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ABSTRACT The stabilization of periodic switched k-valued logical networks is investigated in this paper,
and some new results are presented. The system considered consists of several k valued logical networks
and these networks run in a periodic switching law. First, by using the Cheng product of matrices, a periodic
switched k-valued logical (control) network is transformed into a discrete dynamic system which is written
as an algebraic form. Second, the switching-state space and the switching-input-state space are defined.
Then combining with the algebraic form, some necessary and sufficient conditions for the stability and the
stabilization are obtained. An algorithm to find the input sequence that stabilizes the system is also provided.
Finally, illustrative examples are given to support the proposed new results.

INDEX TERMS k-valued logical networks, periodic switched, stability, stabilization, control design.

I. INTRODUCTION

Gene regulatory network, a network of genes and their inter-
actions within a cell or a particular genome, is the mech-
anism that controls the gene expression in an organism.
Boolean networks (BN), originally proposed by Kauffman
in 1969 [1], becomes a powerful tool for describing, ana-
lyzing and simulating cellular networks. It has attracted a
lot of attention and interest from many biologists, physi-
cists and system scientists [2]. By expressing the complex
connections and interactions between genes through sim-
ple logical relationships, BN has a high degree of abstrac-
tion, and can reflect the system’s rich kinetic behaviors.
With the emergence of many high-quality research results
[3]1-[5], it is further confirmed that BN is very effec-
tive in simulating practical processes. Therefore, the study
of control problem has important theoretical and practical
significance.

Recently, a new matrix product, namely, the semi-tensor
product of matrices, is proposed. Here we call it Cheng prod-
uct due to the fact that it was proposed by Prof. Cheng [6].
Cheng product extends the ordinary matrix multiplication
to any two matrices, which not only preserves all the basic
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properties of the original matrix multiplication, but also has
a certain degree of commutativity. These properties make
the matrix method easy to be applied to logical functions,
high-dimensional arrays and nonlinear problems. So the
Boolean logic equation can be transformed into the discrete
dynamic equation, which is more convenient to describe and
study. Using Cheng product, BNs can be successfully ana-
lyzed and many essential results have been obtained [7]-[11].
Similar to linear systems, some properties have been dis-
cussed, including their controllability, observability and syn-
chronization [12]-[16].

In actual gene networks, the multi-mode switching
phenomenon usually appears. For switched systems, the
switching mechanism can improve the control capability.
Refs. [17], [18] investigated the controllability and observ-
ability of switched Boolean control networks under the
switching signal. Ref. [19] studied the set stability and sta-
bilization of switched BNs with state-based switching. How-
ever, the switching signals of the above results are the general
signals. Sometimes the switching signals actually are gener-
ated by external intervention or constraints. For example, the
cycle of day and night makes biological system evolutive and
alive in a cyclic environment. Ref. [20] studied the reach-
ability and controllability of periodic switched BNs where
the switching signals are periodic signals. Under the periodic
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special switching signals, the property of switched BNs is
meaningful.

k-valued logical network consists of a family of k-valued
logical variables and a set of k-valued logical functions.
It is an important networked system since it can be regarded
as the extension of BNs. The k-valued logical network
has become an effective tools in researching evolutionary
games [21]-[23], discrete event systems [24], [25] and finite
automata [26], [27]. 2-valued BNs could describe the switch-
ing characteristics of biological networks by 0 and 1. While
3-valued logical networks can describe catalytic, inactive and
inhibitory behaviors of cell activities. So far, some fundamen-
tal problems of them have been deeply studied, such as the
stability at point attractors and stability at dynamic attractors,
see [28], [29] for details. To the best of our knowledge, the
stability and stabilization of k-valued logical networks is still
relatively little from the perspective of periodic switching
signals. So inspired by that, we investigate the stability and
stabilization of periodic switched k-valued logical networks.
Some contributions are as follows.

(1) Under a periodic switching law, a system composed by
several k-valued logical networks is considered. By Cheng
product and its properties, the system is converted as an
algebraic form.

(2) Two spaces, the switching-state space and the
switching-input-state space, are defined. Combining with the
algebraic form, some necessary and sufficient conditions for
the stability and the stabilization of k-valued logical networks
are obtained.

(3) An algorithm to find the input sequence that stabilizes
the k-valued logical network is also provided.

The contents of this paper consist of two parts: one is
stabilization problem, which is the key content of this paper,
and the other is some theoretical analysis derived from the
study of stabilization problem.

(4a) The methods, provided for solving the stabilization
problem, are based on k-valued logical networks, which is
a generalization of BNs. Besides, the corresponding results
can be also applied to periodic switched BNs.

(4b) Many remarks, proposed in the process of studying
stabilization problem, indicates the possibility that relevant
results can be generalized to other networks and situations.
In addition, pure mathematical issues derived from some
problems, which are the unique properties of the periodic
switched k-valued logical networks, are worthy of further
study by interested readers.

The paper is organized as following. In Section II, we recall
some preliminaries on Cheng product and problem formu-
lation which will be used in later sections. For the peri-
odic switched k-valued logical networks, the main results
of this paper, stability, stabilization and optimal control
design for stabilization are discussed in Section III. More-
over, the application of the design in solving the stabilization
problem is shown. At last, a brief conclusion is given in
section IV.
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A. NOTATIONS

The following symbols will be used throughout the paper:
R and Z denote the sets of real and positive integer numbers,
respectively.

1) Col;(M) and Row;(M) stand for the j™ column and the
i row of the matrix M, respectively, and Col(M ) is the
set of columns of matrix M.

2) 8,’; denotes the i column of the k-dimensional identity
matrix .

3) A matrix L € Ly« is called a logical matrix if
Col(L) € Lyxn, Lmxn represents the set of all m x n
logical matrices.

4) Dy :=1{0,1,2,...,k—1}.

5) Ap = {8,i |i=1,2,...,k}, where 5,i represents the
i-th column of identity matrix /.

6) ® represents the Kronecker product of matrices.
If A = (a;) € R™" and B = (b;;) € R"*4, then

a1y xB app xB - ay, X B
a1 XB apxB --- ay xB
AQ®B= . . . . )
| am1 X B amp x B - Qmpn X B
where
ajj X b11 ajj X b12 ©ajj X b];
ajj X b21 ajj X b22 - ajj X bz;
ajj X B = . .
| 4ij X bsl ajj X bsz - ajj X bst

Il. PRELIMINARIES

This section gives some necessary preliminaries on Cheng
product and periodic switched k-valued logical networks,
which will be used in the following.

A. CHENG PRODUCT
Definition 1 [30]: The Cheng product of matrices A € R;,xn
and B € Ry, is defined as

AXB=AQI)B®I), (1

where p is the least common multiple of n and s.
Proposition 1 [30]: Cheng product satisfies combination
law and pseudo exchange law:
(I)LetA € R™"" B e RP*4, C € R"™™, then

AXB)XxC=Ax (BxO(). 2)
(2)Let X € R A € R™*" then
XxA=U;®A) x X. 3)
Proposition 2 [30]: If X € Ay, then
XX = & x X, “

where &, = [§l5] 8767
power-reducing matrix.

8,58,]{‘] is the base-k
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TABLE 1. Three structure matrices in Example 1.

Operator Structure matrix
- M, =43[321]
A M. =63[123223333]
\ Mg=1063[111122123]

IfX,Y € Ag, then
E XY =X, )

where Ey = [Iy Iy --- Ii] is the base-k dummy operator.

Lemma 1 [30]: (1) Let f(x1, x2,...,x,) be alogic func-
tion. Then there exists a unique logic matrix My € Ly ,
called structure matrix of f, such that

f(x15x25"-7xn)=Mf[><xﬂ (6)
where x = XL x;.
(2) Assume
y = My D(::l:l Xi, (7)
= MZ D<;1:l Xi,

where x; € A,i=1,2,...,n,M,,M; € Loy Then
vz = My * M) xi_y xi, (®)
where My + M, = [Coli(M,) ® Coli(M,), Colh(My) ®
Colh(My), ..., Colyn(My) ® Colon(M)].
Proposition 3:
-X =1-X,
X AY = min{X, Y},
X VY = max{X, Y},
and
“~M, =8&kk—1.--1],
A~M, =812 - k22 ik - kk - k],
V~Mg=6I11---111---2---12--- k]
Example 1: The structure matrices of three common logical
operators (k = 3) is shown in Table 1.
Proposition 4: Let Py = A1A> ... A, A; € A, then
P} = Oy Py, ©)

where

k
O = [ [ L1 ® [(l2 ® Wi pe-iM, ] . (10)
i=1

B. PERIODIC SWITCHED k-VALUED LOGICAL NETWORKS
We consider a periodic switched k-valued logical networks
with n state nodes {xi, x2, ..., x,}. The state nodes take val-
ues from Dg. Its dynamics can be described as
x4+ D) =700, ... x(0),
B+ 1) =@, . x0),

: (11)
Xt + 1) =700, . (@),
o(t)=t mod!+1,
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where x; is state variable, fij D" D,i = 1,2,...,n,
j=1,2,...,1logical functions, () : N+— {1,2,...,1}is
the switching signal.

We make a preliminary analysis about switching
signals o (). According to the formula o () =¢ mod [ + 1,
we can know that [/ systems evolve in a fixed order. After
the system state is updated by [ steps, it enters the repeated
evolution process again. For example, when / = 3, the system
runs according to

t=0, So0) =21 =L f )
t=1, Soy =T = {215 [
t=2, o)==, 5 L1
t=3, %3 =1 =LA ik
t =4, Zow = Zo = {1 foe . S
t=5 S5 =3 ={.f5.....fi }i

Ill. MAIN RESULTS

A. MATRIX EXPRESSION

Next, we use the Cheng product of matrices to transform the
system form Boolean function form to algebraic form. Using
Lemma 1, we have

X1t + 1) = MOy (0xa(t) - - - x,(0),
0 + 1) = M5 Vx (Ox2(1) - - xn (1),

Xt + 1) = MIDx (Dx2(8) - - - X (1)

where Mi”(t) is the structure matrix offi“(t), i=1,2,...,n.
Let x(r) = x1(t)xa(t) - - - x,(¢), multiply the left and right
formulas above and get the following algebraic form:

Yo 1 x(t + 1) = Mgnx(1), (12)

where My () = Mf(t) * Mg(t) ok M € Lpnspn.

Identify o(t) ~ §; mod I+1 " then a new logical matrix is
formed by all matrices M1, M>, ..., M;:

M =M My --- Mj] € Linyn. (13)

Hence, (12) can be rewritten as:
Yot X(t+1) = Mo (t)x(1), (14)

where o () € A;. In this paper, we use o, x, u to represent
both their quantitative forms and vector forms with a slight
abuse.

B. STABILITY ANALYSIS
This section considers global stability. Stability is an impor-
tant property of the system, which describes the future direc-
tion of the system. A system is said to be globally stable if it
globally converges to a fixed point [31]. In other words, it has
a fixed point as the only attractor.

The global stability of periodic switched k-valued logical
networks is defined by the following mathematics symbol.
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Definition 2: System (14) is said to be globally stable to
an € Ayn, if for any initial state x(0) € Ao, x(t) = 8,‘5,,
holds for some s € N, ¢ > s.

In order to study this property, we introduce the concept of
reachability

Definition 3: Consider system (14), its switching-state
space is defined as

S ={(o,x)loc €{1,2,...,1},

x=(x1,x2,...,x,) € D} (15)

1) Let p; = (ai,xi) € S, under vector form, if (p1, p2)
satisfies

x? = Ma]xl,

16
Eoy = Eo (16)

mod [ + 1,

where E := [1,2,---,1], then call (p1, p2) a directed edge.
The set of directed edges depending on switching is remarked
asV CS§SxS.

2) If (pi,pi+1) € V,i = 1,2,...,6 — 1, then
(p1, P2, ---, o) is a path, denoted by p; — pg. py is reach-
able from p after 6 — 1 steps.

Note that a path with two edges (p1 = (o1, xl),
p2 = (02, x2), p3 = (03, x3)) means that the o -th subsystem
transforms x! to xz, and then the o;-th subsystem transforms
x2 to x3. Though x3 is reachable from x!, the transformation
of state depends on the running subsystem.

For example, the o>-th subsystem transforms x” to some
state but x>. From Definition 3, if P1 — Po, one has

mod [+ 1,
= Mazxz, Eos =Eop mod!+1,

X2 = Malxl, Eop = Eoq

% = Mo‘g_lxeil, Eoy =FEop_1 modl+1,

then

X = M09_1x9_1

= MO'Q,]MO'Q,Q-“MO'])CI.

By resetting the corresponding subscript, the following
properties can be obtained.

Proposition 5: Let X = 8Zn,j = 1,2,...,6, then
(i, Piy» - - - » Pip) 1s a path if and only if
[Mi1+9271 T 'Mi1+1Mi1(Mi1)01]i9,i1 = 17 (17)

where A_4j =M Mj_---MM;---Mj M, 0 =01l + 0
and 6, =6 mod /.

The next theorem can be easily obtained by Proposi-
tion 5 and the arbitrariness of xg.

Theorem 1: Consider system (14), state 8,‘3,1 is reachable
from any initial state if and only if there exists an integer
s € N, such that

MoMg,_y---MiMy = 8ld d --- d], (18)
where s = s1/ + s and 5o =5 mod /.
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Proof: Under the periodic switching signals, the initial
state of the system circulates along the order of 1,2, ..., 1.
Given an initial state x(0) = xo, the system state x(s) is

x(s) =Mo(s— Dx(s—1)
=Mo(s— DMo(s —2)x(s — 2)

=Mo(s—1)Mo(s —2)---Mo(0)xp.

From Proposition 5, state x(s) = 8,‘5,1 is reachable from state
x(0) = xp if and only if

8¢ = x(s) = Mo (s — DMa(s — 2) - - - Mo (O)xg
= Mg,M, 1 ---M{(MM; M) xo
= My,M,_1--- MM xo.

By the arbitrariness of initial state xq, the conclusion can be
obtained.
Proposition 6: If system (14) is globally stable, the upper
bound of s is k"l — 1.
Proof: Consider the system states at integral multiple
time of [,

x(0), x(0), x(21), x3D), ---, x(k"D), (19)

then definitely exists 0 < k; < ky < k", such that
x(kil) = x(kzl). So begin from time ky/, the state trajec-
tory repeats this trajectory x(kil), x(kyl + 1), ..., x(kpl — 1).
Hence, the upper bound of s is k" — 1

Proposition 7: If system (14) is globally stable to 8,‘5,,,
then 5,‘5,, is a fixed point of each subsystem, i.e.,

Milaga=1,i=1,2,...,1 (20)
Proof: Apply the reduction method. Assume there exists
i€ {1,2,...,1} satistying [M;lga # 1. Then [M;lg 4 =
(8¢)™™;8¢, = 1 for some d’ # d. This means that the i-th
subsystem changes state an to 8,‘3,;, then the system is stable,
this is a contradiction.
Theorem 2: System (14) is globally stable to 8,?,1 if and only
if (18) and (20) hold.
According to system (14), we can get
x(1) = Mx(0),

x(2) = Mrx(1) = MaM;x(0),
) 2D

x() =Mpx(1 — 1) =MiM;_y --- MaMx(0).
Denote M| = MiM;_1 ---M>)Mi, then we have
x((+ DD =Mxt), t =0,1,2,3, .... (22)

Let x(t) := x(tl),t+ = 0,1,2,3,.... Then the following
theorem which gives a necessary condition of globally stable
is derived.

Proposition 8: If system (14) is globally stable to an,
then 8,‘3,, is the unique fixed point of system

X(r+ 1) = Mix(0). (23)
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FIGURE 1. The state transition diagram of Example 2.

Proof: Since the number of elements in Ay is k" and
2(k") = My FK" — 1) = M %(0), (24)
If (14) is globally stable to 8,‘5,,, then
™) =¥, A1) = - = 80, (25)

Assume 8,‘(’,; # 8,?,1 is also a fixed point of (23), then the system
state will remain

k) =3k 1) = =8 (26)

if x(0) = 6,‘(’,;, which is a contradiction.

It is noted that this proposition is just a necessary condition
and the sufficiency is not established. The following gives a
counterexample.

Example 2: Consider periodic switched 3-valued logic net-
work system (14) with 2 state nodes and 2 subsystems, where

000 0O 0O 0 0 0
0 00 0O 0O 0 0 0
0 00 0O 0O 0 0 0
01 0 1 0 0 0 0 0
Mi=l0 0 0 0 1 1 1 0 0},
1 01 0 00 0 1 0
00 000 0 0 0 1
0 00 0O 0O 0 0 0
(000 00 0 0 0 0]
1 0 0 0 0 0 0 0 O]
0 00 0O 0O 0 0 O
00 0 00 0 0 0 1
001 00 0 0 0 0
My=0 0 0 1 0 0 0 0 0]/. (8
00001 0 0 0 0
0 0000 I 0 0 0
01 0 0 0 0 1 0 0
000 00O 0 0 1 0
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FIGURE 2. The corresponding system state trajectory of Example 2.

The state transition process of this system is shown in Fig. 1.
We omit the subscript “89” for simplicity. It is easy to get that

0 0 0 0 0 0 0 0 O]
0O 0 0 00O 0O 0 0 0
0O 0 0000 0 0 0
00 0000 0 0 0
Mi=|0 1 0 1 0 0 0 0 O/, 29
0 0 0 01 1 1 0 0
1 0 1 0 0 0 O 1 0
0 0 000 0 0 0 1
(0 0 00 0 0 0 0 0]

and [1\_41]6,6 = 1. Hence, 88 is the unique fixed point of
system (23). But system (14) is not globally stable to 88 since
M, 88 = 83 and M283 = (Sg . The corresponding system state
trajectory is shown in Fig. 2.

C. STABILIZATION ANALYSIS
For the stabilization of the system, it is important to study
whether there is an input sequence, so that after a period of
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time, the state of the system is stable at a certain state. Con-
sider the following periodic switched k-valued logic control
network:

i+ 1) =gl @), . um(0). 310, x(0)),
0+ 1) =g @, . um(0). 310, x(0)),
: (30)
Xt +1) = gV, .. um(0), x1(1), ... x4 (0)),
o(t)=t modl+1,
where x;i = L1,2,....,n), wiG = 1,2,...,m) are
state variables and input variables, respectively. g?(l)
D™t s D,i = 1,...,n are logical functions and
o(t) : N +— {1,2,...,1} is the switching signal.

According to Lemma 1, the algebraic form of system (30)
is:
xi(e+1) = M7 Cuox),
X+ 1) = M5 u)x),
: €1y}
Xt + 1) = MZOu(t)x (o),

where u(t) = u1(t) - - - (1), x(t) = x1(t) - - - x,(¢) and M7
are the structure matrices of gf(’), (i=1,2,...,n).
Furthermore, system (30) is equivalent to

Yo 1 x(t + 1) = Myyu(t)x(1), (32)

where M) = Mf(t) * M;(t) CRERE" M,‘L’(t) € Lynypn.
The difference from before is that the matrix M, ), here is
an order logic matrix. Thus, we have

M = [Ml M2 s Ml] € ’Ck"xlk’"*"a

e . (33)
My = M) M5 - M,
Hence, (32) can be rewritten as:
Yo i x(t +1) = Mo@)u(t)x(t), (34)

where o (t) € Ay, u(t) € Agnm.

We introduce the previously defined switch-state space
into input.

Definition 4: Consider system (32), its switching-input-
state space is defined as

S =A{lo,u,x)lo €{1,2,....1},
',um) GDZL’
., xp) € DY

u = (ui, uz, ..
x = (x1,x2,..
Based on this space, if (p1,p2) € V € § x Sisa

directed path, under vectors form, p; = (o7, ul,xl) and
p2 = (02, u?, x2) should satisfy
=M olulxl,

(35)
Eop) =Eo; modl+1,

where £ =1[1,2,3,...,1].
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Accordingly, if (p1, p2, .. ., pe) is a path, then

mod [ + 1,
mod [ + 1,

x? = Malulxl, Eoy = Eo
X = Moguzxz, Eozs =Eo

X = Mag_lue_lxe_l, FEog =FEog_1 mod [+ 1.

then

X = Moy~ 15!

= M09_1u671M09_2M972 .. ~M01u1x1.

According to the method of paper [17] to define the
switching-input-state incidence matrix. The range of switch-
ing signal o(¢) has k values. Hence, there are [ x k™ x k"
points in switching-input-state space.

Definition 5: Consider system (32), its switching-input-
state incidence matrix T is an k™" x [k™" Boolean matrix,
defined as

1, (pj,pi) €V isadirected path,
0, otherwise.

T = (36)

Proposition 9: The switching-input-state incidence matrix
of system (32) is
T =[8T) 8T --- 8Ty, 8 111, (37)

where T; = 1xm X M;.
~ Proof: For any two points, pj,pj € S, pi =
8/ 8indins P = & 88y, from Definition 4, (pj, pi) is a
directed edge, if and only if M;, and u(r) = S'Ikzm, (an can be
updated by 8,’(3,, in one step, thus
3 J2 ¢J3
(Skzn = ]‘41'1 8/{27”81:”’ ' '
8112,3,...,1, 1]8][1 =4

It follows that

0 0 0 1;mM,;
1m My 0 0 0
T = 0 1ymMo 0 0
: E . 0
0 0 1mM;_q 0

Setting T; = 1ymM;, i = 1,2, ..., 1, the proof is completed.

This proposition well explains the structure of matrix 7 of
periodic switched k-valued logic network (32) and the origin
of its definition (Definition 5).

Definition 6: Suppose A € My, if there is a posi-
tive integer » which can divide m, satisfying Row;;,(4) =
Row;(A), 1 <i < m — r, then the matrix A is called as row
periodic matrix, and the period is r.

For example, T, is a row periodic matrix with
periodic k™. Noting that

To@y = LimMo 1),
Tg(t) X B = lkm X MU([) X B
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= lk'" X (Ma(t) X B),

Therefore if a matrix is a row periodic matrix with r rows,
right multiply this matrix by any matrix, and the result is still
a row periodic matrix with r rows.

Remark 1: For the period of the row period matrix which
is defined here, there is no strict restrictions. However, from
a mathematical point of view, we can restrict the period value
to the minimum value of all periods, and we want to know
whether the right multiplication matrix change this minimum
period? The reader who is interested in this can discuss it
further.

Remark 2: The constraint problem is related to the switch-
ing problem to a certain extent. For example, the periodic
switching of traffic lights at intersections is associated with
the direction restriction of vehicles. Therefore, it is an inter-
esting topic to study the relationship between switched BCNs
and restricted BCNs. Reference [32] recorded some works on
BNs and Boolean control networks in which states or inputs
are admissible or constrained. The results in [32] can be used
as the point of penetration for interested readers.

Theorem 3: Consider system (32), if the initial state is
x(0) = 8{{,,, then x(0) has been updated 6 times, and get
x(0) = S,in which path number is ¢

_0
[(84n) To,Toy—1 ... TV T L ij = c, (38)

where Ty = TiTj—1...T1, 0 =011 + 65,6, =6 mod L.
Proof: This theorem is proved by induction. When
0 =1,0(0) =1, one has

[SFn) T ] j = () TLgm M g
= [Mi1pn]ij,

where M1 records all of the possible inputs. The conclu-
sion obviously holds.

Suppose that the conclusion is established after 6 steps of
update. Now consider the case where it updates by 641 steps,
the path from x(0) to x(6 4 1) by 8+ 1 steps, these steps can be
decomposed into the path from x(0) to each x(6) by 0 times
updating and from x(0) to x(6 + 1) by one step.

At the given time 6, the evolved system is My g). At this
time, there are k™" choices, so from time x(0) to x(6 + 1)
the number of paths is

k m+n

Z ((511111 Y Toy1)is[To, Toy—1 ... T1 T Lim]s

s=1
_9
= [(8}) To,Toy—1 ... T\ T 1] .

By mathematical induction, the theorem is proved. Obvi-
ously, we can get the following results: '

Theorem 4: Consider system (32), th_e state x(0) = §;, is
reachable from the initial state x(0) = 8{{,, if and only if

_9
[(84) T, Toy—1 ... T\ T Lgm];ij > 0. (39)

Next we consider the relationship between the above sev-

eral matrices. Ty (1) = LximMo (1), Lo(r) = Moy lim.
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Proposition 10: Ts (1) and L (r) satisfy:
=0 —6
To,To,—1 ... T]Tll = lk’"LG;-Q-lL@zL@z—l - LoMy, (40)
—0 =0
Lo, Lo,—1...LiLy' = Mp,To,_1Tp,—2---T1T| Lm, (41)
where
Tk =Ti—1--TWT; - Ti1 Tk,
Ly =Lg_y---LiL;- - Ly Lg.
Proof: According to Cheng product, one has
=0
To,To,—1 - - - T]Tl1
= LmMg, 1xmMg, 1 - - - 1mM,

0
= 1gm Mo, LyxmMp, _11jm - - - Lym M

6—1
= lkm L92L6271 .. -Lz M]
[ —

0—1
01
= YgnLy, Lo, Lo,—1 - - - LoM;.

The proof of other formula is similar to that.

The global stabilization problem of system (32) is to find
an input sequence such that the system globally converges to
a fixed point.

Definition 7: System (32) is said to be global stabilizable
to 8gn € Ayn, if there exists an input sequence u(0), u(1), .. .,
such that for any initial x(0) € Ao, x(¥) = (an holds for some
seN, t>s.

From Definition 7, we can know that the problem of stabi-
lization is divided into two processes. One is that the system
can stabilize at a fixed point after a finite number of steps,
and the other is that the system has such a fixed point.

Theorem 5: 8,‘(2 is a fixed point of system (32) if and only
if there exists an input sequence u(o (¢)) such that

(Mo (Du(o(t)]la.a = 1. (42)

A fixed point of system (32) means it is a common fixed
point of all subsystems. Hence, we can proof this theorem
simply by contradiction. When the system runs to a certain
sqbsystem Y;, and the state is stabilized to Sl‘fn, then input
82",,1, can be taken to make the state unchanged. Continue this
process, run to the subsystem X1, and take input Sﬁ L
Therefore, as long as the initial state of the system can be
reached an, then the input sequence of the system repeats
the input sequence of the above structure.

Theorem 6: System (32) is global reachable to 8,‘{1,1 if and
only if there exists an input sequence ug, uj, . . ., Ug, such that

Mg, ugMg, 1ug—1 ---Miug = §n[d d --- d],  (43)
where 6 = 611 + 6, and 6, =6 mod [.

Proof: From system (32), one has
x(t) = Mo(t — Du(t — Dx(t — 1)
=Mo(t — Du(t — )Mo (t — 2)u(t —2)---
Mo (0)u(0)x(0)
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=Mo(@ — Du(t — D)Mo (t —2)u(t —2)---
Miu(0)x(0),
x(0) = Mg,u(®)Mg,—1u(® — 1)--- Mu(0)x(0).  (44)

The conclusion can be obtained by the arbitrariness of initial
state x(0).

By Theorem 6 and Theorem 5, two processes of the
global stabilization problem can be done. (42) and (43) could
construct an input sequence ugp, u1, ..., ug, u(l), u(2), ...,
u(1), u(2), ..., u(l), ... such that system (32) is global stabi-
lizable to 8,‘3n. Hence, combining Theorem 5 and Theorem 6,
we can obtain the necessary and sufficient conditions for the
system to be stabilized.

Theorem 7: System (32) is global stabilizable if and only
if formulas (42) and (43) hold.

Remark 3: When the system is stable at some observable
states, the set stability and stabilization problems become
the detectability. Ref. [33], [34] proposed the data form to
investigate the detectability and obtained several criteria via
novel form. Ref. [33] preliminarily analyzed the relationship
between detectability and stabilization. Interested readers can
further investigate this problem, and also continue to study
the detectability of k-valued logical networks, which are all
challenging topics.

Next we design an algorithm for finding the control
sequence based on (42) and (43).

Algorithm 1 Consider system (32), Assuming that the
system can be stabilized to a fixed point 8,?,1 € Ayn through s
steps,

Step 1: Compute s = 51/ + 53, where so = s mod [;

Step 2: Replace 6 in (43) with s, find ug, u1, . .., ug satis-
fying (43); ' ' '

Step 3: Find an input sequence 82',,1, 8‘,/(2,”, e 8;61,,1 satisfying

[Midfnlaa =1, i=12,..1I (45)

Step 4: The control sequence u(0), u(1), ..., u(s), ... can

be designed as:

5js+ 1 8] 542

UQ, UL« s sy St Sy oo S Sy« S, (46)

where the underlined part of the input sequence is repeated in
subsequent input sequences.

Remark 4: Reference [35] proposed the input network,
in which controls are logical variables satisfying certain logi-
cal rule. Notice that an input network will eventually become
some limit cycles after finite steps, which is equivalent to
periodic switching. The methods, proposed in this paper, are
based on k-valued logical networks, which is a generalization
of traditional BNs. And the corresponding results can be
also applicable to periodic switched BNs. Compared with
reference [20], in which the reachability and controllability
of periodic switched BNs with periodic signals were investi-
gated, but the problem of stabilization was not analyzed in
detail. Our methods can not only effectively deal with the
reachability and controllability problems in [20], but also
settle the stabilization problem.
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As we have analyzed in Remarks 2-4, the periodic switched
k-valued logical network has many special properties, includ-
ing the minimal periodic problem of row periodic matrix,
the connection of switched BCNs and restricted BCNs, the
relationship between detectability and stabilization, which
are worth making efforts for further investigation.

BNs can be seen as a special case of k-valued logical
networks. Then one example on BN is given to verify the
results of this paper.

Example 3: Consider the periodic switched 2-valued logic
network, which consists of three subsystems:

xi(t + 1) = x2(O)Vu(),

P 47)
X0+ 1) = x1(1) A x2(2),

- x1(t + 1) = x2(2) V u(?), 48)
0+ 1) =x10) = x0),

Sy x1(t + 1) = x2(2) A u(?), (49)
x4+ 1) =x1(t) Ax2(2),

The algebraic form of the three subsystems is as follows:

Ty x4+ 1) = Mju(t)x(t), (50)
o x(t 4+ 1) = Mau(t)x(t), 51
Y5 x(t + 1) = Mu(t)x(t), (52)
where
0 0 0 0 1 0 0 O]
01 0 1 0 0 1 0
Mi=17 9 00 00 0 0
(00 1 0 0 1 0 1]
1 0 1 1 1 0 1 0]
Ma—|0 1 0 0 0 0 0 0
2710 0 0 0 0 0 0 1
(0000 01 0 0]
and
1 00 0 0 0 0 O
M |0 0 1 0 0 0 0 0
3710 o0 0 01 0 0 O
0o 1 0 1 0 1 1 1

Similar to Example 2, we draw a state transition diagram
in Fig. 3. Then we can get

Yoy : x(t + 1) = Mo ()u(t)x(1), (53)
where
M = [M; M M3]
0O 0 0O0O1 0 O0O0OT1TTUO0T1'1
{0101 001 001 0O
~ 11 0 0 OO O O OO0OUO0OO0 O
O 0100 1 01 0O0O0O0
1 01 01 000 O O OUWO
O 0 0OOOO 1 0 0 O010O0
0O 001 00 0 O 1 0 0 oO0}"
01 0 001 01 o011 1
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FIGURE 3. The state transition diagram of Example 3.

It is easy to know that

1 0 0 07
0 0 1 0
MsLs? = M52 = ,
S I )
01 0 1]
10 1 07
00 0 0
M828% = M52 = ,
32 =M%= 00 o 0 1
0 1 0 0]
1 0 0 07
M838) = M3k = 0 010
3 =M% 700 0 0 o0
01 0 1]

‘We can see
[M838311,1 = 1,
[M8383111 = 1,
[M538)11.1

Il
=

Therefore, by Theorem 5§, 84} is the fixed point of system (60).

As long as the initial state of the system reaches § )‘,
as long as the corresponding control input (X1, 8%), (2o, 85),
(23, 8%), the system state can be stabilized at § i.
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After simple calculation, we can get

My8IM 8\ M38I My 83 M1 63

1 0 1 1 1 0 0 O 1 000
o 1 o oflo 0o 1 of|l0OOT1O
~1o0 o o of|lo 0o O Oo||0OOOO
(0 0 0 0J]]|0O 1 0 1[/[0 101
(1 o 1 171 0 0 O
0 1 0 ofl0o 0 1 0
0 0 0 0f|l0O O 0 O
(0 0 0 0[O0 I O 1]
11 1 17
o 0 0o o
“10 0 0 0
[0 0 0 0]

According to Theorem 6, for any initial state of the system,
we can design the input sequence

2 o1 ol 2 ¢l
82, 82’ 82’ 82’ 82’
such that this system is global reachable to § i.
In summary, in order to stabilize the system state to 8.,

we can design the input sequence through Algorithm 1 as
follows:

u(0), u(1), u(2), u(3), u(4), u(5), u(6), u(7)

= 82,8}, 8},83.83,58,83,83.
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FIGURE 4. The corresponding system state trajectory of Example 3.

The corresponding shown

in Fig. 4.

system state trajectory is

IV. CONCLUSION

The stability and stabilization of periodic switched k-valued
logic network were preliminarily explored in this paper. As an
effective tool, the Cheng product and its properties plays
an important role for this work. Based on Cheng product,
the system was transformed as an algebraic form. Under the
framework of the switching-state space and the switching-
input-state space, some new matrices were constructed. Then
some necessary and sufficient conditions for the stability and
stabilization of periodic switched k-valued logic networks
were obtained. Moreover, the stabilizer design algorithm was
also provided. Finally, two examples were given to verify the
validity of the proposed method.

Future works like observability and controllability of peri-
odic switched k-valued logic networks are challenging. From
Proposition 7 and Theorem 5 in the paper, we can see that
this state is a fixed point of each subsystem. Stabilization is a
stronger concept than controllability, which requires not only
that the system state can reach a certain state, but also that
the state remains unchanged after reaching it. For the observ-
ability problem, the output data before the system stabilizes
to some state is more important.
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