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Abstract

Algebraic Riccati equations are encountered in many applications of control
and engineering problems, e.g., LQG problems and H° control theory. In this
work, we study the properties of one type of discrete-time algebraic Riccati
equations. Our contribution is twofold. First, we present sufficient conditions
for the existence of a unique positive definite solution. Second, we propose
an accelerated algorithm to obtain the positive definite solution with the rate
of convergence of any desired order. Numerical experiments strongly support
that our approach performs extremely well even in the almost critical case. As
a byproduct, we provide show that this method is capable of computing the
unique negative definite solution, once it exists.

Keywords: algebraic Riccati equations, Sherman Morrison Woodbury
formula, positive definite solution, semigroup property, doubling algorithm,
r-superlinear with order r
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1. Introduction

Originated from the study of control theory, the discrete-time algebraic Ric-
cati equation (DARE) of the compact form:

X=H+APX(I+GX)'A (1)
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has been extensively investigated; see [20, 13, 9, 16, 23, 10, 17, 6, 15, 5, 22, 24, 19]
and the references therein. Theoretically, the DARE is highly related to the so-
called nonlinear matrix equation (NME) with plus sign [8, 3]:

X+BEX"'B=Q (2a)
or the one with minor sign [1, 18]:
X -BAX"'B =0, (2b)

where B € C*™ and @ is a n x n (Hermitian) positive definite matrix. This is
because when G is a positive definite matrix and X is a Hermitian solution of
Eq. (1), let X := G+ GXG, B := AG and Q := G+ GHG + BEG™'B. The
form of Eq. (1) becomes

G+GXG=G+GH+A"X(I+GX) 'A)G
=G+GH+ANX +GHI +GX)'A-ATGTH 1T+ GX)A)G
=G+ GHG + (AG)" G (AG) — (AG)T (G + GXG)7(AG),

or equivalently, X +BHEX 1B = @, a form of NME with plus sign (2a). Al-
ternatively, if B is a nonsingular matrix and X is a positive definite solution of
Eq. (2b), let A:= B~ B, G := B~7QB~! and H := Q. The form of Eq. (2b)

becomes

X=Q+BiX'B=Q+B"(Q+B"X'B)"'B
—Q+ATX '+ G)A=H+ A"X(I+GX)A,

a form of DARE (1). Only recently has the conjugate NME X + A X 14 = Q
received considerable attention; see [14, 25, 11, 4]. Tt can be said that one of its
main application of the conjugate NME is the study of modern quantum theory
by means of consimilarity [25]. A parallel study of this conjugate NME is to
investigate the conjugate discrete-time algebraic Riccati equation (CDARE) in
the form with the plus sign:

X=H+A'X(IT+GX) A (3a)
or in the form with the minus sign:
X =H-AX(1+GX)'4, (3b)

where A € C™*", matrices G and H are two positive definite matrices of size
n X n, and the n-square matrix X is an unknown Hermitian matrix and to be
determined.

In the paper, we derive some sufficient conditions for the existence of the
unique positive solution. Moreover, we present a numerical procedure, based
on the fixed point iteration, to solve CDAREs, and show that the speed of
convergence can be of any desired order.




An immediate question is whether this conjugate formulae (3) could be
equivalently transformed to the compact form (1). To this end, we use the
notations:

Fi(X) = H+ A"XA, %A, (4)

with Ag x := (I + GX)™! to simplify our discussion, that is, (3) can also be
represented by

X = Fi(X).
Following from the fact that
AG,?i (x) = AG,H + AG,FGZHXAC%,XZAG,H’ (5)
it can be seen that
FOX) = Fu(FeX)=H=* ATFL(X)Ag 7, (x)A
= H; + (I + 10, + II3), (6)
where
M, = +A"A"XAg AN, A,
M, = FAYHA,7GA"XAg, xAA; A,
Iy = —APA"XAg AN 7GA" XAg, xAAG 1A,
G, = G+AA,zGA", (7)
H = H+ AHFAG,ﬁA. (8)

Note that (5) is an application of the well-known Sherman Morrison Woodbury
formula, which can be stated as follows.

Lemma 1.1. [2] Let A and B be two arbitrary matrices of size n, and let
X and Y be two n x n nonsingular matrices. Assume that Y ! + BX 1A is
nonsingular. Then, X + AY B is invertible and

(X+AYB) ' =X XA '+ BX A 'BX L
We further observe that
M+l = AT XA o (1 ¥ A0 7GA" X g, x ) A 74
= £ATA" X Ag AZ A, xAA; A
= + AT A" X A, xAD G 7 A.
Thus, we have
M+ 103+ Tl = A7 (21, + HA G 5G) A" X Ag, xADg A
=+ A X Ag, x A1,




where

A= ZAG,FA. 9)
This concludes that (3) can be transformed into the standard DAREs
X =H, + A XAg, xA;. (10)

Starting with a fixed point iteration, we propose a 3-term iterative method in
Section 3. We show that this method has a semigroup property and is equivalent
to the structured doubling algorithm (SDA), i.e.,

Appr = Ap(I + GrpH) Ay,
Gri1 = Gr+ Ap(I+GpHy) 'GLAL,
Hyw = Hy+ AZHL(I + GpHy) Ay,

under a specific transformation. Though the SDA is known for its efficiency of
computing the solution of DARE [15] with quadratic convergence, we use this
semigroup property to build up an accelerated iterative method with the rate
of convergence of any desired order.

The paper is organized as follows. In Section 2 and Section 3, we propose,
respectively, sufficient conditions for the existence of unique positive definite
solutions of (3) by means of the solvable analysis of (1). Based on the fixed
point iteration, we construct a way to solve the unique positive definite solutions
of (3). We show in Theorem 3.1 that this way satisfies a semigroup property.
In Section 4, we apply this property to build up an accelerated approach to
compute the positive definite solution with r-superlinear convergence of order
r, for any integer » > 1. In Section 5, we examine two examples to illustrate
the capacity and efficiency of our proposed accelerated technique. In Section 6,
we make our concluding remarks.

In the subsequent discussion, the symbols C**™ and IP,, stand for the set of
n X n complex matrices and positive definite matrices, respectively. We denote
the m x m identity matrix by I,,,, the conjugate matrix of A by A, the conjugate
transpose matrix of A by A, the spectrum of A by o(A) and use p(A) to denote
the spectral radius of a square matrix A. We use the symbol A > 0 (or A > 0) to
represent that A is a Hermitian positive definite matrix (or a Hermitian positive
semidefinite matrix) and the Loewner order A > B (or A > B )if A— B >0
(or A— B >0). A matrix operator f is order preserving on P, if f(A) > f(B)
when A > B and A, B € P,.

2. Solvability properties

In this section, we present sufficient conditions for unique existence of the
positive definite solutions of (3). To this end, we start by investigating the
solvability of the standard conjugate Stein matrix equation:

X =Q+ A"XA, (11)

where A € C"*" and @ € P,,.
Its proof is based on the following well-known fact.




Lemma 2.1. [2, Proposition 8.6,3.] Let {A;}32, be a sequence of positive
semidefinite matrices satisfying A; > A; > 0 if j > i, and assume that B is
another positive semidefinite matriz satisfying B > A; for all i > 0. Then,
A= lim A; exists and B > A > 0.

1—> 00
Upon using Lemma 2.1, our next result is to propose a necessary and suffi-
cient condition for the existence of a unique positive definite solution of (11).

Lemma 2.2. The equation (11) has a unique positive definite solution if and
only if p(AA) < 1.

Proof. Assume that X, is the unique positive definite solution of (11). Thus,
X, is a solution of the equation:

X =Q+AQA+ (AAPX(AA). (12)

This implies that for any integer k > 0,

X, = zk: (AA)N (Q + AHQA)AA) + (A X, (AA)FH > 0. (13)
i=0
Since @ + ATQA > 0 and X, is positive definite, we see that

S (@A) (@ + ATQAYAAY

i=0
converges, and hence p(AA) < 1.

Conversely, assume that p(AA4) < 1. Let A ® B be the Kronecker product
of matrices A an B. Observe from (12) that

(I —(AA4)" ® (AA)H) vec(X) = vec(Q + AFQA),

where vec(+) is the column stretching function defined as
VeC(A) = [8‘117 ctct,8mlyttt ,@0ny 7amn]—r

for any m x n matrix A = [a;;]. This implies that the solution, say X, of (12)

exists. Also, from [26, Lemma 12], we know that (11) has a solution if p(4A) <

1. Following from (13), we have

— [ iVH AT AN
X, =) ((A4)")7 (Q + A"QA)(AA),
i=0
which is positive definite. Once (12) has a unique positive definite solution, this
solution is also the unique positive definite solution of (11). This completes the

proof.
O

Note that Lemma 2.2 enables us to discuss the solvability of (3). To make
our discussion more clearly and explicitly, the rest of this section is divided into
two parts, respectively: One is for (3a) and the other is for (3b).




2.1. The solvability of (3a)
Using the formula in (4), let P; be a set defined by

P = {X > 0|X > Fy(X)}. (14)
Consider the fixed point iteration
X1 = Fy(Xy) (15)

with X7 = H. It is easy to see that {Xj} is a monotone increasing matrix
sequence with respect to the Loewner order. Once P; is nonempty, choose a
matrix Xp, in P;. It can be shown by induction that for any integer £ > 0,
X < Xp,. This is because for k = 1, it is true that Xp, > H = X;. Assume
that this statement is true for £k = n. Then,
XP1 > H+ AHXPl AG,XPI A
Xop1+ AT (I+Xp,G) ' Xp, — (I +X,G)'X,) A

X+ A" (X 4+ G)7 = (X, 4+.6)71) A2 X,

V

Hence, the sequence { X} converges, i.e.,

X, = lim X} (16)
k—o0
exists and satisfies (3a).
In addition, let
Tx = Ag x4, (17)
and R -
Tx =TxTx. (18)

It can be seen that for this Xp, € P;, we know that
Xp, — T)J?PI —XPITXPI =Xp, — AH(I — YPIG(I + Ypl G)il)Ypl AG,YPIA
=Xp, — A"XpTx,, + AHYPIGAYP1 ,GYPIAG,YplA
> H+ (A%, o XpA)TG(Ax, XpA),
which yields R R
Xp, > T, XpTx,, + H,
or, equivalently,

Xn = YO(TY, HTY,
k=0

for any integer m > 0. This implies that the specific matrix computation fxpl
satisfying R
p(TXPl) <1




In particular, it can be seen that if X solves (3a),
Tx = Ag x ADg A
_ . -1
= Ag A (1+G (A +A" X5 4)) A

=Ag xA (AG,H ~AgHGATX (I +(G+ ZAG,?GZHVQ B AAG’H> 4
= A@,XZ(AG,F - AG,FGZHXAGI’XZAGﬁ)A

= Ag x A1 — Ag xA (AG,ﬁGZHXAGhXZAGﬁ) A

= Agx (1+G1X — A0 7GA"X) Ac, x4

=Ag, x 4.

To make it clearly, we summarize results as follows.

theorem 2.1. Let Py, Tx, and Tx be the notation defined in (14), (17),
and (18), respectively.

(a) If Py is nonempty, then there exists a positive definite solution of (3a).
(b) If X € Py, then p(Tx) < 1.
(c) If X solves Eq. (3a), then Tx = Ag, xA:.

Inspired by our above findings, we now propose a necessary and sufficient
condition for the existence and uniqueness of the positive definite solution

of (3a).

theorem 2.2. The set Py is nonempty if and only if there exists a unique
positive definite solution of (3a).

Proof. If Py is nonempty, Theorem (2.1) implies that there exists a positive
definite solution of (3a). Next, we show that the positive definite solution
of (3a) is unique. To this end, let X7 and X5 be two positive definite solutions
of (3a). It follows that

X —Xy = AT+ X6 X1(I+GX2) -~ (I +X1G)X2)(I +GXo)'A
= T (X1 -X2)Tx,.

Subsequently, we have
Xi = Xy = (TH)F (X0~ X)T¥,
for any integer k£ > 0, which gives rise to the fact that

X1 = Xp = lim (T{)" (X1 - X2)T§, = 0.




This is because X; and X5 are in P; and from Theorem 2.1 (b), we know that
p(Tx,) < 1 and p(fx2) < 1.

Conversely, if there exists a unique solution of (3a), it is trivial that P; is
nonempty. O

Note that Theorem 2.2 provides a necessary and sufficient condition for the
existence of a unique positive definite solution of (3a). However, the assumption
Py # ¢ is not easy to check. A useful sufficient condition for the existence of a
unique positive definite solution of (3a) can be written as follows.

corollary 2.1. Assume that the coefficient matriz A in (3a) satisfies p(AA) <
1. Then, there exists a unique positive definite solution to (3a).

Proof. Since p(AA) < 1, it follows from Lemma 2.2 that there exists a positive
definite matrix X; such that

X;=H+AUX A>H+A"X, A - (X, )7 (G + X)) 1 (X A) = Fo(X).

Thus, P; is nonempty. From Theorem 2.1, there exists a positive definite solu-
tion of (3a).
O

2.2. The solvability of (3b)

In this section, we discuss a counterpart of (3a). To start with, we let P, be

a set defined by

P={X>0H>X>F_(X)}, (19)
and let Hy, G1, and A; be matrices defined in (8), (7) and (9) with minus signs.
Note that the set P, is nonempty, since H € P5.

Our purpose in this section is to show that there exists one and only one
positive matrix X € P,, and X satisfies (3b) and p(Tx) < 1. To prove these
facts and make this work self-contained, we recall the result for nonlinear matrix
equations in [7, Lemma 5.5] and [7, Theorem 5.6].

theorem 2.3. Let F(X) = —X + XH(X)X be an order preserving mapping of
P,, into n X n negative definite matrices. Assume that H satisfies the following
two properties:

HX)XH(X) < H(X),

HY)-H(X) = HX)(X-Y)HY).
Then, there is a unique positive definite solution X to the equation
X - AUXA+ AHXH(X)XA=H,

where A, H € C"*" and H > 0. Moreover, for this solution X, the spectrum
radius of the matriz Tx defined by

Tx = A—H(X)XA

satisfying p(fx) < 1.




Corresponding to (3), we consider the case that F(X) = —X + XH(X)X,
where H(X) = Ag,,xG1 and show that this F(X) satisfies the requirement of
Theorem 2.3.

corollary 2.2. Let F(X) = —X+XH (X)X be a mapping of P,, where H(X) =
Ag, . xG1 and G1 > 0. Then,

(a) F(X)=—-XAg, x, t.e., 0 <X <Y implies that F(X) > F(Y).
(b) H(X)XH(X) <H(X) and H(Y) — H(X) = H(X)(X = Y)H(Y).
(c) There is a unique positive definite solution X to the DARFE
X - AP XA, xAy = Hy,
ghere H, > 0. AMoreover, for this solution X, p(fx) < 1 with the matriz
Tx defined by Tx = Ag, xA1.

Proof. Clearly, F(X) = =X + XAqg, xG1X = —XAg, x. Following from a
direct computation, we see that H(X) satisfies the following two properties:

HX)XH(X) = (I+GX)'G1X(IT+G6G,X)'Gy
(I+GX) "I -T+GX)"Ha,
= H(X)-AK 5 GiAx e < H(X),

HY)-H(X) = HX)(X-Y)HY).
Note that

H = X-A'XAq x4
X - APXA + APXG 1 Ax 6, X Ay,

and
Tx = (I— (I+G1X)"'G1X)A, =A; — H(X)XA,.

Thus, part (c¢) follows directly from Remark 2.3, which completes the proof.
O

Based on Theorem 2.3, we have the condition of the existence of a unique
positive definite solution of (3b).

theorem 2.4. Let G and Hy be two matrices defined by (7) and (8) with minus
signs, and let Py be the set in (19).

(a) If Hy > 0, then there exists a positive definite matriz X in Py such that
X is also a solution of (3b).

(b) If Gy > 0 and Hy > 0, then the positive definite solution of (3b) exists
uniquely. In particular, Tx := AG,XZAG,YA =Ag, x4 and p(Tx) < 1.




Proof. 1t is true that the set [Hy, H] = {X € P,|H; < X < H} is a compact
convex subset of the Banach space C™*™ with an unitarily invariant matrix
norm. Also, the operator F_ maps [Hy, H] into itself, since

Hy=F_(H)<F(X)<H

for H; < X < H. It then follows from the Schauder fixed point theorem (see,
e.g. [21]) that F_ has a fixed point X in [Hy, H]. This implies that there exists
a element X € P, and X solves (3b).
Considering this solution X of (3b), it follows that X is a solution of the
equation
X =FP(X)=H, + APXAq, x4. (20)
Note that the uniqueness of the solution of (3b) is guaranteed, once the solution

of (20) is unique. By Corollary 2.2, this is immediately true, since G; > 0 and
Hy > 0. Also,

Tx = Ag x A A
= AgxA(T+6 (T -A"Xag44)) 4

— Ag A (AG,H +Ag7GA X (I+ (G~ A0 7GA")X) 1 AAGH) A
= Ag xA(Dg g + Do gGA" X Ag, x A 37)A
= Ag x A1+ Ag 4 A (D 7GA" X Ag, xABG 7) A
= Agx (I+GiX + A8 7GA"X) A, xAr
= Mg, x A1
By Corollay 2.2, p(fX) < 1, since
Tx = A, xA1 = (I — (I +G1X)'G1X)A; =A; — H(X)X A,

which completes the proof.

3. Iterative method and convergence analysis

In this section, a method originated from the fixed point iteration will be
presented to solve (3) indirectly. A direct method to solve (3) is referred to
appendix 6.1 for the details. We show that our proposed approach can give
rise to an accelerated way with the rate of r-superlinear convergence up to any
desired order in Section 4.

Let R(X) = H; + A{iXAGhXAl represent the computation of the right-
hand side of (10), and let X4 be a solution of (10), that is,

X4 =R(Xy).

10




Following from a similar derivation for (10), it can be seen that
Xq=R(R(Xa)) = Hz + AJ X4Ag, x, Az,

where Ay = AlAG1,H1A17 Gy = Gy —|—A1AG17H1G1A{{, and Hy = H; +
AR H Ag, g, Ar. Continually, we have

Xd — R(k_l)(R(Xd)) = Hk + AkHXdAGk,XdAk)

where Ay, Gy, and Hy for k =1,2,..., be three matrices denoted by

A, = AiAg,_, =5 A1, (21a)
Gr, = Gi+A1Ag, ,.mGr 1AL, (21b)
Hy = Hy+ A7 HiAg, | mAr1, (21c)

with initial matrices Gy, Hi, and A; defined by (7), (8), and (9), respectively.
Note that the iterative method given by (21) provide a direct way to solve (10)
and an indirect way to solve (3). We show in the next result that (21) has a
semigroup property. Its proof is quite lengthy, though it is done by mathematical
induction. To the reader’s interest, we put the proof in the appendix 6.2.

theorem 3.1. If all sequences of matrices generated by (21) are well-defined,
then the sequence (A, Gy, Hy) satisfies the following property:

Aipj = A1+ G Hy) A, (22a)
Gi+j = Gj + AJ(I + GiHj)ilGi(Aj)H, (22b)
Hipj = Hi+ (A)" Hy(I+ G Hy) "' A, (22¢)

for all integers i,j > 1.

Based on Theorem 3.1, we have H, = H; + A{IHk,lAGth_lAl. Hence,
the iteration in (21) is called the fixed point iteration, since its purpose is to
construct a convergent sequence Hy, to solve (10).

From Theorem 2.1, we know that if the coefficient matrix A satisfies p(AA) <
1, then the set Pjis nonempty and the positive definite solution of (3a) uniquely
exists. Our next result is to prove that the sequence of (A, Gk, Hy) in (21) is
well-defined, and Hy tends to this positive definite solution.

Lemma 3.1. Let A,G,H € C"*" and G, H > 0 be coefficient matrices in (3a).
Then,

(a) (Ag, Qx, Hy) is well-defined for all integers k > 1.
(b) If X € Py, then X is an upper bound of {Hy}. In particular,

X>Hy,>H_>--->H > H.

(c) If p(AA) < 1, Hy converges to the unique positive definite solution of (3a)
as k — oo.

11




Proof. First, the proof of part (a) is completed, once the matrix Ag, , m, exists
for any integer k£ > 2. This suffices to show that the product of any eigenvalue
of G—1 and Hj is not equal to —1. From (7) and (8), it can be seen that

—H — —H
G = G +AGTAgn o, AT =G >0, (23)

H = HP4AYA_ A A=Hf >0, (24)

since G, H > 0. Similarly, we have G, = G > 0 and H, = Hf > 0 for any

integer k > 2. This implies that o(Gx_1H1) C RT, since Gy_; > 0 and Hy > 0,

which completes the proof of part (a). Here RT is the positive real line.
Second, if there exists X € P;, then X > H. Note that

Hy = FP(Hea) = FED () = FE70(@H), (25)
for all integers k > 2. Thus, we have
X - He > FEV0) - APV > o, (26)
since F is an order preserving operator. It follows from (25) and (26) that
X>Hy>H_1>--->H > H,

which completes the proof of part (b).
Third, since p(AA) < 1, Theorem 2.1 implies that there exists X € P;. It
follows from Lemma 2.1 that the sequence {H}} converges, i.e.

H, := lim Hy

k—o0

exists and satisfies (10). By Theorem 2.1, there exists a unique positive definite
solution to (3a). Since the solution of (3a) is also a solution of (10). Provided
Gy > 0, Corollary 2.2 implies that (10) can have only one positive definite
solution, which completes the proof.

O

For (3b), a similar result can be derived as follows. Since the proof is similar
to Lemma 3.1, we omit our proof here.

Lemma 3.2. For (3b), let G1 and Hy be matrices defined by (7) and (8) with
minus signs, and let Py be the set in (19). Suppose that Hy and G1 > 0. Then,

(a) (Ag,Qr, Hy) is well-defined for all integers k > 1.
(b) If X € Py, then X is an upper bound of {Hy}. In particular,

H>X>Hp1>Hpy>--- > Hy.

(¢) Hy tends to the unique positive definite solution of Eq. (3b) as k — oc.

12




From Lemma 3.1 and Lemma 3.2, we have the numerical behavior of the
sequence {Hy}. To our interest, we would like to predict the behavior of the
sequence {Gy} in (21). We thus consider the following dual matrix equations

X = G+AX(I+HX)'4", (27a)
X = G-AX(I+HX)'4" (27b)

It has been shown in Theorem 2.1 and Theorem 2.4 that there exists a unique
positive definite solution X of (3), once certain conditions are satisfied. Here,
we assume that the coefficient matrix A is nonsingular and define Y = — X1,
where X is the solution of (27). Following from (27), we have

ATNX —)A™ = (x4 H)L

This implies that -
X'+ H=+A9X-G)'4,

That is,
Y = HEARY (I + GY) 7' A,

which is exactly equivalent to the matrix equation (3). Like Theorem 2.1 and
Theorem 2.4, we thus have the following result.

theorem 3.2. Assume that A is nonsingular. Then,
1. There exists a unique negative definite solution to (3a) if p(AA) < 1.

2. There exists a unique negative definite solution to (3b) if G > 0 and
H; > 0.

Now, we would like to investigate the relationship between the sequence
{G}} and the dual equations (27). For the sake of simplicity, let G4 (X) be the
matrix operator defined by

Go(X) =G+ AX Az A"
Then, the dual equations (27) can be rewritten as
X =G4(X).
Analogous to the case of operator F., we have the following formula

X = g:(I:Z)(X) = ﬁl +Av{_IXAéI,Xg1’

where
;{1 = ZHAF7GZH = A{{, (28&)
Gy =H+A"Ap (HA=H,, (28h)
H =0+7A0A; ;A" = G, (28¢)

13




or even more,

X = g:(fk)<X) = ﬁk + AkaXAék,XAvk,

where
Ay =A0g, g Ak, (29a)
Gr=G1+AAg | 7 G AL, (29b)
Hy = Hyp_1 + ZkH_lﬁlAékflﬂlﬁk_l. (29¢)
By induction on k, it is true that
Ay = Al Gy = Hy, Hy, = Gy (30)

Thus, the sequence of matrices (ﬁk,ék,ﬁk) generated by the iterations (21)
with initial matrices (Ay, Gy, Hy) = (A, Hy,Gy) is well-defined, once the se-
quence of matrices (Ag, Gk, Hi) is well-defined. Let D; and Dy be two sets
defined by
Dy = {Y >0y >6,(Y)}, (31)
Dy = {Y>0G>Y>G (Y)}, (32)

respectively. By (29), we have the following result. Its proof is similar to
Lemma 3.1 and Lemma 3.2 and is omitted here.

Lemma 3.3. Let A,G,H € C"*" be the coefficient matrices of (3) such that
G,H > 0. Then,

1. For (3a),
(a) (Zk, ék, I;fk) is well-defined for all integers k > 1.
(b) If Y € Dy, then'Y is an upper bound of {Gy}. In particular,

Y>Gp>Gpo1>-->G >G.

(c) If p(AA) < 1, G}, converges to the unique positive definite solution
of (27a) as k — oo.

2. Assume that G1 > 0 and Hy > 0 . For (3b),

(a) (Ag, Gy, Hy) is well-defined for all integers k > 1.
(b) If Y € Do, then'Y is an upper bound of {Gy}. In particular,

G>Y >Gr1 >G> > Gy
(¢) Gg tends to the unique positive definite solution of (27b) as k — oo.

In summary, following from Lemmas 3.1, 3.2, and 3.3, we have the following
main result of this section.
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theorem 3.3. Let A,G,H € C"*" be the coefficient matrices of (3) such that
G,H > 0. Consider the sequence of matrices (A, Gy, Hi) generated by iter-
ations (21) with a given initial matrices (A1, Gy, Hy) defined by (9), (7), and
(8), respectively. Let Hy, = lim Hy and Goo = lim Gy. Then,
{—00 £—00
1. Assume that p(AA) < 1. For (3a),
(a) Ho is the unique positive definite solution to (3a).

(b) —GZ}! is the unique negative definite solution to (3a) if A is nonsin-
gular.
2. Assume that H; > 0 and G1 > 0. For (3b),
(a) Hoo is the unique positive definite solution to (3b).
(b) —GZl is the unique negative definite solution to (3b) if A is nonsin-

gular.

Remark 3.1. It is interesting to ask whether the matriz Y = —X 1, where X
is the solution of (27), is still a negative positive solution of (3) if A is singular.
To answer this question, we see that

I+GY =1-G(G+AX(I+HX) tAH)!
=I-GG'FGCTAX(IT+HX + AHG'AX) 1 ARG
=+AX(I + (H+ APG 1 A)x)~tARG L.

Namely, rank(I + GY)=rank(A). We conclude that the matriz Y = —X ' is
not a solution of (3) when A is singular, since I + GY is not invertible.

4. An acceleration of iterative method

Let {Ag, G, Hy} be the sequence of matrices generated by (21). It has been
shown in Theorem 3.1 that matrices Ay, Gg, and Hy, for each k, depend only
on the subscripts in A;, A;, G;, G, H;, and Hj, once i + j = k. Our next
algorithm is to fully take advantage of this invariance to design an algorithm
with speed of convergence of any desired order.

Algorithm 4.1. (An accelerated iteration method to solve (3))

1. Given a positive integer r > 1, let (ﬁo, @0, fIO) = (A1, Gy, Hy) with initial
matrices G, Hy, and Ay defined by (7), (8), and (9), respectively;
2. Fork=1,2,..., iterate

A\k = A](J__ll)(fn + ék_lngr__ll))ilA\k—la
G = fo__ll) + A;(f__ll)(fn + ak—lH;ir__ll))ilak—l(Ag—_f))Hv
ﬁk = ﬁ—kfl + A\g_lHIET__ll)(In + ékle]E»T__ll))ilA\kfla
until convergence (see Section 5 for example), where the sequence (A,(:__ll), G,(f__ll), H,gr__ll))

is defined in step 3.
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3. For{=1,--- r—2, iterate
A](f_—i_ll) = A](f_)l(jn + ék—lH]g_)l)ilA\k—la
Gl(fjll) = chell + A;fL(In + ék—lng—)l)ilak—l(Agfll)Ha
H,ge_-i_ll) = I/'jkfl + A\kH_lHIEé_)l(In + aklelge_)l)ilA\k,h
with (A", G HY ) = (A1, Gy, Hiy).

By Theorem 3.1, we have the following result. Its proof is straightforwardly
done by induction. We thus omit the proof here.

Remark 4.1. If (Ag, Gk, Hy) for all integers k > 1 is well-defined, that
(A\Im éka ﬁk) = (Arka G’l‘k7HTk)
for all integers k > 1.

The convergence analysis of Algorithm 4.1 can be done by means of the fol-
lowing properties. Since the proof is long and tedious, we put it in Appendix 6.3.

Lemma 4.1. Assume that (Ay, Gk, Hy) is a well-defined sequence of matrices
from (21) and this sequence is convergent. Let

Hoo = lim Hk, Goo = lim Gk7
k— oo k—o0
T, = Agu v Ak, Sk = ArAa. by, (33)

for all integers k > 1. Then, the following three conditions are satisfied.

1. Tk :le andS’k :S{C
2. Hoo — Hy = THH Ay = TH(HZ! + Gi)Ti and Goo — Gy = SpGoo A =
Sk(Ggol + Hk)S;?
3. o(Th) = o(SH).
Let all the sequences in Algorithm 4.1 be well-defined. Our next result
is to show that once p(T1) < 1, the convergence speed of (A, Gy, Hy) is r-

superlinearly with order 7, for any integer » > 0. The definition of r-superlinear
convergence is referred to [12, Definition 4.1.3.].

theorem 4.1. Suppose that {A\k, é;“ f[k} is the sequence of matrices generated
by iterations (21) and be well-defined and convergent. Let Hoo,Goo and Ty, Sk,
for all integers k > 1, be matrices defined by (33). Then,

rk N . rk -~
imsup /1Al < (1), msup VG — Gull < p(T3)%
—00

k—o0

limsup "\/ | Hoo — Hill < p(T1)2.

k—o0
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Proof. From Lemma 4.1, we know that A, = A = I+ G,,kHOO)Tfk, Goo —
Gr = S (Gl + Ho)SH, and Ho — Hy, = TH(H ' + G )Tx . 1t follows that

rk>s

limsup /|4 = limsup "/ G (G + Hoo)T7"

k—o0 k—o0

< limsup "V/[[Gool| - limsup V/[|GT + Hoo| - limsup \I|T7" | = p(T1),

k—o0 k—o0 k—o0

lim sup T\k/ |Goo — G| < limsup "/ 157" || - lim sup T\k/ I(GT! 4+ Hy)|l -
k—o0 k—o0 k—o0

3 ok

limsup "\/|[S7"[| = p(T1)?,

k—o0

limsup "\/ || Hoo — Hyll < limsup "/ |77 - limsup "\/[|(H* + Goo)l|-
k—o0 k—o0 k—o0

. ’V‘k r

limsup "\/[|T7" || = p(T1)%.

k—o0

Here, the last equalities follow from the well-known Gelfand’s formula such that
for any matrix norm || - ||, we have p(A) = limsup || A*||'/*.
k—o0

O

5. Numerical experiments

Under the assumptions of Theorem 3.3, two numerical examples are used
in this section to demonstrate the application of accelerated techniques given
by Algorithm 4.1. We compare Algorithm 4.1 with the standard fixed point
iterations:

X1 = Fe(Xp), with X; = H. (34)

It can be shown that the convergence speed of (34) is r-linearly if p(77) < 1.
The details for the convergence analysis can be found in Appendix 6.1. For
clarity, two things should be emphasized here. First, the unique negative definite
solution of (3) can be obtained by Algorithm 4.1 when A is nonsingular. That
is, Algorithm 4.1 enable us to solve the unique positive and negative definite
solutions, simultaneously. Second, when p(T}) & 1, then iteration (34) could be
very slow. However, this disadvantage can be overcome without any difficulty
by Algorithm 4.1. While solving (3), we show that the use of Algorithm 4.1
tends to has less computational time and higher accuracy than the fixed point
methods given by (34).

All computations were performed using MATLAB /version 2016b on Mac-
Book Air with a 2.2 GHZ Intel Core i7 processor and 8 GB of memory. To
gauge the effectiveness of our algorithm, we employ the parameters, residual
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(Res) and the normalized residual (NRes) with definitions defined below:
Res := || X — F+(X)||F,

X — Fe(X)llF
177 + AR X Pl Ac.x]r”

NRes :=

where X is an approximate maximum positive solution to (3). All iterations
are terminated whenever Res or NRes is less than or equal to nu, where u =
2752 29222 x 10710 is the machine zero.

Example 5.1. Let n = 100 and a,fl € R™ ™ be two real diagonal matrices
with given positive diagonal elements between 0 and 1. They are then reshuffled
by the unitary matriz @Q € C™*™ to form

(G, H) = (Q"GQ,Q"HQ), (35)

that is, in MATLAB commands, we define

~ ~

G = le2xdiag(rand(n)), H = le2 x diag(rand(n)),
Q = orth(crandn(n)).

For (3a), Theorem 2.1 implies that a unique positive definite solution exists,
if p(AA) < 1. To satisfy this constraint, let A be a randomly generated square
complex matriz, let a be a random number lying in the interval (0,1), and let
temp be the spectral radius of A\Hﬁ, namely,

~

A = crandn(n), a =rand,
temp = mam(abs(eig(conj(ﬁ) * //1\)))
We then have a matrix

A= axA/temp (36)

satisfying p(AA) < 1 so that the unique positive definite solution to (3a) ewists.

For (3b), we have shown that the unique positive definite solution exists if
G1 > 0 and Hy > 0. To this end, we repeatedly generate matrices A, G, and
H by (35) and (36) until Gy and Hy > 0 are satisfied. We record numerical
results in Table 2.

Note that in Tables 1 and 2, the values in the second row are the results
obtained using the standard fixed point method given in (34), and the values
in the other rows are results obtained using Algorithm 4.1 with r = 2,3,4,5,
respectively. The minimal number of iterations (Minlt), the mazimal number
of iterations (Maxlt ), the average number of iterations (Avelt), and the average
elapsed times of iterations (AveTime) performed by the fized point method and
our algorithm are recorded by choosing 100 initial matrices (G, H, A) randomly,
as are described above. Let Ny and N,., with r = 2,3,4,5, be the least integer
numbers satisfying

rNr

p(Tl)Nl <n-u, (p(T1)2> <n-u, 1= 27374a57

18




respectively. That is, Ny and N,., with r = 2,3,4,5, are integer numbers defined
by

logy(n - u)

logyo (p(11))

N, = [logr (M)] ey (38)

Here, the symbol [x] denotes the floor of x, i.e., the largest integer less than or
equal to x and Ty = Ag, m., A1. We then record in the fifth column of Tables 1
and 2 the number of iterations (Thelt) estimated by means of (37) and (38).
The records show that the estimated numbers Thelt are highly correlated to the
numerical iterative numbers Avelt. This implies that in practice, Thelt can
be served as a priori prediction of the possible iterative numbers. Also, we can
see from the records in the columns of Avelt and Thelt that our algorithm
outperform the fized point method not only in the number of required iterations,
but also in the elapsed times.

Ny = [ } +1 (37)

and

Table 1: Numerical experiments by means of the fixed point method (F.P.) given in (34) and
accelerated methods originated from Algorithm (Alg.) 4.1 (r = 2,3,4,5) to solve (3a).

Method Minlt MaxIt Avelt Thelt AveTime

F.P. with “4” 7 3.43 3.95  3.8526e-02
Alg. 4.1 withr =2 2 1.41 1.23  2.1181e-02
Alg. 4.1 with r =3 2 1.04 1.02  1.9381e-02
1
1

Alg. 4.1 withr =14 1 1 2.1875e-02
Alg. 4.1 with r =5 1 1 2.4443e-02

e e

Table 2: Numerical experiments by means of the fixed point method (F.P.) given in (34) and
accelerated methods originated from Algorithm (Alg.) 4.1 (r = 2,3,4,5) to solve (3b).

Method Minlt MaxIt Avelt Thelt AveTime

F.P. with “-” 1 10 3.8 4.35  4.2394e-02
Alg. 4.1 with r =2 1 3 1.58 1.38  2.3283e-02
Alg. 4.1 with r =3 1
1
1

2 1.08 1.05  1.9851e-02
Alg. 4.1 with r =4 2 1.02 1.01  2.1808e-02
Alg. 4.1 withr =5 1 1 1 2.4341e-02

In the next example, we show that as the value of p(T}) come closer to 1, the
fixed point method will fail to converge, but our algorithm can converge with
no difficulty.

Example 5.2. If n =1, the corresponding equations of (3) become to

|a*Z
1+g7’

= h=+
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where a € C and the real numbers g, h > 0. To measure performance of different
methods, four cases, i.e., p(Ty) = %, %, 73, v/0.9999 with different parameters

will be taken into account; namely, we set g =1 and a = %, ?, 1v/0.9999, and

v/0.99999 corresponding to p(Ty) = %, %,? and +/0.9999, respectively. For
these parameters a and p(T1), there exists a unique positive definite solution x
of (39) decided by

a
= —-1>0,
p(T1)

since p(Th) = (1 + x)"ta and |a|* < 1. Thus, the resulting parameter

2= 2—
h=ax+ la >0 (orh=u1z— o T 0)
14 g7 1+ g7
satisfies the constraint for (3). Also, for the minus case, i.e., x = h — ﬂg, we
have
2h
hi=h-— la = >0,
1+ gh
g1=9— i
1+ gh

Under conditions of Theorems 2.1 and 2.4 we see that there only exists a unique
positive definite solution for both cases of (39).

In Tables 8 and /4, the wvalues in the second row, r = 1, are the results
obtained using the fixed point method, and the values in the other rows are results
obtained using Algorithm 4.1 with r = 2,3,4,5, respectively. The number of
iterations (Its), the output residual (Res), and the elapsed times of iterations
(Time) performed by the fized point method and our algorithm are recorded
correspondingly.

Table 3 shows that even with 10000 steps, the solution obtained from the
fized point method can only have accuracy up to 10713, What is worse, Table
shows that the fized point method can hardly solve (39) with minus sign, even
after 10000 steps. The residuals and elapsed times in Table 3 show that our
accelerated technique can solve (39) more accurately and efficiently. Also, the
number of iterations by the fized point method increase dramatically, while those
by our accelerated techniques only has a small increase. This implies that our
algorithm could provide a more reliable way to obtain numerical solutions, even
if the extreme case, i.e., p(T1) = 1, is encountered.

6. Conclusion

In this paper, we propose sufficient conditions for the existence of a unique
positive definite solution of (3). Note that an intuitive way to solve (3) is to
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2
Table 3: The ITs, Res and Time for the problem x = h + lal "z

14+

o(Ty) 1/2 /2 V3/2 1v/0.9999
Tts 25 49 116 *(>10000)
F.P. with “+” Res | 8.3267e-17 | 1.6653e-16 | 1.9429¢-16 | 3.7124e-13
Time | 1.3828e-02 | 9.2210-03 | 1.1571e-02 7.9136
Its 4 5 6 17
Alg. 4.1 withr=2 | Res | 2.7756e-17 | 2.7756-17 0 2.7105e-20
Time | 1.1086e-02 | 7.7436e-03 | 8.9338e-03 | 5.7342e-03
Its 3 3 4 11
Alg. 4.1 with r =3 | Res | 5.5511e-17 | 2.7756e-17 0 0
Time | 4.6519e-03 | 2.8196e-03 | 4.3291e-03 | 3.2251e-03
Its 2 3 3 9
Alg. 4.1 withr=4 | Res | 5.5511e-17 | 2.7756e-17 0 0
Time | 5.4670e-04 | 4.6242¢-04 | 6.5906e-04 | 4.3089e-04
Its 2 2 3 8
Alg. 4.1 withr =5 | Res | 2.7756e-17 | 1.6653e-16 0 0
Time | 3.7408-04 | 3.1476e-04 | 5.8860e-04 | 3.7914e-04
Table 4: The ITs, Res and Time for the problem x = h — |ff;
o(T1) 1/2 1/v2 V3/2 /0.9999
Tts 25 50 120 *(>100000)
F.P. with «-” Res | 1.3878e-16 | 1.9429¢-16 | 2.2204e-16 | 4.0837e-09
Time | 8.6382e-03 | 6.8811e-03 | 8.9200e-03 8.3106
Its 4 5 6 18
Alg. 4.1 with r =2 | Res | 2.7756e-17 | 5.5511e-17 | 8.3267e-17 | 1.5491e-17
Time | 4.4193e-03 | 9.6181e-03 | 6.4900e-03 | 7.6470e-03
Its 3 3 4 11
Alg. 4.1 withr=3 | Res | 5.5511e-17 | 5.5511e-17 | 2.7756e-17 | 1.7171e-17
Time | 4.7336e-03 | 3.9281e-03 | 2.9638e-03 | 3.3373e-03
Its 2 3 3 9
Alg. 4.1 withr =4 | Res | 2.7756e-17 0 8.3267e-17 | 1.7362e-17
Time | 4.3161e-04 | 5.1107e-04 | 4.7924e-04 | 4.2425e-04
Its 2 3 3 8
Alg. 4.1 withr =5 | Res | 5.5511e-17 0 8.3267e-17 | 4.1064e-18
Time | 3.2604e-04 | 5.4106e-04 | 3.9956e-04 | 3.9606e-04
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apply the fixed point method. Though this method is guaranteed to converge,
the convergence rate tends to be slow. Numerically, we provide an accelerated
way to speed up the entire iteration. This way is based on the discovery of the
semigroup property property, i.e., (22). We show that our accelerated method
converge rapidly with the rate of convergence of any desired order. Additionally,
this method can be used to solve the unique negative definite solution of (3),
once it exists. The investigation of sufficient conditions for the existence of the
negative definite solution of (3) is also included in this work.

Appendix

6.1. Convergence analysis of the fized point iteration: X = Fi(X)

We start our analysis by discussing the convergence property of the DARE.
From Corollary (2.2), we know that the DARE (1) has a unique positive definite
solution Z, if H; > 0 and G; > 0. Let

1 = Hi + AP Z1 A, 7z, A1

be the fixed point iteration of (1) with an initial positive definite matrix Z;.
Like the discussion in Section 2.1, we immediately have the following two results:

(a) The sequence {Z;} is monotone increasing if and only if Z; < Z; the
sequence {Z;} is monotone decreasing if and only if Z; > Zs.

(b) If Z, > Zy, then Z, is an upper bounded of the sequence{Z}; if Z, < Zj,
then Z, is a lower bounded of the sequence {Z;}. Moreover, we have

lim Z; = Z, in either case.
k— o0

Taking 0 < Z; < Hj, for example, we see that the sequence {7} is monotone
increasing, Z, > Zj, for all k, and klim Zy, = Z,. Moreover,
—00

Ly — i1

= A Az, 6, (Z.(I + G1Zk) — (I + 2.G1) Zk)Ag, 2, Ar

= ANy, ¢, (Z. — Zi)Ac, 2, A = TE (Z — Zy) T,

= TZ (Ze — Zy)T7, + TZ*(Z —Zi) Tz, — Tz,)

= TH(Ze — Z)Ty. + TE(Ze — Zi) Ay 2. (I + G Zu — [ — Gy Z4) Ty,

= T3 (Ze — Zi)Tz, + T (Zs — Z1)C1D 2,6, (2 — Z0)] T2, (40)
where Tz, = Aq, 7z, A1. Given a positive number € > 0, there exists a positive

integer ko such that
Z.— Zy < el,

for any positive integer k > ko. Since GAz, ¢ < G < ml for a sufficiently large
m, it follows from (40) that for this kg > 0 and k > ko,

Z.—Zr < (M+em)TE (2.~ Z-1)Tz, < (1+em)FFo(TE )ik (7, — 24, ) TS,
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or, equivalently,
limsup /|| Z — Zi|| < (1 +em)p(Tz, )% (41)
k—o00
Since € is arbitrary, (41) induces that

limsup 417, — Zn]l < p(T7.)2. (42)
k—o0

When the sequence {Z;} is monotone decreasing and bounded below. A
similar argument yields for the estimation (42). Thus, by (42), our discussion
to the convergence analysis of the fixed point method X = Fy(X) is divided
into two scenarios:

1. Consider the fixed-point iteration X411 = Fi(Xj) with X; = H. As is
discussed in Section 2.1, we know that the sequence {X}} is a monotone
increasing matrix sequence. In particular, if the solution X, of (3a) exists,
it can be shown that

limsup /][X. — Xox | < p(Th)?,
k—o0
limsup {/[| X, — Xoky1]| < p(T1)?,

k—o0

since Xy = H, Xy = Hy, FP(X) = Hy + ATXAq, xAy, and Ty =
Ag, . x.,A1. Thus, we have

limsup /[ Xy — Xu|| < p(T1).
k—o0

2. Consider the fixed-point iteration Xy = F_(Xy) with X; = H. Note
that if X; > X; for any integer 4,5 > 1, then

Xipn—Xjp = AHYJ'AG,YJ-A - AHYiAG,YiA
= AT o) - (X ra) A<,

ie.,

Xiy1 < X4, (43)

it X; > X; for any integer ¢, > 1. Also, if Hy and Gy > 0, then by
Lemma 3.2, we have

0<Xo<Xy<---<H, (44)

since Xp19 = ]—'(_2)(Xk) = ]—'(_k_l)(H) for any even number k& > 0. By (43)
and (44), it can be seen that

H=X;>X3>Xs>-->0.
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Here, the first and last inequality follows from the fact that

X3 =F_ (X2) = H—-A"X3A;x, A< H =Xy,
X12X2>0, X3>X,>0,

and so on. Upon using the fact that the positive definite solution of
X =F9(x)

is unique once H; and G; > 0, we know that lim Xop = lim Xogyq :=
k—o00 k—o0

X, , where X, is the unique positive definite solution of (3b). Further-
more,

lim sup /(| X, — Xo|| < p(T1)?,
k—o0

since X9 = H; and FEQ) (X)=H; + AT XAg, xA;. Note that

Xopr1 — Xo = T (Xopo1 — X)Th
+ T [(Xop—1 — X)) GAx,, 1 6(Xop—1 — X.)] Th.

for any positive integer k£ > 1. Like the discussion of (42), we have
limsup /(| X, — Xop1|| < p(T1).
k—oc0

This implies that We conclude that

limsup &/ X, — X.] < p(T).
k—o0

6.2. The proof of Theorem 3.1
Proof. To simply our discussion, let A; ; := (I+G;H;)~! for all i,j € N. Then,
we have

HiNij=HE(I+GFHF) =1+ HIGH)'HY = A% 1,
A ;G =T +GIHN'GI =G (I+ H]'G") ™" = G,A[L,
I — H;A; ;G =1 — H;G;(I+G;H;)"" = (I+H;G;)"" = AL

For each i, we will prove (22) by induction with respect to j. The proof is

divided into two parts. First, for ¢ = 1, we show that

A1y =A;(I+ G Hj) " Ay,
G1+j = Gj + A](I + GlHj)_lGlAf,
Hy,j=H +AfH;(I+G H;) A
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by induction. Note that for j = 1, it is trivial from the definition of A5, G5 and
H,. Now suppose that it is true for j = s. It follows from Lemma 1.1 and (21)
that
At ass = (I+Gy (Hy + ATH (I + G, H) 7 A)) ™
= Ay — Ay (G AT HY) (T + GoHy) + Ad o (GL AT HY)) T AA
=Ny, — A GIAPH A AN, (45)
Assrn = (I+ (G + AT + G H,) ' G AI Hy) ™
= Auy— D1 Ay ((T+ G HL) + (GrATH) AL A) T GiATH A,
=Ag1— As,lAsAl,s+1G1AleAs,17 (46)
Agi110 =D 1T+ GeH1)Asi11
=As1(I+ (Gsq1 — AsA1,5G1A§)H1)As+1,1
= A1 (I + G Hy — AA sGLAT HY) Ay
=Ag1 — D1 AN GIATHI Ay (47)

Then, by induction hypothesis, we have

A1+(s+1) = A1A5+1,1As+17
=A1As1 ((I + Gsi1Hy) — AsAl,sGlAle) Agi114641
= M Ag1 (I — AA GLATHIA 1) Ay oAy
= Ay A A, (A — Ay JGIATH AL AALL) Ay (by (45))
= Ast181, 54141,
Giy(s+1) =G1+ A1As+1,1Gs+1A{{,
=G+ A1(Ds1 — Ds 1 AD o1GLAT HIA 1)(Gs + Asy G AT AT (by (46))
=G+ A1 A1 G AR
— A1A A (A1 s1GL AT HIA 1 Gy) AT
+ A1 1A, (ALSG'lAf) A{i
— A1AG 1A (A1 s1GIATHIA 1 AN (G AT) AT
=Gsy1 — As—‘rlAl,s—‘rlGlASHHlAs,leA{{
+Ac (I - A1,5+1G1A§H1As,1As) A1,5G1A§A{I
= Gyp1 + Agp101 51GL AT (I — HiA,1G) A
=Gop1 + As+1A1,s+1G1A£{(I + H1G5)71A¥
= Goy1 + As1A1 511G AT, |,

25



where I — A175+1G1A£{H1A5,1A5 = A17s+1A1_’}9, and ﬁnally,

Hiy(sp1) = Hopr + AY L HIA 11 A,
=H, 1+ (Af]AfsAf) HiAgp11 (AsArsAy)
= Hoi1 + AT+ H,G1) P AP HI A 111 A A s A
= Hop1 + A (I — HAy Gh) AT HI A1 1 AAy A
= Hy + AT H A A
— ATH A GIAT HIA 11 AN oA
+ATAT A, (I- ASA1,SG1A£{H1A5+1,1) A Ay
=H; + A{{HsAl,sAl
— ATHN GIATH A1 AN A
+ATAT A AN A
— ATAPH AN AN GIAPH A 1 AN (AL (by (47))
=Hy + AT He 1A 51141, (by (45))
where I — ASA1,5G1AEH1A5+1,1 = A;}AS_HJ, which completes the proof for
Z ji.ssume that (22) is true for ¢ = s and any integer j > 0. Then, for any
integer 7 > 0, we have
Agi1j = (I +GsHj) + Ag(I + G Hy) PG AF H) ™!
=Agj — A jAJ(I+ GrH) + Gi AT H (I + GsHj) As| G AT H A
= A — Ay jANA o GHATHA, S, (48)
Ay orj = (I +GiH,) + GLATH; (I + G H;) 7 Ay~
= A1 — A1 GUATH; (T + GoHy) + AsAq sGL AT H) VAN
=Ny = A GIATH A jAA (49)
Asjyr= (T +GeHj)™" = (14 Go(Hy + AfIHjALjAl))_l
= A1 — D1 GATH (I + GiHj + AlA 1 G AT Hy) T AL A
=Ag1 — A 1GATH A1 jA1A 1, (50)

26




and

As+1,st+1 - As,st

= (Dsj — D j AN oy jGLATH AL ) (Ge + Ay G AL = A, ;G (by (48))

= Ay jAN (GIAT — A GAN G AP HA, jGy = A AN o GLARH A, AN, (G AT
= Ay jAs (I — AvoyjGLATHA jAY) A G AT — A jAN 4G AT H A, G
= Ay j AN AT AL GIAT — Ay AN 4 GIAT HA 4G,

= Ny jANL e ;GLAT (I - HjA, ;G,)

= Ay jAs (A1545G1) (A, jA)H, (51)
HoyjAr sy — HsAy s

= (Hy+ AV H A A (A1 s — A1 G AT HjA 1 jAAL ) — H Ay s (by (49))

= ATH; A, AN s — HA GLATH A jAA,

— APH A AN GLATH A 1 AN

= ATH;A j (I — AsA1 sGiATHjA ) AsA s — HoAy (GLAT HjA 1 jAA
= AFH;A GATIA 1 AN — HA (GIAT HA A

= (I — HyAy sG1) AP H A1 jAA

= (ASA].,S)H (HjAerl,j)AsALs- (52)

Thus, it follows from Lemma 1.1 and induction hypothesis that the following
result holds for ¢ = s + 1 and any integer j > 0.

Asr)+i = Asi(+1) = A1 114

= AjA1 A (Ban — AaGLATH A A A, ) A, (by (50)
=Aj (A1 — A1 jAIAG AT HiA ) AiAG 1 As
= A (A = A A AL GATH A ) Ay
=AjA; (I 4 GeprHj — AlAs,leA{IHj) Agt1,jAc+1
= AjAL (14 (Gagr — A1 A G ATVH) Ay jAvir
= A0 (T +GiHj) Agir jAs
~ AjAerl,jAerlv

Gop1s = Gry(sri) = Gorj + Ast D1 sy, GL AL
(G A A G + Ay (Buy A (BrarsG1)(A s A0)T) A
=G+ AjAs1 ;G AL (by (51))

Hopryj = Hip(saj) = Hi+ AT Ho AL o A
=Hy + AT H A Ay + AT (Hoy j A sy — HAq ) A
= (H, + A HA A + AF ((ASAI,S)H(HjAs+1,j)AsA1,s) Ay (by (52))
= Hopr + AL H A A

Now, the induction process is completed and thus the result is followed. O
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6.3. The proof of Lemma 4.1

Proof. Observe that T}, = T} is definitely true for k = 1. Suppose T}, is true for
some k > 1. Then, by using the fact that

Hy = Hi+AYH AG, m A1, Apyr = A1AG, 1, Ak, and Gy = Gi1+A1Ag, 1, GR AL,
we have

i = A, i (A1Ag, i, Ar)
= Ag, m (AT + GpHy + GRAT H AG, 1. A1) Ay)
—1
= Ay m  A1[AG 1, — DG, m GrAT Hoo (I + G1Hoo) + A1AG, 1w, GRAT Hoo) A1AGy 11, Ak
= Agy 1o Ak — Acy i At (A 1, GRAT Hoo Ay, .o A Ay i) Ak
=Ag, i, (I+Grp1Hoo — AiAc, 1, GRAY Ho) A, 1 Akt
= AGlc+1,Hoc Ak+1 = Tk+1,
which concludes that T}, holds for all k& > 1.

Observe that S; = SF is definitely true for & = 1. Suppose Sy is true for
some k > 1. Then, by using the fact that

Goo = G1H+A1Goo Ay, o AT Apyy = AkAG, g, Ar, and Hy o = Hi+ AT Ay, 6, Hi Ay,
we have

SPH = (AkAco 1) A1 DG,

= All + (G1 4+ A1GocAp, o AT Hi] ' A1 A 1,

= Ap[Aq, 1, — Ay, 7, A1Goo (I + H1G o + A{IHkAgl,HkAlGoo)flA{{HkAGth]AlAGm,Hl
= Apr186. 1, — Aki1Goo(I + Hiy1Goo) A HyAGy m A De o i,

= Ap1c iy I+ GooHyp1 — Goo A HyAG, 1, A1) A iy

= Ak+1AGoo,Hk+1 = Sk—‘rl)
which concludes that S; holds for all £ > 1. Note that

Hy — Hyq

=AY (Ho A, v — HiAG, 1) A

= ATH Ag, g (I +GiHp)Ag, g, Ar — A Ap 6, (I + HoGh)HyAg, 11, Ar
= A" Ay ¢, (Ho — Hy) Ac, 1, A

= A A o (A Hoo DGy 1o Ak) Ay 1, A

= TV T} Hoo Ai 1

=T Hoo A1 = T2 (H + Gry1) Tiya
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Also,

Goo — Gr41

= A1 (Ag. 1, Goo — Ay, Gi) A

= A1 (GooAm, o (I + HiGL) AW, 6, AT — AjAg g, (I + Goo H))GrAy, ¢, AY
= A Ac i, (G — Gi) An, q, AT

= A A 1, (ArAc 1, Goo AN Ay, 6, AT

= S15,G o AL,

= Sj+1G Af 1 = Sit1G oo (I + Hiy1Goo) ST, .

By the similar discussion of Theorem 2.1 and Theorem 2.4 for Eq. (3), we
can show with no difficulty that p(Ap, g A¥) < 1 with respect to Eq. (27),
that is,

p(S1) = p((Am e A1) < 1.
On the other hand, let M and £ be two matrices defined by

[ A0 R
M_[—Hl In]’ ‘C'_{o A{{]

Let J be a skew-symmetric matrix defined by

0o I,
7[5 5]
It can be seen that MIMH = LTLH  since G; = G and Hy = HI. Let
A € 0(M — AL) and x be a nonzero eigenvector satisfying MPx = \LHx. Tt
follows that

LIL x = MIMTx =IMT L

First, if A # 0, we have M(JLHx) = (1/A\)L(TL7x). Once JLEx # 0, this
implies that 1/\ € o(M — AL); otherwise, M¥x = 0 if J£¥x = 0, which
contradicts that x is nonzero. Second, if A = 0, there exists a nonzero vector
x such that M x = 0. Since rank(M) = rank(L), it follows that there exists
a nonzero vector y such that Ly = 0 and, hence, co := 1/0 € o(M — AL).
Thus, the eigenvalues of M — AL come in pairs, i.e., 1/ € o(M — \L) if
A€ a(M—AL).

I, _
Let U = [HOJ and V = [

—Go

]. It is true that
I,

MU = LUT,, MVSH =V

This implies that o(71) C 0(M — AL) and 0(S1) C (£ — AM). Furthermore,
there are exactly n eigenvalues of M — AL inside the unit circle and the other
outside the unit circle, since p(T3) < 1.

If A € o(Ty) (ie., 1/X € (M — AL)), then there exists a  # 0 such that
AMaz = L and, hence, X € ¢(S;). The converse is also true and concludes that
o(Ty) = o(SH). O
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