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I INTRODUCTION 

E f f i c i e n t  and e f f e c t i v e  p o l i c y  des ign  and management have played an  

important  r o l e  i n  t h e  shaping and monitor ing of urban and r e g i o n a l  development 

i n  t h e  developed c o u n t r i e s .  

a l l  developed c o u n t r i e s ,  they  have proved t o  be c r u c i a l  mechanisms of urban 

and r e g i o n a l  planning.  Developing c o u n t r i e s ,  on t h e  o the r  hand, have been 

plagued by urban and r e g i o n a l  problems, such a s  i n s u f f i c i e n t  housing,  inadequate  

pub l i c  and p r i v a t e  f a c i l i t i e s ,  h igh  unemployment r a t e s ,  i n f e r i o r  environmental  

c o n d i t i o n s ,  and h igh  d i s p a r i t y  of r e g i o n a l  growth, i n  t h e  p a s t  decades.  The 

Though they  have not  been e q u a l l y  s u c c e s s f u l  i n  

f e e b l e  economic base of t he  c o u n t r i e s ,  compounded by t h e  r e l a t i v e l y  i n a d e p a t e  

planning p r a c t i c e  is poss ib ly  a major f a c t o r  c o n t r i b u t i n g  t o  such urban and 

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

improvement i n  the  e f f i c i e n c y  and e f f e c t i v e n e s s  of p o l i c y  des ign  and management 

i s  thus  impera t ive .  

To achieve  a h e a l t h i e r  s t a t e  of urban and r e g i o n a l  growth, 

Success fu l  po1ic:y des ign  and management, t o  a l a r g e  e x t e n t ,  depend on a 

sound da ta  base  so  t h a t  r e l i a b l e  e s t i m a t i o n  and p r e d i c t i o n  can  be obtained.  

Unfor tuna te ly ,  most of t h e  developing c o u n t r i e s  l a c k  a sound d a t a  base.  

Informat ion  i s  i n  g e n e r a l  weak i n  na tu re .  Weak, h e r e ,  connotes  l i m i t e d ,  and/or  

incomplete ,  and/or  imprec ise .  

s u f f e r e d  from a weak da ta  base ( s e e  f o r  i n s t a n c e  Coale and Demeny, 1966; United 

Nat ions,  1967, 1970; C a r r i e r  and Hobcraf t ,  1971; Doeve, 1981; and Kwon, 1981).  

The p r e v a i l i n g  weak informat ion  has ,  i n  t u r n ,  prevented s u c c e s s f u l  a p p l i c a t i o n s  

of planning methods conven t iona l ly  designed f o r  t he  developed c o u n t r i e s  where 

d a t a  a r e  r e l a t i v e l y  more r e a d i l y  a v a i l a b l e ,  more complete,  o r  more p r e c i s e .  

For example, popula t i o n - r e l a  t ed  planning has  long 

Thus, a sound da ta  base is  mandatory f o r  enhancing t h e  e f f e c t i v e n e s s  and 

e f f i c i e n c y  of urban and r e g i o n a l  p o l i c y  des ign  and management i n  developing 
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coun t r i e s .  Nevertheless ,  e x i s t i n g  cond i t ions  i n  most of t hese  coun t r i e s  make 

t h e  t a s k  of ob ta in ing  p r e c i s e  information economically,  p o l i t i c a l l y ,  o r  s o c i a l l y  

i n f e a s i b l e .  While a sound da ta  base i s  s t i l l  beyond reach ,  methods which enable  

l o g i c a l  o r  formal a n a l y s i s  designed t o  account f o r  a weak information base 

should be employed i n  t h e  planning process .  

Over the  yea r s ,  va r ious  methods have been developed t o  d e a l  w i t h  the  

r e p r e s e n t a t i o n ,  a n a l y s i s ,  and in fe rence  wi th  weak information.  Among o t h e r s ,  

fuzzy sets theory (Zadeh, 1965) i s  one of t he  methodologies which has p l a u s i b l e  

a p p l i c a t i o n  va lue  i n  the  f i e l d  of planning. 

information a s  obso le t e ,  and fuzzy c o g n i t i v e  and decision-making processes  a s  

absurd,  t he  theory r ega rds  them a s  p r e v a i l i n g  phenomena which can be formally 

analyzed. Through the  theory,  human s u b j e c t i v i t y  and inexac t  information can 

be formally represent:ed and analyzed. 

and management i n  developing coun t r i e s  a r e  based i s  imprecise ,  fuzzy s e t s  theory 

seems t o  be a b l e  t o  se rve  a s  an  appropr i a t e  framework f o r  t he  a n a l y s i s  of t he  

decision-making processes .  

In s t ead  of t r e a t i n g  p r e c i s e  

Since informat ion  on which po l i cy  des ign  

The purpose of t h i s  paper i s  t o  in t roduce  t h e  bas i c  ideas  of t h i s  theory 

i n  gene ra l ,  and fuzzy l i n e a r  p rograming  i n  p a r t i c u l a r ,  t o  r e sea rche r s  o r  

p r a c t i t i o n e r s  i n  urban and r e g i o n a l  planning, e s p e c i a l l y  t o  those who a r e  

involved wi th  planning i n  the  developing c o u n t r i e s .  

i t  i s  hoped t h a t  more r e sea rch  may be s t imula ted  and t h e  appropr ia teness  of 

the theory i n  planning may be f u r t h e r  eva lua ted .  The core  of t he  paper d e a l s  

w i t h  a l l o c a t i o n  of resources  f o r  urban and r e g i o n a l  development i n  an  inexac t  

environment. To f a c i l i t a t e  t h i s  d i scuss ion ,  some b a s i c  concepts  of fuzzy sets 

theory a r e  summarized i n  t h e  fol lowing sec t ion .  Concepts and techniques of 

fuzzy l i n e a r  programming a r e  then d iscussed  through a framework of urban land 

use  a l l o c a t i o n  i n  s e c t i o n  111. A s i m p l e  a p p l i c a t i o n  of t he  technique t o  a 

Through t h i s  p re sen ta t ion ,  
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r e g i o n a l  planning problem i s  then presented i n  s e c t i o n  IV. 

paper ,  s e c t i o n  V provides  an  examination of t h e  p l a u s i b l e  a p p l i c a t i o n s  of 

fuzzy sets theory t o  urban and r e g i o n a l  planning i n  gene ra l ,  and t o  t h a t  of the  

developing c o u n t r i e s  i n  p a r t i c u l a r .  

To conclude the  
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11, SOME BASIC C0NCE:PTS OF FUZZY SETS THEORY 

This  s e c t i o n  sunntarizes some b a s i c  d e f i n i t i o n s  and ope ra t ions  i n  fuzzy 

sets theory which a r e  r e l e v a n t  t o  the  d i scuss ion  i n  s e c t i o n  111. It is  not  

intended t o  serve  a s  a complete p r e s e n t a t i o n  of t h e  theory.  A more thorough 

examination of t he  t h e o r e t i c a l  foundat ion may be found i n  Zadeh (1965), Goguen 

(1967) and Kaufmann (1975) . 
A b a s i c  idea  of t he  theory i s  the  concept of a fuzzy subse t .  I n  convent ional  

set theory,  w e  have a c l e a r - c u t  boundary between membership and non-membership 

of a n  element t o  a set. Under fuzzy sets theory,  a gradual  t r a n s i t i o n  from 

membership t o  non-membership i s  considered a s  more r e a l i s t i c .  

D e f i n i t i o n  1 (Fuzzy subse t ) .  Le t  U be a universe  of 'd i scourse ,  l e t  x be 

an element of U. Then a fuzzy subse t  A i n  U i s  a set  of ordered p a i r s  

(x,  v A W  1 , f o r  all XE U, (1)  

where, LtA:  U + M i s  a1 membership func t ion  which t akes  its values  i n  a t o t a l l y  

ordered set M, t h e  membership se t ,  and p (x) i n d i c a t e s  t h e  grade of membership A 

of x i n  A.  

1965),  o r  a more genera l  s t r u c t u r e ,  e.g.  a l a t t i c e  (Goguen, 1967). 

The membe.rship set M can be t h e  c losed  i n t e r v a l  [0, 11, (Zadeh, 

I n  t h i s  paper ,  t h e  membership set  i s  r e s t r i c t e d  t o  the  c losed  i n t e r v a l  

[0, 11, w i t h  0 and 1 rep resen t ing  the  lowest and h i g h e s t  grades of membership 

r e spec t ive ly .  

Example 1. I n  urban planning,  decision-makers o f t e n  encounter some types 

of budget c o n s t r a i n t s .  Avai lab le  budget may be e x a c t l y  s p e c i f i e d .  However, i t  

may only be approximately known sometimes. 

budget i s  a 

a planner  can  obta in .  It is  a s ta tement  which involves  a n  inexac t  term*"abou.t 

a,'' The information conveyed i s  thus  imprecise.  To enable  formal. a n a l y s i s ,  t he  

For in s t ance ,  i n s t ead  of "The 

I1  the  s ta tement  "The budget i s  about a" may be t h e  only information 

term, l ' & ~ ~ t  a," can 'be represented  a s  a fuzzy subse t  def ined  by t h e  fol lowing 
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membership func t ion  

2 
, k >  1. -k (x - a )  (x) = e 'about a 

(see Fig .  1) 

I n s e r t  F ig .  1 about  he re  

Example 2. I n  some urban des ign  p lans ,  an  o b j e c t i v e  may be t o  maximize 

n e t  revenue. Nevertheless ,  t he  maximization process  may be subjec ted  t o  a fuzzy 

condi t ion .  For example, t h e  s ta tement  "ne t  revenue should be much greater 

than 8" may serve  a s  a goa l  under t h e  maximization scheme. Its de f in ing  member- 

s h i p  func t ion  may be s p e c i f i e d  a s  

'I, k > 1. -k (X - (x) = 1 - e 'much p e a t e r  t h q  g (3)  

(see Fig.  2 )  

I n s e r t  F ig .  2 about he re  

I Example 3. L e t  { x l ,  x2, x3, x4 1 be a set  of ob jec t ives .  

t h e  t e r m  <vor, tant ,  t he  fol lowing fuzzy subse t  may be der ived:  

With r e s p e c t  t o  

where (x.)  i s  a s u b j e c t i v e l y  ass igned  va lue  wi th  1 rep resen t ing  

t h e  f u l l  membership of being impoptant, and 0 r ep resen t ing  the  f u l l  non-membership 

' % p o r t a n t  1 

of being { T o r t a n t .  For in s t ance ,  t h e  degree of importance of x3 i s  0.5. Here, 

t h e  membership func t ion  does not  take on a s p e c i f i c  form. 

D e f i n i t i o n  2 ( Inc lus ion ) .  A fuzzy subse t  A i s  included i n  a fuzzy . subse t  

B, denoted as A c  B, i f  and only i f  pA (x) & p B  (x) ,  f o r  all x E U . 
D e f i n i t i o n  3 (Equa l i ty ) .  Fuzzy subse t s  A and B a r e  equal ,  denoted a s  
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A = B, if and only i f  pA(x)  = pB(x) , f o r  a l l  x E U. 

D e f i n i t i o n  4 (Complementation). Fuzzy subse t  B i s  the  complement of fuzzy 

subse t  A ,  i f  and only if p (x) = 1 - p (x), f o r  a l l  x E U. B A 
D e f i n i t i o n  3 ( 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 fuzzy subse t s  A and B, 

denoted a s  A fl B,  i s  def ined  by 

'A 117 B (x) = min [ p A ( x ) ,  p,(x) 3 f o r  a l l  x t: Us (5 1 

o r  employing the conijunc t i v e  symbol 

p~ n B (XI = ' ~ ( ~ 1  A P B ( ~ ) ,  f o r  a l l  x E u . (6 ) 

Example 4.  The i n t e r s e c t i o n  of t he  fuzzy subse t s  def ined by equat ions  

(2) and (3)  i s  depic ted  i n  F ig .  3. 

~~ 

I n s e r t  Fig.  3 about h e r e  

Remark I n t e r s e c t i o n  corresponds t o  the  connect ive "and." When def ined  

by the  min- opera t ion ,  i t  i s  the  l a r g e s t  fuzzy subse t  t h a t  i s  contained i n  

both A and B. Viewin-g example 4 i n  t he  con tex t  of urban planning,  i n t e r s e c t i o n  

- of t h e  two fuzzy subse t s  can  be i n t e r p r e t e d  as a po l i cy  des ign  r u l e  "The 

budget i s  about a 

opera t ion  i s  ueual ly  regarded a s  a hard "and" f o r  i t  does not  a l low trade-off  

between fuzzy subse t s .  

and n e t  revenue should be much greater t h n  @.I' The min- 

D e f i n i t i o n  6 (Union). The union of fuzzy subse t s  A and By denoted a s  

A u B, i s  def ined  by 

(x) = max [ p A ( x ) ,  vB(x) ] 9 for a l l  x E u 9 'A u B 

o r  employing the  d i s j u n c t i v e  symbol 

(x) = pA(x) V pB (x), for a l l  x E u 0  
'A u B 
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Example 5. The union of t h e  fuzzy subse t s  def ined  by equat ions  ( 2 )  and 

(3)  is depic ted  i n  Fig.  3 .  

Remark. Union c:orresponds t o  t h e  connect ive When def ined  by t h e  

max- opera t ion ,  i t  becomes the  sma l l e s t  fuzzy subse t  which con ta ins  both A and 

B. The max-operation i s  u s u a l l y  i n t e r p r e t e d  a s  a hard ''or.'' 

D e f i n i t i o n  7 (A1.gebrai.c product) .  The a l g e b r a i c  product of fuzzy subse t s  

A and B, denoted a s  Ab . B,  i s  def ined  by 

(x) = pA(x) y (x), f o r  a l l  x c U. P ~ * ~  B (9) 

Remark I n  the  i n t e r s e c t i o n  of fuzzy subse t s ,  t he  a l g e b r a i c  product i s  

usually i n t e r p r e t e d  a s  the  connect ive "and" i n  a s o f t  sense.  

when dependence of two fuzzy subse t s  i s  t o  be represented .  

between the  two opera t ions  i s  u (x)A pB(x) 2 p A ( x )  . y g ( x ) ,  for a l l  x 

lit  i s  employed 

The r e l a t i o n s h i p  

U 

The a l g e b r a i c  sum of fuzzy subse t s  A and 

A 

D e f i n i t i o n  8 (Algebraic sum). 

B, denoted a s  A 3 B ,  is  def ined  by 

PA 3 B ( x )  = PA(x) + U,(x> - . P B ( x ) ,  for  E u *  (lo) 

Remark. I n  t h e  union of fuzzy subse t s ,  t he  a l g e b r a i c  sum i s  u s u a l l y  

i n t e r p r e t e d  a s  t he  connect ive "or1' i n  t h e  s o f t  sense.  An immediate r e s u l t  i s  

PA B (x) 2 v *PB(x), for u . o  

Researchers should r e a l i z e  t h a t  t h e  min- and the  a l g e b r a i c  product a r e  not  

t h e  only opera t ions  de f in ing  i n t e r s e c t i o n  of fuzzy subse t s .  

and t h e  a l g e b r a i c  sum a r e  j u s t  two opera t ions  by which union can be def ined (see ,  

for example, Giles,  1976, f o r  o the r  d e f i n i t i o n s ) .  The a u t h o r ' s  opinion i s  t h a t  

i n  s e l e c t i n g  or cons t ruc t ing  a s p e c i f i c  type of opera t ion ,  w e  should pay a t t e n t i o n  

S imi l a r ly ,  the  max- 

t o  i t s  mathematical  j u s t i f i c a t i o n s  ( f o r  t he  j u s t i f i c a t i o n  of min- and max-, see  

Bellman and G i e r t z ,  1973) and i t s  re levance  under s p e c i f i c  con tex t .  

an opera t ion  i s  mathematically f e a s i b l e  bu t  does not  possess  any s i g n i f i c a n t  

Sometimes, 
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va lue  i n  i n t e r p r e t a t i o n .  

D e f i n i t i o n  9 (Fuzzy r e l a t i o n ) .  A n-ary fuzzy r e l a t i o n  i s  a fuzzy subse t  

i n  U1 x U2 x . . . x Un def ined  by 

(11 1 lJR ( X I ,  X2’ ..*, Xn> to, 11 9 xi Ui’ f o r  i = 1, 2, ..., n. 
S p e c i f i c a l l y ,  a b ina ry  fuzzy r e l a t i o n  i s  a fuzzy subse t  i n  U 

Since  a fuzzy r e l a t i o n  i s  a fuzzy subse t ,  a l l  t h e  opera t ions  d iscussed  above 

x U 1 2’ 

can l i kewise  be appli.ed t o  the  ope ra t ions  on fuzzy r e l a t i o n s .  

e l abora t ions  a r e  not  a t tempted here .  

Thus, f u r t h e r  
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111. FUZZY LINEAR PROGRAMMING AND URBAN LAND USE PLANNING 

Urban and r e g i o n a l  planning i n  developed c o u n t r i e s  o r d i n a r i l y  involves  the  

a l l o c a t i o n  of l imi t ed  resources  t o  competing a c t i v i t i e s  i n  the  most e f f i c i e n t  

way. 

s c a r c i t y  of resources  i s  ehe r u l e  r a t h e r  than than the  except ion ,  and s e l e c t i o n  and 

implementation of the  most appropr i a t e  programs a r e  c r u c i a l  f o r  development. 

Such a problem i s  e s p e c i a l l y  important i n  developing c o u n t r i e s  where 

Mathema t i c a l  programming models, e s p e c i a l l y  l i n e a r  programming techniques,  

have been appl ied  t o  economic planning i n  developing c o u n t r i e s  (see f o r  example 

Gotsch, 1968; Bawles, 1969; MacEwm, 1971; and Wengel, 1980),  I n  a d d i t i o n  t o  

a sound conceptual  framework, t he  success  of va r ious  programming models l a r g e l y  

depends on the  a v a i l a b i l i t y  of da t a  w i t h  exac t i t ude .  

da t a  base i n  developing coun t r i e s  o f t e n  makes the  t a s k  formidable o r  impossible.  

Though p r o b a b i l i s t i c  and s t o c h a s t i c  programming have been developed t o  handle 

planning under unce r t a in ty ,  they a r e  not  designed t o  analyze unce r t a in ty  due 

t o  vagueness i n  meaning of data. '  To b e t t e r  handle the  problem of a weak 

da ta  base ,  resource  a l l o c a t i o n  i n  developing c o u n t r i e s  needs a f l e x i b l e  

programming method so t h a t  inexac t  da t a  can be t o l e r a t e d  and a higher  degree of 

f l e x i b i l i t y  i n  programming can be accomplished. 

Unfor tuna te ly ,  t he  weak 

\ 

I n  r e c e n t  y e a r s ,  fuzzy mathematical  programming (Bellman and Zadeh, 1970) 

has  become an  o f f sp r ing  of fuzzy sets r e sea rch .  It d e a l s  w i th  opt imiza t ion  i n  

a fuzzy decision-making environment i n  which o b j e c t i v e s ,  c o n s t r a i n t s ,  o r  

c o e f f i c i e n t s  a r e  vague. General ly ,  the  weak da ta  base of developing c o u n t r i e s  

would l i k e l y  f o r c e  p:Lanners t o  formulate  vague o b j e c t i v e s  and c o n s t r a i n t s .  Thus, 

mathematical  programming wi th  fuzzy information seems t o  be appropr i a t e  f o r  

Note t h a t  p r o b a b i l i t y  and s t o c h a s t i c  processes  d e a l  w i th  unce r t a in ty  r e l a t e d  
t o  the  randomness of occurrence,  whi le  fuzzy sets d e a l s  w i th  t h a t  r e l a t e d  t o  
the  vagueness of meaning. 

1 
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urban and r e g i o n a l  planning i n  these  c o u n t r i e s  . 
I n  t h i s  s e c t i o n ,  the  b a s i c  concepts of fuzzy l i n e a r  programming a r e  

d iscussed ,  To make t h e  p r e s e n t a t i o n  more r e l e v a n t  t o  urban and r e g i o n a l  planning,  

i n s t ead  of in t roducing  t h e  method i n  a gene ra l  con tex t  (Zimmermann, 1976; Negoita 

and S u l a r i a ,  1976),  wt thout  l o s s  of g e n e r a l i t y ,  I have chosen t o  examine i t  

through a land use  a lPoca t ion  problem. 

Let  t h e  fol lowing be a l i n e a r  programming model (modified from Schlager ,  

1965; R e i f ,  1973; and Leung, 1976) f o r  a l l o c a t i n g  land t o  a c t i v i t i e s  i n  a land 

u s e  p l an  des ign:  

m n 
c P..X.. z p  

1J  1 J  
c s.t.  

i = l j = l  

n 

m 
C d , x . .  = e for j = 1, 2, ...) n 

i = l  J 1~ j '  

x.. 2 0, 
1J 

where, 

m = number of zones of equal  a r e a  which form a n  exhaus t ive  subd iv i s ion  of 

the land arema under s tudy ,  

n = number of land use  c a t e g o r i e s  such a s  r e s i d e n t i a l ,  i n d u s t r i a l ,  

a g r i c u l t u r a l ,  considered by t h e  des igne r ,  

x = number of acres of zone i k o  be a l l o c a t e d  t o  land use  ca tegory  j ,  i 3  
c = c o s t  of developing a n  a c r e  of zone i f o r  a l l o c a t i o n  t o  land use  13 

ca tegory  j , 

'ij = n e t  revenue of developing an  a c r e  of zone i f o r  a l l o c a t i o n  t o  iand 

use  category j ,  . 

p = expected t o t a l  n e t  r e t u r n  from land use a l l o c a t i o n ,  

= l i m i t  on the  amount of land from zone i w h i c h  can  be a l l o c a t e d  t o  land uses ,  f i  
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d = s e r v i c e  ra t io ,  c o e f f i c i e n t  which provides f o r  support ing s e r v i c e  land 
j 

requirements which a r e  necessary f o r  development of land use category j ,  

e = t o t a l  demand of land use category j 
j 

The problem i s  t o  determine the  optimal a l l o c a t i o n  of land t o  a c t i v i t i e s  

so t h a t  t he  t o t a l  development c o s t  i s  minimized and prescr ibed  des ign  s tandards  

are s a t i s f i e d .  

g r e a t e r  than a specif i .c  va lue  p. Cons t r a in t s  i n  equat ion  14 se t  an  exac t  l i m i t  

on t h e  t o t a l  amount of land i n  each zone which can be a l l o c a t e d  t o  varying land 

uses .  Cons t ra in ts  i n  equat ion 15  ensure t h a t  t h e  t o t a l  a l l o c a t i o n  exac t ly  

equals  t h e  t o t a l  demand i n  each land use category.  

The c o n s t r a i n t  i n  equat ion 13 r e q u i r e s  t o t a l  n e t  revenue t o  be 

I f  our information becomes imprecise, t he  exactness  of c o n s t r a i n t s  i n  

equat ions  13, 14, and 1 5  may decrease accordingly.  That i s ,  i t  may become 

impossible  f o r  planners  t o  p re sc r ibe  exac t  l i m i t s  on the  a v a i l a b i l i t y  of land,  

f . ' s ,  o r  i t  may become u n r e a l i s t i c  t o  fo rce  an  exac t  expec ta t ion  on the  t o t a l  

ne t  revenue, p, from investment,  o r  t o  se t  p r e c i s e  demands, e Is, f o r  each land 

1 

j 
use  category.  

exact c o n s t r a i n t s .  

Thus, decision-makers may have t o  spec i fy  fuzzy ve r s ions  of the  

With regard t o  t h e  c o n s t r a i n t  i n  equat ion 13, a fuzzy c o n s t r a i n t  

"Net r e t u r n  should be greater than p o r  notmuch smaller than ptl (17) 

may be more r e a l i s t i c .  

p re fe rab ly  be g r e a t e r  than p.  

due t o  unce r t a in ty ,  i t  can  only be smaller  than p t o  a smazz magnitude. 

9pea ter  t h n  p" and "'not much smaller than p" a r e  l i n g u i s t i c  c r i t e r i a  which 

can be t r e a t e d  a s  fuzzy subse t s ,  they can be approximated by the  func t ions  

This  c o n s t r a i n t  i m p l i e s  t h a t  t he  t o t a l  n e t  r e t u r n  should 

I n  case  such a requirement cannot be s a t i s f i e d ,  

Since 

depic ted  i n  F ig .  4a and 4b r e spec t ive ly .  The fuzzy c o n s t r a i n t  i n  equat ion 17  

is then t h e  union of t hese  two fuzzy subse t s  which imposes a fuzzy i n t e r v a l  t 
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on t h e  base v a r i a b l e ,  i n  monetary u n i t  (See Fig.  4c ) .  

Insert: F i g . %  4a ,  4b, and 4c about  here  

Thus, i n s t e a d  of fo rc ing  t h e  t o t a l  n e t  r e t u r n  t o  be g r e a t e r  than  a s p e c i f i c  

va lue  p,  a permissable  l e v e l  of v i o l a t i o n ,  t ,  of p i s  incorpora ted  i n  t h e  fuzzy 

c o n s t r a i n t .  The exac t  c o n s t r a i n t  i n  equat ion  13 i s  now transformed i n t o  an  

inexac t  c o n s t r a i n t  denoted a s  

m n 

where s t ands  f o r  t h e  fuzzy v e r s i o n  of , and p and p - t a r e  the  two extreme 
N 

p o i n t s  of t h e  fuzzy i n t e r v a l  . 
Accordingly,  t h e  p l anne r ' s  degree of s a t i s f a c t i o n  about t h e  va lue  

m n 
c P .  . x . .  wit:h r e spec t  t o  t h e  s ta tement  i n  equat ion  17  may b e  

i = l j = l  1 J  1J  

approximated by t h e  fol lowing membership func t ion:  
.- 

m n 

m n 

i f  1 c P . . x . .  < p - t 
i = l j = l  1 J  1J  

I m n 
c P x > P (19) i j  i j  - i f  C 

i = l j = l  

That i s ,  when t h e  t o t a l  n e t  revenue i s  g r e a t e r  than p ,  t h e  planner  i s  completely 

s a t i s f i e d  w i t h  the  grade of membership equal  t o  1. H i s  degree of s a t i s f a c t i o n  

then  decreases  monotonically t o  ze ro  towards t h e  va lue  p - t. 

By the  same token, t h e  imprecise  information about  t h e  t o t a l  amount of land 

a v a i l a b l e  f o r  development i n  each zone may fo rce  p lanners  t o  r ep lace  each exac t  

c o n s t r a i n t  i n  equat ion  14 by a fuzzy c o n s t r a i n t  

"Total  areis for .  development i n  zone i should be 

smaller than f o r  not much greater than fi." 
i 



Symbolically,  i t  may be s t a t e d  a s :  

n 
x < f i ;  f i  4- di, f o r  i = 1, 2, ..., m. 

j = l i j Z  

Here, w e  a r e  s e t t i n g  to l e rance  l e v e l s  d ' s  on t h e  a v a i l a b i l i t i e s  of land f i t s .  i 

The p l anne r ' s  degree of s a t i s f a c t i o n  about  t h e  va lue  C x may be 
n 

j = 1  i j  

n approximated by 

lxi j ) 

n 

di 

i f  c 
j =  

if f i  

n 
i f  C 

j =  

x < f i  
i j  - 

x > f i  i j  1 

L fi  

+ di 

+ di 

(see F ig .  5) .  

Along the  same l i n e  of reasoning ,  u n c e r t a i n t y  of t he  f u t u r e  demands 

makes t h e  formulat ion of exac t  c o n s t r a i n t s  i n  equat ion 1 5  u n r e a l i s t i c .  Planners  

may have t o  r e p l a c e  each of them by the  fol lowing fuzzy c o n s t r a i n t  

"Tota:L a l l o c a t i o n  t o  land use ca tegory  j 

should be equal 

e+ and not much 

Symbolically,  the  c o n s t r a i n t  i s  

J 

m 

t o  e .  o r  not much greater than 

smaller than e .  ." 
J 

3 

expressed a s  - 

7 d . x . .  e e - 2, e +F, f o r  j = 1, 2, ..., n. 
J 1~ j' j j i =  

I n  t h i s  formulat ion,  permiss ib le  l e v e l s  of v i o l a t i o n  on t h e  l e f t ,  2, and on the  
- 

r i g h t ,  r, of e a r e  s p e c i f i e d .  
j m 

The p lanne r ' s  degree of s a t i s f a c t i o n  about  t h e  va lue  C d x may then 
i = 1  j i j  

be approximated by t h e  membership func t ion  
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m 
if C d x  < e  - r  

i =  l j i j  j - 

m 

(see Fig .  

m 
e - d . x . .  
j i =  1 J 1 J  

~ 

r 
II 

if 

i f  

i f  

i f  

m 

- m 

Y -  - 

Now, l e t  u s  suppclse t h a t  i n s t ead  of minimizing the  t o t a l  development c o s t  

i n  equat ion  1 2 ,  p lanners  would p r e f e r  t o  employ a t a r g e t  va lue ,  c y  i n  the  

minimization process .  

be s t a t e d  a s :  

The ob jec t ive  of t he  problem then becomes vague and may 

"Total  development c o s t  should be smaller than 

C: or not much ,greater than c." 

The fuzzy o b j e c t i v e  maly- then be expressed a s  

m n 
c c c  ijxij ; cy c + R. 

i = l j = l  
m n 

The p lanne r ' s  degree of s a t i s f a c t i o n  about  t h e  va lue  C c x  i = l j = l  i j  i j  

may be approximated by 

s m n 

m 
c 
= 1  

n 
c CijXij) 
= 1  =I: - 

a 

m n 
. i f  c cijxij I C  

i = 1  j = I  

m n 
i f c <  c CijXij. c +  II (28 

i = l j = l  

m n 
> c + R  Ilf i = l j = l  c e ' i jXij 

Since both the  fuzzy o b j e c t i v e  and c o n s t r a i n t s  a r e  def ined  a s  fuzzy subse t s ,  
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they a r e  s y m e t r i c  i n  t h e  opt imiza t ion  process .  The f e a s i b l e  s o l u t i o n s  a r e  

those  which s a t i s f y  both the  fuzzy o b j e c t i v e  and c o n s t r a i n t s .  Thus, t h e  

dec i s ion  space may then be cons t ruc ted  a s  t h e  i n t e r s e c t i o n  of t he  fuzzy subse t s  

de f in ing  the  fuzzy obljective and c o n s t r a i n t s  (Bellman and Zadeh, 1970). I n  our 

formulat ion,  t he  dec i s ion  space,  D,  i s  the  i n t e r s e c t i o n  of t he  fuzzy subse t s  

i n  equat ions  19, 22, :!5, and 28. I t s  membership func t ion  i s  

m n n 

The opt imiza t ion  prob:Lem i s  then 

By making a simple a r i t h m e t i c  s u b s t i t u t i o n  and by dropping the  1's (Zimmermann, 

1976) i n  equat ions 1 9 ,  22 ,  25, and 28, t he  opt imiza t ion  problem i n  equat ion 29 

can be s impl i f i ed  t o  

n 
x all i; m n P f i  1 p x  I-.----- 

i j  i j  t ' di di = i j  ' 
i = l j = l  max min {y 

x i j  0 

m m 
c c . . x  } - - -  

i j  i j  = l e  
' i = l j = 1  

Equiva len t ly ,  i t  can be r e w r i t t e n  a s  a convent ional  l i n e a r  program 

max X 

. m  n .n 

> A  r c P x  - -  i j  i j  t - c 1 
s o t 0  - 

t i = l j = 1  
( 3 3 )  

f .  n 
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l r n  e - 1 d x - J L  A ,  fox j = 1, 2, e e e ,  n 
r i =  r 
- l j i j  - 
1 e - 1 d x - J L  A ,  fox j = 1, 2, e e e ,  n 
r i =  r 
- l j i j  - 

El n 
- w -  c: c cijxij L x 

R i = : l j = l  

n 
t- 1 

(37) 

x . .  > 0, f o r  i = 1, 2, m e . ,  m; j = 1, 2, m e . ,  n (38) 
1J - 

Therefore ,  w i th  the  l i n e a r i t y  assumption, planning programs wi th  fuzzy 

ob jec t ive  and c o n s t r a i n t s  can be formulated a s  a convent ional  l i n e a r  program 

which can be r e a d i l y  solved by e x i s t i n g  algori thms.  

With the  a v a i l a b i l i t y  of exac t  information on some planning a spec t s ,  

planners  may be a b l e  t o  spec i fy  some c o n s t r a i n t s  wi th  exac t i tude .  For example, 

i n  a d d i t i o n  t o  the  fuzzy c o n s t r a i n t s  previously d iscussed ,  planners  may want t o  

impose the  fol lowing d e n s i t y  c o n s t r a i n t s :  

x . .  h x 
ij - j k  hk' ( 4 0 )  

where , 
= r a t i o  of lisnd use category j allowed r e l a t i v e  t o  land use  category gjk 

k, wi th  land use ca t egor i e s  j and k i n  t h e  same zone, and 

k = r a t i o  of Land use c a t e g o r i e s  j allowed r e l a t i v e  t o  land use category 
3k 

k, with  land use  ca t egor i e s  j nand k i n  d i f f e r e n t  zones. 

Such exac t  c o n s t r a i n t s  can be added t o  the  l i n e a r ,  program, equat ions 32 

t o  38, and so lve  f o r  .xi ' s  simultaneously.  
i 
J 

Though the  bas i c  concepts of fuzzy l i n e a r  programming i s  introduced v i a  
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the  context of urban ].and use a l l o c a t i o n ,  the  fundamental p r inc ip l e s  of t he  

technique can be applj-ed t o  planning problems i n  various contexts.  

i l l u s t r a t i o n ,  fuzzy ljinear programming i s  applied t o  a simple reg iona l  resource 

a l l o c a t i o n  problem i n  the  following sec t ion .  

As an 
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I V .  AN APPLICATION O F  FUZZY LINEAR PROGRAMMING TO A REGIONAL RESOURCE 

ALLOCATION PR 0 BLEM 

I n  t h i s  s e c t i o n ,  fuzzy l i n e a r  programming i s  app l i ed  t o  a s impl i f i ed  r e g i o n a l  

resource  a l l o c a t i o n  problem (based on t h e  example i n  Hi l l ie r  and Lieberman, 

1980, pp. 27-29) which involves  the  communal farming communities, t h e  system of 

kibbutzim, i n  I s r a e l .  

It is  common f o r  groups of kibbutzim t o  j o i n  toge ther  a s  a confedera t ion ,  t o  

sha re  common t echn ica l  s e r v i c e s  and t o  coord ina te  t h e i r  production. 

confedera t ion ,  the  o v e r a l l  planning i s  c a r r i e d  out  by a coord ina t ing  t echn ica l  

o f f i c e .  

confedera t ion  f o r  t he  coming year .  

Within the  

The func t ion  of t h e  o f f i c e  i s  t o  p l an  a g r i c u l t u r a l  product ion of t h e  

The p resen t  example concerns a confedera t ion  of t h r e e  kibbutzim. The 

a g r i c u l t u r a l  ou tput  of each kibbutz  i s  l imi t ed  by the  amount of a v a i l a b l e  i r r i g a b l e  

land ,  which can be e x a c t l y  p re sc r ibed ,  and by t h e  q u a n t i t y  of water ,  which can 

only be vaguely s p e c i f i e d ,  a l l o c a t e d  f o r  i r r i g a t i o n  by the  Water Commissioner 

(a n a t i o n a l  government o f f i c i a l )  . 
(Table 1). 

I n s e r t  Table 1 about  h e r e  

The crops  under cons ide ra t ion  a r e  sugar b e e t s ,  c o t t o n ,  and sorghum. These 

crops d i f f e r  i n  t h e i r  expected n e t  r e t u r n  and t h e i r  consumption of water .  

maximum quota f o r  t h e  t o t a l  amount of land t h a t  can be devoted t o  each of the  

Fuzzy 

crops  are a l s o  imposed by the  Minis t ry  of Agr i cu l tu re .  

da t a  a r e  t abu la t ed  i n .  Table 2. 

These exac t  and inexac t  
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- 

I n s e r t  Table 2 About Here 

The t h r e e  kibbutzim of t he  Confederation have agreed t h a t  every kibbutz  

w i l l  p l a n t  the  same propor t ion  of i t s  a v a i l a b l e  i r r i g a b l e  land.  

any combination of the! crops may be grown a t  any of the  kibbutzim. 

Nevertheless ,  

For the  coming year ,  t he  coord ina t ing  t echn ica l  o f f i c e  has t o  determine 

the  amount of land t o  be devoted t o  each crop i n  the  r e spec t ive  kibbutzim s o  

t h a t  t h e  above prescr ibed  r e s t r i c t i o n s  a r e  s a t i s f i e d .  

maximization of t o t a l  n e t  r e t u r n  t o  the  confedera t ion  a s  an  ob jec t ive ,  i t  i s  

decided t h a t  a t a r g e t  va lue ,  260,000 d o l l a r s ,  should be employed and the  t o t a l  

net  r e t u r n  i s  requi red  t o  exceed the  t a r g e t  va lue  or  be not  much below i t ,  

the  ob jec t ive  can be s t a t e d  a s  

I n  place of tak ing  the  

Thus, 

"Total  n e t  r e t u r n  should be g r e a t e r  than 260,000 d o l l a r s  or  no t  

much smaller  than 260,000 d o l l a r s , "  

wi th  the  a s soc ia t ed  fuzzy i n t e r v a l  [250,000 , 26,0001 . 
Based on the  above information,  t he  resource  a l l o c a t i o n  problem of the  

Confederation can be jEormulated 

Object ive:  

4O0(xl1 + x + x 13 ) + 30O(xz1 12 

Cons t ra in ts  : 

Water (fuzzy) : 

a s  a fuzzy l i n e a r  program a s  fol lows:  

+ x22 + x23) + ~ O O ( X ~ ~  + x 32 -t- x33) - > 260,000; 250,000(41 

3 xll  + 2 x~~ -k x < 600; 660 31 - 
3 x12 + 2 xZ2 -t x < 800; 840 32 - 
3 xI3 + 2 x~~ -t x~~ 375; 450 
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Crop (fuzzy) : 

+ x + x < 600; 650 

x12 + x + x < 500; 540 

x31 + x + x < 325; 350 

Land (exac t )  : 

xll  12 121 - 
22 321 - 

32 331 - 

+ x  + x  < 4 0 0  

600 

x1 1 21 31. - 

x12 + x22 + x3;! - 

+ x  + x  < 3 0 0  x13 23 33 - 
P r o p o r t i o n a l  u t i l i z a t i o n  ( exac t )  : 

400 (xll + 

1 1 
21 4- x31) = 600 (x12 + x22 + x32) 

1 f x  ) = -  1 
300 '1, + x23 33 400 (xll + x21 4- x31) 

Non-nega t i v i  t y  : 

x > 0, f o r  i = 1, 2, 3 and j = 1, 2,  3 ,  ij - 

(47) 

(53) 

( 5 4 )  

= number of a c r e s  of land i n  kibbutz  j t o  be a l l o c a t e d  t o  p l a n t  
where x i j  
c rop  i (1 = sugar  b e e t s ,  2 = c o t t o n ,  3 = sorghum). 

Following t h e  arguments i n  s e c t i o n  111, t h e  above fuzzy l i n e a r  program can 

be formulated a s  a r e g u l a r  l i n e a r  program a s  fo l lows:  

max x 

s.t. -26 + .O4(xl1 + x + x13) + . O ~ ( X  + x + x ) + . O ~ ( . X ~ ~  -I- x 32 + x ~ ~ )  X (5: 
12 21 22 23 
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10 - .05 xl l  - .C13 xZ1 - .02 x~~ > X 

20 - -08 x12 - .05 x~~ - .03 x~~ - > X 

5 - 004 xI3 -. .C)3 x~~ - .01 x~~ - > A 

> X 12  - .02 Xll  - 002 X12 - 002 x 13 - 
12.5 - .03 x~~ - .03 x~~ - .03 x~~ - > X 

13 - .04 x~~ - .04 x~~ - .04 x~~ - > X 

+ x + x e: 400 x1 1 21 31 -- 
+ x  + x  *: 600 x12 22 32 -- 

~ 1 3  + ~ 2 3  + ~ 3 3  :I 300 

3(xl l  + ~ 2 1  + ~ 3 1 )  - ~ ( ~ 1 2  + ~ 2 2  + ~ 3 2 )  = 0 

X12 + XZ2 + x32 -- 2(X13 + x23 + x33) = 0 

4(X13 + X23 + x33) - 3(x l l  + x21 + x31) = 0 

x > 0, f o r  i = 1, 2, 3 and j = 1, 2, 3 ij - 
The optimal solut ion is 

( ~ 1 1 ,  xi29 xi39 1 ~ 2 1 9  ~ 2 2 9  ~ 2 3 ,  ~ 3 1 ,  ~ 3 2 ,  ~ 3 3 )  

= (140, 155, 112.5, 107.778, 316.667, 0, 0, 0, 73.333) 
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V . CONCLUSION 

Fuzzy sets theory has been introduced a s  a n  a n a l y t i c a l  framework by which 

urban and r e g i o n a l  planning wi th  inexac t  in format ion  can  be handled. 

fuzzy l i n e a r  programming has  been examined v i a  an  urban land use a l l o c a t i o n  

framework and has  been app l i ed  t o  a s i m p l i f i e d  r e g i o n a l  resource  a l l o c a t i o n  

problem. While fuzzy l i n e a a  programming appears  t o  be appropr i a t e  i n  so lv ing  

opt imal  a l l o c a t i o n  problems wi th  fuzzy o b j e c t i v e s  and c o n s t r a i n t s ,  t h e r e  a r e  

several a s p e c t s  which r e q u i r e  f u r t h e r  a t t e n t i o n .  

S p e c i f i c a l l y ,  

1, I n  fuzzy l i n e a r  programming, membership func t ions  a r e  approximated by 

l i n e a r  func t ions .  

func t ions  can a l s o  be handled wi th  no major d i f f i c u l t i e s .  

However, well-behaved monotonically inc reas ing  o r  decreas ing  

2. I n  cons t ruc t ing  t h e  dec i s ion  space,  t h e  min- Operation i s  o r d i n a r i l y  

employed a s  a r u l e  of confluence.  Never the less ,  ope ra t ions  such a s  the  a l g e b r a i c  

product (Zimmermann, 11978) and a d d i t i o n  (Sommer and Pol la t schek ,  1980) can  

s i m i l a r l y  be appl ied .  

on how decision-makers combine fuzzy o b j e c t i v e s  and c o n s t r a i n t s .  

empi r i ca l  ana lyses  a r e  r equ i r ed  be fo re  the  most s u i t a b l e  ope ra t ion  can be 

determined. 

3. 

A t  p re sen t ,  t h e r e  a r e  no d e f i n i t i v e  empi r i ca l  v e r i f i c a t i o n s  

Thus, more 

I n  t h i s  paper,  c o n s t r a i n t s  become fuzzy when l i m i t a t i o n s  on a v a i l a b l e  

r e sources  become vague. Likewise,  a n  o b j e c t i v e  becomes fuzzy when t h e  t a r g e t  

va lue  of t he  o b j e c t i v e  func t ion  becomes ambiguous. However, they a r e  n o t  t h e  

only  sources  of fuzziiness. When t h e  c o e f f i c i e n t s  of t h e  o b j e c t i v e  func t ion  and 

t h a t  of t he  c o n s t r a i n t s  a r e  fuzzy numbers, t he  opt imiza t ion  problem aga in  

becomes a fuzzy mathematical  programming problem w i t h  fuzzy o b j e c t i v e s  and 

c o n s t r a i n t s .  

l i n e a r  program (Negoita and S u l a r i a ,  1976; Dubois and Prade, 1980)1. 

Such a problem can a l s o  be e f f e c t i v e l y  transformed Lnto a . r egu la r  
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4. Though only fuzzy l i n e a r  programming w i t h  a s i n g l e  o b j e c t i v e  has  been 

d iscussed ,  t h e  framework can e a s i l y  be extended t o  m u l t i p l e  o b j e c t i v e  opt imiza t ion  

c h a r a c t e r i z i n g  most planning problems. The symmetry of t he  o b j e c t i v e s  and 

c o n s t r a i n t s  enables  t h e  formulat ion of a mul t ip l e  o b j e c t i v e  fuzzy l i n e a r  

program as a s i n g l e  o b j e c t i v e  fuzzy l i n e a r  program (Zimmermann, 

1978) . 
5. To cope wi th  t h e  dynamic a s p e c t s  of planning,  t h e  c u r r e n t  framework 

can be extended t o  d e a l  w i t h  fuzzy opt imiza t ion  over t i m e  (Bellman and Zadeh, 

1970). I n  p a r t i c u l a r ,  fuzzy l i n e a r  programming can e a s i l y  be extended t o  so lve  

mul t i - s tage  planning wi th  time-dependent fuzzy o b j e c t i v e s  and c o n s t r a i n t .  

Though our d i scuss ion  i n  t h i s  paper i s  r e s t r i c t e d  t o  urban and r e g i o n a l  

planning i n  the  con tex t  of fuzzy mathematical  programming, i t  has  been demonstrated 

t h a t  fuzzy sets theory i s  a l s o  app l i cab le  i n  ana lyz ing  more genera l  planning 

problems such as those involving h i e r a r c h i c a l  o b j e c t i v e s  (Leung, 1979) and 

m u l t i c r i t e r i a  c o n f l i c t s  (Nijkamp, 1979; Leung, 1981; 1982, and 1983). 

To r e c a p i t u l a t e ,  new methodologies such a s  fuzzy sets theory appear t o  be 

appropr i a t e  f o r  dea l ing  w i t h  urban and r e g i o n a l  planning i n  developing coun t r i e s  

s u f f e r i n g  from th,e acu te  problem of a weak da ta  base.  Though t h e  theory i s  

l i k e l y  n o t  t h e  u l t i m a t e  s o l u t i o n  f o r  t h e  a n a l y s i s  of human s u b j e c t i v i t y  and 

inexac t  information,  i t  i s ,  however, more r e a l i s t i c  than most of t h e  convent ional  

a n a l y t i c a l  techniques.  Following t h e  argument of t he  p re sen t  paper,  one aay  

have t h e  misconception t h a t  planning i n  developed c o u n t r i e s  i s  f r e e  from the  

problem of inexac t  informa t ion .  

t h a t  human s u b j e c t i v i t y  and inexac t  information a l s o  p r e v a i l ,  a l b e i t  t o  a lesser 

e x t e n t ,  i n  the  h ighly  complex urban and r e g i o n a l  systems and decision-making 

processes  i n  developed coun t r i e s .  

On the  con t r a ry ,  experiences have demonstrated 

Thus, development of new methodologies such 

a s  fuzzy sets theory i s  p e r t i n e n t  f a r  r e a l i s t i c  planning,  
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F i g .  1 Membership function of the fuzzy subset"about a" 
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Fig .  2 Membership f u n c t i o n  of t h e  f u z z y  subset"much greater than 6'' 



"about art u "much greater than 

J 
t e r  than 6" 

X 

Fig. 3 Membership f u n c t i o n  of t h e  i n t e r s e c t i o n  and union of fuzzy 
s u b s e t s  "about cirr and rrmch greater than f3" 
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Fig .  4a Membership func t ion  of "greater than p" 

t %ruth smaller than p" 

1 1  /J much smaller 

t-L--- 1 
\ 

than P 

Fig. 4b Membership func t ion  of "not much smaller than p" 
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Fig. 4c Membership func t ion  of "greater than p" o r  
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Fig.  5 Membership func t ion  of t h e  degree of s a t i s f a c t i o n  about 
t h e  va lue  C xij 
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Fig. 6 Membership func t ion  of t h e  degree of s a t i s f a c t i o n  about  
the va lue  C d . x  
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. 
wate r  a l l o c a t i o n  ( a c r e  f e e t )  

assoc ia ted  fuzzy  i n t e r v a l  
I r r i g a b l e  land  

Kibbutz  ( a c r e s )  . fuzzy  s p e c i f i c a t i o n  

1 400 

2 

3 

600 

300 

should be less than 600 o r  
n o t  much g r e a t e r  than 600 

should be less than 800 o r  
n o t  much g r e a t e r  than  800 

should be less than  375 o r  
n o t  much g r e a t e r  than  375 

[600,660 ] 

[ 800,840 ] 

[ 375,450 3 

Table  1 Resources d a t a  f o r  t h e  Confedera t ion  of Kibbutzim 



-~ 

maximum quota  ( ac re s )  
N e t  Re turn  

Crop ( d o l l a r s  / a c r e )  ( a c r e  f e e t / a c r e )  fuzzy  s p e c i f i c a t i o n  a s s o c i a t e d  fuzzy i n t e r v a l  

Sugar b e e t s  400 

Cotton 

Sorghum 

300 

100 

3 

2 

1 

should be less than  600 o r  
no t  much g r e a t e r  than  600 

should be less than 500 o r  
n o t  much g r e a t e r  than  500 

should be less than 325 o r  
no t  much g r e a t e r  than  325 

[ 600,650 ] 

[ 500,540 ] 

[ 325,350 3 

Table  2 Crop d a t a  f o r  t h e  Confedera t ion  of Kibbutzim 


