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INTRODUCTION 

In  t h e  preceding paper ,  D r .  Swain descr ibed  some of t h e  research  
a c t i v i t i e s  i n  Data Analysis  techniques c a r r i e d  out a t  LARS/Purdue t h i s  
pas t  y e a r .  This paper cont inues by summarizing some r e s u l t s  obtained 
from a d d i t i o n a l  d a t a  process ing  research  t a s k s  now under s tudy  t h e r e .  
Time and space do not  permit d e t a i l s .  F u l l  d e s c r i p t i o n s  of t h e s e  p r o j e c t s  
a r e  r epo r t ed  i n  LARS r e p o r t s  and i n  papers i n  t h e  open l i t e r a t u r e .  

These s t u d i e s  f a l l  i n t o  t h r e e  c a t e g o r i e s :  (1) an examination of 
t h e  s u i t a b i l i t y  of s e v e r a l  sensor  types  wi th  regard t o  producing d a t a  
r equ i r ed  f o r  m u l t i s p e c t r a l  machine a n a l y s i s ;  ( 2 )  var ious  types  of d a t a  
preprocess ing  necessary t o  prepare such d a t a  f o r  a n a l y s i s  i n  t h i s  f a sh ion ;  
and ( 3 )  an experiment i n  how t o  make t h i s  type  of technology a v a i l a b l e  
e f f i c i e n t l y  and inexpens ive ly .  

COMPARISON OF SENSOR TYPES 

There a r e  a  lar-ge number of d i f f e r e n t  types of sensors  capable of 
producing d a t a  a s  input  t o  machine a n a l y s i s  processors .  These sensor  
types tend  t o  f a l l  i n t o  t h r e e  broad c a t e g o r i e s :  scanners ,  photography 
and t e l e v i s i o n .  The l i n e  scanner tends  t o  be p r e f e r r e d  f o r  t h i s  type  
of a n a l y s i s  procedure because it covers g r e a t e r  po r t ions  of t h e  spectrum 
and has g r e a t e r  dynamic range and rad iometr ic  p r e c i s i o n .  However, 
scanners  t end  t o  be expensive,  complex t o  opera te  and r e l a t i v e l y  unavai l -  
ab l e  a t  t h i s  t i m e . '  Photography, on t h e  o the r  hand, i s  r e l a t i v e l y  l e s s  
expensive and i s  widely a v a i l a b l e ;  it i s  a  very  well-developed technology. 

*In t h i s  paper ,  r e s u l t s  from a number of s t u d i e s  a r e  summarized; 
r e sea rche r s  a r e  i d e n t i f i e d  i n  t h e  Acknowledgment s e c t i o n .  



Te lev i s ion  has  s t i l l  d i f f e r e n t  c h a r a c t e r i s t i c s  i n  t h i s  r e g a r d ,  having 
some of t h e  advantages and disadvantages of bo th .  I n  order  t o  compare 
t h e s e  sensors  a s  sources of d a t a  f o r  t h i s  t ype  of machine process ing  
and a n a l y s i s ,  a scene was s e l e c t e d  i n  which d a t a  had been gathered by 
both  a scanner  and photographic cameras s imultaneously.  C l a s s i f i c a t i o n s  
wi th  i d e n t i c a l  c l a s s e s  and t r a i n i n g  a reas  were c a r r i e d  out  on both 
types  of d a t a .  From t h i s  scene f o u r  d i f f e r e n t  d a t a  types  were t o  be 
compared; 

scanner  d a t a ;  
b lack  and white  m u l t i s p e c t r a l  photography; 
c o l o r  i n f r a r e d  photography; and 

- vidicon-scmned c o l o r  i n f r a r e d  photography. 

The scanner  d a t a  was used d i r e c t l y  i n  t h i s  t e s t .  The b lack  and 
white  m u l t i s p e c t r a l  photography was f i r s t  scanned, d i g i t i z e d  and then  
t h e  images from t h e  s e v e r a l  p a r t s  of t h e  spectrum were r e g i s t e r e d  wi th  
r e s p e c t  t o  one ano the r .  I n  t h e  case  of  t h e  co lo r  I R  photography, c o l o r  
s epa ra t ions  were f i r s t  ob ta ined  and t h e s e  were then  scanned, d i g i t i z e d  
and r e g i s t e r e d .  

Unfor tuna te ly ,  t e l e v i s i o n  d a t a  was not  c o l l e c t e d  s imultaneously 
wi th  t h e  o t h e r  t ypes  of d a t a  s i n c e  an a i rbo rne  t e l e v i s i o n  sensor  system 
was not  a v a i l a b l e  t o  u s .  However, i n  o rde r  t o  o b t a i n  some i d e a  of  how 
t e l e v i s i o n  might have performed, t h e  co lo r  photography was sub jec t ed  t o  
a v id icon  scanning system* a f t e r  which it was d i g i t i z e d  and r e g i s t e r e d .  

The r e s u l t s  of  t h i s  s tudy  a r e  shown i n  Figure 1 i n  b a r  graph form. 
The r e s u l t s  f o r  i n d i v i d u a l  c l a s s e s  a r e  shown on t h e  l e f t  wi th  t h e  over- 
a l l  average r e s u l t s  shown on t h e  r i g h t .  I n  ca r ry ing  out  t h i s  s t u d y ,  it 
was decided t o  a s se s s  t h e  performance based upon t h e  accuracy achieved 
by t h e  samples used t o  t r a i n  t h e  c l a s s i f i e r .  This i s  compared t o  
u s ing  so-ca l led  t e s t  samples o r  samples o t h e r  t han  those  used t o  t r a i n  
t h e  c l a s s i f i e r .  It was f e l t  i n  s o  doing t h a t  t h i s  would minimize t h e  
e f f e c t  of scene v a r i a b i l i t y ,  one of t h e  o the r  major experimental  v a r i a b l e s .  

In  t h e  case of t h e  scanner d a t a ,  t h e  b e s t  four  of 15  a v a i l a b l e  
s p e c t r a l  bands were s e l e c t e d  us ing  t h e  divergence processor .  These bands 
tu rned  out t o  be 0.44-0.46, 0.58-0.62, 1.0-1.4 and 1.5-1.8 micrometers.  
The d a t a  was c o l l e c t e d  wi th  t h e  Michigan scanner  system. Three bands 
of  b l ack  and whi te  photography were a v a i l a b l e  i n  a 7Omm format .  The 
f i l m  types  and Wratten f i l t e r s  used were: Green, 2402, 58; Red, 2402, 
25A; and I R ,  2424, 8 9 ~ .  The c o l o r  photography po r t ion  of t h e  experiment 
was c a r r i e d  out us ing  type  2443 co lo r  i n f r a r e d  f i l m  i n  a 9" by 9" format 
wi th  a Wratten 1 5  f i l t e r .  

*The v id icon  scanning of  t h e  photography was accomplished by t h e  IBM 
Houston Science Center a t  no cos t  t o  Purdue. 



It i s  seen t h a t  t h e  c l a s s i f i c a t i o n  accuracy a s  a  whole was very  
h igh .  Thus, a  two o r  t h r e e  percent  d i f f e r e n c e  i n  o v e r a l l  accuracy i s  
probably s i g n i f i c a n t  . 

The r e s u l t s  do t end  t o  v e r i f y  what might be expected from a  d e t a i l e d  
knowledge of t h e  sensor  type  and processing a lgor i thms,  namely, t h a t  t h e  
scanner produced t h e  h ighes t  performance. This was followed by t h e  b lack  
and white m u l t i s p e c t r a l  photography; performance i n  t h i s  case  was only 
s l i g h t l y  g r e a t e r  t han  c o l o r  photography due no doubt t o  t h e  p o s s i b i l i t y  
of achiev ing  s l i g h t l y  g r e a t e r  rad iometr ic  p rec i s ion  with a  s i n g l e  photo- 
graphic emulsion as  compared t o  a  mul t ip le - layer  one. The t e l e v i s i o n -  
scanned d a t a  gave t h e  poores t  performance, and while  it must be kept  i n  
mind t h a t  t h i s  d a t a  contained t h e  v a r i a b i l i t y  f a c t o r s  of  both t h e  
photography and t h e  t e l e v i s i o n  senso r ,  it neve r the l e s s  i s  t o  be expected 
t h a t  performance of a  t e l e v i s i o n  sensor  f o r  t h i s  type  of a n a l y s i s  would 
indeed be somewhat i n f e r i o r  t o  t h e  o t h e r s .  No co r rec t ions  were appl ied  
t o  t h e  d a t a  wi th  regard  t o  sun angle e f f e c t ,  v i g n e t t i n g  o r  o t h e r  types  
of d i s t o r t i n g  f a c t o r s .  

DATA PREPROCESSING STUDIES 

There a r e  a  l a r g e  number of parameters of t h e  sensor  and d a t a  
process ing  systems which a r e ,  a t  l e a s t  i n i t i a l l y ,  under t h e  c o n t r o l  of 
t h e  system des igne r .  Such f a c t o r s  a s  t h e  s p e c t r a l  and s p a t i a l  r e s o l u t i o n ,  
s igna l - to-noise  r a t i o ,  t h e  degree t o  which t h e  s i g n a l s  a r e  c a l i b r a t e d  
aga ins t  a v a i l a b l e  s t anda rds ,  and many o t h e r s  have a  d i r e c t  bea r ing  upon t h e  
achievable c l a s s i f i c a t i o n  accuracy.  I n  o rde r  t o  determine t h e  s e n s i t i v i t y  
and o v e r a l l  e f f e c t  of t h e  system wi th  r ega rd  t o  t h e s e  var ious  parameters ,  
a  number of s t u d i e s  a r e  underway a t  LARS/Purdue . An a d d i t i o n a l  o b j e c t i v e  
of t h e s e  s t u d i e s  i s  t h e  determining of s u i t a b l e  techniques by which d a t a  
preprocess ing  may be c a r r i e d  out  t o  modify and opt imize t h e  d a t a  wi th  
r e spec t  t o  t h e s e  parameters .  This i s  e s p e c i a l l y  d e s i r a b l e  s i n c e  no one 
system design w i l l  be u n i v e r s a l l y  opt imal  f o r  a l l  d a t a  a n a l y s i s  purposes.  
Figure 2 shows t h e  o v e r a l l  o rgan iza t ion  of t h e s e  s t u d i e s .  They a r e  
d iv ided  i n t o  fou r  broad a reas  , each of which has s e v e r a l  sub-parts  . For 
example, cons ider  t h e  programs i n  s igna l - to-noise  r a t i o  improvement 
i n d i c a t e d  on t h e  l e f t .  By us ing  ad jacent  scan l i n e s  of d a t a  it i s  
poss ib l e  t o  improve t h e  s igna l - to-noise  r a t i o  b u t ,  t o  some e x t e n t ,  a t  t h e  
expense of  s p a t i a l  r e s o l u t i o n .  This technique i s  used t o  remove o r  
minimize t h e  e f f e c t  of such random noise  a s  i s  generated i n  a  scanner  
d e t e c t o r  among o the r  p l a c e s .  

There a r e  many types  of  sys temat ic  no i se  introduced by senso r s .  
E f f e c t s  such a s  v i g n e t t i n g  i n  photography o r  t e l e v i s i o n  where t h e  d a t a  
i s  c o l l e c t e d  i n  frames o r  Moire p a t t e r n s  i n  l i n e  scanners  a r e  examples 



of  problems which can be minimized o r  removed through d a t a  process ing ,  
b u t  gene ra l ly  a t  t h e  expense of o t h e r  parameters i n  t h e  system. The 
ob jec t ive  he re  i s  t o  deveJop s u i t a b l e  techniques t o  apply theory  t o  
p r a c t i c e  and t o  quan t i fy  t h e  r e s u l t  of doing so .  I n  t h e  remainder of  
t h i s  s e c t i o n  a r e  presented  r e s u l t s  ob ta ined  dur ing  t h e  p a s t  year  by 
s e v e r a l  s t u d i e s  i nd ica t ed  i n  Figure 2 .  

SCANNER DATA CALIBRATION STUDY 

Consider f i r s t  a  s tudy  of methods f o r  t h e  rad iometr ic  c a l i b r a t i o n  
of  scanner  d a t a .  The r e s u l t s  from t h i s  s tudy  a r e  shown i n  Figure 3. 
The d a t a  used f o r  t h i s  s tudy i s  from t h e  Michigan scanner  system and t h e  
1971 Corn B l igh t  Watch Experiment. With t h i s  scanner  system t h e  scanner 
sensors  a r e  o p t i c a l l y  exposed t o  t h r e e  d i f f e r e n t  c a l i b r a t i o n  sources 
f o r  each r evo lu t ion  of t h e  scanning mi r ro r .  These a r e  a  black l e v e l  
( c 0 ) ,  a  l e v e l  of  f i x e d  i l l umina t ion  ( c l )  and a  sensor  exposed t o  t h e  
s o l a r  i n s o l a t i o n  on t h e  t o p  of t h e  a i r c r a f t  ( c 2 ) .  The C o  o r  b lack  
l e v e l  c a l i b r a t i o n  i s  in tended  t o  be used t o  remove any DC d r i f t  which 
may occur dur ing  t h e  course of  a  d a t a  ga the r ing  mission by e s t a b l i s h i n g  
a  r e f e rence  l e v e l  a t  t h e  output  f o r  zero ( o p t i c a l )  energy i n .  It i s  
p o s s i b l e  t o  use e i t h e r  C1 o r  C2 t o  c o r r e c t  f o r  any changes i n  system 
gain and/or any changes i n  i l l umina t ion  occurr ing  a t  t h e  t o p  of  t h e  
a i r c r a f t .  I n  a c t u a l i t y ,  t h e  computer sof tware system used has been 
arranged i n  such a  w a y  t h a t  any two o f  t h e s e  t h r e e  s i g n a l s  can be used 
t o  e s t a b l i s h  c a l i b r a t i o n  of t h e  d a t a  i n  a  l i n e a r  fash ion .  

When cons ider ing  d a t a  c a l i b r a t i o n  however, one must recognize t h a t  
c a l i b r a t i o n  l e v e l s  can only be determined wi th  a  s igna l - to-noise  r a t i o  
which i s  f i n i t e  ( t h a t  i s ,  l e s s  than  i n f i n i t e )  j u s t  a s  i s  t h e  case  f o r  
t h e  d a t a  f r o m t h e  scene i t s e l f .  Thus, one w i l l  be u s ing  c a l i b r a t i o n  
information of  a  given s ignal- to-noise r a t i o  t o  c o r r e c t  scene d a t a  of a  
given s ignal- to-noise r a t i o  and depending on t h e  need of t h e  system f o r  
c a l i b r a t i o n ,  t h e  e f f e c t  may e i t h e r  improve o r  degrade t h e  o v e r a l l  pe r fo r -  
mance of  t h e  system. The ques t ion  posed i n  t h i s  s tudy then  i s :  In  a  
given s i t u a t i o n  does c a l i b r a t i o n  h e l p ,  and i f  s o ,  which type  he lps  t h e  
most? 

Three d i f f e r e n t  d a t a  s e t s  were used i n  t h i s  p a r t i c u l a r  t e s t .  These 
d a t a  s e t s  a r e  from segments 206, 208 and 215 of t h e  1971 Corn B l igh t  
Watch Experiment. * I n  each case t r a i n i n g  samples from a  given segment 

*Segments 201 through 230 of t h e  1971 Corn B l igh t  Watch Experiment were 
d i s t r i b u t e d  i n  o rde r  from nor th  t o  south a long  t h e  western t h i r d  of t h e  
S t a t e  of Indiana .  These t h r e e  segments a r e  t h e r e f o r e  from t h e  no r the rn  
h a l f  o f  t h e  s t a t e  and a r e  separa ted  by a  maximum of about 100 mi l e s .  
Each segment i s  approximately 1 by 8 mi l e s .  



were s e l e c t e d  f o r  a  corn v s .  noncorn c l a s s i f i c a t i o n .  The c l a s s i f i c a t i o n  
was c a r r i e d  out  and then  samples from f i e l d s  o t h e r  than  those  used f o r  
t r a i n i n g  were used t o  t e s t  t h e  accuracy t o  a s s e s s  t h e  performance. 

Shown i n  Figure 3 a r e  t h e  r e s u l t s  of t h e  t e s t  with t h e  i n d i v i d u a l  
segment accurac ies  shown on t h e  l e f t  and t h e  o v e r a l l  average shown on t h e  
r i g h t .  The o v e r a l l  average does indeed i n d i c a t e  t h a t  c a l i b r a t i o n  h e l p s ,  
a l though note  t h a t  i n  segment 215 t h e  "no c a l i b r a t i o n "  c o n t r o l  c l a s s i -  
f i c a t i o n  provided a  h igher  performance than  any of t h e  types  of 
c a l i b r a t i o n .  Again, o v e r a l l  t h e r e  was ind ica t ed  a  s l i g h t  preference  f o r  
u s ing  t h e  Co - C1 c a l i b r a t i o n .  

Based on t h e  design of  t h e  sensor  system, t h e  s igna l - to-noise  r a t i o  
of t h e  C 1  c a l i b r a t i o n  s i g n a l  i s ,  i n  gene ra l ,  poorer  than  t h a t  from t h e  
sun sensor  C2. That i s  t o  s ay ,  given a  h ighe r  q u a l i t y  s i g n a l  from t h e  
c a l i b r a t i o n  lamp, t h i s  s l i g h t  preference  i n  t h i s  case of Co  - C 1  c a l i -  
b r a t i o n  might become an even more pronounced p re fe rence .  It i s  important 
t o  add however, t h a t  i n  t h e  case of  a i r c r a f t  d a t a ,  as  one c o l l e c t s  d a t a  
from l a r g e r  and l a r g e r  a r e a s ,  v a r i a t i o n s  i n  s o l a r  i l l umina t ion  become 
more impor tan t ,  and it may become more d e s i r a b l e  t o  use C o  - C2 
c a l i b r a t i o n  i n  o rde r  t o  achieve h ighes t  accuracy. This proved t o  be t h e  
case i n  t h e  next  experiment t o  be descr ibed .  

EXTRAPOLATION OF TRAINING SAMPLES 

Over how l a r g e  a  geographical  a r ea  i s  a  given t r a i n i n g  s e t  v a l i d ?  
This i s  a  very important ques t ion .  Only a  r e l a t i v e l y  small  p ropor t ion  
of t h e  t o t a l  cos t  of process ing  t h e  d a t a  a t  t h e  p re sen t  t ime i s  
a t t r i b u t a b l e  t o  t h e  a c t u a l  a n a l y s i s  c a l c u l a t i o n  i t s e l f .  This i s  t r u e  
whether t h e  a n a l y s i s  i s  done by analog o r  d i g i t a l  mode. The expensive 
po r t ion  of t h e  process ing  remains t h e  t r a i n i n g  phase o f  t h e  a n a l y s i s .  
Thus, it i s  important t o  develop techniques which reduce t h e  complexity 
and t h e r e f o r e  t h e  c o s t  o f  t h e  t r a i n i n g  phase and it i s  a l s o  d e s i r a b l e  
t o  develop techniques  by which a  s i n g l e  t r a i n i n g  o f  a  c l a s s i f i e r  can be 
u t i l i z e d  over l a r g e r  and l a r g e r  geographical  a r e a s .  It was an examination 
of t h i s  l a t t e r  ques t ion  which was t r e a t e d  i n  t h e  s tudy  t o  be descr ibed  
now. Many o f  t h e  d e t a i l s  o f  t h e  s tudy  a r e  apparent  from t h e  r e s u l t s  
d i sp layed  i n  Figure 4. The o r d i n a t e  d i sp l ays  t e s t  d a t a  accuracy.  The 
a b s c i s s a  i n d i c a t e s  t h e  segment of t h e  1971 Corn B l igh t  Watch Experiment 
d a t a  from which t r a i n i n g  was der ived .  The legend of  t h e  graph i n d i c a t e s  
t h e  segments c l a s s i f i e d .  The fo l lowing  t a b l e  i n d i c a t e s  t h e  d i s t a n c e  
s e p a r a t i n g  each segment. 



Number of Airmiles Separa t ing  t h e  
Center of Four Segments of t h e  

1971 Corn Bl ight  Watch Experiment 

Segment 
Number - 208 215 230 

As expected,  it appears t o  be genera l ly  t r u e  t h a t  t h e  f a r t h e r  one 
g e t s  fYom t h e  t r a i n i n g  sample a r e a  t h e  poorer  t h e  accuracy.  However, 
t h e r e  a r e  s e v e r a l  f a c t o r s  t o  be kept  i n  mind i n  t h i s  p a r t i c u l a r  t e s t  
i n  cons ider ing  how r a p i d l y  t h e  accuracy d e t e r i o r a t e s  wi th  d i s t a n c e .  
F i r s t  o f  a l l ,  t h e  segments a r e  d i s t r i b u t e d  i n  a  north-south d i r e c t i o n .  
This i s  t h e  d i r e c t i o n  of  maximum change wi th  regard  t o  seasonal  
v a r i a t i o n .  One would expect  t h e  growing season t o  be approximately 
two weeks f u r t h e r  advanced a t  t h e  southern most segment on a  given day 
than  a t  t h e  nor thern  most. Second, while a l l  d a t a  used i s  from t h e  
same mission per iod  of t h e  corn b l i g h t  watch, it d id  not  prove poss ib l e  
t o  ga ther  a l l  t h e  d a t a  on t h e  same day. Indeed, t h e  d a t a  ga ther ing  
was extended over a  13-day per iod  and,  i n  a d d i t i o n ,  t h e  d a t a  from t h e  
n o r t h ,  o r  l e a s t  advanced po r t ion  of t h e  growing season,  was gathered 
f i r s t ,  with t h a t  i n  t h e  south o r  most advanced be ing  gathered l a s t .  
This tended t o  enhance seasonal  v a r i a t i o n s  wi th  regard  t o  crop ma tu r i t y .  
A l l  d a t a  was gathered between 10:30 and 11:45 a.m. Thus t h e r e  were only 
r e l a t i v e l y  small  changes i n  sun angle .  It d i d  prove d e s i r a b l e  i n  t h i s  
case  t o  use Co - C2 c a l i b r a t i o n .  That i s ,  t h a t  c a l i b r a t i o n  involv ing  
removing DC d r i f t  with t h e  b l ack  l e v e l  c a l i b r a t i o n  information and 
a d j u s t i n g  t h e  o v e r a l l  system gain based upon t h e  ind ica t ed  s o l a r  
i l l umina t ion  a s  determined a t  t h e  t o p  of t h e  a i r p l a n e .  

These r e s u l t s  t oge the r  with e a r l i e r  r e s u l t s  shown, tend  t o  be 
encouraging wi th  r ega rd  t o  t h e  e x t r a p o l a t i o n  of t r a i n i n g  s e t s  p a r t i c u l a r l y  
i n  view of t h e  improvement expected when s a t e l l i t e - g a t h e r e d  d a t a  becomes 
a v a i l a b l e .  Perhaps one of t h e  g r e a t e s t  advantages of t h e  s a t e l l i t e ,  one 
which i s  no t  achievable wi th  an a i r c r a f t  system, i s  t h a t  d a t a  over very 
l a r g e  a reas  can be gathered i n  a  very s h o r t  t ime ,  t hus  hoid ing  a s  n e a r l y  
cons tan t  a s  poss ib l e  many experimental  v a r i a b l e s  of t h e  system such a s  
t h e  sun a n g l e ,  t ime of t h e  growing season ,  e t c .  



SUN ANGLE E F F E C T  CORRECTION 

A t t en t ion  has o f t e n  been drawn t o  t h e  f a c t  t h a t  t h e  r e f l e c t a n c e  of  
e a r t h  su r f ace  m a t e r i a l s  i s  very dependent upon t h e  angle o f  i l l umina t ion  
r e l a t i v e  t o  t h e  angle of view. This f a c t  has a  pronounced e f f e c t  upon 
a l l  types  of imagery. The e f f e c t  on scanner  imagery i s  i l l u s t r a t e d  i n  
Figure 5 .  The l e f t  image i n  t h i s  f i g u r e  shows uncorrected d a t a  which 
was ga thered  by scanner  a t  10:OO a.m. This d a t a  was gathered from an 
a i r c r a f t  having  a nor thern  heading such t h a t  a t  t h i s  hour o f  t h e  morning 
t h e  sun was t o  t h e  r i g h t  and somewhat t o  t h e  r e a r  (due t o  t h e  season and 
l a t i t u d e  of  t h e  f l i g h t l i n e )  of t h e  a i r c r a f t .  The f a c t  t h a t  t h e  image 
appears  washed out  on t h e  l e f t  i s  no t  an a r t i f a c t  of image reproduct ion ,  
bu t  sun angle e f f e c t  which i s  present  i n  t h e  d a t a .  

B r i e f l y ,  s i n c e  t h e  l i n e  of  view i s  n e a r l y  p a r a l l e l  t o  t h e  i l l u m i n a t i n g  
rays  of t h e  sun on t h e  l e f t  po r t i on  of t h e  image, t h e  amount o f  energy 
r e f l e c t e d  from any given (rough s u r f a c e )  m a t e r i a l  t ends  t o  be g r e a t e r .  

This e f f e c t  i s  even more apparent by viewing t h e  average response 
from a  l a r g e  number of  scan l i n e s .  Figure 6 shows such a  p re sen ta t ion  i n  
g raph ica l  form. P l o t t e d  he re  i s  t h e  average response f o r  a  l a r g e  number 
o f  columns of  d a t a  i n  t h e  imagery p l o t t e d  versus  t h e  column number. For 
t h i s  d a t a  s e t ,  ga thered  s h o r t l y  a f t e r  9:00 a.m.,  t h e  response i s  c l e a r l y  
g r e a t e r  on t h e  l e f t ,  o r  wes t ,  po r t i on  of  t h e  f i e l d  of  view than  i t  i s  on 
t h e  r i g h t ,  o r  e a s t .  Figure 7 and 8 show p r e s e n t a t i o n s  of  t h e  same type  
f o r  d a t a  gathered nea r  l o c a l  noon and l a t e  i n  t h e  a f t e rnoon ,  r e s p e c t i v e l y .  
Var ia t ions  of t h i s  e f f e c t  wi th  t ime of day i s  r e a d i l y  apparent .  

This e f f e c t  has been known f o r  some t ime and it i s  r e l a t i v e l y  easy 
t o  improve t h e  appearance of t h e  imagery by appropr i a t e  process ing .  The 
most succes s fu l  technique found t o  da t e  has  been t o  use a  c h a r a c t e r i s t i c  
curve such a s  Figure 6 t o  der ive  app ropr i a t e  m u l t i p l i c a t i v e  c o r r e c t i o n  
f a c t o r s  f o r  each column i n  t h e  d a t a .  The r e s u l t s  of  having app l i ed  
t h i s  technique  t o  t h e  d a t a  f o r  t h e  l e f tmos t  image of F igure  5 i s  shown 
i n  t h e  c e n t e r  of Figure 5 .  It i s  obvious t h a t  t h e  appearance of t h e  
image i s  g r e a t l y  improved. However, a  c a r e f u l  i n spec t ion  o f  t h e  image 
w i l l  r e v e a l  t h a t  a  v e r t i c a l  l i n e  s t r u c t u r e  has been in t roduced  i n t o  it 
due t o  t h e  f a c t  t h a t  t h e  c h a r a c t e r i s t i c  curve was not  s u f f i c i e n t l y  smooth. 
I f ,  p r i o r  t o  applying t h e  c o r r e c t i o n ,  t h i s  c h a r a c t e r i s t i c  curve i s  
smoothed a p p r o p r i a t e l y ,  t h e  r e s u l t  achieved w i l l  be a s  shown i n  t h e  r i g h t -  
hand image o f  Figure 5 .  

Perhaps more important t han  t h e  appearance of  t h e  image, however, i s  
t h e  q u a l i t y  of t h e  d a t a  i t s e l f .  A more q u a n t i t a t i v e  t e s t  o f  t h e  r e l a t i v e  
e f f e c t i v e n e s s  o f  t h i s  type  of  c o r r e c t i o n  can be obta ined  by c a r r y i n g  out 
a  c l a s s i f i c a t i o n  o f  t h e  d a t a  s e t  i n t o  app ropr i a t e  c l a s s e s  f o r  t h e  case  



of both co r r ec t ed  and uncorrected d a t a .  Two examples of t h e  r e s u l t  of 
doing t h i s  a r e  shown i n  Figure 9 .  In  t h i s  ca se ,  t h e  r e s u l t s  f o r  a  corn 
versus noncorn c l a s s i f i c a t i o n  c a r r i e d  out  on two d i f f e r e n t  d a t a  s e t s  i s  
shown, and i n  each case t h e  c l a s s i f i c a t i o n  of  t h e  o r i g i n a l  versus sun- 
angle-corrected d a t a  i s  compared. Note t h a t  t h e  co r r ec t ion  of t h e  d a t a  
d i d  r e s u l t  i n  a  s i g n i f i c a n t  improvement i n  accuracy f o r  t h e  c l a s s i f i c a t i o n  
i n d i c a t e d  by t h e  two p a i r  of ba r s  on t h e  l e f t .  However, t h e  o the r  
c l a s s i f i c a t i o n  shows a  degradat ion of  performance due t o  d a t a  c o r r e c t i o n .  
Note t h a t  t h e  degradat ion occurred i n  t h e  d a t a  s e t  c o l l e c t e d  e a r l i e r  i n  
t h e  morning, when t h e  sun angle e f f e c t  would be more seve re .  

The purpose of  t h i s  i s  t o  i l l u s t r a t e  t h e  poin t  t h a t  though s a t i s f a c t o r y  
improvement i n  image appearance i s  p o s s i b l e ,  t h e  r e s u l t s  with regard  t o  
improving d a t a  q u a l i t y  a r e  q u i t e  mixed. It must be kept  i n  mind t h a t  t h e  
degree t o  which t h e  i l l u s t r a t e d  sun angle e f f e c t  t akes  p lace  depends not  
only upon t h e  angle r e l a t i o n s h i p  between t h e  sun,  t h e  scene and t h e  
observer  bu t  a l s o  t h e  contents  of t h e  scene i t s e l f .  I nd iv idua l  a r eas  
w i th in  t h e  scene w i l l  d i sp l ay  t h i s  e f f e c t  t o  a  g r e a t e r  ex t en t  depending 
on t h e i r  con ten t s .  By t h e  procedure desc r ibed ,  although a  g loba l ly  
appropr ia te  c o r r e c t i o n  can be made, t h e r e  i s  no information a v a i l a b l e  
by which t o  make t h e  c o r r e c t i o n  a l s o  l o c a l l y  c o r r e c t .  Since c l a s s i f i c a t i o n  
i s  made on a  l o c a l  b a s i s  it i s  l o c a l  c o r r e c t i o n  t h a t  i s  r equ i r ed .  Best 
o v e r a l l  r e s u l t s  can be obta ined  by d e f i n i n g  p a i r s  of c l a s s e s  - one s e t  f o r  
t h e  l e f t  s i d e  of  t h e  scene ,  t h e  o t h e r  f o r  t h e  r i g h t  s i d e  - bu t  a t  t h e  
expense of t r a i n i n g  and process ing  complexity.  It i s  f e l t  , t h e r e f o r e ,  
t h a t  t h e  problem i s  i n  an u n s a t i s f a c t o r y  s t a t e  and a  new approach i s  
r e a l l y  needed, one no doubt l e s s  empi r i ca l ly  based,  bu t  based on an 
appropr i a t e  model of  t h e  t o t a l  s i t u a t i o n .  

DATA COMPRESSION TECHNIQUES 

We t u r n  now t o  t h e  ques t ion  of d a t a  compression. One of t h e  most 
obvious c h a r a c t e r i s t i c s  of t h e  remote sens ing  f i e l d  i s  t h e  l a r g e  quan t i t y  
of d a t a .  This d a t a  quan t i t y  tends  t o  s t r a i n  system resources e s p e c i a l l y  
with r ega rd  t o  d a t a  t ransmiss ion  and d a t a  s to rage  and r e t r i e v a l .  I f  
means f o r  compressing t h e  d a t a  can be found which do not  s i g n i f i c a n t l y  a l t e r  
t h e  d a t a  q u a l i t y ,  it would be most vafuable .  This l e d  us  t o  begin a  
d a t a  compression s tudy  and i n  p a r t i c u l a r  t o  examine a  c l a s s  of l i n e a r  
t ransformat ions  f o r  t h i s  purpose. Among o the r  advantages,  t h i s  approach 
would t end  t o  minimize t h e  amount of  a d d i t i o n a l  process ing  which would 
be involved .  

There e x i s t s  i n  t h e  l i t e r a t u r e  a  p a r t i c u l a r  s i g n a l  r ep re sen ta t ion  
scheme known as  t h e  Karhunen-Loeve Orthogonal expansion. Theore t i ca l  
r e s u l t s  a v a i l a b l e  wi th  regard  t o  t h i s  expansion suggested a  number of 
advantages and I s h a l l  b r i e f l y  descr ibe  t h e  technique .  I n  t h i s  



a p p l i c a t i o n  it amounts simply t o  a  p r i n c i p a l  components t ransformat ion  
and t h i s  i s  i l l u s t r a t e d  i n  Figure 10 .  Suppose f o r  example, we have some 
m u l t i s p e c t r a l  d a t a  i n  two s p e c t r a l  bands. Since m u l t i s p e c t r a l  d a t a  i s  
t y p i c a l l y  c o r r e l a t e d  from channel t o  channel it may d i s t r i b u t e  i t s e l f  
a s  shown by t h e  oval  shaped d i s t r i b u t i o n  i n  t h i s  f i g u r e .  A p r i n c i p a l  
components t ransformat ion  amounts t o  de f in ing  a  new s e t  of axes by 
t a k i n g  a  l i n e a r  combination of t h e  o r i g i n a l  axes .  The computation 
involved i s  shown by t h e  two equat ions i n  t h e  lower p a r t  of t h e  f i g u r e .  
The a  c o e f f i c i e n t s  i n  t h e s e  equat ions determine t h e  o r i e n t a t i o n  of t h e  
new axes r e l a t i v e  t o  t h e  o r i g i n a l  ones.  

A p r i n c i p a l  components t ransformat ion  i s  t h a t  p a r t i c u l a r  t ransformat ion  
by which t h e  f i r s t  new a x i s ,  y  i n  t h e  f i g u r e ,  i s  chosen so  a s  t o  be 
o r i e n t e d  along t h e  d i r e c t i o n  04 maximum range o r  spread of t h e  d a t a  a s  
shown i n  t h e  f i g u r e .  The second component i s  chosen perpendicular  t o  
t h e  f i r s t  bu t  i n  t h e  d i r e c t i o n  of t h e  next  most p r i n c i p a l  d i s t r i b u t i o n  
of  t h e  d a t a .  I n  h igher  dimensional c a s e s ,  succeeding axes cont inue t o  
be chosen orthogonal  t o  t h e  p r i o r  ones but  i n  t h e  d i r e c t i o n  of maximum 
remaining range of d i s t r i b u t i o n .  

The usefu lness  of  t h i s  t ransformat ion  f o r  t h e  d a t a  compression 
problem comes about because m u l t i s p e c t r a l  d a t a ,  t y p i c a l l y  be ing  h igh ly  
c o r r e l a t e d  between s p e c t r a l  bands, tends t o  f a l l  i n  a  r e l a t i v e l y  long ,  
narrow d i s t r i b u t i o n  i n  n-dimensional space .  Thus, it i s  poss ib l e  t o  
concent ra te  most of t h e  dynamic v a r i a b i l i t y  of t h e  d a t a  i n  a  very few 
number of p r i n c i p a l  components. This i s  d ramat ica l ly  i l l u s t r a t e d  i n  
Figure 11, which i s  a  p l o t  of one measure of t h e  dynamic range of t h e  
d a t a  a f t e r  t ransformat ion  as  a  func t ion  of t h e  p r i n c i p a l  component number. 
This da t a  was from 12 s p e c t r a l  bands and it can be seen t h a t  a f t e r  
t ransformat ion  only about 3 coord ina tes  have any apprec iab le  dynamic d i s -  
t r i b u t i o n  of  d a t a .  The concept f o r  d a t a  compression purposes i s  t o  
t ransform t h i s  12-spec t ra l  band d a t a  i n t o  12  new components and then  
d i sca rd  t h e ,  i n  t h i s  case  9 ,  which have e s s e n t i a l l y  no range and t h e r e f o r e  
no information i n  them. I n  t h i s  c a s e ,  a  12  t o  3 o r  4 t o  1 compression 
r a t i o  would be achieved while  i n c u r r i n g  only t h e  smal l  e r r o r  i nd ica t ed  by 
t h e  sum of t h e  mean square values of  t h e  9 discarded  components a s  compared 
t o  t h e  3 r e t a i n e d  ones.  

A f u r t h e r  compression can a l s o  be achieved by a  process  c a l l e d  " b i t  
a l l o c a t i o n . "  For example, suppose t h e  o r i g i n a l  12 band da t a  had been 
represented  t o  an 8 b i t  p r e c i s i o n  i n  each of t h e  12  bands; t h a t  i s ,  i n  
each band any one of 256 poss ib l e  gray values i s  allowed f o r .  This would 
be 8 b i t s  t imes 12  bands o r  96 b i t s  per  m u l t i s p e c t r a l  sample. 

Again r e f e r r i n g  t o  Figure 11, c e r t a i n l y  t h e  dynamic range of  t h e  
f i r s t  p r i n c i p a l  component a f t e r  t ransformat ion  would be much l a r g e r  than 
any of  t h e  o r i g i n a l  s p e c t r a l  bands had been.  Therefore ,  i n  order  t o  



achieve t h e  same p rec i s ion  of d a t a  r e p r e s e n t a t i o n  more b i t s  would need t o  
be assigned t o  t h i s  component. However, succeedingly l e s s  could be 
assigned t o  success ive  components. It may t u r n  o u t ,  f o r  example, t h a t  
f o r  t h e  3 most p r i n c i p a l  components, t h e  dynamic range r equ i r ed  i n  terms 
of t h e  number of b i t s  might be  9 ,  6 and 4 al lowing f o r  512, 64 and 16  
gray va lues  r e s p e c t i v e l y  f o r  t h e  t h r e e  most p r i n c i p a l  components. This 
t o t a l  new b i t  a l l o c a t i o n  of 9 plus  6 p lus  4 equals  19  b i t s  and compares 
wi th  t h e  8 p lus  8 p lus  8 equals  24 which might have been used had not  
b i t  a l l o c a t i o n  been cons idered .  This r ep re sen t s  not only an a d d i t i o n a l  
compression of d a t a  but  a l s o  an improvement i n  t h e  p rec i s ion  wi th  which 
t h e  d a t a  would be presented s i n c e  t h e  o r i g i n a l  8 b i t s  i n  t h e  f i r s t  
p r i n c i p a l  component would not  have been adequate t o  handle proper ly  t h e  
l a r g e r  dynamic range .  

Figure 12  shows a  block diagram of  a  t e s t  d a t a  compression system 
which has been assembled i n  order  t o  t e s t  t h i s  genera l  approach on e a r t h  
resources  m u l t i s p e c t r a l  d a t a .  The f i r s t  two blocks i n d i c a t e  t h e  two 
s t e p s  j u s t  descr ibed;  namely, d a t a  t ransformat ion  followed by b i t  
a l l o c a t i o n .  If it i s  then  des i r ed  t o  recover  t h e  o r i g i n a l  d a t a ,  t h e  
next  s t e p  would be  an inve r se  t ransformat ion  followed by a  b i t  a l l o c a t i o n ,  
t hus  t ransforming  t h e  compressed d a t a  back t o  t h e  o r i g i n a l  coord ina te  
system and t h e  o r i g i n a l  dynamic range.  

Two a d d i t i o n a l  f e a t u r e s  not  prev ious ly  descr ibed have been incorpora ted  
i n t o  t h i s  system. F i r s t  o f  a l l ,  though t h e  above d e s c r i p t i o n  of t h e  
concept involves  compression based only on s p e c t r a l  redundancy, i t  i s  
poss ib l e  t o  use t h i s  approach t o  t ake  advantage of both s p e c t r a l  redundancy 
and s p a t i a l  redundancy i n  t h e  imagery d a t a .  It i s  apparent from t h e  above 
d e s c r i p t i o n  t h a t  b a s i c a l l y  t h e  only requirement a t  t h e  inpu t  i s  f o r  t h e  
d a t a  t o  be i n  t h e  form of  a  vec tor  r e p r e s e n t a t i o n .  The components o f  
t h e  v e c t o r  may be s p e c t r a l  components a s  descr ibed  above, bu t  they  may 
a l s o  have been der ived  by us ing  groups of vec to r s  i n  s p a t i a l  proximity t o  
one another .  For example, i f  t h e  d a t a  i s  composed of  samples from a  12- 
band m u l t i s p e c t r a l  scanner ,  i npu t s  t o  t h i s  d a t a  compression system could 
be assembled by t a k i n g  p a i r s  of ad jacent  p o i n t s ,  t hus  c r e a t i n g  24- 
dimensional input  v e c t o r s .  Indeed, t h e  system of  Figure 12 i s  prepared 
t o  handle d a t a  from an a r b i t r a r y  number of  l i n e s ,  an a r b i t r a r y  number 
of columns and an a r b i t r a r y  number of  channels of  ad jacent  sample p o i n t s .  
I n  t h i s  way, i n  add i t i on  t o  s p e c t r a l  redundancy, s p a t i a l  redundancy can 
a l s o  be used t o  achieve h igher  compression r a t i o s .  

Another f e a t u r e  of t h e  system i s  t h a t  o t h e r  t ransformat ions  bes ides  
t h e  Karhunen-Loeve ( p r i n c i p a l  components ) t ransformat ion  have been 
implemented wi th  t h e  system. The p r i n c i p a l  components t ransformat ion  i s  
a type  r e f e r r e d  t o  a s  a  data-dependent t ransformat ion  i n  t h a t  t h e  p r e c i s e  
c o e f f i c i e n t s  f o r  t h e  t ransformat ion  a r e  computed each t ime based upon 
c a l c u l a t i o n s  involv ing  t h e  t o t a l  d a t a  s e t  t o  be t ransformed.  However, 
any t ransformat ion  could be  used and a t  l e a s t  two o the r  t ransformat ions  



have been examined b e s i d e s  t h e  one j u s t  d e s c r i b e d .  These a r e  t h e  s t a n d a r d  
F o u r i e r  (harmonic a n a l y s i s  ) t r a n s f o r m a t i o n  and one c a l l e d  t h e  Hadamard 
t r a n s f o r m .  The F o u r i e r  t r a n s f o r m  was s e l e c t e d  f o r  t e s t s  because  o f  i t s  
f a m i l i a r i t y  and t h e  r o b u s t n e s s  t h e  t r a n s f o r m a t i o n  has  shown wi th  r e g a r d  
t o  a  l a r g e  c l a s s  o f  problems e x t e n d i n g  a c r o s s  t h e  v a r i o u s  f i e l d s  o f  
s c i e n c e .  The Hadamard t r a n s f o r m ,  on t h e  o t h e r  hand,  was s e l e c t e d  because  
o f  i t s  extreme convenience s i n c e  t h e  Hadamard f u n c t i o n s  a n d ,  t h e r e f o r e ,  
t h e  c o e f f i c i e n t s  i n v o l v e d ,  a r e  always e i t h e r  ones o r  z e r o s ,  t h u s  making a 
d i g i t a l  implementat ion o f  t h i s  t r a n s f o r m  ex t remely  s imple  and e f f i c i e n t  
from t h e  computa t iona l  s t a n d p o i n t .  Both o f  t h e s e  two t r a n s f o r m s  a r e  non- 
d a t a  dependent ;  t h a t  i s ,  t h e y  r e q u i r e  no p r i o r  computation o f  scene s t a -  
t i s t i c s  b e f o r e  p roceed ing  w i t h  t h e  t r a n s f o r m a t i o n .  I n  a d d i t i o n  t o  t h e s e  
two,  an  "average"  Karhunen-Loeve t r a n s f o r m  cou ld  be used b a s e d  on scene  
s t a t i s t i c s  from a  s o - c a l l e d  average  s c e n e .  This would be  a n o t h e r  means 
o f  e l i m i n a t i n g  a  need f o r  a p r e c a l c u l a t i o n  o f  scene  s t a t i s t i c s  a t  t h e  c o s t  
o f  some d e g r a d a t i o n  from optimum performance.  

I n  a d d i t i o n  t o  d a t a  compression f o r  d a t a  s t o r a g e  and r e t r i e v a l  p u r p o s e s ,  
a  procedure  such a s  t h e  above cou ld  have s e v e r a l  o t h e r  advan tages .  For 
example,  i n  F igure  1 2  t h e  d a t a  t r a n s f o r m a t i o n  o u t p u t  cou ld  be used d i r e c t l y  
f o r  f e a t u r e  s e l e c t i o n  and c l a s s i f i c a t i o n  purposes .  Assuming 12-dimensional  
o r i g i n a l  d a t a ,  one problem immediate ly  t o  b e  f a c e d  i n  p r e p a r i n g  t o  a n a l y z e  
t h e  d a t a  s e t  i s  which s p e c t r a l  bands w i l l  be b e s t  i n  a  g iven c l a s s i f i c a t i o n .  
A somewhat l e n g t h y  computa t iona l  procedure  i s  a v a i l a b l e  f o r  de te rmin ing  
t h e  optimum s u b s e t  o f  s p e c t r a l  bands d e s i r a b l e ;  however, t h e  d a t a  i n  
p r i n c i p a l  components form can be used d i r e c t l y  i n  t h a t  t h e  f i r s t  n - p r i n c i p a l  
components t e n d  always t o  produce c l a s s i f i c a t i o n  a c c u r a c i e s  which a r e  a t  o r  
above t h e  accuracy  performance o b t a i n a b l e  by t h e  same number o f  o p t i m a l l y  
chosen o r i g i n a l  s p e c t r a l  b a n d s . .  Thus,  i n  a d d i t i o n  t o  accomplishing d a t a  
compress ion,  t h i s  scheme shows promise f o r  e l i m i n a t i n g  t h e  need f o r  t h e  
optimum f e a t u r e  s e l e c t i o n  computat ion.  This  p r o p e r t y  o f  t h e  t r a n s f o r m a t i o n  
has  been known f o r  some t i m e  and h a s  been used p r e v i o u s l y  by o t h e r  r e s e a r c h e r s  
e l sewhere .  

F u r t h e r ,  s i n c e  a f t e r  d a t a  t r a n s f o r m a t i o n  t h e  c o o r d i n a t e  sys tem,  and 
t h e r e f o r e  t h e  components i n v o l v e d ,  have been o r i e n t e d  t o  have maximum 
dynamic r a n g e ,  i f  an image i s  c o n s t r u c t e d  u s i n g  t h e  d a t a  from t h e  f i r s t  
p r i n c i p a l  component a t  t h i s  p o i n t ,  t h e  image w i l l  have g r e a t e r  dynamic range 
and t h e r e f o r e  g r e a t e s t  scene  c o n t r a s t  of any p o s s i b l e  image p r e s e n t a t i o n  
o f  t h e  d a t a .  One i s  guaran teed  o f  h a v i n g  g r e a t e r  image c o n t r a s t  t h a n  any f 

one o f  t h e  o r i g i n a l  s p e c t r a l  bands cou ld  have .  Th is  p r o v i d e s  imagery 
u s e f u l  i n  d e t e r m i n i n g ,  f o r  example,  boundar ies  i n  t h e  scene  and manually 
de te rmin ing  d i f f e r e n c e s  between any two m a t e r i a l s .  F igure  1 3  shows images 
c o n s t r u c t e d  from d a t a  u s i n g  t h e  f i r s t ,  second ,  t h i r d  and t w e l f t h  p r i n c i p a l  
components. These images were produced by a t t e m p t i n g  t o  s p r e a d  whatever  
dynamic range i s  p r e s e n t  i n  t h e  d a t a  over  t h e  f u l l  r ange  o f  t h e  c o n t r a s t  
a v a i l a b l e  i n  t h e  pho tograph ic  f i l m .  Not ice  t h a t  t h e  scene  c o n t r a s t  o f  t h e  
f i r s t  p r i n c i p a l  component image i s  markedly g r e a t e r  t h a n  t h a t  i n  t h e  t h i r d  
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and s l i g h t l y  g r e a t e r  t han  t h a t  i n  t h e  second. Notice a l s o  t h a t  t h e  
t w e l f t h  p r i n c i p a l  component has  e s s e n t i a l l y  no image d e t a i l  a t  a l l .  

How does one determine t h e  e f f e c t i v e n e s s  of a  proposed d a t a  compression 
scheme? The ques t ions  which must be asked a r e :  how much d i s t o r t i o n  does 
t h e  compression scheme in t roduce  i n t o  t h e  d a t a  and how much does t h i s  
d i s t o r t i o n  a f f e c t  t h e  p o t e n t i a l  c l a s s i f i c a t i o n  accuracy and t h e  image 
q u a l i t y .  Figure 1 4  gives t h e  r a t e  d i s t o r t i o n  c h a r a c t e r i s t i c s  f o r  t h i s  
compression scheme and t h e r e f o r e  shows t h e  r e l a t i o n s h i p  of t h e  degree of 
compression obta ined  t o  t h e  amount of d i s t o r t i o n  in t roduced .  The d i s t o r -  
t i o n  i s  a s se s sed  by determining t h e  mean square d i f f e r e n c e  between t h e  
o r i g i n a l  image and t h e  compressed and r econs t ruc t ed  image. I n  t h i s  c a s e ,  
t h e  o r i g i n a l  d a t a  was a v a i l a b l e  a t  e i g h t  bits-per-sample p r e c i s i o n .  I n  
t h i s  c a s e ,  t h e  lower and upper curves a r e  bounds on poss ib l e  performance. 
The lower curve r ep re sen t s  a  b e s t  performance t h e o r e t i c a l  l i m i t  based upon 
information theo ry  cons ide ra t ions  a f t e r  app ropr i a t e  assumptions. The 
upper curve on t h e  o t h e r  hand, i s  t h e  r e s u l t  achieved by simply t r u n c a t i n g  
t h e  number of  b i t s  per  sample i n  t h e  d a t a .  I n  between them, t h e n ,  l i e s  
t h e  performance c h a r a c t e r i s t i c s  f o r  t h e  t h r e e  t ransformat ions  under con- 
s i d e r a t i o n .  The Karhunen-Loeve c l e a r l y  provides t h e  b e s t  performance. 
However, keep i n  mind t h a t  it i s  a  d a t a  dependent t ransformat ion .  The 
Four i e r  and Hadamard t ransforms show t h e  pena l ty  of achiev ing  non-data 
dependency. These a r e  t h e  performance c h a r a c t e r i s t i c s  based upon us ing  a 
r ec t angu la r  reg ion  out of t h e  image of s i z e  8 samples by 8 samples by 2 
s p e c t r a l  bands t o  cons t ruc t  t h e  vec to r  which undergoes t h e  t ransformat ion .  
This  appears  t o  be a nea r  opt imal  choice of combination between s p e c t r a l  
and s p a t i a l  redundancy. 

Figure 1 5  shows t h e  r e s u l t s  of  c a r r y i n g  out  c l a s s i f i c a t i o n  t e s t s  on 
t h e  compressed d a t a .  A t e s t  c l a s s i f i c a t i o n  was c a r r i e d  out  u s ing  va r ious  
numbers of f e a t u r e s .  1n t h e  case  of  t h e  o r i g i n a l  d a t a ,  t h e  opt imal  s p e c t r a l  
bands were f i r s t  determined i n  each case .  On t h e  o the r  hand, i n  t h e  case  
of t h e  p r i n c i p a l  components d a t a ,  components were added i n  order  a s  h ighe r  
dimensional c l a s s i f i c a t i o n s  were d e s i r e d ,  t hus  i n d i c a t i n g  t h e  l ack  of 
n e c e s s i t y  f o r  t h e  c a l c u l a t i o n  of opt imal  s p e c t r a l  bands i n  t h i s  ca se .  , 

Notice t h a t  t h e  p r i n c i p a l  component c l a s s i f i c a t i o n s  were always a t  l e a s t  
a s  h igh  and u s u a l l y  h ighe r  i n  performance compared t o  t h e  same number of 
components of o r i g i n a l  ' da t a .  Notice a l s o  t h a t  t h e  c l a s s i f i c a t i o n  with 
t h r e e  s p e c t r a l  bands was' approximately as  h igh  as  t h a t  achieved wi th  any 
number of bands. 

And f i n a l l y ,  F igure  16 shows t h e  r e s u l t  of ca r ry ing  out a  compression 
by a  f a c t o r  of e i g h t  and then  r e c o n s t r u c t i n g  t h e  image from t h e  d a t a .  This 
i s  compared wi th  t h e  image made from t h e  o r i g i n a l  d a t a .  For t h e  smal l  
amount of d i s t o r t i o n  p r e s e n t ,  keep i n  mind t h a t  with such a  procedure i f  
it had o r i g i n a l l y  been r equ i r ed  t o  have 8 d i g i t a l  t a p e s  t o  s t o r e  t h e  d a t a ,  
u s ing  t h i s  procedure only one would be necessary .  



TEMPORAL INFORMATION AND THE IMAGE OVERLAY PROCESS 

During each of t h e  previous  of  t h e s e  annual meet ings,  we have r epor t ed  
on progress  towards achiev ing  a  s u i t a b l e  c a p a b i l i t y  f o r  t h e  p r e c i s i o n  
over lay ing  of one image from a  given geographic a r ea  onto  t h a t  of another  
from t h e  same a r e a .  These images may be from d i f f e r e n t  p a r t s  of t h e  
spectrum and/or  from d a t a  gathered a t  a  d i f f e r e n t  t ime .  This has proved 
t o  be very cha l l eng ing ,  p r imar i ly  s i n c e  t h e  p rec i s ion  r equ i r ed  i s  b e t t e r  
than  p lus  o r  minus one r e s o l u t i o n  element;  t h u s ,  i n  t h e  over lay  process  
one must cause a l l  l o c a l  d i s t o r t i o n s  of  one image t o  p r e c i s e l y  conform 
t o  those  of  t h e  o t h e r .  

Though t h i s  process ing  s t e p  i s  l i k e l y  t o  be a  r e l a t i v e l y  expensive 
one i n  terms of achiev ing  image over lays  o f  t h i s  p r e c i s i o n ,  t h e r e  a r e  a  
number of  important advantages which w i l l  accrue a s  a  r e s u l t .  For example, 
temporal information could be made a v a i l a b l e  t o  t h e  processor  by having 
images from d i f f e r e n t  t ime pe r iods  r e g i s t e r e d  wi th  r e s p e c t  t o  one another .  
Also,  t h e  need t o  c o r r e l a t e  .ground t r u t h  information with d a t a  from a  new 
mission can be e l imina ted  by over lay ing  t h e  new image d a t a  onto  an image 
f o r  which t h e  c o r r e l a t i o n  has a l r eady  been e s t a b l i s h e d .  And, i n  t h e  case 
of  a i rborne  scanner  d a t a  which o f t e n  conta ins  unexceptably high geometric 
d i s t o r t i o n s ,  t h e s e  d i s t o r t i o n s  can be removed by simply over lay ing  them 
onto an image which i s  of h igh  geometric q u a l i t y .  By over lay ing  t h e  new 
d a t a  onto  e x i s t i n g  maps of  a r e a s ,  procedures could be e s t a b l i s h e d  
whereby t h e  maps could be au tomat ica l ly  updated a f t e r  subsequent a n a l y s i s  
of t h e  d a t a .  

Before desc r ib ing  new procedures developed t h i s  p a s t  yea r  f o r  
improving over lay  q u a l i t y  p o s s i b l e ,  an example r e s u l t  i n  t h e  use of tem- 
p o r a l  information w i l l  be shown. This r e s u l t  i s  given i n  Figure 17. 
Data from Missions 4 3 ~ ,  4 4 ~ ,  4 5 ~  and 46M o f  t h e  Univers i ty  of  Michigan 
a i rborne  scanner system and t h e  1971 Corn Bl ight  Watch Experiment gathered 
over segment 208 were overlayed upon one another .  This f i g u r e  shows t h e  
r e s u l t  of ca r ry ing  out c l a s s i f i c a t i o n s  f o r  corn versus  non-corn f o r  
var ious  subse t s  of f e a t u r e s  i n  t h i s  t o t a l  d a t a  s e t .  

F i r s t  o f  a l l ,  beginning on t h e  l e f t ,  c l a s s i f i c a t i o n s  f o r  each 
i n d i v i d u a l  mission pe r iod  were c a r r i e d  out  u s ing  t h e  b e s t  four  channels 
from each mission per iod  a s  chosen by t h e  divergence processor .  It i s  
seen t h a t  t h e  performance was r e l a t i v e l y  high on Mission 43 bu t  dropped 
cons iderably  by t h e  next  mission and then  began a  slow r i s e .  I n  a d d i t i o n  
t o  i n d i c a t i n g  t h a t  some t imes of  t h e  growing season a r e  b e t t e r  f o r  making 
t h e s e  d i sc r imina t ions  than  o t h e r s ,  p a r t  o f  t h e  d i f f e r e n c e  i n  performance 
i n  t h e s e  four  c l a s s i f i c a t i o n s  i s  due t o  d i f f e r ences  i n  q u a l i t y  of t h e  
d a t a  due t o  such f a c t o r s  a s  weather cond i t i ons ,  e t c .  



The f i f t h  s e t  of b a r  graphs i n d i c a t e s  t h e  r e s u l t  of u s ing  a l l  of t h e  
preceding d a t a  f o r  a c l a s s i f i c a t i o n ;  t h a t  i s ,  a 16-band c l a s s i f i c a t i o n ,  each 
four  of which came from a d i f f e r e n t  mission pe r iod .  Notice t h a t  t h e  
c a p a b i l i t y  f o r  c l a s s i f y i n g  corn and t h e  o v e r a l l  accuracy was indeed 
considerably h igher  i n  t h i s  case .  

One a d d i t i o n a l  quest ion has been posed of t h i s  d a t a  s e t  s o  f a r .  It 
was hypothesized t h a t  not  a l l  16  channels were necessary;  t h a t  i s ,  t h a t  
t h e  d a t a  i s  not  r e a l l y  i n t r i n s i c a l l y  16-dimensional.  The l a s t  c l a s s i f i c a t i o n  
was c a r r i e d  out  u s ing  t h e  b e s t  four  of t h e  16 channels .  The r e s u l t s  show 
an o v e r a l l  performance down from t h e  previous c l a s s i f i c a t i o n  and a l s o  down 
from t h e  r e s u l t s  ob ta ined  f o r  Mission 4 3 ~  a lone .  This would t end  t o  
suggest t h a t  more than  4 of t h e  16 bands a r e  indeed s i g n i f i c a n t  i n  t h i s  
ca se .  Much more needs t o  be determined about temporal information and 
i t s  value . 

With regard  t o  t h e  overlay procedure i t s e l f ,  a new element has  been 
added t o  t h e  technique i n  o rde r  t h a t  a l a r g e r  number of d i f f e r e n t  s i t u a t i o n s  
can be s u c c e s s f u l l y  handled. This work began o r i g i n a l l y  with scanner da t a  
i n  mind. More r e c e n t l y ,  scanned photography and t e l e v i s i o n  imagery have a l s o  
been s u c c e s s f u l l y  overlayed.  

Figure 18  shows t h e  s t e p s  now used i n  t h e  overlay procedure. F i r s t ,  
i n i t i a l  checkpoints  o r  po in t s  of  obvious image congruency a r e  marked 
manually. Based on t h e s e  checkpoints i n  t h e  two images t o  be  over layed ,  
a c u r v e - f i t t i n g  opera t ion  i s  c a r r i e d  out  t o  f i n d  t h e  b e s t  f i t  between t h e  
images from t h i s  i n i t i a l  in format ion .  More s p e c i f i c a l l y ,  s e v e r a l  c o e f f i c i e n t s  
i n  t h e  c u r v e - f i t t i n g  opera t ion  a r e  computed. Next, a f a s t  f o u r i e r  t ransform 
two-dimensional c o r r e l a t i o n  i s  c a r r i e d  out  between t h e  two images over  a 
uniform g r i d  t o  ob ta in  p rec i s ion  checkpoints .  This c o r r e l a t i o n  uses  t h e  
i n i t i a l  over lay  previous ly  determined by t h e  checkpoints i n  order  t o  
minimize t h e  reg ion  which must be searched f o r  a maximum of c o r r e l a t i o n .  
A s  a r e s u l t  of t h i s  c o r r e l a t i o n  ope ra t ion ,  a f i n a l  over lay  func t ion  i s  
computed and t h e  two images a r e  then  merged t o  achieve t h e  f i n a l  over lay  
of t h e  images. 

Figure 19 shows t h e  a c t u a l  over lay  func t ion  which would be r equ i r ed  
f o r  some photographic d a t a  from t h e  Apollo 9 ~065 experiment.  B r i e f l y ,  
frame 3808 from t h e  Lubbock, Texas a r e a  was scanned and d i g i t i z e d  a t  a 
r a t e  o f  approximately 2100 scan l i n e s  by 2100 samples per  scan l i n e .  
Shown he re  i n  t h e  two curves i s  t h e  v a r i a t i o n  i n  r e g i s t r a t i o n  i n  terms 
of columns (samples) .  From t h e  upper curve,  it i s  seen t h a t  f o r  channels 
1 and 2 ,  t h e  green and r e d ,  r e s p e c t i v e l y ,  when t h e  l e f t  edge and r i g h t  
edge of t h e  two images were i n  proper r e g i s t r a t i o n ,  t h e  c e n t e r  of t h e  
frame was out of  r e g i s t r a t i o n  by as  much a s  fou r  samples. On t h e  o t h e r  
hand, from t h e  lower curve comparing channel  1 wi th  channel 3 ,  t h e  green 
with t h e  infYared r e s p e c t i v e l y ,  t h e  m i s r e g i s t r a t i o n  i n  t h i s  case was a l s o  



by a s  much a s  four  samples but  i n  t h e  oppos i te  d i r e c t i o n .  Thus, it would 
be necessary  t o  change t h e  l o c a l  d i s t o r t i o n  of  t h e  r ed  and t h e  i n f r a r e d  
channels s o  t h a t  it more proper ly  corresponds with t h e  green channel p r i o r  
t o  t h e  a c t u a l  image over lay  process .  The e n t i r e  process  i s ,  of course ,  
c a r r i e d  out  d i g i t a l l y .  

ON THE AVAILABILITY OF TECHNOLOGY 

One f i n a l  experiment which i s  now underway w i l l  be descr ibed .  The 
problem i s  as  fol lows:  research  i n t o  techniques f o r  t h e  machine pro- 
ce s s ing  of e a r t h  resources  d a t a  has now been underway f o r  s e v e r a l  years  
and s i g n i f i c a n t  new technology i s  now a v a i l a b l e .  How can t h i s  t ech -  
nology become a v a i l a b l e  t o  t h e  u s e r  community? In cons ider ing  t h i s  
ques t ion ,  it was decided t o  analyze how t h i s  had been accomplished a t  
Purdue between t h e  d a t a  process ing  s p e c i a l i s t s  and use r  s c i e n t i s t s .  

The elements f o r  t h e  a v a i l a b i l i t y  of t h i s  technology a r e  hardware, 
software and t h e  knowledge o r  t r a i n i n g  on how t o  use t h e  system. 
Hardware, a t  l e a s t  i n  t he  form of genera l  purpose computers, i s  r e a d i l y  
a v a i l a b l e ,  bu t  expensive.  The t r a n s f e r  o f  sof tware i s  more o f  a problem. 
The implementation o f  a l a r g e  software system on a new computer i s  a 
r e l a t i v e l y  expensive process  r e q u i r i n g  s p e c i a l  d a t a  process ing  e x p e r t i s e .  
It i s  a l s o  r e l a t i v e l y  expensive t o  maintain t h e  software once it has been 
implemented. 

I n s o f a r  a s  t h e  t h i r d  element,  t r a i n i n g ,  i s  concerned, it was poss ib l e  
a t  LARS t o  give ind iv idua l  a t t e n t i o n  t o  t r a i n i n g  each new s t a f f  member i n  
t h e  use of t h e  system. However, f o r  t h e  t r a n s f e r  of technology t o  a 
l a r g e  body of people ,  t h i s  technique would be t o o  expensive and slow. 
This l e d  t o  t h e  proposal  o f  a s p e c i f i c  experiment i n  t h e  t r a n s f e r  of 
technology. The concept i s  i l l u s t r a t e d  i n  Figure 20.  It became 
apparent  t h a t  t h e  hardware a u se r  s c i e n t i s t  needs t o  have a v a i l a b l e  i s  
a card  reader  and punch, a t ypewr i t e r  and a l i n e  p r i n t e r ,  i n  s h o r t ,  t h e  
1 / 0  devices .  Thus, it i s  poss ib l e  t o  c e n t r a l i z e  not  only t h e  computa- 
t i o n a l  c a p a b i l i t y ,  b u t  a l s o  t h e  d a t a  s to rage  c a p a b i l i t y  r equ i r ed .  Such 
a system would then  have t h e  fol lowing advantages: (1) f u l l  u se r  access  
t o  both t h e  d a t a  and t h e  process ing  c a p a b i l i t y  a t  t h e  u s e r ' s  l o c a t i o n ;  
( 2 )  c e n t r a l i z a t i o n  o f  t h e  expensive po r t ions  of  t h e  hardware a t  consider-  
ab le  cos t  advantages ; ( 3)  c e n t r a l i z a t i o n  of sof tware maintenance, again 
achiev ing  a cos t  advantage p lus  a f l e x i b i l i t y  i n  updat ing;  and ( 4 )  
f a c i l i t a t i o n  of t r a i n i n g  through commonality of d a t a  format ,  terminology 
and s i m p l i c i t y  o f  communication. As a r e s u l t  of t h i s  commonality, 
s tandard  t r a i n i n g  m a t e r i a l s  t a i l o r e d  t o  t h e  s p e c i f i c  system could be 
developed and t h e  amount of  t eache r  t ime per  p u p i l  could be g r e a t l y  
reduced by r e l y i n g  on t r a i n i n g  m a t e r i a l s .  The computer i t s e l f  can be 
used f o r  t r a i n i n g  purposes through computer-aided i n s t r u c t i o n .  



The s t a t u s  of t h i s  experiment i s  a s  fo l lows .  It was au thor ized  by 
~ A S A I ~ e a d q u a r t e r s  two years  ago. On January 1, 1971, an IBM system1360 
Model 67 time share  system was placed on l i n e  i n  a  minimal conf igura t ion  
i n  o rde r  t o  app ropr i a t e ly  prepare t h e  software system. The 1971 Corn 
Bl ight  Watch Experiment n e c e s s i t a t e d  a  delay i n . t h e  experiment s i n c e  
both t h e  equipment and t h e  personnel  involved were requi red  f o r  t h e  
Watch. . However, r e c e n t l y  t h e  f i n a l  hardware was i n s t a l l e d  and i s  now 
ready.  Some t r a i n i n g  ma te r i a l s  a r e  a l ready  ready while o t h e r s  a r e  i n  
p repa ra t ion .  The l o c a t i o n  f o r  t h e  f i r s t  t e rmina ls  a r e  now be ing  s e l e c t e d  
by NAsA/HQ. It i s  expected t h a t  t h e  experiment w i l l  be underway by t h e  
time ERTS i s  launched. 
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Comparison of Sensor Types 
August 26, 1970 Data 

_ Aircraft Scanner _ Color IR Prec ision Scan 
~ 8 8 W Multiband Precision Scan ~ Vidicon Scan of Color IR 

Corn Soybeans A:Jsture 

Class 

Trees Average 

Figure 1.- Results of comparative classifications of 
multispectral data from four sensor types. 
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Figure 2.- Organization of multispectral data preprocessing 
studies being pursued at ~ A R ~ / ~ u r d u e  at this time. 
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Scanner Data Calibration Study 
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Fi gure 3 .- Results of classifications from three different 
flightlines comparing four different calibration procedures. 
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Extra polation of Training Samples 
Corn vs. Non -Corn 

July 31 - Aug 12. 1971. 1030-11 45 AM 
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• 208 = 215 
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Figure 4.- Results of a test of extrapolating training data 
from one flightline to anoth "- · . Segment 20t is more than 
200 miles from segment 230 , however , several factors, in 
addition to distance, are significant in this test . 
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Uncol"rected Corrected Corrected with 
Smoothed Function 

Figure 5. An illustration of the use of preprocessing tech
niques to improve the appearance of imagery affected by 
variation in reflectance due to view angle and sun angle 
relationships (channel 6, segment 221, mission 42H, July 27, 
1971. 
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Figure 6 .- A graph showing the mean spectral response as a function 
of view angle for data collected with an early morning sun angle . 
In this case, sufficient data has been used to nearly average 
out effects e to individual surface cover materials leaving 
only the su angle effect . 
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Fi g lr e 7.- A graph similar to Figure 6, but for data 
gathered wi th a nearly local noo~ sun angle. 
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Fi gure 8 .- A graph similar to Figure 6, but for data 
gathered with a late aft ernoon sun angle . 

100 

90 

;! 
!... 

8 0 

,.. 
70 u 

0 
~ 60 u 
u 
ct 
0 
'5 

50 

0 40 -;; 
~ 30 

20 

10 

0 
Corn Non-Corn 
8170 8170 

11 : 17AM 
Closs 

Corn Non-Corn 
7171 7171 

10:19AM 

• Original 
IIIII Sun Angle 

Corrected 

Figure 9. _. Results of two corn vs . non-corn classifications 
carried out on the original data and the sun angle correction 
procedure used in Figure 5. Though the imagery appearance is 
obviously . improved, the results from the quantitative 
classification comparison are mixed . 



Karhunen - Loeve 
(Principal Components) 

Transformation 

YI = 0 Il XI + 01~2 
Y2 = 021 XI +022x2 

YI 

i gure 10 .- A sketch of hypot.heti cal bivariant multispectral data 
illustrating the result of a principal component transformation . 
Xl and X2 were the original coordinate axes; Yl and Y2 are the 
new ones . Thp. ne cessary equations are at the bottom. 
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Figure 11 .- The eigenvalues of an actual 12-band multispectral 
data set . An eigenvalue in this case is an indicator of the 
relat. i ve range of the data after principal components 
transformation. Even though there were 12 bands before 
transformation, only three appear to have significant range 
after. 
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First Componen't Second Component 

Third Component Twelfth Component 

Figure 13. 
principal 
contrasts 

Images generated after the data has first undergone 
components transform. The first two have higher 
than any of the original 12 spectral bands. 
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Figure 14 .- Comparative r ate distortion characteristics for the 
three transformations t ested . Distortion is measured as the 
mean square difference between the original image and the 
compressed and reconstructed vers ion . 
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Fi gure 15 .- Comparative r esults between classifications using 
original data and identical ones using principal components 
data. The best subsets of spectral bands were selected using 
a divergence processor. 



Original 8 X Compression 

Figure 16. The results of data compression on image quality. 
A compression factor of 8 to 1 was used (Apollo 9 Frame 
No. 3698A). 
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Figure 17.- A group of classification results illustrating the 
relative value of temporal information. The numbers 43M-46M 
are mission numbers flown on the dates s~own. , 
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Image Overlay Procedure 

Initial Checkpoint 
Def init ion (Dig. Display) 

Initio I Overlay 
Function Coefficient 
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Process Using Final 
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Figure 18.- The steps used in the current" image overlay system. 
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Apollo 9 Digitized Image Correlation 
Frame 3808 Lubbock, Texas 
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-t 
E 
~ 
8 -.; 
e -r. 
'0. - I 

.1 - 2 
:E -3 
c 

~ 
'0 
(.) 

250 

Channel l (Green) VS . Channel 2 (Red) 

1000 
Column 

'i Channel I (Green) vs. Channel 3 (IR) 

! ~ 

2100 

~ ~ 
~ o~~---~---------------------------------------------~~-----------
'8- -I 
.~ -2 
:E -3 
c 
E x x 
-! 
(.) 

250 1000 
Column 

2100 

Figure 19. - Curves obtained with the image overlay system . They 
show that even when the particular. frames were properly aligned 
at the left and right edges, they were as much as four samples 
(out of 2100) out of alignment in the middle. Thus , before 
overlaying a translation of the center portion of one image 
with respect to the other must be carried out in each case. 



FigQr.e 20 .- The l ayout of equipment for the Mult iterminal 
Process i n 7 System ·Experiment . The exper iment will t est t he 
feas i bility of c entrali z i~g t~e data bank and computat ional 
facility while provi ng input-output and cont rol of that 
computational fac ility at multiple remote locations. 
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