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ABSTRACT

Thi s  paper  d i s c u s s e s  t he  s i g n - b i t  p r o c e s s i n g  in  t he  Born 

i n v e r s i o n  me th o d . I t  shows on b a s i c  examples t h a t  in  the absence  of 

r e l a t i v e  t r u e  amp l i t u de ,  t he  Born i n v e r s i o n  a l g o r i t h m  w r i t t e n  by

B l e i s t e i n - C o h e n  s t i l l  p r o v i d e s  an image of  the s u b s u r f a c e . I t  i mp l i e s

t h a t  a l l  t he  e s s e n t i a l  i n f o r m a t i o n  p r o v id e d  by a wave t r a i n  i s  

c o n t a i n e d  in  the phase o n l y .  S i g n - b i t  d i g i t a l  r e c o r d i n g  means t h a t  

on ly  the  s i gn  of  the  t r u e  ampl i t ude  s i g n a l  i s  r e c o r d e d  w i t h  one b i t .  

In c o n v e n t i o n a l  s e i s m ic  r e c o r d i n g ,  16 to 32 b i n a r y  b i t s  per  sample 

p o i n t  a re  r e c o r d e d .  The economic a dvan t ages  o f  s i g n - b i t  a c q u i s i t i o n  

a re  immedia t e ly  o b v i o u s .  Complete a mp l i t ud e  r e c o v e r y  comparable  to

f u l l  g a i n  r e c o r d i n g  can be a c h i e ve d  by c o r r e c t  a p p l i c a t i o n  of  s i g n - b i t

t e c h n i q u e s .
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I .  INTRODUCTION

S i g n - b i t  da t a  r e c o r d i n g  has  i n t e r e s t e d  the s e i s m ic  e x p l o r a t i o n  

i n d u s t r y  f o r  many y e a r s  because  i t  p r o v i d e s  an easy way to g r e a t l y

d e c r e a s e  the  number o f  c hanne l s  in a d a t a  a c q u i s i t i o n  sys t em.  S i g n -

b i t  d i g i t a l  r e c o r d i n g  means t h a t  only t he  s i g n  of  the ana log  s i g n a l  i s  

r ec o r d ed  w i t h  one b i t . In c o n v e n t i o n a l  s e i s mi c  r e c o r d i n g  16 to  32 

b i n a r y  b i t s  a re  n e c e s s a r y  f o r  each sample p o i n t . So the economic

a dvan t ages  of  s i g n - b i t  r e c o r d i n g  are o b v i o u s .  I t  i s  n e c e s s a r y  to 

check t h a t  the  r e s u l t s  o b t a i n e d  from us ua l  s e i s m ic  p r o c e s s i n g s  a re  

v a l i d  and s t i l l  p r o v i d e  good i n f o r m a t i o n .

A. L i t e r a t u r e  r e v i e w .

Numerous p u b l i s h e d  pa pe r s  dea l  w i t h  the  d a t a  s t o r a g e  us ing  

s i g n ed  b i t s  and w i t h  the amp l i t ude  r e c o v e r y  from the i n f o r m a t i o n  

c a r r i e d  by t h e s e  da t a  on the s u b s u r f a c e s .  D i s c u s s i o n s  o f  s i g n - b i t  da t a  

r e c o r d i n g  in  g e o p h y s i c a l  l i t e r a t u r e  c o n s i s t  ma in ly  o f  a b s t r a c t s  of

p a pe r s  a t  i n t e r n a t i o n a l  SEG m e e t i n g s . The f i r s t  paper  was p r e s e n t e d  

by F o r t  e t  a l .  ( 1 9 7 3 ) .  Four  p a p e r s  were p r e s e n t e d  in 1975,  namely.  

F o r t  e t  a l . (1975) ,  Mar t i n  e t  a l . ( 1975) ,  S c h o e l l h o r n  and Nea l e .

(1975) ,  and A l i h i l a l i  e t  a l .  ( 1 97 5 ) /  Ma r t i n  e t  a l .  (1975) c l a i med  t h a t  

t he  n o i s e  b u r s t  problems  wi t h  V i b r o s e i s  a re  minimized  by on ly  u s in g  the  

s i g n - b i t . Computer s i m u l a t i o n  shows t h a t  i f  only s i g n - b i t  da ta  i s
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used,  r e f l e c t i o n  q u a l i t y  i s  improved over  t h a t  o b t a i n e d  

c o n v e n t i o n n a l l y . Examples o f  a c t u a l  n o i s y  envi ronment  c o n d i t i o n s  are  

shown t o g e t h e r  w i t h  the e f f e c t  of  s uper impos i ng  t h a t  n o i s e  on s i m u l a t e d  

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

r e c o r d i n g s . They s i m u l a t e d  s e v e r a l  t ypes  of  v a r i a b l e  n o i s e  on the 

computer  and no ted  t h a t  t hey  have minimal  e f f e c t  on s i g n - b i t  d a t a . In 

t he  p r e s e n c e  of  h i g h  a mpl i t ude  background noise» such as could  be 

expec t ed  i n  p o p u l a t e d  a r e a s ,  on windy days ,  nea r  the  s u r f ,  or i n  

s tormy s e a s ,  sei smograms r e s u l t i n g  from s i g n - b i t  da t a  are shown to be 

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

r e c o r d i n g  sy s t e ms . .  Thus,  i n  a t y p i c a l  n o i s y  envi ronment  the  system 

r e c o r d i n g  s i g n - b i t  on ly  should  r e q u i r e  s i g n i f i c a n t l y  fewer  memory 

modules  and c o n s e qu e n t l y  reduced  c o s t s  to  a c q u i r e  d a t a  comparable  or 

s u p e r i o r  to t hos e  from c o n v e n t i o n a l  s y s t e m s .

S c h o e l l h o r n  e t  a l .  (1975) s i m u l a t e d  s i g n - b i t  summing in  

v i b r o s e i s  d a t a  a c q u i s i t i o n  on the computer .  A v a r i e t y  of  m u l t i p l e  

a r r i v a l s  w i t h  d i f f e r i n g  amp l i t u de s  were e v a l u a t e d /  t h e s e  showed the 

ex p ec te d  e f f e c t s  of  a mp l i t u de  r a t i o  l o s s ,  s p e c t r a l  l o s s  when the  

n o i s e - t o - s i g n a l  r a t i o  i s  l e s s  than one,  and h i gh  impulse  n o i s e  

immuni ty.  However,  f i e l d  d a t a  compar i sons  o f  f u l l  range and s i g n - b i t  

summing showed on ly  minor  d i f f e r e n c e s  i n  the  f i n a l  s t a c k e d  s e c t i o n s .

An e v a l u a t i o n  of  s i g n  b i t  s e i smi c  r e c o r d i n g  and i t s  impact  on 

p r o c e s s i n g  and i n t e r p r e t a t i o n  was made by A l i h i l a l i  e t  a l .  (1975)  . 

They e v a l u a t e d  the  a dv an ta ge s  and d i s a d v a n t a g e s  of  s i g n - b i t  r e c o r d i n g .
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Some of  the  p r i mar y  a dv an t ag e s  c la imed by the  a u t h o r s  a r e :

( i )  s m a l l e r ,  s i mp l e r  sp read  c a b l e s  and s i n g l e  e lement  geophones  are

a c c e p t a b l e /

( i i )  h ig h  compress ion  of  the  d a t a ,  more f i e l d  p r o c e s s i n g  c o n t r o l s  are  

p o s s i b l e /

( i i i )  t r u e  a mp l i t ude  r e l a t i o n s  a re  m a i n t a i n e d /  and the  p r o ce du re  i s

t a i l o r m a d e  f o r  V i b r o s e i s .

The p r i n c i p a l  d i s a d v a n t a g e s  s t a t e d  by the  a u t h o r s  are  :

( i ) the  method i s  l i m i t e d  to  V i b r o s e i s /

( i i )  a heavy d u t y  60Hz s i n g l e  phase power p l a n t  i s  a p o s s i b l e  source

o f  c o h e r e n t  n o i s e /

( i i i )  a bad s p r ead  c ab l e  or a r r a y  t e r m i n a l  can cause a g r e a t  l o s s  of  

d a t a /

( i v )  the  dynamic range  i s  l i m i t e d /

(v) a h i g h e r  c a l i b e r  f i e l d  p e r s o nn e l  i s  needed .

Then Giml in  and Smith (1977) and Smith and Giml in  (1977) 

p r e s e n t e d  two a d d i t i o n a l  p a p e r s  r e l a t e d  to s i g n - b i t  s t u d i e s .

An a n a l y s i s  o f  s i g n - b i t  r e c o r d i n g  f o r  h i gh  and low n o i s e  

e nv i r onmen t s  was made by S h i r l e y  e t  a l . (1983) f o r  t he  SEG m e e t i ng  i n  

Las Vegas,  1983.  Thi s  approach  to s i g n - b i t  r e s u l t s  i n  a u n i f i e d  

d e s c r i p t i o n  of  the low n o i s e - t o - s i g n a l  and h i gh  n o i s e - t o - s i g n a l  c a s e s .  

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

shows the  r e l a t i o n s h i p  between i n p u t  c o he r e n t  energy,  i n p u t  random
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no i se ,  and o o t p u t  e x p e c t a t i o n .

Yuan Cheng L e e (1984) s t u d i e d  the  ampl i tude  r e cove r y  wi t h  s i g n -  

h i t  d a t a . S e v e r a l  examples i n c l u d i n g  d i f f e r e n t  n o i s e - t o - s i g n a l  r a t i o s  

we re run and the  e f f e c t s  of  the  no i s e  in  t he  ampl i t ude  r e cove r y  were 

a n a l y z e d .

The pape r s  which a r e  r e f e r e n c e d  in  t h i s  l i t e r a t u r e  r ev iew

d i s c u s s e d  s i g n - b i t  t e c h n i q u e s  to s t o r e  t he  s e i smi c  d a t a . These da t a

were t hen  p r o c e s s e d  through t y p i c a l  g e o p h y s i c a l  p rograms .  The r e s u l t s  

were a na ly ze d  to check how they  r e p o r t  i n f o r m a t i o n  about  the

s u b s u r f a c e ,  e s p e c i a l l y  i n  n o i s y  e n v i r o n m e n t s . Thi s  paper  w i l l  a na l yze  

i n  the same way the  r e s u l t s  of  a new ma th ema t i ca l  i n t e r p r e t a t i o n  of

the s e i s m ic  d a t a . The major  a d d i t i o n a l  f e a t u r e  of  t h i s  new method i s

t h a t  f o r  t r u e  ampl i t ude  da t a ,  the  ampl i t ude  of  the o u t p u t  i s  in known 

r e l a t i o n  to the  r e f l e c t i o n  s t r e n g t h .  Thus,  we can check ampl i t ude

a c c ur acy  o f  s i g n - b i t  p r o c e s s i n g  as we l l  as image acc ur a cy .

B. Pu rpos e  and o b j e c t i v e s  of  s t udy .

We use h e r e  a m a t h e ma t i c a l  approach  to s e i s mi c  i n v e r s i o n

p r e s e n t e d  by Cohen and B l e i s t e i n  (1979) wi t h  computer  i mp l e me nt a t i on  

i n  B l e i s t e i n  and Cohen (1984) • The a u t h o r s  used t he  Born

ap p r o x i m a t io n  and a s y m t o t i c  a n a l y s i s  to  d e r i v e  an a l g o r i t h m  to  p r o c e s s  

s e i s m i c  da t a  and r e c o v e r  bo th  the  l o c a t i o n  of  the  r e f l e c t o r s  in the 

e a r t h  and to e s t i m a t e  the  r e f l e c t i o n  s t r e n g t h  a t  each r e f l e c t o r .  This
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approach b u i l d s  t h e  Born i n v e r s i o n  a l g o r i t h m .  An 

of  the o u t pu t  of  t h i s  a l g o r i t h m  was made in  the 

the  c o n c l u s i o n s  drawn from t h i s  a n a l y s i s  i s  t h a t  

i n  the i np u t  w i l l  d e g r a de  the e s t i m a t e  of  r e f l e c t i o n  s t r e n g t h ,  however  

they  w i l l  not  a f f e c t  e s t i m a t e s  of  the l o c a t i o n  of  the  r e f l e c t o r .

The purpose  of  t h i s  paper  i s  to show t h a t  in  the absence  of  

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

p r o v i d e s  an image of  the r e f l e c t i n g  s u b s u r f a c e s  as i t  was remarked in 

the  r e p o r t  of  B l e i s t e i n ,  and Cohen ( 1 9 84 ) .  S e v e r a l  n o i s e - t o - s i g n a l  

r a t i o s  are  i n t r o d u c e d  in  the s c a t t e r e d  wave and the n o i s e  e f f e c t s  are  

ana l y ze d  i n  the  r e s u l t s  of  t he  Born i n v e r s i o n  a l g o r i t h m .  Fu r the r mor e ,  

t he  r e f l e c t i o n  s t r e n g t h  i s  compared w i t h  the  jump in v e l o c i t y  g i ven  in 

the  da t a  f o r  each example t h a t  w i l l  have been p r o c e s s e d  in the  Born 

i n v e r s i o n  a l g o r i t h m .

C. Method of  approach .

The i n v e r s e  problem i s  w r i t t e n  f o r  the a c o u s t i c  wave e q u a t i o n .  

The method was w r i t t e n  f o r  a p e r t u r b a t i o n  from a r e f e r e n c e  sound-  

s peed .  A n o n l i n e a r  i n t e g r a l  e qu a t i o n ,  i n v o l v i n g  the p roduc t  of  the 

unknown p e r t u r b a t i o n  and the  unknown wave f i e l d  i n  the  e a r t h  was 

d e r i v e d  in  Cohen and B l e i s t e i n  (1979) and i s  a l s o  d e s c r i b e d  in 

B l e i s t e i n  ( 1984) .  The s o l u t i o n  formula  r e q u i r e s  f u l l  bandwidth  d a t a  

which i s  not  a v a i l a b l e  i n  the  s e i s mi c  e x p e r i me n t .  I n  f a c t  the  da ta

a sy mp t o t i c  a n a l y s i s  

same r e p o r t .  One of 

e r r o r s  i n  ampl i t ude
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can be c h a r a c t e r i z e d  as h i gh  f r eq ue ncy  d a t a  wi th  r e s p e c t  to most  of  

the  l e n g t h  s c a l e s  of  the s e i s m ic  e xp er i men t .

The i n t e g r a t i o n  fo r mu l a  f o r  the  i n v e r s i o n  uses  F o u r i e r  

t r a n s f o r m s  to  y i e l d  the  p e r t u r b a t i o n  f u n c t i o n  a d e f i n e d  by:

[1 + a ( x ,  y, z) ]  (1)
v c

where :  -  ( x , y , z )  = (x,  z) i s  a f i e l d  p o i n t /

-  v i s  the  v e l o c i t y  a t  the  f i e l d  p o i n t  ( x , y , z ) y

-  c i s  the  r e f e r e n c e  v e l o c i t y /

-  o ( x , y , z )  i s  the  p e r t u r b a t i o n  a t  the  f i e l d  p o i n t .

However f i e l d  da t a  i s  not  f u l l  bandwidth  d a t a  and i t  cannot  be s imply  

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

c o n s i s t e n t  w i t h  the  h i gh  f r e q u e n c y  c h a r a c t e r i z a t i o n  of  the  f i e l d  da t a  

i s  c a r r i e d  ou t .

The F o u r i e r  t r a n s f o r m  of  a f u n c t i o n  c o n t a i n s  i n f o r m a t i o n  about  

the  t r e n d  of  a f u n c t i o n  a t  the low f r e q u e n c i e s  or smal l  v a l u e s  of the 

wave number and i n f o r m a t i o n  about  d i s c o n t i n u i t i e s  a t  h i gh  f r e q u e n c i e s  

or  l a r g e  v a l u e s  of  the  wave number.  Thus the  s o l u t i o n  formula  i s  

m o d i f i e d  to  p r o c e s s  only  f o r  the  d i s c o n t i n u i t i e s  i n  a ( x , y , z ) /  t h a t  i s ,  

t he  r e f l e c t o r s  i n  the  s u b s u r f a c e  w i l l  be l o c a t e d  by the  peak 

a m p l i t u d e s  of  the  g r a d i e n t  f u n c t i o n  of  a,  c a l l e d  £ i n  the  f o l l o w i n g  

d i s c u s s  i o n s .

The wave f i e l d  r e c e i v e d  a t  the geophones i s  t he  r e q u i r e d  d a t a  t o
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compute the f u n c t i o n  0.  The l a t t e r  behave l i k e  a b a n d l i m i t e d  d e l t a  

f u n c t i o n  a c r o s s  each r e f l e c t o r .  For  t r u e  ampl i t ude  da t a ,  t he  peak 

a mpl i t ude  d a t a  a t  each r e f l e c t o r  i s  i n  known p r o p o r t i o n  to t he  

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

The t r u e  ampl i t ude  da ta  and the  s i g n - b i t  d a t a  a re  p r o c e s s e d  

through  the Born i n v e r s i o n  a l g o r i t h m  to compute the magni tude  of  the 

g r a d i e n t  f u n c t i o n  of  the  sound- speed  p e r t u r b a t i o n  a  and d e r i v e  

r e f l e c t o r  maps.  Computer p l o t s  a re  p r e s e n t e d  to i l l u s t r a t e  the  

o u t p u t s  of  t h e s e  c ompu t a t i ons  and to  a n a l yz e  the  e f f e c t s  of  s i g n - b i t  

p r o c e s s i n g .
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IT.  MEANS USED FOR THE STUDY.

A. The compoter  program GE02D.

The program GE02D compotes a (x ,  z) f o r  the  2 . 5  d i mens iona l  m o d e l . 

That  i s ,  we c o n s i d e r  the  wave s p r e a d i n g  i n  t h r e e  d i mens ions  ho t  we 

compute the  i n t e g r a l  on the  geophone a r r a y  in  two d i mens ions  under  the  

a s sumpt i on  t h a t  a i s  i nde pende n t  of  y .

For  the  g r a d i e n t  o f  a,  c a l l e d  p, we ge t  the  p r o c e s s i n g  f o r mula  i n  

2 .5  dimens ions  :

1 6 nz f  * .
0<x, z) ~ ---------  2 - 4 -  [Re -  Ie>) df F( f )  • e z p ( - 2 n i f - 2 R / c )  *

j T  !  8 ^  (2)
J d t  * t • C t Ç , t ) * e z p ( 2 n i f t )

where :  c, r e f e r e n c e  speed,*

( x , z )  i s  a f i e l d  p o i n t

R, d i s t a n c e  form the f i e l d  p o i n t  to  the o b s e r v a t i o n  p o i n t /  

f ,  f r e q u e n c y /

F ( f ) ,  f i l t e r i n g  funct ion,*

Ç, geophone l o c a t i o n /

Us(Ç, t ) ,  s c a t t e r e d  wave,*

The c h a r t  i n  t a b l e  I I . 1 i s  an a l g o r i t h m  of  the  o r i g i n a l  program
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ALGORITHM 

OF THE 

ORIGINAL PROGRAM GE02D

I f  IENTER = 1, t h e n  :

c r e a t i o n  of  t ime t r a c e s /  

adding no i se  i f  d e s i r e d /

I f  I  EN TER < 2, t hen  :

f i l t e r i n g  the t ime s e c t i o n /

I f  I  ENTER < 3, t hen  :

p e r f o r mi ng  the compnta t ion  of  the j  amp of  v e l o c i t y .

Table  I I . 1
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GE02D.

This  a l g o r i t h m  i s  d i r e c t e d  by the  v a r i a b l e  IENTER which a l l ows  

the o s er  e n t e r i n g  the  program a t  d i f f e r e n t  l e v e l  in the code depending  

on whe ther  the user  i s  i n p u t i n g  da t a  from a da t a  t ape  or g e n e r a t i n g  

t e s t  da t a  i n  l i n e .

For  IENTER=1 the  e x e c o t i o n  beg i ns  from the  c r e a t i o n  o f  t ime 

t r a c e s /  t h a t  i s  the  s c a t t e r e d  wave f u n c t i o n  w i l l  be c r e a t e d . The wave 

f o n c t i o n  doe to the n o i s e  i s  added to t h i s  wave a c c o r d i n g l y  to  the 

n o i s e - t o - s i g n a l  r a t i o  g i ven  i n  the  d a t a .  The s o b r o o t i n e  NOISE 

implements  t h a t  f o n c t i o n .

For  IENTERI2 the wave f o n c t i o n  w i l l  be f i l t e r e d  to  p r o v i de  h i g h -  

f r e qo e nc y  d a t a  to the  r ema in ing  code.  Th i s  f i l t e r i n g  p a r t  i n c l o d e s  

o t h e r  o p e r a t i o n s  r e q u e s t e d  by the  f o r mu l a .  The m o d i f i c a t i o n s  needed 

to g e n e r a t e  s i g n - b i t  d a t a  are  done w i t h i n  the main program, a f t e r  the  

f i l t e r i n g  p r o c e s s  ( see  the  a l g o r i t h m  t a b l e  I I . 2 ) .

The i n s e r t e d  code g e n e r a t e s  a f o n c t i o n  w i th  s i g n - b i t  a mp l i t u d e  

from the  wave f o n c t i o n  c r e a t e d  p r e v i o u s l y  i f  I ENTERAI, or  g a t h e r e d  on 

the  f i e l d . That  i s  the  i n i t i a l  s c a t t e r e d  wave i s  t r a n s l a t e d  i n  the

F o u r i e r  domain,  to  be f i l t e r e d  w i th  t he  same f i l t e r  as b e f o r e .  Thi s  

b a n d l i m i t e d  s i g n a l  i s  then  s t u d i e d  i n  the  t ime domain and s i g n - b i t  

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

r e p l a c e d  by s i g n - b i t s  a c c o r d i n g  to the s i g n  of  the amp l i t udes  of  the

f u n c t i o n  i f  two numbers,  -1 and +1, a r e  used,  or to  the  v a l u e  of  the

a mp l i t ud e  i f  t h r e e  numbers,  -1 ,  0 and +1, a r e  used , as f o l l o ws  :
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ALGORITHM 

OF THE 

MODIFIED PROGRAM GE02D

I f  I  ENTER = 1, t hen  :

c r e a t i o n  of  t ime t r a c e s /  

add ing  n o i s e  i f  d e s i r e d /

I f  I  ENTER < 2, t h e n  :

f i l t e r i n g  the  t ime s e c t i o n /

r e p l a c i n g  the  ampl i t ude  by one or two b i t s /

f i l t e r i n g  t he  new t ime s e c t i o n /

I f  IENTER < 3, t he n  :

pe r f o rmi n g  the  computa t i on  of  the jump i n  v e l o c i t y .

Tab le  I I . 2
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1 ) -  When the ampl i t ude  i s  p o s i t i v e ,  i t  i s  r e p l a c e d  by +1. I f  i t  

i s  n e g a t i v e ,  i t s  v a l u e  becomes -1 * 

o r

2 ) -  The maximum amp l i t u d e  i s  s t o r e d  in UMAX, When t he  sample 

v a l u e  i s  l e s s  than  a c e r t a i n  p e r c e n t a g e  ( s t o r e d  i n  the  v a r i a b l e  PER) 

of  UMAX, i t  i s  r e p l a c e d  by 0 .  I f  t h i s  v a l u e  i s  l a r g e r ,  t hen  the  

a mpl i t ude  r e p l ace me n t  f o l l o w s  1) a bo v e .

The new s i g n a l  or s u c c e s s i o n  of b i t s  i s  t hen  p r o c e s s e d  through  

the  same f i l t e r i n g  a l g o r i t h m  used f o r  t he  i n i t i a l  s c a t t e r e d  wave,  to 

e l i m i n a t e  low and h i gh  f r e q u e n c i e s  which migh t  have  been i n t r o d u c e d  in  

the s i g n - b i t  p r o c e s s i n g  .

To comple te  the  fo rmula  an i n t e g r a t i o n  loop (Ç i n  e q . 2 ) i s

c a r r i e d  out  over  a s e t  of  p r o c e s s e d  t r a c e s  f o r  each p o i n t  i n  the  

r e g i o n  of  i n t e r e s t  in the  f i e l d .  The da t a  d e l i m i t s  t h i s  r e g i o n  where 

i t  i s  p o s s i b l e  to  image the  i n t e r f a c e  or r e f l e c t o r  or d i s c o n t i n u i t y  i n  

t he  e a r t h .  For  each f i e l d  p o i n t  ( x , z ) ,  t he  p r e v io u s  f u n c t i o n  i s  

d i v i d e d  by Rs ^ 2 and m u l t i p l i e d  by z .  The r e s u l t s  of  the  i n t e g r a t i o n  

a r e  s c a l e d  by a f a c t o r  SCALE, t o  g e n e r a t e  0, which i s  t hen  an 

e s t i m a t i o n  of  the  jump i n  v e l o c i t y .

The p l o t  of  t h i s  f u n c t i o n  e n a b l e s  us to s tudy  and f o l l o w  the 

d i s c o n t i n u i t i e s  i n  the  e a r t h  model  which r e f l e c t e d  the  i n i t i a l  wave .



T-2969 13

B. D e s c r i p t i o n  of  the d a t a  r e q u i r e d  by the program GE02D.

The da t a  r e q u i r e d  t o  e xe c u te  the program GE02D i s  d e s c r i b e d  i n

the  f o l l o w i n g  s e c t i o n s .

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

RECORD #1

IENTER: 1 = SYNTHETIC DATA GENERATION.

2 = READ FROM TAPE? OF DECONVOLVED TRACES.

3 = READ FROM TAPES OF PROCESSED TRACES.

RECORD m

TMIN: BEGINNING OF TIME RECORD MEASURED FROM ENTRY TIME OF

SOURCE PEAK.

TMAX: END OF TIME RECORD.

DT: SAMPLING RATE.

NFFT: SIZE OF FFT.

RECORD m

FMINO: FREQUENCY AT WHICH TAPER FILTER BEGINS.

FMIN1 : FREQUENCY AT WHICH TAPER REACHES ONE AT LOW END.

FMAX1 : FREQUENCY AT WHICH TAPER FILTER ENDS.

RECORD #4

NGEO : NUMBER OF GEO PHONES (TRACES).

DXSI: GEOPHONE SPACING.

RECORD #5

C: REFERENCE SPEED.



RECORD m

ZMIN: SHALLOWEST Z ( .GE.O) TO BE PROCESSED.

ZMAX: DEEPEST Z TO BE PROCESSED.

EE : Z-SPACING DESIRED.

RECORD in

XMIN: LEFTMOST X ( .GE.O) TO BE PROCESSED.

XMAX: RIGHTMOST X TO BE PROCESSED.

DX: X-SPACING DESIRED.

RECORD #8

NGROUP: NUMBER OF GEOPHONES TO BE HELD IN CORE.

RECORD #9

MKPRNT: TRUE FOR PRINTOUT OF VELOCITY PROFILE.

MKTAPE: TRUE FOR MAKING VELOCITY PROFILE TAPE.

MKPLOT: TRUE FOR MAKING VELOCITY PROFILE PLOT.

RECORD #10

THEIS : TILT ANGLE OF SYNTHETIC DATA PLANES.

NPLN : NUMBER OF SYNTHETIC DATA PLANES.

NOISIG: NOISE TO SIGNAL RATIO.

RECORD #11

CS( I )  : SYNTHETIC DATA SPEED ARRAY.

RECORD #12

ZS ( I )  : SYNTHETIC DATA DEPTHS OF PLANES AT X=0.

RECORD #13

GOGO: SET TRUE TO CONTINUE RUN WITH BAD DATA.
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I I I .  SEVERAL EXAMPLES.

In every  example the s y n t h e t i c  t ime s e c t i o n  i s  c r e a t e d  f o r  a 

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

of  each f o l l o w i n g  s e c t i o n .  Then t h e s e  t r a c e s  are  p r o c e s s e d  through the  

f i r s t  p a r t  o f  t he  Born i n v e r s i o n  a l g o r i t h m .  Thi s  p r o c e s s  i s  

i l l u s t r a t e d  on the  p l o t s  named "PROCESSED TIME SECTION". On t h e  

s y n t h e t i c  t ime s e c t i o n s  and on t he  p r o c e s s e d  t ime s e c t i o n s ,  t he  

r e f l e c t o r s  a r e  l o c a t e d  i n  t i me /  t h a t  i s  the s c a t t e r e d  f u n c t i o n s  peak 

a t  the  t r a v e l  t ime n e c e s s a r y  f o r  the wave to go from the  geophone 

a r r a y  to  t he  r e f l e c t o r s .  A f t e r  the  t r u e  ampl i t ude  d a t a  have been

p r o c e s s e d ,  the  s c a t t e r e d  wave u n d u l a t e s  only  around t h e  i n t e r f a c e

l o c a t i o n .  On the  c o n t r a r y ,  a f t e r  s i g n - b i t  d a t a  p r o c e s s i n g  the

s c a t t e r e d  wave i s  u n d u l a t i n g  everywhere  on the t ime s e c t i o n  and i t  i s  

more d i f f i c u l t  t o  l o c a t e  i n  t ime the  r e f l e c t o r s .  A r e as on  i s  t h a t

a f t e r  hav ing  been f i l t e r e d  the  s y n t h e t i c  t r a c e s  were r e p l a c e d  by +1 or 

-1 a l l  a long  the t ime s e c t i o n  so t h a t  the  s i d e  l o b e s  become as  

i mp o r t an t  as the main l o b e .

Then the  i n t e g r a t i o n  l oop  comple t e s  t he  v e l o c i t y  c o m p u t a t i o n .  

At the  c e n t e r  of  the  span a r r a y  of  the  geophones ,  t h e r e  i s  j u s t  enough 

s p re a d  to  i n c l u d e  a l l  geophones  t h a t  could  c o n t r i b u t e  to t he  answer,  

t h a t  i s  t o  t he  a mpl i t ude  of  the  v e l o c i t y .  A number o f  81 geophones  

was chosen to ge t  a good a pp r o x i m a t io n  of  the v e l o c i t y .  The r e s u l t i n g
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f u n c t i o n  peaks a t  the i n t e r f a c e  l o c a t i o n s ,  wi th  t r u e  amp l i t ude  da ta  as 

w e l l  as w i t h  s i g n - b i t  d a t a .  For each example,  the ampl i t ude  of  the  

r e s u l t i n g  f u n c t i o n  w i l l  be checked a t  the  mi dd l e  of  the span a r r a y .  

The r e s u l t s  w i l l  be d i s c u s s e d  more p r e c i s e l y  f o r  each example.

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

The da t a  s e t  f o r  t h i s  example i s  g i ven  i n  Appendix A. The p l a ne  

i s  l o c a t e d  2000 f t .  below the s u r f a c e . The t h e o r e t i c a l  jump in  

v e l o c i t y  due t o  t h i s  d i s c o n t i n u i t y  i n  the  e a r t h  i s  500 f t . / s e c .  The 

p l o t s  I I I . A . l  i l l u s t r a t e s  t h e s e  d a t a .

The r e s u l t s  of  the  f i l t e r i n g  p r o c e s s  a re  shown on t he  p l o t

I I I . A . 2 when the  t r u e  a mp l i t ud e  da ta  were p r o c e s s e d  and on the p l o t

I I I . A . 4 when the  s i g n - b i t  amp l i t ude  da t a  were p r o c e s s e d .

The p l o t s  on F i g u r e s  I I I . A . 3 and I I I . A . 5 show both  r e s u l t s  of  

the v e l o c i t y  comput a t i on ,  t he  fo r mer  w i t h  t r u e  ampl i tude  and the  

l a t t e r  wi t h  s i g n - b i t  a mp l i t u d e .  Both c a l c u l a t i o n s  l o c a t e  the p lane  

d i s c o n t i n u i t y  i n  t he  e a r t h  a t  the same d e p t h . The numer i ca l  r e s u l t s  

a re  shown in  the  t a b l e  I I I . A .  The jump in  v e l o c i t y  w i l l  be r ead  a t  the 

a b s c i s s a  1 00 0f t  from the  l e f t  and a t  t he  d ep t h  2 0 0 0 f t .  The e r r o r  i n  

a mp l i t ud e  i s  computed from the d i f f e r e n c e  between the  jump in v e l o c i t y  

g i ven  in  the d a t a ,  500f t /  sec .# and the  jump in  v e l o c i t y  r ead  in  the  

r e s u l t s  of  the v e l o c i t y  c o m p u t a t i o n .
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, NO NOISE

wi t h  
t r u e  ampl i t ude  

d a t a

wi th
s i g n - b i t  ampl i t ude  

da t a

Depth ( f e e t )  
of  the  

r e f l e c t o r
2000. 2000.

Jamp ( f t / s e c )  
a t

X=1000,Z=2000 485.515 459.31

e r r o r  in  
a mp l i t u de  (%) - 2 . 9 - ,

Tab le  I I I . A
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B . The d i s c o n t i n n i t y  i s  an i n c l i n e d  p l a n e .

The d a t a  s e t  f o r  t h i s  example i s  g i ven  i n  Appendix B, where the  

ang l e  THETS h as  been r e p l a c e d  by 10°,  and i s  i l l u s t r a t e d  on the  p l o t

I I I . B . l .  Bef o re  the  v e l o c i t y  comput a t i on  the  f i l t e r i n g  p r o c e s s  i s  

a p p l i e d  on the t r u e  a mp l i t ude  da ta  g i v i n g  the t ime s e c t i o n  i l l u s t r a t e d  

on the  F i g u r e  I I I . B . 2 .  A f t e r  hav ing  a p p l i e d  the s i g n - b i t  p r o c e s s i n g  

on the  t r u e  a mpl i t ude  da t a  the  same f i l t e r i n g  p r o c e s s  i s  a p p l i e d  on 

the  s i g n - b i t  d a t a  g i v i n g  the  r e s u l t s  viewed on the  F i g u r e  Ï I I . B . 4 .

The o u t p u t s  of  the  v e l o c i t y  compu t a t i on  w i t h  t r u e  a mp l i t u d e  da t a  

( F ig ur e  I I I . B . 3 )  and w i t h  s i g n - b i t  d a t a  ( F i g u re  I I I . B . 5 )  bo t h  

a c c u r a t e l y  l o c a t e  the  i n t e r f a c e .  The n u me r i c a l  r e s u l t s  a re  d i s p l a y e d  

i n  the  t a b l e  I I I . B /  the  e r r o r  i s  c a l c u l a t e d  from a p r e s c r i b e d  jump in  

v e l o c i t y  which i s  5 0 0 f t / s e c .

C. Example wi t h  two h o r i z o n t a l  i n t e r f a c e s .

The da t a  s e t  f o r  t h i s  example i s  g iven  in  Appendix C and i s  

i l l u s t r a t e d  on F i g u r e  I I I . C . l .  A f i r s t  f i l t e r  i s  a p p l i e d  to  the  

s y n t h e t i c  t ime s e c t i o n  and the  p r o c e s s e d  t ime s e c t i o n  i s  i l l u s t r a t e d  

on the  F i g u r e  I I I . C . 2 .  In a second run  the  s i g n - b i t  p r o c e s s  i s  

a p p l i e d  to  the s y n t h e t i c  t ime s e c t i o n  t o  c r e a t e  s i g n - b i t  da t a  which 

a re  t hen  p r o c e s s e d  through the  same f i l t e r  and t h i s  second p r o c e s s e d  

t ime s e c t i o n  i s  i l l u s t r a t e d  on the  F i g u r e  I I I . C . 5 .
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE REFLECTOR, TILTED, NO NOISE

wi t h  
t r u e  amp l i t u d e  

d a t a

wi t h
s i g n - b i t  amp l i t ude  

d a t a

Depth ( f e e t )  
of  the  

r e f l e c t o r 2 0 0 0 . 2 0 0 0 .
jump ( f e e t / s e c )  

a t
X=1300,Z=1770 464.795 440.595

e r r o r  in 
a mp l i t ud e  (%) —6 . 6 4 - 1 1 . 8

Table  I I I . H
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The o o t p u t s  of  the v e l o c i t y  computa t i on  in  both  rnns  a re  

i l l u s t r a t e d  on the F ig u r e  I I I . C . 3  and F ig u r e  I I I . C . 6 .  They l o c a t e  the 

i n t e r f a c e s  a t  the same d e p t h s .  A f t e r  both comput a t i ons  the  upper

i n t e r f a c e  i s  a t  the r i g h t  l o c a t i o n  ( 1700f t )  and the deepe r  i n t e r f a c e  

i s  mi s i  o c a t e d  : i t s  depth i s  2250f t  i n s t e a d  of  2 3 0 0 f t .  A f t e r  h a v i ng  

p r o c e s s e d  t h e s e  o u t p u t s  i n  the  p o s t p r o c e s s i n g  a l g o r i t h m  P0STPP, which 

implements  the r e f i n e m e n t s  to the  l i n e a r  v e l o c i t y  i n v e r s i o n  t h e o r y  

(Hagin and Cohen, 1984) ,  bo th  r e f l e c t o r s  a re  l o c a t e d  a p p r o x i m a t e l y  a t  

the  r i g h t  d ep t hs  ( see  F i g u r e s  I I I . C . 4  and I I I . C . 7 ) .  The numer i ca l

r e s u l t s  a re  d i s p l a y e d  i n  the  t a b l e  I I I . C .

D. Example w i t h  2 t i l t e d  p a r a l l e l  i n t e r f a c e s .

The da t a  s e t  f o r  t h i s  example i s  g iven  i n  Appendix C, where the  

ang l e  THETS h a s  been r e p l a c e d  by 10° /  bo th  i n t e r f a c e s  a r e  i n c l i n e d  to 

make 10° w i t h  the h o r i z o n t a l .  The s c a t t e r e d  wave f i e l d  i s  on F i g u r e

I I I . D . l .  We n o t i c e  t h a t  the  ampl i t ude  of the wave peaks s hap i ng  the 

d e e p e s t  i n t e r f a c e  i s  s m a l l e r  than  the  one l o c a t i n g  t he  upper

s u b s u r f a c e .

In the  p r o c e s s e d  t ime s e c t i o n  ( F i g ur e  I I I . D . 2) i t  i s  more

d i f f i c u l t  t o  l o c a t e  the  deepe r  i n t e r f a c e  than  the  upper  o ne . The t ime 

s e c t i o n  w i t h  s i g n - b i t  ampl i t ude  i s  p r o c e s s e d  th rough  the  f i r s t  p a r t  o f  

t he  Born i n v e r s i o n  a l g o r i t h m /  t he  r e s u l t s  a re  r e p r e s e n t e d  on the  p l o t
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH 2 HORIZONTAL REFLECTORS, NO NOISE

w i t h  
t r o e  a mp l i t u d e  

d a t a
i t h o o t  | a f t e r  

p o s t p r o c e s s i n g

w i t h
s i g n - b i t  amp l i t ode  

d a t a
w i t h o u t  | a f t e r  

p o s t p r o c e s s i n g

Depth ( f e e t )  
o f  t he  : 

- r e f l e c t o r  1 
- r e f l e c t o r  2

1700.
2250.

1711.
2320.

1700.
2250.

1711.
2320.

a ( f e e t / s e c )  
- r e f l e c t o r  1 
a t  (1000,1700)  
a t  (1000,1711)  
- r e f l e c t o r  2 
a t  (1000,2250)  
a t  (1078,  2320) 
a t  (1027,2320)

498.318 

423 .73 8

561.11

548.13

392.393

407.271

440.52

518.80

e r r o r  in 
amp l i t u d e  (%) 
- r e f l e c t o r  1 
- r e f l e c t o r  2

- 0 . 5 2
- 1 5 . 2 5

+12.
+ 9 .6

- 2 1 . 5
- 1 8 . 5

- 1 1 . 9  
+ 3 . 8

TABLE I I I . C
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on F ig u r e  I I I . D . 4 .

The o u t p u t s  of  the  v e l o c i t y  computa t ion  wi th  t r u e  ampl i t ude  da t a  

( F i g u r e  I I I . D . 3 )  and w i t h  s i g n - b i t  ampl i t ude  d a t a  ( F i g ur e  I I 1 . D . 5 )  

l o c a t e  the i n t e r f a c e s  c l e a r l y  a t  the  same d e p t h s .  The numer i ca l  

r e s u l t s  a r e  shown i n  the t a b l e  I I I . D .  The e r r o r  i s  c a l c u l a t e d  a f t e r  

compar i son of  the computed jump wi t h  the p r e s c r i b e d  jump f o r  the  upper 

r e f l e c t o r  ( 5 0 0 f t / s e c . )  and w i t h  2 0 0 f t / s e c .  f o r  the lower  s u b s u r f a c e .

The acc ur a cy  of  the  computed jump i n  v e l o c i t y  depends  on the 

d i s t a n c e  between the r e f l e c t o r s .  Examples were a l s o  run wi t h  3 0 0 f t  and 

w i t h  2 00 f t  be tween the  s u b s u r f a c e s ,  showing t h a t  the  jumps in  v e l o c i t y  

a re  r e l a t e d  to  t h i s  d i s t a n c e /  when t h i s  c o n f i g u r a t i o n  datum g e t s  

s m a l l e r ,  the  e r r o r  i n  amp l i t ude  g e t s  s m a l l e r  f o r  the  d e e p e s t  r e f l e c t o r  

and the e r r o r  f o r  the uppes t  one ge t s  l a r g e r .

Ot he rwi se  the  s u b s u r f a c e s  were l o c a t e d  wi th  the  same 

c h a r a c t e r i s t i c s  as in the p r e v i o u s  example I I I . D /  t h a t  i s ,  t he  v e l o c i t y  

f u n c t i o n  peaks  a t  the r i g h t  depth  f o r  t he  uppes t  r e f l e c t o r  and about  

2 0 f t  above the p r e s c r i b e d  depth  f o r  the d e e p e s t  i n t e r f a c e .

The above remarks  a re  s i m i l a r  f o r  t r u e  amp l i t ude  d a t a  p r o c e s s i n g  

and f o r  s i g n - b i t  da t a  p r o c e s s i n g .
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH 2 REFLECTORS, TILTED, NO NOISE

wi t h  
t r o e  a mpl i t nde  

da t a

w i t h
s i g n - b i t  amp l i t ude  

da ta

Depth ( f e e t )  
a t  X=Oft 

of  t he :  
- r e f l e c t o r  1 
- r e f l e c t o r  2

1900.
2360.

1900.  
23 50.

Jump ( f t / s e c )  
- r e f l e c t o r  1 
a t  (1000,1720)  
- r e f l e c t o r  2 
a t  (1000,2180)

507.7 82 

202.642

433.553

425.228

e r r o r  i n  
ampl i t ude  (%) 
- r e f l e c t o r  1 
- r e f l e c t o r  2

+1.56
+0.52

- 1 3 . 3
+45.

Table  I I I . D
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E.The s c a t t e r i n g  s u b s n r f a c e  i s  an a r c  o f  c i r c l e .

The s u b s n r f a c e  i s  r e p r e s e n t e d  i n  F i g u r e  I I I . E . l .  The speed i s  c0 

above the a r c  o f  c i r c l e  and c+ below i t .  The r a d i u s  of  the c i r c l e  i s  

a=3000f t  and i t s  h i g h e s t  p o i n t  i s  l o c a t e d  a t  the  dep th  h=1000f t  below 

the  c e n t e r  o f  the  a r r a y  o f  geophones .

Using the  d a t a  g i ven  i n  Appendix D, the  s y n t h e t i c  t ime s e c t i o n  

( F ig u r e  I I I . E . l )  i s  c r e a t e d  u s i ng  the  f o l l o w i n g  fo rmula  which i s  

d e r i v e d  i n  the  p a pe r :  K i r c h h o f f  f i e l d  from a c i r c u l a r  c y l i n d e r

( B l e i s t e i n ,  1984) ,  u s i ng  the  Two-and-one h a l f  d i me ns i on a l  i n - p l a n e  wave 

p r o p a g a t i o n  ( B l e i s t e i n ,  1984) /  i t  i s  implemented i n  the  s u b r o u t i n e  

TRACIR of  the program GE02D.

a R *e x p ( 2 i<i)( d - a ) /  c )
-  • - Ï -------------------------- —  (3)
b 8 n ( d - a )

where :

-  to i s  the  p u l s a t i o n /

-  £ - ( £ , 0 )  i s  the l o c a t i o n  on the geophone a r r a y /

-  Rn i s  the  normal  r e f l e c t i o n  c o e f f i c i e n t /

-  d = (Ç2 + ( e + h ) 2) 1^2/

-  4 c ( 2 ( d ~ a ) ) i s  t he  g e o m e t r i c a l  s p r e a d i n g  over  the  two way t r a v e l  p a th  

from £ to  C and back to £, i n  t he  abscence  of  c u r v a t u r e  e f f e c t s  o f  the 

r e f l e c t o r .

-  ( a / d ) * / 2 i s  the g e o m e t r i c a l  s p r e a d i n g  due to a c i r c u l a r  r e f l e c t o r  of
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r a d i a s  a a t  depth  h .

-  2 ( d - a ) / c 0 i s  the two way t r a v e l  t ime.

The p r o c e s s e d  t ime s e c t i o n s  wi th  t r o e  ampl i t ude  da t a  and w i t h  

s i g n - b i t  d a t a  a re  r e p r e s e n t e d  on F ig u r e  I I I . E . 2  and on F i g n r e  I I I . E . 4  

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

The o o t p n t  of  the v e l o c i t y  computa t ion  w i t h  t r u e  ampl i t ude  d a t a  

l o c a t e s  the  s u b s u r f a c e  a t  the  r i g h t  depth  (F i gu r e  I I I . E . 3 ) .  The 

p r o f i l e  computed wi t h  s i g n - b i t  amp l i t ude  d a t a  ( F i g u r e  I I I . E . 5 )  l o c a t e s  

the  i n t e r f a c e  a t  the same d e p th .  The numer i ca l  r e s u l t s  a re  d i s p l a y e d  

in  the  t a b l e  I I I . 6 .
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OUTPUT OF m e  v e l o c i t ï  computation 
WITH AN ARC OF CIRCLE, NO NOISE

w i t h  
t r u e  amp l i t u de  

d a t a

wi t h
s i g n - b i t  amp l i t ude  

da ta

dep th  i n  f e e t  
a t  X=1000 

Z=1000
1000. 1000.

jump in  f e e t / s e c .  
a t  (1000,  1000) 454.  | 418.

e r r o r  i n  1 
a mp l i t u de  in % - 9 . 2 - 1 6 . 4

Tab le  I I I . E
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IV. E f f e c t s  of the  n o i s e  on the c o m p a t a t i o n .

A. Using one b i t  t o  r e p l a c e  the  a mp l i t n d e .

The e f f e c t s  of  the n o i s e  w i l l  be s t u d i e d  in  t he  example o f  one

h o r i z o n t a l  p l ane  l o c a t e d  a t  2 00 0 f t  onder  the  ground ( see da t a  in

Appendix B) . When t he  n o i s e - t o - s i g n a l  r a t i o  (N/S) i s  not  equa l  to

z er o ,  a wave f i e l d  i s  c r e a t e d  by the s u b r o u t i n e  NOISE and i s  added to 

the  s c a t t e r e d  wave f i e l d  a t  each sample p o i n t .  The r e s u l t i n g  wave

f i e l d  i s  p r o c e s s e d  i n  the same way as in  the p r e v io u s  examples .  S i g n -

b i t  p r o c e s s i n g  w i l l  be comple t ed  w i t h  +1 and -1 as b e f o r e .

A1. - N / S =0 . 2

A f i r s t  example i s  s e t  w i t h  N/S=0 . 2 .  The p r o c e s s e d  t ime s e c t i o n s

w i t h  t r u e  amp l i t ude  d a t a  and w i t h  s i g n - b i t  d a t a  are  r e p r e s e n t e d  on

F i g u r e  IV.A1.1 and on F i g u r e  IV.A1.3 r e s p e c t i v e l y . Then the v e l o c i t y  

computa t ion  i s  pe r formed wi t h  each of  t he s e  p r o c e s s e d  t ime sect ions ,* 

the  o u t p u t s  of  t h e se  compu t a t i ons  are shown on the  F i g u r e  IV. A1.2 and 

on F i g u r e  IV.A1.4 r e s p e c t i v e l y .  The r e f l e c t o r  i s  d e l i m i t e d  a t  the  

r i g h t  depth  on each of  the p l o t s .  The numer i ca l  r e s u l t s  a re  d i s p l a y e d  

i n  the  t a b l e  IV.Al .

The n o i s e  d id  not  a f f e c t  the  good l o c a t i o n  of  the  r e f l e c t o r  b u t
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH (ME HORIZONTAL REFLECTOR, N/S=0.2

w i t h  
t r o e  amp l i t ude  

d a t a

w i t h
s i g n - b i t  amp l i t ude  

d a t a

dep th  i n  f e e t  
of  the 

r e f l e c t o r 2000. 2000.

jump in  f e e t / s e c . 
a t

X=1000f t ,Z=2000f  t 491 .6 97 3 84.367

e r r o r  i n  
a mp l i t u d e  (%) - 1 . 6 6  | - 23 .126

Table  IV.Al
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the ampl i tude  of  the jump i s  s m a l l e r .

A2, -N/S=0.5

Another  example i s  s e t  w i t h  N/S=0. 5 .  The p r o c e s s e d  t ime

s e c t i o n s  w i t h  t r u e  a mp l i t u d e  d a t a  and w i t h  s i g n - b i t  d a t a  a r e

r e p r e s e n t e d  on F i g u r e  IV.A2.1 and on F i g u r e  IV.A2.3 r e s p e c t i v e l y .

Then the  v e l o c i t y  computa t i on  i s  pe r fo rmed  wi t h  each of  t h e s e

p r o c e s s e d  t ime s e c t i o n s /  the  o u t p u t s  of t h e se  co mp u t a t i o n s  a re  shown

on the  F i g u r e  IV.A2.2 and on F i g u r e  IV.A2.4 r e s p e c t i v e l y .  The

r e f l e c t o r  i s  d e l i m i t e d  a t  the r i g h t  depth  on each of  the  p l o t s . The

numer i ca l  r e s u l t s  a r e  d i s p l a y e d  i n  the  t a b l e  IV.A2.

A3. - N / S = l .0

Another  example i s  s e t  wi t h  N / S = l . 0 .  The p r o c e s s e d  t ime

s e c t i o n s  w i t h  t r u e  a mp l i t ude  d a t a  and w i t h  s i g n - b i t  d a t a  a re

r e p r e s e n t e d  on F i g u r e  I V . A3.1 and on F ig u r e  I V . A3.3 r e s p e c t i v e l y .

Then the  v e l o c i t y  computa t ion  i s  pe r formed wi t h  each of  t h e s e

p r o c e s s e d  t ime s e c t i o n s /  the  o u t p u t s  of  t h e se  compu t a t i ons  a re  shown

on the  F i g u r e  I V . A3.2 and on F i g u r e  I V . A3.4 r e s p e c t i v e l y .  The

r e f l e c t o r  i s  d e l i m i t e d  a t  the  r i g h t  depth  on each of the p l o t s . The

numer i ca l  r e s u l t s  a re  d i s p l a y e d  i n  t he  t a b l e  I V . A3.

A4. -N/S=25.6

Now a b i g g e r  n o i s e  i s  c r e a t e d  w i t h  N / S - 2 5 . 6 .  The s y n t h e t i c  t ime
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N/S=0.5

wi t h  
t r o e  a mpl i t ude  

da t a

wi t h
s i g n - b i t  a mp l i t ude  

da t a

depth  in f e e t  
of  the  

r e f l e c t o r 2000. 2000.

jump in f e e t / s e c .
a t

X=1000f t , Z=2000f t 495.252 368.513

e r r o r  in
a mpl i t ude  (%) - 0 . 9 5  | - 2 6 . 3

Tab le  IV.A2
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N / S = l .

w i t h  
t r o e  amp l i t ude  

d a t a

wi t h
s i g n - b i t  ampl i t ude  

d a t a

dep th  in  f e e t  
of  t he  

r e f l e c t o r 2000. 2000.

jump in  f e e t / s e c .
a t

X=1000f t , Z=2000f t 500.235 359 .598

e r r o r  i n
a mp l i t u de  (%) - 0 . - 2 8 . 1

Table  I V . A3
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s e c t i o n s  and the  p r o c e s s e d  t ime s e c t i o n s  a re  v e r y  messy:  i t  i s  more

d i f f i c u l t  t han  b e f o r e  to d i s t i n g u i s h  the d e l t a  amp l i t ude  c o r r e s po n d i n g  

to  the s u b s u r f a c e  ( s e e  F i g u r e s  I V . A4.1,  I V . A4.2 and I V . A4 . 4 ) .  A f t e r  

the  v e l o c i t y  compu t a t i on ,  t he  r e s u l t i n g  f u n c t i o n  peaks a t  s e v e r a l  

d e p t hs  w i t h  a bou t  the  same ampl i t ude  a t  each of  them. Thus i t  i s  

d i f f i c u l t  to l o c a t e  t he  r e f l e c t o r  a f t e r  t r u e  a mp l i t ude  da t a  p r o c e s s i n g  

as w e l l  as  a f t e r  s i g n - b i t  d a t a  p r o c e s s i n g  ( s ee  F i g u r e s  IV.A4.3 and

I V . A 4. 5) .  The numer i ca l  r e s u l t s  a r e  d i s p l a y e d  i n  t a b l e  I V . A4.

the  r e s u l t s  of  e x e c u t i o n s  w i th  b i g g e r  n o i s e - t o - s i g n a l  r a t i o s  show 

l a r g e r  l a r g e r  e r r o r s  i n  the  l o c a t i o n  of  the  r e f l e c t o r  as w e l l  as i n  the  

amp l i t ude  of  the  jump i n  v e l o c i t y .

B. Using two b i t s  to  r e p l a c e  the  a m p l i t u d e .

Bef or e  e n t e r i n g  the s i g n - b i t  p r o c e s s i n g ,  the  c r e a t e d  s i g n a l  has  

d e f i n i t e  a m p l i t u d e s  everywhere  i n  the t ime i n t e r v a l /  most  of  them are 

s m a l l e r  t han  the  t r i g g e r  v a l u e  l o c a t i n g  the s u b s u r f a c e .  However a l l  

of  them w i l l  be r e p l a c e d  by +1 and -1 as w e l l  as the  maximum v a l u e .  

That  i s  why the  p r o c e s s e d  t ime s e c t i o n s  and the  o u t p u t s  o f  t he  

v e l o c i t y  c ompu t a t i on  a r e  more c o m p l i c a t e d .  That  can make d i f f i c u l t  the 

d e l i m i t a t i o n  of  the  i n t e r f a c e s  on the  p l o t s ,  among the  s m i l e s  .

To e l i m i n a t e  t h i s  problem,  t he  a m p l i t u d es  o f  the  s c a t t e r e d  wave 

f u n c t i o n  w i l l  be r e p l a c e d  by s i g n - b i t  on ly  when t h e s e  v a l u e s  a re  above 

a p e r c e n t a g e  of  the maximum a m p l i t u d e :  t h i s  p e r c e n t a g e  i s  g iven  by the
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OUTPUT OF TEE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N/S=25.6

wi t h  
t r u e  amp l i t u de  

d a t a

wi t h
s i g n - b i t  ampl i t ude  

d a t a

depth  in  f e e t  
of  the  

r e f l e c t o r 1980. 1980.

jump in  f e e t / s e c  . 
a t

X=1000f t , 'Z=l  9 8 0 f t 663.454 600.015

e r r o r  in 
amp l i t nde  (%) +32.7 +20.

Tab le  I V . A4
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v a r i a b l e  PER i n  the da t a  f o r  the  program GE02D. When the  a mpl i t ude s

are  below t h i s  l i m i t  they w i l l  be r e p l a c e d  by z e r o .

A c o n f i g u r a t i o n  i s  g iven  i n  the  d a t a  i n  Appendix B w i t h  a 

p e r c e n t a g e  PER equal  to  5%. The s y n t h e t i c  t ime s e c t i o n  i s  r e p r e s e n t e d  

on F i g u r e  I I I . A . l .  In  t h i s  s e c t i o n ,  only  t he  computa t i ons  u s in g  s i g n -  

b i t  p r o c e s s i n g  a re  d i c u s s e d .  The p r o c es s e d  t ime s e c t i o n s  wi th  s i g n - b i t

d a t a  and w i t h  two b i t s  d a t a ,  on F i g u r e  IV.A2.3 and F i g u r e  I V . B . l

r e s p e c t i v e l y ,  a re  i d e n t i c a l l y  complex.  The o u t p u t s  of the  v e l o c i t y

c omput a t i on  a re  r e p r e s e n t e d  on F i g u r e  IV.A2.4 when one b i t  was used

and on F i g u r e  I V . B . 2 when two b i t s  were us ed .  The a m p l i t u d e s  of the

s mi l e s  a re  s m a l l e r  in  the  l a t t e r  p l o t  than in  the former  one.

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

p r o c e s s i n g  w i t h  a p e r c e n t a g e  equal  to 5% of  the maximum s i g n a l

a m p l i t u d e .  The numer i ca l  r e s u l t s  a re  d i s p l a y e d  i n  the t a b l e  I V . B . l .

The same c o n f i g u r a t i o n  i s  g i ven  w i t h  a p e r c e n t a g e  PER equal  to

10%. The s y n t h e t i c  t ime s e c t i o n  i s  r e p r e s e n t e d  on F i g u r e  ÏV.A2.1 .  

The p r o c e s s e d  t ime s e c t i o n s  w i t h  s i g n - b i t  d a t a  and wi t h  two b i t s  da ta ,  

on F i g u r e  IV.A2.3 and F i g u r e  I V . B ,3 r e s p e c t i v e l y ,  a re  i d e n t i c a l l y  

complex.  The o u t p u t s  of  the  v e l o c i t y  compu t a t i on  a re  r e p r e s e n t e d  on

F i g u r e  IV.A2.4 when two b i t s  were  used and on F i g u r e  I V . B . 4 when two

b i t s  were used .  The a mp l i t u d es  of  the  s m i l e s  a re  s m a l l e r  i n  the 

l a t t e r  p l o t  t han  i n  the  former  one.

The n o i s e  i n f l u e n c e  ha s  been s l i g h t l y  e l i m i n a t e d  a f t e r  two b i t s
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N/S=0.5 

WITH THRESHOLDS05

wi t h  wi t h
s i g n —b i t  t h r e s h o l d

d a t a

depth  in  f e e t  
of  the  

r e f l e c t o r 2000. 2000.

jump in  f e e t / s e c .
a t

X=1000f t , Z=2000f t 368.513 370.797

e r r o r  in
ampl i t ude  (%) -2 6 . 3 - 2 5 . 8 4

Table  IV .B . l
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p r o c e s s i n g  w i t h  a p e r c e n t a g e  equal  to  10% of  the  maximum s i g n a l  

a m p l i t u d e .  The numer i ca l  r e s u l t s  are d i s p l a y e d  in the t a b l e  I V . B . 2.

The same c o n f i g u r a t i o n  i s  g iven  w i t h  a p e r c e n t a g e  PER equal  to 

26%. The s y n t h e t i c  t ime s e c t i o n  i s  r e p r e s e n t e d  on F i g u r e  IV.A2.1 .  

The p r o c e s s e d  t ime s e c t i o n s  w i t h  s i g n - b i t  da t a  and w i th  t h r e s h o l d ,  on 

F i g u r e  IV.A2.3 and F i g u r e  I V . B . 5 r e s p e c t i v e l y ,  a re  i d e n t i c a l l y  

complex.  The o u t p u t s  o f  the  v e l o c i t y  c ompu t a t i on  a re  r e p r e s e n t e d  on 

F i g u r e  IV.A2.4 when s i g n - b i t  were used and on F i g u r e  I V . B . 6 when 

t h r e s h o l d  was used .  The a mp l i t u d e s  of  the s mi l e s  a re  s m a l l e r  in the 

l a t t e r  p l o t  than  i n  the  fo rmer  one.  The n o i s e  i n f l u e n c e  has  been 

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

t o  26% of  the  maximum s i g n a l  a m p l i t u d e .  The numer i ca l  r e s u l t s  are 

d i s p l a y e d  i n  the t a b l e  I V . B .3 .

C. The ou t pu t  r e s u l t i n g  from n o i s e  added to s i g n - b i t  da t a  i s  not  

f i l t e r e d .

In t h i s  s e c t i o n ,  we add a no i s e  w i t h  N/S=0.5 t o  t he  s i g n - b i t  

d a t a .  Then the r e s u l t i n g  f u n c t i o n  i s  p r o c e s s e d  through the  v e l o c i t y  

c ompu t a t i on ,  w i t h o u t  h a v i ng  p r e v i o u s l y  been f i l t e r e d .  The p l o t s  I V . C . l  

and I V . C . 2 i l l u s t r a t e  t he  p r o c e s s e d  t ime s e c t i o n  and the  o u t p u t  of  the 

v e l o c i t y  compu t a t i on  r e s p e c t i v e l y .  On t he  former  i t  i s  i m p o s s i b l e  to 

l o c a t e  i n  t ime the  r e f l e c t o r .  On the l a t t e r ,  t he  v e l o c i t y  f u n c t i o n
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N/S=0.5 

WITH THRESHOLDS.1

wi t h  
s i g n - b i  t  

da t a

wi t h
t h r e s h o l d

dep th  in  f e e t  
of  the  

r e f l e c t o r 2000. 2000.

j amp in  f e e t / s e c .  
a t

X=1000f t , Z = 2 00 0 f t 368.513 359.41

e r r o r  in 
amp l i t u d e  (%) - 26 . 3 - 2 8 . 1

Table  I V .B .2
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OUTPUT OF THE VELOCITY COMPUTATION 
WITH ONE HORIZONTAL REFLECTOR, N/S=0.5 

WITH THRESHOLDS).26

w i t h  w i t h
s i g n - b i t  t h r e s h o l d

d a t a

dep th  i n  f e e t  
of  the 

r e f l e c t o r 2000. 2000.

j  amp in  f e e t / s e c .
a t

X=1000f t ,Z=2000f t 368.513 315.582

e r r o r  i n
a mp l i t nd e  (%) - 26 . 3 - 3 6 . 9

Table  IV .B .3
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peaks everywhere  w i t h  l a r g e  a m p l i t u d e s .

From t h i s  c h a p t e r  IV, the  f o l l o w i n g  c o n c l u s i o n s  can be drawn :

1.  When the  n o i s e - t o - s i g n a l  r a t i o  i s  l e s s  t han  or a round 1,

t he  r e f l e c t o r s  a r e  e a s i l y  l o c a t e d  a t  t he  r i g h t  dep th  w i t h  s i g n - b i t  

da t a  as we l l  as w i t h  t r u e  a mp l i t ud e  d a t a .

2.  When the  n o i s e - t o - s i g n a l  r a t i o  i s  much l a r g e r  than  1, i t  i s  

more d i f f i c u l t  to l o c a t e  the r e f l e c t o r s  on t he  p l o t  r e p r e s e n t i n g  the  

o u t p u t  of  the  v e l o c i t y  c o mp u t a t i on .  Thi s  ou tp u t  does not  peak a t  the  

r i g h t  l o c a t i o n  of  the  i n t e r f a c e .  The e r r o r  i n  depth i n c r e a s e s  as t he  

n o i s e - t o - s i g n a l  r a t i o  g e t s  l a r g e r .  The same c o n c l u s i o n  can be drawn 

w i t h  t r u e  a mp l i t ude  da ta  and w i t h  s i g n - b i t  d a t a .

3.  The F i g u r e  I V. C . 3 . i l l u s t r a t e s  the cu rves  of  the  e r r o r s  i n

jump i n  v e l o c i t y  from t r u e  amp l i t u d e  da t a  p r o c e s s i n g  and from s i g n - b i t  

da t a  p r o c e s s i n g  v e r s u s  the n o i s e - t o - s i g n a l  r a t i o s .  Both curves  have 

the  same t r e n d . When the  n o i s e - t o - s i g n a l  r a t i o  g e t s  l a r g e  the e r r o r s  

from s i g n - b i t  d a t a  p r o c e s s i n g  a re  s m a l l e r  than  those  from t r u e  

a mp l i t ude  da t a  p r o c e s s i n g /  but  when N/S i s  smal l  the former  are  b i g g e r  

than  the l a t t e r .

4.  When two b i t s  a r e  used to s t o r e  the  d a t a ,  the  r e f l e c t o r  i s

e a s i e r  l o c a t e d /  t h a t  i s  the  r e s u l t i n g  f u n c t i o n  l e s s  o n d u l â t e s  t han  

when s i g n - b i t  was used .  The a ccu r acy  depends  on the  t h r e s h o l d .

5.  Not f i l t e r i n g  the s i g n - b i t  da t a  g i v e s  r i s e  to  l a r g e  e r r o r s  

i n  the v e l o c i t y  c o mp ut a t i on .
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V. CONCLUS ION.

Based on the  c o n f i g u r a t i o n  examples# t he  f o l l o w i n g  c o n c l u s i o n s  

have been drawn c once rn i ng  s i g n - b i t  p r o c e s s i n g  on a l i n e a r  b a c k s c a t t e r  

a r r a y  :

(1) In the  examples  t e s t e d #  the o u t p u t  of  the  v e l o c i t y  i n v e r s i o n  

a l g o r i t h m  wi th  s i g n - b i t  a mp l i t u de  p r o c e s s i n g  i s  w i t h i n  10% to  20% of 

the one w i t h  t r u e  ampl i t ude  d a t a  p r o c e s s i n g .

(2) Moreover the jumps i n  v e l o c i t y  computed i n  bo th  c as e s  a re  of 

the  same o r d e r  as  the  jmnp g i ven  i n  the d a t a  f o r  GE02D, as l ong  as t he  

n o i s e - t o - s i g n a l  r a t i o  i s  not  too l a r g e .

(3) In both  p r o c e s s i n g s  the  n o i s e  does not  p r e v e n t  the good 

l o c a t i o n  of the  r e f l e c t i n g  s u b s u r f a c e ,  as  l ong  as the  n o i s e - t o - s i g n a l  

r a t i o  i s  r e a s o n a b l e .

(4) For  smal l  n o i s e - t o - s i g n a l  r a t i o s ,  t he  e r r o r  from s i g n - b i t  

d a t a  p r o c e s s i n g  i s  l a r g e r  t han  the  e r r o r  from t r u e  ampl i t ude  d a t a  

p r o c e s s i n g .  Thus the no i s e  b u r s t  problems wi t h  the  Born i n v e r s i o n  

a l g o r i t h m  a re  not  a lways minimized by on ly  us i ng  the s i g n - b i t ,  which i s  

i n  c o n t r a s t  w i t h  the remark s t a t e d  by Mar t i n  e t  a l .  ( 1975) .
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SYNTHETIC TIME SECTION

FROM 1 HORIZONTAL REFLECTOR. N/S=0.0

( GEOPHONE NUM BERS )

0 . 300 
0 . 3 1  4 
0 . 3 3 0  
0.  3 46 
0.  3 62  
0.  3 7 8  
0 . 3 9 4  
0.  410  
0.  426  
0.  442  
0 .  458  
0.  47 4 
0.  490  
0.  506  
0 . 5 2 2  
0 . 5 3 8  
0 . 5 5 4  
0 . 5 7 0  
0 . 5 8 6  
0 . 6 0 2  
0 .618 
0 . 6 3 4  
0 . 6 5 0  
0 . 666 
0 .  68 2  
0.  6 9 8  
0 . 7 1  4 
0.  7 3 0  
0.  746  
0 .  76 2  
0 . 7 7 8  
0.  7 9 4  
0.  9 1 0

FIGURE I I I . A . l
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PROCESSED TIME SECTION 
WITH TRUE DATA 

FROM 1 HORIZONTAL REFLECTOR. N/S=0.0

( GEOPHONE NUMBERS >

e- <0
0 . 0 0 0  
0 . 01 4 
0.000 
0 . 0 4 6  
0 . 0 6 2  
0.  0 7 9  
0.  0 9 4  
0.  410  
0.  426  
0 .  4 42 
0.  45 9 
0.  47 4 
0.  490  
0 . 5 0 6  
0 . 5 2 2  
0 . 5 0 9  
0 . 5 5 4  
0 .  5 7 0  
0.  56 6  
0.  6 02  
0 . 6 1 6  
0 . 6 0 4  
0.  6 5 0  
0.666 
0 .  69 2  
0 . 6 9 9  
0 . 7 1  4 
0. 7 0 0  
0.  7 46 
0.  7 62  
0. 7 7 9  
0. 7 94 
0.  91 0

T Vfi <3

FIGURE I I I . A . 2
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VELOCITY PROFILE
FROM 1 PLANE. HORIZONTAL. NzS=0.0

WITH TRUE AMPLITUDE DATA

\000. 
1 '100. 
-,200 . 

‘i "200.
i 400. 
\500. 
\600. 
1700. 
i 900.
1 900. 
2 0 0 0 . 

Z’100. 
2 2 0 0 . 

2 2 0 0 .

2 400. 
2500. 
2600. 
2 1 0 0 .  
2 B 0 0 .  
2900. 
2000 .

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOFHONE ARRAY >

..........................® ® ® Q Q ® 6)
l l l § 8 § 5 8 S l $ 5

N** ©  (T* r— r— 1— t— r— r -

FIGURE I I I . A . 3
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 PLANE. HORIZONTAL, N/S=0.0.

( GEOPHONE NUMBERS )

0.30e

0. 31 4 _

0. 3 3 0  .

0 . 3 4 6

0. 362

0 . 3 7  8

0 .  3 9 4

0 .  426

0 . 4 4 2  _

0.  45 9

0 . 4 7  4 _

0 . 4 9 0  _

0 . 5 0 6  _

0 . 5 2 2  _

0.  5 3 9

0 . 5 5 4  _

FIGURE I I I . A . 4
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VELOCITY PROFILE
FROM 1 PLANE, HORIZONTAL. N/S=0.0

WITH SIGN-BIT DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE CEOPHONE ARRAY )

3 3 2 8 9

FIGURE I I I . A . 5
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SYNTHETIC TIME SECTION

FROM 1 TILTED REFLECTOR. N/S=0.0

( GEOPHONE NUMBERS )

0.-200 _ 

0. 2 \*. _ 
0 . 3 3 0  _  

0 . 3 4 6  _ 

0 . 3 6 2  „ 

0 . 3 7 8  _ 

0.  394  

0 . 410  _  

0 . 4 2 6  _ 

0 . 4 4 2  _ 

0.  459  _ 

0 . 4 7  4 _ 

0 . 4 9 0  _ 

0 . 5 0 6  _ 

0 . 5 2 2  _ 

0 . 5 3 9  _ 

0 . 5 5  4 „

<- <0 «- o
O  » -  r -  r v  M-J J !---1--- I

n n r T i / ; u ? > f l % 5 r < r < ( r
t j— i— i— j — i— i— i

m m

srfrm

FIGURE I I I . B . l



Tlr
E 

IN 
SE

CO
ND

S

T-2969 49

PROCESSED TIME SECTION
WITH TRUE AMPLITUDE DATA

FROM 1 PLANE. TILTED 10 DEO.. N/S=0

( GEOPHONE NUMBERS )

0 .  2 9 9

0 .  31 4 -

0 . 3 3 0  _

0 . 3 4 6  _

0 . 3 6 2  _

0.  3 7 9

0.  426

0 . 4 4 2  _

0.  45 9  .

0.  474  _

0.  4 9 0  _

0 . 5 0 6  _

0 . 5 2 2  _

0 . 5 3 8  .

0 . 5 5 4  J

FIGURE I I I . B . 2
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VELOCITY PROFILE
FROM 1 PLANE. 10DEOL TILTED. N/S«0.0.

WITH TRUE AMPLITUDE DATA

' DISTANCE IN FEET 
FROM THE LEFT BORDER OF THE OF.OPHONF. ARP.AV

-N n v- LT, '5

FIGURE I I I . B . 3
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 PLANE. 10 DEC TILTED. N/S=0.0.

( GEOPHONE NUMBERS )

e .  4 2 6

0 .  458

0 .  47 4

0.  506

0.  5 2 2

m0.  55  4

FIGURE I I I . B . 4



DE
PT
H 

IN 
FEE

T 
)

T-2969 52

VELOCITY PROFILE
FROM 1 PLANE. t j lTED. NzS=0.0

WITH SIGN-BIT DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )

1600. 

17 0 0 .  

1600. 

190 0 .  

2000. 

2 1 0 0 . 

2200. 

2 3 0 0 .  

2 4 0 0 .  

2 5 0 0 .

g g} 61 «- CVS 3 S

FIGURE I I I . B .5
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•SYNTHETIC TIME SECTION

FROM 2 HORIZONTAL REFLECTORS. N/S=0.0

0. 300 
0 . 3 1  4 _ 

0 . 3 3 0  . 

0 . 3 4 6  _ 

0 . 3 6 2  _ 

0 . 3 7 0  _ 

0 . 3 9 4  .  

0.  410  _ 

0 . 4 2 6  _ 

0.  442 _ 

0.  4 5 e  _ 

0.  47 4 _ 

0.  490  _ 

0 . 5 0 6  _ 

0 . 5 2 2  _ 

0 . 5 3 9  _ 

0 . 5 5 4  _

( CEOPHONE NUMBERS )
1— >0 r- 'Æ 'O v  «— >Û <— NÛ e- %0 -n  n  t t it u; o  '3  >. rx œr -  O  r -  ^  f V  N i

>

FIGURE I I I . C . l
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PROCESSED TIME SECTION
WITH TRUE AMPLITUDE DATA

FROM 2 PLANES. HORIZONTAL. N/S=0.0 .

( GEOPHONE NUMBERS )

0.  3 0 0

0. 31 4
0 . 3 3 0

0 . 3 4 6

0 . 3 6 2

0 . 3 7 0

0.  3 9 4

0.  410

0.  426

0.  442

0.  459

0 .  47 4

0.  490

0.  5 0 6

0.  5 2 2

0. 5 54 JIIF
1 1 1 1  n  i m  m  i t H i  I i ,

FIGURE I I I . C . 2



DE
PT
H 

IN 
FEE

T 
)

T-2969 55

VELOCITY PROFILE
WITH TRUE DATA

FROM 2 HORIZONTAL PLANES. N/S-O.0

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE CEOPHONE ARRAY )

|  |O fv CD
. ®

|  §(h <- 8 M  S S

FIGURE I I I . C . 3
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VELOCITY PROFILE
WITH TRUE DATA

FROM 2 HORIZONTAL PLANES. N/S=0.0

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE CEOPHONE ARRAY )

6) 6) G3 tB Q S|  § § § | g 5 S S r S
U ^ x O r ^ C P v ' r - r — r - r — r— r -

2500.

FIGURE I I I . C . 4
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 2 PLANES. HORIZONTAL, N/S=0.0

( GEOPHONE NUMBERS )
>0 «- >0 •-rv n n t

0 .  3 0 0

0.  31 4

0.  3 3 0

0.  3 4 6

0.  3 6 2

0 . 3 7 0

0 . 3 9 4

0.  410

0 .  426

0.  442

0.  459

0.  47 4

0.  4 9 0

0.  506

0 . 5 3 9

0.  5 5 4

FIGURE I I I . C . 5
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VELOCITY PROFILE
FROM 2 PLANES. HORIZONTAL. N/S=0.0

WITH SIGN-BIT DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE CEOPHONE ARRAY )

W W W '

2200 .

FIGURE I I I . C . 6



DE
PT

H
 

IN 
FE

ET
 

)

T-2969 59

VELOCITY PROFILE
. WITH TRUE DATA

FROM 2 HORIZONTAL PLANES. N/S=0.0

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE CEOPHONE ARRAY )

<S ®  O  ®  Q  ®  63
6 } G } G > Q G > G ) ( S & G 3 S 3 6 3 ®  G Q Q O Q B r - C V M i - i n O  VT ^ □" O' ■ ~ <— • — t— i - i— <—

FIGURE I I I . C . 7
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SYNTHETIC TIME SECTION 

FROM 2 TILTED REFLECTORS. N/S=0.0

( GEOPHONE NUMBERS )
• ^  r- 5Û w - w— Vy c“o  • f- c v M m n  v  t  u; vr o  o  r< r< œ

0.  3 3 0

~  0 . 3 7 0

. 3 9 4

0.  4'i 0
|>W

0.  450

0 . 5 2 2

0 . 55  4 1 1 1 i i

FIGURE I I I . D . l
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PROCESSED TIME SECTION
WITH TRUE DATA

FROM 2 TILTED REFLECTORS. N/S=0.0

< GEOPHONE NUMBERS )

J l i i l l l i l l l l i X i i j l l i l l i i T L i m m

FIGURE I I I . D . 2
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VELOCITY PROFILE
FROM 2 TILTED REFLECTORS. N/S=0.0

WITH TRUE DATA

( DISTANCE IN FEET >
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY

Si 65 Q  s  es sv. cr o - . -
V  v.

FIGURE I I I . D . 3
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PROCESSED TIME SECTION
WITH SIGN-BIT DATA

FROM 2 TILTED REFLECTORS. N/S=0.0

( GEOPHONE NUMBERS )
(v M M r r u ï i f i ' O ’î N N C

e. 30#
0.31 f
0 . 3 3 0

0 . 3 4 6

0 . 3 6 2

0 . 3 7 8

0 . 3 9 4

0.  410

0.  426

0.  4 42

0 . 4 5 8

0. 47 4

0 .  490

0 . 5 0 6

0 . 5 2 2

0. 5 3 8

0.  5 5 4

FIGURE I I I . D . 4
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VELOCITY PROFILE
FROM 2 TILTED REFLECTORS. N/S=0.0

WITH SIGN-BIT DATA

( DISTANCE IN FEET ) 
t. FROM THE LEFT BORDER OF THE GEOPHONE ARRAY
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SYNTHETIC TIME SECTION 

FROM 1 ARC OF CIRCLE. N/S=0.0

( GEOPHONE NUMBERS )

0 . 3 9 4

0.  458

0 . 5 2 2

0 . 5 3 6

FIGURE I I I . E . l
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PROCESSED TIME SECTION
WITH TRUE AMPLITUDE DATA

FROM 1 ARC OF CIRCLE. RADIUS=3000.

( GEOPHONE NUMBERS )

0.  31 4

0.  3 6 2

0 . 3 7  8

10

0.  442

0 .  4 5 e

0.  47 4

0.  5 3 8

ii ih

FIGURE I I I . E . 2
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VELOCITY PROFILE
FROM 1 ARC OF CIRCLE. N/S=0.0

WITH TRUE DATA

( DISTANCE IN FEET )
C FROM THE LEFT BORDER OF THE GEOPHONE ARRAY :

Q Q Q Q Q C l r - c v n r u -. \0W >0 (T V * •— • — C— r—
7 5 0 .

FIGURE I I I . E . 3
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 ARC OF CIRCLE. RADIUS=3000.^T

( GEOPHONE NUMBERS )

0 . 3 6 2

~  0 . 3 7 8

0 .  4 42

0.  458

0.  50 6

0.  5 22

0.  5 3 9

FIGURE I I I . E . 4
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VELOCITY PROFILE
FROM "i ARC OF CIRCLE. N/S=0.0

WITH -SIGN-BIT DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAÏ .
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FIGDRE I I I . E . 5
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PROCESSED TIME SECTION
WITH TRUE AMPLITUDE DATA

FROM 1 PLANE. HORIZONTAL. N/S=0.2.

( GEOPHONE NUMBERS )
c -  >£) ^  r -  %5 ***o  «- r- n  ru ' n  n  t  t  m i n  o  o  cr

0. 300

0 . 3 1 4  _

0.  36 2

~  0 . 3 7 8

0 . 3 9 4

0.  459

0.  490

FIGURE IV.A1.1
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VELOCITY PROFILE 
FROM 1 PLANE. HORIZONTAL. N/S=0.2 

WITH TRUE DATA

( D I S T A N C E  I N  FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )
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FIGDRE IV.A1.2
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PROCESSED.TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 PLANE. HORIZONTAL. N/S=0.2.

( GEORHONE NUMBERS )

0 . 2 9 8

0 . 3 1 4  _

0 . 3 3 0  _

0 .  3 4 6

0 . 3 6 2

0.  3 7 8

0.  3 9 4

0.  4 1 0

0.  426

0.  442

0.  450

0.  47 4

0.  490

0 . 5 0 6  _

0. 5 2 2

0.  5 3 8

0.  5 5 4

FIGURE IV.A1.3

' 16



DE
PT
H 

IN 
FE

ET

T-2969 73

VELOCITY PROFILE 
FROM 1 HORIZONTAL REFLECTOR. N/S=0.2. 

WITH -SIGN- BIT DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY ?
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FIGDRE IV.A1.4
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•SYNTHETIC TIME SECTION 

FROM 1 HORIZONTAL REFLECTOR.

( GEOPHONE NUMBERS )

0.  3 0 0  
0 . 3 1  4 
0 . 3 3 0  
0 . 3 4 6  
0.  3 62  
0.  3 7 0  
0 . 3 9 4  
0.  410  
0.  426  
0.  442  
0.  450  
0.  47 4 
0.  490  
0 . 5 0 6  
0.  5 2 2  
0 .  5 3 0  
0 . 5 5 4  
0.  5 7 0  
0 . 5 9 6  
0 . 6 0 2  
0.  61 9 
0 . 6 3 4  
0 . 6 5 0  
0 . 666 
0 . 6 9 2  
0 . 6 9 0  
0 . 7 1  4 
0.  7 3 0  
0 . 7  46  
0.  7 62  
0.  77 0 
0 . 7 9 4  
0. 010

J L J L

N/S=0.5

FIGURE IV.A2.1
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PROCESSED TIME SECTION 
WITH TRUE DATA 

FROM 1 HORIZONTAL REFLECTOR. N/S=0.5.

( GEOPHONE NUMBERS )

0.  3 0 0

0 . 3 1 4

0 . 3 3 0  _

0 .  346

0.  36 2

0 . 3 7 0

0.  3 9 4

0.  410

0.  426

0 . 4 4 2  _

0 .  458  _

0 . 4 7  4 _

0 . 4 9 0  _

0.  5 06

0 . 5 2 2  _

0. 53 6

0.  55  4

FIGURE IV.A2.2
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VELOCITY PROFILE 
FROM 1 PLANE. HORIZONTAL. N/S=0.5 

WITH TRUE DATA

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )
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FIGURE IV.A2.3
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PROCESSED TIME SECTION
. UIJTH SIGN-BIT DATA

FROM-1 HORIZONTAL RE-LECTOR. N/S-O.E.

( CHOPHONE NUMBERS )
«- >5 r- >0 f  vC'? v v u < <v£ t- \£ «- >5 r- >0cv r> 'A

0 .  346

0 . 506

FIGDRE IV.A2.4
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VELOCITY PROFILE
FROM 1 PLANE. HORIZONTAL. N/S-0.S.

WITH SIGN-BIT AMPLITUDE DATA

DISTANCE IN FEET )
( FROn THE LEFT B O R D ER  OF THE GEOPHONE ARRAY )
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2000 .

2 2 0 0 .

'XX

FIGURE IV.A2.5
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SYNTHETIC TIME SECTION

FROM 1 HORIZONTAL REFLECTOR. N/S=1 .0

0 . 3 9 0  
0 . 3 1  4 
0 . 3 3 0  
0 . 3 4 6  
0 . 3 6 2  
0 . 3 7 8  
0 . 3 9 4  
0.  410  
0.  426  
0.  442  
0.  458  
0.  47 4 
0.  490  
0.  506  
0 . 5 2 2  
0 . 5 3 8  
0 . 5 5 4  
0 . 5 7 0  
0 . 5 8 6  
0 . 6 0 2  
0.618 
0 . 6 3 4  
0.  6 5 0  
0 . 666 
0 . 6 8 2  
0 . 6 9 9  
0 . 7 1 4  
0.  7 3 0  
0 . 7 4 6  
0 . 7 6 2  
0 . 7 7 8  
0.  7 94 
0.  9 10

( GEOPHONE NUMBERS )

T - * 0 * m ' Q* “ ' O r~ ' C r“ ' C w~M ' \ j n n T T i r U ; ' 0 > 5 > ‘ o «- 
cr

FIGURE I V .A3 .1
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PROCESSED TIME SECTION
WITH TRUE DATA

FROM 1 HORIZONTAL REFLECTOR. N/S=1.0,

( GEOPHONE NUMBERS )

0 . 3 6 2

0 . 4 5 6  _

0 . 5 3 9

0.  55  4

FIGDRE I V .A3.2
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VELOCITY PROFILE
FROM 1 PLANE, HORIZONTAL. NzS=1.0

WITH TRUE DATA

( DISTANCE IN FEET )
(. FROM THE LEFT BORDER OF THE GEOPHONE ARRAY ?

FIGURE IV. A3.3
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 PLANE. HORIZONTAL. N/S-1.0.

( GEOPHONE NUMBERS )

0. 300
0.  3 1 4

0 . 3 3 0  _

0.  3 4 6

0.  3 6 2

0.  37 8

0.  3 94

0 . 4 1 0  _

0 . 4 2 6  _

0.  442

. 456

0.  47 4

0. 490
0 . 5 0 6  _

0 . 5 2 2

0.  5 39

0.  554

FIGURE TV.A3.4
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VELOCITY PROFILE
FROM 1 PLANE. HORIZONTAL. NzS-i.0.

WITH SIGN-91T AMPLITUDE DATA

DISTANCE IN FEET 
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAV

FIGURE IV. A3 .5
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SYNTHETIC TIME SECTION

FROM 1 HORIZONTAL REFLECTOR. N/S=25.6

( GEOPHONE NUM BERS )

0. 300
?0.  O'. 4

0 . 3 3 0

0.  3 4 6

0 . 3 6 2

0 . 3 7 8

0 . 3 9 4

0.  4 1 0

0.  426

0. 442

0.  458

0 . 4 7 4

0 . 4 9 0  _

0.  5 0 6

0 . 5 2 2

0.  5 3 9

0 . 5 5 4  J

FIGURE I V .A4.1
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PROCESSED TIME SECTION
WITH TRUE DATA

FROM 1 PLANE. HORIZONTAL. N/S=25.6

( GEOFHONE NUMBERS )
• e'C 'T”o r- cv (v n n ?' 9- if un o o ^ ^ cr

0 . 367

0 . 4 5 6

FIGURE IV .A4.2
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VELOCITY PROFILE
WITH TRUE DATA

FROM 1 HORIZONTAL PLANE. N/S=25.6

( DISTANCE IN FEET )
X FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )

FIGURE I V .A4.3
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PROCESSED TIME SECTION
WITH SIGN-BIT AMPLITUDE DATA

FROM 1 PLANE, HORIZONTAL. N/S=2S..

( GEOPHONE NUMBERS )
(V

0 . 3 9 4

0.  426

0 . 5 2 2

FIGURE IV. A4.4
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VELOCITY PROFILE
FROM 1 PLANE. HORIZONTAL. N/$=25.6

WITH SIGN-BIT AMPLITUDE DATA

( . DiSTANCE UN FEET >
( FROM THE LEFT BORDER OF THE GEOPHONE ARRA

FIGURE I V . A4.5
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PROCESSED TIME SECTION
WITH THRESHOLDS. 05

FROM 1 PLANE. HORIZONTAL. N/SS.5.

( GEOPHONE NUMBERS )
o -r- O v— ^  w-* >0 r— >0 c— >0 r— <—( V f s / n r n T T L n L n x o o N N s C r

0 .  3 3 0

0.  34 6

0.  3 6 2

0 . 3 7 8

0.  426

0.  458

0.  50 6

0.  5 3 9

0.  5 5 4

FIGURE IV .B . l
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VELOCITY PROFILE
WITH THRESHOLD = 0.05

FROM 1 HORIZONTAL PLANE., N/S=0.5

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )

FIGURE IV .B .2
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PROCESSED TIME SECTION
WITH THRESHOLDS. 10

FROM 1 PLANE. HORIZONTAL. N/S=0.5.

( GEOPHONE NUMBERS )
«-m n

0. 300
0 . 3 1  4

0.  3 3 0

0 . 3 4 6

0.  3 6 2

0 . 3 7 6

0.  3 9 4

0.  410

0. 426

0. 4 42

. 456

0.  47 4

0.  490

\0 . 5 0 6

0.  5 2  2

0. 5 36

0. 5 54

FIGURE IV .B .3
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VELOCITY PROFILE
WITH THRESHOLD =0.10

FROM 1 HORIZONTAL PLANE. N/S=0.5

C DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )

FIGURE IV .B .4
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PROCESSED TIME SECTION
WITH THRESHOLDS. 26

FROM 1 PLANE, HORIZONTAL, N/SS.5.

GEOPHONE NUMBERS )
tv n  n  t  t  ut in o  o  r< r<. cr-

0 . 3 0 0

0 . 3 1  4

0 . 3 3 0  _

0 . 3 4 6  _

0 . 3 6 2

0 . 3 7 0

0 . 3 9 4

0.  41 0  _

0.  426

0.  442

0 .  459  _

0 . 4 7  4 _

0.  490

0 . 5 0 6  _

0 . 5 2 2  _

0.  5 30

0 . 5 5 4  _

FIGURE IV .B .5
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\1 0 0  

\Q00 

1 900. 

2000  

2100  

2200  
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w  2 4 0 0  

2500.

94

VELOCITY PROFILE
WITH THRESHOLD = 0.26

FROM 1 HORIZONTAL PLANE. N/S=0.5

( DISTANCE IN FEET )
( FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )
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FIGURE IV.B.6
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PROCESSED TIME SECTION
WITH NOT FILTERED SIGN-BIT DATA

FROM 1 HORIZONTAL REFLECTOR. N/S-1.0.

( GEOPHONE NUMBERS )

0.308
0 .3 ' i  4

0 .  3 3 0

0 . 3 4 6

0 . 3 6 2

0 . 3 7 0

0.  3 9 4

0 .  410

0 .  426

0 . 4 4 2

0.  450

0.  47 4

0.  490

0 .  5 06

0.  5 2 2

0 . 5 3 0

0 . 5 5 4

FIGURE IV .C . l
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VELOCITY PROFILE
FROM -i PLANE. HORIZONTAL. N/S-ï . 0
WITH NOT FILTERED SIGN-BIT DATA

( DISTANCE IN FEET )
C FROM THE LEFT BORDER OF THE GEOPHONE ARRAY )

2000

FIGURE IV .C .2
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ERRORS IN JUMP IN VELOCITY 
VS NOISE-TO-SIGNAL RATIO

30. 0

HIGHEST CURVE: FROM TRUE AMPLITUDE DATA PROCESSING. 

LOWEST CURVE: FROM SIGN-BIT DATA PROCESSING.

FIGURE IV .C .3
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APPENDIX A

Data s e t  f o r  s e c t i o n  I I I . A

T ̂ I >. 
6 . 0 0 0 E - 0 1

r  f =
I F MI N 0

81
SPAV

2 0 0 0 , 0
c

5 0 0 0 . 0  
2 m I k-

1 5 0 0 . 0  
XYIX

4 5 0 . 0

i8 i

21
MKP " \’ T

0 . 0 0 0 0

1
P ^ A ’̂ D

0 . 3 :

TS’AY
1 . 0 0 0 5 + 0 0

F MINI  
6 . 0 0 0

DT4.000K-Ô3

1 . 9  53 
IF  MIN 1 

4

a

ZM A >'

2500  . 0
XMA y

1 5 5 0 . 0
NX
23

M K' T A p r
r

NPLN

^ A %S 2 0 0 0 . Ç 
9 9 9 9 9 9 9P N Y G

1 2 . 5 0

FMAX1
1 2 . 0 0 0

I F  MAX 1 
7

DZ :

1 0 . 0  
d x  :

50 . 0

M X P L 0 7
r

.NO I S  I G 
0 . 0 0 0 0

m û
PPHÀSv 

1 . 8 6

NFFT128
F MA Y C 

2 0 . 0 0 0

I F  M/ X0 
11

F K F I L  :

p v p ç H  : 
0 .40
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TVI*.
e . c o o r - o i

c* >*' T v: Q 
2 . 0 0 0
PF=

NGZ.0
91

SPAN
2 0 0 0 . 0

c
5 0 0 0 . 0  

ZMIN

1 5 0 0 . 0  

XKIN
4 5 0 . 0

r ?
2 0 i

NGRHTiF
21

T

IFLN
1
2
3

FRBND

0 . 3 2

APPENDIX B

Data eat for aectioa III .C

TKA>
1 . C 0 0 S + 0 C

FMIN1 
6 .ÜOC

DT
4 • 0 0 0 F - 0 3

F MX X I
1 2 . 0 0 0

1 .9 5 3  
IFMTK1 

4
DXSI 
3 5 . C

I F MAXI
7

NFFT
1 2 6

FMAXO 
2 0 . COO

IFMAXO

2 5 0 0 . C 

XMAX
1 5 5 0 . 0

n y
2 ?

DZ
1 0 . 0

DX
5 0 . 0

MKTAPF
F

NPLN
2

Z f
1 7 0 Ù . C  
2 3 0 0 . C 

9 9 9 9 9 9 9 . 9  
PNYG

1 2 . 5 0

MK PLOT 
F

NOISI G
0 . 0 0 0 0

C c
5 0 0 0 . 0
5 5 0 0 . 0
6 0 0 0 . 0  
PPHASF

1 . 9 8

MKFIL

PMFSH S 

0 . 4 0



APPENDIX C

Data s e t  f o r  s e c t i o n  I I I . E

WITH A Pr.FLECTHR w h i c h ^ i s ^ a n  
w i t h  r a d i u s  : 3 0 0 0 . 0 0

ar c  o f  c i r c l e

T ï h sîCODE
FMIN'O3 . 0 0 0
D F=
IFMIN0

3
NGEO 

6 1
SPAN 

2000  .0
C

5 0 0 0 . 0
ZMIN

7 5 0 . 0  
XMIN

4 5 0 . 0

NGRO^P

MKPPNT
T

_TH?TS
0 . 0 0 0 0

IPLN

i

TMAX
7 . 0 0 0 E - 0 1

FMI N 3
6 . 0 0  C

DT
4 . 0 0 0 2 - 0 3

1 . 953  
IFMIN1 

4

51? S

ZMAX
1 7 5 0 . 0

XMA X

1 5 5 0 . 0
NX
23

MKTAPF
F

NPL V 

9 9 9 ^ 9 9 9 19

FM-IXl
1 2 . 0 0 0

IFMÀX1
7

DZ

2 0 . 0
DX

5 0 . 0

MKPLOT
F

NOISI G
0 . 0 0 0 0

CS
5 0 0 0 . 0
5 5 0 0 . 0

NFFT 
12 S

FMAXO
2 0 . 0 0 0

IFMAXO
11

MKFIL
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APPENDIX D

Data s e t  f o r  s e c t i o n  I I I . D

T‘.T̂  
6 . COOL- 0 1

t v a y 
1 . 0 0 0 2 + 0 0

DT
4 . 0 0 0 5 - 0 3

FMI N 1 
6 . 0 0 0

F MAX 3 
1 2 . 0 0 0

Ff  =
I r v i K C I F M T N4

.953
i  i f  yH

> G _ ( ‘ 
8 1

OXST 
2 5 . C

SPA:- 
2 0 0 0 . 0

5 0 0 0  .C
z Ktir- ZM A.v D 7

15 0 0 . 0 2500  .C 2 0 . C
1'. XMA x DX

450  .0 1 5 5 0 . 0 50 .0

I t
n y 
2 "

:

21
MKP" n*7 MKTAPF MKPLOT

7 ç F
f h ' T S

lO.OOOv
N1? L N NO I f  I G 

û . 0 0 0 0
IPLN

1
Q

P L- A N*D

z s
1 9 0 0 . C 
2 400  . 0  

9 5 9 9 9 9 9 . 0  
PNYO

CS
5 0 0 0 . 0
5 5 0 0 . 0
5 7 0 0 . 0  
PPHASF

0 . - / 1 2 . 5  0 . i . e e

NFr T 
12 8

F tf * /  0 
20  . 00C

IFMAXO
11

hXFT*

PMFSH î 

0 , 4 0


