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- 1 .o 
SUMMARY. 

The purpose of t h i s  i n v e s t i g a t i o n  i s  t o  apply remote sensing t o  

f i n d  sur face geo log ic .  f ea tu res  which i n d i c a t e  p o t e n t i a l  g a s  f i e l d s  i n  ' .. ' 

' " 

t he  eas tern  Mississippian-Devonian shales and t o  develop procedures 

f o r  reconnaissance exp lo ra t i on .  Remote sensing inc ludes  a i rbo rne  . . 

imaging radar ,  and a i rbo rne  and sate1 1 i t e  photography and mu1 t i spect ra l  . . 

imagery. Th i s  work i s  p a r t  o f  t h e  Eastern Gas Shales P r o j e c t  o f  t h e  

Department o f  Energy. 

Under ly ing a subs tan t i a l  p o r t i o n  o f  t h e  eastern p a r t  o f  the  

Uni ted States, the  eas tern  shales represent  a p o t e n t i a l  major source 

o f  na tu ra l  gas. I f  remote sensing can be used f o r  reconnaissance t h e  

more c o s t l y  forms o f  e x p l o r a t i o n  cou ld  be used more . e f f i c i e n t l y  and 

e f f e c t i v e l y .  The placement o f  t h e  more c o s t l y - f o r m s  o f  exp lo ra t i on ,  

such as sur face geophysics and exp lo ra to ry  we l l s  would then be 

aided; Much imagery o f  the eas tern  shales reg ion  . i s  a v a i l a b l e  a t  

comparat ive ly  low cos t .  

A t e s t  s i t e  was se lec ted  and a v a i l a b l e  remote sensing images o f  

t h e  s i t e  were acqui red. A1 so radar  and m u l t i s p e c t r a l  imagery were. 

gathered by a i r c r a f t  f l i g h t s .  The imagery was enhanced and analyzed 

by many i n t e r p r e t i v e  techniques. Visual i n t e r p r e t a t i o n  and a 

v a r i e t y  o f  o p t i c a l  and d i g i t a l  enhancement procedures were app l i ed  t o  

the  imagery. 

The C o t t a g e v i l l e  gas f i e l d  in .Jackson and Mason count ies,  West 

V i r g i n i a ,  was chosen as t h e  remote sensing t e s t  s i t e  by Morgantown Energy. 
. . 

T e c b i c a l  Center, which i s  pursuing a concentrated geophysical and geo log i - .  

c a l  i n v e s t i g a t i o n  o f  t h i s  f i e l d .  The producing shale l i e i  under 3000 ft 

(915.m) o f  sediments, the  vegetated sur face o f  which i s  e roded t o  produce h i 1  l y  

t e r r a i n  w i t h  r e l i e f  up t o  500 f t  (152 m). The f i e l d  l i e s  over a p o r t i o n  of 



t i l e  Rome t rough (an aulacogen), a l a r g e  bur ied  graben which runs 

no'rtheastward f rom Ket~tucky througn western West V i r g i n i a  i n t o  

Ohio and Pennsylvania. The h igher  producing we1 1s i n  t he  

Co t tagev i l  1 e . f i e l d  f o l l o w  a 1 i n e  rough ly  para1 l e l .  t o  t h e  Rome trough. 

It i s  speculated t h a t  f r a c t u r e s  form condu i ts  and r e s e r v o i r s  f o r  gas 

f rom t h e  shale, and t h a t , t h e  f r a c t u r e s  i n  t h i s  f i e l d  a r e  r e l a t e d  t o  

t h e  Rome trough. However, except f o r  m ic ro f rac tu res  i n  exposed rocks, 

no f r a c t u r i n g ,  f a u l t i n g ,  o r  s t r u c t u r a l  deformat ion has been found a t  the  

sur face i n  the neighborhood o f  t h e  C o t t a g e v i l l e  f i e l d .  Also, t he  

r e l a t  ionsh i  p between sur face man i fes ta t i ons  and c o n d i t i o n s  a t  pay zone 

deptn a r e  no t  known. 

Because o f  t h e  l i n e a r  na ture  o f  f rac tu res ,  t h e  ana lys i s  was focused 

upon enhancing l ineaments. I n t e r p r e t a t i v e  l ineaments were found, most 

o f  which trended i n  a p re fe r red  d i r e c t i o n .  By " i n t e r p r e t a t i v e "  i t  i s  

meant t h a t  the  i n t e r p r e t a t i o n  o f  the  l ineament i s  tenuous and n o t  f u l l y  

demonstrable,. To enhance t h e  fea tu res  i n  t h e  var ious  images, a v a r i e t y  

o f  d i g i t a l  and o p t i c a l  techniques were used. Two new s p a t i a l  processes 

were developed f o r  t h e  purpose o f  enhancing l ineaments. 

Image enhancement, a1 though making t h e  1 ineaments more apparent t o  

some observers, d i d  n o t  make them obvious. Thus the enhancement d i d  

n o t  "prove" t h e  l ineaments a c t u a l l y  e x i s t .  The i n t e r p r e t a t i o n  i s  s t i l l  

tenuous and n o t  f u l  l y  demonstrable a f t e r  a1 1 the  enhancement procedures 

were used. The opt imal  enhancement was the edge-enhanced c o l o r  

composite o f  t h ree  Landsat bands. 

Remote sensing i d e n t i f i e s  sur face cond i t i ons .  I n  t h i  s i n v e s t i g a t i o n  

t h e  r e l a t i o n s h i p  between cond i t i ons  found a t  t h e  sur face and those a t  

pay depth cannot be v a l i d a t e d  a t  t h i s  t ime. For unknown subsurface 

cond i t i ons ,  a v a l i d a t i o n  would r e q u i r e  an obvious r e s u l t  where the gas 

f i e l d  can be d i sp layed  as s u b s t a n t i a l l y  d i f f e r e n t  from t h e  surrounding 

reg ion .  Th is  r e s u l t  was n o t  achieved. For known .subsurface cond i t i ons  



. . , - .  
a v a l i d a t i o n  cou ld  be based on s u b t l e  su r face  l ineaments being . . .  

. . 
r e1  ated t o  known subsurface f a u l t s  o r  f r a c t u r e s  d i r e c t l y  below'  them 

w i t h  downward c o n t i n u i t y  f rom t h e  sur face.  
. , 

Because ' t h e  subsurface s t r u c t u r a l  c o n d i t i o n s  a r e  no t  c u r r e n t l y  , 

' 

known i n  t h e  C o t t a g e v i l l e  f i e l d ,  t h e  useful'ness o f  i n t e r p r e t a t i v e  l i n e -  . . .  

aments found near t h e  f i e l d  fro111 rerr~ote sensing cannot now be va l i da ted .  

Knowledge o f  near-sur face e f f e c t s  o f  f r a c t u r i n g  i s  r e q u i r e d  through 

geophysics o r  o the r  means. 

It was found t h a t  smal l -scale synopt ic  s a t e l l i t e  imagery was more: :. 

u s e f u l  than l a r g e  sca le  a i rbo rne  imagery. Wi th t h e  smal le r  sca le  

imagery l ineaments cou ld  be t raced across randomly o r i en ted .s t ream 
. . 

beds.' The. few l o n g  1 ineaments which' were found t rended most ly '  i n  t he  

d i r e c t i o n  o f  t h e  s t r i k e  o f  t he  Rome trough. The var ious  d i g i t a l  and ... 

o p t i c a l  enhnacement techniques,  used on such chal  l eng ing  imagery gave 

much exper ience w i t h  and ma,ny i n s i g h t s  i n t o  t h e  use o f  computer 

enhankement i n  t h e  Appalachian p la teau.  
I 

. . 



2.0 

INTRODUCTION 

Many types o f  remote sens ing were a p p l i e d  t o  a  t e s t  s i t e  of a  

p roduc ing  gas f i e l d  i n  t h e  M i  s s i  s s i  ppian-Devonian e a s t e r n  shales.  

The o b j e c t  was t o  s p e c i f y  procedures and t o  eva lua te  t h e  use o f  remote 

sens ing i n  e x p l o r a t i o n  f o r  gas r e s e r v o i r s  i n  t h e  e a s t e r n - s h a l e s .  

A v a i l a b l e  imagery was acqu i red ,  -and  s y n t h e t i c  a p e r t u r e  r a d a r  (SAR) i n  

a d d i t i o n  t o  mu1 t i  s p e c t r a l  scanning imagery (MSS) were gathered by 

a i r c r a f t  f l i g h t s  ove r  t h e  t e s t  s i t e .  Sub t l e  l ineaments which were tenuous 

and s u b j e c t  t o  i n d i v i d u a l  i n t e r p r e t a t i o n  were v i s u a l l y  d i sce rned  on t h e  

images. A  v a r i e t y  o f  o p t i c a l  and d i g i t a l  techniques were a p p l i e d  t o  t h e  

imagery t o  enhance l ineaments  and o t h e r  geo log i c  f ea tu res .  The t e s t  

s i t e  had no surface-mapped geo log i c  f e a t u r e s  such as f a u l  t s  o r  f o l d s  

and was t y p i c a l  o f  a  l a r g e  r e g i o n  i n  wh ich  t h e  eas te rn  shales were 

found. 

The C o t t a g e v i l l  e  f i e l d ,  l o c a t e d  i n  Jackson and Mason coun t i es ;  

West V i r g i n i a  ( F i g u r e  I ) ,  was chosen by Morgantown Energy Technica l  

Center  as t h e  t e s t  s i t e  f o r  t h i s  i n v e s t i g a t i o n .  The w e l l s  i n  t h i s  

f i e l d . a r e  shown i n  F i g u r e  2. The h ighes t -p roduc ing  w e l l s  a r e  

c l o s e  t o  a  l i n e  which runs  th rough t h e  c e n t e r  o f  t h e  f i e l d  a t  abou t  N 40" E. 

The t e r r a i n  i s  vege ta ted  w i t h  deciduous and c o n i f e r  t r e e s ,  brush, and 

app rox ima te l y  50% a g r i c u l t u r a l  f i e l d s .  It i s  c h a r a c t e r i z e d  i n  t h e  

U.S. Department o f  A g r i c u l t u r e  (USDA) S o i l  Survey (1961) as  "moderate ly  

deep t o  deep mixed s o i l s  on s t r o n g l y  s l o p i n g  t o  v e r y  s teep  up lands and 

f o o t  s lopes;  m a i n l y  red,  f i n e  t e x t u r e d  s o i l s " .  The e l e v a t i o n s  v a r y  f rom 

about  600 ft (183 m) t o  luOO ft (305 m) above sea l e v e l  w i t h i n  t h e  Cottage- 

v i l l e  f i e l d ,  which i s  about  10.5 km l o n g  i n  t h e  NW d i r e c t i o n  w i t h  about 4  km 

maximum wid th :  T y p i c a l  t e r r a i n  o f  t h e  C o t t a g e v i l l e  f i e l d  can be 

seen i n  F i g u r e  5  o f  t h e  USDA s o i l  Survey (1  961 ) .  
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FIGURE 1. LOCATION OF THE COTTAGEVILLE GAS FIELD IN WEST VIRGINIA. 

( FROM PATCHEN, 1977). 



FIGURE 2. THE COTTAGEVILLE (MT. ALTO) GAS FIELD IN WEST VIRGINIA 

( FROM PATCHEN, 1977). 



The gas producing Mississippian-Devonian shales a re  o v e r l a i n  by 

3200-3400 ft (976-1 036 m) o f  most ly  Pennsyl vanian sediments.  The sediments 

a r e  e s s e n t i a l l y  und is tu rbed and f l a t - l y i n g  and c o n s i s t  ma in ly  o f  massive 

'sandstone, r e d  shales, :and a few 1 imeston .e~ which o f t e n  grade l a t e r a l ' l y  . 
. . 

i n t o  sandy shales and sandstdnes (Bryer,  e t  a l . ,  1976). 

No geo log ic  s t r u c t u r e s  ( a n t i c 1  ines,  sync1 ines, f a u l t s ,  etc.. ) have 

been mapped a t  t h e  sur face  i n  o r  near t h e c o t t a g e v i l l e  ' f i e l d .  I n  t he  

Precambrian basement t he  Rome t rough extends NE-SW under t h e  ~ o t t a ~ e v i l l e  

f i e l d .  The Rome t rough ' i s  an aulocagen, a wide bu r i ed  graben w i t h , a  

s e r i e s  o f  normal f a u l t s ;  t h e  t rough extends from t h e  M i s s i s s i p p i  River  . . ' 

t o  n o r t h  c e n t r a l  Pennsylvania (Har r is ,  1978). The C o t t a g e v j l l e  f i e l d  

l i e s  on t h e  nor thwest  edge o f  t h e  Rome trough. M a r t i n  and Nuckols (1976) 

suggested t h a t  basement movement on t h e  nor thwest  s i d e  o f  t h e  Rome 

t rough cou ld  have produced f r a c t u r e s  i n  t h e  o v e r l y i n g  Devonian rocks  

which i n  t u r n  cou ld  be respons ib le  f o r  gas produc t ion  i n  Jackson and 

Mason count ies.  T h i s  concept i s  r e i n f o r c e d  by the  three-dimensional 

seismic s t u d i e s  o f  t h e  basement contours which have shown t h a t  40.9% 

o f  t he  produc t ion  i n  t h e  C o t t a g e v i l l e  f i e l d  i s  l oca ted  d i r e c t l y  over a 

s teep l y  d ipp ing  reg ion  near  t h e  t o p  o f  t h e  basement; a l s o  many o f  t he  

h i g h  producing we1 1 s a r e  so l oca ted  (Sundheimer, 1978). 

Thus, s t r u c t u r a l l y  t h e r e  a r e  1 arge displacements i n  t h e  basement 

a t  9020 f t  (2750 m) which may have produced f r a c t u r e s  i n  t h e  M iss i ss ipp ian -  

Devonian shales around 3300 ft (1000 m) b u t  have produced no known mani- 

f e s t a t i o n  o f  such s t r u c t u r e  a t  t he  sur face  near o r  i n  t h e  C o t t a g e v i l l e  

f i e l d .  The occurrance o f  v e r t i c a l  f r a c t u r e s  between the  sur face and t h e  

Mississippian-Devonian shale i s  n o t  c u r r e n t l y  known. U n t i l  r e s i s t i v i t y  

o r  o t h e r  geophysical  da ta  i s  acqui red and i n t e r p r e t e d ,  t h e  occurrance 

o f  v e r t i c a l  f r a c t u r i n g  above t h e  shale cannot be def ined.  There i s  

no c e r t a i n t y  t h a t  such f r a c t u r i n g  has occurred, p a r t i c u l a r l y  so when 

no s t r u c t u r a l  f ea tu res  a r e  de tec tab le  f rom f i e l d  mapping. 



- 
Wi th  t h e  expecta t ion  t h a t  soph is t i ca ted  remote sensing data and 

processing cou ld  de tec t  sur face mani festat ions o f .  t h e  hypothesized fea tu res  

a t  33UU ft (1U06 m) deptn, t h i s  i n v e s t i g a t i o n  was commenced. A l l  

types o f  remote sensing were used, and o p t i c a l  and d i g i t a l  ana l ys i s  

was appl i .ed t o  t h e  a v a i l a b l e  imagery.::: The f o l l o w i n g  k inds  o f  .remote 

sensing 'data Were acquired: 
.. , . , . . 

1. , Landsat imagery and tapes .::, '. 

. , 
2. Skylab ' , 

3. ' A i r b o r n e  $-channel SAR. , :  . . ,  

4. A i rborne 12-channel MSS. , ,: . 
. - 
. ..' 5. A i rborne photography . .:, , . . 

.. . 
,.; 

. .. . .. : 

Imagery i s  il l u s t r ~ e d . :  i n  ... :figu$e;:3, . a n  edge-enhanced Landsat c o l o r  
. . : ;., 

, . ... 
composite o f  t he  r e g i a n  &rr4undi . . ng; t h e  c o t t a g e v i l  1  e f i e l d .  The 4- 

, . 

channel SAR and thd'.l2-chi<n&l MSS viere . . gathered by ERIM. The SAR 

channel s  i nc luded  3 ~m wavelength ahd.24 . cm wave1 ength, each  w i t h  1 i ke- 

and c ross  po lp r i zed  re tu rns ,  f o r  a t o t a l  o f  4 channels. The MSS 

i nc luded  12 spec t ra l  bands rang ing  f r q m  t h e  u l t r a v i o l e t  t o  the 

thermal i n f r a r e d .  F l i g h t  l i n e s  wefe ' i la id  o u t  t o  image two swaths o f  7.5 m i  x  

;LO m i  ('Id km x 32 km) (F igure  ' 4 ) ;  one.-:!swath was o r i en ted  NE-SW, t h e  o ther  swath 

i4W-SE, and che nort l iernmost 7.5 x  7.38 m i  (12 km x 12 km) o f  t he  swaths 

were co inc iden l .  The co inc iden t  area, which incl . i tJes the  C o t t a g e v i l l e  

f i e l d ,  was covered by SAK w i t h  two peikpendicular l o o k  d i r e c t i o n s .  

Photography, SAR and MSS were ob ta ined o f  t he  area '  shown i n  F igure 4. 

Other imagery was obta ined f rom the  EROS Data Center. This  

i nc luded  Landsat imagery i n  t h e  form o f  tapes f o r  a summer scene, 

and t ransparencies i n  a d d i t i o n  t o  c o l o r  composites f o r  bo th  summer and 

w i n t e r  scenes. Black and w h i t e  and f a l s e  c o l o r  I R  Skylab photography 

and a e r i a l  photography were a l s o  obta ined from EROS. 

The imagery was v i s u a l  l y  i n t e r p r e t e d  by th ree  i n d i v i d u a l  s.  

Because t h e  gas product ion  i s  t h o u g h t . t o  . . be r e l a t e d  t o  f rac tu res ,  which 







the upper portion. I 



tend t o  be l inear ,  the in te rp re te rs  searched f o r  lineaments on the 

image. In terpreted lineaments were subdued and subtle, and the  

well-known v a r i a b i l i t y  and s u b j e c t i v i t y  o f  such in te rp re ta t ion  

(Podwysocki, 1975; Werner, 1977) was evident. Although, as expected, 

t h e  d i f f e r e n t  in te rp re te rs  found d i f f e r i n g  lineaments, they reached 

a  concensus on the  most prominent. Figure 5 shows the v i s u a l l y  

in terpreted lineaments i n  the Cot tagev i l le  area. Those represented i n  

heavy l i n e s  were considered the most prominent and def in i te ,  those 

represented i n  l i g h t e r  l i n e s  were more tenuous. Although these prominent 

lineaments were found independently o r  agreed upon by the three 

in terpreters ,  these lineaments were by no means palpable. They were 

subdued such t h a t  they could not be shown as actual proof o f  t h e i r  

existence. 

Two previous invest igat ions have searched f o r  l i nears  i n  the 

Cot tagev i l le  area. Werner (1977)used Landsat, SAR, and ae r i a l  photo- 

graphs a t  d i f f e r e n t  scales t o  produce a  lineament map o f  the area. 

Only two o f  the in terpreted lineaments roughly coincide between Werner's 

i n te rp re ta t i on  and ERIM's in terpretat ion.  This lack o f  cor re la t ion  

demonstrates the subdued, sub t le  nature o f  the  lineaments, and the 

almost subject ive nature o f  the in terpretat ions.  Jones and Rauch 

(1978) have picked very short lineaments which are apparently s t ra igh t  

h i l l s  o r  stream beds which extend 0.4 km t o  usua l l y  l ess  than 1.6 km. 

No attempt t o  se lect  such short  lineaments was made i n  t h i s  invest igat ion,  

as t h e i r  re la t ionsh ip  t o  deeply buried structures i s  not  apparent. 

Small scale imagery appeared t o  be more useful  than la rge  scale 

imagery, because the short, randomly or iented s t ra igh t  segments o f  

stream beds and r idges are accentuated on la rge  scale imagery and 

break up the visual  cont inui ty.  

A f t e r  v i s u a l l y  i n te rp re t i ng  the imagery, a  f i e l d  inves t iga t ion  was 

made a t  the Cot tagev i l le  t e s t  s i t e .  No conf i rmat ion o f  the  1 ineaments 
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w ; was achieved. The t e r r a i n  and vegetation was such t h a t  no s t ruc tu re  
- 

I such as a syncline, an t i c l ine ,  o r  f a u l t  was interpretable.  
& '- 

. .  A var ie ty  o f  op t i ca l  and d i g i t a l  enhnacement techniques was then 

lac, appl ied t o  the imagery. The d i g i t a l  processes were: 
- 

high pass f i l t e r i n g  (edge enhancement) 

low pass f i l t e r i n g  

d i rec t iona l  low and high pass f i l t e r i n g  

r a t i o i n g  

leve l  s l i c i n g  

color s l i c i n g  

co lo r  compositing 

use of c l us te r i ng  ( t r a i n ing  sets) 

gradient f i l t e r i n g  (not f u l l y  developed) 

Lomnel-Seegler (d i rec t iona l  der iva t i ve )  f i l t e r i n g  

'I L., i W-: -- For some o f  these techniques the Landsat tape was used i n  the ERIM 

' 
MDAS i n te rac t i ve  system f o r  immediate co lo r  d isp lay f o r  processing 

.. I . - where co lo r  s l i c ing ,  ra t io ing ,  and t r a i n i n g  sets were used. 

The op t i ca l  techniques used on the data were: 

I - '  

-I 

1. Four ier  transform representation 

2. Four ier  transform d i rec t iona l  f i l t e r i n g  

3. Di rect ional  f i l t e r i n g  and subsequent Four ier  transforming 

4. Vanderlugt f i l t e r i n g  
5. "Spread funct ion"  Ronchi g ra t ing  f i l t e r i n g  

The i n te rp re ta t i on  o f  t he  enhanced lineaments i s  shown i n  Figure 6. 

No d i g i t a l  o r  op t i ca l  technique succeeded i n  making subt le  

lineaments obvious, o r  i n  "proving" t h a t  the subt le  lineaments t r u l y  

ex is t .  Some techniques are inappropr iate t o  t h i s  problem. The most 

e f f e c t i v e  enhancement procedure appeared t o  be the making o f  edge- 

enhanced co lo r  composites of Landsat bands and ra t ios .  
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FIGURE 6. INTERPRETATION OF ENHANCED LPIEAMENTS. Mwt Pronounced Lineaments Interpreted After 
Employing Varioue Image Enhancement Techniques. 



The o p t i c a l  two-dimensional F o u r i e r  t rans form o f  a p o r t i o n  o f  a 

Landsat frame around t h e  C o t t a g e v i l l e  f i e l d  showed t h a t  h igher  frequency 

l ineaments (narrower, sharper edges) l a y  i n  t h e  N-NW d i r e c t i o n ,  

approximate ly  perpend icu la r  t o  t h e  t r e n d  o f  the  more prominent l ong  

i n t e r p r e t a t i v e  l ineaments. 

Given t h a t  t h e  sur face l ineaments a r e  d e f i n i t e  and ex i s t ,  t h e  next  

ques t ion  i s  t h e i r  a p p l i c a b i l i t y  o r  r e l a t i o n s h i p  t o  t h e  gas produc ing features  

which a r e  a t  approximately 3dUU ft (1003 m) depth. Some t y p e  o f  upward 

propagat ion i s  requ i red  t o  a f f e c t  t h e  sur face i n  any way. Th is  

propagat ion may be i n  any o f  several  forms: a f r a c t u r e  system extending 

f rom depth t o  surface, where mois ture  would accumulate i n  t h e  f r a c t u r e  

zone and a f f e c t  t h e  vegeta t ion  and p o s s i b l y  erosion; d i f f e r e n t i a l  

compaction a t  depth r e f l e c t e d  a t  t h e  surface, where t h e  topography 

would be a f fec ted ;  and escape o f  hydrocarbons where some sur face 

a l t e r a t i o n  and poss ib l y  vege ta t i on  i s  e f fec ted .  I n  none o f  these 

propagat ion methods i s  i t  c e r t a i n  t h a t  t h e  pa th  i s  d i r e c t l y  above t h e  

producing shale. A d i p  i n  a surface-extended f r a c t u r e  zone whose 

s t r i k e  i s  the  same as  t h a t  o f  subsurface f r a c t u r e s  would be l oca ted  

on t h e  sur face away f rom t h e  v e r t i c a l .  Werner (1977) found no h igh  

n a t u r a l  open f l ows  on o r  near photolineaments i n  the  C o t t a g e v i l l e  

f i e l d ,  and suggested t h a t  t h e  l ineaments he found may i n d i c a t e  f r a c t u r e s  

t h a t  a l l o w  t h e  gas t o  escape. 

A t  t h i s  t ime t h e  sur face l ineaments cannot be r e l a t e d  t o  gas 

product ion.  A con t i nu ing  geophysical i n v e s t i g a t i o n  o f  t h i s  reg ion  w i l l  

be requ i red  t o  achieve t h i s  r e l a t i o n s h i p .  For example, f r a c t u r e s  o r  

f a u l t s  i n  sedimentary regions which are  n o t  perce ivab le  a t  t h e  sur face 

can be detected by mapping r e s i s t i v i t y  (Jackson, e t  a l . ,  1978; 

Parasnis, 1966). METC i s  c a r r e n t l y  fund ing  such an e f f o r t  and i n  t h e  

f u t u r e  t h e  r e l a t i o n s h i p  may be achieved. G r a v i t y  and magnetic data 

a r e  mos t l y  r e l a t e d  t o  t h e  basement. G r a v i t y  grades downward almost 

due west 3 m i l l i g a l s  across t h e  C o t t a g e v i l l e  f i e l d ,  w h i l e  aeromagnetic 
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data shows a h igh  on t h e  southeastern edge o f  t h e  f i e l d  and grades 

downward no r thwes te r l y  by approximate ly  120 gammas across the  f i e l d .  

The r e l a t i o n s h i p  between these data  and t h e  perceived l ineaments i s  

no t  ev ident .  

Remote sensing, 'a  reconnaissance technology, should no t .  be 

expected t o  be a p roo f  o f  a d e f i n i t e  ex is tence o f  a geo'logic f ea tu re .  

The most economic and synopt ic  e x p l o r a t i o n  procedure, remote 'sensing , 

should be used t o  increase t h e  p r o b a b i l i t y  o f  success o f  f u r t h e r  

geophysical methods which a re  more c o s t l y .  For example, the  next  

most economical e x p l o r a t i o n  procedure a f t e r  remote sensing i s mapping 

r e s i s t i v i t y ,  by which a suspected f a u l t  i n  sedimentary. rocks can be 

confirmed. I n  s p i t e  o f  t he  t e n t a t i v e ,  almost. subject ive, ,  nature o f  

. . remote s e n s i n g  1 ineaments found i n  the  d i f f i c u l t '  t e r r a i n  o f  t h e  

C o t t a g e v i l l e  f i e l d ,  they  are use fu l  t o  reduce th'e r i s k  i n  placement o f  

s u b s ~ q u e n t : e x ~ l o r a t i o n  methods. Although i n  a d i f f e r e n t  reg ion ,  

experience i n  t h e ~ i c e a n c e  Creek basin o f  co lorado has borne out  t he  

usefu lness .o f '  s u b t l e  remote sensing 1 inea'ments; such a 1 ineament was 

conf irmed as a f r a c t u r e  by subsequent sur face geophysical meth0d.s 

(Jackson, e t  a1 . , 1978). 



GEOLOGIC CHARACTERISTICS OF THE COTTAGEVILLE FIELD 

The C o t t a g e v i l l e  f i e l d  l i e s  i n  Jackson and Mason coun t i es  i n  t he  : 

western p a r t  o f  West V i r g i n i a .  The c e n t e r  o f  t h e  6.5 mi x  2.5 m i  (10.5 

km x 4.5 km) NE t r e n d i n g  f i e l d  i s  a t  81°52'!81 l o n g i t u d e  and 38051 ' M  l a t i -  

tude. It i s  conlposed o f  approx imate ly  95 we l l s ,  and t h e  p roduc ing  f o r -  

mat ion  i s  t he  Miss iss ipp ian-Devon ian  shales,  400 f t  (122m) i n  t h i ckness ,  

' a t  a  dep th  cen te red  around approx imate ly  3300 , f t  (1006 m) (Lamey, e t  

a l . ,  1978).  

The t e r r a i n  o f  Jackson and Mason County a rea  i s  a  mature topography; 

e l e v a t i o n s  v a r y  f r om 525 f t  t o  1259 ft (1 60 m t o  384 m) above sea l e v e l  

i n  Jackson county  and 500 f t  t o  1070 f t  ( 1  52 m t o  326 m) i n  Mason county.  

The e l e v a t i o n s  v a r y  from about  600 f t t o  1000 f t  (183 m t o  305 m) w i t h i n  

t h e  C o t t a g e v i l l e  f i e l d  area. The su r f ace  i s  h i g h l y  vegetated w i t h  c o n i -  

f e r  and deciduous t r ees ,  brush, and about  50% a g r i c u l t u r a l  f i e l d s .  Small 

streams which d i s s e c t  t h e  area appear t o  have no p r e f e r r e d  d i r e c t i o n  

a l t hough  t hey  u l t i m a t e l y  d r a i n  i n t o  t h e  Ohio and Kanawhwa R i ve rs .  The 

U.S. Department o f  A g r i c u l t u r e  has c l a s s i f i e d  t h e  t e r r a i n  (excep t  f o r  

t h e  M i l  1  Creek f l o o d p l a i n  near C o t t a g e v i l l e )  as "moderately deep t o  deep 

mixed s o i l s  on  s t r o n g l y  s l o p i n g  t o  very  s teep uplands and f o o t  slopes; 

m a i n l y  red, f i n e  t e x t u r e d  s o i l s "  (USDA, 1961 ) .  The r a i n f a l l  i s  even ly  

d i s t r i b u t e d  th roughout  t h e  year ,  and averages 41 i n .  ( 1  05 cm) a n n u a l l y  

a t  Pt.  P leasant  i n  Mason County. The area was o r i g i n a l l y  h e a v i l y  

forested,  bu t  most o f  t h e  t r e e  cover  was removed d u r i n g .  t he  1 9 t h  cen- 

t u r y  ( Krebs, 191 1  ). 

No geo log i c  s t r u c t u r e  has been f i e l d  mapped i n  t h e  imned ia te  r e g i o n  

i n  and around t h e  C o t t a g e v i l l e  f i e l d .  No sync l i nes ,  a n t i c 1  i nes ,  f a u l t s ,  

escarpments, i n t r u s i o n s ,  domes, etc:, a r e  observable a t  the  sur face .  

Also, a t  t h i s  t ime  no sha l l ow  subsur face l a t e r a l  s t r u c t u r e  has been 

i d e n t i f i e d  because t h e  r e q u i s i t e  geophys ica l  i n v e s t i g a t i o n s  have n o t  

been made. No known l a t e r a l  s t r u c t u r e s  such as f a u l t s  o r  j o i n t s  extend 

from pay zone dep th  t o  t h e  sur face .  
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Seven d i f f e r e n t  s o i l  assoc ia t i ons  a r e  mapped by t h e  USDA (1961) 

i n  Jackson and Mason count ies.  Except f o r  t h e  f l o o d p l a i n s  t h e  type  o f  

s o i l  i n  t h e  C o t t a g e v i l l e  f i e l d  extends c o n t i n u o u s l y ~ . t o ' a b o u t  50% o f  

t h e  t o t a l  area o f  t he  two count ies.  . . 

The. gas i n  t h e  brown sha1.e~ i s  a  product  o f  organic  m a t e r i a l ,  

and .occurs i n  t h r e e  ways (.Brown ,: 1976) : 

1. t h a t  which i s  f r e e  i n  spores and f rac tu res ;  p roduc t ion  r a t e s  

a re  a  f u n c t i o n  o f  p e r m e a b i l i t y  and volume i n  connected space; 

2. t h a t  which i s  absorbed on t h e  exposed shale sur face;  

p roduc t ion  i s  r e l a t e d  t o  t h e  r a t e  o f  i t s  re lease  f rom t h e  

shale; 

3. , and t h a t  which i s  w i t h i n  t h e  m a t r i x  po ros i t y ;  p roduc t ion  . . 

depends on t h e  r a t e  and depth o f  d i f f u s i o n  through t h e  rock  

t o  a  permeable connect ion t o  a. we1 1  bore. 

The s t r a t i g r a p h y  i n  t h e  C o t t a g e v i l l e  f i e l d  has been r e l a t i v e l y  

undis turbed.  s i nce  S i l u r a i n  t ime  (,410 MY). Outcrops and roadcuts  i n  

t h e  area  d i s p l a y  e s s e n t i a l l y  f l a t - l y i n g ,  und is tu rbed sediments. The 

Devonian o f  Jackson and Mason count ies  i s  o v e r l a i n  by over 915 m o f  . . 

sediment rang ing  from M i s s i s s i p p i a n  t o  P.ermian. The li t h o l o y i e s  o f  

these rocks  a r e  impor tan t  t o  t h e  degree t o  which o v e r l y i n g  s t r a t a  w i l l  

r e f l e c t  and t r a n s m i t  upward the  f r a c t u r e  pa t te rns  o r  s t resses which 

a r e  impor tan t  t o  successful  e x p l o r a t i o n  f o r  gas. Massive sandstone, 

red  shales, sandy shales and sandstones, and l imestone make up 

t h e  column above t h e  Devonian brown shales (Pryor  and Sable, 1974; 

Overbey, 1961 ) .  

S t r u c t u r a l l y  t h e  most impor tan t  f e a t u r e  i s  t h e  Rome t rough.  The 

nor thwestern edge nf t h i s  la rge ,  terrdced graben i s  thought t o  l i e  . 

under t he  C o t t a g e v i l l e  f i e l d .  Termed an "aulocagen" t he  Rome t rough  i s  



descr ibed by H a r r i s  (1978) and o thers .  The Rome t rough l i e s  i n  t he  

Cambrian, and i s  a sec t i on  o f  a  l a r g e  graben s t r u c t u r e  extending from 

the  M i s s i s s i p p i  R iver  t o  n o r t h  c e n t r a l  Pennsylvania. The t r e n d  of t h e  

Rome t rough  under t h e  C o t t a g e v i l l e  f i e l d  i s  s i m i l a r  t o  the  t r e n d  o f  t he  

h igher  producing w e l l s  i n  t h e  f i e l d .  H a r r i s  (1978) descr ibes and i l l u s -  

t r a t e s  t h e  development stages o f  t he  aulacogen, which have i m p l i c a t i o n s  

f o r  t h e  development o f  f r a c t u r e s  i n  t he  o v e r l y i n g  eas tern  shales. 

The r e 1  i e f  o f  t h e  t rough  i s  on t h e  order  o f  8,000 f t  (2440 m) 

( H a r r i s  1978). The Precambrian basement on e i t h e r  s i de  o f  t h e  t rough 

i s  a t  9,000 f t  (2744 m) depth (Cardwel l ,  e t  a l . ,  1968). From t h e  down- 

warping stage shown by H a r r i s  (1 978) i t  can be seen t h a t  sediments above 

a f a u l t  can be p laced i n  s t ress .  Sundheimer, (1978) has i n t e r p r e t e d  

seismic data t o  show t h a t  maximum s lope occurs near  t h e  basement d i r e c t l y  

under t h e  h igher  producing w e l l s  i n  t h e  Co t tagev i l  l e  f i e l d .  The assump- 

t i o n  cou ld  be made t h a t  t h e  r e l i e f  i n  the  b u r i e d  Rome t rough has caused 

r e d i s t r i b u t i o n  o f  s t r e s s  i n  t h e  cover, thus f r a c t u r i n g  the  shales. 

S t r u c t u r a l l y  t h e  f o l l o w i n g  hypotheis  appears reasonable f o r  t h e  

C o t t a g e v i l l e  f i e l d .  D i r e c t l y  under t he  f i e l d  a t  9000 f t  (2744 m) depth 

i s  a l a r g e  displacement o f  a  thousand o r  more f e e t  (7305 m) on one o f  

t h e  f a u l t s  o f  t he  Rome trough. A t  3300 f t  (1006 m) t h e  producing brown 

shale underwent f r a c t u r i n g  due t o  bending moments caused by s e t t l i n g  

(d rap ing)  over  t h e  Rome t rough  f a u l t .  It i s  thought  t h a t  m i g r a t i o n  

through such f r a c t u r e s  i s  by f a r  t h e  most dominant mechanism o f  t r a n s -  

p o r t  o f  gas t o  t he  we1 1 bore (ERDA, 1976). Above t h e  producing brown 

shale a r e  3200 f t  (976 m) o f  f l a t - l y i n g  sediments e s s e n t i a l l y  unde- 

formed by t e c t o n i c  a c t i v i t y .  No known f r a c t u r e s  extend from t h e  shale 

t o  t h e  eroded, mature sur face.  



'4.0 

VISUAL INTERPRETATION OF .IMAGERY 

The imagery l i s t e d  i n  t h e  prev ious  sec t i on  was v i s u a l l y  inspected 

f o r  l ineaments. The i n t e r p r e t e d  l ineaments a re  shown i n  F igure  5. 

The i n t e r p r e t a t i o n  procedure used was s i m i l a r  t o  t h a t  o f  Podwysocki 

(1975). Three i n t e r p r e t e r s  separa te ly  examined t h e  imagery, and those 

l ineaments f o r  which the re  was concensus were se lec ted  as v i a b l e .  

However, because o f  t h e  topography, s o i l ,  and vegeta t ion  i n  t h e  

Cot tagevi  1  l e  area, t h e  1  ineaments a re  i n t e r p r e t a t i v e .  They are  m a r g i n a l l y  

sub jec t i ve .  I n  no case i s  t h e r e  "p roo f "  t h a t  t h e  i n d i c a t e d  l ineaments 

e x i s t .  Also, i f  t h e  l ineaments do e x i s t ,  t he re  i s  no evidence t h a t  

t h e  l ineaments correspond t o  subsurface f rac tu res ,  o r  a re  r e l a t e d  t o  

t h e  shale gas produc t ion .  The subdued na tu re  o f  t h e  fea tu res  prec lude 

the  c e r t a i n t y  o f  t h e i r  ex is tence as f r a c t u r e s  o r  as i n d i c a t i o n s  o f  

I subsurface fea tures .  

The mature sur face  o f  t h e  reg ion ,  w i t h  f l a t - l y i n g  s t r a t a  d issec ted  

by streams, presents an appearance i n  which judgements i n  i n t e r p r e t i n g  

s i g n i f i c a n t  l ineaments must be made w i thou t  f i r m  references. Most 

streams have l i n e a r  o r  near l i n e a r  segments, some o f  which are  separated 

bu t  c o l l i n e a r .  The d e c i s i o n  as t o  these segments forming a  l ineament 

which might  have s i g n i f i c a n c e  f o r  f r a c t u r i n g  a t  3300 f t  (1006 m) depth i s  

sub jec t i ve .  The number o f  segments, t h e  t o t a l  leng th ,  and the  

appearance and c o n t r a s t  w i t h  respec t  t o  t he  surrounding area a l l  

i n f l u e n c e  t h e  i n t e r p r e t e r ,  who i s  aware t h a t  random o r i e n t a t i o n  o f  

stream beds cou ld  produce apparent 1  i neaments which have no s i g n i f i c a n c e  

f o r  subsurface cond i t i ons .  The o r i e n t a t i o n  o f  t h e  streams cou ld  be 

e n t i  r e l y  independent o f  subsurface condi  ti ons, 

Because o f  these sur face c h a r a c t e r i s t i c s  t he  l a rge -sca le  imagery, 

gathered f rnm l o w - f l y i n g  s i~ncr -a f t ,  was not as use fu l  as the  smal l -sca le  

imagery obta ined f rom s a t e l l i t e s  and h i g h - f l y i n g  a i r c r a f t .  The imagery 



gathered by E R I M  was l a rge -sca le  imagery, i n  which r e l a t i v e l y  sho r t  

segments o f  streams and r i d g e s  a re  v i s u a l l y  ob t rus i ve .  F igure  7 i s  a 

mosaic o f  t h e  NE-SW and NW-SE SAR images o f  C o t t a g e v i l l e ,  w h i l e  

F i g u r e  8 i s  the  t e s t  s i t e  imaged i n  MSS band 10 (1.5-1.8 um). 

Less than 5% o f  t h e  t o t a l  l ineaments found by t h e  t h r e e  i n t e r p r e t e r s  

co inc ided.  This  f i g u r e  i s  by no means unusual f o r  such cases. For 

example, i n  t h e  Anadarko Basin o f  Oklahoma Laridsat imagery i n t e r p r e t e d  

f o r  l ineaments by f o u r  geo log i s t s  co inc ided 0.4% f o r  f o u r  i n t e r p r e t a t i o n s ,  

4.7% f o r  three,  and 17.8% f o r  two, and between two p ro fess iona l  groups 

f i n a l  i n t e r p r e t a t i o n  o f  l ineaments co inc ided 20% o f  t h e  t ime  (Podwysocki, 

1975). 

I n  ~ i ~ u r e  5 t h e  l ineaments a re  l abe led  as t o  t h e i r  prominence. 

The t h i c k  l i n e s  a r e  t h e  most ev ident ,  and t h e  concensus l ineaments. 

The t h i n  l i n e s  a re  t h e  tenuous l ineaments which were m a r g i n a l l y  

observable and f o r  which concensus was n o t  necessa r i l y  reached. The 

most prominent l ineament  i s  denoted by  an a s t e r i s k .  The sca le  ranges 

from 1 ( a l l  of t h e  t h i n  l i n e s )  as t h e  l e a s t  prominent t o  10 as t h e  

most prominent. The degrees o f  prominence are. judgmenta1, being based 

on the  number o f  d i f f e r e n t  images on which they  appear, t h e i r  pers is tence 

across ob l i que  and perpend icu la r  fea tures ,  t h e i r  general  p e r c e p t i b i l i t y ,  

and, f i n a l l y ,  t h e  agreement among t h e  i n t e r p r e t e r s .  

The most prominent ( o r  r a t h e r  l e a s t  e l u s i v e )  l ineament,  l abe led  

by an a s t e r i s k  i n  F igu re  5 t rends  ~ 4 5 ' ~ ;  i t s  nearest  d is tance t o  t he  

center  o f  t h e  ~ o t t a ~ e v i l l e  gas f i e l d  i s  8.1 m i  (2 .4 krn), and most o f  

t he  gas f i e l d  i s  south o f  t h i s  l ineament.  The h igher  producing w e l l s  

i n  t he  C o t t a g e v i l l e  f i e l d  t r end  ~ 4 5 ~ ~  and the  Rome t rough i n  t h i s  area 

t rends  ~ 4 5 ' ~  (Ha r r i s ,  1978). Thus t h e  th ree  t rends  o f  t h e  l ineament,  

t he  h igher  producing we l l s ,  and the  t rough a re  c l o s e l y  a l igned.  

The NW edge o f  t h e  ,Rome t rough i s  n o t  p r e c i s e l y  determined. 

However, s i g n i f i c a n t  s lopes i n  t h e  s t r a t a  d i r e c t l y  above t h e  Cambrian 
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have been i n t e r p r e t e d  by  seismics (Sundheimer, 1978). The steepest 

s lopes were found d i r e c t l y  under, and extended i n  t h e  same d i r e c t i o n ,  

as  t h e  h ighes t  producing (na tu ra l  o r  induced f l o w )  w e l l s  i n  the  f i e l d .  

It was hypothesized t h a t  these steep slopes were d i r e c t l y  over one o f  

t h e  f a u l t s  i n  t h e  Rome trough. 

The seismic survey descr ibed by Sundheimer (1978) i s  t h e  o n l y  

geophysical i n v e s t i g a t i o n  i n  t h e  reg ion  o f  t h e  C o t t a g e v i l l e  f i e l d .  The 

r e s u l t s  o f  t h i s  seismic survey g i v e  no i n fo rma t ion  a b u t  t h e  immediate 

subsurface fea tu res  (between t h e  sur face and t h e  shales a t  3200 ft 
(976 m) b u t  o n l y  i n fo rma t ion  a t  a depth o f  approximate ly  9000 ft (2744 m). 

Other than the  s i m i l a r  general t rends and c lose  p r o x i m i t y  o f  t h e  

l ineament, h igher  producing we l ls ,  and Rome trough, t he re  i s  no c o n f i r -  

mation o f  the  i n t e r p r e t e d  l ineaments being s i g n i f i c a n t .  One cou ld  
p o s t u l a t e  t h a t  the  l ineament i s  a r e s u l t  o f  a f r a c t u r e  zone propagat ing 

t o  the  sur face f rom depth. S l i g h t  r u b b l i z a t i o n  w i t h i n  t h e  f r a c t u r e  zone 

cou ld  cause sur face weakness and consequent sur face erosion, ho ld  more 

water and consequently a f f e c t  t h e  vegetat ion,  enable m i g r a t i o n  o f  hydro- 

carbons o r  minera ls  t o  t h e  surface, o r  cause a s l i g h t  topographic v a r i a -  

t i o n  a t  t h e  surface. A l l  these e f f e c t s  cou ld  produce a de tec tab le  change 

a t  the sur face a long o r  above a f r a c t u r e  l i n e .  

O f  t h e  remaining prominent l ineaments i n  F igure  5, some t rend  i n  

t h e  same d i r e c t i o n  as t h e  most prominent l ineament, and sane are  c lose 

t o  perpendicular  t o  i t s  t rend.  The i n v e s t i g a t i o n  o f  Werner (1978), 

t h e  o n l y  p rev ious  remote sensing i n v e s t i g a t i o n  i n  t h e  C o t t a g e v i l l e  

area concerned w i t h  long l ineaments, produced a s e t  o f  d i f f e r e n t  

l ineaments f rom those shown i n  F igu re  5. Only two l ineaments are 

o f  s i m i l a r  p o s i t i o n  and d i r e c t i o n  i n  Werner's and ERIM's i n t e r p r e t a t i o n .  

The lengths  a r e  d i f f e r e n t ,  however. 

F igure  9 i s  a diagram o f  t h e  number o f  l ineaments found i n  1 m i 2  

(2.6 km2) b locks  o f  t h e  t e s t  area. The l ineaments i nc lude  bo th  concensus 
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FIGURE 9. DIAGRAM SHOWING NUMBER OF INTERPRETED CONCENSUS AND NON- 

CONCENSUS LINEAMENTS IN 1 MILE' (2.6 km') BLOCKS OF TEST AREA SURROUNDING 

COTTAGEVILLE FIELD. 



interpretat ions.  Diagrams such as t h i s  a re  made t o  f i n d  concentrations 

o f  fractures which may indicate  subsurface f rac ture  on previous 

structural  a c t i v i t y .  This diagram i s  considered t o  be inconclusive 

f o r  in terpretat ion.  



5.0 

COMPUTER ENHANCEMENT OF COTTAGEVILLE IMAGERY 

The bulk of the  work on this contract  was expended on attempting 

t o  s ign i f ican t ly  enhance lineaments i n  the Cottagevil le imagery. 

Enhancement of in te rpre ta t ive  lineaments to  palpable lineaments was 

not achieved. 

Two reasons f o r  t he  lack of s ignif icant  enhancement can be 

suggested: f i r s t ,  the interpreted lineaments were so subject ive,  t h a t  

they were essen t ia l ly  "created" by the in te rpre te rs ,  so t h a t  t h e i r  

existence i s  in doubt. Second, t he  lineaments were so subt le  t h a t  the  

computer techniques were inadequate t o  s ignif icant ly  enhance or 

iden t i fy  them. 

Either or both of these suggestions can be valid.  A t  t h i s  time 

the re  can be no answer. The l a t e r a l  s t ructure  in t he  Cottageville 

f i e l d  i s  not known, so t h a t  a validation of the interpreted lineaments 

i s  not possible. Also, the computer techniques may have been inadequate 
t o  enhance such l inears .  The l a t t e r  reason requires some explication,  

t o  place perspective on computer processing. 

Although computer analysis  is  referred t o  often i n  the l i t e r a t u r e ,  

and i s  thought to  be qui te  sophisticated,  the  f ac t  appears to  be t h a t  

i t  is not highly developed. This f ac t  was learned during t h i s  

investigation.  The techniques have been developed in  t he  l a s t  few 

years ,  and are  often inadequate. Smith (1977) s t a t e s  t h i s  f a c t  a s ,  

"Various information extraction techniques and automatic data processing 

methods f a i l  a s  yet  t o  meet information requirements. " A1 so, the 1 ion ' s  

share of e f f o r t  of computer enhancement of remote sensing has been i n  

c lass i f ica t ion .  Comparatively l i t t l e  e f fo r t  has been expended on 

spat ia l  processing, which t h i s  investigation requires. 

Despite the extensive e f f o r t  on c lass i f ica t ion  analysis ,  new 

algorithms and procedures a r e  current ly  being developed because previous 
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analysis has been inadequate. For example, the LACIE project ,  which 

was i n s t i t u t e d  t o  estimate wheat crops from Landsat imagery (MacDonald, 

1975) requires development o f  new algorithms and procedures f o r  c las- 

s i f  i ca t ion .  New sampling, c luster ing,  s t ra ta  de f i n i t i on ,  preprocessing 

and labe l ing  have recent ly  been developed because the former procedure 

and algorithms have been inadequate f o r  c l a s s i f i c a t i o n  purposes (Cicone, 

et. al. ,  1979). The f a c t  o f  advancement i n  procedures and a l g o r i t h m  

should no t  be surpr is ing,  because the  demands f o r  c l a s s i f i c a t i o n  analysis 

o f  remotely sensed data are continuously becoming more str ingent.  

The demands on spa t ia l  processing are also becoming more s t r ingent .  

The canputational i d e n t i f i c a t i o n  and enhancement o f  lineaments requires 

new algorithms and procedures. Spa t i a l l y  the human eye i s  more 

perceptive o f  patterns and gradations, par t i cu la r1  y i n  the  presence 

o f  obscuring and d i s t rac t i ng  patterns, than i s  a machine. It i s  our 

opinion t h a t  the human can perceive v a l i d  features t h a t  cannot be 

i d e n t i f i e d  o r  enhanced w i th  current algorithms and methods. I n  fact ,  

i n  attempting machine enhancement spurious features can be generated, 

as was found by Podwysocki (1975). The incapaci ty o f  cur ren t l y  

ava i lab le  1 i near enhancement procedures and algorithms t o  enhance 

lineaments found i n  the Cot tagev i l le  imagery l e d  ERIM t o  develop two new 

algorithms. 

Despite t h e i r  subtlety, the lineaments in terpreted f o r  Cot tagev i l le  

imagery are va l id ,  insofar  as they should be used f o r  t h e i r  proper 

purpose -- reconnaissance. Remote sensing i s  intended f o r  the  purpose 

o f  a id ing i n  the placement o f  geophysical measurements. It i s  the 

p r inc ipa l  s c i e n t i s t ' s  opinion tha t  computational enhancement procedures 

w i l l  be developed which can br ing out i n te rp re ta t i ve  features. 

The d i g i t a l  and op t i ca l  enhancement techniques which were used 

on the  Cottagevi l  le data are described below. Each establ ished 

enhancement technique i s  described b r i e f l y  and i l l u s t r a t e d  i f  pert inent.  

References w i l l  be given f o r  more extensive descr ipt ions o f  the computer 



techniques. The two new computer enhancement techniques which were 

explored during t h i s  contract  w i l l  be described i n  greater de ta i l ,  

because it i s  thought t h a t  they may cont r ibute t o  the evolut ion o f  

computer enhancement. One o f  the new techniques i s  described i n  

Appendix C, a reproduction o f  a paper presented t o  an ASP meeting. 

Each d i g i t a l  enhancement o f  Cot tagev i l le  imagery i s  described 

below: 

1. High pass f i l t e r i n g  f o r  edge enhancement 

This procedure was performed on Landsat and radar data. I n  t h i s  

procedure a block o f  two dimensional sample ( p i x e l )  values i s  averaged, 

and the d i f ference between the center sample and the average i s  found. 

This di f ference value replaces the o r i g i na l  value o f  the  center sample 

i n  the image reformation. The procedure i s  described i n  Chavez, e t  a l . ,  

(1976). The purpose i s  to  i n t e n s i f y  edges which l i e  along lineaments, 

thus making the lineaments more obvious. 

The color composite o f  Figure 3 was processed i n  t h i s  manner. 

For t h i s  composite a 3 x 3 (9 elements) array o f  p i xe l  values was 

averaged, and the  di f ference between the average and the value o f  t he  

center p ixe l  was found i n  each o f  three Landsat bands (bands 4, 5, and 

7 ) .  The f i l t e r e d  bands were then used t o  form the co lor  composite. 

This procedure was one o f  the most e f f e c t i v e  used. The i n te rp re ta t i ve  

lineaments appeared less  subt le  on t h i s  composite than on unprocessed 

co lor  composites o r  on ind iv idua l  bands o f  Landsat imagery. It should 

be re i t e ra ted  that, although i n  the opinion o f  the in terpreters  t ha t  

t h e  1 ineaments were more apparent ( less  subtle), they were by no 

means made palpable by t h i s  high pass f i l t e r i n g  procedure. 

This procedure was also applied t o  radar data. However, due t o  

the  scale, stream beds and cu l t u ra l  features only were enhanced. The 

larger,  wider and more pervasive features which more probably 

ind icated lineaments were obscured. Figure 10 i l l u s t r a t e s  one r e s u l t  

o f  t h i s  type o f  f i l t e r i n g  on a radar image. 
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FIGURE 10. HIGH-PASS FILTERING OF PORTION OF SAR IMAGERY (  1-3cm) OF COTTAGE VILLE REGION.   Note
Enhancement of Cultural Features, Particularly the Large Industrial Plant on the Ohio River.



2. Low-Pass F i l t e r i n g  

This procedure i s  equivalent t o  "smoothing". An ar ray o f  p ixe l  

values i s  averaged, and the p i xe l  value a t  the center o f  t he  array 

i s  replaced by the  average. Sharp edges are subdued and more gent ly  

varying features are enhanced. Sometimes t h i s  procedure i s  used 

t o  preprocess data f o r  other kinds o f  processing, such as ra t io ing .  

Noise, a r t i f a c t u a l  var ia t ions  which are sometimes high amplitude 

and sometimes random and sporadic, are reduced by low pass f i l t e r i n g .  

This procedure was used as an enhancement technique, but w i t h  neg l i g i b l y  

useful resu l ts .  However, i t  was necessary t o  use low-pass f i l t e r i n g  

i n  preprocessing t o  reduce the e f fec ts  o f  noise when using other 

procedures. Low pass f i ? t e r i n g  i s  described by Chavez, e t  a l .  (1976). 
An example o f  low pass f i l t e r i n g  i s  shown i n  Figure 11. 

3. Direct ional  Low ana High Pass F i l t e r i n g  

This type o f  f i l t e r i n g  i s  a s y n e t r i c .  Instead o f  averaging over 

a square array as i n  procedures #1 and 82, a d i rec t i on  i s  chosen, and 

the ar ray i s  made rectangular. For example, a low-pass f i l t e r i n g  i n  

one d i rec t i on  would consist, say, o f  averaging a number o f  p ixe ls  i n  

a segment along a s ing le  row t o  produce the value f o r  the p i xe l  a t  the 

midpoint o f  t he  segment. Such a procedure i s  f o r  the purpose o f  

enhancing 1 ineaments pa ra l l e l  t o  the  row, because those lineaments 

perpendicular t o  the row ( i n  the d i rec t i on  o f  the columns) w i l l  be 

"smeared out" by the averaging. 

I f  high-pass f i l t e r i n g  i s  performed along the  row, the  lineaments 

perpendicular t o  the  row would tend t o  be enhanced or  sharpened. The 

high-pass f i l t e r i n g  would again be accomplished by replacing the value 

o f  the p ixe l  a t  the  midpoint w i th  the d i f ference between t h i s  value 

and the  average o f  the  segment. This type o f  f i l t e r i n g  i s  described by 

Chavez (1 97b) . 
An example o f  t h i s  type o f  f i l t e r i n g  i s  shown i n  Figure 12. 



FIGURE 11. LOW-PASS FILTERING OF BAR IWLGERY ( k=Scm ) OF COTTAGEVILLE FIELD. 9x9 Smwthlw. 



. EdGURE 12. DIRECTIONAL LOW-PASS FILTERING OF SAR ( h=Scm ) OF COTTAGEVILLE FIELD.lXl2 Smoothing. 
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4. R a t i o i n g  

Whenever more than one channel o f  a scene i s  imaged, r a t i o i n g  

can be performed t o  enhance t h e  d i f f e r e n c e s  between t h e  channels and 

subdue tnose  f e a t u r e s  which a r e  t h e  same on bo th  channels.  R a t i o i n g  i s  

performed by d i v i d i n g  t h e  va lue  o f  each p i x e l  I n  one image by the  va lue  

o f  t h e  corresponding p i x e l  i n  ano ther  image. The r a t i o i n g  i s  performed 

o n l y  a f t e r  " da rk -ob jec t  sub t rac t i on " ,  i s  accompl ished t o  .remove b iases 

i n  t h e  images. The b ias  may be due t o  n a t u r a l  causes such as haze f rom 

t h e  sun, o r  t o  i ns t rumen ta l  and p rocess ing  causes. R a t i o i n g  i s  used t o  

enhance s u b t l e  d i f f e r e n c e s  between channel s. Because v i s u a l  comparison 

between images ( i n  c o n t r a d i s t i n c t i o n  t o  s p a t i a l  e v a l u a t i o n )  i s  r e l a t i v e l y  

d i f f i c u l t ,  r a t i o i n g  i s  p a r t i c u l a r l y  u s e f u l .  Also, t h e  more obv ious 

f e a t u r e s  which appear t h e  same on two images a r e  n e u t r a l i z e d .  A  r i d g e  

o r  b l u f f ,  f o r  example, i s  sometimes removed i n  t h e  r e s u l t i n g  r a t i o e d  

image. Wi th  t h i s  removal ex t reme ly  smal l  d i f f e r e n c e s  i n  t h e  spectrum 

o f  d i f f e r e n t  v e g e t a t i o n  o r  r o c k  types  can be magn i f i ed  t o  observable 

d i f f e r e n c e s .  A  s u i t e  o f  r a t i o s  can be used t o  aga in  make comparisons -- 
a  c o l o r  composite formed o f  t h r e e  r a t i o s  i s  an example. R a t i o i n g  o f  

m u l t i s p e c t r a l  imagery i s  d iscussed by  V incen t  (1977) .  . . 

A  c o l o r  composite o f  r a t i o s  415 ( b l u e ) ,  517 (g reen) ,  and 617 

( r e d )  of t h e  Landsat frame i n c l u d i n g  C o t t a g e v i l l e  i s  shown i n  F igu re  

13:. 
R a t i o i n g  was performed on Landsat, a i r b o r n e  MSS and.SAR imagery. 

Co lo r  composites were made on se t s  o f  Landsat r a t i o s ,  on which the  

i n t e r p r e t a t i v e  l i neaments  were de tec ted ,  a l t hough  t h e  most prominent 

l ineament  appears t o  be cen te red  5  km n o r t h  o f  t h e  C o t t a g e v i l l e  f i e l d  

r a t h e r  than  t h e  3.5 km found w i t h  band c o l o r  composi t ing.  

The r a t i o  of a i r b o r n e  MSS and SAR was n o t  d i a g n o s t i c  o f  l i neaments  

o r  o t h e r  f ea tu res .  The MSS r a t i o i n g  enhances v e g e t a t i v e  d i f f e r e n c e s  a t  

l a r g e  sca le .  These were n o t  i n d i c a t i v e  of 1  ineaments o r  areas o f  h i gh  

gas p roduc t i on .  S i m i l a r l y  f o r  t h e  r a t i o i n g  o f  3 cm and 24.cm SAR images 

( t h e  d i s c r i m i n a t i o n  o f  a g r i c u l t u r a l  c rops was pronounced, however). 

3 3 









5. Level Slicing 

The redistribution of the assignment of output gray levels to  

ranges of values .of input' pixels i s  termed level -sl ic ing.  Commonly an 

image i s  represented by a comparatively larger number of integral 

input values, say 256, and the output on photographic film, graymap, 

or cathode ray tube i s  often limited to  a smaller number of integer 

vaiues, say 64 or  less .  ' A straightforward means of representing 

the 256 values would be to  assign 4 input values equally to  the 

output values: the lowest four input values would be assigned to  the 

darkest output 1 evel , and each' increasingly higher se t  of four input 

values assigned t o  each increasingly l ighter  output u p  to  the level 

where input values 253-265 are  assigned to the l ightes t  output l'evel. 

However, the above straightforward means i s  not optimal for  

representing the image. One has the choice of representing the large 

number of input values in many ways. so that  desired contrasts are 

enhanced in the image. This i s  accomplished by assigning an arb i t ra ry  

( b u t  1 imited) number of input values to  each output value. For example, 

there may be an insignificant number of pixels with values between 0 

and 193, and none of these located in a region or on a feature of 

in t e re s t  t o  the interpreter .  In t h i s  case one output level could 

represent input 1ev.els 0-193, and each remaining output level (63) 

could then correspond t o  each remaining input value (194-256). In 

t h i s  way dis t inct ions can be made .in input levels of in te res t .  I t  

can be seen tha t  there are  many ways of performing t h i s  redistribution 

or "level-slicing".  

Level sli.cing i s  usually based on histogram, a frequency dis t r ibu-  

tion of a l l  of the available pixel values. One of many representations 

i s  t o  assign output levels to  correspond t o  equal areas under the curve 

representing the histogram. Other representations are based on  slop^, 

on displayir~g an "edge" between two closely related objects,  and by 

interact ively changing the 1 evel sl icing to  bring out desired contrasts 

J, 3 



w h i l e  viewing a CRT presenta t ion .  Level s l i c i n g  i s  discussed by 

Tarani  k (1  977). 

6. Color  S l i c i n g  

S i m i l a r  t o  l e v e l  s l i c i n g ,  which r e f e r s  t o  the  r e d i s t r i b u t i o n  o f  

ou tpu t  g ray  l eve l s ,  c o l o r - s l i c i n g  r e f e r s  t o  r e d i s t r i b u t i o n  i n  terms of 

c o l o r .  Three pr imary c o l o r  "guns" a re  used t o  d i s p l a y  t h e  e n t i r e  

v i s i b l e  c o l o r  spectrum. T'he r e l a t i v e  i n t e n s i t i e s  o f ' t h e .  i n d i v i d u a l  

c o l o r s  a r e  then chosen t o  enhance des i red  fea tu res  i n  an analogous 

manner t o  t h a t  used f o r  g ray  l e v e l s .  Color  and hue represent  t h e  

image . 

7. Color  Compos i t i ng 

A means o f  p resent ing  mu1 t i channe l  data i n  one image,' c o l o r  

composi t ing has become q u i t e  popular f o r  Landsat data. Three channels 

a r e  commonly used, w i t h  each channel represented by a pr imary  ( o r  

near pr imary)  c o l o r .  Landsat bands 4, 5, and 7 a re  u s u a l l y  composited, 

each band represented by a separate c o l o r .  . The r e s u l t i n g  composite 

o f t e n  shows d i f f e r e n t  types o f  vegeta t ion  and s o i l s  i n  d i f f e r e n t  co lo rs .  

The 1 :250,000 c o l o r  composites o f  e n t i r e  Landsat frames are o f t e n  

cosmet i ca l l y  a t t r a c t i v e ,  and sometimes usefu l  f o r  geo log ica l  i n t e r p r e t a -  

t i o n .  Color composites a r e  descr ibed by Tarani k (1977). The c o l o r  

composites o f  F igures  3 and 11 were constructed i n  t h i s  way. 

8. C lus te r i ng  ( T r a i n i n g  Sets) 

R e l a t i v e  magnitudes o f  mul t ichannel  da ta  depend upon the  spec t ra l  

c h a r a c t e r i s t i c s  o f  t h e  o b j e c t  o r  group o f  ob jec ts  i n  a scene. A 

concept f o r  v i s u a l i z i n g  t h e  r e l a t i v e  values o f  t h e  data channels i s  

t h a t  o f  a vec tor  i n  n-dimensional space, n being the  number o f  channels 

used. Th is  vec tor  w i l l  be based on the  magnitudes o f  each channel. 

The magnitudes a r e  summed v e c t o r i a l l y  so t h a t  t h e  " l o c a t i o n "  o f  the  t i p  

o f  summed vec tor  i n d i c a t e s  t h e  r e l a t i v e  c o n t r i  b u t i  on o f  each channel. 
44 



This  l o c a t i o n  . i s  then  taken as t h e  cen te r  o f  a '  r e g i o n  o r  "c l 'us te r "  

o f  values produced by t h e  spectrum o f  an o b j e c t  o r  s e t  o f  o b j e c t s  i n  a  

scene. 

A " t r a i n i n g  s e t "  ( o r  p o r t i o n  o f  t h e  image) i s  se lec ted  from t h e  

image i n  which the  o b j e c t s  t o  be tes ted  f o r  a r e  known o r  thought t o  be 

known t o  be dominant. The spectrum o f  t he  t r a i n i n g  se t  i s  then measured 

by t h e  r e s u l t a n t  vec tor  formed by the  r e l a t i v e  magnitudes o f  t he  channels. 

The r e s t  o f  t h e  scene i s  then tes ted  t o  see i f  t h e  spectra a re  s i m i l a r .  

I f  p o r t i o n s  o f  t h e  image a re  s i m i l a r  w i t h i n  a  s p e c i f i e d  amount, they  a re  

c l a s s i f i e d  t o  be t h e  same t ype  o f  o b j e c t  o r  o b j e c t s  as w i t h i n  t h e  

t r a i n i n g  set .  

Several measurement and d e c i s i o n  c r i t e r i a  a re  used i n  making t h e  

dec i s i ons  about whether a  p o r t i o n  o f  an image i s  s u f f i c i e n t l y  s i m i l a r  

t o  ' the t r a i n i n g  s e t  t o  be c l a s ' s i f i e d  as t h e  same o b j e c t  o r  ob jec t s .  

These a r e - r a t h e r  abs t ruse  and sometimes a r b i t r a r y .  References on 

t r a i n i n g  sets,  c l u s t e r i n g  a lgor i thms,  and d e c i s i o n  c r i t e r i a  a re , f ound  

i n  Tarani k  (1  977). 

9. Combinations o f  Methods 

T y p i c a l l y  more than one method.' w i  11 be employed. Some combinations 

a re  low pass f i l t e r i n g  be fore  per forming r a t i o i n g ,  l e v e l  s l i c i n g  o f  

r a t i o s ,  c o l o r  composites formed o f  , d i f f e r e n t  r a t i o s ,  c l u s t e r i n g  o f  

se t s  o f  r a t i o s .  

Each o f  t h e  above d i g i t a l  a n a l y s i s  techniques were employed on a t  

l e a s t  one k i n d  of..image o f  t h e  C o t t a g e v i l l e  f i e l d .  The l i s t  i s  n o t  

exhaus t ive  o f  t h e  poss ib le  techniques, which a re  c o n t i n u a l l y  being 

developed (Cicone, e t  a1 . , 1979). It ' should be noted t h a t  ,' except 

f o r  t h e  t h r e e  s imple k inds  o f  f i , l t e r i n g ,  t he  techniques tend t o  enhance 

spec t ra l  composi t ion r a t h e r  than s p a t i a l  fea tu res .  Most o f  t h e  ' 

devel.opment o f  d i g i t a l  image a n a l y s i s  has been focussed on spec t ra l  



compos i t ion  -- f o r  t h e  i d e n t i f i c a t i o n  o f  a g r i c u l t u r a l  c rops,  f o r  

example. Comparativel 'y 1  i t t l e  a n a l y s i s  development i n  t h e  remote 

sens ing  f i e l d  has been expended on t h e  de l  i n e a t  i o n  o f  s p a t i a l  f e a t u r e s  

and shapes. ' The l a t t e r  appears t o  be t h e  t y p e  o f  a n a l y s i s  r e q u i r e d  f o r  

i n t e r p r e t a t i o n  o f  su r f ace  f e a t u r e s  i n d i c a t i v e  o f  eas te rn  sha le  

p r o d u c t i o n  a t  depth.  

10. Two New Approaches t o  Lineament Enhancement 

Because s p a t i a l  a n a l y s i s  was r e q u i r e d ,  and t h e  a v a i l a b l e  techniques 

appeared inadequate t o  enhance o r  v e r i f y  t h e  suspected l i n e a r s  i n  t h e  

t e s t  s i t e ,  two methods o f  s p a t i a l  p rocess ing  were developed. These 

appear t o  be new c o n t r i b u t i o n s  t o  remote sensing a n a l y s i s .  

The f i r s t  method employed a r t i f i c i a l  ill uminat ion on a c t u a l  

imagery s i m i l a r  t o  t h e  employment o f  t h e  equa t ion  on a c t u a l  topograph ic  

d a t a  presented by Bateson, e t  a1 . , ( 1  975). They d e s c r i b e  t he  computa- 

t i o n  o f  shadows and appearances t h a t  would be produced by  a  sun a t  a  

g i v e n  az imuth and e l e v a t i o n  and a  g i v e n  v i ew ing  angle.  From d i g i t i z e d  

con tou r  map d a t a  ( a v a i l a b l e  f rom USGS f o r  a l l  o f  t h e  conterminous 

s t a t e s )  t h e  s l ope  i n  t h e  d i r e c t i o n  o f  t h e  sun i s  found f o r  each 

d i g i t i z e d  sample. A shaded re1  i e f  image i s  t hen  formed f o r  t h e  

d i g i t i z e d  sample. A shaded r e l i e f  map produced f r om t h e  Char les ton  

quadrangle i s  shown i n  F i g u r e  14. Th i s  map was produced by Geospectra, 

Inc. ,  as a  Topo Image ( c o p y r i g h t  name). 

Because t h i s  process i s  d i r e c t i o n a l l y  s e n s i t i v e  i t  can be used t o  

enhance d i r e c t i o n a l  f e a t u r e s  such as l i n e a r s .  However, i t  d i r e c t i o n a l l y  

f a l l s  o f  by t h e  cos ine  and o n l y  r e j e c t s  comp le te l y  those f e a t u r e s  which 

a r e  pe rpend i cu la r  t o  t h e  d i r e c t i o n  t o  be enhanced. F i g u r e  15 i s  an 

o p t i c a l  two-dimensional  F o u r i e r  t r ans fo rm  o f  F i g u r e  14, which can be 

viewed as  d e n s i t y  r o s e  diagram o f  t h e  d i r e c t i o n a l  predominance o f .  

l i n e a r  f ea tu res .  The gradual  d im inu t i on ,  p r o p o r t i o n a l  t o  t h e  cos ine  

o f  t h e  d i r e c t i o n , ' c a n  be.seen. 
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FIGURE 14. SHADED RELIEF MAP OF CIIARLESTON QUADRANGLE PRODUCED FROM DIGITIZED ELEVATION 
CONTOUR DATA. Simulated Sun at 30' in Northwest. Produced by Gsospectra, Inc., under copyright name "Topoimage". 



FIGURE 15. OPTICAL FOURIER TRANSFORM OF IMAGE SHOWN IN FIGURE 14. Note the 
Directional Attenuation Until No Slopes Are Indicated Parallel to the Sun ' 8  Mrection. 



The new aspect o f  t h e  a p p l i c a t i o n  o f  the  Lommel-Seegler equat ion 

i s  t h a t  i t  i s  app l i ed  t o  a c t u a l  imagery, r a t h e r  than topographic 

contour  data. The meaning when app l i ed  t o  topographic da ta  i s  obvious. 

However, t h e  meaning, when app l i ed  t o  imagery, i s  n o t  c lea r ,  o the r  

than i t s  use i n  enhancing 1  ineaments predominant ly l y i n g  i n  one d i r e c t i o n .  

F igure  16 shows t h i s  process app l i ed  t o  Landsat i m g e r y  o f  the  

Cot tagevi  11 e  r e g i  on. 

The slow a t tenua t i on  w i t h  d i r e c t i o n  combined w i t h  t h e  d i f f i c u l t y  

o f  enhancing suspected C o t t a g e v i l l e  l ineaments when us ing  t h e  

Lommel-Seegler equat ion prov ided t h e  impetus t o  f i n d  a  more s e l e c t i v e  

means o f  d i r e c t i o n a l  f i l t e r i n g ,  t h e  second new approach t o  l ineament 

enhancement. 

A  means was found which a l s o  employs the  slope. The d i r e c t i o n  o f  

t h e  maximum slope, which i s  t h e  d i r e c t i o n  o f  t h e  grad ien t ,  i s  r e l a t e d  

t o  l ineaments i n  t h e  f o l l o w i n g  way: t h e  1  ineament e x i s t s  because o f  

a  con t i nu ing  change i n  value t ransve rse l y  along t h e  l ineament.  For 

example, t h i s  change i n  value occurs as e l e v a t i o n  i n  topography and 

as  i n t e n s i t y  i n  an image such as  Landsat. I n  f a c t  t h e  pers is tence o f  

t h e  t ransverse  changes i n  values a c t u a l l y  i s  t h e  o n l y  c h a r a c t e r i s t i c  

which de f i nes  t h e  1  ineament. Along a  l ineament t h e  d i r e c t i o n  o f  the  

g rad ien t  w i l l  be, t he re fo re ,  t ransverse t o  t h e  d i r e c t i o n  o f  t h e  

l ineament. Using a  simple computation t o  f i n d  the  d i r e c t i o n  o f  the 

g rad ien t  i n  a l l  p i x e l s  i n  an image, a  d i r e c t i o n a l  f i l t e r  can be con- 

s t r u c t e d  t o  s e l e c t  g rad ien t  d i r e c t i o n s  which are  requ i red  t o  form 

l ineaments i n  t h e  perpendicular  d i r e c t i o n .  

I n  t h i s  way l ineaments a r e  d i r e c t i o n a l l y  f i l t e r e d .  The f i l t e r i n g  

i s  s i m i l a r  t o  two-dimensional F o u r i e r  t rans form f i l t e r i n g ,  except t h a t  

t h e  g rad ien t  f i l t e r i n g  process i s  much more economical, and no r i n g i n g  

occurs as i n  the  Four ie r  transform. 



FIGURE 16. SHADED RELIEF~MAP" OF LANDSAT UUGERY OF COTTAGEVILLE WITH 
SIMULATED SUN 30' ABOVE HORIZON IN THE EAST DIRECTION. 



The grad ient  f i l t e r i n g  method, considered t o  be a new c o n t r i b u t i o n ,  

was w r i t t e n  i n  the  form o f  a j ou rna l  a r t i c l e ,  and i s  t o  be presented 

a t  t h e  1979 Convention o f  t h e  American Soc ie ty  o f  Photogrammetry and 

t h e  American Congress on Surveying and Mapping i n  Washington, D.C. 

The paper i s  inc luded as Appendix C o f  t h i s  repo r t .  

Op t i ca l  processing used i n  t h i s  p r o j e c t  i s  descr ibed below. 

Un l i ke  d i g i t a l  processing, i n  which numbers represent  the  image, 

o p t i c a l  processing employs a v i s u a l  r e p l i c a  i n  the  form o f  a 

photographic transparency o r  p r i n t ,  o r  d isp layed on a cathode r a y  tube. 

L i g h t  impinges on t h e  r e p l i c a  and t h e  r e f l e c t e d  o r  t ransmi t ted  l i g h t  

i s  then passed through devices which e i t h e r  analyze o r  f i l t e r  t h e  image. 

Theore t ica l  techniquescanbe used w i t h  e i t h e r  coherent o r  incoherent 

1 i gh t .  

1. Four ie r  Transform 

A Four ie r  t rans format ion  o f  a r e p l i c a  i s  obta ined by 

d i f f r a c t i o n .  Convent ional ly  a p lane wave of monochromatic l i g h t  

passes through a r e p l i c a ,  and the  d i s t r i b u t i o n  o f  t h e  l i g h t  due t o  

Fresnel d i f f r a c t i o n  a t  an i n f i n i t e  ( f a r f i e l d )  d is tance def ines  the  

two-dimensional frequency o f  t h e  r e p l  ica. When the  d i f f r a c t e d  1 i g h t  

i s  gathered by a lens,  t he  f a r f i e l d  Fresnel d i s t r i b u t i o n  occurs a t  t he  

f o c a l  p lane o f  t h e  lens.  The a d d i t i o n  o f  such a lens  forms the we l l -  

known Fraunhofer d i f f r a c t i o n  s e t  up, where the  d i s t r i b u t i o n  o f  l i g h t  

a t  t h e  f o c a l  plane o f  the  l ens  i s  the  two-dimensional t ransform o f  t h e  

r e p l  ica.  

The usual o p t i c a l  Four ie r  t ransform set-up cons is t s  o f  a laser ,  

a microscope o b j e c t i v e  t o  focus the  l a s e r  l i g h t  on a p inho le  f o r  

approximation o f  a p o i n t  source o f  l i g h t ,  a l ens  placed a foca l  l e n g t h  

away from t h e  p inho le  t o  c o l l i m a t e  the  l i g h t  ( t h a t  i q ,  t o  make the  

l i g h t  form a p lane wave), t h e  r e p l i c a ,  and f o l l o w i n g  t h i s  a l ens  t o  

focus t h e  l i g h t  i n  t h e  Four ie r  t rans form plane. Because the  d i f f r a c t i v e  
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process i s  phase sensit ive, the f i l m  thickness var ia t ions  o f  the  rep l i ca  

can cause noise interferences. To n u l l i f y  the noise e f f e c t  o f  the 

f i l m ,  a  " l i q u i d  gate" i s  desirable. The l i q u i d  gate consists o f  two 

o p t i c a l  f l a t s  sandwiching the r e p l i c a  w i th in  a  f l u i d  w i th  index o f  

r e f r a c t i o n  s im i la r  t o  t h a t  o f  the f i l m .  

A more elemental op t i ca l  se t  up which i s  more f l e x i b l e  and 

produces less noise w i t h  imperceptible degradation o f  accuracy can be 

made w i th  one lens only. The pinhole i s  imaged by one lens, w i t h  

whatever magnif ication i s  desired. The pinhole image i s  i n  the  Fourier 

transform plane. The rep l i ca  i s  then placed anywhere tha t  the  l i g h t  

beam i s  s u f f i c i e n t l y  la rge  between the pinhole and i t s  image. The 

distance from the r e p l i c a  t o  the  image o f  the pinhole then determines 

the scale fac to r  o f  the  Four ier  transform, a  fac to r  which can be 

adjusted by simply moving the rep l i ca  along the l i g h t  beam. Also, i f  

a l a rge  scale f ac to r  i s  desired t h i s  may be accomplished by la rge  

magnif icat ion i n  producing the image o f  the pinhole (when the lens i s  

r e l a t i v e l y  close t o  the pinhole). This contrasts w i th  the conventional 

two-lens plane-wave op t i ca l  se t  up where the scale f ac to r  i s  f i xed  by 

the foca l  length o f  the lens. I n  addi t ion t o  the f l e x i b i l i t y  o f  the  

scale factor,  the reduct ion o f  glass i n  the d i f f r a c t i v e  system reduces 

noise, because dust, d i r t ,  and glass defects are present i n  and on lenses. 

The l i g h t  d i s t r i b u t i o n  i n  t he  Four ier  transform i s  complex -- 
having both phase and amplitude. However, only the energy can conveni- 

e n t l y  be measured, a1 though f i l t e r i n g  can be performed which takes 

advantage o f  the  complex nature o f  the Fourier transform. The means 

o f  measuring are v isual ,  photographic f i l m ,  and scanning o r  arrayed 

photo receptors, each o f  which produce a voltage output proport ional  

t o  the i n t e n s i t y  o f  rad ian t  l i g h t .  The three means o f  measuring are 

energy sensi t ive,  and insens i t i ve  t o  the phase o f  the l i g h t .  



The Fraunhofer d i f f r a c t i o n  pat tern (Fourier transform) i s  

symmetric about a  po in t  ind ica t ing  zero frequency i n  both d i rect ions.  

This po in t  i s  the image o f  the  pinhole. The frequency scale i s  the 

distance from t h i s  zero po in t  i n  any d i rec t i on  o f  the d i f f r a c t i o n  

pattern, The d i rec t i on  indicates the  o r ien ta t ion  o f  features i n  the  

rep l ica.  Figure 15, the photograph o f  the Fraunhofer d i f f r a c t i o n  

Four ier  transform o f  the shaded r e l i e f  map made from the  topographic 

data o f  the Charleston quadrangle, i l l u s t r a t e s  the transform. The 

i n t e n s i t y  o f  l i nea rs  f a l l s  o f f  by the cosine from the perpendicular 

t o  the d i rec t i on  o f  the sun angle i n  any such image. The Four ier  

transform i n  Figure 15 c l e a r l y  shows t h i s  d i rec t iona l  attenuation. 

Optical Four ier  transforms are described i n  Cutrona, e t  a l .  (1960), 
and Jackson ( 1  964a, 1964b). 

2. Four ier  Transform F i l t e r i n g  

The Four ier  transform i s  an intermediate step i n  imaging w i t h  

coherent l i g h t .  I f  a lens i s  added t o  the above-described system, 

the  rep l i ca  can be imaged. This means t h a t  between the  rep l i ca  and i t s  

image i s  a  Four ier  transform o f  the  rep l ica.  I n  t h i s  plane the 

representation i s  i n  frequency and or ientat ion,  without regard t o  the 

pos i t ion  o f  features i n  the  rep l ica.  Selective at tenuat ion o f  l i g h t  

i n  t h i s  plane can, therefore, ac t  as a f i l t e r  f o r  both spat ia l  frequency 

and o r ien ta t ion  o f  features i n  the rep l ica.  

To f i l t e r  f o r  1  ineaments, wedge-type f i l t e r s  can be placed i n  the 

op t i ca l  Four ier  transform plane. If the features i n  the rep l i ca  are 

al igned w i th in  a  given angle, they w i l l  cause d i f f r a c t i o n  i n  the 

Four ier  transform plane w i th in  the  same angle, but ro ta ted 90". 

The d i f f r a c t i o n  w i l l  then be w i th in  a  wedge w i th  t h i s  angular extent. 

A passband or  stopband wedge can be placed a t  t h i s  loca t ion  i n  t h i s  

plane. A passband, f o r  which the wedge i s  transparent, al lows the 



imaging of only those lineaments in the rep1 ica which are a1 igned so 
that  their  diffracted energy i s  within the transparent wedge. 

Conversely, for a stopband the wedge i s  made opaque and the remaining 

area i n  the Fourier transform plane i s  transparent. 

Diffraction also occurs in the Fourier transform plane, causing 

degradation in the image. Interference fringes in the image are 

caused by the edges of the wedge. Also, with the photographic type 

of replica used for remote sensing images, most of the l ight  i s  

undiffracted so t h a t  extremely bright l ight  intensity i s  produced at  

the center of the Fourier transform f i l t e r ing  plane; the sl ightest  

diffraction from th i s  source will cause interference fringes throughout 

the image. 

When direction only i s  to  be f i l tered independent of frequency, a 

white l ight  source may be used, because the direction of diffraction 

i s  independent of the wavelength. With such a source the degradation 

in the image caused by the edges of the f i l t e r  i s  reduced. However, 

a diff iculty arises in producing a small "point" source of l ight  without 

reducing the l ight  level t o  a semi-usable level. The basis for white 

1 ight f i l ter ing i s  described by Jackson (1965). 

A Fourier transform f i l tered image of the Cottageville area i s  

shown in Figure 17. - , t,;:: 8 -  t 8 '  

' . '  - "  - ,  

8 ,  - 
3 .  Vanderlugt ~ i l  tering 

The Vanderlugt f i l t e r  i s  a complex optical f i l t e r  in which the 

output i s  a correlation function in the image plane with i t s  center 

corresponding t o  the location of the feature in the replica. The 

f i l t e r  interacts with the l ight  distribution in the Fourier transform 

plane in such a way as to indicate where a feature i s  located in the 

replica. For conceptualization, consider an array of l e t t e r s  and 

numbers on a replica, with the Vanderlugt f i l t e r  constructed to  pass 

the l e t t e r  "g". Whenever "g" i s  found in the replica, a bright spot 
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FIGURE 17. FOURIER TRANSFORM FILTERING OF LANDMT FRAME INCLUDFG THE 
COTTAGEVILLE AREA. Direction of filtering ~ 4 5 @ ~ ,  Angular Extent of Filter 10 . 



w i l l  occur i n  the image plane (Vanderlugt, 1964). Mitchel and Roth 

(19691, have applied the  Vanderlugt f i l t e r  t o  geologica formations and 

water waves. However, i n  Mitchel and Roth's rep l i cas  the lineaments 

were ra ther  prominent and eas i l y  perceivable i n  t he  o r i g i na l  image. 

This type o f  f i l t e r i n g  was attempted, but not  found applicable t o  the 

subt le 1 inears suspected i n  the  Cot tagev i l le  region. Much more than 

other kinds o f  op t i ca l  processing, the use o f  t h e  Vanderlugt f i l t e r  

requires experience and a high degree o f  s k i l l .  

4. The Ronchi Grating 

The Ronchi Grating, o r  a square wave transmission grating, i s  

a se t  o f  opaque pa ra l l e l  l i n e s  on a transparent backing such as glass 

o r  p las t i c .  The uniform widths o f  the opaque l i n e s  are equal, and the 

separation between the l i n e s  i s  the same as the widths; thus a 

"square wave" o f  l i g h t  transmission i s  formed transversely t o  the 

d i rec t i on  o f  the l ines.  L igh t  i s  d i f f r a c t e d  by the Ronchi g ra t ing  i n  

a d i rec t i on  perpendicular t o  t he  d i rec t i on  o f  the  l i n e s  on the grating. 

The f a r f i e l d  d i s t r i b u t i o n  o f  t h e  d i f f r a c t e d  l i g h t  i s  prec ise ly  tha t  o f  

t he  F w r i e r  ser ies o f  a square wave. 

When an image i s  viewed o r  photographed through a Ronchi g ra t ing  

the  d i f f r a c t e d  l i g h t  w i l l  be spread out  i n  one d i rect ion,  but w i l l  be 

undisturbed i n  the  perpendicular d i rec t ion .  This d i f f r a c t i o n  w i l l  then 

tend t o  b l u r  out lineaments i n  the image which are p a r a l l e l  t o  the 

l i n e s  o f  the grating, thus accentuating the lineaments which are 

perpendicular t o  the l i n e s  i n  the grating. I n  opt ics,  t h i s  i s  known 

as an astigmatic spread funct ion.  

The grat ing thus acts by se lec t i ve ly  "smearing" out the lineaments 

i n  one d i rec t i on  and leaving the  perpendicular 1 ineaments r e l a t i v e l y  

undisturbed, which i s  a means o f  enhancing the undisturbed 1 ineaments. 

However, because the g ra t ing  produces a spread funct ion which i s  the 



Fourier transform o f  a square wave, the d i rec t iona l  i t y  i s  frequency 

select ive.  The d i s t r i b u t i o n  o f  the g ra t ing  spread funct ion i s  no t  

a so l i d  l i ne ,  i n  which case a l l  frequencies would be eliminated. An 

example o f  the frequency s e l e c t i v i t y  i s  shown i n  Figure 18, i n  which a 

fan i s  imaged through a Ronchi grat ing.  Note t ha t  i n  a narrow angular 

region the l i nes  a t  a l l  frequencies are imaged, but i n  other d i rec t ions  

the 1 ines are se lec t i ve ly  attenuated (blurred out). The spat ia l  

frequencies o f  the fan l i n e s  are inverse ly  proport ional  t o  the rad ia l  

distance. 

The Ronchi grat ing thus enhances lineaments i n  one d i rec t ion  whi le 

subduing, but not  el iminat ing,  lineaments i n  other d i rect ions.  

Because o f  the smearing i n  one d i rect ion,  the enhanced lineaments 

are stretched, i.e., smeared pa ra l l e l  t o  t h e i r  d i rect ion,  so t ha t  they 

appear longer than they ac tua l l y  are i n  t he  image. I n  the Cot tagev i l le  

area w i th  the  mature surface, very short  lineaments such as r idges 

o r  stream segments can be smeared i n t o  one another, creat ing the 

appearance o f  a long, s i g n i f i c a n t  lineament. Long "assembled" 

lineaments can be seen i n  a l l  d i rec t ions  i n  the Cot tagev i l le  area. 

For t h i s  reason the Ronchi g ra t ing  method should be used w i th  great 

care. 

To obta in  Rochi - f i l tered photographs o f  imagery, the g ra t ing  can 

be placed d i r e c t l y  i n  f r o n t  o f  the camera lens. Ambient l i g h t  can 

be used. Also, an image can be viewed by holding the g ra t ing  a few 

inches i n  f r o n t  o f  the  eye. 

Viewing images through the  grat ing appears t o  be the best use o f  

t h i s  device. The construct ion o f  a r t i f a c t u a l  lineaments as discussed 

by Podwysocki (1975) occurs i n  the Cot tagev i l le  area when Ronchi- 

f i l t e r e d  photographs are taken. However, when the images are viewed 

through the grat ing apparent lineaments can be inmediated compared with 





the u n f i l t e r e d  image. Also, the composition o f  the lineament can be 

discovered by r o t a t i n g  the g ra t ing  s l i g h t l y .  Conversely, a suspected 
lineamqnt on the u n f i l t e r e d  image can be tested by viewing i t  through 

the g ra t ing  and judging the r e l a t i v e  enhancement w i t h  respect t o  other 

apparent lineaments. The capab i l i t y  o f  in te rac t ion  w i th  the  image i s  

the  optimal use o f  t h i s  device. 

Figure 19 shows a Ronc h i - f  i 1 tered Landsat scene which includes 

the Cot tagev i l le  area. 

The Ronchi g ra t ing  method i s  described by Pohn (1970), and an 

appl icat ion t o  an Appalachian region i s  shown by Elder, e t  al., 

(1974). These authors employed a s ing le  grating. Because o f  t he  

segmented nature o f  the  spread funct ion produced by the grat ing,  two 

al igned superimposed grat ings were employed and were spaced a few 

centimeters apart. Comparisons showed the two grat ings produced more 
d e f i n i t i v e  f i l t e r i n g  w i th  a more uniform background than produced by a 

s ing le  grat ing.  The spacings o f  the l i n e s  were 7.9 lines/mm and 
9.8 1 ines/mm. 



FIGURE 19. RONCHI-FILTERED LANDSAT SCENE INCLUDING COTTAGEVILLE. Two Gratings 
( 7.9 and 9.8 lines/mm used). Aligned to NE-SW direction. 



6 .O 

INTERPRETATION OF ENHANCED IMAGES 

It shou ld  again be emphasized t h a t  t h e  enhancement procedures d i d  

n o t  r e s u l t  i n  p roduc ing  obvious f e a t u r e s  o f  subdued i n t e r p r e t a t i v e  

features, .  It triust be accepted t h a t  t h e r e  i s  a  p r o b a b i l i t y  t h a t  t h e  , 

v i s u a l l y  i n t e r p r e t e d  1  i neaments were s u b j e c t i v e ,  some probabi  1 i ty t h a t  

t h e  li ineaments, i n  f a c t ,  do n o t  e x i s t  as a geo log i ca l  f e a t u r e .  A l t e r n a -  

t i v e l y ,  t h e r e  i s  a  p r o b a b i l i t y  t h a t  t h e  i n t e r p r e t a t i v e  l ineaments do 

e x i s t ,  and t h a t  t h e  machine procedures we used were n o t  s e n s i t i v e ,  

s e l e c t i v e ,  o r  noise-immune enough t o  ' i d e n t i f y  and va l  i date, t h e  suspected 

l i n e a r s .  S u i t a b l e  machine p rocess ing  f o r  areas l i k e  C o t t a g e v i l l e  may 

n o t  'have been developed a t  t h i s  t ime .  . . 

On t h e  o t h e r  hand, t h e  i n t e r p r e t a t i v e  l ineaments c o u l d  be shown as 

more pa lpab le  l ineaments w i t h  o p t i c a l  F o u r i e r  t r ans fo rm  and Ronchi 

g r a t i n g  techniques, b u t  many o t h e r  1  ineaments i n  a l l  d i r e c t i o n s  were 

found ( o r  c rea ted )  which appeared t o  be as d e f i n i t i v e  as those a long  

the  i n t e r p r e t a t i v e  1  ineaments. Therefore,  t h e  i n t e r p r e t a t i v e  1  ineaments 

cou ld  n o t  be cons idered as s e l e c t e d  o r  enhanced by these means. 

The l a r g e - s c a l e  imagery (SAR, a i r b o r n e  NSS, a n d . 1 0 ~  a l t i t u d e  a e r i a l  

photography) d i d  n o t  l e n d  i t s e l  f t o  enhancement. The mature, d i s s e c t e d  

na tu re  o f  t h e  su r f ace  prevented t h i s  t ype  o f  imagery f rom b e i n g  use fu l  

i n  d i s c o v e r i n g  pe rvas i ve  l ineaments.  The d i s s e c t i o n  o f  t h e  s u r f a c e  by 

e r o s i o n  overwhelms o t h e r  f ea tu res .  

The small. s ca le  imagery, p r i n c i p a l l y  Landsat, was more use fu l  ' i n  

i n f e r r i n g  1  ineaments. F i gu re  5 shows t he  enhanced i n t e r p r e t a t i v e  

l ineaments which a re  most prominent.  These t r e n d  NE-SW, w i t h  t he  most 

prominent l i n e a m e n t ' l y i n g  between t h e  C o t t a g e v i l l e  f i e l d  and t h e  Oh io ,  - 
' 

R i v e r .  Th i s  l ineament  was found ( a l o n g  w i t h  many o t h e r s )  by  F o u r i e r  

t r a n s f o r m  f i l t e r i n g  (FilJur*e 16) dl16 by Ronchl g r a t i n g  f i  l t e r i n g  ( F i g u r e  18) .  
With CRT enhancement procedures these  l i n e a r s  appeared t o  be more 



prominent .  The c o l o r  composites o f  t h r e e  r a t i o s  o f  Landsat da ta  a l s o  

i n d i c a t e d  these  l ineaments.  

Given t h e  f a c t  t h a t  remote sens ing  da ta  shou ld  be viewed as recon- 

na issance data,  these  i n t e r p r e t a t i v e  l i n e a r s  a r e  e v i d e n t  enough so t h a t  

t hey  shou ld  be used f o r  placement o f  ground based geophysical  i n v e s t i g a -  

t i o n s .  When f a u l t s  o r  f r a c t u r e s  a re  t o  be exp la i ned  i n  a  r e g i o n  where 

no f i e l d  work has shown such f ea tu res  a t  t h e  sur face ,  i n t e r p r e t a t i v e  

remote sens ing f ea tu res ,  even when c o n t r o v e r s i a l ,  o f f e r  t h e  b e s t  

p l  acemen t o f  geophys i c a l  measurements . 



DISCUSSION 

The r e s u l t s  o f  ' t h i s  i n v e s t i g a t i o n  a r e  n o t  conc lus ive .  No bas i s  f o r  

t h e  v a l i d i t y  o f  remote sens ing  f o r  a i d i n g  i n  t h e  e x p l o r a t i o n  o f  eas te rn  

sha le  gas can be made. I f  d e f i n i t e  l ineaments,  even a f t e r  computer . . 
enhancement, had been found, t h e  b a s i s  s t i l l  cou ld  n o t  be v a l i d a t e d .  

The n a t u r e  of t h e  t e s t  s i t e  and t h e  f a c t  t h a t  geophys ica l  measurements 

t o  f i n d  subsur face f r a c t u r i n g  have n o t  been obta ined,  l e a d  t o  two 

reasons f o r  non-val i da t i on .  

F i r s t ,  t he  t e s t  s i t e  p rov ides  no re fe rence  f rom which t o  make 

i n fe rences .  The r e g i o n  has no s u r f a c e  o r  subsurface-mapped s t r u c t u r a l  

f ea tu res  such as f a u l t s ,  sync l  ines ,  a n t i c l i n e s ,  o r  domal s t r u c t u r e s .  

I n  a d d i t i o n  t h e  su r f ace  i s  mature, w i t h  e ros iona l  r i d g e s  and streams 

g i v i n g  much r e 1  i e f  i n  pseudo-random d i r e c t i o n s .  Each s t ream o r  r i d g e  

which ma in ta ins  i t s  d i r e c t i o n  f o r  a  k i l o m e t e r  o r  so c o u l d  be termed a  

"1 ineament." The s t r a t a  a r e  e s s e n t i a l l y  f l a t - l y i n g .  A1 though se ismic 

s t u d i e s  i n d i c a t e  a  d i p p i n g  i n t e r f a c e  j u s t  above t h e  basement, no 

i n f o r m a t i o n  i s  g i v e n  about t h e  sub-surface. The g r a v i t y  and magnet ic 

da ta  a l s o  r e f e r  t o  t h e  basement. However, t h e  edge o f  t h e  Rome Trough 

under1 i e s  t h e  f i e l d  and i s  thought  t o  a f f e c t  p r o d u c t i v i t y .  

Thus no re fe rence  i s  p rov ided . ,  Remote sens ing  i s  o f t e n  used t o  show 

s i m i l a r i t y  o f  f ea tu res  o r  composi t ion between . . a  known scene and an unknown 

scene. Th i s  power fu l  procedure was n o t  p o s s i b l e  here.  The p o s s i b i l i t y  

a l s o  e x i s t s  t h a t  no su r f ace  m a n i f e s t a t i o n s  o f  t h e  gas f i e l d  a r e  p resen t .  

Second, g i ven  th,e i n t e r p r e t e d  1  ineaments, t h e r e  i s  c u r r e n t l y  no way 

t o  eva lua te  them. They do n o t  1  i e  d i  r e c t l y  over  t h e  f i e l d ,  a1 though 

t hey  do t r e n d  s i m i l a r l y  t o  t h e  f i e l d  and t h e  Rome Trough. T h e i r  na tu re  

i s  undetermined, whether a  f r a c t u r e ,  f a u l t ,  sync l  i n e ,  a n t i  c l  i ne ,  o r  t h e  

e r r t t c l  o f ' .  escap'i ng hydrocarbons. 



Thus t h i s  reg ion  presents two obstac les:  no reference on which t o  

~ base, compare, and extend t h e  i n t e r p r e t a t i o n ,  and no means o f  conf i rming 

t h e  i n t e r p r e t a t i v e  fea tures  which were found. I f  the  area o r  t he  c e n t r a l  

p o r t i o n  o f  the  gas f i e l d  had been shown t o  be d i f f e r e n t  from t h e  

surrounding area, t h e  v a l i d i t y  o f  remote sensing cou ld  have been shown. 

Even though on l y  i n t e r p r e t a t i v e  l ineaments were found which cou ld  

n o t  be enhanced t o  appear as obvious, o r  concensus, l ineaments, the  

p r o b a b i l i t y  o f  a i d i n g  e x p l o r a t i o n  i s  h igh .  Remote sensing should be 

considered a reconnaissance procedure, and should n o t  be considered 

t o  be a d e f i n i t e  i n d i c a t i o n  o f  cond i t ions .  I t  should be the  f i r s t  

s tep  i n  e x p l o r a t i o n  t o  improve t h e  placement o f  the  more expensive 

groundbased geophysics. I t should n o t  be t h e  s i n g l e  bas is  o f  w e l l  

d r i l l  i n g  be fore  geophysics i s  app l ied .  Given a p o t e n t i a l  gas producing 

area, t h e  t ime and expense o f  f u r t h e r  i n v e s t i g a t i o n  may be reduced 

by a knowledge o f  t h e  poss ib le  l ineaments. The p r o b a b i l i t y  o f  economic 

savings i n  e x p l o r a t i o n  i s  increased by us ing  i n t e r p r e t a t i v e  l ineaments 

unless the re  i s  some more compel1 i n g  reason t o  l o c a t e  i n i t i a l  ground- 

based exp lo ra t i ons  e l  sewhere. 

Th is  i n v e s t i g a t i o n  was an e x c e l l e n t  oppor tun i t y  t o  t r y  many k inds 

o f  d i g i t a l  and o p t i c a l  ana lys is  on an i n t r a n s i g e n t  problem. A1 though 

features were n o t  enhanced t o  a concensus l e v e l ,  comparative eva lua t ions  

cou ld  be made on t h e  enhancement methods. O f  t he  o p t i c a l  methods, on ly  

one can be recommended f o r  use: t he  v i s u a l  use o f  t he  Ronchi g ra t i ng .  

The g r a t i n g  shou ld  be used i n  a dynamic, i n t e r a c t i v e  way t o  search f o r  

l ineaments which can be immediately d iscerned w i t h  the  naked eye. I t  

can i n d i c a t e  more l ineaments than a c t u a l l y  e x i s t ,  b u t  a l s o  can be used 

t o  emphasize some overlooked 1 i neaments . F i  1 t e r i n g  and photographing 

the r e s u l t  o f  bo th  the  Ronchi and Four ie r  t rans form produces too  many 

spur ious 1 ineaments t o  be worthwhi le .  Photography o f  t he  Four ie r  

t rans fo rm showed t rends i n  a N20°E d i r e c t i o n ,  b u t  these were n o t  



t r a c a b l e  t o  p a r t i c u l a r  l ineaments-, and were i n t e r p r e t e d  t o  be due t o  

h i g h  f requency stream beds o f  s h o r t  l eng ths .  However, t h e  p r e c i s e  

measurement o f  t h e  F o u r i e r ,  t r ans fo rm  was n o t  ach ieved i n  t h i s  program.,. 

Pho toce l l  a r r a y  measurements .may be o f  g r e a t e r  use fu lness .  Trends o f  -.  
. . 

master j o i n t  se t s  may be i n d i c a t e d  by t h i s  method. . . 

The, d i g i t a l  computat ions were more bene f i  c i a l  . Co lo r  composites, 

edge' enhancement, and r a t i o i  ng were bene f i  c i a l  . i n  a id . ing v i s u a l  . 

i n t e r p r e t a t i o n .  S p e c i f i c a l l y  d i r e c t i o n a l  enhancement such ,as smoothing 

i n  one d i r e c t i o n  d i d  n o t  appear, t o  a i d  i n  i n t e r p r e t a t i o n .  The two 

new methods were developed toward t h e  end o f  the' .program and were n o t  

t h r o r o u g h l y  t e s t e d .  . . 

I t  emerged c l e a r l y  t h a t ,  f o r  t h i s  area and problem, sma l l -sca le ,  

s y n o p t i c  imagery was more u s e f u l  than  l a r g e - s c a l e  imagery.  The reason 

f o r  t h i s  i s  t h a t  t h e  mature su r f ace  i s  d i ssec ted  by pseudo-random 

e r o s i o n a l  f ea tu res .  These e ros iona l  f ea tu res  overwhelm t h e  pervas ive  

l ineaments which a r e  man i fes ted  by s u b t l e  t o n a l  g rada t ions  ex tend ing  

across severa l  sma l l e r ,  sharper  f ea tu res .  The measurement o f  t h e  

d e n s i t y  o f  s h o r t  1  ineaments i n t e r p r e t e d  on t h e  1  a rge-sca le  imagery 

was f e l  t t o  be i nconcl  u s i  ve. 

The i n t e r p r e t a t i v e  cha rac te r  o f  t h e  l ineament  i ' s  emphasized b y ' t h e  

f a c t  t h a t  Werner (1977) ,  who conducted 'a  thorough i - n v e s t i g a t i o n  o f  t h e  
I .  

1 ineaments i n  t h e  C o t t a . g e v i l l e  area, found o n l y  two which rough l y  

c o i n c i d e d  w i t h  o u r  ma jo r  1  ineaments. O f  these  two, one i s  t h e  1  ineament 

we cons idered  t o  be t h e  most pervas ive  and predominant.  I t  runs 

N 45" E pass ing  3.5 km n o r t h  o f  t h e  a x i s  o f  t h e  C o t t a g e v i l l e  f i e 1  d. 

There i s  no reason t o  p r e f e r  t h e  l ineaments we i n t e r p r e t e d  over  those  

Werner i n t e r p r e t e d . .  I n  f a c t ,  Werner was more conversant  w i t h  t h e  area 

than  we. The ' s a l i e n t  p o i n t  i s  t h a t  t h e  i n t e r p r e t a t i o n  of  l ineaments 

between separate ' i n t e r p r e t e r s .  u s u a l l y  c o r r e l a t e d  o n l y  i n '  a  m i  nori ' ty 

of cases (Podwysocki , 1977).  I n  t h e  C o t t a g e v l l l e  case '2 o f  t h e  4 
' 

. , 

l ineaments chosen by ERIN as s i g n i f i c a n t  c o r r e l a t e d  w i t h  a p r e v i o u s  



i n v e s t i g a t i o n .  Th i s  c o r r e l a t i o n  would. i n d i c a t e  s u f f i c i e n t  s i g n i f i c a n c e  

t o  concen t ra te  geophys ica l  e x p l o r a t i o n  a1 ong these two i n t e r p r e t a t i v e  

l ineaments.  

~ e ~ a r d l e s s  o f  t h e  i n a b i l i t y  t o  enhance suspected l ineaments t o  t h e  

p o i n t  o f  obviousness so t h a t  a concensus o f  t h e i r  ex i s tence  cou ld  be 

ob ta ined ,  i t  may be p o s s i b l e  t o  enhance such l ineaments i n  t h e  f u t u r e .  

Many d i f f e r e n t  k i nds  o f  enhancements were at tempted.  However,. new 

methods a re  b e i n g  developed (Ci:cone, e t .  a1 . , 1979), and p o s s i b l y  i n  

t h e  f u t u r e  enhancement o f  t h e  s u b t l e  t o  t h e  obvious may be p o s s i b l e .  

Because o f  t h e  wide v a r i a t i o n  o f  i n t e r p r e t a t i o n  between i n t e r p r e t e r s  

even i n  areas where su r f ace  f ea tu res  a r e  ev iden t  (Podwysocki, 1975) 

o b j e c t i v e  machine a n a l y s i s  o r  enhancement i s  despe ra te l y  needed. We 

a r e  c o n f i d e n t  t h a t  i t  w i l l  come. 

Desp i te  t h e  seemingly nega t i ve  aspect  o f  some o f  t h e  f o rego ing  

d i scuss ion ,  t h i s  i n v e s t i g a t i o n  has been v e r y  va luab le .  The c u r r e n t  

1  i m i t s  o f  enhancement were found. We even were mo t i va ted  t o  develop 

two new methods, which, i f  n o t  s o l v i n g  t h e  C o t t a g e v i l l e  problems, may 

be u s e f u l  f o r  o t h e r  i n v e s t i g a t i o n s .  As shown by many examples i n  many 

f i e l d s  o f  endeavor, a t t a c k i n g  an i n t r a n s i g e n t  problem, g a i n i n g  exper ience,  

and then  back ing  o f f  t o  a  more amenable problem as a  f r e s h  beginn ing,  

has o f t e n  proved t o  be v e r y  f r u i t f u l .  It i s  a n t i c i p a t e d  t h a t  t h i s  

i n v e s t i g a t i o n  w i l l  prove f r u i t f u l  i n  such a  way. 



RECOMMENDATIONS 

The f o l l o w i n g  recommendations a r e  based on t h e  exper ienced gained 

i n  t h e  performance- o f  t h i s  c o n t r a c t .  They i n c l u d e  f u t u r e  work f o r  

appl i ' c a t i o n  o f  remote sensing t o  eas te rn  sha le  e x p l o r a t i o n ,  t he  s e l e c t i o n  

o f  enhancement procedures, and needed .research i n  t h e  image a n a l y s i s  

d isc ip1, ine.  

1. A  con t inued  i n v e s t i g a t i o n  i n  t h e  eas te rn  shales r e g i o n  should be 

based on a  t e s t  s i t e  w i t h  su r f ace  f e a t u r e ( s )  which a r e  known and 

i d e n t i f i a b l e  by f i e l d  mapping and r e l a t e d  t o  gas p roduc ing  f o r -  

mat ions.  W i th  these f e a t u r e s  as a . r e f e r e n c e  t h e  ex tens ion  t o  

mo're subdued f e a t u r e s  o f  s i m i l a r  na tu re  should be i n v e s t i g a t e d ,  

and t h e  l i m i t s  t o  t h e  c u r r e n t  c a p a c i t y  o f  remote sens ing  d e f i n e d  

f o r  t h i s  purpose. A lso  s i m i l a r  f e a t u r e s  should be eva lua ted  

e l  sewhere. 

2. To v e r i f y  and t o  p r o p e r l y  use remo,te sens ing i n t e r p r e t e d  l ineaments,  

a  met hod o f  c o n f i r m a t i o n  should be employed. Th i  s  c o n f i r m a t i o n .  

i s  r e q u i r e d  i n  bo th  research  and o p e r a t i o n a l - u s e .  . For example, 

. a  l ineament  o f t e n  can i n d i c a t e  a  subsur face f r a c t u r e . i n  which ' . 
t h e  r u b b l e  zone would.be o f  anomalous r e s i s t i v i t y .  Mapping 
r e s i s t i v i t y  across t h e  l o c a t i o n  i n d i c a t e d  by t h e  l ineament  would 

p r o v i d e  an economical c o n f i r m i n g  procedure. 

3 .  Small s ca le  imagery such as Landsat should i n i t i a l l y  be used t o  

d i s c o v e r  1  ineaments i n  a reas  such as C o t t a g e v i l  l e .  The mature, 

d i ssec ted  su r f ace  o f  e s s e n t i a l l y  f l a t - i y i n g  sediments i s  man i fes ted  

i n  streams and r i d g e s  which a r e  m o s t l y  due t o  random eros ion ,  and 

which overwhelm meaningfu l  1  ineaments on 1  arbe-sca l  e  imagery. I t  

i s  necessary t o  f i r s t  f i n d  l i neaments  which c ross  t h e  sma l le r ,  sharp 

f e a t u r e s  and which more p robab ly  r e f l e c t  deeper s t r u c t u r a l  

d i s c o n t i n u i t i e s .  
ij 7 



4. Much o f  remote sens ing image a n a l y s i s  i s  devoted t o  compos i t iona l  

a n a l y s i s  - the  compos i t ion  o f  t he  s o i l s ,  rocks o r  vege ta t i on  w i t h o u t  

r ega rd  t o  t h e  s t r u c t u r e  o f  geometry. I n  reg ions  s i m i l a r  t o  Cottage- 

v i l l e  s p a t i a l  process ing,  which has n o t  been developed as f a r  as 

compos i t iona l  process ing,  and which enhances o r  de f i nes  t h e  

geometry o f  t h e  image, i s  r e q u i r e d .  I n  l o o k i n g  f o r  pe rvas i ve  

1 ineaments r e f l e c t i n g  c o n d i t i o n s  from around 1000 meters depth, 

b o t h  types o f  p rocess ing  a r e  requ i red .  

5. I n d i v i d u a l  i n t e r p r e t a t i o n  o f  i d e n t i c a l  imagery vary  so w i d e l y  

t h a t  a  method o f  reduc ing  these  v a r i a t i o n s  must be found. Also, 

a  means o f  e v a l u a t i n g  f ea tu res  p r o b a b i l  i s t i c a l  l y  i s  r equ i red .  

The p r o b a b i 1 i . t ~  t h a t  an i n t e r p r e t e d  l i neament  i s  a  p e r t i n e n t  

geo log i c  f r a c t u r e  needs assignment i n  terms o f  t h e  t ype  o f  

imagery and method of  i n t e r p r e t a t i o n .  

6. The l i m i t s  o f  machine p rocess ing  need t o  be determined. Cur- 

r e n t l y  i t  appears t h a t  v i s u a l  i n t e r p r e t a t i o n  can d e t e c t  and' i d e n t i f y  

more s u b t l e  f ea tu res  than  computers, i n  f a c t ,  more s u b t l e  f ea tu res  

than  computers can even enhance. To f i n d  these l i m i t s  r e q u i r e s  

ex tend ing  t h e  computer a n a l y s i s  f rom obvious t o  more s u b t l e  f ea tu res .  

7. O p t i c a l  p rocess ing  shou ld  be used o n l y  as a v i s u a l  a i d .  The 

Ronchi g r a t i n g  shou ld  be used i n  a  dynamic, i n t e r a c t i v e  way so t h a t  

p o s s i b l e  1  ineaments can be suggested t o  t h e  i n t e r p r e t e r .  Coherent 

o p t i c s  p resen t  problems w i t h  n o i s e  and r e q u i r e  much s k i l l  o f  t h e  

opera to r ,  whereas d i g i t a l  comput ing i s  e s s e n t i a l  l y  n o i s e - f r e e  and 

i s  o p e r a t o r  independent.  The p r e c i s e  measurement o f  t h e  F o u r i e r  

t rans fo rms o f  imagery shou ld  be i n v e s t i g a t e d .  

8. I n t e r p r e t a t i o n  shou ld  be a i ded  b y  a g e o l o g i s t  w i t h  much exper ience 

i n  t h e  r e g i o n  t o  be i n v e s t i g a t e d .  Knowledge o f  t h e  subsur face,  

geophys ica l  r e s u l t s ,  e x p l o r a t i o n  h i s t o r y ,  t rends,  and su r f ace  

features can then  be used as a b a s i s  f o r  enhancement and f i n a l  

de te rm ina t i on  o f  l ineaments.  
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APPENDIX A 

APPLICATION OF REMOTE SENSING 

The term "remote sens ing"  g e n e r a l l y  r e f e r s  t o  a i r b o r n e  o r  s a t e l l i t e  

sens ing  ,o f  t he  e a r t h ' s  su r f ace  by  e l ec t romagne t i c  r a d i a t i o n .  The f i e l d  

of endeavor was s t a r t e d  as soon as t h e  f i r s t  photographs were taken  f rom 

a i r p l a n e s  o r  ba l l oons .  The use o f  a e r i a l  photography fo'r geo log i c  

l n fe rences  was termed "photogeol ogy . " I n  t h e  l a s t  50 years  photogeol ogy 

has become an e s t a b l  i s h e d  academic and i n d u s t r i a l  d i s c i p l i n e .  W i t h i n  

t h e  p a s t  15 years  MSS and SAR have been developed and used b o t h  e x p e r i -  

m e n t a l l y  and o p e r a t i o n a l l y .  The advent o f  Landsat i n  1972 has drama- 

t i c a l l y  demonstrated t h e  advance o f  remote sens ing.  Along w i t h  t h e  new 

sensors,  enhancement and a n a l y s i s  techniques have been developed f o r  

t h e  imagery which i s  recorded  on d i g i t a l  tape.  

A1 though a1 1 types  o f  a i r b o r n e  and su r f ace  geophys ica l  sens ing  

c o u l d  p r o p e r l y  be termed "remote," common usage does n o t  i n c l u d e  a i r b o r n e  

f i e l d  sens ing:  a i r b o r n e  e lec t romagne t i c  (AEM) sounding and aeromagnetics 

a r e  g e n e r a l l y  n o t  i n c l u d e d  i n  t h e  term. Nor a r e  s u r f a c e  geophys ica l  

measurements such as g r a v i t y ,  r e s i s t i v i t y ,  se ismics,  e t c .  , i n c l u d e d  

i n  remote sensing. 

Severa l  comprehensive t e x t s  have r e c e n t l y  been pub1 i shed  on remote 

sens ing  (Smith,  1977; Sabins, 1978; Reeves, 1975).  

The e lec t romagne t i c  spectrum and appl  i c a b l  e  sens ing  systems a re  

shown i n  F igu re  1.  Remote sens ing  da ta  i s  i n  t h e  v i s i b l e ,  near  v i s i b l e ,  

i n f r a r e d ,  and microwave reg ions .  Three b a s i c  types o f  remote sens ing  

a r e  used: photography, mu1 ti s p e c t r a l  scanning (MSS) and s y n t h e t i c  

a p e r t u r e  rada r  (SAR) . 

NSS r e f e r s  t o  scanning t h e  e a r t h ' s  su r f ace  i n  separa te  s p e c t r a l  

reg ions .  F i gu re  2 i 11 u s t r a t e s  t h e  i n s t r u m e n t a t i o n  and procedure. A 

r o t a t i n g  scan m i r r o r  r e f 1  e c t s  .?nercjy f rom t ransve rse  1 i nes  under t h e  
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a i r c r a f t  on a  s e t  o f  recep to rs ,  each o f  which i s  a  narrow band. Landsat 

i s  an MSS channe1,wit.h f ou r  bands. The Landsat bdr~ds are:  

Band 4 0.5-0.6 ~ m  ( green 

Band 5 0.6-0.7 ~ r n  ( 1  ower r ed )  

Band 6 0.7-0.8 um (upper  red-1 ower i n f r a r e d )  

Band 7  0.8-0.11 ~ m  ( n e a r  i n f  ra red )  

The concept o f  mu1 t i s p e c t r a l  d i s c r i m i n a t i o n  i s  r e l a t i v e l y  'simp1.e. 
. . The r e f l e c t a n c e  and emi t tance  o f  r a d i a n t  energy by  an o b j e c t  a re  wave- 

l e n g t h  dependent and u s u a l l y  s p e c i f i c  f o r  t h e  m a t e r i a l  s  and cond i t i ons  

o f  t h a t  o b j e c t .  I n  o t h e r  words, d i f f e r e n t  o b j e c t s  have d i f f e r e n t  

r e f l e c t a n c e  and emi t tance  c h a r a c t e r i s t i c s  which vary  un ique l y  over  t h e  

e l ec t romagne t i c  spectrum. By c o l l  e c t i n g  i n f o r m a t i o n  i n  a  number o f  

s p e c t r a l  bands and by knowing o r  d i s c o v e r i n g  t h e  un ique s p e c t r a l  chara- 

c t e r i s t i c s  o f  o b j e c t s  o r  cond i t i ons ,  i t  i s  p o s s i b l e  t o  i d e n t i f y  these 

and t o  d i s t i n g u i s h '  one f rom another .  

An image formed f rom a  b road  s p e c t r a l  range may be adequate t o  

d i s t i n g u i s h  o b j e c t s  which have g r o s s l y  d i f f e r e n t  r a d i a n t  c h a r a c t e r i s t i c s  

i n  t h a t  range. By comparing two o r  more images o f  t h e  same o b j e c t  made 

i n  d i f f e r e n t  r e i gons  o f  t h e  spectrum, t h e  chances o f  be ing  a b l e  t o  

d i s c r i m i n a t e  and i d e n t i f y  t h a t  o b j e c t  a r e  increased.  As t h e  number o f  

s p e c t r a l  lands i s  increased,  a d d i t i o n a l  i n f o r m a t i o n  i s  a v a i l a b l e  about 

the. o b j e c t  o f  i n t e r e s t .  I f  t h e  s p e c t r a l  c h a r a c t e r i s t i c s  o f  o b j e c t s  a re  

n o t  s p e c i f i c a l l y  known ( g e n e r a l l y  t h e  case),  i t  i s  an advantage t o  have 

a  number o f  s p e c t r a l  images, because one o r  more w i l l  p robab ly  show 

tone d i f f e r e n c e s  between two o r  more o b j e c t s  b e t t e r  than  o t h e r s .  Thus, 

t h e  i n h e r e n t  a b i l  i t y  t o  d i s t i n g u i s h  between s i m i l a r  o b j e c t s  i s  enhanced 

w i t h  an i nc rease  i n .  t h e  range and amount o f  s p e c t r a l  i n f o r m a t i o n .  

To t a k e  advantage o f  t h e  s p e c t r a l  i n f o r m a t i o n  o f  a  scene, t h e  

r e f l e c t e d  and e m i t t e d  r a d i a t i o n  must be sampled i n  a  number o f  d i s c r e t e  

bands i n  o r d e r  t o  ge t  accura te  r e p r e s e n t a t i o n  o f  t h e  energy d i s t r i b u t i o n .  



For t h i s  purpose, an a i rbo rne  o p t i c a l  -mechanical scanner system, us ing 

r e f l e c t i v e  op t ics ,  has c e r t a i n  advantages over  mu1 t i  p l  e  aper tu re  systems. 

F i r s t ,  t h e  spec t ra l  i n fo rma t ion  i s  recorded i n  e l e c t r i c a l  form on 

computer-compatible magnetic tape, and, there fore ,  c e r t a i n  1  i m i t a t i o n s  

i n  data hand l i ng  and processing i nhe ren t  i n  photographic processes 

are avoided. Second, t h e  de tec tors  i n  scanner systerr~s a re  n o t  l i m i t e d  

t o  the  r a t h e r  narrow spec t ra l  range over  which convent ional  f i l m s  are  

s e n s i t i v e .  Modern scanning systems c o l l e c t  data over a  0.32 - 14.0vm 

s p e c t r a l  range. However, because of  atmospheric absorpt ion,  sur face 

r a d i a t i o n  cannot be recorded i n  t h e  2.6 - 3.5 ~m and t h e  5.5 - 3.0 vm 

wavelength ranges. 

S i  de l  ooki ng a i rbo rne  radar  (SLAR) , i n c l u d i n g  s y n t h e t i c  aper tu re  

radar  (SAR) as the  p r i n c i p a l  k ind ,  has imaging c a p a b i l i t i e s  t h a t  complement 

t he  passive remote sensors. A1 though SAR e f f e c t i v e l y  c o l l e c t s  geologic  

i n f o r m a t i o n  when used alone, maximum data w i l l  be obtain'ed i f  i t  i s  used 

p r i o r  t o  gro.und s tud ies  i n  con junc t ion  w i t h  o t h e r  sensors, each c o n t r i -  

b u t i n g  i t s  spec ia l  i n fo rma t ion .  S ide look ing  radar  has ' t h e  same 1  i m i  t a -  

t i o n  as m u l t i s p e c t r a l  scanning and a e r i a l  photography i n  t h a t  i t  provides 

in fo rmat ion ,  o f t e n  re1  a t i v e l y  de ta i l ed ,  about sur face and very near- 

sur face,  b u t  no i n fo rma t ion  about geologic  fea tures  more than a  few 

cent imeters beneath t h e  surface, s ince  t h e  wavelengths have n e g l i g i b l e  

pene t ra t i on  i n t o  geo log ic  mater ia ls ,  

S ide look ing  radar  imagery po r t rays  t h e  r e f l e c t a n c e  c h a r a c t e r i s t i c s  

of t h e  t e r r a i n  f o r  c e r t a i n  wave1 engths o f  t he  e lect romagnet ic  spectrum 

t h a t  a re  much longer  than those o f  v i s i b l e  l i g h t .  S i g n i f i c a n t l y  a f f e c t i n g  

t h e  general radar  r e t u r n  a re  sur face roughness, topography ( i n c l  udi  ng 

o r i e n t a t i o n  and s lope o f  sur faces) ,  complex d i e l e c t r i c  constants o f  s o i  1s 

,and rocks, o b j e c t  geometry, moisture content  o f  t h e  fea tu re  ( e s p e c i a l l y  

near t h e  sur face) ,  type and ex ten t  o f  vegetat ion,  moi.sture content  o f  

low vegeta t ion  (such a s  brush, crops, and grasses), and the  inc idence.  . 
7.2 



angle,  wavelength, and p o l a r i z a t i o n  o f  t h e  t r a n s m i t t e d  rada r  energy. 

The r e l a t i v e  va lue o f  t h e  d i f f e r e n t  parameters commonly i s  d i f f i c u l t  

t o  assess, even a f t e r  a  comprehensive s tudy .  Genera l ly ,  severa l  para- 

meters c o n t r i b u t e  t o  t h e  magnitude o f  t h e  r a d a r  r e t u r n ,  b u t  one para- 

meter  may be dominant. The r e l a t i v e  impor tance o f  each parameter 

depends upon t h e  f e a t u r e  and r e g i o n  b e i n g  imaged. 

A su r f ace  w i t h  roughness l e s s  than  t h e  wavelength o f  t h e  i n c i d e n t  

e l ec t romagne t i c  energy appears smooth and f l a t  t o  t he  energy and a c t s  

as a  specu la r  o r  m i r r o r - l i k e  r e f l e c t o r .  The specu la r  r e f l e c t i o n  may 

be e i t h e r  a  s t r o n g  r e t u r n  o r  a  no - re tu rn ,  depending upon t h e  angle a t  

which t h e  energy s t r i k e s  t h e  sur face .  Rougher sur faces  appear mu1 ti- 

face ted  t o  t h e  i n c i d e n t  energy and a c t  as d i f f u s e  r e f l e c t o r s ,  s c a t t e r i n g  

energy i n  a l l  d i r e c t i o n s .  D i f f u s e  r e f l e c t o r s  r e t u r n  o n l y  a  f r a c t i o n  o f  

t h e  energy t o  t h e  antenna. Because r a d a r  wavelengths a re  much ' l onger  

t han  those  o f  v i s i b l e  l i g h t ,  many more sur faces  appear smooth t o  r ada r  

energy than  t o  v i s i b l e  l i g h t .  

The su r f ace  o f  t h e  e a r t h  p resen ts  an ex t reme ly  v a r i e d  panorama. 

However, o n l y  two e lementa l  c h a r a c t e r i s t i c s  can vary  i n  t h i s  panorama: 

compos i t ion  and geometry. The c o ~ r ~ p o s i t i o n  can be mi nera' l  o r  vege ta t ion ,  

and t h e  geometry can p resen t  any p a t t e r n ,  f rom t h e  roughness and t e x t u r e  

t o  t h e  l a r g e  s c a l e  p a t t e r n s  and t rends .  Remote sens ing i s  designed t o  

d e t e c t  m inu te  v a r i a t i o n s  i n  composit i 'on, by t h e  f a c t  t h a t  comparat ive 

r e f l e c t a n c e s  and emiss ions i n  t h e  d i f f e r e n t  spec. t ra l  bands a r e  dependent 

upon composi t ion.  For example, many d i f f e r e n t  m ine ra l s  can be de tec ted  

and i d e n t i f i e d  by comparing remote ly  sensed bands; a l s o  t h e  k inds ,  v i g o r  

and mo i s tu re  con ten t  o f  vege ta t i on  a r e  i d e n t i f i e d  (V incen t ,  1977; Holmes 

and Nuesch , 1978) . Microwave imagery, a1 though dependent upon composi t ion,  

i s  h i g h l y  s e n s i t i v e  t o  smal l  s c a l e  roughness and t o  topography (Rydstrom, 

1967; C o s g r i f f ,  e t  a l . ,  1960; Lewis .and filacDonald, 1970) .  

Thus remote sens ing  i s  designed t o  d e t e c t  ex t reme ly  smal l  d i f f e r e n c e s  

i n  compos i t ion  o r  geometry. I n  t h e  con tex t  o f  t h e  C o t t a g e v i l l e  f i e l d  



a p p l i c a t i o n ,  t h e  upward p ropagat ion  o f  f r a c t u r e s ,  i f  any, would 

be ex t reme ly  subdued a t  t h e  sur face .  T h i s  p ropogat ion  would have t o  

be mani fested i n  a  change o f  compos i t ion  ( i n c l u d i n g  wa te r  con ten t )  

o r  geometry ' i n ' t h e  fo rm o f  roughness due t o  f r a c t u r i n g  i n  t h e  form o f  

v a r i a t i o n s  i n  topography. : 1.f these  e f f e c t s  a r e ' a t  t h e  su r f ace  they  

a r e  marg ina l  because they  have' never 'been  observed a t  t h e  sur face .  or 
f rom a e r i  a1 photographs. 

Remote sens ing  o f f e r s  t h e  b e s t  hope o f  d e t e c t i n g  such marg ina l  

s u r f a c e  man i f es ta t i ons .  
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APPENDIX B 

ACQUIRED AND GATHERED IMAGERY OF COTTAGEVILLE REGION 

The f o l l o w i n g  i s  a l i s t  o f  t h e  C o t t a g e v i l l e  imagery: 

Acqu i red  Imagery 

1. Landsat Imagery (4-bands; 5-6, 6-7, 7-8, 8-11 um) . 

Three se t s  o f  9x9 t ransparenc ies  ( 4  bands) . 

a. September 23,' 1976, Scene I D  8552314431500 

b. . February 11, 1977, Scene ID 8566414304500 

c. J u l y  18, 1977, Scene I D  8290815083500 
/ 

Two c o l u r  composites (bands 4, 5, and 7) 

a., September 23, 1976 

b .  February 11 , 1977 

computer compat ib le  tapes f o r  Sep'tember 23, 1976. 

2. Skylab 

a. August 9,  1973, B&W Scene I D  G30A026022000 

b.  August 9, 1973, C I R ,  Scene ID  G30A027022000 

c.  August 9, 1973, COL, Scene ID  G30A028022000 

3. NASA A i r c r a f t - S t a n d a r d  

a.  December 3, 1973, C I R ,  Scene ID  5730015777132 

b .  May 17, 1971, COL, Scene I D  6166001505322 

4. A e r i a l  Mapping - Standard 

a. A p r i l  3, 1976, B&W, Scene ID IVDLT00550404 

b .  A p r i l  3, 1976, B&W, Scene ID  IVDLT00550405 

Gathered Imagery 

12-Channel ERIM MSS, M-7 Scanner 

Channel bands: .33-.38, .40-.44, .45-.49, .49-.52, .51-..57, 

.54-.63, .60-.72, .66-.84, .78-1.11, 1.5-1.8, 

2.0-2.6, 9.0-11.4 urn. 



. . 

Acqui red by ERI i r l  on October 21, 1977. . Flown a t  350 m  e l e v a t i o n ,  

. . r e . so lu t i on  8 x 8 my swath w i d t h  6  km. Three image swaths f l own  . . '  

NE-SW, and t h r e e  swaths f l o w n  NW-SE, f o r  . l eng ths  . o f  32.2 km. 
. . 

The f l i g h t  1  i n e s  .were not .  p a r a l l e l ,  r e s u l t i n g  i n  approx imate ly  

5 % ' 1 o s s . o f  coverage (12 km x  12 km) t e s t  s i t e  'area. 

2. 9" BolW A e r i a l  Photography o f  area f l o w n  f o r  MSS coverage. Simultane- 

ous coverage w i t h  MSS imagery. 

3 .  4-c hannel syn t -he t i c  a p e r t u r e  ... r ada r .  ~ c ~ u i r e d  by ERIM on October 21 , 
, ' 1977. 3  m  (X-band) l i k e -  and , c r o s s - p o l a r i r a t i o n ;  23 cm (L-band) 

1  i ke- and c r o s s - p o l a r i z a t i o n .  (1 .6  m  x  2.2 'm)  r e s o l u t i o n .  Swath' 

a w i d t h  5.5 km l e n g t h  o f  swath > 32.2 km. 3  swaths NE-SW and t h r e e  

swaths . . NW-SE a rea ,  o f '  coverage shown i n  F i g u r e  4  o f  r epo r t . .  



THIS PAGE 

WAS INTENTIONALLY 

LEFT BLANK 



, . 

, . APPENDIX '  C ' ., 

GRAUIENT F I L T E R I N G  FOR D IRECT IONAL  TRENDS I N .  It\lAGES . 



GRADIENT FILTERING FOR DIRECTIONAL TRENDS I N  IMAGES 

Phi  l i p  L. Jackson and Harvey L.  Wagner* 
Envi ronmental  Research I n s t i t u t e  o f  Mich igan 

Box 8618, Ann Arbor,  Michigan.48107 

BIOGRAPHICAL SKETCHES 

P h i l i p  L . ' J a c k s o n  r e c e i v e d  h i s  BA fror11 t h e  U n i v e r s i t y  o f  Oregon, and 
h i s  MA, MS, and PhD f r o m  t h e  Un ive r5 i t . y  o f  Mich igan.  He i s  employed 
as a Research Geophys i c i s t  w i t h  t h e  Environmental  Research I n s t i t u t e  
o f  Mich igan.  He i s  a l s o  an Ad junc t  Assoc ia te  P ro fesso r  a t  t h e  
U n i v e r s i t y  o f  Mich igan where he teaches a course  i n  imaging r a d a r .  
H i s  exper ience i s  i n  se ismic ,  g r a v i t y ,  and r e s i s t i v i t y  da ta  a n a l y s i s  
and i n t e r p r e t a t i o n ,  i n  g e o l o g i c  remote sensing,  and i n  s y n t h e t i c  
a p e r t u r e  r a d a r .  

Harvey L. Wagner r e c e i v e d  h i s  BS i n  Geo log i ca l  Oceanography frorn t h e  
C i t y  U n i v e r s i t y  o f  New York and h i s  MS i n  Re~note Sensing f rom the  
U n i v e r s i t y  o f  Mich igan.  He i s  c u r r e r ~ t l y  pu rsu ing  h i s  d o c t o r a t e  a t  
t h e  U n i v e r s i t y  o f  Mich igan.  He i s  employed as a Research G e o l o g i s t  
a t  t h e  Environnienta l  Research I n s t i t u t e  o f  Mich igan where he i s  engaged 
i n  R e ~ i ~ o t e  Sensing resea rch  i n  g e o l o g i c  a p p l i c a t i o n s  and i n  t echno logy  
t r a n s f e r .  tle has designed d i g i t a l  p rocess ing  so f twa re  sys tenis which 
a r e , n o w  i n  use i n  numerous c o u n t r i e s  th roughout  t h e  wor ld.  

ABSTRACT 

D i r e c t i o n a l  t r e n d s  i n  d i g i t i z e d  images o r  t opog raph ic  d a t a  can be 
enhanced w i t h  a r b i t r a r y  acceptance o r  r e j e c t i o n  angles.  The enhanced 
r e s u l t s  a r e  s in i i  l a r  t o '  those produced i n  d i r e c t i o n a l  two-d in~ens iona l  
FFT f i l t e r i n g ,  b u t  w i t h  no f i l t e r  " r i n g i n g "  and i n  s u b s t a n t i a l l y  l e s s  
computing t i m e  t h a n  t h a t  r e q u i r e d  f o r  t h e  FFT f i l t e r .  The gradient .  
f i l t e r  ope ra tes  by a p p l y i n g  acceptance, r e j e c t i o n  o r  w e i g h t i n g  
c r i  t e r i a  based on t h e  ang le  between t h e  d i r e c t i o n  o f  t h e  g r a d i e n t  and 
t h e  pe rpend icu la r  t o  t h e  t r e n d  d i r e c t i o n .  

INTRODUCTION 

F i n d i n g  t h e  d i r e c t i o n  o f  t r e n d s  i n  iniages o r  topograph ic  da ta  i s  
u s e f u l  i n  seve ra l  d i s c i p l i n e s .  Two examples a r e  t h e  d i r e c t i o n  of 
s l opes  f o r  water  r u n o f f  i n  hydro logy ,  and t h e  d i r e c t i o n  and l o c a t i o n  
o f  " l i n e a r s "  which m igh t  i n d i c a t e  f a u l t s ,  f r a c t u r e  zones o r  s y n c l i n a l  
s t r u c t u r e s  i n  geology.  A d i g i t a l  method which makes use o f  t h e  
d i r e c t i o n  o f  t h e  g r a d i e n t  can produce t r e n d - f i l t e r e d  images i n  
app rox ima te l y  1/20 t h e  co~ i i pu t i ng  t i m e  r e q u i r e d  f o r  d i r e c t i o n a l  FFT 
f i l t e r i n g .  No f i l t e r  e f f e c t  i s  produced i n  t h e  image, and f i l t e r  
w e i g h t i n g  can be i n c l u d e d .  

C u r r e n t l y  d i r e c t i o n a l  f i l  t e r i t i g  i s  performed b o t h  d i g i t a l l y  o r  
- o p t i c a l l y  by c o n v o l u t i o n  i n  t h e  space donlain o r  a t t e n u a t i o n  i n  t h e  
' f requency donihin. c o n v o l u t i o n  i s  e q u i v a l e n t . t o  u s i n g  a l i n e  spread 
f u n c t i o n  (Rosenfeld,  1969), an 111 x  n r e c t a n g u l a r  averacj ing (Chavez, 
e t  a l . ,  1976), v i ew ing  w i t h  a square wave t r a n s ~ n i s s i o n  g r a t i n g  i n  . . 

T h i s  work was supported by  t l i e  Depat-t11lc11 t o f  Energy, Mot-gsntown 
Energy Research Center ,  c o n t r a c t  no. EF-77-C-05-5524. 



which, d i f f r a c t i o n  i s  used (Pohn, 1970), o r  e l e c t r o n i c  displacement o f  
p o s i t i v e  and nega t i ve  iniages (Podl.ryso.cki, e t  a1 . , 1975). The l a t t e r  
techn ique i s  a fort11 o f  "edge spread f u n c t i o n "  (Rosenfeld, 1969). 

Direct i .ona1 f i l t e r i n g  i n  t h e  frequenc'y 'domain i s  perfornied bo th  
d i g i t a l  l y  and opti .ca1 l y  by o b t a i n i n g  a  two-dialensional F o u r i e r  t rans fo rm 
o f  t h e  data , and s e l e c t i v e l y  .a t tenua t ing '  be fo re  re t rans fo rm ing .  Th is  
technique has been appl  i e d  t o  se4shograms and 'contour  niaps (Eni~ree,  
e t  a l . ,  1959;.Jackson, 1905) and on r a d a r  iniagery (Eppes and 'Rouse, 1971), 
who examined t h e  d i s t r i b u t i o n s  i n  t1i.e t ransform.  

D i r e c t i o n a l  t r e n d s  can a1 so be'enhanced, by f i n d i n g  t h e  s lope'  i d , i r e c t i o n a l  
. d e r i v a t i v e )  i n  a  . s e l e c t e d  d i r e c t i o n  and s i l nu la t i ng  an i l l u m i n a t i n g  sun 

and v icwing ang le   a at son, e t  'a.1 ., 1975). The Batson techn ique was 
employed f o r  contour  map data., b u t  i s  a1 so u'seful .on Landsat and 

, r a d a r  iniagery (blagner and Jackson, 1979). A wide angu lar  passband, 
f o r  l ineanients f a l l s  of;  as t h e  cos ine  f rom t h e  perpendicu lar  t o  
the  d i r e c t i o n  o f  t h e  siniul t a ted .  sun. E f f e c t i v e l y  i t  produces .a ve ry  
narrow s top  band f o r  l ineaments i n  the d i r e c t i o n  o f  the sun. 

The g r a d i e n t  i s  a1 so employe'd by edge enhancelnent by .  r e p l a c i n g  the 
image va lues by t h e  niagnitude o f  the  g r a d i e n t  (Rosenfeld, 1969), 
e.g., by , . 

2  112 IFI  = [ (a f /ax12 + ( a f i a y )  I ( 1  

where G i s  t h e  g r a d i e n t  and f i s  t h e  iinage f u n c t i o n  f ( x , y ) .  Th is  
replacel l lent, and s i ~ n i  l a r  replacenlent by . the Lapl ac ian  (second 
. d e r i v a t i v e s ) ,  "sharpens" an inlage and i s  used t o  br.ing o u t  1  i n e a t i o n s  
i n  the i~l idge, a1 though no d i r e c t i o n a l i t y  i s  inc luded.  

Our technique uses t h e  g r a d i e n t  i n  a  nianner wti ich i s  liiore d i r e c t i o n a l l y  
s e n s i t i v e  and c o n t r o l l a b l e  than a  s i n g l e  d i r e c t i o n a l  d e r i v a t i v e ,  
and r e s u l t s  i n  no f i l t e r  r i n g i n g  as i n  F o u r i e r  t rans fo rm f i l  t e r i n q .  
The d i r e c t i o n  o f  t h e  g r a d i e n t  eG i s  e a s i l y  found. It i s  the  
arc tanyet i t  o f  t h e  r a t i o  between the d i r e c t i o n a l  
d e r i v a t i v e  i n  t h e  y  d i r e c t i o n  and t h a t  i n  t h e  x  d i r e c t i o n .  

OG w i l l  be pe rpend icu la r  t o  a  l i n e a r  t rend,  and w i l l  1  i e  w i t t i i n  an 
ang'le about  the  average pe rpend icu la r  t o  a  si~i.uous o r  jagged t rend.  

The d i r e c t i o n  f o r  f i l t e r i n g  i s  f i r s t .  se lec ted f o r  the  d e s i r e d  t r e n d  
enhancement. The d i r e c t i o n  o f  t h e  g r a d i e n t  can be con~puted by Equat ion 
( 2 ) .  F i l t e r i n g  can then  be perfornied on the bas is  o f  the angu lar '  

, r e l a t i o n s h i p  between the se lec ted  d i r e c t i o n  and the  d i r e c t i o n  o f  the  
g r a d i e n t .  These t ypes  i n c l u d e  charp c u t o f f  passband and stopband, and 
we igh t ing  of any k i n d  (cos2, exponen t ia l ,  e t c ) .  The ang le  o f  
d i r c c t i o n o l  passband or s~ tup td r~ t l  LCIII be 111dCje ds  Ilzrruw or wlde as 
des i red .  Because no c o n v o l u t i o n  between the f i l t e r e d  da ta  and the  
f i l t e r  occurs t t i e re  i s  no f i l t e r  r i ~ i g i l ~ g .  



DESCRIPTION 

For  a  f e a t u r e  t o  have a  t r e n d  i n  any d i r e c t i o n  i t  must  have g r a d i e n t s  . 
w i t h i n  an a n g u l a r  range about  t h e  pe rpend icu la r  d i r e c t i o n .  'Th is  i s  
t r u e  o f  images, o f  con tou r  maps, and o f  a c t u a l  topography as  i n  r i d g e s  
and v a l l e y s .  These o b j e c t s  can be represented by t h e  two-dimensional  
f u n c t i o n  

where 
v a l u e  
1  o t a t  

b . 9 ~  

r ep res  
on i n  

i s  t h e  l o c a t i o n  on a  two-dimensional  p lane,  and f i s  t h e  
e n t i n g  e l e v a t i o n ,  r e f l e c t i o n  o r  o t h e r  parameter a t  each 
t h e  p lane.  The g r a d i e n t  i s  

where 7 i s  a  u n i t  v e c t o r  i n  t h e  x  d i r e c t i o n ,  
- 
j i s  a  u n i t  , vec to r  ill t h e  y d i r e c t i o ~ i ,  and 

af/ax and aflay a r e  t h e  s lopes i n  t h e  x  and y d i r e c t i o n s .  

The d i r e c t i o n  o f  t h e  g r a d i e n t  i s  c o n v e n t i o n a l l y  d e f i n e d  as t h e  r e s b l t a n t  
o f  t h e  s lopes ( a l s o  c a l l e d  " d i r e c t i o n a l  d e r i v a t i v e s " )  i n  t h e  x  and y .  
d i r e c t i o n s .  The g r a d i e n t  a l s o  can be d e f i n e d  as  t h e  r e s u l t a n t  o f  t h e  
s lopes  i n  any two d i r e c t i o n s  wh ich  a r e  pe rpend icu la r  t o  each o t h e r  
(Kaplan, 1957). To d e f i n e  t h e  g r a d i e n t ,  we can t h e r e f o r e  f i r s t  f i n d  
t h e  s lope  i n  any a r b i t r a r y  d i r e c t i o n ,  t h e n  f i n d  the  s lope  i n  t h e  
pe rpend icu la r  d i r e c t i u n ,  and f r o m  these  two s lopes compute t h e  
grad' ient .  I n  d i g i t a l  computing, where t h e  iniage i s  s t o r e d  i n  a two- 
d imens iona l  m a t r i x ,  i t  i s  conven ien t  t o  use t h e  row and column 
d i r e c t i o n s  t o  canpute t h e  g r a d i e n t .  

Fo r  conceptua l  purposes t h e  genera l  a l g o r i t h m  f o r  pass-band g r a d i e n t  
f i l t e r i n g  i s  developed a s  f o l l o w s .  

Consider  a  two-dimensional  f u n c t i o n  as i n  Eq. ( 3 ) ,  atid d e f i n e  t h e  
ang les  between t h e  p o s i t i v e  x - a x i s  and a  g i v e n  d i r e c t i o n  t o  be i n  a  
coun te rc lockw ise  d i r e c t i o n .  S e l e c t  t h e  d i r e c t i o n  Op wh ich  i s  perpend i -  
c u l a r  t o  t h e  average d i r e c t i o n  o f  t h e  t r e n d  t o  be enhanced, and t h e  
a n g u l a r  increment  A0 which  i t  i s  d e s i r e d  t o  pass i n  t h e  f i l t e r .  T h i s  
passband w i l l  t hen  have t h e  angu la r  l i m i t s  o f  

We t r e a t  b o t h  p o s i t i v e  and n e g a t i v e  s lopes as be ing  i n  i d e n t i c a l  
d i r e c t i o n s ,  because t h e  p o s i t i v e  s l o p e  on one s i d e  o f  a  t r e n d  d e f i n e s  
t h e  t r e n d  i n  t h e  sanle way as a  n e g a t i v e  s lope  on t h e  o t h e r  s i d e  o f  . . 
t h e  t rend .  

The g r a d i e ~ ~ t  d i  r c c t i o n  i s  COIII~IU tccl si111l)ly by Ec1. ( 2 )  vrhicli ill a  two- 
d i l ~ l e ~ i s i o n a l  d i g i t a l  for l i ia t can be a l~prox i lna te t l  1110st s ia ip ly  by 



where I is the intensity of the pixel indexed by colu~iin i and row j 
of the Image array. 

To pass the f i l t e r  the following condition must hold: 

The sett ing of the l imits (4), computation of E q .  5, and selection 
for  display only those sampled data which confor111 to  condition (6) ,  
comprise the gradient passband f i l t e r i ng  algorithm. 

The above, presented in angles fo r  conceptual purposes, can be made 
more eff ic ient  by specifying the 1 imits i n  terns of tangents rather 
than angles, so that the arctangent does not require co ispu~t ion  for  
each sa~~iple of the image. In t h i s  case Eq.  ( G )  can be replaced by 

"lay < tan om. tan O t C  m x  - 

w i t h  suitable care for  the polarity of the tangent i n  the different 
quadrants. 

After f i l t e r ing ,  one can choose to select  the original data (elevation, 
intensity,  e tc . )  or the slope i t s e l f  t o  produce a computer-enhanced 
image synthesizing a view with a sun angle (Batson, e t  a l . ,  1975), or 
any other representation of the data, such a s  the Laplachian (Rosenfeld, 
1969). 

A passband f i l t e r  was described. However, w i t h  the f i l t e r i ng  conditions 
fu l f i l l ed ,  one could produce many kinds of f i l t e r s .  By merely passing 
a l l  elements which do not conform t o  condition (6) and rejecting 
those which do conform to  tondition (6),  a stopband f i l t e r  i s  produced. 
By using the relationship between 0 QR, and Om, weighting (cosz, '2' exponential, Gaussion, e t c . )  could e achieved. By attenuating 
rather than eliminating the  data i n  the stopbands, a subdued background 
of the non-trending image could be displayed against the enhanced trends. 
If color i s  available, the passed trends could be displayed i n  one 
color, and t h e  rejected trends i n  another, or  different trends could 
be represented by different colors i n  an image. 

ILLUSTRATIONS 

Figure la  i s  a computer-drawn perspective plot of a function which has 
equal slopes in a l l  directions. 

,Figure l b  i s  a plot of the function shown in Figure la  a f t e r  i t  has been 
gradient-filtered. The f i l t e r  was oriented i165'E with a directional 
passband of 40'' (+20°). North i s  parallel t o  the direction of the base 
1 ines i n  the plot: 

Figure l c  i s  J, plot sl~uwillg the e t tec t  of using a stopbdnd rather than 
a passband. Otherwise a l l  parameters and conditions are identical t o  
Figure lb. 
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FIGURE 1. (a) (b). GRADIENT FILTERING OF AN ARBITRARY FUNCTION WHICH HAS EQUAL 
MAGNITUDE OF S V P E  JN ALL DIRECTIONS. (a) Unfiltered Function. (b) Gradient Eiltering 
with passband at 85 +20 to direction of reference linee. (Figure 1 continued on following page.) 
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FIGURE 1. (Continued). GRADIENT FILTERING OF AN ARBITRARY FUNCTION WHICH HAS 
EOUAL MAGNITUDE OF SLOPE IN ALL DIRECTIONS. (c) Gradient Filtering with Stopband 

- -~0 at 65 +20° to  Direction of Reference Lines. 



Figure 2a i s  an unfiltered SAR image of a region between Ripley, West 
Virginia and the Ohio River which includes the Cottageville gas field: 

Figure 2b shows the SAR image of Figure 2a a f t e r  gradient f i l t e r ing  
w i t h  a + 45" wedge t o  b r i n g  out lineaments i n  the NE-SW direction. 
After f i l t e r i ng  a sun was simulated from the SW and the Lomnlel-Seegler 
equation was applied (Batson, e t  a1 . , 1975). 

Figure 2c shows the SAR image of Figure 2a a f t e r  gradient f i l t e r ing  
w i t h  a + 45" wedge directed in the NW-SE direction, with a sun ~imulated 
from thz NW direction. 

DISCUSSION 

Figures 1 and 2 i l l u s t r a t e  the directional f i l t e r i ng  capabil i t ies of 
the gradient. The method has been shown to  be effective on both 
simulated and actual ddta. The noise along the edges of the  passband 
i n  Figure laand the stopband i n  Figure lc  arose fro11 computations using 
integer arithmetic. 

Two separate problen~s a r i s e  on SAR and Landsat data: noise on individual 
pixels can produce erroneous resul ts  on four pixels, as each pixel i s  
used i n  the c~mputation of four gradient values. Also integers 
representing pixel in tensi t ies  often have a contrast of only a few 
digi ta l  counts between adjacent pixels, producing coarse directional 
definitions. 

Noise i s  reduced by s~~loothing the data. A 3 x 3 soloothing provided 
the best compronlise between noise reduction and resol ution retention 
on Landsat and SAR data. The integer problem i s  reduced by including 
multiplicative scaling in the smoothing algorithn~ 50 t h a t  the output 
i s  expanded and scaled before conversion back to  an integer form. 

CONCLUSIONS 

Using the gradient, directional f i l t e r i ng  can be performed on digitized 
imagery. The direction of the f i l t e r ing  and the angular size of the 
passband or stopband can be easi ly  specified, and weighting could be 
performed. The f i l t e red  iniage i s  similar to that  produced by two- 
dimensional Fourier transform f i l t e r ing .  However, the gradient f i l t e r  
does not cause ringing and, f o r  a 128 x 128 pixel image, requires 
approxi~iiately 1/20 of the computing tinie required in Fourier transform 
f i l t e r i ng .  As the coniputing time for  gradient f i l t e r ing  i s  d i rect ly  
proportional t o  the number of pixels, en t i re  Landsat frames can be 
economically f i l t e red .  



FIGURE 2. GRADIENT FILTERING OF A SYNTHETIC APERTURE RADAR W G E  OF 
COTTAGEVILP, WEST VIRGINIA AREA. (a) Unfiltered Image. (b) wage filtered in NE-SW 
Direction, +45 Passhand. (c) Image filtered in W-SE direction.+45 passband. 
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