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ABSTRACT 

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

r e f l e c t i o n s e i s m o l o g y s u f f e r from t h e need t o make 

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

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

assumptions a r e g e n e r a l l y not v a l i d . The Minimum Entropy 

Deconvolution (MED) technique of Wiggins (1978) r e q u i r e s 

no a p r i o r i knowledge of the phase c h a r a c t e r i s t i c s of the 

d i s t u r b i n g f u n c t i o n , nor does i t assume t h e i m p u l s e 

r e s p o n s e of t h e E a r t h ' s t r a n s m i s s i o n p a t h t o be a w h i t e 

no i s e s e r i e s . As such, i t may be a p p l i e d to s h o r t windows 

of r e f r a c t i o n d a t a c o n t a i n i n g o n l y a few a r r i v a l s . The 

process seeks to s i m p l i f y the r e p r e s e n t a t i o n of the input 

d a t a , y i e l d i n g an o u t p u t of a s m a l l number of s p i k e s . I n 

t h i s way t h e p i c k i n g of a r r i v a l s on a r e f r a c t i o n r e c o r d i s 

made much e a s i e r . By a p p l y i n g the technique t o each t r a c e 

i n d e p e n d e n t l y , t r u e a r r i v a l s may be d i s t i n g u i s h e d from 

spurious s p i k e s by c o r r e l a t i o n from one t r a c e to the next. 
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CHAPTER 1 

INTRODUCTION 

1.1 Aim 

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

R.A.Wiggins (Wiggins,1978; Ooe & Ulrych,1979) has a number 

of p r o p e r t i e s w h i c h h i g h l i g h t i t as b e i n g a p o t e n t i a l l y 

u s e f u l p r o c e s s i n g technique f o r a p p l i c a t i o n i n the f i e l d 

of r e f r a c t i o n s e i s m o l o g y . However t h e r e seems t o be no 

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

t e s t e d . The aim of t h i s p r o j e c t was t o a p p l y t h e method t o 

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

P r o j e c t , and t o d e v e l o p any n e c e s s a r y m o d i f i c a t i o n s i n 

order to produce a p r a c t i c a l p r o c e s s i n g technique capable 

of y i e l d i n g u s e f u l r e s u l t s . 

1.2 P r o c e s s i n g Techniques i n R e f r a c t i o n Seismology 

I n g e n e r a l the p r o c e s s i n g of r e f r a c t i o n r e c o r d s 

i s a t pr e s e n t r e s t r i c t e d t o the a p p l i c a t i o n of a bandpass 

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

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

be presented i n a r e a s o n a b l y s i z e d p l o t . 

T y p i c a l l y t h e seismometer i n a r e f r a c t i o n survey 

has a l o w e r f r e q u e n c y c u t - o f f a t about 1 H e r t z , w h i l s t t h e 

g e o s t o r e s e t s t h e upper f r e q u e n c y c u t - o f f a t about 30 

Hertz. The predominant frequency of the s i g n a l of i n t e r e s t 

depends on the s h o t - d e t e c t o r d i s t a n c e and the time of the 



i. 
a r r i v a l on the r e c o r d ; the longer the path t r a v e l l e d the 

g r e a t e r the a t t e n u a t i o n of high f r e q u e n c i e s . The range 2 -

10 H e r t z s h o u l d g e n e r a l l y c o v e r a l l s i g n a l s of i n t e r e s t . 

C o n s e q u e n t l y , a p p l y i n g t h e a p p r o p r i a t e bandpass f i l t e r 

can do much t o i m p r o v e t h e s i g n a l - t o - n o i s e r a t i o of t h e 

r e c o r d . 

I n g e n e r a l , o n l y t h e o n s e t t i m e s of f i r s t 

a r r i v a l s are employed d i r e c t l y to d e r i v e the v e l o c i t y i n 

t h e r e f r a c t o r and t h e depth t o t h e t o p of t h e r e f r a c t o r , 

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

(Hagedoorn, 1 9 5 9 ) . I n t e r p r e t a t i o n of l a t e r a r r i v a l s i s 

normally done u s i n g s y n t h e t i c seismograms. The aim of any 

novel p r o c e s s i n g technique must be to enhance a l l a r r i v a l s 

on a r e f r a c t i o n r e c o r d - not j u s t r e f r a c t i o n s but a l s o 

r e f l e c t i o n s , d i v i n g waves and channel waves. 

W a r r e n ( 1 9 8 1 ) d i s c u s s e s why p r o c e s s i n g 

techniques developed f o r use i n r e f l e c t i o n seismology a r e 

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

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

t h a t the assumptions i n h e r e n t i n the use of such p r o c e s s e s 

are not v a l i d f o r r e f r a c t i o n data. 

A c o m monly a c c e p t e d m o d e l f o r a s e i s m i c 

r e f l e c t i o n t r a c e i s one where a t i m e s e r i e s c o n s i s t i n g 

o n l y of s p i k e s separated by zeroes (the d e s i r e d s i g n a l ) i s 

smoothed by c o n v o l u t i o n w i t h some d i s t u r b i n g f u n c t i o n or 

'source w a v e l e t 1 . By d e f i n i t i o n t h e s o u r c e w a v e l e t i s 

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

m 

tel 



p r o c e s s based on t h i s model f u r t h e r r e q u i r e s t h e s o u r c e 

wavelet to be minimum d e l a y , and assumes the s p i k e s e r i e s 

to be a white n o i s e s e r i e s (Robinson & T r e i t e l , 1967). 

F o r a r e f r a c t i o n r e c o r d , t h i s model becomes 

i n v a l i d . S i n c e a r e f r a c t i o n survey g e n e r a l l y i n v o l v e s much 

g r e a t e r d i s t a n c e s (hundreds of k i l o m e t r e s ) compared to a 

r e f l e c t i o n s u r v e y ( ̂ 1 0 km), the d i s t u r b i n g f u n c t i o n does 

not r e m a i n c o n s t a n t a l o n g t h e r e c o r d ; e a c h a r r i v a l has 

g e n e r a l l y f o l l o w e d a v e r y d i f f e r e n t p a t h , so t h a t 

d i f f e r e n t a r r i v a l s have s u f f e r e d d i f f e r e n t d e g r e e s of 

d i s p e r s i o n and a t t e n u a t i o n of high f r e q u e n c i e s . A r r i v a l s 

from wide a n g l e r e f l e c t i o n s a d d i t i o n a l l y s u f f e r phase 

d i s t o r t i o n . T h i s p r o b l e m can e f f e c t i v e l y be s o l v e d by 

d e r i v i n g f i l t e r s independently f o r s h o r t windows of data, 

w i t h i n which the w a v e l e t c h a r a c t e r i s e s s e n t i a l l y f i x e d . 

I f i n a d d i t i o n each window c o n t a i n s o n l y one a r r i v a l , the 

assumption of a w h i t e n o i s e output impulse s e r i e s becomes 

u n n e c e s s a r y a n d t h e W i e n e r p r o c e s s may be a p p l i e d . 

H owever, t h e s e p a r a t i o n o f a r r i v a l s i n t h i s way i s 

p o s s i b l e o n l y when t h e a r r i v a l s a r e d i s t i n c t and may be 

e a s i l y p i c k e d from t h e u n p r o c e s s e d d a t a . I t i s c l e a r l y 

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

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

window i s n o t a w h i t e n o i s e s e r i e s . As a r e s u l t , t h e use 

of t h e W i e n e r t e c h n i q u e i s n o t a l w a y s a r e a l i s t i c 

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

Warren (1981) showed how a matched f i l t e r may be 



used w i t h some s u c c e s s t o f o l l o w a c e r t a i n a r r i v a l from 

one t r a c e t o t h e n e x t . The t e c h n i q u e i n v o l v e s c r o s s -

c o r r e l a t i n g the known wa v e l e t shape w i t h each t r a c e , and 

as s u c h r e q u i r e s a good i n i t i a l e s t i m a t e of t h e w a v e l e t 

from one of t h e u n p r o c e s s e d t r a c e s . T h i s i s g e n e r a l l y 

p o s s i b l e f o r f i r s t a r r i v a l s provided t h e r e i s a v a i l a b l e a 

t r a c e i n w h i c h t h e f i r s t and s e c o n d a r r i v a l s do not 

i n t e r f e r e . However, i t becomes i n c r e a s i n g l y d i f f i c u l t , i f 

not i m p o s s i b l e , f o r l a t e r a r r i v a l s . I n a d d i t i o n t h e 

s u c c e s s of t h e t e c h n i q u e depends on t h e a s s u m p t i o n t h a t 

t h e a r r i v a l shows l i t t l e change i n c h a r a c t e r from one 

t r a c e t o t h e n e x t . T h i s may be r e a s o n a b l e i n t h e c a s e of 

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

a i r g u n , although even under such f a v o u r a b l e c i r c u m s t a n c e s 

t h e t e c h n i q u e .is c o n s i d e r e d by some t o be of dubious v a l u e 

(Summers, 1982). The a s s u m p t i o n i s u n l i k e l y t o h o l d f o r 

common s t a t i o n data u s i n g a non-repeatable source such as 

dynamite. 

I n c o n t r a - d i s t i n c t i o n t h e minimum e n t r o p y 

deconvolution (MED) technique (Wiggins, 1978) r e q u i r e s no 

a p r i o r i knowledge of t h e d i s t u r b i n g f u n c t i o n . Nor i s i t 

based on t h e a s s u m p t i o n t h a t t h e d e s i r e d output ( t h e 

i m p u l s e r e s p o n s e of t h e t r a n s m i s s i o n p a t h ) i s a w h i t e 

n o i s e s e r i e s . However, i t s a p p l i c a t i o n i s l i m i t e d to data 

w i t h i n w h i c h t h e d i s t u r b i n g f u n c t i o n does not change. 

Therefore, as i n Wiener f i l t e r i n g , windows must be a p p l i e d 

t o a r e f r a c t i o n t r a c e . U n l i k e Wiener, t h e window may 



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

need not be a white n o i s e s e r i e s ; consequently MED should 

be c a p a b l e of r e s o l v i n g i n t e r f e r i n g a r r i v a l s . I t i s t h i s 

p o i n t , t o g e t h e r w i t h t h e f a c t t h a t no knowledge of the 

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

p rove minimum e n t r o p y d e c o n v o l u t i o n t o be of p a r t i c u l a r 

v alue i n the f i e l d of r e f r a c t i o n seismology. 

1.3 The Caledonian Suture S e i s m i c P r o j e c t 

The aim of the Caledonian Suture S e i s m i c P r o j e c t 

(CSSP) i s t o examine t h e c r u s t a l s t r u c t u r e a l o n g s t r i k e 

j u s t s o u t h of t h e i n f e r r e d p o s i t i o n of t h e C a l e d o n i a n 

s u t u r e c r o s s i n g n o r t h B r i t a i n ( B o t t & Long, 1981). The 

l i n e of the survey i s i n d i c a t e d i n F i g u r e 1.1. I t i s hoped 

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

the r e s u l t s w i l l y i e l d much b e t t e r v e l o c i t y i n f o r m a t i o n of 

the deep c r u s t a l s t r u c t u r e than e a r l i e r p r o j e c t s . C l o s e l y 

spaced s t a t i o n s and c l o s e l y spaced s h o t s have r e s u l t e d i n 

good common depth p o i n t wide angle r e f l e c t i o n i n f o r m a t i o n , 

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

beneath t h i s l i n e . 



o 1/1 i n 

R 
o e 

o O 
e e o 

?S*o o o o o o © o e 

o o o e o o 

? 
o 

b 

! 
1 •i 

a* 

U 

c 2 
I 
1 
o 
5 

i 

o 

•H 
fa 

0 

8 i 

1 s| 

55 V ^ 

8-

e e • -V ft 

o-

in 



CHAPTER 2 

MINIMUM ENTROPY DBCONVOLUTION 

2.1 I n t r o d u c t i o n 

By c o n v e n t i o n a ( n o i s e - f r e e ) s e i s m i c t r a c e i s 

modelled a s : 

x ( t ) = s ( t ) * r ( t ) ( A l - S a d i , 1980) 

where x ( t ) i s t h e t i m e s e r i e s r e p r e s e n t i n g t h e s e i s m i c 

t r a c e , s ( t ) i s t h e ' s o u r c e w a v e l e t " o r d i s t u r b i n g 

f u n c t i o n , and r ( t ) i s t h e i m p u l s e r e s p o n s e o f t h e E a r t h ' s 

t r a n s m i s s i o n path. 

A common f e a t u r e of a l l deconvolution techniques 

i s t h a t t h e y e x p l o i t some d i f f e r e n c e b e t w e e n t h e 

d i s t u r b i n g f u n c t i o n o r 'source w a v e l e t ' s ( t ) and t h e 

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

components. The p r o c e s s of homomorphic d e c o n v o l u t i o n 

( S t o f f a , B u h l & Bry a n , 1974) depends on t h e f a c t t h a t t h e 

power spectrum of the source w a v e l e t i s g e n e r a l l y smooth 

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

d e c o n v o l u t i o n ( P e a c o c k & T r e i t e l , 1969) p e r f o r m s t he 

s e p a r a t i o n on the b a s i s t h a t the source w a v e l e t i s minimum 

d e l a y and the impulse s e r i e s i s white. 

Minimum entropy deconvolution (Wiggins, 1978) i s 

no e x c e p t i o n . I t i s based on t h e i d e a t h a t t h e s i m p l e 

s t r u c t u r e of t h e i m p u l s e s e r i e s i s c o m p l i c a t e d by the 

d i s t u r b i n g f u n c t i o n s ( t ) . J u s t a s t h e p r o c e s s o f 

6 



homomorphic d e c o n v o l u t i o n draws on t h e m a t h e m a t i c a l 

concept of the a u t o - c o r r e l a t i o n f u n c t i o n as a measure of 

smoothness of t h e power s p e c t r u m , so minimum e n t r o p y 

d e c o n v o l u t i o n d r a w s on t h e s t a t i s t i c a l c o n c e p t of t h e 

Varimax Norm as a measure of s i m p l e s t r u c t u r e . 

2.2 The Varimax Norm 

The Varimax Norm i s a w e l l - e s t a b l i s h e d means of 

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

s e t £a } , i = 1, n j ( K a i s e r , 1958 ; C a r r o l l , 1953). The 

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

the norm i s w e l l beyond the scope of t h i s t h e s i s . However, 

i t i s s t r a i g h t f o r w a r d t o f o l l o w the arguments through f o r 

a simple c a s e , and t o a c c e p t the l o g i c a l e x t e n s i o n of the 

r e s u l t to more d i f f i c u l t s i t u a t i o n s . 

C o nsider the c a s e where the data s e t c o n s i s t s of 

o n l y two v a l u e s (a^ )• T h i s can be r e p r e s e n t e d a s a 

s i n g l e p o i n t i n a two-dimensional v e c t o r space d e f i n e d by 

co-ordinate axes x and y : 

. <a1 ' a 2 > 

F i g . 2.1 

7 



By means of an o r t h o g o n a l t r a n s f o r m a t i o n , t he 

ax e s may be r o t a t e d so t h a t one of them p a s s e s t h r o u g h the 

p o i n t . The r e p r e s e n t a t i o n of t h e p o i n t i n t e r m s of t h i s 

new s e t of c o - o r d i n a t e axes i s i n t u i t i v e l y the most simple 

r e p r e s e n t a t i o n p o s s i b l e ( F e r g u s o n , 1 9 5 4 ) . By t h i s 

d e f i n i t i o n the data s e t has been s i m p l i f i e d by a p p l y i n g an 

orthogonal t r a n s f o r m a t i o n (a r o t a t i o n , i n f a c t ) such t h a t 

t h e p r o d u c t o f t h e s q u a r e s o f t h e c o - o r d i n a t e s i s 

minimised. 

A p r o p e r t y of s u c h a t r a n s f o r m a t i o n of the 

a x e s i s t h a t t h e sum of t h e s q u a r e s of t h e c o - o r d i n a t e s of 

a f i x e d p o i n t remains constant under the t r a n s f o r m a t i o n . 

I f t h e d a t a s e t i s r e p r e s e n t e d w i t h r e s p e c t t o t h e new 

axes as (b^ t h i s means t h a t 

b*j + bj = a!J + &2 = c o n s t a n t 

E x t e n d i n g t h i s t o t h e c a s e of an n - l e n g t h d a t a 

s e t ( a j , i = 1, nj l e a d s t o : 

n z n

 a 

£ b = l a ; = c o n s t a n t 
' i=1 ' 

v. n , -5 n . r » a . a 
—7> ( Zb- ) = Z b j + 2 Zb- b, = c o n s t a n t 

M ' i=1 i<j=1 1 

The second sum i n t h e a d d i t i o n i s s i m p l y t he 

e x t e n s i o n of the c r i t e r i o n f o r s i m p l e s t r u c t u r e developed 

above f o r t h e c a s e n = 2. I t can be s e e n t h a t m a x i m i s i n g 

the f i r s t sum i s e q u i v a l e n t t o m i n i m i s i n g the second sum. 

I n o t h e r words, t h e s i m p l e s t r e p r e s e n t a t i o n of t h e d a t a 

s e t i s t h a t f o r w h i c h t h e frame of r e f e r e n c e has been 
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r o t a t e d so a s t o m a x i m i s e t h e v a l u e of 

to the Varimax Norm, d e f i n e d as : 

T h i s l e a d s 

V = "n (Eqn. 2.1) 
( Sib? )* 
i=1 ' 

2.3 The Varimax Norm Applied t o a S e i s m i c T r a c e 

A d i g i t i s e d s e i s m i c t r a c e of n s a m p l e s i s j u s t a 

d a t a s e t of l e n g t h n, where e a c h s a mple may be r e g a r d e d a s 

s p e c i f y i n g one c o - o r d i n a t e i n some n - d i m e n s i o n a l v e c t o r 

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

s i n g l e p o i n t i n t h i s s p a c e . As a r e s u l t t h e V a r i m a x Norm 

may be l e g i t i m a t e l y a p p l i e d t o measure the s i m p l i c i t y of 

r e p r e s e n t a t i o n of the data s e t . 

The t r a n s f o r m a t i o n l a w f o r C a r t e s i a n c o ­

o r d i n a t e s i n 3 - d i m e n s i o n a l s p a c e i s g i v e n by K r e y s z i g 

(Chapter 8) as : 

x* - c„x + c u y + c„z 

y* = c,,x + c31y + CyZ (Eqn. 2.2) 

z* = c„x + c n y + c„z 

C o n s i d e r i n g t h e r e s u l t of c o n v o l v i n g some 3-

length f i l t e r w i t h t h e s e i s m i c t r a c e l e a d s t o : 

Y, = f i X i 

y 2 = f z x , + f, x, (Eqn. 2.3) 

y 3 = f, x, + f 2 x 2 + f, x 3 

C o m p a r i s o n of (2.2) w i t h (2.3) shows t h a t t h e 

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

e q u i v a l e n t t o a p p l y i n g some t r a n s f o r m a t i o n . I n t e r m s of 



S e c t i o n 2.2, s u i t a b l e c h o i c e of t h e f i l t e r c o e f f i c i e n t s 

w i l l perform the r o t a t i o n spoken of t h e r e . Consequently, 

the use of the Varimax Norm f o r our purposes i s j u s t i f i e d . 

I t w i l l be demonstrated i n the f o l l o w i n g s e c t i o n t h a t the 

norm lends i t s e l f to a t r a c t a b l e computational procedure 

whereby the a p p r o p r i a t e f i l t e r can be d e r i v e d . 

Comments 

V i s u a l i s i n g t h e p r o c e s s of r o t a t i o n i n an n-

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

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

the i d e a s behind the Varimax Norm, s i n c e i t forms the very 

b a s i s o f t h e MED t e c h n i q u e . I n d e e d , some u s e f u l 

i n f o r m a t i o n may be d e r i v e d from S e c t i o n s 2.2 and 2.3 

without too much mathematics. 

Given the f a c t t h a t complete freedom of r o t a t i o n 

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

t r a n s f o r m a t i o n (Arfken, Chapter 1 ) , Equations 2.2 and 2.3 

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

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

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

f r e e d o m o f r o t a t i o n w i l l n o t a l w a y s be n e c e s s a r y , 

depending on t h e s i m p l i c i t y of t h e o r i g i n a l d a t a s e t . 

Wiggins (1978) s t a t e s t h a t t h e MED p r o c e s s s e e k s t he 

s m a l l e s t number of s p i k e s t h a t i s c o n s i s t e n t w i t h the 

d a t a . From our i n v e s t i g a t i o n of t h e V a r i m a x Norm h i s 

statement i s shown t o be somewhat ambiguous ; the s m a l l e s t 

number of s p i k e s c o n s i s t e n t w i t h any d a t a s e t i s a l w a y s 
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one. To c l a r i f y t h e s i t u a t i o n i t i s n e c e s s a r y t o add t h a t 

the s m a l l e s t number of s p i k e s t o w h i c h t h e d a t a may 

u l t i m a t e l y be r e d u c e d u s i n g h i s p r o c e s s depends on the 

l e n g t h of f i l t e r u sed. I n p a r t i c u l a r , too l o n g a f i l t e r 

may o v e r s i m p l i f y the data from the s e i s m o l o g i s t ' s p o i n t of 

v iew i n t h a t i t may y i e l d one s p i k e from two ( o r more) 

a r r i v a l s . 

The r e l a t i o n s h i p between f i l t e r l e n g t h and 

r e s o l v i n g power i s of c o n s i d e r a b l e i m p o r t a n c e . Wiggins 

(1978) does n o t d i s c u s s f i l t e r l e n g t h , w h i l s t i n t h e i r 

s i n g l e t r a c e examples Ooe 6 U l r y c h (1979) choose a f i l t e r 

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

q u a l i f i c a t i o n t h a t "much e x p e r i e n c e needs t o be g a i n e d " 

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

above i n d i c a t e s t h a t i f t h e i n p u t d a t a c o n s i s t s of two 

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

the l e n g t h between the onset of the f i r s t a r r i v a l and the 

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

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

e f f e c t i v e l y s e t s an upper l i m i t t o t h e l e n g t h t o use. 

Indeed a f i l t e r l e n g t h even s h o r t e r than t h i s may l e a d to 

such o v e r - s i m p l i f i c a t i o n , but how much s h o r t e r depends on 

the input data i t s e l f and cannot be a c c u r a t e l y p r e d i c t e d . 

A l o w e r l i m i t on t h e f i l t e r l e n g t h i s s e t by t h e a b i l i t y 

of the f i l t e r t o reduce a s i n g l e a r r i v a l t o a sharp spike. 

T h i s l o w e r l i m i t w i l l be e q u a l t o , o r more l i k e l y l e s s 

than, the l e n g t h of the a r r i v a l w avelet. 
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2.4 D e r i v a t i o n of the Normal Equations 

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

s e i s m i c t r a c e the Varimax Norm i s de f i n e d as : 

V = ' a (Eqn. 2.4) 
( l y > 

i - i 
m 

where y. = Z!f x. , i = 1, ,m+n-l 
'1 s = 1 s i-s 

w i t h f s , s = l,....,m as the f i l t e r c o e f f i c i e n t s , 

and x. , i = 1 n as the raw t r a c e . 

Maximising the norm w i t h r e s p e c t to the f i l t e r 

c o e f f i c i e n t s : 

= .0 

Simple d i f f e r e n t i a t i o n l e a d s to : 

4Vu Ty.-Cy. - 4u £y. 3y. 
i«l ' ̂ —L i-i 1 1 = 0 (Eqn. 2.5) 

where u = 5L y. 

m 
Now dy. o ( Z f x ) 

1 .s=1 5 1 - 5 

o f L ^ f t 

" X i - L 
so t h a t Equation 2.5 reduces t o 

L = 1, ,m 

which can be w r i t t e n i n m a t r i x form as : 

R f = g (Eqn. 2. 6) 
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where R i s a T o e p l i t z a u t o c o r r e l a t i o n m a t r i x c o n s i s t i n g of 

a u t o c o r r e l a t i o n s of the input data weighted by Vu, g i s a 

column v e c t o r of c r o s s - c o r r e l a t i o n s of the outputs cubed 

w i t h t h e i n p u t s and f. i s t h e column v e c t o r of t h e f i l t e r 

c o e f f i c i e n t s . I t i s immediately obvious t h a t t h i s system 

of normal equations i s h i g h l y n o n - l i n e a r . As a r e s u l t they 

must be solved i t e r a t i v e l y s t a r t i n g w i t h an i n i t i a l f i l t e r 

( 0 ,..., 1,..., 0 ) so t h a t y. , i = 1, ,m + n - l may be 

deduced. These v a l u e s of yj a r e s u b s t i t u t e d i n t o the 

normal equations which are then solved to y i e l d new f i l t e r 

c o e f f i c i e n t s . The i t e r a t i v e p r o c e s s i s c o n t i n u e d by 

appl y i n g the new f i l t e r to the data and s o l v i n g the normal 

e q u a t i o n s a g a i n , u s i n g t h e new v a l u e s of y. produced. 

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

r e p r e s e n t s a good a p p r o x i m a t i o n t o t h e t r u e s o l u t i o n of 

the s e t of equations. I t w i l l be demonstrated i n Chapter 4 

t h a t t h i s i s not a l w a y s d e s i r a b l e i n t h e c a s e of minimum 

entropy deconvolution. 

Examination of the normal equations r e v e a l s t h a t 

the right-hand s i d e f o r the f i r s t i t e r a t i o n i s j u s t the 

c r o s s - c o r r e l a t i o n of the input w i t h the input cubed ; the 

normal equations attempt to f i n d a f i l t e r which shapes the 

i n p u t s t o t h e s p i k e y a ppearance of t h e cubed t r a c e s . I n 

t h i s r e s p e c t the MED technique may be compared to a Wiener 

s p i k i n g f i l t e r ( S e c t i o n 2.7). 

Wiggins (1978) warns t h a t the T o e p l i t z m a t r i x J* 

may be n e a r l y s i n g u l a r i n some a p p l i c a t i o n s w h i c h means 
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, i>,e n o r m a l e q u a t i o n s may be i l l - c o n d i t i o n e d . T h i s 
t n* 

<.-« was, i n f a c t , e n c o u n t e r e d ( C h a p t e r 5) and was 
p r >'' 
sal''** *jy i n c r e a s i n 9 t h « d i a g o n a l t e r m s of t h e m a t r i x by 

tj '{f, />r>erties of MED 

At t h i s s t a g e s e v e r a l i m p o r t a n t p r o p e r t i e s of 

»̂.« • echnique can be deduced : 

j ; From the d e r i v a t i o n presented i t i s c l e a r t h a t the 

fj]M:V c o e f f i c i e n t s are d e r i v e d from the data i t s e l f and 

no » p r i o r i e s t i m a t e of t h e d i s t u r b i n g f u n c t i o n i s 

'/) T h e r e i s no r e q u i r e m e n t t o make any p h a s e 

as H u / ' i p t i o n s about t h e d i s t u r b i n g f u n c t i o n , nor must the 

impulse s e r i e s be assumed to be a white n o i s e s e r i e s . 

3) S i n c e t h e d e s i g n c r i t e r i o n f o r f i n d i n g an MED 

operator r e f e r s only to the s i m p l i c i t y of the output, the 

po]«rity o r d e l a y of t h e o u t p u t s p i k e s c a n n o t be 

a c c u r a t e l y p r e d i c t e d . 

4) The p r o c e s s l e a v e s w h i t e n o i s e u n a f f e c t e d . T h i s 

can be most c l e a r l y seen by c o n s i d e r i n g an extreme example 

where t h e i n p u t d a t a Xj , i = 1, ,n i s w h i t e n o i s e 

with no s i g n a l present. A property of white n o i s e i s t h a t 

i t s a u t o c o r r e l a t i o n f u n c t i o n i s non-zero only a t l a g zero. 

C o n s e q u e n t l y , t h e a u t o c o r r e l a t i o n m a t r i x R_has non-zero 

values o n l y along i t s diagonal. Now assume without l o s s of 

g e n e r a l i t y t h a t t h e i n i t i a l f i l t e r i s (1,0,0,..., 0 ) , w i t h 
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t h e r e s u l t t h a t f o r i = 1, ,n yt = x-; y( = 0 f o r 

i = n + 1, fm + n - l . R e c a l l t h e n o r m a l e q u a t i o n s 

( E q u a t i o n 2.6) : 

I n t h e f i r s t s t e p of the i t e r a t i v e p r o c e s s g i s s i m p l y t h e 

c r o s s - c o r r e l a t i o n of x* w i t h x i f i = 1, ,n. Hence o n l y 

t h e z e r o - l a g component of g i s non-zero. The normal 

equations, then, reduce to simply : 

£U°>- f1 - J 2 W 0 ) 

where 0 (r) r e p r e s e n t s the process of c r o s s - c o r r e l a t i o n a t 

l a g X. f 1 i s s c a l e d by some f a c t o r w h i l s t a l l o t h e r 

c o e f f i c i e n t s r e m a i n e q u a l t o z e r o . T h e r e f o r e , when t h e 

'new' f i l t e r i s a p p l i e d t o t h e d a t a i t has o n l y a s c a l i n g 

e f f e c t on each term. I n other words the data i s unaffe c t e d 

by the p r o c e s s . 

5) The s o u r c e w a v e l e t shape must r e m a i n c o n s t a n t 

a l o n g t h e seismogram. T h i s i s most e a s i l y u n d e r s t o o d by 

c o n s i d e r i n g how the MED f i l t e r i s a p p l i e d r a t h e r than how 

i t i s developed. Assuming t h e f i l t e r l e n g t h t o be l e s s 

than the data length, as i t i s passed along the data i t i s 

c l e a r t h a t i f i t does a good j o b of s p i k i n g up one 

p a r t i c u l a r wavelet i t cannot p o s s i b l y do an e q u a l l y good 

job of s p i k i n g up a completely d i f f e r e n t one. 

2.6 A p p l i c a t i o n of MED to R e f r a c t i o n Data 

The. MED p r o c e s s may o n l y be a p p l i e d t o s h o r t 

windows of a r e f r a c t i o n t r a c e , t h e c r i t e r i o n f o r the 

15 



l e n g t h of window b e i n g t h a t a l l a r r i v a l s w i t h i n i t be of 

the same c h a r a c t e r . S i n c e t h e o u t p u t i m p u l s e s e r i e s need 

not be a w h i t e n o i s e s e r i e s t h e r e i s no need t o make any 

a s s u m p t i o n s about the number of a r r i v a l s w i t h i n the 

window. I n any c a s e t h e above c r i t e r i o n means t h a t t h e 

number i s l i k e l y to be r e s t r i c t e d to a t most two or t h r e e . 

I f t h e t r a c e i s modulated by a low f r e q u e n c y 

' r o l l ' , a s i l l u s t r a t e d i n F i g u r e 2.2 below, t h e n t h o s e 

v a l u e s a t t h e c r e s t s and t r o u g h s of t h e r o l l w i l l be g i v e n 

p r o p o r t i o n a t e l y more w e i g h t as a r e s u l t of t h e c u b i n g 

p r o c e s s . 

F i g . 2.2 

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

d e s i r a b l e t o p a s s the d a t a through a h i g h - p a s s f i l t e r 

b e f o r e a p p l y i n g t h e MED p r o c e s s . The a p p l i c a t i o n of a 

bandpass f i l t e r to a l s o remove high frequency n o i s e would 

not be e x p e d i e n t , a t l e a s t i n t h e c a s e where t h e s i g n a l -

t o - n o i s e r a t i o i s a l r e a d y good. I n such c i r c u m s t a n c e s , 

s i n c e the process of making the t r a c e s p i k e y n e c e s s a r i l y 

i n t r o d u c e s h i g h f r e q u e n c i e s i n t o t h e t r a c e , t h e r e seems 

l i t t l e p o i n t i n removing them beforehand. I n f a c t , removal 

of t h e h i g h f r e q u e n c y c o n t e n t of t h e t r a c e r e d u c e s the 
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e f f i c i e n c y of the MED process i n t h a t the s p i k e s produced 

a r e l e s s s h a r p ( S e c t i o n 5.7 ). Of c o u r s e , i n c a s e s where 

the amplitude of high frequency n o i s e exceeds t h a t of the 

a r r i v a l i t s e l f then c l e a r l y the a p p l i c a t i o n of a bandpass 

f i l t e r i s e s s e n t i a l , s i n c e the MED process enhances l a r g e 

a m p l i t u d e s . The CSSP d a t a chosen f o r a p p l y i n g MED was of 

e x c e l l e n t q u a l i t y , and r e q u i r e d no such f i l t e r i n g . 

2.7 A Comparison of MED and the Wiener S p i k i n g F i l t e r 

N e i t h e r Wiggins (1978) nor Ooe & U l r y c h (1979) 

c o n s i d e r what e f f e c t t h e p o s i t i o n of t h e '1' i n the 

i n i t i a l f i l t e r may have on the output. The problem i s best 

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

one a r r i v a l , so t h a t the output impulse s e r i e s i s j u s t one 

s p i k e . Then t h e normal e q u a t i o n s f o r t h e Wiener s p i k i n g 

f i l t e r may be expressed as : 

s ? f f s i 5 X i X i - s = i ? i d , X i 

s=1 Si=:1 S i=:1 ' ' 1 (Eqn.2.7) 
• • 

Z f s Zxi -uPM-B = ^ d i xi-m 
s=1 i=1 i=1 

w h e r e dj , i = 1, m + n-1 h e r e i s t h e d e s i r e d 

o u t p u t , w h i c h i s a s i n g l e s p i k e (Robinson & T r e i t e l , 

1967). The l o c a t i o n of t h e s p i k e i n t h e d e s i r e d output 

should be chosen according to the phase c h a r a c t e r i s t i c of 

t h e a r r i v a l ; f o r a minmimum d e l a y w a v e l e t t h e d e s i r e d 
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o u t p u t s h o u l d be ( 1 , 0 , 0 ,..., 0 ) , f o r maximum d e l a y 

(0,0,...,0,1) and f o r mixed d e l a y t h e s p i k e s h o u l d be 

chosen i n some in t e r m e d i a t e l o c a t i o n . These c h o i c e s l e a d 

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

w i l l r e s u l t i n t h e minimum e r r o r between t h e a c t u a l and 

d e s i r e d o u t p u t s ( C l a e r b o u t & Robinson, 1963). The i d e a s 

behind Wiener f i l t e r i n g are w e l l - e s t a b l i s h e d . 

as d e r i v e d e a r l i e r . 

C omparison of E q u a t i o n s (2.7) and (2.8) shows 

t h a t , a p a r t from t h e s c a l i n g f a c t o r Vu, E q u a t i o n (2.8) i s 

j u s t (2.7) w i t h dj r e p l a c e d by yf . I n o t h e r words t h e 

p r o c e s s f o r o b t a i n i n g the MED f i l t e r i s t h e same as t h a t 

f o r o b t a i n i n g t h e Wiener s p i k i n g f i l t e r , e x c e p t t h a t i n 

MED the d e s i r e d output i s derived from the data, w h i l s t i n 

Wiener f i l t e r i n g i t i s chosen by the user. 

minimum d e l a y w a v e l e t ( 2 , 1 ) . The optimum 2 - p o i n t Wiener 

s p i k i n g f i l t e r w i l l be produced f o r a d e s i r e d o u t p u t of 

(1,0,0). F o r MED an i n i t i a l f i l t e r of (1,0) l e a d s t o y = 

( 2 , 1 , 0 ) , so t h a t t h e ' d e s i r e d output' becomes (8 , 1 , 0 ) , 

w h i c h may be e x p r e s s e d as (1,0.125,0). T h i s i s c l o s e t o 

The normal equations f o r MED are 

m Vu l - S 

Vu 2_fs Zxj «x; 1-1 X l - S 
5=1 1=1 

(Eqn.2.8) 

Vu Tf y: X X; I—•»•"•!-S s=1 i 

Consider the example where the input data i s the 
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the o u t p u t t h a t one would choose t o y i e l d t h e optimum 

s p i k i n g f i l t e r . On t h e o t h e r hand, an i n i t i a l f i l t e r of 

(0 , 1 ) l e a d s t o y = (0, 2 , 1 ) and a d e s i r e d o u t p u t o f 

(0,8,1). The f i l t e r produced w i t h t h i s i n i t i a l c h o i c e of 

f i l t e r c annot be e x p e c t e d t o do such a good j o b , j u s t as 

one would not e x p e c t a d e s i r e d o u t p u t of (0,1,0) t o l e a d 

t o a good Wiener s p i k i n g f i l t e r ( C l a e r b o u t & Robinson, 

1963). I n t h e same way i t can be shown t h a t an i n i t i a l 

f i l t e r (0,1) i s t h e b e s t c h o i c e f o r t h e maximum d e l a y 

w a v e l e t ( 1 , 2 ) . 

U n f o r t u n a t e l y , not a l l minimum d e l a y w a v e l e t s 

have t h e i r maximum v a l u e a t i = 1 . The w a v e l e t (4,6,4,1) 

i s one example. Even u s i n g an i n i t i a l f i l t e r (1,0,0,0) 

l e a d s to y 3 = (64,216,64,1,0,0,0). As the i t e r a t i v e process 

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

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

' d e s i r e d output' a t each s t e p becomes more and more l i k e 

(0,1,0,0,0,0,0). T h i s i s not t h e d e s i r e d o u t p u t (1,0,..,0) 

one would choose from Wiener t h e o r y . However, i t i s t h e 

c l o s e s t one can get us i n g a p u r e l y c a u s a l i n i t i a l f i l t e r . 

C o n s e q u e n t l y , an i n i t i a l f i l t e r (1,0,0,...,0) i s t h e b e s t 

p o s s i b l e choice f o r a l l minimum delay w a v e l e t s . 

Summary 

I t has been shown t h a t i n MED t h e ' d e s i r e d 

output' can be d e l a y e d w i t h r e s p e c t t o t h e i n p u t by 

c h o o s i n g t h e p o s i t i o n of t h e '1' i n t h e i n i t i a l f i l t e r . 

F u r t h e r , a s a r e s u l t of t h e c u b i n g p r o c e s s t h e d e s i r e d 
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output a l w a y s c o n v e r g e s t o a s i n g l e s p i k e . F o r a minimum 

d e l a y w a v e l e t t h i s s p i k e s h o u l d be a s c l o s e t o i = 1 as 

p o s s i b l e , so the i n i t i a l f i l t e r should be chosen w i t h the 

•1' a t i = 1 i n t h i s c a s e . I n g e n e r a l t h e MED p r o c e s s w i l l 

not y i e l d a s p i k e a t t h e o n s e t of t h e w a v e l e t s i n c e t h e 

p o s i t i o n of t h e s p i k e i s d e f i n e d by t h e p o s i t i o n of t h e 

maximum val u e w i t h i n the wavelet. 

Problems A - Spike l o c a t i o n 

The f a c t t h a t t h e p o s i t i o n of t h e s p i k e chosen 

by t h e p r o c e s s i s beyond our c o n t r o l , and t h a t t h e s p i k e 

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

a d i s t i n c t disadvantage of the MED technique. There would 

be no problem i f t h e a r r i v a l were of t h e same c h a r a c t e r 

a l l along the t r a c e , as i n r e f l e c t i o n records. However, i n 

a r e f r a c t i o n t r a c e the changing c h a r a c t e r of the wavelet 

w i l l i n e v i t a b l y r e s u l t i n t h e p o s i t i o n of t h e s p i k e f o r 

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

d i f f e r e n t amounts, so t h a t t h e s p a c i n g of s p i k e s on t h e 

processed t r a c e w i l l not correspond t o the t r u e spacing of 

a r r i v a l s . I n a d d i t i o n , when f o l l o w i n g an a r r i v a l from one 

t r a c e to the next the moveout between s p i k e s w i l l only be 

e q u i v a l e n t t o t h e moveout between o n s e t s i f t h e w a v e l e t 

c h a r a c t e r r e m a i n s e s s e n t i a l l y t h e same between t r a c e s . 

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

dynamite source. S i n c e the spacing of a r r i v a l s along one 

t r a c e and "the r e l a t i v e moveout b e t w e e n t r a c e s a r e 

p r e c i s e l y the two parameters used t o e s t i m a t e the v e l o c i t y 
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and depth of a g i v e n r e f r a c t o r , i t a p p e a r s t h a t t h e MED 

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

i n t e r p r e t a t i o n of data. 

Problems B - Data c o n t a i n i n g more than one a r r i v a l 

The i d e a s presented i n t h i s s e c t i o n a r e s t r i c t l y 

v a l i d o n l y when t h e MED p r o c e s s i s a p p l i e d t o windows of 

d a t a w h i c h c o n t a i n j u s t one a r r i v a l , s i n c e a d e s i r e d 

o u t p u t of more t h a n one s p i k e i s i n c o m p a t i b l e w i t h t h e 

Wiener for m u l a t i o n . Since the MED process d e r i v e s a f i l t e r 

from the complete input data then f o r a window c o n t a i n i n g 

more than one a r r i v a l the phase of the impulse s e r i e s must 

a l s o be t a k e n i n t o a c c o u n t when c o n s i d e r i n g t h e phase of 

the data. The impulse s e r i e s i s g e n e r a l l y mixed delay, so 

t h a t t h e d a t a i s mixed d e l a y , r e g a r d l e s s of the phase of 

the i n d i v i d u a l a r r i v a l s . 

At t h i s s t a g e i t i s d i f f i c u l t t o s t o p t h e hands 

from waving. Should the i n i t i a l f i l t e r be chosen according 

t o t h e phase of t h e co m p l e t e d a t a o r a c c o r d i n g t o t h e 

phase of t h e d i s t u r b i n g f u n c t i o n ? I n t u i t i v e l y one would 

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

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

f u n c t i o n s h o u l d be used. Wiggins (1978) and Ooe & U l r y c h 

(1979) a r e of no h e l p h e r e a s t h e i r e x amples use a mixed 

delay wavelet convolved w i t h a mixed delay impulse s e r i e s , 

so t h a t both the complete data and the wavelet i t s e l f are 

mixed delay.' T h e i r c h o i c e of i n i t i a l f i l t e r w i t h t h e '1' 

i n the middle l o c a t i o n i s s p e c i f i e d without explanation, 
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and would be chosen on the b a s i s of our d i s c u s s i o n i n any 

c a s e . The problem can o n l y be r e s o l v e d by c o n s i d e r i n g 

s p e c i f i c e x a m p l e s , w h i c h i s done i n S e c t i o n 4.2. T h e r e i t 

i s shown t h a t t h e c h o i c e o f i n i t i a l f i l t e r i s o f 

c o n s i d e r a b l e importance and may even lead to t h a t u l t i m a t e 

d i s a s t e r , the l o s s of a r r i v a l s . 
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CHAPTER 3 

PROGRAM DEVELOPMENT 

3.1 I n t r o d u c t i o n 

A l l programs used throughout t h i s p r o j e c t were 

w r i t t e n i n F o r t r a n f o r use on t h e IBM 4341 mainframe 

computer. As such they should be r e a d i l y t r a n s f e r r a b l e to 

s i m i l a r m a c h i n e s w i t h t h e e x c e p t i o n of t h e p l o t t i n g 

programs which c a l l p l o t t i n g s u broutines from the l i b r a r y 

•GHOST. The p r o c e d u r e f o r r e a d i n g d a t a from t a p e s i s 

l i k e l y t o d i f f e r from one s y s t e m t o a n o t h e r , and depends 

a l s o on how t h e t a p e s a r e w r i t t e n . C o n s e q u e n t l y , t h i s 

procedure must be regarded as a p p l y i n g s p e c i f i c a l l y to the 

system used a t Durham. 

3.2 Data P r e p a r a t i o n 

Data from the CSSP i s w r i t t e n onto magnetic tape 

i n b i n a r y code u s i n g a PDP-11. A s a m p l i n g r a t e of 100 

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

s p e c i f i e d as a 2-byte i n t e g e r (INTEGER*2), w r i t t e n w i t h 

the most s i g n i f i c a n t b yte l a s t . The b l o c k l e n g t h on t a p e 

i s 2048 b y t e s so t h a t each b l o c k c o n t a i n s 1024 i n t e g e r 

v a l u e s . 13 b l o c k s make up one f i l e , w h i c h c o n t a i n s t h e 

d a t a f o r one t r a c e w i t h the f i r s t b l o c k of each f i l e 

c o n t a i n i n g only header information. 

R e c o r d i n g was s t a r t e d a t t h e s h o t t i m e rounded 
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down t o the n e a r e s t second. Given the shot time and shot-

d e t e c t o r d i s t a n c e i t was p o s s i b l e to work out which data 

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

sample f o r a reduced t r a v e l - t i m e p l o t , using a r e d u c t i o n 

v e l o c i t y of 6.0 km s*1. Each f i l e was then copied from tape 

onto t e m p o r a r y d i s k s p a c e and t h e one or two d a t a b l o c k s 

c o n t a i n i n g t h e r e q u i r e d d a t a were used a s t h e i n p u t f o r 

program TAPEREAD. Only e i g h t seconds of d a t a p e r t r a c e 

were e v e r used, and TAPEREAD was developed t o prompt f o r 

the d e s i r e d s t a r t i n g sample and t o r e a d ( i n b i n a r y code) 

t h e f i r s t 800 s a m p l e s from t h i s p o i n t . TAPEREAD a l s o 

performs a byte-swopping operation, n e c e s s a r y because the 

IBM 4341 reads the f i r s t byte of each i n t e g e r as the most 

s i g n i f i c a n t . Output from TAPEREAD i s one l i n e of b y t e -

swopped binar y code. The header in f o r m a t i o n , i f r e q u i r e d , 

may be decoded u s i n g the system subroutine DURH:ATOEB. The 

o u t p u t f r o m TAPEREAD may be c o n v e r t e d f o r c h e c k i n g 

p u r p o s e s i n t o r e a d a b l e (EBCDIC) i n t e g e r v a l u e s u s i n g 

program READ. 

Program AV was dev e l o p e d t o remove a d.c. l e v e l 

from t h e d a t a . I t c a l c u l a t e s t h e a v e r a g e of t h e 800 d a t a 

v a l u e s i n t h e t r a c e and s u b t r a c t s t h i s a v e r a g e from each 

v a l u e . I n p u t i s j u s t t h e output from TAPEREAD, i . e . one 

l i n e of binary code. 

I n order to apply a bandpass f i l t e r to the data, 

program BANBOX was developed t o g e t h e r w i t h program 

BANKONV. W a r r e n ( 1 9 8 1 ) p r o d u c e d p r o g r a m BANBOX t o 
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c a l c u l a t e t h e c o e f f i c i e n t s of a bandpass f i l t e r i n t h e 

t i m e domain. He took t h e i d e a l f r e q u e n c y bandpass f i l t e r 

( F i g . 3.1) and by expanding A ( f ) a s a F o u r i e r c o s i n e 

s e r i e s was l e d to a f i l t e r w i t h i n f i n i t e l y long c a u s a l and 

non-causal components. 

A(f) A 

1 

f, 0 freq. 

F i g . 3.1 

I n y i e l d i n g a f i n i t e r e a l i s a t i o n of the f i l t e r , 

t h e t r u n c a t i o n e r r o r was reduced by a p p l i c a t i o n of a 

Hanning window. T h i s seems r a t h e r extreme, s i n c e a Hanning 

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

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

t h a t the a p p l i c a t i o n of a box-car window w i t h tapered ends 

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

c o e f f i c i e n t s w h i l s t s t i l l a voiding the problems a s s o c i a t e d 

w i t h Gibbs* Phenomenon, Warren's program was m o d i f i e d 

a c c o r d i n g l y . The r e s u l t i s a program which prompts f o r 

th e l e n g t h of f i ' l t e r r e q u i r e d and o u t p u t s t h e f i l t e r i n 

bi n a r y code. Program BANKONV may then be used to apply the 

25 



f i l t e r to the data. 

P r o g r a m EQUALIZE was d e v e l o p e d p u r e l y f o r 

use on Kirkwhelpington data. T h i s i s common-shot data from 

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

s i g n a l a m p l i t u d e between t h e s t a t i o n s . I n o r d e r t h a t a 

u s e f u l p l o t may be produced, program EQUALIZE scans each 

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

some p r e - s e t maximum v a l u e w h i c h a p p l i e s t o a l l t h e 

t r a c e s . The r e s t of the v a l u e s on t h e t r a c e a r e th e n 

s c a l e d up or down by the appropriate s c a l i n g f a c t o r which, 

f o r a g i v e n t r a c e , w i l l be e q u a l t o t h e p r e - s e t maximum 

v a l u e d i v i d e d by t h e maximum v a l u e i n t h e t r a c e . The i n p u t 

t o t h e program i s i n b i n a r y code, as i s t h e output. I n 

p r a c t i c e the output from program AV was used as input f o r 

EQUALIZE. 
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PROGRAM MED FLOW DIAGRAM 

SUBROUTINES 

AUTCOR 

MATRIX 

CONVO 

VU 

CRSCOR 

MWIENR 

INPUT 

INITIAL F ILTER 

CALCULATE AUTOCORRELATION 
MATRIX R 

CALCULATE y. i = 1.....m*n-1 

CALCULATE V AND U ~1 

CALCULATE g 

Bi-2. SOLVE 

FOR f 

RECALCULATE y. 

I T E R A T E ? 

STOP 

Y E S 

F ig . 3.2 



3.3 Minimum Entropy Deconvolution 

The development of a program f o r p e r f o r m i n g 

minimum entropy deconvolution (MED) was based on the flow 

diagram i n F i g . 3.2. 

The s u b r o u t i n e s used f o r each s t a g e of the 

p r o c e s s a r e l i s t e d down t h e l e f t - h a n d s i d e of t h e c h a r t . 

The main program and the subroutines are a l l o r i g i n a l w i t h 

the exception of subroutine MWIENR, which performs matrix 

i n v e r s i o n u s i n g the Levinson r e c u r s i o n (Claerbout, 1976). 

T h i s r o u t i n e was o r i g i n a l l y d e s i g n e d f o r use on an a r r a y 

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

f i l t e r . From S e c t i o n 2. 7 , t h e s o l v i n g of t h e normal 

e q u a t i o n s f o r MED i s b a s i c a l l y t h e same problem, so t h a t 

a f t e r s u i t a b l e m o d i f i c a t i o n s t o e n a b l e i t t o run on the 

IBM mainframe/ t h e r o u t i n e was t r a n s f e r r e d and a l t e r e d 

where necessary. Subroutine MATRIX was developed p u r e l y to 

arrange the a u t o c o r r e l a t i o n c o e f f i c i e n t s i n t o the c o r r e c t 

sequence f o r i n p u t t o MWIENR. The o t h e r s u b r o u t i n e s 

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

the appendix. 

Double p r e c i s i o n i s used throughout program MED 

and t h e i n p u t d a t a must be i n b i n a r y code. The i n p u t f i l e 

may c o n t a i n d a t a from any number of t r a c e s s i n c e t h e 

program prompts f o r t h e number of t r a c e s on w h i c h t o 

o p e r a t e . T r a c e s a r e re a d i n t h e o r d e r i n whi c h t h e y 

appear i n t h e i n p u t f i l e , t h e d a t a f o r each t r a c e b e i n g 

c o n t a i n e d i n one l i n e , p r e c e d e d by s i x l i n e s o f 
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a d d i t i o n a l i n f o r m a t i o n as s p e c i f i e d i n the comments a t the 

b e g i n n i n g of t h e program. The program l i s t e d i n t h e 

appendix a c c e p t s a maximum number of 800 samples per t r a c e 

and a l l o w s a maximum f i l t e r length of 50, but these l i m i t s 

may be e a s i l y extended by c h a n g i n g t h e d i m e n s i o n s of t h e 

a p p r o p r i a t e a r r a y s . However, m o d e r a t i o n s h o u l d be 

e x e r c i s e d w i t h r e s p e c t t o t h e f i l t e r l e n g t h , s i n c e the 

s i z e of a r r a y s AUT, AUTVU ( s u b r o u t i n e MWIENR) and AUTMX 

( s u b r o u t i n e MATRIX) i s e q u a l t o t h e s q u a r e of t h e f i l t e r 

l e n g t h . S i n c e double p r e c i s i o n i s s p e c i f i e d t h e program 

r e q u i r e s a l a r g e amount of memory space, and i t s p o s i t i o n 

i n t h e e x e c u t i o n queue depends on how l a r g e t h e r e q u i r e d 

space becomes. 

I n p r a c t i c e t h e output from AV or BANKONV was 

used a s i n p u t t o MED. However, AV o p e r a t e s o n l y on one 

t r a c e a t a t i m e , so t h a t t h e o u t p u t from each t r a c e was 

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

added u s i n g the f i l e e d i t o r . 

Execution times depended on : 

a) the number of t r a c e s 

b) the f i l t e r length 

c) the number of i t e r a t i o n s performed 

T a b l e (3.3) shows t h e a c t u a l t i m e s t a k e n f o r s p e c i f i c 

c a s e s . I t can be s e e n t h a t t h e i n c r e a s e i n t i m e w i t h 

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

for 29 t r a c e s and f i v e i t e r a t i o n s the CPU time i n seconds 

may be e s t i m a t e d by m u l t i p l y i n g t h e f i l t e r l e n g t h by 12. 
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From t h e l i m i t e d amount of i n f o r m a t i o n a v a i l a b l e , t h e 

r e l a t i o n s h i p between the number of i t e r a t i o n s p e rformed 

and t h e t i m e t a k e n i s n o t l i n e a r ; t h e f e w e r t h e 

i t e r a t i o n s , the g r e a t e r the time per i t e r a t i o n . 

F i l t e r length No. of i t e r a t i o n s No. of t r a c e s CPU time 
( s e e s ) 

20 5 29 225 
30 5 29 350 
40 5 29 500 
50 5 29 660 
50 2 29 320 
50 5 31 720 
50 10 29 1235 

Table 3.3 

Run Times f o r Program MED 

3.4 P l o t t i n g Routines 

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

p l o t t i n g p r o g r a m s w e r e d e v e l o p e d : SYNPLOTTER, f o r 

i l l u s t r a t i n g t h e r e s u l t s of each i t e r a t i o n on s y n t h e t i c 

d a t a ( C h a p t e r 4 ) , and PLOTTER, f o r use on r e a l d a t a . Both 

programs c a l l *GH0ST subroutines. 

Program SYNPLOTTER reads data i n F format, w i t h 

each d a t a v a l u e on a new l i n e w i t h i n t h e i n p u t f i l e . I t 
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t a k e s a s i n p u t t h e out p u t from program SYNMED, a v e r s i o n 

of MED used s p e c i f i c a l l y f o r a p p l i c a t i o n t o s y n t h e t i c 

d a t a . The out p u t from SYNMED c o n t a i n s a l l t h e t i t l e s 

r e q u i r e d f o r t h e p l o t , examples of w h i c h a r e shown i n 

Chapter 4. 

Program PLOTTER r e a d s d a t a i n double p r e c i s i o n 

b i n a r y code, w h i c h i s c o n v e r t e d t o s i n g l e p r e c i s i o n F 

fo r m a t t o be c o m p a t i b l e w i t h *GHOST s u b r o u t i n e s . A l l 

i n f o r m a t i o n r e q u i r e d t o produce an a n n o t a t e d reduced 

t r a v e l t i m e p l o t i s c o n t a i n e d w i t h i n t h e ou t p u t from 

program MED. 

3.5 Summary 

F i g . 3.4 s u m m a r i s e s t h e p r o c e d u r e i n v o l v e d i n 

going from t h e d a t a on ta p e t o t h e f i n a l p l o t of the 

deconvolved t r a c e s . P o i n t s a t which human i n t e r v e n t i o n i s 

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

t h o s e a r e a s where t h e package may be improved. F i g . 3.5 

i l l u s t r a t e s the d i f f e r e n t procedure i n v o l v e d i n applying 

the process to s y n t h e t i c data. 
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Comments 

I t i s c l e a r t h a t d a t a p r e p a r a t i o n t a k e s up 

a l a r g e amount of human t i m e . C o n s e q u e n t l y , i t would be 

d e s i r a b l e t o d e v e l o p TAPEREAD i n t o a much more 

comprehensive program which would i d e a l l y : 

1) Co n t r o l the tape d r i v e t o f i n d f i l e s s p e c i f i e d by 

th e u s e r . 

2) Read the header i n f o r m a t i o n i n the f i r s t block and 

c a l c u l a t e which data samples would be r e q u i r e d f o r 

a reduced t r a v e l time p l o t . 

3) Copy t h e s e d a t a s a m p l e s onto d i s k t o g e t h e r w i t h 

appropriate t i t l e s d e r i ved from the header 

information. 

4) S u b t r a c t a d.c. l e v e l i f r e q u i r e d . 

5) Bandpass and/or e q u a l i z e i f r e q u i r e d . 

6) Produce an out p u t f i l e s u i t a b l e f o r i n p u t t o 

program MED. 

With su c h developments i t would be p o s s i b l e t o 

run the e n t i r e package as a batch job. T h i s c l e a r l y would 

be a v a s t improvement, and would make the bulk p r o c e s s i n g 

of data a more r e a l i s t i c p r o p o s i t i o n . 
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CHAPTER 4 

APPLICATION OF MED TO SYNTHETIC DATA 

4 t l T ^ r r > d u c t i o n 

S y n t h e t i c d a t a was used i n t h e e a r l y s t a g e s of 

program development i n o r d e r t o t e s t t he program and t o 

Improve our u n d e r s t a n d i n g of t h e MED p r o c e s s . S i n c e t h e 

process was to be a p p l i e d o n l y t o s h o r t windows of r e a l 

r e f r a c t i o n d a t a ( S e c t i o n 2.6 ) , the s y n t h e t i c d a t a was 

r e s t r i c t e d i n a l l c a s e s t o c o n t a i n o n l y one o r two 

a r r i v a l s . C a r e f u l a n a l y s i s o f t h e r e s u l t s e n a b l e s 

i n t e l l i g e n t d e c i s i o n s to be made when applying the process 

to r e a l data. 

4.2 Phase Cons i d e r a t i o n s 

plnqle a r r i v a l s 

To examine how t h e phase of t h e i n p u t d a t a may 

influence the choice of p o s i t i o n of the '1' i n the i n i t i a l 

f i l t e r , the data was i n i t i a l l y r e s t r i c t e d to c o n t a i n only 

one a r r i v a l . The 18-point minimum delay wavelet of F i g u r e s 

4.1 to 4.3 was d e v e l o p e d by c o n v o l u t i o n of a number of 2-

point minimum delay wavelets ; the maximum delay wavelet 

°f Figures 4.4 to 4.6 i s simply the minimum delay wavelet 

'©versed. The c h o i c e of an 1 8 - p o i n t f i l t e r was somewhat 

• r b i t r a r y o t h e r t h a n t h e f a c t t h a t i t i s the s h o r t e s t 

' i l t e r which spans the complete wavelet. 
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D i s c u s s i o n of r e s u l t s 

The most o b v i o u s p o i n t t o n o t i c e i s t h a t t h e MED 

process works - the r e s u l t of i t s a p p l i c a t i o n to a s i n g l e 

a r r i v a l i s a s i n g l e s p i k e . C l o s e r e x a m i n a t i o n of t h e 

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

S e c t i o n 2.7. F i g u r e s 4.1 through t o 4.3 show t h a t t h e 

optimum output f o r a minimum delay input i s achieved w i t h 

t h e '1' i n t h e l e a d i n g p o s i t i o n of t h e i n i t i a l f i l t e r . As 

t h e '1' i s moved from t h e l e a d i n g p o s i t i o n , so t h e o utput 

'spike' becomes broader and of lower amplitude, w h i l s t the 

a m p l i t u d e s of t h o s e s a m p l e s t o e i t h e r s i d e of t h e s p i k e 

a r e i n c r e a s e d ; i n o t h e r words t h e r e s o l u t i o n becomes 

poorer. T h i s i s p r e c i s e l y what was expected from S e c t i o n 

2.7. F i g u r e s 4.4 t o 4.6 y i e l d f u r t h e r c o n f i r m a t i o n of t h e 

theory presented i n t h a t s e c t i o n by demonstrating t h a t the 

f i l t e r ( 0 , 0 ,...,0,1) p r o d u c e s t h e b e s t r e s u l t s when 

a p p l i e d to a maximum delay input. 

The examples a l s o i l l u s t r a t e t h a t c h a n g i n g t h e 

p o s i t i o n of t h e '1' i n t h e i n i t i a l f i l t e r does not a f f e c t 

w h i c h p a r t of t h e w a v e l e t i s s p i k e d up ; the p r o c e s s 

a l w a y s c h o o s e s t h e p o s i t i o n of t h e s p i k e a t t h e maximum 

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

beyond our c o n t r o l . T h i s can be seen by e x a m i n i n g t h e 

o u t p u t s of e a r l y i t e r a t i o n s , a l t h o u g h i t would not be 

o b v i o u s from c o m p a r i s o n of o n l y i t e r a t i o n s 5, 10 or 20 

w i t h the raw data. The e n t i r e output i s seen to be delayed 

by p r e c i s e l y the number of zeroes preceding the '1' i n the 
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i n i t i a l f i l t e r ; t h i s i s n o t a s u r p r i s e , s i n c e t h e 

a p p l i c a t i o n of any i n i t i a l f i l t e r other than (1,0,0,...,0) 

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

e f f e c t w i l l not c a u s e problems i n p r a c t i c e s i n c e each 

a r r i v a l w i l l be d e l a y e d by t h e same amount, so t h a t t h e 

r e l a t i v e spacing between a r r i v a l s i s preserved. 

Two a r r i v a l s 

I n S e c t i o n 2.7 t h e q u e s t i o n of the optimum 

p o s i t i o n of t h e '1' i n t h e i n i t i a l f i l t e r was d i s c u s s e d 

f o r i n p u t d a t a c o n t a i n i n g more than one a r r i v a l . I t was 

suggested t h e r e t h a t the p o s i t i o n of the '1' may be chosen 

a c c o r d i n g t o e i t h e r t h e phase of the c o m p l e t e i n p u t d a t a 

or t h e phase of t h e i n d i v i d u a l a r r i v a l s , and t h a t i t was 

d i f f i c u l t t o p r e d i c t w i t h c e r t a i n t y which would be best. 

F i g u r e s 4.7 to 4.9 show the e f f e c t of v a r y i n g the p o s i t i o n 

of the *1* f o r input data which was produced by convolving 

t h e minimum d e l a y w a v e l e t w i t h an i m p u l s e s e r i e s 

c o n s i s t i n g of two s p i k e s of equal amplitude separated by 

z e r o e s . F i g u r e s 4.10 t o 4.12 a r e s i m i l a r e x c e p t h e r e t he 

maximum delay wavelet has been used. The f i l t e r length i n 

a l l c a s e s i s f i x e d a t 18 p o i n t s . 
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D i s c u s s i o n of r e s u l t s 

E x a m i n a t i o n of t h e o u t p u t a f t e r 20 i t e r a t i o n s 

( F i g s . 4.7 t o 4.12) shows t h a t a f t e r s u c h a l a r g e number 

of i t e r a t i o n s t h e p o s i t i o n of t h e '1' does not g r e a t l y 

a f f e c t t h e r e s u l t . As w i t h s i n g l e a r r i v a l s t h e output 

s p i k e s are delayed w i t h r e s p e c t to the input data when the 

'1' i s not i n t h e l e a d i n g p o s i t i o n of t h e i n i t i a l f i l t e r , 

but t h e d e l a y i s no l o n g e r s i m p l y e q u a l t o t h e number of 

z e r o e s p r e c e d i n g t h e '1'. The s p a c i n g between s p i k e s i s 

p r e s e r v e d i n a l l c a s e s a t t h e c o r r e c t s e p a r a t i o n of 10 

z e r o e s . C l o s e r e x a m i n a t i o n r e v e a l s t h a t t h e s p i k e s a r e 

l e s s s h a r p i n F i g . 4.9 w h e r e t h e i n i t i a l f i l t e r 

(0,0,...,0,1) i s a p p l i e d t o minimum d e l a y a r r i v a l s , and 

the same e f f e c t i s o b s e r v e d i n F i g . 4.10 where t h e f i l t e r 

( 1 , 0 ,...,0,0 ) i s a p p l i e d t o maximum d e l a y a r r i v a l s . 

However, c o m p a r i s o n of t h e s p i k e s i n F i g s . 4.7 and 4.8 

shows t h a t t h e y a r e e q u a l l y s h a r p . I t must be c o n c l u d e d 

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

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

e s s e n t i a l l y of no consequence. 

From a p r a c t i c a l p o i n t of v i e w , however, t h e 

g r e a t e r the number of i t e r a t i o n s r e q u i r e d the g r e a t e r the 

computational time used. For a p p l i c a t i o n of the process to 

l a r g e amounts of r e a l d a t a t h e number of i t e r a t i o n s 

performed becomes p h y s i c a l l y r e s t r i c t e d by the time taken 

to a p p l y t h e p r o c e s s . FiNgures 4.7 and 4.12 show t h a t i f 

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

s p i k e s a f t e r only 3 i t e r a t i o n s and e x h i b i t s l i t t l e change 

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

(4.8, 4.9, 4.10, and 4.11) show c o n s i d e r a b l e change i n t h e 

form of the output between i t e r a t i o n s 3 and 10. Only a f t e r 

10 i t e r a t i o n s has t h e output s t a b i l i s e d t o two s p i k e s of a 

q u a l i t y comparable w i t h i t e r a t i o n 3 of F i g u r e s 4.7 and 

4.12. I t can be c o n c l u d e d t h a t t h e r a t e of convergence of 

the process depends on the form of the i n i t i a l f i l t e r . The 

more r a p i d convergence of the process a s s o c i a t e d w i t h the 

a p p r o p r i a t e c h o i c e of f i l t e r i s a ma j o r advantage w h i c h 

w i l l be g a i n e d by c h o o s i n g t h e p o s i t i o n o f t h e '1' 

according t o the phase of the i n d i v i d u a l a r r i v a l s . 

As w e l l as having the disadvantage of l e a d i n g to 

s l o w e r c o n v ergence, i n a p p r o p r i a t e c h o i c e of t h e i n i t i a l 

f i l t e r may l e a d t o l o s s of a r r i v a l s . T h i s i s seen by 

c o n s i d e r i n g F i g u r e s 4.8, 4.9, 4.10, and 4.11. F o r up t o 3 

i t e r a t i o n s one could reasonably deduce t h a t two a r r i v a l s 

are p resent, but i t e r a t i o n 5 i s s u f f i c i e n t l y poor t o c a s t 

some doubt, and the same i s probably t r u e of i t e r a t i o n s 4 

and 6. The problem o c c u r s a s t h e p o s i t i o n of t h e s p i k e s 

u n d e r g o e s a r a d i c a l c h a n g e - i n F i g . 4.8 b e t w e e n 

i t e r a t i o n s 3 and 5, and i n F i g 4.9 between i t e r a t i o n s 5 

and 10 ; w i t h i n t h i s ' t r a n s i t i o n zone' only one a r r i v a l i s 

p a r t i c u l a r l y e v i d e n t . No such problem i s o b s e r v e d i n 

F i g u r e s 4.7 or 4.12. A d e t a i l e d e x p l a n a t i o n of t h i s e f f e c t 

i s beyond t h e scope of t h i s t h e s i s - a l l t h a t can be s a i d 

36 



i s t h a t i n t h e a c t of m a x i m i s i n g t he Varimax Norm t h e 

p r o c e s s seems t o 'change i t s mind' about t h e p o s i t i o n of 

one of t h e s p i k e s . The danger l i e s i n t h e f a c t t h a t i t i s 

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

f a l l w i t h i n t h i s ' t r a n s i t i o n zone' ; p r e c i s e l y t h o s e 

s t a g e s , i n f a c t , t o w h i c h one i s l i k e l y t o c o n t i n u e t h e 

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

r e a s o n f o r u s i n g an i n i t i a l f i l t e r (1,0,0,...,0), s i n c e i n 

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

only a f t e r an e x c e s s i v e number of i t e r a t i o n s . I n p r a c t i c e 

t h e number of i t e r a t i o n s w i l l be r e s t r i c t e d so t h a t no 

such l o s s i s l i k e l y . 

4.3 R e s o l u t i o n 

An i m p o r t a n t q u e s t i o n about t h e MED p r o c e s s i s 

how i t s a b i l i t y t o r e s o l v e i n t e r f e r i n g a r r i v a l s i s 

a f f e c t e d by t h e l e n g t h of f i l t e r used ( S e c t i o n 2.3). 

Theory s u g e s t s t h a t i f t h e f i l t e r l e n g t h i s such t h a t i t 

spans a s i g n a l c o n s i s t i n g of two (or more) i n t e r f e r i n g 

a r r i v a l s , the process w i l l u l t i m a t e l y reduce t h a t s i g n a l 

to j u s t one spi k e . The c l o s e r the a r r i v a l s the s h o r t e r the 

s i g n a l so t h a t i n t h i s r e s p e c t o v e r - i t e r a t i o n becomes more 

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

r e d u c t i o n of two a r r i v a l s t o one s p i k e i n t h e s e t e r m s i s 

not so much a f a i l u r e t o r e s o l v e two a r r i v a l s a s a 

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

r e s u l t i s t h e same. A p a r t from t h i s o v e r - s i m p l i f i c a t i o n 
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e f f e c t one might wonder i f t h e r e comes a p o i n t when t h e 

a r r i v a l s become so c l o s e a s t o make them i m p o s s i b l e t o 

r e s o l v e , i r r e s p e c t i v e of t h e f i l t e r l e n g t h used. T h i s i s 

the ' l i m i t of r e s o l u t i o n 1 i n the conventional sense. 

The problem i s i n v e s t i g a t e d using the s y n t h e t i c 

examples w h i c h f o l l o w . I n t h e s e t h e same minimum d e l a y 

w a v e l e t i s used throughout, but t h e s e p a r a t i o n of t h e 

s p i k e s i n t h e i m p u l s e s e r i e s i s v a r i e d . As d i s c u s s e d 

above, r e d u c i n g t h e s e p a r a t i o n of t h e s p i k e s i n e v i t a b l y 

reduces the length of the complete s i g n a l . As a r e s u l t i t 

becomes d i f f i c u l t t o d i f f e r e n t i a t e between e f f e c t s 

r e s u l t i n g from narrow s e p a r a t i o n of the s p i k e s and e f f e c t s 

r e s u l t i n g from t h e f a c t t h a t t h e e n t i r e s i g n a l becomes 

s h o r t e r w i t h r e s p e c t to the f i l t e r length. I n an e f f o r t to 

r e s o l v e t h i s problem two f i l t e r lengths are used - length 

18, w h i c h spans t h e c o m p l e t e s i g n a l i n a l l c a s e s but t h e 

f i r s t ( F i g u r e s 4.13 to 4.18) and length 10, which does not 

( F i g u r e s 4.19 t o 4.23). Of c o u r s e we must be p r e p a r e d t o 

a c c e p t l e s s s h a r p s p i k e s from t h e 1 0 - p o i n t f i l t e r , and 

t h i s i s indeed seen to be the case. 
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D i s c u s s i o n of r e s u l t s 

I n F i g u r e 4.13 t h e f i l t e r of l e n g t h 18 c l e a r l y 

does not span the complete s i g n a l ( the two a r r i v a l s ). As 

a r e s u l t t h e two s p i k e s a r e v e r y s h a r p and have e q u a l 

amplitudes, even a f t e r twenty i t e r a t i o n s . I t i s reasonable 

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

i n d e f i n i t e l y w i t h o u t t h e d a t a b e i n g reduced f u r t h e r , so 

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

observation i s the same f o r F i g u r e 4.19. 

I n F i g u r e s 4.14 t o 4.16 the f i l t e r e f f e c t i v e l y 

spans t h e c o m p l e t e s i g n a l and i n a l l c a s e s c o n t i n u e d 

i t e r a t i o n r e s u l t s i n the r e d u c t i o n of amplitude of one of 

t h e ouput s p i k e s . I f t h e i t e r a t i v e p r o c e s s w e r e t o 

continue f u r t h e r , e v e n t u a l l y only one s p i k e would remain. 

By i n c r e a s i n g the f i l t e r l e n g t h to 40 i n F i g u r e 4.17 i t i s 

shown t h a t f o r a l o n g e r f i l t e r f e w e r i t e r a t i o n s a r e 

r e q u i r e d before r e d u c t i o n of one of the s p i k e s begins. I n 

p r a c t i c e , r e s t r i c t i n g t h e p r o c e s s t o a s m a l l number of 

i t e r a t i o n s would p r e v e n t such a p o s s i b i l i t y f o r t h e s e 

s y n t h e t i c d a t a c a s e s , and t h e g r e a t e r t h e f i l t e r l e n g t h 

the s m a l l e r the number of i t e r a t i o n s which should be used. 

F i g u r e 4.18 shows t h a t t h e 1 8 - p o i n t f i l t e r has 

been u n a b l e t o r e s o l v e the two a r r i v a l s when t h e s p a c i n g 

i s reduced t o f i v e p o i n t s . The e f f e c t of r e d u c i n g the 

f i l t e r length to 10 w h i l s t m a i n t a i n i n g the s e p a r a t i o n of 

a r r i v a l s a t f i v e p o i n t s i s i l l u s t r a t e d i n F i g u r e 4.23. 

Comparison w i t h F i g u r e 4.18 shows a marginal improvement, 
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but i n p r a c t i c e the r e d u c t i o n i n length has done l i t t l e to 

i m p r o v e t h e r e s o l v i n g power o f t h e p r o c e s s . I t i s 

c o n c l u d e d t h a t i n p r a c t i c e t h e a b i l i t y of t h e f i l t e r t o 

r e s o l v e two c l o s e l y spaced a r r i v a l s i s r e s t r i c t e d not by 

the f i l t e r l e n g t h but by t h e form of t h e s i g n a l w h i c h 

r e s u l t s from i n t e r f e r e n c e between the a r r i v a l s . 

The examples shown i n d i c a t e t h a t t h e r e i s l i t t l e 

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

\ and t h a t u s i n g a f i l t e r s h o r t e r t h a n t h i s i n an a t t e m p t t o 

r e s o l v e a r r i v a l s which are very c l o s e together would be a 

f a l l a c y . I n p r a c t i c e i t would be expedient to use a f i l t e r 

w h i c h i s s h o r t compared t o t h e s i g n a l c o n t a i n i n g t h e 

i n t e r f e r i n g a r r i v a l s , and compare outputs as the length i s 

i n c r e a s e d i n order to guard a g a i n s t l o s s of a r r i v a l s . 

4.4 A r r i v a l s of D i f f e r e n t C h a r a c t e r 

I n S e c t i o n 2.5 one of t h e p r o p e r t i e s of MED was 

s a i d t o be i t s i n a b i l i t y t o s p i k e up two d i f f e r e n t 

w a v e l e t s i n the same input data. T h i s p a r t i c u l a r property 

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

s i n c e t h e a r r i v a l s undergo c o n s i d e r a b l e change a l o n g a 

given t r a c e ; consequently i t was f e l t d e s i r a b l e to apply 

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

c o n f i r m a t i o n . 

F i g u r e s 4.24 and 4.25 show t h a t MED i s i n d e e d 

unable to operate e f f e c t i v e l y on two a r r i v a l s of d i f f e r e n t 

c h a r a c t e r . L i t t l e more c a n be g a i n e d f r o m f u r t h e r 
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i n v e s t i g a t i o n ; however, i t s h o u l d be n o t i c e d t h a t t h e 

q u a l i t y of t h e output s p i k e f o r t h e second a r r i v a l i s 

improved by u s i n g an i n i t i a l f i l t e r w i t h t h e '1' i n t h e 

middle l o c a t i o n , so t h a t presumably t h i s a r r i v a l i s mixed 

delay. 
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4.5 Summary 

I t h a s been shown t h a t f o r minimum d e l a y 

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

(1,0,0,...,0). I n t e r m s of f i l t e r l e n g t h t h e a b i l i t y of a 

f i l t e r to r e s o l v e two i n t e r f e r i n g a r r i v a l s does not depend 

d i r e c t l y on t h e c l o s e n e s s of t h e a r r i v a l s , but r a t h e r on 

the form of the s i g n a l r e s u l t i n g from t h e i r i n t e r f e r e n c e ; 

f o r t h o s e a r r i v a l s w h i c h t h e p r o c e s s i s a b l e t o r e s o l v e 

the s h a r p n e s s of t h e s p i k e s produced i s improved a s t h e 

f i l t e r length i s i n c r e a s e d . The upper l i m i t to the f i l t e r 

length i s s e t by the p o s s i b i l i t y of o v e r - s i m p l i f i c a t i o n of 

t h e d a t a , l e a d i n g t o l o s s of a r r i v a l s . S u g g e s t i o n s i n 

S e c t i o n 2.3 t h a t t h i s l i m i t i s r e a c h e d when t h e f i l t e r 

s pans t h e i n t e r f e r i n g a r r i v a l s have been shown t o be 

m i s g u i d e d i n p r a c t i c e , s i n c e a v e r y l a r g e number of 

i t e r a t i o n s a r e r e q u i r e d b e f o r e such a problem a r i s e s . 

F i n a l l y , we have s e e n t h a t t h e p r o c e s s i s i n c a p a b l e of 

s p i k i n g up two d i f f e r e n t a r r i v a l s . 

The work on s y n t h e t i c d a t a has e n a b l e d t h e 

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

a p p l i c a t i o n of the MED process t o r e a l r e f r a c t i o n data : 

1) Windows must be a p p l i e d t o t h e d a t a w i t h i n w h i c h 

l i t t l e change of c h a r a c t e r of the a r r i v a l s occurs. 

2) S i n c e t h e s o u r c e used i n t h e CSSP pr o d u c e s a 

'minimum - d e l a y i s h ' source wavelet, (1,0,0,...,0) should 

be used a s t h e i n i t i a l f i l t e r . T h i s i s t r u e d e s p i t e t h e 

a t t e n u a t i o n , d i s p e r s i o n and phase d i s t o r t i o n undergone by 
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t h e d i f f e r e n t a r r i v a l s on a r e f r a c t i o n t r a c e because 

w i t h o u t d e t a i l e d i n v e s t i g a t i o n of ea c h a r r i v a l , minimum 

delay i s the best guess we can make ( Anstey, 1981 ). 

3) Examination of i n t e r f e r i n g a r r i v a l s on each t r a c e 

w i l l enable a good i n i t i a l e s t i m a t e of f i l t e r length to be 

made. The f i l t e r can s a f e l y be chosen t o have a l e n g t h 

approximately equal to t h a t length of data c o n t a i n i n g the 

two c l o s e s t a r r i v a l s . F o r a s m a l l number of i t e r a t i o n s 

t h i s i s l i k e l y to be an underestimate, and i n c r e a s i n g the 

f i l t e r length from t h i s lower l i m i t w i l l almost c e r t a i n l y 

improve the q u a l i t y of the output without l e a d i n g to l o s s 

of a r r i v a l s . 
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CHAPTER 5 

APPLICATION OF MED TO REAL DATA 

5.1 I n t r o d u c t i o n 

Program MED was used t o a p p l y minimum e n t r o p y 

d e c o n v o l u t i o n t o a t o t a l of t h r e e d a t a s e t s . The two 

common-station s e c t i o n s , S t a t i o n 38 and S t a t i o n 47, were 

chosen because of t h e h i g h q u a l i t y of t h e d a t a . The t h i r d 

d a t a s e t , E v e n t K i r k l , i s a common-shot g a t h e r u s i n g a 

land shot (Kirkwhelpington shot). T h i s was chosen i n order 

to i n v e s t i g a t e the performance of MED on poor q u a l i t y data 

with a low s i g n a l - t o - n o i s e r a t i o . 

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

t h o s e which i l l u s t r a t e t h e e f f e c t s of f i l t e r l e n g t h , 

number of i t e r a t i o n s and p o s i t i o n of '1' i n t h e i n i t i a l 

f i l t e r . These are n e c e s s a r y s i n c e the g u i d e l i n e s developed 

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

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

the arguments p r e s e n t e d t h e r e a r e l i k e l y t o be v a l i d i n 

general terms, they r e a l l y only p i n p o i n t those a r e a s where 

c a r e must be t a k e n when a p p l y i n g t h e p r o c e s s . S e c t i o n s 

5.4, 5.5 and 5.6 and a s s o c i a t e d f i g u r e s , then, e x p l a i n how 

the parameters f o r y i e l d i n g the f i n a l r e s u l t s were chosen. 

S e c t i o n 5.9 c o n t a i n s t h e f i n a l o u t p u t s t o g e t h e r w i t h a 

b r i e f i n t e r p r e t a t i o n of the data. 
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5.2 I n i t i a l C o n s i d e r a t i o n s i_ Mode of A p p l i c a t i o n 

T h e r e a r e e f f e c t i v e l y two d i f f e r e n t ways i n 

whi c h t h e MED p r o c e s s might be a p p l i e d t o r e a l d a t a . On 

t h e one hand, e a c h t r a c e m i g h t be s e g m e n t e d i n t o 

i n d i v i d u a l windows of data and the process a p p l i e d to each 

window i n t u r n , so t h a t each t r a c e , and even each window, 

i s t r e a t e d independently. A l t e r n a t i v e l y MED might be used 

as a t y p e of m a t c h i n g f i l t e r . The l a t t e r t e c h n i q u e was 

t r i e d f i r s t . 

The mechanism f o r a p p l i c a t i o n of the MED process 

as a m a t c h i n g f i l t e r was t o p i c k a s i n g l e a r r i v a l from a 

good q u a l i t y t r a c e . A narrow window was then a p p l i e d t o 

th e s i g n a l and t h i s was used as i n p u t t o program MED. 

Using a f i l t e r length equal to the s i g n a l length produced 

an output of a s i n g l e s h a r p s p i k e . P a s s i n g on t o t h e n e x t 

t r a c e a w i d e r window was a p p l i e d , c e n t r e d about t he 

p o s i t i o n of t h e s p i k e produced on t h e p r e v i o u s t r a c e and 

of s u f f i c i e n t w i d t h t o c o n t a i n t h e same a r r i v a l t a k i n g 

i n t o a c c o u n t t h e l i k e l y moveout b e t w e e n t r a c e s . By 

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

t h i s window, i t was hoped t h a t any change i n c h a r a c t e r of 

th e a r r i v a l from one t r a c e t o t h e ne x t would be s m a l l 

enough t o e n a b l e t h e f i l t e r t o s p i k e up t h e a r r i v a l , so 

t h a t i t c o u l d be a c c u r a t e l y l o c a t e d . S u c h a c c u r a t e 

l o c a t i o n would then e n a b l e t h e window t o be made much 

n a r r o w e r . U s i n g t h i s narrow window as t h e i n p u t d a t a f o r 

the MED process a new up-dated v e r s i o n of the f i l t e r would 
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be d e r i v e d , and t h e p r o c e s s c o n t i n u e d t o t h e n e x t t r a c e , 

and so on. 

Only a s m a l l amount of time was spent i n t r y i n g 

to implement the MED process i n t h i s way, but the r e s u l t s 

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

c h a r a c t e r of e a c h a r r i v a l changed too much from t r a c e t o 

t r a c e ; the same problem was encountered by Summers (1982) 

u s i n g common-shot a i r g u n d a t a . I n any c a s e , i t was f e l t 

t h a t none of t h e p r o p e r t i e s of MED s i n g l e d i t out as b e i n g 

e s p e c i a l l y s u i t e d to such an a p p l i c a t i o n , and s i n c e other 

matched f i l t e r techniques a l r e a d y e x i s t (e.g.Warren, 1981) 

t h e problem was not c o n s i d e r e d f u r t h e r . I t was d e c i d e d 

t h a t t h e p e c u l i a r p r o p e r t i e s of MED c o u l d be used t o 

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

windows a l o n g each t r a c e . With s u f f i c i e n t c a r e i n t h e 

c h o i c e of i n i t i a l f i l t e r t h e p r o c e s s c o u l d be made 

c o m p l e t e l y a u t o m a t i c and s t i l l enhance not j u s t f i r s t 

a r r i v a l s but s ubsequent a r r i v a l s a s w e l l ; t h e r e s u l t s 

w h ich f o l l o w i l l u s t r a t e t h e v a l u e of MED a s a n o v e l 

p r o c e s s i n g technique. 

5.3 Windowing Procedure 

The need t o u s e o n l y s h o r t s e g m e n t s of a 

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

been f u l l y d i s c u s s e d ( S e c t i o n 2.6 ) , and t h e l e n g t h of 

window chosen must be based on t h e c r i t e r i o n p r e s e n t e d 

t h e r e , namely t h a t l i t t l e change i n c h a r a c t e r of t h e 
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a r r i v a l s occurs w i t h i n the window. 

In order to maintain MED as an automatic process 

r e q u i r i n g minimal human i n t e r f e r e n c e i t was decided t h a t 

the same window l e n g t h would be a p p l i e d a l l a l o n g each 

t r a c e . As such, the choice of window length was i n e v i t a b l y 

one of compromise. Examination of the unprocessed data i n 

F i g u r e s 5.1(a) and 5.2(a) shows c o n s i d e r a b l e v a r i a t i o n i n 

the length of each a r r i v a l , the wide angle r e f l e c t i o n s i n 

p a r t i c u l a r b e i n g of g r e a t e r l e n g t h than t h e r e f r a c t e d 

a r r i v a l s . 

I t i s important to a p p r e c i a t e how the length of 

window used may a f f e c t t h e ou t p u t fom the p r o c e s s . As 

i l l u s t r a t e d i n S e c t i o n 4.4, i f the window i s so long as to 

c o n t a i n a r r i v a l s of d i f f e r e n t c h a r a c t e r o n l y one of the 

a r r i v a l s w i l l be s p i k e d up, and even then t h e q u a l i t y of 

the spike produced may be q u i t e poor. As a r e s u l t a r r i v a l s 

may be l o s t . At t h e o t h e r extreme, i f t h e window i s so 

sho r t as to co n t a i n only p a r t of a s i n g l e a r r i v a l , the MED 

p r o c e s s w i l l s t i l l y i e l d a s p i k e f o r t h a t p a r t , and i t 

w i l l a l s o y i e l d a s p i k e i n t h e a d j a c e n t window f o r the 

o t h e r p a r t . No amount of i t e r a t i o n nor i n c r e a s i n g of 

f i l t e r length w i l l then be a b l e to reduce these s p i k e s to 

one ; i n t h i s case the process i n v e n t s a r r i v a l s . 

I n p r a t i c e a window l e n g t h of 100 p o i n t s was 

used. T h i s choice was based on the obs e r v a t i o n t h a t such 

a length seems to span the wide angle r e f l e c t i o n a r r i v a l s 

( s e e , f o r example, SHOT N i l , F i g . 5 . 1 ( a ) ) , w h i l s t a t t h e 
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same t i m e a l l o w s l i t t l e c h a n g e i n t h e c h a r a c t e r of 

a r r i v a l s t o o c c u r ( e.g. t h e f i r s t two a r r i v a l s i n SHOT 

Nl, F i g . 5 . 1 ( a ) ). I t s h o u l d be added t h a t l i t t l e a t t e m p t 

was made to experiment w i t h window length s i n c e the length 

of 100 p o i n t s produced r e a s o n a b l e r e s u l t s , but t h e r e i s 

c l e a r l y scope f o r f u r t h e r experimentation i n t h i s area. 

I n order to reduce t r u n c a t i o n problems a c o s i n e -

b e l l t a p e r of 10 p o i n t s was added t o e i t h e r end of each 

window. E i g h t windows were a p p l i e d t o each t r a c e w i t h an 

o v e r l a p of 20 p o i n t s between windows as i n d i c a t e d i n 

F i g u r e 5.2. 

1 0 0 

F i g . 5.2 

A p r o b l e m a s s o c i a t e d w i t h any a u t o m a t i c 

windowing procedure i s t h a t an a r r i v a l may l i e by chance 

a t t h e j u n c t i o n of two windows. I n t h e c a s e of MED t h i s 

produces c o m p l i c a t i o n s which depend on the length of the 

a r r i v a l concerned. For a sh o r t a r r i v a l , the e f f e c t of the 

tapered ends of the window i s l i k e l y to reduce the s i g n a l 

so t h a t a r r i v a l s a r e l o s t . F o r a l o n g a r r i v a l t h e 

s p l i t t i n g caused by the windowing procedure w i l l r e s u l t i n 
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a s p i k e b e i n g produced i n ea c h window, as d i s c u s s e d 

e a r l i e r . 

The p r a c t i c a l s o l u t i o n t o t h i s problem was t o 

apply a second s e t of windows i d e n t i c a l to the f i r s t s e t , 

but s h i f t e d a l o n g by 50 p o i n t s . The o u t p u t s from t h e 

two window s e t s were then added t o g e t h e r and d i v i d e d by 

two, to y i e l d the f i n a l output from the process. 

The s o l u t i o n i s by no means p e r f e c t , f o r a 

number of r e a s o n s . C o n s i d e r i n g a s h o r t a r r i v a l l y i n g a t 

the j u n c t i o n of two windows i n the f i r s t window s e t , t h i s 

a r r i v a l w i l l l i e d i r e c t l y i n t h e m i d d l e of a window i n t h e 

second s e t , so t h a t the a r r i v a l w i l l not be l o s t . However, 

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

th e second window s e t , w h i l s t i t i s p o s s i b l e t h a t o t h e r 

s i m i l a r a r r i v a l s may be s p i k e d up i n b o t h s e t s . 

C o n s e q u e n t l y , t h e a m p l i t u d e of t h e output s p i k e f o r t h i s 

a r r i v a l i s reduced r e l a t i v e t o t h e o t h e r s . T h i s i s not 

a p r o b l e m , b u t i t i n d i c a t e s t h a t we s h o u l d n o t be 

s u r p r i s e d i f sudden v a r i a t i o n s i n amplitude a r e observed 

when f o l l o w i n g an a r r i v a l from one t r a c e t o t h e n e x t on 

processed s e c t i o n s . One should c e r t a i n l y not t r y to deduce 

anything from such v a r i a t i o n s . 

F o r a long a r r i v a l l y i n g a t t h e j u n c t i o n of two 

windows i n t h e f i r s t window s e t , a g a i n t h i s w i l l l i e 

d i r e c t l y i n t h e c e n t r e of a window i n the second window 

s e t . The d a t a from t h e second window s e t w i l l be reduced 

to a s i n g l e s p i k e , w h i l s t the f i r s t window s e t w i l l y i e l d 
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two s p i k e s from the one a r r i v a l . Adding the outputs of the 

two window s e t s and d i v i d i n g by two w i l l not remove t h e 

sp i k e s produced from the f i r s t window s e t , which w i l l l i e 

t o e i t h e r s i d e of t h e s p i k e produced from t h e com p l e t e 

a r r i v a l ; a consequence of the windowing procedure i s t h a t 

f o r an a r r i v a l w i t h a l e n g t h of t h e o r d e r of t h e window 

length, the process w i l l be unable t o reduce t h a t a r r i v a l 

t o a s i n g l e s p i k e . 

5.4 F i l t e r Length 

I n S e c t i o n 4.5 i t was c o n s i d e r e d t h a t a s a f e 

l o w e r l i m i t f o r t h e l e n g t h of f i l t e r t o use i s one which 

i s a p p r o x i m a t e l y e q u a l t o t h e l e n g t h of d a t a c o n t a i n i n g 

t h e two c l o s e s t a r r i v a l s . I t was f u r t h e r s u g g e s t e d t h a t 

adhering to such a l i m i t i s l i k e l y to be over-cautious i n 

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

l o s s of a r r i v a l s , w h i l s t a t t h e same t i m e i s a b l e t o 

produce much sharper s p i k e s . 

Examination of the unprocessed s e c t i o n i n Figu r e 

5.1(a) shows two very conspicuous a r r i v a l s ( the f i r s t and 

second a r r i v a l s ) i n SHOT Nl and SHOT N2. Although i t 

becomes more d i f f i c u l t t o d i s t i n g u i s h t h e two a r r i v a l s , 

one can reasonably deduce t h a t the f i r s t s i g n a l i n SHOT N7 

i s a r e s u l t of i n t e r f e r e n c e between them. A f i l t e r length 

of 20 p o i n t s e a s i l y s a t i s f i e s t h e l o w e r l i m i t d i s c u s s e d 

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

F u r t h e r examination of the complete s e c t i o n suggests t h a t 
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such a length i s u n l i k e l y to lead to o v e r - s i m p l i f i c a t i o n 

i n any of the t r a c e s . 

The e f f e c t s of u s i n g a f i l t e r of l e n g t h 20 a r e 

shown i n F i g u r e 5.1(b) a f t e r 5 i t e r a t i o n s . The number of 

i t e r a t i o n s was s e t a t 5 a f t e r a l i m i t e d amount o f 

experimentation w i t h i n d i v i d u a l t r a c e s , which showed t h a t 

l i t t l e change i n t h e ou t p u t was o b s e r v e d a f t e r t h i s 

number. I n t h i s r e s p e c t t h e i n i t i a l c h o i c e of t h e number 

of i t e r a t i o n s t o use was not e n t i r e l y a r b i t r a r y , but t h e 

important point i s t h a t such a s m a l l number of i t e r a t i o n s 

was most u n l i k e l y t o l e a d t o l o s s of a r r i v a l s when u s i n g 

such a s h o r t f i l t e r . F i g u r e s 5.1(c) t o 5.1(e) show t h e 

r e s u l t s of i n c r e a s i n g the f i l t e r length i n steps of 10 up 

to a l i m i t of 50 w h i l s t k e e p i n g t h e number of i t e r a t i o n s 

f i x e d a t 5. 
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I I I I 
o 
I D 

o 
CM 

O 
O 

(S03S)3WU H3AV81 0330038 

<W IMS 

itN IMS 

»m J K S 

SM IMS 

« N IMS 

RN I M £ 

Z » IMS 

IW I K S 

WN iOKS 

• IN JMS 

4 IN IMS 

»IH IMS 

SIN JMS 

«IN JMS 

UN IMS 

ZIN IMS 

I IN IMS 

OIN IMS 

4M IMS 

M IMS 

« IMf 

W JMS 

SN IMS 

M IMS 

SN 1MT 

<K IMS 

IN IMS 

o iri tn 

o o n 

o in o 

Ui o z 
I / ) 
> — I 

o 
OL O 
\— 
o 
UJ 
I — 
Ul 
o 
o 

o o 
00 

in in 

o o 
CM 

i 

c 
iH 

a) •P 
•-I 
i| | 

, 
>M 
o 

• +) in u a) • >w •4-1 •H 
h 

0) 
•H 
a 
RS 
o w 
£ 

•<i 'I 

ij 
ij 
II 

i:! 
I'D I 1 



o in 
II x i — 13 in n- z J - uj z _ i o 

z •— 0 Q: t— —• UJ -< »- »— oc -< _ I UJ » — — • » — 
01 U_ — 

-v— «w IONS 

« N IMS 

in in 

ON iOHS 

-jyv_ 

r 
J L 

o 
I D 

q o 
rsi 

o 
o 

(S33S)3WI± 13AVbl 0300038 

?ZN IMS 

SZN IMS 

» « I M S 

SZN IMS 

o o o 
cm IMS 

IZN IMS 

0W IMS 

tiM IMS 

UN IMS 

4 IN I M S 

»IN IMS 

SIN IMS 

S IN IMS 

f IN I M S 

(IN IMS 

I IN 1UIS 

0IN IMS 

4M IMS 

M IMS 

tu tase 

W IMS 

SN jois 

M IMS 

IN i O S 

o in o 

2E 

UJ 
o z 
in 

cr o i— o 
1-
UJ o 
o 
X to 

o o 
OD 

o 
in 
in 

O 
O 

CM 
I 



D i s c u s s i o n of r e s u l t s 

Comparison of F i g u r e 5.1(a) w i t h F i g u r e 5.1(b) 

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

r e p r e s e n t s an improvement on the unprocessed data i n terms 

of t h e e a s e w i t h w h i c h a r r i v a l s may be p i c k e d . I n 

p a r t i c u l a r , t h e MED p r o c e s s has done an e x c e l l e n t job of 

d i s t i n g u i s h i n g the f i r s t two a r r i v a l s seen i n shots Nl to 

N7. E l s e w h e r e t h e major peaks i n t h e d a t a have been 

a m p l i f i e d w i t h r e s p e c t to a d j a c e n t v a l u e s . Each a r r i v a l i n 

t h e u n p r o c e s s e d s e c t i o n i s r e p r e s e n t e d by a s p i k e i n t h e 

processed s e c t i o n , but each s p i k e i n the processed s e c t i o n 

does not n e c e s s a r i l y r e p r e s e n t an a r r i v a l . C o r r e l a t i o n 

from one t r a c e t o t h e n e x t e n a b l e s t r u e a r r i v a l s t o be 

d i s t i n g u i s h e d from spurious s p i k e s . 

As t h e f i l t e r l e n g t h i s i n c r e a s e d , so t h e 

r e s u l t s a r e improved. The output from the process u s i n g a 

f i l t e r of length 50 i s c o n s i d e r a b l y c l e a n e r than t h a t from 

a f i l t e r of length 20. The f i r s t two a r r i v a l s i n shots Nl 

t o N7 have been e x c e p t i o n a l l y w e l l r e s o l v e d , and t h e 

s p i k e s a s a w h o l e h a v e been c o n s i d e r a b l y s h a r p e n e d 

t h r o u g h o u t t h e s e c t i o n . I n a d d i t i o n t h e i n c r e a s e d l e n g t h 

does not seem t o have l e d t o o v e r - s i m p l i f i c a t i o n of t h e 

data. 

The q u a l i t y of t h e r e s u l t s i n F i g u r e 5.1(e) l e d 

us t o b e l i e v e t h a t t h e r e w o u l d be l i t t l e p o i n t i n 

i n c r e a s i n g the f i l t e r length f u r t h e r , bearing i n mind the 

i n c r e a s e d c o m p u t a t i o n a l t i m e t h i s would i n v o l v e . I t was 
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decided t h a t a f i l t e r of length 50 was the best length to 

use f o r t h i s data ; s i n c e the data from S t a t i o n 38 i s very 

s i m i l a r the same length was used t h e r e ( F i g u r e 5.2(b) ). 

5.5 Number of I t e r a t i o n s 

I n S e c t i o n 4.3 i t was seen t h a t up t o a c e r t a i n 

stage i n the i t e r a t i v e process, the g r e a t e r the number of 

i t e r a t i o n s performed the sharper the s p i k e s produced and 

the l a r g e r t h e i r amplitude. C l e a r l y such improvements i n 

the s p i k e q u a l i t y a r e d e s i r a b l e i n t h a t t h e a r r i v a l s 

become e a s i e r t o p i c k as a r e s u l t . However, f o r d a t a 

c o n t a i n i n g more than one a r r i v a l a r e d u c t i o n i n amplitude 

of one of the s p i k e s r e s u l t e d when the i t e r a t i o n s exceeded 

some number. I f i t e r a t i o n were to continue a r r i v a l s would 

be l o s t . Comparison of F i g u r e 5.1(e) w i t h 5.1(a) s u g g e s t s 

t h a t no a r r i v a l s have been l o s t i n t h i s c a s e , but i t i s 

p o s s i b l e t h a t i t e r a t i n g f i v e t i m e s may have pushed t h e 

output past i t s optimum and reduced the amplitude of some 

of t h e s p i k e s . To i n v e s t i g a t e t h i s p o s s i b i l i t y , t h e 

r e s u l t s from 2, 3, and 4 i t e r a t i o n s were p l o t t e d , and a r e 

shown h e r e as F i g u r e s 5 . 1 ( f ) , 5.1(g) and 5.1(h). 
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D i s c u s s i o n of r e s u l t s 

A c o m p a r i s o n of 5 . 1 ( f ) , 5 . 1 ( g ) , 5.1(h) and 

5.1(e) i l l u s t r a t e s a number of p o i n t s . F i r s t l y , as t h e 

number of i t e r a t i o n s i s i n c r e a s e d , so t h e r e i s an i n c r e a s e 

i n the amount of high frequency n o i s e between s p i k e s . T h i s 

i s a g e n e r a l property of a l l such deconvolution techniques 

and i s i n e v i t a b l e , s i n c e m a k i n g t h e s p i k e s s h a r p e r 

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

f r e q u e n c i e s i n t o t h e d a t a ( Anstey, 1981 ). S e c o n d l y , a s 

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

o u t p u t becomes ' c l e a n e r * i . e . t h e number of s p i k e s i s 

reduced and those t h a t remain are sharper. 

T here i s l i t t l e t o choose between i t e r a t i o n s 4 

and 5 and indeed t h i s i s a good i n d i c a t i o n t h a t the output 

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

Consequently t h e r e i s no point i n i t e r a t i n g f u r t h e r s i n c e 

t o do so w i l l e i t h e r y i e l d n e g l i g i b l e change i n t h e output 

or produce a r e d u c t i o n i n amplitude of some of the s p i k e s 

a s d i s c u s s e d above. We c o n c l u d e t h a t 4 or 5 i t e r a t i o n s 

w i t h a f i l t e r length of 50 p o i n t s y i e l d s the best r e s u l t s 

f o r t h i s data. 
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5.6 P o s i t i o n of 1 1 1 i n I n i t i a l F i l t e r 

I n a l l t h e r e s u l t s d i s c u s s e d so f a r t h e c h o i c e 

of i n i t i a l f i l t e r has been (1,0,0,...,0). I t was c o n c l u d e d 

i n S e c t i o n 4.5 t h a t t h i s was t h e b e s t c h o i c e f o r CSSP 

d a t a . F o r c o m p l e t e n e s s , t h e e f f e c t s of u s i n g an i n i t i a l 

f i l t e r w i t h t h e '1' i n t h e m i d d l e l o c a t i o n a r e shown i n 

F i g u r e s 5 . 1 ( i ) , 5 . 1 ( j ) and 5.1(k), where t h e i t e r a t i v e 

p r o c e s s has been c o n t i n u e d f o r 2, 3, and 5 i t e r a t i o n s 

r e s p e c t i v e l y . 
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D i s c u s s i o n of r e s u l t s 

C omparison of t h e output from each i t e r a t i o n 

w i t h the output from the same number of i t e r a t i o n s using 

i n i t i a l f i l t e r (1,0,0,...,0) shows t h a t t h e c h o i c e of 

i n i t i a l f i l t e r (0, ...1,...,0) does a p o o r e r j ob of s p i k i n g 

up some a r r i v a l s ( e s p e c i a l l y t h e f i r s t two i n t e r f e r i n g 

a r r i v a l s of s h o t s Nl t o N7), w h i l s t i t does a b e t t e r j ob 

of s p i k i n g up others. Comparing s p e c i f i c a l l y the r e s u l t s 

f r o m i t e r a t i o n 5 ( F i g u r e s 5.1(k) and 5 . 1 ( e ) ) i t i s 

g e n e r a l l y t r u e t h a t a f i l t e r w i t h t h e '1* i n t h e m i d d l e 

l o c a t i o n 'produces sharper s p i k e s from those a r r i v a l s l y i n g 

t o w a r d s t h e t a i l end of each t r a c e ( e.g. T = 5 s e c , SHOT 

N6), and from t h o s e a r r i v a l s a t g r e a t e r s h o t - d e t e c t o r 

d i s t a n c e s ( e.g.SHOT N20 ). T h i s i s p r e s u m a b l y due t o t h e 

f a c t t h a t t h e l o n g d i s t a n c e s t r a v e l l e d by suc h a r r i v a l s 

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

approximately minimum delay. 

However, such improvement i n s p i k e q u a l i t y i s 

somewhat marginal, and i n any case does not r e a l l y make i t 

any e a s i e r t o p i c k a r r i v a l s . More i m p o r t a n t l y , t h e s o -

c a l l e d ' t r a n s i t i o n zone' d i s c u s s e d i n S e c t i o n 4.2 has 

m a n i f e s t e d i t s e l f i n t e r m s of l o s t a r r i v a l s . T h i s i s 

p a r t i c u l a r l y evident i n the f i r s t two a r r i v a l s of shots Nl 

to N7 i n F i g u r e 5.1(k) ; a f t e r 5 i t e r a t i o n s , t h e second 

a r r i v a l has been e f f e c t i v e l y l o s t i n a l l but SHOT N2. T h i s 

i s a v e r y good r e a s o n f o r not c h o o s i n g (0,...1,...,0) as 

the i n i t i a l f i l t e r . 
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5.7 The E f f e c t of Bandpassing 

I n S e c t i o n 2.6 i t was s u g g e s t e d t h a t a p p l y i n g a 

bandpass f i l t e r t o r e a l d a t a b e f o r e a p p l i c a t i o n of MED 

would be u n d e s i r a b l e i f t h e s i g n a l - t o - n o i s e r a t i o were 

a l r e a d y good. The e f f e c t of b a n d p a s s i n g i n p r a c t i c e i s 

demonstrated u s i n g data from S t a t i o n 38. 

S t a t i o n 38 i s shown u n p r o c e s s e d i n F i g u r e 

5.2(a). The q u a l i t y of t h e d a t a i s c o m p a r a b l e t o t h a t of 

S t a t i o n 47. F i g u r e 5.2(b) shows t h i s d a t a a f t e r 

a p p l i c a t i o n of MED, u s i n g a f i l t e r of l e n g t h 50 and 5 

i t e r a t i o n s , w i t h the window geometry as before. Again the 

r e s u l t s a r e good, p a r t i c u l a r l y w i t h r e s p e c t t o t h e 

r e s o l v i n g of the f i r s t two a r r i v a l s i n shots Nl to N7. The 

output from applying MED to bandpassed data i s i l l u s t r a t e d 

i n F i g u r e 5 . 2 ( c ) . 

At f i r s t s i g h t t h e d i f f e r e n c e between F i g u r e s 

5.2(b) and 5.2(c) may seem to be f a i r l y n e g l i g i b l e , and i n 

p r a c t i c e i n t h i s c a s e i t i s . However, c l o s e r e x a m i n a t i o n 

r e v e a l s t h a t the s p i k e s produced from the bandpassed data 

a r e l e s s s h a r p t h a n t h o s e from t h e unbandpassed d a t a . 

F r e q u e n t l y a bandpass f i l t e r i s a p p l i e d to r e f r a c t i o n data 

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

s e c t i o n s . I t has been shown h e r e t h a t f a r from i m p r o v i n g 

t h e d a t a , t h e a p p l i c a t i o n of a bandpass f i l t e r p r i o r t o 

MED reduces the e f f i c i e n c y of the MED p r o c e s s . 
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5.8 A p p l i c a t i o n to Noisy Data 

F i g u r e 5.3(a) ( E v e n t KIRK1) shows t h e v e r y poor 

q u a l i t y data obtained from the Kirkwhelpington land shot 

of t h e CSSP. E q u a l i z a t i o n has been c a r r i e d o ut and a 

bandpass f i l t e r a p p l i e d i n t h e range 3.0 t o 50.0 Hz i n 

order t o remove low frequency ' r o l l ' d i s c u s s e d i n S e c t i o n 

2.6. I t i s d i f f i c u l t , on t h i s d a t a , t o f o l l o w any a r r i v a l 

other than the f i r s t . 

The e f f e c t of MED i s shown i n F i g u r e 5.3(b), and 

i t i s seen t h a t t h e p r o c e s s has done l i t t l e t o improve t h e 

s i t u a t i o n . The problem i s t h a t so many s p i k e s have been 

produced t h a t one c o u l d draw a l i n e from t r a c e t o t r a c e 

v i r t u a l l y anywhere. T h i s i s a f u r t h e r consequence of 

windowing ; i f the maximum amplitude of the s i g n a l i s l e s s 

than the maximum amplitude of n o i s e w i t h i n the window, the 

p r o c e s s w i l l s p i k e up not t h e a r r i v a l but j u s t t h a t 

p o r t i o n of the no i s e w i t h the l a r g e s t amplitude. The same 

i s t r u e i f no s i g n a l i s present a t a l l . 

One might wonder, then, why such s p i k e s were not 

produced i n S t a t i o n s 38 or 47 when the window contained no 

s i g n a l - the f a c t i s t h a t i n these c a s e s the amplitude of 

the n o i s e was so low t h a t t h e c u b i n g p r o c e s s i n h e r e n t i n 

MED had l i t t l e e f f e c t . N e v e r t h e l e s s , l o o k i n g back t o 

F i g u r e 5.1(e), s m a l l s p i k e s have been produced from what 

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

a f t e r T = 5 s e c . The i m p o r t a n t p o i n t i s t h a t i n S t a t i o n s 

38 and 47 t h e a m p l i t u d e of t h e s p i k e s i n q u e s t i o n a r e 
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n e g l i g i b l y s m a l l compared t o t h e s p i k e s produced from 

a r r i v a l s . 

The c o n c l u s i o n i s t h a t MED w i l l o n l y work 

e f f e c t i v e l y when the s i g n a l - t o - n o i s e r a t i o i s high. I t i s 

c o n c e i v a b l e t h a t t h e a p p l i c a t i o n of a s u i t a b l y chosen 

bandpass f i l t e r to remove some of the high frequency noise 

i n t h e K i r k w h e l p i n g t o n d a t a might l e a d t o improved 

r e s u l t s , d e s p i t e the a s s o c i a t e d r e d u c t i o n i n sharpness of 

s p i k e s w h i c h would r e s u l t . Lack of t i m e p r e v e n t e d t h e 

i n v e s t i g a t i o n of such a p o s s i b i l i t y . I n any c a s e , t h e 

p o i n t of t h e example i s t o show t h a t t h e a p p l i c a t i o n of 

MED t o poor q u a l i t y d a t a i s i n e f f e c t i v e ; t h e r e i s no 

doubt t h a t any process which might improve the s i g n a l - t o -

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

p o s s i b i l i t y of MED producing a u s e f u l output. 
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i n the d i r e c t i o n of i n c r e a s i n g s h o t - d e t e c t o r d i s t a n c e . 

I n t h e p r o c e s s e d s e c t i o n s a r r i v a l B i s w e l l 

d e f i n e d and seems t o be a m i d - c r u s t a l r e f l e c t i o n phase. 

Examination of the unprocessed s e c t i o n s shows t h a t such an 

a r r i v a l i s f a r from obvious th e r e , but becomes d i s c e r n i b l e 

a s t h e p r o c e s s e d and u n p r o c e s s e d s e c t i o n s a r e compared. 

The p i c k i n g of t h i s a r r i v a l from the raw data, assuming i t 

had been n o t i c e d i n the f i r s t p l a c e , would have been very 

d i f f i c u l t u s i n g the unprocessed s e c t i o n alone. 

A r r i v a l C i s o b v i o u s i n a l l f i g u r e s , but the 

a r r i v a l s a r e much sharper i n the processed s e c t i o n s . I t i s 

suggested t h a t t h i s a r r i v a l i s some lower c r u s t a l phase -

p o s s i b l y a d i v i n g wave. 

A r r i v a l D of S t a t i o n 38 i s drawn t e n t a t i v e l y . I t 

a p p e a r s t o be a r e f l e c t i o n coming i n between t h e mid-

c r u s t a l r e f l e c t i o n B and t h e Moho r e f l e c t i o n P mP. Again, 

the a r r i v a l can be seen i n the unprocessed s e c t i o n when a 

c o m p a r i s o n i s made, a l t h o u g h i t i s u n l i k e l y t o have been 

n o t i c e d w i t h o u t t h e h e l p of MED. T h i s i l l u s t r a t e s t h e 

v a l u e of MED a s an a i d t o i n t e r p r e t a t i o n , i n t h a t i t makes 

i t easy to p i c k out p o s s i b l e a r r i v a l s . Comparison w i t h the 

raw data can then be used to e i t h e r confirm or r e j e c t the 

p o s s i b i l i t i e s . 
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CHAPTER 6 

DISCUSSION AND CONCLUSIONS 

When p i c k i n g a r r i v a l s m a n u a l l y f r o m a raw 

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

p i c k e d from t h e l a r g e s t a m p l i t u d e w i t h i n t h e a r r i v a l 

w a v e l e t . A p p r e c i a t i n g t h a t t h e MED p r o c e s s e s s e n t i a l l y 

c h o oses t o s p i k e up the l a r g e s t a m p l i t u d e s w i t h i n a 

s e i s m i c t r a c e , i t i s evident t h a t the s p i k e s a r e produced 

a t p r e c i s e l y t h o s e l o c a t i o n s where a r r i v a l s would most 

l i k e l y be p i c k e d p r i o r t o p r o c e s s i n g . By p r o c e s s i n g e a c h 

t r a c e independently, c o r r e l a t i o n between s p i k e s from one 

t r a c e t o t h e n e x t g r e a t l y i n c r e a s e s t h e l i k e l i h o o d t h a t 

such s p i k e s correspond to genuine a r r i v a l s . I n s t a t i s t i c a l 

terms s i m p l i f i c a t i o n of the data i n t h i s way enhances the 

c o n f i d e n c e w i t h w h i c h t he p i c k i n g of a r r i v a l s may be 

c a r r i e d out. 

Experimentation has shown t h a t a good cho i c e of 

f i l t e r f o r t h e d a t a used i s one of l e n g t h 50 w i t h t h e '1' 

i n the l e a d i n g p o s i t i o n , and t h a t 4 or 5 i t e r a t i o n s should 

be performed. 

I t i s important to a p p r e c i a t e t h a t such a choice 

i s i n e v i t a b l y one of compromise, which i s necessary i f the 

p r o c e s s i s t o be a p p l i e d t o the com p l e t e s e c t i o n i n a 

c o m p l e t e l y a u t o m a t i c way. B e t t e r r e s u l t s c o u l d be 

o b t a i n e d , but a t t h e expense of spending more t i m e on 
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a p p l y i n g t h e p r o c e s s . E x a m i n a t i o n of each u n p r o c e s s e d 

t r a c e w o u l d a l l o w w i n d o w s t o be c h o s e n i n a more 

d i s c e r n i n g manner, preventing t r u n c a t i o n or s p l i t t i n g of 

a r r i v a l s a t window j u n c t i o n s . F o r each window chosen, 

d i f f e r e n t f i l t e r p a r a m e t e r s might be used, depending on 

the length of the a r r i v a l ( s ) i n the window, the number of 

a r r i v a l s , and t h e d i s t a n c e or t i m e t r a v e l l e d by t h e 

a r r i v a l ( s ) . 

One might be l e d t o b e l i e v e t h a t , i f i t i s 

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

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

MED p r o c e s s . T h i s i s t r u e , but t h e p o i n t i s t h a t i t i s 

o f t e n i m p o s s i b l e f o r such d e d u c t i o n s t o be made. T h i s i s 

p r e c i s e l y why i t was d e c i d e d t o t r y t o de v e l o p MED a s a 

completely automatic process, d e s p i t e the f a c t t h a t t h e r e 

are many obvious c a s e s where the f i x e d window length of 

100 p o i n t s and f i x e d f i l t e r l e n g t h of 50 a r e not i d e a l 

(e.g. wide a n g l e r e f l e c t i o n a r r i v a l s ) . The f i n a l r e s u l t s 

obtained are reasonable but by no means optimum ; i t i s a 

matter of opinion whether spending more time on each t r a c e 

would y i e l d s u f f i c i e n t improvement to me r i t the e x t r a time 

taken. 

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

t h i s t h e s i s i t i s p o s s i b l e t o make a number of g e n e r a l 

c o n c l u s i o n s r e l a t i n g to the p r a c t i c a l a p p l i c a t i o n of MED 

to r e f r a c t i o n data : 

63 



1) MED h a s t h e a b i l i t y t o r e s o l v e i n t e r f e r i n g 

a r r i v a l s i n complex seismograms e n a b l i n g a r r i v a l s t o be 

picked with g r e a t e r ease. 

2) The process i s u s e f u l only when ap p l i e d to data i n 

w h i c h t h e a m p l i t u d e of s i g n a l s e x c e e d s the a m p l i t u d e of 

n o i s e . 

3) The p r o c e s s may o n l y be a p p l i e d t o s h o r t windows 

of d a t a , o t h e r w i s e a r r i v a l s w i l l be l o s t . The windowing 

procedure developed here i s l i k e l y to r e s u l t i n amplitude 

d i s t o r t i o n . 

4) E x p e r i e n c e g a i n e d here s u g g e s t s t h a t t h e f i l t e r 

l e n g t h may be extended t o 2 or 3 t i m e s the l e n g t h of t h e 

s h o r t e s t s i g n a l r e s u l t i n g from i n t e r f e r e n c e of a r r i v a l s . 

T h i s i s t r u e f o r f i v e i t e r a t i o n s , but l o s s of a r r i v a l s may 

r e s u l t i f the i t e r a t i v e process i s continued f u r t h e r . 

5) The longer the f i l t e r used, the c l e a n e r the output 

and t h e s h a r p e r t h e s p i k e s . A s s o c i a t e d w i t h t h i s i s t h e 

i n c r e a s e d s e n s i t i v i t y t o number of i t e r a t i o n s p e r f o r m e d 

and the i n c r e a s e d danger of l o s i n g a r r i v a l s . 

6) The i n i t i a l f i l t e r s h o u l d be chosen w i t h t h e *1* 

i n the l e a d i n g p o s i t i o n . 

7) F o r i n p u t d a t a c o n s i s t i n g o n l y of n o i s e a s p i k e 

w i l l s t i l l be produced, assuming the n o i s e i s not white. 

8) The p r o c e s s a l l o w s no c o n t r o l over w h i c h p a r t of 

the a r r i v a l w a v e l e t i s s p i k e d up, so t h a t i n g e n e r a l t h e 

r e s u l t s of MED can be used o n l y as a q u a l i t a t i v e a i d t o 

i n t e r p r e t a t i o n . I n c e r t a i n c a s e s , however, ( e.g. a r r i v a l s 
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A and C i n F i g u r e s 5.4(b) and 5.4(d) ) i t i s c l e a r from 

c o m p a r i s o n of t h e p r o c e s s e d d a t a w i t h raw d a t a t h a t t h e 

same p a r t of t h e w a v e l e t i s s p i k e d up on each t r a c e . I n 

such c a s e s , q u a n t i t a t i v e measurements may be made. 

9) The s p i k i n g process d e s t r o y s the c h a r a c t e r of the 

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

i s l o s t . 

10) The r e s u l t s o f MED p r o c e s s i n g s h o u l d n o t be 

i n t e r p r e t e d alone, but should be used i n conjunction w i t h 

the unprocessed s e c t i o n s as an a i d to p i c k i n g a r r i v a l s . 
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APPENDIX 

Computer Programs 



c £***••••••••••••••••• PROGRAM TAPEREAD •** • • • * * • • * • * * * * * * « * 
C 
C TAPEREAD PERFORMS BYTE-SWOPPING OPERATION ON INTEGER*2 
C VALUES READ FROM TAPE. 
C INPUT ON CHANNEL 7:DATA F I L E CONTAINING I OR 2 COMPLETE 
C BLOCKS OF DATA. 
C UNFORMATTED OUTPUT ON CHANNEL 8: 800 DATA VALUES 
C STARTING AT S P E C I F I E D SAMPLE. 
C 
C THE PROGRAM PROMPTS FOR NUMBER OF BLOCKS IN THE DATA 
C F I L E , AND FOR DESIRED STARTING SAMPLE. 
C 
C 

INTEGER"2 X 
LOGICAL*! IN< 2048 ),TEMP 
EQUIVALENCE*IN(1),X<1>> 

C 
C*"**** BLOCKS ARE 2048 BYTES LONG,2 BYTES PER INTEGER*"***" 
C 

DIMENSION X(2048> 
WRITE(6,200) 
READ(5,* ) M 
WRITE(6.300 ) 
READ(5,") ISTART 
READ(7 X X ( I ) . 1 = 1 , 1024 > 
I F(M.EQ.l ) GO TO 10 
READ(7 > ( X ( I >, 1 = 1025,2048) 

10 CONTINUE 
C 
c****** B Y T E SWOPPING COMMENCES ***•«• 
C 

DO 20 1=1,800 
X<I> = X<I+ISTART-1) 
T E M P = I N ( 2 * ( 1 - 1 ) + l ) 
I N ( 2 * < 1 - 1 ) + l > = IN<2*(1-1> + 2 ) 
IN< 2 * ( 1 - 1 ) + 2 J-TEMP 

20 CONTINUE 
C c 

W R I T E ( 8 ) ( X ( I ),1 = 1,800 > 
200 FORMAT(/'HOW MANY BLOCKS OF DATA IN INPUT F I L E ? ' ) 
300 FORMAT('STARTING SAMPLE?'/) 

STOP 
END 

C*********************** PROGRAM READ ********************** 
C 
C PROGRAM READ CONVERTS BINARY INPUT TO READABLE REAL*8. 
C 
C INPUT ON CHANNEL 7 : 800 BINARY DATA VALUES ON ONE LINE 
C 
C OUTPUT ON CHANNEL 8 : 800'DATA VALUES IN F FORMAT 
C 

C 
REAL*8 X(S00> 
READ(7 > ( X ( I ) , I = 1 ,800 ) 
WRITE<8,100) <X( I ) , 1 = 1,800 ) 

100 FORMAT(F12.4) 
STOP 
END • 



42 

£••*•*•*•*••***•*•*•*••• PROGRAM AV ****** = -*».*•-.»*..**-»« 
C 
C AV C A L C U L A T E S AVERAGE VALUE FOR TRACE AND SUBTRACTS T H I S 
C FROM EACH SAMPLE. AT T H I S STAGE THE DATA VALUES ARE 
C CONVERTED FROM I N T E G E R * 2 TO R E A L * 8 . 
C INPUT ON CHANNEL 7: DATA F I L E CONTAINING OUTPUT FROM 
C TAPEREAD. 
C DOUBLE P R E C I S I O N OUTPUT ON CHANNEL 8. 
C c 
C ARRAYS : X = INPUT DATA VALUES 
C XMINAV = DATA V A L U E S MINUS AVERAGE VALUE 
C 
C V A R I A B L E S : XTOT = SUM OF INPUT DATA VALUES 
C XAV » AVERAGE OF INPUT DATA VALUES 
C 

C 
I NTEGER*2 X 
INTEG E R XTOT 
REAL=8 XMINAV,XAV.AX 
DIMENSION X(800>,XMINAV<800> 
XTOT=0 

C 
C « « » * * » READ DATA VA L U E S 
C 

READ(7 > (X( I ) , 1 = 1,800 ) 
C 
C - « * » - CALCULATE AVERAGE AND SUBTRACT FROM DATA VALUES. 
C 

DO 10 1=1,800 
XTOT=XTOT+X(I ) 

10 CONTINUE 
XAV=DFLOAT(XTOT)/800.0D0 
DO 20 1=1,800 
AX = X( I > 
XMINAV(I>=AX-XAV 

20 CONTINUE ' 
C 
C*«*=*- COSINE BELL TAPER: APPL I ED TO DATA ENDS 
C 

PI=3.1415927 
DO 30 1=1,20 
XMINAV< I ) = XMINAV< I )-< l+COS(PI=< I-20 )/20> )/2.ODO 

30 CONTINUE 
DO 40 1=781,800 
XMINAV(I> = XMINAV<I)*<l+COS(PI*( 1-781 )/20))/2.0D0 

40 CONTINUE 
C 
C--**-= WRITE OUTPUT TO CHANNEL 8 
C 

WRITE(8) (XMINAV(I),1 = 1,800 ) 
C 

STOP 
END 



£ • * * • * • • • * • • * • • * • • • • « PROGRAM- E Q U A L I Z E «**•**•»***-****"•••• 
C 
C FOR USE ON EVENT K I R K 1 . 
C PROGRAM E Q U A L I Z E S BV D I V I D I N G EACH TRACE SAMPLE BY 
C THE MAXIMUM VALUE IN THAT TRACE. THE OUTPUT I S 
C COMPATIBLE WITH PROGRAMS MED AND PLOTTER. 
C 
C INPUT ON CHANNEL 7 : DATA F I L E WITH 7 L I N E S PER TRACE 
C THE CONTENTS OF L I N E S 1 TO 6 SHOULD BE THOSE REQUIRED BY 
C PROGRAM MED. L I N E 7 I S THE INPUT DATA IN BINARY FORM; 
C 
C OUTPUT ON CHANNEL 8 : AS INPUT BUT L I N E 7 NOW CONTAINS 
C E Q U A L I Z E D DATA. 
C 
C ARRAYS : X - I N P U T DATA ( R E A L * 8 > 
C V A R I A B L E S : XMAX-MAXIMUM V A L U E . I N TRACE 
C IF-NO.OF SAMPLES PER .TRACE 
C 
c**..•••*••..••••*••*.*••*••*•••.•*»•*••••••••**••••••••*•• 
C 

R E A L " 8 X ( 8 0 0 ) , X M A X 
DIMENSION A ( 5 ) . B < 5 ) , C ( 5 > . D ( 5 > 

C 
C " " " READ T I T L E S AND DATA 
C 

DO 20 1=1,31 
R E A D ( 7 , 1 0 0 > A 
R E A D ( 7 . 1 0 0 > B 
R E A D ( 7 , 1 0 0 ) C 
R E A D ( 7 , 1 0 0 > D 
R E A D ( 7 . Z 0 0 > E 
R E A D ( 7 . 3 0 0 > I F 
R E A D ( 7 ) ( X ( J > , J = l . I F > 

C 
C * " * * E Q U A L I Z A T I O N B E G I N S 
C 

XMAX=0.0D0 
DO 30 L = l , I F 
I F ( D A B S ( X ( L ) ) . L T . X M A X > GO TO 40 
XMAX = DABS< X < L ) ) 

40 CONTINUE 
30 CONTINUE 

DO 10 K = 1 , I F 
10 X ( K ) ° X ( K ) / X M A X 

C 
£ • • • » • WRITE T I T L E S AND E Q U A L I Z E D DATA 
C 

W R I T E ( 8 , 1 0 0 > A 
W R I T E ( 8 , 1 0 0 ) B 
W R I T E ( 8 , 1 0 0 ) C 
W R I T E ( 8 , 1 0 0 > D 
W R I T E ( 8 , 2 0 0 > E 
W R I T E ( 8 , 3 0 0 > I F 
W R I T E C 8 ) ( X < J > , J - 1 , I F > 

2 0 CONTINUE 
C 
100 FORMAT(5A4 > 
2 0 0 FORMAT<F7.3> 
3 0 0 F O R M A T ( 1 6 ) 

C 
STOP 
END 



c* 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c« 
c 

PROGRAM BANBOX 
MODIFIED FROM R. WARREN ( 1 9 8 1 ) 

PROGRAM BANBOX PRODUCES TIME DOMAIN BANDPASS FILTER.' A BOX-CAR 
FUNCTION WITH TAPERED ENDS I S APPLIED TO YIELD A F I N I T E 
REALISATION OF THE F I L T E R . THE PROGRAM PROMPTS FOR LENGTH OF 
F I L T E R REQUIRED (MUST BE ODD), THE SAMPLING INTERVAL OF THE 
TIME S E R I E S TO WHICH THE F I L T E R I S TO BE APPLIED, AND THE LOWER 
AND UPPER PASS FREQUENCIES. ALL R E P L I E S IN. FREE FORMAT. 
THE F I L T E R I S APPLIED USING PROGRAM BANKONV. THE OUTPUT FROM 
APPLICATION OF THE F I L T E R MUST BE SHIFTED TO LEFT BY <LF-l>/2 
POINTS. 

OUTPUT ON CHANNEL 
LINE 

THREE LINES 
T I T L E 
F I L T E R LENGTH ( 1 6 ) 
F I L T E R COEFFTS. (BINARY) 

ARRAYS 

VARIABLES 

C 
C« 
C 

C 
C« 
c 

F I L T - F I L T E R COEFFTS. 
W - MULTIPLICATION FACTOR FOR TAPERING: 

: LF - F I L T E R LENGTH (INTEGER UP TO 100) 
DT - SAMPLING INTERVAL OF TIME. S E R I E S ( R E A L ) 
FL - LOWER: FREQ. OF BANDPASS (REAL ) 
FH - UPPER! FREQ. OF BANDPASS (REAL ) 

I M P L I C I T REAL"8(A-H,0-Z) 
DIMENSION F I L T ( 1 0 0 > , W ( 5 0 ) 
* PROMPT FOR VARIABLES 
WRITE(6,100> 
READ(5,"> LF 
WRITE(6,200) 
READ(5,*> DT 
WRITE(6,300> 
READ(5,*> FL 
WRITE(6,400> 
READ(5,*) FH 

» CALCULATE F I L T E R COETFTS. 
M-(LF*1>/2 
FM-M 
I F ( ( F H - F L ) - 1 < 
FC-(FH+FL )/2. 
WL-6.2831853' 
WH-6.2831853' 
GO TO 3 
WL=FL*DT*6.2831853 
WH-FH«DT"6.2831853 
FILT(1)=WH-WL 
DO 4 1=2,M 
F I - I - 1 
F I L T ( I ) - ( D S I N ( W H * F I ) - D S I N ( W L * F I ) > / F I 

2,2 .0/(DT*FM))1 
,0D0 
»(FC*DT-0.5/FM> 
»(FC*DT+0.5/FM) 

c*«*»« COSINE BELL TAPER APPLIED TO ENDS OF F I L T E R 
C 

M10-M-9 
DO 6 I-M10.M 
W( I ) - ( l +COS(3.14159265*(I-M10)/10 ) )/2.0D0 

6 F I L T ( I ) " F I L T ( I ) " W ( I > 
C 
c« 
c 

CALCULATION OF F I L T E R COEFFTS. CONTINUES 
DO 7 I - l . M 

7 F I L T ( I > - F I L T ( I ) / 3 . 1 4 1 5 9 2 6 5 
DO 8 I - l . M 

8 F I L T ( L F - I + 1 > - F I L T ( M - I * l ) 
MM—M+M 
DO 9 I - l . M 
J-MM-I 

9 F I L T ( I > - F I L T ( 3 > 
WRITE T I T L E S AND F I L T E R COEFFTS. TO CHANNEL 8 

FH 
1-1 ,LF > 

W RITE(8,S00) FL 
WRITE(8.600) LF 
WRITE(8> ( F I L T ( I ) 

100 
200 
300 
400 
500 
600 

FORMAT(//'SPECIFY 
FORMAT(//'SPECIFY 
FORMAT(//'SPECIFY 
FORMAT(//'SPECIFY 
FORMAT('BANDPASS 
FORMAT(16) 

STOP 
END 

LENGTH OF FILTER(MUST'BE ODD):'> 
SAMPLING INTERVAL OF TIME S E R I E S : 
LOWER FREQ. OF BANDPASS:'> 
UPPER FREQ.. OF BANDPASS:' > 
' ,F3. 1 , ' TO ' ,F4.1, ' HZ' ) 



c»**«*.»*.«».*•»•*»»•» PROGRAM BANKONV «•*•*-«*-*-»*****-«*-* = 
C 
C BANKONV CONVOLVES BANDPASS. F I L T E R FROM BANBOX WITH TRACES 
C CONTAINING 800 SAMPLES.(BI NARY ) . THE PROGRAM PROMPTS. FOR 
C THE NUMBER OF TRACES ON WHICH TO OPERATE. THE OUTPUT I S 
C SHIFTED BACK BY <LF-l>/2 POINTS AS REQUIRED. 
C 
C INPUT ON CHANNEL 7 : DATA F I L E CONTAINING UNPROCESSED 
C TRACES AS FOR INPUT TO MED. 
C 
C INPUT ON CHANNEL 10 : THE BANDPASS F I L T E R - OUTPUT FROM 
C BANBOX. 
C 
C OUTPUT ON CHANNEL 8 : BANDPASSED RESULTS 1(BINARY) WITH 
C T I T L E S COMPATIBLE WITH INPUT REQUIREMENTS OF MED AND 
C PLOTTER. 
C 
C ARRAYS : X - INPUT DATA (BINARY; OPERATED AS REAL"8) 
C F - F I L T E R COEFFTS. ( B I NARY t REAL-8) 
C CONV - RESULTS OF CONVOLUTION (REA L * 8 ) 
C A.B.C.D.FILT = T I T L E S 
C 
C VARIABLES : LF - LENGTH OF F I L T E R 
C M - NO. OF TRACES 
C N - NO. OF SAMPLES PER TRACE 
C 
c 

REAL'S X(800 ) ,F(100),CONV<900) 
DIMENSION A(5 ) , B ( 5 ) , C ( 5 ) , D ( 5 > , F I L T ( 6 > 

C 
C**-** READ F I L T E R 
C 

READ(10,400) F I L T 
READ(IO.IOO) LF 
READ(IO) ( F ( J ) , J = 1 , L F > 

C 
C"**»- PROMPT FOR NO. OF TRACES 
C 

WRITE(6,200) 
READ(S,* ) M 

C 
c * « . . « MAIN LOOP BEGINS 
C 

DO 70 IN-l.M 
READ<7,400> A 
READ(7,400> B 
READ(7,400) C 
READ(7,400) D 
READ(7,600) E 
READ(7,100) N 
READ(7 ) ( X ( I ) , 1 = 1.800 ) 

C 
C****= WRITE T I T L E S TO OUTPUT F I L E 
C 

WRITE(8,400) A 
WRITE(8,400) B 
WRITE(8,500) F I L T 
WRITE(8,600) E 
K=N+LF-1 
K1=N*(LF-1)/2 
WRITE(8,100) N 

C 
C*..«. CONVOLUTION BEGINS 
C 

DO 10 1 = 1.K 
CONV(I)=0.0 
DO 20 0=1.1 
L-I-0+1 
I F ( L . G T . N ) GO TO 20 
I F ( J . G T . L F ) GO TO 10 
CONV(I>=CONV(I> + F ( J >*X(L ) 

20 CONTINUE 
10 CONTINUE 

C 
c...w* SHIFT OUTPUT TO LEFT BY ( L F - D / 2 
C 

DO 60 1=1,Kl 
CONV(I>=CONV(I+CLF-1>/2) 

60 CONTINUE 
C 
c-**.«. WRITE RESULTS TO OUTPUT F I L E 
C 

WRITE(8) ( C O N V ( I ) , I = 1,N > 
W R I T E ( 6 , 7 0 0 ) I N 

70 CONTINUE 
C 
100 FORMAT(16) 
200 FORMAT ( ' HOW MANY TRACES THIS TIME.O GREAT' ONE :'//') 

400 FORMAT(6A4) 
500 FORMAT(6A4/> 
600 FORMAT(F7.3) 
700 FORMATC'TRACE*,13,•«*=**-=«•) 

C 
STOP 
FND 



/3? 

c £*•*•*•••»*•*••••••«•»«• PROGRAM MED •••**•***«******«*•«*** 
C 
C GARVEY M.ANDERSON ( 1 9 8 3 ) 
C 
C M.Sc. PROJECT 
C 
£••••«••••••••* MINIMUM ENTROPY DECONVOLUTION: *•***»**"*"'•** 
C 
C PROGRM MED. A P P L I E S MINIMUM ENTROPY DECONVOLUTION TO A 
C VARIABLE NUMBER OF TRACES,WITH 800 SAMPLES PER TRACE. 
C WINDOWS ARE APPLIED AUTOMATICALLY TO EACH TRACE,AND A 
C F I L T E R DEVELOPED AND APPLIED FOR EACH WINDOW. THE WINDOW 
C LENGTH I S 120 INCLUDING A TAPER OF 10 AT EACH END.IGNORING 
C THE TAPERED ENDS,THE WINDOW GEOMETRY I S 0-100,50-150,100-
C 200 ETC.,SO THAT THERE I S COMPLETE OVERLAP OF WINDOWS. 
C 
C 
C THE PROGRAM PROMPTS FOR : F I L T E R LENGTH (UP TO 50 POINTS) 
C s POSITION OF 1 IN I N I T I A L F I L T E R 
C : NO. OF TRACES IN INPUT F I L E 
C : NO. OF ITERATIONS 
C ALL R E P L I E S IN FREE FORMAT 
C 
C INPUT ON CHANNEL 7 : INPUT F I L E CONSISTS OF F I L E FOR EACH 
C TRACE CONCATENATED INTO ONE FILE.EACH TRACE F I L E MUST 
C CONTAIN SEVEN LINES : 
C 1 T I T L E FOR COMPLETE SEISMOGRAM (5A4) 
C 2 T I T L E FOR TRACE (5A4) 
C 3 BLANK LINE 
C 4 BLANK LINE 
C 5 SHOT-DETECTOR DISTANCE ( F 7 . 3 ) 
C 6 NO. OF DATA SAMPLES PER TRACE ( 1 6 ) 
C 7 UNFORMATTED DATA VALUES FOR TRACE (BINARY) 
C 
C INPUT ON CHANNEL 11 : AN I N I T I A L F I L T E R OTHER THAN 
C ( 0 . 0 . . . 1 . . . 0 . 0 ) MAY BE DEFINED I F DESIRED.THE PROGRAM 
C PROMPTS FOR VERIFICATION OF WHETHER OR NOT SUCH A F I L T E R HAS 
C BEEN DEFINED. LINE 1 OF INPUT F I L E SHOULD SPEC I F Y THE LENGTH 
C OF THE F I L T E R (16>,FOLLOWED BY THE F I L T E R COEFFICIENTS WITH 
C ONE COEFFICIENT PER LINE ( F 7 . 3 ) . 
C 
C OUTPUT ON CHANNEL 8 s THE OUTPUT F I L E CONTAINS THE. RESULTS 
C OF MED IN UNFORMATTED (BINARY) FORM. EACH TRACE TAKES 
C UP SEVEN LINES s 
C 1 T I T L E FOR COMPLETE SEISMOGRAM (5A4) 
C 2 T I T L E FOR TRACE (5A4> 
C 3 T I T L E SPECIFYING LENGTH OF F I L T E R USED (5A4> 
C 4 T I T L E SPECIFYING NO. OF ITERATIONS 
C PERFORMED (5A4 ) 
C 5 SHOT-DETECTOR DISTANCE ( F 7 . 3 ) 
C 6 NO. OF DATA SAMPLES PER TRACE ( 1 6 ) 
C 7 DATA VALUES OF DECONVOLVED TRACE (BINARY) 
C 
C ARRAYS : XI - INPUT DATA 
C X = DATA WITHIN WINDOW 
C F - I N I T I A L F I L T E R COEFFICIENTS 
C Y » RESULTS OF F I L T E R APPLIED TO DATA 
C Z l - OUTPUT FROM FIRST WINDOW SET 
C Z - OUTPUT FROM SECOND WINDOW SET 
C G • RIGHT-HAND SIDE OF MED NORMAL EQUATIONS 
C F I L T - F I L T E R COEFFTS. 
C STN - T I T L E FOR SEISMOGRAM 
C TRACE - T I T L E FOR EACH TRACE 
C F I L T E R - F I L T E R LENGTH T I T L E 
C ITERTN - ITERATION NO. T I T L E 
C 
C VARIABLES : M - LENGTH OF F I L T E R (INTEGER) 
C 0 • POSITION OF '1' IN I N I T I A L F I L T E R 
C ANSWER - NO. OF ITERATIONS TO BE PERFORMED (INTEGER) 
C NOTR - NO. OF TRACES (INTEGER) 
C DIST - SHOT-DETECTOR DISTANCE ( F 7 . 3 ) 
C N - NO. OF SAMPLES PER TRACE 
C ITAPER - LENGTH OF WINDOW TAPER 
C NOW - NO. OF WINDOWS PER TRACE 
C NWP - COUNTER FOR STARTING SAMPLE OF EACH WINDOW 
C NW - LENGTH OF WINDOW EXCLUDING TAPERED ENDS 
C ICOF - LENGTH:OF WINDOW INCLUDING TAPERED ENDS 
C K - LENGTH OF CONVOLVED DATA 
C 
c*.*••»•*•••*•»••••**».•***••«**...*..*•••*»••*•••.•• C 

INTEGER ANSWER 
REAL-8 X(ZOO), F ( 5 0 ) , Y(300 ) , Z ( 8 0 0 ) , 2 1 ( 8 0 0 ) 
REAL*8 X K 8 0 0 ) , G ( 5 0 ) , F I L T ( 5 0 > 
DIMENSION S T N ( 5 ) , TRACE(5 ) , F I L T E R ( 5 >, ITERTN(5 > 



w 

c 
C « « * « * F I L T E R INITIATION 
C 

WRITE ( 6 , 3 4 0 ) 
READ ( 5 , * ) IANS 
I F (IANS . L E . 1> GO TO 10 
WRITE ( 6 , 3 5 0 ) 
READ ( 5 , * > IANS1 
I F (IANS1 .GT. 1) GO TO 30 

10 CONTINUE 
READ ( 11 ,420) M 
DO 20 I - 1, M 
READ ( 11 .440 > F( I ) 

20 CONTINUE 
I F (IANS1 .EQ. 1> GO TO 70 
I F (IANS .EQ. 1) GO TO 70 

30 WRITE ( 6 , 3 1 0 ) 
READ ( 5 , * ) M 
WRITE ( 6 , 3 2 0 ) 
READ ( 5 , * ) 0 
L - 0 - 1 
I F ( L .LT. 1) GO TO 50 
DO 40 I • 1, L 
F ( I ) • 0.0D0 

40 CONTINUE 
50 F ( 0 ) - l.ODO 

L I - J + 1 
DO 60 I • L I , M 
F( I ) - O.ODO 

60 CONTINUE 
70 CONTINUE 

C 
C»**** PROMPT FOR NO. OF ITERATIONS' 
C 

WRITE ( 6 , 3 3 0 ) 
READ ( 5 , * ) ANSWER 

C 
C"***" READ T I T L E S 
C 

WRITE ( 6 , 3 7 0 ) 
READ ( 5 , * > NOTR 
WRITE ( 6 , 3 8 0 ) M 
WRITE ( 6 , 3 9 0 ) ANSWER 

C 
c * * * » * L 0 0 p FOR EACH TRACE BEGINS 
C 

DO 300 INDEX - 1, NOTR 
WRITE ( 6 . 3 6 0 ) INDEX 
READ ( 7 , 4 3 0 ) STN 
READ ( 7 , 4 3 0 ) TRACE 
READ ( 7 , 4 3 0 ) F I L T E R 
READ ( 7 , 4 3 0 ) ITERTN 
READ ( 7 , 4 4 0 ) DIST 

C 
c * « * « * READ INPUT DATA LENGTH N, AND.'.'DATA X(I),FROM CHANNEL 7. 
C 

READ ( 7 , 4 2 0 ) N 
READ ( 7 ) ( X l ( I ) , 1 - 1 , N > 

C 
C**"«* START WINDOWING PROCEDURE 
C 

DO 280 IODEX - 1 , 2 
ITAPER - 10 
NOW = 8 
NOW - NOW • (IODEX - 1) 
NWP - 0 
DO 260 IW - 1, NOW 
I F (IODEX .GT. 1) GO TO 80 
NW - 100 
GO TO 90 

80 NW - 100 
IF (IW .EQ. 1) NW - 50 
I F ( IW .EQ. 9 > NW - 50 

90 CONTINUE 
C 
C * * * « * FOR F I R S T WINDOW TAPER I S ADDED DNLY TO WINDOW END 
C 

I F (IW .GT. 1) GO TO 110 
100 CONTINUE 

ICO - 0 
IC03 - 0 
ICOF • NW • ITAPER 
GO TO 130 

110 CONTINUE 
ICO - NWP - ITAPER 
IC03 - ICO • ITAPER 
ICOF - NW • ( 2 M T A P E R ) 

C 
c * « . « * FOR LAST WINDOW TAPER ADDED. ONLY TO START OF WINDOW 
C 

I F (IW .LT. NOW) GO TO 120 
ICOF - NW • ITAPER 

120 CONTINUE 
130 CONTINUE 



c 
c « * * * * DATA READ IN FOR WINDOW 
C 

DO 140 1 - = 1. ICOF 
X( I ) - X I ( I + ICO) 

140 CONTINUE 
PI - 3.1415927 
I F (IW .GT. 1) GO TO 160 

C 
c * . * « * COSINE BELL TAPER APPLIED TO DATA FOR F I R S T WINDOW 
C 

IUT - NW 
IUT1 • NW + ITAPER 
DO 150 I T - IUT. IUT1 
X ( I T ) - X ( I T ) * (1 + C O S ( P I M I T - I U T ) / I T A P E R ) ) / 2.0D0 

150 CONTINUE 
GO TO 190 

160 CONTINUE 
I F ( IW .LT. NOW) GO TO 180 

C 
c * * » * * TAPER APPLIED TO DATA FOR LAST WINDOW 
C 

I L T - ITAPER 
DO 170 I - 1, I L T 
x< i > - x<n * < 1* eos(Pi*(i -• TTAPE R>/ITATCR> > / 2.000 

170 CONTINUE 
GO TO 190 

180 CONTINUE 
C 
C***** TAPER APPLIED TO DATA FOR INTERMEDIATE:WINDOWS 
C 

I L T - ITAPER 
IUT • NW ••ITAPER 
CALL WINDOW(X. ICOF, I L T , IUT, ITAPER) 

190 CONTINUE 
C 
C«******"»* MED BEGINS ********** 
C 

J l - M ** 2 
C 
C * " * " CALCULATE AUTOCORRELATION FUNCTION COEFFTS. 
C 

CALL AUTCOR(X. ICOF, M) 
C 
c * * * « * CALCULATE AUTOCORRELATION MATRIX 
C 

CALL MATRIX(M) 
C 
C**"** CALCULATE Y BY CONVOLVING I N I T I A L F I L T E R WITH X 
C 

CALL CONVOCX, F, ICOF, M, Y, K) 
C 
c * * * « * ITERATIVE PROCESS BEGINS 
C 

ITER - 0 
200 CONTINUE 

C 
c**«*« CALCULATE V AND U 
C 

CALL VU<Y, K. U, V) 
C 
c * » * „ * CALCULATE CROSSCORRELATION MATRIX 
C 

CALL CRSCOR(X, V, ICOF, K, M, G> 
C 
C***»* CALCULATE F I L T E R COCFFTS. 
C 

CALL MWIENR(J1., M. M, V, U, G, F I L T ) 
C 

ITER - ITER + 1 
C 
C***«* APPLY F I L T E R TO DATA 
C 

CALL CONVO(X, F I L T , ICOF, M, Y, K) 
C 

I F (ANSWER .GT. I T E R ) GO TO 200 
C 
C"""*"***** MED ENDS •-****•**-
C 
C 
C****« WRITE T I T L E S TO OUTPUT FILE.CHANNEL 8 
C 

I F (IODEX .GT. 1) GO TO 210 
I F (IW .GT. 1) GO TO 210 
WRITE ( 8 , 4 3 0 ) STN 
WRITE ( 8 , 4 3 0 ) TRACE 
WRITE ( 8 , 4 5 0 ) M 
WRITE ( 8 , 4 6 0 ) ITER 
WRITE ( 8 , 4 4 0 ) DIST 
WRITE ( 8 , 4 2 0 ) N 

210 CONTINUE 
I F (IW .GT. 1) GO TO 230 



fl/o 

c 
c« 
c 

COPV FILTERED DATA TO ARRAY Z 

220 
230 

240 
250 
260 

DO 220 I - 1 
Z ( I C 0 3 + I ) • 
CONTINUE 
GO TO 250 
CONTINUE 
DO 240 I - 1 
Z ( I C 0 3 + I ) • 
CONTINUE 
CONTINUE 
NWP - NW + NWP 
CONTINUE 
I F (IODEX 

NW 
Y( I 

NW 
Y( I 

+ J 1 > 

+ ITAPER + 0 1 > 

EQ. 2 ) GO.TO 280 
C 
C« 
C 

COPY RESULTS OF F I R S T WINDOW;.SET TO ARRAY Z l 
DO 270 I - 1 , 

270 Z l ( I ) - Z<I> 
280 CONTINUE 

800 

C 
C« 
C 

OUTPUT FROM TWO WINDOW SETS COMBINED 

290 
300 
310 
320 
330 
340 
350 
360 
370 
380 
390 
400 
410 
420 
430 
440 
450 
460 

DO 290 
Z( I ) -

I - 1 . 
( Z l ( I ) 

800 
• Z( I ) ) / 2.0D0 

WRITE ( 8 ) 
CONTINUE 
STOP 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
END 

( Z ( I > , 1 - 1 , 8 0 0 ) 

( 'FILTER LENGTH?' ) 
( 'POSITION OF 1?' ) 
(/'HOW MANY ITERATIONS?'> 
(/'HAVE YOU DEFINED F I L T E R 
(/'DO YOU WANT T O ? ( l - Y E S , 2 
('TRACE ', 14. ' ***»***»**»• 
(/'HOW MANY TRACES?') 
( / / ' F I L T E R LENGTH- ', 13) 
(//•NO. OF ITERATIONS- ', 13) 
( F 8 . 2 ) 
( 'SAMPLE LENGTH-' , 13 ) 
( 1 6 ) 
(5A4 ) 
( F 7 . 3 ) 
( 'FILTER LENGTH-', 13) 
('ITERATION ', I I ) 

ON UNIT 
NO) ' > 
* " • / / ) 

1 1?(1-YES.2-NO)•) 

C 
c« 
c 
c 
c 
c« 
c 
c 
c 
c 
c 
c 
c 
c 
c 

"MAIN PROGRAM ENDS 

SUBROUTINE:WINDOW(X. ICOF, I L T , IUT, ITAPER) 
APP L I E S COSINE BELL TAPER TO! ENDS OF WINDOW DATA 
X 

ICOF 
I L T 
IUT 

ITAPER 

INPUT DATA (REAL"8> 
LENGTH OF WINDOW 
SAMPLE NO. UP' TO WHICH LETT-HAND TAPER APPLIED 
SAMPLE NO. FROM WHICH RIGHT-HAND TAPER APPLIED 
LENGTH OF TAPER 

DOUBLE PRECISION USED THROUGHOUT 
REAL*8 X ( I C O F ) , R, RT, RU 
PI 
RT 

3. 1415927 
DFLOAT(ITAPER) 

10 

20 

DO 10 I - 1, I L T 
R - DFL0AT(I ) 
X( I ) • X( I ) * (1 
CONTINUE 

+ DCOS(PI*(R - R T ) / R T ) ) / 2.0D0 

RU - DFLOAT(IUT) 
DO 20 I - IUT, ICOF 
R - D F L O A T l I ) 
X ( I ) - X ( I > • (1 • DCOS(PI*(R 
CONTINUE 
RETURN 
END 

R U ) / R T ) ) / 2.0D0 



SUBROUTINE CONVCHX. F, N, M, CONV. K) 
C 
(;*•••• CONVOLVES TWO TIME S E R I E S F AND X 
C 
C X - INPUT DATA - UP TO 200 VALUES 
C F - F I L T E R COEFFTS. (REAL"8> 
C N - NO. OF DATA VALUES. 
C M - NO. OF F I L T E R COEFFTS. 
C CONV - RESULTS OF CONVOLUTION ( R E A L * 8 ) 
C K • NO. OF OUTPUT VALUES 
C 
C DOUBLE PRECISION THROUGHOUT 
C 
c»**.*»..«***.**«****«**•»,.*«*«».*«***»••* 
C 

REAL"8 X ( 2 0 0 ) . F(M>, CONVOOO) 
C 

K - N + M - 1 
DO 20 I - I , K 
CONV(I) - 0.0D0 
DO 10 J - 1, I 
L - I - J • 1 
I F ( L .GT. N) GO TO 10 
I F ( J .GT. M) GO TO 20 
CONV( I ) - CONVC I ) + F ( 0 ) * X(L> 

10 CONTINUE 
20 CONTINUE 

C 
RETURN 
END 

C 
C 

SUBROUTINE VU(Y, K, U, V) 
C 
C****" CALCULATES VARIMAX' NORM V,AND SUM OF SQUARES OF DATA U 
C 
C Y - RESULTS OF PREVIOUS ITERATION ( R E A L * 8 ) 
C K - NO. OF DATA VALUES 
C WSUM = SUM OF (DATA VALUES TO POWER 4 ) 
C 
C DOUBLE PRECISION THROUGHOUT 
C 
c«***»»*.••»*»•******•*••****»»••*•«****»**»*««»***«**••***«« 
C 

REAL*8 YCK), YFOUROOO), YTWOOOO) 
REAL*8 WSUM, U, V, W 

C 
DO 10 I - 1, K 
YFOUR(I ) - Y<I> ** 4 

10 YTWOCI) - Y ( I ) ** 2 
C 

U - 0.0D0 
WSUM - 0.0D0 
DO 20 I - 1. K 
W - YFOUR(I) 
WSUM - WSUM • W 
U - YTWO(D • U 

20 CONTINUE 

C 
c 

WSUM / <U*"2> 

RETURN 
END 

SUBROUTINE:AUTCORCX, N, M> 
C 
C***«* CALCULATES AUTOCORRELATION FUNCTION COEFFTS. 
C 
C X - INPUT DATA <REAL"8> 
C N • NO. OF DATA VALUES 
C M - NO. OF AUTOCORRELATION. COEFFTS. 
C AUT - AUTOCORRELATION COEFFTS. FOR X 
C 
C DOUBLE PRECISION THROUGHOUT 
C 

COMMON /AUTCR/ AUT 
REAL*8 X(200>, AUT(50) 
DO 30 I - 1, M 
NR - N • 1 - I 
A U T ( I ) - 0.0D0 
I F < I .GT. N > GO TO 20 
DO 10 J • 1, NR 

10 A U T ( I ) - AUT(I ) • X ( J ) * X ( J + 1 - 1 ) 
20 CONTINUE 
30 CONTINUE 

RETURN 
END 



SUBROUTINE CRSCORCX, Y, N, K, M, G) 
C 
C***«* CALCULATES CROSS-CORRELATION 1 FUNCTION COEFFTS. 
C 
C X - INPUT DATA (REAL*8 > 
C Y - RESULTS OF PREVIOUS ITERATION 
C N - NO. OF DATA VALUES X 
C K - NO. OF DATA VALUES Y 
C M - NO. OF CROSS-CORRELATION COEFFTS.: 
C G • CROSS-CORRELATION COEFFTS. 
C 
C DOUBLE PRECISION THROUGHOUT 
C 
£ * * * * * * * * * * * * * * * * * * * « r * * * * * * * * * * * * * * * * *•* » * * * * * » « - » - * * * * * 
c 

REAL*8 X(200>, YCUBEC200), G<M>, Y ( K ) 
C 

DO 10 I - 1, K 
10 YCUBE(I ) - Y ( I ) •* 3 

C 
DO 30 I - 1, M 
G ( I ) - 0.0D0 
DO 20 J - 1, N 

20 G ( I > - G ( I ) + X ( J ) * YCUBECJ + 1 - 1 ) 
30 CONTINUE 

C 
RETURN 
END 

C 
C 

SUBROUTINE MATRIX(M> 
C 
c * * * « * ARRANGES AUTOCORRELATION COEFFTS* INTO: A TWO-DIMENSIONAL 
C ARRAY, AUTMX. AUTMX(I.J) I S J t h ELEMENT OF THE I t h ROW OF 
C AUTOCORRELATION MATRIX.. OUTPUTS THE ELEMENTS OF AUTMX IN 
C SEQUENCE REQUIRED BY SUBROUTINE MWIENR: 
C 
C M - NO. OF AUTOCORRELATION COEFFTS. 
C ACF - AUTOCORRELATION COEFFTS. 
C AUTMX - AUTOCORRELATION MATRIX 
C AUT - AUTOCORRELATION COEFFTS. ARRANGED.IN ORDER FOR MWIENR1 

C 
C DOUBLE PRECISION THROUGHOUT 
C 
£••**•••••••••.*•••**.*»***...•*•*•*••*••*•**•***-**•.•**•.****..* 
c 

COMMON /AUTCR/ ACF 
COMMON /MATRX/ AUT 
REAL*8 ACF<50). AUTMX(50,50 ), AUT(2500) 
INTEGER P 

C 
c*«*«« AUTMX SET UP 
C 

DO 30 P - 1, M 
DO 20 J - 1, M 
I • J • P - 1 
I F ( I .GT. M) GO TO 10 
AUTMX(I,J) - ACF(P> 

10 CONTINUE 
20 CONTINUE 
30 CONTINUE 

C 
DO 60 P - 1, M 
DO 50 I - 1, M 
J - I • P - 1 
IF ( J .GT. M) GO TO 40 
AUTMXC I.J). - ACF( P ) 

40 CONTINUE 
50 CONTINUE 
60 CONTINUE 

C 
c « « « * * AUT READ FROM AUTMX 
C 

K - 0 
DO 100 I - 1. M 
DO 90 0 - 1, M 
K - K • 1 
IF ( J .EQ. I> GO TO 70 . 
AUT< K) - AUTMX(I .J) 
GO TO 80 

70 CONTINUE 
C 
c * . * * * DIAGONAL TERMS OF MATRIX INCREASED BY 0.5X TO REDUCE 
C ILL-CONDITIONING 
C 

AUT(K) - AUTMX(I.J) + <5.0D0*AUTMX(I,J)/1000.0D0) 
80 CONTINUE 
90 CONTINUE 

100 CONTINUE C 
RETURN 
END 



c 
c 

SUBROUTINE MWIENR(01, M. LR, V, U, G, F I L T > 
C 
c * * « * « SOLVES NORMAL EQUATIONS USING LEVINSON-RECURSION 
C 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c« 
c 

01 
M 
V 
u 
G 

F I L T 
AUT 

AUTVU 
CROS 

RESULTS 
COEFFTS. 

SQUARE OF F I L T E R LENGTH 
F I L T E R LENGTH 
VARIMAX NORM 
SUM OF SQUARES OF 
CROSS-CORRELATION 
F I L T E R COEFFTS. 
AUTOCORRELATION COEFFTS. 
AUT WEIGHTED BY V/U 
G WEIGHTED BY 1/<U SQUARED) 
DOUBLE PRECISION THROUGHOUT 

OF PREVIOUS ITERATION 

COMMON /MATRX/ AUT 
REAL*8 AUTC2500), CROS<50), PE ( 5 0 > , F I L T ( M ) . G(M) 
REAL*8 AUTVU(2500), V, U. R l . R2, D, F l . - Q , RLP, AL, HOLD. FL 

10 

20 

DO 10 I -
AUTVU(I) 
CONTINUE 
00 20 I -
C R O S ( I ) -
CONTINUE 

1 . 01 
• AUT(I> « (V/U) 

1 , M 
G< I ) / ( U * * 2 ) 

30 

ISP1S - 0 
Rl - AUTVUC1> 
RZ - AUTVU(2) 
D - R2 
PE( 1 ) - 1.ODO 
F l - CROSC1> / R l 
FI L T C 1 ) - F l 
Q - F l * R2 
I F (LR . LE . 1) GO TO 90 
DO 80 L - 2, LR 
RLP - MIN0(1 • L,LR ) • 
I F ( R l .GT. O.ODO) GO TO 30 
ISP15 - L - 1 
GO TO 90 
AL - -D / Rl 
P E ( L ) - AL; 
F I L T ( L ) - R l 
Rl - R l • AL • D 
D - AUTVU(RLP) • AL * R2 
L2 - L / 2 
I F ( L .LE. 3> GO TO 50 
L2 - L / 2 

40 

DO 40 C 
K - L -
HOLD -
PE(O ) • 
D - D •< 
PECK) • 
D •> D i 

- 2, L2 
0 + 1 

PE(0 ) 
PE(0> + 
PE(0 ) * 
PE(K/) + 
P E ( K ) • 

AL * FEOC) 
AUTVU(K + 1> 
AL HOLD 
AUTVUCO • 1) 

50 I F ( L 2 * 2 .EQ. L ) GO TO 60 
0 - L2 + 1 
PE(0 ) - PE(0 ) 
D - D + PE(0 ) 

60 CONTINUE 
AL * PE<0 ) 
AUTVU<0 + 1 ) 

FL - (CROSXL) 
F I L T ( L ) - FL 
Q - FL * R2 

Q) / R l 

70 
80 
90 

L I - L -
DO 70 0 
K - L -
FILTCO ) 
Q - Q • 
CONTINUE 
RETURN 
END 

- 1. L I 
0 + 1 
- F I L T ( 0 > 
F I L T ( O ) * 

• FL " PE(K> 
AUTVU(K * 1> 



£••»»•*.**.••••••••*•• PROGRAM PLOTTER *•••»•*******•****•** 
C 
C PROGRAM PLOTTER PRODUCES REDUCED TRAVEL-TIME PLOTS. I T 
C PROMPTS FOR NUMBER OF TRACES TO PLOT. PLOT PRODUCED I S 
C A4 S I Z E . PLOTTER ACCEPTS OUTPUT FROM PROGRAM MED. 
C 
C INPUT ON CHANNEL 7 : DATA F I L E WITH 7 LINES PER TRACE 
C 
C LINE I i T I T L E FOR PLOT(4A4) 
C 2 : T I T L E FOR TRACE(4A4) 
C 3 : F I L T E R SPEC I F I C A T I O N ( 5 A 4 ) 
C 4 : ITERATION S P E C I F ICATION(4A4) 
C 5 : SHOT-DETECTOR DI STANCE(F 7.3) 
C 6 : NO. OF SAMPLES IN TRACE(16) 
C 7 : INPUT DATA (BINARY) 
C 
C OUTPUT ON CHANNEL 9 
C 
C THE PROGRAM CALLS "GHOST SUBROUTINES 
C 
C ARRAYS : Z-INPUT DATA (R E A L * 8 ) 
C X-DATA SCALED FOR REDUCED PLOT 
C Y-SAMPLE COUNTER 
C 
C VARIABLES i MI-NO. OF TRACES 
C N-NO. OF SAMPLES.PER TRACE 
C 
C 

REAL*8 Z ( 9 0 0 ) 
DIMENSION STN(4>, T R A C E ( 4 ) , F I L T ( 5 ) , I T E R ( 4 ) 
DIMENSION X ( 8 0 0 ) , Y<800) 

C 
c « * * » * PROMPT FOR NO. OF TRACES 
C 

WRITE ( 6 , 6 0 ) 
READ ( 5 , * ) Ml 

C 
(;••••• I N I T I A T E PLOTTING PROCEDURE 
C 

CALL P A P E R ( l ) 
CALL PSPACE(0.1, 1.0, 0.2, 0.55) 
CALL CSPACE(0.05, 1.0, 0.0, 0.60) 
CALL MAP(0.0, 30.0. 0.0, 800.0) 
CALL AXES 

C 
(;••••• R E A D INPUT 
C 

DO SO J m 1, Ml 
READ ( 7 , 5 0 ) STN 
READ ( 7 , 5 0 ) TRACE 
READ ( 7 , 5 0 ) F I L T 
READ ( 7 , 5 0 ) ITER 
READ ( 7 , 4 0 ) DIST 
READ ( 7 , 3 0 ) N 
READ ( 7 ) ( Z ( I ) . I - l . N ) 

C 
c*«**» CONVERT DATA TO SINGLE PRECISION AND APPLY SCALING 
C FACTOR FOR REDUCED PLOT 
C 

DO 10 I - 1. N 
X ( I ) - Z(I. ) / 3000.0D0 + ( DIST - 30.0) / 5.0D0 
Y ( I ) - FLOAT(I ) 

10 CONTINUE 
C 
c * * * « * WRITE T I T L E FOR TRACE AND PLOT TRACE 
C 

CALL BLKPEN 
CALL CTRMAG(5 ) 
XP - X(1 ) - 0.2 
CALL CTRORK 1 .0) 
CALL PLOTCS(XP, 10.0, TRACE. 8 ) 
CALL CTRORK 0.0) 
CALL PTPLOT(X, Y, 1, N. - 2 ) 

20 CONTINUE 
C 
C"***" WRITE PLOT T I T L E S 
C 

CALL CTRMAG(8 ) 
CALL PLOTCS(26.0, 750.0, STN, 10) 
CALL PLOTCS(26.0, 700.0. F I L T . 17) 
CALL PLOTCS(26.0, 650.0. ITER, 11) 
CALL BORDER 
CALL GREND: 

C 
30 FORMAT ( 1 6 ) 
40 FORMAT ( F 7 . 3 ) 
50 FORMAT (5A4 ) 
60 FORMAT (//'HOW. MANY TRACES HAVE YOU GOT?') 

C 
STOP 
END 



£••••*••••••»••»*«••*» PROGRAM SYNME'D ***************** 
C 
C 
c 
C GARVEY M. ANDERSON ( 1 9 8 3 ) 
C 
C M.Sc. PROJECT 
C 
c 
C***»*»-»*»w»**« MINIMUM ENTROPY DECONVOLUTION"***"*"**' 
C 
C 
C PROGRAM SYNMED PERFORMS MINIMUM ENTROPY DETONVOLUTION ON 
C SYNTHETIC DATA. WINDOWS ARE NOT APPLIED. 
C 
C THE PROGRAM PROMPTS FOR : F I L T E R LENGTH (UP TO 100:POINTS) 
C : POSITION OF 1 IN I N I T I A L . F I L T E R 
C : NO. OF ITERATIONS 
C 
C INPUT ON CHANNEL 7 : SYNTHETIC DATA X< I.) (UP TO 100 VALUES), 
C IN F10.4 FORMAT. EACH DATA VALUE ON A NEW L I N E . F I R S T FOUR 
C LINES OF INPUT F I L E ARE : 
C LINE 1 T I T L E FOR SEISMOGRAM :(5A4) 
C 2 T I T L E FOR F I L T E R LENGTH ( 5 A 4 ) , 0 F I F 
C DATA I S UNPROCESSED PUT 'NO F I L T E R ' . 
C 3 T I T L E FOR.NO. OF ITERATIONS (5A4 ) , OR I F 
C UNPROCESSED PUT 'RAW- DATA'. 
C 4 NO. OF DATA VALUES ( 1 6 ) 
C 
C INPUT ON CHANNEL 11 : AS FOR PROGRAM MED.:- ALLOWS I N I T I A L 
C F I L T E R OTHER THAN ( 0 , 0 , . . 1 , . . . 0 > TO BE S P E C I F I E D . 
C 
C OUTPUT ON CHANNEL 8 t RESULTS OF EACH ITERATION IN. F10.4, 
C WITH ONE VALUE PER L I N E . F I R S T FOUR LINES OF OUTPUT FROM 
C EACH ITERATION ARE : 
C LINE 1 T I T L E FOR SEISMOGRAM-(5A4 ) 
C 2 T I T L E SPECIFYING F I L T E R LENGTH:USED 
C 3 T I T L E SPECIFYING ITERATION NO.. 
C 4 NO. OF DATA VALUES 
C 
C OUTPUT COMPATIBLE WITH PROGRAM•SYNPLOTTER. 
C 
C OUTPUT ON CHANNEL 10 : THE F I L T E R COEFFTS. PRODUCED AT EACH 
C STAGE IN THE ITERATIVE PROCESS, WITH T I T L E S . 
C 
C ARRAYS : X - INPUT DATA 
C F - I N I T I A L F I L T E R COEFFTS. 
C F I L T - MED F I L T E R COEFFTS. 
C G - RIGHT-HAND SIDE OF NORMAL EQUATIONS 
C Y - RESULTS OF MED 
C 
C VARIABLES : N - NO. OF DATA VALUES IN SYNTHETIC INPUT 
C M - NO. OF F I L T E R COEFFTS. 
C J - POSITION OF.'1' IN I N I T I A L F I L T E R 
C K - LENGTH OF DATA AFTER CONVOLUTION WITH F 
C 
C DOUBLE PRECISION USED THROUGHOUT. 
C 
C IN SUBROUTINE MATRIX 0.5X SHOULD NOT BE ADDED TO THE 
C DIAGONAL TERMS OF THE AUTOCORRELATION MATRIX FOR 
C SYNTHETIC DATA. 
C 
£••*»•*.••**••*••-•••*.•. ••••*•*•••**•••*•*••••••••***••**-»* 
C 
c 

INTEGER ANSWER 
REAL*8 X ( 1 0 0 ) , F ( 1 0 0 ) , F I L T ( I O O ) , G ( 1 0 0 ) , Y(200> 
REAL"8 U. V 
DIMENSION T I T L E ( 4 ) , F I L T E R ( 5 ) . ITERTN(4>. X K 1 0 0 ) . Y K 1 0 0 ) 

C 
C***«« READ T I T L E S 
C 

READ ( 7 , 2 3 0 ) T I T L E 
READ ( 7 , 2 3 0 ) F I L T E R 
READ ( 7 , 2 3 0 ) ITERTN 

C 
C*«**« READ INPUT DATA LENGTH N.ANDi.DATA X(I.).FKOM CHANNEL 7. 
C 

READ ( 7 , 1 9 0 ) N 
WRITE ( 8 , 2 3 0 ) T I T L E 
WRITE ( 8 , 2 3 0 ) F I L T E R 
WRITE ( 8 , 2 3 0 ) ITERTN 
WRITE ( 8 , 1 9 0 ) N 
DO 10 I - 1, N 
READ ( 7 . 2 0 0 ) X l ( I ) 
WRITE ( 8 , 2 0 0 ) X I ( I ) 
X( I > - DBLECXM I ) ) 

10 CONTINUE 



£ - - - — r i i T C R i n i T M T i a n 
C 

WRITE ( 6 , 1 5 0 ) 
READ ( 5 . * ) IANS 
I F (IANS .LE. 1) GO TO 20 
WRITE ( 6 , 1 6 0 ) 
READ ( 5 . * ) IANS1 
I F (IANS1 .GT. 1 ) GO TO 40 

20 CONTINUE 
C 

READ ( 1 1 , 1 9 0 ) M 
DO 30 I - 1, M 
READ ( 1 1 . 2 0 0 ) F( I ) 

30 CONTINUE 
C 

I F (IANS1 .EQ. 1) GO TO 60 
I F (IANS .EQ. 1 ) GO TO 80 

40 WRITE ( 6 , 1 3 0 ) 
C 

READ ( 5 , * ) M 
WRITE ( 6 , 1 4 0 ) 
READ ( 5 , " ) J 
L • J - 1 
I F ( L .LT. 1 ) GO TO 60 
DO 50 I - 1, L 
F ( I ) » 0.0D0 

50 CONTINUE 
60 F ( J ) - 1.0D0 

L I - J + 1 
DO 70 I - L I , M 
F< I > - 0.0D0 

70 CONTINUE 
C 

80 CONTINUE 
C 
c 
£••**••••** MED BEGINS ««*«"****•* 
C 
C 
c * * » * « CALCULATE AUTOCORRELATION FUNCTION COEF.FTS. 
C 

J l » M ** 2 
CALL AUTCOR(X, N, M) 

C 
c * * * * « CALCULATE AUTOCORRELATION MATRIX 
C 

CALL MATRIX(M) 
C 
c * . * * « CALCULATE Y BY CONVOLVING I N I T I A L F I L T E R WITH X 
C 

CALL CONVOCX, F, N, M, Y, K) 
C 
c * * « « * PROMPT FOR NO. OF ITERATIONS 
C 

ITER = 0 
WRITE ( 6 , 1 7 0 ) 
READ ( 5 , * ) ANSWER 

90 CONTINUE 
C 
c * * * « * CALCULATE V AND U 
C 

CALL VU(Y, K, U. V) 
C 
c * * « * « CALCULATE CROSSCORRELATION MATRIX 
C 

CALL CRSCOR(X, Y, N..K, M, G) 
C 

CALCULATE F I L T E R COEFFTS. 
C 

CALL MWIENR(JU M, M, V, U, G, F I L T ) 
C 
c * * . » * OUTPUT F I L T E R COEFFTS. ON CHANNEL 10 
C 

ITER - ITER • 1 
WRITE ( 1 0 , 2 2 0 ) M 
WRITE ( 10.230 ) TI T L E . 
WRITE ( 1 0 , 2 1 0 ) ITER 
WRITE ( 1 0 , 1 8 0 ) N 
WRITE (10.190 ) M 
DO 100 I - 1, M 
WRITE ( 10.200 ) F I L T ( I ) 

100 CONTINUE 



C****« APPLY F I L T E R TO DATA 
C 

C 
c« 
c 

CALL CONVO(X, F I L T , N, M, Y, K) 
** WRITE T I T L E S AND RESULTS TO OUTPUT FILE,CHANNEL. 8 

110 

WRITE ( 8 , 2 3 0 ) 
WRITE ( 8 , 2 2 0 ) 
WRITE ( 8 , 2 1 0 ) 
WRITE ( 8 , 1 9 0 ) 
DO 110 I - 1, 
Y K I ) - SNGL( Y( I ) ) 
WRITE ( 8 . 2 0 0 ) Y l ( I 
CONTINUE 
I F (ANSWER .LE. I T E R ) GO TO 120 
GO TO 90 

T I T L E 
M 
ITER 
K 
K 

) 

120 
ISO 
140 
160 
1*0 
170 
190 
19,0 
200 
210 
220 
230 

STOP 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
END 

( ' F I L T E R LENGTH?'> 
( "POSITION OF 1 ? ' ) 
(/'HAVE YOU DEFINED F I L T E R ON UNIT 11?(1-YES,2-NO ) 1 > 
(/'DO YOU WANT TO?(1-YES,2-NO>'> 
(/'HOW MANY ITERATIONS?' ) 
( 'SAMPLE LENGTH-*., 13) 
( 16) 
(F.10.4) 
('ITERATION '. 12) 
( ' F I L T E R LENGTH-', 13) 
( 5A4 ) 

(;****••»••••*•**•»•••» PROGRAM SYNPLOTTER ***•***•»*»•***»•*»•* 
C 
C SYNPLOTTER PRODUCES PLOTS OF RESULTS FROM SYNMED. SHOWING THE 
C RESULTS OF EACH STEP IN THE ITERATIVE PROCESS. INPUT: DATA 
C LENGTH I S RESTRICTED TO 200 POINTS. 
C 
C INPUT ON CHANNEL 7 : OUTPUT FROM SYNMED 
C 
C OUTPUT ON CHANNEL 9 
C 
C THE PROGRAM PROMPTS FOR THE TOTAL NO. OF ITERATIONS TO PLOT, 
C UP TO A MAXIMUM OF 6. I T FURTHER PROMPTS FOR THE POSITION OF 
C THE '1'. IN THE I N I T I A L T I L T E R USED BY SYNMED. A NUMBER OF 
C PARAMETERS RELATING TO; THE PLOT ARE ALSO REQUESTED. 
C 
C THE PROGRAM CALLS *GHOST SUBROUTINES. 
C 
C ARRAYS : X - INPUT DATA (UP TO 200 F10.4 VALUES) 
C Y - SAMPLE. COUNTER 
C YTICK - COUNTER FOR TI C K SPACING ALONG TRACE 
C 
C VARIABLES : Ml - NO. OF TRACES 
C IPOS1 - POSITION OF '1' IN I N I T I A L F I L T E R 
C XMIN.XMAX - LIMITS OF MATHEMATICAL SPACE 
C N - NO. OF SAMPLES PER TRACE 
C YMAX - LENGTH OF PLOT IN Y-DIRN. (UP TO 200) 
C SPACER - TICK SPACING ALONG TRACE 
C GRAT - GRATICULE SPACING FOR PLOT 
C 
£ * * * * * * * * * * * * * * * *•*-** * * * * * * *-*-**• * * * * A***********-******** *»-*-*** 
C 

DIMENSION T I T L E ( 4 ) , I T E R ( 4 > , F I L T ( 5 ) 
DIMENSION X ( 2 0 0 ) , Y ( 2 0 0 ) , Y T I C K ( 1 2 0 ) , X T I C K O 2 0 ) 

C 
c«»**« PROMPT FOR PLOT PARAMETERS 
C 

WRITE ( 6 , 1 2 0 ) 
READ ( 5 , * ) Ml 
WRITE ( 6 , 1 3 0 ) 
READ ( 5 , 9 0 ) IPOS1 
WRITE ( 6 , 8 0 ) 
READ ( 5 , * ) XMIN, XMAX 
WRITE ( 6 , 7 0 ) 
READ ( 5 . * ) YMAX 
WRITE ( 6 , 1 1 0 ) 
READ (5,»> SPACER 
WRITE ( 6 . 1 0 0 ) 
READ ( 5 . * ) GRAT 
IYMAX - IFIX(YMAX) 
ISPACE - I F I X ( SPACER!) 
M - IYMAX / ISPACE 

C 
DO 10 I - 1, M 
X T I C K ( I ) - 0.0 
Y T I C K ( I > - SPACER • I 

10 CONTINUE 
C 

CALL CSPACE(0.0, 0.5. 0.0, 0.9) 



4% 
c c* 
c 

MAIN LOOP BEGINS. ...TRACES PLOTTED ONE AT A TIME 
DO 40 J - 1 , Ml 
READ ( 7 , 9 0 ) T I T L E 
READ ( 7 . 9 0 ) F I L T 
READ ( 7 , 9 0 ) ITER 
READ ( 7 , 5 0 ) N 
V( 1 ) - 1.0 
DO 20 I - 1, N 
Y d + 1 > - Y( I ) + 
READ (7,60.) X ( I > 

20 CONTINUE 
1.0 

C 
C* 
c 

I F ( J .GT. 1 ) GO TO 30 
CALL PAPER<1) 
CALL BLKPEN 

C 
c* 
c 

30 

WRITE MAIN T I T L E ON PLOT 
CALL CTRMAG(5) 
CALL PLACE(62, 16) 
CALL T Y P E C S ( T I T L E , 
CONTINUE 

10) 

PLOT EACH ITERATION WITH T I T L E S 
0 1 - 0 - 1 
CALL PSPACE(0.1, 0.32, 0.8 - ( 0 . 
CALL MAP(0.0. YMAX, XMIN, XMAX) 
CALL PTPLOT(Y. X. 1, N. - 2 ) 
CALL C T R O R K l . O ) 
CALL CTRMAGO) 
CALL PTPLOT<YTICK, XTICK, 1. M, 
CALL GRATSKGRAT, XMAX) 
IF ( J .LE. 1 ) GO TO 40 

0 5 * 0 1 ) , 0.8 - ( 0 . 0 5 * 0 ) ) 

4 4 ) 

.CALL C T R M A G ( 5 ) 
C A L L C T R O R K O . O ) 
C A L L P L A C E ( B 2 , 15 
C A L L T Y P E C S ( I T E R , 

40 ' C O N T I N U E 

• 7 
12) 

»(0 1 ) ) 

C 
C * « * * * W R I T E T I T L E S A T BOTTOM O F P L O T 
C 

C A L L 
C A L L 
C A L L 
C A L L 
C A L L 
C A L L 

• 7' 
17) 

Ml ) PLACE(55, 15 
T Y P E C S ( F I L T , 
CRLNFD 
SPACE(54 > 
TYPECS('POSITION OF 1> 
TVPECSfIPOS1. 2 ) 

14) 

CALL PSPACE(0.1, 0.32, 0.8, 0.8 - (Ml»0.05)) 
CALL S C A L S I ( 2 5 . 0 , 500.0"M1) 
CALL BORDER 
CALL GREND' 

SO 
60 
70 
80 
90 

100 
110 
120 
130 

FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 
FORMAT 

STOP 
END 

PLOT LENGTH?(REAL ) s 1 ) 
XMIN,XMAX OF MATHEMATICAL SPACE. 

( 16 ) 
( F 1 0 . 4 ) 
( 'DESIRED 
( 'SPECIFY 
(SA4 ) 
(/'SPECIFY GRATICULE SPACING 
(/'SPECIFY TICK SPACINGS FOR 
(//'HOW MANY TRACES HAVE YOU 
(//•SPECIFY POSITION OF 1 IN 

ALONG CENTRE 
CENTRE L I N E ' 
GOT?' ) 
F I L T E R USED: 

(REAL ) : ' ) 
LINE:-> 


