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Spectral analysis generally takes the form of multispectral classification 
in which the classification is done by comparing the sample measurement vector 
to the statistics of the set of known material vectors (training statistics) 
representing all possible classes, and by using one of several decision methods, 
determining which of the knowns it most nearly matches. 

The problem pursued will be the effects of misregistration on the accuacy 
of multispectral classification in answer to the question: 

What are the effects on multirpectral classification accuracy of 
relaxing the overall scene registration accuracy from 0.3 to 0.5 
pixel? 

The misregistration is but one of a group of parameters (noise, class 
separability, spatial transient rerponse, field sire) which must all be 
considered simultaneously. The thread of the argument (which will be 
discussed in detail below) is this: any noire in the measurements (due to the 
scene, sensor, or the analog to digital process) causes a finite fraction of 
measurements to fall outside of the classification limits. For field 
boundaries, where the misregistration effects are felt, the mioregistration 
causes the border in a given (set of) band(s) to be closer thrn expected to a 
given pixel, so that the mixed materials in the pixels causes additional 
pixels to fall outside of the class limits. Consideration8 of the transient 
distance involved in the difference in brightners between adjacent fields, 
when rcaled to "per pixel", allows the estimation of the width of the border 
zones. The entire problem is then scaled to field sites to allow estimation 
of the global effects. 

This approach allows the estisation of the accuracy of multispectral 
classification which Eight be expected for field interiors, the useful number 
of quantization bits, and one Set of criteria for an,unbiased cl&ssifier. 

*This paper presentr the results of one phase of research performed a t  the 
Jet Propulrion Laboratory, California Institute of Technology, rponsored by 
the National Aeronautics and Space Administration under Contract NAS:-lOO. 



CONCLUSIONS 

I b e  following b r i e f l y  r t a t e d  conc lu r ions  are developed i n  d e t a i l  i n  t h e  
body of t h e  r epor t .  

I o The d i f f e r e n c e  between 0.3-and 0.5-pixel m i a r e g i r t r a t i o n  
18 i n  t h e  n o i r e  fo r  m l t i r p e c t r a l  c l a r s i f i c a t i o n .  

o P r t c i r i o n  u r e r r  may have t o  r e r t g i r t e r  image regme~tr any- 
way, making extreme r e g i r t r a t i o n  p r t c i r i o n  by the  8prtem 
of  leas importance. 

o I n t e r p o l a t i o n  a lgo r i thm choice i r  r e l a t i v e l y  unimportant,  
provided a h i g h e r - o d e r  i n t e r p o l r t o r  i r  used. 

o If r u l l  f i e l d s a r e  important ,  rmall p i x e l s  are more important 
than r e n r o r  n o i s e  c o n t r i b u t i o n s .  

I n  a d d i t i o n ,  s e v e r a l   observation^ r e s u l t :  

o System r e g i r t r a t i o n  t o  1-2 p i x e l s  chould r a t i s f y  u s e r s  
of f i l m  products.  

o There i s  a grey a r e a  of 0.5  t o  1-2 p i x e l s  i n  which t h e  
requirements for high p r e c i s i o n  are not well  j u s t i f i e d .  

THE BASIC MODEL 

The expected e f f e c t  of m i s c l a s s i f i c r t i o n  my be e s t ima ted  by a simple 
f i r s t - o r d e r  approach, because t h e  d i f f e r e n c e s  i n  c l a s s i f i c a t i o n  accuracy 
between t h e  a n y  c l a s s i f i c a t i o n  schemes and c o n d i t i o n s  t h a t  have been tes ted 
a r e  overshadowed by the  v a g a r i e s  i n  t h e  d a t a  and assumptions i n  t h e  
c l a s s i f i c a t i o n  process ,  so t h a t  h ighe r  o rde r  a n a l y s i s  w i l l  c o n t r i b u t e  l i t t l e  
a d d i t i o n a l  understanding. 

Consider f i r s t  t h e  p r o b a b i l i t y  o f  c o r r e c t  i d e n t i f i c a t i o n  of a f i e l d  
i n t e r i o r  p i x e l .  F i e l d  i n t e r i o r s  are nonuniform bccause of  t h e  combined 
e f f e c t s  of  sensor  n o i s e ,  s c a l e d  t o  equ iva len t  r e f l e c t i v i t y  ( K E A 2  and 
inhe ren t  nonunifonni t  ies i n  t h e  f i e l d  i t c e l f .  The o v e r a l l  b r i g h t n e s s  
d i s t r i b u t i o n  <: considered t o  be Gaussian - t h i s  i s  approximately t r u e  f o r  
f i e l d  i n t e r i G r s ,  a l though t h e  d i s t r i b u t i o n  d e v i a t e s  cons ide rab ly  toward 
bimodal f o r  r i x e d  m a t e r i a l s  a t  f i e l d  borders .  

The comtined : i f e c t  of t h e s e  v a r i o u s  n o i s e  sou rces  produces a f i n i t e  
p r o b a b i l i t y  of m i s c l a s s i f i c a t i o n .  (Figure S-1) The f i r s t - o r d e r  estimate 
c o n r i d e r s  t?,e t o t i l  va r i ance  caused by t h e  rcene,  sensor  and q u a n t i z a t i o n  as 
compared t o  t h e  de f ined  c l a s s  s i t e  l i m i t s ,  however t h e s e  are determined. 
S i m i l a r ,  but  r e l a t i v e l y  second-order, effects may be expected w i t h  a higher  
order a n a l y s i r .  t&Qper  c l a s s i f i e r  t r a i n i n g ,  r e s u l t i n g  i n  a c c u r a t e  l i m i t s ,  is 
r r r e n t i a l  (Hixron e t  a l l  1980). 

For s i m p l i c i t y ,  and because of t h e  l a t e r  d e s i r e  t o  m i s r e g i s t e r  one (or 
more) of t h e  bands, t h e  d i s c u r s i m  w i l l  assume t h a t  s p e c t r a l  bands a s  sensed 
w i l l  be used,  and t h a t  f o r  r e c o g n i t i o n ,  t he  unknown p i x e l  must f a l l  between 



a p p r o p r i a t e  l i m i t 8  i n  every band t e r t e d .  Therefore ,  b r i g h t n e r r  o u t r i d e  of a 
l i m i t -  i n  any one band 18 r u f f i c i c n t  f o r  r e j e c t i o n ,  no t h a t  uc need t o  cons ide r  
only one band at a time. 

The p r o b a b i l i t y  of a rample being w i t h i n  t h e  c la r r  l i m i t 8  can be derived 
by arruming t h a t  a n  enremble of  c l e a n  r i g n a l r  from a a e r i e r  of a r e a 8  of the 
aame m a t e r i a l  can  be anywhere w i t h i n  t h e  quan t i z ing  range w i t h  uniform 
p r o b a b i l i t y ,  b u t  t h a t  i n d i v i d u a l  rampler are per turbed by t h e  C l u r r i a n  no i se  
v i t h  a d i s t r i b u t i o n  equal  t o  u . The p r o b a b i l i t y  d i r t r i b u z i o n  of t h e  r i g p a l  
plur n o i r e  i r  found by convolving t h e  p r o b a b i l i t y  d i r t r i b u t i o n  of t h e  s i g n a l  
v i t h  t h a t  of t h e  nois?. The p r o b a b i l i t y  of  correct c l a s s  aarignment ( i .e. ,  
t h e  p i x e l  i n  w i t h i n  t h e  c l a s s  l i m i t @ )  i r  then  found by i n t e g r a t i n g  t h e  
p r o b a b i l i t y  d i r t r i b u t i o n  between a p p r o p r i a t e  c l a r s  l i m i t s  (Friedman 1965) .  
The resu l t  of t h i e  c a l c u l a t i o n  is rhovn i n  Figure S-2. I n  t h e  u s e f u l  range 
of  p C 3 < p <  7). the  curve  can be approximated by 

Plog P = - 0.40 
where P = p r o b a b i l i t y  o f  c o r r e c t  c l a s s i f i c a t i o n ,  and 

class s i z e  , w i t h  class size End a in t h e  same units. acme P= 
Oscene 

Sources of moire w i l l  be t h e  rcene i t r e l f  and t h e  r e n r o r ,  both assumed t o  
be random f o r  t h i s  a n a l y s i s .  The root  mean square (rms) sum is taken t o  g ive  
the  t o t a l  e f f e c t i v e  noise .  A number of  p i x e l  meisurements may be averaged 
t o g e t h e r  t o  reduce t h e  n o i r e  b e f o r e  c l a r s i f i c a t i o n .  This f i n a l  n o i r e  f i g u r e  
u y  oe compared t o  t h e  u i d t h  of  t h e  c l a r s  t o  g ive  P , from which t h e  
p r o b a b i l i t y  B of c o r r e c t  c l a r ~ i f i c a t i o n  may be es t ima ted .  T h i r  l e a d s  t o  the 
C l a s s i f i c a t i o n  Er ro r  Estimator, Fig. S-3. 

As a n  example, cons ide r  a scene having a f i e l d - i n t e r i o r  v a r i a t i o n  o t  3%, 
t o  be viewed v i t h  a senso r  having o t o t a l  no i se  f i g u r e  of 1%. The t o t a l  
e f f e c t i v e  n o i s e  seen by t h e  c l a s s i f i e r  (upper l e f t )  w i l l  be t h e  rms sum of 
t h e s e ,  or 3.16%, which f o r  a t o t a l  0-255 d i g i t a l  number (dn) r ange ,  voulrl be 
8.1 dn. If t h e  c l a s s  width (determined by t h e  c i a s s i f i e r  a lgo r i thm)  i s  25 dn 
( r i g h t  c e n t e r )  t h e  P 3.1, g iv ing  P = 0.742 ( r i g h t  l o v e r ) .  I f  t h i s  P i s  
not a c c u r a t e  enough f o r  t h e  a n a l y s i s ,  s e v e r a l  p i x e l s  m u s t  be ave raged( r igh t  
upper):  a 2x2 averaging w i l l  raise p t o  6 .2D g iv ing  a new P = 0.86. 

- 
Considering Q i n  t h i s  way a l lows  a n  e s t i m a t i o n  of t h e  t o t a l  n o i s e  

pe rmis s ib l e  A B  A t  a f f e c t s  t h e  a t t a i n a b l e  c l a s r i f i c a t i o n  accuracy. I f  t h e  
AnOUnt of scene n o i r e  t o  be encountered i n  A given c l a s s i f i c a t i o n  t a s k  can be 
e s t ima ted ,  t+e al lowable e x t r a  no i se  from the  senso r  and q u a n t i z a t i o n  can be 
s p e c i f i e d  by e s t i m a t i n g  t h e  loss  of  accuracy of t h e  c l a s s i f i c a t i o n  caused by 
q u a n t i z s t i o n  e r r o r .  Th i s  l e a d s  t o  a n  cstimate of t h e  number of b i t s  which 
u i l l  be u r e f u l .  

Define the  p e r f e c t  rensor  as having no random no i se  nor q u a n t i z a t i o n  e r r o r  
This  w i l l  d e f i n e  ( f o r  nxn p i x e l s  averaged) ii.e., a n  i n f i n i t e  number of b i t s ) .  

Po - 10-o.4'Po 
c l a s s - s i z e  n 

scene 
and 

0 Po = 
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For t h e  real aenaor8 p<po becauac of t h e  f i n i t e  Usenaor and Oquant i ra t ion.  

The new p r o b a b i l i t y  of correct c l a r a i f i e a t i o n  P is r e l a t e d  t o  Po by: 

A p l o t  of t h e  1088 i n  c l a r s i f i c a t i o n  accuracy ve. Po i e  g iven  i n  Figure 
s - 4 8  f o r  t h e  parameter f a m i l i e s  P / P ~  and arenaor/  uPctne. Noise 
81 loca t ion  s ta r t s  w i t h  defi , l ing t h e  d e r i r e d  Po Ond a s c e r t a i n i n g  t h a t  t he  
required pecan be obtained.  D e f i n i t i o n  of t h e  allowed AP determiner  (e.g. ,  
from t h e  graph)  the  a l l o v d  upensor/  a r c c & .  An e s t i m a t i o n  of t h e  scene 
n o i r e  f o r  which the  o t h e r  c o n d i t i o n s  apply a l l o , ~  the c a l c u l a t i o n  of  t h e  t w a l  
r t n o o r  n o i r e  allowed. The f i n a l  s t e p  i o  t o  p a r t i t i o n  t h i s  n o i r e  between 
uensor random no i se  and q u a n t i z a t i o n  noise .  

Far example, l e t  t h e  d e s i r e d  Po 85% and allow no more than  2X loss  

Po. Then, from Figure S-4, t h e  allowed Orensor = 0.6 tJacene .  If 
t h e  rcene has  a UsCene 2%, t he  al lowable urenSor - 0 . 6 ~ 2 2  = 
1.2%. which must be p a r t i t i o n e d  between N E A P  n t  i t a  t ion n o i s  e. 
For NE Ap * 1%, t h e  al lowable C3quant = 0.66X1 which 
can be m e t  b, 6-bit  q u a n t i z a t i o n .  

due t o  t h e  t o t a l  aensor noise .  The no-senaor-noise Po must be s 5 . 1  - .  LQ aivc  

I L o  o b s t r v a t i o n s  a r e  important he re :  (1) Inc reas ing  t h e  number of b i t s  of 
q u a n t i z a t i o n  produces improvements which a sympto t i ca l ly  approach z e r o ,  as each 
successive b i t  reduces t h e  s t e p  s i z e  by a f a c t o r  of 1 / 2 .  ( 2 )  A rcene having 
as 1i:tle as 2% v a r i a t i o n  i s  a very uniform scene. Since t h i s  n o i s e  i s  m 6 ' d  
w i t h  t h e  sensor  no i se ,  i t  w i l l  overwhelm any but  a very r o i s y  sensor .  
Therefore ,  f o r  purposes of mul t i - spec t r a l  classification, more t h a n  n i x  b i t s  
would reem t o  be unnecessary. 

EDGE EFFECTS 

To t h i s  p o i n t ,  t he  a n a l y s i s  i s  based on p i x e l s  well i n s i d e  uniform f i e l d s  
and we l l  away from f i e l d  boundaries.  A number of experimenters  have rpent 
apprec i ab le  t ime d i scove r ing  t h a t  c l a s s i f  i c a t i o n  accuracy falls o f t  a t  
boundaries due t o  what has become known as t h e  mixed-pixel e f f e c t .  We w i l l  
r t a r t  a t  t h a t  po in t  and at tempt  t o  model t h e  e f f e c t  t o  a l low us t o  q u a n t i f y  
our expec ta t ions .  

We assume as a s t a r t i n g  point  t h a t  a11 the  s p e c t r a l  bands used i n  
c l a s s i f i c a t i o n ,  whether obtained from one d a t e  o r  s e r i e s  of da tes ,  are i n  
p e r f e c t  r e g i s t r a t i o n .  This means t h a t  when t h e  p i x e l  g r i d s  from each band a r e  
a l igned  t h e  d a t a  c o n t e n t s  ( f i e l d  bo rde r s ,  roads ,  a l l  f e a t u , e s )  a r e  a l s o  
a l igned  - no te  t h a t  t h i s  is mare than s i m p l y  having a l l  i n t e r n a l  d i s t o  t i o n s  
removed, which i s  a l l  t h a t  most geametric r e c t i f i c a t i o n s  accomplish. 
H i e r e g i s t r a t i o n  w i l l  ( l a t e r )  be considered as t he  l ack  of alignment of t he  
pixe2 g r i d s ;  because the  computer can only work wi th  p i x e l  g r i d s ,  a l i g n i n g  
these p i x e l  g r i d s  appears t o  t h e  computer as a s h i f t  i n  t he  
boundaries .  We w i l l  assdme t h a t  t r a i n i n g  samples are a c c u r a t e  and t h a t  c l a s s  
l imits  have been @ e t  from t h e s e  by t h e  c l a s s i f i e r  chosen. The c l a s s i f i c a t i o n  
i e  modelled a s  fol lows:  s i g n a t u r e  s h i f t i n g  i n  any i n d i v i d u a l  band w i l l  tend 
to  cause m i s s l a s s i f i c a t i o n ,  so t h a t  t h e  s i t u a t i o n  may be t r e a t e d  one band a t  a 



time. The r f f e c t r  of p i x e l  m i x t u r e  i n  a l l  bandr my then be m r ' d  t o g e t h e r  i f  
dea i r ad .  The e n t i r e  a n a l y r i r  r i m p l i f i e r  t o  the  c o n r i d e r a t i o n  of t h e  t r a n r i e n t  
i n t e n r i t y  r n i f t  acrorr f i e l d  boundarier  &a cosnpartd t o  t h e  c larr  limitr and 
t h e  no i se  componentr of t h e  mearurement. 

The f i r r t  r t e p  i n  a n a l y r i n g  t h e  r p r t i o l  e x t e n t  of p i x e l  mixing a c r o s s  
borderr  i r  t o  ertimate t h e  rhape and e x t e n t  of t h e  t r a n r i e n t  i n t c n r i t y  r h i f t .  
I f  t h e  impulre n r p o n r e  f u n c t i o n r  o r  t h e  modulation t r a n r f e r  f u n c t i o n r  (ICTFs: 
of  the v a r i o u r  componentr (and, hence, t h e  e n t i r e  ryrtcm) are known, a p r e c i r e  
t r a n r i e n t  n r p o n r e  MY be c a l c u l a t c d .  For example, t h e  i p e c i f i c a t i o n r  f o r  t h e  
Thematic Mapper f o r  h n d r a t  D ca l l  for (L 22 t o  98% time e q u i v a l e n t  of about 2 
p ixe l ,  implying A 1OX-90z t r a n r i e n t  n r p o n r e  of about 1.3 p i x e l .  The 
p r a c t i c a l  r e a u l t  of t h i s  i r  t h a t  t h e  " i n f i n i t e l y  rharp" edger of t h e  r e e l  
rcene w i l l  be rof tcned by t h e  f i l t e r i n g  e f f e c t  of t h e  rcanning a p e r t u r e  
(rrsumed to  be  r e c t m g u l a r  and having uniform reaponre) and i t  i s  t h i s  
sof tened t r a n r i c n t  reaponre which i r  rampled. I n t e r p o l a t i o n  r equ i r ed  f o r  
r e J i c t r a t i o n  w i l l  caure rome f u r t h e r  r o f t c n i n g ,  and t h e  u r e  of any of t h e  
competent higher-order i n t e r p o l a t i o n  func t ion r  (rinxlac, TRU cub ic  convo lu t ion ,  
modified cubic  convolut ion,  o t h e r  s p l i n e r )  v i 1 1  have minor e f f e c t r  of t h e  r ise  
time. A t o t a l  T10-90 ( t r a n s i e n t  response from 10% t o  90%) of  1.5 p i x e l s  
with no ringing vi-'. be used as a surrogate g l o b a l  value.  

The t r a n s i e n t  r i t u a t i o n  a c r o s s  a border  i d  rketched i n  Fig.  S-5. Ue a r e  
concerned here wi th  the  dec rease  i n  p r o b a b i l i t y  t h a t  a given p i x e l  vi11 have a 
vaiue w i t h i n  t h e  c l a s s  l i m i t s  as t h a t  p i x e l  moves toward t h e  boundary, as 
shown i n  Figure S-6. The a n a l y s i s  only needs t o  determine t h e  a r e a  under t h e  
m o m 1  curve (assuming t h e  n o i r e  i s  Gaussian) between t h e  l i m i t s  as determined 
by the c l a s h i f i c o t i o n  class r i z e  and t h e  o f f r e t  from t h e  " f i e l d  i n t e r i o r  value" 
caused by t h e  mixture.  The important s c a l i n g  involved is t h e  amount of s i g n a l  
o h i f t  caurcd by t h c  t r a n s i e n t  t o t a l  r h i f t  T, as r e l a t e d  t o  t h e  desired c l a s s  
r i z e  S, f o r  a given p . The l e f t  p o r t i o n  of Figure S-7 r e f l e c t s  t h i s  s h i f t  i n  
b r i g h t n e s s  ( v e r t i c a l  a x i s )  as i t  affects  t h e  area v i t h i n  t h e  c lass  ( t h e  
p r o b a b i l i t y  of r ecogn i t ion ) .  

The t r a n s i e n t  r ise  d i s t a n c e  estimated f o r  t h e  Thematic Mapper h a s  very 
c l o s e  t o  a Gaussian rbape and a Ti0-90 = 1.5 p i x e l .  The amount of 
b r i g h t n e s s  s h i f t  i s  t h e  d i f f e r z n i e  betveen t h e  b r i g h t n e s s  of t h e  f i e l d  under 
c o n s i d e r a t i o n  and t h e  a d j a c e n t  f i e l d  which is  causing t h e  r h i f t .  The 
important i n t e n s i t y  r e l a t i o n  i s  t h e  magnitude of t h i r  r h i f t ,  T, as r e l a t e d  t o  
t h e  r i z e  S of t h e  c l a s s  being tested by t h e  r a t i o  T I S .  These cu rves ,  fo r  
va r ious  TIS, are combined w i t h  t h e  p r o b a b i l i t y  cu rves  of t h e  p rev iaus  
d i s c u s s i o n  i n  Figure S-7. From t h i s  may be est imated t h e  loss i n  p r o b a b i l i t y  
i n  c l a s s i f i c a t i o n  of p i x e l s  nea r  bo rde r r .  

BIAS IN FIELD SIZE ESTiHATION 

It can be appzec i r t ed  t h a t  r e v e l a 1  t h i n g s  are happening r imul t aneaus ly :  
If t h e  love r  l i m i t  of f i e l d  B and t h e  upper l i m i t  of f i e l d  A have a gap 
between, p i x e l s  " lo s t "  by f i e l d  B u i i l  not be picked up by f i e l d  A, and w i l l  
be conridered unknovnc and no t  be  counted i n  e i t h e t  f i e l d .  The l o s t  p i x e l s  
w i l l  be rome ' In t e r io r  p i x e l s ,  due t o  i n s u f f i c i e n t  (3 , and r l a r g e  number of 
near-border pixelm, rerulZinR i n  apparent f i e l d  ri:e l o r s .  Only i f  t h e  love r  
l i m i t  of f i e l d  B and t h e  upper l i m i t  of f i e l d  A are co inc iden t  v i l l  
p i x e l r  lost from one f i e l d  be picked up by the  o t h e r ,  and v i c e  v e r s a ,  t o  g i v e  
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complete account of a11 pixel,.  For the f i e l d  mire e r t i m a t o r  t o  be unbiared,  
t h e  1088-and-pickup i n  bo th  d i r e c t i o n 8  r u r t  cance l ;  t h a t  i 8 ,  @n t h e  average 
t h e  true border  murt be l oca t ed .  The t o t a l  e f f e c t  w i l l  depend on t h e  r a t i o  of 
t h e  number of border  p i x e l 8  t o  t h e  number of  f i e l d - i n t e r i o r  p i x e l 8 ,  and hence 
i r  - f u r c t i o n  of t h e  f i e l d  rhape and rire. 

T h i r  lead8 d i r e c t l y  t o  t h e  r equ i r ed  a lgo r i thm f o r  f i e l d  r i rc  e r t i u m t i o n :  
P i r o t  d i v i d e  t h e  rcenc i r t o  blobr, each of which i e  r u f f i c i c n t l y  r --om, and 
w i t h  c l o r c d  boundaries. Then f o r  each blob ( f i e l d )  determine L... average 
b r i g h t n e a r  f o r  a11 t h e  i n t e r i o r  p i x e l 8  which are r a f e l y  away irem t h e  border .  
For each regment of t h e  bo rde r ,  t h e  c o r r e c t  f i e l d  edge d e c i r i o n  l e v e l  is 
midway ( i n  u ' s )  between t h e  average b r i g h t n e a r  of the two f i e l d s  on e i t h e r  
r i d e .  Af t e r  t h e  bo rde r r  are loca ted  using t h i r  c r i t e r i o n ,  t h e  f i e l d  i n t e r i o r s  
u y  be r e c l a s s i f i e d  using the  c l a s s i f i c a t i o n  l i m i t 8  as determined from t h e  
t r a i n i n g  ramplea. 

EFFECTS OF WISRECISTIUTIOK 

I n  p repa ro t ion  f o r  c r t i w t i o n  of t h e  m i s r e g i r t r a t i o n  e f f e c t s ,  an  nel lysis 
w i l l  f i r r t  be made of t h e  t x p e c t c t i o n r  of  r e g i r t c r e d  d a t a  and t h e  8 e n s i t i v i t y  
t o  t h e  va r ious  parameterr  estimattd. The r t a r t i n g  model urcd ha.? r e c t a n g u l a r  
f i e l d s  a l igned  wi th  t h e  p i x e l  g r i d .  P i x e l 8  arc grouped i n t o  f o u r  tones :  1) 
I n t e r i o r  ( i ) - tho re  with c e n t e r r  2 o r  more p i x e l 8  i n r i d e  b o r d e r s ,  2)  Inne 
border  ( i b ) - p i x e l s  w i t h  c e n t e r s  1-1/2 p i x e l  i n r i d e  b o r d e r i ,  3)  Outer border  
(ob)-pixels with c e n t e r r  1 / 2  p i x e l  i n s i d e  bordero,  4) E x t e r i o r  border  
(xb)-pixels  ouP8ide the b o r d e r r ,  w i th  c e n t e r s  1 / 2  p i x e l  o u t r i d e .  Ls t imr te r  of 
c l a s s i f i c a t i o n  accuracy f o r  each tone are obtained from Figure S-7. T!le t o t a l  
e r t i m a t c  of c l a s s i f i c a t i o r !  accuracy i o  t h e  rum of p i x e l 8  i n  ?ach burre 
m u l t i p l i e d  by t h e  correrponding zone accuracy e r t i ~ t e .  Late-, t h e  f i e l d  w i l l  
be m i r r e g i r t e r e d ,  changer i n  t h e  number of p i x e l 8  i n  each tone cr lcu;oted,  and 
t h e  p r o b a b i l i t i e r  aga in  8ummed. The fol lowing parameter8 are r equ i r ed :  

r - t h e  f i e l d  8hape r a t i o ,  l eng th  of long r i d e / l e n g t h  of r h o r t  r ide  
T - t r a c r i e n t  b r i g h t n e a r  d i f f e r e n c e  between f i e l d  being considered 

and i t s  neighbor 
S - d e c i r i o n  c l a r r  r i t e  
r - t r a n s i e n t  d i r t r n c e  f o r  102 t o  90% r t rponce  - class r i te  s/a of Gau8ri.m noiee 

The f o l l o v i n g  g loba l  v a l u e s  $ e r e c t e d  f o r  t h e  parameters a r e  considered t o  be 
r e p r e s e n t a t i v e :  

r . =  2 
TJS 1 t o  5 
T = 1.5 p i x e l s  
p = 3 t o 5  

After t h e  parameters r ,  T/S, T , and (3 a r e  s e l e c t e d ,  t h e  r e s u l t a n t  (from 
Fig. S-7) p r o b a b i l i t i e r  a r e  s u b r t i t u t e d  f u r  t h e  b r i g h t n e s s e r  i n  t h e  va r ious  
tones t o  produce a "p robab i l i t y  image" a l igned  w i t h  t h e  d e s i r e d  output  p i x e l  
g r id .  The p r o b a b i l i t y  ass igned t o  A p i x e l  a t  a given l o c a t i o n  r*presents  t he  
p r o b a b i l i t y  t h a t  t h a r  p i x e l  will bave a b r i g h t n e s s  f a l l i n g  v i t h i n  t h e  
c l a s s i f i c a t i o n  l i m i t  determined by t h e  c l a s s i f i e r ,  f o r  t h e  given s p e c t r a l  



band. The t o t a l  probabi l i ty  of cor rec t  c l a r r i f i c a t i o n  i r  given by 

T/ S 

1 

2 

where n l  i r  t k  f i e l d  width ( rhor t  8 i d e )  i n  pixel,,  8nd n ib ,  nOb, 
%b a re  the number of pixel,  i n  the var:ou, roner. Uiing there values ,  the  
alobal  er t imata  oi ' t h e  probabi l i ty  0: correc t  c l a r r i f i c a t i o n  w i t h  no 
a i r n g i r t r r t i o n  i r  given f igu re  8-8 fo r  three valuer d T/S.  The predominant 
e f f e c t  i r  the p ixe l  mixture ( the e f f e c t  of T / S ) .  Ae expected, ?hie  i r  Worst 
f o r  rmll  f i e l d e  ( n l  m a l l )  brc8ure of the l a rge r  ; xccn tcgc  of border 
p ixe l r  f o r  there field, .  Note chat fo r  T/S 1, dec i r ion  l e b e l  midvay beiveen 
br ightner rcr  of 8djacent f i e l d r ,  no probabi l i ty  1088 occurr ,  even w i t h  rmsll 
f ic l f i s .  Unfoxtunately, t h i n  de r i r&ble  condition cannot be ryrtema'ically 
obtained. 

r j  f -  1 T -  1.5 T -  2 

3 10 14 20 
5 .02 -025 e 0 7  
7 0 01 .04 
3 0 0 0 
5 0 0 0 

HIW&GISTRATION OF CONGRUENT FIELDS 

* 7  

The i n i t i a l  model for i i r r e b l s t r r t i o n  i r  a dirplaccment of d pixele ,  eq-el 
i n  both x and y.  The r e r u l t  of t h i s  mieregis t ra t ion ir t h a t  aome Ares !s lost 
from the external  border,  causing b f.. ther  c l a s s i f i c a t i o n  accc;  cy decrease. 
The misregis t ra t ioa  lo s s  as acen by the external  border 108s is given by 

0 0 0 

The basic  character  of t h i s  mitiregistratinn lo s s  term i s  l / n l ,  80 t ha t  i t  
w i l l  have a rlope approximately equal LO -1 on a log-log ; lot  v s  nl. The 
precise  r e su l t s  depend c r i t k a l l y  on the v i lues  of pxb estimated for the 
p b  from Figure S-7: 

Ueing rheae values,  the l o s s  A P  due t o  displacement n i r r e g i a t s a t i o n  it 
plot ted ir, Figure S-9 for  various parameter combinations. 

HISRECISTRATIOC DUE TO NON-CONGRUENCE 

1.) SLZE A!!D UTI0 (ASPECT) CHANCES 

S i t e  and aspect r a t i o  changes can come about from reveral  c - "  c :  such as  
#can v t l o c i t y  or a l t i t u d e  changes, and if uncobpensated can caubc addi t iona l  



mirreqi r t ra t ion  e r ror r .  Progrerrivc u r - e g i r t r r t i o n  from a point of accurate 
r e g i r t r a t i o n  w i l l  be caured by both caurcr (Figure S-10.); the  modeling of 
Chi8 e f fec t  conriders f i r s t  t h a t  s i t e  ChAnge8 N = n ' h  w i l l  caure 8 8 h i f t  i n  
points ii to  points  n' both ve r t i ca l ly  and horizontal ly ,  and then t h a t  changer 
i n  a r p t c t  r a t i o  w i l l  cause fu r the r  8h i f t8  i n  the horizontal  pos i t ion  of 
ver t i ca l  border8 by char@iag the  f i e l d  rbapt ratior by thc  f ac to r  R - r ' f r -  
Ihc rerultiw e h i f t r  art: 

For m a l y s i r ,  t h i r  r h i f t  vi11 be divided around the border8 mymetr ical ly  A S  
optimum f h l d  re&ir t ;a t ion  i r  8CC0mp1irhcd (Figure S-lob). ?bo cares mrt be 
distiz~&uirhed (using scan veloci ty  as a rurrogate cau r t )  : 

Cart I: A slow 8:n deCre88e8 p ixe l  rpaciag and put8 lore p ixe l s  i n t o  a 
given f i e ld .  When these a r t  placed i n t o  the output g r i d ,  the f i e l d  appears 
rtretchcd. lhe f i e l d  as deiined by the o ther  (cor rec t )  bands n w  covers only 
part of the  s t re tched f i e l d ,  80 th8 t  the  c l a s s i f i c a t i o n  tends t o  see only 
i n t e r i o r  p i x t l r ,  8nd the  accuracy W i l l  i nc r t a re ,  u l t im8t t ly  re8ching the  
f ie ld- in te r ior  accuracy. The rites of the  border errors are: 

Case XI: A fast  wen has the epposite e f f e c t s  causing the f i e l d  t o  appear 
r - l ler  and the ana lys i s  p ixe l s  defined by the o ther  bands now include more 
ex te r io r  pixels .  The c l i s r i f i c a t i o n  accur8cp W i l l  decrtaoa. 

For f a s t  #can, the 8Udler apparent f i e l d  covera 8n area exprerred a s  a 
f rac t ion  f i  of the  total-  

(Interior) 
I f i  = 2 

1 fxb = 

'5 
Frac:io?al Area6: 

2Nn1 + 2NRnlr + 4 (External Border) 

Tke t o t a l  c;pected probabi l i ty  is 

Since t h e  external  border p ixe ls  a r e  now included v i t h i n  the analyzed 
f i e l d ,  but with 8 l o w  p robabi l i ty ,  the f r ac t iona l  a rea  RN2 i ep tesents  
approximately the f rac t ion  of the bar ic  f i e ld - in t e r io r  accuracy eo be 
expected. Since the t o t a l  r i t e  sbrinkage ( i n  pixels! i s  rma f o r  small "1, 
only la rger  n i  need be considered, R t h e  l/nf term may be dropped. 
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Thir allour P t o t  t o  be approximated for r 9 2 by: 

Tor h r g e  fieldr, the probability in men t o  be independent of f ie ld  8isc. and 
only weakly dependent (because of lov prb) for -11 rhea. 

For single-band analyrir, uith borderr dirtortad ao that there are pixels 
both inride and outride of the analyted area, @om pixel# will have iocrcared 
probabilities of correct clarrificatior. and row will have lcrr. The decrease 
in probability across border ir (very) approximately linear, ao that the 
bigntd) average disphcc~ent will rodel the tf fcct. 

For multi-band ana;ysir, Chore pixels having a lw probability of 
clacsification will have Che largest effect 48 the net probability at each 
pixel location i s  the product of the probabilities obtained for tach 
acquiritioa (band). In Chi8 caae the -6 diaplacement will produce a better 
d e ) .  of the efsccte. 

SOHE OBSERVATLOSS 

I .  Oh BASIC CLASSXFICATIOK 

o The total noire figure (compcred t o  the  class rite i n  a given 
dete.mination) cnntrolc 6 , and in turn controls the MximUm 
attainable classification accbracy. However, for practica; range of 
3\13 7, increasing has only a axlerate effect. 

o Because of this, if mall  fields are mort important, the reflected 
energy might be aore profitably divided into rmaller pixels, eveil 
at  the expense of N E S C  . As Chi8 will cause an increase in d a t a  
rate, optimum coding phould be investigated. The posrible noise 
introduced in reconrtructing the data will cause rcwe further 
decrease in the overall eifective N L . 7 3  and Po decrearts 6 . But 
since thtre is rmalier rencitivity to $ than to l/n1, there rhould 
be a net  gain in utility. 

o Increasing t h e  number ot bits of qu8ntitotion produces improvements 
which asymptot~cslly approaih zero, as each eucceasive bi: reduces 
the  step rite by a factor of 112. 

o A rcene having a8 little as 2% variation is 3 very uniform rcene. 
Since this noire ir mr'd with the sensor noire, f c  will overvhelm 
any but a very noisy rensor. Therefore, for purposes of 
multi-spectral clrrcification, an extreme number of bits would seem 
t o  be unnecerrary. 

11. ON UX;E EFFECTS 

o For accurate field rire estimation, the decision brightntrr must be 
hr1fv.y between the brighnesrer of the field8 on either ride of a 
g i v e n  boundaiy. This means that clFsrifiers sei for material 
identificaticn will in general produce errors in fiilid rite. Eut the 
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f i e l d - i n t e r i o r  b r i i h t n e 8 8  i a  i n c r e a r i n g l y  hard to  e0t - t~  for -11 
f ie ld8 becau8e of the fever inter ior  pirela. 

0 It i r  m r t a o t  t o  keep the traorient maponre dimtmnce and the 
accompanying mmple  a p a c i w  -11, t o  g e t  u n y  p i x e l 8  i n t o  a given 
ground d i r t a n c e  a8 pO88lble- F i e ld  area errors become l a r g e  a t  n1 
* 5 or l o r .  me traaritnt distance muat ala0 be u t c h e d  between 
a p e c t r a l  bawls. 

111. 02l WISREGISTRATION 

0 

0 

0 

0 

0 

0 

0 

3 

0 

0 

For l a r g e  T/S (i-e.,  2 or more) t h e  edge e f f e c t s  are 80 g r e a t  t hac  
t h e  b8re p r o b a b i l i t y  i s  d r a s t i c a l l y  a f f e c t e d ,  and t h e  e x t e r n a l  bo rde r  
p i x e l 6  have ze ro  p r o b a b i l i t y  of b c i e  w i t h i n  the  c l a s s  l i m i t s .  For 
t h i s  reason, t h e r e  is no P i s r e g i r t r a t i o n  e f f e c t  f o r  l a r g e  T I S .  
Square f i e l d s  ahou t h e  most a i s r c g i s t r a t i o n  loss, when ecaled t o  
n1 
A shape r a t i o  r=2 is be l i eved  to  be r e p r e s e n t a t i v e .  
W i r r e g i s t r a t i o n  108s d e c r e a r e s  w i t h  h ighe r  f? . However, t hese  l O S 6 e S  
i n  gene ra l  are 8mc'l t o  begin w i t h ,  8nd t h e  d i r c u s s i o n  c a l l i n g  f o r  
r a c r i f i c e  of P t o  g a i n  smaller IFCV (more p i x e l 6  n1 i n t o  A g iven  
f i e l d )  would reem t o  ove r r ide .  
Inc rease  i n  T decreabes t h e  b a s i c  accuracy of edge p i x e l s  and also  
i nc reaces  t h e  m i s r e g i s t r 0 t i o n  ~ o r s e o .  
Geometric r e c t i f i c a t i o n  and r e g i 8 t r a t i o n  procedure6 muat not only 
icmove t h e  i n t e r n a l  d i s t o r t i o n s  bu t  must also produce p i x e l s  on a 
def ined  ( p r e f e r a b l y  ground-referenced) g r i d .  Current  procedures do  
not  do  t h i s .  Without t h i s  r e fe rence  g r i d ,  u8ers w i l l  have t o  
r e - i n t e r p o l a t e  b e f o r e  multi-temporal d a t a  can be compared. 
Scale  and aspect r a t i o  e r r o r s  w i l l  have ocly minor e f f e c t s  cn 
mcderate-are8 problems, b u t  they w i l l  cause problems i n  c o r r e l a t i n g  
over  l a r g e  d i r t a n c e s .  
A l t i t u d e  r e l i e f  dlSp18Cement w i l l  r z q u i r e  u s e r s  t o  use many c o n t r o l  
p o i n t s  t o  r e g i s t e r  imager i n  areas of high r e l i e f .  
Unless s tandard r e f e r e n c e  g r i d s  a r e  e s t ab1 i8hedB u r e r s  r e q u i r i n g  
r e g i s t r a t i o n  w i l l  have t o  i n t e r p o l a t e  every image, even i n  lov  re l ie f  
areas. 
For single-band a n a l y s i s ,  t h e  a l g e b r e i c  average oi t h e  displacement 
may be used. For multi-band a n a l y s i s ,  w i t h  e r r a t i c  e r r o r s  i n  
l o c a t i o n  among t h e  bands, t h e  l o v e s t  p r o b a b i l i t y  of c o r r e c t  
c l a s s i f i c a t i o n  h o l d s  and the nns of t he  displacements  18 appropr i a t e .  
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>ir report model8 the potential miaregirtration effects on rultiapectral 
:la~rification accuracy. Xt m y  allw the compariaon of the rariour testa and 
ainul~tionr, and point, out the oarirbltr which m a t  be reported for those 
mimlrtionr to rllw their rrlidrtion. It doer not anmer the follwing 
quertion: Given a certain 1088 in accuracy due to rirrt~istration, how does 
that damale the ability to uae the drt8 analyrir rrrultr? There evalu8tions 
will be dircipline dependtat, and m w t  be .ought rep&r&tely. 

Friedman, H e @ .  ,1a65& the Expected Error in the Probability of 
~isclaresfic~tioa,  roc ILEL Vol 53. P- 658. 

bixron, M., Scholz:, De, Fuhr, N., Akiyama, T., Gvalu8Lion of Several 
Schemes far Clarrif ication of Rcmcttly Senred Data, Photogrammetric 
Engineering and Remote Scnoing, Vol 46 f 12, Dec 1983, pp 1547-1553. 
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Figure S-l Effect of !?alae on the Probability of Correct Multi- 
rpeccr.1 Clur i f l ca t ion  

0.1 1 -0 10 
6 = CLASS SlZUrms NOISE 

figurr S - i  C i u a  a Signal Uniformly Probable over the Dyauic Range, and 
C8ursim Noire v i t h  rt8ndard Deviation 0 0 . The curve shows 
the Probability of Correctly Recognitinp a class corresponding 

t o  the Nolit-fret Signal a8 a ?u;ictlrm of the Ratio 

9 -  class size / a  



. .  

MINIMUM 
FIELD 
INTENOR 
SUE 

nxn 

CLASS 
BOUNDARY 

SEE- 
TOTAL on 

F i  gutv 5- 3 .  C 1  its s i f i c d  t i  on Error E 5 t i  ilia tor 

, ,  ORIGINAL PAGE IS 
OF POOR QUALIW 

4 -- 



?lgure S-4 Lors In C l u a i f i c a t i m  Accuracy d w  to  Noime 
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NJOISECOMPONENTa 

GROUNDTRUTH 

TRANSITION T 

- -  - 

A A a -  
PlXEL SPACING 

Figure S-6 i h a  d h t r t b u t i o n  of 'field' pixel6 m v e s  down t h e  tranmitlon 
c w c  a6 the measurement p o i n t  mover toward the boundary. 
The shaded .rea i r  t!-a proportion which will ba correctly 
ClAB6ffieb. 
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) O B A B I L I N  LOSS 
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Put& CENTER DISTANCE FltOM BORDER - PIXELS 

r= 1.0 

5-r 1.5 

f =  2.0 

Figurn S-1 Combined Curves for Tranrlatlon of P i x e l  Mat8nce from 
Border t o  S h i f t  i n  the Brlghtncer (Scaled i n  Unite of C l - s  

S izr ,  S ) to  Probability of Correct Classification. 
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?igure s-8 Probability of Correct Class i f icat ion using Global 

Parametera, for  Perfect ly  Registered Pixels .  
One Spectral Band Only. 
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b. BESl REGISTRATION C A S E  
(NO TRANUATION DISPLACEMEM) 

Figure S-10 Construction for  Estimating Misreg i s tra t ia  Caused 

By Size and Aspect Errors. 
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Figure S-9 Loss of C l a s s l f l c a t l o n  
'Accuracy due to ~lsre~lsttatlon of 
One Band,  for Various Parameter Com- 

bina t ions. 

/3 - Char r i t e /  u of noire 

Y - F i e l d  Shape Ratio,  loap/short s ides  

T - 10-9Ox t rans ient  d is tance  

n1 - length of ahort r i d e ,  pixels 

A P  - loss i n  probabi l i ty  

d - displacement, p i x e l 6  


