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ABS TRACT 

This  paper descr ibes  t h e  development of a composite 
i n d i c a t o r  f o r  p r i o r i t i z i n g  geothermal leas ing  
a c t i v i t i e s  on publ ic  lands. LAPA u t i l i z e s  fuzzy 
set sof tware developed by t h e  GRAD/SEEDIS p r o j e c t s  
a t  t h e  Lawrence Berkeley Laboratory. It i s  an 
automated procedure which al lows t h e  ana lys t  t o  use 
subjec t ive  ca tegor ies  t o  p r i o r i t i z e  geothermal 
a r e a s  according t o  t h e i r  unleased energy p o t e n t i a l ,  
the  l e v e l  of p r i v a t e  response, and t h e  p o t e n t i a l  
f o r  pre- lease environmental delays.  

THE NEED FOR DECISION-SUPPORT SYSTEMS 

Computerized information systems a r e  now r o u t i n e l y  
used t o  monitor and eva lua te  geothermal development 
i n  both government agencies and i n  indus t ry .  
Ef fec t ive  use of these  systems t o  support 
deci  sion-making r e q u i r e s  t h e  development of 
software t o o l s  t h a t  can accommodate the  ana lys t ' s  
need t o  manipulate la rge  amounts of d a t a ,  incor- 
porate  appropr ia te  subjec t ive  c r i t e r i a ,  and commun- 
i c a t e  resul ts  i n  an e f f e c t i v e  manner. The advan- 
tage of i n t e r a c t i v e  sof tware i s  t h a t  i t  allows a 
decision-maker t o  i t e r a t i v e l y  examine the  l a t e n t  
information content of l a r g e  d a t a  s e t s .  Such t o o l s  
can be easy t o  use; they b e n e f i t  the  ana lys t  by 
allowing him t o  probe d a t a  without  d i s rupt ing  t h e  
" think continuous" process  inherent  i n  ana lys i s .  1 

This  paper descr ibes  an experimental i n t e r a c t i v e  
graphics  procedure f o r  p r i o r i t i z i n g  geothermal 
leas ing  on publ ic  lands. The authors  would l i k e  t o  
express  t h e i r  apprec ia t ion  t o  the  s t a f f  of t h e  
Miaerals Management Service (formerly Conservation 
Divis ion,  U.S. Geological Survey), members of t h e  
Bureau of Land Management, and the  U.S. Fores t  Ser- 
v ice  f o r  t h e i r  ass i s tance .  The r e s u l t s  presented 
i n  t h i s  paper should be regarded a s  preliminary and 
i l l u s t r a t i v e .  They a r e  t h e  s o l e  r e s p o n s i b i l i t y  of 
the  authors  and do not i n  anyway r e f l e c t  the  posi- 
t i o n s  o r  opinions of t h e s e  agencies .  

USING SUBJECTIVE CATEGORIES TO SUMMARIZE DATA 

One aspect  of da ta  a n a l y s i s  i s  t h e  need t o  ge t  
quick answers t o  simple quest ions.  Data can be 
charac te r ized  quickly and e a s i l y  using subjec t ive  

c a t e g o r i e s  expressed i n  everyday language. Some 
examples a r e :  "high" unemployment r a t e ,  "high" 
energy p o t e n t i a l ,  "posi t ive"  response, "minimal" 
delay.  

Fuzzy set  theory and opera t ions  provide a model f o r  
t ransformin numerical d a t a  i n t o  s u b j e c t i v e  
c a t e g o r i e s . f s 3  I n  t r a d i t i o n a l  s e t  theory,  o b j e c t s  
may e i t h e r  belong o r  not belong t o  t h e  set  i n  ques- 
t i o n .  The e s s e n t i a l  idea  i n  fuzzy set theory i s  
t h a t  each element i n  a universe  of d i scourse  i s  
assoc ia ted  wi th  a degree of membership: a number 
between 0 and 1. The "more" an element belongs t o  
a s e t ,  t h e  h igher  t h e  degree of membership. 

Figure 1 shows how a d a t a  s e t  f i t s  i n t o  a charac- 
t e r i z a t i o n  of "high" unemployment. Unemployment 
r a t e s  below 6% do not f i t  t h a t  c h a r a c t e r i z a t i o n  a t  
a l l ;  r a t e s  from 6 t o  10 f i t  increas ingly  b e t t e r ;  
r a t e s  above 10 f i t  bes t .  

Figure 1. "High" Unemployment 

The bottom of t h e  f i g u r e  shows how degrees  of 
membership can be conveyed by a continuous black 
and white  s c a l e .  Notice t h a t  one can only d i f -  
f e r e n t i a t e  among r a t e s  i n  t h e  a rea  between 6 and 
10. There a r e  c lear -cu t  cases  of f u l l  membership 
above 10, and clear-cut  cases  of non-membership 
below 6.  Thus, fuzzy set graphica l  a n a l y s i s  can be 
used a s  a technique t h a t  allows t h e  ana lys t  t o  
focus h i s  a t t e n t i o n  on a reas  where i t  i s  needed, 
and t o  ignore  unnecessary d e t a i l .  

* This work is  supported by t h e  Ass is tan t  Secre ta ry  f o r  Renewable Technology, Off ice  of Renewable Technology, 
Divis ion of Geothermal and Hydropower Technologies of t h e  U.S. Department of Energy under cont rac t  DE-AC03- 
76sF00098. 
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FUZZY SET OPERATIONS 1. Se lec t  and compute numerical i n d i c a t o r s  t o  
represent  the  c r i t e r i a .  

Fuzzy sets can be combined i n  s e v e r a l  ways t h a t  are 
equivalent  t o  t , e  l i n g u i s t i c  expressions "or", 
"and" , and "not". 

The union of two fuzzy s e t s  A and B i s  denoted by A 
U B and can be i n t e r p r e t e d  a s  t h e  maximum of "A o r  
B o r  both". 

The i n t e r s e c t i o n  of two fuzzy sets A and B i s  
denoted by A B, whose membership func t ion  is  t h e  
minimum of each corresponding membership value.  

The negat ion of a fuzzy set A i s  a fuzzy set whose 
membership func t ion  i s  the  complement t o  1 of A ' s  
membership funct ion.  

PRIORITIZATION OF GEOTHERMAL AREAS ON FEDERAL LANDS 

The preva i l ing  f e d e r a l  pol icy i s  t o  increase  leas -  
ing of f e d e r a l  lands f o r  geothermal explora t ion  and 
development cons is ten t  with t h e  preserva t ion  of 
environment a1 values .  I n  order  t o  maximize t h e  
b e n e f i t  ( e a r l y  cont r ibu t ion  t o  power-on-line) of 
l e a s e  s a l e s ,  i t  i s  usefu l  t o  p r i o r i t i z e  leas ing  of 
i d e n t i f i e d  resource a reas  according t o  t h e i r  poten- 
t i a l  f o r  successfu l  development. I n  t h e  develop- 
ment of t h e  Leasing Action P r i o r i t y  Area (LAPA) 
i n d i c a t o r ,  we have focused on t h e  i d e a  of t h e  mar- 
g i n a l  l e a s e ,  i . e . ,  where should t h e  s u r f a c e  manage- 
ment agency make a v a i l a b l e  a d d i t i o n a l  acres  of 
f e d e r a l  lands? 

Prel iminary assessments of geothermal resources  on 
f e d e r a l  lands have been c a r r i e d  out  by t h e  U.S. 
Geologica Survey and i n  cooperat ion with s t a t e  
agencies.' U i g information a v a i l a b l e  from federa l  
agencies ,  6,',', a composite i n d i c a t o r  c o n s i s t i n g  
of t h r e e  f a c t o r s  and incorporat ing s i x  q u a n t i t a t i v e  
measures was developed t o  r e f l e c t  l eas ing  dec is ion  
c r i t e r i a .  

An i d e a l  geothermal a r e a  would have: 

o High unleased energy p o t e n t i a l ;  
o H i s t o r i c a l l y  p o s i t i v e  response from p r i v a t e  

o Minimal environmental delay due t o  
developers ; 

incomplete environmental impact s t u d i e s .  

Evaluat ing geothermal a reas  aga ins t  t h e s e  c r i t e r i a  
i s  not a w e l l  def ined task.  The numerical preci-  
s i o n  of i n d i c a t o r s  may be of l imi ted  va lue  because 
a v a i l a b l e  d a t a  may be imprecisely measured, o r  
inherent ly  imprecise, a s  i n  t h e  use of es t imates ,  
p ro jec t ions ,  o r  proxy v a r i a b l e s .  I n  addi t ion ,  
t h e r e  may be d i f f e r e n c e s  of opinion a s  t o  r e l a t i v e  
importance of the  c r i t e r i a  and d i f f e r e n c e s  a s  t o  
how f a i t h f u l l y  the  i n d i c a t o r s  represent  t h e  c r i -  
t e r i a .  Un-representatable c r i t e r i a ,  such a s  p o l i t -  
i c a l  cons idera t ions ,  (e.g. "This a rea  has  high 
unemployment and needs t h e  i n f l u x  of jobs  which 
could be c rea ted  by leas ing  t h i s  geothermal v a c t " )  
need t o  be folded i n  by t h e  d e c i s i o n  maker. 

METHODOLOGY 

The composite LAPA i n d i c a t o r  i s  obtained using t h e  
GRAD/SEEDIS programs i n  f i v e  s t e p s :  

2. Describe t h e  i d e a l  case  f o r  each i n d i c a t o r .  

3. Modify membership values  by importance 
weights . 

4. Combine i n d i c a t o r s  using fuzzy set opera t ions ,  
and d isp lay  degree of f i t  t o  t h e  i d e a l  c a s e  
using a continuous c o l o r  s c a l e .  

These s t e p s  a r e  performed with t h e  a s s i s t a n c e  of an  
'expert ' ;  someone who i s  knowledgeable about t h e  
d a t a ,  the  c r i t e r i a ,  r e l a t i v e  importance, e t c .  An 
ana lys t  might i n t e r a c t i v e l y  modify t h e  i n d i c a t o r s  
o r  t h e  d e s c r i p t i o n s  of i d e a l  cases .  

1. Se lec t  and Construct I n d i c a t o r s  

o How much unleased energy e x i s t s  i n  the  geothermal 
a rea?  

The unleased f a c t o r  (UF) i s  def ined a s  

acreage not ye t  . energy p o t e n t i a l i  
offered;  

T o t a l  acreage of fe red  f o r  lease; ",i ~ 

Notice t h a t  t h i s  i n d i c a t o r  (UF) only roughly 
represents  t h e  concept "unleased energy p o t e n t i a l  
s t i l l  a v a i l a b l e  f o r  p r i v a t e  development". The 
imprecis ion i n  t h i s  q u a n t i t y  comes, f o r  example, 
from t h e  f a c t  t h a t  t h e  geothermal resource may not 
be evenly d i s t r i b u t e d ,  and the energy p o t e n t i a l  i s  
only an  es t imate .  

o What i s  t h e  l e v e l  of p r i v a t e  i n t e r e s t  i n  l e a s i n g  
the  area? 

The p r i v a t e  response (PR) i s  obtained from four  
ind ica tors :  t h e  number of bids  per  l e a s e  s a l e  i n  
the  most recent  year  (BL); t h e  number of noncom- 
p e t i t i v e  a p p l i c a t i o n s  (NC), i f  any, i n  t h e  a r e a ;  
t h e  average bonus per  a c r e  of fe red  paid i n  t h e  most 
recent  year  (BB); t h e  r a t i o  of a c r e s  re l inquished  
o r  terminated ( a f t e r  a l e a s e )  t o  t h e  t o t a l  acreage 
leased (AR). 

BL i s  a measure of how i n t e r e s t i n g  t h e  land o f f e r e d  
f o r  l e a s e  has  been t o  t h e  p r i v a t e  s e c t o r  r e c e n t l y .  
NC i s  used t o  capture  t h e  same dimension f o r  lands 
which have not been of fered  f o r  l e a s e  on a competi- 
t i v e  bas i s .  W e  constructed a p r i v a t e  i n t e r e s t  
i n d i c a t o r  (PI )  by combining these  two i n d i c a t o r s .  
I n  o t h e r  words, i f  e i t h e r  BL o r  NC or both a r e  
high, we consider  t h a t  p r i v a t e  i n t e r e s t  f o r  t h e  
a r e a  has  been manifested. 

BB i s  a measure of t h e  marginal va lue  of land i n  
t h e  a r e a  t o  t h e  p r i v a t e  inves tor  -- l e a s e  s a l e s  i n  
the  most recent  year  a r e  s e l e c t e d  a s  the b e s t  
appr oxima t ion.  

AR i s  a measure of how successfu l  pos t - lease  
p r i v a t e  a c t i v i t y  has  been i n  t h e  a rea .  For t h e  
purpose of cons t ruc t ing  t h i s  i n d i c a t o r  , w e  have 
assumed t h a t  relinquishment / terminat  ion  fol low 
unsuccessful d r i l l i n g  and explora t ion ,  b u t  i t  
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Attent ion  can be d i r e c t e d  t o  those  a r e a s  i n  t h e  
sample where UF i s  high t o  some degree,  and UU is  
low t o  some degree. 

should be considered t h a t  o t h e r  reasons f o r  
relinquishment/termination may be t h a t  the  t r a c t  
was leased on a specula t ive  b a s i s  o r  t h a t  t h e  
inves tor ' s  acreage l i m i t a t i o n  has  been reached. 

PR i s  computed a s  t h e  i n t e r s e c t i o n  (minimum) of 
PI(BL and NC), BB, and AR. 

o What i s  the p o t e n t i a l  f o r  pre-lease delay from 
environmental f a c t o r s ?  

The environmental delay f a c t o r  (EF) i s  measured by 
the  amount of unassessed, unoffered acreage over 
unoffered acreage i n  t h e  geothermal a r e a  

unassessed, unof fe red  acreage 

Unof fe red  acreage 

UU is a measure of t h e  p o t e n t i a l  delay incurred i n  
t h e  pre-lease process r a t h e r  than a measure of t h e  
p o t e n t i a l  c o s t s  and b e n e f i t s  of environmental regu- 
l a t  ions. 

Following the  procedures f o r  fuzzy set opera t ions ,  
a composite LAPA i n d i c a t o r  i s  obtained a s  t h e  
i n t e r s e c t i o n  of the t h r e e  main dec is ion  c r i t e r i a  a s  
f 0 1 lows : 

LAPAi = Min[UFi , Max(BLi ,NCi) , ARi ,BBi ,UUi  1 

Sample da ta  f o r  ind iv idua l  i n d i c a t o r s  i n  10 KGRAs 
a r e  shown i n  Table 1. 

Table 1. Sample Data f o r  LAPA 

UF Unleased Factor 
BB Bonus Bids per acre 
BLNC either Bids per Lease 

AR Acreage Relinquished 
W Unleased, Unassessed 

KGRA UF BB BL NC AR 

Non-Competitive leases 

CA Lake City 4 6 0  215 6 42  .75 
CA Mono-Long V. 2018 116 10 6 .OO 
CA Salton Sea 2400 10  
ID Castle Creek 59 8 23 .3 1 
ID Crane Creek 185 17 1 18 -00 
ID Raft River 26 2 1 .oo 
NV Gerlach 3 8 1  .2 3 
NV Stillwater 352 18 2 0 .25 
OR Alvord 4 5  6 4  13 23 -39 
OR Newberry 7 0 0  151 

0 
0 
1 
0 
0 
0 
0 
0 
0 
0 

2. Describe t h e  I d e a l  Case f o r  Each Indica tor .  

The numerical ind ica tors  constructed a c t  a s  proxy 
v a r i a b l e s  f o r  leas ing  c r i t e r i a .  A t  t h i s  po in t ,  
ana lys i s  can be s h i f t e d  from t h e  numerical va lues  
themselves t o  broad c a t e g o r i e s  appropr ia te  f o r  each 
i n d i c a t o r ,  such a s  "high" o r  ''low". The primary 
motivat ion f o r  a s h i f t  i n  focus i s  t h e  opportuni ty  
f o r  reducing t h e  cogni t ive  load on t h e  a n a l y s t ,  
t h a t  i s ,  the  amount of information needed t o  be 
r e c a l l e d  i n  "s iz ing  up t h e  s i t u a t i o n "  f o r  t h e  deci-  

"High" i n  UF is  defined r e l a t i v e  t o  a range and a 
re ference  point ,  t h e  median. 

This  d e f i n i t i o n  of "high" was chosen t o  approximate 
users '  in tui t ions-- interviews with e x p e r t s  ind i -  
ca ted  t h a t  t h e  threshold va lue  of  i n t e r e s t  was 
about 300 MWe f o r  e l e c t r i c  power production. 
Fur ther ,  t h e  median i s  a robust  measure of loca- 
t i o n .  Exactly ha l f  t h e  cases  w i l l  f i t  t h e  i d e a l  
case  f o r  each i n d i c a t o r ,  a t  l e a s t  t o  some degree. 
I n  f a c t ,  exper t s  prefer red  not t o  d i f f e r e n t i a t e  
cases  above t h e  median f o r  t h i s  i n d i c a t o r .  Because 
of t h i s ,  the  more inc lus ive  fuzzy set  "not low" was 
used, so t h a t  a l l  cases  above the  median f i t  per- 
f e c t l y ,  and a l l  except the  very lowest have some 
(non-zero) degree of f i t .  

member @rode e l  ehl p / 
1682.5 2018 2400 

0 
I ower r e  l e r e n c a  upper OUII # e r a  
and 0 1  polnl en0 0 1  
ranpe (madion) rang. 

Figure 2. Membership Function Curves f o r  UF 

3. Importance Weights. 

Importance weights a r e  appl ied t o  each i n d i c a t o r  by 
r a i s i n g  membership values  t o  a constant  power ( t h e  
importance weight f o r  t h a t  i n d i c a t o r ) .  The less 
important the  i n d i c a t o r ,  the  c l o s e r  t o  z e r o  i s  t h e  
weight, and the  nea er t o  one i s  t h e  modified 
membership value.  ' Raising membership va lues  
according t o  importance he lps  overcome t h e  e f f e c t  
of poor scores  on l e s s  important i n d i c a t o r s .  We 
deferred t h e  assignment of weights t o  e x p e r t s  
involved i n  t h e  leas ing  process but  combine t h e i r  
judgements i n  a systematic  way according t o  fuzzy 
set  r u l e s .  

Combine t h e  Indica tors .  -- 
The i n d i c a t o r s  can be combined i n  two ways: using 
fuzzy l o g i c a l  opera tors ,  o r  i n t e g r a t i n g  t h e  degree 
of f i t  information v i s u a l l y .  

Table 2 shows the  membership va lues  f o r  unadjusted 
ind ica tors .  

Not A d j u r t e d  f o r  Importance Table 2. 

CI I C R A  UF BB BLNC AR UU 

.OO CA Loke C i t y  1.00 1.00 1.00 -00  1.00 
1.00 CA Mono-Lonq V .  1.00 1.00 1.00 1,OO 1.00 
.oo CA So l ton  Sea 1.00 
.07 I D  C o r t l e  Creek .07 .15  1.00 -98 1.00 
.70  I D  Crane Creek .79 .99  1.00 1.00 1.00 
.OO 10 Raft R i v e r  .01 .OO .OO 1 00 1.00 
.OO NV G o r l o c h  .OO .33 00 1.00 1 .oo 
. 1 1  NV S t i l l w a t e r  1.00 .9Q . I 1  1.00 l . 0 0  
.OS OR A l v o r d  .OS 1.00 l.0Q . 64  1.00 

1 .oo 1 .oo 

.51 .oo 

1.00 OR Newberry 1.00 
s i o n  a t  hand. 

For example, t h e  ana lys t  i s  searching f o r  a r e a s  
wi th  high values  f o r  UF, and low va lues  f o r  UU. 
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I n  t h i s  example, d e f a u l t  r u l e s  f o r  l o g i c a l  opera- 
t o r s  were used t o  produce the  combined i n d i c a t o r s  
f o r  10 KGRAs. These d e f a u l t  r u l e s  model t h e  case  
where t h e r e  i s  no i n t e r a c t i o n  among t h e  i n d i c a t o r s .  
That i s ,  they a r e  equal ly  important and no con- 
s i d e r a t i o n  i s  given t o  t r a d e o f f s ,  except ions,  o r  
missing values. 

Figure 3 i s  a d isp lay  of t h e  com ned i n d i c a t o r s  
using a continuous grey s c a l e .  P' It i s  easy t o  
see from t h e  le f tmost  column t h a t  Mono, Crane 
Creek, and Newberry s a t i s f y  a l l  t h e  c r i t e r i a .  
Three o t h e r s ,  C a s t l e  Creek, S t i l l w a t e r ,  and Alvord 
f i t  the  i d e a l  case ,  but not as  well. 

Figure 4. Composite LAPA I n d i c a t o r  

Degree of f i t  t o  the  i d e a l  case  f o r  each i n d i c a t o r  
i s  shown a t  t h e  r i g h t .  The va lue  of t h i s  d i sp lay  i s  
t h a t  t h e  ana lys t  may p r e f e r  t o  cons ider  importance, 
t r a d e o f f s ,  except ions,  and missing va lues  i n  t h e  
context  of a p a r t i c u l a r  d a t a  set. 

For example, comparing the  f i r s t  two rows (Lake 
Ci ty  and Mono) br ings up t h e  quest ion:  can you make 
an except ion of AR? Comparing each one vs. t h e  
l a s t  row (Newberry) c a l l s  f o r  a judgment about 
missing values  wi th  BB and AR. How should missing 
va lues  be i n t e r p r e t e d ?  It is  l e g i t i m a t e  and o f t e n  
e a s i e r  t o  eva lua te  choices  when faced wi th  r e a l  
d a t a ,  r a t h e r  than hypothe t ica l  s i t u a t i o n s .  The 
t rade-off  i n  using a d e s c r i p t i v e  approach f o r  
exploratory d a t a  ana lys i s  is  t h a t  one can avoid t h e  
up-front investment involved i n  a p r e s c r i p t i v e  
method, such a s  s e t t i n g  up a model of r a t i o n a l  
behavior involving many judgments about exceptions 
and t r a d e o f f s  i n  importance f o r  every conceivable 
s i t u a t i o n .  

CONCLUSION 

To summarize, LAPA can be used a s  a decis ion-  
support t o o l  t h a t  allows t h e  ana lys t  t o  incorpora te  
judgement i n  t h e  eva lua t ion  of d a t a  re levant  t o  
l e a s e  ac t ions .  It provides an automated procedure 
f o r  summarizing information i n  a manner t h a t  
reduces the  load on t h e  a n a l y s t ' s  short-term 

memory. Data i s  presented according t o  how wel l  i t  
matches a given set  of leas ing  dec is ion  c r i t e r i a ,  
and i r r e l e v a n t  numerical p rec is ion  i s  dispensed 
with. Both t h e  c lear -cu t  match and cases  having 
d i f f e r e n t  degrees  of f i t  a r e  e a s i l y  summed up by 
co lor  graphics  t h a t  support almost spontaneous 
v i s u a l  t r a d e o f f s  between objec t ives .  The i d e a l  of 
cogni t ive economy i n  information systems i s  served 
by giving t h e  decis ion-maker  access  t o  b e t t e r  sum- 
mary information wi th  less e f f o r t .  
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