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Time delay arising in a genetic regulatory network may cause the instability. This paper is concerned with the stability analysis of
genetic regulatory networks with interval time-varying delays. Firstly, a relaxed double integral inequality, named as Wirtinger-type
double integral inequality (WTDII), is established to estimate the double integral term appearing in the derivative of Lyapunov-
Krasovskii functional with a triple integral term. And it is proved theoretically that the proposed WTDII is tighter than the
widely used Jensen-based double inequality and the recently developed Wiringter-based double inequality. Then, by applying the
WTDII to the stability analysis of a delayed genetic regulatory network, together with the usage of useful information of regulatory
functions, several delay-range- and delay-rate-dependent (or delay-rate-independent) criteria are derived in terms of linear matrix
inequalities. Finally, an example is carried out to verify the effectiveness of the proposed method and also to show the advantages

of the established stability criteria through the comparison with some literature.

1. Introduction

In the past few years, genetic regulatory networks (GRNs),
which describe the interactions of many molecules (DNA,
RNA, proteins, etc.), have been becoming a new research area
of biological and biomedical sciences [1-4]. Mathematical
modelling based on the extracted functional information
from the time-series data provides a useful tool for study-
ing gene regulation processes in living organisms [5, 6],
and a large variety of formalisms have been proposed to
model and simulate GRNs, such as directed graphs, Boolean
networks, and nonlinear differential equations [7]. Among
them, the nonlinear differential equation model can provide
more detailed understanding and insights into the nonlinear
dynamical behavior exhibited by GRNs [8].

Since mRNAs and proteins in the GRNs may be synthe-
sized at different locations, an important issue in modelling
GRNEs is that the slow processes of transcription, translation,
and translocation result in sizable delays [9-11]. Time delays

arising in the GRNs may lead to wrong prediction of dynamic
behaviors [12, 13], which may lead to very serious conse-
quences. The stability is essential for designing or controlling
genetic regulatory networks [14]; it is of a great significance
to study the influence of delays on the stability of the GRNs.
Up to now, a huge number of results on the stability of the
delayed GRNs have been reported in the literature (see, e.g.,
[15-58]). The sufficient and necessary local stability criteria
were firstly given for the GRNs with constant delay in [15,
16]. However, local stability is not enough for understanding
nonlinear GRNs; the globally asymptotical stability of GRNs
with SUM regulatory functions has been widely investigated
[17-22]. Meanwhile, by taking into account the unavoidable
uncertainties caused by modelling errors and parameter
fluctuations, many scholars paid attentions to the robust
stability analysis of the delayed GRNs [23-36]. Moreover,
both the intrinsic noise derived from the random births and
deaths of individual molecules and the extrinsic noise due to
environment fluctuations make the gene regulation process
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an intrinsically noisy process [59]. Thus, many researches
aimed at the robust stability analysis of the GRNs in con-
sideration of those noises [37-46]. Also, some results have
considered both the uncertainties and the noises [47-52]. In
addition, based on the definition of convergence rate index,
the exponential stability problem was also studied in [53-57].

On the other hand, no matter what type of stability
problems is concerned, the analysis methods for finding
stability criteria have always been an important topic. To
the best of the authors’ knowledge, there are mainly two
methods that have been used for the delayed GRNs. The
first type of method is the M-matrix-based method. For
example, the delay- and rate-independent stability criteria
were proposed in [20], the delay-independent but rate-
dependent criteria were established in [23, 44], and the delay-
and rate-dependent criteria were developed in [21, 22]. The
stability of the GRNs through those M-matrix-based criteria
is judged by verifying whether or not a matrix is a nonsingular
M-matrix. Although the computational complexity is low,
those criteria are just available for slow-varying delay case
[20-23, 44]. However, the time delays encountered in GRNs
may be fast-varying or random changing. The M-matrix-
based method is inapplicable for those cases. The second
type of method is based on the framework of Lyapunov-
Krasovskii functional (LKF) and linear matrix inequality
(LMI). The LKF-based method can be used to handle all
time delays mentioned before and it is available for not only
stability analysis but also many other problems, like controller
synthesis, state estimation, filter design, passivity analysis,
and so on [13,59-70]. Meanwhile, the LMI-based criteria
can be easily checked through MATLAB/LMI toolbox for
determining the system stability. Therefore, most existing
researches for the GRNs are based on this type of method [17-
19, 25-43, 45-56].

The problem of stability analysis by using the LKF
and the LMI is that the criterion obtained has more or
less conservatism. It is well-known that the criterion with
less conservatism means that it can derive an admissible
maximum upper bound such that the understudied GRNs
maintains global asymptotical stability. It is predictable that
the form of the LKF candidate is tightly related to the
conservatism of the obtained criteria. Thus, the key point of
the stability analysis based on such framework is to find an
LKF satisfying some requirements for ensuring the globally
asymptotical stability of the GRNs.

In most researches, the used LKFs were constructed by
introducing delay-based single and/or double integral terms
into the typical nonintegral quadratic form of Lyapunov
function for delay-free systems [17, 18, 28-33, 35-42, 46—
50, 53-55]. Based on a predictable fact that the conservatism-
reducing of criteria can be achieved by constructing more
general LKE, two types of more general LKFs have been
developed to reduce the conservatism. The first one is the
delay-partition-based LKFs, which is constructed by dividing
the delay interval into several small subintervals and then
replacing the original integral terms with multiple new
integral terms based on delay subintervals. This type of LKF
has been used to investigate the robust stability of various
GRNs [25, 26, 51], the exponential stability of switch GRNs
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[56], and the stochastic stability of jumping GRNs [27, 43, 45].
The other is the augmented LKF constructed by using various
state vectors (current and delayed and/or integrated state
vectors, etc.) to augment the quadratic terms of original LKFs,
and it has been used to derive the improved stability criteria
of the GRN [19, 34, 52].

Beside the above-mentioned two types of improved LKFs,
a new LKF including triple integral terms firstly developed in
[71] is proved to be very useful to reduce the conservatism.
However, only a few researches of the GRNs have applied such
type of LKE. The LKF with triple integral terms was used to
discuss the asymptotical stability of the GRNs [19, 34]. The
following form of double integral term will be introduced into
the derivative of the LKF with a triple integral term:

b b
—I J yT (u) Zy (u)duds, Z > 0. €]
As mentioned in [72], the effective estimation of the above
term is strongly linked to the conservatism of the criteria.
To the best of the authors’ knowledge, for the researches
referring to the triple integral term in the LKFs, most
literature directly applied the Jensen-based double integral
inequality (JBDII) (see (17) for details) to achieve the esti-
mation task [34]. Although an improved integral inequality
was developed in [19], it is also derived based on Jensen
inequality. Very recently, a Wirtinger-based double integral
inequality (WBDII) was developed to general linear time-
delay system and it was proved to be less conservative than
the JBDII [72]. However, such inequality has not been used
to discuss the GRNs. Furthermore, the gap between term
(1) and its estimated value obtained by the WBDII still
leads to conservatism. Therefore, it can be expected that the
results may be further improved if a new estimation method
that brings tighter gap is applied for term (1). This is the
motivation of the paper.

This paper further investigates the delay-dependent sta-
bility of the GRNs by developing a more effective inequality
to estimate the double integral term (1). The contributions of
the paper are summarized as follows:

(1) A relaxed double integral inequality, that is,
Wiringter-type double integral inequality (WTDII),
is established to estimate the double integral term.
Compared with the widely used JBDII and the
recently developed WTDII, the presented WTDII is
theoretically proved to be the tightest.

(2) Two less conservative stability criteria of the GRNs
are derived. For the GRNs with time-varying delays
satistying different conditions, two stability criteria
are, respectively, established by applying the proposed
WTDII to estimate the double integral terms appear-
ing in the derivative of the LKFs.

The rest of the paper is organized as follows. Problem
statements and preliminaries are presented in Section 2. In
Section 3, the development and the comparison of the WTDII
approach are discussed in detail. Two stability criteria of
the GRN with time-varying delay are derived through the
WTDII in Section 4. An example is given to show the validity
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FIGURE 1: GRNs with time-varying feedback regulation delays and translational delays.

of the obtained results in Section 5. Finally, in Section 6, the
conclusions are drawn.

In the Notations, the list of notations and abbreviations
used throughout this paper is shown.

2. Problem Formulation and Preliminary

This section describes the problem to be investigated and
gives some necessary preliminaries.

2.1. Problem Formulation. The following nonlinear differ-
ential equations have been used recently to describe the
GRNs with time-varying feedback regulation delays and
translational delays [28]:

m; (t) = —a;m; (t)
+h(p(t=0 (), py(t=0(®),....p, (t—0 (1), (2)
pi(t) =—cp; (t) +d;m; (t — T (1))

as shown in Figure 1, where m;(¢) and p;(t) are the concen-
trations of the ith mRNA and protein, respectively. a; > 0
and ¢; > 0 are the positive real numbers that represent the
degradation rate of the ith mRNA and protein, respectively.
d; > 0 is the positive real number that represents the
translating rate from mRNA i to protein i. 4, is the regulatory
function of the ith gene. o(¢) and 7(¢) are the transcriptional
and translational delays, respectively.

Since each transcription factor acts additively to regulate
the gene, it is usual to assume that the regulatory function b
satisfies the following SUM logic [37]:

b(pr (), p2 (1), (1) = Zbijpj (t) (3)
j=1

and b;; is a monotonic function of the Hill form; that is,

—————, if transcription factor j represses gene i

L+ (/) (4)

H.

o (x/B;)

1+ (x/B;) "

where a;; is bounded constant that denotes the dimensionless

transcriptional rate of transcription factor j to gene i, f3; isa

positive scalar, and H; is the Hill coefficient that represents
the degree of cooperativity.

The transcriptional and translational delays, o(¢) and (¢),
are assumed to satisfy the following two different conditions.

, if transcription factor j activates gene i,

Case I. 7(t) and o(¢) satisty

O<t <7(t) <15

0<o0,<0(t) <0y

(5)
T (t) < Tg»
o (t) <oy
Case 2. 7(t) and o(t) satisfy
0<7 <T(t) <150
(6)

0<o,<0(t) <o0,.
Clearly, based on (3), GRN (2) can be rewritten as [19]
it () = —am; () + Y wyg; (p; (t— 0 (1)) +1;,
j=1 (7)
pi () = —¢p; (1) +dim; (£ — 7 (1)),



where [; = . o with 7; being the set of all the
transcription factors j which are repressors of gene i; w;; = o;
if transcription factor j activates gene i, w;; = 0 if there is no
connection between j and i, and w;; = —a; if transcription
factor j represses gene i; and g;(x) = (x/ﬂj)Hf'/(l +
(x/ ﬁj)Hf'), x > 0 is a monotonically increasing function
satisfying

- gj (s1) —9; (s2) -

< ; (8)
5 s, Pi
with p = ming,g;(s) = 0 and
(H-1)/H; (H;+1)/H;
(Hj B 1) (Hj + 1) O

p; = max g, (s) = 1B,

GRN (7) can be expressed as the following vector-matrix
form:

mt)=-Am @)+ Wg(p@t-o(t))+1,
pt)=-Cp(t)+ Dm(t-1(t)),

(10)

where m(t) = [m,(t),m,(t),.. .,mn(t)]T, p(t)
p(®),..., p, (O], A = diaglay, a,,...,a,} > 0, C = diag{c,,
C.vrCt > 0, D = diag{d,, d,,....d,} > 0, g(p(t)) =
[91 (P1 (t))s gz(Pz(t))> s gn(Pn(t))]T> W = [wij]nxm and l =
U,

Let (m", p*) be the equilibrium point (steady state) of
(10); that is, —Am" + Wg(p*) +1 = 0 and -Cp* + Dm" = 0.
Using the transformations x(t) = m(t) - m" and y(t) =
p(t) — p*, one can shift the equilibrium point (m”, p*) to the
origin and rewrite (10) as the following GRN:

[p1(®),

x(t) =-Ax )+ Wf (y(t -0 (1)),

(11)

y(@#)=-Cy(t)+Dx(t-7(t)),
where f(s) = [f,(s), f,(5)... ,fn(s)]T and fi(y(t)) =

g:(y(@®) + p*) — g;(p*) with £;(0) = 0. Then,
fi(s1) = fi (s,) _ 9i(51+P*)_9i(52+P*)‘ (12)

S1=8, s+ p* = (s, + p*)

Thus, it follows from (8) and f;(0) = 0 that

Oswgpi, 51:'(;52, (13)
S1=5

Os@spi, s#0. (14)

This paper aims to analyze the asymptotical stability of
GRN (2) and to determine the delay bounds, named as
maximal admissible delay bounds (MADBs), under which
the GRN is asymptotically stable. In order to achieve this aim,
this paper will develop a new double integral inequality (i.e.,
WTDII) for estimating the double integral term (1) so as to
derive some less conservative stability criteria.
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2.2. Preliminaries. Several lemmas used to obtain the main
results are given as follows.

For the estimation of single integral term, the most
popular technique is Wirtinger-based inequality, shown as
Lemma 1.

Lemma 1 (Wirtinger-based inequality [73]). For symmetric
positive-definite matrix R € R™", scalars a < b, and vector
w : [a,b] — R" such that the integration concerned is well
defined, the following inequality holds:

o SLET lE]) e
Lw (s)Rw(s)dszb_a o 0 3R] |y, , (15

J:w(s)ds and x, = x, - /b -
o) [ [ wwduds = —x, + 2/ - a) [ [ wlwduds.

where x, =

The auxiliary function-based integral inequality, which
encompasses the Wirtinger-based inequality, has been devel-
oped in recent years.

Lemma 2 (auxiliary function-based integral inequality [74]).
For symmetric positive-definite matrix R € R, scalars a <
b, and vector w : [a,b] — R" such that the integration
concerned is well defined, the following inequality holds

b
(b-a) j @' (s) R (s)ds
a (16)

> x1 Ryy +3), Ry, + 53 Ry,

where xy; = w(b) — w(a), y, = wb) + w(a) - 2/(b -
@) [} w(s)ds, and x5 = w(b) - w(@) + (6/(b - a)) [ w(s)ds -
(12/b - a)) [ [ wwduds,

For the estimation of double integral term, the JBDII is
widely applied in [71], and, with its improvement, the WBDII
was developed in [72] very recently, respectively shown as
Lemmas 3 and 4.

Lemma 3 (Jensen-based double integral inequality (JBDII)
[71]). For symmetric positive-definite matrix Z € R™",
scalars a < b, and vector v : [a,b] — R" such that the
integration concerned is well defined, the following inequality
holds:

2 b b
(b—Ta)J J vT(u)Zv(u)dudszsz)@, (17)

where y, = J: Lb v(u)du ds.

Lemma 4 (Wirtinger-based double integral inequality
(WBDII) [72]). For symmetric positive-definite matrix
Z € R™" scalars a < b, and vector v : [a,b] — R" such
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that the integration concerned is well defined, the following
inequality holds:

b-a) (b (° r
5 L L v (u) Zv(u)duds 8)

> X4 ZX4 + 205 ZXss

where x5 = —xa + (3/(b— @) [ [ [ vw)du dO ds with y,
given in Lemma 3.

For time-varying delay, when using the integral inequal-
ity, the reciprocally convex lemma is needed, and its simple
form can be reformulated as Lemma 5.

Lemma 5 (reciprocally convex combination lemma [75]).
For any vectors 3, and [3,, symmetric matrix R, any matrix
S, and real scalar 0 < o < 1 satisfying [ R 5] > 0, the following
inequality holds:

1 1 B[R S][B
Ao ][0 ][] @

3. A Relaxed Double Integral Inequality and
Its Advantages

This section develops a new integral inequality, that is, the
WTDII, to estimate the double integral terms existing. The
comparison of the WTDII and the existing double integral
inequalities is also given.

Based on the technique of integral in parts, the following
WTDII is given.

Lemma 6. For symmetric positive-definite matrix Z € R,
scalars a < b, and vector v : [a,b] — R" such that the

integration concerned is well defined, the following inequality
holds:

2 b b
MJ- J. vT(u)Zv(u)duds

2 Jals (20)
> X1 ZXs + 8Xs ZXs»

where y, and x5 are defined in Lemmas 3 and 4.

Proof. Forafunction A(u) = k, +k,u, the calculation through
integration by parts leads to

Jb Jb A(u)v(u)duds

a S

b b
:A(a)J J v (u) duds (21)

a Js

b (b (b

+2k2J J J x () du do ds.
a Js Jo

By setting A(a) = -1, 2k, = 3/(b — a), thatis, A(u) = (-a -

2b)/2(b—a) + (3/2(b—a))u, the above equality is rewritten as

b b
J J A(w) v (u)duds = ys. (22)

a S

Then the following equality is obtained for any vector x, and
any matrix M:

b (b
J J A (u) X(;FMV (u)duds = X(;FMXS' (23)

a N

Similarly, the following equalities are derived:

b b
J J XgLv(u)duds=X()TLX4,

a S

b b )2
XgLR_lLTXOdu ds = (bTa)XgLR_lLTXO,

b b

L]
j J XCLR™ MM (u) yoduds = 0, (24)

a Js

b b
J J 2 (u)XOTMR_lMTXOduds

(b-a)* _
= Xa MR My,

Therefore, using the above five equalities and the Schur
complement derives the following equality:

T
b b Xo
[ oo
a Js v(u)
Lzt Lz'm" L Yo
* MZ*MT M| | AW) x, | duds
* * Z v (u)

(25)

b b
=J j y! (u)Rv(u)duds+Sym{X0TLX4

a N

(b -a)’
2

T ( 8LZ'LT + Mz 'MT )
Xo = 0.

+ X(;FMXS} +

* Xo 3

By letting xg = (x4, X1, L = ~(2/(b - @)*)[Z,0]", and
M = —(16/(b - a)*)[0, Z), that is, x. L = —(2/(b - a)*)xs Z
and XOTM =—(16/(b - a)z)XSTZ, then (25) leads to

b b
J J. v (w) Zv (u) du ds
a N 2 (26)
> Y Zxa+ 8Xe Zxs) -
ooy (X2 Zxa + 8X5 Zxs)
Thus (20) holds. This completes the proof. O

Remark 7. Based on the comparison of the proposed WTDII
(20) with the widely used JBDII (17) and the recently devel-
oped WBDII (18), it can be found that WTDII (20) provides
the tightest estimation value of the double integral term (1).



More specifically, compared with the widely used JBDII (17),
the extra positive term 8! Zys reduces the gap between the
original double integral term (1) and its estimated value;
and, compared with the recently developed WBDII (18), the
extra positive term 6X5TZX5 reduces the estimation gap. As
mentioned in [72-74], it is helpful to reduce the conservatism
by reducing such estimation gap. Therefore, the proposed
WTDII (20) will lead to less conservative criteria than the
ones derived by JBDII (17) [19] or WBDII (18).

By setting v(u) = w(u), the following lemma can be
directly obtained from Lemma 6.

Lemma 8. For symmetric positive-definite matrix Z € R,
scalars a < b, and vector @ : [a,b] — R" such that the

integration concerned is well defined, the following inequality
holds:

b b
J J O (u) Zd> (u) duds > 20726, + 166726,  (27)

where 0, = (1/(b - a)) X4ly@)=ow) = @(b) = Jf(w(s)/(b —a))ds

and 0, = (1/(b = a)) xsl, =) = —(1/2)w(b) - f:(w(S)/(b -
@)ds+3 [ [ (@w)/(b - a))duds.

4. Delay-Dependent Stability Analysis of GRN

This section derives delay-dependent stability criteria of GRN
(2) by constructing the LKF with triple integral terms and
applying the proposed WTDII (20) to estimate the double
integral terms appearing in its derivative.

The following notations are introduced at first for simpli-
tying the representation of subsequent parts:

T () =71() -1,
T () =17, -7 (1),
0, t)=0(t) -0,
0y (1) =0, =0 (1),
X, () =x(t-7),
Vo, ) = y(t=01),
x (t) =x(t-7(t),
Yo () =y (t—0(),
x, () =x(t 1),
Vo, () = y(t-0y),

x(s)

t
v, (t) = J ——=ds,
t-1, 11

v, (t) = J:Tl j *W) 1 ds,

L5

B t-1y x (S)
Y2 ® = Jt—r(t) T17 (t) ds
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B t—=1, t—1, X(M)
vs (t) = N T(t)J = (t)du ds,
t—1(t)
vy (t) = J ): (2)
t—1(t) t—1(t) X(M)
ve (t) = L . J ) duds,

t x(s)
i ®= J;‘ g 0

Vi (8) = -[ttol Lt x (u)du ds,

o
t—o, x (S)
vg (£) =
s () Jt—a(t) 016 (1)
t—o, t—o,
vy () = J J xz(u) duds,
t-o) Js 01, (t)
t—o(t) x (S)
t) = ds,
& ® J;—az 0%y (t) )
t—o(t) pt—o(t)
v (1) = J J x (1) duds,
t-0; Js Oga (t)

(W) =[x, 5" (t-7) 2" (t-T@®),x" (t-1,),
Vi), 5 (6.t 1), 9T (1), ¥ (t—0)),

Y=o @),y (t=0),7; (0,7 (... v, (B),

OO,y t-0)), f (yE-o@)),

-0,

(28)
= [‘A’ 0x210 W Onxn] >
€y = (012> D5 07 =C O3] »
€y = [Opxaan] > (29)

€ = [Onx(i—l)n’ Inxn’ 0n><(24—i)n] > i= L,2,...,24,

z = diag{py, pyr- .o pu} -

4.1. Stability of GRN (2) with Delay Satisfying (5). For GRN
(2) with a delay satistying (5), the following stability criterion
is derived by using the proposed WTDII (27), together with
Lemmas 1, 2, and 5, to estimate the derivative of the LKE

Theorem 9. For given scalars t;, 0;, i = 1,2, 75, and dy,
GRN (2) with the time delay satisfying (5) and regulatory
function satisfying (3) is asymptotically stable, if there exist
symmetric matrices P > 0,Q; > O, R; > 0,Z; >
0,i=1,2,...,6, j = 1,2,...,5andk = 1,2,...,4; diagonal
matrices A >0 A, >0H >0, j=1 2,...,4,Ulk>
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0,1 = 1,2,...,4,and k = 1 +1,...,4 and any matrices

S, i = 1,2, such that the following LMIs hold:

Ry, S
[ 2i+1 i S 0) i= 1)2’

o Ry

8
¥ = Brylyyer + ZE

¥, = ET(t)|‘r(t):12 *,

]
—

where T, = T, — T}, 01, = 0, — 03, and

- T
Erpy = ~Tir (1) [egR266 +3(2e9 —e5) Ry (2e9 - es)]

T
=T, () [e;Rz% +3 (2610~ ¢;) R, (250 - 57)] >

T
—_ € €x
B, = p
e e,

- T T T
E,=€Qe ¢ (Q-Q,-Q3)e, e, Qrey — (1

T
-174) e;Qse3,

o T(2 2 T
S31 =€y (TlRl + leRs) e, + e Ryey,

= TS 5 .

By, = E|RiE|, R, =diag{R,,3R,5R,},
— Ez ! Ez

=33 = E3 E3 >

2y T Eg t eyt 2y,

R; 8,

* Rs

R, = diag {R;,3R;, 5R;},

T
+ [(2511 —ey) A+ eleAz]

2 2 2
- _ T[T LT
S41 = €y (?Zl + > Zy =112, | ey

(30)

(31)

(32)

(33)

(34)

(35)

(40)

(41)

(42)

(43)

(44)

T T
e e e
Esz[n] Q4[H]+[12] (Qs +Qs — Q)
€1 € €2
T

€13
of2]
€3

—
= =
=

1]

6 61 T 262 T 263>

- _ T( 2 2

Eq = ¢, (01R4 + Ulst) e,

E, = E;R,E,, R, = diag{R,,3R,,5R,}
=62 = Ly Rglys 4 = dIAg Ky, 3Ry, OBy g,

T E5:|
E |

|:E5:| Ry S,
Se3 = -
Eg * Rg

Rs = diag {Rs, 3Rs, 5Rs},

[1]

2 2 2
o 0, —0;
B, i=e (—23 + 3 Zy— 0101324 | ey,

U P PRt
€15 3[2€1s 5 SHE

1]

T €1 T
—eg| Zy|3e - 5 | —2 [‘313 - 617]

€13 T
2y [313 - ‘317] -16 [3320 B ‘317]

4 4 -
I CENE CREN]
i=1 j=itl
Uy (eZi B eZJ') ’
€~ 6
E = e, +e, — 2e; ,

e, —e, + 6e; — 12e4

T e
72 =2 [‘311 - ‘315] Zy [311 - elS] - 16 [3318 5

e
73 = —2 [elz - els]TZ4 [‘312 - el6] - 16 [3319 - f

(45)

(46)
(47)

(48)

(49)

(50)

(51)

(52)

(53)

(54)

(55)

(56)



€~ €3
e, +e; —2e ,

e, — ey + 6eg — 12¢

€3 — €4

i3
1]

e;+ey—2e, ,

Les — ey + 6e;, — 12e,

€1 — €
e tep —2e; >

Leyy — ey + 665 — 12¢4 ]

€12 — €53
e +e3— 2e4 >

Lepy —ey3 1665 — 12€)9

€13 ~ €14

Eq = 3 + ey — 2e;

Lej3 — ey + 0667 — 12e5 ]

Proof. Construct the following LKF candidate:

7
V() =)V,
i=1

x®1F [x®1 2 o
Vi) = p + Ai .5 —
1 [y(t)] [y(t)] ZIL i (pis

+ A, f; (s)] ds,

t tn
x (s)

o= |

t-1,

x! () Qyx (s)ds + J

t-,

t-1,

-Qyx (s)ds + J x () Qsx (s) ds,

t—7(t)

0

Vi) =1, J fw 7 (s) R, % () ds d6

-1
-1

" J
-1,

+ lea'cT (s) Ryx (s)] dsdo,

[ [ @R

V() = J_O LO L: T (u) Z,5% (u) du ds d6

-1, -1 (t
+ J J J %" (u) Zy% (u) duds do,
-1, JO t+s
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C Ty ] re
Vs (t) = J [ Q ds
G N 1*20) VA CT0)
T
-0, S S
+J [ y(s) ] Qs[ y () ]ds
o, Lf (7 (5) fr)
T
t-0, s S
(58) +J [y()]%[y()}ds’
t=00) Lf (7 (5)) A20)
0t
VG(t)zalj J T () Ry (s) ds do
-0, Jt+6
(59) -0y t
+alzj J 3" (s) Rsy (s) ds db,
-0, Jt+0
0 (0t
V7(t):J IJ 3T () Z4 3 () du ds 46
-0, JO Jt+s
(60) -0, -0y t
+J J J 3" () Zyy (u) duds do
-0, JO t+s
(63)
6y adP>0,Q >0R >02Z >0i=12%..6]-=
1,2,...,5,and k = 1,2,...,4 are the symmetric positive-
definite matrices and A; = diag{A;,A;5,...,4;,} > 0,i =
1,2, are the symmetric positive-definite diagonal matrices.
Calculating the derivative of the LKF along the solutions
of GRN (11) yields
(62) :
V=YV, (64)
i=1
where
fi©) | NOINRELD
ACEE b o
y () (1)

2{Zy O - FOO)] A+ M ()AL
=01 (E,+EL)O),

Vo () = x" () Qux (t) +x7 (1) (Q + Qs — Q) x,, (1)
—xp () Qux,, (1) - (1= (8) x; (1) Qs (1)
<xT (OQux () +x;, ()(Q+Q; - Q) xy, (8)
=y, () Qyx, () = (1= 14) %7 () Qs (1)
=T (1) 8¢ ),

Vi (t) = &7 (1) (7] R, + T,Rs ) % () + Tpx" (£) Ryx (1)
-1 Jt %7 (s) Ry (s) ds

_ f—rl (%7 (5) Ry (5) + 105" (5) Ry (5)) ds,

-7,
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2 2 2

. T T, =T
v, (t) = X" (1) (?lz1 + 2Lz - 7171222) % (t)

- L; r 17 (w) Zx (u)duds

S

t—1, t-7y
_ j J i (w) Z,x (u) du ds,
t-1, Js

Vm_[ym ]Q[ym]
lrow] Tlrow)

T

+[ Yo, (£) ] (0,40, -Q)

f-onl 70

'[ ma>]_[ ma>]T
fy-a))l Lf(y(t-a))

-Q[ %N)]—u—v»
Lf(t-ay)

{ Yo (£) TQ[ ¥y (1) ]
Foe-oen)] CLrye-ow)

<" (1B (1),

Ve (1) = 3" (t) (67R, + 01,Rs ) 7 (1)

t
-0, L 37 (s) R,y (s)ds

t—o,
“on| ORI

t—0,

N N £ it .
Vo (t)=y () 723"‘ 5 Zy— 010124 | y (1)

t t
- L J 3" (u) Z3 9 (u) duds
t-o, rt-0;
_ L J 3T () Z, 5 (u) duds,
(65)

where E,,, E,, and E; are defined in (35), (36), and (45),
respectively.

Using Lemma 2 to estimate the R,-dependent single
integral terms in V;(¢) yields

-1, J %7 (s) R % (s)ds < -} (£) Rymy (8)
t-1, (66)

= (T (t) ESZC (t) >

9
where R, and E;, are defined in (39) and
x(8) - %, (¢)
m @) = x(t) + Xy, (t) —2v, (1) . (67)

x () = x; (1) +6vy (1) — 12v, (¢)

Using Lemma 1 to estimate the R,-dependent single
integral terms in V;(t) yields

t—=1;

_ r_rl X! (s)Rx(s)ds = - J X! (s) Rx (s)ds

-7, t—1(t)

t—1(t)
- J x" (s)Rx (s)ds < -1, (t)

-1,

vz O Ry, (1)
, (68)
+3(2v5 (1) = v, (1)) Ry (2vs (1) = v, (1))]
— Ty () [v5 () Ryvs ()
+3(205 (1) —v5 (1) Ry (26 (1) — v5 (1))]
=T OE ),
where E_ ;) is defined in (33).

Using Lemmas 2 and 5, together witb (30), to estimate the
R;-dependent single integral terms in V;(t) yields

t-1,
- Ty L %7 () Ryx (s)ds

t-1,
=1, L ) %7 (s) Ry (s) ds

—1(t

t—1(t)
-1, j %" (s) Ry (s) ds
t

o (69)
TS {m ) Rymy (1)}
T —
T _112_ ) {’73T () Rs1 (t)}
1MﬂTﬁ3&[mm] o
< - _ =0 (1) Es5C (1),
LMﬂ o &l T8OFO
where R, and E; are defined in (40) and
xT] (t) - X (t)
n, (t) = xg, () + x, () = 2v, (t)
xg, (£) = x, () + 6v, () — 12v5 (1)
] (70)
X, () =%, ()
1y (t) = X, (1) + x, (£) = 2v5 (F)
| x: (t) = x,, (£) + 6v5 () — 12v (2)
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Using Lemma 8 to estimate the Z,-dependent double
integral terms in V,(t) yields

_ Jt thT () Z,% () duds < -2 [x () = v, (1)]"

-1,

T
2O -m @] 1630 - S v 0] Y
-2 [3"4 (t) - % -V (t)] = CT (t) EpC (),

where B, is defined in (43).
Using Lemma 8 to estimate the Z,-dependent double
integral terms in V,(t) yields

t—-1, t-7;
- J J %7 (u) Z,% (u)duds
t

-1, Js

t—1, t—1,
= J J %" (u) Z,x (u)duds
t

—1(t) Js

t-1(t) rt-1
- J J %7 (u) Zyx (u) duds
t

—T, s

t—1; t—1;
< - J J %7 (u) Z,% (u)duds
t

—(t) Js

t—1(t) rt-1(t)
- J J %7 (u) Zyx (u) duds
t

-, s

< -2 [le (t) - Vs (t)]T ZZ [xrl (t) - V2 (t)] =
X, (£) !

—16[31/5 (t) - 2 ) (t)]
X, (t)

-7, [31/5 B - == (t)]

~2[x, () - vs O] Z, [x, (8) = v5 (1)]

X, (1)
2

x (£)

T
- 16 [31/6 (t) - — Vs (t)]

2, 3020 v 0] - 0B 0,

where 2,5 is defined in (44).
Similarly, using Lemmas 2, 5, and 8 to estimate the single
and double integral terms in Vi (¢) and V,(¢) yields

t
t—o;

t—o;
oy, j &7 (5) Rex () ds < {7 (1) Byl (1),

t-o,

X" () Ryx (s)ds < {7 (1) Byl (1)

o (73)
- L J %1 () Zyx () duds < {7 (1) Bnl (1),
t—o; t—o;
- L J %1 () Zyx () duds < {7 (1) B3 (1),

where E,, Eg;, E;,, and E,; are defined in (48)-(53).
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Taking into account the assumption of the activation
function, (13) and (14), the following inequalities hold [76,
77]:

W) =2[Zy() - f ()] Hf (7)) 20,
i (s18) =2 [Z(y (s1) - ¥ (s2))
(6D = FOEMN) Uy x (f (7 (1))
-fy(s) =0,

where H;, i = 1,2,...,4, and Uj;, i = 1,2,...,4, j =
i+ 1,...,4, are the symmetric diagonal matrices. Thus, the

following inequality holds:

(74)

H®O+U@®)=h (t)+h,(t—0,)+hy (t—0 (1))
+hy(t-0,) +up,(tt—op)
tuy (tt—o () +uy(tt—oy)
+uy (t— o, t -0 (1)) (75)
tuy (t—o0,t-0y)
tuy(t-o@),t—0,)
=T EL (@) 20,

where Eg is defined in (54).
Finally, combining (64), (65), (66), (68), (69), (71), (72),
(73), and (75) yields

8
V)<t [Ef(t) + ZE,} ¢, (76)
i=1

where the related notations are defined in (31).

Therefore, if LMIs (31) and (32) hold, then the following
holds for a sufficiently small scalar € > 0 based on convex
combination method [78, 79]:

V() <—e(lxOF + |y ©]) (77)

which shows the asymptotical stability of GRN (2) with time
delay satisfying (5). This completes the proof. O

4.2.  Stability of GRN (11) with Delay Satisfying (6). For
some cases, the change rates of the time-varying delays are
unmeasurable, that is, time delay satistying (6). For this case,
the following stability criterion can be derived by using the
proposed WTDII (27), together with Lemmas 1, 2, 5, and 8,
to estimate the derivative of the LKE

Theorem 10. For given scalarst; ando;, i = 1,2, GRN (2) with
the time delay satisfying (6) and regulatory function satisfying
(3) is asymptotically stable, if there exist symmetric matrices
P>0,Q>0,R;>0,72,>0,i=1245j=12,..,5
and k = 1,2,...,4; diagonal matrices Ay > 0, A, >0, H; >
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0,j=0L234U,>01=12.  4andk=1+1,...,4
and any matricesS;, i = 1,2, such that the following LMIs hold:

Ry, S
2i+1 i .
|: _ >0, i=12,
* Ry
Y, = cf(t)L(t):Tl + Ei+8,+E;
i=1,3,4,6,7
(78)
<0,
Y, = :T(t)lr(t):rz Bi+EB,+Es
i=1,3,4,6,7
<0,

where E;, i = 1,3,4,6,7, are defined in Theorem 9 and

|

T T T
,=eQie — e (Ql - Qz)ez —e;Qey,

T T
en en €12 €12
° [621] % [‘321:| ' [322] (Qs Q4) [622] (79)
B [314]TQ |:e14:|
€4 ’ €4 .

Proof. The above stability criterion can be obtained by setting
Q; = 0and Q4 = 0 in Theorem 9. O

|

4.3. Some Remarks. This part gives some remarks for the
above criteria.

Remark 11. During the proof of the above two stability
criteria, the double integral terms arising in the derivative of
the LKFs are estimated by using the proposed WTDII, that
is, Lemma 8. As discussed in Section 3, the WTDII is tighter
than the widely used JBDII (17), which was used for the GRN
[19, 34], and the recently developed WBDII (18), which has
not been used for the GRN. Thus, the proposed criteria are
less conservative than the ones reported in [19, 34].

Remark 12. Compared with the literature, more information
of regulatory function has been used during the proof of
criteria. Specifically, in the literature, only (14) is used during
the estimation of the derivative of the LKF, while, in this
paper, extra information of regulatory function (13) is also
used for estimating task. It has been proved in [77] that such
additional information is helpful to reduce the conservatism.

Remark 13. The conditions given in Theorems 9 and 10 are in
the form of LMI. Such LMI conditions can be easily checked
by using MATLAB/LMI toolbox [80]. One can refer to [81-
83] for more details.

Remark 14. Although this paper has just investigated the
asymptotical stability, the proposed method can be extended
to the robust stability analysis by taking into account the
parameter uncertainties and/or noises of the GRNs. More-
over, the proposed method can also be extended to other

1

FIGURE 2: The repressilator network.

problems discussed in Section 2, like controller synthesis,
state estimation, filter design, passivity analysis, and so on
[13,59-70].

5. Illustrative Example

In this section, an example will be presented to illustrate the
effectiveness of our results. As mentioned in Section 2, the
important aim of the stability analysis of delayed GRNs is
to determine the MADBs. And the stability criterion that
provides bigger MADBs is less conservative than the one that
gives smaller ones. Therefore, the advantages of the proposed
criteria are demonstrated via the comparison of the MADBs
calculated by various criteria. Moreover, the index of the
number of variables (NoV) is applied to show the complexity
of criteria.

Example 1. For the GRN model which is theoretically pre-
dicted and experimentally investigated in Escherichia coli in
[4], the genetic network is composed of three repressilators
(lacl, tetR, and cI) which form a cyclic negative feedback
loop, each repressor protein inhibits the transcription of
its downstream repressor gene, as shown in Figure 2, the
protein of lacl represses the gene transcription of tefR,
and the protein of tetR inhibits the gene transcription of
cl simultaneously, and, finally, the transcription of lacl is
inhibited by ¢/, which completes the cycle.

The kinetics of the genetic network are modelled as the
GRN (2) with the following parameters [19]:

A = diag {3,3,3},
C = diag{2.5,2.5,2.5},

[ o0 0 =25
W=|-25 0 0o 1,
L 0 =25 0 (80)
[0.8
D=108],
L0.8
2
b,-(x)=1+x2, =1,2,...,n.
It follows from (9) and (29) that
sziag{%g,%g,%g}. (81)
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TABLE 1: The MADBs of 7, for various 7, and the NoVs of various criteria.
Criteria NoVs n
0.1 0.5 1
[29, 31, 34] _ <5.5 <5.9 <6.4
[19] 40.51% + 16.5n 55 5.91 6.41
Theorem 9 32n* + 22n 9.2681 9.6682 10.1681
TaBLE 2: The MADBs of 7, for various 7, and the NoV’s of various criteria.
Criteria NoVs o
0 1 2
[19] 38n* + 151 2.3101 3.3101 4.3102
[19] 29.5n +20.5n 4.1647 5.1647 6.1646

(1) Calculation Results. The first study case is that the changing
rates of the time-varying delays are measurable; that is, delays
satisty (5). Assume that o, = 01,0, = 03,0, = 0.7,
and 7; = 1.5 [19], and the MADBs of 7, with respect to
various 7, obtained by the proposed criteria are given in
Table 1, where the MADBs reported in the literature are also
listed for comparison.

The second study case is that the changing rates of the
time-varying delays are nonmeasurable; that is, delays satisfy
(6). Assume that 0, = 1 and 0, = 2, and the MADB:s of 7,
with respect to various 7, obtained by the proposed criteria,
together with the ones provided by the least literature [19], are
given in Table 2.

Moreover, the NoVs of criteria reported in the least
literature [19] and that of criteria established in this paper are
also given in tables to compare the computation complexity.

From the results in the tables, it can be easily found
that the proposed stability criteria can provide the larger
MADB:s for two cases compared to those given in the existing
literature. It shows that the proposed criteria are indeed less
conservative than the ones reported in the literature. On
the other hand, it is found that the NoV of the proposed
criteria (Theorem 9) is smaller than the one reported in [19],
(40.5n* + 16.5n) — (32n* + 22n) = 8.5n* — 5.5n > 0 and
(38n” + 15n) — (29.5n” + 20.5n) = 8.5n° — 5.5n > 0 for
any n. Both of those observations show the advantages of the
proposed criterion.

(2) Simulation Verification. From the given parameters, the
equilibrium points of the GRN can be obtained as

m" = [0.7840, 0.7840, 0.7840] ,
(82)
p* =1[0.2509,0.2509, 0.2509] .

Simulation studies for the following two types of time-
varying delays are carried out.

Case 1. The initial conditions m(t) = [0.70,0.85,0.80]7, t €
[-10.1681,0], and p(t) = [0.15,0.20, O.SO]T, t € [-0.3,0],

and the following delays satisfy o0, = 0.1, 0, = 03,0, =
0.7, 7, =1, 7, = 10.1681, and 7; = 1.5:

7 (¢) = 9.1681 sin” (0.1636t) + 1,
(83)
o (t) = 0.2sin” (3.5t) + 0.1.

Case 2. The initial conditions m(t) = [0.70, 0.85,0.80]%, ¢ €
[-6.1746,0], and p(t) = [0.15,0.20,0.30]", ¢ € [-2,0], and
the random delays satisfy o, = 1, 0, = 2, 7, = 2, 7, = 6.1746.

Based on Tables 1 and 2, the GRN with the above delays,
respectively, is stable. The trajectories of the concentrations of
mRNA and protein are shown in Figures 3 and 4. The results
show that they are stable at their equilibrium points.

6. Conclusions

This paper has investigated the stability of the GRN with
time-varying delays, and its contributions have been revealed
from two aspects. The novel WTDII has been developed for
the estimation of the double integral terms, and it has been
also proved to be tighter than the widely used JBDII and
the recently developed WBDII for the same task. Then, with
benefit from the WTDII, two LMI-based stability criteria
with less conservatism have been derived for checking the
stability of the GRN with time delays. Finally, the advantages
of the proposed inequality and the established criteria have
been verified through an example.

Notations

Il The Euclidean vector norm
: The set of all n x m real matrices
NT (N7Y): The transpose (inverse) of the matrix N

P>0: P is a real positive-definite matrix
diag{---}: A block-diagonal matrix

1 (0): The identity (zero) matrix
Sym{X}: X+ X'

(X2 [F7
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FIGURE 3: The trajectories of concentrations of mRNA and protein for Case 1.
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FIGURE 4: The trajectories of concentrations of mRNA and protein for Case 2.
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