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B-spline fuzzy systems faired by wavelet method and its applications
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(1. Faculty of Electronic Information and Electrical Engineering, Dalian University of Technology, Dalian Liaoning 116024, China;
2. School of Sciences, Hebei University of Technology, Tianjin 300130, China)

Abstract: The B-spline fuzzy systems (B-FSs) are faired by using the quasi-uniform B-spline wavelet decomposition
method to reduce adverse effects of the inaccurate data. First, the multi-resolution of B-FSs is transformed to the multi-
resolution of quasi-uniform B-splines; and then, the corresponding quasi-uniform B-splines are decomposed by using
the quasi-uniform B-spline wavelet method to produce a series of fuzzy systems with gradually increasing fairness and
gradually decreasing number of rules. Those fuzzy systems are called faired B-spline fuzzy systems by wavelet method.
Simulation results show that fuzzy controllers constructed from faired B-FSs by wavelet method surpass in performances

the fuzzy controllers by the original B-FSs, while consuming considerably less running time.
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BRACHEAT 20, T4 204 31 1) BRI B8UF AL B R i) 1
BE, WA E T — RPN i A H0E
Bl D (1 SISOBM R G, 258 FRIX LRI RGN A T
NETTIERIDGISISO BAE SR R 8. X T2 A
%1 H (multiple-input-single-output, MISO) % £, & 4
FZIOGNNSISO BIFEAA5MI RGEM I LML BE, 5t n 153
F T/ NI IRMISO BRESH R 4. B,
FAOT 25 R, NBOT DGR B S AR 3 i)
I RSTRIZE I 28 G5 T RO BRE S AS0R] 2R G A (145
i as rERe, 23 T 5 R B OGBS A50H)
RGP RDRI A2 T 2 A 2 R P B ABAE R A7 458
TR, T ANBOT T ARk T s BAT B s (RIS AT
2 Fi#& %R (Preliminaries)

h T RN CRBRESRM R, AN 4
RIS 5] = IRBRESR /N 3 AR 32 S HA R
2.1 BFELJRE R EU(B-spline scaling functions)

Wk, dst W N IEBEHL W ek > d o tg <ty < -
< tgarrre — N EAEB IR FE A, WA ARSI S BRS¢
Boa(t), Bia(t),- -, Bra(t) & XA

1, &, <t <t
Buo(®) = {0 A

t—t;
tiva — t;
livay1 — 1 B

B, 4(t) = Bia1(t)+

.0
i —1(f ) e — = 07
ti+d+1 - ti+1 Hhd 1( ) %)L/—\EO

o (i = 0,1,k +d+ DRI, U = (to,
tla e ,tk+d+1)%§j"74ﬁ)§9€%.
R, 2k =27 +d — 12 IR0 ED, d = 3,
WK E
2 1

1
U= (070707(]’5)57"' 71_571713171)7

)E"J*kBO,d(t)v BLd(t)a e 7Bk,d(t)j'g[0) 1]J:EB%'I{_:T‘9€
FRUSE XM S = KBRS 0RBRE 4 15 1
M 5% R, R ABGR (1), B3 (), -+, By o(0).
WhBY B, BY, A ERRUICNU,. 4
Vj = Spa,n{B(()j)’ B§j)7 e 7Bég)+2}7

LENETTERRR B, BY -+ BY) v
(B 4% RUEE bR 40, 58K 0 280130, thide Boorish #E 22
ﬁm U\-‘L[E H)%“‘”a VO’ V19 T VJ, v E\*ﬁﬁj’ﬁg%?\
VicVvic...cvic.---. %

@j = (B(()j)a B§j)’ e 7Bg)+2)7 (D
JUESH

qjj—l = @jpj, 2

LA AR P (27 + 3) x (2071 + 3) PR,

2.2 #E A = IRBEE 4% /) I (Quasi-uniform cubic
B-spline wavelets)

KHERf(t), g(t) € VI, BLAFA

1
(f.9) = |, F(Bg(t)t,
W) e P 25 T VI 56 13X A N BRUR Jl  AR S )L il T
VIimt C VI, VI HEV I TP AT AR ME— ) EAS b7 [
WL, JE ALV = VI oW, Hh: Wl
WD WY WY R WL e 3 593
IRBFE 2% /N, 1] BRBAE 4% /N, WO Bk Oy A 28
i, 4
U = (W T WP ), 3)
WAALE(27 + 3) x 27 B B R Q, 11, AlifS
Vi1 = 2,Q;. )
2.3 HERSBRSREINZ PR RN RNBSY
f# (Multi-resolution representation and wavelet
decomposition of quasi-uniform cubic B-spline)
FH 52,1715 R 822755 40, AT f; € VY, A7 A1 M
—HIRE € VI Mgy € WL A§iFS
fi=fia+gi-1, H{fj-1,9;-1) =0, (%)
PR 0 f AR 2 HE R, g5 4 f5 KA TR 23 53X
), B[ 349 f—1 g, 1 FIERERRA eR SR /INp oy
fipl1
/N igp R T 3 U ) S TR 2 R 0 f -1
fj—27 Tt fl- iz/]\ji*%ﬂ%/jij‘j
fi=ficitgi1=
ficat+gjiotgi1i=-=
fot+go+ - +gj-1,

o feVigeWii=0,1,-,5—1. fo. f1,
oo [ BN R IR = 0,1, -+, j — D) RXSf;

(RE T, FR A f; 2 BRI, go, g1, -+, g5 135
AR 6 = 0,1, -+, § — DI&IT f; 14 Z R0
AT S W fos gos 910 -5 G NI D HER R
%[13].

SCHR13145 T R f U5 g IR D7 5
fi = @;C;, Hoh Oy i f 14027 + 34N 5 T s A 1l
(¥ %1 ) B W f_ =B, C_1 Jeg; 1 = WDy,
HC) M) %N

D;Ci=fi=fi-1+9j-1=P;P;Cj_1 + ;Q;D; 1,

W GIRES|
C._
(P, Q) (D2_11> =C; (6)

it Cy Dy, IISRAT f; -1 Fl g 1.
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3 ET/NBETTE R A N\ B BRE A
BOWI R GE SR 291 (Faired SISO B—-
FSs and its rule-reduction based on wavelet
method)

AN RIS DR BRI 0 8 2, BBl 153540, )

I3 FR R KR 22, 49 31 1) R BB TS BRI, /N

O3] T O, X 1T, 25 R /N o i

(177125 SEILSTSO BHESHOR 22 4 ) D' A AR I £

fal. HH A VI R 34 e SCAE[0, X R L A T

AT B BRE SR RS AT /NI OGN, 2B 15 50

LA A [0, 1) X TH]_E R, AR5 0, 1)) )it

B)5) = IRBIE A5 R BOE LT IXAN [0, 1)) TR] 1y es 2. $2

H, WP IEAUESS SIB I 4% bR ECHAT NS iR T3 21 2%

MR W2 0 i3I8 R L. B Ja, i ik B

A2 R IR IR E, BiAS 21) T &N E T G Rk

ARG HTJZEOHN, 3@ R EOBO G, $4 5T A B

b, W T R RS B DR R Gt b 2T

P T ERSKC EREE. [R] B, T LSOk 28 8 AH I 14 1 )

AR D T AT %0, R /N o3 il 7 A IS

WG [ SR T R Z i

3.1 BREFEN R GHES S = IRBH4 R B0E T

(To approximate B-FSs by quasi-uniform cubic
B-splines)
W (z) 72 Hingk A4 3t BFE 25 BB R 48, o
€ [a,b], &
f(x) & F((b—a)x+a), x €[0,1], (7

WK [, D)X 8] LB RGEE () e A A [0, 1]1X [R]
IRRES (). TR0, 1 X AR AIBRE 4
BRELf; () %) f () REAT S8 AT, AT A #AT I SISO B
FESRM RGN 2 03 R RO A TS S B4 bR
B2 o R LR, o f; V2L f(x)i@ia f(x)
SRR

Step 1 IEHUFEE ), ffifin < 27 + 1;

Step2 KHif(k/27),k=0,1,---,2;

Step3 R i oK 14 927 + 1A F s Ri(k/27,
fi(k/27)), FERR G S B il 2T _E AN 5261 £7(0)
ML), REHRAT2 + 3FEI T AR A =ik
BRI A& RALS; (), 1S5 (k/27) = f(k/27). B8 fi () A
B RGEF () AN IHERS) S = IXBREE T RRAL.
32 3TN VE BRSSO R S & 3L

N Z & (To fair the B-FSs and reduce their rules
by wavelet method)

W EBFEAN RS F (o) FH Y. IR 5] = IKBFE
SIEEBRAON £, (), W 3.1 P I 50 40, 1, ()
A 27+ TN SR P 8 A E— T e,
BT BR 2 A, 5 ()X B (R T A7 ais s e B

T EAREE NIRRT B R AR 2240 S H N 1241
{(k/27, f;(k/2)|k =0,1,--- , 27}. &
r—a
Fy(x) 2 fig—)
M F;(z) R a, b] LRSI RS, HEXNTO%HE A

{00 +a (k= 0.1, 2},

H T 2RO R 40 10 Bt A 45 B R 5k — ZHT/O %k
e, M (2) A2 T27 + 14U R i P A
MRS, X AR N 2R R 4.

L f; = @,;C;, (O ROy, NITIFFE] ;1
KRR i1 = @1 Cy—q, W fj_ T2 4 14
Bl

k

k .
(g (g = 0,1, 2771

PPN TR I A A —Hff o, HLAR 5 — 1256
. o

Fi(z) = fj—l(m)
P29 + TR I R R . dRE iR T 2,
R ] 73 2AS [R] 2 X 1 E IR RO R4 F) (x), k = 0,
1, oo, g BN (B 20 181 T R (R(B)), 2834

BFESBM R 4L,

£y — Fy(2)(20 + VMUK RS =
Fio1— Fy () (27 + 14U R RO R ) =

fo — Fo(x) 25 NIAIE BRI R 5. )

ZE b, — AR IBREAM RAF (x), &3
NIRRT A5 B RSN > B B
ST N TAIASER 2R 8, M AE S BRI 22 G0 e ot ) () i)
XTSRRI T T 2914
4 FETF/DNPITERIERMISO BF: &M R

S5 Fe I 3 W) 24 1§ (Faired MISO B-FSs and

its rule-reduction based on wavelet method)

X FMISO BFE S0 22 48, 18 4 4 6 SISO
BRE RO 28 G510 5 1 AL B agle vl A8 IR ) [) IR s 30
FH0) £ 7. T 1A BA XU T N B H (double-input-
single-output,DISO) I BFESARRN 22 58 A 51|14 T 15 1.

X mn g L4 3 UDISO BRE: 4 Bk R 45 F (,
Y), (x,y) € [a,b] x [c,d], %

flz,y) & F((b—a)z+a,(d—c)y+c), )
(z,y) €[0,1] x [0, 1],
WRLE [a, b] x [c, d]X 18] _EBRESAB R G F (2, v)
FeAL N[0, 12X 0] i sk B f (0, y). T2 mT 0, 1)?
DX TE)_F R HESS S) W = IRBRESC R B S, o (2, y) X £ (2,
y)HHTIELE, AT R I DISO BRI R4
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5 M 30 %

2O PRI HER ST = IR BRI 4 eR L) 2 53
HER IR, BT AL WR:

Step 1 EHUEEA G, jo, flifEm <27 +1,n <
272 + 1,

Step2 kK Hf(k/2,1/272), k =0,1,--- 27,
[=0,1,--- 27,

Step 3 MRHERAFRI(27 + 1) x (272 + D)
Bk /20 1)272, f(k /27 ,1/272)), 539 I0AH B 534 5
SN, AT (270 + 3) x (272 4 3) NI AL )
HESI S = IR BRI f, o (2, y), A8

E o1 E o1
fjl,jz(ﬁ7 2@) = f(27a 2@)-
PR £y o AIBFESASRN 2240 FAH N IIHER) S8 — X B
ST PRAL

T f, . (2, y) (27 + 1) x (272 + 1) Edls
RUSCLAH R PR32 S A A — A o 1Y), e e LA 380 P A
MRS

Fj(z,y) £ fjl,jg(b — 4’ ﬁ)

F(20 4 1) x (22 + 1) KRS (1, o) 2
YRR R,
5 L,

r—a x—c
(10)

fjl,jz(x7y) :ds]iV@]Tz? (11)
HR VA=A (290 + 3) x (272 + 3)M P, NTgs
T f, g RIEEBREL f;, 1 g, 1 DR
Step 1 /Q'\V = (Ul7 Vgy v 72)2j1+3)T7 Xﬂ‘vz(‘m
HINGIOETERPR N (529 Eop it

(P, Qj,) <g§1‘1> =l i=1,2,--,2" +3,
Jj1—1
FEBIGC | s
Vv, = (0;1717051717... 7Cj21JiT3)T

Step 2 fj1—1,j2 = ¢j1_1V1@;r2.
Step 3 Vi = (vi1, V19, , V1 20-143), AV)
IEES vy, FREMETTREA
i . -1
(Pj2 sz) ’2 = V14, 1:1727"'a2jl +37
D;z—l

T2 + 3) x (27271 + 3) B fRiFE
Vo= (CL_,,C% |, - ,C”);

ja—13 Yja—1s" » o —1

Step4  fj, 1,1 = P, 1VaP],_,.

FE 1 Sk, Step L3290 K7 o0 HTEV 194T

RTINS iR, T Step 3% Step 273 BIFIARRE VA

BRI 3270 7 VLA T IR /N 43 . T Step LR HIXH
BEV AT /INB oML, W) Step 243 BIPELE £, jo—1-

ARSI R R 25, IR R A0) 7 iE, T L3

T /N3 7 1L 6 IRDISO B 4% BEMI R GiFy, 1,
ky =0,1,-- 71, ko = 0,1, -+, jo LI NI L 5]
R (X (12)).

fj17j2 - }7j1,j2((2j1 + 1)(2j2 + 1)%%)@51‘“) =
Fiv1gs = Fioa (2771 4 1)(272 + DAHN) =
fjlfl,jzfl -

1 (207 1227 + D) &R =

fo.o — Foo(z)(224H01).
(12)

ZE LA %0, XFMISO BFEGAEM 24, i 4
Fi HENF SISO BFEZAVERI 28 G0 /N S T2 A, R
AR B HE TN TR IR IMISO B 4 A0 & 4,
FHRISIRMISO BFEZR [IATR 2 48 AU 24 5.

5 {fiHE.(Simulations)

RFARFNTE, BRI A2 — R RO R 42,
T I ASORY 42 Tl s A i A B Y B U R A )
B RGN KR, STk [22-24182 1 T AR I
T3, FERIHIE I D SEBIL T DU R A8 ST 145
FL25) R SE SR 1K T, ANSCEARI T ESCr R )
RO 2R 48 0 — G 3 L AR R R 1 i i o AR 1 Bk 1 IE
PRSI ds, FF AR I A AT T v fe. 45 1), R
a1 20 i s T E T 4 hilgs, BAek
L5620 14 i (R0 ) 2 .

TR B N AR, e A E
Bedz. NERTLAE A SR e AR 8, $E 4 7] DALE
BRIV TRT N IS Bl I MRS A7 1 (R 1 R0 ) 84
IE, L5 LR id 5 whANFAER 1, 2 /NG,
O I FEM 5 BV RS T ) I A, ORI GAFEAT IR
P2 R I E ML, mo A /NG T TR, mg o 12
FFa i, J; MRN8 O, M s B, [, O3
G BEES, L MK R, fo i/ NS SRR
S EEEEREL, fi AR50, 10 e ol BE R B R 50
(G = 1,2). BN ERRECERI Y

Ho |6, | =H |6 | + | awgsing, |, (13)
0, 0, a2 sin Oy
Horr:
1 0 0
H,=]ajcosb;, b a1 A],

Q9 COS 92 a2L1A b2
A = cos(0; — 6,),

0 0 0
Hy,= |0 —f1.— fa as L1084+ f5 |,
O —angng + f2 *fz
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B = Sil’l(eg — 91)

ay = Maly, by =

=muly +moly,
J1 +moL?, by = J.

T AR R G, P H bR i A i
BAE ] g, AR $R200 % 10, 084 T %, 5 1L 7]
I, NEERE TR E N B g kb, FET SR, — )
BINCAR RGP SH B

my = 0.373kg, m, = 0.088kg, L; = 0.397m,
[, =0.31815m, L, =0.345m, [, = 0.15205m,
J; =0.044048 kg - m?, J,=0.00297947 kg - m?
fi=ON-s-m, fp=0N-s-m, g=9.81m-s~ 2.

HOR A2 2 = (2, 04, 0, &, 61, 0,) T, I SCHK [25]

(759200 R BT AR BT AR I i AR i s
e ec
u =kl B(t)F <@’M)’ (14)
o k2 HILQRITIERAF IR S i,

8(0) = [ Ble+ )P, 25 Ikl dt 1,

F ()& DISORIEM R 45,
s E(1)z(1) + k(2)2(2) + k(3)2(3)

1512 ’
a R(4)2(4) + k(5)2(5) + k(6)2(6)

ec =
£ 12 ’
I3 RN G55 1R T N ERE IR ZE R, ae) Mla(ec)

I AR ZERNR ZE AR VAT 1.

(&

IR ERA 1% 22 RN ERA 1% 22 AL AR T AR 1 3835
[—1, 1]. e IR0

A, =NB, Ay = NM, Ay = NS, A, = ZO,

Ay = PS, Ag = PM, A, = PB
ec IR 534 -

B, =NB, B, = NM, By = NS, B, = ZO,

= PS, Bs = PM, B, = PB.

%TZ/% R 22 AN ERA 1 22 738 AR [ ASOR) 4 Tl R I

RIAPR.

k1 45| IR AR BN

Table 1 Control rules for double inverted pendulum

ec

e

Aq As As Ay As Ag Az
By —-0.8333 —-0.8333 —0.6333 —0.5 —0.3333 —0.1667 0
By —0.8333 —0.6333 -0.5 —0.3333 —0.1667 0 0.1667
B3 —0.6333 -0.5 —0.3333 —0.1667 0 0.1667  0.3333
By —0.5 —0.3333 —0.1667 0 0.1667 0.3333 0.5
Bs —0.3333 —0.1667 0 0.1667 0.3333 0.5 0.6333
Bg —0.1667 0 0.1667 0.3333 0.5 0.6333  0.8333
By 0 0.1667 0.3333 0.5 0.6333 0.8333  0.8333

HH L, 2235 AT LK TR0 R4 F (1) Sk, A
SHF I T/O%HE Ky

10D = {(zi,y5, zi5)[i=1,2,--- ,7, j=1,2,--, T},

Hr:
2 1 12
cwr) = (—1,-2,-2,0,5, 2.1
(l’l,l’Q, 7$7) ( ’ 37 35 a3737 ),
2 1 12
) = (-1,—2,—2,0,5, 21
(y17y27 7?/7) ( ) 37 35 73737 ))

FERE (245 ) 757 EHR T AR AL 1.

T ANHER I OE s, 281N 7% RN s 307 1 g
PO A XA 07 H T8 R 4 B N e
(input-output data, IOD)JI¥J{E 40, 75 7 %3(0.001)?
(e 0 1 75 B ANHER 1 /O IO D .

¥ R IR E R & B TN VR D IRB
PRI R G, B et — D 1IEEBRE A B R
4t F ¥ LA [0, 12 L sk 8 f. 8635, By =

3, j2 = 3, it EIY SN = IXRBRE S R KL S, 5, K08
U f, Heh i FAAT BRI [0, 124 4c 10 7t LA
T AR IR B e S EOA 0, 4T RUAR K B iR
- HO0. BUJS XS £, 5, BEAT /NI AT 23 T
BRI BRI SAI RGUF; (0 = 0,1,2, § =
0,1,2), ,\EPFooE’J%JLLJ/\i&Eﬁ//",Aﬁ?% Bl
(i, 5, 2i5) i = 1,2, = 1,2}, Mo

(x17x2> = (ylay2) = (_17 1)7
—-091 O
(zig)axz = ( 0 0.91> '
I _FiR22 5 BN, 2835 #h i T DA = i Ay sk

E@iﬂ(ﬁ’ﬂ‘%*ﬁ%?ﬂn, BEARFRZ D £ RO 2
G, O T LA, 2B R I SCRR (8] I RE i e T

ljﬂéBii/ﬁ*%*ﬁﬂ RGLFp, JECOGIAT 2 B 2R
BN Fon. 45 R, BOL T/ NBOTEARI G IB A 445
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W R G Foo, F1 i M Fy o, YT B R R R, 551 SRIETIERRTES, Toh
KBFELAR ARG Fp MBS RIL G BRESAR 5 T (Flasy) — 2)?
Gt For KAV R AH T F (-), FHACHH R #6128 4 . =5 Y K
diff = x 100%
2,2, U115 U005 Utri MM Uen. 27: 27: 2
Q=diag{1,1,1,1,1,1}, R=0.1R 1R 2 ) Wi == "

FibEE, JFIX
ale) =1 —0.97exp(—e?),
alec) = 1 — 0.97exp(—0.2¢? — 0.8¢ec?),

¥Mtzo = (0 0.03 —0.03 0 0 0)T, T"=100s. %2
M35 7R T B4R IODMIOD 5 T I, $5 5 &

S SRR 22 48 B0 BCH (P AEDG) U 4 e, 3B AT I [
JEMATLABHE 7> 71 Hl #% it & “Alntel Core 2 Duo
CPU(E8400, 3.00 GHz), 1.98 GB(2.99 GHz) Ny 1§ 4t
PEES IS AT A], wep (IS4 T I T R A A5 Tt
HREGE IR 1.6266 x 10° s, #2352 1007 FHL
W I RSP 4 R

& 2 HAEIODHF T 24| R 4ua M ALIEAT
Table 2 Performance index of control systems with I/O data IOD

diff/ % SR ZE/m AR/ m IEATIT] /s
x(x10710) 91 (x10719)  hy(x10710) x 0, 02 t
uz  0.2588 3.2548 8.7179 0.9262 0.2925 0.0636 0.0495 12.4840
upg  0.1167 2.4196 6.4810 0.6886 0.2926  0.0636  0.0496 12.5930
upp 02248 1.9100 5.1158 0.5436 0.2927 0.0636  0.0496 12.0930
Uen  1.1955 2.0183 5.4058 0.5742 0.2928 0.0636 0.0496  244.5940
up 0 8.2109 21.9930 23370 0.2926 0.0636 0.0496  221.1250
wi 43068 1.8520 4.9601 0.5263 0.3052 0.0668 0.0523  28.7180
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Table 3 Performance index of control systems with I/O data IOD!

diff/ % FoIRZE /m B E /m IBATHSA] /s
x 01(x10710)  hy(x10710) x 0 02 t
ugo 02401  0.0391 8.3622 0.8885 0.3270  0.0638 0.0518 45.4118
w1 0.1273  0.0321 8.4658 0.8995 0.3205  0.0638 0.0513 45.4051
upo 02925 0.0078 8.6381 0.9178 0.2949  0.0637 0.0498 45.2735
uen  1.2557  0.0097 7.7245 0.8205 0.2876 0.0636 0.0494  250.0764
up 0 0.0341 9.7329 1.0342 0.3204 0.0634 0.0518  231.5624
w 5.1021  0.0169 43682 0.4635 0.3159 0.0665 0.0524 59.8975
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H 2 g o I FE IR AL Tup. M T ANER
/O HHHI0D!, NI ZEHOR &, Je T/ NPT i
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B NBOT IR i 2 (s A TR Bz i 1 s
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GEITEREVL T ICMRT BRI R 2, 11045 RE RV
RIRER 28 8 (1 1 6 22 930 AN K, (H I /N 92 It
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6 4518 (Conclusions)

AICE SR BRE A R AL A [0, 1] LIP)RR
5, HeE A RS SIBIE 4% sR B0 HOE T, i R
R AR GE /N o it 1) U A R HRERS) ST BRE 2R 1) /N
SyfEin) . BE RS, A FHAES SIBRE S 1/ INEE o3 T
BT TN TR CRBRE A B RS N T
B UF /N 7 VR I BAE 250 R 48 1R R, S
FIREAT R BT AR e Bevh T AR IR 1
RO . 07 B85 AR, /N T 36 A5
RN T FORBO R RITERE, K3 T S5 hE Rk
FENR RO R G A M T RE, RIS T84T
. Ty A, A A0 T R R0 TR 32t (R ABEAA 42 ) 4 1
A% S LR 7 45 s e 8 0, HOs AT Bce AR .
WCASCI T AR TSPy SEB. G5 b, A SCAS
BB R G0 A — 8 SO &
g8, VEA e I B R 2 DI AR,
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