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ABSTRACT. The exponential passive filtering problem for discrete-time genetic requlatory
networks with random and distributed delays is investigated. By introducing an appro-
priate Lyapunov function and Linear Matriz Inequalities (LMIs), a sufficient condition
is obtained to ensure the filtering error system is strictly exponentially passive with dis-
sipation v > 0. A numerical example is presented to illustrate the effectiveness of the
theoretical result.
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1. Introduction. Genetic Regulatory Networks (GRNs), structured by networks of reg-
ulatory interactions among DNA, mRNA, proteins inhibiting the expression of other genes
in order to gain insight into the underlying processes of living systems at the molecular
level, have become a crucially important new area of research issue in the biological and
biomedical sciences. Recently, a number of different mathematical modelings for GRNs
have been proposed. In general, genetic network models can be classified into two types,
that is, the discrete model [1, 2] and the continuous model [3, 4]. From these two types
of models, biologists hope to obtain actual concentrations of gene products (mRNA and
proteins).

In practice, the steady-state values (concentrations of gene products) of the actual
GRNSs can hardly be obtained. In order to obtain the steady-state values based on avail-
able measurement date, the filtering technology has been introduced to solve these prob-
lems [5, 6]. A number of filters for functional differential equation models have been con-
sidered by some scholars (see, e.g., [7, 8, 9]). Although many results of filtering for GRNs
have been proposed, they just consider the continuous-time GRNs model. However, due
to the requirement for computer simulation, the design of filter for delayed discrete-time
GRNs is of vital importance (see, for instance, [10, 11, 12] and references therein). The
set-values filtering for a class of discrete-time GRNs with time-varying parameters, con-
stant delays, and bounded external noise is investigated in [10]. In [11, 12], authors have
designed a filter ensuring that the filtering error system is stochastically stable and has a
prescribed H,, performance. In [13], a class of discrete-time GRNs with parameter uncer-
tainties, time delays, molecular noise and missing values is considered. A set-membership
filtering method is proposed to estimate the states of the underlying GRNs. So far, to
the author’s knowledge, the exponential passive filtering problem of GRNs has little been
studied in the literature. This situation motivates the present investigation.
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In this paper, we will design an exponentially passive filter for a class of GRNs with
discrete and distributed delays. Based on passivity theory [14] and Lyapunov stability
theory [15], a sufficient LMI condition is first established to ensure that the filtering error
system is strictly exponentially passive with dissipation «. Finally, a numerical example
is given to show the effectiveness of the proposed approach.

Notation. E{-} denotes the expectation operator with respect to some probability mea-
sure; || - || represents the Euclidean norm for a vector, and the spectral norm for a matrix;
Amax(A) (respectively, Amin(A)) denotes the largest (respectively, smallest) eigenvalue of
A; R"™ denotes the n-dimensional Euclidean space; Nla,b] = {a,a + 1,...,b}; diag(-)
denotes the diagonal matrix.

2. Problem Formulation. Consider a class of discrete-time GRNs with discrete and
distributed delays, which can be described as:

(

Tm(k + 1) = Ay (k) + Bg(ay(k — d(k))) + Cg(xy(k)) + D z]: g(wp(k —m))

+ Byw(k), "
xp(k + 1) = Fay(k) + Gep(k — d(k)) + Fro(k),
N Um(k) = Ayzp (k) + Crg(xy(k)) + Baw(k), (1)

Yp(k) = Aswy(k) + Fov(k),
z2m(k) = Gy, (k) + Esw(k),
2y(k) = Gaxp(k) + Fiv(k),
( Zm (k) = Om(k), (k) = 0p(k), k € N[—d,0],

where z,,(k) = [2m1(k) - .. 2pn(B)]T, 2, (k) = [2p1(k) . .. 2pn(K)]T, where z,,;(k) and (k)
€ R are the concentrations of mRNA and protein of the ith gene, respectively; v, (k) =
Y1 (B) - Y, (B)]T and y, (k) = [yp1(k) - . . ypg, (k)]” represent the expression levels of m-
RNAs and proteins, respectively; 2z, (k) = [2m1(k) ... 2p, (k)] and z,(k) = [z,1(k) ...
21, (k)]T are the signals to be estimated; both w(k) and v(k) are exogenous distur-
bance signals; 6,,(k) and 6,(k) are the initial conditions of x,,(k) and x,(k), respectively;
g(z(k)) = [g1(z1(K)) - . . gn(zn(k))]", where g;(x;(k)) denotes the activation function of the
ith gene; A, B, C, D, F, G, Ay, Ay, C, Ey, Es, E3, I, F5, F3, G; and G5 are constant
matrices of appropriate sizes; d(k) denotes the random time delay of mRNAs and protein-
s, and is assumed to be a Markov chain with state space N := {1,2,...,dy}; dy describes
the distributed time delay, d = max{d;, ds}; 7™ := [m;;] the transition probability matrix
of d(k), where m;; = Prob{d(k + 1) = j|d(k) = i}.

Usually, in complex GRNs, only part of the information of the network components
can be obtained. Therefore, to obtain the true states of the GRNs, we need to estimate
them from available measurements [16]. The full order linear filter to be designed takes
the following form

( (b +1) = Ap2 (k) + Brym(k),
Tp(k +1) = Cray(k) + Dyyy(k),
Zm(k) = Grpim(k) + Hipym(K), (2)
Zp(k) = Gayp(k) + Hapyy(k),
[ Zm(k) =0, 2,(k) =0, k € N[-d,0],
where &,,,(k), Z,(k), Z,(k) and Z,(k) are the estimates of x,,(k), x,(k), zn(k) and z,(k),
respectively; Ay, By, C¢, Dy, Gif, Goy, Hiy and Hyy are unknown filter parametric
matrices of appropriate dimensions.
Denote

o [an® ] -y [ ) e
) = | 5] 0 = [ 20 | enlt) =) = 200, (0) = 5000 2400,
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Then the filtering error system can be expressed as

( Tk +1) = A%, (k) + Bg(Zi,(k — d(k))) + Cg(Zz,(k))

d1
+D Y g(Ziy(k —m)) + Eyw(k),
ip(k+1) = F:zp(;:)_ + GZap(k — d(k)) + Fo(k), (3)

em(k) = GiyZm(k) + C19(Z1,(k)) + Higw(k),
ep(k) = Gay2y(k) + Hapv(k),
F(k) = O (K), Tp(k) = 0,(K), k € N[—d, 0],

Ve

Goy = [ Gy — HoyAy —Gaoy |, Hip = E3— HiyEs, Hyp = F3 — HopFo, Z=1[1 0].
For convenience, for a nonnegative integer k we define
Ok = {TZm(k), Tm(k —1),..., Tk —da), Tp(k),Tp(k —1),...,Z,(k — d2)}.
Assumption 2.1. The activation functions g; (i =1,2,...,n) satisfy,

gi(sl) - gi(32)

(0)=0,0<
9:(0) p—

<l;, Vs1,50 € R, 51 # 59,

where l; is a given constant.

The next definitions and lemmas are introduced, which will be used in the proof of the
following theorems.

Definition 2.1. The filtering error system (3) with w(k) =0 and v(k) = 0 is said to be
exponentially stable if there exist two constants o > 0 and 0 < 8 < 1 such that

E{|| 2n(E) |I* + || 2,(K) |*| ©0,d(0) }
< ap® sup ]E{H () " + 1 () [I”] ©0, d(0)} , YK >0 (4)

s€EN[—d,0
for every initial mode d(0) and every initial state Oy.

Definition 2.2. The filtering error system (3) is said to be strictly exponentially passive
with v > 0, if system (3) is exponentially stable when w(k) =0 and v(k) = 0, and under
the zero initial condition, the following relation holds

23045 ][] jevao

_ 60,d(0)} VK >0 (5)

for all nonzero w(k) or v(k).
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Lemma 2.1. For given a pair of positive integers d and T, and a pair of sequences {ay}
and {b;}, if all of the following sums are well defined, then the following statements (i)
and (it) are true.

T-1 k-1 1 itd T—d—1 i+d T2 T-

(7) Zakb—ZZakb+ Z Zakb~|— Z Zakbl, when T > d;
k=0 i=k—d i=—d k=0 =0 k=it1 i=T—d k=i+1
T-1 k-1 T—1—d i+d -1 T—2 T-1

(44) Z apb; = Z Zakb + Z Zakb —1—2 Z apb;, when T < d.
k=0 i=k—d i=—d k=0 i=T—d k=0 =0 k=it1

The proof of Lemma 2.1 is omitted, since it can be easily presented by changing the
order of summation.

3. Stability Analysis and Passivity Filter Design. An exponential stability criterion
for the filtering error system (3) with w(k) = 0 and v(k) = 0 is presented in the following
theorem.

Theorem 3.1. The filtering error system (3) with w(k) = 0 and v(k) = 0 is exponentially
stable, if there exist matrices PT(r) = Bi(r) > 0, QY (r) = Qs(r) >0 (i =1,2,3, r e N),
PjT =P >0 ( =23), Q]T =Q; >0 (j =2,3,4), ¢ := diag(c1,%,...,%,) > 0 and
w = diag(p, pia, - - -, fn) > 0 such that the following matriz inequalities hold,

Q(r) = Q)+ Qr) <0, r €N, (6)
P(r) < P, Qi(r) < Qi, i =23, reN, (7)
where
3 5
Q(r) = AT PL(r) Ay + A o1 (r)As + AFQ1(r)As, Q(r) =) [ Qni(r) + Q(r)] + > Uiy
=1 1=4

A1 = flel + B€5 + 063 + DG@, AQ = A1 — €1, Ag = F€2 + 6264,

1 p~ 0
Qm1(7“) = —€ Pl( )61, Qm3(7’) = —;GlTpg(T)eh Qp4 = d1€3TQ4€3 - 66TQ466>

d,
a(r) = € [Bo(r) + (ds ~ VP 1 — € (Pa(r) + Polr) = Po) es — -k (Po = Po(r)) e,
(1) =~ @u(r)ez, uslr) = (7 — )7 2(r)er — e5) — ~eF Q1)

Qa(r) = € [Qalr) + (da — 1)Qa] €3 — e (Qalr) + Qalr) ~ Qa) €5~ -e} (Qa — Qalr)) e,
Qus = —esces — ey Z sLey — e3 L Zey — eqper — A3 Z7 pnleq — eX LuZ A3,
L=§MPA4W~M%Mﬂ=§ﬁJW%QWZfﬁ&Mﬂﬁﬂﬂ&

paci =

T .
€i = [02nx(i—1)2n Iy, 02n><(9—i)2n] , 1=1,2,4.8,

€ = [Onx(ifl)n [n Onx(gfi)n] T7 = 37 57 6’ 77 97

5 — [ €1 — €4 } ~ (r) = |:P3 + Py(r) 0 }
1= r+1€1+€4 r-2+1€8 P o3 N 0 3(P3+P3(T‘)) ’
_— €3 — €5 ~ Qs+ Qs(r) 0
1= [, 202 e @0 = [P 0, Mo
d3 +d2 : dj + dy

¢1(r) = dyPs(r) +

Py, ¢o(r) = daQ3(r) +

s
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Proof: Choose a Lyapunov functional candidate for the filtering error system (3) with
w(k) =0 and v(k) = 0 as follows:

3 4

V(Or k,d(k)) = Vi i(Or b, d(k)) + YV, 4(Or, k. d(k)) (8)

i—1 i=1
with

Vint (O, k, d(k)) = &, (k) Pu(d(k)) T (), Vit (O, k, d(k)) = T, (k)Qu(d(k)) Ty (k)

k—1 -1
V2O, ke d(k)) = > &1 (6)Pa(d( + ) Z (1) Py (3)
i=k—d(k) j=—da+1i=k+j
k—1
Voo (O ko d(k) = Y g7 (Z8,(0))Qa(d(k))g(Z7,(3))
i=k—d(k)

+ Z Z (Z,(1))Qa9(Z7, (i),

j=—do+1i1=k+j

—1 —1 -1 k-1

Vs (O, b d(k) = > ZnT N+ Y > > 0" (i) Pan(i)
j=—d(k) i=k+j j=—d2 =7 i=k+l
—1 k—1 —1 -1 k-1

Vos(O, by d(k) = Y Y ¢T(6)Qs(d )+ DYDY T6)Qs¢()
j=—d(k) i=k+j j=—da l=j i=k+l

4(O, b, d(k Z Z (Z2(i)Qag(Z%,(0)),

j=—dy i=k+j

(k) = Zm(k +1) = Zn(k), ((k) = g(ZTp(k + 1)) = 9(ZT,(F)).

By taking the forward difference of the functional V' (O, k, d(k)) along with the trajecto-

ries of system (3), one can obtain that AV (k) = E{V(Ok11,k+ 1,d(k + 1)) | O, d(k) =
T} - V(@ka ka T)'

AV (k) = €7 (k) (AL Pi(r)As + Qi (1)) E(R). (9)

Additionally, it can be verified from (7) and discrete Wirtinger-based inequality that

)

AVia(k) < €7 (k) Q2 (1) (F), (10)
AVis(k) < €7 (k) (A3 01(r) Az + Quns(r)) £(k), (11)
AVpi(k) = € (k) (A3 Q1(r)As + Qi (r)) £(), (12)
AVpa(k) < € (k)Qp2(r)(K), (13)
AVps(k) < €7 (k)Qp(r)&(K), (14)
AVpu(k) < € (k) (k). (15)
In view of Assumption 2.1, we can derive that
€ (k)26 (k) > 0. (16)

Now, from (9)-(16), we derive
AV (k) < & (k)Q(r)&(k), (17)
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where
SOR AU AT JZa ) k=) g (Za k=)
Sz h-m) Zakr) S a0 S ¢ (Z50)

Due to (6), Formula (17) results in
AV (k) < =Amin(=) {1l Zm (k) I + [ (k) 17}, (18)
where Apin (—2) = mij\Ifl(—/\min(Q(T‘))).
re
On the other hand, it follows from (8) that

V(O k1) < pr (Il @) 1P + || (K) ||}+P22{||517m ) 17+ 1 2,(0) 117}
i=k—d
k—1

tp3 ) Al EFali+ 1) P+ | 300+ 1) P} (19)

i=k—d

where Apax(+) denotes the maximal eigenvalue of matrix,

Y1 = )\max(PQ(r)) + (d2 - 1))\max(P2) + Y2, P2 = 2d2/\maX(P3(T)) + (dg + d?))\max(P?))y

©3 = Anax(Q2(7) Amax (LTL) + 4(do — 1) Anax (Q2) Amax (LTL) + 04
+ 4di Anax(Qa) Amax (L7L)
@1 = 8d2Amax(Q3(r)) Amax (LTL) + 4 (d3 + d2) Amax(Q3)Amax (L' L),
p1 = max{Amax(P1(r)), Amax(Q1(r))}, p2 = max{p1, 3}, p3 = max{ps, ¢u}.
For a scalar 6 > 1, it follows from (18) and (19) that
O E{V (O, k+ 1,d(k + 1)) | O, d(k) =1} — 0°V (O, k, 1)
< (0°(0 = Dpr — 0" Auin (=) (Il Zn(B) [I* + || Zp(K) [17)

k-1
o0 -1) Y (1200 I + 1 3(0) 1)
—d
o0 =1) Y (1l + 1) [P+ 5+ D) (20

i

x> I

Since
E{E{V(Ogs1,k+1,d(k+1)) | ©4,d(k)} | Bo,d(0)}
= E{V(O11,k + 1,d(k +1)) | ©9,d(0)},

by taking the conditional expectation E{:|©¢,d(0)}, and then summing from k£ = 0 to
k = K — 1 on both sides of (20), we obtain

0" E{V (0K, K, d(K)) | @o, d(0)} = V(By,0,d(0))

< (0= 1)p1 — OAmin( ZekE{\|xm ) 117 + [ (k) [I*] ©0,d(0)}

QJmZiNEW%H”MMW%MM
-0 S S B i+ 1) 2+ ] B0+ 1) [P 00 dO)}. (1)

k=0 i=k—d
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Due to Lemma 2.1, it is easy to compute that

K-1 k-1

SN B @) 17+ 1 300) 7] ©0,d(0)}
k=0 i=k—d
< @' swp  E{l|an(s) IP + ] 5(s) IP| €0, 4(0)}
sEN[—d,0]
K-2
+d9d292E{H F(i) |2+ || p(0) %] ©o,d(0)} . (22)
Similarly, we have
K—-1 k-1
N O E{|| Enli+ 1) |2+ || £+ 1) |2 ©0,d(0)}
k=0 i=k—d
<07 sup  E{| Enls) |7 + | Zp(s) [I*] o, d(0)}
seEN[—d
K—-1
+d08 " 0B {)| @nli) |? + || 7,(0) |17 ©0,d(0)}. (23)
=1

From (19), we obtain

V(©0,0,d(0)) < (p1 + pad + psd)  sup E{H T (s) 7 + 11 Zp(s) %] ©0,d(0)} . (24)

SEN[—d,0
It follows from (21)-(24) that
0" E{V(Ok, K,d(K)) | ©0,d(0)} < Li(0) ;Elp E{l &m(s) I* + || 2p(s) I}
se

+ La(0 ZQ’E{H% ) IIP + 11 2,0) 117} (25

where
L1(0) = p1+ pad + psd + (0 — 1) pad(d + 1)07 + (6 — 1) psd(d + 1)6%,
Ly(0) = (60 — 1)p1 — OAmin(—2) + (6 — 1) p2df? + (0 — 1) psdb”.

Since Ly(1) < 0, by the continuity of Ly(f) we can choose a scalar h > 1 such that
Lo(h) < 0. Obviously, Ly (k) > 0. From (25), we have

W E{V (O, k,d(k)) | ©0,d(0)} < Ly (h) s E{[l #n(s) I* + 1l 2p(s) I} (26)

From (8), we can obtain
E{V(Ok, K,d(K)) | ©0,d(0)} = i E{|| im(K) |I* + || 7,(K) || ©0,d(0)},  (27)
where
/)_1 = Hlin{)\min<P1(1))7 Amin(@l(l)); ceey >\min(P1(d2))> )\min(Ql(dQ))}'
Let a = Llpf(lh) and f = 1. Then o> 0 and 0 < 3 < 1. It follows from (26) and (27) that

E{ || &m(K) * + 1| 2, (K) |7 ©0,d(0) }
< apf’ _Sup, }E{II Tm(s ) I+ 1l Z5(s) 1| ©0,d(0) } -

Therefore, by Definition 2.1, the delayed discrete-time filter error system (3) with w(k) = 0
and v(k) = 0 is exponentially stable, which completes the proof.
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Remark 3.1. Compared with [18, Theorem 3.1|, we use the so-called Wirtinger’s in-
equality (see [19, Lemma 1]) instead of the Jensen’s inequality to estimate the forward
differences of Vi, 3(Oy, k,d(k)) and V,3(Oy, k,d(k)), which can obtain less conservative

results.

Similar to [18, Theorem 3.2], the following result can be easily obtained, which gives a
method to design the filter in the form of (2).

Theorem 3.2. For given a scalar v > 0 and a pair of positive integers di and ds, if for
each v € N, there exist matrices P (r) = Py(r) > 0, QF(r) = Qi(r) > 0 (i = 1,2,3),

P]T:PJ>O(j:2,3), Q?:Q]>O(]:27374>;

_ | Br1 B
By = { Rz Rz

¢ = diag(s1, <2, ..., n) > 0, p = diag(pr, po, ..., pn) > 0, Ay, By, Cy, Dy, Giy, Hyy,
Gy and Hayp, such that the following LMIs (29) and (30) hold, then the filtering error
system (3) is strictly exponentially passive with dissipation v > 0. Moreover, the desired
filter is given by (2) with

T
}  det Ry £0, k=1,2,

Ap =Ry Ay, By = Ry By, Cy = Ry, Cy, Dy = Ry Dy (28)
Tll(T) 0 0 T14
ES TQQ(T‘) 0 T24
* % Tas3(r)  Yay <0, (29)
* * * Y ya(r)
Q;(r) < Q;, Pi(r) < P;, (j=2,3), (30)
where
T11(7’) = 131(7’) - Ry — R1T7 T22(7”) = ¢1(7“) - Ry — R1Ta T33<7") = _1(7“) — Ry — RQT,
AT

N\T  _ _ _ _
Ti =R+ (24 2) (BpWs+ AgWs), Yoy = B{Wi+ (24 2) (By¥s + Ag¥y),

N\NT  _ _ ~

Tos = RIWs + (24 Z) (DyWs+ Cp¥s), Z=[1 0], Z=1[0 1],
v _|AZ 0 C 0B D000 E O
! 0 000O0UO0OO0DO0O0O0 0]
Uy=[AZ 0 C;, 000000 E 0],
Us=[Z 000000000 O0],

. (A-I)Z 0 C 0 B D OO0 E 0
T -Z 0000 0000 0 0]
v._ |0 FZ 0 GZ 000000 F
10 0 0 0 0000O0O0O O |
Ug=[0 AZ 00000000 FJ,
U;=[0 Z 00000000 O0],

(r) TR @,

Tuu(r) = * —’y[—Hlj}—Hlf p - )

* * —’yI—Hg}—HQf

&, =[Gy 0 -C, 00000 0],
B, =[0 —Goy 000000 0],
and Pi(r), Q;(r), Q(T), Cy, ¢1(r), Gis, Gaog, Hip and Hyy are defined as noted previously.
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4. Tlustrative Example. In this section, we will test the theoretical results of this
paper by an example.

Example 4.1. Consider GRN (1) with parameters as follows:

0.3679 0 0 0 0 —0.126
A= 0 0.3679 0 , B=| —0.126 0 0 ,
0 0 0.3679 0 —0.126 0
0.1 0 01 0.2 —0.1 0.1 0.1 0.2 02
C= o -0102|,D=| 0 =02 02],C;=|01 —-02 0.1 |,
0.02 0 0.2 0 0 0.1 0.3 0.2 0.1
0.3679 0 0 ] 0.6321 0 0
F = 0 0.6065 0 , G = 0 0.3935 0 ,
0 0 0.3679 | 0 0 0.6321
0.3 0.6 ] 0.5 0.2
Ey=105]|,F=|04]|,E=|04]|,F,=]|06],
0 0.2 ] 0.2 0.3
[ 0.3 03 0 0
E3 - 01, F3 - —01, Gl - G2 - 02 5 AQ = Al = O 02 0
| 0.3 0 0 0.3
The regulation function is taken as g(x) = % It is easy to know that the derivative

of g(x) s less than | = 0.65, which shows L = diag(—0.325, —0.325, —0.325). Suppose
the bound of the time-delay is di = 1, dy = 3, then d(k) € N = {1,2,3}, v = 2. The
transition probability matrix 11 is given by

0.3 05 0.2
IT=104 03 0.3
0.2 05 0.3

Take
sin(0.3k), k < 20,
w(k):”(k):{ 0, (03 k> 20.

Solving the matriz inequality (29) in Theorem 3.2 by the Toolbox YALMIP of MATLAB,
we can obtain the desired filter gain matrices as follows:

[ 0.4390 —0.1118 —0.1273] [—1.3340 —0.7445 0.4208 |
A= |—0.0679 02707 0.0934 |, By = |-0.1763 —1.9257 0.2864 |,
—0.4936 —0.1490 0.3374 —0.4030 —1.2214 —0.6494
[—0.2788 —0.4372 0.0185 | [—4.4224 —1.8862 0.0916 |
Cp={0.0477 0.0610 —0.0064|, D; = |—0.0122 —4.4201 —0.1940| ,
—0.4510 —0.7585 0.0303 | —1.6843 —3.4882 —3.1874

Hip = [—1.1891 —2.3000 0.7353], H,y = [—1.3042 —3.1660 0.2639],

Gy = [-0.4791 —0.3222 —0.2524], Goy = [—0.3393 —0.5767 0.0151] .

Let the filtering error system run by random sequence d(k), and the trajectories and their
estimations of the mRNAs and proteins are shown in Figure 1, where the solid line and
dotted line describe the state trajectories and estimations of mRNAs and proteins, re-
spectively. The filtering errors are shown in Figure 2. It can be seen from Figure 2 that
the filtering error converges to zero in the absence of disturbances, which illustrates the
effectiveness of the proposed approach in this paper. In addition, for the GRN under con-
sideration, the LMIs in [18, Theorem 3.2 are not feasible, so the method proposed in this
paper may be less conservative than one in [18].
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5. Conclusions. This paper investigates the problem of the exponential passive filter-
ing for discrete-time GRNs with discrete and distributed delays. Firstly, an appropriate
Lyapunov functional is constructed to give a sufficient condition that the exponentially
passive filter error system is strictly exponentially passive with dissipation v > 0. Sec-
ondly, by the available measurement data, an exponential passive filter is designed to
estimate the real concentration of mRNA and protein in GRNs. Finally, a numerical
example demonstrates the effectiveness of the proposed exponential passive filter design
method. The research method proposed in this paper can also be extended to Markov
jumping gene regulation network model and T-S fuzzy gene regulation network model.
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