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Abstract This paper investigates robust finite-time stability for a class of singular large-scale sin-
gular neural networks. The singular large-scale system under consideration is subjected to intercon-
nected delays and bounded disturbances. Using the singular value theory and Lyapunov-Krasovskii
function method, we propose new LMI-based criteria for the robust finite-time stability of such
systems. The conditions are presented in terms of tractable linear matrix inequalities (LMIs), which
can be solved efficiently by the LMI toolbox algorithm. A numerical example is given to indicate
significant improvements of the proposed method.
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1 Introduction

Stability analysis for large-scale neural networks (LSNNs), which is one of the most important
topics in the qualitative theory of dynamical systems, has received considerable attention over the
past decades (see, e.g., [1-3] and the references therein). A significant stability study of LSNNs
focuses on the systems with delays. However, most of the existing results on LSNNs have concen-
trated on Lyapunov asymptotic stability (LAS), which is defined over an infinite time interval. the
author of [4] introduced the concept of finite-time stability (FTS), which focuses on the transient
behavour of a system response over finite time interval. There have been a lots of interesting re-
suts on the FTS [5-7]. In the past years, in the context of large-scale systems problem of stability
and control has been widely studied and found many significant applications [8, 9]. Especially, for
large-scale neural networks, which incorporate numerous subsystems with enormous of numbers
variables and contain interconnected delays, turn out to be increasingly more complicated due to
its high dimension and structure distribution characteristics [10-13]. On the other hand, singular
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systems (also known as descriptor, implicit, differential-algebraic or general state-space systems)
have attracted particular interest and many significant results in this area have been obtained
[14-17]. For large-scale equations with delays, by using the Lyapunov function method combined
with the LMI technique, some results on FTS were proposed by [18-21], however, the singularity
was not considered there. For the singular large-scale equations, using singular value decomposi-
tion and the Lyapunov function method, some delay-dependent sufficient conditions were proposed
by [22-24], but the neural structure was not considered there. When neural structure appears in
large-scale systems, some stability results were reported in [25, 26], however, no singular parameter
was considered there. It should be noted that there exist few results on the FTS of singular LSNNs
with delays. The reason is that the singular LSNNs describe nonlinear time-delay systems of high
dimension with complicated delay parameters consisting of large-scale differential-algebraic equa-
tions. Stability analysis of singular LSNNs with interconnected delays is much more complicated
and requires an extensive calculation to investigate the stability conditions. To the best of our
ability, there are no results on the FTS of the singular LSNNs with delays in the literature. This
is an essential and challenging subject not only in theory but also in practice.

The aim of this work is to provide sufficient conditions for robust FTS of linear singular LSNNs
with interconnected delays. Different from the existing methods, we have presented an equivalent
form for the system by decomposing singular matrix method and by constructing a kind of novel
Lyapunov function. The method based on the singular value theory and Lyapunov function ap-
proach has been used to decompose the system to fast and slow subsystems, which results in an
explicit representation of the fast variables in terms of the initial conditions and the slow variables.

Comparing with the existing results, our paper has the following novel features. (i) The in-
novation of research approach. In this paper, we attempt to develop Lyapunov function method
combined with SVD approach to solving robust stability problem. The proposed approach is the
first trial in investigating robust stability of singular LSNNs with interconnected delays. (ii) The
difficulty and generalization of the research result. The main difficulties and drawbacks in stability
analysis of singular LSNNs are the presence of interconnected delays and disturbances. Our system
model describes a wider class of LSNNs, which subject to the interconnected delays and distur-
bances, which gives rise to the difficulty in the stability study due to limited research techniques.
The contributions of our paper can be summarized as follows.

(i) Robust FTS analysis of large-scale systems in the existing papers reveals some restrictions:
either the delays, the singular structure or the neural structure is not considered. In our study, the
above restrictions are removed and the delays are interacted between subsystems.

(ii) Combined with the LMI technique [27], by creating a new enhanced Lyapunov functionals, a
new set of sufficient conditions for robust FTS is provided.

(iii) Delay-dependent FTS conditions are established in the form of strict LMIs, which can be easily
solved by using interior point algorithm [28]. In addition, a design procedure has also proposed for
the robust FTS of the system.

(iv) Through a given numerical example, we verify the validity of the stability conditions.

The following is the paper’s structure: Section 2 contains definitions and mathematical prelimi-
naries needed for the next sections. Section 3 presents the main result on FTS of descriptor LSNNs
with a numerical example and simulations.

Notations. RT represents the space of real positive numbers ; C is the space of all complex num-
bers, ]R¥ stands for the k— dimensional space; R**? is the space of (a x b)- matrices; C([0, M],R¥)
represents the space of continuous functions on [0, M]; Ly([0, M],RF) represents the space of
2—integrable functions on [0, M]. A is a positive definite matrix (A > 0) if (Az,z) > 0 for all
z # 0.
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2 Preliminaries

Consider singular neural networks described in the following large-scale complex form

Eii(t) = —Awi(t) + Bifs (yi(t)> + gl: Cij95 (yj(t - 5ij)) + Dw;(t), t>0,

i£4.j=1 (1)
yz(t) = ¢Z(t)7 te [_67 0]7

where 0 < 6;; < 830 # ji i, = 1,2, M; yi(t) = [yi(t), y5(t) ..., i, ()] € R™ is the state
of the i—th neural in the networks; F; is singular: rank E; = r; < ng,i = 1,2,..., M; w;(t) €
RP: is the disturbance; A; = diag{a}, a3, ...,a;i} € R™*"i satisfying af > 0, VI = 1,...,n;;
B; e Rm*™i (;; € R™*™ denote the connection and the discretely delayed weights, respectively,
D; € R™*Pi is constant matrix of appropriate dimensions; f;(y;(¢)) = [fi(yi(t)), ... f&. (i, ()] "5

gj(yjﬁ(t —0) = [ Wit = 6)), gl (W, (t = )75 i) € C([=6,0];R™); the disturbance w(t)
satisfies

Jh>0: max { igg{w;r (t)wl(t)}} < h. (2)

Let us set

D =diag{D;,--- ,Dm}, B =diag{B1, - ,Bm}, A = diag{A1, -, Am}

y O =l ym @) T @) = ) funaM (ya(t) T,
R =diag{Ry, -, Raah, w(t) = () .., woma(®) 1,0 (1) = [1(0) - oma®) T,
E =diag{Ex, -, Exm},g" (y(t = 0i5)) = [g1 (1 (t = 6:5)) T -+ gma(yama (t = 655)) '],

{ C;; in the line i and the column j,

0 on the other positions,

then, the system (1) is given in the form

) M M
Ey(t) =—Ay(t) + Bf (y(t)> +X X Cijg(y(t - 57;3-)) + Duw(t), t>0,
=1 j#ij=1 (3)

The activation functions satisfy Lipschitz conditions:

AW < nilyls s [fa, @) <m0 Jyl, (4)
and

AW <Ay, s 198, W) <A, lyl, (5)
for all y € R.

Definition 1 System (3) is (i) regular if det(sE + A) is not equal to zero; (ii) impulse-free if
deg(det(sE 4+ A)) = rankE, s € C.

Definition 2 For ¢; > 0,¢2 > 0,L > 0 and a symmetric matrix R > 0, system (1) is robustly
finite-time stable w.r.t. (¢1,ce, L, R) if it is impulse-free, regular and the following relation holds
for all disturbances w;(t) satisfying (2):

sup {(bT(T)R(b(T)} <c — yT(t)Ry(t) <cg, Vtel0,L].
T€[—46,0]
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Lemma 1 ([27]) Given matrices P,Q; R,Q = Q",P = PT, we have

PRT

TH—1
P+R'Q R<0<:>{R_Q

| <o

Lemma 2 For matrices P,L,U,G,S, T, where P=PT,S=ST >0 and G =GT > 0, we have

P LT UT

Te-ly TT

<P+ULG U?S><0@ L-S 0 |<o.
U0 -G

Proof. The proof of Lemma 2 is an easy consequence of the Lemma 1.

Lemma 3 ([29]) For a matrizx 0 < G € R™, and two scalars ki, ks satisfy 0 < k1 < ky and a
vector function x : [k1, ko] — R™ such that the intergrations concerned are well defined, we have

ka

k2 T ke
(/k x(s)d5> G(/k x(s)ds) < (ko l’<31)/k1 27 (s)Ga(s)ds.

1 1

3 Robust stability

In this section, we provide new LMI criteria for FTS of system (1). Because of rank E; = r; < n;,
without lost of generality as proposed in [17], we assume that the matrix F; has the form E; =

I.. 0
( 0 O) and denote

S ) At . . .
A; = diag{al, ay, ..., a,, } = (AOH /522) ; Ay = diag{al, ...,a,,} € R">";

Aby = diag{a’ ,, ...,al } e Ri—r)xni=ro. p — ( ' 112) ; Dy = ( ¢I> ;
22 g{ i+1 z} P21 P22 DII
f}(-)) L ( ) (Cﬁ Cié)
(yi(t) = | = forall 4,j=1,M;B;=(%; 5:°):;Cij =\ ii ~i7 ]
f (y ( )) (fll() J B21 B22 02]1 02]2
gj(') . i i Xpi. Rl ) P XT
9i(y;(t —di;)) = ( 7F 7 | forall 4, j =1, M; Dy € R"*P%; By, Pjy € R,
917()
Cijl c Rrixrj; 01]2 e Rrix(nj—rj); C;jl c R(ni—ri)xrj;
[0 = LWL, ooy £ i 0T g7() = (g1 (Wl (= 6i3)), s @i (i, (£ = 6:5))]

i) = ()5 050 = DA @), o i OFT € R (1) € RO

The system (1) is reduced to the following slow-fast subsystem

M
G = —ALyi(0) + BLfiO) + Blafi )+ Y [CHgl() + Cligl ()] + Diwi(o),
J:L/@fz
Ai o Ri fi Ri i ij J ij 7 i (6)
0 = —Aboyi () + B, f1() + Bao f1,() + Z {02191(-) +C229[I('):| + Diwi(t),
J=1,j#i
yit) =wi(t), te[-6,0]

The following notations are introduced for simplicity.

U; =diag{n}, nb, ....ns. }; Vi = diag{~i, 74, ..., 75, },
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M
J=Lij
Vi ==Q 43V ZVi, j> i vl =—Qia +3V,1 Z; 0V, i > =2, M,
Vi,M+1 =- A:Sz'—r - Xi; V}\4+1,M+1 = =5 — 5;7
i -1 . . o -1 . .
VMAj M+ = — 5z‘j Yj, Vi >4 VM4j M+ = _51‘,]‘_1ijlv J<ij=2,M,
Vioms1 =PiBis Vaapgy12m41 = —Zis Vipmgy = LFiCijy 1> 4,
Viopmts =PiCij-1,1 2> j, j=2,.., M,
Vsmjomtj = — Zjs < Js Vsppjomej = —Zj—-1,J = 2, Myi # §; V] sy = BiDs,
V§M+173M+1 =—1I; V{,:J,M.H' = X;Cij, j >4 V},?,/\/H—j =XiCij1, ] =2,M,i>j,
Vsmajams = = Zjs J > B Vamajamay = —Zi-1, = 2 M0 2,
Vi ams1 =XiBis Vg, m = —Zis
Vig1,amg =9iCijy § > 0 Vi amyy = SiCij—1, J <0, j =2, M,
Vimajamas = — Zjs © < Ji Vipmajames = —Zj-1,§ < i, j =2, M,
Vi sma1r =XiDis Vsppr s = =L Vg smge = SiBis Vspaosmae = —Zi,
y/i\,(JrLS/\,t+3 =5;D;; ng+3’5M+3 = —1I; v}, = Ofor all other cases,
1
U3 :i H’HI} {)\mm(Pll)} U= :Ilr,la},{./\/l {)\min(Ri) } )
)\maw(PiEi) Anfbaa:(Qi
o ) g, (2t
P N () S T R (R
62 )\maz(}/;)
% (et
M e R (R
ey +3MhL
V2 :i:III,l.E.%.),{M {)\mm( ’)} i == Vs 6" = i,j:lmu/l\/[ - {0is}
AL =(2M + 1)1‘:11113.)(/\/1{” [Ab,)7 By, 1175 || [A%] By 1173,
Az =(2M + 1)1 e {Il TA5,) 71 C3% 1175 11 [A%) 1 C3 |17},
Ay =@M +1) max ]| [A%]) 7' D5 |1?}; Bo =1 - A max {]| Us 1%},
Bofr =1 ,nax {H Ui [I?}; BofBz = 2, Max {1V 17} ﬁoﬁ:& = A3,
L
=
=3 [BaM = 1)] 5 96 = 14 8105 + (M — 1),

d(Cl) :[2(M — 1)’[90162 + Mhﬂ3]195

Theorem 1 The singular LSNNs (1) is robustly finite-time stable w.r.t. (c1, ca, L, R) if there exist
non-singular matrices P;, symmetric matrices Y; > 0, S; > 0, Q; > 0, diagonal matrices Z; > 0,
matrices X;, 1 =1,..., M and a scalar 8 > 0 such that

P,E; = E P > 0; (7)

V= (V;k)(5M+3)><(5M+3) <0, i=1,..,M; (8)
12y -1 .

Al izilr}%{ll Ui |7} =1 <0; (9)

V496e’T 4 d(c1) < —= (10)

?92
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Proof. 1. The regularity and impulse-free. We first note that (sE+ A)* = diag{sFE1 + A1, sEy+

As, ...y SEpr + Ap} where E; = (Ig 8) Ay = diag{al, aj, ..., al, }, then

det(sE + A) = det(sEy + A1) det(sE2 + Az) det(sE3 4+ Ajz)...det(sEa + Anm).
Moreover, we have
det(sE; + 4;) = (s + al)(s + ay)...(s + al.,)(ak 1)...(a},)
= (al, 41)-.(ak) [s” +ak _ s+ L+ als + det(Al) ],
where a! > 0, Vi =1, M; | = 1,n;. Thus, det(sE; + A;) is not identical zero for all i = 1, M. This

implies that det(sE + A) is also not identical zero or neural network (1) is regular. Furthermore,
we see that

deg(det(sE + A)) = deg(det(sEy + A1)) + ... + deg(det(sEnp + Am)) =71 + ... + 744 = rankE.

Hence, the system (1) is impulse-free.

2. The robust FTS. We consider the Lyapunov-Krasovskii functionals:

M
V(t,yt) = Z {Vil(tyyt) + Via(t, ye) + Vi3(t7yt)}7

where

Vzl(t yt) —6 (t)TPzEzyz
t

M
Via(t, ye) =e’ Z y;(s QJyJ s)ds

J=1, j#i s

ij
t

M
VZB t yt —6 Z /
05

t
/ZJJ TYJ?/J( )dvds.
J=1, j#i "

@j

The derivative of V (¢, y;) gives

Vir(t, ) =BVir(t,ye) + €'y ([ A] BT — PA ]y (t) + 2€°%y,T (£) PiBi fi(yi(t))

M
+ 2y (0P > Cijgi(yi(t = 6i5)) + 2y (t) PDiwi(t);
ij,j=1

) M M

Via(t,y1) =BVia(t, yr) + €' Z y;r(t)ijj(t) — e Z y;—(t — 0i5)Q;y; (t — 8ij)-
iaéj j=1 j—Lj#i

13(t yi) =BVis(t,ye) + Z 5233/] )Yjy;(t ) — e’ Z / i (0)Yjy;(t).

i#£j,j=1 j=1,j#i

Based on (4), (5) and the following derived inequality estimations

2y, (t )P'B'fi(yi( ) <yl O)PBiZ7 B Plyi(t) + i (DU ZiUiyi(t);

M
2y (¢ Z Cij9(y;(t = 6i5)) < Z yj—r(t - 5ij>VjTZjijj (t = dij)
Z#J,J 1 J=1,57#i

+ Z yi () PCy 25 O Py (t);
J#i,g=1
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2y, (t)PiDywi(t) <y () PiDiD] Pl yi(t) +w] (t)wi(t);

o [ amn < ( /t;_‘yj<t>dt)m( /jé yi(t)dt )

t—tsi,j

— 26’8t T( )E;—Sz {Ezyz(t) +Az’yi( ) B; fl (yl ) Z Cl]gj <y] - 51])) - Diwi(t)} = 0;

J=1j#i
27y (O E] SiBif; (yi(t)) < [Eiga(t)] " SiBi Z; ' B S} [Eigi(t)] + vi(t) " U;" ZiUiys(t);

M
2T OB S Cisgi (it = 0)) < D (B0 $iCii 25 CS] [Bugi(1)]
=137 J=1,5#i
T Z yj (t = 0i)V;' Z;Viy(t = bij);
J#4,5=1
2¢7%y () B, SiDywi(t) < [Egga(t)]T Si:DiD;' 8] [t )] +wi(t) " wi(t);
— 267y (6) X [Euga(t) + Aiwi() - Bifi (i()) - S cug (v5(t = :5)) = Diwn(t)] = 0;
J#E=1
200(0)" XiBifi (wi(t)) < ul (0 XiBiZ7 B X[ yit) + u! (U] Ziligi(t);
M

Qyz Z C”g_] (y7 — (5”)) < Z ( )X CZ]ZJ 1CTXT ( )
J;ﬁm 1 i#£7,j=1
+ Z yj (t =8V, Z;Viy;(t = 6i5);
Jj#i,j=1

2y, ()X Diw;(t) <y (6)()X;D; D X yi(t) + wi(t) Twi(t),

we get

V(t,y,) — BV(t,y) < Pt Zy [ PA; — AP +P,B;,Z'B/ P + (M —-1)Q;

i=1
M M
+3U ZUi+ Y PCyZ7'CLPi+PD;D/ P+ Y 6;;Y: — XiA;
i#§,5=1 =1
M
~ATXT + XiBiZ7'BI X+ Y X021 Cl X, —s—XDDTXT} (1)
JAig=1
M M
YNy (= 0y) | = Qi 3V 2,5yt = 6yy)
i=1 j#£i,j=1
M M t t
~ S () woa)svi( [ wwa)
i=1 jig=1 Jt=0%; t—3i;
M M
=2 S B ()] (= Si - ST+ SiBZT B ST+ Y 8,057 ST
i=1 Gij=1

+ 8.D:D] ST ) [Esgi(t)] + 3¢ Z w] (Buwilt) + 267y (O[-AT ST — Xi][Euji(0)
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vi(t)
2
M & 0 M
Se‘”Z([yia)ﬂ[z?]f..[zW[EwW[zﬁ“ﬂ.wszF) (o Fi) Eii(?)
=1
M2
22M
M
+3eP> " w] (i),
i=1
) ) t
where z] = -(t —0i) i j >0 2 =yt — 06 -1) i > g5 2 Mﬂ = / y;(E)dt if j > i;
t*éij
yi—1()dt if j < i, Vi = LM, Vj = 2, M, and I'" = diag{Ih ;- T}
t— 517 1
:( l ,i =1, M, in which
(M+1)x (M+1)

), =—PA — AP +PB;Z;'Bf P + (M- 1)Q; + 3U; Z,U; — X;A; — A X}

M M
TpT —1T “1pTyT
+PD;D]PT+ > 6:Yi+ > PCi;Z7'CLPi+ XiBiZ ' Bl X,
J#i,j=1 J#,j=1
M
+ Z XZCUZJ_lc;Jer 4—)(11)11);)(;7
J#i,5=1
LMl = _AzTSiT -X
P =—Q;+3V, Z;V; ifj>i P =-Qim1+3V,L Z; 1V, ifj<id;j=2,M;
M
i = =S — ST +8:BiZ7 "B ST + Y 8,62 CL S + 80D S j =2, M;
J#i,5=1

@;k =0 for all other cases;

i -1 oo . i _ -1 oo Lo .
Dhpjmey = =05 Y5, 87 >0 Iy opmgy = =05 151, i <455 =2, M;

Applying Lemma 1, the condition (8) is equivalent to <q§ 0

0 Fi) <0,7=1,2,...., M, and using

condition (2), we obtain
V(t,ye) — BY(t, 1) < 3Mhe". (11)

We get by integrating both sides of (11) from 0 to ¢

V(t,y) < (V(O,yo) +3MLh)eﬁL, te o, L. (12)
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Furthermore, we have

M M
V(0, o) <ZAW PE)y (0)gi(0)+ > Y bijAman(Q;) s ol (s)pi(s)
i=1 i=1i#j,j=1 sel=o

M M 2

2 2 gAmaz(Yj)ssug o] ()05 (s)

i1 =1 €[-4,0] (13)
o~ Amaz (PiEi) - Amaz(Qs) -
< ; o iy v (ORw(0) + ;(M T (B o # (9)Ripi(s)
M
+ (M~ 1)%2 2 i:“:g; S @] (s)Ripi(s) < e,
which gives
V(t,y) < (V1¢1 + 3MLR)ePE. (14)

Moreover, we see that

M
y() Ry(t) < max (R} 00)] *ﬁzz{ﬂ v () 12 + Ly (1) 17 ]

i=1,M

and from (7), we get Py = 0, P}; = [P{;] > 0. Now, we will estimate the state solutions || y4(¢) ||?

i, (#) ||? . From the view of V(¢,y;) we have

V(t,ye) > Y u:(t) T PiEyi(t Zy ( " ) Z min(Pi1) | y7(8) |17 -
i—1 ]

This inequality with (14) gives

1 L
Z Fyz(t) [I* < 5-e” [ﬁlcl + 3MhL} < M&“, vt € [0, L]. (15)
3 3

Combine with (6), as a result of

M
yir(t) = [Abo] ' Bsy () + [Abo) ™ Bho f1r() + Z [As) ™ [03]19}( )+ C5hg1, ()| + [A%] ™ Dipwi(t),
=1

we have

() 17 < (2M + 1) || [A%] ™ By IP[1 7() 1 +2M + 1) || [A] = Bay 71| f1:() |17
M M
ML) D AT P g () 1P +eM 1) D | TAR] T O 1) g7, () 1P
i#,=1 i#,=1
+ @M+ 1) || [As] 7Dy Pl wi(t) 17 -

Setting

M= (@M +1) max (] [Az] 7 By, |I% 1] [A5] B 17}

=1,...,

Ao = (2M+1)  max {] [Ap]” 1C§ 15 1l [A5] " Cah 1P}

JF#LLI=1,.

Ay = (2M +1) max {|| [Ab] ™' Dy 1P}

.....



P. Huong, V. Phat, P. Niamsup

10
we have
‘ M
Il @) 1IP<M [ AO P22 D0 150) 17 Hhswi(t)w] (1)
i#£j,j=1
M
DN U Py 1P +22 D> 1V 121508 = 6i5) 1F FAsws ()] (2)
j#i,i=1
<h_max (]| U | }Z I i) 12 +30 e {1 U | }Zln vhi(0) |1
J
2 max {|| V| }Z Z w7 (t = 655) II?
J= = 1175],] 1
M
_max {[| V; | }Z Z g (= 0i) 17 423 D> wj(t)w] (1),
i=1i#7,7=1 j=1
then
(1= max {110 })ZH v I <\ max {10 | NI
j=1
+Ag  max AVl }Z Z |y (t = 6ij) II?
i= 1]#2] 1 (16)
2 max {||V;| }Z Z gt =655 |I?
i=1 j#i,j=1
M
+ A3 ) wji(t)w] (t)
j=1
Since By = (1—)\1 _max {10 11? }) > 0 and
|12 12
SN AT e e (VI
' Bo 2 Bo T By

the condition (16) implies

leyu H2<ﬁlzlly1 ||2+ﬂzz Z ly7(t = 6i7) 11°

i=1i#7,j=1 (17)

+Bzz Z Iy, (t = 6i5) |1 +53Z||wg )17
Jj=1

i=1 ij,j=1

o If (t — 0;;) € [—6,0], we have
7t = 0i5) I <l it = 655) 1P= @ (t = bi5) T 05 (t — 645)

1
/\min(Rj) ]( j) J J( J)
hence
M M 1 M M
E E ||y (t—0; 2§4max _— g g @»t—6i<TR-<p»(t—5i»)
T i) |l 7:1""’M{>‘mi"(RJ)}¢=1i¢j,j=1 i i) Rjp; J
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1
in which ¥ = ) maXM{m}.

o If (t — d;;) € [0, L], using (15) we have
M M
j U 3MhL
S - I7s - )RR S (gt
i=1 j£i,j=1 3

and hence for ¢ € [0, L] we obtain that

M M _
Z Z | y3(t—6i;) I < (M — 1){1901 +z94eﬁL]

i=1 i, j=1

Therefore, from (17) it follows the following estimation

M M
le yir(t) IP<Br0ae™ + Ba(M = 1) [Ver + 04| + BaMh+ 823" D0 Iy (e — o) I

i=1i#j,j=1
M M ‘
<a+Py > i (t—=dy) [I° t €0, L.
i=1 jij=1
M M .
We still to estimate the sum Z Z | y3,(t — &) |I* on [0,L] as follows. Setting §' =
=1 jij=1

ij}-

i#j;6,j=1,M

a) Case t € [0,8'] = t — &;; € [—6,0], we get Z Z | i, (t = di) P< (M —1)dey, and

=1 it],j=1

M .

Z | i () || < a+ B2(M —1)dc; :=a+b.
i=1

b) Case t € [§',24'], then t — &;; belongs to either [—4,0] or [0,d'], we get
EZMm ) IS at B[ (M = Dder + (M = D)(a+b)] = [1+ B(M =D (a+0).
c) Case t € [0; (k+1)d'] N[0, L]; ké* < L,k =0,1, ..., we get

M
Zmﬁukz@ D] (a+).

Thus, for ¢ € [0, L], we have

H\h

[51]
Ejnyn ) 12< 37 [B(M — 1)] (@ + 8) 1= sa + b) (18)

=0

Thus, we have

y(t) " Ry(t) < 02| Z lyr(t) |12 +Z 1977 (t) [IP] < Da[04e™ + D5(a +b)] < e,

which completes the proof. ®
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Remark 1 In theorem 1, we used singular value theory to analyze the singular system to slow and
fast subsystems and constructed appropriated Lyapunov-Krasovskii functionals to get an estimate
of the slow subsystem and perturbation approach to investigate the boundedness of solutions of the
fast subsystem. Although the parameter 8 > 0 is not a linear variable in conditions [26], however,
the parameter is not involved in LMI condition (8), then we first find the solutions of LMI (8)
satisfying (7), (9) and then check the condition (10). To solve the LMI (8), we can utilize Matlab
LMI Control Toolbox.

Remark 2 This paper considers linear singular LSNNs that contain interacted delay terms among
all subsystems. If the considered system becomes a regular system (E = I), the stability conditions
obtained in this paper can be reduced to the stability conditions for normal large-scale neural
networks [7, 10]. For the descriptor large-scale with delays, the stability conditions of Theorem
1 can be considered as an extension of the results of [22-24], where the neural structure is not
considered.

Remark 3 The robust finite-time stability conditions for singular LSNNs can be performed by the
following the procedure.

1. Give some fixed parameters ¢y, L,h and R;,i =1,2,..., M.
2. Provide an initial scalar cs.
3. Initiating from stable scalar § > 0, we kept raising co > 0 until we find a solution.

4. If the issue is infeasible, then the initial value ¢co must be raised. Otherwise, co can be can be
reduced till it reaches its minimum.

Ezample 1 Consider system (1), where M = 3 and

20 3.80 30 10 10.1
A= [02.8}’142: [0 3]"43: [03.7}’31: {0.90.9}’32: {10.8}’

10 19 1 0.1 0.5
E1=E2=E3=[ ];B:s:[ :|§012:|:' ];

01 005 0.50.7
1205 150 0.50.6
C1s = {0.2 0.5] O = {0.5 0.1] O = {0.9 0.3} ’

0.80.6 0.30.7

0.3 0 0.2 0 0.2 0 0.3 0
Ul:[o 0.2}’U2:[0 0.2}’U3:[0 0.3}"/1:[0 0.3}’

‘/2:{0.4 0};%:[0.4 O};RIZ[O.?: 0};1%2:{0.25 0];

Cs1 = [ 0 0'1} ;O30 = [ ! 0'5] ; D1 = [0.11;0.6] ; Dy = [—0.5;0.5] ; D3 = [0.2;0.6] ;

0 04 0 03 0 0.25

020 0] . I )
Hs = { 0 0.28}’5][““{57’1}05,5 = min{d;;} =0.1, h = 1.

Taking 8 = 0.01,¢; = 0.1,¢5 = 11.1, L = 10, and with the help of Matlab LMI Control Toolbox,
the LMI (8) is feasible with solutions:

)

p _ [5-1738 —1.3180] , _ [5.1206 —0.0607| ,, _ [4.5285 —0.6665
"TL0 34260 |77 | 00 52557 |70 T |0 4.7688

x _ [ 04784 —0.0375] . [0.4629 —0.0842] | _ [0.34520.1748
' [-0.0715 0.2944 |7 2 7 [-0.1451 0.5900 |’ T |0.0554 0.2701

14426 —0.3841) . _ [3.3653 0 —0.0037
—0.3841 1.4530 |* "2~ |—0.0037 3.0247

Y

b

Y) =

v, _ [ 1.5029 —0.6926
T3 T 120.6926  2.5908
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I I I I T
X' (WRx(K)
- = -cl=01
c2=6.1
5 - =
3 - —~
1 - —~
I
| | | |
0 1 2 3 4 5
Fig. 1 The time history of =T (t)Rxz(t) for the system
2 T T T T
X}, 0
X3, (t)
u X5, (0)
X, (1)
L X5, (0)
X5, (t)
e
7 —
0F -
| | | |
0 1 2 3 4 5
Fig. 2 State responses of the subsystems
0 - [ 4.2403 —1.2844 ., = | 7-7610 —0.0086] , _ [59546 —12119]
"7 [-1.2844 3.3784 |7 7T [—0.0086 6.1456 |’ 7 T [-1.2119 5.9138 |’
g _[96444 0 ) 117862 0 | . [10.3435 0 |
Lo 6179577 | 00 963677 7% | 0 11.0326]°
g _ [ 09192 —0.4151] o _ [0.37180.0135] . _ [ 0.3276 —0.2416]
' [-0.4151 0.4621 |7 7?7 |0.01350.4370] 7 7% T |-0.2416 0.4874 |
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Figure 1 and Figure 2 describe the time history of T Rz(t) and the solution response of the
system with the initial functions ¢(t) = [¢1(k), ¢2(k), ¢3(k)], ¢1(k) = [0.1sin(t)et,0.1], ¢o(k) =
[0.05¢!,0.05¢!], ¢3(k) = [0.1€?,0.1], respectively.

4 Conclusions

The robust FTS for singular LSNNs with interconnected delays has been investigated in this paper.
Based on the singular value theory and Lyapunov function method combined with LMI technique,
new delay-dependent sufficient conditions for the robust FTS have been established via solving
tractable LMIs. The effectiveness and validity of the obtained results are illustrated y a numerical
example. The suggested technique can be extended to the situation of singular LSNNs, where the
delays of the system are time-varying.
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