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Abstract

An n x n complex matrix P is said to be a generalized reflection matrix if PH = p and
P2=1.Annxn complex matrix A is said to be a reflexive (or anti-reflexive) matrix with
respect to the generalized reflection matrix P if A = PAP (or A = —P AP). This paper es-
tablishes the necessary and sufficient conditions for the existence of and the expressions for
the reflexive and anti-reflexive with respect to a generalized reflection matrix P solutions of
the matrix equation AX = B. In addition, in corresponding solution set of the equation, the
explicit expression of the nearest matrix to a given matrix in the Frobenius norm have been
provided.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Throughout, C" denotes the complex n-vector space, C™*" denotes the set of
m x n complex matrices. A, At and || A|| stand for the conjugate transpose, the
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Moore—Penrose generalized inverse and the Frobenius norm of a complex matrix A,
respectively. I, represents the identity matrix of size n. On C™*" we define inner
product, (A, B) = trace(BTA) for all A, B € C™*", then C"™*" is a Hilbert inner
product space and the norm of a matrix generated by this inner product is Frobenius
norm.

Chen and Chen [2], Chen [3,4], and Chen and Sameh [5] introduce the following
two special classes of subspaces in C"*"

C"(P) ={A e C""|A=PAP} and
CZXn(P) — {A c Cn><n|A — _PAP},

where P of size n is generalized reflection matrix. By a generalized reflection matrix,
say P, one mean that P satisfies the following two conditions: P = P and P? = I.
In other words, a generalized reflection matrix is an involutory Hermitian matrix. The
matrices A in C}*"(P) and B in C*"(P) are, respectively, said to be a reflexive
and anti-reflexive matrices with respect to the generalized reflection matrix P.

The reflexive and anti-reflexive matrices with respect to a generalized reflection
matrix P have many special properties and widely used in engineering and scientific
computations (see, for instance, Refs. [2-5]).

In this paper, we consider the reflexive and anti-reflexive with respect to a gener-
alized reflection matrix P solutions of the matrix equation

AX = B, (1)

where A and B are given matrices in C"™*"*. We also consider the matrix nearness
problem

in | X — X*|E, 2
gg” IE 2)

where X* is a given matrix in C"*" and Sy is the solution set of Eq. (1).

The well-known equation (1) with the unknown matrix X being symmetric,
anti-symmetric, symmetric positive semidefinite and re-positive definite were stud-
ied (see, for instance, Vetter [14], Magnus and Neudecker [12,13], Don [10], Chu
[7,8], Dai [9], and Wu [15]). All in these paper, the necessary and sufficient condi-
tions for the existence of and the expressions for the solution of the equation were
given by using the structure properties of matrices in required subset in C”*" and the
singular value decomposition of the matrix. The reflexive and anti-reflexive matrices
with respect to a generalized reflection matrix P are two classes of important matri-
ces and have engineering and scientific applications. The reflexive and anti-reflexive
with respect to a generalized reflection matrix P solution of the matrix equation (1),
however, has not been considered yet. In this paper, we will discuss this problem.

The matrix nearness problem (2), that is, finding the nearest matrix in the solu-
tion set of Eq. (1) to a given matrix in Frobenius norm, is initially proposed in the
processes of test or recovery of linear systems due to incomplete dates or revising
given dates. A preliminary estimate X™* of the unknown matrix X can be obtained by
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the experimental observation values and the information of statical distribution. The
other form of the matrix nearness problem (2),

min |4 — A",

subject to

AX =B,
where X and B are given n X m matrices, A* is a given n x n matrix and A isann x n
symmetric, bisymmetric or symmetric positive semidefinite matrix, were discussed
(see, for instance, Xie et al. [16], Zhou and Dai [17] and references therein).

The paper is organized as follows: in Section 2, the structure properties of the
generalized reflection matrix P and the matrices in C;'*"(P) or C;*"(P) will be in-
troduced. Using these properties, together with Moore—Penrose generalized inverse,
the necessary and sufficient conditions for the existence of and the expressions for the
reflexive and anti-reflexive with respect to a generalized reflection matrix P solutions
of Eq. (1) will be derived. In Section 3, the expression of the solution of the matrix
nearness problem (2) will be provided.

2. The solution of the matrix equation (1)

In this section we first introduce some structure properties of the generalized re-
flection matrix P and the subsets C}'*"*(P) and C*" (P) of C"*". Then we give the
necessary and sufficient conditions for the existence of and the expressions for the
reflexive and anti-reflexive with respect to a generalized reflection matrix P solutions
of Eq. (1).

Lemma 1. Assume P is a generalized reflection matrix of size n. Let
Pi=3(n+P). Pr=3(—P), (3)

then Py and P, are orthogonal projection matrices, and satisfied Py + Py = I,
PP, =0.

Proof. Notices the definition of P, P; and P,, only by a direct computation, we
have that the above results are held. O

Lemma 2. Assume Py and P, are defined as (3) and rank(Py) = r, then rank(P>) =
n—r, and there exist unit column orthogonal matrices Uy € C"*" and U, € C"*=")
such that

p=0U, pm=wuf, P=vUf -,uf, Ulu,=0.

Proof. Since P;, P, are orthogonal projection matrices, and satisfied Py + P, = I,
P P, = 0, then the column space R (P») of the matrix P, is the orthogonal complement
of the column space R(P;) of the matrix Py, i.e., C" = R(P1) @& R(P>). Hence, if
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rank(P;) = r,thenrank(P>) = n — r.Onthe otherhand, ifrank(P;) = r, rank(P,) =
n — r, and also notice that Py, P, are orthogonal projection matrices, then there exist
unitcolumn orthogonal matrices Uy € C"*" and U, € C"*"=") suchthat P; = U, U,
P, = U2U2H. Using C" = R(P1) & R(P»), we have UIHUZ = (. Substituting P =
U\UH, P, = UUf into (3), wehave P = U\ U} — U,UH. O

Let U = (Uj, Uz). From Lemma 2, it is easy to verify that U is an unitary matrix
and the generalized reflection matrix P can be expressed as

(L0 Y
P_U<O _Inr>U. o)

Lemma 3. The matrix A € C}*"(P) if and only if A can be expressed as

(M 0\, 4
A_U(O N)U,

where M € C™" N € C=1x0=1) qnd U is the same as (4).

Proof. Assume A € C/*"(P). By Lemma 2 and the definition of C/"*"(P), we
have

(UIH> ( UIH )

AU, Up) = AUy, —U»y),
H H

U, -U,

which is equivalent to
ulftau, Ul Av, ufau,  —-ul'Au,
vlau, vfav,) \-vfau, vlauv, )’

which implies that U AU, = 0, Uf AU, = 0. Let M = U AU, N = UJ AU,,
then we have

vl M 0
(UzH )A(UI»U2)—(O N)'
Hence,

(M 0\,
A_U<0 N)U.

Conversely, for any M € C"*" and N € C"~")*@=7) ysing the result (4), we have
M 0 Hop I, O H,o (MO u. (L 0 H
PU<0 N)U P—U<0 _In—r)U U 0N u“u 0 —1,_, U
2
I. 0 M 0 H
o5 i) (5 v)

_pg(M O\, u
o O)on
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M 0

This implies that A = U < 0 N

)UH e C(P). O

Similar to the proof of Lemma 3, we can prove the following lemma.

Lemma 4. The matrix A € C}*"(P) if and only if A can be expressed as

(0 M\, u
A_U(N O)U,

where M € C">(=1) N € CU=DX" qnd U is the same as (4).
The following lemma is a well known result.

Lemma 5. The matrix equation AX = B with A € CP*™ and B € CP*" has a
solution X € C"™ " ifand only if AAT B = B. In that case it has the general solution
X =A"B 4+ (I, — ATA)G, where G € C"™*" is arbitrary matrix.

Theorem 1. Given A, B € C"™*" and a generalized reflection matrix P of size n.
Assume P can be expressed as (4), and AU and BU have the following partition
form

AU = (A1, Ay), A;eC™, Aye ™), (5)
BU = (B, By), By €C™", ByeCc™ =), (6)
then Eq. (1) has a solution X € C'*"(P) if and only if

A1ATB) = B), AASB, = B,. (7)
In that case it has the general solution
ATB + (I, — ATADG, 0 ) H
X=U|"1 " 1 u~, @8
( 0 AFBy + (s — AT A2)G2 ©

where G1 € C™" and G, € C**"=") qre arbitrary matrices.

Proof. The necessity. Assume Eq. (1) has a solution X € C'*"(P), we have from
Lemma 3 that X can be expressed as

_ X1 0 H
X_U<O X)U, ©)

where X1 € C"™*", X, € C(n=7)x(n=r),
Note that U is a unitary matrix, and the definition of A;, B;(i = 1, 2), Eq. (1) is
equivalent to

A1 X1 =B, AxX, = B».
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It follows from Lemma 5 that
A1ATB) = B), A)AS B, = By,
and
X| = A7Bi + (I, — ATANG1, X2 =A7By+ (I, — A7 A2)Ga,  (10)
where G| € C"*" and G, € C"~)*("=1) are arbitrary matrices.
Substituting (10) into (9), we know that the solution X € C*"*(P) of Eq. (1) can
be expressed as (8).
The sufficiency. Assume AlAf“Bl = Bj and A2A2+B2 = B», then we have from
Lemma 5 that there exist X1 € C™*" and X, € C*~"*®"=") gych that
A1X1 =B, AXy= By,
which is equivalent to

(A1, A) ()f; )?2> = (B1. By).

It in turn is equivalent to

X1 0 H _
AU(O X2>U = B.

)f)l )?)UH € C"n(P) is the solution of Eq. (1).
2

Hence, Eq. (1) has a solution X in C*"(P). O

This implies that X = U (

Similar to the proof of Theorem 1, we can prove the following theorem.

Theorem 2. Given A, B € C"™*" and a generalized reflection matrix P of size n.
Assume P can be expressed as (4), and AU and BU have the partition form of (5)
and (6), then Eq. (1) has a solution X € C!*"(P) if and only if

AlATB, =B, A,ASB = B. (11)
In that case it has the general solution
0 ATBi + (In_r — ATADG\ . 5
X=U 2 2 uv, (12
(A1+32+(1, — AT ADG, 0 12

where G1 € C™*""") and G, € C*~*" are arbitrary matrices.

3. The solution of the matrix nearness problem (2)

To give the explicit expression of the solution of the matrix nearness problem (2),
we first verify the following lemma.

Lemma 6. Given matrices A € CP*™ and B € CP*", then the procrustes problem
(see Andersson and Elfving [1] and Higham [11])
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min || (I, — ATA)X — Bl|r 13)
XeCmxn

has a solution which can be expressed as X = B + AT G, where G € CP*" is arbi-
trary matrix.

Proof. Applying the properties of Moore—Penrose generalized inverse and the inner
product in space C"*", we have

I(In — ATA)X — B
= (I, —ATAX —-B,, —ATAX — B)
={(Uy, —ATAX =B), I, — ATAX — B)) + (ATAB, ATAB)
= [|(In — ATA)(X = B)|} + AT ABJI2.

Hence,
min ||(/,, — ATA)X — B|p
XGC)TIXH
if and only if
min ||([,, — ATA)(X — B)|F.
Xecmxn

It is clear that X = B + AT G, with G € CP*" be arbitrary, is the solution of the
above procrustes problem. So, the solution of the procrustes problem (13) can be
expressedas X = B+ ATG. O

Theorem 3. Given a n x n matrix X*. Assume the solution set Sx € CI'*"(P) of
Eq. (1) is nonempty, then the matrix nearness problem (2) has an unique solution X
in Sx. Furthermore, let

" X Xx
Ut x*U = X; XZ . X eCr, X5, e clmxmn), (14)
then X can be expressed as
U ATBi+(I — AT AN(XT,— AT B) 0 UH.
0 AT By+(I— A5 A2) (X3, — AT By)

15)

Proof. If the solution set Sx € C*"(P) of Eq. (1) is nonempty, then Sx is a closed
convex cone in Hilbert space C"*" with vertex at

A Bl O H
— 1

Hence, it is certain that there exists an unique Xes ¥ such that the matrix nearness
problem (2) holds (see Cheney [6]). Using the invariance of the Frobenius norm
under unitary transformations, we have from (8) and (14) that
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IX — x*|%

ATBi + (I — ATADG, 0
_ 1 1 - Ut x*U
H< 0 AT By + (I — AT A2)G,

= (I — ATADG1 — (X} — ATBDIE + 1IX] I
+ I — Af A2)Gy — (X3 — AT B)IIF + I1X5, 113

2

F

Hence, there exists X € Sy such that the matrix nearness problem (2) holds is equiv-
alent to exist G; € C"*" and G, € C"~"*"=7) gych that

min ||(/ — ATADG — (X, — AT BD I,
1

min [|(/ — AT A2)Gay — (X355 — Ay Bo)|IF-
2

It follows from Lemma 6 that
Gi=X})—ATBI+ATY1, Gy=X3—A]By+ AT,

where Y| € C"™*", Y, € C"~X(=7) are arbitrary. Taking G| and G, into (8), we
obtain that the solution of the matrix nearness problem (2) can be expressed as
(15). O

Similar to the proof of Theorem 3, we can prove the following theorem.

Theorem 4. Given a n x n matrix X*. Assume the solution set Sx € C1*"(P) of
Eq. (1) is nonempty, then the matrix nearness problem (2) has an unique solution X
in Sx. Furthermore, assume U™ X*U have the partition form of (14), then X can
be expressed as

X=U 0 AT By+(I=ATADXT,—ATBY)\ 1
ATBi+(I—AT A (X3, —ATB)) 0
(16)

4. Conclusions

In this paper, we considered the reflexive and anti-reflexive with respect to a
generalized reflection P solution of the matrix equation AX = B. We also consid-
ered, in corresponding solution set of the equation, finding the nearest matrix to a
given matrix in Frobenius norm. After providing some interesting structure charac-
terizations, i.e., Lemmas 1-4 of the generalized reflection matrix and the reflexive
(or anti-reflexive) matrix with respect to a generalized reflection matrix, the solv-
ability conditions and the explicit formula for the solutions of the equation are given.
Moore—Penrose generalized inverse is an important tool in this paper.
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