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Abstract: To improve the convergence speed and generalization ability of the fuzzy neural network(FNN), a fuzzy neural
network, based on the hybrid gradient(HG) descent algorithm, is proposed in this paper. This HG-FNN can obtain the
adaptive learning rate of the parameter adjustment process. Then, the chain rule is used to calculate the gradient descent
of the learning process to adjust the parameters of FNN. Meanwhile, the convergence proof of HG-FNN is given in details
to ensure the convergence speed and the precision of FNN. Finally, the proposed HG-FNN is used to model the nonlinear
systems and predict the effluent qualities of wastewater treatment process. The results show that the proposed HG-FNN
owns faster convergence speed, as well as with suitable generalization ability than other FNNs.

Keywords: fuzzy neural network; hybrid gradient; adaptive learning rate; nonlinear systems modeling

=

0 35 B

A0 2 19 2% (FINN) FUA 388K I8 02 53 fl
1, B G E R AR BB E T
7141, 4R 7T, ENN 52 ) 0 6 ] R 2 — 2 H 58
23] ] B0

FEI 45 NN 102 5505 51 00 1 3, [ 4 4 25 3 A1
By ST R PR AT DA LK

1) 2 5 17 £ 3 (BP) S35, %843 1 F H A
S AR S B P10 A T 4R I 2
fig, Zhang S5 B T — FOE T 2 A5 S R IR L
BP 4 JR Sk Sk, i i 2 R B R

S HER: 2016-08-13; f&[E HHJ: 2017-01-10.

TENS BRI 5 o) 0 AR R E A T &R
WS BB IE L, B T ET S HR L, ERE
2. Han S50 32 W7 — b2 - BUBE 70 7 535 (SA)
A K BT BB 1 22 9 4% (GP-FNIN) 1) S 50l 77 1%,
127595 P RBURR FRE i 1 A 9 B B SRR I B I 1
5F S MG, MRS FNN 1 H 0 A0 58 5 BEAT 1 2, (B2
) 2% 45 J& 76 1542 751, Davanipoor 55131 42 H — Fohi s
TRA DORER /N W 26 (FWNIN) S8R AL 77725, %071k
R LS T S PEAVAS et B S N L 2 S B
HAT — A E G2 3] 3R, AT PRAIE ] 2% 000 RS 2, 1B
FEITIE T HAUN K, B 5 BRSSO, BPEIER

HEWH: ExERE RS T H (61533002,61622301); Jb 5T B ARE 2R ST H (4172005); BHEE#E K & 0

(20172X07104).

PEE I/ SRLLAE (1983 —), 55, 23, 1 A 0, ANEHI5 /K AL B R L LAk 545 S0 78 ARAESR (1991-), 53,

Wb A, T i PR AR 2 ] (1 AT 5.
Tl IAA/EH . E-mail: rechardhan@bjut.edu.cn



1636 # % 5

Ji B AR P B d /M B A R B, AT 38 S TR
T | WS R T A g ] R

2) fe/N AR B, b USSR B, S A4
T LA W RS SR B 1 B/ e B 9 4, Wang
G T —Fh B T4 i R /R 2 98 9 (EKF) H %
L 2% 1 4 SUBH # 25 WX 2% (FAOS-PENN) 2 41
k753, 1% 77 A1) Fil EKE %F FNN 2 #5347 1 48, A
T FRAIE P 285 K SICPE . {H 2, BKF SVE IR IR S A
o, NEdEP I EG NI, 55 35
TG A% R H AR 4% 4 5 3 DLCRIE /4 17 L. Rubiol!!
PEH T — PR 2R B A 2R ok BRI A ) — TR Bk
(SOFMLS), % J7 V% fit 1% S B FNN 2 3 9 152 1E, W %
MR AITPE . E, 241N 48 2 50 4k 50 i i i 4738
JE 43708 T HAT I 2 H B A AR N 48 12 Ak g
JIR KA. Fe/D 0% AR A B i sloR
R EP RN CPNGE NP SRS Ef 727

3) AL DN TR R AR /M I ) R A
R T B B a et A 4 R R i ikt
1%, Leng SOV tH 1 — ik T80 4% K (GA) I 3
TR A% E2H 2B 4 22 I 2% (SOFNNGA) 2 HU A A6 5H
15,1271 F GA ST FNN JLI ) 5% 8 oR 30 08 S 45 5
Bt A7 YR B, SOFNNGA A i T 30 A HE 2, Al H v
BBl 5 0T . Mashinchi 2507 $2 H T 56T GA BB By
B 2] 70, SR S A T NN S AR AR B, SR 5
R Al T ENIN SR & ek B0 TR, AT 28 150 B A 1R
T2 R 48 R 1k BE, 1E /2 GA & — M & R AL B0,
JR B AR TH B, FLSC IO B 1, B[] Y R AR AR
. Kuo 258 S H T —Fh B PSO [ B il 28 W 4%
(IOAP-FNN) 2 5t A6 5532, 1% 5 v R i R BEA Ak
(PSO) X FNN [ 25 #4) R 2 £ 3k A7 1 % M0 53R I 4%
I EPERE. (B2, T PSO &4 R RE L, fER AR
B REAR T RS R 2 ST, I HORA B IS
PEIE B, BRI 7 HHE N, BRI E R R &R
R I8 1, ABAF A R ] 3 K, Wi SI0H P 12 1) i)
. R, X FNN A 3 AT g ik — B 9.

S5 DL [, AR — PR TR A B R
SRV PR ARRH 41 22 9 2% (HG-FNN). % HG-FNN i it %
THENN 208 8 72 1 B 3 55 2] 28, R 85 0k
T 5€ Bk FNN 2 3068 B2 1R SR A, JF45 7 HG-FNN
AR TIE B, ARIE FNIN AL SIGEE i Aniz (L BE /7. B
it (VR A B0 P T B S TR SR Ao 8 X 4% 3 0 S B0
ZHARE, A BRI B &N A 7. R 55 5%
R R G 5 15 K AL R B S B A, BIE T 1%
WRFRINEEE Ve

xR F32%
1 ETIRATEE T REE R B0 1P 2 N 24
(HG- FNN)

1.1 1EH#ItREZ M 4% (FNN)
FNN 3 Z i A\ 2 RBF 2 $UAY E g 2
ZH %, FNN(Z 5 N\ Sl ) Ffan T iR

11/1: 7C’Ll
202
i

p mn
E wpe i=1 1
p
=1
y= E wvp = —, (H
=1 27

P m
-3 M
E e i=1 “%ij

2

Br=wo = —;

j=1
Horpp AN RS2 T ) = 1,2, ,pil = 1,
,wp] AL St =
ZIAHPERRUE; B = (B, Ba, -+, Bp] NI HZ K40
N By R R 55 1A 42 8 R B 5 o AR e
IR

27"' s Pyw = [wlaw%"'

- 3wz
(pl e i= il
(¥ =

= p V4 LU
_ Z 2 J
=1 o
Hriv = [vr, v, -+, 0] T AL Z A, 0 95 T
M TT s .

3)

e i — e i=1 207 , 4)

up = T )
S = L2 miu 88 AT e,
o AT e W TE 9P oy
S ISR ECRE @ = (01,1, ).
12 REMETEREZAMHG)

N 1 #7E FNN P BE, 5 tH— MR & 80 T RS
SRR BRI s 2 M 2% 1 b e B o Hi AL
HwZH. & LHRREE T

B(#) = 3 (yalt) ~ y(t))* ©
oy (¢) ot 20 B 5,y (¢) Dt I 20 X 28 i

WENNLEA
1

E(t) = 5(ya(1) —y(1))*. ™)
LN BP k5 HO 5
AO(t) = _ng’;f((;) _
~us(0) = 00 gt = et gl ®



% 9H $herAR . — AR TIRAM AT A0 B A 2 W &% 2 A 1637
4 [ Delt) | de(t) | Oelt) ]
, y(t der(t) 9ci(t) Dyt
y(e(t))_aZEt;’ ) . 5e(£)) j((t)) 86((t)) ’
SHER, (0(t + 1)) H— I R BT EETE Sy M= 50,0 0,0 O | P
y(6( + 1)) = y(O(1)) + ¥/ (0()AO().  (10) R ]
X RS ST R, NAE S BB IE A T B, B AR 2, 5 LR O 5 (1) T TG 26
palt) = y(6(t +1)) ~ y(6(1)) +y'(6(+)) TA6(2). Ol [ o) o) Ol ) oy
(an Jc;(t) Ocy(t) Ocy;(t) denm;(t)d
CENOYPNIOREE] e [ CY
alt) = y(O(t)) ~ n(ya(t) — y(OD)) Iy (O(1) " () 1 D6(t) et) - _Oet) ] o
(12) do;(t)  L0oy;(t) eyt 0o ()17
A1) P IR e (1)2, 51 Oc(t) _ _wy(t) x ) x [l ey I
et >|| e ok 0o (1) 7 (1) |
n(t)illy - (1 Oel) ), =12, 27
H H By ~ (=12 27)
R y(t) ‘ WG (1) ~ A7) AT FNN S e o w
Q’J(t) = ao(t),)\ﬂn(t)jﬂ R
le()]? 1.3 HG- FNN &3R8
n(t) = O (14) | ‘
[T (@)e@) 9T VRBP4 B, 52 U RMSE A A TE
FNNZ4{ ¢\ o+ w BT G R WrIR 1 B 45 A
c(t+1) =c(t) — an(t) OE(t) _ N
Oclt) RMSEZJ}VDW@)—@/@»% 28)
c(t) — am (t)J.(t)e(t), (15) t=1
OB 45 LA LB 28 I 4 110 2 8025 51, LR B
o(t+1) = o(t) —am(t)d do(t) HG-FNN L7084 F.
o(t) — am ()T, (te(t),  (16) Step 1: WIAA i3 R IEARIKEL p, B 0 22 ) 25 55
OE() SR AR, SR M o . BENLYIEA L ENN
wlt+ 1) =wlt) =m0 = RE e BEE o S {8

w(t) —ymt)Jwte(t). A7)
T2 () 2 (t)~ma(t) 33N
|

e
)= ———, (18)
O =500
()
)= ——" (19)
0 = e
e
)= 1 (20)
B0 = 1 el
o o v ¥IRE G ||| TEEG 0(t) BEE 3R AR &,

ANBRI AR E G ey BE o BB Ew S
Mt = 1IZ1,0(1) £

ci(l)--ei(1) - ¢p(1)
0(1) = |o1(1)---0;(1)---o,(1)] - (21
wi(1) - w;(1) - wp(1)
I e S FUHE R 5 (2) 20l 2om

Step 2: 4 HIAE A HE NSO 22 X 2% )11 2, AR 4 =X
(1) ~ (5) TH SRR A 22 X X 2 1y (¢), EH 2K (6) 75 2
W28 3R % e(t) IRIE X (23) ~ (27) 5E KT FNN S50
FEEFRIR .

Step 3: 13K (18) ~ (20) THE 2= 31K 0y ()~ ma(t)~
s (6), BRI (15) ~ (17) TH5E N — I ZIFNN 2% c.
o w, A (28) 15 RMSEA.

Step 4: 1t RMSE {f /& 75 % /& 15 15 2% 4 Bl /2
ik B0 e ROE A URBL, 3505 2, AT BT TR &
Step 2 FAT EHT I L.

TRABA T B S N 58 FNN S 30004k 1) 2
Bt 7 —FEr 7. B (8) ~ (12) A4, iZ Ak E i 7=
BRBURIT I TIEBRT T — MR FE R ) 2R, I
B B HAEFNN ey o w SHO I 01 (6)« na2()

ns(t) FIE N 2 2] R B 50 (22) ~ (27) 5E G FNN 2
BOpb R AR, X (15) ~ (17) 85 5 S H i 8



1638 # % 5

xR ¥32%

ML ESHBERIE 5—KBPEETHH
TN A S AR 1) 1% H & N ) FROE R 2R R
3 HY FNN 2 500 8 1 s 080 B 9 B e
B3 2) % Bl N > A I FNN S 407 7 B R R
AR R] 2% 158 72 1O 45 S22 T, JHE 9 BRI AR X 2% 2%
ZE AR T — I ZI ) e P 4 3) B TiZ H iE
8257 >) AR AR FEE SR T DADRALE 2 e U K R B PR
B, PRAE T FNN PSSR, BAR WSSt 73 #r.
2 WL
ZRCRAL SR S S Ok 28 ) B A P 4 X 246 11k
AE, 9 1 PRUEFNN D R, LR 45 HHVR & L
WSt SAEUE . 8 S 2% % 22
e(t) = yalt) — y(t). 29)

EE1 WMRAESEYIHFNNZH00(1), ¢ I %) 5
WA

D+ [ Ab(r, (30)
|| ®)?
0(t) — J(t)e(t), 31
()Hﬂ)UH(kU
] & % {31 HG-FNN Wi 4, /Y
lim e(t) = 0. (32)

t—o00

L. 0 NENNZ$ c. o. w, AQ N FNN S 3 1) 5 #

o

‘IE% TE X 2R R (Lyapunov) R 4L
AV(t) = %&(t). (33)
FH 0 (22) AT 50, 2R R R ALV (1) AR L N

AV(t) = —elt )gZE ;Aa( ) = —e(t)J(£)AB(t).
(34)

¥R GDRN(34), 152
AV (t) = —|le(t)]* < 0. (35)
034 A%, Me(t) £ OB, AV () < 0. R AV (1)

— G FL, R 4E Barbalat’s 5| BE A &0, ¢ — oo,
AV (t) — 0,e(t) — 0.

PR THB L T BEE RIS UE B R Al (t)
3k 0, M Wie Sk 15 DUARE, F B Al(t) JE 0 Bk &
[T ()e®) A0 TR T (e(t)]| = 0,WFRITFEA
TR /MA. Rk, s B 1R, X EE FNN I 2k
I 3B S A /0N, T ENN 3 L2308 31 42 J B/
8. 20 (35) BoR, 2 14 5% At B R 20 1 o s e
ST U LR ZE YA ECT U7, R e B R EUE A
Tk /I P, T L TR 4% 15 22 K, bR (T PR A A T T
fRIUE 7 FNN g1 sk.

3 LT

N T B8 iE HG-FNN [ E 2R 1 e A5 e 77, 4 BT i ik
) HG-FNN [ FH T 7R i &2 4i 9 iR - Mackey-Glass VRV
FF ] 7 1) S0 £ 8 M 45 05 7K Ak 3 2 O B 7K ol
ZACTN, F-5 HoAth T 1R AE M 0RS B DA R WA St 5 25
FRPRIEAT XS EE.

N T 7RI HG-FNN [ 14 6E, I 738 15 43t
72 (APE) T3 28 R R 2

APE(t ZH

ﬁque(t)?ﬂtlﬁ?”l_]%lﬁﬁ,yd( ) I ZI
31 RERGHYHA

Henon % i & F A — AN [A] 28 3R F0 P > Z 50
TR VR R g U0

yt+1)=—H-* )+ Q-y(t—1)+10. (37)

Hrb H = 1.4,Q = 0.3. 50 (28) 12 000 ZHFE A,
1000 ZH A AR EE A, 1000 4 AF IR EE A FNN
BN Nyt — 1) Fyt), 5 Nyt + 1).

i A RE 1 ~ B3 PR, B 1R F 1847 50
IR, RFIBAT — IR 285 WSO 308 1T B 1 22 ) PRI AR IR,
B TR G B BE T B SR ISR 4 22 X 2% (HG-FNN)
IS T 5 G B BT B B0 10 R w8 Y 4% (FG-
FNN) [ U5 S5 £ Xt B, B 2 9 HG-FNN Al FG-FNN
TARBEA B A 45 5. B 3 5 HG-FNN 1 FG-FNN [
TR ZE. ARS8 oy 32925 0.08.

H % 100%.  (36)

300
g 200
o
£ 1002
1
o i R ;
0 10 20 30 40 50
IBATIREL
E1 WHREXTEE
2} C PG TR
'H(JE-—FNN
1.
=
& o} /
1
-0.4  -02 0 02 04
AR A

2 MRER
53T 30 3 BB T R SRE A A B
ENNZEAT PERESR bm FLER, LRSS AR 1 P,



%9 $hirAE & — A A TIRAML T 5 k0B AP 22 W 2555 R 2 A 1639
0.2 200 +F00-FNN
=—o—HG-FNN
0.1 150
E 0 & 00 _
-0t " 50U
-0.2 : : : : 05
0 200 400 600 800 1000
RSV N
3 FUMiRE 4 YISURE XL
#1 TR 1.6f — IR
~~~~ HG-FNN
Hik YZRMSE I RMSE  #Ili{ APE  epoch e 1.2}
&
HG-FNN 0.0107 0.0073 0.0227 18 0.8t
FG-FNN 0.0118 0.016 1 0.0560 67 0.4
OG-FNN'®! 0.0155 0.0117 0.026 1 51 0 1(')0 2(')0 3(')0 4(;0 500
DLR-FNN!! 0.0134 0.0109 0.0257 79 TR ABEA
ILR-FNN"! 0.0117 0.0123 0.0550 40 5 kR
RSEENN-LF!"*! 0.0320 0.0230 — —
0.10 —— FG-FNN
IRSENN!2"! 0.0160 0.0140 — —
1 0.05F
. X . B '
W5 1 ji7%, HG-FNN 177l 2k RMSE 4 0.010 7 =z 0
Wik RMSE 40.007 3. Jll it APE 70.022 7. Al 34 = _0.05}
W EE % 72 0.02 ) ¥ 13 1% 48 epoch 7y 18. HG-FNN %%

FG-FNN 7£7Z A4 58 77 FI e S0 B 1 Re b #5A 1R R $d
. 5 OG-FNNI®!, DLR-FNN!'I| ILR-FNN!“I3 fi [
3 N BE R BRIV AN E, HG-FNN B A5 e/ 11 25
RMSE. MliARMSE. ik APE, [F] i) B A5 R 11
S, B B sE g, H5ET RN AL
) 386 D SR 1 22 1Y) 4% RSEFNIN-LEUOT, 32 VR4 1o 242
I 2% IRSENNZO L5, A B /I 1) ik RMSE. R B 1
HG-FNN S SIS BB, A B BRVZ A R ) R 1)
et RGHFRAE .
3.2 Mackey-Glass BB 570
Mackey-Glass Y7t I [8] F7 51 77 B2 40 F
bx(t —7)
1+ 219t —7)
Hia = 01,0 = 02,7 = 17. VIR E 2(0) = 1.2,
TR IR
x(t+p) = fle(t),z(t — A),z(t — 24), z(t — 34)].
(39)
Hep:p =6,At = 6. 76t = 15|t = 1000 [A]i%
500 ZHREAANE NN ZRAEAR, 500 4LEEAAE R R FEA.
i 45 R 4 ~ B 6 fir . ¥4 5 HG-FNN Fi
FG-FNN 7 Mackey-Glass HJ 8] 5 %1 T i S48 F %6t
EE, ] 5 9 HG-ENN #1 FG-FNN Il £33 % 1 RMSE 48
1k i1 25, B 6  HG-FNN 11 FG-FNN [ T 1% 2. A
S8 o = 0.07,y = 0.1.

z(t+1)=(1-a)z(t)+ (38)

~0.10 : — :
0 100 200 300 400 500

TR A
6 TUMIRZE
5T 3P0 B IE SR FE R R LR AR R Y
FNN AT VEREFR bR UL, EUR S R 2 .

*2 AEEEMEENLE

ERTR WZRMSE  JIliXRMSE ik APE  epoch
HG-FNN 0.0109 0.0085 0.0052 19
FG-FNN 0.0121 0.0148 0.0101 65
OG-FNN'®! 0.0154 0.0116 0.007 6 39
DLR-FNN!'! 0.0218 0.0165 0.0098 107
ILR-ENN! 0.0098 0.0113 0.0074 36
GP-FNN!2! 0.0125 0.0107 0.007 6 41
FAOSPENN!!4! 0.0073 0.0127 0.0090 —
SOFMLS!P! — 0.0471 0.0335 —
SOFNNGAL!'® 0.0144 0.0132 0.009 4 —

H1 % 2 7] iL: HG-FNN ) )l 2k RMSE 4 0.0109,
M RMSE 4 0.008 5. Il APE 4 0.0052. [A]#f ik
S VR 7 0.02 ()~ 2% 4 epoch 9 19. JEH 2 MK
RMSE. W $G# 5 5 i, HG-FNN #¢ FG-FNN 3 1R K [
$275; 5 OG-FNNB| DLR-FNN!!'!l| GP-FNN!!?! £ [
I NRRFE R B SR L, B W B A # 5 FAOS-
PENNU4 SOFNNGAU®! &5 4k i FE R B S vk L g, B
A W/ B X RMSE. % 8] 7 HG-FNN B A 8 47 1)



1640 # % 5

ZAGRE Sy RN PRI S SIOE B2, AL T HG-FNN il il
Mackey-Glass VR B[] /7 41 iR A 1, 5 At BV AH
b, B B 3.
3.3 SKABHKERSHTU

T KA K R R 2R i B K TS e ) B
b, B0 S B AE K AL B b R R 2R e L I AR MR S5
Y5 BOME DA S B A ) %) ] 21240 3 H — Bk T HG-
FNN ) 7K 20 %0 (NH,-N) P 30000 A5 1. i 5k B3 93
BT, 15 H NH,-N (15 B AR &, SR AN NIRE T IR
UK 3 ORP. B RT3 DO 148 A S TSS A Hi 7K PH,
N NH,-N.

N T I NHL-N P00 AR 2 A 280, S 3% L
K E AL ET 5 KA ER T 140 20 NH,-N AEA K4,
H 90 A AIZRAEAR, SO LA IR EEAS, 7 B 45 R
Wil 7 #1E 8 . B 7 8 HG-FNN 1 FG-FNN 4
FEAS R 25 5, 151 8 2 HG-FNN H1 EG-FNN [ Tl
W AL o = 0.02,7 = 0.02.

10 —wmmm
—— FG-FNN
9}~~~ HG-FNN
H 8K
_‘43:—::
7 -
6 [ 1 1 1 1
0 10 20 30 40 50
WA
7 MR
0.6
—«— FG-FNN
0.4l -~~~ HG-FNN
By
iy
%

-0.4

0 1I0 ZIO 3I0 4I0 50
HIREVEN

8 TR

F| Ff HG-FNN X} NH,-N 2 5 Fill, 5 ANFIS %
B 3047 M RE AR b LU, 45 SR a3k 3 o, e
(accuracy) A A1 T A s:

1o, |walt) = y(®)]
accuracy = N;l - vald)

FH 3 3 7] O, HG-FNN il il NH,-N B (1) Il 2k
RMSE 4 0.0359. #lliX RMSE 4 0.106 4, #E 7 & =15
98.80 %, 5 OG-FNN'® | DLR-FNN!!!l| GP-FNN!'2J £
H 3 B RR T B SRV A b, B S/ 1 91X RMSE.
I e )RR 22, B AR T Hofh 5%, SR W) T HG-FNN
S T NH,-N S 0Tl i, B 48 e B TR B i
BEPL IR S, B0AIE T HG-FNN 7E FU {5 /K b ¥4 o

x 100%. (40)

~ K5 N
xR E32%
HIK A B S A SRR
#=3 TAREEMREXTEL
Sk JIZRMSE  J3ARMSE  #EWIRE
HG-ENN 0.0359 0.1064 98.80
FG-FNN 0.0510 0.1434 96.75
OG-FNN'#! 0.0922 0.3066 94.67
DLR-FNN!!! 0.0807 0.3823 91.23
ILR-ENN™! 0.046 5 0.1770 98.38
ANFISP4 — 1210 97.20
GP-FNN!2! 0.0783 0.1919 96.30
4 & ®

AN TR v AR A 22 D) % AL ST P A AL R
18R T — B IR TIRABE BN R SR AR e 22 I
%% (HG-FNN). HG-FNN 7£ { 1UE # 25 [ 25 Ut SPE e 1
BIHE T SIS e 26 R R, B2 5 1 FP &R I 2% 1Y) I
e /). il LM R G A 5 15 K AL B OCBE S K
B L, DA S B R B B SRR R FE T B B0
FHECEL 1S BILL R 45k

1) 38 3 32 1 FNN 2 50 500 72 (19 3 & B2 2
2R, ) B 200 U 52 T 6 FNN S 5086 25 1 3R A, S
L7 FNN 250 3 .

2) 5 — M BP By R I B 5 2] SRS AN [R], 2
W e £ QR HIE N5 > B8 2 e 14 5% e & R 4
PR P57 B 5T 7 P O 28540 22 P 24 L, 166 2 R B
AELAS T sk /N, DX 6% i 2 K, 2 e I 1 5% R 5 R U
T BRI, TRE TSR . 2t — oo B, AR HELE IR
KR HUEL B e, RilE T HIZ AL RE

3) CH R Y HG-FNN F e = 3, & F TR ik
RGBT, N I R G0 AT AL T —Fb
1T AT,
2S£ ik (References)

[1] Chen J, Sun F, Sun Y, et al. Modeling and controller
design for complex flexible nonlinear systems via a fuzzy
singularly perturbed approach[J]. Information Sciences,
2014, 255(10): 187-203.

[2] Hou Z S, Wang Z. From model-based control
to data-driven control:  Survey, classification and
perspective[J]. Information Sciences, 2013, 235(20):
3-35.

[31 WulJ F, Li Y, Quevedo D E, et al. Data-driven
power control for state estimation: A bayesian inference
approach[J]. Automatica, 2015, 54 (1): 332-339.

[4] EHEE M=, BAK RIES AUV B 2 W 4%
Lo 389 26 G M BR R (7). 42 5 Y5, 2013, 28(3):
351-356.



%9H

FhiriE o — AP TIRAAM LT R QB AY 2 W 4538t B A

1641

(5]

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

(Xia G Q, Yang Y, Zhao W G. L gain robust tracking
control for under actuated AUV fuzzy neural network[J].
Control and Decision, 2013, 28(3): 351-356.)

Kayacan E, Kayacan E, Khanesar M A. Identification
of nonlinear dynamic systems using type-2 fuzzy neural
networks-A novel learning algorithm and a comparative
study[J]. IEEE Trans on Industrial Electronics, 2015,
62(3): 1716-1724.

TR €, mER, WA 5 FEKFINHHAHT-S
i Elman [ 2% [7]. #2515, 2014, 29(5): 853-859.
(Qiao J F, Yuan X C, Han H G. Self-organizing T-S fuzzy
Elman network based on EKF[J]. Control and Decision,
2014, 29(5): 853-859.)

Han HG, Li Y, QiaoJ F. A fuzzy neural network approach
for online fault detection in waste water treatment
process[J]. Computers and Electrical Engineering, 2014,
40(7): 2216-2226.

Wu W, Feng G, Li Z, et al. Deterministic convergence
of an online gradient method for BP neural networks[J].
IEEE Trans on Neural Networks, 2005, 16(3): 533-540.
Zhang X, Wu L. Handwritten digit recognition based
on improved learning rate BP algorithm[C]. Shanghai:
IEEE, 2010: 1-4.
Meng D, Pei
algorithm based on two-fuzzy neural-networks[J].
Neurocomputing, 2014, 125(1): 88-94.

Zhang R, Xu Z B, Huang G B. Global convergence of
online BP training with dynamic learning rate[J]. IEEE

Z. Dynamic adaptive learning

Trans on Neural Networks and Learning Systems, 2012,
23(2): 330-341.

Han H G, Qiao J F. A self-organizing fuzzy neural
network based on a growing-and-pruning algorithml[J].
IEEE Trans on Fuzzy Systems, 2010, 18(6): 1129-1143.
Davanipoor M, Zekri M, Sheikholeslam F. Fuzzy wavelet
neural network with an accelerated hybrid learning
algorithm[J]. IEEE Trans on Fuzzy Systems, 2012, 20(3):
463-470.

Wang N, Er M J, Meng X Y. A fast and accurate online
self-organizing scheme for parsimonious fuzzy neural
networks[J]. 2009, 72(16/17/18):
3818-3829.

Rubio J de Jestis. SOFMLS: Online self-organizing fuzzy

Neurocomputing,

modified least-squares network[J]. IEEE Trans on Fuzzy

[16]

[17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

Systems, 2009, 17(6): 1296-1309.

Leng G, McGinnity T M, Prasad G. Design for
self-organizing fuzzy neural networks based on genetic
algorithms[J]. IEEE Trans on Fuzzy Systems, 2006,
14(6): 755-761.

Mashinchi M R, Selamat A. An improvement on
genetic-based learning method for fuzzy artificial neural
networks[J]. Applied Soft Computing, 2009, 9(4):
1208-1216.

Kuo R J, Hung S Y, Cheng W C. Application of
an optimization artificial immune network and particle
swarm optimization-based fuzzy neural network to an
RFID-based positioning system[J]. Information Sciences,
2014, 262(20): 78-98.

Juang CF, Lin Y Y, Tu C C. A recurrent self-evolving
fuzzy neural network with local feedbacks and its
application to dynamic system processing[J]. Fuzzy Sets
and Systems, 2010, 161(19): 2552-2568.

Lin Y'Y, ChangJ Y, Lin C T. Identification and prediction
of dynamic systems using an interactively recurrent
self-evolving fuzzy neural network[J]. IEEE Trans on
Neural Networks and Learning Systems, 2013, 24(2):
310-321.

Diirrenmatt D J, Gujer W. Data-driven modeling
approaches to support wastewater treatment plant
operation[J]. Environmental Modelling & Software,
2012, 30: 47-56.

Huang M, Wan J, Ma Y, et al. A fast predicting neural
fuzzy model for on-line estimation of nutrient dynamics in
an anoxic/oxic process[J]. Bioresource Technology, 2010,
101(6): 1642-1651.

TrfR K, FHLLEE. RBF M 28 I 2 (¥ 45 1) ) 25 1R Ak &
T B EMEEER, 2010, 36(6): 865-872.

(Qiao J F, Han H G. Optimal structure design for
RBFNN structure[J]. Acta Automatica Sinica, 2010,
36(6): 865-872.)

BIRR, IR, HESC A FE T RO P4 M 4% 1] A2/0
T HKRRAEL TR (7], b EPR R, 2012,
32(2): 260-267.

(Hu K, WanJ Q, Ma'Y W, et al. Online prediction model
based on fuzzy neural network for the effluent ammonia

concentration of A2/O system[J]. China Environmental
Science, 2012, 32(2): 260-267.)

(FTAEm A FRIRE)



