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DIGITAL RECTIFICATION OF ERTS MULTISPECTRAL IMAGERY 

Samuel S. Rifman, TRW Systems Group, Redondo Beach, Qlifornia 

ABSTRACT 

Rect i f ied  ERTS mul t i spec t ra l  imagery have been produced u t i l i z i n g  

Errors  a r i s i n g  from a t t i t u d e  and ephemeris sources have 
a l l  d i g i t a l  techniques, as t h e  f i r s t  s t e p  toward producing prec is ion  cor- 
rec ted  imagery. 
been corrected,  and t h e  r e s u l t a n t  image is represented i n  a meter/meter 
mapping u t i l i z i n g  an i n t e n s i t y  "resampling" technique. 
from a v a i l a b l e  da ta  i n d i c a t e  negl ig ib le  degradation of the photometric 
and reso lu t ion  proper t ies  of the  source d a t a  as a consequence of t h e  
geometric cor rec t ion  process. Work u t i l i z i n g  ground cont ro l  p o i n t s  t o  
produce prec is ion  r e c t i f i e d  imagery, and including photometric correc- 
t ions  r e s u l t i n g  from avai lab le  sensor c a l i b r a t i o n  da ta ,  i s  cur ren t ly  i n  
progress. 

Early r e s u l t s  

I. INTRODUCTION 

The production of prec is ion  processed ERTS imagery requires  both 
precis ion r e c t i f i c a t i o n  (correct ion of s p a t i a l  d i s t o r t i o n s )  of t h e  bulk 
image data ,  as w e l l  as photometric cor rec t ion  of i n t e n s i t y  values using 
sensor c a l i b r a t i o n  data.  I n  performing the  respect ive correct ions t o  
the bulk imagery, i t  is  necessary t o  account f o r  a number of d iverse  er- 
r o r  sources pecul ia r  t o  t h e  two sensor systems c a r r i e d  aboard ERTS: the  
three  Return Beam Vidicon (RBV) cameras Bnd the  Mult ispectral  Scanner 
(MSS). It is a l s o  necessary t o  compensate f o r  e r r o r s  ex terna l  t o  the  
sensors,  a r i s i n g  from spacecraf t  a t t i t u d e ,  ephemeris and e a r t h  curvature.  

volves: f i r s t ,  the  modeling of e r r o r  sources t h a t  are t o  be corrected,  
and the  development of techniques f o r  accomplishing t h e  correct ions;  and 
second, t h e  implementation of a s u i t a b l e  algorithm f o r  producing t h e  cor- 
rected image. 
with respect  t o  some of t h e  techniques and problems associated with t h e  
production of corrected imagery. Furthermore, because of the  convenience 
and precis ion associated with t h e  manipulation of imagery i n  a d i g i t a l  
form, t h i s  paper i s  concerned with the  problem of precis ion processing of 
imagery by purely d i g i t a l  techniques. 

spect  t o  prec is ion  and permanence lend themselves d i r e c t l y  t o  t h e  task  
of generating prec is ion  d i g i t a l  image products f o r  use by current  and 
f u t u r e  i n v e s t i g a t o r s  ( for  example, i n  scene/scene comparisons performed 
i n  the  course of change discr iminat ion s t u d i e s ) .  
systems (see Reference 1 f o r  a recent  review a r t i c l e )  have been matched 
recent ly  by advances i n  algorithm development t o  make poss ib le  a l l - d i g i t a l  
precis ion image processing, with moderate computer times. 

I n  general ,  the  problem of producing prec is ion  corrected images in- 

The emphasis of t h i s  paper w i l l  be  on t h e  second problem, 

The well-known advantages of d i g i t a l  processing methods with re- 

Advances i n  computer 

Following a 
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discussion of e r r o r  sources,  examples of ERTS-1 MSS imagery r e c t i f i e d  by 
a l l - d i g i t a l  techniques a t  TRW Systems Group w i l l  be  presented, . together  
with a discussion of t h e  r e l a t i v e  m e r i t s  of several algorithms u t i l i z e d  
t o  produce t h e  imagery. 
modern mini-computers w i l l  a l s o  b e  indicated.  

Extensions of these r e s u l t s  t o  processing via 

11. MSS ERROR SOURCES 

Users of prec is ion  r e c t i f i e d  ERTS imagery general ly  requi re  t h a t  
the  products be represented i n  a rectangular  Cartesian coordinate system, 
i .e.,  t h a t  l i n e a r  d i s tance  on t h e  ground be f a i t h f u l l y  represented i n  t h e  
imagery, f r e e  of e r r o r s  a r i s i n g  within t h e  sensor system, the  spacecraf t  ' 

a t t i t u d e  and ephemeris, e a r t h  r o t a t i o n  and e a r t h  curvature. 

Shown i n  Figure 1 (Reference 2 ) ,  i s  a schematic diagram of t h e  MSS 
sensor* c a r r i e d  aboard ERTS-1. 
185 Km wide cross-track swaths (each composed of 6 scan l i n e s )  by means of 
an o s c i l l a t i n g  planar  mirror ,  which images a l l  four  bands simultaneously. 
The four  bands are thus inherent ly  s p a t i a l l y  reg is te red .  The instantaneous 
field-of-view (IFOV) of a s i n g l e  sensor element i s  approximately 79m square 
on t h e  ground from t h e  nominal sa te l l i t e  a l t i t u d e .  

The four  band (0.5 - l.lvm) sensor scans 

NOTE! ACTIVE SCAN IS 
WfSl  TO EAST FIELD PF VIEW = 11.56 DECREES 

Figure 1. MSS Scanning Arrangement 

* 
t e m ,  no discussion of e r r o r  sources o r  cor rec t ion  algorithms f o r  t h a t  
sensor  i s  included here. It is noted, however, t h a t  many algorithms 
developed f o r  t h e  MSS sensor are similar t o  those f o r  t h e  RBV sensor  and 
have been included i n  the  software package developed f o r  the  RBV system, 

Due t o  t h e  e a r l y  cessat ion of da ta  c o l l e c t i o n  from t h e  ERTS-1 RBV sys- 
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Each MSS bulk image represents  2340 ind iv idua l  active scan l i n e s  
(scanned 6 a t  a t i m e ) ,  obtained during approximately 28.6 sec. of "picture  
t i m e . "  The mirror s c a n / r e t r a c e  time is 7 3 . 4 2  m s  (per  6 scan l i n e s )  and 
the  sampling i n t e r v a l  is 9.95 ps, s o  t h a t  the  center /center  cross-track 
separat ion of adjacent IFOV'S is  about 57m (nearly 30% overlap between 
adjacent samples). 

It can now be seen t h a t  t h e  following e r r o r s  contr ibute  i n  various 
degrees t o  s p a t i a l  d i s t o r t i o n  i n  t h e  bulk imagery: 
s t a r t i n g  t i m e  j i t t e r ,  r e p e a t a b i l i t y ,  etc. ; ( 2 )  change i n  spacecraf t  at- 
t i t u d e  during a p i c t u r e  t i m e ;  
the  p i c t u r e  t i m e ;  ( 4 )  e a r t h  curvature,  a funct ion of l a t i t u d e ;  and ( 5 )  
e a r t h  r o t a t i o n ,  a funct ion of la tg tude .  

and are therefore  small and can be ignored. 
have been scan length corrected t o  compensate f o r  small v a r i a t i o n s  i n  
the  number of samples per  scan group. When t h i s  correct ion algorithm 
becomes ava i lab le ,  i t  i s  an t ic ipa ted  t h a t  t h i s  small e r r o r  can be cor- 
rec ted  by means of the  resampling algorithm described later,  

Spacecraft  a t t i t u d e  motion during p i c t u r e  scan can cause t h e  groups 
of s i x  l i n e s  t o  be non-paral le l  t o  each o ther  when projected on t o  the  
ground. This e f f e c t  manifests i t se l f  as a non-linear scale d i s t o r t i o n  
throughout the  bulk image, 
t u r e  t i m e  can a l s o  cause a small change i n  scale throughout t h e  image. 
Earth curvature causes a scale change i n  the scan d i rec t ion .  F ina l ly ,  
e a r t h  r o t a t i o n  produces a %3' skew d i s t o r t i o n  ( a t  'L 35-40'N l a t i t u d e )  
i n  t h e  image, e s s e n t i a l l y  i n  the  scan d i rec t ion .  The l a r g e s t  sources 
of e r r o r  are due t o  the  e a r t h  rRtat ion,  and t h e  unequal number of  scan 
l i n e s  ( 2 3 4 0 )  and samples/scan (% 3230) f o r  a scene nominally 185 Km square. 

(1) scan nonl inear i ty ,  

( 3 )  change i n  spacecraf t  a l t i t u d e  during 

Inherent sensor e r r o r s  (1) are given as If: 26m r m s  by Reference 2 ,  
The bulk image da ta ,  however, 

Change i n  spacecraf t  a t t i t u d e  during the  pic- 

111. IMAGE RECTIFICATION 

The MSS r e c t i f i c a t i o n  software developed by TRW cur ren t ly  cor rec ts  
f o r  e r r o r  sources (2) - ( 5 )  using image annotation tape (BIAT o r  DIAT) 
data.  I n  addi t ion,  a cor rec t ion  i s  made f o r  t h e  boresight ing e r r o r ,  the  
d i f fe rence  between image format center  (0' mirror  scan) and spacecraf t  
nadir .  Provision has a l s o  been made f o r  the  inc lus ion  of ground cont ro l  
po in ts  (GCP's) , which are accura te ly  measured loca t ions  of i d e n t i f i a b l e  
f e a t u r e s  t h a t  are used f o r  prec is ion  image r e c t i f i c a t i o n .  However, due 
t o  delays i n  obtaining t h e  required da ta  (bulk image tape,  annotation 
data ,  and bulk imagery) f o r  t h e  t a r g e t  sites s e l e c t e d ,  i t  was not  pos- 
s i b l e  t o  include t h i s  refinement i n  t h e  i n i t i a l  group of processed imagery. 
The a b i l i t y  t o  u t i l i z e  GCP d a t a  has been v e r i f i e d  f o r  o ther  scenes f o r  
which annotation d a t a  were not  ava i lab le .  

imagery is shown i n  t h e  func t iona l  flow diagram of Figure 2. 
image da ta  i s  reformatted t o  produce a s i n g l e  tape  with separa te  f i l e s  
containing da ta  f o r  each s p e c t r a l  band. A t  t h e  same time regions c a l l e d  
"neighborhoods" surrounding GCP loca t ions  are ex t rac ted ,  and are searched 
subsequently t o  prec ise ly  determine loca t ions  of GCP's within t h e  image, 
using a reference l i b r a r y  of GCP's. 
Kalman f i l t e r  t o  r e f i n e  t h e  spacecraf t  a t t i t u d e .  

The software developed f o r  t h e  prec is ion  cor rec t ion  of ERTS-1 
Bulk 

The GCP loca t ion  da ta  is used by a 
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Corrected 
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Figure 2. Precision Correction Software Schematic 

Making use of t h e  re f ined  (or  i n i t i a 1 ) a t t i t u d e  determination, d i s -  
t o r t i o n  c o e f f i c i e n t s  a r e  computed which def ine t h e  amounts by which t h e  
bulk image must be d i s t o r t e d  s o  as  t o  produce a r e c t i f i e d  image, i .e. ,  
one which is l i n e a r  i n  meterlmeter coordinates.  The computation of t h e  
c o e f f i c i e n t s  i s  accomplished by mapping a small  number of image loca- 
t i o n s ,  c a l l e d  "pseudo reseau points ,"  t o  the  f i n a l  meterlmeter coordin- 
a t e  system, taking i n t o  account t h e  mirror  scan, spacecraf t  a t t i t u d e  and 
ephemeris, e a r t h  r o t a t i o n  and e a r t h  curvature.  Dis tor t ion  c o e f f i c i e n t s  
are then defined f o r  blocks of four  pseudo reseaux, assuming a b i l i n e a r  
s p a t i a l  d i s t o r t i o n  model (which introduces negl ig ib le  e r r o r s  compared 
t o  the  self-consistency e r r o r s  i f  there  are enough pseudo reseaux). 

The d i s t o r t i o n  c o e f f i c i e n t s  thus determined a r e  then t ransmit ted 
t o  the  resampling software, which processes the reformatted image tape  
so  as t o  produce t h e  f i n a l  corrected image, including ( i f  desired)  
photometric cor rec t ion  as w e l l .  
output image contains t h e  desired number of l i n e s  and samples/l ine,  
with uniform spacing of samples and l i n e s .  

The resampling code ensures t h a t  t h e  
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An appreciat ion of the  resampling problem may b e  gained by re fer -  
r i n g  t o  Figure 3. Essent ia l ly  t h e  bulk image (array of x 's)  i n  Figure 
3-a is d i s t o r t e d  t o  the  coordinate system of t h e  corrected scene image 
( f i l l e d  i n  zeros) of Figure 3-b, as a r e s u l t  of t h e  geometric cor rec t ion  
algorithms out l ined  i n  Figure 2. It then becomes necessary t o  def ine 
new values of da ta  a t  t h e  pos i t ions  of t h e  f i l l e d  zeros,  i n  terms of t h e  
given values a t  t h e  pos i t ion  of t h e  x 's .  
i n t e r p o l a t i o n .  

There are several i n t e r p o l a t i o n  methods which provide a regular  
g r i d  of l i n e s  and samples i n  t h e  output corrected image, given a cor- 
rec ted  image of unevenly spaced l i n e s  and samples. The simplest  approach 
involves s e l e c t i n g  the  ' 'nearest neighbor , I '  as i l l u s t r a t e d  i n  Figure 4-a. 
I n  t h i s  approach, t h e  d a t a  value of t h e  sample (sometimes c a l l e d  a p ixe l )  
i n  the  i r r e g u l a r  a r ray  of the  corrected image c l o s e s t  t o  the loca t ion  of 
a p i x e l  i n  t h e  des i red  regular  g r i d  is used f o r  t h e  value of t h e  regular  
g r i d  point .  Clear ly ,  the  i n t e n s i t y  values r e s u l t i n g  from t h i s  interpola-  
t i o n  scheme correspond t o  t r u e  p i x e l  loca t ions  t h a t  can be as much a s  
- + 112 a spacing i n  e r r o r  ( i n  t h e  regular  gr id) .  
computational requirements of t h i s  method are r e l a t i v e l y  modest, inasmuch 
as only one da ta  value is required t o  determine t h e  resampled da ta  value. 
This r e s u l t s  i n  r e l a t i v e l y  s h o r t  running t i m e s .  

An a l t e r n a t e  method f o r  image resampling is c a l l e d  b i l i n e a r  mter- 
pola t ion  (Figure 4-b), which u t i l i z e s  a b i l i n e a r  combination of the  four  
c l o s e s t  p i x e l  values  i n  t h e  i r r e g u l a r  g r i d  of the  corrected image t o  com- 
pute  a resampled d a t a  point. This method involves more computational t i m e ,  
and may r e s u l t  i n  a small loss of image resolut ion,  due t o  t h e  smoothing 
na ture  of the  b i l i n e a r  in te rpola t ion .  On t h e  o ther  hand, the  p i x e l  "jitter" 
(one spacing o f f s e t s )  a t  rapidly changing contours associated with t h e  
neares t  neighbor scheme is  avoided. 

Cubic convolution resampling is an approximation to  i d e a l  s inx /x  
resampling. 
frequency domain), the  i d e a l  reconstruct ion of sampled da ta  is of t h e  
form 

This procedure i s  c a l l e d  

On t h e  o ther  hand, t h e  

When t h e  image content is band l imi ted  ( i n  the  s p a t i a l  

K 

wherein f (x)  is of t h e  form sinx/x,  and I is t h e  funct ion being resampled. 
By f i t t i n g  a cubic polynomial t o  f (and imposing conditions f o r  cont inui ty ,  
cu tof f ,  e t c , ) ,  a unique funct ion r e s u l t s .  
Figure 4-c f o r  a cutoff  a t  x=2, which u t i l i z e s  16 d a t a  values t o  compute 
one resampled da ta  point.  
resembles t h e  i d e a l  resampling algorithm, i t  is  expected t o  y i e l d  t h e  
most s a t i s f a c t o r y  r e s u l t s ,  with respect  t o  reso lu t ion  and f i d e l i t y ,  com- 
pared t o  nearest neighbor and b i l i n e a r  in te rpola t ion .  
and magnitude cont inui ty  proper t ies  of cubic convolution are super ior  
t o  t h e  b i l i n e a r  and neares t  neighbor algorithms, by v i r t u e  of t h e  more 
global  na ture  of t h e  d a t a  values used t o  produce a resampled point .  

Such a function is given i n  

Because t h e  convolution method most c lose ly  

That i s ,  t h e  s lope 

I V .  RESULTS 

F i r s t  r e s u l t s  of t h e  r e c t i f i c a t i o n  process described i n  Section I11 
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w e r e  obtained f o r  the  scene 1057-18712-7 (San Francisco Bay and Monterey 
Bay) and involve the  neares t  neighbor and b i l i n e a r  resampling algorithms. 
The convolution algorithm w a s  developed p r i o r  t o  t h i s  study and converted 
t o  the  ERTS d a t a  requirements. However, ERTS images were processed by 
means of t h i s  algorithm a t  too late d date  t o  be included here.  

Figure 5 shows t h e  e n t i r e  scene, reproduced from a bulk image t rans-  
parency supplied by NASAIGSFC. Note t h a t  the  bulk image has been cor- 
rec ted  f o r  t h e  unequal number of l i n e s  and samples/l ine i n  the  bulk data ,  
a s  w e l l  as e a r t h  ro ta t ion .  Figure 6* shows a d e t a i l  taken from t h e  upper 
l e f t  corner of the  image, reconstructed** from the  u n r e c t i f i e d  bulk image 
da ta  tape supplied by NASA. The area shown is  approximately 45 Km across  
and 120 Km long. 

A r e c t i f i e d  image corresponding t o  t h e  d e t a i l  i n  Figure 6 i s  given 
i n  Figure 7, u t i l i z i n g  the  neares t  neighbor in te rpola t ion  algorithm. The 
a r e a  shown i s  46.25 Km x 73.9 Km, and is al igned p a r a l l e l  t o  t h e  space- 
c r a f t  ground t rack.  
image , corresponding t o  the  successive one p i x e l  increments associated 
with neares t  neighbor in te rpola t ion .  Careful examination of t h e  image 
reveals  a number of areas f o r  which t h i s  p i x e l  j i t t e r  is observed, and 
which i s  p a r t i c u l a r l y  evident  f o r  such high cont ras t  regions as those 
containing a boundary between land and water. Thus, f o r  example, note  
the  bends i n  the  San Antonio Creek, leading of f  from the  WNW corner of 
San Pablo Bay, located i n  t h e  upper middle’-of Figure 7 (portions of San 
Francisco Bay a r e  located i n  the  lower r i g h t  of t h e  f igure ,  but  are 
hidden by cloud cover). 

in te rpola t ion  ins tead  of neares t  neighbor in te rpola t ion .  
s t r a i g h t  l i n e  appearance of the l e f t  edge of the  image, i n  cont ras t  t o  
Figure 7. Note a l s o  t h a t  the bends i n  the  San Antonio Creek a r e  cleaner.  
On the o ther  hand, note  the  s l i g h t  reso lu t i6n  degradation f o r  the  complex 
of roads (including I n t e r s t a t e  80) north of Carquinez S t r a i t ?  and e a s t  of 
Mare Is land  and t h e  Napa River, compared with Figure 74 This.d$gradation 
i s  expected by v i r t u e  of the smoothing e f f e c t  of b i l i n e a r  in te rpola t ion ,  
and is absent i n  neares t  neighbor in te rpola t ion .  

It is worthwhile emphasizing here  t h a t  the r e c t i f i c a t i o n  processing 
was accomplished by a l l  d i g i t a l  processing methods, u t i l i z i n g  input  digi-  
tal  imagery. 
is produced a t  t h e  NASA Data Processing F a c i l i t y  by converting d i g i t a l  
da ta  t o  analogue da ta ,  and then u t i l i z i n g  an Electron Beam Redorder t o  
rescan the  image onto the output fi lm. 

I n  addi t ion,  i t  is  useful  t o  point  out  the  required processing 
t i m e s  f o r  t h e  production of r e c t i f i e d  imagery. The images shown i n  
Figures 7 and 8 w e r e  processed on a CDC 6400. 
port ion,  the  required processing t i m e  w a s  less than 10 seconds. 

* Inasmuch as t h i s  paper is concerned with image r e c t i f i c a t i o n ,  the  
p i c t u r e s  included here  have been s l i g h t l y  contrast-enhanced so as t o  br ing  
out  the  image d e t a i l  more c l e a r l y .  

** The reconstructed images were produced from t h e  corrected image tapes 
by photographing d i r e c t l y  a high reso lu t ion  CRT face, a t  t h e  Jet Propul- 
s i o n  Laboratory‘s Image Processing Laboratory. 
upper l e f t  corner i s  a r e s u l t  of t h e  reconstruct ion process,  and i s  not  
i n  the  corrected image data.  

Note the  s t e p s  occurring on t h e  l e f t  edge of the  

Figure 8 shows’the same scene as Figure 7, bu t  using b i l i n e a r  
Note t h e  

I n  cont ras t  t o  t h i s ,  bulk iimagery (such as i n  Figure 5)  

Exclusive of the  resampling 
In- 

The b r i g h t  area i n  the 
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Figure  5, 
The image has  been c o r r e c t e d  f o r  t h e  d i f f e r e n c e  i n  t h e  number 
of p i x e l s / l i n e  and t h e  number of  l i n e s ,  and has  a l s o  been 
c o r r e c t e d  f o r  e a r t h  r o t a t i o n  (skew) + 

Reproduction of  Scene 1057-18172-7 Bulk Image P r i n t .  
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Figure 6.  Reconstruction of Bulk Image Tape. This d e t a i l  is  
taken from the  upper l e f t  corner  of Figure 5, and shows San 
Pablo Bay i n  the  upper middle, and Por t  of San Francisco Bay 
i n  the  r i g h t  middle, p a r t i a l l y  obscured by cloud cover,  
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Figure 7,  
Rect i f ica t ion ,  Using Nearest Neighbor In t e rpo la t ion .  
the  one p i x e l  o f f s e t s  on the l e f t  edge of t h e  r e c t i f i e d  image, 

Reconstruction of a Por t ion  of Figure 6 Af te r  
Note 
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cluding GCP processing, t h e  t i m e  required is of t h e  order of a minute 
o r  two (depending on the  number of GCP's). 
t i o n  i s  the  resampling algorithm, which requi res  approximately 52 seconds 
of CPU t i m e  per  l o 6  p i x e l s  f o r  b i l i n e a r  in te rpola t ion .  Cubic convolution 
requi res  approximately 110 seconds. I n  cont ras t ,  ex t rapola t ions  t o  a 
PDP-11/45 minicomputer i n d i c a t e  28 seconds of CPU (per lo6 p ixe ls )  would 
be required f o r  b i l i n e a r  in te rpola t ion ,  o r  approximately 60 seconds of 
CPU f o r  cubic convolution. 

The most t i m e  consuming por- 

V . CONCLUSIONS 

Early r e s u l t s  have been presented f o r  the d i g i t a l  r e c t i f i c a t i o n  of 
ERTS imagery. 
f i n a l  corrected imagery included here .  It w a s  shown t h a t  small e r r o r s  
(% 1 p i x e l ,  o r  < 60 m) r e s u l t  from t h e  resampling process,  f o r  only modest 
CPU requirements. Nearest neighbor in te rpola t ion  produces 5 1 1 2  p i x e l  
j i t t e r  (horizontal  and v e r t i c a l )  which i s  evident i n  regions of high con- 
t r a s t .  On t h e  o ther  hand, b i l i n e a r  in te rpola t ion  supplants the s i n g l e  
p i x e l  o f f s e t s  with smooth t r a n s i t i o n s ,  but  a t  t h e  p r i c e  of somewhat l a r g e r  
CPU t i m e s  and some s l i g h t  reso lu t ion  degradation. 
the  cubic convolution resampling algorithm w i l l  combine t h e  b e s t  proper- 
ties of neares t  neighbor and b i l i n e a r  i n t e r p o l a t i o n ,  with only modest 
addi t iona l  CPU requirements over those f o r  b i l i n e a r  resampling. I n  f a c t ,  
processing speeds i n  general  have reached the  point  a t  which it i s  now pos- 
s i b l e  t o  consider processing a l l  ERTS imagery by d i g i t a l  methods alone. 

Two i n t e r p o l a t i o n  algorithms were employed t o  produce t h e  

It is ant ic ipa ted  t h a t  
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