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Abstract: In this study, we examine a linear time-invariant system with the influence of a static state
feedback control mechanism, which takes the form of Kz (t — 7(||K]||o)), where K represents the gain matrix
and ||K||o denotes the number of nonzero entries of the matrix K. The parameter 7(||K||o) corresponds to
a varying delay, which arises due to the time required for the transmission of the system state information
and the subsequent computation of the control input. Governed by the linear time-invariant system, we
minimize prescribed conventional cost functions as J?(K) to obtain the optimal feedback matrices K.
Numerous computational methods are available for the achievement of this objective. Nevertheless, it is
noteworthy that the resulting K} matrix typically exhibit a dense structure. The primary objective of this
paper is to minimize the lp norm of the feedback matrix K under conditions that satisfy the constraint
|JO(K) — JO(K})| < e. The lp norm acts as a quantifiable measure for assessing the degree of sparsity
within the feedback matrix. The sparsity of the gain matrix is approximated through the application of a
piecewise quadratic approximation (PQA) of the lg-norm of the feedback matrix. Subsequently, we proceed
to formulate an iterative algorithm designed to address the transformed problem, accompanied by a thorough
analysis of its convergence properties. Finally, we undertake a numerical experiment employing the proposed
algorithm, aiming to illustrate its practical utility and efficacy in solving the problem at hand.
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Introduction

A cyber-physical system (CPS) is a multi-dimensional complex system that integrates com-
puting, network, and physical environment [23]. Relying on the integrated collaboration
capabilities of 3C (Computation, Communication, and Control) technology, real-time per-
ception, control, and information services of large-scale engineering systems can be achieved.
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The CPS has a broad range of applications. In [1], the CPS is used for water management
and governance, where the social and ecosystem are integrated into a CPS. The design is
vital for the sustainable development of water management and governance. In [30], the
study is concerned with the development of a simulation platform for lane optimization
of connected autonomous vehicles based on CPS. Then, the usefulness of the platform is
demonstrated by three typical dedicated lane scenarios. In [25], the focus is on the temporary
security solutions based on artificial intelligence. For better accuracy, human activity can
be identified and used as soft biometrics alongside raw biometrics. Traditionally, caregivers
assist and care for patients with cognitive decline, but this places a financial and emotional
burden on both caregivers and patients, affecting their quality of life. In [12], it considers
the applications of CPS in smart buildings for occupants with cognitive decline. These
applications can realize the integrated design of communication, computing, and physical
systems, making the system more efficient, reliable, and real-time cooperation. In [21], CPS
and artificial intelligence are being promoted and applied in the construction industry based
on previous research. In conclusion, two characteristics of CPS are shown in [2]: (i) large-
scale, complex physical, biological, and engineering orientated systems; (ii) network core
consists of communication networks and computing facilities used to monitor, coordinate
and control physical systems. CPS tightly integrates these two critical components so that
analysis and design can be done within a joint framework.

In the past two decades, a great deal of research has been done on the control theory
involving CPS. However, traditional CPS control designs are often result in dense feedback
matrices, meaning that the optimal controller is formed using all the information in the feed-
back matrix. In large networks, implementation costs can be expensive, and computational
burden involved in the communication between the controller and the dynamical system can
be high [3]. Furthermore, there will be transmission delays and propagation delays in the
network communication. In practice, these delays and the sparsity of the feedback matrix
need to be taken into account in the design of the controller. In view of this, we propose a
CPS system with a static state feedback controller u(t) = —Kuz(t — 7), K € R™*™ where 7
is the delay, which can be a constant delay or a varying delay, caused by the communication
between the state x and the input u being computed [23]. The network control design of
this paper aims to balance two key goals: (i) system performance (traditional cost function
JO(K)) and (ii) sparsity of the communication network. Therefore, in this paper, we aim to
solve the following problem: given a CPS system, find a feedback matrix K that balances
system performance and controller sparsity.

Sparsity means that the vast majority of components in a vector or matrix are zero. The
sparsity of a vector or matrix is described by the [y norm of the vector or matrix. Sparsity
plays an important role in large-scale optimization problems, such as compression mapping
[8]. The use of sparsity not only saves storage space but also reduces transmission costs by
compressing vectors. It simplifies a complex problem by leveraging only useful information
from huge amounts of data. At present, sparse optimization has been widely used in areas
such as signal and image processing [9], machine learning and pattern recognition [10],
portfolio problems in economics [27], regression problems in statistics [11], and principal
component analysis [5]. In [14], the sparsity function is approximated by a folded concave
function. The pairwise separation yields a Z-type objective, and a linear-step parametric
algorithm is proposed to optimize the problem. According to [29], the mathematical models
of sparse optimization can be broadly grouped into two categories: (i) lp-regularization
optimization problems which penalize the traditional objective function by adding the [o-
norm to form a new objective function; and (ii) sparse constrained optimization problems
which put lg-norm in the constraints. However, both of these two problems are NP-hard. In
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the previous studies, the methods to solve the [y-norm minimization problem can be divided
into the model transformation method and the direct processing method. The common
feature of the model transformation method is to approximate lp-norm with /;-norm, such
as the famous lasso problem [17] and its variants [31]. In the aspect of algorithms, there are
Iterative Hard-Thresholding Algorithm [7], Fast Iterative Shrinkage-Thresholding Algorithm
[4], Augmented Lagrangian method [16], Alternating Direction Method of Multipliers [15],
and others. In addition, there are other methods used to approximate the lp-norm, such
as the [p-norm (0 < p < 1). In [13], the lp-norm is written as the difference of two convex
functions (DC method). The direct method usually starts with the optimality conditions
of a sparse optimization problem and then deals with the original problem directly. In this
way, there is no need to check the approximate effect model approximation. Furthermore, it
tends to produce a sparser solution. Recent algorithms include Iterative Hard Thresholding
(IHT) [7] and block coordinate descent (BCD). For the motion control task of manipulators, a
novel motion planning scheme that takes into account sparsity is proposed in [19]. In [22], the
study is concerned with a class of sparse optimization problems with /1-norm regularization
and convex constraints, in which the individual functions involved are differentiable except
the [;-regularization term. It also obtains the necessary and sufficient conditions. On this
basis, a simple neural network with differential equation structure is proposed.

The network control design in this paper aims to balance the two key measures: (i) the
system performance (the traditional cost function solvable by many available methods. For
example, the control parametrization used in conjunction with the time scaling transform
in [26]. However, the feedback matrix thus obtained tends to be dense); and (ii) the sparsity
of communication networks. Therefore, in this paper, we aim to solve the following sparse
optimal control problem (SOCP): given the CPS system, find a feedback matrix K to bal-
ance the system performance and the sparsity of the controller. The phase diagram analysis
suggests that the piecewise quadratic approximation (PQA) performs better than I/, and [, /5
regularization. It contains one smooth non-convex term and one non-smooth convex term
[19]. The PQA model works best on [—e, e], where e = (1,1,...,1)" [18]. In this paper, the
PQA model approximation method is extended to sparse matrix optimization. By dividing
the matrix into columns, and the sparse optimization of each column vector completes the
sparsity of the feedback matrix. The SOCP, the [p-norm of the feedback matrix is approx-
imated by the PQA model. An iterative algorithm with the support of the convergence
analysis is developed to solve the approximate problem. Finally, several numerical examples
are solved so as to demonstrate the effectiveness of the proposed algorithm.

The rest of the paper is organized as follows. We first describe the formulation of the
problem in Section 2, where || K||o is approximated through the use of PQA model. In
Section 3, after the model approximation, we develop an iterative algorithm to solve the
problem and then carry out the convergence analysis of the algorithm. Finally, several
numerical examples are considered and solved to evaluate the performance of the proposed
algorithm in finding sparse controllers.

Problem Formulation

CPS modeling
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LTI system

We consider the following linear time-invariant (LTT) system [23]:
#(t) = Ax(t) + Bu(t) + Byw(t), (2.1)

where x € R™ is the state,u € R™ is the control input, and w € RP is the exogenous input,
A e RV B e R"™™ and B,, € R"*? are the respective matrices. Assume that (4, B) is
controllable.

Feedback control system with varying delay 7(||K||o)

After the sparsity level of matrix K € R™*™ is achieved, the bandwidth ¢ is equally re-
distributed among the remaining links. Assume that the communication network follows
frequency division multiplexing. Then, delay 7 can be defined by [6]:

T(1Kllo) = 7 + 7 = Z([[Kllo, ¢, 7p) = & ([ Klo/¢) + 7, (2.2)

where ||K||o denotes the number of non-zero elements in K, and x : R — R is a positive
function. Eq.(2.2) implies that 7 will change as || K||o changes. This change is captured
by the function Z(-) : R x R x R — R. The transmission of state x; for the computation
of input u; is anticipated to encounter a delay denoted as 7;; (expressed in seconds), i €
I, j € In. This delay comprises two distinct components: 7;; = 7, + 7¢,,, where 7,
denotes the propagation delay, and 7, represents the transmission delay. The parameter
Tp,,; 18 characterized as the quotient of the link length divided by the speed of light, assumed
to possess a uniform value denoted as 7, across all pairs ¢,j. Our assumption posits an
equal allocation of bandwidth for the communication link connecting any j, sensor to any
iy, actuator. Consequently, this implies that 7, maintains a uniform value across all i, j
pairs [6]. Henceforth, we denote 7;; uniformly as 7 across all pairs ¢, j. In practice, potential
deviations of 7;; from the designated 7 due to variations in traflic and uncertainties within the
network are acknowledged. However, our design remains robust as long as such deviations
remain within the stability radius of the plant (see Proposition 1.14 and Theorem 1.16
in [24]).

This controller will be deployed in a distributed manner utilizing a communication net-
work, as depicted in Figure 1. This figure presents the CPS representation, illustrating the
closed-loop system architecture.

The control input is written as u(t) = —Kxz(t—7(||K||o)), and accordingly the closed-loop
system is written as:

{ #(t) = Az(t) — BKa(t — 7(||Klo)) + Buw(?), (2.3)
z(t) =v,t <0, '

where v € R™ is a given vector, each of its elements is assumed, without loss of generality,

to be 0.5. Let z(-|K) be the solution of system (2.3) corresponding to the feedback matrix
K e Rmxn.

Problem statement
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u(t) Plant x(t)
X=Ax(t)+Bu(t)+B w(t)

[ Network J
Controller
u(r) = —Kx(z- r||K||0)

Figure 1: Closed-loop CPS representation [23]. The cyber network layer is to receive an
input signal, denoted as x(t), which is then transmitted through the network to generate an
output signal, represented as u(t). Clearly, this process will admit a time delay, denoted as
T(||K|lo). After the computation of u(t), the resultant signal is transmitted to the actuators
for further action.

Traditional optimal control problem

With reference to the delay mentioned above, we introduce the corresponding cost functions
as given below [20]:

JO(K) = (2(T|K)) " S2(T|K) +/ [(2(t|K)) T Qu(t|K) + (u(t)) " Ru(t)]dt, (2.4)

to

where % is the initial time, T is the final time, the matrix R is symmetric positive definite,
and the matrices S and @) are symmetric positive semidefinite.
We now present the feedback optimal control problem as follows.

Problem Py : mingegmxn JO(K
s.t. z(t) = Az(t) — BKz(t — 7(]| K||o)) + Bow(t),
z(t) =v,t <0,

~—

where JO(K) is given by (2.4).

Sparse optimal control problem

Gradient-based optimization methods [26] can be used to solve Problem P;. Let K € R™*™
be the optimal feedback matrices for Problem P;. However, these matrices tend to be rather
dense, and for large networks, the implementation cost will be expensive. Furthermore, the
computation burden of the controller will be high because the state information is required
to be transmitted through the communication network. Thus, we introduce the following
Problem P given by

Problem Py : mingegnxm || K]0 (2.5)
s.t. z(t) = Az(t) — BKxz(t — 7(]| K||0)) + Bow(t),
z(t) =v,t <0,

|JO(K) = JO(KD)| <e,
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where || K||o denotes the number of nonzero entries of the matrix K € R™*"  JO(K) is given
by (2.4), and J°(K7) is the benchmark optimal cost index obtained through solving the
traditional optimal control Problem P;. ¢ is a small number that is used to ensure that the
system performance is not greatly affected during the sparsity process of K € R™*™,

Obviously, Problem Py balances system performance and the sparse level of the controller
K e Rm™*™,

Preconditioning algorithm : the approximation of ||K||o.

The matrix K is decomposed as n column vectors, i.e., K = (K!, K? ..., K") € Rm*Xn,
Note that ||K!|o,! € I, regularization is NP-hard. Thus, it is difficult to solve. In the
past two decade, many approximation methods, such as ||K!|/;, and ||Kl||g, (0 < q < 1),
have been proposed to approximate it. In [18], the lp-norm of vector is approximated by
a piecewise quadratic approximation (PQA) method. In this paper, we shall extend PQA
to spare the feedback matrix K. We use the following piecewise quadratic function [18] to
approximate ||K!||o over [—e, e].

P(K') = —(KYTK' +2|K'||;, I € I,,, K' € R™.

Remark 2.1. We shall illustrate that P(K'),l € I,,, performs better than other common
approximations of ||K'|g,l € I,,, on [—e, €], e = {1,1,...,1} € R™. For [ € I,, Figure 2

1*\3{26 R R s et
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Figure 2: Various approximations for the one-dimensional case in [-1,1] [18].

shows the approximation effects of || K[|, ||Kl||1g, ||KIH1§§, | K1 — || K2 and P(K?!) for

one-dimensional case in [-1,1] [18]. Obviously, for | € I,,, P(K') is superior to ||K'|; on
approximating the lp-norm when |K}| < 1,i € I,,,. For [ € I,,, when 0.38 < |K!| < 1,i € I,,,,
P(K") gives a better approximation to ||K'[lo, and when 0.61 < |K}| < 1,i € I,, P(K")
is better than ||Kl||}j§. Also, for I € I,,, P(K') is superior than ||K'[; — || K|z, which is
identically equal to 0 and has a large gap with || K!||o in [-1,1].

On this basis, if we choose f(K') = —||K!||3 and g(K') = 2||K'||1, then

F(K) = > PKY) = 3 [ (K + (K1), (2.6)
=1

=1

where ¢ is a proper closed convex and possibly non-smooth function; f is a smooth non-
convex function of the type C}Jfl (R™), i.e., continuously differentiable with Lipschitz contin-
uous gradient

IVFED) = VO < Lell K =o', K'eR™y' € R™, 1€ I,
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with Ly > 0 denoting the Lipschitz constant of V f.
Based on the piecewise quadratic approximation [18], Problem Pg can be approximated
as given below:

Problem P3: mingcgmxn F(K)
s.t. i(t) = Az(t) — BKxz(t — 7(]|K||0)) + Bow(t),
z(t) = v, t <0,
|JO(K) = JO(KD)| < e,

where JO(K), J°(K7), and ¢ are the same as Problem Ps.

Computational Approach

In this section, we present an iterative algorithm for solving Problem Pj3. The basic
idea of this kind of method is to give the initial point, calculate the new point through the
given iteration formula at each step, and continue the iterative process until the termination
condition is met. In this paper, the iterative formula of each step is a regularization of the
linearized differentiable part f(K') of the objective function in Problem P3 [4,18]. Then,
the unique minimizer at each step can be obtain with constant stepsize 1/Ly. This process
is repeated until we get the minimum value.

The iterative algorithm

We first present a simple minimization problem and obtain its iterative format to solve it
based on some accepted facts of the gradient-based methods, then we extend it and obtain
the iterative format of our optimization problem in this paper.

the iterative format of a simple optimization problem

Firstly, we consider the following simple minimization Problem Oq:

min K!
KlelRm JED,

where K! € R™ is the optimization variable, and the objective function f is smooth and

continuously differentiable. If we use k£ as the number of iteration steps, then it is well
known that the gradient iterative form can simply obtain a sequence (K')* via

- 1 -
(KD = ((K)) ! = ffo((Kl)k h, (3.1)
where 1/L; denotes the suitable stepsize.

Based on [4], this gradient iterative form (3.1) can be viewed as a proximal regularization
of the linearized function f at (K')*~!, and written equivalently as following iteration:

(KUY = arg min { PR+ < KU (KO AR > 2R ()11

leRm
(3.2)
Since we have the iterative formula (3.2) from step k — 1 to step k, we can easily solve
Problem O;.
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the iterative format of the optimization problem in this paper

With the basic results written in above section, we consider the following minimization
Problem Os5:

min f(KY) + g(KY),

Jmin f(K) + g(K")

where g is a proper closed convex and possibly non-smooth function. It is exactly the form
of the optimization problem to be solved in this paper.

To obtain the iterative format, we first define the following quadratic approximation
Q(K',y") to approximate f(K') + g(K') at a given point y' € R™ [4]:

L
Qr, (K" y') = F)+ < K' =o' vf ) > + 5L I K =y P +g(K"), L€ L,
and define its unique minimizer as Pr, (y"). Then

Pr,(y") = argKI}g@n{QLf(Kl,yl)rKlER”’}

. L m
= arg min {J()+ <K'~y VI >+ K=ol [P +g(KY oy e R
Since the constant term has no effect on the result, we remove f(y') and add (1/2L¢)V|| f(y)||,
then

Pr,(y) = arg min {Lf[Kl—(yl—Llfvjf(yl))fw(fd)}

KleR™

= arg min {szHKl— (yl—Llfvf(yl))Herg(Kl)}-

Kl ER‘NL

According to (3.2), and let ' = (K')*~!, then we have iterative formula (K')¥ =
P, ((K"*=1) from step k — 1 to step k, we can easily solve Problem Og.

If we write the proximal operator for each column of K = (K! K2 ..., K"), then we
get the following algorithm to minimize the following approximating of the ||K]||o:

n

F(K) = 3 [ + (K], 1 € L.

=1

Algorithm 1: The iterative algorithm (IA)
I:Input: Ls(The Lipschitz constant of 5/ f);
2:Step 0: Take (K)° € R™*",
3:Step k: (k > 1) Compute

(K" = P, (K", (3.3)
where K = (K')*, (K2)*, ... (K™*), 1 € L; (KW* € [-1,1], i € L.

7

The convergence of Algorithm 1 and its convergence rate are stated in the next subsec-
tion.
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Convergence analysis

To begin with, we need to present a key result (Lemma 3.3). It is required for the con-
vergence analysis. Some fundamental properties for a smooth function in the class C’i’fl (R™)
are stated in the following.

Lemma 3.1 ([18,28]). Let f : R® — R be a continuously differentiable function with
Lipschitz continuous gradient and Lipschitz constant Ly. Then, for any K € R™*" ¢! € R™,
it holds that

L L
—7f | K' =y °< f(KY) = fy)— < K' =y, v f(y) >< 7f | K" =y 1?1 € I,.

This statement makes clear the geometric interpretation of functions from C’ifl (R™).

Lemma 3.2 ([18,28]). For any y' € R™, it holds that 2! = PLf(yl) if and only if there
exists h(y') € dg(2!), the subdifferential of g(-), such that

VI + Lzt =)+ h(y') =0, 1 € I,.

This result characterizes the optimality of P (.). Now, we can present the required key
result.

Lemma 3.3. Let y := (y,...,y™) € R™*". Then, for any K € R™*",
"\ /L
V() ~ F(PL, ) = Y (S 1P, ) — KU = Ly K — '),
=1

Proof. From Lemma 3.1, we obtain

Thus,

Since Lemma 3.1 holds and g(K') is convex, we have

P 2 )+ (K =y V) — S = o)

g(E") = g(Pr,(y") + (K" = P, (y'), h(y")).
Thus,
SRR = 3 rh + (D ). V)~ YK
=1 =1 =1 =1

Ne
=
—
Vi
=N
o
5
—~
Ned
~—
N~—
_l’_
-
|
.
5
=
=
<
=
N—
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Summing the two inequalities up yields

=1 =1 =1 =1

L n
+ YU = P () b)) — DI
I=1
By the definition of Pr, (y'), we get

QP (), ") = f") + (P, (v") — ', v f (') + %HPLf(yl) — ' 1?4+ 9(Pr, (41),

n n

=1 =1
n

L
37 [Py D) = o W) + L IPL () = I+ 9(Pr, ()]
=1
(3.6)
Therefore, substituting (3.5) and (3.6) into (3.4) gives

F(K) = F(Pr;(y))

>3 (K = P, ("), VW) + k()
=1
L n L n
=K =P = S P Y~ P
=1 =1

= L L
=3 B = Pu, )y = P, ) = ZHIE = o1 = L P, () — o1
=1

"\ /L
=3 (F0P, h = K2 = LK =),
=1

where the first equality above comes from Lemma 3.2. O

Lemma 3.3 is essential for the establishment of the convergence of Algorithm 1. To give
the stopping criterion for Algorithm 1, we need the following lemma.

Lemma 3.4 ([18]). Let K* be the sequence generated by Algorithm 1. If |L;((KY)* —
(KHE=1) |I2< € after k iterations, then there exists h((K)*~1) € dg((KY)*), such that

| 7 F((KYR) + h((EDY)1? < 4e.

Lemma 3.4 shows that as ||Ly(K* — K*~1) |2 decreases, iterations sequence {K*} gen-
erated by Algorithm 1 converges to a stationary point of F(K). Now, we discuss the con-
vergence and convergence rate of Algorithm 1.

Theorem 3.5. Let {K*} be the sequence generated by Algorithm 1. Suppose that {K*} is
bounded. Then, the following statements hold:

(1) 2ok it KM = (KOM|* < oo
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(ii) Any accumulation point of {K*} is a stationary point of F.
Proof. Invoking Lemma 3.3 with K =y = K*, we obtain
P(KY) = F(K*) > Z (4 SN~ (KR = Ly — (KYF]), Ve > o
1=0
Thus, we have

F(K*) — F(E*) > %Z WL (KYFI2, vk >0, (37)
=0

which implies that the sequence {F(z*)} is monotonically decreasing. Summing both sides
of (3.7) from 0 to N, we have

Ly Z [(EHEF — (KNYF)? < F(K°) — (KN, (3.8)

Since {K*} is bounded, together with the fact that {F(K*)} is monotonically decreasing,
{F(K")} is convergent. Let N — oo in (3.8). Then, we have

L oo n
52 DD — (KDY < o
k=0 1=0

This proves (i).

We now prove (ii). Let K* = ((K!)*, (K?)*,---,(K™)*) be an accumulation point of the
sequence { K*}. Then, there exists a subsequence {(K!)*} such that lim; . (K")* = (K')*.
Using Lemma 3.2, we obtain

—Ly((KDM = (KD™) € VA((KD™) + dg((K")5). (3.9)

Invoking ||(K!)ki —(K!)k: (i), together with the continuity of V f and the closeness
of dg, passing to the limit in (3.9), we have

0€ Vf((K")")+ag((K")").

This means that (K')* is a stationary point of F. Thus, the proof is complete. O

By virtue of Theorem 3.5, we see that || K**! — K*||2 measures the convergence of the
iterative sequence {K*} to a stationary point. We shall use it to establish its convergence
rate.

Theorem 3.6. Let {K*} be the sequence generated by Algorithm 1. Assume that {K*} is
bounded. Then, for any N > 1, there exists a constant M such that

n 2(N nML?
IR (Y |2 < m (3.10)
=1

Proof. Invoking Lemma 3.3 with y = K* K = K* := ((K*)!,...,(K*)"), where K* is an
accumulation point of K*, we obtain

) = PIRMY) = 2057 (IR — ()2 = 2 (R — (7)), (3.0)
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Since F(K*) is monotonically decreasing and K* is bounded, we have limy_,o, F(K*) =
F(K*) and F(K*) > F(K*), k > 0. Summing the inequality (3.11) over k € {0,1,--- , N —
1} gives
N-—
0> NF(K F(K*)
k=0

_%Z D™ = (K2 = 1K = ()]~ ZII (K" = (K1),

,_.

(3.12)

Invoking Lemma 3.3 one more time with K =y = K* yields
L n
F(K*) = F(EM) = 2L T (RDF = (RO4)2.

Multiplying the last inequality by & and summing over k£ € {0,1,--- , N — 1}, we obtain

N-1 n N-—1

Z(kF(Kk) ko(KkJrl Lf Z Z k” Kl k+1 ( l)kH27

k=0 =1 k=0

which can be simplified to
L n
“NF(EN)+ Y7 = ZEY TS RIS (KDY (3.13)

Adding (3.12) and (3.13), we get
0 > NF(K*) — NF(KMN),

L L L X
> on N2~ onKl N2~ onKl — (K|

I3 n N-—1
fZZkH Kl k+1 (Kl) ”2
I=1 k=0
By the assumption that K* is bounded, there exists a series of constants (M?*, M2, .- M)

such that
||(Kl)k+1 o (K*)1H2 S Ml.
Define M = mlin M. Then, we have

(KDY = (K2 < M, Vk>0, L€y,
n N-—1

SON EIEY = (EDEP < (N + DnM.
1=1 k=0
Thus, (3.10) holds. This completes the proof. O

From (3.10), we see that a stationary point (K')¥ satisfying || L;(K* — K*~1) ||?< ¢, i.e.
| VF(KF) + h(K*1) ||2< e, h(K*~1) € 9g(K*) can be obtained after running Algorithm
1 for at most O(1/e) iterations.
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Numerical Results

Experiment Design

In this section, all computations are carried out in MATLAB R2021a on a computer with
3.70 GHz Intel Core i9-10900K CPU243 and 32.0GB RAM. The Euler method is used to
solve system (2.3) with a step size of 1/10, and the initial time and terminal time are 0 and
1, respectively. We consider 10-th order, and set 7 changes with || K|y according to (2.2).
We use the gradient-based methods described in [26] for solving Problem P; to obtain the
optimal dense feedback matrix denoted by K7, respectively. Then, through the application
of Algorithm 1, we solve Problem Pg to obtain the optimal sparse feedback matrix K3. To
indicate the sparse level of the feedback matrix K, we define the following indicators:

Number of non — zero elements in K

Number of elements in K ’
it represents the proportion of non-zero elements in the matrix. Obviously, a smaller value
of r means a better sparse level of K.

Parameters Setting

We consider a 10-th order LTI system with a randomly generated state matrix

[ -8 -10 0 -1 -9 -2 -8 -4 -4 -6
-0 -4 -9 -v -5 -6 -4 -3 -1 0
-4 -6 -4 -7 -3 4 -4 -8 -1 -9
-6 -9 -7 0 -4 -6 -5 -7 -5 -1
-2 -1 -5 -9 0 -2 -5 -5 -10 -7
-5 -5 -10 -2 -6 -8 -5 -3 -3 O
-4 -6 o -9 -9 4 -5 -10 -9 -9
-3 -3 -4 -2 -3 -6 -6 -7 =10 =5
-9 -7 8 -6 -9 -4 -10 -2 -7 -9
0 -5 -9 -3 0 O -1 -4 -8 =2

Assume that B! = B, = R =Q = FEyjp, S =0 € R0 ¢ = 0.1, 7, = 9.83ms, ¢ = 956
and k = 0.01, w is a 10-dimensional column vector with all 1 elements. The cost function is
given by [20]:

JO(K) = / (@) Tt + u(t) Tu(t))dz.
Results and Analysis

Table 1: The optimal feedback matrix, the optimal cost function and sparsity indicators r.

The optimal feedback matrix | The optimal cost function r
KT JO(KT) =0.4188 0.94
K3 JO(K3) = 0.4406 0.19
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Figure 3: (a)Distribution of nonzero components in K7; (b)Distribution of nonzero compo-
nents in K3; (c)Changes in state values x of K7; (d)Changes in state values z of Kj.

The distributions of nonzero components in the feedback matrices K7, K3 and their
corresponding state at each moment are displayed in Figure 3, where nz means the number
of non-zero elements. Their corresponding optimal cost and sparsity levels are given in
Table 1. Figure 3 indicates that the feedback matrix K7 exhibits a high degree of density,
while the feedback matrix K3 displays a notable level of sparsity. Furthermore, from Table
1, it is pertinent to note that the value of the cost function, specifically JO(K3), slightly
exceeds that of JO(K;). We can see that the number of zero components in K} increases
rapidly initially with only a small increase in cost. So we can conclude that the Algorithm
1 proposed in this paper can produce a better quality solution which balances the system
performance and sparsity.

Discussions

Traditional CPS control designs are often result in dense feedback matrices, meaning that
the optimal controller is formed using all the information in the feedback matrix. However,
in large networks, these controllers can be expensive and computational burdensome. In the
paper, we develop an algorithm to design sparse optimal controllers for an LTT system in
the presence of feedback delay. The design of control balances system performance and the
lp norm of feedback matrix. We use the piecewise quadratic approximation to approximate
the || K[|, and propose an iterative algorithm to solve the sparsity problem. Finally, we use
a numerical experiment to evaluate the effectiveness of the proposed algorithm in balance
the performance of LTI system and the sparsity of feedback matrix.

Future research can focus on the weight of system performance and sparsity to make
them better balanced. It is also possible to consider other types of systems and perform
numerical experiments with larger dimensions.



SPARSE OPTIMAL CONTROL OF CYBER-PHYSICAL SYSTEMS VIA PQA APPROACH 567

References

1]

C. Alexandra, K.A. Daniell, J. Guillaume, C. Saraswat and H.R. Feldman, Cyber-
physical systems in water management and governance, Curr. Opin. Env. Sust. 62
(2023): 101290.

P.J. Antsaklis, B. Goodwine, V. Gupta, M.J. McCourt, Y. Wang, P. Wu, M. Xia, H. Yu
and F. Zhu, Control of cyberphysical systems using passivity and dissipativity based
methods, Eur. J. Control 1 (2013) 379-388.

B. Bamieh, F. Paganini and M.A. Dahleh, Distributed control of spatially invariant
systems, IEEE T. Automat. Contr. 47 (2002) 1091-1107.

A. Beck and M. Teboulle, A fast iterative shrinkage-thresholding algorithm for linear
inverse problems, SIAM J Imag. Sci. 2 (2019) 183-202.

A. Beck and Y. Vaisbourd, The sparse principal component analysis problem: Opti-
mality conditions and algorithms, J. Optimiz. Theory App. 170 (2016) 119-143.

D. Bertsekas and R. Gallager. Data Networks, Athena Scientific, 2021.

T. Blumensath and M.E. Davies, Iterative hard thresholding for compressed sensing,
App. Comput. Harmon. A. 27 (2009) 265-274.

E.J. Candes, J.K. Romberg and T. Tao, Stable signal recovery from incomplete and
inaccurate measurements, Commaun. Pur. Appl. Math. 59 (2006) 1207-1223.

M. Elad, M.A.T. Figueiredo and Y. Ma, On the role of sparse and redundant represen-
tations in image processing, P. IEEE 98 (2010) 972-982.

J. Figueiredo, C.P. Santos and J.C. Moreno, Automatic recognition of gait patterns in
human motor disorders using machine learning: A review, Med. Eng. Phys. 53 (2018)
1-12.

J. Gao and D. Li, Optimal cardinality constrained portfolio selection, Oper. Res. 61
(2013) 745-761.

X. Gao, S. Alimoradi, J. Chen, Y. Hu, and S. Tang, Assistance from the ambient intel-
ligence: Cyber-physical system applications in smart buildings for cognitively declined
occupants, Fng. Appl. Artif. Intel. 123 (2023): 106431.

G. Gasso, A. Rakotomamonjy, and S. Canu, Recovering sparse signals with a certain
family of nonconvex penalties and dc programming, IEEE T. Signal Proces. 57 (2009)
4686-4698.

A. Gbémez, Z. He, and J.-S. Pang, Linear-step solvability of some folded concave and
singly-parametric sparse optimization problems, Math. Program. 198 (2023) 1339-1380.

D. Han, D. Sun and L. Zhang, Linear rate convergence of the alternating direction
method of multipliers for convex composite programming, Math. Oper. Res. 43 (2018)
622-637.

B. He, F. Ma and X. Yuan, Optimal proximal augmented lagrangian method and its ap-
plication to full jacobian splitting for multi-block separable convex minimization prob-
lems, IMA J Numer Anal. 40 (2020) 1188-1216.



568

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

J. YUAN, D. YANG, D. XUN, K.L. TEO, C. WU, A. LI, Z. GONG, K. QU AND K. GAO

S.-J. Kim, K. Koh, M. Lustig, S. Boyd and D. Gorinevsky, An interior-point method
for large-scale 11-regularized least squares, IEEE J-STSP 1 (2007) 606-617.

Q. Li, Y. Bai, C. Yu and Y. Yuan, A new piecewise quadratic approximation approach
for 10norm minimization problem, Sci. China Math. 62 (2019) 185-204.

Z.Liand S. Li, An /;-norm based optimization method for sparse redundancy resolution
of robotic manipulators, IEEE T. Circuits-1I 69 (2021) 469-473.

X. Liu and L. Zhang, Haar wavelet and its application in optimal control of linear
time-invariant systems, Tsinghua Sci. Technol. 4 (1999) 1307-1310.

Z. Lv, D. Chen, R. Lou, and A. Alazab, Artificial intelligence for securing industrial-
based cyberphysical systems, Future Gener. Comp. Sy. 117 (2021) 291-298.

L. Ma and W. Bian, A simple neural network for sparse optimization with 11 regular-
ization, IEEE T. Netw. Sci. Eng. 8 (2021) 3430-3442.

N. Negi and A. Chakrabortty, Sparsity-promoting optimal control of cyberphysical
systems over shared communication networks, Automatica 122 (2020): 109217.

P. Pepe, Stability, control, and computation for time-delay systems: An eigenvalue-
based approach, Automatica 129 (2021): 109653.

I. Priyadarshini, R. Sharma, D. Bhatt and M. Al-Numay, Human activity recognition in
cyber-physical systems using optimized machine learning techniques, Cluster Comput.
26 (2023) 2199-2215.

K.L. Teo, B. Li, C. Yu and V. Rehbock, Applied and Computational Optimal Control: A
Control Parametrization Approach, Springer Optimization and Its Applications, 2021.

J. Wright, Y. Ma, J. Mairal, G. Sapiro, T.S. Huang and S. Yan, Sparse representation
for computer vision and pattern recognition, P. IEEE 98 (2010) 1031-1044.

J.L. Yuan, C. Wu, Z. Liu, S. Zhao, C. Yu, K.L. Teo, T. Zhou, and K. Gao, Koopman
modeling for optimal control of the perimeter of multi-region urban traffic networks,
Appl. Math. Model 138 (2025): 115742.

C. Zhao, Z. Luo and N. Xiu, Some advances in theory and algorithms for sparse opti-
mization, Oper. Res. T. 24 (2020) 1-24.

X. Zhao, Y. Gao, S. Jin, Z. Xu, Z. Liu, W. Fan and P. Liu, Development of a cyber-
physical-system perspective based simulation platform for optimizing connected auto-
mated vehicles dedicated lanes, Fxpert Syst. Appl. 213 (2023): 118972.

H. Zou, The adaptive lasso and its oracle properties, J. Am. Stat. Assoc. 101 (2006)
1418-1429.

Manuscript recetved 1 January 2024
revised 2 May 2024
accepted for publication 31 July 2024



SPARSE OPTIMAL CONTROL OF CYBER-PHYSICAL SYSTEMS VIA PQA APPROACH 569

JINLONG YUAN

Department of Applied Mathematics

School of Science, Dalian Maritime University
Dalian 116026, P. R. China

E-mail address: yuanjinlong@dlmu.edu.cn

DoNGYAO YANG

Department of Applied Mathematics

School of Science, Dalian Maritime University
Dalian 116026, P. R. China

E-mail address: 1728903868Q@Qqq.com

DoNGyaN XUN

Department of Applied Mathematics

School of Science, Dalian Maritime University
Dalian 116026, P. R. China

E-mail address: 505808332Q@Qqq.com

Kok LAy TEO

School of Mathematical Sciences

Sunway University, Kuala Lumpur 47500, Malaysia
E-mail address: k.l.teo@curtin.edu.au

CHANGzZHI WU

Chongging National Center for Applied Mathematics
Chongging Normal University, Chongqing, 404087, P. R. China
E-mail address: changzhiwu@gzhu.edu.cn

AN L1

School of Mathematical Sciences, Xiamen University
Xiamen, 361005, Fujian, P. R. China

E-mail address: anlee@xmu.edu.cn

KAl Qu

Department of Applied Mathematics, School of Science
Dalian Maritime University, Dalian 116026, P. R. China
E-mail address: qukai8@dlmu.edu.cn

Kuikutr Gao

Department of Mathematics, University of Houston
4800 Calhoun Rd, Houston, Texas, TX 77004, USA
E-mail address: kuikuigaol028@163.com



