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1 Introduction

Over the past few years, genetic oscillator networks (GONSs) have received considerable
attention in biological and biomedical sciences since they provide a powerful tool to elu-
cidate the interactions between genes and proteins in gene expression and other gene
regulation processes. As is known, GONs are inherently coupled complex biochemical
systems, where proteins are synthesized from genes as transcriptional factors binding to
the regulatory sites of their corresponding genes or other genes. Some important progress
has been made in the development of GONs by means of various mathematical modeling,
such as Boolean network model [1] and differential equation model [2]. Particularly, the
differential equation model has obtained an increasing interest in qualitative and quanti-
tative analysis [3-5].

Synchronization analysis of GONs is a hot topic in theory and numerical calculation.
Usually, it is known that synchronization is essential for understanding biological rhyth-
mic phenomena and molecular communication of living organisms [6, 7]. Very recently,
some experimental results have implied that synchronization also plays a vital role in
biomedical engineering. For instance, in Ref. [8] it has been found that synchronization
can significantly increase the rate of homologous recombination during transformation
in gene targeting, and in Ref. [9] it is showed that synchronization can enhance the an-
ticancer activity of 2-deoxyglucose in breast cancer cells due to an increase in cellular
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glucose metabolism. Therefore, it is not surprising that many theoretical analyses on syn-
chronization with or without control have been established for GONSs in these years [6, 7,
10-16]. As we know;, in Ref. [10] the global exponential synchronization of delay-coupled
GONs was considered in absence of control, while in Ref. [11] the cluster synchronization
problem of GONs was investigated based on aperiodically adaptive intermittent control,
and in Ref. [12] the conditions for multisynchronization of GONs were given via partial
impulsive control strategy. Among the various synchronization protocols including expo-
nential synchronization and asymptotic synchronization, finite-time synchronization is
faster in synchronization realization. Moreover, the finite-time control techniques have
demonstrated better robustness and disturbance rejection properties [17, 18]. As a result,
the finite-time synchronization has obtained much attention in complex networks except
for GONs [19-23]. Note that the real cellular life is finite, so it should be more meaningful
for considering finite-time synchronization in GONs.

Although deterministic differential equations can capture some mean-field characteris-
tics of practical dynamic systems, stochastic differential equations are more important in
modeling uncertainties inherent in real world [24—28]. Gene expression is an intrinsically
stochastic process [29, 30]. It should be pointed out that all of the existing literature about
stochastic GONs mainly focuses on a system driven by Brownian motion [7, 13, 16]. How-
ever, researchers observed that the products of mRNAs and proteins occur in a bursty,
unpredictable, and intermittent manner from a large number of biology experiments [31].
These burst-like events lead to a pulsatile fashion of high transcriptional activity followed
by long periods of inactivity [32] and obey heavy tailed distributions [33]. The characteris-
tics of burst-like events appear to be properly modeled by the non-Gaussian Lévy process
[34]. In fact, jump-diffusion Lévy process, which involves Brownian motion as a specific
case, allows not only the number of individuals to change continuously most of the time
but also random jump discontinuities to occur occasionally [35, 36]. Meanwhile, we also
note that a large number of studies have considered the effects of two kinds of necessary
factors, i.e., time delay [37, 38] and Markovian jumping [39-41], in GONs. On the one
hand, time delay is a ubiquitous phenomenon in slow biochemical reactions of genetic
oscillator regulatory process. On the other hand, the dynamical systems with Markovian
jumping are appropriate to describe the situation where gene switches between an inac-
tive state, in which no protein will be produced, and an active state [42]. This evidence
demonstrates that it is more meaningful and challenging to explore synchronization for
delayed GONs with Lévy noise and Markovian jumping despite increased mathematical
complexity. Nevertheless, to the best of our knowledge, the problem of synchronization
for GON s in the case of Lévy noise has not been studied.

Motivated by the above discussions, the purpose of this paper is to deal with the finite-
time synchronization problem of stochastic Markovian jumping GONs with time-varying
delay and Lévy noise. We will introduce vector form Lévy noise into GONs to make a sys-
tem more realistic in the true biological environment of networks because each node is
always influenced by different multidimensional noises. By contrast of the existing liter-
ature, the main contributions of this paper can be highlighted into three points. Firstly,
a more general model is proposed in this paper via introducing vector form Lévy noise
into GONs. Secondly, we extend the finite-time stability theorem previously developed
for the systems driven by Brownian motion to the Markovian jumping systems with Lévy
noise. Thirdly, the sufficient finite-time synchronization conditions for stochastic Marko-
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vian jumping GONs with time-varying delay and Lévy noise are derived with the help of
appropriate control and stochastic Lyapunov functional method.

The paper is organized as follows. In Sect. 2, some preliminary model notations and a
lemma of finite-time stability for the Markovian jumping systems driven by Lévy noise
are given. In Sect. 3, by applying Itd’s formula and the finite-time stability theorem, we
obtain sufficient conditions of finite-time synchronization for GONs. Additionally, some
corollaries are reduced to extend our main results. In Sect. 4, two numerical examples
are presented to verify the effectiveness of the proposed criteria. Finally, conclusions are
drawn in Sect. 5.

Notations Throughout this paper, unless otherwise specified, we let (£2, F, {F;};>0, P) be
a complete probability space with a filtration {#;},>¢ satisfying usual conditions (i.e., it is
right-continuous and increasing while F, contains all P-null sets). R” is the #-dimensional
Euclidean space. R, denotes the set of positive real numbers. If x is a vector or matrix,
its transpose is denoted by x”. For vector x € R”, its norm is defined as ||x| = \/(x7x). I,
denotes the n-dimensional identity matrix. A > 0 implies that A is a symmetric and positive
definite matrix. diag(-) stands for a diagonal matrix. E(-) denotes the expectation operator
with respect to some probability measure.

2 Preliminaries
Let r(t), t > 0 be a right-continuous Markovian chain on the probability space taking val-
ues in a finite state set S = {1,2,..., M} with generator IT = (7;)axm given by

l"5+ 8; if i ’,
Py +8) = r(0) = i) - md +o(8); ifiF)
1+m8+0(8); ifi=j,

where 6 > 0 and 7;; > 0 is the transition rate from i to j if i #j, while

T = — E Tjj.

7

It is well known that almost every sample path of r(¢) is a right-continuous step function.
Consider the Markovian jumping GONs with time-varying delay of the form

dxi(t) = [A (r())xx(®) + By (r®))f (r(®), %(8)) = B2 (r()) & (r(®), 21 (£ = T (2)))

N
+By(r(6)En+ Y le(r(t))F(r(t))x;(t)] dt, (2.1)

=1

where xx(t) € R", k = 1,...,N, is the state vector of the kth genetic oscillator which rep-
resents the concentrations of proteins, RNAs, and chemical complexes at time ¢. r(¢) is a
Markov chain in a finite state space S. In the networks, A(r(¢)), B1(r(£)), and B, (r(t)) are
matrices in R™". &, = (1,...,1)L . I'(r(¢)) € R"" is a constant inner coupling matrix of
the genetic oscillators to be determined, it should be noted that I"(r(¢)) is not necessary
to be diagonal in this paper. G(r(¢)) = (G(r(t))x)nxn is the irreducible coupling matrix,

which is defined as follows: if there is a link from node / to node k, then G(r(£)) is equal
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to a positive constant denoting the coupling strength of this link; otherwise, G(r(£))x = 0;
G = = YN 1 Gua(r(®). F(r(®),2®) = [i(r(®), 501 (8)), ..., fulr (), 3u(®))]T € R" and
F(r(@), xi(t — T())) = [B1(r(t), %01 (£ = T(©))), ..., @u(r(2), x1n(t — T(£)))]T € R" are the regula-
tory functions, which are monotonic increasing regulatory functions and usually are of
the Michaelis—Menten or Hill form.

In this paper, we use the drive-response approach to derive the finite-time synchroniza-
tion criteria, where system (2.1) can be regarded as the drive system with the state variate
denoted by x4(t), and the response system with the state variate denoted by yi(¢) can be
described in the following stochastic Markovian jumping GONs with time-varying delay
and Lévy noise according to Lévy—Itd decomposition theorem and the interlacing tech-
nique [35]:

dyk(t) = |:A(V(t))yk(t) + By (r(0))f (r(£), yx(8)) = Ba(r())g(r(®), yi (£ - T(2)))

N
+By(r(8)2n + Y Gu(r(e) I (r())yule) + L[k(r(t))] dt

=1

+ 0k (r(8), yi () — % (0), yic (8 = T(2)) — 2 (£ = T(2))) AW (2)

+ /th (r(8), yi(t) = %1 (8), yic (£ = T(2)) — e (£ = t(t)),zk)Nk(dt, dzy). (2.2)

It should be noticed that the initial values in the response system are different from those
in the drive system, where Ui(r(2)) = (w1 ((2)), ura(r(2)), - .., uru(r(£)))T € R" is a control
input vector. ox : S X R" x R" — R and hi : S x R" x R" x Z — R" are Lévy noise
intensity functions. W (¢) = (Wy(¢),..., Wx(¢))T is a vector Brownian motion defined on
the probability space (£2, F, {F;}1>0, P) with {F} >0 satisfying the usual conditions. N(t, z)
is an N-dimensional Poisson process and N(dt, dzy) is Poisson counting measure with
characteristic measure {Ax,k = 1,...,N} on a measurable subset Z of [0, 00). Ni(dt, dzy) =
Ni(dt, dzy) — M (dzy) dt. Throughout the paper, it is assumed that Wy and W}, Ny, and N;
are independent for all k #/, and r(¢£), W and N are also independent.

Define the synchronization error vector ex(t) = yx(t) — xx(t), based on systems (2.1) and
(2.2), we have the following error dynamic system:

dei(t) = |:A(V(t))ek(t) + By (r(®))f (r(®), ex(t)) — Ba(r(£))g (r(2), ex (£ — T (1))

N
£ Gu(r®) I (r®)el®) + L[k(r(t)):| dt
=1

+ oy (r(t), ex(8), ex (£ — T(2))) dWi(2)

+/th(r(t),ek(t),ek(t—r(t)),zk)Nk(dt,dzk), (2.3)

where f(r(t), ex(t)) = f(r(t), yi (1)) - f(r(8), 2 0)), g(r(t), ex(t — T(£))) = G(r(®), yuct — (1)) —
g(r(t), x (¢ — ©(¢))). The initial value is given by {e(f) : -7 <0 < 0} = & € R". Throughout
the paper, we assume that f(r(t),0) = g(r(¢),0) = o (r(¢),0,0) = h(r(¢),0,0,0) = 0. Usually,
with an appropriate control in the response system, the error state will approach zero.
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And in this case, it is said that the response system is synchronized with the drive system.

In order to achieve finite-time synchronization, we take the control of the form

U (r(®)) = —m (r(0))ex(t) — 0 (r(2)) sign(ex(2)) |€k(t)|9
-0 (r(®)) (‘/t_r(t) m2(r(9))g” (r(s), ex(s))g (r(s), ex(s)) ds) z ||eekk((tt))”2
-0 (r(®)) (/tr(t) n3(r(s)) e (s)ex(s) ds) N %, (2.4)

where sign(e(¢)) = diag(sign(ex (£)),...,sign(ex (1)), lex(®)l® = (e (®)l’,..., lew (D).
n1(r(£)), n2(r(2)), n3(r(t)) are control strengths satisfying n»(r(¢)) > 0, n3(r(¢)) > 0. 9 (r(¢)) > 0
is a tunable constant and the real number 0 satisfies 0 < 6 < 1. For convenience, r(t) and
r(fo) are written as i and iy, respectively.

In order to derive the main results of this paper, we require the functions f (), (),
o(,+-),and k(- -, -, ) to satisfy the following assumptions.

A; For Vx,y € R", the nonlinear functions f and g satisfy the following sector-like condi-

tions:

SO S i g 86D &6

x=y x=y

o<

or equivalently,
(FG0) - FGy) " (Fom) —F ) < (x- )T 'z - y),
(260 - 2,) " (@06,x) - 2(.9) < (6 - 5) vV (x-y),
where ! = diag{ui, ..., nl} and vi = diag{vi,..., vi}.

A, Assume that the noise intensity functions o (-, -, ) and A(-, -, -, -) satisfy the following

conditions:

trace (o) (i, ex(t), ex (¢ — T(8))) 0w (i» ex(t), ex (£ - 7(2))))

< e,?(t))»‘iek(t) + e,{ (t - t(t)))»gek (t - ‘L'(t))
and

_/th (i, ex(t), ex (t - ‘L'(t)),Zk)hk (i, ex(t), ex (t - r(t)),zk)kk(dzk)

<el ()H ex(t) + ef (t — T(t)) Hex (t — T(2)),

where A, AL, H!, and H! are positive constant matrices of appropriate dimensions.
1 A i1 2

A3 There exist positive constants 7 and 7 such that

0<t(t) <7, () <T.
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For the system

dx(t) = f (r(e), t, x(t), (¢ — T(8))) dt + g(r(2), £, x(8), x(t — T(2))) AW (2)

+ / h(r(e),t,x(t), x(t - ©(8)),z)N(dt, dz), (2.5)
Z

where x(t) e R", f : S x R, x R" X R* — R",g: S X R, X R" x R" — R™",and h1: S x R, x
R" x R" x 7. — R" are Borel-measurable functions. Given V € C*>'(S x R, x R";R,), we
define the operator LV by

LV (i t,x) = Vi(ir t, %) + Vili, £, x)f (is t, (), (¢ — (2)) )

+ 1 trace[g (i, £, x(2), x(¢ — T(2))) Vi (i £, ¥)g (i, £, 2(8), 2 (¢ — 7(2)) ) ]

2
N
+ / Z{V(i, LX+ ]jl/((i, 6x(8),x(t = 7)), z)) = V (i, £, %)

Z k=1
_ M
= Vil t, )i (i, £, 20(0), (¢ = T(8)), z2) Jaaldze) + Y g5V (it ),
j=1
where
AV (i, ¢, AV (i,t, 32V (i, ¢,
Vi(i t,x) = u x) .1,x) . Vil t,x) = FVate)
X1 9%y, dxidxr ),

For later use, we list It0’s formula (see [38] and [39]) as follows:
V(r(t),t,x(2))

= V(r(O),O,x(O)) + /tLV(r(s),s,x(s),x(s - ‘L'(S)) ds

0
t N t

+ /0 Vi (r(s),5,%(5))g(r(s), s, %(s), x(s — T(5))) dW (s) + kXﬂ:/(; /%{V(r(s),s,x(s)

+ g (r(s),8,%(5), (s — T(5)), 2x) ) = V(r(s), 5, %(s)) }N(ds, dzy)

+ /t /{V(io + E(r(s),m),s,x(s)) - V(r(s),s,x(s))},&(ds, dm),
o Jr

for the details on the function ¢ and the measure ji(ds, dm), see [43, 44].
Specially, given V'(i,t,e;) € C*}(S x R, x R™;R,), and then the operator LV associated
with stochastic model (2.3) is

LV (i,t,ex) = Vi(i, t,ex) + Violis t, ex) |:Aiek(t) +Bif (i, ex(t))

N
- Big(i,ex(t-7(®))) + Z Giylel(t) + L[,’(:|

=1

+ % trace[ o (i, ex (£), ex (£ — T(£))) Vee (is 8, ex) 0w (i ex(2), ex (£ — T(2))) ]

Page 6 of 23
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v /Z [V (i tex + e (i ex0) ex (£ - T0),20)) = Voo brex)

M
= Velis t,e) (i ex(®), ex(t - T(8)), zi) Jaeldze) + Y 7V (ot ).
j=1

Definition 2.1 ([45]) A function C: R, — R, is said to be a class K function if it is con-
tinuous, strictly increasing, and C(0) = 0. A class K function C is said to belong to class

Koo if C(x) — 00 asx — oo.

Definition 2.2 ([45]) The trivial solution of system (2.5) is finite-time stable in probabil-
ity if the equation admits a unique solution for any initial value xp € R” and each i € S;
moreover, the following properties hold:

(a) Finite-time attractiveness in probability: For any initial value xy € R”\{0}, the first
hitting time (o) = inf{; (i, £, x0) = 0}, called the stochastic settling time, is finite
almost surely, that is, P{tj(xo) < 00} = 1;

(b) Stability in probability: For each pair of ¢ € (0,1) and b > 0, there exists
8 = 8(s,b) > 0 such that

P(”x(i, t;%0) || <bforallt> O) >1-g¢,
whenever ||xg]| < 6.

To end of this section, we introduce the following lemma which is useful in deriving

sufficient conditions of finite-time synchronization.

Lemma 2.1 Suppose system (2.5) has a unique solution denoted by x(iy, t,xo), for any ini-
tial value {x(0) : -7 < 6 < 0} = xy € R"\{0} and r(ty) = iy € S. Additionally, if there exists
a function V(i,t,x) € C*Y(S x R, x R;R,), Ko class functions Cy(-) and C,(-), and real

numbers c; >0, 1 >a >0, such that

LV (i, t,x) < —ci(V (i, t, %)), (2.7)
then the trivial solution of system (2.5) is finite-time stable in probability.

Proof Applying Ito’s formula and integrating the both sides from ¢, to ¢, then taking math-

ematical expectation for the both sides, it can be easily reduced that

EV(i,tx) = EV(iO, to,x(to)) +E/tLV(i, s,x(s)) ds

to

< EV (i, to, x(to)) — E / t c(V(i,s,x))" ds

to

< EV (io, to, x(t0)),
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where ¢ = min;es ¢;. Define 7, = inf{t; ||x(¢, x0)|| > b}. With the help of (2.6) and (2.7), it has

P(ry < )C1(161l) < E[Liz,<ty V (r(5)> T 5(15)) |
< E[V(r(t ATp), EA Ty, x(E A t;,))]
= V(i()! tO:x(tO))

< Cy(llxoll)-
Thus, by taking § = (C,(¢C1(||]])))™!, we can obtain that
P(ty <t)<e,
whenever |xg|| < 4. Letting ¢ — 0o, we derive P(t, < 00) < ¢, which further leads to

P(sup”x(io,t;xo)” < b) >1-¢ Vte(t,o0). (2.8)
o<t

Similar to Theorem 3.1 in [45], we can conclude that the trivial solution of system (2.5) is

finite-time stable in probability. Moreover, according to Lemma 3.1 in [45], we have

(1-a)
E[To(ioy to,(t0))] = V(’(foi’(tlo:x;r)o)) o

which implies that Ty (ig, £y, x(f0)) < 00 a.s. O

Remark 2.1 Since the presence of the Lévy noise item can make the problem complicated,
Theorem 3.1 in [45] and Theorem 4.1 in [46] obtained the finite-time stability conditions
for stochastic differential equations driven by Brownian motion cannot be straightaway
used to discuss our main problems. In Lemma 2.1, we make a first attempt to give the
finite-time stability theorem for the Markovian jump systems driven by Lévy noise, which

improves and generalizes the related results in the previous literature.

3 Main results
In this section, the finite-time synchronization criteria for Markovian jumping GONs with
time-varying delay and Lévy noise will be got under the above assumptions A;—Aj; by

means of the stochastic Lyapunov functional method and Lemma 2.1.

Definition 3.1 The genetic oscillator networks (2.1) and (2.2) are said to achieve finite-
time synchronization in probability if the trivial solution of error system (2.3) is finite-time

stable in probability.

Theorem 3.1 Suppose that error system (2.3) has a unique solution, and let assumptions

A1—-Ag3 hold. If there exists a symmetric positive definite matrix P; € R™" and positive
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definite diagonal matrices X1;, Xy; € R™", i € S, such that

In ® (-2n{P; + 2P,A' + PBY X' B P; + ' Zuip’ + PBy X5 By P;
+ 150" P’ + p(P)A; + p(P)H] + 13Pi) + G @ P <0,
L , , , (3.1)
Iy® (v’Eziv’ + TV Pyt + p(PHAS + p(P)HS — (1 - f)ngpi) <0,

IN®@Pj-w) <0, i¥), IN®@Pj-w)>0, i=j,
then systems (2.1) and (2.2) are finite-time synchronization in probability in a finite time

V(r(0),0,£)1?
v1-6) '

*_

where ¥ = min;cs ¥; and ‘Q’ represents the Kronecker product.

Proof According to Lemma 2.1, it can be assumed that system (2.3) has a unique solution
denoted by e (io, t, &) on ¢ > 0 for any initial value &, € R"\{0}. For simplicity, ex(io, ¢, o)
is written as eg(f). For system (2.3), define V(i,¢,ex(t)) = Vi(i,t,ex(t)) + Va(i ¢, ex(t)) +
V3(i, t, ex(t)), where

N

Vi(itoe(®) = Y ef (t)Piex(t) = e" () Iy ® Py)e(t),
k=1
N t '

Va(irt, ex(t)) = Z / 58" (i, ex(s))Pig (ir ex(s)) ds
k=1 t—t(t)

=1 / ( )gT(i, e(s))(Un ® P)g(i,e(s)) ds,

N

V3 (i, L, ek(t)) = Z / niel (s)Pex(s) ds
k= t—t(t)

1

t
=1} / el (s)(Iy ® P;)e(s) ds.
t—1(¢)

Then applying Itd’s formula, we can derive
LV =LVy + LV, + LVs, (3.2)

where

M N
LVi =Y mVi(itex(®) +2) el (H)P; [ Aler(t) + Bif (i, ex(0))
k=1

j=1

N
- Big(iex(t—1(®))) + Z Giye(t) + u;}
I=1

N

+ Z trace(crkT (i, ex(t), ex (t - r(t)))Picrk (i, ex(t), ex (t - ‘L'(t))))

k=1

Page 9 of 23
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N

¥ / |:Z(€k(t) + (i e (8), ex (£~ T(t))’zk))TPi
Z| k=1

X

t)+ hk(i, er(t), ek(t - ‘L’(t)),Zk))

(ex(®)

N

- el (OPec(t) - 22 L(O)Ph (i, ex(t) ex (t - T(2)), zk):|kk(dzk),
k=1

k=1

N
LV, =) nsg" (ivex(®)) Pig(ir ex(t))

k=1

1—r(t Zn l ek t T t)))Plg(l ek t r(t) Zn,,%(/ t, ek(t)
and

N
LVs =) niel (OPec(t) - (1- () anek (t—t(0)Prex(t - z(t))

M
+ Z 7 Vs (i t, ex(2)).
j=1

For LV, and LV3, according to assumption As, we have
N

LV, <) mig” (i,ex(t))Pig (i, ex(®))
k=1

N
- (1-7)n ZgT(i, ex(t —7(1)))Pig(irex(t — T(2)))

k-1
M
+ ij\/g (j» £ ex(2)) (3.3)
-1

and

N
LV; < Z niel ()Piex(t) — (1 - T)nk e,?(t - r(t))P,»ek(t - r(t))

T
N

+ Zni}'VS (jr t, ek(t)) (34‘)
j=1
By using assumption Ay, it yields

N N
2> el (OPBif (i, ex(t) -2 ef ()P;Bhg(i,ex(t — (1))

k=1 k=1
N

<Y [l P, =7 B Piex(®) + £ (i, ex()) Zuif (i exs))
k=1

+e; (6)PiBy X5 By Piex(t) + g" (i, ex (£ — T(8)) Zuig (i ex (£ - T(2)))

Page 10 of 23



Ma and Kang Advances in Difference Equations (2019) 2019:352 Page 11 of 23

N

<> el ()[PBLZy B P; + ' Sy’ + PiBy 5 B Pilex(t)

k=1
N

+ Y ef (t—t®)[v Zav'e(t - T(2) (3.5)
k=1

and

N N
> nbg" (i ex(t) Pig(i,ex() + (T =y Y g" (ie(t — 7(8))) Pig (i ex ( — T(2)))

k=1 k=1
N N
Z r;’2 viP ek () + Zek t r(t)) [rnzv Py ]ek(t ‘L'(t)) (3.6)
k=1 k=1

Moreover, it can be easily reduced that

N N
2> el (OP; Y GyIe(t) = 2e" ()(G' @ PilM)e(t) (3.7)
k=1 I=1
and
v v 1y
—20; Z el ()P sign(ek(t)) ’ek(t) ’9 < -2%; (Z eZ(t)Piek(t)> . (3.8)
k=1 k=1

With assumption A, in mind, it is held that

N

Z trace(crkT (i, ex(t), ex (t - r(t)))P,Uk (i, er(t), ex (t - ‘L'(t))))

k=1
N

) e (Oniec(t) + e (¢ — () Mhex(t — ()] (3.9)

k=1
and

N

,/z |:Z(ek(t) + hye (i ex(t), ex (£ - t(t)),zk))TP,» (ex(®) + I (is ex(0), ex (£ — T(2)), 2k))

k=1

N
- el (OPex(t) - 22 L(OPh (i, ex(t), e (t - T(2)), zk):|kk(dzk)

k=1 k=1

= /Z > " h (i ex(t), ex(t = 7(2)), 2i) Pilu (i ex(t), exc (£ — 7(2)), 2) Ae(dzi)
k=1

N

< p(P) Y [ef (t)Hiex(t) + e (t — 7(t)) Hhex (t - 7(£))], (3.10)
k=1
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where p(-) denotes the spectral radius. Due to } ;. s 7; = 0, for an arbitrary symmetric

positive definite matrix @;, we obtain
(Z n,»,) w;=0, i€S. (3.11)
ijeS

Then submitting (3.3)—(3.11) into (3.2), it follows

LV < e"(t)[In ® (-20\P; + 2P,A" + PB X1 BT Py + ! Sy’ + PiBy X5 By Py
+ r]2 VP +,o(P))J +p(P)H’ + 773 ) +G @PTI ]e(t)

eT(t - ‘L'(t)) [IN ® (viZ‘Zivi + fnéviP,'v" + p(Pi))Lé + p(P,')Hé
-(1- f)ng e(t-1(1)) Zm}[ ) (In ® (P; — @y))e(t)

t

| g (els) (In ® (- )gjrels)) ds

t—t(t)

140
2

/ 77/3 IN ® (P - wl)) (s) ds] - 219,-(eT(t)(IN ® P,»)e(t))

—20; (/ Y n5g” (i e(s)) Iy ® Pi)g (i e(s)) ds) i

t
“20i( [ ety @ P)e)ds)
t—7(t)
According to condition (3.1) and the inequality in [47] as follows:

lloct 7+ Tlas2 I + -+ + [l ™

m
2 2 2\ 72
> (loall® + ool + - + 1%al1?) 25 X1,e.,%, €RM0<m < 2,
we can get

LV < =20,(e" (£)(In ® Py)e(?)) ¥

¢ Lo
- 20; (/ “ nlng(i, e(s))(Un ® P))g(i, e(s)) ds)

140
2

_ a9, ( / el )iy ® Pels) ds)
t—7(t)

N N

< -2 |:Z ef (O)Pex(t) + Z[ nsg” (ir ex(s)) Pig (i, ex(s)) ds
k=1 k=1 t—1(¢)
140

N
+ Z / néekT(S)Piek (s) ds:|
k=1 t—7(t)

140
2

= =20;V (i, £, ex (1))

Page 12 of 23
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Based on Lemma 2.1, V'(i, £, ex(t)) converges to zero in a finite time, and the finite time is
estimated by

_ V(I"(O), 01 SO)(I_Q)
N ¥(1-0)

*

Consequently, systems (2.1) and (2.2) with control (2.4) are finite-time synchronized in

probability in the finite time 7*. This completes the proof. O

Remark 3.1 As far as we know, all the existing stochastic models concerning GONs [7, 13,
16, 41] have considered the situation of Brownian motion. In this paper, the model dis-
cussed is universal, which replaces pure-diffusion Brownian motion with jump-diffusion

Lévy process.

Remark 3.2 It should be noted that previous studies on synchronization problem of GONs
[7, 10-13, 41] have just considered many types of synchronization including exponen-
tial synchronization and cluster synchronization but not finite-time synchronization. In
this paper, we investigate finite-time synchronization problem of GONs for the first time.
Moreover, compared with the studies on finite-time synchronization problem of com-
plex networks [20-23], the problem of finite-time synchronization for the model driven
by Lévy noise is also to be considered for the first time in this paper. Different from the
classical Lyapunov stability, finite-time synchronization concerns the stability of the er-
ror system over a finite interval of time and plays an important role in the study of the

transient behavior of systems.

When we do not consider time-varying delay, i.e., T(£) = 0, error system (2.3) will be

reduced to the following stochastic Markovian jumping GONs driven by Lévy noise:
dex(t) = |:A("(t))ek(t) + By (r(0))f (r(2), ex(t)) — Ba(r(2))g (r(2), ex(2))

N

£ Gu(r®) I (r(®)e®) + le(r(t)):| dt
=1

+ 0% (r(t), ek(t)) AW (t)

+ / hy (r(t), er(t), Zk)Nk(dt, dzy), k=1,...,N, (3.12)
7

with the control of the form

Uy (r(t)) =-m (r(t))ek(t) - ﬁ(r(t)) sign(ek(t)) |ek(t)|9. (3.13)
Then we can easily get the following corollary.

Corollary 3.1 Suppose that error system (3.12) has a unique solution, and let assumptions

A1-A; hold. If there exists a symmetric positive definite matrix P; € R™" and positive
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definite diagonal matrices X1;, Xy; € R™", i € S, such that
In ® (=20} P; + 2P,A + PiB, X' BT Py + ' Xy’ + PiBy X5 By P,
+ 05V P’ + p(POAS + p(P)H, + nyP;) + G @ P <0,
In® (Pi-w;) <0, i#j, IN® (Pj-w;)>0, i=},
then error system (3.12) is finite-time stable in probability in a finite time

* V(V(O), 0’ SO)(I_Q)
TF = P50
?(1-0)

Proof Define V(i,t,ex(t)) = 211:[:1 eZ(t)Piek(t). The proof method is similar to that of The-
orem 3.1, so we omit it. O

When we do not consider Markovian switching, i.e., Markovian chain r(¢) takes value
in the state space S = {1}, error system (2.3) will be reduced to the following stochastic
GONs with time-varying delay and Lévy noise:

N

de(t) = |:Aek(t) +Bf (ex(t)) - Bog(ex(t — T(0)) + Z GuTel(t) + Uk:| dt

=1

+ ok(ek(t), ek(t - ‘L'(lf))) dW(t)

+ / hy (ek(t), ex (t - ‘((t)), Zk)Nk(dt, dzy), k=1,...,N, (3.14)
z
with the control of the form
. 0
Ui = —n1ex(t) — 0 sign(ex(t))|ex()|

—0( / ()nng(ek(s))g(ek(w)ds)2 ()

lex (211>

_ ( / t nsef (s)ex(s) ds) b _al) (3.15)
t—1(t)

lex(®)11>

Then we can easily get the following corollary.

Corollary 3.2 Suppose that error system (3.14) has a unique solution, and let assump-
tions A1—As hold. If there exists a symmetric positive definite matrix P € R"*" and positive
definite diagonal matrices X1, Xy € R"™" such that
Iy ® (=2m1P +2PA + PBi X' B{ P+ X1 + PB, X' B] P
+m2VPv + p(P)A1 + p(P)H; + n3P) + G PI" <0,

In ® (VZov + TavPv + p(P)Ay + p(P)Hy — (1 - T)nsP) <0,
then error system (3.14) is finite-time stable in probability in a finite time

o VO
v(1-0)

Page 14 of 23
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Proof Define V(t,ex(t)) = V1(¢, ex(t)) + Va(t, ex(t)) + V3(t, ex(2)), where
1 (£ ex(®)) Ze (£)Pex(t),
S (tex(®) Z / " (ex(s)) Paex(s)) ds,

N ¢
V3 (t, ek(t)) = Z / ngeZ(s)Pek(s) ds.
k=1 t—(t)

Similarly, following the same steps as in Theorem 3.1, one can easily obtain Corol-

lary 3.2. 0

When we do not consider Lévy jump, i.e., i (i, ex(2), ex (¢ — T(£)), z) = O, error system (2.3)
will be reduced to the following stochastic Markovian jumping GONs with time-varying

delay:
dey(t) = |:A(V(t))ek(t) + B (r(®))f (r(2), ex(2)) — Bo(r(2))g(r(0), ex (£ — T(2)))

+ Z Gu(r@®) I (r())e(t) + Uk(r(t)):|

+ ok (r(t), ex(t), ex (t - r(t))) aw(), k=1,...,N, (3.16)
with the control of the form

Ur(r(®) = =1 (r(8))ex(t) — 9 (r(0)) sign(ex (©)) | ex(®)|

140
T elt)

B ﬁ(r(t)) (_/t_,(t) nz(r(s))gT (r(s), ek(s))g(r(s), €k(S)) ds) lec )12

140
T e(2)

-0 (r(®)) (/t_r(t) n3(r(s))ef (s)ex(s) ds) O (3.17)

Then we can easily get the following corollary.

Corollary 3.3 Suppose that error system (3.16) has a unique solution, and let assumptions
A1-Aj3 hold. If there exists a symmetric positive definite matrix P; € R™" and positive
definite diagonal matrices X1, Xy; € R™", i € S, such that

In ® (-2n\P; + 2P,A" + PBL X' BT P + ! Xy i + PiB, X5 BY Py
+ 05V P’ + p(PYAS + niPy) + G @ P <0,
In ® (V' Ev + T’ P’ + p(Py)Ms — (1 - T)niP;) <0,

IN® @ -m) <0, i#j, IN®@-w)>0, i=j,

Page 15 of 23
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then error system (3.16) is finite-time stable in probability in a finite time

V(Y'(O), 0, %—0)(1_9)

= 9(1-06)

Proof Define V(i,t,ex(t)) = V1(i, t, ex(2)) + Va(i, £, ex(2)) + V3(i, t, ex(t)), where

Mz

Vl (l, L, ek(t)) € (t)Piek(t)!

=

Vs (z,t ek(t) = Z/ nzg i, ek(s))P,«g(i, ek(s)) ds,

k=1
N

V3 (z,t ek(t) = Z/ ngek (s)P;ex(s) ds.
k_

By means of Theorem 3.1, the results of Corollary 3.3 are obvious, hence we omit their

proofs here.

d

Remark 3.3 As is known, GONSs are inherently coupled networks. The finite-time syn-

chronization criteria of genetic regulatory networks without coupled interaction proposed

in [23] cannot be used to guarantee the case of the GONs. As a result, Corollary 3.3 is more

general than previous results.

4 Numerical examples

Here, we present two illustrative numerical examples to demonstrate the effectiveness of

the main results.

Example 4.1 Consider the following genetic oscillator networks [6]:

d;c:k = —d (r(t))%ax + #(?)x,&

% =~y (F(O)) et + ﬁ%
O s e s
% = —dy (r(t))xar + B (r(£))%axs

P o s () + o)

P — () + B0

P (r0) + (- Qo) i + ks (0) s

N
+ % Z(xs[ -xs¢), k=1,...,N,
I=1

Page 16 of 23
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where x4k, xpr, %k and x4k, Xk, xcx represent the dimensionless concentrations of genes
tetR, cl, lacI and their product proteins TetR, CI, Lacl, respectively. The concentration of
Al inside the kth cell is denoted by xs. More details are in Ref. [6]. In this example, N = 2.

Here, the Markov chain r(t) is on the state space S = {1, 2} with the generator IT = [_64 _46]

and the following setting:
when r(¢t) = 1,
dy =ds =0.35, dy =0.3, dy =0.25, ds =0.28, de = 0.26,
a=54, p1=06  Br=80,
B3 =0.015, m =4, Qo =0.38, k =8.0, k1 =0.016,

ky =04, k3 = 0.018, u=13, U =5,
when r(¢) = 2,

di=dy=033, dy=03, dy=023,  ds=027, dg=027,
a=49, p1=05  B=90,
B3=0.016, m=4, Qy=08, k=80,  k =0.016,

ky =04, ks =0.018, u=13, Us =5.

For system (4.1), its response system driven by Lévy noise can be described as system
(2.2), in which 7(¢) = O,f =10,0,0,0,0,0, %]T, B (r(t)) is a 7 x 7 matrix with all zero

r()+xsk
entries except for By (3,7) = k(r(t)), g = [0,0,0, - L L 1+xm ,017, By(r(2)) is
Ck

(rE)+¥77” ulr(@)+xigy” u(r(t)
a7 x 7 matrix with all zero entries except for B,(2,4) = B(3,5) = % And when r(¢) = 1,

o1léer t)) = diag{O.Seu(t), ooy 0.5617(15)},
£)

(1) ) = diag{0.5321(t),...,0.5627(t)},

(e
(e(
I (ex(),z1) = [035e1,(B)z1, ..., 0.35e17(D)z1 |,

(e

h2 () t),Zz) = [0.35621(t)22, veey 0.35627(t)22]T.
When r(t) =2,

o1(e1(2)) = diag{0.4e1;(2),...,0.4e17(2)},
02(ex(2)) = diag{0.4e: (2),...,0.4e5(2)},
(
(

(
(
h1 (61 t), Zl) = [0.25611(t)21, veey 0.25617(t)21]T,

(

h2 () t), Zz) = [0.25621 (t)Zz, eey 0.25627(t)22]T.

The initial values x;(t) = [0.5,0.3,0.09,0.6,1.3,5.03,1.1]7, x,(¢) = [10.5,0.31,0.08,0.062,
1.31,5.02,1.2]7, () = [6.3,0.33,0.1,0.061,1.29,5.04,1.1]7, y,(¢t) = [3.2,0.29,0.02,0.059,
1.32,5.08,0.99]7.

It is easy to verify that the given parameters satisfy the assumptions of Corollary 3.1, and
thus system (4.1) and (2.2) should be finite-time synchronization. The simulated results in
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Figure 1 (a) shows the path of switching signal. (b) and (c) exhibit the time evolutions of the concentrations
of tetR xg (k= 1,2) for the drive system and the response system without control under Lévy noise

xaz(t) |
- = Y

0 20 40 60 80 100 0 20 40 60 80 100

t

Figure 2 (a) and (b) exhibit the time evolutions of the concentrations of tetR xg (k = 1,2) for the drive system
and the response systems with control under Lévy noise. In (c), the evolutions of the error systems tend to
zero as time increases, which illustrates the finite-time synchronization of the drive system and the response
system

Page 18 of 23
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(a) (b) (©

10 10 10
eu( —e,0 e,
5\ e 5 - %
s | N 5 %
o}/ = Sof/
o |/ 5}
i [
i I I
-5 ’f -5 -5
-10 -10 -10
o 05 1 15 2 0o 05 1 15 2 o o5 1 15 2

t t t

Figure 3 (a)-(c) show the time responses of the error variables of the concentrations of tetR xu (k=1,2)
under control with @) 7l =3, 91 =1,77=4,9,=1,0 =02 (b) nl =8, 01 =1,77=9,9,=1,0 =02; (¢)
Nl =801=5n7=91,=60=02

Figs. 1-3 clearly confirm our theoretical results. As seen from Fig. 1, due to the influence of
Lévy noise, the trajectory of the response system without control has an evident deviation
from the trajectory of the drive system. But in Fig. 2, under the same intensity of Lévy noise,
the response system with control is synchronized with the drive system after a short-time
transient evolution even though those states start at different initial values. To further
verify the effectiveness of the proposed control design, we take different values of 1} and
¥ (i = 1,2) in Fig. 3.

Example 4.2 For systems (2.1) and (2.2), let N = n = 2 and the Markov chain r(¢) be on the
-7 7

state space S = {1,2} with the generator IT = [/ %

when r(t) = 1,

] and the following setting:

Fx®) = g(x(®) = % 7(t) = 0.2 — 0.1 cos(2¢),
o1(e1(t) e (£ - 7(2))) = diag{0.5e11(£),0.5e12(8)},

02 (e2(t), e2(t — 7(2))) = diag{0.5e51 (£ — 7(2)), 0.5ex (£ — 7(2)) },

I (ex(®), €1 (t - T(0)),21) = [0.25e1,(H)z1,0.25e15(8)z1 ]

ha(ex(®), ex(t — T(8)), 22) = [0.25€01 (¢ = T(£))25,0.25e55 (£ — T(£)) 22 ],

-1.0 0.2 1.8 0.3 -24 0.01
A= ’ Bl = ) BZ = )
05 -0.1 02 35 0.03 35

15 0
I = ) A=1,
|: 0 1.5:|

xk(t)z
1+ x(2)? ’

o1 (el(t), e1 (t - T(t))) = diag{0.4€11(t), 0.4612(t)},

02 (ex(t), e2(t — T(2))) = diag{0.45ex (£ - 7(2)),0.45ex (t — 7(2)) },

when r(¢) = 2,

Flx®) =g(x(0) = () = 0.2 — 0.1 cos(2¢),
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Figure 4 (a) shows the path of switching signal. The time evolutions of genetic oscillators for the drive
system (x7, x») and the response system (y1, y») without control under Lévy noise are illustrated in (b) and (c)

hl (el(t), el (t - ‘L'(lf)), Zl) = [0.3611(t)21, 0.3312(t)21] T,

h2 (ez(t), (2 (t - ‘L'(t)),Zz) = [0.2621 (t - ‘L'(t))ZQ, 0.2622 (t - ‘L'(t))Zz]T,
-0. 1 -1.4 2 2. .

e 09 0 ’ B, - 0 ’ By - 5 0.05 ’
04 -0.5 01 =21 0.01 4.9
-1. 1. 1.

G- 0 0 , re 0 O , o1,
1.0 -1.0 0 1.0

and the initial values x;(¢) = [2.3,0.3]7, xy(t) = [6.3,1.3]7, y1(¢) = [5.5,4.0]7, y,(¢) =
[2.5,7.5]7.

We find that the parameters given by Example 4.2 satisfy the assumptions of Theo-
rem 3.1, which means that response system (2.2) should be finite-time synchronized with
drive system (2.1) in theoretical analysis. The simulated results in Figs. 4—6 clearly con-
firm our conclusions. As seen from Fig. 4, due to the effect of Lévy noise, the trajectory of
the response system without control is not synchronized with the trajectory of the drive
system. But for the case with control in Fig. 5, the trajectory of the response system rapidly
becomes the same as the trajectory of the drive system after a short-time transient evolu-
tion. Fig. 6 presents the synchronization time for different values of né, %;and 6 (s=1,2,3,
i=1,2).

Remark 4.1 It can be seen from Examples 4.1 and 4.2 that the effect of Lévy noise does

play an important role in achieving the finite-time synchronization of GONs. Obviously,
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Figure 5 (a) and (b) exhibit the time evolutions of genetic oscillators for the drive system (x, x») and the
response system (y1, y») with control under Lévy noise. In (c), the evolutions of the error systems tend to zero
as time increases, which illustrates the finite-time synchronization of the drive system and the response
system
(a) (b) (c)
8 8 8
- ——e,0 - - —e,0 - ——e,®
6 8 e, 6 g e, 6 elt)
\
\ - - t I — — —e,(t
41 e218 4 ‘\ 921?; 41, 218
— \ ——et — — = et = \ - —-€
. 22 \ 22 22
S2h g2/ 2
(] o [ NN o |\
0 ~ ;*m/w"”: R — 0 e j‘{'wﬁ‘;— - \:i B —
— - ,/ - //
2 - - -2t -2/
/ / /
-4 -4 -4
0 0.5 1 0 0.5 1 0 0.5 1
t t t
Figure 6 (a)-(c) show the time responses of the error variables under control with (@) ] =4, nl = 1,13 =1,
=30 =5m=1,n3=1,0,=460=0250b)n =9,n=1,ni=1,%=3n=10n=1,ni=1,
0,=4,0=0250n =9y =1,n =1, =8n}=10n3=1,n2=1,0,=960=02

all of the criteria about finite-time synchronization in [20-23] cannot be applied in Exam-
ples 4.1 and 4.2 since they all ignored the perturbation of jump process.

5 Conclusions

In this paper, the problem of finite-time synchronization for stochastic Markovian jump-
ing GONs with time-varying delay and Lévy noise has been investigated. It is worthy to
point out that vector form Lévy noise is introduced in GONs and the finite-time synchro-
nization problem for GON:Ss is studied for the first time. Since the previous results con-
cerning finite-time stability theorem cannot be straightway used to deal with our prob-

Page 21 of 23
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lem, we have generalized the finite-time stability theorem from the case of pure-diffusion
Brownian motion to jump-diffusion Lévy process. By means of the stochastic Lyapunov
functional method and the finite-time stability theorem, the sufficient criteria of finite-
time synchronization for GONs with appropriate control have been given in Theorem 3.1.
Moreover, we also have obtained sufficient conditions of finite-time synchronization for
GONs under three situations, i.e., GONs without time-varying delay, Markovian switch-
ing or Lévy jump, in Corollary 3.1, 3.2 and 3.3. Finally, two numerical examples have been
presented to confirm our theoretical results. These results not only have covered the gap
that finite-time synchronization problem of GONs was not considered, but also are helpful
for understanding the synchronization phenomena in living organisms and engineering
applications.
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