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lEgfnlcTs

T h l s  P a p 6 r  r a t l o n a l l z e e  t h e  u g . e  o !  F u z z y  L o g I c  l n

AutoDat ic  process contro l .  T l " 'abstractness of  Fuzzy togtc Pr ln-

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

t h a t  a r e  e a s i l y  d i g e s t i b l e  b y  t o d a y ' s  d i g i t a l  p r o c e e e l n g  c l r -

cu l te.  Ths larqe nunber of  e lnple f loat ing-point  operat ione that

r e s u l t ,  a u g g e s t  t h e  p o s s l b i l l t y  o f  t h e  d e e i g n  o f  a  d e d l c a t e d

F u z z y c o n t r o l l e r w h o s e f e a t u r e s a r e d i s c u s s e d . A n a n a l y t l c a l

a p p r o a c h l s t a k e n t o c l r c u u v e n t i n p l e . l e n t a t i o n p r o b l e n s w h l l s t

et i l I  preeerv ing the basic  concepts of  Fuzzy Logic '

f,EYTORDA 3

Fuzzy [ ,o t1 lc ,  Homborghlp Va) 'uo,  Fuzzy Curve '  Hernberehlp

Func t i on ,  sca l i ng  Fac to r ,  Pa rabo l l c  ssc t l on ,  cen " ro ld ,  
^ In t c r scc -

t i o n  A r e a ,  S i m P s o n r s  R u l e '
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l .  IDFRODUCTIoNT

I n r € c e n t t i r n e s , t h e r e l e v a n c e o f F u z z y L o g i c i n P r o c -

ess  Con t ro l  has  been  es tab l i shed  i n  bo th  t heo ry  and  p rac t l ce '  The

k e y d l f l e r e n c e b e t w e e n t ' r a d i t i o n a l A u t o m a t i c P r o c e s s C o n t r o l a n d

F u z z y L o g l c - b a s e d c o n t r o l i s t h a t i n t h e f o r m e r ' a n a t h e n a t i c a l

node l  o f  t he  p rocess  be ing  con t ro l l ed  i s  a r r i ved  a t  and  becooes

the  bas l s  t h l l €  I n  t he  l a t t e r '  t he  f ocus  i s  on  the  con t ro l  r u l es

being aa oxPressed by a hunan oxPort '  These contro l  ru les enploy

nany  common  L ingu l s t i c  (Fuzzy )  t enns  l i ke  r  l owr "h igh r  e t c "  The

c o n t r o l l o r c a n i n t e r p r o t t h o s . o t h . r U t E € l n e x p r e s s i b l e t e r l 0 9

us lng  a  me thodo rogy  tha t  l s  bassd  on  th€  concep ts  o f  Fuzzy  Log l c '

As  oPPosed  to  o rd lna ry  t vo -va lued  Iog i c '  i n  Fuzzy  Log i c  a l l

v a r i a b l e s h a v e t h e i r v a l u e g u r a p p e d e l a s t i c a l l y i n t o a c u r v e

r e p r e s e n t i n g t h e L l n g u i s t i c t e r p a s s o c i a t e d . l , i t h t h e v a r i a b l e

and  the  resu l t  i s  a  g rada t i on  ca l l ed  t he  Hembersh ip  Va lue  o f  t he

v a r j . a b l e  v a l u e  i n  t h e  r a n q e  [ 0 ' l J  o f  t h e  c u r v e '

The  advan tage  o f  us ing  Fuzzy  Log i c  f o r  P rocess  con t ro l  l i es

i n t h e f a c t t h a t f e w e r c o n t r o l r u l e s a r e n e e d e d a n d t h a t s i n c e

a } } t h e c o n t r o l r u l e s a r e s i n u ] ' t a n e o u s l y i n v o l v e d i n t h e d e t e r r n i -

n a t i o n o f t h e f i n a l c o n t r o l o u t p u t , t h e r e s u l t i n g c o n t r o l o u t p u t

is  s loooth ly  requlated and the system as a whol 'e  is  rendered roore

r o b u s t  a n d  f a u l t - t o l ' s r a n t '  A l s o '  o n c e  t h e  L l n g u l s t i c  t e 1 1 0 6  i n -

v o l v e d i n t h e c o n t r o l r u l e s a r e ' i d e n t i f i e d c l e a r l y , t h e c o r r e -

spond ing  Hernbe rsh ip  cu rves  can  be  de r i ved  emp i r i ca l l y  i n  a  e ' aY

t h a t i s i n d e p e n c l e r r t . o f t h e P r o c e s s c o n t r o l e n v i r o n m e n t a n d t h i s

m e a n s t h a t t h e r r t l e i - b a s o c a t r b e c r e a t e d l n d e p e n < l e n t o l t h e a c t u a l

va lues  o f  t hs  i npu ts  t o  and  the  ou tPu ts  o f  t he  con t ro l l e r  -  on l y

t h e  r € l a t i o n  b e t w e e n  t h e  t w o  i s  r e q u i r e d  t o  b e  k n o w n '
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2 .  Xe tbo le t l ca l  Conoop t r  R r l r t r d  8o  tu r l y  P ro3 " t  Con t ro l r  '

2 .1 '  D . t lD l t l ona  ADO T ' r l t s

The appl lcat lon of  Fuzzy Logi .c  techniques to Autornat ic  '

p r o c e s s  c o n t r o r  r s  t r e d  t o g € t h € r  w i t h  t h e  c o n c e p t  o f . L i n g u l e t i c

C o n t r o l  r u l e s  I H o o s 8 2 ] '  T h e  c o n t r o l  s t r a t e q y  i s  r u l e - b a s e d  a n d

conp r i ses  o f  r u l es  o f  t he  s t ruc tu re  :

I t  <CONDITION-OROUP> TBEX <CONTROL-AqrION-GROUP> ( r )

v h e r e t h e p r o c e s g . c o n t r o l v a r i a b l e s t h a t i n f l u ' e n c e t h e

p r o c s s s  a p P e a r  l n  t h e  C O N D I T I O N - G R O U P  a n d  t h e  r e s u l t s  o f  t h e i r

v a r i a b l e s  b e i n g  c o n t r o l l e d  a p p e a r  i n  t h e  C O N T R O L - A C T I O N - G R O U P '

E a c l r P r o c e a g - c o n t ' r o l v a r l a b l e a n d e a c h c o n t r o l . a c t i o n v a r i a b } e i s

a s s o c l a t e d w i t h a F u z z y s e t . T h e e l e n e n t s o f t h e F u z z y s e t a r e

F u z z y  H e u r b e r s h i p  F u n c t l o n s  r e p r e s e n t l n g  t h e  L i n q u l s t i c  T e n n s  t h a t

d e s c r i b e e i t h e r t h e p r o c e s s . c o n t r o l v a r i a b l e o r t h e c o n t r o l .

a c t i o n  v a r i a b l €  a c c o r d i n g l y .  I t  i s  t h e  F u z z y  L i n g u i s t i c  T e r m s

t h a t  a c t u a l l y  a p p e a r  i n  t h e  G r o u p s  i ' n  ( I ) '  I f  a  g r o u p  h a s  m o r e

t h a n o n e F u z z Y M e m b e r s h i p F u n c t i o n , t h e n t h e y a r e l i n k e d b y

I o g i c a ) .  o P e r a t o r s .

2 . 2  S o r c  T y P l c t l  P a r a n c t c r r  f o r  C o n t r o l  R u l ' o  S y n t b e s i e :

L rNourar rc  TERXA -  l l r c l t ,  Low. ,  oK ,HPOV "  '

I r o r c A L  o P E R  l O n S  -  A N D ,  O R ,  N O T  " '

.  PROCE8S-CONTROL aDd, /o r  CONTROIT-ACTION VARIABLEA

- ' I ' E M P  ( T o m p e r a t u r € ) ,

-  A T O R Q  
' ( C h a n g e  l n  T o r q u e )  , ,

-  A F U E L  ( C h a n g o  i n  F u e l  Q u a n t i t y )

coNDrTroN-oRouP -  l l l c l t (TE l {P)  AND Lot ' ' , (AToRQ)

C o N T R O L - A c r r o N - o R O U P  -  M P O V  ( A r u E L )

D 2 - 3



CONTROI, RULE -

rF HrGH(TElrP)  AND Lpl{ (AToRQ} TI IEN MPOV(AFUEL)

T h e F u z z y H e m b e r s h i p F u n c t i o n s a r e i r n p l e n e n t e d b y c o n t i n u o u s

cu rvss  i n  t he  - i n te rva l  [ - l , l ] '  These  cu rves  a re  ob ta ined  emp i r i -

c a l l y a n d a r e d r a r r n f r o r n t h e f a r o i l y o f s r n o o t h e x p o n e n t s i a l a n d ' / o r

p a r a b o l i c  c u r v e s .  F o r  e a c h  o f  t h e s e  c u r v e s '  t h e  a b s c i s s a  c o r r e -

s p o n d s  t o  a  s u i t a b l y  s c a l e d - d o w n  v a l u e  o f  t h e  P r o c e s s  c o n t r o l

v a r i a b l e a n d t h e o r d i n a t e c o r r e s P o n d s t o t h e H e r o b e r s h i p V a l u e o r

Grade of  Hembership of  that ,  var iabl .e in  the Membership Funct ion '

A l l M e n b e r s h i p F u n c t i o n s h a v e a r a n g e o f [ o , l J a n d a d o n a i n

o f  [ - r , 1 J .

2 .3  S -Curva !  and  t -Cu rvcs :

Tho  (o l  I ow i r rg  a ro  somo  gono ro l  c< lua t Ions  f  o r  t ho  Fuzzy

l l e n b e r s h i p  F u n c t i o n  C u r v e s  [ 2 a 7 5 ] :

T l re  S -Curve
6  ( u t o r P r f  )

3 p  =  la+ t l / z

O  f o r u S a

2 r 1 u - c ) 2 1 $ - a l 2

f o r c < u j p

L  -  2 r  1 u - F )  
2 /  $ ' o r 2

t o r P J u J f

I  f o r u : f

C;.at'an.4
Po|4.

l r ( u i q 1 r P 1 r l 1 )

=  E  ( u ; 1 1 - ! 1 ' r  L ' P  L / 2 ' r  L l

.  l o r u l f l

=  I  -  6 ( u r l l ' t t + 9 t / 2 , r l + p 1 )

f o r u l f t

t,,9,
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T h e  p a r a m c t s r s  a r  F t  I ,  o l r  9 1 ,  f l  a r e  c h o s e n  e m p l r i c a l l y  s o

t h a E  d l f f e r e n t  s m o o t h  c u r v e s  a r e  o b t a i n e d  t o  r e P r e s e n t  d i f f e r e n t

\
F u z z y . L i n g u i s t i c  T e r m s .  B o t h ,  t h e  S  a n c l  t h e  z  C u r v c s  a r e  c o m p o s e d

o f  p a r a b o l i c  c u r v e s  a n d .  a : . e  d e l i b e r a t e l , y  c h o s e n  t o  s i m p l i f y

c o m P u t a t i o n  I a t e r  o n .

2 . {  L o g l c a l  o P e r r t o r t t

T h e  l o g i c a l  c i p e r a t o r s  a r e  d e f i n e d  a s  f o l l o w s :

t A N D g = n 1 n ( t r g )

t  O R g = E a x ( t r g )

N O T f = 1 - t

v h e r o  f  ,  g  a r o  M o m b o r s h i p  V a I u € s  ( o r d i n a t e s )  o b t a l n e c l  f  r o m  t h e

F u z z Y  c u r v e s .

3 .  H o t h o d o l o g Y :

3 . 1  A n  E x a D P I o

L e t  u s  a s s u m e  t h a !  w e  h a v e  a  s i n g l e  c o n t r o l  a c E i o n

v a r i a b l e  F U E L  ( c h a n g e  i n  F u e I  Q u a t t t i t y )  w t r i c h  i s  c o n E r o l l e d  b y

t \ r o  p r o c e s s  c o n t r o l  v a r i a b l e s  T O R Q '  ( c h a n g e  i r t  T o r q u e )  a n d  T E H P

( T e n p e r a t u r e )  [ H o O s B 2  ]  .

T E I ' 1 P

A T O  R A

.A FUE L

1 ^ l  P U T
5 e c T l o i l

3 . 1 .  t  A s s l g n m e n t  o f

.  
' f l r c  t ' u : ] z Y

' l ' . r b L a  I  a l o t r t ;  w i t l r

t h e ,  S -  J t r u  ' ' - c u r v c s .

PRoce.ss l  NG
S E c r l o N

O v T  P v r

S e c T l o N

E q u a t l o n s  t o  L i n g u i s t i c  T e r m s :

M o m b e r s l r i p  l ' u n ( - ' t  l ( ) t l 1 ;  i t t v o l v t l c l  r t r c  : . ; l t c . r w t l  l l t

L l r c  i  r  c o r t ' t . : $ [ ) o t r r l  t  t t r l  c ( l u . t L  i o t t l ; ,  ( 1 , - ' t ' I  v c ( l  I  t  I ' r t t t

D 2 - 5
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Tab I .  t

( f )  N I G I |  ( H i g h ) :  o  -  - I ,  !  -  0 ,  |  -  I

y  - \ 1 x + r 1 2  f o r - l < x S o

r t - l ( x - r ) 2  f o r O S x S l

( 2 )  L o f  ( L o v ) :  o  -  1 ,  F  -  O ,  I  -  - l

y  - l - t ( x + 1 ) 2  f o r - 1 S x < O

- l ( * - r ) 2  f o r 0 S x S l

(3 )  OX (Okay ) :  r  Lo l f  +  f , IGH

y  - 2 ( x + t ; 2  f o r - 1 S x S - \

= L - 2 x 2  f o r - \ s x 5 l - ,

-  2 ( x - r ) 2  f o r  \  s  x  <  l ,

( 4 )  P O v  ( P o s j . t l v e ) :  c  -  0 ,  I  -  \ ,  f  -  I

Y  - 0  f o r - 1 s x s 0

- 2 x 2  f o r O s x s \

' r - 2 ( x - r ) 2  f o r \ s x s I

( 5 )  N E V  ( N e g a t i v e ) :  o  -  O ,  F  -  - \ ,  F ' - I

Y  ' l  f o r x 5 - 1

r l - z 1 x + r 1 2  f o r - l s x 5 - !

o 2 x 2  f o r - \ s x s o

- 0 f o r x > 0

( 6 )  Z E R O  ( Z e r o ) :  S a n o  a s  O K .

( 1 1  x P o v  ( M e d i u n  P o s i t i v e ) :

Y  - o  f o r x s o

= S x 2 f o r o S x S \

E  I  -  a 1 x - \ ) 2  f o r  \  S  x  S . o . 7 5

-  u ( x - r ) 2  t o r  o . 1 5 :  x  s  I

( B )  H N E V  ( M e d i u m  N e g a t i v e ) :

P u t  - x  i n  p l a c e  o f  x  i n  t h s . s q u a t i o n s  ( o r  H P o v  a t t o v e .

D Z - 6

'l ,'
" l  

/  
HrqH

to :

cjr

r ) n r /

t.JEV

M P O V  :

I

- . - q *  ' :  r  r  r r ,  a t r  l f  I  
l f



! . 2  T b .  n u l .  E r t .  r D d  n u l ' - t l r l u g t

G l v e n  b e l o v  l s  t h e  s d t  o f  c o n t r o l  r u l e s  u s e d  i n  
. o u r

exanp le  -

RuI€ I It AToRQ I8 ZERO ^}ID IBXP I8 Lolf TBEN t{NEv APUEL

R u l € 2 I ' A I o n Q I s F o v l r t D r . z x p r s o x T H E N | { P o v A r U E I .

RuIe I tt AToRQ Is DlaY IIfD TEXP Is EIGX TUBN zERo A'UBL

A T o R Q i s a s s o c l a t e d r r i , t h L i n g u i s t i c t e r m s z E R o ' . . P c l v , l E v ;

rExp  i s  assoc ia t , ed  n t t h  L ingu ie t i c  t e rms  L r ,  ox ,  H IGH and  A tvz t

is  assoclated v l th  L lngulst lc  tsrus 3ERO, XPOV and I {NEV'

T h e v a l u e s f o r A l o R Q a n d l t x P a r e i n p u t f r o r n t h e e x t e r n a l

wo r l d  and  sca led -doyh  l n to  t he  ( - I , I l  i n te rva l .  The  sca led -down

va lues  fo rm t l r o  absc igsae  yh i c l r  a re  used  to  ob ta l ' n  o rd ina tos

( H e r o b e r s h l p v a l u e s ) f r o o t h s e g u a \ i o n s o f t h e c u r v e s . E v e r y r u l e

con t r i bu tos  ons  o rd lna te  f o r  eve ry  con t ro l  va r i ab le .  I n  ou r

e x a n p l e , t w o s e t s o f t h r e e o r d i n a t e s a r e o b t a i n e d ' T h e n ' t h e

Iog l ca l  op€ ra to rs  f r ou  tho  ru le -baee  a re  app l i ed  t o  l nd i v , i dua l

pal rs  coupr ls lng of  tuo ord lnates -  one f rour  each set .  Here,  the

ANDlng  l og l ca l  ope ra t l on  ss lec t s  t he  m in inum o f  t he  t uo  o rd ina tes

fo r  each  ru le  anb  ve  end  up  t  i t h  t h ree  rn in ina l  o rd ina tes  vh i ch

a re  nou  to ' be  mapped  l n l o  t he  FuzzY  Henbersh iP  cu rves  assoc ia ted

u i t ha tuEL .  Th i s  essen t i a l l y  i nvo l ves  sca l i ng  down  the  equa t i on

o f  t he  cu rv€  o (  t he  con t ro r  ao t i . on  va r i ab lea ruE l  by  a  sca l i ng

f a c t o r  e q u a l  t o  t h e  o r d l n a t e  ( w h o s e  v a l u e  I i e s  i n  ( 0 ' l J )  t h a t  '

r e s u l t e d  f r o n  t h e  p r e c e d l n g  l o g l c a l ' o p e r a t i o n .  I t  l e a d s  t o  a  n e u

a€ t  o l  sca led -down  equa t l ons  fo r  t he  Fuzzy  func t i ons  assoc ia ted

u l t h  a t u t L .  N o t e  t h a t  t h i s  s c a l i n g  i s  o n l y  a l o n g  t h e  Y - a x i s  ( i . e .

a long  tho  l t embersh lp  va lue  ax i s )  wh i l e  t he  cu rve  rema in . s  u r . -

c h a n g e d  a l o n g  t n e  X - a x l s  ( i . e .  t h e  P r o c e s s  v a r i a b l e  a x i s ) .

D 2 - 7
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!.t lrrlvlDg rt tb. tlBrl.coDtrol lotlol:

once the Fuzzy functionr associated vith tbe control

varrablc travG b€cn acaled-dqrrn urlng their correcpo.di'g ecarlrry-

facton, 
.ttre' 

areas under rcaleddovn curryes are oned i'e'

rupcrbporcd - thlr rupcrirporltlon rignifiec tlrc involvcnt of

al,l tbc ruleg ln t5e nrle-bage ln arriving at any control qrtprt'

Thc . flnal conErol actl.on ie tlrcn tlrc alrscigga of tlrat point in

the rupcrlrylorcd area vhictr r'Prcrentg rElre iuperiqnred aroa

. r o a t c o q l l c t e l y . T h o c e n t r o i d o f a n y P l a r r a r a r e a i s t l r e b e s t

reprcrentrtlve o( tbat aroai harc'' the final contsrol action tbat

.y€ deglre lg tlrc abgclssa of tlrc cGntroid of tlre superl'ryroced

area.

In order to obtain tho centrold of the sul'€rirylosed area' ve

conslder the follovlng:

<l> Each hrzzy furrtion cutii'e ir rade up of one or rcre parabolic

sections vith or vlthout l-arlg seglents or ptrrallel line-

seg|lanta.

< 2 > t | h e n t U o t \ r z z y c u r v e g l n t e r g e c t ' U e n o t e t h a t i t i s b a s i c a l l y

an lntersectlon of paraboll 'c sections'

<3> Tho lnfornatlon database agsociated vith the physical \ repre-

sentaBion of the Fuzzy curves also contains infonation aborrt the

coordlnates of the points of intersection of each curve zith

eve!'y other curve - in the absence of any scal' ing-dosn (i 'e' when

the  sca l lng  fac to r  l s  r )  '

<4> l {ben a  sca l inq  opera t ion  occurs  on

t h o  p o l n t  o (  l t r t c I  r r o c t l o t r  s l  l d o a '  T l t o

i s  r e q u l r e d  i n  t h e  c a l c u l a t i o n  o f  t h e

c o o r d l n a t e s c a n b g d e r i v € d a n a l y t l c a l l y , g i v e n t h e c o o r d i n a t e s o f

m-8

the in tersect ing curves,

new po in t  o f  l n to rsoc t i on

intersect ing area and i t :



t he  o r i g l na l  ( unsca led )  i n te rsec t i on  po in t ' '  t he  pa rane te rs  o f  t he

pa rabo l l c  sec t i ons  (bas l ca I I y  t he  ve r t i ces  and  Ieng ths  o f  I a tus

rec tung ) ,  and  tne  sc i } l ng - fac to rs  f o r  t he  t l . , o  i n t ' e r sec t i ng  Fuzzy

cu rves

< 5 >  A  c a s e  m a y  a r i s e  v h e r e i n ,  l h e  s c a l i l r g - d o w n  f o r c e s  t h e  i n t e r -

s e c t i o n  p o i n t  t o  s l i d e  i n t o  t h e  a d j o i n i n g  p a r a b o l i c  s e c t i o n  o f

t l ' -  FuzzY  cu rve  i . e '  beyond  the  c ross -ove r  po in t  o f  t ha t  cu rve '

W h e n t ' h i s h a p p e n g , t h e P a r a m € t € r s o f t h e c o r r e s p o n d i n g p a r a b o l i c

sec t i on  shou rd  be  cons ide red  fo r  deduc ing  t . he  coo rd inaEes  o f  t he

n e w  l n t e r s e c t i o n  p o l n L '  l l o w e v s r ,  w e  s t i l l  h a v e  t o  b e  a b l e  t o

d e E e c t  w h e n  t h i s  s l i d i n g - o v e r  o c c u r s  a n d  t h i s  c a n  b e  d o n e  a s

s h o w n :

Y

C u r a I Crr'ht'tc

Ut>t*'i ^#

4s;

- ezut

t l re  curv .€

z-

o i s t h e o l d i n t e r s e c t i o n p o i n t w i t h o u E a n y S c a l i n g - d o w n a n d

i s t h e i n t e r s e c L i o n p o i n t w i t h o n l y c u r v e j b e i n g s c a l e c l _ d o w n

a  s c a l l n g - f a c t o r  6 i  ( o  I  8 i  S  f  ) '  A I s o '  i r s s u m e  t h a t  l l l  i s  o n  t
) J

a

c r o s s o v e r - P o i n L  f o r  c u r v e  i '

L e t  o  =  (  t x ,  t y  )  a n d  N I  =  . ! * t ' r . ,  Y g 1 )  '

N o w ,  b o t l l  ( )  . r r r ( t  t l l  m u s t  s a t i s f  y  E l l e  e < ; t t ; r L  i o n  o t

l l o n c e ,  ^
( t x - h l ) '  =  { P i  ( Y g - k 1 )

N I

b y

h e

( r r )

( I I I )
( x r r - h I l 2  =  4 u g ( Y g r - k t )

a n d ,
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s u b t r a c t l n g  ( I I I )  f r o n  ( I I )  a n d  u s l n g  Y L I  =  8 1 ' t y  I

( t r - r t r )  ( t r+ r t l -2b1)  =  rP1( ty - I31)

:>  t t l2  -  2b1rg1 +  2b l t t  -  t r t  +  rP l t r (1 -41  I

: >  r r 1  =  ( ( b t  t  ( ( b 1 - t a l 2  -  . p l t y ( r - 8 J ' l t \ l / z ( IY )

ta t  e1  and  b1  be  the  end -po ln t s  o f  t he  i n te f va l  f o r  vh l ch

c u n ' € l l s r e p r e s e n t e d b y t h e p a r a b o l a w i t h v e r t e x a t ( b 1 l l 1 ) a n d

l a t u e  r s c t u n  a P i .  T h e n  N l  b e l n g  t h e  c r o s s - o v e r  p o i n t '  h a s  i t s

absc i ssa  egua l  t o  b1 .  Hence ,  f r on  ( IV ) ,  w i t h  a1  =  81 ' ,

2 b 1  =  ( b t  t  ( ( b t - t r ) 2  -  . P I t y ( 1 - 8 J  l l \ l / 2

: >  8 { ' =  1 +  ( ( 2 b 1 - h 1 ) 2 - -  ( b 1 - t 1 ) 2 } . 2 ( l p t t y )  ( v )
)

B . ' l s  t h e  t h r e s h o l d  v a l u e  f o r  t h e  s c a l i n g  f a c t o r  o f  c u r v e  J .
)

l { hen  81 .  
" J t ,  

t he  po in t  O  e l l des  ov€ r  b€yond  the  c ross -ove r

point  in to the parabol lc  eect , ion of  survc I  that  beglns at  ln ter-

v a l  p o l n t  b 1  a n d  b s c o m e s  N l  w h o s e  c o o r d l n a t e s  c a n  b e  o b t a l n e d

us ing  ( I v )  -  t he  va lues  fo r  h1 r  k1  and  p i  i n  ( I v ) -a re  t hen  the

pa rano te rs  o f  t he  co r resPond lng  pa rabo l i c  sec t i on '  I n  case  the

po ln t  O  l s  l oca ted  l n  a  sec t i on  t ha t  has  one  pa rabo l i c  sec t i on  on

e l t h e r  s l d e ,  t h e  c h o i c e  o f  t h e  a d J a c e n t  s e c t i o n  c a n  b e  n a d e  b y

conpu t l ng  s l ope  o f  ou rva  t  a t  N l ,  ( a t  c ross -ove r  po in t )  i n  t e rms

o f  sca l l ng  t ac to r  and  then  us ing  the  s ign  o f  t he  s l ope .  S in i l ' a r -

I y ,  t l  8J  t  
" J t  

t hen  o  s l i des  ovo r  t o  N l  wh i ch  i s  l oca ted  l n  t he

s a n e  p a r a b o l l c  e e c t l o n  a s  o  a n d  w i o s e  p a r a m e t e r s  n u s t  t h e n  b e

used  In  ( I v )  i n  o rde r  t o  c , r l cu la t€  t he  coo rd ina tes  o f  N l .

I t  Dus t  be  nobed  tha t  O  mus t  be  ca l cu la ted  ap r i o r i  and  a long

r r t t h  l t s  c o o r d l n a t e s ,  t h e  p a r a m e t e r s  o f  t h e  p a r a b o l i c  s e c t i o n

c a r r y i n g  o  n u s t  a l s o  b o  m a d e  a v a i l a b l e .

< 6 >  O n c e  t h e  p o i n t  N I  h a s  b o e n  d € t e r m i r l e d  f r o n  ( I v )  a f t e r  a a c e r -

t a l n i n g  w h e t h e r  8 J  .  , J t  o r  n o t  f r o n  ( v ) ,  w e  k e e p  c u r v e  J  f i x e d
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at  l ts  new scaled poel t lon and ecale cur t '  t  by 81 and

eva lua te  t ho  ac tua l  l n te rsec t l on  po ln t  N  t l t o l l a r l y '

a n d  ( v I I )  b e l o w :

.  
r t 2  =  ( ( b t

8 1 r = l t

iuld'Jt"t^ t j sr;.J-A:,,t^ *s:
/

t  (  (b t - t r )  2  -  .P l ty  ( r -8 i '  l l \ '  /2

(  ( e b j - b 1 ) 2  -  ( b J - t x ) z 1 7 t r P 1 t t )

D 2 - l l  t

proceod to

u e l n g  1 v I )

(vr  )

(vrr  )

&

<1 > f f i tsrsecf lon N has been obtalnecl as above

f o r  o a c h  p a i r  o f  o u r v r r  l ' J  ( 1  < >  J '  t  <  J ) '  w e  c a n  o b t a l n  t h e

abscissa of  the Centro ld of  the super inposed area us ing the cen-

t r o l d  f o r m u l a :

":llt-l-1:l:-l-:::-l-!glr-- -ll!:liilt--------c r =  - - ; ; + A 2 + " ' ' + ^ , t - - " " ^ 1 1  ( v r r r )

where Crk rePresents the abscissa of  the cento id of  area A;  under

the  cu rve  k .  I n  (V I I I ) ,  l he  l e rn  EEcx f jA f j  r ep resen ts  t he  ne t t

ove r l app ing  a rea  as  a  resu l t  o f  t he  i n te rsec t i on  be tween  va r i ous

c u r v e s .  c r l 1  I s  t h e  a b s c l s s a  o l  t h e  c e n L r o i d  o f  t h e  i n t e r s e c t i o n

a r e a  b e ! v e e n  c u r v c e  t , .  
i l o  

1  ( e 1 1 , )  a n d  i s  c o m p u t e d  a s :

- iJ  * .  I  tx l  ax
c x i j  =

A * l J

w h e r e  x 1  i s  t l r o  a b s c l : ; s a  o f  t h €  p o i i t t  o C  i n ! c r s e c t i o n '  o b E a i n e d

a i  e x p l a i t ' r o c l  e ' r r l i e r '

I l l  c i l $ ( t  t l l o r o  ' r r o  m ( ) r o  p o l n L s  < ' r l  i t r L t l r s i o c t i o n  b o t w e e n  t h o

c u r v e s l a n d j , t h e y c a r r a l l b e c t . l m l l u f , c t l s l n i i l a r l y a n d a b s o r b e d



ut th  r11  chang lng  s lgn  apProPr la t€ ly .

c r ,  when su i tab ly  sca led-up,  represents  the  f ina l  con t ro l

a c t l o n  t o  b e  o u t p u t  t o  t h e  d e v l c e  b e l n g  c o n t r o l l e d '

{ .  D o d l o r t r d  t u t t y  C o n t r o l l o r  D . t l g D  I ! ! u . t t

H a v l n g l a k e n a l o o k a t h o h , F u z z y P r o c e s g c o n t r o l v o r k s ,

l ra  can nou proceed to  d lscusg the  var lous  issues  invo lved in  the

d e s i g n  o f  a  D e d i c a t e d  F u z z y  C o n t r o l l e r , / P r o c e s s o r '

4 . 1  i t u l t l t l c a t l o n l

T h e  e n t i r e  p r o c e d u r e  f o r  e m p l o y i n g  F u z z Y  L o g l c  - i n

P r o c e s a  C o n t r o l  i s  c o n p u t a t l o n a l l y - l n t e n s i v e  a n d  I n v o l v e a  a  ) ' a r q e

n u n b e r  o t  s l m p l e  f l o a t l n g - p o l n t  o p € r a t l o n g '  S l n c e  t h e

o u t l ) u t s ( c o n t r o l  a c t . l o n e )  h a v e  t o  b e  o b t a l n o d  l n  r o a l - t l m e  l n  n o s t '

c a s e s ,  a  d e d i c a t e d  h a r d w a r e  i u p l e m e n t a t i o n  o f  t h e  m a t h e r n a t i c a l

a n d  I o g i c a l  o p e r a t i o n s  l n v o l v e d  i s  n e c e s s a r y .

A I s o ,  t h e r e  a r e  n a n y  ' s i t u a t i o n s  i n  i n d u s t r y  u h e r e

n a c h i n e s  c a n n o t  b e  e r n p l o y e d  f o r  p r o c e s s  c o n t r o l  d u e  t o  t h e i r

J o r k y  a c t i o n s  r e s u l t i n g  f r o m  a p p l i c a t i o n  o f  B o o l e a n  L o g i c  p r i n c i -

p l e s  -  f o r  e x a m p l e ,  s l l k  g a r n e n t s  c a n ' !  b e  w o v e n  b y  r o e c h a n i z e d

( C N C )  I o o r o s  a s  t h e i r  a b r u p t  n o v e m e n t s  c a u s e  i m p u s i v e  t e n s i o n

w h i c h  L e a d s  t o  s n a p p i n g  o f  t h e  d e l i c a t e  s i l k  t h r e a d s  u s e d '

D e d i c a t e d  F u z z y  c o n t r o l , I e r s  c o u l d  c o n t r o l  s u c h  n a c h i n e s  a s

t h e i r  o u t p u t  c o n t r o l  a c t i o n s  v a r y  n o r e  s m o o t h l y  a n d  g r a d u a l l y ;

r h i s  b e i n g  m a d e  p o s s i b l e  b y  t h e  f a c t  t h a t  a l }  t h e  r u L e s  i n  t h e

r u l c - b a s e  a r e  c o n s i d e r e d  f o r  e v e r y  o u t p u t  c o n t r o l  a c t i o n  t h a t

r e : : r t I t s  f r o m  t h e  i n p u t  p r o c e s s  c o n t r o l  v a r i a b l e s .  A I s o ,  t h e

l , i r r < ; u  t s t  i c  t o r m s  t t : r t ' ' l  i r r o  r o p r c s o n t o d  b y  s m o o t h l y  v a r y i n g  c u r v e s '

H o r o o v o r ' ,  A t l t o m a t l c  c o n t r o l  i n  c o n s u m e r  p r o d u c t e  ( 1 ' o I e v i -
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e l o n s ,  W a s h l n g  n a c h l n e s  e t c . . )  a n d  l n  s P e c i a l t a e d  e g u l p n a n t

( N u c l e a r  R e a c t o r s ,  O I I  R i g s  e t c . . )  d e n a n d s  t h e  u s e  o f  d e d i c a t e d

Cont io l lers as h lgh re l tabi l l ty  lc  expected and human lnvolvenent

Day not  be ef f ic ient  snough or  may €ven be inpossib le.

{ .2 l . rs l ,b l f l ty  o!  Praot lca l  Inphncntat ioDs

The  resu l t s  o f conve rs ion  o f  abs t rac t  p r i nc ip les  o f  Puzzy

L o g i c  t o  n u m e r l c a l  a n d  l o g l c a l  n a n i p u l a t i o n s  u s i n g  a n a l y t i c a l

nethods are extenely eui table for  rendi t ion in to hardware logi 'c .

The  en t i r e  conpu ta t l on  can  be  seen  to  cons l s t  o f  on l y  t he

fo l l ow lng  bas i c  f l oa t l ng -po ln t  ope ra t i ons :

Fcol {P -  F loat lng-PQlnts conpar la lon.

FADD -  F loat lng-Polnts addi t ion.

FSUB -  F loat lng-polnt  subtract lon.

Fl { tL -  F l .oat ing,-point  nul t ip l icat ion.

FD IV  -  F loa t i ng -po in t  d i v i s i on .

FSQRT -  F loat lng-polnt  sguare-root .

a .2 .1  Tb r  LooLup - t rD l , r t

I n  add l t i on ,  t he  l ookup - tab le  necessa ry  f o r  nos t  pa r t s  o f

the coroputat ion procedure can be inplemented as fq l lows:

o

:fufr-

rov"',2 -
T h e  a b o v e  t a b l o  c o n t a l n g  t h e  v o l u e g  t h a t  r e p r e s e n t  t h e

s t a r t i n g - p o i n t s  o f  t h c  v a r i , o u s  a d j a c e n t  i n l e r v a l s  c o r r e s p o n d i n g

t o  p n r n b o l  i  c  : i o c t .  i t - r n s  t l l . t t  m a k o  u p  t h o  s n t o o t l r  b ' u z z y  c u r v e s . l ' h e

t a b l e  c a n  b e  r r s e d  ! o  I o o k u p  t h e  s e c E i o n  a  g i v e n  a b s c i s s a  v a l u e

b e l , o n g s  t o  b y  c o m p ; r r i n g  i l  w i t h  e a c h  o f  t h e  v a l u e s  s t o r e d  i n  E h e
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tab lo and locat lng thc f i rg t  table-value that  ie  greater  than the

g i ven  va lue .  Then ,  t he  o f f se t  o f  t ha t  t ab le -va lus  can  be  uged  to

voctor  to  a rout lne that  doeg var loua cotnputat lons for  the para ' -

bo l l c  sac t i on  t ha t  occu rs  l n  t he  l n te rva l  f o r  wh i ch  the  l oca ted

table-value is  the end-polnt .  Thers coul .d be a seperate set  of

rou t l nes  f o r  each  eec t i on  o f  t he  Fuzzy  cu rve  and  the ro  cou ld  be

seperat€ sets for  each type o l  conputat ion requi red.  For  exauple,

se tg  o f  r ou t i nes  cou ld :

a> obta ln ord lnateg (nernbership-valuea)  correspondlng

to  tho  g iven abgc ldga va lue .

b> ob ta in  a r€as  under  the  curve  up to t h e  g l v e n  a b e c l g e a

v a  I u a .

c >  O b t a i n  c e n t r o l d s  e t c . . .

a .3  Aoou r r cy ,  Spood  end  l l t l o l t ncy r

l> Even though the analyt ica l  nethods used are coroputat ion-

a r l y  l n t e n s i v e ,  a  r o t  o l  l n f o r n a t i o n  i n  t h e  i n f o r n a t i o n - b a s e  o f

t he  con t ro l l e r  can  be  ca rcu la ted  ap r i o r i  and  i ndependen t  o f  t he

app l i ca t i on  f o r  wh i ch  the  con t ro l l e r  i s  des igned t  g i ven  tha t  t he

Fuzzy ru les and curves have been declded 
.upon.  

This in fornat ion-

bas€  can  be  ha rd -coded  l n to  t he  con t ro l l e r , s  n i c ro -code .

2> The tota l  nunber of  conputat ions in  the evaluat ion of  the

Do t t  a rea  o f  i n te rsec t i on  i n  ( " I I I )  i s  poJ . yno ro ia l  and  i s  g i ven  as

u2 -3n  fo r  n  ru leg  l n  t r r e  ru lo -base  and  r . ssuming  any  tuo  cu rvea

in te rsec t  l n  on l , y  one  po in t .

l >  The  accu racy  o f  t he  f l oa t i ng -po in t  va lu€s  encoun te red  noy

depenc l s  no r€  on  the  av6 l l ab le  t echno logy  than  on  the  me thodo logy

a s  t h e  p a r a b o l i c  s e c t i o n s  c o n s l d e r e d  e n s u r e  t h a t  o n r y  s q u a r e -

r o o t s  a n d  m u l t , l p l  i c a t i o n s  i n v o l v i n g .  t w o  t e r m s  a t  a  t l n e  a r e
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r€gu r r€d .  AJ ,so ,  s rnpoon rs  i : ' l r e  I Jox l78J  neede  on ry  t h€  end -po rn te
r n d  t h e  n l d - p o l n t  o f  t h e  p a r a b o l l c  s e c t r o n  c o n s r d e r e d .  s ' a l r
inqccuraclee can cre€p rn on) ,y  vhen cubic €xpressrons are encoun-
te red  i n  t he  conpu t ,a t i on  o f  cen t ro rds  and  uh€n  the re  a r€  Do r€
than two pornta of  in terrcct l0n betveen any two Fuzzy curv€a.

{>  rn  add l t r on ,  t he  no rna l  conpu ta t i on  p rob reus  aeeoc ia ted
u l t h  t l oa t rng -po ln t  opc ra t J ,one  tBy88 l  a r€  t o  be  taken  l n to  ac_
c o u n t  a n d  t h e  a n i l y t l c a l  r e e u l t g  ( f v ) ,  ( V ) ,  ( v I ) ,  ( y l f ,  . T d
(VI I I l  rhould be reur l t ten/regrouped accordingty.

. . 4  co r t  ud  Co rp r t t b t l t ! y r

s rnce  uos t  o f  t hc  bae i c  l r oa t rng -po in t  ope ra t l 0n r  dee l red
can br  rnpl rnentrd uelng c l rcur t r  rarproylng cx l r t lng t , .ohnology,
ths overhead r rgur t lng f ron thc ugc of  a ns,  nethodorogy re not
nuch.  Bcr ldee,  bot tor  per fornance can be expected f ron uachlneg
contro l led by Fuzzy pr lnc ip les.  ,  

.

f n  o r d e r  t o  k e e p  c o n p a t l b l l i t y  v i t h  e x i s t i n g  c o n p u t i n g
systo 'a,  l t  rs  suggeeted that  tho n lzzy contro l ler  be Dade avai l -
able ln the forn of a dedlcatedr/Intell igent coprocesaor.

5. lrt.Drloar utt Irprovurntrr

Errors reeul t rng l ron extenr lve Float ing-polnt  cornputat lon
involved In the anaryt rcal  eorut l0ns preaented can be reduced by
i t e ra t l ve  t echn lqueg  vh i ch ,  t hough  t i ne -consu rn ing ,  conve rge  to
Dore  accu ra te  reau l t a .

.  I t  1g obvlous f ron the analyela preeented that  Fuzzl i .procese
c o n t r o r  e x h i b r t r  a n  l n h e r e n t  p a r a r r e l l e n  a t  b o t h  t a a k  r e v e l  a n d
s u b - t a s k  I e v e l .  T h l s  c a n  b e  e x p l o i t e d  b y  e m p l o y i n g  a  p a r a l l e l
a r c h i t o c t u r o  ( o r  t h e  d e a l g n  o f  t h e  F u z z y  c o n t r o l l o r .
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6.  coDolua:( t )Dl

Tha nethodology evolv id ln  th le paPsr hag been targct ted at

p r a c t l c a l  l r o p l e n e n t a t l o n '  T h I a  l n t u r n  d l c t a i e g  t h a t  a t  e v e r y

s t a g c o ! c o n p u t a , B l ' o n , t h e r e s h o u l d b e a g f e u u n k n o u n g a a p o e e l b l e

. "a ' i i  haa  been  ach leved  to  a  l a rge  sx ten t  by  exp ress ing  eve ry -

t h i n g  l n  t e r u s  o f  t h e  s c a l l n g - f a c t o r  r r h i c h  i s  t h e n  o b t a l n e d

dynaolcal ly  f ron the inputs to the sysfen '

7.  lc tDoulodgcl rnt r  t

T h e a u t h o r g w o u } d l l k e t o a c k n o w l e d g c t h e h e l p a n d a u p P o r t

p r o v l d e d  b y  P r o i .  P . v . s . R a o ,  P r o ! ' H ' K ' s ' I y e n g a r '  P r o f '  H ' P ' B h a v e

and ! l r .  SaD€€r Udeshl .

8.  RetoroDg.r  t

loor82 -  Contro l  o!  a Csment  Kl ln  by Fuzzy Logic '

b y L . P . H o ] ' a n b l a d a n d J . J . o s t g r g a a r d , ( F l ^ 9 - r e v l e v | 6 ' | l

No r th  Ho l l and , l ' 982

z | 7 5 - F u z z y S e t s a n d t h e i r e p p l i c a t i o n s t o C o g n i t i v e a n d D e c l .

s i on  P roceosss ,

E d i t e d  b y  L . A . z a d e h  e t  a I , A c a d e n l c  P r € s s ' I n c ' 1 9 7 5

Jox178  -  Ca l cu lus  u l t h  Ana l y t l ca l  Geo rne t r y '

I
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by  Johnson  and  K iokene i s te r ,  P ren t r ce

Ey88  -  I n  Dep th  -  The  New coProcesso rs '

By te  Hagaz ine  ,Vo lume  l J ,  Nunbe r  l r l l a r ch
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