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ABSTRACT

S e i s m i c  d e c o n v o l u t i o n  was i n t r o d u c e d  by Rob inson  in  

1954 based  on W ie n e r  f i l t e r  t h e o r y .  I f  a l l  f i l t e r s  in  t h e  

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

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

d e c o n v o l u t i o n  p e r f o r m a n c e .  S i n c e  many t y p e s  o f  

n o n - e x p l o s i v e  s e i s m i c  s o u r c e s  w h ic h  have  nonmi nimum-phase  

c h a r a c t e r  have  been i n t r o d u c e d  t o  t h e  s e i s m i c  w o r l d ,  many 

t y p e s  o f  d e c o n v o l u t i o n  t e c h n i q u e s  f o r  nonmin imum-phase d a t a  

have been d e v e lo p e d  u s i n g  W ie n e r  f i l t e r  t h e o r y  and o t h e r  

m eth o d s .  H o w ever ,  t h e s e  d e c o n v o l u t i o n  t e c h n i q u e s  have n o t  

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

nonm i n i mum-phase d a t a  and have  o f t e n  made i t  more  

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

a p p l i c a b l e  t o  a l l  t%pes o f  s e i s m i c  d a t a  has n o t  been  

d e v e lo p e d  p r e v i o u s l y .

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

r e v i e w  f o r  Wi e n e r - L e v i n s o n  d e c o n v o l u t i o n  ( h e n c e f o r t h  W-L 

d e c o n v o l u t i o n )  a r e  made,  and c o n v e n t i o n a l  d e c o n v o l u t i o n  

t e c h n i q u e s ,  e s p e c i a l l y  t h e  a d d i t i o n  o f  w h i t e  n o i s e  in  d e s ig n  

o f  d e c o n v o l u t i o n  o p e r a t o r s ,  a r e  c r i t i c i z e d .  Even 1 7# 

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

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

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

d e c o n v o i u t ion  f o r  nonmi n i mum-phase d a t a  i n c 1u d i ng V i b r o s e  i s 

d a t a ,  t h e  W ie n e r  t r a n s f o r m  i s  i n t r o d u c e d .

By u s i n g  t h e  W ie n e r  t r a n s f o r m ,  g e n e r a t i o n  o f  

m in im um -phase  e q u i v a l e n t s  t o  nonminimum-phase w a v e l e t s ,  

c o r r e c t i o n  o f  t i m e  v a r i a n c e  o f  t h e  s e i s m i c  d a t a ,  and  

g e n e r a t i o n  o f  a l l  pass  pha se  c o m p e n sa to rs  a r e  e a s i l y  and  

o p t  i ma 11 y  c a r r i e d  o u t  u n d e r  t h e  c r  i t e r i o n  o f  mi n imum 

m e a n -s q u a r e  e r r o r .

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

nonm i n i mum-phase d a t a ,  a t i m e - v a r i a n t  i n v e r s e  a t t e n u a t i o n  

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

i s  p r o p o s e d  ( named S e n g b u s h -H a to  d e c o n v o l u t i o n ,  h e n c e f o r t h  

S-H d e c o n v o l u t i o n ) ,  and i t  i s  shown t h a t  t h i s  t e c h n i q u e  is  

o p t i m a l  u n d er  a w id e  r a n g e  o f  c o n d i t i o n s  and t y p e s  o f  

s e i s m i c  d a t a .  I t  i s  a l s o  shown t h a t  a t t e n u a t i o n  i s  

a cc o m p an ied  w i t h  mi n imum phase  u s i n g  McDona1 e t  a 1 ' s 

e x p e r i m e n t a l  d a t a  ( 1 9 5 8 ) ,  and t i m e - v a r i a n t  m in im um -phase  

i n v e r s e  a t t e n u a t i o n  f i l t e r  i s  used in  S-H d e c o n v o l u t i o n  o f  

s e i s m i c  d a t a .

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

s y n t h e t i c  s e i s m i c  t r a c e  w h ic h  was fo rm e d  u s i n g  a dense  

r e f l e c t i v i t y  f u n c t i o n  and a w a te r g u n  s i g n a t u r e ,  and i t s  

p e r f o r m a n c e  i s  f a r  s u p e r i o r  t o  s p i k i n g  and gapped  

d e c o n v o l u t i o n ,  w here  t h e  p e r f o r m a n c e  i s  measured  by

i v
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c a l c u l a t i n g  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 t h e  r e l a t i v e  

t i m e  s h i f t  be tw een  t h e  d e s i r e d  o u t p u t  and each d e c o n v o l u t i o n  

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

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

com pu te r  s i m u l a t i o n s .  F o r  t i m e - v a r i a n t  i n v e r s e - a t t e n u a t e d  

t r a c e s  w i t h  and w i t h o u t  3 % a d d i t i v e  n a t u r a l  n o i s e ,  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 s  o f  S-H d e c o n v o l u t i o n  a r e  a l w a y s  

o v e r  0 . 8 3  compared t o  0 . 7 2  o r  l e s s  f o r  t h e  o t h e r  t y p e s  o f  

d e c o n v o l u t i o n .  In  a d d i t i o n ,  SH d e c o n v o l u t i o n  by  

c o m p e n s a t in g  f o r  phase  d i s t o r t i o n  has no r e l a t i v e  t i m e  

s h i f t ,  w h e re a s  a l l  o f  t h e  o t h e r s  show t i m e  s h i f t ;  42  msec in  

t h e  c a s e  o f  t h e  w a te r g u n  s i g n a t u r e  used in  t h e  s i m u l a t i o n .  

Even f o r  t i m e - v a r i a n t  a t t e n u a t e d  t r a c e s  w i t h o u t  t i m e - v a r i a n t  

i n v e r s e  a t t e n u a t i o n  f i l t e r ,  S-H  d e c o n v o l u t i o n  keeps t h e  

l a r g e s t  c o r r e l a t i o n  c o e f f i c i e n t  and has l i t t l e  o r  no phase  

s h i f t .  A l s o ,  w id e  t o l e r a n c e  i s  c o n f i r m e d  f o r  mi s e s t  i mat  i on 

o f  t h e  a t t e n u a t i o n  c o n s t a n t  used in  g e n e r a t i n g  t h e  

t i m e - v a r i a n t  inverse, !  a t t e n u a t i o n  f i l t e r  in  S-H  

d e c o n v o 1 u t i o n .

A p p l i c a b i l i t y  o f  S-H d e c o n v o l u t i o n  t o  V i b r o s e i s  d a t a  

i s  a l s o  shown by u s i n g  a K l a u d e r  w a v e l e t  and a s p a r s e  

r e f l e c t i v i t y  model f o r  t h e  h i g h  a t t e n u a t i o n  c a s e .  F o r  

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

f i l t e r ,  S-H  and R i s t o w - J u r c y z k  ( 1 9 7 5 )  d e c o n v o l u t i o n  have t h e  

l a r g e s t  c o r r e l a t i o n  c o e f f i c i e n t  and no r e l a t i v e  t i m e  s h i f t .
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F o r  t i m e - v a r i a n t  i n v e r s e - a t t e n u a t e d  t r a c e ,  a l l  o f  t h e  

d e c o n v o l u t i o n s ,  i n c l u d i n g  no d e c o n v o l u t i o n ,  e x c e p t  f o r  

s p i k i n g  d e c o n v o l u t i o n ,  hav e  n e a r l y  p e r f e c t  c o r r e l a t i o n  

c o e f f i c i e n t ,  more t h a n  0 . 9 8 ,  and no r e l a t i v e  t i m e  s h i f t  

b e c a u s e  o f  t h e  s p e c i a l  c h a r a c t e r  o f  K l a u d e r  w a v e l e t s .
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INTRODUCTION

S i n c e  t h e  a d v e n t  o f  e f f e c t i v e  n o n - e x p l o s i v e  s e i s m i c  

s o u rc e s  such a s ,  V i b r o s e i  s ™  (CONOCO), s team  g un s ,  

w a t e r g u n s , a i r g u n s ,  e t c ,  has had a t re m e n d o u s  im p ac t  on 

s e i s m i c  e x p l o r a t i o n .  The se  systems have  s u p p l i e d  more  

e f f e c t  i ve se  i smi c d a t a  a c q u i s i t i o n  t e c h n  iq u e s  on t h e  one  

hand;  on t h e  o t h e r  h a n d ,  t h e s e  systems have f o r c e d  

g e o p h y s i c i s t s  t o  change t h e i r  d a t a  p r o c e s s i n g  t e c h n i q u e s  due  

t o  t h e i r  nonmin imum-phase  c h a r a c t e r .

From t h e  mid  o f  1 9 7 0 ' s ,  o u t s t a n d i n g  s t u d i e s  o f  

d e c o n v o l u t i o n  t e c h n i q u e  f o r  V i b r o s e i s  d a t a  have  been made by  

Ri s tow and J u r c z y k  ( 1 9 7 6 ) ,  B i c k e l  ( 1 9 8 2 ) ,  G ibson  and L a r n e r  

( 1 9 8 4 ) ,  and o t h e r s  based  on Wienei— L e v in s o n  i n v e r s e  

f i l t e r i n g  t h e o r y  i n t r o d u c e d  by Enders  R ob inson  ( 1 9 5 4 ) .  

W a v e l e t  d e c o n v o l u t i o n  t e c h n i q u e s  w ere  a l s o  d e v e lo p e d  by  

DeVoogd ( 1 9 7 4 )  and B e r k h o u t  ( 1 9 7 7 ) ,  and many o t h e r s .

H o w e v e r , t h e s e  t e c h n i q u e s  do n o t  have  g e n e r a l  a p p l i c a b i l i t y  

t o  a l l  t y p e s  o f  nonm in im um -phase  s e i s m i c  d a t a ;  f o r  e x a m p le ,  

Ri s t o w - J u r c z y k  method d e c o n v o l u t i o n  can h a n d l e  o n l y  

V i b r o s e i s  d a t a .

T ime v a r i a n c e  and nonminimum phase  o f  s e i s m i c  d a t a  

have been b i g  p ro b le m s  in  d e c o n v o l u t i o n .  These  p ro b le m s  

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

t e c h n i q u e s  used has n o t  been measured q u a n t i t a t i v e l y .
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A d d i t i v e  w h i t e  n o i s e  has a l w a y s  been c o n s i d e r e d  a b s o l u t e l y  

e s s e n t i a l  t o  W ie n e r  f i l t e r  t h e o r y - b a s e d  d e c o n v o l u t i o n .

These  f a c t s  h ave  been a b i g  b a r r i e r  t o  e s t a b l i s h i n g  o p t i m a l „ 

d e c o n v o 1 u t io n  o f  nonmi n imum-phase d a t a .

In  t h i s  s t u d y ,  i t  i s  shown t h a t  a d d i t i v e  w h i t e  n o i s e  

i n t r o d u c e s  pha se  d i s t o r t i o n  t h a t  p r e v i o u s l y  has n o t  been  

r e c o g n i z e d  o r  com pensated  f o r ;  a d d i t i v e  w h i t e  n o i s e  i s  n o t  

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

d e c o n v o l u t i o n .  I t  i s  a l s o  shown u s i n g  McDona1 e t  a l ' s  

e x p e r i m e n t a l  d a t a  in  P i e r r e  s h a l e  ( 1 9 5 8 )  t h a t  t h e  

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

minimum p h a s e .

C o n s i d e r i n g  t h e  p r o b le m s  o f  d e c o n v o l u t i o n  d e s c r i b e d  

a b o v e ,  a u n i f i e d  and s i m p l i f i e d  t e c h n i q u e  o f  o p t i m a l  W-L 

d e c o n v o l u t i o n  t h a t  uses  t h e  W ie n e r  t r a n s f o r m  t o  com pensate  

f o r  t i m e  v a r i a n c e  and nonminimum phase  is  p r o p o s e d .  T h i s  

t e c h n i q u e  (S -H  d e c o n v o l u t i o n )  can be a p p l i e d  w i t h o u t  

m o d i f i c a t i o n  t o  a l l  t y p e s  o f  nonminimum-phase d a t a  i n c l u d i n g  

z e r o - p h a s e  s e i s m i c  s o u r c e  d a t a .

E x p l i c i t  a l g o r i t h m s  a r e  g i v e n  and d e f i n i t e  m easures  

o f  p e r f o r m a n c e  d e m o n s t r a t e  t h e  s u p e r i o r i t y  o f  S-H  

d e c o n v o l u t i o n .

As exam ples  o f  a p p l i c a t i o n  o f  W ie n e r  t r a n s f o r m ,  

m in im um -phase  c o n v e r s i o n ,  g e n e r a t i o n  o f  i n v e r s e  a t t e n u a t i o n  

f i l t e r s ,  and g e n e r a t i o n  o f  o p t i m a l  phase  co m p e n sa to rs  and
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i t s  a p p l i c a t i o n  a r e  c a r r i e d  o u t  in  o r d e r  t o  show v a l i d i t y  o f  

W ie n e r  t r a n s f o r m .

S-H d e c o n v o l u t i o n  i s  a p p l i e d  t o  a w a te r g u n  s i g n a t u r e  

s e i s m i c  model c o n s i s t i n g  o f  a r e a l i s t i c  dense  r e f l e c t i v i t y  

and a w a te r g u n  s i g n a t u r e .  The r e s u l t s  a r e  compared  

q u a n t i t a t i v e l y  w i t h  s e v e r a l  W ie n e r  t h e o r y - b a s e d  

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

U s in g  t h e  same d a t a ,  t h e  s u p e r i o r  p e r f o r m a n c e  o f  S-H  

d e c o n v o l u t i o n  f o r  c a s e s  o f  m ism atched  a t t e n u a t i o n  c o n s t a n t  

used f o r  g e n e r a t i n g  t i m e - v a r i a n t  i n v e r s e  a t t e n u a t i o n  f i l t e r s  

i s  e s t a b l i s h e d .

O p t im a l  d e c o n v o l u t i o n  i s  a l s o  a p p l i e d  t o  a K l a u d e r  

w a v e l e t  s e i s m i c  model c o n s i s t i n g  o f  a s p a r s e  r e f l e c t i v i t y  

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

o p t i m a l  d e c o n v o l u t i o n  b e i n g  a p p l i c a b l e  t o  any  t y p e  o f  

nonm i n i mum-phase d a t a .
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GENERAL DESCRIPTION OF DECONVOLUTION

S i n c e  R o b inson  ( 1 9 5 4 )  i n t r o d u c e d  s e i s m i c  

d e c o n v o l u t i o n  based  on W ie n e r  f i l t e r  t h e o r y ,  i t  has been one  

o f  t h e  most  p o w e r f u l  t o o l s  f o r  im p r o v in g  r e s o l u t i o n  o f  

s e i smi c d a t a .

F u r t h e r m o r e ,  n o n - e x p l o s i v e  s e i s m i c  s o u rc e s  such as  

V i b r o s e i s ™  sys tem  ( C r a w f o r d ,  1 9 6 0 ) ,  s team  guns such as  

V a p o r c h o c ™  (CG G ) , and o t h e r s ,  have  im proved  s e i s m i c  d a t a  

a c q u i s i t i o n  b e c au se  o f  t h e i r  s i m p l e  o p e r a t i o n  and  

c o n t r o l l a b i l i t y  o f  t h e  s o u r c e  w a v e fo rm .

C o n t i n u i n g  d e v e lo p m e n t  o f  s e i s m i c  d a t a  a c q u i s i t i o n  is  

a c c o m p an ied  by c o n t i n u i n g  d e v e lo p m e n t  o f  t h e  s e i s m i c  d a t a  

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

D e c o n v o l u t i o n  f o r  nonmin imum-phase d a t a  as  w e l l  as  

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

m a j o r  c a t e g o r i e s ,  W ie n e r  m ode ls  bas ed  on W ie n e r  f i l t e r  

t h e o r y ,  and o t h e r s .  In  t h i s  c h a p t e r ,  f o r  t h e s e  two m o d e ls ,  

i m p o r t a n t  and  o u t s t a n d i n g  w orks  a r e  r e v i e w e d  b r i e f l y .

W ie n e r  Models

W ie n e r  f i l t e r s  have  been used as t h e  most p o p u l a r  

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

nonmin imum-phase d a t a  as  w e l l  as  r e g u l a r  s e i s m i c  d a t a  due t o  

i t s  h i g h  p e r f o r m a n c e  and i t s  e as e  t o  u s e ,  b u t  t h i s
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d e c o n v o l u t i o n  t e c h n i q u e  i s  based  on t h e  f o l l o w i n g  

a s s u m p t i o n s :  1) t h e  r e f l e c t i v i t y  s e r i e s  i s  random and w h i t e ,

2 )  t h e  n a t u r a l  n o i s e  i s  random and s t a t i o n a r y ,  and 3 )  t h e  

e f f e c t i v e  s e i s m i c  p u l s e  i s  minimum phase  and t i m e - i n v a r i a n t .  

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

e s p e c i a l l y  on d a t a  a c q u i r e d  by nonminimum-phase s o u rc e s  

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

In  s p i t e  o f  t h e s e  d i f f i c u l t i e s  in  a p p l y i n g  W ie n e r  f i l t e r s ,  

t h i s  t e c h n i q u e  has been w i d e l y  used f o r  t h e  d e c o n v o l u t i o n  o f  

nonm i n imum-pha s e d a t a .

R i s t o w  and J u r c z y c k  ( 1 9 7 5 )  i n t r o d u c e d  p h a s e -  

com pensated  s p i k i n g  d e c o n v o l u t i o n  ( h e n c e f o r t h  c a l l e d  R-J  

d e c o n v o l u t i o n )  t o  V i b r o s e i s  d a t a .  S u b s e q u e n t l y ,  B i c k e l  

( 1 9 8 2 )  and G ibson  and L a r n e r  ( 1 9 8 4 )  s t u d i e d  t h e  e f f e c t s  o f  

a d d i t i v e  n a t u r a l  n o i s e  and  a d d i t i v e  w h i t e  n o i s e  on t h e  

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

e f f e c t  in  t h e  d e s i g n  o f  p hase  c o m p e n s a to r s .  They a l s o  

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

f i l t e r .  H o w e v e r , t h e i r  d e c o n v o l u t i o n  t e c h n i q u e s  based  on 

R -J  d e c o n v o l u t i o n  i s  a p p l i e d  o n l y  t o  V i b r o s e i s  d a t a , w h ich  

has z e r o - p h a s e  s o u rc e  w a v e l e t .

O t h e r  Models

O t h e r  d e c o n v o l u t i o n  t e c h n i q u e s  w h ic h  a r e  n o t  based  on 

W ie n e r  f i l t e r  t h e o r y  have been d e v e l o p e d ,  i n c l u d i n g :  1)
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Homomorphic d e c o n v o l u t i o n  ( U l r y c h ,  1 9 7 1 ) ,  2 )

M a x i m u m - l i k e l i h o o d  d e c o n v o l u t i o n  (K o rm y lo  and M e n d e l , 1 9 8 3 ) ,  

3)  M in i m u m - v a r ia n c e  d e c o n v o l u t i o n  ( M e n d e l , 1 9 8 1 ) ,  4)

Q - a d a p t i v e  d e c o n v o l u t i o n  ( H a l e ,  1 9 8 5 ) ,  and 5)

M in im u m -e n t r o p y  d e c o n v o l u t i o n  ( W i g g i n s ,  1 9 7 8 ) .  J u r k e v i c s  

and W ig g in s  ( 1 9 8 4 )  sum m ar ized  m e r i t s  and d e m e r i t s  o f  t h e s e  

m o d e l - b a s e d  d e c o n v o l u t i o n  t e c h n i q u e s  w e l l .

These  t e c h n i q u e s  may n o t  r e q u i r e  some o f  t h e  

a s s u m p t io n s  w h ic h  a r e  r e q u i r e d  in  t h e  W ie n e r  m ethod ,  b u t  

t h e y  r e q u i r e  o t h e r  a s s u m p t i o n s .  Some such as  

maxim um -1 i k e l i h o o d  and m in i  mum-ent  r o p y  d e c o n v o l u t i o n  assume  

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

r e a l i s t i c  model o f  t h e  r e a l  s e i s m i c  p r o c e s s .  F u r t h e r m o r e ,  

some t y p e s  o f  m o d e l - b a s e d  d e c o n v o l u t i o n  t e c h n i q u e s  do n o t  

work w e l l  u n d e r  c e r t a i n  c o n d i t i o n ,  such as homomorphic  

d e c o n v o l u t i o n ,  w h ic h  in  t h e  c a s e  o f  s m a l l  a m p l i t u d e  

s p e c t r u m ,  i n t r o d u c e s  a m b i g u i t y  in  t h e  phase  v a l u e s  

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

s p e c t r u m .



T - 3 2 8 3 7

WIENER-LEVINSON DECONVOLUTION

As has been d e s c r i b e d  in  p r e v i o u s  c h a p t e r , many 

a u t h o r s  have s t u d i e d  d e c o n v o l u t i o n  f o r  nonminimum-phase  

d a t a ,  i n c l u d i n g  V i b r o s e i s  d a t a ,  u s i n g  W ie n e r  f i l t e r  t h e o r y ,  

and t h e r e  i s  no d o u b t  t h a t  W ie n e r  f i l t e r  t h e o r y  w i l l  

c o n t i n u e  t o  be used as  one o f  t h e  most  u s e f u l  d e c o n v o l u t i o n  

t e c h n i q u e s  in  t h e  f u t u r e  bec a u s e  o f  i t s  p e r f o r m a n c e ,  i t s  

ease  in  p r a c t i c a l  u s a g e ,  and i t s  f re e d o m  f ro m  p a r a m e t e r  

e s t i m a t i o n .  I n  t h i s  c h a p t e r , a r e v i e w  o f  W îe n e r - L e v i n s o n  

d e c o n v o l u t i o n  (W-L d e c o n v o l u t i o n )  w i l l  be made and t h e n  some 

p ro b le m s  o f  t r a d i t i o n a l  W-L d e c o n v o l u t i o n  w i l l  be  

cons i d e r e d .

C o n v o l u t i o n a l  Model

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

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

f o I  1ows Î

s = c * r + n ,  ( 1 )

w here  s i s  t h e  s e i s m i c  d a t a ,  c i s  t h e  e f f e c t i v e  s e i s m i c  

p u l s e ,  r  i s  t h e  e a r t h ' s  r e f l e c t i v i t y ,  and n i s  t h e  a d d i t i v e  

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

s e i s m i c  p u l s e  c i s  shown as  f o l l o w s :

c = b * h * a *  i ,  ( 2 )

w here  b i s  t h e  s e i s m i c  s o u r c e  s i g n a t u r e ,  h i s  t h e  g h o s t  and



T - 3 2 8 3 8

r e v e r b e r a t i o n  f i l t e r ,  a i s  t h e  e a r t h ' s  a t t e n u a t i o n  f i l t e r ,  

and i i s  t h e  re s p o n s e  o f  t h e  r e c o r d i n g  i n s t r u m e n t s  such as  

t h e  D F S - V ™  (T e x a s  I n s t r u m e n t s )  and geophone.  F i l t e r s  a and  

h a r e  minimum p h a s e .  Some t y p e s  o f  s o u r c e s  such as t h e  

K l a u d e r  w a v e l e t  ( K l a u d e r , 1 9 6 0 ) ,  w h ic h  i s  t h e  

a u t o c o r r e l a t i o n  o f  t h e  V i b r o s e i s  sweep,  s team  g u n s , 

w a t e r g u n s , and some o t h e r s  a r e  n o t  minimum p h a s e .  The  

f i l t e r  i ,  e s p e c i a l l y  when a c t i v e  e l e c t r i c  c i r c u i t s  a r e  u s e d ,  

i s n o t  minimum p h a s e .

In  g e n e r a l , n o i s e  i s  c l a s s i f i e d  i n t o  tw o  com po nents ,  

w h ic h  a r e  random n o i s e  and  c o h e r e n t  n o i s e  such as g roun d  

r o l l  and r e f r a c t i o n s .  H o w ev er ,  in  t h e  s t u d y  o f  W-L 

d e c o n v o l u t i o n  h e r e ,  o n l y  random n o i s e  i s  t a k e n  i n t o  a c c o u n t  ; 

t h e  c o h e r e n t  n o i s e  b e i n g  presumed t o  be a d e q u a t e l y  

s u p p r e s s e d  by p a t t e r n s  and f - k  f i l t e r  b e f o r e  d e c o n v o l u t i o n .

Assumpt ions

In  o r d e r  t o  p e r f o r m  o p t i m a l  W-L d e c o n v o l u t i o n ,  t h e  

f o l l o w i n g  a s s u m p t io n s  must  be s a t i s f i e d ;

1) R e f l e c t i v i t y  r  i s  w h i t e  and random,

2 )  N o is e  n i s  random and s t a t i o n a r y ,

3 )  E f f e c t i v e  s e i s m i c  p u l s e  c i s  minimum phase  

and t  i m e - i n v a r i a n t .

W-L D e c o n v o l u t i o n  P r o c e s s

The goa l  o f  W-L d e c o n v o l u t i o n  d e v e lo p e d  by R ob inson
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is  t o  f i n d  t h e  i n v e r s e  o f  c f ro m  t h e  s e i s m i c  d a t a  by s o l v i n g  

t h e  W i e n e r - H o p f  normal  e q u a t i o n  ( e q .  3 )  and t h e n  t o  a p p l y  

t h e  i n v e r s e  t o  t h e  s e i s m i c  d a t a  in  o r d e r  t o  remove t h e  

f i  I t e r  c ,

<I>L *  w = <S , t  > 0 ,  ( 3 )

w here  is  t h e  t r u n c a t e d  a u t o c o r r e l a t i o n  o f  t h e  

w in d o w e d - s e is m i c  d a t a ,  6 i s  an i m p u ls e ,  and w i s  t h e  

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

m in im um -phase  e q u i v a l e n t  t o  t h e  e f f e c t i v e  s e i s m i c  p u l s e  c .

In  t h e  p r o c e s s ,  t h e  window l e n g t h  must be chosen  

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

and a l s o  t o  keep  t h e  t i m e  v a r i a n c e  o f  t h e  e f f e c t i v e  s e i s m i c  

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

In  a d d i t i o n ,  bec a u s e  t r u n c a t i o n  o f  t h e  a u t o c o r r e 1 a t i o n  

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

t h e  f r e q u e n c y  domain w h ic h  e s t i m a t e s  t h e  power s p e c t r u m  o f  

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

r a t i o  o f  t h e  w i n d o w - t o - t r u n c a t  i on l e n g t h  must  be s e l e c t e d  

c a r e f u l l y  a l s o .  The p r o c e s s  o f  s p e c t r a l  sm o o th in g  i s  

d e s c r i b e d  in  d e t a i l  by  Sengbush ( 1 9 8 3 ,  p i 3 4 ) .

T r a d i t i o n a l l y ,  w hen ev er  t h e  W-L d e c o n v o l u t i o n  

o p e r a t o r  i s  g e n e r a t e d ,  a sm a l l  q u a n t i t y  i s  added t o  t h e  

d i a g o n a l  component  o f  t h e  normal  e q u a t i o n ,  s o - c a l l e d  

p r e w h i t e n i n g ,  in  o r d e r  t o  make t h e  s o l u t i o n  s t a b l e .  H ow ever ,  

p r e w h i t e n i n g  a l w a y s  r e d u c e s  t h e  p e r f o r m a n c e  o f  W-L
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d e c o n v o l u t i o n  ( S h u g a r t *  1 9 7 3 ) .

A f t e r  b e i n g  f i l t e r e d  by t h e  i n v e r s e  w, t h e  s e i s m i c  

d a t a  becomes as f o l l o w s :

s *  w = c *  r  *  w + n * w. ( 4 )

I f  t h e  i n v e r s e  w i s  a l m o s t  p e r f e c t ,  t h a t  i s  i f  c *  w = <S(t) ,

t h e  d e c o n v o l v e d  s e i s m i c  d a t a  i s

s * w = r + n * w .  ( 5 )

S i n c e  W-L d e c o n v o l u t i o n  g r e a t l y  enhances  n o i s e  in  t h e  

lo w e r  and h i g h e r  f r e q u e n c y  band o f  t h e  s e i s m i c  d a t a  w here  

t h e  s i g n a 1- t o - n o i se r a t i o  i s  v e r y  low ,  t h e  f r e q u e n c y - b a n d  o f

t h e  d e c o n v o l v e d  d a t a  must be r e s t r i c t e d  by a p p l y i n g  a

bandpass  f i l t e r ,  c a l l e d  t h e  d - f i l t e r ,  w h ic h  has known and  

d e s i r a b l e  c h a r a c t e r i s t i c s ,

s * w * d = r * d + n * w * d .  ( 6 )

I f  t h e  n o i s e  i s  v e r y  s m a l l ,  t h e  f i n a l  fo rm  o f  t h e

c o n v o l u t i o n a l  model a f t e r  W-L d e c o n v o l u t i o n  i s  as  f o l l o w s :

s * w * d = r * d .  ( 7 )

P ro b lem s  o f  W-L D e c o n v o l u t i o n

In  a p p l i c a t i o n  o f  W-L d e c o n v o l u t i o n  t o  r e a l  d a t a ,  t h e

f o l l o w i n g  p ro b le m s  o c c u r  ; 1) t h e  e f f e c t i v e  s e i s m i c  p u l s e  may

n o t  be m in im um -phase  and i s  n o t  t i m e - i n v a r i a n t ,  2 )  t h e  

r e f l e c t i v i t y  i s  n o t  random and n o t  w h i t e ,  3 )  t h e  n o i s e  is  

n o t  random and n o t  s t a t i o n a r y ,  and 4 )  t h e  n o i s e  i s  n o t  sm a l l  

enough t o  be i g n o r e d .
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C o n c e r n in g  t h e  n o i s e ,  i t  must be s u p p re s s e d  

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

p r o c e s s i n g  b e f o r e  a p p l y i n g  d e c o n v o l u t i o n  bec ause  W-L 

d e c o n v o l u t i o n  does n o t  enh ance  s i g n a l - t o - n o i s e  r a t i o ,  b u t  

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

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

d e s c r i b e d  u n d e r  v a r i o u s  n o i s e  c o n d i t i o n s  by B e r k h o u t  ( 1 9 7 7 ) .

Many e f f o r t s  have  been made t o  s o l v e  o r  t o  bypass  t h e  

p ro b le m s  d e s c r i b e d  a b o v e ,  such as s i g n a t u r e  d e c o n v o l u t i o n ,  

w h ic h  i s  p r e p r o c e s s i n g  by t h e  nonmin imum-phase i n v e r s e  o f  

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

by b i  s p e c t r u m  (M a ts u o k a  and U l r y c h ,  1 9 8 4 ) ,  t h e  Wapco p r o c e s s  

by Compagnie G e n e r a t e  de G eo p h y s iq u e  (Fourm ann ,  1 9 7 4 ) ,  and  

some o t h e r s . H o w e v e r , t h e s e  s t u d i e s  d i d  n o t  a l w a y s  s o l v e  

t h e  p ro b le m s  c o m p l e t e l y .

Among t h e  p ro b le m s  m e n t i o n e d ,  s i n c e  o n l y  t h e  s o u rc e  

s i g n a t u r e  may c o n t r i b u t e  s î gn i f i c a n t  nonmi nimum-phase  

c h a r a c t e r i s t i c s  and t h e  t i m e - v a r i a n t  e a r t h ' s  a t t e n u a t i o n  may 

s î gn i f  i c a n t  1 y  a f f e c t  t h e  n o n s t a t  i o n a r i t y  o f  t h e  se i sm i c 

d a t a ,  t h e s e  a r e  c o r e  p ro b le m s  w h ic h  s h o u ld  be s o l v e d  a t  

f i r s t .  The p ro b le m s  o f  c o m p e n s a t io n  o f  t i m e  v a r i a n c e  and  

c o m p e n s a t io n  o f  m in im um -phase  can be s o l v e d  by u s i n g  t h e  

W ie n e r  t r a n s f o r m  w h ic h  w i l l  be i n t r o d u c e d  in  a l a t e r  

c h a p t e r .
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C R IT IC IS M  ON CONVENTIONAL DECONVOLUTION

I n  s p i t e  o f  many a u t h o r ' s  e f f o r t s , e s p e c i a l l y  R i s tow  

and J u r c z y k ,  B i c k e l ,  and G ibs on  and L a r n e r ,  t o  s t u d y  

d e c o n v o l u t i o n  f o r  nonmi n i mum-phase d a t a ,  t h e i r  t e c h n i q u e s  

a r e  n o t  a l w a y s  t h e  b e s t  way t o  s o l v e  t h i s  p r o b l e m ,  b u t  

r a t h e r  make i t  more c o m p l i c a t e d .  In  t h i s  c h a p t e r , s e v e r a l  

c o n f u s i n g  f a c t o r s  a r e  p i c k e d  up and a r e  c r i t i c i z e d  and t h e n  

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

d e c o n v o l u t i o n  t e c h n i q u e  f o r  nonmin imum-phase d a t a .

U l t i m a t e  Goal

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

s t r a t i g r a p h i e  i n t e r p r e t a t i o n  i s  t o  o b t a i n  b o t h  h i g h  

r e s o l u t i o n  and h ig h  s i g n a 1- t o - n o i  se r a t i o  d a t a .  In  t h e  

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

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

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

t h e  s i g n a 1- t o - n o i se  r a t i o  a t  a l l .  T h e r e f o r e ,  t h e  a d d i t i v e  

n a t u r a l  n o i s e ,  w h ic h  i s  an i m p o r t a n t  f a c t o r  t h a t  d e g ra d e s  

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

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

d e c o n v o l u t i o n  o p e r a t o r  w i l l  be based  on s i g n a l  o n l y .

I n  t h i s  s e n s e ,  we s h o u ld  remove a l l  f i l t e r s  i n c l u d i n g  

t h e  K l a u d e r  w a v e l e t  in  c a s e  o f  V i b r o s e i s  d e c o n v o l u t i o n  in
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o r d e r  t o  o b t a i n  o n l y  t h e  u n d e r l y i n g  r e f l e c t i v i t y .

A d d i t i o n  o f  W h i te  N o is e

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

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

d i s t o r t i o n  in  t h e  d e c o n v o l u t i o n  o u t p u t .  I n  f i g u r e  1,  a  

m in i  mum-phase w a v e l e t  ( b m) and  i t s  n o i s e - a d d e d  v e r s i o n  ( b n ) 

w h ic h  has 3 % n a t u r a l  w h i t e  n o i s e  ( p s e u d o - G a u s s ia n  

d i s t r i b u t i o n )  a r e  s u p e r im p o s e d  and show no v i s i b l e  

d i f f e r e n c e .  To t h e s e  tw o  w a v e l e t s ,  W-L s p i k i n g  

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

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

n o i s e .  In  f i g u r e  2 ,  dm and d n a r e  o u t p u t s  o f  d e c o n v o l u t i o n  

To bm and i t s  3 % n a t u r a l  n o i s e - a d d e d  v e r s i o n  ( b n ) . dm is  

n e a r l y  a s p i k e  a t  t h e  t i m e  o r i g i n ,  b u t  t h e  w ave fo rm  o f  d^ is  

t o t a l l y  d e s t r u c t i v e .  In  o r d e r  t o  i n v e s t i g a t e  e f f e c t s  by  

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

a n a l y s i s  was c a r r i e d  o u t  t o  b o t h  w a v e l e t s  ( d m and d n ) and  

t h e s e  r e s u l t s  a r e  shown in  f i g u r e  3 and  4 .

A m p l i t u d e  s p e c t r u m  (A^)  o f  dm is  i d e a l l y  f l a t t e n e d  

b u t  a m p l i t u d e  s p e c t r u m  (A^)  o f  d n i s  d i s t o r t e d  ( f i g .  3 ) .

The same d e s t r u c t i v e  t e n d e n c y  can be a l s o  seen on t h e  phase  

s p e c t ru m  (P R ) o f  d n compared t o  t h e  z e r o - p h a s e  s p e c t ru m  o f  

(Pm) o f  dm ( f i g .  4 ) .  From t h e s e  s p e c t r a l  a n a l y s e s ,  

d e g r a d a t i o n  o f  p e r f o r m a n c e  o f  d e c o n v o l u t i o n  can be r e a l i z e d
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F i g u r e  1. M in im um -phase  w a v e l e t  bm and 3 % n a t u r a l  

n o i s e - a d d e d  w a v e l e t  t>n .

Time in ms

F i g u r e  2 .  D e c o n v o l u t i o n  o f  bm and b n ( d ^ ,  d n ) .
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Frequency in Hz

Am

o

F i g u r e  3 .  A m p l i t u d e  s p e c t r u m  o f  d and d (A A ) .

lencyiip M! ïl. 1

F i g u r e  4 .  Phase s p e c t r u m  o f  dm and d R (Pm, Pn ) .
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when even  a sm a l l  a d d i t i v e  n a t u r a l  n o i s e  e x i s t s  on t h e  

s e i s m i c  d a t a .

C o n c e r n in g  a d d i t i v e  w h i t e  n o i s e ,  c o n v e n t i o n a l  

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

nonmi n im um -phase  d a t a  such as  t h o s e  d e s c r i b e d  by B i c k e l ,  and  

G ibson  and L a r n e r ,  a p p l y  s m a l l  amounts  o f  a d d i t i v e  w h i t e  

n o i s e  on t h e  Wienei— H o p f  norm al  e q u a t i o n  f o r  t h e  p u r p o s e  o f  

m ak ing  t h e  s o l u t i o n  s t a b l e .  H o w ever ,  t o  a p p l y  a d d i t i v e  

w h i t e  n o i s e  w h ic h  has t h e  same e f f e c t  as  t h e  p r e s e n c e  o f  t h e  

a d d i t i v e  n a t u r a l  n o i s e  i s  n o t  a p p r o p r i a t e .  Even 

m in im um -phase  s i g n a t u r e s  p r o d u c e  p hase  d i s t o r t i o n  in  t h e  W-L 

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

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

d e c o n v o l u t i o n ,  W-L s p i k i n g  d e c o n v o l u t i o n  was a p p l i e d  t o  t h e  

m in im um -phase  w a v e l e t  bm ( f i g .  1 ) used in  p r e v i o u s  

s i m u l a t i o n  by c h a n g in g  amount o f  a d d i t i v e  w h i t e  n o i s e .  In  

f i g u r e  5 ,  o u t p u t  ( d g )  o f  W-L d e c o n v o l u t i o n  t o  t h e  w a v e l e t  bm 

w i t h o u t  a d d i t i v e  n o i s e  i s  a l m o s t  a s p i k e ,  b u t  t h e  o u t p u t  

( d j )  w i t h  1 % a d d i t i v e  w h i t e  n o i s e  has band 1 imi t e d  w a v e fo rm .  

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

o u t p u t s  (dg and d j )  a r e  shown in  f i g u r e  6 and 7 .  In  f i g u r e  

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

i s  s u f f i c i e n t l y  w h i t e n e d ,  b u t  t h e  a m p l i t u d e  s p e c t r u m  (An ) o f  

t h e  d e c o n v o l v e d  w a v e l e t  ( d ^ ) lo s e s  i t s  h i g h e r  f r e q u e n c y  

components  above  100 Hz r a p i d l y .  In  f i g u r e  7 ,  t h e  phase
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F i g u r e  5 .  D e c o n v o l u t i o n  o f  fc>m w i t h  and w i t h o u t  1 % 

w h i t e  n o i s e  ( d ^ ,  d Q) .
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F i g u r e  6 .  A m p l i t u d e  s p e c t r u m  o f  dg and d^ ( Am, A ^ ) .
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F i g u r e  7 .  Phase s p e c t r u m  o f  d Q and d 1 ( pmf pn ^e
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F i g u r e  8 . K l a u d e r  w a v e l e t  k and i t s  d e c o n v o l u t i o n  o p e r a t o r  

d^ w i t h o u t  a d d i t i v e  w h i t e  n o i s e .
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s p e c t r u m  (P n ) o f  t h e  d e c o n v o l v e d  w a v e l e t  ( d j )  i s  d i s t o r t e d  

compared t o  t h e  z e r o - p h a s e  s p e c t ru m  (P ) o f  t h e  d e c o n v o lv e d  

w a v e l e t  ( d Q) .

In  f a c t , s i n e e  a n y  f i n i  t e - 1e n g th  t  ime f u n c t i o n  a 1 ways  

has n o n - z e r o  s p e c t r a l  v a l u e  a t  e v e r y  p o i n t  e x c e p t  p o s s i b l y  

on a s e t  o f  m easure  z e r o  even  i f  i t  i s  d e s ig n ed  as  

band 1 i m i t e d  s i g n a l ,  t h e  p r o b a b i l i t y  o f  u n s t a b l e  s o l u t i o n  o f  

t h e  W i e n e r - H o p f  normal  e q u a t i o n  i s  v a n i s h i n g l y  s m a l l .  As a 

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

t h e  K l a u d e r  w a v e l e t  ( k )  can be o b t a i n e d  by s o l v i n g  

Wienei— H o p f  normal  e q u a t i o n  w i t h o u t  a d d i t i v e  w h i t e  n o i s e  

( f i g .  8 ) .

I n  t h i s  s e n s e ,  we do n o t  need t o  a p p l y  any  a d d i t i v e  

w h i t e  n o i s e  in  d e s ig n  o f  t h e  W-L d e c o n v o l u t i o n  o p e r a t o r .

U n i f i e d  T r e a t ment

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

nonm i n i mum-phase d a t a  can n o t  be a p p l i e d  t o  t h e  o t h e r  t y p e s  

o f  nonm i n i mum-phase s e i s m i c  d a t a .  F o r  i n s t a n c e ,  R -J  

d e c o n v o l u t i o n  can n o t  be a p p l i e d  t o  m ix e d - p h a s e  d a t a  bec a u s e  

t h e  o u t p u t  o f  R -J  d e c o n v o l u t i o n  c o n s i s t s  o f  c o n v o l u t i o n  o f  

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

m in im um -phase  v e r s i o n  o f  K l a u d e r  w a v e l e t  t o  t h e  

s p i k i n g - d e c o n v o l v e d  s e i s m i c  d a t a .

The o p t i m a l  d e c o n v o l u t i o n  t e c h n i q u e  s h o u ld  have
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a p p l i c a b i l i t y  t o  a n y  t y p e  o f  nonmi n imum-phase d a t a  i n c l u d i n g  

V i b r o s e i s  d a t a .  A l l  f i l t e r s  w h ich  a r e  c o n v o l v e d  w i t h  

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

r e f l e c t i v i t y  o n l y ,  and t h e  d - f i l t e r  whose c h a r a c t e r  i s  

w e l l - k n o w n  and d e s i r a b l e  must  be a p p l i e d  t o  t h e  d e c o n v o lv e d  

d a t a  in  o r d e r  t o  b a n d 1 i m i t  t h e  n o i s e .
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TOOLS FOR S IM P L IF IC A T IO N  AND UNIF ICATION

In  t h i s  c h a p t e r , a c c o r d  in g  t o  c r  i t i c i sms ment i oned i n 

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

c o m p l i c a t e d  d e c o n v o l u t i o n  p r o c e s s  f o r  nonm i n i mum-phase d a t a ,  

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

o f  t h e  W ie n e r  t r a n s f o r m  a r e  shown. In  a d d i t i o n ,  i n f l u e n c e s  

o f  t h e  a d d i t i v e  w h i t e  n o i s e  on t h e  W ie n e r  t r a n s f o r m  a r e  

d i s c u s s e d .

W ie n e r  T r a n s f o r m

The W ie n e r  t r a n s f o r m  is  d e f i n e d  as t h e  s o l u t i o n  t o  

t h e  d e t e r m i n i s t i c  W i e n e r - H o p f  normal  e q u a t i o n  w i t h o u t  

a d d i t i v e  w h i t e  n o i s e .  In  a n o t h e r  w o r d s ,  t h e  W ie n e r  

t r a n s f o r m  is  W-L s p i k i n g  d e c o n v o l u t i o n  w i t h o u t  a d d i t i v e  

w h i t e  n o i s e  a p p l i e d  t o  a d e t e r m i n i s t i c  s t a b l e  f i n i  t e - 1e n g th  

f u n c t i o n .  So,  t h e  W ie n e r  t r a n s f o r m  o f  y , e x p r e s s e d  as W ( y ) , 

i s  o b t a i n e d  by s o l v i n g  e q u a t i o n  ( 8 ) ,

*  w = 6 , t  > 0 , ( 8 )

w here  i s  t h e  e x a c t  c o m p l e t e  a u t o c o r r e l a t i o n  o f  y .

T h u s , t h e  s o l u t i o n  o f  e q u a t i o n  ( 8 ) i s  t h e  o p t i m a l

f i n i t e - l e n g t h  i n v e r s e  o f  t h e  minimum phase e q u i v a l e n t  o f  y ,

t h a t  i s ,

W( y ) = y m 1 . ( 9 )

E q u a l i t y  means e q u a l i t y  in  t h e  sense o f  minimum m e a n -s q u a r e
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e r r o r ^ b e t w e e n  t h e  tw o  f u n c t i o n s .  So,  i f  <j>y is  v i o l a t e d  by  

t r u n c a t i n g  t h e  a u t o c o r r e l a t i o n ,  s h a p in g  t h e  a u t o c o r r e l a t i o n ,  

o r  a d d i n g  w h i t e  n o i s e ,  W( y ) is  no l o n g e r  t h e  W ie n e r  

t r a n s f o r m  o f  y . Z

Minimum Phase C o n v e r s i o n s

One o f  t y p i c a l  e xa m p les  o f  a p p l i c a t i o n  o f  t h e  W ie n e r  

t r a n s f o r m  i s  t o  g e n e r a t e  t h e  m in im um -phase  e q u i v a l e n t  t o  a 

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

W ie n e r  t r a n s f o r m  t o  y  t w i c e  w i t h o u t  a d d i t i v e  w h i t e  n o i s e ,  

t h a t  i s ,

W (W (y ) )  = y m. ( 1 0 )

T h r e e  k i n d s  o f  nonm i n i mum-phase s e i s m i c  s o u r c e ,  t h e  

K l a u d e r  w a v e l e t  ( k ) , t h e  V a porchoc  s i g n a t u r e  ( v ) ,  and t h e  

w a te r g u n  s i g n a t u r e  ( w ) , and t h e i r  m in im um -phase  e q u i v a l e n t s

( km, vm, and wm) c a l c u l a t e d  by a p p l y i n g  t h e  W ie n e r  t r a n s f o r m  

t w i c e  w i t h o u t  a d d i t i v e  w h i t e  n o i s e  a r e  shown in  f i g u r e  9 ,

10,  and  11,  r e s p e c t i v e l y .  A l t h o u g h  t h e r e  a r e  o t h e r  

w e l l - k n o w n  methods t o  g e n e r a t e  t h e  m in im um -phase  e q u i v a l e n t

ym f r o m  y , such as  t h e  H i l b e r t  t r a n s f o r m  ( s e e  A p p e n d ix  A) 

( f i g .  12) and t h e  ^ - t r a n s f o r m  ( s e e  A p p e n d ix  B ) , t h e  W ie n e r  

t r a n s f o r m  i s  a p p a r e n t l y  t h e  s i m p l e s t  and e a s i e s t  method t o  

u s e ,  and i n s u r e s  o p t i m a l i t y  in  t h e  sen se  o f  m e a n -s q u a r e  

e r r o r .

In  o r d e r  t o  exa m in e  t h e  i n f l u e n c e  o f  a d d i t i v e  w h i t e
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F i g u r e  9 .  K l a u d e r  w a v e l e t  k and i t s  m in im um -phase  e q u i v a l e n t  
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F i g u r e  10. V a porchoc  s i g n a t u r e  v and i t s  m in im um -phase

e q u i v a l e n t  v ^ .
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F i g u r e  11. W atergun  s i g n a t u r e  w and i t s  m in im um -phase  

equ i va  1e n t  wm.
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F i g u r e  12. M in im um -phase  e q u i v a l e n t  o f  K l a u d e r  w a v e l e t  km 

and V a porchoc  s i g n a t u r e  v m by H i l b e r t  t r a n s f o r m .
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n o i s e  on m in im um -phase  c o n v e r s i o n ,  t h e  m in im um -phase  

e q u i v a l e n t  t o  t h e  K l a u d e r  w a v e l e t  i s  o b t a i n e d  by a p p l y i n g  

t h e  W ie n e r  t r a n s f o r m  t w i c e  w i t h o u t  and w i t h  0 . 1  % a d d i t i v e  

w h i t e  n o i s e  (kg  Q and kg j )  ( f i g .  13) and t h e  a m p l i t u d e  

s p e c t r u m  o f  b o t h  m in im um -phase  e q u i v a l e n t s  w ere  computed  

( k g . g  and  Kg j )  ( f i g .  1 4 ) .

In  f i g u r e  13,  i t  i s  r e a l i z e d  t h a t  even  v e r y  sm a l l  

a d d i t i v e  w h i t e  n o i s e  , 0 . 1  7. i n  t h i s  c a S e ,  makes a b i g  

d i f f e r e n c e  be tw e e n  n o i s e - a d d e d  m in im um -phase  v e r s i o n  (kg  j )  

and n o i s e - f r e e  m in im um -phase  v e r s i o n  (kg  g ) .  I n  f i g u r e  14,  

t h e  a m p l i t u d e  s p e c t r u m  Kg  ̂ i s  more w h i t e n e d  t h a n  a m p l i t u d e  

s p e c t r u m  Kg g even  t h o u g h  added w h i t e  n o i s e  is  v e r y  s m a l l .

I t  s h o u ld  be r e a l i z e d  t h a t  a d d i t i v e  w h i t e  n o i s e  on W ie n er  

t r a n s f o r m  in  m in im um -phase  c o n v e r s i o n  works  as  a b i a s  on 

t h e  a m p l i t u d e  s p e c t r u m  o f  m in im um -phase  v e r s i o n .

In  a d d i t i o n ,  s p i k i n g  d e c o n v o l u t i o n  w i t h o u t  w h i t e  

n o i s e  was a p p l i e d  t o  b o t h  n o i s e - a d d e d  m in im um -phase  v e r s i o n  

( k g  j )  and  n o i s e - f r e e  m in im um -phase  v e r s i o n  ( k g  g ) ,  and 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 a l u e  ( h e n c e f o r t h  CC v a l u e )  ( s e e  

A p p e n d ix  C) be tw een  each d e c o n v o l u t i o n  o u t p u t  and a s p i k e  a t  

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

d e c o n v o l u t i o n  o u t p u t s  a r e  0 . 9 9 8 7  and 0 . 9 9 9 9 ,  r e s p e c t i v e l y .

S i n c e  t h e  m in im um -phase  e q u i v a l e n t  must be one and  

o n l y  one w a v e l e t  among w a v e l e t s  w h ic h  have  t h e  same 

a m p l i t u d e  s p e c t r u m ,  t h e  n o i s e - a d d e d  v e r s i o n  can n o t  be t h e
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F i g u r e  13. M in im um -phase  e q u i v a l e n t  o f  K l a u d e r  w a v e l e t  w i t h  

and w i t h o u t  0 .1  % a d d i t i v e  w h i t e  n o i s e  ( k Q and Rq q ) .
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F i g u r e  14. A m p l i t u d e  s p e c t r u m  o f  k Q Q and k Q 1 (Kg g .  Kg ^ .
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m in im um -phase  e q u i v a l e n t  t o  t h e  K l a u d e r  w a v e l e t  ( k )  because  

t h e  n o i s e - f r e e  v e r s i o n  i s  g u a r a n t e e d  t o  be t h e  m in im um -phase  

e q u i v a  1e n t .

A l l  pass  Phase Compensator

As a l r e a d y  m e n t io n e d  in  t h e  f o r m e r  c h a p t e r ,  i f  W-L 

s p i k i n g  d e c o n v o l u t i o n  w i t h o u t  a d d i t i v e  w h i t e  n o i s e  is  

a p p l i e d  t o  s e i s m i c  d a t a  w h ic h  c o n t a i n s  a nonminimum-phase  

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

o p e r a t o r  does n o t  i n v e r t  y , b u t  does g e n e r a t e  ym'** . 

C o n s e q u e n t l y ,  t h i s  d i f f e r e n c e  i n t r o d u c e s  phase  d i s t o r t i o n  

6 y - 9 m, w here  6y  and 0m a r e  t h e  phase  s p e c t ru m  o f  y  and y m, 

r e s p e c t i v e l y .  T h e r e f o r e ,  we must a p p l y  y ~ 1* y m, whose phase  

s p e c t ru m  i s  8^ - 8^ ,  t o  t h e  s e i s m i c  d a t a  b e f o r e  o r  a f t e r  t h e  

W-L s p i k i n g  d e c o n v o l u t i o n  in  o r d e r  t o  com pensate  f o r  t h e  

phase  d i s t o r t i o n  i n t r o d u c e d  by W-L s p i k i n g  d e c o n v o l u t i o n .  

T h i s  a l l p a s s  phase co m p e n s a to r  i s ,  h o w e v e r ,  u n s t a b l e  bec ause  

o f  u n s t a b i l i t y  o f  y ~*1 , w h ic h  i s  i n v e r s e  o f  t h e  

nonmin imum-phase f i l t e r  y . To bypass t h i s  p r o b l e m ,  Fourmann  

( 1 9 7 4 )  i n t r o d u c e d  t h e  a l l p a s s  phase c o m p e n s a to r  g ,  c a l l e d  

t h e  Wapco o p e r a t o r .  T h i s  a l l  pass phase  co m p e n s a to r  i s  

e a s i l y  o b t a i n e d  by c o n v o l v i n g  y w i t h  t h e  W ie n e r  t r a n s f o r m  o f  

y , t h a t  i s ,

g = y * W ( y ) .  ( 1 1 )

The a l l  pass phase  c o m p e n s a to r  i s  s t a b l e  and i t s  phase
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s p e c t ru m  i s  8^ - 0^ ,  w h ic h  i s  t h e  same as t h e  phase  d i s t o r t i o n  

i n t r o d u c e d  by W-L s p i k i n g  d e c o n v o l u t i o n .  F o ld e d  g ,  t h a t  i s  

g ( - t ) ,  has t h e  d e s i r e d  p h a se  s p e c t r u m  6m- e y and must  be  

c o n v o l v e d  w i t h  s e i s m i c  d a t a  e i t h e r  b e f o r e  o r  a f t e r  W-L 

d e c o n v o l u t i o n .  Because c o n v o l u t i o n  o f  g ( - t )  w i t h  t h e  

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

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

sum m ar ized  as  f o l 1ow s :

1) Compute a l l p a s s  phase  c o m p e n s a to r  g = y *  W ( y ) ,

2 )  C o r r e l a t e  g w i t h  t h e  s e i s m i c  d a t a  b e f o r e  o r  

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

The c o m b i n a t i o n  p r o c e s s  o f  t h e  a l l  pass  phase  

c o m p e n s a to r  and W-L s p i k i n g  d e c o n v o l u t i o n  i s  c a l l e d  

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

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

w a v e l e t ,  t h e  Vaporchoc  s i g n a t u r e ,  and a w a te r g u n  s i g n a t u r e  

show t h e  d e t e r m i n i s t i c  p h a s e -c o m p e n s a te d  s p i k i n g  

d e c o n v o l u t i o n  p r o c e s s .

The K l a u d e r  w a v e l e t  ( k )  and i t s  W ie n e r  t r a n s f o r m  

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

w i t h o u t  a d d i t i v e  w h i t e  n o i s e  a r e  shown in  f i g u r e  15.

Because t h e  K l a u d e r  w a v e l e t  i s  z e r o  p h a s e ,  i t  has s h i f t e d  by

i t s  h a l f  l e n g t h  L / 2  t o  p r o d u c e  c a u s a l i t y .  F i g u r e  16 shows

W-L s p i k i n g  d e c o n v o l u t i o n  ( 9 k ) o f  k ,  w h ic h  i s  t h e  same as

t h e  a l l  pass phase c o m p e n s a t o r ,  and p h a s e -c o m p e n s a te d  s p i k i n g
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W(k)

Time in ms
25050

F i g u r e  15. K l a u d e r  w a v e l e t  k and W ie n e r  t r a n s f o r m  W ( k ) .

o

150  
Time in ms

200 250

F i g u r e  16.  Phase co m p e n s a to r  g^ o f  K l a u d e r  w a v e l e t  and

p h a s e -c o m p e n s a te d  s p i k i n g  d e c o n v o l u t i o n
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d e c o n v o l u t i o n  (<^^) o b t a i n e d  by t a k i n g  a u t o c o r r e l a t i o n  o f  g .

is  s h a r p  s p i k e  and i s  s h i f t e d  by L / 2  t o  p o s i t i o n  i t  a t  

t h e  o r i g i n a l  t i m e  z e r o  o f  t h e  K l a u d e r  w a v e l e t .

To t h e  Vaporchoc  s i g n a t u r e  ( v )  and t h e  w a te r g u n  

s i g n a t u r e  ( w ) , t h e  same p r o c e s s  d e s c r i b e d  abo ve  was a p p l i e d .  

S t a b l e  d e c o n v o l u t i o n  o p e r a t o r s  (W (v )  and W( w ) ) a r e  o b t a i n e d  

( f i g .  17 and 19) and s h a r p  s p i k e s  (<j>v and $w) a r e  g e n e r a t e d  

a t  t h e  t i m e  o r i g i n  ( f i g .  18 and  2 0 ) .

I n  c a s e  o f  a p p l y i n g  p h a s e -c o m p e n s a te d  s p i k i n g  

d e c o n v o l u t i o n  t o  z e r o - p h a s e  s e i s m i c  d a t a ,  t h e  r e s u l t  must  be  

d e l a y e d  by L / 2  in  o r d e r  t o  s h i f t  t h e  d a t a  t o  t h e  o r i g i n a l  

t i m e  o r i g i n .  P e r f o r m a n c e  o f  p h a s e -c o m p e n s a te d  s p i k i n g  

d e c o n v o l u t i o n  i s  e s t i m a t e d  by c o m p u t in g  t h e  CC v a l u e  b e tw een  

a s p i k e  and b o t h  t h e  o u t p u t  o f  s p i k i n g  d e c o n v o l u t i o n  ( 9 k , 

9 v ,a n d  gw ) and t h e  o u t p u t  a f t e r  phase  c o m p e n s a t io n  (<j>̂ , <f>v , 

and 4>w) . These  v a l u e s  a r e  l i s t e d  i n  T a b l e  1.

I n  g e n e r a l  d i s c u s s i o n  a b o u t  a l l p a s s  phase co m p e n s a to r  

g ,  w h en ev er  some a d d i t i v e  w h i t e  n o i s e  i s  added in  d e s i g n  o f  

d e c o n v o l u t i o n  o p e r a t o r  by cha nce  o r  u n n e c e s s a r i l y  o r  some 

a d d i t i v e  n a t u r a l  n o i s e  e x i s t s  on t h e  s e i s m i c  d a t a , t h e  same 

amount o f  a d d i t i v e  w h i t e  n o i s e  must be added t o  a l l  pass  

phase  c o m p e n s a to r  g . F i g u r e  21 shows t h e  K l a u d e r  w a v e l e t  

( k )  and i t s  W-L d e c o n v o l u t i o n  ( d k ) w i t h  0 . 5  % a d d i t i v e  w h i t e  

n o i s e .  A f t e r  a p p l y i n g  p hase  c o m p e n s a t io n  w i t h  and w i t h o u t  

0 . 5  % a d d i t i v e  w h i t e  n o i s e  t o  t h e  s p i k i n g - d e c o n v o l v e d
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F i g u r e  17. Vaporchoc  s i g n a t u r e  v and W ie n e r  t r a n s f o r m  W( v )

0
v> -I Z-
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«-g v
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F i g u r e  18. Phase c o m p e n s a to r  g y o f  V a p o rch o c  s i g n a t u r e  and

p h a s e -c o m p e n s a te d  s p i k i n g  d e c o n v o l u t i o n  <|>v .
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o

t- W(w)

100Time in ms

F i g u r e  19. W ate rg u n  s i g n a t u r e  w and i t s  W ie n e r  t r a n s f o r m  

W( w) .

<s>

00Time in ms

F i g u r e  2 0 .  Phase co m p e n s a to r  gw o f  w a t e r g u n  s i g n a t u r e  and

p h a s e -c o m p e n s a te d  s p i k i n g  d e c o n v o l u t i o n  <frw.
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250200 
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F i g u r e  2 1 .  K l a u d e r  w a v e l e t  k and s p i k i n g  d e c o n v o l u t i o n  d^  

w i t h  0 . 5  7. a d d i t i v e  w h i t e  n o i s e .

50 g 200
Time in ms

250

F i g u r e  2 2 .  Phase c o m p e n s a t io n  o f  d e c o n v o l v e d - K 1a u d e r  w a v e l e t  

d^ w i t h  and w i t h o u t  0 . 5  % a d d i t i v e  w h i t e  n o i s e  (<j>p <|>q) .
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S e is m i c  s o u rc e K l a u d e r  Vap o rch o c  W atergun

w a v e l e t  s i g n a t u r e  s i g n a t u r e

CC v a l u e  a f t e r

d e c o n v o 1 u t io n 0 . 2 6 5 0 . 8 7 7 0 . 5 1 7

CC v a l u e  a f t e r

phase  c o m p e n s â t ion 0 . 9 4 7 0 . 9 9 9 0 . 9 3 4

T a b l e  1.  C o r r e l a t i o n  c o e f f i c i e n t  b e tw een  s p i k e  and b o th

K l a u d e r  w a v e l e t ,  t h e s e  r e s u l t s  a r e  s u p e r im p o s e d  and shown 

(«j>j and <#Q) in  f i g u r e  2 2 .  A l t h o u g h  o b t a i n e d  a d d in g  0 . 5  % 

w h i t e  n o i s e  i s  n o t  so s h a r p  s p i k e  w h ic h  seems t o  be t h e  

e f f e c t  by 0 . 5  % w h i t e  n o i s e  a d d i t i o n ,  i t  a p p e a r s  a t  t h e  

c o r r e c t  l o c a t i o n  and i t s  w ave fo rm  i s  n e a r l y  s y m m e t r ic .  On 

t h e  o t h e r  han d ,  w h ic h  i s  g e n e r a t e d  w i t h o u t  0 . 5  % a d d i t i v e  

w h i t e  n o i s e  has p h a s e - d i s t o r t e d  w a v e fo rm .  T h i s  d e m o n s t r a t e s  

t h a t  t h e  p hase  c o m p e n s a to r  s h o u ld  c o n t a i n  t h e  same amount o f  

a d d i t i v e  w h i t e  n o i s e  as t h a t  o f  W-L d e c o n v o l u t i o n  o p e r a t o r  

in  o r d e r  t o  com pensate  f o r  pha se  d i s t o r t i o n  i n t r o d u c e d  by  

W-L d e c o n v o l u t i o n .

o u t p u t  o f  s p i k i n g  d e c o n v o l u t i o n  and o u t p u t

a f t e r  pha se  c o m p e n s a t io n  f o r  t h r e e  t y p e s  o f

nonmin imum-phase w a v e l e t s
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I n v e r s e  A t t e n u a t i o n  F i l t e r

In  o r d e r  t o  c o r r e c t  t h e  t i m e  v a r i a n c e  o f  t h e  s e i s m i c  

d a t a ,  w h ic h  i s  i n t r o d u c e d  by t i m e - v a r i a n t  e a r t h ' s  

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

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

The t i m e - v a r i a n t  a t t e n u a t i o n  f i l t e r  and i t s  i n v e r s e  f i l t e r  

a r e  a l s o  o b t a i n e d  by m a k in g  use  o f  t h e  W ie n e r  t r a n s f o r m ,  as  

d e s c r i b e d  by H a to  and Sengbush ( 1 9 8 6 ) .  T h i s  a l g o r i t h m  is  

based  on a t t e n u a t i o n  b e i n g  a m in im um -phase  f i l t e r .

A t t e n u a t i o n  s t u d i e s  by McDonal e t  a l  ( 1 9 5 8 )  show t h a t  

t h e  l i n e a r  law g i v e n  by 1n [ A ( f ; x ) ] = a f x  h o l d s ,  w here  x i s  

t h e  d i s t a n c e  t r a v e l l e d  and a i s  t h e  c h a r a c t e r i s t i c  

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

s e i s m i c  wave has t r a v e l l e d .  Wuensche1 ( 1 9 6 5 )  used McDonal  

e t  a l ' s  e x p e r i m e n t a l  d a t a  and showed t h a t  t h e  c a u s a l  f i l t e r  

due t o  F u t t e r m a n  ( 1 9 6 2 )  p r e d i c t e d  a c c u r a t e l y  t h e  f a r  f i e l d  

p u l s e  w ave fo rm  f ro m  t h e  n e a r  f i e l d  p u l s e  w a v e fo r m .

The p o w e r f u l  v a l i d i t y  o f  t h e  W ie n e r  t r a n s f o r m  f o r  

g e n e r a t i n g  m in im um -phase  a t t e n u a t i o n  f i l t e r s  u s i n g  McDonal  

e t  a l ' s  d a t a  and t h e i r  l i n e a r  law i s  d e m o n s t r a t e d  h e r e .  The  

f a r - f i e l d  p u l s e  w a ve fo rm  a f t e r  3 9 9 . 7  f e e t  o f  v e r t i c a l  t r a v e l  

i s  e s t i m a t e d  by a p p l y i n g  t o  t h e  n e a r - f i e l d  p u l s e  w ave fo rm  

b o t h  m in im um -phase  a t t e n u a t i o n  f i l t e r  c a l c u l a t e d  by W ie n e r  

t r a n s f o r m  and z e r o - p h a s e  a t t e n u a t i o n  f i l t e r .  The r e s u l t s  

a r e  su p e r im p o s e d  on t h e  o b s e r v e d  f a r - f i e l d  p u l s e  w ave fo rm
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( f i g .  2 3 ) ,  and show t h a t  t h e  m in im um -phase  a t t e n u a t i o n  

f i l t e r  p r e d i c t s  t h e  a t t e n u a t e d  p u l s e  w ave fo rm  much more  

p r e c i s e l y  t h a n  does t h e  z e r o - p h a s e  f i l t e r .  The a t t e n u a t i o n  

c o n s t a n t  t h a t  gave  t h e  b e s t  e s t i m a t e ,  1 . 4 0  x 10” ^ ,  was 

o b t a i n e d  by f i n d i n g  t h e  maximum CC v a l u e  be tw een  o b s e r v e d  

f a r - f i e l d  p u l s e  w ave fo rm  and p r e d i c t e d  f a r - f i e l d  p u l s e  

w a v e fo rm .  The CC v a l u e s  w e re  computed f o r  a t t e n u a t i o n  

c o n s t a n t s  r a n g i n g  f ro m  0 . 8 8  X 10 - 5  t o  1 . 8 8  x 10 ( f i g ,

2 4 ) .  M c D o n a l 's  e s t i m a t e  o f  t h e  a t t e n u a t i o n  c o n s t a n t ,  1 . 3 8  x
_c

10 , i s  a l s o  i n d i c a t e d .

Phase v e l o c i t y  w i t h  r e s p e c t  t o  f r e q u e n c y  V ( f ) was 

computed by u s i n g

27rfX
V ( f )  =  —  — —  ,  ( 1 2 )

0m(f) +  2iTf T

w here  x i s  d i s t a n c e  t r a v e l e d ,  T i s  d i f f e r e n c e  in  o n s e t  

t i m e s ,  and 8m( f ) i s  minimum phase  l a g  o f  t h e  a t t e n u a t i o n  

f i l t e r .  The r e s u l t  shown in  f i g u r e  25 compares f a v o r a b l y  

w i t h  t h o s e  o b t a i n e d  by W uensche1.

In  t h e  o p t i m a l  d e c o n v o l u t i o n  w h ic h  w i l l  be d e s c r i b e d  

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

a t t e n u a t i o n  f i l t e r  w i l l  be u s e d .  T h i s  a l g o r i t h m  is  

sum m ar ized  as  f o l l o w s :

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

a t t e n u a t i o n  f i l t e r  [ A ( f ; t ) ]  f ro m  t h e  s e i s m i c  d a t a ,
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QJi
LD
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F i g u r e  2 3 .  O b served  f a r - f i e l d  p u l s e  ( c ^ )  and p r e d i c t e d

p u l s e s  ( cm and Cq ) o b t a i n e d  by a p p l y i n g  m in im um -phase  and  

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

Minimum-phase
cQ)
o
E

Zero-phase

iS
CD

O
o McDonal value aQ = 1.38*10

1.63

Attenuation constant
1.880 8 8 1.13 1.38

F i g u r e  2 4 .  C o r r e l a t i o n  c o e f f i c i e n t  be tw e e n  o b s e r v e d  p u l s e  

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

îi-
>

0  Q
1

200
Frequency in Hz

4 0 0 6 0 0

F i g u r e  2 5 .  Phase v e l o c i t y  vs f r e q u e n c y  c a l c u l a t e d  by u s i n g  

o p t i m i z e d  a t t e n u a t i o n  f i l t e r  f ro m  McDonal e t  a l ' s  

e x p e r i m e n t a 1 d a t a .
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w here  t i m e - v a r i a n c e  i s  i n d i c a t e d  by r e c o r d  t i m e  t .

2 )  Compute t h e  t i m e - v a r i a n t  z e r o - p h a s e  a t t e n u a t i o n  

f i l t e r  3 q ( t ; t ) u s 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 .

3 )  Compute t h e  t i m e - v a r i a n t  i n v e r s e  o f  t h e  minimum-  

phase  e q u i v a l e n t ,  a ^ 1 , u s i n g  t h e  W ie n e r  t r a n s f o r m ,

W (a0> = a m ' 1 -

4 )  A p p ly  t h e  t i m e - v a r i a n t  i n v e r s e  t o  t h e  d a t a  t o  

com pensate  f o r  a t t e n u a t i o n .
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OPTIMAL DECONVOLUTION

O p t im a l  D e c o n v o l u t i o n

A c c o r d i n g  t o  t h e  f a c t s  c r i t i c i z e d  in  t h e  f o r m e r  

c h a p t e r ,  in  o r d e r  t o  s i m p l i f y  and u n i f y  c o m p l i c a t e d  p ro b le m s  

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

s e i s m i c  d a t a ,  a  t i m e - v a r i a n t  ( w r i t t e n  as  TV) i n v e r s e  

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

d e c o n v o l u t i o n  i s  p r o p o s e d ,  w h ic h  i s  c a l l e d  S-H d e c o n v o l u t i o n  

h e r e a f t e r .  The p r o c e s s i n g  s t e p s  a r e  sum m ar ized  as  f o l l o w s :

1) To s u p p r e s s  t h e  n o i s e  as much as  p o s s i b l e  b e f o r e  

a p p l y i n g  d e c o n v o l u t i o n ,

2 )  To a p p l y  t h e  TV i n v e r s e  a t t e n u a t i o n  f i l t e r  t o  t h e  

s e i s m i c  d a t a  in  o r d e r  t o  c o r r e c t  f o r  t i m e

v a r i a n c e ,

3 )  To a p p l y  W-L s p i k i n g  d e c o n v o l u t i o n  w i t h o u t  

a d d i t i v e  w h i t e  n o i s e ,

4 )  To a p p l y  t h e  a l l  pass phase  c o m p e n s a to r  t o  t h e  

s p i k i n g - d e c o n v o l v e d  d a t a  in  o r d e r  t o  com pensate  

f o r  phase  d i s t o r t i o n  i n t r o d u c e d  by a p p l y i n g  W-L 

sp i k i n g  d e c o n v o 1 u t ion  t o  nonmi n imum-phase d a t a ,

5 )  To a p p l y  t h e  b a n d 1 i m i t e d  d e s i r e d  s e i s m i c  p u l s e  t o  

p h a s e -c o m p e n s a te d  s p i k i n g - d e c o n v o l v e d  d a t a .

The s c h e m a t ic  d i a g r a m  o f  S-H d e c o n v o l u t i o n  i s  shown in  

f i g u r e  2 6 .
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W(b)

F i g u r e  2 6 .  S c h e m a t ic  d i a g r a m  o f  S-H d e c o n v o l u t i o n .

in

X 7

Time in sec
0.100.0500

F i g u r e  2 7 .  Resampled (2  msec t o  4 msec)  w a te rg u n  s i g n a t u r e .
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C o n v o l u t i o n a l  Model

The s e i s m i c  t r a c e  can be e x p r e s s e d  as  t h e  f o l l o w i n g  

c o n v o l u t i o n a 1 mode 1,

s = r * b * h *  i * a + n ,  ( 1 3 )

w here  r  i s  r e f l e c t i v i t y ,  b i s  t h e  known s o u r c e  w a v e l e t  

(nonminimum p h a s e ) , h i s  due t o  g h o s ts  and r e v e r b e r a t i o n s  

(minimum p h a s e ) , i i s  t h e  i n s t r u m e n t  re s p o n s e  

(nonminimum p h a s e ) ,  a i s  TV e a r t h ' s  a t t e n u a t i o n  f i l t e r  

(minimum p h a s e )  and n i s  a d d i t i v e  n a t u r a l  n o i s e .

In  g e n e r a l ,  a  nonm i n i mum-phase c h a r a c t e r  o f  t h e  

i n s t r u m e n t  r e s p o n s e  w i l l  be e a s i l y  c o r r e c t e d  t o  t h e  min imum-  

phase  c h a r a c t e r  b e c a u s e  t h e  i n s t r u m e n t  r e s p o n s e  i s  u s u a l l y  

w e l l - k n o w n .  In  a d d i t i o n ,  m in im um -phase  f i l t e r i n g  e f f e c t s  do 

n o t  i n t r o d u c e  any  p r o b le m  in  t h e  W-L d e c o n v o l u t i o n  i f  

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

model o f  t h e  s e i s m i c  d a t a  can be s i m p l i f i e d  as f o l l o w s :

s = r * b * a  + n .  ( 14)

A t  t h e  f i r s t  s t e p ,  t h e  TV i n v e r s e  a t t e n u a t i o n  f i l t e r  

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

d a t a ,

s *  a -1  = r  *  b *  a *  a ” 1 + n *  a ” 1 . ( 1 5 )

A t  t h e  second s t e p ,  W-L s p i k i n g  d e c o n v o l u t i o n  i s

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

m in im um -phase  e q u i v a l e n t s ,

s *  a™1 * w = r * b * b ~ 1 + n *  a - 1 * b ~ 1 . ( 1 6 )m m
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A t  t h e  t h i r d  s t e p ,  t h e  a l l p a s s  phase  com pe nsa to r  g ,  

w hic h  i s  c o n v o l u t i o n  o f  b w i t h  W ( b ) ,  i s  c o r r e l a t e d  w i t h  t h e  

s e i s m i c  t r a c e ,

s *  a * *  w <frg = r * b * b m 1 g

+ n * a " 1 * bm-1  ♦ g ,  ( 1 7 )

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

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

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

t h e  n o i s e ,

s *  a * * w < f r g * d = r * d

+ n *  a " 1 * bm- 1  <j) g *  d .  ( 1 8 )

S i m u l a t i o n  U s in g  Dense R e f l e c t i v i t y  and W atergun  S i g n a t u r e  

To s t u d y  t h e  p e r f o r m a n c e  o f  S-H d e c o n v o l u t i o n  f o r  

nonm i n i .mum-phase d a t a ,  t h e  com pu ter  s i m u l a t i o n  was done  

u s i n g  a w a te r g u n  s i g n a t u r e ,  w h ich  i s  t h e  SODERA S - 8 0  

w a te r g u n  s i g n a t u r e  r e s a m p le d  by 4 msec ( f i g .  2 7 ) ,  and a 

dense  r e f l e c t i v i t y  f u n c t i o n  ( f i g .  2 8 ) ,  w h ic h  i s  g e n e r a t e d  

f ro m  w e l 1 d a t a .

The d e s i r e d  s e i s m i c  p u l s e  was d e s i g n e d  as 45 p o i n t s  

in  l e n g t h  and 4 msec s a m p l in g  and i t s  f r e q u e n c y  band is  

t r a p e z o i d a l  s p e c i f i e d  by 5 / 6  and 6 0 / 6 5  Hz ( f i g .  2 9 ) .

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

assumed as  e x p ( - a f V t  ) ,  w here  a i s  t h e  a t t e n u a t i o n  c o n s t a n t , 

i  i s  t w o -w a y  t r a v e l  t i m e ,  V i s  an  a v e r a g e  v e l o c i t y  a t  t i m e
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0.6

Time in sec

F i g u r e  2 8 .  R e f l e c t i v i t y  f u n c t i o n  f o r  d en se  m o d e l .

00

Time in sec

F i g u r e  2 9 . D e s i r e d  s e i s m i c  p u l s e  ( d - f i l t e r )
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x , and f  i s  f r e q u e n c y  in  H e r t z .  In  t h i s  s i m u l a t i o n ,  t h e  

a t t e n u a t i o n  f i l t e r  and i n v e r s e  a t t e n u a t i o n  f i l t e r  w ere  

d e s ig n e d  as  32 p o i n t s  w i t h  4 msec s a m p l i n g  r a t e .

T h r e e  a t t e n u a t i o n  c a s e s  a r e  c o n s i d e r e d ,  w i t h  0 . 0 2 ,  

0 . 0 5 ,  and 0 . 1  used as  t h e  a t t e n u a t i o n  c o n s t a n t  f o r  

low a t t e n u a t i o n ,  m o d e r a t e  a t t e n u a t i o n ,  and h i g h  a t t e n u a t i o n  

c a s e ,  r e s p e c t i v e l y .  V e l o c i t y  V i s  a l w a y s  assumed 1 .0  in  

each a t t e n u a t i o n  c a s e .

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

o f  TV i n v e r s e  a t t e n u a t i o n  f i l t e r  a t  tw o  d i f f e r e n t  r e f e r e n c e  

t i m e s  ( x = 0 . 5  and 1 . 0 )  in  c a s e  o f  m o d e r a t e  a t t e n u a t i o n  a r e  

shown in  f i g u r e  30 and 3 1 .  A z e r o - p h a s e  a t t e n u a t i o n  f i l t e r  

( 3 q ) ,  a m in im um -phase  a t t e n u a t i o n  f i l t e r  ( a m) , and a 

m in im um -phase  i n v e r s e  a t t e n u a t i o n  f i l t e r  ( a m~ * )  a t  two  

d i f f e r e n t  r e f e r e n c e  t i m e s  ( t = 0 . 5  and 1 . 0 )  in  c as e  o f  

m o d e r a t e  a t t e n u a t i o n  a r e  shown in  f i g u r e  32 and 3 3 ,  

r e s p e c t i v e l y .

When d o in g  c o m p u te r  s i m u l a t i o n ,  f o u r  d i f f e r e n t  t y p e s  

o f  d e c o n v o l u t i o n ,  s p i k i n g  d e c o n v o l u t i o n  ( c a l l e d  SP 

d e c o n v o l u t i o n  in  t a b l e s )  w i t h  and w i t h o u t  a d d i t i v e  w h i t e  

n o i s e ,  gapped d e c o n v o l u t i o n  ( c a l l e d  GP d e c o n v o l u t i o n  in  

t a b l e s ) ,  and S-H d e c o n v o l u t i o n  w ere  a p p l i e d  t o  b o t h  n a t u r a l  

n o i s e - f r e e  and 3 % n a t u r a l  n o i s e - a d d e d  dense  w a te r g u n  model  

t r a c e s  f o r  t h e  f o l l o w i n g  a t t e n u a t i o n  c a s es  : 1) low 

a t t e n u a t i o n ,  2 )  m o d e r a t e  a t t e n u a t i o n ,  and 3 )  h ig h
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F i g u r e  3 0 .  A m p l i t u d e  s p e c t r u m  o f  a t t e n u a t i o n  and i n v e r s e  

a t t e n u a t i o n  f i l t e r  a t  0 . 5  sec ( a = 0 . 0 5 )  (A and A- 1 ) .
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F i g u r e  3 1 .  A m p l i t u d e  s p e c t r u m  o f  a t t e n u a t i o n  and i n v e r s e  

a t t e n u a t i o n  f i l t e r  a t  1 . 0  sec ( a = 0 . 0 5 )  (A and A ~ 1 ) •
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a0
x<r  a m

0 05 Time in sec 010

F i g u r e  3 2 .  Z e r o - ,  m in im um - ,  and i n v e r s e  m in im um -phase  

a t t e n u a t i o n  f i l t e r  a t  0 . 5  sec  ( a = 0 . 0 5 )  ( a Q, a m, a rn~ 1 ) .
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0 05 Time in sec 010

F i g u r e  3 3 .  Z e r o - , m i n i m u m - ,  and  i n v e r s e  m in im um -phase

a t t e n u a t i o n  f i l t e r  a t  1 .0  sec ( a = 0 . 0 5 )  ( a n , a  , a  _ 1) .u m m
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a t t e n u a t i o n .  A d d i t i v e  n a t u r a l  n o i s e  i s  o b t a i n e d  f ro m  a 

p s e u d o - G a u s s ia n  random number g e n e r a t o r  and shown in  f i g u r e  

3 4 .  A f t e r  d e c o n v o l u t i o n ,  t h e  d - f i l t e r  was a p p l i e d  and some 

s e l e c t e d  o u t p u t  t r a c e s  w i l l  be d i s p l a y e d .

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

r e f l e c t i v i t y  w i t h  d - f i l t e r ,  i s  shown in  f i g u r e  35 and  

r e m a r k a b l e  r e f l e c t i o n  e v e n t s  a r e  seen a t  0 . 4 5  seconds and a t  

0 . 7  seconds ( a r r o w s  mark E l  and E 2 ) .

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

methods on TV a t t e n u a t e d  d a t a  w i t h o u t  a p p l y i n g  t h e  TV 

i n v e r s e  a t t e n u a t i o n  f i l t e r ,  no d e c o n v o l u t i o n ,  w h ic h  is  

g e n e r a t e d  by a p p l y i n g  o n l y  t h e  d - f i l t e r ,  s p i k i n g  

d e c o n v o l u t i o n  w i t h o u t  and w i t h  5 7. w h i t e  n o i s e ,  gapped  

d e c o n v o l u t i o n  w i t h  10 p o i n t s  g a p ,  and S-H d e c o n v o l u t i o n  w ere  

a p p l i e d  t o  t h e  dense  w a te r g u n  model t r a c e  ( r * b * a ( t ) )  , w h ich  

was TV a t t e n u a t e d  by u s i n g  m o d e r a t e  a t t e n u a t i o n  c o n s t a n t  

(a=Q. 0 5 ) ,  w i t h  and w i t h o u t  3 % a d d i t i v e  n a t u r a l  n o i s e .  The  

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

c o n v o l v e d  w i t h  t h e  d - f i l t e r  i s  shown in  f i g u r e s  36 t h r o u g h  

4 0 .  As can be seen in  f i g u r e  4 0 ,  o u t p u t  o f  S-H  

d e c o n v o l u t i o n  has r e l a t i v e l y  w e l l - r e c o v e r e d  r e f l e c t i o n  

e v e n t s  (E l  and E 2 ) .  On t h e  o t h e r  han d ,  o u t p u t s  o f  o t h e r  

d e c o n v o l u t i o n s  have l a r g e  phase  s h i f t  and s e v e r e  w ave fo rm  

d i s t o r t i o n .

The same d e c o n v o l u t i o n s  w ere  a l s o  a p p l i e d  t o  TV
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F i g u r e  3 4 .  A d d i t i v e  n a t u r a l  n o i s e .

Time in sec
0.2 0.8

F i g u r e  3 5 .  D e s i r e d  o u t p u t  o f  dense w a te r g u n  m o d e l .
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F i g u r e  3 6 .  No d e c o n v o l u t i o n  o u t p u t  f o r  TV a t t e n u a t e d  dense  

w a te r g u n  m o d e l .

in

! vo.6 V
Time in sec

1.0

F i g u r e  3 7 .  S p i k i n g  d e c o n v o l u t i o n  f o r  TV a t t e n u a t e d

dense  w a te r g u n  m o d e l .
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in
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Time in sec

F i g u r e  3 8 .  S p i k i n g  d e c o n v o l u t i o n  w i t h  5 % a d d i t i v e  w h i t e  

n o i s e  f o r  TV a t t e n u a t e d  dense  w a te r g u n  m o d e l .

in

! VO.6 1

Time in sec

F i g u r e  3 9 .  Gapped d e c o n v o l u t i o n  (g ap  = 10 p o i n t s )  f o r  TV

a t t e n u a t e d  dense w a te r g u n  m o d e l .
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F i g u r e  4 0 .  S-H d e c o n v o l u t i o n  f o r  TV a t t e n u a t e d  dense  

w a te r g u n  m o d e l .

in
o .
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Time in sec

o

F i g u r e  4 1 .  No d e c o n v o l u t i o n  o u t p u t  f o r  TV i n v e r s e - a t t e n u a t e d

den se  w a te r g u n  m o d e l .
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i n v e r s e - a t t e n u a t e d  den se  w a te r g u n  model t r a c e  

( ( r * b * a ( t ) * a ^ ( t ) ) .  w i t h  and w i t h o u t  3 % a d d i t i v e  n a t u r a l  

n o i s e .  Each o u t p u t  in  t h e  n a t u r a l  n o i s e - f r e e  case  c o n v o l v e d  

w i t h  t h e  d - f i l t e r  a r e  shown in  f i g u r e s  41 t h r o u g h  4 5 .  As in  

t h e  p r e v i o u s  s i m u l a t i o n ,  o n l y  S-H d e c o n v o l u t i o n  can r e c o v e r  

r e f l e c t i o n  e v e n t s  E l  and E2 f o r  TV i n v e r s e - a t t e n u a t e d  t r a c e .

In  o r d e r  t o  show t h e  s u p e r i o r i t y  o f  S-H d e c o n v o l u t i o n  

q u a n t i t a t i v e l y ,  t h e  CC v a l u e  and r e l a t i v e  t i m e  s h i f t  be tw e e n  

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

w i t h  d - f i l t e r  w ere  c a l c u l a t e d  f o r  t h e  f o l l o w i n g  4 d i f f e r e n t  

t y p e s  o f  i n p u t s ;  w i t h  and w i t h o u t  TV i n v e r s e  a t t e n u a t i o n  

f i l t e r ,  and  w i t h  and w i t h o u t  3 % n a t u r a l  n o i s e .  These  

r e s u l t s  a r e  t a b u l a t e d  on t a b l e s  2 t h r o u g h  5 .  The v a l u e  

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

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

d e s i r e d  o u t p u t .

In  t h e  n a t u r a l  n o i s e - f r e e  c a s e  w i t h o u t  TV i n v e r s e  

a t t e n u a t i o n  f i l t e r  ( t a b l e  2 ) ,  S-H d e c o n v o l u t i o n  has t h e  

l a r g e s t  CC v a l u e s ,  0 . 6 6  and 0 . 5 2 ,  f o r  m o d e r a t e  and h i g h  

a t t e n u a t i o n ,  r e s p e c t i v e l y .  F o r  low a t t e n u a t i o n ,  t h e  CC 

v a l u e  o f  no d e c o n v o l u t i o n  i s  0 . 7 5  and l a r g e s t ,  b u t  i t s  

o u t p u t  has l a r g e  t i m e  s h i f t  ( 1 3 ) ;  on t h e  o t h e r  han d ,  t h e  CC 

v a l u e  o f  S-H  d e c o n v o l u t i o n  i s  0 . 7 3  and i t  has no t i m e  s h i f t .  

In  t h e  3 % n a t u r a l  n o i s e - a d d e d  cas e  w i t h o u t  TV i n v e r s e  

a t t e n u a t i o n  f i l t e r  ( t a b l e  3 ) ,  t h e  same r e s u l t s  a r e  a l s o
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F i g u r e  4 2 .  S p i k i n g  d e c o n v o l u t i o n  f o r  TV i n v e r s e - a t t e n u a t e d  

den se  w a te r g u n  m o d e l .
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Time in sec

F i g u r e  4 3 .  S p i k i n g  d e c o n v o l u t i o n  w i t h  5 % n o i s e  f o r

TV i n v e r s e - a t t e n u a t e d  d en se  w a te r g u n  m o d e l .
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Time in sec

F i g u r e  4 4 .  Gapped d e c o n v o l u t i o n  ( g a p = 10 p o i n t s )  f o r  TV 

i n v e r s e - a t t e n u a t e d  den se  w a te rg u n  m o d e l .

1.00.6'0.2

Time in sec

F i g u r e  4 5 .  S-H d e c o n v o l u t i o n  f o r  TV i n v e r s e - a t t e n u a t e d  dense

w a te r g u n  m o d e l .
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A t t e n u a t i o n  0 . 0 2  0 . 0 5  0 . 1

c o n s t a n t

No d e c o n v o l u t i o n  0 . 7 5  0 . 6 4  0 . 5 1

( 1 3 )  ( 1 4 )  ( 1 4 )

SP d e c o n v o l u t i o n  0 . 5 0  0 . 4 5  0 . 3 5

( 4 )  ( 4 )  ( 4 )

SP d e c o n v o l u t i o n  0 . 6 1  0 . 4 5  0 . 3 4

w i t h  5 % n o i s e  ( 1 3 )  ( 4 )  ( 1 4 )

GP d e c o n v o l u t i o n  0 . 7 1  0 . 5 4  0 . 4 3

( g a p = 10 p o i n t s )  ( 1 3 )  ( 1 4 )  ( 1 4 )

S-H d e c o n v o l u t i o n  0 . 7 1  0 . 6 6  0 . 5 2

( 0 )  ( 1 )  ( 1 )

T a b l e  2 .  C o r r e l a t i o n  c o e f f i c i e n t  be tw een  d e s i r e d  o u t p u t  and

each d e c o n v o l u t i o n  o u t p u t  w i t h o u t  TV i n v e r s e  a t t e n u a t i o n

f i l t e r  f o r  dense  w a te r g u n  model w i t h o u t  n a t u r a l  n o i s e
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A t t e n u a t i o n  0 . 0 2  0 . 0 5  0 .1

c o n s t a n t

No d e c o n v o l u t i o n  0 . 7 5  0 . 6 4  0 .5 1

( 1 3 )  ( 1 4 )  ( 1 4 )

SP d e c o n v o l u t i o n  0 . 5 0  0 . 4 5  0 . 3 5

( 4 )  ( 4 )  ( 4 )

SP d e c o n v o l u t i o n  0 . 6 2  0 . 4 5  0 . 3 4

w i t h  5 % n o i s e  ( 1 3 )  ( 1 4 )  ( 1 4 )

GP d e c o n v o l u t i o n  0 . 7 1  0 . 5 4  0 . 4 3

( g a p = 10 p o i n t s )  ( 1 3 )  ( 1 4 )  ( 1 4 )

S-H d e c o n v o l u t i o n  0 . 7 3  0 . 6 5  0 . 5 3

( 0)  ( 1)  Cl)

T a b l e  3 .  C o r r e l a t i o n  c o e f f i c i e n t  be tw een  d e s i r e d  o u t p u t

and each  d e c o n v o l u t i o n  w i t h o u t  TV i n v e r s e  a t t e n u a t i o n

f i l t e r  f o r  dense  w a te r g u n  model w i t h  3 % n a t u r a l  n o i s e .
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A t t e n u a t i o n  0 . 0 2  0 . 0 5  0 .1

c o n s t a n t

No d e c o n v o l u t i o n  0 . 7 5  0 . 7 6  0 . 7 5

( 1 3 )  ( 1 3 )  ( 1 3 )

SP d e c o n v o l u t i o n  0 . 5 6  0 . 5 6  0 . 5 6

( 1 3 )  ( 1 3 )  ( 1 3 )

SP d e c o n v o l u t i o n  0 . 6 7  0 . 6 7  0 . 6 7

w i t h  5 % n o i s e  ( 1 3 )  ( 1 3 )  ( 1 3 )

GP d e c o n v o l u t i o n  0 . 7 2  0 . 7 2  0 .7 1

( g a p = 10 p o i n t s )  ( 1 3 )  ( 1 3 )  ( 1 3 )

S-H d e c o n v o l u t i o n  0 . 8 5  0 . 8 5  0 . 8 5

(0 )  (0 )  (0 )

T a b l e  4 .  C o r r e l a t i o n  c o e f f i c i e n t  b e tw een  d e s i r e d  o u t p u t  and

each d e c o n v o l u t i o n  o u t p u t  w i t h  TV i n v e r s e  a t t e n u a t i o n

f i l t e r  f o r  dense  w a te r g u n  model w i t h o u t  n a t u r a l  n o i s e .
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A t t e n u a t i o n  0 . 0 2  0 . 0 5  0 .1

c o n s t a n t

No d e c o n v o l u t i o n  0 . 7 5  0 . 7 5  0 . 7 4

( 1 3 )  ( 1 3 )  ( 1 3 )

SP d e c o n v o l u t i o n  0 . 5 6  0 . 5 3  0 . 5 5

( 1 3 )  ( 1 3 )  ( 1 3 )

SP d e c o n v o l u t i o n  0 . 6 8  0 . 6 7  0 . 6 7

w i t h  5 % n o i s e  ( 1 3 )  ( 1 3 )  ( 1 3 )

GP d e c o n v o l u t i o n  0 . 7 2  0 . 7 2  0 .7 1

( g a p = 10 p o i n t s )  ( 1 3 )  ( 1 3 )  ( 1 3 )

S-H d e c o n v o l u t i o n  0 . 8 5  0 . 8 3  0 . 8 4

(0 )  (0 )  (0 )

T a b l e  5 .  C o r r e l a t i o n  c o e f f i c i e n t  be tw een  d e s i r e d  o u t p u t  and

each  d e c o n v o l u t i o n  o u t p u t  w i t h  TV i n v e r s e  a t t e n u a t i o n

f i l t e r  f o r  dense  w a te r g u n  model w i t h  3 % n a t u r a l  n o i s e .
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o b t a i n e d .  A l l  o t h e r  d e c o n v o l u t i o n s  have  l a r g e  t i m e  s h i f t .  

Gapped d e c o n v o l u t i o n ,  w h ic h  has been o f t e n  used as  

d e c o n v o l u t i o n  o f  nonmin imum-phase d a t a ,  has sm a l l  CC v a l u e  

and l a r g e  t i m e  s h i f t  v a l u e  ( 1 4 )  f o r  m o d e r a te  and h i g h  

a t t e n u a t i o n  c a s e s .

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

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

CC v a l u e  o f  S-H d e c o n v o l u t i o n  f o r  each  a t t e n u a t i o n  c a s e ;  t h e  

v a l u e  i s  a l w a y s  g r e a t e r  t h a n  0 . 8 3  and t i m e  s h i f t  i s  a l w a y s  

z e r o  ( t a b l e  4 and 5 ) .  The CC v a l u e s  o f  a l l  o t h e r  

d e c o n v o l u t i o n s  a l s o  i n c r e a s e  due t o  t h e  TV i n v e r s e  

a t t e n u a t i o n  f i l t e r ,  b u t  t h e y  s t i l l  have  l a r g e  phase  

d i s t o r t i o n .

From t h e s e  r e s u l t s ,  i t  i s  r e a l i z e d  t h a t  S-H  

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

v a r i a n c e  in  t h e  d a t a  was n o t  com pensated  by a p p l y i n g  t h e  TV 

i n v e r s e  a t t e n u a t i o n  f i l t e r .

M ism atched  A t t e n u a t i o n  C o n s t a n t

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

was a l w a y s  d e s ig n e d  by u s i n g  m atched  a t t e n u a t i o n  c o n s t a n t  

used in  TV a t t e n u a t i o n  f i l t e r i n g .  H o w ev er ,  i t  i s  d i f f i c u l t  

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

s e i s m i c  d a t a  in  p r a c t i c a l  s e i s m o l o g y .

In  t h i s  s e c t i o n ,  u s i n g  t h e  same d a t a  used in  t h e
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dense  w a te r g u n  m o d e l ,  t h e  same d e c o n v o l u t i o n  p r o c e s s e s  w ere  

a p p l i e d  t o  t h e  TV a t t e n u a t e d  t r a c e  (a=Q . 0 5 )  by c h a n g in g  t h e  

a t t e n u a t i o n  c o n s t a n t  ( a = 0 . 0 2 5  f o r  u n d e r e s t i m a t i o n  c as e  and  

a=Q.1 f o r  o v e r e s t i m a t i o n  c a s e )  in  t h e  TV i n v e r s e  a t t e n u a t i o n  

f i l t e r .  The CC v a l u e  be tw e e n  t h e  d e s i r e d  o u t p u t  and each  

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

in  t a b l e  6 .

In  t h e  o v e r e s t i m a t i o n  c a s e ,  t h e  CC v a l u e  o f  S-H  

d e c o n v o l u t i o n  i s  0 . 6 8  and i s  n o t  l a r g e s t  b u t  o n l y  S-H  

d e c o n v o l u t i o n  has no t i m e  s h i f t .  On t h e  o t h e r  h a n d ,  in  t h e  

u n d e r e s t i m a t i o n  c a s e ,  S-H d e c o n v o l u t i o n  has t h e  l a r g e s t  CC 

v a l u e ,  0 . 7 3 ,  and i t s  t i m e  s h i f t  v a l u e  i s  0 .

O u t p u t s  o f  S-H d e c o n v o l u t i o n  by o v e r e s t i m a t i n g  and  

u n d e r e s t i m a t i n g  t h e  a t t e n u a t i o n  c o n s t a n t  a r e  shown in  f i g u r e  

46 and 4 8 ,  r e s p e c t i v e l y .  In  o r d e r  t o  compare p e r f o r m a n c e  o f  

SH d e c o n v o l u t i o n  v i s u a l l y ,  s p i k i n g  d e c o n v o l u t i o n  was a p p l i e d  

t o  t h e  same o v e r e s t i m a t i o n  and u n d e r e s t i m a t i o n  t r a c e  and  

t h e s e  o u t p u t  a r e  shown in  f i g u r e  47 and 4 9 ,  r e s p e c t i v e l y .

S-H d e c o n v o l u t i o n  r e c o v e r s  e v e n t  El  r e l a t i v e l y  w e l l  

in  t h e  o v e r e s t i m a t i o n  c a s e ,  and r e c o v e r s  b o t h  e v e n t s  E l  and  

E2 w e l l  in  c as e  o f  u n d e r e s t i m a t i o n .  On t h e  o t h e r  h an d ,  

s p i k i n g  d e c o n v o l u t i o n  does n o t  r e s t o r e  b o t h  e v e n t s ,  

e s p e c i a l l y  in  t h e  o v e r e s t i m a t i o n  c a s e .  In  t h e  o u t p u t  o f  

s p i k i n g  d e c o n v o l u t i o n  in  t h e  u n d e r e s t i m a t i o n  c a s e , some wave  

p a c k e t s  can be r e c o g n i z e d  a t  t i m e s  c l o s e  t o  r e f l e c t i o n
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• A t t e n u a t i o n  c o n s t a n t  0 . 0 5  0 . 0 5

I n v e r s e  a t t e n u a t i o n  0 . 1  0 . 0 2 5

c o n s t a n t

No d e c o n v o l u t i o n  0 . 7 2  0 .5 1

( 1 3 )  ( 1 2 )

SP d e c o n v o l u t i o n  0 . 4 8  0 . 5 9

( 4 )  ( 1 3 )

SP d e c o n v o l u t i o n  0 . 5 9  0 . 6 0

w i t h  5 7» n o i s e  ( 1 3 )  ( 1 3 )

GP d e c o n v o l u t i o n  0 . 6 8  0 . 5 7

( g a p = 10 p o i n t s )  ( 1 3 )  ( 1 2 )

S-H d e c o n v o l u t i o n  0 . 6 8  0 . 7 3

(0 )  (0 )

T a b l e  6 .  C o r r e l a t i o n  c o e f f i c i e n t  be tw e e n  d e s i r e d  o u t p u t  and  

each d e c o n v o l u t i o n  o u t p u t  f o r  dense  w a te r g u n  model w i t h o u t  

n a t u r a l  n o i s e  by u n d e r e s t i m a t e d  and o v e r e s t i m a t e d  

a t t e n u a t i o n  c o n s t a n t .
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v 1.0
o

Time in sec
0.2

F i g u r e  4 6 .  S-H d e c o n v o l u t i o n  f o r  dense  w a te r g u n  model by  

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

io

Time in sec

F i g u r e  4 7 .  S p i k i n g  d e c o n v o l u t i o n  f o r  dense  w a te r g u n  model  

by o v e r e s t i m a t e d  a t t e n u a t i o n  c o n s t a n t .
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E2

1.0o.ev yy 
Time in sec

F i g u r e  4 8 .  S-H d e c o n v o l u t i o n  f o r  dense  w a te r g u n  model by  

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

in

I v o . 6  y
Time in sec

F i g u r e  4 9 .  S p i k i n g  d e c o n v o l u t i o n  f o r  den se  w a te rg u n  model  

by u n d e r e s t i m a t e d  a t t e n u a t i o n  c o n s t a n t .
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e v e n t s  El  and E 2 , b u t  t h e i r  w aveform s a r e  d i s t o r t e d  o r  

o s e i 11 a t  i ng .

From t h e s e  r e s u l t s ,  S-H d e c o n v o l u t i o n  s t i l l  h o l d s  i t s  

h i g h  p e r f o r m a n c e  even  when u s i n g  a m ism atched  a t t e n u a t i o n  

c o n s t a n t  in  TV i n v e r s e  a t t e n u a t i o n  f i l t e r i n g .

S i m u l a t i o n  U s in g  S p a r s e  R e f l e c t i v i t y  and K l a u d e r  W a v e l e t

To s t u d y  a p p l i c a b i l i t y  o f  S-H d e c o n v o l u t i o n  t o  o t h e r  

t y p e  o f  s o u rc e  s i g n a t u r e ,  t h e  same d e c o n v o l u t i o n s  used in  

f o r m e r  s i m u l a t i o n  and R -J  d e c o n v o l u t i o n  w ere  a p p l i e d  t o  

a TV a t t e n u a t e d  K l a u d e r  w a v e l e t  s e i s m i c  model c o n s i s t i n g  o f  

s p a r s e  r e f l e c t i v i t y  and K l a u d e r  w a v e l e t  w i t h  and w i t h o u t  TV 

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

( a = 0 . 1 ) .  The CC v a l u e  and r e l a t i v e  t i m e  s h i f t  be tw een  

d e s i r e d  o u t p u t  and each  d e c o n v o l u t i o n  o u t p u t  c o n v o l v e d  w i t h  

d - f i I t e r  w ere  c a l c u l a t e d  f o r  each c a s e  and i s  l i s t e d  in  

t a b l e  7 .

D e s i r e d  o u t p u t  and o u t p u t  o f  no d e c o n v o l u t i o n  

a p p l i c a t i o n  a r e  shown in  f i g u r e s  50 and 5 1 ,  r e s p e c t i v e l y .  

O u t p u t s  o f  s p i k i n g  d e c o n v o l u t i o n  w i t h  and w i t h o u t  5 % 

a d d i t i v e  n o i s e ,  gapped d e c o n v o l u t i o n ,  R -J  d e c o n v o l u t i o n ,  

and S-H d e c o n v o l u t i o n  a r e  shown in  f i g u r e s  52 t h r o u g h  5 6 .  

A l t h o u g h  S-H d e c o n v o l u t i o n  and R -J  d e c o n v o l u t i o n  keep  b e t t e r  

p e r f o r m a n c e  t h a n  t h a t  o t h e r s  in  c a s e  o f  no a p p l i c a t i o n  o f  

TV i n v e r s e  a t t e n u a t i o n  f i l t e r ,  t h e  second r e f l e c t i o n  e v e n t
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I n v e r s e  a t t e n u a t i o n  f i l t e r  WITHOUT WITH

No d e c o n v o l u t i o n  0 . 6 3  0 . 9 9

( 1 ) ( 0 )

SP d e c o n v o l u t i o n  0 . 5 6  0 . 6 6

( - 1 5 5 )  ( - 1 )

SP d e c o n v o l u t i o n  0 . 5 7  0 .8 1

w i t h  5 % n o i s e  ( 0 )  ( - 1 )

GP d e c o n v o l u t i o n  0 . 6 3  0 . 9 8

( g a p = 10 p o i n t s )  ( 1 )  ( 0 )

R -J  d e c o n v o l u t i o n  0 . 6 8  0 . 9 9

(0 )  (0 )

S-H d e c o n v o l u t i o n  0 . 6 8  0 . 9 9

(0 )  (0 )

T a b l e  7 .  C o r r e l a t i o n  c o e f f i c i e n t  b e tw een  d e s i r e d  o u t p u t  and  

each d e c o n v o l u t i o n  w i t h  and w i t h o u t  TV i n v e r s e  a t t e n u a t i o n  

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

n o i s e  ( H ig h  a t t e n u a t i o n  c a s e )
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in

p. 1.00 .4 0.6
Time in sec

F i g u r e  5 0 .  D e s i r e d  o u t p u t  f o r  s p a r s e  K l a u d e r  w a v e l e t  m o d e l .

o.

o

0 .4 0.6
Time in sec

i .o

F i g u r e  5 1 .  No d e c o n v o l u t i o n  f o r  TV a t t e n u a t e d  s p a r s e  K l a u d e r

w a v e l e t  m o d e l .
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0 .4
p, 0.6

Time in sec
1.0

F i g u r e  5 2 .  S p i k i n g  d e c o n v o l u t i o n  f o r  TV a t t e n u a t e d  s p a r s e  

K l a u d e r  w a v e l e t  m o d e l .

in

0 .4 0.6
Time in sec

1.0

F i g u r e  5 3 .  S p i k i n g  d e c o n v o l u t i o n  w i t h  5 % a d d i t i v e  w h i t e  

n o i s e  f o r  TV a t t e n u a t e d  s p a r s e  K l a u d e r  w a v e l e t  m o d e l .
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0 .4 0.6
Time in sec

1.0

o

F i g u r e  5 4 .  Gapped d e c o n v o lu t io n  ( g a p = 10 p o i n t s )  f o r  TV 

a t t e n u a t e d  s p a rs e  K la u d e r  w a v e le t  m o d e l .

521
O

0 .4 0.6
Time in sec

o. 1.0

F i g u r e  5 5 .  R -J  d e c o n v o l u t i o n  f o r  TV a t t e n u a t e d  s p a r s e  K l a u d e r

w a v e l e t  m o d e l .
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0 .4 1 . 00.6
Time in sec

F ig u r e  5 6 .  S -H  d e c o n v o lu t io n  f o r  TV a t t e n u a t e d  s p a rs e  K la u d e r  

w a v e le t  m o d e l .

m

1.00 .4 0.6

Time in sec

F i g u r e  5 7 .  No d e c o n v o l u t i o n  f o r  TV i n v e r s e  a t t e n u a t e d  s p a r s e

K l a u d e r  w a v e l e t  m o d e l .
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is  n o t  r e s t o r e d  s u f f i c i e n t l y .

On t h e  o t h e r  h a n d ,  by  a p p l y i n g  TV in v e r s e  a t t e n u a t i o n  

f i l t e r  b e f o r e  d e c o n v o l u t io n ,  a l l  d e c o n v o lu t io n  p e r fo r m a n c e s ,  

i n c l u d in g  no d e c o n v o lu t io n  o u t p u t  ( f i g .  5 7 )  a r e  n e a r l y  

p e r f e c t ,  e x c e p t  f o r  s p i k i n g  d e c o n v o lu t io n  ( t a b l e  7 ) .  T h is  

is  due t o  t h e  s p e c ia l  c h a r a c t e r i s t i c  o f  K la u d e r  w a v e le t s  

whose a m p l i t u d e  s p e c t r a  a r e  o r i g i n a l l y  w h i t e n e d .  T h a t  is  t o  

s a y ,  w i t h i n  t h e  s p e c i f i c  f r e q u e n c y  band o f  i n t e r e s t ,  t h i s  

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

d e c o n v o l u t io n .  F u r t h e r m o r e ,  t h e  d - f i 1 t e r  w h ic h  has f l a t  

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

t r a c e  i f  i t s  f r e q u e n c y  band is  t h e  same as t h a t  o f  K la u d e r  

w a v e l e t .  From t h e s e  f a c t s ,  th o u g h  S-H d e c o n v o lu t io n  does  

w ork w e l l  f o r  K la u d e r  w a v e le t  m o d e l , no d e c o n v o lu t io n  need  

t o  be a p p 1 ie d .

H o w ev er ,  in  p r a c t i c a l  s e is m o lo g y ,  t h e r e  a r e  many 

f a c t o r s ,  w h ic h  d i s t o r t  we 11- w h i t e n e d  K la u d e r  w a v e le t  

s p e c tru m ,  such as in s t r u m e n t  re s p o n s e  in  la n d  s u rv e y s  and  

m u l t i p l e s  and g h o s ts  in  m a r in e  s u r v e y s .  In  such c a s e s , S-H  

d e c o n v o lu t io n  is  needed and w i l l  h o ld  i t s  p e r fo rm a n c e  on 

r e a l  s e is m ic  d a t a .
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FUTURE WORK

F o l lo w in g  t o p i c s  can be c o n s id e r e d  t o  be f u t u r e  

s tu d  ie s  :

1) more d e t a i l e d  s i m u l a t i o n  f o r  v a r io u s

nonmi n i mum-phase d a t a , i n c 1u d i ng V ï b r o s e i s w a v e l e t s ,  by  

c o n s id e r in g  o t h e r  f i l t e r i n g  f a c t o r s  such as in s t r u m e n ta l  

r e s p o n s e ,

2 )  d e t e r m i n a t i o n  o f  e x a c t  a t t e n u a t i o n  c o n s t a n t  f ro m  

r e a l  d a t a  by s p e c t r a l  a n a l y s i s  f o r  e x a c t  c o m p e n s a t io n  o f  

t im e  v a r i a n c e ,

3 )  more d e t a i l e d  q u a n t i t a t i v e  i n v e s t i g a t i o n  o f  t h e  

i n f l u e n c e  o f  a d d i t i v e  n a t u r a l  n o is e  on t h e  d e c o n v o lu t io n  

r e s u 1t s ,

4 )  a p p l i c a t i o n  o f  S -H  d e c o n v o lu t io n  t o  r e a l  s e is m ic

d a t a .
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CONCLUSIONS

1) V a l i d i t y  o f  t h e  W ie n e r  t r a n s f o r m  f o r  

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

o f  s e is m ic  d a t a  was p r o v e d .

2 )  N e c e s s i t y  o f  a d d i t i v e  w h i t e  n o is e  on W ienei— H o pf  

e q u a t io n  was d e n ie d  by sho w ing  v a r io u s  r e s u l t s  o f  d a t a  

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

3 )  S -H  d e c o n v o l u t io n ,  w h ic h  is  t i m e - v a r i a n t  in v e r s e  

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

d e c o n v o l u t io n ,  a lw a y s  has t h e  h ig h e s t  p e r fo rm a n c e  f o r  

non m in i mum-phase d a t a .

4 )  S -H  d e c o n v o lu t io n  w i t h o u t  t i m e - v a r i a n t  in v e r s e  

a t t e n u a t i o n  f i l t e r  a l s o  w orks  w e l l  f o r  nonm i n i mum-phase  

d a t a .

5 )  S -H  d e c o n v o lu t io n  has w id e  t o l e r a n c e  f o r  

u n d e r e s t im a t io n  and o v e r e s t im a t  ion  o f  t h e  a t t e n u a t i o n  

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

6 )  S -H  d e c o n v o lu t io n  is  q u a l i f i e d  as t h e  

d e c o n v o lu t io n  t e c h n iq u e  w h ic h  a lw a y s  g iv e s  t h e  h ig h e s t  

p e r fo r m a n c e  when a p p l i e d  t o  any  t y p e  s e is m ic  s o u rc e  d a t a .
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APPENDIX A

HILBERT TRANSFORM

The H i l b e r t  t r a n s f o r m  has been used as a minimum  

phase  c o n v e r t e r .  Real and im a g in a r y  p a r t s  o f  F o u r i e r  

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

t r a n s f o r m .  F u r t h e r m o r e ,  when t h e  c a u s a l  f u n c t i o n  has  

minimum p h a s e ,  i t s  phase  s p e c tru m  is  c o n n e c te d  w i t h  t h e  

l o g a r i t h m  o f  t h e  a m p l i t u d e  s p e c tru m  th r o u g h  t h e  H i l b e r t  

t r a n s f o r m .  T h e r e f o r e ,  a m in im um -phase  e q u i v a l e n t  t o  a 

nonmi n imum-phase w a v e le t  can be o b t a in e d  by m ak ing  use o f  

t h i s  r e l a t i o n s h i p .  H o w e v e r , u n l i k e  t h e  minimum m e a n -s q u a re  

e r r o r  c r i t e r i o n  w i t h  t h e  W ie n e r  t r a n s f o r m ,  t h e  H i l b e r t  

t r a n s f o r m  does n o t  g u a r a n te e  o p t i m a l i t y  in  m in im um -phase  

c o n v e r s io n .

Minimum phase c o n v e r s io n  by t h e  H i l b e r t  t r a n s f o r m  

i s  as  f o i l o w s :

1. Compute t h e  a m p l i t u d e  s p e c tru m  by F o u r i e r  t r a n s f o r m ,

2 .  Take  t h e  lo g a r i t h m  o f  t h e  a m p l i t u d e  s p e c tru m ,

3 .  G e n e r a te  t h e  m in im um -phase  s p e c tru m  by a p p ly i n g  t h e  

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

( t h i s  p ro c e s s  can be c a r r i e d  o u t  by c i r c u l a r  c o n v o l u t i o n  

o f  H i l b e r t  o p e r a t o r  w i t h  l o g a r i t h m i c  a m p l i t u d e  s p e c t r u m ) ,

4 .  A p p ly  t h e  in v e r s e  F o u r i e r  t r a n s f o r m  t o  a m p l i t u d e  s p e c tru m
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and m in im um -phase  s p e c tru m ,

5 .  E x t r a c t  r e a l  p a r t  o f  i n v e r s e  F o u r i e r - t r a n s f o r m e d  d a t a .
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APPENDIX B 

Z-TRANSFORM

In  d i g i t a l  p r o c e s s in g ,  any  s t a b l e  f u n c t i o n  can be  

e x p re s s e d  by Z - t r a n s f o r m .  Suppose e ~ Jw t t o  be z ,  when t h e  

f u n c t i o n  has minimum p h a s e ,  a  11 z e r o s  o f  i t s  Z - t r a n s f o r m  a r e  

lo c a t e d  o u t s i d e  t h e  u n i t  c i r c l e  on Z p l a n e .  On t h e  o t h e r  

h a n d , some z e r o s  o r  a l l  z e r o s  a r e  lo c a t e d  i n s i d e  t h e  u n i t  

c i r c l e  in  c as e  o f  m ixed  p h a se  and maximum p h a s e ,  

r e s p e c t i v e l y .  T h e r e f o r e ,  i f  t h e  e x a c t  c o o r d in a t e s  o f  z e r o s  

i n s i d e  t h e  u n i t  c i r c l e  a r e  known, t h e y  can be moved o u t s i d e  

t h e  u n i t  c i r c l e  by c o m p u tin g  t h e  c o n ju g a te  r e c i p r o c a l  v a lu e  

o f  each  z e r o ,  and t h e  e x a c t  m in im um -phase  e q u i v a l e n t  can be  

o b t a i n e d .  H o w ever, m in im um -phase  c o n v e r s io n  by Z - t r a n s f o r m  

is  n o t  p r a c t i c a l  due t o  e x t r e m e  d i f f i c u l t y  o f  f i n d i n g  r o o t s  

o f  h i g h - o r d e r  p o ly n o m ia l .

J e n k in s  and Traumb ( 1 9 7 0 )  showed one n u m e r ic a l  

t e c h n iq u e  f o r  f i n d i n g  z e r o s  o f  h i g h - o r d e r  p o ly n o m ia ls .
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APPENDIX C 

CORRELATION COEFFICIENT

The c o r r e 1 a t  i on c o e f f i c i e n t  i s an e s t  i m a to r  o f  

s i m i l a r i t y  b e tw een  tw o  f u n c t i o n s .  T h is  v a lu e  is  d e f i n e d  as  

f o l l o w s ;

cc M ax[(pgh(T)] , 

V4̂ (o)0h(o)
w here  <#g(0) and  ^ ^ (0 )  a r e  v a lu e s  a t  t h e  o r i g i n  o f  t h e  

a u t o c o r r e l a t i o n  o f  f u n c t i o n s  g and h , w h ic h  c o r re s p o n d s  t o  

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

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

CC h = 1 means t h e  same w aveform s in d e p e n d e n t  o f  

a m p l i t u d e  and t im e  s h i f t .  When CCgh = - i , t h e  w aveform s a r e  

t h e  same and p o l a r i t y  i s  r e v e r s e d .  CCgh = o means

u n c o r r e l a t e d  w a v e fo rm s . The s h i f t  a t  w h ic h  t h e  a b s o lu t e

v a lu e  o f  is  t h e  maximum is  a  m easure  o f  l i n e a r  phase

s h i f t  o f  h ( t )  w i t h  r e s p e c t  t o  g ( t ) .  S o , t h e  p a i r  CCgh and

m easures  t h e  w ave fo rm  s i m i l a r i t y .
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APPENDIX D

PROGRAMES FOR COMPUTER SIMULATION FOR OTIMAL DECONOLUTION

HOPREP ; PREPARATION STEP
HOAFIL : INVERSE ATTENUATION APPLICATION
HODCON ; DECONVOLUTION STEP

C * * * * * * , * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C * PROGRAM : HOPREP *
C * * * * * * * * * * * *

DIMENSION

REAL

CHARACTER*12 
CHARACTER*!
DATA

C
C  PARAMETER DECISION
C

IRMS =1 
IFIRST =2 
I MAX =3 
IKLAUD =0 
IDFILT =0 
IRREF =0 
IDREF =0 
INREF =0 
IKREF =0
I PULSE =0
I I  REF =0 
IKAREF =0 
I SE IS =0

C
C  PROCESS SELECTION
C
1 WRITE( 6 , * )  'Do you generate source wavelet ( r )  ? (Y /N ) ' 

READ(5 ,10 ) ANS 
10 FORMAT(A1)

IF(ANS.EQ.N) GOTO 101
C
C  SOURCE WAVELET GENERATION ------- k ( t )
C

WRITE( 6 , * )  'XXXXX SOURCE WAVELET k GENERATION XXXXX'
WRITE( 6 , * )  ' Enter data f i l e  name to  read'
READ(5 ,12) DATAN1
WRITE( 6 , * )  ' Enter data format ( 1 /2 ) '
READ( 5 , * )  I FORM
WRITE( 6 , * )  ' Enter length in p o in t '

DFILT(125),RREF(600),DREF(600), PULSE(250),  
SEIS(600),W 1(1000),AFILT(512),TREF(600) 
NREF(6 0 0 ) ,KREF( 6 0 0 ) , IREF(6 0 0 ) ,KAREF(600),  
NLEVEL, KLAUD(250)
DATAN1,DATAN2, DATAN3, DATAN4, DATAN5, DATAN6
ANS,Y,N
Y / ' Y ' / , N / ' N ' /
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READ( 5 , * )  LENGK
WRITE(6,*) ' Enter sampling ra te  in sec'
READ( 5 , * )  DELT

C
OPEN (UNIT=9, F ILE=DATAN1,STATUS=' UNKNOWN' )
DO 25 1=1,LENGK
IF(IFORM.EQ.l) READ(9 ,26 ) KLAUD( I )
IF(IFORM.EQ.2) READ(9,27) KLAUD( I )

26 FORMAT! 1X.F15.7)
27 FORMAT!16X,F15.7)
25 CONTINUE

CLOSE (UNIT=9)
C

OPEN (UNIT=10,F ILE=' SOURCE. F IL ' , STATUS=' UNKNOWN' )
CALL NORM85(KLAUD, LENGK, 1 , LENGK, IRMS)
DO 40 1=1,LENGK
T=(I-1)*DELT
WRITE!10 ,* )  T,KLAUD!I)

40 CONTINUE
IKLAU0=1 
CLOSE (UNIT=10)

C
C  PROCESS SELECTION
C
101 WRITE( 6 , * )  'Do you generate r e f l e c t i v i t y  ( r )  ? (Y /N ) '

READ(5,110) ANS 
110 FORMAT!Al)

IF(ANS.EQ.N) GOTO 201
C
C  REFLECTIVITY GENERATION --------  r ( t )
C

WRITE( 6 , * )  'XXXXX REFLECTIVITY r GENERATION XXXXX'
WRI TE( 6 , * )  ' Enter (DATA FILE NAME)'
READ!5,12) DATAN1 

12 FORMAT(A12)
WRITE( 6 , * )  ' Enter ( ISTART,LENGTH,DELT,DATA FORMAT ( 1 / 2 ) ) '
READ( 5 , * )  I START,LENG,DELT,I FORM

C
OPEN (UNIT=10,F ILE=DATAN1, STATUS='OLD')
OPEN (UNIT=11,F ILE=' RREF. F IL ' , STATUS=' UNKNOWN' )

C
IF(ISTART.EQ.1) GOTO 135
IEND=ISTART-I ! This loop is dummy read
DO 130 1 = 1 , 1 END 
READ!10 ,* )  A,B 

130 CONTINUE
135 CONTINUE
C

DO 140 1=1,LENG
IF ( IFORM.EQ.1) READ!10,141) RREF!I)
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IF(IFORM.EQ.2) READ(10,142) RREF( I )
141 FORMAT( 1X,F15.7)
142 FORMAT( 16X,F15.7)
140 CONTINUE
C ! Remove bias from r e f l e c t i v i t y  

SUM=0.0
DO 145 1=1,LENG 
SUM=SUM+RREF( I )

145 CONTINUE 
AVE=SUM/FLOAT(LENG)
DO 146 1=1,LENG 
RREF( I)=RREF(I)-AVE

146 CONTINUE 
C

CALL NORM85(RREF,LENG,1 ,LENG,IRMS)
C

DO 150 1=1,LENG 
T = (1-1 )*DELT 
W R IT E d l,* )  T,RREF ( I )

150 CONTINUE 
IRREF=1
CLOSE (UNIT=10)
CLOSE (UNIT=11)

C
C  PROCESS SELECTION
C
201 WRITE( 6 , * )  'Do you generate d - f i I t e r  (d) ? (Y /N ) '

READ(5,210) ANS 
210 FORMAT(A1)

IF(ANS.EQ.N) GOTO 301
C
C DESIGN OF DESIRED F ILTER------------- d ( t )
C

WRITE( 6 , * )  'XXXXX DESIRED PULSE d GENERATION XXXXX'
WRITE( 6 , * )  ' Enter (LENGD, DELT, F 1,F2, F3, F4, 1 HAM) '
READ( 5 , * )  LENGD, DELT, F 1 ,F2, F3, F4, 1 HAM

C
CALL FILT86(DFILT,LENGD,DELT,FI,F2,F3,F4,IHAM,1)

C
OPEN (UNIT=10,FILE='DFILT.FIL',STATUS='UNKNOWN')
CALL NORM85(DFILT, LENGD, 1 , LENGD,IRMS)
DO 240 1=1,LENGD 
T = (1-1 )*DELT 
WRITEUO,*) T,DFILT( I )

240 CONTINUE
IDFILT=1 
CLOSE (UNIT=10)

C
C  PROCESS SELECTION
C
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301 WRITE( 6 , * )  'Do you generate desired output trace  (r *d )  ? (Y /N ) '
READ(5,310) ANS 

310 FORMAT(Al)
IF(ANS.EQ.N) GOTO 401

C
C  DESIRED OUTPUT TRACE GENERATION -------- r ( t ) * d ( t )
C

WRITE(6,*) 'XXXXX DESIRED OUTPUT TRACE r*d  GENERATION XXXXX'
WRITE( 6 , * )  ' Enter (LENG,DELT— REFLECTIVITY)'
READ( 5 , * )  LENG,DELT
WRITE( 6 , * )  ' Enter (LENGD,DELTD— DESIRED FILTER)'
READ( 5 , * )  LENGD,DELTD

C
OPEN ( UNIT=10,F ILE=' RREF. F IL ' , STATUS*' UNKNOWN' )
OPEN (UNIT=11,FILE='DFILT.FIL' , STATUS*'UNKNOWN' )
OPEN (UNIT*12,F I LE*' DREF. F IL ' , STATUS*' UNKNOWN' )

C
DO 330 1=1,LENG 
READ(10,331) RREF( I )

331 FORMAT(16X, F 15.7)
330 CONTINUE

DO 335 1=1,LENGD 
READd 1,336) DFILT(I)

336 FORMAT( 16X,F15.7)
335 CONTINUE
C

LENGDH=LENGD/2 
LENGW =LENG + LENGD -1 
CALL ZER085(W1,1000)
CALL MOVE85(RREF, W1(LENGDH+1 ) , LENG)

C
CALL CORR85(Wl, LENGW, DFILT, LENGD, DREF, LENG)
CALL NORM85(DREF, LENG, 1 , LENG, IRMS)

C
DO 340 1=1,LENG
T = (1-1 )*DELT
WRITE(1 2 ,* )  T,DREF( I )

340 CONTINUE 
IDREF*1
CLOSE (UNIT=10)
CLOSE (UNIT=11)
CLOSE (UNIT*12)

C
C  PROCESS SELECTION
C
401 WRITE( 6 , * )  'Do you generate psuedo random noise (n) ? (Y /N ) '

READ(5,410) ANS 
410 FORMAT(A1)

IF(ANS.EQ.N) GOTO 501
C
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C  NATURAL NOISE SERIES GENERATION -------- n ( t )
C

WRITE( 6 , * )  'XXXXX NATURAL NOISE n GENERATION XXXXX' 
WRITE(6,*) ' Enter (LENG,DELT)'
READ(5,*) LENG,DELT

C
CALL RAND85(NREF, LENG f 0 .0 ,1 .0 )
CALL NORM85(NREF,LENG, 1 , LENG, IRMS)

C
OPEN (UN IT=10,F ILE=' NREF. F IL ' , STATUS=' UNKNOWN' )
DO 430 1=1,LENG 
T=(I-1)*DELT  
WRITEdO,*) T , NREF( I )

430 CONTINUE 
INREF=1
CLOSE (UNIT=10)

C
C  PROCESS SELECTION
C
501 WRITE(6,*) 'Do you generate r #k trace  ? (Y /N ) '

READ(5,510) ANS 
510 FORMAT(Al)

IF(ANS.EQ.N) GOTO 601
C
C  r ( t ) * k * t  TRACE GENERATION
C

WRITE( 6 , * )  'XXXXX r*k  TRACE GENERATION XXXXX'
WRITE(6,* )  ' Enter (LENG,DELT) — REFLEVCTIVITY'
READ( 5 , * )  LENG,DELT
WRITE( 6 , * )  ' Enter (LENGK) — SOURCE WAVELET'
READ( 5 , * )  LENGK
WRITE( 6 , * )  ' Enter source wavelet type (0:zero -phase)'
READ( 5 , * )  I TYPE

C
OPEN (UNIT=10,FILE=' RREF. F IL ' , STATUS=' UNKNOWN')
OPEN (UNIT=11, F ILE=' SOURCE. F IL ' , STATUS=' UNKNOWN' )
OPEN (UNIT=12,FILE=' KREF. F IL ' , STATUS=' UNKNOWN' )

C
DO 530 1=1,LENG 
READ(10,531) RREF( I )

531 FORMAT( 16X,F15.7)
530 CONTINUE

DO 540 1=1,LENGK 
READd 1,541) KLAUD(I)

541 FORMAT(16X, F 15.7)
540 CONTINUE 
C

IF(ITYPE.EQ.O) GOTO 545 
IF ( I  TYPE.NE.0) GOTO 546 

545 CONTINUE
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C
546

C
549

C

550

C
C-----
C
601

605

C
C-----
C

c

c

LENGKH=LENGK/2 
LENGW =LENG + LENGK -1 
CALL ZER085(W1,1000)
CALL MOVE85(RREF, W1(LENGKH+1 ) ,LENG)
CALL C0RR85(W1, LENGW,KLAUD,LENGK,KREF,LENG)
GOTO 549

CONTINUE
CALL CONV85(RREF, LENG, KLAUD, LENGK, KREF, LENG)

CONTINUE
CALL NORM85(KREF,LENG,1 ,LENG,I RMS)

DO 550 1=1,LENG 
T = (1-1)*DELT 
WRITEU2,*) T,KREF( I )
CONTINUE
IKREF=1
CLOSE (UNIT=10)
CLOSE (UNIT=11)
CLOSE (UNIT=12)

PROCESS SELECTION

WRITE( 6 , * )  'Do you convolve another pulse ( i ) with r *k  ? (y /n ) '  
READ(5,605) ANS 
FORMAT(A1)
IF(ANS.EQ.N) GOTO 701

NOISELESS i-convolved SEISMIC TRACE GENERATION — r * k * i

WRITE( 6 , * )  'XXXXX TRACE r * k * i  GENERARION XXXXX'
WRI TE(6 , * )  ' Enter (LENG,DELT(sec)) — r *k  TRACE'
READ( 5 , * )  LENG,DELT
WRITE(6,*) ' Enter f i l e  name o f  f i l t e r  i '
READ(5 ,12 ) DATAN1
WRITE( 6 , * )  ' Enter data f i l e  ( i )  format ( 1 /2 ) '
READ( 5 , * )  I FORM
WRITE( 6 , # ) ' Enter f i l t e r  type (0 :ze ro -phase)'
READ( 5 , * )  11TYPE
WRITE(6,*) ' Enter f i l t e r  ( i )  length'
READ( 5 , * )  LENGI

OPEN (UNIT= 9,FILE='KREF.FIL' , STATUS='UNKNOWN' )
OPEN (UNIT=10,F ILE=DATAN1 , STATUS=' UNKNOWN' )
OPEN (UNIT=11,F ILE = 'IR E F.F IL ' , STATUS=' UNKNOWN' )
OPEN (UNIT=12 , F ILE=' PULSE. F IL ' , STATUS=' UNKNOWN' )

DO 630 1=1,LENG 
READ( 9,631) KREF( I )
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631 FORMAT(16X, F 15.7)
630 CONTINUE

DO 640 1=1,LENGI
IF(IFORM.EQ.1) READ(10,641) PULSE(I)
IF(IFORM.EQ.2) READ(10,642) PULSE(I)

641 FORMAT( 1X,F15.7)
642 FORMAT(16X, F 15.7)
640 CONTINUE
C
C  CONVOLUTION OF PULSE ( I )  WITH KREF
C

IF(IITYPE.EQ.0) GOTO 651 
I F ( 11 TYPE. NE.0) GOTO 652

651 CONTINUE
LENGIH = LENGI/2 
LENGIW = LENG+LENGI-1 
CALL ZER085(W1,1000)
CALL M0VE85(KREF,W1(LENGIH+l) ,LENG)
CALL CORR85(W1,LENGIW, PULSE, LENGI, IREF, LENG)
GOTO 660

C
652 CONTINUE

CALL CONV85(KREF, LENG, PULSE, LENGI, IREF,LENG)
C
660 CONTINUE

CALL N0RM85( I REF, LENG, 1 , LENG, I RMS)
C
C  STORE DATA ON IREF.FIL & PULSE FORM ON PULSE.FIL
C

DO 670 1=1,LENG
T = (1-1 )*DELT
WRI TE(1 1 ,* )  T , IREF( I )

670 CONTINUE
DO 680 1=1,LENGI
T=(I-1)*DELT
WRITE(1 2 ,* )  T,PULSE( I )

680 CONTINUE 
11 REF =1 
IPULSE=1 
CLOSE (UNIT= 9)
CLOSE (UNIT=10)
CLOSE (UNIT=11)
CLOSE (UNIT=12)

C
C  PROCESS SELECTION
C
701 CONTINUE

WRITE( 6 , * )  'Do you generate attenuated trace  ( r * k * i * a )  ? (Y /N ) ' 
READ(5,710) ANS 

710 FORMAT(A1)
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C
C-----
C

c

c

731
730
C
C-----
C

c—

750

C—
760

C
770

C

IF(ANS.EQ.N) GOTO 801

- Attenuated SEISMIC TRACE GENERATION — r ( t ) * k ( t ) * i ( t ) * a ( t )

WRITE(6f * )  'XXXXX Attenuated TRACE r * k * i" a  GENERATION XXXXX'
WRITE(6,*) ' Enter input type ( l : r * k , 2 : r * k * i ) '
READ( 5 , # ) ITYPE
WRITE(6,*) ' Enter (LENG,DELT) o f  input t ra c e '
READ( 5 , * )  LENG,DELT
WRITE( 6 , * )  ' Enter length o f  a ttenuation f i l t e r '
READ( 5 , * )  LENGA
WRITE( 6 , * )  ' Enter attenuation  constant'
READ( 5 , * )  ALFA
WRITE(6,*) ' Enter v e lo c ity  (constan t) '
READ(5,*)  VEL
WRITE( 6 , * )  ' Enter reference time (tau) in sec'
READ( 5 , * )  TAU 
IF(TAU.EQ.O.O) ITV=1 
I F(TAU.NE.0 .0 ) ITV=0

IF(ITYPE.EQ.2) OPEN (UNIT=10,FILE='IREF.FIL' , STATUS=' UNKNOWN' )  
OPEN (UNIT=11,F ILE=' KAREF.FIL',STATUS=' UNKNOWN' )

DO 730 1=1,LENG
READ(10,731) TREF(I) ! store data in temporary f i l e  TREF 

• FORMAT(16X, F 15.7)
CONTINUE

- APPLICATION OF ATTENUATION FILTER ACCORDING TO I TV

IF(ITV.EQ.O) GOTO 760
 - ----------  GENERATION OF ATTENUATION FILTER AT EACH TIME POINT

DO 750 1=1,LENG 
TAU=(I-1)*DELT
CALL ATTEN86< AFILT, DELT, LENGA, TAU, VEL, ALFA, l )
CALL PC0NV86(TREF,LENG,I,AFILT,LENGA,Z)
KAREF( I)=Z  
CONTINUE 
GOTO 770

---------------  GENERATION OF TIME-INVARIANT ATTENUATION FILTER & APPLY
CONTINUE
CALL ATTEN86(AFILT, DELT, LENGA, TAU, VEL, ALFA,1)
CALL CONV85(TREF,LENG,AFILT,LENGA,KAREF, LENG)

CONTINUE
CALL NORM85(KAREF, LENG, 1 , LENG, I RMS)

DO 790 1=1,LENG
T = ( I - 1 )*DELT
WRITE(11 ,*)  T , KAREF( I )
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790 CONTINUE 
C

IKAREF=1 
CLOSE (UNIT=10)
CLOSE (UNIT=11)

C
C  PROCESS SELECTION
C
801 WRITE(6,*) 'Do you generate seismic trace  (r*k * i*a+ N *n ) ? (Y /N ) '  

READ(5,810) ANS 
810 FORMAT(A1)

IF(ANS.EQ.N) GOTO 901
C
C  SEISMIC TRACE GENERATION ------  r ( t ) * k ( t ) * i ( t ) * a ( t )  + N*n(t)
C

WRITE( 6 , * )  'XXXXX SEISMIC TRACE r*k*i*a+N *n  GENERATION XXXXX' 
WRITE(6,# ) ' Enter (LENG,DELT,NOISE LEVEL)'
READ( 5 , * )  LENG,DELT,NLEVEL

C
OPEN (UNIT=10,F ILE=' KAREF.FIL',STATUS=' UNKNOWN' )
OPEN (UNIT=11,FILE='NREF.FIL' , STATUS^'UNKNOWN')
OPEN ( UNIT=12,FILE=' SEI S. FIL ' , STATUS^'UNKNOWN')

C
DO 830 1=1,LENG 
READ(10,831) KAREF( I )
READd 1,831) NREF( I )

831 FORMAT(16X, F 15.7)
830 CONTINUE 
C

DO 840 1=1,LENG
SEIS(I)=KAREF( I ) + NLEVEL*NREF(I)

840 CONTINUE 
C

CALL NORM85(SE IS , LENG, 1 , LENG, I RMS)
C

DO 850 1=1,LENG
T=(I-1)*DELT
WRITE(1 2 ,* )  T ,S E IS ( I )

850 CONTINUE 
C

I SE IS=1
CLOSE (UNIT=10)
CLOSE (UNIT=11)
CLOSE (UNIT=12)
WRITE( 6 , * )  'XXXXX H0PREP PROGRAM COMPLETE XXXXX'
STOP
END

C # PROGRAM î HOAFIL
C « a * * * * * * * * * * * * * * . * * * * * * *
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DIMENSION DATAIN(1250),DATAOUK1250),AFILT(513)
REAL IFILT(513)
CHARACTER*12 DATAN1 ,DATAN2, DATAN3
CHARACTER*! ANS,N
DATA N / 'N ' /

C
C  PARAMETER
C

I RMS =1 
IFIRST=2 
I MAX =3 
I FRED =1 
PNOIS =0.

C
C  START MESSEGE
C

WRITE( 6 , * )  'XXXXX HOAFIL START (INVERSE ATTENUATION FILTER) XXXXX'
1 WRITE( 6 , * )  ' Enter input data f i l e  name'

READ(5 ,12 ) DATAN1 
12 FORMAT(A12)

WRITE( 6 , * )  ' Enter output data f i l e  name'
READ(5,12) DATAN2 
WRITE( 6 , * )  '
READ( 5 , * )  LENG
WRITE( 6 , * )  '
READ( 5 , * )  DELT

C
WRITE( 6 , * )  '
READ( 5 , * )  LENGA 
WRITE(6 , * )  '
READ( 5 , * )  ALFA 
WRITE( 6 , * )  '
READ(5,*) VEL

C
WRITE(6 , *)  '
READ( 5 , * )  TAU

C
C OPEN 11,12
C

OPEN (UNIT=10,FILE=DATAN1 
OPEN (UNIT=11,FILE=DATAN2

C
C  READ DATA FROM FILES
C

Enter data length in po in ts '  

Enter sampling ra te  in sec'

Enter inverse attenuation f i l t e r  length' 

Enter attenuation  constant (p o s i t iv e ) '  

Enter v e lo c ity  (constan t) '

Enter reference time (tau) in sec'

, STATUS^'UNKNOWN') 
, STATUS^'UNKNOWN')

101
100
C —

DO 100 1=1,LENG 
READ(10,101) DATAIN ( I )
FORMAT(16X, F 15.7)
CONTINUE

-- CHECK TIME VARIANT OR TIME INVARIANT 
IF(TAU.EQ.O.O) GOTO 200
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C
C------
C
200

1000

C
210

C
c-----
c
1500

2000
C
c------
c

c
c
c

IF(TAU.NE.0 .0 ) GOTO 210

GENEARTION OF INVERSE ATTENUATION FILTER & APPLICATION

CONTINUE I T im e-variant inverse attenuation
DO 1000 1=1,LENG 
TAU=(I-l)*DELT
CALL ATTEN86(AFILT,DELT,LENGA, TAU, VEL, ALFA,1)
CALL WTRAN86(AFILT,IFILT,LENGA, I PRED, PNOIS)
CALL MN0RM86(AFILT, LENGA, IF IL T , LENGA) ! Matched normalization  
CALL PCONV86(DATAI N, LENG, 1 , IFILT,LENGA, Z)
DÀTAOUT(I)=Z 
CONTINUE 
GOTO 1500

CONTINUE î T im e-invariant inverse attenuation
CALL ATTEN86(AFILT,DELT,LENGA,TAU,VEL,ALFA,1)
CALL WTRAN86(AFILT,IFILT,LENGA,IPRED,PNOIS)
CALL CONV85(DATAIN ,LENG,IFILT, LENGA,DATAOUT,LENG)

NORMALIZATION AND DATA OUTPUT 

CONTINUE
CALL N0RM85( DATAOUT, LENG, 1 , LENG, I RMS)
DO 2000 1=1,LENG
T = (1-1 )*DELT
WRITE(11 ,* )  T,DATAOUT( I )
CONTINUE

CLOSE FILES

CLOSE (UNIT=10)
CLOSE (UNIT=11)
WRITE( 6 , * )  'XXXXX HOAFIL COMPLETE XXXXX'
STOP
END

PROGRAM î HODCON

DIMENSION

DIMENSION 
REAL 
COMPLEX 
CHARACTER*12 
CHARACTER*! 
DATA 
IRMS =1 
IFIRST=2

SPDCON(1200),ZPDCON(1200 ),RJDCON(1200), 
SHDCON(1200),W1(2048 ),W2(2048),W3(2048), 
WAPCO(1024),WORK(2048)
DREF(1200),D F IL (600),SE IS (1200)
KLAUD(6 0 0 ) ,NODCON(1200)
COMP(2048)
DATAN1,DATAN2, DATAN3, DATAN4, DATAN5, DATAN6
ANS,Y,N
Y / ' Y ' / , N / ' N ' /
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I MAX =3 
IDIST =1 
IPULSE=0

C
C  START MESSAGE & SELECTION OF DECONVOLUTION PROCESS
C
I WRITE( 6 , * )  'XXXXX START HODCON XXXXX'
C

WRITE( 6 , * )  ' Enter name o f  input data '
READ(5 ,12) DATAN1
WRITE(6,*) ' Enter name o f  desired output (DREF.FIL)'
READ(5 ,12 ) DATAN2
WRITE( 6 , * )  ' Enter name o f  source wavelet (SOURCE.FIL)'
READ(5 ,12) DATAN3
WRITE( 6 , * )  ' Enter source wave1 e t  type (O:zero-phase)'
READ( 5 , * )  IZERO
WRITE( 6 , * )  ' Enter source wavelet length in po in ts '
READ( 5 , * )  LENGK
W RITE(6,*)' Enter name o f  desired seismic pu lse (D F ILT .F IL ) '
READ(5 ,12) DATAN4
WRITE( 6 , * )  ' Enter length o f  desired seismic pulse'
READ( 5 , * )  LENGD
WRITE( 6 , * )  ' Enter data length to  t r e a t '
READ( 5 , * )  LENG
WRITE( 6 , * )  ' Enter sampling ra te  in s e c . '
READ(5,*)  DELT

I I  FORMAT(Al)
12 F0RMAT(A12)
C
C  SOME INTERNAL PARAMETERS DEFINITION
C

LENG0H=LENGD/2
LENGDW=LENG+LENGD-1
LENGKH=LENGK/2
LENGKW=LENG+LENGK-1

C
C  OPEN DATA FILE & READ DATA
C

OPEN (UNIT=10,F ILE=DATAN1 ,STATUS*' UNKNOWN' )
OPEN (UN IT=11,F ILE=DATAN2, STATUS*' UNKNOWN' )
OPEN (UNIT=12,F ILE=0ATAN3, STATUS*' UNKNOWN' )
OPEN ( UNIT=13,F ILE=DATAN4, STATUS*' UNKNOWN' )

C
DO 50 1=1,LENG 
READ(10,51) SE IS (I)
READd 1,51) DREF(I)

51 FORMAT(16X, F15.7 )
50 CONTINUE
C

DO 60 1=1,LENGK
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READ(12,61) KLAUD( I )
61 FORMAT(16X, F 15.7)
60 CONTINUE
C

DO 70 1=1,LENGD 
READ(13,71) D F IL (I)

71 FORMAT(16X, F 15.7)
70 CONTINUE
C
C  OPEN FILE AND READ DATA REQUIRED
C
2 WRITE(6 ,10)
10 FORMAT!1HO, ' SELCT DECONVOLUTION TYPE' /

0: NO DECONVOLUTION'/
1: PREDICTIVE DECONVOLUTION' /
4; RISTOW-JURCZYK DECONVOLUTIN'/
6: SENGBUSH-HATO DECONVOLUTION' )

READ( 5 , * )  ITYPE 
IF(ITYPE.EQ.O) GOTO 500 
IF(ITYPE.EQ.1) GOTO 1000 
IF!ITYPE.EQ.4) GOTO 4000 
IF!ITYPE.EQ.6) GOTO 5000
WRITE( 6 , * )  ' * * * * *  DECONVOLUTION TYPE ERROR TYPE (Y;RETRY,N:STOP)' 
READ(5,100) ANS 

100 FORMAT!Al)
IF(ANS.EQ.Y) GOTO 2 
STOP

Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C NO DECONVOLUTION (JUST APPLY d-FILTER)
q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

500 CONTINUE
WRITE(6,*) 'XXXXX NO DECONVOLUTION START XXXXX'
WRITE( 6 , * )  ' Enter output data f i l e  name'
READ(5 ,12 ) DATAN5

C
C  APPLY d-FILTER
C

CALL ZER085(WORK, LENGDW)
CALL MOVE85(SEIS,WORK( LENGDH+1 ) ,LENG)
CALL C0RR85(WORK, LENGDW, DFIL, LENGD, NODCON, LENG)
CALL NORM85(NODCON, LENG, 1 , LENG, I RMS)

C
C  COMPUTE RMS AND CC VALUE
C

IFIX=0
CALL SIMLR86(CC, ISHI FT, CCFIX, I F IX , NODCON, LENG, DREF, LENG)
CALL DEV I8 5 (DEV I , NODCON, DREF, LENG)
WRITE( 6 , * )  ' RMS ERROR = ',DEVI
WRITE( 6 , #) ' CC VALUE = ' ,C C , '  I SHIFT = ' , ISHIFT
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C — — — 

C

530

C
C------
C

c
c
c
1000

c

c
C————
c

c
c------
c

c
C"------
c

STORE DATA ON #15

OPEN (UNI T=15,F I LE=DATAN5, STATUS=' UNKNOWN' )
DO 530 1=1,LENG 
T = (1-1 )*DELT 
WRITE(15,*) T , NODCON( I )
CONTINUE 
CLOSE (UNIT=15)

END

WRITE(6,# ) '■ Do you continue to  work ? (Y /N ) '
READ(5,12) ANS 
IF(ANS.EQ.Y) GOTO 2 
GOTO 9000
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

PREDICTIVE DECONVOLUTION

CONTINUE
WRITE( 6 , * )  'XXXXX PREDICTIVE DECONVOLUTION START XXXXX' 
WRITE( 6 , * )  ' Enter output data f i l e  name'
READ(5 ,12) DATAN5
WRITE( 6 , * )  ' Enter design gate s ta r t  p o in t '
READ( 5 , * )  I START
WRITE( 6 , * )  ' Enter design gate length'
READ(5,*) LWIN
WRITE( 6 , * )  ' Enter W-L equation order'
READ(5,*) NOP
WRITE( 6 , * )  ' Enter p red ic tion  points (1: s p ik in g ) '
READ( 5 , * )  IPRED
WRITE( 6 , * )  ' Enter a d d it iv e  white noise level (%)'
READ( 5 , * )  PNOIS

PNOIS=PNOIS/100.

DECONVOLUTION APPLICATION

CALL PDCON86(SEIS,SPDCON, LENG, ISTART, LWIN, NOP, IPRED, PNOIS)

APPLY d-FILTER

CALL ZER085(WORK,LENGDW)
CALL MOVE85(SPDCON,WORK(LENGDH+1 ) ,LENG)
CALL CORR85(WORK, LENGDW, DFIL, LENGD, SPDCON, LENG)
CALL NORM85(SPDCON, LENG, 1 , LENG, I RMS)

COMPUTE RMS ERROR AND CC VALUE

IFIX=0
CALL SIMLR86(CC,ISHIFT,CCFIX,IF IX , SPDCON, LENG, DREF, LENG)
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C
C-----
C

1240

C
C-----
C

c
c
c
4000

4010

C
C-----
c

c
c----
c

CALL DEVI85 (DEVI, SPDCON, DREF, LENG)
WRITE(6»*) ' RMS ERROR = ',DEVI
WRITE( 6 , * )  ' CC VALUE = ' ,C C , '  ISHIFT = M SHIFT

■ WRITE SPIKING DECONVOLVED DATA ON UNI T - 15

OPEN ( UNI T=15,F I LE=DATAN5, STATUS=' UNKNOWN' )
DO 1240 1=1,LENG
T = (1-1 )*DELT
WRITE(1 5 ,* )  T , SPDCON( I )
CONTINUE 
CLOSE (UNIT-15)

- END

WRITE(6,*) ' Do you continue to  work ? (Y /N ) '
READ(5 ,12) ANS 
IF(ANS.EQ.Y) GOTO 2 
GOTO 9000
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

R-J DECONVOLUTION . 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

CONTINUE
D.EQ.O) GOl

Source is not zero-phase, t r y  again'
IF(IZERO.EQ.O) GOTO 4010
WRITE( 6 , * ) Source
GOTO 2
CONTINUE
WRITE( 6 , * ) 'XXXXX START
WRI TE( 6 , * ) Enter
READ(5,12) DATAN5
WRITE( 6 , * ) Enter
READ( 5 , * ) PNOIS1
WRITE(6,*) Enter
READ( 5 , * ) PNOIS2
WRITE( 6 , * ) Enter
READ( 5 , * ) I START
WRITE( 6 , * ) Enter
READ( 5 , * ) LWIN
WRITE( 6 , * ) Enter
READ( 5 , * ) NOP

Enter noise level (%) on deconvolution' 

Enter noise level (%) on phase compensator'

Enter W-L equation order'

• DECONVOLUTION (R-J) --------  I-ST STEP (SPIKING DECONVOLUTION)

IPRED=1
PNOIS1=PNOIS1/100.
PNOIS2=PNOIS2/100.
CALL PDC0N86(SE IS , W1 ,LENG, ISTART, LWIN, NOP, IPRED, PNOIS1)

• GENERATE MINI-PHASE EQUIVALENT OF KLAUDER WAVELET  2-ND STEP
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CALL WTRAN86(KLAUD, W2, LENGK, IDIST,PN0IS2)
CALL WTRAN86(W2 ,W3,LENGK, IDIST,PN0IS2)

C
C  COVOLUTION OF MINI-PHASE EQUIVALENT WITH SPIKING DECONVOLVED DATA
C

CALL C0NV85(W1 ,LENG, W3, LENGK, RJDCON, LENG)
C
C  WRITE RJDCON ON UNIT-15
C

OPEN (UNIT=15,FILE=DATAN5, STATUS=' UNKNOWN' )
CALL NORM85(RJDCON, LENG, I , LENG, I RMS)
DO 4400 1=1,LENG 
T = (I- l) *D E LT  
WRITEU5,*) T,RJDCON( I )

4400 CONTINUE
CLOSE (UNIT=15)

C
C  APPLY d-FILTER AND COMPUTE RMS ERROR, CC VALUE
C

CALL ZER085(WORK,LENGDW)
CALL MOVE85(RJDCON, WORK(LENGDH+1 ) , LENG)
CALL CORR85(WORK, LENGDW, DFIL, LENGD, RJDCON, LENG)
CALL NORM85(RJDCON, LENG, 1 , LENG, IRMS)

C
C  COMPUTE RMS ERROR AND CC VALUE
C

IFIX=0
CALL SIMLR86(CC, ISHI FT, CCFIX, I F IX , RJDCON, LENG, DREF, LENG)
CALL DEV185(DEVI, RJDCON, DREF, LENG)

C
WRITE( 6 , * )  ' RMS ERROR = ',DEVI
WRI TE( 6 , * )  ' CC VALUE = ' ,C C , '  ISHIFT = ' , ISHIFT

C
C END
C

WRITE(6,*) ' Do you continue to  work ? (Y ) '
READ(5,12) ANS 
IF(ANS.EQ.Y) GOTO 2 
GOTO 9000

C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
C SH- DECONVOLUTION
Q * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

5000 CONTINUE
WRITE( 6 , * )  'XXXXX START S-H DECONVOLUTION XXXXX'
WRITE(6 , * )  ' Enter output data f i l e  name'
READ(5 ,12 ) DATAN5
WRITE( 6 , * )  ' Enter design gate s ta r t  p o in t '
READ( 5 , * )  ISTART
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C
C— — 
C

c
c----
c

c

c
c----
c

c
5201

C
5202

C
5300

C
C-----
C

c
c----
c

WRITE( 6 , # ) ' Enter
READ(5,*) LWIN
WRITE( 6 , * ) ' Enter
READ( 5 , * ) NOP
WRITE(6,*) ' Enter
READ( 5 , * ) PNOI SE

Enter design gate length'

Enter W-L equation o rd er '

Enter noise level (%) on phase compensator'

- SPIKING DECONVOLUTION STAGE

IPRED =1 
PNOISD=0.0
CALL PDC0N86(SEIS,Wl,LENG,I START, LWIN, NOP, IPRED, PNO1SD)

- PHASE COMPENSATOR GENERATION

LENGW =LENG+LENGKH 
LENGF =LENG+LENGK-1

PNOISE=PNOISE/100.
CALL WTRAN86(KLAUD, WORK, LENGK, IPRED,PNOISE)
CALL C0NV85(KLAUD, LENGK, WORK, LENGK, WAPCO, LENGK)

- APPLICATION OF PHASE COMPENSATOR BY CONSIDERING SOURCE TYPE

IF(IZERO.EQ.O) GOTO 5201 
IF(IZERO.NE.0) GOTO 5202

CONTINUE 
CALL ZER085(WORK, LENGKW)
CALL MOVE85(Wl,WORK(LENGKH+1 ) , LENG)
CALL CORR85(WORK, LENGKW, WAPCO, LENGK, SHDCON, LENG)
GOTO 5300

CONTINUE
CALL ZER085(WORK,LENGKW)
CALL MOVE85(Wl,WORK, LENG)
CALL C0RR85(WORK, LENGKW, WAPCO, LENGK, SHDCON, LENG)

CONTINUE
CALL NORM85(SHDCON, LENG,1 ,LENG,IRMS)

- APPLY d-FILTER

CALL ZER085(WORK,LENGDW)
CALL MOVE85(SHDCON, WORK(LENGDH+I) ,LENG)
CALL CORR85(WORK, LENGDW, DFIL, LENGD, SHDCON, LENG)
CALL NORM85(SHDCON, LENG, 1 , LENG, IRMS)

- WRITE ON 15
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OPEN (UN IT=15,F ILE=DATAN5, STATUS=' UNKNOWN' )
DO 5400 1=1,LENG
T = (I- l)*D E L T
WRITE( 1 5 ,#) T , SHDCON( I )

5400 CONTINUE
CLOSE (UNIT=15)

C
C  RMS ERROR COMPUTE
C

IFIX=0
CALL SIMLR86(CC, ISHIFT, CCFIX, I F IX , SHDCON, LENG, DREF, LENG)
CALL DEVI85(DEVI, SHDCON,DREF,LENG)
WRITE( 6 , * )  ' RMS ERROR = ',DEVI
WRITE( 6 , * )  ' CC VALUE = ' ,C C , '  ISHIFT = M S H IF T

C
C END
C

WRITE(6,*) ' Do you continue to  work ? ( Y ) '
READ(5,12) ANS 
IF(ANS.EQ.Y) GOTO 2 

9000 CONTINUE 
C
C  COMPLETION
C

CLOSE (UNIT=10)
CLOSE (UNIT=11)
CLOSE (UNIT=12)
CLOSE (UNIT=13)
WRITE(6,*) ' Do you want to  continue th is  program ? ( Y ) ' 
READ(5 ,12 ) ANS 
IF(ANS.EQ.Y) GOTO 1 
CLOSE (UNIT=99)
WRITE( 6 , * )  ' XXXXX HODCON PROGRAM COMPLETE XXXXX'
STOP
END


