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1. Introduction

Matrix equations play a very important role in linear system theory. For example, the continuous-
time Lyapunov matrix equation AX + XAT = —Q and the discrete-time Lyapunov matrix equation
AXAT — X = —Q (which is also known as the Stein equation) have very important applications in
the stability analysis of continuous-time and discrete-time linear systems, respectively [26]. A more
general class of equations in the form of AX4+XB = C, which s called the Sylvester matrix equation, can
be used to solve many control problems such as pole assignment, eigenstructure assignment, robust
pole assignment and observer design (see, for example [2,25]). Other matrix equations such as the
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coupled Sylvester matrix equations and the Riccati equations have also found numerous applications
in control theory. For more related introduction, see [8,15,17,25] and the references therein.

Because of the wide applications of linear equations in control theory, many approaches have been
established in the literature to provide both closed-form and numerical solutions. Take the Sylvester
matrix equation AX+XB = C for example. The controllability and observability matrices are used in[2]
to construct the closed-form solutions, and such a solution is also obtained by the inversion of a square
matrix in [12]. Regarding the numerical methods for solving the Sylvester matrix equation, one of the
most efficient approaches is the Hessenberg-Schur form based algorithm proposed in [9]. Besides, the
iterative algorithm by using the hierarchical identification principle proposed in [4,5] is also shown
to be effective in solving this class of equations. A more general form of this class of equations is
recently considered in [27]. For more references on this topic, see [3,7,11,30,16,21,18,23,24,29] and
the references given there.

As a generalization of the continuous-time Lyapunov matrix equation, the following linear matrix
equation

AX+X'B=c, (1)

has received much attention in the literature over the past several decades. For example, special cases
of (1) in the form of AX & XTAT = B were thoroughly studied in [28,6,10] where necessary and
sufficient conditions for the existence of solutions were obtained. Very recently, the solvability and
closed-form solutions of Eq. (1) is studied in [19] by using the Moore-Penrose generalized inverse. As
a more general case, the linear equation

AX'B + EXF = —C, 2)

is investigated in [17,22] where iterative approaches are developed to obtain the numerical solutions.
In this paper, we study matrix equation

X =Af X)B+C, (3)

with f (X) = XT,f(X) = X and f (X) = X", and A, B, C being known matrices. If f (X) = X',
namely, X = AX"B + C, then Eq. (3) can be regarded as a special case of (2). If f (X) = X, Eq. (3)
becomes X = AXB + C which was first studied in [13]. Several problems will be studied for Eq. (3).
These problems include solvability, existence of unique solution, closed-form solution and numerical
solution. The key idea is to transform this class of equations into the standard Stein equation

W=AWB+cC (4)

where A, B and C are functions of A, B, C, and W is unknown. It is shown that the solvability and
the existence of unique solution of the original equation (3) is equivalent to the solvability and the
existence of unique solution of Eq. (4). Moreover, we have proven that if the general solution (denoted
by W) of Eq. (4) has been obtained, then the general solution (denoted by X) of the original equation
(3) can be obtained via the formulation

X:%(W+Af(W)B+C).

Regarding numerical solutions, we extend our early results on Smith iteration for standard Stein equa-
tion given in [24] to Eq. (3) and necessary and sufficient conditions are obtained to guarantee the
convergence of the iterates. Different from the real representation based approach for solving equa-
tion X = AXB + C developed in [13] where the matrix equation is transformed into a standard Stein
equation whose coefficient matrices have dimensions twice of the original coefficient matrices, here
the dimensions of the coefficient matrices of the auxiliary matrix equation (4) is the same as the
dimensions of coefficient matrices of the original equation (3).
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The rest of this paper is organized as follows: some preliminary results in linear algebra that will
be used in this paper is recalled in Section 2. A basic result regarding the solution of linear equa-
tion is developed in Section 3, which plays an important role in the development of this paper. Then,
for f (X) = X", f(X) = X and f (X) = X", the matrix equation in (3) is, respectively, considered
in Sections 4-6. A more general case is treated in Section 7. The paper is finally concluded in Sec-
tion 8.

2. Notations and preliminaries
2.1. Notations and some standard results

In this paper, for a matrix A, we use AT, AH, A, A {A}, p (A) , rank (A) and det (A) to denote, respec-
tively, the transpose, the conjugated transpose, the conjugate, the spectrum, the spectral radius, the

rank and the determinant of A. The symbol ® denotes the Kronecker product. For an m X n matrix
R = [rjj], the so-called column stretching function vec (-) is defined as

T
VeC(R):[rH rml r]n rmn] .

For three matrices A, X and B with appropriate dimensions, we have the following well-known results
related to the column stretching function:

vec (AXB) = (BT ® A) vec (X) . (5)
We then can introduce the following standard result.
Lemma 1[1,17]. Let X € C™*" be any matrix. Then
vec (XT) = P(m,nyvec (X) ,

where P(m, ) is uniquely determined by the integers m and n. Moreover, the matrix Py, ) has the following
properties.

1. For two arbitrary integers m and n, Pgm ) has the following explicit form

[ pT gT T ]
Ey Enp - Egy
T gT T
Ey Eyp - Ey o mn
Pan,ny = €R s
T gT T
_Eml EmZ Emn_
where Ej,i=1,2,...,m,j=1,2,...,nisanm x n matrix with the element at position (i, j)

being 1 and the others being 0.
2. For two arbitrary integers m and n, P (m, n) is a unitary matrix, that is

T T
P(m»”)P(m,n) = P(m,n)P(qul) = Inn.

3. For two arbitrary integers m and n, there holds Py ) = P(Tn’m) = P&}m).
4. Let m, n, p and q be four integers and A € C™*", B € (’*9. Then

Pim,py (BQA) = (AQ® B) Pnq)- (6)
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Let A € C™*™ be any given matrix, the generalized inverse of A, denoted by A™, is such that
AAT A = A.
Then we can recall the following standard result regarding solutions of linear equation.
Lemma 2. LetA € C"*" and b € C™ be given. Then the linear equation
Ax=b (7)

is solvable if and only if there exists a A~ such that AA~b = b. Moreover, if it is solvable and denote x' as
one of its solutions, then the general solution of Eq. (7) is given by

x=x"+ (I, —AA) L,
where t € C" is an arbitrary vector.

The following result is the well-known Schur complement.

Lemma 3 [1]. Let Xy, Xo, X1 and X271 be some matrices with appropriate dimensions. Assume that X, and
X, are nonsingular. Then,

X7 X
det| ”1 7| = det (X)) det (Xz - X21Xf]X12)
Xn X2

— det (Xp) det (x1 - xux;]xz]) .
Finally, we recall some facts about linear iteration.
Definition 1 [24]. For a linear iteration
Xey1 = Mx, +g, g €R’, (8)

where M and g are, respectively, constant matrix and vector and p (M) < 1, the asymptotic exponen-
tial convergence rate is — In (p (M)).

Basically, the smaller the number p (M), the faster convergence of the iteration (8). See [24] for
explanations.

2.2. Smith iteration and closed-form solutions of standard stein equation
Consider the following standard Stein matrix equation
X = AXB + C, 9)

where A € (™™ B ¢ (""" and C € C™" are known and X € C™*" is to be determined. The
associated Smith iteration is defined as

Xir1 = AXgB+C, VXp € €™, (10)

It is known that the above Smith iteration converges to the unique solution of Eq. (9) for arbitrarily
initial condition if and only if p (A) p (B) < 1. Moreover, the asymptotic exponential convergence
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rate is — In (o (A) p (B)). Therefore, if p (A) p (B) is very close to 1, the convergenceis very slow. To
improve the convergence rate, the so-called Smith (I) iteration can be applied. The idea of Smith (I)
iteration is to combine [ steps of Smith iterations into one step. Notice that

Xi+1 = AXg41-1B+ C
= A (AXk+1—2B+C)B+C
A%Xj11_2B* +ACB + C

-1
=AXB + > ACH. (11)
i=0
By denoting Xj; = Yy, k = 0, 1, ..., we can rewrite (11) as
-1
Yir1 = AYiB + D ACB, VYy =X € €™ (12)
i=0

It is shown in [24] that the above iteration converges to the unique solution of (9) for arbitrarily initial
condition if and only if p (A) p (B) < 1. Moreover, the asymptotic exponential convergence rate is
—IIn (p (A) p (B)). Therefore, the convergence rate of (12) increases as [ increases.

Though Smith (I) iteration (12) can improve the convergence rate of the standard Smith iteration
(10), it still converges exponentially. In order to obtain super-exponential convergence rate and by
noting that the closed-form solution of Eq. (9) is

o0
X*=> ACB, p@A)p®B) <1,
i=0
the so-called r-Smith iteration can be constructed.

Lemma 4 [24]. Letr > 2 be a prescribed positive integer. Assume that p (A) p (B) < 1. Construct the
following iteration:
r—1
Xit1 = D AXiBi, Akt1 = Ay, By =By, k>0, (13)
i=0
with initial condition Xy = C, Ag = Aand By = B. Denote E, = X* — X, where X* is the unique solution
of (9). Then limy_, oo Xk = X* and
rk—1

Xk = > ACB, E = AX*BY k> 0. (14)
i=0

If r = 2, the r-Smith iteration reduces to the well-known Smith accelerative iteration ([20]). It is
clear that the r-Smith iteration (13) has a super-exponential convergence rate and is very effective in
obtaining numerical solutions of Eq. (9) ([24]).
In the following, we consider closed-form solutions of the Stein equation (9). Let the characteristic
polynomial of A be
m—1 )
ap (s) =det(sly —A) =s" + > ass'.
i=0
Then it is easy to verify that

m
ha (s) = det (I — SA) = otm + D s, otm = 1.
i=1

We then can cite the following result regarding closed-form solutions of Eq. (9).
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Lemma 5 [13]. LetA € C™™ B € C" ™" and C € C™*" be given. Then
1. IfEq. (9) has a solution X, then
m k
Xha (B) = D > oA SCB™ .
k=1s=1
2. IfEq. (9) has a unique solution X*, then

m k
X* = (Z ZakAk_sCBm_5> (ha B) 1.

k=1s=1

3. A basic result on linear equation

Before giving detailed discussion to Eq. (3), we present a basic result on linear equation. This result
is essential in the development of this paper.

Proposition 1. Let A € C"*" and ¢ € C" be given. Then the linear equation

(1,, —Az) w=(>,+A)c, (15)
is solvable with unknown w if and only if the linear equation

(I, —A)x =c, (16)

is solvable with unknown x. More specifically,

1. Ifx is a solution of Eq. (16), then w = x is a solution of Eq. (15).
2. If @ is the general solution of (15), then the general solution of Eq. (16) is
1 1
x=-(+tAw+ -c. 17
5 (In+A) 5 (17)

3. IfEq. (15) has a unique solution w*, then Eq. (16) also has a unique solution x* = w*.

Proof. Proof of Item 1. This is trivial since Eq. (15) can be written as (I, + A) ((I, — A) w — c) = 0.
Proof of Item 2. Let P be some matrix such that

RO O
A=P|0jo0|P!, ReCWwM Jech*Mm Ke(*mn, (18)
00K

where all the eigenvalues of ] are 1, all the eigenvalues of K are —1 and {—1, 1} N A {R} = @. Clearly,
ng + ny 4+ ny = n. Then we can compute

Ry 0 0

Ib+A=P| 0 Jp 0 |P}, (19)
|0 0Ky
[R\R- 00

IL,—A*=P| 0 Jj. o [P}, (20)
0 0 KK
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where R4 = Iy £ R, J+ = Iy, &£ ] and K+ = I, &£ K. According to Lemma 2 and (20), the general
closed-form solution of (15) can be written as

0
w="r| J; (1,,1 —]:]—)S +of, VseR"M, Vt € R®, (21)
KZ" (g — KKy ) ¢

where J— and K are any fixed generalized inversion of ] and K, respectively, and o' is a particular
solution of Eq. (15), namely,

(1n - Az) ol = (I, + A)c. (22)
Let

xf 1(1 +A) L
— w —C.
2" 2

Then, it follows from (22) that

N SN | i, 1
(In — A 2" = (1, A)(2 (o +A) @ +2c)

%(In—A2)a)T+%(I,,—A)C

1 1
E(In—i-A)c—i-g(In—A)c
=, (23)

namely, xisa particular solution of Eq. (16). Hence, by using (18)-(21), we have

Ry 0 0 0
1 11 o ~ 1 P
SntMo+oc=_Plo g 0 |[PTP] (I —Jo)s)s |+t el + o
| 0 0Ky KZ' (I, — 3Ky ) €
_ ; B}
1

=_P (I, —J2J-)s +f
| KK (I, — KKy ) €

0
=-p (ny —J21-) s +xf

? | KZ'K (Iny — KK ) ¢
: I 0
=P (I —J21-) s +x'

K" (Ky — KKKy ) ¢

0
=P | (In, —JZJ)s |+, (24)
0
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where we have used the fact that Ky = KK K, and denoted s’ = %s. On the other hand, in view of

(23) and by using Lemma 2 again, the general solution of Eq. (16) can be expressed as

0
x="P (1,11 —]:j_)s/ +xf, Vs e cm. (25)
0

Comparing (24) with (25), we clearly see that x in (17) is the general solution of Eq. (16).
Proof of Item 3. Eq. (15) has a unique solution

w* = (1,, —AZ)_1 (Ih+A)c=I,—A) e,

if and onl31/ if 1 ¢ A{A?} which implies that 1 ¢ A{A}, namely, Eq. (16) has a unique solution x* =
(Ih—A)""c. O

We should point out that there is an important difference between Item 2 and Item 1 of Proposition
1: even though x is the general solution of Eq. (16), @ = x is not the general solution of Eq. (15). This
can be observed from (21) and (25). For illustration, we give an example.

Example 1. Let A and c in Egs. (15) and (16) be chosen as

(1 0 0
A= , C= .

Then it is easy to see that the general solutions of Eqs. (16) and (15) are, respectively,

_t t

X = } w:[},‘v’t,sec.
1
L2 S

It follows that there are two free parameters in @ while there is only one free parameter in ¥ and thus
® = X is not the general solution of Eq. (15).

Also, if Eq. (16) has a unique solution, we cannot in general conclude that Eq. (15) has a unique
solution. The simple counterexample can be constructed by letting —1 € A{A}.

4. Equation X = AX"B + C
In this section, we consider Eq. (3) with f (X) = XT, namely, the following matrix equation

X =AX"B+C, (26)

where A € C™*" B € (™" and C € C™*" are some given matrices and X € C™*" is a matrix to be
determined.

4.1. Solvability and closed-form solutions

By taking vec (-) on both sides of (26) and using Lemma 1, we have
vec (C) = (Imn — (BT ®A) P(m,n)) vec (X)
= (Pom) — B" ® A) Pmnyvec (X). (27)

Therefore, the following simple result can be obtained.
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Lemma 6. Eq. (26) is solvable if and only if
rank [ Pn.m) — BT ® A vec (C) ] = rank [P(n,m) —-B'®A ] . (28)
Moreover, it has a unique solution for arbitrary C if and only if

1¢2{(B"®A) Pinn} - (29)

Notice that for test condition (29), we need to compute the eigenvalues of a matrix having dimension
mn, which is demanding in practice. In the following, we will provide an alternative condition for the
solvability of this equation.

Theorem 1. Matrix equation (26) is solvable if and only if the following standard Stein equation
W = AB"WATB + AC'B + C, (30)

is solvable with unknown W. More specifically,

1. If X is a solution of Eq. (26), then W = X is a solution of Eq. (30).
2. If W is the general solution of Eq. (30), then the general solution of Eq. (26) is

X:%(W+AWTB+C). (31)

3. Eq. (26) has a unique solution X* if Eq. (30) has a unique solution W*, namely,
ny #1, Vn, y €A {ABT}. (32)
Moreover, X* = W*.

Proof. Proofs of Item 1 and Item 2. By using (6), we know that
Pim.n) (BT ®A) Py =A®B'. (33)
With this, by taking vec (-) on both sides of (30) and denoting w = vec (W) , we get
w= (BT ® A) vec (BTWAT) + vec (ACTB) ~+ vec (C)
- (BT ® A) (A ® BT) © + (Imn + (BT ® A) Pin.nm) vec ()
= (BT ® A) Pim.ny (BT ® A) Pim.my@ + (Imn + (BT ® A) P(m,n)) vec (C)
= Y2 + (Imn + ) vec (C),

where Y = (BT by A) P(m,n). The above equation can also be written as

(Imn - TZ) @ = (Imn + Y) vec (C) . (34)
Similarly, taking vec (-) on both sides of (26) and denoting x = vec (X) produce

(Imn — YY) x = vec (C), (35)
and taking vec (-) on both sides of expression (31) yields

vec (X) = % (Imn + Y) vec (W) + %vec ©). (36)

We notice that Eq. (34) is in the form of (15), Eq. (35) is in the form of (16) and expression (36) is
similar to (17). Then Item 1 and Item 2 follow from Proposition 1 directly.
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Proof of Item 3. From the above proof and Proposition 1, we conclude that Eq. (26) has a unique
solution if Eq. (30) has a unique solution which is equivalent to

1¢ A [(ATB)T ®ABT} =2 {BTA ®ABT} . (37)

The remaining is to show that (32) and (37) are equivalent. Without loss of generality, we assume
thatn > m. Let A {ABT} = {m,n2, ..., 0m}. Then

A{BTA} = {1, M2, ..., 0m, 0,0, ...,0}.
As a result, we have
A{BTA(X)ABT} = {71, 0,0,...,0}, ijef{1,2,....m}

Therefore, (37) is true if and only if (32) is satisfied. O

One may ask whether the condition in (32) is necessary for the uniqueness of solution of Eq. (26).
The answer is negative, as the following example indicates.

Example 2. Consider a linear equation in the form of (26) with

{20} [10}
A= . B= , (38)
1o 01

where « is to be determined. By direct computation, the characteristic polynomial of (BT ® A) P(m,n)
is (s —2)(s — a) (s> — 2a) = 0. Therefore, according to (29), the equation in (26) has a unique solution
for arbitrary C ifand only if @ # 1 and o # % On the other hand, as A {BTA} = {2, a}, the condition

in (32) is equivalent to o« # £1 and o # % Hence, if « = —1, condition (32) is not satisfied while
the Eq. (26) has a unique solution. This clearly implies that (32) is only a sufficient but not a necessary
condition for the existence of unique solution of Eq. (26) for arbitrary C.

Though Theorem 1 only provides a sufficient condition on the existence of the unique solution to Eq.
(26), the advantage is that the condition in (32) is easier to test than (29) because only the eigenvalues
of a matrix of dimension m is required.

Remark 1. If n < m, we need only to compute the eigenvalues of a matrix of dimension n because
condition (32) can be replaced by ny # 1, Vn,y € A {BAT} .

By combining Lemma 5 and Theorem 1, we have the following result regarding the closed-form
solutions of Eq. (26).

Theorem 2. LetA € C™*" B € C"™*",C € C"™" and

m
hagr (s) = det (Im — sABT) =am+ Zam_,-sl, am = 1.
i=1
1. IfEq. (26) has a solution X, then

m k

Xggr (ATB) = 33" (aBT) " (aCB + €) (47B)"

k=1s=1



1380 B. Zhou et al. / Linear Algebra and its Applications 435 (2011) 1370-1398

2. If(32) is satisfied, then Eq. (26) has a unique solution X* given by

X* = (i Zk:ak (8") " (acB + €) (ATB)mS) (haar (47B)) .

4.2. Smith iteration for equation X = AX'B + C

By recognizing the Smith iteration (10) for the standard Stein equation (9), we can construct the
following Smith iteration for matrix equation (26):

Xp41 = AX,B+C, ¥Xo € €™ (39)
In the following, we will study the convergence of this iteration. First, we introduce a lemma.
Lemma 7. Let A, B € C"" be given and Y = (B' ® A) P(n,n). Then

p () = p (B'4).
Proof. By definition of spectral radius and using (33), we have

p? (0 =p(1?)

=p

We then can prove the following result.

Theorem 3. Assume that Eq. (26) has a unique solution X*. Then the Smith iteration (39) converges to
X* for arbitrary initial condition Xg if and only if

0 (BTA) <1. (40)
Moreover, the asymptotic exponential convergence rate is — In (,o (BTA)) .

Proof. Taking vec(-) on both sides of (39) gives
vec (Xk4+1) = Yvec (Xx) + vec (C),

which converges to a finite vector vec (X~o) independent of the initial condition if and only if p () <
1. This is equivalent to (40) in view of Lemma 7. Moreover, we have

Xoo = AXL B+ C.

The proof is completed by noting the fact that Eq. (26) has only a unique solution under the condition
(40). O
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Notice that Eq. (30) is a standard Stein equation whose associated Smith iteration is
Wit1 = ABBWATB 4+ ACTB+C, YW, e €™, (41)

Itis trivial to show that this iteration converges to a constant matrix independent of the initial condition
W if and only if (40) is satisfied. As (40) implies (32), we conclude from Theorem 1 that the iteration
(41) also converges to the unique solution X* = W™* to Eq. (26).

Remark 2. In view of (11), it is easy to see that iteration (41) can be regarded as Smith (2) iteration
associated with the Smith iteration (39). Therefore, by using a similar technique as that used in (11),
for arbitrary integer [ > 1, we can construct Smith (I) iteration for Eq. (26). The details are omitted
for brevity.

Remark 3. Since condition (40) implies condition (32), it follows from Item 3 of Theorem 1 that the
unique solution of Eq. (26) under condition (40) is also the unique solution of Eq. (30), namely,

o . .
X* =w* =3 (a8") (AC"B +C) (4TB) .
i=0
Therefore, in view of Lemma 4, for any integer r > 1, we can construct the following r-Smith iteration
r—1 )
Xip1 = DO AXeBy,  Aks1 = Ap, By = B, k>0,
i=0

with Xg = AC'B + C, Ay = AB" and By = A"B. Consequently, we have limy_, oo Xk = X*. Actually,
we have

rk—1 .

Xe= > (a8")' (AC"B + C) (4"B) .
i=0
5. Revisit of equation X = AXB + C

To study matrix equation X = AX"B + C, we should first revisit the following matrix equation
X =AXB+C, (42)

whereA € C™™ B € C"™"and C € C™*" are given, and X € C™*" is to be determined. This equation
was first studied in [13]. To introduce the results obtained in that paper, we need some preliminaries.
For a complex matrix A = A1 + iA; where i = 4/—1, the associated real representation is

A A
A= |0 L (43)
Ay —Aq

The real representation has many good properties, one of which is the following.
Lemma 8 Proposition 3.2 in [13]. LetA € C™*™. Ifa € A {A,}, then {£a, £a} C A {As}.

Based on the real representation, the following elegant result was established in [13] regarding
solutions of Eq. (42).

Proposition 2 [13]. The Eq. (42) is solvable if and only if the following equation
Y =A,YB, + Cs,, (44)
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is solvable with unknown Y. Moreover, let Y be any real’ solution of (44), then the solution of Eq. (42) is

il

le[Im ilm}(Y+QmYQn)|:I":|,
a .

where

0 I
Q = [ } . (45)
—I 0

To use this result, we need to solve linear equation (44) whose dimension is twice of the original matrix
equation (42). In this section, by using the idea used in Section 4, we will give an alternative criterion
for the solvability and computation methods for Eq. (42).

5.1. Some useful results
In this subsection, we give some useful results that will be used later.

Lemma9. Let A = Ay + iAy € C™*", where A1, Ay € R™*", be any given complex matrix. Then

A —A A0
Ap |t T =2, zH, (46)
A A 0A

where Z,, is a unitary matrix defined as

Zn:ﬂ[iln 1,1]

2 | 1 il

Moreover, for two arbitrary matrices U € C™*" and V € €4, there holds

Uy Vo = (UV),, . (47)

Proof. Eq. (46) can be shown by direct manipulation. We next prove (47). By letting U = U; + iU,
and V = Vy + iV;, where U; and V; are real matrices, we have

U U Vi V:
Uo- VO— _ 1 2 1 2
U, —Uq V, =V

[U1V1 + UpVy Uy — UpVy }

UVy — UiVy UpVp + UL Vs
= (UiV1 + UaVa +i(U2Vy — Ur1V2))g
= ((Uy +1iUy) (V1 —iV2))4

= (Um¢ )

which is (47). O

1 Though it is not mentioned in [13] that Y is real solution, it indeed should be so.
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Let A = A1 + iAy € C™*" be any given matrix, where A1 and A; are real matrices. Then the linear
mapping ¢ (A) : C™" — R?>™ is defined as

vec (A1)
@A) = .
vec (Ay)
We notice that mapping ¢ (+) is bijective and denote

(5]

o ' (c) =vec (1) +vec ()i, ¢= { :| e R ¢, e RV,

C2

Here we have assumed that vec™! (-) is defined associated with vec (-) in an obvious way. The following
lemma gives further properties of ¢ (A) .

Lemma 10. Let A € CP*™ and B € C"*? be given. Then for any X € C™*", there hold
¢ (aXB) = (B'®4) ¢ (), (48)
v (AxB) = (B’ ® A)¢ 9 (X). (49)

Proof. Let A = Ay + iAz, B = By + 1By, X = X7 + iX; where A;, B and X;, i = 1, 2 are real matrices.
Then Y = AXBwhere Y = Y; 4 iY, € C™*™ with Y7 and Y, being real matrices, is equivalent to

Y1 = (A1X1 + A2X2) By — (A2X1 — A1X2) By,
Yo = (A2X1 — A1X2) B1 + (A1X1 + AxX2) Ba.
Taking vec(-) on both sides of the above two equations, we get ¢ (Y) = T (A, B) ¢ (X) , where

B'®A; —Bl®A, B @A, + Bl QA
T(A,B):{](@l ) ® A B ® Ay H ® Ay .

Bl ® Ay + B, ® A1 By ® Ay — B{ ® A
In view of the real representation in (43), we can see that
T(AB) = ((B] ®A1 — B} ®A;) +i(B] ® A + B, ® A1)
= (57 + ) o o + ),
=(B'®4) | (50)
o

which is (48).
Next we show (49). By using (47), (48) and by definition of ¢ (-), we have
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The following lemma regarding properties of real representation is important in our further devel-
opment.

Lemma 11. Let A = A1 + iA; € C™*™ where A1 and A, are real matrices. Then
rank (Ay) = 2rank (A) , (51)
rank (I, — Ay) = m + rank (Im - M) . (52)
Proof. We first show Eq. (51). By using Lemma 9, we have
rank (Ay) = rank (As (Im),) = rank (A)
AO
= rank
0A

= rank (A) + rank (E)
= 2rank (A).
We next show (52). Invoking of (47) and (46) we obtain
rank (b — Ay) = rank ((In)y — As (Im)y)
rank ((Im)g — Ag)
rank (Zg (Im)o — Ap) Zm)

y A0
rank ( Z, (Im)y Zm —
0A
A —ily,
= rank
i, —A
A —il, || 0 =il
= rank _
L il, —A Im A
[ i, o
= rank _
—A I, —AA

:m—l—rank(lm—/ﬂ). O

5.2. Solvability of equation X = AXB + C

Based on linear equation theory, to study the inhomogeneous matrix equation (42), we should
study the homogeneous matrix equation X = AXB. Associated with this equation, we define a set
y/ C Can as

7' =[x ec™": X =AXB}.
Forany X; € .’ and X, € ./ and any @ € C, we have
(X1 + CYXz) —A (X] + O{Xz) B = O[X2 - aA)TzB,
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which is not zero in general, namely, X; + aX> ¢ .’ in general. Therefore, .’ is not a linear subspace
contained in C™*™ over the field C. Alternatively, if we define a real set . C R™ as

= {go(X) . X = AXB, X € cmx”}.
then by using the fact that mapping ¢ () is bijective and (48), we have
7={p 09X =0 @AXB), X e ™"}
=l e = (o) ¢, xec™"]
= {x:x=(B"®4) x xerR™|
- {x : (lomn — (8" ®A)0)x =0, x€ RZ’"”} , (53)

which is clearly a linear subspace contained in R*™ over the field R. Moreover, we can see from (53)
that

dim () = 2mn — rank (Iz,m — (BT ® A) ) . (54)
o
where dim () denotes the degree of freedom (measured by the maximal number of real parameters)
in the solution. Therefore, .~ is more suitable for characterizing the general solutions of Eq. (42). In
fact, if we let
7 ={Xe":x=AXB+(|,
and X' be any particular solution of Eq. (42), then

%:{XT—i-(p_](x):Vxey’}.

To present our main result, we need an auxiliary result.
Lemma 12. Eq. (42) has a unique solution for arbitrary C if and only if

ny #1, VneA{AAT},VyeA{EB}. (55)
Proof. Taking ¢ (-) on both sides of (42) and using (48) give

(o — (B"®4) o) =¢(0). (56)

Therefore, Eq. (42) has a unique solution for arbitrary C if and only if

rank (Izm,, — (BT ®A)U) =2mn. (57)
On the other hand, in view of Lemma 11, we can see that

rank (IZmn — (BT ® A)U) = mn + rank (Imn — (BT ® A) (BT ® A))

= mn + rank (Imn - @) ® M) . (58)

Hence, (57) is true if and only if

rank (Imn - B)'® M) = mn,

or, equivalent, 1 ¢ A {(EB)T ® AZ} . This is further equivalent to (55). O
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We then can give the following alternative conditions regarding solvability of Eq. (42), which can
be regarded as the generalization of Theorem 1 to Eq. (42).

Theorem 4. Matrix equation (42) is solvable if and only if the following standard Stein equation
W = AAWBB + ACB + C, (59)
is solvable with unknown W. More specifically:

1. If X is a solution of Eq. (42), then W = X is a solution of Eq. (59).
2. If W is the general closed-form solution of Eq. (59), then the general closed-form solution of Eq. (42)
is given by

X=—(W-+AWB+C(). (60)

N[ =

3. Eq. (42) has a unique solution X* if and only if Eq. (59) has a unique solution W*. Moreover,
X* = w*.

Proof. Proofs of Item 1 and Item 2. Taking ¢ (-) on both sides of (59), using Lemma 10 and denoting
E=B"®A, we get
p(W)=¢ (MWEB) + @ (AEB) + ¢ (0)
=Esp (AWB) + (Iomn + E5) ¢ ()
= E;9 (W) + (mn + Eo) ¢ (O)

which is further equivalent to

(bmn — E2) @ (W) = (lmn + Eo) ¢ (O) . (61)
Similarly, Eq. (42) is equivalent to (56) which can be rewritten as

(mn —Ex) o (X) = ¢ (O), (62)

and the expression in (60) is equivalent to

1 1
o (X) = 5 (Iomn + Eo) @ (W) + E‘P ©). (63)

Since Eq. (61) is in the form of (15), Eq. (62) is in the form of (16) and expression (63) is in the form of
(17), Item 1 and Item 2 follow from Proposition 1 directly.

Proof of Item 3. Notice that, by using Lemma 12, Eq. (42) has a unique solution X if and only if (55)
is satisfied, which is also the necessary and sufficient condition for the existence of unique solution of
Eq.(59). O

Remark 4. The difference between Theorem 1 and Theorem 4 is that the condition for the existence
of a unique solution to Eq. (42) is the same as the condition for the existence of a unique solution to
the standard Stein Eq. (59).

Remark 5. Different from Proposition 2, the solvability condition for Eq. (42) in Theorem 4 is related
with solvability of Eq. (59) which has the same dimension as (42). Also, different from Proposition 2,
we have given in Theorem 4 a necessary and sufficient condition for the existence of unique solution
of Eq. (42).

The following corollary is then a consequence of Theorem 4.
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Corollary 1. Eq. (42) s solvable if and only if
rank (Imn - (B8 ® AK) = rank ([ Inm — (BB)' ® AA (BT ® A) vec (E) + vec (C) ]) . (64)

If the above relation is satisfied, then the degree of freedom (measured by the maximal number of free real
parameters), namely, dim () , in the solution is given by

dim (%) = mn — rank (Imn — (EB)T ® AA) (65)

5.3. Relationship between equations X = AXB + Cand Y = A, YBy, + Cs

From Proposition 2 we can see easily that if Eq. (44) has a unique solution, then Eq. (42) must also
have a unique solution. But the converse is not clear. In this subsection, by using the results obtained
in the above two subsections, we are able to close this gap. Our result reveals some deep relationships

between these two equation (42) and (44).

Theorem 5. Eq. (42) has a unique solution X* if and only if Eq. (44) has a unique solution Y*. Moreover,
there holds Y* = XX*.

Proof. Obviously, Eq. (44) has a unique solution for arbitrary C, if and only if
aff #1, Va € AM{As}, VB € L {Bs}. (66)

For an arbitrary matrix A = A; + iAy € C™*™ where Ay, A, € R™*™ we can compute

[, 0 sly — Ay —A i
det (sl — Ay) = i"det [| ™ det(| ™ ™ 2 det(| 27 ™
|l il Ay sl + Ay Ly il
0 0 |[slw—aA —A il
— i det m m 1 2 ? m Im
L —In iIm —A2 sy +A1 ilm iIm

i e 35Im — 5A sy — A
iA —2sly

i i_ _
i™ det (—2sl,,) det (Eslm — A= (sl — A) (—=25sly) ! iA)

= i"det ((—ZSIm) (%slm - %ﬁ) — (slm — A) iﬁ)

= i" det (—i (s’In — AA))

= det (521m — M)

= det (521m — M) ) (67)

where we have used Lemma 3.
Let @ and S be two arbitrary elements in A {A;} and A {B,}, respectively. Then it follows from

Lemma 8 that {+o, @} C A {As}, {:tﬂ, :tB} C A {B,} and it follows from (67) that {a2,62} C
A {M} B, Bz} C A {BB} . Direct manipulation shows that

st £1, Vse{da, 20} C LA}, Vte {i,B, iB} C 2 {By},
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if and only if o8 # £1and a8 # 1. Also, direct computation indicates that
2 =2 n 2 32 -
st#1, Vselo®, @’} ca{aa), vee (B2, B°) C A (BB},

if and only if @B # 41 and « # +1. According to the arbitrariness of & and 3, we conclude from
the above that (55) and (66) are equivalent.
Finally, it is trivial to show that Y* = X*. O

Proposition 2 and Theorem 5 are still unable to answer the following question: if Y is the general
real solution of equation (44), then is the following

X' 2 [y il | (Y + QnYQn) [1” } (68)
il

=

the general solution of Eq. (42)? The following example may indicate that the answer is positive.

Example 3. Consider a linear equation in the form of (42) with

20 C Cyp +1iC
A= B=1 C= 1| 1 12 7
0 i G Gy +iCy
where Cjj, i, j = 1, 2 are real scalars. Then Eq. (59) can be written as

_W] — _
W = }:AAWBB—{—ACB—FC:{

4wy +2G + G
W)

wy +iG + G

which is solvable if and only if iC, + C; = 0. Consequently, the general solution of Eq. (59) is

1 (G +a)
t

W =

}, Vt=1t; +it; €C,

where t; and t, are real scalars. Hence, according to Theorem 4, the general solution of Eq. (42) is
given by

1 - —1(c +2¢,
X=_(WHAWB+C)=| ?(1 1)1 .
2 ;4D (t+0)+56
On the other hand, direct computation shows that the general real solution of Eq. (44) is
0 0 —Cn %Clz
1. 1 1 1
55 5§ 5C 5C
y=|2 20 4|22 22 vser
0 O 3C2 Cq
%S —%S %sz —%Cm

Then X’ defined in (68) can be computed as

R

Itis clear that X' = X if we sett; 4+ t, = sin X.
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However, at present we cannot prove the correctness the above result in general. This would be a
conjecture that needs further study.

Conjecture 1. IfY is the general real solution of Eq. (42), then the general solution of Eq. (42) is X' defined
in (68).

We should point out that even though the above conjecture is true, compared with the results in
Theorem 4, using solutions of Eq. (44) to construct solution of Eq. (42) has no advantage since the
dimensions of Eq. (44) has doubled the dimensions of equation (59) used in Theorem 4.

5.4. Closed-form and iterative solutions of equation X = AXB + C
By combining Lemma 5 and Theorem 4 we can derive the following corollary regarding closed-
from solutions of Eq. (42). We notice that this result is exactly Theorem 4.4 in [13] where the real
representation method is developed to derive such result. In contrast, in this paper such result is
only a consequence of Theorem 4 and Lemma 5 without using the intricate properties of the real
representation.
Corollary 2. LetA € C™™ B € C"*", C € C™*™ be given and
hyz (s) = det (Im - sAA) =om+ D om_is’, om=1.
i=1
1. IfEq. (42) has a solution X, then
_\k—s ; _ _
Xhys (BB) = > > en (AA) " (ACB+C) (BB)" .
k=1s=1
2. IfEq. (42) has a unique solution X* , then
m k ks s ;
X* = (2 e (aA)  (ACB+C) (BB)" ) (hyx (BB))
k=1s=1

Similar to the Smith Iteration for Eq. (26), we can also construct the Smith iteration for Eq. (42) as
follows:

Xpr1 = AXgB+C, VXp € €™, (69)
The following theorem is concerned with the convergence of this iteration.

Theorem 6. The Smith iteration (69) converges to the unique solution X* of Eq. (42) for arbitrary initial
condition X if and only if

0 (M) o (BB) < 1. (70)
Moreover, the asymptotic exponential convergence rate is — In (,0 (M) o (EB)) .

Proof. We first show that if the iteration (69) converges, then (70) should be satisfied. As {Xi}z=
converges, we know that the subsequence {X»;}{°, also converges. It is easy to verify that {X5;}°, is
generated by the following iteration
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Xa(i4+1) = AAX2iBB + ACB + C, VXo € €™M,
Notice that the above iteration is a standard Smith iteration which converges to a constant matrix
independent of the initial condition if and only if (70) is true.
We next show that if (70) is satisfied, then the iteration (69) must converge. Notice that the iteration
(69) can be equivalently rewritten as
(Xk+1)(7 = AU (Xk)o BCI + C(fa V (XO)()' S Rzmxzn- (71)

From (67) we can see that

P (As) p (Bs) =,/p (AA)/p (BB) <1,

which indicates that (71) converges to a constant matrix (X~ ), independent of initial condition,
namely, (Xs0)y = As (X0)y Bs + Co, Or equivalently, Xoo = AXooB + C. The proof is completed by
observing that Eq. (42) has a unique solution under the condition (70). [

Remark 6. As condition (70) implies condition (55), it follows from Item 3 of Theorem 4 that the
unique solution X* to Eq. (42) under condition (70) is also the unique solution of Eq. (59), namely,

X* = w* = i (Aﬁ)i (acB + c) (BB)". (72)
i=0

Therefore, similar to Remarks 2 and 3, we can also construct Smith () iteration and r-Smith iteration
for solving equation (42). The details are omitted for brevity.

6. Equation X = AX"B + C
In this section, we study the following matrix equation:
x=ax"B+cC, (73)

where A € C"™*", B € C™*™" and C € C"™*" are given, and X € C™*" is unknown. In this section, we
will generalize the results for Egs. (26) and (42) to this equation.

6.1. Solvability of equation X = AX"B + C
We first show a result parallel to Lemma 12.

Lemma 13. Eq. (73) has a unique solution for arbitrary C if and only if
iy #1, Vi, v exlas}. (74)

Proof. Notice that, for any complex matrix X € C™*", we have

Xi P(m,nyvec (X1)
i ot 6] e s

P, nyvec (X2)
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where

P 0
Pm,n) = o : (75)
0 P(m,n)

With this, by taking ¢ (-) on both sides of (73), using Lemma 10, and denoting E = BT ® A, we have
0 (X) = ¢ (AX"B) + ¢ (C)
_ (T T
= ('®4), ¢ (X)) +0©
= EoPm,n¢ X))+ (0).
Therefore, Eq. (73) has a unique solution for arbitrary C if and only if
rank (Imn — E¢ P(m,ny) = 2mn. (76)
Similar to the proof of relation (52), by using Lemma 9, we can compute

rank (lbmn — EgP(m,n)) = rank (P(n,my — Es)
rank (P(n m) Umn)e — Eo (Imn)g)
= rank (P(n,m) (Imn)s — )

= rank (zm (Pa,my Umn)g — Eg) Zmn)

EO
= rank (Zmnp(n m) Umn) o Zmn — |:0 c i|>

P EP 0
= rank (m,m) =" m,m) , (77)
E
where

Panny 0 Pan.ny 0O
Q £ o Z;}q-lmp(n,m) (Imn)a Zmn -
0 Imn 0 Imn

0 —ilyy
iy, 0 |

Hence, we get from (77) that

[ —Pin EPam ) —il
rank (Iymn — E5 P(m,ny) = rank (m,m)=F(m,m) m
- —E

[ —PimnyEP(m.my —il 0 —i
— rank (m,.n) (m,n) mn 7mn
ilyn —E Imn P(m,n)EP(m,n)

- 0
= rank -
L —E  Imn — EP(n,n)EP(m,n)

= mn + rank (Imn — EP(m,n)EP(m,n)) - (78)
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Notice that
EP(m,m)EP(m.n) = EP(m,n) (B" ® A)P(m.n)
= EP(m.n) (B" @ A) Pan.n)
- (o) (3o )
= B'A® AB"
- (A“B)T ® AB".
Hence it follows from (78) that condition (76) is true if and only if
1¢ 2 [(A”B)T ®ABH] (79)
which is equivalent to (74) because
A {(A”B)T ® ABH] = [B"A ® A"}
= {48 ® AB"}
= {ﬁy, Vn,y €A {ABH}} .o
We are now able to present the results regarding the solvability of Eq. (73).
Theorem 7. Matrix equation (73) is solvable if and only if the following standard Stein equation
w = AB"wWAFB + ACt'B + C, (80)
is solvable with unknown W. More specifically,

1. If X is a solution of Eq. (73), then W = X is also a solution of Eq. (80).
2. If W is the general solution of Eq. (80), then the general solution to Eq. (73) is

X:%(W+AW”B+C). (81)

3. Eq. (73) has a unique solution X* if and only if Eq. (80) has a unique solution W*, namely, (74) is
satisfied. Moreover, X* = W*.

Proof. Proofs of Item 1 and Item 2. For any matrices A € C™*", P € RP*™ and Q € R™ Y, it cam be
readily verified that

o)~ [ve]
(PAQ), = A :
oP 0Q

By using this fact, Lemmas 1 and 10, we obtain
o (W) =¢ (AETWETB) +o (AFB) + ¢ (C)
=E,¢ (B'WA") + Eo (C7) + ¢ (O)
=E; (A®B") @ W)+ (lzmn + Es Pnm) ¢ (€)

=E; (P(m,n) (BT & A) P(m,rz))(I o (W) + (IZmn + Eap(m,n)> @ (C)
= Eop(m,n)EaP(m,n)(P W) + (I2mn + Eap(m,n)) ¢ (0),
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where E = BT ® A and P(n,p) is defined in (75). It follows that
(Fomn = (EoPm.)?) ¢ (W) = (tomn + Eo Pmm) ¢ (©) -
Similarly, Eq. (73) and expression (81) are, respectively, equivalent to

(IZmn - Etrp(m,n)) =@ ),
and
1 1
o X) = 5 (IZmn + Eop(m,n)) (W) + E‘P ©.
The remaining of the proof is similar to the proof of Theorem 1 and is omitted for brevity.
Proof of Item 3. Clearly, Eq. (80) has a unique solution if and only if (79) is satisfied. By using Lemma

13, (79) is equivalent to (74) which is just the condition for the existence of unique solution of Eq. (73).
The remaining of the proof is similar to the proof of Item 3 of Theorem 1. O

The advantage of Theorem 7 is that to solve Eq. (73), we need only to consider the standard Stein
Eq. (80) which is again in the form of (9).
Similarly to the set.# defined in (53), if we let
T = {x : (bmn — EsPmn)) X =0, X € Rzm”} ,

which is a linear subspace contained in RZ™ over the field R, then we can obtain the following corollary
that parallels Corollary 1.

Corollary 3. Eq.(73)is solvable if and only if
T T
rank (Imn — (AHB) ® AB”) = rank ([Imn - (AHB) ® ABH (BT ®A) vec (CH) + vec (C) ]) .

If the above relation is satisfied, then the degree of freedom (measured by the maximal number of free real
parameters), namely, dim (.7) , in the solution is given by

dim (7) = mn — rank (Imn — (AHB)T ®ABH) .

6.2. Solvability conditions based on real representation

In this subsection, by using real representation of complex matrices, we generalize the results in
[13] (namely, Proposition 2) to Eq. (73).

Theorem 8. Eq. (73) is solvable if and only if equation
Y =A,Y'B, +C,, (82)
is solvable with unknown Y. More specifically,
1. If X is a solution of Eq. (73), then Y = X, is a solution of Eq. (82).

2. If Y is a real solution of (82), then a solution of Eq. (73) is

XZE[Im ilm}(Y+QmYQn)|:In}-
4 il
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3. Eq. (73) has a unique solution X* if Eq. (82) has a unique solution Y*, namely 1 ¢ A {(B(T, ® AU)

P(am,2n)} - Moreover, Y* = X*.

Proof. Proof ofItem 1. Let A = Ay + iAy, B = By 4+ iBy and C = C; + iC, where A;, Biand G, i =1, 2
are real matrices. Then by substituting X = X; + iX, where X1, X, € R™*" into (73), we obtain

X1 = (MX] +Ax]) By — (AX] — AiX]) By + €1,
Xp = (AXT — AX]) By + (MX] + 42X]) By + G,

which is also equivalent to

T
X1 X2 Al Ay X1 X2 B1 B n G G
X2 —X A —A || X =X B, —B; G -G |
This indicates that Y = X, satisfies (82) in view of the real representation (43).
Proof of Item 2. Let
Y1 Y
Y=|: ! 2}, Y, e R™" i =1,2,3,4,

Y; Ya

be a real solution of Eq. (82). Note that Q,A;Q, = Ay [13] and

-1
0 I 0 —I
-1 _ m _ m|_ T'
Then by multiplying the left hand side and right hand side of (82) by, respectively, Q,;, and Q,, we

obtain

QnYQn = QAo Y By Qy + QuCoQn
= QuAsQuQ; 'Y'Q,, QmBo Qn + QuCoQn
=A,QY'Q B, +C,
= Ay (QnYQn)" By + Co.

This indicates that Q,YQ, is also a solution of Eq. (82). Consequently,

1
y=5(Y+QmYQn)

1[n—n Y, + Y3 }
2

X1 X
Xo —X1 |
is also a solution of Eq. (82). Therefore, the following matrix
1 I
XEXi+iXy == |1y il ,
1 2 Z[mlm]y{ﬂn}

is a solution of Eq. (73).

Y3+ Y, — (Y1 —Yy)

(1>
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Proof of Item 3. We need only to show that if Eq. (82) has a unique solution then Eq. (73) also has a
unique solution. We show this by contradiction. Assume that Eq. (73) has at least two solutions, say,
X! and X? with X! # X2. Then, according Item 1 of this theorem, both X! and X2 are solutions of Eq.

(82). Clearly, we have X; #= X(z, which yields a contradiction. ]

The following example indicates that the converse of Item 3 of Theorem 8 may also be true.

Example 4. Consider a linear equation in the form of (73) with A and B given in (38). Then Eq. (82)
has a unique solution if and only if

1¢ A {(BZ ®A(r) P(2m,2n)}
= {iz,:&: lal, o, @, /20, i\/ﬁ],

namely, || # 1and o # % On the other hand, since A {ABH} = {2, a}, the condition in (74) is also

equivalent to |o| # 1 and o # % This implies, for A and B given in (38), that Eq. (82) has a unique
solution if and only if Eq. (73) has a unique solution.

However, we also cannot prove the above statement in general. We state it as a conjecture which
can be regarded as the generalization of Theorem 5 to Egs. (73) and (82).

Conjecture 2. If Eq. (73) has a unique solution X*, then Eq. (82) has a unique solution Y*. Moreover,
there holds Y* = XX*.

Even though the above conjecture is true, compared with the results in Subsection 6.1, there is no
advantage by transforming Eq. (73) into Eq. (82) via its real representation.

6.3. Closed-form and iterative solutions of equation X = AX"B + C
Based on Theorem 7, we can extend Corollary 2 to Eq. (73) without a proof.

Theorem 9. LetA € C™", B € €™M, C € C™" and
hagh (s) = det (Im - sAB”) = am + iam,,-s", o = 1.
i=1
1. I Eq. (73) has a solution X, then
Xhygi (AB) = i Zk:ak (") (acB + ) (a"B)" .
k=1s=1
2. IfEq. (73) has a unique solution X* , then
X+ — (Z S o (48" (a8 +) (AHB)"’—S) (1 (4%8)) "
k=1s=1

We next consider the Smith iteration associated with Eq. (73). Similar to (39), this iteration is in
the form of

Xpr1 = AXB+C, ¥Xo € €™ (83)

The following result is about the convergence of the above iteration.
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Theorem 10. The Smith iteration (83) converges to the unique solution X* of Eq. (73) for arbitrary initial
condition X if and only if

0 (B”A) <1. (84)
Moreover, the asymptotic exponential convergence rate is — In (p (BHA)) .

Proof. Similar to the proof of Theorem 6, we can show that if (83) converges, we must have (84).
Therefore, we need only to show that if (84) is satisfied, the iteration in (83) must converge to the
unique solution of Eq. (73).

By using the real representation and Theorem 3, the iteration in (83) is equivalent to

Xit1)o = As ((X)o) By + Co. (85)

According to Theorem 3, the above iteration converges to a constant matrix independent of the initial
condition if and only if p (AUB(T;) < 1. According to Lemma 9, we have

o (1) = o (),
— o ). )
= p (AB") .
Hence, if (84) is satisfied, iteration (85) converges to a constant matrix Xoo satisfying (Xeo), =

Ay ((Xoo)(,)T B, + Cg, or equivalently, Xoo = AXOHOB + C. The proof is completed by observing that
the Eq. (73) has a unique solution under condition (84). O

Remark 7. As condition (84) implies condition (74), it follows from Item 3 of Theorem 7 that the
unique solution of Eq. (73) under condition (84) is also the unique solution of Eq. (80), namely,

o . .
X* =w* = (aa) (ac”B + ) (B"B) .
i=0
Therefore, Remarks 2 and 3 are also applicable to Eq. (73).

We finally use a simple numerical example to end this section.

Example 5. Consider a linear equation in the form of (73) with

1 1+i 1 i 1 -1
A= -2 i —i|, B= 0 i2+4i],
1—i 0 -1 1+i3 —i
and
—5+i —4—i —5—12i

C=| 2—1 —4—-2i 6+38i
14+3i 15—5i —4 —5i
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It is readily to verify that the eigenvalue set of AB™ satisfies the condition in (74). Then it follows from
Theorem 7 that the matrix equation in (73) has a unique solution which can be obtained by using
Theorem 9 as follows:

14+3i =2 0
X= 1 2—-i 1
-2 2 241

7. A general equation

In this section, we point out that the results obtained above can be easily extended to a general
class of matrix equations having more terms on the right hand side, say,

N
X=> AfX)Bi+C, (86)

i=0
where N > 0, A;, Bi,i € {0,1,...,N}and C are given, and X is to be determined. In fact, by using

Proposition 1 and a similar technique used in Section 5, we can extend Theorem 4 to Eq. (86), as stated
in the following theorem.

Theorem 11. Matrix equation (86) is solvable if and only if the following equation

N N N
W=> A (Zf (Af (W) Bk)) Bi+ > Af(C)Bi+C, (87)

i=0 k=0 i=0

is solvable with unknown W. More specifically:

1. If X is a solution of Eq. (86), then W = X is a solution of Eq. (87).
2. If W is the general closed-form solution of Eq. (87), then the general closed-form solution of Eq. (86)
is given by

1 N
X= 3 W+ > Af (W)Bi+C|.
i=0
3.Iff (X) = X orf (X) = XM, then Eq. (86) has a unique solution X* if and only if Eq. (87) has a
unique solution W*. If f (X) = X', then Eq. (86) has a unique solution X* if Eq. (87) has a unique
solution W*. In both cases, X* = W*.

8. Conclusion

This paper is concerned with solvability, existence of unique solution, closed-form solution and
numerical solution of matrix equation X = Af (X) B+ C withf (X) = X", f (X) = Xand f (X) = X!,
where X is a matrix to be determined. It is established that the solvability of these equations are
equivalent to the solvability of some auxiliary standard Stein matrix equations in the form of W =
AW B+C where the dimensions of the coefficient matrices .4, Band C are the same as dimensions of the
coefficient matrices of the original equation. Based on the auxiliary standard Stein matrix equation, the
conditions for solvability and the existence of unique solution are proposed. Closed-form solutions are
also obtained by inversion of a square matrix, which is a generalization of the standard results on the
standard Stein equation. Numerical solutions are approximated by iterations which are generalizations
of the Smith iteration and accelerated Smith iteration associated with the standard Stein equations.
We should point out that the idea in this paper can be readily adopted to study equations in the form of
AX—f (X) B = Cwithf (X) = X", f (X) = Xandf (X) = X". Corresponding results on the solvability,
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existence of unique solution, closed-form solutions, and iterative solutions of these equations of the
form AX-f (X)B = C have been developed and will be reported elsewhere.
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