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Abstract: In this paper, the set stabilization of switched Boolean control networks (SBCNs)
under sampled-data feedback control is addressed. Here, the control input is switching signal-
dependent, and SBCNs can switch only at the sampling instants. First, the sampled point
control invariant subset (SPCIS) of SBCNs is defined, and an algorithm is provided to obtain
the largest SPCIS under arbitrary switching signal. Based on the largest SPCIS, some necessary
and sufficient conditions are presented for the set stabilization of SBCNs by switching signal-
dependent sampled-data (SSDSD) state feedback control. Furthermore, a constructive procedure
is given to design all possible SSDSD state feedback controllers. Finally, some examples are
presented to illustrate the effectiveness of the obtained results.
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1. INTRODUCTION

Boolean Networks (BNs) were first proposed by Kauff-
man for the analysis of metabolic stability of gene reg-
ulatory networks (GRNs) (Kauffman, 1969). Since then
there has been a widespread interest in BNs, as an effective
model for intricate GRNs. Moreover, topological structure
analysis of BNs plays significant role in the treatment of
various diseases. For instance, treatment of breast cancer
and leukemia (Choi et al., 2012). Exogenous perturbations
have also been observed in many biological systems, which
can be characterized as control (Fauré and Thieffry, 2009).
Thus, by adding Boolean inputs to BNs we can develop
control strategies; BNs with inputs and outputs are called
Boolean control networks (BCNs).

In the last decade, D. Cheng and co-authors proposed
an algebraic framework for BNs and BCNs that resorts
to the semi-tensor product (STP), and allows to cast
the logical dynamics of BNs (BCNs) into discrete-time
linear (bilinear) systems (Cheng and Qi, 2010; Cheng
et al., 2010). Thus, one can study BCNs with methods
resembling classical control theory. Many control-theoretic
problems on BCNs have been investigated, including but
not limited to, controllability and observability (Laschov
and Margaliot, 2012; Cheng et al., 2016; Zhang and Jo-
hansson, 2020), stability and stabilization (Cheng et al.,
2011; Li et al., 2013; Bof et al., 2015; Li and Wang, 2017),
optimal control (Laschov and Margaliot, 2013; Fornasini
and Valcher, 2014; Wu et al., 2019).

In reality, most biological systems exhibit switching
behavior compared with the purely discrete dynamics of
the typical BN model (El-Farra et al., 2005). Switching can
be triggered by inherent system mechanisms or by uncer-
tainties and exogenous disturbances, which are very often
observed in biological systems. Such biological systems can
be modeled using a class of BNs, namely switched Boolean
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networks (SBNs). The research on SBNs and switched
Boolean control networks (SBCNs) has spurred signifi-
cant interest from the control community. And, indeed,
within this setting, controllability and control design (Li
and Wang, 2015), synchronization (Chen et al., 2015), set
stability (Guo et al., 2017) of SBNs, disturbance decou-
pling (Li et al., 2014), output tracking control (Yerud-
kar et al., 2019b), and stabilization (Li and Tang, 2017;
Yerudkar et al., 2020) of SBCNs, have been successfully
investigated.

Stabilization of SBCNs is one of the crucial issues. It is
of great importance in medical practice to modify system
behavior to make it desirable by using control inputs.
This can help to decide therapeutic intervention strategies
to achieve a healthy and robust state in specific GRNs.
For example, a disease progression modeling in terms of
the tumor (diseased cell) growth and designing treatment
methods to eradicate diseases cells. In fact, SBCNs facil-
itate such modeling and offer a natural choice to model
the development of cellular systems from a practical per-
spective. Therapeutic efficacy requires an optimal control
policy for administrating an adequate dose of medicine
that causes maximum tumor damage while reducing the
associated side effects (Vahedi et al., 2009). If one can
design all possible feedback controllers for treating the
disease under consideration, it can be advantageous to
identify optimal control policies.

In this paper, we address the problem of designing
all possible switching signal-dependent sampled-data (SS-
DSD) state feedback controllers (i.e., a complete solution)
to set stabilize SBCNs under arbitrary switching signal.
The sampled-data control technique has been extensively
studied in recent decades (Oishi and Fujioka, 2010; Hau-
roigne et al., 2011; Fujioka, 2009; Hetel and Fridman,
2013). In practice, where the aim is to achieve stabi-
lization or synchronization, the traditional state feedback
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controller is updated at every instant resulting in higher
energy consumption. On the other hand, the sampled-data
state feedback controller is updated during each sampling
period. The sampled-data control can, therefore, reduce
the number of controller updates while achieving the same
desired effect (Zhu et al., 2020).

Recently, the sampled-data state feedback control tech-
nique is studied in (Zhu et al., 2020) and (Xu et al., 2019;
Liu et al., 2019) to set stabilize BCNs and probabilistic
BCNs, respectively. In (Liu et al., 2018), the synchro-
nization problem of BCNs is investigated by the sampled-
data state feedback control. Nonetheless, the sampled-data
control for SBCNs has not been investigated yet. Although
SBCNs represent the generalized version of BCNs with
switching, results on BCNs do not apply to SBCNs di-
rectly, and further research is required to address the issue
of sampled-data state feedback control for SBCNs.

By following this stream of research, in this paper the
problem of finding a complete solution to the set stabi-
lization problem of SBCNs under SSDSD state feedback
control considering arbitrary switching signal is studied.
By resorting to the algebraic state-space representation
of SBCNs, a new algorithm is presented to obtain the
largest sampled point control invariant subset (SPCIS)
followed by some necessary and sufficient conditions for
the sampled-data set stabilizability of SBCNs. Here, the
switching can occur only at sampling instants. Further,
an algorithm is presented to obtain all possible complete
families of controllable sets thereby all possible SSDSD
state feedback controllers are designed under arbitrary
switching signal through a constructive method.

The paper is organized as follows. Preliminaries and
problem formulation are stated in Section 2. In Section 3,
we present a new algorithm to obtain the largest SPCIS,
and investigate how to design all possible SSDSD state
feedback controllers based on all the complete families of
controllable sets of SBCNs. Some illustrative examples are
given in Section 4 to validate the presented results. Finally,
a brief conclusion is provided in Section 5.

2. PRELIMINARIES AND PROBLEM
FORMULATION

In this section, some necessary preliminaries which will
be used in the sequel are given.

R, N and Z, denote the sets of real numbers, natural
numbers and nonnegative integers, respectively. Given
k, n € Z4, with k£ < n, we denote the integer set

{k, K+ 1, ..., n} by the symbol [k, n]. B := {0,1},
and B" :=Bx...xB. A, :={d |i=1,...,n}, where
—_——

n

8% denotes the ith canonical vector of size k. A matrix L €
R, « is called a logical matriz, if L = [5;1 §iz 53{}.
It is shortly denoted by L = 4, [i1 i2 ir]. Denote
the set of all m x n logical matrices by Lyxn. A n X m
matrix A = (a;;) is called a Boolean matrix, if a;; € B,
Vi, j. Denote the set of n x m Boolean matrices by B, xm.
Col;(A) and (A); ; denote the ith column and the (i, j)th
element of matrix A, respectively. |-| represents the number
of elements in a set.

Definition 1. (Cheng et al., 2010) Let A € Ry,xn, B €

R, 4. Denote the least common multiple of n and p by
t = lem{n,p}. Then the STP of A and B is defined as

Ax B = (A®I+)(B® I:), where ® is the Kronecker
product of matrices.

Remark 2. Henceforth, Boolean state, input and output
variables are identified by uppercase letters and their
equivalent vector form by lowercase letters. We omit the
symbol “x” throughout this paper.

Lemma 3. (Cheng et al., 2010) Let f(X1,...,X,): 2" —
2 be a logical function. Then there exists a unique logical
matrix My € Zoyon, called the structure matrix of f,
representing f so that f(Xi,...,X,) «— My x]_; a;,
i € Ag, where X' 12, =21 X Ta X ... X Ty,

A SBCN with n nodes, m control inputs, and a switch-
ing signal with p values leading to p sub-networks is de-
scribed as follows:

Xi(t+1) = ;7 U), X)),
(1)
Xa(t+1) = £20 (U(1), X(2),
where 0 : Zy —» P := {1, 2, ..., p} is the switching
signal, X(t) := (Xi(t),...,Xn(t)) € B™ is the state,
U(t) := (Ur(t),...,Un(t)) € B™ is the control input, and
floBtm 5 Bi=1,2,...,n, 5 =1,2,...,p, is logical
function. Given a switching signal o(¢) and a switching
signal-dependent control sequence U, 4)(t) : Zy x P — B™,
t € Z,, starting from an initial state X, = X(0) €
B™, denote the state trajectory of the system (1) by
X (t; X(0), U,).

Based on Lemma 3, by setting z(t) = xI_jx;(t),
u(t) = xu(t), y(t) = x!_,yi(t), the algebraic form
of SBCN (1) can be given as

z(t+1) = Lowyu(t)z(t), (2)
where 2(t) € Agn, u(t) € Agm, and L,y € Lonyontm is
the network transition matrix of (1).
The aim of this paper is to design all possible SSDSD
state feedback controllers of the form
Uiot)(t) = Kigt,) (X1(t), ..., Xn(t)), t € [t,, tiy1),
(3)
where Kj 5,), i = 1,2,...,m are logical functions, con-
stant sampling period is denoted by 7 :=1¢,41 —t, € Z,
and t, =7 >0, t =0, 1... are sampling instants.
The algebraic form of (3) leads to

Ue(t) (t) - Ka'(tL)x(tb)7 le [tLa tH—l)v (4)
where with a slight abuse of notation, Ky (;,) € Lamxan is
the state feedback gain matrix.

Let S = {04, 0%, ..., ok} be a subset of Agn.

Definition 4. The SBCN (2) is said to be S-stabilizable
if, for any switching signal o(t) and any initial state
2(0) € Agn, there exists uq, () (t) of the form (4), and an
integer T' € Z, such that z(t; z(0), u,) € S, for every
t>1T.
Definition 5. A subset S < S is called a sampled point
control invariant subset (SPCIS) of S for system (2) with
sampling period 7, if for any switching signal o(¢), there
exists a control sequence of the form (4) such that for any
initial state z(t,) € S, z(t; z(¢,), u,) € S, Vt € [1, T —
1], and z(7; «(¢,), uy) € S. The union of two control
invariant subsets is still invariant. The union of all SPCISs
contained in § € As» is called the largest SPCIS of S for
SBCN (2), denoted by S;.

6218



Preprints of the 21st IFAC World Congress (Virtual)
Berlin, Germany, July 12-17, 2020

3. MAIN RESULTS

This section investigates designing all possible SSDSD
state feedback controllers to globally feedback stabilize the
SBCNs under arbitrary switching signal.

3.1 SPCIS and family of controllable sets

In this subsection, we present a new algorithm to obtain
the largest SPCIS included in S, followed by necessary and
sufficient conditions for the global feedback stabilization
of SBCNs. Further, we provide a constructive algorithm to
find all possible families of controllable sets under arbitrary
switching signal, which play a crucial role in the control
design.

For every choice of the switching signal-dependent
control, namely for every 55?,1, ¢ € [1, 2™] we denote by

Lo, = Lgégfn € Lonxon, where 0.0 € [1, p]. We present
Algorithm 1 to find the largest SPCIS included in S.

Algorithm 1 To find the largest sampled point control
invariant subset
Input: S = {65.,6%,..., 05} S Age with 1 < Iy <
- <ls <2", 7, and the network transition matrices

Output: The largest SPCIS, Sy, contained in S

L: Initialization: n < 0, S, « S

2: while n < |Sy| do

3: nen+1

S, = {6én €8y-1 | V0w € P, Ly 6% € SVk €

1,7 —1] and L} eééin € S,—1, where ¢/ € [1, 27”}}
if S;, = 5,1 then break;
end if

end while
S[ <« 877

From Algorithm 1 the largest SPCIS can be obtained,
and according to Definition 4 and Definition 5 we consider
the S-stabilization problem for SBCN (2) as: for any
switching signal o(t), any initial state z(0) € Agn can
be driven to Sy in T'T steps and it always stays in Sy after
T1 steps only when there exists an integer 7.

Here, we present the following example to verify Algo-
rithm 1 and to show the need for calculating SPCIS.

Ezample 6. Consider a SBCN of the form (2), with n = 3,
m = 2 and p = 4, and suppose that
L1 =0s1112582315417116
4181551131171735],
Ly =05[1222584315417216
4281561132171735], 5)
L3;=063[1353786317457518
8581773133185846],
Ly=063[1463788317457618
8681783134185846].
Given § = {63, 03, 65} < Ag and 7 = 2, we aim to find
the largest SPCIS included in S.

By following Algorithm 1, for 63 € S we get ¢ = 1 such
that V0, € P, Lg, 03 € S and L 6g € S holds. Similarly,

for both 62 and 6§ we get ¢/ = 3 such that the conditions in
Step 4 of Algorithm 1 hold. Thus, we obtain the largest

SPCIS as S; = S.

Further, for 6§ we get ¢ = 1 such that V6, € P, Ly, 6% € S,
but Lj 6§ ¢ S. Here, the state d3 enters the set S but
does not remain there for a given sampled period. Thus,
it is crucial to design the largest SPCIS to study the
state stabilization problem of SBCNs using sampled-data
technique.

In the following, we define the set Ej(S;) consisting of
all the states that can be steered to S; in kr steps under
any switching signal sequence.

Lemma 7. For SBCN (2), we have

i. By(Sr) = {xo € Agn : 3¢? € [1, 2] such that
(Lgce zo € S}) holds for every 0, € P}.

il. Ek+1((§[> = {wo € Agn : 3¢? € [1, 2™] such that
(Lgce xo € By, (SI)) holds for every 6.0 € P}.

Proof. Statement (i) is clear from the algebraic state-
space form (2) of SBCN and (ii) follows immediately by
induction. ad

Next, based on Lemma, 7, the following basic properties
of the set Ey(S;) can be derived straightforwardly.
Lemma 8. 1. If g] c E1(51>, then Ek(g]) c Ek_;,_l(g[),
for all £ > 1;

ii. If B1(S;) = Sy, then Ey(S;) = Sy, for all k > 1;

iii. If EkH(S]) = Ek(SI) for some k > 1, then Ej(SI) =
E(Sy), for all j > k.

Then, we have the following theorem.

Theorem 9. The set stabilization problem to the set St
is solvable for the SBCN (2) by SSDSD state feedback
control (4) if and only if the following conditions hold

(1) Sr#0; N
(2) there exists an integer T such that E7(Sr) = Agn.

Proof. [Sufficiency] Assume that S; # () and there exists
an integer T such that Er(Sr) = Agn. Consequently, for
any switching signal o(t), V2(0) € Agn, one can obtain an
input u,()(t), t € [0, T — 1] steering the state trajectory
from z(0) to z(T7) € S;. Since S; is nonempty, for any
switching signal o(t), Juy()(t), t € [T, +00), such that
x(tr) € Sr, ¥t > T. Thus, the system (2) is set stabilizable
to Sy under arbitrary switching signal by control law (4).

[Necessity] Assume that the set stabilization problem is
solvable under any switching signal by a state feedback (4).
Then, there exists an integer 7" such that for ¢ > T', we
have z(t1) € Sr.

Necessity is proved by contradiction. If S; = ), then
the condition (2) is not satisfied. Hence, it suffices to
assume that only condition (2) is not satisfied. This means
that, for any integer T', E7(Sr) # Aan. Then, there exists
an initial state x(0) and a switching sequence o(t), such
that for every input sequence wu,((t), t € [t,, t,41) the
state QJ(TT; z(0), ug) does not belong to S; for any 7.
Thus, the set stabilization problem is not solvable under
arbitrary switching signal, which is a contradiction to
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the solvability of the set stabilization by (4). Therefore,
condition 2) must hold. This completes the proof. m|

To this end, for any subset I'y, of Agn, k € Z,, we define
the one-step controllable set as follows:
Ri(T%) {xo €Agn : 30 € [1, 2™] such that
(Le ,T0 € I‘k) holds for every 0, € P}.

We now present Algorithm 2, the aim of which is to
obtain a sequence of sets I}, T, ..., F]Tj for SBCNs
under arbitrary switching signal, where j represents the
Jth sequence of sets. In the sequel, we call this sequence of
sets, {T'}, T'{, ..., T}, }, as a family of controllable sets.

J
Some additional comments are provided at the end of the
algorithm.

Algorithm 2 To find a family of controllable sets for
SBCNs under arbitrary switching signal

Input: The network transition matrix L)
Output: A family of controllable sets
1: Initialization: j « 1, k; « 0, I‘fw « Sy,
2 while T}, # () do
3: k‘j «— k]‘ +1
4: Choose any non-empty subset
j ky—1 kj—1
rf, < B (U T\ (Uit )
end while
Tj «— kj - 1
if U2, T? = Ay then
{T'g, I'1,..., ', } is a valid solution
else The solution is invalid
10: end if

Definition 10. A set {I‘%,F{,...,ng} is called a fam-
ily of controllable sets, if I‘j N I‘j = 0, Yi; # kj,
I, < Ri(UZe' TH\ (U2 *1FJ) k =1,...,Tj, and

Ru(UZoT) \ (UL =0

A family of controllable sets is complete if U J Fj Aon.
Denote all possible complete families of controllable sets
by @j, j: ].,...,OJ

From Algorithm 2 it is clear that all the states in Fij

can take mazimum k;T steps to reach S; under arbitrary
switching signal. Since a family comprises all disjoint sets,

Fi , kj =1,2,...,Tj, one can find an integer T} satisfying
T; < 27—|S;| and TY # 0, i < Tj such that R, (Ufio rg’)\
(UiTiO Ff) = (. Hence, Algorithm 2 always provides a
ii= 0,1,...,T;}, which
describes a backward path to Sy.

It is worthwhile noticing that, by iterating the algo-
rithm several times and considering all possible combina-

tions of Ry (Uk'_llﬁ) \ (Uk . I‘j> in the selection of
chj, one can obtain all possible families of controllable
sets {7 :i=0,1,...,T;}, j € [1, w], where Tj depends
on the selection of non-empty subset M, oi=1,... ,T; —1.

family of controllable sets {T”

79

With this setting, in the next subsection we discuss the
design of all possible SSDSD state feedback controllers.

3.2 All possible SSDSD state feedback control design

From Definition 10, it can be noted that for each
0, = {T}, I, ...,F%j} and each 8%, € Agn,

T; j j ky—1 ky—1
Ukl—o T4, = Aon and T} < Ry (U2, T9) \ (UiZo TY),
k;j =1,...,T}, one can find a unique integer k, € [O7 T;]
such that d3. € T3 . In other words, each state d3.

belongs to a unique set Fk , k, € [0, T};]. Further, for
each complete family of controllable sets we denote by
®,, i =1,...,w, the sets of sw1tch1ng signal-dependent
state feedback controllers Ky = dam[c) & ... 5], ie.,

= {Kg=0m[cf ¢§ ... 4.]}, where 6 € [1, p] and
& E [1, 2™]. Now, we present the following algorithm to
design all possible SSDSD state feedback gain matrices to
set stabilize the SBCN (2) to S; under arbitrary switching
signal. The algorithm is based on (Yerudkar et al., 2019a,
Th. 3.5).

since

Algorithm 3 To find all possible SSDSD state feedback
gain matrices Ky

Input: L, () and all complete families of controllable sets
e, ={T}, I, ..., I‘jTj},jE 1, w]
Output: All possible Ky
1: Initialization: Ky = dom|[c] § ...
2 e[1, 27, 0 €1, pl
2: for j « 1 to w do
3 for 6 <1 topdo
4: for v < 1 to 2™ do
5
6

4], @5 = {Ka},

if 0, € S; then
Find ¢? € [1, 2] such that

6 T ~
(Lg(sgl’n) 5571 c S[
7: else Find ¢ € [1, 2™] such that

T ky
(Lodgs) 0% € ZL_JI I

8: end if
9: end for
10: end for

11: end for

The algorithm tries to set a value in [1, 2™] for each
integer cf,c5,...,c5., that amounts to a possible choice
of input. Such inputs, corresponding to the specific value
of switching sequence and of the state, allow the desired
transitions. In particular, for each complete family of

0
controllable sets, we obtain control inputs dy%, € Agm such
that under arbitrary switching signal and given sampling
period 7, (i) §%. € Ty = Sy, will remain at Sy, (ii) the
states in I'y,, k, = 1,...,T; will be steered to I'g in at
most k,7 steps. Thus, we obtain the set of all possible
switching signal-dependent state feedback controllers as
U ®;, where ®; = {K@ = Gam|[cf c§ ... cgn]}.

J=1
Ezxample 11. We continue with Example 6 to calculate
all possible SSDSD state feedback controllers. By iter-

ating Algorithm 2 once we get the following complete
family of controllable sets: {I's = {d3, 03, d§}, Tl =
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{062, 63, 63, 8%, 5§}}. By iterating the same algorithm for
system (5) one can obtain all possible complete families of
controllable sets, which are not listed in the paper due to
space limitation.

Next, by utilizing all complete families of controllable
sets and following Algorithm 3 we get all possible
SSDSD state feedback controllers as follows: K; =

Salet ek cd bk et A3 o = 1,23, ¢ =} =
= 1,2,3,4; ¢f = 2,3 ¢t = 2,4; ¢ = 1,2,4.
Ky = 642 233 2223 =123 ¢ =
2,3,4; ¢ =2,3; 2 =2,4; 2 =1,2,4; ¢2 =1,2,3,4.
Kz = 643 &3 ¢33 ¢3¢ 3 cg] cod = 1,2,3; 3 =
cgzcg:c§:1234 05:172,3; cg = 2,3.
K4:64[c‘1lc§c§c4cr 0607(58}: 01:Cr—172,3 3=

cy=ct=1,2,3,4; ¢t =3,4; ¢t =1,3,4; 6 =2,3.
Remark 12. When 7 = 1, the problem reduces to the set
stabilization of SBCNs under arbitrary switching signal,
and all possible switching signal-dependent state feedback
controllers can be obtained straightforwardly. Further,
when both 7 and p are 1, the problem boils down to the
set stabilization of BCNs and one can easily design all
possible state feedback controllers. In this case, compared
to the method presented in (Li and Wang, 2017) less
computational efforts are needed. In particular, one need
not find the reachable sets Ej(xz.) while obtaining all
possible families of controllable sets by Algorithm 2,
where z, is the given equilibrium point. Finding E;(z.),
[l € [1, T], involves calculating the series of matrices
M, where M = S"2" Col;(L) and M € Lonyan. Thus,
Algorithm 2 reduces the computational complexity by
O((T — 1)23n).

4. EXAMPLES

In this section we show with the help of two biological
examples, how the SSDSD control technique introduced in
Section 3 can be applied to control the dynamics of GRNs.

Example 13. Consider a GRN with four genes, namely
WNTS5A, pirin, S100P and STC3, which was derived
in (Pal et al., 2004) to study metastatic melanoma. Assum-
ing that WNT5A and S100P are states X;(t) and X(¢),
respectively; pirin and STC3 are control inputs Uy (¢) and
Us(t), respectively, we consider the GRN dynamics as:

Xi(t+1) = f{OUL), Ua(t), Xa(t), Xa(1)),
Xg(t+1) = g(t)(Ul(t)a U?(t)7 Xl(t)5 X2(t))’ (7)
X5t +1) = 5 (UL2), Ua(t), X1(t), Xa(1)),

where ¢ : Z; — P := {1, 2} and we have: f| =
[U2(t) A (Xa(t) = Xa(t)) V (-Ua(t ) (Xl( ) A X
(UL () AU2(8) A (X (8) < Xo(t))], f7 = Ur(t)A
Xﬂﬂ)VUﬂﬂA(ﬂXﬂﬂ)ﬁz—ﬂUd)AUﬂﬂ
(=X (8) V Xa(t).
The state transition matrices are given as:
L1=064[1232123434343434],

Ly=65[1212323434123434]. (8)

Here, S = {61, 63, 03}, 7 = 2, and the aim is to design all
possible SSDSD state feedback controllers to set stabilize
the system (8) to the largest SPCIS included in S under
arbitrary switching signal.

By following Algorithm 1 we obtain that S = S.
Further, by following Algorithm 2 and Algorithm 3,

Ui(t)
()]
X1(t)
Xs(t)

A
\Y
(~ X1 () A
A vV
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we design all possible SSDSD state feedback controllers as

follows: K1 = d4fcicd el cl] - c% =c} = 1,2,3,4; ¢}

3,4 ¢} = 2,3,4. Ko = d4c5c2c3c3] o = ¢}
2,3,4; ¢ =3,4c} =2,4.

Ezxample 14. Consider the following SBCN of apoptosis
network derived in (Chaves, 2009),

Xt +1) = f{OULE), Ua(t), Xa(0), Xa(t), Xs(1)),
Xa(t 4+ 1) = f5(Ui(0), Ua(t). Xa(t), Xa(t), Xa(8)),
Xs(t+1) = 5 UL(8), Ua(t), Xa(8), Xa(t), Xs(1)),
(9)

where X(t), X2(t) and X3(t) denote the concentration
levels of the inhibitor of apoptosis proteins (IAP), the
active caspase 3 (C3a), and the active caspase 8 (C8a),
respectively. Here, we assume Ui (t), Us(t) as two control
inputs and o : Zy - P :={1, 2, 3, 4}.

In the algebraic form (2), we give the network transition
matrices for four sub-networks as follows:

Ly =0s[1112111112121212
2222222222222226],
Ly=03[3132313134343232
4442424244444246],
L3 =63[5354515556565656
666462626666666 8],
Ly=6s[7T374717578787676
8884828288888688|.

We aim to design all possible SSDSD state feedback
controllers to set stabilize the apoptosis network (10),
given that S = {2, 03, 68, 65} and 7 = 2.

We get S; = S from Algorithm 1. Then, by following
Algorithm 2 one can obtain all possible complete families
of controllable sets, which are not listed here due to
space restriction. We obtain all possible SSDSD state
feedback controllers as follows: K1 = Ko = K3 = K4, =
54[01 303 ci et el c7 gl d=cl=ct=cl=3,4; ¢} =
ct=ct=2,34; ct =1,2,3,4.

5. CONCLUSION

In this paper, we have investigated the design of all
possible SSDSD state feedback stabilizers for SBCNs un-
der arbitrary switching signal. A new algorithm has been
presented to find the largest SPCIS followed by necessary
and sufficient conditions to ensure the sampled-data set
stabilizability of SBCNs to the largest SPCIS. Further,
an algorithm to obtain all possible complete families of
controllable sets has been presented. A constructive pro-
cedure has been presented to design all possible SSDSD
state feedback controllers by utilizing all the complete
families of controllable sets. In case the complete solution
is superfluous, one can also design a subset of controllers
by using the presented results. Finally, some illustrative
examples have been presented to demonstrate applications
of the proposed approach.

Computational load is a major challenge in the STP-
based techniques for controlling SBCNs. Future research
includes finding efficient methods to resolve the time and
space complexities and scalability issues.
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