ON COMPUTING QUADRATURE-BASED BOUNDS FOR THE
A-NORM OF THE ERROR IN CONJUGATE GRADIENTS*
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Abstract. In their original paper, Golub and Meurant [BIT, 37 (1997), pp. 687-705 | suggest
to compute bounds for the A-norm of the error in the conjugate gradient (CG) method using Gauss,
Gauss-Radau and Gauss-Lobatto quadratures. The quadratures are computed using the (1, 1)-entry
of the inverse of the corresponding Jacobi matrix (or its rank-one or rank-two modifications). The
resulting algorithm called CGQL computes explicitly the entries of the Jacobi matrix and its mod-
ifications from the CG coefficients. In this paper, we use the fact that CG computes the Cholesky
decomposition of the Jacobi matrix which is given implicitly. For Gauss-Radau and Gauss-Lobatto
quadratures, instead of computing the entries of the modified Jacobi matrices, we directly compute
the entries of the Cholesky decompositions of the (modified) Jacobi matrices. This leads to simpler
formulas in comparison to those used in CGQL.
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1. Introduction. Today the Conjugate Gradient (CG) algorithm is the iterative
method of choice for solving linear systems with a real positive definite symmetric
matrix. It is almost always used with a preconditioner to speed up convergence. CG
was introduced in the beginning of the 1950s by Magnus Hestenes and Eduard Stiefel
[17]. It can be derived from several different perspectives, as an orthogonalization
algorithm or as a minimization process. It can also be obtained from the Lanczos
algorithm [19] that was published almost at the same time.

When using CG for solving a linear system Az = b an important question is when
to stop the iterations. Ideally, one would like to stop the iterations when the norm
of the error ¢y = = — xj, where x; are the CG iterates, is small enough. However,
the error is unknown and most CG implementations rely on stopping criteria like
llrkll < €||b|| where rp = b — Axy, is the residual vector, which is computed in CG or
even ||rk|| < e€|lroll. These types of stopping criteria can be misleading depending on
the norm of A or the choice of the initial approximation. This was already noticed in
the Hestenes and Stiefel paper [17, p. 410]. It can stop the iterations too early when
the norm of the error is still too large, or too late in which case too many floating
point operations have been done for obtaining the required accuracy. This motivated
some researchers to look for ways to compute estimates of some norms of the error
during CG iterations. The norm of the error which is particularly interesting for CG
is the A-norm (also called the energy norm) which is minimized at each iteration. The
A-norm of the error has an important meaning in physics and mechanics, and plays
a fundamental role in evaluating convergence [1, 18|. It is defined as

(1.1) lerlla = (eF Aep)'/2.

Inspired by the connection of CG with Riemann-Stieltjes integrals (already no-
ticed in [17]), a way of research on this topic was started by Gene Golub in the 1970s
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and continued throughout the years with several collaborators ([6, 7, 8, 11, 14, 12]).
In particular, it was known that the A-norm of the error can be written as a Riemann-
Stieltjes integral for an unknown stepwise constant measure depending on the eigen-
values of A. The main idea of Golub and his collaborators was to obtain bounds for
this integral by using Gauss quadrature rules. It turns out that these bounds can be
computed without the knowledge of the stepwise constant measure and at almost no
cost during the CG iterations as we will see in the next sections.

In [11], these techniques were used for providing lower and upper bounds for
quadratic forms u” f(A)u where f is a smooth function, A is a symmetric matrix and
u is a given vector. The algorithm GQL (Gauss Quadrature and Lanczos) was based
on the Lanczos algorithm and on computing functions of Jacobi matrices (and their
rank-one or rank-two modifications). Later [12, 21|, these techniques were adapted
to the CG algorithm to compute lower and upper bounds on the A-norm of the error
for which the function is f(x) = 1/x. The idea was to use CG instead of the Lanczos
algorithm, to compute explicitly the entries of the corresponding Jacobi matrices and
their modifications from the CG coefficients, and then to use the same formulas as in
GQL. The formulas were summarized in the CGQL algorithm (QL standing again for
Quadrature and Lanczos). Extensions to preconditioned CG were given in [22, 29].
This research is summarized in the books [23, 13]. The formula for the Gauss rule
was analyzed for finite precision arithmetic in [28] where it is shown that it is still
valid in finite precision up to small terms proportional to the unit roundoff.

The CGQL algorithm, whose most recent version is described in [13], may seem
complicated, particularly for computing bounds with the Gauss-Radau or Gauss-
Lobatto quadrature rules. It uses the tridiagonal Jacobi matrix obtained by trans-
lating the coeflicients computed in CG into the Lanczos coefficients. Therefore the
analysis of the formulas is difficult. Our aim in this paper is to show that these
formulas can be considerably simplified by working with the LDL” factorizations of
the Jacobi matrices and their modifications instead of computing the Lanczos coeffi-
cients explicitly. In other words, one can obtain the bounds from the CG coefficients
without computing the Lanczos coefficients. Therefore we hope that with the simpler
new formulas the computation of upper bounds for the A-norm of the error can be
incorporated more easily into existing CG codes.

It is fair to note that there exist other ways to compute estimates of the norms of
the error; see [2, 3]. The paper [3] uses extrapolation techniques. However, this only
gives estimates of the norm of the error and not bounds.

The outline of the paper is as follows. Section 2 recalls some basic facts about the
Lanczos and CG algorithms, their connection to the approximation of the Riemann-
Stieltjes integral using various quadrature rules, about computing quadratures using
a convenient modification of the corresponding Jacobi matrix, and finally about esti-
mating the A-norm of the error in CG. Section 3 describes the algebraic background
for the new formulas; it is shown how to compute efficiently the entries of the LDLT
factorizations of modified Jacobi matrices. These results are then used in Section 4
in the formulation of the new algorithm called CGQ. Section 5 shows how to modify
these new formulas when using preconditioning and finally, Section 6 presents nu-
merical experiments which show that the new formulas are not only simpler but also
slightly more accurate than the previous ones.

Throughout the paper e, denotes the kth column of the identity matrix of ap-
propriate order.
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2. Conjugate Gradient, Lanczos and quadratures. In this section we briefly
recall the Lanczos and Conjugate Gradient algorithms as well as their relationships;
see, for instance, [15, 23].

Algorithm 1 Lanczos algorithm

input A, v
Bo=0,v0=0
vy = v/|v]]

for k=1,...do
w = Av — Bp_10k-1
ap = ’UE’LU
wW=w — UL
B = [Jw]|
Vg1 = w/ B
end for

2.1. The Lanczos and CG algorithms. Given a starting vector v and a sym-
metric matrix A € RV*N one can consider a sequence of nested subspaces

Ki(A,v) = span{v, Av, ..., A¥" 1}, k=1,2,...,

called Krylov subspaces. The dimension of these subspaces is increasing up to an
index n called the grade of v with respect to A, at which the maximal dimension is
attained, and IC,, (A, v) is invariant under multiplication with A. Assuming that k < n,
the Lanczos algorithm (Algorithm 1) computes an orthonormal basis vy, ..., vg41 of
the Krylov subspace Ki11(A4,v). In Algorithm 1 we have used the modified Gram-
Schmidt form of the algorithm. The basis vectors v; satisfy the matrix relation

AVi, = Vi Ty + Brvksiep

where Vi, = [v1 - - - vg] and Tk is the k x k symmetric tridiagonal matrix of the recur-
rence coefficients computed in Algorithm 1:

g 51
| B
Br-1

Br-1 (75

The coeflicients 3; being positive, T}, is a Jacobi matrix. The Lanczos algorithm works
for any symmetric matrix, but if A is positive definite, then T} is positive definite as
well.

When solving a system of linear algebraic equations Az = b with symmetric and
positive definite matrix A, the CG method (Algorithm 2) can be used. CG computes
iterates ) that are optimal since the A-norm of the error defined in (1.1) is minimized
over the manifold zg + K (A, 70),

[z —apla=  min flz—yla.
yE€xo+Ki(A,ro)
The residual vectors r, = b — Axj, are proportional to the Lanczos basis vectors v;
and hence mutually orthogonal,

1= (=17 —— i =0,...,k.
Uj+1 ( )Hrj”’ J ) )
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Algorithm 2 Conjugate gradient algorithm
input A, b, xg
ro = b— AZ()
Po=To
for k. =1,...,n until convergence do

T
_ Tk—1Tk-1
The—1 = i Apr_1
Tk = Tk—1 + Ve—1Pk—1

Tk =Tk—1 — Yh—1A4DPr—1

T
_ Tk Tk
5k T iTh—1
Dk = Tk + OxDPr—1
end for

Therefore, the residual vectors r; yield an orthogonal basis of the Krylov subspaces
Kr+1(A,ro). In this sense, CG can be seen as an algorithm for computing an or-
thogonal basis of the Krylov subspace Kiy1(A,79) and there is a close relationship
between the CG and Lanczos algorithms. It is well-known (see, for instance [23]) that
the recurrence coeflicients computed in both algorithms are connected via

1 _
Vo N +5k L

= 5 k p—
Vk—1 Ve—1 Ve—2

Br

(5020, V-1 =1.

Writing these formulas in a matrix form, we get

(2.1) Ty = LDy LY

where T}, is the Jacobi matrix resulting from the Lanczos algorithm and
1 7(;1

22) L= | V0 . Dy

6k—1 1 71;—11

In other words, CG implicitly computes an LDL” factorization of the Jacobi matrix
Ty, generated by the Lanczos algorithm. In this paper we are interested in computing
bounds for the A-norm of the error. Noticing that the error €, and the residual rg
are related through Aey, = rg, we have

lexlls = ef Aey = rL A7 ..

The quantity on the right-hand side is a quadratic form. In the next subsection we
briefly recall how quadratic forms are related to Riemann-Stieltjes integrals. This will
allow us to compute bounds for the norm of the error.

2.2. Connection with Riemann-Stieltjes integrals. Let
(2.3) A=UANUT, U©vUT=UTU =1,

be the eigendecomposition of the symmetric matrix A where A = diag(A1,...,An)
and U = [ug,...,uy]. For simplicity of notation we assume that all the eigenvalues
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of A are distinct and ordered as A\ < Ay < ... < Ay (the generalization of the below
defined function w(\) to the case of multiple eigenvalues is straightforward). Let vy
be a given unit vector. Define the weights w; by

N
(2.4) w; = (vy, u;)? so that Zwi =1,
i=1

and the (nondecreasing) distribution function w(A) with a finite number of points of
increase A1, Aa, ..., AN,
0 for A< A,
(2.5) w()) = Sijw; for A <A<Ng, 1<i<N-1,
1 for Ay <.
Having the distribution function w(A) and an interval (¢, &) such that ( < Ay < Ay <

.o < AN < &, for any continuous function f, one can define the Riemann-Stieltjes
integral (see, for instance [13])

13
(2.6) /< FOV dw (M),

Since w(\) is a stepwise constant function and all points of increase lie in the open
interval (¢, £), the integral (2.6) is a finite sum and it holds that

¢ N
(2.7) /C FOVdN) = Y enfOn) = of (Ao

The quantity v{ f(A)v; can be expressed using the tridiagonal matrix 7}, stem-
ming from the Lanczos algorithm (note that n is the grade of vy with respect to A4). In
the nth step of the Lanczos algorithm we get the full orthonormal basis of K,, (A, v1)
and we have

AV, = V. T, = fAV, =V, f(Ty)
and, therefore,
vf f(Ayvr = vf f(A)Vaer = vf Vo f(Tn)er = ef f(Tn)er.

From this it is clear that the quadratic form we are interested in, r{Ailrk, can be
written as a Riemann-Stieltjes integral for the function f(A\) =1/A.

2.3. Quadrature formulas. The integral (2.7), i.e. the quantity v{ f(A)v1, can
be approximated by quadrature formulas, for example the Gauss, Gauss-Radau and
Gauss-Lobatto rules; see, for instance, [9, 13]. The general quadrature formula we use
has the form

¢ k m
[ F ) = S und )+ Y0 + Rl

where the weights [w;]¥_,, [@;]7-, and the nodes [14]¥_, are unknowns and the nodes

[V;]72, are prescribed outside the open integration interval. In our case it is sufficient
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when the prescribed nodes are strictly smaller than A\ or strictly larger than Ay. The
unknown nodes and weights are chosen to maximize the degree of exactness of the
quadrature rule. If m = 0, there are no prescribed nodes, and we obtain the Gauss
rule. If m = 1 we have the Gauss-Radau rule and if m = 2, this is the Gauss-Lobatto
rule. It is known (see, for instance, [27]) that if f € C?**™ then the remainder is

k 2

(2k m
Rilf] = L) /H(A—%) [H(A—m] W), ve o)

i=1

For some functions f of interest the sign of the remainder term is known.

Consider first the Gauss rule, i.e. m = 0. The nodes v; and the weights w; of
the kth Gauss quadrature approximation are implicitly determined by the Lanczos
algorithm; the nodes are the eigenvalues of T} generated by the Lanczos algorithm
started from v; and the weights are the squares of the first components of the nor-
malized eigenvectors of Ty; see [30, 16].

To obtain the Gauss-Radau and Gauss-Lobatto rules, we must extend the matrix
T}, in such a way that it has the prescribed nodes as eigenvalues; see [10]. Suppose that
1 is a prescribed node. For the Gauss-Radau quadrature rule, we have to determine

(r)

the coefficient & so that p is an eigenvalue of the extended matrix

k+1
o B
- B1
(2.8) kai-l = o B
Br—1 Br
B 6‘1821

Given two prescribed nodes p and 7, for the Gauss-Lobatto quadrature rule we have

~ (1ym)

to find the coefficients aplt

extended matrix

and Bl(c“ " guch that u and 7 are eigenvalues of the

a; P
51 . .
~(P‘1"7) _ . .
(2.9) T = . . B )
Br—1 i 5;&”’77)

g iy

Having the matrices T}, T +)1 and T,giln), the Gauss, Gauss-Radau and Gauss-Lobatto

quadrature rules can be respectively written in the form (see [13])
el f(Tn)er = el (Te)er + REVf],
el f(Taer = el 1 (T ) e + REVLA),

e f(Ta)er = el (TP ) ex + RV

These rules can provide lower and upper bounds on the integral (2.7), based on the
following implications (see, e.g., [13, Theorem 6.4 and 6.5]):
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(2.10) If f2K)(X) > 0 for all A € (¢, €), then RI[f] > 0.
(2.11) If FEE+D(X) < 0 for all A € (¢,€), and u < Ay, then RUV[f] < 0.
(2.12) If f@H+2)(X) > 0 for all A € (¢,€), and p < A, and Ay < 7, then R7[f] < 0.

If the derivatives of the function f satisfy the assumptions in (2.10)—(2.12), then
the Gauss rule gives a lower bound and the Gauss-Radau and Gauss-Lobatto rules
give upper bounds for the integral (2.7). Note that the assumptions on the sign of
the derivatives of f in (2.10)—(2.12) are satisfied for the function f(A\) = 1/A.

2.4. CG and Gauss quadrature. For the quadratic form involved in CG we
are interested in the function f(\) = 1/A. Previous results imply that we can express
the Gauss quadrature rule using the Lanczos-related quantities as

(T )1y = () + RO

n
s

In [28] the authors show that the same equation multiplied by |7o||? can be written
using the CG-related quantities

k-1

lz — 2ol = > villrsl® + llz — 2l
j=0

In other words, CG can be see as a procedure that implicitly determines weights and
nodes of the Gauss quadrature rule applied to the Riemann-Stieltjes integral

§ _ 2
¢ 7ol

for which the Gauss quadrature approximation is given by

k-1
_ 1
(2'13) (Tk 1)1,1 = HTOHQ Z’lelrj||2'
j=0

The remainder is nothing but the scaled and squared A-norm of the kth error,

2
RO a1y = lz=2ela
S e

For more information on this topic see, e.g., [14], [28, Section 3] or [24, Subsection 3.3].

2.5. Estimating the A-norm of the error in CG. Of course, at CG iteration

k we do not know (70, 1)1 1 or ||# — zo||a. For estimating the A-norm of the error in

CG we consider the Gauss quadrature rule at step k,
(2.14) e = zoll% = llroll* (T 1)y, + llw — 2%,

and a (eventually modified) quadrature rule at step k +d, d > 0,

(2.15) o = aoly = lIroll? (T ), |+ Reva [
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where T;Hd stands for the matrix Tjyq (in the case of using Gauss rule) or a suitable
modification of Tj44 (in the case of using Gauss-Radau or Gauss-Lobatto rules). From
the equations (2.14) and (2.15) we get

(2.16) [lz — 2kl = Qroa + Rira N'] 5 Qroa = lIrol® <(T,;+1d)1 - (T,;l)u) :
Qk,d represents either a lower bound on ||z — x| if Ritd [)\’1] > 0, or an upper
bound in the case 7%+d [)\’1] < 0. It means that at CG iteration k+d, by computing
Qk,d, we can obtain a bound for the A-norm of the error at iteration k.

From the computational point of view, as noted in [14] and [21], it is not conve-
nient to compute Qk,d by first computing (T,;l)l,l, (T,;_:d)l X and then taking the
difference. By subtracting both quantities we loose accuracy and, as a result, the

use of the estimate is limited by the square root of machine precision. Instead of
subtracting, it is better to use the following identity

kt-d—2
F—1 —1 - —1 —1 —1
(Tk+d)1 1 - (Tk )1,1 = (Tk+d)1 1 - (Tk+d—1)1,1 + Z {(Tj+1)171 - (Tj )1,1} :
: : i

From (2.13) we have
(217) ol [(T54) 4 = (17,4 ] = il
so that Q;“d takes the form

ktd—2

Qua=lnol? | (k) = (k)| + 2 il
: et

Therefore, the problem of computing Q;“d reduces to the problem of computing effi-
ciently the difference

(2-18) ||7"0||2 [(TJ‘—l-ll)Ll B (le)LJ ’ j=k+td-1,

using the CG-related quantities that are available during the CG iterations. This is
easy for the Gauss rule since it is given by (2.17) but, for the Gauss-Radau and Gauss-
Lobatto rules we need to use results about factorizations of tridiagonal matrices. They
are recalled in the next section.

3. Factorizations of tridiagonal matrices. In this section our aim is to show
how to compute the quantities we need for the quadrature rules by relying only on the
LDLY factorizations of the tridiagonal matrices. For doing this we will use variants
of the qd algorithm; see [25]. Although the matrices in our problem are positive defi-
nite in theory, it can happen during finite precision computations that the computed
tridiagonal matrices are indefinite. Therefore, we will assume that our symmetric
tridiagonal matrices are indefinite. However, we also assume that their LDL” factor-
izations exist.
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3.1. LDLT factorization of T}, and of its extension Tk+1~ Consider a sym-
metric tridiagonal matrix T} with diagonal entries «; and subdiagonal entries 3; # 0,

ay B

(3.1) o= | M
Br—1

Br—1 (75

and its LDLT factorization, T}, = LkaLZ, denoted as

1 d1 1 ¢

T T T ek—l
Ek,1 1 dk 1
To compute this factorization, one can use the following recurrence relations, see, e.g.,
[13, p.25)],

(33) dlial, gj: derl:OéjJrl*ﬁjgj; j:].,,kf].

If T}, is extended by one row and one column to the matrix Tk+1;

T Brer }

3.4 Tk :[ N
(34) A Breir Gyt

the LDLT factorization of Tk+1 is just a straightforward extension of the LDLT
factorization of Ty,

Tiy1 =
1 d1 1 ¢
141
) . b1
b1 1 de 1
b, 1 di+1 1

5 B s 55 . B2
by = —, i1 = Gpg1 — Brly = Qpy1 — =
dk dk

3.2. The difference between (1,1) entries of T,;_ll and Tk_l. To compute
various types of quadratures, we need to compute efficiently the difference between
(1,1) entries of inverses of some tridiagonal matrices; see (2.18). This can be done
using the following formula, see Theorem 3.9 in [13, p. 31],

~\2
. .\ B Be—1Bk 72
35 (T5h),, — (@Y., =dih ( ) _ & (1. lx 1),

’ (d1 e dk)2 B Jk+1



10 G. Meurant and P. Tichy

where we have used that 8; = ¢;d;, 7 = 1,...,k — 1 and Bk = lpdy. In other
words, having the LDL7 factorizations of T}, and T} 1, one can compute the required
difference without subtraction.

3.3. LDL" factorization of a shifted tridiagonal matrix. We will see that
for prescribing some eigenvalues we have to deal with shifted tridiagonal matrices.
Let the shift p be given such that it is different from any eigenvalue of T} so that
Ty — I is nonsingular. In the application p will be smaller (resp. larger) than the
smallest (resp. largest) eigenvalue of A. We denote the LDL” factorization of Ty, — ul
(when it exists) as,

(3.6) Ty, — pl = L DV (E,QW)T .

The entries of the LDLT factorization of Ty, — ul are denoted with a bar, the de-
pendence on the parameter yu is denoted by the superscript within parentheses. This
factorization can be computed from scratch using (3.3) since Ty, — pI differs from T}
only in diagonal entries by

4 ﬂ .
Cfll):al_u7 éu): . Cz;?lzaj+l_u_ﬁjg(ju)7 ]:157k_1

FI
dj

Algorithm 3 stqds
input p, dy,...,dg, l1,. .., lk—1

Jg#«) — dl —u
for j=1,...,k—1do

P _ il

g gyb)

i = (dj1 = p) + di 2 — ;0
end for

output %”),...7@“)7a”)7---75€@1

However, suppose now that T} is given in the form of its LDL” factorization,
i.e. we know the entries di,...,d; and ¢1,...,¢;_1 and want to compute the factor-
ization (3.6) directly from these entries. This can be done using the stqds algorithm
(Algorithm 3) which is a variant of the Rutishauser qd algorithm, see [26], [25] or [13,
p. 35]. This can be further improved by introducing the difference 55.“ ) = d; — J(j“ ).
It yields another version of the stqds algorithm called dstqds (Algorithm 4) which

avoids some subtractions.

3.4. Rank-one modification of T}, with a prescribed eigenvalue. Given
a real number p different from any eigenvalue of T}, our aim in this subsection is to
modify the (k+ 1,k + 1)st entry of Ty so that the resulting matrix T,éi)l defined in
(2.8) has p as a prescribed eigenvalue. In [10] it has been shown that

= g
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Algorithm 4 dstqds
input s dl, ceey dk, 61, ce ,gk,1
(u) =u

for]fl ...,k—1do
d(#)_d S(-M)
J

( ) _
E = d(u)
yjr)l =+ E(M) (u)
end for
) = 4 — 5
output d(”) ,JL”), Eﬁ"’, o ,ngt_)l

where £ ,i“ ) is the last component of the solution of the tridiagonal system

- B é“) 0
(3.7) A |
) (H) 0
: Br—1 ( : 2
Br—1 o — i a Bic

see also [13, pp. 88-89]. Considering the LDL™ factorization (3.6) of Ty, — ul , it is
easy to show that

2 2
w _ B : () _ Bi
ET ie. piy = p —Cz(#).

k k

Suppose now that the matrix T} is given in the form of the LD LT factorization
(Tk41 is not given explicitly). We would like to modify this factorization in such

a way that we obtain the LDL” factorization of T,Ei)l . First we observe that if
Tet1 = Lk_HDk_HL%Jrl , then the LDLT factorization of T,gi)l is given by

di
(3.8) T(”)l = Lgt1 Ligy1,
dy,
A
(see (3.5)) where
7 ~ ﬂ
(3.9) AW, =&, — Bl = p+ & — dl? = p+ d(’;) 2.

In the following lemma we show that d,(c‘jr)l = di+1 — clkJr1 where CZ(H is the last

diagonal entry of the factorization of Tj41 — pul.
LEMMA 3.1. Given u different from any eigenvalue of Ty, consider the LDL™
factorizations of Tyy1 and Tx41 — pl,

Tiy1 = Liy1 D1 Ly, Tht1 —pl = Lé‘leé’i’l (LEJQI)
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Let T,ii)l be the rank-one modification (2.8) of Tk11 such that p is an eigenvalue of

Tlgi)l and consider its LDLT factorization (3.8). Then it holds that

ngﬁ = dpt1 — ngﬁ

Proof. By a simple algebraic manipulation we obtain
i1 — A = dipr — (s — ) + dild — dplpl) = (1 — dipl2) + dply, 00"

From (3.9) it follows that p — dpf2 = " — By B therefore

k+1 ggvu
di+1 — J;’f‘_)l = JL’Ql — ﬂk% + dkﬁkll”) = JL’Ql — gkdk&u) + dkﬁk&“) = J,&’fgl
k

which proves the result. O

The formula for dgfgl requires not only the (known) entry dj1, but also the (so
far unknown) entry @?1 from the LDL™ factorization of Tj1 — pl. In the following
we show how to recursively compute the entry d,(c‘jr)l so that the LDLT factorization
of Tj+1 — pl need not to be computed.

LEMMA 3.2. With the notation above,

7(m)
7)) — () o drdy
(3.10) di" = p, dil,=n +€k7d — for k>1.
k k

Proof. From Lemma 3.1 it follows that J,i’j_)l is nothing but the difference 51821 =

di+1 — cZEC‘fl introduced in Algorithm 4. Using

(w)

. dil dil
5k+1 — = ekeéﬂ)séﬂ) — Ekﬂs(ﬂ) — €k¢ (r)

giu) k

and d~§€”) = s,i“) we obtain the formula (3.10). O
()

Formula (3.10) will be used to compute the inverse of d;'/;.

3.5. Rank-two modification of Tj,; with two prescribed eigenvalues.
Given two numbers p and 7 different from any eigenvalue of T}, we would like to find
a rank-two modification of the matrix Ty, 1 so that the matrix T,gi’ln) defined in (2.9)

has p and 7 as prescribed eigenvalues. In [10] it has been shown that d;’i’?) and B,g"’")

satisfy
~(1sm) A\ 2 -() ~(1sm) A\ 2 ~(n)
A :F‘Jr(ﬁk’ ) G s Xyl :77+(5k’ ) G

where C,g“ ), respectively C,g"), is the last component of the tridiagonal system

T
(Th, — pI)C™ = ¢y, ¢ = [Ciu), . ](Cu)} ,
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respectively,
(1) )"
(T =D = e, ¢ = |7

Summarizing, we first solve systems (T} — ul)¢™ = ey, (Tx — nI)¢™ = e, and then

we obtain 6‘1(;1717) and (5;8“7)) as the solution of the 2 x 2 linear system

1 - ~64k+1 _{M]
L —&" (ﬂ;ﬁ“’"))Q Tl

We are now interested in the LDLT factorization of the matrix Tlgi’f), see (2.9),

1 1 4

dy
41
. d e g
lr_q 1 d'](cu,n) 1 g;um)
egcu,n) 1 +1

(3.11)

In the following lemma we express E,(f ™ and (Z,(;:_?) using the entries of the LDL”
factorizations of Ty, — ul and T}, — nl.

LEMMA 3.3. The entries EI(C“’") and d;ciq) from (8.11) can be computed using the
following formulas,

(1) 7(n) ORI
(3.12) (57(‘“’))2 BT i e _ ndy —pd” (g(um))2
' k 2 g g Tk 7 _ g k\ Lk :

k k k k

Proof. For simplicity of notation in this proof, we will omit the (u,7n) upper
indices. From (3.11), it follows that ¢; and dj41 satisfy

» _ B} ; - 25 B
i = 2 di+1 = Q1 — Bl = Qg1 — .
2 k
Therefore,
d@.l _ |1 —d; ! Qg1 Q1 | _ |1 dy C'ik~+1
0 0 dy* gl B} 0 di | [ &

and E% and Jk+1 solve the system

-0 G sl - e ]
77 1 o—¢” |lo & ][ & 1 dy, — 3¢ z

Using Cramer’s rule we obtain

der| 1 BGT g (00
1 dk—digk”
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d 7d2 (1) . 1
det [ f; d’“ d’;g’zm = d(p—n) —d} (MC,E") fnc,ﬁ”), det { . f; ] =n—p,
B CrSg

and, therefore

gi _ n—p

=i (e = i) o — el

dpy1 = = ko dyl3.
(1) (n)
dy, (C,i“) - Qin)) G - ¢
Using
1 (1) 1
4(77) — ’ C B
k ngcn) k ngcu)
we obtain
po__n=p __ &4 n-p
d2 ; _ ; dk ng?) _ d](gl-")
R\ G0 T g
n @ _
=5 T Soy ) 5w
P G G B S SN
1 1 = )
JECM) - giﬂ) dgcn) — CZECH)

which completes the proof. O

Using the formula (3.10) we can update the entries dém and J,g"). Then, we can
use the relations

4 — g —d® . d = gy — "

g;um)

and compute and J,(g_?) using d~,(€“ ) and Jg’), as it is shown the following lemma.

LEMMA 3.4. The entries g,(f’") and J,g‘i?) from (8.11) can be computed using the

following formulas,

(- &) (- ) (0 )

NS
(3.13) (ek ) - o :
(dl(cu) _ dgcn)) 2
7(ke) 7(m) 2
) Ge(n —p) + pdy” —ndy” 5(1,m)
(3.14) g = FENED ai (7).

Proof. Using JECH) =d — Jgﬁ“), Jg’) =d — dy) we get

P~ — gy — A — (dy — Ay — d — g,
nd” — pd = n(dy —d\") — p(dy — d¥) = dip(n — p) + pd? — nd"
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and by substituting into the formulas (3.12) we obtain
_ (D) ) _
(g<m>)2 A" - (e — 1) (de =) (0= 1)
k = = = =
R R R TR D)

Y

J(um) _

ndy —pd L en? =) Fpd —ndl” )
k1 = T o) () LN - LN '
dk - dk

Jlgu) . J](;I)
which completes the proof. O
In the formulas that we will use later, we need the ratio

(géum))Q

iy

rather than the values g;f " and d,g‘i?) The following lemma shows the formula for
computing this ratio.
LEMMA 3.5. It holds that
} 5 O O I
(20 ((di”)> —dy 1) ((%ﬁ”) —dy 1) (n— 1)
(3.15) = .

W (@) e ) (@) -0

Proof. Using formulas (3.13) and (3.14) and simple algebraic manipulations we

get
)\ 2 -1
] ~(1 ~
(5) _ iy — p) + pdg) — pdy” (2) 24
gl J g0 k F
k+1 k k

0 - ) _ 5\ g2
A — )+ pd® — nd® (dk dt )dk

P C I PR} ¥ PRI YR

di(n — p) + pdy” — nd”
(dk - Ji“)) (dk - J;i")) (n— 1)
& (nd —pd”) = di (447 (0 p)
(dk — ié“)) dy, — 52”)) (n— 1)

-1

=dg |dg

which completes the proof. O
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3.6. Another rank-two modification of Ty ;. The last modification of Ty, 1
that we consider, is to replace Sx in Ti41 by ¢ Bx where ¢ is a given constant. The
corresponding Jacobi matrix TAlgi)l has the same LDL” factorization as Tj41 up to

o)\ 2 2132 5
(7)) = cdfk =22, A = appr — A dll = dr + (1— ) dil2,
k

and, therefore,
N2
E,(f) 2

(3.16) ( ) ¢ 02

o, wnedan

4. Algorithms. In this section we use the results from the previous sections for
the tridiagonal matrices resulting from the Lanczos and CG algorithms. This will
allow us to obtain simple formulas for computing lower and upper bounds for the
A-norm of the error. Matching the LDL™ of T} in (3.2) and (2.1), we obtain

—1
€?=5j, dj:fyjfl'

Given two prescribed nodes p and 7, let us now consider various modifications of the
matrix Ty and define

-1 o —1 _ 2, -1
(@), A=) = (@) (@)
Using (3.10) and (3.15) we get the updating formulas

~ (1)
s _ L (1) _ Voot — Vh=1

70 - 9 f}/k - ~(#) 9
K u(vk,l —w_l) + O

= (1)
1 () _ ’Ykn,l — VYk—1

- ) Ve = _ ’
Ui (’7;(:1)1 - ’7k—1> + 0

~ (1) ~(n)
(nem) _ <7kl_1 B %71) (Pykzl B %71) (n— 1)

Vi N N .
n (’7[(911)1 - ’yk—l) 2 (7](911)1 - ’yk—l)
Using (3.5) and
2 2 2 s = 2
T .. k1) =||ro]|“01.. . 0k—1 = || = ||re-1]%,
|| OH (1 k 1) || OH 1 k—1 H 0” ||TOH2 ||rk—1H2 || k 1”

one obtains

B -1 72 g ||2
2 (1) -1 _ %k 2 _ "k
ll7oll <|:<Tkil) ] - (Tk )1,1) - d~§€”)1 a1 = qw
+

1,1 k+1

We can now compute the quantities of the form (2.18),

g = lroll® ((Tek) .y — (T 1) = el
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(1) o ({77 1 ()] 112

= toll (|(F2) ] = @), ) =,
L 1,1
M, . —1

g;‘;”znron?( Gy } —<Tk1>1,1>=wi"’|m|2,
L 1,1
M, . —1

g,i“’">z||ro||2< (7) ] — (T 1)1,1>=%§“’")||m_1|2-

L 1,1

Hence, the quantities for the three different rules are given almost in the same form.

The index of the residual differs for the Gauss-Lobatto rule because the term (!7(“ "))2
5 ()

is 1ncorp0rated in 7, Using the updating formulas for the coefficients 'y(“ ) ~l(€")

" we can derive updating formulas for g,(c ), l(c") and gl(c“ ™ such that the

coeflicients ﬁ,(c“ ), '71(!’) and ﬁ,(c“ " need not to be computed. Since

and Vk

WA e e P = e P

Tk
P =) + 0 =1 1238 = e |2 ve—1) + sl
g](; )1 — Jk—1

" a0 — ge—y) + Il

the formulas for gk ) and gk can be written as

ro]|? m _ lrol?

4.1) g = ol g 7

( 0 . 0 "

(n) (m)
(W) _ p 2 9Ko1 ~ gk ) _ 2 9k~ k1
9 = el 0 3’ I = el ) .
1(gy—1 — gr—1) + [l7xl 19"y — gr—1) + [l

The formula for g(“ = & lrp_1||? takes the form

(%(Ji)l - %—1) (%@1 - %—1) (n— )

n ( (n) - Vi— 1) — M (’Y;(Ji)l - '7]971)

(et 123% = a2 ) (lr-a 12387 = a1 ) (0 = )
0 (I l2307, = e l2a-1) = o (e 250% = Ire-a 21 )

(g;i“)l ng) (g;i"_)l - ng) (n—p)

n (g,i’l)l - gk—l) — (g;i“)l — G- 1)

gl(jm]) ~(M7n)|‘7"k71 ”2

=% = [lrr—1lf?

Summarizing, starting with the formulas (4.1) we obtain for k =
formulas taking the simple following form,

1,... updating

(4.2) gr—1 = ve—1|rK—1]%, AW =g g, A =g g
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and
A(H) A(n)
(4.3) g = [Pt g = P
HAY 4 |2 nAY |+ [l ]2
A(M) A(ﬂ)
(4.4) g = (n = p) bol kel

nAgcn—)l - ﬂAgt—)1

Now we have all the needed material to compute bounds. We distinguish three
parts in the algorithm for running CG and obtaining bounds for the A-norm of the
error.

1. The first part is simply the CG-iteration which computes two scalars and
updates the vectors,

T
T—1Tk—1
Vho1 = 7,

pk_lApk71
Tk = Tk—1 + Vb—1Pk—1,
Tk =Tk—1 — Yh—1A4Dk—1,
’I“g’l“k
0 = —5——,
Tk—1Tk—1

Dk = Tk + OxDr—1-

2. The second part is called the Quadrature part. It computes the quantities

Jk—1, gl(cu), g,(cn) and g,(c“’n) using the formulas (4.2), (4.3), and (4.4) if we are

interested in computing the Gauss, Gauss-Radau and Gauss-Lobatto bounds.

3. The third part is called the Estimates part for iteration k—d. In this paper,

we use the following way of constructing the estimates from g _1, g,i”), g,(j)

and g,i”’"). If k > d, then compute

k
Qr—d,d = Z 95>

j=k—d+1
Ep g = /Qk-a4d, E;(Ji)d = \/Qr—da+ g;(fb)a

B, = \ Qk—d,a + 9", EXY =\ Qu_ga+ 9"

Eji_q is the Gauss lower bound. If p < Ay (resp. n > An) El(c‘i)d (resp. Eli@d) is

the Gauss-Radau upper (resp. lower) bound and E,i’i’g) is the Gauss-Lobatto upper
bound. Note that d is a given positive integer indicating how many steps of CG should
be precomputed to have the estimate at iteration k — d.

Algorithm 5 recalls the CGQL algorithm described in [21] and [13]. Algorithm 6
is the new version using the simpler formulas derived in this paper. We denote it
as CGQ (in reference to CGQL, dropping the L because we do not use the Lanczos
coefficients any longer). We see that computing the Gauss-Radau upper bound is
almost as simple as computing the Gauss lower bound provided we have a p < A1.

In practical computations we usually only use the lower bound based on Gauss
quadrature and the upper bound based on Gauss-Radau when a lower bound of the
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Algorithm 5 CGQL (Conjugate Gradients and Quadrature via Lanczos coeflicients)

input A, b, xg,
ro = b — Az, po =10
Jo=0,7-1=1,c1=1,0=0,do =1, 6" = p, &"” =7
for £ =1,..., until convergence do
CG-iteration (k)

F(p) 5

545;1’17) _ ngc#)czgcn) < no M ) [”I(gu,n)r _ dku dkn
3(n) 7(1) 7(1) 7(n) 7(n) 7(1)
dk'7 — dkH dk’ dk] dk] —dk’

{~](€u,n)r e

g = |rol? o o2
d (aki? dy, — {ﬁsz } )

2.2

i1 = Zik

1 5 Ok
o = , ﬂk = —
Ve—1 ’Yk 2 ’Yk 1
Br 2
dk = o — dk 17 gr = || ||2_ka
k7
L ~(p ~(u ﬁ ﬂ202
Jg) = Qg *045;)7 5;4_)1 - N+ _(5)7 g](gl) - HT.OH2 M)k .
dy (O‘k+1dk *ﬁk)
B? 202
d" = ap —al", aé’le =n+ d(f’y g = |Irolf? kCk

dp, (O‘k+1dk - Bk)

(n—n)

Estimates(k,d)
end for

smallest eigenvalue of A is available. In that case we only need to compute g; and

g](;t) using the formulas from Algorithm 6.

Note that in the same way we can also obtain formulas for the anti-Gauss quadra-

ture rule [20, 4]. Defining

3 = |Iro)? <[(T1£i)1)_1] - (Tk1)1,1>

1,1

and using the formula (3.16) we obtain

9kgk—1
gk—l + (1= c?)gr

(4.5) 9l =

The anti-Gauss quadrature estimate can be then computed analogously,

E,(f,) = \/ Q- dd+g()
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Algorithm 6 CGQ (Conjugate Gradients and Quadrature)
input A7 ba Zos Wy N
ro =b— Axg, po =10
() _ llroll®> () _ [lrol?
9o = = =

Y
for k. =1,..., until convergence do
CG-iteration(k)

k-1 = 7k—1||7“k—1|\27

(n)

1 1 ||rkH2A _
Aggl_)l = g](cl_)l —Gk—-1, gl(gu) = () = 2
pAL A el

(n)

I7xl* A7

Afj_)l = 9;(;7_)1 — Gk—1, 9;(;]) = Al

DA+ [lre?
AP AP

g](;m) .
NGNS

= (n—n

Estimates(k,d)
end for

5. Error estimation in preconditioned CG. In the standard view of pre-
conditioning, the CG method is thought of as being applied to a “preconditioned”
system

(5.1) Az = b, A=L"AL7T, b=1L"",

where L represents a nonsingular (eventually lower triangular) matrix. Denoting the
corresponding CG coefficients and vectors with hat and defining

— 7 —T4 — -~ — 7T — 7-Tr—-1 — p—1
xk:L Tk, Tk:LTk, pk:L Pk, Zk:L L ’I“k:P Tk,

(here x, and 7y represent the approximate solution and residual for the original prob-
lem Ax = b), we obtain the standard version of the preconditioned CG (PCG) method
which involves only P = LLT; for more details see, e.g. [22] or [29)].

Since

lekl? = rf LT L e = vl P Y = (7, 21)
& —dpll s =L e — LT ap)TLYAL T (L 2 — LT xp,) = ||z — a1]|4,
A A

the A-norm of the error in PCG can be estimated similarly as in ordinary CG. One can
compute the quadratures-based estimates of the A-norm of the error using the PCG

coefficients 4% _; and inner products (7%, 2:) (instead of using ||7%||?). The resulting
Algorithm 7 is called PCGQ.

6. Numerical experiments. We present two examples where we demonstrate
the effectivity of the new formula

Irel? (91, — 91

g(u) _
k ) 2
Al geo1 — gr—1) + l|I7&l]
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Algorithm 7 Preconditioned CGQ (PCGQ) algorithm
input Aa b7 Zo, Pa Ky M

ro =b— Azg, 2o = P 1o, po = 20
g(()u) _ (ro,z0) (M) _ (r0,20)

» 90
for £ =1,...,n until convergence do
T
~ _ Zp_qTk—1
Tk-1 Pi_ 1 Apr_1

Tp = Th—1 + Vh—1DPk—1
Th = Th—1 — Yh—14DPk—1

2 = P*irk

5 — —ZuTE

k — T .
Zp—1Tk—1

Pk = 2k + 3191%71

Ik—1 = Ye—1(Tk—1, Zk—1),
(i, 2) A
A](Ji)l = g](c‘i)l —9k-1, g](g#) = (1) el
IUAkfl + (Tkv Zk)
(m)
(Th, 21) AL
A](cn,)l = g](cn,)l — gk—-1, g](gn) = ) —
nA L+ (ks 2k)
(1) A ()
g(wz) = (n—p) Akl—lAkn—l
L =
nAgcn—)l - NAJ&“-H

Estimates(k,d)
end for

that is key for computing the Gauss-Radau quadrature estimate (GR-estimate). Both
examples are chosen such that many iterations are necessary for CG (or PCG) to con-
verge, and such that the influence of rounding errors is substantial (in both examples
we observe a significant delay of convergence). The aim of numerical experiments is
not to focus on the question of how to estimate the A-norm of the error and when
to stop the algorithm, but to compare the new and the old formula for computing
the existing estimate. For further discussion on estimating the A-norm of the error,
stopping criteria, and numerical experiments we refer to [22, 4, 5, 28, 1, 29, 23]. The
following experiments are performed in Matlab 7.13 (R2011b).

In the first numerical experiment we solve the system Ax = b with the matrix
besstk01 (Harwell-Boeing collection) of order n = 48; see also numerical experiments
in [23, Chapter 7]. The right-hand side b has been chosen such that b has equal com-
ponents in the eigenvector basis, and such that ||b]| = 1. We choose g = 0,d = 1, and
= 3.417267e + 3 (the smallest eigenvalue of the matrix is 3.417267562666500e+3).

In the upper part of Figure 6.1 we plot the A-norm of the error (bold solid line),
the Gauss quadrature estimate Ej_; (solid line, GQ-estimate), and the GR-estimate
E,(c’i)l, where g,g“) is computed using CGQ (dashed line) and using CGQL (dotted

line). Visually, it is not possible to distinguish between the estimate El(c‘i )1 computed
using CGQ (the new formula) and CGQL (the old formula). However, the lower part
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A-norm of the error and the estimates (bcsstk01), d=1

10 T T T T T T
10° F g
10710 | i
A-norm of the error g
10°H - — — GR-new e |
------ GR-old
G
10‘20 I Q I I I I I I I
0 20 40 60 80 100 120 140 160 180

0 The relative accuracy of the GR—-new and GR-old formulas (bcsstk01)

10 I T T T T T T
— — — GR-new

SRR GR-old
10~ RSN . B
10—107 /_/ ‘-\\‘»: i

e R R VR R R RN AN] > | [
/ L

_ - - |

10°F o~ \,~«v——'-—’/ | 7
V—\/‘/\\\INM\"&AI\"\ v’ //'\'\v\/’\""\\

10’20 ! ! ! ! ! ! ! !

0 20 40 60 80 100 120 140 160 180

Fia. 6.1. The upper part: The A-norm of the error (bold solid), the GQ-estimate (solid)
and the GR-estimate computed using CGQ (dashed) and CGQL (dotted). The lower part: Relative
accuracy of the GR-estimate computed using CGQ (dashed) and CGQL (dotted).

of Figure 6.1 indicates that the new formula is not only simpler but also more accurate
than the old one.

In the lower part of Figure 6.1 we compare the relative accuracy of results com-
puted using the two formulas. First, we compute the quantities [|7||? and v, using the
standard double precision CG. Second, we use variable-precision arithmetic in Matlab

(Symbolic Toolbox, 64 digits) to get a reasonably accurate value of E,i’i)l (computed

from the double precision quantities ||rx||? and «%). Third, we compute E,(C‘i)l using

the standard double precision arithmetic and the two formulas; the corresponding
computed values are denoted by EA,i’i’?ew) and E‘,i’i’fld). Finally, in the lower part of
Figure 6.1 we plot the quantities

i(n,0ld) (1)
Ek71 — Ek71

B,

B )

(dashed) and (dotted)

27
that characterize the relative accuracy of the computed value of E,g’i)l We can observe
that the new formula is less sensitive to rounding error.

In the second numerical experiment we solve the system Ax = b with the matrix
msc04515 (The University of Florida sparse matrix collection) of order n = 4515;
see also numerical experiments in [23, Chapter 7]. The right-hand side b has again
been chosen such that b has equal components in the eigenvector basis, and ||b]| = 1.
We choose g = 0, d = 1, and use the diagonal preconditioner (the preconditioned
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A-norm of the error and the estimates (msc04515), d=1
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A-norm of the error
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. The relative accuracy of the GR-new and GR-old formulas (msc04515)
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Fia. 6.2. The upper part: The A-norm of the error (bold solid), the GQ-estimate (solid)
and the GR-estimate computed using CGQ (dashed) and CGQL (dotted). The lower part: Relative
accuracy of the GR-estimate computed using CGQ (dashed) and CGQL (dotted).

matrix is diagonally normalized with 1’s on the diagonal). The value of u is given
by u = 1.75e — 6 (the smallest eigenvalue of the preconditioned matrix is equal to
1.751795139099631e-6).

In Figure 6.2 we observe more or less the same behaviour as for the first example;
the GR-estimate computed using the new formula gives visually the same results,
however, the new formula is simpler and more accurate that the old one.

7. Conclusion. In this paper we have described how the bounds based on Gauss
quadrature rules for the CG A-norm of the error can be computed in a simple way.
In particular, for the Gauss-Radau and Gauss-Lobatto bounds, the preceding imple-
mentations computed explicitly the entries of the (modified) Jacobi matrices and used
them to compute the bounds. Here we exploited the fact that the LDLT factoriza-
tion of the corresponding Jacobi matrix is available in CG and showed how to update
LDLT factorizations of modified Jacobi matrices. The bounds are then computed di-
rectly from the known entries of LDL” factorizations. The algebraic derivation of the
new formulas is more difficult than it was when using Jacobi matrices but, in the end,
the formulas are simpler. Obtaining simple formulas is a prerequisite for analyzing
the behaviour of the bounds in finite precision arithmetic and also for a better un-
derstanding of their dependence on the auxiliary parameters p and 1 which are lower
and upper bounds (or estimates) of the smallest and largest eigenvalues. Numerical
experiments predict that the new formulas are less prone to the growth of rounding
errors. Therefore, we hope that these improvements will help the implementation of
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quadrature-based error bounds into existing and forthcoming CG codes.
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