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ABSTRACT

Prediction of subsurface detailed geological struc­

tures can be enhanced by implementing a quantitive digital 

1ithestratigraphic correlation of well logs. In order to 

demonstrate the ability of a computer  model to construct a 

three-dimensional configuration of a reservoir or a coal 

bed, it is essential “o establish lateral stratigraphie unit 

continuity and variation in bed thickness in the investiga­

tion site.

The method of constructing the subsurface structure 

in two and three dimensions c o n s i s t s  of four procedures.

First.digitize the original logs and establish stratigraphie 

units by automatically or manually segmenting each indivi­

dual well log. Secondly, cross-correlate four well l o g s  

at a time by spectral analysis to determine the lateral con­

tinuity, variation of bed thickness, and depth of stratigraphie 

unit at each -well. Thirdly, initiate a structure map based 

on data from the previous p r o c e d ur e .  Finally, p r o j e c t  the 

structure map down between the computer correlated wells 

that produces the two-dimensional cross sections and the 

three-dimensional configuration of the stratigraphie unit.

The computer model BASEL developed in this research 

is tested by investigating the configuration of the Lower 

Earlsboro Sand unit in the St. Louis Oil Field, Oklahoma,

i i i
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using resistivity logs. It is further tested by evaluating 

the configuration of coal beds in the Knife River Basin, 

North Dakota, using gamma logs.

The BASEL computer model demonstrates that the com­

puter can provide an important tool to geologists and engi­

neers in detecting the subsurface structure effectively with 

great details in a v e r v  short time.
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CHAPTER I 

INTRODUCTION

The p r i n c i p l e s  o f  c o r r e l a t i o n  t e c h n i q u e s  have  been  

e s t a b l i s h e d  in  v a r i o u s  f i e l d s  o f  s c i e n c e  t o  m easu re  t h e  d e ­

g r e e  o f  s i m i l a r i t y  b e tw een  two o r  more s e t s  o f  v a r i a b l e s .

In  g e o l o g y ,  h ow ever ,  t h e  c o r r e l a t i o n  t e c h n i q u e s  a r e  w i d e l y  

u s e d  in  c o r r e l a t i o n  o f  s u b s u r f a c e  s t r a t a  e i t h e r  v i s u a l l y  o r  

by co m p u te r .

A u to m a t i c  c o r r e l a t i o n  o f  l i t h o s t r a t i g r a p h i c  s e q u e n c e s  

u s u a l l y  i s  c o n s i d e r e d  t o  b e  t h e  m a tc h in g  by com pute r  o f  two 

o r  more s e q u e n c e s  o f  d i g i t a l  m e a su re m e n ts  t h a t  r e p r e s e n t  

l i t h o l o g y .  In  s u b s u r f a c e  g e o l o g i c a l  c o r r e l a t i o n  t h e  mea­

s u r e m e n t s  may be  o b t a i n e d  from g e o l o g i c a l  l o g s .  Thus ,  com­

p u t e r  c o r r e l a t i o n  i s  t h e  m a t h e m a t i c a l  q u a n t i f i c a t i o n  o f  v i s u a l  

c o r r e l a t i o n  w here  a g e o l o g i s t  l i n e s  up t h e  l o g s  and v i s u a l l y  

l o c a t e s  t h e  b e s t  a l i g n m e n t .  I n d e e d ,  t h e  human eye  i s  a good 

c o r r e l a t o r ,  and a t r a i n e d  g e o l o g i s t  w i t h  a knowledge  o f  p r o b ­

a b l e  l a t e r a l  v a r i a t i o n s  i n  l i t h o l o g y  can o u t p e r f o r m  p r e s e n t  

a u t o m a t i c  m e th o d s .  Com par ison  o f  two c u r v e s  i s  n o t  d i f f i ­

c u l t ,  ho w ev er ,  i f  t h e  g e o l o g i c  s e q u e n c e s  i n  t h e  w e l l s  a r e  

s i m i l a r .  Yet  i n  most c a s e s ,  f a c i e s  c h a n g e s  and s t r u c t u r a l  

v a r i a t i o n s  c o m p l i c a t e  t h e  p r o c e s s  o f  p a t t e r n  r e c o g n i t i o n .
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The a b i l i t y  o f  t h e  co m p u te r  t o  c o r r e l a t e  w e l l  l o g s  e f f i c i e n t l y  

i s  d e m o n s t r a t e d  in  F i g u r e  1. I f  c o r r e l a t i o n  o f  t h i s  k i n d  

c o u ld  be  done by c o m p u te r ,  i t  would  h ave  t h e  o b v io u s  a d v a n t a g e s  

o f  o b j e c t i v i t y  and s p e e d .  C o n s i d e r a b l e  d i f f e r e n c e s  in  p e r ­

c e p t i o n ,  h o w ev er ,  o c c u r  among g e o l o g i s t s .  The r e c e n t  t r e n d s  

in  c o r r e l a t i o n  a r e  t o w a rd  p r o d u c i n g  a s t a n d a r d ,  r e l a t i v e l y  

a c c u r a t e  ( w i t h  r e s p e c t  t o  c o n v e n t i o n a l  m e t h o d s ) ,  c o n s i s t e n t ,  

and f r e e - f r o m - h u m a n  e r r o r s  c o r r e l a t i o n .  In  s h o r t ,  a c o r r e ­

l a t i o n  by t h e  a p p l i c a t i o n  o f  c o m p u t e r - a s s i s t e d  m a t h e m a t i c a l  

o p e r a t i o n s  seems t o  c o i n s i d e  w i t h  " h e s e  t r e n d s .

J a g e l a r  and M atuszak  (1973)  and M atuszak  (1 972)  

d i s c u s s e d  t h e  common l o g s  u sed  f o r  a u t o m a t i c  l i t h o s t r a t i ­

g r a p h i c  c o r r e l a t i o n  ( s p o n t a n e o u s  p o t e n t i a l ,  SP ; gamma r a y ,

GR; A c o u s t i c  and  o t h e r s ) ,  f a c t o r s  a f f e c t i n g  t h e  m easurem ent  

su ch  as  p o r o s i t y  a n d / o r  p e r m e a b i l i t y ,  f l u i d  s a t u r a t i o n s ,  

f o r m a t i o n  r e s i s t i v i t i e s  and o t h e r  p a r a m e t e r s .  I t  i s  recom­

mended t h a t  one have  a t h o ro u g h  u n d e r s t a n d i n g  o f  t h e s e  p a r a ­

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

g e o p h y s i c a l  l o g s .

P r e v i o u s  Work

Computer  c o r r e l a t i o n  o f  t im e  s e r i e s — an o r d e r l y  s e ­

quence  o f  r e g u l a r l y  s p a c e d  d a t a — h a s  b e e n  a t t e m p t e d  in  t h e  

p a s t  w i t h  l i m i t e d  s u c c e s s .  Methods f o r  a n a l y z i n g  t im e  s e r i e s  

i n  b o t h  t im e  and f r e q u e n c y  domains  h a v e  b een  w e l l  d i s c u s s e d  

by J e n k i n s  and W a t t s  ( 1 9 6 9 ) .  The m a t h e m a t i c a l  p r i n c i p l e s  o f
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c o r r e l a t i o n  t e c h n i q u e s  were  d e s c r i b e d  e a r l i e r  by Lee ( 1 9 6 0 ) .  

W einer  (1 9 4 9 )  f i r s t  u se d  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  t o  

d e t e r m i n e  t h e  d e p e n d e n c e  o f  two t im e  s e r i e s  on each  o L h e r .  

A n s te y  (1 9 6 4 )  d i s c u s s e d  s e v e r a l  a p p l i c a t i o n s  o f  t h i s  t e c h n i q u e ,  

The f i r s t  w o r k e r  t o  im plem ent  t h e  c o m p u te r  f o r  c o r r e l a t i o n  

was Daskam ( 1 9 6 4 ) .  He d e s c r i b e d  a c o m p u te r  p r o c e s s  b a s e d  

on e x i s t i n g  c o m p u te r  p r o g ra m s .  Working on p a r a l l e l  l i n e s ,  

S o u th w ic k  and A d a i r  (1 9 6 4 )  em ployed  e l e c t r i c a l  l o g s  t o  c o r ­

r e l a t e  t h e  p o r o s i t y  and r e s i s t i v i t y  i n d i c e s  o f  p o r o u s  z o n e s .

Along t h e  same l i n e  i n  a u t o m a t i c  c o r r e l a t i o n ,  M atus ­

zak  (1 9 7 2 )  u s e d  t h e  co m p u te r  t o  c o r r e l a t e  d i p m e t e r  l o g s .

He c o n c l u d e d  t h a t  a u t o m a t i c  c o r r e l a t i o n  o f  s u b s u r f a c e  d a t a  

by co m p u te r  d o e s  n o t  p r o v i d e  e f f i c i e n t  r e s u l t s  even  i n  s i m p l e  

g e o l o g i c  s i t u a t i o n s .  He recommended more r e s e a r c h  t o  r e ­

f i n e  e x i s t i n g  m ethods  or t o  d e v e l o p  new t e c h n i q u e s .  Schoon­

o v e r  and H o l t  (1 9 7 1 )  e n h a n c e d  M a t u s z a k ' s  a p p r o a c h  by f i l t e r ­

i n g  t h e  o r i g i n a l  d a t a  t o  g e t  a h i g h e r  c o r r e l a t i o n  f a c t o r .

Two d i f f i c u l t i e s  a r e  e n c o u n t e r e d  in  a l l  e a r t h - s c i e n c e  

a p p l i c a t i o n s  o f  c r o s s - c o r r e l a t i o n  t e c h n i q u e s :  f i r s t ,  t h e

p r o b le m  o f  d e t e r m i n i n g  u n i q u e  p o i n t s  common t o  b o t h  r e c o r d s ;  

s e c o n d ,  t h e  p r o b le m  o f  s h r i n k i n g  o r  s t r e t c h i n g  o f  t h e  two 

r e c o r d s  due t o  r e l a t i v e  v a r i a t i o n s  i n  s e d i m e n t a t i o n  r a t e s .

To overcom e t h e  s e c o n d  p r o b le m ,  s t r e t c h i n g ,  H a i t e s  (1 9 6 3 )  

p r o p o s e d  a p e r s p e c t i v e  c o r r e l a t i o n  t o  c o n s i d e r  t h i s  e f f e c t  

by g i v i n g  d i f f e r e n t  d e g r e e s  o f  c o m p r e s s io n  o f  t h e  d e p t h  

s c a l e  u n t i l  t h e  v a l u e  o f  t h e  c o r r e l a t i o n  f a c t o r  was a m ax i ­

mum.



The t e c h n i q u e  f o r  s o l v i n g  t h e  s t r e t c h i n g  and c o r r e ­

l a t i o n  p ro b le m s  was f i r s t  d i s c u s s e d  by N e i d e l l  (19G9).  lie 

i m p le m e n te d  an optimum W einer  i n t e r p o l a t i o n  f u n c t i o n

s i n  1
w here  i t  i s  t h e  s a m p l i n g  i n t e r v a l j  t o  expand  s e c -7Tt

,  A t  I

t i o n s  t h a t  c o m p e n s a te  f o r  t h e  t h i n n i n g  o f  b e d s  and p r o c e e d e d  

w i t h  t h e  c o r r e l a t i o n  a f t e r  he a p p l i e d  h i g h  f r e q u e n c y  f i l t e r s  

t o  e l i m i n a t e  any n o i s e  c a u s e d  by t h e  s t r e t c h i n g  p r o c e s s .  

M err iam  (1 9 7 1 )  p l a y e d  a d i s t i n g u i s h e d  r o l e  i n  s i m i l a r  work 

t o  N e i d e l l ' s .  He e m p h a s iz e d  t h e  v a l u e  o f  s e g m e n t a t i o n  o f  

w e l l  l o g s  p r i o r  t o  c o r r e l a t i o n .

Rudman and L a n k s to n  (1 9 7 3 )  u s e d  t h e  co m p u te r  t o  

i t e r a t i v e l y  s t r e t c h  one o f  t h e  l o g s  and t h e n  u s e d  m a t h e m a t i ­

c a l  c r o s s - c o r r e l a t i o n  t o  m e a s u re  t h e  l a g  t  and t h e  c r o s s ­

c o r r e l a t i o n  f u n c t i o n .  H enderson  ( 1 9 7 ? )  m o d i f i e d  t h e  Rudman 

and L a n k s t o n  a l g o r i t h m  and ad d ed  t h e  c o r r e l a t i o n  o f  f o u r  

s e r i e s  o f  l o g s  i n  t h e  f r e q u e n c y  dom ain .  His  a p p ro a c h  was 

s u c c e s s f u l l y  a p p l i e d  t o  v a r i o u s  l o g s  from o n s h o r e  and o f f ­

s h o r e  w e l l s  (Rudman, B l a k e l y ,  and H e n d e r s o n ,  1975) .  H e n d e r ­

son  a l s o  i n t r o d u c e d  t h e  c o n c e p t  o f  n o r m a l i z e d  c r o s s - c o r r e ­

l a t i o n  f u n c t i o n s  i n s t e a d  o f  c o m p a r in g  t h e  a u t o -  and c r o s s ­

c o r r e l a t i o n  f u n c t i o n s  u sed  e a r l i e r  by Rudman and L a n k s to n  

( 1 9 7 3 ) .  In  t h e s e  t e c h n i q u e s ,  he a p p l i e d  t h e  f a s t  F o u r i e r  

t r a n s f o r m  (FFT) co m p u te r  a l g o r i t h m  t o  t h e  s t r e t c h i n g  and 

c o r r e l a t i o n  r o u t i n e s .  I t  s h o u l d  be  n o t i c e d  t h a t  h i s  m ethod  

o f  i t e r a t i v e  s t r e t c h i n g  and c o r r e l a t i o n  r e q u i r e s  c o n s i d e r ­

a b l e  c o m p u te r  t i m e ,  p a r t l y  b e c a u s e  t h e  s t r e t c h i n g  p r o c e d u r e
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i s  r e p e a t e d  t w i c e .  B e s i d e s ,  t h e  g e o l o g i s t  i s  u n s u r e  as  t o  

which lo g  i s  t o  be  s t r e t c h e d .

The most r e c e n t  t e c h n i q u e  o f  l i t h o s t r a t i g r a p h i c  

c o r r e l a t i o n  was i n t r o d u c e d  by Rudman, B l a k e l y ,  and Kwon (1978)  

T h e i r  a l g o r i t h m  p r e d i c t e d  a u t o m a t i c a l l y  n o t  o n ly  t h e  amount 

o f  s t r e t c h  b u t  a l s o  t h e  d i r e c t i o n  o f  s t r e t c h .  T h i s  p r o c e ­

d u re  p r o v i d e d  f u r t h e r  i n s i g h t  i n t o  t h e  s p e c t r a l  c h a r a c t e r  

o f  w e l l  l o g s  and i t s  a p p l i c a t i o n  t o  t h e  f a s t  c o r r e l a t i o n .  

A l th o u g h  t h e y  s u c c e e d e d  in  o b t a i n i n g  a h i g h  v a l u e  o f  t h e  

c o r r e l a t i o n  f u n c t i o n  in  t h e  model t e s t  d a t a ,  t h e  r e s u l t s  o f  

t h e  r e a l  d a t a  t e s t s  were  n o t  e n c o u r a g i n g  due t o  t h e  low v a l u e  

o f  t h e  c o r r e l a t i o n  f u n c t i o n .  In a d d i t i o n ,  t h e  t i e - l i n e s  

d i d  n o t  r e p r e s e n t  t h e  a c t u a l  s t r u c t u r e  c o n f i n e d  b e tw e en  t h e  

c o r r e l a t e d  l o g s .  In t h i s  r e s e a r c h ,  d o u b le  p r e c i s i o n  i s  u sed  

t o  g e n e r a t e  t h e  p l o t  o f  F i g u r e  2.  F i n a l l y ,  i n  t h e  c a s e  o f  

a l a r g e  number  o f  l o g s ,  t h e  c o r r e l a t i o n  o f  two l o g s  a t  a 

t im e  r e q u i r e s  a c o n s i d e r a b l e  amount o f  co m p u te r  t i m e .

S t a t e m e n t  o f  t h e  P ro b lem

A u to m a t i c  com pute r  c o r r e l a t i o n  o f  d i g i t a l  l i t h o ­

s t r a t i g r a p h i c  m e asu rem en ts  can be  u s e f u l  and f a i r l y  a c c u r a t e .  

I t  e l i m i n a t e s  p e r c e p t i v e  d i f f e r e n c e s  i n  v i s u a l  c o r r e l a t i o n  

by t h e  g e o l o g i s t .  U n f o r t u n a t e l y ,  t h e  i n f o r m a t i o n  c o n t e n t  i n  

a w e l l  l o g  u s u a l l y  i s  n o t  s u f f i c i e n t  t o  d e t e r m i n e  t h e  t r u e  

c o r r e l a t i o n  and t h e  s u b s u r f a c e  s t r u c t u r e .  R e s u l t s  may be  in  

e r r o r  u n l e s s  a d d i t i o n a l  i n f o r m a t i o n  i s  p r o v i d e d  su ch  as
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s t r u c t u r e  and i s o p a c h  maps,  p a l e o n t o l o g y  and p a l e o g e o l o g y  

s t u d i e s ,  and t h e  g e o l o g i s t ' s  e x p e r i e n c e s  w i t h  t h e  s t u d y  a r e a .

The e x i s t i n g  c o m p u te r  c o r r e l a t i o n  o f  d i g i t a l  l i t h o -  

s t r a t i g r a p h i c  m e a s u rem e n ts  have  p r o v i d e d  t h e  g e o l o g i s t s  w i t h  

a p r a c t i c a l  t o o l  f o r  c o r r e l a t i o n .  Kwon, Rudman, and B l a k e l y  

(1 978)  i l l u s t r a t e d  t h i s  method b e a u t i f u l l y .  Yet t h e i r  a l g o ­

r i t h m  i s  i n s u f f i c i e n t  t o  show t h e  e x a c t  o r  a c c u r a t e  s u b s u r f a c e  

s t r u c t u r e .  The t i e - l i n e s  c o n n e c t i n g  t h e  a l i g n e d  s e g m e n t s  

from t h e  two c o r r e l a t e d  l o g s  do n o t  r e p r e s e n t  t h e  a c t u a l  s u b ­

s u r f a c e  s t r u c t u r e ,  e s p e c i a l l y  i f  t h e  d i s t a n c e  b e tw e en  t h e  

w e l l s  i s  more th a n  a h a l f  m i l e  ( . 8 5  km). Even a t  t h i s  s h o r t  

d i s t a n c e ,  s t r u c t u r e  m igh t  c h a n g e .  The o t h e r  d i s a d v a n t a g e  i s  

t h a t  t h e  p rog ram  consumes a c o n s i d e r a b l e  amount o f  c o m p u te r  

t im e  i n  t h o s e  c a s e s  where  t h e r e  a r e  more t h a n  two w e l l s  t o  

be  c o r r e l a t e d .

In t h i s  s t u d y ,  t h e  c o m p u te r  a l g o r i t h m  BASEL o f f e r s  

a r a p i d  method o f  co m p a r in g  f o u r  g e o p h y s i c a l  l o g s  o f  one  

t y p e  from d i f f e r e n t  w e l l s .  I t  f u r t h e r  i l l u s t r a t e s  a f a i r l y  

a c c u r a t e  p i c t u r e  o f  t h e  s u b s u r f a c e  i n  tw o-  and t h r e e - d i m e n ­

s i o n a l  d i s p l a y .  The t w o - d i m e n s i o n a l  c r o s s  s e c t i o n  s u b s t i t u t e s  

t h e  s t r a i g h t  t i e - l i n e s  i n  Rudman' s and o t h e r s  a l g o r i t h m  

(SPECOR, F i g u r e  2 ) .  In  o r d e r  t o  f u r t h e r  d e m o n s t r a t e  t h e  s u b ­

s u r f a c e  s t r u c t u r e  o f  t h e  s t u d y  a r e a ,  t h e  p r e v i o u s  tw o -d im e n ­

s i o n a l  c r o s s  s e c t i o n  w i l l  be  c o n v e r t e d  t o  a t h r e e - d i m e n s i o n a l  

r e p r e s e n t a t i o n .



Obj e c t i v e s

The u l t i m a t e  p u r p o s e  o f  t h i s  r e s e a r c h  i s  t o  d e v e lo p  

t h e  c o m p u te r  model  BASEL t h a t  p r o d u c e s  a t h r e e - d i m e n s i o n a l  

c o n f i g u r a t i o n  b a s e d  m a in ly  on t h e  s i m u l t a n e o u s  co m p u te r  c o r ­

r e l a t i o n  o f  f o u r  g e o p h y s i c a l  l o g s  o f  t h e  same t y p e  from f o u r  

d i f f e r e n t  w e l l  s i t e s  w i t h  a minimum amount o f  c o m p u te r  t im e  

( F i g u r e s  3 and 4 ) .  The a c c u r a c y  o f  t h i s  c o m p u te r  model i s  

t e s t e d  by co m p a r in g  t h e  CALCOMP o u t p u t  o f  t h e  BASEL model 

t o  t h e  o u t p u t  o f  t h e  c o n v e n t i o n a l  m ethod .  F u r t h e r m o r e ,  t h e  

a c c u r a c y  o f  t h e  BASEL model  i s  exam ined  by i m p l e m e n t i n g  f i e l d  

d a t a  from Oklahoma and  N o r th  D ak o ta .

Approach

The g e n e r a l  a p p r o a c h  f o l l o w e d  i n  t h i s  d i s s e r t a t i o n  

t o  d e v e l o p  t h i s  model  i s  d e t a i l e d  i n  t e n  s t e p s  w hich  d e f i n e  

t h r e e  p r o c e d u r e s  i n  an a t t e m p t  t o  o b t a i n  t h e  t h r e e - d i m e n s i o n a l  

c o n f i g u r a t i o n .  A c o n c e p t u a l  d i a g ra m  i s  p r o v i d e d  t o  f u r t h e r  

i l l u s t r a t e  t h e  p r o c e d u r e s  o f  t h e  p rog ram  BASEL.

The f i r s t  p r o c e d u r e ,  t h e  s i m u l t a n e o u s  c o r r e l a t i o n  

o f  t h e  f o u r  l o g s  by t h e  co m p u te r  p ro g ram  C0R4WELL, c o n s i s t s  

o f  s e v e n  s t e p s ;

1. D i g i t i z a t i o n  o f  w e l l  l o g s  a t  t w o - f o o t  i n t e r v a l s .

T h i s  i n t e r v a l  i s  c h o s e n  b e c a u s e  t h e  s e g m e n ts  c o r r e l a t e d  do 

n o t  h ave  s i g n i f i c a n t  b e d s  t h a t  a r e  l e s s  t h a n  two f e e t  t h i c k .

2.  E s t a b l i s h i n g  t h e  s t r a t i g r a p h i e  u n i t  v i s u a l l y  o r  by 

u s i n g  a movable  window t e c h n i q u e  ( Z o n a t i o n  m e th o d ) .
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F i g u r e  3. C r o s s - c o r r e l a t i o n  o f  model  d e n s i t y  
l o g s  by t h e  computer  s u bpr ogr am C0R4WELL. S i ­
m u l t a n e o u s  c o r r e l a t i o n  o f  f o u r  w e l l  l o g s  showing 
t h e  s u p e r i m p o s e d  b e d l i n e s  on t h e  t i e - l i n e s  of  
F i g u r e  2.
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3. F i l t e r i n g  of  t h e  o r i g i n a l  d a t a  by i m p l e m e n t i n g  e i t h e r  

t h e  h i g h  p a s s  f i l t e r  o r  t h e  low p a s s  f i l t e r  d e p e n d i n g  on t h e  

segment  c o r r e l a t e d  ( n o n s t a t i o n a r y  f r e q u e n c y  d a t a  r e q u i r e  

h i g h  p a s s  f i l t e r s ) .

4.  Us i ng  d i s c r e t e  F o u r i e r  t r a n s f o r m s  (DFT) and f a s t  

F o u r i e r  t r a n s f o r m s  (FFT) t o  c a l c u l a t e  t h e  s p e c t r a  o f  t h e  l o g s  

( t h e  power  s p e c t r a  i mpl y  t h e  s q u a r e  o f  t h e  s p e c t r u m  a m p l i t u d e ;  

r e f e r  t o  E q u a t i o n  3 0 ) .

5.  P e r f o r m  t h e  s t r e t c h i n g  p r o c e s s  i n  t h e  f r e q u e n c y  do­

main.  T h i s  p r o c e s s  a c c o u n t s  f o r  c h a n ge s  i n  t h i c k n e s s  be t we en  

w e l l s .

6.  C r o s s - c o r r e l a t i n g  o f  t h e  s t r e t c h e d  power  s p e c t r a  t o  

e s t i m a t e  t h e  b e s t  v a l u e  o f  t h e  s t r e t c h i n g  f a c t o r s .  The b e s t  

v a l u e  i s  d e f i n e d  as  t h e  h i g h e s t  v a l u e  i n  t h e  p l o t  o f  l a g  

( f o r  s t r e t c h )  v e r s u s  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t .

7.  C r o s s - c o r r e l a t i n g  t h e  s t r e t c h e d  l o g s  t o  e v a l u a t e  

t h e  maximum v a l u e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  and c o n s e ­

q u e n t l y  t h e  c o r r e s p o n d i n g  v a l u e  o f  t h e  l a g .  T h i s  v a l u e  of  

t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  d e f i n e d  as  t h e  h i g h e s t  a m p l i ­

t u d e  p o i n t  i n  t h e  p l o t  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  v e r s u s  

t h e  l a g  f a c t o r .

The s e c o n d  p r o c e d u r e ,  t h e  p r o j e c t i o n  o f  t h e  s t r u c t u r e ,  

c o n s i s t s  o f  t h r e e  s t e p s :

1. A s t r u c t u r e  map o f  t h e  s t u d y  a r e a  i s  t o  be  drawn by 

a c o m p u t e r .  The c o n t r o l  p o i n t s  o f  t h i s  map a r e  o b t a i n e d  f rom 

t h e  c o r r e l a t e d  l o g s  i n  t h e  p r e v i o u s  p r o c e d u r e  and o t h e r  l o g s  

c o r r e l a t e d  v i s u a l l y .
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2.  C o n n e c t i n g  t h e  c o r r e l a t e d  w e l l s  by an i m a g i n a r y  

s t r a i g h t  p a t h  on t h e  s t r u c t u r e  map.

3. The p o i n t s  i n i t i a t e d  by t h e  i n t e r s e c t i o n  o f  t h e  co n­

t o u r  l i n e s  and t h e  i m a g i n a r y  p a t h  a r e  p r o j e c t e d  down b e t we en  

t h e  c o r r e l a t e d  w e l l s .  The i n t e r c o n n e c t i o n  o f  t h e  p r o j e c t e d  

D o i n t s  r e s u l t s  i n  a smoot h  c u r v e  t h a t  r e p r e s e n t s  a t wo-  

d i m e n s i o n a l  c r o s s  s e c t i o n  o f  t h e  s t r u c t u r e  c o n f i n e d  b e t w e e n  

t h e  c o m p u t e r - c o r r e l a t e d  l o g s .

The t h i r d  p r o c e d u r e  i s  t h e  t h r e e - d i m e n s i o n a l  modi ­

f i c a t i o n .  The t w o - d i m e n s i o n a l  c r o s s  s e c t i o n  f rom t h e  p r e ­

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

r a t i o n  by i m p l e m e n t i n g  t h e  SYMVU c o m pu t e r  p a c k a g e .  The o u t ­

come o f  t h i s  m o d i f i c a t i o n  i l l u s t r a t e s  t h e  c o n f i g u r a t i o n  of  

t h e  c o r r e l a t e d  s e g m e n t s .



CHAPTER I I

PRINCIPLES OF LITHOSTRATIGRAPHIC CORRELATION

The c o n c e p t  o f  l i t h o s t r a t i g r a p h y  was f i r s t  i n t r o d u c e d  

by S t e n o  ( 1 0 6 9 )  who d e f i n e d  i t  as  a g e o l o g i c a l  u n i t  o f  c on ­

s i s t e n t  l i t h o l o g y .  Schenk  and M u l l e r  ( 1 9 4 1 )  m o d i f i e d  S t e n o ' s  

d e f i n i t i o n  t o  i n c l u d e  t h e  d e s c r i p t i o n  o f  c o n s i s t e n t  l i g h o l o g y  

s t r a t a  w i t h o u t  r e g a r d  t o  t h e  t i m e  f ramework o f  d e p o s i t i o n .

The Amer ican  Commiss ion on S t r a t i g r a p h i e  N o m e n c l a t u r e  ( 1 9 7 2 )  

and Hedb er g  ( 1 9 7 6 )  d e s c r i b e d  l i t h o s t r a t i g r a p h y  i n  a b r o a d e r  

s e n s e  as  o r g a n i z i n g  s t r a t a  i n t o  u n i t s  b a s e d  on l i t h o l o g i c a l  

c h a r a c t e r .

One o f  t h e  m a j o r  s t r a t i g r a p h i e  p r i n c i p l e s  i n v o l v e s  

t h e  d i s t i n c t i o n  b e t we en  r o c k - s t r a t i g r a p h i c  c o r r e l a t i o n  and 

t i m e  s t r a t i g r a p h i e  c o r r e l a t i o n .  Rocks o f  d i f f e r e n t  l i t h o l o -  

g i e s  t h a t  f o rmed  a t  t h e  same t i m e  may be a s s i g n e d  d i f f e r e n t  

a g es  and v i c e  v e r s a .  Thus ,  t i m e  c o r r e l a t i o n s  do n o t  p r o v e  

l i t h o l o g i c a l  c o n t i n u i t y  (Shaw,  1964) ( F i g u r e  5 ) .

The n e e d  f o r  l i t h o s t r a t i g r a p h i c  c o r r e l a t i o n  i n  a l l  

t y p e s  o f  g e o l o g y  f i e l d s  a r i s e s  f rom t h e  n e c e s s i t y  o f  e s t a b ­

l i s h i n g  l i t h o l o g i e  c o n t i n u i t y  and s t r u c t u r e  p a t t e r n  o f  t h e  

a r e a  o f  c o n c e r n ,  u l t i m a t e l y  d e f i n i n g  t h e  o i l  a n d / o r  gas  b e a r ­

i n g  s t r a t a ,  c o a l  b e d s ,  g e o t h e r m a l  z o n e s  and o t h e r  a p p l i c a t i o n s ,

15
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Fig-are 5. Two s e c t i o n s  w i t h  
f o s s i l  s u b d i v i s i o n s .  F o s s i l  
o n l y  p r e s e n t  i n  l i m e s t o n e s ,  
i n d i c a t e s  t im e  c o r r e l a t i o n s ,  
i n d i c a t e s  r ock  c o r r e l a t i o n s  
1964) .

s i m i l a r  r ock  and 
zones  A and B a r e  
uppe r  f i g u r e  
lower  f i a u r e  
(Modi f i ed  a f t e r  Shaw,
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Krumbein and S l o s s  (1963)  i n t r o d u c e d  two t y p e s  of  

l i t h o s t r a t i g r a p h i c  u n i t s :  ( 1 )  r ock  s t r a t i g r a p h i e  u n i t s  which

a r e  d e f i n e d  by o u t c r o p  o r  s u b s u r f a c e  l a t e r a l  c o n t i n u i t y ;

(2)  l i t h o s t r a t i g r a p h i c  u n i t s  t h a t  a r e  e s t a b l i s h e d  by l i t h o ­

l o g i e  c r i t e r i a  l a c k i n g  l a t e r a l  c o n t i n u i t y .  T y p i c a l  e xampl es  

o f  t h e  s e c o n d  t y p e  a r e  i n s o l u b l e  r e s i d u e s ,  h e a v y - m i n e r a l  

d i s t r i b u t i o n s  and o t h e r s .

Due t o  t h e  i n d i r e c t  n a t u r e  o f  t h e  l i t h o s t r a t i g r a p h i c  

u n i t s  d e f i n e d  by w e l l  l o g s ,  i t  i s  i m p o r t a n t  t h a t  t h e y  s h o u l d  

be  i d e n t i f i e d  i n  a c o n s i s t e n t  and o b j e c t i v e  manner  t o  i n s u r e  

a c l o s e  a p p r o x i m a t i o n  t o  f o r m a l  s t r a t i g r a p h i e  c o n c e p t s  ( f i r s t  

t y p e  o f  s t r a t i g r a p h i e  u n i t ) .

Dunbar  and Ro ge r s  (1957)  d e f i n e d  c o r r e l a t i o n  as  t h e  

a t t e m p t  t o  d e t e r m i n e  a common t i m e  r e l a t i o n s h i p ,  w h i l e  W e l l e r  

(1960)  i n t e r p r e t e d  t h e  c o r r e l a t i o n  p r o c e s s  i n  t e r m s  o f  com­

mon r e l a t i o n s h i p s  o n l y .  Krumbein and S l o s s  (1963)  m o d i f i e d  

t h e  c o n c e p t  o f  c o r r e l a t i o n  t o  i n v o l v e  t h e  m a t c h i n g  b e t we en  

e q u i v a l e n t  s t r a t i g r a p h i e  u n i t s .  A c o m p r e h e n s i v e  and e f f i ­

c i e n t  d e f i n i t i o n  was p r e s e n t e d  by Hedberg  ( 1 9 7 6 ) .  He con ­

c l u d e d  t h a t  a c o r r e l a t i o n  p r o c e d u r e  s h o u l d  r e f l e c t  t h e  s i m i ­

l a r i t y  i n  g e o l o g i c a l  p r o p e r t i e s  ( l i t h o l o g y ,  f o s s i l  c o n t e n t s ,  

e t c . )  and i n  a c e r t a i n  s t r a t i g r a p h i e  l o c a t i o n  o f  g e o l o g i c a l  

s t r a t a .

S e v e r a l  t y p e s  o f  c o r r e l a t i o n s  e x i s t  f o r  d i f f e r e n t  

f e a t u r e s  o f  s t u d y .  The I n t e r n a t i o n a l  Subcommiss ion  o f  S t r a t i ­

g r a p h i e  C l a s s i f i c a t i o n  s t r o n l y  e m ph a s i z e s  t h e  i n d e p e n d e n c e  

o f  c o r r e l a t i o n  on t i m e  i m p l i c a t i o n s .  The m a j o r  t y p e s  o f
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c o r r e l a t i o n  a r e :  f o r m a l  c o r r e l a t i o n ,  i n d i r e c t  c o r r e l a t i o n ,

and m a t c h i n g  c o r r e l a t i o n .

( a )  Formal  c o r r e l a t i o n ;  d e m o n s t r a t e s  t h e  a c t u a l  p h y s i ­

c a l  c o n t i n u i t y  of  t h e  u n i t  i n  q u e s t i o n .  S c h w a r z a c h e r  (197.5) 

and o t h e r  w o r k e r s  e m p h a s i z e d  t h e  c o n c e p t  o f  f o r m a l  c o r r e l a ­

t i o n  as  t h e  p h y s i c a l  t r a c i n g  o f  a s t r a t i g r a p h i e  u n i t  on t h e  

s u r f a c e  o f  t h e  e a r t h .

( b )  I n d i r e c t  c o r r e l a t i o n :  r e f e r s  t o  t h e  p r o c e s s  o f  com­

p a r i n g  a t t r i b u t e s  o f  s t r a t i g r a p h i e  u n i t s  s u c h  as  l i t h o l o g y ,  

f o s s i l  c o n t e n t ,  p o r o s i t y  and o t h e r  c h a r a c t e r i s t i c s .  Some 

met hods  of  i n d i r e c t  c o r r e l a t i o n  a r e  h i g h l y  a c c u r a t e ,  w h e r e a s  

o t h e r s  a r e  n o t .  T h i s  t y p e  of  c o r r e l a t i o n  can be  c l a s s i f i e d  

as  e i t h e r  a s y s t e m a t i c  c o r r e l a t i o n  s u c h  as  c o r e  c o r r e l a t i o n ,  

o r  an a r b i t r a r y  c o r r e l a t i o n  l i k e  v i s u a l  c o m p a r i s o n  o f  w e l l  

l o g  c u r v e s .

( c )  M a tc h in g  c o r r e l a t i o n :  c o n s i s t s  o f  c o m p a r i s o n  of  

s e q u e n c e s  t h a t  do n o t  a d a p t  t o  a s t r a t i g r a p h i e  u n i t .  An e x ­

ample o f  m a t h c i n g  i s  t h e  s t a t i s t i c a l  c o m p a r i s o n  o f  a r b i t r a r y  

s e g m e n t s  o f  w e l l  l o g s  (Rudman and B l a k e l y ,  1 97 6) .



CHAPTER I I I

PRINCIPLES OF DIGITAL LITHOSTRATIGRAPHIC 

CORRELATION BY COMPUTER

C o r r e l a t i o n  o f  s u b s u r f a c e  d a t a  i s  one  o f  t h e  m a j o r  

a p p r o a c h e s  e s t a b l i s h e d  by g e o l o g i s t s  t o  c o n s t r u c t  an e x p l o ­

r a t i o n  f r amewor k .  In  t h i s  f r amewo rk ,  c o n t i n u o u s  w e l l  l o g s  

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

o f  g e n e t i c  h i s t o r y  o f  t h e  p r o s p e c t i n g  a r e a .  T h i s  h i s t o r y  

i n v o l v e s  t h e  p r o j e c t i o n  o f  s u b s u r f a c e  s t r u c t u r e  and s t r a t i ­

g r a p h i e  f e a t u r e s  s u c h  a s  l i t h o l o g y ,  p o r o s i t y ,  p e r m e a b i l i t y ,  

and o t h e r  p a r a m e t e r s .

T h e r e  a r e  two t y p e s  o f  c o m p u t e r  c o r r e l a t i o n s .  The 

f i r s t  i s  s e m i a u t o m a t i c  c o r r e l a t i o n .  T h i s  i m p l i e s  t h e  u s e  o f  

c o m p u t e r s  t o  p r o c e s s  d i g i t a l  l o g s  t o  p r o v i d e  v a l u a b l e  a i d s  

f o r  u s e  i n  s h a r p e n i n g  s u b s u r f a c e  c o r r e l a t i o n s  i n  a g i v e n  

s t u d y  a r e a .  D i g i t i z e r s  cs.n be  u s e d  t o  r e d u c e  t h e  l o g  d a t a  t o  

d i g i t a l  f orm,  c o m p u t e r s  t o  p r o c e s s  t h e  d a t a ,  and p l o t t e r s  t o  

p r o v i d e  t h e  g e o l o g i s t s  w i t h  g r a p h i c a l  d e p t h  p l o t s  e m p h a s i z i n g  

c h a r a c t e r i s t i c s  n o t  a l w a y s  d i r e c t l y  o b s e r v a b l e  i n  t h e  o r i ­

g i n a l  l o g s .  H o l g a t e  ( 1960 )  d e v e l o p e d  an a p p r o a c h  wh ich  was 

s i g n i f i c a n t l y  v a l u a b l e  d u r i n g  t h e  c o r r e l a t i o n  o f  c o r e  and 

l o g  d a t a  w i t h i n  a g i v e n  s t r a t i g r a p h i e  i n t e r v a l .  I t  i m p l i e s
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t h a t  t h e  i n f o r m a t i o n  d e d uc ed  f rom c o r e  and l o g s  a r e  f i r s t  

s t o r e d  i n t o  a r r a y s  and t h e  a r r a y s  a r e  t h e n  c r o s s - c o r r e l a t e d  

by c o m p u t e r .  F i g u r e  6 shows a s c a t t e r  d i a g r a m  o f  c o r e  p o r o ­

s i t y  v e r s u s  l o g  r e s p o n s e ,  w h i l e  F i g u r e  7 r e f e r s  t o  a s c a t t e r  

d i a g r a m  b a s e d  on H o l g a t e ' s  r e d u c t i o n  o f  t h e  same s e t  o f  d a t a .  

The H o l g a t e  method t h e o r e t i c a l l y  c o u l d  be  e x t e n d e d  t o  e s t a ­

b l i s h  a r e l a t i o n s h i p  b e t w e e n  a r e a l l y  d i s t r i b u t e d  p a r a m e t e r s ;  

f o r  e x a m p l e ,  a v e r a g e  p o r o s i t y  l o g  r e s p o n s e  and a v e r a g e  c o r e  

d a t a  t h r o u g h  a g i v e n  s t r a t i g r a p h i e  i n t e r v a l  p e n e t r a t e d  by 

many w e l l s  c o u l d  b e  r e l a t e d  by u s i n g  t h i s  me thod.  S e v e r a l  

o t h e r  a d v a n t a g e s  o f  s e m i a u t o m a t i c  c o r r e l a t i o n  a r e  t h o r o u g h l y  

d i s c u s s e d  by o t h e r  w o r k e r s  s u c h  as  D a v i s  ( 1 9 7 3 ) ,  Rob i ns on  

( 1 9 7 5 ) ,  Beck ( 1 9 7 6 ) ,  and J^pp  (1 9 7 6 ) .

The s e c o n d  t y p e  o f  c o m p u t e r  c o r r e l a t i o n  i s  t h e  a u t o ­

m a t i c  c o r r e l a t i o n .  In  f a c t ,  no c o m p l e t e l y  s u c c e s s f u l  a u t o ­

m a t i c  c o r r e l a t i o n  t e c h n i q u e  i n v o l v i n g  t h e  u s e  o f  t h e  d i g i t a l  

c o m p u t e r  and d i g i t i z e d  l o g s  f rom many w e l l s  h a s  been  r e p o r t e d  

y e t .  A u t o m a t i c  c o r r e l a t i o n  o f  t h e  t i m e  s e r i e s  r e p r e s e n t e d  

by d i g i t a l  w e l l  l o g s  c o n s i s t s  o f  c a l c u l a t i n g  a d e g r e e  o f  f i t  

o r  l i k e n e s s  o f  a c u r v e  w i t h  a n o t h e r  c u r v e  ( m a t c h i n g ) .

I n  g e n e r a l ,  c o m p a r i n g  a u t o m a t i c  c o r r e l a t i o n  w i t h  

s e m i a u t o m a t i c  c o r r e l a t i o n ,  t h e  f o r m e r  t e c h n i q u e  h a s  s e v e r a l  

a d v a n t a g e s  s uch  as a c c u r a c y ,  c a p a b i l i t y  o f  p r o c e s s i n g  a t r e ­

mendous amount  o f  d a t a  i n  a s h o r t  t i m e ;  and i t  r e s u l t s  i n  

a s t a n d a r d  and s y s t e m a t i c  o u t p u t .

A u t o m a t i c  c o r r e l a t i o n  i s  a c c o m p l i s h e d  e i t h e r  i n  t h e  

t i m e  domain o r  i n  t h e  f r e q u e n c y  domai n.  A u t o m a t i c  c o r r e l a t i o n
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s o n i c  l o g  d a t a  ( A f t e r  Hawki ns ,  19 72) .
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i n  t h e  t i m e  domain i m p l i e s  t h e  c o r r e l a t i o n  o f  s e l e c t e d  s e g ­

ment s  by g r a p h i c a l  e v a l u a t i o n  o f  a r e g r e s s i o n  c o r r e l a t i o n  

c o e f f i c i e n t .  Dean and Ander son  ( 1 9 7 4 )  employed  t h i s  method 

t o  make a d e t a i l e d  s t r a t i g r a p h i e  c o r r e l a t i o n  o v e r  t h e  e n t i r e  

D e l a w a r e  B a s i n .  E x t e n s i v e  r e s e a r c h  has  b e e n  done by An der ­

so n  ( 1 9 6 7 ) ,  A nde r son  and K i r k l a n d  ( 19 66 )  on t h e  a u t o m a t i c  

c o r r e l a t i o n  i n  t h e  t i m e  domain.  V i n c e n t ,  G o r t n e r ,  and  A l -  

t a l i  ( 1977)  u s e d  p a t t e r n  r e c o g n i t i o n  t o  c o r r e l a t e  f e a t u r e s  

f rom one w e l l  t o  a n o t h e r .  T h i s  a p p r o a c h  i s  c a p a b l e  o f  c o r ­

r e l a t i n g  f o u r  r e s i s t i v i t y  l o g s  t h a t  form a d i p m e t e r  l o g .  

D i e n e s  (1974)  c o r r e l a t e d  two l o g s  u s i n g  t h e  t i m e  domain as 

w e l l .

The f r e q u e n c y  domain a n a l y s i s  o f  a s p a t i a l  s e r i e s  

i s  a f a s t e r  p r o c e d u r e  f o r  c o r r e l a t i o n .  I t  employs  f a s t  F o u r ­

i e r  t e c h n i q u e s .  Many r e s e a r c h e r s  i n v e s t i g a t e d  t h e  e f f i c i e n c y  

o f  c o r r e l a t i o n  i n  t h e  f r e q u e n c y  domain s u c h  as  Rudman and 

L a n g s t o n  ( 1 9 7 3 ) ,  Rudman, B l a k e l y  and Hend er son  ( 1 9 7 5 ) ;  and 

Rudman, B l a k e l y ,  and Kwon ( 1 9 7 8 ) .  The a n a l y s i s  o f  t h e s e  

i n v e s t i g a t o r s  d i s p l a y  t h e  s i g n i f i c a n c e  and e f f i c i e n c y  o f  t h e  

f r e q u e n c y  domain i n  o b t a i n i n g  a h i g h e r  v a l u e  o f  t h e  c o r r e l a ­

t i o n  f u n c t i o n  u t i l i z i n g  l e s s  c o m pu t e r  t i m e .

The e f f e c t i v e n e s s  o f  t h e  f r e q u e n c y  domain i n  p r o ­

d u c i n g  h i g h e r  c o r r e l a t i o n  f u n c t i o n s  u s i n g  t h e  FFT a l g o r i t h m  

made i t  an a t t r a c t i v e  t o o l  t o  b e  i m p l e m e n t e d  i n  t h i s  r e s e a r c h ,

The a u t o m a t i c  c o r r e l a t i o n  i s  d i v i d e d  i n t o  two p r o ­

c e s s e s :  a u t o - c o r r e l a t i o n  and c r o s s - c o r r e l a t i o n .
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1. A u t o - c o r r e l a t i o n  c o n s i s t s  o f  c o m p a r i n g  a s e q u e n c e  

w i t h  i t s e l f  a t  s u c c e s s i v e  p o s i t i o n s  t o  l o c a t e  t h e  maximum 

c o r r e s p o n d e n c e  and m ea s u r e  t h e  d e g r e e  o f  s i m i l a r i t y  be twe en  

c o r r e s p o n d i n g  s e g m e n t s  ( F i g u r e s  S and 9 ) .

2.  C r o s s - c o r r e l a t i o n  i m p l i e s  t h e  c o m p a r i s o n  o f  two d i f ­

f e r e n t  t i m e  s e r i e s .  T h i s  i s  a c c o m p l i s h e d  by s l i d i n g  one 

s e r i e s  p a s t  t h e  o t h e r  u n t i l  a maximum c o r r e l a t i o n  f u n c t i o n  

i s  o b t a i n e d  ( F i g u r e  1 0 ) .

S i n c e  t h e  m a t c h i n g  of  l i t h o s t r a t i g r a p h i c  u n i t s  i s  a 

p r i n c i p a l  s t e p  i n  t h i s  s t u d y ,  t h e  c r o s s - c o r r e l a t i o n  t e c h n i q u e  

i s  t h e  met hod  t o  b e  e mp lo yed  i n  o r d e r  t o  a c c o m p l i s h  t h i s  g o a l .  

The p r i n c i p l e s  o f  c r o s s - c o r r e l a t i o n  i n  t h e  f r e q u e n c y  domain 

a r e  i n t r o d u c e d  i n  t h e  f o l l o w i n g  c h a p t e r .
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F i g u r e  8.  Sequence  o f  r e p e a t i n g  v a l u e s  of  
Y a l o n g  a t r a v e r s e  X t h r o u g h  t ime  o r  s p a c e  
( A f t e r  D a v i s ,  1973) .

REGION OF COMPARISON AT LAG 5

F i g u r e  9 .  S eq uen ce  f rom F i g u r e  8 compared  
t o  i t s e l f ,  f o r  e x am p l e ,  a t  l a g  5 ( A f t e r  
D a v i s , 1 9 7 3 ) .
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A and B. S equence  A i s  shown a t  s e v e r a l  p o s i t i o n s  
o f  c o m p a r i s o n .  The b o t t o m  g r a ph  shows t h e  s i m i ­
l a r i t y  of  t h e  two s e q u e n c e s  a t  a l l  match p o s i t i o n s  
( A f t e r  D a v i s ,  1973) .



CHAPTER IV

DISCUSSION OF THE PROCEDURES AND MATHEMATICS 

OF THE COMPUTER SUBPROGRAM C0R4WELL

As s t a t e d  e a r l i e r ,  t h e  u l t i m a t e  p u r p o s e  o f  t h i s  r e ­

s e a r c h  i s  t o  p r o d u c e  a c o mp u t e r  model  o r  a c o mp u t e r  s o f t w a r e  

s y s t e m  c a p a b l e  o f  c o n s t r u c t i n g  a t h r e e - d i m e n s i o n a l  r e p r e ­

s e n t a t i o n .  T h i s  s y s t e m  i s  f oun ded  on t h e  d i g i t a l  l i t h o ­

s t r a t i g r a p h i c  c o r r e l a t i o n  o f  d i g i t a l  w e l l  l o g s .  In  o r d e r  

t o  o b t a i n  t h i s  a c c o m p l i s h m e n t ,  t h e  f o l l o w i n g  s t e p s  n eed  t o  

be  e v a l u a t e d  t o  g u a r a n t e e  s u c c e s s f u l  r e s u l t s .

D i g i t i z a t i o n  o f  Wel l  Logs

D i g i t i z i n g  i s  t h e  t r a n s f o r m a t i o n  o f  t h e  c o n t i n u o u s  

c u r v e  ( l o g )  i n t o  d i s c r e t e  n u m e r i c a l  d a t a .  T h i s  d a t a  i s  s t o r e d  

on m a g n e t i c  t a p e ,  d i s c  o r  p unc he d  c a r d s  i n  a s p e c i a l  f o r m a t .

A FORTRAN IV p r o g r a m  ( w r i t t e n  by t h e  a u t h o r )  i s  p r o v i d e d  i n  

Append i x  IV t o  c o n v e r t  t h e  d a t a  f rom t h e  form s u p p l i e d  by t h e  

d i g i t i z i n g  compan i es  t o  t h e  n u m e r i c a l  d a t a  t h a t  can b e  u s e d  

by t h e  c om p u t e r .  The d i g i t i z i n g  i n t e r v a l  i s  e i t h e r  a t  one o r  

two f o o t  s a m p l i n g  d e p e n d i n g  on t h e  t h i c k n e s s  o f  t h e  b e d s  c o r ­

r e l a t e d .  The c o s t  o f  d i g i t a l  c o m p u t a t i o n  i s  low,  a b o u t  $25
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p e r  l e n g t h  o f  l o g  p l u s  0 . 0 4 h  p e r  sampl e  p o i n t  as  o f  December  

1979 .

S e g m e n t a t i o n  T e c h n i q u e s

The s e c o n d  s t e p  i n  u t i l i z i n g  a u t o m a t i c  l i t h o s t r a t i ­

g r a p h i c  c o r r e l a t i o n  t e c h n i q u e s  i s  t o  seg me nt  t h e  d i g i t i z e d  

l o g s  i n t o  homogeneous  u n i t s ,  t h e n  t o  d e t e r m i n e  which  u n i t s  

a r e  e q u i v a l e n t .

Two t y p e s  o f  s e g m e n t a t i o n  t e c h n i q u e s  e x i s t ;  a u t o ­

m a t i c  s e g m e n t a t i o n  and v i s u a l  s e g m e n t a t i o n .

1. A u t o m a t i c  s e g m e n t a t i o n .  T h i s  t e c h n i q u e  i s  d i v i d e d  

i n t o  two b r a n c h e s :  ( a )  a u t o m a t i c  z o n a t i o n  t e c h n i q u e s  whi ch  

i mply t h e  s e g m e n t a t i o n  o f  a s p a t i a l  s e r i e s  i n t o  homogeneous  

s e g m e nt s  ( F i g u r e  1 1 ) ;  and ( b )  a u t o m a t i c  wi ndowing  t e c h n i q u e s  

which  i n v o l v e  t h e  p a s s i n g  o f  two windows o f  f i x e d  w i d t h  o v e r  

two s p a t i a l  s e r i e s  and d e t e r m i n i n g  t h e  opt imum m a t c h i n g  p o s i ­

t i o n  ( F i g u r e  1 2 ) .  The f i r s t  method o f  a u t o m a t i c  s e g m e n t a t i o n  

i n v o l v e s  c o m p l i c a t e d  m a t h e m a t i c a l  e q u a t i o n s ,  and i t  i s  l e s s  

e f f i c i e n t  i n  t e r m s  o f  a p p l i c a t i o n s  a.nd r e s u l t s  t h a n  t h e  s e c ­

ond method.

2.  V i s u a l  o r  manua l  s e g m e n t a t i o n .  The c o n v e n t i o n a l  

method o f  v i s u a l l y  s e l e c t i n g  a window c o n s i s t s  o f  d e t e r m i n i n g  

t h e  b o u n d a r y  l i n e s  b e t w e e n  homogeneous  u n i t s . The se  l i n e s  

a r e  s e l e c t e d  a c c o r d i n g  t o  c e r t a i n  g e o l o g i c a l  a s p e c t s  s u c h  as  

r e g r e s s i o n - t r a n s g r e s s i o n  c y c l e s ,  c o a l  s e q u e n c e ,  f o r m a t i o n  

c o n f i n e d  b e t we en  two d i s t i n g u i s h e d  m a r k e r  b e d s ,  and o t h e r
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F i g u r e  11.  S t a n d a r d  
c u r v e s  i n c l u d e :  A,
gamma r a y ;  3 ,  r e s i s ­
t i v i t y ;  and C, 
l a t e r o l o g — s c a l e s  
shown.  Br eaks  f o r  5- 
s eçment  f i t  l a b e l e d  a ,  
b ,  c ,  d ,  and e ; t e x t  
segment  f  a l s o  
i n d i c a t e d  ( A f t e r  
Hawkins ,  and o t h e r s ,  
1972) .
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F i g u r e  12.  Computer  c o r r e l a t i o n  o f  two gamma-r ay  l og s  w i t h  
v a r i a b l e  t h i c k e n i n g  and t h i n n i n g  o f  s t r a t a .  S t i p p l e d  a r e a s  
i d e n t i f y  c o m p u t e r - s e l e c t e d  u n i t s  o f  c o r r e l a t i o n .  R e c t a n g l e s  
mark "windows o f  d a t a "  s u b m i t t e d  f o r  comput er  a n a l y s i s .  Dashed 
l i n e s  and  l e t t e r s  A t h r o u g h  D i d e n t i f y  known s t r a t i g r a p h i e  
c o r r e l a t i o n s  ( A f t e r  Rudman and L a n k s t o n ,  197 2 ) .
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g e o l o g i c a l  f e a t u r e s .  T h i s  manual  t e c h n i q u e  of  c h o o s i n g  t h e  

window u s u a l l y  depends  upon t h e  g e o l o g i s t ' s  e x p e r i e n c e s  i n  

t h e  i n v e s t i g a t e d  a r e a .  I t  i s  an a c c u r a t e  and a s i m p l e  method 

t o  p e r f o r m .  However ,  a u t o m a t i c  window t e c h n i q u e s  a r e  more 

e f f i c i e n t  i n  t e r m s  of  h a n d l i n g  t r e m e n d o u s  amounts  o f  d a t a  i n  

a s h o r t  t i m e .

Once t h e  s e g m e n t a t i o n  o f  two d i s t i n c t  w e l l  l o g s  i s  

e s t a b l i s h e d ,  i t  may be  e a s i e r  t o  i d e n t i f y  e q u i v a l e n t  z o n e s  

on t h e  b a s i s  of  s t a t i s t i c a l  p a r a m e t e r s  o r  g e o l o g i c  i n f o r m a ­

t i o n  w i t h i n  t h e  z o n e s .  The b o u n d a r i e s  o f  e q u i v a l e n t  z o n es , 

h o we ve r ,  may n o t  b e  p i c k e d  i n  t h e  same o r d e r  f o r  two l o g s  o r  

on t h e  e x p e c t e d  p o s i t i o n  b e c a u s e  o f  g e o l o g i c a l  v a r i a t i o n s  

i n v o l v e d  b e t we en  l o g s .  T h e r e f o r e ,  i t  may b e  n e c e s s a r y  t o  

s c r e e n  o u t  t h e  l e s s  m e a n i n g f u l  b o u n d a r i e s  f o r  c o r r e l a t i o n  

b a s e d  on t h e  v i s u a l  e x a m i n a t i o n .

S i n c e  a l i m i t e d  number  o f  l o g s  a r e  i n v o l v e d  i n  t h i s  

r e s e a r c h ,  t h e r e  i s  no n e e d  t o  employ a u t o m a t i c  s e g m e n t a t i o n  

t e c h n i q u e s .  A l l  l o g s  a r e  v i s u a l l y  s e g me n t e d .

D i g i t a l  F i l t e r i n g  of  t h e  O r i g i n a l  D a t a

The c o n c e p t  o f  d i g i t a l  f i l t e r i n g  i n  g e n e r a l  i m p l i e s  

t h e  p a s s i n g  o f  c e r t a i n  f r e q u e n c i e s  and b l o c k i n g  o t h e r s ,  t o  

f i l t e r  c u t  c e r t a i n  f r e q u e n c i e s .  T h i s  p r o c e s s  has  s e v e r a l  

a p p l i c a t i o n s  i n  t h e  v a r i o u s  b r a n c h e s  o f  s c i e n c e .

I n  a p p l y i n g  t h e  f i l t e r i n g  p r o c e s s  t o  d i g i t a l  l o g  

d a t a ,  t h e  g e o l o g i s t  s h o u l d  pay e x t r a  a t t e n t i o n  i n  c h o o s i n g
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t h e  t y p e  o f  f i l t e r i n g .  Removing any f r e q u e n c i e s  may r a d i c a l l y  

a f f e c t  t h e  r e s u l t  o b t a i n e d .  Heavy f i l t e r i n g  (on t h e  o r d e r  o f  

a few t e r m s  o r  h i g h e r )  o f  w e l l  l o g s  i s  no t  a p p r o p r i a t e  w i t h ­

o u t  s o l i d  g e o l o g i c  j u s t i f i c a t i o n .  F o r  e x a m p l e ,  low f r e q u e n c y  

s p a t i a l  s e r i e s  r e p r e s e n t e d  by n o n s t a t i o n a r y  l o g  d a t a  r e q u i r e s  

f i l t e r i n g  i n  o r d e r  t o  o b t a i n  a h i g h e r  c o r r e l a t i o n  f u n c t i o n .

The f i l t e r i n g  t e c h n i q u e s  a r e  b r i e f l y  r e v i e w e d  h e r e  

t o  a n a l y z e  t h e  e f f e c t  o f  f i l t e r i n g  on t h e  p r o c e s s  t h a t  d e t e r ­

mi nes  t h e  s t r e t c h  f a c t o r  and d i s p l a c e m e n t  by t h e  s p e c t r a l  

m e t h o d .

a.  D i g i t a l  s m o o t h i n g  f i l t e r  ( l o w - p a s s  f i l t e r  o r  moving 

a v e r a g e  f i l t e r ) ; The f u n c t i o n  o f  t h i s  f i l t e r  i s  t o  p a s s  t h e  

low f r e q u e n c i e s  and t o  b l o c k  o u t  t h e  h i g h  f r e q u e n c i e s .  Th e re  

a r e  s e v e r a l  t y p e s  o f  s m o o t h i n g  f i l t e r s  d e p e n d i n g  on t h e  num­

b e r  o f  p o i n t s  ( i n t e r v a l )  i n v o l v e d  i n  che p r o c e s s ,  i . e . ,  3-  

t e r m ,  4 - t e r m ,  o r  5 - t e r m  f i l t e r s .  The f o r m u l a  f o r  a moving 

a v e r a g e  f i l t e r  i s  computed  by ( D a v i s ,  1973) :

y j+K  y
Ÿ.  = ( 1 )

1 m

wher e  K = ^  ~2
m = l e n g t h  o f  t h e  s m o o t h i n g  i n t e r v a l  

i = l , 2 ,  • • • , n

j  = 1, 2 , • • • , i + K ; i f j

= v a l u e  o f  a new p o i n t  i n  t h e  moving a v e r a g e  

s e q u e n c e

T h i s  e q u a t i o n  c a l c u l a t e s  an i n t e r v a l  o f  l e n g t h  m c e n t e r e d
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ar ou n d  t h e  p o i n t  t o  b e  e v a l u a t e d .  Th us ,  m h a s  t o  be an odd 

number f o r  t h e  computed  v a l u e  o f  t o  c o r r e s p o n d  t o  t h e

c e n t r a l  p o i n t .  On t h e  o t h e r  h and ,  i f  m i s  e v e n ,  a g rou p  o f  

v a l u e s  w i l l  be  e s t i m a t e d  t h a t  a r e  h a l f w a y  b e t ween  a d j a c e n t  

o b s e r v a t i o n s .  In  t h e  c a s e  o f  m -  3,  t h e  f i l t e r  p a s s i n g  down 

t h e  d a t a  s e q u e n c e  i n c o r p o r a t e s  one new o b s e r v a t i o n  a t  e a c h  

s t e p  and d r o p s  one f rom t h e  p r e v i o u s  i n t e r v a l .  The f o l l o w ­

i n g  d i a g r a m  i l l u s t r a t e s  t h i s  c o n c e p t ;

O r i g i n a l  5 7 4 3 2 3 4  5 7 2 6  4
Sequence  .--------  -  ,____ • ,____ __________________

Moving
Average  5 . 3  4 . 7  3 . 0  2 . 7  3 . 0  4 . 0  5 . 3  4 . 7  5 . 0  4 . 0
( r e s u l t s  o f  

f i l t e r i n g — Y . )

These  p o i n t s  a r e  p l o t t e d  on a d i a g r a m  as  shown i n  F i g u r e s  

13 and 14.  The c h a n g e  i n  t h e  v a l u e  o f  m i s  b a s e d  on t h e  

d e g r e e  o f  f i l t e r i n g  r e q u i r e d .  A h i g h  v a l u e  o f  m ( h e a vy  f i l ­

t e r i n g )  c o u l d  e a s i l y  r e s u l t  i n  m i s s i n g  t h e  o r i g i n a l  d a t a .

In some c a s e s ,  h o w e v e r ,  a h i g h  v a l u e  o f  m i s  p r e f e r a b l e  t o  

c o r r e l a t e  a m a j o r  s e c t i o n  o f  a l o g .

b .  D i f f e r e n t i a t i n g  f i l t e r  ( h i g h - p a s s  f i l t e r  o r  d e r i v a ­

t i v e  f i l t e r ) : T h i s  t y p e  of  f i l t e r  i s  d e s i g n e d  t o  p a s s  t h e

h i g h  f r e q u e n c i e s  and  t o  b l o c k  t h e  low f r e q u e n c i e s .  The h i g h -  

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

F o u r i e r  t r a n s f o r m  e q u a t i o n :

X(w) d u  ( 2 )
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F i g u r e  13.  O r i g i n a l  d a t a  s e q u e n c e  and s e qu en ce  smoothed  by 
t h r e e - t e r m  moving a v e r a g e .  Note s h i f t  i n  peak  p o s i t i o n s  i n  t h e  
s moothed  s e a u e n c e  ( A f t e r  D a v i s ,  197 3) .

ORIGINAL
DATA 5 TERMS S TERMS 13 TERMS 17 TERMS

u.

(a) Ic) (d) (e)

F i g u r e  14.  D i g i t i z e d  d r i l l i n g - t i m e  l og  smoothed by v a r i o u s  
e q u a t i o n s  ( A f t e r  Harbaugh and Mer r iam,  1968) .



where  X(^)  = F o u r i e r  t r a n s f o r m  o f  a c o n t i n u o u s  t i m e  s i g n a l

x ( t )

x ( t )  -  o r i g i n a l  t i m e  s i g n a l  

i  = v''XI
o ~

(u -  f r e q u e n c y  i n c r e m e n t ,  e q u a l  t o  ~

N = number  o f  s ampl e

T = s a m p l i n g  i n t e r v a l  i n  t h e  t i m e  o r  s p a c e  domain

The d e r i v a t i v e  o f  E q u a t i o n  ( 2 )  i s  g i v e n  a s :

x ' ( t )  = I i u  X(u)

Thus ,

F T [ x ' ( t ) ]  = iw F T [ x ( t ) ]  ( 3 )

T h i s  c o n c l u d e s  t h a t  t a k i n g  t h e  t i m e  d e r i v a t i v e  o f  t h e  i n v e r s e  

F o u r i e r  t r a n s f o r m  o f  a c o n t i n u o u s  t i m e  s e r i e s  c o r r e l a t e s  t o  

h i g h - p a s s  f i l t e r i n g  i n  t h e  f r e q u e n c y  domain.

c.  B a n d - p a s s  f i l t e r :  T h i s  i s  t h e  r e s u l t  o f  c o m b i n i n g

t h e  s m o o t h i n g  and  d e r i v a t i v e  f i l t e r  t e c h n i q u e s .  I t  r e t a i n s  

i n t e r m e d i a t e  f r e q u e n c i e s .

F o u r i e r  A n a l y s i s

A u t o m a t i c  l i t h o s t r a t i g r a p h i c  c o r r e l a t i o n  o f  d i g i t a l  

s p a t i a l  d a t a  i s  b a s e d  p r i m a r i l y  on t h e  c o r r e l a t i o n  o f  t h e  

s p e c t r a  o f  w e l l  l o g s .  S p e c t r a l  a n a l y s i s  b r i n g s  t o g e t h e r  two 

v e r y  i m p o r t a n t  t h e o r e t i c a l  a p p r o a c h e s ,  t h e  s t a t i s t i c a l  a n a l ­

y s i s  o f  t i m e  s e r i e s  and t h e  methods  o f  F o u r i e r  a n a l y s i s .
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In t h i s  s e c t i o n ,  F o u r i e r  a n a l y s i s  i s  d i s c u s s e d  b r i e f l y .  The 

a p p l i c a t i o n s  of  F o u r i e r  t r a n s f o r m s  a r e  i n t r o d u c e d  i n  l a t e r  

s e c t i o n s  o f  t h i s  c h a p t e r .

The g e n e r a l  f o r m u l a  f o r  c a l c u l a t i n g  a F o u r i e r  s e r i e s  

i s  g i v e n  by ( P r e s t o n  and H e n d e r s o n ,  1964) :

-  irnZ , TinZlY( Z)  = + T'^n=l a cos  + b s i n  ( 4 )n ij n i_j f

where  L = h a l f  of  t h e  b a s i c  o r  f u n d a m e n t a l  p e r i o d .  I t  

e q u a l s  h a l f  t h e  l e n g t h  o v e r  whi ch  a s i g n a l  i s  

s ampl ed .

Z = t h e  i n d e p e n d e n t  v a r i a b l e  o f  l e n g t h  a l o n g  t h e  

w e l l  b o r e ,  w h e r e i n  -L < Z < L .

a = t h e  z e r o t h  c o e f f i c i e n t  of  a .  o
a = t h e  maximum v a l u e  ( o r  a m p l i t u d e )  o f  t h e  c o s i n e

, -nZt e r m ,  cos  —̂  .

b^ = t h e  maximum v a l u e  ( o r  a m p l i t u d e )  o f  th e  s i n e
, . TrnZ
t e r m ,  s i n  “ yT"'

n = number  o f  d a t a  p o i n t s .

y = t h e  d e p e n d e n t  v a r i a b l e ,  s uch  as  r e s i s t i v i t y ,

t a k e n  t o  be  a f u n c t i o n  o f  l e n g t h  o r  d i s t a n c e  Z

a l o n g  t h e  w e l l  b o r e .

The F o u r i e r  c o e f f i c i e n t s  a , a , b a r e  d e t e r m i n e d  f rom t h eo n n
f o l l o w i n g  e q u a t i o n s :



T 1 I > n Z .
■% = I  i j l - K  yj <'>

where  y . = t h e  m e as u re d  r e s i s t i v i t y  o r  o t h e r  l o g g e d  p r o p ­

e r t y  a t  t h e  p o i n t  j  i n  t h e  i n t e r v a l  f rom -L 

t o  +L.

j  = an i n d e x  d e n o t i n g  t h e  j ' t h  v a l u e  o f  y.

K = t h e  number  o f  e q u a l  w i d t h  p a n e l s  i n  t h e  i n t e r v a l  

0 t o  L.

T h e r e  a r e  two t y p e s  o f  F o u r i e r  t r a n s f o r m s  nee de d  

i n  t h i s  r e s e a r c h ;  d i s c r e t e  F o u r i e r  t r a n s f o r m s  and f a s t  F o u r i e r  

t r a n s f o r m s .

1. D i s c r e t e  F o u r i e r  T r a n s f o r m  (DFT).

The F o u r i e r  e x p r e s s i o n  m e n t i o n e d  p r e v i o u s l y  i m p l i e s  

t h e  c o n t i n u o u s  e x p a n s i o n  o f  t h e  F o u r i e r  f o r m u l a .  The a n a l o g  

F o u r i e r  t r a n s f o r m ,  o r  i n t e g r a l ,  o f  a  c o n t i n u o u s  t i m e  s e r i e s  

x ( t )  i s  g i v e n  by:

X(w) = x ( t )  e d t  (S)

In  o r d e r  t o  r e c o v e r  t h e  o r i g i n a l  t i m e  s i g n a l  x ( t ) ,  one em­

p l o y s  t h e  i n v e r s e  F o u r i e r  t r a n s f o r m  which i s  g i v e n  a s :

x ( t )  = ^  I X(w) e ^ ^ " ^  dw ( 9 )

In t h e  c a s e  o f  a s e q u e n c e  o f  N s a m p l e s  x (nT)  wher e  0 < n < N-1,  

t h e  DFT i s  c a l c u l a t e d  by;

X(Kw) = x (n T )  e
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d e f i n i n g  :

N = number o f  s a mpl e  p o i n t s  in t h e  s p a t i a l  s e r i e s  

n = number o f  i n t e r v a l s  i n  t h e  s p a t i a l  s e r i e s  

T = s a m p l i n g  i n t e r v a l s  i n  t h e  t i m e  o r  f r e q u e n c y  

domain

X(Ku) = F o u r i e r  c o e f f i c i e n t  

K = 0 ,  1,  • • • ,  N-1

The q u a n t i t i e s  X(w) and x ( t )  i n  E q u a t i o n  ( 8 )  a r e  c a l l e d  t h e  

F o u r i e r  t r a n s f o r m  p a i r .  The F o u r i e r  t r a n s f o r m  X(y)  i s  a 

complex  f u n c t i o n  and can be r e p r e s e n t e d  by i t s  r e a l  and  imag­

i n a r y  p a r t s  by:

X ( j )  = X%(w) + iX^Cu) ( 1 1 )

and can  b e  r e p r e s e n t e d  by i t s  a m p l i t u d e  and p h a s e  as  w e l l  by:

X(u)  = ! x ( d ) i  ( 1 2 )

w he r e :  |X(w) |  = a m p l i t u d e  s p e c t r u m  o f  X(w),  and e q u a l s

/ x 2 ( w )  + x 2 ( u )  ( 1 2 ' )

e(üj) = t h e  p h a s e  s p e c t r u m  o f  t h e  F o u r i e r  t r a n s f o r m ,  

and e q u a l s  t a n   ̂ [Xy ( .j) /X j (̂ c) ]

The s u b r o u t i n e  FOURT i n  t h e  s u b p r o g r a m  C0R4WELL 

U t i l i z e s  s p a t i a l  s e r i e s  c o n s i d e r i n g  t h e  d e p t h  as  a f u n c t i o n .

2.  P r o p e r t i e s  o f  D i s c r e t e  F o u r i e r  T r a n s f o r m s  ( J e n k i n s  

and W a t t s , 1 96 8) :

a .  In  t h e  c a s e  o f  two s e r i e s ,  x (nT)  ( i n  t h i s  r e ­

s e a r c h ,  i m p l i e s  s h o r t  l o g )  and y ( nT)  ( i m p l i e s  l o n g  l o g ) .
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w i t h  p e r i o d s  nT, t h e n  DFT o f  x ( nT)  + v(nT)  i s :

DFT{x(nT) + y ( n T ) }  = DFT{x(nT)} + DFT{y(nT)} (13)

= X(K^) + Y(Kw) (14)

wh er e :  T = t h e  s a m p l i n g  i n t e r v a l  i n  t h e  t i m e  o r  s p a t i a l

d o m a i n .
_  • 4-  2 TToj = f r e q u e n c y  i n c r e m e n t  = ^

K = 0,  1, » • • ,  N-1 

The o t h e r  l i n e a r i t y  p r o p e r t y  i s :

D F T { c [ x ( n T ) ] }  = cX(Ku) ( 15)

b .  S h i f t  o f  t i m e  s e r i e s :  The DFT o f  t h e  s h i f t e d

s e r i e s  x [ ( n  + m)T] i s  e x p r e s s e d  by :

D F T [ x [ ( n + m ) T ] }  = x ( n T)  e - i ^ T ( n ^ m ) K

= [x(nT)  ^i-^TmK
"n=0

= X(Kw) ( I T )

c.  L e n g t h e n i n g  o f  s e r i e s :  Assume t h e r e  i s  a s p a ­

t i a l  s e r i e s  x ( n T ) , 0 < n < N-1 ,  and a l o n g e r  s e r i e s  y ( n T)  i s  

g e n e r a t e d ,  0 < n < r N - 1 ,  an d  wher e

fx(nT)  0 < n < N-1
y ( nT)  = -{

[O o t h e r w i s e

The i n c r e a s e d  l e n g t h  o f  y ( nT)  c h a n g e s  t h e  f r e q u e n c y  i n c r e m e n t  

t o  p ,  wher e  r  i s  any i n t e g e r ,  and t h e  f orm o f  E q u a t i o n  ( 10)  

i s  t r a n s f o r m e d  t o :



Y = y( nT)
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( 1 8 )

So,  i f  K i s  d i v i s i b l e  by r ,  t h e n ;

Y K
l j “ ]

(1 9 )

d.  R e l a t i o n s h i p  b e t w e e n  F o u r i e r  t r a n s f o r m  and c o r ­

r e l a t i o n  f u n c t i o n  as  d e s c r i b e d  by P a p o u l i s  ( 1 9 6 2 ) ,  Charapeney

( 1 9 7 2 ) ,  and B r a n c e w e l l  ( 1 9 7 8 ) .  Suppose  t h a t  f ( t )  i s  r e a l  

and i t s  F o u r i e r  i n t e g r a l  e x i s t s  and i s  g i v e n  by:

F((w) = A(w) ( 2 0 )

The i n v e r s e  t r a n s f o r m  o f  t h e i r  e n e r g y  s p e c t r u m  i s

^w)  = A"( u)

known as  a u t o c o r r e l a t i o n , w i l l  be  d e n o t e d  by ?(T)

*%(?) -  ^  { A^(u)  d;j ( 2 1 )

A ' ( u )  cos  ü t  du)

f ( t  +  T )  f * ( t )  d T ( 2 2 )

Now c o n s i d e r  t h e  r e a l  f u n c t i o n s  f  ( t )  and f ^ ( t ) ,  

t h e i r  F o u r i e r  i n t e g r a l s  F^(w)  and  Fg (w) ,  and t h e i r  c r o s s ­

e n e r g y  i s  g i v e n  by :

^ 12^^^ ~ F*(w) F^(w)
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where  * i n d i c a t e s  complex  c o n j u g a t e .  The i n v e r s e  t r a n s f o r m  

of  d e n o t e d  by i s  c a l l e d  t h e  c r o s s - c o r r e l a t i o n

f u n c t i o n  be t ween  f ^ ( t )  and f g C t ) .  We t h u s  have ;

I F*(w)  FgCu) dw ( 23)

A f t e r  a s i m p l e  s u b s t i t u t i o n  o f  E q u a t i o n  ( 2 2 ) ,  E q u a t i o n  (23)  

i s  g i v e n  by:

, ^ ^ ( t )  =  I f * ( r )  f g ( t  + r )  d -  ( 2 4 )

In g e n e r a l :

DFT| )n=o y(%+:) = X * ( K w )  Y ( K w )  ( 2 5 )

In t h e  f o l l o w i n g  s e c t i o n ,  we w i l l  s e e  t h a t  t h e  c r o s s ­

c o r r e l a t i o n  o f  two s p a t i a l  s e r i e s  x(nT)  and y(nT)  c o n s i s t s  

o f  i t e r a t i v e  m u l t i p l i c a t i o n s  and su mmat i ons .  These  o p e r a ­

t i o n s  can be  a c c o m p l i s h e d  i n  t h e  f r e q u e n c y  domain by s i m p l y  

m u l t i p l y i n g  t h e i r  F o u r i e r  t r a n s f o r m s .  T h i s  method i s  co n­

s i d e r e d  more e f f i c i e n t  i n  t h e  c om pu te r  c o r r e l a t i o n  p r o c e s s .

3. E a s t  F o u r i e r  T r a n s f o r m  (FFT)

The f a s t  F o u r i e r  t r a n s f o r m  was d i s c o v e r e d  and a d e ­

q u a t e l y  p u b l i c i z e d  by Cooley  and Tukey ( 1 9 6 5 ) .  I t  i s  b a s e d  

on a method o f  f a c t o r i n g  t h e  t r a n s f o r m  i n t o  t h e  p r o d u c t  of  

two t r a n s f o r m s .  The form o f  t h e  FFT i s  s i m i l a r  t o  t h a t  o f  

t h e  DFT. I t  i s  g i v e n  by ( B e nd a t  and P i e r s o l ,  1971) :

x(k) = x (n )
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and t h e  i n v e r s e  F o u r i e r  t r a n s f o r m  i s :

x ( n )  = ^  2^= 0

where  k = 0,  1, • ■ •, N-1

n = 0,  1, , N - 1

N = number  o f  p o i n t s  i n  t h e  s p a t i a l  s e r i e s  

x ( n )  and X(k)  = F o u r i e r  t r a n s f o r m  p a i r

Suppose  a s p a t i a l  s e r i e s  c o n t a i n s  N d a t a  p o i n t s  and

i f  N can  be  f a c t o r e d  i n t o  N -  GH, where  G and H a r e  i n t e g e r s ,
o

t h e n  i n  p l a c e  o f  N“ m u l t i p l i c a t i o n s  and a d d i t i o n s ,  we g e t  

a p p r o x i m a t e l y  N(G + H) o p e r a t i o n s  o f  each  t y p e .  R e p e a t e d  

a p p l i c a t i o n  o f  t h e  f a c t o r i n g  l e a d s  t o  t h e  f o l l o w i n g  r e s u l t s .  

I f :

t h e n  we w i l l  h av e  a p p r o x i m a t e l y

N( r^  + r,  ̂ + • • • + r ^ )  (29 )

o p e r a t i o n s .  In  most  f a v o r a b l e  c a s e s ,  when N i s  a power  of
K F2,  s ay  2 , we hav e  N(2^)  o p e r a t i o n s ,  where  K = log^N.  Thus ,

2
we h a v e  a p p r o x i m a t e l y  N log^N o p e r a t i o n s  i n  p l a c e  o f  N op-  ■ 

e r a t i o n s .  In o t h e r  c a s e s ,  where N h a s  many s m a l l  f a c t o r s ,  

somewhat  t h e  same e f f e c t  o f  g r e a t l y  d e c r e a s i n g  t h e  number  

o f  o p e r a t i o n s  h a p p e n s .  Cooley  and Tukey ( 1 9 6 5 ) ,  and  Hamming 

(1973)  i n v e s t i g a t e d  t h e  p r o p e r t i e s  and a p p l i c a t i o n s  o f  FFT 

and DFT. T h e i r  c o n t r i b u t i o n s  a r e  o f  g r e a t  h e l p  t o  g e o l o g i s t s  

i n t e r e s t e d  i n  t h i s  f i e l d .



C o n c e p t s  o f  Time and F r e q u e n c y  Domains

F o u r i e r  a n a l y s i s  t r a n s f o r m s  t h e  d a t a  f rom one do­

main t o  a n o t h e r .  C o n s i d e r  t h e  o b s e r v a t i o n s  in  t h e  form o f  

v a l u e s  IT a t  p o i n t s  i n  s p a c e  . The s u c c e s s i o n  o f  p o i n t s  

d e v e l o p s  a wave fo rm,  d e f i n e d  by X and Y. The d a t a ,  d e f i n e d  

i n  t h i s  manner ,  a r e  s a i d  t o  be i n  t h e  t i m e  o r  s p a t i a l  domain ,  

d e p e n d i n g  upon w h e t h e r  X i m p l i e s  p o i n t s  i n  t i m e  o r  d i s t a n c e ,  

r e s p e c t i v e l y .  By d e t e r m i n i n g  t h e  component  f r e q u e n c i e s  i n  

a s i g n a l ,  we h av e  t r a n s f o r m e d  t h e  d a t a  t o  t h e  f r e q u e n c y  do­

main .

The c o n c e p t s  o f  t i m e  and f r e q u e n c y  domains  a r e  b e s t  

i l l u s t r a t e d  by a p h y s i c a l  a n a l o g y  drawn w i t h  t h e  e f f e c t  o f  a 

g l a s s  p r i s m  on s u n l i g h t  ( F i g u r e  1 5 ) .  As d e s c r i b e d  by D a v i s

( 1 9 7 3 ) ,  t h e  p r i s m  a c t s  as  a f r e q u e n c y  a n a l y z e r  which  s e p a ­

r a t e s  t h e  beam i n t o  i t s  c om pone n t s .  In a s i m i l a r  f a s h i o n ,  

e x a m i n i n g  t h e  power  s p e c t r u m  o f  a d a t a  s e q u e n c e  may t e l l  us 

a g r e a t  d e a l  a b o u t  i t s  n a t u r e  and o r i g i n ,  i n f o r m a t i o n  whi ch  

may no t  b e  a p p a r e n t  i n  any o t h e r  way.  The r o l e  o f  t h e  p r i s m  

i n  t h i s  i l l u s t r a t i o n  i s  s i m i l a r  t o  t h a t  o f  t h e  F o u r i e r  t r a n s ­

form which  i s  c o n s i d e r e d  a p o w e r f u l  t o o l  i n  s i g n a l  p r o c e s s ­

i n g  due t o  i t s  a b i l i t y  t o  i d e n t i f y  o r  d i s t i n g u i s h  t h e  d i f ­

f e r e n t  f r e q u e n c y  s i n u s o i d s .  Th ese  s i n u s o i d s  and t h e i r  r e ­

s p e c t i v e  a m p l i t u d e s  combine  t o  form an a r b i t r a r y  wavef orm.
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, TIME VIEW/

F i g u r e  15. A p r i s m  a c t s  as  a f r e q u e n c y  a n a l y s e r ,  
t r a n s f o r m i n g  w h i t e  l i g h t  ( t i me  o r  s p a t i a l  domain) 
i n t o  i t s  c o n s t i t u e n t  s p e c t r u m  o f  c o l o r s  ( f r e q u e n c y  
domain)  ( A f t e r  D a v i s ,  1973) .



Power  S p e c t r u m  A n a l y s i s

The i m p l e m e n t a t i o n  o f  power  s p e c t r u m  and F o u r i e r  

a n a l y s i s  i n  t h e  c o r r e l a t i o n  o f  d i g i t a l  s t r a t i g r a p h i e  u n i t s  

was d e v e l o p e d  by Kwon ( 1 9 7 7 ) .  In f a c t ,  t h i s  c o n c e p t  was 

f i r s t  i n t r o d u c e d  by P r e s t o n  and Hende r son  ( 1964)  who c o r r e ­

l a t e d  r e s i s t i v i t y  l o g s  by u t i l i z i n g  t h e i r  power  s p e c t r a .

The r e s i s t i v i t y  ( s h o r t  n o r m a l )  l o g  p r o f i l e s  i n  t h i s  a r e a  a r e  

shown in  F i g u r e  16 and t h e  c o r r e s p o n d i n g  power  s p e c t r a  a r e  

g i v e n  in  F i g u r e  17.  Th ese  l i n e  s p e c t r a  can be  c o n s i d e r e d  a 

t y p e  o f  t r a n s f o r m e d  r e s i s t i v i t y  l o g .  T h e r e f o r e ,  a d j a c e n t  

w e l l s  can be  compared  f o r  s i m i l a r i t y  by c o m pa r i n g  t h e i r  power  

s p e c t r a .  P r e s t o n  and H e n d e r s o n ' s  method was v e r y  l o n g  and 

i m p r a c t i c a l  on a c o m m e r c i a l  s c a l e .

The power  s p e c t r u m  o f  a s e r i e s  x (nT)  i s  d e f i n e d  as  

t h e  s q u a r e  o f  i t s  a m p l i t u d e  s p e c t r u m  ( E q u a t i o n  12 ) .

P^XKu) = jX (K w ) |2  = X * (K w ) 'X (K u )  (3 0 )

The power  s p e c t r u m  can be  d e f i n e d  i n  a n o t h e r  fo rm u s i n g  Equa­

t i o n s  ( 6 ) and ( 7 ) .  The p l o t  of

c 2 = a :  + b 2n n n

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

t i o n  ( 4 ) .  Compar i ng  E q u a t i o n  ( 2 5 )  w i t h  E q u a t i o n  ( 3 0 ) ,  one 

c o n c l u d e s  t h a t  t h e  power  s p e c t r u m  o f  s e r i e s  x ( nT)  i s  a l s o  

d e f i n e d  as t h e  F o u r i e r  t r a n s f o r m  o f  i t s  a u t o c o r r e l a t i o n  

f u n c t i o n .
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F i g u r e  17.  Power s p e c t r a  f o r  L a n s i n g  Group w e l l s  shown i n  
F i g u r e  16:  (1) S a t u r n  Mo. 1 S t o n e ;  (2) S u t t o n  No. 1 Gi sh ;
(3) Kewanee No. 1 F e r r y ;  (4) Gross  No. 7 Seward;  (5) H o l l e y  

No. 27 F e r r e l l ;  (6) G ra l a pp  & E v e r l y  No. 1 E l l i s ;  (7) Mar t s  
No. 1 "A" Smi th ;  ( 8) Royal  No. 1 Fox ( A f t e r  P r e s t o n  and 
He n d e r s o n ,  1964) .
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T e c h n i q u e s  o f  D a t a  I n t e r p o l a t i o n

In c o r r e l a t i o n  o f  d i g i t a l  w e l l  l o g  d a t a ,  t h e r e  a r e  

two w e l l - e s t a b l i s h e d  methods  o f  d a t a  i n t e r p o l a t i o n ;

1.  The i n t e r p o l a t i o n  o f  d a t a  i n  t h e  t i m e  domain.  DeBoor 

( 1 9 7 2 ) ,  J upp  ( 1 97 6)  and  Shaw ( 1977)  d i s c u s s e d  t h i s  c o n c e p t .  

They c o n c l u d e d  t h a t  i n t e r p o l a t i o n  i n  t h e  t i me  domain can be  

p e r f o r m e d  by t r a n s f o r m i n g  t h e  s e r i e s  o f  p o i n t s  in  homogeneous  

s p a c e  and r e s a m p l i n g  t h e  c u r v e  by m a n i p u l a t i n g  t h e  p a r a m e t e r s  

o f  a B - s p l i n e  c u r v e  a p p r o x i m a t i o n .

2.  Rudman and o t h e r s  ( 197 6 ,  1978)  p e r f o r m e d  i n t e r p o l a ­

t i o n  i n  t h e  f r e q u e n c y  domain by u s i n g  t h e  L a gr a n g e  i n t e r p o ­

l a t i o n  me t hod ,  which  i s  c a l c u l a t e d  by t h e  u s e  o f  FFT.

In  o r d e r  t o  u n d e r s t a n d  t h e  i n t e r p o l a t i o n  t e c h n i q u e  

i n  t h e  f r e q u e n c y  domain ,  we s u p p o s e  o n l y  N e q u i s p a c e d  sampl e  

p o i n t s  o f  a t i m e  s i g n a l  a r e  known, and assume t h e  known N 

p o i n t s  r e p r e s e n t  one p e r i o d  o f  a p e r i o d i c  b a nd  l i m i t e d  f u n c ­

t i o n  (no f r e q u e n c y  componen t s  above  t h e  N y q u i s t  f r e q u e n c y ) .

To e s t i m a t e  t h e  o r i g i n a l  t i m e  s i g n a l  by M, (M > N ) , we s i m p l y  

i n s e r t  (M -  N) z e r o s  i n  t h e  m i d d l e  o f  t h e  DFT v a l u e s  ( F i g u r e

1 8 - a ) .  B e c a u s e  no new f r e q u e n c i e s  were  added  above  t h e  

N y q u i s t ,  t h e  i n v e r s e  t r a n s f o r m  g i v e s  t h e  same t i m e  s e r i e s  o f  

M d a t a  p o i n t s .  The n o r m a l i z i n g  f a c t o r  o f  t h e  i n v e r s e  FFT 

s h o u l d  be  1/N t o  o b t a i n  t h e  a m p l i t u d e  o f  a s t r e t c h i n g  s i g n a l .

L a g r a n g e ' s  method o f  i n t e r p o l a t i o n  ( i n  t h e  f r e q u e n c y  

domain)  i s  u s e d  i n  t h i s  i n v e s t i g a t i o n  b e c a u s e  o f  i t s  a b i l i t y  

t o  i n t e r p o l a t e  a r b i t r a r i l y  s p a c e d  d a t a  (Hamming, 1 973 ) .
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F i g u r e  18.  I n t e r p o l a t i o n  ( s t r e t c h i n g )  i n  t h e  f r e q u e n c y  
domai n .  a .  N d a t a  p o i n t s  a r e  s t r e t c h e d  t o  M v a l u e s  by 
i n s e r t i n g  M-N z e r o e s  i n t o  t h e  a r r a y .  b .  s t r e t c h i n g  o f  
64 p o i n t s  t o  100 p o i n t  (S = 1 . 5)  u s i n g  f r e q u e n c y  
i n t e r p o l a t i o n  ( m o d i f i e d  a f t e r  Rudman and  o t h e r s ,  1 97 5) .
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L a g r a n g e ' s  i n t e r p o l a t i o n  p o l y n o m i a l  of  d e g r e e  n - 1  

r e q u i r e s  n known s amp l e  p o i n t s  t h r o u g h  whi ch  t h e  p o l y n o m i a l  

i s  p a s s i n g .  Le t  f ^ , f ^ f  b y  d i s t i n c t  p o i n t s ,  and 

p ( f )  i s  g i v e n  a t  t h e s e  p o i n t s .  The u n i q u e  p o l y n o m i a l  g ( f )  

o f  d e g r e e n  n -  1 on t h e s e  p o i n t s  i s  g i v e n  by;

( f  -  f  ) ( f  -  -  f  )

= "  ( f ^  -  -  f g ) • • * ( f^  -  f ^ )  9 ( ^1^

( f  -  f  ) ( f  -  -  f ^ )
( f g  -  ^ ^ ^ 2 )  ( 3 1 )

( f  -  f i ) ( f  -  f , ) ' - ' ( f  -  f n _ n )
-i. .   ̂ .  _L ----------------------- i ------------------------—------------------------------- —— i   n  r  f  )

( f n  -  f l ) ( f n  -  f 2 ) ' ' " ( f n  " ^ n - l )

In g e n e r a l ,  L a g r a n g e ' s  e q u a t i o n  i s  g i v e n  by:

X f )  = P ( f . )
^  ̂ J =

j f l

M a t h e m a t i c s  o f  C o r r e l a t i o n

Rudman and o t h e r s  ( 1972)  d e s c r i b e d  t h e  c o r r e l a t i o n  

p r o c e s s e s  as  f o l l o w s :  Suppose  t h e r e  a r e  two s p a t i a l  s e r i e s ;

x ( nT)  r e p r e s e n t s  t h e  s h o r t  l o g  w h i l e  y (nT)  r e p r e s e n t s  t h e  

l o n g  l o g .  R e c a l l  t h a t  c o r r e l a t i o n  o f  two s p a t i a l  s e r i e s  may 

be  e s t a b l i s h e d  i n  t h e  t i m e  domain o r  i n  t h e  f r e q u e n c y  domain.

1. C o r r e l a t i o n  i n  t h e  t i m e  domain:

C r o s s - c o r r e l a t i o n  i n  t h e  t i m e  domain i n v o l v e s  mea­

s u r i n g  t h e  s i m i l a r i t y  o f  two s p a t i a l  s e r i e s ,  x (nT)  w i t h  l e n g t h
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and y (nT)  w i t h  l e n g t h  (x = A and y = B i n  t h e

a u t h o r ' s  d i s c u s s i o n  o f  C h a p t e r  5 ) ,  i n  two d i s t i n c t  s t e p s ;

a .  The f i r s t  s t e p  i n v o l v e s  t h e  m u l t i p l i c a t i o n  of  

a l l  t h e  v a l u e s  y (nT) of  t h e  l o ng  l o g  by t h e  c o r r e s p o n d i n g  

v a l u e s  x(nT)  o f  t h e  s h o r t  l o g  and summed t o  one v a l u e  

( F i g u r e  19-A) .  As i l l u s t r a t e d  i n  t h i s  f i g u r e ,  t h e r e  i s  o n l y  

one p o i n t  f rom l o g  X ( v a l u e  o f  X on s c a l e  o f  1 t o  2)  t h a t  

m a t c h e s  one p o i n t  f rom w e l l  l o g  Y a t  t h e  s h i f t  p o s i t i o n  0.  

Th us ,  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  i s  1 x 5 = 5.

b .  The s e c o n d  s t e p  r e p r e s e n t s  t h e  v e r t i c a l  s h i f t  

T o f  one l o g  p a s t  t h e  o t h e r ,  one p o i n t  a t  a t i m e .  So a t  

s h i f t  p o s i t i o n  1 , t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s ;  1 x 5

+ 1 X 5 = 10.

S t e p  ( b)  i s  r e p e a t e d  f o r  t e n  t i m e s  i n  t h i s  c a s e ,  

which  i s  e q u a l  t o  t h e  r a n g e  o f  s h i f t i n g  r ,  f rom 1 t o  

-  1. The c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  l ^ ^ ( S , T )  i s  computed

by
L,

= q i i  V ' i + T ’ i  “ 1 .  2 .  L i  ( 3 2 )xy

The v a l u e  o f  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  a t  

p o s i t i o n  4,  6 ( 4 ) ,  r e p r e s e n t s  t h e  maximum v a l u e  o f  t h i s  c o e f ­

f i c i e n t ,  o r  t h e  p eak  o f  t h e  p l o t  o f  t v e r s u s  9̂ , ( 1) ( F i g u r e

1 9 - B ) . In  f a c t ,  t h i s  v a l u e  o f  t  = 4 c o r r e s p o n d s  t o  t h e  p o s i ­

t i o n  o f  t h e  opt imum a l i g n m e n t  b e t ween  w e l l  l o g  X and w e l l  

l o g  Y. In  g e n e r a l ,  as  t  i s  i n c r e a s e d ,  t h e  c o r r e l a t i o n  b e ­

t ween t h e  v a l u e s  o f  x (nT)  and y(nT)  i n c r e a s e s  t o  a maximum 

v a l u e ,  t h e n  i t  d e c r e a s e s  t o  z e r o  as ? +
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F i g u r e  19.  Cr o ss  c o r r e l a t i o n  o f  two model  l o g s .  A: P r o c e ­
d u r a l  c a l c u l a t i o n  f o r  E q u a t i o n  32 o f  c r o s s - c o r r e l a t i o n  c o e f ­
f i c i e n t .  B: Optimum c o r r e l a t i o n  i s  a t  maximum v a l u e  of  c r oss  
c o r r e l a t i o n  c o e f f i c i e n t  ( a t  s h i f t  p o s i t i o n  t  = 4) ( A f t e r
Rudman and o t h e r s ,  1972) xy
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Ben da t  and P i e r s o l  d e f i n e d  r h e  a u t o c o r r e l a t i o n  as  a 

s p e c i a l  c a s e  o f  c r o s s - c o r r e l a r i o n . I t  i m p l i e s  t h e  c a s e  where  

, as  o p p o s e d  t o  t h e  c a s e  where  :■ : t h e  s e r i e s  i s

c r o s s - c o r r e l a t e d  w i t h  i t s e l f .  The a u t o c o r r e l a t i o n  c o e f f i c i e n t  

o f  a s e q u e n c e  of  d a t a  x ( n T ) ,  n = 1,  2 ,  • • • ,  N, i s  d e f i n e d

f o r  d i s c r e t e  ( d i g i t a l )  d a t a  a t  l a g s  , -  0 ,  1, N-1 as

f o l l o w s  :

^  [x(nT)  -  ] [x( n ( nT ) + r )  -  x j  (33)

where  x and x r e p r e s e n t  t h e  mean v a l u e  o f  t h e  p o i n t s  a t  o :
l a g  0 and l a g  x, r e s p e c t i v e l y .

In o r d e r  t o  c h a r a c t e r i z e  t h e  c r o s s - c o r r e l a t i o n  c o e f ­

f i c i e n t  c o m p l e t e l y ,  t h e  i d e a  of  n o r m a l i z e d  c r o s s - c o r r e l a t i o n  

i s  i n t r o d u c e d .  The n o r m a l i z e d  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  

i s  t h e  r a t i o  o f  t h e  c r o s s - c o r r e l a t i o n  f u n c t i o n  l ^ ^ ( x )  t o  t h e  

s q u a r e  r o o t  v a l u e s  o f  t h e  c r o s s - c o r r e l a t i o n  a t  l a g  z e r o .

T h i s  d e f i n i t i o n  i s  r e p r e s e n t e d  by t h e  f o l l o w i n g  e q u a t i o n :

R _ ( t ) = ------- ^ ----------- T ( 34 )
^  [ » x O ) S y ( 0 ) l “

The v a l u e  o f  t h e  c o e f f i c i e n t  t) i s  c o n f i n e d

b e t w e e n  - 1  and +1.  The +1 i n d i c a t e s  d i r e c t  maximum c o r r e l a ­

t i o n ,  w h i l e  - 1  i m p l i e s  i n v e r s e  maximum c o r r e l a t i o n .  The 

main o b j e c t i v e  o f  n o r m a l i z i n g  t h e  c r o s s - c o r r e l a t i o n  c o e f f i ­

c i e n t  i s  t o  a v o i d  b i a s e d  r e s u l t s  t h a t  may be  f ormed d u r i n g  

t h e  c o m p a r i s o n  o f  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t s  computed 

f o r  d i f f e r e n t  i n t e r v a l  l e n g t h s  and v a r i o u s  v a l u e s  o f  t h e  

s t r e t c h  f a c t o r  ( S ) .
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Having  d i s c u s s e d  t h e  c o n c e p t  o f  c r o s s - c o r r e l a t i o n ,  

a u t o c o r r e l a t i o n  and n o r m a l i z e d  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t s ,  

now we l e a d  o u r  a t t e n t i o n  t o  t h e  p r o c e s s  o f  c r o s s - c o r r e l a t i o n  

i n  t h e  t i m e  domain .  T h i s  p r o c e s s  i s  e s t a b l i s h e d  by two s t e p s :

a.  The c r o s s - c o r r e l a t i o n  f u n c t i o n  i s  o b t a i n e d  by 

c a l c u l a t i n g  t h e  n o r m a l i z e d  c r o s s - c o r r e l a t i o n  f u n c t i o n  be t we en  

two s p a t i a l  s e r i e s  o f  u n e q u a l  l e n g t h s ,  Lr, > (Rudman and 

o t h e r s  , 1 9 7 5 ) .

' i = i

'  î f r h  2 ,  , S \
" Ï  -  V T P i i i  -  V p i

d e f i n i n g

% = %i=l %i '

S = s t r e t c h  f a c t o r  (S = 1 i m p l i e s  no s t r e t c h )

= l e n g t h  o f  t h e  s h o r t  l o g  

i  = 1, 2 , • • • ,

In t h i s  method t h e  edge  o f  t h e  s h o r t  l o g  i s  a l i g n e d  

w i t h  t h e  edge  o f  t h e  l o n g  l o g  ( F i g u r e s  20 ,  21- B ) , t h e n  t h e  

s h o r t  l o g  i s  v e r t i c a l l y  s h i f t e d  p a s t  t h e  s t a t i o n a r y  l o n g  log .  

The n o r m a l i z e d  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  ( 8 , - )  i s  c a l ­

c u l a t e d  p o i n t  by p o i n t  m u l t i p l i c a t i o n  and summat ion  j u s t  as  

i n  F i g u r e  19.  The o p e r a t i o n s  o f  m u l t i p l i c a t i o n  and summa­

t i o n  c o n t i n u e  up t o  a maximum o f  -  L^.  Then t h e  s p a t i a l  

s e r i e s  x ( n )  i s  s t r e t c h e d  by AS ( i . g .  + 0 . 0 5 )  t o  AL,

wher e  AL = L^(AS) .  T h i s  p r o c e s s  i s  r e p e a t e d  u n t i l  t h e  maxi ­

mum v a l u e  o f  R^y(S,%)  i s  r e a c h e d .  T h i s  maximum v a l u e
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F i g u r e  20.  C r os s  c o r r e l a t i o n  i n  t h e  s p ac e  domain.  S e r i e s  
X s l i d e s  c a s t  Y w i t h  e a c h  new v a l u e  o f  I ( A r t e r  Rudman, 
1975) .
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F i g u r e  2 1. SkeLches  showing Lhe c r o s s - c o r r e l  aL io n  p r o c e s s .  A, Witli 
v a r i a b l e  window s i z e  and  n o r m a l i z e d  c r o s s c o r r e i a  Lion f u n c t i o n .  Ü, 
Wi th  f i x e d  window s i z e  and  n o r m a l i z e d  c r o s s c o r r e l a t i o n  f u n c t i o n  
( A f t e r  Kwon and o t h e r s ,  1978).

C l
cn
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c o r r e s p o n d s  t o  t h e  opt imum v a l u e s  o f  S and r r e q u i r e d  t o  draw 

t h e  t i e - l i n e s  shown in  F i g u r e  2.

b .  The o t h e r  method o f  c r o s s - c o r r e l a t i o n  i n  t h e  

t i m e  domain i s  p e r f o r m e d  w i t h  two s e r i e s  o f  e q u a l  l e n g t h s ,

In t h i s  method,  t h e  l e n g t h  o f  t h e  c o r r e l a t i o n  window 

i s  maximum when t h e  edges  o f  t h e  two s e r i e s  a r e  a l i g n e d  ( F i g ­

u r e  2 1 - A ) ,  t h e n  t h e  w i d t h  o f  t h e  window d e c r e a s e s  w i t h  ea ch  

t i m e  s h i f t  t .

The n o r m a l i z e d  c r o s s - c o r r e l a t i o n  f u n c t i o n  f o r  two 

s e r i e s  x ( n )  and y ( n + i )  o f  e q u a l  l e n g t h s  i s  g i v e n  by:

: N -  r
- n = l  " %o][y(n+T)  -  y^]

where

[ Æ ï  W n )  -  -  ÿ x l

X N -  T - n= l̂  x ( n ) , y .  =

( 3 6 )

N

and

Rxy (8 ,T)  =

+1 maximum c o r r e l a t i o n

0 no c o r r e l a t i o n

-1 r e v e r s e  c o r r e l a t i o n

2.  C r o s s - c o r r e l a t i o n  i n  t h e  f r e q u e n c y  domain:

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

of  t h e  c o mp u te r  t i m e  consumed by t h e  o p e r a t i o n  o f  m u l t i p l i ­

c a t i o n  and summat i on .  Th i s  t i m e  r e d u c t i o n  i s  e s t a b l i s h e d  

by t h e  i n t r o d u c t i o n  o f  t h e  f a s t  F o u r i e r  t r a n s f o r m  i n t o  t h e  

c o r r e l a t i o n  p r o c e s s .
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S t r e t c h i n g  P r o c e s s

C o r r e l a t i o n  o f  d i g i t a l  l i t h o s t r a t i g r a p h i c  u n i t s ,  as  

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

i n  t h i c k n e s s  and v e r t i c a l  s h i f t i n g .  S t r e t c h i n g  i s  a m a t h e ­

m a t i c a l  a p p r o a c h  t o  a c c o u n t  f o r  t h e  r e l a t i v e  v a r i a t i o n  of  

b ed  t h i c k n e s s  b e t w e e n  w e l l s .  The c o mp u t e r  a l g o r i t h m  C0R4WELL 

e s t a b l i s h e d  i n  t h i s  s t u d y  i d e n t i f i e s  t h e  d i r e c t i o n  and d e g r e e  

o f  t h i c k e n i n g  o f  s t r a t i g r a p h i e  s e q u e n c e s  b e t w e e n  w e l l s .  I t  

a l s o  d e t e r m i n e s  t h e  amount  o f  v e r t i c a l  s h i f i n t g  o f  b e d s  b e ­

t ween w e l l s .

In o r d e r  t o  u n d e r s t a n d  t h e  p r o c e d u r e  o f  s t r e t c h i n g ,  

we s h o u l d  d i s c u s s  f i r s t  t h e  power  s p e c t r a .  Kwon, e t  a l .

(1978)  d i s c u s s e d  t h e  s t r e t c h i n g  p r o c e s s  a s  f o l l o w s .  Le t  us  

assume t h a t  t h e r e  a r e  two s p a t i a l  s e r i e s ;  The f i r s t  o ne ,  

s e r i e s  x (nT)  o f  N s a m p l e s ,  r e p r e s e n t s  t h e  s h o r t  w e l l  l o g  o f  

one w e l l  and t h e  o t h e r ,  s e r i e s  y ( nT)  o f  L s a m p l e s ,  r e p r e s e n t s  

t h e  l o n g  l o g  o f  t h e  s e c o n d  w e l l .  F u r t h e r m o r e ,  Kwon e t  a l .  (1 9 7 8 )  

e x p l a i n e d  t h a t  a s egme nt  o f  t h e  l o n g  w e l l  l o g  y ( n T )  i s  c a l l e d  

Z(n)  and i s  e q u i v a l e n t  t o  t h e  s h o r t  w e l l  l o g  s t r e t c h e d  t o  a 

l e n g t h  M w i t h  a s t r e t c h  f a c t o r  S ( -  M/N) and d i s p l a c e m e n t  D.

As i l l u s t r a t e d  i n  F i g u r e  22 ,  t h e  l o n g  w e l l  l o g  y ( n T)  i s  a c ­

t u a l l y  t h e  sum o f  two s e g m e n t s :  Segment  s ( n ) ,  wh i ch  i s  e q u i ­

v a l e n t  t o  t h e  s egme nt  Z ( n ) ,  and t h e  o t h e r  s egme nt  i s  t h e  

n o i s e  s e r i e s  h ( n ) .  S i n c e  FFT does  n o t  r e c o g n i z e  t h e  a c t u a l  

t i m e  o r  f r e q u e n c y  i n c r e m e n t ,  s e q u e n t i a l  numbers  a r e  o n l y  

n ee de d  t o  be  i d e n t i f i e d  i n  t h e  f o l l o w i n g  a r g u m e n t .  In
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F i g u r e  22.  Model  d a t a  u sed  t o  d e m o n s t r a t e  c r o s s - c o r r e l a t i o n  
o f  a s e r i e s  x ( n)  w i t h  a s e r i e s  y(n)  c o m p r i s e d  o f  a s i g n a l  
s (n )  and ( n o n c o r r e l a t i v e )  n o i s e  h ( n ) .  Z(n) i s  e q u i v a l e n t  
t o  t h e  s h o r t  s e r i e s  x(n)  w i t h  a s t r e t c h  f a c t o r  S (=^)and 
d i s p l a c e m e n t  D ( M o d i f i e d  a f t e r  Kwon e t  a l ,  1978) . '



60

E q u a t i o n  ( 19 )  t h e  d i f f e r e n c e s  o f  t h e  two f r e q u e n c y  i n c r e m e n t s  

-p and w a r e  i g n o r e d  and o n l y  t h e  K v a l u e s  a r e  c o n s i d e r e d .

The DFT form o f  z ( n )  i s  t h e  o r d e r e d  s e q u e n c e  Z(K) .  T h i s  form 

Z(K) can be  o b t a i n e d  f rom t h e  F o u r i e r  t r a n s f o r m  X(K) as  f o l l o w s

fX(K) 0 < K < §

M o  :  < K M2 2

L et  us  assume t h a t  t h e  s eg me n t  s ( n )  i s  f i r s t  s t r e t c h e d  f rom 

z ( n )  by an a d d i t i o n a l  (M -  N) z e r o s  and t h e n  t i m e  s h i f t e d  

by an amount  D. The r e l a t i o n s h i p  be twe en  t h e  two DFT's  Z(K) 

and S(K) can be  d e d uc ed  f rom E q u a t i o n s  (17)  and ( 1 9 ) .  By 

a d d i n g  z e r o s  i n  t h e  s egme n t  s ( n ) ,  t h e  p h a s e  and t h e  f r e q u e n c y  

s c a l i n g  o f  Z(K) may c h a n g e .  Thus ,  t o  overcome t h i s  p r o b l e m ,  

we compute  t h e  power  s p e c t r a  P^(K)  and P (K) f rom t h e  DFT' s  

Z(K) and  S ( K ) , r e s p e c t i v e l y .  T h e s e  two power  s p e c t r a  a r e  

r e l a t e d  by:

Pg(K)  = P ^ C K / S ' )  ( 3 8 )

wher e  S'  r e p r e s e n t s  t h e  s c a l i n g  f a c t o r  ( S '  = M/N).  So i f  

S '  i s  comput ed ,  t h e  l e n g t h  o f  s egme nt  z ( n )  i s  known. Thus ,  

t h e  s t r e t c h i n g  f a c t o r  8 b e t w e e n  t h e  two s e r i e s ,  x ( n )  a n d z ( n ) ,  

i s  c a l c u l a t e d  by c o m pa r i n g  t h e i r  l e n g t h s .

A f t e r  we have  d e v e l o p e d  t h e  u n d e r s t a n d i n g  o f  t h e  

r e l a t i o n s h i p  b e t w ee n  power  s p e c t r a  and s t r e t c h i n g ,  l e t  us 

d i s c u s s  t h e  s t e p s  i n v o l v e d  i n  t h e  s t r e t c h i n g  p r o c e d u r e .

The f o l l o w i n g  s t e p s  a r e  p e r f o r m e d  i n  t h e  f r e q u e n c y  

domain t o  c a l c u l a t e  t h e  v a l u e  o f  t h e  l a g  ( t )  t h a t  i s  u s e d  t o
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o b t a i n  t h e  v a l u e  o f  t h e  ^suretch f a c t o r  S, i n  t h e  t i m e  domain,  

a c c o r d i n g  t o  E q u a t i o n  ( 4 7 ) .  The f i r s t  s t e p  i s  l o g a r i t h m i c

s c a l i n g  o f  f r e q u e n c i e s .  The p r o b l e m  f a c i n g  us  h e r e  i s  t h e

s c a l i n g  i n  t h e  f r e q u e n c y  domain o f  and ( F i g u r e  2 3 ) .

I f  we t a k e  t h e  l o g a r i t h m  o f  E q u a t i o n  ( 3 8 ) ,  we g e t ;

Log{Pg(E)  = P g ( K / 8 ' ) }

or

Pg(Log K) = P^CLog K -  Log 8 ' )  ( 3 9 )

We n o t i c e  t h a t  t h e  m u l t i p l i c a t i o n  f a c t o r  S'  i n  E q u a t i o n  (38)  

i s  c h a n g e d  t o  an a d d i t i v e  f a c t o r .  Thus ,  l o g a r i t h m i c  s c a l i n g  

of  f r e q u e n c i e s  m o d i f i e s  power  s p e c t r a  by a f r e q u e n c y  d e l a y  

o f  Log S ' .  The f a c t o r  S '  can be  o b t a i n e d  by t h e  c r o s s - c o r ­

r e l a t i o n  o f  P^XLog K) and P^(Log K) ( r e f e r  t o  F i g u r e  2 3 ) .

In t h i s  f i g u r e  we have  t h e  l ong  l o g  o r  s e r i e s  y ( n )  whi ch  i s  

t h e  sum o f  two s e r i e s  s ( n )  and h ( n ) .  The F o u r i e r  t r a n s f o r m  

of  t h e  s e r i e s  y ( n )  i s  Y(K).  I t  i s  c a l c u l a t e d  b a s e d  on Equa­

t i o n  ( 14 )  a s :

Y(K)  = 8(K)  + H(K) ( 4 0 )

E q u a t i o n  ( 40 )  can be  r e w r i t t e n  i n  t e r m s  of  i t s  r e a l  and imag­

i n a r y  p a r t s  a s ;

Y%(K) + i Yi (K)  = [8%(K) + H%(K)] + i [ S ; ( K )  + H2(K)] (41)

o r

YpXK) = 8%(K) + Ha(K)

Y ; ( E)  = 82(K) + H;(K)
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P,(k)
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F i g u r e  23.  G r a p h i c a l  i l l u s t r a t i o n  o f  c r o s s - c o r r e l a t i o n  of  
power  s p e c t r a  t o  d e t e r m i n e  t h e  s t r e t c h  f a c t o r  (S) be t ween  two 
s e r i e s  x and z (unknown) shown i n  F i g u r e  22.  The l o n g  s e r i e s  
y i s  assumed t o  i n v o l v e  o n l y  a s i g n a l  s .  A d d i t i o n a l  s p e c t r a  
( dashed  l i n e s )  a p p e a r  i n  P as  t h e  cons equence  o f  l e n g t h e n i n g  
t h e  s e r i e s . The l a g  v be t ween  two e q u i v a l e n t  s p e c t r a  on t h e  
l o g a r i t h m i c a l l y  s c a l e d  f r e q u e n c y  a x i s  i s  r e l a t e d  t o  t h e  r a t i o  
o f  l e n g t h s  (M/N = 2) be tween  s and z . The s t r e t c h  f a c t o r  
b e t ween  x and z i s  e q u a l  t o  M/N ( A f t e r  Kwon, 19 77) .
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wher e  s u b s c r i p t s  R and I d e n o t e  t h e  r e a l  and i m a g i n a r y  p a r t s , 

r e s p e c t i v e l y .

The power  s p e c t r u m  of  s e r i e s  y ( n )  i s  computed  from 

E q u a t i o n  ( 30)  a s ;

P (K) = Y%2(K) + Y;2(K)

= [S%(K) + HR(K)]2 + [ S ; ( K)  +

= [S%2(K) + S ; 2(K)] + [HR^CK) +

+ 2S%(K)HR(K) + SSiCKlH^CE)] (42)

The f i r s t  b r a c k e t  o f  E q u a t i o n  ( 4 2 )  r e p r e s e n t s  t h e  power  s p e c ­

t r a ,  P ( K) ,  o f  s egment  s ( n ) .  The s e c o n d  b r a c k e t  i s  d e f i n e d  

as an a d d i t i v e  ( b a c k g r o u n d )  n o i s e  s p e c t r u m  N(K).  Thus :

Py(K) = Pg(K) + N(K) (43)

However ,  s i n c e  we a r e  c o n c e r n e d  w i t h  t h e  a c t u a l  s i g n a l s ,  we 

ha ve  t o  f i l t e r  t h e  n o i s e  s i g n a l s  N(K) .  The d i f f e r e n t i a t i n g  

f i l t e r i n g  t e c h n i q u e  was a p p l i e d  i n  t h i s  o p e r a t i o n .

One may n o t i c e  f rom F i g u r e  22 t h a t  t h e  s i g n a l s  s ( n )  

and x ( n )  a r e  q u i t e  s i m i l a r  e x c e p t  f o r  t h e  f r e q u e n c y  s c a l i n g .  

T h e r e f o r e ,  one may c o n c l u d e  t h a t  t h e r e  i s  a d e f i n i t e  r e l a t i o n ­

s h i p  b e t w e e n  t h e  power  s p e c t r a  o f  t h e s e  s i g n a l s ,  P^(K)  and 

P ( E ) .  Keep ing  t h i s  i n  mind,  i t  i s  e a s y  t o  e x t r a c t  Pg(K) 

and Py(K) by c r o s s - c o r r e l a t i o n  o f  t h e  power  s p e c t r a  P^(K) 

and Py(K) a f t e r  some c ha ng e .

The s e c o n d  s t e p  in  c a l c u l a t i n g  t h e  s t r e t c h  f a c t o r  S 

i s  t h e  i n t e r p o l a t i o n  o f  power  s p e c t r a  i n  t h e  f r e q u e n c y  do­

main .  A f t e r  t r a n s f o r m i n g  f r e q u e n c i e s  t o  a l o g a r i t h m i c  s c a l e .
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t h e  v a l u e s  of  a power  s p e c t r u m  a r e  a t  u n e v e n l y  s p a c e d  i n t e r ­

v a l s .  S i n c e  a u t o m a t i c  c o r r e l a t i o n  r e q u i r e s  v a l u e s  a t  e q u a l  

i n t e r v a l s ,  we n ee d  an i n t e r p o l a t i o n  t o  o b t a i n  an e v e n l y  s p a c e d  

s p e c t r u m .  F o l l o w i n g  t h e  c a l c u l a t i o n  o f  t h e  power  s p e c t r a  of  

f o u r  s p a t i a l  s e r i e s  ( f o u r  w e l l  l o g s )  and r e p l a c i n g  them i n  

two complex  a r r a y s ,  and ( P ^ , P ^ ) ,  t h e n  we employ La­

g r a n g e ' s  i n t e r p o l a t i o n  method and c r o s s - c o r r e l a t e  t h e  i n t e r ­

p o l a t e d  s p e c t r a  i n  t h e  compl ex  domain ( n e x t  s t e p )  t o  g e t  t h e  

opt imum s t r e t c h  v a l u e  b a s e d  on f o u r  l o g s .

The t h i r d  s t e p  i n v o l v e s  t h e  c r o s s - c o r r e l a t i o n  o f  

t h e  i n t e r p o l a t e d  s p e c t r a .  S up pose  t h e r e  a r e  two s e r i e s  of  

i n t e r p o l a t e d  s p e c t r a  P ^ ( i )  and P ÿ ( i ) .  t h e  c r o s s - c o r r e l a t i o n

f u n c t i o n  R , p , ( x )  o f  t h e s e  two s p e c t r a  i s  g i v e n  by t h e  f o l -  
X y

l o w i n g  e q u a t i o n ;

H p . p . c u  = S L  p y i )  p y i + t )  ( 4 4 )
X y

where  i  i s  a dummy v a r i a b l e  f o r  t h e  i n t e r p o l a t e d  s p e c t r u m .

In o r d e r  t o  a v o i d  c o m p l e x i t y  i n  t h e  f o l l o w i n g  c a l c u l a t i o n ,

t h e  d e n o m i n a t o r  o f  R p , p , ( r )  i s  o m i t t e d .
X y

L e t  us p r o p o s e  t h a t  t h e r e  i s  no s i m i l a r i t y  b e t w e e n  

s p e c t r a  and t h e  n o i s e  s p e c t r a  N ' ( K ) .  E q u a t i o n  (44)  i s  

r e w r i t t e n  i n  t h e  f o l l o w i n g  form u s i n g  E q u a t i o n s  ( 3 8 ) ,  ( 3 9 ) ,  

and  ( 4 3 ) :

X y
%p; p' ( T)  = P ; X i ) + N ' ( i + T ) }

= 1 p ^ x i )  p ; ( i + T )

= % P ^Xi )  -  i  S ' + T )  ( 4 5 )
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where  A i s  t h e  i n t e r p o l a t i o n  i n t e r v a l .  The opt imum v a l u e  of

t h e  c o e f f i c i e n t  R p , p , ( t ) i s  o b t a i n e d  i f
X y

T  = i  l o g  S'  = i  l o g  I  (46)

D e t e r m i n i n g  t h e  s h i f t  t , f o r  t h e  opt imum v a l u e  o f  t h e  c o r ­

r e l a t i o n  r a t i o  (M/N) w i l l  b e  g i v e n  by

S'  = S = #  = 10  ̂ ( 47 )iN

The i m m ed i a t e  r e s u l t  deduced  f rom t h e  p r e v i o u s  d i s ­

c u s s i o n  i m p l i e s  t h a t  t h e  s t r e t c h  f a c t o r  S i s  g a i n e d  f rom t h e  

c o m p a r i s o n  o f  t h e  l e n g t h  (N) of  t h e  s h o r t  s p a t i a l  s e r i e s  

x (nT)  and  t h e  l e n g t h  (M) o f  t h e  l o n g  s p a t i a l  s e r i e s  y ( nT)  

g i v e n  by E q u a t i o n  ( 4 7 ) .  S i m i l a r l y ,  t h e  n e g a t i v e  v a l u e  o f  

t h e  s h i f t  T  i s  i n f e r r e d  f rom E q u a t i o n  ( 47 )  as  w e l l .

C r o s s - C o r r e l a t i o n  o f  t h e  S t r e t c h e d  Logs

So f a r  we have  c a l c u l a t e d  t h e  s t r e t c h  f a c t o r  S.  The 

p r o c e e d i n g  s t e p  c o n s i s t s  o f  s t r e t c h i n g  t h e  l o g  u s i n g  t h e  f r e ­

q uency  i n t e r p o l a t i o n  me thod.  Then c r o s s - c o r r e l a t i n g  t h e  

s t r e t c h e d  l o g s  u t i l i z i n g  E q u a t i o n  ( 35 )  f i n a l l y  comput es  t h e  

r e l a t i v e  d i s p l a c e m e n t  D, b e t w e e n  t h e  s h o r t  l o g  and  t h e  s i m i l a r  

p a r t  o f  t h e  l o n g  l o g .

The v a l u e  D i s  d e t e r m i n e d  i n  two ways:

1. In  t h e  c a s e  o f  s t r e t c h i n g  t h e  l o n g  l o g ,  t h e  v a l u e

of  t h e  opt imum c o r r e l a t i o n  r e p r e s e n t s  D ( i . e . ,  D = x) .

2.  In  t h e  c a s e  o f  s t r e t c h i n g  t h e  s h o r t  l o g ,  D = x /S .



CHAPTER V 

CROSS-CORRELATION OF FOUR WELL LOGS

One o f  t h e  a d v a n t a g e s  of  t h e  c o m p u t e r  a l g o r i t h m  

BASEL i s  i t s  a b i l i t y  t o  s i m u l t a n e o u s l y  c o r r e l a t e  f o u r  w e l l

l o g s  o f  one t y p e .  T h i s  c o r r e l a t i o n  i s  e s t a b l i s h e d  by t h e

s u b p ro g r a m  C0R4WELL.

In t h e  s u b p r o g r a m  C0R4WELL, t h e  s p a t i a l  s e r i e s  A,

B, C, and D s y m b o l i z e  f o u r  s i m i l a r  l o g s  o b t a i n e d  f rom f o u r  

w e l l s  ( F i g u r e  2 4 ) .  The c r o s s - c o r r e l a t i o n  E q u a t i o n  (32)  w i l l  

be  m o d i f i e d  t o  a c c o u n t  f o r  t h e  c o r r e l a t i o n  o f  f o u r  w e l l  l o g s  

a s sumi ng  t h e  s e r i e s  x ( n )  and  y ( n )  t o  be a compl ex  number.  

These  two complex  numbers  c o n s i s t  o f  r e a l  and  i m a g i n a r y  p a r t s

X(n)  = A(n)  + j C ( n )

Y(n)  = B(n)  + j D ( n )

where  i = / - I

Logs A and C a r e  s t o r e d  i n  complex  a r r a y  X, and 

l o g s  B and D a r e  s t o r e d  i n  a r r a y  Y. U s i n g  a f a s t  F o u r i e r  

t r a n s f o r m  (FFT) ,  t h e  s p a t i a l  s e r i e s  X ( t )  and Y ( t )  a r e  f i r s t  

t r a n s f o r m e d  t o  t h e  f r e q u e n c y  domain.  A f t e r  t h i s  t r a n s f o r m ,  

complex s e r i e s  X(E) and Y(K) a r e  m u l t i p l i e d  t o  o b t a i n  t h e  

c r o s s - c o r r e l a t i o n  f u n c t i o n  ( K) ,  g i v e n  by ( P a p o u l i s ,  1962) :
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F i g u r e  24.  G r a p h i c a l  i l l u s t r a t i o n  o f  c r o s s - c o r r e l a t i n g  
f o u r  l o g s  i n  t h e  f r e q u e n c y  domain.  In  t h i s  
g r a p h ,  X and Y i mply  complex s e r i e s  A + iC 
and B + jD,  r e s p e c t i v e l y .  * i n d i c a t e s  com­
p l e x  c o n j u g a t e  and N i m p l i e s  N y q u i s t  f r e q u e n c y
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+ %y(K) = l i i l  i ' iCK)

where  = t h e  i ' t h  p o i n t  o f  w e l l  l o g  x

IX = t h e  i ' t h  p o i n t  o f  w e l l  l o g  y

= l i i l  (48)

where  A, B, C, and D = s p a t i a l  s e r i e s  r e p r e s e n t i n g  t h e

s h o r t  and  l o n g  w e l l  l o g s  o f  F i g ­

u r e  24

i  = 1 , 2 , • • • ,

* = complex  c o n j u g a t e

R e c a l l  f rom p r e v i o u s  s e c t i o n s  t h a t  c r o s s - c o r r e l a t i o n  i s  p e r ­

formed w i t h  s t a t i o n a r y  s e r i e s ;  t h e r e f o r e ,  f o r  s t a t i o n a r y  Y s p a ­

t i a l  s e r i e s  ( B e n d a t  and P i e r s o l ,  1 9 7 1 ) ,  ç ( s , t )  i s  maximum 

f o r  t h o s e  v a l u e s  o f  t h e  Y s e r i e s  t h a t  a r e  t h e  b e s t  l i n e a r  

a p p r o x i m a t i o n  o f  t h e  X s e r i e s .  The Y s e r i e s  i s  s t a t i o n a r y  

i f  a l l  i n t e r v a l s  o f  l e n g t h  hav e  n e a r l y  t h e  same a v e r a g e .

I f  t h i s  i s  t r u e ,  t h e n  t h e  maximum o f  ? ( s , t )  o c c u r s  a t  t h e  

v a l u e  o f  T where  t h e  v a l u e s  o f  t h e  Y s e r i e s  b e s t  a p p r o x i ­

mate  t h e  v a l u e s  o f  t h e  X s e r i e s .

The p r o c e s s  o f  c r o s s - c o r r e l a t i o n  i s  e s t a b l i s h e d  by 

r e p e a t e d l y  s t r e t c h i n g  t h e  s p a t i a l  s e r i e s  A(n)  by t h e  f r e ­

quency  domain i n t e r p o l a t i o n  m e t ho d ,  t h e n  c o m p a r i n g  t o  t h e  

s p a t i a l  s e r i e s  B ( n ) .  In a  s i m i l a r  manner ,  C i s  compared  t o  D.

The n o r m a l i z e d  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t  o f  

E q u a t i o n  ( 4 8 )  i s  d e f i n e d  a s  ( u s i n g  E q u a t i o n  35 ) :
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Rxy( S.T)
xy

r f
V i L Y Y * I I~1 - T  J 1

( 4 9 )

o r

( S , i )  -  ç^(S , r ) + J Ty CS, ! )xy ( 5 0 )

The s ymbo ls  R and I i mp ly  r e a l  and i m a g i n a r y ,  r e s p e c t i v e l y .  

The r e a l  p a r t  o f  E q u a t i o n  ( 49)  i s  g i v e n  by:

P p , ( S ,  t )

( 5 1 )

4 i

1 ! i.-
«1 1 r L . _ 9  - 9 1 "I z

- LpB- +D“ ) j [V.^iCâp^ +cpp - g ( i :  H-cp !|

w h i l e  t h e  i m a g i n a r y  p a r t  i s  g i v e n  by:

' I ( S , T )
( 5 2 )

L.
h i i  ( q - h + T  -  -  B 5 , )

- L ^ ( B = + D b ]
1^2

d e f i n i n g

B =
L.

^ i = l  ^ i ' "  I ~  ^ i = l

°  %i=l ° i ~  ^ i = l  ^ i+T

The r e a l  p a r t  &n(8 ,T)  i s  t h e  sum o f  two n o r m a l i z e d

c r o s s - c o r r e l a t i o n  f u n c t i o n s :
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B . A . , i s  t h e  c r u s s - c o r r e l a l i o n  o f  s e r i e s  A and B 
1 1 +1

and D . C . , i s  t h e  c r o s s - c o r r e l a t i o n  o f  s e r i e s  C and D.
1  1 +  T

On t h e  o t h e r  h an d ,  t h e  i m a g i n a r y  p a r t  1 ^ ( 3 ,  t )  a c t s  as  t h e  

d i f f e r e n c e  o f  two n o r m a l i z e d  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t s ;

L.
y. -, D.A. , i s  t h e  c r o s s - c o r r e l a t i o n  o f  A w i t h  D<̂1=1 1 l+T

Lf
and y . , B . C . , i s  t h e  c r o s s - c o r r e l a t i o n  o f  B and  C.-1=1 1 i + r

C o n s e q u e n t l y ,  t h e  r e a l  i ^ ( S , T )  s y m b o l i z e s  t h e  c r o s s - c o r r e ­

l a t i o n  f u n c t i o n  w h i l e  <?j ( S , t ) does  n o t .

A f t e r  t h e  v a l u e s  o f  S and t a r e  d e t e r m i n e d  f o r  t h e

maximum v a l u e  o f  R ( S , t ) ,  t h e  i n v e r s e  FFT r e t u r n s  t h e  com-Xy
p l e x  f u n c t i o n  ( S ' , t ) t o  t h e  s p a c e  domain .



CHAPTER VI

COMPUTER-ASSISTED PREDICTION OF 

SUBSURFACE STRUCTURE

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

b e t w e e n  t h e  c o r r e l a t e d  w e l l s  i s  e s t a b l i s h e d  by t h i s  r e s e a r c h  

i n  t h r e e  d i s t i n c t  p r o c e d u r e s ;  ( 1) i n i t i a t i o n  o f  t h e  s t r u c ­

t u r e  map o f  t h e  f o r m a t i o n  o r  t h e  b e d  c o r r e l a t e d  by t h e  f o u r  

w e l l  l o g s  u s i n g  t h e  SYMAP c omp u te r  p a c k a g e  ( Dougenik  and 

S he eh an ,  1976) ;  ( 2 )  p r o j e c t i n g  t h e  s t r u c t u r e ,  d e r i v e d  f rom 

t h e  c o n t o u r  map, down b e t w ee n  t h e  c o r r e l a t e d  w e l l s  and u l ­

t i m a t e l y  d r aw in g  t h e  b e d - l i n e s .  These  l i n e s  i l l u s t r a t e  t h e  

s t r u c t u r e  and t h i c k n e s s  v a r i a t i o n s  of  t h e  c o r r e l a t e d  b e d  o r  

f o r m a t i o n ;  ( 3 )  c o n v e r t i n g  t h e  t w o - d i m e n s i o n a l  c r o s s  s e c t i o n  

t h u s  o b t a i n e d  t o  a t h r e e - d i m e n s i o n a l  c o n f i g u r a t i o n  u s i n g  t h e  

SYMVU compute r  p a c k a g e  (Dougen i k  and Sheehan ,  19 76) .

I n i t i a t i o n  of  t h e  S t r u c t u r e  Map

A. Mapping:  With t h e  a d v e n t  o f  t h e  d i g i t a l  com­

p u t e r ,  a u t o m a t i c  c o n t o u r i n g  has  become common i n  g e o l o g i c  

e x p l o r a t i o n ,  and o i l  compan i es  a r e  among t h e  l a r g e s t  m a r k e t s  

f o r  t h e  m a n u f a c t u r e  o f  a u t o m a t i c  p l o t t e r s .  The r e l i a b i l i t y
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o f  c o n t o u r  maps i s  d i r e c t l y  d e p e n d e n t  upon t h e  d e n s i t y  and 

u n i f o r m i t y  o f  c o n t r o l  p o i n t s .  Even t ho ug h  t h e  d e s i r a b i l i t y  

o f  a u n i f o r m  d i s t r i b u t i o n  o f  c o n t r o l  p o i n t s  (X and Y p o i n t s  

on t h e  map) i s  o f t e n  c i t e d ,  t h e  d e g r e e  o f  u n i f o r m i t y  i s  s e l ­

dom m ea s u r e d .

The p o i n t  d i s t r i b u t i o n  c o e f f i c i e n t  R i s  g i v e n  by 

t h e  f o l l o w i n g  f o r m u l a  (Dougen i k  and  Sh ee ha n ,  1976) :

R = ( 5 3 )
D( e)

d e f i n i n g :  D(o)  = mean p o i n t  d i s t a n c e s  o f  t h e  o b s e r v e d

( a c t u a l )  d i s t r i b u t i o n

Ï d,
D(o)  = N

D(e)  = mean p o i n t  d i s t a n c e s  o f  t h e  e x p e c t e d  

( random)  d i s t r i b u t i o n

5 ( e )  =  ^
where  d^ = d i s t a n c e  f rom any p o i n t  t o  i t s  n e a r e s t  n e i g h b o r  

A = a r e a  w i t h i n  map 

N = number o f  d a t a  p o i n t s

The v a l u e  o f  R r a n g e s  b e t w e e n  0 when a l l  p o i n t s  a r e  

v e r y  c l o s e  t o  e a c h  o t h e r  ( c l u s t e r e d )  i n  a s m a l l  l o c a t i o n ,  

t o  2 . 1 5 ,  when d a t a  p o i n t s  a r e  p o s i t i o n e d  a t  t h e i r  maximum 

w e l l  s p a c i n g .  The p o i n t  d i s t r i b u t i o n  c o e f f i c i e n t  i s  i n t r o ­

duced  as  an e l e c t i v e  no.  28 i n  t h e  SYMAP p a c k a g e  o f  Dougen i k  

and Sheehan  ( 1 9 7 6 ) .  In t h i s  s t u d y ,  t h e  d a t a  p o i n t s  o f  t h e  

model  t e s t  a r e  p o s i t i o n e d  i n  a g r i d  p a t t e r n  ( e q u a l l y  s p a c e d



p o i n t s  and e q u a l  number  o f  p o i n t s  p e r  s u b a r e a ) .  T h e r e f o r e ,  

t h e r e  i s  no n ee d  t o  p e r f o r m  a u n i f o r m i t y  t e s t  o r  c a l c u l a t e  

t h e  c o e f f i c i e n t  R. However ,  t h e  r e a l  d a t a  r e q u i r e s  a p o i n t  

d i s t r i b u t i o n  c o e f f i c i e n t  t e s t  t o  exami ne  t h e  u n i f o r m i t y  o f  

d i s t r i b u t i o n .

B. C o n t o u r i n g ;  G e o l o g i s t s  d e m o n s t r a t e  t h e i r  a r ­

t i s t i c  t a l e n t s  as  w e l l  as  t h e i r  g e o l o g i c  s k i l l s  when t h e y  

c r e a t e  c o n t o u r  maps.  The c a s e  of  c o n t o u r i n g  p r a c t i c e  i s  

s i m i l a r ,  t o  some e x t e n t ,  t o  t h a t  o f  l o g  i n t e r p r e t a t i o n  i n  

t h e  s e n s e  t h a t  g e o l o g i c  j u d gme n t  becomes b i a s e d ,  and t h e  

s u b t l e  e f f e c t s  of  p e r s o n a l  o p i n i o n  d e t r a c t  r a t h e r  t h a n  add 

t o  t h e  u t i l i t y  o f  a map. However ,  t h e r e  may b e  s i t u a t i o n s  

where  a h i g h  d e g r e e  of  b i a s  i s  d e s i r a b l e  and  mach in e  c o n ­

t o u r i n g  i s  l e s s  a p p r e c i a t e d .  Computer  c o n t o u r i n g  methods  

a r e  t o t a l l y  c o n s i s t e n t ,  and p r o v i d e  a c o u n t e r b a l a n c e  t o  o v e r l y  

i n t e r p r e t i v e  mapping .  In  any c a s e ,  c o m p a r i s o n  b e t w e e n  ma­

c h i n e - c o n t o u r e d  and m a n u a l l y - c o n t o u r e d  maps s e r v e s  as  a s a f e ­

g u a r d  a g a i n s t  e x c e s s i v e  i m a g i n a t i v e  i n t e r p r e t a t i o n .  To a c ­

c o m p l i s h  t h i s  p u r p o s e ,  manual  and c o m p u t e r  c o n t o u r e d  maps 

a r e  compared  i n  t h i s  r e s e a r c h .  The r e a d e r  i s  a d v i s e d  t o  

e x e r c i s e  a  s u b j e c t i v e  j udgment  i n  c h o o s i n g  an a l g o r i t h m  t h a t  

u l t i m a t e l y  p r o v i d e s  e f f i c i e n t  mapp i ng .  The o t h e r  m o t i v e  

b e h i n d  t h e  d e v e l op me n t  o f  a u t o m a t i c  c o n t o u r i n g  i s  e conomi c .

Of c o u r s e ,  t h i s  i s  an a t t e m p t  t o  u t i l i z e  t h e  v a s t  i n v e s t m e n t  

t h e  p e t r o l e u m  i n d u s t r y  h as  i n  s t r a t i g r a p h i e  d a t a  b a n k s .

The p r o c e d u r e  o f  c o n t o u r i n g  e s t a b l i s h e d  i n  t h i s  r e ­

s e a r c h  c o n s i s t s  of  a c o m b i n a t i o n  o f  a c o m p u t e r  l i n e  p r i n t e r
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and an a u t o m a t i c  p l o t t e r .

L i n e  p r i n t e r  method:  In  t h i s  r o u t i n e ,  t h e  l i n e

p r i n t e r  can be  u s e d  t o  p r i n t  b a n d s  o f  c h a r a c t e r s  ( F i g u r e  25) 

in  which  e d g e s  o f  t h e  b a n d s  r e p r e s e n t  t h e  c o n t o u r  l i n e s .

The l i n e  p r i n t e r  o u t p u t  i s  e s t a b l i s h e d  by t h e  c o m p u t e r  p a c k ­

age SYMAP ( D o u ge n i k  and S h ee h a n ,  1 97 6 ) .  T h i s  p a c k a g e  c o n ­

s i s t s  o f  a c o m p u t e r  mappi ng  p r o g r a m  u s i n g  a s t a n d a r d  l i n e  

p r i n t e r  as  i t s  o u t p u t  d e v i c e .  The p r o c e s s  i n v o l v e d  i n  ob­

t a i n i n g  t h e  c o n t o u r  l i n e s  i s  b a s e d  on a t h e o r y  s i m i l a r  t o  

t h a t  o f  f i t t i n g  a g r i d  t o  d a t a  p o i n t s ,  c a l c u l a t i n g  t h e  mesh-  

p o i n t  v a l u e s ,  and  f i n a l l y  d r a w i n g  t h e  c o n t o u r  l i n e s  by i n ­

t e r p o l a t i o n  o f  t h e  g r i d  v a l u e s .

A u t o m a t i c  c o n t o u r i n g  p l o t t e r  me t hod:  The c o n t o u r s

i n  t h i s  a p p r o a c h  a r e  p l o t t e d  i n  two ways :  p l o t t i n g  a s i n g l e ,

c o m p l e t e  c o n t o u r  a t  one  t i m e  ( t h e  c a s e  o f  t h e  c o n t o u r i n g  

p r o g r a m  in  t h i s  r e s e a r c h .  F i g u r e  2 6 ) ;  o r  p l o t t i n g  s e g m e n t s  

o f  s e v e r a l  c o n t o u r s  and p r o g r e s s i v e l y  w o r k i n g  a c r o s s  t h e  

map ( F i g u r e  2 7 ) .  The c h o i c e  d e p en d s  on t h e  s i z e  o f  t h e  map, 

s p e e d  o f  t h e  c o m p u t e r  u s e d ,  and o t h e r  f a c t o r s .

P r e d i c t i o n  o f  t h e  S u b s u r f a c e  S t r u c t u r e

The c o n c e p t  o f  t h i s  p r e d i c t i o n  i s  d e t e r m i n e d  by 

s e v e r a l  i n t e r r e l a t e d  p r o c e d u r e s  wh i ch  a r e  d e s c r i b e d  be l ow.

F i r s t ,  t h e  c o o r d i n a t e s  (X, h o r i z o n t a l  d i s t a n c e ;

Z, d e p t h )  o f  e a c h  p o i n t  o f  t h e  b e d l i n e  a l o n g  t h e  s t r a i g h t
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F i g u r e  2 5 . O u t p u t  p r i n t  o f  a s t r u c t u r e  map dr awn by t h e  c o m p u t e r  p a c k a g e  SYMAP.
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1627 1780 2004

1945 20491736

2096654 960

2106727 2001

GRID
VALUES2180851 2009

2083 23411922

24971882 2124

2072 24701778

23051795 2057

2073 2155

F i g u r e  27. Column-by-column p l o t t i n g  o f  c o n t o u r s  
( A f t e r  Harbough and Merr i am,  196 3) ,



p a t h  c o n n e c t i n g  each  two w e l l s  ( r e f e r  t o  F i g u r e  29)  i s  e v a l ­

u a t e d .  At t h i s  p o i n t ,  two p o s s i b i l i t i e s  e x i s t  i n  t h i s  c a l ­

c u l a t i o n  :

a .  Each two w e l l s  a r e  on a h o r i z o n t a l  l i n e  p a r a l l e l  

t o  t h e  g r i d  l i n e s .  The X and  Z v a l u e s  o f  each  p o i n t  a l o n g  

t h i s  p a t h  a r e  t h e  X and Z v a l u e s  o f  t h e  c o r r e s p o n d i n g  p o i n t  

of  t h e  g r i d  ( F i g u r e  28-A) .

b .  In c a s e  t h e  two w e l l s  a r e  on a p a t h  t h a t  makes 

an a n g l e  ( p o s i t i v e  o r  n e g a t i v e )  w i t h  t h e  g r i d  l i n e s  ( l i n e  

A-B) ( F i g u r e  28-B,  C ) , t h e  X and Z v a l u e s  o f  e a c h  p o i n t  on 

t h e  p a t h  do n o t  r e p r e s e n t  t h e  X and Z v a l u e s  o f  t h e  c o r r e ­

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

i s  r e q u i r e d  b e f o r e  t h e  f i n a l  p r o j e c t i o n  t a k e s  p l a c e .  By way 

o f  e x a m p l e ,  s u p p o s e  t h e  a n g l e  i s  n e g a t i v e  ( F i g u r e  2 8 - C ) ; t h e  

Z v a l u e  o f  each  p o i n t  i s  t h e  v a l u e  o f  t h e  p r e v i o u s  p o i n t  

p l u s  a v a r i a b l e  i n c r e m e n t  d e t e r m i n e d  by t h e  f o l l o w i n g  e q u a ­

t i o n  ;

In s i m p l i f i e d  form.

BCZ i n c r e m e n t  = DE = ^

wh ich  i s  i m p l e m e n t e d  i n  t h e  c o m p u t e r  p r o g r a m ,  b e a r i n g  i n  

mind t h a t

AD = 1 = g r i d  i n t e r v a l  

The X i n c r e m e n t  i n  t h e  t r i a n g l e  AED ( F i g u r e  28-C)  i s  g i v e n  by;
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WELL LOCATION
HORIZONTAL PATH----- GRID POINT

GRID LINE

A. TWO PATHS PARALLEL TO 
THE GRID LINES

X NEW CALCULATED VALUE OF X & Z

GRID POINT

B. ONE STRAIGHT PATH AND ONE 
PATH MAKING POSITIVE ANGLE 
WITH THE GRID LINES -I t

UNIT

A

CALCULATING THE X a  Z VALUE 
OF THE POINTS ALONG THE PATH

F i g u r e  28 .  C a l c u l a t i n g  t h e  X and Z v a l u e s  of  t h e  p r o j e c t e d  
bed  l i n e s .



so

STRUCTURE
MAP

BOREHOLE

PROJECTION
LINES

BED-LINE

TIE-LINE

1 i i  I 

I  1

F i g u r e  29.  I l l u s t r a t i o n  o f  t h e  c o r r e l a t e d  f o u r  
l o g s ,  t i e - l i n e s ,  b e d - l i n e s ,  w e l l  l o g s  and t h e  
s t r u c t u r e  mao.
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X i n c r e m e n t  = AE“" = (AD)" + (DE)"

= ( 1 ) 2  + (DE)2 (55)

In t h e  c a s e  of  a h o r i z o n t a l  p a t h  ( o r  z e r o  a n g l e ) ,  t h e  X i n ­

c rement  e q u a l s  one and t h e  Z i n c r e m e n t  e q u a l s  z e r o .  The 

e v a l u a t i o n  o f  X and Z i n c r e m e n t s  s t a r t s  f rom one w e l l  and 

c o n t i n u e s  a l o n g  t h e  p a t h  t o  t h e  o t h e r  w e l l .  A f t e r  e s t a b l i s h ­

i n g  t h e s e  v a l u e s ,  t h e  p r o j e c t i o n  s t e p  i s  f o l l o w e d  t o  p l o t  

t h e  b e d l i n e .

Second ,  t h e  v a r i a t i o n  i n  t h e  t h i c k n e s s  o f  t h e  c o r ­

r e l a t e d  b ed  i s  a c c o u n t e d  f o r  i n  t h e  s u g g e s t e d  a l g o r i t h m .

The a l g o r i t h m  s t r e t c h e s  t h e  bed  v e r t i c a l l y  w i t h  t h e  same 

v a l u e  of  t h e  s t r e t c h  f a c t o r  u t i l i z e d  i n  t h e  main p rogram.

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

s u b s u r f a c e  s t r u c t u r e  a r e  i l l u s t r a t e d  i n  F i g u r e  29.

T r a n s f o r m  t o  T h r e e - D i m e n s i o n a l  C o n f i g u r a t i o n

T h i s  p r o c e d u r e  i s  a c c o m p l i s h e d  by t h e  i m p l e m e n t a ­

t i o n  o f  t h e  SYMVU c om pu t e r  p a c k a g e  ( Dougenik  and S heehan ,  

1976) .  T h i s  c o mp u t e r  p r og ra m i s  w r i t t e n  t o  g e n e r a t e  t h r e e -  

d i m e n s i o n a l  l i n e - d r a w i n g  d i s p l a y s  o f  d a t a .  Only t h r e e  c o n ­

t r o l  c a r d s  a r e  n e c e s s a r y  f o r  t h e  g e n e r a t i o n  o f  t h e  g r a p h i c  

d i s p l a y s .  As i n  t h e  c a s e  o f  t h e  SYMAP p a c k a g e ,  SYMVU a l s o  

h as  a number  o f  e l e c t i v e s  o r  o p t i o n s  which  a r e  b u i l t  i n t o  

t h e  p r o g r a m  a l l o w i n g  f o r  c o n s i d e r a b l e  f l e x i b i l i t y  i n  g e n e r a t ­

i n g  t h e  d i s p l a y s  o f  d a t a .  However ,  i n  t h e  a u t h o r ' s  work
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o n l y  a much s m a l l e r  number o f  o p t i o n s  a r e  u s e d  i n  t h e  p r og r am .  

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

and. p r o x i m a l  mapping  u s i n g  d a t a  g e n e r a t e d  by t h e  SYMAP p r o ­

gram.  SYMVU i s  w r i t t e n  i n  FORTRAN-IV as  a SYMAP p r og ra m and 

i s  o p e r a t e d  on t h e  IBM-370.  The o u t p u t  i s  p r o d u c e d  by a 

CALCOMP p l o t t e r  o f  e i t h e r  10 o r  29 i n c h e s  ( F i g u r e  30) .
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CHAPTER VII  

ANALYSIS OF MODEL DATA

The c om pu t e r  model  BASEL d e v e l o p e d  i n  t h e  p r e v i o u s  

c h a p t e r s  ( A p p e nd i x  I )  e n h a n c e s  t h e  g e o l o g i s t ' s  e f f o r t s  t o  

v i s u a l i z e  t h e  s u b s u r f a c e  c o n f i g u r a t i o n  o f  an o i l  f i e l d  o r  

t o  e x p l o r e  t h e  l a t e r a l  o r  v e r t i c a l  e x t e n s i o n  o f  an o r e  body 

o r  a c o a l  seam,  i n  a s t a n d a r d i z e d  a u t o m a t i c  method.  The ap ­

p l i c a t i o n s  o f  t h i s  c o m p u t e r  model  a r e  i n t r o d u c e d  i n  C h a p t e r  

IX.

The BASEL p r o g r a m  h as  t h e  c a p a c i t y  o f  c o r r e l a t i n g  

a l l  o f  t h e  d i g i t i z e d  l o g s  i n  t h e  s t u d y  a r e a ,  f o u r  l o g s  a t  a 

t i m e .  S i n c e  l i m i t e d  numbers  o f  d i g i t i z e d  l o g s  a r e  a v a i l a b l e  

i n  t h i s  i n v e s t i g a t i o n ,  o n l y  f o u r  l o g s  a r e  t e s t e d .

The p r o c e d u r e  o f  i n p u t i n g  t h e  model  d a t a  t o  t h e  

BASEL p r o g r a m  c o n s i s t s  o f  f o u r  s t e p s :  ( 1 )  The s u b p r o g r a m

C0R4WELL c o r r e l a t e s  f o u r  l o g s  o f  t h e  same k i n d ,  s t o r e s  t h e  

b o u n d a r i e s  o f  t h e  c o r r e l a t e d  f o r m a t i o n  o r  b e d  on a m a g n e t i c  

t a p e  o r  d i s c ,  c o r r e l a t e s  a n o t h e r  a d j a c e n t  f o u r  l o g s ,  s t o r e s  

t h e  d a t a ,  and s o  on u n t i l  a l l  t h e  p r o s p e c t i v e  a r e a  i s  s c a n n e d ,  

( 2 )  The main p r o g ra m r e c a l l s  t h e  d a t a  f rom t h e  t a p e  and g e n ­

e r a t e s  t h e  s t r u c t u r e  map, f i r s t  by t h e  SYMAP p r o g r a m ,  t h e n  

by t h e  CONTOUR s u b p r o g r a m .  ( 3 )  I t  l o c a t e s  t h e  p o s i t i o n  o f

84
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t h e  l o g s  t h a t  form t h e  e d g e s  o f  t h e  two d i m e n s i o n a l  c r o s s  

s e c t i o n  ( l o g s  A, B, C, and D in  F i g u r e s  4 and 29)  and draws  

t h e  b e d l i n e s .  And ( 4 )  t h e  c omp ut e r  p a c k a g e  SYMVU c o n v e r t s  

t h e  two d i m e n s i o n a l  c r o s s  s e c t i o n  t o  t h e  t h r e e - d i m e n s i o n a l  

c o n f i g u r a t i o n .

The e f f i c i e n c y  o f  t h e  BASEL c o mp u t e r  model  i s  f i r s t  

i n s p e c t e d  by u t i l i z i n g  model  t e s t  d a t a  i n  t h i s  c h a p t e r ;  t h e n  

r e a l  d a t a  a r e  empl oy ed  i n  t h e  n e x t  c h a p t e r .

The t e s t  d a t a  c o n s i s t  o f  f o u r  d e n s i t y  l o g s  (Kennedy 

e t  a l . ,  1968)  as sumed t o  r e p r e s e n t  f o u r  w e l l  s i t e s .  The 

c o n t r o l  p o i n t s  o f  t h e  s t r u c t u r e  map a r e  m e a s u r e d  f rom s e a  

l e v e l  and  r e a d  i n  t h e  p r o g r a m  as  p o s i t i v e  v a l u e s .  In  t h i s  

s t u d y ,  t h e  f o u r  p o i n t s  o f  t h e  d a t a  a r e  d e t e r m i n e d  f rom t h e  

a u t o m a t i c  c o r r e l a t i o n  o f  t h e  f o u r  d e n s i t y  l o g s  by t h e  C0R4WELL 

s u b p r o g r a m ;  t h e  r e s t  o f  t h e  p o i n t s  s y m b o l i z e  v i s u a l  c o r r e ­

l a t i o n  o f  t h e  i m a g i n a r y  l o g s  l o c a t e d  i n  t h e  e x p l o r a t i o n  s i t e .  

The s t r u c t u r e  map i n i t i a t e d  f rom t h i s  d a t a  i s  shown i n  F i g ­

u r e  31-A.

The l e n g t h  o f  t h e  l o n g  window u s e d  i s  350 s a m p l i n g  

p o i n t s  w h i l e  t h e  l e n g t h  o f  t h e  s h o r t  window i s  130 s a m p l i n g  

p o i n t s .  In  f a c t ,  v a r i o u s  window l e n g t h s  a r e  t e s t e d  and t h e  

h i g h e s t  c o r r e l a t i o n  f a c t o r  o b t a i n e d  i s  a t  350 and 130 sam­

p l i n g  p o i n t s  f o r  t h e  l o n g  window and s h o r t  window,  r e s p e c ­

t i v e l y .  The t o p  d e p t h  r e a d i n g  on each  window r e p r e s e n t s  

t h e  f i r s t  r e a d i n g  on t h e  Z a x i s  ( t h e  Y a x i s  r e p r e s e n t s  t h e  

Z a x i s  i n  F i g u r e  3 1 - C ) .
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f i g u r e  J 1 .  Calco.Tj) o u t p u t  
o f  BABEL p r o - r a m  u i ' n , ;  model  

t e n t  d a t a ,  A . s t r u c t u r e  c o n t o u r  

r.tij), B . T h r e e - d i m e n s i o n a l  c o n f i g u ­
r a t i o n ,  C . ü r o c s - c o r r r l a t i o n  o f  
wf/31 A 6 B ( n e n n l t y  l o , ; n)  and 

t h e  c r o n n  n e c t i o n  Be tween  w e l l s  

A & B, I ) . C r o i , ; j - e o r i ‘'1 a t  j on o f  w c l l e  
A D . Ar rows  J n ( ! )  I n d i c a t e  1hc 

l o c a t i o n  o f  t i i "  w e l i c  A , E / J , a n d  
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F i g u r e  31 .  Ca l co mp  o u t p u t  
o f  BASEL p r o g r a m  u s i n g  model  
t e s t  d a t a .  A . S t r u c t u r e  c o n t o u r
m a n .  P .  T h n a a  — i  m o n o i  n r » a 1 m i  —
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F i g u r e  31 .  Ca l comp o u t p u t  
o f  BASEL p r o g r a m  u s i n g  model  
t e s t  d a t a .  A . S t r u c t u r e  c o n t o u r  
map,  E . T h r e e - d i m e n s i o n a l  c o n f i g u ­
r a t i o n ,  C . C r o s s - c o r r e l a t i o n  o f  
w e l l  A & B ( D e n s i t y  l o g s )  and 
t h e  c r o s s  s e c t i o n  b e t  u en  w e l l s  
A & E, D . C r o s s - c o r r e l a t i o n  o f  w e l l s  
C & D . A r r o w s  i n ( B )  i n d i c a t e  t h e  
l o c a t i o n  o f  t h e  w e l l s  A , B , C , a n d  

D.
CO
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F i g u r e  31,  C o n t . :  E. P l o t  o f  l a g  ( f o r  s t r e t c h )  v e r s u s  c r o s s ­
c o r r e l a t i o n .  F.  P l o t  o f  l a g  ( f o r  d i s p l a c e m e n t )  
v e r s u s  c r o s s - c o r r e l a t i o n .  Arrows i n d i c a t e  t h e  
l o c a t i o n s  o f  maximum c o r r e l a t i o n .
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The v e r t i c a l  e x a g g e r a t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  

c o n f i g u r a t i o n  i s  s e t  up a t  3 ( F i g u r e  3 1 - 3 ) .  T h i s  v a r i a b l e

i s  u s e d  as  a c o n t r o l  c a r d  i n  t h e  p r og ra m t o  a l l o w  t h e  u s e r

a f r e ed o m i n  c h o o s i n g  t h e  v a l u e  of  t h e  v e r t i c a l  e x a g g e r a t i o n .

The f i n a l  s t e p  i n  t h e  BASEL p ro g ra m o u t p u t  c o n s i s t s  

of  two p l o t s  i l l u s t r a t e d  i n  F i g u r e  31-E and F . Th ese  f i g u r e s  

r e p r e s e n t  t h e  c r o s s - c o r r e l a t i o n  v s .  t h e  l a g  d i s p l a c e m e n t  f o r  

t h e  s t r e t c h e d  s p e c t r a  and t h e  s t r e t c h e d  l o g s ,  r e s p e c t i v e l y .

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

and s t r e t c h  a r e  i n d i c a t e d  i n  F i g u r e  31-G.

In o r d e r  t o  compare t h e  r e s u l t s  o f  t h e  BASEL p r o ­

gram ( F i g u r e  31) w i t h  t h o s e  o b t a i n e d  f rom t h e  c o n v e n t i o n a l  

method ( h a n d  d r a w i n g  method)  a s t r u c t u r e  map and two c r o s s  

s e c t i o n s  a r e  drawn b e t w e e n  t h e  c o r r e l a t e d  l o g s .  F i g u r e s  32,  

33,  and 34 show t h e  r e s u l t s  o f  c o m p ar i n g  t h e  BASEL o u t p u t  

w i t h  t h e  c o n v e n t i o n a l  r e s u l t s .  They a r e  q u i t e  i d e n t i c a l .  

However ,  t h e  e f f i c i e n c y  and c a p a b i l i t y  o f  SYMAP i n  showi ng  

a more d e t a i l e d  i n t e r p o l a t i o n  t h a n  t h e  c o n v e n t i o n a l  method 

can b e  a p p r e c i a t e d .
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F i g u r e  32.  S t r u c t u r e  map o f  t h e  m od e l  t e s t  d a t a  drawn by c o n v e n t i o n a l  me th od
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F i g u r e  33.  C r o s s  s e c t i o n  b e t w e e n  w e l 1 A and  B.

oo
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F i g u r e  34.  C r o s s  s e c t i o n  b e t w e e n  w e l l  C and  D.



CHAPTER V I I I

ANALYSIS OF REAL DATA

The e f f i c i e n c y  o f  t h e  co m p u te r  model BASEL i s  f u r ­

t h e r  t e s t e d  by t h e  a p p l i c a t i o n  o f  t h e  r e a l  d a t a  o b t a i n e d  

f rom an o i l  f i e l d  i n  Oklahoma and a c o a l  d e p o s i t  i n  N or th  

D a k o t a .

A n a l y s i s  o f  R e s i s t i v i t y  Logs f rom  S t .  L o u i s  O i l  F i e l d ,

Oklahoma

O b j e c t i v e s  o f  t h e  A n a l y s i s

The p u r p o s e s  o f  t h i s  a n a l y s i s  a r e :  (1 )  t o  exam ine

t h e  l i t h o s t r a t i g r a p h i c  r e l a t i o n s h i p  b e tw e e n  v a r i o u s  w e l l  

s i t e s  i n  t h e  S t .  L o u i s  o i l  f i e l d .  The r e l a t i o n s h i p  can be 

c o n s t r u c t u e d  by e s t a b l i s h i n g  a l i t h o s t r a t i g r a p h i c  u n i t  a t  

e a c h  l o c a t i o n  and c o m p ar in g  t h e s e  u n i t s  t o  d e t e r m i n e  w h e t h e r  

t h e  Lower E a r l s b o r o  Sand u n i t  i s  l a t e r a l l y  c o n t i n u o u s .  ( 2 )  t o  

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

s e a r c h  a r e a .

D e s c r i p t i o n  o f  t h e  S tu d y  A re a

1. L o c a t i o n :  The i n v e s t i g a t i o n  s i t e  i s  l o c a t e d  i n

t h e  n o r t h - c e n t r a l  p a r t  o f  s o u t h e r n  P o t t o w a t o m i e  C oun ty .  The

92
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The a n a l y s i s  a :  i h e  r e s i s n i v i a y  I o c s  i s  o o n i i n e c  t o  : h e  o o r -  

r e l a t i o n  o f  t h e  E a r l s h o r c r  Sand zone  b e c a u s e  i t  p e r s i s t s  in  

t h e  s t u d y  a r e a ,  and i t  i s  e a s y  to  d e t e c t  on a l l  t h e  a v a i l a b l e  

l o g s .  E a r l s b o r o  Sand i s  L a te  Upper P e n n s y l v a n i a n  in age .

I t  c o n s i s t s  o f  two to  f o u r  u n i t s  , t h e  u p p e r  r .os t  and low er  

u n i t s  a r e  p e r s i s t e n t  in  t h e  s t u d y  a r e a .  However,  r .os t  o f  t h e  

o i l  p r o d u c t i o n  i s  p r o d u c e d  from t h e  Lower E a r l s b o r o  Sand 

u n i t  which w i l l  be c o n s i d e r e d  in  t h i s  a n a l y s i s .

A n a l y s i s  Methodology

The com pute r  model  BASEL d e v e l o p e d  in  t h e  p r e v i o u s  

c h a p t e r s  r e q u i r e s  t h r e e  p r o c e d u r e s  in  o r d e r  t o  p ro d u c e  th e  

o u t p u t  i l l u s t r a t e d  in  F i g u r e  31.

1. A u to m a t ic  d r a w in g  o f  t h e  s t r u c t u r e  .map: Data

em ployed  i n  t h i s  a n a l y s i s  c o n s i s t  o f  l o g s  o f  LOS w e l l s  d r i l l e d  

i n  P o t t a w a t o m i e  Coun ty ,  Oklahoma ( F i g u r e  35 and T a b le  1 ) .

The b o u n d a r i e s  o f  t h e  Lower E a r l s b o r o r  Sand u n i t  

w ere  ch o se n  w i t h  t h e  a s s i s t a n c e  o f  t h e  c o r r e l a t i o n  su b p ro g ra m  

C0R41ŸELL and v i s u a l  c o r r e l a t i o n .  Two s u b r o u t i n e s  a r e  em­

p l o y e d  t o  draw th e  s t r u c t u r e  map, SYMAP and CONTOUR ( F i g u r e  

3 6 ) .
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Taoie 1. L i s :  af sera ar sea oi i and cas .ve i ls  
S t .  Lcu is  o i l  I ' i e ld .

j s e a  ip. a n a i y z i n c  t.ne

11 " 0 . O p e r a t o r '■lei 1 name " P S u l t o c a t i p n

1 Cyco Pet. Romuless Town 27,4 Sec 1-7H-3E
2 B a r r e t t  3 Musg. White •"13 o i l Sec
3 Beach Ooer. Co. Draper el o i l Sec
a hewt B a r r e t t . White --1 o i l Sec 13-7 ‘I -3£ ,'IW ME S'W

5

e t  al 
,'!ewt Z a r r e t t White =2 o i l Sec 13-7M-3E SW ME SW

fi
~z  a 1 

0ea r in g  Inc . White =3 ■Cl 1 Sec 13-7M-3E SW MW SE
'■’e l C O  O r i l  1 i m

Ccmoany
Wilson -1 DÛ.A Sec ■3-Fli-3E SE SW 0,-l

•3 T..‘l. Berry spmulus E i l s Sec 13-7M-3E SW SE

9 . j .F .  Smith F . L . D. =1 o i l Sec 13-7W-3E S'W SE TW

10
11

j . F .  Smith F . L . B . =2 034 Sec 13-7M-3E 'IW SE TW
.9. : g t .  Co. Draper ? ! 27. A Sec 13-71I-3E MW SE SE

12 Son O il  Co. Branded ■-? OSA Sec ’ 3-7W-3E SE iw SW

13 J .F .  Smith Sanders --1 DBA Sec 13-7M-3E SW SW ME
l a Sun O i l  Co. Branded -'1 DBA Sec 13-7M-3E ME Mv SW

13 H.F. Sears Chômas -1 , 0 1 A Sec 4-7M-4S SW SE SE

16 E.F. XcOonalc '.•i. Ever. =1 OS,A Sec 5-7:i-AE MW ME 'IE
17 H.F. Sears McGee =1 D.T-t Sec 4-7M-4E SE SW :E

13 H.F. Sears McGee =1-4 O i l Sec A-7M-4E SE SW SE
13 Looar O i1 L ig h t  t o o t  =1-4 O il Sec 6-7M-4E SW MW MW

20 , j .F .  Smith Bray =1 O i l Sec 5-7M-4E SW MW MW

21 . J . F .  Smith Krouch =1 2,14 Sec S-7M-4E MW MW ME

22 S. 3 r th s .  O r lg .  
Company

Brunoege =3-3 O il Sec 6-7M-4E SE ME SE

23 ■2. Comm. Co. Thomas •'I O i l Sec 9-7M-4E .M'.J SE SW

Baron Kidd S tandr idge  =1 o i l Sec 7-7M-4E SE ME SE
E l i s e  ? .  Chanman J.W. A tw a te r  =3 2.A4 Sec 9-7M-4E S/2 SE SE

25 Ap-Son ° e t .  Co. ^homas --1 2T.A Sec 9-7M-4E SE MW MW
27 S r i  se P. Chaoman S a l ly  Boozes O i l Sec 9-7M-4E M/2 S/2 ME SE
23 r . H.  H a r te r Hines =I O i l Sec 9-7M-4S SE SW ME
29 Chapman 3 Poland Sew le y  =1 OiT Sec 9-7M-4E EW MW SE
30 H.F. Sears del son =3 O i l Sec 3-7M-4E ME SW SE SW

H. Waggoner Thomas =1 O i l Sec 9-7M-4E ME ME MW
32 H.F. Sears P. He Ison =1 O i l Sec 9-7M-4E MW SE SE SW
33 H.F. Sears Mel son =2 .0,34 Sec 9-MM-4E 2'. SE SE SW
3d .'•'arathon O i l 3 . S. U n i t  =12 Oi ■ Sec I6-7M-4E ME SW SE ME
35 ■Beda Pumo Co. .Rhodd =1 O il Sec 1Ô-7N-4E MW MW MW
36 C. Pat.  Res. Inc Surke -7 O i l Sec I6-7M-4E SE ME ME
37 Marathon O i l Burke -IQ Oi 1 Sec I5-7M-4E SW MW ME
33 Reda Pump Co Rhodd =2 D&A Sec 16-7M-4E SW MW M'W
39 J . E .  pQugeot Youngolood =7 O i l Sec 16-7M-4E 'ME ME MW
40 Reda Pumo Co Youngblood =5 O i l Sec 16-7M.AE SW ME MW
41 H.F. Sears Pappan =4 O i l Sec 16-7M-4E MW S'.v SE
42 H.F. Sears Pappan =5 O i l Sec 16-7M-4E E/2 SW SE
43 J .E .  Rougeot Younablood =S O i l Sec 16-7M-4E 350FSL-1S90FWL
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Jel! Mo. O pe ra to r Well name

d4 H.E. Sears Paccar =2A
AS K.E. Sears R ichard  =5
46 H.E. Sears R icnard  =5
47 H.E. Sears R icnard  =1
A3 H.E. Sears R ichard  =2
A3 H.E. Sears R ichard  =13
50 H.E. Sears R ichard  =23

H.E. Sears R ichard  =6
H.E. Sears R icnard  =2A

53 5. Weems O i l 3urk =CA
SA H. Waggoner Co 3 .3 .  School Ian
55 C lea ry  Pet. W. S t .  L. Eals 

P-11
56 C le a ry  ^ e t . W. S t .  L. Eals 

P-Ô
Magnol ia  ^ e t .  Co. ^ . J .  Hugn. =5

33 Gu'5 O i l  Co. M a t t ie  =2
5? G u l f  O i l  Co. M a t t ie  =A
50 P icc  O i l  Co. V a s s le r  l-Tv.'in
61 Sherrod 0 e ta l R ichard  1-3
50 Sherrod i  e ta l R ichard  =2
53 Sherrod 1 e ta l R ichard  =3
5A Sher-oa i  e ta l R ichard  =1-B
55 Sherrod 0 e ta l R ichard h i j

56 S i n c l a i r  O i l  Co. R ica -o  =2
57 S i n c l a i r  O i l  Co. Reagan =a
58 S i n c l a i r  O i l  Co. Raaaan =5
59 S i n c l a i r  O i l  Co. R ice -A -3
70 J . r . Smi t!i Cona-tser-o- 'i.
71 J .F .  Smith C o ra ts a r -S -2
17 ' S i n c l a i r  O i l  Co. E. Haraon a i

33' C e n tra l  Com. Co. Mi.xon =1
A3' Reda Pump Co. Ycurcn lood  =1
33 ' P h i l l i p s  Pet. H. Rhodd =A

P h i l  l i e s  Pet. L ia h t  =2

r e s u ! t

Oi 1 Sec 16-- -AE SW t  W SE
O il Sec 16-7 -AE M'W ME SW
O il Sec 16-7 -A t SE ME S'W
O i l Sec 16-7 -AE MW MW
O il Sec 16-- ME ME SE
Oi 1 Sec 16-- MW SW 'i'W
O i l Sec 15-7 -AE 3 SW
Oil Sec -AE MW
Oi 1 Sec 'IE MW ‘ I'W
OSA W/2 M'l ' -iw M
OSA Sec 16-7 -AE ' 2 MW ME
O i l Sec -AE SW ME

O il Sec l-AE ME M'W ME SE

O il Sec 1 7 -- ' l-AE SE ME 'i'.i
Oi 1 Sec 17-7 S'W MW SE
O ' l Sec -AE ME MW
O il Sec 17-- -AE = 3 ME S'W
O i l Sec -AE SE
O i l Sec -AE ^ L. < Ü

O i l Sec -AE SW SE
0 - ’ Sec -AE SE SW

17-7 -AE 3'W S'., SE
Oi ' Sec -AE SE ME
Oi I 

Oi I 

0 1 ! 
OSA 
01 i 
3  SA 
OSA 
OSA

ec 17-7Sê
Sec
Sec
Sec
Sec
Sec
Sec
Sec
Sec
Sec

SW SE NE 
NW SE NE

17-7N-:E ME SW ME 
13-7 
13-7 
4-T7 
? - T '
15-T
16-T 
12-T

-aP SW SW SW 
- i £  MW SE SW 
-R4E ,MW SW'-i 
-OüE SW SW SW 
M-RiE SE SE :1W 
M-3WE SE MW MW 
M-R^E M'W SW SE
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2. A u to m a t i c  c o r r e l a t i o n  o f  f o u r  r e s i s t i v i t y  l o g s :  

T h i s  p r o c e d u r e  c o n s i s t s  o f  v i s u a l l y  e s t a b l i s h i n g  a l i t h o ­

s t r a t i g r a p h i c  u n i t  a t  e ac h  w e l l  s i t e ,  t h e n  c o r r e l a t i n g  t h e s e  

u n i t s  by t h e  s u b p ro g r a m  C0R4WELL. The r e s i s t i v i t y  l o g s  ( F i g ­

u re  37) a r e  d i g i t i z e d  a t  two f o o t  i n t e r v a l s .  The lo n g  lo g s  

( l o n g  s e g m e n t s  o r  windows)  a r e  p l o t t e d  a t  a v e r t i c a l  s c a l e  

e q u a l  t o  t h e  l e n g t h  o f  t h e  segm ent  d i v i d e d  by se v e n  (7  i n .  , 

t h e  l e n g t h  o f  t h e  v e r t i c a l  a x i s ) .  The u n i t s  o f  t h i s  a x i s

a r e  c o n s i d e r e d  as  a d e p t h  s c a l e  f o r  p l o t t i n g  t h e  s h o r t  lo g s  

( s h o r t  s e g m e n t s  o r  w in d o w s) .  S e v e r a l  s e g m e n t s  o f  v a r i o u s  

l e n g t h s  from l o g s  A and C a r e  c r o s s - c o r r e l a t e d  w i t h  l o g s  E 

and D ( r e f e r  t o  F i g u r e s  4 and 29)  and v i c e  v e r s a  u n t i l  t h e  

maximum v a l u e  o f  t h e  c o r r e l a t i o n  f u n c t i o n  i s  r e a c h e d .  How­

e v e r ,  t h i s  p r o c e d u r e . consumes a c o n s i d e r a b l e  amount o f  t im e  

in  c a s e  t h e r e  a r e  more t h a n  f o u r  l o g s  t o  c o r r e l a t e .

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

o f  t h e  t w o - d i m e n s i o n a l  c r o s s  s e c t i o n  t h a t  s y m b o l i z e s  t h e  

s u b s u r f a c e  s t r u c t u r e  i n  t h e  p r o s p e c t i n g  a r e a  ( F i g u r e  3 6 ) .

3. The f i n a l  p r o c e d u r e  in  t h e  BASEL a l g o r i t h m  i s  t o  

c o n v e r t  t h e  c r o s s  s e c t i o n  t h u s  o b t a i n e d  t o  a t h r e e - d i m e n s i o n a l  

c o n f i g u r a t i o n .

D i s c u s s i o n  o f  t h e  R e s u l t s

1. S t r u c t u r e  map. The p a r a l l e l i s m  e n c o u n t e r e d  in  

t h e  c o n t r a s t  b e tw e e n  t h e  s t r u c t u r e  map i n  F i g u r e  36 and  t h a t  

o f  F i g u r e  38 d e m o n s t r a t e s  t h e  a c c u r a c y  o f  t h e  s u b r o u t i n e  

SYMAP and t h e  p ro g ra m  CONTOUR.
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2. C r o s s - s e c t i o n .  The p ro g ram  i l l u s t r a t e d  e x c e l l e n t  

s u c c e s s  i n  c o r r e l a t i n g  t h e  f o u r  r e s i s t i v i t y  l o g s .  In  F i g u r e  

37, t h e  co m p u te r  c o r r e l a t i o n  ( c o n t i n u o u s  l i n e s )  m a tc h e s  th e  

g e o l o g i c a l  c o r r e l a t i o n  ( d a s h e d  l i n e s )  v e ry  w e l l .  A l s o ,  t h e  

s l o p e  o f  t h e  beds  c o r r e s p o n d s  t o  t h e  i n c l i n a t i o n  o f  t h e  c o r ­

r e l a t e d  s e g m e n ts  i n  F i g u r e  36. F i n a l l y ,  t h e  s u b s u r f a c e  s t r u c ­

t u r e  o f  t h e  i n v e s t i g a t i o n  s i t e  i n  F i g u r e s  39 and 40 i s  s i m i l a r  

t o  t h e  s t r u c t u r e  i l l u s t r a t e d  i n  F i g u r e  36-C and D.

3. The s i n k h o l e - s h a p e  f e a t u r e s  on t h e  t h r e e - d i m e n ­

s i o n a l  c o n f i g u r a t i o n  o f  F i g u r e  36-B (m arked  by *) may i n ­

d i c a t e  g r a b e n  s t r u c t u r e s  ( b l o c k s  t h a t  h ave  b e e n  down-thrown 

a l o n g  f a u l t s )  o r  t i g h t  s y n c l i n e s .

A n a l y s i s  o f  Gamma Logs from N o r th  D a k o ta

O b j e c t i v e s  o f  t h e  A n a l y s i s

The g o a l  o f  t h i s  i n v e s t i g a t i o n  i s  s i m i l a r  t o  t h a t  

d i s c u s s e d  i n  t h e  p r e v i o u s  s e c t i o n ,  t h a t  i s ,  t o  i n s p e c t  t h e  

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

c o n f i g u r a t i o n  o f  t h e s e  b e d s .

D e s c r i p t i o n  o f  t h e  S tu d y  Area

1. L o c a t i o n .  The s i t e  o f  i n v e s t i g a t i o n  i s  i n  t h e  

d r a i n a g e  b a s i n  o f  t h e  K n i f e  R i v e r ,  t h e  F a l k i r k  (Underwood) 

and c e n t e r  a r e a s  o f  McLean and O l i v e r  c o u n t i e s  ( F i g u r e  4 1 ) .

2.  G e o l o g i c  s e t t i n g .  The s e d i m e n t a r y  column in  

t h e  s t u d y  a r e a  c o n s i s t s  o f  1 1 , 0 0 0 - 1 4 , 0 0 0  f e e t  ( 3 , 3 0 0 - 4 , 2 0 0  m)



100

5 0

1/4 MILE

1/4 MILE

oiiiii.h ii-2 50, Gi’or>:; sc.-ction be tw een  wel.lr;
1 0  1 & L . J)ru5lied l i n e  ] e p i ' e p o n t n  t h e  [ i r o j e c l e d

Oj'T T-Ov.’e r  b o u n d a r y  o f  t h e  b e d .Occile o f  bed 
t h i c k n e s s

oOJ



100

;i /
1/4 MILE

1/4 MILE

WELL lh\
e c  l i o n  bctv/r on

i'opi'(;;3 cn Ls th o  f i i ' o j e e l e d  1 ov/er  
boiuirini'y o f  l lu  Led .o c a l e  o f  

b e d  t h i c k i i B s

O



1 0 1  •

, ,  ,  ,

1

w il l ia m s!
W.ll. l̂on . /-4.MOUN T

47'|

MoudloinS

d'LLIMl
n< jch

 ..............
■- ( j  M  C  H  r  »  Y  ! «  I '

Y, A\R à\ ij /■ ! 1 HINSON V
I L 1 1 M i n f i f - * y  h t ' t  *

c  A V A I. I E R

! r  '  '

' '“lRAMSEY

: V
1 P E*M B I f
i

A L S H *

1

V“ ®</ i r  f..., ' 4// '
W iK o u J jC ily  I* . — . . .  -T  "  • —

I M C i C ^  A N

I * ! ' 1

I II '
I  ̂CPÂMD F0nKs\

- I N t .  so ..; ; r , „ . ;V ' -
J I- -  ‘  ■ r ; - ' ^ f  I I

r'Zc%uYs'K " i "  Y- k  - r -
I

v9^ i RoCluii, •' V/ E L L S I [
- - - - . I . - — _  , — 3 .- - -

I I 1 \

,  , M 4 -  H 'C h lO 'd  I j  i

CENTRAL: LQWLAMD/-'- , 1
,s/eR 1 """" )  STEELE TRA.T

„ A  ! C o c f t ' i i o - V  1 n . i i u v . . o t

W O y i  NCE . . ^  J

i ' J  \  _ - ...
^ u  u  R L t  T o  ÎH - l< I D ( '  r. n  ' |  s  t  u  \ r  s  mIJ À n*, ' '  ' ' '  ^ ' ' '  ■

to.tcW I 
R V ' , - ' I I

I
J > *'V J IO N n

I IGUnUrliSA
' I M O R| 'l  O ;n 'r^'

î(  s
/ ' — •Üq r e a t  p ^ k j A iN s 'P ^ o v i N C E l i

L o  A ( I MEvr.Tifj.it M , \  r.).,o., „ I <

' , WOWM AN
' L v . _  -

I Mr , U  '  • ,

ADAMS
' t i ’

"s.r-.e I \

H A R P E S  I

( i h  '■

CASS

\\ - Mr— i| Y'  '
!i \  ■ '

*>, V  ...

> jC fV  .

f ■
50

 ̂ I__________

i

1 E" mo-u.re j ■ '
I \  I  •  M ,. .Ip  <■

I

M C  i r i t O S M

o

■I-------- <\"i
I T

d i c k e y '  I
t'J".’*''» -

. S A R G E N l  I

nicHLANO
I l«S’ ih p » lO

I !

1 0 > Mi l  t s  
. _  J

ICO KILOME?n£S

Fi;Eure  4 1 .  L o c a t i o n  o f  t h e  i n v e s t i g a t i o n  s i t e  i n  N o r t h  D a k o ta



106

o f  s e d i m e n t a r y  ro c k s  r a n g i n g  from Q u a t e r n a r y  t o  Cam br ian .

T h e re  a r e  e i g h t  m a jo r  c o a l  z o n e s  o f  v a r i a b l e  t h i c k n e s s  and 

number o f  c o a l  seam s.  Two z o n e s  a r e  c o n s i d e r e d  in  t h i s  a n a l y ­

s i s ,  Kinneman Creek  Bed and H age l  Bed,  b e c a u s e  o f  t h e i r  l a t ­

e r a l  c o n t i n u i t y  in  t h e  s tu d y  a r e a  and t h e i r  a p p e a r a n c e  on 

a l l  t h e  gamma l o g s  employed i n  t h i s  s t u d y .

A n a l y s i s  M ethodology

IA . A u to m a t i c  d ra w in g  o f  t h e  s t r u c t u r e  map on to p  

o f  t h e  Kinneman C reek  Bed; The c o n t r o l  p o i n t s  a r e  ded u ced  

from 41 w e l l s  ( T a b l e  2) d r i l l e d  i n  t h e  s i t e  o f  i n v e s t i g a t i o n  

by t h e  N o r th  D ak o ta  G e o l o g i c a l  Su rv ey  (G roenew old  and H e m ish , 

1 9 7 9 ) .  The s t r u c t u r e  map drawn on t o p  o f  t h e  Kinneman Creek  

c o a l  b e d  i s  shown i n  F i g u r e  42 .

IB. A u to m a t ic  d ra w in g  o f  t h e  s t r u c t u r e  map on to p  

o f  t h e  H ag e l  c o a l  b ed :  The same l o g s  a r e  u s e d  in  t h i s  map.

The o u t p u t  i s  i l l u s t r a t e d  i n  F i g u r e  43.

2. A u to m a t i c  c o r r e l a t i o n  o f  f o u r  gamma l o g s :  The 

l i t h o s t r a t i g r a p h i c  u n i t s  o f  e a c h  w e l l  a r e  d e t e r m i n e d  v i s u a l l y  

( F i g u r e  4 4 ) .  The s u b p ro g ra m  C0R4WELL c o r r e l a t e s  t h e s e  l o g s  

and g e n e r a t e s  t h e  c r o s s  s e c t i o n s  o f  t h e  s t u d y  a r e a .  T h ese  

c r o s s  s e c t i o n s  a r e  shown i n  F i g u r e s  42 and 43 f o r  t h e  K in n e ­

man C re e k  beds  and t h e  H agel  b e d s ,  r e s p e c t i v e l y .

3. The c o n f i g u r a t i o n  o f  t h e  Kinneman Creek  b e d s  

and  t h e  H a g e l  b e d s  a r e  shown in  F i g u r e s  42 and 43,  r e s p e c ­

t i v e l y  .
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T a b le  2. L i s t  o f  t h e  gamma w e l l s  u s e d  i n  a n a l y z i n g  t h e
s t r u c t u r e  and  c o a l  d i s t r i b u t i o n  i n  t h e  K n i f e  R i v e r  
B a s i n ,  N o r t h  D a k o ta .

W el l  Name L o c a t i o n C ro s s  S e c t i o n

L-9
NDSWC-37 48
HB-39
R e a p - 13
HB-82
HB-83
Reap-12
M74-116
NDSWC-3755
M74-229
M74-226

T143N- 
T143N- 
T144N- 
T144N- 
T144N- 
T144N- 
T144N- 
T144N- 
T144N- 
T144N- 
T14 4N-

R86W 
R86W 
R87W 
R87W 
R8 7W 
R8 8W 
R8 8W 
R88W 
R8 8W 
R87V7 
R87W

B-B 
B-B 
B-B 
B-B 
B-B 
B-B 
B—B 
B-B 
B—B 
B-B 
B-B

L-12 
Reap-16 
Reap-9  
Reap-15 
M7 4-18 4 
147 4-89 
M7 4-88 
M74-106 
Reap- 8 
R e a p - 14 
HB-45 
HB-43 
HB-113 
NDSWC-36 52 
R e a p - 4

T146N-
T146N-
T145N-
T145N-
T145N-
T145N-
T145N-
T145N-
T144N-
T144N-
T144N-
T144N-
T144N-
T144N-
T143N-

R86W 
R86W 
R86W 
R86W 
R86W 
R8 7W 
R87W 
R8 7W 
R86W 
R87W 
R86W 
R86W 
R86W 
R87W 
■R85W

C-C 
C-C 
C-C 
C-C 
C-C 
C-C' 
C-C ' 
C-C 
C-C 
C-C 
C-C 
C-C 
C-C 
C-C 
C-C '

M7 4-184
L-13
M74-178
M74-179
B74-77
M74-109
M74-108
M74-45
B74-78
M7 4-77
M74-161

T146N- 
T146N- 
T146N- 
T146N- 
T146N- 
T145N- 
T145N- 
T145N- 
T145 - 
T145 - 
T145 -

R86W 
R8 7W 
R87W 
R8 8W 
R88W 
R88W 
R88W 
R88W 
R88W 
R88W 
R882

D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
D-D'
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W ell  Name L o c a t i o n C ro s s  S e c t i o n

L-12
G-169 58 
M7 4-20 
M7 4—2

T146N-R8 6W 
T146N-RS7W 
T146N-R8 7W 
T146N-R3 7W

K-K'
K-K'
K-K'
K-K'
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gamma l o g s (  H a g e l  c o a l  bed ) f rom 
K n i f e  R i v e r  B a s i n ,  N o r t h  D a k o t a .



112

G A M M A  L O G S  F R O M  N O R T H  O A K O T A  

M A X I M U M  C O R R E L A T I O N  I S  0 . G 5  

A T  A L A G  O F  1 0 6

U H E N  L O N G  L O G  I S  S T R E T C H E D  i , 5 0 I M E S

3
e o . j ; 5 0 . JO :o. JO

I I I I
0 .  JO 2 0 . JO 5 0 .UO 5 0 . JO ’.J O .J O

L.AG JrJR OJjPL.RCEMENli
15,0.00 1 5 0 .w'O 21 0 .0 0

F i g u r e  43.  Cont .



113

^  ICO

=  180

F i g u r e  4-4. 3-amma l o g s  
f rom K n i f e  R i v e r  B a s i n ,  5t-;
■Jorth Dakots. . Arrows 
i n d i c a t e  t he  b o u n d a r i e s  o f  t h e  windows 
u s e d  i n  t he  a u t o n a t i c  c o r r e l a t i o n .
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D i s c u s s i o n  o f  R e s u l t s

1 . S t r u c t u r e  map. Compar ing t h e  maps shown in  

F i g u r e s  42 and 43 w i t h  t h o s e  i n d i c a t e d  i n  F i g u r e s  45 and 46,  

one r e c o g n i z e s  t h e  s i m i l a r i t y  be t ween  t h e  o u t p u t s  o f  t h e  

a u t o m a t i c  d r a w i n g  and t h e  c o n v e n t i o n a l  method.

2.  C r o s s  s e c t i o n .  The c r o s s  s e c t i o n s  e s t a b l i s h e d  

by t h e  BASEL p r o g r a m  ( F i g u r e s  42 and 43)  c o r r e s p o n d  t o  t h e  

c r o s s  s e c t i o n s  p r o v i d e d  by t h e  c o n v e n t i o n a l  method ( F i g u r e s  

47 and 48)  whi ch  p r o v e  t h e  e f f i c i e n c y  o f  t h e  BASEL program 

i n  p r o v i d i n g  a r a p i d  and a c c u r a t e  method o f  c o r r e l a t i o n  and 

mapping  of  s u b s u r f a c e  s t r u c t u r e s .

3.  The c r o s s - c o r r e l a t i o n  p r o v i d e d  by t h e  s u b p r o ­

gram C0R4V/ELL i s  v e r y  much s i m i l a r  t o  t h a t  e s t a b l i s h e d  by 

t h e  c o n v e n t i o n a l  me thod.
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CHAPTER IX

APPLICATION OF THIS RESEARCH TO THE EXPLORATION 

OF OIL,  GAS, AND GEOTHERMAL ZONES

Q u a n t i t a t i v e  l i t h o s t r a t i g r a p h i c  c o r r e l a t i o n  i s  of  

economic  i m p o r t a n c e  as  a t e c h n i q u e  i n  t h e  s e a r c h  f o r  f o s s i l  

f u e l s .  O i l ,  g a s ,  c o a l ,  and g e o t h e r m a l  r e s e r v o i r s  o c c u r  i n  

c e r t a i n  z o n e s  r e p r e s e n t i n g  p a r t i c u l a r  d e p o s i t i o n a l  e n v i r o n ­

ment s  and  l i t h o l o g i e s .  The BASEL comput er  t e c h n i q u e  p r o v i d e s  

a t o o l  f o r  l o c a t i n g  t h e s e  c r i t i c a l  z o n e s .  The a l g o r i t h m  

t h u s  forms  t h e  c o r n e r s t o n e  f o r  many t h e o r e t i c a l  and a p p l i e d  

s t u d i e s  i n  e x p l o r a t i o n  o f  p e t r o l e u m  r e s e r v o i r s ,  l o c a t i n g  

c o a l  s eams ,  and d e d u c i n g  g e o t h e r m a l  z o n e s .

A p p l i c a t i o n  of  BASEL T e c h n i q u e  i n  P e t r o l e u m  E x p l o r a t i o n

Wel l  l o g g i n g  t e c h n i q u e  i s  c o n s i d e r e d  an i m p o r t a n t  

a s p e c t  o f  o i l  e x p l o r a t i o n  and d e ve lo pm en t  p r o g r a m s .  The 

i m p l e m e n t a t i o n  o f  t h e  BASEL t e c h n i q u e  i n  t h e s e  p r o g r a m s  con­

t r i b u t e s  a s y s t e m a t i c  and  s t a n d a r d  r e s e a r c h  t o o l  t h a t  s a v e s  

t r e m e n d o u s  amounts  o f  g e o l o g i s t s '  and e n g i n e e r s '  t i m e ,  i n  

o b t a i n i n g  a c c u r a t e  r e s u l t s  i d e n t i c a l  t o  t h o s e  d edu ce d  by 

c o n v e n t i o n a l  m e t h o d s .
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The i n t r o d u c t i o n  o f  t h e  t h r e e - d i m e n s i o n a l  d i s p l a y  

i l l u s t r a t e s  t h e  c o n f i g u r a t i o n  o f  t h e  c o r r e l a t e d  r e s e r v o i r  

b ed  o r  f o r m a t i o n ,  t h e r e b y  mar k i ng  p o s i t i o n s  o f  s y n c l i n e s ,  

a n t i c l i n e s ,  m o n o c l i n e s ,  e r o s i o n a l  s u r f a c e s ,  and o t h e r  s t r u c ­

t u r a l  f e a t u r e s  which  a r e  c o n s i d e r e d  i m p o r t a n t  i n  l o c a t i n g  a 

d r i l l i n g  s i t e .  S i m u l t a n e o u s  a u t o m a t i c  c o r r e l a t i o n  o f  f o u r  

l o g s  o f f e r s  a r a p i d  method f o r  d e l i n e a t i n g  t h e  b o u n d a r i e s  o f  

t h e  i n v e s t i g a t e d  f o r m a t i o n  u n d e r  c o n s i d e r a t i o n ,  w i t h  t h e  

b e d l i n e s  s ho wi ng  t h e  s t r u c t u r e  of  t h e  c o r r e l a t e d  f o r m a t i o n  

i n  two d i m e n s i o n s . T h i s  i n f o r m a t i o n  i s  p r o v i d e d  t o  g e o l o ­

g i s t s  w i t h i n  a s h o r t  t i m e  e i t h e r  by a c o m p u t e r  p l o t t e r  o u t ­

p u t  o r  on a c omp u te r  t e r m i n a l  s c r e e n .

A p p l i c a t i o n  of  BASEL T e c h n i q u e  i n  Coa l  and M i n e r a l  E x p l o r a t i o n

F o l l o w i n g  t h e  s u c c e s s  o f  a u t o m a t i c  l i t h o s t r a t i g r a p h i c  

c o r r e l a t i o n  t e c h n i q u e s  i n  p e t r o l e u m  e x p l o r a t i o n ,  s e v e r a l  

government  r e s e a r c h  c e n t e r s  as w e l l  as  c o a l  comp an ie s  i n t r o ­

duced t h e s e  t e c h n i q u e s  i n  e x p l o r a t i o n  p r o g r a m s .

The U n i t e d  S t a t e s  Bur eau  o f  Mines i s  i n v o l v e d  i n  a 

number o f  p r o j e c t s  t o  i l l u s t r a t e  t h e  c a p a b i l i t y  o f  co mp ut er  

g r a p h i c s  t e c h n i q u e s  f o r  e n g i n e e r i n g  and management  of  c o a l  

mines  ( S m i t h ,  1 9 7 6 ) .  The O f f i c e  o f  Coa l  R e s e a r c h ,  t o g e t h e r  

w i t h  t h e  U n i t e d  S t a t e s  Bu reau  o f  Mines ,  s u p p o r t s  r e s e a r c h  

t h a t  f u r n i s h e s  c om pu t e r  a l g o r i t h m s .  These  c o mp u t e r  p r og r ams  

a r e  made a c c e s s i b l e  t o  t h e  m i n i ng  i n d u s t r y  ( Manue l ,  e t  a l . ,  

1974,  O f f i c e  of  Coa l  R e s e a r c h ,  1 9 75 ) .
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The U n i t e d  S t a t e s  G e o l o g i c a l  S u r v ey  ha s  i m p l e m e n t e d  

compu te r  and i n t e r a c t i v e  c o m p u t e r  g r a p h i c s  s y s t e m s  i n  t h e  

s e a r c h  f o r  c o a l  r e s e r v e s .  The S u r v e y  e s t a b l i s h e d  t h e  com­

p u t e r - b a s e d  N a t i o n a l  Coa l  R e s o u r c e s  D a t a  S ys t em,  which  s u p ­

p l i e s  an e x t e n s i v e  d a t a  b a s e  f o r  c o a l  r e s o u r c e s  i n f o r m a t i o n  

i n  t h e  U n i t e d  S t a t e s  ( C a r g i l l  and o t h e r s ,  1976) ( F i g u r e  4 9 ) .

The c o n t r i b u t i o n  o f  t h e  BASEL t e c h n i q u e  t o  c o a l  

e x p l o r a t i o n  i s  c o n f i n e d  t o  t h e  a u t o m a t i c  c o r r e l a t i o n  o f  s e v ­

e r a l  t y p e s  o f  l o g s  s uc h  as  g aima a r a y ,  d e n s i t y ,  n e u t r o n  and 

o t h e r s  ( F i g u r e  5 0 ) .  The a p p l i c a t i o n  o f  t h i s  t e c h n i q u e  e x ­

t e n d s  t o  a r e a s  where  c o a l  i s  i n  t h e  s t r a t i g r a p h i e  column w i t h  

o i l  r e s e r v o i r s  e i t h e r  on l a n d  o r  o f f - s h o r e  ( F i g u r e  5 1 ) .  In 

t h e  c a s e  o f  c o m p l i c a t e d  c o a l  f o r m a t i o n s  ( l i m i t e d  l a t e r a l  

e x t e n t ,  a b r u p t  p i n c h o u t  o f  c o a l  b e d ) ,  c o r r e l a t e d  l o g s  s h o u l d  

be l o c a t e d  on a s h o r t  d i s t a n c e  i n  o r d e r  t o  l o c a t e  t h e  b o u n d ­

a r i e s  o f  t h e  seam ( F i g u r e  5 2 ) .

A n o t h e r  a p p l i c a t i o n  o f  t h e  BASEL t e c h n i q u e  i s  i t s  

a b i l i t y  t o  d e m o n s t r a t e  t h e  s t r u c t u r a l  c o n f i g u r a t i o n  o f  c o a l  

seams.  In  o r d e r  t o  d i s p l a y  t h e  d i s t r i b u t i o n  o f  t h e  c o a l  

seam o r  o r e  body i n  a mine ,  s e v e r a l  seams o r  z o n e s  a r e  c o r ­

r e l a t e d  t o  p r o d u c e  s e v e r a l  t h r e e - d i m e n s i o n a l  c o n f i g u r a t i o n s .  

These  i l l u s t r a t i o n s  a r e  s t a c k e d  v e r t i c a l l y  t o  d e m o n s t r a t e  a 

b l o c k  d i a g r a m  o f  a mine ( F i g u r e s  53 and 5 4 ) .
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F i g u r e
S m i th ,

49. Block d i a g r a m  of  
1976)

a c o a l  d a t a  b a s e (Af t e :
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G 90

:OAL

700

SANDSTONE

SILTSTONE

SHALE i
■710

I LS 
DENSITY CALIPERGAMMA

RAY NEUTRON

F i g u r e  50.  F o u r - log  p r e s e n t a t i o n  on 100-1 
s c a l e  s u i t a b l e  f o r  i d e n t i f y i n a  l i t h o l o g v ,  
c o a l  and  f o r  c o r r e l a t i o n  ( A r t e r  ^ e e v e s , 
1976) .
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 F  DRILL HOLE . _ I

COAL SEAM 7

OFF SHORE EXPLORATION

F i g u r e  51.  C r o s s - s e c t i o n  o f  Nor t h  Sea 
O f f s h o r e  Coa l  E x p l o r a t i o n  and t h e  use  
o f  t h e  w e l l  l o g s  s ys t ems  ( A f t e r  
S ve nd s en ,  19 75) .
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V e r t i c a l  s c a l e  1:1000 
H o r i z o n t a l  s c a l e  none (avg h o l e  d i s  r a n e e  = 1 k~ )

DATA
LEVEL

F i g u r e  52.  Example o f  l o g  c o r r e l a t i o n  i n  
c o m p l i c a t e d  c o a l  f o r m a t i o n s  ( lo g s  a r e  l i n e d  
up a c c o r d i n g  t o  t h e  d a t a  l e v e l  i n d i c a t e d )  
( A f t e r  Laver s  and E m i t s ,  19 75).



F i g u r e  53.  S c h e m a t i c  d i a g r a m  s howi ng  t h e  d i s t r i b u t i o n  o f  a 
l i g n i t e  d e p o s i t  mode l  w i t h  f o u r  s e a m s .  The c e n t r a l  
b o r e h o l e  r e p r e s e n t s  t h e  mine  s h a f t  ( M o d i f i e d  a f t e r  
N o i g t , 1 9 7 6 ) .
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Figure 54. Elock diagram showing the configuration 
of three coal beds. The central square represents
a mining shaft.
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D e l i n e a t i n g  G e o t h e r m a l  Zones

The i n t r o d u c t i o n  o f  w e l l  l o g g i n g  t e c h n i q u e s  t o  t h e  

e x p l o r a t i o n  o f  g e o t h e r m a l  z ones  i s  s t i l l  i n  i t s  e a r l y  age .  

E r s h a g h i  and o t h e r s  (1979)  c o n d u c t e d  a r e s e a r c h  i n  t h e  C e r r o  

P r i e t o  G e o t h e r m a l  F i e l d  i n  Mexico t o  s t u d y  t h e  f e a s i b i l i t y  

o f  u t i l i z i n g  w e l l  l o g g i n g  methods  o f  i n t e r p r e t a t i o n  t o  deduce  

g e o t h e r m a l  z o n e s .

In  t h e  BASEL method,  c o r r e l a t i o n  o f  s p o n t a n e o u s  

p o t e n t i a l  l o g s ,  S P , o r  deep i n d u c t i o n  l o g s ,  ILD, s e r v e s  as  

a t o o l  t o  l o c a t e  h y d r o t h e r m a l  z o n e s .



CHAPTER X 

DISCUSSION OF RESULTS

The a p p l i c a t i o n s  o f  t h e  BASEL c om pu t e r  model  i n t r o ­

duced i n  t h e  p r e v i o u s  c h a p t e r s  d e m o n s t r a t e  t h e  e f f i c i e n c y  

and e f f e c t i v e n e s s  of  t h i s  model  i n  p r o v i d i n g  a d e t a i l e d  and 

d e s c r i p t i v e  method f o r  t h e  c o r r e l a t i o n  o f  l i t h o s t r a t i g r a p h i c  

u n i t s  and  t h e  p r e d i c t i o n  o f  s u b s u r f a c e  s t r u c t u r e  i n  t h e  s t u d y  

a r e a .

The h i g h l i g h t s  o f  r e s u l t s  o b t a i n e d  f rom t h e  a p p l i ­

c a t i o n  o f  t h e  BASEL p r o g r a m  a r e  d e s c r i b e d  i n  t h i s  c h a p t e r .

A. C o r r e l a t i o n  o f  w e l l  l o g s :  A r e l i a b l e  c o r r e l a t i o n  

o f  f o u r  w e l l  l o g s  i s  a c c o m p l i s h e d  i f  t h e  f o u r  l o g s  s a t i s f y  

t h e  f o l l o w i n g  s p e c i f i c a t i o n s .

1. E v a l u a t i o n  o f  l o g s  f o r  n o n s t a t i o n a r y  (moving 

a v e r a g e )  s e r i e s :  I f  one  o r  more o f  t h e  c o r r e l a t e d  l o g s  a r e

n o n s t a t i o n a r y ,  t h e  maximum v a l u e  o f  t h e  c o r r e l a t i o n  f u n c t i o n  

, p (S , i )  i n  E q u a t i o n  (32)  may c o r r e s p o n d  t o  v a l u e s  o f  t ( d i s ­

p l a c e m e n t )  and 8 ( s t r e t c h )  wh i ch  do n o t  c o r r e c t l y  c o r r e l a t e  

t h e  two s e r i e s  o f  each  p a i r  o f  l o g s .  T h e r e f o r e ,  t h e  non­

s t a t i o n a r y  s e r i e s  s h o u l d  be  f i l t e r e d  b e f o r e  c a l c u l a t i n g  t h e i r  

power  s p e c t r a .  F o r  e x a m p l e ,  i n  t h e  BASEL p r o g ra m  w i t h o u t  

t h e  s u b r o u t i n e  DERIVA i n  t h e  s u b p r o g r a m  C0R4WELL, an o p t i o n a l

129
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e l e c t i v e  t o  f i l t e r  t h e  o r i g i n a l  d a t a  in  t h e  c a s e  o f  n o n s t a ­

t i o n a r y  s e r i e s ,  t h e  c o r r e l a t i o n  would  n o t  be  c o r r e c t .

2.  I t  i s  e s s e n t i a l  i n  t h e  BASEL a l g o r i t h m  t o  h av e

t h e  same number o f  p o i n t s  i n  t h e  two s h o r t  l o g s .  The same 

a p p l i e s  f o r  t h e  l o n g  l o g s .  However ,  t h i s  p r ogram c o u l d  be  

m o d i f i e d  t o  u s e  u n e q u a l  numbers  o f  p o i n t s .  In t h i s  s t u d y ,  

s e v e r a l  numbers  o f  i n p u t  d a t a  p o i n t s  ( v a r i o u s  l e n g t h  o f  w i n ­

dows) were  i n v e s t i g a t e d .  The r e s u l t s  i n d i c a t e  t h a t  t h e  l e n g t h  

o f  t h e  s h o r t  l o g s  a r e  g e n e r a l l y  s u i t a b l e  i f  t h e y  h a ve  1 / 4  t o  

1 / 3  o f  t h e  number o f  d a t a  p o i n t s  o f  t h e  l on g  l o g s .

3. I f  t h e  number o f  p o i n t s  f o r  e i t h e r  t h e  s h o r t  

o r  l o n g  l o g s  i s  i n s u f f i c i e n t ,  t h e  s e r i e s  may b e  l e n g t h e n e d  

by a d d i n g  z e r o s  b e f o r e  c o mp u t i n g  t h e  power  s p e c t r a .  In t h i s  

i n v e s t i g a t i o n ,  z e r o  f r e q u e n c i e s  were  added  t o  l e n g t h e n  t h e  

gamma l o g s  ( F i g u r e  42,  l o g s  B, C, and D) and one o f  t h e  r e ­

s i s t i v i t y  l o g s  ( F i g u r e  3G, l o g  B ) .

4.  I t  i s  s t a t e d  i n  C h a p t e r s  IV and V t h a t  t h e  mag­

n i t u d e  o f  t h e  c o r r e l a t i o n  c o e f f i c i e n t  i s  b e t we en  -1 and +1.

The r e s u l t s  o b t a i n e d  f rom t h i s  r e s e a r c h  i n d i c a t e  t h a t :

a.  I f  f ( S , : )  i s  l e s s  t h a n  . 3 0 ,  t h e n  t h e  c o r r e l a ­

t i o n  p r o b a b l y  i s  n o t  a g e o l o g i c  c o r r e l a t i o n .

b .  I f  .j ( S , t ) i s  e q u a l  t o  o r  g r e a t e r  t h a n  . 7 0 ,  t h e n  

t h e  c o r r e l a t i o n  i s  p r o b a b l y  a g e o l o g i c  c o r r e ­

l a t i o n  ( t h e  d e t a i l e d  p i c t u r e s  a r e  no t  i n c l u d e d  

i n  t h e  t e x t  b e c a u s e  o f  s p a c e  l i m i t s ) .

5.  The manner  i n  wh ich  t h e  f o u r  l o gs  a r e  l o c a t e d

( F i g u r e s  4 and 29)  r e s u l t s  i n  a c c u r a t e  p l o t t i n g  o f  t h e  t i e -
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l i n e s ,  t h e  bed  l i n e s ,  t h e  s t r u c t u r e  map, and t h e  t h r e e - d i m e n ­

s i o n a l  c o n f i g u r a t i o n .

6 . The BASEL p r og ra m w i l l  no t  a c c e p t  l o g s  of  d i f ­

f e r e n t  t y p e s  (gamma, r e s i s t i v i t y ,  e t c . ) ,  s c a l e ,  o r  d i g i t i z i n g  

i n t e r v a l .

7. The BASEL p r o g ra m r e q u i r e s  t h a t  t h e  d e p t h  o f  

t h e  w e l l s  i n t r o d u c e d  i n t o  t h e  i n p u t  d a t a  b e  p o s i t i v e  v a l u e s  

i n  c a s e  t h e  s t r u c t u r e  s t u d i e d  i s  b e l o w  s e a  l e v e l  ( F i g u r e  3 6 ) ,  

w h i l e  t h e  d e p t h  v a l u e s  a r e  n e g a t i v e  i f  t h e  s t r u c t u r e  i s  above  

s e a  l e v e l  ( t h e  c a s e  o f  c o a l  b e d s  i n  t h i s  s t u d y .  F i g u r e s  42 

and 4 3 ) .

B. Drawing o f  t h e  s t r u c t u r e  map; The d e p t h  o f  t h e  bed  

i s  r e a d  as  a p o s i t i v e  v a l u e  i f  t h e  f o r m a t i o n  i s  l o c a t e d  b e ­

low s e a  l e v e l ,  and i s  r e a d  as  a n e g a t i v e  v a l u e  i f  t h e  f o r m a ­

t i o n  i s  l o c a t e d  above  s e a  l e v e l .  P a r t i c u l a r  a t t e n t i o n  s h o u l d  

be  e x e r c i s e d  in  a r r a n g i n g  t h e  i n p u t  d a t a  f o r  d r a w i n g  t h e  

c o n t o u r  map t o  a v o i d  any d i s l o c a t i o n  of  t h e  w e l l s  o r  r o t a ­

t i o n  o f  t h e  map.



CHAPTER XI 

CONCLUSIONS AND RECOMMENDATIONS 

The f o l l o w i n g  may be c o n c l u d e d  f rom t h e  s t u d y ;

1. L i t h o s t r a t i g r a p h i c  c o r r e l a t i o n  o f  d i g i t i z e d  w e l l  

l o g s  p r o v i d e s  i n s i g h t  i n t o  t h o s e  p r o b l e m s  whi ch  v i s u a l  c o r ­

r e l a t i o n  h as  f a i l e d  t o  r e s o l v e .  The c o m p u t e r  model  BASEL, 

d e v e l o p e d  i n  t h i s  i n v e s t i g a t i o n ,  d e m o n s t r a t e d  e f f i c i e n t l y

i t s  compe t ency  t o  a u t o m a t i c a l l y  c o r r e l a t e  f o u r  w e l l  l o g s  f rom 

f o u r  w e l l  s i t e s ,  p r e d i c t  t h e  s u b s u r f a c e  s t r u c t u r e  by e s t a b ­

l i s h i n g  c r o s s  s e c t i o n s  and  a t h r e e - d i m e n s i o n a l  d i s p l a y .

2.  The s t u d y  i l l u s t r a t e s  t h e  s i m i l a r i t y  b e t w e e n  t h e  

BASEL o u t p u t  s t r u c t u r e  map and t h e  map p r o d u c e d  by c o n v e n ­

t i o n a l  m e t h o d s .  The i n t r o d u c t i o n  o f  t h e  BASEL a l g o r i t h m  

shows an a u t o m a t i c  me t hod  o f  p r o d u c i n g  maps whi ch  e l i m i n a t e s  

p e r c e p t i v e  d i f f e r e n c e s  r e s u l t i n g  f rom p r o d u c i n g  s i m i l a r  o u t ­

p u t  u t i l i z e d  i n  c o n v e n t i o n a l  me t ho ds .

3. The s u b p r o g r a m  C0R4WELL s u c c e e d e d  i n  p r o v i d i n g  a u t o ­

m a t i c  c o r r e l a t i o n  o f  l i t h o s t r a t i g r a p h i c  u n i t s  s i m i l a r  t o  

v i s u a l  c o r r e l a t i o n .  I t  a l s o  c o r r e l a t e d  f o u r  w e l l  l o g s  s i ­

m u l t a n e o u s l y ,  t h u s  r e d u c i n g  t h e  amount  o f  c o m p u t e r  t i m e .
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4.  The BASEL model  h a s  t h e  a b i l i t y  o i  p r o d u c i n g  s t r u c ­

t u r e  maps and c r o s s  s e c t i o n s  by p e r f o r m i n g  a u t o m a t i c  c o r r e ­

l a t i o n  of  f o u r  w e l l s  a t  a t i m e ,  s t o r i n g  t h e  o u t p u t ,  moving t o  

a n o t h e r  a d j a c e n t  s e t  o f  f o u r  w e l l s  and s o  on u n t i l  t h e  t o t a l  

a r e a  u n d e r  c o n s i d e r a t i o n  i s  c o v e r e d .

5.  The t w o - d i m e n s i o n a l  c r o s s  s e c t i o n  e s t a b l i s h e d  i n  t h i s  

s t u d y  i l l u s t r a t e d  t h e  s u b s u r f a c e  s t r u c t u r e  o f  t h e  i n v e s t i g a t e d  

f i e l d .  The o u t p u t  o f  t h e  BASEL p ro g r am was s i m i l a r  t o  t h e  

o u t p u t  o b t a i n e d  f rom c o n v e n t i o n a l  me th ods .

6 . The t h r e e - d i m e n s i o n a l  i l l u s t r a t i o n  d e m o n s t r a t e d  t h e  

c o n f i g u r a t i o n  and t h e  l a t e r a l  c o n t i n u i t y  o f  t h e  o i l  r e s e r v o i r  

i n  t h e  S t .  L o u i s  o i l  f i e l d ,  Oklahoma,  and  t h e  c o a l  b e d s  in 

t h e  d r a i n a g e  b a s i n  of  t h e  K n i f e  R i v e r  as  w e l l  as  t h e  F a l k i r k  

and c e n t r a l  a r e a s  o f  McLean and O l i v e r  C o u n t i e s ,  N o r t h  Da­

k o t a .  The o u t p u t s  o f  t h e  BASEL p ro g r am  b a s e d  on d a t a  p r o ­

v i d e d  f rom t h e s e  two l o c a t i o n s  were  i d e n t i c a l  t o  t h e  o u t p u t  

p r o d u c e d  by t h e  c o n v e n t i o n a l  method.

7.  The m a t h e m a t i c a l  c o r r e l a t i o n  gave  an a v e r a g e  measure  

o f  s i m i l a r i t y  b e t w e e n  f e a t u r e s  o f  e n t i r e  s e c t i o n s  t o  be  com­

p a r e d .  T h e r e f o r e ,  t h e  c o m p u t e r - e s t a b l i s h e d  c r o s s - c o r r e l a t i o n  

may n o t  a l w a y s  a g r e e  f u l l y  w i t h  t h e  g e o l o g i c a l l y  s e l e c t e d  

s e c t i o n s  wh ic h  i s  made on t h e  b a s i s  o f  an i n d i v i d u a l  f e a t u r e .
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Recommendat ions

The f o l l o w i n g  a r e  recommended f o r  f u r t h e r  r e s e a r c h

t o  i mprove  t h e  q u a l i t y  o f  t h e  c om pu te r  model  BASEL.

1. In t h i s  r e s e a r c h ,  n o r ma l  d i s t r i b u t i o n  was i mp l eme n t ed  

t o  mea s ur e  t h e  c r o s s - c o r r e l a t i o n  c o e f f i c i e n t .  However ,  an ­

o t h e r  t y p e  o f  d i s t r i b u t i o n  s u c h  as  S and y may be  t e s t e d  t o  

i mprove  t h e  q u a l i t y  of  c o r r e l a t i o n .

2.  I t  i s  a d v i s e d  t o  a c c o u n t  f o r  t h e  v a r i a t i o n  i n  p e t r o -

p h y s i c a l  c h a r a c t e r i s t i c s  of  t h e  o i l  f i e l d .  Such p e t r o p h y s -  

i c a l  p r o p e r t i e s  ( p o r o s i t y ,  o i l  s a t u r a t i o n  and o t h e r s )  s h o u l d  

be i n t r o d u c e d  i n t o  t h e  p r o g r a m  BASEL.

3. I t  i s  recommended t h a t  an a u t o m a t i c  z o n a t i o n  t e c h ­

n i q u e  be i m p l e m e n t e d  t o  e s t a b l i s h  t h e  l i t h o s t r a t i g r a p h i c  

u n i t s  of  e a c h  l o g .  Then t h e s e  u n i t s  a r e  c r o s s - c o r r e l a t e d  

u s i n g  t h e  s u b p r o g r a m  C0R4WELL.

4.  A s q u a r e  window was u s e d  i n  t h i s  r e s e a r c h .  Y e t ,  

t h e r e  a r e  s e v e r a l  t y p e s  o f  windows t h a t  may be  t e s t e d  t o  

i mprove  t h e  s e g m e n t a t i o n  p r o c e d u r e  which might  u l t i m a t e l y  

i mprove  t h e  q u a l i t y  of  c o r r e l a t i o n .

5.  I t  i s  recommended t h a t  t h e  l e n g t h  o f  t h e  s h o r t  l o g s  

be  1 / 4  t o  1 / 3  o f  t h e  number  o f  d a t a  p o i n t s  o f  t h e  l o n g  l o g s .
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APPENDIX I  

L i s t  o f  BASEL P rogram

P r o g ra m  BASEL c o n s i s t s  o f  t h r e e  p r o g r a m s  ( s e e  Appendix  

2) , DATASWC, V7ELLRC and DRIVER; two c o mp u t e r  p a c k a g e s  SYMAP 

and  SYMVU; a nd  two s u b p r o g r a m s  CONTOUR and C0R4WELL. Th e se  

p r o g r a m s  and s u b p r o g r a m s  u s e  2 4 s u b r o u t i n e s .  The p r o g r a m s  and 

s u b p r o g r a m s  c o n s t r u c t e d  i n  t h e  p r o g r a m  BASEL a r e  o v e r l a p e d  

( l i n k e d )  t o g e t h e r  t o  r e d u c e  t h e  i n t e r f e r e n c e  o f  t h e  c o m p u t e r  

o p e r a t o r  i n  t h e  p l o t t i n g  p r o c e s s .  However ,  t h e  p r o g r a m  BASEL 

r e q u i r e s  t h e  r e a c t i v a t i o n  o f  t h e  p l o t t e r  t w i c e  d u r i n g  t h e  

p l o t t i n g s  o p e r a t i o n .
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COOGÊ CO 
0 C 0 G 5 7 13  
C C C C 5 ' ’ 2C 
OC0  0 5 ' ' 3 0  
OO OC 5 7 A O 
0300=750 
0 0 0 0 5 7 5 0  
CCOC=-'70 
0 0 3 0 5 7 3 0 
0 0 0 0 5 7 9 0  

= 0 I C G S c O O  
0 0 0 0 5 3  1 0 
0 O 0 C 5 6 2 O  
O O O C 5 B 3 0  
0 C 0 3 5 « A C  
0 0 J C 5 Ô 5 0  
3 0 0 0 5 3 6 0  
C C 0 0 5 S 7 0  
G 0 0 0 5 . 3 3 Û  
0 C C C 5 3 9 C  
0 0 0 0 5 9 3 0 
0 0 0 0 5 9 10  
0 0 0 0 5 9 2 0  
0 0 0 0 5 9 5 - 3  
0 0 0 0 5 9  AO 
0 0 3 0 5 9 5 0  
0 0 0 0 5 9 6 0  
0 3 0 0 5 9 7 0  
0 0 0 0 5 9 3 0  
■ 3 0 0 0 5 9 9 0  
O0 C C 6 O 3 O



168

I 00 
I  l ' J

120

I  l . : N G  =  . \ =  I

:f ( I C \ 5 6 - 2  ) I OC .<^5 . 1 0 0  
: IR>:G = NP0" ( 1-hnP = £V/2 )

S h ' J F F L Z  3 \  Th% F i C T C P S  C=  T' \ ' C I N  N.  
CAr .  5 £  OCNH BY S I M P L E  i N T Z P C H A ^ i C E ,

A 3  t h e  S h L r F L i N C

\C .VCFKING APOAY i:

125  
130  
I AC 
I i5

150

I F  

N J  

J  =

o c

I F  
I 1 
CC 
0 :  

J O

A 

3 A

J =
•

( N T  

2HF 
1

15 
{ J -  
•lA X 
1 2 
1 2  

- J r 
V C  =

V P  I 

^ A t  

T  i {  

T A  I 

T A i  
NP2 
( J -
J-M
M / 2  
( M -

I ) 5  OC . 5 C C • I I  : 
=NP2/2
C I 2 = I . N P 2 , n C  
1 2 ) 1 2 0 . 1 3 0 , 1 3  

=:2*NCN2-2 
5  : i = i 2 , r i Y A . <  

5 r j= : I , NT2T, 
1 3 - 1 2  

= O A T A t 1 3 )

=  D  A T * ,  ( : 3  4- 1 )

: 3 )  =  C A T A  c J 3 ) 

1 3  > 1  ) - D A T  A t  J 3  

J 3  ) = 7 E M P C  

J 3 f 1J=rEMo: 
h F

V ) 1 = 0 . 1 5 0 , 1 - 5

\ P 2

• I  )

LC. 1 A J

0 0 0 0 5 0  10 
Û C 0 C 5 C 2 O
0 0 0 0 6 0  30 
0 CO0 5 0  i  0 
O O O C 6 0 5 0  
0 0 0 0 6 0 6 0  
C CCC5Q TO 
0 C 0 C 6 0 3 0 
0 0 0 0 6 0 0  0 
C C C C 6 1 C O  
C 0 0 0 6 1  I 3 
0 0 0 0 5  I 2 0  
0 0 0 0 5 13  0 
O C 0 0 6 1 4 0  
0 0 0 C 6 I 5 0 
0 0 0 0 6 1 : 0
0 0 0 0 6 1  -*3 
0 3 0 0 6 15 0 
0 0  0 0 5 I ? 0 
0 0 0 0 6 2 0 0  
0 0 0 0 6 2 1 0  
0 C 0 0 5 2 2 0 
0 0 0 0 6 2 3 0 
0 0 0 0 6 2 4 0  
0 0 0 0 6 2 = 0  
0 0 C C 6 2 5 C  
0 3006270
0 0 0 0 6 2  2 0

3 1 3
3 2 0

3 3 0
G u

O Z  

0  3

3A0 
3 5 0  
3 6 0  
3  70

3 9 0

3 S 0
A O O

M A I N  L C C ^  = : =  F  A C T E  P  5  O F  T  . s' C .  P = F r  C F  M F  : J A  I E -  T A a n S F C A M S  ' 

L E N G T H  F  :  -J F  ,  > I T H  C N F  C F  L E N G T H  T , \ C  I F  N E E 0 E 3 .  T ' - %  "!"w I  O O L i  

J  = c  X P  ( I  s :  G N *  2 *  P t  »  S O F T  ( - I  ) n - M / ( X ) )  .  C . - E 2 . <  P C P  -v =  I  S  I  ;

A N D  = E ^ E A T  F C -  v * =  I S  I G M * 5 0 P  ^  1 ) « C O N J U G A T E  ( Ai ) ,

N C N 2 T = M C M 2 v N C N 2  

I p i p  =  N T  r t C / N P l  

I F  (  :  => A P  -  2  ) 3  5  0  ,  3 3  C .  J  2  3  

:  o  I ^ A P / à  

3 1 0

3 h 0  I 1 = 1  ,  I  I P N G , 2  

3 A 0  J 3 =  I  I  , N C N 2  î N P 1 

J A O  N I = J 3 .  N T C T  , n C . N 2 T  

< 2 = X  1 * - N G N 2  

7 - v p p ^ o  A T A  ( K 2 )

T  =  i = : j  A T A  ( K 3  I  )

C A t a  ( . < 2  ) =  3 A T  A ( K  1 > - T E  Y P P  

T A T A t  < 2 f  I ) = 3 A T  A  ( < 1 + 1  ) - - ^ = M p T  

0 A T A ( < 1  ) = 0 A T A ( < i ) + T E - 4 P P  

O A T  i ( < 1  + 1  ) = O A T * I K l 4 1  ) + T E M P I  

V M A X = m C N 2

I F { MMAX-NP2 HF Î 3 7 0 , 6 0 0 , 6 0  0 
L M A X=MA X 3  < NCN2 T ,vvAX / 2  Ï 
IF C MMAX-rJCN2 ) ACS , 4 0 5  , 3 9 0
t h = T A - = -  T * C P  I  « F L C  A T (  N C N ' 2  ) / F L C A T  I L - *  v m a X )

I F  (  I S I G N J - t C O . C S O . C y O  

THETA=-THETA 
■a P ^ C C S C  T H - T A  )

A I =  S I N ( T H E T A )

X 5 T ? P = - 2  . = w i * H  I 

S  T P I  =  2  .  *• ••< c  *• V I

:F D C C C 6 3 0 O
: fac^cfoocc6j:c 
0 = T ( -  1 ) 0 0 0 0 6 3 2 0  

0 0 0 0 6 3 3 0  
0 0 3 0 6 3 + 0  
O C 0 C 6 3 5 O  
0 0 0 0 6 3 6  3 
0 0 0 0 6 3 7 3  
0 0 0 0 6 3 6  0 
0 0 3 0 6 3̂ 3 
0 0 0 0 6 A CO 
0 3 3 C 6 A 1 0 
3 0 0 0 6 4 2 0  
0 0 0 0 6 ^ - 3  C 
0 0 0  06  A- tO 
0 0 0 0 6 4 5 3  
0 0 3 3 6 4 5  0  

3 0 0 3 6 4 7 3 
C 0 0 0 6 4 3 0 
0 3 0  0 6 4  GO 
0 0 0 3 6 5 0  0 
0 0 0 0 6 5  I 0 
0 0 C C 6 E 2 0  
0 0 0 0 6 : 3 0  
0 3 0 3 5 5 4 0  
0 0 0 0 6 5 5 0  
0 0 0 0 6 5 6 0  
0 0 0 0 6 5 7  0 
0 0 0 0 6 5  20  
0 0 0 C 6 5 P 0  
0  3 C 0 6 6  C O



C G c ^ O D t  C 
C : Z Ü C C C 
c & I z  0 0 0 0
ÜZ lL.CC 00 
0  r  î  i  D 0  0  0  

c  = T i  G c  0 0
C f  1 i O O O O  
0:120000 
Ce  1 2 0  0 0  0 
0 1 1 2 0 G 0 c 
c c I 2  c c 0 0 
OCC2 COOO
0 c 0  2  0  0 c
C20L. OCO 0 
C 9 Û 2 C C C 0  
C‘5Ûi . OOCO 
O r C 2 C O O C
c r o ^ o c G c
C£C i -OCOO 
010 2 DCC c 
00020000 
0 6 6 9 0 C 0 C  
D B 6 5 0  0 0  0 
C 2 C 9 0 0 0 0  
0969GCC0 
0 = 6 9 0 0 0 0  
0 ^ 6 9 0 0 0 0  
Ot ' oVOOGO 
Û Z 6 9 G C 0  0 
C 1 6 9 0 0 0 0  
0 0 6 9 0 0 0 0  
069900 OC 
0 5 S 9 0 G C 0  
0 2 9 9 0 COO 
0 9 5 9 0 0 0  0 
0 = 5 9 0 0 0 0  
C r c ç c c C  0 
CC5  9 GC G0  
G 5 5 9 G 0 0  0 
: I 5 9 0 C C O  
O C 5 9 0 0 C C  
0 6 2 9 0 0 0 0  
C o 2 9 0 C G  0 
0 2 2 9 0 0 0 0 
0 9 _ 9 0 C C O  
0 = 2 9 0 0 0 0  
0 “ 2 9 0 0 0 0  
0:290000 
0 7 : 2 9 0 0 0 0  
0 1 2 9 0  0 0  0 
0 0 2 9 0 0 0 0  
0 6 9 9 0 0 0 0  
C- 9 9 9 C G 0 0 
0 2  9 9 0 0 0 0  
0 9 9 9 0 C O 0  
0 5 9 9 0 0 0 0  
C t  9 9 0 C C  0 
0 5 9 9 0 0 0 0
c : ? 9 o c o c
G 1 , 5 0 0 0 0

o  =  2 S  >  = =  I 

t r  + c r - N i r . y ) w f = : i s i i  K>  
I T- n - i  r n =  ( T - f t x  ) v i v e  

jtr-dr'r = ( v>) vive 
i z r - i i n =  f 1 + r x  ) V2  v c  

i 5 n - d  1 r \ - {  c >  ) r i v G  
: v r .4 : e n = (  i j  v i v e  

dvr i  + d L r =  ( G>)  v i v e  
i z r .4 I i n = t  1+ T >J )v ivc  

r Z P  + 3 1 r  = ( T> ) V I v c  
6 V l - d C l = : v r  
J t l  - : v i = rT7r, 

0  1 5  0 1  : c  

c t u .  — d v i ^ l r r :
I  v i - i r i  ==- ^r ;  

0 0 5  • 0 0 5  * 0 6 t  ( I  E !  > d  !

I S i - (  14 î > ) V i v c = i  r r.
= : * - {  1 > )  v i v o = d : r -  

I f-2 -f 1 : 1 = 1  zr .  
d v i + d r i = 6 Z r  

: Z 1 4  ( 1 + 1 v ;  v i v c - = :  i r  
= 5 1 4  ( ; : - j ) v i v c = = i r  

( - 7 > ( ) v i v c * ] : w  + ( i + t v ) v i v o « d r ^  = : r i  
( 1 4 vi x)  V1 ' . C f  I rw. - . (  r > 1 V i T :  = d : v . =  ^ T i

(:)< ) v i v  C'« I *"4 ( i 4 : v ) v i v c ^ v “ = : n  
1 1 4 e >  ) V 2 VG*-1 », - (  e >  ï V i v c  n

( j > } t i v G r i z ' / 4 (  ï 4 z > ) T i v e « = c A ' - : 5 i  
( i 4 Z " > ' ) v i v G = : Z k ' - ( r ^ ) v i ' : ' e ^ d : w  = 6 Z i

0 1 5  0 2  : c  

( V > ) V 1 V c -  t c'^ ) V1 v C-= :
( 1 4 e > , ) V I  v c — ( 1 - T >  ) V 2 V : =  z r r

0 1 5  0 1  0 0  

( : v ) v i v G - ( v > ) v i v c = : t r  
( 1 4 f  ) V1:  0 -  r î 4 0 >  ) '; l v C  = c t r  

G 2 V  ‘ 5 2 V  * C2 V ( k o : E l ) d :
( 1 4 Z X ) v i v e - ( 1 4 1 > ) v i v e - 1 : r

i Z > )  V l v G - (  î > ) ': I V C =  d On  
( 1 4 V >  ) V I  VC4 < 1 4 0  ) V i v c =  ; o r  

( v > )  v i v C 4  ( e v  ) V i v c  = do . r  
M  4 z >■ î VI  V 04 ( 1 + 1 > ) r  1 V0 = : 1 r. 

( e > ) V i V C 4 ( 1 > ) V1 V c = = 1 r
0 9  V  '  0  O : '  * 0  5 ' V  (  } =  I

d î  c > i * * r > = v v
d : cv- r  ? v = : v
= : c>-* 1 '>=5v

d 3 l 3 > ‘ i O * \ * \ : n > = T > 0 5 5  CC

y ViM*. “ dV d 1 = ^ '.  C> 
e r = ‘,' i»\>

o v T  • 0 r v  • o r t  1 5 K : \ - x v K . , \  ) =i
K = d v c % 4 c r - f j i A ' y

i c \ ' 5 \ o \ ' i 1 = c r  c r =  : c  
5 ‘ O N d i 1 M  = 1 : 0 : 5  o c  

yv f  : ?W4 : v # =:''•= i
: ç: 1 5«  -  = v ,  t j zv = - r </

% V a = v ' z=: 5w 
I V. » 1 M -  ÿ ** *- 6 = 6  5 

C l  r  ‘  G 5 4  • c r»* ( 5 N Û K - y  VKW ) =T

055

O I S

0 0 5

06 4

Cf c r

3N0\ • y vinO •

09?

05?
CV?
GCv

C 5 ?

C ï ?

5 0 V

591



o c e z c c o o
2 6 Z . / . C 0 C 0

o e ^ . ^ 0 0 0 0
O l L t O l O O  

O ^ l l D 00 0 
0 5̂ 0̂00 0 
O ' C l ^ O O O O  

0£ 1̂0000 
O Z L I O O C O  

0\L̂ 00D0 
O O i ^ a O Ü ü  
0 5  5  Z 0  C 0  Cl 

O c ^ L O O O O  

O ^ ^ ^ D C O O  

C 5 i Z O C Ü O  
D 9 9 ^ 0 0 C 0  
a t 9 ^ 0 0 0 0
o c ^ / o c o o
0 2 9 i l 0 0 0 0  
C 1 9 ^ 0  0 0  0 
o o ù z o o a o
0 5 9 ^ 0 0 0 0
0 c 9 i 0 0 C 0
C i î i C Ü C O
0 9 = 1 0 0 0 0
0 9 5 1 0 0 0 0
Ô t S ^ O O O C
o e s i c o c o
O 2 9 1 C C 0 0  
C I = i O C  0 0 
0 0 5 1 D O D C  
C b t i O C C O  
O S t i O C O O  
Q * . t l O C O O  
0 9 t l C C O O  
0 5 t l 0 C C 0  
0 1 1 1 0  0 0 0 
O C t i O O C O  
O Z t i O O O O  
0 1 t- ^  0 0 C 0 
O O t l D j C - 0  
C b C i O O C O  
C 9 L ' i C C 0 C  
G l C i D O O O
c ? e i o c o o
D = r i O D O C  
C V t l i .  0 0 C 0
o c r i o D o o
O c C l O C O O
C Î C 1 0 0 C U
z - o r u o z c o
O b Z ^ O O O O

C v Z ^ O C O C

C l Z l O O O O

D 9 C 1 C C U C
0 5 2 ^ 0 0 0 0
C t S l O O C O
o c e i o o o o
O Z Z l O O O C
0 : 2 1 0 0 0 0

N'9Ki

S t o  • ‘ 0 = 9  ( NC-: SÎ ) 6 I
( ( j: ) lovd : )itD"i=3/:dovi-=vi?Hi 

1 + 3 c i  S » I + I c  1 £ '■'■ .7 d 3  K 9? A = 1 
: c i s ^ / . f  l K - d c i £  f d w= cfV 

d v = y d r 51
u  + c r  ) n  VC+ :v.«^c-wHi  = t m c  r  j v i t o  

: * « (  w  C D  t  i vG -a^ ' . *  ( c r  ) t i v c =  ( r r  ) v i t G
I r r )  xx9C=t i c i * , : - : i  

Ï dr j *  X VKo r  * r  I - r r  c r ?  oc 
i d \ - Z d J 3 - * r i = y % A r r

2 d \ ' '  131N '  T : = r i  o r ?  j c  
? ‘ y 1-. 1 : • I r  = I I o r  9 o r  

c - D K d  1 3 ■» 1 r = x t  A ; ; 
1 c d !  • D N d i  r ‘ M r . 1  r : = i r  r r ?  o c

i c d i 4 . z r = . \ : h  1 r  
1 d i  9 v, = ] ft*, 

“ Ï +3C'lS V,= i.iV.
( V x 5 k 1 ) N  : £= I C I S " '  

d i M C w d x \ : S * : * ? - = d d A £ "  
( 'S/'T iSHi ).N : s=i-ii\ IS 

t  j . 5 H i - = r i r H i
0 2 ? * c r ? • 9 2  = ( \ c : s : ) d i  

(Zdf.-) I t  r i d / (  i - z r ) i v s “ d=f : d i " i - = ' ;  i s i - u  
Z o c i " T c = : ' K : K r r % r r  r e ?  r c

Ü T ? * j ' ^ ? * S l ?  ( 2  c : .  -  T d d :  ) d :  
Z r i d I  -* l = ! v l  a TT

2 /  ( Z e d :  4. = i s z r  ) - z z 6 i  r  
Cd J ) . £ t d : / 2 c ' \ = d A 5 Z r  
c / ( Ïc=:+rdK)=osair 

23 ? M  ! ? •  2 1 ?  ; r - d s v o :  > r i  
2 c N - 1 r  

(di )iDvd: /1 cdi=?cjii 
2 /  1 cN=-dM 1 r \

r =  = i
2 \ 3 \ = : c d %  

c-cx ‘ c o i  ‘ S O ^ ( r d\-- ) d :

•S-IcASaaAS Sx tor TNDO 
C-*. I >■ ■: A • ( d i  ) I D V d l  - G  n d O d S N v o x  d S i d O O J  t  % d : d y  = r

‘ ( 1 c d i  » 2 d M  /  ( r r - i  r  ) .  ( : - r r  )% (1  -  ) i  dos* I o*  z=\ '£ : s :  )dXd= "
ss^Dtd sncc:".i r-* /lodt % Cl IG:' SdSijrd : :  n  k u a

Or?
srp

or?

S: C 7 
02?

ST? 

2 1 ?

n?

C I? 

0 0 ?
0
G

c?r Cx -?c
X \ A A * y t A A = V «; A r*.

d V d l - r  = d V c :
; y + I d  £" «ddAdJ.-* 3 CX f  "» I A'.= 1 * 

+ : d S * ' »  I ^ ' - z c i s  1'.* cv = d" 
c". = acV. S i  

C I r  • ÇÇÇ. ÇÇ5 ( VIK“—A ) d i
bdKZi=:y 

: V = jv 
= ‘' =  = C* . S1 

C*=S C l  G£ 
y o i N d l - =  I t

I " - - d*" 
dy = doA Zl 

C'SSTss'otçff.firi )di 
I . -  X t  A A = y, 
srr,;i\£c 

or? »r r s ‘ o s t { r c N - d i C V ) di

0 1 :

99 = 
0 99

OSS

Ot =

CCS

OZ.T



171

6AS T H 5 T  \ = - 0 0 0  0 7 3  10
6 5 0 5 I N T k = S I M ( T H 5 7 A / 2 . Î 0 0 0 0 7 5 2 0

J S T = > P = - 2  . * S t N T h « S  I .n t h 0 0 0 0 7 3 3 0
> S T P 1 = 5 1 N ( T H 5 T A  1 0 0 0 0 7 5 9 0
K S T 5 P = 2 * N /  : . " AC r (  I r  ) 0 0 0 0 7 3 5 0
K P A N G = k. 3 T Z P *  ( I F  \ C T  ( I F ) / 2  ) O 0 O C 7 5 6 O
OC c 9 3  I 1= I . I L 2 N Ü . 2 0 : 0  0 ^ 9 : " ]
5C 6 9 3  I 3 = 1 1  . N T C T  , \ P 2 0 0 0 0 7 3 6 0
DC 6 9 0  K. *-<1 S = l  , . <PANG , < S T H P 0 0 0 0 7 3 9 0
J I M A % = I 3  + j  1 = N G - I F P I 0 0 0 0 7 9 0 0
DF. c 3 0  J I = I 3 , J I M A X , I F P 1 0 0 0 0 7 9 1 0
J 3 V A X  = J I t - I F P a - N P l 0 0 0 0 7 9 2 0
DJ 6 3 0  J J = J 1  , J 3 ' ^ A , < . N ? l O O O C ' ' 9 3 C
J J v . ; ; <  = J 3  1-1 F P l  -  Î F P 2 0 C C C 7 9 A 0
<= ( ^ Mi  \  f  ( J 3 - J I  + ( j  1 - 13 ) /  : f  A C T (  : F n  / n ^  i h f C 0 0 0 " P 5  0
I .= (K M I N -  I ) 6 5 5  f 65  = , 6 6 3 C 0 0 0 7 9 6 0

6 55 8 J ' ' ' P = o  . 0 0 0 0 7 9 7 0
SO '* 1 =0  • 0 0 0 0 7 9 6 0
DC 6 6 0  J 2 = J 3 .  J C ' - ' A x ,  : F 0 3 0 : 0 0 7 9 9 0
5J ' ^ F = 5 J M K f D A 7 A (  J 2 ) 0 0 0 0 3 0 0 0

£ 60 SO*M = S Om:  f  CA T A  ( J 2  *• 1 ) 0 0 0 C 3 C 1 0
. < C ? < I K l = 3 J V c : 0 0 0 0 3 0 2 0

I ) = SUM I 0 0 : 0 9 0 3 0
DC TC 6 3 0 Ü C 0 C 3 C A C

6 6 5 x :  C.N J = < i - 2 ’= ( N - <  *1 N-t-I  ) C C 0 C 3 0 5 C
JC= J 2 ‘-'A X 0 0 0 0 3 0 6 0
S U ’- * P = D A t a (  j 2  ) C C : c  60  70
5 J M I - D A  T A 1 J 2 f 1 ) 0 0 : 0 5 0 6  0
C L D 5 F = D . OOGC S O^ O
C L D 3 I = 0 . 0 0 0 0 3 1 : 0
J 2  = J 2 - C C 0 0 3 1 I 0

6 7 0 T 5 ’ * ° F  = SîJ' -*P c c o c a  1 2 0
T ^ v 3 r = s o M i 0 0 : 0 3 1 3 3
5 ; j v p = T ^ . D . v P « S J ' - ' P - 0 L D S F  ^ J A  T A  I J 2 ) 0 0 0 C S i  A 0
S J M I = T < , : / , A & S J V I - C L D S I * - D \ T A ( J 2 * 1 } C 000- 3  I =0
G L 0 3 P  = T5' - *PP 0 0 0 0 6 1 5 0
CLDC I = T Z M P  I G 0 0 C 6 1 ^ 0
J 2 = J 2 - I F P 2 0 C 0 C 8 I 6 0
I F  i  j 2 - J 5 ) /: 7 5 ,  6 75  , 6  7C G 0 C C 6 I  9 0

6 7 5 r CMP ' A= «  P - 3 U . v « - C L D S P - * - C A T A  C J 2  J C 0 C C 3 2 C 3
T5 ' ^P I  = W I » SVv% 0 0 0 0 S 2 I 0
.VCPK ( :<) = T " M  = P - T E M P  I 0 0 0 0 8 2 2 0
■a CPK ( K C C N J  ) = T 5 MP  = -t-TSMP I 0 0 C C 6 2 3 C
T-:  ' . i pc = aC e5  j m i  - c L D S  : * -OATA ( J 2 f  I } CO 0 0 9 2  AO
T I , 5 U ' /= 0 0 0 0  6 2  50
W C P M  <+ 1 ) = T5' . *PK- * -T5MP I C C C C 5 2 5 C

CP< ( K C C N J  f  I ) = T = v p P - T 5 . ' * o  [ 3 0 0  0 67 -'O
6 6 0 C'-j .NT I N U 5 0 3 0 0  9 2 6 0

I F ( K M I N -  I ) 6 5 3 , 6 3 5 , 6 3 6 C 3 0 0 6 2 9 0
6 8 5 *i = = w S T P P  + 1 . 0 0 0 0 9 3 0 0

v , : = V , S T P : O C 0 0 3 3 1 0
GC TQ 5 9 0 0 0 0 0 6 3 2 0

6 3 6 r r  y p p  =■.>=' C 0 0 C 9 3 3 0
■*,6=wR*. w S T P  P -  ^ I « a S T C  I +W = 0 0 0 0 9 3  AO
W I = T 5  MOD o v / STDt  4.'.', 1 avrfST^P-^-' rt I 0 0 0 0 9 3 5 0

6 9 0 T ' a CaP =  wP- ^4R 0 0 0 0 3 3 5  0
I F  t I C A 3 . 5 - 3  3 6 9 2  , c 9  1 , 6 9 2 Û C C 0 8 3  70

691 I F  C I = 3 i - N 3 2 ) 6 9 5 , 6 9 2 , c 9 2 G 0 0 0 3 3  90
6 9 2 K=  I 0 0 0 0 9 3 9 0

I 2 M A X = I  3 4 - N F 2 - N P  1 0 0 C 0 3 A 0 0



C C 0 6 D D S 0  

C66&0Ü0 0 
0P6B0CÛÜ 
O i ô B O O C O  

0 5 6 B 0 0 0 0  

0 Î 6 & 3 0 0 0  

CooeOOOO 
0 C 6 6 0 C 0 Û  

025=3000 
0 1 5 6 0 0 0  0  

0 0 5 6 0 3 0 0

0 5  6  6 0 0 0 0  

0 6 6 6 0 0 0 0  

O Z . 2 5 0 0 Ü O  

0 9 6 6  0 0 0  0  

0 6 6 6 0 0 0 0  

O - o b o O O O O  

0 6 6 6 0 0 0  0  

0 2 6 6 0 0 0  C 

0  I , 6 3 0 0 0  

0 0 6 6 0 0  0 0  

0 5 Z . 6 3 0 0 0  

0 6 ^ 6 0 0 0 0  

C ü B O O O O  

0=^60000 
0 6 / 6 3 0 0 0  

D r ^ g O O O  0 
O O i . 6 0 0 0 0  

02/6 0000 
0 1 / 6 0 0 0 0  

0 0 / 6 0 0 0 C 

0  5  6  6  0  0  0  0

0 6  9 6 0 0  0  0  

0 / 9 6 0 0 0 0  

C 9 9 B 0 C 3 0  

0 S 9 E 0 C 0 0  

0  6 6 6 0 0 0 0  

o r 9 6 0 0 0  3  

0 2 6 6 3 0 0 0  

0 1 9 6 0 0 0  0  

0 0 9 6 0 0 0 0  

0 5  6 6 3 0 0 0  

0 6 = 6 0 0 0 0  

0 / 6 6 0 0 0 0  

0 5=60030 
C 5 S 6 0 0 0 0  

0 6 6 6 0  0  0 0  

O t S E O O O D  

0 2  6 6 - 3 0  0  0  

0  1 6 6 0 0  C O  

c o s e o o  0 0 
0 5 V 6 0 0 0 0  

O E r E O C C O  

0 / ^ 6 0 0 0 0  

0  9 3 6 0 0 0 0  

C S 3 G O C O O  

OT360CCO 
0 2 3 6 0 0 0 0  

0 2 3 2 0 0 0 0  

013 6 0 0 0 0

2 - M  K r  =\ !  1 iv 2 
2  :  tv ; =;■. i  tv ]

25tv +r  = r
I d f t  = l  + i  6 I G - = (  l + r ) V l V G  

= cJtv = X - d A T S  = ( r  ) 3 X 3 C  
I o i \ 6 i + I d i a  = ( 1 * 1 ) 3 / 3 c  

s c r . B i + d r v r S = (  I ) V X 3 C  
5 6  I 0 » 5 * t  — I  tv 0  6 "  1 K- I  d A =X 
= 91 0»! ».+ 1 AOExa *.3MdAHX 

•2/((i+r)v/3C-(1*1) 3 i v c ) = i 9 : o  
•2/( i r ) ï i ï C - ( l  1 3 X 3 0  =  =9 10 

• 2 / ( ( i  + r ) 3 X 3 C * ( i  + i ) 3  X 3 C ) =  : ^ n s
'  2 /  ( (  r  ) 31 VC* { I ) 3 XV o  = =f.n3

2 d M • / 3 X V * \ I À ; = :  0 2 /  6 C 
\  ; f. r  = r  

6 2 /  C'X 3 0 
I - 9 3 3 H'-'t = 2  = % I r . r  

e = M  V.: 
I d i s »  = IV

’ 1 * /clEv= yv 
( 3 . 6 ‘-IX ) K  ! S = I c X S v, 

9X-V1 5 * 4  X M  3 »  '  2 - = * t c X 5 V  
( • 2 / 3 x 6 * X  >tv ! 5 = MXN' l  S 

t 1 6 4 1 - = 3 X 6 * X  

20/ • 20/ '20/ ( r;0'I 61 ) =I
( t ; ) X 3 ü 3 j , / i c : v i - = 3 i 5 d ^  

l \ = 9 3 3  4 \ '
6 5  3 3 1 • ( 1 0 / • C 0 5 * O D E ' C 0 5 Î 3 1  3 0

0 2/

. 6  ' t . ' d ' H  K * \ 3 1  5 t;6 f. 1 C 1 5  1 =*U N: tVd0 9  5 Nl
' 5 5 : = X6 tvv.A3 3 X3 0 2 '' 
ix  "IV 6 a V = /  3  -,d IV 3

0 1 9 *0 0 t

x c  * c c : ' \3 : z\'66 : c x3

01/

2 0 /
2 0 /

10/
0 0 /

‘ 3 0 /  ( 1 c ' . - l  o 9 : ) 9 l 
2 d 9 1 = t o 9 i 

1 * 9 : = 9 :  

6 n M  X- . 3 3  
2 c 9 : - r i . 3 i r = r r , 3  ir 

( i * > ) v = 3 v - = ( i  + r ' o i r ) v i v c
( > ) > 4 3 v = t r i / 3 i r ) 3 i v a  

9 5 9 * / 5 9 * / 5 9 1 2 0 - 1 0 ) = :  
( l + >; ) 9 fc3 ' '= I I* 10 ) 3 XVC 

I > ) > = 3 * = ( 1 0 )3 X3 C
2 1-10*13-/ 

2 c 9 l •>-3 r . l O * 2 0 = [ 0  1 6 9  ÜC
2 0 - d X 3 2 0 *X3 AZ0 * r o = O N 3 1 0  

2 d 9 1 - 2 3 a l 0 + ? 0  = >'vf. 10  
CX3 2  0 * X 3 K. 2 0  * 2 0  = 2 0  / 5 5  3 0

0 X5 2  0 - 2 d' .  * 2  0 3 % 3 / 2 0  
idN*ysv.20 *r: =20 /&= 3C 

1 d \ - 2 d 9 : * 0  :=> 3 / 2 0

• 6 2 3 X5  4  3  3 = X V  EHIaXSf. tvXS 6 X3 0 0  0 
1 6 "X u ;  tva3'=5 N3 aX 53  6 :  3 5 x 6 "'dlv3 3

6 5 9  3 X 3 0
2 * >  = y

( 1 * >  ) >  aO».= ( 1 *  21  ) 3 * 3 C 
( > ) > = 3'V = ( 21  ) 3 X3 3  

1 d \ ' *  X V f . 2 I  * 2 1  = 2  :  2 6 9  3  0

v a  *  

/ 5 9

6 5 9

259

ZLT



173

OCOCGO I C
/^p =; i  ? «'/t T P—w I ^ v i S T ^ I + y i P 0 C 0 0 9 0 2  0
w I -  T5  ' . I P"» -ï G T P I - ^ * ( ! « a 5 T P ^  + V(: 0 C CC 9 C 3 C

7 2 5 : f (  r - f i N - j 7 1 0 . 7 3 0 , 7 ^ 0 0 G 0 0 9 0 A O
7 3 0 I F  ( I G I G . N )  7 3 1  . •’ i O  , 7 i O 0 0 0 0 5 0  50
731 o u  7 3 3  r =  I « I ' i . N ^ C T  , N P 2 0 0 0 C 5 C 6  0
7 3 5 0 ^  TA [ I I ) = - :  AT A ( I *■ I ) 0 0 0 0 = 0 7  0
7 i O \ P 2 = \ P 2 ^ N P 2 o c o c p o a o

N T C T = N T f J T + N T C T OGOC5 O5  0
J = . M C T t  1 0 C C C 5 1 c :
: VA X = N T 3 T / 2 * -  I 0 0 C C 51 10

7 » 3 :  -A I \ =  I M A X -  2 * M P A L F 0 0 0 0 = 1 2 3
I = l  N 0 3 0 3 = 1 3 3
GO TO -̂  = 5 0 0 0 0 9 ; AO

7 = 0 C A T A (  J ) =0AT, A£ I ) 0 0 0 0 5 1 5 3
O A ' A i  ) = —:  \ T  A ( :4-1 ) C C 0 3 5 1 5 0

7 5 5 1= : * 2 0 0 0 0 5 1 7  3
J = J - 2 3 0 0 0 5  1 SC
I F  Î I M A X  ) 7 3 0  , -"S 0 . 7= ] 0 0 0 0 5  1 5 0

75 0 c  ; T A (  J ) = OAT At  r-< Î N  ) - O A T  M  : ‘.1 IN+- I ) CO 0 0 5 2  30
OA TA { J  4-1 1 = 0  . 0 0 0 C 5 2  1 0
I r ( l - j i 7 7 j . 7 y 0 , 7 e c 0 3 0 0 5 2 2 0

7 5 5 D A T A I  J 1 =O.AT A l l ) C C 3 C 5 2 3 0
3A T A U  -̂ : ) = O A "  A ( I -Kl  J 0 3 3 0 9 2  A .3

7 7 0 : = C C 0 3 5 2 =3
J = J - 2 0 0 0 C 5 2  5 0
;.= 1 I -  IM r ;  ) T-’ G , T- ' S . 7 6  = 0 0 0 3 5 2 7 3
3 A T A ( J  ) = 0  A r  A ( I -.11 :; ) *  0  A T A { I H I M M  ) 0 C C C 5 2 2 3
O A T : ( j * - l ) = . 0 . 0 3 0 3 5 2 5 0
I M.Ax= : ‘-t : N 0 O C O 5 3 3 O
CC TO 7 i 3 0 0 0 3 5 2 10

7 3 0 O A T A I  I 1 = c  A T A l  I ) + - C A T A ( 2 ) 0 0 0 0 5 2 2 0
o a t  A ( 2 ) = 0  . 0 0 0 0 5 2 2 0
G :  TO 5  00 0 3 0 0 = 2  A 3

3 3 0 3 5 3 =  3
C - . M P L E ' =  A F £ A L  " p ANSFOF. M F C ?  ' H £  2MC : R  3 = 0  O l M £ M G [ ? . N 3Y 33  3 0 5 2 6 3

c C C J j G A T 3 S Y M V Z T = 1 £ S . C 3 3 3 5 3 7  0
c 3 3 3 0 5 2 6 0

3 00 I F  1 I I  P N G - N P l  ) =C= , ? j O . 5 0 0 C C 0 3 5 2 9 0
e o 3 3 7 3 = 0 I 3 = I . S T C T , \ P 2 0 0 0 0 9 A 00I 2V A X = I  3 + N P 2 - \ o 1 0 CGC5Ü.  1 C

0 0  3 6 0  I 2 = [ J , : OVA X , N P I C C3C5<- 2C
:  ̂ : : j= 1 2 *  1 1 p t ^g C 0 0 0 5 A 3 3
I '•*‘ x = I 2 - * - \ P l - 2 C 3 0 3 5 = A 3
J  v a x = 2 * ^  I 3 + MP L -  I N 0 0 3 0 9 ^ 3 0

( : a - l o i  B2 o , 3 2 0 , 3 1 0 3 0 0 0 9 = 6 . 3
S i  0 j m a x  =  JM.' ,  X^ - NF2 3 3 0 C 5 J. 7 3
3 ^ 0 I F ( 10 l v - 2  ) - 5 0  , c 5  C . 3 3 0 3 3 0 C 5 = 3 0
= 30 J =  J VA X + xp.g 3 3 0 3 5 = 5 0

0 0 £ a o  I = I ■• i i ' i , : MA X , 2 0 0 C 3 9 2 3 0
0  A T A 1 Î  ) = 0 A T A I J  ) 0 0 0 C 5 5 I  0
■OATAl  : 4-1 ) = - D A T A (  J  + I ) 0 3 0 0 5 = 2 0
j--= j - a 0 3 0 0 9 5 2 0

£ 5 0 J = J ;.i A X 0 0 0 0 5 5 = 0
0 0  £ 6 0  : = I V I N , I Y A X , \ P 0 0 0 0 0 9 = 5  0
O A T A l  I i  = C i  TA 1 J  J 3 0 0 0 9 5 6 - 3
O i T  A ( I +• 1 1 - - C A T A l  J + 1 ) 0 0 0 0 9 5 7 0

3 6 0 J =  J - N P O 0 0 0 0 5 5 3 0
C 0 0 0 0 9 = 5 0
C = \ 0  G= L GCP cr ;  = i C H  0 I M 5 \ S I 0 N . C C C C 9 6 C 0



174

C Û 0 C C 9 6 1 0

9 0 0 \ 3 0 = N P l 0 0 0 0 0 ^ 2 0
i = ^ ( P 2 0  0 3 0 9 5  3 0

9 1 0 N P - C V = ‘ J 3 0 0 0 9 = AO
9 2 0 0 0 0 0 9 5 5 0

0 0 0 0 9 6 6 0
C 3 0 0 0 9 6  7 0

0 0 0 0 9 6  a o
3 - 2 " C  J T  : X Z  I A X I S  e x , Y . Z L H N , 3 T ? T , 0 2 L ) 0 0 0 0 9 6 9 0

C C CGC9 7 CC
C 3 ’J Ü P C  J - î T C  3 L C "  : n T E G “ P  \ U ' / c 3 ;  3 3  A X I S . O O O C O - ' l  0

C 0 0 3 0 9 ^ 2 0
- L z N  =  A [ \ T  ( Z L 3 % f . 5  ) 3 3 0 0 9 7 3 0

C  A L L  =>LCT ( < , Y  , 3 ) 3 0 3 0 9 7 4 3
C A L L  P L C ”  ( X ,  Y - A L = " j . Z  î 0 0 0 0 9 7 5 3

L S N  = ALS; ' J C 3 0 0 9 7 5 0
Y Y = y 0  0  3  0  9  7  T  0

X X  =  ;< -  , C  = 0 0 0 0 9 7 5 0
X X  X =  X "  ,  1 CC 0 0 9 - ^ 9 0
V \ i _ = 5 T P r O G C C 9 5 0 0

:  l û  I  =  1 . L E S 0  0  0 0 9 a 1 0

C A L L  = ' _  : T  ( X . v y , 3 ) 0 3 0 0 9 8 2 0
C a l l  - l c ~  < x x x , y y , 2  1 0 Q C C 9 S 3 0
C - L L  N U M r S P  ( X X X - . 0 5  . Y Y - .  l  •  .  1 .  V A L , 9 0 .  . - l  î 0 0 0  0  9 5 4 0

V A L  =  V A L - 3 £ L 0 0 3 0 9 8 5 3
2 :  5  J  % 1 ,  A 0 C 3 0 9 8 6 0
y  Y =  y Y - ,  2 C 0 0 0 9 8 7 3
C  A L L  - L C T  ( X . Y Y . 2 ) 0 3 0 0 9 9 9 0
C A i _ L  P L  C  T  ( X X ,  Y Y  , 2 ) 0 0 3 C 9 9 9 0

5 c r s T  : w % 0 0  C 0 9 9 0 0
y v  =  YY -  . 2 C C C 0 9 9 10

:  0 C 3 \ T I \ U 1 C 0 3 C 9 Ç 2 0
C A L L  = L  C T  ( X . Y Y . C ) C 0 3 0 9 9 3 0
C A L L  P L 3 T  ( X X X , Y Y , 2 ) 0 3 C 0 9 9 A Q
C A L L  N J  - 1 i S 2  P  (  X X X -  .  0 5  ,  Y Y -  •  l  ,  .  1 ,  V A L ,  9 0 ,  , - l  ) 0 0 0 0 9 9 5 0
YSYM =  i L S M / 2  - 4-1 . 2 0 0 0 0 9 9 6 3
C A L -  i Y . i B C L  ( X - 0  ,  J  , Y - Y S Y * - ' . 0  .  l  5  ,  ' 2 £ P T H  < F  3 "  “  ) * . 9 0  .  ,  1 2  ) 0 0 0 0 9 9 7 0
P % T ' J C \ 0 0 0 C 9 9 9 C

0 0 0 0 9 9 9 0
0 0 0 1 0 3 3 0

c 0 0 0  l 0 0  l  0
3-J:3PC 'JT  r ;  \ T P L J  (  X ,  C L  2  G  1 . C L  C  3 2  , Y I °  1 ,  Y  I P 2  . J  3  T :.p T , J L  A S  T  , N L  A 3 "  i O C C 1 0 0 2 0

I C u L " ^  1 0 0 0 1 0 0 3 0

c 0  C 0  1 0  0  4  0

c  I \ T P P ^ C u A T =  5 C V A L L Y  5 P i C 3 D  S A V P L £ 3  j S I n C  A L A Ü 9  A \ C : ' S 0 3 0  1 0 0 5 0

c  3 P 2  O c C P c S  = C L Y M C m : a l . 0 0 0 1 0 C 6 0

O C C 1 0 0 7 3

2  I  Y £ N 5  :  c r j  X (  l  5 0 0 )  ,  C L 2 G  1 ( 3 0 0  ) . C L C G L  C 0 0  0  )  ,  Y I °  t  (  =  0 0  î  .  Y I => 2  (  3  0  0  ) C  C  0  I  0  0  9  0

C C V P L 3 X  C L C G l , C L C C 2 , Y : P I , Y Î P 2 0 C 3  I 0 0 9 0

' j2 3 0 =  l 0  3  0 1 0  1 3  0

■3C î  J = J 5 T A = T ,  J L a 3 T 0  3 0 1 0 1 1 0

2 r x  : , =>=FLaA T ( n s e o - 1 ) » -  2 £ l t + - i  , o 0 3 0 1 3 1 2 3

: F  f X ( J  ) , L Z  , " X  : P  , A \ 0  . X  ( J 4 -  1 } . G Z  .  T X  1^3 ) G C  T C  3 0  0  0 1 0 1 3  0

0 0  T O  l C 3 0 1 0 1 4 0

3 A r  =  x ( J - i  } - x ( J  î 0  0  0  1 0 1 3  0

i 2 = X (  J - I  ) - X (  J T l  ) 3 0 0 1 0 : 6 3

A 3 = X (  J - l  Î - X (  J 4 - 2 ) 0 3 0 1 0 1 7 3
A 1 0 0 0  1 3  1 9 0

i o  =  X C J ) - X ( J +  t  ï 0 0 0 1 0 1 9 0

A e  =  x (  j ) - x (  J +-2 ) 0 0 0  l  0 2  0 0



G 0  r  0 :  0  0  0 Ï P l ^ l I K C C 1

o t L C  :  z o o ] = - N U - . :  t ( NI  k'. I ) X '  I T  f I ) X } z i l

û  e  z  c  1 L c  0 I = x t h I  ( c x v k \ : ) Y ' j . c t i ) x  ) d î

O Z z O  I C G C f . ‘ 1 =  1 1 r c

c  î  ^  0  1 c  c  0 \ : K .  r = x ? n r

c- = Z c  T c  0  0 I - N ; w r

0  r  Z 0  T G 0  0 N :  K I - XVI *.  1
û  c  ^  Cî I G û  c I = N  1 :

G ^ z O T  D O C c P C t  ) A • ( O O P )  X X C  :  S N 9 f ,  1 c

0 I z O I c c o 3

c  0  ^  c  î  0  D c • I C I d  dC- n v j ë  = H i  1 1  d  G 1  v i v e  0 3 -  r Z i n v i ' . ' d O N D

0 6  ï*C T DOC 3

c  & ?  C. ï C D C ( K ' X * A * X ) r. 6 3 X  I N ' î i r C d P n S

O Z - ' C  I C C C 3

0  V P C  1 CG C D

C 2  P C l C O Q
e t  P C I  COQ
c r p o î c c c d n \ ' %  1 X 3 3 1

c e  p n  0  0 0 i = c :

G T P c  l  c  0  0 ( I ) V = X 0  V Z

C( '  I G O C l u  1  3 3

['  6  s  C' I c  c  0 Z C l  3 3  (>:  ? / .  V  * 3  - ( : ) V ) r  I

û  £ 2  c  1 G 0  0 X '  i . =  ] I 3 3

C Z  9 C  l  C-OÜ Y^ =Ci

C P = G ï C D C [ i‘. ; V =  X V V

C 9 9 C  T OCC ( O D E  ) V X :  I G \ 9 r .  I C

O f 9 0 1  C C O

G C 2  G I 0  0  C • ( C l )  X 3 ’ l î S 3 c  5 1 1  c x v  ( X v r V )  À H A  I XVy.  C M d 3

0  c  9  C î 0  0  0 3

G 1 9  r  1 0  C C t x v v . r  • c  I • X • i\ • V ) XVA E X  1 i r c b c r  s

C G ^  C :  0 û  D 3

0 6 f c  î C C O 3

c  e f C  T ODO 3 X 5

O z  T C 1 CGC X a P i l d

C 9 T G J  r c o I - 3 5 3 X  = 1 3 V 3 X

0 9 t C T C GO 5  n i .  1 1 X 3  3 1

C T T C l  CC O Z  3  ^  3 3

0 C - 7 Ü T  CDD T - * 3 1 5 X = 3 5 5 X

G c T C I C C O M Z - * - r ) Z 3 3  3 3 » T c ? * ^ r 3 >  + { < ] f  r  ) J O G  3 ^ » r r a C 3  ) I

C Î T C I C G C + ( ( r  ) 3 C 3 - . 3 » ? d ^ c 3  > -►( Cl  -  r  ) 3 0 3 - 0 »  1 a *  1 3  > = t 3 5  S  X' 1 Z ri 1 A
C C T U ï 0 G 0 ^ ( ^ ■ ^ r ) ^ 3  3  3 3 s T d  = T O > - ^ t t ^  +  ^ ) l o c - o ^ ■ e c » c : M ^

0  6  e  C T C C 0 ■» ( ( r )  î 0 3 3  3 - 3 r » C 3  ) -^( ( 1 - m  0  3  “1 0 »  1 c »  1 3  ) =  ( 3 1  5  X)  l e  : A

C e  r c  î DOC C 5  * 3 “ -r î  C =  v c

O Z C G  î c c o f G  = 3 9 * 1 r  = r c
c  V e  c  î 0  c. c T O » E G = l P = r d

G è  C C I C C C v C » C c * Z 3 - =  I c
C T  c e  I  CG C ( c  + r  ) x - c  : >' 1 = T C

c  c  e  c  i c  C’ c 1 1  * r  î x - d : > : i = r r

GCCC-  l O O C c r  ) x - d î x i = c  =
c  ï C C I c c o 1 1 - r  ) x - c ; :  x i  =  i  5

c  c  e  0 1 0  0  0 ( c l  'î * l  l V - c  l  V ) / c  • i = -  3

C 6 C C 1 C O O t t ; T » Ç v » * : v  1 / D "  l =  3 3

0 1 c  G 1 c- c  c { 9 v * 9 v « * :  1 / ( ■ •  l = 3 3

o z c c t o c o ( r v  * 3 1  :) l V ) /  [  ' 1  =  1 3

C P C C Ï O O C t ' V - = 3  1 V
C è C O I C O O 9  V - =  1 l  V

O X c D T G G O C x - = û l v

o c Z C 1 c CC ( 3 + r  ) x - t  T - ^ r  ) x  =  6 v

O Z Z C l C D O 9 v - = e v
C l S C I c o o 3 V - = Z V

SZ. T



o c  t
3 5  c 
c = e
C i i r  
C9C 
0 = C

c r  c  
C c C  

0 1 c 
0 0  c
Ob Z
c a z
0 ^ ?

C 9 Z
C 5 Z
e t c
c r  z  
c z z
0 1 Z  

O C ' Z  

0 5  1 

Ù5 I 
Oz l
c ?  1 
0 ?  1 
o r  1 
c e  T
C 2  1 

G I  I  

C C  T 

0 5  c 
0 5  C 

0 2  0 
0 = 0 
C â C

c e o
0 £ C  
0  î  0  

CDO 
C c d  
C5 5 
C 2 c  
0  =  5

1 0 0 0  
1 0 0  0 
lOC-0 
1 C C 0 
1 0 0 0  
lOCO 
1 0 0  0 
10 c ■:■
î  0 0  0  

ICOO 
1 0 0  0 
1 0 V 0
1 0 0 G 
ÎCCO 
1 0 0 0  
1 c c 0 
1 0 0 0  
10 0 0 
l  oc 0 
100 0 
ICOO 
1000 
lOCO 
1 CC c 
1 C DO
I 0  c 0 
1 c c 0 
1 0 c c 
1 CC c
ICCO
1 0 C' 0 
ICCO
10 oc 
1 0 c 0
Î CCO
1 00 0 
I C C O  

100 0 
l OC O
n o c
I C C O

1 c c  0 

1 c c o  
1 D c c 

0 = 6 0 1 0 0 0  
C r D O 1 CCC 
c e 6 c  Î CCO 
0 2 6 0 10 0 0 
0  1 G 0  1 c- 0  c 
0 c 6  0 1 D 0 0 
0 6 9 010 0 0 
0 0 0 C' ! c  c 0 
029010c0 
0 9 9 0 10  0 0 
D 9 c c 1 c c 0 
U r S O l c c o  

O C P C 1 CCC 
0 2 9 0 1 OCC
c l e c i c c D

(0091)y *(ocr)-d:
( 6  i c y  

-  6 '  ( C C ?  )  C C C - 1 6

l + s  -  = 1 o  s  1
61  O N l ^  = D

‘  ( C 0 6  ) d O C X '  ( 0 2  ) = ' x  I I  ]  \ ' ù l  E N  =  f,  I  c  

c C C S  ) 2 0 ü “ i 6 ‘  ( O O P  ) î C ' u l c i  UO î S N = r .  Î C  
= 01 3 4 0  C * 1 T  = c

C M  I D Z N X C D  S  =  M “ 1 =  ]  i

' ECCl 2H2 dj 
:iA vlfC D31

S i d t r !  2 N E “l v  A i r e s  

ZHi iCld
( c s r s *  T S C ü *  2 J . DVd • 1 l O f d - ?  

' C w i c Z ü *  C H l c Z Z *  e w i d z c  * V W i c ' 3 C ' = : I 3 H 3  l i - ' î  ‘  X v y . C  O N S G l  ‘ C î  *
•2.N1 £* n-l’E” * ------ --------- -----------  --------- ------  ------- -----ror-u ‘roDid • iroiy > Shicid zni irodsr^

C K  =  

k d O l S z

{ ( : î : y * ( 11 bx> xirir c=( : i >' 
I  = d i  c /  ( H w c  x - (  I  w  > ) -  f : ) : y
d d d i  c / (  K X - (  I î d x  ) -  ( I ) j y

r.‘ i = i c Dc 
I M h X - l X V y .  x = l  99 I c 
dM i-.y-d vvi*. y =oDd : 1* 

( I \  1 r  I ) 1 X = I ] r  X
t : X /  ; 1 1 ■ y  = ] y 11-. X
( dU:  î ) =X = d M  y. X
( 6 X 9 , * . :  ) z Y = d X V  r . x

: hk: iNcc
: = 1NI w I 
3 - : X VA' :
- D N i r, . 
I -  r  y V k

t ( î M  a : ) I y  I  r* ( I ) I X ) di
( ( rxvAî ) I x-xc ' ( ! )i>')di 

t (1 ) y î D T r, ! V = c ! ) I X 
((6NIw:) dx*!"•(:  ) dv )d : 
( ( cxt A 1J dx* xc" ( 1 ) dv) .9 1 

( ( : )y)ivid=t: ) dx 
N * : = î  T L'.e 

I  r ; i  A I = i  XX k*. î 
I = IN : r : 

' dN 1 A I = d X t A  1 
l=diwy : 

X xsnoAû:
( O O P ) I  y • ( O G S ) d y  M  0 0 t ) X NC 7 S N = a l c

’ J.HC 3 ?*• = A CZlYlSzdC: C l  v i v e  P C  n  =7 i n ' ; , - .  d CK

(\‘‘ix*dx‘y) ivrd:'\ r \ :  irGrpr.-

e u s
f . d r *  = d

r d ; C / ( M k . 7 - (  r  ) A î  = i r  VA 
r »  1 - r  % o c  

= : e / (  M ( -  7 - (  I ) X ) - (  1 ) X 
N ‘ 1 = ] r  r  c 

M A Z - x v  A r  = d d : c  
( i Si I A  r  ) A • { M  A : y  ) i  u' : u :  =, \  i  A z 
( : X V A r  ) A • ( X V i' : ) X ) : x r  a' ï  = y  ^ a z

= n M i \ r - c
r r N i w r  ( ( U ' i A D i ' i n - ( r  ) A ) j i  
r = - v v i - . T  ( ( X6  A r  ) A * 1 0  • ( r  ) A )

» . * i = r  ?  o c

9 / . T



177

L L r l  =LL-*-  l c e c i i  l  0
Dü 5 I = l  . 0 0 0 1 A 2 3

5 C C . S T l N U c 0 0 0  1 - 3 0
-  = A D ( L i  ) ( = L Z O  t ( I ) , t = l  , L S P  n OGOl A *' 0
« HA0 ( 1 a ) ( ? L C  3 2 (  : ) . r = 1 . L L P  1 J 0 0 0  1 A 5 0
- E ( 1 - )  ( = L 3 G 3 ( I ) . I = ;  , L S P  U 0 0 0  1 ACO
- HAO(  1 A l  ( = ' , C 3 4 (  I ) . : = l  , L L P 1  ) 0 0 0 1 4 70

C *-LL NCP' "  ( P L  C 3 l  . PL  C 3 2  . U S  . L U  ) COOl - 3 0
C A L u  V ( P L C C 3 . P U C 3 L , U S . U L 1 0 0 0  l - 9 0

C 0 0 0 : 5 0 0
c L 3 C  . C C I  l 5 l  0
c OCC 1 5 2 0

0 3  10 1 = 1 . L U C CO l 3 3 0
1 :  X ( : ) = F U ~ A T  C I - :  »TSl NT- * -n=r3T- - i - 3 0 0 0  1 5 40

< ( L U A L  î = X ( U 0 0 01 5 30
XI  L U * 2 J =  : n T (  t X ( L L  ) -  .< î 1 ) ) /  7 . 0 *  . 5  1 C C O l 5 = 0
C A L »  S C A L - :  ( - L 0 ' 3 2 . 2 . 0 . L L .  n 0 0 0  1 5 T 0
C ALU - a : o ( X O ( 2 ) . 1 5 . 0 . * L C G  5 % 5 , 2 . 0 , 0 . ) , = L : 3 2 ( L L * U . a' l C G 2 ( L _ * 2  1 ) CGC l s a c
■: / . Lu : a .x : =  ( x c ( 2> . i 3 . o . 7 , o , x ( l l * i  ) . . < ( l l * 2 1  j 0 0 3  1 5 9 0
3 C 2  = X ( L L < - 2 ) 0 0 0 1 5 0 0
C A u u  TU I \ = :  r / c  ( 21  . i  s . o  . x , p u c c e  , l l  , i , - 9 c  - o i C O O l 6 l 0
X 2 3 = (  X ( î 0 ) -  X ( L  L  * l  ) 1 / X t L L  *  2 ) C OOl = 20
X 2 L =  I X ( l O î N C ) - X ( L L + 1  î ) / X ( L L * 2 1 CCO l 6 3 0

c 0 0 0  1 5 4 0
c L C 3 A . 0 c c L c 5 0
c o c o  l C = C

0 0  2 0  : = 1 . U 3 OCC 1 t t q
2  0 X { I  J = = L "  .*vT c I  -  1 ) -  s : n t * o z p t h a OC Ol = 5 0

S L E \ T M =  X , O ' ^ FL C AT ( l 2 - 1  1 / " U S A T  ( L L - 1  ) 0 0 0  1 = 9 0
AL 3 \ T  h  = : \ T (  S L 3 N T H  + C . 5 ) OC C l " 0 0
X ( L 3 *  l  ) =  X t l  1 OCC l 7 1 0
.<{ L 3  + 2 } = 5.C2 C C O l 7 2 0
Y : i  = ( : . ^ 3 T k - = - o = P T H A  1 / S C 2 OCOl 7 J 0
C A L -  i C  AUE ( P ' - C 3 l  . 2 . 0  . L 5 ,  1 î C C O l 7 4 0
C A L -  A X  : 5 (  X C  t 1 ) . l  -3 - * Y C  1 . * L C 3  A • . 3 . 2  - . 0 .  . ^ l CG 1 { L S *  l ) . P L C G  U  L 3 + 2  ) 1 0 0 0  1 7 = 0
C A L -  I A X :  S ( X C ( l  ) . l  5 - YC 1 . 3 L E N  Tm , X 1 L  3 *- 1 ) . X c L  3 + 2 ) ) COOl 7 5 0
CA LU T _  Z ( X C ( 11 . l  5 .  O * Y C 1 . X . P L C O l  , L 3 . 1 . - 9 0  . Ô ) 0 0 0  I 7 T 0
X 1 5=  C X C : î •• X C L  S *  l  ) ) /  X ( L  3 + 2 J 0 0 0  l 7 3 0
XL L = ( x <  L 5 )  - X ( L S * l  ) ) / X ( ^ 3 * 2 1 c 0 0  1 7 9 C

c OOC 1 5 00
c C C O l 3 1 0
c o c o  1 8 2 0

OC i  i  I = I . L L c 0 0  1 3 3  3
I l  X ( l )  = F L O A K  1 - 1  1 « S I L ' T  *  OEd t h C O C C l 5 4  0

X t L L  * l  1 = X ( 1 ) 0 0 0  l 3 50
X ( L L * 2 )  = U : T  t ( X < LU ) - X  < n  1 / T  , 0  + .  3 ) OCC l 3 6 0
C A u L  £ C i U 3 { = L OOA  . 2 . 0  . L L , i  1 C OOl R 7 0

C A L L  AX I S ( X C (  A 1 . 7  . 2 5  . ' L O G  0 * . 5 . 2  . 0 . 0 . . = L C G ( L L  *  1 1 , P _ C G A ( L L * 2 ) ) COOl 3 5 0
C A L ^  l i X i S  ( X C ( A ) . 7 , 2 5  . 7  . 0 , X ( L L * L ) . X ï L w * 2 ) 1 0 0 0  1 3 9 0
3 C A  = X ( L L + 2 1 C O C l 9 0 0
C A L L  T L I N H  t X C l A ) , ? . 2 5 . X . K L C G A , L L . 1 . - 9 0  .  0 ) C C O l 9 1 0
X l S = ( X (  I O Ï - X ( L L * l  ) ) / X ( L L + 2 ) 0 0.31 9 2 0
X A L = ( X ( I 0 5 N C ) - X < L L + l ) ) / X Î L L * 2 ) 0 0 0 1 9 3 0

c 0 0 0 1 9 4 0
c L  C C C . 0 0 0 1 9 5 0
c 0 0 0  1 9 5 0

OC 21  r =  l  . L  S 0 0 0 1 9 70
2 1  X ( I )  = F L O A K  I - ï  ï « S : M  *  CZ' ^THC 0 0 0  1 9 8 0

S L £ M T M = 7  . 0  Y P L C AT(  L S -  1 l / F L O A " ^  ( L L -  L ) OCO 1 9 9 0
A L Z . N T h  = I X T (  S L Z N T H  + 0 . =  ) C O 0 1 2 Q 0 0



178

X ( L 3 * l 1 = X ( 1 )

X(LS-f2) = 5Ck
YC3 = ( 3 = ’ TH3-;==T:-iC)/3C‘i
C A L L  3 C AL H ( ! = L C3 J  . 2 . 0  . L 3 .  1 )
C A L L  A X I 3 ( x C < 3 ) , 7 . 2 S f Y C 3 . ' L C G  C 
C A L L  : A x : 3  ( X C ( 3 )  . 7  . 2 5 Y Y C 3 . S L E r  
C A L L  T ^ l > i = ( x C ( 3 ) . 7 . 2 5 Y V C 3 . X . A L C  
; < 3 S= l . x  ( 1 ) -  X ( L S  *1 ) ) / X  ( L 3 + 2  ) 
X 3 L = ( X f _ 5 ) - x ( L S + l ) ) / X ( L 5 * 2 )

• , 3 . 2 . 0 . : .  . A L C C 2 ( L 3 <  
TH . X { LS<-  I ) . X ( L S  + 2 ) 1 
3 3  . L S . I . - 9 0 . 0  1

1 ! . ALSO

■=LCT T I T L 5 5 : = = s l a t : o .n i m f c s m i t  i sr.

: t  : t l 3 . 0 . 0 . 3 0 )
’ MA.XI . I J ' . I  CSA=  5 L A  T : c . \  : 

CMA X . 0 .  . 2  )
• AT A L A .3 SF • . 0 . . I 2 )

Xl AG . 0 .  U  
‘ ■•«PSN ' , 0 . 0 . 3 )
■CMC I S i  . 0  . 0 . 5  )
'  L C 3  I S  3 T 9 3 - C H . H S  '  . :

C
C

C
C
c
c
C

C A L L  S Y m Q.SL ( -  = . 5 . 9 . 9 .  . 12 
C ’ L L  SYMF. j L  ( - 9 .  5 . 9  . 5  . . t 2
C . . L L  . IF5.A ( 9 - 9 9 .  . 9 . 5  , . 1 2
C. I l L  3 Y M 6 C L  ( - • :  . 5  . 9 . I . . 1 2
X L A 3 = F ' _ n  A T  ( I S )  
c a l l  N J . a b S F  ( 9 9 9  .  . 9  . 1 . . 1 2 
C I L L  3Y ' . ' S' SL ( - 3 . 5 . 3 . 7 .  . 1 2  
C I L L  3 Y M 3 C L  ( 9 9 9 .  , . 3 . 7 ,  , 1 2
C A L L  5 Y ' . ' 5 SL  ( 9 9 9  . . 5  . 7 ,  .  1 2 . '  L C 3  I S  S T F S ’ CH.HS • . 0 .  . 1 -1 )
5 T = 3 T f O  . =

i > L C T  T I 3  L I  9 5 3 .

C A L L  NJ 3 3 5 . =  ( 9  9 9 . . 3 . 7 , . 1 2 . 3 7 , 0 . , 2 )
C A L L  3 Y . . t 5 0 L  ( 9 9 9  . . 3 . 7  , . I 2 , • '  1 0 5 3  ' . 0 .  . 6  )
Y 1S = 9 L S G  n  1 ) /  = L S 3  1 ( l S + 2 )  * - xC(  1 )
C A L L  S Y M 3 C L  ( Y 1 3 .  1 5 . 0 - X I S Y Y C 1 ,  . 0 6 .  1 . 0 . 0 . - 1  )
V 2 S  = 9 ' _ C 3 2  ( I S  ) / = l CG2 ( L L  72 ) + X C ( 2 )
C A L L  S Y V 3 2 L  ( Y 2S ,  1 5 .  0 - X 2 3  . .  S t . . 1 , 0  . 0 , - 2  )
Y 1 L  = 9LG-C 1 ( L S )  /  F L C C I  ( L S - 2  ) * X C  ( I )
C A L L  SY' . ' RCL ( Y I L  , 13 . 0 -  XI  L f Y C  1 . . 0 6 . 1  . 0  . 0 . -  1 )
Y 2 L =  = L C 3 2  I I S.=’ 4S ) / F L C C 2 ( L L 7 2  ) 7 xC ( 2  )
C A L L  S Y M E S L  ( Y 2 L  , I S  . 0 - . X 2 L  . . 0 6  . 1 . 0  . 0  . - 2  )
Y 3  3 = 9 L C C 3 (  1 ) /  = L C C 3 ( L S  + 2 ) 7 X C (  3 )
C-ALL 3Y \ ' = : L  ( Y 3 3  , 7 . 2 3 - x l  S 7 Y C 3 ,  . 0  6 .  1 . 0  . 0 . - 1  )
Y a S  =  S L S G v,  ( I S )  /  =  L  C G A  ( L L 7 2  ) 7 X C (  a  )

C A L L  S Y m a s L  ( Y A S  , 7  . 2 5 - X 2 3 ,  . 0 6  , 1 , 0 .  0 . - 2 )
Y 3 L = 9 L C C 3 ( L £ ) / 9 L G C 3 ( L 3  7 2 ) 7 X C ( 3 )
c a l l  S Y ' J F C L  ( Y 3 L  . 7 .  2 5 - X3 L  7 Y C 2  , . Oc . 1 , 0  . 0 . - I )

C A L L  S Y v = s l  ( Y - L . 7 . 2 5 - X 2 L . . 0 6 . 1 , 0 . 0 . - 2 )

A L S T  3 5 3  L I ' 1 5 5 .

C A L L  3 5 D L I N  ( S C 2 . S C A . S S P T r t S , C 5 P " H S , X C ( 2 )  . X S ( A ) . F A C " 1 . F A C  

S3 3 3 2  )
9 5 T U F N
5 X 3

S L 3 F S J T I N 5  PLTCC. P ( C L C G l  . C L S C 2 . X . X C 0 9 . L L . L 3 .  y l . L A G T C T  )

.= L C T  T - 3  MCA , AL I 2 = 3  C F C S S - C G R 9 E L A T I C . N  F ' J NCT I CX i  C F  I N T £ F = a L A T 3  
S P 5 C T 9 A  A .'13  Tr - S MC. 9 . YAL 1 2E3  C =CS 5 - CS R = 5 L  A 7 I  CN F J X C T  I ' SX OF 7 t i  = 
- 5 3  L O G S  WI T . x  THE C = T I Y ( J «  S T F 5 T C H .

0 I Yc X:3 I CX C L 3 G  I ( 3 0 0  ) . C L C G 2 (  3 0 0  ) , X (  3 0 0  ) . X C O = (  6 0 0  )
C A L L  F A C T O R  ( 0 . 6 )

0 0 0 ( 2 0 1 0  
0 0 0 1 2 0 2 0  
0 0 0 1 2 0 2 0  
0 0 0 1 2 0 4 0  

3 3  ( LS 72  ) ) 0 0 0  120- 30  
0 0 0 1 2 0 6 0  
0 0 0 1 2 0 7 0  
0 0 0 1 2 : 9 0  
0 0 0 1 2 0 9 0  
0 0 0 1 2 1 0 0  
0 0 0  1 21  I 0 
0 0 0 1 2  1 2 0  
0 0 0 1 2 1 2 0  
COO 121  AO 
0 0 0  1 2 1 5 0  
0 0 0 12 1 6  0 
0 0 0 1 2 1 7 :  
0 0 0 12 1 3  0 
0 0 0 1 2 1 9 0  
0 0 0  1 2 2  0-0 
0 30  1 2 2  10 
0 0 0  1 2 2 2 0  
COO 1 2 2 2 0  
0 C 0 1 2 2 A 0  
0 0 0  1 2 2 5 0  
0 : C 1 2 2 5 0  
0 0 0 1 2 2 7 0  
0 0 0 1 2 2 3 0  
0 0 0 1 2 2 9 0  
0 0 0 12 2 0 0 
0 0 0 1 2 3 1 0  
0 0 0 12 3 2 0 
0 0 0 1 2 3 3 0  
0 0 0 1 2 3  A 0 
0 0 : 1 2 2 5 0  
0 0 0 12 3 6 0 
0 0 0 1 2 3 7 0  
0 0 0 1 2 3 3 0  
0 0 0 1 2 3 = 0  
0 0 0  1 2 4  00  
0 0012410 
0 0 0 12 4 2 0 
0 0 0 12 4  3 0 
0 0 0 1 2 4 4 0  
0 0 0 1 2 4 5 :  
.00012450 
0:012470 
0 0 0 1 2 4 3 0  
0:0124=0 
0 0 0 1 2 5 0 0  
0 0 0 1 2 5 1 0  
0 0 0  1 2 5 2 0  
0 0 0  1 2 5 2 0  
0 0 0 12 5 4 0  
0 0 0 1 2 5 5 0  
COO 1 2 5  60  
0 0 0 1 2 5- •’  0 
0 0 0 1 2  5 = 0  
0 0 0  1 2 5 9 0

. 5 : 5 1

=C'.>5 = 
r o - r - C H

1 0 1 2 5 0 0



0 0Z£\ 
O b  i n  
0 6  i n  
0 ^ I n
0 9  I C I

os 1 n  
o t  i n  
o n  n  
o z i n
01 i n  
GC I n  
C 6 c n  
O n o n  
O i G c :  

0 9 D C I

o s o n  
o r o n  
G c o n  
o z c n  
c i o n  
0  0  c; n
Zbbcl 
O r 6 ? I  

0̂ 621 
0 9 6 t  I

c s ^ n
C'T&ZI
o c t n
0 c 6 c I 
C - l o c I  
0 C 6 c  I 
0 5 S 2 I  
0 9 ? c I 
L / 3 2 1  
03BCI 
C S G C I  

G t e n  
O C b c  I 
0 Z E 2 I  

o i a n  
0 0  6 n  
ot^z\ 
0 E  ̂e I

C £  2  I 

0-ï^n
o : / n  
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DATA3WC

progam

I t  g e n e r a t e s  t h e  i n o u t  d a t a  
f o r  t h e  3Y”AP p ack ag e  ,V/F"IRC 
o r o g r a n ,  OGRAV/FIL subprog ram ,  
{ r e a d  t h e  i n p u t  d a t a  and s t o r e  

, i n  t e m p o r a r e i y  d a t a  s e t ; .

SYI-'AR
pacmage

WFLLRG

DRI73E 
TO ro  gram

r I t  g e n e r a t e s  t h e  s t r u c t u r e  mao
ds.' f o rand s t o r e  th e  o u to u '

SYi'-TU subprogram  ( p ack a g e  ) .
t h e  CC'TTCUR suborogram  a i d  th e

I t  p r e p a r e s  t h e  d a t a ,  g e n e r a t e d  
by t h e  SYMAF subp ro g ram ,  to  
a l l o c a t e  th e  p o s i t i o n  o f  t h e  
w e l l s  on th e  s t r u c t u r e  map o f  
p rog ram  BASEL o u t p u t .

I t  c e l l e s  the  f o l l o w i n g  su b -  
o ro g ram s  as  s u b r o u t i n e s :  
CONTOUR, C0R4W3LL, and 3YG7Ü,

CONTOUR
subprogram

I t  p l o t s  t h e  s t r u c t u r e  map on 
t h e  o u t p u t  p l o t  o f  t h e  p rogram
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CCR4V/EII
subprogram

SYI'ÎTU
subprogram

r i t  c r o s s - c o r r e l a t e  s fo u r  
w e l l  l o g s ,d r a w  th e  b e d l i n e s ,  
and th e  t i e - l i n e s .

I t  g e n e r a t e s  th e  t h r e e -  
d im e n s io n a l  c r o s s  s e c t i o n  on 
th e  o u t p u t  p l o t  o f  th e  program  
SA32L.



APPENDIX I I I

In p u t  c a r d s  o f  t h e  program  B A S E L -test  c a s e -

The i n p u t  d a t a  c o n s i s t  o f  fo u r  d e n s i t y  l o g s  (Rudman and 

o t h e r s ,  1 9 7 8 ) .  T h ese  l o g s  a r e  d i g i t i z e d  a t  tw o f o o t  i n t e r v a l s .  

I n p u t  c a r d s  a r e  :

1 .  Y and X c o o r d i n a t e s  o f  c o n t r o l  p o i n t s  o f  t h e  s t r u c t u r e  map: 

T h e se  c o o r d i n a t e s  s h o u ld  b e  e n t e r e d  a s  Y and X a c c o r d in g  t o  t h e  

F0RI4AT ( lOX,  2 F 1 0 . 0 ) .

2.  S i g n a l  ca rd :  E x c la m a t io n  p o i n t s  i n  column 1 - 2 .  T h is  card  

i n d i c a t e s  t h e  end o f  t h e  d a t a  in t r o d u c e d  a s  Y and X c o o r d i n a t e s .

3 .  Depth v a l u e  f o r  e a c h  o f  t h e  c o n t r o l  p o i n t s  o f  t h e  s t r u c t u r e  

map: T h ese  d ep th  v a l u e s  a r e  e n t e r e d  e i t h e r  as  p o s i t i v e  numbers;  

i f  th e  s t r u c t u r e  s t u d i e s  a r e  b e lo w  s e a  l e v e l ;  o r  n e g a t i v e  num bers,  

i f  th e  s t r u c t u r e  i s  ab o v e  s e a  l e v e l .  FORMAT (lOX,  Fl O. O) .

4.  S i g n a l  ca rd :  a s  i n  2 i n d i c a t i n g  th e  end  o f  t h e  d ep th  v a l u e s .

5 .  SYMAP t i t l e  c a r d s  : r e q u ir e d  t h r e e  c a r d s :

a .  name o f  t h e  s t r u c t u r e  map

b . s c a l e  o f  t h e  map

c .  s i z e  o f  t h e  map

T h ese  c a r d s  a r e  in t r o d u c e d  a c c o r d in g  t o  t h e  FORI/IAT (20A4) or  

t h e y  may be l e f t  b la n k .

6 .  S i g n a l  c a rd :  i m p l i e s  th e  end o f  th e  SYMAP d a t a ,

185
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7. L o c a t io n  o f  w e l l s :  s e q u e n c e  number o f  t h e  (X, Y) c o o r d i n a t e

p a i r  c o r r e s p o n d in g  t o  e a c h  w e l l .  FORM̂ .T (4110)

8 . H e ig h t  o f  t h r e e - d i m e n s i o n a l  c r o s s  s e c t i o n :  I t  r e p r e s e n t s

t h e  r e q u i r e d  e x a g g e r a t i o n  o f  t h e  v e r t i c a l  s c a l e .  T h is  v a l u e  i s  

a p o s i t i v e  number c o n f i n e d  b e tw e en  1 and 1 1 .  FORMAT ( F I G . 4)

9.  C0R4lfELL t i t l e  ca rd :  I t  c o n t a i n s  in f o r m a t io n  r e q u i r e d  t o  

be p r i n t e d  on t h e  ca lcom p o u t p u t .  F0RI-1AT (20A4)

10.  C0R4WELL c o n t r o l  v a r i a b l e s

LS = number o f  d a ta  p o i n t s  o f  t h e  s h o r t  l o g s .

LL = number o f  d a ta  p o i n t s  o f  t h e  lo n g  l o g s .

IDER = 1 D e r i v a t i v e  i s  w an ted  t o  compute pow er s p e c t r a .

= 0 D e r i v a t i v e  i s  n o t  w a n te d .  

lORG = 1 O r i g i n a l  d a t a  i s  w a n ted  f o r  s t r e t c h i n g  and  

f o l l o w i n g  c o r r e l a t i o n .

= 0 D e r i v a t i v e  d a t a  i s  w a n te d  f o r  s t r e t c h i n g  and  

f o l l o w i n g  c o r r e l a t i o n .

SMAX = Maximum a n t i c i p a t e d  s t r e t c h  v a l u e .  T h is  v a l u e  i s

d e te r m in e d  a c c o r d in g  t o  t h e  ch an ge  o f  bed  t h i c k n e s s  

b etw e en  t h e  c o r r e l a t e d  w e l l s  ( i . e . ,  i f  th e  

t h i c k n e s s  i s  20 f e e t  on one s i d e  and 10 f e e t  on 

t h e  o t h e r  s o  SMAX = 2 ) .

SINT = D i g i t i z a t i o n  o f  t h e  i n t e r v a l s  i n  f e e t .

PRALL = I f  n o n z e r o ,  d e r i v a t i v e s  o f  l o g  d a t a ,  pow er s p e c t r a ,  

and i n t e r p o l a t e d  s p e c t r a  a r e  a l l  p r i n t e d  o u t .

FORMAT ( 415 ,  3 F 5 . 0 ) .
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1 1 .  Log d e p t h s :  T h e se  v a l u e s  i n d i c a t e  t h e  d e p th  o r  th e  h e i g h t

o f  t h e  c o r r e l a t e d  se g m e n ts  b e lo w  o r  ab o v e  t h e  s e a  l e v e l

r e s p e c t i v e l y .  The d a t a  i s  e n t e r e d  a s  l o g  A, l o g  B , l o g  C, and

l o g  D. T h e se  v a l u e s  a r e  e i t h e r  p o s i t i v e  nu m bers, i f  t h e  

s t r u c t u r e  i s  b e lo w  t h e  s e a  l e v e l ;  o r  n e g a t i v e  v a l u e s ,  i f  th e

s t r u c t u r e  i s  ab ove  t h e  s e a  l e v e l .  FORMAT ( 4 F 1 0 . 2 ) .

12 .  T h ic k n e s s  o f  b e d s :

THICAB = T h ic k n e s s  o f  t h e  c o r r e l a t e d  b ed  b e tw e e n  w e l l  

A and w e l l  B.

THICCD = T h ic k n e s s  o f  t h e  c o r r e l a t e d  b ed  b e tw e e n  w e l l  

C and w e l l  D.

FORMAT ( 2 F1 0 . 2 )

1 3 .  D ata  v a l u e s  o f  f o u r  l o g s :  T h e se  v a l u e s  a r e  e n t e r e d  i n  th e  

f o l l o w i n g  o r d e r :

Log A w e l l  A, s h o r t  l o g

Log B w e l l  B , lo n g  l o g

Log C w e l l  C, s h o r t  l o g

Log D w e l l  D, lo n g  lo g

F0RI4AT (Flo. .  3)

In  o r d e r  t o  f u r t h e r  i l l u s t r a t e  t h e  o r d e r  o f  t h e  in p u t  

c a r d s ,  t h e  f o l l o w i n g  d iagram  i s  p r o v id e d :
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3. 1
I

* y  ̂  M M n_v M M M 1 n  H i t  n n  n  H U M  M 1 ! . mi . U U ! 11 m  M L H 1 n  ■ LLIU m. !  1113-

I I I  i IJ M  M n  t n  » • » I M n  » I M M t n  n  M m  M I I I  M 11 n  1 n  I u  1111111 M H n  M I n  11

n i l /

MM
( 1 1 1

JIÏÏ
t l

l?îî

- First Card 
(set)

Second Card

Third Card 
(set)

m

11 I t  1 * *J V* \* * * *J ' ' .V » ' I * M > m  111 M 111 n  ■ : t n  111 n  111111111 M 111111 m  11
ü Ml v /  W rML LLl t "  iwtb üMl l '

Fourth Card

I I I

441 • 1
*.31 I I I
111 • '77
777 7 t

1

111 331

111

773

t i l

“ I  ‘ I “ i t t i i c M i i  - t i M i i  t i n :  i i i i f f i t  * i i M f  *1111 t l

I I M I 1̂ I I I I I I ' I I 1 I I I I I I I I II I 1 I I I I I I I ■ I I  ■ I ! I I M I n i l  I I I I 1 I i 'm 'm i  1 Î I i * i ’ i??T

Fifth Card 
(set— a, b, c)

1 ; I I I M I I t I I t I ' 1 M 1 t I n  t I 1 M > I 1 » 1» t n  t > M H I M I 1 H 1 > 1 I I t t 1 • M t I t I I t  t 1 V* *

H4  

11% 
I f  
7 I 
»1 

l i t

Seventh Card 

Eighth Card -

H i i i t i i i i t r  I i i i e i i i t i i i c 8 e 9 t i t e t t i : i i i f i c i 3 c i : c t : s t } } c i n 2 9 e : : s i » i i f t i i i i > i i 3 i

I I  11 M t ■ ; M : I n  11 ; n  1 ; » » 111 n  t M 11111 M t > n  1 1 ; « 11 n  1 1111 I * I > « 111 ■ » 11 » r 1111 { M 
y n

1 J/ . .

4«4
111
I I I

J7Î
UU.

J i m  m  M 1111II n *  u  11 n  11 m  > I ■■ 11 n  ■ > 11 M M 11 ! > 11 • 111111 i ; : 111 ; M m  t n  ■ 11 ! n  I ,‘jjJ 60 »» W9 101

•Sixth Card

A
— my

311
i l l

OH
ICl

Ninth Card

Tenth Card

t t i ; i i i i 9  i m r t s i c a i i i i c t t t '  t i i i t t t ! ! '  t i i i t i 3 ; : i i i i i i r ; * : : 9 9 i i i i 3 i M *

m i l  11M 1 ; I ’ 11 M m  11 m  I f  i i  m  >» i »• r  i : 111111111 m  * i m  m  m  * m  »
7717:

M m  ; 111 i M u  H 11 m
i : î i î i « e i i » : : : ; ’ : i c t ? i î ? » j i i t i î : i : t e î M r t : ; 3 : î î t t t » t r ; s e u s i t t i r î H 3 3 i i i i m i i i t

, . , y A * ï : : i ï : : v i r v  v c o i FKzt : t l a u r s  s i l  riELD.zyiL^MCza

H 3
T 7

Eleventh Card

i «f  : I t  : : : •  i i i t i *  t o  : o : ; ; ; ? : : :  : : ; : ? i i t ( i ! : ; ; i i i i i 3 i i : i i i t i i i e s : 9 9 i t «
■ I I .  ■ ■.•#!■ '
( M i l  » ; ! ' I I ■ • « ■ 1 ♦ t » « > ; M » t 1 1 1 1 • I • r • I . . l: * ' I M ,« t > I ; ! ' ' I ; I I » 11 I » I ' M 11 ■ t m  t Î I I I

■ ^ ^ i c t t i t t r t  i M i t i i i i  t * : t : t j c :  i t i i  i i i t i i t t r c r t t o i t i t t i i i s t c t i i t n e i t i i t e t t i i i i

'T
-m

Ml

t i t

I I I

177

5430. 2638. 2418. 2630.' t ! r LU i ■ ! ! ! • -M ! : ■ J I • I H M ! n  T I I 1 H I H Î IM I t L

Twelvth Card
Ü

Thirteenth Card 
(set)

I 3 t t  ( : : ) : 7 ; : e  i o i i t ; * ; ^ i t i i t i i i ' t i i f i i i t i t i ? i i i t i c i t i i i 9 t f i r i t : s ) 7 9 : i i i i s i a i f

M i l l  I ' 11 : M 11 u  m  1111 11 m  1111 m  11111 n  1111 M 11 » 11 m  M > m  111111 M » M 11 n  11

yi/

Illustration diagram 
showing the sequence 
of the input data and 
control cards.

• • ‘t t t t t « 3 i i i i t i i t i i l i t t i t i i t t i 4 t i i i t i t ; i : t ; ! t i l i i i i i i t i t « i t t i i c * t 3 i i t { 3 i i i i i i i

I m  t M I 1 1 M » M 11 1 ; n  I 11 I 1 n  ti . i j  i_Lt M i i  n i . t i t i i i  lll ■ n.i  i i  m  n  n  n  i
4.4 : : M «'«I-

1 1 1 1111111 M l  11 m  1 1 I I I  l i t  m  I M I  M I M I  •• I • 11111111 I I I  111 l i t  111 111 II  n  ( I I I 1111 

7777 77777 77 7 7 7 : 7 7 7 1 7 7 7 1 7 7 7 : ' 7 7 7 7 3 7 7 7 ) 7 7 1 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 7 ) 7 7 7 7 7 7 : 7 7 7 7 7 7 7 7 7 :  

3777 3 3 1 } l 3 I 7 3 3 t 3 3 1 7 ) I t ) 7  371 I J 1 3 1 ) l 3 7 3 t l l l l 3 J 7 3 1 l l 3 : 7 1 1 1 ) 7 3 3 2 7 ) l 3 1 3 3 7 l 7 7 I I J I

l l l l l 1 t r i l l > l l 1 l 1 i ; i t t l l l l t t : 3 1 l 1 l t l l 1 1 M M 1 3 i n 3 ; t * 3 t i | | U } i ! * i « « S ) i 1 l | | | | t t |

I t C C I I I I l l l l l l l l l l M l l l l t l l l t l l l l l t M l l M t l l l l l i l l l t i t l l l l l l l l i l l l l l l l l l l l l t l l
M J M t 7 7 » » l l t l l 7 i m 7 M » 3 I I I î J m 3 1 l l ï l M I I I 7 » m 7 7 M 7 i n n : M M  7 3 3 i n î l 7 l l 7 l 7

i i i i r r i i i t i i i t i f i i i i t i M M i M i i i t i i i i i ' i i i i i i i i i i i t i t t M i i i t i i i t t t i i i i i i i i i i i i  
t t t t t l ' l t 1 M t M t t M t 1 1 1 t M t M t t M t 1 1 1 t 1 » t M t t  t l 1 t 1 M M M M M M t t M 1 1 1 1 # 1 l #
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The in p u t  d a ta  and t h e  o u t p u t  p r i n t  o f  t h e  t e s t  d a ta  

a r e  g i v e n  i n  t h e  f o l l o w i n g  p a g e s .  The ca lcom p  o u t p u t  i s  

i l l u s t r a t e d  i n  F ig u r e  31 .
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3 Y M A P .  V E R S I O N  5 . 2 0

1 . A 3 0 R A T C R Y  F O R  C O M P U T E R  G R A P H I C S  A N D  S P A T I A L  A N A L Y S I S  
G R A O' J A T F  S C H O O L  C F  D E S I G N
h a r v a r d  u n i v e r s i t y  
C A M U R I O G E .  M A S S A C H U S E T T S  0 2 1 3 3  
U N I T E D  S T A T E S  OF  A M E R I C A

T I M E  =  6 2 4 . 5
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F -M A .P

R c S I S T I V I T Y  L O G S  

F R A M E  s i z e :  1 0 X 6  I N .

s c a l e :  a  I N .  /  M I L E  

E L E C T I V E

3  N U X E E K  OF  V A L U E  Q .  A S S  I N T E R V A L S  I S  1 0  
2 1  S Y M V J  T A P -  C 9 E A T E 0  AND D A T A  P O I N T S  P U N C H E D  
2 3  P O I N T  3  I S T P  I : J UT  I O N  C O E F F I C I E N T

0 . 0 5 4 6 8 3  m i n u t e s  F O R  I N P U T
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f 3 - 0 A T A  P O I N T S

2 7 3  D A T A  P O I N T S  

E - V A L U E S

2 7 5  V A L U E S
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MAP

P E S l S r i V I T Y  L O G S  
F R A M E  S I Z B :  1 0 X 6  I N .
s c a l e ; 4 I N .  /  M I L E

M A P  wU . ' OC W D I S P L A Y E D  I S
( 0 . 0  > 0 . 0  ) ( T O P - L E F T  C O R N E R )
( 5 . 9 6 2 ,  1 0 . 0 0 0 )  ( c Q T T O M - R  I 3 H T  C O R N E R )

MA P  S C A L E  = 1 . 3 0 0 0  ( I N C H E S  ON D U T R ' J T  V A P ) / ( U N I T S  ON S O U R C E  M A P )

MAP  s h o u l d  U E  p r i n t e d  AT  3 . 0  R OWS  P E R  I N C H  AND I 0 . 0  C O L U M N S  P E R  I N C H

T R A N S F O R M A T I O N  F R O M  S O U R C E  C O O R D I N A T E S  T O  P R I N T  C H A R A C T E R  L O C A T I O N  1 5  
ROW =  DOWN  C O O R D I N A T E  » 1 0 . 4 0 0 0
C O L U M N  = A C R O S S C C C F D I N A T E A 1 3 . 0 0 0 0

T H E R E  AR 

M I N I  MUM

S 2  7 3  V A L I D  d a t a  

A N D  MAX I HUM V A L I D

V A L U E S  

C AT  A V 4 L U  = S A R E  - 3 9 3 0 . 0  0 0  AND

ME AN  OF

s t a n d a r d

v a l i d  d a t a  i s  

d e v i a t i o n  C F  v a l i d  D A T A  I S

- ^ 7 2 6 . 9 9 6

1 2 4 . 9 8 0

D A T A  P O I N T S  F O R  

P O I N T  ROW

MAP

C O L U M N D A T U M V A L U E L E V E L

1 ) 0 0 1 - 3 9 2 5 . 0 0 2
2  ) 0 6 2 -  3 9 0 0 . 0 0 2
J ) 0 1 3 3 - 3 9 0 0 . 0 0 2
4 ) 0 1 9 4 - 3  9 0 0 .  0 0  ■ 2
5 ) 0 2 6 5 - 3 8 0 0 . 0 0 4
6 ) 0 3 2 6 - 3 8 0 0 . 0 0 4
7 1 0 3 9 7 - 3 7 5 0 . 0 0 5
S ) 0 4 5 8 - 3 7 5 0 . 0 0 5

9 ) 0 5 2 9 - 3 7 5 0 . 0 0 5
1 0  ) 0 5 8 1 0 - 3 7 2 5 . 0 0 6

1 1 ) 0 6 5 1 1 - 3 7 0 0 . 0 0 6

1 2 ) 0 71 1 2 - 3 7 0 0 .  0 0 6
1 3 ) 0 7 8 1 3 - 3 7 0 0 . 0 0 6
1 4 ) 0 8 4 1 4 - 3 6 5  0 . 0 0 7

1 5 ) 0 91 1 5 - 3 6 5 0 . 0 0 7
1 6 ) 0 9 7 1 6 - 3 6 0 0 . 0 0 8
1 7 ) 0 I  0 4 1 7 - 3 6 0 0 . 0 0 a
1 8 ) 0 1 1 0 1 8 - 3 5 5 0 . 0 0 9

1 9 ) 0 1 1 7 1 9 - 3 5 5 0  . 0 0 9
2 0 ) 0 1 2 3 2 0 - 3 5 0 0 . 0 0 1 0

2 1  ? 0 1 3 0 2 1 - 3 5 0 0 . 0 0 1 0

2 2 ) 5 0 2 2 - 3 8 7 3 . 0 0 3
2 3 ) 5 6 2 3 - 3 6 5 0 . 0 0 3
2 4 ) 5 1 3 2 4 - 3 3 5 0 . 0 0 3

-  3 5 0 0 . 0 0 0
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2 5 ) 5 1 9 2 5 - 3 3 5 0 .  0 0 3

2 6 ) 5 2 6 2 6 - 3 7 0 0 . 0 0 6

2 7 ) 5 3 2 2 7 — 3 6 5  0 . 0 0 7

2 0 5 S 3 9 2 8 - 3 7 0 0 .  0 0 6

2 9 ) 5 4 5 2 9 - 3 7 0 0 . 0 0 6

3 0 ) 5 5 2 3 0 - 3 7 0 0 . 0 0 6

3 1  ) 5 5 8 3 1 -  3 7 0 0 . 0 0 6

3 2 ) 5 6 5 3 2 - 3 6 7 5 . 0 0 7

3 3 ) 5 7 1 3 3 -  3 6 7 5 .  0 0 7

3 4 ) 5 7 8 3 4 - 3 6 7 5 . 0 0 7

3 5 ) 5 8 4 3 5 - 3 6 7 5 .  0 0 7

3 0 ) 5 9 1 3 6 - 3 6 7 5 . 0 0 7

3  7) S 9 7 3 7 - 2 6 5 0 . 0 0 7

3 0 ) 5 1 0 4 3 8 -  3 6 5 0 .  0 0 7

3 9 ) S 1 10 3 9 - 3 6 5 0 . 0 0 7

4 0 ) S 1 1 7 4 0 - 3 6 5 0 . 0 0 7

41  ) 5 1 2 3 4 1 - 3 6 0 0 . 0 0 3

4 2  5 S 1 3 0 4 2 - 3 5 5 0 . 0 0 9

4 3 ) 1 0 0 4 3 - 3 0 2 5 . 0 0 4

4 4  ) 1 0 6 4 4 - 3 3 0 0 . 0 0 4

4 5 ) 1 0 1 3 4 5 - 3 Ô Û 0 , 0 0 4

4 6  ) 1 0 1 9 4 6 -  3 0 0 0 . 0 0 4

4 7 ) 1 0 2 6 4 7 - 3 7 5 0 . 0 0 5

4 8 3 1 0 3 2 4 8 - 3 7 0 0 . 0 0 6

4 9 ) 1 0 3 9 4 9 - 3 7 0 0 . 0 0 6

5 0 : 1 0 4 5 5 0 —3 6 5  0 . 0 0 7

S I  ) 1 0 5 2 5 1 -  3 6 5 0 . 0 0 7

5 2 ) 1 0 5 8 5 2 - 3 7 0 0 . 0 3 6

5 3 ) 1 0 6 5 5 3 - 3 6 7 5 . 0 0 7

5 4 ) 1 0 7 1 5 4 -  3 6 5 0 . 0 0 7

5 5 ) 1 0 7 0 5 5 - 3 6 5 0 . 0 0 7

5 6 ) 1 0 8 4 5 6 - 3 6 7 5 . 0 0 7

5 7 5 1 0 91 5 7 - 3 6 5 0 . 0 0 7

5 8 : 3 0 9 7 sa - 3 6 0 0 . 0 0 a
5 9 ) 1 0 1 0 4 5 9 - 3 6 0 0 . 0 0 B

6 0 ) 1 0 1 1 0 6 0 - 3 6 5 0 . 0 0 7

6 »  ) 1 0 1 1 7 6 1 - 3 6  0 0 . 0 0 8

6 2 ) 1 0 1 2 3 6 2 -  3 5 5 0 . 0 0 9

6 3 ) 1 0 S 3 0 6 3 - 3 5 0 0 . 0 0 : 0

6 4 ) 1 6 0 6 4 - 3 8 0 0 . 0 0 4

6 5 ) 1 6 6 6 5 - 3 7 5 0 . 0 0 5

6 6  ) 1 6 1 3 6 6 - 3  75 0  .  0  0 5

6 7  ) 1 6 1 9 6 7 -  3  7 5 0 . 0 0 5

6 0 ) 1 6 2 6 6 8 - 3 8 0 0 . 0 0 4
6 9 ) 1 6 3 2 6 9 - 3 7 5 0 .  0 0 5

7 0 ) 1 6 3 9 7 0 - 3 7 0 0 . 0 0 6

7 1  3 1 6 4 5 71 - 3 6 5 0 . 0 0

7 2  ) 1 6 5 2 7 2 - 3 6 3 0 . 0 0

7 3  5 1 6 5 8 7 3 - 3 7 0 0 . 0 0
7 4  ) 1 6 6 5 7 4 - 3 6 7 5 . 0 0

7 5 ) 1 6 7 1 7 5 - 3 6 5 0 . 0 0

7 6 ) 1 6 7 8 7 6 - 3 6 5 0 . 0 0
7 7 ) 1 6 8 4 7 7 - 3 6 7 5 . 0 0
7 0 ) 1 6 9 1 7 8 - 3 6 5 0 . 0 0

7 9 ) 1 6 9 7 7 9 - 3 6 0 0 . 0 0 a

8 0 ) 1 6 1 0 4 8 0 - 3 6 0 0 . 0 0 8

8 1  ) 1 6 1 1 0 8 1 - 3 6 5 0 . 0 0 7

0 2 ) 1 6 1 1 7 8 2 - 3 6 0 0 . 0 0 8

8 3 ) 1 6 1 2 3 8 3 - 3 5 5 0 . 0 0 9

8 4  ) 1 6 1 3 0 0 4 - 3 5 0 0 . 0 0 1 0

8 5 } 2 1 0 8 5 - 3 0 2 5 . 0 0 4
8 6 ) 2 1 6 8 6 - 3 0 0 0 . 0 0 4

6 7 ) 2 1 1 3 6 7 - 3 6 0 0 . 0 0 4

8 0 ) 2 1 1 9 es - 3 0 0 0 . 0 0 4

8 9 ) Z  i • ■ 2 6 8 9 - 3 8 5 0 . 0 0 3

9 0 ) 2 1 3 2 9 0 - 3 6 0 0 . 0 0
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2 2  3 ) 5 2 7 8 2 2  3 -  3 6 5 0 . 0 0 7

2 2  A) 5 2 3 4 2 2 4 - 3 6 0 0 . 0 0 8

2 2 5 ) 5 2 9 1 2 2 5 -  3 6 5 0 .  0 0 7

2 2  6 ) 5 2 9 7 2 2 6 - 3 ^  0 0 . 0 0 a
2 2 7 ) 5 2 1 0 4 2 2  7 - 3 5 5  0 . 0 0 9

2 2 8 ) 5 2 1 1 0 2 2 8 - 3 6 0 0 . 0 0 a

2 2 9 ) 5 2 1 1 7 2 2 9 - 3 5 5  0  .  0 0 9

2 3 0 ) 5 2 1 2 3 2 3 0 - 3 5 0 0 . 0 0 1 0

2 3 1  ) 5 2 1 3 0 2 3 1 - 3 5 0 0 . 0 0 10
2 3 2  ) 5 7 0 2 3 2 - 3 8 2 5 . 0 0 4

2 3 3  ) 5 7 6 2 3 3 - 3 8 2 5 . 0 0 4

2 3 A ) 5 7 1 3 2 3 4 - 3 0 0 0  . 0 0 2

2 3 5 ) 3 7 1 9 2 3 5 -  3 9 1 0 . 0 0 2
2 3 6 ) 5 7 2 6 2 3 6 - 3 9 3 0 . 0 0 1
2 3  7 ) 5 7 3 2 2 3 7 - 3 0 8 0 . 0 0 1

2 3 8 ) 5 7 3 9 2 3 8 -  3 9 0 0 . 0 0 2
2 3 9 ) 5 7 4 5 2 3 9 - 3 8 5 0 . 0 0 3

2 4 0  ) 5 7 5 2 2 4 0 - 3 U O O . 0 0 4

2 4  1 ) 5 7 5 8 2 4  1 -  3  7 3 0  .  0 0 5
2 4 2 ) 5 7 6 5 2 4 2 - 3 7 5 0 . 0 0 5

2 4 3  ) 5 7 71 2 4 3 - 3  7 5 0 . 0 0 5

2 4 4  ) 5 7 7 3 2 4 4 - 3 7 0 0 . 0 0 6

2 4 5  ) 5 7 8 4 2 4 5 - 3 6 5  0 .  0 0 7

2 4 6  ) 5 7 9 1 2 4 6 — 3 6  5 0 . 0 0 7

2 4 7 ) 5 7 9 7 2 4 7 - 3 6 5 0 . 0 0 7

2 4 8 ) 3 7 1 0 4 2 4 8 - 3 6 0 0 . 0 0 8
2 4 9 ) 5 7 1 1 0 2 4 9 - 3 6 5 0 . 0 0 7

2 5 0  ! 5 7 1 1 7 2 5 0 - 3 6  0 0 . 0 0 8

2 5 1  ) 5 7 I  2 3 2 5  1 - 3 6  5 0 . 0  0 7

2 5 2 ) 5 7 I  3 0 2 5 2 - 3 6 0 0 . 0 0 3

2 5 3 ) 6 2 0 2 5 3 - 3 5 5 0 . 0 0 9
2  5 4  ) 6 2 6 2 5 4 - 3 5 0 0 . 0 0 10
2 5 5 ) 6 2 13 2 5 5 - 3  8  7 5 . 0 0 3

2 5 6  ) 6 2 1 9 2 5 6 -  3 8 7 5 .  0 0 3
2 5 7 ) 6 2 2 6 2 5 7 - 3 9 0 0  . 0 0 2
2 5 8 ) 6 2 3 2 2 5  a - 3 9 0 0 . 0 0 2

2 5 9  ) 6 2 3 9 2 5 9 -  3 9  8 0 .  0 0 I
2 6 0 ) 6 2 4 5 2 6 0 - 3 9 8  0 . 0 0 I
2 6 1  ) 6 2 5 2 2 6  I -  3 9 5 0 .  0 0 1
2 6  2 ) 6 2 5 8 2 6 2 - 3 9 0 0 . 0 0 2
2 6 3 ) 6 2 6 5 2  6 3 - 3 0 5  3 .  0 0 3
2 6 4  ) 6 2 7 ! 2 6 4 -  3 8 0 0 . 0 0 4
2 6 5 ) 6 2 7 8 2 6 5 - 3 H 0 0 . 0 0 4

2 6 6  ) 6 2 8 4 , 2 6 6 - 3 8 0 0 . 0 0 4
2 6 7 ) 6 2 9 1 2 6 7 - 3 7 5 0 . 0 0 5
2 6 6 ) 6 2 9 7 2 6 8 - 3 7 0 0 .  0 0 6
2 6 9  ] 6 2 1 0 4 2 6 9 -  3 7 0  3 .  0 0 ‘  6
2 7 0 ) 6 2 1 1 0 2 7 0 - 3 7 0 0 . 0 0 6
2 7 1  ) 6 2 I  1 7 2 7 1 -  3 6 5  0 .  0 0 7
2  7 2  ) 6 2 1 2 3 2 7 2 - 3 7 0 0 . 0 0 6
2  7 3 ) 6 2 I  3 0 2 7 3 - 3 6 5 0 . CO 7
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PCirjT OlSTKnUTlCN CC = FFIC IShrT IS 2 .0 6

DISTKIPJTIcN is  fandcm to uniform 
ASEA USEl FOR CALCULAT ION IS 59 .615
NUM5EF or POINTS USFO FQO CALCULATION IS 252 
MAP »IN00i< USED F-̂ P CALCULATION IS

{ 0 .0  t 0 .0  ) (T0P-L5FT CORNER)
( 5 .96  2. 10 .000) (BOTTOM-RIGHT CORNER)

S T A N D A R D  S E A R C H  R A D I U S  I S  0 . 7 5 3 7

0 . A 6 O 6 9 J  M I N U T E S  F O R  I N I T I A L  C A L C U L A T I O N S
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SV MAP

l « 1 2 7 6 s e  M I N U T C S  F O R  M# P

O F S Î S * ' I V I T Y  LOGS  

FPA**£ S r / C I  1 0  X 6  I N .  

S C ALE :  4  I N .  /  m i l e

DAT A V A L U E  E X T R E M E S  A R E -3900.00 - 3 5 0 0 . 0 0

A B S O L U T E  VALUE RANGE A P P L Y I N G  T o  EACH LEVCL
I * MAX : HUM* I n c l u d e d  i n  h i g h e s t  l e v e l  o n l y )

HtNTMJM -3980,00 
MAXIMUM - 3 9 3 2 . 0 0

- 3 9 3 2 . 0 0  - 3 0 0 4 , 0 0  - 3 0 3 5 * 0 0  - 3 7 8 8 , 0 0  - 3 7 4 0 . 0 0  - 3 8 9 2 . 0 0  - 3 0 4 4 . 0 0  - 3 5 9 4 , 0 0  - 3 5 4 8 . 0 0
- 3 0 8 4 , 0 0  - 3 8 3 6 , 0 0  - 3 7 3 8 . 0 0  - 3 7 4 0 , 0 0  - 3 6 9 2 , 0 0  - 3 6 4 4 . 0 0  - 3 5 9 6 , 0 0  - 3 5 4 8 . 0 0  - 3 5 0 0 . 0 0

PE RCE NT AGE OF TOTAL A B S O LUT E VALUE RANG* A P P L Y I N G  TO EACH LEVEL

1 0 . 0 0 1 0 . 0 0

FREOUENCY O I S T R I O u TI O N OF DATA P O I N T  VALUES  I N  EACH LEVEL  
LE VE L 1 2  3  4  5

« •  4 . 4 4 X K K . r X X X X X p o o c n r j c o o n n * i 0 A n f ' 0 0 r r « A f ! 8 8 r . f ; 9 K 8 V Y C n n «
•  * • • C C 3 * » = ■ > 4 4 4 4 X X X  X X X X K X n r n c r o o n o Q n - i n o n n p r ] r . r p n r . n n n r .

S Y M B O L S  . •  • • 1  , , . ,  * • 2 » • •  ———— 3 - - -  » -  “ ■ , 4 = a c * 5 * 4 4 4 X X X X A X X X X r o n c 7 0 P o n M H M o n n n n n K K r . m n n n n ■ 8 9 9 * 8 8 9 9
, , , . . . . ,  * .  I • y i m S S 3 C *  * a • « > 4 4 X X X . X X X X X K o n n n n n n r . n ( i n r i n p r t r  H P r . r . r . r . r ^ n ^ n n e r 9 9 B S Y « 9

« . • 1 ——— —----------- ^ s . a a  « »  s a  r « ♦ * * 4 4 x x x x x x x . x x f : f f j r r v i n n n « i i . n n n n f T O O K r . r . K r r . r . i ^ K ■ 9 l 8 f f 9 8 8 G
a  « c - =  -  = - *  =  r ~ = ^ = = x = - s r . » ,  a  =-= =  = =  = - S =■ Î. = S _ s a r a r s T T C f s  r  - -  Î - »

F R E O . 1 7 2 3 2 4 3 2 4 J  r 5 9 . ' 0 1 1 A

1 I  « •  ! .  •  t • • 2 * t  —— — I . * »  a  r r • 4 4 r ! *  x f .  XX t f f r r n r » j n n n n n f * 9 3 • » ■ I

2 1 • « I •  • I • * 2  • = =  a  - Î - I * 5 * * 1 i x  x f . x x  ! 1 1' f '  ’ n r -1 I C'C f r r t . r r .  1 ! 8 T * 3 » 1

3 1 .  •  1 * • 1 • • 2  ' « T, * * ! 1 » x r .  XX ; I f  r r n r i I A X • X 8  I 1 V 8  •  8  .T !

4 I  .  ,  I  .  •  I • • 2 * s  = a  = a 1 K X f . X X  1 I r m r  I I 1 I 7 C  XT T  1 1 ■ ’* - 8 8  J

5 I  « •  1 .  • 1 • ' 2 * ♦ •.  * 4 1 I X X - ,  I 1 r n x f j l '  I I f ’ f i M f ' F - l I r  r.  • x m l ! ■ ■ * T » I

6 I  •  •  1 •  •  I • .  2 » a  :  4 a r ♦ Î * ♦ 1 t  n x / ,  XX I I f ' c  7 0 f >  I t 1 r r , < r m  i 1 9 *  * 9 8  I

7 • • 2 * ! • 5  ♦ * Î I X X ' . X K  I J n n r r i ^  \ j r . U { ^ n «  J 1 F . 5 '  7 8  1 I 8 8 - C » 1 I

6 I  « .  1 ■ .  I • • 2 * ♦ • • *  ♦ I I  X • ' ,  » X t I r n r n r  j J M r ^ i i o i - 1 1 7  8  * r.  r  1 1 8 M . 9 9  I

9 1 •  •  1 « » I • •  2  • =  -  4  -  = < •> « 4 ! 1 X r .- .  XX ! I r - ' ' 7 n r  i 1 7  r.  '  r  r.  1 I T 8  * 8*% I

1 0 1 .  .  1 .  •  1 • • 2  • I  —  J - - 1 t  4  i  r 1 * 5 * * 1 I X X X X 1 I r  ' ? n p  1 1 1. 1 I F 7 f  7 8 1 Î C l  * C 9 1
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1 4 I • •  1 •  • I • .  g . • a  % - » f  » ♦ ! I /  f  X > 1 I n * : 7 , u  1 1 *.»• 1 1 9 9 * 9 9 !

1 5 1 » .  1 .  • 1 • • 2 * * X a  4 -• r 1 M  * Î ! X X /  < x  t I i Mi  r . ) i :  1



1 6 1 •  •  t  •  •  X I • • 2 »  • ! I — 3 —  I x x x A x y % t r r / o o ! t o « n o P :
1 7 X * # X * * X I — 3 —  X I = =  A = = 1 1 * * 5 H  I I X X 6 X X 1 I 0 0 7 0 0  I 1 6 3 0 « * * I
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W E L L ROW C O L U M N Y - C O C R X - C D O R

» A 2 1 1 2 9 1 . 5 6 1 0 . 0 0
♦ 8 3 1 I 2  . 3 4 0 . 0
+ C 5 2 1 2 9 3 . 9 0 1 0 .  0 0
+ 0 5 2 1 3 . 9 8 0 .  0

\ U M O £ F  O F  R OWS  = 61 N U MB E R  O F C O L U M N S  = 1 2 9
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81 0 . 1 5 9 0 . 1 5 9 0 . 0 1 3 0 . 0 1 3
82 0 .  053 0 . 0 5 5 0 .  091 0 .  091
83 0 . 03  7 0 . 0 3 7 0 . 0 1 7 0 . 0 1 7
84 0.  01 7 0 . 0 1 7 0 . 0 8 4 0 .  084
85 0 . 0 3 3 0 . 0 3 3 0 . 0 4 4 0 .  044
86 0 . 0 1 8 0 . 0  18 0 . 1 63 0 . 1 6 3
87 0 . 0 5 2 0 .  0 5 2 0 . 086 0 . 086
88 C.O 1 0 0 . 0 1 0 0 . 1 34 0 . 1 3 4
89 0 .  062 0 .  062 0 . 136 0 . 1 3 6
90 0 . 0 2  4 0 . 0 2 4 0 .  162 0 .  162
91 0 . 0 5 4 0 . 0 5 4 0 . 1 9 2 0 . 1 9 2
92 0 . 0 3  0 0 . 0 3 0 - 0 . 0 0 4 - 0 . 0 0 4
93 0 . 0 3 7 0 .  0 3 7 0 .  3 0 2 0 ,  302
94 0.  069 0 . 0 6 9 0 . 2 3 3 0 . 2 3 3
95 0 . 0 4 5 0 . 0 4 5 0 .  0 3 0 0 . 0 3 0
96 0 . 1 0 4 0 . 1 0 4 0 . 0 0 8 0 . 008
97 0.  061 0 . 0 6  I 0 . 0 1 9 0 . 0 1 9
98 0 . 0 5 5 0 . 0 5 5 0 . 086 0 .  086
99 0 .  162 0 . 1 6 2 0 .  029 0 . 02 9

100 0 . 0 0  9 0 . 009 0 . 1 2 1 0 . 1 2 1
10 I 0 . 0 4 2 0 . 0 4 2 0 . 0 7 7 0 . 0 7 7
102 0 .  02 1 0 . 0 2 1 0 . 0 4 5 0 . 0 4 5
103 0.  03 7 0 . 0 3  7 0.. 032 0 .  032
104 0 . 0 3 1 0 . 0 3 1 0 . 122 0 . 1 2 2
1 05 0.  01 4 0 . 0 1 4 0 .  1 59 0 . 159
I Of 0 . 0 1 3 0 . 0 1 3 0 . 129 0 . 1 2 9
107 0 . 0 5 4 0 . 0 5 4 0 . 0 5 8 0 . 0 5 3
109 0 . 0 1 7 0 . 0 1 7 0 . 1 6 3 0 . 1 6 8
109 G . 0 2 0 0 . 0 2 0 0 . 0 9 3 0 . 0 9 3
1 1 0 0.  001 0 . 00 I 0 . 0 5 6 0 . 0 5 6
1 1 1 0 . 0 2  3 0 . 023 0 . 1 42 0 . 1 4 2
I I 2 Ü. 01 Ç 0 . 0 1 9 0 . 3 0 4 0 . 3 0  4
1 13 0.  002 0 . 0 0 2 0 . 096 0 . 096
114 0 . 0 0 1 0 . 0 0 1 0 . 0 4 0 0 . 04 0
11 0 . 0 0 0 C . 0 0 0 0 . 0 0 5 0 . 0 0 5
116 0 . 0 0 0 0 . 0 0 0 - 0 . 0 0  1 - 0 . 0 0 1
11 ’ 0 . 0 0 0 0 . 0 0 0 0 . 1 1 2 0 . 1 1 2
11 S 0.  001 0 . 0 0 1 0 . 0 1 4 0 . 0 1 4
11 = 0 . 0 0 0 0 . 0 0 0 .0. 120 0 . 1 2 0
120 0 . 0 0 0 0 . 0 0 0 0.0-71 0 . 0 7 1
121 0 . 0 0 0 0 . 0 0 0 0 . 0 8 8 0 . 038
122 0 . 0 0 0 0 . 0 0 0 0 . 060 0 , 0 8 0
123 0.  00 0 0 . 0 0 0 0 . 0 2 0 ' 0 . 0 2 0
124 0 . 0 0 0 0 . 0 0 0 0 . 0 3 1 0 .  081

NORMALIZED COPPELATION COEFFICIENTS 
< AS3UMF LONG LOG IS STCETCHEO ) ( AS SUMS: SHORT LCG IS STPF r r n - 3

LAG NUMOER VALUE CF c o e f f i c i e n t LAG NUMHER v a l u e  CF CCFFf I C I ■N’’

0 
- 1

- 3
- 4 
- 5
-  6 
-7 
-S 
-9
•I 0 
•  1 1 

12 
•13 
•14

0.081 
0. 137 
0 .048 
0.216 
0. ISO 
0 .266 
0.244 
0. 187 
0.292 
0. 165 
0.181 
0 . 1 00 
0 . 00 1  
0.090 
0.056

0
1
2
3
4
5
6
7
8 
9

10  
1 1 
12
13
14

0 . 0 8  1 
0. 0C6 
0. I Of' 
0 . 0 8 3  
0 . 1 6 3  
0 . 2 4 0  
0 . 2 6 6  
0 . 2 4 5  
0 .  306 
0 . 4 S 4  
0 .  4 4 5  
0 . 3 8 3  
0.  5 5 8  
0 . 7 7 0  
0 . 4 7 0



- 1 5 - 0  . 0 5 4 ' 1 5 O.  360

- I  6 - 0 . 1 2 1 1 6 0 . 4  5 5
- 1 7 - 0 . 0 3 0 1 7 0 .  3 9 4
- 1  8 - 0 . 0 9 0 1 8 0 . ? f  5
- 1 9 - 0 . 0 9 8 1 9 0 . 1 0 4
- 2 0 - 0 . 1 8 6 2 0 0 . 2 0 3
- 2 1 - 0  . 1 3 7 21 0 . 2 0 1
- 2 2 - 0 . 1 4 5 2 2 0 . 0 9 0
- 2 3 - 0  • 1 4 9 2 3 0 .  2(>9
- 2 4 - O , 2 4 3 2 4 0 . 2 1  0
- 2  5 - 0 . 1 2 5 2 5 0 . 2 0 9
- 2 6 - 0 . 0 5 7 2 6 0 .  1 9 0
- 2 7 - 0 . 0 9 4 2 7 0 . 2 9 9
- 2 8 —0 . 1 6 4 2 8 0 .  3 7 6
- 2 9 - 0 . 0 9 3 2 9 0 .  2 9 4
- 3 0 - 0 . 1 7 6 3 0 0 .  4 2 0

F ACTOR FCUNO FROM C O n P E L A T I C N  OF POWER SPECTRA

f » l P 5 T  CHOI CE -  9iOti'T  LOG I S  S TRETCHED 1 . 3 5  T I M E S  

S E COND C H O I C E  -  SHORT LOG I S  S TRETCHED 1 . 4 5  T I M E S

F I N A L  RE S UL T S U G G E S T S  THAT SHORT LOG I S  S T RET CHED 1 . 3 5  T I M E S

MAXIMUM C O P P F L A T I ON  I S  0 . 8 5 1  AT A LAG OF 1 8 8  
I N I T I A L I Z A T I O N . . .
( . I NP UT  
POWS»
S m o o t h *

. 0  • 0
t C N 3

6 1  <• C O L S *  
O . P E P E T *  

O . E N D L N F "
• LE G*  
. N S C A L *

1 2 9 . AL T *  4 5 . 0 0  0 0 0  0 0  
0  . L N I N T *

O . A H I N »  . 0  
1 . F L P "

I . NAMI N»

. A Z *  4 5 . 0 0 0 0 0 0 0  . V I E W *
0 . H E I G H T .  3 , 0 0 0 0 0 0 0 0  . S Q R T T *

• S V M 4 P *  
o . r l t d o t .

0 . I F C P M .

O . T Y P f -
O . IF S A S E *

, AMAX*
o . N o z c n c *

O. NAMAN*

« . V O *
4 . F 0 A T A *

0

4 . WI D T H *  1 0 . 0 0 0 0 0  0 0  
O . S A H H *

. 5 T E R *
t . N L F C * 0 . S E P S M *

021
31
5 2
5 2
0 .  0 9

I 29  
I

129
I0,10 0.0

14
1 4
1 4
1 4

. 0

0 . 4 — 0 . 4 - 0 . 4 — 0 . 5 — 0 . 5 - 0 . 5 —0  . 5 - 0  . 5 - 0 . 5 - 0 . 5 - 0  . 5 - 0 . 5 - 0 . 5 - 0 . 5 - 0 . 5 — 0 . 5 - 0 , 5 -  0 , 5 -  0 . 5 - C . 6
0 . 5 - 0 . 5 - 0  . 5 — 0  . 6 - 0 . 6 - 0 • 6 — 0 . 6 — 0 . 6 - 0 . 6 - 0 , 6 - 0 . 6 - 0 . 6 -  0  , 6 - 0 . 6 - 0 . 6 0 . 6 — 0 . 6 O . f -  0 • 6 - 0 . 7
0 . 5 — 0 . 6 —0  • 6 — 0 . 6 — 0 . 7 - 0 .  7 — 0 . 7 - 0 . 7 - 0 . 7 - 0 . 7 — 0 . 7 — 0 . 7 - 0 . 7 - 0 ,  7 - 0 . 7 - 0 . 7 - 0 . 7 - 0 , 7 - 0 . 7 - 0 . 8
0 . 6 - 0 . 6 — 0 . 7 — 0 . 7 — 0 .  7 - 0 .  7 - 0 « 7 - 0 . 7 - 0 . 8 - 0 , 8 - 0 . 7 - 0 , 7 - 0 , 7 - 0 , 7 - 0 . 7 - 0 , 7 - 0 . 7 - 0 . 7 - 0 . 7 - 0 . 5
0 « 7 — 0 . 7 - 0 . 7 - 0 . 8 - 0 . 0 - 0 . 0 - 0 . 8 -  0 . 8 - 0 . 8 - 0 . 6 - 0 . 6 - 0 . 8 - 0 . 8 - 0 . 8 - 0 . 8 - 0 , 8 - 0 . 8 - C . r t -  0 . a - 0  . 9
0 .  7 - 0 , 7 - 0 . 8 - 0 . 8 — 0 . 8 - 0 ,  8 - 0 . 9 - 0 . 9 - 0 . 9 - 0 . 0 - 0 . 9 - 0 , 9 - 0 . 9 - 0 . 5 -  0 .  8 -  0 . 8 - 0 , 9 -  0 ,  F -  0 . 8 •' 9 . 9
0 , 8 - 0 . 6 - 0  . H - 0 . 0 - 0 .  9 - 0 .  9 - 0 . 9 - 0 , 9 -  0 . 9 • 0 . 9 - 0 . 9 ' 0 . 9 • 0 , 9 - 0 . 9 • 0 . 0 - 0 . 9 - 0 . 9 O . Q -  0 . 9 - 1 . 0
0 . 8 - 0 . 9 - 0 . 9 - 0 . 9 - 1 , 0 - 1 . 0 - 1 . 0 -  I . 0 — 1 . 9 - 1 . 0 - 1 . 0 -  1 .  U - 1 O - 1 .  0 - 1 . 0 -  1 . o - 1 . 0 -  I . o - 1 . 0 - 1 .  1

1 . 0 — 1 . 0 — 1 . 0 — 1 . 1 - 1 . 1 - 1 , -  1 * 1 - 1 . 1 - 1 . 1 - 1 . 1 - 1 1 - 1 .  1 - 1 . 1 -  1 .  1 - 1 . 1 - 1 - 1 • 1
1 . 0 - 1 . 0 - 1 . 1 - 1 . 1 — 1 . 1 - 1 . - 1 . 1 - 1 . 1 - 1 . 1 - 1 . 1 - 1 1 - 1 .  1 - 1 . 1 - 1 . 1 - 1 - 1 . 2

•1 . 0 - 1 . 1 - 1 . 1 - 1 . 2 - 1 . 2 - 1 • 2 - 1 . 2 - 1 . 2 - 1 . 2 — 1 . 2 - 1 2 •• 1 . 2 1 . 7 • 1 , 2 -  1 - 1 . 2
• 1 . 3 -  1 . 3 -  1 - t . 3

- 1 . 2 - 1  . 2 - 1 . 3 -  1 . 3 - 1 . 3 - 1 , 4 - 1 . 4 -  1 . 4 - 1 . 4 - 1 * 1 . 4 — 1 . 4 - 1 . 4 1 .  3

— 1 . 2 - 1 . 7 -  i .  J - 1 . 3 -  1 « 4 — 1 . 4 - 1 , 4 - 1 . 4 — 1 . 4 1 ; - 1 . 4 • 1 . 4 1 ,  4 - 1 - I . 4

N)
V£>



- 1 . 0  - I . I  - I . I  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2  - 1 . 2-1.0 -1.0 - l.l  -1.1 -1.1 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -1.2 -I.I
e r o  O f  p l o t  
RETURN FROM BAS E

fON3O



APPENDIX IV

L i s t  o f  t h e  FORTRAN IV Computer Program t o  C o n v e r t  t h e  
Data  S u p p l i e d  by t h e  D i g i t i z i n g  Company t o  th e  

Form Used by t h e  Program BASEL

C NAME OF THE WELL
1 DIMENSION DU(20)
2 N=0
3 WRITE( 6 , 5 0 )
4 10 READ(5,20,END=999) (D U (I ) ,  I
5 20 FORMAT (2 0 F 4 .0 )
6 DO 30 1 = 1 ,2 0
7 OHM=(DU(I)- 2 9 1 . ) * . 3 4 9 7
8 DEPTH=3500.+2.* ( ( 2  . * N ) + I - 1 )
9 WRITE( 6 , 4  0) OHM,DEPTH

10 40 FORMAT(FIO.5 , 1 0 X ,F 1 0 .0 )
11 30 CONTINUE
12 50 F0RI4AT ( I X, '  OHM' , 12X, ' DEPTH' )
13 N=N+1
14 GO TO 10
15 999 STOP
16 END

221


