
AD A072 509 NAVAL OCEAN SYSTEMS CENTER SAN DIEGO CA F/s 9/2
PROCESSING AND DISPLAY TECI*~IQUES FOR MULTISPECTRAL SATELLITE I~~ ETCC U)
APR 19 J A R O E S E

UNCLASSIFIED NOSC/TR ’439 NI.

I
,  

_

_  1 IL
HE I.



1•0 ~F2• ~ ~~
_________ ~ 3l5  2 2L. ~~~ _

=
~

3.5
I i 2 0I• 1  L 140  ___L —

_____ ~ I—

• • ‘
~

‘Huh1 2
~
1 IIo~~I ’ — ’~’

NATIONAL. BUREAU OF STAN~~ROS
~ CROCOP~ NESOIUTIO I TEST CH~~T



-
~~~

-
~~~~~ ___________________________________________________________________________________________

LEVEL

Cl)

.4

z
Technical Report 439

PROCESSING AND DiSPLAY
at~ TECHNIQUES FOR MULTISPECTRAL

SATEL LITE IMAGERY

JA Roese

April  1979

Final Report : 1 February — 30 September 1978

. T h

r > ORIC~~~~ 
r~~~~~~

’ ~~ ~~C— RE~’~~~ ~3 F . . . . JW .FWT~ _~~ \ !~
- . - • .~~~~~ -~~ —r~~ ~J)c_)

L~J~
Approved for public release; distribution unlimited

NAVAL OCEAN SYSTEMS CENTER
SAN DIEGO, CALIFORNIA 92152

~‘ ‘S-, 

~~~~~~~~~~ _



- ~~~

- -  
-- - -

~~~~~

--

~~~ 

- — -  -- -

NAVAL OCEAN SYSTEMS CENTER . SAN DIEGO. CA 92152

A N  A C T I V I T Y  O F  T H E  N A V A L  M A T E R I A L  C O M M A N D

RR GAVAZZI CAPT USN HI BLOOD
Commander Technical Director

ADMINISTRATIVE INFO RMATION

This report summarizes work performed for the FY78 t R u ED Satellite Image
• Processing Program. Program Element 61 152N . Task ZROI4-08. This work was

performed during the period February through September , 1978.

Released by Under authority of
DA 1-lanna , Head HA Schenk , Head
Signal Processing and Undersea Surveill ance Department
Display Division 

~~~~Ii- ~~~~~~~~~~~~~~~~~~~~~~~~ — 
- __________



.
~~~~~~

-

UNCLASSIFIED
SEC U ’~i1’Y CLASS iFICATION OF THIS PAGE (1Th.n D.t. Ent.r.d)

READ IN STR U CT I ONSREPORT DOCUMENTATION PAGE BEFOR E COMPLETING FORM
I , REPORT N U M B E R  A2 GOVT ACCESSION P40. 3. RE CIPIE N T ’S CATAL .OG N U M B E R

Technical Report 439 (TR 439) ( 1  _________________________________
~ 4. TITLE ( ,,d ~~~~~~ ~~~~ - • 

S. TYPE OF REPORT & PERIOD COVE RED

Processing and Display Techniques for Multispectral Satellite / Final : 1 February - 30 September IY 7 tt2 
~~~~~~~~~~~~~~ . 

~ 6. PERFORM iNG ORG. REPORT NUMBER

• S. C O N T R A C T  OR G R A N T NUMSIR(I)

.4oese , ./

- . . . 
—

9. P E R FOR M I NG  O R G A N I Z A T I O N  N A M E  A ND AD D RESS ID. PROG R A M  ELEMENT. P R O J E C T . TA SK
A R E A  6 WORK UNIT NUMBERS

Naval Ocean Systems Center 61 1 52N , ZROI4 -08
• San Diego. CA ~2 I 5 2

/ 
_________________________________________________________________________________

$2. R~ POW1 ~~*TE // 
-

I . C O N T R O L L I N G  OFFICE N A M E  A N D  ADDRESS 

Apifr4’~79
Naval Ocean Systems Center 

~r~~
_
UM.ER Or P~~ E~tSan l)icg~~. CA 92 1 52

II MO N I T O R I N G  AGENCY NAM E A AD O RESS ( I (  dIff.,wt f~ro’ Co’~I rof l tog Olfic.) 15 SECURITY  CLASS.  (of 11,1. t.po~~,
,

/ ‘ 1/ I _________________________________/ ~ —‘ I S.
- - - SCHEDULE

16. DISTRIBUTION S T A T E M E N T  (of ml. R.pori) ‘7 ~Ptnal r’ept 0 1 Feb—3~ Sep 78 ,Approved for public release , distribut ion unlimited

‘7 DIST R IBUTiON STATEMENT (of th. .b.1?.cI .nl.r. d In Block 20, II dffl.t ,t lP~~, R.poti)

\~~ 
-

~ / 7r , —~ ,~~~~ ~ 
Z~_ OJ.4 3)

IS SUPPLEMENTARY NOTES

OP!C~ ~~~REPPO C~~~
IS. KEY WORDS (Canllnu . on r.v.ra. .Id. If n.c...~~~ wd SdsnUfr b~ block rna b.r)

Digital image processing Satellite imagery
Display systems Stereoscopic displays
Multis pectrai imagery
Remote sensors

20. ABSTRACT (Conflilu. on ~~~~~~ .ld. If nec.I. y ,d ldsnIlIy b~’ block nu..b. ,)

i_-’ In recent years, the technology area of remote sensing by multispectral satellite sensors has evolved greatly.
Imagery obtained by satellite means has been the basis for much work in the areas of environmental studies ,
resource planning, terrain mapping, weather prediction and militaiy reconnaissance. This program effort has
investigated the application of various image processing and display techniques for use with multispectr al
satellite imagery . Emphasis has been placed on the development and implementation of two-dimensional
processin4techniques applied in the domain of the original image . Two-dimensional transform domain image
processing~ nd display techniques were also adapted for use wi th satellite im ageiy . ~+

DO I~~~~~
’
~ S U73 I EDITION OF I NOV S$ IS OBSOLETE UNCLASSIFIED .

~~~ ~~~~~~ 
_~~~

_ ,~~~~ ? •
.

S.4~ O1O2.LF-O~4.ooO7
SECURITY CLAUIFICATION or tsIS PACE (~~i.e Del. Iiw.s.d)

79 .

• 1 - ~-

—~~—.-. - . ---—.----.-.- .

- ~~~~~~~~~~~~~~~~~ — _ _ _ _ _ _ _ _ _ _ _  
- . -

~~~~~



OBJECTIVES

I. Investigate utility of two-dimensional image processing and display techniques
for use with rnult ispectra l satellite imagery .

2. Where appropriate . incorporate for application to satell ite imagery the two-
dimensional transform and linear !nonlinear image domain processing and display concepts
previously developed for acoustic signal space displays.

RESULTS

I. Linear and n onlinear image domain processing techniques have been shown to
produce enhanced representations of rnult i spectral satellite imagery .

2. Two-dimensional Fourier transfo rm processing has been successful ly applied
to cloud structure analysis of satellite imagery.

3. The adaptation of field-sequential stereoscopic techni ques for displaying
composite visible/infrared spectrum satellite images has been successfull y demonstrated.

4. The use of a three-coordinate cursor as an interactive aid for determinin g
cloud height and temp erature information has been shown to have potential for meteoro-
logical image analysis applications.

RECOMMENDATIONS

1. Continue to develop and re fine two-dirn ensionai image proc essing algorithms
for the enhancement  and display of multispectral satellite imagery .

2. Investi gate alternative display techni ques for the simultaneous pr esentation
of visible and infrared as well a~ other combinations of remotely sensed spectral imagery.
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SECTION 1. INTRODUCTION

In recent years , the technology area of remote sensing by satellite-borne sensors
has evolved greatly. Imagery obtained by satellite has been the basis for much work in
the areas of environmental studies , resource p lann ing, terrain mapp ing, weather analysis
and mili tary reconnaissanc e. These activities have been aided by the fact that  many
satellite sensors provide geographic ally coincident scans in mul t ip le  spectral hands in-
clud ir i g visible for sensing retlectivity and infrared ~lR )  for recording thermal information.

The manner in which mu ltispectra l  imagery is p rocessed and displayed to the
* user is important to the ul t imate  analysis and inter pretat ion of satell i te imagery . The

purpose of this program effort has been to investigate the u t i l i t y  of various image pro-
cessing and display techniques for use wi th  mu lt ispe ctra l  satell i te imagery . The program
emphasis has been on the development and imple m enta t ion  of two-dimensional techniques
applied in the domain ot the original image. W hc i  . Ipp r opr i a te .  transform domain image
processing and display concepts previously developed f or  acoustic signal space displays
we re also adapted tor appl ica t ion  to sa t e l l i t e  imagery .

A major program obje ctive was the establishment of a data set of representative
multispec tr al satellite imagery . Satell i te images obtained during the course of this effort
were taken from the following sat e l l i te  platfo rms: l)efense Meteorological Satel l i te
Program l)MSP : N i n i b t i s  (~: N a t i o n a l  Oceanographic and Atmospheric Adminis t ra t i on
(NOAA ) 5 weather satell i te :  Synchronous Meteorological Satellites (SMS ) I and 2: and
from a Pioneer deep space probe t~vhv of Venus. Images from this data set are used in
the body of this  report as ex amp les i l lustrat ing the opera t ions ot th e image processing
and display tec h ni ques i nv e stigated .

The disp lay and processing resources of the N () SC Display and Image Processing
Laborator y were used in obtaining the resul ts  presented in th i s report. A description
of this laboratory k given in appendix A.

SECTION 2. SATELLITE IMAGE PROCESSING TECHNIQUES

An extensive set of p rocessi n g tech n iques ex i s t s  for the enhancement  of two-
• dimensional di gital  imagery . These techniques include operations P erformed in the spat ial

domain of the original image as wel l as operat ions which require transform domain repre-
sentat ions  in terms of the spatial  fre qu & ’ncv con t ent  of the  imag e .

The techniques discussed in this  section include both l inear and nonl in e ar  sp atial
domain pro . essing methods and two—dimensional Fourier transforms for spatial frequency
domain image representations. The techniques investigated were selected on the b .isis
of the e ft ec t ive ness  for image enhancement  and analysis operations and on their  com-
putational re qu i rements .

INTENSITY SCALING

A common source of ’ low image qua l i ty is poor contrast resu lting fro m a
dynamic  range of recorded sensor data va lue s . A powerful technique for improving or
enhancing contrast  wi th in  an image is to resc alc the sensor data  values for each discrete
picture element (p ixe l )  of the displayed image.

3
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Linear , piecewise linear , and nonlinear mappings can be used to perfo rm intensity
resca ling. Piecewise linear and nonlinear mappings are of particular interest because
relat ively l arge port ion s of ’ the pixel  in tens i ty  dynamic  range can , for example , be
allocated to the display of a small range of high in terest  dat a values in the original image.
In addi t ion ,  on—lin e  as~i g n i n e n t s  of these mapping s can he made for operations involving
imager y a na I ~ si~ per formed in an in te ra c t i s  e mode.

An original N ( )AA vis ible  ‘peel rum satel l i te  image is shown in figure 2- I (a) .  For
comparison purposes linear,  piecewise l inear , and nonlinear rescaling mapping of the NOAA
image are also i l lus t ra ted as figure s 2- 1 ( h t  through 2 - I  UI ). l h e  resealed images demon-
strat e tha t  impr ovements  in perce ived image de ta i l  can be ach ieved as a result of
i n t c n s i t ~ res cal ing. l: r eI.) uc i c~ h istogra m s tom the  images in figure 2—I are given in
figures 2-2 a 1 th rough  2—2 (( I ). In the  t r equenc~ his t ogram s . th e  range of sensor data
values for t he  original  Im age Is shown along the N ax i s . These data values are tv pi caI l ~
biased ,i bu s e /i.’ro w i t h  a dv na mic r ange which  Is ~ i c  1.1 l~ not well matched to the ~4—
leve l d~ i lan t ic  r ang e of the  ( R I d i s p l a ’  des I I I ’ shown on the Y a xis  In these examples .
the d i s t r i bu t ion  of da ta  a l l I e s  f o r  t h e  o r ig ina l  image is determined h~ comput ing  the
image I r e l t ime n c~ his t ograni svl i i d )  Is a measure  of the  number  of occurrenc es of each
data s a m e w i t h i n  an image and pr ov id e s  a p r o b a b i l i t y  d i s t r ibu t ion  of the  image data
s al l ies . I he Ii it i t s  of t he  non iero  e mi t  ri cs in t h e  t req u en cv Ii istogram gi s e the  dv namic
ran g e l I t  t h e  in agt ’ d a ta  s a h i e s .

I gor e  2- I  ( a )  show s th e  o r ig ina l  \( )-\ .~ i s i t i l e  spec tru m ~magc . while figure 2 —2
f a t  i l l u s t r a t e s  t h e  cor r espondin g f r cq t i e n c~ h i s t o g ram w i t h  a s tandard l ine ar  n t e n s i t \
m apping .  I ru in these t i g l l r e s . it  c a i l  he seen t h a t  i hi .’ or ig ina l  image data at t i cs  are
mapped I n t o  on l y  a subset i ’l t h e  as a i l a h i e  p ixe l  d i sp la y  i n t e n s i t i e s . Thus the  d n a m ic
range of the  ( ‘ R I  d i sp lay  des l I e  is nu t  t u l l~ i l t i h i / e l l  for  disp l a y i n g  t h e  or igina l  image
data .

An in i pro s - e u i en t  in the  con t r a s t  t i t  t h e  \( )A A  image is , i i . l i i c sed  h~ the use ot
a l inear  mapp in g  s~ l i t c h i  is ma t ched  to t h e  range ol the  or ig ina l  image da ta  values. i h i s
s i t ua t i on  is i l lu st ra ted  in fi gu res 2- 1 b 1 .tnd 2 - 2  b where ,i l inear  mapping  e x t e n d i n g
t r I I m  t he  i l ) i i l t i f l h i I ) )  to the  m a x i m u m  data  va lues  in t he  ori ginal image is used. The e f f e c t

of this t y p e  of simple l inear  in t c n s i t ~ resca h ing t o r  contras t  enhan cemen t  can be seen by
not ing  the presence of bac k gro u n d  land masses in t igure 2-1 ib  w h i c h  were not observed
in the  or iginal  i i i i . I g e  of f i gure  2-1  f a t .

I t i r t  her cii h a i i i . e m e n t s  in se el ( i.~d segments of the  or igina l  N( )A A image ca n be
achieved ss it Ii p ie cew se l ine ar  r i t app i r i gs . l o r e ~am ~‘lt ’ , t h i ~ in ni t  ipl e mod e na t  nr c of the
i mage t r e q u e n c ~ h is togram c m  he d ir ect l ~ a t t r i b u t e d  t o  d~:t a s a l l i e s  generated b~ the
la rge wa t e r , land - m d  cloud masses in t he  origina l data image A pie cewise linear

— m app it i g  s~ is selected to  increase th :  p ort io n of the  displa y i.les ice d v n a m i i - r ange assigned
to the lower m n t e n s i t ~ water and land regions of the  image at the  expense of the re maining
cloud , I r e , I s .  [he re sult of th i s  pie . ewise l inear mapping is shown in f igur e  2-I  ( c I.

\ pos~- e r I t m I  n o n l i n e a r  resl .d in g I c - . h i l i l t I l l i . is his togram equ al i i a t i on .  The histog ra m
e t i m m , m h m f a  ( ion prucedu re re sc:m les image (I~m Ia v a t  t ies such t h a t  (iii ’ treq uenc~ his togram of
the  ad it i s led  i m .mge  is a pp r o x in i a t e l v  u n i f o r m .  In  an image wit h a u n i f o r m  h istogr am . t he
( r i 1  h u l l  of t he  t o t a l  n i m i t i h e r  of p i x e l s  i t  each d , i t , i  v a lue  is near ly eq ua l.  t h e  algor ithm
fu r  resI . i h i m i g  t h e  dat . i  s . m h i i c s  I l l  the  original ima ge b r  h is to gram equa l i i a t i o i i  is

~ 
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(.1 ) Original Im age ( h )  Linear Intensity Scaling
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I PmeLe wise Linear Intensity Si.alm ng (d ’f h istogram Equalii atmon

Fi gure 2-h ,  Comparison of original NOAA visible spectrum image with linear , piecewise linear , and nonlinear (histogram
equal m Led) intensity scaled image s.
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(a )  Standard Linear I n i c n s i I ~ M apping (b)  Muddled Linear Int
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computationally simple. The pixels with the lowest data values are grouped together until
their population approximately equals the desired fraction of pixels assigned to the firs t
intensity level of the scaled image . These pixels are then assigned this intensity value.
The proc ess is then repeated for the remaining pixels of ’ the original image. In order t’or
t he histogram equalization process to properly assi gn all pixels with the same data values
to the same intensity level , the nu m ber of intensity levels in the resealed image must be
less than the number of data values in the original image . In s i tua t ions  where the number
of levels in the original and resealed images is the same, random redist r ib ut ion proced ur es
must be employed to resolve intensi ty  rescaling ambiguities.

Figure 2- 1 (d)  illustrates the NOAA satellite visible spectrum image with resca ling
to achieve an approximately unifo rm histogram. The mapping from the data values in
the original image to the 64 intensity levels for the CRT display device is illustrated in
figure 2-2 (d) . Histogram equalization for this image re su lts in an e ffective ut i l iz at ion
of the CR1 display dynamic range that permits the observer to simultaneously view all
data values wi th in  ihe original image

Histogram equalization is a usefu l tool in the analysis of ’ natural  images , since
the distribution of pixel data values is often skewed toward the lower levels Images
w it h sk ewed d istrib u ti ons can obscur e de t ail w ithi n the lower data v alue regi on s.
Resca ling using histogram equalization techni q ues will often improve the visual perception• of detai l wi th in  an im age.

NONLINEAR EDGE DETECT ION

A common requirement in the analysis of remotel y sensed imager y is the detect ion
of edges or boundaries of intensi ty  t ransi t ions  A freque ntly used class of image edge
detecto rs is based on nonlinear  combinations of intensi t y  values using adjacent sets of
four or nine pixels.

A simple square root edge detection techni que is t h e Roberts I cross ope rator for
2 X 2 regions of ’ an image. The Roberts cross operator is basically a two-dimensiona l
differen e ing technique and is det ’ined as

• R SR ( x .v )  = I I  x . y )  - I t x  + I .  y + 1 ) 1 2 + 11 (x . y + I )  - l i x  + I .  y ) ~ 
2 ( 2 - 1 )

where I ( x .y  is the pixel in tens i ty  value at location x .y and R SR ( x . Y )  is t he edge detection
measure . A simpli fi ed form of the Roberts cross operator requiring onl y the  computa t ion
of magnitudes of differences between adjacent p ixe l  intensi t ies  is given by

R M ( x .y) = l (x .y ) -  l(~ + I . y + I )  + l ix .  y + I ) -  l i x  + I .  v i  (2 -2 )

An extension of the four-element d i fferene in g techni q u es used ~ ii the Roberts cross
operator to a nine-element pixel subset has been introduced by Sobel In this technique
a two-dimensional nonlinear edge detector is applied to 3 X 3 reg ions of the image The
edge detection measure for the Sohel operator. S(x .y ’). is defined as

Roberts , LG. Machine Perception III Three -dimei ’sional Solids in Optical ari d I l e ct r o— optic a l Information
Processi ng. Ji Tippett et al , edi tor s.  MI T Press. Cambridge . MA l u i ~ .

2 Dudd , R() and Il ar i , Pt ’ , Pattern (‘ lassit lealion and Scene Anal y sis . Wiley . New York. l ’) 7 3
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S x , v )  = ( (Ver t .  D11 1 + ( Hon . i ) i f ) (  1 2  ( 2-3a)

where

‘- ‘ert Dii [ l ( x +  l . v +  h ) + 2 l ( x + l ,~~) + l ( x +  l . v -  1 ) 1  ( 2 3 b 1
j I ( x - l ,~~~ h ) + 2 l ( x - - l .~~i + l ( x — l .~~~- l ) [

and

lIorz Dii = [ l i x  — I . y + I )  + 2 1( x .  y + I )  + l i x  + I . y + 1 ) 1 —  (2 - 3c )
[ l i x -  L v -  I ) + 2 I ( x , v -  I 1 + I ( x +  L v —  l i i

The Sobel edge detection operator pr ovide s an edge detection measurement  value f o r  the
ce nter  pixel  location for  each 3 ~ 3 regi on of the in 1a c~ an alv , ed

Both the  Roberts and Sobel edge de tec t ion  operators  ha v e been app lied to  sa te l l i te
i mages. Fx an i  p hI’S oh )tain cd w i t h  the  Sobel operator  fo r  a l)M SP sa te l l i t e  image are shown
in t ’igures 2-3 and 2—4 l : ig ti r i .. 2-3 h f  giv e s the edge map corresponding to the maJor
geograp hica l heat  tires and cloud s t ruc tu res  in the  DM SP image File in tensi t i e s  in (lie
edge map are the St x .~ I values for each locat ion ( e x c l u s i v e  of the  borders ) in the original
image N o te  tha t  there is a large dy n a m i c  m a n g e  h u u i  t i l l ’ d isp la’;ed St x v )  va In ’- in the
eil~ c map. Areas w i t h  weak or no edge content  in the  or iginal  image have low ~( x .y 1
values , and regions w i t h  st rong edge s t r u c t u r e s  have correspondingl y high Si ‘s. I values.
A va r i a t i on  tu i i  the  basic method b r  disp lay ing  h i t ’ Sobel edge detect io n measures is
shu ~wn in f igure _ -‘4 . i i i  t h i s  e s i m p l e .  t i le computed  51 x v  I sal l ies were compared against
a thresho ld.  S x.~ ) s a lti ~-~ exceed ing  hi e Eli r i. -sho ld are disp layed at  a f ixed  in te n s i t ~-
level in the  ed ge map of f igure  2—4 i i i ) . while  Sf x~ I va lues  less t h a n  the threshold are
e l iminated  1 i iresho kl ing  of Sohel edge de tec t  ion m easures in an in te rac t ive  mode
of operat ion Provides ,i usefu l t e c h n i q u e  fo r  i so l , i t  log st rong  or sveak edge structures
wi th in  an image -

~1EDI AN FILTERS

The concept u u l  med ian  f i i t e i i n i . !  \ s a s  f i r st i n t r o & l t t c c ’d by i uk e v . -~ M e d i a n  f i l t e r s
are .i J j ss u t  n o n l i n e a r  pro cessing t e c h n n t r i i ’s p r i m a r i l  i n l ende d  f o r  s p a t i a l  noise suppres—
si omi and a r t i f a c t  removal in d i g i t a l  imagery

Both one— and t w o — d i m e n s i o n a l  i n i p l e n i e n t a t i u m s  of ‘‘iedian f i l ters  have been
— developed. The one—dimens iona l  for l i t  of the  median  f i l t e r  is comprised of an odd length

sequence of h or izon t a l I~- or ver t ica l l y  adjacent p ixel  values. The action of the median
fi l ter  i s to replace the center  pixel  va lue of t h e  sequence w i t h  the  median  of the p ix el

— values w i t h i n  the sequence. By de f in i t i on , the median  of an odd length sequence of
length N is t h a t  e lement  for  which ( N — I )  2 of the  sequence e lements  are smaller or equal
in value and the  remaining  ( N - I )  2 e lements  are larger or equal in value.

Examp les of app ly ing a one—dimensional  med ian  f i l t e r  of length five to a va r i e t y
of signal types are i l l u s t r a t ed  in figure 2— 5 ( a )  th rough  2—5 Ic ) .  in these examples it
can he seen t h at the  median f i l t e r  does not a l te r  the  simp le step and ramp funct ions

iik e~ lW 1-sp loramory l ) a ia  .- \ i i a k  sis A i l u h i s u u i i - V u t’slc~ - Reading M -\ t u ’ i
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( l i t  l u l ~~ e slap

Figure 2 — 3.  A pp l y  a l l  i t  of n u u m u l i m i e a r  Suul ~cl ed ge d etec t ion opcr —
ator mu l ) \ I S I  s a m e l t i t u ’ u u i t a c y  Fl te  edec nap m il k a l e s  t he  loca-
tio n and relativ e s l r t ru ~ lh ‘ I i l l  ed ges u l e l e ~ cd in die image .
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I t )  Or igi n al  Image

~~~~~~~~~ ‘ •~4~I hut  hi i i ,mi ’ & ’ I ~~~ \ l u  s~i m l u  I h u r t ’ s h t u u h u l i l l u !

I m g u r e  4 . \ p~u I i  i~~t u I u . u i i l i i e t m r  ‘~ hu ’l ed ge de te ~ l i on  iper
i i i  l i t  I ) \ t s l ’  s , miu _’ l l i t u ’ u i u i i g u  h 1 u r e - ~l i u u l d  i u i gu ’ i m i ap s l t u u t ~s all de—

i & ’u i t t  cd ge~ I s~l i i ~- Ii  l i t  S F~ - I eu l e t  d e i c -~ i l u i l  n i c a su r t ’  exceeded
a t hu i c s l i u u l u l  s . i l i i ~- .
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- : Ori g ina i Median F,i ier ed

UILIL[[fl riii HL l
( a )  Step I u n ctlo n

t b) Ramp Funct ion

I I I D 1 L 1  1 1 1 1 1 1 1 1
(c i Single Pulse

~Ij_ 1 
i~~~~~~~~ H H H H

Id) Double Pulse

JI llii 1H ih~I.’) Tr ip le Pulse

1 C u R  2 _ S  A pp l k a i m u u r l  i i i  u mk ’ -d l i mw t i s i u t nal  m edian f i l t e r  ( if length five
to va r ious sim~r ial  t’~ pes

hut does successt t i l l s  c l in t  m a te  pulse f inlet ions whose e x ( e m t t  is less (har t  one—hall  of the
length of tilt ’ med ian fl it ci seq t i e  ice.

I - x ten sion of median f i l t e r ing  l i t  tss o t l in tcmis i  i l l s  require s t ht t ’ specificatio n of
intersect ing hor i z on ta l  and vertical odd leng th  sequences . For t wo—din t ension a l median
fil tering, the  center  value is repl aced h~ (h e median  value of the  com hu m i ed set of elemem its
i n the horizontal and vert ical  sequences.

A ref inem it ent to two—dim ensional  mit ed i a m i l i l t e r imig  is to allow different  length
sequences in the horizontal and ver t ic a l  d i r e c t i o n s . An examp le of this  approach is
shown in figure 2-6 where a two— t i i mensiona l  med man f i l t er  of • t~x ( emit five e lements
horizontally and nine elements vert ical ly was used to rem ove the dot pattern introduced
by t h e optical sy stem of the  s e i l s i u m .  Thus , in add i t i o n to sp . i l i . i l  noise suppression
applications , tw ~~din iensio nal median fi lter s can he s a t i s f a c t o r i l y  used for speciali zed
s i t u a t i o n s  such a’. r em oving  im l i a g ing  , l r t i t , i ~ ls

DISCRETE CONVOLUTION FILTERS

The class of disc rete convolut ion  f i l t e r s  permits  the  applicat io n of low pass and
high pass spatial domain fil ters t o in lage r ~ dat  .m. (‘onvolut ion is of fundamenta l  imp or—
tan ce in m any signal proce ss ing  app lications ami d p m o v id t ’s a l ink betw een operations per-
form ed in the spatial  domain am id in the Fourier transfo rm spatial  frequency domain

I I
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( a )  Origi n al l i i  i ’ i

-

~~~

r -

( l i )  Med ian I i ’ - r d  I mage

Figure 2—fl .  App lic a t ion  of m w o - d i i i i u ’ m i s i u u i i a l  mnt ’d iam i t i l l e r  of
he ri gi ii five h iri ,’i n I a ll y anti n inc se r hm ~ a l t ~ i i i  r emni we mm aging
s~ sii’ i i i  , i i i i t a i  I ’, f r i u m i t  Pi oneer fis h~ image ii) cloud structure s
on Venus.
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a

The convolution of two spatial domain f’unctions , f ( x . v f  and g(x ,y) is given by

f(x, y )  * g(x,y )  = f’(a , Ø)g( x — 
~~~
. y — 

~~) d~ d~ ( 2-4)

where ~ and ~ are d u m m y  variables of in tegrat ion.  The discrete representation of the
convolution relationship is

f tx . v )  * gtx .y l  = i (m ,n )  g(x-m . y-n) (2-5 )

n i O  n 0

for x = 0, I M -I  and v = 0. 1 N - I , where f i x , ~. ) a nd g x . ~ 1 a re d iscrete arrays of
site A X B and C X D, respect ive ly , and M arid N are chosen according to M = A + C —

and N = B + I) — I to avoid wraparound errors in die com i vo lut io n periods of f ’( x . y )  and
gtx .y) .

By le t t ing  f) x , y )  he the pixel intensi ty  values w i th in  image arrays of size A X B.
di rect imli age convolution comp u tat iom i s can he made for  arbitrary gi x .y )  f i l ter  kernel
ar ray s Representative g( x .y )  kern els for  h igh pas s convol u t ional  f i l ter ing include

0 -l 0
-1 5 -

~~ 
( 2-ôa)

o -i 0

— l —l —i
g1j p (x .~ ) = -l  ~t -i 2-6b)

— t  —l —I

and

I -2 I

g11p( x .y )  = -2 5 -2 ( 2-ôc )
I -2

These fil ter kernels have the property that the sum of their elements is unity and , therefore ,
they do not introduce an in tens i ty  bias wi th in  each fi ltered 3 X 3 image array

Figure 2-7 i l lustrates the application of the high pass fil ter kernel of eq. 2-6a to
t he DMSP satel l i te  image. In the filtered image all local intensity transitions or edges
have been enhanced by relatively suppressing the low-frequenc y components in the
image.

The concept of discrete convolut ion fi l ter ing can also he used for image edge
enhancement by application of low pas s filters , Example low pass f i l ter  kernels include

13
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( a )  Orig inal Image

as ‘~~~~~~~~~~~~ 
‘I.,-~~~~~~~~~~~~~~~~~~~~~ S~~~~~~~~~~~~~%- ____i 

I

-”
k , ’.

.

~~ I

..I.

a-

, , ~~~~~~
( li ) Uigh Pass Filtered Image

Figure 2-7 . App lication of high pass di~~rct e convolution fil-
(Cr l i i  I)MS P satellite image. An enhancement of edges within
the ima ge results from high pass fil tering
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g~p(i( ,Y)  = 1/9 1 I I (2 -7a )
1 1 1

I I I

gLP~~~~~~ Y t  = 1/ 10 I 2 I (2- 7b )
I I I

and
2 I

= I 16 2 4 2 ( 2-7 c )
I 2

In these kernels , th e sca l i ng f~icto r provides local nom iali zati on so t ha t  the low pass
filtering operation does riot introduce an i n l e n s i t ~ bias in the filtered image.

In certain circumstances . the  f i l ter  kernel can he ext ended beyond the 3 X 3 arra y
si ze shown in eq 2- v . For example. figure 2-~ i l lustrates  the appl icat ion of a low pass
convo lut ioi l f i l t er  ker n el of the forrti of eq 2— 7a for  art array size of ~ X 7 and a scaling
facto r of 1 4 1)

By coniparison of the  original arid low pass  f i l te r e d versions of the 1)MSP i m age used
in this exa mp le. it can he seen tha t  the  effect ot low p .iss f i l ter ing is t o  smooth the  i)M SP
image by el im inating the  hi gh spatia l  f requenc y im ita ge componen t s while ’ pre serving local
average in tens i t y  levels

UNSHARP MASKING

The tech n ique of un sharp masking for d ig i ta l  images evolved fron t methods developed
fo r  enhancement  of edge’s in photographic imager y . In d igi ta l  unsharp masking, a low pass
filtered version of (li e image Is generated us i n g  di screte convolutional  l’i ltering or Fourier
transfo rm techniques . The low pass image is then subtracte d from (lie original im il ag e on a
pi xel-by-pixel basis  The unsh arp masking re la t ionship can he expresse d as

I~~~ ( x . y t  = X l i x~ - ) —  ( I — A ) 1 1 p ( x. s )

w here 1 x , v t  a nd 1Lp~’~~ 
I represent (he p ix e l  t n t t ’ r i s t t i es  of t h e ’ ori gi n al ar id loss pass

filtered images . r e spective I~ . arid 0 < A I is a weigh t ing  f a c t o r

The basic premise of un sharp n i askir i g is t ha t  the origi n al image contain s both
high and low spatial f requency compon ents. Thu s , subt ract ing a weighted low p~~
filtered version of the image from the original wi l l  leave a re’sid ue image wi th  emphasized
hig h spatial f’req uency com pon ents  and a re sultant enhancement  of edges .

The main variable in the t ’nsharp ma sking tec him ii q ue is the value used for  the
wei ghting factor , A. From eq 2— s . it ca n he seen tha t  (or near un i t y  value ’, of A . only
sligh t edge enhancement will occur si n ce the emphasis is p laced ott the con tr ibut io n of
the ori gi nal image. Conversely , small A valu es will  g rea t l y  i’\agg er . ite edge str uctures in
the resulting image. Figure 2- ’) shows var ious e’dge enhancement ef f e c t s  on (he l)M SP
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(a) Original Image

. 4~
a

U

i~ (h I Lu w Pass Filtered I m age

Figure 2-s, App lication of low pass discrete convolution fi l ter
t o DM SP image. 11-ic result of low pass filteri ng is a smoothed
representation of the orig inal image .
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( d l  Ong in a l Image . ~ = 1.0

(h) X = O h c
I- i gmi re ~ — ‘~ - ‘ i i  ~t m ,m rp iii asking I ccli n m q tie I i i  r edge enhi ancem en
app lied to th e I)MSP saie’lli e image’. The degree t ed ge enhance-
mc iii is 011 it’ased I i  sm aller values ‘t the A wc ngh t m n g fa ctor.
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image for diffe rent value’s of the A weighting f~ ctor Figure 2-9 ( a )  il lustrates a A valu e of
1.0 which corresponds to the origin al image with  (to enhancement  In figures 2-9 ( h I
through 2- ’) (d )  t he weighting (‘acto r A is decreased to sh ow increasing e f fec t s  of high
spatial frequencies. In par t icular ,  fi gure 2- ’) ( d l  giv es a nearl y equal sveighting (A = 0.51
to the original and low pass f i l tered images. which  leases c sse n t i a I l ~ only  the edge s t ruc ture
of the image.

TWO-DIMENSIONAL FOURIER TRANSFORMS

The t svo— dini ensio n a l Fourier tr amisfor m eleconiipo ses imagery d ata in t eriti s of
horizonta l  arid vertical  spatial frequency compon ents  The display and interp r etat ion of
t he spatial frequency representation of art image is a valuable tool for detect ing and
measuring p erio dicU ies in spa t ia l  im age pat te’r ns. ‘I l ie  ma t h e m im a t i ea l  form ula t ionis  (‘or
two—di n ien s io n tal t r a mi s fo r n i s  of images are presented  in a p p e n d i x  11

As opposed to discrete ’ convolut ional  f i l ters  which operate on successive local
suharra vs of ’ ,ii i imag e . t ran sfo n t i  techniques  gene’ra ll y deal w i t h  e n t i r e  in t l ages  or large
ima ge suhar r . m ~ s . Titu s . &ie’te’e’tiot i  and enhancement  operat ions for low f requenc y spat ia l
p a t t e r n s  tha t  L ’ v t en d  over large por t ions  ot an image are geni era ll v per tor m ed using t ransfo rm
d on ia i r i  t t ’chn ique ’s ra t h e’r than  (he loc ahi ted spa t i a l  d o m a i n  c o n v o l u t i o n  kernels ,

Two examp les of  Fourier  t r a n s f o r m  deco tt i pos i t i ons  of NOAA sa te l l i t e  images of
cloud p a t t e r n s  are shown in fi gu res 2— I 0 and 2 - I l  - In - i  these examp les . the original
satel l i te  image is shown in the  upper k’f ’t q ua drant ,  Tire ~ u(Iuie’d area within th is qu adran t
im i dicate s the i r , m n s t e ) r m e d  region of ’ the  image’ I h c  upper r ight  q uadr an t  shows the  magni—
Ride of the  t w o — d i n i i e n s i u u n , m l  Fouri er  t r ans fon u .  l’ rans t ’orm phase info r i t i a t  ion is nu t  dis-
p layed in - i lii is I u r n n a t  ,- \n e x p an d e’d s i e w  about  t h e  origin iii  (he  t r ans f o rm domain  is
shown in t he  lower  ri ght t quad  ran t  M eas u re m en t s  of t h e  h o r i z o n t a l  and v e r t i c a l  spat ia l
frequencies  amid o r i e n t a t i o n  of .t sele 1-t ed sp a t i a l  P a t t e r n )  m t  f l i t ’ orig inal  image are’ sl t c i ~v t i
in the lower q u a d r a n t  -

— In f igure  2—10 . a N ( )A-\  s a t e l l i t e  image is sh own w i t h  a p r e d o m i n a n t  spa t ia l
fea ture  in t h e  out l ined sect ion consis t  in i g  of large d iagona l l y  o r ien ted  cloud fo rn ta t io mt s .
The Fourier t r ans fo rm decomposi t ion shows high magn i tude  i f l t C n s m t~’ c oncen t r a t i on s
at t he low spatial f requencies  wi t h  lit  ti e ’ high s p a t i a l  f r equency  con t en t .  \leas urt ’tl pa t te rn
parameters  for the m a gn i t u d e  coilcc’n ( r a t ions  corresponding to one of t i l t ’ mn a ,ior image
pat terns are di splayed in t h e lower left qu a d r a n t t .  H~ way of compar ison,  the  cloud
patter ns in (lie \( )AA image of ’ f igure 2 — 1  1 coitt a m nu m erou s pe’nod ieitie s m t  t h e i r
spat ia l  pa t te rns .  This t a c t  is al so reflected iii (lie t ransfo rm u,lon ta in  decomposit ion by t h e ’
p resen ce of a large n u m b e r  c c l  t r ans fo rm u la gn i t  t ide concen t ra t ions  at different spati a l
f r equency  b eat ot t ’.. Me , i s i i r c ’~t p z i ( ( e’rn parameters  fo r  the ’ e rte ’rgv conec’n t r a t io mt  c o n e s -
p ont l ing to one c u t  (lie n ta i or  imi tag e pat te ’rns are also d sp l ayed i t t  t hus  examp le.

* The l - c c c m i i e r  t r a n i s i c u r n i  utcun na i n u d i sp las t cr , uu , ul ’. of f i g u r e s  2—10 :und 2 - I f  are alt a d m p i . i i i c c n u  ot f c u r n n a t s
ilc ’velcc p ed ( c u t the  di sp l, i~ and auc:c l ~ sts c i s ’ a i l c c u i ,  l \  pes c u t  m~ 11151k si~~~i l spa~’e u u u m , i g e t s  as ile ’~ nhed in
\ ( )S(  I R ~~~~~~~ I w c c — d i t n e t i s i c c n i : i l  l’in ~ c’ss i i1g  I - u  -\~ 1151k Sign a l  Sj u mc e luuc , i g e i s  - by J -\ Rocese . I) ec- eu nhen
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Figure 2 — h O .  I wic -d itne n sion al  Fourie r tran sform decon ipo sit ion of NOAA sa telli t e i m age cloud patterns.
I . iiw spatial rep et it ion rate cloud pa t t e rns  resu lt in uansfonn dom ain ina~~ itud c concentra t ions at the low
spatial frequencie s .
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Iii the sectioii on d iscrete convolut ion f ’i lt e rs , the co nvolut iomi  of two functions.  t I  x ,y
and g( x .y ) .  in the spatial d oma in  was presented. Usinig eliscrete convolut ional  f i l ter ing,
bow pass and high pass fil ters were’ discus se’d. An impor t a n t prope’r fy of Fourier transfo rm
tec ht niqu e s is that  the results of convolu t ion  in t he  spat ia l  domain cam - i also he achieved by
direct iii u l t i p l i c a t i o n  in the  t ra t i s forn i  spa t i a l  I r e e h u ie n ey  domain.  If the Fourier transforms
of f ’( x v )  and g( x . \ I are’ Ft u s ’ I at id ( t n v  I respc’ct iv el ~ . then the  s p at i a l  cloii ia i t t  convol u it iori
f( x .y )~ g x . y )  h a s  the Fourt ’’r t r a n s fu r n i  I t  u .s ~~ u i .s I . I ikewise , convolut ion of Ft u ,~ - ) amid
G(u ,v) in the frequ ci tcy ebo ntain re duices to m u l t i p l ica t ion  in the spatial  domain. Thus .
t he d iscrete spatial  don t a i t i  convo lut io n low pass and hi gh pass f i l t e r i n g  operat ions  desc ribed
prev ious ly  are eq uiva len t  to m u l t i p l ica t ive  f i l te r ing  operatio ns per formed in t h e  Fourier
t rans t ’orm spatial  f ’requ enc~ eb on ia ini  A n i a t h e t n a t  ical devel opme nt t of high pa~~. low pass .
bant l pass , an d han d reject spa t i a l  f r e q u e n c y  f i b t e r i t i g  is g ivet i  in app ent l ix  C.

SECTION 3. SATELLITE IMA GE I ) I SP LA Y TECHNIQUES

1st ci c lasses  of te ’ c l t i i m q u i c s  f o r  t h e  di sp l~i~ cu t ’ s a t e l l i t e  images are present u ’!  ~mt this
sc’ c’t ion. T h e  I in st  t ec h in ie t ue  t l ea ls ss I t l i  t he  s m n i u i l t a i i c u u u t s  disp la~ of i n fo rma t ion  gaine d front
cot ic u i r r e i l t  se l i scu r  Sc ’ , I i l s  i i i  d t l l e r c ’t i t  spec t ra l  hands.  In pa r t i cu l a r ,  an a t l ap ta t i on  01 fie ld—
set~u e t t t i a l  tc e ’b i i i u q u e s  t , cr ‘t e l  cc cs~~c c f u I c  ( ‘R ’I tb i sp l . I \  is prc’sct i ted f o r  s imu l t ane ous  v i e w i n g
of conih ii ieet s sib Ic ’ a t i d  I R spc’c’t r u i t i t  s, I l  c’ I l i  t e i t l i a gc ’r~ -

Flit ’ seo ’eunel ~l isp l . mS t e c h  n ique  also uses the ’ f ’ie l d—st ’qt i en t  t ab stereoscopic t l i spbav
concept I lowever , in I i i  is  c~ lse, pro pe r  geeu t l ie t  n c  plus i  I t o i l i n g  and s~ t i ch ’ironous  opera t ion  of
s ens ors (in I t o 11 sc’pa r att ’ ge l i s 1,11 1111? , ,  t \  ‘.aI e’l i i tc ’s I .s Usc ’oi I t ,  i!c’l1c’ r ate ’ true ’ left and r ight
per speet se vis i b le  ‘pc ’c t  rum inu . i g c ’s . I : roiii these ’ s te’reo pair s , act n ab cloud hei ght t measu i  r e —
tue’n t s  can be ni a eb e

These ~t c s p i a ~ t e chn iques  p r ovide  t h c ’ mete orologis t  or o t h e r  image  a t i a b y s t  sv i t hi
n e w  utet h iod s for v i s u a I I ~ correbat  it ig cuhs crvc’el c loud st m e t  t ires w i t h  both temperam nrc ant I
cloud he igh t  i n t o n t u a ion derived d i r e c t l y  f r o m  s a t e l l i t e  i u i a g e r \ .

\1 ULT I SP E CTR A L STE REOSCOPIC DISPLAYS

Images fr o m sat e l l i tes  such as l)M SP . J . \  ~\ l) ”i.\ T. and \( ) A -\ tvp ieall ~’ r esult from
comnc iden t  sensor s c a n s  I akc ’n i t t  d b i t ’l c ’ rc t l t  spect  nab hands , I ) i f l ’c’ren I port t i n s  of t lt t ’ elect ro—
nta g t t e t i c  spec- I ru t i l  h ave un ique  proper t ie s  which  Pc’illl i t s p ec i a b i / e ’el I ’, pes of imagery a n a l y s i s .
For example ,  vis ible  spect rum s C u l S ( l r s  p r n t in an i l~ de tec t  re f lec te d  e’i ie ’rgv. ss h t i l e  h R  sc’ ii s co rs
cant detect  tnt i i~ t~ pc’s c c l  t h ie’ri ii ab a c t  v i l e’s , i n c l u d i n g  c’b u uu el  t emi t pe’rat nr c’ . hea t  pobb Lit it)!t -

and even geothermal  cc los  i t  v.

A t e c h n i q u e ’ Run ( l i e ’ ‘.ini u i b t  a t l eous  el i sp l~~ ccl  gc’ograph i c a l l v  co inc ident  in tag e ’s f ront
two spc’ c t  r id hands is u is t ’d wh ic h i s  hase’tI Ot t  t I l e ’ concept  of tie l d—sc ’qu e ’n t i a b  s tc ’rc ’oscopic
(‘R ’I di sp l ay s . In  t h is di sp b~m~ t e c h n i que.  the  ohsc’rver perceives d ept h —of — f i e l d  due to local
h o r i z o n t a l  e b t s pba e ’c’nie n t s  (c c l svc’c’tt I svcc images whe ’n di sp l~ived in an a l t e r n a t i n g  fashion.

lii  co i l s  c’nt  inn a l  st c’re’os e’Opt c i i t iag erv.  h t ( u r i , o n t a b  t h i sp l ace i t t e i t t s  betweeit  the Iet ’t
and rig h t image ’s c i  c due In )  t h e ’ c c h l e ’c’l geonte t ry  as s iew ed f rom Iss o s l ig li  ( l v  d i t ’f ’ere nt
se’t lso r or eamt ’ra pe’r spc ’c t  iVe ’s I loss c ’s c ’r ,  wi lii  the ’ use ut si t u p Ie com liputer  a lgor i thms . hun —
,o n f , i b  el i spha ceme ’m t b cant also he sv n the t i c a l l  produce d . w h i c h i  n e s u i l t s  in ste ’reoscopi cally
contp lemt ’n l , c r~ pair s ot  i i i  age ’s F ” ur the ’r . these ’ s~ t t t b i e t  i c a lk  prot luceeb of isp lae e’nttei i ts ca n
he a (‘ti mi d ion of a Io t , o  l i v  i ii bepent leii  t s ’aria hl e’ su ch a’~ I c’n lperatu re.
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As a case i n point . geograp h icall y coincident  visib l e and I R spectrum satellite images
have been displayed using the sy n t h etic stereo technique  in - i th is  technique . the visible
spect rum image is displayed wi th  hor i z on ta l  d i sp lace m e n t s  introduced at each pixel location
in proportion to the I R t empera tu re  n eael i t i g  at  ( f i a t  l oca t i t un i . The visual  et ’fect of the syn-
thet ic  stereo t e c h n i q u e  is t ha t  t h e ’ vi e ’sver s i m u h t a n e ou s l  ohsc ’rs c’ ’. cloud r e f l e c t i v i t y  at - id
clou d te m pera ture  i n t o r m a t i o n  over t ine  c’ m i t i r e  setlson ’s h e ld of s c’\t svhi c ’re t i le ’ t emper a tu re
variable is encoded as the perceived e b i s p h a e e i t t e n t  of the  cloud s tnu ic tunes  from the surface
of the CRT screen. For the  disp la~ of combined s s u l d e ’ IR spec t ru m images , the te mper a l c ine
range of the clouds is pr es et t t eel  in such a t u anne m’  t h a t  (l ie colde st clouds appear to he dis-
placed t’ar the st  abus e  t ine  (‘R I scrc’e’tl . ‘ftc ’ t e i n p e r a t u i n e ’ ran ge fan land and water  masses
wi th in  the sens or fid el of s ic -st Is tuo di l i ed to pro d uce ’ a rea l i s t i c  .‘ero disp lae eni ent t f ’ron t (l ie
CRT scr een ,

‘I’llc c on lp t i t e ’r a l g o r i t h m  fo r  eie ’ u l c ’ r , I t l u l g  s’, n t h r c ’t ic ‘ .t e’ i c c c  image’s t r e a t s  the  vis ible
spectrum image in te ’i u s i t  v a l u e ’ ’. on a p ix t ’ l - h v - p c x c l  h , is~s , Due to  t h e  na tu re  of ti - ic tie lc i
sequent ia l  technique ’ ui s e ’el t c u r  dl isp l . c l u g  t i t e ’ ‘.1 e’re ’O s c c u p i c ’ images . h o r i z o n t a l  ci isp lacenients
f o r  I R tempe rat ure s . c b l i e ’s are ’ ~c l I t i l t  noel u ic ’ e’ei in uri c’ cli  ree l iot i  a long t i l e ’ o d d  t iun i  he’red image
rows ( e l i sp lav c’el d u r i n g  one’ I ic’lel sc;t t t an d in t i l e ’ ol hie ’r of ir c ’e t i o n  f o r  t h e  c’ve’i l  t iu m hered
Image’ rows (di sp la~ ed  f o r  t he ’ m n t e ’r l ac e ’ h e ld ‘ .c , c uu  l’he a i i l o u i l t  c u t  h o r i z o n t a l  disp la cem -nert t
f ’or each i m l t e t l s i m v  5 , 111k is p r o p t u r t i o u n a l  to t i l e ’ I R t e’mpe ’ratur e  read ing  at t h at p i~ c’l l oca t ion
and ranges (rum zero to a i l l a x i i l l u i m n i  c i l  I (i p R c ’ts in c’ i t h i c ’r d i rc ’ c t i o t t .

In t i l t ’ h c u r i z c u i i t , i t  ciisp l .icc ’t l l c’ t i t  p rocess . c’o t l s i e l c ’r a t i o m i  lu t i s t  he giv en t  to s i t u a t i o n s  in
st ’hii ct i two i t l t c ’ u l ’ . l t  ic ’ s ire , i’ , s l g u l e c l  to  t h e  s ame’ p i~ cI i c c c , i t u c c n  an d t o  (he  p r u c b le t u  u t  gaps
created in t i n e’ image  d al i ,  I i i  I l i e ’ f i r s t  c isC . l i i  i t l t c ’ t l s l t \  pr e ’e’t’dc ’nc ’c’ se’il c’ni c’ is used in which
on ly (he highest s .du e , i ss t g t t e ’ul t o a g ivt ’tl p1st ’1 b o c c , u l i u u u  is re’t a u n e ’ c l I or f i l l ing  in ~ dps
create d in  t i l e ’ da t a , re’p l i t ’a t i o t i  ‘ ‘ I  t i n e  l l c c i u / c ’r c l  p i x e l  l I l t e ’ l l s i t \  s a l u t e ’ aeI i~i e ’ c n t  to the ’ gap and
oppo si t e  t c c  t i l e ’ e h i r c ’ c’ t i c u t i  c c l  h o r i z o n t a l  e l i sp l a c c ’tt i e ’n l  I s  I i s e ’( b .

i - ’s~uilp les o c t  t I l e ’ l i s t ’ c c l  t i n t ’ h i e ’ le l — sc ’q u i c ’ i t l t ~i l  sr n t i t e , t i c ’ ‘ . t c ’l ~ ’ c c  t c ’ c h t l i c ~i u m e  t o  gc’i l c’r ~i t e ’
e’o mn h mnte cl v i s i b l e ’ - I R spec t rum i m n a c e x  , I re ’ shic cts n in  I ie ’ u i r c s  ~~

- I am id ~ 2 . It  sh oul d  be noted
tha t . a l t houg h  s~ t t t h e t u c ’ s t c ’re ’o i l o r u , c c i l t , t l  e i i s l l l a e c .’ ii l t ’tl t s i t t  t i l t ’ c l O u t 1  s t f l i e t u i r e’s are prescil t -

no dept h— ot ~fi e ’lel is e’ x p e ’r i c ’ u u ~~cd fr o m  t h e  p l io t og r . ip i ns  i i i  t hese ’ f i gu re ’s , I i c c s s  e’s’ c’r , when I i t e ’sc’
images are el i sp la~ c’cb Otl .1 ( K I in .c i u c c n t i i , i i  ti e ’le i s equent  i , i l  nu de and ie ’sC e e l  ss ’itii elect no—
optic s h u t t e r  s’ie ’st c’rs 5’, t le ’ i l r c I l l I / c ’ cl sc i t h  t h e  hi~ ld sc~i i n  r a f t ’, sI 1 c ’ l l g  t l c’p t h —of ’— fi e ld  sc’ I l s~I l i O t t S
of cloud he igh t  are ach ieved .

L e f t  and ri ght pe ’i s p c ’ c l i v e  i n t l  I ie ’ Ic l ’s c ’ o i u en l i , il ~I I 1 f i ~ s i t c  5’, I l t i l c ’ t i c ’ s t er e t i  i mag e’s
(or a e’on i h mn e ’d s ’ i s t h l c ’ I K \( I \ , \  s a t e l l i t e  i t l i ~cgt ’ i i c shtcss  ii . i c ’ spc ’ c t i v c ’l~ - as t ’i gu re s  3 — 1 f i t
( h )  and c )  ‘l’hc’se l i i i a g t ’ s s i n c c ss _i l a i c i e ‘l u ! u I  s\ s h i l l  s t ’ i t h i  e \ I r e n l c ’ c’lcaud le ’t ll pc’r a t u i r e
v a r i a t i o n s  ce t i l e r ed  c l s c ’ m t i n t ’  e’ o c m l l m t l e ’ t i l , i l  t i l t l e ’eI S t , i t ~ ’ ’. An i t i l c ’r , i e ’ l t v e ’ t h i t c ’c’ —c oordi t iat e
c u i n s c ur  has ht ’c’ti i n e o r p o c r , cI  eel i n t o  t h e ’ s\ m i t h i e t i e ’ ster eo disp l ay  Io n — t a t  to permit  t l i re ’e’l
cloud t e t l n p e ’r~i t i I r e ’ mnl e~i sui r em t ’ti t s  to  he ’ l , i k c ’ i i .  ( rc ’ cc g m , i p h l i c ’~t l ~‘ uou reb t mi a t e s  e’ou r n t ’sp on te lmn tg
to the lou c , c t i o i i  ot t i n e ’ e u i i s I i re .t ls ~ p r c c s  dccl , I l ie ’ e b c c i i t b  t e’ t l i l i c’i ’~i t c , i r e’s ire ’ uh t am t i e’d is~
v i s ua l l ~ p o s i ( i o n n t t i g  t i n e ’ lh l re’t’— e ’ou r d t u i . u h  ‘. u l t s c c l  to  l i , i s e ’ ( l ie  s, i i l l e  ~ipp are’nt ebi ’.pia e’e’iite ’t i t
from (he ’ ( R  I s~ t e ’ c ’i i .15 ,i gis e n  c l oud  s t n i i ~ I c u e  ‘I h e ’ l c ’ i i l p e’ r . c l l i r e ’ t u eas u i r t ’nlt ’m l ( s  oh ( a im t ed
an d ge’o gr api n mc ’ c c c  , i t l c c u i  i t t ’ o l i sp i. i~ cd m l  t I l e ’ t i p p e r  l e f t  cc l  t h e  image ’, Rt ’p rese n t ta t i s e ’
l a t i t u d e’ . I c i l g i t i l o l e  , i t i o b  e l o u t h  t e i u l f u c ’ i i t t l t e  l u l t ’ ,is t i r e ’ i u i c ’i l ls  I c c r  t h e se’ i t i l a g e ’s a re ml b us t r a l e d
in t i l e ’ ex~int p le ’s c c l  l i L ’ l I i c ’ ’ ~- b  ant I  ~- 2 .
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A c l e h i t m o c i i a b  e’x a mn p bes of I iele b -s equi e ’i t f i al  e c c i t i l u d c s u t c ’ v i s ib l e  “ h R  spe ’ et ru mni  i mages are
- c prese mitt ’el in f i g u r e  3— ,~ ( a )  and ( h ). Ih lds e ’ l t l l  age ’s ~ i’ e’’.c’ u i  I t st’ oc  sc’e’lhc ’s I r omt i a s i x — i m a g e

sequen ce’ of ’ \( )A , -\ v is i b le ’ a nd I K i ml i a ge ’s re’e’ ccr c lc ’oi a t  t h i i i ’ I y — m t i m m n u ( e ’ i n t e rva l s  in t ime , Ti itt e
sequene mm ig c u t  s a l e I l i t e ~ ima ges is ,l c’oii n i i i o l n l \  used m i i c h c ’ c c i c c t o euc cl te’e’lim ii qu e fo r  t r a c k i n g
e’louel s~ s t e ’t l i  i t n c c s e’ i l i e i l t s  a i l el m m n f e ’ n r m i i g  s s i i n c l  v c’ h c c e ’ i t \  s e c t o r s  -\~ i i b u s t r , i t e e l  in th i s
f igure . t ine  te ’e’ Inmi iqu e  oh s~ i i t i i c ’ t l t ’ s t c ’ i c ’ c c ’ c c  I c i c l e  i h i s i c l . o ~ s c l i i  Fc c ’ u sed i t t  e’oi llun t ’ t lon so i t li
e’O i lve t i t i O i lal ( m i m e’ se’qt le ’ i le ’ e’ i i i’ i~m l ’ . ‘,is tiie ’ tb i c ocls b c  I i c s I c l c ’ l i l t ’ u I i c ’ t c ’ c l l c o l i l g i s t  sv i t h i  l i ne ’
atl ditiom ta l par~imiie ’tt’r ot I K spe ’e’t t n i t  i m n t ’c c r i i ij t  i o ) t i ,

VISIBLE SPR ’TR U\l ST E R I’ OS ( ’O PI (’ I ) I SP L AY S

‘I ’lic use ’ i l  e’ x c b u i s t v e ’ly s I~~I l ’ . l e’ sj c c ’ c t r u l t h i  s, i t e l I i l c ’ i i m lage ’r ~ c c l  cloud stru cture ’s Is  a lse c  of ’
gre’at i iu p o r _ crm t ’ t’ i i i  t i i c ’lc ’o ic c l c ug i c . ul  s t u i d i c ’s. I ~ c i  e’ \ . i t h i p lc ’. m i h t ’a surt ’t n l e’t l t s  takt’ti f r om c l o u d
pc s i t i c c t n s  i i i  u u l i . i e ’ c  se’q u i c’ne ’ e’s t’t’ e’ i l i c i c ’ t i J I  l l i i m t ~ — i i i i t l l i l e ’ i l l I c i t  ;i l s I i , i v t ’ ht ’e’n pam ’l i t ’u i l a r l r
u mse t ’u i l  t c c r i i i t e ’ r n i t n g  sc ru b se ’ h c c ~ l t ’~ s c ’ e l i ct ’ s , ‘ b i t e ’ , i c l c l l l l o c t l  o i l  c’ l c n l e i  lnc ’igh t  t t l f o c m ’ i t l a t i O i l  ss-ith the

sv i t i e i sc ’ l c c c I I \  \ c , ’ c ’ t d c i  ‘ ‘~t l l i i , I I c ,’ ”. c l i i  lt ’ I t l I ’ ’  l u u i l i t d c s e ’t l  mllOl,I t ’lS t o c t  stu itl~ r ig  s \ l I l d  p~1 t t t ’I ’t l5 .

I ) u r c ’ c t  imle ’,i s lii ’e’ ilic ’i it ” , c cl c ( o c u i ~l h e i g h t  h i t  c i ’d ,’c’ i i  i i l ~i cfe ’ f r o ) i h l  i i mi ~t g c ’s re ’e’ o> r d e’et i i i
a t le ’ ; mr — s i t i l u i l t ~ i i l c’cu i s  l , i s h io n  iu ~ t s t c, c e ’c ’ c c s t ; i t l c c u i , l i \  s,ilc ’Ihle s, I i g u l m ’ e’ 3 — 3 shio’,t’s a fid el—
sc’t b uic ’ l l I i ~t l c o c m n h p i c s i t c ’ c c l  pt ’i spcc ’t ‘d ’ i i i i . i g c ’ s tjkc’n hr i s i b le spc ’t’ t r o i t h l  sensors Ott l i l t ’ S !tI SI
au th S\ 1S 2 s , i t c ’ l i i t e ’s 1 1 5 c r  t i l e ’ s c c i i t l i t ’.is tc ,’t ’t i  ( 1111cc 1 St i l e ’ s , As d c l u l ’cose ’(l to  t i t e ’ s T i t h e ’ t i e ’
s ic -re - c l  te ’c’ h t l i i l t i c’ c i l s c l l s s c ’ i i  i i i  t h e ’ l ir e ’ s ’ Id i I i s  se ’ e’ ( i c h n ,  t h e  dt ’ p l i i ’ c c l — t u c ’bd c l  I~’~’l ~ic ’ i l I c ’Ve ’ el sv it h
( hi t ’ u hla ge ’s l r o ~tn t i l e ’ p ;n r i d  e’e’c c s I ~ t l l c d i i , i \  ~, u t ~’ l l i t ~’ ’. is c h i l e ’ I c _ i  ( l ie ’ mit ’ a r — s i n u u i f l a n t ’ouis  gt ’ t lc ’na t i cu t i

of t s t c c  gt ’o i t i c’ I r i c ’ , i l l r  c ’ d c r l c ’ c t  5 I s I h i e ’ s l u e ’ e’ t n l l n i  pe ’r spt ’ t ’ I i s c . l l I l . i g t ’ s .

i cur t ’ 3— 3 , i l s c c  i l h n s t i ’ ;ite s t I l e ’ u s e ’ c c l  t i l t ’ i t h l c’rae ’ t i s ’ e’ t i n r ~’ e ’ —e ’oorcf t n m a I t ’ e’un som’ , In
th i s  c isc ’, hlott c’sc ’i , tI n e’ C I l i s d ’ i  is  t i \ e’(i I c c  i t l c ’ . i s l l I c ’ , i e ’ t u i a i  t I c _ r i o t  h e i g h t  t ns l ead  of c loud
Ic ’ t n i p c’r ~i l u i ’ e’ . l i l t ’ h e i g h t n u c ’ , i s ur c ’ u h i c ’ i l t  is i l I a c _ i c ’ hr  p c l s i t i o u t h i t l u !  t i l e ’ c u r s o r  at  ( l ie  saut e  c _ his—
~ la e ’ e’ibl e’nt I n t u i t  l i l t ’ ( ‘ i- ~ I ‘ . c i c ’ t ’ T )  is t h e  c’ b o u i t i  s t r i l c I l i r e ’ iut ’ i i i g  i i i c’ a s u i m e i ,  ‘b ile’ e’b nti e l hie ’ ig lml
us re’ac l out , i l u c u u c  st il h n t h e ’ c c ’ c c c d i , i I u l u I c ’ , t l  e’ o u l d i ’ t i l i h , I t e ’s c c l  t i l e ’ c I i s d c i  i c _ c c’~It ~ u i t l .

Sh - t  I lO\ 4. ( U \( ’l k ’Sl O \ S

l i l t ’ i i l l e ’ t h t  c c l  t h is pt’ ucg r~m thl  h i s  I’c t ’e’ th  f u  elc ’ i l u d c i l s l i . I t e ’ t u e  usc’ ccl se’ht’e’tc’ef mi l i age ’

pr cde ’ c’ssu i u ’ ~tt tcl e l i s p i a r  t c ’t ’ i i t l t i h t t c ’S l u c t  t l l u t b t i s p c ’ d ’ t t ’ al ‘.. i i ~’ l h i t L ’ i t I l . i d e ’rr l ’hi e in l agt ’ ~‘c i c c c ’ e’ ssi t - ig

I ee ’ i n u t i q u i t ’s o i s e ’s t i c , i t e d  p r o v i d e ’ t i l e ’ r c ’n i d t c ’ sc ’ T n s l i h g  l i l I , I eie ’ , n i , i t r  st st i t h  a 5 , i i ’ k ’ I \  c u l  e ’ u s i f r

I t m l p l e ’ i hl e ’ t i t t ’ o b l l l e ’ t i l O ols  f c c i  i t h i , i g c ’ u i i l e ’ H ’ . l t \  r e ’ sc ’ , i l i u i g . ole ’ I c c l i ou i  c c i  edges . and re tm i ova l
c I t  c e ’ i t , t i I i  ~~‘ ~ e’5 c c l  t t h l ; i gc ’ a t ’ t i t , i t ’ts , i i l t l  s p . m l i a l  h o i s t ’ ( cdtliF )~I i i s I t i l s  bra cs i i  hehv e’e’n f i l t e r i n g
o cpt ’ r a m i o n s  iu c ’ r t o > n m n h e ’ c _ l in  t h e ’ s h u , i t I ~i l  o i oc t ii ait i c c l  t i n e ’ c u i ~~’ i i i , I l  i t I i . I d t ’ . i i t c _ i t i l t ’ I r a n s t o unu spa t i a l
I ’rtu~u ie ’nt ’r ’ c l o c i i i ; c i r l  i i i o l i e  l i t  h i d  sj x i t i , i l  cicu iti ~i i t i c ’c diivoh i i liinti lt ’c’ hit i i o l il t’s ‘-c fn o u ib c i be ’ tise’tI f ou r

u i l i i i g e ’ p~t t t e ’n ths  c c l  l , i i  dc t ’\ I t ’ i i l ,

b u t ’ o c i , i p t . i t i i c n  c c l  l t t ’ I I I — s e ’o b t i e ’ n I u , l l  s l e ’ l c ’ c c ” c  c cp lc . lt’e’h mi i opi t’s Ioc r dt sp l a v n m g  e ’ i c n l ’I c i s l I c ’

v i s i b l e ’ I K spt ’ e’f r i t t u  s a t e l l i t e ’ itil ,i e ’ c ’s is stc ’ l i  i s  pe ’rslu c’ c I u ’ , ’ 5 isiHe spt ’t ’I n lm i lh  I i I l , i c c ’s hi t s been
s l i c ’ e ’ t ’ s s I I u i l ~ di t ’t t l O t i s l i ’ i i t c ’ t ; .  I h i d ’ t i s e ’ cc l  tin e ’ I h i c ’ c c’ c c i ~ l i ti~i lt ’ e’uI m ” ~o~ t’ ,is on mnt e ’m .it ’II s c ’ ,iud

fo r  dt ’le ’ r t t i t t n i t n g e’ l o u m o i  h e i g h t - i t i o b  lo ’ m i l p e ’ u i l u i i c ’ t n f c c m m t i a l i o c t i  h i s  ~m bsu c ii c ’ c_ ’ i i  s h io twul  t i c  Il a % ’ t’

po (t’ ull i il l c d  t n me ’t c ’ u d r o i o c ’ I c ’ , I i  l i i i . I e ’ c, ’ , i t m . 1 h 5  S i ”  a l c l c l i c  .1 1 l O > t m s ,
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APPEND IX -
~~ - DISPLAY AND IMM,I. I’RO(’ESSING LABORATORY

‘4 . BACKGROUND

The NOSC [)isplav and b mtii tg e I~r c c ces s ing  Laborato ry shown itt f igure .-\ -  I is a user
oriented research f a c i l i t y  for t u e  a m l a I r  sis and display c _ i t  d igital and video imitag ery . The
Laboratory is directly l inked to t h e  t i  \ IVA ( ’ I l0~ com p u t e r  and te) the Signal Processing
Evaluation Laboratory Sl’EL), The SPI’.L Pb )P I I  7() h ost compute r ,  SPS-8 I s ignal pro-

- 
I cessor , and other associated data han d l ing  amid storage f a c i l i t i e s  are! avai l abl e  nesou ret ’s fa r

Display and Image Processing Laboratory a c t i v i t i e s . To date , the fa c i l i t i e s  of the E)isp lay
and Image Processing Laboratory have  been used ii i  a sar i t ’l~ ccl  appl ica t ions  fo r  ( lie display
of natural  and e om ii puter — pr oe’essed in iages at iel  r ea l -t nu e  s i c _ l e o , l ) i s p l a r  s of computer—
processed imagery include miunl erou s format  d) pt ion s  fo r  prese nta t io nts  ut  sur ~ei l l ance  son ar
data , s i tuation e l ispla r  s t on s\ s t c i u u  pe ’n lorniian cc predic t io n ,  and c le fo r n i a t i ou i  mi t ot ie l i n g  of
sonar transduc ers,  N ate tr a l  image disp lay s  inc lude  d ig i t i zed  m n u l t i sp e c t r a l  s a t e l l i t e  in l agery .
encoded aeri al r e co mu it am s sanct ’ seq uences . and X-ray fluoroscopy. In a d d i t i o n .  l ab ora tor r
resources include a t hnr e e- di i l ten s i on a l  real- t ime color s’idlee) s~ s tem,  l ’ ini s s r s t e n l  has heeui
used wi th  a NOS( ’ unmanned  submersible work vehicle  to ev aluate  t i l re e -e i i men ts io m ial  s ie ic ’ o u
in an operational undersea e t tv i ro n me ul t ,  Other  Labor atory a c t i s  i t i e ’ s i i i c h u m e i c  r e search
programs on-i two — d li l te t l s io na f  pr oc essing techniques for digital image anal ~ sis an -itt c’n li amtce—
ment and computer -g enera te d  st cre ’eus e ’ o u i ’c uc  ini agerv .

DISPLAY HARDWA RE

Display amid ou tpu t  el e s -ie ’es mi - c the i)ispla~ ant i  l i i iag e Pno c c es sin tg Laboratory i u te ’Iude:

RAM I l K  9400 high reso lu t ion grap h ic s and u t u i , i g t ’r\ ci i sp l: ir  s\ s te in
( O\t U . .’.L 8300 digi tal  image t lIspLi ~ s~ s t e i n
I ) i g i t a~-to-Video image com’Iver sion system

— ~1A( ;NAvOX color television canter a s ( 2  u n i t s )
II ONJ ’ \ ’ w i , L L  s tc re o>scc _ cp i c  s e t ters  I 3 t i m l i t s t

~~- SONY 2850 editing video tape recorder
— SONY color monitors ( 2  u n i t s )
— TEKTR ONIX 40 14 graphics d i s p h a r  t e r n i imta l

NIKON and POLA ROIl )  cameras
G A M M A  SCIENTIFIC spectro—radiom etn ic  i n s t r u m e n t a t i o n

The princi pal Laboratory display d evices are tine R .\~1T l - k  °)400 and ( ‘O\1 l Al.
8300 digital image anti graphics d isp i a ~ systems. I hcsc’ sr s l C u h i s  provide a wide range of
user options for display am id m nt e r ,m e ’ t m s e ’ n t an ipu la t io u i  of h igh t— res o luf  ion mnonoe’hrome and
color int agery and computer graphic s ,  Per t inent  f ea tu res  of t Ine  R A M I I  K and (‘OM TAI
systems in clude:
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RAMTEK 9400

— Dual 256 level 1024 X 1024 picture element niono ehirome disp lay muonito rs

R GB ( I t ~u lev eis ,’coion ) 1024 X I 024 pic ture  ele ini’nt  color display mon itor

(750 X 750 eft ’e’ctive reso l tm tm on

1024 X 1024 1 6-bit refresh iiwi-i’tory assignable to the  three disp lay monitors

- 128K by t e d isplay processo r
- 3 eight-h it video generators

4 cursors assignable to the display moni tors

— Graphics capabi l i ty  including vec tor s , conic sections . and t e x t  wi th i  ~ Ui i . /oom.

scroll and bl ink

32K X 32K v i r tua l  i niage trami sf ’ornnat ions i “Ie’hc _ i t i imt f  t r a n s l at i o n .  sealing amid

ch ipp imi g

Trackba ll  and a lph amtu n i er i c keyboard inpu ts

COMT.~ L 8300

~ 12 “ ~ I 2 p ic tu re ’ e l eu t n en (  resolution w i t h  a I I aspect ra t io

— Selectable d ata display m odes , inelt i t l i t ig gray scale ,  pseudo-color , anti t rue  color

Three i ndepe ind ent  m i  ages st oreel at one ( mii i  e’

E ighnt  b i ts  of i n t e n s i t y  codimig stored (‘or eac h P ixel  ( s i \  bits d isplayed

Graph ics c _ us enl: iv f o r  superimposing oemt l i n e s . grids , or alp h anu m erics on display

imii ~mg es

‘i’rack hal l  posi t i oning of a target  po im it er  us imtg a t r a ck b a l i  i npu t  con t ro l  t ievice.

In co ilj tm nctiofl  w i t h  th e ( ‘O~sl I .-\ I. disp lay.  a digi tal- to-video image conversion sys-

tem has been developed for produci ng N I’S( ’ compatib le color video tape cassettes oh’

images displayed on the  ( ‘OM ! . -~ei . .  I apes l)rodeiced ont ti -m is sy s tem can be played on any

standard video p lay back n io t u i t o n  un i t .  With th is digital -to-video conversion capab i l i ty  -

results of current d isplay s in t tu la t ion s  or expe n im’ nents can be made as a i l a h h e  f ’or immed ia t e

presentations outside of the  laboratory.

DISPLAY AN D IMAGE PROCESSING SOFTWARE

l’,x t e n s i ve user -oriemited sot’tware has been d eveloped in support oh’ l) isp lay and
image Processing Laboratory activities ,  An operating syst em st ipporteti by a library of ’

FORTRAN callabl e user routines has hee mi wri t ten f ’or the (‘OMTAL 8300 systeiti.
Using t h is system . highly interactive operations involving d ata retri eval and editing. alpha-

numeric anti graphic  overlay generation. trackha li  tar get con t rol , and image mt an ipu la t ion
using function memory modification can he performed on demand t erminals located in

the Laborator y area. In addition , many u,ser applicat i on rout ines ex is t , inc luding  algorithms

for t ransf ’orm amid spatial domain image proces.sing. con t im tuo us tone graphics , autont ia t i c
scoring and analysis of experiments , and inilage formatt ing (‘or computer-processed and
natural images stereoscopic imagery and high-re fresh-rate loadiing of image seqtmen ces,
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In the area of image processing, applications software has been developed to perf ’orm
one- and two-dimensional discrete Fourier . cosimie and liadamard uni ta ry  transforms. This
software has been designed for interactive operator specification of transfo rm domain filter-
ing operations using two-dimensional low-pass , h igh-pass , ha nd-reject and humid-pass filters ,
Frequency domain filtering can be used for image noise removal and feature enhancemem it
such as improving ed ge or contour t i e f t n i t i o m i .  Algorit h m -is have also heem i implemented for
processing in tI ne original image domain. These methods include t echuii t lu es for imt n ag e dontain
spatial noise removal , edge enhancement , a nd contrast enhancement ,

The SPIi L PI)P 11/70 and UNIVAC 1108 host comimputer s can he accessed fromt de-
nt and terminals located within the [)isphav arid Image l’rocessing Laborato ry , These host
computer facilit ies offe r bulk data storage (disc , d rum , 7- and 9-track tape 1. high level
operating systems ( U N I X , h ’.X l ’(’ -8), a selection of standard conipilers . am-md complete mitathe-
matical and plotter user libraries (e.g., IMSL ,  I ) I SSPL A) .
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APPENI)IX B: MATHEMATICA L FORMU LATIONS FOR
TWO-DI MENSIONAL TRANSFOR MS

GENERAL FORMS

‘ru e geiieral fc_ cnmns f ’t )r the ts v o— tlmmii e mn si o mial  f o rward amid i n - i s  e’n s e’ t n am is l ’o r t i na tmon s  c _ i t

an image arr ay are given iii Equat ions  B - I )  amid ( B-2 ‘Fine t s~ o — c _ l min i c i t s i on a l  t r am i s f ’ormt i c _ c l

an N X N imtt age array is itse lf an N ‘
~ N ,irra~ c c l  t n a n s l o r m m m  l o n m a m m n  c c _ i t ’ll ic ’ie!!lI \ , h i d ’

forward two-dimensional trans form operation is

u .v )  = h I  x ,~ 1 a t x ,~ c _ i s t  t i3- I )

x h  yin

wher e .1) X .~ .11 ,5 I is the  t ’c _ u r sv ar d  t r a n s f o r m  ker t i e l  a mi d \ . \ anne1 u .s arc . r es l ) e c t m% e l~ - image ’

dom n a in  and tr a m sf ’orit l elon aii i  co ord imi ates .  I he ’ i i i ~ ~t ’~c t r ans t ’onmmi is g i s en

ft x ,~ I = I t  c_ i , s I a s ,~ .u , s )  13-2

c _ i= l v 1

where a~~ t x .~ .11 ,v )  is t h e  inverse t r a m t s f ’orni kerne l .
‘Fl -m e transh ’orm kernel  a x . s .em , s I is called se p ara b le i t  i t  can he expresse d i i i  t i l e ’ f ’o n im i

,~) x ,~ , ti , s I = a ~I x u I  a 5 I ~ , s 
13-3 )

(‘ompu ta t i ona h l y  . t ransform kerne l  s e p a r a b t h m t ~ i i i t ’J i l s  t h a t  a t w o — d m m e ’ii sm o mial  t r a i i s h  c i t  i i i  oh

an image can he perforn iet i  h~ first app lyin g a on c—di t i i t ’ t i s i c _ imia l  t n , m t n s t c _ u n m m i  a l c _ u m i g  t i n e ’ rc _ ust s

of f( x ,~ )

= 
x 1  

a~ ( x. t m )  13’4 )

hollowed tu~ aitothe r omne—dimensioil.m l t ra u t s f ’or ni a long t I l e ’ c o i u m m n i t s c _ c l  Ii u. s 1 whic h ~ m e l d s

l’(u ,v), i c , .

F ( u . v )  = 

~~~~~~ 

i’ Iu ,~~) a~
(~ s I (h ~ s i

Thus , trans f ’orlit ation s of two -dimensional i m a ge arn a~ reduce to tIne app l i cat io t i  c _ cl

seq uential  om i e— d im ensional traitsf orm a lg ori thnnt s along the  r u sts ane i co l u mnn i t s  oh ’ ( l i t’

i mage .mr na ~

$ 
, 
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FOURIER TRANSFORMS

An impor tan t  class oh t m m n i t a r \  t ra n sf ’om -ni atiom i is t ine Fourier t r an sh ’orm . For this
tram isforni. t i ne general fort ins for  the h ’orwa nd amid it n s ’ers c t ra mtsfor m s become

t’( 5 . ~~I e ’\P  [i~~
1 ) d m \  + v ~~)]

a m nel

l i \ \ )  .~‘Iu .s ) e x p  [,~~~_ , ( u s . + s \  t]
t m i  s ’~l

h i t ’ Its c _ c — c _ I i i i i c ’ i i s i t c i i , i J  c _ h i s~ re’Ie I c _ u i i n m t ’r I n a t i s t c _ c i  i~ i c a i i  I- ce ’ ~o i mipu t e d  tm s mmn g
st ’u p i e ’ i l t i . L t  oii e’ - e l i i m n e’ i i s m c _ n n a i  tt, i i ls ho nm ti al gc _ cr~th tin s Si i i c ’ e’ i t s  t r a t i s l ’c _ i r mn k en m nel  is
se’hu ,mral ’clt’ antI ‘~ t i i i i l e ’ tn ’ . i

I 27T 1 1 I’ un 1 F uri 1
e’x p  - - I n ” . + s~ I = c\p  —

~
—— i i x  e’xp  _

~
— l~ - ,”c I

‘ ii m t . m t ’ ~ t i . i n l s l c _ u n i l i j m i c n i s  re sul t  m u t h e  pn c t e ’~ l j c u i  c _ c t  au image i t i t o  a mle ’w
ort l i o g oni .ml 5 c’~ lot ’ sP . i ce ’ lii the ’ ca s e’ c_ i l t h e ’ disc rete I o u n m e ’n t r a m m s f o r m r i . ( l ie’ c c . ton
s I u . i c , ’ c’ h , c_ s i s  f i i i i c t  i o i l s  ire ’ t’tc imi ple’x t’’~p c _ i t t e’ i i f i a ls
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APPENDIX C — SPATIAL FREQUENCY FI LTERS

F GENERAL FORM

Thie ge m nera l form for the rec omis t ruc t ion  01 an - i imi nage a f ter  t ra n sf ’ormti domain
f’i lterimig is

f lx ,y )  = h ( u .v )  a~~~ x ,~ , u .v )  ~ ( t i ,v )

where ( 4 x ,v I is the filtere d image rccomistruction amid a(u.v is a tw o- d i m e m m smo nm a l  s e t  of ’ f ’i lter
st’ e ights.  Ti -me values assumed by the f i l te r  weights  d e t e rm t im n c  the  spa t i a l  l e a t u n e s  t h a t  are
elinninateci , enhanced , or in Soi t i c ’ es a~ m odm h z ed iii (he ’ r e ’ c c _ c i i s t r ti~ te’J ve r sion of ’ the imag e’ .

LOW-PASS FILTER

I or the  s imp le ca se ’ oh tw o~ h m m n i e n s m o m n a l  los t -p .ms s  sp a t i a f  l r c ’ c l u i c ’ i l c \  f i l t e r i n g ,  ~ I u . s I
li ,m s t i ne  f ’orni

I 
u . t ~~ c _, ~c_

~j 1 ~~~~ 
= ((  , ‘c~

~ u c t i t e r w i s e ’

St here ’ I i c t s  a t n c i  ~ I c _ c 5 5  c l e t ’im i e t he ’ ho t i t i c i s  I c _ c r  t i l e ’ sp i t i a l  I r e ’c _ h L u e t n c~ con l p o m i e m i t s  used in t I n e
I i i i . m g L ’ rc ’ c . c c r i s h i l ue ’ t m o m )  l i i  l cc s t ’p . is s  f i l t e r i n g ,  t i l e ~ I i l lag c’ re ’ c . c c i i s t r l i c t i o m t  ri o longer c o i l t , i i i l s
i i o r m , o n t a l  antI  s e n t i c . , u l  sp. i t  u , u l  I r c ’ c l u u e ’ ulc .  com l tpom l ents  e’t c’ e ’ee lmm ng U 1 ~~~~~ 

and V h u e
rt’suul lmmmg visual e’lle ’~ t o( l c _ ’.s ‘p .$ss s p a t i a l  ( r e ( I u e n e %  t’i l t e r i m n g  is .u gener a l  s t i m o o t i t i m i g  c _ c l  ( l ie
nec. uns t  rue ted mi n t a ge since the  ii i g h u e ’ r sp a t  u. i I fneq Lm emlc ~ compom te’tl Is ha t e  been re ’nios e’el

HIGH-PASS FIL T E R

m i  .m s i m i l a r  f ’ush io i t . i n i g h - p . c_ s s s p , u t m a l  t ’r ec_~uei t c’y f i l t t ’nin g cant be oh ta i n tee l  ~s i l h
st e ’i g l l t s  c c l  t h e  l o r n i

I 
H ig h

— 
Ili guu

i i , ’ . )  — 
‘,~ 1

0 o t i i c ’ r t t m ’ i e
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\‘isu ali v , the resul t  of high-pass spat ial  f ’re elt lency f i l te r ing  is t h at th e bias amid low-f’redluency
co innpomt emtts  less tha n  V ij i gii and 

~
‘
Uighi have been reitnov ed . leaving just  tine out l ines  of

image in tens i ty  t rans i t ions .  Inn the c o n t e x t  of the analysis and enhancennent  of na tu ra l
i m ages . h igh-pass f ’i i teri ng is conimnonly used (‘or edge eietection and line em ihancenne itt
p(mrposes .

BAN 1)-PASS FILTER

‘l’he properties of loss-pass amid hig h-pass f ’i lters can be combined to form two ’
- 
‘

. el im ension a l  han d —pass spa t ia l  fr equency  fi l ters , The ba u d-pass f i l t e r  weig hts are

( ~~1 c _ c _ t t  ~
“

J ‘I oss ‘i i i g u n) ( ( -4 )

U c _ u t  Iu c ’rst sc’

lLu c _ i d  - t’~u ss  t ’i lt e’n im i g  is a poscc’rt ’ul p r c  c~ e’ssiitg tool be’c’atisc it  pe’rnn mts ind ividual im age features

be isol ated f r on t i  One ’ re’m n a i n d e r  c _ i l  t h e ’ image . ‘I l ie t s o l a t e ’ei t ’e’a tune s  ot ’ the i t t lage  e’Jti t h ie mi
h~’ a i i , i l s  ieel , i i i eh l i l e ’ ,i s i lr ee i  t o  cle’ te n m i i  i t i c  t h e i r  re spec t  i t t ’ c o u t t r i b u t i o n s  to t l’ue ’ ori ginal  image ’ .
S i u i i u i l t a i u e o c _ u s  i n n p ic ’mt ne ’ n t , u t i c in  c _ c _ I  m u l t i p l e ’ b a i i e i —p ass  f i l t e r s  c , uu i  be used to an a l v i c ’ i n t e r —
,c _ c. ’l u c _ u i i s  b e tsv e’c’ti c’ &u t ’i l h ) I m i , i t i c _ ) l i s  of ~ j c~ ’ , ti c. spatial f e a t u r e ’s s s m t l l i n  t i l e ’ i t l i age .

H ~N h ) - R I J E ( ’ T  FILTER

l i l t ’ c.’ c _ i mt i p he ’t i l t ’n t  ol h . c _ c _ i t l ’ p~iss b ’ i l l e ’nn lg is  b an d—r e~ee’t t ’i l t e ’n i ng .  h i t ’ e’’t p r c s s i c _ c _ n  I c _ u n

I sv o — t l u m n c i i s i o t n a l  h a i t e i ’ r e t c ’ct I i l t e n  ss c’ I i ~I 1 Is I ’.

i c _ st 
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I c _ u t  I l e ’ l  st se’

l ’ Ius I oni c_ u c _ c _ I  s p . m t i . t l  t ’n c c _ l u i c t n e ’~ h ’i l t e ’ n u n g  , i l t c _ c _ s s s select u s e ’ r e m o v a l  o f t m n i a g c  f e a t u r e s  st-title’

prese rv ing  (he ’ b a si c.  st n u u c l  uu re  of t he ’ res idual  i t i i , m g t ’ h3~ i i l e ’ , i ! i s  c _ c _ I  t h is  t e e h n m t m q t m e ’ , mnl l a g e ’
f ’e’a t c _ t n e ’s a t t r i b u t a b l e ’ I c _ c  k i to wn p i ie ’n o t im c na cm he’ c’f ’fu ’e t it e’I\ e’ lmn ’u m n a t e d  to pe rm i t  a m
c _ i no b seu u  re’c _ i s mes s c _ c l t i l t ’ s ign al s( rue ’ l i t r e’s c _ c l  ~- c r i  t t i a  r s in te ’ re st

‘i c _ c
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P .~TT I RN M O D I F I C A t I O N

A spe c ia l  c. use ’ of ’ sI c . u t u a l  f r equency  f i l te r ing  are those titters that  permit  relati ve
adju s tmiie mnts  to he macic iii ind iv idual  pat terns  or spatial features of tine im nma ge.  These
t’ilters permi t  vari able t’n hanc em ent  on suppression of specifi c image f ’eatures  h~ the use

of ’ weig hts of the l c _ ) nmu

- t h i m g h

~~Low
( (- h )

I o the rwise

sv hnc ’re ~~ > I nes u m l t s  iii increased values for the sclectc ei components  in t he ’ t r a t ns forn n  domain
energy d i s t r i b u t i o n  and ~ > 1 caust’s a corr esponding compone c _ I v a l u e decrease. Such

d i s t o r t i o n s  oh ’ t i le  t r a n s f o r m  d o m a i n  ener g\ d i s t r i b u t ion produces . re’spe’ c t m v e I ~ . i ncrea se s
on diec rc~us cS in t i -me perce ive d s t r e n g t h  c) f t he  a( ’(’eeted fea tures  in t i le image  reco i l s t rU c t i c _ c _ I )
P , u t t e r m n  mod i f ica t ion  is a p o t e t i t i a l l ~ p t s v en fu l  image’ proces sing tool which  can he used to
enhance  steak fe a tures  or suppre s s  undes i rab le  ones for  subs e quem it  image f e a t u r e ’ anal ~ sis

and measu re ment.

LNLR ( ; Y R A TIO M E A S U R E M E N T

The I c c .  i ln i c iu es  of spat ia l  f requ e’nc~ f i l t e r  pr ovide  a d i rec t  method  I c _ c r  e va lua t ing  the
re’la t is  c s t r e n g t h  oh ’ in d i v i d u a l  spa t i a l  t’ca lu re s  w i t h t n  the  source image ,  l’h ne energ \  r a t i o

measurement  h a s  the  horm

1 -i u . v ~3( u , v )

U o  ~=U -
I ic r es R a t i o  = (( - , I

• 

E ’ ( t m .v I I

um= 0 v 0

st l l e re’ ~(u , v is the  set 01’ f ’i l l e r  s t e i g l l t s  ei iscems sed p r e v i c _ u u u s l ~ - The m iun n er a t o r  of Fc iua-
t io n ~( ‘ _ 7 I represents the  energy of ’ a pa r t i cu la r  I c a t u r e  a l t e r  I’i l ter in g,  wh ile the  e lenot t t inator
is ti - me total  energy  of the  source image. ‘rhis f n a c t m o m n a l  e n e r gy r a t i o  u s one of ti ’i e’ f ’ea l t m re
parameters  disp layed in the lower iel ’t e iua dran t  oh the  spa ti al f requency  (‘i l t e r imtg  d isplay
(‘c _ i rm a  t.
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