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IMPLICITLY RESTARTED ARNOLDI WITH PURIFICATION
FOR THE SHIFT-INVERT TRANSFORMATION

KARL MEERBERGEN AND ALASTAIR SPENCE

ABSTRACT. The need to determine a few eigenvalues of a large sparse gen-
eralised eigenvalue problem Axr = ABz with positive semidefinite B arises in
many physical situations, for example, in a stability analysis of the discretised
Navier-Stokes equation. A common technique is to apply Arnoldi’s method
to the shift-invert transformation, but this can suffer from numerical instabil-
ities as is illustrated by a numerical example. In this paper, a new method
that avoids instabilities is presented which is based on applying the implicitly
restarted Arnoldi method with the B semi-inner product and a purification
step. The paper contains a rounding error analysis and ends with brief com-
ments on some extensions.

1. INTRODUCTION

The problem of finding a few eigenvalues of large sparse N x N generalised
eigenvalue problems of the form

(1) Az = A\Bx ,

with A nonsymmetric and B symmetric positive semidefinite, arises in many appli-
cations. For example, the block structured eigenvalue problem

® ERIEERE M

with N = n+m, C € R"*™ of full rank, M € R™*" positive definite appears in
the stability analysis of steady state solutions of Stokes (K symmetric) and Navier-
Stokes (K nonsymmetric) equations for incompressible flow, where u € C™ denotes
the velocity component and p € C™ the pressure, see for example Cliffe, Garratt,
and Spence [2]. Here M is the mass matrix of the velocity elements and K is
nonsymmetric because of the linearisation of the convection term in the Navier-
Stokes equations. As is well known, see Malkus [9], Ericsson [5] and Cliffe, Garratt,
and Spence [3], (2) can have infinite eigenvalues, corresponding to eigenvectors of
the form (07, pT)T". These have no physical relevance and in applications one would
only be concerned about the calculation of a small number of ‘stability determining’
finite eigenvalues.

A common approach for finding a few eigenvalues of (1) close to a given a € C
is Arnoldi’s method applied to the shift-invert transformation S = (A — aB)™!B.
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If (A, z) is an eigenpair of (1), then (0,z) with § = 1/(\ — a) is an eigenpair of S,
and this relation allows the solution of (1) by finding eigenpairs of S. Throughout
the paper, we take a = 0 and use

(3) S=A"'B,

since there is no loss of generality at least in theory by making the shift A «
A—aB. In fact, in many applications, a zero shift is very common, since the stability
determining eigenvalues often lie close to the origin, though in other situations the
accurate determination of an appropriate « is a major challenge, which we do not
discuss here (see for example Grimes, Lewis and Simon [8]).

To illustrate the influence of a singular B on S, consider first the following simple
example. Let n =2, m =1 (so N = 3), denote the columns of I3 by e;,i = 1,2,3,

and let
1 0 1 1 0
w=lo 5] oo=[o] =[5 1]

with 0 # 0. Then

0 0 0
S=10 g o],
1 0 0

and clearly (371, ez) is an eigenpair of S, 0 is a double algebraic, simple geometric

eigenvalue, eg is the corresponding eigenvector and e; is the generalised eigenvector
or principal eigenvector of grade 2. This behaviour is generic in N x N problems
with the block structure of (2) as was shown by Malkus [9], who considered the
Weierstrass-Kronecker canonical form of (2), and Ericsson [5], who considered the
Jordan form for the shift-invert transformation of a variety of generalised eigenvalue
problems. (Incidently, both authors restrict attention to problems with symmetric
A but several of their results, at least to do with Jordan structure, extend to the
case when A is nonsymmetric). To summarise the important results on S, where
A and B have the block structure of (2), we have the following theorem, which can
be readily deduced from Theorem 2.7 in Ericsson [5] :

Theorem 1. S defined by (2) and (3) has n — m nonzero eigenvalues, a zero
eigenvalue of algebraic multiplicity 2m and geometric multiplicity m. The order
of the Jordan blocks corresponding to the defective eigenvalue 0 is two. Clearly,
N = Null(S) = Null(B) has dimension m, and G := Null(S?) \ Null(S) (the
generalised nullspace) also has dimension m. If R := Range(S?) then C can be
decomposed as
CN=R+N+G.
Note finally that SG = N and S*G = SN = {0}.

If B in (1) were nonsingular, then Arnoldi’s method applied to A~ B would be
expected to find the required eigenvalues fairly easily. However, in the case we con-
sider here with B singular, Arnoldi’s method can find approximations to the zero
eigenvalue of S, with consequent confusion after back transformation using A = ~1.
These approximations are known as ‘spurious’ eigenvalues and are sometimes hard
to distinguish from approximations to wanted eigenvalues. Several techniques have
been proposed to reduce the risk of computing spurious eigenvalues for the symmet-
ric nondefective problem [10, 5] and the defective problem [5]. In this paper we shall
concentrate on the nonsymmetric defective case, as exemplified by S derived from
(2), because of its importance in applications. In exact arithmetic, when Arnoldi’s
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method is applied with the initial vector v; € R, then only approximations to the
nonzero eigenvalues of S can be computed. Such an initial vector can be chosen
as v1 = S%v with v € CV since S2(N + G) = {0}. Unfortunately, in practice,
round-off errors perturb the exact Arnoldi vectors producing components in '+ G
with a consequent corruption of the approximate eigenvalues and eigenvectors (we
show an example of this in Section 3), and this paper is concerned with the efficient
control of these unwanted directions.

For the symmetric problem, both Ericsson [5] and Nour-Omid, Parlett, Ericsson
and Jensen [10] use the Lanczos method with B-orthogonalisation, i.e. use the
B semi-inner product z By instead of the classical zy. The important point is
that A~ B is self adjoint with respect to the B semi-inner product and hence the
Lanczos method can be used to produce the usual tridiagonal matrix. An important
numerical feature is that this tridiagonal Lanczos matrix is not corrupted by the
perturbations of the Lanczos vectors in N, but is corrupted by perturbations of the
Lanczos vectors in G. Hence the Ritz values of S can be spurious. This is discussed
by Ericsson [5, Theorem 3.8], and for completeness, we prove this statement later in
Section 2. This cannot occur when S is nondefective, which is the case considered by
Nour-Omid, Parlett, Ericsson and Jensen [10]. The Ritz vectors are more severely
affected, being corrupted by round-off errors in both the A/ and G subspaces, but
Ericsson shows that these errors may be eliminated by two applications of S, though
in practice only one is in fact needed by use of a clever trick, called ‘purification’
n [10], but also discussed in [6] and [5]. In fact, we find it convenient to use
the expression ‘purification’ in a more general way, so that it refers to the general
operation of forming Sz from 2 € CV. This arises in several places in the paper,
though not always in relation to elimination of round-off errors.

Throughout this paper, we use the terminology ‘B-orthogonal Arnoldi’ to refer
to Arnoldi’s method applied with the B (semi)-inner product (see Algorithm 1) in
comparison with the ‘standard Arnoldi’ method, where the usual inner product is
employed.

The main numerical aim of our paper is to introduce and analyse a new improved
way of carrying out the two purification steps needed when S is formed from non-
symmetric problems with the block structure in (2). The new approach is based on
the use of the implicitly restarted Arnoldi method (IRA) [13] combined with the B
semi-inner product. This leads to an improvement over the approach in [5] on three
counts. First, the Arnoldi upper Hessenberg matrix Hj, is not seriously corrupted
by round-off errors due to components in either N or G, whereas in [5] significant
round-off errors could be present due to components in G. Second, only one purifi-
cation step is needed rather than two in [5], since the Arnoldi vectors could contain
significant error components in A/ but not in G. Third, in cases when both methods
fail due to severely corrupted Hj the new method has a simple test to indicate a
spurious eigenvalue of Hg. One other feature of our analysis is that from a theoret-
ical viewpoint, we are able to show an equivalence result between the B-orthogonal
Arnoldi method applied to S and an M-orthogonal Arnoldi method applied to a
reduced eigenvalue problem (see Section 2), which helps our understanding of the
absence of corruption in Hy, in the nondefective case and the presence of corruptions
of Hy, due to components in G in the defective case.

Throughout the paper, we consider Arnoldi’s method for nonsymmetric prob-
lems, though if K in (2) were symmetric we would be able to employ the Lanczos
method, with corresponding simplifications to the theory.



670 KARL MEERBERGEN AND ALASTAIR SPENCE

The plan of the paper is as follows. In Section 2, we make some theoretical ob-
servations, and give a theoretical explanation of the B-orthogonal Arnoldi method
with purification. In Section 3, we explain Ericsson’s approach for the defective
problem and present and analyse our method based on the implicitly restarted
Arnoldi method with B inner product, followed by purification. We compare Eric-
sson’s approach and our method by a numerical example. In Section 4, we analyse
the error propagation in A" and G. Section 5 concludes with some comments and
extensions.

2. THE B-ORTHOGONAL ARNOLDI METHOD : THEORY

In this section we make three main theoretical observations. First, motivated
by the approach in [5] we derive in Section 2.1 a reduced eigenvalue problem in
C™ rather than the full problem in C**t™ for the case where B has the block
structure in (2). Second, in Section 2.2 we prove an equivalence result about the
B-orthogonal Arnoldi method applied to the full problem and the M-orthogonal
Arnoldi algorithm applied to the reduced problem. Third, in Section 2.3, we discuss
the reduced eigenvalue problem for the special case where A has the block structure
in (2).

2.1. The reduced eigenvalue problem. Using (3), the generalised eigenproblem
(1) is transformed to the standard eigenvalue problem

(4) St =60z, x e C"t™,

that can now be solved by Arnoldi’s method. Following Ericsson [5], we first present
a decomposition of S, when B has the blockstructure in (2). In this case, S has
the structure

S—A_l{

M 0 S 0
0 O Sa 0

and this leads to a useful reduction to a problem in C". Of course S; and S
depend on blocks in A~! which are unlikely to be known or be helpful in a practical
application, so this decomposition of S is only of theoretical interest. Let x =

( z ), u € C", p e C™, be an eigenvector of S, and so

S1 0 u\_gf ¥
Sy 0 p) P
is equivalent to

(5) Siu=~60u and Ssu=~6p.
If @ # 0 (which is the case if A is finite), then

(6) p=0""1Su

is a ‘slave’ to u and so the reduced problem

(7) Siu = 6u

determines precisely the nonzero eigenvalues and corresponding eigenvectors of S.

Hence, in theory, it is sufficient to solve the reduced problem to solve (4). From
(5), it follows that the zero eigenvalue of S has eigenvectors of the form (07, pT)7,
but these obviously play no role in (7). Note that the theory in [5] which leads to

Theorem 1 is derived from analysis of this decomposition of S.

:| s S, € Rnxn,SQ c Rmxn ,



IMPLICITLY RESTARTED ARNOLDI WITH PURIFICATION 671

2.2. The B-orthogonal Arnoldi method and the equivalence theorem. In
most practical cases we use the B-orthogonal Arnoldi method in a direct attempt
to solve (4), rather than try to solve the reduced problem, so we first write down
the method in detail.

Algorithm 1. The B-orthogonal Arnoldi method
Given vy with |lv1||% = v Bvy = 1.
for i =1to k do
Compute w; 11 = A~ Bu;.
FOI‘IIl hji = U;IBUJH_l, ] = 1, e ,i.
Form Wi41 = Wi41 — Z_ljzl ’Ujhji.
Compute hi—i—l,i = ||w1-+1||B.
Let vit1 = wit1/hit1,.
end for
Let Hk = [hﬂ]
Compute the eigenpairs (0;,z;) j =1,... ,k of Hy.
Compute the approximate eigenpairs (\;,z;) of Az = ABx with A\; =1/6;
and z; = Viz;.

The B-orthogonal Arnoldi algorithm is merely the standard Arnoldi algorithm
with the usual inner product 2"y replaced by the semi-inner product = By. To
be precise, the method computes a B-orthonormal basis vy, ... ,vg+1 of the Krylov
space

Kii1(v1,S) = span{vy, Svy, S%vy,..., 8%}, S=A"'B,
with the matrix Hy = VkH BSV), being upper Hessenberg, and VkH BVj, = I with
Vie = [v1,...,vx]. It looks strange that a singular matrix is used to compute the
inner product, but as we shall see later in this section, it is a natural thing to do
for generalised problems of the form (2). The approximate eigenpairs of (6, x) are
computed from the eigenpairs of Hy in the usual way, see Algorithm 1. Similarly,
one can use the M-orthogonal Arnoldi method to solve the reduced problem. As we
now prove, there is a precise connection between the B-orthogonal Arnoldi method
applied to S and the M-orthogonal Arnoldi method applied to S7, which we state
in Theorem 2. We split the proof into two parts presented as lemmas.

Lemma 1. Consider the Krylov space Ki(v1,S) with vl = (y¥',pT), y1 € C" and
p1 € C™. Let vT' = (yT,pT), v € Ki(v1,S), then y € Ki(y1,51)-

Proof. Following the block structure of S,
Y1 S1y1
S =
( b1 ) < Soyi )

and by induction on j = 2,... , k, it follows that

. . SJ
RSO REN)
(pl b1 SQS{ 1y1

which shows the lemma. (|

Lemma 2. The B-orthogonal projection of Sx = 0z on the space Range(Vy) with
VI =Y P, v € Ck, P, € C™*k produces the same approzimate eigenvalues
as the M-orthogonal projection of Siu = 6u on Range(Yy). Moreover, the first n
components of the approrimate eigenvectors of S computed by the B-orthogonal
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projection correspond to the approximate eigenvectors of S1 under M -orthogonal
projection.

Proof. The B-orthogonal projection of Sz = 6z on Range(V}) produces (6, x) such
that

(8) Sz — 0x L g Range(Vy) , © € Range(Vy),
where x L 3y means 2 By = 0. Recall that
(8 0 [ Mo
S_[SQ 0} and B—[O O]'
Decompose z! = (uT, pT) with u € C™ and p € C™, then (8) is equivalent to
Siu — Ou
( Syu— Op ) 1 5 Range(Vy) , = € Range(Vy) ,

and because 27 BV, = uT MY}, (8) can further be reduced to
Siu — Ou L Range(Yy) , u € Range(Yy) ,

which is precisely the M-orthogonal projection of the reduced problem on
Range(Y%). |

The following theorem gives the connection between M-orthogonal Arnoldi and
B-orthogonal Arnoldi and is an immediate consequence of Lemmas 1 and 2.

Theorem 2 (Equivalence Theorem). Ifk steps of M -orthogonal Arnoldi applied to
Sy starting with y; € C™ produces an eigenpair (6,u), then k steps of B-orthogonal
Arnoldi applied to S starting with vy, given by

© »= (%)

with ¢ € C™ arbitrary, produces an eigenpair (0, x) with 7 = (u”,pT).

The equivalence theorem shows that solving (4) with B-orthogonal Arnoldi and
(7) with M-orthogonal Arnoldi for the initial vector chosen as in (9) compute the
same eigenvalues. The u-component of x corresponds to the computed eigenvector
of S1. However, the p-component does not play a role in the B-orthogonal Arnoldi
method and cannot be guaranteed to be correct. The correct p is obtained by
the slave relation (6), so that if (0, u) is an exact eigenpair of S7, then, following

(6), (6, ( 9_1u52u ) is an exact eigenpair of S. If x = ( Z ) is computed by

B-orthogonal Arnoldi, (6) should be computed explicitly. The practical way to do
this is to apply S to z, since

=[50 ] ()= (8) =0y

is an eigenvector belonging to 6. In the B-orthogonal Arnoldi method, Sz can be
computed without extra vector operations with S. The Arnoldi vectors namely
satisfy the relation

(10) SVi, = ViHg, + hit1 kvksref

with eg the k-th unit vector of length k, which is also written as

(11) SVi, = Vi1  Hy  with  Hy, = [ Hi T } € ChHixk
Nit1,k€j
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Hence

(12) Sz = SViz = Vip1 Hy2

and since z is an eigenvector of Hy,

(13) SViz =0;Viz + hk+1)kvk+1e;‘gz .

This expression was used by Ericsson and Ruhe [6] as a means of improving accu-
racy in eigenvectors, but Nour-Omid, Parlett, Ericsson and Jensen [10] considered
especially the case B singular and called the correction of Viz ‘purification’, be-
cause it has the potential for removing significant round-off error components in
the N space. Since this is a rather important result for our method, we describe
why this is so in Section 4.

Note that the B inner product is not affected by the portions of v; in the nullspace
of B, since for z = (u”,p")T and y = (v7,¢")T, 2 By = v Mv. Since B and S
have the same nullspace, H}, is independent of components of V}, in the A space.

There is another way to explain the B-orthogonal Arnoldi method. Since B
is positive semidefinite there exists a Cholesky like factorisation B = PTP with
P € RV*N gingular. Nour-Omid, Parlett, Ericsson and Jensen [10] point out to an
equivalence result between B-orthogonal Arnoldi applied to A~'B and standard
Arnoldi applied to PA™'PT. It appears that with appropriate initial vectors, the
eigenvalues computed by both methods are equal and that one needs a purification
step to find the eigenvectors of A~'B in the B-orthogonal Arnoldi method.

Finally, note that if .Sy is nonsingular, the B-orthogonal Arnoldi method applied
to S would not be expected to compute approximations to the zero eigenvalue of
S since the method is equivalent to M-orthogonal Arnoldi applied to S;. This is
essentially the case described in [10].

2.3. Application of B-orthogonal Arnoldi to the Navier-Stokes problem.
Now consider the problem with block structure (2) which provides the main moti-
vation for this paper. From S = A~!B we have that

K C S 0| MO

croo Sy 0] | 0 0]
which yields CTS; = 0. Also, since C € R™™ is of full rank, S; € R™ ™ has
at least m independent left null vectors and so, rank(S;) < n —m. Since A is

nonsingular, rank(S) = rank(B) = n. Since S € R™*™, rank(S2) < m, and, since
rank(S) < rank(S7) + rank(Sz),

rank(S7) > rank(S) — rank(S2) >n—m

so, rank(S7) = n — m. Clearly, the nullspace of Sy, N7 say, has dimension m, and
the range, Ry say, has dimension n — m. Note that for u € R4, it can easily be
shown that CTu = 0 and this agrees with the second equation in (2).

We can now be more precise about the link between S7 and S as follows. For u
and x defined as Syu = 6u and Sx = Ox,

u
(14) ueER & x—<9_152u)€72

and

(15) ueN, & (6‘)69.
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Equivalence (14) follows from (5) and (6), and (15) follows from the fact that
u\ [ Siu\ 0
S(0)=(30)= (s
g2 v\ = Stu (0
0 o SgSlu o 0 ’

Since S; has an eigenvalue zero, M-orthogonal Arnoldi (and B-orthogonal Arnoldi)
may compute the zero eigenvalue in practice. Nevertheless, if y1 € Rq,

Kr(S1,51) C Ry

and so in exact arithmetic, the zero eigenvalue cannot be computed. y; € Ry can
be achieved by y; «+ S1yi. To apply B-orthogonal Arnoldi to S, one should start
with vy, given by (9). This is achieved by vy < Swy, since

_ Yio\ _ Sy
SUl_S(Ql) (SQ(%)'

Note that then in exact arithmetic K (S, Sv1) C R + N. Of course, in practice,
round-off errors cannot be avoided and in the following two sections we derive and
analyse a new approach to mitigate the effect of round-off for this problem. Ericsson
[5] even suggests to start with v; « S%v; € R.

and thus

3. THE B-ORTHOGONAL ARNOLDI METHOD : PRACTICE

In this section, we describe the Ericsson approach [5] and present a new approach
which under certain conditions significantly reduces the effects of errors in G and
N. The approach is based on a combination of the implicitly restarted Arnoldi
method of Sorensen [13] with B-inner product and purification.

3.1. The Ericsson approach. Ericsson showed that in finite precision arithmetic
Hj, can be corrupted when S has a generalised nullspace G, even when v; € R.
Although spurious eigenvalues might be computed, the computed eigenvectors can
easily be mapped in R by applying S twice instead of once. This procedure leads to
uncorrupted eigenvectors. But of course, the spurious eigenvalues remain unaltered.

The application of S? to x can be carried out implicitly by two ‘purification’
steps. From (12)

SQ$ = S(Vk+1HkZ) s

and one further step of the Arnoldi process is needed to calculate vi4o and the
last column of Hy,1, in order to apply S? efficiently to all eigenvectors. Hence,
following the recurrence relation (11),

(16) 52.%' = SV]H_lﬁkz = Vk+2ﬁk+1ﬁkz .
The Ericsson algorithm is thus as follows.

Algorithm 2. The Ericsson purification for the defective case
Given the initial vector v; «— S?v;.
Compute in k steps of B-orthogonal Arnoldi the matrices Vj41 and Hy.
Compute the eigenpairs (05, z;) of Hy.
Perform one more step of Arnoldi : compute vg,» and the last column of Hy 1.
Compute the eigenpairs (A, z;) of Av=ABz as \j = Hj_l and ;= Vk+2ﬁk+1ﬁkzj.
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3.2. A new approach. In order to present the details of our method, we need first
to understand the steps of the implicitly restarted Arnoldi method by Sorensen [13],
and to do this we present the following theorem, which is a compilation of results
from [13], but is stated and proved here for completeness.

Hiq
0---0 hpyopt1
orthogonal Arnoldi applied to S. Consider the QR factorisation Hy 1 = Qpi1Rii1
with Qi1 € CF2XE+1 ynitary and Ry 1 € CFHIXM1 ypper triangular. Let Qy be
the k + 1 x k upper left part of Qrr1 and define

Wit1 = Vit2Qri1 and Gr = Ry+1Qy, € CHFIXE

Theorem 3. Let vy, ..., V42, Hk-i—l = be computed by B-

If Hy 1 has nonzero eigenvalues, then Wy, and Gy have the following properties :
1. W,fHBWk_H =1.

2. span(wi, ... ,Wt1) = span(Svy, ... , SVg11).
3. Gy, is upper Hessenberg and for Wi11 = [Wi wg41],
SWy, = Wi1Gx

with w1 = SUI/HSUIHB'

Proof. (See also Sorensen [13].) The proof of statement 1 is easy and is omitted.
Hy.1 and Vi49 are computed from

SVir1r = Vig1Hig1 + Vpy2hit2 k41 6;;F+1
(17) = ViroHpi
and replacing Hy,1 by its QR factorisation, we obtain
(18) SVig1 = Wip1 Rpq1

If Hyy1 has nonzero eigenvalues, then rank(Rjy 1) = rank(Hy11) > rank(Hyy1) =
k+ 1, and thus rank(Rg4+1) = k + 1. Hence,

(19) Wiy = SVk+1R;;i1

which proves statement 2.
Let Wy be the first k& columns of W1, then Wi = Vi1 1Qk. Multiply (18) on
the right by Qp, then
SWi = Wit1G

with G = R_k+1Qk- It is well known (see Sorensen [13]) that if Hk—_i—l is upper
Hessenberg, Qi and Q41 are upper Hessenberg too, and therefore Gy is upper
Hessenberg. Since wy is the first column of (19),

wy = SvlTl_ll
and since |w1 || g = 1, r11 = ||Sv1] B =

In other words, the theorem says that W, and G, can be viewed as having been
computed by the B-orthogonal Arnoldi method with starting vector Swvy/||Sv1] 5,
which is exactly what we wish to do, but is accomplished implicitly by the QR
factorisation of Hy1.

In Algorithm 3 we write down the different steps that are needed to perform one
implicit restart step. Our approach consists of three stages :

(1) the computation of Vi o,
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TABLE 1. Schematic representation of the flow of the error compo-
nents in A" and G by implicit application of S using first implicitly
restarted B-orthogonal Arnoldi and then purification (Here the no-
tation Vi42(N, G) means that Vj42 contains components in A/ and

g)
stage 1 (B-orthog. Arn.)  Viio (M ,G ) Hi1 (G)
implicit S : J 1l [}
stage 2 (implicit restart) — Wi 1 ({OIN ) Gy ()
implicit S : I 1
stage 3 (purification) z; ({0}

(2) an implicit application of S to V41 (achieved by the QR step for Hypy1),
which has the effect of removing the A/ portion of Vi11 and mapping the G
portion into N,

(3) the purification of Wyz that achieves the removal of the remaining N com-
ponent (which is a second implicit application of S).

Table 1 gives a schematic representation of the impact of these implicit applications
of S on the A and G components of Vi12, Wiy 1 and Wiz, and on the Arnoldi upper
Hessenberg matrices H k+1 and Gj. We assume that Via2 has components in N
and G which we represent by Vii2(N,G) and we trace the propagation of these
components through the 3 stages of Algorithm 3. We see that G, and the purified
xj do not depend on N and G components.

Algorithm 3. Implicitly restarted B-orthogonal Arnoldi with purification
Compute in k + 1 steps of B-orthogonal Arnoldi the matrices Vjyo and Hy .
Compute the QR factorisation Hyy1 = Qpi1Rit1.

Perform one restart : Wiy = Vk+2©k+1, G = Rk_;,_le.

Let Gy be the k x k upper part of Gy.

Compute the eigenpairs (0;,2;), j =1,... ,k of Gy.

Compute the eigenpairs (\;, z;) of Az = ABzx as A\; = Hj_l and x; = Wi41Grz;.

3.3. Numerical example. In this section, we compare the Ericsson approach for
the defective case and the implicitly restarted Arnoldi method with purification for
a small example. Consider the matrices A and B generated using the following
Matlab code.

rand(’seed’,1); n=200; m=100;

C = [rand(m,m) ; zeros(n-m,m)];

K = rand(n);

A=[KC; C zeros(m,m)];

B = [eye(n,n) zeros(n,m) ; zeros(m,n+m)];

The rightmost eigenvalues of Ax = ABx are 49.9129, 2.7017, 2.2521 4+ 1.4533i and
2.0517, and all eigenvalues satisfy

(20) —3 <Re(\) <50 .
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TABLE 2. The growth of A" and G components of the vectors v;,
computed by B-orthogonal Arnoldi, for the example in Section 3.3

L g [ 1Pavvsllz | [Pgvjllz |
1| 34107 | 25710712
21 57010710 | 1.5210~ 12
31 1.5710~% | 3.1010°10
41 3.8810°7 | 6.2410~°
51 1.06107° | 1.4310°7
61| 2.78107* | 3.261076
71 6.731073 | 6.9410°°
81 1.8010~! | 1.6610~3
9 4.3410° | 3.6110°2
10| 7.7010' | 5.8810°!
11 || 1.2010% | 8.0510°1

To compute a few eigenvalues, we used S = (A—60B)~1B. It is easy to check that
for this example, S has the block form

0 0 0
S = 0 Sy»n O
S31 Sz 0
where Sgp € R?"™"*"="™ and S3; € R™*™ are nonsingular. Then
U 0
G={ 0 |:ueC™} , N:={| 0 | :peC™} and
0 p
0
R = { u rueChTmY
5325'2_21u

Hence, for any vector y, the size of A/ and G components can be measured by
calculating || Pyyll2 and || Pgyll2 where

Py = [0 — 8385 I,]eRm>mm
P; = [I 0 0]eR™mtm,

In practice we first normalise so that || Pyr||2 = || Pgll2 = 1. For all runs we selected
the initial vector as

vy =8%1,...,1]TeR.
One would expect that the eigenvalue 49.9 would be found in a few Arnoldi steps,
since it is clearly much closer to the shift, a, than any other eigenvalues. Besides
the rightmost eigenvalue, we find that a number of spurious eigenvalues are also
computed that do not satisfy (20).

We first illustrate the growth of the A/ and G components of the Arnoldi vectors
in finite precision arithmetic by the measures || Prrvj||2 and || Pgvjl|2 in Table 2. As
recommended in [5] we choose a starting vector in R, but even then the corrupting
effect of round-off is clearly seen. Recall that in exact arithmetic, if v; € R, then
V1y... ,Vpt1 € R.
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TABLE 3. Numerical results for the Example in Section 3.3 for
B-orthogonal Arnoldi with double purification step (Algorithm 2)

KARL MEERBERGEN AND ALASTAIR SPENCE

| k=10 |
J Aj [ Px (Viezp)|| | 1P (Viezp)|| | ([Pl | (1Pl
1 49.9 7.1013 5.10714 7.10713 | 5.10714
2 22412 3.1073 2.107° 2.10712 | 4.10714
91 —1.9—-1.0¢ 4.1073 3.107 7.10712 | 2.10713
10 —32.2 4.1073 3.107° 9.1071 | 2.10713

k=15

Aj Ex Viezp)|| | 1P (Viezp)I| | ([Pl | (1Pl
49.9 7.10713 5.10714 7.10713 | 5.10714
2 3.0+ 1.1¢ 3.1073 5.10714 2.10712 | 5.10714
14 || —2.3—-1.0¢ 4.1073 5.10714 5.10712 | 9.10714
15 —1.102 3.1073 5.10714 5.107% | 3.10714

| k=20 |
Aj IEx (Viezp)Il | [P (Viezi)Il | 1Pxvasll | | Fosll
49.9 7.10713 5.10714 7.10713 | 5.10714
2 3.0+ 1.2¢ 4.1073 5.10714 1.1078 | 5,10~
19 —1.108 4.10~ 5.10714 5.10™ 4.10714
20 —1.10"? 4.10~ 5.107° 5.10™ 6.10714

Let us now discuss the results for Algorithm 2, which is the B-orthogonal Arnoldi
method with two purification steps using (16). Consider first the results in Table 3
for k = 10. We see that A1 2 ¢ satisfy (20) and in fact correspond to finite eigenvalues
of Az = ABz. As we mentioned before, the eigenvalues obtained from Algorithm 2
can be spurious since they are precisely those of the upper Hessenberg matrix Hy,
computed by B-orthogonal Arnoldi without purification. However, the purified
eigenvectors lie in the correct space. We see that \jg = —32.2 is spurious since
Ao < =3, but ||Pyrio]] ~ 1071 and || Pgx10]| ~ 10713, Note that the unpurified
eigenvectors Vi z; have significant components in N and G. The practical effect of
the implicit application of S? in the purification step given by (16) in the presence
of large error components in the Arnoldi vectors is striking (cf. Table 1 in [10]).
However, this purification can fail. For example, with k& = 20, the purified x5 still
contains a significant component in A, which is represented by ||Pyxa2o| =~ 1073.
We shall see in Section 4 that this is due to the fact that |Ago| (=~ 10'2) is large.
Similar conclusions hold for k = 15.

Now consider the results for IRA plus purification (Algorithm 3) in Table 4.
First consider £ = 10. After £+ 1 = 11 steps of the B-orthogonal Arnoldi method,
we have ||[PyVialla ~ 2.10% and ||PgViall2 ~ 1.10°. After one implicit restart,
[|PxvWii]|2 =~ 2.10% and is essentially unchanged, but |[|[PgWii|2 ~ 3.107%. By
the implicit operation with S, the N' component of V4o is wiped out and the G
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TABLE 4. Numerical results for the example in Section 3.3 for
implicitly restarted Arnoldi with B-orthogonalisation and purifi-

cation

k=10

|‘PNV1€+2H2 ~ 2. 103
|‘PNW1€+1H2 ~ 2. 103

HPng+2H2 ~ 1. 100
HP(_;Wk+1H2 ~ 3. 10_9

| Ryt l2 = 9. 102

J Aj [Pavaill | [Pl

1 49.9 7107 | 5107

2 2.2+ 1.3 2.10711 | 6.1071

10| -23-11 [5107"] 1.107%
k=15

HPN’Vk-F?HQ ~ 1. 109
HPNWk-i-lHQ ~ 1. 109

|‘Png+2H2 ~ 1. 100
HPng-i-lHQ ~ 2. 10_2

[Ryciyll2 =~ 6.10°

J Aj IPvz;ill | [ Poz;ll

1 49.9 7.10713 | 5.1074

2 2.9+1.2 5.107° 5.10~14

15 —23-1.14 1.107* | 8.107'4
k=20

|‘PNV1€+2H2 ~ 7. 1010
|‘PNW1€+1H2 ~ 7. 1010

HPng+2H2 ~ 1. 101
HP(_;Wk;J,_]_HQ ~ 1. 101

| Ryl |2 ~= 4. 101

J Aj [Pyl | [ Pex,|
1 49.9 7.10718 | 51071
2 2.9+ 1.2i 1.10°7 | 5.107
19 —2.3—1.1i 8.10~ 9.10~
20 —2.210° 4.107% | 6.107™
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component is mapped to the N component of Wy 1. All the computed eigenvalues
satisfy (20). The purified eigenvectors have small A” and G components. Even
though Wyy1 has small G components G} is not affected by components in N
and G, and the purified x; has small N' and G portions in spite of large N and G

components in Viq.

For k = 15, the eigenvalues are not spurious since they satisfy (20), but the

eigenvectors have components in the A/ space of the order of 10~%.

This follows

from the fact that the implicit restart did not remove the G components in Wy
well. Spurious eigenvalues did not appear, which shows, at least for this example,
the superiority of Algorithm 3 over Algorithm 2 for the calculuation of eigenvalues.
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Now consider the performance of IRA plus purification for k = 20. For k = 20,
the TRA-step was not able to dramatically reduce the G-component of Wy,1. As a
consequence, G produces a spurious eigenvalue \og. Also the purified eigenvector
T2o has a ‘large’ component in N'. We shall see in Section 4 that the failure of
IRA is due to the fact that HR,;LH is large. On the other hand, remark that the
purification step in Stage 3 of Algorithm 3 did succeed in the sense that the G
component of x; is wiped out.

4. ROUNDING ERROR ANALYSIS

It is clear that in exact arithmetic, the implicit restart and the purification oper-
ations implicitly perform multiplication by S. In this section we provide a detailed
analysis of the effect of round-off error in several of the important operations when
S satisfies Theorem 1 and assuming that the relative round-off errors on the calcu-
lation of Sv;, the Gram-Schmidt orthogonalisation and QR factorisation are much
smaller than 1. To be precise we shall discuss the following results :

(a) the N and G component in v; may increase as j increases ;

(b) the purification operation (12) produces an approximate eigenvector with no G
component but which may have a component in A/ arising from a G component
in the unpurified vector. Similarly (16) produces an approximate eigenvector
with no A/ and G component. Both purification steps may fail when [§71] >
e]T/[l where €, denotes the machine precision.

(c) one implicit restart in B-orthogonal Arnoldi produces a Gy that is not cor-
rupted by A or G components, and a Wj,1 which has no G component. This
IRA-step may fail when ||R,;i1 | > €3

The combination of the results in (a) and (b) produce the rounding error analysis
for Ericsson’s method (Algorithm 2), which we state as follows.

Rounding Error Conclusion for Algorithm 2 :
i. The B-orthogonal Arnoldi method can produce spurious eigenvalues in Hy.
ii. The eigenvectors purified using (16) have no significant components in A and
G if the corresponding eigenvalues of Hy are much larger than the machine
precision.

The combination of the results in (b) and (c¢) produce the rounding error analysis
for our proposed method (Algorithm 3) :

Rounding Error Conclusion for Algorithm 3 :

i If ||R,;i1|\ < €, , one implicit restart in B-orthogonal Arnoldi with purifica-
tion using (12) produces a G} uncorrupted by G or N components with the
consequence that no spurious eigenvalues are found.

ii. In addition, the eigenvectors purified using (12) have no significant compo-
nents in N and G if the corresponding eigenvalues are much larger than the
machine precision.

(Note that, as in all analyses of round-off error, statements like removes the N
components in the computed eigenvector should really be interpreted as removes
the significant parts of round-off error in the N' components in the computed eigen-
vector.)

The numerical results in our example agree with these statements, and we now
proceed to justify them. We introduce the projectors Pr, Par, and Pg that map a
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vector into R, A, and G respectively, and so an arbitrary vector z can be decom-
posed uniquely as x = Prx + Py + Pgx. Note that

(21) PnS = SPg and PgS=0.

Throughout this section, round-off errors are denoted by Greek characters, the
machine precision is denoted by €.

Basic linear algebra operations in finite precision arithmetic. The basic operations
that we use are matrix-vector multiplication, the solution of linear systems by
Gaussian elimination, the Gram-Schmidt orthogonalisation and the Householder
QR-factorisation. From classical round-off error analysis, we know that ¢ = 2Ty
with z,y € R!, computed in finite precision arithmetic by the classical dot-product
algorithm (see Algorithm 1.1.1 in Golub and Van Loan [7]), results in

c=a"y+¢&  with [¢] < Iallallyll2en + O(ehy)

see Formula (2.4.10) in Golub and Van Loan [7]. A natural extension is the calcu-
lation of y = Fx with F € R™*! 2 € R! and y € R™ by the dot-product matrix
vector multiplication Algorithm 1.1.3 in [7], such that

y=Fe+& with €]z <UF|Flalzear +O(exs) < 2| Flallz]2en + O(eRy) -

This formula is valid for full matrices F. If F' is sparse, the factor [ in the bound
for ||£]|2 should be replaced by the maximal number of nonzero elements in a row of
F. An extension to the matrix-matrix product X = ZY with Z € R™*!| Y € RI*?
and X € R™*P by the dot-product matrix-matrix multipliciation Algorithm 1.1.6
in [7], is

X =2Y+E  with |E]2 < UZ||pllYlrerr+O0(eds) < 12 Z]|2]|Y [l pens+O(ehy) -

Consider now the errors generated by Gram-Schmidt orthogonalisation and the
solution of linear systems. We shall not give rigorous upper bounds for these op-
erations, since this is not the goal of this paper, but merely assume that these
operations produce small relative round-off errors. For the analysis of the error
propagation in the solution of linear systems by Gaussian elimination with par-
tial pivoting, we refer to Golub and Van Loan [7, Equation (3.5.2)]. Bjorck [1]
has shown that the modified Gram-Schmidt orthogonalisation of a set of vectors
Wy, = Vi Ry, produces a Vi with

VIV =1+T  with ||D|l2 < vearra(Wi) , v=0(1) .

To increase the numerical stability of the orthogonalisation process, one often
uses modified Gram-Schmidt with reorthogonalisation [4] or even orthogonal trans-
formations [14]. The Householder orthogonalisation of W}, produces a Vj with
ITxkll2 < yermr. We furthermore assume that |Wy — ViRill2 < wepnr||Wi|l2 with
w = O(1). We shall not give rigorous upper bounds for the B-orthogonalisation of
a set Wy, but merely assume that after this operation,

VIBV, =T1+T with |2 <vyen and ~v=0(1),
HWk—VkRkHQ SWGM”WIICHQ with sz(l) .

Finally, to simplify the error bounds, we shall use an upper bound for ||Hy||2
where H}, is defined by (11). Since B is positive semidefinite, there always exists
P € CN*N such that B = PTP. Since

Hy, = V,LyBA™'BV), = (PViy1)" PAT' PT(PV})
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and VkﬂlBVkH = (PVjy1)T(PViy1) = I implies that ||PVii1|2 = 1, it follows
that

(22) |Hill2 <||Slla  with S=PA™LPT .

Note that S and S have the same eigenvalues, but different eigenvectors. Also note
that || Hillr < VE|Hill2 < VE|S]2.
We shall now proceed with the justification of the three statements above.

4.1. Proof of (a). We shall not derive rigorous upper bounds for the error growth
in the Arnoldi process, since this is not the objective of the paper, but rather express
the errors of the purification and the implicit restart in terms of errors obtained by
the Arnoldi process (cf. analysis in [10]). This is also motivated by the fact that
these errors depend on many factors like the sparsity of A and B, the matrix-vector
multiplication used, the linear system solver, and the orthogonalisation process.
The (computed) Arnoldi vector v;; satisfies the following relations :

j
(23a) hjrrgvien = Svj— Y hijoi+1;,
i=1
(23b) hij = vlBSv;+6;,
(23c) vl Bu; = 147, j=1,...,i+1.

The rounding errors ¢; € RY and 0ij,7i; € R arise from the matrix-vector mul-
tiplication by B, the solution of linear systems with A and the Gram-Schmidt
orthogonalisation of Sv;. In block form, the equations (23) are written as

(24&) Vk+1ﬁk = SVi+ Vgy1,
(24b) ViEiBVis1 = I+Tky1,
(24c) o, = VL BSV,+A,.

The norms ||Wrt1ll2, |Tkt1llz and [|Ag||2 characterise the round-off errors in the
Arnoldi process. In the following, we assume that |Aglz < |[Hill2 < |IS]l2.
[Pri1lla < ||S]l2 and |[Tri1ll2 < 1. This automatically assumes a proper im-
plementation of the B inner product, such that 7 By is unaffected by any A
component in x and y.

The portion of vj4; in N and G is found by applying the projectors Py and Pg
to (23a) and using (21) :

J
hjt1,PNvj1 = SPguj — Zhijpj\/'vi +Pnj
i—1
J
hjt1,;Pgujt1 = Zhijpgvi + Pgv;
i—1

Whatever the sizes of |Pa);]| and ||Pgv;||, there is no reason to assume that
I1Pavj41]l and ||Pgvjt1]| do not grow.

4.2. Proof of (b), single purification by (12). The purified x; computed by
xj = Vg1 Hizj with ||z;||2 = 1 satisfies

(25a) Pnzi/0; = 071 (SPgViz; + Pné)),
(25b) Pgx;/0; = 0;7'Pgé;
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with

(26) €112 < 3K Vi1 | lISll2enr + [$n41]l2 + Oéhs) -

Observe that ||&;|| consists of small terms compared to x;. Note that if ||zj[2 = 1,
then |Vizjllp =~ 1, and ||zl =~ |Vet1Hrzillp =~ 0;. Thus, by dividing the left-
and right-hand side in (25) by 0;, we obtain the relative contributions of the N
and G spaces in ;. Clearly, if 0; is small, the right-hand sides in (25) are large,
while the left-hand sides remain of order 1. In this case, purification can fail. On

the other hand, if |9]_1|||£JH is small compared to 1, the N component in x; mainly
arises from the G component in Viz; and the G component in x; is wiped out.

Proof. The purified x; := SVjz; computed by (12), satisfies
(27) T = Vk+1flkzj + 75
with Vj, and Hy, satisfying (24), and where ; is the round-off error arising from the
computation of (12). Hence, z; = Vi1 (Hrzj + 773) + 773-’ with m; = Vk+1773- + 773-’,
where 7} and 7// are the round-off errors for the calculation of Hy.z; and Viy1(Hyz;)
respectively. With ||z;||2 = 1, we then find using (22)

iz < Kl Hxllrlizillzenr +O(Rs) < K*72(S|lzear + O(e3y)

1"

I7fllz < (k+ D Vil pl Hizsllzear + O(eds)
(k+ D[ Visra | ISl 2ear + O(3y) -

IN

Thus,

I7jll2 < (k%2 4k + 1)|[Viea | IS ll2eas + O(e3s) -
Observing that K324+ k+1 < 3k32 for k > 1, we get the first term in (26). At first
sight, it is not obvious why (27) provides the necessary cancellation of spurious G
components, but this is in fact easily shown : from (24a), it follows that

(28) SVij = Vk+1ﬁkzj - \Ilk+1zj y

and by combining (27) and (28), we obtain x; = SViz; +§; with & = 7 + Ug412;
and ||¢;||2 bounded by (26). Hence, using (21),

'PN.’L'j = PNSVij + ’P,/\/fj = SPngZj + ’P,/\/fj
Pgx; = PgSViz; + Pg& = Pgé&;.
From these equations, (25) follow. |

4.3. Proof of (b), double purification with (16). The purified x; computed
by v; = VipoHypr1 Hizj with | z5]|2 = 1 satisfies

(29a)
[Parz /63112 < 165 2 (IPAYrr2ll2lSll2 + Pg®rrall2llSll2 + Parml2),
(29b)
[Pg; /67112 < 105 2((IPgWr+2ll2llSl2 + |Pgmll2)
with
(30) 7112 < 4(k +1)*2|[Viga |l £ (IS 1 3ens + O(e3y) -

Note that if ||z;||2 = 1, then |Vizjllp ~ 1, and ||z;]|5 ~ ||Vi+2 Hit1Hrzjl| B ~ 07.
Thus, by dividing the left- and right-hand side in (25) by 9?-, we obtain the relative
contributions of the N and G spaces in ;. Clearly, if 0; is small, the purification
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does not work. Observe that both the N and G components in Vyz; are wiped out if
9;2 is small compared to 1.

Proof. We first observe that z; := S?V}.z; is computed in finite precision from (16)
such that

zj = VigoHpp1Hezj + 7j
Similar to the proof of (26), we find that for ||z;||2 =1,
Imjllz < (K2 + (k + 1%/ + (k + 2))||Vi2 | 2 [|Sll3ear + O(e3s) -

Observing that k3/2 + (k +1)%/2 + k +2 < 4(k + 1)%/2, (30) follows. From (24a) it
follows that

SQVij = SVk_HHij — S\I/k+1zj
VivoHyr1Hizj — Vo Hyzy — SWpp125 .

Hence
T = Vk+2Hk+1Hij + 7= S2Vk2’j + \I/k+2ﬁk2j + SV iz 4+ 15,

from which (29) follow. |

4.4. Proof of (c). After the implicit restart,

(Bla)  [|PhWisillz < [1SPgVitill2llRitill2 + IPAErsill2 + O(els)

(31b) [ PeWiilz < [PgExtllz + O(ehy)

IGr = Wi BSWilla < (2(k +2)* 2| Visal p I Pll2 + @ + v + (k +2))[|S||2e s
(31c) HAktall2 + O(edy)

with w,y = O(1) and

1Zks1ll2 <(k +2)%2||Vira|l rear

+{wlVisall2llSllzenr + 1Wrszll2} (Rl +O(h) -

Observe that the right-hand side of (31c) consists of small terms, such that Gy, ~
WL | BSWy,. The right-hand sides in (31a) and (31b) are small if ||R;j1|\2 is
small. If HR]:_,’I_]_HQ ~ 1, Wi41 has no significant component in G but still con-
tains significant components in N' coming from the G component of Viio (see the
first term in the right-hand side of (31a)). The action of the B-inner product in
W,?HBSWk eliminates any contribution from the N' component of Wyy1. Hence,
since G, ~ Wg+1BSWk, G, is free from significant errors in N and G.

If HR]:_,’{1||2 is large, then ||Zgll2 > enmr and Wii1 can have large components in
G. Hence, G, ~ WkTBSWk is corrupted by the G components of Wy, which can lead
to spurious eigenvalues.
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Proof. Let the QR-factorisation of Hy.; (in finite precision arithmetic) be
(32) Hk+1 = Qk+1Rk+1 + Qg1 Q;;F+1Qk+1 =141k,

with Qk+1 c Rk+2><k+1, Rk+1 c Rk'HXk'H, Qk+1 c Rk+2><lc+17 Fk+1 c Rk+1><k+17
and

(33) Wit = Vg2 Qa1 + iy

with I € RV*k+1 Following the introduction on basic matrix operations, we
assume that

[Qs1ll2 < wl|Higall2enr < w||Sll2ens , w=0(1) ,
ITktille < vem s
IMegallz < (b +2)|Vigall pl Quallrenr < (5 + 2)3 | Vil pear + O(3y) -

Note that we assume here that Vk+2Qk+1 is computed as the product of two ma-
trices by the dot-product algorithm. In practice, one would rather use a factorised
form in terms of Givens or Householder transformations, which would give another
bound.

The extension of (24a) is

SVir1 = VigaHip1 — VUpgo
and by applying (32) and (33) in that order,

(34) SVitr = ViroQri1Ris1 + ViroQks1 — Phpo
Wig1 Ry — g1 Riyr + Vi oQiepr — Yo,

SO
Wit1 = SVini Rl + Bk
with Zgt1 = g1 — (Vesa Qg1 — Prgo) Ry ;. Thus, using (21),

PvWis1 = PySViiRil, + PnEr = SPgVipiRyl, + PaEBrn
PgWis1 = PgSVimRily + PgEx = PgEiy1 .

The analysis for Gy is given next. In the implicit restart step, Gy is computed (in
finite precision arithmetic) as

Gr = Ri41Qk + Xk
with Qr € RFF1XF and
ISkl < (k + DI Resallp1Qxll pers < (5 +1)%2(S2Vkens < (k +2)%[[S]2ens

if G}, is computed by the dot-product matrix-vector multiplication instead of using
orthogonal transformations. By applying (32), (24c¢) and (33) in this order,

Gr = QF1Hiy1Qr — Tip1Ri1Qr — Qfy 1 Qo1 Qr + S

= Qi1 ViiaBSVi1Qr + Qi1 Akt 1Qk — D1 Ry 1 Qi
= Q1 U1Qk + S

= W BSWi — Qi1 Vil BSTI, — T, BSWy, + Q41 A1 Qk
L1 R 1Qr — QF 1 U1 Qr + S
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[TI7,  BSWy||2 can be bounded by
I 1 BSWill2 = [|(PHsr) " PAT P (PW)| 2
< |[POsall2l1Sll2 < (K +2)* 2| Viral 2| Pllz ]| Sll2ear + O(€3s) -
Note that ||PWi|l2 = 1, since W' BWy = I. There is a similar bound for
Q%1 ViLi, BSTIk||2. Hence
1Gr = Wi BSWilla < 2(k +2)*2|[Vi2 || P Pll2llS | 2ear + | Akrall2 + 711512
+wl|Sllzenr + (k +2)(|Sll2enr + O(eyy) - O

The final, and for this paper the most important, result concerns the round-
off error in the implicitly restarted B-orthogonal Arnoldi method with purification
(Algorithm 3), and is given by the ‘Round-off Error Conclusion’ at the beginning

of this section. The proof consists of combining the arguments in (b) and (c) and
is omitted.

4.5. A test for spurious eigenvalues. The preceding error analysis and the
numerical results for £ = 15 and 20 in Section 3.3 show that numerical problems
can occur when ||R,:i1 | and/or |0;]~! are very large. We show an important relation
between these two quantities in the following theorem. We complete this section
with a discussion on the advantages of Algorithm 3 over Algorithm 2.

First note that in exact arithmetic Rp11 = Qf, V5 ,BSViq1 and, since S is
singular, it is certainly possible for Ryi1 to have small or zero singular values.
Second, there is a connection between ||R;j1 |l2 and the small eigenvalues of Hyq.
This is given by the following theorem.

Theorem 4. Suppose that Hy has k independent eigenpairs, denoted by (6, z;)
with ||zj|l2 =1, j =1,... k. Define the residual semi-norm

pj = 1SViz; — 0;VizilB -
Then

(35) 1B 2 > 1/ min /1652 + o7

Proof. Since HR,:lHQ = 1/0min With omin the smallest singular value of Ry, we shall
derive an upper bound for op,;,. From the definition of oy, one has

Omin < [Bizjllz = [ Hizjll2,  llzil2 =1
Also, from the recurrence relation (10) it follows that
SVij — oijZj = SVij — VkaZj = hk+17k’0k+16£2’j s

and with ||vgs1lls = 1, pj = hi+1,klel z;|. Hence

_ 0.2
Hyzjllo = 77
iz H( hkﬂ,kegzj)

The relation (35) provides a lower bound for HR,;LHQ It is clear that if the
eigenvalues of S are computed accurately, the smallest eigenvalue of Hy41 can
provide a sharp lower bound for ||R;};||2. This also explains that both a small 6;

- (16;1* +pH?. O

and a large || R; ;|2 often occur in tandem. This observation is important because
it indicates that failure of IRA and purification often occur together. However,
there is a subtle distinction between failure of purification and IRA. Purification
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fails only for those eigenvectors x; corresponding to small eigenvalues ¢, since the
accuracy of the purification only depends on Gj_l. Corruptions emerge in IRA, when
maxj(|9j_1|) is large, and will affect all the eigenvalues and eigenvectors. This is
clearly a disadvantage of the IRA-approach. Nevertheless, we have several reasons
to prefer Algorithm 3 over Algorithm 2.

First, if ||R,:i1 |l2 is small, G does not produce spurious eigenvalues. This is not
the case for the Ericsson approach as was shown by the example in Section 3.3,
since, in fact, Hj is not ‘purified’ at all. Second, it is easy to check when spurious
eigenvalues might emerge in IRA by monitoring [|R; !, |2 for succeeding values of
k. Such a test is quite cheap. A similar test for the Ericsson approach is not
provided. Of course, it is possible to check possible failure of purification for a
specific eigenvector z; by looking at [6;] 7.

The analysis in this section, shows the importance of a small ||¥y 1|2 in (24a),
i.e. assumes accurate matrix-vector operations with S and Gram-Schmidt orthogo-
nalisation implemented with care. This emphasises the need for a robust reorthog-
onalisation strategy. Finally, the choice of initial vector v; in R can help in the
reduction of ||R,:_i1|\2, since in exact arithmetic, if vy € R, then Vj42 € R, and
thus

IR} ll2 = 1/0min(Qiy 2 Vit 2 (BS) R Vi)
where (BS)|g is the restriction of BS over R. Since (BS)|z is not singular in R,
| R; L1 ]l2 should not be large, in general.

5. CONCLUSIONS

We end this paper with a summary of the main points and some brief comments
on related work.

The main conclusion to draw is that the Algorithm 3 which does two implicit
multiplications by S, is less susceptible to round-off errors than the algorithm in Er-
icsson [5] for the shift-invert operator S derived from problems with block-structure
(2). Possible severe corruption can be detected by monitoring ||R;j1|\2 In fact,
Algorithm 3 requires two fewer matrix-vector multiplications than the one in [5]
(since Algorithm 3 needs no pre-multiplication of the initial vector vy by S?) with
the only (minor) addition of the QR-step for Hyyq and the formation of Wy ;.
Nevertheless, we do recommend the pre-multiplication in order to reduce the risk
of large ||R,;i1||.

On an aesthetic level, the purification approach of [10] using (12) rather than
direct multiplication by S was very elegant. We think that the use of implicitly
restarted Arnoldi to carry out implicitly a second multiplication by S is similarly
pleasing.

Note that one could avoid the need for the purification step at stage 3 of Algo-
rithm 3 by performing two steps of IRA. In fact, for any S which is singular with
generalised null vectors of grade 2 we see that 2 steps of IRA with standard inner
product will remove elements from A" and G. This can clearly be extended to cases
where grade r generalised null vectors arise when r IRA steps would be required.
If S arises from a generalised problem with B of the form (2) then one fewer IRA
step is needed with the addition of a purification step.

It appears that the IRA method may help to stabilise calculations of eigenvalues
(which is a known property of this method). The analysis here, where S is singular
and defective helps to illustrate why this might be the case since there is an implicit
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subspace iteration step (see statement 2 in Theorem 3), which is another nice feature
of this method. In fact, Philippe and Sadkane [11] use a few steps of subspace
iteration in an explicit way to purify the Arnoldi vectors in an application coming
from Maxwell’s equations.

The theoretical analysis of iterative methods for the reduced problem Siu = fu
helps in an understanding of the performance of iterative methods for Sz = fz.
The fact that implicitly restarted B-orthogonal Arnoldi applied to S works could,
following the analysis in Section 2.2, also be explained by analysing the implicitly
restarted M-orthogonal Arnoldi method applied to Si, since one implicit matrix-
vector multiplication by S; maps the initial vector into R;.

Finally note that the B-inner product has been used in subspace iteration by
Scott [12]. Ericsson [5] and Nour-Omid, Parlett, Ericsson and Jensen [10] mention
that it is also a useful tool when B is nonsingular, but very ill conditioned.
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