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AN ITERATIVE ALGORITHM FOR SOLVING
A CLASS OF GENERALIZED COUPLED
SYLVESTER-TRANSPOSE MATRIX
EQUATIONS OVER BISYMMETRIC OR
SKEW-ANTI-SYMMETRIC MATRICES

Tongxin Yan'? and Changfeng Ma®f

Abstract This paper presents an iterative algorithm to solve a class of gen-
eralized coupled Sylvester-transpose matrix equations over bisymmetric or
skew-anti-symmetric matrices. When the matrix equations are consistent, the
bisymmetric or skew-anti-symmetric solutions can be obtained within finite
iteration steps in the absence of round-off errors for any initial bisymmetric
or skew-anti-symmetric matrices by the proposed iterative algorithm. In ad-
dition, we can obtain the least norm solution by choosing the special initial
matrices. Finally, numerical examples are given to demonstrate the iterative
algorithm is quite efficient. The merit of our method is that it is easy to
implement.
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1. Introduction

Matrix equations are widely applied in many fields of science and engineering com-
puting, such as control theory, stability theory, system theory [7,11,12,19]. For
instance, in [56], the second-order linear system

M3+ Dt + Kx = Bu

where M, D, K and B are known matrices with appropriate dimensions, is closely
related with a matrix equation of the form

MVF? 4+ DVF +KV =BW +R

where F' and R are given matrices, and (V,1¥) is a pair of matrices to be determined.
In recent years, there have been many studies on solving matrix equations [1-6, 8-
10,13-18,20-61]. The skew-symmetric solution of matrix equation

AXB=C (1.1)
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was obtained by constructing the orthogonal residual matrices [27]. In [18], Dehghan
and Shirilord proposed a generalized modified Hermitian and skew-Hermitian split-
ting (GMHSS) method for solving complex Sylvester matrix equation

AX+XB=C (1.2)

where A € C™*™ B € C"*™ and C' € C™*" are given complex matrices. Also
A, B and C are large and sparse matrices. Zhang, Wei , Li and Zhao proposed
an efficient method for the minimal norm least squares Hermitian solution of the
complex matrix equation

(AXB,CXD) = (E,F) (1.3)

by applying the real representation matrices of complex matrices, the particular
structure of real representation matrices, the Kronecker product of matrices and the
Moore-Penrose generalized inverse, and then the expression of the minimal norm
least squares solution was obtained [59]. where A, B, C, D, E and F are given
matrices of suitable sizes, and X is an unknown matrix of suitable size over real num-
ber field, complex number field or quaternion field. Very recently, some researchers
studied coupled Sylvester matrix equations or generalized coupled Sylvester matrix
equations [9,14,15,22,23,28,32,35,39,43,51,57,61]. The form of the equation is
l l
A;XBi+ >, C.YD, =M,

7,=ll zlzl (14)

EXF,+> G,YH, =N

i=1 i=1

and others. With the progress of scientific research the coupled Sylvester-transpose
matrix equations and generalized coupled Sylvester-transpose matrix equations are
investigated [20, 36,40, 44,50]. For instance [50], the authors considered the gener-
alized coupled Sylvester-transpose matrix equation as follows

AXB+COYTD =5,
EXTF +GYH = S,.

(1.5)

Also they gave an iterative algorithm to solve the system over reflexive (or anti-
reflexive) matrix. In [24], M. Hajarian extended the conjugate direction (CD)
method to obtain an efficient method for solving the general coupled Sylvester
discrete-time periodic (GC'SDT P) matrix equations

m

> (A XiBij + Cij Xiv1Dij + B YiFyj + GiYip1 Hij) = M, i =1,2,-- -,
i=1
Y (A XiBij + CiyXin1 Dij + By YiFij + GiYi Hyy) = My, i = 1,2, .
i=1

In [25], first M. Hajarian developed the BiCOR and CORS methods to solve the
coupled Sylvester-transpose matrix equations

M~

(A1 kX Bi g+ C1x X D1y + B Y Fry) = My,

£
Il

1

M~

(A2 kX By + Co X7 Dy g + Eg 1Y Fo ) = Ms.

ES
Il

1



1284 T.X. Yan & C.F. Ma

Second based on the developed methods, M. Hajarian proposed matrix methods to
solve the coupled periodic Sylvester matrix equations

A1 XBij+CjXja D+ E kY Fry = Mg, =12,
Az jXjB2 j+ Co jXj11 Do j + E2 1 Vi Foj = Moy, j=1,2,---.

In [26], first M. Hajarian considered the problem of solving the Sylvester-transpose

matrix equation:
k

> (AiXB;+C;X"D;) = E.
i=1

Second he considered the periodic Sylvester matrix equation:
A%,B, + 6%, D, = B

In this paper, we derive and analyze an efficient algorithm to solve the general-
ized coupled Sylvester-transpose matrix equations of the form

A XTB,+C, YD, + E|ZF, = G4
AsX By + CoYT Dy + EsZFy = Gy - (1.6)
A3XBs + C3Y D3 + EsZTFy = Gs

over bisymmetric or skew-anti-symmetric matrices. where A, As, A3, C1,Cs,Cs, Eq,
FEsy, E5 € Rmxn’ B1,Bs,B3,D1,D5, D3, Fy, Fy, F3 € Rnxm’ G1,G2,G3 € Rmxm,’
are known constant matrices, X,Y, Z € R™*™ are unknown matrices to be solved.

For the convenience of description, the notations and definitions used in this
paper are summarized as follows. Let R™ denotes the set of n-dimensional vector
space, R™*™ denotes the set of m x n real matrices, For A € R™*" | the symbols
AT tr(A), || - || and Z(A) denote the transpose, the trace, the Frobenius norm and
the column space of real matrix A, respectively. For arbitrary A = (a;;), B = (b;;),
the Kroncker product is A ® B = (a;;B). For any A € R™*" B € R"™*", the
inner product is defined as (A, B) = tr(BTA). Let a matrix A € R™*" vec(A)
denotes the vec operator defined by vec(A) = (af,al,---  al)T, where a; is the
i-th column of A. For S = [es, €m—1, " ,e1], where e; is an m-order unit vector
with ith component 1, the matrix S € R™*™ is said to be an m-order quasi-identity
matrix.

Definition 1.1. Let S be an m-order quasi-identity matrix, the matrix X € R"™*™
is said to be a bisymmetric matrix if X7 = X = SXS and BSR”*™ denotes the
set of m-order bisymmetric matrices.

Definition 1.2. Let S be an m-order quasi-identity matrix, the matrix X € R"*™
is said to be a skew-anti-symmetric matrix if X7 = X = —SXS and SASR"*"™
denotes the set of m-order skew-anti-symmetric matrices.

The remainder of this paper is structured as follows. In Section 2, after several
lemmas, we introduce a MCG (modified conjugate gradient) method for solving the
matrix equations (1.6) over bisymmetric or skew-anti-symmetric matrix and prove
that a solution (X*,Y™*, Z*) of Eq.(1.6) can be obtained by the MCG method within
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finite iterative steps in the absence round-off errors for arbitrary initial value. In
Section 3, we show that the least norm solution can be obtained by giving a special
initial matrix. In Section 4, numerical examples are given to demonstrate that the

introduced iterative algorithm is efficient. Finally, we conclude the paper in Section
5.

2. The iterative algorithm for solving the matrix
Eq.(1.6)

In this section, we propose a MCG(modified conjugate gradient) iterative method
for solving the generalized coupled Sylvester-transpose matrix equations (1.6) over
bisymmetric or skew-anti-symmetric matrix. Firstly, on the basis of the properties
of the inner product and theorem 4.3.8 and corollary in [30], we give a few useful
lemmas.

Lemma 2.1. Let X € R™*"™ then

vec(XT) = Pppvec(X),

(2.1)

Pyz;n:P%i:Pmm

where P, is a permutation matrixz, that is
P, = ZZE” X E;,l;a Eij = eiejT, e; € Rm, e; € R™.
i=1j=1
Remark 2.1. From the lemma 2.1, we are very easy to obtain P2, = P, Pum =
Ln, and P vec(XT) = vec(X).
Lemma 2.2. Let A € RP*™ B € R"*4, then
PT(A® B)Ph, = B® A,
1 JEma (2.2)

(B® A)Ppg = PL(A® B).

According to the Kronecker product, the vec operator, and the above lemmas
2.1—2.2, we can transform generalized coupled Sylvester-transpose matrix equations
(1.6) into the following system of linear equations:

(BT ® A\)P., DT e Cy Fl'® B, (vec(X) vec(Gh)
B @Ay (DI ®Cy)P,, Ff®E vee(Y) | =| vee(Go) [(2:3)
BT ® A DI'wCs (Ff ® E3)P,, vec(Z) vec(G3)
A T b

Lemma 2.3 ( [50]). The system of linear equation (2.3) is consistent if and only if

rank(A) = rank(A,b). (2.4)
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Moreover, if
rank(A) = rank(A,b) = 3m?, (2.5)

then system (2.3) has a unique solution.

We can use the classical conjugate gradient method to solve Eq.(2.3), but it has
no practical significance for this equation. Because the size of Eq.(2.3) is usually
very large, it will take a lot of time and occupy a lot of computer storage space in
the calculation process. Therefore, we use MCG method in matrix form to solve the
Eq.(2.3). Next, we give the MCG algorithms for solving Eq.(2.3) over bisymmetric
or skew-anti-symmetric matrices.

Algorithm 2.1. (MCG method over bisymmetric matrix)

Step 1 Input matrices Al, AQ, Ag, Cy,C5,Cs3,E1,Ey, E3 € Rmxn’

By, Bo, B3, D1, Do, D3, Fy, Fy, F5 € R"*™ G1,Go, Gz € R™*™,

quasi-identity matrix S € R™*", bisymmetric initial matrices X1,Y7, Z; € BSR™*"
,and compute

rY Gi— 4 XTBy — YDy — By 2, Fy
Ri=|RP | =] Gy— A X1By — CoYTDy — B2 24 F, | (2.6)
R Gs — AsX1 By — C3Y, Dy — B3 ZT Fy
R Bi(RM")" A, + AYRYY BT + ATRY) BT
Ri=| R® | =| ¢TRVDT + Dy(RP)TCy + CTRP DT |, (2.7)
R ETRVFT + EX R FY + Fy(RY)TE,
(R + (BY)T) + SR + (R)T)S PV
Po= g | G+ T+ SR+ (RS = | PO | 28
Ry + R + SR + (R)T)s PV
set k:=1.

Step 2 If Ry =0 ,or R # 0and P, = 0, stop; otherwise, Compute

1 2 3
o = IR RO+ I BD) + 7P (2.9)
12> B2 + P2 + | B2

Xkt Xk ngl)
Yepr | =] Y | +ox | P® | (2.10)
Zk+1 Zy, P;E?’)
Step 3 Calculate
Ry, G — AL XT, By — C\Yi1 D1 — E1Z Fy
Byi1 = R;(i)l = | G2 — Ay X1 By — CoYL Dy — Bx Zp 1 Fy | (211)

R®), Gy — AgXy41Bs — C3Yy1 Dy — B3 ZF | Fy



An iterative algorithm. .. 1287

1 3 ~(1
Bl(Ri(cJZﬁTAl + ATRk+1B2 + ATRI(9+)1 Rl(c+)1
Ry = | OTRY) DT + Do(RE))TCo + CIRE) DY | == | BZ), |, (212)
1 2 3 (3
ETRY) FT + BT R, FY + Fy(RY))T B Ry,

3
ey = Bt IBEL P + IR P + IR, I (213)
IRe> ROz + 1RP )2 + |RP|2

(R, + (RO +SRY, +(RY))T)S Py,
Poor=7 | (R +RIDT+S(RY+RNDDS [+8Pe= | B,
(RS +(RE) )T +S(RE), +(RP) TS P

Step 4 Set k:= k + 1, return to Step 2.

Algorithm 2.2. (MCG method over skew-anti-symmetric matrix).

Step 1 Input matrices Ay, Az, A3, C1,Co,C3, E1, By, E3 € R™*" By, By, B3, D1,
Ds, D3, Fy, Fy, F3 € R"™™ Gy, Gy, G3 € R™*™  quasi-identity matrices S € R"*™,
skew-anti-symmetric initial matrices X1, Y7, Z; € BSR™*", and compute

RV G1— A XTB, — C1Y1D, — B\ 2, Fy
= R§2) = | Go — A3 X1 By — CoY{' Dy — Ex Z1 F | (2.15)
Rr® Gs— AsX1Bs — C3Y, Dy — Es ZT Fy
Rgl) B, (R(l))TA1 +ATR(2)BT +ATR(3)BT
Ri=|R? | =] crrRVDT + Dy(R®)TCy + CTRP DT |, (2.16)
R ETRWFT + ETRPFT + Fy(R® ))TE3
1 (B + (B)T) = SR + (B)T)S P
Pi=1 | (BY + @) - SE? + ®))s [ =| PP | (217)
(B + (B)T) = SR + (R)T)S P
set k:=1.

Step 2 If R, =0 ,or Ry # 0and P, = 0, stop; otherwise, Compute

1 2 3
R IRDIP + IRPP + IR

_ _ 2.18)
2 1 2 3) 12’ (
122 PO 4+ | PP)2 + |PP|12
Ke+1 Xk Plil)
Yoo | = | vi |+ P]gz) ) (2.19)

Zi41 Zy; P;SS)
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Step 3 Calculate

R, G — AL X[, By — C\Yi1 D1 — E1Zj Fy
Ryp1 = R;(Ci)l = | Go— Ay X1 By — CoYL Dy — Ex Zp 1 Fy |5 (2:20)
R;(jzl Gs — A3Xj11Bs — C3Yy1D3 — EsZ}, | Fs
2 (3 ~(1
(Rl(clJrl)TAl + ATRI(cJ21 ATRk+)1 Rl(c+)1
Ry = | OFRY) DT + Do(RY) )70 + CIRY) DY | = | BZ), | (221)
ETRY) FT + EXR?) Ff + F3(RY) )T E; R,
3
oy = WRestl? _ IRELIP + IR P + IR 1P 2.2
IRRl RPN + IR 12 + 1R
(1 (1 1 1
. (Ri(c+)1+<Rl(c+)1)T) S(Rz(€+)1+(Rl(€+)1)T)S l§+)1
_ (2 (2 2 2 — 2
Poor=7 | (R, +(RINT)=S(RZ+RZ)DS [+8Pre=| P,
3 3 3 3 3
(R +RE DT SR +REDT)S P
(2.23)

Step 4 Set k :=k + 1, return to Step 2.

Remark 2.2. The definition of bisymmetric matrix shows that the sequences { X} },
{Yi} and {Z;} generated by algorithm 2.1 are bisymmetric matrices. Analogous,
the definition of skew-anti-symmetric matrix shows that the sequences {X}, {Yx}
and {Z} generated by algorithm 2.2 are skew-anti-symmetric matrices.

In order to prove that the sequences { Xy, Yy, Z;} generated by algorithm 2.1
converges to the solution (X*,Y™*, Z*), We can list the following results see [50] and
lemmas. Let A,B € R™*" (C € R"*™ X € R" "™ then the following equalities
hold.

(A, B)=tr(BT A)=tr(ABT)=tr(BAT)=tr(A" B)= (B, A)= (A", BT), (2.24)
(A,BXC) =tr(CTXTBTA) = tr(XTBT ACT) = (BT ACT | X). (2.25)

Lemma 2.4. If X € BSR™™"™ R € R"*"and S be an n-order quasi-identity matriz,

then

(R+R")+ S(R+ R™)S
4

Proof. By the quasi-identity matrix and definition 1.1 , we can obtain ST = S and
SXS=X=XT, then

(X, ) = (X,R). (2.26)

T T
oy, (R )+f(R+R )s,
_ i ((X,R) + (X,R") + (X, SRS) + (X, SRTS))
_ i ((X,R) + (X, RT) + (SXS, R) + (SXS,RT))
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Lemma 2.5. For the sequences {Ry}, {Rr},{Pc} , {ow} and {Bi} generated by
algorithm 2.1, there is

<Rk+1,Rj> = <Rk7R]’> —Oék<Pk7Rk>, k,j = 1,2,~-- . (2.27)
Proof. By direct calculation, we can get

(Riy1, R >
= (R RY) + (R RP) + (R RYY)
= (G1 — A1 X[\ B — C1Yip1D1 — ErZy 1 F1, RY)
(G2 — Ao Xp41Bs — CoVil Dy — s Zjos1 Fa, RYY)
+(G3 — A3 Xp41Bs — C3Yip1Ds — B3 Z1, F3, RY)
= (G~ Ay (X +ax PV)T BL—C1 (Vi + e PY) Dy~ By (Zy+ o PO ) Fr, REY)
HG2— A (X +arPLY) By~ Co(Yi+ P T Dy — By (Zy+ i, P ) Fo, R
HG3— As(Xp+arPY) By —C3(Ye+ P ) Dy — Es(Z+an PC) ' F3, RY)
= (G, — A\ XT B, — akAl(P( )T By — C1Yi Dy — axC PP Dy — By Z),Fy
~ax B PP RWY) 4 (Ga — As Xy By — a Ay PV By — CoY{ Do
—a;,Co (P} >>TD2 — By 24Py — ay B P B, R§-2>> +(Gs — A3 Xy By
~ayA3PY By — O3Yi Dy — ayC3PY) Dy — B3 ZL F3 — o Es(P))T F3, R\Y)
= (G, — A1X]'B, — C1Y,,D; — E\Z,F1, R\Y)
—ap(A1(PL)T By + O PP Dy + By PP FLRY)
+{(Ga — As Xy By — CoY,I Dy — B2 Z),Fy, RY)
~ap(A2P By + Co (P Dy + Er PV Fy, RYY)
+(Gs — As Xy B3 — C3Y;, D3 — E3ZL F3, R\)
—ap(AsPV By + 0313(2)173 + B3(PY) Py, RY)
= (& R{") —ar(A(P)T By, BY)+(CL P Dy R+ (B PV L REY))
HRE?’,R§2>>fak<<A2P“’BQ,R@> (Co(P)T D, R +(E> P o, BP))
HEY, R —ak((As P B, RY)+(Cs P Dy, R+ (B3 (P Fy, BY)))
= (Ri, R;) —ak(<B1(R(.1 )TA —|—ATR(-2)B2 +ATRY BT, PVy)
—ax((CT RV DT + Dy (R0, + OF RY DY, PY))
—ak(<E1TR§”F1 + E2TR§2)F2 + F(R)T By, PP)Y)
= (Rp, By) — (R, PO + (RD, PPy + (R, PY))
= (R, Rj) — o (P, Ry). U

Lemma 2.6. Let k > 2, for the sequences {R;},{R;}, {P;} ,{ax} and {Bi} gener-
ated by algorithm 2.1 satisfy

<Ri,Rj> =0 and <Pi,Pj> =0, (Z,] =1,2,---k, 1<j<i< ]{i) (2.28)
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Proof. We use induction to prove Eq.(2.28). For k = 2 , we have

<R27R1>
= (Ri, Ra) —an (P, RYY) + (P RYY) + (P RYY))
1 - - - -
= 1R = e (P SR + (B)T) + S(BY + (BY)T)S))

TR + (RO + SED + (RE))S)

HPELRD + (RO + SR + (BD)T)s)

2 - [ Ra?
1Py ]2
| Ra?
1Py ]2

+(P?,

=R (P, Py (PP, PP) + (PP, PP)))

= || Ra|® -
=0

1P 2

and
(Pa, Pr)
1 -~ - - -
= (B + (R + SR + (B)")S) + g P PV
1
+5

1 - - - -
(R + @) + SRS + (B5)")8) + by PLY)

(R + (RSNT) + S(RY + (RY)T)S) + B PP, PP

1 - - - -
= (R + @) + SR + (B)1)8), PY) + (5P P{)

1 - - - -
(R + @) + SR + (B)T)9), ) + (5P P{?)

HUED + (RO + SRS + (BO))8), ) + (5,2, PLY)

= (P, RYY) + B PV, (V) + (PP RSV + Bo( PP, PP
+(P, R + (PP, PV
é«mﬂ»—mmmm%mﬂ%ﬂ%+@@&@»uﬁ%ﬂ%>

__la? [ Rl
1712 17 ]2
= 0.

IR* + 1P

Assuming that Eq.(2.28) holds for k = s, then for k = s + 1, we can obtain
<R57 R5+1>

= (Ry, Ry) — s (P, RY) + (PP, RP)) + (P, RY)))
1 - . - N
= | Rs|I* = as (P, 1((32” +(BRM)T) + S(RY + (RM)T)S))

HPE,L(RP + (ROYT) + SR + (RE)1)3))
1

J(RY + (RO)T) + SR + (RO)T)5)

P,
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=[R2 —a, (PV, PO -3, PY ) +(PP, PP — 5, PP
PP, P —p.P)))
— |IR|1? = s (PY, PV + (P, P@) 4 (PO P®))
=Bu((PV, P2 + (P2, P2 + (PO, P2))
RS2 R, 2
PN L TR LR

AR IE
=0
and
(Psy1, Ps)
= <P£i’1, POy + (P, PP) + <P£iﬁ, P

= (= <<R<+>1+<R§21> )+ S(RY), + (RU)T)S) + By PO, POYY

1 - -
H((RE, + (RE)T) + S(RE), + (RE))T)S) + Besn PO, P2

4
H (RS + (BEL)T) + SR, + (RE))S) + 5y PO, PO)
= (GRS + (BEL)T) + SR, + (B)T)8), PO) + (B, PO, PO)
HORD, + BT + SR, + (R2)1)S), P + (8,11 P2, PO)
RS + RET) + SR, + (R2)T)S), P + (8,1 PO, PO)

= (R PO) + (R PP + (B2 PE) + B (PO, PY)
PP, P®) + (PP, PE))
1
= CT(<RS’ R5+1>_<RS+1’RS+1>)+ﬁS+1(<Ps(1)’ Ps(1)>+<Ps(2)’Ps(2)>+<Ps(3)7 Ps(3)>)

[ Rsa
[

A
[ Rs]|?
=0.

||Rs+1||2 + HPSH2

For j = 1 ,we have

(Rot1, Ra) = (Ro, Ri) = as((PY,RY) + (PP, RY) + (PO, B
JRD 4+ ROV + S(RY + (RO))s))
HPE, RS 1 (RE)) + SR + (R)1)S))

= _048(<Ps(1)>

LR + (RO 4 5RO 1 (R)T)s)

= —a,(PY, Py + (P, PPy + (PO, PP
= 0.

+(P,

Similarly, for j =2,3,---,s — 1, we can obtain

(Rsy1, Rj)
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= (Ry, Bj) — a,((PM, RD) 1+ (PP, R?) + (P®), R)))
(

= —a (PO, (R + (RO + SR + (RO)T)s))
HPD, (RS + (RO + SR + (R)1)S))
HPD, LR + (RPYT) + SR + ())s)
(

— _O[S(<P(1)7 P(l) —B; P 1)1>—|—<P(2) ,2) —ﬁ-P,(Q) >+<PS(3)7 Pj(?)) _ﬂjpj(i)ﬁ)
PP P?) + (P, PY))

(P&, P2 + (PP, PIA)))

s j s

Besides, while j =2,3,--- ;s — 1, We can also obtain

<Ps+17P'>
1 1 2 2 3 3
= (P, PMY + (PD PPy + (P2 P

=<7<<R§21+<R§21> )+ S(RD, + (RUNT)S) + Bora PO, PD)
H (R +(RE) )+ SR +(REL))S)+ B PO, PL)

- <<R<£1+<R£+l> )+S(RE), +(BE)T)S)+ B PO, PP
= <R£21,P;”> +(RBE PP+ (RE, P
841 ((PY, Py + (PP PP 1+ (PO P)y)

= o (B, ) = By, Fi)
=0.
By the properties of the inner product, we have
(Rj,Ret1) = (Rs41, R;) =0, j=1,2,---,s.
(P P + (PP P + (PP P
_ (P( ) P(1)> + <P(2) P(2)> + <P(3) P(3)> 0.

s+1» s+1° s+1»
Thus, for kK = s + 1, holds Eq.(2.28). According to the principle of mathematical
induction, the lemma 2.6 holds. O

Lemma 2.7. Let the matriz equations (1.6) be consistent over bisymmetric matri-
ces, and (X*,Y*,Z*) be an arbitrary bisymmetric solution of Fq.(1.6). Then, for
any initial matriz (X1,Y1,7Z1) with X; € BSR™*",Y; € BSR"*", Z; € BSR"*",
the sequences { X}, {Yx}, {Zx},{Rr}, {P,El)}, {P,Ez)} and {P]gs)} generated by Algo-
rithm 2.1 satisfy

(X" = Xp, PO+ (V =Y, PP (27 = 23, BY) = ||Re)?, (k= 1,2,-++). (2.29)
Proof. By direct calculation, for k£ = 1, we have

(X* — X1, Py + (v* —v1, P®) + (7* — 7, P®)



An iterative algorithm. .. 1293

= (X = X0, (R + (RO + SRD + (RD)T)S))

i((R@’HR(”) )+ SR+ (RP))S))

2= 2, (B + (RO + SRD + (RO)T)S))

+HY* -Y,

(X* — Xl,R§1)> + (v -1, R+ (z* — 71, R
= (X* = X1, Bi(R{")T 4y + ATRPBT + ATR® BT
+(V* = vy, CTRWWDT + Dy(RP)T ¢y + TR DT
HZ* - 7, ETR<1>F1T + ETRPFET + Fy(RP)T Es)
= (X*— X1, By (RV))T A +(X* = X1, ATRPP BT )+ (X*— X, ATR(®Y BT)
HY'™ —YI,CITRgl)DlT>+<Y* Y1, Dy(R)T )+ (Y* —Y1, CT R DT
+<Z*—Z1,E1FR(1)F1T> +(z*— 2y, ETRPFN 4+ (z* - 7, Fs(R®)T E3)

= (A (X*=X1)TBy, ROV 4(CL(Y* = Y1) Dy, R +(Ey (2" — 2,)F1, RD)

HA(X*—X1)Bs Rg N (Co(Y*=Y1)T Do, RPN+ (Eo (2% — Z1) Fo, RP)

HA3(X* = X1)Bs, R”)+(Cs(Y" Y1) Dy, RYY) +(B3(Z*— Z1)" Fs, RYY)
= (Ay(X* — X1)TBy + CL(Y* = Y1)Dy + E1(Z* — Z)F1, R\Y)

+(As(X* — Xl)Bg + C3(Y* = Y1)Ds + E3(Z* — 7,)" F3, R®)

(

+(As(X* — X1)By + Co(Y* —=Y1)TDy + Es(Z* — Z1) Fy, R'?)
(
) (3) (3)>

= (R, RY) + (R, RYY
= || Ral2.

+ (R)

Assume that (2.12) holds for k = s(s > 2). Then for k = s + 1, we obtain

(X" = X1, PO) + (V" = Yoy, PP) + (2" = Zy41, PY)
= (X*—X,—a, PV, POV (Y~ YV, —a, PP PPN (Z* — Z,—a, PP, PO
= (X* = X, PDY 4 (Y* Y, PP + (2% — Z,, PP®)

—as (P, PY) + (PP, PP) + (PP, PP)))
12

= [|R|1? -
=0

SO
< s+1; s+1> < s+1; s+1> < s+1; s+1>

1 - -
Z((RSA + (BT + SR+ <R§21>T>S> + Bos1 PLY)

Y = Yy, = <<R§?1+<R<2 )T)+ SR, + (RE)T)S) + By PP)

= <X* 7XS+17

* ]' 5, . 5,
2" = Zor, 7(RE + (BT + S(Ré‘?l + (REN)T)S) + Bua PY)

= (X" X, (R HEE))+S (R RIS+ (X~ X, B PO)
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HY Yo, 3RS+ (RN +S R+ (RE)T)S)+(V* ~Yapa, fons P

HE = Zyn, (B4 BN+ SR+ (RIS + (2~ Zoss, B PO
= (X" = Xoy, R + (V" = Vi, B2 + (27 = Zoir, BE))
= (X* — Xoi1, Bi(RY))T Ay + ATRY) BT +ATRS+)1 3)
+(Y* — s+17CTR(+1DT + D2 (R s+l)T02 +C5R +1D3>
+HZ* — Zs+1,E1TRg1+)1F1 + EgRgﬁle + F3(RS’+)1)TE3>
= (X" = X1, B (RUDT AN +(X* = Xop1, ATRY) BT )+ (X* — X0, ATRY) BT)
HY* =Yoa, CT REI DT+ (V" = Yo, Da(RE)) T Co) +(Y* = Yo, CF R DY)
HZ" —Zopr, BT R F >+<Z*—ZH1,E2TR<2> T>+<Z*—ZH1,F3<R;%>TE3>
= (A1 (X" = X42)" Br, R) + (Ao (X" = X 1) Ba, R)) +(As(X* = X 41) B, R))
HCy (Y= Y&H)DhR D)+ (Co(Y* = Yea)T Do, RC)) +(Cs(Y* — Yt ) D3, RS))
HEN(Z" = Zopt)Fr, RG)) +(Ba (2" = Zoga ) Fa, RS))+(Bs(Z" = Zon )T Fs, RS))
= (A1 (X* = X)) "By + O (Y* = You1) Dy + Er(Z* — Zoir)Fy, R
H(A(X* = Xg11)Ba + Co(Y* = Yoy1) Dy + Eo(Z* — Zoy1) Fo, RY)))
H(A3(X* = Xg11)Bs + C3(Y* = Yy1)Ds + E3(Z* — Zyi1) " Fs, R,
= (R REL) + (REL RE)) + (RO RE),)
= || Res1 .

Thus, according to the principle of induction, Eq.(2.29) holds. |

Remark 2.3. Lemma 2.7 implies that if the generalized coupled Sylvester-transpose
matrix equations (1.6) are consistent over bisymmetric matrices , then ||P,§1)||2 +
HP,EQ) %+ ||P]£3) |? # 0 while Ry # 0 . Conversely, we can easily see if there exists a
positive number k such that [|P{"]12 + | P2 + | P2 = 0 but Ry, # 0, then the
generalized coupled Sylvester-transpose matrix equations (1.6) are not consistent
over bisymmetric matrices.

Remark 2.4. The Lemmas 2.5-2.7 are obtained under the assumption that the
initial matrices are the bisymmetric matrices. Analogously, if the initial matrices
are skew-anti-symmetric matrices, the same results can be obtained. Therefore, we
no longer present these results.

Theorem 2.1. Suppose that the generalized coupled Sylvester-transpose matriz
equations (1.6) are consistent over bisymmetric matrices. Then, for any initial
bisymmetric matriz pair (X1,Y1,Z1), an exact solution of the system (1.6) can be
derived within at most 3m? + 1 iteration steps by Algorithm 2.1.

Proof. If R, = 0 (k = 1,2,---,3m?), then (X, Y%, Zx) is the solution of
Eqgs.(1.6).

If B, #0 (k= 1,2,---,3m?), it follows from Lemma 2.7 that ||P,£1)H2 +
HP,EQ)H2 + ||P,£3)||2 #0 (k=1,2,---,3m?). We can obtain Rs,,2,; by Algorithm
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2.1. According to Lemma 2.6, we have

<Ri7R3m2+1>:07(i:1727"' 73m2)7<Ri7Rj>:O> (/L#jv 2332172a 73m2)'

(2.30)
Therefore {Ry, Ry, -+ , R3,;n2} is an orthogonal basis in the subspace
My, 0 0
M={MM=| 0 My 0 |,whereM; € R™*™ fori=1,2,3.
0 0 Ms

Hence, R3p211 = 0, that is (X3m211, Yam241, Zam2+1) is the solution of Eqgs.(1.6).
The proof is completed. O

Note that if the generalized coupled Sylvester-transpose matrix equations (1.6)
are consistent over bisymmetric matrices and the solution may not be unique, we
need to find the least norm solution of Egs.(1.6). In the following section, we will
discuss the least norm solution of Egs.(1.6).

3. The least norm solution

Firstly, we give the following lemmas in order to show that Eqgs.(1.6) can obtain the
least norm solution within finite iterative steps.

Lemma 3.1. The generalized coupled Sylvester-transpose matrix equations (1.6)
have a bisymmetric solution if and only if the matriz equations

A XTBy+CiYDy + E1ZF, = Gy

BIXTAT + DTYCT + FFZET = GT
A1SXTSB, + C1SYSD, + E1SZSF, = G4
BIYSXTSAT + DTSy SCT + FI'SZSET = GT
AsXBy 4+ CoYT Dy + By ZFy = Gy

BIXAY + DIYTCT + Ff ZET = G
A2SXSBy + CoSYTSDy + E2SZSFy = Gy
BYSXSAT + DI SYTSCT + FTSZSET = GT
A3X B3+ C3Y D3 + E3ZTF3 = G

BIYxAY + DYvCT + FfZTEY = G¥
A3SXSB3 + C3SYSD3 + F3SZTSF; = G
BYSXSAY + DISyscT + FISZTSET = GY

are consistent.
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Proof. Firstly, suppose that the generalized coupled Sylvester-transpose matrix
equations (1.6) have a bisymmetric solution pair (X*,Y™*, Z*), then (X*,Y™*, Z%)

satisfy X* = (X*)7 = SX*S, Y* = (Y*)T = SY*S, Z* = (2*)T = SZ*S and

Hence, we have

AYXH)TBy + C1Y*Dy + E\Z*Fy = Gy,
AQX*BQ + CQ(Y*)TD2 + B2 F, = G2a
A3X*Bs + C3Y* D3 + E3(Z*)TFy = Gs.

B (x"'AT + DIy «Ct + Fl z*ET
= BIx*AT + DT (v+)"CcT + FT(z*)"ET
=GT.

A S(X*)T'SBy + C1SY*SD, + E1SZ*SFy
= A1SX*SB, + C,Y*D, + E\ Z*F,
= A X*By +C,Y*Dy + E\Z*Fy
= A (X)'B,+C\Y*Dy + B\ Z*F,
= G.

BYs(xTsAl + pfsy*scT + Ffsz*SET
=BIsx*sAT + pIv+cl + FF z*ET
= BT x*AT + DT (vTcT + FF(z*)TET
=aT.

B x*AY + DT (vt + Ff z*ET
=Bl (x"TAT + DIv*c] + Ff (z*)"ET
=G7T.

A9SX*SBy + CoS(Y*)TSDy + E2SZ*SF,y
= Ay X*By + CoSY*SDy + Ey Z* Fy
= Ay X*By + CoY* Dy + Ex Z*Fy
= Ay X*By + Co(Y)' Dy + By Z* Fy
= Go.

BIsx*SAY + DIS(Y*)'SCT + Fy SZ*SET
= BYXx*AY + DIsy*sct + Ff z*EY
= BY(x"TAY + DYvy*cT + FI'(zTET
= a7

BIx*Al + DI'y*cT + Fl(z*)TEY

(3.2)

(3.3)

(3.6)

(3.8)
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= BT (x")TAT + DI (v"TcT + FT z*ET
=G7Y. (3.9)
A3SX*SBs + C38Y*SD3 + E3S(Z*)1 SFy
= A3X*Bg+ C3Y*D3 + E3SZ*SF;
= A3X*By + C3Y* Dy + E3Z*Fy
= A3X* B3 + C3Y" D3 + E3(Z*)" Fy
= Gs. (3.10)
BI'sx*SAYT + DYsy*sct + FlS(z*)TSET
= B x*AY + DI'y*ctf + Ff'sz*SET
= Bl (x"TAY + DI (v 'ct + Bl z*ET
=GY. (3.11)

It can be seen from (3.2) —(3.11) that the bisymmetric solution pair (X*, Y™, Z*)
is a solution of Egs.(3.1). On the other hand, suppose that the matrix Egs.(3.1) are
consistent. Let (X,Y, Z) be a solution pair of the matrix Egs.(3.1). Set

Xo=1(X+XT+5XS+5XT59),
Yo=1(Y +YT +8YS+8SYTS), (3.12)
Zo=3X2Z+Z"+SZS+ SZTS).
So, Xo, Yy, Zy € BSR™*"™,
A1(Xo)" By + C1YoDy + B\ ZgFy

1 1
:Al(Z(X+XT+SXS+SXTS))TBl+01(Z(Y+YT+SYS+SYTS))D1

1
+E((Z + 7' + 8728+ SZTS))Fy

1
= Z[(AlXTBl +C1Y D, + E1ZF1) + (AlXBl + ClyTDl (313)
+E.ZTFy)
+(A41SXTSBy + C1SYSDy + E\SZSF,) + (A1SXSB; (3.14)
+C18YTSD, + E1SZTSFY)]
1
= Z[(AlXTB1 +C1YDy + E1 ZFy) + (B X" AT + D{YCT (3.15)
+rrZEDT
+(A1SXTSB, + C1SYSD, + E1SZSFy) + (B SXTSAT (3.16)

+D]SyScl + FFszsENT)
1
= 7[G1+ (G + G+ (G])T]
= G. (3.17)
and similarly, we can obtain

A3 XoBs 4 Cy(Yo)' Dy + Ex ZoFy = Go. (3.18)
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A3XoBs + C3YyDs + F3(Zy)T Fy = Gs. (3.19)

Thus, (Xo, Yo, Zp) is a bisymmetric solution pair of the generalized coupled Sylvester-
transpose matrix equations (1.6). Which completes the proof. (|

Lemma 3.2 ( [50] ). Assume that the linear matriz equation Az = b has a solution
x* € Z(AT),then x* is an unique least Frobenius norm solution of the system of
linear equations.

Theorem 3.1. Suppose that the generalized coupled Sylvester-transpose matriz
equations (1.6) are consistent over bisymmetric matrices. If we take the initial
bisymmetric matrices

X1 =B Hl Ay + ATH,Bf + SB;HT A,S + SATH B S

+AYHyBY + BoHy Ay + SAYHoBY S + SByHY AsS

+AYH3BY + BsHY Az + SAYH3BY'S + SB3HY A3, (3.20)
Vi = C{ HiD{ + DiH] Cy + SCT H\DT S + SD1H{ C1 S

+DyHY Cy + CY HyDY + SDoHY CoS + SCY HoDY'S

+C{ H3D3 + D3HY C3 + SCTH3DY S + SDsHY O3S, (3.21)

and

Zy = E{ I Fl' + I H E1 + SETH F'S + SFH] Ey S

+E3 HyFy + FoHy By + SEY HoFY' S + SFyHY E»S

+FHI By + EYH3F] + SF3sHT E3S + SET H3FL'S, (3.22)

where Hy,Hy, Hs € R™™™ are arbitrary matrics (especially X1 = 0,Y7 = 0 and
Z1 =0), then the bisymmetric solution (X*,Y*, Z*) obtained by the Algorithm 2.1
is the unique least Frobenius morm bisymmetric solution.

Proof. The matrix Eqs.(3.1) are equivalent to

(BT @ A1)P,, DI« ¢y Ff'e E vec(Gr)
A @ BY Cy ® DY By FT vec(GT)
(BTST @ A1S) Py DTST ©C1S FTST @ EyS vee(Gh)
A8TeBTs  C1STe DTS ESTeFLS vec(GT)
Bl ® Ay (DY @ Cy)P,,, F] ® Ey vec(Ge)
As ® BY Cy ® DY Ey® Ff vee(X) B vec(GY)
BIST @ AyS  DIST ©CoS FIST @ E»S veel¥) = vee(Gl)
A8T @ BTS 8T @ DYS E,ST ® FI'S ﬂ vec(GY)
BT @ A, DT @ Cy  (FT ® Es)Pon . vee(Gs)
As @ BT Cs ® DT E; @ Ff vee(GE)
BIST @ A3S  DIST @038 FIST® E3S vec(G3)
A38T @ BTS 38T @ DTS E38T ® FI'S vee(GY)
N

A b
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From relations (3.16) — (3.18) and Lemma 2.1, we can obtain

vec(Xq)
vee(Y7) =ATce %(AT)a
vec(Zy)
where
¢ = [vec(H)T,vec(HD)T ,vec(H,)T , vec(HI)T  vec(Hy)T , vec(HI)T,
vec(Ha) T vec(HI)T  vec(Hs) ™, vec(HI)T  vec(Hs)T , vec(HI )T
So, it is obvious that if we give (X1,Y7,Z1) by the relations (3.16) — (3.18)
respectively, then (X, Yy, Zx) generated by Algorithm 2.1 will satisfy
vec(Xg)
vec(Yy) | € Z(AT).
vec(Zy,)

Therefore from Lemma 3.2, with the initial bisymmetric matrices (3.16) — (3.18)
(especially X; = 0,Y; = 0 and Z; = 0), then the bisymmetric solution (X*, Y™, Z*)
obtained by the Algorithm 2.1 is the unique least Frobenius norm bisymmetric
solution. (]

4. Numerical experiments

In this section, we give some numerical examples to support our Algorithms 2.1 and
2.2. The iterations have been carried out on MATLAB R2016a (9.0.). Due to the
influence of round-off errors, we use a stopping criterion (R, Ri) < 107! or the
number of iteration proposed exceeds 2000. In addition 7" denotes a zero matrix if
I7]r < 1011,

Example 4.1. Consider the Egs.(1.6) with the following parameters:

1 1 2 —34 1231 2
3 4 2 21 012 31
Ar=1 0 4 7 24|, A2=]4421 3|,
~1-1-124 100-10
4 4 3 21 245 3 2
0 5321 2 231 1
2 1342 0 5 4-2-2
A= 2 5343 |, Bi=| 2 341 1 |,
1 2030 2 020 1
—3-2412 —-3-312 2
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Ch

Cs =

Dy =

Es =

1 23-1-1 5 1243
3003 3 0 0135
1 230 —2|,B3=]-2-4230
-1-12 2 3 0 0253
5 454 4 1 1203
4 3 441 121 21
—2-2344 33 3 1 2
5 6 501 [, Ceo=1[12 3 —4-4
5 4533 55 5 4 4
1 2001 2-2-2-21
0002 3 —2-1-232
1423 -2 6 5 4 43
33214 [,Di=]| 2 3 211/,
0243 2 1 1 241
1122 3 0 0 232
24 3 21 1 2345
0-3-3-32 —-2-2310
11 1 00]|,D3=| 5 2314/,
11 2 34 3 3510
23 4 5 2 2 5113
2 0 103 2 2 3 -10
3 3 201 3 4 2 12
1 4 203|,B2=]1 2 3 04
—1-1-124 00 2 13
2 3 104 -3-3-20 1
4 3 441 9 1 -5 9 —6
—2-2344 61 9 4 -3
5 6501 |, 1= 0 44 -1-6
5 4533 -3-33 2 —4
1 2001 8§ —5-5 0 —3
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Iy

G1

G

Gs =

12 3 2 1 0 2 8 =5-3
32 3 1 2 —-7—-11 0 11 -1
12 0 —4-1],F=]1 10 -3 1

55 2 4 4 1 -1 0 4 -8
2-2-2-21 2 -6 —6-7-7

310 211 531.25 462.5 —105.5
252.25 —33.25 636.75 436 —393.25
591.75 294.75 983 634.25 —212.75
269.5 260.5 381.75 440.5 132

247 —13.75654.25 349.5 —402.5

425.5 374.25 390 152 238.25
560.75 461.25 413 122.75 361.25
587.5 431 438.5 59.5 294.75
341.25 268 238.25 76  270.75

175 36.5 336 168.25 —59.75

489 —34.25 211 602.75 41.5
—38.5 —236.5 412 721.5 468
893.25 24 329 768.75 177.75
694.75 93 220.25 544.5 —40.25
295.75 32.5 194.75 242 73

It can be verified that the matrix equations are consistent over bisymmetric
matrices. We give the initial matrix pair X; = zeros(5),Y; = zeros(5) and Z; =
zeros(5), by using Algorithm 2.1 and after 47 iterations, we obtain an approximation

solution:

Xyr =

1.0000 2.5000 2.2500 0.2500 4.0000
2.5000 3.0000 1.7500 0.5000 0.2500
2.2500 1.7500 7.0000 1.7500 2.2500
0.2500 0.5000 1.7500 3.0000 2.5000

4.0000 0.2500 2.2500 2.5000 1.0000
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—5—The relative residual
—#— Absolute errar
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Figure 1. The relative residual of solution and absolute error for Example 4.1.

2.0000 1.2500 1.7500 —0.5000 —1.0000
1.2500 2.5000 2.5000 —1.0000 —0.5000

Yiz =1 1.7500 2.5000 4.0000 2.5000 1.7500
—0.5000 —1.0000 2.5000 2.5000 1.2500
—1.0000 —0.5000 1.7500 1.2500 2.0000
2.5000 1.0000 2.5000 3.7500 1.0000
1.0000 0.5000 3.5000 4.0000 3.7500

Zy7 = | 2.5000 3.5000 5.0000 3.5000 2.5000
3.7500 4.0000 3.5000 0.5000 1.0000

1.0000 3.7500 2.5000 1.0000 2.5000

It can be found that the solutions are bisymmetric matrices. The corresponding
residual and norm are (Ry7, Ry7) = 5.1130 x 10712 < 107, || Xy47||Fr = 12.6194,
[YazllFr = 9.2195, || Z47||F = 14.3614. Obviously, the residual is decreasing, and

converges to zero as k increases.

Example 4.2. Consider the Egs.(1.6) with the following parameters:

A1 =rand(6,5), As = rand(6,5), A5 = rand(6,5),
Cy = rand(6,5), Co = rand(6,5), Cs = rand(6,5),
Ey = rand(6,5), E3 = rand(6,5), E3 = rand(6, 5)
B; = rand(5,6), By = rand(5,6), B3 = rand(5, 6)
Dy =rand(5,6), Dy = rand(5,6), D3 = rand(5, 6),
Fy = rand(5,6), Fs = rand(5,6), F5 = rand(5, 6).
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—0.1098 —0.1430 0.0171 0.3653 0.5944 0.1093
—0.1287 0.1074 0.1152 0.6360 0.7853 0.0062
0.2176 0.2162 0.4111 0.8265 1.0628 0.2049
—0.5194 —0.3471 —0.2358 0.5251 0.7770 —0.3318
—0.0405 —0.3553 0.0746 0.3147 0.6653 0.0267

—0.1072 —0.2015 0.1530 0.3512 0.8265 —0.1847

0.3491 —0.1726 0.7970 0.2929 0.1943 0.5616
—0.3121 —0.6128 0.0282 —0.2286 —0.2219 —0.2461
—0.3330 —0.8524 0.4417 0.0495 —0.2532 —0.1729

G2 )
—0.0718 —0.3082 0.5566 0.2659 0.0397 —0.1756

—0.1929 —0.7605 0.5109 0.0474 —0.2386 —0.1568

—0.1362 —0.6230 0.5392 0.2721 —0.0512 0.0933

—0.0215 —0.3264 —0.1229 —0.2918 0.0055 0.0098
—0.2465 —0.2979 —0.1955 —0.4256 —0.3940 —0.0131

o 0.6081 —0.0480 0.3560 0.0798 0.1328 0.5455
3

0.4044 0.0270 0.4137 —0.3010 0.0788 0.3229
0.2152 —0.3293 —0.1993 —0.1434 —0.2349 0.2529

0.2297 —0.2451 —0.1258 —0.0539 —0.2423 0.3041

It can be verified that the matrix equations are consistent over skew-anti-bisymmetric
matrices. We also give the initial matrix pair X; = zeros(5), Y1 = zeros(5) and Z; =
zeros(5), by using Algorithm 2.2 and after 26 iterations, we obtain an approxima-
tion solution:

0.1871 0.3671 0.0903 —0.0184 0

0.3671 0.1333 0.2814 0 0.0184
Xo6 = 0.0903 0.2814 0 —0.2814 —0.0903 | »
—-0.0184 0 —0.2814 —0.1333 —0.3671

0 0.0184 —0.0903 —0.3671 —0.1871
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Figure 2. The relative residual of solution and absolute error for Example 4.2.

0.3562 —0.0104 —0.1042 —0.3494 0
—0.0104 0.0368 0.1493 0 0.3494
Yo6 = | —0.1042 0.1493 0 —0.1493 0.1042 |,
—0.3494 0 —0.1493 —0.0368 0.0104
0 0.3494 0.1042 0.0104 —0.3562

0.2944 0.1036 —0.3227 —0.0681 0

0.1036 —0.0707 0.0706 0 0.0681
Za = | —0.3227 0.0706 0 —0.0706 0.3227
—0.0681 0 —0.0706 0.0707 —0.1036

0 0.0681 0.3227 —0.1036 —0.2944

It can be found that the solutions are skew-anti-symmetric matrices. The cor-
responding residual and norm are (Rag, Rag) = 2.5495 x 1071 < 107!, || Xo6|| 7 =

0.9977, ||Y26||F = 0.9369, || Zag||r = 0.8254. The results show that Algorithm 2.2 is
very effective.

Example 4.3. Consider the Egs.(1.6) with the following parameters:

Az =10 * rand(8, 6),

Ay =5*rand(8,
(8 C3 =10 * rand(8,
(8

6), As = 8 x rand(8, 6),
Cy =5x*rand(8,6),Cy = 8 x rand(8, 6),
E, =5xrand(8,6), B2 = 8 x rand(8,6), B3 = 10 * rand
B; = 3% rand(6,8), By = 5 xrand(6,8), By = 7 * rand(6, 8),
Dy =3 xrand(6,8), Dy = 5 xrand(6,8), D3 = 7 x rand(6, 8),
Fy =3« rand(6,8), F» = 5 *xrand(6,8), F3 = 7 x rand(6, 8).

6),
a6)v

)
)
)
)
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748.2600 863.3073 918.3507 839.0616 748.3320 752.8479 689.9533 822.9110
493.1317 587.7734 621.4529 549.6430 509.0016 504.7149 482.6137 556.3684
720.0591 841.2069 889.2125 787.9809 720.2724 725.1263 682.5750 787.3118
Gr— 669.9631 768.4453 818.7982 718.7071 645.2052 636.4028 631.3675 716.7971
617.2761 714.6759 761.2506 653.3713 601.7524 598.0074 605.6415 674.2656
679.9893 790.4894 842.8873 751.1477 677.9819 686.6785 635.8603 746.0114

579.0211 702.0206 714.1677 688.9691 622.2845 659.9964 512.9552 647.0491

514.0650 616.6019 644.4001 575.7067 533.4392 544.1444 497.7058 579.7017

1.7810 1.3005 1.7502 1.1795 2.0822 1.6568 1.3947 1.4106
2.4573 1.7930 2.3957 1.7245 2.8116 2.2767 1.9491 1.9706
2.3510 1.7129 2.2985 1.5961 2.7428 2.1974 1.8540 1.8945
2.4917 1.7884 2.3987 1.7945 2.8196 2.2914 1.9655 2.0450
Go=1.0e+03*
2.4116 1.7816 2.3182 1.7087 2.8115 2.1896 1.9281 1.9924
1.6493 1.1771 1.5579 1.2154 1.8183 1.4677 1.2889 1.4140

2.1586 1.5655 2.0887 1.5295 2.4072 1.9810 1.6709 1.7458

1.9742 1.4146 1.9282 1.3901 2.2053 1.8480 1.5389 1.5711

2.6757 3.1779 3.6413 3.7805 3.8546 3.6195 4.1103 3.8252
2.2667 2.7039 3.0800 3.2902 3.3277 3.0012 3.4147 3.1766
1.7489 2.0667 2.4074 2.4462 2.5321 2.3942 2.7319 2.5216
2.2732 2.6145 3.1487 3.2032 3.3153 3.0691 3.5142 3.2655
G3=1.0e+03
2.5985 2.9795 3.4590 3.3938 3.7368 3.5901 4.0812 3.5882
2.4032 2.8133 3.3150 3.3022 3.5112 3.3378 3.8406 3.4637

2.0856 2.5210 2.8650 2.9030 3.0484 2.9101 3.2886 2.9677

1.7460 2.0679 2.4001 2.4785 2.5951 2.4019 2.7504 2.4305

It can be verified that the matrix equations are consistent over bisymmetric ma-
trices. We give the initial matrix pair X; = zeros(6),Y, = zeros(6) and Z; =
zeros(6), by using Algorithm 2.1 and after 86 iterations, we get an approximation
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solution:

0.6441 1.0011 0.9958 0.9093 0.6229 0.8441
1.0011 1.5290 0.6341 1.0364 1.2445 0.6229
X — 0.9958 0.6341 0.2405 0.8783 1.0364 0.9093 7
0.9093 1.0364 0.8783 0.2405 0.6341 0.9958
0.6229 1.2445 1.0364 0.6341 1.5290 1.0011

0.8441 0.6229 0.9093 0.9958 1.0011 0.6441

1.8429 2.0126 2.4309 1.4086 2.4384 2.8272
2.0126 2.3984 2.4191 0.6986 1.0152 2.4384
2.4309 2.4191 1.5214 1.3339 0.6986 1.4086
1.4086 0.6986 1.3339 1.5214 2.4191 2.4309
2.4384 1.0152 0.6986 2.4191 2.3984 2.0126
2.8272 2.4384 1.4086 2.4309 2.0126 1.8429

1.5436 1.4309 1.8725 2.0589 1.8345 1.2618
1.4309 1.5217 1.4434 2.5959 2.0213 1.8345
1.8725 1.4434 3.6372 2.8915 2.5959 2.0589
2.0589 2.5959 2.8915 3.6372 1.4434 1.8725
1.8345 2.0213 2.5959 1.4434 1.5217 1.4309

1.2618 1.8345 2.0589 1.8725 1.4309 1.5436

It can be found that the solutions are bisymmetric matrices. The corresponding
residual and norm are (Rgg, Rgg) = 9.5088 x 10712 < 107, | Xs6||r = 5.5160,
|YsollF = 11.8934, || Zss||r = 12.3229. We can observe that the residual is decreas-
ing, and converges to zero as k increases.

5. Conclusions

In this paper, we studied MCG algorithm for solving a class of generalized coupled
Sylvester-transpose matrix equations (1.6) over bisymmetric or skew-anti-symmetric
matrices. We showed that if the generalized coupled Sylvester-transpose matrix
equations (1.6) are consistent over bisymmetric matrices, an exact solution of the
system (1.6) can be derived within finite iteration steps by Algorithm 2.1. Simul-
taneously, we also proved that if the matrix equations (1.6) are consistent over
bisymmetric matrices, we can obtain the unique least Frobenius norm bisymmetric
solution for the arbitrary initial bisymmetric matrices. Finally, some numerical
examples were presented to demonstrate our theoretical analysis.
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Figure 3. The relative residual of solution and absolute error for Example 4.3.
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