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A LANCZOS-TYPE METHOD
FOR MULTIPLE STARTING VECTORS

J. I. ALIAGA, D. L. BOLEY, R. W. FREUND, AND V. HERNANDEZ

ABSTRACT. Given a square matrix and single right and left starting vectors,
the classical nonsymmetric Lanczos process generates two sequences of bior-
thogonal basis vectors for the right and left Krylov subspaces induced by the
given matrix and vectors. In this paper, we propose a Lanczos-type algorithm
that extends the classical Lanczos process for single starting vectors to mul-
tiple starting vectors. Given a square matrix and two blocks of right and left
starting vectors, the algorithm generates two sequences of biorthogonal basis
vectors for the right and left block Krylov subspaces induced by the given
data. The algorithm can handle the most general case of right and left start-
ing blocks of arbitrary sizes, while all previously proposed extensions of the
Lanczos process are restricted to right and left starting blocks of identical sizes.
Other features of our algorithm include a built-in deflation procedure to detect
and delete linearly dependent vectors in the block Krylov sequences, and the
option to employ look-ahead to remedy the potential breakdowns that may
occur in nonsymmetric Lanczos-type methods.

1. INTRODUCTION

1.1. The Lanczos process for single starting vectors. Given a square matrix
A € CVN*N and two nonzero starting vectors r, 1 € CV, the classical nonsymmetric
Lanczos process [27] is an algorithm that uses three-term recurrences to generate
two sequences of biorthogonal basis vectors for the right Krylov subspace induced
by A and r, and the left Krylov subspace induced by AT and 1. Furthermore, the
coefficients of the three-term recurrences define a sequence of n x n matrices Tgf),
n=1,2,..., that constitute approximations to the given matrix A. More precisely,
the n-th Lanczos matrix Tgf) represents the oblique projection of A onto the n-th
right Krylov subspace and orthogonal to the n-th left Krylov subspace.

In the Lanczos process in its original form [27], breakdowns or near-breakdowns—
triggered by division by zero or a number close to zero—cannot be excluded. Fortu-
nately, the problem of potential breakdowns and near-breakdowns can be remedied
by incorporating so-called look-ahead techniques into the Lanczos process. The
possibility of such a remedy was first observed by Taylor [38] and Parlett, Taylor,
and Liu [33], who also coined the term “look-ahead”. Since then, there has been
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extensive research activity in this area, and as a result, the look-ahead Lanczos
process is now well understood; see, e.g., [6] [4] [I7, [24] and the references given
therein. The basic principle of the look-ahead Lanczos process is to continue the
algorithm in the event of a breakdown or near-breakdown by relaxing the vector-
wise biorthogonality of the Lanczos basis vectors to a cluster-wise biorthogonality
and by resorting, for the next few iteration steps, to recurrences that are slightly
longer than the three-term recurrences in the classical algorithm.

When applied to large N x N matrices A, the n x n Lanczos matrices Tgf) are
often very good approximations to A already for n < N, and this makes the Lan-
czos process a powerful tool for various computational tasks for large matrices A.
We now briefly mention three such applications in large-scale matrix computations.

The first application is the computation of approximate eigenvalues of A. Start-
ing with arbitrary (for example, random) nonzero vectors r and 1, one runs the
Lanczos process for n steps to obtain Tgf). The eigenvalues of Tgf) are then used
as approximate eigenvalues of the matrix A; see, e.g., [11].

The second application is the solution of large systems of linear equations,

(1.1) Ax=hb.

The biconjugate gradient (BCG) algorithm [28] and the quasi-minimal residual
(QMR) algorithm [19] [20] are iterative methods that generate approximations x,,
for the solution of (I.]), starting from an arbitrary initial guess x¢ and an arbitrary
nonzero left vector 1. Both algorithms are intimately connected to the Lanczos
process applied to the matrix A, with starting vectorsr := b— A xg and 1. For BCG,
the n-th iterate x,, is defined by a Galerkin-type condition that is mathematically
equivalent to solving a small n X n linear system with coefficient matrix Tﬁf), instead
of the large N x N system (I[CIl). For QMR, x,, is defined by a quasi-minimization
of the residual norm that is mathematically equivalent to solving a small (n+1) xn
least-squares problem whose matrix is Tgf), extended by one more row.

A third application is Padé approximation of transfer functions describing large
single-input single-output time-invariant linear dynamical systems. Such transfer
functions are rational functions H: C — C U {oco} of the form

(1.2) H(s)=1"(I-5A)""r,

where A € CV*V ¢ 1€ C¥ are given, and I denotes the N x N identity matrix. An
n-th Padé approximant, H,,, of the function (I.2) is defined as a rational function
with numerator and denominator of degree at most n — 1 and n, respectively, such
that the Taylor expansions of H, and H about s = 0 match in as many leading
Taylor coefficients as possible. The Padé approximant H,, can be directly obtained
from the Lanczos process applied to A, r, and 1; see, e.g., [12] 22| 23]. Indeed,
assuming for simplicity that no look-ahead steps occur in the Lanczos algorithm,
the n-th Padé approximant is simply given by

-1
1.3 Hy(s)=1Trel (I, —sT® eq,
1 n

where I, is the n x n identity matrix and e; is the first unit vector of length n. A
formula similar to (I.3)) holds when look-ahead steps do occur.

1.2. Handling multiple starting vectors. All three applications described in
L1 have extensions that involve multiple starting vectors.
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For eigenvalue computations of a matrix A with multiple eigenvalues or clusters
of eigenvalues, it is usually preferable to employ a Lanczos-type method that iterates
on blocks of, say m, vectors, rather than on single vectors; see, e.g., [10, 21, B5].
Such a procedure then involves m right and m left starting vectors.

Some applications require the repeated solution of linear systems (LI) with the
same matrix A, but different right-hand sides, b1, bs, ..., b,,, that are all available
simultaneously. These m systems can be summarized in block form:

(1.4) AX =B, where B:= [bl by - bm}.

Applying a block version of an iterative method to (L4) is often significantly more
efficient than solving the m linear systems individually; see, e.g., [18, 29} [30] 31].
Block versions of BCG and QMR involve a block of m right starting vectors, namely
R := B — A Xy, where Xy € CVN*™ is an arbitrary initial guess for (I.4).
Time-invariant linear dynamical systems with m inputs and p outputs are char-
acterized by matrix-valued transfer functions H: C — (C U {oo})?*™ of the form

(1.5) H(s)=L"(I-sA)" 'R,

where A € CVXN R € CV*™, L € CV*P. Such transfer functions arise in control
theory [5 36} 37] and in circuit simulation [13]. For functions (IL.H), H, one can again
define n-th Padé approximants, H,,, which are now also matrix-valued functions,
ie, H,: C+— (CU{oc})’*™. Extending the Lanczos-Padé connection (I3) for
the single-input single-output case, m = p = 1, to the general m-input p-output
case, m, p > 1, requires a Lanczos-type process that can handle m right and p left
starting vectors, namely the columns of R and L, respectively.

These three applications clearly show the need for a Lanczos-type algorithm
for multiple starting vectors. Such an algorithm should be an extension of the
classical Lanczos process for single starting vectors, and generate two sequences of
basis vectors for the right and left block Krylov subspaces induced by the given
matrix and the blocks of right and left starting vectors. In order to obtain a robust
algorithm, the following three key difficulties need to be resolved.

(i) The algorithm needs to include a deflation procedure in order to detect and
delete linearly dependent vectors in the right and left block Krylov subspaces.
This is an issue arising only when using multiple starting vectors. In the
Lanczos process for single starting vectors, encountering a linearly dependent
right or left vector simply means that the corresponding right or left Krylov
subspace is exhausted, i.e., it reached its maximal dimension. The algorithm
terminates normally in this situation.

(ii) The algorithm needs to be able to handle different block sizes in the right
and left block Krylov subspaces. These different block sizes may be due to
different sizes of the starting blocks, i.e., m # p, or due to deflation.

(iii) As in the classical Lanczos algorithm for single starting vectors, it cannot be
excluded that breakdowns or near-breakdowns occur. As a result, in general,
look-ahead techniques need to be incorporated.

In this paper, we propose a Lanczos-type algorithm that extends the classical
Lanczos process for single starting vectors to multiple starting vectors, and that can
handle all three difficulties (i)—(iii) listed above. Given a matrix A € CV*¥  and
right and left starting blocks R € CV*™ and L € CV*P, the algorithm generates
two sequences of biorthogonal basis vectors for the right and left block Krylov
subspaces induced by the given data. The algorithm includes a simple built-in
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deflation procedure, and it can handle the most general case of right and left block
Krylov subspaces with arbitrary sizes m and p of the starting blocks.

The key property of the algorithm, which allows us to resolve the issues (i)—(iii), is
the vector-wise construction of the basis vectors for the block Krylov subspaces. The
vector-wise approach appears to originate with Ruhe [35], where it was applied to
Hermitian matrices. However, we stress that, for Hermitian matrices, the problem
of handling multiple starting vectors is a lot easier for the following two reasons.
First, the right and left block Krylov subspaces are (up to complex conjugation if
A is complex) identical, and thus the complication due to different right and left
block sizes does not arise. Second, the possibility of breakdowns can be excluded,
and hence no look-ahead is needed. We note that, to the best of our knowledge, we
seem to be the first to extend Ruhe’s vector-wise construction of basis vectors for
the Hermitian case to the general case of non-Hermitian matrices.

We remark that early versions of the Lanczos-type algorithm described in this
paper had been developed independently by Aliaga, Boley, and Herndndez, and by
Freund, and were presented by Boley [3] and Freund [T6] at the same Oberwolfach
meeting in 1994. It was then that we decided to write this joint paper. However,
we would like to stress that the algorithm presented in this paper has evolved quite
a bit from the versions we had in 1994. We also note that, in his doctoral thesis [I],
Aliaga investigated variants of the algorithm that are tailored to parallel computers.

1.3. Related work on block Lanczos methods. The problem of extending the
Lanczos process from single to multiple starting vectors is, of course, not new, and
a number of algorithms have been developed over the years. With the exception
of Ruhe’s algorithm [35] for the Hermitian case, all previously proposed algorithms
use a block-wise construction of block-biorthogonal basis vectors for the underlying
block Krylov subspaces. It is easy to see that any such block-wise approach requires
all right and left blocks to have the same size. In particular, block Lanczos algo-
rithms are restricted to the special case when p = m and possible deflation occurs
simultaneously in the right and left block Krylov subspaces.

Block Lanczos algorithms for Hermitian matrices were first proposed by Cullum
and Donath [9], and Golub and Underwood [21),[39]. Further and more recent work
for the Hermitian case is described in [I0} 30} [35] and the references given therein.
We remark that only the algorithms in [9, [10,[30] and Ruhe’s algorithm [35] include
a proper deflation procedure.

For non-Hermitian matrices, O’Leary—with her block BCG algorithm [31]—was
the first to develop a block Lanczos-type method. A block version of the original
three-term Lanczos algorithm [27] was first presented in [25] [26], and a more recent
variant was proposed in [4]. As already pointed out above, all these algorithms are
restricted to the case p = m. Furthermore, none of the existing block Lanczos-
type methods for non-Hermitian matrices has a built-in deflation procedure, nor
are there any look-ahead variants to remedy possible breakdowns.

1.4. Outline. The remainder of this article is organized as follows. In §21 we
introduce our notion of block Krylov subspaces associated with multiple starting
vectors. In §3], we state some basic properties of the Lanczos vectors. In §dl we
describe the construction of the Lanczos vectors. In §5l we present a complete
statement of our Lanczos-type algorithm for multiple starting vectors and discuss
a few implementation issues. In J6l we establish some properties of the algorithm.
In 87 we make some concluding remarks.
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1.5. Notation. Throughout this article, all vectors and matrices are allowed to
have real or complex entries. We use boldface letters to denote vectors and matrices.
As usual, M = [m—]k}, MT = [mkj], and MH = M = [m—kﬁ denote the complex
conjugate, transpose, and the conjugate transpose, respectively, of the matrix M =
[m;k]. The vector norm [|x|| := vxx is always the Euclidean norm, and ||M|| :=
max|x|—1 |[Mx]|| is the corresponding matrix norm. The sets of real and complex

numbers are denoted by R and C, respectively, and N is the set of positive integers.

2. BLOCK KRYLOV SUBSPACES

From now on, it is always assumed that A € CN*¥ is a given N x N matrix,
R = [I‘l ro .- I‘m} Echm

is a given matrix of m right starting vectors, r1,rs,... Ty, and

L=[4 1, - 1,]ech*

is a given matrix of p left starting vectors, 11,1a,... ,1,. We stress that m > 1 and
p > 1 are arbitrary integers, and in particular, m and p need not be identical.

In this section, we introduce our notion of block Krylov subspaces induced by
the data A, R, and L. We start by defining the right and left block Krylov matriz

2.1 K(AR) = [R AR A’R - AN_lR] and
1) K(A",L):=[L ATL (AT)’L ... (AT)N-'L],
respectively. The Lanczos-type algorithm constructs biorthogonal basis vectors for
the ascending n-dimensional subspaces, n = 1,2, ..., spanned by the first n linearly

independent columns of the matrices K(A,R) and K(A™T L), respectively. To
properly define these subspaces, we need to delete the linearly dependent columns
in (). This is done by scanning the columns of each of the matrices K(A,R)
and K(AT,L) from left to right and deleting each column that is linearly depen-
dent on earlier columns within the same matrix. This process of deleting linearly
dependent columns is referred to as exact deflation in the sequel. Applying ex-
act deflation to (21), we obtain the deflated right and left block Krylov matrices
KY(A,R) and KY(AT L), respectively. By the structure (21 of K(A,R), a col-
umn A7~ !r; being linearly dependent on earlier columns implies that all columns
AFr; j <k < N —1, are also linearly dependent on earlier columns. An analo-
gous statement holds for the matrix K(A™, L) in (2). Consequently, the deflated
Krylov matrices have the following form:

K'AR)=[R; AR, A’R; -~ Am="IR; ],
2.2
( ) Kdl(AT, L) — [Ll AT L2 (AT)Q L3 L. (AT)kmax—l Lkmax] .
Here, for each j = 1,2,..., jmax, R; is a submatrix of R;_;, with R; # R;_; if,
and only if, exact deflation occurred within the j-th right Krylov block A7~ R
in 2I). (For j =1, we set Rp = R.) Similarly, for each k =1,2,..., kpax, Li is a
submatrix of Ly_1, with Ly # Li_1 if, and only if, exact deflation occurred within
the k-th left Krylov block (AT)¥~1L in &I)). (For k = 1, we set Lo = L.)

We denote by K, (A, R) the subspace of CVV spanned by the first n columns of
the deflated right block Krylov matrix K (A, R) in (ZZ). We call £,(A,R) the
n-th right block Krylov subspace (induced by A and R). Similarly, the n-th left
block Krylov subspace (induced by AT and L), denoted by K,,(AT,L), is defined
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as the subspace of CV spanned by the first n columns of the matrix K4 (A™T L)
in (ZZ). By construction, the columns of each matrix K¥(A,R) and K4 (AT, L)
are linearly independent, and thus both K, (A, R) and K, (AT, L) are subspaces of
dimension n.

Note that in our construction of block Krylov subspaces, we have only used
exact deflation. In an actual algorithm for constructing basis vectors for &C,,(A, R)
and KC,,(AT, L) in finite-precision arithmetic, one also needs to delete vectors that
are in some sense “almost” linearly dependent on earlier vectors. We will refer to
the deletion of such almost linearly dependent vectors as inexact deflation. Our
Lanczos-type algorithm has a simple built-in procedure for both exact and inexact
deflation. While inexact deflation is crucial in practice, a concise definition of the
corresponding block Krylov subspaces is necessarily quite involved. For the sake of
simplicity, in this paper, we use only the notion of block Krylov subspaces based
on exact deflation. Finally, in the sequel, “deflation” always means that both exact
and inexact deflation are performed.

3. BIORTHOGONALITY OF THE LANCZOS VECTORS

In this section, we formulate some basic properties of the vectors generated by
our Lanczos-type algorithm.

3.1. The Lanczos vectors. The algorithm generates two sequences of vectors,

(3.1) V1,V ooy Ve ooy Vi and Wi, Wa, ..., Wy, ...

9 anax :

We will refer to ([B:1]) as the right and left Lanczos vectors, respectively.
In the case of exact deflation only, for n = 1,2,..., nnax, the first n vectors in
each sequence (3:1]) span the n-th right and left block Krylov subspaces:

span{ vy, va,..., v, } = Kn(A,R),
(3.2) T
Span{WhWZa"'?wn}:,Cn(A 7L)

Moreover, the integer np.x in (31]) is defined as
(3.3) Nmax := min{ rank K(A, R), rank K(A",L) }.

In the presence of inexact deflation, instead of (3:2]), we have inclusions of the
following form (provable by induction using the equations [6) below):

span{ vi,va,...,Va } € Kyiq, ) (A R),
(3.4)
span{ wi, wa,...,Wn } C Kpig,n) (AT, L).

Here, d,.(n) and d;(n) depend on the number of inexact deflations that have occurred
up to stage n. Moreover, the integer 1y in ([B) is now given by

Nmax := min{rank K(A,R) — max d.(n), rank K(AT L) — max di(n) },

instead of (B3)). We note that it is also possible to derive a more quantitative
version of ([B4]). However, for the sake of brevity, such a result is not included in
this paper.

As in the classical Lanczos process for single starting vectors, the Lanczos vec-
tors (B) are computed in pairs. At pass n of the algorithm, the n-th pair v,, and
w,, is built, where v,, is the vector that advances the right block Krylov subspace,
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and w,, advances the left block Krylov subspace. Clearly, this pair-wise construc-
tion has to be terminated as soon as one of the two block Krylov subspaces is
exhausted. If only one of the subspaces is exhausted, it would be possible to con-
tinue the construction of single basis vectors for the non-exhausted block Krylov
subspace. However, this is not done in our algorithm, and we simply stop the
process as soon as one of the two block Krylov subspaces is exhausted.

3.2. Vector-wise biorthogonality. As in the classical Lanczos process, the goal
is to construct vectors (B.1) that are vector-wise biorthogonal, i.e.,

0n, ifi=mn,
(3.5) wiv, = " forall i,n=1,2,..., Nmax.
0 ifi#n,

However, enforcing ([B.5) is only possible if §,, # 0 for all n = 1,2,... ,npax — 1.
Indeed, constructing biorthogonal vectors (3.) involves division by d,. In the
general case, it cannot be excluded that

(3.6) Sp=Wwrv, =0 forsome n < Npax,

and thus any algorithm that tries to enforce (B.5) may break down due to division
by zero. The event (B.6) will be referred to as an exact breakdown of the Lanczos
type-algorithm. In finite-precision arithmetic, one also needs to deal with so-called
near-breakdowns due to division by nonzero numbers

(3.7) bp =Wiv, ~0, 0,#0, forsome n < nmax,

that are in some sense close to zero.

The key to dealing with possible exact and near-breakdown in the general case is
to relax the biorthogonality (35]) of individual Lanczos vectors to a biorthogonality
of clusters of Lanczos vectors.

3.3. Cluster-wise biorthogonality. In the general case, the right and left Lan-
czos vectors (3.1]) are grouped into clusters

v ve o vO ]y me)
(3.8)
WO W WO W e

respectively. Here, for each [,
v .= [vm Vo4l e Vnz,+171} ,

(3.9)

0 ._
W( ) = [Wm Wpni+1  --- Wnl+1—1}
are N X (nj+1 — n;) matrices. Furthermore,

(3.10) n=1l<ng < - <y <---<ny.. <N+l = Nmax + 1

max

are the cluster indices. Note that n; is just the index of the first vector in the I-th
pair of clusters (3:9). The size of the I-th pair of clusters is given by n;1; —n;. We
call VO and WO true look-ahead clusters if they contain more than one Lanczos
vector, i.e., if nj41 —n; > 1. The clusters VO and WO are built as true look-ahead
clusters if, and only if, an exact breakdown (3.6)) or a near-breakdown (3.7) occurs
at step n = n;. Furthermore, the next cluster index n;y; is chosen as the smallest
integer bigger than n; such that the matrices AW = (W(l))TV(l) are “sufficiently”

nonsingular, except the last matrix, A(l"‘a"), which may be singular.
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The Lanczos vectors (Bl) are constructed to be cluster-wise biorthogonal, i.e.,
AV if k=1,

(3.11) (WEYT v = for all k0 =1,2,... lnax.
0 ifk#I,

Note that, in the absence of exact or near-breakdowns, all clusters ([B.8)) consist
of single Lanczos vectors only. In particular, in this case,

=1 VO=v, WO=w, AD=45 forall 1=1,2,..., nax = Nmax,

and the cluster-wise biorthogonality ([B-11) reduces to ([B3.5).

In the algorithm, we use the cluster indices (3:10)) to keep track of the structure
of the clusters (3.8). Occasionally, we will need to determine the index, denoted by
I(n), of the clusters V(™) and W!("™) that contain the n-th pair of Lanczos vectors
vy, and wy,. In view of (B8) and BT, for n =1,2,... , Nimax, {(n) is given by

(3.12) I(n)=max{ieN|n; <n}.
3.4. Matrix formulation. It turns out to be convenient to use the notation
(3.13) V, = [vl Vg - vn} and W, = [Wl wy - wn}

for the N xn matrices whose columns are the first n right and n left Lanczos vectors,
respectively. Moreover, we define A,, as the n x n leading principal submatrix of
the block-diagonal matrix, partitioned conformally with the clusters (323,

(3.14) A, = diag (Au)’ A® A(zmax>) .

Mmax

With (3:I3) and A,,, we can state the cluster-wise biorthogonality relations (B.11])
in compact matrix form as follows:

(3.15) WE V,=4A, forall n=1,2,...,nnax-

3.5. Normalization. The biorthogonality relations determine the Lanczos vec-
tors only up to scalar normalization factors. In an actual implementation, proper
normalization is important in order to avoid possible over- and underflow in finite-
precision arithmetic. Furthermore, the usual strategies to decide when to perform
a look-ahead step assume that the Lanczos vectors are normalized; see, e.g., [17].
Following [17], we normalize the Lanczos vectors to have unit Euclidean length:

(3.16) [vpll = lwnl =1 for all n.

4. THE CONSTRUCTION OF THE LANCZOS VECTORS

In this section, we describe the construction of the Lanczos vectors in our algo-
rithm for multiple starting vectors, by analogy with the Lanczos process for single
starting vectors.

4.1. Review of the case of single starting vectors. The Lanczos process [27]
for single starting vectors r and 1 obtains v; and w; by normalizing r and 1 so
that (3I6) (for n = 1) is satisfied. For n > 1, v,, is obtained by first comput-
ing v = Av,_1 to advance the right Krylov subspace, then biorthogonalizing v
against the previous left Lanczos vectors w;, i < n, and finally normalizing the
biorthogonalized vector v. In exact arithmetic and in the absence of look-ahead, v
is already biorthogonal to w;, i < n— 2, and so v only needs to be biorthogonalized
against w,_s and w,_1. In the case of look-ahead, v is biorthogonalized against
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the previous two clusters; see, e.g., [I7]. Similarly, w,, is obtained by first comput-
ing w = AT w,,_1, then biorthogonalizing w against v,,_o and v,,_1, respectively
the two previous clusters, and finally normalizing the biorthogonalized vector w.
Using the matrix notation ([BI3), all these recurrences for the first n right and n
left Lanczos vectors can be summarized as follows:

r ifn=1,
V, T, 1=
AV, 1 ifn> 1,

(4.1)

~ 1 ifn=1,
W, T, 1=
AT W, 1 ifn>1.

Here, for n = 1, Ty and ’i‘o are scalars that record the normalization of the starting
vectors r and 1, respectively. Forn > 1, T,,_; and T,,_; are nx (n—1) matrices that
contain the recurrence coefficients. Both matrices are tridiagonal if no look-ahead
is necessary, and they are simultaneously upper Hessenberg and block tridiagonal
if look-ahead steps are performed; see, e.g., [17].

4.2. Multiple starting vectors, but no deflation or look-ahead. We now
turn to the Lanczos-type algorithm for multiple starting vectors. In this subsec-
tion, we describe the procedure for the simplest case, where neither deflation nor
look-ahead occurs. For n < m, the vector v, is generated from the n-th right
starting vector v = r, by first biorthogonalizing v against w;, 1 < ¢ < n, and
then normalizing the biorthogonalized vector v to unit length. For n > m, the
vector v,, is obtained by first computing v = A v,_,, to advance the right block
Krylov subspace, then biorthogonalizing v against the previous left Lanczos vectors
w;, n—m —p < i < n, and finally normalizing the biorthogonalized vector v to
unit length. Similarly, for n < p, the vector w,, is obtained by first biorthogonal-
izing w = 1, against v;, 1 < ¢ < n, and then normalizing the biorthogonalized
vector w to unit length. For n > p, the vector w,, is obtained by first computing
w = AT w,,_,, then biorthogonalizing w against the previous right Lanczos vectors
vi,n—m—p <i<n. In analogy to ([£I)), the resulting recurrences for the first n
right and n left Lanczos vectors can be summarized as follows:

VT, . = [r1 ro -+ 1, fl1<n<m,
AV, ., if n > m,
(4.2)
~ L b - 1] ifl1<n<p,
Wi, {hn ]
ATW,_, if n>p.

Here, the matrices T, _,,, and ’i‘n,p again contain the recurrence coefficients used
in the biorthogonalization of the Lanczos vectors. For n < m, respectively n < p,
the matrix T,,_,,, respectively 'T‘n_p, is an upper triangular n X n matrix, recording
the biorthogonalization of the right, respectively left, starting vectors. For n > m,
T, _m is a banded n x (n —m) matrix with lower and upper bandwidth m and p,

respectively. For n > p, T,,_, is a banded n x (n — p) matrix with lower and upper
bandwidth p and m, respectively.
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0) Initialization; in particular, set p = po = —m and ¢ = ¢y = —p.
For n=1,2,..., build the n-th pair of Lanczos vectors v, and w, :

1) Build the unnormalized right Lanczos vector v.

la) Set p=p+1.

1b) If the right block Krylov subspace is exhausted, then stop.

1c) Advance the right block Krylov subspace.

1d) Determine against which clusters v needs to be biorthogonalized.

le) Biorthogonalize v against these clusters.

1f) Decide if v should be deflated; if so, deflate it and repeat all of Step 1).
2) Build the unnormalized left Lanczos vector w.

2a) Set p =0+ 1.

2b) If the left block Krylov subspace is exhausted, then stop.

2¢) Advance the left block Krylov subspace.

2d) Determine against which clusters w needs to be biorthogonalized.

2e) Biorthogonalize w against these clusters.

2f) Decide if w should be deflated; if so, deflate it and repeat all of Step 2).
3) Normalize v and w to obtain v, and w,, and add them to current clusters.
4) Record the n-th history indices pn, = p and ¢, = é.
5) Check for end of look-ahead clusters.

FI1GURE 1. Structure of Lanczos-type algorithm.

4.3. Deflation. We now begin our discussion of the algorithm in the general case,
where deflation and look-ahead may occur. In Figure[ll we show the basic structure
of the algorithm; a complete statement of the algorithm is given in §5.1] below. In
the following, we use the step numbers from Figure[Il to describe the algorithm.

We use n as the counter for the main loop of the algorithm. During the n-th
pass through the main loop, the Lanczos vectors v,, and w,, are being computed.
This is done by first constructing, in Steps 1) and 2), candidate vectors v and w
that satisfy the required biorthogonality conditions for v,, and w,. In the proof
of Theorem [6.3] in §6l we will show that v = 0 or w = 0 is equivalent to an exact
deflation in the right or left block Krylov subspace, respectively. Therefore, in the
algorithm, we check for exact deflation by simply testing if v = 0 or w = 0. If
inexact deflation is included, we choose a small deflation tolerance dtol, and then
check for deflation by testing if

(4.3) [lv|| <dtol or |w]| <dtol.

If |v]| < dtol, then v is deflated and all of Step 1) of the algorithm is repeated.
If ||w| < dtol, then w is deflated and all of Step 2) is repeated. Once Steps 1)
and 2) have produced vectors v and w with ||v|| > dtol and ||w]| > dtol, the n-th
Lanczos vectors v, and w,, are obtained by normalizing v and w in Step 3). Note
that deflation reduces to exact deflation only by setting dtol = 0 in (H3).

Every time a v vector is deflated, the effective right block size, which was m
initially, is reduced by 1. Similarly, each deflation of a w vector reduces the effective
left block size by 1. If only exact deflation is performed, then the effective right
and left block sizes could be recorded by keeping track of the sizes of the blocks
AJ"IR; and (AT)*1 Ly in (Z2), together with pointers for the positions of v,, and
w,, relative to the current blocks in (Z2)). However, this approach cannot easily
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be extended to include inexact deflation. Instead, we use a different encoding
that properly describes the effective block sizes even when both exact and inexact
deflation are performed. This encoding is based on history indices for the individual
Lanczos vectors. Next, we describe these indices.

4.4. History indices. In the algorithm, the indices p and ¢ are used to record
the number of passes through Steps 1) and 2), respectively; see Figure [l At the
beginning of the n-th pass through the main loop of the algorithm, p = p,—1
and ¢ = ¢,_1, where, initially, we set up = —m and ¢9g = —p. The value of u
is incremented by 1 in every pass through Step 1), and ¢ is incremented by 1 in
every pass through Step 2). The values of p and ¢ after Steps 1) and 2) have been
performed the last time within the n-th pass through the main loop are recorded as
the n-th history indices, p, and ¢, in Step 4) of the algorithm. Recall from §4.3
that Steps 1) or 2) are repeated within each n-th pass through the main loop if, and
only if, a deflation of a v or w vector has occurred. If follows that u, — pp—1 — 1
is the number of deflations of consecutive v vectors in between the construction of
Vn_1 and v,. Similarly, ¢, — ¢,_1 — 1 is the number of deflations of consecutive
w vectors in between the construction of w,_; and w,. In particular,

(44) Hn = pin—1+1 and  ¢p = Pp_1 +1

if no deflation of a v or w vector occurred during the n-th pass.

It turns out that p,, and ¢,, are just the indices of the vectors from which v,, and
w,,, respectively, were generated. More precisely, if y1,, < 0, then v,, was obtained by
biorthogonalizing and normalizing one of the right starting vectors, namely r,, 4m.
If 4y, > 0, then v,, was generated from the A-multiple A v, of the previously
constructed vector v, . Similarly, an index ¢,, <0 means that w, was generated
from the left starting vector 1y, ,, while ¢, > 0 means that w,, was generated
from AT wy, . It will also be convenient to set fin,...+1 = Gnpoct1 = Nmax + 1.

Note that, by construction, the history indices are strictly increasing;:

o < p1 <o < et <pin <o < g 41,

(4.5)
G0 < P1 < < P <Pp < -0 < Pt

Furthermore, we have n —m < pu, <nand n—p < ¢, < n for all n < nyax.
The following example illustrates the concept of the history indices.

Example 4.1. Suppose that { uo, p1, po, i3, fia, 5, ...+ = {—2,-1,0,1,3,4,...}.
This means vi and vy came from the m = —pug = 2 starting vectors, while vs, vy,
and vs came from the A-multiples A vy, A vs, and A vy. Since pg — pug =2 > 1,
there was one deflation in between the construction of vz and v4. More precisely,
the vector that would have resulted from A vy was deflated.

Remark 4.2. If no deflation occurred during the construction of the first n pairs of
Lanczos vectors, then p, = n—m and ¢, = n — p. This readily follows from [@J)).

Remark 4.3. In the case of only exact deflation, the history indices (&5l can be
used to determine the sizes of the blocks R; and Ly in the deflated block Krylov
matrices (Z2). In [2], we show how to do this for the right blocks R;; the case of
the left blocks is analogous.
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4.5. Recurrence relations for the general case. After having introduced the
history indices, we are now in a position to state the recurrence relations for the
most general version of our algorithm with both deflation and look-ahead.

We continue to use the matrix notation V,, and W,, introduced in (3I3). More-
over, for n = 0, we set Vo = Wy := (). In analogy to (£.2)), the recurrences for the
construction of the first n right and n left Lanczos vectors can then be summarized

as follows. For all n =0,1,..., nyax, we have

[r1 ro - ruem] fp <O,
VnTH+Vﬁ1: . P < b < P,

AV, if p>0,

(4.6)

~ L b - 1 if ¢ <0,
W, T, + Wil = b1, i Gn < & < brt1.

ATW, if ¢ >0,

Here, Vgl and ng are N x p matrices that contain the vectors v and w that were
not turned into Lanczos vectors due to deflation, together with lots of zero vectors.
More precisely, these matrices are built up as follows:

[Vﬂ[l v} if v # 0 and v is deflated,

dl _
vV, =
[Vﬂ[l 0} otherwise,
(4.7)
[ngl w} if w # 0 and w is deflated,
Wdl _
¢
[ngl 0} otherwise,
where V§! = W{l := (). In particular, if no deflation or only exact deflation occurs,

then Vgl = ng are zero matrices. If inexact deflation occurs, then Vgl and ng
are no longer zero matrices, but they are still small in norm. At any stage of our
algorithm, the number of v and w vectors that have been deflated so far is given
by m —n+ u and p—n+ ¢, respectively. Thus Vgl and ng have at most m —n+u
and p—n+ ¢, respectively, nonzero columns. In view of the deflation criterion (Z3),
these nonzero columns have Euclidean norm at most dtol. It follows that

||V31H < dtoly/m—n+pu and HWiIH < dtoly/p—n+¢.

As in [@2), the matrices T}, and 'T‘¢ in (@6) contain the recurrence coefficients
used to enforce the biorthogonality conditions for the Lanczos vectors. For p < 0
and ¢ < 0, the columns of T, and 'T¢ are obtained by biorthogonalizing the columns
of the starting blocks R and L, respectively. For > 0 and ¢ > 0, the columns of
T, and 'T‘¢ contain the recurrences used to advance the right and left block Krylov
subspaces by multiplications with A and AT, respectively.

If no deflation occurs, then le =0, Wi =0, u=n-—m, » =n—p, and hence
the recurrences ([6l) reduce to [2). If, in addition, no look-ahead occurs, then
the matrices T, and Ty in [{6) are identical to those in ([@2). Recall from §o.J
that T, and 'i‘¢ in ([Z2) are banded matrices with lower and upper bandwidth m
and p, respectively p and m.

In the general case where deflation and look-ahead may occur, the structure of
T, and T4 is more complicated. As before, T, and Ty still have lower bandwidth
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m and p, respectively. However, after each deflation of a v or w vector, the lower
bandwidth for the successive columns of T, or 'T‘¢, respectively, is reduced by one.
As before, T, and ’i‘¢ have nonzero elements within a band of upper bandwidth p
and m, respectively. After each deflation of a v or w vector, the upper bandwidth
for the successive columns of Ty or T, respectively, is reduced by one. Look-
ahead and inexact deflation result in some additional nonzero elements above the
upper bands of T, and Tg. More precisely, look-ahead steps result in “bulges”
in T, and 'T‘¢ above their upper bands. The cluster indices [, and I, describe the
beginning of the upper band, including any look-ahead bulges, in the u-th and ¢-th
column of T, and 'i‘¢, respectively; see Algorithm B Ilbelow. Each inexact deflation
of a v vector requires that all successive left Lanczos vectors need to be explicitly
biorthogonalized against a certain earlier vector v;, and in the look-ahead case,
against the entire cluster containing v;. Similarly, inexact deflation of a w vector
requires explicit biorthogonalization of all successive right Lanczos vectors against
a certain earlier vector w;, and in the look-ahead case, against the entire cluster
containing w;. The indices of the look-ahead clusters against which one needs to
biorthogonalize due to inexact deflation of v and w vectors are stored in the sets Z,
and Z, respectively; see Algorithm [5.1] below. These biorthogonalizations caused
by inexact deflation result in nonzeros in rows of T, and T4 whose row indices
correspond to Z, and Z,, respectively. However, these nonzeros only appear to the
right of the bands.

4.6. An example. In this subsection, we present a specific example to illustrate
how deflation and look-ahead affect the zero structure of T, and 'T‘¢.

This is an example with m = 3 and p = 2. We assume that three deflations
of v vectors and one deflation of a w vector occur. More precisely, the v vectors
obtained by biorthogonalizing A vs, A vig, and A vsg and the w vector obtained
by biorthogonalizing AT wo are deflated. The corresponding history indices are
shown in the second and third columns of Table[dl, where the values of p and ¢ in
parentheses indicate the repeated executions of Steps 1) and 2), respectively, due to
deflation. Note that n = p at pass n = 21. This means that the right block Krylov
subspace is exhausted, and thus the algorithm stops in Step 1b) at pass n = 21,
after having generated 20 pairs of Lanczos vectors, namely

(48) Vi,V2,...,Vy and Wi1,W2,...,W20.

If no look-ahead occurred, the vectors (4.8)) are constructed to be vector-wise bior-
thogonal. We also consider a case where true look-ahead clusters occur, with the
values of the cluster indices (B:10) given in the ninth column of Table[I] Note that
there are two true look-ahead clusters of length three, starting at ns = 5 and at
ng = 8, respectively. Thus, the vectors ({.8) are grouped into clusters

(4.9) v v@ o vae and wh w® o wie)

where VO = [v5 ve vr7], VO = [vs vy vio], WO = [ws wg wrl,
WO = [WS Wy Wlo], and the remaining clusters consist of single vectors only.
In the look-ahead case, the vectors (f.])) are constructed such that the clusters (£9)
are biorthogonal.

For both the no-look-ahead and the look-ahead case, the zero structure of the
matrices Asg, Tag, and 'Tgo are shown in FiguresZland Bl The following convention
is used: guaranteed zeros are marked by “.” while potential nonzeros are marked
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TABLE 1. Indices and sets used in Algorithm [5.1] for the example in §4.6

History indices No look-ahead With look-ahead
n Hn | ¢n lv | Iv | lw | Iw l | n | lv | Iv | lw | Tw
0 -3 -2
1 -2 -1 1 0 1 0 1111 0 1 0
2 -1 0 1 0 1 0 212 |1 0 1 0
3 0 1 1 1] 1 1] 3 3 1 0 1 1]
4 1 2 1 0 1 0 4141 0 1 0
5 2 3 1 1] 1 1] 5 5 1 0 1 1]
6 3 4 1 0 1 0 1 0 1 0
7 4 5 2 1] 2 1] 2 0 2 1]
8 5 6 3 0 3 0 68|31 0 2 0
9 6 7 4 1] 4 1] 3 0 2 1]
10 7 8 5 0 5 0 31 0 5 0
11| (u=8) 6| 0 {8} 500 {6}
11 9 9 7 1] 6 {8} 7 1111| 5 0 5 {6}
12 10 10 8 1] 7 {8} 8 |12 | 5 0 5 {6}
13 11 11 9 1] 9 {8} 9 | 13| 6 0 6 {6}
14 (p =12) {12} | 10 {8} {8} 6 {6}
14 12 13 10 | {12} | 11 {8} 10|14 |6 | {8 | 7 {6}
15 13 14 11 | {12} | 12 {8} 11 (15| 7 | {8 | 8 {6}
16 14 15 13 | {12} | 13 {8} 12116 9 | {8 | 9 {6}
17 15 16 14 | {12} | 14 {8} 13 |17 (10 | {8} | 10 {6}
18 16 17 15 | {12} | 15 {8} 14 | 18 | 11 | {8} | 11 {6}
19 17 18 16 | {12} | 16 {8} 15 |19 | 12 | {8} | 12 {6}
20 18 19 17 | {12} | 17 {8} 16 | 20 | 13 | {8} | 13 {6}
21 || (. =19) 18 {8,19} 14 {6,15}
21 || (= 20) 19 {8,19,20} 15 {6,15,16}
21 || (n=121)

by “47, “x”, “c”, “d”, or “p”. The distinction between the potential nonzeros is
as follows: diagonal entries are marked by “+”, other elements within the bands
of Ty and 'i‘go are marked by “x”, entries due to look-ahead are marked by “c”,
entries due to inexact deflation are marked by “d”, and entries resulting from the
combined effects of look-ahead and deflation are marked by “b”.

Note that, by (8:14) and (3.15)), the biorthogonality properties of the vectors (£.8)
translate into a block-diagonal structure of the matrix Agy. Indeed, as shown in
Figure in the no-look-ahead case, Ay is diagonal, reflecting the vector-wise
biorthogonality of the vectors (.8). In the look-ahead case, Ay has two 3 x 3
diagonal blocks, reflecting the cluster-wise biorthogonality of the clusters (4.9).

Figure [3 shows the zero structure of T20~ and ’Tgo. First, consider the no-look-
ahead case. Here the structure of Ty and Toq is completely described by the data
listed in the first seven columns of Table [l At the n-th pass through the main
loop of the algorithm, the p-th column of Ty for all p,—1 < p < p, and the
¢-th column of T for all Pn—1 < ¢ < ¢, are constructed. Recall that, by @I),
we have y = pu, and ¢ = ¢, if, and only if, no deflation occurs during the n-th
pass. From Table 1 the zero structure of the columns of Tyy and ’i‘go that are
constructed at the n-th pass can be read off directly from the row(s) of Table [
starting with the value of n. Note that there are multiple rows starting with the
same value of n and corresponding to multiple values of p or ¢ if deflation occurs
during the n-th pass. For example, in Table [I there are two rows associated with
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Agp

FIGURE 2. Zero structure of the matrix Ay for the example in §4.6.

n = 11. The first row records the structure of column p = 8 of Ty, as well as
the deflation of the v vector obtained from A vg. More precisely, the banded part
of the 8-th column of Ty starts with the entry in row I, = 6, and since Z, = 0,
there are no nonzero entries due to earlier deflations outside the banded part. The
deflation of the v vector obtained from A vg has the effect that y = 8 is added to
Zw. This means that all later w vectors will have to be biorthogonalized against
vg, resulting in potentially nonzero entries in row 8 of ’i‘go; see Figure Bl However,
due to the deflation of the v vector, from column g = 8 on, the lower bandwidth
of Tog is reduced by one, which compensates for the “spike” in row 8 of TQO. In

T20 T20
R S T R B T
XXX - o o e e e e e e e XFXXXCC v v v o e e e
XX FXXCC o v v oo e e e XX FXXKXC « + v o o e e
XXX FXKXC -« o+ o e e X XAFXEXK - e e e e e e
XXXFXXCCC « » « o e XX FXXXCC - o e e e e e
XXX FXXCC e e e e e e e XXFXXXC + - oo
XX XFXXC e e e e e e e XXF XXX+ o o o e e

XXX+XXCC -+ = o oo e xx+xxxddddddddd
XXXFXXC o oo o XxXX+xxcbbbbbbbb
XXX+XX - o 0 o e e e e e e XXxX+xxXxbbbbbbbb
..... XXF+XX - o oo e e e X XXX e e e e
...... xx+xddddddd e e e e XXX e e
....... XXx+x - - S & I 3 SR T
........ XX+x - - oo T R <
......... X x+x e e e e oo oL L x4 xX
.......... X x+x B ¢
........... X X+x E N <
............ X x+x e e e e oo s s x4 X
............. X x+x e e e e x4 x
.............. X X+ | R &

FIGURE 3. Zero structure of the Lanczos matrices Ty and 'T‘go

for the example in §4.61
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Table Ml the second row associated with n = 11 records the nonzero structure of
column p17 = 9 of Ty and of column ¢1; = 9 of ’i‘go. The banded parts of these
columns start at position I, = 7 and Iy, = 6, respectively; see Figure B

If no deflation occurred at the n-th pass, then, in Table[T], there is only a single
row associated with n. For example, consider row n = 18. The history indices
pn1s = 16 and ¢18 = 17 record that, at pass n = 18, column 16 of Ty and column
17 of 'f‘go were constructed. The banded part of both these columns starts with
entries in row Iy, = ly, = 15. Furthermore, since Z, = {12} and 7, = {8}, there
are potential nonzeros in row 12 of Tyy and row 8 of 'Tgo, due to earlier deflations.

In the general case, where look-ahead may occur, the structure of T and 'T‘go is
completely described by the data listed in the first three and the last six columns of
Table[ll. Recall from §4.5lthat, in the look-ahead case, Iy, lw, Zy, and Z, record the
indices of look-ahead clusters. For example, consider again row n = 18 in Table [I
In the look-ahead case, we have I, = Iy, = 11. This means that the banded part
of both column g8 = 16 of Tyy and column ¢1g = 17 starts with entries in row
n11 = 15. Furthermore, since Z, = {8} and Z,, = {6}, there are additional potential
nonzero entries in row ng = 11 of Ty and rows ng = 8,9, 10 of 'Tgo; see Figure Bl
Note that since the 6-th cluster corresponds to a true look-ahead cluster of length
3, the “spike” in row 8 of Ty in the no-look-ahead case has spread to “spikes” in
rows 8, 9, and 10 in the look-ahead case.

5. THE LANCZOS-TYPE ALGORITHM WITH DEFLATION AND LOOK-AHEAD

In this section, we present a statement of the algorithm in its most general form,
with deflation and look-ahead, and discuss a few implementation issues.

5.1. A complete statement of the algorithm. Recall that, in Figure [, we
showed the basic structure of the algorithm. The step numbers from Figure [1]
match those used in the following statement of the algorithm.

Algorithm 5.1. (Lanczos-type method with deflation and look-ahead.)
INPUT: Matrix A € CV*V

m right starting vectors ry,ra,...,r,, € CV;

p left starting vectors Iy, 1la,...,1, € CcN;

Deflation tolerance dtol > 0. (Set dtol = 0 for exact deflation only.)

INDICES AND INDEX SETS:

e i is the index of the v vector currently being expanded; ¢ is the index of the
w vector currently being expanded. (A non-positive p or ¢ means we are still
fetching starting vectors.)

e 7, and Z,, record indices of clusters that must be preserved due to inexact
deflation. If k € Z, or k € Zy, then v or w needs to be biorthogonalized
against the entire earlier clusters W) or V(*) respectively.

e [ is the index of the currently constructed clusters V) and W . n; is the
index of the first pair of Lanczos vectors in V) and W®.

0) (Initialization)
Set = pg=—m and ¢ = P9 = —p.
Set T, =0 and Iy, = 0.
Set l=1,n =1, and VD = W = ¢,

For n=1,2,..., build n-th pair of Lanczos vectors v,, and w, :
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1) (Build the unnormalized right Lanczos vector v.)

la) Set p=p+1.
1b) If u=n, then stop. (The right block Krylov subspace is exhausted.)
1c) (Advance the right block Krylov subspace.)
Set
) <
(51) v = {rMer Zfﬂ <0,
Av, ifpu>0.

If VO £, optionally set

(5.2) v=v-V0® [ti,u] with arbitrary t;, € C.

n;<i<n’
(We may add arbitrary combinations of vectors in the current cluster V() if
nonempty.)
1d) (Determine against which clusters v needs to be biorthogonalized.)
If >0, set l(p) =max{ieN|n; <p}.
Set
(5.3)

v =

l maX{i S N | ng S ¢nl(“) } Zf/J/ > 0 and (bnl(lt) > 07
1 otherwise,

and define the temporary index set

(5.4) T={ly,ly+1,....1-1}u | J {k}.
kel
k<ly

le) (Biorthogonalize v against these clusters.)

Compute the coefficient vectors

(5.5) = (AT W)y forall kel

Set
(56) V=V - Z V(k) [ti,u]nkgi<nk+1'
kel

1f) (Decide if v should be deflated.)
(i) (If n; <n — 1, the current cluster V() is nonempty, and we first orthog-
onalize, in the ordinary one-sided sense, v against V(l).)

[ti’“] N <i<Mp41

Ifng <n-—1, then for i=n;,n;+1,...,n—1, set
H
v v
(57) Ti,p = ||$||27 V=V —=ViTiu, and t’L}/J« = t’L}/J« + Tip-
3

(i) Check if ||v]| < dtol.
If no, continue with Step 2).
If yes, deflate v by doing the following :
(i) If pw > 0 and v # 0, then set Ty = Ty U {l(u) }, and save the clus-
ters V) gnd WER)
(The vector v is the p-th column of the matrix V' in (€.0).)
(iv) Repeat all of Step 1).
2) (Build the unnormalized left Lanczos vector w.)
2a) Set ¢ = ¢+ 1.
2b) If ¢ =n, then stop. (The left block Krylov subspace is exhausted.)
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2¢) (Advance the left block Krylov subspace.)

Set
{1¢+IJ Zf¢ é 07
W =

(5.8)
AT W4 if ¢ > 0.

If WO £ 0, optionally set
(5.9) w=w- W [ti,0] with arbitrary t; 4 € C.

n;<i<n’
(We may add arbitrary combinations of vectors in the current cluster wo,
if nonempty.)
2d) (Determine against which clusters w needs to be biorthogonalized.)
If >0, set l(¢p) =max{ieN|n; <o}
Set

I =

{max{i eN | ng S lu’nl(d>) } Zf¢ >0 and Mnl((f)) > 07

1 otherwise,

and define the temporary index set

(5.10) T={lwlw+1,...,0-1}u [ J {k}.
k€Tw
k<lw

2e) (Biorthogonalize w against these clusters.)
Compute the coefficient vectors

(5.11) [{i’¢]nk<i<nk+1 = (A(k))fT (V(k))TW forall kel

Set

_ k) [7.
W=wW — ZW( ) [tl’¢]nk§i<’ﬂk+l .
keZ
2f) (Decide if w should be deflated.)

(i) (If ny < n— 1, the current cluster W is nonempty, and we first orthog-

onalize, in the ordinary one-sided sense, v against W)

Ifng <n-—1, then for i=n;,n;+1,... ,n—1, set

wilw

(5.12)  Fp=
P w2

=W —W;Tig, and liy="1is+Tig
(ii) Check if ||w]|| < dtol.
If no, continue with Step 3).
If yes, deflate w by doing the following :
(i) If ¢ > 0 and w # 0O, then set T, = I, U {I(¢) } and save the clus-
ters VW) gnd WE®)
(The vector w is the ¢-th column of the matrix W¢! in (&6).)
(iv) Repeat all of Step 2).
3) (Normalize v and w to obtain the n-th pair of Lanczos vectors v, and w,
and add them to the current clusters.)

Set

- v w
(5.13) b = vl ln,g = wll, vn=-— =

, and W, =
1 tn,q&

t
Set VO = VO U {v,} and WO = WO U {w,}.
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4) (Record the n-th history indices.)
Set py, = and ¢p = @.

5) (Compute AW and check for end of look-ahead clusters.)
Form AW = (W(l))TV(l).
If AW s “sufficiently” nonsingular, then set

l=1+41, m=n+1, and VO =wWWO =,
(The current clusters are complete, so start new clusters in the next pass.)

Remark 5.2. Recall from (6) that the entries of the matrices T, and qu contain
the recurrence coefficients used to generate the Lanczos vectors. The nonzero en-
tries t; ; and t; ; of these matrices are given by equations (5.2), (5.5)-(E.1), (5.9),
and (BIT)-GI3) in Algorithm BTl The matrices T, and 'T‘¢ are given by

[tijli<i<n, 1-m<j<p i p <0,
T, =
[tijli<i<n,1<j<u if >0,
(5.14)

~ [#i.5] 1<i<n, 1-p<j<o 19 =0,

Ty =

fiilicicn1cico >0,
where all elements ¢; ; and t}ﬁ ; that are not explicitly defined in Algorithm [.I]are
set to be zero.

Remark 5.3. For p > 0, T, is an n x p matrix, where n > u. In some applications,
such as the BL-QMR method for the solution of linear systems with multiple right-
hand sides, the rectangular matrix T, is used; see [18]. For eigenvalue computations
and Padé approximation of matrix-valued transfer functions, only the pu X p square
part T,(f) = [tij]i<ij<p of T} is used.

Remark 5.4. Algorithm [B.0] simplifies considerably if no deflation and/or no look-
ahead occurs. In the absence of look-ahead, all clusters consist of single vectors
only, and thus n; = [ for all [. If, in addition, no deflation occurs, then the index
sets (5:4) and (5.I0) are identical and given by

IT={ly,lv+1,...,n—1}, where Iy =max{1l, n—m—p}.

This means that in the special case of no deflation and no look-ahead, each Lanczos
vector has to be explicitly biorthogonalized only against the last m + p vectors; see
the discussion in §L2 A detailed statement of a version of Algorithm BET] with
deflation, but without look-ahead, is given in [2].

5.2. Implementation details. In this section, we discuss a few implementation
details for Algorithm G511

Steps le) and 2e) implement a classical two-sided Gram-Schmidt biorthogonal-
ization, but in practice a “modified” two-sided Gram-Schmidt process would be
preferred; see, e.g., [32]. For example, for the “modified” version of Step le), one
simply replaces (B5) and (B.6]) by the following block-by-block update.
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For all k € T (in increasing order), set

k)y—1 B\ T k
[ti,p,} e <i<nei = (A( )) (W( )) v and v=v-—V®H [tiw} i<
The “modified” version of Step 2e) is analogous.

The computational work for obtaining the recurrence coefficients ¢; ,, and #; 4 in

Steps le) and 2e) is dominated by the vector products (W(’“))T v and (V(k))T w.
Roughly half of these vector products can be eliminated by exploiting relations that
connect the coefficient matrices T,, and Ty4. For example, in the simplest case of

no deflation and no look-ahead, the square parts T,(f) and ’i‘,(f) of these matrices

are connected by ('T‘I(LS))T =A,T, A;l, where A, is a diagonal matrix. A similar
relation holds in the general case. Exploiting the connection between T, and 'T¢
not only halves the number of vector products required in Steps le) and 2e), but,
as in the case of the classical Lanczos algorithm, it usually also enhances the overall
numerical stability of Algorithm [Tl

In Step 5), one needs to decide if the current look-ahead cluster can be closed.
In view of the nonsingularity of the AP i (3I0), a necessary condition for closing
the look-ahead cluster is that the matrix AY is nonsingular. It is thus tempting to
base the look-ahead strategy solely on a measure of singularity of AW such as the
smallest singular value. However, as was illustrated in [I7] for the Lanczos algorithm
with single starting vectors, such a look-ahead strategy is not appropriate and does
not lead to a robust algorithm. Instead, a reliable look-ahead strategy needs to
check the singularity of A", as well as the sizes of the recurrence coefficients tip
and t; 4 in (5.5) and (5.10) relative to some estimate, nest(A), for ||A||. More
precisely, the current look-ahead cluster should only be closed if

(5.15) [tiul, ‘{i,¢| < fac X nest(A) forall 1.

Here, fac is an appropriate constant, typically fac = 10, and if not available
a priori, the norm estimate nest(A) can be obtained easily during the first few
passes through the algorithm. The check (5.I5) guarantees that the component
A v, or AT wy (respectively) of the new Lanczos vector is not dominated by the
previous Lanczos vectors. Note that A v, and AT w,, are the only parts of v and w,
respectively, that advance the block Krylov subspaces.

6. PROPERTIES OF THE ALGORITHM

In this section, we establish some theoretical properties of the Lanczos vectors.
Throughout this section, we assume that the Lanczos vectors are generated by run-
ning Algorithm [E.Jlin exact arithmetic. A round-off error analysis of the algorithm
is beyond the scope of this paper.

First we show that the Lanczos vectors are indeed cluster-wise biorthogonal, as
stated in §3.3, and satisfy the recurrences stated in §4.51

Theorem 6.1. The Lanczos-type Algorithm [5.1 generates two sequences (31)) of
right and left Lanczos vectors that satisfy the cluster-wise biorthogonality condi-
tion BID). The algorithm also generates matrices of coefficients T, and Ty such
that the recurrences ([&0) are satisfied.

Proof. The recurrences (AG) follow directly by summarizing equations (511), (22)),
ER)-E9), and (BII)-(EI3), which are used to generate the Lanczos vectors, in
compact matrix form, using the notation introduced in (BI3), @), and GI4).
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Next, we prove the cluster-wise biorthogonality condition ([BIT) by showing that
each n-th pair of Lanczos vectors v,, and w,, satisfies

(6.1) (W(j))Tvn =0 and (V(j))Twn =0 foral j=1,2,...,I(n)—1.

Recall that, by 3.12), I(n) is defined as the index of the clusters that contain v,
and w,,. We prove (6.I) by induction on n. Since I(1) = 1, there is nothing to show
for n = 1. Now let n > 2, and assume, as induction hypothesis, that (6-I)) holds
true for all i-th Lanzcos vectors with i« < n — 1. We need to show that the n-th

Lanzcos vectors satisfy (G1). We will only establish the conditions for v,, in (G1));
the proof of the conditions for w,, is completely analogous and thus omitted. Note

that, in view of (B2), (6), (61), and (EI3), we have
1 n—1 .
(62) Vp = t— (V — Z V; ti,u - ZV( ) [ti’p,} nk<i<nk+1> )

o i=ny keT
where v is given by (5.1]) and [¢;,] ne<i<niss by (5.5). Here, for simplicity, we have
set yu := ji,. Using the induction hypothesis and (55), it follows from (62 that
. 1 , . . N .
6.3) (WOH'y, = t ((Wm)Tv — (WD)'v0) (A) T (wi)T v) —0
L
for all j € Z. Here, Z is the set of cluster indices given by (&) (with ! = I(n)).
By (&3), we have established (6.1)) for all j € Z. If Z contains all the cluster indices
1 < j <(n), the proof is complete. Otherwise, it remains to show that
(6.4) (W) v, =0
for all indices 1 < j < I(n) with j € Z. Let j be any such index. By (54), j € T
implies that I, > 1. By (B3)) and (5.1)), it follows that x4 > 0 and v = Av,.
Inserting v = A v, into (62) and using the induction hypothesis, we get

tny (WO v, = (WO T Av, = (ATWO) v,
It follows that (B.4)) is satisfied if, and only if,
(6.5) VE (ATw;) =0 forall nj <i<mnj.

In view of (5.8), each of the vectors AT w; in (6.5) is used as a candidate w for
a left Lanczos vector in Algorithm After w has been biorthogonalized, the
resulting vector w is either deflated in Step 2f), or normalized to become a left
Lanczos vector, say w,, where ¢ is the unique index such that ¢ = ¢,. However,
since j ¢ T, the first case can be excluded. Indeed, if w was deflated, then the
cluster index j would have been added to Z, in Step 2f), and by (5.4)), it would
follow that j € Z. In the second case, in view of the recurrences ({.6)), we have

q
(66) AT W; = AT W¢q = Z Wi fk,(ﬁq-

k=1
By (B4), j € Z implies j + 1 < I,. Using the definition of ly in (5.3)), we obtain
¢g =1 <nji1 < dpy,,- It follows that g < ny(,y and, further, I(g) < I(u) —1, where

p < n—1. We can thus employ the induction hypothesis to deduce that w{ v, =0
for all k < gq. Finally, inserting (6.6]) into (G.H]), we get
q

q
VE (AT Wi) = ZVE Wi Ek,(ﬁq = Z (Wg Vu) {k:(bq = 0,
k=1 k=1
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which shows that (3] holds. Therefore, the proof of the theorem is complete. O

Remark 6.2. The result of Theorem [6.Iis correct independent of the choice of the
deflation tolerance dtol and the look-ahead strategy. In fact, Algorithm [B.1] will
work even if a large dtol is chosen and if look-head is carried out when unnecessary.

Next, we show that for exact deflation, the Lanczos vectors indeed span the right
and left block Krylov subspaces.

Theorem 6.3. If the Lanczos-type Algorithm [51l is run with exact deflation only,
i.e., with deflation tolerance dtol = 0, then the generated Lanczos vectors (Bl)
span the right and left block Krylov subspaces, i.e., they satisfy ([32).

Proof. We use induction on n to show that
(6.7) span{ vi,va,..., v, } = K,(A/R) forall n>0.

The proof of the corresponding property of the left Lanczos vectors is analogous,
and is therefore omitted. For n = 0, there is nothing to show. Now let n > 1,
and assume, as induction hypothesis, that (1) holds true for n — 1. We denote
by v the vector (B1l) in Algorithm 51} and by v the vector that has resulted from
v after the biorthogonalization in Step le) and the possible orthogonalization in
Step 1f)(i) has been performed. Note that, by (5.6) and (51, v is of the form

n—1
(6.8) vV=vV-+ Z v;a;, where o; € C.

i=1
In view of ZT]) and 22)), the next candidate vector to be added to K,,—1(A,R) is
of the form A7 r;. Using (5.0]) and the induction hypothesis, it follows that

n—1

(6.9) V:'ijri—l—Zviﬁi, where (;,y€C and ~ #0.
i=1

Next, we show that

(6.10) v=0 — Alr; € K, 1(A,R).

If v = 0, then, by (68) and (61), the vector A/ r; is a linear combination of vy, va,
..., Vp_1, and, by the induction hypothesis, it is contained in K,,_1(A,R). Con-
versely, if A/ r; € K,—1(A,R), then, in view of (68) and (63), we have

n—1
(6.11) v = Z v;7i, where ~; €C.

i=1
Recall that v is constructed to be biorthogonal to the clusters of left Lanczos vectors
W) for all 1 < k < I(n). Multiplying (6.11)) from the left by (V\/'(k))T7 it follows
that y; = 0 for all 1 <4 < nye,y. Moreover, if n;(,) < n— 1, then in Step 1f)(i), v is
also orthogonalized against v; for all n;(,) < i <n — 1, and by multiplying (6.11])
from the left by vil it follows that also v; = 0 for all Ny <t <n—1. Thus all
vi = 0 in (E1d), and so v = 0. Note that, since we are assuming exact deflation
only, v is turned into the n-th Lanczos vector v, if, and only if, v # 0. In view
of (ER)—-@EIN), it follows that v, € K,(A,R), but v,, € K,_1(A,R). Together
with the induction hypothesis, this shows that (GZ) holds true. O
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7. CONCLUDING REMARKS

We presented an extension of the classical Lanczos process for single starting
vectors to multiple starting vectors.

The objective of this paper is to describe the algorithm and to prove some of its
key properties. In order to keep the length of the paper reasonable, we decided not
to include numerical examples. Applications of the algorithm to the problems men-
tioned in 1.2 and numerical results will be and, in part, already have been reported
elsewhere. Freund and Malhotra [I8] developed a block version of QMR, called
BL—QMR for the solution of multiple linear systems (I]) that uses a version of
Algorithm [E.I]with deflation, but without look-ahead. Numerical experiments with
the BL-QMR algorithm are reported in [18]29]. The results in [18][29] clearly illus-
trate the importance of deflation. More precisely, basis vectors do become almost
linearly dependent in several of the numerical examples in [I8, 29], yet BL-QMR
converges as long as these vectors are deflated properly. However, as soon as the
deflation procedure is turned off, BL-QMR fails to converge. In [13], Feldmann
and Freund use an early version (without deflation and without look-ahead) of the
algorithm to compute Padé approximants to matrix-valued transfer functions (L)),
and report numerical results for problems arising in circuit simulation.

Finally, we stress that we are well aware of the connections between the problem
of constructing suitable basis vectors for block Krylov subspaces, and the related
problems of solving block Hankel systems and constructing matrix-Padé approxi-
mations; see, e.g., [7] 8] [34] 40, [41] and the references given therein. The connections
between the proposed Lanczos-type algorithm and these related problems should
be explored further. A first such result on the connection to matrix-Padé approxi-
mation was given by Freund [I5].
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