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CONVERGENCE ANALYSIS OF THE DOUBLING ALGORITHM
FOR SEVERAL NONLINEAR MATRIX EQUATIONS IN THE

CRITICAL CASE∗

CHUN-YUEH CHIANG† , ERIC KING-WAH CHU‡ , CHUN-HUA GUO§ , TSUNG-MING

HUANG¶, WEN-WEI LIN‖, AND SHU-FANG XU∗∗

Abstract. In this paper, we review two types of doubling algorithm and some techniques for
analyzing them. We then use the techniques to study the doubling algorithm for three different
nonlinear matrix equations in the critical case. We show that the convergence of the doubling
algorithm is at least linear with rate 1/2. As compared to earlier work on this topic, the results we
present here are more general, and the analysis here is much simpler.
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1. Introduction. The doubling algorithm has been studied for various nonlinear
matrix equations in [1, 6, 7, 19, 21, 24, 27, 28, 34]. Its convergence behavior in the
critical case, however, has not been fully investigated. The doubling algorithm is said
to be structure-preserving (and denoted by SDA) because it preserves certain block
structures for matrix pairs (or pencils) related to matrix equations.

In section 2, we review two types of doubling algorithm and some techniques for
analyzing them. The presentation here is more general than in [34] and [24], to al-
low direct application to various matrix equations. In sections 3–5, the techniques
reviewed in section 2 are used to study the convergence behavior of the doubling
algorithm for three different nonlinear matrix equations in the critical case. As com-
pared to previous papers, the results here are obtained with only basic assumptions.
In particular, the results we obtain about a quadratic matrix equation arising from
quasi-birth-death processes are more general than previous results, and the analysis
here is much simpler. A connection between the doubling algorithm and the cyclic
reduction algorithm is also pointed out for that quadratic matrix equation. Some
concluding remarks are made in section 6.
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228 CHIANG, CHU, GUO, HUANG, LIN, AND XU

2. The doubling algorithm. The first three subsections are based on [34], [24],
and [27], but the presentation here is more general. The last subsection is directly
from [27].

2.1. SDA-1. For a given matrix pair

(2.1) L0 =
[

I −G0

0 F0

]
, M0 =

[
E0 0
−H0 I

]
,

where E0, F0, G0, H0 are n × n, m × m, n × m, m × n, respectively, we are going to
define

(2.2) Lk =
[

I −Gk

0 Fk

]
, Mk =

[
Ek 0

−Hk I

]
for all k ≥ 0. Assume that Lk and Mk have been defined and I − GkHk (and, thus,
I − HkGk) is nonsingular for k ≥ 0. Then we can define the matrices

L̃k =
[

I −Ek(I − GkHk)−1Gk

0 Fk(I − HkGk)−1

]
, M̃k =

[
Ek(I − GkHk)−1 0

−Fk(I − HkGk)−1Hk I

]
.

It is easily verified that L̃kMk = M̃kLk. We then define

Lk+1 = L̃kLk =
[

I − (
Gk + Ek(I − GkHk)−1GkFk

)
0 Fk(I − HkGk)−1Fk

]
,

Mk+1 = M̃kMk =
[

Ek(I − GkHk)−1Ek 0
− (

Hk + Fk(I − HkGk)−1HkEk

)
I

]
.

Therefore, the sequence {Lk, Mk} can be defined by the following doubling algorithm
if no breakdown occurs.

Algorithm 2.1. (SDA-1) Given E0, F0, G0, H0.
For k = 0, 1, . . . compute

Ek+1 = Ek(I − GkHk)−1Ek,(2.3)

Fk+1 = Fk(I − HkGk)−1Fk,(2.4)

Gk+1 = Gk + Ek(I − GkHk)−1GkFk,(2.5)

Hk+1 = Hk + Fk(I − HkGk)−1HkEk.(2.6)

The algorithm requires about 14
3 m3 + 6m2n + 6mn2 + 14

3 n3 flops each iteration.
Note that the flop count is 64

3 n3 when m = n.

2.2. SDA-2. For a given matrix pair

L0 =
[ −P0 I

T0 0

]
, M0 =

[
V0 0
Q0 −I

]
,

where all matrix blocks are n × n, we are going to define

(2.7) Lk =
[ −Pk I

Tk 0

]
, Mk =

[
Vk 0
Qk −I

]
for all k ≥ 0. Assume that Lk and Mk have been defined and Qk − Pk is nonsingular
for k ≥ 0. Then we can define the matrices

L̃k =
[

I −Vk(Qk − Pk)−1

0 Tk(Qk − Pk)−1

]
, M̃k =

[
Vk(Qk − Pk)−1 0
−Tk(Qk − Pk)−1 I

]
.
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It is easily verified that L̃kMk = M̃kLk. We then define

Lk+1 = L̃kLk =
[ − (

Pk + Vk(Qk − Pk)−1Tk

)
I

Tk(Qk − Pk)−1Tk 0

]
,

Mk+1 = M̃kMk =
[

Vk(Qk − Pk)−1Vk 0
Qk − Tk(Qk − Pk)−1Vk −I

]
.

Therefore, the sequence {Lk, Mk} can be defined by the following doubling algorithm
if no breakdown occurs.

Algorithm 2.2. (SDA-2) Given V0, T0, Q0, P0.
For k = 0, 1, . . . , compute

Vk+1 = Vk(Qk − Pk)−1Vk,

Tk+1 = Tk(Qk − Pk)−1Tk,

Qk+1 = Qk − Tk(Qk − Pk)−1Vk,

Pk+1 = Pk + Vk(Qk − Pk)−1Tk.

This algorithm requires about 38
3 n3 flops each iteration.

2.3. Relation between Lk and Mk. Suppose we have

(2.8) L0U = M0UE,

where the matrix pair (L0, M0) is the initialization for either SDA-1 or SDA-2, E is
a square matrix, and U is any matrix of suitable dimension.

Premultiplying (2.8) with L̃0 and using L̃0M0 = M̃0L0, we get L1U = M1UE2.
In general, we have for each k ≥ 0

(2.9) LkU = MkUE2k

.

Suppose that there are nonsingular matrices V and Z such that

(2.10) V L0Z = JL, V M0Z = JM ,

and JLJM = JMJL. Then it follows that

M0ZJL = V −1JMJL = V −1JLJM = L0ZJM ,

and

M1ZJ2
L = M̃0M0ZJ2

L = M̃0L0ZJMJL = L̃0M0ZJLJM = L̃0L0ZJ2
M = L1ZJ2

M .

In general, we have for each k ≥ 0

(2.11) MkZJ2k

L = LkZJ2k

M .

2.4. Result on special Jordan blocks. Let Jω,p be the p × p Jordan block
with a unimodular eigenvalue ω = eiθ:

(2.12) Jω,p ≡

⎡⎢⎢⎢⎢⎢⎢⎢⎣

ω 1 0 · · · 0

0
. . . . . . . . .

...
...

. . . . . . . . . 0
...

. . . . . . 1
0 · · · · · · 0 ω

⎤⎥⎥⎥⎥⎥⎥⎥⎦
.
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When p = 2m, let Γk,m be determined through the partition

(2.13) J2k

ω,2m =

[
J2k

ω,m Γk,m

0 J2k

ω,m

]
.

The following useful Lemma is proved in [27].
Lemma 2.1. The matrix Γk,m is invertible and satisfies

(2.14)
∥∥∥Γ−1

k,mJ2k

ω,m

∥∥∥ = O(2−k),
∥∥∥J2k

ω,mΓ−1
k,mJ2k

ω,m

∥∥∥ = O
(
2−k

)
as k → ∞.

In the next three sections, we will apply the techniques reviewed in this section
to three different nonlinear matrix equations. Although the general approach will
be the same, we will need to fully exploit the special properties of each equation.
Among other things, the following two issues deserve special attention: (1) Given a
nonlinear matrix equation, how should we rewrite it in its equivalent form (2.8)? If
possible, we should try to get a form (2.8) that would lead to SDA-2 rather than
SDA-1, since SDA-2 is less expensive. (2) How should we choose the matrices JL and
JM in (2.10)? The matrices must satisfy JLJM = JMJL, and the resulting equation
(2.11) and an equation from a similar procedure should be easy to handle together.
We will keep these issues in mind when we carry out the convergence analysis for the
three equations.

3. A special nonlinear matrix equation. In this section we consider the
nonlinear matrix equation (NME)

X + AT X−1A = Q,(3.1)

where A, Q ∈ R
n×n with Q being symmetric positive definite. Various aspects of

the NME, like solvability, numerical solution, perturbation, and applications, can be
found in [8, 9, 13, 17, 22, 35, 38, 39, 40, 41] and the references therein.

For symmetric matrices X and Y , we write X ≥ Y (X > Y ) if X − Y is positive
semidefinite (definite). We use this definition of ordering only in this section, and will
use the elementwise order in sections 4 and 5. We assume that (3.1) has a symmetric
positive definite solution. Then [9] it has a maximal symmetric positive definite
solution X+ (X+ ≥ X for any symmetric positive definite solution X of (3.1)), and
ρ(X−1

+ A) ≤ 1, where ρ(·) is the spectral radius.
Let

(3.2) L0 =
[

0 I
AT 0

]
, M0 =

[
A 0
Q −I

]
.

It is easy to verify that the pencil M0−λL0 (also denoted by (M0, L0)) is symplectic,
i.e.,

M0JMT
0 = L0JLT

0 for J =
[

0 I
−I 0

]
.

Using Algorithm 2.2 with V0 = A, T0 = AT , Q0 = Q, P0 = 0, we have Tk = V T
k , QT

k =
Qk, PT

k = Pk. So Algorithm 2.2 is simplified to the following, where we have used Ak

for Vk.
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Algorithm 3.1. Let A0 = A, Q0 = Q, P0 = 0.
For k = 0, 1, . . . , compute

Ak+1 = Ak(Qk − Pk)−1Ak,

Qk+1 = Qk − AT
k (Qk − Pk)−1Ak,

Pk+1 = Pk + Ak(Qk − Pk)−1AT
k .

The matrices Lk, Mk in (2.7) are now given by

(3.3) Lk =
[ −Pk I

AT
k 0

]
, Mk =

[
Ak 0
Qk −I

]
.

It is noted in [34] that the cyclic reduction algorithm in [35] is recovered from
Algorithm 3.1 when Qk − Pk and Qk are replaced by Qk and Xk, respectively, where
the latter Qk and Xk are the notations used in [35, Algorithm 3.1]. So we know from
[35] that Qk − Pk > 0 in Algorithm 3.1. Thus, the algorithm is well defined and
0 ≤ Pk < Qk ≤ Q. This fact is also proved in [34] without using the results in [35].

It is easy to verify that

(3.4) M0

[
I

X+

]
= L0

[
I

X+

]
X−1

+ A.

We are interested in the case with ρ(X−1
+ A) = 1. It follows from [13, Theorem 2.4]

that the eigenvalues of X−1
+ A have the following characterization.

Theorem 3.1. For (3.1), the eigenvalues of the matrix X−1
+ A are precisely the

eigenvalues of the matrix pencil M0−λL0 inside or on the unit circle, with half of the
(necessarily even) partial multiplicities for each unimodular eigenvalue of the pencil.

In view of the connection between Algorithm 3.1 and the cyclic reduction algo-
rithm in [35], we know from [13] that the sequence Qk in Algorithm 3.1 converges to
X+ at least linearly with rate 1/2, as long as all eigenvalues of X−1

+ A on the unit circle
are semisimple. With the tools in section 2, we are going to prove more convergence
results for Algorithm 3.1, without any assumption on the unimodular eigenvalues of
X−1

+ A.
Suppose there are r Jordan blocks associated with unimodular eigenvalues of

(M0, L0). Then they have the form

(3.5) Jωj ,2mj =
[

Jωj,mj Γ0,mj

0 Jωj ,mj

]
, Γ0,mj ≡ emj e

T
1 ,

where ωj = eiθj for j = 1, . . . , r.
By the results on Kronecker canonical form for a symplectic pencil (see [11] and

[33]), there exist nonsingular matrices V and Z such that

V L0Z =
[

In 0n

0n JH
s ⊕ Im

]
≡ JL,(3.6)

V M0Z =
[

Js ⊕ J1 0l ⊕ Γ0

0n Il ⊕ J1

]
≡ JM ,(3.7)

where Js ∈ Cl×l consists of stable Jordan blocks (so ρ(Js) < 1), J1 = Jω1,m1 ⊕ · · · ⊕
Jωr,mr , Γ0 ≡ Γ0,m1 ⊕ · · ·⊕Γ0,mr , m = m1 + · · ·+mr, l = n−m, ⊕ denotes the direct
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sum of matrices and (·)H the conjugate transpose. Moreover, the nonsingular matrix
Z can be taken to be of the form Z = ZaZb with Za symplectic and Zb = In ⊕ Zc.
It follows that span{Z(:, 1 : n)} forms the unique weakly stable Lagrangian deflating
subspace of (M0, L0) corresponding to Js ⊕ J1.

Let Γk,mj be given by (2.13) with ω = ωj and m = mj . Since JLJM = JMJL, we
have by (2.11)

(3.8) MkZ

[
I 0

0
(
JH

s

)2k

⊕ I

]
= LkZ

[
J2k

s ⊕ J2k

1 0 ⊕ Γk

0 I ⊕ J2k

1

]
,

where Γk = Γk,m1 ⊕ · · · ⊕ Γk,mr .
Similarly, there exist nonsingular matrices T and W such that

(3.9) TM0W = JL, TL0W = JM ,

and

(3.10) LkW

[
I 0

0
(
JH

s

)2k

⊕ I

]
= MkW

[
J2k

s ⊕ J2k

1 0 ⊕ Γk

0 I ⊕ J2k

1

]
.

By Lemma 2.1 we have

(3.11)
∥∥∥Γ−1

k J2k

1

∥∥∥ = O
(
2−k

)
,

∥∥∥J2k

1 Γ−1
k J2k

1

∥∥∥ = O
(
2−k

)
as k → ∞.

We now prove some convergence results for Algorithm 3.1. Partition Z and W as

Z =
[

Z1 Z3

Z2 Z4

]
, W =

[
W1 W3

W2 W4

]
,(3.12)

where Zi, Wi ∈ Cn×n (i = 1, . . . , 4).
Theorem 3.2. When ρ(X−1

+ A) = 1, the sequences {Ak, Qk, Pk} generated by
Algorithm 3.1 satisfy

(a) ‖Ak‖ = O(2−k);
(b) ‖Qk − X+‖ = O(2−k) and X+ = Z2Z

−1
1 ;

(c) ‖Pk − X−‖ = O(2−k) for X− = W2W
−1
1 if W1 is invertible; if A is also

invertible, then X− is a solution of (3.1) and the eigenvalues of X−1
− A are

the reciprocals of the eigenvalues of X−1
+ A;

(d) Qk − Pk converges to a singular matrix as k → ∞.
Proof. (a) Substituting Lk and Mk of (3.3) and Z of (3.12) into (3.8), we obtain

AkZ1 = (−PkZ1 + Z2)
(
J2k

s ⊕ J2k

1

)
,(3.13)

AkZ3

((
JH

s

)2k

⊕ I

)
= (−PkZ1 + Z2)(0 ⊕ Γk) + (−PkZ3 + Z4)

(
I ⊕ J2k

1

)
,(3.14)

QkZ1 − Z2 = AT
k Z1

(
J2k

s ⊕ J2k

1

)
,(3.15)

(QkZ3 − Z4)
((

JH
s

)2k

⊕ I

)
= AT

k Z1(0 ⊕ Γk) + AT
k Z3

(
I ⊕ J2k

1

)
.(3.16)

From (3.6) and (3.7) we have

M0

[
Z1

Z2

]
= L0

[
Z1

Z2

]
(Js ⊕ J1).
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By Theorem 3.1, X−1
+ A is similar to Js ⊕ J1. Then from (3.4) and the uniqueness of

weakly stable Lagrangian deflating subspaces of (M0, L0) corresponding to Js ⊕ J1,
we have [

Z1

Z2

]
=

[
I

X+

]
R

for a nonsingular matrix R. It follows that Z−1
1 exists and X+ = Z2Z

−1
1 .

Postmultiplying (3.14) by (0 ⊕ Γ−1
k J2k

1 )Z−1
1 and using (3.13), we have

Ak

[
I − Z3

(
0 ⊕ Γ−1

k J2k

1

)
Z−1

1

]
= (−PkZ1 + Z2)

(
J2k

s ⊕ 0
)

Z−1
1 − (−PkZ3 + Z4)

(
0 ⊕ J2k

1 Γ−1
k J2k

1

)
Z−1

1 .

It follows from (3.11) and the boundedness of {Pk} that

(3.17) ‖Ak‖ = O
(
2−k

)
.

(b) Postmultiplying (3.16) by (0 ⊕ Γ−1
k J2k

1 )Z−1
1 and using (3.15), we get

Qk

[
I − Z3

(
0 ⊕ Γ−1

k J2k

1

)
Z−1

1

]
− X+

=
[
AT

k Z1

(
J2k

s ⊕ 0
)
− AT

k Z3

(
0 ⊕ J2k

1 Γ−1
k J2k

1

)
− Z4

(
0 ⊕ Γ−1

k J2k

1

)]
Z−1

1 .(3.18)

By (3.11) and (3.17), we have

‖Qk − X+‖ = O
(
2−k

)
.

(c) Substituting Lk and Mk of (3.3) and W of (3.12) into (3.10), we have

W2 − PkW1 = AkW1

(
J2k

s ⊕ J2k

1

)
,(3.19)

(W4 − PkW3)
((

JH
s

)2k

⊕ I

)
= AkW1 (0 ⊕ Γk) + AkW3

(
I ⊕ J2k

1

)
.(3.20)

Let X− = W2W
−1
1 . As before, postmultiplying (3.20) by (0⊕Γ−1

k J2k

1 )W−1
1 and using

(3.19), we get

X− − Pk

[
I − W3

(
0 ⊕ Γ−1

k J2k

1

)
W−1

1

]
=

[
W4

(
0 ⊕ Γ−1

k J2k

1

)
+ AkW1

(
J2k

s ⊕ 0
)
− AkW3

(
0 ⊕ J2k

1 Γ−1
k J2k

1

)]
W−1

1 .(3.21)

By (3.11) and the result of (a), we have

‖X− − Pk‖ = O
(
2−k

)
.

From (3.9) we get[
0 I

AT 0

] [
I

X−

]
=

[
A 0
Q −I

] [
I

X−

]
R−,

where R− = W1(Js ⊕ J1)W−1
1 . It follows that

X− = AR−, AT = (Q − X−)R−.
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When A is invertible, the matrices X−1
+ A, R−, X− are all invertible and we obtain

X− + AT X−1
− A = Q.

Moreover, the eigenvalues of X−1
− A are the reciprocals of the eigenvalues of R− (and,

thus, X−1
+ A).

(d) From (3.13) and (3.15), we get

−PkZ1

(
J2k

s ⊕ J2k

1

)
= AkZ1 − Z2

(
J2k

s ⊕ J2k

1

)
,

QkZ1

(
J2k

s ⊕ J2k

1

)
= Z2

(
J2k

s ⊕ J2k

1

)
+ AT

k Z1

(
J2·2k

s ⊕ J2·2k

1

)
.

This implies that

(Qk − Pk)Z1

[
0

Im

]
= AkZ1

[
0

J−2k

1

]
+ AT

k Z1

[
0

J2k

1

]
.(3.22)

Since 0 ≤ Pk ≤ Pk+1 ≤ Q, the sequence Pk converges even if W1 is singular. Let
lim(Qk − Pk) = R∗. It follows from (3.22) and the result of (a) that

R∗Z1

[
0

Im

]
= 0.

Thus, R∗ is singular.
The most important conclusion in Theorem 3.2 is that the sequence Qk from the

doubling algorithm converges to X+ at least linearly with rate 1/2, regardless of the
values of mj (j = 1, 2, . . . , r). This is in sharp contrast with the behavior of Newton’s
method. The NME (3.1) is a special case of the discrete algebraic Riccati equation
studied in [12]. It is conjectured in [12] that the convergence of Newton’s method
is linear with rate 1/ q

√
2, where q = max1≤j≤r mj . This conjecture is confirmed in

numerical experiments on (3.1) with A being a q × q Jordan block with eigenvalue 1
and Q = I + AT A, for small values of q. We know from [13] that X+ = I in all those
examples. Newton’s method is given in [13, Algorithm 3.3].

4. A quadratic matrix equation from quasi-birth-death problems. A
discrete-time quasi-birth-death (QBD) process is a Markov chain with state space
{(i, j) | i ≥ 0, 1 ≤ j ≤ n}, and with a transition probability matrix of the form

P =

⎡⎢⎢⎢⎢⎢⎣
B0 B1 0 0 · · ·
A0 A1 A2 0 · · ·
0 A0 A1 A2 · · ·
0 0 A0 A1 · · ·
...

...
...

...
. . .

⎤⎥⎥⎥⎥⎥⎦ ,

where B0, B1, A0, A1, and A2 are n×n nonnegative matrices such that P is stochastic.
In particular, (A0 + A1 + A2)e = e, where e = (1, 1, . . . , 1)T .

We make the standard assumption that the matrix P and the matrix A = A0 +
A1 + A2 are both irreducible. Thus, A0 �= 0 and A2 �= 0. Moreover, there exists
a unique positive vector α with αT e = 1 and αT A = αT . The QBD is positive
recurrent if αT A0e > αT A2e, transient if αT A0e < αT A2e, and null recurrent if
αT A0e = αT A2e.
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The minimal nonnegative solution G of the matrix equation

(4.1) G = A0 + A1G + A2G
2

plays an important role in the study of the QBD process (see [32]). We will also need
the dual equation

(4.2) F = A2 + A1F + A0F
2,

and we let F be its minimal nonnegative solution. It is well known (see [32], for exam-
ple) that if the QBD is positive recurrent, then G is stochastic and F is substochastic
with spectral radius ρ(F ) < 1; if the QBD is transient, then F is stochastic and G
is substochastic with ρ(G) < 1; if the QBD is null recurrent, then G and F are both
stochastic.

The Latouche–Ramaswami (LR) algorithm [31] and the cyclic reduction (CR)
algorithm [5] are both efficient iterative methods for finding the minimal solution G.
The convergence of these two algorithms is quadratic for positive recurrent and tran-
sient QBDs. A convergence analysis has been performed in [15] for the LR algorithm
in the null recurrent case under two additional assumptions. The first assumption is
that λ = 1 is a simple eigenvalue of G and F and there are no other eigenvalues of
G or F on the unit circle; the second assumption is made under the first assumption
and is more technical. The convergence rate for the LR algorithm is the same in view
of the relationship between CR and LR, given in [3].

We can also use the doubling algorithm (SDA-1 or SDA-2) to find the minimal
solution G. We will choose to use SDA-2 since it is less expensive. Moreover, there is a
close connection between the CR algorithm and SDA-2. In this section we determine
the convergence rate of SDA-2 in the null recurrent case, without the two additional
assumptions in [15]. The convergence rate for the CR (or LR) algorithm in the null
recurrent case is the same in view of their connections to SDA-2. As compared to
[15], the result here is more general and the analysis here is much simpler.

We mention that a doubling algorithm is also derived in [26] for finding the
minimal nonnegative solution of a polynomial equation that is more general than
(4.1). The algorithm there is different from SDA-2 when applied to (4.1).

The CR algorithm for (4.1), or for −A0 +(I −A1)G−A2G
2 = 0, is the following:

Algorithm 4.1. Set T0 = A0, U0 = I − A1, V0 = A2, S0 = I − A1.
For k = 0, 1, . . . , compute

Tk+1 = TkU−1
k Tk,

Uk+1 = Uk − TkU−1
k Vk − VkU−1

k Tk,

Vk+1 = VkU−1
k Vk,

Sk+1 = Sk − VkU−1
k Tk.

The above CR algorithm is as presented in [3], but with one minor change: if
we follow [3] exactly, Tk and Vk here would have to be replaced by −Tk and −Vk for
k ≥ 0.

The following result is known from the discussions in [4] and [32].
Theorem 4.1. The sequences {Tk}, {Uk}, {Vk}, {Sk} in Algorithm 4.1 are well

defined. For each k ≥ 0, Tk and Vk are nonnegative, and Ukand Sk are nonsingular
M -matrices. When the QBD is positive recurrent or transient, the sequence {Sk}
converges quadratically to a nonsingular M -matrix S∗ and S−1

∗ A0 = G.
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We note that Algorithm 4.1 may break down if we do not assume the irreducibility
of the transition matrix P . As an example, we consider

A0 =
[

0 0
1 0

]
, A1 = 0, A2 =

[
0 1
0 0

]
.

It is easy to see that P is not irreducible, although A0 +A1 +A2 is. For this example,
U1 = 0 in Algorithm 4.1, so the algorithm breaks down. The LR algorithm also breaks
down for this example.

To use the doubling algorithm to find G, we may rewrite (4.1) as[
0 I

A0 A1 − I

] [
I
G

]
=

[
I 0
0 −A2

] [
I
G

]
G.

Multiplying the second block row by −(I −A1)−1 and eliminating the I in the (1, 2)
block of the leftmost matrix, we get[

(I − A1)−1A0 0
−(I − A1)−1A0 I

] [
I
G

]
=

[
I −(I − A1)−1A2

0 (I − A1)−1A2

] [
I
G

]
G.

We can then use SDA-1 to find the matrix G. However, the less expensive SDA-2 can
also be used if we rewrite (4.1) as

(4.3) L0

[
I

A2G

]
= M0

[
I

A2G

]
G,

where

L0 =
[

0 I
A0 0

]
, M0 =

[
A2 0

I − A1 −I

]
.

It is easily seen that L0 − λM0 is a linearization of −A0 + λ(I − A1) − λ2A2.
If we use SDA-1, the matrix G can be approximated directly by a sequence gen-

erated by SDA-1. One may have some concern about the SDA-2 approach: how can
one get G if A2G is obtained and A2 is singular? This concern will turn out to be
unnecessary.

In this section SDA-2 is Algorithm 2.2 with the initialization

(4.4) T0 = A0, Q0 = I − A1, P0 = 0, V0 = A2.

The algorithm generates the sequence {Lk, Mk} (see (2.7)) if no breakdown occurs.
It is readily seen that Algorithm 4.1 is recovered from SDA-2 by letting Uk =

Qk − Pk and Sk = S0 − Pk. By Theorem 4.1, Qk − Pk = Uk are nonsingular M -
matrices for all k ≥ 0. So SDA-2 is also well defined.

In view of (2.9) we have for each k ≥ 0

Lk

[
I

A2G

]
= Mk

[
I

A2G

]
G2k

.

So

(4.5) −Pk + A2G = VkG2k

, Tk = QkG2k − A2G
2k+1.
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Similarly we have

L̂0

[
I

A0F

]
= M̂0

[
I

A0F

]
F,

where

L̂0 =
[

0 I
V0 0

]
, M̂0 =

[
T0 0
Q0 −I

]
.

It is easily seen that M̂0 − λL̂0 is also a linearization of −A0 + λ(I − A1) − λ2A2.
For each k ≥ 0 we now have

L̂k

[
I

A0F

]
= M̂k

[
I

A0F

]
F 2k

,

where

L̂k =
[ −P̂k I

Vk 0

]
, M̂k =

[
Tk 0
Q̂k −I

]
with

(4.6) P̂k = I − A1 − Qk, Q̂k = I − A1 − Pk.

So

(4.7) −P̂k + A0F = TkF 2k

, Vk = Q̂kF 2k − A0F
2k+1.

We mentioned before that the Sk in Algorithm 4.1 satisfies Sk = S0 − Pk =
I − A1 − Pk. So we have Q̂k = Sk.

When the QBD is positive recurrent or transient, we know by Theorem 4.1 that
Q̂k converges quadratically to a nonsingular M -matrix Q̂∗ and Q̂−1∗ A0 = G. Here we
give a quick proof using the doubling algorithm. By the first equation in (4.5) and
the second equation in (4.6), we have

Q̂k − I + A1 + A2G = VkG2k

.

Eliminating Vk using the second equation in (4.7) gives

Q̂k

(
I − F 2k

G2k
)

= I − A1 − A2G − A0F
2k+1G2k

.

It follows that

lim sup
k→∞

2k

√∥∥∥Q̂k − (I − A1 − A2G)
∥∥∥ ≤ ρ(F )ρ(G) < 1.

Since Q̂∗ = I − A1 − A2G is a nonsingular M -matrix and A0 = Q̂∗G, we have
G = Q̂−1∗ A0. Similarly, Qk converges quadratically to the nonsingular M -matrix
Q∗ = I − A1 − A0F and F = Q−1

∗ A2.
Our main purpose of this section, however, is to determine the convergence rate

of SDA-2 for the null recurrent case.
We start with a review of an important result about the spectral properties of

the quadratic pencil −A0 + λ(I −A1)− λ2A2 and of the matrices G and F when the
QBD is null recurrent. See Proposition 14 and Theorem 4 of [10] and Theorem 4.10
of [4].
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Theorem 4.2. Let the QBD be null recurrent. Then
(a) For some integer r ≥ 1 the quadratic pencil −A0 + λ(I − A1) − λ2A2 has

n − r eigenvalues inside the unit circle, n − r eigenvalues outside the unit
circle (which include eigenvalues at infinity), and 2r eigenvalues on the unit
circle, which are the rth roots of unity, each with multiplicity two.

(b) The partial multiplicity of each eigenvalue on the unit circle is exactly two.
(c) The eigenvalues of G are the n − r eigenvalues of the pencil inside the unit

circle plus the r simple eigenvalues at the rth roots of unity, the eigenvalues
of F are the reciprocals of the n− r eigenvalues of the pencil outside the unit
circle plus the r simple eigenvalues at the rth roots of unity.

Using the Kronecker form for matrix pairs, we have nonsingular matrices V and
Z such that

V M0Z =
[

In 0
0 J2 ⊕ Ir

]
≡ JM ,(4.8)

V L0Z =
[

J1 ⊕ Dr 0 ⊕ Ir

0 In−r ⊕ Dr

]
≡ JL,(4.9)

where J1 and J2 are (n − r) × (n − r) matrices consisting of the Jordan blocks with
diagonal elements inside the unit circle, and Dr is a r × r diagonal matrix with the
rth roots of unity on the diagonal.

Similarly, we have nonsingular matrices T and W such that

T L̂0W =
[

In 0
0 J2 ⊕ Ir

]
= JM ,(4.10)

TM̂0W =
[

J1 ⊕ Dr 0
0 ⊕ Ir In−r ⊕ Dr

]
≡ ĴL.(4.11)

We have for each k ≥ 0

(4.12) MkZJ2k

L = LkZJ2k

M , L̂kWĴ2k

L = M̂kWJ2k

M .

Let Z and W be partitioned as in (3.12). From (4.8) and (4.9) we have

L0

[
Z1

Z2

]
= M0

[
Z1

Z2

]
(J1 ⊕ Dr).

Comparing this with (4.3) and using Theorem 4.2, we know that Z1 is nonsingular
and Z2Z

−1
1 = A2G. Similarly, W3 is nonsingular and W4W

−1
3 = A0F .

Using block matrix multiplication for (4.12), we have

VkZ1

(
J2k

1 ⊕ D2k

r

)
= −PkZ1 + Z2,(4.13)

(QkZ1 − Z2)
(
J2k

1 ⊕ D2k

r

)
= TkZ1,(4.14)

VkZ1

(
0 ⊕ 2kD2k−1

r

)
+ VkZ3

(
I ⊕ D2k

r

)
= (−PkZ3 + Z4)

(
J2k

2 ⊕ I
)

,(4.15)

(QkZ1 − Z2)
(
0 ⊕ 2kD2k−1

r

)
+ (QkZ3 − Z4)

(
I ⊕ D2k

r

)
= TkZ3

(
J2k

2 ⊕ I
)

,(4.16) (
−P̂kW1 + W2

)(
J2k

1 ⊕ D2k

r

)
+

(
−P̂kW3 + W4

) (
0 ⊕ 2kD2k−1

r

)
= TkW1,(4.17)

VkW1

(
J2k

1 ⊕ D2k

r

)
+ VkW3

(
0 ⊕ 2kD2k−1

r

)
= Q̂kW1 − W2,(4.18)
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−P̂kW3 + W4)(I ⊕ D2k

r

)
= TkW3

(
J2k

2 ⊕ I
)

,(4.19)

VkW3

(
I ⊕ D2k

r

)
=

(
Q̂kW3 − W4

) (
J2k

2 ⊕ I
)

.(4.20)

Postmultiplying (4.16) by 0 ⊕ 2−kDr and subtracting the result from (4.14), we get
(4.21)
Tk

(
Z1 − Z3

(
0 ⊕ 2−kDr

))
= (QkZ1−Z2)

(
J2k

1 ⊕ 0
)
− (QkZ3−Z4)

(
0 ⊕ 2−kD2k+1

r

)
.

By (4.19) we have

(4.22) −P̂k = −W4W
−1
3 + TkW3

(
J2k

2 ⊕ D−2k

r

)
W−1

3 .

Thus, in view of (4.6),

(4.23) Qk = I − A1 − W4W
−1
3 + TkW3

(
J2k

2 ⊕ D−2k

r

)
W−1

3 .

Inserting (4.23) into (4.21) and letting Q∗ = I − A1 − W4W
−1
3 , we get

Tk

[
Z1 − Z3

(
0 ⊕ 2−kDr

) − W3

(
J2k

2 ⊕ D−2k

r

)
W−1

3

(
Z1

(
J2k

1 ⊕ 0
)
− Z3

(
0 ⊕ 2−kD2k+1

r

))]
= (Q∗Z1 − Z2)

(
J2k

1 ⊕ 0
)
− (Q∗Z3 − Z4)

(
0 ⊕ 2−kD2k+1

r

)
,

from which it follows that

‖Tk‖ = O
(
2−k

)
.

It then follows from (4.23) that∥∥Qk − (
I − A1 − W4W

−1
3

)∥∥ = O
(
2−k

)
.

Postmultiplying (4.15) by 0 ⊕ 2−kDr and subtracting the result from (4.13), we get
(4.24)
−PkZ1+Z2−(−PkZ3+Z4)

(
0 ⊕ 2−kDr

)
= Vk

(
Z1

(
J2k

1 ⊕ 0
)
− Z3

(
0 ⊕ 2−kD2k+1

r

))
.

By (4.20),

(4.25) Vk =
(
Q̂kW3 − W4

)(
J2k

2 ⊕ D−2k

r

)
W−1

3 .

Inserting (4.25) into (4.24) and using Q̂k = I − A1 − Pk, we get

−PkZ1 + Z2 − (−PkZ3 + Z4)
(
0 ⊕ 2−kDr

)
= ((I − A1 − Pk)W3 − W4)Ck

for some Ck with ‖Ck‖ = O(2−k). Thus,

Pk

(
Z1 − Z3

(
0 ⊕ 2−kDr

) − W3Ck

)
= Z2 − Z4

(
0 ⊕ 2−kDr

) − ((I − A1)W3 − W4)Ck.

It follows that ∥∥Pk − Z2Z
−1
1

∥∥ = O
(
2−k

)
.
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Postmultiplying (4.18) by 0 ⊕ 2−kD1−2k

r , we get

(4.26) VkW1

(
0 ⊕ 2−kDr

)
+ VkW3(0 ⊕ I) =

(
Q̂kW1 − W2

)(
0 ⊕ 2−kD1−2k

r

)
.

Postmultiplying (4.20) by I ⊕ 0, we get

(4.27) VkW3(I ⊕ 0) =
(
Q̂kW3 − W4

)(
J2k

2 ⊕ 0
)

.

Adding (4.26) and (4.27) gives

Vk

(
W3 + W1

(
0 ⊕ 2−kDr

))
=

(
Q̂kW1 − W2

) (
0 ⊕ 2−kD1−2k

r

)
+

(
Q̂kW3 − W4

)(
J2k

2 ⊕ 0
)

.

It follows that

‖Vk‖ = O
(
2−k

)
,

since W3 is nonsingular and {Q̂k} has been shown to be bounded.
In summary, we have proved the following result.
Theorem 4.3. Let the QBD be null recurrent. Then for SDA-2sf we have

‖Vk‖ = O
(
2−k

)
, ‖Tk‖ = O

(
2−k

)
,

‖Qk − (I − A1 − A0F )‖ = O
(
2−k

)
, ‖Pk − A2G‖ = O

(
2−k

)
.

Corollary 4.4. Let limQk = Q∗ and lim Pk = P∗. Then Q∗ is nonsingular
and Q−1

∗ A2 = F , I −A1−P∗ is nonsingular and (I −A1−P∗)−1A0 = G. The matrix
Q∗ − P∗ is a singular M -matrix.

Proof. By Theorem 4.3, Q∗ = I−A1−A0F and I−A1−P∗ = I−A1−A2G. These
two matrices are known to be nonsingular [32]. Since Q∗F = (I −A1 −A0F )F = A2,
Q−1

∗ A2 = F . Since (I −A1−P∗)G = (I −A1−A2G)G = A0, (I −A1−P∗)−1A0 = G.
Q∗ − P∗ is a singular M -matrix since

(Q∗ − P∗)e = (I − A1 − A0F − A2G)e = e − (A1 + A0 + A2)e = 0.

This completes the proof.
When the QBD is null recurrent, the interpretation of the CR algorithm as a

doubling algorithm has allowed us to show that the minimal solutions G and F can
be found by the CR algorithm (or the closely related LR algorithm) simultaneously
and with at least linear convergence with rate 1/2. It is important to note that we
no longer need the assumption that the matrices G and F have no eigenvalues on the
unit circle other than the simple eigenvalue 1. With that assumption, one would use
the shift technique as studied in [25], [16], and [4], and apply the CR algorithm or the
LR algorithm to the shifted equation. When G and F have more than one eigenvalue
on the unit circle, the shift technique is not helpful and the CR algorithm or the LR
algorithm will be applied directly to the equation (4.1).

5. A nonsymmetric algebraic Riccati equation. In this section we consider
the nonsymmetric algebraic Riccati equation (NARE)

(5.1) XCX − XD − AX + B = 0,
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where A, B, C, D are real matrices of sizes m × m, m × n, n × m, n × n, respectively,
and the matrix

(5.2) K =
[

D −C
−B A

]
is a nonsingular M -matrix or an irreducible singular M -matrix. The NARE arises
in the study of Wiener–Hopf factorization of Markov chains [37], and it includes the
NARE arising from transport theory [29, 30]. We will also need the dual equation of
(5.1)

(5.3) Y BY − Y A − DY + C = 0,

which is in the same form of (5.1).
We will use the elementwise order for matrices: for any matrices A = [aij ], B =

[bij ] ∈ Rm×n, we write A ≥ B(A > B) if aij ≥ bij(aij > bij) for all i, j.
A basic result about (5.1) and (5.3) is the following [14].
Theorem 5.1. If the matrix K in (5.2) is a nonsingular M -matrix or an irre-

ducible singular M -matrix, then the NARE (5.1) and the NARE (5.3) have minimal
nonnegative solutions X and Y , respectively. Moreover, D − CX and A − BY are
M -matrices.

The minimal nonnegative solution of the NARE is the solution of practical inter-
est. There have been a number of methods for finding this solution. The methods
and their analyses can be found in [2, 14, 18, 20, 21, 23, 24, 36]. Among the iterative
methods, the doubling algorithm proposed in [24] stands out for its overall efficiency.
The algorithm is analyzed in [24] for the case when K is a nonsingular M -matrix, and
is analyzed in [21] for the case when K is an irreducible singular M -matrix. When
K is an irreducible singular M -matrix, we let [vT

1 , vT
2 ]T > 0 and [uT

1 , uT
2 ]T > 0 be

the right and the left null vectors of K in (5.2), respectively. If uT
1 v1 �= uT

2 v2, then
the convergence of the doubling algorithm is still quadratic; if uT

1 v1 = uT
2 v2, then the

convergence is observed to be linear with rate 1/2 (see [21]). The latter case will be
referred to as the critical case for the NARE. For this critical case, the convergence
of Newton’s method has been shown to at least linear with rate 1/2 [14, 20, 23]. We
will reach the same conclusion for the doubling algorithm.

We start with a brief review of the doubling algorithm in [24]. Let

(5.4) H =
[
D −C
B −A

]
,

and

(5.5) R = D − CX, S = A − BY,

where X and Y are given in Theorem 5.1. Then the NAREs (5.1) and (5.3) can be
rewritten as

(5.6) H

[
In

X

]
=

[
In

X

]
R

and

(5.7) H

[
Y
Im

]
=

[
Y
Im

]
(−S).
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Applying the Cayley transform to (5.6) with a scalar γ > 0 we have

(H − γI)
[

In

X

]
= (H + γI)

[
In

X

]
Rγ ,

where Rγ = (R + γIn)−1(R − γIn). Premultiplying the above equation by a proper
nonsingular matrix gives

(5.8) M0

[
In

X

]
= L0

[
In

X

]
Rγ .

Here L0 and M0 are given by (2.1) with

(5.9)
E0 = In − 2γV −1

γ , F0 = Im − 2γW−1
γ ,

G0 = 2γD−1
γ CW−1

γ , H0 = 2γW−1
γ BD−1

γ ,

where

(5.10)
Aγ = A + γIm, Dγ = D + γIn,

Wγ = Aγ − BD−1
γ C, Vγ = Dγ − CA−1

γ B.

Similarly,

(5.11) M0

[
Y
Im

]
Sγ = L0

[
Y
Im

]
,

where Sγ = (S + γIm)−1(S − γIm).
In this section SDA-1 denotes Algorithm 2.1 with E0, F0, G0, H0 given by (5.9).
The following result from [21] improves the original results given in [24].
Theorem 5.2. Let the matrix K in (5.2) be a nonsingular M -matrix or an

irreducible singular M -matrix, and X, Y ≥ 0 be the minimal nonnegative solutions of
the NAREs (5.1) and (5.3), respectively. If γ satisfies

(5.12) γ ≥ γ0 ≡ max
{

max
1≤i≤m

aii, max
1≤i≤n

dii

}
,

where aii and dii are the diagonal entries of A and D, respectively, then the sequence
{Ek, Fk, Hk, Gk} in SDA-1 is well defined. Moreover, we have

(a) E0, F0 < 0 and Ek, Fk > 0 for k ≥ 1;
(b) For k ≥ 0, 0 ≤ Hk < Hk+1 < X, 0 ≤ Gk < Gk+1 < Y ;
(c) For k ≥ 0, Im − HkGk and In − GkHk are nonsingular M-matrices.
From now on we assume that K in (5.2) is an irreducible singular M -matrix, and

consider the critical case of the NARE (5.1). We always assume that γ satisfies (5.12).
The Kronecker form for the pencil (M0, L0) can be determined with the help of

the following result [14], where C− and C+ denote the open left and the open right
half planes, respectively.

Theorem 5.3. For the critical case of the NARE (5.1), the matrix H has n − 1
eigenvalues in C+, m−1 eigenvalues in C−, and two zero eigenvalues with a quadratic
divisor. Moreover, R and S in (5.5) are irreducible singular M-matrices (so each of
them has a simple eigenvalue 0 and the remaining eigenvalues are in C+).
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In view of Theorem 5.3, the properties of the Cayley transform, and the process
leading to (5.8) and (5.11), we know that there are nonsingular matrices V and Z
such that

V L0Z =
[

In 0n,m

0m,n J2,s ⊕ [1]

]
≡ JL,(5.13)

V M0Z =
[

J1 Γ
0m,n Im−1 ⊕ [−1]

]
≡ JM ,(5.14)

in which

(5.15) J1 = J1,s⊕ [−1] s∼ Rγ , J2 ≡ J2,s⊕ [−1] s∼ Sγ , Γ = 0n−1,m−1⊕ [1] ≡ eneT
m,

where ρ(J1,s) < 1, ρ(J2,s) < 1, and “ s∼” denotes the similarity transformation. Since
JLJM = JMJL, for the matrices Lk and Mk given by (2.2) we have by (2.11)

(5.16) MkZJ2k

L = LkZJ2k

M .

On the other hand, there are nonsingular matrices T and W such that

TL0W =
[

J2 Γ̂
0n,m In−1 ⊕ [−1]

]
≡ ĴL,(5.17)

TM0W =
[

Im 0m,n

0n,m J1,s ⊕ [1]

]
≡ ĴM ,(5.18)

where Γ̂ = emeT
n . We now have

(5.19) LkWĴ2k

M = MkWĴ2k

L .

The following result determines the convergence rate of SDA-1 in the critical case.
Theorem 5.4. Let X, Y ≥ 0 be the minimal nonnegative solutions of the NAREs

(5.1) and (5.3), respectively, and let {Ek, Fk, Gk, Hk} be generated by SDA-1. Then
for the critical case

‖Ek‖ = O
(
2−k

)
, ‖Fk‖ = O

(
2−k

)
, ‖Hk−X‖ = O

(
2−k

)
, ‖Gk−Y ‖ = O

(
2−k

)
.

Proof. Partition the matrices Z and W as

(5.20) Z =
[

Z1 Z3

Z2 Z4

]
, W =

[
W1 W3

W2 W4

]
,

where Z1, W3 ∈ Rn×n, and Z4, W2 ∈ Rm×m. Then from (5.13) and (5.14), and from
(5.17) and (5.18), we have

(5.21) M0

[
Z1

Z2

]
= L0

[
Z1

Z2

]
J1, M0

[
W1

W2

]
J2 = L0

[
W1

W2

]
.

Comparing (5.21) with (5.8) and (5.11), and using (5.15), we know that Z1 and W2

are invertible and X = Z2Z
−1
1 , Y = W1W

−1
2 .

Note that for k ≥ 1 we have

J2k

L =
[

In 0
0 J2k

2

]
, J2k

M =
[

J2k

1 Γk

0 Im

]
, Ĵ2k

M =
[

Im 0
0 J2k

1

]
, Ĵ2k

L =
[

J2k

2 Γ̂k

0 In

]
,
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where Γk = −2kΓ = −2keneT
m, Γ̂k = −2kΓ̂ = −2kemeT

n . It follows from (5.16) and
(5.19) that for k ≥ 1

EkZ1 = (Z1 − GkZ2)J2k

1 ,(5.22)

EkZ3J
2k

2 = (Z1 − GkZ2)Γk + (Z3 − GkZ4),(5.23)

−HkZ1 + Z2 = FkZ2J
2k

1 ,(5.24)

(−HkZ3 + Z4)J2k

2 = FkZ2Γk + FkZ4,(5.25)

W1 − GkW2 = EkW1J
2k

2 ,(5.26)

(W3 − GkW4)J2k

1 = EkW1Γ̂k + EkW3,(5.27)

FkW2 = (W2 − HkW1)J2k

2 ,(5.28)

FkW4J
2k

1 = (W2 − HkW1)Γ̂k + (W4 − HkW3).(5.29)

Postmultiplying (5.29) by Γ̂†
k = −2−kΓ, the Moore–Penrose pseudo inverse of Γ̂k,

subtracting the result from (5.28), and noting that Γ̂kΓ̂†
k = 0m−1 ⊕ [1], we get

(5.30) Fk

(
W2 + 2−kW4J

2k

1 Γ
)

= (W2 − HkW1)
(
J2k

2,s ⊕ [0]
)

+ 2−k(W4 − HkW3)Γ.

Since W2 is invertible and {Hk} is bounded by Theorem 5.2(b), it follows from (5.30)
that ‖Fk‖ = O(2−k). It then follows from (5.24) that ‖Hk − X‖ = O(2−k).

Similarly, postmultiplying (5.23) by Γ†
k = −2−kΓ̂, subtracting the result from

(5.22), and noting that ΓkΓ†
k = 0n−1 ⊕ [1], we get

Ek

(
Z1 + 2−kZ3J

2k

2 Γ̂
)

= (Z1 − GkZ2)
(
J2k

1,s ⊕ [0]
)

+ 2−k(Z3 − GkZ4)Γ̂.(5.31)

Since Z1 is invertible and {Gk} is bounded by Theorem 5.2(b), it follows from (5.31)
that ‖Ek‖ = O(2−k). It then follows from (5.26) that ‖Gk − Y ‖ = O(2−k).

We note that lim(I − GkHk) = I − Y X and lim(I − HkGk) = I − XY are both
singular M -matrices (see [21]).

The critical case we have considered is a singular case, and the singularity can
be removed by applying a proper shift technique. Indeed, a shift technique has been
introduced in [21] and SDA-1 applied to the shifted NARE has quadratic convergence
if no breakdown happens. However, whether breakdown is possible remains an open
problem in general, although some partial results have been obtained in [21].

Since K is an irreducible singular M -matrix, we may assume without loss of
generality that Ke = 0. In this case, one can transform the NARE to a quadratic
matrix equation of the type in section 4, but with (m + n) × (m + n) matrices in
the equation (see [36]). One can then apply CR and LR to the transformed equation
(see [2, 18]). A specific shift technique (following [25]) is introduced in [18] to the
transformed equation, and quadratic convergence is recovered for the LR algorithm
(thus, also for the CR algorithm) if no breakdown happens. It has been shown in
[20] that the LR algorithm is indeed well-defined when the shift technique is used.
However, when m = n, the computational work required in each iteration is nearly
twice that for SDA-1, due to the dimension expansion from n to 2n. If we use the
shift technique in [18] with the CR approach in [2], then no breakdown happens and
the complexity is down to 34n3 flops each iteration when m = n.

Although it is preferable to use a shift technique for the critical case of the NARE
(with an irreducible singular M -matrix K), our convergence results in Theorem 5.4
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still provide some insights about the convergence behavior of SDA-1 for nearby NAREs
with a nonsingular M -matrix K (where the shift technique is no longer appplicable).
The exact solution of a singular NARE is quite sensitive to the input data in the
NARE (see [20]). For the singular NARE and nearby NAREs, it would be reasonable
to stop the iteration when ‖Hk − Hk−1‖ < ε1/2, where ε is the machine epsilon, and
take Hk as an approximation to the exact solution X . Further iterations for SDA-1
may not be able to improve the accuracy significantly in view of the perturbation
behavior of X and the fact that I −GkHk and I −HkGk are nearly singular for large
k. So we are mainly interested in the behavior of SDA-1 for iterations up to the point
where ‖Hk − Hk−1‖ < ε1/2 (assuming this is achievable). And up to that point, the
behavior of SDA-1 for those nearby NAREs would be very much similar to that of
SDA-1 for the singular NARE. We use one example to illustrate this point.

Example 5.1. Let T be a 16 × 16 doubly stochastic matrix given by T =
1

2056magic(16), where magic is the Matlab function that generates magic squares.
Let K = I − T , and let the 8 × 8 matrices A, B, C, D be determined through (5.2).
The matrix K is an irreducible singular M -matrix, and we have the critical case for
the NARE (5.1). We take γ to be the largest diagonal entry of K (which is the last
diagonal entry of K) and apply SDA-1. We find that ‖Hk −Hk−1‖ < 10−7 is satisfied
for k = 24. The convergence rate of Hk − X is determined through that of Fk (see
the proof of Theorem 5.4). We find that the values of k

√‖Fk‖∞ are between 0.4924
and 0.5001 for k = 4 : 24.

We then increase the (1,1) entry of K by 10−12. So K is now a nonsingular
M -matrix. The matrix D is changed accordingly. The change in K does not change
the largest diagonal entry of K. So we apply SDA-1 to the new NARE with the same
γ. We find that ‖Hk − Hk−1‖ < 10−7 is satisfied for k = 23, and that the values
of k

√‖Fk‖∞ are between 0.4924 and 0.5000 for k = 4 : 21 (the values are 0.4855
and 0.4570 for k = 22 and k = 23, respectively). Thus, the (nonterminal and more
important) convergence behavior of SDA-1 for this nearby NARE is largely dictated
by our theoretical results in Theorem 5.4.

6. Conclusion. We have determined the convergence rate of the doubling algo-
rithm in the critical (or singular) case for three different nonlinear matrix equations. It
is possible to apply the techniques we reviewed in section 2 to other nonlinear matrix
equations. Through this study, we have also gained more insights for the convergence
behavior for the doubling algorithm for nearly singular cases.

REFERENCES

[1] B. D. O. Anderson, Second-order convergent algorithms for the steady-state Riccati equation,
Internat. J. Control, 28 (1978), pp. 295–306.

[2] D. A. Bini, B. Iannazzo, G. Latouche, and B. Meini, On the solution of algebraic Riccati
equations arising in fluid queues, Linear Algebra Appl., 413 (2006), pp. 474–494.

[3] D. A. Bini, G. Latouche, and B. Meini, Solving matrix polynomial equations arising in
queueing problems, Linear Algebra Appl., 340 (2002), pp. 225–244.

[4] D. A. Bini, G. Latouche, and B. Meini, Numerical Methods for Structured Markov Chains,
Oxford University Press, Oxford, 2005.

[5] D. Bini and B. Meini, On the solution of a nonlinear matrix equation arising in queueing
problems, SIAM J. Matrix Anal. Appl., 17 (1996), pp. 906–926.

[6] E. K.-W. Chu, H.-Y. Fan, and W.-W. Lin, A structure-preserving doubling algorithm for
continuous-time algebraic Riccati equations, Linear Algebra Appl., 396 (2005), pp. 55–80.

[7] E. K.-W. Chu, H.-Y. Fan, W.-W. Lin, and C. S. Wang, Structure-preserving algorithms for
periodic descrete-time algebraic Riccati equations, Internat. J. Control, 77 (2004), pp. 767–
788.

D
ow

nl
oa

de
d 

04
/2

5/
14

 to
 1

40
.1

13
.3

8.
11

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SI

A
M

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 h
ttp

://
w

w
w

.s
ia

m
.o

rg
/jo

ur
na

ls
/o

js
a.

ph
p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

246 CHIANG, CHU, GUO, HUANG, LIN, AND XU

[8] J. C. Engwerda, On the existence of a positive definite solution of the matrix equation X +
AT X−1A = I, Linear Algebra Appl., 194 (1993), pp. 91–108.

[9] J. C. Engwerda, A. C. M. Ran, and A. L. Rijkeboer, Necessary and sufficient conditions
for the existence of a positive definite solution of the matrix equation X + A∗X−1A = Q,
Linear Algebra Appl., 186 (1993), pp. 255–275.

[10] H. R. Gail, S. L. Hantler, and B. A. Taylor, Spectral analysis of M/G/1 and G/M/1 type
Markov chains, Adv. Appl. Probab., 28 (1996), pp. 114–165.

[11] F. R. Gantmacher, The Theory of Matrices, Vol. II, Chelsea Publishing Company, New York,
1987.

[12] C.-H. Guo, Newton’s method for discrete algebraic Riccati equations when the closed-loop
matrix has eigenvalues on the unit circle, SIAM J. Matrix Anal. Appl., 20 (1998), pp. 279–
294.

[13] C.-H. Guo, Convergence rate of an iterative method for a nonlinear matrix equation, SIAM J.
Matrix Anal. Appl., 23 (2001), pp. 295–302.

[14] C.-H. Guo, Nonsymmetric algebraic Riccati equations and Wiener–Hopf factorization for M-
matrices, SIAM J. Matrix Anal. Appl., 23 (2001), pp. 225–242.

[15] C.-H. Guo, Convergence analysis of the Latouche–Ramaswami algorithm for null recurrent
quasi-birth-death processes, SIAM J. Matrix Anal. Appl., 23 (2002), pp. 744–760.

[16] C.-H. Guo, Comments on a shifted cyclic reduction algorithm for quasi-birth-death problems,
SIAM J. Matrix Anal. Appl., 24 (2003), pp. 1161–1166.

[17] C.-H. Guo, Numerical solution of a quadratic eigenvalue problem, Linear Algebra Appl., 385
(2004), pp. 391–406.

[18] C.-H. Guo, Efficient methods for solving a nonsymmetric algebraic Riccati equation arising in
stochastic fluid models, J. Comput. Appl. Math., 192 (2006), pp. 353–373.

[19] C.-H. Guo, A new class of nonsymmetric algebraic Riccati equations, Linear Algebra Appl.,
426 (2007), pp. 636–649.

[20] C.-H. Guo and N. J. Higham, Iterative solution of a nonsymmetric algebraic Riccati equation,
SIAM J. Matrix Anal. Appl., 29 (2007), pp. 396–412.

[21] C.-H. Guo, B. Iannazzo, and B. Meini, On the doubling algorithm for a (shifted) nonsym-
metric algebraic Riccati equation, SIAM J. Matrix Anal. Appl., 29 (2007), pp. 1083–1100.

[22] C.-H. Guo and P. Lancaster, Iterative solution of two matrix equations, Math. Comp., 68
(1999), pp. 1589–1603.

[23] C.-H. Guo and A. J. Laub, On the iterative solution of a class of nonsymmetric algebraic
Riccati equations, SIAM J. Matrix Anal. Appl., 22 (2000), pp. 376–391.

[24] X.-X. Guo, W.-W. Lin, and S.-F. Xu, A structure-preserving doubling algorithm for nonsym-
metric algebraic Riccati equation, Numer. Math., 103 (2006), pp. 393–412.

[25] C. He, B. Meini, and N. H. Rhee, A shifted cyclic reduction algorithm for quasi-birth-death
problems, SIAM J. Matrix Anal. Appl., 23 (2001), pp. 673–691.

[26] C. He, B. Meini, N. H. Rhee, and K. Sohraby, A quadratically convergent Bernoulli-like
algorithm for solving matrix polynomial equations in Markov chains, Electron. Trans. Nu-
mer. Anal., 17 (2004), pp. 151–167.

[27] T.-M. Huang and W.-W. Lin, Structured doubling algorithms for weakly stabilizing Hermitian
solutions of algebraic Riccati equations, Linear Algebra Appl., 430 (2009), pp. 1452–1478.

[28] T.-M. Hwang, E. K.-W. Chu, and W.-W. Lin, A generalized structure-preserving doubling
algorithm for generalized discrete-time algebraic Riccati equations, Internat. J. Control, 78
(2005), pp. 1063–1075.

[29] J. Juang, Existence of algebraic matrix Riccati equations arising in transport theory, Linear
Algebra Appl., 230 (1995), pp. 89–100.

[30] J. Juang and W.-W. Lin, Nonsymmetric algebraic Riccati equations and Hamiltonian-like
matrices, SIAM J. Matrix Anal. Appl., 20 (1998), pp. 228–243.

[31] G. Latouche and V. Ramaswami, A logarithmic reduction algorithm for quasi-death-birth
processes, J. Appl. Probab., 30 (1993), pp. 650–674.

[32] G. Latouche and V. Ramaswami, Introduction to Matrix Analytic Methods in Stochastic
Modeling, SIAM, Philadelphia, 1999.

[33] W.-W. Lin, V. Mehrmann, and H. Xu, Canonical forms for Hamiltonian and symplectic
matrices and pencils, Linear Algbera Appl., 302/303 (1999), pp. 469–533.

[34] W.-W. Lin and S.-F. Xu, Convergence analysis of structure-preserving doubling algorithms
for Riccati-type matrix equations, SIAM J. Matrix Anal. Appl., 28 (2006), pp. 26–39.

[35] B. Meini, Efficient computation of the extreme solutions of X + A∗X−1A = Q and X −
A∗X−1A = Q, Math. Comp., 71 (2002), pp. 1189–1204.

[36] V. Ramaswami, Matrix analytic methods for stochastic fluid flows, in Proceedings of the 16th
International Teletraffic Congress, Elsevier Science B. V., Edinburgh, 1999, pp. 1019–1030.

D
ow

nl
oa

de
d 

04
/2

5/
14

 to
 1

40
.1

13
.3

8.
11

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SI

A
M

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 h
ttp

://
w

w
w

.s
ia

m
.o

rg
/jo

ur
na

ls
/o

js
a.

ph
p



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Copyright © by SIAM. Unauthorized reproduction of this article is prohibited. 

CONVERGENCE ANALYSIS OF THE DOUBLING ALGORITHM 247

[37] L. C. G. Rogers, Fluid models in queueing theory and Wiener–Hopf factorization of Markov
chains, Ann. Appl. Probab., 4 (1994), pp. 390–413.

[38] J.-G. Sun and S.-F. Xu, Perturbation analysis of the maximal solution of the matrix equation
X + AT X−1A = P , II, Linear Algebra Appl., 362 (2003), pp. 211–228.

[39] S.-F. Xu, Numerical methods for the maximal solution of the matrix equation X +AT X−1A =
I, Acta Sci. Natur. Univ. Pekinensis, 36 (2000), pp. 29–38.

[40] X. Zhan, Computing the extremal positive definite soluions of a matrix equation, SIAM J. Sci.
Comput., 17 (1996), pp. 1167–1174.

[41] X. Zhan and J. Xie, On the matrix equation X + AT X−1A = I, Linear Algebra Appl., 247
(1996), pp. 337–345.

D
ow

nl
oa

de
d 

04
/2

5/
14

 to
 1

40
.1

13
.3

8.
11

. R
ed

is
tr

ib
ut

io
n 

su
bj

ec
t t

o 
SI

A
M

 li
ce

ns
e 

or
 c

op
yr

ig
ht

; s
ee

 h
ttp

://
w

w
w

.s
ia

m
.o

rg
/jo

ur
na

ls
/o

js
a.

ph
p



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


