SOLVING A STRUCTURED QUADRATIC EIGENVALUE PROBLEM
BY A STRUCTURE-PRESERVING DOUBLING ALGORITHM*

CHUN-HUA GUO' AND WEN-WEI LIN#

Abstract. In studying the vibration of fast trains, we encounter a palindromic quadratic eigen-
value problem (QEP) (A2AT +A\Q+A)z = 0, where A, Q € C™*™ and QT = Q. Moreover, the matrix
Q is block tridiagonal and block Toeplitz, and the matrix A has only one nonzero block in the upper-
right corner. So most of the eigenvalues of the QEP are zero or infinity. In a linearization approach,
one typically starts with deflating these known eigenvalues, for the sake of efficiency. However, this
initial deflation process involves the inverses of two potentially ill-conditioned matrices. As a result,
large error might be introduced into the data for the reduced problem. In this paper we propose
using the solvent approach directly on the original QEP, without any deflation process. We apply a
structure-preserving doubling algorithm to compute the stabilizing solution of the matrix equation
X + ATX~1A = Q, whose existence is guaranteed by a result on the Wiener-Hopf factorization of
rational matrix functions associated with semi-infinite block Toeplitz matrices and a generalization
of Bendixson’s theorem to bounded linear operators on Hilbert spaces. The doubling algorithm is
shown to be well defined and quadratically convergent. The complexity of the doubling algorithm
is drastically reduced by using the Sherman—Morrison—Woodbury formula and the special structures
of the problem. Once the stabilizing solution is obtained, all nonzero finite eigenvalues of the QEP
can be found efficiently and with the automatic reciprocal relationship, while the known eigenvalues
at zero or infinity remain intact.

Key words. palindromic quadratic eigenvalue problem, nonlinear matrix equation, stabilizing
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1. Introduction. In this paper we consider a quadratic eigenvalue problem
(QEP) occurring in the vibration analysis of rail tracks under excitation arising from
high speed trains [14, 15, 17]. This problem has provided much of the motivation
for the study of palindromic polynomial eigenvalue problems in [22] and subsequent
papers [5, 16, 18, 19, 20, 23]. Yet the problem itself has not been solved satisfactorily.

The standard approach for solving a QEP is to use a proper linearization and
solve a generalized eigenvalue problem of twice the size. Another approach for solving
a QEP is through finding a solution (called a solvent) of a related matrix equation.
This solvent approach has been explored in [6] and more recently in [13] and [26].
The difficulty associated with the solvent approach is obvious. It is possible that
the related matrix equation does not have a solvent. Even if a solvent exists, the
computation of a solvent can still be a difficult task. As a result, the solvent approach
can outperform the linearization approach only for special types of QEPs [9, 11].

So far every method for the special QEP here starts with the linearization ap-
proach. For the sake of efficiency, a deflation process is used in the beginning. This
initial deflation process involves the sucessive application of the inverses of two po-
tentially ill-conditioned matrices (see [5] for example). As a result, large error might
be introduced into the data for the reduced problem. Several methods have been
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proposed recently to solve the reduced QEP. In particular, the solvent approach is
used in [5]. However, some major issues associated with the solvent approach remain
unsolved in [5]. Another efficient method is proposed and compared to two other
methods in [16]. These methods continue to use the linearization approach for the
reduced QEP. The computational work for all these different methods are dominated
by that of the same deflation process. The accuracy of the computed solution is thus
the main issue here.

In this paper we will see that the QEP arising in the study of high speed trains is
very amenable for the solvent approach, if used directly on the original QEP, without
any deflation process. At first sight, the solvent approach applied to the original QEP
would also be very expensive. In this paper we will show that the solvent approach
can be implemented to have a complexity roughly the same as that for other efficient
methods using the linearization approach and the initial deflation process. Numerical
experiments show that our solvent approach, applied to the original QEP, produces
better accuracy in the computed results.

2. The quadratic eigenvalue problem. The vibration analysis of rail tracks
can be performed through a finite element model, in which we generate [5] two real
symmetric matrices M and K of the form

"My MT 0 - 0 M ]
M, My, MT 0 0
M= , (2.1)
0 0
0 My M() MiT
L Mir 0 0 My Mo < mxm
Ky KT 0 - 0 K]
K, K, K{ 0 0
K= : 2.2
0 Ki Ky KlT
L KIT 0 0 Ki Ko 4 mxm

where each block in M and K is ¢ X q. So M, K € R™"*" with n = mq. The matrices
M and K are thus block Toeplitz (actually block circulant). This special structure is
not used in [5] and the notation used there for M and K is more general. A matrix D
(the damping matrix) is then taken to be a positive linear combination of M and K.
That is, D = ¢1 M + co K with ¢1,c9 > 0. So D has the same structure as M and K.
We write M = M; + M, + Mg, where M; is the block tridiagonal part of M, and M,
is the matrix with M; in the upper-right corner and zero blocks elsewhere. Similarly,
we have K = K; + K. + K? and D = D; + D, + Dg. We also denote by w > 0 the
frequency of the external excitation force.
For the vibration anaysis, one needs to solve the palindromic QEP [5]

PANz=0, z#0, (2.3)
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with

P\ = X2AT £ )0Q + A, (2.4)
where

Q = K; +iwD; — w? M, (2.5)
with i = v/—1 (so QT = Q), and

A=K.+iwD, — w*M,. (2.6)

The set of eigenvalues of the quadratic P()\) demonstrates a “symplectic” be-
haviour (i.e., a symmetry with respect to the unit circle, which is denoted by T
throughout this paper). More precisely, a number ¢ is an eigenvalue of the quadratic
P()) if and only if £~ is so, and they have the same partial multiplicities (see [22,
Theorem 2.2]).

Let ¢5 be the usual Hilbert space of all square summable sequence of complex
numbers, and let £ be the Cartesian product of g copies of £3. The infinite matrices

My M{ Ko KT
M, M, MY K Ko KT
T = M, M, .| Tx= K, K, (2.7)

are then seen to be in B(¢3), the set of all bounded linear operators on £2. They are
also self-adjoint operators in B(¢3). It is well known that the spectrum of a self-adjoint
operator is real [27].

By the way the matrices M and K are generated in the finite element model, we
know that Tk is positive semidefinite, written T > 0, in the sense that (Tx f, f) >0
for all f € ¢3. We also know that Ths > €I (i.e., Tay—el > 0) for the identity operator I
and some € > 0. These properties on Tk and Tj can also be verified independently (in
case significant errors are introduced in setting up the matrices My, M7, Ko, K1). As
noted in [7], Tx > 0 if and only if i (\) = Ko+ AK;+ A" K{ is positive semidefinite
on T. So Ty > el for some € > 0 if and only if ¥p(A) = Mg + AM; + AT M is
positive definite on T. The latter holds if and only if the matrix equation

X+ MIX7IM, = My (2.8)

has a positive definite solution X with p(X ~1M;) < 1 (see [7]), where p(-) denotes the
spectral radius. The equation (2.8), where M) is symmetric positive definite, has been
well studied (see [4, 7, 9, 10, 21, 25, 30]). In particular, instead of checking 1y (\) is
positive definite on T, one can attempt to find the maximal positive definite solution
of the equation (2.8) by the cyclic reduction method in [25] or the doubling algorithm
in [21]. These methods are very efficient, and the computational work involved is
only a small fraction of that for solving the QEP, which involves mgq X mgq matrices
while the matrices in (2.8) are ¢ x q. Recall that D = ¢y M + oK for ¢1,¢9 > 0. So
Tp > crel, where

D, DT
D, D, DT

TD: 1)1 DO )

DO = CIMO + CQK(), D1 = clMl + CQKl. (29)
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From now on we assume that Tp > 7l for some 7 > 0, which can be verified as we
have described for T);.

3. Theoretical results for the solvent approach. We first show that the
QEP does not have any eigenvalues on T. The following result, due essentially to
Bendixson [2], can be found in [28].

LEMMA 3.1. (Bendixson’s theorem) Let X and Y be any k x k Hermitian ma-
trices. Suppose that the eigenvalues of X are A\ < Ay < --- < A\ and the eigenvalues
of Y are p1 < pg < -+ < ug. Then the eigenvalues of X + 1Y are contained in the
rectangle [A1, A\g] X [u1, pg] in the complex plane.

THEOREM 3.2. The quadratic P(\) in (2.4) has no eigenvalues on T.

Proof. The quadratic P()\) has eigenvalues on T if and only if det P(\) = 0
for some A € T, or equivalently det(AAT + X714 4+ Q) = 0 for some A € T. This
is impossible since we can show that for each fixed A € T all eigenvalues of the
matrix AAT + A71A + @Q have positive imaginary parts. In fact, MAT + A TTA+Q =
X () 4+ Y (\) with Hermitian matrices

X(\) = Ky — 0® My + A\ YK — w?M,) + MK, — > M,)7,

Y (\) =w(D; + A7'D. + ADYT).

By Bendixson’s theorem, we only need to show that Y (\) > 0 on T, or equivalently
Tp > el for some € > 0, where

Dy DZ
D. Dy DCT
Tp b, D, (3.1)
The latter is true since Tp is precisely (a partition of) Tp in (2.9). 0
We now consider the matrix equation
X+ATX'A=0Q, (3.2)

where @ and A are given in (2.5) and (2.6). Suppose X is a solution of (3.2). Then
we have the factorization for the quadratic P(\) in (2.4):

NAT £ AQ + A= (AT + X)X1OX + A).

So the eigenvalues of the quadratic P(\) are a collection of the eigenvalues of the
pencils AAT 4+ X and AX + A. We have already shown that P(\) has no eigenvalues
on T. Suppose a solution X of (3.2) can be found such that the eigenvalues of the
pencil AX + A (or equivalently the eigenvalues of the matrix —X 1 A) are inside T.
Then the remaining eigenvalues of P()) are obtained by taking the reciprocals of
these eigenvalues. Such a solution X is called a stabilizing solution of (3.2). In this
process, the known eigenvalues of P()\) at zero or infinity remain intact, regardless of
the accuracy of the computed X.

There are two advantages of the solvent approach over the linearization approach.
First, in the linearization approach, a deflation procedure is used for the sake of effi-
ciency, which involves the inverses of two potentially ill-conditioned matrices. When
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the QEP is reduced to a smaller QEP (even if in a structure-preserving manner),
the input data obtained in the smaller QEP could be significantly different from the
true data. In the solvent approach, the ill-conditioning of those matrices may also
affect the accuracy of the solution X computed by some efficient method, but we can
always use Newton’s method as a correction method afterwards, as in [10]. Second,
in the linearization approach, the eigenvalues of the smaller QEP range in modulus
from € to €', where ¢ is close to 0, while in the solvent approach the eigenvalues
of AX + A range in modulus from € to 1. The situation in the solvent approach is
easier to handle, and the symplectic structure of the eigenvalues of P()) is preserved
automatically.

The success of the solvent approach hinges on the existence of a stabilizing so-
lution of (3.2) and an efficient method for its computation. In this section we prove
the existence of a stabilizing solution. In the next section we show that a doubling
algorithm can be used to compute it efficiently.

We start with a generalization of Bendixson’s theorem to bounded linear operators
in Hilbert spaces. It seems that such a generalization has not been given before,
although special cases of this are being proved in recent literature.

LEMMA 3.3. (generalization of Bendixson’s theorem) Let B and C be self-adjoint
bounded linear operators on a Hilbert space. Suppose that the spectrum of B is con-
tained in [uy, us] and the spectrum of C' is contained in [v1,vs]. Then the spectrum of
B +iC is contained in the rectangle [uy,us] X [v1,v2] in the complex plane.

Proof. Some special cases have been proved in the literature. For example, it is
proved in [1] (see Corollary 4 there) that B + iC is invertible if B is invertible and
positive definite (or equivalently [27, Section 7.4, Corollary 2] if mino(B) > € for
some € > 0). Also, it is proved in [12] (see the proof of Lemma 3.1 there) that B +iC
is invertible if C' > €l for some ¢ > 0 (or equivalently [27, Section 7.4, Corollary
2] if mino(C) > €). Note that the result in [12] follows from the result in [1] by a
multiplication with 7. The general statement in Lemma 3.3 can also be proved quickly
using the special case proved in [1]. We only need to prove that each point a + bi in
the spectrum of B +iC satisfies a > u; (the rest can be proved by multiplying B + iC
with —1 or 7). We may assume u; > 0 by shifting B to B + nI for some n > 0. Since
o(B +1iC) is a compact set [27, Theorem 5.14], the distance between the imaginary
axis and o(B + iC) is attained for a point a* 4+ b*i in o(B + iC'). We need to show
a* > uy. Suppose a* < uy. Then B — a*I > (u; — a*)I with u3 — a* > 0 and thus
(B+iC) — (a*+b*i)I = (B —a*I)+i(C —b*I) is invertible by [1, Corollary 4]. This
is a contradiction since a* + b*i is in o(B +iC). d

To prove the existence of a stabilizing solution of (3.2), we consider the semi-
infinite block Toeplitz matrix

Q AT
A Q AT
T= 4 0 (3.3)

Associated with T is the rational matrix function ¢(\) = MA+Q + A1 AT, It is clear
that T is in B(¢3) and we will show that T is invertible.
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By (2.5) and (2.6) we have T'= B + iC with

B, BT
B, B, BT
B = Bc Bt ’

where By = K; — w?M; and B, = K. — w?M,, and C = wa, Wherg fD is given in
(3.1). Note that B and C are self-adjoint operators in B(¢3). Since Tp is a partition
of Tp and Tp > nl for some n > 0, we have C' > wnl and thus mino(C) > wn. By
Lemma 3.3, 0 ¢ (B +iC). So T = B +iC is invertible.

We can now prove the following result.

THEOREM 3.4. The equation (3.2) has a unique stabilizing solution, and the
solution is complex symmetric. Moreover, the dual equation of (3.2)

X+AX AT =Q (3.4)

also has a unique stabilizing solution and the solution is complex symmetric.

Proof. Since T is invertible, we know from a result on linear operators (see
[8, Chapter XXIV, Theorem 4.1] and [24]) that ¢(A) has the so-called Wiener—Hopf
factorization

d(\) = (I = X\"'L)D(I — \U) (3.5)
with D invertible, p(L) < 1 and p(U) < 1. From (3.5) we see that
A=-DU, AT =-LD, Q=D+ LDU.
Thus
D+ATD'A=0Q (3.6)

with p(D71A) < 1 and p(ATD~1) < 1. So D is a stabilizing solution of the equation
(3.2). We will see in the next section that the pencil Ng — ALg defined by (4.1)
has exactly n eigenvalues inside T, and that for any stabilizing solution X of (3.2)
the column space of [I X7 is, by (4.3), the (necessarily unique) deflating subspace
of the pencil Ny — ALg corresponding to its n eigenvalues inside T. It follows that
(3.2) has exactly one stabilizing solution. Now, taking transpose in (3.6) gives DT +
AT(DT)™1A = Q. Note that p((DT)"'A4) = p(ATD™!) < 1. So DT is also a
stabilizing solution of (3.2). The uniqueness of stabilizing solutions implies that DT =
D.

The statements about the dual equation can be proved in a similar way. The only
difference is that we now need to show that the self-adjoint operator in B(¢%)

D, D,
N DT D, D,
Tp = (3.7)

DT D,

is such that TD > el for some € > 0. This is true since fD is related to fD in (3.1) by

Tp = WTpW,
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where

W= v , V= :
’ q mxm

and I, is the ¢ X ¢ identity matrix. Thus for any f € ¢3, <1~“Df, fy= (fD(VVf)7 Wy >
nWII? =nllfl*. So Tp = nI. O

4. Computation of the stabilizing solution. A doubling algorithm has been
studied in [21] for the equation (3.2) with a real A and a real symmetric positive

definite . In our case, A is complex and @ is complex symmetric. However, the
more general presentation in [4] can be used directly.

Let
NO[S_OI}, LOU)T H (4.1)

Then the pencil Ny — ALg is a linearization of the T-palindromic polynomial A\2AT —
AQ + A. Tt is easy to verify that the pencil Ny — ALq is T-symplectic, i.e.,

NoJNI = LoJLY for J = [ _OI é } :

We can define the sequences {Ny} and {L;}, where

A —
we=la S]] @2

by the following doubling algorithm [4] if no breakdown occurs.
ALGORITHM 4.1. Let Ag =A,Q¢=Q, P, =0.
Fork=0,1,..., compute

Ap1 = Ap(Qr, — Py) 1 Ay,
Qi1 = Qr — AF(Qr, — Pp) 1 Ay,
Poy1 = Py + Ar(Qr, — Pi) T AL.

We now show that this algorithm will not break down, and Qj converges quadrat-
ically to the stabilizing solution of (3.2).

THEOREM 4.1. Let A and Q) be given by (2.6) and (2.5). Let X, be the stabilizing

solution of (3.2) and X, be the stabilizing solution of the dual equation (3.4). Then

(a) The sequences {Ar},{Qr}, {Px} in Algorithm 4.1 are well-defined, and Qy
and Py are complex symmetric.

(b) Qi converges to X, quadratically, Ay converges to 0 quadratically, Q@ — Py

converges to X, quadratically, with

limsup %/[Qx — X, < (p(X;14))%, limsup /][ Ax]| < p(X;1A),
k—oo k—o0
limsup \/[|Q — Pr — X, | < (p(XT'A))2,

k—o0

where || - || is any matriz norm.
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Proof. Let Ty, be the leading principal block k& x k submatrix of T in (3.3) and
write Ty, = By + iC}, where By and C) are Hermitian. So
D, DT
Ck- —w Dc Dt
. DT
De Dy kxk

Since Tp > nl, we have (Tpf, f) > n||f||* for all f € ¢1. Taking f = [ g } with

g € CF™4 we know that for all g € CF™4,

(Crg,9) = w(Tpf, f) = wnll fI* = wnllgl*.

Thus CY}, is positive definite for each k£ > 1. It then follows from Bendixson’s theorem
that T}, is invertible for each k > 1.
Let Wi, = Qi — Py in Algorithm 4.1. Then the sequence {W},} satisfies

Wip1 = Wi — AFW A, — AWM AL, Wo = Q.

It follows from [3, Theorem 13, see also equation (9)] that W}, is nonsingular for each
k > 0. The sequences {Ax},{Qr}, {Px} are then well-defined. It is easy to see by
induction that @ and P are complex symmetric since () is complex symmetric. This
proves (a).

To prove (b), we start with the easily verified relation

Ny { ; } =L [ )“g }XslA. (4.3)
From the discussions in [4] we have for each k > 0
N { )g ] =L [ )g } (X71A)%" (4.4)
Substituting (4.2) into (4.4) yields
A = (X, - P)(XTT A, Qe — X, = AL (X714 (4.5)

Similarly we have

where
~ AT 0 ~ 0 I
-1 ) B=lh o)

The pencil ]% f/\zo is a linearization of A2A—-XQ+AT, which has the same eigenvalues
as A2AT — \Q + A. Tt follows that X1 AT and X ! A have the same eigenvalues, and

thus p()/fs_lAT) = p(X;1A). For each k > 0 we now have

~ I - I S_1 4 Thok
Nk[;(s]_Lk[XJ(XsM , (46)
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where

P I
Ar o

Ac 0 1 L=

are defined by Algorithm 4.1, starting with A\o = AT, @0 =Q, ]30 = 0. It is easy to
prove by induction that for all £ > 0

Av=AL, Pi=Q-Qu Qu=Q- P (4.7)
Indeed, assuming (4.7) for k, we have
Qri1 = Qx — AL (Qx — P) 7' Ay = Q = P — Ap(Qi — Po) 7' AL = Q = Prpy,

and similarly we have E;H_l = Af,, and ]3k+1 =Q — Qr+1-
By (4.6) and (4.7) we now have

AT = (X, = P)(XTTATY ) Qr — X, = Ap(X1AT)2", (4.8)
By (4.5), (4.8) and (4.7), we have
Qr — X = AT (X1 4)*
= (X, - B)(X71AT) (X1 a)*
— (Qr — Xy + (X, + X, — Q)X AT (x,14)%
from which we obtain
Q1 — X )(I — (X7 TAT (X1 A)%) = (X + X — Q)X 1A (X714)% . (4.9)
It follows that

timsup /[0 — X € (£ AT)p(X14) = (p(X; 1))

So @ converges to X quadratically. Then we know {ﬁk} is bounded and have by
the first equation in (4.8) that

limsup 2\/||A|| < p(X;'4) < 1.

k—o0

So Ay converges to 0 quadratically. By the second equations in (4.7) and (4.8) we get

i sup M@= Po) — Rl < (0(X1A4))?

So @ — Py converges to X, quadratically. This completes the proof of (b). d
Algorithm 4.1 is said to be structure-preserving since for each k > 0 Ny and Ly
have the structures given in (4.2) and the pencil Ny — ALy, is T-symplectic.
The complexity of Algorithm 4.1 can be reduced drastically by using the special
structure of the matrix A given by (2.6). Write Qr = Q — Ry. Then it is easy to see
by induction that the matrices Ay, Ry, and Py have the special forms

Ey 0 Gk
Ay = o , R = , Py =

0 Fy, 0
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where the g X ¢ matrices Fy, F), and G, can be determined by the following simplified
algorithm, in which
Hy HT
Q= | M Ho (4.10)
o HT
Hl HO mXm
is given by (2.5), with
H0:K0+iwD0—w2Mo, Hl :Kl —|—iwD1—w2M1.
ALGORITHM 4.2. Let By = H1, Fy =0, Gy = 0.
For k=0,1,..., compute

-1

[ Sk | G 0 Ly

S’f’Q _|o- 3 O , (4.11)
| Sk | - 0
[ T | G 0 - 0

Tl‘f’z ~lo- A ERCEE)
L Tk‘,m | 0 F, Ef

where all matriz blocks on the left side of (4.11) and (4.12) are ¢xq, and then compute

Eri1 = EpSkm, Frp1=Fo+ElSk1, Gry1 = Gr + ExThom. (4.13)

The main task of Algorithm 4.2 is to solve the large sparse linear systems in (4.11)
and (4.12). We rewrite the common matrix in (4.11) and (4.12) as

G
0
Q- = Q- B.C{ (4.14)
0
By
with
GT 0 01" I, 0 0
6! I,
By = 0 --- 0 FkT} ) Ck_[o 00,7 (4.15)

and solve the linear systems by the Sherman—Morrison—-Woodbury formula

(Q-BLCH ™' =Q '+ Q 'Bi(lyy — CFQ'By) 'C Q™. (4.16)



A STRUCTURED QUADRATIC EIGENVALUE PROBLEM 11

Let @ = UPR be a qr-factorization of @, where U is unitary and R is upper
triangular. Since Q7 = @, a linear system QX = B can be solved by

X=R'B or X=U'RTB. (4.17)
Write Q = [Qij]%:l with

Qii:HOa i:17"'7ma
Qi+1,i:QZi+1 :H17 ’L:1, 7m715 (418)
Qij =0g, |i—j[>1,

where 0, is the gx g zero matrix. Let Uy denote the set of all £x k unitary matrices, and
Ay the set of all k& x k upper triangular matrices. The following algorithm computes
the gr-factorization of ) in a sparse way.
ALGORITHM 4.3. sgr-factorization: [U,R]= sqr(Q).
Input: Q as in (4.18).
Output: U = {U(i’”l) €Us,i=1:m—1, ylmm) ¢ Uq} and R € A,,.
Set R — 0,;
Fori=1:m-—1,
compute the qr-factorization

Qii ivi Qii
]ﬁ(U( H))H[o}’

_Qi+1,@ ‘

where Ui ¢ Usq and the new Qy; is in Ay,

compute
QQii } - UGt {QQ’j } L j=i+1:min{i+2m};
| &it+1,5 i+1,5

Compute the qr-factorization Qpm — (U(m’m))HQmﬂn,
where U™™) ¢ Uy and the new Qpmm s in Ag;
Rij <_Qij7 1=1: m, ] =1 mln{z+27m}

The above algorithm gives the qr-factorization Q = U R, where the unitary
matrix U = [U; ;]7%_,, with U; ; € C?%9, is given in a sparse factored form. More
precisely, U = U (mm) Hg:m% U@itD) with U@+ and U™ being the extensions
of U®D and U™ ™) respectively, by adding appropriate 1’s on the diagonal. We
now use the sqr-factorization of @ to solve the linear system QX = B with B =
[I4,04,...,04]7. Note that I, appears in the top position in B. In this process,
U1 (i =1:m) are obtained explicitly for later use.

ALGORITHM 4.4. [X1, Xy, Urim,1] = Sol:(U, R).

Input: The output from Algorithm 4.3.

Output: The first and last submatrices of the solution X = [X;]", € C"*1

with X; € C1%4 for the linear system QX = [I,,04,...,0,]7, and the first
block column of U.
Set By « Ig;
Fori=1:m—1, compute
[BBi ] — U121 q) By;
i1
Compute B,,, — U™™B, -
SetU;p «— By, i=1:m;
Fori=m:—1:1, compute X; = R;;' (B; — ZT;&?QM} Rinj) .
For the linear system QX = B with B = [0, ..., 0,4, I,]7, it is possible to compute
X, and X, directly without computing X (k =2,...,m —1).
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ALGORITHM 4.5. [X1, X,,] = Soly(U, R, Uy 1).

Input: The output from Algorithm 4.3 and Uy, 1 from Algorithm 4.4.

Output: The first and the last submatrices of the solution X = [X;]", € C™*¢
with X; € CI1%4 for the linear system QX = [0y, ..., 04, I,]"

Set {Bgl} — U(m’l’m)(l :2q,q+1:2q);

Compute By, — U™™ B Xy, « Ry Bys (by the 1st eq. in (4.17))
Compute Xy — Ul \R.T. (by the 2nd eq. in (4.17))
The following algorithm gives a more detailed implementation of Algorithm 4.2
and computes the stabilizing solutions of (3.2) and (3.4) by Theorem 4.1.

ALGORITHM 4.6. Computation of Xs and X’S.

Input: Hy,H, € C1%9, tolerance T.
Output: The solutions Xy € C™*™ for (3.2) and X, € C™*™ for (3.4).
Take @Q in (4.18), Eg = Hy, Fo =0, Go =0
Call 4, R) = sar(Q);
[Hyym;Ulml] SOlt(u R)
(Z1,Zy) = Soly(U, R, Upp 1);
Fork=0,1,---
Xk,l = [Ylea Zle]an,m = [YmGka Zka];
[X]}ch’X/{,m] = [YlElﬁYmEk];
(X7 1, X0 ) = (2B, Zy B

—1 f
X X .
Sk,i = X/f,z‘ + Xk,z‘ [I2q - (X:l ﬂ (,(}C’l> , i=1,m,

X X7
t = s i 1= (220)] (52):

Exi1 = ExSkm, Frt1 = Fp + EL Sk 1, Gry1 = G + EpThm;
IFIEL Skl < 7IlFll and || ExTy | < 7I|Gil|, then

Xs < Q, Xs(n' :n,n' :n) — Hy— Fgy1,

Xs — Q7 Xs(l : Q71 : Q) — HO - Gk+1a

where n’ = (m — 1)qg+ 1, and stop.

5. Numerical results. The sqr-factorization in Algorithm 4.3 requires about
%m(ﬁ flops. The linear system solvers in Algorithm 4.4 and Algorithm 4.5 require
9mg> and 4¢> flops, respectively. Each iteration of the doubling algorithm in Algo-
rithm 4.6 requires about 154 q® flops. Algorithm 4.6 is efficient since no more than 10
iterations are typically needed for convergence. For large ¢ and m the total computa-
tional work for Algorithm 4.6 is thus roughly @mq assuming that the number of
iterations for the doubling algorithm is bounded independent of ¢ and m. We note
that Algorithms 4.3, 4.4 and 4.5 presented in this paper can also be used in the initial
deflation procedure [5] for the linearization approach. So the deflation procedure can
be completed in about i3 mq3 flops as well.

In this section we present numerical results to illustrate the efficiency and accu-
racy of the solvent approach for computing the eigenpairs of the QEP (2.3), through
computing the solvent Xy by Algorithm 4.6.

We first explain how the eigenpairs can be computed after the solvent X is
obtained. By Algorithm 4.6 we see that

Q_Xs:[07"'70>Iq]T[O>"'aO7FOO]7 (51)



A STRUCTURED QUADRATIC EIGENVALUE PROBLEM 13

On—q Hi

0 0q4
Applying U (given implicitly in a sparse factored form) in Algorithm 4.3 to A and
X, respectively, we have

Tt
va= 0o B o - [, (52)

where Foo = limy_,o0 F);. Write A = }, where H! = [H{,0,---,0]T.

0 D, 0 &

where X1 = R(1:n—¢q,1:n—q) and Xo(1:n—3q,1:q) =0. From the factorization
P(A\) = (MAT + X)X 71 (A X, + A), the nonzero stable eigenpairs (A, z5) of P()\) are
those of AX; + A and can be computed by

@12572 = _AS‘I)QZS,Q, (53)

2ep = =X (Xozso + A Hize0), 25 = Esj ) (5.4)
S,

for s =1,...,q. Recall that the first block column of U is known from Algorithm 4.4.
So (I)l = Um,lHl and Hf = Ul:m—1,1H1~

If we are only interested in the eigenvalues, then we can find all nonzero stable
eigenvalues from (5.3) and get all finite unstable eigenvalues by taking the reciprocals
of the nonzero stable ones. The cost is O(g?) flops. Eigenvectors corresponding to
nonzero stable eigenvalues can be found from (5.4) with a cost of 7mgq® flops, noting
that X is block 3-banded upper triangular and that ﬁ{’zs,g = Urim-1,1(H1%s2)-

Some further work is required if the eigenvectors corresponding to finite unstable
eigenvalues are also needed. We first compute all left eigenvectors of A\®5 + ®; by

YT @) = — Ayl ®s, (5.5)

for s = 1,--- ,q, at a cost of O(¢g3) flops. The finite unstable eigenpairs (A, z,,) of
P(\) satisfy

1
P(\u)zu = P(1/As)2u = 15 (AT + X X) X7 (Xs+ XAsA) 2, =0, (5.6)

S

From (5.2) and (5.5) follows that

T o[ 0] 0 0 AXT 0 01
(A" + X\ X,)U [y}_({fh o7 + XD A0F ”. =0. (5.7)

From (5.6) and (5.2) the eigenvector z, corresponding to A, = A; ! can be found by
solving the linear system

(X + AeA) 2, = X (UT [ ; D = [ <I>£ys } : (5.8)

Pre-multiplying (5.8) with U and using (5.2) again, we see that the finite unstable
eigenpairs (\y, z,) of P(\) can be computed by

[ E“; } = U[ q)g(“)y } , Zua = (Pa 4+ A®D1) " Cuo, (5.9)
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zu1 = X! [(u,l - <X2 +)\sﬁf) Zu72:| , Zy = { (5.10)

Zu,l
Zu,2 :| ’
foru=1,---,q. Note that &5+ \;P; is nonsingular since ®5 + AP; only has unstable
eigenvalues by (5.3). The vectors 2,2 in (5.9) can be found in O(¢®) flops via a
Hessenberg-triangular form of the pair (®5,®;) obtained by the gz-algorithm. So
(5.9) requires O(q?) flops, while (5.10) requires 7mg> flops.

w=100 | w=1000 | w=23000 | w=5000
k | p=0.9622 | p=0.8831 | p=0.8080 | p = 0.7569
1 | 20e—02 | 1.4e—02 | 9.7e—03 | 8.le—03
2 | 34e—03 | 1.8¢—03 | 1.7e—03 | L.5e—03
3| 74e—04 | 6.0e—04 | 29e—04 | 1.5e—04
4] 32¢—04 | 82¢—05 | 9.3e—06 | 1.8¢— 06
5 | 1.0e—04 | 1.6e—06 | 9.3e—09 | 2.4e — 10
6 | 85¢—06 | 54e—10 | 9.5e—15 | 2.3¢— 18
7 | 6.1e—08 | 6.2 —17 0

8 | 32e—12 0

9 | Ll.le—22

10 0

Table 5.1. ||Fix41 — Fk|l2/|| Fx||2 for different w values, (g, m) = (159,11)

w =100 w = 1000 w = 3000 w = 5000
k| p=0.9307 | p=0.7933 | p=0.6692 | p = 0.5953
1] 22e—-02 1.3e — 02 1.1e — 02 8.4e — 03
2|1 3.9e—-03 1.9e — 03 9.3e — 04 5.9e — 04
3| 1.2e—-03 2.4e — 04 3.8¢ — 05 9.5e — 06
4| 2.3e—-04 6.0e — 06 6.2e — 08 2.4e — 09
5| 2.3e—05 3.6e — 09 1.6e — 13 1.4e — 16
6| 2.3e—07 1.3e — 15 0 0
7| 24e—11 0
8| 1.3e—20
9 0

Table 5.2. ||Fi41 — Fill2/|| Fx||2 for different w values, (¢, m) = (303, 19)

In the linearization approach, the computation of stable and unstable eigenvectors
involves the successive application of the inverses of the two potentially ill-conditioned
matrices used in the initial deflation process [5]. In our solvent approach, the matrix
X, used in the computation of stable eigenpairs is usually well-conditioned. So we
expect to have better accuracy in the computed results, at least for stable eigenpairs,
when using the solvent approach proposed in this paper.

We now present numerical results on three sets of test data generated by a fi-
nite element package, with (¢,m) = (159,11), (303, 19), (705,51), respectively. The
matrices M and K are given by (2.1) and (2.2), and we take D = 0.8M + 0.2K.
All numerical experiments are carried out in MATLAB 2008b with machine precision
eps ~ 2.22 x 10716,

Our solvent approach is efficient since we have fully exploited the sparse struc-
ture in the QEP. The only uncertainty is the number of iterations needed for the
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w=100 | w=1000 | w=23000 | w = 5000
k| p=0.9593 | p=08745 | p=0.7925 | p = 0.7406
1] I.le—01 | 1.0e—0l | 7.0e—02 | 5.7e — 02
2 28—02 | 1.2e—02 | 1.0e—02 | 8.8¢—03
3] 47¢—03 | 36e—03 | 1.5e—03 | 7.8c—04
4] 21e—03 | 42¢—04 | 38¢—05 | 6.4e—06
5| 5.7¢e—04 | 58¢—06 | 2.2e—08 | 4.3e— 10
6| 40e—05 | 1.1e—09 | 7.7e—15 | 2.9¢—19
7 1.9e—07 | 35e—17 0
8| 4.6e— 12 0
9 0

Table 5.3. ||Fi+1 — Fkll2/||Fx||2 for different w values, (g, m) = (705,51)

(g,m) = (159,11), w= 1000

*  SDA_CHLW
g SA_HLQ

He
w9 3l i © SDAGL

102 | f

oy %ﬁ
10°° + & i
& %
35 ¢,
10 L 1 I

10° 10"

[A]

Relative residuals of eigenpairs

20

10

convergence of {Fj} and {G} in Algorithm 4.6. In Tables 5.1-5.3 we give || Fj+1 —
Fil|l2/||Fx|l2 for the three pairs of (¢,m) and for w = 100, 1000, 3000, 5000, respec-
tively. The values p = p(X;1A) are also given for the w values. From the tables we
can see that the sequence {Fy} converges within 10 iterations for each w. The con-
vergence behaviour of {G}} is roughly the same, as indicated by Theorem 4.1. There
is no significant difference in the performance of Algorithm 4.6 for different values of
(g, m).

To show numerically that our method has better accuracy than existing methods,
we compare our method (SDA_GL) to the method in [5] (SDA_CHLW) and the method
SA-T in [16] (SA_HLQ). The latter method has been shown in [16] to have better
accuracy than two other methods compared there.

To measure the accuracy of an approximate eigenpair (A, z) for P(A\) we use the
relative residual

IN2AT 2 + XQz + Az]|2
(IAPIATE + IMIQIF + 1Al )2l

RRes = (5.11)

In the three figures we plot for w = 1000 the relative residuals of approximate eigen-
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~15

(q,m) = (303,19), = 100

10 : ‘ ‘
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pairs, for (¢,m) = (159, 11), (303, 19), (705, 51), respectively. Indeed, our new method
(SDA_GL) has significantly better accuracy for stable eigenpairs.

6. Conclusion. We have solved a structured quadratic eigenvalue problem effi-
ciently and accurately, by using a structure-preserving doubling algorithm in the sol-
vent approach. The doubling algorithm has fast convergence and exploits the sparsity
of the QEP. Theoretical issues involved in this solvent approach are settled satisfac-
torily. In particular, we present a generalization of the classical Bendixson’s theorem
to bounded linear operators in infinite-dimensional Hilbert spaces, which could also
be useful elsewhere. We also mention that the solvent approach studied in this paper
can also be applied to QEPs with more general sparsity structures, such as the QEPs
arising in SAW-filter simulations [29].
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