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ALGORITHMS FOR SOLVENTS OF MATRIX POLYNOMIALS*

J. E. DENNIS, JR.,t J. F. TRAUB% AND R. P. WEBER(

Abstract. In an earlier paper we developed the algebraic theory of matrix polynomials. Here we
introduce two algorithms for computing ‘‘dominant” solvents. Global convergence of the algorithms under
certain conditions is established.

1. Introduction. Let
(1.1) MX)=X"+A X" "+ -+ A,

where Ay, -+, Am, X are n by n complex matrices. We call M (X) a monic matrix
polynomial of degree m. A matrix S for which M (S)=0 is called a right solvent (or
briefly a solvent). In Dennis, Traub, and Weber [2] we studied the algebraic theory of
matrix polynomials. In this paper we analyze two algorithms for calculating a
“dominant” solvent. (Dominant solvent is a generalization of largest zero of a scalar
polynomial. See Definition 2.1.)

Algorithm 1 of this paper is a generalization of an algorithm for scalar poly-
nomials (Traub [5]). It is globally convergent in the following sense. If Stage 1 is done
sufficiently long and if the hypotheses of Theorem 2.1 hold, then the iteration of Stage
2 is globally convergent. Stage One may be viewed as direct powering by a ‘‘block
companion matrix”’. Algorithm 2 is a generalization of Bernoulli’s algorithm. As in
the scalar case, Bernoulli iteration may converge very slowly.

In Dennis, Traub, and Weber [1] the relation between “block eigenvalue” and
solvent is explored and two algorithms for the calculation of “block eigenvectors’ are
given. We do not pursue this here.

M(AI) is called a lambda-matrix and a scalar A such that M (AI) is singular is
called a latent root. An application of solvents is to the calculation of latent roots. If all
the latent roots are distinct, and if the hypotheses of Theorem 2.1 are satisfied, then
the dominant solvent may be computed. The dominant solvent may be removed and
Algorithm 1 or 2 applied to the deflated polynomial. If the successive deflated
polynomials have dominant solvents the process can be repeated until all the latent
roots have been computed. The stability of this process has not been investigated.
Other proposed methods for the calculation of latent roots such as algorithms of
Lancaster [4] and Kublanovskaya [3] are only locally convergent and do not have an
associated method of deflation. See Dennis, Traub, and Weber [1, Appendix B] for
additional material on algorithms for lambda-matrices.

In Dennis, Traub, and Weber [1] we give two globally convergent algorithms for
calculating dominant latent roots. These results and their extensions will be reported
in a future paper where we will also show how systems of polynomial equations may
be solved using lambda-matrices.

We assume the reader is familiar with the notation and results of Dennis, Traub,
and Weber [2]. For the reader’s convenience, we state a number of definitions and
results from the above cited paper crucial to this paper.
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If Sy, - -, Su are any n by n matrices the block Vandermonde matrix is defined by

S1 S> Sm
V(Sla SZa ) Sm)= . :

-1 —1 -1
ST Sy Sh

If Sy, -, S are n by n matrices the fundamental matrix polynomials are a set of
m — 1 degree matrix polynomials, My, - - -, M,,, such that M;(S;) = 6,I. Let

M(X)=APX" "+ +AY.

THEOREM 1.1. If Matrices S1, - - -, S, are such that V(S1, - * -, S) is nonsingular,
then there exist unique matrix polynomials M;(X),i =1, - - -, m which are fundamental
matrix polynomials. If, furthermore, V(S1, - - -, Sk—1, Sk+1, * * *» Sm) is nonsingular, then
AY is nonsingular.

THEOREM 1.2. If matrices S, - - *, Sy, are such that V (S, - - -, S;,) is nonsingular
and My(X), - - -, M,,(X) are a set of fundamental matrix polynomials, then an arbitrary
matrix polynomial G(X) with degree not exceeding m — 1 can be written as

G()= T GEIM(X).

We summarize the remainder of this paper. In §§ 2 and 3 we state two algorithms
for calculating solvents of matrix polynomials and prove global convergence of the
algorithms for “dominant” solvents. Numerical examples are provided in the last
section.

2. A matrix polynomial algorithm. We show that a generalization of Traub’s
scalar polynomial algorithm (Traub [5]) may be used to calculate a dominant solvent
of the matrix polynomial problem. A dominant left solvent may also be computed
(Dennis, Traub, and Weber [1, Corollary 5.1)).

ALGORITHM 1. Stage 1. Let Go(X) = I and define matrix polynomials G,(X) by

2.1 Gas1(X) = Gu (X)X ~T1"M (X),

forn=0,1,---,L—1, where

(2.2) Ga(X)=T{X" 14 4T
Stage 2. Let X = (I“(IL))(I"(lL_”)_1 and define matrices X; by

(2.3) Xis1= GL(X)GLL(X) = dL(X)).

Note. With Go(X)=1I, we find G,_1(X)=X""". We could of course take
Go(X)=X""" and this is what we do in our programs. The choice Go(X)=I makes
the proof of Theorem 2.1 slightly simpler.

Since G, (X)X is a shift, each step of Stage 1 can be performed with m (n by n)
matrix multiplications and m —1 (n by n) matrix additions. Each step of Stage 2
requires the solution of the n by n matrix equation X;+1Gr-1(X;) = GL(X}).

Before proving convergence of Algorithm 1 we state a basic definition and prove
a useful Lemma.

DEFINITION 2.1. Matrix A dominates matrix B if all the eigenvalues of A are
greater, in modulus, than those of B. In particular, if the solvent S; dominates the
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solvents S», - - -, S, we say Sy is a dominant solvent. (Note that a dominant solvent
cannot be singular.)

LeEMMA 2.1. If matrix A dominates matrix B, then lim,, A™"CB" =0, for any
constant matrix C.

Proof. For any £ >0, let

B =Pg(¢)Js(e)Ps(e),
where Jp(g) denotes a block diagonal matrix whose blocks are of the form

AB
& )tB

£ Ap

and where Ap denotes an eigenvalue of B. Then,
2.4 IB"|=I1Pa (&)l IPa ()" ll(e +max |As)",

using the infinity norm.
Letting

AT =Pa-1(e)Ja 1 (e)Pai(e) ",
we similarly obtain

2.5) AT I=Pa-1 () IPa-1(e) ™ ll(e +max | 4=2])"

1 1 "
= [Pa-i(e)]| [Pa-1(z)" Il(s +——-——) .

min |AA|

Combining equations (2.4) and (2.5) we get

2.6) ||A‘"CB"||§k[(e +max |,\B|)(e +——1—)] ,
min |[A4|
where k, a function of ¢, is independent of n.

When £=0, the constant to the nth power is less than one, since
max |[Ap|/min |A 4| < 1. By continuity, there exists an £ >0 so that the constant is still
less than unity and the result follows. 0

We now state and prove the convergence theorem for Algorithm 1. Let

G.(X)=T{") ' Ga(X),
M(X)=(AD)'Mi(X)

be monic matrix polynomials. Then we have the following theorem:
THEOREM 2.1. If M (X)) is a matrix polynomial of degree m such that
(i) it has solvents Sy, - - *, Sm,
(ii) S, is a dominant solvent,
(iii) V(S1,- -+, Sm) and V(Sa, - -, Sp) are nonsingular,
then
(l) limn—wo (_;n (X) = MI(X)a
(i) for L sufficiently large,

lim X = S].

i—>00
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Proof of part (i). From (2.1)

(2.7) Gn(S:)=S/"
By Theorem 1.2 and (2.7)

2.38) GuX)= ¥ Gu(SIMAX)= T SIMI(X),
and, thus,
(2.9) =73 SrA®.

i=1

By Theorem 1.1, A{" is nonsingular. Since S; is also nonsingular there is an N such
that for n = N, I'{"’ must be nonsingular, since by use of Lemma 2.1 and (2.9),

lim I{P(STAP) ' =1L

n-—>oo

From (2.8), (2.9) and Lemma 2.1, we get, for n =N,

Gux)=( £ sra?) “sisiv( £ semcx))

-(% SI"S{'A‘li))_1<i§1 STSIM(X)),

and the conclusion (i) follows by application of Lemma 2.1. O

We defer the proof of part (ii) of the theorem to first obtain some lemmas needed
in the proof. We assume the hypotheses of Theorem 2.1 hold.

In Lemma 2.2 we show that every right solvent is a fixed point of ¢, (X) for each
L. Lemma 2.4 shows that ¢ (X) is defined for all X in some neighborhood of the
dominant solvent. Lemma 2.6 gives the local convergence of the second stage of
Algorithm 1. Finally, Lemma 2.7 says that stage one will yield a point in the locally
convergent region (Lemma 2.6) of the dominant solvent. Stage one supplies a
sufficiently accurate starting value for the locally convergent stage two and, hence, the
overall algorithm is globally convergent. The proof of part (ii) of Theorem 2.1 then
immediately follows.

LEMMA 2.2. ¢.(S) =S for all L and any nonsingular right solvent S.

Proof. The result follows from (2.7).

LEMMA 2.3. There exists a nontrivial compact ball B, centered at S1, such that for all

XeB

0 Ir-MX)|=K <1,
and

(i) [M;(X)|=1,j#1.

Proof. A matrix polynomial is a continuous function of its matrix variable. The
results thus follow from continuity and the facts that My(S;) =1 and M;(S;) =0 for
j#1. 0O

It follows from Lemma 2.3 that for all X € B, M;(X) is nonsingular and

1
1= =M X

LeEMMA 2.4. If X € B, then there exists an L' such that ¢1(X) is defined for every
L=L'

M (X)||=
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Proof. For X € B, let
Vi(X) = MXOM;(X), We(X) = 3 ST SfVi(X).
is

Then,

Guoa(X)= ¥ SF 7 M(X)

j=

(2.10) =Sf“(1 +3 ST ‘L"“S,-L‘IV;(X))Ml(X)

j=2

= ST + Wi—1(X))My(X).
Note that limz . Wr(X)= 0 uniformly for X € B since

IV COI=IMEOM; ()5 < oo

by Lemma 2.3. Thus, I+ W, (X) is invertible for large L. By (2.10), Gr-1(X) is
invertible for large L and the result follows. (0
LEMMA 2.5. If X € B, then

L
10
1-K’

(2.11) IS V;(X)S1 | = 1o |M; XM (X)]| =

where 0 =0 <1, and 7 is a constant independent of L and X.
Proof. The result follows from (2.6), where

= (¢ +max |A |)( +—L——)
o=lemmaxids\ & T in |Asi|

forj#1,and e >0such thatoc<1. 0O
LEMMA 2.6. If Xo€ B and L is sufficiently large, then

th, =Sl.

i—>00

Proof. Let X € B and L=L' as in Lemma 2.4. Set

E.(X)= ¢ (X)—S:.

Then, since

oL(X)= GL(X)GZL(X)
=(j§1 SjLVj(X))(j‘i S Vj(X))—l’

it follows that
E. (X) .zl SFTWViX) = X (S;-S1)SF T Vi(X).
j= j

=2

Let
T, (X) =S V(x)s7 7.
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Thus, by Lemma 2.5,

L—l

1T =T

Choose L large enough so that
S Imaeol=F <1
for all X € B. Then,
E00|1+ 5 1,00 = £ 5-50Tu00)

gives, by (2.11),

S; — Sullro " IM;(X)|| [M7H(X
1B = 5 1= Sl M COllIMT GOl
j=2 1-F
for all X € B. A matrix polynomial is continuously differentiable. Since M;(S;) =0 for
j#1, we have

IM; X = ]l X = S,
where ¢ is independent of X and S, and j # 1. Finally,
(2.12) [ (X)—Sil|=ca™H|IX -S4
for all X € B, where

_Zj=2 IS =Sl
(1-F)(1-K)’
The result follows from (2.12), since 0=¢ <1 and L can be taken large enough so that
ce"'<1. O
The preceding lemma gave convergence for the second stage of Algorithm 1 if
Xo€ B. The next lemma shows that X, is in B if the first stage is continued long
enough.
LEMMA 2.7. For L suﬂ‘iczently large, (F‘L))(F D) 1eB.
Proof. We note that ry ~Zl 1S LAY, ; a proof similar to that in Lemma 2.6
yields

(2.13) lim CE)TE ) '=5,
L—>o0

0

The second part of Theorem 2.1 can now be easily proved using these lemmas.

Proof of part (ii) of Theorem 2.1. For L sufficiently large, Xo€ B by Lemma 2.7.
Lemma 2.6 then shows that lim;. X; =S5;. O

Equation (2.12) reveals the rate of convergence.

COROLLARY 2.1. [ (X) —Si||=ca™ V|| X —S4| for all X € B, where 0=0 <1.

This corollary shows that even though the second stage is only linearly con-
vergent, the asymptotic error constant can be made as small as desired by increasing
the number of iterations of the first stage. The asymptotic error constant for stage one
depends on max |Ag,|/min |As,| <1, while that of stage two can be significantly smaller
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than stage one. This is the purpose of the second stage, for (2.13) shows that stage one
can also yield S;.

Computational considerations of Algorithm 1, a flow-chart, and an APL program
may be found in Dennis, Traub, and Weber [1].

3. The block Bernoulli algorithm. A generalization of Bernoulli’s scalar poly-
nomial algorithm may be used to calculate a dominant solvent of the matrix poly-
nomial problem. A relation between the block Bernoulli algorithm and the first stage
of Algorithm 1 is established at the end of the section.

ALGORITHM 2. Let Xo=X1="'=Xpn-2=0, X,,—-1=1 and define matrices X;,
iZm—1, by

(31) )(i+l+A1)(i+' ° ’+Am)(i—m+1=0-

The general solution to the matrix recursion (3.1) is given by the following
theorem.

THEOREM 3.1. If Sy, - - -, S, are right solvents of M (X), such that V(S1, - * *, Sp) is
nonsingular, then

(3.2) Xi=8i0+ - +5. 0
is the general solution to the matrix difference equation (3.1), where Q, - -+, ), are

matrices determined by the initial conditions.
Proof. Substitution of equation (3.2) into equation (3.1) yields for i=zm —1

[iSeF

AXi =Y A Y ST
j=o k=1

J

> ( A,.s,:"‘f)s;;‘"'“nk =0
k=1\j=0

where Ao=1. The nonsingular block Vandermonde insures that 4, - - -, Q,, can be
uniquely calculated in terms of Xo, Xy, -« +, Xpn—1. If X, is the general solution to
equation (3.1) and X; =X,~ for the first m consecutive subscripts, then X; =)?,~ for all
i 0

In the scalar Bernoulli method, if there is a dominant root, then the ratio of the
Bernoulli iterates converges to the root. This is generalized to matrix polynomials by
the following theorem.

THEOREM 3.2. If M(X) is a matrix polynomial of degree m such that

(1) it has solvents Sy, - * *, S,
(ii) S is a dominant solvent,
(iii) V(S1, - -+, Sm) and V(Sa, - - , Sp,) are nonsingular, then

lim X, X, =S:.

Proof. From Theorem 3.1 we have
Xn = Z S,nﬂ,
i=1

Combining this with the starting conditions that Xo=X;=:--=X,,->=0 and
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Xm—1=1 we get

I S O, Xo 0
Sy cee Sp Q,
: T e
syt s\, Xpn1 I

Partitioning, we get

1
S1 O, 0
Ql"'v(sZ,"'aSm) =
Sy? Q. 0
and
0,
ST+ ST | =L
Qe

Combining these equations, we get

S;n-l_(si"_l’ ooy S:::_l)v_l(527 Tt Sm) Sl

and hence (), is nonsingular. Now observe that

m m -1
xx:4=( % smi)( 5 si"“n,-)
i=1 i=1
=(S1+ W,STT'Q ST I+ V.87 sT )T

where
W,=7Y Sj"Q,jSI—(n—l)’ Vo=7Y Sjn—lﬂjsl—(n—l).
j=2 %
Since

lim W,ST7'07's7" =0, lim V,S$7'Q7is;" V=0,

n—->oo n-—>oo

the result follows. 0

Note that the theorem could have been made somewhat more general by remov-
ing the condition on V/(S,---,S,) and relaxing the initial conditions on
Xo, + * *, Xim—1 to just insuring ); being nonsingular.

The quantity X, }X, also converges, but not to ;. See Dennis, Traub, and
Weber [1, Thm. 6.2].
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The block Bernoulli iteration (3.1) can also be written as

Xvi—m +2 0 I X—m+1
(3.3) : =|- .
Xi 0 1 Xi1
Xi+1 —Am —Ama 0 —AL X
where X is a matrix of order n. Equation (3.3) looks like eigenvector powering except
)(i—m+1
Xi—1
Xi

is not a vector in the usual sense. A theory of such power methods is studied in
Dennis, Traub, and Weber [1, Chapter 8] We do not pursue this here.

Consider the same power-like method on the transpose of the matrix in equation
(3.3). With a superscript on W denoting iteration count, we have

witt 0 -+ 0 —AL %4
1 —An

wat! B : W3

wit! I -A7 [ \wi

Multiplying out, we obtain the system
Wan'l=  —AnWi
W:::—ll = W:n —Ar];t-l Wi

Wit =w; —ATWi
Multiply the jth equation on the left by (X Ty/~! and add. The result is
Gi1(X) = Gi(X)X — (W) 'M(X),
where
G(X)=(WHTX" 1+ +(Wa).
This is precisely stage one of Algorithm 1. These results are generalizations of what
occurs in the scalar case. See Traub [5].

4. Numerical examples. Three numerical examples of Algorithm 1 are given.
The first illustrates the case where the convergence theorem applies and the iteration
converges. In the last two examples hypothesis (ii) is violated and Algorithm 1 does
not converge. Modifications of Algorithm 1 are discussed.

Additional numerical examples may be found in Dennis, Traub, and Weber [1].

Example 4.1. Consider the monic cubic matrix polynomial

6 6)X2+( 2 —42)X+( 18 66>.

= 3+<_
MXx)=X -3 =15 21 65 -33 -81
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Start Stage 1 with Go(X) = X>. After five steps of Stage 1 we have

—2.026 3.711) (——1.715 -—9.193)

=~ 2
=X+ :
Gs)=X"+(Z{ 56 3503 4.597 12.075

Stage 2 then gives

X=(3.9925 -2.4261)
°"\1.2131  7.6317)
X=<3.9729 ——2.0892)
'"\1.0446 7.1067)°
X_(3.9927 —2.0179)
27\1.0089  7.0195)°
(3.9985 -2.0034)
X3= >
1.0017  7.0035
(3.9997 —2.0006)
X4= ,
1.0003  7.0006
and
_(3.9999 —2.0001)
>~\1.0001  7.0001/
4 -2
S‘_(l 7)
is a dominant right solvent of the matrix polynomial. [
Example 4.2.

moo=x+(y o+ (y )

The corresponding lambda-matrix has latent roots —16.05113, —.4215 and

—.2637+1.8649i. There exist two solvents having these as their eigenvalues, but

neither can dominate, since there is a complex pair of latent roots whose absolute

value is between the two other latent roots. Algorithm 1 does not converge. A

complex shift of the variable in the lambda-matrix can be used to break up complex

pairs of latent roots. With a shift of i, Algorithm 1 converges with no difficulties. 0
Example 4.3. Consider the quadratic

meo=x+(%, )i )

The corresponding lambda-matrix has latent roots 1, 2, 3, 4 with corresponding latent
vectors (1,0)7, (0, 1)", (1, 1)”, (1, 1)™. The problem has solvents

si=(p 3 (6 2)

M (X) has additional solvents with eigenvalues 1,2; 1,4 and 2, 3. The only pair
chosen from 1, 2, 3, 4 which cannot be the eigenvalues of a solvent is 3, 4. Thus, there
is no dominant solvent and Algorithm 1 did not converge.
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Reversing the order of matrix coefficients has the effect of making the latent roots
the reciprocals of the original latent roots. The right solvents are the inverses of the
original ones. Thus, 1 and 3 are the new dominant latent roots. Algorithm 1 converges

to
(o 3)
0 3/

and, hence, the solvent

is found for the original problem.
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