20 %% 6 R E RS B A Vol.20 No.6
2003 4F 12 A Control Theory & Applications Dec. 2003

XELH S 1000 — 8152(2003)06 - 0897 — 06

BPHAEZEBRANSBNBRENESIT—LMI 5%

xR, BUR%

(TR MR T RS REMES TR¥R L LM 310027)

- BE: BAZERAS(RMLP) £ TE R AR LS, B3 R EEMRRIELEL AR B —MHHMNHE
P9 448 M R —— B A 22 P 45 AR (SNINM) , B RS =5 () 47 JB 1, 6 RMILP #% 4k SNNM, T SNNM K988 2 HE 43 #
AT AL g — A 2 A B AR 23X (LMD B9 SR ##% , 1] A Matlab/LMI Toolbox SR #% LMI, M1 ¥ & RMLP ) Lyapunov 5
P, 35 BT EE X ORI %07 Bt B T R A 2 5% 3 3 2 R 4% (RNN) BFRE 9T .

XER: FAEMENEER, FRSEBNE; RESHY B SHERERASER
hES S TPIS3 CkARIAE: A

Stability analysis of recurrent multilayer perceptrons: LMI approach
LIU Mei-qin, YAN Gang-feng
(Department of System Science & Engineering, College of Electrical Engineering, Zhejiang University, Zhejiang Hangzhou 310027 ,China)
Abstract: Recurrent multilayer perceptrons (RMLPs) were widely applied to the industrial processes, but stability analysis
of RMLPs was seldom researched at present. A novel neural network model named as standard neural network model (SNNM)
was advanced. By applying the state space extension method, RMLPs were converted to the SNNMs. Stability conditions of the
SNNMs were transformed into some linear matrix inequalities (LMIs) . LMIs were solved by Matlab/IMI Toolbox to determine
whether RMLPs were Lyapunov stable or not. And the effect of nonzero biased in RMLPs on stability was taken into account.
The proposed approach can also be applied to other forms of recurrent neural networks (RNNs) .
Key words: standard neural network model (SNNM); recurrent multilayer perceptron (RMLP); state space extension

method; linear matrix inequality (LMI)

1 3|5 (Introduction)

B2 M4 (RNN)EFZEENMAS BR
HE KM T RNN R R %, 755
PEHEXZRHOELREN, MEREETERIE, R
Gk L IEH TAE, iR A L HAfvERETS 47 . B
B, A2 ETEX T AT TR B R HAE
HEBEEE X, GieRTHEK, BMELE TR SN
A, EBTHE A RNN £ % BB, X #18 RNN
KB HE I PR, BT R E RNN MR &, . &3¢
NERBEMATIBRENAEBEZHN —FEY
RNN——i 19 % 2 3 H1 28 (RMLP) >4 8y Lyapunov
BoEtE, 2R K RNN R EH ] UEE .
k4] EIRAESEY BER RMLP #ACHES
BE IR, A% e e B ie ) — s
WOEH 1), % RMLP Btk thh etk h— A& H

W7 H 3 :2001 - 09 - 07; BB H #7:2003 - 04 - 28.

SRR (LMD SR A% )&, 8 SRR LM R A &

RMLP ffs et , % BT REX B E R W .
BREHLCHM4]THERE 1 AN KRERE
XN , BT A—SeBR MBI &M, AT e
EB R M. & 3SRk (4 RS B, 8
PRy 22 W 45 B A (SNINMD) 9 BE &, FE Rl A Lya-
punov HEHES I ET LML ) SNNM 2R #ERE
e, EdREFTEY B, %% RMLP %14
SNINM JE X, AT AT LAF] R 56 SNNM i— 2645518 5]
£ RMLP (R, PSR AR R & R % 1)
B, 55— h, % BAEFREX RMLP f2E W,
DAEHRE RMLP HIHERE , PRI E Y e BEROAR T 1 .
2 [a)EHE A ( Statement of problems)

#HA LR BB RMLP (3547 80 A
THBE#MR,
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(x,(k + 1) =tanh (W, x,;(k)+V,x,(k)+b,),
x;(k+1) =tanh (Wox,(k)+Vix;(k+1)+b,),
9 X3(k+1) = tanh (W3x3(k)+V2x2(k+l)+b3),

Lx,,(k+1)=lanh (W, x,(k)+V,_1x,_1(k+1)+b,).
(1)
Hd, x(k)(1 < j < n) FRIES kWRE) ZHR
ERE,W,V(l<j<n) IPUEERE. (1<) <
n) ABRERE. X (1) 80U IE Y] 5E % tanh 7T LA
BT ARG R #(-) BTRE . A3 RE
RMLP 3B R, B BUEERE ST
ABRFRBAZ. AIUENETVRBFERERE
(EKF)$ &5 FBa e (=) 38 10 /2 e 45 4% (BPTT) B B3k
Yigk RMLP) . 763 B, & SO0 A A 32 40 S 1R
(B XH3h) B9 RMLP 72 ¥4 55 i Lyapunov 2 €t ,
B A% BRI SMPRANT A SC AT R PG B R R -
PUE A BE T R4 %4, RE (D) META US4 6
ST — A R 2
3 AR/ PR 45 B (Standard neural net-
work model)

PRAEM 2 PIAE SR (SNNM) Bl — R 30
FREMNA R BRI REH R NBSERTE FiEE
AR, XE{UTIS B # SNNM 1B, S LB RE
RS B SNNM ZHnE 1 Fr
NCHTE © BAERHEMA R g ¢, (&(k)) HWBAIR
AR, 6,(6(k)) — M ESE. AT AR,
B R R R B N ERR# 1 IGE
[ ATPA - P - 2CTTQUC

ST B |) BT © Bt ATt 2
Stk mE (k) M1 #(6(k)) IR~ ELE
BT o mf A& S .
B 1 PEE N BRI TR
A B
o[t 7],
C D
E[F’ A e R"x",B e R"XL,C e RLX",D 6 RLxL’
x € R",¢ € RE L € R RAELR 3R sl B0 3
(BN 2 M4 R & RS RN Z T A amMm).
BB 2. SNNM A] DL TR A& (LDD) R AR
x(k +1) = Ax(k) + B$(&(k)),
{E(k) = Cx(k) + D3(&(k)), (2)
$(&(k)) = o(&(k)),
IR RS (2) F i A 2t B lR BUE W5 B F8 X & A4
¢,~(E,-(k))/&(k) € [q,-, u,-], E|]
[¢i($i(k))_Qi$i(k)]'[¢i(si(k))_uiei(k)] <0,
FNMTREEEHB. -

k k+1
b [k

HED) o1 5B
L2 |

N

1 EHRER 2 P& B (SNNM) _
Fig. 1 Discrete standard neural network model(SNNM)
EE 1 BHAZQ)2RTHERENTES &
HR FFAEMREEER P WA EEERA,T
{848 % LMI B0

ATPB + CTA - 2C"TQUD + C"(Q + U)T ]

<0
B"PA+ AC-2D"TQUC+T(Q+U)C BTPB+2AD-2D"TQUD-2T+D"(Q+U)T+T(Q+U)D

Hrp
Q = diag (q1,92,"">qu)>
U = diag (upsug, = sur).
i ATHEATEAERTRE, ¥ x(k) #id
Hox & (k) BITA &,:6:(6(k) RIEH 4
$(&(K)) FICH &. M TEHBRLE(2),RAWT
Lyapunov P& :

L k-1

V(x) = xiPx; + 22 Ai2¢i(5i(j))si(j)’

i=1  j=0

P>0,,=0,BH1t, v 20,V(x) >0, Y HAY x,

= 0B, V() = 0. V(x,) fERGE(DRIBRIZEST N -
AV(xk) =

L
%k Prpyy — Py + 22 Ak, ki =
i=1

(Ax, + B$,)"P(Ax; + B$,) — 2, Px; +
22Ai¢k.i(cixk + Di¢k) =

x1(ATPA ~ P)x; + x5 (ATPB + CTA)$, +

$1(BTPA + AC)x, + $1(B"PB + 2AD) ¢,
<0, Vx 0,

{= 0, x, = 0.

AN (b - ¢80, ($,i - i) <0, W
($e,i-qiCar—qD$) (8, i - uCimi—uDH) < 0
2¢i.i—2¢k.i(qi+ u;) Coy -2, (gi+ u;) D+
2xICTQiuiCixk + 29} DTQiu;Diﬂ +
2x1CTquD$, + 281D TquCx < 0, (4)

Hre, ¢, AR C K5 17, D, REFE D M5 17,

(3)
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899
#XG)M)EREREER:
xk]T[ ATPA - P A'PB + CTA][xk] 0. y 0
< U, X .
4] Lgpa 4 ac B7PB 1 240144 e
T
T o 1[0 0 0 - (Mg + ;) 0 0 HEE
i1 0 0 0 -d; (gi+u;) 0 0 $i.1
¢k,,'_1 0 0 bl 0 "di,i—l(qi+"’i) 0 0 ¢k_i..1
. +

¢k,i "(qi‘f"i)ci "(qi"‘”i)di.l "(qi+”i)di,i—l 2"2(qi+”i)di.i "(qi+”i)di,i+l -(qi+"i)di.L ¢k,i
¢k,i+1 0 0 e 0 "di,i+l(qi+ui) 0 0 ¢k_i+1
L ¢k,L - L 0 0 b 0 —di,L(qi+u,~) 0 0 :L ¢k,L -

T _l
i

x )" 2C’Eqiuici 2C?‘IiuiDi X

(5] []<0.

$ 2D%quC; 2D%quD; i

R, d;; WHERED W% 47,58 j FInE . A s kbl 18
L

.

s

To~ D, (Tt + T2) =

i=1
[ ATPA-p ATPB+ cTA] [
B"PA+AC BTPB+2AD! '2DT
[ ATPA - P - 2C"TQUC

2CTTQUC

2CTTQUD - C"(Q + U)T

TQUC-T(Q+U)C ZDTTQUD+2T—DT(Q+U)T—T(Q+U)D]=
ATPB + C"A - 2C"TQUD + C™(Q + U)T ]

<0
B"PA+AC-2D"TQUC+T(Q+U)C BTPB+2AD-2D"TQUD-2T+D"(Q+U)T+T(Q+U)D

HH, A = diag (A,44,°",4,), T = diag (7,15,
) HA =0,T = 0. iEEE

‘i1 XNTEEIPHRSA, S D =08, &
4(2) 2REHERERNTS KR FEXNRIEE
R P X AEIEEEREA, T HE TS LML

ATPA-P-2C"TQUC ATPB+CTA+CT(Q+ U)T] <0

B"PA+AC+T(Q+U)C B"PB-2T ]
(5)
4 R%%14L (System transformation)

N R AERE 1 #417 RMLP B 44, &
%% RMLP(1) L ARG (2) @83 LT 8GR
Az E R A RMLP() N RE(2).

S | BROREME X, 5IA o NMEEITR
(x,(k+1) =tanh (W;x,, (k) +V;_1x;1,1(k)+ b)),
xp(k +1) = x,(k),

‘xl:"(k +1) = xp(k),

xp,(k+1) = x,,(k),
‘I = 1,--,n (mod n).

(6)

AIUEH, RORBAERQ)WER, BEX(6)PH

BEAANZT . RO)WFRT n MHIE, 813

BETUELAFEHBRE(),BE T IBARB R

SGEAAHEE. FE: REZEEN col (x1,,%2,,-1,

X302, X)) RRGEAIUE R TER:
x,(k+n) =
$(x1u(k), 20,0 1(k), %3, 2(k), , x (k) =
tanh (Wyx.,(k) + V,x, (k) + b)),
x2,n-l(k +n) =
¢2(xln(k))x2,n—l(k))x3,n—2(k))"')xnl(k))
tanh (Wax, , (k) + Vix;,(k + n) + by) =
tanh (W,x, ,_1(k) + Vitanh (W,x,,(k) +
Voxu(k) + by) + by),

x,.1(k+n) =
$,(x1,(k),x2,5-1(k) , x3,,2(k), =, 2, (k) =
tanh (W,x, (k) + V,_1x,1,(k +n) +b,) =
tanh (W, x, (k) + V,_$,_1(x1.(k),
X2,0-1Ck), X3, 2(k), %, (K)) + By,).
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WRAE+ 1 RELEXFPB b+ 0, H& x,, = x|,
X301 = X2,X303 = X3, % = X, ERFEL
SRR X RG(6) K V4 & 2 RHa ke E
YT o4, SRR A R T R, R BT Wi
REEEHRY.
5 FREMES T (Stability analysis)
SCHRLL, 2] 4% RMLP i) BR{E AT, A{EREK
T RMLP BIBRESRE 7, T AR MR e s BA
IRKBRFHE, BT LA7E RMLP BaE HE b % 18 3k
ZHRERRERN, BRALED.
BEFTEHENRR ()T RERRRELX:
y(k +1) = Ay(k) + B#(£(k)),
[E(k) = Cy(k) + b, (M
$(&(k)) = tanh (£(k)).
Hrp

y =col (xy, X0, X0, X0, X0, , X5, "

xll’xIZa"'vxlna"'axnlaan,"'axM)a
I =1,2,n(mod n),
A = dlag (Al,Az,"',A[,“',An),

Omlx(n—l)ml Omlxml
Al = s
I(n—l)mlx(n—l)ml O(n—l)mlxml

m[#]xu E(Jgﬁﬁa
B = dlag (BlaBZa"'aBl’."’Bn)’

Im xm
Bl - ] ] },
Lo(n—l)mlxml

C = [617627“.76[7“.76‘"]7

[ O(I—I)mlxm, O(I—I)mlx(n—Z)ml O(I—I)mlxml
Omlxml Omlx( n-2)m Wl
C = ,
Vl Om,x(n—Z) m Omlx m,

Lo(n—l—l)mlxml On-1-ymx(n-2)m, Ota-1-1)mxm,
b = col (by,by,"-,b,,",b,). \
Wy, NEG(T) BFHERL By ETR:

Yeq = Ay.q + Btanh (Cy., + b).
MEAG(DIVEEHEZEBR 2 =y -y, HRa = Oy +
b, M

z(k +1) = Az(k) + By(a(k)),

7(o(k)) =tanh (o(k)+a)-tanh (a), (8)

o(k) = Cz(k).
ZEQR)S5RE(NAAMEMER, BRERLEB)K
W R HIE R R n RN

7:(o;) = tanh (o; + @;) - tanh (q;).

t‘ﬂ% a; xlﬁ],m ‘@Xlﬁ],{ﬂ% Y ﬁ%%—ﬁ]ﬂﬁ ?r‘\gﬁ
(8) ", IRHBEN OB a = 0), WEHBRKAN
[0,1], SB{EA N O(Bl a =« 0), HEXRE/ MK
%, RAERTE.

W @;(s) = tanh (s + @;) - tanh (q;), XFFHR
Si(8) R X LR H TF0k1E:

w; = max {@;(5)/s:5 % 0}, U = diag {u;}.
REX(DR AMBRFHRER(I Al <1, | Bl
< D, REEE y(k) BEANFBBEXENFH
T 1L,EK

1&1< 2 1 Cil+l b 1=r (i=1,+,L),

i=1

AUEB I s+al<sr, lal<r.

FGB)RMBX TR ¢ 6K AT LUE o TR
(4] Ay5| 3 1 K15,

SIE1Y WMBIs+al<r, M

¢(s)/s = q; =
(tanh (r;) —tanh (1 a; 1))/ (r; =1 a; 1),

WHE 1 a; 1= r,,0 g, = d(tanh (s5))/ds(s = r;).

I F RMLP(1) #4148 et AP R F -

1) MAREZEY RBE, B RMLP(D) LN F
g (MHKEX.

2) B ARG(7) WFE A a0 RMLP(D 7EV
G BT RATEE A, B LARIERRLRT)
BV 2 B, AT LT E RGN — R SPE, B3
RGBT VS T2 Al LAAI A Matlab #4128

3) EPREATEMEE, BRE(T)HTER
BRES, XHRE(DREL N FRG(8), RN

4) BRI ¢(5) = tanh (s + a) -
tanh (a) B9FH X 5. F| F Matlab &%} fminbnd AJ 3K
8- o(s)/s BIR/MA, o(5)/s B LR RAH/D
B RIESIHE 1IHHED o(s)/s TR, NTKIE Q
Mmu.

5) |l Matlab ) LMI 5 % T 848061k g X
5) B RGRERE, AREEMNE - mRK(5)
BATTE, FRNERAREARE, T LLES HARE
=M EHE RGN EE.
6 %F (Example)

TEath—4 84468 RMLP MERENE, M TFH
JBH RMLP, Z RA WA TR, HEHmE 2 Br
R, BT R HRR:
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{

xl(k + 1)
xz(k + 1)

tanh (Wlxl(k) + szz(k) + bl)9
tanh (Wox,(k) + Vix,(k +1) + b,),
(9)

71

b2

bll

B2 PIEK RMLP 51
Fg. 2 Structure of two-layer RMLP

HAPPUEREGEMEEEZMT .

x
1

M 153.9902
- 76.0801

- 33.8377 -117.0840

L

= diag 10.0182,0.0834,0.0239,0.1588}; T = diag {121.7026,308.3922,352.4518,195.5336} .

-0.2494

|
|

- 0.3483
-0.1381 -0. 1054) ’
0.0981 - 0.1520
-0.2939 - 0.2922) ’
0.9200 0.0920
(_0.2300 0.6440)’
v, < (0.7500 0.2500 )
0.6000 - 0.0500
b, = col (0.3000, - 0.5000),

L2}

Vi

- 76.0801
547.8634
0
0
0
0

0
0 0
213.3289 - 89.3822
- 89.3822 476.1148
- 287.3975 - 65.8201
67.5761 - 106.6357
0 0
0 0

0
0
0
0
0

41.6013 15.4305

0.8 x(zl)(k)
064 .
0.4
02 x{"(k)
0
-02
04
—06 AP
Tos an
15 10 20 30 40 55 K
H 3 WEH RMLP RS

Fg. 3 Suates of two-layer RMLP

b, = col (- 1.0000,1.0000).
RIELT 1, B RE)FELR -
xu(k +1) = tanh (Wixp(k) + Voxu(k) + by),
xp(k +1) = x,(k),
X3(k +1) = tanh (Woxn(k) + Vix (k) + b,),
xn(k +1) = x5 (k).
(10)
X, AR O TUERR(DMER, LP, y =
col (xy,%1,%X9,%0),A,B,C Flb BAHIAT FiR:

0 0 0 O Ly, 0
Ly 0 0 0 B 0 0
1o 0 0 0o T 0 Lol
0 0 e O 0 0
o w W,
C = , b = col (b,b,).
Vl 0 0 W2

BRMAGRE, LEES N
Yeq =col (0.0573, - 0.7410, 0.0573, - 0.7410,
- 0.8268, 0.5345, - 0.8268, 0.5345).
HHREHBEXE
U = diag 10.9992,0.8291,0.7683,0.9213},
Q = diag 10.4884,0.3243,0.1400,0.2420} .
FI A Matlab/LMI £ T B KRR (5), 018 .

0 0 -33.8377 - 41.60137
0 0 - 117.0840 15.4305
- 287.3975 67.5761 0 0
- 65.8291 - 106.6357 0 0
615.3706 - 0.3046 0 0 ’
-0.3046 259.6717 0 0
0 0 172.7951  60.9458
0 0 60.9458  230.9313

P RIEEREME, A T HRMNAILEHERE, BHEiS1
ARG (9) heRlniiae it ToRE & mE 3
i @8 305, REO) BV ES y, ZTREM,
H5#ie 1 H5—2.

7 %5t (Conclusion)

ASCRMT —FEF LM HEARMF K RMLP
BEMIT T B bR e 2 M 4% B B (SNNM) [
ok RMLP (e i it — Mg s, mA
P AR A RMLP B B i R IR, 3
TRESIAREE D, AU LIRS RMLP H1E
IEEE S, T Bt vl 55 RMLP fofaE v . IR AEH L
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FE20E

b ISR £y 9 2% (0 B HE A 22 P 4% ) 3R 7 7 SNINML #
A, ARG B e e EBEHK
e AR 1 RRER S A0, MIERER
f, BT AR AR LML 1778, F AR R EA TR
E 3 ANSFRE B X 46 /0 (BR3E K BIEL, 45 /MUE) , AT LA
BT (B R X PR B R R KRR RMLP Bt
B B LA 7E 37 B L AR I R B, 338 RMLP IS E
PR KB — T8 B — T, T RIS
PR B ESR AR T3 2 3 X 444, X TAFE 3k
LAk R B (3N tanh) , AR AEFI R AR AR (At
HHRE), ML — SRR E 2 BN R T,
X WRERRARM T EZ—.
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