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1. In t roduc t ion .  

Leasing of f e d e r a l  l ands  t o  conduct e x p l o r a t i o n  a c t i v i t i e s  i s  a 
f i r s t  s t e p  which makes a v a i l a b l e  i d e n t i f i e d  r e sources  f o r  p o t e n t i a l  
development. The r e s p o n s i b i l i t y  of DOE'S Leasing Po l i cy  Development 
O f f i c e  (LPDO) i s  t o  se t  energy product ion goa l s  on f e d e r a l l y  owned l ands  
wi th  geothermal p o t e n t i a l  and t o  a s s u r e  t h a t  t h e  l e a s i n g  schedule  imple- 
mented by t h e  Bureau of Land Management and t h e  U.S. Fores t  Serv ice  i s  
e f f e c t i v e  i n  meeting t h e s e  goa l s .  

P r i o r i t i z a t i o n  of Known Geothermal Resource Areas (KGRAs) f o r  com- 
p e t i t i v e  l e a s i n g  i s  important  because both t h e  p u b l i c  agency's and t h e  
p r i v a t e  sec tor ' s  r e sources  are l i m i t e d ,  and an  unl imi ted  o f f e r i n g  of a l l  
a v a i l a b l e  land can ove r t ax  a v a i l a b l e  resources .  I n  g e n e r a l ,  t a r g e t  
l e a s i n g  areas are those  areas wi th  a high unleased energy p o t e n t i a l ,  
where t h e  response of p r i v a t e  deve lopers  has  been p o s i t i v e  (which shows 
t h a t  t h e  s i t e  o f f e r s  good economic o p p o r t u n i t i e s )  and where t h e  poten- 
t i a l  de lay  as a r e s u l t  of incomplete environmental  assessments  are 
minimal. The Nat iona l  Geothermal Information Resource P r o j e c t  i s  sup- 
p o r t i n g  t h i s  e f f o r t  through t h e  development of a composite Leasing 
Act ion P r i o r i t y  Area (LAPA) i n d i c a t o r ,  and use  of in format ion  c o l l e c t e d  
i n  t h e  Geothermal Resource Areas Database (GRAD) and r eco rds  maintained 
by the U.S. Geological Survey and the Bureau of Land Management. 

I The key i s s u e  f o r  t h e  des ign  of a l e a s i n g  d e c i s i o n  suppor t  system 
i s  how each area's p o t e n t i a l  f o r  s u c c e s s f u l  development can  be eva lua ted  
on t h e  b a s i s  of a v a i l a b l e  informat ion .  It i s  important  t o  keep i n  mind 
a t  t h e  o u t s e t  t h a t  l e a s i n g  d e c i s i o n s  r e q u i r e  i n p u t s  from many s e c t o r s  
f o r  f u l l  understanding and r e s o l u t i o n  and t h a t  t h e r e  are no unique set 
of d e c i s i o n  cr i ter ia  a p p l i c a b l e  t o  a l l  s i t u a t i o n s .  The p o t e n t i a l  f o r  
enhanced d e c i s i o n  q u a l i t y  can on ly  be r e a l i z e d  by t h e  though t fu l  organi -  
z a t i o n  and p r e s e n t a t i o n  of  d a t a  t h a t  i s  s e n s i t i v e  t o  both t h e  c a p a b i l i -  
t ies  and t h e  c o n s t r a i n t s  p laced  upon t h e  decision-maker i n  t h e  implemen- 
t a t i o n  of p u b l i c  p o l i c y  and t h e  schedul ing  of lease sales. 

I n  t h i s  r ega rd ,  numerical  a n a l y s i s  a lone ,  comparing s t a t i s t i c s  on 
r e source  p o t e n t i a l ,  acreage  under lease, bonus b i d s  pa id ,  e tc .  a t  d i f -  
f e r e n t  areas may be of l i m i t e d  va lue  t o  t h e  decision-maker because he  o r  
she  o f t e n  needs t o  exercise s u b j e c t i v e  judgment i n  l e a s i n g  d e c i s i o n s  and 
does no t  care about  precise f i g u r e s ,  but  t h i n k s  of t h e  p o t e n t i a l  f o r  one 
area as "higher"  o r  "lower" r e l a t i v e  t o  some i d e a l  pro to type .  The use  
of c a t e g o r i e s  f o r  hypothes is  t e s t i n g  and e x p l o r a t o r y  d a t a  a n a l y s i s  are 
a l s o  h e l p f u l  where t h e r e  i s  a n  inhe ren t  imprec is ion  i n  estimates f o r  
s p e c i f i c  i n d i c a t o r s  such t h a t  focus ing  on p r e c i s e  va lues  can be mislead- 
ing .  * 

In t h i s  c o n t e x t ,  fuzzy  se t  theory'  and fuzzy d e c i s i o n  a n a l y ~ i s ~ , ~  

* For example, s i g n i f i c a n t  energy p o t e n t i a l  among i d e n t i f i e d  geoth- 
ermal areas cannot be descr ibed  e x a c t l y  because of t h e  l a r g e  uncer ta in-  
ties a t  t h e  p re sen t  s t a g e  of geothermal development i n  t h e  estimates of 
recoverable  energy even though a p r e c i s e  number i s  ass igned .  
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have emerged i n  t h e  l a s t  10 yea r s  as procedures  t h a t  provide a sys- 
tematic way of d i a c r i t i c a l l y  s t r u c t u r i n g  complex d e c i s i o n  problems us ing  
l i n g u i s t i c  v a r i a b l e s  where numerical  p r e c i s i o n  would be i r r e l e v a n t  o r  
i nappropr i a t e .  The use  of l i n g u i s t i c  express ions  approximate n a t u r a l  
language and i s  o f t e n  c l o s e r  t o  t h e  th ink ing  process  of t h e  dec is ion-  
maker. 

This  paper  w i l l  d e s c r i b e  t h e  s e l e c t i o n  of numerical  i n d i c a t o r s ,  t h e  
t ransformat ion  of numerical  i n d i c a t o r s  i n t o  l i n g u i s t i c  v a r i a b l e s ,  t h e  
i n c o r p o r a t i o n  of mult i -expert  weight ing of d e c i s i o n  c r i te r ia ,  and t h e  
a p p l i c a t l o n  of fuzzy set r u l e s  t o  t h e  development of t h e  composite Leas- 
i n g  Act ion P r i o r i t y  Area (LAPA) i n d i c a t o r .  

The Appendix provides  a b r i e f  i n t r o d u c t i o n  of fuzzy set theory  wi th  
examples, n o t a t i o n ,  and elementary ope ra t ions  (union,  i n t e r s e c t i o n ,  and 
negat ion) .  The importance o p e r a t o r ,  fuzzy d e c i s i o n  r u l e s ,  and t h e  
r e p r e s e n t a t i o n  of l i n g u i s t i c  v a r i a b l e s  through fuzzy sets are d i scussed .  

2 .  S e l e c t i o n  of I n d i c a t o r s .  - 

The t h r e e  f a c t o r s  s e l e c t e d  t o  r e f l e c t  l e a s i n g  d e c i s i o n  c r i te r ia  f o r  
p r i o r i t i z a t i o n  of geothermal areas are: unleased energy p o t e n t i a l ;  
p r i v a t e  response;  and environmental  de lay .  (See F igure  1). 

UNLEASED 
ENERGY 
POTENTIAL 

\ 
LEA 

PRIVATE 
RESPONSE 

NG ACTION PR 0 

ENVIRONMENTAL 
DELAY 

I TY i g u r e  1. 

The choice  of t h e s e  cr i ter ia  is  based on a review of DOE program docu- 
ments d e s c r i b i n g  t h e  goals of t h e  f e d e r a l  l e a s i n g  geothermal p r ~ g r a r n . ~ , ~  
Numerical i n d i c a t o r s  are then  s e l e c t e d  f tom reco rds  maintained by t h e  
Geothermal Resource Areas Database (GRAD) t h e  U.S. Geological  Survey, 
and t h e  Bureau of Land Management (BLM) . 7 ’ , 3 

I n  t h e  development of LAPA and i n  t h e  choice of  i n d i c a t o r s ,  w e  have 
focused on t h e  i d e a  of t h e  marginal  lease, i .e .  ; where should t h e  sur -  
f a c e  management 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  l ands?  

The amount of l o c a l  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 i s  represented  by t h e  unleased f a c t o r  (UF) f o r  t h e  geother -  
m a l  area. UF i s  def ined  as 

Fed acreage  not  y e t  o f f e r e d  f o r  lease i n  i X energy p o t e n t i a l  i n  i 
UF = ...................................................................... 

i t o t a l  acreage  o f f e r e d  f o r  lease i n  i 
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This  i n d i c a t o r  i m p l i c i t l y  assumes t h a t  t h e  energy p o t e n t i a l  pe r  
acre i n  t h e  unoffered p o r t i o n  of t h e  area i s  approximately t h e  same as 
i t  i s  i n  t h e  f r a c t i o n  a l r e a d y  o f fe red  f o r  lease. UF as def ined  i s  a 
conse rva t ive  estimate of t h e  r e source  p o t e n t i a l  i n  a g iven  area because 
t h e  ac reage  not y e t  o f f e r e d  f o r  lease r a t h e r  t han  t h e  unleased acreage  
i s  used as t h e  numerator of t h e  ind ica to r .*  It i s  assumed t h a t  i f  t h e  
acreage  has  been o f f e r e d  f o r  lease and not  b i d  on, t h e  energy p o t e n t i a l  
on t h a t  acreage  i s  n e g l i g i b l e  ( i .e . ,  i n d u s t r y  has  screened t h e  tracts 
o f fe red  i n  t h a t  lease sale  and found them unpromising).** O r  a l t e r n a -  
t i v e l y ,  i t  i s  more important  f o r  t h e  s u r f a c e  management agency t o  o f f e r  
a p rev ious ly  unoffered  t r ac t  where t h e  resource  p o t e n t i a l  i s  t h e  same. 

The p r i v a t e  response (PR) f a c t o r  i s  obta ined  from f o u r  i n d i c a t o r s :  
t h e  number of b i d s  per  lease sale i n  t h e  most r ecen t  year  (BL), t h e  
number of noncompetit ive a p p l i c a t i o n s  (NC)  ( i f  any)  i n  t h e  area; t h e  
average bonus per  acre o f f e r e d  pa id  i n  t h e  most r e c e n t  year (BB); t h e  
r a t i o  o f - a c r e s  r e l inqu i shed  o r  te rmina ted  ( a f t e r  a l e a s e )  t o  t h e  t o t a l  
acreage  l e a s e d  (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  lease 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 .  I f  more than  one lease sa le  was 
he ld  i n  t h e  las t  y e a r ,  a n  average estimate i s  taken  t o  r e f l e c t  t h e  
l a tes t  i n d u s t r y  response.  NC i s  used t o  capture  t h e  s a m e  dimension f o r  
l ands  which have n o t  been o f f e r e d  f o r  lease on a compet i t ive  b a s i s .  We 
can c o n s t r u c t  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  ( P I )  by combining t h e s e  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 o r  both are high,  w e  
cons ide r  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  area has  been manifested.  

BB i s  a measure of t h e  marginal  va lue  of land  i n  t h e  area t o  t h e  
p r i v a t e  i n v e s t o r  -- lease sales i n  t h e  most r e c e n t  year  are s e l e c t e d  as  
t h e  b e s t  approximation. The average bonus b id  f o r  t h e  area i s  computed 
as t h e  average of maximum and minimum b ids .  I n  p r i n c i p l e ,  BB should be 
t h e  expected maximum b id  pe r  acre i n  t h e  area i f  one more acre of land  
w a s  o f f e r e d  f o r  lease. 

AR i s  a measure of how s u c c e s s f u 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  area. A f t e r  a lease has been i s s u e d ,  a t ract  can be 

* I n  a more r e f i n e d  model, one should s p e c i f y  t h e  way t h e  l and  
management a u t h o r i t y  selects t h e  tracts o f f e r e d  f o r  lease wi th in  a 
geothermal area. It i s  p o s s i b l e ,  f o r  i n s t a n c e ,  t h a t  t h e  a u t h o r i t y  leases 
f i r s t  t h e  t rac t s  which are  most promising from a geo log ica l  po in t  of 
view ( i . e . ,  t h e  t rac t s  where t h e  p r o b a b i l i t y  of s u c c e s s f u l  d r i l l i n g  i s  
higher)--if  t h i s  i s  t h e  case, UF would somewhat ove res t ima te  t h e  energy 
p o t e n t i a l  s t i l l  a v a i l a b l e  l o c a l l y  f o r  p r i v a t e  development. 

** Once aga in ,  w e  would need informat ion  on indus t ry ' s  behavior  t o  
j u s t i f y  t h i s  assumption. Moreover, 
quen t ly  and l eased  -- whi le  i t  i s  
t h r e e  o r  more times and no t  b id  on 
tract o f fe red  once and not  b id  on 
res tr i c  t i v e  . 

\ 

t rac t s  have been r e o f f e r e d  subse- 
p l a u s i b l e  t h a t  a t ract  o f f e r e d  f o r  
i s  not  promising, assuming t h a t  a 
has no energy p o t e n t i a l  may be t o o  
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relinquished by the lessee or the lease can be terminated by the leasing 
agency where the lessee fails to pay the rent or meet other conditions 
of the leasehold. For the purpose of constructing this indicator, we 
have assumed that relinquishment/termination follow unsuccessful dril- 
ling and exploration, but it should be considered that other reasons for 
the relinquishment/termination may be that the tract was leased on a 
speculative basis or that the investor’s acreage limitation has been 
reached. 

The environmental delay factor is measured by the amount of 
unassessed, unof fered acreage over unonered acreage in the geothermal 
area 

unassessed, unoffered acreage 
uu = ........................................ 

Unof f ered acreage 

In competitive bidding areas, an environmental assessment by the surface 
management agency is required before the tracts are offered for lease -- 
therefore the potential delay from lack of adequate environmental 
assessments refers to the unoffered portion (if any) of federal acreage 
in the geothermal area. It should be noted that UU is a measure of the 
delay incurred in the pre-leasing process rather than a measure of the 
potential costs and benefits of environmental regulatidns.* It is possi- 
ble to develop a measure of potential environmental delay in the post- 
leasing stage by computing the amount of unleased acreage subject to 
seasonal or unqualified No Surface Occupancy stipulations. However, the 
effort required to compile this data is beyond the resources of this 
project. 

Following the fuzzy decision methodology outlined in the Appendix, 
the composite LAPA indicator is obtained as the intersection of the 
three main factors. (See Figure 2 . )  

I 
* Environmental delay can als‘o be measured by the number of appli- 

cations pending in the surface madagement agencies‘ district offices or 
applications rejected for environmental reasons. WAPORA, Inc. is in the 
process of compiling this data. 
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LEASING ACTION PRIORITY AREA (LAPA) F igure  2 .  

Formally,  t h i s  may be expressed as fo l lows:  

LAPA = UF n PR n EF 
= UF n (RL n P I  n AB) n UU 
= UF n (RL n (BL u NC) n AB) n UU. 

O r ,  u s ing  t h e  r u l e s  t o  d e r i v e  a fuzzy i n d i c a t o r ,  

LAPA(x) = Min [UF(x),AR(x), Max[BL(x),NC(x)], BB(x), U U ( x ) ]  

Leasing a c t i o n  p r i o r i t y  i s  h igh  f o r  an area where t h e  unleased  f ac -  
t o r  is  high,  t h e  p r i v a t e  response i s  high and t h e  p o t e n t i a l  p re- lease  
environmental  de l ay  i s  low. Conversely,  i f  any of t h e s e  f a c t o r s  are 
u n s a t i s f a c t o r y  ( i .e. ,  i f  e i t h e r  t h e  unleased f a c t o r  o r  t h e  p r i v a t e  
response f a c t o r  are low o r  i f  t h e  p o t e n t i a l  de lay  from environmental  
f a c t o r s  is  h igh ) ,  l e a s i n g  p r i o r i t y  f o r  t h e  area w i l l  be lowered. 

3. Assigning importance - t o  s e l e c t e d  i n d i c a t o r s .  

The r e l a t i v e  importance of each i n d i c a t o r  should be r e f l e c t e d  i n  
t h e  composite LAPA i n d i c a t o r  f o r  each area. I n  t h i s  s t e p ,  t h e  r e l e v a n t  
ques t ions  a re  how should w e  weight unleased p o t e n t i a l  ve r sus  p r i v a t e  
response ,  o r  b i d s  pe r  lease ve r sus  uncompeti t ive a p p l i c a t i o n s  as ind ica -  
t o r s  of p r i v a t e  i n t e r e s t ?  We d e f e r  t h e  assignment of weights  t o  expe r t s  
involved i n  t h e  l e a s i n g  process  but  combine t h e i r  judgements i n  a sys- 
tematic way according t o  fuzzy set r u l e s .  The inco rpora t ion  of exper t s ’  
judgements on t h e  importance of t h e  va r ious  i n d i c a t o r s  i n  t h e  cons t ruc-  
t i o n  of t h e  composite LAPA i n d i c a t o r  i s  d i scussed  f u r t h e r  below. 

4 .  Const ruc t ing  - t h e  composite i n d i c a t o r .  

The LAPA i n d i c a t o r  i s  obta ined  us ing  t h e  GRAD/SEEDIS programs i n  
f i v e  s t e p s :  
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0. Const ruc t  t h e  numerical  i n d i c a t o r s .  
1. Charac te r i ze  i n d i c a t o r s  by l i n g u i s t i c  expres s ions ,  such as 

2 .  Modify membership va lues  by importance weights .  
3 .  Combine t h e  i n d i c a t o r s  u s ing  fuzzy set r u l e s  f o r  "and" and 

"or" t o  o b t a i n  LAPA. 
4 .  Display membership va lues  by chromatic  scale o r  g ray  scale. 

"high",  "low". 

Th i s  procedure i s  t e s t e d  us ing  a sample of 10 KGRAs s e l e c t e d  from f o u r  
western s ta tes .  

S tep  0. Const ruc t  t h e  numerical  i n d i c a t o r s .  

Raw i n d i c a t o r s  are cons t ruc t ed  as desc r ibed  i n  s e c t i o n  2 .  For t h e  
Mono-Long Val ley  KGRA (CA) ,  we  have t h e  fo l lowing  informat ion:  

(1) Federa l  Acreage .................... 352,072 
( 2 )  Federa l  Acreage Offered f o r  Lease. . . 1 3 , 7 1 5  
( 3 )  Federa l  Acreage Leased... . . . . . . . . . . .  5 , 4 8 3  
(4) Energy Potent ia l . . . . . . . . . . . . . . . . . . . .  2 , 1 0 0  
( 5 )  Number of b i d s  i n  most r ecen t  year . .  10 
( 6 )  Number of leases i n  most r ecen t  year  1 

( 9 )  Acreage Relinquished/Terminated ..... 0 

( 7 )  T o t a l  Bonus Bids Accepted ($1000) ... 633 
( 8 )  Number of Noncompetitive Lease Appl. 6 

( 10) Environmentally a s ses sed  acre'age. .352,072 

From t h e s e  d a t a  w e  d e r i v e  t h e  numerical  i n d i c a t o r s :  

BL = ( 5 ) / ( 6 )  = 10 / 1 = 10 

BB = ( 7 ) / ( 3 )  = 633,000 / 5 , 4 8 3  = 115.50 

NC = ( 8 )  = 6 

AR = ( 9 ) / ( 3 )  = 0 / 5 , 4 8 3  = 0 

Step  1. Charac te r i ze  i n d i c a t o r s  by l i n g u i s t i c  express ions .  

The i n d i c a t o r s  cons t ruc t ed  above act  as proxy v a r i a b l e s  f o r  l e a s i n g  
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cr i ter ia  i n  F igure  2. A t  t h i s  p o i n t ,  a n a l y s i s  can be s h i f t e d  from t h e  
numerical  va lues  themselves t o  broad ca tegory  terms a p p r o p r i a t e  f o r  each 
i n d i c a t o r ,  such as  "high" o r  "low". The primary mot iva t ion  f o r  a s h i f t  
i n  focus  i s  t h e  oppor tun i ty  f o r  reducing t h e  c o g n i t i v e  load  on t h e  
a n a l y s t ,  t h a t  i s ,  t h e  amount of in format ion  he needs t o  reca l l  i n  " s i z -  
i n g  up t h e  s i t u a t i o n "  f o r  t h e  l e a s i n g  d e c i s i o n  a t  hand. For example, 
t h e  a n a l y s t  i s  sea rch ing  for areas wi th  h igh  va lues  f o r  UF, and low 
va lues  f o r  UU. A t t e n t i o n  can be d i r e c t e d  t o  where judgement i s  most 
needed, t hose  areas i n  t h e  sample where UF i s  h igh  t o  some degree ,  and 
UU i s  low t o  some degree.  Unnecessary d i s t i n c t i o n s  w i t h i n  each ca tegory  
can be suppressed where t h e  i s s u e  i s  clear c u t ,  f o r  example where UF i s  
high enough so  t h a t  t h e  a c t u a l  va lue  i s  not  of i n t e r e s t .  

This  i s  achieved by e s t a b l i s h i n g  membership v a l u e s  f o r  t h e  fuzzy 
sets "high",  "low", e tc .  f o r  each i n d i c a t o r .  There are no w e l l  esta- 
b l i shed  r u l e s  t o  perform t h i s  c r u c i a l  s t e p  and much of t h e  l i t e r a t u r e  on 
fuzzy sets acknowledges t h a t  t h e r e  i s  cons ide rab le  amount of s u b j e c t i v e  
judgment i n  t h e  assignment of grades  of membership. I n  o r d e r  t h a t  t h e  
assignment be c r e d i b l e ,  t h e r e  are  a t  least  two r e l e v a n t  i s s u e s  t o  be 
cons idered:  dependence on con tex t ,  and robus tness .  

Context i n c l u d e s  t h e  no t ions  of range,  d i s t r i b u t i o n ,  and r e fe rence  
poin t .*  I t  can  vary  cons ide rab ly  from one i n d i c a t o r  t o  ano the r ,  as w e l l  
a s  f o r  a s i n g l e  i n d i c a t o r  when a d i f f e r e n t  number o r  d i f f e r e n t  s e l e c t i o n  
of areas i s  cons idered ,  e .g .  t h e  range and t y p i c a l  va lues  of r e s e r v o i r  
temperatures  are h igher  i n  Hawaii than i n  Washington. For a g iven  con- 
t e x t ,  t h e  membership func t ion  f o r  "high" i s  def ined  s o  t h a t  t h e  grade of 
membership i s  0 below t h e  r e fe rence  p o i n t ,  i s  1 above t h e  upper end 
po in t  of t h e  range,  and rises smoothly from 0 t o  1 i n  between. 

Where a t y p i c a l  range and r e f e r e n c e  po in t  are known a p r i o r i ,  t h e s e  
parameters  can be s p e c i f i e d  by t h e  a n a l y s t  t o  determine t h e  membership 
func t ion .  Otherwise,  a d e f a u l t  procedure i s  app l i ed  t o  d e r i v e  t h e s e  
parameters  from t h e  sample d a t a  set  a t  hand. 

The procedure should be robus t ,  so  t h a t  t h e  t y p i c a l  range and 
r e fe rence  po in t  w i l l  be s t a b l e  from one sample  t o  ano the r .  I n  p a r t  f o r  
t h i s  reason ,  t h e  d e f a u l t  r e f e r e n c e  po in t  i s  taken  t o  be t h e  median. 

It i s  important  t o  keep i n  mind t h a t  fuzzy sets such as "high" and 
"low" are def ined  wi th  r e s p e c t  t o  a t y p i c a l  o r  normal range t h a t  i s  i n  
g e n e r a l  smaller than  t h e  range of a p a r t i c u l a r  sample  d a t a  set. Thus, 
"high" f o r  example, i s  i m p l i c i t l y  q u a l i f i e d  by a phrase such as  "high 
f o r  a t y p i c a l  va lue  median f o r  a t y p i c a l  range". The range should a l s o  
be ad jus t ed  f o r  robus tness  by t ak ing  i n t o  account a t y p i c a l  v a l u e s ,  o r  
o u t l i e r s .  A method f o r  i d e n t i f y i n g  o u t l i e r s  and c o n t r a c t i n g  t h e  range 
accord ingly  i s  descr ibed  i n  t h e  appendix.  

To i l l u s t r a t e ,  UF i n  F igure  3 ranges from 3 t o  2400, and t h e  

* See Rips (1980) f o r  a r ecen t  s tudy  of t h e s e  and r e l a t e d  no t ions  
10 from a psychologica l  pe r spec t ive ,  and r e fe rences  t o  t h e  l i t e r a t u r e .  
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d i s t r i b u t i o n  i s  skewed toward smaller va lues .  Expert  op in ion  cons ide r s  
areas wi th  a r e source  p o t e n t i a l  of 300 MWe and above as s i g n i f i c a n t  f o r  
e lec t r ic  power product ion.  The median i n  our  sample i s  roughly 
equ iva len t  t o  t h i s  r e fe rence  p o i n t ,  as va lues  above 274 are considered 
more and more "high".  It i s  a l s o  easy t o  observe t h a t  about  ha l f  t h e  
va lues  are "high" t o  some (non-zero) degree and h a l f  are n o t  cha rac t e r -  
i z e d  a t  a l l  by "high" ( z e r o  degree) .  

g r a d e  o f  
rnomborshi p 

3 2 7 3 . 5  

ond of p o i n t  
l o w e r  r e f e r e n c e  

rongo (mad i a n )  

1682.5 2018 2400 
UPP. r o u t  I i s r r  

end of 
r onge 

Figuro 3.  Membership  F u n c t i o n  Curves f o r  U n l e O r e d  Factor  

XBL 822-7879 

More gene ra l  l i n g u i s t i c  express ions  can be formed from p r i m i t i v e  
terms such as "high" and "low" us ing  l o g i c a l  o p e r a t o r s  "and", "or" ,  
"not"  accord ing  t o  fuzzy set r u l e s .  As can be seen  i n  F igure  4 ,  "not 
low" i s  more i n c l u s i v e  ( l e s s  r e s t r i c t i v e )  t han  "high".  

g r a d e  o t  
rnrmbe r I h i p 

l o w e r  r c t e r r n c c  

r a n g e  (medi on)  
e n d  o f  p o i n t  

F i g u r e  4 .  Yembermh 

o u t !  iers upper 
e n d  o f  
ronge 

p F u n c t i o n  C u r v e 8  f o r  "low', ' n o t  low', ond ' h i g h '  

XBL 822-7878 
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A l l  va lues  are c h a r a c t e r i z e d  by "not low" t o  some (non-zero) degree  
whi le  o n l y  those  above t h e  r e fe rence  po in t  are so c h a r a c t e r i z e d  by 
"high".  Although t h e  t a r g e t  range f o r  UF, f o r  example, i s  r e f e r r e d  t o  
c o l l o q u i a l l y  as "high",  t h e  l i n g u i s t i c  express ion  "not low" i s  used h e r e  
i n s t e a d  s o  t h a t  each sample va lue  i s  ass igned  some grade of membership 
f o r  p r i o r i t i z a t i o n .  

As shown i n  F igure  4, va lues  below t h e  median have p a r t i a l  member- 
s h i p ,  whi le  t h e  remaining ha l f  a l l  have f u l l  membership and s o  are n o t  
d i s t i n g u i s h e d  from each o t h e r .  Detail i s  preserved  where judgment may be  
needed (below 2 7 4 )  but  suppressed where (above 300) t h e  area i s  of 
i n t e r e s t  pe r  se, and no f u r t h e r  e v a l u a t i o n  i s  necessary.  

S t ep  2.  Importance weights .  

Importance weights  are a p p l i e d  t o  each i n d i c a t o r  by r a i s i n g  member- 
s h i p  va lues  t o  a cons t an t  power ( t h e  importance weight f o r  t h a t  i nd ica -  
t o r ) . l l  The less important  t h e  i n d i c a t o r ,  t h e  c l o s e r  t o  ze ro  i s  t h e  
weight ,  and t h e  nea re r  t o  one i s  t h e  modified membership va lue .  Rais ing  
membership va lues  accord ing  t o  importance he lps  overcome t h e  e f f e c t  of 
poor s c o r e s  on less important  i n d i c a t o r s .  

Energy p o t e n t i a l  emerged as  the  most important  f a c t o r  f r o m  our 
i n t e r v i e w s  wi th  t h r e e  e x p e r t s  from t h e  USGS i n  d e c i s i o n s  about l e a s i n g  
p r i o r i t y . *  The importance a t t a c h e d  t o  each i n d i c a t o r  may a l s o  va ry  wi th  
t h e  d e c i s i o n a l  con tex t  f o r  a geothermal r e source  area. There are t h r e e  
main types  of l e a s i n g  d e c i s i o n s ;  a KGRA where no land  has  y e t  been 
o f f e r e d  f o r  lease (bu t  some informat ion  may be a v a i l a b l e  from surround- 
i n g  non-competitive a r e a s ) ,  areas o u t s i d e  KGRA where no lease appl ica-  
t i o n s  have been r ece ived  but  some informat ion  may be a v a i l a b l e  f o r  
neighboring KGRA areas, and areas where l e a s i n g  a c t i v i t y  has  a l r e a d y  
occurred.  

The t h r e e  e x p e r t s  were asked t o  rank t h e  importance of t h e  s i x  
i n d i c a t o r s  on a scale from 0 t o  1. The weight  matrix below w a s  
ob ta ined  : 

* We would l i k e  t o  acknowledge t h e  p a r t i c i p a t i o n  of Messrs. Bruce 
H i l l i e r ,  Bruce Blakley,  Bob J a s k i ,  and Buford Holt  of t h e  Conservat ion 
Div i s ion ,  U.S. Geological  Survey, Menlo Park. 
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. 

UF BL BB NC AR EF 
EXPERT A 

1st lease i n  KGRA 1 . 9  . 9  
1st lease o u t s i d e  KGRA 1 -5 .9 
Subsequent leases 1 .5 .5 .1 .05 .85 

EXPERT B 
1st lease i n  KGRA .9 .45 .7 
1st lease o u t s i d e  KGRA -8 -15 -6 
Subsequent leases e8 - 7  - 7  e20 -5 -6 

EXPERT C 
1st lease i n  KGRA 1 .25 .1 
1st lease o u t s i d e  KGRA 1 1 .1 
Subsequent leases 1 -66 e66 e33 *66 -1 

The s imple  average  of t h e  exper t s '  weights  f o r  subsequent leases i s  
t h e  importance weight s e l e c t e d  i n  our  example: 

UF BL AB NCL AR EF 
1st lease i n  KGRA .97 .53 57 
1st lease o u t s i d e  KGRA . 93  .55 .53 
Subsequent leases . 9 3  62 62 .21 40 52 

L e t  u s  c l a r i f y  wi th  a n  example. Assume t h a t  KGRA A i s  cha rac t e r -  
i z e d  by t h e  fo l lowing  membership va lues  ( t h e  membership va lues  a r e  com- 
puted from t h e  raw i n d i c a t o r s  as desc r ibed  under S tep  1 above).  

Unleased f a c t o r  P r i v a t e  i n t e r e s t  Envi ron de l a y  
LABEL "not 1 ow " '' no t  low " "low" 

Membership 
va lue  

1 1 2 

I n  o the r  words, t h e  area has  ,a good energy p o t e n t i a l  and p r i v a t e  
developers  have shown i n t e r e s t  i n  t h e  area, bu t  t h e r e  may be d e l a y s  i n  
completion of environmental  assessments .  

LAPA' = Min (1, 1, . 2 )  = . 2  

If t h e  a n a l y s t  dec ides  t h a t  t h e  p o t e n t i a l  environmental  de l ay  i s  not  
t h a t  impor tan t ,  he can a s s i g n  t o  t h e  environmental  de l ay  f a c t o r  a low 
importance va lue ,  s ay  . l o ;  

LAPA " = (1, 1, [.20]*101 = 
= 11, 1, -85) = -85 
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Comparing LAPA' and LAPA", w e  can see t h a t  if w e  t a k e  i n t o  account t h e  
low importance of t h e  p o t e n t i a l  environmental  de l ay ,  t h e  l e a s i n g  p r i o r -  
i t y  of t h e  area is i nc reased .  The e f f e c t  of importance,  however, is 
a t t e n t u a t e d  f o r  c a t e g o r i e s  such as "not low", s i n c e  h a l f  t h e  membership 
va lues  are 1 and are n o t  changed by r a i s i n g  t o  a power. 

S t ep  3. Compute - t h e  i n d i c a t o r  LAPA. 

LAPA i s  computed as t h e  fuzzy union of t h e  t h r e e  f a c t o r s .  unleased 
p o t e n t i a l  (UF), p r i v a t e  response (PR), and environmental  de l ay  ( V U )  (see 
F igure  2) :  

LAPA(x) = min (UF(x), PR(x) ,  UU(x)) where 
PR(x) = min (BB(x), A R ( x ) ,  BLNC(x)) and 

BLNC(x) = wx (BL(x), N C ( x ) ) *  

We reproduce t h e  ope ra t ions  h e r e  f o r  t h e  Mono-Long Val ley KGRA (see 
t h e  r i g h t  s i d e  of F igu re  3a). 

LAPA (Mono-Long Val ley)  = 
= Min [UF, AB, Max (BL, N C ) ,  BB, VU] 
= Min [ l ,  1, Max (1, .78),  1, 1 1  = 
= I. 

The complete procedure is summarized i n  Table  1. Table  2 shows t h e  
membership va lues  of t h e  i n d i v i d u a l  i n d i c a t o r s  f o r  t h e  s e l e c t e d  areas. 
The membership va lue  f o r  t h e  composite LAPA i n d i c a t o r  is presented  on 
t h e  l e f t .  

S tep  4. Display membership va lues  by cont inuous tone  c o l o r s .  - - 
An exper imenta l  computer g raph ic s  program a v a i l a b l e  a t  t h e  Lawrence 

Berkeley Laboratory is  a v a i l a b l e  t o  i n t e r p r e t  l i n g u i s t i c  expres s ion ,  
apply  importance weights ,  and d i s p l a y  membership va lues  by chromatic  
scale . I 2  A convenient  scale f o r  h igh  q u a l i t y  c o l o r  g raph ic s  dev ices  
r e p r e s e n t s  0 through 1 by t h e  cont inuous range of s p e c t r a l  hues from 
yel low through orange t o  red .  When c o l o r  i s  not  a v a i l a b l e ,  a n  
achromatic  scale from whi te  through gray  t o  b lack  can be s u b s t i t u t e d  
i n s t e a d ,  as i n  F igure  5 below. 



Table 1. Operat ion of the Leasing Act ion P r i o r i t y  Area (LAPA) I n d i c a t o r  

INDICATORS UNLEASED FACTOR BIDS PER LEASE NONCOIPETITIVE LEASES AVERAGE BONUS RELINQUISHMENTS/ 
TERMINATIONS 

NUMERICAL VALUES !460.20113, ..., 700: ; 6 ,  10, ..., NA] 14.2, 6. ..., l5lJ [ 2 1 5 ,  116, ..., NA] l o ,  75, .... NA] 

MEEIBERSHIP LABEL N o t  Low N o t  Lon N o t  Low N o t  Low N o t  H i g h  

1 = 1 o r  .28 I = 1 or .15 I = 1 or .6 IMPORTANCE I = 1 or .9 I = 1 or .6 

MODIFIED 

10 

I ,..., U F ( ~ ~ ~ ) ~ )  : B L ( ~ ~ ) I  ...., 
xl0 J \ T  MEMBERSHIP VALUES [- 

W I O N  BIDS PER LEASE ( N o t  Low) ,R NONCOMPETITIVE LEASES ( N o t  Low)  

I;!IASSESSED/UNLEASED 

tO.0, ... OJ 
Not H i g h  

I = 1 or .IO 
UU(Xl) I , ..., U U ( X l 0 ~ ~ '  

xlo  _. i 

I 

w 
I 

F 

INTERSECTION UNLEASED FACTOR ( N o t  Low) PRIVATE INTEREST ( N o t  Low)  & AVERAGE BONUS ( N o t  Low) fi RELINQUX~HMENTS~TERMINATIONS ( N o t  H i g h )  & ENVIRONMENTAL DELAY ( N o t  H i g h )  

= LAPA HIGH 

C I ( x i )  Hin UF(xil1,  BLNC(xi),  B B ( x i ) I ,  AR(xi) I , WJ(x,) I 

xi xi 
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Table 2. Membership Values for LAPA Indicators 

N o t  A d j u s t e d  f o r  I m p o r t a n c e  

C I  K G R A  UF BB BLNC AR uu 

. O O  C A  L a k e . C i t y  1.00 1 . 0 0  1 . 0 0  .oo  1 . 0 0  
1.00 C A  Mono-Long V .  1 . 0 0  1 . 0 0  1.00 1.00 1 . 0 0  

. 00 C A  S a l  t o n  Sea 1 .oo  . 5 1  .oo  

. 0 7  I D  C a s t l e  Creek .07  - 1 5  1.00 . 9 6  1.00 

.79 ID C r a n e  C r e e k  . 7 9  . 9 9  1 .oo 1 . oo  1 . oo  

. O O  I D  R a f t  R i v e r  . 01  .oo  . o o  1 .00  1 . 0 0  

. O O  NV G e r l a c h  . o o  . 3 3  . o o  1 .oo 1 . o o  

. I 1  N V  S t i l l w a t e r  1 .00  . 9 9  . 1 1  1 .oo 1.00 

. 0 3  OR A l v o r d  . 0 3  1 .00  1 . 0 0  . 8 4  1-00 
1 .00  OR N e w b e r r y  1 . o o  1 . o o  1 . o o  

A d j u s t e d  f o r  I m p o r t a n c e  

CI K G R A  UF BB BLNC A R  uu 

. O O  C A  L a k e  C i t y  
1 .00  C A  Mono-Long V .  
. O D  C A  S a l  t o n  Sea 
. 0 8  I D  C a s t l e  C r e e k  
. 8 0  ID C r a n e  C r e e k  
. O O  I D  R a f t  R i v e r  
-00 NV G e r l a c h  
. 2 5  NV S t i l l w a t e r  
. 0 4  OR A l v o r d  

1 .00 OR N e w b e r r y  

1 . o o  1 . o o  1 , oo  
1 . 0 0  1 . 0 0  1 . 0 0  
1 .oo  . 8 7  

. 0 8  . 3 0  1 . O O  

. 8 0  1 . O O  1 .OO 

. 01  . o o  . o o  

.oo  . s o  .oo  
1 . 0 0  1 .00  . 2 5  

. 0 4  1.00 1.00 
1 .oo 1 . o o  

. o o  
1 . o o  

.99 
1 . o o  
1 . o o  
1 . o o  
1 . o o  

. 9 3  

1 . o o  
1 . o o  

. o o  
1 . o o  
1 . o o  
1 . o o  
1 . o o  
1 . o o  
1 . o o  
1 . oo  
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The degree of membership of each area i n  t h e  set "Lease Action 
P r i o r i t y  High" i s  d i sp layed  in Figure G and F igure  7 u s i n g  t h e  chromatic 
scale.  I f  w e  cons ide r  t h e  ou tpu t  of Run 1 (F igure  G ) ,  t h e  l e a s i n g  
p r i o r i t y  i s  e a s i l y  read o f f  as fol lows:  Mono-Long Val ley,  Crane Creek, 
and Newberry are h igh  p r i o r i t y ,  S t i l l w a t e r ,  Castle Creek, and Alvord 
fo l low,  S t i l l w a t e r  being higher  p r i o r i t y -  and Lake City-Surprise  Val ley,  
S a l t o n  Sea,  Gerlach,  and Rath River are  low p r i o r i t y .  This i s  t h e  case  
when a l l  5 c r i t e r i a  must be s a t i s f i e d  and no t r a d e o f f s  a r e  permit ted.* 

* However, ' the a n a l y s t  o r  s u r f a c e  l and  manager may be w i l l i n g  t o  
g i v e  up one o b j e c t i v e  f o r  a b e t t e r  f i t  t o  t h e  r e s t ,  o r  be happy wi th  
areas meeting 4 o u t  of 5 c r i t e r i a .  1 Lake' Ci ty-Surprise  Valley w i l l  have 
high p r i o r i t y  i f  acreage r e l i n q u i s h e d  is  not  considered an  important 
c r i t e r € o n .  S t i l l w a t e r  and Alvord w i l l  a l s o  q u a l i f y  as having high 
p r i o r i t y  i f  meeting 4 ou t  of  5 c r i t e r i a  i s  considered s u f f i c i e n t .  



I n  Run 2 (F igu re  7 ) ,  t h e  d e f a u l t  o p t i o n  f o r  importance makes a l l  
weights  equa l  t o  1, and t h e  degree of membership i s  s l i g h t l y  weakened 
for Crane Creek, Gerlach,  Sa l ton  Sea,  and Alvord, a l though the  ranking 
remains e s s e n t i a l l y  t h e  same. 
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5. Conclusions 

There is no unique. set of priority indicators and importance 
weights appropriate to all leasing decisions. The composite LAPA indi- 
cator is a planning and decision-support tool which utilizes automated 
Drocedures to ornanize information in a format that reduces the 
analyst’s cognitive load. Data is sorted according to how well It 
matches a given set of leasing decision criteria, and unnecessary numer- 
ical precision is dispensed with. LAPA accomodates the need of the pol- 
icy analyst to adapt weights and choice of indicators for prioritization 
of geothermal areas to specific decision environments. Both the clear- 
cut match and cases having different degrees of fit are easily summed up 
by color graphics which allows the decision maker to make almost spon- 
taneous visual tradeoffs between objectives. The ideal of cognitive 
economy information systems is served by giving the decision-maker 
access to better summary information with less effort. 

We have focused on the case of subsequent lease sales in a KGRA, 
and it should be noted that the choice of importance weights and indica- 
tors will differ if the first lease is being offered at or outside a 
KGRA. In addition, other exogenous indicators may be worth considera- 
tion in specific institutional contexts. If employment problems are 
pressing and geothermal development is related to job provision, a 
priority index could certainly include some “unemployment is high” 
label. Other indicators of regional distress could be included so that 
the leasing decisions take into account regional economic targets in 
addition to national energy production needs. It could also happen that 
environmental factors that are negligible from a federal standpoint are 
of critical importance locally. 

Secondly, W A  is a hierarchical structuring process and should be 
used as an iterative procedure. A new analysis should be carried out 
after each series of leasing decisions because the numerical values of 
the indicators and ultimately the rankings of the geothermal areas will 
be affected by the leasing decisions themselves. Sensitivity analysis 
can be implemented by setting different thresholds for the membership 
function. 

In this context, simple simulations for policy analysis can be per- 
formed using the GRAD/SEEDIS fuzzy set prpgrams. It would be easy, for 
instance, to rerun the program assuming that all the land in the highest 
priority areas has been offered for lease, in order to have an idea of 
what the next leasing priority would be if such a policy was to be 
implemented. 

In summary, the composite LAPA indicator can support analysis of 
leasing data and improve the success of leasing decisions. The flexibil- 
ity of this decision tool is enhanced by the availability of a computer- 
ized data base utilizing fuzzy set software and graphical displays. 
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Appendix 

FUZZY SET THEORY 2 7 1 1  

MEMBERSHIP IN A FUZZY SET 

In traditional set theory, we define sets and objects (or elements) 
of a universe of discussion. These objects may either belong or not 
belong to the set in question. 

- 

Ex.1: The set X is the set of females in a family of four (father 
[xl], mother [x2], son [xg], daughter [x4]). Our universe is com- 
posed of four elements, two of which belong to the set X. 

Each of the elements is either a member of X or not. 

The essential idea in fuzzy set theory is to associate to each ele- 
ment of the universe of discussion a degree of membership: a number 
between 0 and 1 .  "The more" an element belongs to a set, the higher the 
value of the degree of membership. 

- 

A fuzzy set is characterized by a membership function associated to 
each element of the set. If A is a fuzzy set, the following notation is 
used : 

-- 

where A(xi) is the degree - of membership of 3. 

Ex. 2:  The universe of discourse over which a membership function 
is defined can be continuous, as in the relationship between height 
measured in feet and being "tall" or "short". In this case, "tall" 
and "short" are fuzzy sets defined on positive numbers. 

5 6 7 
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FUZZY SET OPERATIONS ~- 
Fuzzy set can be def ined  i n  s e v e r a l  ways t h a t  are equ iva len t  t o  t h e  

l i n g u i s t i c  expres s ions  "or" ,  "and", and "not" .  Assume A and B are fuzzy 
sets def ined  on x wi th  membership A(x),  B(x). 

a.  Union 

The union of two fuzzy sets A and B i s  denoted by AUB and can be 
i n t e r p r e t e d  as t h e  set l abe led  by "A o r  B o r  both".  I n  symbols, w e  have 

where Max {A(x), B(x)} denotes  t h e  maximum of t h e  two va lues .  

Ex. 3: L e t  A be 
t h e  fuzzy set  of experienced managers and B t h e  fuzzy set of  edu- 
ca t ed  managers. We can a l s o  say  t h a t  t h e  l a b e l  " is  a n  experienced 
manager" i s  a s s o c i a t e d  t o  t h e  fuzzy set A and t h e  l a b e l  " is  an edu- 
ca t ed  manager" is a s s o c i a t e d  t o  t h e  fuzzy se t  B. L e t  t h e  member- 
s h i p  func t ions  be 

L e t  X I ,  x2 and x3 be t h r e e  managers f o r  a p l a n t .  

B ( x i )  = (2, * :} 
1 x1 x2' 

L e t  u s  assume t h a t  w e  are i n t e r e s t e d  i n  t h e  fuzzy set of "experi-  
enced or  educated managers". I n  o r d e r  t o  c o n s t r u c t  i t ,  w e  need 
o n l y  apply  t h e  fuzzy union ope ra t ion :  

b. I n t e r s e c t i o n  

The i n t e r s e c t i o n  of two fuzzy sets A and B i s  a fuzzy set denoted 
by @I, whose membership func t ion  i s  t h e  ' minimum of each corresponding 
membership va lue .  Formally,  w e  have 

. . 

where Min (A(x) ,  B(x)} denotes  t h e  minimum of t h e  two va lues .  
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I c. Negation 

Ex. 4 :  Let x, x2, xi be the three managers defined in Ex. 4 .  
Assume we are interested in the set of "experienced - and educated 
managers". Applying fuzzy intersection 

The negation of a fuzzy set A is a fuzzy set whose membership func- 
tion is the complement to 1 of A's membership function. In symbols, 

Ex. 5: Let us consider the set A of experienced managers as defined 
in the previous examples. The set Not A ,  or the "not experienced 
managers " i s 

- . 4  1 - - 5  1 - *8} = {:, 2, '> 
set A = J1 > x2 x3 x2 x3 

1 

Note that x3, who is the most experienced in the group, has now the 
lowest membership value in set of nonexperienced managers. 

d . Importance 

The importance of a fuzzy set is captured by a positive number I, 
which can assume values between 0 and infinity. The "importance" opera- 
tion acts as a membership function modifier -- if the importance of 
belonging to set A is I, the membership function is modified as follows: 

Note that if the importance index is 1, the membership function is 
not changed by the operation. If I is very high, only the elements that 
belong "strongly" in the set (i.e., with degree of membership close to 
L) maintain a high degree of membership after the operation. 

If I is low (less than l), degrees of membership increase for all 
the elements of the set. In particular, for 1=0 (absolutely unimpor- 
tant) the degree of membership is 1 for a l l  the elements in the set. 
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Ex. 6 - Let B be the set of educated managers. If education is of 
very low importance, say x = 0.05, then 

If education is irrelevant, all 
to a similar degree. The membership in the set is made less res- 
trictive. If education is of high importance, say x=3, then 

three managers belong to the set 

e} = (rl-, 73 --, - 2 2  

LXl x2 

Therefore, the membership is made more restrictive, and only x1 who 
is the better educated to start with, maintains a high degree of 
membership in the set. 

DECISION MAKING USING FUZZY SETS --- 
If X is a set of alternatives and A,B,C ... are fuzzy sets denoting 

goals or constraints, then the decision membership function Uo(x) is the 
intersection of the fuzzy sets 

u (x) = AnBnC ... 
0 

= Min { A ( x ) ,  B ( x ) ,  C ( x )  ...) 

and can be interpreted as the degree to which each of the alternatives 
satisfies the constraints and goals. 

Ex. 7: Assume that we have to hire a manager and that we want the 
person to be experienced 
straints on our choice). 
function is 

and educated (these are the fuzzy con- 
Then from Ex. 5, the decision membership 
- 



- 22 - 

I 

so  t h a t  t h e  most s a t i s f y i n g  choices  seem t o  be managers x2 and x3. 

Assume now t h a t  w e  are  p r i m a r i l y  i n t e r e s t e d  i n  a n  experienced per- 
son  and t h a t  educa t ion  i s  no t  t h a t  impor tan t ,  s ay  I=0.2. I n  t h i s  
case : 

0.2 u ~ = = A ~ B  
0 

<lower end of robus t  range> = max (smin, q l  - 1.5  (q3-ql))  

Now t h e  a l t e r n a t i v e  wi th  t h e  h ighes t  d e c i s i o n  membership va lue  is 
x3 (who i s  indeed t h e  most experienced of t h e  group).  

I n  t h e  GRAD/SEEDIS sof tware  programs, membership func t ions  f o r  "high" 
and "low" are def ined  i n  terms of two parameters ;  r e f e r e n c e  po in t  and 
range. As descr ibed  i n  S e c t i o n  2 ,  t h e  median i s  chosen t o  be t h e  r e f e r -  
ence po in t .  The d e f a u l t  procedure t o  determine a robus t  range from a 
sample d a t a  set i s  as fo l lows :  

I 

I 

I 

F i r s t ,  t h e  c e n t r a l  p o r t i o n  of t h e  sample i s  determined from t h e  
f i r s t  and t h i r d  q u a r t i l e s  (41  and q3) .  Th i s  p o r t i o n  i s  then  extended 
toward, bu t  no t  beyond, t h e  sample  minimum (smin) and maxium (smax) on 
e i t h e r  s i d e  by a chosen f a c t o r  (1 .5)  times t h e  e x t e n t  of t h e  c e n t r a l  
po r t ion .  

By d e f i n i t i o n ,  o u t l i e r s  are cons idered  t o  be those  va lues  o u t s i d e  
the  robus t  r a n  e. Taking 1 .5  as t h e  f a c t o r  would exclude about  1% of a 
normal *sample. H3 

For example, cons ide r  t h e  t e n  va lues  f o r  UF i n  F igure  A. There t h e  
median i s  (195 + 352)/2 = 273.5; q l  = 45 s i n c e  10/4 va lues  are smaller 
than  45; and s i m i l a r l y  q3  = 700. The robus t  range is: 

<upper end of robus t  range> = min (smax, q 3  + 1.5 (q3-ql))  
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2400 

2018 

T o u t 1  i e r  

o u t  I i o r  

1.5*(700-45) - 1682.5 

700 

460 

352 

195 

18 43  

t h i r d  quorti l e  

median - 273.5 
f j r o t d u o r t i l e  minim 

Fi g u r e  A .  Somple D i s t r i b u t i o n  f o r  Unloosed F c c t o r  
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