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GEOLOGICAL STRUCTURES FROM TELEVIEWER LOGS 

P a r t  3: Q u a l i t y  Control 

OF GT-2, FENTON HILL, NEW MEXICO 

Kerry  L. Burns 

ABSTRACT 

A procedure has been developed f o r  e x t r a c t i n g  
geo i g i c a l  s t ruc tu res  from paper p r i n t s  o f  i n t e n s i t y -  
mode te lev iewer  logs. It was appl ied t o  o l d  logs o f  
d r i l l  ho le  GT-2 a t  t h e  Fenton H i l l ,  New Mexico, Hot 
Dry Rock S i t e .  A s e r i e s  o f  t e s t s  have a l s o  been 
developed f o r  measuring t h e  r e s u l t a n t  data q u a l i t y ,  
and t h i s  repo r t  describes these t e s t s  and app l ies  them 
t o  evaluate t h e  procedure. 

A t e s t  f o r  measurement accuracy shows t h a t  loca- 
t i o n s  were measured t o  b e t t e r  than 0.1 f t  and or ien ta-  
t i o n s  t o  w i t h i n  l". The root-mean-square e r r o r  i n  
f i t t i n g  a t r a c e  r a r e l y  exceeded 0.2 ft. When t h e  
th resho ld  f o r  t h i s  e r r o r  was set a t  0.5911 ft, the  
p a t t e r n  d i sc r im ina to r  accepted 50% o f  t h e  t races  sub- 
m i t t e d  t o  it. The p b a b i l i t y  t h a t  any t race  would be ' 

accepted was 53 -63%. 
The second set  o f  tests ,  f o r  reproduci b i  1 i ty, 

measures the  amount o f  assoc iat ion between two d i f -  
f e r e n t  runs of t h e  same length  o f  hole, i n  t h i s  case a 
d is tance o f  275 ft. Two new measures o f  assoc ia t ion  
a re  defined, termed cop lanar i t y  and c o l l i n e a r i t y .  The 
cop lana r i t y  measured about 60" a t  a r b i t r a r y  lags, when 
t h e  runs were no t  associated, f a l l i n g  t o  43.5' a t  zero 
lag, when the  runs were matched, demonstrating t h e  
ex is tence o f  a genuine s ignal  . However, no s i n g l e  
fea ture  recurs on both runs. 

The lack  o f  any rec res  explanat ion 
and l e a d s  t o  a t h i r d  s f o r  r e p e t i t i o n  
ra te .  The low r e p e t i t i o n  r a t e  i s  a i  ned by random 
e r r o r s  i n  l o c a t i o n  and o r ien ta t i on ,  which are d i f f e r -  
en t  on each run. Location e r r o r  i s  estimated a t  14 f t  
f o r  f o l i a t i o n s  and 8 ft f o r  j o i n t s .  This e r r o r  i s  
a t t r i b u t e d  t o  nonrepeated pos i t i on ing  i n  depth, o f f -  
c e n t e r i n g ,  and t i l t i n g .  The o r i e n t a t i o n  e r r o r  i s  

1 



estimated a t  10" f o r  both f o l i a t i o n s  and j o i n t s .  Th is  
e r r o r  i s  a t t r i b u t e d  t o  nonrepeated motions such as 
drag, bounce, and o s c i l l a t i o n s  o f  t h e  logging too l .  
The amount o f  e r r o r  shows t h a t  t o o l  design must be 
improved t o  reduce mechanical suspension e f fec ts .  

A f o u r t h  set  o f  t e s t s  cons is ts  of f i t t i n g  a model 
of t h e  f e a t u r e - e x t r a c t i o n  process  t o  t h e  d a t a  and 
es t imat ing  data re1 i a b i  1 i ty  f ran qual i ty parameters of 
t h e  model. A percept ion model y i e l d e d  an est imate o f  
data q u a l i t y  a t  91.5%. Because the  estimate exceeds 
90%, t h e  data q u a l i t y  i s  considered acceptable and t h e  
fea ture-ex t rac t ion  system successful . However, t h e  
r a t e  o f  f ea tu re  ex t rac t ion ,  estimated a t  26.5% f o r  
f o l i a t i o n s  and 11.3% f o r  j o i n t s ,  i s  on ly  a f r a c t i o n  of 
that  f o r  recovered core and represents a s i g n i f i c a n t  
l o s s  o f  information. The p o s i t i v e  percept ion proba- 
b i l i t y  o f  27.0% f o r  f o l i a t i o n s  and 11.5% f o r  j o i n t s  i s  
about ha l f  t h a t  f o r  high-qual i t y  photographic imagery, 
showing t h a t  d i g i t a l  record ing and playback a t  ad- 
vanced image-processing fac i  1 i t i e s  would improve t h e  
r e s u l t s  s i g n i f i c a n t l y .  

I . INTRODUCTION 

Scope o f  This  Report 
A method o f  e x t r a c t i n g  s t r u c t u r a l  data from te lev iewer  imagery has been 

developed, using as t r i a l  data some extremely poor imagery from d r i l l  ho le  
GT-2 a t  Fenton H i l l  . P a r t  1 o f  t h i s  repo r t  described pa t te rn  recogn i t i on  and 

pa t te rn  d isc r im ina t ion ;  P a r t  2, r e c t i f i c a t i o n  t o  geographic coordinates. This  
p a r t  describes q u a l i t y  con t ro l  methods. I n t e r p r e t a t i v e  processing f o r  geo- 

mechanical parameters i s  another mat ter  a l together .  

I I . QUALITY CONTROL MEASUREMENTS 

, 

j 

A. Measurement Accuracy 
Table I shows t h e  r e s u l t s  o f  repeated measurements o f  a s t rong j o i n t ,  

made a t  wide ly  separated times over a per iod o f  weeks. The standard devia- 
t i o n s  i n d i c a t e  probable measurement e r ro r .  The t a b u l a t i o n  shows t h a t  o r ien ta-  

t i o n s  were measured t o  b e t t e r  than l" and loca t i ons  t o  b e t t e r  than 0.1 ft. 
B. F i t  t o  Prescr ibed Funct ional  Form 

func t i ona l  form. 
S t ruc tu ra l  t races  were se lected according t o  t h e i r  match t o  a s p e c i f i c  

A match was def ined i f  the  root-mean-square (rms) dev ia t ion ,  
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TABLE I: MEASUREMENT ACCURACY, ESTIMATED FROM REPETITIVE MEASUREMENTS OF A 
STRONG JOINT (The r e s u l t s  i n  the  t a b l e  show t h a t  o r i en ta t i ons  are measured 

t o  b e t t e r  than 1" and loca t i ons  t o  b e t t e r  than 0.1 f t . )  

Or ien ta t i on  Locat ion 
Depth Azimuth I n c l i n a t i o n  Nor th East Down 
( f t )  (deg) ( deg 1 ( ft) ( f t )  ( ft) 

2594.86 12 -17 
2594 -84 13.04 
2594.79 13 -02 
2594.95 11.9 
2594.95 12.74 
2594 -93 11.43 
2594 -93 11 02 

standard dev ia t ions  
0.0582 0.6290 

13 076 
13.48 
13 -84 
14.25 
14.65 
14.64 
13 091 

-- 
0.4168 

-1732.71 
-1732.71 
-1732.71 - 1732.7 1 
-1732.71 
-1732.71 
-1732 -71 

0 .oooo 

-1545 -04 
-1545 004 
-1545 -04 
-1545.05 
-1545 005 
-1545 -04 
-1545 004 

0.0045 

2599 -41 
2599 039 
2599.34 
2599 -50 
2599.50 
2599.48 
2599 -48 

0.0582 

between the  actual  t race  and the  b e s t - f i t  form, was less  than a prescr ibed 
t h r e s h o l d .  The t h r e s h o l d  t h a t  causes 50% o f  t h e  t e s t s  t o  be d e c l a r e d  
matches i s  termed t h e  50% discr iminant .  I f  y i s  an a l t i t u d e  on t he  image f o r  

a given azimuth, and if y' i s  t h e  a l t i t u d e  given by a least-squares f i t  t o  t h e  
t race,  t h e  rms e r r o r  i n  f i t t i n g  the  t race  i s  e 2 ,  where 

The term SEI means summation over k from 1 t o  K, k i s  a p o i n t  on t h e  t race,  

and K i s  t h e  number o f  po in ts  on the  t race  (usua l l y  about 20). 

r a r e l y  exceeded 0.2 ft. 

C. D i sc r im ina to r  Acceptance Rate 

F igure  1 shows 
f o r  several hundred accepted traces. The rms e r r o r  i n  f i t t i n g  a t race  e2 
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where J i s  t h e  number o f  t races  i n  t h e  set, S{) i s  summation over j from 1 t o  
J, and T O  i s  sumat ion  over k from 1 t o  K. Figure  2 shows histograms of e3 
f o r  J = 1322. The d isc r im inant  a t  t h e  50% l e v e l  i s  0.59 ft. The i n t e r p r e t e r  

submitted 1322 t races  t o  t h e  pa t te rn  d isc r im ina tor ,  which accepted 709. Th is  

i s  an acceptance p r o b a b i l i t y  o f  U = 709/1322 = 0.54 and a r e j e c t i o n  probab i l -  
i t y  o f  (1 - U)  = 0.46. 

I11 . REPRODUCIBILITY 

A. I n t r o d u c t i o n  

Reproduc ib i l i t y  i s  a c o e f f i c i e n t  o f  assoc ia t ion  between data sets  ob- 
ta ined on d i f f e r e n t  runs o f  t h e  data a c q u i s i t i o n  subsystem. Short segments of 

te lev iewer  runs 1 and 2 overlapped, between about 4000 and 4275 f t  downhole, 
and the  overlapping enabled a t e s t  f o r  r e p r o d u c i b i l i t y .  

For real-valued var iab les,  an appropr ia te c o e f f i c i e n t  i s  e i t h e r  cor re la -  
t i o n  or covariance. A m u l t i s t a t e  c o e f f i c i e n t  designed f o r  t e s t i n g  t h e  output  

o f  percept ion systems was def ined by Burns, Shepherd, and Berman 1977. I n  
t h i s  case, ne i the r  i s  appropriate, so we in t roduce two new c o e f f i c i e n t s  named 

"cop1 anar i  t y "  and "co1 1 i n e a r i  t y  ." 
B. D e f i n i t i o n  o f  Coplanar i ty  

The cop lanar i ty ,  P, i s  def ined by 

p12 = 1 - E { ( i ~ ~ . L ~ x b + ) / l L ~ x l ~ ~ l ;  i+ l=k;  

d (b . )  < m+d(a.) < d(&); i= l ,B-1;  j= l ,A I  
-1 -J 

and 

PZ1 = 1 - Ei(~je~ixa+)/Iciixa+I; i+ l=k;  

m+d(a.) < d(b. )  < m+d(a+); i=l,A-1; j= l ,B I  , 
-1 -J 

The o r i e n t a t i o n  vectors  observed i n  run 1 are {ai; i=l,A), and those observed 
i n  r u n  2 a r e  ib: i=1,31. The o p e r a t o r s  x and a r e  v e c t o r  and s c a l a r  

4 
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F igure  1. F i t t i n g  er ro r .  Histogram o f  s t a t i s t i c  e f o r  run 1, from 4000 t o  
4545 ft depth. The histogram shows t h a t  t he  e r r o r  ?n f i t t i n g  a t race  r a r e l y  
exceeded 0.2 f t  . 

-Statistic e3' 

Figure  2. Recognit ion e r ro r .  Histogram o f  s t a t i s t i c  e f o r  runs 1 and 2, 
2536 t o  4545 ft depth. The top  diagram i s  o f  re jec ted  th ices;  t h e  bo t tan  i s  
o f  accepted traces. The d isc r im inant  a t  t he  50% l e v e l  i s  0.59 f t  (marked 
"D")  . 
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products. Is1 i nd i ca tes  t h e  unsigned value o f  t h e  sca la r  s. m i s  t h e  l a g  
( r u n  1 + l a g  ve rsus  r u n  2); d ( a )  - i s  t h e  d e p t h  downhole o f  t h e  s t r u c t u r e  
o r ien ted  a. 

The measure P12 might be termed the  cross-coplanar i ty  o f  run 1 g iven run  

2. It i s  a measure o f  associat ion, vary ing from 0 (no associat ion,  t h e  f i r s t  
o r i e n t a t i o n  from run 1 being perpendicular to t he  plane formed by t h e  or ien-  

t a t i o n s  o f  neighboring po in ts  i n  run 2) t o  1 (complete agreement, where t h e  
vector  from run 1 l i e s  i n  the  plane formed by the  two vectors  from run 2). The 

o ther  measure, P12, i s  described s i m i l a r l y .  
C. Observations o f  Cop lanar i ty  

The co- 
p l a n a r i t y  measures angular dev ia t i on  f r a n  a plane. The angle i s  INVCOS(P).  
From F igure  3 and Table 11, t h i s  angle was about 60" when t h e  runs are  no t  
associated, f a l l i n g  t o  43.5" when the  runs were matched. This i s  we l l -de f ined 

maximum, so t h e  f o l i a t i o n s  are  reproducib le  between t h e  two te lev iewer  runs. 

F igure  3 shows cop lanar i t y  as a func t i on  o f  l a g  f o r  f o l i a t i o n s .  

Q 
0 
0 

. 2  

0 

f o l  i a t l o n s  I 

Run l+tag vs.Run 2 

I I I I I I I 

P12 

.... P21 

---- 

Figure  3. 
4275 f t  depth. 
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Coplanar i ty  o f  f o l i a t i o n s  fo r '  run 1 + l a g  versus run 2, 4000 t o  
The p l o t  i nd i ca tes  t h a t  t he  best match i s  a t  a l a g  o f  -4.5 ft. 



TABLE 11: REPRODUCIBILITY 
(Run 1 + lag  versus run 2, 4000-4275 ft depth) 

Name o f  Coef f i c i  ent  Lag 
S t a t i s t i c  (range 0 - 1 )  (range -20 t o  20 f t)  

F o l i a t i o n  Coplanar i ty  (F igure 3 )  
mode i n  P 0.7253 -11 . 
mode i n  P (max) 0.7258 - 5. 

0.7006 0. 
weighted mean + 0.02 
mode i n  P 

mode i n  P 0 -7185 + 6. 

mean P 0 -6353 
s t  .dev .P 0 -0539 

F o l i a t i o n  C o l l i n e a r i t y  (F igure 5 )  
mode i n  L 0.8408 
mode i n  L 0.8140 
mode i n  L 0 -8402 
mode i n  L (max) 0 -8873 
mode i n  L 0 -8776 
weighted mean 
mode i n  L 0 -8528 
mode i n  L 0.8323 
mode i n  L 0.8745 

mean L 0.8004 
s t  .dev .L 0.0358 

--- 

-11 . 
-11 . - 7. - 4. 
0. 

+ 0.01 
+ 3. 
f 6. 
+ 7. 

Fracture Coplanar i ty  (F igure 4)  
mode i n  P (max) 0 -7263 -15 . 
mode i n  P 0.6386 -11 . 

0 -6419 0. 
mode i n  P 0 -662 +10 . 
weighted mean - 0,32 
mode i n  P 

--- 
mean P 0.590 
s t  .dev .P 0 -0480 
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f F actu re  s I 
P12 

.... P21 
---- 

: '. 
,: --u. 

I. 
x 
3 .- . 6 
L 
td 
C 
Id 
c . 4  

Run l+Lag vs.Run 2 

0 
I I I I I I I I -4 0 -3 0 -2 0 -10 0 10 26 30 

Lag ( f  t 1 

Figure  4. Coplanar i ty  o f  f r a c t u r e s  f o r  run 1 + l a g  versus run 2, 4000 t o  4269 
f t  depth. The lack  o f  a systematic.maximum ind i ca tes  no s e r i a l  co r re la t i on .  

F igure  4 shows cop lanar i t y  versus l a g  f o r  f rac tu res .  There was no sys- 

tematic maximum, so the  f rac tu res  are not reproducib le  between the  two t e l e -  
viewer runs. The r e s u l t s  f o r  f o l i a t i o n s  and f rac tu res  a re  d i f f e r e n t  because 

the  f o l i a t i o n s  are s e r i a l l y  corre la ted,  wh i le  f rac tu res  are not, as i s  usua l l y  
t h e  case. I f  te lev iewer  runs are  t o  be co r re la ted  i n  t h e  s t r a t i g r a p h i c  sense 

( t h a t  i s ,  matched) by t h i s  method, it i s  necessary t o  use f o l i a t i o n s .  
0. D e f i n i t i o n  o f  C o l l i n e a r i t y  

The p r o b a b i l i t y  o f  a low cop lanar i t y  decreases w i t h  inc reas ing  angular 

separation o f  t he  two reference vectors. We may a l low f o r  t h a t  e f f e c t  by 
m u l t i p l y i n g  by t h e  vector  area formed by t h e  reference vectors. The r e s u l t  i s  

t he  c o e f f i c i e n t  termed c o l l i n e a r i t y ,  L, which i s  def ined by 
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L12 = 1 - E{(a.*b.xb ); i+ l=k ;  -J -1 -k 

d(b.) < d(a.) < d(&); i=l,B-1; j = l ,A l  
-1 -J 

LZ1 = 1 - E{(b.*a.xa -J -1 -k ); i+ l=k ;  

m+d(a.) < d(b.) < m+d(s ) ;  i=l,A-1; j = l ,B I  . 
-1 -J 

E. Observations o f  C o l l i n e a r i t y  

F igure  5 shows c o l l i n e a r i t y  as a func t i on  o f  l a g  f o r  f o l i a t i o n s .  The 
r e s u l t  i s  s i m i l a r  t o  F igure  3 .  The p e r i o d i c i t y  i n  the  d i f f e r e n c e  (L12-L21) i s  

i n t e r p r e t e d  as due t o  f o l d s  i n  the  f o l i a t i o n ,  w i t h  a wavelength ( i f  the  f o l d s  
were symmetrical) o f  80 ft. 

The match between t h e  two runs was no t  we l l  defined. Possible matching 
po in ts  are l i s t e d  i n  Table 11. One choice was a t  a l ag  o f  -4.5 ft, tha t -  i s ,  a 

systematic e r r o r  o f  4.5 f t  i n  the  footage between t h e  two runs. This e r r o r  
could e a s i l y  have ar isen  with manual methods o f  operat ing the  recorder. 

I V .  REPETITION RATE 

A. D e f i n i t i o n  

No i n d i v i d u a l  s t r u c t u r e  could be matched between the  two runs w i t h i n  t h e  
l i m i t s  o f  measurement e r ro r .  However, i f  there  was 

and o r i e n t a t i o n ,  t he  number o f  r e p e t i t i o n s  between 
mined as N, where 

some fuzziness i n  l o c a t i o n  
the  runs could be deter-  

w i t h  two cond i t ions  

9 
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Figure 5. C o l l i n e a r i t y  o f  f o l i a t i o n s  f o r  run 1 + l a g  versus run 2, 4000 t o  
4275 f t  depth. The p e r i o d i c i t y  i n  the  d i f fe rence L12-L21 ind ica tes  the  pres- 
ence of f o l d s  w i t h  a wavelength o f  about 80 ft. 

f o l  i a t lons  

L12 

.... L21 
Run l+Lag vs.Run 2 

---- 

I I I I I I I -4 0 -3 0 -26 -10 0 10 20 30 

l { l x . - x . l  < z; e.04. > cos( r ) ;  j= l ,B I I<=  1 f o r  i = l , A  
-1 J 1 J  

and 

l { l x . - y . l  < z; e:4. > cos(r ) ;  i=l ,AII <= 1 f o r  j = l , B  
-1 J 1 J  

I 

I n  t h i s  expression xi i s  the l o c a t i o n  and li the o r i e n t a t i o n  o f  a s t r u c t u r e  
from run 1; 2 i s  the  l o c a t i o n  and 9. the  o r i e n t a t i o n  o f  a s t r u c t u r e  from run 

2; A and B are t h e  numbers o f  s t ruc tu res  i n  the reg ion o f  over lap between 
runs 1 and 2; and z and r are the fuzziness i n  l o c a t i o n  and o r i e n t a t i o n ,  

respect ive ly .  

j J 
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B. Observations o f  Repe t i t i on  Rate 

L i m i t i n g  va l -  
ues are denoted by t h e  per iods and are values o f  z o r  r above which one o f  t h e  
two cond i t ions  f a i l e d .  The optimum estimate a f  t h e  number o f  r e p e t i t i o n s  was 

obtained by maximizing N( t , r )  wh i le  min imiz ing z and r. For f o l i a t i o n s  (F ig -  
u re  6) t h e  number was 5 a t  z = 14 f t  and r = 10'. For j o i n t s  (F igure  7 )  t h e  

number o f  r e p e t i t i o n s  was 5 a t  z = 8 ft and r = 10". 
The fuzz iness was l a r g e r  than the  measurement accuracy determined i n  Sec- 

t i o n  1I.A above, i n d i c a t i n g  t h e  existence o f  a random process i n  parameter 
es t imat ion  t h a t  i s  independent o f  t h e  random dec is ion  process i n  fea tu re  

e x t r a c t  i on . 

Figure  6 shows N fo r  f o l i a t i o n s ,  as a func t i on  o f  z and r. 

V .  PERCEPTION MODEL 

A. General Desc r ip t i on  
To assess data q u a l i t y  requi red fo rmula t ing  a model o f  t h e  in fo rmat ion  

processing scheme shown i n  P a r t  1 (F igure  11). The system was a sequence o f  
operations, each o f  which had a s p e c i f i c  e f f e c t  on the  in fo rmat ion  t rans-  

mi t ted .  Two separate random processes were involved, one a r i s i n g  i n  t h e  
inst rumenta l  system t h a t  generated t h e  imagery, t h e  o ther  i n  t h e  feature-  

e x t r a c t i o n  system t h a t  obtained in fo rmat ion  from the  imagery. Feature ext rac-  
t i o n  invo lved human annotat ion ( i n t e r r u p t  no. K5 i n  F igure 11, Par t  l ) ,  so t h e  

model had t o  take i n t o  account human decision-making processes a t  t ha t  step. 
Norber t  Weiner demonstrated, dur ing  World War 11, t h a t  human reac t i on  t imes 

must be incorporated i n t o  the  design o f  weapons systems. Here the  model had 
t o  incorporate,  no t  human reac t i on  times, but  t he  human decision-making capa- 

b i l i t y .  Methods of dea l ing  w i t h  human decis ions were developed under t h e  
a u s p i c e s  o f  NASA by Burns and Brown i n  1977, f o l l o w i n g  work on psycho- 

percept ion by Westinghouse. The c h a r a c t e r i s t i c  o f  human decision-making sys- 
tems i s  t h a t  they invo lve,  no t  on l y  t h e  "pos i t i ve "  s igna ls  and noise o f  i n s t r u -  

mental systems, bu t  a l so  "negative" s igna ls  and noise, as explained below, so 
t h a t  t h e  monomial s tochas t ic  var iab les  o f  o rd inary  inst rumenta l  systems have 

t o  be general ized t o  mul t inomia l .  
B. D e f i n i t i o n  o f  Percept ion Model I 

A simple 2 x 2 percept ion model i s  i l l u s t r a t e d  i n  Table 111. The imagery 
contains s t r u c t u r a l  t races  or  vector  trends ( fea tu res  o f  type 1) and image 
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footage C f t )  
ICdeg) I 1 2 3 4 5 6 7 8 9 18 12 13 14 15 16 18 22 23 24 40 57 68 

1 
2 
3 
4 
5 
6 
7 
8 

1 :: 
I 12 
15 
16 
20 
22 
23 
24 
29 

32 
38 

a 0 0 a a 0 0 a a 0 0 0 0 0 ~ 0 a 0 0 a ~ a  
0 a 0 a a a a 0 a 0 a 0 0 a a 0 a 0 ~ 0 a ~  
~ a 0 ~ a ~ a a ~ a ~ ~ ~ ~ ~ i i i i i i l  
a 0 a a 0 a a 0 a a a 0 a 0 0 i i i i i i i  
a a a a a a a 0 ~ 0 a a a a ~ i i i i i i i  
0 a a a a a 0 a a 0 a a 0 I 1 2  2 2 2.2.3.3. 
a a a a a 0 i 1 1 i 1 2  2 3.3.4.4.5. 
a 0 0 1 1  1 2  2 2 2 2 3 3. 
0 0 a 1 1 3 4. 4. 4. 4. 4. 5.  5 .  
a 0 0 1 2 . 4 .  
B a a l .  
0 a E. 1. 
1 1. 
1 1. 
1 2. 

I 1 2. 
2. 
2. 
3. 

REPETITION OF FOLIRTIONS 

Figure 6. Repe t i t i on  o f  f o l i a t i o n s .  The f i g u r e  contains t h e  number o f  f o l i a -  
t i o n s  t h a t  are c lose r  together  i n  depth than the  footage and c lose r  together  
i n  o r i e n t a t i o n  than t h e  angle. L i m i t i n g  values are denoted by t h e  periods. 
The optimum i s  defined as the  maximum i n  the  l i m i t i n g  set w i t h  smallest foot -  
age and angle. The optimum i s  observed t o  be f i v e  f o l i a t i o n s  a t  14 f t  andlo" .  

I 

1 angle I footage (ft) 1 
I(deg)l 1 2 3 4 5 6 7 8 9 18 12 14 16 22 24 27 28 32 33 34 35 49 58 68 1 .......................................................................... 
l i l a a e a a e a s a a a s a a a a a a ~ a 0 a 0 ~ l  
1 2 1 0 ~ a 0 0 a a a a i i i i i i r i i i i i i i l ~  
l a l s a a 0 a i i i  1 2 2 2 3 3 3 3 3 3 3 3 3 3 4 4 1  
1 4 1  a E a 0 a 1 1 1 1 2  2 2 3 3 3 3 3 3 4 4 4.4.5.5.1 
1 5 1  E B 0 8 E 1 1  2 2 3 3 4 5 5 5 5 5.5.5.5. 1 
1 6 1 1 1 1 1 1 2 2 3 3 4 5 6 7 7 8 8 .  1 
1 7 1 1 1 1 1 1 2 2 3 3 4 5 6 8 8 9 9 .  1 
1 8 1 1 1 1 1 1 2 2 3 3. 4. 5. 6. 8. 8. 9. 9. 1 
1 9 1  1 1 1 1 1 2  3 5 .  1 
1 10 I 1 1 1 1. 1. 2. 3. 5. 1 
1 1 1 1  1 1  1. 1 
1121 1 2  3. 1 
1171 1 2  3. 1 
I 18 i 2. 3. 4. 1 I 19 I REPETITION OF JOINTS I 

F igure  7. Repe t i t i on  o f  j o i n t s .  Descr ip t ion  as f o r  F igure  6. The optimum 
was observed t o  be f i v e  j o i n t s  a t  8 f t  and 10". 
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TABLE 111: DIAGRAM OF A SIMPLE 2 x 2 PERCEPTION MODEL 
WITH TWO TYPES OF FEATURES ( s t r u c t u r e  and a r t i f a c t )  

AND TWO LEVELS OF RECOGNITION (seen and no t  seen) 
(Based on Burns and Brown 1978) 

Feature Ex t rac ted  Feature on Image 

Feature- - S t ruc tu re  A r t  i f a c t  
p r o p o r t i  on (1-a) a 
q u a n t i t y  AI=SB(l-a) AO=SBa 

Structure--  
probabi 1 i ty  H1 1 -Ho 
q u a n t i t y  A1 l=S B( 1- a)H1 AOl4 Ba( 1 -Ho ) 
( name ) ( t r u l y  seen) ( f a 1  se ly  seen) 

A r t i f a c t - -  
probabi 1 i t y  1-H1 HO 
q u a n t i t y  Alo=SB( l-a)(l-Hl) AO0=SBd0 
( name ) ( f a 1  se l y  omitted) ( t r u l y  mi  t t e d )  

a r t i f a c t s  ( fea tu res  of type  0). I f  S i s  a l eng th  o f  wellbore, l e t  SB be t h e  

number o f  fea tures  so t h a t  B i s  t he  s p a t i a l  frequency (number per f o o t )  o f  
features o f  e i t h e r  type. Le t  a be t h e  propor t ion  o f  a r t i f a c t s  so t h a t  t h e  

number o f  a r t i f a c t s  i s  SBa, whi le  t h e  number o f  s t ruc tu res  i s  SB(1-a).  Let  H 
be t h e  p r o b a b i l i t y  of recogniz ing an a r t i f a c t  as an a r t i f a c t ,  t h a t  i s ,  no t  

annotating t h e  feature;  then 1-Po i s  the  p r o b a b i l i t y  o f  annotat ing an a r t i f a c t  
as i f  it were a s t ruc tu re .  Le t  P1 be t h e  p r o b a b i l i t y  o f  recogniz ing a s t ruc-  

t u r e  as a s t ruc tu re ;  then 1-P1 i s  t h e  p r o b a b i l i t y  o f  t h i n k i n g  t h e  a r t i f a c t  i s  
a s t r u c t u r e  and not  annotat ing it. 

I f  the re  are  k repeated inspect ions,  t h e  number o f  s t ruc tu res  t h a t  w i l l  
be repeated on r o f  those inspect ions i s  N, where, according t o  the  binomial 

"model A" o f  Burns and Brown 1978, 

N =: SBC(k,r){~Pok-r(l-Pg)r + ( l-a)( l-Pl) k - r  p1 r 1 , 
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, 

where C(k,r) = n ! / ( r ! (n - r ) ! )  i s  t h e  number o f  combinations o f  k th ings ,  r a t  a 
t ime, and s ince 0!=1, C(k,r)=l i f  k=r. 

C. F i t t i n g  t h e  Perception Model t o  Observations 
On examination o f  Cs (19.605 f t)  o f  core, Laughl in  e t  a l .  (1983) found Cn 

(8 f o l i a t i o n s ,  34 j o i n t s ) .  An appropr ia te model i s  k=l,  r=1, Po=l, P1=l so 
t h a t  Equation (1 )  becomes: 

CsB(l-a) = Cn . 

The fi r s t  stage i n  te lev iewer  in fo rmat ion  e x t r a c t i o n  was human se lec t i on  

and annotat ion ( s t e p  11 of  F igure 11, Par t  1) fo l lowed by a computer t e s t  of 
goodness o f  f i t  (s tep  13 o f  F igure 11, P a r t  1). I f  t h e  combined r e s u l t  was Rn 

s t ruc tu res  from R s  f e e t  o f  te lev iewer  imagery, then an appropr ia te model f o r  
step 11 i s  k=l,  r=l so t h a t  Equation ( 1 )  becomes I 

I 

I 

RsB{a(l-HO) + (l-a)H1l*U = Rn , (3 )  

where Ho and H1 are t h e  human percept ion p r o b a b i l i t i e s  i n  s t  p 11 and U i s  t h e  

acceptance r a t e  o f  step 13. 
Step 13 i s  pa t te rn  d isc r im ina t ion .  Le t  XI be t h e  p r o b a b i l i t y  t h a t  an 

I 

I annotated s t r u c t u r e  was accepted by the  pa t te rn  d i sc r im ina to r ,  and l e t  Xo be 

I t he  p r o b a b i l i t y  t h a t  an a r t i f a c t  was rejected. An appropr ia te model f o r  s tep 
, 

I 

13 i s  k= l ,  r=l so t h a t  Equation ( 1 )  becomes 

RSf3{a(l-HO)(1-XO) + (1-a)H X 3 = Rn . 1 1  (4) 

Equations (2), ( 3 ) ,  and ( 4 )  are so lub le  f o r  H1 and together  c o n s t i t u t e  a 
system t h a t  w i l l  be termed "model A." Applying model A y i e l d e d  t h e  r e s u l t s  i n  

Table I V .  The pa t te rn  d i sc r im ina to r  was a chi-square t e s t  a t  t h e  90% con f i -  
dence leve l ,  so i t  was assumed t h a t  Xo = XI = 0.9000. The r e s u l t s  i n  Table I V  
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TABLE I V :  DATA QUALITY 

Mea sure F o l i a t i o n s  J o i n t s  

A f t e r  annotation: 
2294 -73 

248 . 
0.2704 
0 -049 1 
0.0589 
0 05454 

-11 . - 5. 
0. 

+ 0.02 
+ 6. 

A f t e r  pa t te rn  d isc r im ina t ion :  
0.2704 

H1 0.0092 
%l(d) A 1  ( d )  0.0989 
Q1td) 0.9152 

Froin over lap between runs: 
run 1 

266.9 
33 . 
0.3094 
0.0562 
0.0674 
0.5454 
0.0105 
0 -1132 
0 -9152 

Expected L : 
i f  Ho = 0 10.5 
i f  Ho = 0.5 10.3 

10 02 i f  Ho = 1 

run 2 

40 . 266 09 

0 -3750 
0 -0681 
0.0817 
0 05454 
0 -0127 
0 -1372 
0.9152 

-11 . 
-11 . 

run 1 
266.9 
50 . 
0 .1103 
0.0852 
0 01022 
0 05454 
0.0159 
0.1715 
0.9152 

run 2 
266.9 
52 . 
0 -1147 
0.0886 
0 -1063 
0 05454 
0.0165 
0 -1783 
0.9152 

5 02 
4 .9 
4 07 

L 14 5 
osserved (F igure 6)  (F igure 7 )  

The r e s u l t s  i n  Table I V  represent so lu t ions  t o  the  system: 

(1) Cs.8{1-a} = Cn; 

(2)  Rs.81a( l-Ho)+(l-a)Hl} .U = Rn; 

(3)  Rs.B~a(l-Ho)(l-Xo)+(l-a)Hl.Xl} = Rn; and 

(4 )  Ls.B~a(l-Hol){l-Xo)(1-H02)(l-Xo) + (1-a)H11.X1.H12.X1~ = Ln; 

given t h a t  

(5)  C s  = 19.685, 

(6)  Cn = 8 (foliations) or  Cn = 34 ( j o i n t s ) ,  
( 7 )  0 < Ho, H1, a < 1, 
(8) U = 0.5363, 
(9 )  Xo = X1 = 0.9, and 

(10) 8 > Cn/Cs. 
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show t h a t  H1 was 0.2704 f o r  f o l i a t i o n s ,  0.1149 f o r  j o i n t s .  That i s ,  t h e r e  was 
a 27.04% p r o b a b i l i t y  t h a t  a human would recognize a f o l i a t i o n  as a f o l i a t i o n  

and annotate it. 
and AOl, respect ive ly ,  

where, fo l lowing annotat ion ( s t e p  11 of F igure 11, P a r t  l ) ,  

The p o s i t i v e  s ignal  and noise are denoted A 11 
, 

and where, f o l l o w i n g  p a t t e r n  d i s c r i m i n a t i o n  (s tep  13 o f  F igure 11, Par t  l ) ,  

A01 ( d )  = a( l -Ho)( l -Xo)  

and 

All ( d )  = (1-a)HIX1 . 

The data q u a l i t y ,  Q1, i s  t h e  p r o b a b i l i t y  t h a t  a fea ture  accepted by t h e  

system as a s t r u c t u r e  i s  t r u l y  a s t ructure.  This i s  measured by 

The r e s u l t s  i n  T a b l e  I V  show t h a t  t h e  d a t a  q u a l i t y  was 54.54% a f t e r  
annotation, wh i le  a p p l i c a t i o n  o f  the  pa t te rn  d i s c r i m i n a t o r  ra ised  the  q u a l i t y  

t o  91.52%. These r e s u l t s  mean t h a t  the  data meet a 90% experimental standard. 
The p o s i t i v e  s ignal /no ise r a t i o  i s  All/Aol and i s  10.75 f o r  f o l i a t i o n s  and 
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10.83 f o r  f o l i a t i o n s ,  which exceed t h e  experimental standard o f  10. The s t ruc-  
t u r a l  data obtained by t h i s  procedure, as tabulated i n  P a r t  2, a re  the re fo re  

o f  acceptable q u a l i t y .  

V I .  SUMMARY 

Runs 1 and 2 over lap between 4000.97 and 4267.87 f t  downhole. I n  t h a t  

i n t e r v a l ,  33 f o l i a t i o n s  and 50 f rac tu res  were found i n  run 1, wh i le  40 f o l i a -  

t i o n s  and 52 f r a c t u r e s  were found i n - r u n  2. Applying model A y ie lded  Hl(d), 

%l(d), All(d), and Ql(d) f o r  each run separately, *as shown i n  Table I V .  
There were small, unimportant d i f f e rences  i n  t h e  

A model A of t h e  fea ture-ex t rac t ion  process y ie lded  an est imate o f  data 

q u a l i t y ,  Q1, as 91.52%, which was an average f o r  a l l  733 s t ructures.  Since Q1 
exceeded 90%, t h e  data q u a l i t y  was acceptable provided t h e  subsequent i n t e r -  

p r e t a t i o n  system could handle 8.48% of  a r t i f a c t s .  A p ropor t ion  o f  8.48% 
"spor ts "  o r  " o u t l i e r s "  i s  w i t h i n  t h e - c a p a c i t y  o f  many s t a t i s t i c a l  treatments, 

so t o  t h i s  extent, t h e  fea ture-ex t rac t ion  system was successful. 
The fea ture-ex t rac t ion  model i nd i ca ted  a p o s i t i v e  percept ion p r o b a b i l i t y  

o f  27.04% ( f o r  f o l i a t i o n s )  and 11.49% ( f o r  j o i n t s ) .  These amounts are about 
ha1 f those ob ta i  ned w i t h  h i  gh-qual i t y  photographic imagery by Burns and Brown 

1978. The reduc t ion  i s  a t t r i b u t e d  t o  e l e c t r o n i c  noise and poor record ing 
q u a l i t y .  As a r e s u l t ,  t h e  feature e x t r a c t i o n  ra te ,  estimated a t  26.48% f o r  

f o l i a t i o n s  and 11.26% f o r  j o i n t s ,  i s  only  a f r a c t i o n  o f  t h a t  f o r  recovered 
core. Th is  s i g n i f i c a n t  l o s s  o f  in fo rmat ion  could be v i r t u a l l y  e l im ina ted  by 

d i g i t a l  record ing and p lay  ck a t  advanced image-processing f a c i  1 i t i e s .  
I n d i v i d u a l  s t ruc tu res  were not  repeated between d i f f e r e n t  runs o f  t h e  

he we1 1 bore, w i t h i n  measurement accuracy.  However, t h e  
model p red ic ted  t h a t  19 f o l i a t i o n s  and 5 j o i n t s  would be 

repeated. To achieve a r e p e t i t i o n  r a t e  near t h a t  predic ted requi red i n t r o -  
ducing a fuzz iness loca ted  a t  z f t and or ien ted  a t  roo The fuzz iness was 

estimated a t  z = 14 ft, r = 10" f o r  f o l i a t i  ns, and z = 8 ft, r = 10" f o r  
j o i n t s .  The fuzz iness was a t t r i b u t e d  t o  a random process i n  t h e  inst rumenta l  

or operat ing system used t o  cons t ruc t  t h e  imagery, t h a t  i s ,  an inst rumenta l  
e r r o r  ou ts ide  t h e  fea tu re -ex t rac t i on  method. The source o f  t h i s  inst rumenta l  

e r r o r  i s  i n  the  loca t ion ,  centering, and motions o f  t h e  too l .  

runs. 
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The te lev iewer  has considerable scope f o r  improvement. By apply ing a 
pa t te rn  d isc r im ina tor ,  we ra ised the  q u a l i t y  o f  t he  output  from 54,54% t o  

91.52%, bu t  a t  t h e  cos t  o f  a 46.37% l o s s  o f  information. The a d d i t i o n  o f  
d i g i t a l  recording, playback, and image-processing would be expected t o  double 

t h e  amount of in format ion recovered, but  on ly  i f  the re  was no image d i s t o r -  
t i on .  Even w i t h  no d i s t o r t i o n ,  91.52% q u a l i t y  i s  about the  same as t h a t  o rd in -  

a r i l y  y ie lded  by h igh-qua l i t y  photographic imagery, so we would no t  expect a 
s i g n i f i c a n t  improvement i n  output  q u a l i t y .  

The fuzziness i n  estimated parameters o f  l o c a t i o n  and o r i e n t a t i o n  was due 
t o  a random process ou ts ide  the  fea ture-ex t rac t ion  system and the re fo re  would 

no t  be reduced by improvements i n  image qua l i t y .  The instrument i t s e l f  needs 
t o  be redesigned. 

The i n t e r p r e t a t i o n  methods requi red t o  deal w i t h  t h e  data tabu la ted  i n  
Pa r t  2 must be able t o  handle, not  on ly  t h e  8.48% o f  a r t i f a c t s  a r i s i n g  from 

t h e  fea ture-ex t rac t ion  process, but a l so  l o c a t i o n  e r r o r s  (about 20 f t )  and 
o r i e n t a t i o n  e r r o r s  (10') a r i s i n g  from the instrument . I n t e r p r e t a t i o n  methods 

capable of handling t h e  problem do ex i s t ,  but they are  necessar i l y  s t a t i s -  
t i c a l ;  methods t h a t  depend upon i n d i v i d u a l s  w i l l  f a i l .  Thus t h e  data a re  

unsu i tab le  f o r  such i n t e r p r e t a t i v e  e f f o r t s  as t r y i n g  t o  p r o j e c t  a s i n g l e  j o i n t  
o r  f r a c t u r e  from one borehole t o  another. 
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