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This paper realizes global stabilization for probabilistic Boolean control networks (PBCNs) with event-triggered state feedback
control (ETSFC). Via the semitensor product (STP) of matrices, PBCNs with ETSFC are converted into discrete-time algebraic
systems, based on which a necessary and sufficient condition is derived for global stabilization of PBCNs. Furthermore, an
algorithm is presented to design a class of feasible event-triggered state feedback controllers for global stabilization. Finally, an
illustrative example shows the effectiveness of the obtained result.

1. Introduction

As a central focus of genomic research, the way cellular
systems fail in diseases has attracted much attention [1, 2].
Various mathematical and computational models have been
constructed to describe the behavior of gene regulatory net-
works, such as Bayesian networks [3], differential equation
[4], and Boolean networks (BNs) [5]. By right of its simple
representation, BNs have attracted much attention, where
the state of each gene is described by two levels, either inac-
tive (0 or OFF) or active (1 or ON). The evolution of each
node is related to the states of some other nodes, including
itself sometimes, and determined by a series of logical func-
tions at each discrete-time point. BNs with control inputs
are named by Boolean control networks (BCNs), which are
essentially switched systems with switching among different
BNs [6].

Recently, a new matrix product, named the semitensor
product (STP), is presented by Cheng et al. [7]. It converts
the logical form of BCNGs into the algebraic state space repre-
sentation (ASSR). Compared with other methods, such as
algebra geometry and symbolic dynamics, STP is more

convenient and scientific in the study of BCNs. In this area,
many interesting researches have been made, such as con-
trollability [8-10], stabilization [11-16], optimal control
[17], disturbance decoupling problems [18, 19], and func-
tion perturbation [20]. Besides, it has been proved that
STP is effective in the study of logical systems [21, 22], game
theory [23-25], fault detection [26], nonlinear shift register
[27, 28], and so on.

However, the determinacy of a Boolean function limits
the application of BCNs, due to the existence of the ran-
domness and measuring noise in the real word. Therefore,
it is necessary to extend the BCN to the PBCN, which can
be regarded as an undetermined system switching between
different constituent BCNs in terms of the probabilistic struc-
ture. Similar to BCNs, many extended results have been
derived for PBCNS, such as controllability [29-31] and stabi-
lization [31-33].

The stability and stabilization problems are two fun-
damental issues in the control of PBCNs. Reference [32]
presented a necessary and sufficient condition to judge
whether a PBCN can achieve global stabilization with
probability one in the finite time by state feedback
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controllers, and the controller design is also realized. As
mentioned in [31], a reachability matrix was defined to
study the asymptotic stability and stabilization of
PBCNs. But it is worth mentioning that the state feed-
back controllers here charge too much cost and need a
relatively long transfer period sometimes. Synchronously,
many interesting controllers were favorable for their
unique properties [18, 34, 35]; motivated by which, we
aim to design the ETSFC to overcome the cost of con-
trol and transfer period. The event-triggered control
not only has a wide application in BCNs [18, 36] but
also has smart grids [37], multiagent systems [38-43],
and so on. For example, [18] first presented two kinds
of event-trigger controllers to study the disturbance
decoupling problems of BCNs, and some necessary and
sufficient conditions were also obtained. In [36], authors
used a class of event-triggered controls to realize global
convergence for finite evolution and minimized the event
set triggering the state at a special case. But the stabili-
zation of PBCNs with ETSFC is still open but meaning-
ful in the realistic world.

The main constructions of this paper mainly focus on the
following two points.

(i) A series of reachability sets are defined, via which,
a necessary and sufficient condition for global stabili-
zation of PBCNs controlled by ETSFEC is designed.

(ii) An algorithm is presented to design a class of event-
triggered state feedback controllers to realize global
stabilization of PBCNS.

The remaining part of this paper is constructed as fol-
lows. In Section 2, some notations are given and the STP of
matrices is introduced. In Section 3, we devote to investigate
the necessary and sufficient condition for stabilization of
PBCNs with ETSFC and design controllers to realize global
stabilization. Besides, an illustrative example is also given.
The conclusion is provided in Section 4.

Notation 1. 2:={0,1} and 9" = D x ---x D. Denote the ith
——

column of matrix A by Col;(A) and the set of all columns of
matrix A by Col(A). A, == Col(I,,), where I, is an n X n iden-
tity matrix. § =lem (w, q) is the least common multiple of w
and g. Denote the set of m x n logical matrices by &,
where m xn logical matrix B satisfies Col(B) < Col(I,,).
Denote the column vector of length k with all entries equal-
ing 1 and 0 by 1, and 0,, respectively. r=(r,...,r,)" is
called a k-dimensional probabilistic vector if r; >0 and 2,
r;=1, and the set of k-dimensional probabilistic vectors is
denoted by Y. A m xn matrix C is called a probabilistic
matrix if Col,(C) €Y,, holds for any i=1,2, ..., n. The set
of all m x n probabilistic matrices is denoted by Y, .,. Define

mxn*
« »

operator “o” of two probabilistic column vectors E and F as
EoF=(p,Aqy....p,Aq,)", where p.Ag, =1 if and only if
P:4q; > 0, else p,Aq; = 0. The Khatri-Rao product of # matrices
M, * --- % M, is defined as Col,(L) = x;’:lColj(]\A/Ii).
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2. Preliminaries

2.1. STP of Matrices.

Definition 1 (see [7]). Define the STP of matrix A € R,,,,.,, and

BeR,,, by

AxB=(A®Ig,)(B®lg,), f=lm (w,q), (1)

and ® is the tensor (or Kronecker) product.

Remark 1. If n=p, AxB=(A®I,)(B®I,) = AB. Thus, STP
is a generalization of the conventional matrix product. If no
confusion arises, the symbol “x” can be omitted.

Comparing with the general matrix product, the follow-
ing pseudocommutative properties of STP are presented.

Proposition 1 (see [7]). Multiply a column matrix X € R,
and any matrix N, then

XxN = (I, ®N)X. (2)

Proposition 2 (see [7]). Multiply two column matrices X €
R, and Y eR,,, then

nx1>

Y X =W, xXxY, (3)

where W, ., = (I, ®8), ..., 1, ®8"].

Let 1 ~ 3} and 0 ~ 83, then D ~ A,. Any logical functions
with 7 variables f : 2" — @ can be expressed as the equiva-
lent algebraic form by the following lemma.

Lemma 1. For f(x,,x,,...,%,): D" — D, there exists a
unique matrix My € £, o0, called the structure matrix of

function f, such that

X1y Xos onn
fxx,

n —
where x; € Ay and XIL x; = x; XX x,, € Ay

»Xy) = My XX, (4)

2.2. Algebraic Representation of PBCNs by ETSFC. A probabi-
listic Boolean model with n nodes is

X (E+ 1) = £ (5, (), o %, (8)),

% (t+ 1) = 3 (5, () oo, %, (8)),

X, (£4 1) = fr () (£)s 0> %, (1)),

>0,

where x; € & are logic states. At each time step, ff are chosen
from a given finite logical function set ;= {f},f7, ..., ff’}
with probability p/, where 2?:1 f1=1 holds for any i=1,
2, ..., n. Ultimately, there are a total of 7 =TII",/; models.

If we use the following matrix T to denote the index set
of m models:
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11 -1 17
1 1 1 2
1 1 1,
I 1 2 1

T: > (6)

1 1 2 2
1 1 2 1,

Lh b by

then the Ath model can be defined by the Ath row of
matrix T, denoted by X, = {fi”,f;z, s f), where A=
T (N - DS, + 4, and 1<), <. Moreover, the
probability of the Ath model selected is computed to

P, = ﬂp?f- (7)
i=1

Using Lemma 1, let x(f) =x},x;(¢); we convert the
logical form (5) into an algebraic form as

x(t+1)=M,x(t),
X, (t+ 1) = M,x(t),

(8)
x,(t+1)=M,x(t),

where M; are chosen from {M!,... ,Mfi} with probability

L pif}. M{ are the structure matrices of Boolean

[
functions ff, i=1,...,n j=1,...,1.
Denote Ex(t) as the mathematical expectation of state at

time f; the evolution of state expectation is
Ex;(t +1) = E(Mx(t)) = Mix(t), )

where ]/VI\, = Z;;lp{M{ andi=1,2,...,n.
Further, we multiply equations in (9), which leads to the
following equation:

Ex(t+ 1) = LEx(t), (10)

where L=M, % --- % M, € Y,u,,. and * is the Khatri-Rao
product.

Similarly, PBCNs with m inputs can be equivalently
described as

xy(E+ 1) = f1 (5, (0), -
X (E+1) = f5(x, (1), ...

X, (1), uy (1), ...

S %, (1), uy (), ...

Xy (E+ 1) = 5 (e (£), o, X, (), 4y (F), -

where x;(¢) and u;(t) € 9 are states and inputs, respectively,
and functions f; : Q" — P are logical functions. By
Lemma 1, let x(f)=x,x;(¢t) and u(t)=xl,u/(t); the
dynamic of PBCNSs (11) can be converted into the following
algebraic discrete-time system:

x,(t+1) = Lu()x(1),

X, (t+1) = L2 u()x(2),

x,(t+1) = Lou(t)x(t),

where Lf are the structure matrix of logical function f{
Taking the expected value on both sides of (12), we have

Ex, (t + 1) = Lu(t)Ex(t),
Ex, (t + 1) = Lu(t)Ex(t),

(13)
Ex,, (¢ +1) = L,u(t)Ex(t),

where L; == Zj-":lp{:L{-', i=1,2,...,n

Multiplying (13) together, the algebraic state space repre-
sentation is as follows:

Ex(t+1) = Lu(t)Ex(t), (14)

where u(t) € Ay is the control input and L=1L, % --- # L, €
Yy o

The principle of ETSFC is that the controller only works
if x(t) equals to some designated states, consisting of set A,
and, in this case, the system switches into (14). Otherwise,
the system remains (10) and the controller does not work.

The state feedback controller u(#) is

b (1) = i (51 (1), .
t>0,

where k; : 9" — 9 are logical functions. Assume K; is
the structure matrix of logical function k;, (15) can be
converted into
u(t) =Kx(t), t>0, (16)
where the state feedback gain matrix K=K, * ---
32?}’()‘(2}1-
Define control sign f,, €A, depending on x(t). If

* K, €

) =0), the system corresponds to dynamic (10), and
fx(t)=6§ makes the system correspond to PBCN (14).

Therefore, the dynamic of PBCNs controlled by ETSFC
is presented as



x(t+1)= ffx(t)x(t), (17)

where I =[LLu(t)], u(t) is the ETSFC which only works
when fx(t) = 8;, that is,

8y x(t) €My \ A,
Fay = z ’ (18)
05 x(t) €A,

where set A consists of the states triggering the state feedback
controller (16).

3. Main Results

In this section, the event-triggered stabilization of PBCNs
is investigated.

Definition 2. PBCN (14) is said to be globally stabilized to
state s* with probability one, if for any initial state x;, € Ay,
there is a positive integer U and a control sequence u such
that Px(t;x,,u) =s*] =1,V > U.

Then, for a nonempty set A CA,., let Ry(A) =A, and
R.(A) can be expressed by induction as follows:

Re(A)={ &% |Coli(L)o (1= Y a]=0,
acli g Ri(4)
(19)
Furthermore, define R(A) as
2?1
R(A)= UR;(A). (20)
=1

Remark 2. R.(A) can also be represented as follows:

R(A) = {8’2; P{x(t+ e UR(A),x(t) = 612;] } 1.

. (21)

Assuming s* =85, and the basins of s* by R({6}.}), for
i>1, a series of sets are defined as follows:

; A
§=008, e =2
i 2 Q

i-1
o <12n - Z a) =02"})
ael);

5= R($uen) US,QI) :

there exists a ), such that Col ; (Blkvj (i))

(22)

where Sy ={85}, Sy=R({80:}), Qy=S,USy, S;=S,US,
and Q,=Ji_,S;.
For the above sets, we have some useful properties below.
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Proposition 3 (see [32]). One has

(i) Q, ={8%}, then Q, ={8%}, Vt>1,
(ii) if Q,_y = Q, for some t > 1, then Q; =, Vj> 1.

Theorem 1. System (17) is globally stabilized to a designated
state s* = 85, with probability one, if and only if, the following
conditions are satisfied:

(i) Col,(L) =85 or there exists an integer 1<v, <2"
satisfying Col, (Blk, (L)) = 8.

(ii) There exists an integer 0<N <2"—1 such that
Qy =47,

Proof 1. Sufficiency: condition (i) shows that Plx(t + 1) =
& | x(t)=085]=1 holds by the designed controller.
According to condition (ii) and the constructing procedure
of S, and S, for any initial state x, =08}, € Ay \ {8} }, it
claims that x, € S, or x, € Y,S; or x, € JY,S;. Therefore,
there are three cases.

Case 1: If x, :Sén €S,, there exists a positive integer
k; satistying &€ Rkj({égn}), which implies that

Plx(k;) = 8% | x(0) =x,] = 1.

Case 2: Ifx, = 8;, €S/, we can find a control u = 8., such
J

that Lux, = L x 85 x &, = Col,(Blk, (L)) € Q..

Case 3: If x, = &), € S; » there exists T; such that P[x(T;)
€S/ UQ,  1x(0)=x,]=1. The case in S/ has
J ]

been discussed before. Alternatively, the state in
Q; will enter Q,_;.

In a word, every state x, € A, will arrive at &, with
probability one.

Necessity: system (17) is globally stabilizable to s* = &5,
with probability one; 85, should be fixed.

Assume that condition (ii) does not hold; any state in
Ay \ Qy cannot be steered into 85, via the intermittent con-
trol, which is in contradiction with Definition 2.

In the following, we aim to prove that the smallest integer
N* satistying condition (ii) is no more than 2" —1. It is
enough to show that

Q. l>1+1, (23)

where 0 <7 < N. We will show it by induction. When 7=1,
if |S,US,| <2, that is, [S,US,| =1, thus S, US, = {8}, }. By
Proposition 3, it holds that Q = {85, }, which is a contradic-
tion with Definition 2.

Suppose that |Q, | >7, for some 0<7<N. It can be
immediately obtained that
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Q]2 1Q; | 27 (24)
If |Q,| <7+1, then
Q] =1Qc | =7, (25)

which means that Q_=Q_,. Proposition 3 implies that
Q.1 =Qy = Ay, which is a contradiction to the minimality
of integer N.

Moreover, it also holds that |Qy| =
that is to say, N <2" — 1.

Assume that conditions (i) and (ii) in Theorem 1 hold,
then the event-triggered state feedback controllers can be
designed by the following algorithm.

|Ay|=2">N+1,

Proof 2. We only need to prove that system (17) is globally
stabilized to &3, under the controller designed above. For
the desired state &%, if Col,(L) = 85,, along the trajectory of
(10), x(t5x,) = 85, for any t >0, only if x, = 85, that is, &%
€ A; else, find a 8, such that Col, (BIk, (L)) = 65,. Thus, sys-
tem (17) can stay at the desired state 83, with probability one.

For any initial state &}, € A, \ {85}, we split it into three
cases: x, € S, or x, € N, S, or x, € UN, S

Case 1: For x, € S, according to the proof of Theorem 1,
it will reach &5,.

Case 2: For x;, = 62n e UY,S, there exists a z; such that

8’2n € SZJ. Because 62n € A, it will trigger the con-
troller (16), under which, Colj(Blkvj (L)) e Q, .

Case 3: For x,=0%, € JY,S,, there exists an integer i

such that for 87,, we claim that it will enter into
the set S/ UQ; , and the state in S; will enter
J J J

into Q); _;, which has been discussed in Case 2.
]

By mathematical induction, system (17) will stabilize
to &5

Remark 3. If Col,(L)=8),, the controller (16) will be trig-
gered forever and we can only cut down the cost on
transient routes.

Remark 4. When I, =1, =---=1,=1, PBCN (14) deduces a
conventional BCN. The obtained results also can be applied
to the event-triggered stabilization of BCNs. Thus, our
result can be regarded as a generalization of that in [36]
to some extent.

Example 1. Consider the following probabilistic Boolean
network:

where f, € {f1,f>} with probabilistic 1/2, 1/2, respectively,
and f, € {f3, f3} with probabilistic 2/3, 1/3, respectively.

FI(X, Y, Z) = (XAZ)V(YAZ)V(-YNZ),
fHX, Y, Z) = (XAY)V(-XA-YAZ),
F(X,Y, Z) = (XAYAZ)V(XA-YAZ)V(~XAYA-Z),
(X, Y, Z) =XA~YA-Z,
(XY, 2) =
(27)
Then we can obtain
2 1
- 000 0 - 0O
3 3
00 0 0O O0O0OTO
1 1 1 1
- - - 00 -1 0
3.2 2 6
00 0 0O O0OO0OTO
L= X (28)
00010 - 00O
3
00 0 0O O0O0OTO
1 1 1
0 - - 01 - 01
2 2 6
00 0 0O O0OO0OTO
Assume the control system is given as
X(t+1) =u ()AfLX(0), Y (1), Z(1)),
Y(t+1) = uy(t) AL (X(2), Y(2), Z(1)), (29)

Z(t+1) =f5(X(1) Y (1), 2(1)),

Similarly, we obtain L as follows:

o0 0 0 0 O0OO0OO0OTO0OO0OTO0OTUO0OTUO0OT®O0OTO0O°O0
o0 00 0 O0OO0OO0OTUO0OO0OTO0OTUO0DTO0OO0OTQO0O°O0
1 1
o0 0O0O0O0OO0OO0ODT1 - -=0W0W0T1F0o0
2 2
~ o0 00 0 O0O0OO0OTO0OO0OTO0OTUO0DTO0OTO0OTO0OO0
L= 2
0O 0 0 0 0 O O0OO0OTO0OO0OTUO0OT1TTO0 3 0 0
o0 0 0 0 O0OO0OO0OTUO0OO0OTO0OTUO0OTO0OTO0OTGO0O°O0
1 1 1
111111110 - =01 =01
2 2 3
o0 00 0 O0OO0OO0OTO0OO0OTO0OTUO0OTUO0OTO0OTO0O°O0

(30)
In a word, the dynamics of this system can be described as
x(t+1)= [Liu(t)]fxmx(t), (31)

Next, we will design the ETSFC to stabilize system (31) to 3.
By Algorithm 1, Q;,i=0, 1, ..., can be calculated as follows.



Complexity

(Uf\i 15’1) Then go to Step 2.

(10 = Yaeq, @) =0y. Then go to Step 3.
-

Step 1: Initialize A = @, if Col, (L) = 8%, then A =[JY,S; otherwise, Col,(K) =85 satisfying Col,(Blk, (L)) = 8% and A= {83} U

Step 2: For every state 8]2} in Ay \ {03}, find a unique z; such that 8l € SZ:_. Then, let Col;(K) = 6;% satisfying Colj(Blkvj (L))o

Step 3: For remainder &€ Ay \ A, let Coli(K) =6;{} be a random vector in A,.. Return set A and matrix K, where A is the
event-set-triggering control (15) and matrix K is the state feedback gain matrix.

ALGORITHM 1

Step 1: Since Col,(L) # &%, then 8} € A and there exists
u =6, such that Col,(Blk, (L)) = 8.

Step 2: By the dynamic x(¢+ 1) = Lx(t), we can calcu-
late R, ({7}) = {63,851, R({8]}) = {6}, and
R({87}) = {6183, 611k > 3, s0 R({67}) = {5k
53,57, 0%).

Step 3: Let Qy =S, =R({83}), then A, \Q,= {8} s
83,85}, Next, we consider dynamic x(f+ 1) = Lu
(t)x(t). For 8, there exists u = &) such that Col,
(Blk,(L)) € Q. For &;, there exists u =38, such
that Col, (BIk, (L)) € Q. For 8;, there exists u =
8} such that Cols(BIk, (L)) € Q. For 8%, there
exists u = &3 such that Col(Blk,(L)) € Q,.

So S; = {61,83, 62, 82} and Q, = Ag. Thus, the PBCN (31) is
globally stabilized to 8; via ETSFC by Theorem 1. In terms
of Algorithm 1, set A can be expressed by A= {8, 0,
83,085,085} and one of the feasible state feedback matrices
K can be 6,[1,1,1,2,2,2,1,1].

4. Conclusion

In this technique, the global stabilization of PBCNs has been
investigated by ETSFC. Under the framework of STP, the
algebraic representation of PBCNs has been obtained from
the logical form. A necessary and sufficient condition has
been derived based on reachability sets. Finally, we have
designed a class of feasible event-triggered state feedback
controls to realize global stabilization. A numerical example
has shown the effectiveness of our results.

Data Availability

The data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was partially supported by the National Natural
Science Foundation of China under Grant nos. 11671361

and 61573008, the China Postdoctoral Science Foundation
under Grant nos. 2015M580378 and 20161790406, and the
National Training Programs of Innovation and Entrepre-
neurship under Grants 201610345020 and 201710345009.

References

[1] E.H. Davidson, J. P. Rast, P. Oliveri et al., “A genomic regula-
tory network for development,” Science, vol. 295, no. 5560,
pp. 1669-1678, 2002.

[2] H. De Jong, “Modeling and simulation of genetic regulatory
systems: a literature review,” Journal of Computational Biol-
ogy, vol. 9, no. 1, pp. 67-103, 2002.

[3] A. M. Martinez-Rodriguez, J. H. May, and L. G. Vargas, “An
optimization-based approach for the design of Bayesian net-
works,” Mathematical and Computer Modelling, vol. 48,
no. 7-8, pp. 1265-1278, 2008.

[4] D. Chu, N. R. Zabet, and B. Mitavskiy, “Models of transcrip-
tion factor binding: sensitivity of activation functions to model
assumptions,” Journal of Theoretical Biology, vol. 257, no. 3,
pp. 419-429, 2009.

[5] S. A. Kauffman, “Metabolic stability and epigenesis in ran-
domly constructed genetic nets,” Journal of Theoretical Biol-
0gy, vol. 22, no. 3, pp. 437-467, 1969.

[6] E.Fornasiniand M. E. Valcher, “On the periodic trajectories of
Boolean control networks,” Automatica, vol. 49, no. 5,
pp. 1506-1509, 2013.

[7] D. Cheng, H. Qi, and Z. Li, Analysis and Control of Boolean
Networks: a Semi-Tensor Product Approach, Springer-Verlag,
London, U.K., 2011.

[8] J. Lu, J. Zhong, C. Huang, and J. Cao, “On pinning controlla-
bility of Boolean control networks,” IEEE Transactions on
Automatic Control, vol. 61, no. 6, pp. 1658-1663, 2016.

[9] J. Lu, J. Zhong, D. W. C. Ho, Y. Tang, and J. Cao, “On con-
trollability of delayed Boolean control networks,” SIAM Jour-
nal on Control and Optimization, vol. 54, no. 2, pp. 475-494,
2016.

[10] D.Laschovand M. Margaliot, “Controllability of Boolean con-
trol networks via the Perron-Frobenius theory,” Automatica,
vol. 48, no. 6, pp- 1218-1223, 2012.

[11] H. Li and Y. Wang, “Lyapunov-based stability and con-
struction of Lyapunov functions for Boolean networks,”
SIAM Journal on Control and Optimization, vol. 55, no. 6,
pp. 3437-3457, 2017.

[12] N. Bof, E. Fornasini, and M. E. Valcher, “Output feedback
stabilization of Boolean control networks,” Automatica,
vol. 57, pp. 21-28, 2015.



Complexity

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

R. Li, M. Yang, and T. Chu, “State feedback stabilization for
Boolean control networks,” IEEE Transactions on Automatic
Control, vol. 58, no. 7, pp. 1853-1857, 2013.

H. Li and Y. Wang, “Further results on feedback stabilization
control design of Boolean control networks,” Automatica,
vol. 83, pp. 303-308, 2017.

Y. Guo, P. Wang, W. Gui, and C. Yang, “Set stability and set
stabilization of Boolean control networks based on invariant
subsets,” Automatica, vol. 61, pp. 106-112, 2015.

M. Li, J. Ly, J. Lou, Y. Liu, and F. E. Alsaadi, “The equivalence
issue of two kinds of controllers in Boolean control networks,”
Applied Mathematics and Computation, vol. 321, pp. 633-640,
2018.

Q. Zhu, Y. Liu, J. Lu, and J. Cao, “On the optimal control of
Boolean control networks,” SIAM Journal on Control and
Optimization, vol. 56, no. 2, pp. 1321-1341, 2018.

B.Li, Y. Liu, K. I. Kou, and L. Yu, “Event-triggered control
for the disturbance decoupling problem of Boolean control
networks,” IEEE Transactions on Cybernetics, no. 99, pp. 1-6,
2017.

Y. Liu, B. Li, J. Lu, and J. Cao, “Pinning control for the distur-
bance decoupling problem of Boolean networks,” IEEE Trans-
actions on Automatic Control, vol. 62, no. 12, pp. 6595-6601,
2017.

Y. Liu, B. Li, H. Chen, and J. Cao, “Function perturbations on
singular Boolean networks,” Automatica, vol. 84, pp. 36-42,
2017.

F. Li, H. Li, L. Xie, and Q. Zhou, “On stabilization and set sta-
bilization of multivalued logical systems,” Automatica, vol. 80,
pp. 41-47, 2017.

Y. Wuand T. Shen, “A finite convergence criterion for the dis-
counted optimal control of stochastic logical networks,” IEEE
Transactions on Automatic Control, vol. 63, no. 1, pp. 262-
268, 2018.

D. Cheng, T. Xu, and H. Qi, “Evolutionarily stable strategy of
networked evolutionary games,” IEEE Transactions on Neural
Networks and Learning Systems, vol. 25, no. 7, pp. 1335-1345,
2014.

L. Wang, Y. Liu, Z. Wu, and F. E. Alsaadi, “Strategy optimiza-
tion for static games based on STP method,” Applied Mathe-
matics and Computation, vol. 316, pp. 390-399, 2018.

Y. Mao, L. Wang, Y. Liu, J. Lu, and Z. Wang, “Stabilization of
evolutionary networked games with length-+ information,”
Applied Mathematics and Computation, vol. 337, pp. 442-
451, 2018.

H. Li and Y. Wang, “Boolean derivative calculation with
application to fault detection of combinational circuits via
the semi-tensor product method,” Automatica, vol. 48, no. 4,
Pp. 688-693, 2012.

J. Zhong and D. Lin, “Driven stability of nonlinear feedback
shift registers with inputs,” IEEE Transactions on Communica-
tions, vol. 64, no. 6, pp. 2274-2284, 2016.

J. Lu, M. Li, Y. Liu, D. W. C. Ho, and J. Kurths, “Nonsingular-
ity of grain-like cascade FSRs via semi-tensor product,” Science
China Information Sciences, vol. 61, no. 1, article 010204, 2018.
Y. Liu, H. Chen, J. Lu, and B. Wu, “Controllability of probabi-
listic Boolean control networks based on transition probability
matrices,” Automatica, vol. 52, pp. 340-345, 2015.

F. Li and J. Sun, “Controllability of probabilistic Boolean con-
trol networks,” Automatica, vol. 47, no. 12, pp. 2765-2771,
2011.

(31]

(32]

(33]

[34]

(35]

(36]

(37]

(38]

(39]

[41]

(42]

[43]

Y. Zhao and D. Cheng, “On controllability and stabilizability
of probabilistic Boolean control networks,” Science China
Information Sciences, vol. 57, no. 1, pp. 1-14, 2014.

R. Li, M. Yang, and T. Chu, “State feedback stabilization for
probabilistic Boolean networks,” Automatica, vol. 50, no. 4,
pp. 1272-1278, 2014

L. Tong, Y. Liu, J. Lou, J. Lu, and F. E. Alsaadi, “Static output
feedback set stabilization for context-sensitive probabilistic
Boolean control networks,” Applied Mathematics and Compu-
tation, vol. 332, pp. 263-275, 2018.

B. Xu and P. Zhang, “Minimal-learning-parameter technique
based adaptive neural sliding mode control of MEMS gyro-
scope,” Complexity, vol. 2017, Article ID 6019175, 8 pages,
2017.

R. Luo, H. Su, and Y. Zeng, “Chaos control and synchroniza-
tion via switched output control strategy,” Complexity,
vol. 2017, Article ID 6125102, 11 pages, 2017.

P. Guo, H. Zhang, F. E. Alsaadi, and T. Hayat, “Semi-tensor
product method to a class of event-triggered control for finite
evolutionary networked games,” IET Control Theory & Appli-
cations, vol. 11, no. 13, pp. 2140-2145, 2017.

C. Li, X. Yu, W. Yu, T. Huang, and Z. W. Liu, “Distributed
event-triggered scheme for economic dispatch in smart grids,”
IEEE Transactions on Industrial Informatics, vol. 12, no. 5,
pp. 1775-1785, 2016.

Y. Wu, X. Meng, L. Xie, R. Lu, H. Su, and Z. G. Wu, “An input-
based triggering approach to leader-following problems,”
Automatica, vol. 75, pp. 221-228, 2017.

W. Zhang, Y. Tang, Y. Liu, and J. Kurths, “Event-triggering
containment control for a class of multi-agent networks with
fixed and switching topologies,” IEEE Transactions on Circuits
and Systems I: Regular Papers, vol. 64, no. 3, pp. 619-629, 2017.

Z.-G. Wu, Y. Xu, Y.-J. Pan, H. Su, and Y. Tang, “Event-trig-
gered control for consensus problem in multi-agent systems
with quantized relative state measurements and external dis-
turbance,” IEEE Transactions on Circuits and Systems I: Regu-
lar Papers, vol. 65, no. 7, pp. 2232-2242, 2018.

Z.-G.Wu, Y. Xu, R. Lu, Y. Wy, and T. Huang, “Event-triggered
control for consensus of multiagent systems with fixed/switch-
ing topologies,” IEEE Transactions on Systems, Man, and
Cybernetics: Systems, no. 99, pp. 1-11, 2017.

Z.-G. Wu, Y. Xu, Y. J. Pan, P. Shi, and Q. Wang, “Event-trig-
gered pinning control for consensus of multiagent systems
with quantized information,” IEEE Transactions on Systems,
Man, and Cybernetics: Systems, no. 99, pp. 1-10, 2017.

Q. Li and H. Li, “Event-triggered discrete-time distributed
consensus optimization over time-varying graphs,” Complex-
ity, vol. 2017, Article ID 5385708, 12 pages, 2017.



Advances in Advances in . Journal of The Scientific Journal of
Operations Research Decision Sciences  Applied Mathematics World Journal Probability and Statistics

|nternational
Journal of
Mathematics and
Mathematical
Sciences

Journal of

Optimization

Hindawi

Submit your manuscripts at
www.hindawi.com

International Journal of
Engineering
Mathematics

International Journal of

Analysis

Journal of : Advances in ] Mathematical Problems International Journal of Discrete Dynamics in
Complex Analysis Numerical Analysis in Engineering Differential Equations Nature and Society

International Journa!

of
Stochastic Analysis Mathematics Function Spaces Applied Analysis Mathematical Physics

Journal of Journal of Abstract and ; Advances in



https://www.hindawi.com/journals/jmath/
https://www.hindawi.com/journals/mpe/
https://www.hindawi.com/journals/jam/
https://www.hindawi.com/journals/jps/
https://www.hindawi.com/journals/amp/
https://www.hindawi.com/journals/jca/
https://www.hindawi.com/journals/jopti/
https://www.hindawi.com/journals/ijem/
https://www.hindawi.com/journals/aor/
https://www.hindawi.com/journals/jfs/
https://www.hindawi.com/journals/aaa/
https://www.hindawi.com/journals/ijmms/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/ana/
https://www.hindawi.com/journals/ddns/
https://www.hindawi.com/journals/ijde/
https://www.hindawi.com/journals/ads/
https://www.hindawi.com/journals/ijanal/
https://www.hindawi.com/journals/ijsa/
https://www.hindawi.com/
https://www.hindawi.com/

