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A Timed Fuzzy Petri Net Model for General Purpose
Real-time Fuzzy Control

Gang-soo Lee ' - So-yeon Kim" - Jung-mo Yun '

ABSTRACT

In this paper, we propose a Timed Fuzzy Petri Net (TFPN) model as a new model of real-time fuzzy control.
The TFPN model, which is useful for fuzzy inference and fuzzy control, is an integrated model of Timed Petri
Net and Fuzzy Petri Net. Additionally, a Timed Fuzzy Control Language is defined as a textual specification
model of fuzzy control rules, and proposed a TFPN modeling method. The TFPN model is a Petri Net formal-
ism of fuzzy control systems. Execution rule is consisted of marking(ie., fuzzyfication) and firing(i.c., inference
and defuzzyfication) procedures. A simple case work by using TFPN model shows us compuling time of infer-
ence and defuzzyfication is low and uncertainty and visibility of fuzzy control rule are modeled cffectively.
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2. Hjo] AlAsiat A7 mx] Hlof 210{(TFCL)
FEA Ao Al2HE Aol iyt Al2wel A
AE 5 AL A8E Y5, WFE Aol
(FLCAlA) B =2 1g(PLCA )2 RE] Ao]
WAE Sol, BF, 357 A% B)e 7o 15718
ZEERA A7l o] Foj) B AP M= B
olt] T3 g Aztd FEre] FF AL HA
Aolgte zlolch dE A Alo] Al2we [He 17
Fige

|ru I,

[He 1] Ao} A2 =(SEN, ACT, fsem Lfacr IL
CONTROL)
* SEN ={sen,,...sen,,...5¢05ev 1 A4 ATHISEN
1>0)
o[ fsrn:SEN—SF X o: 414 #lo]l & gz SF={(
SFppy (SFigp }: A4 A% 8 A
SF:la;, b;]=10, 11: A4 AL &4 (4,9 b,
= A% g ZA9dd 7 7).
o= [0, 1]AF0) 9] <l 7| X](threshold) 7 &
* ACT H{act,...actjp.tct 4o 1 T87] AHIACT
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o lf r: ACT=AF: 75 7] H o] 8 &
71X, AF={4F,...AF 4p}: 757 A& &
= J%
AF:a; 810, 1]: 757 AL &4 (a;%
be A% 9 M BL9ue] £ )
» CONTROL < SEN X ACT: Alo] ¥¥&-e]s TFCL
(&8 8) E= TFPN(@aH =8 )2 =¥ 3y
o [1: A& 2] E(partition)
Mgy SF] @AY 2E(eE S, lsenl
of sen,o ¥AE AL o] FFelrh
Mcr:AFS] 75718 E8AE E°, L
£ act,o] RAE A g5 el

A7t HA Ao] ol(timed fuzzy control language,
TFCL)E 25 AdlA Fsdad, Ao Al2de
CONTROL¥EE H~E gz TAF Az o
A Aol Adojelth TFCLE 71E2] HA o] Qo
7 fFArEY d2E Fgolnn slAl4de] doHa
HaAEe A2agle] Ao FEHE 2HE3 7} o
o} o] EAlE = Fe)] TFPNEH L o] 830
24 thk 4T 4 ¢le}. TFCLS TFPN &8 &
22 AT Qrig} B8 JMADE, TFPNL2E ¥
BE = gl TFPN87)0] 28 Mad). 3= A
ghzto] AazlEs] £4 %= NOT)AND)OR 9|
o, (AT 71Ee HA 443 726, 9,
14, 21142 IF-THENZH 2 7| &5 A, ool o}
2} &, 71&Y #H= A4 732 AA e AEZ]
F53mply)2 ERIA T, E 2@ Mg =
An pE7Y A F(Te, AP FAE,
A= Fap(22, 28)E ePA S (FA o
FEY A= Bl

[<l] Rulei: IF (2% =930} (0.2) AND 5% =31} (0.3))
AA Al QAR A2 ALT2 A2
F7 A g A1 2 A F A2

1 1

THEN (ZHEA% = e 5 E<h) (0.9).
AF7  ASEe Ao sz
A o] 3 =] g |
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3. AlZHY Hx| s =2 (TFPN) 23

3.1 &e|
TEPNRE L A o] Al2He] CONTROLE- 2] o

F 737} 5{(executable), F4H(formal) ¥ =3

(graphical) BAl 2 ¥4 m3ogx A7t g, HA

d 2 HA Ao HE-E FFE Yot

(B9 2] TFPN:(P, T. L O, p, X, 1)
*P=(CP, NP, @, [fcp, D} EH o2 (P07 FH)
— CP={CPpysChn}: Z2(condition) E#] o] = 3
g RF Yoz TFH) ‘
Tgeni " CP 2] sen,’8 =&
— NP ={np,...np,: d¥H{normal) Zd o]
—@={@,,.,@,}: F7Hintermediate) Z =) o] &
—IfcpiCP—=SENXSFXa:F7A S o]0
gk oL & (FElelEL (AAES A
A ETF4ANEHZE 2AH). o= [0, 1]
Atol 9] QAR &
—r:@—[0, 1]: 73 2] &4 x(certainty factor)
7HEgE
» T=(CT, MT, NT, Ifcr: EAAA (Ji 2 XF)
—CT={ct,....cly}: Al (controDEA XA A%
FF agz 39)
it CTH] act?l] 28
—MT={mt,. .m,}: HN(maximm) EHF QA 3
HolF U= EA))
= NT={nt,..ntp}: ANEHAA J3
—1fer:CT—ACT X AF: Ao} & o] 20 gk
dlol & g
(Hol&e (TE7HE, TE7IASFHTF) &
gz 243
eI:TP:EAAH g g g (E (@)=
£4H)
QTP EdAMo 2R £8 IEZ=2
xd)
e P[0, 11: A w17 T (uprEA BR
A
X:P->{0, 1} E ol $ (Up)E #p(EE
FIZ FA)
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- piCT—>8: 97 A8 §4 (¢;=[LB;, UBL %8
AR 7Rrels LB 2% 5HE 4% 2 48

A% 39

24 TFPNS 2& 2 MEY JigS& ol &3t
S48 4 Ak (238 1DAge] $F e Ao 72
L TFPNA 3t 749 ‘7F3& AEW(rule subnet,
RSN)S @43, 2t RSN-2 ‘E7 =E'(condition
module, CM)3% ‘A o] 2 E(control module, TM)e] &
L Edolx @2 HZEF AT ¥ TFPNUlA o
S2705 DEHorgch

» [RSN|=ICM|=[TM|=|@|=A #&

*« RSN;=CM; U TM; U @ = TFPN, RSN; 1 RSN,
=4,

* RSN-& ‘o] & 7} 5 (biseparable)’ 2] Z 2] Y Zo]
o (@2 AAE CM3 TMaZ SEE).

e CME 1A 0]4e] AT ol~E I Ao
ERANAL EAstA gerth

« TM;E 1700 4] AQEJRHE 719 =2

Fa ol 2z &8 ket

- O—’. ____—'Im

o R A= =L

TASEON MO E(TV) RSN,
A MEERSN)

<@SiASITE> Re IR (<2AK) THEN (<llo1¥>) (A)

(T3 1) EEoiFEDe] B-EL (6I7[M, cp; 1 (sen;,
SFJ', IZJ'), cly: (actk, AFk))

(Fig. 1) Modeling of (Unit_Control Rule ) (where cp;
(senj, SFy, ;Y cty:{acty, AF;Y)

3.2 TFPN 233} gy

Aol A AL T TFPNRFH & o] AJ2"o
28 O A 73 2 AL Fe2rE 78 5 9
o}, A2717) A3 TFPNR 8-S Alg-3ted o] A&
9.8 e & A, TFPNRE-& HFH 9 Aof F3
¢ 24 g Alo] Bolg}, Ao} 7L Fa= 3
Az o]8g 4 o ZEu, £ HlAe TFCL
T Ao] FALZRE TFPNZE -2 73t o d

=WEE BTk

ara] @ E sl A9, 4 (AAM) L (TFENHE
ZAZgol2e AolEAANHoE 77 nyseln
(A ATy (2ARIS (AIR)E =g glet
o2A CMT T 2 @2 74% RSNS 4=tk
Z} RSNEL (BAIAE) (&, 29 T e A)E
nFte] AA FE e TFPNE 74 $o}, &k
A n@sle) A9 g WS dgoes HEdt

Q)29 Ao FHo =3} (FAA AT Rie
ksl (29 1) gol (ZAH )= CM2E, (Ale]%)
= TML.2, CM¥ TMALel & E0Edels @2 &
2} 2958} @, ‘THEN'S v gt} 72 2
AT AT @0 B3 Ry 3hte] RSNo g F4
SHORENE 4 Atk CM TM S WF e 84 =
g g (X 2)dA AAB 2 =% i =g
FaL o] &5d FH TFPNE FA T (F 2)elA
ORx=dd g =33 7L 71E 47 JEls,
8,9, 10, 14, 16, 20, 21)E =} tt=c} o+l OREFE
HUEdAdgog XHPIGH, JF ZHel2F
shte] we] 09 HHF, HAEke) 0) FE ZUE
TEsx] gron g e W 7S sk Pt
NOTe] A%, ‘B4 E'(inhibitor arc)[1}8 AHE-3}iL
gich, 2 AT e EF 99 ¥IJES ANE &
AsE A TEPNE F s (2¥ 2= ¢4 A
TEEe 283 4 F Bl

@AA Ao FHEe 2HI:R R RE A 7FF
Zo] gatT &F VM AEA(ANEH ol dE
AAAow vy goholgt & o, o] e 43
A7+ 22 Z(partial ordering) = [ 9] 3]= 2th

(e 3] ghe] Ao} wE ] B &4

e 23R, SEQ R):R= RAe &Y(happened
before) A .

o9 E(R, ITR R;): R, SEQ R, R, &= w8 & g¥c}

B 8)(R; PAR R): 7 (R; SEQ R) N\ 7 (R; SEQ
R). R8} RE S Ao

¢ 271(R; FORK R)):(& SEQ R;) N\ (& SEQ R) N\
(R; PAR R)). R;8 Rie &A1 A&

* ZER; JOIN R):(R: SEQ &) N(R; SEQ &) N\
(R; PAR R). R;8t R= ¥l57|Hes FEHE
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(¥ 1) TFCLE} TFPNII2| (1S BA(REH S} di)
(Table 1) Correspondence between TFCL and TFPN

X< %

<A 8 <ZABAHA> &l 9 <4A, NALTEE, dAX>YHZ ¥ o] dojd
3 A sen; ZAFEd 02 JH] senld LY fau
sem] Az} Rt ZQE AL cpfas] HAY (B, BA w17 A, op*=Lcp)
<PE7> 9 <Alo|HAGA> AolEAAL g <757, TE7ASYre Ydz Rog weld
# %7 aa Aol&ol= F{e oot $¢ Tow
acy] AAZ Tl 8] ANERAY sl AR, §~ipM, (&, vlHA% 34,
(7Aool H O dgEAR]L)
<t ol > T Mud RSN)
- <EA%>2) 374 2y - 23 ZR(CM
- <lol>2] #z] =74 - Ao} ZETIM)
- <gAls - @9 Held, 1
<H el I Y> TFEN A% 3=
<AL= ZAFH o~ B AolEdA e o Holde] dejy woli
<A e 7 Mg 949 YUEAAL, dukgHels 3 34
234 aut g Ad=AAN] ¢4 733
O e e o] § =4 =9
Hel HA Hol=AA s P
(H 2) (=78 9 (HosHe| mgst 7
{Table 2) Modeling rules of condition and event part
in a unit control rule
=2 EZR(CM) MO (TM)

Erel @O—-I—-O

0O«

AND

NOT e

cp; ct;
OR @ @
D cti

@ @O_'c:ct

&) B3ol ENHA g Edlolid EFALL AL Qe e]2o QWERAAY
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cpl O A.I ct]
( ) ( ) I cp2 _4
& ot @ ct2

@) IF (cp=SF (d)) THEN (c=AF) (. () IF (pr=SF: (@) AND cp:=SF; (@)
THEN (ct;=AF; AND ctr=AF3) (l)

cpl O—:l ‘.' ctl cpl )t ~I| ctl
cp2 Oﬂ @ —.| cr2 p2 @ ~b-o| ct2

(©) IF {(cp;=SF) (2;) OR cp:=5F; (&) (d) IF (NOT cp;=MF; (a1} OR cp:=MF; (2))
THEN (ct;=AF; OR ct:=AF35) (4. THEN (ct;1=AF; AND NOT ct;=AF3) ().

(ZREA 029 HolBL o <sem SF &> ol 7H)

(Og 2) "o F&IEL] TFPN 2= 0
(Fig. 2) Examples of TFPN modeling of a centrol

rules
O—0 =0 =0 0O
RSN; RSN: RSN;
@ =2 ®) 5 (©) uhz

I MRSN{
SN ™

@ =71 ) 2% ® 4% 9iet
RSN;
RSN i
(& 43R

&) R0 ¥rEA & FYolast ERAR 47 QytEd o]l ANEWAMAY.

(3= 3) Hol pEiEzie] 28 @A o2 EHo#
EEghHo| mElst di

(Fig. 3) Modeling method of {control_rule_set ) ac-
cording to relationships between control rules



» ‘3% diElmutual exclusion) (R, ME R):[ " (&
SEQ R)IN(& SEQ R V(& SEQ RN (&
SEQ R)l. B8 Ry 17T el 5] o] Al=pgc,

+ 3% ¥ mutual inclusion) (R; MI R;:[(R; SEQ
&)V (R; SEQ QIA(R; PAR R)). RS R%E 3
ol% 17074 Al zHE o)

(A FEH L 73 MB rog oo wgF)
#Eo2 [He 319 DA (28 39 FHo ma}
dE3e] HA TFPNS W22 misct o
H A2de Yoz pyilsls vHe dngss
228 71E37] g3 Bl JEsof slm (1],
TFPNEEE 78 fx AANE v JF3dle 2
2.

TFPNE 459 ‘dol&d’ Woln|, 3] i}
7} 1012 2 ‘ordinary’ @olt} Tl ‘B x| w7 g
we Ed0)29] HAgGE AYsi ‘BEZ vz g
= EZ 50 22 e 2330 aely, 4o
Zle] EE SEZ v d¥Foz 0 = 174
7b EAEER, BEE v a1 @0H C/E net
(condition/event met)’'e] AFo|th. E35], P/T net
(place/transition) net){1]ol A o} 4= p'= “u": P—

BE SAIZ HX] HOIS QI8 AI7HE MK HER|Y 549

NEAKESE Y=oz, Egolads gy 22
o] F& 5 EAT 5 YTt TFPNe H=| o}
A T pll A Fd ol 29 B R ZH(ZF, 07} 14}0) 8] 4
TS ES FE IF39E, TFPNS 25 A 579
Ego] SAeY w8 £5& P/T netd golzic},
Arsid, Boael Adol, A4 Noj Asxs
0%} 14e]8] A4 Ao}l 2n T g$o]7) gjio]
o} kA, P/T nete] & 9 [1]o| A “p: P N"€ “y
P—1/N"E XA, TFPNAA “u:p—0, 1]”
¢} @olAEE TFPNE P/T-net® & 452 23
AL < £ Ak

(&4 1] TFPNE ‘ordinary’ @olw, £ alzglul o
B ITHE ‘C/E net’s] dFo|th. 3, P/T-netw 2

< FEY meolt
4. 7Y & 3 24 LY

4.1 ORE! b

AL ZRH I AME R8T 2HSFol~
9 #HA oG gg A KNSF, H A FH(fuzzyfication) T}
4). Agd 2+ AzE AR g Fele FH (Y
2 FHEd) o] 2o A)olt),

ct1(M)

...................... 1
! cp1* Min{gp1"cpA x 1 AF1
/ SF1\
cp1(&E) al LB .mi_UB!1 bl
senf(MAMgh &1
el Mojgt Hey
1 .4..........~----.......A cp2“
a2 O] | &
7 2| =]
0 N o)
sen2(MINgY)

22| Hoigt He

(3% 4) WX| ot MK H3t IS (“IF(cpI=SF1 (x 1) AND cp2=SF2 (x.2)
THEN (ct 1=AF1 AND ct 2= AF2) ()" F5le] Xz| of)

(Fig. 4) concepts of fuzzy marking and fuzzy firing (modeling of a rule, “IF(cp 1=SFI (x 1) AND
cp2=SF2 (a2)) THEN (ctI1=AF1 AND ct 2=AF2) ()"
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1) H A w7 Zdo|2g A%, sen,2HE %
ghol AW nmﬂHA BE ZUEG & cpol T
s (714, cp; 2} A el Eel (sem;, SF, a0l sk,
g g o] A AP HS, ¥ ob2).
if (SFy(sen) = a,) then cp} = plcp;) = SF;(sem;)
dse cpt =ulep) =0. (A7) A, pE AA 7h7 FFolH
et e HAD)

AurZgol 2 upel A%, npt=plnp)=[0, 1]o19
Z7REG o~ @ 29, @2 #HelEe] 4,8 o,
@ =p(@)=10, 1] x4,

(Q)ES ub :if (7 ) 0) then #p; —x(pj)—1_
else #p;=X(p)=0. (21714, = BEE w7 Fold
#p;t-' PJ“H-] E&Z T )‘O]

@ AN senE A L MHT BE OEF
o] ZABA |2 cpF(F, RAEA )2 I sem;
o G B me) = ZHBHHEZ, som; ol AA
B senle] RE ZREHC] 5] B o= A
b5 T 00 3el A ge e FHolase B
A RE, Ed0] ToldT). FREAcI 2N E
BAEE TAstd HA =7 g FAG AE &
of, (28 & 7173 2ol AgPE FAR-gA (2
A 2600 Tt S8 A m

4.2 M=t 4y

)N e] 28 98 S ol ipst O¢Ns] ZE
&3 Zdol& opd Aal, #p;=1012 #0p=0°]
W, = ‘37 5(enatling)’ole &t HYyHo=
FarPeg ok ol A, 1) N 1¢) =4, OU) = {8}
2 O ) = {t;301F 4,8} t7= B E Asrheelet stk

(1) HAA ZE(fuzzy inference): Yut 2 A=A AH
o] A3 AL oot Ao ERAAe] HEF
Ha w pel A e gow, ¥ Fsoks
Q EAAAS e EAC Farth ¢yt FEdrtsel
I 1) O el =2 Ealol & ip;st opol thahed,

17t AHEBAAQA 7 HANDS Ul § 28):
op*=Minlip/ 1}

Vip; € 1(¢)

o7t ANEA AN B HORSY ulE 2H2):
opi*=Max{{ip/}}
ip; € 1(t)

e BIE o2 WEEe g guhiip =0, #p;
=0, = =1

o] FXE& wri]e] min-max A4 F3[2, 28]
Agg Holw, 71&9 A QE[6, 9, 14, 16, 20]=
o] FE & FE o] &3}

(2) ¥] =) B defuzzyfication): A I ER AR cf;¢] A
& HAYL ouay, 257 at;d] Ao} AHF, E
ARHe Bg Ad AHE Fas FFelth 97
A AEE TA 2A8L o) &5d HHA%E +

FEch

[etAl 1] Bat A7t 5 At R A3 1)k Olety)
el =g ZTaol2ip B opl tstad,

5;=ILB: UBl=nlct)=AFTUp"). ipi*=0, op/ =55
#ip; =0, #Opj= 1.

(E 2 239 2E AEAAA] 9 Zdo]
2= 174 olB(F, ipe o0l HU 4 EHolx
Q), AFT & ool Fdd TF7] A& B AR 'S
@A’ (inverse relation)?] T, AFE TAHone-to-one)
271 elE =2, of3x(inverse function)= = 8tA
gorz dgd AEe ndEth (3Y 94 2

22 3R 50 Mig uch a0l 44F E=
Ho2ag FE7) AL TF AR FAHASH,

eipr=2 A9 Aol Al WAF, A8 A
A N7DE 5;=AFT(NZ AXHH, A% 57t
WA ol Ebe, §;= la; + 8)/2, (a; + B)f21010 &
o). o]a] g AAEAAAEL zte TFPNLZ
23480 A 7h d[24]0] BT

eipr > 0;)08 AS:chd Aol Al PHA(F, B
g Mg A7DE §=AFTGp= A=, ¥
Fej7) Gk S, ipt =09 g, b7t H A

o2 [LB, UBJSEI7} Bich whabA, o2 g Al



fie

SEQAAEE = TFPNS ‘2218 A7t @
[25j0] €k a¥=2, TFPNS TPNe gury
olg} & 4 qir}

oAg Eol, (2 DA 2 FH9l A EaARET
ol Ao} A1zt 77t s TheFH ol ASHL

(a)s=nlct) = AF (ulcp) X 1)
(b}d,=n(ct) = AF] Min(u(sen ), p(sen,) x 1) AND
S2=nfct )= AF] (Min(u(sen,), u(sen) x 1)
(©)0,=nlct )= AFT (Max(u(sen,), p(seny)) X ) OR
d2=n(cty) = AFT (Max(u(sen,), u(sen) x 1)
(d) 3, =nlet)= AF] (Max(l — plsen,), psplsen,) X 1) AND
6:=1 —nlct) =1AF] (Max(u(sen,), u(sen,)) X 1)
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RM=Q % top+b)/3 3)

WetH, 5 e e B FHLS m= (LS X LM
+ RS X RM)/(LS + RS)=(a + top + b)/30] Bk (4
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733333010, (& 4)ofl 25 A gh& 1.6666670]0 <
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[ 3] &4 Ale] A7 A EFEA F4) <9 A4k
TE actis HFF o2 A5 Fe ) A AThgtd
o5 ABHBE, nunF ol A A FA HE
HE Aol ERAAA 2§ CFact; e cth S & i
9 B (F 4 17 2) &3 o] & Tk
FE7Z Ll

o 25

(CUk ) (7)

-r,-=:(mk X wk)/z
* k
| Z Eof, “RI1:1F (cpl=SFI) (aI) THEN (ct/=
AFD (AD."8} “R2:1F (cp2=SF2) («2) THEN (ct2=
AFD (2.5 shte] AA sendt 7571 actoll thEt
Ao} FRB(A A, cpIF cp2E send Aolste =
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w2=[b2—ad) +(UB2-LB2 x (p27){2=2.125

1=(mlol +m2wflw] +w2)=7.021
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(Fig. 5) An example of calculation of a composit con-
trol time constant 7
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i 2 icp] co<senl, SFI 0.5
ntl —
] ] L jep2 1 <send, SF2, 05>
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@ Aol A= TRILY TFeNel o (A4 ¥l dlelslyelat A2

) EZ 7] 294 OJAZ (o o 9 FENE o)

(1) 1-24-8¢  (0.63,063) (2): 1—25-8—p (0.72.072)
(3): 12058119 (0.72,0.72) @: 1-2—6—+10+11—¢ (0.63,0.63)
g)): 1-2-6—+10—¢  (0.63,0.63) (B): 1-3-6+10+11-of (0.63,0.63)

1 13610~ (063,063 (8): 1-8—7—10-11—¢ (0.63,0.63)

©): 1-3+7+10~¢  (0.63,053) (10): 1-8—7—¢ (0.63,0.63)

© $E A42 1 (2% g3 7

(13 6) TeH Tzt F= AFAL] o
(Fig. 6) An example of reachability graph inference
sequence

HE Mol AlLEH

IF (cp1=SF1 (0.5) AND cp2-SF2 (0.5) OR cp3=SF3 (0.5)) THEN (cti=AF1) AND (ct2=AF2) (0.9)

%21

D/AZAHE

TFPN LR,
7= g DB

(O 7) TFPNZ 0|88t €& mX| H(of AlAf-e| 7=
(Fig. 7) The organization of general purpose fuzzy
control system using TFPN model
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SR AT HI| HOE RS AIZHE 15

BEGIN TFCL
MEMBERSHIP
Sensor A

A Nall: ((0,1), (05,0.75), (1.005), (15,025), RO0).
A_Zeror ((0,0), (0.5,025), (1,05), (15,075), 2,1), (25,075), (3,05), (35,029), (4,0)).
A_Small:  ((2,0), (25,025), 3.05), (35,075), (4,1), (45,075), (505), (55.029), (6.0)-
A Medum:  ((4,0), (45,0.25), (5,05), (55,075), (6,1), (65,0.75), (7,05), (7.5,0.25), (5,0)).
A _Larpe: (6.0, (65,025), (7,0.5), (7.5,075), (8,1), (85,0.75), (9,05), (95,025), (10,0)).
A_Very_Latge: ((8,0), (85,0.25), (9,05), (9.5075), (10,1)).
Actuator N
N_Zero: ((400,1), (500,0.75), (600,05), (700,025), (800,09).
N_Small: ((400,0), (500,025), (600,0.5), (700,0.75), (80G,1), (500,0.75), (1000,0.5), (1100,0.25), (1200,0)).
N_Medum: ((800,0), (900,025), (1000,0.5), (1100,0.75), (1200,1), (1300,0.75), {1400,0.5), (1500,0.25), (1600,0)).
N_Large: {(1200,0(1300,0.25), (1400,0.5), (1500,0.75), (1600,1), (1700,0.75), (1800,0.5), (1900,025), (2000,0)).
N_Very_Large: (1600,0), (1700,025), (1800,0.5), (1900,0.75), (2000,1)]-
END
RULESET
RI: IF (A=A_Null) THEN (N=N_Vey_Latgr).
R3: IF (A=A Small) THEN (N<N_Modiom).
RS5: IF (A=A_Lamge) THEN (N=N_Zero).

RZ IF (A=A _Zao) THEN (N-N_Large).
Ré: IF (A=A _Mocdium) THEN (N-N_Small).
R6: IF (A=A _Vay,_ lmge) THEN (N=N_Zcro).

X ER|W 555

END
RULE-RELATION

Rel2 R1 Ml B2 MI R3 MI R4 MI RS MI R&

END
END TFCL

Rell: R1 FORK R2 FORK R3 FORK R4 FORK R5 FORK R&

Rel3: RI TIR R1. Reld: R2 ITR RZ Rel5: R3 ITR R3. Relé: R4 ITR R4. Rel7: RS ITR R5. Red8: R6 ITR R6.

(O3 8) =™ =e H[o]2] TFCL
(Fig. 8) TFCL of a motor controller
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Qe gatd, g duesh AL Fo] g7EG.
Nzge] X, 757 2 NS 4 AFEL e
% 2,

o« QA ATHE):SEN=nd={A}

* 757 AHEL):ACT=aN={N}

« AF AA AL T AHED) SF=A={A_Null,
A_Zero, A_Small, A_Medium, A_Large, A_Very
_Large}

e RE(TE7]) AL T FHE):AF=TIN=
{N_Zero, N_Small, N_Medium, N_Large, N_Very
_Large}

(DTFCL 29 (28 8) AE 2H Aof Al&F
ol HE-TFCLE ¥t Z 2HAEL] dAAE 09]
o Aol A e FAxE 102 7H e}

()TFPNEZ - TFCLER ¥ 33l A A 24
& 88t (28 99} 2 TFPNRE & 48 + 3
o 2 FHRES 2R ARt G Fejol2E,
TFPNT2E. o ¢ tehsict. o 7)A], xE 2] RPMg
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nt2
nt7 @l-@g

CP={cpIl:<A.A_Null 1>, cp2:<A,A_Zero.1>,
P3<AA_Small 1>, cpd:<A A _Medium,1>,
cp5:<AA_Large,l>, cp6:<A,A_Very_Large.1>}

CT={cti:<NN_Very_Large>, ct2: <N,N_Large>,
a3<NN Medium>, ct4:<NN_Small>,
aS<NN_Zero>, at<NN_Zero>}

(@ TFPNE & (b) CPg} CTe] HolE(d #L ¥Se DBT AFH
(& A TFPN model (b) Labels of CP and CT

ne2(lne3 t1/ct2(1800

ol e i e gt gt e gl D e

© B2 uy] =94 JAZ (=179
c) A token marking reachability graph when I=1

ni2ffne3 ctlflc2(1800) n8

<np1,0> <r:pl 0.5>,<cp2,0. <@1,05><@20. <np2,0> <npl,0>) g oves

@ #H=A ulg) 294 2= =149
(d) A fuzzy marking reachability graph when 1=1

(T2 9) &g E Ho{2] TFPN2H
(Fig. 9) TFPN model of a motor controller
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B= A AlZEE HX| H| 0] P0{(timed fuzzy control language, TFCL)2| Ea] :

¢TFCL> == BEGIN TFCL
MEMBERSHIP
(e ey
END
RULE-SET
<RIOinalEe
END
RULE-RELATION
AT
END
END TFCR
<Ppi-Eeh o= Sensor [<HANED
FiEpeoa]
Actuator [<1E)I8>
<]
<M== N B

B == ( <@ID, @) | . FERES
<t ==
ghrz= 0] 1051 |1

P

D) (<& ) )
CEHED = (notTE2D | F2HED notZ2D
L

RSB o= QOIS 1 ( (TERERD ) | <FHERTR

<FHOREZED == <R | ANHEEE QR0

<CIPRORD == RO : F (Z280) THEN KRN @ioiTp == SEQ [ (TR | PAR | FORK | JON | ME

ot == NOT <EHEAIGAR | <@enddd
<aneZ2 == ¢urE2P | <andXZD AND <orZiZb
<oE2b == EHMNYRP | <o 2P OR <EZTENE

Py
GEAHERERD == <A = il (( <ARP }
<MAP == senl | sen2 | — | semn
QAP =01 — 10511

<O == ot | RO <ootAHOP

<otROP == NOT <HOIENEAP | <endROP
<andBI0P == <ork0P | <andFOP AND <orRIOP

<o RO == IIERP | <orR0p OR <FHOIBXIHAD
CAOEXE0P == <PEIp = Lijg
<FSIp == act] | act? | - | acts

<OIOJBESD m= Very-large | Smal | Medum [ Large | —

AN =01 _105] 11

<A =Rl [RZ | - | Ra

ENESH = <CIPEDP | <@ CPZP
PP o= A 1 EP.

FOP == <AL RO ZP
AP == <EEED | B
<HNHE> == Rdl | Ral2 | - | Reb

P /2Rt AR IS, BEL 0L AL A
& Hel 9 AT 228 LG
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Procedure  Execution()
Define symbols and functions
p# = {01} il B0l pals] ESS(ET) /f
ot = usen) > @ It 2AFHAl ope] HAGT G/
& = mew) = AR Gp®) ] AIEAAM sl HAFS ¥4/
T™,, TM. {finitial and current Token Marking /f
ETS [/ enabling transidon set f/
CETS /! concurrent enabling transition set Jf
Input
sen, [ ep?l RLABH Aol gy
Qutput
& [l ew?t G 51 oAt 3/
Reachability graph
Initialization
LEdit TFPN (graphic or textual), interoal_data_stroctures, place_transition_membership_batabase
Get TM,
for Vp.EF, do p*=<0 end_do il el 2714 //
print “intial marking is”", TM,.
repeat
/{ making proceduré jf
for Vsen=SEN concurrently_do /| get Fuzzy Marking [/
Get sensor input sen,.
Get fuzzy making.  (i.e., for VOE New do op* = i(sen) end_do)
end_do
Update TM.. (i.e, tor Vpe=P, if pr*> O then #pm~1)
Find CETS. (Le., for V=T do (for Vipel(t), VopeO(f), ¥ (#ip~1 and #op0) then t<ETS)
end_do.
for Vi, 4<ETS do (if ((HNi{H=~0 and O((R))={t} and O({))={f} then 1,1=CETS)
end_do.)
Pattition CETS by act,  (ie., CFach = {fj {=CETS and {{SXsem))
1 firing procedure J/
for V4 <=CETS concurrently_do /! Breadth-First Reachability Graph generation j/
if HENTUMT
then Inference. (i.e., if t=NT then for VipeEl(t), VogeO(n)
op=Min{{ip}} else op=Max{{ip/} end_if.
Vipel() YipEl(t)
ip™=0, #ip~0, #opr1) /I vpdate marking //
prinl “when”, 1, “is fired next marking is®, TM..
else (i.e., cteCFact)
Fuzzy firing. (i.e., for Vipel(®), VopeO(®)., & = ney) = AF(in)
Defuzzyfication. (i.e, Get 7 from &/s.)
Conuol actuator act; by 7.
CETS = CETS - CFact.
Reset all tokens. (.e., for V&P, #p=0, p*=0)
Get new marking. (for VopsO(t), #op=1, op™=3§)
print “when”, CFact; “is(are) fired with delay of’, %, “next marking is", TM..
end _if
end_do
uniil no_more sensor input or enabled transition,
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22 ¢ =3 o Moo g #a aRE
1 ZAEA 2 HAY | FolAPEA L, B o R FAFH m  |BEFER | Y | A2t
#H® 1 (RPM) [31] | ==
I cpl*=0.5, cp2*=0.5, 51=[1800,2000], 52=[1400,1800] 1678 1673 | 2000
al=150, mI=1833, &=300, m2=1600,
1.5 cpl*=0.25, ep2*=0.75, | 31=[1700,2000], 52=[1500,1700] 1641 1625
@I=87.5, mI=1816, &=375, m2=1600,
5 cp2*=1, 52=[1600,1600] 1600 1600 | 1850
. 01=400, mI=1600
2.5 | cp2*=0.75, cp3*=0.25, £2=[1500,1700], 53=900,1500] 1473 1484
0I=375, mI=1600, &=175, m2+=1600
F K 3* X ] » y
3 cp2*=0.5, cp3*=0.5, $2-[1400,1800], 53~[1000,1400] 1400 1400 | 1550
35 | cp2*=025, cpa*=0.75, | 4/=300, mI=1600, @=300, m2=1200 | ;45 1315
32=[1300,1900], §3=[1100,1300]
4 cp3*=1, &I=175, mI=1600, &=375, m2=1200 1200 1200 1350
53=[1200,1200]
45 | cp3*=0.75, cpa*=025, | &I=400, mi=1200 1073 1200
$3={1100,1300], 84=[500,1100]
5 cp3*=0.5, cpd*=0.5, al=375, m1=1200, @=175, m2=800 1000 1000 | 1100
3=[1000,1400], 54=[600,1000] '
5.5 cp3*=0.25, cpd*=0.75, &I=300, mI=1200, &=300, m2=800 927 915
. 33=[900,1500], 34=[700,900]
6 cpd*=1, al=175, ml1=1200, 2=375, m2=800 800 800 | %00
54=[800,800]
6.5 | cpa*=0.75, cpS*=025, | L1400, ml=500 759 775
84=[700,900], 85=[400,700]
o a2k
7 cpd*=0.5, cp5*=0.5, QI=375, m1~800, Q87,5 m2~583 722 726 | 800
~ 34=[600,1000], 55=[400,600]
75 *=0.25, cpS5*=0.75, 671 560
opd °ps I =300, mI=800, &2=150, m2=567
8 | opst=d, 84+{500,1100], 85={400,500] 533 500 | 700
al=175, mI1=800, &=187.5, m2=550
85 | cp5*=0.75, cpo*=0.25, | 35=[400,400] 561 511
al=200, mI=533 ‘
9 €p5*=0.5, cpb*=01.5, 85+[400,500], 86=[400,700] 567 528 | 550
al=187.5, mI=550, @2=87.5, m2=567
9.5 | cp5*=0.25, cp6*=0.75, | &5~[400,600], 56={400,600] 561 511
al=150, mI=567, @=150, m2=567
10 cpb*=1, 35=[400,700], $6={400,500] 533 500 | 550

al=87.5, miI=583, @~187.5, m2=550
86~[400,400]
al=200, m1=533
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