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ABSTRACT

An a l g e b r a i c  r e c o n s t r u c t i o n  t e c h n iq u e  (ART) i s  d e s c r i b e d  f o r  the  

s e i sm ic  tomography o f  v e l o c i t i e s  from the  t r a v e l  t im es  o f  a m u l t i p l e  

o f f s e t  v e r t i c a l  s e i sm ic  p r o f i l e .  ART c o n c e n t r a t e s  on the  p r o d u c t i o n  o f  

a r e c o n s t r u c t e d  f i e l d  whose p r o j e c t e d  d a ta  ( t r a v e l  t im es )  agree  w i th  the  

o b se rv ed  d a t a .  T h i s  r e c o n s t r u c t e d  f i e l d  i s  m o d i f ied  by a l t e r i n g  the  d a ta  

f o r  each  ray  such t h a t  when t h i s  d a ta  i s  b a c k - p r o j e c t e d ,  the  new image 

a g r e e s  w i th  the  o r i g i n a l  d a t a .  Because the  p a th s  o f  the  r ay s  must be 

known to  c a l c u l a t e  the  e x p ec ted  t r a v e l  t i m e s ,  th e  problem i s  l i n e a r i z e d  

by u s in g  r a y p a t h  app ro x im a t io n s  as d e te rm ined  from e i t h e r  a c o n s t a n t  or  

a l i n e a r  c ( z )  v e l o c i t y  medium.

Imaging o f  s y n t h e t i c  d a ta  r e v e a l e d  t h a t  the  o r i e n t a t i o n  of  the  ano­

maly a f f e c t s  b o th  the  r a t e  o f  convergence  and the  r e s o l u t i o n  o f  the  

r e c o n s t r u c t e d  f i e l d .  Some smoothing o f  the  v e l o c i t y  anomal ies  o c c u r re d  

a long the  d i r e c t i o n  o f  the  r a y s .

Noisy  d a t a  s e t s  deve loped  problems in  the  r e c o n s t r u c t e d  v e l o c i t y  

f i e l d .  Huge s i n g l e  p o i n t  anom al ies  appeared  a long the  m o d e l ' s  edge in  

the  r e c o n s t r u c t e d  image. E l i m i n a t i o n  o f  th e s e  e r r a n t  anom al ies  was 

n e c e s s a r y  to  o b t a i n  a r e a s o n a b le  v e l o c i t y  r e c o n s t r u c t i o n .  Because i s o ­

t r o p y  was assumed, the  a lg o r i t h m  p o o r ly  r e c o n s t r u c t e d  d a ta  which was 

c o l l e c t e d  over  the  s t r o n g l y  a n i s o t r o p i c  P i e r r e  S h a le .

i i i
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NOTATION

a  Angle formed by the  l e n g t h  o f  the  r a y p a t h .

V e l o c i t y  a t  the  s u r f a c e .

c ( z )  V e l o c i t y .

d™11 Sum of  chord  l e n g t h s .

e?^  R e s id u a l  e r r o r  t ime fo r  chord  l e n g t h ,
i j

E . . R e s id u a l  e r r o r  t ime f o r  e n t i r e  r a y .
i j

i  Angle o f  i n c i d e n c e .

i j  S u b s c r i p t  -  from the  i ' t h  source  to  the  j ' t h  r e c e i v e r

1?^ Chord l e n g t h ,
i j

T o t a l  l e n g t h  of  the  r a y .  

mn S u p e r s c r i p t  f o r  pa ra m e te r  c i r c l e  around p o i n t  m,n.

m^ Slope of  the  l i n e a r  c ( z )  v e l o c i t y ,

p Ray p a r a m e t e r .

r  Radius of  any p a ra m e te r  c i r c l e .

R Radius  o f  c u r v a t u r e  f o r  the  r a y .

smn Slowness  m a t r i x .

s™11 Slowness c o r r e c t i o n  m a t r i x .

t ^  R es idence  t im e .

T ^  C a l c u l a t e d  t r a v e l  t ime f o r  the  r a y  i j  .

T ^  Observed t r a v e l  t ime fo r  the  r a y  i j  .

mn
i j

Weight ing  f a c t o r .

x ^ ,Z j  O f f s e t  to  s o u r c e ,  d e p th  to  r e c e i v e r .
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1 .  INTRODUCTION

One of  the  many g o a l s  o f  v e r t i c a l  s e i sm ic  p r o f i l i n g  (VSP) i s  to 

de te rm ine  the  l a t e r a l  v a r i a t i o n s  which occur  away from the  b o r e h o l e .  

These l a t e r a l  changes  may r e f l e c t  p o r o s i t y ,  p e r m e a b i l i t y ,  o r  f a c i e s  

changes  w i t h i n  the  rock  u n i t .  Such o c c u r r e n c e s  g r e a t l y  i n f l u e n c e  the  

m i g r a t i o n  and acc u m u la t io n  o f  p e t r o l e u m .  T h e r e f o r e ,  methods a re  needed 

t o  d e l i n e a t e  th e s e  d i s c r e p a n c i e s  be tween the  b o r e h o le  w a l l  and the  s u r ­

round ing  medium.

T h i s  i n v e s t i g a t i o n  was g ea red  a t  d e te r m in in g  v e l o c i t y  inhomo­

g e n e i t i e s  u s in g  on ly  the  f i r s t  a r r i v a l  t im es  from a m u l t i p l e  o f f s e t  VSP. 

The t r a v e l  t ime th rough  any medium i s  the  i n t e g r a l  o f  the  s lowness

( r e c i p r o c a l  o f  the  v e l o c i t y )  a long  th e  r a y p a t h .  U n f o r t u n a t e l y ,  t h i s  r a y ­

p a t h  i t s e l f  i s  dependent upon the  v e l o c i t i e s  w i t h i n  the  medium. Thus,  

a s  p o sed ,  th e  problem i s  n o n - l i n e a r .

L i n e a r i z i n g  t h i s  problem r e q u i r e s  t h a t  the  r a y p a t h s  a r e  known,

which ,  i n  t u r n ,  n e c e s s i t a t e s  a p r i o r  knowledge of  the  v e l o c i t y  s t r u c ­

t u r e .  However, i f  we assume some g e n e r a l  v e l o c i t y  t r e n d  f o r  the  medium, 

we can approx im ate  th e  p a t h s  which the  r ay s  t a k e .  Then, th e  problem

becomes one o f  f i n d i n g  the  v e l o c i t y  p e r t u r b a t i o n  from the  assumed back­

ground v e l o c i t y .  F u r th e r m o r e ,  we assume t h a t  a l l  r a y p a t h s  a r e  no t
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i n f l u e n c e d  by t h i s  p e r t u r b a t i o n  v e l o c i t y ;  t h i s  a ssum pt ion  ho lds  t r u e  f o r  

smal l  p e r t u r b a t i o n s .  S ince  the  r a y s  a re  independen t  o f  the  v e l o c i t y  

p e r t u r b a t i o n ,  th e  problem becomes l i n e a r .

T h i s  r e s e a r c h  u t i l i z e d  two background models :

1) C o n s tan t  v e l o c i t y  medium in  which the ray s  form s t r a i g h t  l i n e s  from 

th e  sou rce  to  the  r e c e i v e r .

2) L i n e a r  c ( z )  v e l o c i t y  medium where the  r a y p a t h s  fo l l o w  a rc s  a long  a 

c i r c l e .

The r e s i d u a l  t ime i s  d e f i n e d  as  the  o b se rv ed  t ime minus the  

e x p ec te d  t ime as c a l c u l a t e d  from the  v e l o c i t y  model.  Fawcet t  (1983) 

u t i l i z e d  a Radon t r a n s f o r m  method f o r  h i s  s e i s m ic  tomography o f  the  

s lowness  f i e l d  from r e f l e c t e d  r e s i d u a l  t r a v e l  t im e s .  Neumann (1981) 

used  a l e a s t - s q u a r e s  i n v e r s i o n  of  r e s i d u a l  t r a v e l  t imes  i n  h i s  s tudy  on 

N r e f l e c t i o n  s e i s m i c s .  C h r i s t o f f e r s o n  and Husebye (1979) a p p l i e d  a l e a s t -  

s q u a r e s  approach  on P-wave r e s i d u a l  t imes  in  a t h r e e - d i m e n s i o n a l  c a s e .  

I n  c o n t r a s t ,  McMechan (1983) and Mason (1981) o p te d  f o r  an a l g e b r a i c  

r e c o n s t r u c t i o n  t e c h n i q u e  (ART). I  have op ted  f o r  the  l a s t  ap p ro ach ,  as 

w e l l .

I n  c o m p ar i s io n  to  a l e a s t - s q u a r e s  i n v e r s i o n ,  ART p o s s e s s e s  s e v e r a l  

ad v an tag es  :
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1) ART programs are  c o m p u ta t io n a l ly  f a s t e r  and th ey  a re  e a s i e r  to  p ro ­

gram.

2) C o n s t r a i n t s  a re  e a s i l y  i n c o r p o r a t e d  i n t o  the  program to accommodate 

any p r i o r  knowledge of  the  medium.

3) ART can  be e a s i l y  a p p l i e d  to  any s o u r c e / r e c e i v e r  geometry  w i th o u t  

d i f f i c u l t i e s .

ART has  i t s  o r i g i n s  w i t h i n  the  m edica l  f i e l d .  Gordon, Bender ,  and 

Herman (1970) f i r s t  i n t r o d u c e d  ART f o r  the  r e c o n s t r u c t i o n  of  images from 

x - r a y  p i c t u r e s .  L a t e r ,  Herman, L e n t ,  and Rowland (1973) improved the  

e a r l y  ART a l g o r i t h m s  and Gordon (1974) summarized th e  v a r i o u s  ART 

developments  w i t h i n  the  m ed ica l  p r o f e s s i o n .

S e v e ra l  a u th o r s  worked on r e c o n s t r u c t i o n  t e c h n i q u e s  which are  

a p p l i c a b l e  to the  more g e n e r a l  r e c o n s t r u c t i o n  problem r a t h e r  th a n  the  

s p e c i f i c  x - r a y  c a s e .  M erse reau  and Oppenheim (1974) and M u e l l e r ,  Kaveh, 

and Wade (1979) a p p l i e d  ART to  d e n s i t y  r e c o n s t r u c t i o n  problems u s in g  the  

F o u r i e r  domain.  Horn (1978) deve loped  a d e n s i t y  r e c o n s t r u c t i o n  a lg o ­

r i t h m  f o r  any a r b i t r a r y  ray  sampl ing  scheme.

Geophys ica l  tomography i s  r e l a t i v e l y  new. Dines and L y t l e  (1979) 

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

between a p a i r  o f  b o r e h o l e s .  By assuming o n ly  s t r a i g h t  r a y p a t h s ,  

s e i s m ic  v e l o c i t y  s t r u c t u r e s  were o b ta in e d  by b o th  Mason (1981) and 

McMechan (1983) .  Mason concerned  h i m s e l f  w i th  i n v e r t i n g  s e i s m ic  d a ta
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sho t  be tween two b o r e h o l e s , w h i le  McMechan imaged d a t a  sho t  from a

b o r e h o le  to  a second b o r e h o le  as w e l l  as to  the  s u r f a c e .

The VSP model used  i n  t h i s  p a p e r  c o n s i s t e d  o f  t e n  p o i n t  s o u r c e s ,  

which were e q u a l l y  spaced  a t  100 f o o t  i n t e r v a l s  a long  the  s u r f a c e .  

S i m i l a r l y ,  a 100 f o o t  spac ing  was used f o r  the  t e n  r e c e i v e r s  p l a c e d  down 

th e  b o r e h o l e .  No source  or  r e c e i v e r  r e s i d e d  a t  the  top o f  the  b o re h o le

(see  F i g .  1 ) .  Fo r  a c o o r d i n a t e  sys tem,  whose o r i g i n  r e s t e d  a t  the  s u r ­

f ace  e x p r e s s i o n  o f  the  b o r e h o l e ,  the  x v a r i a b l e  c o in c i d e d  w i t h  the s u r ­

f a c e  o f f s e t  d i s t a n c e  and the  z v a r i a b l e  r e f l e c t e d  the  d e p th  below the 

s u r f a c e .

2 .  ALGEBRAIC RECONSTRUCTION TECHNIQUE -  ART

The ART a l g o r i t h m  used  here  was a d ap ted  from Mason (1981) .  I t

i n v o lv e s  a n ine  s t e p  p r o c e s s :

1) The medium i s  modeled by c a s t i n g  a s e t  of o v e r l a p p in g  c i r c l e s  on a

u n i fo rm  g r i d .

2) The t o t a l  l e n g t h  o f  ray  segments about a pa ra m e te r  i s  the  sum of

a l l  the  chord l e n g t h s  formed by rays  which pass  th rough  any g iv en  

p a ra m e te r  c i r c l e .

3) The t r a v e l  t imes  a s s o c i a t e d  w i th  each  of  th e se  chord  l e n g t h s  a re

d e te r m in e d  by the  v e l o c i t y  background  model and summed.
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Sources  a lo n g  s u r f a c e  xlOO f t .

1

2

3

4

5

6

7

8

9

10

F i g u r e  1 .  M u l t i p l e  o f f s e t  VSP geom etry .
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4) The average  s lowness  a t  the  c e n t e r  o f  a p a ra m e te r  c i r c l e  i s  the  

d i f f e r e n c e  o f  2) and 3 ) .  These o u tp u t s  form a m a t r i x  indexed  by 

mn.

5) Using the  g e n e r a t e d  s lowness  m a t r ix  from 4 ) ,  the  e x p e c te d  t r a v e l  

t im es  a re  c a l c u l a t e d .

6 )  The r e s i d u a l  t ime i s  the  o bse rved  minus the  c a l c u l a t e d  t r a v e l  t im e .

7) T h i s  r e s i d u a l  e r r o r  t ime i s  e q u a l l y  d i s t r i b u t e d  a long  th e  e n t i r e  

l e n g t h  of  the  r a y .

8) A s lowness  c o r r e c t i o n  m a t r i x  i s  computed i n  the  manner o f  s t e p s  2 ) ,

3 ) ,  and 4 ) .

9) S teps  5) th ro u g h  8) a r e  i t e r a t e d .

2 .1  C o n s tan t  background

As s t a t e d  e a r l i e r ,  t h i s  i n v e s t i g a t i o n  used  two d i f f e r e n t  v e l o c i t y  

backgrounds  f o r  the  medium. F i r s t  the  c o n s t a n t  v e l o c i t y  case  w i l l  be 

d i s c u s s e d  b e f o r e  going i n t o  the  more c o m p l ica ted  l i n e a r  c ( z )  medium.

Using a c o n s t a n t  v e l o c i t y  r e f e r e n c e ,  th e  r a y p a t h s  become s t r a i g h t  

l i n e s  from the i ' t h  source  to  the  j ' t h  r e c e i v e r .  Denote the  l e n g t h  o f  

t h i s  r a y  as . Because the  r a y  fo l lo w s  a s t r a i g h t  course  from ( x ^ ,0 )

to  ( 0 , Z j ) ,  the  r a y p a th  i s  r e p r e s e n t e d  by the  e q u a t i o n :
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- - i y X + zr ( i )

Over the  tw o-d im ens iona l  medium, a s e t  o f  o v e r l a p p in g  c i r c l e s  i s  

drawn, whose c e n t e r s  form an un iform square  g r i d  ( F i g . 2 ) .  These c i r ­

c l e s  must co m p le te ly  cover  the  medium such t h a t  eve ry  p o i n t  w i t h i n  the 

medium i s  c o n ta i n e d  in  a t  l e a s t  one of  t h e s e  p a ra m e te r  c i r c l e s . The 

average  s lowness  w i t h i n  any c i r c l e  i s  assumed to  be the  slowness  a t  the  

o r i g i n  o f  the c i r c l e .  These c i r c l e s  se rve  as a t r u n c a t e d  l e a s t - d i s t a n c e  

a v e r a g in g  method which l i e s  a t  the b a s i s  o f  H o rn ' s  a lg o r i t h m  (1978) .  

A l s o , c i r c l e s  prove  to  be more co n v en ien t  than  a g r i d  o f  s q u a r e s .

Sources  a re  p o s i t i o n e d  a t  the  c e n t e r  o f  some, o r  a l l ,  o f  the  c i r ­

c l e s  a long the  s u r f a c e  and r e c e i v e r s  are  l o c a t e d  a t  the  o r i g i n  o f  some, 

o r  a l l , o f  the  c i r c l e s  a t  the  b o re h o le  edge of  the  model .  C l e a r l y ,  the  

sou rce  o r  r e c e i v e r  spac ing  d e f i n e s  the  l a r g e s t  p o s s i b l e  g r i d  s i z e , o r  

e q u i v a l e n t l y ,  the  d e n s i t y  o f  the  pa ram e te r  c i r c l e s .  R e s o l u t i o n  i s  l o s t  

w i th  too small  o f  a d e n s i t y  o f  p a ra m e te r  c i r c l e s . C o n v e r se ly ,  a g r e a t e r  

g r i d  d e n s i t y  w i l l  i n c r e a s e  the r e s o l u t i o n  on ly  to  the  l i m i t  of  the  d a t a .

Le t  the  known v a lu e  r  denote  the r a d iu s  of  any p a ra m e te r  c i r c l e . 

Then the  c i r c l e , around the  p o i n t  ( x ^ , z ^ ) , i s  m a th e m a t i c a l ly  e x p re s s e d  

as  :

, a a a
( x - x )  + (z -  z ) = r  .m n (2 )
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F i g u r e  2 .  Modeling the  medium u s in g  o v e r l a p p i n g  c i r c l e s .
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I f  the  r a y  in  q u e s t i o n  i n t e r s e c t s  the  pa ra m e te r  c i r c l e ,  th e n  equa­

t i o n  (1) and e q u a t i o n  (2) w i l l  have two p o i n t s  in  common. A q u a d r a t i c  

e q u a t i o n  i s  formed by s u b s t i t u t i n g  (1) i n t o  ( 2 ) .  The q u a d r a t i c  i s  

s o lv e d  u s in g  the  q u a d r a t i c  fo r m u la .  Should b o th  p o i n t s  prove  to  be ima­

g i n a r y ,  t h e n  the ray  f a i l s  to  i n t e r s e c t  the  c i r c l e .

The chord  l e n g t h  1™ i s  c a l c u l a t e d  u s in g  the  d i s t a n c e  fo rm u la .  

These chord  l e n g t h s  a re  formed by a l l  r ays  i j  which i n t e r s e c t  a g iven  

p a ra m e te r  c i r c l e  around the p o i n t  mn. The t o t a l  l e n g t h  o f  r a y  segments 

dmn, around the  pa ra m e te r  mn, i s  the  sum of  a l l  t h e se  chord  l e n g t h s .

Every  r a y  i j , which p a s s e s  th rough  a pa ra m e te r  c i r c l e  mn, w i l l  have

(3)

a r e s i d e n c e  t ime t™^ w i t h i n  t h a t  c i r c l e  as c a l c u l a t e d  from the observed  

t r a v e l  t ime T ^  and a w e ig h t in g  f a c t o r  w??.

(4)

T h i s  w e ig h t in g  f a c t o r  depends on the background v e l o c i t y  and can be 

viewed as the  r a t i o  of  the  ex p ec te d  t ime spen t  i n s i d e  the  c i r c l e  to the  

t o t a l  e x p ec te d  t ime o f  the  r a y .  For  a c o n s t a n t  c^ v e l o c i t y  background:
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mn

(5)

The t o t a l  t ime spen t  abont a p a ra m e te r  p o i n t  mn i s  the  sum of  a l l  

the  r e s i d e n c e  t im e s .  The average  s lowness  a t  the  p o i n t  mn i s  g iven  by:

An i t e r a t i v e  t e ch n iq u e  i s  a p p l i e d  to improve upon t h i s  f i r s t  guess  

model.  F i r s t ,  a forward  model i s  needed to  compute an e s t i m a t e d  t r a v e l  

t im e .  Using s t r a i g h t  r a y p a t h s ,  th e  ray  i s  d iv id e d  i n t o  equa l  segments 

Al.  The s lowness  a long  the  e n t i r e  segment l e n g th  i s  assumed to  equal  

the  s lowness  a t  the  m idpo in t  of  the  segment,  which i s  e s t i m a t e d  by f i t ­

t i n g  a tw o-d im ens iona l  p a r a b o l a  to  the  su r round ing  f o u r  p o i n t s  o f  the  

s lowness  m a t r i x .  The e s t i m a t e d  t r a v e l  t ime T ^  i s  the  sum of  the  slow­

ness  a long the  r a y p a t h .

smn _ 1 1 ( 6 )

2...2 C o n s tan t  background -  I t e r a t i v e  a l g o r i t h m
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( 0 , z j )
T . .  = 5  s ( x , z )  A l .  (7). .  = y s ( x , z )  Al.  

J ( x ^ O )

The t o t a l  r e s i d u a l  t r a v e l  t ime a long  r a y  i j  i s  g iven  by:

B i j - T u - T y  ( 8)

T h i s  r e s i d u a l  e r r o r  t ime i s  e q u a l l y  d i s t r i b u t e d  a long the  l e n g t h  o f  

the  r a y .  The s lowness  c o r r e c t i o n  m a t r ix  i s  the  r a t i o  o f  the  t o t a l  e r r o r  

t im es  about a p a ra m e te r  to  the  t o t a l  l e n g t h  of  the  r a y  segments .

emn mn
~mn _ Ü IJ r l %

ï v ‘

T h i s  s lowness  c o r r e c t i o n  m a t r ix  i s  added to  the p re v io u s  s lowness  

m a t r i x  to  o b t a i n  an upda ted  model.  I t e r a t i o n  i s  pe r form ed  by computing 

a new c o r r e c t i o n  m a t r i x ,  b a se d  on the c u r r e n t  s lowness  model,  u n t i l  the  

mean square  o f  the  r e s i d u a l  t imes  re a ch e s  a s t e a d y  s t a t e .

5 (E,,)* -  3 (E )» < 8. (10)
i j  J à  j

o ld  new
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2 .3  L i n e a r  c ( z )  medium

For  a l i n e a r  c ( z )  medium, th e  r a y p a th s  a re  no lo n g e r  s t r a i g h t , b u t  

i n s t e a d  a re  cu rv ed .  The l o c a l  r a d i u s  o f  c u r v a t u r e  i s  d e r i v e d  u s in g  

S n e l l ' s  Law.

* = p = c o n s t a n t . (11)c (z)

Taking the  d e r i v a t i v e  of  the  r a y  p a r a m e t e r ,  and n o t i n g  t h a t  the  

d e r i v a t i v e  o f  any c o n s t a n t  i s  z e r o ,  we f i n d  t h a t

dp = j ?  d i  + d z ,  (12)
0 1 0 Z

or

0 = £SS_i d i  _ .s i lL i  M i l  dz (13)
c ( z )  c a (z)  dz

From the geometry  shown in  F i g . 3:

dS = R d i ,  and cos i  = (14)

By combining the  two e q u a t i o n s  ( 1 4 ) ,  we conclude  t h a t



F ig u r e  3 .  D e r i v a t i o n  o f  the  l o c a l  r a d i u s  o f  c u r v a t u r e .
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S u b s t i t u t i n g  (15) i n t o  (13) :

o r

1  _ s i n  i  d c ( z )  _ _ d c (z )  / 17\
R -  e ( z )  dz p dz * ' '

So f o r  a l i n e a r  v e l o c i t y  c ( z )  = CQ + ®0 2 * the  r a d i u s  o f  c u r v a t u r e  

becomes a c o n s t a n t , which im p l ie s  t h a t  the  r a y p a th  i s  s imply the  a rc  

a long  some c i r c l e ;  t h a t  i s .

R “  P ” o -  U 8 )

Using the  W ie c h e r t - H e r g l o t z  i n t e g r a l  (Aki and R i c h a r d s , 1 9 80) ,  the  

r a y  p a ra m e te r  can be d e te rm in ed  (See appendix  A).  The r e s u l t  i s

P = - .......  2 m o Xi   (19)
V[in ax . *  + c * + c * ( z . ) ]  * -  4 c  * c * ( z . )  o i  o j  o j

From the ray  p a r a m e t e r ,  the  r a d i u s  of c u r v a t u r e  becomes known us ing  

e q u a t i o n  ( 1 8 ) .  With two p o i n t s  on t h i s  c i r c u l a r  p a th  known, namely the  

sho t  and r e c e i v e r  l o c a t i o n s ,  the  r a y  fo l lo w s  a p a t h  on the  c i r c l e :
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( x - x  )» + ( z - z  ) a = R*. (20)o o

Using the  geometry  in  F i g .  4 ,  the  c e n t e r  o f  the  c i r c l e  can be 

d e te rm in ed :

| x 0 | = R cos ( i + a ) ;  (21)

z 0 J = R s i n  i . (22)

Both a n g le s  a re  c a l c u l a t e d  from the  geometry .  The r e s u l t s  are

x i*  + z i 3
s i n f  .  2 R : ( 2 3 )

t a n  ( i  + r )  = — . (24)2 z .

Thus f o r  a l i n e a r  c ( z )  medium, the  rays  a re  a r c s  o f  a c i r c l e .  The 

o v e r a l l  l e n g t h  of  the  r a y  i s :

L^j = R o .  (25)

Over the  tw o -d im en s io n a l  medium, a g r i d  o f  o v e r l a p p in g  c i r c l e s  i s
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F ig u re  4 .  O r ig in  d e te r m in a t io n .
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su p er im p o sed . Any ra y  w i l l  i n t e r s e c t  a c i r c l e  p ro v id e d  t h a t :

d - R |  < r ,  where d* = ( % - % ) *  + ( z -  z ) 1 . (26)m o  n o

The a rc  l e n g th  1^  formed by th e  ra y  i j , w i th in  the  c i r c l e  mn, i s

computed u s in g  th e  law o f  c o s in e s  ( F i g . 5 ) .

c o » f  - R1 V r V  ( 2 7 >

l “  = K p . (28)

The t o t a l  r a y  d i s t a n c e  d • about a g iv en  p a ra m e te r ,  i s  the  sum o f

a l l  the  a rc  l e n g t h s .

d“ n = \  l ” n . (29)
L  i i
i j

Every  ra y  i j , which p a s s e s  th ro u g h  a p a ra m e te r  c i r c l e  mn, w i l l  have 

a r e s id e n c e  time t ^  w i t h i n  t h a t  c i r c l e  as c a l c u l a t e d  from the  observed

t r a v e l  tim e T ^  and a w e ig h t in g  f a c t o r  w?J.

*“  “  ¥ i j  ( 3 0 )

The w e ig h t in g  f a c t o r  i s  the  r a t i o  o f  the  e x p ec ted  time spen t in s id e
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ray

F ig u re  5 .  Arc l e n g th  d e t e r m in a t io n .
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th e  p a ra m e te r  c i r c l e  to  the  o v e r a l l  t r a v e l  time f o r  the  e n t i r e  r a y .

Here c (z ^ )  i s  the  v e l o c i t y  a t  the  o r i g i n  o f  the  p a ra m e te r  c i r c l e  

and j  i s  the  t h e o r e t i c a l  t r a v e l  time o f the  ra y  in  the  assumed l i n e a r  

background  (see  appendix  B ) .

Tj i  = ~  i n  T——j ——-j— -- - - r.?  I l
O *-Ĉ  (1  + V l -  p aCa (Z j) )•*

The average  slow ness a t  the p o in t  mn i s  g iven  by:

2 ' 5
-mn = 12-----  (33)

I ' -

2 . 4  L in e a r  ç.(z,) medium -  I t e r a t i v e  a l g o r ith m

The slow ness m a t r ix  can be improved by an i t e r a t i o n  t e c h n iq u e .  The 

cu rved  ra y  i s  d iv id e d  in to  equal segments A l.  The slow ness a lo n g  the  

e n t i r e  segment l e n g th  i s  assumed to  equa l the  slow ness a t  the  m idpo in t 

o f  the  segm ent, which i s  e s t im a te d  by f i t t i n g  a tw o -d im en s io n a l  p a r a -
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b o lo id  to  the  su r ro u n d in g  fo u r  p o i n t s  o f  the  s low ness  m a t r ix .  An 

e s t im a te d  t r a v e l  time i s  computed by summing the  s low nesses  a t  the  mid­

p o i n t s  o f  the  segm ents .

( 0 , Z j )

T, = ^  s ( x , z )  A l. (34)
J ( x f , 0 )

The t o t a l  r e s i d u a l  time a long  the  ray  i j  i s  g iv en  by:

Ei j  ~ Ti j  Ti j e (35)

T h is  r e s i d u a l  e r r o r  time i s  d i s t r i b u t e d  e q u a l ly  a long  the  r a y p a th .  

The s low ness c o r r e c t i o n  m a tr ix  i s  the  r a t i o  o f  the  sum o f the  l o c a l  

r e s i d u a l  t im es  to  the  sum o f the  a rc  l e n g th s  around each p a ra m e te r :

5  e i j  i ? ?

s"n = y ^ ‘ where e“  = Eij [l^ ]- (36)
4, ij j

T h is  s low ness c o r r e c t i o n  m a tr ix  i s  added to  the  slow ness m a t r ix  to  

o b t a i n  a r e v i s e d  s low ness  m odel. I t e r a t i o n  i s  p e rfo rm ed , by com puting a 

new c o r r e c t i o n  m a tr ix  b ased  on the  up d a ted  s low ness m odel, u n t i l  the  

mean square  o f  the  r e s i d u a l  t im es  re a c h e s  a s te a d y  s t a t e :
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l a » " - 1
(37)

o ld new

3 .  TESTING THE ALGORITHMS

Both the  c o n s ta n t  and l i n e a r  v e l o c i t y  background  ART a lg o r i th m s  

were t e s t e d  u s in g  s y n t h e t i c  d a ta  s e t s .  For a g iv en  slow ness m odel, the  

t r a v e l  t im es  were g e n e r a te d  u s in g  the  fo rw ard  m odeling  scheme in  e i t h e r  

th e  c o n s ta n t  o r  l i n e a r  v e l o c i t y  c a s e .  The slow ness  was i n t e g r a t e d  a long  

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

t r e n d  o f  the  in p u t  v e l o c i t y  m odel. Where th e  v e l o c i t y  in c re a s e d  

l i n e a r l y  w ith  x i n s t e a d  o f  z ,  th e  r e c i p r o c i t y  p r i n c i p l e  o f  in te r c h a n g in g  

th e  sho t and r e c e i v e r  l o c a t i o n s  was a p p l i e d .  Such d a ta  was c a l c u l a t e d  

by in te r c h a n g in g  the  x and z v a r i a b l e s  and u s in g  th e  te c h n iq u e  o f  s ec ­

t i o n  2 .4  to  compute the  s y n t h e t i c  d a ta .

C l e a r l y ,  th e  s y n t h e t i c  d a ta  does not c o rre sp o n d  e x a c t ly  to  the  p e r ­

t u r b a t i o n s  which would be m easured in  the  r e a l  c a s e ,  b u t  i n s t e a d ,  th e  

t r a v e l  t im es  r e p r e s e n t  a f i r s t  o rd e r  ap p ro x im a tio n  f o r  r e l a t i v e l y  sm all 

a m p li tu d e  v e l o c i t y  a n o m a l ie s .  T h e r e f o r e , my r e s u l t s  t e s t  the  accu racy  

o f  the  r e c o n s t r u c t i o n  method and no t the  v a l i d i t y  o f  l i n e a r i z i n g  the

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 

GOLDEN, COLORADO 80401
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p rob lem .

4 .  RESULTS

ART p ro d u ces  the  b e s t  to m o g rap h ica l  r e s u l t s  when the  v e l o c i t y  func­

t i o n  i s  sm oothly  v a r y in g .  Using s y n t h e t i c  d a ta  s e t s , a c c u r a t e l y  

i n v e r t e d  v e l o c i t y  v a lu e s  o c c u r re d  w i t h i n  the  m odel, b u t  th e  v e l o c i t y  

v a lu e s  v a r i e d  from the  s y n t h e t i c  in p u t  n e a r  the  edges o f  the  model ( F i g . 

6 , 7 , 8 , 9 , 10 , 1 1 ) .

The g r e a t e s t  d e v i a t i o n  o c c u r re d  n e a r  the  o r i g i n  (F ig  6b ,  7b, 8b ,  

l i b ,  l i e ) . The f i r s t  v e l o c i t y  down the  w e l l  i s  e r ro n e o u s ly  h ig h  w h ile  

th e  f i r s t  v e l o c i t y  a long  the  s u r f a c e  i s  e r ro n e o u s ly  low. The a p p a ren t  

cause o f  t h i s  phenomenon r e s t s  w i th in  the  ra y p a th s  th em se lv es  and the  

way in  w hich the  ART a lg o r i th m  h a n d le s  th e se  r a y p a t h s .

The f i r s t  p a ra m e te r  down the w e l l  r e f l e c t s  the  s low nesses  a long  the  

ra y s  from a l l  t e n  sho t l o c a t i o n s .  However, the  s h o r t e s t  ra y p a th  l e n g th  

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

lo n g e r  ra y s  r e f l e c t  l e s s  o f  th e  v e l o c i t y  in  q u e s t io n  and more o f  the  

v e l o c i t i e s  f u r t h e r  away. Because the  ART a lg o r i th m  e q u a l ly  w e ig h ts  a l l  

r a y s ,  r e g a r d l e s s  o f  t h e i r  r e l a t i v e  l e n g t h s ,  the  s low ness down the  h o le  

r e f l e c t s  the  v e l o c i t y  change a c ro s s  the  s u r f a c e  o f the  model. A p p ro p r i­

a te  c o n s t r a i n t s  down the  w e ll  w i l l  e l im in a te  t h i s  p rob lem , s in c e  th e  

s low ness  in  a b o re h o le  a re  u s u a l ly  known from the so n ic  lo g  (F ig  l i d ) •
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Along the  e d g e s , th e  v e l o c i t y  v a lu e s  f l u c t u a t e d  from the  s y n t h e t i c  

m odel. These d e v i a t i o n s  r e s u l t e d  from two f a c t o r s .  F i r s t ,  th e  e r r o n e ­

ous o r i g i n  v e l o c i t i e s  g r e a t l y  in f lu e n c e  the  s u r f a c e  and b o re h o le  ed g es .  

Second, th e  d ia g o n a l  edge p a ra m e te r s  a re  p o o r ly  c o n s t r a i n e d .

U n c o n s tra in e d  p a ra m e te r s  a re  d e f in e d  by o n ly  one r a y .  A ll  parame­

t e r s  w i th in  my model had a t  l e a s t  th r e e  ra y s  d e f in in g  each  p a ra m e te r .  

However, a lo n g  the  d ia g o n a l  edge, th e s e  th re e  ra y s  a re  n e a r ly  i d e n t i c a l  

and as su ch ,  th e y  a re  d e f in e d  by n e a r ly  th e  same p a ra m e te r s .  T h e r e f o r e ,  

th e s e  ra y s  f a i l  to  be co m p le te ly  independen t o f  each  o t h e r .  Thus, th e  

p a ra m e te r s  a long  the  d ia g o n a l  edge a re  p o o r ly  c o n s t r a i n e d .  In  uncon­

s t r a i n e d  c a s e s ,  ART te n d s  to  average  the  v e l o c i t i e s  e q u a l ly  a long  the  

r a y p a th  r e s u l t i n g  in  r e s o l u t i o n  p rob lem s.

By u s in g  a d e l t a  f u n c t io n  as the  in p u t  v e l o c i t y  s t r u c t u r e  (F ig  9 ) ,  

we can b e t t e r  i l l u s t r a t e  t h i s  r e s o l u t i o n  p rob lem . R e s o lu t io n  a long  the  

r a y p a th s  i s  p o o r ,  b u t  betw een the  r a y s ,  th e  r e s o l u t i o n  i n c r e a s e s .  T h is  

a cc o u n ts  f o r  the  skewness o f  the  i n v e r t e d  d e l t a  fu n c t io n  i n to  an e l l i p t ­

i c a l  form e lo n g a te d  a long  th e  dominant r a y p a th  d i r e c t i o n .  S t i l l ,  th e  

l o c a t i o n  of the  s low ness  d e l t a  p o in t  i s  a c c u r a t e l y  d e f in e d ,  though  not 

i t s  t r u e  v e l o c i t y  v a lu e .

T h is  poor r e s o l u t i o n  a long  the  r a y p a th s  c o n t r i b u t e s  to  u n iq u e n ess  

p rob lem s (F ig  1 0 ) .  In  g e n e r a l ,  an i n f i n i t e  number o f  models can produce  

th e  same t r a v e l  tim e d a t a .  ART co n v erg es  to  the  model which i s  the  

c l o s e s t  to  th e  assumed background  v e l o c i t y  and n o t  n e c e s s a r i l y  a
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r e p r e s e n t a t i v e  o f  the  t r u e  medium.

U niqueness  r e q u i r e s  t h a t  a l l  the  s low ness p a ra m e te rs  a re  over con­

s t r a i n e d ;  t h a t  i s  more th an  one ra y  i n t e r s e c t s  each  p a ra m e te r  c i r c l e .  

F u r th e rm o re ,  th e s e  ra y s  must be in d e p e n d e n t .  A c lo s e  ex am in a tio n  o f  my 

model r e v e a l s  t h a t  a t  l e a s t  t h r e e  ra y s  i n t e r s e c t  each  p a ra m e te r ;  how­

e v e r ,  th e s e  ra y s  t r a v e l  ap p ro x im a te ly  a long  the  same d i r e c t i o n  and th u s ,  

th e s e  ra y s  r e f l e c t  many o f  the  same slow ness  p a ra m e te r s .  C l e a r l y ,  th e s e  

ra y s  a re  no t in d ep en d en t o f  each  o t h e r .

The b a c k - p r o j e c t e d  a lg o r i th m  along  cu rved  ra y s  was t e s t e d  u s in g  

s y n t h e t i c  d a ta  g e n e r a te d  on l i n e a r  t r e n d i n g ,  v e l o c i t y  m odels . In  each  

c a s e ,  th e  cu rved  ART a lg o r i th m  a c c u r a t e l y  r e c o n s t r u c t e d  the  s y n t h e t i c  

models (F ig .  1 2 , 13 , 1 4 ) .

5 . PIERRE SHALE EXPERIMENT

The m u l t ip l e  o f f s e t  VSP, which was ta k e n  by th e  CSM E x p lo ra t io n  

R esea rch  L a b o ra to ry  o f  the  G eophysics  D epartm en t,  p ro v id e d  a r e a l  d a ta  

t e s t  o f  the  a lg o r i th m s .  F i e l d  work was done, i n  November 1980, a t  the  

CSM t e s t  s i t e  in  n o r t h e a s t e r n  C o lo rad o , abou t f i v e  m ile s  so u th  o f  B rush  

C o lorado  (S outhw est 1 /4 ,  S e c t io n  28, Township 3N, Range 55W). S ix ta  

(1982) d e s c r i b e s  the  d a ta  a q u i s i t i o n  and d a ta  p ro c e s s in g  o f  t h i s  VSP 

e x p e r im e n t .

T h is  s i t e  was chosen  f o r  i t s  s im ple  g e o lo g ic  s e t t i n g .  A 40 fo o t



Sy
nt

he
ti

c 
M

od
el 

R
ec

on
st

ru
ct

ed
 

V
el

oc
ity

 
F

ie
ld

T-2977 33

s

oo

CM

o
CM VO Oo 00

o

00

CM

CM O00

CD

&
•O<U

9O

•i-l
CD
9

CD9O•H
4-1tdu0)
4-1

•H

o
u0)

4-1

<

•o0)
CO

2
NCD 

«* +
•o oV o

i ;o
to N6 x-x

» > 
9  I

*9
0 ) 4-1 
4-1 »H
cd o
■35O 0 )

- s zU T?
00 9 4) O
•g a
4-> 4d O
i-4 cd 
0 ) ^

cd cd

/ g

Fi
gu

re
 

12
. 

D
ip

pi
ng

 
m

od
el

.



Sy
nt

he
ti

c 
M

od
el 

R
ec

on
st

ru
ct

ed
 

V
el

oc
it

y 
F

ie
ld

T-2977 34

oo

o
00<MO o

oo

CM

o

e
&*4

tJ<U

Eo
c•H
CO
9

CO

§
•H
4-1
COu0)

4-1•H
o

CM VO 0 0

•o
0)
CO
9

.n

CO N

CO +
w

O
*o o
OJ o
g; m

9 II
O

M> N
C

•H >
CO
9 1

•o
0> 4-14->•H
CO O

w—4 o
9
O <u

1-4 >
CO
o •o

9
CO 9
Of O
B•H 604J M

O
1-4 CO
0) ^3
►
CO «0
u

H 9o

Fi
gu

re
 

13
. 

Hi
gh

 
ve

lo
ci

ty
 

an
om

al
y 

w
ith

in
 

a 
li

ne
ar

 
tr

en
d.



Sy
nt

he
ti

c 
M

od
el 

R
ec

on
st

ru
ct

ed
 

V
el

oc
ity

 
F

ie
ld

T-2977 35

co

<N

O
CM OVO CO

CD

CM

O
CO oCMo

oo
6 -M
•OO

6o
•H
CD9
06
Co•H
4-108MQ>

U
0)
06•O — 0> •

CO 4 J

06 N 

& +
h o

•o o  
0) o

67o
00 N

•S'*3 I 
•x) >>
0) 4 J  

4-1 «r-l
cd o
-3 5o <v 
e  >U T)
.  § 
0) o

.g a
4 J U
r-4  08e> ^  
>
08 08 M

§

Fi
gu

re
 

14
. 

Fa
ul

te
d 

m
od

el
.



T-2977 36

t h i c k  l a y e r  o f  e o l i a n  sand r e s t s  on the  s u r f a c e .  B eneath  t h i s  sand

l a y e r ,  a 40 fo o t  t h i c k  l a y e r  o f  c l a y  g ra d e s  in to  the  P i e r r e  Sha le  be low . 

These t h i c k n e s s e s  v a ry  l a t e r a l l y  away from the  b o r e h o le .  Because the

upper 1000 f e e t  o f  the  P i e r r e  Sha le  i s  w e l l  n o te d  f o r  i t s  homogeneous

n a t u r e , r e f r a c t e d  e v e n ts  shou ld  no t appear  on the  re c o rd s  and t h e r e f o r e ,  

th e  d i r e c t  ra y  w i l l  be the  f i r s t  a r r i v a l .

The f i e l d  l a y o u t  i s  sk e tc h e d  in  F ig .  15 . Geophones were spaced  

down the  cemented w e l l  ev e ry  100 f e e t  w i t h i n  the  i n t e r v a l  be tw een 400 

and 1000 f e e t .  D ynam ite, p la c e d  in  sho t h o le s  a t  a dep th  o f 100 f e e t  

d eep , were sho t a t  200  f o o t  i n t e r v a l s  a c r o s s  the  s u r f a c e  to  a d i s t a n c e  

o f  1400 f e e t  from the  b o r e h o le .  The t r a v e l  t im es  were p ic k ed  a t  the  

f i r s t  t ro u g h  on the  r e c o rd s  ( F ig .  16) and a re  t a b u l a t e d  in  the  t a b l e

be low .

T ab le  1: T ra v e l  t im es  in  msec.

H o r iz o n ta l  o f f s e t  in  f t .
Depth 200 400 600 800 1000 1200 1400
in  f t .
400 50 .25 62 .00 82 .75 106.25 133.50 160.00 187.00
500 6 4 .50 74 .00 91 .75 113.00 138.50 163.50 189.75
600 78 .75 86 .50 101.75 1 2 1 .0 0 144.50 168.00 193 .50
700 92 .25 99 .00 112.25 129.75 151.50 174.00 198.25
800 106.00 111.75 123.50 139.25 159.50 180.75 203 .50
900 119.25 124.50 135 .00 149.00 168.00 188.00 2 1 0 .0 0

1000 133 .50 138 .00 147.00 160.00 177 .75 196.50 217 .00

P ic k in g  the  a r r i v a l  t im es  a t  the  f i r s t  t ro u g h  r e s u l t s  in  a la g  tim e 

o f  about 3 m sec, from the  t r u e  o n s e t  o f  the  waveform. T h is  e r r o r  in  the  

t r a v e l  tim e co rre sp o n d s  to  a s im i l a r  e r r o r  in  the  v e l o c i t y  v a lu e .  The



Hor
izo

nta
l 

off
set

 
in 

fee
t 

xi 
00

T-2977 37

e*\

(M

C7x.

CD

<N j

I

■e-

i  n.
go

Q  . w ^ )
CM m NO oo O n

%eaj xrç i#daQ 00 î x

Fi
gu

re
 

15
. 

Fi
el

d 
ex

pe
ri

m
en

t 
la

yo
ut

.



T-2977 38
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F ig u re  16 . T y p ic a l  waveforms
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t r a v e l  tim e i s  the  i n t e g r a l  o f  th e  s low ness a long  the  r a y p a th .

o r c* (38)

D i f f e r e n t i a t i n g  ( 3 8 ) ,  we o b t a in

(39)

D iv id in g  (38) i n to  ( 3 9 ) ,  y i e l d s  the  r e s u l t

By s e t t i n g  dt=3 m sec, and n o t in g  t h a t  t  ranges  from 50 .25  to  2 1 7 .0  

m s e c . ,  th e  t r u e  v e l o c i t y  v a lu e s  range from 6 .0  to  1.3% f a s t e r  th an  those  

w hich a re  shown in  the  r e c o n s t r u c t e d  f i e l d s .

The P i e r r e  S ha le  i s  w e l l  n o te d  f o r  i t s  homogeneous n a t u r e ;  how ever, 

o u r r e c o n s t r u c t i o n s  f a i l  to  su p p o rt  t h i s  c h a r a c t e r i s t i c .  Imaging was 

perfo rm ed  b o th  w i th o u t  p a ra m e te r  c o n s t r a i n t s  and w i th  c o n s t r a i n i n g  the  

s low ness  p a ra m e te rs  down the  b o re h o le  to  w i th in  f i v e  p e r c e n t  o f  the  

m easured  s low ness  v a lu e s  o f f  th e  so n ic  lo g .

Both the  c o n s t r a in e d  ( F ig .  18a , 18b) and the  u n c o n s t r a in e d  (F ig .  

1 7a , 17b) r e c o n s t r u c t i o n s  r e v e a l  a q u e s t i o n a b le  h ig h  v e l o c i t y  c e l l  n e a r  

th e  s u r f a c e .  A lthough  the  so n ic  log  f o r  the  w e ll  r e c o rd s  a v e l o c i t y  o f
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6250 f t / s e c  a t  a d ep th  o f  100 f e e t ,  th e  r e c o n s t r u c t e d  h ig h ,  o n ly  600 

f e e t  away, re a c h e s  11 ,900 f t / s e c  f o r  the  u n c o n s t r a in e d  case  and 12 ,000 

f t / s e c  f o r  th e  c o n s t r a in e d  c a s e .  However, th e s e  v e l o c i t y  h ig h s  con­

s i s t e d  o f  a s i n g l e ,  p o o r l y - c o n s t r a i n e d  p a ra m e te r  a long  the  s u r f a c e ,  

which c l e a r l y  in t r o d u c e s  u n c e r t a i n t y  in to  t h i s  v e l o c i t y  v a lu e .

By e l im in a t in g  any p o o r ly  c o n s t r a in e d  p a ra m e te r s  a long  th e  s u r f a c e ,  

th e  imaging p ro c e s s  i s  improved (F ig .  19 , 2 0 ) .  These e r r a n t  v e l o c i t y  

v a lu e s  were ig n o red  on ly  when the  r e c o n s t r u c t e d  v e l o c i t y  f i e l d  was con­

t o u r e d ,  and t h u s ,  th e y  were used  th ro u g h o u t  the  r e c o n s t r u c t i o n  a lg o ­

r i th m .  A s i m i l a r  s te p  was a p p l i e d  to  the  r e c o n s t r u c t i o n s  u s in g  c i r c u l a r  

ra y s  b ased  on the  l i n e a r  v e l o c i t y  t r e n d  e x h ib i t e d  by the  so n ic  lo g  (F ig .  

21 , 2 2 ) .  Each r e c o n s t r u c t i o n  shows a h ig h  v e l o c i t y  r id g e  o f  8 ,000

f t / s e c .  h o v e r in g  betw een a h o r i z o n t a l  o f f s e t  o f  200 to  900 f e e t  a t  a 

d e p th  around 200  to  300 f e e t .  A d d i t i o n a l l y ,  a low v e l o c i t y  c e l l  e x i s t s  

a t  100 fo o t  o f f s e t  and a d ep th  of 500 to  800 f e e t .  T h is  low c e l l  f l u c ­

t u a t e s  betw een v e l o c i t i e s  o f  7 ,0 0 0  to  7 ,200  f t / s e c .  depending  upon the  

r e c o n s t r u c t i o n  c o n d i t i o n s .

To t e s t  the  v a l i d i t y  o f  th e se  r e c o n s t r u c t i o n s ,  th e  o b serv ed  t r a v e l  

t im es  were compared to  t h e o r e t i c a l  d a ta  from a l i n e a r l y  i n c r e a s in g  

medium. T h is  s y n t h e t i c  m odel, b a se d  on so n ic  lo g  i n f o r m a t io n ,  i n i t i a l l y  

s t a r t e d  a t  a v e l o c i t y  o f  7 ,000  f t / s e c .  and in c r e a s e d  to  8 ,000  f t / s e c .  a t  

th e  t o t a l  d e p th  o f  the  w e l l .  For co m p ar is io n ,  b o th  the  s y n t h e t i c  and 

th e  P i e r r e  S ha le  VSP t r a v e l  tim es  were p l o t t e d  f o r  each geophone p o s i -
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t i o n  ( F ig .  2 3 ) .  Where the  s y n t h e t i c  curve a r r i v e s  a f t e r  the  o b se rv ed  

t im e s ,  a v e l o c i t y  in c r e a s e  i s  r e q u i r e d .  Where the  o b serv ed  t im es  la g  

b eh in d  th e  s y n t h e t i c ,  low er v e l o c i t i e s  a re  e x p e c te d .  R e l a t iv e  to  the  

s y n t h e t i c  m o d e l, we should  expec t h ig h e r  v e l o c i t i e s  a t  the  l a r g e  o f f s e t  

d i s t a n c e s , b u t  lower v e l o c i t i e s  a t  sm all o f f s e t s  and l a r g e  d e p th .

Because s u r f a c e  v e l o c i t i e s  a re  t y p i c a l l y  v e ry  s low , th e  h ig h  s u r ­

fa c e  v e l o c i t y  i s  c o n t r a r y  to  e x p e c t a t i o n s . Three  f e a s i b l e  e x p la n a t io n s  

a r i s e  f o r  t h i s  v e l o c i t y  anomaly. E i t h e r  the  v e l o c i t y  s t r u c t u r e  e x i s t s , 

o r  the  d a ta  o r  the  c o l l e c t i o n  o f the  d a ta  i s  q u e s t i o n a b l e ,  o r  the  b a s i c  

th e o ry  i s  in a d eq u a te  f o r  th e  e a r t h  c o n d i t io n s  e x h ib i t e d  by th e  P i e r r e

S h a le . P o o r ly  p la c e d  sho t l o c a t i o n s  could  r e s u l t  in  an a r t i f i c i a l  h ig h

a t  the  s u r f a c e ,  i f  the  e r r a n t  shot l o c a t io n s  r e s u l t e d  in  a s h o r t e r  r a y -

p a t h .

A more f e a s i b l e  e x p la n a t io n  a r i s e s  from the  s t ro n g  a n i s o t r o p y  e x h i ­

b i t e d  by the  P i e r r e  S h a le .  A f t e r  u s in g  the  same d a ta  c o l l e c t e d  n e a r

B ru sh , C o lo rad o , W h ite , M a r t i n e a u - N i c o l e t i s , and Monash (1983) conc luded  

t h a t  th e  h o r i z o n t a l  v e l o c i t y  component was 10 to  20% f a s t e r  th a n  the  

v e r t i c a l  v e l o c i t y  component. Q u a l i t a t i v e l y ,  th e  ra y s  from th e  l a r g e  

o f f s e t  so u rc e s  p o s se s s  m o s t ly  a h o r i z o n t a l  component and t h u s , shou ld  

e x h i b i t  a g r e a t e r  th an  e x p ec ted  v e l o c i t y .  S i m i l a r l y , th e  d eeper  t r a v e l ­

ing ra y s  a re  m o s tly  v e r t i c a l  and would t r a v e l  a t  th e  s low er v e l o c i t y .  

T h e r e f o r e , th e  a n i s o t r o p y  o f  the  P i e r r e  Sha le  e x p la in s  the  h ig h  s u r f a c e
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( a )  R e c e iv e r  d e p th  400 f t ( b )  R ec e iv e r  d e p th  500 f t

SYNTHETIC C U R V E ^

SY N TH ETIC  CURVE x OBSERVED CURVE OBSERVED CURVE

in

( c) R e c e iv e r  d e p th  600 f t ( d )  R e c e iv e r  d e p th  700 f t
ON

<N

SY N TH ETIC CURVE

SY N TH ETIC  CURVE
CO OBSERVED CURVE

OBSERVED CURVE

00

O f f s e t  d i s t a n c e  xlOO f t .  O f f s e t  d i s t a n c e  xlOO f t .

F igure 23 . T ravel tim e cu rv es .
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( e )  R e c e iv e r  d e p th  800 f t ( f )  R e c e iv e r  d ep th  900 f t

es
CMes

SY N TH ETIC CURVE SYNTHETIC CURVE

OBSERVED CURVEm OBSERVED CURVE

O f f s e t  d i s t a n c e xlOO f t O f f s e t  d i s t a n c e xlOO f t

( g )  R e c e iv e r  d ep th  1000 f t
o0)
CO
S
c•H SYNTHETIC CURVE

CD O  
B 00•H

4-1 OBSERVED CURVE

O
CM

1 . 7 . 13.
O f f s e t  d i s t a n c e  xlOO f t .

Figure 2 3 . T ravel tim e cu rv es .



T-2977 56

v e l o c i t y  and th e  low v e l o c i t y  c e l l  a t  dep th  o f  the  r e c o n s t r u c t e d  v e lo ­

c i t y  f i e l d s .

6 . CONCLUSIONS

A lg e b ra ic  r e c o n s t r u c t i o n  te c h n iq u e  (ART) c o n c e n t r a t e s  on th e  p ro ­

d u c t io n  o f  a r e c o n s t r u c t e d  f i e l d  whose p r o j e c t e d  d a ta  ( t r a v e l  t im e s )  

a g ree  w ith  the  o b serv ed  d a t a .  T h is  r e c o n s t r u c t e d  f i e l d  i s  m o d if ie d  by 

a l t e r i n g  th e  d a ta  f o r  each  ra y  such t h a t  when t h i s  d a ta  i s  b a c k -  

p r o j e c t e d ,  th e  new image a g re e s  w i th  the  o r i g i n a l  d a t a .

ART p o s s e s s e s  many in h e r e n t  a d v a n ta g e s .  The f l e x i b i l i t y  o f  the  

a lg o r i th m  e a s i l y  a l lo w s  f o r  the  in c o r p o r a t io n  o f  c o n s t r a i n t s .  F o r  exam­

p l e ,  so n ic  lo g  in fo r m a t io n  p re d e te rm in e s  th e  v e l o c i t y  p a ra m e te r s  down 

th e  b o r e h o le .  T h is  f l e x i b i l i t y  a l s o  p e rm its  th e  a p p l i c a t i o n  o f  ART to  

any f i e l d  se tu p  o f  s o u rc e s  and r e c e i v e r s .

With n o i s e l e s s  d a t a ,  ART p ic k s  a p r o j e c t i o n  which a g re e s  w i th  the  

o b se rv ed  d a t a .  I t  i s  no t in  ART's n a tu re  to  in t r o d u c e  sp u r io u s  images 

on good d a ta  s e t s .  However, th e  r e s o l u t i o n  o f  th e  image i s  a f f e c t e d  by 

th e  o r i e n t a t i o n  o f  th e  anomaly r e l a t i v e  to  the  d i r e c t i o n  o f  the  r a y s .  

W hile good r e s o lv in g  power o c c u rs  p e r p e n d ic u la r  to  th e  r a y s ,  ART te n d s  

to  smooth the  image a long  th e  d i r e c t i o n  o f  the  r a y s .

With n o is y  d a t a ,  ART can produce  s in g le  p o in t  anom alies  o f  h ig h ly  

u n r e a l i s t i c  v e l o c i t i e s  among th e  p o o r ly - c o n s t r a in e d  p a ra m e te rs  a long  the
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edges  o f  th e  m odel. ART w i l l  p roduce  a r e a s o n a b le  r e c o n s t r u c t e d  v e lo ­

c i t y  f i e l d  when c o n s t r a i n t s  a re  in c o r p o r a te d  from the  w e l l  log  in fo rm a­

t i o n  o r  by s im ply  ig n o r in g  any p o o r ly - c o n s t r a in e d  p a ra m e te rs  w i t h i n  th e  

image. L a s t l y ,  d a t a ,  w hich was c o l l e c t e d  over a s t r o n g ly  a n i s o t r o p i c  

medium, w i l l  r e s u l t  i n  poor v e l o c i t y  r e c o n s t r u c t i o n s ,  because  such d a ta  

d e f i e s  th e  a ssum ption  o f  i s o t r o p y  which was used  in  th e se  a lg o r i th m s .
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APPENDIX A: RAY PARAMETER DERIVATION

The r a y  p a ra m e te r  w i th in  a l i n e a r  c (z )  medium i s  d e te rm in e d  from 

the  W ie c h e r t -H e rg lo tz  i n t e g r a l  (Aki and R ic h a r d s , 1980) .

z e
dz

Vn* -
(A - l )

where r\ -  —̂ ^  i s  the  s lo w n ess ,  

i s  the  sou rce  o f f s e t , 

Zj i s  the  r e c e i v e r  d e p th .

The medium is  assumed to  p o s s e s s  a l i n e a r  v e l o c i t y  s t r u c t u r e .

cCz) = c + m z ;  c = c ( 0 ) ,  th e  s u r f a c e  v e l o c i t y .  (A-2)o o o

S u b s t i t u t i n g  (A-2) i n to  ( A - l ) ,  we o b ta in

= ,  j Z j . S
1 ® V l -  p* (c + m z )*o o

The i n t e g r a t i o n  may be c a r r i e d  o u t e x p l i c i t l y .  The r e s u l t  i s

Z=Zj
x . = — V l -  p * c * (z )  I . 

1 " o p 1 z=0

z=z
(A-4)
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x . = —~  [ V l -  p ac * ( z . ) -  V l -  p* c * 1 .  (A-5)
1 m0 P L J °  J

S quaring  b o th  s i d e s , we f in d

( x .p m  ) 1 = ( l - p * c  *) + (1 - p * c 2 (z , ) ) — 2 ^ ( 1  —p ac a ) (1 — p ac a ( z . ) ) * (A -6 ) i  o o j  o j

o r

( x ^ p mo ) a -  2 + p a ( c o a + c a ( z j  ) ) = - 2 ) / ( l  -  P*cc a ) (1 ”  p a c a ( Z j ) ) .  (A-7) 

Again sq u a r in g  b o th  s i d e s , we f in d

p 4 [m ax . a + c a + c a ( z . ) ]  -  4 c  ap a [m ax . a + c a + c a (z. ) ] |  + 4 = (A-8 )o i o  j  o o i o  j
4 (1 - p aCQa ) (1 - p ac a (Zj ) ) ,

o r

>4f [m ax . a +c  a + c a( z . ) ] a -  4c ac a( z . ) l  -  4 p am ax . a = 0 .  (A-9)
i - o i o  j  o  j  J  o  i

S o lv in g  f o r  p , we o b ta in

4m<>ax i a
P* = ° '  p l  = [■ *xV* + C * + C1 ( 2  . ) ] * -  4 c  * « * ( * . ) •  (A"10)

o i o  j  o  J
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However, th e  ra y  p a ra m e te r  must be p o s i t i v e  f o r  a l i n e a r l y  i n c r e a s  

ing  medium. T hus, we conclude  t h a t



T-2977 63

APPENDIX B: TRAVEL TIME CALCULATION

The t r a v e l  time in  a l i n e a r  c (z )  medium i s  c a l c u l a t e d  by the  

W ie c h e r t -H e rg lo tz  in v e r s io n  method (Aki and R ic h a r d s , 198 0 ) .

Zj
t  = r  — - % — • (B - i )

® c ( z )  V l  -  p 1c * (z )

We in t ro d u c e  the  new v a r i a b l e  o f  i n t e g r a t i o n  0;

p c ( z )  = s i n 0 ,  (B-2)

V l -  p l c * (z )  -  cos 0 . (B -3 )

D i f f e r e n t i a t i n g  (B -3 ) ,  we o b t a i n

p m^ dz = cos 0 d0 . (B-4 )

S u b s t i t u t i n g  (B-2) and (B-4) i n to  (B - l )  y i e l d s

• = J ,  f_d0_
i j  m Js in0#T , , = —  (B-5)



T-2977 64

T , , = —  In  [esc  6 + co t  B ] . (B -6 )i j  mo

I n  te rm s o f z ,  t h i s  y i e l d s  the  r e s u l t

c ( z s ) (1 + V l  -  p*c * )

* O C ( 1  +  Y l  "  P a C
1 ^ 1 . 
* ( z . )  ) J

(B -8 )
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APPENDIX C: COMPUTER PROGRAM LISTING

VSPART: V e r t i c a l  S e ism ic  P r o f i l e  i n v e r s io n  o f  t r a v e l  time 
d a ta  by A lg e b ra ic  R e c o n s t r u c t io n  Technique

Programmed by ELS— May 1984 

VARIABLE USAGE$$$#

CO
Cl

CM IN 
DCOM 
DFILE 
DX

ERLAST
ERROR
ICOM

LART

LBACK

M
MROW
N
NCOL 
NDCOM 
N ITER 
RDELTA

$$$$$

**$*$ VARIABLE USAGE

I n i t i a l  v e l o c i t y  a t  the  s u r f a c e  ( i n  f t / s e c )  
In c r e a s e  in  v e l o c i t y  w ith  a 'dz* in c r e a s e  in  d ep th  
( i n  f t / s e c - g r i d )
Minimum a c c e p ta b le  chord  le n g th  fo r  ART 
V a l id  commands 
Data f i l e  name
Spacing  betw een geophones and sh o ts  ( i n  f t )  
a l s o  c o n v e rs io n  f a c t o r  — x f t = l  g r id  u n i t  
P re v io u s  i t e r a t i o n ' s  mean square  e r r o r  
Mean square  e r r o r  in  c a l c u l a t e d  tim es 
I n p u t t e d  command

.FALSE.

.TRUE.

.FALSE.

.TRUE.

Use f i r s t  guess ART r o u t in e  
Use i t e r a t i v e  ART r o u t in e  
C o n s tan t  v e l o c i t y  background  
L in e a r  v e l o c i t y  background

#  o f  so u rce  l o c a t i o n s  
Maximum #  o f  so u rc es
#  o f  r e c i e v e r s  down b o re h o le  
Maximum #  o f  r e c i e v e r s
#  o f  v a l i d  commands
# o f  i t e r a t i o n s  perform ed
Length  o f  ' d x ' segment f o r  i n t e g r a t i o n

COMMON STORAGE *****

SLOW() Slowness a t  p a ra m e te r  p o in t  m,n ( i n  s e c / g r i d )

TIMEO F i r s t  a r r i v a l  time from m th  source  to  n th  r e c e i v e r

LCONST .FALSE. U n c o n s tr a in e d  p a ra m e te rs  down w e ll  
•TRUE. C o n s t r a in e d  p a ra m e te rs  down w e ll  

VELVAR A llow ab le  s low ness  d e v i a t i o n  from c o n s t r a in e d  v a lu e  
CONST() C o n s t r a in e d  p a ra m e te r  v a lu e s
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10

1000

1001

* * * * *

1010

* * * * *

PARAMETER 
IMPLICIT 
INTEGER 
CHARACTER 
COMMON/CONSTR/ 
COMMON/TIMES/ 
COMMON/VELOCI/ 
DATA DCOM/'

•TIME VELOC ' /  
DATA NDCOM/11/, 
DATA C M IN /.l/,

(MROW-20, NCOL-IO)
LOGICAL(L)
L
DFILE*10, DCOM»65, ICOM*5
LCONST, VELVAR, CONST(NCOL) 
TIME(MROW,NCOL)
SLOW( 0 :MROW # 0 :NCOL)
ART BACKGCONSTDATA EXIT HELP KEYINMAP PARAM

LART/. FA LSE./, 
RDELTA/.l/

LCONST/.FALSE./

Command in p u t

TYPE 1000 
TYPE 1001
ACCEPT '( A S ) ' ,  ICOM
F O R M A T ( 'l ',7 9 ( '» ') / /T 2 5 , 'V e r t i c a l  S e ism ic  P r o f i l in g '/T 2 4 ,

A 'In v e r s io n  o f T ra v e l Time D a ta '/T 2 0 , 'B y  A lg e b ra ic  R e c o n s tru c tio n
B T e c h n iq u e ' / / 1 X ,7 9 ( ' • ' ) / /T 2 3 , 'Programmed by KLS ----- J u ly  1 9 8 4 ')

F O R M A T (/IX ,'5 -le tte r command?' ,2 X ,/)

* * * * *Command b ra n c h in g  
A ccep ts  un ique  a b b r . f o r  commands

CALL ABBREV (DCOM, NDCOM, ICOM,5 )
IFdCOM.EQ.'ART ' )  GOTO 200
I F ( ICOM.EQ.'BACKG')  GOTO 350 
IFdCOM.EQ. CONST ) GOTO 450
IFdCOM.EQ. 'DATA ' )  GOTO 100
IFdCOM.EQ. 'EXIT ' )  STOP
IFdCOM.EQ. HELP ' )  GOTO 50
IFdCOM.EQ. 'KEYIN') GOTO 150
IFdCOM.EQ. 'MAP ' )  GOTO 400
IFdCOM.EQ. 'PARAM') GOTO 60
IFdCOM.EQ. 'TIME ' )  GOTO 250
IFdCOM.EQ. 'VELOC') GOTO 300
TYPE 1010 
GOTO 10
FORMAT(IX,'INVALID COMMAND --------  Type HELP f o r  l e g a l  commands')

H elp command * * * * *

50 TYPE 1050 
GOTO 10
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1050 FORMAT(/IX,*#**•• LEGAL COMMANDS * * * * * ' / /
A lg e b ra ic  r e c o n s t r u c t io n  te ch n iq u e  -  i t e r a t e  once* / 
Choose l i n e a r  o r c o n s ta n t  v e lo c i ty  b ack g round* / 
C o n s tra in  th e  s low ness p a ra m e te rs  down the  w e l l* /  
In p u t t r a v e l  tim e d a te  from d a ta  f i l e  */
End program */
P r in t s  t h i s  l i s t ' /
K eyin t r a v e l  tim e d a ta  */
C re a te s  a d a t a f i l e  fo r  th e  c o n to u rin g  p ro g ram s*/ 
Change p a ra m e te rs  fo r  ART*/
P r in t  t r a v e l  tim e g r id  onto  th e  s c re e n * /
P r in t  v e lo c i ty  g r id  on to  the  s c re e n * /
:s un ique  a b b re v . f o r  any commands *)

A1X, ART
B lx , BACKG
C1X, CONST
DIX, DATA
E1X, EXIT
H1X, HELP
K1X, KEYIN
MIX, MAP
P1X, PARAM
T1X. TIME
V1X, VELOC
Z/1X 'A ccep t

***** P a ra m e te r command * * * * *

60 TYPE 1060
TYPE 1062|i ACCEPT * , RDELTAji RDELTA=RDELTA/DX
TYPE 1064(i ACCEPT * , CMINp CMIN=SQBT(2 .0 ) * CMIN/100.
GOTO 10

1060 FORM AT(/IX ,'Routine to  change p a ra m e te rs  used  in  ART*)
1062 FORM AT(/lx,*In th e  fo rw ard  m odel, t r a v e l  tim es a re  computed by i

* n te g r a t in g  th e  s lo w n e s s* /IX , 'a lo n g  th e  r a y p a t h . ' / / I X , 'E n t e r  the  le  
*ng th  o f a ndxn segm ent ( in  f e e t )  fo r  i n t e g r a t i o n . ' ,2 X ,/)

1064 FORMAT( / I X ,* In  c a lc u la t in g  th e  av erag e  s lo w n e s se s , p rob lem s a r i s  
* e , due to  com puter e r r o r s , * /IX ,'w h en ev e r the  ra y p a th  j u s t  b a r e ly  i  
♦ n te s e c ts  a p a ra m e te r c i r c l e .  To av o id  t h i s * /IX ,'p ro b le m , th e  d a ta
* i s  ig n o re d  i f  the  i n t e r s e c t i n g  chord  le n g th  i s  s m a lle r  t h a n ' / l x , * 
♦some minimum v a lu e . * / / l x , 'E n t e r  t h i s  minimum v a lu e  as a p e rc e n ta g e
* o f  th e  maximum v a l u e . ' ,2 X ,/)

***** D ata command *****

100 TYPE 1100
ACCEPT 1101, DFILE
OPEN (UNIT=1,DEVICE='DSK* ,FILE=DFILE,DISPOSE=*SAVE* )
READ(1 ,1 1 0 2 ,END-10) M,N,DX,( (T T M E (I,J),I= 1 ,M ),J= 1 ,N )
LART=.FALSE.(i N ITER=0
GOTO 10

1100 F0RM A T(/1X ,'Input d a ta  f i l e  name ( ie  DATA.DAT)*,2 X ,/)
1101 FORMAT(A10)
1102 FORMAT(T20,'ART.FOR D a ta f i le * /* #  o f  so u rc e s= * ,I2 ,5 X ,

* *# o f  r e c e iv e r s - * , I 2 ,5 X , 'S p a c in g - * ,F 5 . l ,2 X ,* f t* / ( 5 F lO .5 ) )

***** K eyin command *****

150 TYPE 1150(i ACCEPT * , M
TYPE 1151(i ACCEPT * , N
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TYPE 1152*1 ACCEPT * , DX
TYPE 1155 
DO 160 1= 1 ,M
DO 160 J=1,N

TYPE 1160, I , J  
ACCEPT * , T IM E (I,J)

160 CONTINUE
TYPE 1100
ACCEPT 1101, DFILE
OPEN(UNIT=1, DEVICE=' DSK#,FILE=DFILE)
WRITE(1 ,1 1 0 2 ) M,N,DX, ( (T IM E (I ,J ) ,I= 1 ,M ),J= 1 ,N )
LART=.FALSE.*i N ITER=0
GOTO 10

1150 FORMAT(/IX,'KEYIN DATA ROUTINE * / / IX ,* In p u t #  o f  so u rc e s  ' , / )
1151 FORMAT( / IX , ' In p u t #  o f  r e c e i v e r s ' ,2 X ,/)
1152 FORMAT( / I X ,* In p u t sp ac in g  ( f t )  betw een geophone s / sh o t s * ,2X, / )
1155 FORMAT( / I X ,*In p u t f i r s t  a r r i v a l  tim es -  E n te r  zero  (0 .0 )  fo r

•  no d a t a ’ )
1160 FORMAT(IX,’S o u rce* * , 1 2 ,5X, R e c e iv e r* ’ , 1 2 ,5X ,'T im e= 7 ' ,2 X ,/)

***** ART command *****

200 IF(LBACK) THEN
IF(LART) THEN

CALL ARTLB2(M,N,RDELTA,CMIN,C0/DX,C1/DX,ERROR)
ELSE

CALL ARTLB1(M,N,RDELTA, CMIN, C0/DX, C l/ DX, ERROR) 
LART*.TRUE.

END IF
ELSE

IF(LART) THEN
CALL ART2 (M,N, RDELTA, CM IN , ERROR)

ELSE
CALL ART1 (M,N,RDELTA,CMIN,ERROR)
LART*.TRUE.

END IF
END IF
TYPE 1200, ERROR
N ITER*N ITER + 1
IF(N  ITER .G T.l) TYPE 1210, ERLAST
ERLAST=ERROR
GOTO 10

1200 F0RMAT(/1X,’Mean sq u are  e r r o r  i s  ’ ,F 1 2 .7 )
1210 FORMAT(IX,’L a s t e r r o r  v a lu e  was ’ ,F 1 2 .7 )

***** Time command *****

250 TYPE 1250
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260

1250
1260

ACCEPT $ , Ml 
ACCEPT * , M2

I F (M .LE.9) THEN
M l=ln M2=M

ELSE
TYPE 13014 
TYPE 1302n

END IF
IF (N .L E .20 ) THEN

N l= l4 N2=N
ELSE

TYPE 13034 
TYPE 13044

END IF
TYPE 1310, (I,I=M 1,M 2)4 
DO 260 J=N1,N2

TYPE 1260,
CONTINUE 
GOTO 10
FORMAT(/IX,'TRAVEL TIME INPUT'/) 
F0RM AT(1X,I2,3X,14F8.5)

ACCEPT * , N1 
ACCEPT * , N2

TYPE 1311

J ,(T IM E (I,J),I= M 1 ,M 2 )

***** V e lo c i ty  command

ACCEPT * , Ml 
ACCEPT $ , M2

ACCEPT * , N1 
ACCEPT $ , N2

300 TYPE 1300
IF(M .LE.S) THEN

Ml—O4 M2—M
ELSE

TYPE 13014 
TYPE 13024

END IF
IF (N .L E .19) THEN

Nl=04 N2=N
ELSE

TYPE 13034 
TYPE 13044 

END IF
TYPE 1305, N ITER
TYPE 1310, ( I , I = M 1 , M 2 ) 4  TYPE 1311
DO 310 J=N1,N2

TYPE 1312, J,(V EL(D X ,SLO W (I,J)) ,I=M1,M2)
310 CONTINUE

GOTO 10
1300 F0RMAT(/1X,'• • • * *  R o u tin e  to  P r in t  V e lo c ity  S t r u c tu r e  •****»)
1301 FORMAT( / I X , ' In p u t s t a r t i n g  sh o t p o in t  to  p r i n t ' ,2 X ,/)
1302 FORMAT( / IX , ' In p u t end ing  sh o t p o in t  to  p r i n t ' , 2 1 , / )
1303 FO RM AT(/IX ,'Input s t a r t i n g  geophone to  p r i n t ' ,2 X ,/)
1304 FO RM AT(/IX ,'Input end ing  geophone to  p r i n t ' ,2 X ,/)
1305 FORMAT(//T5,'* * * •*  V e lo c ity  S t r u c tu r e  A f t e r ' , 1 3 , '  I t e r a t i o n s ' ,  

• 3 X ,5 ( ' • ' ) )
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1310 FORMAT(/T20,'Shot P o i n t s ' / T i l , 1 4 (1 2 ,6X))
1311 FORM AT(IX,'Depth')
1312 FORMAT(IX,1 2 ,3X ,14F8 .0)

***** B ackground command *****

350 TYPE 1350
ACCEPT ' (A 5)' ,  ICOMp CALL UCASE2( .TRUE., 5 , ICOM)
IF (IC O M (l: l) .E Q .'C ')  GOTO 360
IF (IC 0 M (1 :1 ) .E Q .'L ')  GOTO 370
GOTO 350 

360 LBACK=. FALSE. |i GOTO 10
370 LBACK=.TRUE.

TYPE 1370|i ACCEPT * , CO
TYPE 1380ji ACCEPT * , Cl
TYPE 1390 
GOTO 10

1350 FORMAT(/IX,'CONSTANT o r LINEAR v e lo c i ty  b a ck g ro u n d ? ' ,2 X ,/)
1370 FORMAT( / IX , ' In p u t i n i t i a l  v e lo c i ty  ( in  f e e t / s e c ) ' ,2 X ,/)
13 80 FO RM AT(/IX ,'Input v e lo c i ty  in c re a s e  w/ geophone sp ac in g  *,2 X ,/)
1390 FORMAT( /T 2 0 , '•* *  WARNING * * * ' / l X , ' I f  th e  v e lo c i ty  background

♦ is  n e a r ly  l i n e a r ,  th e n  v a r ia b le  o v e rflo w s may o c c u r ' / /
♦ T 2 0 ,#*e* WARNING ♦ ♦ ♦ '/ I X , ' I f  the  l i n e a r  v e lo c i ty  background  i s  
♦ to o  s te e p ,  th e n  th e  ra y s  w i l l  tu r n  a n d ' / l x , ' t r a v e l  upw ards. 
♦Square r o o ts  o f n e g a tiv e  numbers o c c u r . ')

♦♦♦♦♦ Map command *****

400 TYPE 1400
ACCEPT '(A 1 0 ) ' ,  DFILE
OPEN(UNIT=1, DEVICE= 'DSK' ,FILE=DFILE)
DO 410 * K=0,M 
DO 410 L=0,N
IF(SLOW(K,L).L E .0 .0 )  GOTO 410
WRITE(1 ,♦ )  FLOAT(K), -FLOAT(L), DX/SLOW(K,L)

410 CONTINUE
CLOSE(UNIT=1)
GOTO 10

1400 FORMAT(/IX, MAPPING ROUTINE ♦ ♦ ♦ ♦ ♦ '/ / IX ,
♦ 'A  d a t a f i l e  i s  c r e a te d  f o r  in p u t in to  th e  c o n to u rin g  p ro g ram s ' 
♦//T10,'MNL.KGRID, MNLzFIT, and MNLîTOPO'
♦ / / I X , 'E n te r  d a t a f i l e  name. e x t ( ie  KGRID.DAT)',2 X ,/)

***** C o n s tra in  p a ra m e te rs  command *****

450 TYPE 1450
ACCEPT ' (A5) ' ,  ICOMjx CALL UCASE2( .TRUE. , 5 , ICOM)
IF (IC O M (l:l) .E Q .'U ')  GOTO 460
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I F ( I C 0 M ( 1 : 1 ) .E Q .'C ' )  GOTO 4 7 0  
GOTO 4 5 0  

4 6 0  LCONST*.FALSE.ji GOTO 10
4 7 0  LCONST*.TRUE.

TYPE 1 4 7 0  
DO 4 8 0  J = 1 ,N

TYPE 1480, J*DX 
ACCEPT • ,  S
CONST(J) =DX*S/1000000.0  ! in  s e c /g r id  u n i t s

480 CONTINUE
TYPE 1490 
ACCEPT * , VELVAR 
GOTO 10

1450 FORMAT(/IX,'CONSTrain o r  UNCONstrain th e  slow ness p a ra m e te rs
* down th e  w e ll?  * ,2% ,/)

1470 FORMAT( / IX ,* In p u t th e  slow ness in  m icro  seconds p e r  fo o t fo r
* th e  d ep th  g i v e n '/ l X , 'E n t e r  ze ro  fo r  an u n c o n s tra in e d  p a ra m e te r  *) 

1480 F O R M A T (T 1 0 ,'d e p th ',F 6 .0 ,1 X ,'f t ' ,5 X , ' s lo w n e ss? ' ,2 X ,/)
1 4 9 0  FORMAT( / IX , 'E n te r  th e  a llo w a b le  d e v ia t io n  o f th e se  c o n s tr a in e d

* p a r a m e t e r s '/ I X , ' ( ie  0 .0  f o r  a co m p le te ly  c o n s t r a in e d  p a ra m e te r s ' /  
* / I X , 'E n te r  v a lu e  in  p e r c e n t ' ,2 X ,/)

END

SUBROUTINE ART1 (MROW,NCOL,DELTAR,CMIN,ERROR)

ART: A lg e b ra ic  R e c o n s tru c tio n  T echnique 
Programmed by KLS March 1984

REF: Mason, I .  M ., n A lg e b ra ic  R e c o n s tru c tio n  o f a Two
D im ensional V e lo c i ty  Inhom ogeneity  in  th e  High H azles  
Seam o f T horesby  C o l l ie ry n  G eophysics 46 (1981) 298-308

**$$* CALLING VARIABLES *****

MROW #  o f  so u rc e s  a lo n g  th e  z  a x is
NCOL # o f  r e c e iv e r s  a lo n g  th e  z a x is
DELTAR Approx le n g th  o f  ra y  segment fo r  i n t e g r a t i o n  
CMIN Minimum a c c e p ta b le  chord le n g th  to  use to  c a lc u la te  

th e  av erag e  s lo w n esses

***** OUTPUT VARIABLES *****

ERROR Mean sq u are  e r r o r
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***** COMMON STORAGE ***$$ INPUT *****

LCONST L o g ic a l sw itc h  fo r  c o n s t r a in in g  th e  s low ness p a ra m e te rs  
down th e  b o re h o le  (known from  th e  so n ic  lo g )

TIME() F i r s t  a r r i v a l  tim es from m*th so u rce  to  n ' t h  geophone
Zero  t r a v e l  tim e s i g n i f i e s  a la c k  o f d a ta

***** COMMON STORAGE ***** OUTPUT *****

SLOW(M,N) Slow ness a r r a y

TCALC(M,N) C a lc u la te d  t r a v e l  tim es

PARAMETER 
LOGICAL 
DIMENSION 
COMMON/ CONSTR/ 
COMMON/VELOCI/ 
COMMON/CALCUL/ 
COMMON/TIMES/ 
EQUIVALENCE

(M=20,N=10)
LCONST
CSUM(0:M,0iN) ,TSUM(0:M,0:N) 
LCONST
SLOW(0:M,0:N)
TCALC(0:M,0:N)
TIME(M,N)
(TSUM (0,0),TCALC(0,0))

• * * • •  VARIABLE USAGE ***** VARIABLE USAGE *****

A X -sq u ared  c o e f f ic e n t  o f q u a d ra t ic  e q u a tio n
B X c o e f f i c i e n t  o f q u a d r a t ic  e q u a tio n
C C o e f f ic ie n t  o f  q u a d ra t ic  e q u a tio n
CSUMO Sum o f cho rd  le n g th s  around m,n p a ra m e te r
CLEN Chord le n g th  from X I,Z1 to  X2,Z2
ERR R e s id u a l e r r o r
I  P o s i t io n  o f  so u rce
J  P o s i t io n  o f  r e c ie v e r
K X p a ra m e te r  c o o rd in a te
L Z p a ra m e te r  c o o rd in a te
NSEG #  o f  ra y  segm ents
RAD R a d ic a l o f  q u a d ra t ic  s o lu t io n
RLEN L ength  o f ra y  p a th  from i t h  so u rce  to  j t h  r e c e iv e r
SEG True le n g th  o f  ra y  p a th
TSUM() Sum o f tim es  a lo n g  chord  le n g th s  around  m ,n
X,Z C o o rd in a te s  o f  m id p o in t o f ra y  segment
X I,Z1 P o in t o f ch o rd  on c i r c l e
X2,Z2 Second p o in t  o f cho rd  on c i r c l e

***** UNITS OF DIMENSIONS *****
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05

$ $ $ $ *

$ $ $ $ $
* * * * *

* * * * *
* * * * *

* * * * *

D is ta n c e  in  g r id  u n i t s  (sp a c in g  betw een geophones)
Time in  seconds
S low ness in  s e c o n d s /g r id  u n i t

C le a r  sum ations * • • • •

DO 05 K=0,MROW
DO 05 L=0,NCOL

TSUM(K,L)=0.0
CSÜM(K,L)=0.0

CONTINUE

F or each  ra y  p a t h . . .  *****

DO 20 1 = 1 ,MROW
DO 20 J=1.NCOL

For no d a ta  on ra y  *****

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 20

Ray le n g th  *****

RLEN=SQRT(FLOAT(1*1 + J * J ) )

F o r each  p a ra m e te r c i r c l e . . .  *****

ZRANGE=1.0  /  (SQRT(2.0)*SIN(ATAN(I/FLOAT(J)) ) )  
DO 10 K = 0,I

Z=J -  J*K/FL0AT(I)
LI=NINT(Z-ZRANGE+0.5 ) p IF (L l.L T .O ) L1=0
L2=Z+ZRANGEp IF (L 2 .G T .J) L2=J

DO 10 L=L1,L2

F in d  i n t e r s e c t i o n  o f  two e q u a tio n s  *****
E q u a tio n  one : C i r c le  (X-K)**2 + (Z -L )*e 2 = 1 /2
E q u a tio n  twoz L ine  Z = J  — J* X /I
Solve q u a d r a t ic  e q u a tio n  AX**2 + 2BX + C

A=1.0 + J*J/FLOAT(1*1)
B = (L -J)*J/FLOAT( I ) -  X 
C=K*K + (J -L )* * 2  -  0 .5  
RAD=B*B -  A*C

Im aginary s o lu t io n  means the l in e s  do not in t e r s e c t



T-2977

IF(RAD.LE .0 .0 )  GOTO 10 
RAD=SQRT(RAD)

***** L o ca te  i n t e r s e c t i o n  p o in ts  *****
***** B .C . -  Ray p a th  s t a r t a  a t  (1 ,0 )  and ends a t  ( 0 ,J )

IF (K .E Q .I .AND. L.EQ.O) THEN 
Xl=Kp Z1=0

ELSE
X1=(-B+RAD)/ A 
Z 1= J-J*X 1/I

END IF
IF(K.EQ.O .AND. L .E Q .J) THEN 

X2=0p Z2=L
ELSE

X2=(-B-RAD)/A 
Z2=J—J* X 2 /I

END IF

***** Chord le n g th  *****

CLEN=SQRT((X1-X2)**2 + (Z l-Z 2 )* * 2 )
I F (CLEN.LT.CMIN) GOTO 10

***** Snmmat io n  o f  p a ra m e te r tim es *****

TSUM(K, L) =TSUM (K,L) +CLEN*TIME ( I ,  J )  /RLEN

***** Summation o f cho rd  le n g th s  *****

CSUM(K, L )=CSUM(X, L) +CLEN
10 CONTINUE
20 CŒTINUE

***** A verage slow ness a t  a l l  p o in ts  *****

DO 30 K=0,MROW
DO 30 L=0,NCOL

IF(CSUM(X,L).EQ.0 .0 )  THEN 
SLOW(K,L)=0.0

ELSE
SLOW(X,L)=TSUM(X,L)/CSUM(X,L)

END IF 
30 CWTINUE

***** C o n s tra in e d  p a ra m e te rs  *****

IF(LCONST) CALL PARCON(NCOL)
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***** F o r each  ra y  p a t h . . .  *****

DO 50 1= 1 ,MROW
DO 50 J=1,NCOL

IF (T T M E (I,J ) .L E .0 .0 ) GOTO 50 
T C A LC (I,J)=0.0

***** D iv id e  ra y  in to  eq u a l segm ents *****

RLEN=SQKT(FLOAT(1*1 + J * J ) )
NSEG=INT(RLEN/DELTAR)
SEG=RLEN/NSEG

***** I n t e r p o la t e  s low ness a t  m id p o in t o f segm ents *****

XINC=FLOAT( I ) /FLOAT(NSEG)
XSTART=XINC/2 .0  
XEND=FLOAT( I )
DO 40 X=XSTART, XEND, XINC

Z=J-J*X/FLOAT( I )
TCALCd, J)=TCALC(I, J )  + CARINT(X,Z)*SEG 

40 CONTINUE
50 CONTINUE

***** Mean sq u are  e r r o r  *****

ERROR=0.0
DO 60 1 = 1 ,MROW
DO 60 J=1,NCOL

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 60
ERR=TCALC(I, J ) -TIME( I , J )
ERROR=ERROR+ERR*ERR 

60 CONTINUE
RETURN 
END

SUBROUTINE ART2 (MROW,NCOL,DELTAR,CMIN,ERROR)

ART2: A lg e b ra ic  R e c o n s tru c tio n  T echnique 
i t e r a t i v e  p o r t io n  
Programmed by KLS March 1984

REF: Mason, G eophysics 1981

***** CALLING VARIABLES
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MROW #  o f  so u rc e s  a long  th e  x a x is
NCOL #  o f  r e c e iv e r s  a lo n g  th e  z a x is
DELTAR A pprox. le n g th  o f  ra y  segm ent fo r  i n t e g r a t io n
CMIN Minimum a c c e p ta b le  chord  le n g th  to  use to  c a lc u la te

av e rag e  s lo w n esses

OUTPUT VARIABLES *****

ERROR Mean sq u are  e r r o r

***** COMMON STORAGE ***** INPUT *****

LCONST L o g ic a l sw itc h  f o r  c o n s t r a in in g  th e  slow ness p a ra m e te rs  
down th e  b o re h o le  (known from the  so n ic  lo g )

TIME() F i r s t  a r r i v a l  tim es from m 'th  so u rce  to  n ' t h  r e c e iv e r  
Zero  t r a v e l  tim e s i g n i f i e s  a la c k  o f d a ta

***** COMMON STORAGE ***** I/O  *****

SLOW(M,N) S low ness a r ra y

TCALC(M,N) C a lc u la te d  t r a v e l  tim es

PARAMETER 
LOGICAL 
DIMENSION 
COMMON/CONSTR/ 
COMMON/VELOCI/ 
COMMON/CALCUL/ 
COMMON/TIMES/

(M=20,N=10)
LCONST
CSUM(0:M,0:N) ,ESUM(0:M,0:N) 
LCONST
SLOW(0:M,0:N)
TCALC(0:M,0:N)
TIME(M,N)

VARIABLE USAGE ***** VARIABLE USAGE

A X -sq u ared  c o e f f ic e n t  o f  q u a d ra t ic  e q u a tio n
B X c o e f f i e c i e n t  o f  q u a d ra t ic  e q u a tio n
C C o e f f ie c ie n t  o f q u a d ra t ic  e q u a tio n
CSUMO Sum o f cho rd  le n g th s  around m ,n p a ram e te r
CLEN Chord le n g th  from x l , z l  to  x 2 ,z2
ERR R e s id u a l e r r o r
ESUMO Sum o f e r r o r s  a s s o c ia te d  w ith  p a ram ete r m,n 
I  P o s i t io n  o f so u rce
J  P o s i t io n  o f r e c ie v e r
K X p a ra m e te r c o o rd in a te
L Z p a ra m e te r c o o rd in a te
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NSEG #  o f  ra y  segm ents
RAD R a d ic a l o f q u a d ra t ic  s o lu t io n
RLEN L ength  o f ra y  p a th  from i t h  so u rce  to  j t h  r e c e iv e r
SEG True le n g th  o f  ra y  p a th
X,Z C o o rd in a te s  o f  m id p o in t o f ra y  segm ent
X I,Z1 P o in t  o f cho rd  on c i r c l e
X2,Z2 Second p o in t  o f  ch o rd  on c i r c l e

***** UNITS OF DIMENSIONS *****

D is ta n c e  in  g r id  u n i t s  (sp a c in g  betw een geophones)
Time in  seconds
Slow ness in  s e c o n d s /g r id  u n i t

***** C le a r  summations *****

DO 10  K=0,MROW 
DO 1 0  L=0,NCOL

C SU M (K ,L )=0.0  
E SU M (K ,L )=0.0  

1 0  CONTINUE

***** For each  ra y  p a t h . . .  *****

DO 3 0  1 = 1 ,MROW
DO 3 0  1 = 1 ,NCOL

***** For no d a ta  on ra y  *****

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 30 
ERR=ITME(I, J)-T C A L C d, J )

***** Ray le n g th  *****

RLEN=SQRT(FLOAT(1 * 1  + J * J ) )

***** F or each  p a r a m e te r . . .  *****

ZRANGE=1. 0  /  (SQRT(2 . 0 )* S IN (A T A N (I/F L O A T (J )) ) )  
DO 20  K = 0, I

Z=J—J*K /FL 0A T ( I )
LI=N IN T ( Z-ZRANGE+0. 5 ) p I F ( L I .L T .0 )  L 1=0
L2=Z+ZRANGE|i I F (L 2 .G T .J )  L2=J

DO 2 0  L =L 1,L 2

* F in d  i n t e r s e c t i o n  o f  two e q u a tio n s
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$
#
*

20
30

$ $ * $ *

E q u a tio n  one : C ir c le  (X-K)**2 + (Z -L )**2 = 1 /2
E q u a tio n  two: L ine Z = J  -  J* X /I
S o lve  Q u a d ra t ic  E q u a tio n  AXe e 2 + 2BX + C

A=1.0  + J»J/FLOAT(1*1)
B“ ( L - J )*J/FLOAT( I ) -  K 
C=K*K + (J -L )* * 2  -  0 .5  
RAD=B*B -  A*C

Im ag in ary  s o lu t io n  means th e  l i n e s  do n o t i n t e r s e c t

IF(BAD.L E .0 .0 )  GOTO 20 
RAD=SQRT(RAD)

L o cate  i n t e s e c t io n  p o in ts  *****
B .C . -  Ray p a th  s t a r t s  a t  (1 ,0 )  and ends a t  ( 0 , J )  *

IF (K .E Q .I .AND. L.EQ.O) THEN 
Xl=Kp Z1=0

ELSE
X1=(-B+RAD)/A
Z 1= J-J*X 1/I

END IF
IF U .E Q .O  .AND. L .E Q .J) THEN 

X2~Op Z2=L
ELSE

X2=(-B-RAD)/A
Z 2= J-J*X 2/I

END IF

Chord le n g th  *****

CLEN=SQRT((X1-X2)**2 + (Z l-Z 2 )* * 2 )
I F ( CLEN.LT.CMIN) GOTO 20

Summation o f  chord  le n g th s  *****

CSUM(K,L) =CSUM(K,L) + CLEN

Summation o f  e r r o r  around p a ra m e te r *****

ESUM (K, L) =ESUM (K, L) + ERR*CLEN/RLEN 
CONTINUE 
CONTINUE

U pdate p a ra m e te r  m a tr ix  *****

DO 40 K=0,MR0W
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DO 40 L=0,NCOL
IF(CSUM(K,L).EQ.O.O) THEN 

SLOW(K,L)=0.0
ELSE

SLOW(K,L)=SLOW(K,L) + ESUM(K,L)/CSUM(K,L)
END IF 

40 CWTINUE

***** C o n s tra in e d  p a ra m e te rs  *****

IF  (LCONST) CALL PAR CON (NCOL)

F o r each  ra y  p a t h . . .

DO 60 1 = 1 ,MROW
DO 60 J=l,NCOL

IF(TIME( I , J ) .L E .O .0 )  GOTO 60
T C A L C d,J)= 0 .0

***** D iv id e  ra y  in to  eq u a l segm ents

RLEN=SORT(FLOAT(1*1 + J * J ) )
NSEG=INT(RLEN/DELTAR)
SEG=RLEN/ NSEG

***** I n te r p o la t e  slow ness a t  m id p o in t o f segment

XINC=FLOAT(I)/FLOAT(NSEG)
XSTART =XINC/2 .0  
XEND=FLOAT( I )
DO 50 X=XSTART,XEND,XINC 

Z=J-J*X/FLOAT( I )
TC A LCd,J)=TCA LC(I,J) + CARINT(X,Z)*SEG 

50 CONTINUE
60 CONTINUE

***** Mean sq u are  e r r o r

ERROR=0.0
DO 70 1 = 1 ,MROW
DO 70 J=1,NC0L

IF d T M E d , J )  .L E .0 .0 )  GOTO 70
ERR=TCALC(I, J ) -T IM E (I, J ) 
ERROR=ERROR+ERR*ERR 

70 CONTINUE
END

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 

GOLDEN, COLORADO 80401
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SUBROUTINE ARTLB1 (MROW, NCOL, DELTAR, CMIN,CO,Cl,ERROR)

* ARTLB1: A lg e b ra ic  R e c o n a tru s t  io n  T echn ique f o r  a l i n e a r  *
v e l o c i t y  b ackg round  ( i e .  cu rv ed  ra y p a th s )  *

* Programmed by ELS— May 1984 *

* ***** CALLING VARIABLES ***** *

♦ MROW #  o f  so u rc e s  a lo n g  x - a x is  *
* NCOL #  o f  r e c ie v e r s  a lo n g  z - a x is  *
•  DELTAR A pprox. le n g th  o f ra y  segm ent fo r  i n t e r g r a t i o n  *
* CMIN Minimum a c c e p ta b le  cho rd  le n g th  to  use to  c a lc u la te  *

a v e rag e  s lo w n esses  *
•  CO V e lo c i ty  a t  s u r fa c e  •
•  Cl Change in  v e l o c i t y  w ith  a 'd x * in c re a s e  in  d ep th  *

* ***** OUTPUT VARIABLES ***** *

* ERROR Mean sq u are  e r r o r  o f  r e s id u a l  t r a v e l  tim es *

$ ***** COMMON STORAGE ***** INPUT ***** •

* LCONST L o g ic a l sw itc h  f o r  c o n s t r a in in g  th e  s low ness p a ra m e te rs*
down th e  b o re h o le  (known from th e  so n ic  lo g )  *

•  TIMEO F i r s t  a r r i v a l  tim es  from  th e  mth sho t to  th e  n th  *
geophone *
Z ero  t r a v e l  tim e s i g n i f i e s  a la c k  o f d a ta  *

$ ***** COMMON STORAGE ***** OUTPUT ***** *

•  SLOW() S low ness a r r a y  *

* TCALCO C a lc u la te d  t r a v e l  tim es  *

PARAMETER (M=20,N=10)
LOGICAL LCONST
DIMENSION CSUM(0:M,0:N),TSUM(0:M,0:N)
COMMON/ CCWSTR/  LCONST 
COMMON/VELOCI/ SLOW(0:M,0:N)
COMMON/TIMES/ TIME(M,N) v
COMMON/CALCUL/ TCALC(0:M,0:N)
EQUIVALENCE (TCALC( 0 , 0 ) ,TSUM(0 ,0 ) )

#
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10

* * $ $ *

• • • • •  VARIABLE USAGE ***** VARIABLE USAGE

A lpha Angle o f ra y  p a th
A ngle i  Angle o f in c id e n c e  fo r  ra y  a t  K ,0
B eta  Angle o f  i n t e r s e c t i o n
CSUMO Sum o f ch o rd  le n g th s  around m ,n p a ra m ete r
CLEN Chord ( a r c )  le n g th  i n t e r s e c t i n g  p a ra m e te r  c i r c l e
DIST D is ta n c e  betw een p a ra m e te r  p o in t  and o r ig i n  o f

th e  r a d iu s  o f  c u rv a tu re  fo r  th e  ra y p a th  
ERR R e s id u a l e r r o r
I  P o s i t io n  o f  sou rce
J  P o s i t io n  o f  r e c ie v e r
K X p a ra m e te r  c o o rd in a te
L Z p a ra m e te r  c o o rd in a te
NSEG #  o f  ra y  segm ents
R The ra d iu s  o f  c u rv a tu re  f o r  th e  ra y
RAYPAR Ray p a ra m e te r  f o r  th e  ra y  from i t h  sh o t to  j t h  geophone
RLEN L eng th  o f ra y  p a th  from i  th  so u rce  to  j  th  r e c e iv e r
SEG True le n g th  o f ra y  p a th
TSUM(M,N) Sum of tim es a lo n g  chord  le n g th s  around  M,N
X,Z M idpoin t o f segment fo r  in t e g r a t i o n
Xo,Zo O r ig in  o f th e  r a d iu s  o f c u rv a tu re

a lw ays a n e g a tiv e  v a lu e

***** UNITS OF DIMENSIONS

A ngles in  ra d ia n s
D is ta n c e  in ^ g r id  u n i t s  (sp a c in g  betw een geophones)
Time in  seconds
Slow ness in  s e c o n d s /g r id  u n i t
V e lo c ity  in  g r id  u n i ts /s e c o n d

C le a r  summations

DO 10 K=0,MROW
DO 10 L=0,NCOL

CSUM(K,L)= 0 .0  
TSUM(K,L)=0.0 

CONTINUE

F o r each  ra y  p a t h . . .

DO 30 1 = 1 ,MROW
DO 30 J=1,NCOL

F o r no d a ta  on ra y
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IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 30 

F in d  r a d iu s  o f c u rv a tu re  fo r  th e  ra y  *****

RÀÏPÀR=2.0*C1*I /  SORT( ( C0*C0+(C0+J*C1)**2+Cl*Cl*1*1) **2 -  4*C0 
*C0*(C0+C1*J)**2 )
R=1. 0 / (RAYPAR*Cl)

***** F in d  e s t im a te d  t r a v e l  tim e * * * * *

T e s t  =L0G( ( C0+C1*J)* ( 1+ SQRTU -  (C0*RAIPAR)**2) ) /
(CO + SQRT(C0*C0 -  ( CO*(C0+C1*J) *RAYPAR)* * 2 )))  /  Cl

Use geom etry * * * * *

a lp h a = 2 . 0*ASIN( 0 . 5*SQBT(FLOAT(1*1 + J * J ) ) /R )  
a n g le  i=  ATAN(I/FLOAT(J )) -  a lp h a /2 .0
RLEN=R*Alpha
Xo=-R*COS(angle i  + a lp h a )
Zo=-R*SIN (angle i )

F or each  p a ra m e te r c i r c l e . ••

DO 20 K = 0,I
Ll=NINT(Zo + SQ R T ((R -l./SQ R T (2.) )**2 -  (K-Xo)**2) + .5 )  
IF (L l.L T .O ) L1=0
L2=INT(Zo + SQ FT((R +1./SQ RT(2.))**2 -  (K -X o)**2)) 
IF (L 2 .G T .J) L2=J

DO 20 L=L1,L2

F in d  i n t e r s e c t i o n  o f two e q u a tio n s
E q u a tio n  one: C i r c le  (X—K)**2 + (Z -L)**2 = 1 /2
E q u a tio n  two : C i r c le  (X-Xo)**2 + (Z -Zo)**2 = R**2

***** Ray i n t e r s e c t s  p a ra m e te r  c i r c l e  ???

DIST=SQRT( (K-Xo>**2+(L-Zo)**2) 
IF(ABS(DIST -  R) ,GE. 1 ./S Q R T (2 .0 )) GOTO 20

L oca te  i n t e r s e c t i o n  a n g le  *****

Law o f c o s in e s  *****

TEMP a v o id s  com puter ro u n d o ff  e r r o r s * * * * *

TEMP=(R*R + DIST*DIST -  0 .5 )  /  (2.0*R*DIST) 
IF(TEM P.GT.l.O) GOTO 20 
beta=2.0*AC0S(TEMP)
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20
30

* * * * *

40

* * * * *

B .C . -  Ray p a th  s t a r t s  a t  (1 ,0 )  and ends a t  ( 0 , J )  ••* * *

IFCK.EQ.I .AND. L.EQ.O) b e ta = b e ta /2
IF(K.EQ.O .AND. L .E Q .J) b e ta = b e ta /2

Chord ( a r c )  le n g th  *****

CLEN=R*beta
IF(CLEN.LT.CMIN) GOTO 20

Summation o f p a ra m e te r  tim es  ***** 

TSUM(K,L)=TSUM(K.L)+TIME(I,J)*(CLEN/(C0+L*C1))/T e s t  

Summation o f ch o rd  ( a r c )  le n g th s  *****

CSUM(K,L)=CSUM(K,L)+CLEN
CONTINUE
CONTINUE

A verage slow ness a t  a l l  p o in ts  *****

DO 40 K=0,MROW
DO 40 L=0,NCOL

IF(CSUM(K,L).EQ.O.O) THEN
SLOW(K,L)= 0 .0

ELSE
SLOW (K,L)=TSUM(K,L) /  CSUM(K,L)

END IF 
CONTINUE

C o n s tra in e d  p a ra m e te rs  *****

IF(LCONST) CALL PARCON(NCOL)

F o r each  ray  p a t h . . .  *****

DO 70 1 = 1 ,M
DO 70 J=1,N

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 70
TCALCd, J )= 0 .0

RAYPAR=2.0*C1*I /  SQRT((C0*C0+(C0+J*C1)**2+C1*C1*I*I) **2 -  4*C0 
*C0*( C0+C1*J)**2 )
R=1. 0 / (RAYPAR*Cl)
alpha=2*ASIN(0.5*SQRT(FLOAT(I*I + J * J ) ) /R )  
a n g le  i=  ATAN( I/FLOAT(J )) -  a lp h a / 2 .0
RLEN= R *alpha
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NSEG= INT(RLEN/DELTAR)
SEG- RLEN/NSEG
Xo=-R*COS(angle i  + a lp h a )
Zo=-R*SIN (angle i )

***** I n te r p o la t e  slow ness a t  m id p o in ts  o f segment

DO 60 S=SEG/2. 0 , RLEN,SEG
b eta= S /R
X=R*COS(ANGLE I  + BETA) + XO 
Z=R*SIN(ANGLE I  + BETA) + ZO 
TCALCd, J)=TC A LC (I,J) + SBG*CARINT(X,Z) 

60 CONTINUE
70 CONTINUE

***** Mean square  e r r o r

ERROR=0.0
DO 80 1 = 1 ,MROW
DO 80 J=l,NCOL

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 80 
ERR=TCALC( I , J ) -TIME( I , J )
ERROR=ERROR+ERR*ERR 

80 CONTINUE
RETURN 
END

SUBROUTINE ARTLB2 (MROW, NCOL, DELTAR, CMIN,CO,Cl,ERROR)

ARTLB2: A lg e b ra ic  R e c o n s tru c tio n  T echnique fo r  a L in e a r  
v e lo c i ty  B ackground ( i e .  cu rved  ra y p a th s )  
I t e r a t i v e  p o r t io n

Programmed by KLS— May 1984

***** CALLING VARIABLES *****

MROW #  o f  so u rc e s  a long  x -a x is
NCOL #  o f  r e c ie v e r s  a lo n g  z - a x is
DELTAR A pprox. le n g th  o f  ra y  segm ent f o r  i n t e g r a t i o n
CMIN Minimum a c c e p ta b le  chord  le n g th  to  use to  c a lc u la te

av e rag e  s lo w n esses  
CO V e lo c i ty  a t  s u r fa c e
C l Change in  v e lo c i ty  w ith  a 'DX' in c re a s e  in  d ep th
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***** OUTPUT VARIABLES *****

ERROR Mean sq u are  e r r o r  o f  r e s id u a l  t r a v e l  tim es 

***** COMMON STORAGE ***** INPUT *****

LCONST L o g ic a l sw itc h  fo r  c o n s t r a in in g  th e  slow ness p a ra m e te rs  
down th e  b o re h o le  (known from th e  so n ic  lo g )

TIMEO F i r s t  a r r i v a l  tim es  from th e  m th  sh o t to  the  n th  
geophone
Zero  t r a v e l  tim e s i g n i f i e s  a la c k  o f d a ta  

***** COMMON STORAGE ***** I/O  *****

SLOW() Slowne s s a r r a y

TCALCO C a lc u la te d  t r a v e l  tim es

PARAMETER
LOGICAL
DIMENSION
COMMON/CONSTR/
COMMON/VELOCI/
COMMON/TIMES/
COMMON/CALCUL/

(M=20,N=10)
LCONST
CSUM(0:M,0:N), 
LCONST
SLOW(0:M,0:N) 
TIME(M,N) 
TCALC(0:M,0:N)

ESUM(0:M,0:N)

***** VARIABLE USAGE ***** VARIABLE USAGE

A lpha A ngle o f ra y  p a th
A ngle i  Angle o f in c id e n c e  fo r  ray  a t  K ,0
B eta  A ngle o f i n t e r s e c t i o n
CSUMO Sum o f  chord  le n g th s  around  M,N p a ra m e te r 
CLEN Chord ( a r c )  le n g th  i n t e r s e c t i n g  p a ra m e te r c i r c l e  
DIST D is ta n c e  betw een p a ra m e te r p o in t  and o r ig i n  o f 

th e  r a d iu s  o f c u rv a tu re  fo r  th e  ra y p a th  
ERR R e s id u a l e r r o r
ESUMO Sum o f  e r r o r s  a s s o c ia te d  w ith  p a ra m e te r  M,N 
I  P o s i t io n  o f so u rce
J  P o s i t i o n  o f  r e c ie v e r
K X p a ra m e te r  c o o rd in a te
L Z p a ra m e te r  c o o rd in a te
NSEG #  o f  ra y  segm ents
R The r a d iu s  o f  c u rv a tu re  fo r  th e  ra y
RAYPAR Ray p a ra m e te r  fo r  th e  ray  from iTH sh o t to  JTH geophone 
RLEN L eng th  o f ra y  p a th  from i t h  so u rce  to  j t h  r e c e iv e r
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10

$ $ $ # *

»

SEG True le n g th  o f ra y  p a th
%,Z M idpoin t o f segm ent f o r  i n t e g r a t io n
Xo,Zo O r ig in  o f  th e  r a d iu s  o f c u rv a tu re

alw ays a n e g a tiv e  v a lu e

***** UNITS OF DIMENSIONS

A ngles in  ra d ia n s
D is ta n c e  in  g r id  u n i t s  (sp a c in g  betw een geophones)
Time in  seconds
Slow ness in  s e c o n d s /g r id  u n i t
V e lo c i ty  in  g r id  u n i ts /s e c o n d

C le a r  summations *****

DO 10 K=0,MROW
DO 10 L=0,NCOL

CSUM(K,L)=0.0
ESUM(K,L)=0.0

CONTINUE

F or each  ra y  p a t h . . .  *****

DO 30 1 = 1 ,MROW
DO 30 J=l,NCOL

F o r no d a ta  on ra y  *****

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 30
ERR=TIM E(I,J)-TCALC(I,J)

Use geom etry  *****

RAIPAR=2.0*C1*I /  SQRT((C0*C0+(C0+J*C1)**2+C1*C1*I*I) **2 -  4*C0 
•CO*( C0+C1*J)**2 )

R=1. 0 / (RAYPAR*C1)
alpha=2.0*ASIN(0.5*SQRT(FLOAT(I*I + J * J ) ) /R )  
a n g le  i=ATAN( I/FLOAT(J )) -  a lp h a /2 .0  
RLEN=R*alpha
Xo=-R*COS(angle i  + a lp h a )
Zo=~R*SIN(angle i )

F or each p a ra m e te r c i r c l e . . .  *****

DO 20 K = 0,I
Ll=NINT(Zo + SORT ( ( R -1 . /  SORT ( 2 . ) ) * * 2 -  (K-Xo)**2) + .5 )
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$

#
$

20
30

* * * * *

IF (L l.L T .O ) L1=0
L2=INT(Zo + SQ BT((R+1./SQ BT(2.))**2 -  (K -X o)**2)) 
IF (L 2 .G T .J) L2=J

DO 20 L=L1,L2

F in d  i n t e r s e c t i o n  o f two e q u a tio n s
E q u a tio n  one : C i r c le  (X-K)**2 + (Z -L)**2 = 1 /2
E q u a tio n  two: C ir c le  (X-Xo)**2 + (Z -Zo)**2 = Ee*2

Ray i n t e r s e c t s  p a ra m e te r  c i r c l e  777 *****

DIST=SQRT( ( K-Xo)** 2+(L-Zo) • • 2 )
IF(ABS(DIST -  R) .GE. 1 ./S Q R T (2 .0 )) GOTO 20

L oca te  i n t e r s e c t i o n  a n g le  *****

Law o f  c o s in e s  *****

TEMP a v o id s  com puter ro u n d o ff  e r r o r s  *****

TEMP=(R*R + DIST*DIST -  0 .5 )  /  (2.0»R*DIST)
IF(TEMP.GT.1 .0 )  GOTO 20 
beta=2.0*ACOS(TEMP)

B .C . -  Ray p a th  s t a r t s  a t  (1 ,0 )  and ends a t  ( 0 ,J )  *****

IF (K .E Q .I .AND. L.EQ.O) b e ta = b e ta /2
IF (K .E Q .0 .AND. L .E Q .J) b e ta = b e ta /2

Chord ( a r c )  le n g th  *****

CLEN=R*beta
I F (CLEN.LT.CMIN) GOTO 20

Summation o f  ch o rd  ( a r c )  le n g th s  *****

CSUM(K,L)=CSÜM(K,L) + CLEN 

Summation o f e r r o r  around  p a ra m e te r *****

ESUM(K,L)=ESUM(K,L) + ERR* CLEN/RLEN

CONTINUE
CONTINUE

U pdate p a ra m e te r m a tr ix  *****

DO 40 K=0,MROW
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DO 40 L=0,NCOL
IF(CSUM(K,L).EQ.O.O) THEN 

SLOW(K,L)=0.0
ELSE

SLOW(K,L)=SLOW(K,L) + ESUM(K.L)/CSÜM(K,L)
END IF 

40 CWTINUE

***** C o n s tra in e d  p a ra m e te rs  *****

IF(LCONST) CALL PARCON(NCOL)

***** F o r each  ra y  p a t h . . .  *****

DO 70 1 = 1 ,M
DO 70 J=1,N
IF(TIM E( I , J ) «LE.0 .0 )  GOTO 70
T C A L C d,J)= 0 .0

RATPAR=2,0*C1*I /  SQRT((C0*C0+(C0+J*C1)**2+C1*C1*I*I) **2 -  4*C0 
* *C0*(C0+C1*J)**2 )

R=1.0  /  (RATPAR*C1)
a lp h a *  2*ASIN(0.5*SQKT(FLOAT(I*I + J * J ) ) /R )  
a n g le  i=ATAN( I/FLOAT(J )) -  a lp h a /2 .0  
RLEN* R *alpha
NSEG* INT(RLEN/DELTAR)
SEG= RLEN/NSEG
Xo*-R*COS(angle i  + a lp h a )
Zo=-R*SIN (angle i )

***** I n t e r p o la t e  s low ness a t  m id p o in ts  o f segment *****

DO 60 S=SEG/2 . 0 , RLEN,SEG
b e ta* S /R
X=R*COS(ANGLE I  + BETA) + XO 
Z=R*SIN(ANGLE I  + BETA) + ZO 
TC A LC d,J)*TC A LC (I,J) + SBG*CARINT(X,Z)

60 CONTINUE
70 CONTINUE

***** Mean sq u are  e r r o r  *****

ERROR=0.0
DO 80 1=1,MROW
DO 80 J=l,NCOL

IF (T IM E (I ,J ) .L E .0 .0 )  GOTO 80
ERR=TCALC( I , J ) -T IM E (I, J )
ERROR=ERROR+ERR*ERR
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80 CONTINUE
RETURN 
END

FUNCTION CARINT(X,Y)

CARINT: CA Rtesian IN T e rp o la tio n
I n t e r p o l a t e s  th e  v a lu e  o f F(X,Y)
Assumes f u n c t io n  v a lu e s  a re  known a t  in te g e r  v a lu e s  o f 
X and Y — Which a re  s to re d  in  a r r a y  UO

***** CALLING VARIABLES *****

X,Y C o o rd in a te s  o f  p o in t  to  i n t e r p o la te

$$*$* COMMON STORAGE ***** INPUT *****

U() V alues o f  fu n c t io n  a t  in te g e r  v a lu e s  f o r  X,Y

PARAMETER (M=20,N=10)
COMMON/VELOCI/ U (0:M ,0:N )
I=INT(X)n J=INT(Y)
P=X-FLOAT(I)n Q=Y-FLOAT(J)
F00=U (I, J )  p. F 10= U (I+ 1 ,J)
F 0 1 = U (I,J-H )|i F11=U (I+1, J + l )

***** Two p o in t  fo rm u la  *****

IF(.N O T.(F ll.EQ .O .O .A N D .FlO .EQ .O .O )) GOTO 10
CARINT=( 1-Q) *F 00 + Q*F01
RETURN

***** Three p o in t  fo rm ula

10 IF (F ll.N E .O .O ) GOTO 20
CARINT=( 1 . -P -Q )*F 00 + P*F10 + Q*F01 
RETURN

***** T hree p o in t  fo rm ula

20 IF(FOO.NE.O.O) GOTO 30
CARINT= ( 1-P  ) *F 01 + (1-Q )*F10 + (P+Q-1)*F11 
RETURN
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* * • • •  F our p o in t  fo rm ula  *****

30 C A R IN T = (l.-P )* (l.-Q )* F 0 0 + P * (l.-Q )* F 1 0 + Q * (l.-P )* F 0 1 + P * a* F ll
RETURN 
END

SUBROUTINE PAR CON(NCOL)
IMPLICIT LOGICAL(L)
PARAMETER (M=20,N=10)
COMMON /CONSTR/ LCONST, VELVAR, CWST ( N ) 
COMMON/VELOCI/  SLOW( 0 :M,0 : N)

PARCW: PARameter C O N stra in ing  ro u t in e
F ix e s  th e  s low ness p a ra m e te r v a lu e s  down th e  b o re h o le  
a s  d e te rm in ed  by th e  so n ic  lo g

***** CALLING VARIABLES *****

NCOL #  o f  geophones p o s i t io n s  down th e  w e ll

***** COMMON STORAGE ***** INPUT *****

CONSTO C o n s tra in e d  p a ra m e te r v a lu e s

LCONST L o g ic a l sw itch

VELVAR A llow ab le  v e lo c i ty  v a r i a t i o n  from the  f ix e d  v a lu e  
D e v ia tio n  in  p e rc e n ta g e  from f ix e d  v a lu e

***** COMMON STORAGE ***** I/O  *****

SLOWO Slow ness m a tr ix

DO 10 J=1,NCOL
IF (C 0 N S T (J).L E .0 .0 ) GOTO 10 
VARY=CONST(J)*VELVAR/100.
IF(SLOW (0,J) .LT.CONST(J)-VARY) SLOW(0,J)=CWST(J)-VART 
IF(SLOW(0, J )  .GT.C0NST( J)+VARY) SLOW(0 , J ) =CONST(J) WARY

10 CONTINUE
RETURN 
END

FUNCTION VEL (DR.SLOW)



T-2977 91

VEL: Computes v e l o c i t y  from th e  slow ness

IF(SLOW.LE.0 .0 )  THEN 
VEL=0.0

ELSE
VEL=DX/ SLOW

END IF 
RETURN 
END

SUBROUTINE ABBREV ( CMMND, NUMCOM, WORD, NUMLET)
IMPLICIT LOGICAL(L)
CHARACTER WORD*5 , CMMND*65

ABBREV: Expands a b b re v . commands to  t h e i r  f u l l  le n g th

$$$$# CALLING VARIABLES $$$**

CMMND
NUMCOM
WORD
NUMLET

L egal command s t r i n g s
#  o f  le g a l  commands 
In p u te d  command s t r i n g
#  o f  l e t t e r s  in  in p u te d command

$$$$$ OUTPUT VARIABLES

WORD The abb rev  command expanded to  i t s  f u l l  le n g th

CALL ÜCASE2 ( .TRUE., NUMLET,WORD)
DO 20 I=NUMLET+1, NUMLET*NUMCOM+NUMLET, NUMLET

LBEFOR=.FALSE.
LAFTER=.FALSE.

DO 10 J=l,NUMLET
I F (WORD(J:J ) .E Q . * #) GOTO 30 
K =I+J-1
IF(WORD(J : J )  .NE. CMMND (K:K) ) GOTO 20
IF(WORD(J:J ) . NE. CMMND(K-NUMLET:K-NUMLET)) LBEFOR=. TRUE.
IF(WORD(J:J ) . NE. CMMND(K+NUMLET:K+NÜMLET)) LAFTER=. TRUE.

10 CONTINUE
RETURN 

20 CONTINUE
RETURN

30 IF(LBEFOR.AND.LAFTER) WORD ( 1 :NUMLET)=CMMND( I : I+NUMLET-l)
RETURN 
END
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SUBROUTINE ÜCASE2 ( LCASE, NUMLET, WORD )
IMPLICIT LOGICAL(L)
CHARACTER WORD*5,UCALPH*26 ,LCALPH*26

* UCASE2: Changes an a lp h an u m eric  s t r i n g to  a s in g le  case  *

* ***** CALLING VARIABLES *****

* LCASE .TRUE. R e tu rn s  a l l  upper case a lp h an u m erics  *
.FALSE. R e tu rn s  a l l  low er case a lp h an u m erics  *

* NUMLET # o f  l e t t e r s  in  s t r i n g
* WORD A lphanum eric  s t r i n g

* ***** OUTPUT VARIABLES *****

* WORD A lphanum eric  s t r i n g  c o n v e r te d to  u p p e r/lo w e r case  *

UCALPH= ' ABCDEFGHIJKLMNOPQRSTUVWXYZ'
LCALPH= 'ab c d e fg h ijk lm n o p q rs tu v w x y z *
DO 30 1 = 1 ,NUMLET
DO 20 1=1,26

IF(LCASE) THEN
IF(W ORD(I:I).NE.LCALPH(J:J ) ) GOTO 10 
WORD( 1 :1 ) =UCALPH(J : J )
GOTO 30

ELSE
IF(W ORD(I:I),NE.UCALPH(J: J ) ) GOTO 10
WORD(I:I)=LCALPH(J:J)
GOTO 30

10 END IF
20 CONTINUE
30 CONTINUE

RETURN 
END
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