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FAST INEXACT IMPLICITLY RESTARTED ARNOLDI METHOD
FOR GENERALIZED EIGENVALUE PROBLEMS WITH SPECTRAL
TRANSFORMATION*
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Abstract. We study an inexact implicitly restarted Arnoldi (IRA) method for computing a few
eigenpairs of generalized non-Hermitian eigenvalue problems with spectral transformation, where in
each Arnoldi step (outer iteration) the matrix-vector product involving the transformed operator is
performed by iterative solution (inner iteration) of the corresponding linear system of equations. We
provide new perspectives and analysis of two major strategies that help reduce the inner iteration
cost: a special type of preconditioner with “tuning,” and gradually relaxed tolerances for the solution
of the linear systems. We study a new tuning strategy constructed from vectors in both previous and
current IRA cycles, and we show how tuning is used in a new two-phase algorithm to greatly reduce
inner iteration counts. We give an upper bound of the allowable tolerances of the linear systems and
propose an alternative estimate of the tolerances. In addition, the inner iteration cost can be further
reduced through the use of subspace recycling with iterative linear solvers. The effectiveness of these
strategies is demonstrated by numerical experiments.
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1. Introduction. Many scientific and engineering applications require a small
group of eigenvalues closest to a specified shift or those with largest or smallest real
parts. The shift-invert and Cayley transformations [24] are the two most commonly
used spectral transformations to map these eigenvalues to the dominant ones of the
transformed operator, so that they can be readily computed by eigenvalue algorithms.
The major challenge of this approach is that a linear system of equations involving
a shifted matrix needs to be solved in each step (outer iteration) of the eigenvalue
algorithm. For large-scale applications, for instance, finite element discretization of
three-dimensional partial differential equations, this linear solve has to be done using
iterative solvers (inner iteration) instead of factorization-based direct solvers. This of-
fers the prospect of inexact eigenvalue algorithms with “inner-outer” structure, where
the required solution of linear systems is computed only to a specified accuracy. This
paper concerns efficient iterative solution of the linear systems of equations that arise
when the inexact implicitly restarted Arnoldi (IRA) method with spectral transfor-
mation is used to detect a few eigenpairs of generalized non-Hermitian eigenvalue
problems (GNHEP) Av = ABv.

In the past decade, considerable progress has been made in understanding in-
exact eigenvalue algorithms, especially the simplest one—inexact inverse iteration.
Systematic study of this algorithm is mainly carried out by Spence and his collabo-
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434 FEI XUE AND HOWARD C. ELMAN

rators (see [1, 2, 3, 13, 14, 15]). A major concern in these papers is the connection
between the error of the inner solve and the convergence of the outer iteration, with
different choices of variable shifts, tolerances, and formulations of the linear systems.
Meanwhile, there has been increasing interest in reducing the inner iteration cost to
enhance the effectiveness of the algorithm. Reference [29] gives some new insights
into preconditioning the linear systems arising in inexact Rayleigh quotient iteration
by modifying the right-hand side of the preconditioned system. This idea is extended
in [1, 2, 3] and further refined in [14, 15] for inexact inverse iteration or Rayleigh quo-
tient iteration, where a special type of preconditioner with “tuning” is constructed
and analyzed. In [27, 42], tuning is used in the iterative solution of the block linear
systems arising in inexact subspace iteration. In all these algorithms, tuning makes
the preconditioned right-hand side of the linear system an approximate eigenvector
(or invariant subspace) of the preconditioned system matrix, and hence the inner it-
eration counts are considerably reduced. This motivation of tuning has also recently
been shown in [16] to bear an interesting relation to the Jacobi-Davidson method.

In the meantime, some developments have been made in understanding inexact
projection-based eigenvalue algorithms, such as the Lanczos and the Arnoldi methods.
It was found in [20] and [4] that the matrix-vector product must be computed accu-
rately in the initial Lanczos or Arnoldi steps, but the accuracy can be relaxed as the
algorithm proceeds without obviously affecting the convergence of approximate eigen-
pairs. An analysis of this phenomenon is given in [28] for the Arnoldi method, using
perturbation theory of invariant subspaces. It is shown there that the allowable er-
rors of matrix-vector products in Arnoldi steps should be inversely proportional to the
eigenvalue residual norm of the desired eigenpair. Therefore, as the Arnoldi method
proceeds and converges to the eigenpair of interest, the accuracy of matrix-vector
products can be relaxed. The use of inexact matrix-vector products has also been stud-
ied in the setting of Krylov subspace linear solvers; see [5, 6], [30, 31, 32], and [40, 41].

Further study of inexact Arnoldi methods is given in [17], where the tuning strat-
egy and the relaxed accuracy of matrix-vector products are extended to inexact IRA
with shift-invert transformation for standard eigenvalue problems. For the linear
systems arising in Arnoldi steps (outer iterations) in a given IRA cycle, tuning is
developed using all available Arnoldi vectors in that cycle. Numerical experiments
show that for a test problem from Matrix Market [23], an ILU preconditioner with
this tuning considerably reduces the inner iteration counts. It is observed there and
confirmed in this paper that this improvement is mainly due to the fact that tuning
helps cluster the eigenvalues of the preconditioned system matrix of the linear system
in each Arnoldi step. In addition, [17] proposes a practical estimate of the allowable
relaxed tolerances for the solution of the linear systems, using the distance between
the spectra of two matrices containing the wanted and unwanted Ritz values; this is
proposed as a simpler alternative to the separation between the two matrices [36].
Numerical experiments show that the total inner iteration counts of inexact IRA can
be substantially reduced by the combined use of tuning and relaxed tolerances.

In this paper, we refine the tuning strategy and further study the allowable tol-
erances for inner solves of the inexact IRA method for generalized non-Hermitian
eigenvalue problems. We first study a new tuning strategy constructed for a given
Arnoldi step using the solutions of linear systems obtained in previous Arnoldi steps.
In addition, we propose a two-phase strategy to solve the linear system in the current
Arnoldi step. Specifically, we first use tuning to obtain a minimum residual solution
in the direction of the right-hand side of the current linear system, then solve a correc-
tion equation with any appropriate preconditioned linear solver; in particular, tuning
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INEXACT IRA FOR GEP WITH SPECTRAL TRANSFORMATION 435

is not needed for the correction equation. We show that the approximate solution
obtained in the first phase can be a very good one if enough solution vectors from
previous Arnoldi steps are used. With this special approximate solution, the correc-
tion equation can be solved with a relative tolerance much larger than that of the
original linear system, and inner iteration counts can hence be reduced considerably.
In addition, we use a special type of iterative linear solver with subspace recycling
to solve the sequence of correction equations as the IRA method proceeds. We show
that subspace recycling is cheap to use in this setting and can further reduce the inner
iteration counts substantially.

The second goal of this paper is to present a refined analysis of the allowable
tolerance for the linear systems in the inexact IRA method. We first give an upper
bound of the allowable tolerance, showing that violation of this bound necessarily
leads to contamination of the desired approximate invariant subspace by excessive
errors from the inner solves. We then give a theoretically more accurate estimate of
the allowable tolerance, which is between the upper bound and a conservative lower
bound from [17]. As this estimate contains information not available until the end
of the current IRA cycle, we use a computable substitute obtained at the end of the
previous IRA cycle. We then compare this heuristic estimate with that from [17] and
discuss the impact of the accuracy of the estimate on the inner solves.

This paper is organized as follows. In section 2, we briefly review spectral trans-
formations, the IRA method and some properties of the algorithm when exact shifts
(unwanted Ritz values) are used in filter polynomials. We discuss a few strategies for
the inner solves in section 3, studying the properties of the new tuning strategy and
the new two-phase strategy for solving the linear system in each Arnoldi step. We
also explain the effectiveness of the linear solver with subspace recycling applied to
solve the correction equations. In section 4, we study the allowable tolerances of the
linear systems and give a necessary upper bound for the tolerance. A new heuristic
estimate of the allowable tolerance is proposed and used in numerical experiments to
corroborate the accuracy of the estimate from [17]. Numerical experiments in sec-
tion 5 show that the combined use of the new tuning, subspace recycling, and relaxed
tolerances greatly reduces the total inner iteration counts. In section 6 we make some
concluding remarks.

2. Review: Spectral transformations and the IRA method. To make the
exposition smooth, we briefly review two commonly used spectral transformations
and the IRA method.

The shift-invert and generalized Cayley transformations (see [24]) are usually used
to detect interior eigenvalues or ones with large imaginary parts. They are defined as
follows:

21) Av=\Bv & (A—oB) 'Bv=
-0

) v (shift-invert),

)\—0'2

Av=ABv & (A—0,B) (A— 03B = < > v (generalized Cayley).

A — 01
The shift-invert transformation maps eigenvalues near ¢ to dominant eigenvalues of
A = (A — 0B)™!B; the Cayley transformation maps eigenvalues to the right of the
line Re(\) = 122 to eigenvalues of A = (A — 01B) (A — 023) outside the unit
circle, and those to the left of this line to ones inside the unit circle (assuming that
01 > 02). The dominant eigenvalues of A can then be found by iterative eigenvalue
algorithms. Once the eigenvalues of the transformed problem are obtained, they are
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436 FEI XUE AND HOWARD C. ELMAN

transformed back to those of the original problem; the eigenvectors do not change
with the transformation.

Without loss of generality, we use the generic notation A = A~!B for which
we seek the k eigenvalues of Av = ABv with smallest magnitude (i.e., k¥ dominant
eigenvalues of 4). This notation, in principle, covers both types of operators in (2.1)
with any shifts. For example, let A=A— 01B and B=A- 09 B, so that the Cayley
operator is A = A~'B. This generic notation A = A~!B is used throughout this
paper, unless otherwise stated.

Both the shift-invert and the Cayley transformations have been implemented in
ARPACK [22], a mathematical software package of high quality which has become the
standard solver for large non-Hermitian eigenvalue problems. ARPACK is based on
the implicitly restarted Arnoldi (IRA) method, a well-known and important method
for eigenvalue computation developed by Sorensen [34] in 1992.

The key technique of the IRA method is the implicit application of a filter poly-
nomial to a given Arnoldi decomposition to produce the effect of several steps of a
restarted Arnoldi computation without any matrix-vector multiplications. Specifi-
cally, at the end of the ith IRA cycle we have an m-step Arnoldi decomposition

(2:2) AUS) = USDH) + hg??+1 m 57?+16T

Suppose K1, k2 km—k € C are estimates of m — k eigenvalues of A obtained from
this process corresponding to a part of the spectrum we are not interested in. We can
use these numbers as shifts to apply m — k shifted QR steps to H,(ﬁ) and get a Krylov
decomposition

(2.3) ATD =0 HD + 10, (e2QW),

where Q¥ = Q1Q2---Quu_p is the product of m — k upper Hessenberg unitary
matrices, UY = U Q®, ALY = QW*H QW is upper Hessenberg, and el QW is
the last row of Q) with k — 1 zero leading entries. For details, see [34] or [19, 36].

The restarted Arnoldi decomposition is then obtained from the first & columns of
the above Krylov decomposition as follows

(2.4) AU = O D + 5 el + () mdle ) wheh
i+1 i+1 i+1) i+1 i+1
or AU/EJF ):UIEJF )HIng +hk:1)k I(cjrrl)ek'

Here q() is the (m,k) entry of QW) U,g”l) = Ulgi), and H(H'l) = ﬁ(i) Note

that both u,(cz)_l and va?ﬂ are orthogonal to U(Hl). Let @ (ZH) = h,(;j_l LU ,(;3_1 +

(A1 a2 ull) 1 then AT = [[af™* V]| and uf ™ = (hgjf}g)— Ay, Clearly,
no additional matrix-vector product 1nvolv1ng A is used for the restart. For the
restarted Arnoldi decomposition, it can be shown that u(H_l) = (A - riI)(A -
kol) -+ (A— nm,kf)ug) up to a constant scaling factor. In other words, the eigen-

vector component corresponding to the unwanted spectrum in ugi) is filtered out by
the filter polynomial.
An inexact implicitly restarted Arnoldi method is given as follows.
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ALGORITHM 1. Inexact implicitly restarted Arnoldi (IRA) method.

Given a normalized ulo 6 C",e>0and7>0. Let j =1
For TRA cycles i = 0,

1. Compute .Au by bolvmg Ay = Bu(

" to a prescribed relative tolerance (" ) (e).
(@) (@)

2. Expand the Arnoldl decomposition by orthogonalizing y against uy’, ..., u; j
and normalizing; we have AUJ@ + Fj(z) = U(l)H(Z) + h;:)_l j ﬁlej , where the

columns of F( R (not computable) are the errors introduced at each Arnoldi step.

3. j+j+1. If] = m, make sure that || AUy, O _uOHD - Rt mumsiel | < e.
If this condition cannot be satisfied, claim that IRA fails; otherwise, invoke the

(i+1 i+l i41) (i1 i+t1)  (i+1
)+F( )= U( )H( )+hl(c+l)k I(<+1)ek7

and j « k+ 1. If |h,(;j:11 | < 7, stop and output U(ZJr ); otherwise, continue.
End For

implicit restart to get AU

In this study, we choose the “exact shifts” strategy for the IRA method, which

uses the unwanted eigenvalues of Hy, “ (Ritz values) as shifts for the implicit restart.
This is the default choice in ARPACK and has proved successful in many applications.
Some properties of the IRA method with the exact shifts strategy are given as follows.

PROPOSITION 2.1 (see Corollary 2.3, Chapter 5 of [36]). Suppose u1, ..., m are

eigenvalues ofH,S?. If the implicit QR steps are performed with shifts {1, fet2, - - -
tm}, then

i7(1)  Frl2(d)
25) N

0 H20

where H22U @) s an upper triangular matric with pgy1, lk+2, - -, bm 0N its diagonal.
The proposition shows that h;C 411 = 0 if exact shifts are used. This observation
immediately leads to the following result.
PROPOSITION 2.2. Let the Schur decomposition of H,S? be H,(,? = W,gf)T,Sf)W,(ni)*,
where W = [W,}l(i), Wﬁl(i)] is unitary, and

Trlnl(i) le(i)

(1) —

with \(T; 11(1)_{H17#2a---7#k} T, 22())2{#k+1,ﬂk+2,...,um} and \NTy, i Z))m
)\(TQQ Z)) 0. Then

(2.7) JAUQWLD — y@WEOTIO| = |AUS+Y — gD i)
and

7 i 1+1 i+1
(2.8) 18,1l €D WO = Rl el .

Proof. Let Q) = [Ql(i), Qz(i)]. From (2.5) and (2.6) we have Ql(i)*H,S?Ql(i) =
ﬁéi) and W HOWO = 7019 Since /\(H(Z)) /\(T,Ll(i)) = {u1, 2,y i ks
there exists a k x k unitary matrix V@ such that V(l)*H,gZ)V(i) = T,%l(l) and W,;(l) =
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438 FEI XUE AND HOWARD C. ELMAN
Q'Y Note from (2.3) and (2.4) that US Q'@ = UV Therefore
(29) ||AU l)Wl [](Z Wl(l Tll z)H

= JAUD QDY _ gty O L@y @y @)

= AT = U DW= AT — O,

Since ﬁ,&)rlk = 0, we have h,(fill)ku,?:ll) (h(1+1 mqfflk) O €T from (2.4), and
therefore

i+l g i i+1 i D16
(2.10) [AGHY,ul L WO = BSAY D QI OV O

= (Y mt )k || = Il el o

These results are applicable to the standard (exact) IRA method as well as the
inexact version of Algorithm 1. For the exact IRA method (where the matrix-vector
products involving A are computed exactly), (2.8) can be derived from (2.7). For
inexact IRA, however, the “true eigenvalue residuals” in (2.7) and the “estimated
eigenvalue residuals” in (2.8) are different. Proposition 2.2 shows that the two types
of eigenvalue residual norms are “restart-invariant” if exact shifts are used: both
quantities at the end of the ith IRA cycle are the same as those at the beginning of
the (i+1)th IRA cycle.

3. New strategies for solving linear systems in inexact IRA. To improve
the efficiency for solving the linear systems arising in inexact eigenvalue algorithms, a
special type of preconditioner with “tuning” is studied in [14, 15, 27, 17]. An existing
preconditioner P is modified using a special low-rank update of P to produce a tuned
preconditioner P that behaves like the system matrix A on a certain set of vectors X.
It is shown in these papers that the inner iteration counts needed to solve the linear
system preconditioned by P are substantially smaller than those required to solve the
system preconditioned by P.

For example, consider inexact subspace iteration with A = A~! used to detect
a few smallest eigenvalues of A. In each outer iteration, we approximately solve the
block linear system AY () = X where X ® contains the current approximate Schur
vectors (therefore X(*X () = [). Tt is shown in [27] that a decreasing sequence
of tolerances for the block systems is necessary to guarantee the linear convergence
of X to the desired invariant subspace. As a result, the block-GMRES iteration
counts required to solve AP-Y () = x (@ (with Y® = P’lff(i)) increase gradually
as the outer iteration progresses. To resolve this difficulty, P is replaced by the tuned
preconditioner

(3.1) PO = P4 (A—P)XOxO

for which POX® = AX® | or, equivalently, A(P®))~1(AX®) = AX® . That is,
AX® spans an invariant subspace of the tuned preconditioned system matrix corre-
sponding to eigenvalue 1. For A(]P’(i))’lff(i) = X the right-hand side X spans an
approximate invariant subspace of A(P(i))_l, and the block-GMRES iteration counts
needed for solving this preconditioned system do not increase with the outer iteration
progress.

This idea of tuning is extended in [17] to an inexact IRA method for standard
eigenvalue problems. Let m and k be the order of the Arnoldi decomposition, i.e.,
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the number of columns in the Hessenberg matrix right before and after the implicit
restart. Assume after the jth (0 < j <m —k — 1) Arnoldi step in the ith IRA cycle

an Arnoldi decomposition AUkij U,gQJH,g:_J h,(jﬂﬂ kﬂul(cj_”lefﬂ is already

computed, and Ay = uk}mJrl needs to be solved in the (j + 1)th Arnoldi step. In [17],

the tuned preconditioning matrix is defined as IP,(;J)r i1 =P+ (A— P)XX", where
— "

ktj+1 contains the Arnoldi vectors in the ith IRA cycle. It is shown that

the inner iteration counts required to solve A(]P’,(CZ b )= u,(CJ)rJ 41 are smaller than

those needed to solve AP~1j = u,(jﬂﬂ, because A(IE”,(;JFJH) ! has better eigenvalue
clustering than AP~'. This “clustering” effect of tuning is quite different from the
original motivation of this strategy studied in [14, 15, 27]. In particular, u,(;}r 1 18
generally not a very good approximate eigenvector of A(]P’,(CZ T h

In this section, we propose and study a new tuning strategy for solving the linear
systems of equations that arise in inexact IRA for generalized non-Hermitian eigen-
value problems. To study the new strategy under ideal conditions, we assume in this
section that the linear system in each Arnoldi step is solved accurately (to machine
precision). We also show how tuning can be used in a new two-phase algorithm to
solve the linear systems in each Arnoldi step. We also discuss the use of subspace
recycling with iterative solvers in Step 2 of Algorithm 2.

3.1. The new tuning strategy. The motivation for the tuning strategy is
similar to that discussed in [14, 15, 27]: to make the right-hand side of the linear
system associated with the spectral transformation an approximate eigenvector of
the preconditioned system matrix, so that the inner iteration counts can be greatly
reduced. Suppose we are in the ith IRA cycle and already have AU kl) = U,SKJ ,EZZ i+
h,(jﬂﬂ k+Jul(H)_J+1ek+j Computing Auk+J+1 entails solving Ay = Buk}rﬁ_1 Recall
that for a given X with orthonormal columns, the tuned preconditioner P = P+ (A —
P)X X* satisfies PX = AX, ie., AP71(AX) = AX. Tuning requires that X be chosen
so that the right-hand side Bu,(;}r it of the current linear system approximately lies

in the subspace spanned by AX, an invariant subspace of AP~
Consider the choice

7 i— 1—1 i— 7
(3.2) X = XG0 = [AUGD, AviTD o Autieh A kﬂ}

where U]g:_)lm stands for the (k+1)th through the mth columns of U and p =
m+ (m — k)(I — 1) + j is the number of vectors in X,(,i’l). We refer to X;(,i’l) as the
set of “solution vectors,” because its columns are solutions of the linear systems in
previous Arnoldi steps. For example, the first vector in X,(,i’l) is Augi_l), the solution
of Ay = Bugifl) in the first step of the (i — I)th IRA cycle. Note that this system
does not need to be solved for i > [ due to the implicit restart.

In the following derivation, we use a calligraphic letter to stand for a subspace
spanned by some set of column vectors denoted by the same letter in Roman fonts.

For instance, Zx[,il = span{Ukﬂ} Let US™) = (U8 U,&lljnl),...,UlglezkH] and
let Z/{(l D= = span{U, Zl)}, sz D= span{XZ(,l l)}, AX,,Z b= BZ/{,,Z b= span{BU,Si_l),
BUkill:;ll), .. BUk:)-l kﬂ} To study the relation between Bul(;j_jﬂ and AXlgl’l), we

Hmplicit restart generates a new Arnoldi decomposition of size k, and thus Ay = Bugi_l) does
not need to be solved for ¢ > [ (any restarted cycle) and 1 < j < k.
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begin with the following lemma, which shows that the range of Ulgi’l) is a Krylov
subspace.
LEMMA 3.1. Suppose that IRA does not break down. Then Z/l;()u) =Kp(A, ugifl)).
Proof. First, U, Z+l1) = Knmti1(A, uli_l ). Since u,(:;f“) is a linear combination of
W and @l ) e UiV (see (2.4)), span{US% Y ul T Y = Kpngr (A, ui) holds.

As we have orthogonahzed Aukzﬂl“) against Z/{kZ D span{U(l l) ,;HZH)} (note

that 2" c UST; see (2.4)) to get u,(;HHl), span{U% " ,(;Hlﬂ , ](;H”l)} =

Knt2(A, ugi_l)) follows. Similar reasoning holds for all of the followmg Arnoldi vec-
tors if IRA does not break down, and the theorem is established. 0

The angle between a vector v and a subspace U (denoted as Z(v,U)) is defined as
the angle between v and the orthogonal projection of v onto /. Obviously, v 6 U if and

only if Z(v, Z/{) = 0. Therefore, B“l(<+j+1 approximately lies in AX(l D= BZ/{ =D if and

only 1f4(Buk+JJrl , BZ/{(Z l)) is small, and this condition holds if cpp = é(ukﬂﬂ,b{(Z l))
is small and if B does not significantly distort this angle. The following theorem gives

a sufficient condition for A(Bu(i) , BZ/{,gi’l)) to be small.

k4j+1°
THEOREM 3.2. Let B = UpXpVy be the singular value decomposition of B, and
u,(fﬂﬂ = upc,(, Dy uJ‘ (@ l), where u, = Vi f, € Z/{(l’l) and uJ- VBfJ- LUIS“” are

unit vectors, and 51() l) and cp

Sé D is small enough such that || Buy: sp || < HBupc,(,Z l)||. Then

(D are sine and cosine of é(ukﬂﬂ,u(l l)) Assume that

L
(3.3) sin Z(Bu!") BUS™Y) < 15/ tané(u,(f}rﬁl,

’ Z/{(Z )
b1 S TSshll )

(1) _
ktjtl —
Bupc,(, )+Bul L Eprcp ) L UpY 5 fL ol Consider a sphere centered at the
(Z 1)

Proof. Given the orthogonal decompObition of u,(;}r j+1> We have Bu
terminal point of the vector Buyc,””, with radius || Buy; sp || (Note that the origin is

outside of the sphere because it is assumed that || Bu,; s(l 2 || < ||Bupcp b0 [I.) The termi-
i)

nal point of Bu,(HjJrl must be on this sphere. It follows that sin A(Bu,(c}er,Bup) <
But s . . . i .
w, and the equality holds if and only if Buj; J_Bu,(w)rﬂ_1 (i.e., Bulgle is

tangent to this sphere). Therefore, we have

sin 4(Bu,(€:)_J+1, BZ/{,gi’l)) <sin A(Bu,(gﬁ_l, Buy)
3.4 1 (z 1) 1
(34) Bl o

| Buyc}, - D IZs

% i,l
tan Z(uf) . Us™).

This completes the proof. a .
We see from Theorem 3.2 that if Z(u{” .. | 25" is small, then a sufficient con-

Uktjt1
dition for A(Bu,(; i1 BUS™) to be small is that u, (the normalized orthogonal pro-

jection of uk+j+1 onto u,ﬁ”)) and uy (the normalized u,(;ljﬂ — upc™D) can each be
written as linear combinations of the right singular vectors of B with coefficients f,

and f;-, respectively, and the corresponding weighted singular value [|Spf;"|| is a

small multiple of || X5 f,||. In particular, A(Bu,(jﬂﬂ, BZ/{,gi’l)) is small if k(B) is small.
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Next, we establish a relation between successive angles <p1(f) and npile = L(u,(;}r >
U, (p=m+(m—k)(I—1)+51<j<m—k).

THEOREM 3.3. Let u,(;ﬂ = Up_ 1cos<p§,)1 +u 1smtp;)1, where up—1 € Z/{(”)

and uf;_l L uﬁ'f are unit vectors. Let the orthogonal projection of ||Aup 1H*1Auk+J

onto Z/{pi’l) be wyny,, where wy, € Z/{pZ D" is a unit vector, and let ap = L(Aut Z/{,(,Z l))

p—1

and B, = 4(wp,u,$+j), Then
3.5 bangd = vpsing® | where v, = S0P
(3.5) an g, vpsing,”,, where v, s By

(Note that a,, Bp, 1p, and v, all depend on the IRA cycle number i. To simplify
the notation, we omit the superscripts for these scalars.)

Proof. Let p = szp 1l Since Z/lp = ,,(A,ugifl))7 we have

(@)
p—1

(3.6) Auk+J = Auy,_1 cosp +Auj_1sin<pi(fll
(@)
p—1

(@)

+ H.Aulil | (wp2 cos o, + wé sinay,) sing,”

= pllAu_ywpn cos

(@)

p—1

= HAu;‘_l || (wp1p cos gol(le + wpz cos oy sinp, | + w;‘ sin ayp sin <p1() 9 1)

1 1. . i
= Ay || (wpp + wy sina, singl ),
where w U(i’l) d wt J_Z/l(i’l)
pl,Wp2,Wp cUp’’, an U}p D

<p§f) 1+ wp2 cos ay, sin w(i)

are all unit vectors, zatng) WpTlp = Wp1p COS
is the orthogonal projection of =2t onto Z/{,(,Z’l). It

p=l _ o Ayl
follows immediately that tan A(Aukﬂ,uz()ul)) — %
We then orthogonalize Aukﬂ- against Z/{,gfzj c L{;(f’ ) to get u,(gJ)rJJrl Let L{,j)L be

the orthogonal complement of U,i:)_ ;in uIS“”. Then wy, = wp3 cos By +wps sin 5, where

wp3 € Z/{,glj and wps € Z/{(i)L are unit vectors, and g, = 4(wp,u,§1+]) Orthogonalizing
Auk }; against L{,FC JZ removes the wy3 component from w,, so that u,(CJ)rJ 41 equals

(@)

W = Wpany sin By + w,y sin oy, sin ¢p-1 Up to a constant scaling factor. It follows that
tan £(uf) . U = e

Uptit1s smp o and (3.5) is established. [
Remark 3.1. In Theorem 3 3 we are interested in the nontrivial case where [ > 0.
If ] =0, then p = k + j, and Z/{pz’ 0~ L{IEJZ Therefore 3, = z(w,,,u,gjj) =0 (because

wy, € Z/{ +0) by definition), v, is infinity, and <p( Qe = 7/2. This is consistent with the
fact that Arnoldi vectors in the same IRA cycle are orthogonal. In addition, since
exact shifts are used for the implicit restart, we have u,(;}rl = u,(f;ll); see (2.4) and
Proposition 2.1. Therefore, Theorem 3.3 also holds for j = 0, with u,(;)_ j replaced by
(i—1)

Uy . , .

Given the starting vector Aungl) of Xz(f’l), Theorem 3.3 shows that if v, is
bounded above by a constant smaller than 1, then gp,(f) decreases at least linearly
with p for p > m. In practice, although we have no upper bounds for v,, we have

consistently found in our experiments that v, < 1 at a majority of Arnoldi steps and

( ) decreases linearly with p on the whole. In addition, sin 4(Bu,(€+J+1, BZ/{ g l)) is in
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general a moderate multiple of sin L(u,(;}r y H,u,?’”), and therefore it is also small for
large p. We will give a numerical example in section 5 to demonstrate these observa-

tions. Small 4(Bu,(€+J+1, BZ/{p ) means that Bu,(;ljﬂ is an approximate eigenvector

of AP~! (where the tuned preconditioner P is constructed using X;(,i’l)), because it ap-
proximately lies in A)(}g“l) = Bu},““, an invariant subspace of AP~!. In the following
subsection, we show how this observation can be used in a new two-phase algorithm

for solving Ay = Bu,(gjﬂ.

3.2. A two-phase strategy to solve the linear systems in Arnoldi steps.
With the new tuning discussed in subsection 3.1, we now propose a new two-phase

algorithm for efficiently solving Ay = Bu,(;}r j+1 i step 1 of Algorithm 1.

ALGORITHM 2. Two-phase strategy for solving Ay = Bu,(;Jerrl

1. Construct the tuned preconditioner P using (3.2) and find the minimum residual
solution y; = P~ g, = *yP_lBuSJ)FJH, where
v = argmin, ||Bu,(3rj+1 —v AP~ 1Bu,(;+j+1 II.

2. For € as in Algorithm 1, choose either a fixed tolerance § = d¢(¢), or
a relaxed tolerance ¢ = d,(¢€) by some means. Solve the correction equation

Az = Bu,gl it — Ay with any appropriate preconditioned iterative solver

to get an approximate correction z,, such that the corrected iterate
() A
M < 4, or, equivalently, the correction

Yg+1 = Y1 + 24 satisfies =
, IBug) .l ,
(Bl —Ay1)—Az,|| slBul), |l

IBul) ,, —Auil  ~ |Bul),, —Aunll’

24 satisfies

In particular, tuning is used only in phase I to obtain a good approximate solution
y1 for Ay = Bu,(;}rj 4+1- In fact, we have found that by reformulating the solution
algorithm in this way, tuning actually does not improve performance for computing
the correction, so that the extra expense of tuning can be avoided with no penalty.
Therefore, we can work with a fixed preconditioned system matrix for the correction
equation in all Arnoldi steps.

Let u,(;)r”l = upcy +u;, L) where u, € U") and Uy LU are unit vectors,

i)

and Y and ci"" are the sine and cosine of /(u\" Z/{(Z ). We have shown by

Uktjt1
Theorem 3.3 that s(l D can be small for large p. The analysis of Algorithm 2 is given
in the following major theorem.

THEOREM 3.4. Suppose Algorithm 2 is used to solve Ay = Bu,ﬁjﬂ. Then

Phase 1 of Algorithm 2 gives y1 = Aupcp 0 4 O(s Zl)) (up to a constant scaling

HB“k+J+1 Ay || _ O( (1, l)) Con-

factor) and the corresponding relative residual norm 1B

k+1+1”

sequently, the stopping criterion of Algom'thm 2 s satisfied if and only if the relative
. . . —Ay1)—A 5|1 Bul?) .
residual of the correction equation I8 ’““(T)l v Az| < H(i)u’cﬂ“n = fi Iy
|‘Buk+_7+1_Ay1” |‘Buk+j+1_Ay1” O(SpY )

Proof. Tt is shown in section 3.1 that if the preconditioning matrix IE”I(f’l) is con-
structed using X(i Y then A(}P’(i'l))’ (AX(“)) AX, (D That is, AXISi’l) = BZ/{ISM)
is an invariant subspace of dimension p of A(P, G, l)) corresponding to eigenvalue 1.
It follows that for u, € Z/{ b0 , (Pp Py l)) Y(Bu,) = A=Y (Buy).
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The approximate solution to A(IP’,(f’l))‘lg = Bu,(;)r j+1 after Phase I of Algorithm
2 is

(3.7) y1 = @G0 = BFD) My Buy) ) = 1(PED) T (Buye

=7 (A ' Bu, c(Z D4 (]P’( Dy~ ' Bu,; s(Z l)) = 'y(Aupcpi’l) + 61()i7l)),

il L (il
0+ BugsY)

il il i)y — il
where [|5° = s [|(B") " Bugy || = O(sy™").
Now consider the residual norm after Phase I of Algorithm 2:

(3.8) [1Buf), 1 — Aull
= min ||Bu,<;ij+1 — ARG (Bu) )]

<||Bug) 4y — A®SD)TH(Bu) )

= HBUHJ+1 — APSD) " (BuyelD + Bugs(HD))|

= HBupcpl D4 Buf;sg’” - A(Aleup)cg’l) - A(]P’g7l))71Bu;‘séi’l))||
= sSV I (A®SD) ™! = 1) Buy ||.

(i,1) 1 L
Therefore the relative residual norm is s lCA®, ") “=DBw; Il _

(S
Finally, Phase II of Algorithm 2 requires that

(2)
(3.9) HBukﬂJrl qu+1H _ ||Buk+j+1 qu+1|| HBukJr]Jrl — Ayl <,

||Buk+j+1” HBukJr]Jrl Ay ||Buk+j+1H

which is satisfied if and only if the relative residual of the correction equation

(3.10) ||<Bu§;ﬂ+1 Ayy) — Az ||Buk+j+1 Ayga|
1Bug ;.\ — Ayl 1Bu) .,y — Al
5|‘Buk+]+l|| (5

- N
T Byl - Anll OGsy!)

The proof is thus concluded. O

Theorem 3.4 shows that y; obtained in Phase I of Algorlthm 2 equals Aupcp b

plus a small quantity proportional to si"”. As u, € Ui, Au, € AU = X,SZ D,
see (3.2). Recall that X,(,“l) consists of the “solution vectors” of the linear systems
in previous Arnoldi steps. Therefore, by constructing tuning as in section 3.1 and
using it properly, we get a good approximate solution y; which is roughly a linear
combination of those solution vectors. The reason for the success of this approach is
that A(Bu,(;}rjﬂ , BZ/{,(,Z’l)) is small, i.e., Bu,(;}rjﬂ is roughly a linear combination of the
right-hand sides of the previously solved systems. This perspective is quite different
from the motivation of tuning in previous literature [14, 15, 17, 27].

We see that a good approximate solution y; can be computed inexpensively in

A

Phase I of Algorithm 2 by tuning, so that we always have Wilwﬂ =0(sp (i, l)) <
I1Bu) ol

1 in practice. In fact, a valid y; can also be obtained in other ways, in particular, by

solving a least squares problem

(3.11) m]}n ||Buk+]+l —AXSU L,
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which can be easily done using the QR decomposition of AX (i) BUISM) (recall the
definition of X" in (3.2)). Given that u{” . | = uycl"™” + U, LD where u, € U5

_ k+j+1 —
and uj; J_Ulgl’l), we have
(3.12) min 1Buy ., — AXSO g

o (7) il

= min | Buy, ., — BU |

< ||B(upc§f’l) —l—uf;sg’l)) Bu, c(Z D = s HBuJ‘H

, o) , N
Therefore, with y; = X" f, we have 1By = Al (G0 _UIBuyll oGy
’ ’ I1Bug) i IBug) Il

The Phase I computation in Algorithm 2 is somewhat cheaper for the least squares
approach than the one-step tuned preconditioned GMRES, but the former method
required slightly more iterations in Phase II for our test problems, and the total inner
iteration counts are about the same for the two approaches. In the following, for the
sake of brevity, we study only the two-phase strategy where tuning is applied in Phase
I.

Due to the large reduction of the linear residual norm in Phase I, the stopping
||Bu1(:J)rj+1*qu+1H

IBug)

criterion in Algorithm 2 < §, is satisfied if and only if the relative

”( k+J+17Ay1)7Aqu

|‘Buk+]+1 Ayl ”

residual of the correction equation is bounded by the much less

. . B . .
stringent relative tolerance il u"““” ‘(SM)) > §. This larger relative toler-

IBuil, i —Avill  O(sy
ance implies that the inner iterations required for solving the correction equation can
be considerably smaller than those needed to solve the original equation directly.
Remark 3.2. The two-phase algorithm has some similarities to other deflation
methods that aim to improve the convergence of linear solves; see [8, 18, 39] and the
references therein. For example, Algorithm 2 is very similar in procedure to the Init-
CG algorithm [18]. They both build a subspace, remove the components belonging
to that space from the right-hand side, and then solve a correction equation. The
difference lies in the motivation and use of the subspaces. The two-phase algorithm
here builds a subspace using the solution of the inner linear systems from previous
Arnoldi steps. This space bears no obvious connection to the spectral properties of
the coefficient matrix of the linear system. Because the angle between the right-
hand side and this subspace is small, we obtain a good approximate solution and
can solve the correction equation with considerably lower accuracy. In contrast, Init-
CG forms a subspace spanned by explicitly computed eigenvector approximations of
the coefficient matrix corresponding to extremal eigenvalues, and then deflates these
components from the right-hand side. This enables accelerated convergence of CG.

3.3. Subspace recycling for the correction equation. Phase IT of Algorithm
2 can be improved using linear solvers with subspace recycling. This methodology has
proved efficient for solving a long sequence of slowly changing linear systems. When
the iterative solution of one linear system is done, a small set of vectors from the
current subspace for the candidate solutions is selected and “recycled,” i.e., used for
the solution of the next system in the sequence. Subspace recycling usually reduces the
cost of solving subsequent linear systems, because the iterative solver does not have
to build the candidate solution subspace from scratch. A popular solver of this type is
the generalized conjugate residual method with implicit inner orthogonalization and
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deflated restarting (GCRO-DR) [26] developed using ideas of special truncation [7]
and restarting [25] for solving a single linear system.

Reference [26] makes a general assumption that the preconditioned system matrix
changes from one linear system to the next, and thus the recycled subspace taken
from the previous system must be transformed by matrix-vector products involving
the current system matrix to fit into the solution of the current system. For the
sequence of correction equations in Algorithm 2, fortunately, this transformation can
be avoided, because the preconditioned system matrix without tuning is the same for
the correction equation in all Arnoldi steps.

When GMRES is applied to a system whose coefficient matrix has a small number
of eigenvalues of very small magnitude, convergence is often very slow in the initial
steps of the iteration, until the asymptotic performance of GMRES is obtained. We
refer to this initial stage of slow convergence as a period of latency; see [12] for
discussion and analyis of this phenomenon. For recyling, it is suggested in [26] that the
harmonic Ritz vectors corresponding to smallest harmonic Ritz values can be chosen
to span the recycled subspaces. These vectors are approximate eigenvectors of the
preconditioned system matrix corresponding to smallest eigenvalues. If the harmonic
Ritz vectors are good approximate eigenvectors, this strategy tends to reduce the
duration of this initial latency in convergence.

Our subspace recycling also uses dominant Ritz vectors, as suggested in [26]. In
section 5, we present experimental results to show that these vectors are effective
for subspace recycling if the use of harmonic Ritz vectors fails to reduce the inner
iteration counts.

4. A refined analysis of allowable errors in Arnoldi steps. It was observed
empirically in [4] that for the unrestarted Arnoldi method, the matrix-vector products
involving A4 must be computed with high accuracy in the initial Arnoldi steps, but
the accuracy can be relaxed as the iteration proceeds. A similar observation was also
given in [20] for an inexact Lanczos method. An analysis based on matrix perturba-
tion theory in [28] shows that the allowable errors of the matrix-vector products need
only be inversely proportional to the eigenvalue residual norm of the current desired
approximate invariant subspace for the quality of the approximate invariant subspace
generated by the inexact Arnoldi method to be good. This relaxation strategy is ex-
tended in [17] to the inexact IRA method, where a practical estimate of the allowable
errors of the inner solves at each Arnoldi step is proposed. Ideally, accurately esti-
mated allowable errors can help reduce the inner iteration counts to the best extent
possible without compromising the performance of the eigenvalue solvers. In this sec-
tion, we give a refined analysis and an alternative estimate of allowable errors of the
inner solves.

Suppose the matrix-vector product involving A = A~!'B is applied inexactly for
m Arnoldi steps, with an error f; = y— A7 Bu; (1 < j < m) introduced in the linear
solve of Ay = Bu;. Thus we have the following inexact Arnoldi decomposition:

(4.1) AU, + Fr = (A+ FoUi ) Uy = U Hyy + Bt 1€,

where U, spans a Krylov subspace of the perturbed matrix A+ F,,,U;,. Let the Schur
decomposition of H,, be

(4.2)
11 12 1 2

where T1! € CF>** T22 ¢ CP*P and \(T}}!) are the wanted Ritz values and \(T/?2) are

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



446 FEI XUE AND HOWARD C. ELMAN

the unwanted ones. Then we use the Rayleigh-Ritz method (section 4.1, Chapter 4

of [36]) to extract the desired approximate invariant subspace U,,, W)}, where W}, =
11
[%@ﬂ contains the wanted Ritz vectors. From (4.1) and (4.2), the corresponding

eigenvalue residual is

(4.3) AU, WY — U, H, W} = AU, W} — U, W Tl
= hm+l7mum+le;1»,;Wﬁl - Fmerna

from which follows
(4.4) (AU W, = Un Wi T = Bt mttmes 1€ W | = | Fn Wi |-

Here, as introduced in section 2, AU,, W} —U,,, WL T is the true eigenvalue residual,
and Ry, = R 1, mUm+1 e%W,}l is the estimated residual (referred to as the “computed
residual” in [28, 17]). The difference between the two residuals depends on || F,, WL ||.
For the inexact Arnoldi method, we want to keep the quality of U,, W}, under control
in spite of the presence of the error matrix F,,,. To achieve this goal, we need to control
| F WL || so that the desired approximate invariant subspace U,, W}, contained in U,
is not obviously contaminated by F,,; i.e., the true residual is still reasonably close
to the estimated residual.

To see why the allowable errors at some Arnoldi steps can be relaxed, note that

45 [FaWall < 1EWaH |+ 1 Farrm Wl < I Ell + [l Eet vam W]

Therefore, for a given k-step inexact Arnoldi decomposition with a small enough || Fy||,
|| Fie+1:m]| does not have to be very small as long as |[W?2!]]; i.e., the magnitude of the
last m — k entries of the wanted Ritz vectors W)}, (see (4.2)) is small enough. The
next theorem, which extends Theorem 3.2 of [17], shows that ||[W?2!|| is proportional
to the estimated residual at step k.

THEOREM 4.1. Let AU, + F, = UpHj + hk+17kuk+1ef be a k-step inexact
Arnoldi decomposition, where the Schur decomposition of Hy is H, = Wi, T, W;. Let
m—k additional inexact Arnoldi steps be performed, giwving AUy, + F,, = UpHy +
hm+17mum+1e;€l. Let R), = (AUk + Fp — Uka)Wk = hk+1,kuk+1eEWk be the es-
timated residual at Arnoldi step k. Given the Schur decomposition of H, in (4.2),
then

[ B

H13k|| 21
< |/]/ < _
Wl = S 1y

4.6 = <
(4.6) E

where S, is the Sylvester operator G — S, (G) : T22G — GTy, sep(Ty, T??) =
min) g =1[|Sm (G) |, and [|Sp|| = max)g)=1[Sm(G)]|-

Proof. We need only to prove the lower bound, as the upper bound is established
in Theorem 3.2 of [17]. The estimated residual norm at step & is

(4.7) IRe| = i1 wtnrier Will = hisrkller Will = Pis k-
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Consider the first block of the Schur decomposition of H,, (4.2):
Wi Wi

b () (5 )

B He  HZN (W _ (W),

T\ hrypiperel H22 0 0 i

B H, A _ H Wy, — WiTy,

| Chectlner )= () 5= )|

T
hit1,xerey, Wi
= 0 =h TWell = h
= b perel Wi = hit+1.kllex Well = b1k,

so that the first line of (4.8) also equals the estimated residual norm. Since W, is
unitary, it follows that with the first expression in the last line of (4.8), we have

(49) il = (e (M )= (0 ) 1)

(Wi (w2 0

B (W2 (W) hit1,kerer Wi

_ D1,k (W2l erel W,
hkﬂ,k(ng)*eleng

On the other hand, using the Schur decomposition of H,,, we also have
« %% %%
@10yl = (a5 ) - (N ) )|
_ « [ Wk w [ Wk
P () ()

_ ( T, T, )( (W) W )_( (W) W )Tk

0 T (Wa2) Wy, (W) Wi
Nl TRV W — (W) Wi Ty + T2 (W2 ) W,
B TR2(Wa2) Wi, — (WE2)* Wi Ty, ’

Using the upper block from (4.9) and lower block from (4.10), we have
_ hier 11 (Wil ) eref Wi
< k(Wi erei Wiell + T2 (W) Wi — (W) Wi T |
< hroller Wi lllled Wil l| 1Sl (W) Wi
= | Rillllet Wl + ISmllIIWRZ Il < IBilIWH A+ 1Sl [IW2I-

Note that in the last line of (4.11), [[((W2)*Wy|| = |[WL2|| = ||[W2| (see Theo-
rem 2.6.1 in Golub and van Loan [19]). The lower bound in (4.6) is thus estab-
lished. |

As observed above, for a given k-step inexact Arnoldi decomposition with small
[|F||, the error matrix || F41..m || associated with the upcoming m—k inexact Arnoldi
steps must be controlled appropriately to make sure that U, W} is not obviously

contaminated after these steps. In particular, || fx+1|| cannot be too big. The following
theorem gives an upper bound of || fi41]|-
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THEOREM 4.2. Given e; > 0, suppose we have a k-step inexact Arnoldi decom-
position AUy + Fj, = UpHy, +hk+1,kuk+1e£, where ||Fy|| < €1. Let Sky1 be defined as
in Theorem 4.1. Then for the next Arnoldi step,

| Sk11]]
| Rill

(4.12) T (1 n ) (6 + e2)

is a necessary condition to make H(.AU;H_J/Vkl_|r1 - Uk+1Wkl+1Tkl4l_l) — R4 < ea.

Proof. Let m = k 4+ 1. We have the following estimate of the difference between
the computed and true residual:

(4-13) H(AUkHWle - Uk+1Wk1+1Tlilr1) - RkHH = HFkJerlirl”
= [1FaWits + fo Wik | = [ o Wi || = I1F Wi |

| Rl
> ka+1||||W1§Jlr1 | — ||FkHHWlilr1|| > || frsall

— .
| Rell + (| Skl

Note that || for1 W2 || = | fesr | [|[W2L || because fir1 and Wi, are, respectively, a
column vector and row vector, and [|[W;1, || < W, || = 1. It follows immediately

that (4.13) is bigger than eg if || fr+1]] > (1 + w)(el + €2). O

A practical choice would be ¢; = €3 = €. Using the upper bound of [|[W2!||

§ 22
in Theorem 4.1, we can also show that ||fri1]| < %6 is sufficient to make

(AU Wiy = Ui Wi Tt ) — Riqal] < 2e.

However, the bounds of || fx41]| in the necessary and sufficient conditions might
severely overestimate and underestimate, respectively, the actual allowable error in
the (k+1)th Arnoldi step. In fact, sep(T3,,Tx) and [|Sk41| are analogous to the
smallest and the largest singular values of the Sylvester operator Si+1. The necessary
condition is generally too weak, as an obviously smaller || fi41] may still not suffice
to keep the approximate invariant subspace from being contaminated. On the other
hand, the sufficient condition might be overly conservative, giving excessively small
tolerance for the linear system Ay = Bupijy1 (0 < j < m —k — 1) and leading
to unnecessary extra inner iterations. To give a practical estimate of the allowable
|| Fret1:ml|, [17) substitutes min [A(T) — A(T22)| for sep(7122,T},), which is difficult to
estimate. Since min |\(Tx)—\(T22)| > sep(1122, T}, ) for nonnormal A, this substitution
essentially gives a less conservative estimate.

A better estimate should be a trade-off between these two conditions. Theorem 3.2
of [17] uses ||[T22(W12)*W) — (W2 Wi Tk| > sep(T22, Ty)||(W2L2)*Wy||, whereas
Theorem 4.1 above applies ||[T22(W2)*W), — (WE2)*WiTk|| < [|Smll|(WL2)* Wy
Therefore, a more accurate estimate can be obtained by replacing the lower bound
sep(T22,T},) and upper bound ||S,,|| by

T2 W) Wi — (W2 ) Wi Tell _ T2 (Wo?)* — (Wi)* He|

(4.14) . ,
[(W2) W [Wa2

which takes into account the actual effect of S, on (W,12)*W},. Here we use the fact
that Hy, = W, T, W is a Schur decomposition.

The above strategy gives a theoretically more accurate estimate of ||Fii1.m]|-
However, like the estimate min |\(T}) — A(T2?)| in [17], it depends on the Schur
decomposition of H,,, which is not available at step k. A practical (heuristic) solution
is to use the decomposition of H,, from the previous IRA cycle and Hy, of the current
cycle. Specifically, suppose at the beginning of the ith IRA cycle, we have AU ,il) +
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FO =uOa 40 ) el Then we define

22(i—1) jry,12(i—1 12(i—1) \ 5 77(i
(4.15) o) — Iz D) — ) HIE)H’
: WD

which is very easy to compute. Note that H ) = ﬁ (=1 if the exact shift strategy is

used; see (2.4). Substituting o'”, for sep(T/2 22(1) T(Z)) in the relaxation strategy (3.13)

in [17], we have the following heuristic estimate of the allowable errors:

€

(4.16) £ < o

» (i=1,1<j<m)

and @)

12l € g —2k (i>1,0<j<m—k—1),

€ g

which hopefully can also lead to the generation of an approximate invariant subspace
Ug) satisfying ||AU7(,? — Uy(,f)H,(,? — Bt mumsrel || < e.

Remark. To the best of our knowledge, given a k-step inexact Arnoldi decom-
position with small || Fy||, none of the existing practical (computable) estimates of
allowable ||Fi4+1.n]| can theoretically guarantee that the desired approximate invari-
ant subspace U, W,}, will not be contaminated after (m—k) inexact Arnoldi steps. The
estimate in [28] for the unrestarted Arnoldi method involves the distance between the
desired Ritz value extracted from Hj and the rest of the spectrum of Hj, assuming
that the computed eigenvalue residual at step k is already small enough, which might
not be the case (see section 3.1 of [28] for the explicit formula); reference [17] uses
min |/\(T,§Z)) — MT2D)] in place of sep(T,gZ),Tff(l)), which is replaced by o'”) in
our new estimate. We will compare the new estimate with that in [17] in section 5.

We also point out that || F,,|| should be properly scaled. In fact, as AU, + F,,, =

UnHpm + By, mum+1e , the relative quantity HH‘U}HJH should be used to measure

the magnitude of errors, espec1a11y if ||AU,,|| is not moderate. Specifically, at the
(k + j + 1)th Arnoldi step, the linear system Ay = Buy4;4+1 needs to be solved

Ifprsrall _ lly—A"'Bupyjpill
lAupqjiall = A= Bukyjpall
not have A™' Buyj11. A reasonable and convenient substitute is the relative residual
Ay —Bugtj41l
| Bk jtull
this quantity to be bounded above by the new estimate in (4.16).

Finally, we note that inexact IRA is most suitable when a small number of eigen-
pairs are wanted. This algorithm computes all desired eigenpairs simultaneously, and
the maximum allowable inner solves errors are inversely proportional to the eigen-
residual norm of the whole desired approximate invariant subspace. Therefore, the
inner solve errors need to be kept small until the wanted eigenpairs that converge most
slowly are resolved to moderate accuracy. In scenarios where many (say, hundreds of)
eigenpairs need to be computed, it may be more practical to use eigensolvers such as
the Jacobi-Davidson method that compute one eigenpair at a time.

inexactly. The relative error is not available as we do

norm of this linear system . For our inexact IRA method, we require

5. Numerical experiments. We present and discuss the results of numerical
experiments in this section, showing the effectiveness of the new tuning strategy, sub-
space recycling, and the new relaxation strategy. The following issues are addressed:

1. We show that the tuning strategy constructed using solution vectors obtained
from previous Arnoldi steps works as Theorem 3.4 describes: a proper use of
tuning in Phase I of Algorithm 2 gives a minimum residual solution y; for
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TABLE 5.1
Parameters used to solve the test problems.

kw | k| m o (o1) o9 T € p1 | p2 | 1
Prob 1 8 | 8| 12 0 - 1x10712 | 2x107™ [ 10 | 10 | 5
Prob 2 3 | 4| 9| —-00325| 0125 | 1x1072 | 2x1071° | 10 | 10 | 4
Prob3(a) | 5 | 7| 13 0 - 5x1071 | 5x107° | 0 | 25| 6
Prob3(b) | 5 | 9 | 15 0 —0.46 | 5x 1071 | 5x107° | 0 | 25| 6
Prob4(a) | 5 | 7| 13 0 - 5x 1071 | 5x107° | 0 | 40 | 6
Prob4(b) | 5 | 9 | 15 0 —0.24 | 5x 107 | 5x107° | 0 | 40 | 6
B A
which % = O(sp (i l)) < 1, and therefore the correction equation
“k+1+1 Bu
can be solved with a less stringent relative tolerance M > 0, no

I1Bug) 1 —Aul
matter whether ¢ is a fixed or relaxed relative tolerance for Ay = Bu,(ﬁ)L 1
The new tuning strategy is compared with the original tuning strategy in
[17].

2. We compare inexact IRA methods with nonrelaxed (fixed) tolerances §; = 57,
where € and k are given in Table 5.1 (this d; is used in [17] for inexact IRA
with a fixed tolerance for the inner solve) and relaxed tolerances 4, given
by either the original estimate in [17] or the new estimate in (4.16). The
accuracy of the two estimates is discussed based on the numerical results.

3. We show that further reduction of inner iteration counts can be achieved at
little cost by proper subspace recycling.
We first explain the stopping criterion for the inexact IRA method. Suppose at
the beginning of the ith IRA cycle we have AU + F\) = U H"Y 4 h,@Jrl ku,ﬁrlek

Let (9@ v(-i)) (1 < j < k) be a Ritz pair, i.e., an eigenpair of H,g ), Postmultiplying
()

the above equation by v;”, we have

(5.1) AU =00 U0 — (] ol ] = —F 0,

where v,?j) is the kth (last) entry of vj(»i). Here U ,Ez)vj(»i) is an approximate eigenvector

of A, A(U,ii)v§i)) - 9§i)(U,5i)U§-i)) is the true eigenvalue residual, and (h,(:jLl kv,i;))u,gl+1

is the estimated residual. As the magnitude of errors has been kept under control to

guarantee that the true residual is close enough to the estimated one, we know that
o) | AW 0 = 6 0]

(4) - (4) ’

9 105”1

(5.2)

By checking that the computed residual (the left-hand side of (5.2)) is smaller than
a prescribed tolerance 7, we have confidence that the true residual (right-hand side
of (5.2)) is also approximately equal to or smaller than 7. Using estimated residuals
AU ) =08 BUP o i)
65|
approximate eigenvectors during the IRA process. We use the relative residual norm
here because the dominant eigenpairs of A = A~'B are computed, and therefore 6 is
generally not small.

Another issue is that & does not have to be equal to the number of desired
eigenpairs k.. One can choose a slightly bigger k for the IRA method, and only
test |(9§1))*1h§31 kv,(jj)| in (5.2) for 1 < j < k. Our experience is that for fixed m —k
(the number of Arnoldi steps in each restarted IRA cycle), more often than not, this

avoids the overhead of computing

to evaluate the quality of

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



INEXACT IRA FOR GEP WITH SPECTRAL TRANSFORMATION 451

choice of k reduces the number of IRA cycles. This idea, called “thick restarting,”
has been studied for the generalized Davidson method [35]. We speculate that thick
restarting for IRA makes the unwanted Ritz values more separated from the desired
eigenvalues; therefore it is less likely for the filter polynomial to damp the desired
eigenvector components during the restart.

Four test problems are used in our numerical experiments. The first is SHER-
MANS5 from MatrixMarket [23], a real matrix of order 3312 arising from oil reservoir
modeling. We use the shift-invert operator A = A~! (with B = I) to detect some
eigenvalues closest to zero. The inner solve is done with ILU preconditioning with
drop tolerance 0.008 given by MATLAB’s ilu function. This example is used in [17]
to show the effectiveness of the tuning and the relaxation strategy therein.

The second problem UTMI1700A/B, also from MatrixMarket, is a real matrix
pencil of order 1700 arising from a tokamak model in plasma physics. We use Cayley
transformation to detect that the leftmost eigenvalues are A\; o = —0.03273540.3347¢
and A3 = 0.032428. Here (A1 2) is 10 times bigger than Az, and there are some
real eigenvalues to the right of A3 with magnitude smaller than (A1 2). An ILU
preconditioner with drop tolerance 0.001 is used for the inner iteration.

Problems 3 and 4 arise from the linear stability analysis of a model of two-
dimensional incompressible fluid flow over a backward facing step, constructed using
the IFISS software package [9, 10]. The domain is [-1, L] x [—1, 1] with [-1, 0] x[—1, 0]
cut out, where L = 15 in problem 3 and L = 23 in problem 4; the Reynolds numbers
are 600 and 1200, respectively. Let w and v be the horizontal and vertical compo-
nent of the velocity, let p be the pressure, and let v be the viscosity. The boundary
conditions are as follows:

(5.3) u=4y(l —y), v =0 (parabolic inflow)  onz= -1, y € [0,1];
0 0
V(?_Z —p=0, 8—; =0 (natural outflow) onax=1L, ye[-1,1];
u=1v =0 (no-slip) on all other boundaries.

We use a biquadratic/bilinear (Q2-Q1) finite element discretization with element
width £ (grid parameter 6 in the IFISS code). The two problems are of order 72867
and 110371, respectively. We use the least squares commutator preconditioner [11] for
the inner solves. For both problems, we try shift-invert (subproblem (a)) and Cayley
transformation (subproblem (b)) to detect a small number of critical eigenvalues.
For completeness, the parameters used in the solution of each test problem are
given in Table 5.1. These parameters are chosen to deliver approximate eigenpairs of
adequate accuracies and show representative behavior of each solution strategy.

1. ky, k,m: We use the IRA method to compute k,, eigenpairs; m and k are the
order of the Arnoldi decomposition before and after the implicit restart.

2. 0,01,02: The shifts of A= (A —0cB)™'Band A= (A—01B) (A - 02B).

3. 7: We stop the IRA method if the estimated residual in (5.2) is smaller than
7 for all k,, desired approximate eigenpairs.

4. e: The small quantity used in (4.16) to estimate the allowable tolerances for
the linear systems.

5. p1,p2: p1 harmonic Ritz vectors corresponding to harmonic Ritz values of
smallest magnitude and ps dominant Ritz vectors are used for subspace re-
cycling.

6. [: Solutions vectors from [ preceding IRA cycles are used for the tuning in
Phase I of Algorithm 2.
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Fic. 5.1. Linear decrease of sinp for problem 3(a). Left: sinpp, and sin(Byp). Right: vp and
its geometric average over six consecutive steps.
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F1G. 5.2. Problem 1: Relative tolerances for the original systems and correction equations.

We begin by exploring the major quantities discussed in Theorems 3.2 and 3.3, us-
ing problem 3(a) as a benchmark problem; results for the other test problems discussed
in this section were similar. The inner solve is done with preconditioned GMRES to
the fixed relative tolerance 3.5 x 107 1'%, From the first restarted IRA cycle, at every
Arnoldi step, we choose the solution vectors obtained in all previous steps for tuning

(I = inf; see (3.2)). The left part of Figure 5.1 plots sing, = sin A(u,iiijﬂ,l/{,(,i’l))

(») and sin(Byp,) = sin 4(Bul(3_j+1,BZ/{1gl’l)) (0) against the Arnoldi steps, and the
right part of the figure shows v, and 7, = (Hi:o Vp—s)'/® (the geometric average of
v, over six steps). Here, note that m —k = 6 Arnoldi steps are performed in each
restarted IRA cycle, so that this geometric average is an estimate of the variation of
sin 4(u,(;lj+l,l/{,§“l)) in one IRA cycle. It can be seen from the figure that, generally
speaking, both siny, and sin(By,) decrease linearly with p, although sin(Byp,) is
roughly one to two orders of magnitude larger. The scalar v, fluctuates from step
to step, and it can also be seen that cases where it is greater than one (for example,
midway between Arnoldi steps 30 and 40) coincide with increases in sin(Bg,). But
v, is smaller than 1 at a majority of steps, as is its geometric average.

Figure 5.2 plots the relative tolerances ¢ for the original systems Ay = Bul”

) k+j+1
S . . Sl Buyy ;4| .
(solid lines) and the derived relative tolerances ———**— for the correction
”Buk+j+1_AylH
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F1G. 5.3. Performance of different strategies with fixed tolerances of inner solves for problems
1, 2, 3(a), and 4(a).

equations Az = Bug}r j+1 — Ay1 (dashed lines) for problem 1. The curves are as

follows:
e A Tol-Original_Eqn-6; and O Tol-Correction Eqn-d;: The fixed relative tol-

erance 0y = 5z ~ 107'2 for the original system Ay = Bu,(ZJ)errl and the

: , Syl Byl s . .
derived relative tolerance — i —"H*__ for the correction equation Az =
(4) HB%HH*AylH
Bupl i — Ayr

e v Tol-Original Eqn-d, and { Tol-Correction Eqn-d,: The relaxed relative
tolerances §, estimated by (4.16) for Ay = Bugr ;11 and the derived relative

Srl[Buy 4 | »
tolerance ———t+t__ for Az = Bu,(;)errl — Ay.

IBul) ;1 —Aul

Figure 5.2 corroborates the property of the two-phase algorithm described in
Theorem 3.4. Specifically, after Phase I of Algorithm 2, we get a good approximate

(i) .
. . . . Bu, | . ,—Ay 1
solution y; for which the relative residual norm W = O(s,(f’ )) < 1, and
”Buk+j+1 I JHBu(i) I

therefore the derived relative tolerance of the correction equation —"++—— > §
”Buk i+1 7Ay1 ”

The reduction of inner iterations by the two-phase algorithm (Withtﬁ e new tuning

used in Phase I of Algorithm 2) can be seen from Figure 5.3, where the inner iteration

counts required by three different strategies for solving Ay = Bugr 41 are plotted

against the Arnoldi steps:

e “No Tuning” (dotted line): Solve the original systems Ay = Bu,(;}rj 41 by
preconditioned GMRES to the fixed tolerance 6y = 53 without any enhance-
ments. .

e “Original Tuning” (A, solid line): Solve Ay = Bu,(;)r j+1 by GMRES with
the original version of tuning in [17] to the fixed tolerance d; (note that
the original tuning needs to be applied at each GMRES step so that the
eigenvalues of the preconditioned system matrix can be clustered and hence
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inner iteration counts can be reduced; this effect cannot be realized by trying
the two-phase approach with this tuning strategy).

e “New Tuning (five previous cycles)” (O, dashed line): Solve Ay = Bu,(;}r i1
by the two-phase algorithm to the fixed tolerance d; in the first phase, the
new tuning is constructed using solution vectors from the current and five
previous IRA cycles.

For each test problem, we choose ! (the number of previous IRA cycles) such that
the use of our tuning with a larger [ does not obviously further reduce the total
inner iteration counts. Clearly, compared to the “No Tuning” strategy, the two-phase
algorithm (O, with the new tuning used in Phase I only) requires fewer inner iterations
due to the larger relative tolerances for the correction equations.

It can be seen that there are some cases where the original tuning strategy is
superior to the new one (see the plots at the top of Figure 5.3) and others where
the original tuning is ineffective (bottom plots of Figure 5.3). The distinct merits of
the two approaches can be explained as follows. Given some untuned preconditioner
P, let P be the original tuned version defined in [17]. It is shown in [17] that the
preconditioned operator AP~! tends to have more favorable eigenvalue clustering
than AP~!, especially if P is not a strong preconditioner. For problems 1 and 2, we
have seen that the use of tuning (of the ILU preconditioner) produces preconditioned
coefficient matrices with considerably tighter clustering of eigenvalues than for the
untuned preconditioner. This improves the performance of GMRES. Moreover, it
appears that tuning forces some small eigenvalues to move away from the origin, and
as a result, the initial latency of preconditioned GMRES is significantly shortened.
On the other hand, with the new tuning strategy, used with the two-phase method
of Algorithm 2, there is still a long initial latency for solving the correction equation
by GMRES with the untuned perconditioner P, despite the larger tolerance allowed.
Moreover, as observed above, the new tuning does not improve performance for solving
the correction equation.

However, the original tuning is not always effective for this purpose. As Figure
5.3 shows, for problems 3 and 4, the use of the original tuning (A) requires even
more inner iterations than the untuned preconditioner (dotted line) does, whereas
the new tuning (OJ) reduces the inner iteration counts considerably. In these cases,
the linear solvers make use of the least squares commutator preconditioner [11, 12];
this is a strong preconditioner for which the preconditioned system matrix AP~!
has most eigenvalues clustered around 1 and only a small number of outliers [12].
In this case, we find that the clustering of eigenvalues is not significantly improved
by the original tuning (indeed, it may be compromised), and the performance of
preconditioned GMRES is not improved by tuning. On the other hand, as shown in
section 3.2, the improved performance of the new tuning method comes from the fact
that the right-hand side of the system being solved is nearly an eigenvector of the
preconditioned operator together with the relaxed tolerance for solving the correction
equation in Algorithm 2.

In addition to the use of the new tuning strategy, the overall performance of the
two-phase algorithm can be improved by efficient solution of the correction equation
Az = Bul(;j_jﬂ — Ayy. This can be performed using the GCRO-DR algorithm dis-
cussed in section 3.3. Compared to the regular GMRES solve, the use of subspace
recycling achieves improved performance because it deflates some smallest and largest
(in magnitude) eigenvalues of the coefficient matrix and thus helps reduce the initial
latencies of inner iterations. Also, as observed in section 3.3, the recycled subspaces
obtained from one correction equation can be applied directly to the solution of the
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F1G. 5.4. Performance of different strategies with relazed tolerances of inner solves for problems
1, 2, 3(a), and 4(a).

next equation, because the preconditioned system matrix is identical for the correction
equations in all Arnoldi steps. This makes subspace recycling very cheap to use.
Moreover, further performance improvement can be achieved by the use of the
relaxation strategy: As section 4 shows, the allowable tolerances for Ay = Bu,(;)r i1
are inversely proportional to the current eigenvalue residual norm. Therefore as the
TRA method proceeds and converges to the desired invariant subspace, the relaxed
tolerances keep increasing. Figure 5.4 shows the inner iteration counts required by

four strategies for solving Ay = Buglj It
(@)

e “No Tuning-FixTol” (dotted line): Solve the original systems Ay = Bu,,, 1
with preconditioned GMRES to the fized tolerance dy = 5z. This perfor-
mance of this strategy is already given in Figure 5.3; it is shown again to
illustrate the performance improvement obtained by the following advanced
strategies.

e “Orig_Tuning-Orig_RelaxTol” (v7, solid line): Solve Ay = Bu,(;)r j+1 by GM-
RES with the original tuning to the relazed tolerances d,. given by the original
estimate. .

e “New_Tuning(5)-New_RelaxTol” (¢, dashed line): Solve Ay = Bug}r i1 by
the two-phase strategy to the new estimated tolerances 4, in (4.16); tuning
is constructed using solution vectors from the current and five previous IRA
cycles.

e “New_Tuning(5)-New_RelaxTol-Recycling” (%, dashed line): Solve Ay =
Bu,(j}r 1 by by the two-phase strategy to the new estimated tolerances ¢,; in
addition, subspace recycling is used to solve the correction equations.

One can see from Figure 5.4 that the relaxed tolerances help gradually reduce the inner
iteration counts to small numbers (curves with v, <, and %). The effectiveness of
subspace recycling is also clear: for problems 1 and 2, the use of this technique reduces
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TABLE 5.2
Inner iteration counts for different solution strategy for each problem.

No New New New New Original | Original
tuning | tuning tuning tuning tuning tuning tuning
new new original original
relaxation | relaxation | relaxation relaxation

subspace subspace
recycling recycling

Prob 1 2391 2233 1531 765 795 1628 1194

Prob 2 3856 3771 3001 1052 1096 3250 2397

Prob 3(a) 7367 6153 4450 3584 3618 8189 5737

Prob 3(b) | 10661 8079 7088 5295 5481 10576 7435

Prob 4(a) | 13999 | 12203 9693 7294 7536 15738 12260

Prob 4(b) | 19436 | 15954 12748 9745 10500 19552 14115
TABLE 5.3

Largest eigenvalue residual norms of eigenvector approrimations computed by different solution
strategies.

No New New New New Original Original
tuning tuning tuning tuning tuning tuning tuning
new new original original
relaxation | relaxation | relaxation relaxation

subspace | subspace
recycling | recycling
Prob 1 [1.398¢—12|1.400e—12|1.754e—12|1.624e—12|1.468e—12|1.231e—12|1.407e—12
Prob 2 [8.021e—10{8.021e—10| 1.424e—9 [8.956e—10[9.723e—10| 2.169e—9 | 2.579e—9
)|1.114¢—10{1.116e—10|2.003¢—10|1.770e—10 | 1.206e — 10 | 1.310e —10 | 1.726e — 10
)| 1.583e—9 | 1.578e—9 | 2.365¢—9 | 5.619¢—9 | 2.445¢—9 | 1.692¢—9 | 1.884e—9
Prob 4(a)|4.605e—11|1.152e—10|1.152e—10|8.660e —11 | 7.660e —11 [ 1.192e —10 | 1.522e — 10
)|8.523¢—10|8.517¢—10| 2.219¢—9 | 1.939¢—9 | 1.025¢—9 [8.701e—109.826e—10

the inner iteration counts by 40%-50% in initial Arnoldi steps (compare curves with
< to those with ¥ ); for Problems 3 and 4, where the original tuning does not perform
well (see Figure 5.3), subspace recycling still decreases the inner iteration counts of
each linear solve by numbers commensurate to the dimensions of recycled subspaces.

Table 5.2 summarizes the total inner iteration counts needed for each strategy for
solving Ay = B,(Cz)r j+1 arising in inexact IRA. Here, “New Tuning + New Relaxation
+ Subspace Recycling” and “Original Tuning + Original Relaxation” are the most
efficient strategies in this paper and [17], respectively. Clearly, the most efficient

approach is to combine the two-phase algorithm (with the new tuning), relaxation

| Aw; —p; Bwj ||
max{1,|p;[}

of computed eigenpairs (uj,w;) (1 < j < ky,) is given in Table 5.3. One can see that

inexact IRA with any of these competing inner solve strategies delivers computed
eigenpairs of approximately the same quality.

Finally, we discuss the two approaches assessing the allowable errors of inner
solves in the Arnoldi steps. For all problems, we found that solution strategies with
the new estimated allowable tolerances (4.16) require slightly smaller numbers of
inner iterations than are needed for strategies with the original estimated tolerances.
Table 5.2 shows that the new estimated tolerances help decrease the inner iteration
counts by about 2%-5% (compare the “New Tuning + New Relaxation + Subspace
Recycling” with “New Tuning + Original Relaxation + Subspace Recycling”) when
used with the two-phase strategy and subspace recycling. In fact, the new estimated

strategy, and subspace recycling. The largest eigenvalue residual norm,
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tolerances tend to be a small multiple (say, 2 to 10) of the original estimated ones in
most IRA cycles for all test problems.

Some heuristic remarks can be made for the two estimations. First, the sub-
stitution of min |\(Tx) — A(T22)| for sep(T22,T},) in the original estimation seems
reasonable, in the sense that the former is usually not obviously larger than the lat-
ter. In fact, in the setting of eigenvalue computation, we expect two basic properties
to hold: (1) the desired Ritz vectors generated by the Rayleigh-Ritz procedure are
not far from the “best approximation” in the subspace from which the Ritz vectors
are extracted, and (2) a small eigenvalue residual of the desired approximate invari-
ant subspace implies good eigenvector approximation. Here, the best approximation
may refer to an eigenvector approximation in a given space obtained from the refined
Rayleigh—Ritz method, an approximation in that space which minimizes the eigen-
value residual norm, or the orthogonal projection of the true eigenvector onto that
space. These approximations are expected to be close to each other if the matrices
involved are not highly nonnormal; see [36] for details. However, by analogy to the
results in [37] and Chapter 2 of [21], both properties may not be true if sep(722, Tk)
is considerably smaller than || T22|| or min |A\(T}) — AM(T??)| in our context. In the
usual situations when the two properties hold, min |A\(T%) — A(T'22)] is expected to be
not much larger than sep(722,T}). Second, numerical evidence help us understand
why the new estimate tends to be slightly larger than the original estimate. In fact,
note that min [A(T)) — A(T22)| and max [A(T}) — A(T2?)| are the smallest and largest
eigenvalue of the Sylvester operator S,,, (G — S (G) : T22G — GTy,); see [36, page
17]. For the test problems with spectral transformation, it was consistently found
that the largest eigenvalue of S,,, is only about 10-100 times larger than the smallest
eigenvalue of S,,,, as long as the shift is not too close to an eigenvalue of the matrix
pair (A, B). As the quantity in (4.14) used in the new estimation is always between
the two extreme eigenvalues of S,, in practice, it is not surprising that this quantity
tends to be a small multiple of min |[\(T%) — A(T22)|. The original estimated allowable
tolerance seems reasonably accurate for the test problems.

6. Conclusions. We have studied an inexact implicitly restarted Arnoldi (IRA)
method for solving generalized eigenvalue problems with shift-invert and Cayley trans-
formations, with focus on a few strategies that help reduce the inner iteration counts.
We present a new tuning strategy using the solution vectors from the current and pre-
vious IRA cycles, and discuss a two-phase algorithm involving a correction equation
for which the tolerance can be considerably bigger than that for the original sys-
tem. In addition, subspace recycling can be used easily for the correction equation to
further reduce the inner iteration counts. We analyze the allowable errors of matrix-
vector products performed in Arnoldi steps and propose an alternative estimate of
relaxed tolerances for the original linear systems. Numerical experiments show that
the combined use of these strategies lead to significant speedup of inner iterations.
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REFERENCES

[1] J. BERNS-MULLER AND A. SPENCE, Inezact Inverse Iteration and GMRES, Technical report
maths0507, University of Bath, Bath, UK, 2005

[2] J. BERNS-MULLER AND A. SPENCE, Inezact inverse iteration with variable shift for nonsymmet-
ric generalized eigenvalue problems, STAM J. Matrix Anal. Appl., 28 (2006), pp. 1069-1082.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



458

3]

[7]

(8]

[10]

[11]

FEI XUE AND HOWARD C. ELMAN

J. BERNS-MULLER, I. G. GRAHAM, AND A. SPENCE, Inexact inverse iteration for symmetric
matrices, Linear Algebra Appl., 416 (2006), pp. 389-413.

A. BOURAS AND V. FRAYSSE, A Relazation Strategy for the Arnoldi Method in Eigenproblems,
Technical report TR/PA/00/16, CERFACS, Toulouse, France, 2000.

A. BOURAS AND V. FRAYSSE, A Relazation Strategy for Inner-outer Linear Solvers in Domain
Decomposition Methods, Technical report TR/PA/00/16, CERFACS, Toulouse, France,
2000.

A. BOURAS AND V. FRAYSSE, Inezact matriz-vector products in Krylov methods for solving
linear systems: A relazation strategy, SIAM J. Matrix Anal. Appl., 26 (2005), pp. 660
678.

E. DE STURLER, Truncation strategies for optimal Krylov subspace methods, STAM J. Numer.
Anal., 36 (1999), pp. 864-889.

M. E1ERMANN, O. G. ERNST, AND O. SCHNEIDER, Analysis of acceleration strategies for
restarted minimal residual methods, J. Comput. Appl. Math. 123 (2000), pp. 261-292.

H. C. Euman, A. R. RamacGE, D. J. SILVESTER, AND A. J. WATHEN, Incompress-
ible Flow Iterative Solution Software Package, Version 3.0, available online at
http://www.cs.umd.edu/~elman /ifiss.html.

H. C. ELMAN, A. R. RAMAGE, AND D. J. SILVESTER, Algorithm IFISS 886: A Matlab toolbox
for modelling incompressible flow, ACM Trans. Math. Software, 33 (2007), Article 14.

H. C. ELMAN, D. J. SILVESTER, AND A. J. WATHEN, Finite Elements and Fast Iterative Solvers:
With Applications in Incompressible Fluid Dynamics, Oxford University Press, New York,
2005.

H. C. ELMAN, D. J. SILVESTER, AND A. J. WATHEN, Performance and analysis of saddle point
preconditioners for the discrete steady-state Navier-Stokes equations, Numer. Math., 90
(2002), pp. 665-688.

M. A. FREITAG AND A. SPENCE, Convergence theory for inexact inverse iteration applied to
the generalised nonsymmetric eigenproblem, Electron. Trans. Numer. Anal., 28 (2007),
pp. 40-64.

M. A. FREITAG AND A. SPENCE, Convergence rates for inexact inverse iteration with application
to preconditioned iterative solves, BIT, 47 (2007), pp. 27-44.

M. A. FREITAG AND A. SPENCE, A tuned preconditioner for inexact inverse iteration applied
to Hermitian eigenvalue problems, IMA J. Numer. Anal., 28 (2007), pp. 522-551.

M. A. FREITAG AND A. SPENCE, Rayleigh quotient iteration and simplified Jacobi-Davidson
method with preconditioned iterative solves, Linear Algebra Appl., 428 (2008), pp. 2049—
2060.

M. A. FREITAG AND A. SPENCE, Shift-invert Arnoldi’s method with preconditioned iterative
solves, SIAM J. Matrix Anal. Appl., 31 (2009), pp. 942-969.

L. GrAaUD, D. Ruiz, AND A. TouHAMI, A comparative study of iterative solvers exploiting
spectral information for SPD systems, SIAM J. Sci. Comput., 27 (2006), pp. 1760-1786.

G. H. GorLuB AND C. F. VAN LOAN, Matriz Computations, 3rd ed., The Johns Hopkins Uni-
versity Press, Baltimore, MD, 1996.

G. H. GoruB, Z. ZHANG, AND H. ZuA, Large sparse symmetric eigenvalue problems with
homogeneous linear constraints: The Lanczos process with inner-outer iterations, Linear
Algebra Appl., 309 (2000), pp. 289-306.

C. R. LEE, Residual Arnoldi Methods: Theory, Package and Experiments, Ph.D. thesis, De-
partment of Computer Science, University of Maryland, College Park, MD, 2007.

R. B. LEnoucq, D. C. SORENSEN, AND C. YANG, ARPACK Users’ Guide: Solution of Large
Scale Eigenvalue Problems by Implicitly Restarted Arnoldi Methods. STAM, Philadelphia,
1998.

Matriz Market, http://math.nist.gov/MatrixMarket/.

K. MEERBERGEN, A. SPENCE, AND D. ROOSE, Shift-invert and Cayley transforms for detection
of rightmost eigenvalues of nonsymmetric matrices, BIT, 34 (1994), pp. 409-423.

R. B. MORGAN, GMRES with deflated restarting, STAM J. Sci. Comput., 24 (2002), pp. 20-37.

M. L. PArks, E. DE STURLER, G. MACKEY, D. D. JOHNSON, AND S. MAITI, Recycling Krylov
subspaces for sequences of linear systems, STAM J. Sci. Comput., 28 (2006), pp. 1651-1674.

M. ROBBE, M. SADKANE, AND A. SPENCE, Inezact inverse subspace iteration with precondi-
tioning applied to non-Hermitian eigenvalue problems, STAM J. Matrix Anal. Appl., 31
(2009), pp. 92-113.

V. SIMONCINI, Variable accuracy of matriz-vector products in projection methods for eigencom-
putation, SIAM J. Numer. Anal., 43 (2005), pp. 1155-1174.

V. SIMONCINT AND L. ELDEN, Inezact Rayleigh quotient-type methods for eigenvalue computa-
tions, BIT, 42 (2002), pp. 159-182.

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



INEXACT IRA FOR GEP WITH SPECTRAL TRANSFORMATION 459

V. SIMONCINI AND D. B. SzyLD, Theory of inexact Krylov subspace methods and applications
to scientific computing, STAM J. Sci. Comput., 25 (2003), pp. 454-477.

V. SIMONCINI AND D. B. SzvyLD, Relazed Krylov subspace approzimation, Proceedings in Ap-
plied Mathematics and Mechanics, 5 (2005), pp. 797-800.

V. SIMONCINI AND D. B. SzYLD, Recent computational developments in Krylov subspace meth-
ods for linear systems, Numer. Linear Algebra Appl., 14 (2007), pp. 1-59.

G. L. G. SLEIJPEN AND J. VAN DEN ESHOF, On the use of harmonic Ritz pairs in approximating
internal eigenpairs, Linear Algebra Appl., 358 (2003), pp. 115-137.

D. C. SORENSEN, Implicit application of polynomial filters in a k-step Arnoldi method, STAM
J. Matrix Anal. Appl., 13 (1992), pp. 357-385.

A. STATHOPOULOS, Y. SAAD, AND K. Wu, Dynamic thick restarting of the Davidson, and the
implicitly restarted Arnoldi methods, SIAM J. Sci. Comput., 19 (1998), pp. 227-245.

G. W. STEWART, Matriz Algorithms. Vol. 1I: Eigensystems, SIAM, Philadelphia, 2001.

G. W. STEWART, A generalization of Saad’s theorem on Rayleigh-Ritz approximations, Linear
Algebra Appl., 327 (2001), pp. 115-119.

G. W. STEWART, An Unreliable Convergence Criterion for Arnoldi’s Method, Technical report,
CMSC TR-4938, University of Maryland, College Park, MD, 2009.

J. M. TanG, S. P. MACLACHLAN, R. NABBEN, AND C. VUIK, A comparison of two-level pre-
conditioners based on multigrid and deflation, SIAM J. Matrix Anal. Appl., 31 (2010),
pp. 1715-1739.

J. VAN DEN EsHOF AND G. L. G. SLEIJPEN, Inexact Krylov subspace methods for linear systems,

SIAM J. Matrix Anal. Appl., 26 (2005), pp. 125-153.
VAN DEN EsHOF, G. L. G. SLEIJPEN, AND M. B. VAN GLJZEN, Relazation strategies for nested
Krylov methods, J. Comput. Appl. Math., 177 (2005), pp. 347-365.

F. XUE AND H. C. ELMAN, Fast inexact subspace iteration for generalized eigenvalue problems

with spectral transformation, Linear Algebra Appl., 435 (2011), pp. 601-622.

(-

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


