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Abstract
A design method of rule-based fuzzy wmodeling {is
presented for the model identification of complex and
Three kinds of method for fuzzy
in this paper include simplified
linear inference (type 2),

The fuzzy c-—means

nonlinear systems,
modeling presented
(type 1),

modified linear inference (type 3).

inference and
clustering and modified complex methods are used in order
to identify the premise structure and parameter of fuzzy
implication rules,respectively and the least square method
is utilized for the identification of optimal consequence
parameters, Time series data for gas furnace and sewage
treatment processes are used to evaluate the performances

of the proposed rule-based fuzzy modeling,
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— Data For Modeling |
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of Premises

Structure Identification
of Consequences
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Mininize f(X) )

Subject to gi(X)<0, §=1,2,---,m

X< sxlg"’ i=1,2,---,n

o714,
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A4 g2 B 2 ¢ A& +78% 3YL
ANE A4Y §FE ASud. A4y ¥y Avidee
AW 2Z2F R 3R Aol 27bA Fxe] 9HE A
gy, 19 26 WuAHSFY 4 WA W APl nAyY
Aol N 2AHE A& dehdz:, 29 32 dugd ¥
27} HAwse] FHPo] g 2AHE A8 e

1& 3} (lower bound),us % (upper bound)

LOW HIGH LOW
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(a) 2 fuzzy variables (b) 3 fuzzy variables
oy 2. $x8l7] 9@ HAAS stedolE a,nb (72 2)

Fig. 2 Parameters a,m,b for tuning in fuzzy variables

(Type a)
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al ay b, bh a. a, blb by, CmCh

(a) 2 fuzzy variables (b) 3 fuzzy variables

FdsAg nmm-?&.] yatelel a1, b1, aw, bm,
Cm, an, ba, cn (T b)

Parameters ai,b1,am,bm,Cm,an,bh,Ch for tuning in
the fuzzy variables(Type b)
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ot 1delg, movlolel 4, niFA FFolg, an
xiT = [wij,-,wnil, aT = [a1,-,anl, Y = [y1,-,y]T,
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X = [x1, x2, Xu T
A (AN E=Y~Xaolnz HgWo A Ha
< 2 (5l o A,
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T 2(Fuy - Adx} HY4))
FR7 U} MY AE, olstRe FEve MY
FE8Y F& HuFEyelar o, o HA mde 3 (6)9
Hel g 7HAe PYFASE2 FAEH.

Ri : If x; is Aiy,-,and xx 1s Aix,

then y=f1(x, - ,xk)=aiotai X1+ --taikxx  (6)

wifi(x3°, -, xk®) + .- + wafa(x1°,- -, %K)

yn:
Wi +w2t -0t Wn

o7l Rit 1A 78, xj& d¥dF, A HAY
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o7lM,
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aT =1[ ato,-,8n0,211," " ,anl,",81k, " ,ank J

Y =Lvyuyz, -yl
X [x1, x2, Xm JT
FX 3 (R wYd 9P
FuEyL ANR AREe] Y52 BYPHE dANYY
q A, olsipre YL Y Y FEYolet ¥k, of
HARde 4 (8)e HeE 7IAE FARAER FAHEH.
Ré:If x; is A1y, - and xk is Aix,then y=fi(wi)(8)

fi(wi) = ato + an1W1
714, Rie 194 7Y, xj& dEdF,Aue HAFH
sto] W es, 28R aiy(i=1,---,nij=0, DE Y4 o
glolelolch, 4 (8)¢] ¥ xyo,xz0, -, xko] Y ANE F
BT wi,wz, -, W UFF o8 FHAG, Fuye &9
fi(wi)e 8ol wigl Fubp Mo o8 AAs AM e
FEd3%e A 97 2.

wif1(w1) + -+ + ®Wafa(wn)
ye = 9
wy + w2+ .- 1 ¥Wa

wifi(ajo + apw) + -+ + walanp + aniwn)

Wi t w2+ - + W
ot metojele oyl o8 4 (10)d o
THdct,
a = Q™) ixTY
714,

xiT = [ wyi, -, Wal,¥ei- %11, ,%ai-Wai ]

(10)

aT ={ ajo, - ,an0,211,",an1 J
Y =[yi,yz2, -,y JT
X = [x1, x2, xa J7

V. AEded R Ay

N-1. t22 339 A%
£ AedMe I, IAAN AL Fyuolx HA B
A3y FHg AFEo 2N Box o Jenkinsyt ALEE tAR A
AY dolelg olg3lad 1Y 43 o] &Y dojeld N
TEEY G4 E ol LY FEE HA RdYYrn., W
7t ZESE())E HYeA -2.5 X 2,52 Wite AL

Abgahv dA FAHAM vlE A BEE(a())E H0D%
ol 0.591A 0.78 WP,
Xn(t) = 0.60 - 0,048 * X(t) (11)

- » {GAS FURNACE PROCESS

3% 4. 7t22 FAAA FAMelx 0 2dYS AP =
Fig. 4 Structure for rule-based fuzzy modeling in the gas
furnace
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y(© dwiolet APE Z {IHusgd ¥ W /A
@),y GCLy()E € dog g 2edd,
Fgd dolg JEE AHL3t 2709 SRj2E £2 K 3y
H 7N NEAN E28Ysa HARY & Z2AL A8 ¥
7t ¥ SE AN, Bo AL sel AEY T AP
WA EEFE BABDG, ¥ 12 (u(t-4),y(1), (u(t-3),
y()), (y(t-1), y(x))2 € wiolet AN F2elgo 2o
2 Fgsolre] B FEE v,

B 1] el dlolg Aol T AHEA AR 5
T A% BAS JeEAT ® 1994 (u(t-4),y(t)ek (-1,
y(v)) diclel el dis) 2+ S2E Fo A HxA B g
B s& 29 (y(r-D,y(t))e Fu2¥ 7t 299 s@
o] 714 Aot (u(t-4),y(t))e ga2j2¥ 71 5 49 st
ol 71 FHet, FERFAY FFAY S0} F2HY ZHY
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E 1 doet e ¥ FoAMY Hrhdd

Table 1 Evaluation criterion in the partition number of
each data set

Partition number

2 3 4 5 6 7
0.118] 0,124} 0,118 0,102 0.149] 0.141
0.119] 0,125 0.120 0.152] 0.148
((y(t-1),y(t))| 0.112§ 0,114] 0,123 0.148
F& HagA7le el otdzt 4 (12)2 HFod 4A volg
299 HARY FYA0lY QR E HARANE Relmnz 7}
A e s§ dE ¥ 7 4 (1299 pld HxHAUYEe
Bgo] gt

Data set

(Cu(t-4),y(1))
((u(t-3),y(t))

0,103

0,114| 0,148

P = (1/N>~k§5y(u)—yo(k))z a2)

o 71M, N& diolel 4, y(k)E AA delel &% Lol
L, (e $HY LARHE 84 golvh. waAM yye
HA B ol diyd R @ e Frnge] AgsHR
2 (u(t-4),y(1)9 7158 #¢ F£2 #2328 $ 2,3,4,57
AR WA 78 #£9 Hialsh 402)9 PIy HAfE 1
2latd 2|48 AF MAsizz MY HF BESce
W(t-),y())E 2 F& 309, (y(t-1),y(t))d A$& 29
o, d2td dAd gu2H £ & 3 {& 201, Ce 29
ng JAEFE(-4),y(1)) @dPF ol A=Y,
(t-9),y(1)), (y(t-1),y(1))Y 2 24 FW4e Avidds
& 4 dyu$ F 1 29 FRe: AMYAAN 2 A€
Wl gty gke]l 29 5 ~ 7o) Rk, ¥ 59 69 W4
$4e 212} Big, Swall 3} Big, Medium, Small® Ae|Ev,
a3 79 WAW4d¥<$E Small I Bige 2 AW, aY 'S -
79 WuldUsE 2A FoM E2E(Ye] sEteA Ao 9
8 Agsol BE FH7 EAEg ol& AAsA ¥ =
ge2elgdsto Auj4drE A4 @2 SA WEge=A
stetolg FHE g,

Begree of membership
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cae o8y ceq o070
Gas flow : u(t-4) (liter/min)

272 A BEE u(t-4)9 gulqg g+ 3
Membership values of u(t-4) calculated by FCM
clustering with ¢; = 2

Degree of membaership
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Fig. 5
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Fig. 7 Membership values of y(t-1) calculated by FCM
clustering with ¢z = 2

(&4 2)

Ay WP gevel g A AN 2
29] = ash ¥ 39 X be F ASAN A (12)9 PIE
agANe devleg AFFR Gandsd o Fyd,
a4 89 (a),(0)e YHAAFE u(t-4) (F& u(r-3))7 z 2,
IR HARYEE F¥ol, (), (@e Y+ y(t-1)7} 24
2 A 2gE AeEA RYY duduse wetoeg o)
Ae ANE T2 2§ Jeldg, a9 9 YU E u(t-4)
(F& u(t-3)), y(-1)9 $9¢ A4 52 saoeg 7
A AP 7z bE Jend,

29 83 99l 2t (a),(b)7t Y A We Wy
dEr2 4% de i vy £8 AA3I, (), W ¢
Y MA ded dudess 344 de 671 7 8 7}
A,
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Membership functions of input fuzzy variables with

parameters to tune in the type a
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Membership functions of input fuzzy variables with
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Fig. 8
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7 4 @9 271ge g32EH 2% Je 7

A doletel Hul, HAgg AR,
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Fubite 37kA 2R PR 1,2,38 AE¥Y, =
€ TRy ddY A5y 2Arn, F2 2 FURI) 93
MYy, 72 3& Ty dYR gAYy Yug g,
aga Fuy meolg FHo2 A YWY duelBzL s}
Ae 72 A ¥ Ha: AeEE LYY, B 2e
Z FWR PR 1,2,33% ANME Px 2,02 FAE Z 2
et MA FHoz Aol HY FYFAS 9 "Jz”‘]-r%
vEbdc,

T2 1M HA HARYLe 2 42 PEA$ 0,134
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b4 2.7t o] iy HA Y AF \CTLVATED SLUDGE PROCESS
Table 2 Optimal performance index for each model
Model No,| S, of C. | S, of P, | In,variable |N,of R| PI TRMLSPORTATI 1SR T o
1 Type 1 Type a_ [u(1-3),y(t-1)| 4 [0.164 ON PROCESS | {BaS T TANCES
2 Type 1 Type b [u(t-3),y(1t-1) 4 10.137
3 Type 1 Type a |u(t-3),y(t-1) 6 0,147
4 Type 1 Type b [u(t-3),y(t-1) 6 |0.134 YASTE WATER
3 Type 2 Type a  (u(t-3),y(t-1) 4 10,129 SOURCE
6 Type 2 Type b [u(t-4),y(t-1) 4 ]0.125
7 Type 2 Type a_ |u(t-3),y(t-1) 6 0,106 SLUDGE TREATMENT
8 Type 2 Type b [u(t-4),y(t-1) 6 [0.098 PROCESS
9 Type 3 Type a u(t-3§,y§t—lg 4 10.142
10 Type 3 Type b |u(t-3),y(t-1 4 10,133 )
11 sze 3 sze 2 |u(t-4),y(t=1)| 6 10.137 e D MTERIAL
12 Type 3 Type b |u(t-3),y(t-1)| 6 0,136

&R, 7& 39d9A HY ARG ¥ 1028 AHEA4 0,133
ojct,

olgdlA P A Fxo HA WA FUFAM R
Y AT BAAL Ryt d¥ 7x 29 39U ® 2
9ol 29 8oltt. o] 29 89 FY dolels} stA2e 4 wHo|
Ele] wime 2% 103 ., ®E 204Me PR 1,2,300A 2z}
FAF7E ) XL 698 B2 FHALAHKZL HEAME
H 34 9& Mx 2de AL} wimyr,

CO . {Mmg/litre)

-+ [T=Y

- oo TEeo | 2oo Zoco o

Time
4 vlolEl st nd 89 &9 diolelg v
Comparison of original data and output data
for model 8

29 10,
Fig. 10

B 3, Y& A9 A $Hea va
Table 3 Comparison of identification error with other
fuzzy modeling methods

Model name M.S.E. Number of rules
Tong's model[7] 0.469 19
Pedrycz’'s model{2] 0.776 20
Xu's model[5] 0,328 25
Sugeno’s model[8] 0,355 [
Type 1 (Model 2) | 0,137 4
Type 1 (Model 4) | 0.134 6
Our |[Type 2 (Model 6) | 0.125 4
model [Type 2 (Model 8) | 0,098 - 6
Type 3 (model 10){ 0,133 4
Type 3 (Model 12)[ 0.136 6

V-2, st # g9 Ay

ssAe2de) AREE 39 UD B},

2 RN £E4 s4M2% 39 e 24Uz A
Astel o) Aol 19A 43 dolgg U FHLUTH
& I, AN ALY A F8o o3 FYola WA =
99 9. o] ¥HLUBAHY FUY UEY HoltE olge
o Zlzel el @ MARDY (1415 45 g VR,

BHLUZAAN FAMo)2 5 2UHE AW 7=
€ 29 129 24,

2¥Y 11, AR Qe E

Fig. 11 Configuration of sewage treatment system
(INPUTS)
- (OUTPUT)
SR ACTIVATED SLUDGE Ess
RRSP PROCESS(A.S.P. )
DOSP
g e
L————+] MODELING
—
MLSS : Mixed Liquor Suspended Solids
WSR : Waste Sludge Flow Rate
RRSP : Recycled Return Sludge
DOSP : Dissolved Oxygen Set Point
ESS : Effluent Suspended Solids

I 2.8 UYTHAN FHMolA: NARYYL AP 7=
Fig. 12 Structure for rule-based fuzzy modeling in the A.S.P

Y FA &Y dlolg 5248 Agsle] WA 3
o A% ZdYE P, HAZYY] ANR 2ERFHL AN
¥ mevie 3L 29 29 3904 BAY T asd Tx be)
W& AR, FuR A2 3254 9 velvg 30
2 FEEY. ¥R Fx2E 72 28 AL48d, Ady o
2 FA Axle gL 2o,

A Y4 MLSS, WSR, RRSP, DosPel Z} w49 &
¥ {4 ESSo] dia WA FH2EIYP oY HriFwe ¥ 4
g 2o, olg UHEF IR RE PI(FFLA)Y WA FY
o Ha3g 2B APALE M=stn 2z leyguge
&9 veolg B 4% HA BEgSFE 278 & “Big"H
“Small"® @}, 239 IS Wu4PsE & gYgus
L 1AY FL2R AR AT, FAHL SRPL o, Fux
T2 28 HARY ANFALE P 4 Ak, 2Y 137 14
€ 7 ASR I oagh bofMe yuse wiuyg P48
HYEWE, E 6& Ty 7 204 HA HX 7o AW
AN HeniEE JeEdg, 3 ez v wmejo)E
& 7% 4 UAd. a9 158 AHA 2dye FAHON(HEA
F)7t B2 dnelFd A HAGe e +UHEe HAL Y
B, B SE ol HAZAA AW 4 2dd oY FAHeA
& veEbdg,

TE 20N 29 A AAFHo2 olFe FHOR
(BsAF)s 7189 AL TP vmsld ® 73
2d.
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B 4.7 dojes HA gl T o Agel $48n o e FHFE AR FYFNL A&
Table 4 Evaluation criterfon in the partition number of %= 3ltt.

each data set

Partition number
2 3 4 5
(MLSS,ESS) | 0.116 | 0.151 | 0.252 | 0,375
(WSR ,ESS) | 0.121 | 0.266 | 0.223 | 0.319
(RRSP,ESS) | 0.120 | 0,140 | 0,186 | 0.392
(DOSP,ESS) | 0.145 | 0.213 | 0.242 | 0.248

Data set

B 5, 7 R4 HEAF
Table 5§ Performance index of each model

Model No,| Input variable | Type a | Type b
Model 1 | MLSS_WSR_RRSP 2.65 *1.40
Model 2 | MLSS_WSR_DOSP *1.34 1.85
Model 3 | MLSS_RRSP_DOSP 1,78 2.26
Model 4 | WSR_RRSP_DOSP 2,29 2,01

*Optimal Model

(| B L
Modsl 4
i Moder 3- - - -

Parformance index (Mean square error)

—— Model 2

[
feration

(a) Type a

Performance index (Mean square arror)

[ »® L [ . sil- - - - - - e e e e
B Small Big B Smat Blg 1 mall Big f Small aig odel 4
2 =y Model 3
N | | 1 ————
a, a, a, a, a, a, a, a, e
MLSS WSR RASP DOSP e
2y 13, 72 M UYdS] WS o
1 100 200 300 400
Fig, 13 Membership functions of input variables in the Iteration
type a (b) Type b
4 sman Blg” Small Blg“ Small Bn-,;“1 Small  Blg ag 15, & HARY AeAsy JAgeze £HAA
! \ ! . . ! . ) \ Fig. 15 Convergence procedure to optimal values of
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Table 7 Comparison of identification error with conven—

tional fuzzy modeling methods
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