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Abstract

Our goal in this paper is to clarify the relationship between the block Lanczos and
the block conjugate gradient (BCG) algorithms. Under the full rank assumption for
the block vectors, we show the one-to-one correspondence between the algorithms.
This allows, for example, the computation of the block Lanczos coefficients in BCG.
The availability of block Jacobi matrices in BCG opens the door for further develop-
ment, e.g., for error estimation in BCG based on (modified) block Gauss quadrature
rules. Driven by the need to get a practical variant of the BCG algorithm well suited
for computations in finite precision arithmetic, we also discuss some important vari-
ants of BCG due to Dubrulle. These variants avoid the troubles with a possible rank
deficiency within the block vectors. We show how to incorporate preconditioning and
computation of Lanczos coefficients into these variants. We hope to help clarify which
variant of the block conjugate gradient algorithm should be used for computations in
finite precision arithmetic. Numerical results illustrate the performance of different
variants of BCG on some examples.
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Numerical Algorithms

1 Introduction
Consider the problem of solving several systems of linear algebraic equations
AxD =pD =1, m,

where A € R™ is symmetric and positive definite, m > 1, and b®) e R",
i =1,...,m. Denoting b = [bV, ..., b"]and x = [xV, ..., x"™], we want
to solve the system Ax = b with a block right-hand side b € R" ™ If A is large
and sparse, then it is natural to apply block Krylov subspace methods, in particular
the (preconditioned) block conjugate gradient (BCG) method. In block methods, A
is applied to a block of vectors rather than just a single vector at each iteration. This
operation is used to construct a common subspace for all right-hand sides, producing
a richer search subspace. From a computational perspective, block methods have the
potential to benefit from the capabilities of modern computers. The block-level opera-
tions have been shown to be efficient in a high-performance computing environment.
For a comprehensive overview and summary of block Krylov subspace methods, see
[1].

Several versions of BCG (and related methods) were introduced by O’Leary in [2].
Note that the proposed algorithms also include auxiliary nonsingular block coefficients
which can be freely chosen. They can be used as scaling factors. These scaling factors
will play an important role later in our discussion. In [2] it was observed that the block
algorithms can exhibit numerical instability when the vectors within a block become
(nearly) linearly dependent. Rank deficiency can lead to inaccurate computation of
(ill-conditioned) block coefficients, and consequently can slow down convergence and
reduce the maximum attainable accuracy. In rank deficient cases, it was suggested to
monitor the rank of the blocks and to reduce the block size if necessary. Nevertheless,
the algorithmic details were not given in [2].

Several attempts have been made to improve BCG for solving practical problems.
In general, approximate solutions for different right-hand sides cannot be expected
to converge similarly. In [3] the authors suggest that the converged approximations
can be removed, and one could continue the BCG algorithm only with unconverged
ones. However, a technical realization of this approach is not present in the given
paper. This improvement does not completely solve the rank deficiency problem.
Nikishin and Yeremin [4] addressed the problem of monitoring near rank deficiency
and presented a variable block CG method, which is used to speed-up the solution of
single right-hand side systems.

An alternative approach to address the issue of singular or nearly singular matrices
in BCG can be found in a paper by Dubrulle [5]. The approach suggests maintaining
the block size and ensuring that the blocks are well conditioned (the vectors within
a block remain sufficiently well linearly independent). This guarantees that the block
coefficients are well-defined and can be computed in a numerically stable manner. The
approach presented by Dubrulle has two main ingredients. First, the BCG algorithms
of O’Leary can be reformulated by a convenient choice of the scaling factors. Second,
the basis (related to a direction block or to a residual block) can be changed in order to
implicitly eliminate the effects of rank deficiencies. For example, a QR factorization
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of a rank-deficient block v € R"*"™ can be computed such that the Q-factor of size
n x m has full column rank, and the upper triangular R-factor of size m x m is singular.
Such a QR factorization can be obtained using the MATLAB command

[w, 0] = gr(v, ’econ”).

Since this command relies on Householder reflections, we will refer to it as the
Householder QR from now on. The resulting block w € R**™ has always orthonormal
columns. If v is rank deficient, then the upper triangular matrix o € R"*™ is singular.
However, the algorithm can be formulated such that it uses only the block w and
not the inverse of the coefficient matrix o. Then the inverses of the corresponding
matrices w” w and w” Aw, which are used to compute the block coefficients, are
always well defined. One can observe that in the rank deficient case, some columns
of w are artificially created. However, these spurious vectors do not cause any harm
in the block CG process. In the following, we will refer to the process of creating
a well conditioned block w as a regularization of the block v. Note that the span of
columns of w contains the span of columns of v. In BCG, one can regularize either the
direction blocks or the residual blocks. For the purpose of regularization, one may use
a QR factorization or an LU factorization with pivoting, as discussed by Dubrulle. It is
even possible to ensure A-orthogonality within the regularized direction block, without
any additional multiplication with A. The two most promising Dubrulle variants are
discussed in Section 5.

An idea analogous to that of Dubrulle was presented by Ji and Li in [6]. The
algorithm proposed in [6] is referred to as a breakdown-free block CG. Similarly to
[5], Ji and Li first reformulate BCG using a convenient choice of scaling factors and
then focus on the change of basis for the direction block. In particular, an orthonormal
basis for the direction block is computed. In case of a (near) rank deficiency, the
corresponding vectors within the direction block are removed. In summary, while
Dubrulle preserves the block sizes by incorporating spurious direction vectors, Ji and Li
[6] eliminate the (nearly) linearly dependent vectors from the direction block. As will
be demonstrated by our numerical experiments, the removal of vectors is not always
an optimal approach. In finite precision computations, the algorithm proposed by Ji
and Li typically exhibits inferior performance compared to the algorithms proposed
by Dubrulle.

Birk and Frommer [7] present a deflated shifted block CG method that effectively
integrates several techniques. The method is based on the Hermitian version of the
non-symmetric block Lanczos algorithm proposed in [8], which includes deflation.
Deflation here means the process of detecting and removing linearly dependent vectors
in the block Krylov sequences. Due to the shifts, using the block Lanczos algorithm
as the engine for BCG is a natural choice, as the basis of the underlying block Krylov
subspace only needs to be generated once. Note that the resulting algorithm, which
incorporates deflation techniques, can also be used to solve a single block system
Ax = b. Thus, it may be regarded as a variant of BCG, which addresses the problem
of rank deficiency.

This paper has two goals. The first goal is to clarify the relationship between blocks
and coefficient matrices that appear in the block CG and block Lanczos algorithms. In
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particular, assuming exact arithmetic and full rank of the corresponding block Krylov
subspaces, we will show the relation between the BCG residual blocks and the Lanczos
blocks. We also show how to compute in BCG the block Jacobi matrices, defined by the
block Lanzcos coefficients. This clarification opens the door for further developments,
e.g., for error estimation based on modifications of block Jacobi matrices; see our
forthcoming paper [9] and the books [10] and [11] for an overview.

The second goal is to formulate a variant of preconditioned BCG that is suitable
for practical computation in finite precision arithmetic. In particular, we would like to
have a version that avoids problems with rank deficiency and that potentially allows
to monitor the A-norm of the error for each system and to remove a system if an
approximate solution is accurate enough. At the same time, we want to reconstruct in
such a practical version of BCG the underlying block Jacobi matrices.

The paper is organized as follows. In Section 2 we recall the classical vector versions
of the Lanzcos and CG algorithms, and their relationship. Block versions of these
algorithms are discussed in Section 3. Assuming exact arithmetic and full dimension
of the block Krylov subspace, the connection between the block Lanczos and CG
algorithms is investigated in Section 4. In Section 5 we formulate block CG variants
which are suitable for practical computation and in Section 6 we discuss some practical
issues like preconditioning and stopping criteria. Finally, in Section 7 we present
numerical experiments justifying our considerations.

2 Lanczos and CG

Let us first discuss the case m = 1, i.e., the classical vector case. Consider a sequence
of nested Krylov subspaces

Ki(A,v) = span{v, Av, ..., Ax ), k=1,2,..., (1)

where v € R” is a given starting vector and A € R"*" is symmetric. The dimension
of those Krylov subspaces is increasing up to an index d called the grade of v with
respect to A, at which the maximal dimension is attained, and Ky (A, v) is invariant
under multiplication with A.

Algorithm 1 Lanczos algorithm.

1: input A, v

2:v9=0

3: vy =v
4:fork=1,... do

50 w= Avg — Brvk—1
6: o= v[w

T w=w — ogug

8 Brtivk+1 =w

9: end for

Assuming that k < d, the Lanczos algorithm (Algorithm 1) computes a sequence of
Lanczos vectors vy, . .., vg+1 which form an orthonormal basis of K41 (A, v). Note
that the notation By vk+1 = w used on lines 3 and 8 of Algorithm 1 means that vj4 1
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is obtained by normalization of the given vector w with the positive normalization
coefficient fr+1. In other words, Br+1 = ||lw| and vgy+1 = w/Br+1. The Lanczos
vectors satisfy a three-term recurrence

Bjtivj1 = Avj —ajv; — Bjvj_q, j=1,...,k, )
which can be written in matrix form as
T
AVi = ViTi + Brs1vit1€j

where Vi = [v1, ..., vr], the vector e¢; denotes the kth column of the identity matrix
of an appropriate size (here of size k), and

ap B

no=|P 3)
e B

Br ak

is the k by k symmetric tridiagonal matrix of the Lanczos coefficients computed in
Algorithm 1. The coefficients 8; being positive, Ty is a Jacobi matrix. Note that if A
is positive definite, then 7 = VkTAVk is positive definite as well.

Algorithm 2 Conjugate gradients.

: input A, b, xg

trg=b— Axg

1 po =10

: for k =1, ... until convergence do
k-1

PL_ Apk—1

Xk = Xk—1 + Vk—1Pk—1

Tk =Tk—1 — Yk—1APk—1
r{)‘k

’kal’kfl

Y Pk =Tk + 8kPr—1

0: end for

Yk—1 =

Sk =

—

When solving a system of linear algebraic equations Ax = b with symmetric and
positive definite matrix A, the standard Hestenes and Stiefel version of the CG method
(Algorithm 2) can be used. It is well known that in exact arithmetic, the CG iterates
X minimize the A-norm of the error over the manifold x¢ + ICr (A, ro),

lx — xella = min lx —ylla
yexo+Ki(A,ro) i

the residual vectors r; = b — Ax;, j = 0, ..., k, are mutually orthogonal, and the
direction vectors p;j, j =0, ..., k, are A-orthogonal (conjugate). Moreover,

span{rg, ..., rg—1} = span{po, ..., pk—1} = Ki (A, rg).
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In exact arithmetic, if r; = 0 or p;y = 0, then the algorithm has found the solu-
tion and the maximum dimension d of the corresponding Krylov subspace has been
reached. The coefficients y, and i1 are strictly positive since A is positive definite.

If the Lanczos algorithm is applied to the symmetric and positive definite A and
v = ro, then the CG residual vectors r j = b — Ax; are collinear with the Lanczos
vectors vj4 1, v
sl
Thanks to this close relationship it can be shown (see, for instance [12]) that the
recurrence coefficients of both algorithms are linked through

Vg1 = (=1)/ j=0,... k. )

Vo 1 Sk—1
Bky1=——, ag=——+—, §=0, y_; =1
Vk—1 Vk—1 Vik—2

Writing these formulas in a matrix form, we get
Ty = LiDiLy ®)

where Ly is unit lower bidiagonal and Dy is diagonal,
1 di
n=|"" | s
.. Ek:1 1 . dy
with

=8, j=1.... k=1, di=y, j=1..k

In other words, CG implicitly computes the Cholesky factorization of the tridiagonal
Jacobi matrix Tj from the Lanczos algorithm. Hence, the Lanczos-related quantities
can be reconstructed in CG and vice versa. More precisely, the CG approximations xj
can be computed from the matrix V} of the Lanczos vectors and the Lanczos coefficient
matrix T} via
xk=x0+ Viye,  Tiyk = Bier. (6)

Clearly, this above-mentioned version of CG is not very efficient since it requires
storing the matrices Vi and 7. However, a more efficient algorithm that implements
(6) can be derived; see, e.g., [13, 14].

The relations discussed above show a one-to-one correspondence between the Lanc-
zos and CG algorithms. In this paper we want to formulate analogous relations for the
block versions of both algorithms.

3 Block Lanczos and block CG

In this section, we introduce analogues of the Lanczos and CG algorithms that work
with blocks of vectors of size n x m instead of single vectors. Given a starting block
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v € R™ and a matrix A € R"*", we can define the corresponding generalization of
the kth Krylov subspace (1) as

Ki(A, v) = colspan{v, Av, ..., A*" v},

and we will call it the kth block Krylov subspace generated by A and v. Here colspan
denotes the span of the columns of all blocks v, Av, ..., A*=1y. From the definition
it is clear that

Ki (A, v) = Ke(A, vD) + Kr (A, vP) + - 4+ K (A, v"™),

where v® denotes the ith column of v,i = 1, ..., m. Inthe following, we will assume
for simplicity that KCx (A, v) has full dimension, i.e., that

dim Kx (A, v) = km < n.

The case of rank deficiency will be discussed later in Section 5. To denote the blocks
of vectors and the block coefficients, we will use the same notation as before, so at
first glance the algorithms look almost the same. The only difference will be in the
size of the objects we are working with. Instead of vectors of size n x 1 we will work
with blocks of size n x m, and instead of scalar coefficients we will work with m x m
coefficient matrices denoted by the same letters as before. The justification for using
the same notation is that the algorithms that work with vectors can be seen as a special
case of block algorithms with m = 1.

3.1 Block Lanczos algorithm

Suppose we are given a starting block v € R"*"™ and a symmetric matrix A € R"*",
Then one can compute the orthonormal basis of the kth block Krylov subspace
Ki (A, v) of dimension km using the block Lanczos algorithm (Algorithm 3) intro-
duced in [15] and [16]. For practical efficiency, we use the modified Gram-Schmidt
version of this algorithm.

Algorithm 3 Block Lanczos.

1: input A, v

2:v9=0

3vpr=v
4:fork=1,2,... do

S: w:Avk—vk_lﬁZ
6: o= vaw

7 w=w—vpog

8 k1Bl = w

9: end for

Algorithm 3 looks formally the same as Algorithm 1, but now v, vk, and w are
blocks of size n x m, and o4 and B are coefficient matrices of size m x m. For
simplicity, we will call the coefficient matrices o and Sy coefficients again. We use
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the notation vi1fr4+1 = w with the meaning that 41 is a normalization coefficient
such that vaHka = I, where I is the m x m identity matrix. In other words, Bj+1
is chosen such that

,Bk_fl wTwﬂk_Jrl1 = [, or,equivalently, wlw = /31(T+1/3k+1. @)
It can be shown, see, e.g., [16], that the blocks v produced by Algorithm 3 satisfy
T _ . .
v; vj =6 1, i, j=1,...,k+1,

where §; ; denotes the Kronecker delta. The coefficients oy are given by
o = vaw = va (Avk — vk_l,BkT) = vaAvk.

Note that if we compute oy using oy = va Avg, we obtain the classical Gram-
Schmidt version of the block Lanczos algorithm, while Algorithm 3 corresponds to
the modified Gram-Schmidt version. Both versions are mathematically equivalent,
but the modified Gram-Schmidt version better preserves orthogonality during finite
precision computations. Assuming that no breakdown occurs due to rank deficiency,
we obtain after k iterations

AV = ViTx + v 1 Berref (8)
where Vi = [v1, va, ..., vx] € R?>km, ekT =1[0,...,0,1] € R"*km and
ar BT
=P ©)
B ax

is symmetric block tridiagonal with m x m blocks.

Concerning a particular choice of the normalization coefficients By satisfying (7),
the standard way introduced by Golub and Underwood [16] is to define By as the R-
factor of the QR factorization of w. If By is upper triangular, then the resulting block
tridiagonal matrix 7} has semi-bandwidth m, so that the block Lanczos algorithm is
equivalent to the band Lanczos algorithm; see [17]. Note that to define B satisfying
(7), one could also use the more expensive singular value decomposition or the polar
decomposition of w. Using the polar decomposition, the coefficient matrices By
would be symmetric and positive definite.

In the following we will consider Algorithm 3 with the standard choice of B 1, that
is, computed using a QR factorization. To define i1 uniquely and to be consistent
with the case m = 1, we will consider f41 with positive diagonal entries. Then, ﬁkT 41
can also be seen as the L-factor of the Cholesky factorization of w’ w.
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3.2 Block CG algorithm

Consider now a system of linear algebraic equations with multiple right-hand sides

Ax = b,

where A € R™" is symmetric and positive definite, and b € R"*"™ Let xo € R"*" be
an initial approximate solution. Then one can compute approximate solutions using
the block conjugate gradient (BCG) method that was introduced by O’Leary [2]; see
Algorithm 4.

Algorithm 4 O’Leary Block CG (OL-BCG).

input A, b, xq
ro=b— Axg

Po = 1090
fork=1,2,... do

Xk = Xk—1 + Pk—1Yk—1

1:
2:
3:
4:
—1
5 Yk-1= (PkT,IAPkfl) ‘75}3;1’/{,1’7(71
6
Tk =rg—1— Al’kflyk—ll

—1 —_
8 Sk =dp_y (r/z-_l"k—l) r{rk
9

o pk=(rk + pr—15k) bk
10: end for

In this algorithm, the nonsingular coefficient matrices ¢ € R™*™ are free to
choose. They play the role of scaling coefficient matrices for the direction blocks
Dk, see line 9 of Algorithm 4. Assuming again that the corresponding block Krylov
subspace K (A, rg) has full dimension km, there is no breakdown in block CG and it
holds that

Ki (A, ro) = colspan{rg, r1, ..., rg—1} = colspan{pg, p1, ..., pk—1}-
Denoting by x,fi), r,fi), p,ﬁi), i =1,...,m, the columns of xi, ry, px respectively, it
holds that

e x4 KA ), Y LKA ), p La Ki(A, o) = Ki (A, po).

i e
Asa consequence, XIE ) minimizes

N\T , .
(y - xm) A (y - xm) =y —x@13

over all vectors y € x(()l) + Kk (A, rg); see [2, p. 301, Theorem 2].

The classical choice ¢y = I leads to the Hestenes and Stiefel version of BCG (HS-
BCG). However, one can also choose ¢ differently, e.g., as the inverse of the R-factor
from the QR factorization of ry + px—18x so that py has orthonormal columns. The
choice of ¢y can be used, e.g., to derive other BCG versions, see [2, 5] and Section 5,
and some of these versions can avoid breakdown in the rank deficient case.
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To discuss the relation between the Block CG and the Block Lanczos algorithms,
we note that x; and r are unique, but the columns r,E') of r are not mutually orthog-
onal in general. This observation indicates that the analog of relation (4) will not be
straightforward in the block case.

It is well known that the BCG block residuals can be computed using a three-term
recurrence; see, e.g., [2, 4]. Here we derive this recurrence because it is a key for
formulating the relation between block Lanczos and block CG algorithms.

Lemma 1 Consider the quantities determined by Algorithm 4. The BCG residual
blocksr;, j =1,...,k, satisfy

ARy = Rk?k - rkykil](pl:J]elcT (10)
with R, € Rv><km R = [ro, o Th—2, rk_l], and the km x km block tridiagonal
coefficient matrix

(w'es')  —w'a

~ | ewtest (e v e)
T =

: _Vki_]gakfl
[ R T S ~lg
Yie2®Pr—a Vem1Pr—1 + Vi—a0k—1

The matrix Ty can be written in the factorized form

I vo by . I'=¢odi
=11 2R 1
C o e —k-28k—1
-1 Y191 1
Proof For aresidual block rj, j =1, ..., k, we obtain
ri=rj_1—Apjyj-1=rj1 —A@j_1+ pj28i—1)Pj-1vj-1,
and, therefore,
1 -1
(rj—1 —rj) v;o10j- = Arjo1 + Apj28ji
-1
= Arj_1 + (Apj—2yj—2) Yi28j-1
= Arj_1+ (rj-a —rj-1) )’j__lzaj—l,

withr_; = 0,80 =0, y_1 = I, where the zero and identity matrices are of appropriate
sizes. This results in three-term recurrences

Arj_ = —”jfz)/j:lz(sj—l +rj1 ()/j_,lld)j_,]l + J/j_,lzajfl) - rj)/]:llfﬁj_,ll,
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which can be written for j = 1, ..., k in matrix form (10). O

Note T“k from Lemma 1 is nonsymmetric in general, but the matrix
T : T T 7
R; ARy = diag(ryro, ..., r_1"k—1)Tk

is symmetric.

4 The connection

To show the connection between block CG and block Lanczos algorithms, we implic-
itly assume exact arithmetic and full dimension of the corresponding block Krylov
subspace. We first introduce normalization coefficients g of size m x m such that

Q;Troerj_l =1, ie., rorj = QJTQ.,‘, j=0,... k. (11

As in the block Lanczos algorithm, we have some freedom in determining these
coefficients. In particular, consider the R-factor of the QR factorization of r; with
diagonal positive entries and denote it by o ;. This factor is uniquely determined and
can also be seen as the transpose of the L-factor of the Cholesky factorization of rj.Tr e

In Matlab notation
oj = chol(rorj).

Then, any g; satisfying (11) can be parameterized using
T
0j=0;0;
where 6; is a unitary m x m matrix to be chosen. In the following, we will use the

freedom in the choice of unitary 6; to show the connection between the two block
algorithms, and also to compute the block Lanczos coefficients in the BCG algorithm.

4.1 Recurrences for the normalized residual blocks

Using the coefficients gox and gx—1, the block CG coefficients & and yx—; can be
written as

-1 -1
=0 (elioe1) oo v =(elie) o (Pliapet).
Let us define normalized residual blocks v; using the relation
U= e, =1kt (12)

and denote V; = [1, ..., Ux]. Then the following lemma holds.
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Lemma 2 Consider the quantities determined by Algorithm 4 and let 9j_1, j =
1,...,k + 1, be normalization coefficients which satisfy (11). Then the normalized
BCG residual blocks V; defined using (12) satisfy

AV = ViTi + Vg1 Brrrel (13)
where U
22} ,32
To=|P , (14)
B
Br Ak

and the coefficients in Tk and the coefficient E/H_ 1 are determined by
@1 =00y ¢y 0 =] AT, (15)

and, for j =1,...,k—1, by

G =0y 05 07 +ojvi 807,

¥ -1 -1 -1

ﬁj-H = ijj7]¢j7]Qj7]7 (16)

2T -1 —1
,3j+1 = ijll/j_lfszj .
The matrix Tk can be factorized as 7~"k = Zk 5;{ZZ with
1
£

- 1 .
Ly = N , Dy = _ ,

b1 1 Jk
Wwhere £ ; = Qij__ll, j=1....k—1andd; = Qj_lyj__llqﬁj__llgjf_ll, j=1,...,k

Proof Defining the block diagonal normalization matrix
Nj = diag (Qo, —o1, ..., (=" qu) :
the relation (10) can be transformed to
A(RNC) = (RN TNTD = eyl N )
Using (12), the last term in (17) can be written in the form

— ey el N =T (eorh et ol ) ef (18)
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Therefore, '17]- satisfy (13) with the block tridiagonal matrix Tk = NkT"ka_ I and
Bit1 = Qkyk__ll¢>,:_11Q,:_1 ;- Moreover, since VkTFkH = 0, we get VkTAVk = T}, and
so Ty is symmetric.

Considering Tk in the form (14) and using Lemma 1, the relations (16) and (15)
hold.

Finally, the matrix fk = Nki"\kN,; ! can be factorized as

fk = (NkaNI:I) (Nkl/)\klel) (Nk(/]\kN]:]) = ZkﬁkUk,
where Zk, ﬁk, and f]k denote the individual matrices of the factorization of ?k from
Lemma 1. Using the relation
-1

sjo7' = ¢ (Q,T_lgj—l) o,

which follows from expressions for ,B 3j+1 in (16) we get Uk = LT, and, therefore
Tk = LkaLT with the block entries Zj = QJQJ 1 andd =0j- 1)/] 1¢>] IQJ 1

4.2 The connection between T and’i'k

We are now ready to formulate the connection between the matrices 7y and Tk under
the assumption that the block Lanczos and block CG algorithms are started with the
same data.

Theorem 1 Suppose that Algorithms 3 and 4 are started with the same symmetric and
positive definite matrix A and the same vector v = r¢y. Then

T = U{ Ty Ut.
where U = diag (1, 12, ..., Nk), N1 = QOT, and nj41 for j > 1 are determined using

[njs1, Bj1] = ax(Bjrin)), j=1,....k— L (19)

Proof Since the columns of v; and v; span the same space, there are unitary matrices
n; such that
vj:'ﬂjnj’ j=1,...,k+ 1. (20)

Denoting Uy = diag (11, n2, - .., nx) and using (20), the relation (13) can be trans-
formed to

AVi = VUL TU) + vt 0 Berimoel

and it holds that ~
T = VI AV, = Ul T} U,
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or, written in matrix form,

T ~ ~ T
ar B, ni @it (nd Bam)
Bz - _ | niBm niam
- . . ~ T
- By . - (nf Benk-1)

B ak i Bimk—1 0 dknk

Let us now determine 7 ;. At the beginning of the algorithms, the R-factors 8 and
o9 are equal so that
V10 = 1o = V100 = '1719500.
Therefore, v; = v190 and n| = GOT. To determine 11 for j > 0, we use B4 =
77]+1,3j+177j’le ~
nj+1Bj+1 = Bj+1m;.
Obviously, 17;418;+1 represents a QR factorization of E 1 O

In summary, BCG computes implicitly the block Cholesky factorization of the
block tridiagonal matrix T that is unitarily similar to 7). The unitary similarity trans-
formation between T} and T} is realized via Uy with diagonal blocks satisfying (19).

4.3 Block Lanczos coefficients in BCG

We now use the freedom in the choice of g satisfying (11) to compute the block Lanc-
zos coefficients within the BCG algorithm. Using results from the previous section,
our aim is to choose ¢; such that Uy discussed above is the identity matrix, so that
Vk = Vi and Tk = Ty; see (12) and (16). We summarize our results in the following
theorem.

Theorem 2 Consider the quantities determined by Algorithm 4 and let oy =
chol(rOTro), B1 = 00, 00 = I, and Lo = O. Then, for j = 1,...,k, the Lanczos
coefficients aj and B forming Ty, see (9), and the coefficients £ ; and d; from the
factorization Ty, = LkaL,{,

I d

lp—1 1 dy
can be computed using the recurrences

S (S S
U= Yi910 081
Y .
dj = ijla/_lrj,
—g. 1. AT
aj = dj +€./—1ﬂj ,
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oj = chol(rjrrj),
[0, Bj+1] = ar(ojT)),
T -1
Kj = 9j (Tjo'jilej_l. (21)

The Lanczos block viy1 can be obtained from ry as
ver1 = (=D oo T (22)

Proof The unitary coefficient matrices 1; forming Uy are determined using the recur-
rence (19) started with n; = 90T. We first choose 6 = I so thatn; = 1. Using (19) and
assuming that n; = I, it holds that ;1 = I if and only if 8; 1 is upper triangular
with positive entries on the diagonal. Hence, our aim is to determine ¢; = Gj.Taj such
that

G im0l ool —0Tgir: 23

:3j+1 = Qﬂ’.,'_l‘f’j_le_l =001 (23)
has this property, where we defined

_ =1 ,-1 -1
=V 9;010, -

In other words, in (23) we require that 6, E 11 18 the QR factorization of o 7;. Hence,

by computing the QR factorization of o;7; and assuming thatn; = I,i =1, ..., j,
we get

[0, Bj+1]1 = ar(o;T)) (24)
and n;41 = I. Note that with the choice (24), it holds that v;; = (_1)1'er;1,
J =1,..., k. Using (16) and the definition of t;, the coefficients «; are given by

T -1 AT
aj = 9]-_10]'_11']' +Qj_1Qj72ﬂj , o] =00T].

Using Lemma 2, one can compute the coefficients of the L DL factorization of Ty
as
—1 -1
l; = 0jo; | = ejTajoj_IQj,l, and d; = ef_lajflfj
so that a; = d; + Ej,l,BjT. Note that since n; = [, it holds that vg41 =
(—D*rea 0T O
To include the calculation of the Lanczos coefficients in BCG, the recurrences (21)

with index k can be placed below line 9 in Algorithm 4. The recurrence (22) can also
be added to reconstruct the Lanczos blocks vy 1.

5 Practical block CG variants
From the practical point of view, one should consider the situation when the assump-

tion of the full dimension of the block Krylov subspace is not satisfied. This question
was discussed in detail for example in [4, 6, 7, 18, 19], and some algorithmic ways
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were suggested to deal with rank deficiency. Although rank deficiency can be handled
algorithmically through deflation and variable block size, there are still quite compli-
cated questions in the air, such as which matrix should be considered rank deficient
when using finite precision arithmetic, or, if we remove some vectors from the process,
how does this affect the convergence of the method in finite precision arithmetic. In
general, it is not obvious whether deflation ideas derived assuming exact arithmetic
are still applicable in finite precision arithmetic.

When using short recurrences in finite precision arithmetic, we will never have
orthogonality and thus the dimension of the block Krylov subspace under control.
Similarly as in CG, orthogonality among the blocks is usually lost after few iterations,
and the blocks can become linearly dependent. Despite this fact, we usually observe
that BCG converges, but the convergence can be significantly delayed. Behaviour of
classical CG in finite precision arithmetic is quite well understood thanks to results by
Paige, Greenbaum, and Strakos; see [20-22]. The finite precision behaviour of BCG
is not well understood and a generalization of the above mentioned results to the block
case is an open problem.

From a pragmatic point of view, we should therefore be primarily interested in
being able to perform the individual BCG iterations in a numerically stable way, and
to preserve at least the local orthogonality (the orthogonality between consecutive
blocks) well. The local orthogonality influences the delay of convergence and is also
important for the estimation of the A-norm of the error; see [23, 24]. Looking at the
BCG coefficients,

—1 —1
Vi—1 = (PkT_1Apk—1) i1 = (PkT_lAPk—1> pi_ir-1,  (25)

_ -1 -1
b= (i) == (pliAper)  ploiAn. @6)
for a practical realization of the BCG method it is sufficient to deal only with the
(near) rank deficiency that may occur within the residual blocks rx_1 or the direction
blocks pi_1, and that can prevent us from calculating the CG coefficients in a numer-
ically stable way. Inversions of almost singular matrices can destroy the quality of the
computations.

What we think is the most promising approach to overcome the difficulties with
rank deficiency within blocks was presented in the paper by Dubrulle [5]. His idea was
to use changes of bases that supplement rank defects and enforce linear independence.
Thanks to this approach, no deflation is necessary. Dubrulle [5] formulated several
variants of BCG which ensure that the inverses of the matrices used in the algorithm are
well defined during computations in finite precision arithmetic.Based on our numerical
experiments with all variants of BCG described in [S5], we present and discuss two
of them that we consider to be the most interesting ones. The first one is based on
the idea of computing the QR factorization of the residual block and then using the
Q-factor in the upcoming computations. We call this variant the Dubrulle-R variant
or DR-BCG. The second variant applies a similar idea to the direction blocks, and we
call this variant the Dubrulle-P variant or DP-BCG.
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5.1 The Dubrulle-R variant

We will now derive the Dubrulle-R variant (DR-BCG); see [5, Algorithm BCGrQ].
Let us consider a QR factorization of r¢ in the form,

[wk, k] = ar(re),
implemented using Householder QR, with positive entries on the diagonal of oy
(because of consistency with notation in Section 4). Using Householder QR ensures
that wy has orthonormal columns even if r; has linearly dependent columns.
To formally derive DR-BCG, we assume oy to be nonsingular. Let us define
— =1 _-1
bk =0, 04,
in Algorithm 4, and denote sz = pgox—1 with o_; = I. Then
T “Lor o T -
V-1 = (Pk_lAPk—l) Pr_1Tk—1Tk—1 = Ok—2 (Sk_1ASk—1) Ok—1,
-1
-1 (.7 T -T T
0 = &, (rk_lrk_l) i Tk = Ok—20,_ 0} O,

and xi, wy, and s satisfy the recurrences

~1
T
Xk = Xj—1 + Sg—1 (Sk_lASkfl) Ok—1,

-1
-1 T
WEOkO,_ | = Wi—1 — AS—1 (sk_lAskfl) ,

-T T
Sk = Wk + Sk—103,_1 0% -

Denoting &1 = (skT_lAsk,l)_1 and g = oko,:_ll we obtain Algorithm 5.

Algorithm 5 Dubrulle-R BCG (DR-BCG).
: input A, b, xq
trg=b— Axg
: [wo, o9l = qr(rg)
TS0 = wo
cfork=1,2,... do
~1
§k—1 = (SkT,lASkfl)
Xp = Xg—1 + Sk—16k—10k—1
[wk, &kl = ar(wg—1 — Asg—15k—1)
91 s = wg +Sk_1{'kT
10: ok = Lrok—1
11: end for

We derived this algorithm assuming that oy is nonsingular, but, as one can observe,
we do not need the nonsingularity of oy in Algorithm 5. The only assumption that we
need is that skT Asy 18 nonsingular so that the coefficient & is well defined.
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The residual blocks 7, are not available in Algorithm 5, but we can always recon-
struct them. Using the recurrence for updating x;, we obtain

Fp = rp—1 — Asg_15k—10k—1.
Using the induction hypothesis 7,1 = wi_10%—1 we find out that
re = (Wg—1 — Ask—18k—1) Ok—1 = W SkOk—1 = WkOk.

In the following theorem we show how to compute the block Lanczos coefficients in
DR-BCG. To be mathematically correct, we implicitly assume, as in Sections 3 and 4,
exact arithmetic and full dimension of the corresponding block Krylov subspace.

Theorem 3 Consider the quantities determined by Algorithm 5 and let B = oy,
0o = 1, and Ly = 0. Then, for j =1, ...k, the Lanczos coefficients aj and B4
forming the matrix T), and the coefficients £; and d; used in T, = Ly DkL,{ can be
computed using the recurrences

To= & 01,
dir = QkT_lfk,
ar = di + b1 B (27)

[0k, Bk+1] = ar(&x k),
b = 0] kb1

The Lanczos block vi1 can be obtained from wy as vy = (—l)k ka,:T.
Proof To derive formulas for computing the Lanczos coefficients in Algorithm 5,

we can use the relations (21) from Section 4.3 with the choice ¢ = o lak__ll. In
DR-BCG, the o} ’s are already available and need not be computed. Using

11
¢r =0y, o, and yx—1 = 0%—25k—10k—1

we obtain o;1, = g“kék__llék_l. Denoting 7y = oj_|tx we obtain the relations
(27). Finally, the relation for vi4; follows from wviy; = (—1)k rkak_lek_ T —
(—D*wed, T O

Looking only at the final formulas (27), we do not need to assume that oy is non-
singular in order to compute the Lanczos coefficients and blocks. Thus, DR-BCG
corresponds to a version of the block Lanczos algorithm that does not require defla-
tion and allows the off-diagonal blocks of 7 to be singular. These variants deserve
more attention and a deeper analysis, which is beyond the scope of this paper.

5.2 The Dubrulle-P variant

To derive the Dubrulle-P variant (DP-BCG), see [5, Algorithm BCGAdQ], we will
consider an alternative way of computing coefficients y;_1 and §; in BCG; see (25)
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and (26). For stable computations, we only need the inverse of the matrix ka_lA DPk—1
to be well defined. The formulas (25) and (26) appear already in the Hestenes and
Stiefel paper [25] for classical CG, and follow easily from the formulas in the paper
by O’Leary [2]. They are also used to derive a version of BCG in [6] that will be
discussed in the numerical experiments section. Using (25) and (26), the coefficient
matrix ¢y which is free to choose appears only at line 9 of Algorithm 4. Let us consider
a QR factorization of 7 + pr—16k,

[Pk, Vil = ar(rk + pr—16k)-

Note that to implement the above QR factorization we again use Householder QR,
which ensures that pi has orthonormal columns even if ry + pix—16; has linearly
dependent columns. To formally derive the algorithm, we will assume that ¥ is
nonsingular. Let us define

o' = v

in Algorithm 4, with coefficients yx_1 and §; computed using the alternative formulas
(25) and (26). Then we obtain Algorithm 6.

Algorithm 6 Dubrulle-P BCG (DP-BCG).
1: input A, b, xq

2:rg =b— Axg

3: [po, Yol = qr(ro)

4: fork=1,2,... do

5 Yk-1= (PkT_lAPk—1>
6:  xp =xp—1+ Pr—1Vk—1
o rg =Tp—1— APp—1Yk—1
8

9

1
T
Pr—1Tk—1

—1
S =— (ka_] APk—l) Pi_ | Ary

o ok Yl = ar (g + pr—18)
10: end for

Using Theorem 2 and the particular choice of ¢, the following theorem follows.

Theorem 4 Consider the quantities determined by Algorithm 6 and let oy = Y,
B1 =00, 00 =1, and ty = 0. Then, for j = 1, ..., k, the Lanczos coefficients aj and
Bj+1 forming the matrix Ty and the coefficients £ and dj used in Ty, = Ly Dy LkT can
be computed using the recurrences

T = v Vk-104 Ok
dip = Okalak_lrk
ar = dy + 1B (28)
or = chol(y{ pfri)
[0k, Br+1] = ar(okTk)
b = QkTO'kUk__llé’k_l.

The Lanczos block viy1 can be reconstructed using vi+1 = (—l)k rkakflekf T
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Proof To compute the Lanczos coefficients in Algorithm 6, we can again use the
relations (21) from Section 4.3, now with the choice ¢, = 1//,:1. Since rkTrk is not
computed in Algorithm 6 any more, we can use the relation 1//kT p[rk = rkT rr to
compute oy. Starting with op = o, we obtain the relations (28). O

If we want to compute the Lanczos coefficients within DP-BCG, we have to assume
that the columns of r; are linearly independent, so that the inverse of oy is well
defined. In other words, we have to assume that the matrices 1 are nonsingular. This
requirement is natural here because in DP-BCG, the columns of a residual block may
be linearly dependent, in which case the corresponding Lanczos block does not exist.

6 Practical issues

In practical computations, it is convenient to make several modifications to those BCG
variants. First, to speed up convergence, we need to introduce preconditioning. Second,
one should think about stopping criteria for each system. Once we have sufficiently
accurate approximate solutions for some of the systems, it would be beneficial to
remove the corresponding systems from the algorithm (reduce the size of the blocks)
to save computational resources. However, the subject of removing systems from the
BCG process is beyond the scope of this paper.

6.1 Preconditioning

Suppose we are given a symmetric positive definite preconditioner M. Algorithms for
preconditioned block CG can already be found in the original work of O’Leary [2].
They can be derived in the standard way by implicit application of block CG to the
preconditioned system L~'AL~Ty = L~'b, where L is a nonsingular matrix such
that LLT = M. Then, the solutions of Ax = b and the preconditioned system are
related using x = L~ y, and one can use this transformation to define the approximate
solution x; = L~ 7 yy.

In the single-vector versions of CG, the splitting LLT is needed to derive the
algorithm, but then we just need to solve linear systems with M in the preconditioned
algorithm. In the block versions of CG, the situation can be different, in particular for
DR-BCG; see Algorithm 7.

Algorithm 7 Preconditioned DR-BCG.

:input A, b, xo, M = LT
tro=b— Axg

 [wo, 00l = ar(L~"rg)
1so = L_Two

cfork=1,2,... do

§k—1 = (S;<T_1A5k—1>
Xj = Xg—1 + Sk—16k—10k—1

[wk. &kl = ar(wg—; — L™ Asg_ &)
9 s = L_ka +Sk_1{kT

10: ok = Lkok—1

11: end for

-1

RO LUELNS

@ Springer



Numerical Algorithms

To derive preconditioned DR-BCG, we need first to apply formally the DR-BCG
algorithm to the preconditioned system. If we do so in the standard manner, we need to
compute QR factorizations of the preconditioned residuals Lrk. So the preconditioned
residual should also be available in the preconditioned algorithm, and to compute it
we need the matrix L. Therefore, to derive the standard version of preconditioned
DR-BCG, we assume that a split preconditioner M = LL” is available. Note that
it is possible to derive a preconditioned version of DR-BCG that does not require a
split preconditioner. However, it would require computing the QR factorization of a
block with Q having M ~!-orthogonal columns. There are several ways to do this. An
algorithm that uses Householder-like transformations and appears to be stable has been
proposed by Shao [26]. However, this algorithm uses multiple products of the matrix
defining the inner product with some vectors. In our case, this corresponds to solving
linear systems with the preconditioner M several times in one iteration, and this can
be very expensive. Nevertheless, it seems to work well numerically, as predicted by
our unpublished experiments.

Algorithm 8 Preconditioned DP-BCG.

:input A, b, xo, M
trg=b— Axg
:zO:M_er

s [po, Yol = ar(zo)
cfork=1,2,... do
-1
Vk—1 = (PkT_lApkq) PkT_l”kfl
Xk = Xg—1 + Pk—1Yk—1
Tk =rk—1 — APk—1Vk—1
9: Zk = M_lrk

—1
10 &c=—(pl_Amr) Pl Ax

11: [pk, ¥l = ar(zg + pr—15k)
12: end for

To precondition the DP-BCG algorithm, we can use standard techniques; see Algo-
rithm 8. Here, the splitting LLT = M does not need to be available, it is only used
for the derivation of the algorithm.

6.2 Stopping the algorithms

To stop the algorithms, one can use the individual squared residual norms || rlgi) 12, ie.,
the diagonal entries of rkT e = okTak. However, as in classical CG, we can do better.
In the block case, it is possible to estimate the diagonal entries of

(x—x0)T A(x —xp),

i.e., the squared A-norm of the error lx@ — x,ﬁl)Hi of the individual systems. The
details will be explained in a forthcoming paper, where we generalize the formulas for
computing the lower and upper bounds, see, e.g, [11], also for the block CG algorithms.
Note that to compute the upper bounds, we need to know an underestimate of the
smallest eigenvalue of the preconditioned matrix.

@ Springer



Numerical Algorithms

7 Numerical experiments

The experiments are performed in MATLAB 9.14 (R2023a). We consider the matrices
besstk03 and s3dkt3m2 from the SuiteSparse' matrix collection. In particular,
we use the matrix bcsstk03 of size n = 112 and x(A) ~ 9.5 x 10° to test the
algorithms without preconditioning, and the matrix s3dkt3m2 of size n = 90449
and k (A) ~ 3.6 x 10'! to test the problems with preconditioning. The factor L in the
preconditioner M = LL” is determined by the incomplete Cholesky (ichol) fac-
torization with threshold dropping, type = ‘ict’,droptol = le-5,and with
the global diagonal shift diagcomp = 1le-2. We focus on numerical behaviour of
the three considered variants of block CG with increasing block size m, in particular on
HS-BCG (Algorithm 4 with ¢y = I), DR-BCG (Algorithm 7), and DP-BCG (Algo-
rithm 8). The block right-hand sides are generated randomly using the rand (n, m)
command. We start the algorithms with the initial guess xg = 0 € R"*™ and plot the
convergence characteristic

(trace((x —x)T A(x — Xk))) 2

trace(x7 Ax)

which is an analogue of the relative A-norm of the error in the standard PCG case.

InFig. 1 we observe that for the matrix bcsstk03 and a single right-hand side, HS-
BCG (red dotted) and DR-BCG (black solid) produce almost the same convergence
curves while DP-BCG (blue dashed) is slightly delayed (top left part). For m = 1,
all tested versions of block CG reach the same level of maximum attainable accuracy.
As we increase the block size to m = 2,4, 6 we can see that the picture changes
significantly. We can see that DR-BCG is the winner both in terms of the speed of
convergence as well as in terms of the maximum accuracy that can be achieved. The
convergence of DP-BCG is delayed, but with increasing iterations it usually reaches
the same level of maximum attainable accuracy as DR-BCG. The convergence of the
HS-BCG version with no deflation is significantly delayed compared to the other two
versions tested, and the level of maximum attainable accuracy is the worst. Note that
during the MATLAB computations, a warning that a matrix is nearly singular or badly
scaled was displayed several times during the HS-BCG computations, on lines related
to the computation of the coefficients y;_; and Jy.

In Fig. 2 we test the preconditioned block CG versions with the matrix s3dkt3m2
and m = 1, 4, 16, and 64 randomly generated right-hand sides. This experiment also
confirms the significantly better numerical behavior of the DR-BCG variant (black
solid). The DP-BCG variant (blue dashed) does not lag behind DR-BCG as much in
terms of convergence delay as in the previous experiment, but achieves a significantly
worse level of maximum attainable accuracy. The HS-BCG variant (red dotted) is
almost unusable in this experiment for m > 1. Inaccuracies in the computations of
the block coefficients cause the HS-BCG variant not to converge.

Note that all the block versions have a similar computational cost per iteration. For
the most efficient version, i.e. DR-BCG, the total number of matrix-vector products

1 https://sparse.tamu.edu
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Fig. 1 The convergence characteristic wy in HS-BCG (red dotted), DP-BCG (blue dashed), and DR-BCG
(black solid) for besstk03 and b € R 'm = 1 (top left), m = 2 (top right), m = 4 (bottom left), m = 6
(bottom right)

required to solve all systems is approximately 3000, 4000, 6400 and 9600 for m = 1,
m = 4, m = 16 and m = 64 respectively. The totals show that the number of
matrix-vector products needed to solve a single system decreases with increasing m.
While for m = 1 we need almost 3000 matrix-vector products to reach the maximum
level of accuracy, for m = 4, m = 16 and m = 64 we need only 1000, 400 and
150 matrix-vector products respectively to solve a single system. Computational time
is influenced by many factors, so it cannot be taken as an objective measure of an
algorithm’s efficiency. Nevertheless, even on an old computer with Intel Core 15-4570
CPU, 8 GB RAM, running Linux, one can observe the significant advantages of block
operations. The computation times form = 1, m = 4, m = 16 and m = 64 were
approximately 98, 52, 97 and 140 seconds respectively. So we were able to solve more
systems in almost the same time. The reduction in time for m = 4 is probably due to
better use of the computer cache.

In the second part of numerical experiments we discuss the breakdown-free BCG
(BF-BCQG) algorithm introduced in [6, Algorithm 2], and compare it with DP-BCG.
We compare these two algorithms because they are almost identical, except for line 11
of Algorithm 8. The aim of this experiment is to demonstrate that algorithms with
deflation, such as BF-BCG, do not generally perform better than their counterparts
(in this case DP-BCG) which use Dubrulle’s idea. For a comparison of DP-BCG and
DR-BCG, see the previous experiment.
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Fig.2 The convergence characteristic wy in HS-BCG (red dotted), DP-BCG (blue dashed), and DR-BCG
(black solid) for s3dkt3m2 and b € R"*™ m = 1 (top left), m = 4 (top right), m = 16 (bottom left),
m = 64 (bottom right)

As mentioned above, the only difference between BF-BCG and DP-BCG is in
line 11 of Algorithm 8. While in DP-BCG pj; always has orthonormal columns and is
of size n x m even if the block z; + pr—1dx has linearly dependent columns, in BF-
BCG py. is determined as the orthonormal basis of the space spanned by the columns of
Zk + pk—16k. In exact arithmetic, the BF-BCG approach will avoid the breakdown due
to linear dependence of columns of zx + pr—18x. Moreover, as shown in [6, Theorems
3.1 and 3.2], this strategy ensures that the orthogonality relations are preserved. In
other words, convergence should not be affected by reducing the size of the blocks py
in the rank deficient case. Note that while the size of p; can be reduced in BF-BCG,
the sizes of the blocks xi, 7, and z; remain the same, and the coefficients y,_1 and &k
are rectangular matrices in general. The authors of [6] consider only the case of exact
linear dependence of vectors in the block. A practical realization of their approach
can be found in [27], where the rank revealing QR algorithm with the tolerance of the
square root of the machine epsilon is used to determine the block py.

In Fig. 3 we compare DP-BCG (Algorithm 8) and the breakdown-free BCG algo-
rithm (BF-BCG) implemented similarly as in [27, Algorithm 2.3]. For the experiment
we again use the matrix s3dkt3m2 and randomly generated right-hand sides with
m = 16 (top part) and m = 64 (bottom part). Instead of the rank revealing QR which
should be used in practical computations to determine the orthonormal basis of the
space spanned by the columns of z; + pr—18k, we use the more expensive singular value
decomposition. In more details, we determine the desired orthonormal basis as the left
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Fig.3 The convergence characteristic wy in DP-BCG (blue) and BF-BCG (red) for s3dkt3m2 and random
b € R"™™ with m = 16 (top part) and m = 64 (bottom part)

singular vectors corresponding to singular values whose relative size, with respect to
the largest singular value, is greater than a given tolerance. In the experiment we used
the tolerances 10~7 (red dotted), 108 (red dashed), 10~ (red dashed dotted), and
10719 (red solid). We can observe that in finite precision computations, DP-BCG (blue
solid) clearly outperforms BF-BCG (red curves). We can see that reducing the size of
the direction block in BF-BCG slows down the convergence. While the idea introduced
in [6] is theoretically interesting, from a practical point of view the Dubrulle DP-BCG
seems to work better than BF-BCG. The DP-BCG algorithm is not only simpler than
BF-BCG, but also has a better numerical behavior.

8 Conclusions and future work

In this paper we discussed several variants of the block conjugate gradient (BCG) algo-
rithms. We clarified the relationship between BCG algorithms and the block Lanczos
algorithm. In particular, we showed how to easily compute the block Lanczos coef-
ficients in BCG algorithms. We also discussed important variants of BCG due to
Dubrulle, including their preconditioned variants. Numerical experiments show that
Dubrulle’s variants, in particular DR-BCG, are superior to the other BCG variants
(HS-BCG or BF-BCG) and avoid the problems with rank deficiency of the computed
block coefficients. In our numerical experiments, DR-BCG converged always faster
than the other variants and reached the best level of maximum attainable accuracy.
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The results presented in this paper open up several research topics for future work.
First, we aim to generalize quadrature-based bounds on the A-norm of the error to
the block case. Although the bounds are probably computable only from the block
CG coefficients, see [28] and [11] for classical CG, for understanding and deriving
the bounds we need the connection to block Jacobi matrices. Second, we believe
that Dubrulle’s variants deserve more attention and should be studied from both a
theoretical and a practical point of view. Theoretically, we still do not fully understand
which orthogonality relations are preserved in DR-BCG in the rank deficient case and
whether &, is always well defined. Practically, we should also explore the other
variants due to Dubrulle, which, for example, use LU factorization with pivoting
instead of a (more expensive) QR factorization to compute regularized blocks.
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