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ABSTRACT. The robust asymptotic stability problem of genetic requlatory networks with
time-varying delays is investigated. Based on a piecewise analysis method, the variation
interval of the time delay is firstly divided into two subintervals, and then the convexity
property of the matrix inequality and the free weighting matriz method are fully used
in this paper. By using a Lyapunov functional approach and linear matriz inequality
techniques, the stability criteria for the delayed genetic regulatory networks are expressed
as a set of linear matriz inequalities (LMIs), which can lead to much less conservative
analysis results. A genetic network example is given to illustrate that the results in this
paper are more effective and less conservative than some existing ones.

Keywords: Genetic regulatory networks, Piecewise analysis method, Time-varying de-
lays, Linear matrix inequality (LMI)

1. Introduction. During the past decades, genetic regulatory networks have drawn in-
creasing attention in the biological and biomedical sciences [1, 2], but few results have
been carried out in this area [3, 4, 5, 6, 7, 8]. Nowadays, one of the main challenges in
systems biology is to understand the genetic regulatory networks, for example, how genes
and proteins interact to form a complex network that performs complicated biological
functions. Recent mathematical modeling of genetic networks as dynamical system mod-
els provides a powerful tool for studying gene regulation processes in living organisms,
and genetic network models in literature can be roughly classified into two types, i.e.,
the Boolean model (or discrete model) and the differential equation model (or continuous
model) [9, 10]. In Boolean models, the activity of each gene is functioned in one of two
states: ON or OFF, and the state of a gene is interacted by a Boolean function of the
states of other related genes. In the differential equation models, the variables describe
the concentrations of gene products, such as mRNAs and proteins, as continuous values
of the gene regulation systems. Using continuous values, the second approach is viewed
more accurate, and being able to provide more detailed understanding and insights of the
dynamic behavior demonstrated by biological systems.

Recently, studies on genetic regulatory networks are considerable, and many important
results have been obtained in the literature [11, 12, 13, 14]. These results make significant
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contribution for discovering higher order structure of an organism and for gaining deep in-
sights into both static and dynamic behaviors of genetic networks by extracting functional
information from observation data. Based on the theoretical analysis, several simple ge-
netic networks have been successfully constructed by means of experiments, for example,
genetic switches [15], repressilator [16] and a single negative feedback loop network [17].
To have the accurate predictions, time delay should be considered in the biological sys-
tems or artificial genetic networks due to the slow processes of transcription, translation
and translocation or the finite switching speed of amplifiers; theoretical models without
consideration delay may even provide wrong predictions [10, 16].

This paper aims to investigate the robust stability of the regulatory networks with time-
varying delays, and time delays are assumed to belong to the given intervals. Combining
the piecewise analysis method in [18, 19] and employing the convexity property of the
matrix inequality, sufficient conditions of the asymptotic stability and robust stability are
derived in terms of LMIs which are easy to be verified via the LMI toolbox. An example
is employed to show the effectiveness and less conservativeness of the proposed method.

2. Model and Preliminaries. In this paper, based on the structure of the genetic
regulatory network presented in [20, 21], we consider a functional differential equation
model described by

P(t) = —iP(t) + dMi(t) (i=1,2,--- ,n)

where M;(t), Pi(t) € R denote the concentrations of mRNA and protein of the ith node,
respectively; a;, c; € R are the degradation rates of the mRNA and protein, respectively;
d; € R is the translation rate, and the function W; represents the feedback regulation
of the protein on the transcription, which is generally a nonlinear function but has a
form of monotonicity with each variable [9, 22, 23]. From (1), for any single gene i,
there is only one output P;(¢) to other genes, but multiple inputs P;(t) (j = 1,2,--- ,n)
from other genes. Being a monotonic increasing or decreasing regulatory function, W; is
usually of the Michaelis-Menten or Hill form. In this paper, the function W; is taken as
Wi(Pi(t), Pa(t), -+, Pu(t)) = D25 Wi(P;(t)), which is called SUM logic [24, 25]. That is,
each transcription factor acts additively to regulate the ith gene, the functional W;;(P;(t))
is generally expressed by a monotonic function of the Hill form [26]. If transcription factor
J is an activator of gene i, then

Wii(P;(t)) = aujy ipgg)(i)ﬁ/%];m ®

if transcription factor j is repressor of gene 7, then

1 (P;(t)/B;)"™
Wy (1) = ay, o (1- 3
! T (P(t)/ ) 1+ (B5(t)/8;)™
where H; is the Hill coefficient, ; is a positive constant, and «;; is a bounded constant,

which is the dimensionless transcriptional rate of transcription factor j to i. Based on (2)
and (3), (1) can be rewritten in the following form:

Mit) = —aiM(t) + Y27, Wiy (Py()) f(Pi(1)) + by )
__@/B)n cally increas on: b — L
where f(x) is a monotonically increasing function; b; = 3, i, I; is

1 (a/By) "
the set of all the j which is a repressor of gene i; W = (W;;) € R™" is the coupling
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matrix of the genetic network, W;; is defined as follows:

«;j,  if transcription factor j is an activator of gene i
Wi =< 0, if there is no link from gene j to i (5)
—ay;, if transcription factor j is an repressor of gene ¢

In compact matrix form, (4) can be rewritten as

{ M(t) = —AM(t) + W f(P(t)) + B (6)
P(t)=—CP(t) + DM(t)
where
%1@) szl(w Zl fl(?(t))
5 (1 ) (t 2 2(Fa(t
M(t) = 5() , P(t) = 5() C B=1 Je) = f(s()) :
M, (t) P (t) b, fu(Pa(t))

A:diag(alaa'%”' 7an)7 O:diag(clac%'” acn)7 D:diag(dlad%"' 7dn)-
Let M* and P* be an equilibrium of (6), that is (M*, P*) is the solution of equation
—AM*+Wf(P*)+B=0 (7)
—CP*+DM*=0
For convenience, we will always shift an intended equilibrium point (M*, P*) of the system
(6) to the origin by letting
m(t) = M(t) - M, p(t)=Pt)- P
then, we have

m(t) = —Am(t) + Wg(p(t)) (8)
p(t) = —Cp(t) + Dm(t)

where g(p(t)) = f(p(t) + P*) — f(P*), since f(z) is a monotonically increasing function
with saturation, it satisfies, for all a,b € R, with a # b

o < f@ =)

k
- a—>b <

df (a)

< k,
a
from the relationship of f(-) and g(-), we know that g(-) satisfies the sector condition
9(a)

0 < ——= < k, or equivalently
a

where f(x) is the differentiable, the above inequality is equivalent to 0 <

g(a)(g(a) = ka) <0 (9)

Recall that a lur’e system is linear dynamic system, feedback interconnected to a static

nonlinearity f(-) that satisfies a sector condition [20]. Hence, the genetic network (8) can

be seen as a kind of lur’e system, and can be investigated by using fruitful lur’e system

theory. In the following, we consider asymptotically stability of genetic networks with
time-varying delays

m(t) = —Am(t) + Wg(p(t — a(t))) (10)
p(t) = =Cp(t) + Dm(t — 7(t))

where 7(t), o(t) are the time-varying delays, which satisfy the following conditions:
0<m7, <7(t) <1y, (11)
0<o0n,<o(t) <oy (12)
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To obtain the main results, the following lemmas are needed.

Lemma 2.1. [27] Suppose 1,, < 7(t) < 7ay and z(t) € R", for any positive matriz
Re R, R=RT >0, then

(rag =) /’" #7 () Ri(s)ds < P(t_fm)ﬂ—g R] [m_m)} (13)

o x(t — ) R —R| |z(t—T1y)

Lemma 2.2. [28] Suppose 0 < 7, < 7(t) < Tar, 21, Eo and  are constant matrices of
appropriate dimensions, then

(T(t) = Tm)Z1+ (T — 7(£)) 22 + 2 < 0 (14)

if and only if the following inequalities hold
(TM — Tm)El + Q<0 (15)
(Tar — Ti)ZE2+ Q2 <0 (16)

3. Asymptotic Stability Condition of Genetic Networks with Time-Varying

Delays. In this paper, we divided the variation of the delay into two parts with equal
length. Define

Tm+TM (5 ™ — Tm o O-m+UM 5 OM — Om
I 1= 1= 5 2 = 5

= ) - T 5 ) -
2 2 2 2

(17)
then

7'1:Tm+51, 0'1:O'm—|—(52. (18)

Based on (17) and (18), a sufficient condition for delay-dependent asymptotic stability
of system (10) is given as follows.

Theorem 3.1. System (10) is asymptotically stable for any 0 < 7, < 7(t) < 7,
0 < on < o(t) < oy and scalar k, if there exist positive definite matrices @Q;, R;
(1 =1,2,---,7), A = diag(A, Ao, -+, A\n) > 0 and M;, N;, T;, V; (i = 1,2,3,4) of
appropriate dimensions such that the following LMIs hold:

511 Xx * *
N 521 522 *x x ..
Hl(zaj) - Eg1<l> 0 _QG * < 07 (Z:] - 172) (19)
| 0 Ep() 0 —R
[ T * * *
N 521 222 * * .
H2(Za]) - 231(2) 0 _Q6 * < 07 (Zvj - 172) (20)
0 Su() 0 R
[ Wy * * x|
N 521 \1122 * x .o
HS(ZaJ) - \1131(7,) 0 _Q7 * < 07 (Zaj - 1a2> (21)
| 0 WUn(j) 0 —Re
[ @11 * * * i
N 521 @22 * S .o
H4(27j) - @31(@) 0 _Q7 * < 07 <Z7j - 172> (22)
| 0 On() 0 —R




where

—_
—

—21

Z22

(1)
T51(2) =
Yyo(1)
Yu(2) =

\1}11

U3 (1)
Vs (2) =
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[ T, * * * *
Ml + NE T, * * *
Ml + Qs —Ms+ Nig + M, T3 * *
0 — M5+ Nis M;s —N15+(§—17 —(}2—17—@4
0 R\D—-CTRD 0 0 0]
0 0 0 00
0 0 0 00
0 0 0 00
0 0 0 00
(WTQ, +WTQA 0 0 0 0]
[T * * * * % |
~Th +V{ Te * * * *
Tl + Rs T, Ty * * *
e —Tu+Via—Viy Tiu— Vi Ty * *
0 —T15 + Vis Tis —Vis+ 5 R, -1«
i 0 kA 0 0 0 T1o)
VoMY VML, VEME VEM VEME]
[VOINT, VoiN{y, VoiN{ VoiN{, VoiNf]
VETL VETh VETh VETL VETE O
VeV V&V V&V VeV VEVE (]
[ T * * * *
—szi + Ng; Tll * * *
M+ Qs  —Mas + Nog + M, Tio * %
—N21 —M24 + N24 - Ngcg M24 - Ng;), T13 *
i 0 —Mss + Nos Mos —Nos + ?—17 —%2—17 — Q4
[ T * * * x|
Ry —T53+ Voz — Rs —Ry — %6 * * *
T3 Do+ Vo + T T+ Ty .
~ V3 —Ts + Vas — Vg ~Vaz Vo +Tos Yi5 o
i 0 kA 0 0 0 Ty
VOM3, Vo M3y oMy \6IMy, /6 M)
[VBiINGi VEiNgy, V&N VOING, VBN
VAT VETh ETE ETh VERTE 0]
V&V V&V V&V V&V V&VE (]
T * * *
_M3T1 + Ngi Tlﬁ * *
Qs —Ms33 + N33 —Q2 — Q5 — ?—f *
ML —Msy 4 Noy + ML M+ % Tir *
— N4 — M35 + N3 — N, —NL Mss — NI, Yig

[VOMS, VoiM3, VaMy VM5, VM)
[VOING, VOINg, VOiNjy VN3, VOiNg]
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Uy(1) = [V&TE V&TE V&TE V&TL V&HTE 0]
Uip(2) = [V&EVE V&EVE VEVE VEVE VEVE 0]

[ Ts * * * * % |
—T:,:fl + Vﬁ T * * * *
N o T:;li + R5 Tgo TQl S x *
22 —Vik T Tsy — V& Tos3 * *
0 —T35 + Vs T35 —‘/:),54-?—27 — 4—?—27 *
i 0 kA 0 0 0 Yo
[ T, * * *
—Mfﬁ + NZ; Tou * *
O = Qs —My3 + Ny3 Tos * *
M} —Myy + Nug + M M+ % Tos *
| —N4T1 —My5 + Nys — NZ; —NZ; Mys — N4T4 Yo7
[ Ts * * * *
—TH 4V T —ThH+ Vi + V) * s *
O — Rs —Ty3+ Vi — Rs —Ry — ?—f * *
2 Th Ty + Vi +TE T+ % Tos %
Vi —Tus + Vis — Vi Vs =V +Tus T
0 kA 0 0 0
©3:(1) [\/_M41 VoMY VOME oMY, oM
03(2) = [VOINL VONL VOINL VENL VN
Ou(l) = [VOTL V&uTH VETE VoTh V&TE 0]
O42(2) = [\/EVM \/5_2‘/42 \/Evzfg \/Evﬂ \/@‘/415: 0}
Ty = -QA—ATQ1 + Qo+ Q3+ Qs — Qs + ATQA
Yy = —Miy — M5+ Nio + Ny, + D"RD
Ts = M+ M5 — Q2 — @s, T42—]\714—]\714T—%—Q3
1
YT; = —RC —CTRy+ Ry + Rs+ Ry — Rs + CTRC
Yo = T —ThH+Via+Vh, YTr=-Tiz+Viz+Th — Rs
R
Tg = T13+T1T3—R2, T9:—‘/14—‘/14 R3—5—7
2
T = WIQW —2A, Yy = —Myy — M3, + Noy + N, + DTRD
T = M23+M27;,—Q2—Q5, T13:—N24—N22—%—Q3
1
T RG T
T =Tu+T, - Oy — R, Ti5=—Ry— Vo5 — Vi
T = —Msy — M), + N3y + NL + D"RD
Ti7 = —Qs + May + Mg, — ?—16, Tig = —Q4 — N35s — N3s
Tig = —Tso — Top + Vao + Vg, Yoo = —Ti3+ Vaz + Tgp — Rs
Yo = Th3 + T3T3 — Ry, Yoo = —T54 + V3y — V}g
R
Tos = Vs = Vai = Ry — =
2
Qs

Yoy = =My — Mjy+ Nip+ Njy + D'RD,  To5 = —Q5 — Q5 — 5
1

* % X ¥

*
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Ta = —Q3+M44+M4ﬂ—%, Tor = —Qs — Nus — Nj;
1
R
T28:T44+T4T4_5—6—R37 T29=—R4—V45—V4€
2

Q= T12Q5+01Q6 +61Q7, R=02%Rs+0Rs+ 02R;
Proof: Construct a Lyapunov-Krasovskii candidate as:
Vi(t) = Va(t) + Va(t) + Va(t) (23)
where
Vi(t) = m" (t)Qum(t) + p* (t) Rup(t)
i = [l @umisds+ [ e)@um(oyis+ [ mT(6)@un(s)is
t

[ semss s [ R /t:;MpT<s>R4p<s>ds

t—Tm
Va(t / / v)Qsm(v dvds—i—/ /m v)Qgm(v)duds
t—Tm
t—71
/ / v)Q7m(v)dvds + o, / v) Rsp(v)duds
t—om J s
t—om
/ / v)Rep(v)dvds + / v) R7p(v)duds
t—on Vs

Calculating the derivative of V' (t) leads to the following equality:
V(1) = 2m" (£)Quin(t) + 2p" () Rap(t) +m" (1) (Q2 + Qs + Qa) m(t)
—m T (t — 7)) Qam(t — 7)) — M (t — 1) Qsm(t — 11) — m (t — 7o) Qum(t — Tas)
+p" (t) (Ro + R3 + Ry) p(t) — p" (t — 0,) Rap(t — o) — p* (t — 1) Rap(t — o)
pT<t - O'M)R4p<t - O'M) + m (t) (TTZ,LQ5 + 51Q6 + (51Q7) m(t)

+p"(t) (02, R5 + 0 R + 62 R7) p(t) — Tm/ m’ (5)Qsm(s)ds

o / P — [ it @unis - [ i@

—T1 t—Tn

_/t () Rap(s)ds / () Rapls)ds (24)

—01 t—on

Using Lemma 2.1, we can obtain
o [t < [, O T [ G0 ) )
—o,, /t tgm P’ (s)Rsp(s)ds < [p(tp—(tc)rm)r [_R}:E) _R];J {p(tp_(t(),m)] (26)

Noting the sector condition, for any A; >0 (i = 1,2,--- ,n), we have

—2 Z Aig(pi(t — a(t))) lg(pi(t — o(t))) — kpi(t —o(t))] = 0 (27)
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Rewriting above inequalities into compact matrix form, we obtain

—2¢" (p(t — (1)) Ag(p(t — a(t))) + 2kg" (p(t — o (£)))Ap(t — o (t)) > 0 (28)
where A = diag (A, Ao, -+, \,) > 0.
It is noted that, for any t € Ry, 7(t) € [, 1] or 7(t) € (11, 7u;]; o(t) € [om,01] OF
o(t) € (01,0]. Define four sets
Oy ={t:7(t) € [tm,71]}, Qa={t:7(t) € (1, 7m]} (29)
Q3 ={t:0(t) €om,01]}, U={t:o(t) € (01,0m]} (30)
In the following, we will discuss the variation of V (t) for four cases, that is
Case 1: 7(t) € Qy,0(t) € Q3, Case 2: 7(t) € Qy,0(t) € Q4
Case 3: 7(t) € Qo,0(t) € Q3, Case 4: 7(t) € Qo,0(t) € Q4

Case 1. For 7(t) € Q, o(t) € Q.
By using Lemma 2.1, we have

o AR i e | | S

[ o <5 [ {357 —Réy] |
Employing the free matrix method, we have

267 (M [t =) = mit =) = [ oy =0 (33)

260 (1), lm@ ety —me—r)- [ ] - (34)

26 ()T, ot — o) = plt o) = [ o] - (3)

268 (1)Vs [p@ (1)~ plt — o) ] (30)

where
&) =[m"t) m'(t—7(@) mi(t—mrn) mi(t—m) m'(t—7u)]
&) =[p'®) p't—o®) p'(t—om) p't—o1) p'(t—oum)]
M{ =ML M, M, ML ME], Ny =[N N[ N N{, N
TT [Tﬂ Tlg ng, lezl T1T5} V1 - [Vn Vm V13 V14 ‘/15}
Adding (33)-(36) to the right of (24) and using some well-known inequalities, we have

V0 <0 |20 260+ 60 - )0 MTa)
* = O 0207 3760 +01) = o)  OTURE T70
+or o) & (O VT &(1) (37

where £7(t) = [£] () & (t) g" (p(t — o(1)))].
Using Lemma 2.2 and Schur complement, it is easy to see that (19) with ¢,7 = 1,2 can

lead V(t) < 0.
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The proof of Case 2, Case 3 and Case 4 are similar to that in Case 1, we ommit details
here for brevity.

From the above discussion, we can see that for all t € R, (19)-(22) with ¢,j = 1,2 can
lead V(t) < 0. Then, by using the Lyapunov stability theory, we know that the System
(10) is asymptotically stable, the proof is completed.

Remark 3.1. To further reduce the conservatism, we can divide the variation of the delay
into k (k > 3) parts with equal length. Defining

i(Tar — Tin)

TiZTm—FT (i:1,2,~--,k) (38)
UiZTm—FM(i:la?w“,k) (39)
then [T, Tar] = [T, T1] U Uf;l (Tis Tiv1)s [Om, o0r) = [Om, 01] U Ui:f (03, 0iy1].

4. Robust Asymptotic Stability Condition of Genetic Networks with Time-
Varying Delays. Consider robust stability for stochastic genetic networks with time-
varying delays

{ m(t) = —(A+ AA@))m(t) + (W + AW (1))g(P(t — o(t)))
p(t) = =(C+ ACH))P(t) + (D + AD@)m(t - 7(1))
ot

where the time-varying delay 7(t), o(t) satisfy (11) and (12). The time-varying uncertain
matrices AA(t), AW (t), AC(t) and AD(t) are defined as follows:

AA(L) = ELFy (0Ty, AW () = EsFy ()T, AC() = EsF3(t)Ts, AD(t) = EyFy(t)Ty (41)

where F4, E», Es, Ey, 11, T, T3 and T, are known constant real matrices with appropriate
dimensions, Fi(t), Fy(t), F5(t) and Fj(t) are unknown time-varying matrices satisfying

FIR(t) <1, Fy ()F(t) < I, F ()F(t) < I, Ff()F(t) <1 (42)
Based on (40)-(42), we can get the following theorem:

(40)

Theorem 4.1. System (40) is asymptotically robust stable for any 0 < 7, < 7(t) < iy
0 < on, < o(t) < o, if there exist positive definite matrices Q;, R; (i = 1,2,---,7)
4

)

A =diag(A, Ay -+, \n) >0, My, N;, T;, Vi (i = 1,2,3,4) and scalarsl; > 0 (i = 1,2,3,4)
of appropriate dimensions such that the following LM]S hold:
EH + &, * * * *
_21 EQQ + (I)Q * * *
I (i, ) = o, P, i x | <0, (1,7=1,2) (43)
E31(i) 0 0 _QG *
|0 =Zp() 0 0 —Rs
(Y + @y * * *
=a1 Yoo + Py x * *
Iy(4, j) = Dy d, D5 o« x| <0, (1,j=1,2) (44)
Y31(7) 0 0 —Q¢ =
0 Yp() 0 0 —-Ry
[0, + @, * * *
Zo1 Uop + Py % *
I5(i, ) = o, P, Oy x * | <0, (4,7 =1,2) (45)
\Ilgl(i) 0 0 —Q7 *
0 Uyp(y) 0O 0 —Rg
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O + b, * * * *
R Egl @22 -+ CI)Q * *
H4(Z>]> = (I)3 (I)4 (I)S * * < 07 (27.7 = 172) (46)
@31(i) 0 0 —Q7 *
0 O42(7) 0 0 — Ry
where
Cbl = d’LCLg (llTlTTl, l2T4TT4, 0, O, 0) 5 (I)Q = dl(lg (l3T3TT3, O, 0, 07 0, l4T2TT2)
—ETQi+ETQA 0 Opsn 0 Opetn —ETQW
e — 0 EfRD  Ousn| o _ | EfRi—E[RC  0Opuay 0
B 0 —~EI'RD Opusn |’ * | =EYRy 4+ ETRC 0,040 0
L Eng - E;‘FQA 0 On*?m 0 On*4n EgQW
[—1,] + ETQE, x % %
b 0 —~EYRE,  —I31 + ETRE; *
—EQTQEl 0 0 —lyI + EQTQEZ

Proof: Take the same Lyapunov functional as that in proof of Theorem 3.1, and replace
A, W, C and D by A + ElFl(t)Tl, w + EQFQ(t)TQ, C + EgFg(t)Tg and D + E4F4(t)T4
Note that

L™ ()T Tym(t) — b [Fy () Tm()]" [Fy(H)Tim(t)] > 0 (47)
Lom™ (t = 7()) T Tym(t — 7(t)) = b [Fy(t)Tum(t — 7(t))]" [Fa(t)Tym(t — 7(t))] > 0 (48)
lsp" (8T Tap(t) — 15 [F3(6)Tap(t)]" [F3(t)Tsp(t)] > 0 (49)

l1g" (p(t — o() Ty Teg(p(t — o(t)))
~L [F()Teg(p(t — o(0)]" [Ea(t)Tog(p(t — o(t)))] = 0(50)

Using the above inequalities, for Case 1, Case 2, Case 3 and Case 4, by using Lemma
2.2 and Schur complement, it is easy to see that the system (40) is asymptotically robust
stable.

5. Example.

Example 5.1. In order to show in detail how to test our theoretical results, we consider a
small size genetic network with five nodes in Figure 1, each ellipse represents a gene, and
the lines between two genes represent requlatory links, in which the solid line and dashed
line denote activation and repression respectively. It is assumed that the dimensionless
transcriptional rates are all 0.5. According to the definition of links in Section 2, we can
obtain the coupling matriz W of this network as

0 -1 100
-1 0 011
W=05x]10 1 000
1 -1 0 0 0
0O 0 010

We consider the genetic network (Figure 1) with time-varying delays, and take into
account the transcriptional time delays, and also shift the equilibrium point to the origin,
we have

{ m(t) = —Am(t) + Wg(P(t — o(t)))

p(t) = —=CP(t) + Dm(t — (1)) (51)
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FIGURE 1. A genetic network model

1'2

where A = C = Iy, D = 0815, f(z) = T2 g(p(t)) = f(p(t) + P*) — f(P*) and

o(t) = 0.5+ 0.1sin(t), o, = 0.4, oy = 0.6. 1t is easy to check k less than 0.65 in the
sector condition, the unique equilibrium point of this network

M* = [0.4320 0.5126 0.0742 0.4816 0.0657]"
P* = [0.3459 0.4109 0.0651 0.3860 0.0553]" .

According to Theorem 3.1, and by using the MATLAB LMI Toolbox, we can easily
find feasible solutions of the LMIs (19)-(22), which indicates that the network with time-
varying delays is asymptotic stable. Moreover, we can easily obtain Table 1, which lists
the mazimum allowable bounds for different 7,,. Compared with [21], it is clear that our
method produces significantly better results.

TABLE 1. Maximum allowable 7, for different 7,

T 0 0.1 0] 0.7 1
21] 379 | 359 | 3589 | 4.19 | 4.49
Theorem 3.1 6.55 | 6.65 | 6.95 7.25 7.55

6. Conclusion. In this paper, we have studied the robust asymptotical stability of ge-
netic networks with time-varying delays. To analyze the robust asymptotical stability of
the genetic networks system, a piecewise analysis method is used by using the convexity
of the matrix function. Based on the free-weighting matrix method and the LMI method,
stability conditions have been developed in terms of LMIs. An example with simulation
results has been carried out to demonstrate the effectiveness of the proposed method.

Acknowledgment. The authors would like to acknowledge Natural Science Foundation
of China (NSFC) for its support under grant numbers 60834002, 60704024, 60474079,
60904013 and 60774060.

REFERENCES

[1] Y. Abe, M. Konishi and J. Imai, Neural network based diagnosis system for looper height controller
of hot strip mills, International Journal of Innovative Computing, Information and Control, vol.3,
no.4, pp.919-935, 2007.

[2] K. Zou, J. Hu and X. Kong, The structure optimized fuzzy clustering neural network model and its
application, International Journal of Innovative Computing, Information and Control, vol.4, no.7,
pp-1627-1634, 2008.



2900

3]

R. YAN AND J. LIU

Z. Wang, H. Gao, J. Cao and X. Liu, On delayed genetic regulatory networks with polytypic uncer-
tainties: Robust stability analysis, IEEE Transactions on Nanobioscience, vol.7, no.2, pp.154-163,
2008.

Q. Zhou, S. Xu, B. Chen, H. Li and Y. Chu, Stability analysis of delayed genetic regulatory networks
with stochastic disturbances, Physics Letters A, vol.373, pp.3715-3723, 2009.

Z. Wang, F. Yang, D. Ho, S. Swift, A. Tucker and X. Liu, Stochastic dynamic modeling of short gene
expression time-series data, IEFE Transactions on Nanobioscience, vol.57, no.1, pp.44-55, 2008.

G. Wang and J. Cao, Robust exponential stability analysis for stochastic genetic networks with
uncertain parameters, Communications in Nonlinear Science and Numerical Simulation, vol.14, no.8,
pp-3369-3378, 2009.

J. Liu and D. Yue, Asymptotic and robust stability of T-S fuzzy genetic regulatory networks with
time-varying delays, International Journal of Robust and Nonlinear Control, vol.21, 2011.

H. Li and X. Yang, Asymptotic stability analysis of genetic regulatory networks with time-varying
delay, 2010 Chinese Control and Decision Conference, pp.566-571, 2010.

H. Bolouri and E. Davidson, Modeling transcriptional regulatory networks, BioFEssays, vol.24, no.12,
pp-1118-1129, 2002.

P. Smolen, D. Baxter and J. Byrne, Mathematical modeling of gene networks, Neuron, vol.26, no.3,
pp-567-580, 2000.

Y. Sun, G. Feng and J. Cao, Stochastic stability of Markovian switching genetic regulatory networks,
Physics Letters A, vol.373, n0.18-19, pp.1646-1652, 2009.

J. Cao and F. Ren, Exponential stability of discrete-time genetic regulatory networks with delays,
IEEE Transactions on Neural Networks, vol.19, no.3, pp.520-523, 2008.

J. Liang, J. Lam and Z. Wang, State estimation for Markov-type genetic regulatory networks with
delays and uncertain mode transition rates, Physics Letters A, vol.373, no.47, pp.4328-4337, 2009.
G. Wei, Z. Wang, J. Lam, K. Fraser, G. Rao and X. Liu, Robust filtering for stochastic genetic
regulatory networks with time-varying delay, Mathematical Biosciences, vol.220, no.2, pp.73-80,
20009.

T. Gardner, C. Cantor and J. Collins, Construction of a genetic toggle switch in Escherichia coli,
Nature, vol.403, no.6767, pp.339-342, 2000.

M. Elowitz and S. Leibler, A synthetic oscillatory network of transcriptional regulators, Nature,
vol.403, no.6767, pp.335-338, 2000.

A. Becskei and L. Serrano, Engineering stability in gene networks by autoregulation, Nature, vol.405,
10.6786, pp.590-593, 2000.

D. Yue, Q. Han and J. Lam, Network-based robust H,, control of systems with uncertainty, Auto-
matica, vol.41, no.6, pp.999-1007, 2005.

D. Yue, E. Tian and Y. Zhang, A piecewise analysis method to stability analysis of linear con-
tinuous/discrete systems with time-varying delay, International Journal of Robust and Nonlinear
Control, vol.19, no.13, 2009.

C. Li, L. Chen and K. Aihara, Stability of genetic networks with SUM regulatory logic: Lur’e system
and LMI approach, IEEE Transactions on Circuits and Systems I: Regular Papers, vol.53, no.11,
pp-2451-2458, 2006.

F. Ren and J. Cao, Asymptotic and robust stability of genetic regulatory networks with time-varying
delays, Neurocomputing, vol.71, no.4-6, pp.834-842, 2008.

H. de Jong, Modeling and simulation of genetic regulatory systems: A literature review, Journal of
Computational Biology, vol.9, no.1, pp.67-103, 2002.

R. Wang, T. Zhou, Z. Jing and L. Chen, Modelling periodic oscillation of biological systems with
multiple time scale networks, Syst. Biol., vol.1, no.1, pp.71-84, 2004.

C. Yuh, H. Bolouri and E. Davidson, Genomic cis-regulatory logic: Experimental and computational
analysis of a sea urchin gene, Science, vol.279, n0.5358, pp.1896-1902, 1998.

N. Monk, Oscillatory expression of Hesl, p53, and NF-xB driven by transcriptional time delays,
Current Biology, vol.13, no.16, pp.1409-1413, 2003.

C. Li, L. Chen and K. Aihara, Synchronization of coupled nonidentical genetic oscillators, Physical
Biology, vol.3, pp.37-44, 2006.

Q. Han and D. Yue, Absolute stability of Lur’e systems with time-varying delay, Control Theory &
Applications, IET, vol.1, no.3, pp.854-859, 2007.

D. Yue, E. Tian, Y. Zhang and C. Peng, Delay-distribution-dependent stability and stabilization
of T-S fuzzy systems with probabilistic interval delay, IEEE Transactions on Systems, Man, and
Cybernetics, Part B: Cybernetics, vol.39, no.2, pp.503-516, 2009.



