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(A Model with an Inference Engine for a Fuzzy Production

System Using Fuzzy Petri Nets)
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Abstract

As a general model of rule-based systems, we propose a model for a fuzzy production system hav-
ing chaining rules and an inference engine associated with the model. The concept of so-called ‘fuzzy
petri nets’ is used to model the fuzzy production system and the inference engine is designed to be
capable of handling inexact knowledge. The fuzzy logic is adopted to represent vagueness in the rules
and the certainty factor is used to express uncertainty of each rules given by a human expert. Parallel
inference schemes are devised by transforming Fuzzy Petri nets to matrix formula. Further, the infer-
ence engine mechanism under the Mamdani’s implication method can be described by a simple alge-
braic formula, which makes real time inference possible.

I.M 2
A=) 8H(propositional calculus), %ol=8]dH(predi-

cate calculus) 52 od2]7}2] A4 3 W -Eo] AA]=H
gonll 23] o] & ztztell gl B4 ol Ae7ke] vlme
[3]oll & Azls]o] gle wlel 2ol 28 A= GA A4
H AAZH oA oS o] e 7= AL 7k

ZAFE S o] &3le] AEre) AL agHdoz A
71 98 AA3d wyes FEA 28 (production
sytem), 2]u|=}(semantic nets), =&Y (frame), %

*EER, GEFE TR Y TR A5l ikslel 3le 37 Hehlinexactness) of Al
(Dept. of Electr:zal Eng., KAIST) F@pgeleh. o)714 £ 23 (inexactness) o] =k of=|
HAHS 119924 18 218 &H(vagueness) 7 2344 (uncertainty) & Z ¥}

(508)



&R M

Fuzzy Petri Nets& o]-&3 ¥4

Aoz, oflmighe qlzke] olo] ol 235l
22 el Ao} Zab o] P AAE 2R b of
w3l ko 2 FH = 7ol e, BEAAL ofn
g Aot ARAde] disled HoHel S ZAA %=
7ol WA sk Ao vhro] A4 4 gl

E&44¢ Jebi 7] 913 92 2+ Bayesian W,
certainty factor®l, Dempster-Shafer ¥4 £o] 2
o} 5, Bayesian #jol| A& BaAE 270 i’ 34
ol Az 2 3Fo| ALLE ], certainty factoriiel 4
& AHdolt Aol gk BHAlell gl A E 03 1Abe]
9 zroz Jepla ¢len], Dempster-Shafer ol
A o)™ ARl gl 57 (evidence) W F#] (ignor-
ance) | x5 AT 24 HUKE e o) &
elsla glt} o|E F Bayesian W o Dempster-
Shafershy 52 77t =71 88 ® £ 3 <(conditional
probability density function)$} #Al&4-(belief
function) && 3R Zlol A @ AAAHE o
A Alsbgko] g2 chao] 9lom g 7hHdtm whE Al4lke]
7F53F certainty factorgo] gfo| AHg-=lx glch |k
ol qlzke) A& FTHI=E Bo| AHeslE deds
(linguistic variable) %ol Z&rg ofof3tS vepli7]
HAE w2l Ewes} 9 ol 3 glekel

wzha], B =FolA tAe g dla gl A FE A
~Hl (fuzzy production system)ellxj+= duldq] F2
2]~ (production system)ell4 “If left-hand-side
(LHS), then right-hand-side(RHS)" 2} o] Foiz|
= %2 4 (production rule) 4] LHS$} RHSe| %
A Ade] Tof glar FEFA 7)ol HFF A7} Foial
Qb ol Felo| :=| F2+3 (fuzzy production rule)
£ oFaat gk agAgh, ol#dt FETAE o]&3
A A #F4 -2, Whalen!! o] =2 #Fo] 27l0] Bkt
3] & FEFAEo] Bod M2 A= T Feoln
2 7z L7k BAE oldslrzE Al ¥n HE
A Eo| £=9E Wl A Al avle B2 =g &
T 4 ol ol st

ol&l AollA T2 A4 H W] 57] Hal = A
7ke) AAG AA o8l T & U, 4] wlo] 9] FH o]
U Azel Ao Frirt foldie, Folal AT A4
wlo)l A2 HE Mz FE AT @] d& 4 ook
3oy, 280 Aol g £ FH L AHE £ 5 9o
of ghr}sl,

o2l g 7ol X3 4 Y& ANAFH e & ¥
B2 gEg] vEgs 2zl 7128 F A48H uhd
o] Qepn8 9l HEUEE B Y ¥HHE T2E ZAE &
el Al 2rlel melglel 431 AHE & e TEE

rhu
>,
>

T
o
ta
o

hu}

) 22713 74 31

7RI Q7] W Foll dAl o] Bopolld 2] 2ol 9l
3 =% logic networks Z&sl=ul® solxm ¢ep]
agzar 2 d Fzel ol v 2 sER] ]
EE 07 19be] E2iguhe 2 AdAe F2E R
et weba o] & FEF Frl YukHal =8 TEE
2+ dlEg viBe] dFo e HA slEg E(fuzzy
Petri nets) 7} ) qks] ¢l cHiol

Lipp 0o} ol8)4 #-gog #otel #z] slez] B
7} B Al g o] melelol A8 dbd [11]{12]
AE AL 383517 8t A=l Yok §3 [12]
A= pAstel (A 38E 98 ¥ e JES}[11]
oA A Arrct Fr AAH] oz AR
o, 22 AA L JT F e dnelFol MA= etk
a8z, Zhzbel 3x) 2 FAo] Qe Pl et A
2]+ certainty factorellut 7125 & 03} 14}o)¢e] A
43 Jehlz o] & o] &3l 25 PPz M, £5F
4(membership function) 5-& %8 T8 =< o4&
Azlsle dle ke 24 F gle HHol Aot =3,
AXH tree search #ol 7|2& & F& WHL o
A2 F2& FAlel HE7HER], =i Al N
A2e 2% dohllmAl sk %ol e E7HA
o]z} 53 gk o] 2t

B =EolAe, [11] [12]64 A4 sEe vlE7}
nAgg 24 gHolnt Fars AgHe] T2E
Z

e AL TR nA A1EAE e FAY v g 74
=o] Q& Pubrel ek ez el shte #A] A EY
WES Aolsly 22¢ ddz FEYL 4+ e P

<4 83 (adjacency matrix)oll 7|z3sbed A|A]stazt
ot md o2 g AEE ol8sted oGzt 7 FHol
DY F8AT] Y o2 22 Alxvle] 2 gy
s} e A s} Zbeshe et ez 3dse 5
279 78wl disted Eolgiet.

] AL a2k 2804 HER] vEe|
N Sl 5E 2] aokyt F JHAA FH L y2s
£k o Zajols TAHYHAS Aot o T
71 g8 AR Eeloll et WE AelE Mg}, ool
3ol E #A e VES Al A FE A
glo] melzyl uby 5l 22 7)2ke] 7E el HisiA =
3t ol9] fEA-E 2ol F ke oAl E Malct

I.HERHE 3 o-$F WX F2te| 2

L A= vz A o ol
slze] WEE C=(P, T, «,  #) o 2ol Bhatrhel
FHe42 o%ojA Yok 74, P=(pi, pe-pot

(509)



32 19924

(n21) & Z8lola9] Ageln, T=(t), to-tm}(m>1)
+ EAX A Ao, aSP X T} o B{T X P} 7}
7 WA otz Ao, u:P—Q, Q={0, 1, 2}&
7t Fallol 2ol EEE kel uhd) (marking) & vie}
Aok, p(Pi) = piz Zallola Pioll Y 522 vehdl
o p={p1, p1, -, )7 ole} AL UE 2z = 27]
o] mjrie} olzatr TAY Wik Ze=(ay 1 3
Z)E 92 (0 )2 ZdolAE vehily, Teir]( | )
© ERA AL, Felojauvie] A( @ )2 EES ¥43}
» WA obz = 7z Fallo|a7ke] WAl S el
EWRAA tiol] U Eallola AF I () 29
FdlolA AY O (ti) - ch-3} o] Heolgc},

o

I(t)={p|(p, t)< o} (1)

Ot)={pl(x, p)<p} (2)

z=oiZ ez, =2 MEE C=(P, T, D*,.D-, p)
o} & Al Yulzx o] 7h5sic 13 o714,
Df=(d;*) o} D"=(d;”) & 77 94 dAAg"d 3 &
H A7 d28e Jehed, 4t £ ERAL t 2 2
AR 4 o)A Pi 29 ofa Agold, d;”
Hlol~ Pi 2 $E] EdlAA t; 29 o} Aol e
A 245 A ZE g4 Fo] BF 02 m- 29
dHetel ol ENAA 4 F m-21e] e} e 2 vepd
+ et

AE WEE o) Bsle] 32 A2wS Blgsle o)
el Egolq 1112 Zaolnz 2AL vhehiie, £
WA zE FE FHE JYepdoss B2
AARe s velgsln gomg ¥ =fils 2
A% azaa ot old A 4G shie Salolx
o} shtel =R Mo| ofelle okaz @7 HE ASE
A durt gleoz s da wels A 4
o aago] 03 127t T4 A Heh deby 2EA~
g welgldl dEe] vlEL 9Z9 ordinary Petri
netolc} 3], gis} o] shud, ¢ vhehl: =N
o #gsl Y FEollolx 1wl 28 Zalolate] 27
2 Al g AA =24 2 AAF 2A4E JehiA =
€, old Edlolarl EEE Fx|a glom o Fao]
27k epllE 20| Ato] =188 E3lA Aot o7
Al EAAA te] 2E Q18 Zalo]xo EZo| 9IS o
EfAA ti= elollol&(enable) =itk &, Qlole]
4 Edlol A& Asl(firing)E 4 ot

Aeg] viEel wEol weky 2= (directed
graph)ete] xpelde oh-gs} 3ok, A, =] vEE
EZolets 845 TS QoA Aaule T3

L

x
T~ 2
.
=

=
a2

o
=2
%

TH EYTARGHRGE

F29% B &£ 7%

1 AeE 3HE) 7} Rolsll & 229 380z E
WA A stoll 7]Qldt FEA|Avle] Ae)HEE YA
veld & ok 4 72 A7 1A vlez 4
o] glemz ANDY OR & =24t 54 44 o+
Bl 4 gl Aolth, olfdl A& o) &ahd | gol
AHE-E 3 9JE AND-OR 28|28 slee] MEZ 33
o} 7h53}ct,
Ao AdE-L

AesA e ol E AN},

Lell Al 11: b3t 2ol A9 24 Ci (i=1, 2---
5)¢t A7l 4 Ri (i=1, 2--5) 2 ALz Folx|&
FE AARE A7 B A}
Ri:IF C: and C: are satisfied, then Cs will be
satisfied.

R:2 :IF Cs is satisfied, then Cs will be satisfied.

Rs : IF Ca is satisfied, then Cs will be satisfied.

Aot Zo] Fojd FE A xulo] gl e WE 2
g2 =] 28] 1o FolA] gle},

ey

{c)

12

(a)

11 1 23 ts t 123 t3
D + — D™=
P, 0 0 0 P 1 0 0
P, 0 0 0 P, 1 0 0
P, I 0 0 PR 0 1 0
P, 0O 0 O 0 0 I
P, 0 1 1 P, 0 0 0
@

(510)

2 1. ¢lA 1o gl slER WER
(a) Fo12] 2 Al 2ulo] vigh sl=e] W=
2]
(b) C,3 Cy7} 3l
(c) 74 Riol A4 Fof 4d)
(d) 944 34 ==

Fig. 1. An example of a petri net.

(a) A petti net model of a production system,

(b) When C, and C, are satisfied,
(¢) The state after t, fires,
(d) Incidence matrices model.
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(a) An LR-type flat fuzzy number,
(b) An w-level fuzzy interval
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Fig. 3.Major components of a rule-based expert
system.
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FoA B 22 AJavl ¥=(X, A, C, ©)ol| th3lo]
2ol 3=l #A] HER] UE FPN=(P, T, « 8,
W, Q)& th55} 7bo] aloj=in,

Step 1:=A Zallo]~ AL o} o] Heoliich
P={p;: <i<n, 1<j<k}. o714 Pi & == 54 d!
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ERAA A7 2 @) Aol A AAFEHE o) 2
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Step 2-1 : B AFE 74 §i o] (11) 7} o] Foal #
4, Ti={ti}e 2 3}3 wi=ci o2 3},
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:LaiqiT=[_nJTi

Step 3: ax= th-7} FHo] A 9)ghe}
Step 3-1: #AFEZ TF3lo] (11) 3} o] Fojal 74,
3i8 AA Ko A=l v Slo|AE 2 el Bl ¢t
iZ ol E whET},
Step 3-2: A FE T3 o] (12) 7} Fo] FoiAl A%,
58] AARA Y1 (1<l<ki) #Hx Zaolrz ¥
B EAx A t] (1<q<hi) 2 o}z 2&

Step 4 : p& o3 o] AHogi),
Step 4-1: A FE F3lo] (11) 3} o] Foixl A4,
ERAA tig e 50 FAL BAEE S
2 otz g qker)
Step 4-2: HAFE T3 o] (12) 9} 70| FolA A4,
EWAA t,iq(lslsk.-, 1<q<hi)z Be 5 9 &4
o] FA|s]= FHo| A8 o}aE ubEch

Step 5: Fallo]zoll g w7l cfg-3} 3Ho] M} Q

=0 3,

n
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1.

—[ 1 1. et " P
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D w,’; T

A7 w] € [0, 1] p} ol A& o] A gholeh, 2
& 4ol (11) 7 (12) o 2Fo] Fol=) &= A A 7|70l gk
H2 AEe WE 2g vehhdel (11) 3 (12)7) 57
WHel £3l22 wo 224 A9s 28 4o vjeht oY
< MNEE ol &35l A Jebd4 Qi

e, Aokl WA dER] WES gHz gHI
el Hate] Azsuat s)1Ee] slED =t 9
dAYE o 29 dAPe gAY oA uo) AY

TH ETIAAERGE
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£ 29% BH# ¥ 7 %

6,'=lfd;‘] and 432 .-

and d7 then df' and % ...
o i 1

and :I,‘:((‘I“ =¢,)

(a)

- ordy then dft and df? - and d(CF = q,)

a2 A AAZFE FAE AR HER vE 2
(a) =e|Fo 2 7R 7%
(b) =elie s 4= 749
Fig. 4. A fuzzy Petri net model of a fuzzy pro-
duction rule.
(a) With conjunctive connegtive,
(b) With disjunctive connective.
ez A=) VES AL 4 A 2%AL A
sz vEs} AFAE 2 F2E A Yo, =a
A TS 22 M=she ke Aol etk
<A dAYHol 7us F 3y o wrEarE]S A4
stz ghet, o] F Hsle] WA Aot 18 o]-&3ted =2)F

22 A74s Follela A Y= (disjunctively conpec-
ted place adjacency matrix ; DCPAM) 3 =g]Fo
2 74" Felel~ 3= (conjunctively connec-
ted place adjacency matrix ; CCPAM)-& 23 2
o] A 8] ket

(A9 6]: 2Eaxdel Hg 71527 C=[ci, ¢, -,
Cm]T 2 FA)EE #Hx)| HER Ed tsted A<t 1o
°l#} D. ¢ Dy & 7% 4 3o, CCPAM, D° ¢

DCPAM, D¢ = th&-3} 7o) Fojdc},

(13)
(14)

D°=D" - Diag(C)- (D] )T
D*=D" - Diag(C)- (D] )T

1714, Diag(C)+ C9 oizts)a (diagonal matrix) o]
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tle] malzle] o|& H&slel Folgict 2|9t #HA
FE Alxdlo] 3lelA BT AR dlste] z]Aldjo] A
2 3y AEE FE37) e =ug, =2 e
2 FEd4kAtel] slEE AEL t-norm, t-conorm,
FEQAA FolAM A AL Aol e £ =5
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WA i o 2 =8lF-2 ming =23 maxE AME
she W] ARRSkEch 23 FEAARR] lolM =
Mamdani 71 7} A2 W& A E5 m2Fte] AR
8farz} ghet,
Whalens} Schotte] 2% 5o 18], g Arl-2 9k
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zgas) F2E Zhe Ax ot} gElA shie F
T2 o] 48 =l& o o] working memory2| W&
W3k 7| 1 ohgoll £38 FETA o] of Flo] &
Exlell @gkg vlAch, olal TAIE YA o] conflict res-
olutione}g} =], o]+ working memoryg] W&o}
o2 e ARz EAlol wtEdw) o 13
& wix ALPAE AR Yo P Grpe 22
A ARG o] &3t AFHe TeadEe o] FAE 1)
YEdze whyo s dAs Vot Qe ol=g W
Eol AAH e Aol F83 o=|E Ze AL o2
2 AL E oldl FAlE vl sl Aol niA sl
olel FAEE #HA FE Alavlol oA mindt
ALeA =W A=A ebech dvkehd,
min? max®] commutatived}il associativedl A4A =
wojgte} F o] HBgof F-AsHA A2 FE ASNE
A& 4 geod BE FAHE FAlo] AL3iriele 4
FU AAE A& 5 Uk BN e FE A F
oA oh&3} e Mamdani®] FE wo] AA=Y F

Aol gho] o) 92 o 4 glet U7,

A
Lz
=
2
o
=

max %%

7 & :IF x; is L! and x, is L? THEN x; is L}
(CF=c¢;)
%y is L and x, is L2

AH A
A 3

1 3
x3 is L}
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gollA A o-4F HA HATFH HA A2k
g o8 A £4%}57t v = ((m)§,
(m2) },ai, Bi)Lint (i=1, 2, 3)eta Tul] F22] A3}
€ ot 2ol 39 2 4 e F, uEls=((m1)3x,

w3
(m)3, o}, A1) 3%
rnin{u,_x1 (u), up1 (u)}, max min{uLzl (v), up2

(v) 1},

3

1 o714 w3=cixmin {max

AN 22 Aol gt slze) v Eclqg) 2o 2
% 5ol #4150} gick.

6 =1f d} and d? -+ and 4, (CF = )

and dj, then d:“‘ and d;‘,’ S

6'2 =1If d;: or d;; v or d;: then d:“’ and d:‘; -+ and dﬁ'(CF =¢q)

0215 9x] HE B FEAA
(a) =eigoz A4y AF
) =gz AAH AF
Fig.5. Inference process in a fuzzy petri net.
(a) With conjunctive connective,
(b) With disjunctive connective.
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Hr}, vhef, FoiAl FA7} Al AE7LE RE A 2H)
2] Azt s Feld 28 AR 2 A
2 AAg kS Wejof sl decision making #-A|=}
shxt ol2lg EAlE AAE YA Aol gleiAe
AA 718k Al 9l a4 dhayshe FAllo]c),
olglgt TAIE ¥ =l Atd ol whzd ohgat
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L [222E 11604 AN Pedol wz} 9z 22 F

A go] #x] dEL e WHEE ),

2. 7aA HA slEg] EE 4 (13)3) (14) o4 A
99 $-09] @2, DCPAM= CCPAMo 2 g #3gic},
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fel AAEL
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=

23 FAE 7129 3
©.0]] search space”} Zoijshdd, &

search®hy-& #2= 7
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29 AFNE den B e 428w stede] 74
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Li= (-5,5.55)w«
Li= (10 .= 5.5

L(x) =R(x}=-Ixl + 1

wherei=123

32 6. AH8E HHE LR-Yelo) HA4
Fig. 6. Adopted LR-type flat fuzzy number,
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2 EolA AN why
23] 63} o] Folxl # LR-Hehel A
£ 349 Qold4z olfolxle] 1/0% 8N4 8 2
719 32 Ak Qb 22 7.(b) o} 7ol Foizl £hgH
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ee) ) 227\ RS 28 | chshe] oburt
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FE
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ti ta ts ta ts te 1 s
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1.1 01 02 2 .2 8 3 .3
0, W, W3 W) Wy, Wy W, Wy Wy

Q°=[0.80 0 0 0 0 0 0 0]

J8 7. #Alxe} 27 A=k
Fig.7. Certainty factors and initial fuzzy truth
values,

Ri: IF x, is LY THEN x3 is L? (¢1=0.85)
Ro: IF %, is L2 THEN x5 is L3 (c,=0.80)
Rs: IF x0 is LY THEN x5 is L3 (¢3=0.80)
Ry: IF x5 is LY THEN x, is L} (c4=0.90)
Rs: IF xy is L1 THEN z; is L2 (c5=0.90)
Re: IF xo is L THEN x3 is L3 and x, is L} (c6=0.95)
Ry:IF x, is LY THEN x3 is L§ THEN x4 is L} (¢1=0.90)
Rg: IF x, is L% THEN x3 is L3 (cs=0.90)
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Fig.8. A fuzzy petri net model.

w

Py pa Py P by Py PY P oPS
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(a)
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(b)

J7 9.9 39
Fig. 9. Matrix representation,
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(a)
Ok
w} 0.8 0.8 0.8 0.8 0.8
w} 0 0 0 0.61 0.61
w3 0 0 0.68 0.68 0.68
w? 0 0.68 0.68 0.68 0.68
w3 0 072 072 072 072
w? 0 0 0 0 0
@} 0 0 054 0.54 054
w3} 0 0 0.68 0.68 0.68
w@lo o o o o
0 1 2 3 4 k

(b)

32 10. FE713 &9
(a) #2359 7= dE Ve
(b) 234 o 22EH

Fig. 10. OQutput of inference engine,
(a) The final fuzzy petri net,
(b) Inference process,
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