On algebraic Riccati equations associated with M-matrices™

Chun-Hua Guo
Department of Mathematics and Statistics, University of Regina, Regina, SK S4S 0A2, Canada

Abstract

We consider the algebraic Riccati equation for which the four coefficient matrices form an
M-matrix K. When K is a nonsingular M-matrix or an irreducible singular M-matrix,
the Riccati equation is known to have a minimal nonnegative solution and several efficient
methods are available to find this solution. In this paper we are mainly interested in the
case where K is a reducible singular M-matrix. Under a regularity assumption on the
M-matrix K, we show that the Riccati equation still has a minimal nonnegative solution.
We also study the properties of this particular solution and explain how the solution can
be found by existing methods.
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1. Introduction
We consider the algebraic Riccati equation
XCX-XD—-AX+B=0, (1)

where A, B, C, D are real matrices of sizes m X m, m X n,n x m,n x n, respectively, and

K[—% _AC} 2)

is an M-matrix.

For any matrices A, B € RP*7, we write A > B (A > B) if a;; > b;j(a;; > b;;) for
all 4,7. A real square matrix A is called a Z-matrix if all its off-diagonal elements are
nonpositive. Note that any Z-matrix A can be written as sI — B with B > 0. A Z-matrix
A is called an M-matrix if s > p(B), where p(+) is the spectral radius; it is a singular
M-matrix if s = p(B) and a nonsingular M-matrix if s > p(B).
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If K is an arbitrary M-matrix, then the equation (1) may not have a solution. A
simple example is the reducible singular M-matrix

K:{—Olg]’ (3)

for which the corresponding scalar equation (1) does not have any solutions.

It is proved in [10] that the equation (1) always has a minimal nonnegative solution if
K in (2) is a nonsingular M-matrix or an irreducible singular M-matrix. This assumption
on the matrix K has now become a standard assumption. In [23], the equation (1) with K
being a nonsingular M-matrix or an irreducible singular M-matrix is formally called an
M-matrix algebraic Riccati equation. The case where K is a reducible singular M-matrix
has never been studied, due to some technical difficulties associated with it. However,
this case is of both theoretical and practical interest. The most important application
of the Riccati equation (1) is in the study of Markov chains [20], where K = —Q and
Q@ is the generator of a Markov chain. So all diagonal entries of ) are nonpositive, all
off-diagonal entries of ) are nonnegative, and every row sum of @ is nonpositve. In
this case, K is an M-matrix with Ke > 0, where e is the vector of ones. Of particular
interest is the case where K is a singular M-matrix with Ke = 0. In the study of Markov
chains, the irreducibility of @ is often assumed since @ is irreducible for most interesting
Markov chains. But it is still desirable to have results available when @) happens to be
reducible. In general, even if K is an irreducible singular M-matrix, it may still be close
to some reducible singular M-matrix. If we run into difficulties for a reducible singular
M-matrix, we would also run into difficulties for nearby irreducible singular M-matrices.
It is therefore of importance to study the case where K is a reducible singular M-matrix.

2. Existence of a minimal nonnegative solution

As we have seen earlier, the equation (1) may not have a solution for an arbitrary
M-matrix K. So to guarantee the existence of a solution we still need to add some
assumption on K. The assumption we need is that Kv > 0 for some vector v > 0.
Note that this assumption is always satisfied if K is from the study of Markov chains,
as we mentioned above, whether it is reducible or not. We also note that the so-called
M-splittings of a reducible singular M-matrix have been studied in [21], where this same
assumption on the singular M-matrix also plays an important role.

For convenience, we introduce the following definition.

Definition 1. An M-matrix A is said to be regular if Av > 0 for some v > 0.

It is well known [2] that for any nonsingular M-matrix A there is a vector v > 0
such that Av > 0 and that for any irreducible singular M-matrix A there is a vector
v > 0 such that Av = 0. Therefore, nonsingular M-matrices and irreducible singular
M-matrices are always regular M-matrices. It is easily seen that the reducible singular
M-matrix in (3) is not a regular M-matrix. Note that any Z-matrix A such that Av >0
for some v > 0 is an M-matrix [2] and hence a regular M-matrix by definition. Note
also that any principal submatrix of a regular M-matrix is still a regular M-matrix.

We are going to prove that the equation (1) has a minimal nonnegative solution
whenever K is a regular M-matrix. We start with the following result.

2



Lemma 1. Suppose that the matriz K in (2) is a reqular M-matriz and all diagonal
entries of A are positive. Then (1) has a nonnegative solution ® such that D — C® is
a reqular M-matrixz. Moreover, ® < X for any nonnegative solution of the inequality
R(X) <0, where

R(X)=XCX —-XD - AX + B.

In particular, ® is the minimal nonnegative solution of the equation (1).
PROOF. The proof is an adaptation of the proof of [10, Theorem 3.1]. We write A =

Ay — Ay and D = Dy — D5, where A; = diag (A4) and D; = diag (D) are the diagonal
parts of A and D, respectively. We take Xy = 0 and use the fixed-point iteration:

A1Xi+1 +Xi+1D1 = XZCX,L—I—X,LDQ —I—AQXZ +B7 1= 0,1,.... (4)

The iteration is well defined since the diagonal entries of D are nonnegative and the
diagonal entries of A are assumed to be positive. It is easily shown by induction that
X; < X;4q for any i > 0.

Since K is a regular M-matrix, we have Kv > 0 for some v > 0. Write v = [v] 0117
with v; € R™ and v € R™. Then we have

Dl’l)l - D2U1 — 01}2 2 O, Al’Ug — AQUQ — Bvl Z 0. (5)
We now show that X,v; < vy for all £ > 0. The inequality is trivial for £k = 0. Assume
that X,v1 <wg (4 > 0). Then, by (4) and (5),
A1 Xipiv + X1 Dy X;CX;v1 + X;Dov1 + A3 X,v1 + By
XiCvy + X;Dovy + Asve + By
X;Dqv1 + Aqva.

<
<

It follows that AlX'H—l'Ul S A1’02 + (XZ — Xi+1)D1U1 S A1U2. So Xz'+lvl S V2. Thus,
we have proved by induction that Xzv; < vy for all £ > 0. Now, the sequence {X;} is
monotonically increasing and bounded above, and hence has a limit. Let ® = lim; ,, X;.
Then ® is a nonnegative solution of (1) by (4). We also have ®v; < vy and then
(D — C®)vy > Dvy — Cvg > 0. Thus, the Z-matrix D — C® is a regular M-matrix.
We now let X be any nonnegative solution of R(X) < 0 and re-examine the iteration
(4). Since XCX + XDy + A2 X + B < A1 X + XD; by R(X) <0, it is easily shown
by induction that X; < X for any ¢ > 0. It follows that ® < X. In particular, ® is the
minimal nonnegative solution of (1). (]

Theorem 2. If the matriz K in (2) is a regular M-matriz then (1) has a minimal
nonnegative solution ® and D — C® is a regular M -matrix.

Proor. If all diagonal entries of A are positive, the result is already proved. Suppose
that r diagonal entries of A are 0. Then the r rows of K containing these diagonal entries
must be zero rows since K is a regular M-matrix. If r = m, then A = 0 and B = 0,
and the equation (1) has a minimal nonnegative solution ® = 0 and D — C'® is a regular
M-matrix. So we assume 1 < r < m. Then, there is an m X m permutation matrix P
such that

], PBg{E}, cPr=[¢ @],

=IhN
S oy

PAPT[



where A is (m —r) x (m—r), Bis (m—r) x n, and C is n x (m —r). The equation (1)
is equivalent to

(PX)(CPT)(PX) - (PX)D — (PAPT)(PX) + PB = 0.
Let

)

pX_[)f
X

where X is (m — r) x n. Then

X|r= ~11%X% X A Al X B _
l)? ¢ ¢ X]—[X]D—[O 0} o +[0]—0 (6)
We now take X = 0. Then the above equation reduces to
XCX - XD - AX +B=0. (7)

Since the matrix

D -C

K =
-B A

is a principal submatrix of the regular M-matrix
I, 0 D 1[I, o]"
0 P -B A 0 P ’
it is also a regular M-matrix. Since all diagonal entries of A are positive, we know from

Lemma 1 that the equation (7) has a minimal nonnegative solution ® and D — Cdis a
regular M-matrix. The solution

@PT[%] (9)

of (1) is then the only candidate for the minimal nonnegative solution. To confirm that
a minimal nonnegative solution exists, we let

X
X

be any nonnegative solution of (1). Then we have by (6) that

PT

XCX+XCX -XD—-AX - AX+B=0.
Thus o L R
XCX -XD-AX+B=-XCX+AX <0
since A < 0. It follows from Lemma 1 that ) < X. Thus the matrix ® in (9) is indeed
the minimal nonnegative solution of (1). Note that D—C® = D—(CPT)(P®) = D-C®
O

is a regular M-matrix.
4



Associated with the matrix K in (2) is the matrix

H:[%‘ _%JK:[I; :i] (10)

The next factorization result follows from Theorem 2 easily.

Corollary 3. If the matriz K in (2) is a regular M -matriz, then there exist nonnegative
matrices ® and U such that

D -C I, v | I, V¥ R 0 (11)
B -A ® I, | | @ I, 0 -S|’
where R=D — C® and S = A — BV are reqular M -matrices.

PROOF. By Theorem 2, (1) has a minimal nonnegative solution ® and D — C® is a

regular M-matrix. Thus
D -C I, | | In
s s )= s ] @

for R = D — C®. Since K is a regular M-matrix, we have Kv > 0 for some v =
[of vI1T > 0, where v; € R™ and vy € R™. Then

- A -B
el W

f{[”?]>o.
U1

is a Z-matrix such that

So K is also a regular M-matrix. Theorem 2 implies that the dual equation of (1)
YBY - YA-DY +C=0 (13)

has a minimal nonnegative solution ¥ such that A — BV is a regular M-matrix. Thus

EIRERE

for S = A — BY. The factorization (11) is obtained by combining (12) and (14). O

3. Properties of the minimal nonnegative solution

We assume that the matrix K in (2) is a regular M-matrix. So the equation (1)
has a minimal nonnegative solution ® and D — C'® is a regular M-matrix, and the dual
equation (13) has a minimal nonnegative solution ¥ and A — BV is a regular M-matrix.
In this section we prove some additional properties of ® and V.

Proposition 4. Suppose that K is a reqular M-matriz and Kw > 0 forw = [wi wl]T >
0, where w1 € R™ and wy € R™. Then ®wy < wy and Ywe < wy. Moreover, I,, — ®¥
and I, — V® are both reqular M-matrices.
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PrROOF. If A has no zero diagonal entries, we already know from the proof of Lemma 1
that ®dw; < wy. Suppose that r diagonal entries of A are 0. If r = m, then A = 0 and
B = 0. In this case, ® = 0 and Pw; < ws is trivial. So we assume 1 < r < m and use

the notations in the proof of Theorem 2. Let Pwy = [ 11%2 } where we € R™™". Then
2

the matrix K in (8) satisfies K [ :%1 } > 0. It follows that E)wl < wy. Then
2

Q}W1SPT[%2}SPT{IE2]=QU2.

_ pT
<I>w1—P |:O s

By applying the result ®w; < wsy to the dual equation (13), we get Pws < wy. We then
have ®Vwsy < Pwy < wy and thus (I, — P¥)wy > 0. So I, — PV is a regular M-matrix.
Similarly, I,, — U® is a regular M-matrix. O

Note that the relation in (11) does not always give a similarity transformation since

the matrix
I, U
{ o I, ] (15)

may be singular. The matrix (15) is nonsingular if and only if the M-matrix I,,, — ¥ is
nonsingular, i.e., if and only if p(®V) < 1.

We denote by C., C<, Cs, and C> the open left half plane, the closed left half
plane, the open right half plane, and the closed right half plane, respectively. We have
the following information about the eigenvalues of H even if the matrix (15) is singular.

Lemma 5. For any M-matriz K, the matriz H in (10) has m1(< m) eigenvalues in
Cc, n1(< n) eigenvalues in Cs, and r = (m —my) + (n — nq1) zero eigenvalues.

PROOF. For any € > 0, K. = K + €I, is a nonsingular M-matrix. Thus (see [10])

I D +e€l, -C
€ B —(A+ely,)
has m eigenvalues in C. and n eigenvalues in Cs. The result follows by letting ¢ — 0T
since eigenvalues are continuous functions of e. (I
Since
gl (p-cx) (16)
X | | X

X
corresponding to n of its eigenvalues. For the minimal nonnegative solution ® of (1)
(when K in (2) is a regular M-matrix), D—C® is an M-matrix and thus all its eigenvalues

for any solution X of (1), the column space of [ In ] is an invariant subspace of H

I’IL
)
be the invariant subspace of H corresponding to these eigenvalues. When H has more

are in C>. When H has exactly n eigenvalues in C>, the column space of must
. . I .
than n eigenvalues in C>, the next result shows that the column space of [ £ ] is an

invariant subspace of H corresponding to its n eigenvalues with the largest real parts.
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Theorem 6. Assume that the matriz K in (2) is a reqular M -matriz. Let all eigenvlaues
of H in (10) be arranged in an descending order by their real parts, and be denoted by
Ay ooy Ay Aptly -+« Antm-  Then the eigenvalues of D — C® are A1,..., A\, and the
eigenvalues of A — BV are —Ap41, ..., —Antm. In particular, A\, and A,+1 are real
numbers.

PrOOF. For any € > 0, let K. and H, be as in the proof of Lemma 5. Then the equation
(1) corresponding to K. has a minimal nonnegative solution ®. and the eigenvalues of
D+el, —C®P, are the n eigenvalues of H, in C-. Since K is a regular M-matrix, Kv > 0
for some v > 0 partitioned as in Proposition 4. Then we have K.v > 0 and ®.v; < v3. So
the set {®.} is bounded and thus there is a sequence {ex} with limy_, o, € = 0 such that
o = ® exists. It is clear that @ is a nonnegative solution of the equation (1)
(corresponding to the matrix K) and that the eigenvalues of D—C® are Ay, ..., A,. Since
® < &, we have trace(D —C®) > trace(D — C®). However, the trace of a matrix is equal
to the sum of its eigenvalues. It follows that the eigenvalues of D —C'® are A1, ..., \,. By
applying this result to the dual equation (13), we know that the eigenvalues of A — BW
are —Ap41,-.., —Antm. Lhe eigenvalues A\, and A\, ;1 are real numbers because for any
M-matrix the eigenvalue with smallest real part must be a real number. (I

limk_mo o

Corollary 7. Let K and H be as in Theorem 6. Then the eigenvalues of A — ®C are
—Antls- s —Angm and the eigenvalues of D—VB are A1, ..., \,. In particular, D—VB
s nonsingular if and only if D — C® is nonsingular, and A — ®C' is nonsingular if and
only if A — BV is nonsingular.

PROOF. Since @ is a solution of (1), it is easily verified (and is well known) that

-1
I, O I, 0| | D-C® -C

{<I> Im} H[fI) Im}_[ 0 —(A-®C) |- (17)

By this similarity transformation, the eigenvalues of A — ®C are —A,41,..., —Apim in

view of Theorem 6. Applying this result to the dual equation (13), we know that the

eigenvalues of D — UB are A,..., \,. O

When K in (2) is an irreducible singular M-matrix, the minimal nonnegative solutions
® and ¥ are positive [11] and the matrix H has a simple zero eigenvalue except for a
critical case where H has a double zero eigenvalue with only one linearly independent
eigenvector [10]. Our emphasis in this paper is on regular M-matrices that are singular
and reducible. We now make the following assumption.

Assumption 1. The matrix H in (10) has only one linearly independent eigenvector
corresponding to the zero eigenvalue of multiplicity r > 1.

Without this assumption, the minimal nonnegative solution of (1) may not be a contin-
uous function of K on the set of regular M-matrices. A trivial example for m =n =1

is given by
0 0 € —€
=lon] w7
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The minimal nonnegative solution corresponding to K is 0, but the minimal nonnegative
solution corresponding to K, is 1 for any € > 0. A less trivial example for m =n =2 is

1 0 -1 0 10 -1 0
0 0 0 0 0 ¢ 0 —
E=1"10 1 o %=1 1 0 1 o0
0 0 0 0 0 — 0 e

The minimal nonnegative solution corresponding to K is [ 8 }, but the minimal

0

nonnegative solution corresponding to K. is for any € > 0.

1 0
0 1

Under Assumption 1, the null space of H is one-dimensional. In view of the relation
(10), the null spaces of K and KT are then both one-dimensional. Note that K can
have at most one zero diagonal entry under this assumption. By the Perron-Frobenius

. U v
theorem [2], there are nonnegative nonzero vectors [ ul ] and [ vl } , where u1,v; € R
2 2

and ug,ve € R™, such that

K [ z; } =0, [T uI)K =o0. (18)

They are each unique up to a scalar multiple, in view of our assumption on the null
spaces.

Lemma 8. Let K be a singular M -matrixz with Assumption 1 and let uy,us,v1, v be as
in (18). Then ul vy # ud'vs if and only if zero is a simple eigenvalue of H.

PRrROOF. Let P be a nonsingular matrix such that

HP{‘({ V?/]Pl, (19)

where J is the 7 xr Jordan block associated with the zero eigenvalue and W is nonsingular.
It follows from (10) and (18) that

Wl —ullH=0 H [ 21 } =0. (20)
2
Let e; be the ith column of the identity matrix I, 4,. Then by (19) and (20)
of —fip =kl P 0] ke (1)

where k1 and ko are nonzero constants. Multiplying the two equations in (21) gives
u{vl - ugvg = klkgefel. Thus u{vl #* ugvg if and only if r = 1. O

We now assume that the singular M-matrix K is regular. Then we have w > 0 such
that Kw > 0, but we do not necessarily have Kv = 0 for some v > 0. A simple example
is



So the vectors uy, uz, vy, v in (18) are nonnegative, but not necessarily positive. However,
we still have the following result.

Lemma 9. Let K be a regular singular M -matriz with Assumption 1 and let uy,us, v1, Vg
be as in (18). Then ®vy < vy, Wvy < vy, ud ® <l v ¥ <l

ProoOF. If A has no zero diagonal entries, we re-examine the proof of Lemma 1 and find
that we still have X;v; < vy for all 4 > 0, for the new vectors v; and vy here. Since
lim; oo X; = ® was proved there, we have ®v; < vy. When A has zero diagonal entries,
we can still show that ®v; < vy using the procedure in the proof of Proposition 4.

By taking transpose on the equation (1), we know that ®7 is the minimal nonnegative
solution of the equation

70"z —zAT - D'z + BT =0, (22)
and for the corresponding singular M-matrix

o AT —CT
K|:_BT DT :|7

we have K [ 52 } =0 by (18). If K were a regular M-matrix, we could apply the result
1

dv; < vy to the equation (22) to get DTy < U1, Or u2T<I> < uf However, K is not
0 0
-1 1
assume that D has no zero diagonal entries and proceed as in the proof of Lemma 1. Let
Ay, As, D1, Dy be as given there. Let Zy = 0 and consider the fixed-point iteration

always regular when K is, as seen from K = { ] . To prove ®Tuy < uyq, we first

D1 Ziw1 + Zig1Ar = 2,CT Z; + Z; A3 + D3 Z; + BT

It is easily shown by induction that Z; < Z;11 < ®T for all § > 0. It follows that
lim; ;o Z; = Z, exists and is a nonnegative solution of (22). Since Z, < &7 and @7 is
the minimal nonnegative solution, we have Z, = ®”. As in the proof of Lemma 1, we
have Zjus < uy for all i > 0. Thus ®Tuy < w;. When D has zero diagonal entries, we
can still show that ®Tuy < u; using the procedure in the proof of Proposition 4.

By applying the results ®v; < vy and ul ® < uf to the dual equation (13), we have
Yoy < vy and ulT\I/ < uzT. O

Theorem 10. Let K be a reqular singular M -matriz with Assumption 1 and let uy, us,
vy, vg be as in (18). Then

() If uFvy > udvg, then D — C® is singular and A — ®C is nonsingular, ®v; = vs,
Woy # vy, ul U =ul, ul® #£ul.
(ii) If uTv; < ulvg, then D — C® is nonsingular and A — ®C is singular, vy # v,
Vg = vy, ul U #ul’, ul® =uf.
(iii) If uTvy = ud'vg, then D — C® and A — ®C are both singular, ®v; = va, Yy = vy,
ulU =ul ul'®e =ul.



PROOF. Rewriting (17) as

H:{In 0HDO<1> —C HIn 0]
o I, 0 —(A-aC) || -® I,
and using (20), we get
(u] —ul®)(D - C®) =0, (A—®C)(DPv; —v3)=0. (23)
For the dual equation (13), we have the corresponding result
(ud —uT W) (A - BY)=0, (D—UB)(Yvy—1;)=0. (24)

If D — C® is nonsingular, then u7 =« ® by (23) and ufv; = ul ®v; < ul'vy by Lemma
9. If A— BV is nonsingular, then ul = u¥'¥ by (24) and ulvy = u?Wvy < wfvy by
Lemma 9.

We now prove (i). When ufv; > ulvy, D — C® is singular, and then A — ®C and
A — BV are nonsingular by Lemma 8, Theorem 6 and Corollary 7. It follows from (23)
and (24) that ®v; = vy and uf ¥ = ul. We now show that Wvy # v;. This is trivial when
vy = 0. Suppose v2 # 0 and Yvg = v1. Then (A— BV¥)vy = Avy — Bv; = 0, contradictory
to the nonsingularity of A — BU. Finally, ul ® # uf is trivial when uy = 0. Suppose
ug # 0 and ul'® = uT. Then ul (A — ®C) = —uf'C + vl A = 0, contradictory to the
nonsingularity of A — ®C.

The results in (ii) are obtained by applying the results in (i) to the dual equation
(13) and using Corollary 7.

To prove (iii), we consider (as in [14])

K{a) = [ —la)B ;i }

for a > 1. It is clear that K («) is still a regular singular M-matrix, and the null spaces
of K(a) and K (a)T are still one-dimensional. We now have

up(a) =u1, uz(a) =a tuy, wvi(a)=vy, wvola)=wvs.
So we have u1 ()T vy () > uz(a)Tve(a). Let ®(a) and ¥(a) be the minimal nonnegative
solutions of equations (1) and (13), respectively, corresponding to K («). We have by (i)
that D — C®(a) is singular, ®(a)v; = vo, uf ¥(a) = a~'u. Using the notation in
Lemma 5, H has m; eigenvalues in C., n; eigenvalues in C~, and r zero eigenvalues. By
Assumption 1, H has one r x r Jordan block associated with the zero eigenvalue. Let

H=| 5 aa

For any a > 1 sufficiently close to 1, m — m; zero eigenvalues of H are perturbed to

eigenvalues of H(a) in C. and the real parts of these m — m; eigenvalues of H(«)

are strictly larger than those of the remaining m; eigenvalues of H(a) in Co; n — ny

zero eigenvalues of H are perturbed to eigenvalues of H(«a) in Cs, and the real parts

of these n — n; eigenvalues of H(«a) are strictly smaller than those of the remaining
10



ny eigenvalues of H(a) in Cs. Let V and V(a) be the column spaces of { {17; } and

[ (I)I(E) } , respectively. By Assumption 1, H has one r x r Jordan block associated with
the zero eigenvalue of multiplicity 7. So every invariant subspace of H corresponding
to the zero eigenvalue is uniquely determined by its dimension ¢ (1 < ¢ < r), namely
Ker(H*). Let V; be the invariant subspace of H corresponding to its n; eigenvalues in
C- and V5 be the invariant subspace of H spanned by a Jordan chain of length n — ny
corresponding to the zero eigenvalue. Let Vi(«) be the invariant subspace of H(a)
corresponding to its n; eigenvalues with largest real parts and Vs(«) be the invariant
subspace of H(«) corresponding to its remaining n —n; eigenvalues in C>. By Theorem
6, we have V = V14V, and V(a) = Vi (a)+V2(). As in the proof of [14, Theorem 3.3],
we have 0(V;(a), V1) < ¢1||K(a) — K| for some constant ¢; > 0, where 6 denotes the
gap between two subspaces [8]. By using the perturbation theory in section 16.5 of [8]
and section 5 of [9] (see [8, Theorem 16.4.1] or [9, Theorem 5.1] in particular), we have
O0(Va(),V2) < 2| K(a) — K||*/" for some constant c; > 0. It follows as in [14] that
0(V(a),V) < c3]|K(a) — K||'/" and that

1®(0) — @ < eal| K (a) — K|V

for some constants cs, ¢y > 0. In particular, lim,_,,+ ®(a) = ®. Similarly, we can show
that lim, 1+ ¥(a) = ¥. Letting @ — 17 in our conclusions about ®(«) and ¥(«a), we
obtain that D — C® is singular, ®v; = ve, uf ¥ = ul". The other results in (iii) follows
by duality. |

Corollary 11. Let K be a regular singular M-matriz with Assumption 1. If ulv, =
ulvy, then I, — ®V and I,, — ¥ are reqular singular M-matrices.

PRrOOF. By Proposition 4, I,,, — ®V and I,, — ¥® are regular M-matrices. By Theorem
10, ®Yvy = dv; = vy and YPv; = Yy = v1. So vy and vy are both nonzero vectors,
and 1 is an eigenvalue of ®¥ and ¥®. Thus [,,, — @V and I,, — ¥® are both singular. [J

We also have the following conjecture.

Conjecture 12. Let K be a reqular singular M-matriz with Assumption 1. If ul v, #
ugvg, then I, — ®V and I, — ¥® are nonsingular M -matrices.

The conjecture is known to be true when K is irreducible [15]. Attempts to find
counterexamples for the reducible case have failed and we are led to believe that the
conjecture is true. But at present we can prove it only under a positivity assumption.

Proposition 13. Let K be a reqular singular M -matriz with Assumption 1. Then I, —
OV and I, — V® are nonsingular M -matrices if ufvy # ulvy and at least one of ® and
U is positive.

PROOF. Assume ufv; > ugvg. If ® > 0, we know from Lemma 9 and Theorem 10

that ®Wvy < dvy = ve. If ¥ > 0, we know from Lemma 9 and Theorem 10 that

uf®V < uf'¥U = ul. In either case we have p(®¥) = p(¥®) < 1 (see [2]). So I, — P¥

and I, — ¥® are nonsingular M-matrices. The result for the case uflpvl < ugvg follows

by duality. O
11



As we mentioned earlier, ® and ¥ are always positive when K is irreducible. When
K is reducible, they may still be positive. We also have the following related result.

Proposition 14. Let K be a reqular M -matriz. Then the equation (1) can have at most
two positive solutions if the eigenvalues of H are all simple.

PROOF. Let w > 0 be such that Kw > 0, and let K, = K + ew?wl — eww”. Then
Kow = Kw > 0. So K. is an irreducible M-matrix for any ¢ > 0. Suppose that the
equation (1) (corresponding to K) has more than two positive solutions. Then each
of these solutions is determined by n eigenvectors of H corresponding to n of its simple
eigenvalues. So each solution changes continuous as K is perturbed to K.. It then follows
that the equation (1) corresponding to K. would have more than two positive solutions
for € > 0 sufficiently small, which is contradictory to [4, Theorem 2.13]. O

4. Numerical methods for the minimal nonnegative solution

When the matrix K in (2) is a nonsingular M-matrix or an irreducible singular M-
matrix, various numerical methods are available to find the minimal nonnegative solution
of the equation (1). See [1, 3, 4, 5, 7, 10, 12, 13, 14, 15, 16, 17, 18, 22, 23]. In this section
we assume that K is a regular M-matrix that is singular and reducible. We have already
seen from Theorem 2 that the case where A has zero diagonal entries can be reduced
to the case where A has no zero diagonal entries, and we know from Lemma 1 that the
minimal nonnegetive solution of the reduced equation can be found by a simple fixed-
point iteration. However, some other fixed-point iterations discribed in [10] may not be
well-defined when the matrix I ® A + DT ® I is a singular M-matrix, where ® is the
Kronecker product, even if all diagonal entries of A and D are positive. We now assume
that the matrix H in (10) has a simple zero eigenvalue. Recall that zero is a simple
eigenvalue of H if and only if ulTvl #* uQTvg for the vectors uq, us,v1,v9 in (18). We then
know from Theorem 10 that the matrix I ® (A — ®C) + (D — C®)T ® I is a nonsingular
M-matrix. It follows that the matrix I ® A + DT ® I is also a nonsingular M-matrix.

The class of fixed-point iterations discussed in [10] can then be applied to find the
minimal nonnegative solution ®. The theoretical results in [10] (Theorems 2.3, 2.4, 2.5,
2.7) are all applicable. The convergence of these fixed-point iterations is linear.

Since zero is a simple eigenvalue of H, we have A\, > \,41 in Theorem 6 and the
minimal nonnegative solution ® can be computed by finding the invarant subspace of H
corresponding to the eigenvalues A1, Mg, ..., A, using the Schur method, as in [10]. When
the matrix K is such that Ke = 0, as in the study of Markov chains, the eigenvector
corresponding to the zero eigenvalue is known exactly and the modified Schur method
discribed in [12] can be used to find ® with much better accuracy when X, &= A\, 41.

The minimal nonnegative solution ® can also be found by Newton’s method. Indeed,
Theorem 2.3 of [14] is still valid. The proof there for the case where K is a nonsingular
M-matrix is valid for the current situation since I® A+ DT ® I and I® (A—®C)+ (D —
C®)T @I are nonsingular M-matrices by our assumption that zero is a simple eigenvalue
of H. The convergence of Newton’s method is quadratic.

A structure-preserving doubling algorithm (SDA) has been presented in [17] to find
the minimal nonnegative solutions ® and ¥ simultaneously when K is a nonsingular
M-matrx. It is easy to see that the main results in [17] (Theorems 3.1 and 4.1) still

12



hold when K is a regular singular M-matrix. One would only need to modify some
statements in their proofs. Specifically, we now have that the matrices R = D — C®
and S = A — BY are regular M-matrices (so all eigenvalues of R and S are in C>), the
matrices D and A are regular M-matrices, and p(R,) < 1, p(S,) < 1 for all v > 0, where
R, = (R+~I,) Y (R—~1I,) and S, = (S+71) *(S—~I,). The SDA in [17] generates
four sequences {Ey}, {Fi}, {Gr}, {Hr} and [17, Theorem 4.1] implies that

lim sup “VHy, — @[ < p(Ry)p(S,), fim sup VIGr =¥ < p(R)p(S,)  (25)
—00 —00

for v > max{max a;;, max d;; }.

The SDA of [17] is further studied in [15]. When K is an irreducible singular
M-matrix, it is shown in [15] that the SDA is well defined and (25) holds for v >
max{max a;;, max d;; }. Moreover, among these v values, the SDA will have fastest con-
vergence for v = max{maxa;;, maxd;;}. The proof in [15] is based on the fact that
0<Gr <9, 0<H, <®, and p(GpHg) < p(TP) < 1. When K is a nonsingular M-
matrix, we can reach the same conclusion about the SDA since we now have 0 < G, < ¥,
0 < Hp <@, and p(GrHy) < p(¥P) < 1.

When K is a reducible singular M-matrix and H has a simple zero eigenvalue, we
know (from Lemma 8, Theorem 10 and Corollary 7) that one of p(R,) and p(S) is equal
to 1 and the other is strictly smaller than 1. It follows that Hy — ® and Gy — ¥, both
quadratically. We can allow v = max{max a;;, max d;; } if we have p(®¥) < 1. Note that
this special v value is positive since K can have at most one zero diagonal entry when
H has a simple zero eigenvalue. Note also that we do have p(®¥) < 1 if Conjecture 12
is true.

A negative answer to Conjecture 12 is also interesting. Suppose there is an example
with singular I,,, — ®¥ and I,, — ¥® when K is a reducible singular M-matrix and H
has a simple zero eigenvalue. Then for this example, the matrices to be inverted in each
step of the SDA, I,,, — HyGy and I, — Gy Hy, will be nearly singular near convergence.
On the other hand, the matrix I ® (A — ®C) + (D — C®)T ® I associated with Newton’s
method is known to be a nonsingular M-matrix. To compute ® with high accuracy, one
would have to use Newton’s method, whose computational work is roughly 3 times that
for the SDA in each iteration.

In the SDA of [17], the parameter  is used in a Cayley transform applied to the matrix
H. In [22], a generalized Cayley transform involving two parameters o and § is applied
to H, and the resulting doubling algorithm is called ADDA. The iteration formulas in
the ADDA are exactly the same as in [17], but the initial matrices Ey, Fy, Go, Ho for
ADDA (G and Hj are denoted by Yy and X in [22]) are determined by

Ey, -Go] _ [ D+al, -C [ D-3I, -C (26)
~Hy, F | ~ B —A-pI, B —A+al,
[ D+al, -c 1'[D-8I, -C
- -B  A+pI, -B  A-—al, |’

The above compact form for determining Fy, Fy, Gg, Hy is based on a result of Poloni
[19] (see also [4, Theorem 5.5]). One can verify that these initial matrices are the same
as those determined in [22]. When a = 8 = +, the ADDA is reduced to the SDA and
the initial matrices Ey, Fo, Go, Hp from (26) are exactly the same as those in [17].
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When K is a nonsingular M-matrix or an irreducible singular M-matrix, the conver-
gence theory of the ADDA has been given in [22]. The following result allows K to be
singular and reducible.

Theorem 15. Let K be a regular singular M -matriz and assume that o > maxa;; and
B > maxd;;. Then the ADDA is well defined with I — GixHy and I — HiGy being
nonsingular M-matrices for each k > 0. Moreover, Ey < 0,Fy < 0, Ex, > 0,F, > 0,
0<H, 1<H, <9, 0<Gr1 <G <V forallk>1, and

limsup 2/|[Hy, — ®|] < (e, ), limsup 2/[|Gy — ¥[| < r(e, ), (27)
k—oo k—oo

where r(a, B) = p (R4 al) " (R — BI))-p ((S+ BI)~'(S — o)) with R=D—-C®,S =
A — BV.

PROOF. The proof is largely the same as in [22]. The main difference is that the approach
in [15] cannot be used to prove that I — Gy Hj, and I — Hy G}, are nonsingular M-matrices
for each k > 0. Instead, this property is proved using the approach in [17], which does
not allow o = maxa;; or § = maxd;. O

When H has a simple zero eigenvalue, we know from Lemma 8, Theorem 10, and
Corollary 7 that one of the matrices R and S is singular and the other is nonsingular.
It follows from [22, Theorem 2.3] that r(«, 5) < 1 in Theorem 15. Thus, Hj, converges
to ® quadratically, and Gy converges to ¥ quadratically. Since K has at most one
zero diagonal entry when H has a simple zero eigenvalue, we have maxa;; > 0 and
maxd;; > 0 when m,n > 2 (which we shall assume). By [22, Theorem 2.3] r(a, §) is
strictly increasing in « for o > max a;;, and is strictly increasing in 8 for 8 > maxdy;. If
Conjecture 12 is true, then p(®¥) < 1 when H has a simple zero eigenvlaue. In this case
we can use the approach in [15] to prove that the ADDA is well defined with I — G Hy,
and I — HyGy being nonsingular M-matrices for each £ > 0 even when o = max a;; and
B = maxd;;. Therefore, if Conjecture 12 is true, we should normally use the optimal
values & = maxa;; and 8 = maxd; for the ADDA. Otherwise, we may have to take
a and 3 to be slightly larger. When max a;; is much larger (or smaller) than maxd;;,
the convergence of ADDA may be significantly faster than that of the SDA in [17], it
is also faster than the SDA-ss in [5]. When maxa;; =~ maxd;; but maxa; > minay
and/or max d;; > mind,;, all three doubling algorithms take roughly the same number
of iterations for convergence, which may be significantly larger than that required for the
Newton iteration, as noted in [13].

We also remark that the modified Schur method described earlier can achieve very
good normwise accuracy, but this method is unable to compute any tiny positive entries
in the minimal nonnegative solution with good relative accuracy, while the fixed-point
iterations, the Newton iteration, the doubling algorithms can be implemented in such a
way that these tiny positive entries can be computed with high relative accuracy [23].

The discussion of the numerical methods in this section typically requires the as-
sumption that zero is a simple eigenvalue of H, which is stronger than Assumption 1 we
made for the theoretical results in the previous section. The more involved critical case
in Theorem 10 (iii) is barely treated here. Although Theorem 15 is valid for the critical
case, the conclusions in (27) do not imply the convegence of Hy and Gy to ® and ¥
respectively, since r(a, 8) = 1 in the critical case.
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5. Some illustrating examples

When the matrix K in (2) is a regular M-matrix that is singular and reducible and the
matrix H in (10) has a simple zero eigenvalue, the numerical algorithms reviewed in the
previous section can be applied without difficulty (with the help of our new theoretical
results) and the numerical behaviour of these algorithms is very similar to that for the
equation (1) corresponding to a nearby nonsingular M-matrix or irreducible singular
M-matrix. So in this section, we only present a few examples of small sizes to illustrate
some of the theoretical results established in this paper.

Take

2 -1 -1 0
0o 2 -1 -1
0o -1 2 -1
o -1 -1 2

K =

Then K is a regular M-matrix that is singular and reducible, with Ke = 0. The 2 x 2
matrices A, B,C, D are then determined by (2). We find that the eigenvalues of H are
2,1,0,—3. By Theorem 6 the minimal nonnegative solution ® of (1) is determined by
the eigenvectors corresponding to the eigenvalues 2 and 1, and is found to be

o 1)

As shown in Lemma 9 and Theorem 10 (ii) , ® is substochastic.
We now take

2 -1 0 -1
-1 2 0 -1
K= 0 0 2 -2
-1 -1 0 2

Then K is a regular M-matrix that is singular and reducible, with Ke = 0. The 2 x 2
matrices A, B, C, D are again determined by (2). We find that the eigenvalues of H are
3,0, —1, —2. The minimal nonnegative solution ® of (1) is determined by the eigenvectors
corresponding to the eigenvalues 3 and 0, and is found to be

k]

As shown in Theorem 10 (i), ® is stochastic. By Proposition 14 the equation (1) has
at most two positive solutions. For this example, (1) has exactly two positive solutions.
As suggested by [6, Lemma 11], the other positive solution of (1) is determined by the
eigenvectors corresponding to the eigenvalues 3 and —1, and is found to be

2 2
1 1|
For this example, Proposition 13 also applies, and we know that I — ®W¥ and I — ¥ ® are

nonsingular M-matrices.
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Finally we take

1 0 0 -1
0 1 0 -1
K= 0 0 1 -1
0 -1 0 1

Then K is a regular M-matrix that is singular and reducible, with Ke = 0. The 2 x 2
matrices A, B,C, D are again determined by (2). We find that the eigenvalues of H are
1,0,0,—1 and that there is only one linearly independent eigenvector corresponding to
the double eigenvalue 0. The minimal nonnegative solution of (1) is determined by the
eigenvectors corresponding to the eigenvalues 1 and 0, and is found to be

R

Tt is easy to verify that this is the only nonnegative solution of (1). For this example, we
have case (iii) in Theorem 10 and ® is stochastic.

6. Conclusions

In this paper we have studied algebraic Riccati equations associated with regular M-
matrices. Our results extend previous results for algebraic Riccati equations associated
with nonsingular M-matrices or irreducible singular M-matrices. In the future, we can
use the term M-matrix algebraic Riccati equation to refer to equation (1) for which the
matrix K in (2) is a regular M-matrix. While we have been able to prove a number
of theoretical results for this larger class of Riccati equations (sometimes with proofs
simpler than previous proofs for special cases; see proof of Theorem 6 for example), we
are unable to prove the statement given in Conjecture 12. We have pointed out that an
answer to the conjecture (whether it is positive or negative) has interesting implications.
Some further research is needed to settle this conjecture.
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