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Abstract. In this paper, an accelerated gradient based iterative algorithm for solving systems
of coupled generalized Sylvester-transpose matrix equations is proposed. The convergence
analysis of the algorithm is investigated. We show that the proposed algorithm converges to
the exact solution for any initial value under certain assumptions. Finally, some numerical
examples are given to demonstrate the behavior of the proposed method and to support the
theoretical results of this paper.
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1. Introduction

In this paper, we consider the system of coupled generalized Sylvester-transpose matrix
equations

n
ZAiniBij + CiniTDij =F j=1...,n, (1)

=1
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where A;j, Bij, Cij, Dij, F; € R™"™ are given matrices and X; € R™™" are the unknown
matrices.

Numerical methods for solving matrix equations become interesting as soon as they
play an important role in several areas such as control theory, stability theory, perturba-
tion analysis and some other fields of applied and pure mathematics. In the matrix algebra
field, matrix equations have attracted much attention from many researchers. Ding et
al. [6] derived iterative solutions of the Sylvester matrix equation AXB + CXD = F
and linear matrix equation AXB = F the. In [7], Huang et al. proposed an iterative
method for solving the linear matrix equation AXB = F over a skew-symmetric ma-
trix. The least squares gradient based iterative algorithm and gradient based iterative
algorithm for solving (coupled) matrix equations is a novel and efficient numerical algo-
rithms were presented in Ding and Chen [3-5]. Also, Niu et al. [8] proposed a relaxed
gradient based iterative algorithm for solving Sylvester equations AX + XB = C. The
numerical experiments show that the convergence behavior of Niu et al. algorithm is
better than Ding algorithm [2]. Moreover, Wang et al. [10] proposed a modified gradient
based algorithm for solving the Sylvester equation AX + X B = C. Recently, by applying
the hierarchical identification principle, an iterative algorithm was constructed in [12]
for solving extended Sylvester-conjugate matrix equations. Ramadan et al. [9] proposed
a relaxed gradient based iterative algorithm for solving extended Sylvester-conjugate
matrix equations AXB + CXD = F. Wu et al. [13] considered the matrix equation
X — AXB = C which includes the Yakubovich-conjugate, Sylvester-conjugate matrix
equations as special cases. Then, Wu et al. [11] proposed a finite iterative algorithm to
solve more general complex matrix equations. In [14], Xie et al. presented an accelerated
gradient based algorithm for solving the generalized Sylvester-transpose matrix equation
AXB+CXTD = F. In [1], Bayoumi and Ramadan presented an accelerated gradient
based iterative algorithm for solving extended Sylvester-conjugate matrix equations.

2. Preliminaries

The following notations and lemma will be used to develop the proposed work. We use
AT and tr(A) to denote the transpose and the trace of A, respectively. We denote the
set of all m x n real matrices by R"*". The Frobenius norm of the matrix is denoted by
|A||2 = tr(AT A).

Lemma 2.1 [6] For matrix equation AXB = F, if is a full column-rank matrix and is
a full row-rank matrix, then the iterative solution X (k) given by the following gradient
based iterative algorithm converges to the exact solution X (i.e., limg oo X(k) = X)
for any il;itial value X (0): X(k) = X(k — 1) + pAT[F — AX(k — 1)B]|BT for 0 < pu <

Amaz|AT A]Amax BT B]*

3. The accelerated iterative algorithm for solving the matrix (1)

The basic idea is to regard (1) as two subsystems, and based on the least-squares
optimization, the parameters of each subsystem are identified, respectively. In this way,
we attain the iterative method. The details are shown as follows. Define the two matrices

n n n n
My =F;— Y ApXgBrj— > CijXiDijy Nij=F;j =Y A XyBij— Y CijX{ Dy
k=1,k#i k=1 k=1 k=1,k#i
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From (1), we get two fictitious subsystems

n
. . . 1
Now, for the two subsystems (2) we consider merit functions L = 5 kzl | Agj X Brj —

n
My;||* and LY = 3 > |ICkj Xk Dy; — Nij||>. We use the following properties of the matrix
k=1
trace tr(AXB) = tr(BAX) = tr(XBA) and dtrfi’ix) = dtr(ﬁ;AT) = AT, Now, in order
to identify the gradient, we have
SLUX) 16 X
(;Xi = irXiHAiniBz‘j — M;;|*s L] 3X,
2 dX
_ }dtr[(B?}X?Az} — ML)(Ai; XiBij — Mj;)]
2 dX
_ L dtr[BEXT AL Ay X By — BEXT AT M — MEAGXBi; + MEMy]
2 dX
2 dX dX
_ ldtT[XZTAUAUXszng] _ dtT[BZZ;XZTAz;M”]
2 dX dX

1
= i(Az;A”XZB”BZ; + AZ]A”XZB”BZ;) — AZMZJBZZ;

= A};(Ai; X;B;j — M;;)BL AL (Aij X Bi;) B

and
oL (X 1 6 oL (X
) _1 1C: X7 Dij — Nij|1? )
0X; 2 (6X5) 6X;
_ 1(dtr((Ci; X" Dij — Nij)" (Ci; X[ Dij — Nij)])
2 dX
2 dX
2 dX
_ ldtT[Dg;XngCUX?DU} _ dt’l"[Dg;Xng;Nij]
2 dX dX
_ ldtr[CgCinfDijDiTin} _ dt’l“[CE;NZJD;J;Xz]
2 dX dX
1
= 5 (D D XiC;Cij + DiyDi; XiCiiCi5) — DijNi; Cij = Dij(Ciy X[ Dij — Nig) " Cyg

= (DyD};XiC};Cij) — DijNi;Cij; = Dyj(Ci; X Dij — Nig) T Ci

Now, we are in the position to present the accelerated gradient based iterative algorithm
for solving systems of coupled generalized Sylvester-transpose matrix equations (1).
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Algorithm 3.1
Step 1. Input matrices A;j, Bij, Cij, Dij, F1; € R™"™ and given any small pos-
itive numbers ¢; and w;. Choose initial matrices X/(0) and X/(0). Compute
Xi(0) = (1 —w;)X[(0) + w; X/'(0). Set k:=1.
n
Step 2. if 5kj :H ZAZ]XZ(]{Z - 1)Bij + CUX;T(]{Z - 1)Dij - Fj || / H Fj H< €5, StOp;
i=1

otherwise go to step 3.
Step3. Update the sequence

3

Step 4. Compute X;(k —1) = (1 —w) X! (k) + w X' (k — 1).
Step 5. Update the sequence

XZN(/{J) = Xz(k‘ — 1) + (1 — wi)Ti Z Dij(Fj — AUXZ(/{ — 1)Bij + CUX;T(]C — I)Dij)TCij
j=1

Step 6. Compute X;(k) = (1 — w;) X/ (k) + w; X/ (k).

Step 7. Set k := k + 1 and return to step 2.

Step 8. End.

w; are relaxation parameters satisfying 0 < w; < 1, where they control the relative
importance of two residual matrices and 7; are the convergence factors.

4. convergence analysis
In this subsection, the theorem is stated and proved to investigate the convergence prop-
erties of the proposed algorithm.

Theorem 4.1 If the system of matrix equation (1) is consistent and has a unique
solutions X and

2 2
0<7m< mm{ , } (3)
Z wi Y25y [ As Pl Big1? " (1 = wi) 25 |Gl Dig |2

then the iterative sequence {X;(k)} generated by our algorithm converges to X that is
limy_, oo Xi(k) = X/ ;or the error X;(k) = X;(k) = X} converges to zero for any initial
matrices X;(0) .

Proof. First, we define the estimation error matrices as
Xi(k) = Xi(k) = X7, XI(b) = Xj(k) = X[,
X1 (k) = X[ (k) — X7, X = Xi(k) — X;
for k=1,2,--- and

n

Ez(k) = ZAngz(k - 1 iy z Z zga

Jj=1
0i(k) = ZAU)%(IC —1)B;j, Gk Z 1)D;;

j=1 =1
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for i =1,2,---. Using the above error matrices (4), (5), our algorithm and the matrix

equation (1), 1t is easy to get

X! = Xi(k—1) +meA ZAUX Bij +Ci; X;TDyj — A X;(k — 1)By;
Jj=1

— Ci X (k — 1)Dij)BiTj

=Xi(k—1) +wr ZAi(_Q(k) — ni(k))B;.

Similarly to the above, we can write

XY= Xtk = 1)+ (1= i) > Diy(—=0i(k) = Gi(k))Coy
j=1

Now, by taking the frobenius norm of both sides of (6) and (7), it follows that

X1k = tr(X (k)X (R))

— | Xk — )2 - QwiTitr(BTXiT(k)AT(ei(k)
2

ni(k))Bij)| ]

+ni(k)) + wir?

= || X;(k - 1)|* - 2%‘%‘””(6- (k)(ei(k) +mni(k))

+wiT; ZIIAuII 1B [lei (k) + i (K)[|?)

Jj=1

< 1Xi(k = DI? = 2wimi — wi 2 Y 1A 121 Bi P llea (k) + ni(k)|1?

j=1

Similarly,

X7 (k)2 = (X () X7 ()
= ||)é<k — DI = 2(1 — wi)r tr(Ciy XTI (k — 1) D (3:(k) + Go(R))”
+ (1 —w)*7?| ZDij(_§i(k) — Gi(k)Ci; |17
— ([ Xk = 1)1 = 201 — wi)7s (G (k) (5:(k) + Gi(k))T
+ (1= w2721 Dy (=6:(k) — Ci(k)Cis ]
j=1

< IXalk = DI? - 21— wi)ri — (1 - w)? 2ZHCHII 1D 1*1116: (k) + G (k)|

Jj=1
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According to X;(k) = (1 — wi)Xil(k) + wiXi”(k), we have
K (R = (1 = wi) X, (k) + i X" (k)2

< (1= w21 X (R + w2 X" (k)2

< (1= w)?|1Xilk = DIP = (1 = wi)*2wirs — wir] Z 1Az 121 B2 1]l ei (k) + m: (k)|

+ WXk — DI - P21 - wi)i — (1 - w)? 2ZH%II 1D 1%]116: (k) + G ()

j=1

<Xk = 1)) + wF | Xa(k - 1))

— (1= wi)?[2wims — wir? Z 1A 1121 Bi 12 lei (k) + ma (k) |2
j=1

— W21 —wi)ms — (L= wi)*r Y IO 1P ID ) 18:(k) + Gi(k)|?
j=1
Foox
<X (O))” + Z 1Xi(k — 5)]”
— (1= wi)?[2wm; — Z”AU” HBUH Z”Q ) +ni(s)|?

n k
— Wi 21 —wi)mi = (1= wi)?12 Y||35 Dig 11?) ZI|5 )+ G(s)|?
=1 s=1

Thus, Z | Xi(k — s)||> < co. For the necessary condition of the series convergence, we

have lim X (k) = 0 when the convergence factor 7; satisfies 0 < 7; < —5—2
k=00 w; Zl||Az‘.7’||2||Bin2
=

2
(1-wi) -21 Cis 11211 Dis 117
=

0<Ti<min{ - 2 , 2 }
Wi '21 1A I211 B2 (1=ws) 22 11C5 1211 Dy ||
i= =

and 0 < 7; < . Namely,

‘We have

5 aom)I? <o . 3 8667 < .

It follows from the convergence of the series that khm Z llei(s) + mi(s)||*> = 0 and

—}OOS

hm Z 16:(s) + ¢i(s)||?> = 0. This implies that klim €;(k) +ni(k) = 0 and klim 0i(k) +
— 00 — 00

k—o00 s=
Cz(k) = 0, i.e., Z AZ]XZ(k — 1)Bij + CZ]XZT(k’ — 1)Dij — 0, which give Xz(k) — 0 as
i=1
k — oo and we get klim Xi(k) = X. This completes the proof of the theorem.
—00
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5. Numerical examples

In this section, we present two numerical examples to demonstrate the efficiency of our
proposed iterative methods.

Example 5.1 In this example, we consider systems of coupled generalized Sylvester-
transpose matrix equations of two unknowns in the following form

{AnXlBu + Ay XoBoy + Ci XTI Dyy + Cn XTI Doy = Fy -

A12X1B12 + A2 X2 Bos + C19X{ D1g + Co2 XTI Doy = Fy

Given

(2.5 —4 10 23 4 1 10 0 2
Co = |75 0} , Doy = {3 _1} s A1z = [1 2} » Bia = [0.5 —2} » A22 = [3 1} B = {2 _2}

[12 0 —2 123 1-3 ~26 35 19 —29
Crz = 20] »Diz = [1 1] » Oz = [1 2} » D2z = [2 1] 1= [21 25} 2 = [3 11]

This system of matrix equation has unique solution X; = _11 (2)] and Xy = (2) _32
We apply Algorithm 3.1 to solve generalized Sylvester matrix equation (8). When the
00
00
Sylvester matrix equation (8) is convergent for 0 < 73 < 0.0082 and 0 < 75 < 0.0092.
While, the relaxation parameters w is chosen as w = 0.5. We can see in Fig.1 that for
710.0082 and 75 = 0.0092, then the iteration stops at k = 79. Define the relative iterative
error as

initial matrices are chosen as X; = X9 = . According theorem 3.1 the generalized

_ X (R) = X0 |2+ X (k) = Xa |12
Fk) = \/ X[+ X112

From Fig.1, it is clear that the error f(k)is becoming smaller and approaches zero as
iteration number k increases. This indicates that the proposed algorithm is effective and
convergent.

0.7

x_x_[®©
0.6 T2 7o of
05

0.4

fk)

0.3

0.2

01

° s L i .
o 10 20 30 40 50 60 70 80

Figure 1. the convergence performance of Algorithm 3.1
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Table 1. The convergence factors 7, and 75 versus the relaxation parameters w and the number of

iteration k.

convergence factor p

the relaxation parameter w

the number of iterations k

71 = .0082, 72 = .0092

5

79

Example 5.2 In this example, we illustrate our theoretical results of Algorithm 3.1
for solving system of coupled generalized Sylvester-transpose matrix equations of two
unknowns in the form (8) Given

~12-3 41 0-1-14 -2
231 —14 13 2 1 1
Ay=1421 —20|,Bn=13-21 -4 2
13-212 02 —-41 3
13-214 1-3-20 4

23 -12 1 1-212 0
1-23 -1 3 331-21
By=13-2-11 0]|,Ch=14120 -2,
24 1 3 -1 2104 3

1-14 1 1 1-204 3

241 —-13 1 -2 2 3 —1]
200 1 2 3 -1-11 2
Cor=|-132 12|, Dyy=|1-1-34 0],
1 4-2-11 -3 1 -2 3 =2
12-340 1 —1-2-3-2

[0 2-13 -10 1 1 2]

3 —211 4 31 2 14
Big=|—-1-110 3|, Ago=|-23 —1-41],
0 —302 1 1 1 2 25

1 —-12-4-1 1 —1-3-40

12—-1 3 2 0 -1 1 3 —1]

211 —-13 -1-14 1 3
Cio=|13-2-12|, Djp=|-1-2-31 1],
14 2 —14 0 0 4 -31

411 2 3 3 1 -2-31
1-10 2 —1 2 —14 —58 —12 —22
2-13 4 1 2 22 4 8 53
Dy=113-20 1]|,FF=|-35 13 —66 10 —2
12 3 2 -1 59 —12 16 42 158
11 2 —2-4 33 —17 -89 95 79

7A21:

1 =313 1
-3 2 54 2
1 =213 2
-3 214 3
1 —431-2

-2-11 4 2
-1 33
3 =22
-2 14
-1 2 3

o NN

Arg =

Boo =

Coo =

11 —-98 9 144 39
-1 =35 42 15 -39
—51 =70 —65 —12 205
—44 —33 43 —25-96
-3 —34 —46 48 —-28

7F2
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This system of matrix equations has a unique solution

1 1 020 1-2-21 2
11 -211 13 -12 2
X;=|1 2 -102| and Xp=[1-1-21 —1
0 2 100 1-13 -12
~1-2-101 1-2-1-2 1

We apply Algorithm 3.1 to solve generalized Sylvester matrix equation (8). When the
initial matrices are chosen as

10000
01000
X1 =X2=1(00100
00010
00001

According Theorem 4.1 the generalized Sylvester matrix equation (8) is convergent for
0 < 71 < 0.00045281 and 0 < 79 < 0.00051403 meanwhile, the relaxation factor w is set
to be . We can see in Fig.2 that for m; = 0.00045281 and m = 0.00051403 , the iteration
stops at k = 3419 . Define the relative iterative error as

X = X 1 [ Xa(k) — Ko
fk) ‘\/ BSEEAEE

From Fig. 2, it is clear that the error f(k) is becoming smaller and approaches zero as
iteration number k increases. This indicates that the proposed algorithm is effective and
convergent.

09

08

07

06

05

fik)

0.4}
LEN
o2}

01}

0 500 1000 1500 2000 2500 3000 3500
Iteration Steps

Figure 2. the convergence performance of Algorithm 3.1 for Example 5.2

Table 2. The convergence factors 7 and 75 versus the relaxation parameters w and the number of
iteration k.

convergence factor p the relaxation parameter w | the number of iterations k

71 = .00045281, 79 = .0051403 5 3419
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6. Conclusions

In this study, we considered the accelerated gradient based iterative algorithm for solv-
ing systems of coupled generalized Sylvester-transpose matrix equations > ; A;; X;B;;+
CiniT D;; = Fj. A sufficient convergence condition for the proposed algorithm is pre-
sented. The iterative solution converges to the exact solution for any initial value. We
presented four numerical examples, which demonstrate the superiority, efficiency and
accuracy of the proposed method. We test the proposed algorithm using MATLAB and
the results verify our theoretical findings.
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