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On solving coupled Sylvester-conjugate transpose matrix equations
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Abstract. A square matrix P is considered a generalized reflection matrix if being Hermitian and having
its square equal to the identity matrix. Given two generalized reflection matrices P and Q, a matrix A is
said to be reflexive (anti-reflexive) with respect to pair (P, Q) if A = PAQ (A = —PAQ). This manuscript
introduces some iterative algorithms that utilizes the gradient method to solve coupled Sylvester-conjugate
transpose matrix equations over generalized reflexive matrices and anti-reflexive matrices. Furthermore,
we will conduct an analysis of the convergence properties of these methods. Then, we provide numerical
techniques to determine these solutions. To summarize, the numerical examples utilized in this study have
effectively demonstrated the efficacy of the iterative methods presented.

1. Introduction

Matrix equations have become a significant area of research in computational mathematics and con-
trol. They are used in diverse fields of engineering and mathematics. Control theory heavily relies on
understanding the solutions of matrix equations, especially in analyzing the stability of systems. For ex-
ample, Sylvester matrix equations are crucial in equilibrium realization, optimal control, and robust pole
assignment of discrete periodic systems [2, 28, 46].

Lyapunov or Riccati matrix equations are also essential in converting system stability problems into
existence problems, as the existence of positive definite solutions to these equations is crucial. Therefore,
investigating matrix equations is critical in computational mathematics and control, and its significance
cannot be underestimated [6, 16, 17, 22, 23, 30, 31, 43].

The computation of the least squares solution for the Sylvester-type matrix equation AXB + CX'D = E
was carried out using an approach known as the alternating direction method, as described in reference
[25].

Zhouetal. proposed aniteration algorithm in [32] for solving matrix equations (A1 XB1, A2 XB,) = (Cy, Cy)
with an unknown reflexive matrix X relative to generalized reflection matrices. This method guarantees
convergence within a finite number of iterations, assuming no round-off errors. Another study in linear
matrix equation can be found in [1, 4, 11-14, 21, 24, 27, 33, 34, 37]. In [33], an algorithm was introduced
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that can determine the solvability of the matrix equation automatically, and it converges to the solution
if the system is consistent. In [27], the least squares solution of matrix equation AXB + CYD = F was
presented, and the existence and uniqueness of the solution were deeply discussed. To solve generalized
matrix equations, the gradient method was extended to the matrix equation

(AXB + CYD,EXF + GYH) = (M, N), 1)

in [9], and the corresponding generalized bi-symmetric solution was obtained.
By introducing the modular operator, a cyclic gradient based iterative algorithm is provided for solving
a class of generalized coupled Sylvester-conjugate matrix equations [36]

(AinjB,']' + CinjDij) =F, i=1.N,

P
j=1
where A;;, Cj € C">i,Bj;, D;; € C'™",F; € C"*" are the known coefficient matrices, and X; € Ci (j =
1,..,p) are the matrices that need to be determined. Author of [19] introduced CGS and Bi-CGSTAB
methods for solving the Sylvester-transpose matrix equation

k
Z (AixB; + CiX'D;) = E

i=1

where A;,B;,C;,D;,E € R™™ are known matrices for i = 1,2,...,k and X € R™" is the matrix to be
determined. Also these methods are suggestion for obtaining the solution of periodic Sylvester matrix
equation

AijB]' + C]'X]'+1D]' = Ej,

for j = 1,2,..., where coefficient matrices and solutions are periodic with period A, i.e., A\JM = Aj,Bjs\ =
B]‘, Cj+)\ = Cj, Dj+A = D]‘, Ej+)\ = E]‘ and X]‘+A = Xj.

In [3], Bai introduced an iterative algorithm based on the Hermitian and skew-Hermitian splitting (HSS)
method to tackle the Sylvester matrix equation AX+XB = F, where the involved matrices are non-Hermitian
and positive definite or semi-definite. Ding et al. [15] utilized the Jacobi and Gauss-Seidel iterations to
extend their iterative solutions beyond the standard Ax = b matrix equation, allowing them to solve more
complex matrix equations AXB = C and AXB + CXD = F in their study.

In a separate paper, Xie and Ma proposed a modified conjugate gradient method that is specifically
designed to solve either the reflexive or anti-reflexive solutions for a given problem [45]. Their method is
particularly applicable to solving the following problem:

AXB+CY'D =8,

{ EXTF+GYH =S, @)
where A, E € RP",C,G € R™™,B,F € R™,D,H € R™1,5,,5, € R are given constant matrices, and
X € R™ Y € R™™" are unknown matrices to be determined.

The computation of symmetric solutions for the generalized Sylvester matrix equation, represented
as Zle (AiXB; + C;YD; + E;ZF;) = G;, was achieved through the utilization of a variant of the biconjugate
residual algorithm called Lanczos, as documented in [20].

Several iterative algorithms have been developed for solving linear matrix equations, both coupled and
uncoupled, utilizing the conjugate gradient (CG) approach. This method has been explored extensively in
the literature [10, 38].

In their work, Wu et al. [39-41] tackled the matrix equation AX + BY = XF, X — AXF = BY + R as well as
AV + BW = EVF, and presented analytical solutions to these equations.
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The solution for a set of linear equations involving matrices of known constants and an unknown matrix
X was presented in [29] and [44]. The equations are given by:

T S
) AXBi+) CX'D;=E,
i=1 =1

where A;, B;,C;,Dj(i=1,...,7,j=1,...,s) and E are matrices of appropriate dimensions.

The research presented in [7] explores the use of a novel approach to matrix splitting and applies it in
combination with the hierarchical identification principle to develop iterative techniques for solving linear
matrix equations and generalized coupled Sylvester matrix equations.

Our proposed approach for solving the Sylvester-conjugate transpose matrix equations:

A1 X + XHBl =Fq,
A X + XHBZ =F,
: 3)

A X+ XHB, = F,,

where A;, B;, F; (i = 1,...,r) are matrices of appropriate dimensions, utilizes a novel generalized matrix
splitting method and is based on the research by [7]. We employ an effective gradient method for the
implementation of our approach. We determine the solution to the Sylvester-conjugate transpose matrix
equations on matrices that are both generalized reflexive

CP"P,Q) ={XeC™: X =DPXQ},
and generalized anti-reflexive:

C™"(P,Q) = {X € C™" : X = —PXQ).

The paper is structured as follows: Section 2 provides useful definitions and lemmas. Also, in this
section, the necessary and sufficient conditions for the solvability of equations (3) are determined with the
help of Kronecker product. In addition, a closed form is determined for the solution of these equations. In
Section 3, we introduce a novel iterative approach to solve the coupled Sylvester-conjugate transpose matrix
equations (3) and provide a convergence analysis. We then extend the iterative method to derive generalized
reflexive and generalized anti-reflexive solutions for equations (3) in Section 4 and conduct a convergence
analysis of these methods. The numerical results are presented in Section 5, then an application for coupled
Sylvester-conjugate transpose matrix equations to the palindromic eigenvalue problem is studied. Finally,
in Section 6, we conclude the manuscript with some remarks.

2. Preliminaries

In this paper, the notations AT, A, AH  and ||.|| are utilized to represent the transpose, conjugate, conjugate
transpose, and norm of a matrix A, respectively. The spectral norm of A is denoted as ||.|[;. Additionally,
the Kronecker product of matrices A and B is represented by A ® B. To facilitate ease of understanding, we
present the following definitions:

Definition 2.1. [5] A square matrix of size n X n is considered a generalized reflection matrix if it satisfies two
conditions: being Hermitian and having its square equal to the identity matrix I. Given two generalized reflection
matrices P and Q, a matrix A of size n X n is said to be reflexive with respect to pair (P,Q) if A = PAQ, and
anti-reflexive with respect to pair (P, Q) if A = —PAQ. We use the notation C}*"(P, Q) to denote the set of matrices
that are reflexive with respect to pair (P, Q), and C>*(P, Q) to denote the set of matrices that are anti-reflexive with
respect to pair (P, Q), where P and Q are two generalized reflection matrices.
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Definition 2.2. [44] Let X = [x1,x2,...,%,] € C™" with x; € C" being the i-th column of X. Then Col[X] is an
n*-dimensional vector formed by columns of X, i.e.,

X1
X2 N
Col[X]=| . |eC".

Xn

Definition 2.3. [44] Consider a square matrix P, € R partitioned into n x n submatrices where each submatrix
is an elementary matrix of order n X n denoted by E;; = eie]T, with e; being a column vector of order n X 1 with a unity
in the i position and zeros elsewhere. Thus, we can express P, as a sum of such submatrices:

n

p, ZZZnZEi]‘@)EiTj.

i=1 j=1

For example for n = 2 we have

1 0 0 O
{00 1 0 _ X x12
P2=1o 1 0 ol X_[x21 xu]'
00 0 1
and
1 0 0O X11 X11
{0 0 1 Offxat| _ [x12] _ T
P2CollXI =10 1 o ollxal = | _col[x].
0 0 0 1 X12 X12

In general by using this definition, we can show that P, satisfies the following properties [44]:
e Col [XT] =P, Col[X],
o P2 =1p,,
e PI=pP1l=p,
Lemma 2.4. [25] If the equation AXB = F has a unique solution X*, then the gradient-based iterative (GI) algorithm,

X(k + 1) = X(k) + pA"(F — AX(k)B)B", (4)
where
O<u< 2 or U< ——er (5)
B A (AAT) A B7B) 7 1= JJAIPIBIP”

is such that X(k) — X*.

3. Main Results
From the property Col [XT] = P, Col[X] it is easy to see that

Col [XH] =P, Col[X] = P, Col[X] = P, Col [Y] .

Thus the solution of Sylvester-conjugate transpose matrix equations (3) can be found by the following
lemma.
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Lemma 3.1. The matrix equations (3) have a unique solution X if and only if the matrix
I8A;  (BI®I)P, |

IéA, (B,TQZ;I)PH

0 = A
BienP, I®A

| B oDP, I®A,
has full column rank and the rank of [©1, f1] is equal to the rank of ©1, where
[ Col[Fq] ]

Col.[Fr]
A=\ colf]

| Col[F]

In such cases, the solution to (3) can be obtained by solving the following linear system:
IgA;  (BI®I)P, | [ Col[F] |

94, (B,Tél) P, [ Col[X] ]_ Col[F,]
BoDP, o4 || CollX] Col[F]

| BPeoDP, I®A, | | Col[F,] |

Furthermore, it is observed that the corresponding homogeneous matrix equations (3) possesses a unique zeros
solution, X = O,,.

Proof. Taking conjugate from (3) yields:
A1 X+ XHBl =F,

AX+XHB, = F,,
A1 X+X"Bi =Fy,

A, X+ XTB, = F,.

Now by using Kronecker product and property Col [XH ] =P, Col [i] we obtain:
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(I® A1) Col [X] + (BT ®I) Col [XH] = Col [F4],

(I®A,)Col [X] + (BT ® I) Col [XH] = Col [F],
(I8 A7) Col[X] + (B ®1)Col[X'] = Col[F1],

(I®A,)Col [X] + B, é I)Col [X"] = Col [F,],

or

(I® Ay) Col [X] + (BT ® I)P, Col [X] = Col[F],

(I®A,)Col [X] + (BT ®‘I)Pn Col [X] = Col [F/],
(I® Ay) Col [X] + (B," ® I)P, Col [X] = Col [F4],

(I® A Col [X] + (B, ® I)P, Col [X] = Col [F/],
or

(I® A1) Col [X] + (B] ® )P, Col [X] = Col [F],

(I®A,)Col [X] + (BT ®'1)pn Col[X] = Col[F,],
(B:¥ ® )P, Col [X] + (I ® A7) Col [ X| = Col [F_l]

(B @ )P, Col [X] + (I® A;) Col [X] = Col [F].
Now the above equations can be written as

Col(X) |
©1 [ Col(X) ] =

Hence matrix equations (3) have a unique solution X if and only if the matrix ®; has full column rank,
and Rank[®;, f1] = Rank[®;] = 2rn?. In this case we have

Col(X)
Col(X)

Consequently, the exact solution of matrix equations (3) can be determined by (10). Moreover for f =0,
Col(X)
Col(X)
Lemma 3.2. The matrix equations (3) have a unique solution X if and only if the matrix

[ I®A1 BI®I ]

] = (67010 fi. (19)

we have [ ] = ( that yields the solution X = O,,. [J

I®A, BI'e®l

©:%| 1o Arwl |’

| I®BI A, ®1 |
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has full column rank and the rank of [@,, f»] is equal to the rank of ©,, where

" CollFi] ]
| collF)]
2= ol

| Col[F}] |

In such cases, the solution to (3) can be obtained by solving the following linear system:

[ I® A1 BI®I ] [ Col[Fy] ]
I®A, B/®I |[ ColX] | _| CollF] 1
IeBY Al || Collx"] | 7| CollF¥] (1
| I®BH A,®I | | Col[FH] |
Proof. From (3) we have:
A1 X + XHB1 =F,
AX+X"B, =F,
H
(A1 X + XHBy)" = FlI, (12)
(4x +x1B,)" = F¥,
that yields:
A1 X + XHBl =F,
AX + XHB, = F,, 13)
BIX + XHAH = FH,
BUX + XHAH = FH,
Now by using Kronecker product we obtain:
(I® Ay) Col [X] + (BT ® I) Col [ X" = Col [F4],
(I® A,)Col [X] + (BT ® I) Col | XH| = Col [F,], 1
(I® By") Col [X] + (A; ® I) Col [ XH] = Col [F,"],
(I® B, Col [X] + (4, ® ) Col [X"] = Col [F,"],
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or

[ I®A; BI®I ] [ Col[F] 1
I®A, B/®I |[ Col[X] | _| CollF]
I®BY A;®I || Collx"] |~ | CollF!]

| I®BI A, ®I | | Col[FF] |

Hence matrix equations (3) have a unique solution X if and only if Rank[©®,, ] = Rank[®,] = 2rn?.
Moreover, the exact solution of matrix equations (3) can be determined by (11). O

In the continuation of this work, the lemmas that we require will pertain to the particular solutions of
system of matrix equations (3).

Lemma 3.3. System of equations (3) has a generalized reflexive solution X € C**(P, Q) if and only if the following
system of linear matrix equations is consistent:

A1 X+ XHBl =F,
A1PXQ + (PXQ)"B, = Fy,
: (15)

AX+XHB, =F,,
A,PXQ + (PXQ)!'B, = F,.

Proof. Suppose that the system (15) is consistent, then there exists a matrix X such that (similar to the
approach in [8]):

AlX + XHBl =F,
Alp)?Q + (PXQ)HBl =TI,
: (16)

AX+X"B, =F,
A,PXQ + (PXQ)FB, = F,.

Define
e X+ PXQ.
2
Then;

. PXQ+PRXQ?  PXQ+X

PXQ 5 > =X = XeC™PQ).

Additionally, it can be written:

5 5 > > ~\H
o o X+PXQ\ . (X+PXQ
H —
1 S 1 - - as) Fi Fj
=E(A]-X+XHB]-)+E(A]-PXQ+(PXQ)HB]-) = 5 +5=F, j=12.r
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On the other hand, if system (3) possesses the generalized reflexive solution Z € C”*(P, Q), then we can
derive:

APZQ+ (PZQ"B;=A;Z+Z"B;=Fj, j=1,2,..r (17)

From (17), it follows that the generalized reflexive solution Z is a solution to the system of matrix
equations (15), meaning that system (15) is consistent. This completes the proof. [J

Lemma 3.4. System of equations (3) has a generalized ant-reflexive solution X € C**(P,Q) if and only if the
following system of linear matrix equations is consistent:

A1 X + XHB1 =F,
A PXQ + (PXQ)HBl =—Fq,

(18)

AX +XHB, = -F,,
A,PXQ + (PXQ)!'B, = F,,

Proof. Suppose that system (18) is consistent, then there exists a matrix X such that (similar to the approach
in [8]):

A1X + XHBl =F,
A1P)~(Q + (PXQ)HBl =-F,
: (19)

A, X + X"B, = -F,,
A,PXQ + (PXQ)!"B, = F..

Define
. X-PXO
X=—>=.
2
Then;

¥ _ P22 _Y ¥ R .
PXQ:PXQ ZP XQ _ X+2PXQ:_X$X€CZX,,(PIQ).

Additionally, it can be written:

X—PXQ)JF(X—PXQ)HB'
]

~ oHp
AjX+X Bj—A]'( 5 5

= % (4% + X"'B;) - % (4/PXQ +(PXQ"B)) = %Fj - %(‘Fj) =F, =127

On the other hand, if system (3) possesses the generalized anti-reflexive solution Z € C*"(P, Q), then
PZQ=-7, AiZ + ZHB]- =F;, j=1,2,..,rand:

A;PZQ+ (PZQ"B;j = -A;Z-Z"Bj = -F;, j=1,2,..r. (20)

From (20), it follows that the generalized ant-reflexive solution Z is a solution to the system of matrix
equations (18), meaning that system (18) is consistent. This completes the proof. [
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3.1. Derive iterative algorithm

Consider a matrix A that can be expressed as the sum of three matrices: A = M + N + G, where M, N,
and G are arbitrary matrices. For example a choice for these matrices is

M= %(L+LH+ u+ut), N= %(D+DH), G= %(L—LH+ u-ut+p- DY), (21)
where U, L and D are the upper, lower, and diagonal parts of matrix A, respectively. Then it is easy to see

that in (21), M and N are Hermitian and G is skew-Hermitian matrix.
Let’s examine the following decompositions.

Ai = Ma,j + Na,i + Ga,i/ Bi = Mb,i + Nb,i + Gb,i/ i= 1, 2, e, 1, (22)
A= (Ma,i + TAa) - (TAa - Gu,i - a,i) = (Gu,i + Na,i + Vra) - ()/ru - Mu,i) ’ (23)
Bi = (M, + TAp) = (TAp — Gbi = Nbi) = (Gp,i + Npi + yTs) = (0To — My,), (24)

where 7 and y are real numbers, M,; and N,; are Hermitian matrices, M;; and N;; are also Hermitian
matrices, and G,; and G;; are skew-Hermitian matrices for i = 1,2. Furthermore, A,, Ay, I';, and T, are
arbitrary known matrices.

Drawing inspiration from the approach taken in [7], we can employ a hierarchical identification principle
to solve system of equations (3). Utilizing the decompositions given in (23), we can express the system as:

(M, + TA)X = (A, — G, — N,,;)) X = XHB; + (25)
or

ZiaX=T1, o, Z1,X =1, (26)
such that

Zi1=Mu1 +TAs, o, Ziy =My, + 1A, (27)
and

Ji1 = (tAs — Gy = Nyy) X — XHBy + Fy,

: (28)
Jir = (tAy = Goy — Noy) X = XHB, + F,.
The formula stated in the above equations concludes that:
Si1: i X=1]y, (29)
where
Z1a Ji1
Zi=| ' |, h=] : (30)
vAY: Jir
Applying the decompositions given in equation (23) to equations (3), gives:
(Gaji + Noji +9Ta)X = ()T, — M) X — X"'B; + F, (31)

or

ZoaX =1, s ZoyX = o, (32)
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where
Zo1=Ga1 +Ny1+yLa, ., Zoy = Gap + Ny + 910,
and

J21 = (yTa — Ma1) X = XHBy + Fy,

Jor = (YTa = My,) X — XH'B, + F,.
In a comparable manner, we can derive:

ZoaX =11, o, Z2yX =2,

or
St ZpX =]y,
such that
Z>1 J21
Zo=| |, =] :
Z2,r ]2,r

9409

(33)

(34)

(35)

(36)

(37)

By substituting the splittings described in equation (24) into equations (3), the resulting expression is:

XH(My; + tAy) = X7 (tAp — Gy — Ny;) — AiX + F;.
The matrices are defined as follows:
Zs1 =Mp1+ 1Ay, ..., Zz, =My, + T,
and

J31 = X? (tAp — Gp1 — Np1) — A1X + Fy,

I3, = X" (tAy = Gy, — Nyy) — A, X + F,.
Thus, we can represent equation (38) in the following form:
S3: X"Zy =1,
where
Zs =[ Z31, ... , Za, ], J3 = [ Japs oo Jar ]
Applying comparable computations leads to the following relationships:
XH(Gy; + Ny; +yTp) = XH (yT, — My,;) — AiX + F..
By defining

Z41 = Gpy + Np1 + 9Ty, oo, Zay = Gy + Np,p + 917,

(38)

(39)

(40)

(41)

42)

(43)

(44)
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and

Ja1 = X7 ()T — My1) — A1X + Fy,

. (45)
Ju, = X7 (yTp = My,) — A, X +F,,
we get
Sy : XMZy =]y, (46)
such that
Z4=[ Zajg, ooy Zay ], ]42[ Jap, oo s Jar ] (47)

Iterative methods for system S; can be obtained by utilizing gradient method (4) in the following
manner:

Mu,l + 1A, H Fi - A1X1(k) - Xl(k)HBl
Xi(k+1) = Xq(k) + i :
Ma,r + TAa Fr - ArX1 (k) - Xl (k)HBr

The same procedure applied to system S, in (36) results in:

Ga 1+ Nal + VF A1X2(k) XZ(k)HBl
Xz(k + 1) = Xz(k) + U2 ‘ l

Gy + Nuy + 9T, F, — A,Xo( k) X, (k)!'B,

Applying gradient method (4) to system S3 in (41), confirms:
Xa(k+1) = X(k) + 1 [My1 + TAs, ..., My, + ] [F1 = A1 Xa(K) — Xa(K)"'By,
ao 1H
 Fr = AXa(k) = Xs(k)"'B,
Consequently, we arrive at the following equation:
X4(k + 1) = X4(k) + U2 [ij + Nb,l + )/Fb, e /Gb,r + Nb,, + )/Fb]
X [F1 = A1 Xa(k) = Xo("By, .., Fr = AXa(K) - X4(k>HBr]H :

A gradient iterative algorithm can be derived by computing the mean of Y;(k) for i = 1,2, 3,4 (refer to
[7]):
Y Xik+1)

X(k+1) = : ,

(48)
where
" M+ 1A 17T Fr = A1X(k) — X(K)HB,

Xuk+ D) =X +m| : , (49)
| M., + T, F, — A,X(k) - X(k)"'B,

" Gt + Nog +9Ta T F1 = A1 X(k) — X(k)!B,
Xo(k + 1) = X(k) + 2 ; : , (50)
i Ga,r + Na,r + )/Fa F, - ArX(k) - X(k)HBT
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Xa(k+1) = X() + 1 [My1 + Ty, ..., My, + TA] [Fr = A X(k) - X(K)"By,
(51)
oo F = AX(0) - X®)B,]

and
X4(k + 1) = X(k) + U2 [GbJ + Nb,1 + yFb, ey Gb,,, + Nb,r + yFb]

52
x [Fi = AL X(K) - XW"By, ..., Fr— AX(0) - XK)'B,] . (52)

For the sake of brevity, we will adopt the following notation:
Wi(k) = F; — AiX(k) - X(k)"'B;, i=1,2,...,r.
The new algorithm can be expressed in the following manner:

[ Ma1+ 1A, 17T Wik)
Xi(k+1) = X(k) + : :

7

L Ma,r + TAH \Ils(k)

[ Ga,l + Nu,l + Vru " \Ill(k)
Xk +1) = X(0) + - :

7

| Guy 4 Ny 49T, . (k)
Xa(k +1) = X(k) + 1 [Mp1 + Ty, ..., My, + T [W1(K), ... , Wi(K)]7,
and
Xy(k+1) = X(k) + 2 [Gp1 + Ny + YT, ., Gpp + Np,p + 9T [P (K), ..., Wi(R)] .
The aforementioned equations lead to the conclusion that:

11 (Ma1 + TA.) + 12 (Gag + Nox +9T0) 17T Wa(k)
X(k+1) = X(k) + : :

I

p1 (Mo + TA;) + 2 (G + Noyp + yT,) W (k)

1
+ Z [yl (Mb,l + TAb) + H2 (Gb,l + Nb,l + th) Ry 5 (Mb,r + TAb) + U2 (Gb,r + Nb,r + th)]

x [Wy(k),..., Y07, (53)

or
) A1 Gar +Nax 17 A 17
X(k +1) = X(k) + Z{yl |+ (- ) : +mt|
Ar Ga,r +Na,r All
L [ ik )
+H2')/ } +A_L{[J1|:B1"“’Br ]
T, W, (k)

+ (U2 — ,Ul)[ Goi + Npa, ..., Gpr + Ny, ] +wTAy, ..., Apl + w2y, - .., Tb]} [Wi(K),..., W] .

Therefore,
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A1 Wi (k)
X(k+1)=X(k)+% : |+ BBy |9, W)
A || v
1 Ga N T i
+ & 1 & : : +[Gp1 + Nia, -+, Gor + Ny, 1 [W1(K), ..., Ws(k)]"
Ga,r+Na,r § | \Ils(k)
Aa T Wik T
H1T . . H
T : : +[Ap, ..., Np] [Wr(K), ..., Ws(h)]
A, Wi(k) |
IV TS
B0 A PR ML O AT
T, Wi (k)
Therefore
X(k+1) = X(k) + % (A (k) + B (k)")
i=1
B2~ BN (oL Yy N R
+ ;((GM + Nop)'Wik) + (Goi + Niyy) Wi
+ B2V (akwio + anwio) + B Y (i + Twi). - (59)
=1 i=1

As a final step, we establish the following iterative algorithm to solve equations (3).
Algorithm 1. To begin, select a matrix X(1) € C™" and real parameters p, li», 7, 7. Then, for each
k=1,2,.., perform the following computation:

Wi(k) = F; — AiX(k) - X(0)"'B;, i=1,2,...,r,

X+ 1) = X9 + % ( AP (k) + Bi\yi(k)H) L2 ; H Z ((Nu,i — Go)Wi(k) + (Ny,; + Gb,i)\yi(k)H)
P i=1
LTy (ARwih) + A + 2T Z (Tt + L") (55)
4 i=1 o l 4 i=1 Y l

Remark 3.5. In Algorithm 1 suppose ui = up = p, © =y = 0, then the following iterative method will be obtained
- BN (qtny W (H
X(k+1) = X(K) + 3 ; (Al'wi) + Biwi(0)) (56)

that is the gradient iterative algorithm (GI) as described in [42].
This section aims to examine the convergence characteristics of Algorithm 1.

Theorem 3.6. If we have coupled Sylvester matrix equations (3) with a unique solution X, the solution X(k) derived
from Algorithm 1 will converge to X* provided that the inequality
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H1

- BN - G- BB N+ GuBl - Ll + BBl
"“AH BB, - m[uBn
g, 12
|+ s+ G+ B0+ B A + 10l

+E{IIAII+IIBII}{II1" I+ 1Tl <1, (57)

holds for the parameters 1, up, T and y, where ||.|| is a matrix norm.

Proof. We start by defining the error matrix E(k) = X(k) — X*, where X" is the true solution. Subsequently,
applying Algorithm 1 leads to the following outcome (similar to the approach in [7]):

Elk+1) = &) + 5 Zl" (AW + Bwig) + 2 Z; ((Nos = Ga)Wilk) + (Nyi + o) Wi(R)")

+BE Y v + v+ 2 Y (i + Tow ). 68)

i=1 i=1
On the other hand
Wi(k) = —(A:Ek) + EK)EBy), i=1,...,r. (59)
Hence the expression below can be obtained by combining equations (78) and (79):

Ek+1) = &K — % Z (A AE(k) + ATEW)B; + BAEXTAI + BIIE(K)))

i=1

- ; - Y ((Nos = Ga(AER) + EW0'B) + (N + Gy, )ER A + BIE X))
i=1

- B2 Y () + 80 B) + AdER A + BIEX))
i=1

- yi—y (Fff (A& (k) + EK)B;) + Ty(E(R)TAF + Byg(k)))

i=1

= &(k) - % (A AE(k) + APEW)B; + BERT AL + BBIE®K))

i=

1
= LY (Nai = GudAi80) + (Nai = GudER)B: + Ny + G )ER AL + (N + Gy )BLEK)
i=1

-EDY (A asm) + AYE®B; + ME®R AT + ABHER)
i=1

.
_ f‘i_y Z (T A& (k) + THER)B; + T,E(R) A + T, BIE(K)

i=1
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p
1

=

= &(k) — (A AE(K) + BBIE®K)) - % Z (A& B; + BEK)AN)

i=1 i=1

|

.Ul

Z((Nm = Gu)AB(K) + (Ny; + G, )BIERK))

#1 Z((Naz — Go)EMMB; + (Ny; + Gy ) E(k)HAM)

B % (A A& () + AHERTB; + AE(R)T A + A,BIE(K))
i=1
- Mi_y Y (THAE®K) + THEWRB; + T, &R0 A + T, Bl ERK))
i=1
(]
= (;_luz (Naz_ ul)A B (Nh’+Gb1)

i=1

- Hatia B,-B%)a(k) -y (%A{* BB N - Gu) 8B

i=1
X (B

.y ﬂ,))a(k)HAH il Z (ATAE(K) + ATEX)B; + AERTA + ABIEK))

<

- IZ_V (THAE(k) + THE®R)B; + D&)A + T,BIE®K)).
i=1

Furthermore, through the application of matrix norm to each side of above equation, one can derive:

- I #2 o e — th ' \pH
||8<k+1>||s; - BN - G = BN + G|
- Ll LRI [T
ol [ Sl 2 O
DN b e lUl )i

+ XY A A8 0 + ALE®! B + MERAF + ABIER

i=1

+ % Z ITH AE(0) + THEW@!B; + T,6(0) AT +T,B! (60)
i=1
or
18k + )| < [Z H% - ; FL (N = G — 22 +Gy)B!!
~Elapa b, BH>H B+ 00, -6, s
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a,i a,i )

T r
'nAin + 55 Y A+ 1BV A + Al

i=1

[

i=1

+ % ;{”Aill + IBillHITall + IITbII}]IIS(k)H. ©1)

It is apparent that the equation presented above can be rephrased as:

||8(k+1>||si['£ B2 (N = Gas = 2 N+ Gy B!
=1
il(AHA +BBH)H ‘ Elat ”24”1(Na,i—ca,i)‘llB,-|l
B+ Gt + % 0+ B+
+ S i+ BT+ I io 62

From equation (62), we conclude that if (57) is satisfied, then I}lrn &E(k) = 0, that gives
%im X(k) =
which completes the proof immediately. [

Remark 3.7. Note that even if the condition (57) is not satisfied, Algorithm 1 can be employed. This is because,
during the proof, we observe that the control inequality serves as a sufficient criterion rather than a necessary one.

Remark 3.8. Let A;, B;, F; € C™" (i = 1,...,r) and there exists a; such that AFA; + BBl = a;1 (i =1,...,7)(for
example let A; and B; be unitary matrices). Suppose |1 = [y = yp. Then the inequality of (57) will be as follows:

- ——1 +—IIAIIIIB 1+ £ {IIA I+ Bl HIAGl + 1A} + y{”Ai”+||Bi||}{||ra”+”rb”} <1. (63)

Then we have

> [;

i=1

- - —I” + u6y + uty + uyos <1,

where
1 r
01 =5 Y IAlIBI, !
i=1
1 r
02 = 7 (1Al + ||Ab||);(nA,-|| + 1B, )
1 r
03 = (Il + ||rb||);(||Ai|| +11Bl)- 0

Now suppose we use Euclidean norm, then

a 1 ua;
L;

- - T‘ + u6y + utly + uyOs < 1.
i=1

It can be easily seen that a solution for the above inequality is as follows

. 1 1 1
|4—rya,-|<1, i=1,...,1, MV<E' ,u’c<4—92, y<4—61.
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4. Determining the generalized reflexive and anti-reflexive solutions

This section aims to derive solutions for matrix equations (3), encompassing both generalized reflexive
and anti-reflexive cases, while also examining the convergence characteristics of these techniques.

4.1. Generalized reflexive solution

By applying Lemma 3.3, we can obtain the generalized reflexive solution of system (3) by solving the
following equations:

A1 X + XHB1 =F,
A1PXQ + (PXQ)HB1 =F,

: (67)
AX+X"B, =F,
APXQ + (PXQ)!"B, = F,.
By following a similar approach as in the preceding section, we can obtain equations:

(Mn,i + TAa)PXQ = (TAa - Gn,i - u,i) PXQ - (PXQ)HBi +F;, (68)
(Ga,i + Na,i + Vra)PXQ = ()/Fu - Ma,i) PXQ - (PXQ)HB, +Fi, (69)
(PXQ)" (M, +TA) = (PXQ)" (tAy = Goi = Nii) = AiPXQ + Fy, (70)
(PXQ)™(Gy,i + Ni,i +yTp) = (PXQ)" (T — My,;) = AiPXQ + F;, (71)

fori = 1,2,..,r. The implementation of the Hierarchical identification principle to the above-mentioned
equations results in the following outcomes:

[ Ma1 + 1A, 1 F1 = A/PX(K)Q — (PX(K)Q)!1B,
Xs(k +1) = X(k) + i P? : : Q"

| Mo+ 14, | | F - APXKIQ - (PX(Q)B,

[ Go1+Na1 +9T, T F1 — APX(K)Q — (PX(K)Q)HB,

Xo(k + 1) = X(k) + P! Q,

| Guy + Nuy 49T, F, - APX(K)Q — (PX()Q)"B,
Xy(k +1) = X(k) + P [My1 + Ay, ..., My, +TA] [F1 - A1(PX(k)Q) — (PX(k)Q)"'B1,
- F = A(PX(0Q) - (PX(Q)B] @7,

and
Xs(k + 1) = X(k) + u2P™ [Gpy + Npg + YT, ..., Gy, + Ny, + Y1)
x [F1 = A1(PX(0)Q) - (PX()Q)"By, ... , Fr - A(PX()Q) - (PX(k)Q>HBy]H Q.

To derive an iterative gradient algorithm, we can compute the mean of X;(k) fori =1,2,...,8:

8 .
X(k+1) = w (72)
where X (k), X»(k), X3(k) and X4(k) are defined in Eqgs. (49)-(52) and
Moy +7A, 17 F1 = APX(0IQ — (PX(K)Q)B:
Xs(k + 1) = X(k) + u1 P : Q, (73)

My + A0 | | Fr— A,(PXK0)Q) - (PX(K)Q)B,



A. Shirilord, M. Dehghan / Filomat 38:27 (2024), 9399-9434 9417

Ga1 + Nog +9T. 1 F1 = A1(PX(K)Q) — (PX(K)Q)"B,
Xo(k +1) = X(k) + P : : Q, (74)
Gu,r + Nu,r + Vru Fr - Ar(PX(k)Q) - (PX(k)Q)HBr

X7(k + 1) = X(k) + ‘U1P [Mb,1 + TAb, e /Mb,r + "CAb] [F1 - Al(PX(k)Q) - (PX(k)Q)HBl,

o 1H (75)
.o, Fe= APX()Q) - (PX()Q)"B]” Q,

and

Xg(k + 1) = X(k) + [.lzp [Gb,l + Nb,l + yFb, - er,r + Nb,, + )/Fb]

. (76)
x [F1 — A1 (PX(K)Q) — (PX(K)Q)"By,.... , F, — A(PX(K)Q) - (PXK)Q)"'B] Q.

It is easy to check that if X(1) € C*(P, Q) then
F; — Ai(PX(k)Q) — (PX(k)Q)'B; = F; — AiX(k) = X(k)"'B;, i=1,..,1r, k=1,2,....

Finally, from (49)-(52), (72), (73)-(76), the following iterative algorithm is determined to solve equations (3)
over generalized reflexive matrices.
Algorithm 2. Choose an initial matrix X(1) € C*"(P, Q) and real parameters p, iz, 7,y. Fork =1,2, ...,
compute:
Wi(k) = F; — AiX(k) - X(k0)"'B;, i=1,2,...,r.

% (AF, (k) + B (k) + PATW,()Q + PB,,(0)" Q)

i=1

X(k + 1) = X(k) +

+ BN ((Noi = GudWilh) + (N + o) Wil + PNy = o) Wi(KIQ + PNy, + G Wik Q)
i=1

+EE Y (AW + Wi + PARWL0Q + PAI(KQ)
i=1

+ %V Z (CHW;(k) + T, Wik + PIEWi(Q + PI,Wi(k)" Q). (77)
i=1

The focus of this section is to analyze the convergence properties of the Algorithm 2.

Theorem 4.1. Given coupled Sylvester matrix equations (3) with a unique generalized reflexive solution X* €
CP>™"(P, Q), the iterative solution X(k) obtained from Algorithm 2 converges to X* when inequality (57) holds for the
parameters i, o, T and y, where ||.|| is a matrix norm.

Proof. We can apply a similar approach as demonstrated in [7] to prove this theorem. Initially, let the matrix
of errors given by
&E(k) = X(k) - X*.

After that, applying Algorithm 2 will yield the following result:

Sk +1) = (k) + % y (Af\yi(k) + Bk + PARW,(R)Q + PB,«\I/i(k)HQ)

i=1

+ B EL Y (N = Gu Wilh) + (N + o Wik + PN = GudWi(RQ + PNy + G Wi(k)Q)
i=1
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r

T
+ BE Y (AW + AW + PARW(DQ + PAi Q)
i=1
+ ELY (Twic) + oW + PTEWA(0Q + Pl‘b‘lfi(k)HQ). (78)
i=1
On the other hand we have
W) = —(AEK) + E®IBY, i=1, ... (79)

Therefore, by combining equations (78) and (79), we can derive

&k +1) = &k) - % Y (A?Aia(k) + APE()HB; + BiE(K)TAF + BBIE(K)

i=1

+ PAFAE()Q + PAME(K)B,Q + PB,EK)TANQ + PBI-BZHS(k)Q)

— U2 — th Z ((Na,i — Ga,i)Aia(k) + (Nﬂ,i — Gu,i)a(k)HBi
8 I
+ (Np, + Gb,i)a(k)HAlH + (Np,; + Gb,i)BlHS(k) + P(N,;i — Gpi)Ai&(k)Q + P(N,; — Ga,i)g(k)HBiQ
+ PNy, + G )EMAMQ + P(Ny; + Gu)BIEMQ)
- % 2 (AffAiS(k) + AE()PB; + AE(R)H A + A,BEE(K)
i=1

+ PAPAE()Q + PATER)TB,Q + PAE(R)TANQ + PAbB?S(k)Q)
- ‘%y Y (rfAia(k) + THERMB; + T &) AN + T, BIE(K)
i=1

+ PTHA8()Q + PTEE()™B,Q + PTE(k)FAMQ + PFbBlHS(k)Q)

:Z(er [u2 (Naz— Ga,i)Ai — yz (Nb1+Gb1)BH [L:;AHA ngiB?)S(k)

Z( ”1( Naj— gl))S(k)HB Z (” L+ 22 ; BN, a,i))‘g(k)HAiH
- % (AfAiS(k) + AE(R)B; + AE(R) AL + AszHS(k))
i=1
- %V Z (FHA (k) + T Ek)B; + TuE(k) AT + TbBHS(k))
i=1
(-, G pa - 4GB - B At - B, B JewQ

+
i~}
— —
N
S
o]

B i - G JemB,Q - Z p(E+ BN, + Gt aliQ

. 8
i=1 i=1

<

P(AuHAiS(k) + AMEK)B; + ApER)T AN + AbB,Ha(k))Q
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- %V y P(FaHAiS(k) + THEW)B; + T, &R0 A + FbBZHS(k))Q.
i=1

Taking the matrix norm of both sides of the last equation yields:

r I _ _
&K + DIl < ZZ HZ _& 3 a (Naji — Gy )Ai — = 3 = (N, + Gpi)BY
=1

' 1B IE®I

%AIH + M(N/m‘ - Ga))

IOV PN -
Al'Ai ~ S BiB] H||8(k)||+2; .

8

+2Zr:
i=1

+ B0 LI A€ + ATEW B+ MER AT + ABIE)

i=1

i,  H2—H ‘ ‘
3 B; + 3 (Nai + Gai)

‘ AN ISR

+ BN g + Tem B + T8 M AF + TBIER)|. (80)
i=1

As aresult of the analysis, it can be concluded that the sequence {X(k)} converges provided that condition
(57) holds. O

Remark 4.2. If we set P = Q in Algorithm 2, the resulting algorithm provides the reflexive solution of matrix
equations (3), and it can be simplified as follows:

Algorithm 3. Choose an initial matrix X(1) € C**(P) and real parameters 1, ti», 7,7. For k = 1,2,...,
compute:
W,(k) = F; — A X(k) - X(k)"B;, i=1,2,...,r

7

X(k+1) = X(k) + % (AHWi(k) + BiWi(l)" + PAMW,(k)P + PBW (k)" P)

i=1

+ BN ((Noi = GudWilh) + (Nos + Gu) Wi + PNy = Gu)WiOP + PN + G )Wi0)''P)

8 .
i=1

+ 55 Y (AW + AW (R + PATWL(OP + P, (K)P)
i=1
+ BN (rowic) + Towio + PrEwioP + PawiofP). - 1)

i=1

Theorem 4.3. Given coupled Sylvester matrix equations (3) with a unique reflexive solution X* € C*"(P), the
iterative solution X(k) obtained from Algorithm 3 converges to X* when the inequality (57) holds for the parameters

U1, Ha, T and y.

Proof. The proof of this theorem follows a similar approach to Theorem 4.1 and is omitted for brevity. [J
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4.2. Generalized ant-reflexive solution

Using Lemma 3.4, we can derive the generalized anti-reflexive solution of system (3) by solving a set of
equations given by

A1 X+ XHBl =F,
A1PXQ + (PXQ)!"B; = -F;,

: (82)

A, X+ XHB, = -F,
A,PXQ + (PXQ)HB, = F,.

Following a similar approach as in the previous section, we can obtain equations as follows:

[ Mg+ A, '] —F1 = AiPX(K)Q - (PX(K)Q)"B,
Xs(k + 1) = X(k) + 1 P : : o,
L Mu,r + TAu _Fr - A,/PX(k)Q - (PX(k)Q)HBr

[ Ga1 +No1 +9T, 1'[ =F1 — AiPX(K)Q — (PX(K)Q)!'By

Xo(k + 1) = X(k) + poP" QY,

L Ga,r + Na,r + )/ra _Fr - AVPX(k)Q - (PX(k)Q)HB,

Xy(k + 1) = X(k) + w P [My1 + Ay, ..., My, + TA] [—F1 - A1(PX(k)Q) — (PX(k)Q)"By,

H

<o, =F = A(PX(HQ) - (PX(Q)'B,] Q"
and

Xg(k+1) = X(k) + ysz [Gb,l +Np1+ 79Iy, ... ,Gpr+ Ny + Vrb]

H
x [-F1 — A1 (PX(DQ) ~ (PX(K)Q)"By, ... , —F, — A,(PX(0)Q) — (PX(})Q)"B,]" Q.
Similar to Algorithm 2, the following iterative algorithm is determined to solve equations (3) over

generalized anti-reflexive matrices.

Algorithm 4. Choose an initial matrix X(1) € C**(P, Q) and real parameters y1, t, 7, 7. Fork = 1,2, ...,

compute:
W;(k) = F; — AiX(k) - X(k)'B;, i=1,2,...,r

7

X(k+1) = X(k) + % (AHW(k) + BiWi(k)" — PAMW(k)Q - PB;W,(k)"'Q)

i=1

+ EEL Y (N = Gu Wilh) + (N + o) Wil = PN = GudWi(RIQ — PN + G Wi(k)Q)
i=1

1T -
+ 55 ) (A + 8" - AW (DQ - PAW(Q)
i=1
+ S5 Y (T + LW - PIEW,(0Q - PLWi1Q) . (83)
i=1
Theorem 4.4. Given coupled Sylvester matrix equations (3) with a unique generalized ant-reflexive solution X* €

C>™(P, Q), the iterative solution X (k) obtained from Algorithm 4 converges to X* when inequality (57) holds for the
parameters (i1, iy, T and y.
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Proof. The proof of this theorem follows a similar approach to Theorem 4.1 and is omitted for brevity. [J

Remark 4.5. If we set P = Q in Algorithm 4, the resulting algorithm provides the ant-reflexive solution of matrix
equations (3), and it can be simplified as follows:

Algorithm 5. Choose an initial matrix X(1) € C;*"(P) and real parameters s, 2, 7,y. Fork = 1,2, ...,
compute:

W,(k) = F; — AiX(k) - X(k)"'B;, i=1,2,...,r. (84)

U
X(k +1) = X(k) + gl ; (AHWi(k) + BW,(0)" — PAMW,(k)P — PBW,(k)"'P)

+ 2 ; = Z ((Na,i — Ga)Wi(k) + (Np; + Gp)Wi()F = P(N,; — Gy i) Wi(k)P — P(Ny,; + Gb,i)‘l’i(k)Hp)
im1
+EE Y (AW + AW - PARW (P - PANi(k)P)

i=1
+ %y Y (THwi(k) + ToWi(k)!! - PTEW ()P - PT,Wi(k)"'P).  (85)
=1

Theorem 4.6. Given coupled Sylvester matrix equations (3) with a unique ant-reflexive solution X* € CI>"*(P), the
iterative solution X(k) obtained from Algorithm 5 converges to X* when the inequality (57) holds for the parameters
Ui, o, T and y.

Proof. The proof of this theorem follows a similar approach to Theorem 4.1 and is omitted for brevity. [

5. Numerical reports

In this section, we provide numerical experiments to demonstrate the effectiveness of our proposed
algorithms. The initial matrices are set to X(1) = O,, where O, denotes an n X n zero matrix. We consider
E(k) to be a zero matrix if ||[E(k)|| < €, where € is a small positive number. Additionally, we measure the
relative error using :

k=1,2,....

| X 1AX () + X(k)B; — Fill3
RESE:= Yo IFIR ’
=1 tllp

In addition, the matrices G, i, Gpi, Nai, Ny, i = 1,2, ..., v are selected according to the procedure described
in (21).

The numerical experiments were conducted using MATLAB (R2015a) software on a system with an
Intel (R) Pentium 29 (R) CPU N3700 and 4 GB of RAM.

Example 5.1. The system of matrix equations we are studying in this section is given by [18]

A1 X + XTBl =F,
A X + XTBZ =PI,

with the following parameters:

3 5 =2 14 4 -1
Aj=110 2 2 |, A=|-6 0 0 [,
-11 -6 18 16 4 8
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8 -6 3 -1 5 -4
Bi=|8 4 61|, B=|2 -5 -14 |,

4 9 4 -3 -5 8
13 24 45 12 61 123
Fy=| 110 108 139 |and F,=| -23 -58 -70 |.
120 56 18 39 106 70

The solution to the coupled matrix equations that satisfies the generalized reflexive property can be expressed in the
following manner:

2 3 6
X'=| -1 5 5 |eR¥>®PQ),
2 6 3
with
0 0 1 100
PzOlO]and Q:[OOl
100 010

We will use Algorithm 2 to solve this problem. In this algorithm, we set Ay = Ay =1, =T =L
The convergence curves for the iterative method (77) with different parameters are shown in Figures 1 and 2.
Based on the results presented in these figures, we can determine the optimal parameters as:

T=y=3, y1=10_3, y2:8x10_3.

Interestingly, we observe that for these parameters, increasing the number of iterations improves the accuracy of
solution.

Table 1 displays the solution obtained after each iteration, and the final solution achieved after 130 iterations is
given below:

2.000000000000001  3.000000000000000 5.999999999999999
X(130) = |—1.000000000000002 4.999999999999997 4.999999999999997 |,
2.000000000000001  5.999999999999999  3.000000000000000

such that

2.000000000000001  3.000000000000000  5.999999999999999
PX(130)Q = [—1.000000000000002 4.999999999999997 4.999999999999997 | = X(130),

2.000000000000001  5.999999999999999  3.000000000000000

and RES(130) = 2.8684 X 1071°. The results obtained from our study demonstrate that the algorithms utilized provide
efficient and reliable approaches for computing the solutions to linear matrix equations (3) with generalized reflexive
properties.

Example 5.2. Consider the system of matrix equations

A1 X + XHB1 =F,
A X + XHB2 =5,

with the following matrices:

-44+2i -6-4i -6+2i -6-5i 5-1i 1+8i
14+4i 4+6i 1+3i 13-3i 1+3i 8-4i
-2+3i -3-2i -3+6i 21 6 4-2i

7 -3+i 9+9i -4-7i -8-5i 2+3i |’
-5-2i 7+4i -1+48i -12-5i 4-5i 4-i
2+i -1-6i 121 -44+61i —-4+51i 2+i

Aq
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3+7i 1421 -5+31i -2+7i —i 2+3i
3i 4+3i 4-4i -2+91i 3-8i -13+2i
Ay = 3+i -6-7i -3+2i 4+5i 3-6i -5-8i
2= 6 51 -2—-4i -4+i -5-61i -6-9i |’
-7+2i -54+4i -2+5i 6+3i 13-2i 1-1i
-1+4i 4-7i 1+2i 6+2i 6-61 6+4i
[ 7 —131 -2i —-6-4i -1+4i 1491 7-3i
-2-81i 3+4i 3+2i -2+5i 4+8i 4-2i
B = -7+41 6+8i 2+2i —-4-4i 1-2i 9-4i
=1 1+4i 6+6i -11 -1+12i -1+i 2+3i |’
-4+61 7-71 7-1i 13 +i 4i —4-9i
| 2-4i 9+i -3-2i -2+6i 3-61i 2+2i
[ 5-2i 3-3i -6-i -2+7i -3+2i 7-4i
-1-71i 14-i 3+8i 10+2i -1+i 6+2i
B, = 2-71 6+7i 3-4i1 2-2i 3-2i 4+9i
27| —2+5i 6-i -3+3i -2-61i —-4+i -5-3i |
-2+1 3 4—1i 2 1+i 7+ 81
| 24+3i 7-6i 543i -6+3i -7+3i 0
0 -5+ 10i 0 -1-5i1 0 0
-9 24 + 81 -1 -1+11i 4-8i 11-2i
F = 0 1+4i 0 3-2i 0 0
= —6=2i 21+9i 10+i 2i 4+12i -11i |’
0 3+71 0 11 -1 0 0
0 2+13i 0 -5-i 0 0
and
0 -3+6i 0 1+1 0 0
4-4i 4-1 8—1i 3—-4i —-4+i 4+9i
F = 0 -8-61 0 -3-13i 0 0
27 —3-61 9-14i 7+7i 7+1 2i 13+ 101
0 -1+4i 0 8—i 0 0
0 7+61 0 10— 13i 0 0
The generalized anti-reflexive solution for this problem can be expressed as follows:
0 000 O0°O
0 001 00O
. 01 0000 66
X=100000 0|REQ,
0 001 00O
01 0000
with
1 00 0 00O 0O 01 0 0O
0 01 00O 0O 0 0 -1 0O
0 00 01O 1 0 0 0 0 O
P=looo0100|™QR=|0 10 0 00
0 00 0 01 0O 0 0 0 1 0
01 00 0O 0O 0 0 0 01

9423

To solve this problem, we will utilize Algorithms 1, 4, and the gradient iterative algorithm (GI) as described in (56)
(refer to [42]). In the Algorithms 1 and 4, we set A, = Ay = I’y = I'y, = 1. Moreover the optimal parameters for these
algorithms have been determined through experimental analysis and are presented below:
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e For Gl method, 1 = 8.4x 1073,

e For Algorithm 1,1 =5, y =25, 1 = g = 8x 1073,

e For Algorithm4,t=0, y =1, 1 =103 and up =4 x 1073,

After 200 iterations, we obtained the following results for Algorithms 1, 4 and GI method:

e For GI method: we obtain || X* — X(200)|, = 3.5715 x 107%.

e For Algorithms 1: we obtain || X* — X(200)|l, = 9.8080 x 107°.

e For Algorithms 4: we obtain || X* — X(200)|], = 7.1612 x 10~ and

The above results clearly show that Algorithm 4 has been able to approximate the generalized anti-reflexive solution
of matrix equations (3) with high accuracy. Also the convergence curves for the mentioned iterative methods with
optimal parameters can be seen in Figure 3. From the obtained results, it is evident that the new algorithms are

1X(200) + PX(200)Qll» = 9.0288 x 1074

effective for computing the approximate solution of linear matrix equations (3).

Example 5.3. Consider complex matrix equation AX + X"B = F with full matrices

[ 0.6131
0.3942
0.7456
0.1140
0.2353
0.9717
0.2326
0.6295
0.8265

| 0.3634

[ 0.3568
0.4413
0.1926
0.5048
0.4123
0.8234
0.6676
0.5859
0.4153

| 0.8056

+i

0.8473
0.6478
0.4458
0.4232
0.4334
0.6235
0.1909
0.8275
0.7521
0.9164

0.6470
0.8922
0.3257
0.3553
0.3886
0.9436
0.9677
0.2253
0.7224
0.7515

[ 20.5819  0.6225
0.4078 20.9269
0.6676  0.2811
0.0419 0.7268
0.1354  0.4253
0.0673  0.7526
0.7068  0.2701
0.9337  0.5670
0.6415  0.8565
0.0873  0.0900

0.2959
0.5305
0.2843
0.5516
0.7044
0.2554
0.4913
0.6904
0.6249
0.1316

0.2634
0.8522
0.6759
0.6082
0.7170
0.9265
0.4373
0.1143
0.3837
0.5754

0.0378
0.5325
21.0757
0.4211
0.9918
0.6673
0.8899
0.3570
0.0977
0.7263

0.6509
0.3530
0.3944
0.8707
0.9824
0.3713
0.7410
0.8247
0.0962
0.3789

0.9521
0.5248
0.5855
0.9870
0.9371
0.3459
0.1711
0.3462
0.1402
0.7516

0.9454
0.0443
0.6038

20.1158

0.7724
0.3517
0.5803
0.1843
0.2513
0.3664

0.2356
0.4784
0.0438
0.3489
0.2325
0.8292
0.7807
0.5668
0.6033
0.5338

0.4893
0.9394
0.3990
0.7646
0.5987
0.8117
0.5403
0.6682
0.2151
0.4350

0.1020
0.1267
0.1613
0.9749
20.4130
0.0587
0.5727
0.5094
0.2559
0.1212

0.6432
0.6912
0.4308
0.4579
0.7228
0.3848
0.4794
0.1442
0.3725
0.0589

0.8238 0.7189
0.3946 0.6562
0.3146 0.7015
0.3654 0.0349
0.1208 0.0902
0.8025 0.2854
0.3118 0.5744
0.0367 0.9581
0.2155 0.8935
0.6653 0.2497

0.8390
0.5751
0.9635
0.6093
0.9329
21.2604
0.0655
0.4608
0.4793
0.6901

0.6293
0.8806
0.1943
0.1387
0.9972
0.7507
0.0374
0.1316
0.7198
0.6721

0.4574
0.9508
0.9825
0.9241
0.0970
0.1445
21.3558
0.6794
0.5453
0.3937

0.3993
0.9087
0.9715
0.4346
0.3735
0.4350
0.1989
0.7997
0.8524
0.5005

0.7653
0.6699
0.8561
0.2680
0.2423
0.5299
0.2756
0.7315
0.7004
0.7074

0.8020
0.8459
0.3289
0.2335
0.8366
0.9229
0.6689
21.2115
0.9653
0.1833

0.1779
0.8787
0.3739
0.4680
0.6448
0.4229
0.3645
0.5318
0.1920
0.5004

0.8854
0.7116
0.4686
0.0659
0.0704
0.7353
0.6845
0.5405
0.0277
0.0748

9424

0.2723 1
0.0472
0.7673
0.9173
0.0053
0.3609
0.2590
0.7539
0.1377
0.2085 |

0.1352
0.8109
0.3071
0.8459
0.4265
0.2734 |’
0.1982
0.5196
0.9618
0.8542 |

0.1840 0.8214 ]
0.6778  0.2392
0.7972  0.7159
0.3658  0.0973
0.9296  0.6283
0.4875  0.2865
0.2810  0.6470
0.8227  0.2556
21.0154 0.6173
0.4632 21.1009 |
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[ 0.8184 0.6171 0.5050 0.6428 0.7586 0.3889 0.8986 0.0243 0.2773 0.9953 ]
0.9301 0.6878 0.8816 0.3380 0.0621 0.0128 0.9476 0.9767 0.6544 0.3477
0.0834 0.9042 09108 0.9301 0.2808 0.1352 0.3014 0.1753 0.5523 0.5704
0.5812 0.0100 0.1737 0.7091 0.5614 0.8175 0.8519 0.2409 0.3022 0.3658
0.6080 0.9309 0.2582 0.6126 0.8900 0.7595 0.9293 0.8054 0.0470 0.9245
0.6197 0.4284 0.6775 0.3930 0.8893 0.5638 0.2082 0.0226 0.6778 0.7640 |’
0.9067 0.0377 0.1329 0.7449 0.5160 0.4195 0.7897 0.3111 0.3210 0.4391
0.9357 0.5332 0.6655 0.7413 0.5711 0.3828 0.9329 0.6841 0.9267 0.7210
0.1299 0.3483 0.9487 0.1122 0.3621 0.5298 0.8866 0.5398 0.0785 0.2999

| 0.8795 0.7002 0.8913 0.2815 0.2540 0.7200 0.6258 0.1757 0.4425 0.6240 |

+i

and

[ 0.5221 0.2033 0.5592 0.2201 0.6078 0.6520 0.8380 0.1276 0.2296 0.3966 ]
0.8317 0.6864 0.7144 0.6059 0.6259 0.4903 0.9974 0.1558 0.7329 0.1167
0.5317 0.6293 0.0189 0.8091 0.6988 0.7587 0.0179 0.6091 0.8682 0.8325
0.7645 0.4162 0.5598 0.7006 0.7275 0.4748 0.4374 0.8568 0.9860 0.0245
0.2291 0.4993 09951 0.6629 0.0754 0.5650 0.6868 0.7530 0.7761 0.1673
0.0572 0.1156 0.4693 0.2150 0.3528 0.0734 0.5885 0.8216 0.0460 0.4064
0.1870 0.8088 0.7003 0.5908 0.2469 0.9095 0.1579 0.3178 0.3449 0.7072
0.5438 0.4490 0.8813 0.8698 0.1582 0.0378 0.3157 0.2062 0.8334 0.7675
09127 0.5398 0.6453 0.4095 0.6658 0.6173 0.6110 0.2813 0.6373 0.2179

| 04281 0.9437 0.0904 0.3394 0.2769 0.5433 0.1073 0.5529 0.7768 0.3949 |

;

By using Lemma 3.1, the solution of the above system of matrix equations can be given:

[ Col[X] ]_[[ ( I8 A (BT®I%P10

H
I®A (B"®1) Py
CollX] |~ || (B"&1)Py I® ( A

BH®I)P10 I®

X[ : I®A (BT ®1)P1o ]H[ Col[F] ]

B ®1) Pyg I®A Col[F]
Hence
[ 0.0197 0.0327  0.0203 0.0300 0.0022 -0.0041 0.0037 0.0202 0.0369 0.0155 1
0.0027 0.0233 0.0218 0.0111 0.0139 -0.0007 0.0321 0.0134 0.0164 0.0379
0.0185 0.0251 -0.0090 0.0175 0.0400 0.0151 0.0250 0.0334 0.0229 -0.0025
0.0027 0.0190 0.0322 0.0261 0.0243 0.0037 0.0225 0.0343 0.0101 0.0105
X = 0.0245 0.0222 0.0274 0.0281 —0.0058 0.0124 0.0070 —0.0000 0.0261 0.0087

0.0260 0.0156  0.0280 0.0147 0.0203 -0.0003 0.0373 -0.0060 0.0212 0.0205
0.0322 0.0372 -0.0090 0.0094 0.0215 0.0215 -0.0018 0.0034 0.0200 -0.0027
-0.0011 -0.0022 0.0196 0.0302 0.0274 0.0350  0.0077  0.0008 0.0045 0.0190
0.0041 0.0265 0.0337 0.0394 0.0284 -0.0053 0.0090 0.0323 0.0216 0.0307
| 0.0114 -0.0042 0.0320 -0.0077 0.0005 0.0141 0.0283 0.0283 0.0015 0.0125 |

[ 0.0088 0.0107 0.0098 0.0090 0.0076 0.0087 0.0088 0.0086 0.0093 0.0089 ]
0.0100 0.0114 0.0095 0.0091 0.0083 0.0099 0.0103 0.0097 0.0094 0.0090
0.0096 0.0112 0.0095 0.0106 0.0098 0.0088 0.0099 0.0101 0.0088 0.0111
0.0114 0.0126 0.0092 0.0101 0.0100 0.0111 0.0093 0.0102 0.0089 0.0083
0.0107 0.0115 0.0108 0.0095 0.0080 0.0087 0.0080 0.0076 0.0095 0.0083
0.0051 0.0065 0.0077 0.0059 0.0048 0.0040 0.0043 0.0066 0.0065 0.0050
0.0086 0.0120 0.0104 0.0116 0.0089 0.0086 0.0079 0.0081 0.0098 0.0107
0.0056 0.0083 0.0068 0.0080 0.0069 0.0066 0.0057 0.0057 0.0059 0.0076
0.0074 0.0086 0.0071 0.0071 0.0077 0.0091 0.0086 0.0071 0.0065 0.0078

| 0.0095 0.0105 0.0086 0.0088 0.0069 0.0084 0.0085 0.0075 0.0091 0.0082 ]

+i
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Algorithm 1 can be applied to solve this problem by setting the parameters A,, Ay, I, and T, to be equal to the
identity matrix I. The residual RES(k) as a function of the iteration number is shown in Figure 4 for t =y = 8.
Additionally, Figure 5 illustrates the variation of the residual RES(k) with respect to the iteration number for specific
values of p1 = 1073 and pp = 4 X 1073, Notably, Figure 5 (bottom) demonstrates that when y = 8, the parameter T
has no discernible effect on the convergence speed. Hence, to minimize computational requirements, it is advisable to

select T = 0.
Therefore based on the results depicted in the figures, we have determined the optimal parameters as follows:

1=0,y=8 u =107, uyp =4x107.

Notably, it is intriguing to observe that as the number of iterations increases, the accuracy improves.
It can be seen that for method in [7]; the optimum parameters are

T=y=8 wm=wp=71x10"%

The residual RES(k) as a function of the iteration number is shown in Figure 6 for method in [7] and method (55) by
optimum parameters T =0, y =8, p1 = 1073, pp = 4 x 1073, This figure shows that method (55) is much faster
than method in [7]. The obtained numerical results demonstrate the effectiveness and reliability of new algorithms in
computing the approximate solution of linear matrix equations (3). These algorithms offer efficient and dependable
methods for obtaining these solutions.

Example 5.4. Let us consider the coefficient matrices with dimensions of 100 X 100 as given below:
Ay = rand(100), A; = rand(100),

By = diag(40 + diag(rand(100))) + rand(100), B, = diag(40 + diag(rand(100))) + rand(100),

where rand(.) and diag(.) are functions in MATLAB. Also consider two cases for right-hand side matrices F1 and F.
Case I: Let

F1=A1X1 +X|B1, Fa=AXi+X]B,,

where X, represents a 100 X 100 matrix, and all its elements are set to 1.
Case II: Let

F1=A1Xo + X3B1, Fa=AXo+X1By,

where X5 = (x; j) with

1
i i = . 7 ‘/ i = 1/ 2/ ey 1 7
X sin(x;) + cos(y;) +2.1 ] 00 (86)

and x; = —6 + % and y; = —6 + %, i,j=1,2,..,100.

To solve this problem, Algorithm 1 is applied with the following settings:
N=7N=T,=Tp =1L

The optimal parameters for this method have been determined through experimental analysis. The convergence curve
of the iterative method with various parameters is depicted in Figure 7, which helps identify the optimal parameters
as follows:

1=0,y=30, u1 =0, yp =2x107%,

for iterative method (55) and
T=y=30, u1 = =1x107%

for method in [7].
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Table 2 provides the values of the error RES(.) and the corresponding execution times for different numbers of
iterations 50, 100, 150 and 200. It can be observed that the error RES(.) decreases with the increase in iterations,
although the running time also increases. This table shows that method (55) is much faster than method in [7].

Figure 8 displays the exact solution as well as several approximations of the exact solution X, achieved through
different iterations of Algorithm 1 with parameters T = 0, y = 30, 1 = 0, and pp = 2 X 1074, By examining the
figure, it becomes evident that increasing the number of iterations in this algorithm results in a closer approximation
to the exact solution. Notably, for k=50 iterations, the approximate solution closely matches the exact solution.
Our findings demonstrate that the algorithms utilized in this study provide efficient and dependable approaches for
computing the approximate solutions of linear matrix equations (3).

5.1. An application to the palindromic eigenvalue problem

The content of this section is taken from reference [26]. Interested readers can see this reference for more
details. Consider the palindromic eigenvalue problem expressed as

Ax = AAHx,

where A € C™". In [26], a method is presented to address this problem by first reducing matrix A to an
anti-Hessenberg-triangular form. Subsequently, an anti-Hessenberg-triangular matrix, which may not be
in its unreduced state, can be deflated to obtain unreduced eigenvalue problems of smaller dimensions. In
[26], it is demonstrated that any matrix in anti-Hessenberg form can be transformed to an anti-Hessenberg-
triangular form using a unitary transformation.

This transformation can be easily achieved when a,,_,, = 0 for somep =1,...,n — \_”%J — 1. In such cases,
matrix A can be partitioned as:

p n-=2p p
p Az
A=n- Zp Azz A23 .
p Az An Az

Consequently, the eigenvalues of (A, A™) can be obtained from the generalized eigenvalue problem (A3, A%)
and the palindromic eigenvalue problem (A, A?z). Let us consider the transformation of matrix A as [26]:

p m p

p A1z
A=m Azz A23 .

p |Ann An Ass

It is important to note that m = 1 if n is even and m = 0 otherwise. However, the discussion below applies
to general cases of m. Exchanging the bulges consists of finding a unitary matrix Q such that [26]:

p m-p
) p A
A=Q"AQ=m|  An Ay,
p A A Ass

where A(A31,A11’I3) = A(A13, AE). Note that if Y, Z satisfy the conditions [26]:

{A31Y +ZHAy = —Axp, (87)

H HAH — _AH
ARY +Z7 A, = -Ag,
and X € CP7 solves the equation:

AnX + XHA;; =F (88)
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where
F=- (A33 + AZ + ZHA23 + ZHA2zz) ,

then the following transformation can be employed to get[26]:

xXH zH 7T Az X Y I Az
I Az Az Az || 1 Az

To achieve a unitary transformation, let us consider the QR factorization [26]:

X Y I Ri1 Riz Ry
zZ 1 =Q Ry Ry |,
1 Rs3

where R;;, i = 1,2,3 are non-singular since the left-hand matrix is. Thus,

) A Ri{' ARy
A=Q" An Axp |Q= Ry AnRy, An p
Azt An Ass R;'AR;] Az Az

which accomplishes the desired exchange. Equations (87) and (88) correspond to the linear matrix equa-
tions that arise in the context of the palindromic eigenvalue problem discussed here. These equations
demonstrate the practical application and relevance of the issues explored and analyzed in this paper. For
a comprehensive understanding and further information, refer to [26].

6. Conclusions

In this paper, we considered the problem of computing the generalized reflexive and anti-reflexive
solutions of a coupled Sylvester-conjugate transpose matrix equations by introducing new splittings of
the coefficient matrices and utilizing the hierarchical identification principle. We presented some iterative
algorithms, namely Algorithms 1, 2, 3, 4, and 5, to solve this problem. Convergence analysis was per-
formed to show that the algorithms converge to the desired solutions under certain conditions. We also
provided numerical examples to demonstrate the effectiveness of the proposed algorithms. Our results
showed that new algorithms offer efficient and reliable methods for computing the generalized reflexive
and anti-reflexive solutions of linear matrix equations (3), which have various applications in fields such as
engineering and science.
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Table 1: The numerical solution versus iterations number for Example 5.1.

Iteration(= k) X11 Y12 X13 Xa1 X22 X3 X31 X3 X33
1 5.9524 5.5750 7.9749 -0.8751 4.4313 44313 5.9524 7.9749 5.5750
2 0.3577 0.8639 4.5828 -1.9008 3.1864 3.1864 0.3577  4.5828 0.8639
3 3.7693 4.6230 6.7616 -1.0354 4.5081 4.5081 3.7693 6.7616 4.6230
38 2.0000 3.0000 6.0000 -1.0000 4.9999 4.9999 2.0000 6.0000 3.0000
39 2.0000 3.0000 6.0000 -1.0000 4.9999 4.9999 2.0000 6.0000 3.0000
40 2.0000 3.0000 6.0000 -1.0000 5.0000 5.0000 2.0000 6.0000 3.0000
Exact solution 2 3 6 -1 5 5 2 6 3

Table 2: The error RES(k) and running time (in seconds) versus iterations number for Example 5.4.

k(Iteration) | 50 100 150 200
T=y=30, p =z =1x107* RES(k) 12070x 10*  1.7334x10°  53809x10°  1.3606x 107°
CPU Time (s) 1.340353 2499115 3.783740 5.000741
7=0,y=30, uy =0, gy =2x107* RES(k) 74864x 107  1.4491x101°  25430x 10"  6.4201x 10717
CPU Time (s) 1.082153 1.100686 2.139891 3.226895
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Figure 1: Example 5.1; The convergence curves for iterative method (77) by 7 = y = 3.
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Figure 2: Example 5.1; The convergence curves for iterative method (77) by p3 = 1073, up =8 x 1073,
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Figure 3: Example 5.2; The convergence curves for Algorithms 1, 4 and GI method with optimal parameters.
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Figure 4: Example 5.3; The convergence curves for iterative method (55) by 7 = y = 8.
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Figure 5: Example 5.3; The convergence curves for iterative method (55) by p3 = 1073, up =4x 1073,
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Figure 6: Example 5.3; The convergence curves for iterative method (55) (when 7 =0, y =8, p1 = 1073, p = 4x1073) and method in
[7l(wWhenT =y =8, uyy = =71x 1074).
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Figure 7: Example 5.4; The convergence curves for the iterative method (55) (whent =0, y =30, y1 =0, pp =2 X 10~*) and method
in[7](wWhent=y=30, yy = =1x 1074).
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Figure 8: Example 5.4; Approximations of the exact solution X in different iterations by T =0, y =30, p; =0, up =2x 1074,



