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INTRODUCTION 

A p p l i c a t i o n s  a s s o c i a t e d  w i t h  d i g i t a l  g e o g r a p h i c  i m a g e r y  a r e  
s u b j e c t  t o  g r e a t  d i v e r s i t y  i n  r e q u i r e d  c e l l  s i z e ,  c a r t o -  
g r a p h i c  p r o j e c t i o n ,  e t c .  The need f o r  r e s a m p l i n g  r e m o t e  
s e n s i n g  s c a n n e r  d a t a  i s  e v i d e n t  i n  a l l  b u t  t h e  most  unde-  
manding cases .  P a s t  e f f o r t s  [1J have  shown t h a t  p r o p e r  r e -  
s a m p l i n g  o f  such  d a t a  i s  dependant  i n  i m p o r t a n t  ways on t h e  
d e t a i l e d  know lege  o f  t h e  o r i g i n a l  s c a n n e r ' s  e f f e c t i v e  
p o i n t - s p r e a d  f u n c t i o n  and t o  t h e  d e s i r e d  p o i n t - s p r e a d  f u n c -  
t i o n  o f  t h e  r e s a m p l e d  d a t a .  When b o t h  o f  t h e s e  a r e  known, 
i t  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d  t o  compute t h e  r e s a m p l i n g  
c o e f f i e n t s  w h i c h  do t h e  b e s t  job o f  a p p r o x i m a t i n g  t h e  shape 
and p o s i t i o n  o f  t h e  synt.hesi:ed p o i n t - s p r e a d  f u r i c t i o n .  

I t  i s  u s e f u l ,  however ,  t o  r e c o g n i z e  t h a t  r e g a r d l e s s  o f  t h e  
r a t i o n a l e  used  t o  g e n e r a t e  i n t e r p o l a t i o n  c o e f f i c i e n t s  and 
a p p l y  them as a l i n e a r  f i l t e r  on a s u b s e t  o f  t h e  l o c a l  d a t a  
t h e  r e s u l t  can  be  v iewed  as a s y n t h e s i s  o f  a new p o i n t  
s p r e a d  f u n c t i o n  w h i c h  i s  i t s e l f  a l i n e a r  c o m b i n a t i o n  o f  
s h i f t e d  p o s i t i o n s  o f  t h e  o r i g i n a l  p s f .  

The r e s u l t i n g  s y n t h e s i 7 e d  p s f  can  be compared w i t h  an i d e a l  
p s f  l o c a t e d  a t  v a r i o u s  i n t e r p i x e l  p o s i t i o n s  and any d i f f e r -  
ences  o b s e r v e d  as  e r r o r s .  
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ERROR flODEL 

I t  i s  assumed t h a t  i m a g i n g  s c a n n e r s  o t  i r l t e r e s t  a r e  ade-  
q u a t e l y  mode led  as a l i n e a r  o p g r a t o r  on t h e  u p w e l l i n g  r a d i -  
ance and t h a t  a d d i t i v e  n c i s e  is i n t r o d u c e d .  (The LANDSAT 
M S S  does d e l i b e r a t e l y  i n t r o d u c e  a n o n - l i n ? a r  c o m p r e s s i o n  
p r i o r  s a m p l i n g  b u t  t h i s  e f f e c t  i s  a p p r o x i m a t e l y  removed i n  
subsequent  g r o u n d  p r e c e s s i n g . )  Thus, t h e  s c a n n e r  t o  be  mo- 
d e l e d  i s  g i v e n  by 

y=  Ax + n (1) 

where x i s  a v e c t o r  r e p r e s e n t i n g  t h e  two-d ;nens iona !  u p w e l -  
l i n g  r a d i a n c e ,  A i s  a m a t r i x  d e s c r i b i n g  t h e  t r a - d i m e n s i o n a l  
shape and l o c a t i c n  o f  t h e  ps f  a s s o c i a t e d  w i t h  each p i x e l  
sampled. The n o i s e  v e c t o r  n i s  t h e n  added t o  p r o d u c e  t h e  
d a t a  v e c t o r  y w h i c h  c a n  r e p r e s e n t  e i t h e r  a l l  o f  t h e  p i x e l s  
i n  an image o r  o n l y  t h o s e  i n  a l o c a l i t y  o f  i n t e r e s t .  

I t  s h o u l d  b e  n o t e d  t h a t  t h e  d i m e n s i o n a l i t y  o f  x i s  v e r y  much 
g r e a t e r  t h a n  t h a t  o f  y i n  o r d e r  t o  p e r m i t  t h e  A m a t r i x  t o  
r e p r e s e n t  t h e  s u b p i x e l  d e t z i l  o f  t h e  p o i n t  s p r e a d  f u n c t i o n s  
and t h e  e f f e c t  o f  t h e  d i m e n s i o n a : i t y  r e d u c i n g  s a m p l i n g  p r o -  
cess .  

When an i n t e r p o l a t i o n  a l g o r i t h m  i s  used i n  t h e  r e s a m p l i n g  
p r o c e s s  i t  i s  n o r m a l l y  i n t e n d e d  t o  e s t i m a t e  t h e  d a t a  v a l u e  
t h a t  m i g h t  have been o b t a i c e d  f r o m  a p s f  p o s i t i o n e d  a t  an 
i n t e r m e d i s t e  l o c a t i s n  be tween t h e  e x i s t i n g  samples .  

The d e s i r e d  r e s u l t  o f  t h e  r e s a m p l i n g  p r o c e s s  t h u s  c a n  be 
g i v e n  by 

Z= B x  ( 2 )  

where B i s  a new s p a t i a l  r e s p o n s i v i t y  m a t r i x  w i t h  t h e  p o i n t  
s p r e a d  f u n c t i o n s  p o s i t i o n e d  c o r r e c t l y  on t h e  d e s i r e d  o u t p u t  
g r i d  and t h e  v e c t o r  z r e p r e s e n t s  t h e  resarnp led  d a t a .  No te  
t h a t  ;he w i d t h  and scape o f  t h e  p s f ' s  i n  B need n o t  be t h e  
same a s  t h a t  o f  t h e  o r i g i n a l  scanner  when i t  i s  d e s i r e a b l e  
t o  a l t e r  t h e  s p a t i a l  r e s o l u t i o n  o f  t h e  d a t a  as w e l l  as t h e  
1 o c a t i o n .  
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R e s t r i c t i n g  t h e  i n t e r p o l a t i o n  p r o c e s s  t o  a l i n e a r  f i l t e r  o p -  
e r a t i n g  on t h e  a v a i l a b l e  d a t a  l e a d s  t o  an a p p r o x i m a t i o n  o f  
t h e  d e s i r e d  s c a n n e r  i n  (2) g i v e n  b y  

z =  cy 

i n  w h i c h  t h e  i n t e r p o l a t i o n  c o e f f i c i e n t s  C and t h e  o r i g i n a l  
ps f  m a t r i x  combine  t o  p r o d u c e  a new p s f  m a t r i x  C A  h a v i n g  
s p a t i a l  r e s o l u t i o n  p r o p e r t i e s  w h i c h  can  be e i t h e r  b e t t e r  o r  
Worse t h a n  t h e  o r i g i n a l  d e p e n d i n g  cn t h e  method csed  t o  de-  
t e r m i n e  t h e  c o e f f i c i e n t s .  

Any d i f f e r e n c e s  be tween t h e  d e s i r e d  scanner  ( 2 )  and t h e  
a c h i e v e d  s c a n n e r  ( 3 )  c a n  be r e g a r d e d  as  an e r r o r  g i v e n  b y  

h 

e = z - i  ( 4 )  

The mean squared  e r r o r  i s  easy  t o  compute and r e l a t i v e l y  
easy  t o  d e f e n d  as a p e r f o r m a n c e  c r i t e r i o n  p a r t i c u l a r l y  f o r  
p r o c e s s e s  such as c l a s s i f i c a t i o n  w h i c h  m a y  be s e n s i t i v e  t o  
r a d i o m e t r i c  e r r o r s .  The mean squared  e r r o r  

E =  < e ' e >  ( 5 )  

can  be e v a l u a t e d  b y  s u b s t i t u t i n g  (2),(3), and ( 4 )  i n t o  ( 5 ) .  
The r e s u l t ,  a f t e r  t h e  e l i m i n a t i o n  o f  t e r m s  w i t h  e x p e c t e d  
v a l u e  o f  z e r o  i s  

E =  T race  [ C A < x x ' > A ' C ' - 2 C A < x x ' > B ' t t 3 < x x ' > B ' t C < n n ' > ]  ( 6 )  
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T h i s  e x p r e s s i o n ,  when e v a l u a t e d  f o r  v a r i o u s  r u l e s  and i n t e r -  
p i x e l  p o s i t i o n s  y i e l d s  t h e  d a t a  shown i n  T a b l e  1. The r u l e s  
used were n e a r e s t - n e i g h b o r ,  b i l i n e a r ,  c u b i c  c o n v o l u t i o n ,  and 
l e a s t  square.  The LANDSAT a l o n g - s c a n  p s f  was used  f o r  m a -  
t r i x  A and a r e c t a n g u l a r  p s f  w i t h  a w i d t h  o f  50 m e t e r s  was 
chosen f o r  t h e  d e s i r e d  ps f  m a t r i x  8.  A s i g n a l - t o - n o i s e  
r a t i o  o f  t e n  was s e l e c t e d  w h i c h  e s t a b l i s h e d  a r a t i o  o f  100 
between t h e  s i g n a l  c o v a r i a n c e  m a t r i x  < x x ' >  and t h e  n o i s e  c o -  
v a r i a n c e  m a t r i x  < n n ' > .  F i n a l l y ,  t o  r e s t r i c t  t h e  e r r o r  de-  
t e r m i n a t i o n  t o  t h e  case  o f  v e r y  f i n e  l o c a l  d e t a i l  t h e  sub-  
p i x e l  c o r r e l a t i o n s  were  s e t  t o  z e r o  by use  o f  s c a l a r  ma-  
t r i c e s  f o r  < x x ' >  and <nn '> .  

The numbers t a b u l a t e d  a r e  r e l a t i v e  e r r o r s ,  g i v i n g  a maximum 
o f  100 f o r  t h e  w o r s t  p o s s i b l e  c a s e  o f  no c o r r e s p o n a n c e  a t  
a l l  be tween p s f  m a t r i c e s  ( C A )  and B. The r e l a t i v e  e r r o r  i s  
d e f i n e d  as 

r o e . =  100 SQRT(E/ZB '<x 'x>B!  (7) 

The a l g o r i t h m s  f o r  g e n e r a t i n g  c o e f f i c i e n t s  f o r  t h e  f i r s t  
t h r e e  i n t e r p o l a t i o n  r u l e s  a r e  w e l l  known and w i l l  n o t  be r e -  
p e a t e d  h e r e .  The l e a s t  s q u a r e  c o e f f i c i e n t s  a r e  o b t a i n e d  
f r o m  

C =  B<xx > A '  [ A < x x '  > A ' + < n n  ' >I-' 

I n  t h e  t a b l o ,  p o s i t i o n s  1 and 1 7  c o r r e s p o n d  t o  t h e  cases  o f  
t h e  d e s i r e d  p s f  f a l l i n 9  e x a c t l y  on one o f  t h e  o r i g i n a l  d a t a  
samles.  A ! l  o t h e r s  a r e  l o c a t e d  a t  i n t e r p i x e l  l o c a t i o n s  
d i f f e r i n g  b y  m u l t i p l e s  o f  1 / 1 6  o f  a p i x e l .  

A l l  f o u r  methods show t h e  w o r s t  e r r o r  n e a r  t h e  c e n t e r  o f  t h e  
i n t e r p i x e l  i n t e r v a l  where a n a r r o w  p s f  i s  t h e  most  d i f f i c u l t  
t o  s y n t h e s i z e -  t h a t  i t  i s  n o t  t h e  e x a c t  c e n t e r  i s  due t o  t h e  
asymmetry  i n t r o d u c e d  b y  t h e  l o w p a s s  p r e s a m p l i n g  f i l t e r  used  
i n  t h e  L A N D S A T  MSS. 
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I t  i s  recoqni ,ed t h a t  a l l  o f  t h e  e r r o r s  m i g h t  be r e g a r d e d  as  
u n d e s i r a b l y  l a r g e .  Had t h e  s a m p l i n g  r a t e  been even s l i g h t l y  
b e t t e r  t h a n  t h e  5 6  m e t e r s  used t h e  e r r o r s  f o r  LS w o u l d  have  
been s u b s t a n t i a l l y  r e d u c e d  w h i l e  t h e  e r r o r s  f o r  t h e  o t h e r  
methods wou ld ,  o f  c o u r s e ,  r e m a i n  unchanged. 

To e x p l o r e  i n  t h e  o t h e r  d i r e c t i o n ,  t h e  case  o f  w i d e r  s y n t h e -  
s i  zed p s f  s may be c o n s i d e r e d  . Such r e s o l  u t i  o n - r e d u c i  ng r e -  
s a m p l i n g  wou ld  be  t h e  p r e f e r r e d  method f o r  t h e  g e n e r a t i o n  o f  
l a r g e  a rea ,  s m a l l  s c a l e  images. As t h e  d e s i r e d  p s f  i s  i n -  
c r e a s e d  i n  w i d t h  t h e  e r r o r s  f o r  a l l  f o u r  methods  w o u l d  d e -  
c r e a s e  u n t i l  an a p p r o x i m a t e  ma tch  w i t h  t h e  o r i g i n a l  p s f  i s  
reached .  A f t e r  t h i s  t h e  LS e r r o r  wou ld  c o n t i v u e  t o  d e c r e a s e  
w h i l e  t h e  o t h e r  t h r e e  e r r o r s  w o u l d  i n c r e a s e  a g d i n  because o f  
t h e i r  f a i l u r e  t o  s y n t h e s i z e  a p s f  s u i t e d  t o  t h e  r e s a m p l i n g  
i n t e r v a l  

A S  s h o u l d  be e x p e c t e d  NN, BL, and C C  a l l  have t h e  same e r r o r  
a t  p o s i t i o n s  1 and 1 7  s i n c e  a l l  t h r e e  m e r e l y  r e p r o d u c e  t h e  
o r i g i n a l  d a t a  when no i n t e r p o l a t i o n  i s  r e q u i r e d .  By c o n -  
t r a s t ,  t h e  LS s o l u t i o n  has s y n t h e s i z e d  a p s f  more c l o s e l y  
a p p r o x i m a t i n g  t h e  d e s i r e d  p s f  and hence e x h i b i t s  a s m a l l e r  
e r r o r .  The l a r g e s t  e r r c r  o c c u r s  f o r  NN a t  p o s i t i o n  8, w h e r e  
t h e  ps f  i s  n o t  o n l y  t h e  wrong shape and w i d t h  b u t  a l s o  i n  
t h e  wrong p l a c e  b y  a h a l f  p i x e l .  Perhaps  i t  c o u l d  be ob-  
s e r v e d  t h a t  t h e  BL and C C  a l g o r i t h m s  do r a t h e r  w e l l  f o r  p r o -  
c e j u r e s  w h i c h  p r o v i d e  no o p p o r t u n i t y  i n t r o d u c e  i n f o r m a t i o n  
abou t  t h e  o r i g i n a l  arid d e s i r e d  p s f ' s  and t h e  s i g n a l  and 
n o i s e  s t a t i s t i c s .  

A n o t h e r  measure o f  image q u a l i t y  i s  t h e  m o d u l a t i o n  t r a n s f e r  
f u n c t i o n .  A l t h o u g h  t h e  MTF i s  m e r e l y  t h e  m a g n i t u d e  o f  t h e  
F o u r i e r  T r a n s f o r m  o f  t h e  p s f  and hence c a r r i e s  l e s s  i n f o r m a -  
t i o n  t h a n  t h e  p s f  i t s e l f ,  i t  f r e q u e n t l y  i n v o k e d  when image 
q u a l i t y  i s  c o n s i d e r e d .  The n o r m a l i z e d  w i d t h  a t  t h e  h a l t  am-  
p l i t u d e  o f  t h e  MTF a t  p o s i t i o n s  1 and 8 f o r  each r e s a m p l i n g  
Acheme i s  snown i n  T a b l e  2. I t  can be seen t h a t  L S  shows a 
b r o a d e r  M T F  t h a n  t h e  o t h e r  methods  f o r  b o t h  p o s i t i o n s  arld 
t h a t  b o t h  EL and CC have degraded  MTF's a t  t h e  m i d p i x e l  l o -  
c a t i o n .  

[ l ]  R .  Dye, " R e s t o r a t i o n  o f  LANDSAT Images b y  D i s c r e t e  
Two-Dimens iona l  L l e c o n v o l u t i o n " ,  P r o c e e d i n g s  o f  t h e  T e n t h  
I n t e r n a t i o n a l  Symposium on Remote S e n s i n g  o f  t h e  E n v i r o n -  
ment.  E R I M ,  Ann Arbor ,MI ,  O c t o b e r  1975.  
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TABLE 1. R E L A T I V E  ERRORS F O R  V A R I O U S  I N T E R P I X E L  
P O S I T I O N S  

P O S I T I O N  

1 
2 
3 
4 
5 
6 
7 
8 
9 

1c) 
1 1  
12 
13 
14 
15 
16 
1 7  

NN 

40.1 
41.4 
43.1 
45.3 
47.7 
50.4 
53.2 
56.0 
49.8 
47.1 
44.6 
42.5 
40.9 
39.8 
39.3 
39.4 
40.1 

B L  c c  LS 

40.1 40.1 34.6 
41.8 40.7 35.9 
43.4 41.5 37.4 
44.9 42.4 38.7 
46.1 43.2 39.8 
47.c 43.8 40.4 
47.5 44.1 40.6 
47.7 44.2 40.2 
47.5 33.9 39.4 
47.0 43.4 38.2 
46.1 42.7 36.8 
45.1 41.9 35.3 
43.9 41.1 34.1 
42.6 40.5 33.2 
41.5 40.0 33.0 
40.6 39.9 33.3 
40.1 40.1 34.3 

TABLE 2. R E L A T I V E  W I D T H S  OF M O D U L A T I O N  TRANSFER 
F U N C T I O N S  

P O S I T I O N  NN BL c c  L S  

1 100.0 100.0 100.0 142.6 

76.6 95.0 127.8 9 100.0 
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