CLUSTER ROBUST ESTIMATES
FOR BLOCK GRADIENT-TYPE EIGENSOLVERS

MING ZHOU AND KLAUS NEYMEYR

ABSTRACT. Sharp convergence estimates have been derived in recent years for gradient-type
eigensolvers for large and sparse symmetric matrices or matrix pairs. An extension of these
estimates to the corresponding block iterative methods can be achieved by applying a similar
analysis to an embedded vector iteration. Although the resulting estimates are also sharp
in the sense that they are not improvable without further assumptions, they cannot reflect
the well-known cluster robustness of block eigensolvers. In the present paper, we analyze the
cluster robustness of the preconditioned inverse subspace iteration. The main estimate has
a weaker assumption and a simpler form compared to some known cluster robust estimates.
In addition, it is applicable to further block gradient-type eigensolvers such as LOBPCG.
The analysis is based on an orthogonal splitting for the block power method and a geometric
interpretation of preconditioning. As a by-product, a cluster robust Ritz value estimate for
the block power method is improved.

1. INTRODUCTION

For large and sparse symmetric matrices or matrix pairs arising from the discretization of
a self-adjoint and elliptic partial differential operator, gradient iterations with respect to the
corresponding Rayleigh quotient can be applied with a proper preconditioning. These iterations
can efficiently solve partial eigenvalue problems, i.e., the approximate computation of small
subsets of the spectrum and the associated invariant subspaces. We consider the generalized
eigenvalue problem for the pair (A, M) of symmetric and positive definite matrices A, M € R™*"
with the eigenvalues \; < --- < \,. The computation of its smallest eigenvalue amounts to a
minimization of the Rayleigh quotient

xT Az
T Mz’

A straightforward method for this minimization is the gradient iteration

(1.1) p:R"™N\{0} = R, p(z)=

gD = 2O — yVp(a®).

In order to make the gradient iteration more efficient, approximate inverses T' ~ A~1, called
preconditioners, can be used to form an improved descent direction —7 Vp(2(¥)) [4]. A simple
example is the preconditioned inverse iteration [9]

(1.2) 2 = 2O 1@ with 0 = A2 — p(zO)M2®

since the gradient Vp(z()) is collinear to the residual r(*). Although the step size in (1.2) is
constant, the convergence of (1.2) can be guaranteed if the constraint | —TAlj4 <y < 1 (with
the identity matrix I € R™ ™) is satisfied. In the case that p(2(¥)) belongs to an eigenvalue
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interval (A;, A\j+1), the estimate

plaD) — N o2 pa®) — N
Aig1 = p(xED) = 7 Ny — p(2(9)

from [9, Theorems 1 and 4] is applicable. Convergence estimates with the structure of (1.3) have
been derived in the analyses of various gradient-type eigensolvers with individual convergence
factors oy; see [7, 14, 13]. The inequality in such estimates turns into an equality in certain
limit cases, which means that the estimates cannot be improved without further assumptions.
Therefore these estimates are considered to be sharp.

In practice, these gradient-type eigensolvers are often implemented in a block form which
allows a simultaneous approximation of several of the smallest eigenvalues [2]. For example, the
vector iterates in (1.2) can be replaced by s-dimensional subspace iterates. The resulting block
iteration is the preconditioned inverse subspace iteration

(1.4) span{ X “tD} = span{X® — TR®} with RY =Ax® — MxOOW®.

i

(1.3) with o3 =7+ (1-7)

Aig1

Therein the diagonal entries of the diagonal matrix ©®) are the Ritz values of (A, M) in the
current subspace span{X (4)}. The columns of the basis matrix X() are given by the corre-
sponding M-orthonormal Ritz vectors, i.e., (X)TMX® = I, € R*** (identity matrix) and
(XNTAX® = ©®. From another point of view, the columns of X — TR® are just the
one-step results of (1.2) applied to the Ritz vectors in span{X()}. However, this argument
only allows us to analyze the change of the smallest Ritz value by a direct application of (1.3).
For the other Ritz values, one can start with the Ritz vectors in span{X¢*1} and combine
them with certain auxiliary vectors from span{ X} within an iteration similar to (1.2); cf. the
block extension of a strictly sharp variant of (1.3) in [11, Section 3]. The results from [11] can
be modified in order to generalize (1.3). Denoting the j-th Ritz values (in ascending order) in
the consecutive subspace iterates span{ X}, span{X“*+1} by 1952)7 §§€+1), it holds in the case

9\ € (As, Aig1) that

U 9 — N :
(1.5) J <2 o owith oy =+ (1 — 7).
)\Hl - 19;2+1) )\i+1 - 19]-[) )\i-i-l

The estimate (1.5) preserves the sharpness of (1.3). In the corresponding limit case, the Ritz
values in span{X ()} other than ﬂg»é) can be set equal to eigenvalues, without contradicting the

assumption 1950 € (A, Ait1)- An evident drawback of (1.5) is that it is not suitable for interpret-
ing the well-known cluster robustness of block eigensolvers (also called subspace eigensolvers).
If the eigenvalues A;, A;+1 belong to a cluster (e.g. due to the approximation of a multiple
eigenvalue of the underlying operator eigenproblem), the convergence factor o; in (1.5) is close
to 1 and thus cannot predict a fast minimization of the j-th Ritz value. Nevertheless, a fast
minimization can practically be realized by setting the dimension of subspace iterates larger
than the number of clustered eigenvalues.

An older and improvable estimate of the block iteration (1.4) (in an equivalent form for
standard eigenvalue problems) in [3, Theorem 2.1] succeeds in describing the cluster robustness
with the convergence factor v+ (1 — v)\;/As41 for the j-th Ritz value. However, this estimate
has a more complex form than (1.5) and requires a strong assumption on angles between the
initial subspace and the target eigenvectors. The suggested tolerance in the assumption contains
the factor (maxi:L,,,,S (()\i+1 + )/ (N1 — )\i)))_2 which is very small if the first s eigenvalues
are clustered. Thus the initial subspace needs to be a very accurate approximation of the target
invariant subspace. In other words, this estimate is applicable only if (1.4) is very close to

its convergence. Cluster robust estimates for (1.4) under the weaker assumption 0 < As+1
can be derived by using [18, Theorems 2 and 3] and have the form Z;Zl ()\j_l - (195-“1))*1) <
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TZ;:l ()\;1 — (195-[))_1) according to a reciprocal representation of the eigenvalue problem.
Therein the convergence factor 7 has to be defined in a complicated form requiring the Ritz
value 199 together with certain angles between span{X (Y} and the target invariant subspace.
In contrast to this, the convergence factor o; in (1.5) only depends on two eigenvalues \;, A1
and the quality parameter + of the preconditioner. Moreover, the estimates based on [18] do not

reflect the possibly distinct convergence rates of the Ritz values such as A\;/As11.

1.1. New cluster robust estimates. These considerations lead us to the idea of developing a
new estimate for (1.4) which can interpret the cluster robustness under a suitable assumption and
in a simple form. For this purpose, we consider first the special version of (1.4) with 7= A~1,
i.e. the inverse subspace iteration

(1.6) span{ XD} = span{A"' M X OO} = span{A~ M X},

for the matrix pair (4, M). By using a reciprocal representation, (1.6) corresponds to the block
power method for which some cluster robust estimates on the angle between a target eigenvector
and the subspace iterate are presented by Rutishauser [20, Section 2] and Parlett [19, Section
14.4]. These estimates can be applied to (1.6) after simple reformulation:

‘
s
ZA(wj,X(e)) = (9((/\j/)\s+1)2) and tanZA(wj,X(Z)) < ()\j> tanAA(VV, X(O))

s+1
for an eigenvector w; associated with the j-th eigenvalue A;, j € {1,...,s} and the invariant
subspace span{WW} associated with the first s eigenvalues. The angles denoted by £ 4 are defined
with respect to the inner product induced by A. However, the angle Z4(w;, X (z)> generally
differs from the angle between w; and a Ritz vector so that these traditional estimates cannot
directly imply estimates on Ritz vectors or Ritz values. An improvement has been made by
Andrew Knyazev within the convergence analysis of an abstract block iteration in [6, 7]. The
improvement includes a cluster robust Ritz value estimate which can be reformulated as

(0 ,
Ui A A ( Aj

o =
An — 05 An

20
> tan? Z4 (W, X ).
)\erl
In addition, combining this with the estimate [7, (2.7)] on the relation between Ritz vectors
and Ritz values implies a Ritz vector estimate. We aim to achieve a further improvement by
deriving intermediate estimates in terms of Ritz values instead of angles. The improved estimate
can be modified in the general case T ~ A~! by using an alternative quality parameter 5 of
the preconditioner based on the geometric arguments from [10, 1]. Therein we consider an em-
bedded vector iteration within the orthogonal complement of an invariant subspace associated
with certain interior eigenvalues. The parameter 7 is introduced in an assumption depending
on auxiliary vectors concerning the inverse subspace iteration. This approach is inspired by the
work [17] of Yvan Notay on an inexact Rayleigh quotient iteration and leads to an intermedi-
ate estimate for the embedded vector iteration. The estimate is similar to (1.3), namely, for
estimating the j-th Ritz values, one obtains

p(l‘(ZJrl)) — )\i—s—&-j < (74 (1 B ﬁ) >‘i—s+j 2 p(gg(l)) — Ai-s.},—j
Aig1 — p(at+D)) = Ait1 Aiv1 — p(z®)

for auxiliary vectors z(¥) and x(“+1) provided that p(z?)) is located between \;_41; and \;4; for
a certain ¢ € {s,...,n — 1}. The interior eigenvalues between A\;,_sy; and A;41 are skipped. (In
the special case i=s, these eigenvalues are between \; and Asy1.) We prove this intermediate
estimate in an equivalent form in Lemma 3.1. Furthermore, a multistep estimate

I — Ao Nicsrs 29 = Nisgsy
j +J S (W+ (1 7?) 7.—s+j> s i—s+j

Ait1 — 195‘6) it Aip1 — 0%
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without auxiliary vectors is achieved in Theorem 3.5. The bound uses the s-th Ritz value 1920)
and can thus be looser than that from the multistep form of (1.5) in the first several steps, but
it is significantly better in total because of the possibly much smaller convergence factor based
on the ratio A\j_s4;/Aiy1 compared to \;/A;11; see the numerical experiments in section 4.

1.2. Notation. The generalized eigenvalue problem Az = AMx can be represented by a recipro-
cal form, namely, by the standard eigenvalue problem Hy = A~y with H = A~Y2MA~'/2 and
y= A2z, This representation can considerably simplify the convergence analysis; cf. [16, Sec-
tion 1.3]. We remark that the auxiliary matrices A~1/2 and AY? do not occur in our convergence
estimates and are thus not required in the corresponding numerical experiments. Additionally,
it holds for the Rayleigh quotient (1.1) and the Rayleigh quotient

T
(1.7) pR\O} S R ) = L

that p(z) = (u(y))fl. For the preconditioned inverse iteration (1.2), the reformulation
A2, — AV/2,.(0 _ AV/2 A1/2 (AI/ZI(Z) _ p(as(z))A’I/ZMA’I/QAUZ;E“))
together with N = A'/2T A'/2 results in the representation

(1.8) Yt = (O _ N(y(é) _ (/i(y(e)))ilHy(é)).
Similarly, the preconditioned inverse subspace iteration (1.4) can be represented by
(19) span{Y "0} = span{y ) — N (Y@ — HY O (0())~1)}

with YO = AY2XO(01)~1/2 and ©® = (©W)~1. Therein the columns of Y are or-
thonormal Ritz vectors of H since (Y(?)TY(®) is the identity matrix I, and (Y)THY® is a
diagonal matrix:

(y(f))Ty(f) — (@(5))—1/2 (X(l))TAX(f)(@)(f))—l/2 =1,

N———
—6®

YNTHY O = (©O)~1/2 (XN pxO(©0)~1/2 = (8)~1 = ®,
| —
=1,

Correspondingly, ©“) is a diagonal matrix with the Ritz values of H as the diagonal entries.
The matrix N in (1.8) and (1.9) represents the preconditioner 7" and is assumed to satisfy the
constraint ||[I — N2 < < 1 according to

11 = TA|la = [|AV2I = TA)AT2 |y = ||I = AVETAY? ||y = [T = N|>.
This allows us to reformulate the estimates (1.3), (1.5) in the following lemma.
Lemma 1.1. Let p1 > -+ > py, be the eigenvalues of the symmetric and positive definite matriz

H € R™™. The corresponding Rayleigh quotient is defined by (1.7). Let the matriz N in the
iterations (1.8) and (1.9) satisfy ||[I — N|2 <~y < 1.

(a) For (1.8), it holds in the case p(y®) € (piy1, i) that
(l+1))

pi = pu(y o pi—p(y®) pit
1.10 < o; with o; =~v+ (1 —~v)—.
(1.10) p(y D) — g = p(y®) = piga =) i
(b) Let 95-@, 0;“1) be the j-th Ritz values in descending order of H in span{Y )},

span{Y VY. Then it holds for (1.9) in the case 9§-£) € (fit1, pi) that

(£+1) (0)
i —0; i — 0, . Hi+1
(1.11) o <ol with oi=y+(1-9)=——.
0, — Mit1 ;" — pit1 i
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The reformulation simply uses the fact that the eigenvalues and the Ritz values of (A4, M)
are the reciprocals of those of H. For a self-contained proof of (1.10) one can use the succinct
analysis from [1] after a simple conversion of the eigenvalue notation py > -+ > u,, in [1] (ie.,
the multiple eigenvalues are counted only once) to that in Lemma 1.1. Some arguments from
[11, 1] can be combined and applied to a self-contained proof of (1.11). Furthermore, these
arguments are used below in subsection 3.1 for deriving the new estimate.

1.3. Aim and overview. In this paper, we analyze the cluster robustness of block gradient-
type eigensolvers. New estimates are derived for the preconditioned inverse subspace iteration
(1.4) by combing an orthogonal splitting for the block power method and a geometric interpreta-
tion of preconditioning. These two tools are implemented concerning the symmetric and positive
definite matrix H with eigenvalues pq > -+ > pu,, introduced in subsection 1.2. The orthogonal
splitting makes use of the intersection of the initial subspace and the invariant subspace asso-
ciated with the eigenvalues fi1,. .., fi—s4j, fli+1,-- -, ftn for a certain index i € {s,...,n —1}.
The orthogonality of this intersection to the eigenvectors associated with the interior eigenvalues
Mi—s+j+1,- - - Ms 1S preserved while we multiply it by H. These eigenvalues are thus skipped in
the further analysis so that the cluster robust convergence factor p;11/p;—s+; is achieved; see
subsection 2.2 for more details. The geometric interpretation of preconditioning compares the
preconditioned inverse iteration with the power method yn,ew = Hy. The new iterates can be
analyzed within a ball centred at Hy or within a cone around span{Hgy}; cf. [10, 1]. We utilize
these tools in order to modify a description of (1.4) from [11] as an important step of our new
analysis; see subsection 3.1 for more details. The resulting main estimate has a similar simple
form as (1.5) but is much more accurate in the case of clustered eigenvalues. Additionally, the
new results serve as a supplement to the convergence analysis of further block gradient-type
eigensolvers.

The remaining part of the paper is organized as follows. In section 2, we consider the inverse
subspace iteration (1.6). This is a special version of (1.4) with 7= A~! and corresponds to the
block power method by using the reciprocal representation in subsection 1.2. The convergence
analysis of an abstract block iteration by Knyazev [6, 7] is directly applicable and results in
typical cluster robust estimates. However, the central part of this analysis works with angles
between subspaces and cannot easily be applied to the case of inexact preconditioning. Thus
we derive a further cluster robust estimate in terms of Ritz values and generalize it in section
3 to preconditioned iterations. Therein the perturbation of some auxiliary vectors caused by
inexact preconditioning is described with an alternative quality parameter so that the proof
techniques from [10, 1] can be used. The main result is a multistep estimate for the precondi-
tioned inverse subspace iteration (1.4) under a proper assumption and can easily be compared
with the multistep form of (1.5). In section 4, numerical experiments with large scale matrices
from an adaptive finite element discretization of the Laplacian eigenvalue problem demonstrate
the benefit of the new results.

2. CLUSTER ROBUSTNESS OF THE BLOCK POWER METHOD

We start with a special version of the preconditioned inverse subspace iteration (1.4). By set-
ting N = I in its reciprocal representation (1.9), we obtain span{Y (“+1)} = span{HY ) (0*))~1}
= span{HY ()}, i.e. the block power method for the standard eigenvalue problem of H, or the
reciprocal representation of the inverse subspace iteration (1.6).

2.1. Convergence estimates by Andrew Knyazev. The block power method is also a special
version of an abstract block iteration which has been thoroughly analyzed by Knyazev [6, 7]. We
select two typical cluster robust estimates [7, (2.18), (2.20)] and reformulate them with respect
to the block power method.
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Lemma 2.1. Let g > -+ > ps > psp1 > -+ > pp be the eigenvalues of the symmetric
and positive definite matric H € R™ ™ and let z1,...,2s,2s+1,--.,2n be the associated or-
thonormal eigenvectors. We consider the block power method span{Y“*+1} = span{HY ()}
with dim(span{Y(V}) = s and denote by Z(U,V) the Euclidean angle between two subspaces
span{U}, span{V}. If Z(Y©),2) < 7/2 for Z = [21,...,z], then it holds that

(2.1) tan Z(Y, Z) < (T)E tan £ (Y, 7).

Furthermore, denoting by HJ(-E) the j-th Ritz value in descending order of H in span{Y ()} it
holds that

Wi — 0(2) 20
(2.2) I (“S“) tan? Z (Y, Z).
9]‘ — Hn Hj

Remark 2.2. In [6, 7], a generalized eigenvalue problem is considered and the angles are defined
with respect to the inner product induced by a symmetric and positive definite matrix. The
target eigenvalues are taken to be simple. In spite of these different settings, the analysis in
[6, 7] is applicable to the proof of Lemma 2.1 after slight reformulation. The probably more
natural setting with only one strict inequality ps > psy1 dates back to the analysis of the
inverse subspace iteration by Parlett [19, Section 14.4].

2.2. Auxiliary vectors. The estimates [7, (2.18), (2.20)] can be proved by combining several
valuable arguments from [6] (in Russian). Next, we recapitulate two arguments in equivalent
forms together with some auxiliary vectors which are also used for deriving our new estimates.
For the reader’s convenience, we prove these arguments in a more direct and elementary way.

Lemma 2.3. With the settings from Lemma 2.1 there exist unique vectors yi € span{Y(O)},
ke{l,...,s} satisfying z] yp = 0ix, fori € {1,...,s}. Furthermore, the matriz Y; = [y1,...,y;],
Jj€{1,...,s} has the rank j, and it holds for Z; = [z1,. .., z;] that (cf. [6, (2.3.11)])

¢
(2.3) tan Z(HY;, Z;) < <“5“> tan Z (Y}, Z;).
27}
Proof. The condition zZT Y = 0,5, together with the representation v, = Y(?) g, leads to the linear
system ZTY(O)gk = e, with Z = [z1,..., 2] and the k-th standard basis vector e in R®. The
assumption A(Y(O), Z) < /2 from Lemma 2.1 ensures that Z7Y (?) is invertible (since otherwise
there exists a nonzero vector g € R® with Z7Y©g =0, i.e., span{Y(O)} contains an vector Y0 g
which is orthogonal to span{Z }) Thus the solution gi is unique as well as yi. These auxiliary
vectors have already been suggested by Rutishauser in [20].
The resulting representation y = Y0 (Z7Y(©)~1¢; shows that
V; =Y O ZTY )=ty ... el
and thus Y; evidently has the rank j. In order to prove (2.3), we use the fact span{H*Y;} =
H'span{Y;} so that
tan Z(H'Y;, Z;) = ma; tan Z(w, Z;) = ma tan Z(H'y, Z;).
( J ]) wEspan{)Ii(“Yj} ( j) yESPaH}j{(Yj} ( Y J)
Then we consider a (nonunique) y* € span{Y;} which maximizes tan A(H by, Zj). The condition
2Ty, = ;1 implies that y* is orthogonal to the eigenvectors zj.1,..., zs in the case j < s. Thus
y* can be represented by y* = 2321 oz + Z?:SH «;z; with certain coefficients «; € R, also in

the case j = s. Consequently, it holds that H'y* = i ufaizi + Z?:SH ,ufaizi and

n 20,2 20 n 2 20

v 2 (2 . Y ol ,

tan? L(Hey*, Zj) _ Zz;s-ﬁ—l 'L;; 21 < :ub-&-Qle l‘;S+12 i <Us+1) tan> L(y*, Zj)-
i=1 M7 QG M52 5=1 0% Hj
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Combining this with
tan Z(H'y*, Z;) = tan Z(H'Y;, Z;), tanZ(y*, Z;) < tan Z(Y}, Z;)
and using the positivity of the concerned tangent values and eigenvalues yield (2.3). O

The special version of (2.3) for j = s coincides with the estimate (2.1) in Lemma 2.1. Addi-
tionally, (2.3) can be extended to the estimate (2.2) by using the following argument.

Lemma 2.4. With the settings from Lemma 2.1 and Lemma 2.3 it holds that (cf. [6, (2.2.42)]
in terms of tangent values)

0 —
2.4 cos? Z(H'YY;, Z;) < 2 T Hn
J J
Hji — Hn

Proof. We denote by § the smallest Ritz value of H in span{H ij}. Since Yj is a submatrix
of Y(© with the rank j (and H has full rank), span{H*Y;} is a j-dimensional subspace within
span{H'Y (O} = span{YV®}. Then we have My > 0]@) > [ by using the Courant-Fischer
principles. Thus (2.4) can be derived from the intermediate estimate

B — pin

fj = b

Evidently, (2.5) is trivial in the case cos? Z(H'Y;, Z;) = 0. In the nontrivial case, we use a
Ritz vector w in span{H"Y;} associated with 3. Then p(w) = 8, and 0 < cos® Z(H'Y}, Z;) <
cosgl(w, Zj) so that w is not orthogonal to span{Z;} and thus has a nonzero orthogonal

projection z to span{Z;}. In addition, it holds that
cos’> Z(H'Y;, Z;) < cos* Z(w, Z;) = cos?® Z(w, z).

(2.5) cos> L(H'Y;, Z;) <

Since z € span{Z,}, and span{Z,} is an invariant subspace with respect to H, we have Hz €
span{Z,}. Thus the orthogonality w — z L span{Z;} implies that

(w—2)'2=0, (w—2)THz=0 and (w— 2)T(H — pnI)z = 0.
Consequently, it holds that w’z = ||z||% and
wT(H — ppDw = 27 (H — pp D)z + (w — 2)T(H — p D) (w — 2) > 27 (H — pn, 1)z > 0.

Therein the first inequality follows from the positive semidefiniteness of H — u,, I, and the second
inequality is based on the fact that z is not an eigenvector associated with u, because of z €
span{Z;} and p; > f1s > fts41 > fin. Summarizing the above gives

T 2 2
COS2L(HZY}, Z;) < cos® Z(w, 2) = <wz> _ ”27“22
wll2l2]2 [wl]2
[EE wT (H — pp Dw
T AH =)zl
which shows (2.5) by using u(w) = 8 and p(z) > p; (according to z € span{Z;}). 0

= (1(2) = pn) " (nlw) = )

Remark 2.5. Two equivalent versions of (2.4) can immediately be derived by trigonometric
conversions:
0\ 6
(2.6) sin? Z(HY;, 2;) > 00 tan? (Y, Z;) > “273
i = Hn 0% — i,
Additionally, for each y € span{Y;} and its orthogonal projection § to span{Z,}, we have

y—9y Lspan{Z;}, y Lspan{zjt1,...,2s}, @ -Lspan{zjt1,...,2s}
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so that y — ¢ is orthogonal to span{Z;} + span{zj;1,...,2s} = span{Z}. Thus 7 is also the
orthogonal projection of y to span{Z}, and

tané(Yj, Zj) = yesrgﬁ?{(yj}tané(y, Zj) = yesg;%?{(n}tanl(y, Z)

0
< yespriilag/(o)}tanl(y, Z) = tané(Y( ), Z).
Combining this with (2.3) and the tangent estimate in (2.6) (cf. [6, (2.3.12)]) yields the estimate
(2.2) in Lemma 2.1. Similarly, the sine estimate in (2.6) can be extended to (u; —9§-e))/(uj —lip) <
sin? Z(Y(Z), Z ) This corresponds in the special case £ = 0 to a well-known relationship between
Ritz values and subspace angles where no iterative methods are considered; see [5, Theorem 1]
or its slightly weaker variant [3, Lemma 3.1].

2.3. New estimates. As seen in the previous subsection, the central part of the derivation of
the cluster robust estimates in Lemma 2.1 or [7, (2.18), (2.20)] is a tangent estimate like (2.3).
For the purpose of a generalized analysis for preconditioned iterations, however, (2.3) and the
underlying proof technique cannot easily be used since the orthogonality between the auxiliary
vectors and the eigenvectors z;11,. .., zs does not need to be preserved under preconditioning.
Indeed, the known sharp estimates for preconditioned iterations from [11, 9] are not in terms of
angles but in terms of Ritz values. This consideration leads to the following new cluster robust
estimates in Theorems 2.6, 2.8.

Theorem 2.6. Let p1 > --- > p, be the eigenvalues of the symmetric and positive definite
matriz H € R™™. We consider the block power method span{Y 1} = span{HY ¥} with

dim(span{Y(®}) = s and denote by 9§£) the j-th Ritz value in descending order of H in the
subspace iterate span{Y (Y}, If 9£°) > list1, then it holds that

) 2¢ 0
pj —0; < (Ms+1> py — 6% .
9;6) — Hst+1 Hj 0 — pigia

(2.7)

In comparison to Lemma 2.1, Theorem 2.6 does not depend on the invariant subspace Z =
[21,...,2s]. The assumption Ggo) > [is41 €nsures fig > g1 because of pg > 9§0) by the Courant-
Fischer principles. The estimate (2.7) contains only eigenvalues and Ritz values. It is not a direct
improvement of (2.2) due to their different convergence measures. However, a coarser variant
of (2.7) can be proved by extracting an upper bound of (u; — 9§0>)/(9§°) — ps+1) from the
trivial version of (2.2) with £ = 0 and j = s. The essential advantage of using (2.7) is that its
extension to the preconditioned case can preserve the orthogonality between auxiliary vectors and
eigenvectors. In the derivation of (2.7) we use the auxiliary vectors introduced in subsection 2.2,
and prove first a similar estimate concerning Ritz values in subspaces span{Y;} C span{Y (®)}.

Lemma 2.7. With the settings from Lemma 2.1 and Lemma 2.3 let éj be the smallest Ritz value
of H in span{Y;}. Then éj > ng), and, if [ISUBS lhs+1, it holds that

© 20 5
1 =9, < (Hs+1> pi — b,

(2.8) < k
0](‘6) — Hs+1 Hj

0; — ps41

Proof. The inequality éj > 09 follows from the relation span{Y;} C span{Y (?} and the fact
that 9~j, 6{”) are the smallest Ritz values in span{Y;}, span{Y (D}, respectively.

For the proof of (2.8) we use, similarly to the proof of Lemma 2.4, the smallest Ritz value
B of H in span{H éYj}. Then the inequality QJ@ > [ (based on the Courant-Fischer principles)
and the monotonicity of the function (,uj — *)/( * —Ms+1) on the interval (us_H, uj] allow us to
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derive (2.8) from the intermediate estimate
20 5
(29) Hj — /8 < (M5+1> ~Nj - F)j '
ﬂ — Ms+1 Hj 9]‘ — Ms+1
We prove (2.9) by using a Ritz vector of H in span{H*Y;} associated with 3. This vector can

be represented by H'Yjc with a coefficient vector ¢ € R7\{0}. We consider further the vector
Y;c and denote it by y so that

(2.10) yespan{Y;},  p(y) 2 0; 200 > pep, 8= p(HYje) = p(H'y).
Because of y € span{Y;} = span{yi,...,y;} and the condition 2yx = d;; from Lemma 2.3,
the vector y is orthogonal to the eigenvectors z;11,...,zs in the case j < s. Thus y can be

represented by

J n
y=u+uv with U:sz‘, v = Z wi, w; € span{z;},
i=1 i=s+1

also in the case 7 = s. Therein u and v are the orthogonal projections of y to the invariant
subspaces span{z1,. .., z;} and span{zs41,...,2,} so that uZ Hv = uTv =0 and

() = (u+v)THu+v) w"Hu+v"Ho  plu)u"u+ p(v) oo

. (w+v)T(u+v)  wlu+oTv uTu+0vTv ’

The vector u cannot be zero, since otherwise y belongs to span{zs11,..., 2, } so that u(y) < pst1
which contradicts the inequalities in (2.10). Then we have

p(u) —ply) vl oll3

uly) —p(w) — wlu

w o ullz
In addition, an analogous equation for the partially scaled vector § = ,u?u + b 110 yields

p(u) — (@) pbe) —p@) bl e\ s(w) = p(y)
(2.11) W(G) — (o)~ A@) — aye) ikl ‘( m ) w(y) — plv)

Furthermore, the inequality p(H%) > u(7) follows from the coefficient comparison

J n
H'y=Hu+Hv=> pf wi+ Y pf w
i=1 _¥ i=s+1

£ £
ZHJ' SN5+1

analogously to [6, Lemma 2.3.2] and [16, Lemma 3.2]. Combining p(H*y) > () with the known
relations

pla) 2y 2 00 2 B = p(H'y), () 20,2 00 > pgs = (o)
and (2.11) yields p(u) > ;> B> p(f) > ply) > 0; > pror1 > o
plw) =B _ (usﬂ)” plu) —0;
B—plw) =\ p 0; — u(v)
follows from (2.11) by using the monotonicity of the function (p(u) — *)/( * —p(v)) on the
interval (p(v), p(u)]. The subsequent extension

(Mj—ﬁ) ~,uj_9~j _1: pi— B
Y AN 15 =0

5
p(u) — B 0; —p(v) \ _ [ p(u) —
= (u(u)—@) (5—,“(“) ) _(B—M(U))

v). More precisely,
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results in (2.9). O
The proof of Theorem 2.6 follows immediately from Lemma 2.7 and is given next.

Proof of Theorem 2.6. The settings from Theorem 2.6 are compatible with those used in Lemma
2.7. In particular, the assumption 9£°) > [ls41 ensures Z(Y(0)7Z) < 7/2, since otherwise
span{Y (?} contains a nonzero vector y which is orthogonal to span{Z} so that o < wuly) <
ts+1- Thus the results of Lemma 2.7 are applicable. The inequality éj > ng) and the monotonic-

ity of (1 —*) / (% —p1as1) on (pssr, p] show that (i —6;) /(6 — ) < (1 = 627) /(07 —
fts4+1). Combining this with (2.8) yields (2.7). O

We remark that our analysis in Lemma 2.7 and Theorem 2.6 can be applied to the abstract
block iteration from [6, 7] after slight reformulation. The resulting pendant of (2.7) generalizes
the estimate [7, (2.22)] which corresponds to the special case j = s. However, the Ritz value
Hgo) in the bound in such a generalization cannot be replaced by 93(»0) for the purpose of a tighter
bound; cf. the numerical example concerning the restarted block-Lanczos method in [22, Section
3, Figure 1].

Furthermore, the estimate (2.7) can be generalized to arbitrarily located 9§0) where the aux-
iliary subspaces like span{Y;} can be constructed by subspace intersections.

Theorem 2.8. Let p1 > --- > p, be the eigenvalues of the symmetric and positive definite
matriv H € R™™. We consider the block power method span{Y *1} = span{HY )} with
dim(span{Y(©}) = s and denote by GJ(-E) the j-th Ritz value in descending order of H in the

subspace iterate span{Y O}, If pu; > 00 > Wiv1 for a certain i € {s,...,n — 1}, then it holds
that

¢
a—— pivr \° pissy — 0
(2.12) - < G .
0] — /j,i+1 Mi78+j 05 - ‘LL»L‘J,_l
Proof. The estimate (2.12) is trivial in the case QJ(-Z) > pi—s+; (since the left-hand side is then
nonpositive). In the nontrivial case Gj@) < [i—s+j, We use orthonormal eigenvectors 21, ..., 2, of
H associated with the eigen\ialues g1 > -+ > fin. Then the intersection of Y(©) = span{Y(O)}
and the invariant subspace Z = span{z1,..., Zi—s+j, Zi+1, - - - , 2n} has at least the dimension j
because of
(2.13)  dim (Y PN 2Z) =dim YO +dim Z — dim (YO + Z) > s+ (n—s+j) —n =
|
<dimR"=n

Thus there exists a j-dimensional subspace J C (37(0) ﬂg). We denote by 6, 3 the smallest Ritz
values of H in ), H*Y), respectively. Then the Courant-Fischer principles yield

0>60 >piy and B < 95»@) < Hi—s+j

because of Y € YO — span{Y(O)} and HYY C span{HéY(O)} = span{Y([)}. Therein we
consider 6, 920) as the smallest Ritz values and j, QJ(-Z) as the j-th Ritz values in descending

order. Subsequently, the estimate (2.12) follows from the intermediate estimate
- 20 -
1—s+j5 % i—s+j5 0
(214) /1’~ +J ﬁ < < fi+1 > lu~ +J
B — tit1 Hi—stj 0 — fhiy1

which can be shown analogously to the proof of (2.9), i.e., by using an auxiliary vector y € y
and its orthogonal projections to span{z1,...,z;—s1;} and span{z;11,...,2n}. O

)
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The estimate (2.12) is independent of angles and can provide a tighter bound compared to
the estimate (2.2); cf. Experiment I in section 4. Moreover, (2.12) is only sharp in the case j = s
where it corresponds to the special version of a sharp estimate from [11] for the preconditioned
inverse subspace iteration. Nevertheless, (2.12) provides an important cluster robust supplement
to the estimates from [11] in the case j < s. We aim to improve (2.12) in future work concerning
sharpness for j < s.

Additionally, we reformulate Theorem 2.8 for analyzing the inverse subspace iteration (1.6)
with respect to the generalized eigenvalue problem Az = AMz. The reformulation is based on
the substitutions introduced in subsection 1.2.

Theorem 2.9. Let A\ < --- < A, be the eigenvalues of the pair (A, M) of symmetric and
positive definite matrices A, M € R"*™. We consider the inverse subspace iteration (1.6) with

dim(span{X(©}) = s and denote by 195-[) the j-th Ritz value in ascending order of (A, M) in the

subspace iterate span{ X O}, If \; < 90 < Xit1 for a certain i € {s,...,n — 1}, then it holds
that

(2.15)

(£) 2/ 0
V57— Nies+j < </\i—s+j> . .

Ait1 — ﬁy) Ait1 Aig1 — 98

3. CLUSTER ROBUSTNESS OF THE PRECONDITIONED INVERSE SUBSPACE ITERATION

The goal of this section is to generalize the new estimates from Theorem 2.6 and Theorem
2.8 to the preconditioned case. We consider the preconditioned inverse subspace iteration (1.4)
with respect to its reciprocal representation (1.9).

3.1. Preconditioning. The generalization of the new estimates is partially known, namely, for
j = s, the estimate

i— 08" i1\ i — 08

0% — i Hi 6
can be derived by recursively applying (1.11) with j = s.

For the full generalization, we first review a proof sketch of (1.11) based on the analysis from
[11, 1]. For convenience, we use the simplified formula

(3.2) Y=Y -NY -HYO™ )

of (1.9) where Y = V(¥ 5o that span{Y”'} = span{Y “**1}. Correspondingly, (1.11) with j = s
has the simplified form

§(7+(1’y :
= Mit1

/

pi — 0 piv1\" pi—0
3.3 I T <y (1 — ”) L s
(3.3) T—— (7 (1-7) B

where 0, 0/, are the smallest Ritz values in span{Y}, span{Y’} and + comes from the condition
I — Nll2 <+ < 1. In the proof one can first show that Y’ has the full rank s and is thus a basis
matrix. Then a Ritz vector associated with 6’ can be represented by Y'c¢ with ¢ € R*\{0}. By
using (3.2), one obtains the vector iteration

Y'e=Ye— N(Yc— HYO '¢).

A further reformulation

HYO® 'c—Y'c=(I—-N)HYO 'c—Yec)
is necessary in order to apply known estimates for vector iterations such as (1.10). This leads to
(3.4) |Hy = Y'clla <v[|[Hy — u(y)ylla with y=YO e,

i.e., Y'c is contained in a ball corresponding to one step of the iteration (1.8) with Yy =y =
Y©~te. Thus (1.10) is applicable and implies (3.3) by using u(Y'c) = 0, and (YO~ te) > 6,. In



12 M. ZHOU AND K. NEYMEYR

the case j < s, the same proof technique is applied to a j-dimensional subspace within span{Y}.
The resulting intermediate estimate can be combined with the Courant-Fischer principles so
that (1.11) is shown.

Now we aim to formulate an argument which is similar to (3.4) and allows us to restrict the
analysis from [11, 1] to the orthogonal complement of span{z;;1,...,2s}. Therein one has to
overcome the obstacle that the three vectors Y'c, YO !¢ and HY© ¢ generally cannot be
orthogonal to zj41,...,2, at the same time. With this aim in mind, we consider a scaling-
invariant alternative of (3.4), namely,

sin Z/(HY© 7 te, Y'e) < ysin Z(HYO e, YO L)

which means that Y’c belongs to a cone around span{HY ©~1c}; cf. [10, Theorem 2.2]. More-
over, this alternative is compatible with the analysis from [11, 1]. Further, we use the fact
that span{Y’} would coincide with span{HY©~!} = span{HY} in the special case N = [
(correspondingly, the new iterate in (1.4) is an approximate solution of a block linear system
and coincides with the exact solution if T = A~1). Thus, if Y'c is a Ritz vector in span{Y”}
associated with the smallest Ritz value, then span{Y’c} can be regarded as a perturbation of
span{HY d} where HYd is a Ritz vector in span{HY } associated with the smallest Ritz value.
Consequently, the quality of the preconditioner can be measured by

(3.5) sin Z(HYd, Y'c) <Jsin Z(HY d, Yd), ¥ €0, 1).

Therein 4 = 0 corresponds to N = I. Based on the condition (3.5), we can analyze Y’c within a
cone corresponding to one step of the iteration (1.8) with () = Y'd. Then an alternative of the
estimate (3.3) with 7 instead of v can be derived. We remark that the condition (3.5) is inspired
by the measure [17, (3.3)] for preconditioners of (slightly) indefinite matrices within an inexact
Rayleigh quotient iteration. The parameter 4 cannot simply be replaced by ~ in the following
estimates. The replacement is allowed in the special case that the eigenvectors of H are invariant
with respect to N so that Y'c, YO 'c and HY© !¢ can belong to a same invariant subspace.
Indeed, 7 is slightly larger than + within the numerical examples in section 4. A theoretical
description of the relation between 4 and ~ possibly requires a generic constant for representing
the angle between Y'd and YO !¢ so that the corresponding estimates would be asymptotic.

3.2. An intermediate one-step estimate. By setting similar conditions as (3.5) for certain
subspaces which are orthogonal to zj41,..., 2, an intermediate one-step estimate for the gen-
eralization of Theorem 2.6 has the following form.

Lemma 3.1. Let 1 > -+ > py, be the eigenvalues of the symmetric and positive definite matriz
H € R™ ™ with the associated orthonormal eigenvectors zi,...,z,. Furthermore, let 61 > --- >
05 be the Ritz values of H in the subspace span{Y} where the columns of Y are the associated
orthonormal Ritz vectors. We consider the subspace iteration Y =Y — N(Y — HY©™1) with
O = diag(0y,...,0s) and N € R™*" satisfying ||[ — N||2 < 1. Then the following hold:
(a) Y’ has full rank. Denoting by 0 > --- > 0. the Ritz values of H in span{Y"'}, it holds
that 0; > 0;, j € {1,...,s}. If span{Y'} contains no eigenvectors, then 6 > 0;.
(b) If 05 > psy1, then there exist unique vectors yy € span{Y'}, vy}, € span{Y'} satisfying
zly = 2lyl, = 6 for i, k € {1,...,s}. Furthermore, the matrices Y; = [y1,...,y;],
Y/ =y, 95, 5 €{1,..., s} have the rank j.
(¢) Additionally, we denote by éj, é; the smallest Ritz values in span{Y;}, span{Y}}, respec-
tively. In the special case N = I, span{Y}} coincides with span{HY}} so that a Ritz
vector Yc; associated with 0~; can be represented by HY;d;. In the general case N ~ I,
Yj’cj can be regarded as a perturbation of HY;d;. If

(3.6) sin Z(HYjdj, Yjc;) < 7sin Z(HY;dy, Yidy)
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with 5 € [0, 1), then it holds that

@ N G
(3.7) D < (G-l ) Sl
0% — pst1 Hj 0 — Hst1

Proof. (a) Since Y consists of s orthonormal Ritz vectors, ¥ has full rank. If Y’ does not have
full rank, then there exists a nonzero vector ¢ € R® with 0 =Y’c=Yc— N(Yc— HYO !¢) so
that HYO lc= (I — N)(HY©® '¢c—Yc¢) and

|HYO ¢|ls < I = N||2||[HYO te — Y|z < |[HYO e — Y.
Therein ||[HY©~tc—Ye|2 # 0 since otherwise ||[HY ©~c||; = 0 and thus ¢ = 0. This inequality
contradicts the fact

|BY O e|)3 = [HYO e~ Yol + Vel > [HYO e — Vel
which follows from the orthogonality

Ye) ' (HYO e —Ye) = YTHYO e~ TYTYe=c"OO e — e =0.

Thus Y has full rank, and there are s Ritz values 6] > --- > ¢/ in span{Y”'}.

We consider further the subspaces span{Y'E;}, j € {1,...,s} where E; € R®*J consists of
the first j columns of the identity matrix I, € R***. Therein Y'E; also has full rank, and it
holds that

Y'E;=YE; —N(YE; - HY® 'E;) =YE; - N(YE; — HYE;0; )

with ©; = diag(6:,...,6;). We denote by y" a Ritz vector in span{Y’E};} associated with the
smallest Ritz value, i.e. the j-th Ritz value in descending order because of dim(span{Y'FE;}) = j.
Then span{Y’FE;} C span{Y"} and the Courant-Fischer principles yield (y’) < 0. Furthermore,
y' can be represented by y' = Y'E;c with a coefficient vector ¢ € R/\{0}, and Y'FEjc =
YEjc— N(YEjc— HYE;©; 'c) implies
(3.8) |HY E;0;'c—yf||s < |[I = N|2||[HY E;©; 'c — Y Ejcll».
Moreover, Y Ej;c is the orthogonal projection of HY F; G)j_lc to span{Y E; }: the projection matrix
is P = (YE;)(YE;)" according to (Y E;)"(YE;) = E]YTYE; = E] E; = I; (identity matrix)
so that

P(HYE;0;'c)=YE;(E] (Y"HY)E;)0;'c=YE;0,0;'c=YE;c.
Thus ||HYEj6j_1c —YEjc|2 is the minimum of HHYEj@j_lc —YE;d||3 for d € R7. We denote
YEJG;lc by y and select d = p(y) (9;10, then it follows from (3.8) that

(3.9) |Hy — o' |l2 < IT = N2l Hy — p(y)yll2 < [Hy — p(y)yll2-
Next, |[Hy — /|5 < [|[Hy — u(y)yll3 implies

1y'115 = 2(Hy)"y" < luyl3 — 2(Hy)" (u(v)y) = —u(y) lylIE

T
= w15 <2(e@)y) HY = lu@ylz = 1V =1y — 2@yl <1V 1H

L‘ql\)

Il /
=iz =M
Furthermore, y = YEj®;1c belongs to span{Y E;}, and the columns of Y'E; are Ritz vectors
associated with 01 > --- > 6;. Thus 0; < p(y) < u(y’) < 0;. If span{Y'} contains no eigenvectors,
then the residual Hy — u(y)y of y € span{Y' E;} C span{Y} is nonzero so that the second
inequality in (3.9) is strict. Hence |[Hy — y'[|3 < [|[Hy — u(y)y||3, which implies 6; < u(y) <
u(y') < 0 analogously.

= u(y)
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(b) If 05 > ps41, then also 62 > psy1 according to (a). This ensures that Z(Y, Z) and Z(Y”, Z)
for Z = [z1,...,2s] are both smaller than 7/2; cf. the proof of Theorem 2.6. Consequently, (b)
follows from the first part of the proof of Lemma 2.3.

(c) For N = I, we have Y/ = HY©O™! so that span{Y’} = span{HY}. Then HY can be
used as a basis matrix of span{Y”’} in order to represent the unique vectors y;, k € {1,...,s}
mentioned in (b). Therein (cf. the proof of Lemma 2.3)

yrh=HYg, = ex=2"y,=2"HYg, = (HZ)"Yg, =(ZD)"Yg, = D(Z"Y)g,
with D = diag(u1, .- ., ps). Thus
gr = (ZTY) D ey = (ZTY) e =yl = p PHY (ZTY) e

Moreover, y has the representation Y (Z7Y)"le;, so that y, = u; ' Hyy. Correspondingly, it
holds that

span{Y}} = span{y},...,y;} = span{pu; " Hy, . .. ,u;lHyj} = span{HY}.

Then Y/c; belongs to span{HY;} and has the representation HY;d;.

For N a I, the assumption (3.6) means that Y/c; is contained in a cone around the axis
span{HY,d;}. By considering a sphere centred at a point on the axis and tangent to the cone,
the inequality

(3.10) [Hy —3'll2 <AHy — p(y)yll2

holds for some y, y" which are collinear to Y;d;, Y/c;, respectively. By construction, span{Y;}
and span{Yj/} are orthogonal to the eigenvectors zj41,...,2s. Thus the further analysis can be
restricted to the orthogonal complement of span{z;;1,...,2s}. Therein it can be shown that
two auxiliary vectors 7, ¥’ exist in a two-dimensional invariant subspace and satisfy

p@) =ply), n@)<ply), sn(Hy, y') =7 sinZ(HY, 7),

analogously to [1, Lemma 4.1]. Next, the mini-dimensional analysis in [1, Lemma 4.2] is appli-
cable and implies p(y’) > p(y). More precisely, it holds that

1) <% Mm) (”’“ “@))1 < (m(l&)%y

w(y') — bk, (Y) — bk, .

with the eigenvalues g, < pg, corresponding to the invariant subspace. Furthermore, y’ is
collinear to Yc; so that ju(y’) coincides with the Ritz value . Then u(y’) = 0 < p; by using
the Courant-Fischer principles. The estimate (3.7) holds trivially if é; = ;. In the nontrivial

case 0 < jij, we sum up the known relations

(3.12) fky < pisi1 < 0s < 0; < py) = @) < p@') < ply) =05 < p; <

where the first and the last inequalities are based on the fact that 1; and p1.41 are neighboring
eigenvalues in the restricted analysis. Combining this with monotonicity arguments extends
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and yields (3.7 O

3.3. Multistep estimates. The intermediate estimate (3.7) can easily be extended to a one-
step estimate concerning the Ritz values in the subspace iterates span{Y}, span{Y”’}. However,
the Ritz value in the extended bound is not the j-th Ritz value in descending order but the
smallest Ritz value. Thus the bound is somewhat loose. Instead, a multistep extension is much
more meaningful.

Theorem 3.2. Let p1 > --- > p, be the eigenvalues of the symmetric and positive definite
matric H € R™ ™ with the associated orthonormal eigenvectors zi,...,z,. We consider the
subspace iteration (1.9) with dim(span{Y®}) = s and ||I — N||o < 1. Then the following hold:
(a) Each span{Y Y} has the dimension s. Denoting by ng) > ... > 0% the Ritz values of
H in span{Y D}, it holds that 9§é+1) > 05»@), je{l,...,s}. If span{Y' O} contains no
eigenvectors, then 9;”1) > 9;2),
(b) If 00 > fisi1, then each span{Y )} contains unique vectors y,(f) satisfying z;fy,(f) =ik
fori, k € {1,...,s}. Furthermore, the matriz Yj([) = [ygf),...,y](e)] je{l,...,s} has
the rank j.
(c) Additionally, we denote by Yj(ul)c(z) a Ritz vector in span{Yj(Hl)} associated with
the smallest Ritz value. In the special case N = 1, span{Yj(Hl)} coincides with
span{HYj(Z)} s0 that the vector Yj(“l)c“) can be represented by HYj(Z)d(Z). In the general

case N =~ 1, Yj(eﬂ)c(e) can be regarded as a perturbation of HYj(Z)d(@. If
: (&) j(e (e+1) (e i () 4(e (0) (e
sin Z(HY;7d", V7 ey < Fsin £(HY;VdY, v,7d0)
with 5 € [0, 1) for each £ < L, then it holds that

o 2L (0)
pj —0; ~ .\ s i — 0s
(313) < (Fra-pts) st
ej — Ms+1 Hj 0 — Ms+1

Proof. (a) and (b) follow trivially from the corresponding parts of Lemma 3.1. For (c), we denote

by 5]@ the smallest Ritz value in span{Yj(Z)} for each ¢£. Then recursively applying the estimate
(3.7) from Lemma 3.1 implies

A(L H(0
MJ - 6]( ) < (= 1 ~ Ms+1 2k IU’J - 9§ )
5(L) S\t ( - ’Y) ] 5(0) .
9]‘ — Hs+1 Hj 03' — Hs+1

Combining this with 0§L) > é;L) and 9~§0) > o (based on span{Yj([)} C span{Y ¥} for each £
and the Courant-Fischer principles) yields (3.13). O
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Analogously to Theorem 2.8, a multistep estimate for arbitrarily located 9‘20) can also be
derived. Therein we construct auxiliary subspaces by subspace intersections and apply some
arguments from the proof of Lemma 3.1.

Theorem 3.3. Let uy > --- > uy, be the eigenvalues of the symmetric and positive definite
matric H € R™ ™ with the associated orthonormal eigenvectors zi,...,z,. We consider the
subspace iteration (1.9) with dim(span{Y(©}) = s and ||[I — N|j2 < 1, and denote (according
to (a) from Theorem 3.2) by 99 > 0> ng) the Ritz values of H in span{Y(é)}. Let y]@
be the intersection span{Y ()} M span{z1,...,2i—sij, Zit1,---,2n} for j € {1,...,s} and i €
(£)

{s,...,n—1}. Then each yj@ has at least the dimension j. Additionally, we denote by y;~ a

Ritz vector in )J](»Z) associated with the smallest Ritz value. In the special case N = I, yj(“”
coincides with Hyj“) so that y](-ul) can be represented by Hy with a certain y € yj(.‘)\{o}. In

the general case N ~ I, yyﬂ) can be regarded as a perturbation of Hy. If p; > 9£0) > i1 and

sinA(Hy7 yj(-Hl)) < ﬁsinZ(Hy, y)

with ¥ € [0, 1) for each y](-ZH), { < L and the corresponding y, then it holds that

. _ ptb) 2L (0)
Hi—s+ 0; ~ o M1 Wi—sti — Os

(3:.14) () < (7 -7 ) Z(os)ﬂ '
0]- — Mit+1 IU’Z*S+J 68 — Mi4+1

Proof. According to (a) from Theorem 3.2, each span{Y (¥} has the dimension s. Analogously
to (2.13), a dimension comparison shows that each yj(.‘) has at least the dimension j. For N = I,
we have span{Y “*1} = span{HY )} = H span{Y ()} so that

y]@H) = span{Y "V} Aspan{zy, .. ., Zi—stjy Zidls e esZn)

=(H span{Y(e)}) N (Hspan{z1, ..., Zi—sij, Zit1s - 2n}) = Hy](e)

and there exists a y € y]@\{()} with y§é+1) = Hy. For N = I, the estimate (3.14) holds trivially

(£+1)
9]’

if 9§-L) > i—s+;. In the nontrivial case 9§-L) < Pi—s45, We have < fhi—g4j for £ < L since

the sequence (Hj(-z))geN is nondecreasing according to (a) from Theorem 3.2. The smallest Ritz

e u(y§l+1)), is not larger than the j-th Ritz value (in descending order) in

value in yJ“
yf*” because of dim yf*” > j. Then u(y§e+1)) < 0§€+1) by using y;“l) C span{Y“+t1} and
the Courant-Fischer principles. Furthermore, the arguments (for N & I) in the part (c) of the
proof of Lemma 3.1 are applicable after slight reformulation. In particular, the sine assumption
formally leads to (3.10) and (3.11), and the relations in (3.12) correspond to
¢
iy < pir < 00 < p(S?) < ply) = u(@)

~ £+1
< @) < ) = nlyl ) < picery < -

Subsequently, an extension of (3.11) implies

41 4
picsri — (s ) ~ i \2 ([ Hieses — u@)
(+1) s\ VA=) ©
w(y; ) = piva Hi—s+; w(y; ) — pit

L 0
(Misﬂ’ - M(ZUJ( )) ) < <§+ 1-7) Hi+1 >2L <Mis+j - M(y](' )) )
p@™) =i ) T Hi—stj p(' ) = i

J J

and further

Combining this with 9§-L) > M(y§L)) and u(yj(»o)) > 0 yields (3.14). O
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Remark 3.4. The parts (b) and (c) of Theorem 3.2 can be included in Theorem 3.3 as a special
. . ® . S
case, because the intersection yj in the case ¢ = s, i.e.

yj(,f) = span{Y(Z)} Nspan{zi,..., 2, Ze41s---32n},

coincides with the subspace span{Yj(z)} C span{Y ¥} from Theorem 3.2. This can be proved as
follows: By definition, the orthogonality between span{Yj(e)} and span{z;41,...,2s} holds and
implies Span{Yj(Z)} C span{zi,...,%j, Zs41,...,2n} SO that Span{Yj(Z)} - yj@. Furthermore,
for ¢ = s, the assumption on 9§°) reads ps > 9§°) > lsy1.- Then eg” > psy1 for each ¢ since
the sequence (ng))geN is nondecreasing according to (a) from Theorem 3.2. Consequently, the
dimension of y}” cannot exceed j, since otherwise the smallest Ritz value of H in y]@ can be

interpreted as the k-th Ritz value ), in descending order with & > j+1. Since yj@ is a subset of
the invariant subspace span{zi,..., 2, 2s41,..., 2n}, the Courant-Fischer principles imply the
relation Pst(k—j) = ék so that 92” > flst1 2 Hst(k—g) = ék. This contradicts 99 < ék which is
based on the fact that 65" is the smallest Ritz value of H in span{Y (¥} and y}z) C span{Y (¥},
Thus dim(Y{”) < j, and j = dim(span{¥;”}) < dim(Y{"”)) < j because of span{Y”} € Y.
Then the dimension inequalities turn into equalities so that span{Yj(Z)} and y]@ coincide.

3.4. Multistep estimates with respect to Az = AMx. We reformulate the new multistep
estimates from Theorems 3.2, 3.3 for the generalized eigenvalue problem Ax = AMx. Therein we

merge Theorem 3.3 with only the part (a) of Theorem 3.2, since the other two parts correspond
to a special case of Theorem 3.3.

Theorem 3.5. Let Ay < --- < )\, be the eigenvalues of the pair (A, M) of symmetric and positive
definite matrices A, M € R™*™ with the associated A-orthonormal eigenvectors vy,...,v,. We
consider the preconditioned inverse subspace iteration (1.4) with dim(span{X©}) = s and ||I —
TAlla <1. Then the following hold:

(a) Each span{X©} has the dimension s. Denoting by 19%5) <. <98 the Ritz values of
(A, M) in span{ XD} it holds that 195”1) < 6;6), je{l,...,s}. Ifspan{X D} contains
no eigenvectors, then 19§_£+1) < 195-5).

(b) Let Xj(e) be the intersection span{X©®} N span{vi, ..., Vi—s4j, Vit1,--.,Un} for j €
{1,...,8} and i € {s,...,n —1}. Then each Xj(l) has at least the dimension j. Ad-
ditionally, we denote by xg() a Ritz vector in Xj(z) associated with the largest Ritz value.
In the special case T = A™1, Xj(“l) coincides with A_lMXj(Z) so that xg-”l) can be
represented by A~ Mz with a certain x € X].(Z)\{O}. In the general case T ~ A~1,
x§e+1) can be regarded as a perturbation of A" Mz, If \; < 1920) < Aiy1 and

sin £ 4 (A_lMJ:, xg-“l)) <Fsin/ly (A_lMa:, x)
with 5 € [0, 1) for each x§£+1), ¢ < L and the corresponding x, then it holds that
L
I = Nicsiy

(3.15)
Ait1 — 19§L)

2L 4(0)
<(Fra-piom) e
>‘i+1 )‘i+1 — 193

In addition, the estimates in Theorem 3.5 can be applied to the accelerated versions of the pre-
conditioned inverse subspace iteration (1.4) such as the block preconditioned steepest descent it-
eration [15] and the locally optimal block preconditioned conjugate gradient method (LOBPCG)
[8]. We note that the estimate (3.15) is only sharp in the case j = s where it coincides with a
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sharp estimate from [11] for the preconditioned inverse subspace iteration. Nevertheless, (3.15)
serves as a cluster robust supplement to the known estimates. It is still improvable concerning
sharpness and extendable for advanced methods.

4. NUMERICAL EXPERIMENTS

We demonstrate the benefit of the new results by three numerical experiments. In Experiment
I, we consider the block power method for a simple standard eigenvalue problem and compare
the new estimate (2.12) with the known estimates (1.11) and (2.2). In Experiments II and III,
the preconditioned inverse subspace iteration is tested within the AMP Eigensolver software [21].
Two generalized eigenvalue problems are derived from the finite element discretization of the
Laplacian eigenvalue problem and used for the comparison of the new estimate (3.15) with the
known estimate (1.5).

Experiment I. We use the diagonal matrix H = diag(u1, . . ., teooo) with six clustered eigenval-
ues close to 10 and 5994 equidistant eigenvalues in the interval [1, 9], namely, p; = 10+ (7—14)/100
for i € {1,...,6} and p; = 9 — 8(i — 7)/5993 for i € {7,...,6000}. The block power method
span{Y 1} = span{HY ¥} is implemented for 1000 random initial subspaces span{Y (®)}
of dimension s = 6. We document the Ritz values 956) > e > 0((3@ of each span{Y(Z)},
¢ € {0,...,156}. The numerical maxima of the distances pu; — HJ(-Z), j € {1,...,6} (over the
1000 samples) are illustrated by solid curves in Figure 1. Subsequently, we determine a lower

bound of 0](»6) by using the estimate (2.12). Therein 9§0) and the index will be implicitly updated
if the current smallest Ritz value leaves the interval (p;41,1;]. The numerical maxima of the
distance between p; and this lower bound are plotted by bold curves. Similarly, we compute the
numerical maxima of distances corresponding to the multistep form

) 20 (0)
w ()
G

7 = :
9§ )~ i Hi ](p) — Mit1

of the classical sharp estimate (1.11) (for v = 0) and the classical cluster robust estimate (2.2)
(special form of [7, (2.20)]). These are displayed by dashed and dotted curves, respectively.
Since the first six eigenvalues build a cluster, the convergence factor u;11/p; from (4.1) is close
to 1 in the final phase of the approximation of the first five eigenvalues. Thus the resulting
dashed curves cannot reflect the cluster robustness. Each of (2.2) and (2.12) does not suffer this
drawback, as the convergence factors psy1/p; and pip1/pi—s+; are sufficiently small in spite
of the eigenvalue cluster. Furthermore, (2.12) provides a tighter bound. The overestimation of
(2.2) might be caused by the extension of the intermediate estimate (2.3) in the derivation and
by the possibly large tangent values similarly to the numerical example in [16, Section 2.1] for
a Krylov subspace iteration. For j = 6, (4.1) coincides with (2.12) so that the dashed curve is
covered by the bold curve. We also note that the actual convergence rates for approximating
clustered eigenvalues are not always monotone with respect to the indices. In this experiment,
the corresponding number of the required steps is minimal at j = 3 instead of j = 1.
Experiment II. We consider a generalized eigenvalue problem Az = AMz derived from an
adaptive finite element discretization of the Laplacian eigenvalue problem introduced in Appen-
dix I. We select the matrices from the 62nd grid with 1,567,785 degrees of freedom, and compare
the estimates (3.15) and (1.5). Similarly to Experiment I, we implement the preconditioned in-
verse subspace iteration (1.4) for 1000 random initial subspaces span{ X (%} of dimension s = 6.
In contrast to the multigrid preconditioning used for solving matrix eigenvalue problems on a
series of grids with up to 22,201,036 degrees of freedom during the adaptive finite element dis-
cretization, the preconditioning for the selected moderate-sized test problem is generated by the
incomplete Cholesky factorization C = ichol(A,struct(’type’,’ict’,’droptol’,1le-6)) in
Matlab. This allows us to utilize a unique preconditioner for the 1000 tests. More precisely, the
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FIGURE 1. Comparison between the estimates (2.12), (4.1) and (2.2). Solid curves:
numerical maxima of the distances u; — 9]@) over 1000 random initial subspaces. Bold

curves: bounds based on (2.12). Dashed curves: bounds based on (4.1). Dotted curves:
bounds based on (2.2).

product B = CCT yields an approximate of A and satisfies the traditional condition
a(zTBz) < 2T Az < B(2TBz) Vz € R"

with o ~ 0.40 and 8 ~ 1.01. The preconditioner 7 is then defined by (2/(8 + «))B~! (but
implemented by solving linear systems of matrices C', CT') and satisfies the condition || [-T Al 4 <
v with v = (8 — a)/(8 + a) ~ 0.43. The Ritz values 1956) < - < ﬁée) of span{X )} are
documented for £ € {0,...,60}. In Figure 2, we draw first the numerical maxima of the distances

19;@ —Xj, j€{1,...,6} by solid curves. Subsequently, two upper bounds of 19;/2) are computed
by using (3.15) and (1.5). Therein we rewrite the index L in (3.15) as £ so that (3.15) can easily
be compared with the multistep form

99— N
Aip1 — 9%

) 24 19(0) _ >\z
(4.2) As ) !

< —
< (V + (1 7))\ er 19§o)

it+1
of (1.5). The quality parameter ¥ ~ 0.46 required for (3.15) is determined by maximizing the
sine quotient sin /4 (AflMx, $§€+1)) /sinZ 4 (AflM:E, m) for the auxiliary vectors introduced in
Theorem 3.5 over the computed iterates. Analogously, we can determine the quality parameter
7 a2 0.43 for (4.2) by maximizing the quotient ||, || a/||w;||a for the j-th column @; of (X*) —
TRWY) — ATMXOO® and the j-th column w; of X — ATMXOB® according to (1.4)
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and the relation
(XY —TR®) - ATTMXOOW = (I - TA)(X® — A"t MXDeWY).

For (3.15), an implicit update of 9'”) and the index is made if the current largest Ritz value
leaves the interval [A;, A\;+1). The numerical maxima of the distances between A; and each of the
upper bounds by (3.15) and (4.2) are plotted by bold and dashed curves. For j € {1,...,5}, the
bold curves give looser bounds than the dashed curves in the first several steps since the s-th
Ritz value 1920) is used, but they are much steeper because of A;_sy;/Nit1 < Ai/Ai41 so that
the bounds are tighter in total. Nevertheless, the dashed curves are clearly decreasing, since the
smallest eigenvalues are well separated:

A1~ 8.895089, A2 &~ 13.77993, A3~ 21.63029, M4~ 25.08266,
A5 & 29.64299, A =~ 35.76182, A7y =~ 44.90599, Mg~ 47.47379,

and the convergence factor in (4.2) is thus not close to 1. For j = 6, (3.15) and (4.2) have the
same form except for the difference between 7 and . Therefore the dashed curve is slightly
better because of v < 7. Moreover, the observed actual convergence rates are monotone with
respect to the indices. This corresponds to the strict monotonicity of the convergence factors
Niestj /Ai+1 since the relevant eigenvalues are well separated. In contrast to this, the weaker
monotonicity caused by clustered eigenvalues in Experiment I can be disturbed by numerical
errors.

0 20 40 60

Iteration index ¢

j=26
102 102
—— num.
— (3.15)
- (4.2)
10°? 102 ~~
< < N
| | B
S 108 < 108
< S
=] >
10-10 1010
0 20 40 60 0 20 40 60 0 20 40 60
Iteration index ¢ Iteration index £ Iteration index ¢

FIGURE 2. Comparison between the estimates (3.15) and (4.2) in Experiment II.
Solid curves: numerical maxima of the distances 195-2) — A; over 1000 random initial
subspaces. Bold curves: bounds based on (3.15). Dashed curves: bounds based on
(4.2).



CLUSTER ROBUST ESTIMATES FOR BLOCK GRADIENT-TYPE EIGENSOLVERS 21

Experiment III. We consider a generalized eigenvalue problem Ax = AMx with clustered
eigenvalues from Appendix II. We use the matrices from the 36th grid with 1,509,276 degrees of
freedom for the comparison of the new estimate (3.15) with the multistep form (4.2) of the known
estimate (1.5). The preconditioned inverse subspace iteration (1.4) is implemented for 1000 ran-
dom initial subspaces span{X(®)} of dimension s = 9. The preconditioner for A is generated
by C = ichol(A,struct(’type’,’ict’,’droptol’,3e-6)) in Matlab. The resulting approxi-
mate B = CO7 satisfies the traditional condition a(z? Bz) < 27 Az < B(2T Bx) V 2 € R" with
o~ 0.41 and B &~ 1.27, whereas the preconditioner T = (2/(8+ «)) B~ satisfies [T —TAlla < v
with the quality parameter v = (8 — a)/(8 + a) = 0.51 for (4.2). Moreover, the quality pa-
rameter for (3.15) has the value ¥ ~ 0.53. In Figure 3, the numerical maxima of the distances

195-@ — A, 7 €{1,...,9} between Ritz values and eigenvalues are displayed by solid curves. Ad-

ditionally, two upper bounds for 1952) are determined by (3.15) and (4.2). Their distances to A;
are illustrated by bold and dashed curves. Since the nine smallest eigenvalues build two clusters,
namely,

A1, A2, Az € (2.559876, 2.559941),  A4,..., Ao € (6.495853, 6.500676)

(whereas \jp &~ 11.62294), the convergence factor in (4.2) is close to 1 for i = j and j €
{1,2} U {4,...,8} so that the dashed curves turn into nearly horizontal lines in the final phase
and cannot predict the actual convergence. In contrast to this, (3.15) and the bold curves reflect
the convergence behavior correctly. For j € {3,9}, the dashed curves are appropriate because
the two relevant eigenvalues in (4.2) belong to different clusters so that the convergence factor is
bounded away from 1. The bold curves are slightly looser because of 7 > ~. On the whole, the
estimate (3.15) is suitable for interpreting the cluster robustness of the preconditioned inverse
subspace iteration.

5. CONCLUSION

The block implementation of gradient-type eigensolvers allows the simultaneous approxima-
tion of eigenpairs and prevents convergence deteriorations in the case of clustered eigenvalues.
The cluster robustness can be explained by using an accompanying sequence of vectors which
are orthogonal to the eigenspaces associated with certain interior eigenvalues. Typical examples
are the classical estimates of the block power method [20] and the abstract block iteration [7].
Therein the orthogonality to the interior eigenspaces enables one to restrict the convergence
analysis to a subspace in order to skip the most of the clustered eigenvalues. However, it is
difficult to generalize these estimates directly to the corresponding preconditioned eigensolvers
because the preconditioning disturbs the orthogonality.

In the present paper, we combine the above orthogonal splitting with the geometric interpre-
tation of preconditioning from [10, 1]. This results in cluster robust estimates for the precon-
ditioned inverse subspace iteration. In the special case with exact preconditioning, a reciprocal
representation of this iteration corresponds to the block power method. Therein we provide
a new estimate in terms of Ritz values which improves an estimate from [7] with angle-type
bounds. In the general case with inexact preconditioning, we use an assumption concerning
perturbations of Ritz vectors from the special case. Then the resulting intermediate estimate in
terms of Ritz values is applied recursively and leads to a cluster robust estimate. In comparison
to the previous cluster robust estimates from [3, 18], our estimate has a weaker assumption and
a simpler form. Its benefit compared to the one-step sharp estimate from [11] can easily be
demonstrated by numerical experiments. Although the new results are also applicable to further
preconditioned gradient-type eigensolvers, it seems possible and interesting to derive individual
and more accurate estimates for each eigensolver in future work.



22 M. ZHOU AND K. NEYMEYR

— num.
3.15)
4.2)
0 20 40 60 0 20 40 60
Iteration index ¢ Iteration index £

0 20 40 60 0 20 40 60 0 20 40 60

Iteration index ¢ Iteration index £ Iteration index ¢

0 20 40 60 0 20 40 60 0 20 40 60
Iteration index £ Iteration index ¢ Iteration index £
FIGURE 3. Comparison between the estimates (3.15) and (4.2) in Experiment III.

Solid curves: numerical maxima of the distances 195-15) — Aj over 1000 random initial
subspaces. Bold curves: bounds based on (3.15). Dashed curves: bounds based on

(4.2).
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APPENDIX: LAPLACIAN EIGENVALUE PROBLEM

I. For Experiment II in section 4, we consider the Laplacian eigenvalue problem —Au = Au
on a 2D mushroom-shaped domain shown in Figure 4. The boundary I'y UT's UT'3 is defined by

I'y = {(cos(t)+3 cos(3t), sin(t)—i—isin(élt))T; te o, 2m)},

Dy={(21-1),0" te (0,1}, Ty={(40"tec(0 1)}

where I's and I's correspond to the two sides of a slit along the horizontal axis. We set homo-
geneous Dirichlet boundary conditions on I'; U I'y and homogeneous Neumann boundary con-
ditions on I's. We combine an adaptive finite element discretization and the LOBPCG method
[8] within the AMP Eigensolver software [21]. The initial grid leads to a matrix eigenvalue prob-
lem Az = AMz of dimension 5 which can easily be solved by matrix transformations. For the
matrix pairs (A, M) from further grids, we compute the three smallest eigenvalues by using the
LOBPCG method with the block size 3. In addition, the residual-based error estimator from [12]
is applied to the computed eigenfunction approximations associated with the smallest eigenvalue
in order to control the adaptive grid refinement. Since the corresponding eigenfunction has an
unbounded derivative at the origin, the refinement depths increase rapidly near the origin; see
Figure 4. Moreover, the preconditioners for the matrix eigenvalue problem are generated by
multigrid iterations with the adaptively refined grids. The smallest matrix eigenvalues /\gA’M)
from six grids are listed in Table 1.

ry
NI
LD,
- S ravava)
I3 =

FIGURE 4. Model problem for Experiment II in section 4. Left: the 2D domain
for the Laplacian eigenvalue problem —Awu = Au and its boundary in three parts.
Center: the 23rd grid from the adaptive grid refinement. Right: the contour lines of
an eigenfunction associated with the smallest eigenvalue.

TABLE 1. The smallest matrix eigenvalues /\Y"M’ of the model problem for Exper-
iment IT in section 4 computed by using LOBPCG within AMP Eigensolver. These
converge to the smallest operator eigenvalue )\E_A) =~ 8.895049.

level 1 23 36 o1 62 78
nodes 27 3810 31504 390322 1572517 17712651
d.o.f. 5 3582 30838 387963 1567785 17696832
/\gA’M) 12.33746 8.913402 8.897231 8.895217 8.895089 8.895050

II. For Experiment III in section 4, we need a model problem with clustered eigenvalues.
For this purpose, we connect three circle domains by a thin annulus; see Figure 5. The circles
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have the same radius 7 = 1.5 and are centred at (—v/3, —1)T, (v/3,—1)7, (0,2)7, respectively.
The annulus is centred at the origin with the radii 1 = 1.2, ro = 1.5. We consider again
the Laplacian eigenvalue problem —Awu = Au and set only homogeneous Dirichlet boundary
conditions. Similarly to Appendix I, the AMP Eigensolver derives a sequence of matrix eigenvalue
problems on 63 adaptively refined grids. The refinement is based on the residuals of the computed
eigenfunction approximations associated with the three smallest eigenvalues. The eigenfunctions
are partially similar to the well-known peak eigenfunction on the unit circle.

e OB L2

FIGURE 5. Model problem for Experiment III in section 4. Top left: the 2D domain
for the Laplacian eigenvalue problem —Awu = Au. Top right: the 12th grid from
the adaptive grid refinement. Bottom: three eigenfunctions associated with the three
smallest eigenvalues.
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