a s  w ith  a 

m a th em atica l lo g ic  th a t  w i l l  p rev en t th e s e  a re a s  from c o n ta in in g  a 

m ix tu re  o f d i f f e r e n t  f e a tu r e s .  This i s  accom plished by u s in g  a f ix e d  

shape p X p r e s o lu t io n  elem ent a r ra y  which moves th rough  th e  boundary 

map on ly  in  th e  x o r y ground scene c o o rd in a te  d i r e c t io n .  I n i t i a l l y ,  a 

homogeneous a re a  in  th e  boundary map i s  found which i s  la rg e  enough fo r  

th e  a r r a y  to  f i t  i n to .  The a re a  covered by th e  a r ra y  i s  d e s ig n a te d  as

belo n g in g  to  c l u s t e r  1. The a r ra y  i s  allow ed to  move in  t h i s  a re a  u n t i l

a boundary i s  encoun tered  and th en  th e  d i r e c t io n  of movement must be 

changed. A ll r e s o lu t io n  elem ents f a l l i n g  w ith in  th e  movement o f th e  

f ix e d  a r r a y  a re  s a id  to  belong  to  c l u s t e r  1 , and th e  ze ro s  p re v io u s ly  

o c c u rr in g  on th e  boundary map in  th e s e  lo c a t io n s  a re  changed to  +1. A fte r
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th e  a r ra y  can no lo n g e r move and en g u lf new r e s o lu t io n  e lem en ts , an o th e r 

lo c a t io n  i s  found w hich w i l l  c o n ta in  th e  p x p a r ra y . A ll  r e s o lu t io n  

élém ents f i t t i n g  in to  t h i s  a r ra y  w i l l  be d e s ig n a te d  as be long ing  to  

c lu s t e r  2 . The p ro cess  i s  re p e a te d  u n t i l  a l l  o f  th e  boundary map d a ta  

has  been exh au sted . C lu s te rs  which p h y s ic a l ly  touch  on th e  boundary map 

a re  merged and c a l le d  th e  same c l u s t e r .  This i s  c a l le d  s p a t i a l  m erging, 

which w i l l  be c o n tra s te d  w ith  s p e c t r a l  m erging l a t e r .  A fte r  s p a t i a l  

m erging , th e  c lu s t e r s  a re  renumbered so th a t  th e  c lu s t e r  numbers w i l l

have a con tinuous range  from 1 ...........,N. The o u tp u t of t h i s  second s ta g e

i s  an o th e r map co n ta in in g  th e  numbers - 1 ,  0 , 1 , 2 , . . . . , N,  w ith  -1  

in d ic a t in g  boundary r e s o lu t io n  e lem en ts , 0 in d ic a t in g  homogeneous 

r e s o lu t io n  elem ents n o t encountered  by th e  moving f ix e d  shape a r r a y ,  and 

1 , 2 , . . . . ,  N in d ic a t in g  r e s o lu t io n  elem ents be long ing  to  c lu s t e r s  1 , 2 , 

. . . . ,  N, r e s p e c t iv e ly .  The f ix e d  shape a r r a y ,  i f  chosen la rg e  enough, 

w i l l  n o t p erm it th e  m ixing o f f e a tu r e s  because  th e  open gaps in  th e  

b o u n d arie s  w i l l  be so sm all compared to  th e  a r ra y  s iz e  th a t  th e  a r ra y  

w i l l  n o t be a b le  to  p ass  th rough  th e  boundary. On m u l t is p e c tr a l  scanner 

d a ta  taken  a t  an a l t i t u d e  o f  2600 f e e t ,  a 10 x 10 a r ra y  i s  s u f f i c i e n t  to  

keep d i f f e r e n t  f e a tu r e s  s e p a ra te .  T h is a ls o  p ro v id es  a minimum sample 

s iz e  o f 100, which i s  a very  adequa te  sam ple on which to  base s t a t i s t i c a l  

c a lc u la t io n s .  T y p ic a lly , most m u l t is p e c tr a l  d a ta  i s  c o l le c te d  a t  h ig h e r 

a l t i t u d e s  so th a t  a 10 x 10 a r ra y  w i l l ,  in  g e n e ra l ,  be  s u f f i c i e n t  to  

p rev en t th e  m ixing of f e a tu r e s .  The m agnetic  ta p e  c o n ta in in g  th e  

bo u n d arie s  and lo c a t io n s  o f c lu s t e r s  and th e  m agnetic  ta p e  c o n ta in in g  th e  

raw d a ta  a r e  th e  in p u ts  to  th e  th i r d  s ta g e  o f p ro c e s s in g .
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The t h i r d  s ta g e  o f p ro cess in g  i s  concerned w ith  s p e c t r a l  m erging 

o f th e  s e le c te d  unknown c an d id a te  f e a tu r e s .  The boundary and c lu s te r  

map ta p e  g iv es  th e  lo c a tio n s  of th e  raw d a ta  on th e  raw d a ta  tap e  

belong ing  to  each c l u s t e r .  The mean f e a tu r e  v e c to rs  and co v ariance  

m a tr ic e s ,  c ,  a re  c a lc u la te d  fo r  each c lu s t e r  u sing  th e  form ulas

1

km^jl "  k ^ i£  m^U " ^k^£^ ^m^£^ ’

where x i s  th e  a lg e b ra ic  v a lu e  of th e  i*"^ sample in  th e  k o r m^^ channel

of th e  c lu s t e r  c o n ta in in g  sam ples. The mean v a lu e  o f th e  samples

in  th e  k^^ channel o f  th e  c lu s t e r  i s  g iven  by ^x^, w h ile  th e

co v arian ce  between channels k and m of th e  c lu s t e r  i s  g iven  by

, c „ . These c a lc u la t io n s  a re  used to  d e f in e  d e c is io n  boundaries  w ith  km Jo

which to  p h y s ic a l ly  surround th e  d a ta  belong ing  to  a c lu s te r  in  

n -d im en sio n a l sp ace . The most g e n e ra l c lo sed  su rfa c e  th a t  can be used 

to  surround th e  n -d im en sio n a l d a ta  i s  an n -d im ensional h y p e re l l ip s e .

The c e n tro id  of th e  c lu s te r  e l l i p s e  i s  g iven  by th e  f e a tu r e  v e c to r  mean

v a lu e s  w h ile  th e  p r in c ip a l  axes d i r e c t io n  and m agnitude can be

determ ined  by th e  e ig e n v e c to r  tra n s fo rm a tio n  as was d iscu ssed  when

E quations (12) th ro u g h  (14) were in tro d u ced .

In  a  s t a t i s t i c a l  sen se , th e  e ig en v ec to r  tra n s fo rm a tio n  on th e

co v arian ce  m a trix  lo c a te s  th e  d i r e c t io n  o f o rth o g o n a l p r in c ip a l  axes fo r

21which th e  v a r ia n c e s  a re  minimized and maximized . The v a r ia n c e s  a re  

th e  d ia g o n a l elem ents o f th e  covarian ce  m a trix  and th e  o f f  d iag o n a l
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e lem en ts, c o v a ria n c e s , a re  made zero  by th e  tra n s fo rm a tio n . Thus, th e

eq u a tio n  o f an n -d im en sio n a l e l l i p s e  in  reduced form i s  o b ta in ed  fo r

each c l u s t e r ,  and, in  g e n e ra l,  each c lu s t e r  w i l l  have a  d i f f e r e n t

co o rd in a te  system . The n ex t s te p  i s  to  d e r iv e  a d e c is io n  r u le  fo r

de term in ing  how many c lu s t e r s  a c tu a l ly  re p re s e n t  th e  same f e a tu r e .

This d e c is io n  i s  now based e n t i r e ly  upon s p e c t r a l  in fo rm a tio n  r a th e r

th an  th e  s p a t i a l  in fo rm a tio n  which was used in  E quations (12) th rough

(1 4 ). The d e c is io n  r u le  i s  th a t  two c lu s te r s  re p re s e n t  th e  same f e a tu r e

i f  th e  c e n tro id s  o f b o th  c lu s t e r s  a re  co n ta in ed  in  b o th  c l u s t e r s ’

e l l i p s e s .  A lthough th i s  s p e c t r a l  merging p ro ced u re  was d e riv e d  from

22p h y s ic a l i n t u i t i o n ,  a theorem  was lo c a te d  w hich adds m athem atical 

p re c is io n .  The theorem  s t a t e s  th a t  th e  o rth o g o n a l tra n s fo rm a tio n  

which m inim izes th e  mean square  d is ta n c e  between a  s e t  o f  v e c to rs  from 

th e  c l u s t e r ,  s u b je c t  to  th e  c o n s tr a in t  th a t  th e  volume of th e  space 

i s  in v a r ia n t  under tra n s fo rm a tio n , i s  a  r o t a t i o n ,  E^, fo llow ed  by a 

d iag o n a l tra n s fo rm a tio n , The rows of th e  m a tr ix  E^ a re  th e  e ig en 

v e c to rs  of th e  co v arian ce  m a tr ix , c^ , of th e  s e t  o f v e c to r s ,  and th e  

elem ents o f a re  th o se  g iven  in  E quation (1 9 ), where ^^c^ i s  th e  

s tan d a rd  d e v ia tio n  o f  th e  c o e f f i c ie n t s  o f th e  s e t  o f  v e c to rs  in  th e  

d i r e c t io n  o f th e  e ig e n v e c to r  o f c^ .

The d iag o n a l e lem ents o f th e  d iag o n a l tra n s fo rm a tio n , a re  given

by

n 1

- 7 7 T  • (W )
j j  &
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The r a t i o n a le  beh ind  th i s  theorem , as p re se n te d  in  R eference 2 3, m e r i ts  

some d is c u s s io n  as ap p lied  to  s p e c t r a l  m erging. This d is c u s s io n  w i l l  

a lso  apply to  s p e c t r a l  c l a s s i f i c a t i o n ,  which i s  to  be d esc rib e d  l a t e r .

I t  i s  d e s i r a b le  to  have a m easure o f  s im i l a r i t y  between two c l u s t e r s ,

S“^ , f o r  d e c id in g  w hether o r n o t two c lu s t e r s  a re  to  be merged. L et 

V  be th e  mean fe a tu r e  v e c to r  o f one c l u s t e r ,  w ith  components g iven  

by e q u a tio n  (1 7 ) , and l e t  be th e  e n t i r e  s e t  o f f e a tu r e  v e c to rs  con

ta in e d  in  th e  o th e r  c lu s t e r s  w ith  th e  s u b s c r ip t  on deno ting  th e  m*-̂  v e c to r  

o f  th e  s e t .  The s im i la r i ty  may be reg a rd ed  as a mean square  s p e c t r a l  d i s 

ta n c e  and shou ld  d e sc r ib e  th e  c lo se n e ss  o f v to  th e  e n t i r e  s e t  o f  f e a tu r e  

v e c to r s ,  ( x ^ . A ccording to  th e  p h ilo sophy  o f  R eference 23 , th e  d e f in i t i o n  o f  

" d is ta n c e "  does no t n e c e s s a r i ly  mean E uclidean  d is ta n c e ,  bu t may mean . 

" c lo se n e ss"  in  some a r b i t r a r y ,  a b s t r a c t  p ro p e rty  o f th e  s e t  {x^} which 

has y e t to  be determ ined . The use o f an undeterm ined d is ta n c e  measure 

does n o t a l t e r  th e  d e f in i t io n  o f s im i l a r i t y ,  bu t p ro v id es  an o rd e rin g  

which s im i la r i ty  la c k s .  M ath em atica lly , th e  s im i la r i ty  S ^ (v ,{ x ^} ) of 

a f e a tu r e  v e c to r  v and a s e t  of f e a tu r e  v e c to rs  {x^} exem plify ing  a

c l u s t e r  can be w r i t t e n  as

M
S ^ (v , {x^}) = ^  Z d^(v ,  x^>, (20)

m=l

where th e  d is ta n c e  m easure, d^( ) ,  has n o t y e t been s p e c if ie d .  The

in v e rse  of S i s  used because th e  sm a lle r  th e  d is ta n c e ,  th e  more s im i la r i ty .

One p o s s ib le  way to  choose th e  d is ta n c e  m easure i s  to  u t i l i z e  th e

knowledge th a t  th e  s e t  {x } d e sc r ib e s  one f e a tu r e ,  and', th e r e f o r e ,  th e
m

members of th e  s e t  should a l l  be very  s im i la r  o r  c lo s e .  F urtherm ore , 

th e  members o f th e  s e t  could be made even more s im i la r  by u s in g  f e a tu r e
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w eig h tin g  c o e f f i c i e n t s ,  and m in im izing  th e  av erag e  i n t e r c l u s t e r

d is ta n c e  o f  a l l  th e  members o f  th e  s e t .  Thus, th e  e q u a tio n  to .b e  

m inim ized i s

D? =
Mg Mg n
Z Z I  = minimum.

p^= l mj^=l k= l ^
(21)

thw here k r e p re s e n ts  th e  k component o f th e  f e a tu r e  v e c to r  and m̂  ̂ and p^ 

r e p re s e n t  th e  m^^ and p^^ f e a tu r e  v e c to r  o f th e  s e t  Ü c o n ta in in g  

members.

In  o rd e r  to  m inim ize E quation  (2 1 ) , some c o n s t r a in t  must be p la ced  

on th e  f e a tu r e  w e ig h tin g  c o e f f i c i e n t s .  S e v e ra l a l t e r n a t iv e s  a re  

p o s s ib le ,  b u t th e  m ost ap p ea lin g  c o n s t r a in t  i s

n
(22)

I f  th e  f e a tu r e  w eig h tin g  c o e f f i c ie n t s  a re  co n s id e re d  to  be th e  

d im ensions o f a  hypercube , th e n  E quation  (22) i s  a  c o n s ta n t volume 

c o n s t r a in t .  In  o rd e r  to  m inim ize E quation  (21) needs to  be  w r i t t e n  

in  a  more co n v en ien t form .

—  Mj n

2m=l “ Jl ^bp2= l

2M, n
z

----------------------2M, n
,w ! ( .x g - .x .  )=  Z -2

th

(23)

w here i s  th e  v a r ia n c e  o f th e  k*"" d im ension o f th e  f e a tu r e  v e c to r s  in  

s e t  a .  Using th e  c o n s t r a in t  and an undeterm ined m u l t i p l i e r ,  th e  

m inim izing  e q u a tio n  becomes
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= 0 f o r  j = l ,  2 , ......... ..... (24)

which may be r e w r i t te n  as

k k^ i
/ T

k * l
(25)

U sing th e  c o n s tr a in t  fo r  de te rm in in g  X g iv e s

kk^&

n
n

p=i

V n

k°A
(26)

The f e a tu r e  w eig h tin g  c o e f f i c ie n t s  in d ic a te  th a t  i f  th e  v a r ia n c e  in  a 

p a r t i c u l a r  dim ension i s  sm a ll, th en  th e  v a lu e  o f th e  f e a tu r e  can be 

a n t ic ip a te d  w ith  a h ig h  degree  o f accu racy  and should  be h e a v i ly  w eighed. 

On th e  o th e r  hand , i f  th e  v a r ia n c e  i s  l a r g e ,  th en  l i t t l e  w eigh t shou ld  be 

a t ta c h e d  to  th a t  f e a tu r e .

E quation  (26) i s  th e  d ia g o n a l tra n s fo rm a tio n  d isc u sse d  in  th e  

theorem  encom passing E quation  (19) and i s  i d e n t i c a l  to  E quation  (1 9 ). As 

th e  theorem  s t a t e s ,  t h i s  d is ta n c e  m easure can be a d d i t io n a l ly  m inim ized 

by app ly ing  th e  e ig e n v e c to r  tr a n s fo rm a tio n . I t  fo llo w s by E quations (18) 

and (21) th a t  th e  s im i la r i ty  c r i t e r i o n ,  E quation  (2 0 ), fo r  d ec id in g  

w hether to  merge two c lu s t e r s  k and Ü i s  g iven  by

-  p V “

n
(27)
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where v, i s  th e  mean f e a tu r e  v e c to r  o r  c e n tro id  fo r  c lu s t e r  k ,  and {x } k

a re  th e  f e a tu r e  v e c to rs  belong ing  to  c lu s te r  &.

S u b s t i tu t in g  E quation  (19) fo r  g ives

. V 2

PP

V n

p=i p p V
(28)

The d e c is io n  fo r  m erging two c lu s t e r s  w i l l  now depend on th e  th re sh o ld  

v a lu e  g iven  to  t ’ e a s r  s of s im i la r i ty  fo r  bo th  c l u s t e r s .  A th re sh o ld  

v a lu e  can be d(^ c a lc u la t in g  th e  average s im i la r i ty  w ith in  a

c l u s t e r ,  which i s  g iven  by

% . l

n ^p^m. "  p*&)
E ------— ------—

p=l p p V
+ n

n Vn
2n. (29)

(30)

Using E quation  (29) as a th re s h o ld  v a lu e  fo r  E quation  (28) g iv e s  th e  

d e c is io n  r u l e ,  merge c lu s t e r s  k and Si i f

p= i pp^&

N otice  th a t  E quation  (30) i s  th e  eq u a tio n  o f a h y p e re l l ip s e  in  th e  

p r in c ip a l  axes c o o rd in a te s ,  which was e a r l i e r  d e riv ed  by p h y s ic a l 

i n t u i t i o n .  N o tice  a lso  th a t  th e  th re s h o ld  v a lu e  n i s  independent o f 

c lu s t e r  and depends on ly  on th e  dim ension of th e  f e a tu r e  sp ace . 'T hus, 

i f  an e l l i p t i c a l  boundary d e c is io n  ru le  i s  used in  th e  p r in c ip a l  a x is  

c o o rd in a te  system , th e  theorem  can be extended to  say  th a t  th e  d iag o n a l 

tra n s fo rm a tio n  i s  n o t needed and on ly  th e  e ig en v ec to r  tra n s fo rm a tio n  i s
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needed s in c e  th e  th re sh o ld  can always be w r i t t e n  as some c o n s ta n t tim es

A fte r  th e  i n i t i a l  M s e t  o f c lu s t e r s  has been merged in to  a  f i n a l  N 

s e t  o f c l u s t e r s ,  w ith  N ^  M, th e  e ig e n v e c to r  r o ta t io n  m a trix  and th e  

eq u a tio n  fo r  th e  h y p e re l l ip s e  in  p r in c ip a l  axes c o o rd in a te s  a re  s to re d  

in  memory fo r  each f i n a l  c l u s t e r .  The c lu s t e r s  a re  now c a l le d  c la s s e s  

s in c e  each c la s s  re p re s e n ts  a s t a t i s t i c a l l y  d i f f e r e n t  f e a tu r e  p re se n te d

by th e  d a ta . The re g io n s  in  f e a tu r e  space R^,    R^ co rrespond ing

to  each c la s s  a re  d i s t i n c t  s in c e  no more m erging i s  p o s s ib le .  This 

f e a tu r e  e x t r a c t io n  in fo rm a tio n  i s  now ready  f o r  use in  th e  l a s t  s ta g e  of 

p ro c e ss in g .

The f i n a l  s ta g e  o f p ro c e ss in g  i s  concerned w ith  c la s s i fy in g  th e  

d a ta  in  th e  d i g i t a l  image o f th e  ground scene and showing th e  lo c a t io n  

and d i s t r i b u t io n  o f th e  f e a tu r e s .  The in p u ts  to  t h i s  s ta g e  o f p ro c e ss in g  

a re  th e  raw d a ta  ta p e , th e  s t a t i s t i c s  f o r  each c la s s  and th e  boundary 

ta p e . The d e c is io n  r u le  f o r .c l a s s i f y in g  a  r e s o lu t io n  elem ent f e a tu r e  

v e c to r  V in to  c la s s  i  i s  g iven  by

p=i PP a

which i s  th e  same as E quation  (30) excep t f o r  th e  f a c to r  o f two. The 

f a c to r  o f two i s  j u s t i f i e d  based on th e  fo llo w in g  argum ents. F i r s t ,  th e  

d e c is io n  r u le  f o r  c la s s i fy in g  a  r e s o lu t io n  elem ent can be more le n ie n t  

than  th e  d e c is io n  r u le  f o r  m erging two c l u s t e r s .  The e r r o r s  of 

m ism erging a re  more pronounced in  th e  c l a s s i f i c a t i o n  th a n  th e  

m is c la s s i f ic a t io n  o f in d iv id u a l  r e s o lu t io n  e lem en ts. Secondly , th e
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e x p re ss io n  on th e  l e f t  hand s id e  o f th e  in e q u a l i ty  in  E quation  (31) i s  

id e n t ic a l  to  th e  argument in  th e  ex p o n e n tia l o f a d i s j o i n t  m u l t iv a r ia te  

G aussian  d i s t r i b u t io n .  Thus, a  r e s o lu t io n  elem ent i s  n o t c l a s s i f i e d  as 

belo n g in g  to  a  c la s s  i f  th e  n -d im en sio n a l e x p o n e n tia l n - f o ld s .  F u r th e r  

j u s t i f i c a t i o n  fo r  u s in g  E quations (30) and (31) and th e  th re sh o ld  

v a lu e s  o f n and 2n r e s p e c t iv e ly  i s  th a t  th e  term s co n ta in ed  in  th e  

summation a re  c h i-sq u a re  d i s t r i b u te d ,  and a c h i-s q u a re  d i s t r i b u t io n  has

a m ean-value n and v a r ia n c e  2n, where n i s  th e  number o f d eg rees  of

, 23freedom  .

The d a ta  o b ta in ed  from th e  raw d a ta  ta p e  i s  c l a s s i f i e d  acco rd ing  

to  th e  d e c is io n  r u le  in  E quation  (31) and th e  r e s u l t  o f th e  c l a s s i f i 

c a t io n  i s  updated  on th e  boundary ta p e  map. For exam ple, i f  a r e s o lu t io n  

elem ent belongs to  c l a s s  3 , a 3 i s  p la ced  on th e  boundary ta p e  a t  th e  

lo c a t io n  o f th e  r e s o lu t io n  e lem en t. I f  a  r e s o lu t io n  elem ent i s  no t 

c l a s s i f i e d  as  be long ing  to  any c l a s s ,  no change i s  made on che boundary 

ta p e .  I f  a r e s o lu t io n  elem ent can be c l a s s i f i e d  as be lo n g in g  to  s e v e ra l  

c l a s s e s ,  th e  r e s o lu t io n  elem ent i s  p laced  in  th e  c la s s  which makes th e  

l e f t  hand s id e  o f E quation  (31) a  minimum. The boundary ta p e  i s  now 

c a l le d  a c l a s s i f i c a t i o n  ta p e  and c o n ta in s  th e  numbers - 1 ,  re p re s e n t in g  

an u n c la s s i f ie d  boundary r e s o lu t io n  e lem en t, 0 , re p re s e n t in g  an 

u n c la s s i f ie d  homogeneous r e s o lu t io n  e lem en t, and 1 , 2 , . . . . ,  N r e p re s e n t in g  

r e s o lu t io n  elem ents p la ced  in  c la s s e s  1 , 2 , . . . . ,  N r e s p e c t iv e ly .

I f  th e  i n i t i a l  s i z e  o f th e  p x p a r ra y  fo r  c lu s t e r  s e le c t io n  i s  too  

la r g e ,  an incom plete  c l a s s i f i c a t i o n  o f th e  ground scene w i l l  r e s u l t .  The 

com puter program has th e  c a p a b i l i ty  fo r  u s in g  th e  c l a s s i f i c a t i o n  map as 

a  boundary map, t r e a t in g  th e  c l a s s i f i e d  r e s o lu t io n  e lem ents as a lso
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b eing  b o u n d a rie s , d e c re a s in g  th e  p x  p a r ra y  to  a q x q a r r a y ,  and 

s e le c t in g  a d d i t io n a l  c l u s t e r s .  A ll p rev io u s  in fo rm a tio n  o b ta in ed  on th e  

c la s s e s  i s  u p d a ted , i f  a p p ro p r ia te ,  and th e  c l a s s i f i c a t i o n  map i s  

r e c l a s s i f i e d  u s in g  th e  o ld  unchanged in fo rm a tio n  and th e  new updated  

in fo rm a tio n . T h is p ro ced u re  can be re p e a te d  a s  many tim es as d e s ir e d ,  

bu t two c l a s s i f i c a t i o n  p asse s  a re  g e n e ra lly  s u f f i c i e n t .

Because o f th e  la rg e  amounts o f d a ta  in v o lv e d , th e  o u tp u t o f th e  

c l a s s i f i c a t i o n  map i s  nom inally  pu t on m ic ro film  r a th e r  th an  s tan d a rd  

com puter paper p r in to u t .  T his i s  ev idenced  by th e  f a c t  th a t  th e  

c l a s s i f i c a t i o n  map from a 70mm a e r i a l  ph o to g rap h , u s in g  s tan d a rd  

computer p r in t o u t ,  can e a s i l y  cover a 400 sq u are  fo o t w a ll .

R e su lts  a re  shown in  th e  n ex t C hap ter. The poor q u a l i ty  o f  th e

f ig u re s  d e s c r ib in g  th e  d a ta  and com puter r e s u l t s  is  due to  th e

re d u c t io n  in  s c a le  and number o f copying p ro c e sse s  re q u ire d  fo r  th e

p re s e n tin g  o f  th e  in fo rm a tio n .



CHAPTER IV

RESULTS

C la s s i f i c a t io n  maps were o b ta in ed  from th e  a n a ly s is  o f two d a ta  

s e t s ,  P u rd u e 's  F l ig h t  L ine Cl and th e  Y ellow stone P ark  t e s t  s i t e s .  The 

advantage o f  working w ith  th e se  two s e ts  o f d a ta  i s  th a t  th ey  have been 

e x te n s iv e ly  analyzed  by o th e r  in v e s t ig a to r s  u s in g  d i f f e r e n t  f e a tu r e  

e x t r a c t io n  te c h n iq u e s . The r e s u l t s  o f th e s e  in v e s t ig a t io n s  a r e  m ain ly  

a v a i la b le  in  R eferences 6 , 11, and 12 fo r  com parison.

Both d a ta  s e ts  were acqu ired  w ith  th e  same m u l t i s p e c t r a l  scanner 

and c o n ta in  12 channels o f d a ta .  A ll 12 channels were used in  th e  

c l a s s i f i c a t i o n ,  and th e  w avelength in t e r v a l s  co rrespond ing  to  each 

channel a re  l i s t e d  in  T able 1. The d a ta  s e t s  c o n ta in  222 tw elve

d im ensional f e a tu r e  v e c to rs  per scan , and 901 scans from each  s e t  were 

an a ly zed . The d a ta  i s  a lso  u n c a l ib ra te d  and th e re fo re  on ly  c o n ta in s  

r e l a t i v e  num bers. The s im i la r i ty  o f th e  two d a ta  s e t s  d r a s t i c a l l y  comes 

to  an end w ith  th e  above d e s c r ip t io n .

F l ig h t  l i n e  Cl i s  a v ery  f l a t  a g r i c u l tu r a l  scene  approx im ate ly  

6 .5  k ilo m e te rs  long  and 1 .6  k ilo m e te rs  w ide, and th e  r e s o lu t io n  o f th e  

d a ta  i s  app rox im ate ly  6 m e te rs . The ground scene m ostly  c o n ta in s  

r e c ta n g u la r  p a t te r n s  o f crop acreag e  which appear homogeneous.

28
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TABLE 1 . ŒAMEL AND WAVELENGTH CORRESPONDENCE

CHANNEL WAVELENGTH INTERVAL
NUMBER IN MICROMETERS

1 .4 -  .44

2 .44 -  .46

3 .46 -  .48

4 .48 -  .50

5 .50 -  .52

6 .52 -  .55

7 .55 -  .58

8 .58 -  .62

9 .62 -  .66

10 .66 -  .72

11 .72 -  .80

12 .80 -  1 .0
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Y ellow stone P a rk , however, i s  a  w ild e rn e ss  a re a  approx im ate ly  

16 k ilo m e te rs  long and 3 .2  k ilo m e te rs  w ide w ith  a  r e s o lu t io n  of 

approx im ate ly  15 m e te rs . The W ilderness a re a  c o n ta in s  v e ry  i r r e g u la r  

shaped p a t te rn s  and i s  q u i te  inhomogeneous in  some lo c a t io n s .  This 

d a ta  s e t  a lso  p o sse sse s  a c o n s id e ra b le  dynamic ran g e  in  th e  ty p e  of 

t e r r a i n  and amount o f f e a tu re s  p re s e n t .  For exam ple, th e re  a re  

m ountains and canyons, and th e  v e g e ta t io n  coverage ranges from dense 

f o r e s t  to  s c a t te r e d  t r e e s ,  meadows, and f i n a l ly  to  b a re  ro c k s . The 

geo lo g ic  in fo rm atio n  ranges from a sand and g ra v e l b a se , abundan tly  

sp r in k le d  w ith  E lk droppings in  th e  meadow a re a s ,  to  rock s covered 

w ith  moss and l ic h e n ,  and f i n a l l y  to  la rg e  b o u ld e rs .

Cl F lig h t  Line

F ig u re  3 co n ta in s  an a e r i a l  photograph of th e  ground scene on th e  

l e f t ,  a boundary map in  th e  c e n te r  w ith  th e  lo c a t io n s  o f th e  i n i t i a l  

c l u s t e r s ,  and a c l a s s i f i c a t i o n  map o f th e  ground scene u s in g  s t a t i s t i c s  

from th e se  c lu s t e r s .  The a e r i a l  photograph  a lso  c o n ta in s  a l i s t  o f 

symbols th a t  id e n t i f i e s  th e  co n te n ts  o f th e  ground scene . The l i s t  o f 

symbols and th e i r  i d e n t i f i c a t i o n  a re  g iven  in  T ab le  2. Exam ination of 

th e  r e s u l t s  o b ta in ed  from th e  m u l t is p e c tr a l  scanner d a ta  re v e a ls  a 

problem th a t  does no t occur in  m ultiband  p h o tog raph ic  d a ta .  The a i r 

c r a f t  a c q u ir in g  th e  scanner d a ta  was n o t q u ite  a b le  to  f ly  a s t r a i g h t  

l i n e  and had o c c a s io n a l yaw problem s. The scan n er d a ta  i s  r o l l  

com pensated, however, as i s  th e  case  w ith  most sc a n n e rs .

The computer maps shown in  F ig u re  3 dem onstra te  th e  f i r s t  two ou t 

o f th re e  in te rm e d ia te  o u tp u ts  th a t  can be o b ta in ed  from th e  computer 

program and a re  c o n s id e ra b ly  sc a le d  down to  show th a t  th e  p a t te r n  in  th e
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TABLE 2 . GROUND TRUTH INFORMATION

SYMBOL DESCRIPTION

A ALFALFA

C CORN

H HAY

0 OATS

P PASTURE

R RYE

S SOYBEANS

T TIMOTHY

W WHEAT

B.S. BARE SOIL

D.A. DIVERTED ACRES

R.C. RED CLOVER
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d a ta  has a  d e f in i t e  resem blance to  th a t  o f th e  a e r i a l  pho tograph . H ence, 

i t  i s  n o t p o s s ib le  o r n e c e ssa ry  a t  th i s  s ta g e  to  be a b l e 't o  read  th e  

symbols on th e  com puter maps.

The boundary map c o n ta in s  79 d i f f e r e n t  c l u s t e r  lo c a t io n s  a f t e r  

s p a t i a l  m erging. A 10 x 10 a r ra y  was used to  s e le c t  th e se  c l u s t e r s .

The f i r s t  c lu s t e r  i s  a t  th e  top o f th e  map j u s t  to  th e  r ig h t  o f th e  ro a d , 

w h ile  th e  second c l u s t e r  i s  to  th e  r ig h t  and j u s t  below c l u s t e r  1 .

C lu s te r  3 i s  th e  top  l e f t  c lu s t e r  in  a co rn  f i e l d ,  w h ile  c lu s t e r  4 i s  

th e  f i r s t  c l u s t e r  in  th e  soy f i e l d  below th e  wheat f i e l d  to  th e  l e f t  of 

th e  ro ad . C lu s te r  5 i s  th e  f i r s t  c l u s t e r  d i r e c t l y  below c lu s t e r s  1 and 

2 and i s  a lso  lo c a te d  in  a  soy f i e l d .  C lu s te r  6 i s  in  th e  same soy 

f i e l d  as c lu s t e r  4 and i s  j u s t  below c l u s t e r  4 , w h ile  c lu s t e r  8 i s  j u s t  

to  th e  r ig h t  o f c lu s t e r  6. The r e s t  of th e  c lu s te r s  fo llo w  u s in g  th e  

same computer p a t te r n  lo g ic .  Only 43 s in g le  c h a ra c te r  o u tp u t symbols 

a re  a v a i la b le  to  name th e  79 c lu s t e r s  and, th e r e f o r e ,  th e  symbol usage 

i s  re c y c le d  s t a r t i n g  w ith  c lu s t e r  44. T ab les 3 and 4 g ive  th e  o r ig in a l  

c l u s t e r  num bers, ground t r u t h  in fo rm a tio n , a d e s c r ip t io n  o f th e  s p e c t r a l  

m erging p ro cess  and th e  f i n a l  c l a s s  number. Remember th a t  when s e v e ra l  

c lu s t e r s  a re  s p e c t r a l ly  merged, th e  number g iven  to  th e  merged c lu s te r  

i s  th e  sm a lle s t c lu s t e r  number o f th e  c lu s t e r s  invo lved  in  th e  m erging, 

and some o f th e  rem ain ing  c lu s t e r s  n o t invo lved  in  th e  m erging may have 

t h e i r  c l u s t e r  numbers changed in  o rd e r  alw ays to  keep th e  numbering o f 

th e  c lu s t e r s  in  a c o n se c u tiv e  o rd e r .  T his i s  i l l u s t r a t e d  in  th e  s p e c t r a l  

m u l t ip le  m erging columns o f T ab les 3 and 4 . I f  no ground t r u t h  i s  

a v a i la b le  fo r  a c l u s t e r ,  th e  l e t t e r  U i s  used to  in d ic a te  th a t  i t  i s  

u n id e n t i f ie d .  E xam ination of T ab le 3 m u l t ip le  merge number 1 r e v e a ls
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TABLE 3. MERGING PROCEDURE FOR FIRST 40 CLUSTERS

CLUSTER IDENTI- SPECTRAL MULTIPLE MERGE NUMBER
FINAL
CLASS

NUMBER FICATION 1 2 3 4 NUMBER

1 U 1 1 1 1 1
2 U 1 1 1 1 1
3 C 2 2 2 2 2
4 S 3 3 3 3 3
5 S 4 4 4 4 4
6 S 3 3 3 3 3
7 S 4 4 4 4 4
8 S 3 3 3 3 3
9 S 4 4 4 4 410 S 5 5 5 5 5

11 DA-BS 6 6 6 6 6
12 C 7 7 7 7 713 C 7 7 7 7 714 C 7 7 7 7 7
15 u 8 8 8 8 8
16 s 9 8 8 8 8
17 s 3 3 3 3 318 BS 6 6 6 6 6
19 s 10 9 3 3 3
20 U 8 8 8 8 8
21 C 11 8 8 8 8
22 c 12 8 8 8 8
23 c 8, 9, 11, 12 8 8 8 8
24 c 10 9 9 9
25 s 7 7 7 7
26 s 4 4 4 4
27 s 7 7 7 7
28 w 11 10 10 10
29 s 3, 9 3 3 3
30 c 11 11 11
31 0 12 12 12
32 0 12 12 12
33 c 13 13 13
34 w 10 10 10
35 w 10 10 10
36 0 12 12 12
37 u 14 14 14
38 w 10 10 10
39 c 15 3 3
40 w 10 10 10
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TABLE 4. MERGING PROCEDURE FOR CLUSTERS 4 1 - 7 9

CLUSTER
NUMBER

IDENTI
FICATION

SPECTRAL MULTIPLE MERGE NUMBER
FINAL
CLASS
NUMBER

41 C 14 14 1^ 14 14
42 U 15 14 14 14 14
43 s , c 3 3 3 3 3
44 u 14, 15 14 14 14 14
45 0 15 15 15 15
46 w 10 10 10 10
47 s 16 16 16 16
48 u 16 16 16 16
49 DA-R 17 17 17 17
50 DA-R 18 17 17 17
51 P-0 19 18 18 18
52 DA-R 1 7 , 18 17 17 17
53 DA-R 17 17 17
54 DA-R 17 17 17
55 0 19 19 19
56 0 19 19 19
57 C 8 8 8
58 C 20 20 20
59 C 8 8 8
60 S 21 21 21
61 S 22 21 21
62 S 21 , 22 21 21
63 S 21 21
64 S 21 21
65 C 7 7
66 S 22 22
67 S 7 7
68 S 5 5
69 S 5 5
70 S 5 5
71 S 3 3
72 S 5 5
73 S 23 23
74 u 1 1
75 s 22 22
76 s 23 23
77 s 24 24
78 u 3 3
79 u 3 3
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th a t  th e  s t a t i s t i c s  o f c lu s t e r s  1 and 2 w ere merged to g e th e r  and th e  

r e s u l t  was c a l le d  c lu s t e r  1. C lu s te r  3 d id  no t merge w ith  c lu s t e r  1 , 

bu t was renamed c l u s t e r  2 so th a t  co n secu tiv e  numbering would be 

p re se rv e d . C lu s te r  4 was renamed c lu s t e r  3 because i t  would n o t merge 

w ith  c lu s t e r s  1 and 2 , and c lu s t e r  5 was renamed c lu s t e r  4 because i t  

would n o t merge w ith  c lu s t e r s  1 , 2 o r 3. C lu s te r  6 would merge w ith  

c l u s t e r  3 and th e  s t a t i s t i c s  o f c lu s t e r  3 were updated  to  in c lu d e  th e  

s t a t i s t i c s  o f  c l u s t e r  6. F in a l ly ,  c lu s t e r  23 was a b le  to  merge w ith  

c lu s t e r s  8 , 9 , 11 , 12 and th e  s t a t i s t i c s  o f c lu s t e r  8 were updated  to  

in c lu d e  th e  s t a t i s t i c s  o f c lu s t e r s  9 , 11, 12 and 23. The renam ing of 

th e  c lu s t e r s  r e s u l t in g  from t h i s  m u lt ip le  merging i s  shown in  m u lt ip le  

merge column number 2 , and th i s  column c o n tin u es  u n t i l  an o th e r m u ltip le  

merge i s  en co u n te red . The c l a s s i f i c a t i o n  map r e s u l t in g  from th e  merging 

and f i r s t  c l a s s i f i c a t i o n  pass i s  shown on th e  r ig h t  hand s id e  o f F ig u re  3. 

T his map c o n ta in s  24 c la s s e s ,  o r  f e a tu r e s ,  as in d ic a te d  by th i s  h ig h e s t 

number in  Table 4 under th e  column e n t i t l e d ,  "F in a l C lass Number."

Because th e  c l a s s i f i c a t i o n  was in co m p le te , a d d i t io n a l  c lu s te r s  were 

s e le c te d  by a 6 x 6 a r ra y  s t a r t i n g  w ith  c lu s t e r  number 25, and u s in g  th e  

c l a s s i f i c a t i o n  map as in p u t f o r  th e  c l u s t e r  s e le c t io n  r a th e r  than  th e  

boundary map. The merging p roced u re  i s  l i s t e d  in  Table 5 under th e  

column " F in a l C lass  Number" s in c e  no m u lt ip le  merges were encoun tered .

The com puter program  only  a llow s f o r  43 c la s s e s  and th e re fo re  re fu se d  to  

acc ep t any a d d i t io n a l  d a ta  a f t e r  c lu s t e r  48 , as in d ic a te d  in  T able 5.

T able 6 l i s t s  th e  i n i t i a l  c lu s t e r  numbers o f a l l  c lu s te r s  th a t  a re  lo c a te d  

in  th e  same f i e l d  f o r  bo th  c l a s s i f i c a t i o n  p a s se s . T his p ro v id es  an 

a d d i t io n a l  check to  determ ine w hether th e  m erging was conducted p ro p e rly
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TABLE 5. MERGING PROCEDURE FOR CLUSTERS 25 = 52

CLUSTER
NUMBER IDENTIFICATION

FINAL
CLASS
NUMBER

25 WATER 25
26 C 26
27 C 26
28 DA-RC 27
29 S 28
30 S 29
31 DA-RC 30
32 DA-RC 31
33 P 32
34 DA-RC 33
35 C 34
36 DA-RC 35
37 DA-RC 30
38 P 36
39 C 37
40 C 37
41 C 38
42 H-RC 30
43 H-RC 30
44 C 39
45 0 40
46 0 41
47 0 42
48 U 43
49 RC
50 RC
51 0
52 RC
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TABLE 6. MULTIPLE CLUSTER FIELDS

CLASSIFICATION PASS 1-10x10 ARRAY 
INITIAL

CLUSTER NUMBERS IDENTIFICATION

CLASSIFICATION PASS 2-6x6 ARRAY 
INITIAL

CLUSTER NUMBERS IDENTIFICATION

1,2 U 26,27 C

4 , 6 , 8 S 3 1 ,3 2 ,3 4 ,3 6 ,3 7 DA-RC

5 , 7 , 9 S 39,40 C

1 2 ,1 3 ,1 4 C 42,43 H-RC

17,19 S 4 5 ,4 6 ,4 7 ,5 1 0

2 1 ,2 2 ,2 3 ,2 4 C

25,27 S

31,32 0

3 4 ,3 5 ,3 8 ,4 0 w

4 9 ,5 0 ,5 2 ,5 3 ,5 4 DA-R

55,56 0

57 ,5 8 ,5 9 C

60 ,63 ,64 S

6 6 ,7 3 ,7 5 ,7 6 S

67,77 S

6 8 ,6 9 ,7 0 ,7 1 ,7 2 S
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and to  a s s i s t  in  lo c a t in g  th e  f i r s t  c l a s s i f i c a t i o n  p ass  c lu s t e r s  shown 

in  F ig u re  3 i f  d e s ir e d .  The reason  th a t  one f i e l d  may have s e v e ra l  

c l u s t e r s  i s  th a t  boundary p o in ts  w ith in  a f i e l d  may n o t p erm it s p a t i a l  

m erging o f th e se  c l u s t e r s .  S p e c tra l  m erging i s  used to  overcome th i s  

problem .

T ab le  7 l i s t s  th e  f i n a l  c la s s  number, com puter symbol p r in to u t  and 

a b r i e f  d e s c r ip t io n  o f th e  c la s s  o r  f e a tu r e  based upon th e  a v a i la b le  

ground t r u t h .

A u s e r  may now d e s i r e  to  in t e r p r e t  th e  r e s u l t s  f o r  h is  s p e c if ic  

n eeds, which may be crop i d e n t i f i c a t i o n ,  fo r  example. T able 8 was 

p rep a red  fo r  t h i s  example and fo r  exam ining th e  f i n a l  r e s u l t s .  C lasses 

1 , 7 , D and /  a re  n o t l i s t e d  in  th e  ta b le  because a s p e c i f i c  crop name 

o r  f e a tu r e  could  n o t be a t ta c h e d . N o tice  th a t  c la s s e s  7 , D, and /  occur 

a t  th e  edges o f th e  com puter map.

F ig u re s  4 th rough  15 a re  th e  f i n a l  c l a s s i f i c a t i o n  r e s u l t s  fo r  

f l i g h t  l i n e  C l, and F ig u re s  4 th rough  9 co rrespond  to  th e  l e f t  s id e  of 

th e  a e r i a l  pho tograph , w h ile  F ig u re s  10 th rough 15 correspond  to  th e  

r ig h t  s id e .

In  F ig u re  4 w ate r i s  re p re se n te d  by th e  l e t t e r  0 and wheat by th e  

number z e ro . The ze ro s  have a  s l i g h t ly  re c ta n g u la r  shape as compared to  

th e  l e t t e r  0. F ig u re s  7 th rough  9 s t a r t  to  show s e v e ra l  a re a s  th a t  were 

n o t c l a s s i f i e d .  This i s  because th e  maximum o f 43 c la s s e s  was o b ta in ed  

in  th e  a re a  o f F ig u res  7 and 13 and th e  rem ain ing  u n c la s s i f ie d  r e s o lu t io n  

elem ents were s ig n i f i c a n t l y  d i f f e r e n t  from th e  43 p re v io u s ly  o b ta in ed  

f e a tu r e s .
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TABLE 7. FEATURE SYMBOL AND DESCRIPTION

CLASS
NUMBER

COMPUTER
SYMBOL BRIEF DESCRIPTION AND COMMENTS

-1 • UNCLASSIFIED BOUNDARY RESOLUTION ELEMENT
0 UNCLASSIFIED NON-BOUNDARY RESOLUTION ELEMENT
1 1 UNIDENTIFIED - CLASSIFIED AS CORN IN REFERENCE 6
2 2 CORN
3 3 MIXTURE - 84% SOY, 8% COEN AND 8% UNIDENTIFIED
4 4 SOY BEANS
5 5 SOY BEANS
6 6 BARE SOIL
7 7 MIXTURE - 51% SOY AND 49% CORN
8 8 MIXTURE -73% CORN AND 27% SOY
9 9 CORN

10 0 WHEAT
11 A CORN
12 B OATS
13 C COEN
14 D UNDECIDED - PROBABLY CORN
15 E OATS
16 F PROBABLY ALL SOY -89% SOY AND 11% UNIDENTIFIED
17 G DIVERTED ACRES AND RYE
18 H PASTURE AND OATS
19 ■ 1 OATS
20 J COR]H
21 K SOY BEANS
22 L SOY BEANS
23 M SOY BEANS
24 N SOY BEANS
25 0 WATER
26 P CORN
27 Q DIVERTED ACRES AND RED CLOVER
28 R SOY BEANS
29 S SOY BEANS
30 T DIVERTED ACRES AND RED CLOVER
31 U DIVERTED ACRES AND RED CLOVER
32 V PASTURE
33 W DIVERTED ACRES AND RED CLOVER
34 X CORN
35 Y DIVERTED ACRES AND RED CLOVER
36 Z PASTURE
37 = CORN
38 $ CORN
39 9 CORN
40 f OATS
41 ( OATS
42 * OATS
43 / UNIDENTIFIED



41

TABLE 8 . USER INTERPRETATION OF RESULTS

CATEGORY COMPUTER MAP SYMBOL

CORN

SOY

BARE SOIL

WHEAT

OATS

DIVERTED ACRES 

DIVERTED ACRES 

PASTURE 

WATER

RYE

RED CLOVER

2 ,8 ,9 ,A ,C ,J .P ,X ,= ,$ ,»

3 ,4 ,5 ,F ,K ,L ,M ,N ,R ,S

6 

0

B , E ,H , I , ' , ( , *

G

Q,T,U,W,Y

V,Z

0



42
> J'   ni"

> .•* ."I w"'J* 0  ."* .■'    IM JJN * •■>.'.■'O-.’*.'-.'*-.'*• •  ...........  ̂ • a**
r* J' Z'C I* J' J' .......................................%•»'!>%.>% > .................. ... njf\j j>

. . . o   NfttfUftfafMWJDfOWOTI* WVM
\  1 ^ 1 \  1. . . o  . . . N N M rW M M NN N N NM M D D  MNWM 
'■ > % % > % > .. . ,  * .  .  . . M NN fU N N njM NM N W V M  niWMNWN"

\ ............................... - r ^ r u jM  hi i>ir<ii\iHNHhihie\ir\iNr<ihiHt)ir\i-
._  —W .^ IV N W V  * • • 'V M N N N N N N W rW N N fV n)'

..................N N M fV n iW W N N M N N ' N rVM NW NNM M NM M NN-

. . . W N N N N M N N " (M'S N NnjN fVM M NI\ll\)W VNW Nf\)fV '
OfWf* M W N fW N N N N N D M N lI f\»Nn*M<\)NNNNm)iVNfVfWMN At* . • • TlVVnVVOWWVOVOVWUlil’*

r<i iVN N W W NA IN N M N W VN fVN N 'VN N N N NN W W M W V M N  • • • • 'O'Q'DT) Tt'D'O 'O 'O 'Dll'D'DIKiU* (JUt •
•<tftnnnthinthiHhihiritnii\iHhli\iHt\tnrithii\ir̂ nihtr̂ hit\if̂ hth)r<ihiXir\i..................DTi^ 'D 'D 'O II'D 'O 'D 'OUbi w W U w
'*W N W N N W VNN N N m *IVN N NN 'VW VfVN N fVW ViV rVhih/VniS- . . . .  Vn 'S 'OT'D 'DV'D'D V U D U itU  WhiNfihlhihl nj. . . ■ -n 'nD -D U H -D I'D D U D t) WUOl
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A ccording to  R eference 6 a  m a jo r ity  o f m i s c la s s i f ic a t io n  and non

c l a s s i f i c a t i o n  can be a t t r ib u t e d  to  weed grow th and low ly in g  a re a s  

w ith in  d i f f e r e n t  f i e l d s .  This p ro b a b ly -a lso  accoun ts  fo r  th e  appearance 

o f bo u n d arie s  in  th e  f i e l d s  p re se n te d  in  th e s e  r e s u l t s .  For exam ple, 

F ig u re  10 c o n ta in s  a h o r iz o n ta l ly  p re se n te d  w heat f i e l d  n e a r  th e  bottom  

w ith  a  m is c la s s i f ic a t io n  o f o a ts  in  th e  m idd le . T his m is c la s s i f ic a t io n  

i s  due to  th e  p re sen ce  o f  a low ly in g  a re a . The bo u n d arie s  in  th e  

d iv e r te d  a c re s - re d  c lo v e r  f i e l d  j u s t  above t h i s  w heat f i e l d  a re  due to  

th e  p resen ce  o f  a sm all sand dune.

I t  may be o f i n t e r e s t  to  n o te  th a t  th e re  a re  u s u a lly  more f e a tu re s  

re p re s e n t in g  a  row crop such as corn  and soy , and th a t  th e  non-row  crop 

f i e l d s  such as wheat and o a ts  a re  more homogeneously c l a s s i f i e d  per 

f i e l d .  This r e s u l t  i s  p robab ly  due to  th e  sen so r having  to  average no t 

o n ly  over th e  canopy s t r u c tu r e  o f a  row c ro p , bu t in  a d d i t io n ,  averag ing  

over a  p e rce n tag e  o f  b a re  s o i l  o b se rv ab le  between th e  p la n ts .  The type  

of s o i l  could  a lso  vary  from lo c a t io n  to  lo c a t io n .

Y ellow stone Park

F ig u re  16 c o n ta in s  a v ideo  r e p r in t  from channel 9 o f  th e  ground 

scene  on th e  l e f t ,  a  boundary map in  th e  c e n te r  w ith  th e  lo c a t io n  o f th e  

i n i t i a l  c l u s t e r s ,  and a f i r s t  pass  c l a s s i f i c a t i o n  map w ith  an a d d i t io n a l  

s e le c t io n  o f c l u s t e r s .

The Y ellow stone P ark  d a ta  was ana lyzed  e x a c tly  as  th e  Cl f l i g h t  l i n e  

d a ta .  The v id eo  r e p r in t  c o n ta in s  some ground t r u t h  and lo c a t io n s  of 

t r a in in g  a re a s  used by o th e r  in v e s t ig a to r s  l i s t e d  in  R eferences 11 and 

1 2 .
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VIDEO  R E P R IN T , C LU STER  SELEC TIO N , INITIAL CLASSIFIC A TIO N , AND SECONDARY C LU STER  SELECTIO N
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Table 9 g iv es  th e  merging p rocedu re  f o r  both  c l a s s i f i c a t i o n  p asse s  

s in c e  no m u lt ip le  merges were en coun tered . No id e n t i f i c a t i o n  i s  g iven  

f o r  th e  c lu s t e r s  because  th e  c lu s t e r  lo c a t io n s  do n o t n e c e s s a r i ly  c o in c id e  

w ith  th e  t r a in in g  a re a s ,  and i t  i s  e a s ie r  to  id e n t i f y  th e  f e a tu r e s  a f t e r  

th e  f i n a l  c l a s s i f i c a t i o n .  The a n a ly s is  o f t h i s  d a ta  s e t  in d ic a te s  th e  ty p e  

o f problem  invo lved  when a f a i r l y  in a c c e s s ib le  re g io n  i s  rem o te ly  sensed .

I t  i s  d i f f i c u l t  to  e s tim a te  what ty p es  o f  fe a tu re s  can be e x tra c te d  from 

th e  d a ta  and i t  may be econom ically  to  th e  advantage o f th e  in v e s t ig a to r  

to  c o l le c t  th e  ground t r u t h  in fo rm a tio n  based upon th e  f e a tu r e  e x t r a c t io n  

map, r a th e r  th an  t r y in g  to  a n t ic ip a te  th e  needed d e ta i le d  ground t r u t h .

Table 10 was p rep ared  fo r  in t e r p r e t i n g  th e  f i n a l  r e s u l t s  based on 

in fo rm atio n  d e riv e d  from th e  v ideo  r e p r i n t .  S ev era l meadow l i k e  a re a s  

w ere d is c e r n ib le ,  b u t were only  g iven  meadow numbers co rrespond ing  to  

t h e i r  c la s s  numbers because of la c k  o f o th e r  in fo rm a tio n . The g eo lo g ic  

term s t i l l ,  t a l u s ,  kame, and v e g e ta te d  ro ck  ru b b le  a re  d e sc r ib e d  in  

R eferences 11 and 12, b u t a re  re p e a te d  h e re  fo r  convenience.

The c la s s  t i l l  c o n s is ts  o f meadow a re a s  u n d e r la in  by g la c ia l  t i l l .

They a re  g ra s s la n d  and sagebrush  a re a s  which were la rg e ly  dormant a t  th e  

tim e of d a ta  c o l le c t io n .  M ineral s o i l  i s  exposed in  about o n e - f i f t h  of 

th e  a re a  and c o n s is ts  o f s i l t y  to  b ou lde ry  d e b r is .  Deer and e lk  manure 

a re  lo c a l ly  abundant in  th e se  a re a s .

The c la s s  ta lu s  in c lu d e s  b lo c k f ie ld s ,  t a lu s ,  and ta lu s  flow s o f 

b a s a l t  la v a  f lo w s , v o lc a n ic  t u f f ,  and g n e is s ,  formed by f r o s t - r i v in g  and 

s o l i f l u c t i o n  from o u tc ro p s . They a re  b locky  and w e ll-d ra in e d  d e p o s i t s ,  

and t r e e s  a re  w idely  spaced o r  a b se n t. The b locks a re  covered w ith  

dark  gray lic h e n s  and range from a few c e n tim e te rs  to  about 1 m eter in
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TABLE 9. MERGING PROCEDURE PGR YELLOWSTONE DATA

CLASSIFICATION PASS 1-10x10 ARRAY CLASSIFICATION PASS 2-6x6 ARRAY

INITIAL 
CLUSTER NUMBER

FINAL 
CLASS NUMBER

INITIAL 
CLUSTER NUMBER

FINAL 
CLASS NUMBER

1 1 11 11

2 2 12 11

3 2 13 11

4 3 14 11

5 3 15 11

6 2 16 11

7 4 17 11

8 4 18 11

9 3 19 11

10 4 20 12

11 4 21 13

12 5 22 14

13 4 23 14

14 6 24 15

15 6 25 15

16 4 26 16

17 4 27 16

18 4 28 16

19 4 29 16

20 7 30 17

21 8 31 18

22 9 32 19

23 10 33 19

24 10 34 20

25 10
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TABLE 10. INTEEPEETATION OF YELLOWSTONE RESULTS

CLASS NUMBER SYMBOL BRIEF DESCRIPTION

1 1 MEADOW 1

2 2 MEADOW 2

3 3 mADOW 3

4 4 DENSE FOREST AND SHADOW

5 5 TILL

6 6 KAME

7 7 MEADOW 7

8 8 MEADOW 8

9 9 MEADOW 9

10 0 MEADOW 10

11 A TREES

12 B TREES

13 C TALUS

14 D TILL

15 E TILL

16 F TILL

17 G TILL

18 H TILL

19 I VEGETATED ROCK RUBBLE

20 J MEADOW 20
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d ia m e te r . Most a re  l a r g e r  th an  10 c e n t im e te r s .  The s lo p e s  in  th e se  

a re a s  range  w id e ly , from 35 to  45 d eg rees  a t  th e  head to  5 deg rees o r  

le s s  a t  th e  to e .

The c la s s  kame i s  v e ry  s im ila r  to  t i l l  excep t about o n e -fo u r th  o f 

th e  a re a  i s  exposed m in e ra l s o i l .

The c la s s  v e g e ta te d  ro ck  ru b b le  c o n s is ts  o f lo c a l ly  d e riv e d  an g u la r 

ru b b le , f r o s t - r iv e n  from b a s a l t  la v a s ,  v o lc a n ic  t u f f  and b re c c ia ,  and 

g n e is s . G rasses , l i c h e n s ,  everg reen  s e e d l in g s ,  and mosses cover more 

than  th r e e - f o u r th s  o f th e  s u r fa c e  u n d e r la in  by th i s  d e b r is .  The rocks 

range in  d iam ete r from le s s  than  1 c e n tim e te r  to  about 1 m eter and occur 

on s lo p e s  from zero  to  about 25 d eg ree s .

Three a d d i t io n a l ly  known f e a tu r e s  in  th e  ground scene d id  n o t appear 

in  th e  c l a s s i f i c a t i o n  map because th e y  were n o t co n ta in ed  in  a homo

geneous a re a  la rg e  enough to  be s e le c te d  b y  a c l u s t e r .  These f e a tu r e s  

were w a te r , bedrock and bog. However, th e  a re a s  where th ey  appear on 

th e  c l a s s i f i c a t i o n  map can be lo c a te d  w ith  th e  a id  o f th e  v ideo  r e p r in t  

and th ey  appear as u n c la s s i f i e d  a re a s .  These c la s s e s  could  now be 

id e n t i f i e d  elsew here  in  th e  d a ta  by u s in g  a su p erv ised  tech n iq u e  and 

s e le c t in g  th e se  u n c la s s i f i e d  r e s o lu t io n  e lem ents as t r a in in g  a re a s .

F ig u re s  17 th rough  28 co n ta in  th e  f i n a l  c l a s s i f i c a t i o n  r e s u l t s  

fo r  th e  Y ellow stone Park  t e s t  s i t e  and F ig u res  17 th rough  22 co rrespond  

to  th e  l e f t  s id e  o f th e  v id eo  r e p r i n t ,  w h ile  F ig u res  23 th rough 28 

co rrespond  to  th e  r ig h t  s id e .
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FIGURE 18. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
SECTION 2
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FIGURE 19. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
SE C T IO N S
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T«T> TŜT*̂ • -

T>T*T»t*WT»T»T» T̂»T»T»T»T»̂t»t>r>T>T»T» 
r**»r»t»T»*»T»T> t»T» •̂*r*T>TVT*T*T»T»t*T*»»T» •

t*>p •
T»t» T»fr'»*T*T»WT»T»t»t»»»T»»*T*t»T»  ̂ ' ' \ f  

T*1>WBT»WT»W»WT» • ▼>tV •

T»»>wr»r>w^rT»WT»T>*>T»»»t»ï> 
T»T»nT*W>T»1>T»T»ttT>T» T«T>̂T»»»f 7»TyT»T»T,«sT»-*»T>T»T»T»''»T>»VX t>T>Tsr>T>T»T>T»r T>r*»>T»—

^T»rr*»T>T>T»WW»^T>T»l»TH>T>T»T»T>t*W»*»T> »
T»r>T>T»T»T»T<r>TymVT>*>t» T«*T»flST»T*T*>*t» t 
T»T»T>T»T>T» *VIW*T»T»T*TI**V, "

TyT»T>T>T>tyT> ^r>T>T»T>f T>T*T>T>T>»*T>*>'t>T»^
T»T>T>T»T>T* t »»»>T>T»r»T»T>T»T»t>r.*ïT»T>T»T>»* - *»
*yT»Tyr>T» »»T»T»T>rf»TrT>T>nr*'*>T»T>’Y'j>» t '>

T*T»1»T» n*» ^ T>̂TrpT>T»T>r»T>T>T» r\ t
r»T*T*^T»t>»»T»T*T»T» T»ry»T»T>T» *>T*T»-4^ f» » "X».

• T»T» X*»» nrrmi*» 
-t> T» 1» *»v* j« t t  »»r*

»>T» ' '•'> *>
T»T»t> V» tr ttrrrtê/.

^ T t ^ r t ‘r»T> —.^ im*nr‘. *>
r»>-»«>T>T» T»T*«* - f   ̂ I r , , ,«

T>*« *»?*
•n  W»*SŸ*

»«•>»*
•>** »>?»»>«>’>»>»>»***»*”•

T> *»»*•*•>*>»»» T* ̂
•»»* F» r» »»»*•»»•»»•'••

mv» ■*»
T**1** F»T>t>»*»»F*F>»»F>»ir*F» *»»»»»T»T»T»»*»»T>T»r»F*r»F*F*

tu k n n »  u » .

i n i  .J in » t
KrvnrnxT

t fvn,rrf»rt»v»*̂

FIGURE 21. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
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FIGURE 22. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
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El AC ErEJÊ CJEJEjEJEJEJEAEJEJEACjE. -J\X\>E- • • A~~ •*. A E E E E E E E E E E E E E E - EEEEEE EE E EE E E^E  AX E AAA E E E E £ X £ £ £ £ £ X £ E E

TXAXx •trc E»£>£>E>EJE>£>£>XjE»£>Ej«4«.»ErvrA • -4A -EVJ A E C E EA EE E  EEE CA £ £ E £ £ E £ £ E E E E £ E £ £ E £ E A  £ X £ E £ £ X £ £ £ £ £ X E £
TrOtrCvXx xTTtXtvEvEvŒjEjŒ^AfjEJ -4-4 \EA — — r-J AAAEAAAAAAAE EEE A E E  £ E E E E E E  EE EE £ £  £ £ £ £ £ £ £  £ £ £ £ £ £ £ £ £ £ £ £ £ £ £
trrXTi Œmxrmc&EvEvET-JEvŒiO -NJ-JSE».................. — -4 -4 — AAAAAAAAAA E E E E £ E £ £ E £ £ £ £ E £ E E £ E E £ X £ E £ £ £ E £ £ £ £ t £ £ £ £ £ £ £ E £
■ojvTvxvtvxrxrtrc e>e>e> -4Ev£a4Xj-4 - -4 a a  a  — m  a a a a  a a a 'a e  e e  c c  e  e e e e e  e  e  c c e e a e  e e e  e e  c  c c  c  x e c e  x x c c e  c  c  e e e  e

O  JVTTtrC UV£kA£j-4 - MNJ AA EA ' AAA -TAA AAAAAAAAAA AE r C E E E C E E E E E C E  A £ E £ £ £ E E X £ £ £ £ £ E £ £ £ £ £ £ £ £ £ E E
••£» .TmXvEvEiEvEvEJ • • Ex>*£J A  E- A  ' A  ' -- "VA A A— AAA AAAAA AAEEEEEEE £ E£ £ EEE E A E  £ £ £ £ £ E £ £ E £ £ £ £ £ r £ £ £ £ C £ E £ E £
\J  OJVTV XXjEjEvEJ • • ■N>-4-4V> • AA ' • — » • • -< A AAA AA AE E E E E E E E E CE E E E -  £ £ £ £ £ £ £ E £ £ £ £ £ £ £ £ £ C £ £ E £ E E £ E £
-«4  S>«4 -N> - - A A A A A A  —4 ................................................. A A  A A A A  A A  A A E  E E E E E E  E E E E E E  £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £

• A  • • AAAA A  AAAAAAA • .r. - • —/ AAA A AAAAEEEE EE EEE £ £ E AE E E E £ X E £ E E X £ £ £ £ £ E £ C £ £ £ £ £ £ £ E £
A  A - -XAA A  AAAAAAA AAAAAAA    A  Nl AE E  C E E C E C E E £ E £ E £ £ E E E E C X C E £ C £ C C £ £ £ £ £ £ C £ £ £ E X £ £

AA AAA AAAAAAAAA • ■ AAAAA ' ' ' AAA -4 — AAAAAA AAE E E E E E £ E E £ £ £ £ £ E £ £ £ £ £ £ E £ £ E £ £ E C £ £ £ £ £ £ C £ £ E £ £ £ X £ £
AAAA • AAAAAA AAAAA A A A A A ........................- 4-4-. A  AAAA AAAA AAA AE E E E E E E  EE £ EEE £ £ £ £ E E £ £ £ £ £ £ £ £ E X £ £ £ E £ £ £ £ E £ E £ X E £
AA AAA - AAAAA AAA E A A ............................ -4-. AAAAAAAAAE AAAAE E E E E E E E E E E E E E E E E E E E  £ X £ £ £ £ E X X £ C £ £ E E £ £ £ E E £ £ £ t £ £
AA AAA • • •  • AAAAA A A A ........................................ AAAAAAA ' AAAA AA E E E E E  EEC "AE EEC EAA £ £ £ £ C C E X £ £ £ C £ £ £  £ £ £ £ £ £ £ £ £ £ ,

A  AAAA ' • • AAAA AAA A ................... — -4 EAAAAAAAAAAAAAAAÆ E E EE AEA E E C E E E A  £ E £ £  X C £ £ £  X X £ £  E £££ .:. X X £ X X £ £
AAAAAAAA A  ' ' AA ' AAAAA . . .  A AAA • ' VAA - A A A AAE E E E A A  » CEAAEEE E £ £ £ £ £ E £ £ E £ X E E E £ £ £ £ E E £ E £ E E
AAAAAA AA ' ' A AA ...............  A AAAAAA EE AA £ CA E £ £  EC £ E £ £ £ £ £ £  E X C £ C C X £ X £ £  X £ £ £  E £
A  AAA AAAA AA A  - • A  • "A-. — A A A A A A A EEEA A Æ  EEEE EEE  CEE£  £ £ £ £ £ £ £ E E £ £ E £ £ £ £ £ X £ £ £ £ E £

AAAAA AAAAA ..............................A  • ' — AA AAAAAAAAAAE £ E E £ E E E £ E £ X E £ E £ £ £ £ £ E £ £ £ £ £ £ X £ E X £ E £ E E
A A  AAAA AAAAA . . .  A  A AA E EE E E  E»AE£ E C £ E £  £ X £ £ £ E £ £ £ E £ £ £ £ £ E £ E £ E E £

A A A ..............................A  A  — - — . — • AAE EEE £ EE AA EEE E EE X £ £ £ £ £  £ E E E £ £ £ E £ £ £ E E E E E
AAA • \4 AA E EEAE EEE E  EE-AEEEEEE £ X X X X £ E E £ £ £ £ £ £ £ £ E £ £ £ £ E £ £
AAA • AAA —.   -4— 4-, A-WNJ AAA A E E EE  E £ E £  E E E E E E E E C E  EE £ £ E £ E £ £ £ £ E £ £ E £ E E £ £ E E E
AAA - A  • - AA  AAA E E £ E £ E E E E E E E E E E E £ £ £ £ E E E £ E E £ E E £ £ £ E E £ £ E E E E
AAA AA • • •  £1 A - - . X J -  A  AA  A  AA E E E E E £ E E E C E E E E E E £ £ E £ £ E E £ E t E £ £ £ £ E £ £ £ E £ E E E E
AAAAAAAA -4 — AA~» A  A  E E E E E  E EEEEEE- £ E E E E E E £ E E £ E £ £ £ £ E £ E £ E E E E E E E E
AAAAAAA ' ' ' A •—  .T. • A Æ  -*4 A A .EE E EE E EE EE E  E EE  EEEE E E E E E E  £ E£  £ £ E E E E £ £ E £ E £ X E £
AAAAAA AAA A  A  -4 — -4-4 EA AA AAA E E E £ E E E E E £ E E E E E E E E E X £ E E E E E E £ £ £ E £ £ £ E £ £ £ E £ E £
AAAAAA - ' AA AAAAA AA-. - m A  E A  • • A A E E E E E E E E E E E E E E E E E E E E  E£ EEE £ E £ £ £ £ £ £ £ £ £ £ X E E E E £
AAAAAA A  AAA • •  • .T\£. • . . Tj-ft A E E E E E E  C E E E E E E E E E E E E E E E  £ EE £ £E £ £ £ £ £ £ £ £ £ £ £ £ £ £ £ £
AAAAAAA A A A'A-J - - - -ET» A A  • A E  AAA A E E E E E E  E EE  EEE E E E E  £ E E E £  £ £ £ £ £ £ £  CCCCECEC £ £ £ £ £ £ £ £
AAAA AA • • AAA AA • AA A  . . A AAAA ■ ' AAA ' A A E E E E E E E E E E E E E  E E E E EE  £ E £ £ £ E £ £ £ £ £ £ £ £ £ £ £ £ t £ £ £ E X
AAA AAA AA • • ' A  • - - AA AEAAA AAE E E E E E E E E E E E E  E E E E E E XE E E  X £ £ £ E £ £ t X E £ E X £ £ £ X X X £ £
AA • -AAAAAAA A  ' - A A  -   A  AAAAA E E E E E E E E E E E E E E E E E E E E £ £ X £ £ £ E X £ £ £ ' ; : X £ £ X " X  £ £
A AAAAAAA AA  A . . .  1» AAAA N» £ E E E E E E £ E E E £ E E £ E E £ E E £ £ E £ X £ £ £ £ £ E £ £ X X E X £ X .  £ £

A  AAAAA A . . A  A AA AA AAA • C C £ C £ E E C C E C C E E £ E E £ C C £ £ C £ X £ £ £ C X r C £ £ £ E £ C C . - £ C
A  • AAAAA AA  ' - AAAAAA . . .  AA A AA 'M AC E £ E £ E £ E £ £ E £ E £ £ E E X £ £ £ £ X £ t £ X £ £ £ £ X £ £ £ £ :  £ £ £ £

A A  A AAAAA AA AAAAAAA -» -A  • -4 . . . .  AA  • • -4AAC E £ £ E £ E E £ E X E E £ E £ £ £ E £ X E E X £ £ £ £ X £ X t £ £ £ X X  £ £
AAA AAAAAAAA AA AA A A A A "'J...............  A  4̂—I AA \J  ' • ATiE £ £ £ £ E £ £ E £ X £ X £ £ £ £ £ X E £ £ £ X £ £ £ £ £ £ £ X £ £ £ ;  £ X £ £
A AAAAAAAA • AAAAAA .................... —/ «AAAAAA • • A  AE X * £ £ £ X £ £ £ C £ £ £ £ C £ E £ £ £ E £ £ £ £ £ X £ £ X £ £ £ £ £ £ £
A  AAAAAAAA A AAAAAAAAAAA • - AV - 4-. -4 • AAAA A-X\4 AAE £ t  £ £  E £ £  E £ £ £ £ £ £  E £ £ £  X X £ E c £ X £ £ £ £ £ £ £ £ £  £ Af  £ r
AA AAAAAAAAAA AAAAA A A A A .................  -4-, — AAAA fc- AE £• AAAC £ £ £ E X £ E £ £ £ X £ X E E X £ X X £ £ £ X E X X X X £ £ £ £ £ £  X X £ £
AAA AAAAAAAAAAAAA A  A A ................... 4 -4 A  AAAA ' • AE E EAAAE £ E E £  £ X X £ £ £ £ £ E £ £ £ f  £ X £ X £ E £ £  £ £ £ f C £ £  £ £ £ A A t £ £
A - AAAAAAAA  A A ..........................  A  ...................AAAAAAEA ' C E EA A A £ E £ E £ X £ E £ E E £ E £ £ E X r X X X £ £ X E X X X X X t £ £  X A £ £
A  AAAAAA ' ' A A A ......................  ' -4-4 • ■ • AAAAAAE A  ' AA E E AAX E t £ X £ £ £ £ E £ £ £ £ £ £ £ £ £ £ £ X £ X £ £ £ X £ £ X X £ £ £ £  AA X £
A AAAAAAAA A  A  AAAE •NJ - • •  • N4AA-4.rvxv • AAAE CAE AAT&EAE EE £ £ £ £ £ £ E £ E E £ £ £ £ X £ X £ E X £ £ X X t X e X X £ t X £ X X £ £ A X £ £ X £ X
A EAAAAAAAAEEAAAAAAA£A£A . . AAw • • A E E fEA EE -X A  EA C E r E E £ £ E £ £ £ E £ £ E £ E £ £ £ £ £ £ £ £ £ £ £ £ X £ £ E X X £ X E £ £ £ £ £ £ t £ -

• AAA ft AAA • AAAAAAAE AA • A AA AX E E E E  A AE C £ E E  ' £ X £ E £ E E £ C X £ X X £ £ £ £ £ f  X X X £ C £ X X £ £  £ X £ X £ C X X X X
AAAAAAAAAAAAAEE EEAA-AEEAAAAEA AAAAAAAA E E E  E AAA-4 AAAAE £ £ £ £ AE £ £ X E £ £ E X £ X X £ £ £ £ £ X X £ £ X £ £ X X £ £ X X X X X X £ X X £ X

1 » AAAAAAAAA A EE EEEAE £ EAE E C£ • AAAAAAAAAA AtVC E AA £ £ £ £ £ £ £ £ £ £ £  E E £ £ t  X £ £ E X X £ X X X £ £ £ X X £ X E X X E X £ X X X X £ X £ X X E 
AAAAT,AAAAAE £ £ E E EE E E E E E E E E E E E  • AAAAAA • C A A E E E A  £ A A t £ £ E £ £ £ X £ E £ £ X X £ X X t X r r : r X r t r X X £ X X £ X £ X X t X £ t £ X r X X r X X £ x  
A—AAAAAEAAEEAEE E £ E E XE CCCCE CCX AAAAAA E E £ E X E E £ E E £ £ E t C E £ X £ £ £ £ E £ £ £ £ £ X X t r x r X X X £ £ £ X r £ £ r E X £ X r X £ X X t f X X X t X X £
A AAAAE £  AAE £ £ £ £ £ £ £ £ £ £ £ £ £ £  AAAAAAAAE ATVCECEEE E E £ £ Ct XE£ £ X £ X £ E £ £  X£ £ X XX f  f  r X £  X X £ XXXXXCXt  A f C X C f t X t t X t X
A AAAAA AA ££££££££££££££££  £ AA AAAAA E£EECECE££££££ECX£X£E£EX££X X X XI X t X X X XXXXXXXX XX X X t X t C X C t
AA AAAA C AE- £ £ £ CAE £ E X EEEAE A XA CAAC C£EEE££ECC£Et££XXCXX£EEC£CCXT XXX XXXt XXXXXXt CC XXXXX£X£tX£t X 
AAAAAAA E E EAAAAE £ EAAAE EXECCCt X££CEEECC£CCEEECX£CCEE£X£EX£££E££CXfrrXX£XX X r X r X X T t X e t C t X X t X X C t C . X X t r
AAAAAA A£ E AAC EEC AAAC £££££££ X£££EEEE£CEC££EE£CE££CE££EC££££C££CtXX££££rX££££££X£X£XXX££rXX£XXrXt£X
AAAAAAAA £ A £ £ E £ C CWA EA CE- £ £ £ XA r££tEECCEE£CCEECXECtC£C£££E£C£E£££XtXXXX££X££X£X£X£XXX£££X£XXXXXXXXrx
AAAAAAAAAC AE EXEEAA £ C£A A C £ £ EX XCCCCECECCEEEErEX£ECCC££E££EEC£££XX££X£££££££XX£XXXXXXrXXXXXXXXXI X X X X

A X AAA AAE X £ C E AAE £ C AAE XCECC CC£ E E E £ E E CE E E E r X£ Xt r XX r r XXX r XE T - r r T - » - « . p * . « .  44«- «-44P4»- 4-4^44. ^4444, 4- 4, , - - .

FIGURE 25. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
S E C T IO N S



6 9

FIGURE 26. FINAL YELLOWSTONE PARK CLASSIFICATION MAP
SECTION 10



70

■» •> T» n  TTTtTt *r T  *> ”>

T i c r c c c  • . i t u u L t tM tO  t t c t z t t r »  r  t i u u -
f> e t e c c  rvnrv in .x>of»x> t>x/ r c r c c t c r * > r »  f .o -^
c c c c c t r N >  - . / > o  c c  c  c  r  t  t  c i r n . r -  -v a

r  r  f  c  r  T* -C* j» o  c t r c c r t  "  t. t>
r  f  c  t- !• f >  r  r  f  c  c  c  f

»«rvi» r  r  t> i»c  c  r  t  c  r  c 
• •• T»f e  e  c  t  r  r  t  c  c* -af*int7ii*r»M »»i>c, r-c»

r  c  r  e  cT »c  r  r  c £• '>
c c r c r t c t r r ^ v  »» n n r . 

t  t  c  r  c  e  c  r  I e t  T* m t r . c  * i i iT /v n m »  
c r c r r c c e  % • -^ u n r» * /* . •T/T///»»r/ï/T»
c c e r c c r c n ^ T »  r»»vivf» o o  n i i t r i r r a »  

v> r c c c c t r c  t > iu«7> cid**c< c
N/T> T>T> r t  r  c  r  r  r  r  c  tc i.

T>i>T»T»T»t»̂ t t f f C C t* — •*• i>Ot> "> *»ï’ -vaT  f r C C C ’• t* ■r r>r>*>r>T>r »>?»»>£ t r c r t C C r'J'» t. »• j v  • »*»

( t T i T r r t ^ r v r \ f >  ootj c
(DO n tm t» c » o c^  C

1  •miiin^ooooottottc 
trim HT tritor>t»Uf> 

l>IITn/T*T-C>(>'*(

r»T>T>T>t>T»r»i f*»»t rr c r r c C r- T»nT»T>rkf »**»T>r r»r f r- cT»c »> rnr»nrv/nn.tC1-* r c r c »>▼> tnr*>** i>»ra .r»nT*rxt»rnt«
• p t r » ^ t r c c  ^ c  f  c c  o*nrikFx irf> fir«c»cf f c f»f f r c i>f» Wva // **WaC,C t» lrT‘tft‘1

r  r  c t  f  r  r  »>*»»> ' —a ** r -  -« {—v a  r ir in T .i> c * { .(
*>«» c ^ r c e r r  i c i  »•«—c\> *> ^c - r —« ' i »m t i . <
•»»%£ c f c r r r r r c * > — '•(  r c r* c-vix> n m  r*f- t
•>»%f t  r  r  r  r  r  r  r f  f —« r  r  r  r i M  r  ^  iT .n r « r n .  •

-TT-M T1 P"T-T» T1T- %

f ( Vf < f I IM * ■
,-a fkfVTvrkft.H

T* y> rvi» trxn ix i,t. st. yrtnjxj ■ f.rvtvfvfvr Ttrtkt»' fTTxtvnnif. T/Vï'iT*T-y:x»vim». -n-n •■*'»■»•»•> stvrvtxt' ■ 
'r-yfr'> X tkf» TiTTT/-jrnjTtm.rrtn» fn 

-r~r-> X -iT., *>T>
ytyyr-rtry yx-jot»

■ r 'm 'm  o ‘fr">'*rr, 
r f IMI ifToxi I if > • •ï'rT»c»crtTTnot>trrvc*x/rmT> tmr» • •

-y-T-> - ) f i  Xf"ï x m  TUI f IV TTTi • •
xx'j'i*T*»T> xxcxtruTrfTfTrmxmTTTTTvL crrrt» •

•* rx T X * y ^  I .T |Ti£xrrir»t 11 i r u  11 *i ■ i >i ■ 11 l o  i i u h t t  
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CHAPTER V

CONCLUSIONS

F e a tu re  e x t r a c t io n  can be in te r p r e te d  as  being  an e x te n s io n  to  

photography. Photography i s  capab le  o f p re se n tin g  p a t te rn s  in  c o lo rs  

o r v a r io u s  shad ings fo r  in te r p r e ta t io n  by an o b se rv e r , bu t o f te n  enough 

th e re  a re  some f e a tu r e s  which appear s im i la r ,  bu t a re  n o t ,  and v ic e  

v e r s a .  Computer f e a tu r e  e x t r a c t io n  adds th e  c a p a b i l i ty  to  d is t in g u is h  

s u b t le  d if f e r e n c e s  in  m u lt ip le  d i g i t a l  d a ta  images and to  make a d e c is io n  

concern ing  th e  s im i la r i ty  o f th o se  f e a tu r e s  in  q u e s tio n . This e x te n s io n  

can be e x p lo ite d  to  i t s  f u l l e s t  l i m i t s ,  in  some c a s e s , when a d a ta  bank 

can be used f o r  a c tu a l  i d e n t i f i c a t i o n  o f th e  f e a tu r e s .

The purpose o f t h i s  work was to  dem onstra te  th e  c a p a b i l i ty  of 

e x t r a c t in g  f e a tu r e s  from d i g i t a l  d a ta  images w ith o u t in v o lv in g  an 

o b se rv e r in  th e  d a ta  p ro c e ss in g  loop  and to  compress unmanageable 

amounts o f  d a ta  in to  manageable and u s e fu l  in fo rm a tio n . An o b se rv e r 

would s t i l l  be needed to  i n t e r p r e t  th e  r e s u l t s .

The su ccess  of th e  d a ta  com pression i s  s ig n i f i c a n t  in  th a t  12 

channels of d a ta  were com pressed in to  1 and th a t  200,022 re s o lu t io n  

e lem ents were reduced to  a maximum of 45 d i s t i n c t  c a te g o r ie s .

The com puter programs p re se n te d  in  t h i s  work were p u rpose ly  

developed to  be as g e n e ra l as p o s s ib le ,  and th e  u lt im a te  su ccess  o f
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th e se  computer program s f o r  in fo rm a tio n  e x t r a c t io n  can on ly  be 

determ ined  when th e  program s a re  t a i l o r e d  and a p p lie d  to  so lv in g  a 

s p e c i f i c  u se r  o r u s e r  ag e n c y 's  n eed s . The p re s e n t u t i l i z a t i o n  o f th e se  

program s fo r  f e a tu r e  su rv e y in g , such as th e  v e g e ta t io n  and g e o lo g ic a l 

c a te g o r iz a t io n s  p re se n te d  in  th e  t e x t ,  can be  in te r p r e te d  as be ing  

s u c c e s s fu l  s in c e  th e  com parison o f r e s u l t s  w ith  th o se  p re v io u s ly  

p u b lish e d  in  th e  l i s t  o f re fe re n c e s  appears v ery  fa v o ra b le .

The two keys to  su ccess  in  u s in g  th e  u n su p erv ised  fe a tu re  

e x t r a c t io n  program  a re  th e  p ro d u c tio n  o f a boundary map which c le a n ly  

s e p a ra te s  homogeneous a re a s  belo n g in g  to  d i f f e r e n t  f e a tu r e s  and th e  

ch o ice  o f th e  d e c is io n  r u le  fo r  s p e c t r a l ly  m erging s im i la r  f e a tu r e s .

The over abundance o f  b o u n d arie s  in  th e  Y ellow stone d a ta  in d ic a te s  

th e  need fo r  improvement in  th e  m a th em atica l d e f in i t i o n  o f a boundary o r 

a t  l e a s t  a means f o r  im proving th e  th re sh o ld  u s in g  th e  p re se n t boundary 

d e f in i t i o n .  I f  r e p e t i t i v e  coverage were a v a i la b le  fo r  a  p a r t i c u la r  t e s t  

s i t e ,  th e  optimum th re s h o ld  fo r  a  boundary d e c is io n  cou ld  p robab ly  be 

de term ined . O th erw ise , th e  e x p e rien ce  gained  from w orking w ith  o th e r  

ty p e s  o f d a ta  s e t s  o r  from p e ru s in g  th e  l i t e r a t u r e  would have to  p rov id e  

th e  im petus fo r  d e te rm in in g  a b e t t e r  m athem atical d e f in i t i o n  o f a 

boundary. The two m ost im p o rtan t p ro p e r t ie s  th a t  need to  be ta k en  in to  

c o n s id e ra tio n  f o r  t h i s  d e f in i t i o n  a re  most p robab ly  th e  r e s o lu t io n  and 

some m easure o f roughness in  th e  p i c t o r i a l  scene o f th e  d i g i t a l  d a ta  

im age.

The use o f a p x p a r ra y  fo r  o b ta in in g  i n i t i a l  c l u s t e r  s t a t i s t i c s  

in  a homogeneous a re a  may have an advantage over th e  manual s e le c t io n  of 

t r a in in g  a re a s  in  th a t  th e  c l u s t e r  a re a s  can have a f a i r l y  a r b i t r a r y
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shape r a th e r  th an  be ing  r e c ta n g u la r  and th e  d a ta  s e le c te d  from th e se  

a re a s  does n o t c o n ta in  unusual d a ta  p o in ts  w hich could  b ia s  th e  s t a t i s t i c a l  

c a lc u la t io n s .  The u se  o f th e  p x  p a r ra y  does have th e  d e f in i t e  

advantage th a t  i t  i s  f a s t e r  th an  m anually s e le c t in g  th e  c o o rd in a te s  of 

th e  t r a in in g  a re a  and e n te r in g  th e se  c o o rd in a te s  in to  th e  com puter.

The use o f an e l l i p t i c a l  d e c is io n  r u le  f o r  merging and c l a s s i f i 

c a t io n  appears to  be very  a c c e p ta b le  as ev idenced  by th e  f a c t  th a t  

p r a c t i c a l ly  a l l  o f th e  r e s o lu t io n  elem ents used  fo r  c a lc u la t in g  th e  

s t a t i s t i c s  o f a f e a tu r e  a re  c l a s s i f i e d  as  be long ing  to  th a t  f e a tu r e .

This f a c t  i s  even e v id e n t when s e v e ra l  i n i t i a l  c lu s te r s  have been 

merged to g e th e r  to  form a f i n a l  c l a s s .  A d d itio n a l su p p o rtin g  ev idence 

to  t h i s  co n c lu sio n  i s  th a t  the  i n i t i a l  c l u s t e r s  s e le c te d  on th e  second 

pass  th rough  th e  d a ta  d id  no t merge w ith  any o f  th e  f i n a l  c la s s e s  

o b ta in ed  from th e  f i r s t  pass through th e  d a ta ,  and an alm ost u n n o tic e a b le  

amount o f r e s o lu t io n  elem ents had t h e i r  o r ig in a l  c l a s s i f i c a t i o n  changed. 

Most of th e  e r r o r  in  c l a s s i f i c a t i o n  occurs  n e a r  boundaries  and n e a r  th e  

edges o f th e  scan  l i n e s .  The f i r s t  type o f e r r o r  i s  p robab ly  due to  th e  

d a ta  changing from one f e a tu re  to  an o th e r in  th e  v i c in i t y  of a boundary 

and in  th e  p ro cess  p a ss in g  through a d e c is io n  re g io n  of a t h i r d  d i f f e r e n t  

f e a tu r e .  The m is c la s s i f ic a t io n  n ea r th e  edge of th e  d a ta  i s  due to  an 

o p t i c a l  e f f e c t  c a l le d  scan  ang le e r r o r .  The ang le  a t  which th e  ground 

scene i s  viewed a t  th e  edge of a scan  i s  u s u a lly  30 to  40 d eg rees  o f f  

from th e  lo c a l  v e r t i c a l  and, as a consequence, th e  s ig n a l  th a t  i s  

reco rd ed  by th e  sen so r r e f l e c t s  an an g u la r dependence. I t  i s  re a so n a b le  

to  assume, how ever, t h a t  th e  u se  o f  an e l l i p t i c a l  d e c is io n  r u le  could  

ta k e  in to  accoun t th e  an g u la r dependence. The an g u la r e f f e c t  shou ld  be
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approx im ate ly  l i n e a r  dependent f o r  th e  d i f f e r e n t  channels o f d a ta  and 

t h i s  would amount to  a le n g th  s t r e tc h in g  of th e  p r in c ip a l  axes o f th e  

c l a s s i f i c a t i o n  e l l i p s e s .  I t  i s  apparen t th a t  th e  c l a s s i f i c a t i o n  maps 

p robab ly  c o n ta in  more d e ta i le d  in fo rm atio n  th an  i s  a c tu a l ly  d e s ir e d .  The 

amount o f d e ta i le d  in fo rm atio n  p re se n t can be f u r th e r  compressed by 

v is u a l  i n t e r p r e ta t io n  and m anually merging th e  d e s ire d  f e a tu re s  by 

changing th e  symbol o u tp u t on th e  c l a s s i f i c a t i o n  map.

When th e  f e a tu r e s  a re  m anually m erged, c au tio n  must be e x e rc ise d  

in  in te r p r e t in g  a g iven  f e a tu r e  e x tra c te d  from th e  d a ta . For exam ple, 

th e re  a re  s e v e ra l  f e a tu r e s  which re p re s e n t  soy , co rn , and a m ix tu re  of 

corn and soy. A lthough th e re  i s  a te m p ta tio n  to  a t ta c h  a  s im ple  

d e s c r ip t io n  th a t  i s  commonly u sed , th e  d e s c r ip t io n  may be incom plete  

w ith  re s p e c t  to  th e  in fo rm a tio n  p re se n te d  by th e  d a ta  and a  lo g ic a l  

manual m erging may n o t be p o s s ib le .  D e ta ile d  ground t r u t h  would be 

needed to  p ro v id e  th e  q u a l i f ic a t io n s  and a d je c t iv e s  fo r  a com plete 

d e s c r ip t io n .  For t h i s  rea so n , i t  may be im portan t to  perform  th e  d a ta  

a n a ly s is  p r io r  to  p re ju d g in g  th e  in fo rm a tio n  co n ten t o f th e  d a ta  r a th e r  

th an  u s in g  th e  ground t r u t h  to  a s s i s t  in  th e  a n a ly s is  of th e  d a ta .

F in a l ly ,  i t  m ust be em phasized th a t  th e  development o f th e  

unsuperv ised  f e a tu r e  e x tra c t io n  computer programs was d ir e c te d  toward 

o b ta in in g  a com puter lo g ic  th a t  could e x t r a c t  in fo rm a tio n  from rem otely  

sensed d a ta  w ith  a m oderate degree  o f su c c e s s , which meant th a t  computer 

runn ing  tim e n e c e s s a r i ly  took  a back s e a t .  S ince th e  developm ent work 

has been com pleted , e f f o r t s  can now be d ir e c te d  toward o p tim iz in g  th e  

computer tim e and e f f ic ie n c y  of th e  program s.
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APPENDIX A

PROGRAM DESCRIPTION

The computer program s which u t i l i z e  th e  eq u a tio n s  in  th e  t e x t  a re

w r i t t e n  in  th e  form of su b ro u tin e s  and have been in c lu d ed  as an in t e g r a l

p a r t  o f a much la rg e r  com puter program  c a l le d  an E a rth  R esources

P ro c e sso r . This p ro c e sso r  c o n ta in s  s e v e ra l  p re p ro c e s s in g  and d a ta

d is p la y  ro u tin e s  in  a d d i t io n  to  th e  c l a s s i f i c a t i o n  program s and i s

documented and flow  c h a r te d  in  d e t a i l  in  th e  f i n a l  r e p o r t  o f c o n tra c t

NAS8-26797 by IIT  R esearch I n s t i t u t e ,  10 West 35 th  S t r e e t ,  C hicago,
24

I l l i n o i s .  Hence, on ly  a b r i e f  d e s c r ip t io n  o f th e s e  su b ro u tin e s  w i l l  

be g iv en . A sm all e x e c u tiv e  program  can be w r i t t e n  f o r  c o n t ro l l in g  th e  

sequence of c a l l in g  th e se  s u b ro u tin e s  by fo llo w in g  th e  lo g ic  flow  

p re v io u s ly  d e sc rib e d  in  F ig u re  2 and d isc u sse d  in  C hapter I I I  o f  th e  

t e x t .

S u b ro u tin e  BWNDR3 

S u b ro u tin e  BWNDR3 i s  th e  f i r s t  s ta g e  o f p ro c e s s in g  o r th e  

boundary program and re a d s  th e  raw d a ta  ta p e  as in p u t .  This su b ro u tin e  

c o n ta in s  E quations (8) th ro u g n  (16) in  th e  t e x t  and th e  lo g ic  f o r  u s in g  

th e s e  e q u a tio n s . The boundary program a lso  c o n ta in s  two s u b ro u tin e s  

which w i l l  be d is c u s se d . S u b ro u tin e  GET6 i s  used f o r  g e t t in g  th e  d a ta  

o f f  d i g i t a l  ta p e  and p u t t in g  i t  in to  th e  com puter. The c o n te n t o f  t h i s
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su b ro u tin e  has to  be s p e c ia l iz e d  to  th e  ty p e  o f d i g i t a l  ta p e  form at 

d e s ir e d .  S u b ro u tin e  JNTPB i s  a j o i n t  p r o b a b i l i ty  d i s t r i b u t io n  program , 

which w i l l  be d isc u sse d  n e x t .

S u b ro u tin e  JNTPB

S ubrou tine  JNTPB i s  used f o r  c a lc u la t in g  th e  j o i n t  p r o b a b i l i ty

d i s t r i b u t io n  o f s  v e rsu s  s in  E quation  (8) and th e  d e c is io n  r u le  X y

as^  + bSy + c s^ s^  _< 1 , E quation  (1 6 ). This program has  a  f ix e d  s to ra g e  

a l lo c a t io n ,  b u t th e  shape of th e  j o i n t  d i s t r i b u t io n  can be com plete ly  

a r b i t r a r y  because  a se a rc h  mode o f o p e ra tio n  i s  used r a th e r  th an  a  ta b le  

look-up  p ro ced u re . This program w i l l  a cc ep t d a ta  o f any dynamic range 

and o u tp u t a s c a t t e r  d iagram  bounded by th e  minimum and maximum v a lu e s  

o f th e  d a ta .  T his program c o n ta in s  th re e  su b ro u tin e s .  S ub rou tine  

DJCOBI i s  an IBM l ib r a r y  system  su b ro u tin e  fo r  c a lc u la t in g  th e  e ig en 

v a lu e s  and e ig e n v e c to rs  used in  th e  e l l i p s e  e q u a tio n . S ub rou tine  

LABELS i s  used fo r  la b e l in g  th e  axes o f th e  s c a t t e r  d iagram , w h ile  

su b ro u tin e  PLTBF6 i s  s p e c ia l iz e d  fo r  use  w ith  th e  S trom berg-C arlson  4020 

p e r ip h e ra l  equipment to  o b ta in  m icro film  co p ies  of th e  boundary map. 

S u b ro u tin e  JNTPB a lso  o u tp u ts  th e  boundary ta p e  fo r  u se  in  th e  second 

s ta g e  o f p ro c e ss in g .

S u b ro u tin e  CLASFY 

S ubrou tine  CLASFY c o n ta in s  th e  second, th i r d  and fo u r th  s ta g e s  of 

p ro c e ss in g  v ia  su b ro u tin e s  TRUCK, SEQMRG, and CLASS, r e s p e c t iv e ly .  

S u b ro u tin e  CLASFY a ls o  c o n tro ls  th e  number o f c l a s s i f i c a t i o n  p asse s  

d e s ire d  and th e  s iz e  o f th e  p x p c lu s t e r  s e le c t io n  a r ra y  v ia  s u b ro u tin e  

TRUCK.
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S u b ro u tin e  TRUCK

The second s ta g e  o f p ro cess in g  i s  su b ro u tin e  TRUCK, which re a d s  th e  

boundary map ta p e  as in p u t d a ta  and lo c a te s  th e  homogeneous a re a s  th a t  

a re  la rg e  enough to  c o n ta in  a  p x p a r r a y .  T his su b ro u tin e  a ls o  

perform s th e  s p a t i a l  merging when two d i f f e r e n t  c lu s te r s  run  to g e th e r .

The o u tp u t o f t h i s  su b ro u tin e  i s  a boundary map ta p e  c o n ta in in g  th e  

lo c a t io n  o f th e  i n i t i a l  c l u s t e r s ,  which i s  in p u t to  th e  th i r d  s ta g e  of 

p ro c e s s in g . S u b rou tines LABELÀ and PLTBFA a re  used fo r  la b e lin g  scan  

and column numbers and o b ta in in g  m ic ro film , r e s p e c t iv e ly ,  fo r  th e  v is u a l  

d is p la y  o f  th e  map o b ta in ed  from su b ro u tin e  TRUCK.

S ubrou tine  SEQMRG 

The th i r d  s ta g e  o f p ro cess in g  i s  su b ro u tin e  SEQMRG and uses th e  

boundary and c lu s te r  lo c a tio n  ta p e  and th e  raw d a ta  ta p e  as in p u t .  The 

boundary and c lu s t e r  ta p s  i s  used to  lo c a te  and fe tc h  raw d a ta  belong ing  

to  each c l u s t e r .  S t a t i s t i c s  u t i l i z i n g  E quations (17) through (30) a re  

th en  c a lc u la te d  fo r  each c lu s t e r  and used fo r  d ec id in g  w hether to  

s p e c t r a l ly  merge c l u s t e r s .  The c lu s t e r s  a re  read  in  s e q u e n t ia l ly ,  and 

each new c lu s t e r  has th e  o p p o rtu n ity  o f merging w ith  any o r s e v e ra l  of 

th e  p rev io u s  c l u s t e r s .  S u b rou tine  SKRBIN i s  an IBM system  su b ro u tin e  

and a llow s fo r  sk ip p in g  b in a ry  re c o rd s  on th e  m agnetic ta p e . This 

r o u t in e  i s  p r im a r ily  used w ith  th e  c lu s t e r  s e le c t io n  s in c e  th e  c lu s te r s  

may be lo c a te d  anywhere on th e  ta p e . S ub rou tine  FETCOR i s  used to  f e tc h ,  

c a lc u la te  th e  c e n tro id  of each c lu s t e r  and to  c a lc u la te  th e  c ro ss  channel 

c o r r e la t io n s  fo r  each c l u s t e r .  The means a re  s u b tra c te d  from th e  

c o r r e la t io n s  to  form a co v arian ce  m a tr ix  in  su b ro u tin e  AMTRX, which 

becomes an in p u t to  th e  e ig en v a lu e  and e ig en v ec to r  su b ro u tin e  DJCOBI.
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S ubrou tine  ROTA i s  a  r o ta t io n  m a trix  c a lc u la t io n  used to  r o t a t e  a 

f e a tu r e  v e c to r  in to  th e  c o o rd in a te  system  o f a c l u s t e r .  S ub rou tine  

KCHECK i s  used to  check w hether th e  c e n tro id s  o f two c lu s te r s  f a l l  

w ith in  each o th e r 's  e l l ip s e s  o r merge. I f  two c lu s te r s  w i l l  merge, 

th e  s t a t i s t i c s  of b o th  c lu s t e r s  a re  combined and updated . The o u tp u t 

o f SEQMRG i s  a ta p e  c o n ta in in g  th e  s t a t i s t i c s  fo r  th e  f i n a l  s e t  of 

c l a s s e s .

S ubrou tine  FETCOR 

In  a d d itio n  to  fe tc h in g  and c o r r e la t in g  th e  raw d a ta  fo r  each 

c l u s t e r ,  su b ro u tin e  FETCOR keeps t r a c k  o f  th e  s t a r t i n g  and sto p p in g  

scan  l in e s  and columns o f th e  c lu s te r s  t h a t  a re  in  th e  com puter. This 

in fo rm a tio n  i s  used w ith  th e  su b ro u tin e  BSRECD, which i s  an IBM system  

l ib r a r y  su b ro u tin e  f o r  back spacing  re c o rd s .  The u se  o f t h i s  su b ro u tin e  

allow s f o r  back spacing  th e  ta p e  to  f in d  th e  d a ta  f o r  th e  n ex t c l u s t e r ,  

r a th e r  than  rew inding th e  e n t i r e  ta p e  and sea rch in g  f o r  th e  n ex t 

c l u s t e r 's  d a ta .

S ub rou tine  CLASS 

The fo u r th  s ta g e  of p ro cess in g  i s  su b ro u tin e  CLASS and u ses th e  

ta p e  c o n ta in in g  th e  s t a t i s t i c s  fo r  each c l a s s ,  th e  boundary ta p e  and 

th e  raw d a ta  tape as  in p u t .  T his su b ro u tin e  m ainly c o n ta in s  E quation  (31) 

and th e  p ro v is io n s  f o r  o u tp u t tin g  th e  c l a s s i f i c a t i o n  map on s tan d a rd  

computer p r in to u t  o r  m ic ro film . The c l a s s i f i c a t i o n  map i s  a lso  ou tp u t 

on tap e  f o r  use  in  su b ro u tin e  CLASFY to  o b ta in  a d d i t io n a l  c lu s te r s  and 

c l a s s i f i c a t i o n  p a sse s .



APPENDIX B 
COMPUTER PROGRAM LISTINGS

SL'o ROU T T N f  BV/NnR^
r i j M F N S l O N  X ( 1 2 » 2 5 6 ) » Y ( 1 ? » 2  5 6 )  » Mr H A N (  1 2 )  »NN{ 2 5 6  ) » KS YM ( 4 9  ) , JSYM ( 

1 2 ^ 6 )
n i ^^FNSI ON N W H I C H d ? )
Na Mf L i S T /  l N P U T 6 / N S r A N S > N 5 T A R T » N s P S » N C H » i ' J \ / A R » N S Y M , I S U M , N R T L G »  

i M O D E f  I T Y P F f M S F C »  , N . 6 K I P , N B L K , I N C X »  I N C Y , N S T X , N F T Y , N C R F  
N A M F L l S T / N C H ' J S F / N W M T r H  
F QU T V A L p Nc p  ( N S r A N , N S r f t N S )  
f Q U I V a L f Nt f  ( N 5 T R T , N S T a RT)  
f Q U I V A L F N T F  ( M r O L » N S P S )
PQIJTVALFNCF ( NF HA N . N C H)
I f A R n = 6  
I P R I N T = 6  
ï M T A P F = 1 0 
Î 0 T A P F = 1 1
R f a h C i r A R n , T N P l J T 6 )
WRt T c ( t P R i N T » T N P U T 6 )
R F A n ( i C A R n » N r H U S F )
W R T T F ( l P R l N T , N r H U S F 1

1 F O R M A T ( I X , 7 1 4 )
? f o r m a t ( I X ,  12 11 )

rfao( rrARn,5 ) (.<syM( t ) ,  r = i , nsyM)
6 F O R M A T ( 1 X , 6 0 A 1 )

MFLAG=0
AV^=T5L!M
A P O P = 0 , 0
n x A V F = o , n
D Y A V F z O . n
D7 A V ' ^ = 0 , n
N f a V=N!SCAN
I F  ( N S K I P  , F Q ,  0) GO TO 9p
n o  0 7  1 = 1 , N S K I P
FALL S K R P I N ! T N T A P f , 1 , N OP )

0 7  C O N T I N U E  
OR C O N T I N UE

2 F O R MA T (1 HI  )
4 F0RMAT(5X,1I1II)

11 = 1
K K = N 0 T R T - I  

1 6 0  I F ( I I . f Q . N S F A N )  CO TO 510 
1 1 = 1 1 + 1  
NFLAC2=1  
KK=KK+1
! F ( I I . N F . 2  ) CO TO 9 0 0  
0 0  1 7 0  J J = 1 , N C 0 L
c a l l  g e t 6 ( X ( 1 , J J )  ,.n c o l , o , n c h a n , n s c a n o , i n t a p f , i e R R , n f l a g 2 , n s t R t ,

1 N p T L C , M O O F , N c R ' ^ ,  I T Y P F , M S F C )
170 CONTINU"::
9 0 0  C O M T I N U f  

N F L A C 2 = 1
no 0 0 0  J J = 1 , N C 0 L
c a l l  G F T 6 ( Y ( 1 , J J ) , N r 0  L , 0 , N cH A N , N 5 C A N 0 , I i \  T A P r  $ 1 F R R , N F L A C 2 , N S T R T ,

1 NPTLG,MOnF,NcRF,TTyPF,MSFC)'
POO CON T I N UE

DO PRO J J = ? , N C O L

82
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I J = J J - 1  
X<i iM = 0 . 0  
YC,I !M = 0 . 0  
Z S U M c O . O
no  3 6 0  I C H A N = 1 , I S U M  
I r r H N = N W H I C H ( r C H A N )
Xr , TFF  = Y(  T I CHN , J J )*-Y ( T ICHN , I J  )
Y n T F F = Y ( T I C H N , J J ) - X ( I I C H N , J J )
XF!JM = XS!JM-} -Xni Fc: *xnTFF  
Y S U M = Y 5 U M + Y D T F F * Y n T F F  
ZSUM = Z 5 U . M + X n i F F * Y D T F F  

3 6 0  r O N T T N U F
X S U M = X S U M / A V F
y s u m = y s u m / a v e

Z S U M = Z S U M / A V F  
A P 0 P = A P 0 P + 1 . 0  
a a = i . o / a p o p
p p = 1 , 0 - A A
n X A V r  = R q # n X  AV'^ + A A^ YSUM  
OYAVF = R R * n Y A \ / F + A  A^XSUM  
n Z A V R = P R * n Z A V F + A A * Z S U M  
XS U M ^ S Q R T ( X S U M )
I F  (XSUM , L T .  F 3 . 4 )  GO TO 3 6 5  

364 X.S'.IM = F 3 , 0  
YFIJV! = F 3 , 0  
GO TO 3 6 6  

36  3 r O N T T N U F
Y S U M = S Q R T ( Y5UM)
I F  ( YSUY . L T .  3 3 . 4 )  GO TO 3 6 6  
GO TO 3 6 4  

3 6 6  C O N T I N U F
CALL J N T P B ( YSUM, XSUM »Nf L AG »0 , 0 , K S Y M ( p ) , N P O P ,  

? n X A V F , n Y A V F »
P O Z A V F ,
I J J , N S c a N , i I , N r O L » J S Y M , X , N 5 T R T » N N , i N r X ) 

n s c a n = n s a v

PRO C O N T I N U E
DO 5 0 0  J J = 1 , N C 0 L  
DO 4 P 0  I C H A N = I » I S U M  
I i r H N = N W H T C H ( K H A N )
X ( T I C H N , J J ) = Y ( I I C H M , J J )

4 0 0  C O N T I N U F  
5 00  C O N T I N U E  

GO TO 1 6 0  
5 1 0  c o n t i n u e  

NFLAG=1
CALL J N T P B ( Y S U M , X S U M ,  N F L A G » 0 , 0  , K S Y M ( 3 ) ,  iM P 0  P , 

■?d x a v f , d y a v f  ,
P D 7 A V F ,
1 J J , N S C A M , I I » N r O L » J S Y M , X , N 5 T R T » N N , l N c X )

REWI ND I O T A P R  
REWI ND I NTAP' ^

: CALL c l e a n

RETURN  
END



84
S U P R O U T i N F  L A B F L ^ , ( N S T A R T , N S T O P , r N c R F  
D T M F N S I O N  I O U T ( 1 ? 0 )
N n i F = ( N S T O P - N S T A R T + 1 ) / T N c R f  
T 1=0
n o  1 r = N S T A R T » N S T O P , i N r R F  
IT = 11+1.
I 0 U T ( T I ) = I / I  0 0 0

1 C O N T I N U F
W R j T f  ( 6 , 1 0 ) { r O U K  T ) ,  1 = 1 , N 0 T F )
I 1 = 0
DO ? I = N 5 T A R T » N S T 0 P , I N C R F  
IT=11+1
I 0 U T ( T T ; = T / l O O - l / i n o o * i O

? C O N T I N U F
WRt T f  ( 6 , 1 0 )  ( T O U T ( I ) , I = 1 , N D I F )
I 1 = 0
DO B i = n s t a r t , n s t o p , i n c R f  
IT=IT+1
T O l J T ( i n  = I / l O - T / i n o * 1 0  

? C O N T I N U F
WRt T p  ( 6 , 1 0 )  ( T O U T ( I ) , 1 = 1 , N D I F )
I 1 = 0
DO 4 I = N S T a R T , N S T O P , I N C R F  
I  1 = 1 T +  1
l O U T d  I ) = I - I / 1  0*1 0 
I F  ( l O U T ( I T )  , L F .  0 ) I 0 U T ( I  I ) = 0  

4 C O N T I N U F
WR T T F  ( 6 , 1 0 ) ( T0 U T ( I ) , 1  = 1 , N d I F )

10  f o r m a t  ( 1 1 X , 1  ? 0 n )
RFTURN
F N n
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SUp RO U T t N f  J N T P p ( n A T A H » n A T . â V » N F L A G » M î X » ' ' 1 r Y » A L P N n M , N P 0 P ,  

?D X A V F * O Y A V P »
P D Z A V F .
T J J , N S C A N , l S r A N , N c O L , I S y M , N X , N 5 T R T » N N , l N C X Y )

OTMFNSr ON I . N r X Y d )
DT^^PNSION NP{ >^A»F4)  
n y MF NSr ON D A T A ( 1 ? )  
n T MF N S I O N  T P I M ( ? 5 F )
O l M F N S r O N  I S Y M ( 1 ) , T O U l K 1 0 0 )  
n i M F N S I O N  N X ( 1 )  » N N ( 1 )
DTMFNSr ON ALPNUM{ 1 )  , ALP h A ( T Z O ) , c O R n X ( 3 )  
nOURLF P R E C I S I O N  A ( ? . Z ) » F I G F M ( 2 » Z )
I N T F G F R  A L P N U M , A L P H A , PLANK 
DATA A S T R I K / 1 H * /
DATA X M A R K / I H X /
DATA R L A N K / 6 H  /
DATA N F L A G 4 / Q /

1 0 6 0  F 0 R M A T ( 4 8 X , ? 5 H D A T A  SWI TCH HAS OCCURRED )
1 0 6 1  F 0 R M A T ( 4 9 X , 3 0 H J 0 T N T  PROr a R I L I T Y  O I S T R I R U T I O N  )
1 0 6 ?  F O R M A T d H l  )
1 0 6 3  f ORMa T ( 4 4 X , 1 1 h X - A X T S  I S  » T 6 » 6 X , l l H  Y ' A X I S  I S  » 2 l 6 )
1 0 6 6  f o r m a t  ( 3 0 X » 6 H D X A V = ^ = » r l 5 , 7 » 6 H D Y A V F = , F l 5 , 7 , 6 H D Z A V P = » F l 5 , 7  )
1 0 4 0  FORMAT!  I H  »67H MAXI MUM PROr a p I Î - T T Y  Of  f jNrOMMON a L I  TY P X r F F D F n -  r ONT  

I I N U E  F X r U T l O N  , 2 1 6 )
1 0 6 4  F O R M A T ! i x , 2 6 h SYMr OL N / S Y M r OL )
1 0 6 5  f ORMa T ! 1 1 X , 1 2 1 ! 1 m * )  , / , 1 1 X , 1 h * , 5 5 X , 5 h P a RT , H , 4 H  Of  ,  1 1 , 5 3 X , I H *  , /

1 , T1X ,1?1 ! I H* ) )
I F  ! N F L A G 4  . G T ,  0 )  GO TO 8 0  
N F L G p =0  

1 0 0 0  FORMAT ! I X , 4 7 A I  )
NFLGr O
N I = ?
I RW=1
m r l g f n = o

I R T = l 1 
n o  1 1=1 , 5 4  
no  1 J = i , 5 4
N P ! I , J )  =0  

1 CON T I N UE  
r e w i n d  I R T
REWI ND IRW 
NFLAG4=1

8 0  c o n t i n u e
I F  I N F L A G . G T ,  0 )  GO t o  13
N G r D A T A V + l . 5
NR = DATAH + T . 5
I F  ! NC . L T .  1 )  NC=1
I F  INR . L T .  1 ), NR = 1
N P ! N R , N C ) = N P ! N R , N C ) + I
I = 5 4 * ! N C - 1 ) + N R
I P I N ! J J ) = I
I F  ! J J  . L T .  NCOL)  GO TO 15 
I P  T M ! 1 ) = I R I  N ! ? )
WRt T p ! I R W ) ! I P T N ! I n , I 1 = 1 , N r O L )

15 CON T I N UE
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R F T U R N  
I T  C O N T I N U F  
I 7  C O N T I N U F

R F W I N D  I R W  
I 0 P T = 1  

I N  = R 
IM = 7
Rh O = 1 , 0 / ( 1 0 . 0 * * F  >
4 ( 1 , 1 ) = n X A V F  

A ( ? , ? ) = n Y A V F  
A (1 » ? ) =nZAVF 
A ( ? » 1 ) = n Z A V F
CALL n J r O R I  ( A » T M , T N , I O P T , R h O , F R R » ' ^ I G F N )

C W R l T r ( 6 » l 0 6 7 )  A ( 1 ,1 ) » A ( 1 » 2 ) , I GFM ( 1 , 1 ) ,  F IGcN ( 1 ,  7 )
C WRt T f ( 6 » T C 6 7 )  a (2»1  ) » A ( 2 , 2 ) , f t f f N ( ? » 1 )  , F I G f N ( 2 , ? )

1 0 6 7  FORMAT ( l X » 2 > ^ l 5 , 7 , i n x » 2 F l 5 . 7 )  
nXAVF=1. , n / A  ( 1 »T ) 
n Y A V F = l , n / A ( 2 , 2 )
A ( 1 , 1 ) = F T G P N ( 1 , l ) * n X A V F  
A ( 1 , 2  >=P^TGFN( 2 , l ) * n X A V F  
A ( 7 , 1 ) = F i G c N ( 1 , 7 ) * n Y A V F  

A ( 7 , 7 ) = r i G F N ( 2 , 2 ) * n Y A V F
nXAVF = FTr,FN (1 »1 ) * A  ( V  1 ) -i-FTG<^N(1 »2 ) *  A ( 2 , 1  )
OY A VF = F I GFN ( ? ♦ I ) *  A ( 1 .. 7 ) +e  IGFM ( 2 » 2 ) A ( 2 , 2  )
nZAVF = F I GFN ( 1 »1 ) * A ( 1  » 2 ) + F I G F N ( l » 2 ) * A ( 2 , 2 ) + F i G = ' N ( 2 , l y * A ( l » l )  

1 + F T G F N ( 2 » 2 ) * A ( ? , 1 )
W R t T f ( 6 , 1 0 6 6  i n X A V F , 0 Y A V F » n Z A V F  
1=0
n o  i o n  N c = i , 6 4
DO 1 TO NR = I , 6 4  
Î =  1 +  1
I F  ( N P ( N R , N r )  , F 0 .  0 )  GO TO I TO 
XXX=MR* NR
y y y = n c * n c

Z Z Z = N R * . N C

G U M = n X A V F * X X X + n Y A V F * Y Y Y  
1 + D 7 A V F * Z Z Z  

I F ( S U M , G F . 1 . 0 ) G 0  t o  1 16  
N X ( I 1=0  
G O  T O  1 6 0  

1 1 6  N X ( I 1 = - l
1 6 0  C O N T I N U F

WRiTF ( 6 , 1 0 6 ? 1  
WRTTF ( 6 , 1 0 6 1  )
W R l T p { 6 , l 066  1 n X A V F , D Y A V F , n Z A V F  
W R I T F ( 6 , 1 0 6 4 )

C CALCi i LATF TAPLF
m a x k n t = o

DO 2 2 N C = 1 , 6 T  
DO 22 N R = 1 , 6 T
I F  ( M P ( N R , N C )  . G T .  MAX<NT)  M A X K N T = N P ( N R , N C )

22  C O N T I N U F
I F  ( MaXKNT . L T .  4 6  ) ,YaXKNT = 46 
, N F A C T  = M A X K N T / 4 6  

X X X = F L O a T ( M A X K N T ) / 4 A . 0
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NFAC=0
I F  ( NF ACr  . L T .  1)  MFACT=1 
W R T T F ( 6 * 1 0 5 0 )  P L a N < , N F A C  
NFAC=NFAr +NFACT
00  1 = 1 , 4 6
W R T T r ( 6 , l  0 5 0  ) ALPNI  IM ( T ) »NFAC 

1 0 5 0  f o r m a t  ( 5 X , A 6 , 6 X , I 6 )
N F A r = N F A r + N F A r i  

99 CONTINUF
WR T T r ( 6 , 1 O A ? )

:  P R I NT  D I S T R I R U T I O M  ON PAGF
r O R D X { 1 ) = 0 , 0  
r O R O X ( 7 ) = r O R O X ( l ) + 6 0 . 0  
r O R o x ( 5 ) = r O R o x { 1 ) + 1 1 0 , 0  

1 0 9 1  f o r m a t  ( 1  h i  )

n o  I F Mn = 1 , 5 4
M r = 5 5 - i F N n
n o  6 6  1 = 1 , 5 4  
A L P H A ( I ) = R L A N K  

6 6  C O N T I N U F
I F  ( NF L G . F Q ,  1 )  GO TO 6 0  
DO 65  1 = 1 , 5 4  

T r t N { I ) = n  
6 5  C O N T I N U F
69 COMTINUF

n o  64 N R = 1 , 5 4
XX = F L 0 A T ( N P ( N R , N C )  )
I F  (NFLG . F Q .  1 )  GO TO 91
1 P I N ( N R ) = N P ( N R  , N C )

91 CONTINUF
I C A R = X X + ( 1 . 0 0 1 - 1 . n / X X X )
I F  ( I CAR . G T ,  46 ) TCAR=46 
A L P H A ( N R ) =AL PNUW( I C A R )

64  COMTINUF 
CORDY=FLOAT(NC)
YMARG=XMARK
I F  (NC . N F .  5 4 - I F N n / l 0 * 1 0 )  YMa R G = A S T R i K . 
W R l T F ( 6 , l 0 0 8 )  r O R O Y , Y M A R G , ( A L P H A ( I ) , I = 1 , 5 4 )  

10 08 f ORMa T ( 1 X , F 8 . 1 , 2 X , A 1  , l ? O A l  )
65  C O N T I N U F  

W R l T F ( 6 , 1 O l 0 )
W R t T f ( 6  ,  l O l l  ) r 0 R 0 X ( 1 ) , r O R n X ( 2 ) , c O R n X ( 3 )  

1011  f o r m a t  ( 6 X , F 1 0 . 4 , 5 0 X , F 1 0 . 4 , 4 0 X , F 1 0 . 4 )
NFLG=1
V'RI TF ( 6 , 1  06 2  )
N5l , iR=l
LK'FR=i
LOW=NSTRT

70 5 CONTINUF
Nh I = L 0 W + 1 2 0 - 1
N I J P P F R = L W F R + 1 2 0 - 1
I F  (NUPPFR . G T .  NCOL)  NUPPFR=NCOL
W R I T F ( 6 , 1 0 6 2 )
CALL L A P F L 6 ( L O W , N h I  ,1 ) 
no  191 1 1 = N l , N S r A N
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R F A D ( I R W )  ( T R î N(  J J )  « J J ^ l  » NC0 I . )
DO 1R5 J J = 1 » N C 0 L  
r r H F C K = I P I N ( J J )
J C H E C K = N X ( I C H F C K )
TF ( J C H F C K  . N F .  0 )  GO TO 1 1 7  
I S Y M ( J J ) = A L P N U M ( N S U R - 1 )
N N ( J J ) = 0  
GO TO 1 RR 

11 7 I S Y M (  J J ) = A L P N U M ( N S I J R )
N N ( J J ) = —1 

1 RR C O N T I N U F
I F  ( NF L GF N  . N F .  0 )  GO TO 1R6  
W R I T F ( I R T )  ( N N ( J J ) , J J  = i , N C O L )
c a l l  P L T p F 6 ( l S Y M , N r O L , N R L K , T N c X Y ( l )  » l N r X Y ( ? ) » l N r X Y ( R )  , 

1 i N r X Y ( A )  »NCR'=')
I R A  C O N T I N U F

WRt T c { 6 > 1 Ü R 6  ) 11 » ( T S Y M ( J J ) ♦ J J  = LWPR»N U P P F R )
1 0 3 6  FORMa T ( 5 X » T 6 , 1 2 0 a 1 ) 
l ORR F 0 RMa T ( 1 X » I 6 )
1 3 1  C O N T I N U F  

NFLGFN=1
r e w i n d  IRW
LWFR=NUPPFR+1
L 0 W = N H I + 1
I F  ( NUPPFR . L T .  NCOL)  GO TO TOR 

9 9 5  CON T I N UE
l O l 0 format ( 1 1 X, 1 2 ( 1 O H X *********))

NF LGF Nr O
RFTURN
END
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z  *  z  c•I CO •' O X CO CO X 
X  <1. CL -CO Q. CO cr 
Z  Z  Z  _I •> X X X X CO < a U UJ X z 
Z  CO 3  « 
«-I cO CL Q.
•> <  z  oX CL — X U X X CO Z X X z »-i CO CO •>

IL-
orKJ
z•' X _/ <1- XI— CO Z
ViLCO
IDCL
X

00

3  Z ZOOO •'QZCDQ I _J CC
û Z Z Z c o < r _ i « - i i ü i L <  
c c 5 : Z ' - t x x x : z 5 : x  
3 0 0 x c o i r . c o < i < i c o  CO CC^_IZZZZZZ

cXCL
_J<r

X  — —• <C —' 
X  CO <r X  
X  Ll X  3  ^  

CO 3  CL vO 
•> CO CL z  oX < z  •-  c

X  Cl  X  »  I— I 

X  vO •*
•— IP, If'. --- LO

X  C  O  X  c  
X  C <t »— <l 
CO IL IL QZ Lc 
Z  OZ QZ 2: ÛZ (M

ICO+  X
X  z  c/ ; CO < 3

X 3
I—  C _ '

— z
X  IIc X
OZ
ou.
vC'c
o

<uCO
zIICO
z  < ! c_CO
z

u
zII
3c_

Z  CO 
—' *-H CO 

•> <X CL
z  zCO 3  CO O »C MZ «-I

Ol •'Z X •>•V COX 3  XCO 3  Z
3  3  3
3  Z  O  r-l
3  — X  +Z «-XX — CD Z Z X QZ CO 3  3
3  5: CCI O O3  O < X X 3QZ ID 3  II II 3X CO 3  X 3  Z  ZCO 3  — OZ
3  3  3  3  X X 3J 3  •- Z X O O <I < < 3  Z O U Z 

' 0  3 '3 3 Z«— 3 QZID



90
SU o.ROUT î Np  T R U r K { N r r N T » N P A S S  )
D I M E N S I O N  N N A O r f 1 2 , 2 5 6 ) , M T A P ( 1 1 ) , I P R T ( 2 5 6 ) , I  P L O T ( 2 5 6 )
D I M E N S I O N  N T P L ( 4 0 0 )
rOMMON / L A P 1 / X o a R ( 4 P * 1 2 )  »S TT-Ma ( 43  » I 2 ) , RÜT(  4 3  » 12, » 12 ) 
rOMMON / L A 0 2 / X  ( 1 2 )  , N S Y M ( 4 9 )  , N S P S , N S r  ANS , N f H  a N , l't 9 ,  L T I D  , LT 11 , L t 12 , 

1 L T 1 3 , L T 1 , I X X X , T Y Y Y ,  
i N S T A R T . N S T O P ,
I N n J L G . M O D F »  U Y P F , M S ^ C » 14 , N c R E »
I N S K I P , l N r X , l N c Y , N S r X » N S T Y  

N F L G X X= 0  
N F L A G X = 0  
REWI ND L T l l  
R p y i N D  L I T  
N F L A G i =0  
M EI N=0
I X T Y = I X X X * I Y Y Y  
DO 10  1 = 1 , l Y Y Y  
MTAP f I ) = I

10  C O N T I N U E
DO 50  1 = 1 , 4 0 0  
NTRL( I ) =I 

50  C O N T I N U F
PO 11 1 = 1 , l Y Y Y
R F & D ( L T l l ) ( MN a c C ( t , J J ) » J J = 1 » N S P S )  
m E T N = M F I M + 1

11 C O N T I N U E
Nl jP = N S P S - I X X X  + 1
n c n t = n c c m t + i
NFLAG=0 

?0 0 CONTINUF
T T t = M T A P ( 1 )
DO 1 1 0  J J  = 1 , N S P S
I F  ( J J  . G T .  NUP)  r o  TO 10?
I J = J  J
J I = J J + I X X X - 1  
N7FR0=n  
I K N T = n  
I  FI !Mr?0 
J l J r M T A P ( 1 )
MTFMP= NCCNT+1  
DO 1 Ol T = U , J I  
DO 1 0 0  J I J = 1 , I Y Y Y  
I I J = M T A R ( J I J )
I F  ( N N A C C d l J , ! )  . L E .  MCCNT . A N D .  NNACC(  11 J ,  I  ) . N E .  0 )  GO TO 1^ 2  
TF ( N N A F r ( T i J , n )  1 0 2 , 1 0 7 , 1 0 6  

1 0 6  I F  ( N N A C C ( I I J , n  . r - T .  NT^^MP) NT'^MP = NNArC ( I I J  ,  I  )
GO TO 1 0 0  

1 0 7  n z f r o = m z e r o + i

1 0 0  C O N T I N UE
1 0 1  c o n t i n u e

I F  ( NZERO . N F .  I X T Y )  GO TO 1 0 5  
DO 1 03. 1 = 1 J , J I  
DO 1 0 4  J I J = 1 , I Y Y Y  
NNACF(  J U  * î  ) = N r N T

1 0 4  CONTINUF
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1 0 ? r O N T l N U P
N r N T = N C N T + l
i r  ( N r N T  , G T ,  4 OO) GO TO Q9Q 
GO TO 11 0 

i n ' ;  CONTI NUE
DO 10?  ! = I J , J I  
n o  10?  J T j = l , l Y Y Y
I F  ( N N A C C ( J I J » n  . F O .  0 ) N N A C C C J I J » I ) = N T f m P  

10?  CONTI NUE  
GO TO n o  

10? CONT I NUE  
n o  CON T I N UE

no  111  J J = 1 , M S P 5
n  ( J J  , f Q ,  NSPS ) r O  TO 111
I F  ( N N A C C n  
I F  ( M N A C C d  
I F  ( N N A C C ( I  
I F  ( N N A C C I I  
I F  ( M N A C C d  
i J ^ N N A C C ( I  I 
J I = N N a C C ( I I

I > J J )  . L E .  ■ NCCNT ) GO TO H I  
I » J J  + n  . L F ,  NCCNT)  GO TO 1 11  
T , J J )  . L F .  0 )  GO TO 1.1 1 
I  »JJ  + 1 ) . L F .  0)  GO TO i n  
I » J J )  . F Q .  N N A C C ( 1 1 1  » J J + 1 ) ) GO TO 1 1 1  
» J J )
» J J +1 )

I F  ( JT  . r n .  4 0 0  . O R .  I J . G T .  4 0 0 )  r-0 TO 111  
I F  ( N T A L f J l )  . G T .  N T F L ( T J ) )  0 0  TO 1??  
N T n L ( î J ) = N T n L ( J î )
GO TO 111  

1?F CONTI NUF
N T 9 L ( J I ) = N T r L  d j )

111 CONT I NUE  
100-7 f o r m a t  ( 1 X , I G )

V ' R t T f ( L T i  ) ( N N A C r (  n i  » J J )  , J J  = 1 »N.SPS)
1 F (VF I N . G F ,  NSfam. F)  r,0 TO 0 9 9  
lYT =iVTAq ( 1 )
R c A D l L T l l )  ( N N A C C ( T Y I , J J ) »J J = 1 » N 5 P 5 )
v f t N = m f I N + 1

N T F M P r M T A B ( 1 )
I Y Y = I Y Y Y - 1  
no  1 ? 1  1 = 1 , l Y Y  
Mt.aB ( I ) =MT Aq ( T + 1  ) 

m  C ON T I N UF
V T A F ( I Y Y Y ) c N T ^ v p  
GO TO ? 0 0  

9 9 0  CONTI NUE
no 1 ?? 1 = 2 » I Y Y Y
I I  i =NTAB ( I )
n o  1 1 ? J J = 1 , NSPF
IF ( J J  . r Q ,  NSPS ) r o  TO 1 1 ?
I F  (MM ACC ( I  
I F  ( M N A C C d  
I F  (NNACC ( I

T » J J )  . L F .  N r C MT )  GO TO 11?
I , J J + 1 )  . L F ,  N C C N T )  GO TO 11?
I »J J ) . I F .  0 )  GO TO 11 ?
I , J J  + 1 )  . L E .  0 )  GO TO 1 1.2 
I , J J )  . F Q .  N N A C C ( I  I I  » J J  + 1 ) )  GO TO 1 1 2  
» J J )
, J J + 1 )

I F  ( J I  . F T .  4 0 0  . O R ,  I J  . G T .  4 0 0 )  FQ TO 1 1 2  
IF ( N T q L ( J I )  .FT.  N T % L ( I J ) )  GO TO 1 2 6

I F  ( N N A C C ( I  
I F  ( M N A C C d  
I J  = NNACC( I I 
J I = N N A C C ( I I
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iMTnL( î J )  = N T r L ( JT )
GO T O . 11?

1 ?6  CONT I NUE
N T B L C J I ) = N T B L ( T J )

1 1 ?  CON T I N UE
W R i T F ( L T i  ) ( N N a c c ( I T  I » J J ) »JJ  = 1 »NSPS)  

1?? c o n t i n u e
FNn F I L F  L T 1 
RFWI ND L T l  
REWi Nn  L T l l  
R F V I N O  L T I ?
W R l T r ( 6 , l 0 0 7 )  ( N T o L ( I ) , 1 = 1 , 4 0 0 )  
no 1 1 1  1 = 1 , 4 0 0
IF ( N T R L ( I )  . F Q .  I )  no TO 11?
J I = ! + 1
I -^ ( N T P L ( J I )  . N E .  I )  r o  TO 1 1 4  
N T R L ( J I ) = N T R L ( I )

1 1 4  CON T I N UE  
11 ? CON T I N UE

11 = 1
MTEMP = I  !
no  1 1 6  I = ? , 4 0 0
I F  ( N T r L ( I ) - N T d L ( T - 1  ) )  1 1 7 , 1  I E , 1 19  

1 1 9  I F  ( M T R L ( T )  . N F .  I )  GO TO 1 1 7
N T R L ( I - l ) = n t e m p  
I 1 = 1 I  + i 
N T F M P = I I  
GO TO 1 1 6  

1 1 q NTRL ( I - l  ) =NTF;yp 
GO TO 1 1 6  

1 1 7  N = N T f L ( I )
N T o L ( I - l ) =NTFMP  
M T F M P = N T P L { N )

1 1 6  c o n t i n u e

N T R L ( 4 0 0 ) = NTFMP
W R I T f ( 6 , 1 0 0 7 )  ( N T r L ( I ) , 1 = 1 , 4 0 0 )
L ''I F R = 1 
LOV' = N S T A R T  

7 0  F FONT  I  NUE
N!.iP P f R=LWf R + i  ? 0 - i  
Nh t  = L O w + i ? 0 - i
I E  ( NUPPFR . G T .  N5PS ) NUPPFR=NSPS
l n i E = N U P P F R - L W F R + i
W R I T E ( 6 , 1 3 3 5 )

1 0 0 5  F O R MA T (1 H I )
CALL L A R F L A ( L O W , N h I , 1 )
no  7 1 0  1 1 = 1 , N SC A N 6
Rf a n ( L T l ) ( N N A F G ( 1 , J J ) , J J = 1 , N S P S )
no 1 1 5  J J = 1 , N S P S
I R = N N A C C ( 1 » J J )
I F  ( I R .LF.  0 )  GO TO 115  
N N A C C ( 1 »J J  ) = N T R L ( I R )

1 1 5  C O N T I N U F
I F  ( NELGXX . G T .  0 )  GO TO 1 ?7  
WRt T f  ( L T l ? )  (NNACC ( 1 , J J )  , J J  = l ,N.SP.5)



93

1 P 7  rOMTI . MUF  
J I = 0
DO 7 1 1  J J = L WHR » N UP P F R  
JT = J I  + 1
M = NiMACC ( 1 » J J  ) -  ( i MNAr r  ( i ,  J J  ) - i  ) / 4 K * 4 % + ? 
J P R T ( J J ) = : N S Y M ( M )
I P L O T ( J ! ) = N S Y M ( N )

711  r OMT T NUP
W R t T f ( 6 » 1  0G3  ) T I  ♦ ( t P R K  J J )  , J J = LWFR »NI JPPfR )
CALL P L I R F A ( I P L O T , I D I F » N r L K , T N C X » I N c Y , M S T X , N S T Y ,  

1 N C R F » N F L A G X , N F L A G 1 )
1 0 0 3  F O R M A T ( 4 X , 1 6 , 1 H * , 1 ? 0 A 1 )
7 1 0  C O N T I N U F

RF' - ' IND L T l  
NPLAC-X = C 
Np LGXX=1  
N P L A G 1 = 0
l w f r = m u p p f r + i
L 0 W = N H I + 1
I F  ( NUP PF R . L T .  NSPS ) GO TO 7 0 5  

5 7 0  C O N T I N U F
n c c n t = n c n t - i
FNn F I L P  L T l ?
Rp WI ND  L T l ?
REWI ND L T l  
I X X X = I X X X - 4  
I Y Y Y = I Y Y Y - 4  
L T l 1 = 1 3
r f t u r n

^ND
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SUr ROü T i N t  S F O M R n ( N r L U S T , K O U N T , r N î T C L  )
rOMMON / L û r 1 / X o 4 R ( 4 3 » 1 2 ) » S I F M A ( 4 3 , 1 2 ) , R 0 T ( 4 3 , 1 2 , 1 2 )
rOMMON / L A R 2 / X ( 1 2 ) , a L P h A ' 4 9 ) , N S P S »N SC A NS, Nc H A N , L T 9 , L T l 0 , L T 11 »L T 12 » 

I L T 1 3 , L T 1 , I X X X , I Y Y Y ,
1 N S T A R T , N S T 0 P ,
1 N r T L G » M 0 d F » I T Y P r »MSf C » I 4 , N c RE»
I N S K I P , I N C X » I N C Y » N S T X » N S T Y  

nOURLF P R F C I S I O N  A ( 1 2  » 1 2 ) » F î R F N ( 1 2  » 1 2 )
OTMFNSTON M F R n r f Z n n ) , M P 0 P ( 2 0 0 ) » N r X F r ( 2 0 ) » C ( 4 3  » 7 8 ) »  F ( 1 2  * 1 2 )  
n i M F M S i O N  C 0 V ( ? 4 )
F O ' J î V â L F N r F ( r O M (  1 ) , N S P S )

1 0 0 0  r 0 R V a T ( 1 X , i 6 » 1 2 F 1 0 ^ t )
1 0 0 1  f o r m a t  ( 1 X , 4 h XRAR )
1 0 0 2  f o r m a t ( I X  » 1 6 H D Î 0  NOT r ONVFRO )
1 0 0 3  f o r m a t  ( 1 X »7Hr ( "L l JST= , J6  » 1 4MMFRr,c ( 7 r L !  1ST J = , 7 6 )
1 0 0 4  FORMAT ( 1 X , 5 h RmO= , 1 5 .  7 , 5 hi ^RR= , f 1 5 , 7 )
1 0 0 3  FORMAT ( l X , T ? c i n , A ,
1 0 0 6  F O R MA T ( I X , 1 2 T S )
1 0 0 7  FORMAT ( 1 X , 23HVFROT A'O W I L L  TA<F PLACE )
TGÜB F O R MA T (1 H )
1 0 0 9  f o r m a t  ( 1 3 H  r o v e  Ma t r i x  )
1 0 1 0  f o r m a t  ( 1 2 H  NORM r i c R N  )
1 0 1 1  f o r m a t  ( i r h  p . A .  r o v .  M a t r i x  )
1 0 1 2  f O R M a T ( 1 h  , 6 haSUM= , r i 5 . 7 , 7 H r L U S T r p , 7 4 )
1 0 1 3  f o r m a t ( 1 X , 2 8 M X n A R (7  , J ) , J=1 , 1 2 ) , T = 1»KOUNT )
1 0 1 4  FORMAT ( 1X , 2 9mS T6M, a  ( 7 , J )  , J  = 1 , 1 2 )  , T  = 1 , K 0 U N T  )
1 0 1 5  FORMAT ( 1 X , 5  5 h ROT ( I ,  î  CM AN , J C m a N ) , JCH AN = 1 ,  1 2 ) » I CM AN = 1 ,  1 2 ) , I = 1 , KOI 'NT 

1 ) )

1 0 1 6  f o r m a t  ( I X , 1 6 , ( 1 2 ^ 1 0 . 3 ) )
N F LG = 0
r Z F C H  = F L O A T ( N om A N ) - 2 . 0  
R F U I  MO L T I O  
R F ^ I N O  L T 1 9 
Rm O = i , 0 / ( 1 0 . 0 * * 3 )
] F  ( M S K I P  » F O .  0 )  r-0 TO 6
0 0  7 1 = 1 , N S K J P
CALL S < R f T N ( L T i O , 1 , N O P )

7 C O N T I N U F
6  C O N T I N U F

0 0  3 I C L U S T  = 1 , N C L I J f t  
v,crRr,r( i c L U S T  ) = i r L U S T

3 CONTI NU' ^
1 ^ ^ N r H A N  
I N = I M  
I 0 P T = 1
0 0  10  I C L U S T = I N I T C L , N C L U S T  
I F  ( N f L O  , C T .  0 )  GO TO 11 
I F  (KOUNT . C F .  4 3  ) GO TO n
k o m n t = k o i .i n t + i
I FLAC- =K0UMT ■
CALL F F T C O R ( T F L A G ,  C ,  MROP, Nf l G , I N î TCL ' )
WR I T f ( 6 , 1 0 0 1 )
W R i T f ( 6 , 1 ü ü O )  I FLAC- ,  ( X7AR(  7 f l a g , ! )  , 1  = 1 , 1 2 )
Ml =1 
MJ = 1?
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VK = 1 ? 
n o  500
W R T T F ( 6 , l  0 0 0 )  TFLAO» ( r (  I F L A r , , M R )  , MR= Mt  , M J )

5 0 0  C O N T I N U F
CALL AMTRX ( I F L A G * X R A R , C » A , N C H A N )  
w R t T P ( 6 » 1 0 0 8 )
V R T T p ( 6 » i O O o )
WRt T p ( 6 » 1 0 0 5  ) ( { A(MT » M J ) » M J  = 1 » 1 2 ) »MI  = 1 , 1 2 )
CALL n J C O R I  ( A , I M , T N , l O P T , R u O , F R R , r i G F N )  
WRt T f ( 6 » 1 . 0 0 4 )  Rh O » f RR
W R T l F ( 6 » l t - 0 5 )  ( ( a ( M T , M J )  »MJ = 1 » 1 2 )  , ^ 1  = 1 , 1 2 )  
H R I T F ( 6 , I 0 0 8 )
W R T T r ( 6 , l 0 0 5  ) ( ( F T F f N ( v T , M J ) , MJ  = 1 , 1 . 2 )  , M l  = l , 1 2 )  
I F  ( cRR . F Q .  0 . 0 )  CO TO 15 
M r R c r ( t c L U S T ) = 0
k o i j n t = k o u n t - i  
v R t T F ( 6 , 1 0 0 ? )
CO TO 10  

15 C O N T I N U F
CALL ROTA ( I FL AG , RO T , F I CRN , MCH AN , A , S I CiV A )
Mf r g f ( I C L U S T  ) =KOl )NT
yRT Tc ( 6  ,T 0 0  ̂ ) TCLUFT , M r R c c  ( | r L U . 5 T  )
MPOP ( < OUNT ) =v i POP(  I C L U S T )
I F ( KOUNT , F 0 .  1 ) CO TO 10
M C L U S T = K 0 U N T - 1
no  2 0  I CHF CK = 1 , 2 0
N F X f c ( I C H C T K ) = 0  

2 0 C O N T I N U E  
MCHFCK=1
n o  25 J C L U S T =:1 ,NCL!  1ST
Tf ( V c r g p ( j c l u S T )  . L T . M C H f ^ C K l c O  TO 25
’'■Vm f c K = MCHFCK + i
Tc ( V F R G c-( J F L U S T )  . r Q .  KOUNT) GO TO 2 6  
J ^ L  AG = N f RG=’ ( JCLUST ) 
n o  80 ICHAN = 1 ,NCHAN
X ( T C H A N ) = X R A R ( J F L A C  , I c h a n ) - X 8 A R ( K O U N T , I CHAN)

-70 C O N T I N UE
Tr LAG=KOUNT
c a l l  K C H F C K ( I F L A C  , R 0 T , X , S I C M A , A S U M , M C H A N )
'■'R T TF ( 5 , 1  OOr )
WR T T<̂  ( 6 , 1  01 2 ) a S U M , J F L A C
I F  ( A S J V  . G T .  c Z f c h ) CO TO 2 5
I F L A C = J F L A G
CALL K C H ^ c K l I F L A G ,  R O T , X , S I GMA , ASUM, NCHAN)
HR I T F ( 6 , 1  0 0 8 )
H R l T F ( 6  ,1 01.7 ) A S U M , J F L A G  
TC (ASUM . C T .  C Z ^ C H )  CO TO 25  
N E X F c ( 1 ) = N F X r C ( 1 ) +1 
N. f i i p  =  NFXFC ( 1 ) + 1  

N f x f c ( N S U R ) = J F L A G  
2 5 C O N T I N U F
2 6  I F  ( N r X F Ç ( i )  . F Q .  0 )  GO TO 10  

no 501 KK=l , N5UR
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W R t T p ( 6 >1 0 0 6 )  K K , N f x F C ( K K )

501 CONTI NUE
M S U P = N F X F C ( 1 )+1  
TO T A L = MP O P ( KOUNT)
OO 31 I R U N = 2 » M S U R  
N S U P = N F X F C ( TRUN)
SUM=v!POP(NSUB)
T 0 T A L = T 0 T A L + S U M  

31 C O N T I N UF  
INl ' MsO
H F M - V P O P ( K O U M T ) 
no  '3 3 I c h AN = 1. »NCMAN
X ( I C H A N ) = X R A R ( K O U N T , I  C H A N ) * O P N / T O T A L  
no  4 0  J CH A N = I C H A N , N C H A N  
I N U M r l N t j y + l
n { T t h a n , J C H A N ) = C ( KOUNT, I N U M ) * 0 F N / T O T A L  

40  CONTI NUE  
33 CONTI NUE

no 4= I RUN=?, M. SUR  
N S U R = N F X F C ( T R U N )
I NUM= 0
n P N r W P O P ( N S U P ) 
no  50 I C H A N = 1 , N C H A N
X ( TCHAN) =X { I C H A . N ) + X ' ^ A R ( N S U n , T C H A N ) * n r M / T O T A L
no  33 J C H A N = i r u A N , N r H A N
I NUy= l N i . J M+ l
P f I C H A N , J C H A N ) = R ( I C " A N , J C H A N ) + C ( N S U B , I N U V ) * n F N / T O T A L  

5 5 C O N T I N UF  
50 CONT I NUE  
45  CONTI NUE

no 6 0  I CHAN = 1 , NCHAN 
no 65 JCHAN = ICHAN ,NOHAM
A ( ! C H A N , J C H A N ) = R ( i r H A N , J C H A N ) - X ( T C H A N ) * X ( J C H A N )
A ( JCHAN , TCHAN ) = A ( T ri - i / \N,  JCHAN )

65  CON T I N UF  
60 CONTI NUE

W R T T F ( 6 , l 0 0 q )
W R l T F ( 6 , l 0 0 5 |  ( ( A ( W T , M J ) , M J = ! , 1 ? )  , H l  = l , l ? ;
CALL n J C C P I ( A , l M , l M , l O P T , R H O , E R R , n i G F N )
W R I T E ( 6 , 1 0 0 4 )  R H O , c p R
WR T T f  ( 6 , 1  0 0 3  ) ( ( A ( M T , y j  ) ,  MJ= 1 ,1. 2 ) » y I = 1 ,1- 2 )
H R I T F ( 6 , 1 O O B )
WRTTF ( 6 , 1 0 0 5  ) ( ( t ^ i r r N  ( Mi  , M J  1 , MJ  = 1 , 1  2 ) , M I = 1  , 1 2  )
I E  ( cRR . N F .  0 , 0 )  r-O TO 10  
W R I T E ( 6 , 1 0 0 7 )
I E L A G = N f X F C ( 2 )
M P O P ( I E L A G ) = T O T A L
I NUMr O
no 70  l C H A N = i , N C H A N
X R A R ( T ELAG,  ICHAN ) = X ( i r u A N )
nn  75 JCHAA'= I F maai  ,MFHAM
I N U M= I N U M + 1
C(  I E L A G , I N U M ) = P ( I C H A N , J C H A N )

7 5 CONTI NUE  
70  CONTI NUE
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C A L L  R O T A  ( I F L A G  » R O T  » !^T G E N  , N f H  AN » A » S I G M  A )
D O  R O j c l u s t = i , n c l u ? t

D O  R F  I R U N = ? , M 5 U R  
N S U R = N R X F C ( I R U N )
I F  ( M F R G F ( J C L U S T )  . N F .  N S U R )  GO T O  8 5  
M F R G F ( J C L U S T ) = I F L A G  

8 5  C O N T I N U E  
8 0  C O N T I N U E

m e r g e ( I C L U S T ) = T f l a g  
I F ( N F X F C ( 1 ) . F Q . T ) G 0  T O  9 4  
I S W = 0  
J C H F C K = I
D O  9 0  J C L U S T = 1 , N C L U 5 T  
I O U M s M E R G F ( J C L U S T )

9 1  I F ( M f R G E ( J C L U S T ) . L T . J C H E C K ) C O  T O 9 0  
I F ( M f R G F (  J C L U S T )  . r - T . J r H F C K ) c O  T O 9 2  
T F ( I S W . f Q . T ) G 0  t o  n ?
J r M F r K = J r H F C K + T  
T F ( J C H F C K . F 0 . K 0 U N T ) ^ 0  TO 9 4
G O  T O  9  0

9 2  M F R G ^ I J C L U S T ) = M F R G f ( J c L U S T ) - ]
I S W =1
G O  T O 9 1

9 3  I F  ( J C H F C K  . G T .  K O U N T )  G O  T C  9 4  
I c w = n
I N ! i M = 0

M P O P ( J C H F C K ) = M P O P ( T D U ^ n  
n o  9  9 T r H A N = l » N C H A N
X B A R ( J C H E C K » I CHAN) = X B A R ( I D U M  » I C H A N )
S I  G M A ( J  C H E C K ,  I C H A N ) = S  I G M A ( I D U M ,  I C  H A N )

D O  1 0 0  J C H A N = I C H A N , M C H A N
i n i j h = i n u m + i

r  ( J c h f c K » i N t j M  ) = r  ( t o u M , T  NUM )

R O T ( J C H E C K , I C H A N , J C H A N ) = R O T ( I D U M , I C H A N , J C H A N )
R O T  ( J C H E C K , J C H A N , I C H A N )  = R O T (  I D U '.S  J C H A N  > I C H AM )

1 0 0  C O N T I N U E  
9 5  C O N T I N U F

D O  9 6  L C L U S T = 1 , N C L U S T
I F ( M F R G F ( L C L U S T ) . N f . i n U M ) G O  T O  9 6

m e r g e ( L C L U S T ) = J C H E C K

Of ,  c o n t i n u e

J r H E C K  = J C H ' ^ C K  +  1 

9 0  C O N T I N U E

9 4  K 0 U N T = K 0 U N T - N F X F C ( 1 )
1 0  C O N T I N U E  
n  C O N T I N U E

W R I T f ( L T 9 )  ( c 0 M ( T ) , 1 = 1 , ? 4 )
W R t T f ( L T 9 )  ( { X d a R ( I , J ) , 1 = 1 , K O U N T ) , J = 1 , 1 2 )
W R t T f ( L T o ) ( ( S t g M a ( T , J ) , 1 = 1 , K O U N T ) , J = 1 , 1 7 )
W R l T r ( L T 9 )  ( ( ( R O T ( T , l C H A N , J f h a N ) ,  I = 1 , KOU N T ) , TCM A N= 1 , Nc h A N ) ,  

1 JCHAN = 1 , NCHAN)
W R l T c ( 6 , l O l 3 )
D O  5 1 0  1 = 1 , K O U N T
W R t T f ( 6 , 1 0 0 0 )  I ,  ( X p a R ( I , J ) , J  =  1 , 1 2 )

5 1 0  C O N T I N U E
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W R T T F ( 6 , 1  n i  4 )
0 0  5 n  1 = 1 ,  KOUNT
W R î T r ( 6 , l O O O )  T , ( S T r,M A ( î  ,  J ) ,  J = 1 , 1 2  )

511 r O N T l N U F
W R t T f ( 6 , 1 Ù 1 5 )
0 0  5 1 ?  1 = 1 , KOUNT
WR T T f  ( 6 , 1  J 1 6  ) I , ( ( ROT ( J , I CHAN , JCH AN ) , JCHAiN= 1 , 1 2 )  ,  I  f h a N  = 1 , 1 2  ) 

'^1? CON T I N UE
0 0  5 1 ^  T = 1 , N C L U S T
I F  ( M f Rc f  ( T ) , r . T , K O U N T  ) r -0 TO 6 1 4
WRt T f ( 6 , 5 1 F ) T , M F R C F ( T  )

5 1 5  FORf /AT ( I X  , 7 h c L U S T f r , t 4 , i x , 5 h C L a S S , T 4 )
5 1 1  C O N T I N UF  
5 1 4  CONT I NUE

0 0  6 6 0  1 = 1 , KOUNT 
0 0  6 ? 0  I C H A N = 1 , N C H A N  
0 0  6 1 0  J C H A N = l , N C H A N
R ( I C H A N ,  J C H A M ) = R O T ( I , J C H A N , I C H A N ) / S I G M A ( I , I C H A N )

6 1 0  C O N T I N UF  
6 7 0  CONT I NUE

0 0  6 5 0  i r H A N = l , NCHAN 
0 0  6 4 0  K C H A N = 1 , N CH A N  
61 iv = o , 0
0 0  6 1 0  JCHAN = 1 , NCHAN
S U M = S U M + R 0 T ( I , I C H A N , J C H A N ) * R ( J C H A N , K C H A N )

6 1 0  r O N T l N l l E
A ( I C H A N , K C H A N ) = S U V  

6 4 0  C O N T I N U F  
6 5 0  r O N T l N U E

W R I T E ( 6 , 6 0 0 )  I 
6 0 0  F O R M A T ! I X , 1 1 H C L A S 5  E L L I P S E , 1 6 )

W R t T e ( 6 , 1  0 0 5 )  ( ( A ( T A , J a )  , J a  = 1 , N c h a N )  , t a  = 1 , N c h a N )
6 6 0  CONT I NUE

RF' - ' INO LTP
r e t u r n
END
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St i pROUTî Nc-  F F T r O R  ( T f L a G  , C  »NPOP j N f L p  , N  )

rOMMON / L A p 1 / X P 4 R ( 4 3 » 1 2 ) , S T f M a ( 4 3 , 1 2 ) , R 0 T ( 4 3 , 1 2 , 1 2 )
COMMON / L a q 2 / X ( 1 2 ) , a L P h A ( 4 9 ) , N 5 P S , N S C A N S , N c H a N , L T 9 , L T 1 0  »L T 1 1 , L T 12  » 

1 L T 1 3 , L T 1 , I X , I Y ,
1 M C T A R T , N . 9 T 0 P ,
1 N f T L C j M O f i F ,  T T Y P f , V c ; p c , T 4 » N c R f ,  

i N S K î P , î N r X , T N C Y , N 5 T X , N S T Y  « 
n i ^ F N S I O N  N P O P d  ) , r ( 4 3 » 7 P )  » M 0 A T { ? 3 F )  
d a t a  N C N T / 0 /
ÎNI,IM = 0
N F L G 1 = 0

N F L G P = 0
DO 5 I C H A N = 1 , N r H A N  

 ̂X q A R ( T A r , ,  T r  M A N ) = 0 ,  0 
* nO 1 0  J CHAN= T C MA N » N r H A N  

I NI . . ' M=I NUM +  1 
C ( T F L A G , T N U M ) = 0 . 0  

10  C O N T I N U F  
5 C O N T I N U F  

<NT = 0
4 0  C O N T I N U F

I F  ( N C N T  . G F .  N S f a N F )  GO TO 7 0  
N F L G ? = 0
R F A n ( L T l 2 ) ( N n A T ( J J ) , J J = 1 , N S P S )
n c n t = n c n t + i

N F L G I =1
N F L A G ? = 1
0 0  2 0  J J = T , N G P q
CALL G F T ( X ( 1 ) , N S P S , 0 , N c H A N , N S C A N G , L T 1 0 , t f R R , M p L A G 2 , 

l N S T A R T , N P T L G , ^ O O F , N r R F , T T Y P F , M S F C  )
I F  ( N O A T ( J J )  . N F .  N ) PO TO PO
K N T = K N T + T
N F L G 2 = 1
A I = F L 0 A T ( K N T )

I N ' j M = 0
DO I CHAN = 1 , NCHAN
X p a R ( I F L A G , T C H A N ) = ( 1 . 0 - 1 . 0 / A T ) * X P A R ( î F L A G , I C H A N ) + X ( T C H A N ) / A T
nO 2 6  JCHA.N = I CHAN , N f h a N
I NI I M= I N! J M+ 1
r  ( t '^L AG,  J N U Y )  = ( 1 . 0 - I . 0 / A I ) * C ( T F L A C ,  t NUM ) + X I  î ^ r a N ) * X  ( J t m a N ) /  A î 

2 6 C O N T I N U F
2 5  C O N T I N U F  

GO TO 2 0 
3 0  C O N T I N U E  '

I F  ( N F L G P  . F Q .  T )  r O  TO 20
TF ( M D A T ( J J )  . N F .  M + I ) GOTO 20
N5AV= NCNT  
N F L G P = i  

2 0 C O N T I N U F
C WR I  t f  { 6  , 1  0 0 0  ) NcNT ,  KNT , N S  A V , NpcKi j P , N , N f L g 2  , N f L g p

1 0 0 0  F O R M A T ! I X , 7 1 3 )
I F .  ( N F L G 2  . N F .  0 )  GO TO 4 0
I F  ( N F L G P  . F Q .  0 )  r-0 TO 4 n
N p r K U P = N r N T - N 5 A V + l  
r a l l  p G R f c d ( L T 1 0 , N p c K U P * I 4 , R F )



1 0 0

S U R C O U T  I M F  A M T R X ( I F L A ^ , X R A R , r , A , M r w A N l  
n y V r N s i O N  X r  a R  ( 4 T  ,  1 ?  ) , r  ( 4 ^  » 7, n ) 

nOl. iRLF P R E C I S I O N  A ( i ? , i ? )
INMMrO
no 1 î ^ H A N = i , MrHaM  
no ? j r H A M = T r w A M , M r w A M  
I M ' J V = î M U M + 1
A ( I C H A M , J C H A M ) = C ( I F L A G , 1 MUM) - X B A R ( I F L A G , I C H A M ) * X B A R ( I F L A G . J C H A M )  
A ( JCHAN , I CHAN ) = A ( I r(JAN , J t h a  V.)

? CONTI NU' "
1 CON T I N UF

RFT' iRN  
PNn

S ' R 0 U T I M F R 0 T A ( I F L A G , R0  T ,  P I G1“  M ,  N C H A N , A , 5 î G'-1A 1
ni MFNSl ON R 0 T ( 4 G , 1 R , 1 ? )
n T ^ ^ NS l OM G Tg Ma ( 4 ?  , 17 )
nOlJRLP P R E C I S I O N  A ( i ? , l ? )
n'Mjn.i r pprrjGTn,v r t r,cN ( i ? , i 7 )
no 1 I C H A N = I ,NrwAN
S I G M A ( I f l a g , I C H A M ) = A ( I CHAM, I CH A N ) 
n o  ? J C H A N = 1 , NCHAN
ROT ( I F L A r - ,  I CH AN ,  JCH AN 1 =F  I r, r,M ( j r n  AN , I C H A N )

? C ON T I N UF
1 OONTI MHP

RF TURN 
FNn

S U R R O U T l N r  Sr u r r K  ( T F L A G ,  ROT » X » S IGM A ,  AS' JM , NCM AN )
n i V F N S T O N  ROT ( 4 ?  , 1 ,  1 ? ! , S Î GM A ( 4G , I ? ) , X ( I  )
A c i i M  = n , n
n o  7 i r w A N c T , N r H A N  

= 1
n o  4  JCH A N = I  , M'-H AM
S!JV = 5UM + R 0 T  ( I  f l a g  ,  t o h a M ,  J C H  a n  ) * X  ( J o H A N  )
C O N T I N U F
ASM M = A S U M + S 1J Ai *  S U M /  S T G M A ( I F L A G ,  I C ! J A M )
r O M T I N U F
p r y u R N
c-Ajn



101
S U n R O U T î N F  f L A S S { N r L A S S » N T f S T j N P a SS 1 
rOMMON / L A R 1 / X R A R ( 4 3 » 1 2 )  ♦ S T r,M a ( 43  , 1 2  ) , ROT ( 4 3 , 1 2 , 1 2 )  
rOMMON / L A R 2 / X ( 1 2 ) , a L P h A ( 4 9 ) , N S P S , N S r A N S , N r H A N , L T 9 , L T l 0 , L T l 1 , L T 1 2 , 

1 L T 1 3 , L T 1 , I X . , N D U M M Y ,
1 N S T A R T , N S T O P ,
l N R T L 0 , M 0 n F , l T Y P P , M q F r , I 4 , N r R f ,
1 N . S K I P ,  i N c X  ,  I N C Y , N 5 T X , N S T Y  

n î M R N S î O N  W ( 1 2 ) , ^ T A P ( R )
O I M R N S I O N  N n A T ( 2 5  3 , P ) , P R N T ( 2  5 5 )
HTWENSI ON C Q M ( 2 4 )
F Q U î V A L P N r R ( C O M ( 1 ) , N S P S )
REWI ND L T 9  
RPWI ND L T l O  
RPWI ND L T l  
RPWI ND L T l 2 
Re w i n d  l t i 3
r Z P r H = N r H A N
I F  ( N S K I P  . P O .  0 )  GO TO 60%
DO 6 0 2  I = l , N S K î P  
C AL L  S K R R I N ( L T l O , l , N O P )

6 0 2  C O N T I N U ^
601 CON T I N UF

Rp a d ( L T 9 )  ( p OM( I ) , t = 1 , 2 4 )
Rp a D ( L T 9 )  ( ( X h a R ( r , J ) , I = l , N r L A S 5 )  , J = 1 , I 2 )
RPAD ( L T 9  ) ' ( ( 6 i r -M A ( T , J  ) , I  =1 , N r L  a SS ) , J = 1 , 1 2  )
R P A D ( L T 9 )  ( ( ( R 0 T ( I  , i r H A N , J r w A N ) , I = l , N r L A 5 5 ) , i r H A N  = l , N r w A N ) ,

1 J r M  AN = l , M r H A N )
DO 1 1 = 1 , 3  

1 ' n A R ( i )  = i
DO 10 I F N D = 1 , N 5 C A N S
Rp a d ( L T 1 2 ) ( N d a T ( I ,1  ) , 1  = 1 , NSPS)
N P L A G ? = i
DO 20  I S U p N = i , NSPS
r A L L  G P T ( X ( 1 ) , N S P S , 0 , N r H A N , N S P A N O , L T I O , I p R R , N F L a G 2 ,

1 M 5 T A R T » N P T L G ,  M C n p , N P R F , T T Y P P , M S P C : )
I P  (NDAT ( l S ' . J o M , l  ) . G T ,  0 ) NRAT ( I  SUpN , 1  ) =:-'!

SV A L L  = 1 . 7 3 * C 7 - F p h  
DO 23 I G L A S S = 1  , N C L a f S 
nO 3 0 I p h a N = 1 , N r n A N
W ( I C H A N ) = X ( I C H A N ) - X H A R ( I CLASS , I C H A N )

30  p QNTTNUF  
A.ci . tMsO.O
DO 3 5  I C H A N = 1 , NCHAN  
Cl i Ms O.  0
n o  4 0  JCHAN = l, , NCHAN
SUM=SUM+W( J c h A N ) * R 0 T ( Tp L a S S , I C H A N , J c H A N )

40  C O N T I N U F
4 1  a S U M = a S U M + S U M * 5 U M / S T G M a ( i c L a S S , I C H a N)

35 CON T I N UP
I F  (ASUM . G T .  S M A L L )  GO TO 2 5  
s m a l l = a s u m

N d A T (  I S U R N , !  ) = I CLA,SS 
25  CON T I N UF  
1 0 1 6  p ORMa T ( 1 X , 3 1 6 » F 1 0 . 2  )
2 0  C O N T I N U P



1 0 2

W R t T c ( L T I ) ( N n A T ( T , 1  ) » î  = l »NSPS)
10 r O N T l N U F

e n d  F I L E  L T I
Re w i n d  l t i
REWI ND L T l ?
REWI ND L T I O  
DO 6 1 0  I Z = 1 , N S C A N S  
I V  = M T A R ( 1 )
R p a d ( L T 1 ) ( N d a T { T A , t Y i , T A = 1 » N 5 P S )  
N T c w P = Y T A n ( 1 )

M T A F ( 1 ) = X T A R ( ? )
M T A P ( ? ) =MT A R ( R )
v1 T A R { ^ ) = N T E M P
TF ( TZ . L T .  R ) GO TO 6 1 0
n o  6 p O I A = N S T A R T . , N c t OP
TF ( T A  . P Q .  1 ) GO TO 6 ? 0
TP ( J A  + 1 . P - T .  N S T O P l  PC TO 6?D
T I Y=v i TAn ( ? )
TP ( NPASS . P Q .  N T F S T )  GO TO 621  
TP ( N D A T ( T A , T T Y )  . L T .  0 )  GO TO 6 2 0  

621 C O N T I N U E
IM=MTAR(1)
I N = M T A R ( ? )
M = N D A T ( T A » T M )
N = M DA T ( T A - 1 , T N )
TF . N P .  N)  GO Tn  6 p 0 
I L = M T A R ( R )
L = N D A T ( I A » I L )
I F  (Y . N F .  L )  GO TO 6 5 0  
N D A T ( I A , I I Y ) = M  
GO TO 6 2 0  

6 p 0 T M = M T A P (1 )
m = Npi aT (  T A - 1  , t Y)
T N = M T A R ( R )
N = NDA.T( I  A - 1 , I N )
I F  ( ' "  . N F .  N)  GO TO 6 ? 0  
L = N D A T ( l A + l , I M )
TR (M . N F .  L )  GO TO 6 2 0  
N n A T ( . I A , T I Y ) = M  

6 ? 0  C O N T I N UE
I P  ( I Z  . L T .  R)  r- 0  TO 6 1 0  
L=WTAP( 1)
WR T T p ( L T l 3 ) ( Nr a T ( T , L ) , I = 1 » N S P S )

6 1 0  C O N T I N U P
DO 611  1 = 2 , R 
L = W T A R ( I )
WRTTp C L T i R ) ( N r a T ( T L , L ) , I L = 1 , N S P S )

611  O O N T t NUF 
RP' - ' IND L T l  
REWI ND LTD 
RPWI ND L T i R  
REWI ND L T l 0
l o w = n s t a r t

LWFR=1 
POO C O N T I N U E
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Nh t  = L O W + i 7 0 - 1  
N U P P F R = L W P R + 1 ? 0 - i
I P  ( NUPPPR . G T .  NSPS ) NUPPPR= NSPS
T n i F = N U P P F R - L W F R + l
W R T T E ( 6 » 1 0 0 7 )

1 0 0 7  F O R M  A i d  H I )
c a l l  L A R F L A ( L O W , N H T , 1 )
no  SOI  t t = i , n s c a n s
R P A n ( L T T 7 )  ( N n A . T ( J J , 1  ) ,  J J = l , N S P S )  
n o  8 0 3  J J = L W F R , M U P P p R  
T P s N n A T ( J J , 1 )
T R N n = T R - ( i n - l ) / 4 F * 4 S + 2  
P R M K  J J ) = A L P H A ( l R N n )

8  0S C O N T I N UE
f a l l  P L T p f a ( P R N K  L w p R ) , I n i F , N r L K , I N c X , I N c Y , N 3 T X , N S T Y , N r R F ,  

1  i NPL ACX , N f L  A G I  )
WR Tire ( 6 , 1  0 0 8 ) t T ,  ( P R N T ( J J ) , J J  = L W P R , N U P P c R )

1 0 0 8  F O R M A T ( 4 X , I 6 , i H * , 1 ?0A 1)
8 0 1  C O N T I N U E

R P Wl Nn  L T l 3 
N FLAG1=0 
NFLAGX = r'
L WPR= NUPPFR+i
L O w = N H l + i
i r  ( N U P P F R  . L T .  N S P S  ) G O  T O  8 0 0  

8 0 3  r O M T I N U F
NSCANS = N s r A , N S - 7
R p TURN
FNn



APPENDIX C

Channels Dependence C o n sid e ra tio n s

Iso m e tr ic  p lo t s  and p r o b a b i l i ty  d i s t r i b u t io n s  o f each channel o f 

d a ta ,  a long  w ith  th e  j o i n t  p r o b a b i l i ty  d i s t r i b u t io n s  betw een p a i r s  o f 

c h a n n e ls ,w e r e  examined to  e s ta b l i s h  a  g e n e ra l view  o f th e  Purdue 

F l ig h t  L ine  Cl d a ta .  T his g e n e ra l view  was th en  used  in  develop ing  

th e  c l a s s i f i c a t i o n  scheme p re se n te d  in  th e  t e x t ,  b u t one a re a  o f 

a n a ly s is  was n o t d is c u s s e d . T his a re a  i s  concerned w ith  channel 

dependence and w hether i t  i s  n e c e ssa ry  to  use a l l  channels o f  d a ta  

o r on ly  a few s e le c te d  ch anne ls  to  o b ta in  a re a so n a b le  degree  of 

c l a s s i f i c a t i o n  su c c e ss . The purpose o f  t h i s  s e c t io n  i s  to  d isc u ss  

th e  p ro s  and cons o f  u s in g  a l l  ch anne ls  o f  d a ta  v e rsu s  a  few s e le c t  

ch an n e ls  o f  d a ta .

In d ic a t io n s  o f  Channel Dependence 

E xam ination  o f  th e  is o m e tr ic s  p lo t s  o f  th e  d a ta  re v e a le d  th a t  

i t  was v e ry  easy  to  v i s u a l ly  c o r r e l a t e  a l l  p o r t io n s  o f th e  d a ta  to  

th e  pho tog raph  o f th e  ground sc e n e , and th i s  was t r u e  fo r  a l l  channels 

o f  th e  d a ta .  Many o f  th e  ch an n e ls  o f th e  d a ta  appeared  p h y s ic a l ly  

s im i la r ,  a lth o u g h  th e  d a ta  becomes p h y s ic a l ly  n o is ie r  in  th e  in f r a r e d  

c h a n n e ls .
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Exam ination o f  th e  j o i n t  p r o b a b i l i ty  d i s t r ib u t io n s  a ls o  in d ic a te d  

th a t  th e re  m ight be a l i n e a r  dependence betw een s e v e ra l  ch an n e ls . The 

j o i n t  p r o b a b i l i ty  d i s t r i b u t io n s  betw een th e  f i r s t  6 channels appeared 

sim ilar"  and p o s s ib ly  l i n e a r .  The same was t r u e  w ith  channels 7 

th ro u g h  10 and channe ls  11 and 12. However, d e g rad a tio n  in  th e  

s im i l a r i t y  was n o tic e a b le  in  th e  j o i n t  p r o b a b i l i ty  d i s t r ib u t io n s  

betw een channe ls  th a t  became f a r th e r  a p a r t  s p e c t r a l ly .  For exam ple, 

th e  j o i n t  p r o b a b i l i ty  d i s t r i b u t i o n  betw een channels 1 and 2 appeared 

v e ry  s im ila r  to  th e  j o i n t  d i s t r i b u t i o n  betw een ch anne ls  5 and 6, b u t 

th e  j o i n t  d i s t r i b u t i o n  betw een channe ls  1 and o appeared  s l i g h t ly  

d i f f e r e n t .

These o b se rv a tio n s  r e v e a l  th a t  i t  may be p o s s ib le  to  p re d ic t  

o th e r  channel m eans, v a r ia n c e s ,  and co v a rian ces  used in  th e  e l l i p t i c a l  

d e c is io n  r u le  from th e  means, v a r ia n c e s ,  and co v arian ces  o f a s e le c te d  

channe l o f  d a ta .  I f  t h i s  i s  p o s s ib le ,  th e n  th e  c a lc u la t io n s  o f th e  

m eans, v a r ia n c e s ,  and c o v a rian ces  from th e  raw d a ta  could  be e lim in a te d . 

I f  th e  l i n e a r  p r e d ic t io n  c o n ta in e d  v e ry  l i t t l e  e r r o r ,  th en  i t  would 

a ls o  be p o s s ib le  to  e l im in a te  th e  p re d ic te d  channel o f  d a ta  e n t i r e ly ,  

s in c e  i t  would c o n ta in  v e ry  l i t t l e  new in fo rm a tio n .

F ig u re  29 i s  an in d ic a t io n  o f  th e  j o i n t  p r o b a b i l i ty  d i s t r i b u t io n  

betw een ch anne ls  1 and 2 . The l in e d  a re a s  c o n ta in  no d a ta  p o in t s ,  

w h ile  re g io n  1 c o n ta in s  a t  l e a s t  one occu rren ce  o f each d a ta  p o in t 

and may c o n ta in  as many as 37 o ccu rren ces  o f each d a ta  p o in t .  Region 2 

c o n ta in s  th e  crop  sym bols, as i d e n t i f i e d  on page 32, and has as few 

as 38 o ccu rren ces  o f  each  d a ta  p o in t  to  as many as 1,702 occurrences
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o f each d a ta  p o in t .  The crop  symbols r e p re s e n t  th e  lo c a tio n s  o f 

th e  mean v a lu es  o f th e  f i r s t  75 i n i t i a l  c lu s t e r s  o f  th e  Purdue d a ta .

Region 2 appears to  be a l i n e a r  re g io n  and th e  lo c a t io n  o f th e  mean

v a lu es  o f  th e  c lu s t e r s  appear to  be l i n e a r ly  d i s t r i b u te d ,  a lth o u g h  

s e v e ra l c rop  types would have d i f f e r e n t  in te r c e p ts  fo r  t h e i r  r e g re s s io n  

l i n e s .  F ig u re  29 a ls o  in d ic a te s  why i t  i s  d i f f i c u l t  to  c l a s s i f y

c o rn  and soy as being  d i f f e r e n t  f e a tu r e s .  The p ro b ab le  re a so n  fo r  t h i s

d i f f i c u l t y  i s  th a t  b o th  crops a re  row crops and th e  scanner f i e l d  o f 

view is  averag ing  over an  a re a  c o n ta in in g  a c e r t a in  p e rce n tag e  o f 

b a re  s o i l  and v e g e ta t io n . The c o n d itio n  and type  o f  s o i l  cou ld  a ls o  

v ary  w ith in  th e  ground scene f u r th e r  co m p lica tin g  th e  s e p a ra t io n  o f  

bo th  f e a tu r e s .  The non row crops such as o a t s ,  w heat, and ry e  appear 

re a so n a b ly  d is t in g u is h a b le .  F ig u re  29 a ls o  i l l u s t r a t e s  how in fo rm a tio n  

could  be l o s t  i f  channel 2 w ere re g re s se d  on channel 1. The o a t ,  

w heat, and rye  in fo rm a tio n  would be com pressed in to  a  l in e  c o n ta in in g  

th e  soy and co rn  in fo rm a tio n , and th e re fo re  cou ld  p o s s ib ly  be l o s t  

u n le ss  th e  in fo rm atio n  cou ld  be d is t in g u is h e d  in  an o th e r s e t  o f ch an n e ls .

F ig u re  30 in d ic a te s  in fo rm a tio n  s im ila r  to  f ig u re  29, excep t 

th a t  th e  in fo rm a tio n  in  channel 3 i s  p lo t te d  v e rsu s  channel 1. A gain, 

re g io n  2 appears l i n e a r .  The mean v a lu es  from th e  non row crop c lu s t e r s  

a ls o  appear l i n e a r ,  b u t t h e i r  s lo p es  and in te r c e p ts  have changed 

s l i g h t l y .  A re g re s s io n  between th e se  two channe ls  would in d ic a te  a 

more se v e re  lo s s  o f  in fo rm a tio n  th a n  in  f ig u re  29, because o f the  

s lo p e  changes.
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F ig u re s  31 , 32 , 33 , and 34 i l l u s t r a t e  th e  d i s t r i b u t io n  and 

v a r ia n c e s  and c o v a ria n c e s  o f  th e  crop  c lu s t e r s  co n ta in ed  in  channe ls  

1 and 2 and ch an n e ls  1 and 3 r e s p e c t iv e ly .  The v a r ia n c e s  and c o v a rian ces  

do n o t ap p ea r to  be se p a ra b le  acc o rd in g  to  crop  ty p e , b u t do appear 

to  be l i n e a r ly  d i s t r i b u t e d .  The g raphs o f th e  c o v a rian ces  v e rsu s  th e  

v a r ia n c e s  appear to  c o n ta in  le s s  s c a t t e r  th a n  th e  graphs c o n ta in in g  

o n ly  v a r ia n c e s ,  becau se  o f  th e  common channel used  in  bo th  c a lc u la t io n s .

P ros and Cons

Two g e n e ra l s ta te m e n ts  can  be made concern ing  th e  use o f a l l  

ch an n e ls  v e rsu s  a s e le c te d  few ch an n e ls  o f d a ta . F i r s t ,  i f  a few 

ch an n e ls  o f  d a ta  cou ld  be s e le c te d  th a t  would g iv e  re a so n a b le  su ccess  

i n  c l a s s i f y in g  th e  ground scen e , th e n  th e re  would be a requ irem en t 

fo r  n o t re c o rd in g  th e  u n s e le c te d  ch an n e ls  o f d a ta ,  le s s  d a ta  to  manage, 

and le s s  tim e re q u ire d  fo r  th e  m a th em atica l com pu ta tions. On th e  

o th e r  hand , u s in g  a l l  ch an n e ls  o f  d a ta  im p lie s  ta k in g  advan tage o f 

n s im u ltaneous m easurem ents and hence th e  maximum d is c r im in a t io n  

a b i l i t y  o f  th e  d a ta .

The second s ta te m e n t th a t  can  be made i s  th a t  th e  c l a s s i f i c a t i o n  

scheme used w i l l  p a r t i a l l y  de te rm in e  w hether a  s e l e c t  few or a l l  

ch an n e ls  o f d a ta  w i l l  be u t i l i z e d .  For exam ple, th e  su p e rv ised  

m ethods a re  u s u a l ly  more a d a p tiv e  to  s e le c t in g  a few channe ls  o f d a ta .

The su p e rv ise d  approached  has th e  b e n e f i t  o f a  p r i o r i  knowledge o f  th e  

ground scene w hich can  be u t i l i z e d .  I f  th e  lo c a t io n s  o f s e v e ra l  

f e a tu r e s  a re  known in  th e  ground sc e n e , th e n  th e  d a ta  can be examined 

to  de te rm in e  how many ch an n e ls  a re  needed to  c o r r e c t ly  c l a s s i f y  each
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C H A N N ELS 1 A N D  2 V A R IA N C E S



Film ed as rec e iv e d  

w ith o u t p ag e (s) 111 «

UNIVERSITY MICROFILMS,



6 -

c/>o>o

o
>

a>
cc
o
_c
o e c u

8 10

N

12
C h a n n e l  1 V a r i a n c e s

FIGURE 33

C H A N N E L S 1 AND 3  V A R IA N C E S



t/>0>oc
o
>o
o

0>c
c
o

r u W co

0S

0 8 10

OJ

12
C h a n n e l  1 V a r i a n c e s

FIGURE 34

C H A N N E L  1 V A R IA N C E S AND C O V A R IA N C E S WITH C H A N N E L  3



114

f e a tu r e  and n o t m i s d a s s i f y  th e  o th e r  known f e a tu r e s .  One f e a tu r e  may 

r e q u ir e  3 ch an n e ls  fo r  c o r r e c t  c l a s s i f i c a t i o n ,  w h ile  an o th e r  f e a tu r e  

f e a tu r e  may r e q u ir e  3 d i f f e r e n t  ch a n n e ls , and an o th e r f e a tu r e  may 

on ly  r e q u i r e  2 ch a n n e ls . Using t h i s  type p f  in fo rm a tio n  cou ld  le ad  tc  

e l im in a t io n  o f  some channe ls  o f d a ta .  A re d u c t io n  in  th e  number o f 

ch an n e ls  w ith o u t re g a rd  to  th e  f e a tu r e s  c o n ta in ed  in  th e  d a ta  u s u a lly  

enhances th e  c l a s s i f i c a t i o n  o f some f e a tu r e s ,  b u t a t  th e  same tim e 

in c re a s e s  th e  d i f f i c u l t y  o f  s e p a ra t in g  o th e r  f e a tu r e s .  I f  a d i f f e r e n t  

s e t  o f ch an n e ls  i s  used  f o r  each f e a tu r e ,  th e n  re a so n a b le  s e p a ra t io n  

o f a l l  f e a tu r e s  can  u s u a l ly  be ach iev ed . However, th e re  i s  no 

g u a ra n te e  th a t  an  unknown f e a tu r e  w i l l  be c a l s s i f i e d  c o r r e c t ly .

The u n su p e rv ised  approach  p re se n te d  in  th e  t e x t  was developed fo r  

th e  a n a ly s is  o f  th e  E a rth  R esources Technology S a t e l l i t e  d a ta ,  which 

i s  a c o n s id e ra b le  volume o f  d a ta . For exam ple, each  image from th e  

s a t e l l i t e  co v ers  ap p ro x im ate ly  10,000 square  m ile s ,  and , because o f 

th e  c o s t  and e f f o r t ,  a p r i o r i  knowledge or ground t r u t h  c o l le c t io n  

needs to  be m inim ized and o p tim ized . This can  be accom plished only  

a f t e r  th e  d a ta  has been an a ly zed , s in c e  th e  r e s u l t s  o f  th e  a n a ly s is  

a re  d esig n ed  to  in d ic a te  w here ground t r u t h  c o l le c t io n  i s  needed. For 

t h i s  re a so n  i t  may be more r e l i a b l e  to  u se  a l l  ch an n e ls  o f d a ta  fo r  a 

maximum amount o f  d is c r im in a t io n  a t  th e  c o s t  o f more com puter tim e.

The f i n a l  d e c is io n  conce rn ing  w hether o r  n o t to  u se  a l l  channels 

o f  d a ta  appears  to  be co m p lica ted  by many in p u ts  and tr a d e  o f f s  fo r  

th e  u n su p e rv ise d  te ch n iq u e  p re se n te d  in  th e  t e x t .  Computer ro u tin e s  

and c r i t e r i a  co u ld  be developed  f o r  d ec id in g  w hich channe ls  a re  to  be
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co n s id e re d  l i n e a r ly  dependen t. The c r i t e r i a  f o r  l i n e a r  dependence 

would then  have to  be e v a lu a te d  by c o n s id e r in g  th e  amount o f  in form a

t i o n  lo s t  in  th e  c l a s s i f i c a t i o n  when th e  t o t a l  number o f  channe ls  

i s  reduced . The second c o n s id e ra t io n  concerns th e  amount o f com puter 

tim e re q u ire d  fo r  d e te rm in in g  channel dependence and c l a s s i f i c a t i o n  

v e rsu s  c l a s s i f i c a t i o n  u s in g  a l l  channe ls  o f  d a ta . A d d itio n a l in p u ts  

to  th e se  c o n s id e ra tio n s  a re  th e  t o t a l  number o f channe ls  o f d a ta  th a t  

a re  reco rd ed  and th e  s p e c t r a l  bandw idth lo c a t io n s .  I f  many channe ls  o f 

d a ta  a re  re c o rd e d , i t  may be w orthw hile  to  reduce th e  number o f channe ls  

used  in  th e  c l a s s i f i c a t i o n  from l in e a r  dependence c o n s id e ra tio n s .  On 

th e  o th e r  hand , i f  on ly  a few channe ls  a re  re c o rd e d , i t  may be f a s t e r  

to  c l a s s i f y  th e  d a ta  u s in g  a l l  o f  th e  channe ls  w ith o u t l in e a r  dependence 

c o n s id e ra tio n s .  T h ird ly , and assumming th a t  th e  same sen so r is  being  

u sed , th e re  i s  th e  q u e s tio n  o f w hether o r n o t th e  channel dependence 

c o n s id e ra tio n s  w i l l  rem ain  in v a r ia n t  fo r  d a ta  c o l le c te d  a t  d i f f e r e n t  

t e s t  s i t e s ,  which c o n ta in  c o n s id e ra b ly  d i f f e r e n t  ty p es  o f  t e r r a i n  

f e a t u r e s .

The m ain re a so n  fo r  n o t in c lu d in g  channe l dependence in  th e  d e v e l

opment o f th e  u n su p erv ised  approach  is  th a t  th e  e v a lu a tio n  o f th e  

c o n s id e ra tio n s  p re se n te d  above can on ly  be o b ta in ed  a f t e r  th e  d a ta  has 

been analyzed  and ground t r u t h  in fo rm a tio n  has been c o l le c te d .  The 

in fo rm a tio n  i s  needed p r io r  to  th e  d a ta  a n a ly s i s ,  i f  i t  i s  to  be 

u t i l i z e d  e f f i c i e n t l y .


