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1 .  Destriping of images obtained using mu1 t i p l e  sensors. 

An image sensing device using a single photoelectric sensor which i s  

mechanically scanned across the scene produces outstanding digit ized images 

since sens i t iv i ty ,  resolution and transfer functions are  the same for  a l l  

points i n  the image. Unfortunately, such a device i s  limited in speed by the 

mechanical movement. More importantly, i t  i s  limited in speed by the f a c t  

that  an accurate measurement of scene radiance requires the collection of an 

adequate number of photons. T h i  s explai ns the preponderance of 1 inear arrays 

of sensors and area sensors such as vidicons which are  otherwise deficient 

because of geometric dis tor t ions,  non-uniform response, non-uniform resolution, 

and so on. 
.P=% 

A compromise can be struck, where a small s e t  of sensors i s  mechanically 

scanned to col lect  the image. In the system used aboard LANDSAT, fo r  example, 

each spectral band i s  scanned using s ix sensors a t  the same time. Thus, six 

l ines  of the image are produced during a single sweep of the mirror. On the 

next sweep the s a t e l l i t e  has advanced in i t s  orb i t  by an amount which allows 

the same s e t  of sensors to  pick up  the next s ix  l ines  of the image [ I ] .  

Unfortunately, the sensors do not have identical t ransfer  functions. As 

a r e su l t ,  images produced i n  t h i s  fashion show undesirable, regular "striping".  

This effect  can be removed i f  the t ransfer  functions are accurately known, 

since one could then compute scene radiance from the sensor output using 

the inverses of these transfer functions. The sensors used i n  older equipment 

i n  particular have time-varying behavior. Photomultipliers, fo r  example, show 

a d r i f t  in both gain and of fse t  (dark current) due to  small changes in the 
p". 

material of the dynodes used in the electron multiplier stages and temperature 



v a r i a t i o n s .  

I f  a  reference o b j e c t  conta in ing  a l l  scene radiances o f  i n t e r e s t  were 

i n  the  scene, one cou ld  r e c a l i b r a t e  the  sensors cont inuously .  This  i s  d i f f i -  

c u l t  t o  arrange. An a l t e r n a t i v e  i s  the scanning o f  a  gray wedge placed over 

a  l i g h t  source a t  the end o f  every scan l i n e .  This ,  i n  f a c t ,  i s  what i s  done 

aboard LANDSAT. The r e s u l t s  are used t o  est imate the gains and o f f s e t s  o f  the 

sensors. The d i g i t a l  data produced from the  raw s a t e l l i t e  s igna ls  i s  cor rec ted  

us ing  t h i s  i n fo rma t ion  [ I ] .  

Unfor tunate ly ,  one f i n d s  t h a t  the  s t r i p i n g  e f f e c t  i s  not removed i n  t h i s  

fashion; the  reasons f o r  t h i s  a re  n o t  e n t i r e l y  c l e a r .  One cause appears t o  

be the  use o f  the c a l i b r a t i o n  data as a  means o f  a d j u s t i n g  ga in  and o f f s e t  

n so t h a t  each sensor i s  r e l a t e d  t o  i t s  p r e f l i g h t  cond i t i on .  S l i g h t  changes i n  

the  l i g h t  source, t he  gray wedge and the  geometry o f  imaging in t roduce d r i f t s  

which a re  n o t  compensated f o r .  Another reason i s  r e l a t e d  t o  the f a c t  t h a t  

pho tomu l t i p l i e rs  a re  somewhat non l i nea r  and have a  response which depends on 

t h e i r  exposure h i s t o r y .  Modern devices us ing  s o l i d  s t a t e  photodiodes do n o t  

s u f f e r  from these prob l  ems. 

The methods explored here f o r  d e s t r i p i n g  images a re  based on the assump- 

t i o n  t h a t  each sensor i s  exposed t o  scene radiances w i t h  approximately t he  

same p r o b a b i l i t y  d i s t r i b u t i o n .  The sensor values can then be mod i f ied  so t h a t  

each one i s  r e l a t e d  i n  the same way t o  the ac tua l  scene radiance. The i n -  

format ion requ i red  t o  perform t h i s  m o d i f i c a t i o n  i s  ex t rac ted  from s t a t i s t i c s  

o f  the  observed sensor outputs.  



2. A simple method for  l inear  transducers. 

I f  the image sensors a re  l inear and time invariant,  a simple method can 

be used to reduce s t r iping.  The sensor output, x ' ,  can be written as a func- 

tion of the scene radiance, x, as follows: 

Each sensor has i t s  own, fixed values of o f f se t ,  a ,  and gain, b.  If  these 

are  known, the scene radiance can be calculated using the inverse of the 

transfer function, 

x = g ( x l )  = (x '  - a) /b  

If t h i s  i s  done for each sensor in turn, s t r iping ef fec ts  will be removed. 

The required constants for  each sensor can be determined i f  a calibration 

object containing two or more known scene radiance values i s  available in the 

scanned scene. If  such a calibration object i s  not available one can estimate 

the ( re la t ive)  values of gain and of fse t  using simple s t a t i s t i c s  of observed 

sensor values. Each sensor sees a subimage consisting of every n t h  l ine  

(when n sensors are used). The complete image i s  formed by interlacing these 

subimages. I t  seems reasonable to  suppose tha t ,  for  a large enough image, 

each subimage has approximately the same probability distribution of scene 

radiance values. One would not expect a particular subimage to contain many 

more values in a particular range of scene radiances than another subimage. 

PC. If  t h i s  assumption i s  correct,  then the gain and of fse t  constants can be 



estimated from the mean and standard deviation of the measured sensor output 

values. If the mean of the scene radiance i s  IJ and the standard deviation i s  

a ,  then the mean of the sensor output will be p '  = a + b p and the standard 

deviation of the sensor output o '  = b o .  Then, 

and 

a = ( p '  o  - p o ' ) / o  

Clearly, i t  i s  not reasonable to  assume that  one can find the absolute values 
n 

of the mean and standard dev 

fo r  destriping purposes only 

iation of the actual scene radiance. Fortunately, 

re la t ive  values are important. That i s ,  one can 

use the mean and standard deviation of the sensor outputs for the whole image 

in place of the mean and standard deviation of the scene radiance. Naturally 

now the resul ts  will not be scene radiance values. The s t r iping however will 

be removed since each subimage now has the same mean and standard deviation, 

and, i f  the assumption introduced e a r l i e r  applies, the same l inear  relation- 

ship to  scene radiance. 

Note that  one can relax the assumption about the relationship of the 

subimages. Here i t  i s  n o t  necessary that  they have the same probability dis-  

tr ibution of scene radiance, only tha t  t he i r  means and standard deviations be 

the same. This simple method has been applied by some users of LANDSAT data 

-A C2,31. 



3. Shortcomin~s ---------- of the simple ----------- method. 

We have found th i s  method to be only par t ia l ly  successful in destriping 

LANDSAT images. One reason for  th i s  may be tha t  out of a range of 128 possible 

sensor outputs a range of only around 30 values correspond to normal scene 

radiance values. Low values are n o t  found in short wavelength bands because 

of l igh t  sca t te r  in the a i r .  Conversely, large values correspond to  cloud, 

snow and ice,  and scene radiance values of such areas often exceed the highest 

available sensor o u t p u t  values and so resul t  in clipping. Clipping of sensor 

values corresponding to  scene radiances also occurs a t  times in the long 

wavelength bands due to  negative sensor offsets .  Both of these nonlinear e f -  

fec ts  will introduce skew into the calculation o f  means and standard deviations. 

*- 
I .  One may a l lev ia te  th i s  problem by removing sensor values outside a certain 

range from consideration. While s l ight ly  bet ter  resul ts  are obtained in th is  

fashion, i t  i s  clear that  the a rb i t r a r i ly  selected thresholds needed introduce 

biases of the i r  own. This l a t e r  e f fec t  can be deal t  with by eliminating the 

same fraction of sensor values from the low end of the output of each sensor. 

Similarly, a fixed fraction of sensor values i s  removed from the high end. 

Even wi t h  t h i s  refinement, resul ts  are not enti rely sa t i  sfactory. Super- 

f i c i a l l y ,  i t  appears that  different  gains and offsets  are appropriate fo r  

different  scene radiance ranges. That i s ,  the sensor transfer curves are  some- 

what nonlinear. We thus devised a method which deals with th i s  problem direct ly .  



4.  Preliminary considerations. 

Consider a random variable X with probability density function p ( x ) .  

The function p(x) i s  non-negative and s a t i s f i e s  

The probability density function p (x )  can be estimated from a large number N 

of observations of the random variable X .  If  n of these measurements fa11 i n  

the interval [x, x + 6 x 1 ,  then n/N tends to  p(x) E X  as N becomes very large 

and 6x small ( in  a fashion which allows N tix, and thus n, t o  become large 

p*a 
a l so ) .  

The cumulative probability dens ion P ( x )  i s  defined as i t y  funct 

This function i s  monotonically non-decreasing since p ( x )  i s  non-negative. P ( x )  

represents the probability that the random variable X takes on a value less  

than or equal t o  x. 

Now consider observing the random variable X by means of a transducer 

with t ransfer  function f ( x ) .  I t s  output can be thought of as a new random 

variable X I ,  say, with a probability density function p i ( x ' ) .  This function 

i s  related to  the probabil i ty density function p(x) of the original random 

variable X ,  i n  a fashion which depends on the t ransfer  function x i  = f ( x ) .  
,-\ 

I t  i s  easiest  to develop th is  relationship in terms of the cumulative d i s t r i -  



bution functions P(x) and P 1 ( x ' )  where 
I I 

P 1 ( x ' )  = 11: p l ( t )  d t  

If  x' l i e s  in a range R '  when x l i e s  in the range R ,  then clear 

/ p ' ( x t )  dx' = I p ( x )  dx 

R '  R 

Now assume that  f ( x )  i s  monotonically non-decreasing. Then the range 

x 5 xo i s  mapped into the range x '  5 f (xo).  

As a resu7 t one can determine the transfer function f ( x )  i f  the cumulative 

probability density functions P ( x )  and P ' ( x )  a re  known - and i f  the l a t t e r  has 

an inverse. Then, 

If  P' i s  monotonically increasing, the required inverse will ex is t .  Diff icul t ies  

wi 11 be encountered only when P' (x' ) i s  constant over a certain range. That i s ,  

i f  P 1 ( x ' )  = c [and hence p ' ( x l )  = 01 for  x ' E [ x ; ,  x;]. Then, i f  P(x) = c ,  one 

can say only that  f ( x )  E [xi ,  x i ] .  

There are  two possible causes of th i s  problem. F i rs t  i t  may be that  f (x)  



actually has a discontinuity. In t h i s  case, one correctly finds a jump from 

x i  to  x i  i n  the solution. The other possibi l i ty  i s  more serious. If p i  ( x ' )  = 

0 because p(x) = 0 [where x' = f ( x )  as before], then the t ransfer  function 

f ( x )  cannot be found i n  the specified range because, in essence, no  inputs are  

available to  t e s t  i t  in th i s  range. The information to recover f ( x )  there 

i s  thus not available. 

Note, however, that  i f  the inputs to the transducer - are in fact  character- 

ized by the given probability density function, then our lack of knowledge 

of the t ransfer  function in the specified range i s  of no  consequence since 

no inputs f a l l  in th is  range anyway. 

To calculate scene radiance from sensor values, we actually need the in- 

verse g ( x l )  of the transfer function. This can be found just  as easi ly .  I f ,  
#- 

Then 

g ( x  

The same cons iderations regarding the existence of the inverse P-' apply here 

as those discussed regarding the existence of the inverse ( P I  ) - I  . A1 1 these 

special case problems are avoided i f  the cumulative probability dis t r ibut ion 

functions are monotonically increasing. 

The method shown here for finding the t ransfer  function of a transducer 

s ~ 1  (or  i t s  inverse) i s  based on the same analysis as tha t  used t o  design a genera- 

to r  of pseudo-random numbers wi t h  a desired probabi l i ty dis t r ibut ion function 



p ' ( x )  when a  generator i s  avai l abl e  which produces pseudo-random numbers with 

known probability distribution function p(x) [4]. 

A graphical i l l u s t r a t ion  of the relationships discussed may be found i n  

Figure 1 .  The dotted l ine suggests how one may determine the transfer func- 

tion value, f ( x ) ,  given a  scene radiance value x .  Conversely, the same dotted 

l ine  may be followed in the reverse direction t o  find the value, g ( x i ) ,  of the 

inverse function from a  given value of the transducer o u t p u t  x ' .  



5. Estimation from a f i n i t e  number of samples. 

To apply th i s  method to determine the t ransfer  function of a real trans- 

ducer, the cumulative probabi 1 i ty  density functions must be determined from a 

model of the underlying process generating the random variables or estimated 

from frequencies of observed occurrence using a f i n i t e  number of samples. In 

the l a t t e r  case an uncertainty will be found in the estimation of the proba- 

b i l i t i e s  which will be inversely proportional to  the square root of the number 

of samples fa l l ing  in a particular interval.  

In par t icular ,  the sample deviation of the estimate of the cumulative 

probability P(x) obtained from a total  of N measurements i s  

The following approximate analysis may be helpful: Let of be the uncertainty 

in estimating the transfer function, x '  = f ( x ) ,  resulting from the uncertainty oP 

i n  estimating P(x) ,  then, 

P ' [ f (x)  + of] = P ( x )  + aP 

If P' (x '  ) i s  reasonably we1 1 behaved then the 1 eft-hand side can be expanded, 

P1[ f (x ) ]  + p 1 ( x ' )  of : P ( x )  + aP 

using the fac t  that  p' i s  the f i r s t  derivative of P ' .  Clearly then 
p"'. 



The unce r ta in t y  i n  es t imat ing  the  t r a n s f e r  f u n c t i o n  x '  = f ( x )  i s  thus h ighes t  

where p '  ( X I )  i s  smal l .  In fac t ,  we have a l ready shown t h a t  f ( x )  cannot be 

un ique ly  determined when p ' ( x l )  = 0. 

One can s i m i l a r l y  show t h a t  

where og i s  the  unce r ta in t y  i n  es t ima t ing  the inverse  t r a n s f e r  func t ion ,  

x  = g ( x '  ) ,  due t o  unce r ta in t y  aP i n  es t ima t ing  P '  (x'). Not s u r p r i s i n g l y ,  un- 

c e r t a i n t y  i n  es t imat ing  the  inverse  t r a n s f e r  f u n c t i o n  i s  h ighes t  where p ( x )  

i s  smal l .  

The p r o b a b i l i t y  dens i t y  f unc t i ons  p (x )  and p '  ( x ' )  a re  r e l a t e d  by, 

and 

when the  i n d i c a t e d  d e r i v a t i v e s  e x i s t .  



6 .  Transducer with d i sc re te  output values. 

Essential ly the same method may be used i f  the transducer produces d i s -  

c r e t e  outputs. Consider, fo r  example, a case where the input range can be 

broken up i n to  a number of in te rva l s  such t h a t  

The probabil i ty density function of the output of the transducer i s  then dis-  

c re te  and, 

Clearly, p )  2 0 and 

The cumulative probabil i ty density function can be defined as follows 

I f  f ( x )  i s  monotonically non-decreasing, then the  same argument applied in 

the continuous case,  leads again t o  



I f  P '  can be i nve r ted ,  t he  t r a n s f e r  f u n c t i o n  can be found us ing  

The o n l y  d i f f e r e n c e  i s  t h a t  here f ( x )  i s  a  f u n c t i o n  from a  cont inuous range 

t o  a  d i s c r e t e  domain. N a t u r a l l y ,  when one f i n d s  the  i nve rse  o f  t he  t r a n s f e r  

funct ion,  g ( x l ) ,  us ing  these methods, one has t o  accept t h e  f a c t  t h a t  t h e  

ac tua l  va lue o f  x cannot be recovered, o n l y  a range [xi , xi+, ) . 



7 .  A p p l i c a t i o n  t o  s a t e l l i t e  images. - 

A p a r t i c u l a r  sensor, i n  a  system us ing  n  sensors, sees a  subimage con ta in -  

i n g  every  nth l i n e .  To app ly  t he  methods developed here one has t o  assume t h a t  

each sensor i s  exposed t o  scene rad iances w i t h  s i m i l a r  p r o b a b i l i t y  d i s t r i b u -  

t i o n s .  I f  t h e  image i s  l a r g e  enough, i t  i s  v e r y  u n l i k e l y  t h a t  one sensor w i l l  

see s u b s t a n t i a l l y  fewer o r  more scene rad iances i n  a p a r t i c u l a r  range. A 

sensor ' s  p r o p e r t i e s  can then  be es t imated  f r om t h e  s t a t i s t i c s  o f  i t s  ou tpu ts .  

S ince t he  p r o b a b i l i t y  d i s t r i b u t i o n  f unc t i on  o f  t he  ac tua l  scene rad iance  

i s  n o t  a v a i l a b l e ,  o n l y  r e l a t i v e  adjustments can be made. That  i s ,  t h e  proba- 

b i l i t y  d i s t r i b u t i o n  f unc t i on  o f  sensor ou tpu t s  f o r  t h e  whole image i s  used as 

a  re fe rence .  Consequently, a p p l i c a t i o n  of t h e  i n v e r s e  f u n c t i o n s  so determined 

t o  each subimage wi 11 n o t  produce scene rad iances.  I t  w i l l  , however, r e s u l t  

i n  an 

i n  t h e  

A 

image i n  which each image g ray  l e v e l  i s  r e l a t e d  t o  t h e  scene rad iance  

same way. Thus, s t r i p i n g  w i l l  have been removed. 

g raph i ca l  i l l u s t r a t i o n  o f  t h e  method i s  shown i n  F igu re  2. Note t h a t  

here bo th  P (x )  and P '  ( x ' )  a r e  d i s c r e t e .  Th is  r e s u l t s  i n  a  smal l  problem 

when the  t r a n s f e r  f u n c t i o n  f ( x )  i s  t o  be found us ing  da ta  f rom a  r e a l  image. 

For  p e r f e c t  data,  t h e r e  always i s  a  va lue  x '  f o r  every  va lue  x,  such t h a t  

P '  ( x '  ) = P (x ) .  As i n d i c a t e d  by the  d o t t e d  l i n e  i n  t h e  f i g u r e ,  t h i s  may n o t  be 

t he  case when t h e  da ta  i s  ob ta ined  f rom a  f i n i t e  number o f  samples ob ta ined  

by d i f f e r e n t  sensors. The b e s t  one can do then i s  t o  f i n d  a  va lue  x '  such t h a t  



. . . - - . - -- -. .-. . . - , .- -- .-..- 

b e t t e r  than f i n d i n g  a  v a l u  

P ( x )  5 P t ( x ' )  < P(x + 1) 

What va lue  should be used i n  t he  lookup t a b l e  f o r  d e s t r i p i n g ?  One migh t  argue 

- L _  __ _ - _ _ -  -- - L--- 
thatsome-va1 G - s  houTd be t r a n s l a t e d  o  ( x  + 1):- If t h i s  i s  done 

i n  t h e  app rop r i a te  fash ion ,  t h e  h is togram o f  g ray  l e v e l s  i n  the  d e s t r i p e d  image 

w i l l  equal t h e  h is togram of g ray  l e v e l s  i n  t h e  raw image. I t  i s  d i f f i c u l t  

however t o  dec ide which p o i n t s  should r e c e i v e  one va lue  and which the  o the r .  

I f  t h e  s e l e c t i o n  i s  based on a  random number generator ,  a d d i t i o n a l  no i se  w i l l  

be in t roduced.  I n  any case a  change sma l l e r  than one g ray  l e v e l  i s  u s u a l l y  

*m' n e g l i g i b l e  cons ide r i ng  t he  l i m i t a t i o n s  o f  r a d i o m e t r i c  accuracy i n  t h e  imaging 

system. The a l g o r i t h m  we employed, a r b i t r a r i l y  uses t h e  sma l l e r  va lue  of t he  

two p o s s i b l e  ones. Note t h a t  t h e  h is togram o f  t h e  d e s t r i p e d  image w i l l  n o t  

be e x a c t l y  equal t o  t h e  h is togram of t he  raw image when t h i s  i s  done. 



8. Details of the algorithms. 

The f i r s t  step i s  the determination of a cumulative histogram of sensor 

values for  the whole image as a reference. Let there be H(x) occurrences of 

sensor outputs less  than or equal to  x out of a total  of N values. Now for  

the subimage produced by sensor i , one calculates a similar cumulative histo- 

gram. Let H i  ( x '  ) be the number of sensor outputs less  than or equal to  x '  , 

produced by sensor i ,  out of a total  of N i  values. Here, 

m where n i s  the number of sensors. 

A lookup table g ( x l )  i s  now constructed by applying the inverse of the 

function H(x)  t o  H i  ( x '  ) .  This lookup table i s  then used t o  modify a1 1 the 

sensor values produced by sensor i .  The inverse can be calculated relat ively 

easi ly  since H(x)  i s  a monotonically non-decreasing function. The lookup 

table value g ( x ' )  i s  the smallest number x such tha t  

This process i s  repeated for  each sensor in turn,  until  a l l  image values have 

been modified by the lookup table appropriate to  the sensor with which they 

were measured. 



9 .  Results. 

The image used for  the i l lus t ra t ions  here i s  a part of LANDSAT-1 image 

E-1078-09555 taken 1972/0ctober/g. The part used contains 364 l ines each of 

430 pixels. The worst striping in th is  case occurred in band 6 ( . 7 ~  t o  .8p) 

and band 7 ( .8p to  l . l p ) ,  so the discussion will concentrate on these two. 

The data transmitted from the spacecraft i s  pseudo-logarithmically compressed 

and converted to  six b i t  numbers. On the ground the compression i s  removed 

using a lookup table.  The resu l t  i s  a seven b i t  number. Naturally, about 

half of the possible seven b i t  numbers never occur in a given subimage. Fur- 

thermore, scene radiance corresponding to  normal surfaces (Other than ice ,  

snow o r  cloud) occupy only the lower 252 t o  35% of the available range. As a 

P r e su l t ,  the total  range of scene radiances of in te res t  corresponds t o  a very 

small s e t  of d i s t inc t  sensor o u t p u t  values. This contributes a l i t t l e  to  d i f f i -  

cul t i e s  in completely removing s t r iping effects .  

comparison of Figure 3 ,  the original band 6 image, with Figure 4 ,  the pro- 

cessed version, shows tha t  the heavy, regular s t r iping i s  removed by the pro- 

cessing described here. I t  i s  instructive t o  inspect the lookup tables used 

for  each sensor. These are shown as s ix  subfigures in Figure 5. The short 

horizontal sections in the transfer function correspond to sensor values which 

never occur as a resu l t  of the decompression table lookup. The inverse trans- 

f e r  functions shown i n  Figure 5 appear to  evidence some nonlinearit ies.  This 

explains why the simple destriping technique described ea r l i e r  does not do as 

we1 1 . 
Comparison of Figure 6,  the original band 7 image, with Figure 7 ,  the 

p"". processed version, shows that  the regular s t r iping i s  removed here as well. 



The very l ight  s t r iping remaining in shadow areas amounts to  fluctuations of only 

one or two pixel values, b u t  may be discernable because of the human observer's 

sensi t ivi ty  to small differences of reflectance in dark areas. Inspection of the 

histograms of raw image data reveals uneven intervals in the analog-to-digital 

convertors used, which contribute to th i s  e f fec t  ( in  f ac t  some codes near major 

t ransi t ions never occur). The relat ive smoothness of the lookup tables used in 

destriping th i s  band, shown in Figure 8 ,  i s  in part due to  the fac t  that  no 

compression and decompression i s  performed on data for  th i s  band; s ix  b i t  

numbers l inearly related to  sensor output being transmitted direct ly .  The 

inverse transfer functions shown in Figure 8 appear to  be f a i r l y  l inear ,  which 

i s  probably a resu l t  of the l inear i ty  of the s i l icon photodiodes used for  th i s  

infrared band. One would expect then that  the simple destriping method would 
.-. 

be f a i r l y  successful for  th i s  - band. 

We experienced some d i f f i cu l t i e s  due to  the normalization processing per- 

formed on the raw LANDSAT data. I t  may be useful to  provide users of LANDSAT 

tapes optionally with the original data. Preliminary resul ts  indicate that 

s l ight ly better destriping may be possible using the raw image sensor values. 

I t  i s  also unfortunate tha t  areas of high reflectance produce scene radiances 

which saturate the imaging system. If t h i s  was not the case, image sensor 

outputs corresponding to  areas covered by thick clouds could be used in ca l i -  

bration of absolute reflectances as well as in normalization $or destriping 

purposes. 



10. Relation to  Histogram Normalization Methods. - 

A number of techniques aimed a t  the enhancement of images intended for 

human viewing are based on manipulation of the gray level histogram. Some, for  

example, transform the histogram into one considered more desirable [ 5 ,  6 ,  7 ,  

8 ,  91, e i ther  f l a t  or "hyperbolic". The suggestion has been made that  such 

techniques may allow for  changes i n  sensor character is t ics  or scene illumination 

[ 6 ,  8, 101. Several suggestions have been made regarding the d i f f icu l ty  in- 

dicated in Figure 2 relating to  the mismatch of two cumulative histograms. 

One can, fo r  example, increase the apparent fineness of quantization by taking 

into account the context of each picture cell  [7].  If  each picture cell  has a 

maximum gray level value m and k neighbors, one may mu1 t ip ly  i t s  gray level 

aBa, value by mk and subtract (or add) the sum of the neighboring gray level values. 

In th i s  way rank-ordering of picture ce l l  values i s  preserved, while the number 

of possible gray level values i s  vastly increased, bringing the dis t r ibut ions 

closer to  those found in the continuous case. 

Recent work on matching of images obtained by one sensor a t  different  

times i s  perhaps most closely related to  our work here on destriping [lo]. This 

so r t  of approach has however not yet  found much of a following in the remote 

sensing community [I  11. We be1 ieve our application of histogram "equal ization" 

t o  subimages obtained using sensors of a multiple-sensor system i s  novel. 



1 Conclusions. 

The 

1. 

2. 

3. 

f o l l o w i n g  can be accompl i shed us ing  t h e  method presented here:  

The e f f e c t  o f  d i f f e r e n c e s  i n  t h e  t r a n s f e r  f u n c t i o n s  o f  t h e  

d i f f e r e n t  sensors i s  removed. A l l  g ray l e v e l s  a r e  then 

r e l a t e d  i n  t h e  same way t o  t he  o r i g i n a l  scene rad iance  va lues.  

The o v e r a l l  tone-sca le  i s  preserved. That  i s ,  t h e  h is togram 

o f  g ray  l e v e l s  o f  t he  d e s t r i p e d  image i s  (approx imate ly )  

t h e  same as t h e  h is togram o f  t he  raw image. There i s  no l o s s  

i n  r e s o l u t i o n ,  n o r  i s  t h e  no i se  l e v e l  increased.  

The computat ion r e q u i r e s  o n l y  two s e r i a l  passes ove r  t h e  whole 

image: one t o  c o l l e c t  the  r e l e v a n t  histograms, another  t o  

app ly  t he  i nve rse  t ransducer  f u n c t i o n  represented as a s imp le  

1 ookup tab1 e. 
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13. Figures. 

Figure 1 .  

Figure 2 .  

Figure 3 .  

Figure 4.  

Figure 5. 

Figure 6 ,  

Figure 7 .  

Figure 8. 

a tran The t ransfer  function, x '  = f ( x ) ,  of sducer can be found i f  

the cumulative probability distribution functions of i t s  input, x ,  

and i t s  output, x ' ,  are known. 

When both cumulative probability dis t r ibut ion functions are discrete ,  

there may not be a value of x '  so that  P ( x t )  = P ( x ) .  Some rule must 

be adopted t o  deal with th i s .  

Original, unrectified image of band 6 ( . 7 p  t o  .8v) output of LANDSAT. 

Notice the heavy, reaul a r  s t r iping.  

Destriped image of band 6 o u t p u t .  

The destriping lookup tables for  band 6 -- inverse t ransfer  functions 

fo r  the six image sensors. The nonlinearit ies of the transducers are 

apparent. 

Original, unrectified image of band 7 ( . 8 p  t o  1 . 1 ~ )  output of LANDSAT. 

Notice regular s t r iping.  

Destriped image of band 7 o u t p u t .  

The destriping lookup tables for  band 7 - -  inverse t ransfer  functions 

for  the s ix  image sensors. These transducers appear t o  be f a i r l y  

1 inear,  differing mostly only as regards gain or amp1 i  f icat ion.  
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