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An iterative solution to coupled quaternion matrix equations

Caiqin Song?, Guoliang Chen?, Xiangyun Zhang?

*Department of Mathematics in East China Normal University, Shanghai, PR. China

Abstract. This note studies the iterative solution to the coupled quaternion matrix equations [Zf’:l Tu(X)),

L (X)), -+, X0, Ti(X)] = [My, My, -+ ,M,], where Ty, s = 1,2,---,p; is a linear operator from Q™"
onto QV*%, M, € Q%,s = 1,2,---,p.i =1,2,---,p. by making use of a generalization of the classical
complex conjugate graduate iterative algorithm. Based on the proposed iterative algorithm, the existence
conditions of solution to the above coupled quaternion matrix equations can be determined. When the
considered coupled quaternion matrix equations is consistent, it is proven by using a real inner product
in quaternion space as a tool that a solution can be obtained within finite iterative steps for any initial
quaternion matrices [X;(0),---,X,(0)] in the absence of round-off errors and the least Frobenius norm
solution can be derived by choosing a special kind of initial quaternion matrices. Furthermore, the optimal
approximation solution to a given quaternion matrix can be derived. Finally, a numerical example is given
to show the efficiency of the presented iterative method.

1. Introduction

Throughout this paper, we need the following notations. We denote the real number field by R, the
complex number field by C and the quaternion field by Q = REPRIEPRjEP Rk, 2 = 2 = kK2 = -1,
ij = —ji =k, jk = —kj =1, ki = —ik = j, respectively. For a matrix A € Q"™*", we denote its transpose,
conjugate transpose, trace and Frobenius norm by AT, A¥, tr(A) and ||All, respectively. The symbols R(A)
and vec(-) stand for null space and the vec operator, i.e., for A = (a1, a2, - - ,a,) € C"™", wherea; (i =1,2--- ,n)
denotes the ith column of A, vec(A) = (al,a3,--- ,a})".

Let LQ™"P*1 denote the set of quaternion linear operators from Q™" onto Q4. Particularly, when
p = mand g = n, LQ"™""* is denoted by LQ"™*". Let I stand for the identity operator on Q"*". In the
vector space Q"*", we define real inner product as: (4, B) = Re[tr(AHB)], for all A, B € Q™". Also we have
(A,B) = (A,B) and (A, BC) = (B"A,C) = (ACH,B). The adjoint of T € Q™" is denoted by T*. So for all
XY e Q™" (T(X),Y) = (X, T*(Y)). T is called self-adjoint if T* = T. Two quaternion matrices X and Y are
said to be orthogonal if (X, Y) = 0.

In the 20th century, quaternion, discovered by Hamilton in 1843, made further appearance in associative
algebra, analysis, topology, and physics. Moreover, quaternion matrices play an important role in computer
science, quantum physics, signal and color image processing, and soon (e.g. [2,3,13, 18,21, 25, 26,42]). Some

2010 Mathematics Subject Classification. Primary 15A06; Secondary 15A24, 47510

Keywords. Coupled quaternion matrix equations, quaternion linear operator, real inner product, least Frobenius norm solution,
optimal approximation solution

Received: 28 December 2011; Accepted: 22 April 2012

Communicated by Y. Wei

This project is granted financial support from NSFC (No.11071079, No.10901056), Zhejiang Nature Science Foundation
(No0.Y6110043) and the Fundamental Research Funds for the Central Universities

Email address: glchen@math.ecnu.edu.cn (Guoliang Chen)



C. Song et al. / Filomat 26:4 (2012), 809-826 810

important conclusions which hold on the complex field or real field have been generalized to quaternion
field, such as the Schur’s theorem [30], Cayley-Hamilton’s theorem [6], the Wilandt-Hoffman’s theorem
[37] and Gerschgorin’s theorem [38]. Notice that quaternion algorithm has, up to now, only been proposed
for QR decomposition [14], Jacobi algorithm [4] and the Singular Value Decomposition (SVD) [3]. So in
this paper, we’ll generalize the conjugate gradient iterative algorithm of complex matrix on the quaternion
field.

For the quaternion matrix equation, there are many important results. Jiang and Wei [17] investigate
the solution of the quaternion matrix equation X — AXB =C by using real representation of a quaternion
matrix. By making use of complex representation of a quaternion matrix, Huang et al. [16] give the solution
of quaternion matrix equation AXB — CXD = E. Over the real quaternion algebra, Wang [31, 32] considered
bisymmetric and centro-symmetric solution to certain matrix equations and gave the general solution to the
system of quaternion matrix equations A1 X = Cy, A,X = Gy, A3X = C3 and A4 X = Cy4. In addition, there are
the following matrix equation results over complex field. Iterative methods in [24, 27, 33] were constructed
to obtain the (skew)symmetric solutions of the matrix equations A1XBy = Cy, A2XBy = C, AXB+CYD =E
and AXB + CX'D = E. In [34], the authors presented the necessary and sufficient conditions for the
existence of constant solutions with bi(skew)symmetric constraint to the matrix equations A;X — YB; = C;,
i= 1,2,"' ,S andAiXBi - CiYDi = Ei, i= 1,2,"' ,S.

Coupled matrix equations have wide applications in several areas, such as stability theory, control theory,
perturbation analysis, and some others fields of pure and applied mathematics. For example, in stability
analysis of linear jump systems with Markovian transitions, the coupled Lyapunov matrix equations

N
AP+ PiA;+ Qi+ ) piPi=0, Qi>0,i€l[1,N] (1)
j=1

and

N
Pi=AI(Y piP) + Qi Qi>0,i€l[l,N] 2)
j=1

are often encountered [5, 20], where P;,i € I[1, N] are the matrices to be determined. Due to their wide

applications, coupled matrix equations have attracted considerable attention from many researchers. It was

pointed out that in [7] that the existence of a positive definite solution to the discrete-time Markovian jump

Lyapunov (DMJL) equation (2) is related to the spectral radius of an augmented matrix being less than one.
In addition, the following general coupled Sylvester matrix equations have been investigated

AnX1Bi + ApXoBip + -+ + ApX,Bj, = E;, i€[1,N], 3)

where A;; € R"™",B;; € R"*,E; € R'™C,i € [1,N],] € [1,p] are known matrices, and X; € R, j e [1,p]
are the matrices to be determined. This kind of matrix equations include all the aforementioned matrix
equations as special cases. Whenp = N, by using the hierarchical identification principle, iterative algorithm
were proposed in [8] for obtaining the unique least-square solution by introducing the block-matrix inner
product. Recently, from an optimization point of view gradient based iterations were constructed in [9]
to solve the general coupled matrix equations (3). The gradient based iterative algorithm [10-12, 41]
and least squares based iterative algorithm [41] for solving (coupled) matrix equations are a novel and
computationally efficient numerical algorithms and were presented based on the hierarchical identification
principle which regards the unknown matrix as the system parameter matrix to be identified. Meanwhile,
Wau et al. [39] have considered the following so-called coupled Sylvester-conjugate matrix by means of the
hierarchical identification principle

P
Y (AnXyBiy + CipXyDiy) = Fy,i € I[1,N], (4)
n=1
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where A;, Ciy € C", By, Dy € Cv, F; € C™> i € I[1,N], n € I[1, p] are the given known matrices, and
X, € C'n,n € I[1, p] are the matrices to be determined.At the same time, Wu et al. [40] proposed a finite
iterative method for the so-called Sylvester-conjugate matrix equation (4). In [19, 41], the following linear
equations

r S
Y AXBi+ ) CX'D; =E, (5)
i=1 j=1

where A;, B;, C;, Dj, i = 1,---,r;j = 1,---,s and E are some known constant matrices of appropriate
dimensions and X is a matrix to be determined, was considered. In [35], the special case of equation (5)
AXB + CXTD = E was considered by the iterative algorithm. A more special case of (5), namely, the matrix
equation AX + XTB = C, was investigated by Piao et al. [22]. The Moore-Penrose generalized inverse was
used in [22] to find explicit solutions to this matrix equation.

However, it is not considered how to computer the iterative solution of the above matrix equation over
quaternion field. So in this paper, we extend the conjugate graduate iterative algorithm from complex field
to the quaternion field and give the iterative solution of the following quaternion matrix equations based
on the complex representation of a quaternion matrix. It should be remarked that all the aforementioned
matrix equations can all be rewritten as the following quaternion matrix equations system:

Zp: T (X5), ZP: Tou(Xi), -, ZP: T,i(Xi)
P i=1 im1

where Ty; € LQ™>"P*4s and M; € QP*%, i =1,2,--- ,p; s = 1,2,---,p. In the present paper, we mainly
consider the following two problems:
Problem I. For given Ty; € LQ™>*"#:*%, My € QP**%, find X;,i =1,2,--- ,p such that

P 4 p
Y Tu(X), Y TaX), -+, Y (X))
i=1 i=1 i=1

Problem II. Let S denote the solution set of Problem I, for given Z‘ e Qmxni find Z €S,i=1,2,---,p,such
that

= [erMZI e /Mp]/

= [MllMZI e /Mp]' (6)

p p
Y IXi-Xi? = min {an,« —XAF}. 7)
: (X1, Xp)eS | 4
i=1 i=1

The rest of the paper is organized as follows. In Section 2, we give some preliminaries. In Section 3, we
propose an iterative algorithm to obtain a solution or the least Frobenius norm solution of Problem I and
present some basic properties of the algorithm. Some numerical examples are given in Section 4 to show
the efficiency of the proposed iterative method. Finally, we put some conclusions in Section 5.

2. Preliminary

In this section, some concepts on quaternion matrix are given. A new real inner product is firstly defined
for quaternion matrix space over the real field R. This inner product will play a very important role in this

paper.

2.1. Complex representation of a quaternion matrix

Some well-known equalities for complex and real matrices hold for quaternion matrices , whereas some
others are no more valid. Here is a short list of relations that hold for quaternion matrices A € Q¥ and
B € QMXP:

(1) (AB)" = BYA",;
(2) AB # A Bin general;
(3) (AT = (ATH;
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(4) (A)! # A1 in general.

See [42] for a more complete list. The most common way to study quaternion matrix is to use its complex
representation of a quaternion matrix introduced in [42]. For any quaternion matrix A = By + Byj € Q™
the author [42] defined a complex representation

Bi B 5
A = -1 - c m><2n.
‘ [ B, By ] ¢ ®

The complex matrix A; was called complex representation of a quaternion matrix A. The complex
representation of a quaternion matrix has the following results, which can be found in [1].

Proposition 2.1. (1) IfA,B € Q™",a € R, then (A + B); = As + By, (4A); = aA,;

(2) If A € Q™",B € Q¥, then (AB), = AyB,, (A); = (A,)T;

(3) If A € Q™™ then A is nonsingular if and only if A, is nonsingular, and (A,;)™ = (A™1),;
(4) If A € Q™ then A is unitary if and only if A, is unitary;

(5) Ay = Q! AsQy, in which Q; = [ 0 L is a unitary matrix, I, is a t X t identity matrix.

-} 0
From Proposition 2.1, we know that ¢ : Q™" — ¢(Q™") is an isomorphism of vector space, and
o : Q™" — o(Q"™") is an isomorphism of algebra.

2.2. Quaternion matrix norm

Definition 2.2. A functionv : A € Q™" — R is a quaternion matrix norm on Q™" if it satisfies the following
conditions:

(1) definiteness, A # 0 = v(A) > 0;

(2) homogeneity, v(aA) = |alv(A);

(3) the triangle inequality, v(A + B) < v(A) + v(B),

where A, B € Q™" are arbitrary quaternion matrices, and a is an arbitrary quaternion.

For A=A +Asi+ Asj+ Ask, Ay e R™",t =1, ,4, we define

€

Al
\/i o

v1(A) = \/IlAlll,% + (| A2l + A2 + A4ll2 =
Obviously, v; satisfies (1) and (3).
Leta=a1 + mi+azj+aske Q, a1 €R, (I =1,2,3,4). Then by carefully computation, we obtain that
aA = (0(1A1 — Ay — 0[3A3 - 0(4A4) + (0(1A2 + arAq + 0(3A4 - 0(4A3)i + (a1A3 — Ay + 61{3A1 + 0(4A2)j
+([X1A4 + 0(2A3 — 0(3A2 + 0(4A1)k,

and vi(aA) = (aF + a3 + a3 + a3)(|A]2 + |A2lIE + Asl1E + [|A4l2) = [a*v3(A).
Similarly, vi(aA) = |alvi(A), that is, v; also satisfy (2), so v1 is a quaternion matrix norm, denoted by
|I.llr), which has the following properties:

1
M 1Al = —=l1AsllF;
(F) \/E o

() lABll) < IAlIEIIBIIE;
(3) Unitary invariant norm;

(@) lAllg) = /X 07(A),where g;(A)s are singular value of A;
) Allr) = +/trace(AHA);

©6) lAllp) = /X laijf?.

Therefore, it is a natural generality of Frobenius norm of complex matrix.



C. Song et al. / Filomat 26:4 (2012), 809-826 813

2.3. Real inner product of Hilbert quaternion matrix space

Definition 2.3. A real inner product space is a vector space V over the real field R together with an inner
product defined by a real-valued function (-) : V X V — R, satisfying the following three axioms for all
vectors x, y € V and all scalars a € R:

(1) Symmetry: {(x, y) =y, x);

(2) Linearity in the first argument: {ax, y) = ax, y), (x + y,z) = (x,z) + (Y, z);

(3) Positive-definiteness: {x,x) > 0 for all x # 0.

Two vectors u, v € V are said to be orthogonal if (u,v) = 0.
The following theorem defines a real inner product on quaternion space Q™" over the real field R.

Theorem 2.4. In the quaternion Hilbert space Q™" over the real filed R, an inner product can be defined as
(A, B) = Re[tr(A"B)], ©)
for A, B € Q™" This inner product space is denoted as (Q"™",R, (-, ).

Proof. (1) For A, B € Q™", according to the properties of the trace, we have
(A, B) = Re[tr(A"B)] = %Re[tr((Ao)HBcr)] = %Re[fr((Ba)HAo)] = Re[tr(B"A)] = (B, A).
(2) For a € R, we have
(aA, B) = Re[tr((aA)"'B)] = Re[tr(aA"B)] = aRe[tr(A"B)] = a(A, B),

(A + B, C) = Re[tr((A + B)'C)] = Re[tr(AHC)] + Re[tr(BC)] = (A, C) + (B, C).

(3) It is well known that tr(A”A) > 0 for all A # 0. Thus, (A, A) = Re(tr(A"A)) > 0 for all A # 0.
According to Definition 2.3, all the above arguments reveal that the space Q™" over real field R with
the inner product defined in (9) is an inner product space. This completes the proof. [

2.4. Relationship between quaternion matrix equations and its complex representation matrix equations
The complex representation matrix equations of quaternion matrix equations (6) can be stated as the
following matrix equations

P 4 P
Y Bu(X)e Y Ba(Xo, -+, ) Byi(Xi)s
i=1 i=1 i=1

where B,; € [C2mix2ni,2psX2qs and (Ms)o c CZpsxzqs, i=1,2,--- ,p5s = 1,2,--- ,P-
Meanwhile, we define the following matrix equations

p p p
Y Bu(Y), Y Bai(Y)), -, )| Bu(Y)
i=1 i=1 i=1

where B, € [C2mix2ni,2psX2qs and (Ms)o c CZPsxzqs, s=1,2,--- ,P-
So we have the following relationship between the solutions Y; to the matrix equations (11) and the solutions
X; to the matrix equations (6). It can be stated as the following Theorem 2.5.

= [(M1)g, M2)g, -, (Mp)o]/ (10)

= [(M1)o, M2)s, -, (Mp)cr]r (11)

Theorem 2.5. The quaternion matrix equations (6) has a solution X; € Q™" if and only if the complex representation
matrix equations (11) has a solution Y; € C*"*2"i  in which case, if Y is a solution to (11), then the following matrices
are a solution to the quaternion matrix equations (6):

1 . ' v I P
Xi = Z[ I il ](Y1+QHY1QP )[ jIp ]1 i=12,--,p. (12)
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Proof. We only prove that if matrix

Y»—| SRR ] Y; € CHoMi i =1,2,-+ ,p (13)
1 Y121 lez st ’ 7<r 7P
isa solution to the complex representation matrix equations (11), then X; in (12) is a solution to the quaternion
matrix equations (6).

By (5) of Proposition 2.1, we have A; = Q,,A;Q), 1 ie. if Y; is a solution to (11), then Q,,YIQ; 1is also a
solution to (11). Thus the following matrix

L1 —
Yi=s(i+ QYiQ, Y, (14)
is also a solution to (11).
It is easy to get by direct calculation

R
- 1 1
e ( 39 30 ) )
where . .
2 —22 —21
Y = E(Y}l +Y; ), Y, = E(qu -Y;). (16)
From (15) we construct a quaternion matrix
X=YY+7?j= 1[ L, —jl ]Y L (17)
1 i i ] 2 n n 1 ]Ip .

Clearly (X;)s = Yi. So X; is a solution to (6). [

3. Main result

In this section, we first propose an iterative algorithm to solve Problem I, then present some basic
properties of the algorithm. We also consider finding the least Frobenius norm solution of Problem I. In the
sequel, the least norm solution always means the least Frobenius norm solution.

Algorithm 1.

Step 1. Input Ty; € LQ™*"P*4 My € QP*%, i,s = 1,2,---,p., and arbitrary [X;(0),---,X,(0)] € S, i =
L2, ,p;5=1,2-,p;

Step 2. Compute

p p p
RQ) = diag((My = ) Tu(Xi(1), M2 = ) TaXD) - My = ) Tu(X(D) = diag(Ra(1), Ro(1) . Ry(1),
= i=1 i=1
p
P(1) = Y TuR(1), i=12,,p; k:=0;

s=1

Step 3. If R(k) = 0 then stop and (X (k), X»(k), - - - , X;,(k)) is the constraint solution group;
else if R(k) # 0 but P, (k) = 0 for all m = 1,2,---,p, then stop and the coupled quaternion matrix
equations (6) are not consistent;
p
elsek:=k+1; ) ||Rl-(k)||(2F) # 0 but Py = 0, then stop; else, k := k + 1;
i=1
Step 4. Compute
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X0 = Xtk - 1)+ AREZ D" p g,
zuP(k DI,
P
R() = diag|M; — waacn Mz—quzl(x (K)), Mp—zwpxx,-(k))]
i=1 i=1
R(k-1 .
- R(k—l)—Md ing | Y T - 1>>ZT2,<P<1< D),.. Z"Irpiaa-(k—l)))
LIPk-DIE, U =
= diag (Ry(k), Ra(k), ... Ry(b)),
P
Zik = ) TR,
i=1
IREIE, IR,

Pik) = Zik Pitk—1 T:.(R +———Pik-1),i=1,2,---,p;
© = 20 Re—pe, "7 Z B+ e, D P

Step 5. Go to Step 3.
Some basic properties of Algorithm 1 are listed in the following lemmas.

Lemma 3.1. For the sequences {R;(k)}, {Pi(k)} and {Z;(k)},i = 1,2,--- ,p generated by Algorithm 1, they follow that

p
ZRRMHJ)Rn»—Eszn M)-JJ—MQ—ZRiWLZM»Jmn=L~gbm¢n. (18)
L IP(ml
Proof. By Algorithm 1, we have
L L IR, &
Y Ri(m+1),Rim) = Y <Ri<m> - p—(“ Y Tu(Pi(m)), R; (n)>
= = LRl =
a RO & &
= ) (Rim), Ri(m) = ——"— " Y (Ti(Py(m)), Ri(m))
i=1

z P =TT

i IR, & *
= ) (Ri(m), Ri(m)) = Y ) (Pilm), T (Ri(m))
T znpt(m)nw =1
i IR(m)IZ, &
= ) (Ri(m), Ri(n)y = m———"— ) (Pu(m), Zy(m))
= LIP )l =

IRGm)IZ, &

- (Pi(m), Zi(n)).
L I, =

1l
1P
=
5
2
|

This completes the proof. [J
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Lemma 3.2. Assume that Problem I is consistent. If there exists a positive integer m such that ||Ri(m)||(2p) # 0 for all

m=1,2,--- ,k, then the sequences {X;(m)}, {Ri(m)} and {P;(m)} generated by Algorithm 1 satisfy

4 4
Y (Rim), Ri(m)) =0 and Y " (Pilm), Pitm)) =0, (m,n=1,2,...,k, m #n). (19)
i=1 i=1

Proof. Note that (A, B) = (B, A) holds for arbitrary quaternion matrices A and B. We only need to prove the
conclusion holds for all 0 < n < m < k. For m = 1, by Lemma 3.1, we have

IRAIE, &

P P
Y (R@), R = Y (Ri(1), Ri(1)) - 5 Y (Pi1), Zi(1)
i=1 i=1 Z ||Pt(1)||(p) i=1
z ROIE, ¢
= Y IR(DIZ, - p—““’z (Pi(1), P(1)) =0,
= LIPADIF, =
and
i IR,
(P(2), Pi(1)) = < (Ry(2) + 1(1>,Pi(1>>
Z Zl Z IRADIE,
i 2, (IRQIE
= 2<R @), ersi<Pi<1>)>+Z< P (1>,P1»<1>>
- - ||R(1>||(F>

p

IROIE, & IR)IE:
ZTSZ(P(l))ZLP( > RO, Zn (I,

"3 IPDIE, =

t=1

S=

||R(2)||(F)

i IROB, &
<RS(1 ) TP ))> Z<ZLP(D)ZL( > R, 2Pl
(F) i

g

Il
—_

S

= z P, ==

IR,

p P p ||
= Y (r, Zmp( > Z<ZLP(UZTSI(P > ||RE1;||(F) IPDIR,

s=1 Z ”Pt(l)”(l-‘) s=1 ‘i=1 (F) i=1
P Z IPHDIIF,
= R R; Ri2))————
Z< 1), (Ri(1) = Ri(2))= ||R(1)|| >
IRDIZ, & <Z IP{(DIIE, Z IP(DI, IR,
- (Ri(1) = Ri(2)), —( i(l)_Ri(2)> || (DI
Z P, = IR IROIG, IROIG, =7
Z IIPt(l)II(F) P Z IPH(DIIF, IRQ)|
= 1), Ri(1) = Ri(2)) - —(Rz‘(l)—Ri(Z),Ri(l)—Ri(Z» ZII (DI,
IIR(1)||<F) ;< . IRAIZ, IR, 4
4 til ||Pt(1)||2 IR |(F)

Y IPDIE, -

————(IIR(1 R
= IRAIE, (IR, + IRQ)E) +

IROIZ, & 1Pl =
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p 4
Assume that Y (R;(m),R;(n)) = 0 and ) {P;(m),Pi(n)) = 0 forall 0 < n < m,0 < m < k, we shall show that
i=1 i=1

4 4
Y (Ri(m +1),Ri(n)y =0and Y. (P;(m +1),P;(n)) =0hold forall0<n<m+1,0<m+1<k
i=1 i=1

By the hypothesis and Lemma 3.1, for the case where 0 < n < m, we have

i i RO
Y (Ri(m+ 1), Ri(m) = Y (Riom), Ri(m)) = 5————(Pi(m), Zi(n))
= = > P,
t=1
IRG)IE, &
=Y <Pi<m>, Pi(n) -
LRl =

IR(MIE, & IR(m)IIY IREOIZ, &

= ‘% Y (Pilm), Pi(n)) + O Y P, Pi(n = 1)) = 0,
L IIP: )iy = L IP(m)l, (F) =1

R 2
IR()I, Pi(n_1)>
IR( = DI,

2 IIR( = DI

and

[IR(m + 1)||%F)
——————"DPi(m), Pi(n))
IR(m)Ilig,

IR (m + 1)||%F) P
W Z(Pi(m), Pi(n))

(F =1

P 4
Y (Pim+1),Pim)) = Y (Zim+1)+
i=1 i=1

4
Y (Zilm+1), Piw) +
i=1

p

Y (Zilm +1), Pi(m)

i=1

¥ (R + 1), Ri(m)) = ¥ (R(m + 1), Ri(n + 1))
— i=1 i=1 — 0
IRGM)IE,

4
2

For the case n = m, we have

p

4
Y (Rilm +1), Ri(m)) = Y (Ri(m), Ri(m))
i=1

i=1

IR(MIG &

Y (i), Zi(m)

2 i=
tgnpt(m)”(}:) =1
IR(m)IIZ, & IR(m)|I?
,,—(F)Z< im), Pi(m) = ————L Py )>
¥ PR, =T IR =Dl
o e

IREOE,  IRGOE, &
R I, L P P =1 =0
ElIIPf(M)II%F) () =T

4
= Y IRim)li -
i=1

= RO, ~ IR(m)I, +
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and

IRGr + DI,

Wpi(m)/ Pi(m))

P p
Z<P,-(m +1), Pi{m)) = 2<zi<m +1)+

P R 1
= Y (Zim + 1), Pi(m) + MZ (Pi(m), Pi(m))
- IRWIE,

=

z (Ri(m + 1), Ri(m)) — Z(R (m+1),Ri(m+ 1)) R + )2
= + <F>Z||P( ml,
||R(m)||(F) IR(m)IIE,

i=1
. 2
Then by the principle of induction, we complete the proof. [

Lemma 3.3. Assume that X* = [X], X},---, X}] is a solution of Problem 1. Let X(k) = [X1(k), Xa(k), -+, X,(k)],
then the sequences {X;(k)}, {R(k)} and P(k) genemted by Algorithm 1 satisfy the following equality:

P
Y (Piln), X; = Xi(m)) = IR0y, 7 >m, (20)
i=1
P
Y (Pin), X; = Xim)y =0, n<m. (21)

i=1
Proof. By induction we first demonstrate the conclusion

p

Y (Pim), X; = Xi(m)) = IRGm)Iy; m=1,2,--

i=1

For m = 1, by Algorithm 1 we have

() TH(Rs(1)), X = Xi(1))

P
Y (P, X; - X)) =
i=1

[t 18

(2 T(Ri(1)), X; = Xi(1))

1l
—_

s

R(1), ZL(X* (1)

Mn

R (1 sz(Xl)>

(Rs(1), Rs(1))

Y IR,

s=1
_ 2
= IR)IZ,.

RUGECE e s v
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Assume that the conclusion holds for 1 < m < u. Form = u + 1, we have

) IRGu + D)2
Y (Piu+1),X; - X(u+1>—ZZTR(”+1))+WII®
e} i=1 s=1 ®

) IR + DI,

T (R 1), X - X; 1 _ Pi(u), X: — X; 1
<SZ_; WR+ 1), X = X+ D) + e e ;< (W), X! = Xy(u + 1))

noo IRGe+ DI, & *

(Ry(u+1), X; Ta(X; = X + 1)) + W ;a’f(u), X; = X(u+ 1)
i IRGe -+ DR IRGe+ DI, &

R+ 1), Y T = Xi(u+ )y + —— R ® Z< (1), X; = X(u)) - p—(” Z<Pi(u)/ Pi(u))
= IRMIG 4= £ IRl =

Pi(u), X; — Xi(u + 1))

D i i

0
1l
—_

= IR+ D)y + ————
|R( )||(F)

II ity = IR + DI,

— 2
= IR + 1),

By the principle of introduction, the conclusion holds for m = 1,2.---. Now we assume that

-

(Pi(m + 1), X; = Xi(m)) = R + )|y,
=1
Forr=0,1,2, -,k using the previous results, gives us

p

Z(P (m+r+1), X = Xi(m)) = Z(Zp: T (Ry(m + 7 + 1)) +

i=1 i=1 s=1

[[R(m +r + 1)||(F)
———Pim+71), X, — Xi(m +r + 1))
IR(m + 1)l ’

(F)

i R )|
() T Rym + 7+ 1)), X; = Xi(m)) = kv =7+ Dl §

wa

Z(P (m + 1), X; = Xi(m))

i=1 s=1 |R(m )”(F) i=1
P . ||R(m+r+1)||
= Zlaz Sm+r+1), Z Ta(X; - Xi(m))) + |R(—+)(F)”R( m+ )l

=

= Y (R(m+1+1), M, - Z T(X;(m)) + IR + 7+ 1,
s=1 i=1
p
= Y (Rom + 7+ 1), Ri(m)) + IR(m + 7 + 1),
s=1

=||Rm+r+ 1)||%F).
By the principle of induction, the conclusion (20) holds. It follows from Algorithm 1 that
IRGm)E,

Z<P<m) X; - X(m+1>>—Z<P<m> X; = Xi(m) = 5————P{m))
i IROmIZ, &
= Y (Pim), X; — X(m»——‘“Zm-(m),Pi(m»

P
= X P m)li, =
t=1

= IR(m)I, ~ IR(m)I, =
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P
Hence suppose that Z(P,-(m), X, = Xi(m+r))=0forr=1,2,--- . By using (19), we have
i=1

P 4 [IR(m + r)II(F)
Z(P,-(m),x; - Xim+r+1)) = Z<Pi(m), Xi = Xi(m +1) = p—Pi(m +1)
py i=1 Z 1P (m + 1’)||(F)
4 R 2 4
Z i(m), X: — Xi(m +71)) — w Z(Pi(M), Pi(m+7r)=0
= L P+ ), =

Hence the conclusion (21) holds by the principle of induction. The proof is completed. [

p
Remark 3.4. Lemma 3.3 implies that if Problem I is consistent, then ||R(k)||2 # 0 implies that Z Pi(k) # 0.

Else if there exists a positive number m such that IIR(m)II2 # 0 but Z P;(m) = 0, then Problem I must

be inconsistent. Hence the solvability of Problem I can be determmed by Algorithm 1 in the absence of
roundoff errors.

Theorem 3.5. Suppose that Problem I is consistent, then for any arbitrary initial quaternion matrix pair [X;(1),
X>(1), -+, Xp(1)], a quaternion matrix solution pair of Problem I can be obtained within finite number of iterations
in the absence of roundoff errors.

Proof. Firstly, in the space QV*T x QP>*%2 x - -- X QPr*%, we define an inner product as

P
(A1, A+, Ay), (B, By, -+, By)) = Rel ) tr(BI'A))] (22)

for (A1, Az,-++,Ap),(B1, By, -+ ,By) € QP x QPPX@%2 x ... x QP*@r. Denote d = imini. From above
it is known that the space QF*T x QP>*%2 x ... x QPr*% with the inner productl:élefined in (22) is a
4d—dimentional. According to Lemma 3.2, i(Ri(m), Ri(n)y = 0, for myn = 0,1,---,4d — 1, and m # n.
Thus (Ry(k), -+ ,Ry(k)),k = 0,1,2,--- ,4d — 1 ilgla group orthogonal basis of the previously defined inner
product space. In addition, it follows from Lemma 3.2 that Z(R (4d),R;(m)) = 0, fork = 0,1,--- ,4d — 1.

Consequently, it is derived from the property of an inner product space that (Ry(4d),---,R,(4d)) = 0. So
(X1(4d), - -+, X,(4d)) are a group of exact solution to the Problem I. [J

Next we consider finding the least norm solution of Problem I. The following lemmas are needed for
our derivation.

Lemma 3.6. ([31]) Suppose that the consistent system of linear equation Ax = b has a solution x* € R(A™), then x*
is the unique least norm solution of linear equation.

Lemma 3.7. ([27]) For A € LC"™P*4, there exists a unique matrix M € CPP"", such that vec(A(X)) = Mvec(X)
forall X e C™".

According to Lemma 3.7 and the definition of self-adjoint operator, one can easily obtain the following
corollary.

Corollary 3.8. Let A and M be the same as those in Lemma 4, and A" be the self-adjoint operator of A, then
vec(A*(Y)) = MHtvec(Y) for all Y € CP*4.
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p
Theorem 3.9. Assume that Problem I is consistent. If we choose the initial quaternion matrix X;(1) = Z T, (H)),
s=1
fori=1,2,---,p, where H; is an arbitrary matrix, or more especially, let X;(1) =0,i=1,2,--- ,p, then the solution
(X1, X5, X;] obtained by Algorithm 1 is the least norm solution.

1t
solution to its complex representation matrix equations (11). By (12) and (6) has a solution if and only if its
complex representation matrix equations (11) has a solution. So the Problem I is equivalent to the following
Problem I'.

Proof. We only need to prove that the solution [(X})s, (X3)s, -+, (X})o] = [Y], Y3, -+, Y] is the least norm

Problem I'. For given By € LC2mix2mi2psX20s and M, € CZ¥>%s, j = 1,2,-- ,p;s =1,2,---,p, find
Yi,i=1,2,---,psuch that

p p P
() Bu(X), Y Bai(Y), -+, Y Bu(¥i)] = [(Ma)s, (Moo, -+ , (M), . (23)
i=1 i=1 i=1

If Problem I has a solution [Y3, Y, -, Y,], then [Y1,Y3,--+,Y,] must be a solution of the system (11).
Conversely, if the system (11) has a solution [Y1, Y, -+, Y, ], then it is easy to verify that [X, X5, -+, Xp] is
a solution of Problem I. Therefore, the solvability of Problem I is equivalent to that of the system (11).

p
If we choose the initial matrix Y;(1) = (X;(1)), = Z B,((Hi)s),i =1,2,--- ,p;s = 1,2,--+ ,p, where H;

i=1
is an arbitrary quaternion matrix in Q""" by Algorithm 1 and Theorem 3.5, we can obtain the solution
[Y1,Y2,--+,Y,] of Problem I' within finite iteration steps, which can be represented as Yi(1)* = (X); =

P
Z B:;(Y),i,s = 1,2,---,p. Since the solution set of Problem I is a subset of that of the system (11),
i=1
next we shall prove that [Y1,Y,--+,Y,] is the least norm solution of the system (11), which implies that
[Y1,Y2,--+,Y,] is the least norm solution of Problem I.

Vec((Hl)U)
Let E; be the matrices such that vec(¥!_, B! ((H;),)) = E; : for all E; € CLix 4sa:xLiy 4mini,
vec((Hp)o)

s=1,2,---,p; (Hi)s € Comix2mi =1 ... ,p, are arbitrary matrices. Then the system (11) is equivalent to the
following system of linear equations:

vec(Y B ((Hi)o)) E
veC(Zizi ]Bi((Hi)(,)) E; Vec((‘Hl)U)
vec(Yh, ]]é;i((Hi)o)) ép vec((Hy)s)
i vec((H1)o) .
= (( EN ER ... E,If) : eR(( EF EH ... Ellj) )
vec((Hp)o)

P
Obviously, if we consider Yi(1) = Z B,((H;)s), fori =1,2,---,p, where H; is an arbitrary matrix, or more

s=1
especially, let Y;(1) = 0,i = 1,2,---,p, then all Y;(k), i = 1,2,---,p, generated by Algorithm 1 satisfy
vec(Y1(k))
: eR ((E{I, EH,..., E;’I)) . Then it follows from Lemma 3.6 that [Y3, -+, Y, ] is the least norm

vec(Y,(k))
solution of the system (11). It’s showed that [X3, - -+, X, ] is the least norm solution of Problem I.
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Now we assume that the Problem I is consistent, and its solution set S is not non-empty, then we have

:[F1/F2/"'1Fp]

i T1(X)), i Tau(X3), -+, Zp: Tpi(X5)
i=1 i=1 i=1

p P
Y TuiXi = X0, Y TpilX = X))
i=1 i=1

—

p p p
=[F1 - Z T1:(Xi), F2 — Z To(Xi), -+, Fp — Z Tpi(Xi)]-
p i=1 i=1

Define

4
X=X, - X FJZF]_ZT]z(Xz) i=1/2/"'/p; ]':1121"'47'
i=1
forall)zi €S, i=12,--,p.
So the Problem II is equivalent to finding the least norm solution of the following quaternion matrix

equations.
4

P P
ZTli(Xi)/ZTZi(Xi)r“‘ ,Z Tpi(Xi)| = [F1, F2, -+, Fpl.
i=1 i=1 i=1
Therefore, we can apply the Algorithm 1 to find the least norm solution of the quaternion matrix
equation. And the least norm solution of the Problem Ilis X; = X; + X;, i=1,2,---,p. O

4. Applications

Denote q' = ~iqi = qu +iqy — jqc —kqa, 4 = =jqj = qa = iy + jqc — kqa, 4 = ~kqk = g, — iqy = jqc + kqa. Their
conjugate \Ectors are g’ = o= iqp + jqc +_kqd, g = qa+iqs — jgc + kqa, §* = qa + iqp + jg. — kg and g, = %(q +7),
=50 -9 9= 30— 9) 91 = 3@ - ¢). Theng = 3(g" + 9’ + 4" - q).

In the second-order statistics of quaternion random signals [28], it always occurs to the model ¢* = A¢’,
for all qa — [qT, (qi)T, (qj)T, (qk)T]T, qr e R4"X1, ie.

q I i I K[ 4
g | {1 i i1 k|| g
g |7 |1 =i jI -kl || g
N Y

for all I € R™" is the identity matrix, g = [q1,42,- - ,qx]" € Q™% 4,4/, € Q™, 44,9, 9c92 € R™!. In linear
mean-squared error (MSE)estimation), it needs to compute complete second-order estimation. Its model in
complex field [23] is ¥ = h'x, and its model in quaternion field [29] is
v = E[ylx, Xl ] + iE[inx, X, ] + jE[yflx, Xl K] + kE[yklx, X xd, 1.
It is to find the the least norm solution of the following quaternion matrix equation [29]:
k

v = glx + hx + uflyl + ook,

Consider the following general linear vector-sensor signal model [3]

p
5= Y kgt — (= 1)5,) +bi(t), i=1,2, 0,
=1
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where h;; € R, 7, are known scalars, g;(t) € QN, bi(t), Si(t) are the determined quaternion vector. We need to
solve the coupled quaternion vector equations

P
Yi :ZOZ]'X]'+Z,'+C,'
j=1
where Y;,i =1,2,--- ,n, X;,j=1,2,---,p, Z; are the determined quaternion vectors, Z;,i = 1,2,--- ,n, are
the known quaternion vector and aj,j = 1,2,-- -, p, are the known scalars.
5. Numerical examples

In this section, we shall give a numerical example to illustrate the efficiency of Algorithm 1.

Example 5.1. Consider the matrix equation

AnXiBi + AXoBi = G (25)
A X1Bo + ApXoBym = Gy
where
-1 2j ko 1+i 1+j 24k i+j 3+k
Aoo| 2+k 20 3k || 5 2%k 4 1
W= 24 1-k 245 2 |I'’”PU"T 1 j-k 1 4k |
2+j+k 2k 5j k 2 6] 2 1+j
1+7 4k  2+i 6+] 2+j 1+k 35 k
A = 2+k  2+j 6+i 1+4+j+k B., = 4j+k 3 2 61
27 3j+2c 2-4k 1-j 6+2k |""27| 4 2 3 1+k |
2+4j 3-4k 5§ 2k 1 2j 3 0
j i k1 4+j 3+k 2+i 4
Ao 22 2k 4 4f 14i 2 k
A7 140 54k 3 1 [P T| 20 3+i 3+k 1+2i |
k 1+j k O 4+k 2+j 2+k O
0 2j 0 1+k -3j 12k 11+i 2k
A o| O M2 k| o | 214k 23]k 2j
2714 0 2+ 1+i |72 1+ 2j 4k 1+i |
0 —j —k 1 2i 11 3i 2
—58+i+88j+33k —22+24i-29j+71k 5-27i+71j—48k 52 +67i +5j — 5k
C: = —68 +41i + 53] + 26k 52+ 68i +21j—18k 4 —4i+30j+ 3k —74 + 631 — 22j — 108k
1=

-75+ 191 +98j+ 83k —42+38i+41j+90k 30+ 42i + 23j + 25k —-87+51i+7j-7k ’
-1214+73i-25j -2k 79+ 74i-17j-49% —42-11i+9j+26k -142+15i—-81j—-110k

—72 +21i —3j + 28k —41 + 6i — 437 — 38k —24 -21i - 9j — 22k -12+2i - 5j -6k
—86 +497i + 582 + 437k —402 —233i —259j + 812k 352 —56i + 84j — 131k -31-3i—-27j+ 191k
127 +121i + 91j + 90k —133 + 55i + 199] + 295k -29+113i +36j + 73k  —19+21i+71j + 42k
36 +15i + 24 — 18k —11 +18i + 77j + 54k —21 4151 + 15j + 27k -9i +10j

It can be verified that the generalized coupled matrix equation (25) are consistent and have a unique
solution pair (X7, X5) as follows:

Cy =

-1 2] 2k 1+j 1+k 1+i j 0
X = 2 1+2k 2i 2k X = 1+j 2 k 1+i
U120 20 3k 20 P72 14+d 145 0 2
k 2] 2 4 k 1 2 k
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If we let the initial matrix (X;, X») = 107014, applying Algorithm 1, we obtain the solutions, that are

—-0.9999 2.0000; 1.9999k 1.0000 + 0.9999;
2.0000 1.0000 + 2.0000k 2.0000: 2.0000k
2.0000; 2.0000: 3.0000k 1.9999i !
1.0000k 2.00007 1.9999 4.0000:

X1(799) =

0.9999 + 1.0000k  1.0000 + 0.9999i 1.0000; 0.0000
X,(799) = 1.0000 + 0.9999; 2.0000; 1.0000k  0.9999 + 1.0000i
2 1.0000 + 1.0000¢  1.0000 + 0.9999;  0.0000 2.0000; !
0.9999%k 1.0000 2.0000 1.0000k

with corresponding residual
IR(799)\ry = Ildiag(C1—A11X1(799)B11—A12X2(799)B12, Ca—A21 X1(799)B21 A2 X2(799)B) Iy = 6.2826x107.
The obtained results are presented in Figure 1, where

. = I(X1(k), Xa(k) = (X7, X5)llr)
Y =

x = [IR()|F-

(X7, X)r) ’

Mo 100 200 300 400 500 600 700 800 Mo 100 20 300 400 500 600 700 800 900
Figure 1: The relative error of solution and the residual Figure 2: The relative error of solution and the residual
Now let
- j k0 2j  2i 2% 0
e 1+ 1+k 1 1 |5 2 1-4k 2k 2i
X1 = ; , X2 = -
1 1-j 2k 1 2 2j 1-6k 0
0 142 1 2j 1-i  2j 0 2

By Algorithm 1 for the generalized coupled Sylvester matrix equation (25),with the initial matrix

pair(Xy, Y1) = 0, we have the least Frobenius norm solution of the generalized coupled Sylvester matrix
equation (25) by the following form:

—1.0000 + 1.0000: 0.9999; 0.9999% 0.9999 + 1.0000;
X =X (830) = 0.9999 — 1.0000; 0.9999 —1.0000 + 1.9999i —1.0000 + 1.9999k
1= | —1.0000 + 2.0000j —0.9999 + 1.9999i + 1.0000; 0.9999k —1.0000 + 2.0000i |’

1.0000k -0.9999 0.9999 3.9999i —1.9999;
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0.9999 - 2j + k 1-0.9999i 0.9999 — 1.9999k 0.0000
X =% (830) = —0.9999 + 0.9999; -1+2j+3.9999% —0.9999% 0.9999 — 0.9999i
2 2 —0.9999 + 0.9999: 0.9999 - 0.9999; —0.9999 + 6k 1.9999;
0.9999 + 1.0000i + 0.9999k  0.9999 — 2.0000; 1.9999 —k

with corresponding residual

IR@B30)) = lldiag(C1—A11X1(830)B11—A12X2(830)B1z, Co—Ax1 X1(830)Bo1 — A2 X2(830)B22)ll(p) = 5.9374x107 .

The obtained results are presented in Figure 2. Therefore, the solution of the matrix equation nearness

problem is
-1.0000 1.9999; 1.9999k  0.9999 + 1.0000
o x| 1999 1+1.9999% 19999 1.9999%
t=a A 2.0000j 0.0001 +1.9999i 2.9999% 2i ’
1.0000k  0.0001+2j 19999 3.9999i + 0.0001;
0.9999 +1.0000k ~ 1.0000 +0.0001i  0.9999j + 0.0001k 0.0000
T X 430 | 10001 +0.9999j 2.00007 - 0.0001k 1.0000k 0.9999 + 1.0001
2742 A2 10001 +0.9999i 09999 + 1.0001 0.0001 1.9999
0.0001 + 0.9999k 0.9999 1.9999 1.0000k

From the Figure 1, we can see that the residual and the relative error of the solution are declining

gradually with the increase of the iterative steps. So we can say that the Algorithm 1 can converge to exact
solution of quaternion matrix equations (25). From the Figure 2, we can see that the Algorithm 1 can solve
the optimal solution of the matrix equation (25). But for any quaternion matrix A = A; + Asi + A3j + Ask,
2 = j> = k* = =1, complex matrix can be stated as the special case of quaternion matrix. So when we solve
the quaternion matrix equations problem by means of the iterative algorithm, generally its convergence rate
is not fast, such as an operable iterative method called LSQR-Q algorithm [36] for finding the minimum-
norm solution of the QLS problem by applying real representation of a quaternion matrix, which is more
appropriate to large scale system.
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