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Abstract

The weighted least-squares solutions of coupled singular matrix equations are too difficult to obtain by applying matrices decom-
position. In this paper, a family of algorithms are applied to solve these problems based on the Kronecker structures. Subsequently,
we construct a computationally efficient solutions of coupled restricted singular matrix equations. Furthermore, the need to compute
the weighted Drazin and weighted Moore—Penrose inverses; and the use of Tian’s work and Lev-Ari’s results are due to appearance
in the solutions of these problems. The several special cases of these problems are also considered which includes the well-known
coupled Sylvester matrix equations. Finally, we recover the iterative methods to the weighted case in order to obtain the minimum
D-norm G-vector least-squares solutions for the coupled Sylvester matrix equations and the results lead to the least-squares solutions
and invertible solutions, as a special case.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction and preliminary results

Let us recall some concepts that we will use in this study and throughout the study we consider matrices over the
field of complex numbers C or real numbers R. The set of m x n complex matrices is denoted by M, ,(C) = C"*".
For simplicity we write M,, , instead of M,, ,(C) and when m = n, we write M,, instead of M,, ,,. The notations AT,
A* AL r(A), R(A) and tr(A) stand for the transpose, conjugate transpose, inverse, rank, range and trace of matrix
A, respectively.

Given two matrices A = [a;;] € My, , and B = [by;] € M, 4, then the Kronecker product of A and B is defined by
(see, e.g., [2,3,12,17,26,38])

A® B =1a;jBlij € Myn,pq. (1.1)

Whileif A=[a; az --- a,] € My nand B=[by by --- b,] € M), are matrices (wWhere a; and b; are the ith columns
of A and B, respectively, i =1, 2, ..., n), then the columns of A ® B are {a; ® b;} for all i and j, that is

AQB=[a1®b1 -~ a1®by -+ an®b1 -+ an @byl € M,,, 2. (1.2)
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Thus, the Khatri—-Rao product of A and B is defined by (see, [5,18,26])
AOB=[ai®b; a®by --- an®bn]€Mmp,n (1.3)

consists of a subset of the columns of A ® B. Additionally, if both matrices A = [a;;] and B = [b;;] € My, , have the
same size, then the Hadamard product of A and B is defined by (see, e.g., [2,3,17,26,38])

Ao B =aijbijli; € My n. (1.4)

This product is much simpler than Kronecker and Khatri—Rao products and it can be connected with isomorphic diagonal
matrix representations. The fundamental relationship between Kronecker, Khatri-Rao and Hadamard products can be
expressed as follows, see [18]

PI(AoB) =Pl (A® B)P,=A0 B, (1.5)
where the selection matrix P, is given by
P, =le; €p42 €43t enz] S Mn2,n, (1.6)

and ¢y is an n2-column vector with a unity element in the kth position and zeros elsewhere (1 <k < nz). Moreover, the
columns of a selection matrix P, are mutually orthonormal, that is, PnT P, =1,.

The mentioned three matrix products and some vector operators affirming their capability of solving some matrix
equations. Such equations can be readily converted into the standard linear equation form by using the well-known
identities (e.g., [10,12,14,18,39])

Vec(AXBT) = (B ® A)Vec(X), (1.7)
Vec(AXBT) = (B @ A)Vecd(X) : X is diagonal, (1.8)
Vecd(AXBT) = (B o A)Vecd(X) : X is diagonal. (1.9)
where Vec(X) = [x11 - Xm1 X12 -+ Xm2 -+ Xim --- xm,,]T € My,,1 denotes vectorization by columns of
arbitrary matrix X € M,, ,, and Vecd(X) = [x11 x22 --- xanlT € M, 1 denotes vectorization by diagonal elements

of a square matrix X € M,.

The weighted generalized inverses of an arbitrary matrix (including singular and rectangular) are very useful in
various applications such as control system analysis, statistics, singular differential and difference equations, Markov
chains, iterative methods, generalized least-squares problem, weighted perturbation theory, neural networks problem
and many other subjects that can be found in the literature e.g. [4,6,8,24,25,27,31-37,39]. Here we study the following
weighted generalized inverses:

(a) The weighted Moore—Penrose inverse (WMPI) of a matrix A € M,, , with respect to the two positive definite
matrices M € M,, and N € M, is defined to be the unique solution of the following four matrix equations:

AXA=A, XAX=X, (MAX)*=MAX, (NXA)*=NXA, (1.10)

and is often denoted by X = A[Tl, ~» In particular, when M = I,, and N = I, then AJACI’ n 18 reduced to the

Moore—Penrose inverse (MPI) A, while if A is square and non-singular matrix, then A% is reduce to A~
The important properties related to WMPI of matrix A € M,, , might be given by (see, [30,31]):
(1)

(A p)" = (A0 e (1.11)
(i1) If A has full column-rank, then
Af v =A*MA)TA*M. (1.12)

(iii) If A has full row-rank, then
Af vy =NT"A*ANT A% (1.13)
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(b) The weighted Drazin inverse (WDI) of a matrix A € M,,, ,, with respect to the matrix W € M, ,, is defined to be
the unique solution X € M,, , of the following three matrix equations [8]:

AWIXW = AWk, XWAWX =X, AWX =XWA, (1.14)
where
k = max {Ind(AW), Ind(WA)}, (1.15)
and is often denoted by X = A4 w. In particular, when A is a square matrix of order m x m and W = I, then
Ag,w is reduced to the Drazin inverse (DI) A,4. Note that for a matrix A € M,,, Ind(A) =k is the smallest positive
integer such that
r(Ah = r(ab). (1.16)
For any compatible matrices A, B, C and D, we shall frequently use the following properties of Kronecker product
(see, e.g., [12,17]):
(i) If AC and BD are well defined, then
(A® B)(C® D)=ACQ® BD. (1.17)
(i) For any natural number s,
(A® B)’ =A° @ B®. (1.18)
(iii)
r(A® B) =r(A)r(B). (1.19)
(iv) If A and B are positive definite matrices, then A ® B is a positive definite.
(v) If A e My, and B € M), ; are matrices with respect to the positive definite matrices M € M, N € My,
L e Mpand Q € M, then [30]
(ARB)rg=AuN®B[,, (1.20)
where F=M ® LandG=N ® Q.
It is well known that the weighted matrix Frobenius norm (WMFN) of a matrix A € M,, , with respect to positive
definite matrices M € M,, and N € M, is given by Wang [31] as follows:

AN = IMVZANTV2|,, (1.21)

where || P||» = (tr(P* P))'/? is called the Frobenius norm of matrix P € M,, ,. Many scientific applications gave
rise to the weighted least-squares problem (WLSP):

min ||Ax — bl u, (1.22)
X

where ||ylly = |M2y||5 is called the weighted vector Frobenius norm (WVEN) of y € C™ with respect to
positive definite matrix M € M,,. Generally speaking, the WLSP has multiple solution. In such a case, e.g., Wang
[31] considered that the unique minimum N-norm M-least-squares solution (or weighted solution) of (1.22) as
follows:

x = A} yb. (1.23)
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In the next we need to compute the A™, AAJCI’N, Ag, Ag,w and A~! and use the following two lemmas which was given
by Tian [27] that are due to appearance in the solutions of coupled least-squares problems (LSPs).

Lemma 1. If the block matrix A = [’:; ﬁz] € My, , satisfies the following five conditions:

r(A)y=r(An) +r(Ax»), R(A;2) € R(A11), R(Az1) € R(A2),
R(A3)) € R(AT)), R(AT,) € R(A%).

Then the MPI of A can be expressed as

+ + +
A+ _ SAZZ _AIIAIZSA” (1 24)
=St Ay AT St ’ '
Ap 21480 An

where Sp,, =A11 — A12A2+2A21 and Sp,, =Axn — A A;rl A1y are the Schur complements of Ay and Ay, respectively,
inA.

Lemma 2. If the block matrix A = [’:i; 2;] € M, satisfies the following five conditions:

r(A)=r(A11) +r(A»n), R(A;2)=R(A1), R(Az)=R(An),
R(A3)) = R(A7)). R(ATy) = R(A}).

Then the MPI of A can be expressed as

At = [SXZZ SLZ} _ [(Au — AnAh AT (Ay - AzzA*zAﬁ)*] . (1.25)
St St 1T LA —AnA; AT (An — AnA[AR)T

The coupled matrix equations have been widely used in several areas such as stability theory, control theory, com-
munication systems, perturbation analysis, economics and many other fields of pure and applied mathematics; and
recently it is in the context of the analysis and numerical simulation of descriptor systems therefore many interesting
problems can lead to coupled matrix equations. For example, the non-zero sum differential games, optimal control sys-
tem, Sylvester matrix equations, matrix Schrodinger equations, axial N-index transportation problems and state-space
equations which were discussed, respectively, by Cruz et al. [9], Zhang [39], Ding and Chen [10], Carlson [7], Al Zhour
and Kilicman [1] and Mouroutsos and Sparis [21].

Research on solving systems of linear matrix equations has also been active for past years, for example, the conditions
for the existence of a solution and a representation of the general common solution to the matrix equations A X B1=C}
and A; X B, = C, were provided in [20], a representation of the general common solution to the matrix equations
A1XB1 = Cy; A, X By = Cy were also studied by Navarra et al. [22], the existence of a common solution X to the
matrix equations A; X B; = C;j, (i, j) € I" were obtained by van der Woude [28], the iterative method for symmetric
solutions and optimal approximation of the system matrix equations A1 X B1 = C1; A2X By = C, were also presented
in [23] the nearest Kronecker product problems are solved in [29], the perturbation for the constrained and weighted
least-squares problems were derived by Gulliksson et al. [13], and the solutions of coupled matrix convolution and
matrix differential equations were studied by Kiligman and Al Zhour [14-16]. Finally, Fulton and Wu [11] described
an implementation of the matrices decompositions such as OR, SVD, LU, and Van Loan [29] mentioned also that the
linear system of the form (A ® B)x = c can be solved fast by compared with matrices decompositions.

Depending on the problem in consideration, different coupling terms may appear. However, in several cases, it is
difficult to find the weighted least-squares solutions by using matrix decomposition. In present paper, a family of
coupled singular matrix equations are formulated and several algorithms for computing the weighted solutions of these
coupled are also proposed by using the effective Kronecker structures. We construct a computationally efficient solution
of coupled restricted singular matrix equations (RSME) and derive the representation for the WDI of the Kronecker
product in order to find the weighted solution of RSME. We also consider several special cases which includes the
well-known coupled Sylvester matrix equations.

For some applications such as stability analysis, it is often not necessary to compute exact solutions, approximate
solutions are sufficient since sometimes computational efforts will rapidly increase with the size of matrix functions.
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Here we recover the iterative methods given by the Ding and Chen [10] due to the weighted case in order to find the
minimum D-norm G-vector least-squares solutions of the coupled Sylvester matrix equations.

2. Restricted singular matrix equations
First of all, we derive the representation for the WDI of the Kronecker product A ® B as follows:

Theorem 3. Let A € My, ,,W € My, B € My ;and R € M , be matrices,and let Z=W ® R and k=max{k1, k2}
such that
ki = max{Ind(AW), Ind(WA)}, k» =max{Ind(BR),Ind(RB)}.
Then
@
Ind{(A® B)Z} =k, (2.1)
(i)
(A® B)y,z =Aaw ® Ba r. (2.2)
Proof. (i) By assumptions, we have
r(AWS =r(AW)N T r(BRY? = r(BRYT.
From properties of Kronecker products, we have
r(A® B)Z)' =r((A® BY(W ® R))’ =r(AW ® BR)' =r(AW)"r(BR)".
Similarly,
r((A® B)Z)*™ = r(AW)* T r(BR)*™!
It is obvious that the smallest non-negative integer that
r(A® B2y =r(A® B)Z)*

is k = max{ky, k}. Hence (2.1) is true.
(i) Let X = Ay, w ® Bg.r and Z = W ® R. From properties of the Kronecker product and (1.14) we have

(A®B)Z"'XZ=((A® B)(W ® R))"' (A.w ® Bs.r)(W ® R)
= (AWM Ag wW) ® (BR)*™ By gR)
= (AW)* ® (BR)* = (AW ® BR)' = (A ® B)(W ® R))
={(A® B)Z}", (2.3)
XZ(A® B)ZX = (Aq,w ® Ba.p)(W ® R)(A® B)(W ® R)(Aq,w ® Ba.R)
= (AgwWAWA, w) ® (B, RRBRB4 R) = Ag,w ® BaR
=X, 2.4)
(A® B)ZX = (A® B)(W ® R)(Aa,w ® By.r)
=AWA,w ® BRByr=AswWA ® By rRB
= (Aa.w ® Ba.r)(W ® R)(A® B)
=XZ(A® B). (2.5)
From (2.3)—(2.5) we can obtain (2.2) immediately. [l
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One of the important application of Theorem 3 is that the WDI of Kronecker product arise naturally in solving the
so-called RSME as follows.

Theorem 4. Let A € My, ,, W € My, B € My 4, R € My ,, and C € M, 4 be given constant matrices and
X € My, p be an unknown matrix to be solved. Also, let

L=R®W, ki =Ind(B® A)L), k =Ind(L(B® A))

such that

r((BQ AL =r(L(B® A)?, VecC € R(L(B® A)*, VecX € R(B® A)L)". (2.6)
Then the unique solution of the following RSME

(WAW)X(RBR)T =C .7
is given by

X =A4wCB) p. (2.8)

Proof. On using the identity (1.7) it is not difficult to transform (2.7) into the following vector form:
(L(B® A)L)Vec X = VecC. 2.9)
It is easy to verify under (2.6) that the unique solution of (2.9) is
VecX =(B® A), VecC = (Byr ® Ag,w)VecC
= Vec(Aq,wCB ).
which is the required result. [J

In particular case, if m =n, p =g, W = I, and R = I, we obtain the following corollary:

Corollary 5. Let A € My, B € M, and C € M, , be given constant matrices and X € M, ;, be an unknown matrix
to be solved. Then the unique solution of the following RSME:

AXBT=C:VecC, VecX € R(B® A)X, k=Ind(B® A) (2.10)
is given by
X = A4CB). (2.11)

Another important case can be obtained from (1.7), (1.20), (1.11), (1.23) and Magnus and Neudecker’s idea [19,
Theorems 12 and 13, p. 37] as in the following corollary:

Corollary 6. Let A€ My, ,, B € My 4, C € My, p be given constant matrices and X € My, 4 be an unknown matrix
to be solved. Also, let M € M;,, N € M, L € My, and Q € M be positive definite matrices, and G = M ® L and
D =N ® Q. Then the minimum D-norm G-least squares solution of AX BT = C is given by

X = A,TLNC(BZ’Q)T = AL’NC(BT)E (2.12)

-1 7-1

Furthermore, a necessary and sufficient condition for the matrix equation AX BT = C in order to have a weighted
solution can be given by

AAY vC(BB} )" =C, (2.13)
in which case, the general minimum D-norm G-least squares solution is given by
X =A} yCBf )T+ F — Af; yAF(Bf ,B)", (2.14)

where F is an arbitrary matrix of order n x q.
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In particular, the unique least-squares solution of AX BT = C can be given by
X =Atc(BHT. (2.15)

Now we note that if A € M, B € M, are non-singular matrices, then Ind(A) =Ind(B) =0, Ay = At =A"1and
the unique solution of AX BT = C is given by

xX=a"lc™HT. (2.16)
3. Coupled restricted singular matrix equations

In this section, we will study the vector least-squares solutions of the so-called coupled restricted singular matrix
equations (CRSME) based on Tian’s Lemmas and Kronecker structures and we consider some special cases. First of
all, we have the following theorem:

Theorem 7. Let Ay, By, C1, D1, Az, Ba, Cy and Dy € M, ,, be given full column-rank matrices such that
R(D1®C1) S R(B1® A1), R(B2® Az) € R(Dy ® (),
R(B; ® A3) C R(B} ® A)), R(D}®C}) C R(D} ® C3).

Also, let E, F € M, be given constant matrices, and X, Y € M, be unknown matrices to be solved. Then the vector
least-squares solution of the following CRSME:

AMXBT+C YD =E, AXBY4+CvDI=F (3.1)
is given by
Vec X = — (B D1 ® A] C1)(D2 ® C2 — BB} D1 ® AyA{ C1)TVec F
+(B1® A1 — D1DS B, ® C1CY Ay)TVec E, (3.2)
VecY = — (D2 ® C2 — BB D1 @ A2 Af C1)T (BB ® AyAT)Vec E

+ (D2 ® C> — BB D1 ® AyA{ C1)TVec F. (3.3)

Proof. The CRSME in (3.1) can easily be transformed to the following vector form:

[Bi® A1 D1 ®C |[VecX| [VecE 3.4)
| Bb® Ay Dry®Cy || VecY | | VecF |’ ’

[ Bi®A) Di1®C)

Since | g4, Dr@C

] is a full-column rank, then the least-squares solution of (3.4) is

(3.5)

[VecX| [Bi®A, DI ®C | [VecE
| VecY T | Bh®Ay Dr®Cs VecF |’

Now applying (1.24) of Lemma 1 and (1.20) into (3.5), we establish (3.2)—-(3.3). O
Similarly by using (1.25) of Lemma 2 we obtain the following corollary:
Corollary 8. Let A1, B1,C1, D1, Az, Bo, Co and Dy € My, ,, be given full column-rank matrices such that
R(D1®C1)=R(B1 ®A1), R(B2® A2)=R(D2Q (),

R(B} ® A5) = R(B{ ® A}), R(D} ®C})=R(D} ®C3).
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Also, if we let E and F € M, be given constant matrices, and X, Y € M, be unknown matrices to be solved then the
vector least-squares solution of the following CRSME:

AXBT +CiyDT=E, AXxBY+CvDI=F (3.6)
is given by
Vec X = (B ® Aj — D1 DS B, ® C1Cy A2) " Vec E
+ (B2 ® Ay — D2D{ By ® C2CF Ap)TVec F, (3.7)
VecY = (D1 ® C1 — B1BS D ® A1AS C2) " Vec E
+ (D> ® C2 — ByB) D1 ® AyA{ C)TVec F. (3.9)

Corollary 9. Let Ay, B1,Cy, D1, A2, B, Co and Dy € M,, and E, F € M, be given constant matrices, and X,
Y € M, be unknown matrices to be solved. Then the vector least-squares solution of the following coupled matrix
equations:

AMXBT +CiYDT=E, AXBY+C¥yDI=F (3.9)
is given by
VecX = — (B;'Dy ® A{'C1)(D2 ® C2 — B,B; ' Dy ® A2A7'C1) ™' Vee F
+(Bi® Al — D1 Dy "By ® C1C5 ' A2) ' Vec E, (3.10)
VecY = — (D2 ® Cy — BoB ' D1 ® A2AT'C) (BB @ ArAT")Vec E
+ (D2 ® C2 — BaB; ' Dy ® A2A['C1) 'Vec F (3.11)

assuming that all relevant inverses exist.

If we set By = C; = B, = C> = I in Corollary 8 we obtain the vector least-squares solution of coupled Sylvester
matrix equations as follows:

Corollary 10. Let A, B, C and D € My, ,, be given full column-rank matrices such that
RU®A)=R(C®I), RU®B)=RD®I), RUI®A)=R(UQ® B,
R(C*®1)=R(D*®I).

Also, if we let E and F € M,, be given constant matrices and X, Y € M, be unknown matrices to be solved then the
vector least-squares solutions of the coupled restricted singular Sylvester matrix equations

AX+YC'=E, BX+YD'=F (3.12)
can be given by
VecX=(I®A—-CD"®B)"VecE+ (I ®B—DCY® A)"VecF, (3.13)

VecY =(C®I —D®ABT) " VecE4+ (D®I —C® BAT)TVec F. (3.14)
Now, if we set B = D = B> = A» = D; in Corollary 8 we obtain the following corollary:

Corollary 11. Let A, B and C € M,, , be given full column-rank matrices such that

R(C® A)=R(C®B), R(C*® A*)=R(C*® BY).



A. Kiligman, Z.A.A.A. Zhour / Journal of Computational and Applied Mathematics 206 (2007) 1051—1069 1059

Now, if E and F € M, are constant matrices, and X, Y € M, are unknown matrices to be solved then the vector
least-squares solution of the CRSME

AXCT 4+ BYCT=E, BXCT+AvcT=F (3.15)
can be given by

VecX=(CQA—-C®BA™B)*VecE+(C®B—CQ® ABTA)"Vec F, (3.16)

VecY =(CQB—-CQ®ABTA)"VecE+(C®A—CQBATB) Vec F. (3.17)

As an example, we will discuss the efficient least-squares solution of the following coupled matrix equations:
AXCT+BYCT=E, BXC'+AYCT=F, (3.18)

where A, B € My, ,,C € My, Eand F € My, p are given scalar matrices, and X and Y € M,, are unknown matrices to
be solved. We also assume that n < mp, so that the coupled matrix equations (3.18) is over-determined, which suggests
using a least-square approach. We consider the CLSP:

o [E]_[AaxcT+ BycT . (3.19)
xy [LF] [ BXCT+aAyct]|, '
It is not difficult to transform (3.19) into the vector CLSP form:
L |[VeeE] _[coa coB][Veex]| (3.20)
X,y ||| Vec F | C®B C®A]|VecY ||, )
which has the following solution:
VeeX|] [[c®A CcoB]'[C®A C®B TceA C®BT [VecE 321)
VecY | 7 |[C®B C®A| |[C®B CQ®A C®B CQ®A| |VecF | '
It is easily verified that the
1 [1 -1
U—ﬁ[z ,]
is a unitary matrix and
[c®A C®B]|_, [C®(A+B) 0 T
| C®B C®A__U|: 0 C®(A—B):|U' (3.22)
fQ=A+B, T=A—-B,H=C®(A+ B)and W =C ® (A — B), then we have
[C®A CoB][C®A CoB|_,[(CRQ(C®Q) 0 Ut (3.23)
| C®B C®A| |C®B C®A| 0 (CRNM*(C®T) '
and
ceA coBl'[cea coB\ "
C®B CRA| |C®B C®A
_yluceorceon™ 0 T
I 0 (CRT*(CRT)!
A = [@rE)! 0 I 1
T2 1 0 Ww)y=' || -1 1
_ITHEET wrwy T (HPE) T = (wrw) ! (3.24)
T2l - wrw)Tt (R T  (wrw) T '
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Now, the least-squares solutions (3.21) can be written into the form

VecX| L[HH) ' +w*w)™' (H*H)™ —(W*W)"'T[(C®A)* (C®B)*|[VecE
Vec Y (H*H)"' — w*w)=™'  (H*H)"'+ W*W)"' [| (C® B)* (C® A)* || VecF |

2
(3.25)
This gives the following vector least-squares solutions:
Vec X = X((H*H) ™ + (W*W)""}(C ® A)* + {(H*H)™' — (W*W)"'}(C ® B)*)Vec E
=+ 3{(H*H)™ + W*W)"'}(C® B)*
+{(H*H)™' — (W*W)"1}(C ® A)*)Vec F, (3.26)
VecY = S({(H*H)™' — (W*W)"'HC ® A)* + {(H*H)™' + (W*W)"'}(C ® B)*)Vec E,
+3{HH) ™ = WW)"}C®B)*
+{(H*H) '+ W*W)"1}(C ® A)*)Vec F. (3.27)

In order to be able to use (3.21), (3.26) and (3.27) we must ascertain that the matrix

[C@A C®BT[C®A C®B}

C®B CRA C®B CRA (3.28)

is invertible if and only one
H*H=(C®(A+B)"(C®(A+B)), WW=(C®(A-B)"(C®(A-B)) (3.29)

are invertible matrices.

In some problems (for example the multistatic antenna processing problem) the unknown matrices might be diagonal.
As we observed earlier, when the unknown matrices X and Y € M,, are diagonal in CLSP in (3.19), the solution for
Vec X and VecY are highly inefficient since most of the elements of X and Y vanish. Instead we can use the more compact
vectorization identity (1.8) to rewrite the CLSP in (3.19) in the reduced-order vector form:

2
(3.30)

VeckE| |C@A CoB || Vecd{X}
Vec F CoB CoA]|| Vecd{Y}

XY 2

Note that Vecd{ X'} and Vecd{Y} consists of only the nontrivial (i.e., diagonal) elements of matrices X and Y. The explicit
efficient solution of (3.30) is can easily show that
Veed{X} = S{(R*R) ™' + (5*$) ™' }(C @ A)* + {(R*R) ™" — (§*$)"'(C @ B)*})Vec E
+3((RB) + (")} (C o B
+{(R*R)™' = (§*S)"'M(C @ A)*)Vec F, (3.31)
Veed{Y} = S{(R*R) ™' — (5*$)"'HC @ A)* + {(R*R) ™ + (5*S) "' }(C @ B)*)Vec E
+3((R*R) = (5*8)"'(C 2 B)*
+{(R*R)~" 4+ (§*S)""}(C @ A)*)Vec F, (3.32)
where R=C @ (A+ B) and S =C @ (A — B). In order to be able to use (3.31) and (3.32), we must ascertain also that
R'R=(Co(A+B)"(C@(A+B)), S'S=(C0(A-B)(C0(A-B) (3.33)

are invertible matrices.
It turns out that the expressions (3.31) and (3.32) can be also implemented involving Hadamard product by applying
identities (1.5) and (1.9).
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Corollary 12. LetA, B, C, E and F € M, be given constant matrices. Then the coupled matrix equations:
AXC+BYC=E, BXC+AYC=F (3.34)

has a unique solution if and only if C , Q = A+ B and T = A — B are invertible matrices, in this case, the unique
solution is given by

X=HA+B) E+F)+@A-BNE-F)C, (3.35)
Y=HA+B) E+F) - (A-B) "E-F)C". (3.36)
4. Weighted least-squares iterative solutions

In this section, we study the weighted least-squares iterative algorithms to solve the coupled Sylvester matrix
equations

AX+YB=C, DX+YE=F, “.1)

where A, D € M, and B, E € M, and C , F € M, , are given constant matrices, X, Y € M,, , are the unknown
matrices to be solved.
First, let us introduce a large family of iterative methods to solve the linear equation

Ax = b, 4.2)

where A = [a;;] € M, is a given full-rank matrix with non-zero diagonal elements, b € C" is a constant vector, and
x € C" is an unknown vector to be solved. Let F' € M, be a full-rank matrix to be determined and & > O be the step-size
or convergence factor. Ding and Chen [10] presented a large family of iterative methods as follows:

Xr=xXxk—1 +oF(b—Axr_1), k=1,2,3,... 4.3)

which includes the Jacobi and Gauss—Seidel iterations as special cases (where xy is the iterative solution of x). For
example, when F = D~ land o = 1, we get the Jacobi method; when F = (L + D)*1 and o = 1, we obtain the
Gauss—Seidel method (where D and L are diagonal and strictly lower triangular parts of A). Unfortunately, the Jacobi
and Gauss—Seidel iterations cannot guarantee that x; converges to the exact solution x = A~!5 , and are not suitable
for solving the non-square system: 7x = g with T € M,, ,. Ding and Chen [10] mentioned also that

(i) if we take F = A*, then the gradient iterative algorithm,

Xp =Xp—1 +0A*(b — Axj—1), O<o<———or0<a< (4.4)
Amax[A*A] IAl3
yields limy_, ooy = x .
(ii) if we take F = A~!, then the following iterative algorithm converges to x:
X =xp_1 + oA Vb — Axp_1), O<o<2. (4.5)

This motivates us to study the so-called weighted least-squares iterative method in the following lemma. This lemma
is straightforward and its proof is omitted.

Lemma 13. If A be a non-square m x n full column-rank matrix with respect to positive definite matrices M € My,
and N € M,,. Then we have limy_, oo Xy = x in the following weighted least-squares iterative algorithm,

Xk =xk—1 + w(A*MA) VA M(b — Axp_1), O<a<?2, (4.6)

fork=1,2,3,... .
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Itis also easy to prove that the weighted iterative solution in (4.6) converges to the minimum N -norm M-least-squares
solution x = (A*M A)_IA*M b at a fast exponential rate, or it is linearly convergent. When o = 1, the iteration in (4.6)
gives x; = (A*MA) "L A*Mb.

The weighted iterative algorithm in (4.6) is also suitable for solving non-square systems and is very useful for finding
the weighted iterative solutions of coupled matrix equations to be studied later; the convergence factor o do not rely on
the matrix A and is easy to choose, although the algorithm in (4.6) require computing weighted matrix inversion only
at the first step.

In order to derive the weighted iterative solutions to (4.1), we need to introduce the intermediate b1 and b, as follows:

C—-YB
bl_|:F—YEi|’ by =[C - AX F — DX]. 4.7
Then from (4.1), we obtain two fictitious subsystems

S1:GX=b;, S:YH=by, 4.8)

where G = [ g] € Moy m and H =[B E] € M, », are full column and full row-rank matrices, respectively.

Let X and Y} be a weighted iterative solutions of X and Y, respectively. By using Lemma 13 and (1.12)—(1.13), it
is easy to find the weighted iterative solutions to S; and S> with respect to positive definite matrices M € M»,, and
N € M, as follows:

Xi=Xp_1 +u(G*MG)™! [gi| M {bl - [g] Xk_l} , (4.9)

Ye=Yio1 +ofbr— Yi_[B ENN~' [B EI"(HN'H*)~L. (4.10)
Substituting (4.7) into (4.9) and (4.10) gives

G[AT, [C—YB—AX;_
Xi = X1 +u(G*MG) 1[D} M[F—YE—DX];Z_IJ’ 4.11)

Yo=Y +o[C—AX — Yy B F— DX —Y,EIN"' [B El*(HN~'H")~\. (4.12)

We note that here, a difficulty arises in the expressions on the right-hand sides of (4.11) and (4.12) contain the unknown
parameter matrices X and Y, respectively, so it is impossible to realize the algorithm in (4.11) and (4.12). The solution
is based on the hierarchical identification principle; the unknown variables Y in (4.11) and X in (4.12) are replaced by
their estimates Y;_jand X,—_1. Thus, we obtain the weighted least-squares iterative solutions Xy and Y} of the coupled
Sylvester equations in (4.1) as

AT [C—AXioy — Yi B
Xi = Xk + (G*MG) I[D} M[F—DXllill—YillE}’ (4.13)

Yi=Yi1 +0o[C — AXy_1 —Yi_1B F—DXy_1 — Y2 1EIN"' [B El*(HN"'H"!, (4.14)
where
1 1
or o= = - =) — .
Jmax [G(G*MG) 'G* M + Jmax IN"VH*(HN " H*) "V H*]

The weighted least-squares iterative algorithm in (4.13)—(4.15) requires to compute the weighted matrix inversions
(G*MG) 'and (HN~'H*)™! only once at the first step. To initialize the algorithm, we take X (0) =Y (0) =0 or some
small real matrix, e.g., X (0) = Y (0) = 10_6lmx,, with 1,,«, being an m x n matrix whose elements are 1.

o=
m+n

(4.15)

Theorem 14. If the coupled Sylvester matrix equation determined by (4.1) has a unique solution X and Y, then the
weighted iterative solution X, +1 and Y, 1 given by the algorithms in (4.13)—(4.15) converges to X and Y for any finite
initial values X (0) and Y (0), that is

lim X; =X, lim Y, =Y. (4.16)
k— 00 k— 00
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Proof. Though the proof of Theorem 14 is quite similar to the proof of Theorem 1 in [10] for a special case when
M = I, and N = I,,. We give proof of the general case for the sake of convenience. Define two error matrices

Xe=Xy—X and Y=Y, —7Y. 4.17)

By using (4.1) and (4.13)—(4.14), it is easy to get

S _ ¥ * L[ AT —AZk_l —Zk—lB
X = Xi_1 + «(G*MG) [D} Ml R R E| (4.18)
Ye=Yio1 +o[—AXi_1 — Yio1B — DXy — Ve 1 EIN"Y[B ET*(HN 'H*)"". (4.19)

Taking the WMEN of (4.18) with respect to positive definite matrices M € M, Z € M, and R € M,, using the
following formula:

IGX + (G*MG)™'V)I%, ,
2 — —1/2,2
= |M"V2G(X +(G*MG) ')z |3
=u[Z V2 X* + Y*(G*MG) WG M'*M'*G(X + (G*MG)"'y)Z71/?
=tu[Zz ' ?2X*G*M'VPMVPGXZ7 VP + w[z7 PG MY P MY PG (G MG) T Yy 2717
+tr[z—l/Zy*((G*MG)—I)*G*M1/2M1/2GX2—1/2]
+u[Z7 2y (G*MG) Y G M P MY PG(G*MG) T Yz

=tu[(M'?PGXZ7 V"M PGxZ V) +2u[z” 2 XY 272
+tul[(MPGG*MG) 'Yy Z7 2y M PG(G*MG) T Yz

= |\MV2GXZ712)5 +2ulz7 P X Y27 2 | MV2G(G*MG) Ty 27123
=1GX 3., +2u[Z 2X*YZ7 21+ |G(G*MG) 'Y |13, (4.20)
gives

v o2
||GXk||M,z

. -~ -
AT 2 —125x | A —AX—1 = Y1B | —1p2
_||GXk]||M,Z+2atr{Z Xk_l[D] M[—ka—l_yk—lE Z

* ~ ~ 2
G(G*MG)_I[A] M [ —AXp1 — Vi1 B } H
M,Z

2 ~
T D —DXi_| — Vi \E

<IGXk-113. 7 — 20tr{(AXj—1)* (AXj—1 + Yee1 B) + (DXi—1)"(DXi—1 + Yoo E)}
+ Pm{|AXi—1 + Yio1 Bl 7 + 1 DXkt + Vi1 Ell% ). 4.21)

Similarly, taking the WMFN of (4.19) with respect to positive definite matrices N € M2,, Z € M, and R € M,, we
have

IYiH % v
<Yio1HI% y — 20t1(Yee 1 BY (AX—1 + Yi—1 B) + (Ve E)* (DX + Y1 E)
+?n{|AXy—1 + Vi1 Bl% 2 + IDXko1 + Vi1 Ell% 2). (4.22)
Defining a non-negative definite function:

Wi = G Xkll3s. 2 + IYiH %y 4.23)
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and using (4.21) and (4.22), we have
Wi < Wiy — 2O€{||A)~(k—1 + ?k—lB”%QZ + DXy + ?k—lE”%e,Z}

+ o2 (m +m){|AXk—1 + Yi—1Bl% 7 + IDXk—1 + Vi1 Ell% 7}

Wit — o2 — a(m + )} {|AXk—1 + Yi—1Bll% 7 + IDXk—1 + Vi1 E|% /)

k—1
<Wo —of2 — a(m +m)} Y {IAX; + YiBll% , + | DX; + VE|I% ,). (4.24)
i=1

If the convergence factor is chosen to satisfy: 0 <pu<2/(m + n), then

o0
> AXc + YiBl% , + DXy + ViE|} 7} < 0. (4.25)
k=1

It follows that as k — oo,
IAXk + YiBl% 7 + | DXk + Ve E|} , =0,
or
AXy+ Y B=0, DXi+ Y E=0. (4.26)

According to (1.7) we have

L,®A BTY®1, [ VecX; [0
[ln®D ET® 1, || VecYy | |0 (4.27)

and the unique solution of (4.27) is Xt — Oand Yy — 0as k — oo. This completes the proof of Theorem 14. [J

The convergence factor in (4.15) may not the best and may be conservative. In fact, there exist a best « such that
the fast convergence rate of X to X and Y} to Y can be obtained as in the following numerical example which is given
in [10].

Example 15. Suppose that the coupled matrix are

AX+YB=C, DX+YE=F

2 1 02 2 —05
A=l 2]’ B—[o.z 1 ] D‘[o.s 2 }

[—1 -3 13.2 10.6 —-95 —18
E=\, —4]’ C_|:O.6 8.4:|’ F_[16 3.5]

with

Then the exact solutions of X and Y are

XZ_XM X12}=[4 3} Y=|:)’11 YI2]|:2 1]

| X21 X2 3 4] ya yn||l-2 3]
Taking X (0) = Y (0) = 10™%15,, , M = N = I4, and applying the algorithms in (4.13) and (4.14) to compute X} and
Yi. The iterative solutions Xy and Y} is shown for o« = 1/1.1 as in Table 1 where

s 1%k = Xlz + 1% = Yk, (4.28)
IX1% , + Y13,

is the relative error.
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Table 1
k X11 X12 X21 x22 yi1 yi2 21 22 6(%)

5 3.6143 2.9900 2.9409 3.6971 3.3228 0.3895 —2.9754 3.2708 22.3326
10 3.5861 3.0545 2.9027 3.8764 2.3446 0.7818 —2.111 3.09467 7.8486
15 3.8223 3.0602 2.9532 3.9752 22117 0.8313 —2.1088 3.0717 4.3430
20 3.8947 3.0514 2.9703 3.9963 2.1074 0.9035 —2.0499 3.0407 2.4141
25 3.9404 3.0339 2.9826 4.0011 2.0624 0.9399 —2.0272 3.0252 1.4291
30 3.9645 3.0217 2.9894 4.0017 2.0364 0.9638 —2.0153 3.0151 0.85256
35 3.9788 3.0134 2.9936 4.0013 2.0217 0.9780 —20089 3.0091 0.51332
40 3.9872 3.0082 2.9961 4.0009 2.0130 0.9867 —2.0053 3.0055 0.30979
45 3.9923 3.0050 2.9977 4.0005 2.0079 0.9919 —2.0032 3.0034 0.18728
50 3.9953 3.0030 2.9986 4.0003 2.0047 0.9951 —2.0019 3.0020 0.11329
55 3.9972 3.0018 2.9991 4.0002 2.0029 0.9970 —2.0012 3.0012 0.06855
60 3.9983 3.0011 2.9994 4.0001 2.0017 0.9982 —2.0007 3.0007 0.04149
Solution 4 3 3 4 2 1 -2 3

From Table 1, it is clear that ¢ are becoming smaller and smaller and goes to zero as k increases. This indicates the
algorithm is effective.

How to extend the use of weighted iterative method in (4.6) by using the connection between Vec(.) and Kronecker
products to find the weighted least-squares iterative solution of more general coupled matrix equations of the following
form requires further research:

A X By +ApXoBp+ -+ A1pXp B, =Cy,
Ay X By +AnXoBy 4+ Ayp X Bop = Co,

ApiX1Bp1 + ApaXoBpo + -+ App X pBpp = C), (4.29)

where A;; € My,, B;j € M, and C; € M,, , are given constant matrices, X; € M,;, , are the unknown matrix functions
to be solved. This work requires further research. Although the weighted iterative algorithms are presented for coupled
Sylvester matrix equations; the idea adopted may extend to find the weighted least-squares iterative solutions of the
general coupled matrix equations determined by (4.29).

5. Concluding remarks
In general, there are two classes of methods to solve matrix equations:

e Direct methods, such as LU-factorization or QR-factorization or Kronecker structures. These methods Theoretically
lead to an exact solution of the problem in finitely many steps.

e l[terative methods, such as Jacobi iteration or Gauss—Seidel iteration or SOR. These methods provide an approximate
solution to the problem.

In fact, the Kronecker products and vector operators affirming their capability of solving matrix and matrix equations
fast (more fast when the unknown matrices are diagonal). The way exists which transform the coupled matrix into the
following simple form: Ax = b, and we can solve this system fast if A is a Kronecker product.

In order to demonstrate that application of Kronecker products method is effective, suppose we have to solve, for
example, the following matrix equation:

BxAT =, (5.1)

where A, B and C € M, are given scalar matrices and X € M, is unknown matrix to be solved. Then it is not hard by
using (1.7) to establish the following equivalence:

(A® B)Vec X = VecC. 5.2)
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If we ignore the Kronecker products structure, then we need to solve the following both matrix equations:

e BY =C,

where Y can be obtained in O(n3) arithmetic operations (flops) by using LU-factorization of matrix B (forward

substitution).
o XAT=v,

where X can be obtained also in O(n3) operations (flops) by using LU-factorization of matrix A (back substitution).
Without exploiting the Kronecker products structure, an n% x n? system defined in (5.1) would normally (by Gaussian
elimination) require 0on®) operations to solve. But when we use Kronecker product structure in (5.2), the calculations
show that the Vec X can be obtained only in O(n>) operations by using LU-factorization of matrices A and B. Thus,
we can say that the system in (5.2) can be solved fast since the Kronecker structure avoids the formation of n? x n>
matrices, and only the smaller lower and upper triangular matrices L4, Lp , Ua, Up are needed.

For example, if we consider matrices A and B are of order 3 x 3 and a vector C is of order 9 x 1. To demonstrate
the usefulness of applying Kronecker product and Vec(.), we can return to the system problem in (5.2). If A ® B is
non-singular and regarding with LU-factorizations of A= LU, and B = LpUp, then a solution of system exists and
can be written as

(Us®Up)VecX =z, (La® Lp)z=VecC.
First, the lower triangular system: (L4 ® Lp)z = Vec C, can be solved by forward substitution as the following:

]

ail 0 0 b1 0 0
(|:021 ap 0 } ® [bn by 0
az aszx  as; b3

21
i|) 22 c2

bz b33
29 9
that is

‘a“b“ 0 0 0 0 0 0 0 0 7

a11b21 aubzz 0 0 0 0 0 0 0

ar1biq 0 0 anbiq 0 0 0 0 0

La®Lp=|axbx azbxn 0 axby1  axnbn 0 0 0 0

ax1bz1 axbzyy axbzz axnb31 axnbiyy  axnbs; 0 0 0

az1biy 0 0 aybiy 0 0 aysby; 0 0

az1byy  azibxn 0 azb  azbn 0 aszzby1  aszzbxn 0
Lasibs1 az1bsy azibsz axnbsi  asxnbsy  aszbszz azzbsr  azzbsy  azzbss

which can be solved in O(n?) operations.
Thus the first three equations are given as:

1

e aitbyizi=c => 0= )

aibin ) )

12 — baicy

o aitbyizi +anbnnn=c =2=——"7"—"-—
aibi1bxn

bi1bacs — biibzacy — babzicr + baboicy

e ai1b3iz1 +anbyzy +anbypz=c3 = 3=
aibi1b2b33

Now the next three equations are:

e ay1by1z; + axnbiiz4 = c4.
e ay1byiz; + axbiazo + axnbaiza + anbrnzs = cs.
e ar1b31z; +ap1b3zy + ar1b33z3 + arnb3iz4 + axbirzs + ax»bizze = ce.
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The first boldface expression a>;b;1z; can be computed as apjcy/a1. The second boldface expression
ay1by1z; + a2 b2z

can also be computed as azjca/aq1. While the third boldface expression
az1b3121 + ax1b32n + az1b33z3

can be also computed as a>jc3/ayg.
Now, we use the previous expressions for obtaining z1, z2 and z3 in the first set of equations to simplify the second
set of three equations. The simplified second set of equations becomes

ac
axnbii1za =c4 — ,
ar
acy
axbr1z4 + axnbrnzs =c5 — P
11

azc3

axb31z4 + axnbzrzs + axbizze = ce — o
11

Solving the second set of equations takes O() operations and the forward solve step takes O(1?) operations (flops),
so obtaining z4, z5 and z¢ takes O(n?) time. This simplification and using the work from the previous solution step
continuous so that solving each of n-sets of n-equations takes O(n?) time, resulting in an overall solution time of
o®n?). Exploiting the Kronecker structure reduce the usual, expected O(n*) time to solve (L4 ® Lg)z = VecC
to O(n?).

One final note regarding the exploitation of the Kronecker structure of the system remains. Suppose the matrices
A and B are different sizes. Then, the time required to solve the system: (A ® B)Vec X = VecC, is O(mnz), where
m and n are the sizes of A and B, respectively. In our work, the modeler has some choice for the size of the A and
B matrices. Thus, a wise choice would make n small, reducing the effect of the n? term in the O(mnz) computation
time.

While if A € My, n, B € My, C € My, , are given matrices and X € M, is a diagonal matrix, then also by using
(1.8), it is not difficult to transform (5.1) into the following equivalence:

(A @ B)Vecd(X) = VecC. (5.3)
Subsequently, to construct a computationally efficient solution of the least-squares problem

min [[(A @ B)Veed(X) — Vec cl3 (5.4)

requires on3) + O((m + p)n?) (multiply and add) operations. Then the explicit solution of (5.4) follows as
Vecd(X) =[(A @ B)*(A@ B)]"'(A @ B)*Vec C. (5.9)

In contrast, the most efficient known alternative (i.e., (5.5) requires 0n3)+0((mp)n?) operations, which is significantly
higher when n < min(m, p)).
Similarly, when X and C € M, are diagonal matrix, we return to the system problem:

(A o B)Vecd(X) = Vecd(C). (5.6)

If A o B is non-singular and regarding with LU-factorizations of A o B = L o,pU 0B, then a solution of system exists
and can be written as:

UaopVecd(X) =y, Laopy = Vecd(C).

First, the lower triangular system L 4.5 y = Vecd(C) can be solved by forward substitution as the following:

aibii 0 0 i il
axiby1  axnbn 0 Y2 |=|cn
az1bs1  axnbzy aszbzzd Lys €33
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which can be solved in O(n) operations as follows:

C11

e ajthyiyir=cip = y1= .
aibi
anbiicyn —anbyiciy

o ar1by1y1 +anbry, =cpn =y =
anbiianbn
o a3z b31y1 + azbxnyr + azzbzyz =c33 =

_anbnianbicsz — [az1bzianbrn — aznbzrarnb21]ci — azbzainbiicy

Y3
ai1briaxnbrazzbss

Thus we can say that the system in (5.6) can be solved faster since the calculations of Vecd(X) can be obtained only
in O(n) operations by using LU-factorization of A o B since then we only need lower and upper triangular matrices
Laop and Ugop.
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